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Abbreviations 
 
AAA  ATPase associated with a wide range of cellular activities 
ATP  adenosine triphosphate 
BFA  brefeldin A 
cDNA  complementary DNA 
CHO  Chinese hamster ovary 
COP  coatomer protein 
Cub  C-terminal halve of ubiquitin 
Cta1p  peroxisomal catalase 
Dub  deubiquitinating enzyme 
EMS  ethyl methane sulfonate 
EST  expressed sequence tag 
ER  endoplasmic reticulum 
GFP  green fluorescent protein 
HECT  homologous to E6-AP carboxyl terminus 
IRD  infantile Refsum disease 
mPTS  membrane peroxisomal targeting signal 
NALD  neonatal adrenoleukodystrophy 
Nub  N-terminal halve of ubiquitin 
onu  oleate non-utilizer 
PAGE  polyacrylamide gel electrophoresis 
PBD  peroxisome biogenesis disorder 
Pex  peroxin: protein involved in peroxisome biogenesis 
PMP  peroxisomal membrane protein 
PTS  peroxisomal targeting signal 
RCDP  rhizomelic chondrodysplasia punctata  
RING  really interesting new gene 
SDS  sodium dodecylsulphate 
SH3  Src homology 3 
SP  signal peptide 
TA  tail-anchored 
TMD  transmembrane domain 
TPR  tetratricopeptide repeat 
ts  temperature sensitive 
Ub  ubiquitin 
Ubc  ubiquitin-conjugating enzyme 
UBP  ubiquitin-specific processing enzyme 
UCH  ubiquitin carboxy terminal hydrolase 
VLCFA  very long chain fatty acid 
X-ALD  X-linked adrenoleukodystrophy  
ZS  Zellweger syndrome 
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I.  Peroxisomes: discovery, structure and function 

Eukaryotic cells contain distinct membrane-bound organelles, such as mitochondria, 
peroxisomes and lysosomes. The separate compartments allow that multiple specific 
molecular processes can take place in different optimal environments created in one 
single cell. The identification of the cellular organelles and their specific set of 
membrane and lumenal proteins facilitated a better understanding of the functions of 
the different compartments and the corresponding human diseases. One example of 
these organelles is the peroxisome, which is discussed here. 

In 1954, Rhodin discovered that mouse kidney cells contain organellar structures 
bounded by a single membrane, which he named microbodies. More than ten years 
later, De Duve and Baudhuin (1966) were the first to isolate microbodies by cell 
fractionation. Biochemical analysis revealed that these organelles contain oxidases and 
catalase, which are involved in the production and degradation of hydrogen peroxide, 
respectively. For this reason, they called these organelles “peroxisomes” (De Duve and 
Baudhuin, 1966). Other members of the microbody family are glyoxysomes, 
glycosomes and Woronin bodies. Glyoxysomes were first identified in germinating 
seeds (Breidenbach and Beevers, 1967). They were named after the glyoxylate cycle, 
which plays an essential role in converting the fatty acids stored in seed lipids into the 
carbohydrates needed for the growth of young plants. Glycosomes are present in 
kinetoplastids and contain enzymes for glycolysis, from which they obtained their 
name (Opperdoes and Borst, 1977). Already in 1864, Woronin described the electron 
dense, membrane-bound Woronin bodies. However, it was not until recently that they 
were identified as peroxisome-like organelles (Jedd and Chua, 2000). These septal 
pore-associated organelles are unique to filamentous fungi. Deletion of the HEX1 
gene, which encodes the major matrix protein of the Woronin body, results in 
cytoplasmic leakage, suggesting a role of these organelles in plasma membrane 
resealing (Jedd and Chua, 2000). Recently, Soundararajan and coworkers reported that 
Woronin bodies are also required for proper development and function of infectious 
hyphae of the rice blast fungus Magnaporthe grisea (Soundararajan et al., 2004). 

In contrast to the other microbody family members, peroxisomes are present in 
almost all eukaryotic cells. Their abundance and size (0.1-1.5 µm in diameter) can 
vary, depending on the environmental conditions. For example, glucose-grown yeast 
contain a few small (0.1-0.2 µm) peroxisomes, whereas in yeast cells grown on oleate 
as a sole carbon source 20-25 large peroxisomes can be detected (Tabak et al., 1999). 
Peroxisomes are particularly abundant in human liver and kidney cells. In these 
tissues, which are very active in lipid metabolism, the number of peroxisomes can 



Chapter 1 

 10

reach one thousand. Peroxisome function depends on organism and tissue (Mannaerts 
and Van Veldhoven, 1993; Van den Bosch et al., 1992; Wanders and Tager, 1998). 
Two well-conserved functions are the β-oxidation of fatty acids and hydrogen 
peroxide-based respiration. In plants and yeasts, the β-oxidation is restricted to 
peroxisomes, whereas in mammalian cells β-oxidation also partially takes place in 
mitochondria. Only the first steps of the β-oxidation of very-long-chain fatty acids 
(VLCFAs) occur in mammalian peroxisomes. Peroxisomes in higher eukaryotes also 
contain enzymes for the β-oxidation of branched-chain fatty acids and polyunsaturated 
fatty acids. Other processes that have been reported to take place in mammalian 
peroxisome, are the biosynthesis of bile acids, ether lipids (i.e. plasmalogens), poly-
unsaturated fatty acids, cholesterol and dolichol. The (partial) catabolism of 
polyamines, purines and some amino acids such as L-lysine also occurs in the 
peroxisomal matrix. Additionally, mammalian peroxisomes are involved in the α-
oxidation of phytanic acid and in fatty acid elongation. 
 
 

II.  Peroxisome defects and human disorders 

The functional importance of peroxisomes is highlighted by the existence of human 
peroxisomal disorders that are caused by single or multiple deficiencies in peroxisomal 
metabolism (Gould and Valle, 2000; Wanders and Tager, 1998). These disorders can 
be divided into two major groups comprising: i) the peroxisomal biogenesis disorders 
(PBDs), in which multiple peroxisomal enzymes are mislocalized due to a non-
functional import system for membrane proteins and/or matrix proteins, and ii) the 
single-enzyme-deficiency disorders, caused by a mutation in a gene encoding either a 
peroxisomal enzyme or a peroxisomal membrane transporter protein. 

The PBDs comprise three overlapping diseases: Zellweger syndrome (ZS), which is 
the most severe form, neonatal adrenoleukodystrophy (NALD), and infantile Refsum 
disease (IRD), which is the least severe disorder. PBDs are inherited in an autosomal 
recessive fashion, and occur with incidences between 1 in 25,000 and 1 in 50,000 
births. Patients with ZS, NALD, and IRD suffer from hepatic and renal dysfunction, 
developmental delay, severe hypotonia, neurological abnormalities and premature 
death. They are biochemically characterized by increased levels of VLCFAs (C24:0 
and C26:0), bile acid intermediates, and phytanic acid. 

Another PBD is rhizomelic chondrodysplasia punctata (RCDP), of which patients 
display a distinct phenotype. RCDP patients are diagnosed with severe shortening of 
the proximal limbs, a typical facial appearance, and abnormal psychomotor 
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development. Most of these patients do not survive their second year. RCDP patients 
exhibit defects in phytanic acid degradation and in plasmalogen biosynthesis that are 
much more severe than that in ZS, NALD, and IRD. However, their plasma VLCFA 
levels are normal. The PBDs have been divided into 12 genetic complementation 
groups, as judged from fusion experiments of patient fibroblasts (Brul et al., 1988; 
Yajima et al., 1992). The molecular basis of disease for all of these complementation 
groups has been elucidated (Wanders and Waterham, 2005). 

Examples of single peroxisomal enzyme disorders are X-linked adrenoleuko-
dystrophy (X-ALD) and Refsum disease, of which X-ALD is the most frequent. X-
ALD patients accumulate VLCFAs in their plasma and tissue, and are clinically 
characterized by progressive white matter demyelination. The gene responsible for this 
disease is ALD, which encodes a peroxisomal integral membrane protein that is a 
member of the ATP-binding cassette transporter family. Refsum disease is caused by 
defects in phytanoyl-Coenzyme A hydroxylase, which results in accumulation of 
phytanic acid. X-ALD and Refsum disease are classified in separate complementation 
groups. Remarkably, most complementation groups are associated with more than one 
clinical phenotype. Also, diseases with identical clinical and biochemical phenotypes 
are found in several complementation groups. Therefore, genotype-phenotype studies 
turned out to be complicated. 
 
 

III.  Identification and cloning of genes involved in 
peroxisome biogenesis 

To date, 32 proteins have been identified that play a role in peroxisome biogenesis, a 
process that includes peroxisomal matrix protein import, membrane biogenesis, 
peroxisome proliferation and peroxisome inheritance (Vizeacoumar et al., 2004) (Fig. 
1 and Table I). These proteins (so-called peroxins, abbreviated as Pex) are encoded by 
PEX genes (Distel et al., 1996). Most of these genes have been identified in yeasts, 
such as Saccharomyces cerevisiae (S. cerevisiae, Sc), Pichia pastoris (P. pastoris, Pp), 
Hansenula polymorpha (H. polymorpha, Hp), Yarrowia lipolytica (Y. lipolytica, Yl), 
and Candida boidinii (C. boidinii, Cb), using genetic screens aimed at the isolation of 
mutants with deficient peroxisomes (Cregg et al., 1990; Erdmann et al., 1989; Gould 
et al., 1992; Liu et al., 1992; Nuttley et al., 1993). These negative screens were based 
on the observations that yeasts require peroxisomes for growth on oleate or, for the 
methylotrophic yeasts, on methanol as the sole carbon source.  
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The introduction of positive selection procedures, like the H2O2-suicide and the 
bleomycin import selection procedures, led to the isolation of additional pex mutants 
(Elgersma et al., 1993; Van der Leij et al., 1992; Zhang et al., 1993). In all these 
studies, cloning of the corresponding wild-type yeast genes was performed by 
functional complementation with genomic libraries. The first human homologues were 
isolated by screening the human expressed sequence tags (EST) database with the 
yeast peroxin sequences (Gould and Valle, 2000). In addition, more mammalian PEX 
genes were identified by functional complementation of peroxisome-deficient Chinese 
hamster ovary (CHO) cells with mammalian cDNA expression libraries (Tsukamoto et 
al., 1991). Both approaches have led to the identification of genes defective in the 
human PBD complementation groups. 

Since the yeast genome contains multiple genes that encode redundant proteins, the 
classic genetic screens might have missed those PEX genes that are not strictly 
required for yeast to grow on oleate. With this in mind, Smith and colleagues (2002) 
applied the DNA microarray technique to identify new PEX genes with the same 
expression patterns as genes encoding known peroxisomal proteins during shifts to 
peroxisome-inducing and -repressing conditions. Using this technique they identified 
Pex25p, a novel peroxisomal membrane protein (PMP). 
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Figure 1. Schematic representation of the subcellular localization and function of key peroxins 
involved in peroxisome biogenesis in S. cerevisiae. 
The cycling receptors Pex5p and Pex7p deliver PTS1- and PTS2-containing cargo from the cytosol to the 
peroxisomal membrane. At the membrane, protein complexes consisting of the indicated peroxins function 
in receptor docking, cargo translocation and receptor recycling. In contrast, peroxisomal membrane proteins 
(PMPs) require the cycling chaperone/receptor Pex19p and the integral membrane protein Pex3p for 
membrane insertion. For further details see text, table I and figure 2. Each number refers to the number of a 
Pex protein. PTS, peroxisomal targeting signal. 
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Table I. Overview of the peroxins 
Peroxin Interacting partner(s)* Features and/or (proposed) functions 
Pex1p Pex6p AAA-protein required for import of peroxi-

somal matrix proteins and/or vesicle fusion 
Pex2p Pex10p, Pex19p RING zinc finger protein, integral PMP, 

required for import of peroxisomal matrix 
proteins and receptor recycling 

Pex3p Pex19p integral PMP, marking of peroxisomal mem-
branes, required for the insertion of PMPs 

Pex4p Pex22p E2 ubiquitin-conjugating enzyme required for 
import of peroxisomal matrix proteins 

Pex5p Pex5p, Pex7p, Pex8p, 
Pex10p, Pex12p, Pex13p, 
Pex14p, PTS1 and PTS3 
proteins 

TPR domain-containing receptor for PTS1 
and PTS3 proteins, required for import of 
PTS1 proteins into peroxisomes, in mammals 
also required for PTS2 import, ubiquitinated 
in yeast 

Pex6p Pex1p, Pex15p, Pex26p AAA-protein required for import of peroxi-
somal matrix proteins and/or vesicle fusion 

Pex7p Pex5p, Pex13p, Pex14p, 
Pex18p, Pex20p, Pex21p, 
PTS2 proteins 

WD-40 repeat-containing receptor for PTS2 
proteins, required for import of PTS2 proteins 
into peroxisomes 

Pex8p Pex5p, Pex20p intra-peroxisomal localization, contains a 
PTS1 and a PTS2, required for import of 
peroxisomal matrix proteins and for the 
assembly of the docking and the RING finger 
complexes 

Pex9p  integral PMP required for import of peroxi-
somal matrix proteins  

Pex10p Pex5p, Pex12p, Pex19p RING zinc finger protein, integral PMP, 
required for import of peroxisomal matrix 
proteins and receptor recycling 

Pex11p Pex11p, Pex19p PMP involved in peroxisome proliferation or 
translocation of MCFA 

Pex12p Pex5p, Pex10p, Pex19p RING zinc finger protein, integral PMP, 
required for import of peroxisomal matrix 
proteins and receptor recycling 
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Table I. (continued) 
Peroxin Interacting partner(s)* Features and/or (proposed) functions 
Pex13p Pex5p, Pex7p, Pex14p, 

Pex19p 
SH3 domain-containing integral PMP, 
required for import of peroxisomal matrix 
proteins, involved in receptor docking 

Pex14p Pex5p, Pex7p, Pex13p, 
Pex14p, Pex17p, Pex19p 

phosphorylated PMP required for import of 
peroxisomal matrix proteins, initial site for 
receptor docking 

Pex15p Pex6p phosphorylated, integral PMP required for 
import of peroxisomal matrix proteins, mem-
brane anchor for Pex6p 

Pex16p Pex19p integral PMP required for PMP import 
Pex17p Pex14p, Pex19p PMP required for import of peroxisomal 

matrix proteins, component of the receptor 
docking complex 

Pex18p Pex7p required for import of PTS2 proteins, ubiqui-
tinated in yeast 

Pex19p many PMPs required for import of PMPs, farnesylated 
Pex20p Pex7p, Pex8p, thiolase required for import of thiolase in Y. lipolytica 

and Neurospora crassa 
Pex21p Pex7p required for import of PTS2 proteins 
Pex22p Pex4p, Pex19p PMP required for import of peroxisomal 

matrix proteins, membrane anchor for Pex4p 
Pex23p  PMP required for import of peroxisomal 

matrix proteins 
Pex24p  integral PMP required for peroxisome assem-

bly in Y. lipolytica 
Pex25p Pex19p, Pex25p PMP required for regulating peroxisomal size 

and maintenance 
Pex26p Pex6p integral PMP, membrane anchor for Pex6p 
Pex27p Pex27p PMP required for regulating peroxisomal size 

and maintenance 
Pex28p Pex32p PMP required for regulating peroxisomal size 

and maintenance 
Pex29p Pex30p PMP required for regulating peroxisomal size 

and maintenance 
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Table I. (continued) 
Peroxin Interacting partner(s)* Features and/or (proposed) functions 
Pex30p Pex29p, Pex30p, Pex31p, PMP required for regulating peroxisomal size 

and maintenance 
Pex31p Pex30p, Pex31p, Pex32p PMP required for regulating peroxisomal size 

and maintenance 
Pex32p Pex28p, Pex30p PMP required for regulating peroxisomal size 

and maintenance 
Djp1  DnaJ-like protein, chaperone required for 

import of peroxisomal matrix proteins 
* interactions reported in literature in different organisms 
 
 

IV.  Peroxisome biogenesis 

The biogenesis of peroxisomes involves multiple processes. First, the synthesis of the 
peroxisomal membrane, which requires the recruitment of lipids and targeting and 
insertion of PMPs into the lipid bilayer. Second, import of matrix proteins to build 
functional peroxisomes containing the complete repertoire of metabolic enzymes. 
Third, the upregulation at the transcriptional level of genes encoding peroxisomal 
enzymes and peroxins, and expansion of peroxisomes upon peroxisome proliferation 
stimuli. Finally, it involves the segregation of peroxisomes between daughter and 
mother cells at mitosis. 

Little is known about lipid recruitment to form the peroxisomal membrane, which 
mainly consists of the phospholipids phosphatidyl choline and phosphatidyl 
ethanolamine (Schneiter et al., 1999). The origin of these phospholipids is supposed to 
be the endoplasmic reticulum (ER), in which they are synthesized. However, how they 
are transported to peroxisomes remains unknown. 

Forty years ago, Novikoff and Shin (1964) proposed that peroxisomes form by 
budding from the ER. This peroxisome biogenesis model was based on the 
observations that peroxisomes were often found in close association with the ER. 
However, twenty years later Lazarow and Fujiki (1985) proposed the “growth and 
division” model in which peroxisomes are regarded as autonomous organelles. This 
model is based on the observations that newly synthesized peroxisomal membrane and 
matrix proteins are posttranslationally imported into pre-existing peroxisomes that 
subsequently grow and divide to form new peroxisomes. Many aspects of this model 
are generally accepted, however, recent data have fuelled the debate on a possible role 
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of the ER in peroxisome biogenesis (see Involvement of the ER in peroxisome 
biogenesis in this chapter). 
 
Targeting and import of matrix proteins 
The posttranslational import of peroxisomal matrix proteins into peroxisomes requires 
specific targeting signals. The vast majority of matrix proteins contains one of the two 
well-defined peroxisomal targeting signals (PTS), PTS1 and PTS2. PTS1, the most 
frequently used PTS, is a tripeptide at the extreme carboxyl terminus of a protein with 
the defined consensus sequence (S/A/C)-(K/R/H)-(L/M) (Gould et al., 1989; Swinkels 
et al., 1992). Only a few matrix proteins contain a PTS2, a nonapeptide with the 
consensus sequence (R/K)-(L/V/I)-X5-(H/Q)-(L/A), present near the N-termini of 
these proteins (Swinkels et al., 1991). S. cerevisiae contains only one PTS2 protein, 
namely 3-ketoacyl-CoA thiolase. Interestingly, in Caenorhabditis elegans (C. 
elegans), PTS2 proteins and the corresponding receptor do not exist and some PTS2 
proteins that use a PTS2 in other organisms, have acquired a PTS1 signal in C. elegans 
(Motley et al., 2000). A small group of proteins, like acyl-CoA oxidase of S. 
cerevisiae and Candida tropicalis, import into peroxisomes independently of a 
recognizable PTS1 or PTS2 (Klein et al., 2002; Small et al., 1988). These proteins use 
another, as yet uncharacterized, internal targeting signal, called PTS3. 

The PTS1 and PTS2 proteins are recognized by the predominantly cytosolic 
receptors Pex5p and Pex7p, respectively. Pex5p, a member of the tetratricopeptide 
repeat (TPR)-containing proteins (Goebl and Yanagida, 1991), contains 6 highly 
conserved TPR motifs in its C-terminal half, which are both required and sufficient for 
the recognition and binding of PTS1 sequences by Pex5p (Brocard et al., 1994; Dodt 
et al., 1995; Gatto et al., 2000; Klein et al., 2001; Terlecky et al., 1995). Pex5p is also 
involved in the import of the PTS3-containing acyl-CoA oxidase in S. cerevisiae, but 
PTS3 binding is clearly distinct from PTS1 binding and is localized outside the TPR 
domain (Klein et al., 2002). The N-terminal half of Pex5p contains several WXXXF 
motifs that have been proposed to facilitate the interaction of Pex5p with one or both 
of the membrane peroxins Pex13p and Pex14p (Barnett et al., 2000; Bottger et al., 
2000; Otera et al., 2002; Saidowsky et al., 2001; Schliebs et al., 1999). Pex7p is 
characterized by six WD40 motifs, which appear to be involved in protein-protein 
interactions (Van der Voorn and Ploegh, 1992). However, the region of Pex7p 
involved in PTS2 binding has not been identified yet. Pex7p requires additional, 
species-specific proteins to carry out its function as PTS2-import receptor, i.e. Pex18p 
and Pex21p in S. cerevisiae (Purdue et al., 1998; Stein et al., 2002), Pex20p in Y. 
lipolytica and Neurospora crassa (Sichting et al., 2003; Titorenko et al., 1998), or the 
longer of two splice isoforms of Pex5p in mammals (Braverman et al., 1998; Otera et 
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al., 1998). The Pex7p-assisting proteins are not very similar in sequence, but do posses 
conserved sequence regions, such as a stretch of conserved amino acids representing a 
Pex7p binding box and WXXXF sequence motifs, suggesting that they have a similar 
function (Dodt et al., 2001; Einwächter et al., 2001). Recently, Schäfer et al. (2004) 
showed that a chimeric protein consisting of Pex18p (lacking the Pex7p binding 
domain) and the C-terminal half of Pex5p can partially restore PTS1 protein import in 
a pex5∆ strain. Their data suggest that Pex18p and most likely also the other Pex7p 
auxiliary proteins function in receptor docking and cargo import into peroxisomes. 

The two targeting pathways converge at the peroxisomal membrane, where both 
Pex5p and Pex7p interact with the docking protein Pex14p (Albertini et al., 1997; 
Brocard et al., 1997; Fransen et al., 1998; Otera et al., 2002; Schliebs et al., 1999; 
Shimizu et al., 1999; Urquhart et al., 2000; Will et al., 1999). The integral SH3 (Src 
homology 3)-containing protein Pex13p and the peripheral Pex17p also interact with 
Pex14p and these three proteins together form the docking complex (Agne et al., 2003; 
Elgersma et al., 1996; Erdmann and Blobel, 1996; Girzalsky et al., 1999; Gould et al., 
1996; Huhse et al., 1998; Schliebs et al., 1999). Pex5p and Pex7p can also directly 
interact with Pex13p (Barnett et al., 2000; Bottger et al., 2000; Elgersma et al., 1996; 
Erdmann and Blobel, 1996; Girzalsky et al., 1999; Otera et al., 2002; Stein et al., 
2002; Urquhart et al., 2000). The exact roles of the individual components of the 
docking complex remain unclear, but it has been shown that the stoichiometry of 
Pex13p and Pex14p is important for correct peroxisomal function (Bottger et al., 
2000). Furthermore, the PTS1 and PTS2 pathways can act independently of each other 
in yeasts, as based on the correct import of PTS1 proteins in a pex7 mutant and PTS2 
proteins in a pex5 mutant (Elgersma et al., 1998; Marzioch et al., 1994; McCollum et 
al., 1993; Van der Leij et al., 1993). 

Following docking, the matrix proteins have to be translocated over the peroxisomal 
membrane. Translocation of peroxisomal matrix proteins does not require protein 
unfolding, as shown by the import into peroxisomes of surprisingly large structures, 
such as oligomeric proteins (Brul et al., 1988; Hausler et al., 1996; McNew and 
Goodman, 1994), chemically crosslinked proteins (Walton et al., 1995) and PTS1-
coated 4-9 nm gold beads (Walton et al., 1995). Since not all matrix proteins are 
oligomeric, it is unlikely that oligomerization is required for peroxisomal import. 
Indeed, import of monomeric alcohol oxidase has been reported in different yeast 
species (Distel et al., 1987; Stewart et al., 2001; Waterham et al., 1997). 

There has been much debate about whether the PTS receptors release their cargo on 
the cytosolic face of the membrane (simple-shuttle) or whether they release their cargo 
inside the peroxisome and thus, like the cargo, enter the peroxisome matrix (extended 
shuttle). Recent experiments with human Pex5p and yeast Pex7p have shown that at 
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least part of these receptors are exposed to the peroxisomal matrix, which lend support 
to the extended shuttle mechanism (Dammai and Subramani, 2001; Nair et al., 2004). 
However, since Goueveia et al. (2000) reported that peroxisome-bound Pex5p behaves 
like a transmembrane protein, further research is required to determine if the PTS 
receptors completely enter the peroxisomal matrix or not. 

It is unknown which proteins constitute the peroxisomal translocation complex. The 
identification of the translocon components is slowed down by the lack of a reliable in 
vitro protein import system for peroxisomes (Subramani, 1992). However, recently, an 
in vitro system was described to study Pex5p association with the peroxisomal 
compartment and its subsequent release (Gouveia et al., 2003a; Gouveia et al., 2003b). 
These studies have shown that insertion of Pex5p into the peroxisomal membrane is 
cargo protein- and Pex14p-dependent (Gouveia et al., 2003b). Also, it was shown that 
the ATP-limiting step in matrix protein import does not involve Pex5p insertion into 
the membrane, but export of Pex5p from the peroxisomal compartment (Oliveira et al., 
2003). Candidates for the peroxisomal translocon are the components of the docking 
complex Pex13p, Pex14p and Pex17p, and the integral RING domain proteins Pex2p, 
Pex10p and Pex12p. Recently, Agne et al. (2003) purified two complexes from yeast: 
a docking complex comprising Pex13p, Pex14p, and Pex17p and a RING finger 
complex, containing Pex2p, Pex10p and Pex12p. They showed that Pex8p, which is 
peripherally associated with the lumenal side of the membrane, is required for the 
assembly of these two protein complexes into a large import complex, suggestively 
called importomer. Based on these results they proposed that the docking complex 
might represent the translocon, whereas the RING finger complex might be involved 
in the export of the PTS receptor from the peroxisome to the cytosol. 
 
Targeting and import of peroxisomal membrane proteins 
Peroxisomal membrane proteins target/insert independently of the peroxisomal matrix 
proteins. This is based on two observations. Firstly, in most pex mutants PMPs are 
correctly targeted to empty peroxisomes, so-called peroxisomal remnants or ghosts, 
while peroxisomal matrix proteins mislocalize to the cytosol. Only a few pex mutants, 
namely pex3 and pex19 in yeast, and pex3, pex19 and pex16 in mammals, do not 
contain peroxisomal structures (Hettema et al., 2000; Shimozawa et al., 1998; South 
and Gould, 1999). Therefore, these proteins have been suggested to play an important 
role in peroxisomal membrane biogenesis. The absence of peroxisomal structures in 
cells deleted for PEX3 and PEX19 might need revision, because recent reports have 
claimed that peroxisomal structures are present in P. pastoris and Y. lipolytica pex19∆ 
mutants and P. pastoris pex3 deficient cells (Hazra et al., 2002; Lambkin and 
Rachubinski, 2001; Snyder et al., 1999). 
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Secondly, in contrast to matrix proteins, PMPs do not contain a PTS1 or a PTS2, but 
an mPTS (membrane peroxisomal targeting signal). However, mPTSs are not as 
clearly defined as matrix protein targeting signals. Studies of various PMPs in 
different species, including yeast and mammals, have failed to identify a recognizable 
consensus sequence. Nevertheless, PMP targeting signals do have some common 
characteristics, which are clearly distinct from matrix protein targeting signals. A 
common feature is that mPTSs are fairly long, about 30-100 amino acids, compared to 
the matrix targeting signals. Moreover, within the mPTSs there is a short sequence of 
basic amino acids that faces the peroxisomal matrix. Using amino acid replacements 
and deletions in the second matrix loop of PMP47, Wang and colleagues (2001) 
showed that not only the net charge of the basic cluster, but also position and side-
chain structure of the amino acids plays an important role in targeting. Another 
characteristic of mPTSs is the presence of a hydrophobic membrane-spanning domain, 
which is thought to function in both targeting and membrane anchoring of the protein. 

The identification of two mPTSs in the peroxisomal membrane proteins PMP47 of 
C. boidinii (Wang et al., 2004b), its human orthologue PMP34 (Jones et al., 2001), 
human Pex13p (Jones et al., 2001), PMP70 (Biermanns and Gartner, 2001) and human 
PMP22 (Brosius et al., 2002) suggests that, in contrast to single-span PMPs, multi-
span PMPs require more than one mPTS. Recently, Wang et al. (2004b) reported that 
the two mPTSs of PMP47, may not be redundant, but function under different 
metabolic conditions. Wang et al. (2004b) showed that the mPTS present in the distal 
fragment of the first cytoplasmic loop combined with transmembrane domain 2 
(TMD2), targets to peroxisomes in oleate-induced cells. The second mPTS, however, 
present in TMD4 and its upstream loop fragment, does not target to proliferating 
peroxisomes but to basal peroxisomes, which are present in glucose-repressed cells. It 
is unknown whether other multi-span transmembrane PMPs have distinct mPTSs that 
display growth condition-dependent targeting or whether this is specific for 
peroxisomal transporters. 

It is generally accepted that exposure of hydrophobic domains of proteins to the 
hydrophilic environment of the cytoplasm has harmful effects on protein folding and 
solubility. Therefore, the primary function of mPTSs in PMPs could be to attract a 
chaperone or a PMP receptor that binds to these hydrophobic regions, thereby 
preventing the exposure of the various hydrophobic transmembrane domains to the 
cytoplasm. Also, mPTSs might target PMPs to the peroxisomal membrane. Finally, 
mPTSs might be important for the insertion of PMPs into the membrane of 
peroxisomes. It is difficult, therefore, to determine whether the binding sites for 
chaperones/receptors coincide with real targeting/membrane insertion signals, because 
deletion of these regions will block proper targeting and/or membrane insertion. 
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Little is known about the targeting and the posttranslational import of PMPs into 
peroxisomes. PMPs are mistargeted in the absence of either one of the PMPs Pex3p, 
Pex19p or Pex16p (Baerends et al., 1996; Götte et al., 1998; Hettema et al., 2000; 
Honsho et al., 1998; Kinoshita et al., 1998; Muntau et al., 2000; Sacksteder et al., 
2000; Shimozawa et al., 2000; South and Gould, 1999; Wiemer et al., 1996). Of this 
trio, Pex19p is the best candidate for a PMP chaperone/receptor, because, in contrast 
to Pex3 and Pex16p, Pex19p is predominantly cytosolic and only partially associated 
with the peroxisomal membrane (Götte et al., 1998; Matsuzono et al., 1999; 
Sacksteder et al., 2000; Snyder et al., 1999). This subcellular distribution is in line 
with a model in which the receptor shuttles between the two compartments. Moreover, 
Pex19p interacts with multiple integral peroxisomal membrane proteins in different 
organisms (Fransen et al., 2001; Jones et al., 2004; Sacksteder et al., 2000; Snyder et 
al., 2000), while deletion of the encoding PEX19 results in the absence of peroxisomal 
structures in most organisms and the destabilization and mistargeting of PMPs (Götte 
et al., 1998; Hettema et al., 2000; Matsuzono et al., 1999). Pex19p equipped with an 
N-terminal NLS (nuclear localization signal) targets newly synthesized PMPs to the 
nucleus, which supports the idea that Pex19p acts as a mobile PMP-chaperone/recep-
tor. Furthermore, Pex19p binds to regions of PMPs required for targeting to 
peroxisomes (Brosius et al., 2002; Jones et al., 2001; Sacksteder et al., 2000). The 
recent observations that Pex19p binds and stabilizes newly synthesized PMPs, while 
interacting with the hydrophobic domains of PMP targeting signals, lend further 
support to the notion that Pex19p functions as a chaperone and import receptor (Jones 
et al., 2004). To obtain additional information on the role of Pex19p in PMP targeting, 
Jones et al. (2004) introduced RNA interference (RNAi), a new and elegant technique 
(Elbashir et al., 2001), in the peroxisome field. Transient inhibition of Pex19p 
expression through PEX19 siRNA resulted in deficient import of PMPs and disrupts 
mPTS targeting, but did not disturb targeting of the Pex3p mPTS. The latter 
observation is quite remarkable, but in line with the observation that Pex19 does not 
bind to the mPTS of Pex3p. It led the authors to conclude that there exist two PMP 
targeting pathways: the class I mPTS pathway, which requires Pex19p and the 
Pex19p-independent class II mPTS pathway. So far, Pex3p is the only representative 
of the class II pathway. Rottensteiner et al. (2004) provided more evidence for the 
function of Pex19p as a PMP chaperone/receptor. By using peptide scans and yeast 
two-hybrid analyses, they identified Pex19p-binding sites in a number of PMPs as 
short sequences that share a common motif and demonstrated that these sites are 
integral and essential parts of mPTSs. The Pex19p-binding site is a region of 11 amino 
acids characterized by conserved positively charged and hydrophobic amino acids that 
seem to be placed in a certain distance to each other (Rottensteiner et al., 2004). 
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Furthermore, the Pex19p binding site is likely to be α-helical, because substitution of 
any of the amino acids by a proline disturbs the Pex19p binding. Rottensteiner et al. 
(2004) also demonstrated that PMPs require for targeting both the Pex19p binding site 
and an adjacent TMD. 

Arguments against a role of Pex19p as a PMP chaperone and/or receptor are 
predominantly based on the observations that the Pex19p binding sites and the PMP 
targeting/insertion sequences do not overlap (Fransen et al., 2004; Fransen et al., 
2001; Snyder et al., 2000). One reason for this discrepancy could be that some of the 
interaction studies used the two-hybrid system, which is not an ideal system for 
studying interactions involving hydrophobic membrane proteins. Another reason 
might be that the studied PMP fragments contained the Pex19p binding site, but were 
devoid of a (complete) TMD. Since the Pex19p binding site and the TMD are both 
essential for peroxisomal localization (Rottensteiner et al., 2004), it is not surprising 
that these fragments without a TMD were not present in the peroxisomal membrane. 
An additional explanation for the observation that the Pex19p binding sites and the 
PMP targeting/insertion sequences do not overlap, could be that some PMPs might 
require more than one mPTS to target to peroxisomes, which has not been taken into 
account in these studies. 

Otzen et al. (2004) concluded that it is unlikely that Pex19p functions as a PMP 
import receptor, because substantial overexpression of HpPex3p or the first 50 amino 
acids of Pex3p fused to the green fluorescent protein (GFP) could restore the targeting 
of Pex14p and Pex3p in H. polymorpha pex19 deletion cells. Yet, we have to bear in 
mind that enormous overproduction of Pex3p coincides with massive production of 
membranes which could be an artificial acceptor site for mislocalized PMPs. Also, 
only two PMPs were analyzed of which Pex3p indeed seems to route to peroxisomes 
in a Pex19p-independent fashion. 

Another topic of disagreement is the location in the cell where the interactions 
between Pex19p and the PMPs occur. Snyder and coworkers (2000) claimed that 
Pex19p interacts with PMPs at the peroxisomal membrane. However, the observation 
that Pex19p interacts with newly synthesized PMPs in the cytosol (Jones et al., 2004) 
suggests that the cytoplasm is the initial site of the Pex19p-PMPs interaction, and that 
the previously reported interactions at the peroxisomal membrane occur after or during 
import of the PMPs. Recently, Muntau et al. (2003) showed by fluorescence resonance 
energy transfer (FRET) analysis that the site of interaction between Pex19p and Pex3p 
is the peroxisomal membrane. However, since the targeting of Pex3p has been 
reported to be Pex19p-independent, the observed Pex3p-Pex19p interaction may 
reflect the docking step at the peroxisomal membrane. These results are summarized in 
a model for posttranslational import of PMPs (Fig. 2). In this model Pex3p functions 
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as a docking site for the PMP-bound Pex19p. It is currently unknown how Pex3p 
targets and inserts into the peroxisomal membrane, although it has been suggested to 
require the involvement of the ER (see Chapter 4). Clearly, the refinement of this 
model awaits further investigation.  
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Figure 2. Model for posttranslational import of PMPs.  
The partly membrane-associated, predominantly cytosolic PMP Pex19p functions as a cycling chaperone/ 
receptor for PMPs. In the cytosol Pex19p binds PMPs and delivers them to the peroxisomal membrane. 
PMP-bound Pex19p docks on the membrane via the interaction with Pex3p. Both Pex3p and Pex19p are 
important for PMP membrane insertion. See text for further details. 
 
 
Peroxisome proliferation and segregation 
Peroxisome proliferation occurs upon environmental stimuli such as the change from 
glucose to oleic acid as sole carbon source in case of yeast cells. In mammals, 
hypolipidemic drugs, cell differentiation and certain carcinogens such as plasticizers 
induce peroxisome proliferation in the liver, kidney, and heart tissue (Fajas et al., 
2001; Gonzalez et al., 1998). These stimuli are responsible for the transcriptional 
upregulation of genes encoding matrix enzymes and peroxins, and for the increase in 
peroxisome number. The first protein shown to be involved in peroxisome prolifer-
ation was Pex11p. Overexpression of Pex11p leads to the formation of small peroxi-
somes, whereas Pex11p deficiency results in a few large peroxisomes (Erdmann and 
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Blobel, 1995; Li et al., 2002; Li and Gould, 2002; Sakai et al., 1995). Recently, two 
Pex11p-like proteins have been identified: ScPex25p (Smith et al., 2002) and 
ScPex27p (Rottensteiner et al., 2003; Tam et al., 2003). Together these three proteins 
form a group of redundant proteins involved in the regulation of peroxisome size and 
number. Other newly identified peroxins that have been implicated in controlling 
peroxisome size and number are Pex28p, Pex29p, Pex30p, Pex31p and Pex32p 
(Vizeacoumar et al., 2003; Vizeacoumar et al., 2004). The exact function of these 
proteins in the process is unknown. 

During mitosis the peroxisomes have to segregate properly between mother and 
daughter cells, a process that seems to be well regulated. By using in vivo time lapse 
microscopy, Hoepfner et al. (2001) showed that Vps1p, a member of the dynamin 
protein family, actin and a myosin motor protein Myo2p play an important role in the 
regulation of peroxisome segregation. 
 
 

V.  Involvement of the ER in peroxisome biogenesis 

The growth and division model postulated by Lazarow and Fujiki (1985), in which 
peroxisomes are regarded as autonomous organelles, has been generally accepted. 
However, not all observations can be explained by this model. For example, the 
targeting of some PMPs to the ER, when truncated or overexpressed in cells, suggests 
a role for the ER in PMP sorting. In addition, the fact that peroxisomes can be 
reformed in pex3 or pex19 deletion strains, following the reintroduction of the 
corresponding gene, suggests the presence of an acceptor membrane or structure that 
could function as a starting point for the synthesis of new peroxisomes. The best 
candidate for such a membrane structure would be the ER or an alternative 
endomembrane of the cell, which can function as a “pre-peroxisomal” compartment 
(South and Gould, 1999). Currently, a possible role of the ER in peroxisome 
biogenesis is intensely debated and the data addressing this issue are summarized 
below. 

Strong morphological evidence for a role of the ER in peroxisome biogenesis comes 
from a study with mouse dendritic cells, in which the PMPs Pex13p and PMP70 were 
detected in special lamellar structures that were connected to the ER, so-called 
specialized ER subdomains (Geuze et al., 2003). These lamellar extensions do not 
contain ribosomes or proteins that are involved in the vesicular ER-Golgi transport 
(COAT proteins) and are continuous with a reticulate peroxisomal network, the 
peroxisomal reticulum, which was often found in close proximity with mature 
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peroxisomes. Therefore, it was suggested that the specialized ER subdomains are a 
direct precursor for mature peroxisomes. Analysis of the distribution of the ER 
proteins, protein disulfide isomerase (PDI), invariant chain, and calreticulin, showed 
that they were abundant in the ER and only small amounts were present in the 
specialized ER. Among the peroxisomal proteins a difference in distribution was 
observed between the peroxisomal membrane proteins and the matrix proteins. The 
PMP Pex13p was predominantly found in the lamellae and the peroxisomal reticulum 
and a small percentage in mature peroxisomes. PMP70, the ATP-binding cassette 
transporter protein, although mostly present in the peroxisome reticulum and mature 
peroxisomes, was also found in lamellae. In contrast, the peroxisomal matrix proteins 
thiolase and catalase were exclusively found in the reticulum and mature peroxisomes 
and were absent from the lamellae. This demonstrates that during peroxisome 
maturation first the proteins for the import machinery and the transporters are inserted 
in the peroxisomal membrane before matrix import can occur. 

Strong biochemical evidence for an ER connection was obtained in Y. lipolytica, in 
which the membrane proteins Pex2p and Pex16p are N-glycosylated (Titorenko and 
Rachubinski, 1998). This suggests that these proteins target to the ER, because in yeast 
N-linked core glycosylation occurs exclusively in the ER. Moreover, the localization 
of N-glycosylated Pex2p and Pex16p to peroxisomes provides evidence for an ER-to-
peroxisome pathway. However, N-glycosylation of these two proteins or other PMPs 
has not been observed in other organisms. 

Genetic evidence for an ER involvement was reported by Bascom et al. (2003) who 
used temperature sensitive (ts) pex3 mutants with retarded peroxisome biogenesis to 
study early stages of peroxisome biogenesis in Y. lipolytica. They demonstrated that 
peroxisomes were formed in close association with ER structures after a shift from the 
restricted to the permissive temperature, although no direct membrane continuity 
between the ER and peroxisomes was reported. 

More groups have attempted to identify a role for the ER in peroxisome biogenesis. 
However, most results must be interpreted with caution because of inconsistent data or 
the use of overexpressed or truncated proteins. Two peroxisomal membrane proteins, 
Pex3p and Pex15p have been implicated to target to the ER, because overexpression of 
both proteins results in proliferation of ER membranes in S. cerevisiae and mammalian 
cells (Elgersma et al., 1997; Kammerer et al., 1998). Deletion studies of Pex3p in H. 
polymorpha also suggest that this PMP targets to the ER. For example the N-terminal 
16 residues of H. polymorpha Pex3p efficiently direct a reporter protein to the ER 
(Baerends et al., 1996). Furthermore, overexpression of the first 50 amino acids of 
HpPex3p can induce the formation of ER-derived vesicles, from which mature 
peroxisomes can form upon reintroduction of full-length Pex3p (Faber et al., 2002). In 
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S. cerevisiae, Elgersma et al. (1997) showed that overexpressed Pex15p undergoes O-
glycosylation, a modification which is initiated in the ER. Moreover, when invertase is 
fused to the C-terminus of Pex15p, the resulting fusion protein is N-glycosylated, an 
ER-specific modification. In addition, deletion of the last 30 amino acids of Pex15p 
results in targeting to the ER. In plants, overexpressed peroxisomal ascorbate 
peroxidase (pAPX) is localized to peroxisomes and a subdomain of the ER, so-called 
peroxisomal ER (pER) (Mullen et al. 1999). Most of these results are based on 
overexpression of PMPs and they may not represent the wild-type situation. Hettema 
et al. (2000) already showed that results obtained by overexpression of PMPs should 
be treated with caution. 

The fungal toxin Brefeldin A (BFA) has also been used to study PMP targeting, but 
the results are conflicting. BFA interferes with COPI (COAT protein I)-coated vesicle 
formation indirectly blocking protein transport from the ER to the Golgi apparatus. In 
H. polymorpha, addition of BFA affects peroxisome biogenesis and leads to 
accumulation at or in the ER of the PMPs Pex3p and Pex14p, and the matrix proteins 
alcohol oxidase, dihydroxyacetone synthase, catalase, amine oxidase and Pex8p 
(Salomons et al., 1997). Also transiently expressed cottonseed pAPX accumulated in 
the ER in BFA-treated cells (Mullen et al., 1999). However, this effect on PMP 
targeting was not seen in mammalian cells after treatment with BFA (South and 
Gould, 1999; South et al., 2000; Voorn-Brouwer et al., 2001). 

Another issue that needs clarification is whether or not COAT proteins are involved. 
Passreiter and coworkers (1998) demonstrated that peroxisomes recruit ADP-
ribosylation factor (ARF) and coatomer. Moreover, a mutation in the ε subunit of 
COPI resulted in a change in peroxisome morphology. These results suggest a role for 
ARF and coatomer in peroxisome biogenesis. However, two independent studies 
showed that inhibition of COPI and COPII does not disturb targeting of PMPs to 
peroxisomes or peroxisome morphology, suggesting that these coat proteins are not 
involved in peroxisome biogenesis (South et al., 2000; Voorn-Brouwer et al., 2001). 
The two studies do not exclude that PMPs route via the ER to peroxisomes, but only 
demonstrate that peroxisomal sorting of PMPs does not depend on COPI and COPII, 
coat proteins which are commonly used in the secretory pathway. 

Routing of PMPs via the ER to the peroxisomes would imply insertion of these 
proteins in the ER membrane. South et al. (South et al., 2001) studied peroxisome 
biogenesis after a block in ER protein import. They observed that Pex3p-mediated 
peroxisome biogenesis still occurred without functional Sec61p or Ssh1p (Sec sixty-
one homolog 1), both of which are involved in ER translocation. Therefore, they 
concluded that Pex3p does not transit through the ER, assuming that insertion of 
peroxisomal membrane proteins would require Sec61p or Ssh1p. However, in contrast 
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to proteins that do use Sec61p or Ssh1p for ER translocation, PMPs do not contain ER 
signal peptides. For this reason, it is uncertain whether insertion of PMPs into the ER 
would be Sec61p- or Ssh1p-dependent, especially since Sec61p/Ssh1p-independent 
insertion of membrane proteins in the ER has been reported before (Steel et al., 2002; 
Yabal et al., 2003). Thus, targeting of PMPs via the ER to peroxisomes does not 
necessarily involve the known set of proteins required for protein sorting in the early 
secretory pathway. For example, Geuze et al. (2003) showed that the specialized ER 
subdomains in which Pex13p and PMP70 are present do not contain COP proteins. 

In summary, more evidence is required to firmly establish the involvement of the ER 
in peroxisome biogenesis. Ideally, such experiments should not rely on a single 
technique, but combine biochemical, morphological and genetic approaches. 
 
 

VI.  Protein translocation across ER membranes 

Translocation of proteins across the yeast ER membrane occurs either co-
translationally or posttranslationally. In cotranslational import the ribosome remains 
associated with the nascent polypeptide chain while protein import proceeds, whereas 
in posttranslational import the completely synthesized preprotein is released from the 
ribosome and then translocated into the ER (Wilkinson et al., 1997). 

Most proteins require for their targeting to the ER an N-terminal sequence of 16 to 
30 amino acids, a so-called signal sequence or signal peptide, which consists of three 
characteristic regions (Izard and Kendall, 1994; Von Heijne, 1990). The N-terminal 1-
5 residues exhibit a net positive charge, the adjacent central region of about 7-15 
amino acids is hydrophobic and the C-terminal region composed of 3-7 amino acids is 
polar. The extent of hydrophobicity of the central core can predict the targeting route 
to the ER membrane (Ng et al., 1996). This is illustrated by the observation that 
proteins destined for the cotranslational translocation pathway contain signal 
sequences that are more hydrophobic than those of proteins targeted for 
posttranslational translocation. During the translocation of the nascent chain in the ER 
lumen, the signal peptide of most secretory proteins is cleaved off by the signal 
peptidase, which recognizes a specific site in the C-terminal region of the signal 
sequence. This cleavage site is defined by amino acids that possess small side chains 
residing at positions -1 and -3 relative to the cleavage site, immediately following the 
hydrophobic central region (Izard and Kendall, 1994; Von Heijne, 1990). In contrast to 
secretory proteins, membrane proteins are inserted into the ER membrane by use of 
either a stop-transfer sequence or a signal-anchor sequence (High and Dobberstein, 
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1992). Stop-transfer sequences, which consist of ~20 hydrophobic amino acids at the 
C-terminal side of the signal sequence, terminate translocation of the nascent chain 
before it is completed and serve as a membrane anchor. Signal-anchor sequences, 
which also comprise ~20 hydrophobic amino acids, mediate ER targeting and insertion 
of proteins and act as the anchor sequence to retain proteins in the ER membrane. The 
nature of the hydrophilic amino acid residues that flank the hydrophobic core of the 
signal-anchor sequence determines the final membrane orientation of the signal-anchor 
sequence-containing protein (Haeuptle et al., 1989). 

In contrast to posttranslational translocation, cotranslational translocation requires 
the signal recognition particle (SRP), which is a conserved complex of six polypeptide 
subunits and an RNA component that targets nascent polypeptides to the ER (Walter 
and Blobel, 1980; Walter and Johnson, 1994). The SRP recognizes and binds to the 
signal sequence of a nascent precursor protein as it emerges from the ribosome. This 
results in translational arrest, which presumably gives the ribosome enough time to 
target to the ER membrane. Targeting is mediated via two interactions: that between 
the ribosome and the ER membrane protein Sec61p, and that of SRP and the 
membrane-bound SRP receptor. The latter interaction stimulates the release of the 
nascent polypeptide chain into the Sec61-containing ER translocon through which it is 
subsequently cotranslationally translocated across the ER membrane (Fulga et al., 
2001; Walter and Johnson, 1994). 

Folded proteins cannot translocate across the ER membrane. Therefore, post-
translational ER translocation requires the cytosolic chaperones Ssa1p and Ydj1p 
together with ATP to prevent premature folding of newly synthesized proteins (Becker 
et al., 1996; Caplan et al., 1992; Caplan and Douglas, 1991; Chirico et al., 1988; Cyr 
et al., 1992; Deshaies et al., 1988). It has been suggested that Ssa1p transports 
unfolded preproteins to the ER membrane. On the membrane Ssa1p interacts with 
Ydj1p, which stimulates the ATPase activity of Ssa1p, resulting in the release of the 
premature protein into the ER protein translocon followed by translocation of the 
protein across the membrane. (Cyr et al., 1992; Ziegelhoffer et al., 1995). 

There are two translocons in the ER membrane: the heterotrimeric Sec61p complex 
and the complex formed by the homologous Ssh1p. The Sec61p complex consists of 
the multi-span transmembrane protein Sec61p, which outlines the protein-conducting 
channel in the ER membrane, and the single transmembrane domain proteins Sss1p 
(Sec sixty-one suppressor) and Sbh1p (Esnault et al., 1993; Stirling et al., 1992; 
Wilkinson et al., 1996). In contrast to Sbh1p, Sec61p and Sss1p are essential for 
viability (Deshaies and Schekman, 1987; Esnault et al., 1993). The Sec61p complex 
functions in both co- and posttranslational translocation (Rapoport et al., 1996). In 
addition to the Sec61p complex, posttranslational translocation requires the tetrameric 
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Sec62p/Sec63p complex, which comprises Sec62p, Sec63p, Sec71p and Sec72p, with 
Sec62p and Sec63p as essential proteins (Deshaies et al., 1991; Feldheim et al., 1993; 
Green et al., 1992; Panzner et al., 1995). 

The second ER translocon is formed by Ssh1p, a protein that is not essential for cell 
viability (Finke et al., 1996). The heterotrimeric Ssh1p complex consists of Ssh1p, 
Sbh2p and Sss1p, and it has been suggested to play a role solely in yeast co-
translational translocation, because it has not been found associated with the Sec62p/ 
Sec63p complex (Finke et al., 1996). However, by combining the ssh1∆ with the post-
translational specific sec62-1 mutation, Wilkinson et al. (2001) recently proved that 
the Ssh1p complex is also involved in posttranslational translocation. The fact that 
SSH1 cannot complement the lethal sec61 deletion strain suggests that the two 
translocons are functionally distinct. 

Both post- and cotranslational translocation require Sec63p and the essential Hsp70 
chaperone Kar2p (Vogel et al., 1990; Willer et al., 2003; Young et al., 2001). In the 
ER lumen Kar2p interacts directly with the DnaJ domain of Sec63p, which stimulates 
the intrinsic ATPase activity of Kar2p and subsequently initiates posttranslational 
translocation by insertion of the preprotein into the translocon (Lyman and Schekman, 
1995; Lyman and Schekman, 1997; Sanders et al., 1992). The interaction between 
Sec63p and Kar2p is also required for the binding of Kar2p to preproteins in the ER 
lumen, which might prevent backwards sliding of preproteins into the cytosol. Each 
time a new preprotein enters the ER lumen, it is bound by a Kar2p molecule. This 
suggests that Kar2p functions as a Brownian ratchet (Matlack et al., 1999; Simon et 
al., 1992). 

Insertion of tail-anchored (TA) proteins into the ER membrane appears to be 
Sec61p/Ssh1p-independent (Steel et al., 2002; Yabal et al., 2003). TA proteins are 
integral membrane proteins, characterized by a large cytosolic N-terminal domain and 
a single TMD close to the short lumenal C-terminus. TA proteins lack an N-terminal 
signal peptide and have the TMD close to the C-terminus, the part of the protein 
emerging last from the ribosome during translocation. This suggests that TA proteins 
translocate posttranslationally. Yabal et al. (2003) demonstrated that translocation of 
the TA protein cytochrome b5 was not inhibited in yeast mutants defective in 
components of the Sec translocon, the ER luminal chaperones, or the Ssh1p trans-
locon, suggesting that indeed TA proteins do not require these factors for translocation 
across the ER membrane. The mechanism for ER insertion of TA proteins has not yet 
been unravelled. TA proteins might insert spontaneously into the membrane or might 
use a thus far unidentified translocon. 
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VII.  Ubiquitination 

Ubiquitination machinery: the enzymes involved 
In 1975 Goldstein and colleagues identified ubiquitin, a small ubiquitous protein of 76 
residues that is highly conserved. Nowadays, about thirty years later, a large amount of 
ubiquitin substrates have been discovered, but the number of substrates is still 
increasing. Initially, ubiquitin was thought to have a role solely in protein degradation. 
At present, however, ubiquitin is recognized to have numerous non-proteolytic 
functions (Johnson, 2002). Ubiquitination is a highly specific and reversible 
modification regulated by a diverse group of enzymes. Three different types of 
enzyme are required for the ubiquitination of a substrate: ubiquitin activating enzymes 
(E1 enzymes), ubiquitin conjugating enzymes (Ubc, E2 enzymes) and ubiquitin ligases 
(E3 enzymes). E1 enzymes activate ubiquitin by the ATP-dependent formation of a 
thiol ester between the α-carboxyl group of glycine 76 of ubiquitin and the E1 active 
cysteine. From an E1 enzyme the activated ubiquitin is transferred by transthiolation to 
the active site cysteine residue of an E2 enzyme. E2 enzymes catalyze the substrate 
ubiquitination either alone or in concert with an E3 enzyme, depending on the type of 
ubiquitin ligase. Ubiquitin is linked to the substrate through an isopeptide bond via its 
C-terminus (glycine 76) to the ε-amino group of an internal lysine residue of the 
substrate. 

E1, E2, E3 enzymes are hierarchically organized. In yeast, this is illustrated by a 
single E1, thirteen E2s and an even larger number of E3s, while more E3’s are being 
identified at a high rate. The S. cerevisiae E1 enzyme is encoded by the gene UBA1 
(ubiquitin-activating enzyme) (McGrath et al., 1991). Two other genes, UBA2 and 
UBA3, encode E1-like polypeptides that have been identified as activating enzymes 
for the ubiquitin-like proteins SUMO (small ubiquitin-related modifier) and Nedd8 
(neural precursor cell expressed, developmentally down-regulated), respectively 
(Johnson et al., 1997; Liakopoulos et al., 1998). 

In yeast, E2 enzymes are encoded by UBC1-13, of which Ubc9p and Ubc12p are 
specific for SUMO and Nedd8, respectively (reviewed in Pickart, 2001; Johnson and 
Blobel, 1997; Liakopoulos et al., 1998). Interestingly, the peroxin Pex4p, which has a 
role in peroxisomal matrix import, has been identified as Ubc10p (Crane et al., 1994; 
Wiebel and Kunau, 1992). Despite some indications, little is known about the 
corresponding E3 ligase(s), substrate(s) and function of ubiquitination in relation to 
peroxisomes. The three dimensional structure of E2 enzymes is characterized by a 
conserved core domain of ~150 amino acids that consists of four standard helices, a 
short 310 helix and a four-stranded antiparallel β-sheet (VanDemark and Hill, 2002). 
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Another important hallmark of E2 enzymes is the catalytic cysteine just upstream of 
the 310 helix. This cysteine is involved in ubiquitin binding and is surrounded by 
highly conserved residues. 

E3 enzymes play an important role in substrate selection and specificity (Pickart, 
2001). Two major groups of E3s can be distinguished with different characteristic 
structures and modes of action, containing either a HECT (homologous to E6-AP 
carboxyl terminus) domain or a RING (really interesting new gene) finger domain. 
Common to all HECT domain E3s is a ~350 amino acid domain positioned at the 
carboxy terminus. This domain regulates binding to the E2 enzyme and is involved in 
the transfer of ubiquitin from E2 to substrate. The conserved catalytic cysteine ~35 
residues upstream of the C-terminus receives the activated ubiquitin from the E2 
before it is conjugated to the substrate. The ability to form thiol intermediates with 
ubiquitin, characterizes HECT E3s. The N-terminal part of HECT E3s, in turn, plays a 
role in the recognition of specific substrates and the regulation of subcellular 
localization. 

RING finger proteins contain a sequence of 40-100 amino acids, that is 
characterized by eight conserved cysteines and histidines positioned in a cross-braced 
fashion to coordinate two zinc atoms (reviewed in Jackson et al., 2000; Joazeiro and 
Weissman, 2000). In contrast with HECT E3s, RING E3s lack an active site cysteine 
and do not form a thiol ester bond with ubiquitin, but provide docking sites for E2 and 
substrate in close proximity. RING E3s may consist of one or more subunits. Single 
subunit E3s require only E1 and E2 for ubiquitination, while for multisubunit E3s the 
presence of E1 and E2 is not sufficient and additional proteins are needed. Examples 
of multisubunit E3s are: SCF (Skip1-Cul-F-box), APC/C (anaphase promoting 
complex/ cyclosome), and CBC/VCB (elongin C-elongin B-Cul2/Von Hippel-Lindau-
elongin C/B)(Fang and Weissman, 2004). 

U-box proteins which contain RING-finger-related motifs, form a new group of E3 
enzymes (Aravind and Koonin, 2000). The three dimensional structure of the U-box 
resembles that of the RING finger domain, although the conserved zinc coordinating 
residue is absent (Ohi et al., 2003). U-box proteins might function in the degradation 
of unfolded or misfolded proteins, as based on the observation that several U-box 
proteins interact with molecular chaperones (Ballinger et al., 1999; Connell et al., 
2001; Kaneko et al., 2003; Koegl et al., 1999; Meacham et al., 2001). The absence of 
a conserved cysteine residue in the U-box proteins suggests that their mode of action 
as E3 ligases is more similar to that of RING finger domain E3s than to that of the 
HECT domain E3s. 
 



General Introduction 

 31

Regulation of protein function by monoubiquitination 
Ubiquitin is best known as a modification that directs proteins to the proteasome for 
proteolysis. Substrates destined for proteolytic cleavage contain polyubiquitin chains 
(four or more ubiquitin moieties). The C-terminal glycine of the first ubiquitin of these 
chains is conjugated to the substrate, while the C-terminus of the other ubiquitin 
molecules is connected to the preceding ubiquitin by an isopeptide bond to lys48. 
Examples of regulation of processes by ubiquitin/proteasome-dependent proteolysis 
are numerous, a few examples being: cell-cycle control, stress response, DNA repair, 
cell metabolism, immune response, and organismal development (reviewed in 
Hochstrasser, 1996). In addition, ubiquitin has non-proteolytic functions in which the 
substrate is only modified by a single ubiquitin, so-called monoubiquitination, or is 
attached to a polyubiquitin chain with non-Lys48 linkages. Some examples of the 
regulation of protein function by monoubiquitination are discussed below. 

The first report on monoubiquitination of a protein was published in 1996 by Hicke 
and Riezman, who showed that monoubiquitination can mediate receptor internaliza-
tion. Binding of the yeast α-factor to the G-protein-coupled α-factor receptor Ste2p 
starts a signal transduction pathway and induces monoubiquitination of the cyto-
plasmic tail of the receptor, which is located in the plasma membrane. As a result of 
ubiquitination, the receptor is rapidly downregulated, involving endocytosis, sorting to 
the vacuole and degradation (Odorizzi et al., 1998). 

Monoubiquitination also regulates sorting of proteins to multivesicular bodies 
(MVBs) (Katzmann et al., 2001; Reggiori and Pelham, 2001; Urquhart et al., 2000). 
For example, Katzmann and coworkers (2001) discovered that the vacuolar hydrolase 
carboxy peptidase S (CPS) is monoubiquitinated, a process essential for correct sorting 
of the protein to the vacuolar lumen. It was shown that a CPS fusion protein in which a 
putative ubiquitin acceptor lysine was replaced by arginine, failed to be ubiquitinated 
and mislocalized to the vacuolar membrane instead of ending up at its normal location 
in the lumen of the vacuole (Katzmann et al., 2001). 

Monoubiquitination is also involved in budding of enveloped RNA viruses from the 
host plasma membrane (Harty et al., 2001; Patnaik et al., 2000; Schubert et al., 2000; 
Strack et al., 2000). These viruses hijack the host lysosomal sorting machinery and use 
only a single viral protein, the Gag precursor protein Pr55Gag, to regulate viral 
budding (Pornillos et al., 2002). Ott et al. (1998) found that the p domain of HIV-1, 
which is required for budding, is monoubiquitinated. However, a direct role for 
ubiquitination in viral budding has not yet been proven (Ott et al., 2000; Spidel et al., 
2004). 

Monoubiquitination also functions in the regulation of histone function (Osley, 
2004). Histones (H1, H2A, H2B, H3 and H4) are proteins that associate with 
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chromosomal DNA to form nucleosomes, which prevent the initiation of transcription 
(Kornberg and Lorch, 1999). In yeast, histone H2B is monoubiquitinated at lysine 123 
as was shown by a lysine-to-arginine substitution (Robzyk et al., 2000). The H2B 
ubiquitin site mutant (K123R), which cannot be monoubiquitinated, has a mitotic and 
a meiotic phenotype, suggesting that it is important for both processes (Robzyk et al., 
2000). Recently, Sun and Allis (2002) demonstrated that Rad6p-mediated H2B 
ubiquitination regulates histone H3 methylation that, in turn, induces transcriptional 
silencing of genes at telomeric regions. In contrast, Henry et al. (2003) showed that 
monoubiquitination of histone H2B (and its deubiquitination) is required for optimal 
activation of specific genes. These results suggest that histone H2B mono-
ubiquitination most likely regulates gene transcription in a positive and negative 
manner, depending on its genomic and gene location. Monoubiquitination of histone 
H1 and H2A have been reported as well, which play a role in correct sequential gene 
expression in Drosophila embryos and heritable gene silencing, respectively (De 
Napoles et al., 2004; Fang et al., 2004; Pham and Sauer, 2000; Wang et al., 2004a). 

The recognition of monoubiquitinated proteins requires specific domains present in 
so-called ubiquitin-binding proteins or ubiquitin receptors. Examples of ubiquitin-
binding domains are the ubiquitin associated domain (UBA) (Hofmann and Bucher, 
1996), ubiquitin interacting motif (UIM) (Hofmann and Falquet, 2001), ubiquitin E2 
variant (UEV) (Sancho et al., 1998), Npl4 zinc finger (NZF) (Meyer et al 2002), and 
an ubiquitin-binding domain similar to a region of the yeast Cue1 protein (CUE, 
coupling of ubiquitin conjugation to ER degradation) (Ponting, 2000). These domains 
bind directly, although with low affinity, to the isoleucine 44 hydrophobic patch on the 
ubiquitin molecule (Fisher et al., 2003; Kang et al., 2003; Prag et al., 2003; Swanson 
et al., 2003; Teo et al., 2004; Wang et al., 2003). 

Several proteins acting at different steps of the endocytic route have been identified 
as ubiquitin-binding proteins containing one or more of the above described domains 
(reviewed in Sigismund et al., 2004). Downregulation of plasma membrane receptors 
requires the sequential action of these ubiquitin receptors. Interestingly, ubiquitin-
binding proteins with a UIM or CUE domain not only bind ubiquitinated substrates, 
but are also monoubiquitinated themselves (intramolecular monoubiquitination) via a 
mechanism that requires the ubiquitin binding domains (Davies et al., 2003; Klapisz et 
al., 2002; Oldham et al., 2002; Polo et al., 2002; Shih et al., 2002). Via mono-
ubiquitination, ubiquitin receptors may form a network of protein-protein interactions 
that is established/maintained by temporally and spatially regulated ubiquitin-protein 
interactions. This ubiquitin-mediated network is remarkably similar to the well-studied 
phosphorylation system, in which phosphotyrosine and phosphoserine/phospho-
threonine residues are recognized by specific domains present in signal transduction 
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proteins, such as Src-homology-2 and WW motifs (reviewed in Di Fiore et al., 2003). 
Analogous to phosphorylation, monoubiquitination of plasma membrane receptors and 
ubiquitin receptors can be signalling-dependent. Furthermore, the action of 
deubiquitinating enzymes (see below), i.e. the rapid removal of ubiquitin from a 
substrate, is comparable to protein dephosphorylation by phosphatases. 

From the features of mono- and polyubiquitination as described above, it is clear 
that the length of the ubiquitin chain plays a role in the function or fate of the 
substrate. What determines whether a specific protein becomes mono- or poly-
ubiquitinated? One possibility is that different subsets of E3 ligases have specificity 
for mono- and polyubiquitination. Although there are examples of proteins that receive 
the two different modifications by distinct ubiquitin ligases, in many cases the same 
E3 enzyme can mono- and polyubiquitinate its substrate (Pickart, 2001). In these 
cases, association of the E3 with different partner proteins/protein complexes might 
decide whether the substrate becomes mono- or polyubiquitinated. Also, other factors 
might contribute to the regulation of the different types of ubiquitination. The 
deubiquitinating enzymes (see below) are possible candidates, as they might rapidly 
trim back extended chains. Another possibility is that proteins that bind to a 
monoubiquitinated substrate shield their ubiquitinated partner and prevent further 
ubiquitination. 
 
Deubiquitination 
Ubiquitination is a reversible modification. Deubiquitination of proteins requires the 
action of deubiquitinating enzymes (Dubs) (Wilkinson, 2000). These thiol proteases 
hydrolyze the amide bond between glycine 76 of ubiquitin and a lysine residue of the 
substrate protein or preceding ubiquitin. There are two traditional classes of Dub: 
ubiquitin carboxy terminal hydrolases (UCHs) and ubiquitin specific processing 
enzymes (UBPs). UCHs are involved in the processing of ubiquitin precursors 
products to generate active ubiquitin and have a preference for substrates in which 
ubiquitin is fused to peptides or small adducts. UBPs cleave ubiquitin from a range of 
(larger) substrates. The UBPs are characterized by conserved catalytic domains 
containing cysteine and histidine boxes. Most of the differences between these UBPs 
are found in the N-terminal extensions, although occasionally also the C-termini differ. 
The termini are thought to function in substrate recognition, subcellular localization 
and protein-protein interactions. In S. cerevisiae, 17 traditional Dubs have been 
identified, 16 of which are are UBPs with only 1 UCH (Hochstrasser, 1996). None of 
the yeast UBPs is essential for viability (Amerik et al., 2000), suggesting that UBPs 
function in non-essential biological processes, or have redundant functions. 
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There are many examples of polyubiquitinated proteins that are deubiquitinated 
prior to breakdown by the proteasome or before vacuolar degradation (reviewed in 
Wing, 2003). In contrast, only a few reports describe the removal of ubiquitin from 
monoubiquitinated proteins, which represents an additional level of protein function 
regulation. An example is the deubiquitination of histone H2B, which depends on the 
ubiquitin protease Ubp8p (Daniel et al., 2004; Henry et al., 2003), a component of the 
SAGA (Spt-Ada-Gcn5-Acetyltransferase) acetylation complex (Grant et al., 1997). As 
described above, deubiquitination of monoubiquitinated histone H2B plays a role in 
gene activation. Recently, two groups reported that Ubp8p requires a cofactor, Sgf11p 
(SAGA associated factor11, Powell et al., 2004), for its association with SAGA and 
for H2B deubiquitination (Ingvarsdottir et al., 2005; Lee et al., 2005). Thus far, it 
remains obscure whether Sgf11p regulates Ubp8p deubiquitination activity directly, or 
indirectly by promoting Ubp8p interaction with SAGA. 

Another example of regulation of protein function by mono- and deubiquitination is 
provided by the COPII subunit Sec23p, which is involved in anterograde transport 
between the ER and the Golgi compartment (Barlowe et al., 1994). Monoubiquitinated 
Sec23p is a specific substrate for deubiquitination by Ubp3p and its cofactor Bre5p 
(Cohen et al., 2003a). The balance between ubiquitination and deubiquitination of 
Sec23p is suggested to be important for correct transport from the ER to the Golgi. 
Ubp3p-Bre5p also deubiquitinates the COPI subunit β’-COP, which is involved in the 
retrograde transport from the Golgi to the ER (Cohen et al., 2003b; Letourneur et al., 
1994). Thus, deubiquitination by the Ubp3p-Bre5p complex co-regulates anterograde 
and retrograde transports between ER and Golgi compartments. 

The examples presented above suggest that UBP function, interaction with substrate 
or enzymatic activity depends on cofactors. More research is required to obtain a 
better insight in the process of deubiquitination and the proteins involved. 
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VIII.  Scope of this thesis 

In the last few years, the model in which peroxisomes are regarded as autonomous 
organelles that recruit both newly synthesized matrix and membrane proteins directly 
from the cytosol has been seriously challenged and there is increasing evidence for a 
role of the ER in PMP targeting to peroxisomes. However, although most studies 
could show that some PMPs localize to the ER, they failed to prove that these PMPs 
are indeed en route to peroxisomes. Moreover, it is unknown how peroxisomal 
membrane proteins insert into the ER membrane and sort from the ER to peroxisomes. 
In this thesis we developed innovative genetic and biochemical approaches to shed 
some light on both issues. 

If PMPs would route from the ER via (preperoxisomal) vesicles to peroxisomes, it 
could be envisaged that inhibition of vesicular transport from the ER would disturb 
trafficking of newly synthesized PMPs to peroxisomes. In Chapter 2 we addressed this 
issue and investigated the targeting in human fibroblasts of the PMPs Pex2p, Pex3p, 
and Pex16p that have been suggested to route via the ER to peroxisomes. We found 
that these PMPs were still targeted properly to peroxisomes in the presence of COPI or 
COPII inhibitors. Moreover, a defect in COPI- and COPII-mediated vesicular 
transport did not affect peroxisome morphology or integrity. These results suggest that 
COPI and COPII-mediated transport does not play a role in trafficking of PMPs to 
peroxisomes, but they do not exclude the possibility that a COP-independent pathway 
to peroxisomes exists. 

Chapter 3 describes the use of yeast genetics to resolve the trafficking pathway of 
PMPs. To identify proteins that function in the trafficking of PMPs via the ER to 
peroxisomes we developed a split-ubiquitin-based genetic screen. The split-ubiquitin 
technique was used to screen for chromosomal mutations that resulted in an increased 
interaction between our model PMP Pex15p and a residence ER membrane protein, 
aiming for mutants that might slow-down or retain Pex15p in the ER. The initial 
screen yielded three mutants that fulfilled our stringent selection criteria. However, 
these mutants contained plasmid-linked or multiple independent mutations and were 
not further analyzed. A larger group of less stringent mutants exhibited a temperature 
sensitive-lethal phenotype and might be deficient in sorting of proteins via the early 
secretory pathway. Further analysis should reveal whether this collection contains 
mutants that retain Pex15p in the ER. 

The involvement of the ER in PMP targeting was further investigated in Chapter 4. 
As a model protein we used the integral membrane protein Pex3p. In the absence of 
functional Pex3p, peroxisomal structures are lacking, which suggests that Pex3p plays 
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an important role in the early peroxisomal membrane biogenesis. The following 
experiments strongly indicate an ER involvement in Pex3p targeting. First, we 
demonstrated that full-length Pex3p inserts into the ER membrane. Second, we 
showed that Pex3p, which is directed to the ER by an ER signal peptide, can restore 
peroxisome formation in a pex3∆ strain and targets to peroxisomes. It remains to be 
investigated, however, whether endogenous Pex3p is targeted via a similar pathway. 

In addition to our studies on the role of the ER in trafficking of PMPs, we have 
investigated the ubiquitination of Pex5p in wild-type and mutants cells. Pex5p is a 
cycling receptor that binds newly synthesized PTS1 proteins in the cytosol and 
delivers them to the peroxisomal matrix. At the peroxisomal membrane there are a 
dozen proteins that are involved in Pex5p docking, translocation or export. Protein 
modifications may regulate these events and/or the order in which they take place. 
Although some of the proteins involved in PTS1 import cycle are covalently modified 
by phosphorylation or ubiquitination, little is known about the function of these 
modifications. 

We discovered that Pex5p is monoubiquitinated in S. cerevisiae (Chapter 5). Pex5p 
monoubiquitination does not mediate vacuolar or proteasomal degradation of the 
protein, suggesting that it plays a role in the regulation of Pex5p function. The 
ubiquitination of Pex5p takes place at the peroxisomal membrane at a late stage in the 
import cycle after receptor docking and matrix protein import. Furthermore, we 
determined that Pex5p is polyubiquitinated in pex mutants that play a role in the 
terminal step of peroxisomal import and that this ubiquitination event depends on 
Ubc4p. In contrast, Ubc4p does not (mono)ubiquitinate Pex5p in wild-type cells, 
suggesting that another Ubc fulfils this function. Based on these results and 
observations in the literature we propose that monoubiquitination of Pex5p is required 
for its export from the peroxisome to the cytosol. In contrast, Pex5p polyubiquitination 
may mediate Pex5p vacuolar or proteasomal degradation to dispose of nonfunctional 
or misfolded Pex5p (as present in the mutants). 

The role of ubiquitination in peroxisome biogenesis is reviewed in chapter 6. In this 
chapter we not only review the different types of Pex5p ubiquitination and their 
possible roles in the regulation of the PTS1 receptor, but also discuss the 
ubiquitination of proteins involved in the PTS2 import pathway. Furthermore, we 
present new data on Pex6p, one of the two peroxisome-associated AAA ATPases, 
which suggest that this ATPase plays an essential role in the ubiquitinated state of 
Pex5p. 
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Summary 

The classic model for peroxisome biogenesis states that new peroxisomes arise by 
fission of preexisting ones and that peroxisomal matrix and membrane proteins are 
recruited directly from the cytosol. Recent studies challenge this model and suggest 
that some peroxisomal membrane proteins may traffic via the endoplasmic reticulum to 
peroxisomes. We have studied trafficking in human fibroblasts of three peroxi-somal 
membrane proteins, Pex2p, Pex3p and Pex16p, all of which have been implicated to 
transit the endoplasmic reticulum before arriving in peroxisomes. Here we show that 
targeting of these peroxisomal membrane proteins is not affected by inhibitors of COPI 
and COPII that block vesicle transport in the early secretory pathway. Moreover, we 
have obtained no evidence for the presence of these peroxisomal membrane proteins in 
compartments other than peroxisomes and demonstrate that COPI and COPII inhibitors 
do not affect peroxisome morphology or integrity. Together, these data fail to provide 
any evidence for a role of the endoplasmic reticulum in peroxisome biogenesis. 
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Introduction 

Eukaryotic cells contain numerous subcellular organelles whose specialized functions 
require distinct protein compositions. These proteins are either synthesized on 
membrane-bound polysomes at the endoplasmic reticulum (ER) and sorted to their 
final destinations by vesicular transport, or they are synthesized on free polysomes and 
imported directly from the cytosol into organelles such as mitochondria, chloroplasts 
and peroxisomes (Rothman and Wieland, 1996; Schatz and Dobberstein, 1996). 
Peroxisomal matrix proteins are recruited after synthesis in the cytosol by two soluble 
receptors, Pex5p and Pex7p, which sprecifically interact with the peroxisomal targeting 
signals (PTSs) on the newly synthesized proteins. Both act as mobile receptors that 
select their PTS ligands in the cytosol and deliver them to a membrane-bound 
translocation machinery for further transport into the peroxisomal matrix (Erdmann et 
al., 1997; Hettema et al., 1999; Subramani, 1998). Trafficking of peroxisomal 
membrane proteins (PMPs) is much less understood and currently a matter of 
controversy. One model proposes that all PMPs are synthesized on free polysomes and 
directly inserted into the peroxisomal membrane (Lazarow and Fujiki, 1985). For at 
least two PMPs, PMP22 and PMP70, there is experimental evidence for a direct 
insertion pathway (Diestelkötter and Just, 1993; Imanaka et al., 1996). If true, this 
would imply that peroxisomes are autonomous organelles, like mitochondria, that 
multiply by growth and division of preexisting peroxisomes. However, several recent 
observations have challenged this model and invoke the involvement of the ER as a 
transitory compartment in peroxisome biogenesis. Firstly, overexpression of wild-type 
and modified versions of the PMPs Pex3p and Pex15p (either truncated or fusion 
proteins), resulted in aberrant ER morphology and accumulation of the overproduced 
proteins in or at the ER (Baerends et al., 1996; Elgersma et al., 1997; Kammerer et al., 
1998). Secondly, peroxisome biogenesis could be partially inhibited by brefeldin A 
(BFA), a fungal toxin that interferes with COPI-coated vesicle formation, or by 
mutation of the ε subunit of COPI (Passreiter et al., 1998; Salomons et al., 1997). 
Thirdly, the PMPs Pex2p and Pex16p were reported to be N-glycosylated in the yeast 
Y. lipolytica (Titorenko and Rachubinski, 1998b). These observations suggest that a 
subset of PMPs may be targeted first to the ER and from there to peroxisomes by 
vesicle-mediated transport (Kunau and Erdmann, 1998; Titorenko et al., 2000; 
Titorenko and Rachubinski, 1998a). If this model were true it would drastically change 
our view on peroxisome biogenesis. Instead of being autonomous, self-multiplying 
organelles they would be part of the vacuolar compartment of the cells, and the ER 
would be the source of nascent peroxisomes. 
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To understand how peroxisomes are formed, either from preexisting peroxisomes or 
from the ER, it is thus essential to know the intracellular pathway taken by PMPs. Here 
we show that peroxisomal targeting of three PMPs, Pex2p, Pex3p and Pex16p, is not 
affected by inhibitors of COPI- and COPII-mediated vesicle transport. Moreover, we 
were unable to detect these PMPs in the ER or any other non-peroxisomal 
compartment at early times after synthesis. We also show that peroxi-some 
morphology or integrity is not affected by prolonged incubation with inhibitors of 
COPI and COPII. Our studies fail to provide any evidence for a role for COPI or 
COPII in peroxisome biogenesis or PMP targeting and contradict some of the 
experimental evidence put forward for a role of the ER in peroxisome biogenesis. 
 
 

Materials and Methods 

Cell culture, microinjection and immunofluorescence 
Cultured primary skin fibroblast used in this study were from a control subject. Cells 
were grown in Ham F10 (Gibco BRL, Gaithersburg, MD) supplemented with 10% 
foetal calf serum (Gibco BRL) and penicillin/streptomycin (100 µg/ml) under 5% CO2. 
Between 24 and 36 hours before microinjection the cells were plated onto 
microinjection grids (CELLocate coverslips-square size 175 µm, Eppendorf). The 
needles were made using PB-7 micropipette puller (Narihage Co., Tokyo, Japan). 
DNA was micro-injected in sterile miliQ water at a concentration of approx. 0.05 
mg/ml. In coinjection experiments, plasmids expressing mutant Sar1p and green-
fluorescent-protein-tagged (GFP-tagged) PMPs were mixed in a ratio of 3:1 and 
injected at a concentration of 0.2 mg/ml. Approximately 200 cells were injected per 
experiment, ~20% of which survived injection and gave rise to detectable expression. 
Brefeldin A (BFA, Sigma) was used at a concentration of 2 µg/ml and was added 20 
minutes before injection. After injection cells were maintained in BFA. At different 
time points after injection cells were fixed and processed for indirect immuno-
fluorecence as described previously (Motley et al., 1994). Antibodies for these 
experiments include: rabbit polyclonal anti-GFP (a generous gift of Dr. J. Fransen, 
University of Nijmegen, The Netherlands); monoclonal anti-ER-Golgi intermediate 
compartment 53 (anti-ERGIC 53) (kindly provided by Dr. H.P. Hauri, University of 
Basel, Switzerland); rabbit polyclonal anti-NH tag (Elgersma et al., 1997); monoclonal 
anti-hemagglutinin (HC185) (kindly provided by Dr. J. Skehel, NIMR, UK); rabbit 
polyclonal anti-protein disulfide isomerase (anti-PDI) (kindly provided by Dr. I. 
Braakman, University of Utrecht, The Netherlands); monoclonal anti-
Adrenoleukodystrophy protein (anti-ALDP) (generous gift of Dr. P. Aubourg, 
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INSERM, Paris, France); monoclonal anti-catalase (kindly provided by Dr. E. 
Middelkoop, AMC, The Netherlands); rabbit polyclonal anti-oxidase (Furuta et al., 
1982). Fluorescently labelled secondary antibodies were obtained from commercial 
sources (Jackson-ImmunoResearch Laboratories). 
 
Plasmid constructions 
HsPex16-EGFP was created by PCR amplification on human liver cDNA using the 
primers 5’-GGAAGATCTGCCACCATGGAGAAGCGCGGCTCCTGGGC-3’ and 5'-
AAAAGTCGACCCCCAACTGTAGAAGTAGATTTTC-3’. The resulting PCR 
product was digested with BglII and SalI and cloned between the BglII and SalI sites 
of pEGFP-N1 (Clonetech). HsPex3-EGFP was constructed in a similar way using the 
PEX3-specific primers 5' GGAAGATCTGCCACCATGCTGAGGTCTGTATGGAA-
TT-3' and 5’-AAAAGTCGACTTCTCCAGTTGCTGAGGGGTAC-3’ and EST 
128960 as a template. The PCR product was digested with BglII and SalI and cloned 
between the BglII and SalI sites of pEGFP-N1. RnPex2-EGFP was created by PCR 
amplification on rat liver cDNA using the primers 5'-CGGGATCCACCATGGCTG-
CCAGAGAAGAGAG-3’ and 5'-TTTTCTGCAGAAGAGCATTCACTTCTGACAT-
TT-3’. The PCR product was digested with BamHI and PstI and cloned between the 
BglII and PstI sites of pEGFP-N1. Similarly EGFP-RnPMP70 was generated by PCR 
amplification on rat liver cDNA with the PMP70-specific primers 5’-CGGGATCCA-
TGGCGGCCTTCAGC-3’ and 5'-AAAACTGCAGCTATGATCCGAACTCAACTG-
3’. The PCR product was digested with BamHI and PstI and inserted into EGFP-C1 
(Clonetech) cut with BamHI and PstI. All PCR-generated clones were verified by 
sequencing. 

To generate the plasmid expressing influenza virus hemagglutinin (HA) pBD16 
(Distel et al., 1998) was digested with HindIII and BamHI and the fragment encom-
passing the complete HA protein was cloned between the HindIII and BamHI sites of 
pcDNA3 (Invitrogen).  

The cDNA encoding a GTP-restricted mutant of Sar1p (H79G) in pET-11d HIS 
(Novagen) was a generous gift of W.E. Balch (Scripps Research Insitute, La Jolla, 
CA). The His6 tag in the vector was replaced by the NH tag by ligating two 
complementary oligonucleotides: 5'-CATGGAAGCTTGCCACCATGCAAGACCT-
TCCAGGAAATGACAACAGCACAGCAGGTCA-3’ and 5'-TATGACCTGCTGT-
GCTGTTGTCATTTCCTGGAAGGTCTTGCATGGTGGCAAGCTTTC-3’ between 
the NcoI and NdeI sites of pET-11d HIS/Sar1p (H79G). The resulting plasmid was 
digested with HindIII and BamHI and the fragment encoding NH-Sar1p (H79G) was 
gel purified and cloned between the HindIII and BamHI sites of pcDNA3 (Invitrogen). 
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Results 

Newly synthesized PMPs are first detected in peroxisomes 
An ER involvement in peroxisome formation predicts that a subset PMPs is first 
targeted to the ER and then transported to peroxisomes, possibly via vesicular transport 
(Kunau and Erdmann, 1998; Titorenko et al., 2000; Titorenko and Rachubinski, 
1998a). PMPs that have been suggested to travel via the ER are Y. lipolytica Pex2p 
and Pex16p (Titorenko and Rachubinski, 1998b), H. polymorpha and human Pex3p 
(Baerends et al., 1996; Kammerer et al., 1998) and S. cerevisiae Pex15p (Elgersma et 
al., 1997). For three of these PMPs, Pex2p, Pex3p and Pex16p, the mammalian 
orthologs have been identified (Ghaedi et al., 2000; Honsho et al., 1999; Kammerer et 
al., 1998; South and Gould, 1999; South et al., 2000; Tsukamoto et al., 1991). We 
constructed GFP fusions for these three PMPs as well as for a fourth PMP, PMP70, 
which was previously shown to be directly inserted from the cytosol into the 
peroxisome membrane (Imanaka et al., 1996). The genes encoding these fusion 
proteins were cloned into expression vectors and the DNA constructs were 
microinjected into normal human fibroblasts. At different time points after injection we 
examined the distribution of the GFP-tagged PMPs by indirect immunofluorescence 
using antibodies specific for GFP. Within 90 minutes after injection, expression of the 
tagged PMPs could be detected and gave rise to a typical punctate peroxisomal pattern 
of labelling (Fig. 1). At this time point all tagged PMPs colocalized with the 
endogenous PMP marker, ALDP (Mosser et al., 1994). At no time point after injection 
a different pattern of labelling was seen. These results indicate that GFP tagging does 
not interfere with proper targeting of these PMPs to peroxisomes and that, at the 
earliest time point of detection (90 minutes after injection), they are localized to 
peroxisomes only and not to any other cellular compartment. 
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Figure 1. PMPs are rapidly targeted to peroxisomes. 
Normal human fibroblasts were microinjected with DNA constructs expressing Pex2p-GFP (A,B), Pex3p-
GFP (C,D), Pex16p-GFP (E,F) and GFP-PMP70 (G,H). After 90 minutes, cells were fixed and processed for 
double indirect immunoflourescence with antibodies to GFP (A,C,E,G) and ALDP (B,D,F,H). 
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Peroxisomal targeting of newly synthesized PMPs does not require COPI-
mediated vesicular transport 
If PMPs are only transiently associated with the ER and then rapidly transported to 
peroxisomes, an ER localization would go undetected in our microinjection 
experiments. Therefore, we next tested whether inhibition of COPI-mediated vesicular 
transport could interfere with targeting of newly synthesized PMPs to peroxisomes. To 
inhibit COPI assembly we preincubated normal human fibroblast for 20 minutes with 
brefeldin A (BFA) and then microinjected the plasmids expressing GFP-tagged PMPs. 
As a control cells were also injected with a plasmid expressing influenza virus 
hemagglutinin (HA), a protein that enters the ER and follows the vesicle-mediated 
transport pathway to the cell surface (Wiley and Skehel, 1987). The cells were 
maintained in BFA and processed for double indirect immunofluorescence at various 
times after injection. GFP-tagged PMPs could be detected in peroxisomes within 90 
minutes after injection as shown by their colocalization with ALDP (Fig. 2A-H). These 
results indicated that BFA did not inhibit sorting of newly synthesized PMPs to 
peroxisomes. Moreover, we failed to observe at any time point after injection 
colocalization of GFP-tagged PMPs with marker proteins of other cellular 
compartments such as ERGIC53 (ER-Golgi intermediate compartment), giantin 
(Golgi) or PDI (ER) (data not shown). By contrast, HA accumulated in an ER-like 
pattern and colocalized with PDI (Fig. 2I,J) in the presence of BFA, but was efficiently 
transported to the plasmamembrane in untreated cells (Fig. 2K,L).  

Previous studies have reported changes in peroxisome morphology in a temperature 
sensitive CHO mutant containing a mutation in the ε subunit of COPI (Passreiter et al., 
1998). Therefore, we analyzed the morphology of peroxisomes in normal human 
fibroblasts treated with BFA. Cells were fixed at various times after the start of the 
incubation and processed for indirect immunofluorescence using antibodies specific for 
a peroxisomal matrix protein, acyl-CoA-oxidase, and a Golgi marker protein, giantin. 
The peroxisome morphology of cells treated for 20 hours with BFA was 
indistinguishable from untreated cells (Fig. 3A,C). The Golgi resident protein giantin 
completely redistributed and exhibited a vesicular staining after BFA treatment (Fig. 
3B,D) demonstrating that the toxin was effective at the concentrations used and the 
time-span applied. 
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Figure 2. Peroxisomal targeting of PMPs is not inhibited by BFA. 
Normal human fibroblasts were incubated in either the presence (A-J) or the absence (K,L) of 2 µg/ml BFA 
for 20 minutes and then microinjected with DNA constructs expressing Pex2p-GFP (A,B), Pex3p-GFP 
(C,D), Pex16p-GFP (E,F), GFP-PMP70 (G,H) and HA (I-L). After microinjection, the cells were maintained 
in mock or BFA-containing media for 90 minutes and then processed for double indirect 
immunofluorescence with antibodies to GFP (A,C,E,G) and ALDP (B,D,F,H), or with antibodies to HA 
(I,K) and PDI (J,L). 
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Figure 3. Inhibitors of COPI and COPII do not affect peroxisome morphology. 
Normal human fibroblasts were incubated either in the absence (A,B) or in the presence (C,D) of 2 µg/ml 
BFA. After 20 hours, cells were fixed and stained with antibodies to acyl-CoA-oxidase (A,C) or giantin 
(B,D). NH-tagged Sar1p(H79G) DNA was microinjected into the nucleus of normal human fibroblasts. 
After 20 hours, cells were processed for double indirect immunofluorescence with antibodies to catalase (E) 
and the NH epitope (F), or with antibodies to ERGIC53 (G) and the NH epitope (H). 
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Peroxisomal targeting of newly synthesized PMPs does not require COPII-
mediated vesicular transport 
It is believed that COPI functions only indirectly in ER-to-Golgi trafficking because it 
mediates the recycling of proteins necessary for COPII dependent vesicle formation at 
the ER (Gaynor et al., 1998). This latter process requires Sar1p, a small ER-associated 
GTPase (Aridor et al., 1995; Barlowe et al., 1994; Kuge et al., 1995). To directly test 
the involvement of COPII in PMP sorting we made use of a dominant negative mutant 
of Sar1p. This GTP-restricted mutant, H79G, has previously been shown to inhibit 
vesicle mediated protein transport from the ER (Aridor et al., 1995; Shima et al., 
1998). Sar1p(H79G) was epitope-tagged at its N-terminus with the NH tag (Elgersma 
et al., 1997) and cloned into an expression plasmid. Normal human fibroblasts were 
co-injected with plasmids expressing NH-Sar1p(H79G) and GFP-tagged PMPs in a 
ratio of 3:1 at a concentration of 0.2 mg/ml. Five hours after injection, the cells were 
processed for indirect immunofluorescence. This protocol resulted in a high expression 
of mutant Sar1p in >90% of the cells that expressed GFP-tagged PMPs (data not 
shown). Indeed, expression of NH-Sar1p(H79G) blocked transport of newly 
synthesized HA at the ER as shown by the congruent fluorescence pattern of HA and 
the ER marker protein PDI (Fig. 4I,J). However, expression of NH-Sar1p(H79G) did 
not affect sorting of newly synthesized PMPs to peroxisomes since GFP-tagged PMPs 
appeared as typical punctate pattern of labelling and colocalized with the peroxisomal 
marker ALDP (Fig. 4A-H). A different pattern of labelling for GFP-tagged PMPs was 
never observed even in cells expressing very high levels of mutant Sar1p.  

To investigate whether inhibition of COPII assembly affected peroxisome 
morphology, normal human fibroblasts were microinjected with NH-Sar1p(H79G). 20 
hours after injection the cells were processed for indirect immunofluorescence using 
antibodies specific for the NH tag and for catalase, a peroxisomal marker (Fig. 3E,F). 
No phenotypic change of peroxisomes was observed upon expression of NH-
Sar1p(H79G). However, in NH-Sar1p(H79G) expressing cells the endogenous 
ERGIC53, a protein known to recycle between Golgi and ER (Hauri and Schweizer, 
1992), accumulated in an ER-like pattern, and colocalized with the ER marker PDI 
(data not shown), suggesting it had recycled to the ER but was unable to exit the 
compartment (Fig. 3G,H). 
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Figure 4. Inhibition of COPII-mediated trafficking does not affect PMP targeting to peroxisomes. 
Normal human fibroblasts were co-injected with either NH Sar1p(H79G) and constructs expressing PMP-
GFP fusions (Pex2p-GFP (A,B), Pex3p-GFP (C,D), Pex16p-GFP (E,F), GFP-PMP70 (G,H)] or NH 
Sar1p(H79G) and HA (I,J). After 5 hours cells were fixed and processed for double indirect 
immunofluorescence with antibodies to GFP (A,C,E,G) and ALDP (B,D,F,H), or with antibodies to HA (I) 
and PDI (J). 
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Discussion 

In this study we analysed trafficking of PMPs in order to understand how peroxisomes 
are formed, either from preexisting peroxisomes or from the ER. An ER involvement 
in peroxisome biogenesis predicts that a subset of PMPs shuttles through the ER en 
route to the peroxisome (Kunau and Erdmann, 1998; Mullen et al., 1999; Titorenko 
and Rachubinski, 1998a). This pathway, which might require vesicle budding and 
fusion events (Titorenko et al., 2000), would not only provide essential membrane 
components but also the lipids for the formation of nascent peroxisomes. The PMPs 
traveling via the ER might then be essential for the early stages of peroxisome 
biogenesis and cells deficient for these “early genes” are expected to lack detectable 
peroxisomes. This phenotype has been observed in cells deficient for either of the 
PMPs Pex3p or Pex16p (Ghaedi et al., 2000; Hettema et al., 2000; Honsho et al., 
1999; South and Gould, 1999; South et al., 2000). Other observations that support an 
ER connection for these proteins are the accumulation of Pex3p at or in the ER after 
BFA treatment (Salomons et al., 1997), abberrant ER morphology in cells 
overexpressing Pex3p (Baerends et al., 1996; Kammerer et al., 1998), and N-linked 
glycosylation of Pex16p (Titorenko and Rachubinski, 1998b). A third PMP implicated 
to be transported via the ER to peroxisomes is Pex2p. This protein was shown, like 
Pex16p, to be modified by N-linked glycosylation in the yeast Y. lipolytica (Titorenko 
and Rachubinski, 1998b). To follow the kinetics of transport of Pex2p, Pex3p and 
Pex16p we epitope-tagged these PMPs and microinjected the DNA constructs into the 
nucleus of normal human fibroblasts. Using this procedure we are able to detect newly 
synthesized PMPs within 90 minutes after injection. At this earliest time point of 
detection, epitope-tagged PMPs were always found in peroxi-somes as shown by 
colocalization with an endogenous PMP (Fig. 1). 

This type of experiment, however, does not exclude the possibility that PMPs are 
transiently associated with the ER en route to peroxisomes. To further address this 
issue we applied inhibitors that affect COPI and COPII-dependent vesicle formation in 
the early secretory pathway. If either of these coat proteins is involved in transport of 
PMPs to peroxisomes, inhibition of their assembly is predicted to result in 
accumulation of newly synthesized PMPs in a compartment(s) distinct from 
peroxisomes. First, we inhibited COPI assembly with the fungal toxin BFA. We failed 
to detect any effect on the localization of these PMPs whereas in a parallel experiment 
the same BFA concentrations fully inhibited transport of HA to the plasmamembrane 
as revealed by the ER accumulation of this protein (Fig. 2). To test the involvement of 
COPII in PMP sorting we overexpressed a dominant negative mutant of Sar1p. Newly 
synthesized HA, a protein that requires the early secretory pathway for its transport to 
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the plasmamembrane, accumulated in the ER upon overexpression of mutant Sar1p. 
However we found no inhibition of transport to peroxisomes in cells overexpressing 
mutant Sar1p for any of the tested PMPs, nor did we observe accumulation of newly 
synthesized PMPs in the ER or any other non-peroxisomal compartment. 

Our results do not support a role for COPI or COPII in PMP sorting. We have 
restricted our analysis to those PMPs that have been suggested to follow an ER 
pathway to peroxisomes, i.e. Pex2p, Pex3p and Pex16p. A fourth protein that has been 
implicated to follow this pathway is Pex15p (Elgersma et al., 1997). However, recent 
analysis of Pex15p transport suggested that the ER localization of this protein is caused 
by its overexpression (Hettema et al., 2000; Stroobants et al., 1999). Our analysis of a 
limited number of PMPs does not exclude the possibility that other peroxisomal 
(membrane) proteins follow a COP-dependent pathway to peroxisomes. This is, 
however, unlikely because we not only tested the transport of specific PMPs but also 
demonstrated a normal peroxisome morphology in cells treated with COPI and COPII 
inhibitors (Fig. 3), a phenotype that is not compatible with a COP-dependent 
peroxisome formation. Similar findings have been reported recently by South and 
Gould (1999). These authors showed that peroxisomal transport of Pex16p in human 
fibroblasts is not inhibited by BFA. While our work was in progress Gould and 
coworkers reported the analysis of Pex3p transport in human cells (South et al., 2000). 
In line with our findings, they demonstrated that inhibitors of COPI and COPII have no 
effect on Pex3p targeting to peroxisomes and do not affect PEX3-mediated peroxisome 
biogenesis. Our data and those of Gould and coworkers demonstrate that PMP 
targeting and peroxisome formation does not depend on COPI- and COPII-mediated 
membrane traffic. These data, however, do not definitively rule out a possible role for 
the ER in peroxisome biogenesis because not all vesicle budding and fusion processes 
depend on COPI and COPII (Latterich et al., 1995). Recent observations in plants 
suggest that vesicles can be formed at the ER that are morphologically distinct from 
COP-coated vesicles (Toyooka et al., 2000). Detailed morphological and biochemical 
analysis showed that certain vacuolar cysteine proteases are synthesized in the ER 
where they are packed in large, 300 nm transport vesicles lacking an apparent coat. 
Interestingly, these vesicles bypass the Golgi complex and directly fuse with protein 
storage vacuoles (Toyooka et al., 2000). The molecular mechanism of the formation of 
these vesicles at the ER remains to be investigated.  

If the ER is not the source of the membrane for new peroxisomes, it is difficult to 
reconcile the intriguing observation that peroxisomes can be synthesized in mutants 
that apparently lack peroxisomal structures by expression of the originally defective 
gene (Ghaedi et al., 2000; Honsho et al., 1999; South and Gould, 1999; South et al., 
2000). One model, proposed by South and Gould (1999), involves the conversion of a 
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membranous structure, the preperoxisome, into a vesicle that is competent to first 
import PMPs and subsequently matrix proteins eventually converting it into a mature 
peroxisome. This model, however, still does not explain what the source of this 
preperoxisomal structure is. As long as we lack any morphological characteristics or 
biochemical marker for this hypothetical preperoxisomal vesicle we will rely on yeast 
genetics to resolve this issue. The isolation of new mutants that are disturbed in the 
very early steps of peroxisome formation and characterization of the affected genes in 
these mutants may provide clues to the origin of this proposed preperoxisomal vesicle. 
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Abstract 

Pex5p is a mobile receptor for peroxisomal targeting signal type I-containing proteins 
that cycles between the cytoplasm and the peroxisome. Here we show that Pex5p is a 
stable protein that is monoubiquitinated in wild-type cells. By making use of mutants 
defective in vacuolar or proteasomal degradation we demonstrate that mono-
ubiquitinated Pex5p is not a breakdown intermediate of either system. Monoubi-
quitinated Pex5p is localized to peroxisomes, and ubiquitination requires the presence 
of functional docking and RING finger complexes, which suggests that it is a late 
event in peroxisomal matrix protein import. In pex1, pex4, pex6, pex15, and pex22 
mutants, all of which are blocked in the terminal steps of peroxisomal matrix protein 
import, polyubiquitinated forms of Pex5p accumulate, ubiquitination being dependent 
on the ubiquitin-conjugating enzyme Ubc4p. However, Ubc4p is not required for 
Pex5p ubiquitination in wild-type cells, and cells lacking Ubc4p are not affected in 
peroxisome biogenesis. These results indicate that Pex5p mono-ubiquitination in wild-
type cells serves to regulate rather than to degrade Pex5p, which is supported by the 
observed stability of Pex5p. We propose that Pex5p monoubiquitination in wild-type 
cells is required for the recycling of Pex5p from the peroxisome, whereas Ubc4p-
mediated polyubiquitination of Pex5p in mutants blocked in the terminal steps of 
peroxisomal matrix protein import may function as a disposal mechanism for Pex5p 
when it gets stuck in the import pathway. 
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Introduction 

Peroxisomes are ubiquitous eukaryotic organelles bounded by a single membrane. 
Two of their well conserved functions are β-oxidation of fatty acids and detoxification 
of hydrogen peroxide. To date 32 genes encoding proteins involved in peroxisome 
biogenesis (called peroxins, see Distel et al., 1996) have been identified, and about 
half of them are directly required for the posttranslational import of peroxisomal 
matrix proteins (for review, see Purdue and Lazarow, 2001a). The import of matrix 
proteins into peroxisomes is mediated by the mobile receptors Pex5p and Pex7p, 
which bind to proteins with a peroxisomal targeting signal type 1 (PTS1) or a type 2 
(PTS2), respectively. Both receptors are predominantly soluble proteins that are 
thought to cycle between the cytoplasm and the peroxisome. For Pex5p the following 
steps in the receptor cycle have been proposed; 1) Binding to a PTS1-containing 
protein in the cytoplasm, 2) docking of the PTS1·Pex5p complex on the peroxisomal 
membrane, 3) dissociation of this complex and translocation of the PTS1 protein into 
the peroxisomal matrix, and 4) recycling to the cytoplasm. Recent evidence suggests 
that Pex5p may enter the peroxisomal matrix with its PTS1 cargo, a process referred to 
as the extended receptor shuttle (Dammai and Subramani, 2001; for review, see 
Kunau, 2001). 

About a dozen different peroxins present on the peroxisomal membrane have been 
implicated to function directly in peroxisomal matrix import. The exact roles of most 
of these proteins in the import process are still unclear, however. Exceptions are 
Pex13p and Pex14p, which interact with Pex5p and form, together with Pex17p, the 
membrane-associated docking complex (Albertini et al., 1997; Bottger et al., 2000; 
Brocard et al., 1997; Elgersma et al., 1996; Erdmann and Blobel, 1996; Gould et al., 
1996; Huhse et al., 1998; Kunau, 2001; Shimizu et al., 1999). Another complex 
consists of the integral membrane proteins Pex2p, Pex10p, and Pex12p, which all 
contain a RING (really interesting new gene) finger domain (Albertini et al., 2001). 
Pex8p, the only known peroxin localized to the matrix side of the membrane (Rehling 
et al., 2000), joins the docking complex (Pex13p, Pex14p, Pex17p) and the RING 
finger complex (Pex2p, Pex10p, Pex12p) into a large complex called Importomer, 
which may mediate the translocation of PTS proteins (Agne et al., 2003). Two 
peroxins, Pex1p and Pex6p, are known as ATPase associated with various cellular 
activities (AAA) ATPases (Spong and Subramani, 1993; Voorn-Brouwer et al., 1993). 
In Saccharomyces cerevisiae they partially associate with the membrane via the 
integral membrane protein Pex15p (Birschmann et al., 2003; Elgersma et al., 1997). 
AAA ATPases have been suggested to function in the dissociation of protein com-
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plexes and protein unfolding (for review, see Patel and Latterich, 1998 and Vale, 
2000). Pex4p, which is attached to the membrane by the integral membrane protein 
Pex22p, has been identified as the ubiquitin-conjugating enzyme Ubc10p (Koller et 
al., 1999; Wiebel and Kunau, 1992). Pex4p and Pex22p together with the AAA 
ATPases Pex1p and Pex6p may act late in peroxisomal matrix protein import, possibly 
in the recycling of the receptor to the cytoplasm (Collins et al., 2000; Van der Klei et 
al., 1998). 

The concept of a cycling Pex5p implies sequential binding of the receptor to 
different proteins or protein complexes at the peroxisome. A way to regulate these 
interactions is by reversible posttranslational modification such as phosphorylation or 
ubiquitination. Indeed, the integral membrane proteins Pex14p and Pex15p appear to 
be phosphorylated (Elgersma et al., 1997; Johnson et al., 2001; Komori et al., 1999). 
However, the physiological roles of phosphorylation in peroxisomal matrix protein 
import are unknown. Two peroxins have been demonstrated to be ubiquitinated; 
Pex18p, a protein involved in the PTS2 pathway, is constitutively degraded in a 
ubiquitin-dependent manner (Purdue and Lazarow, 2001b), whereas two groups 
recently reported polyubiquitination of Pex5p in cells lacking components of the AAA 
or Pex4p·Pex22p complexes (Kiel et al., 2005; Platta et al., 2004). Also for Pex5p, it 
was proposed that ubiquitination results in proteasomal degradation. 

Ubiquitination of proteins requires the sequential action of at least three types of 
enzymes; they are a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme 
(E2), and a ubiquitin ligase (E3) (for review, see Pickart, 2001). In the final step of the 
cascade an isopeptide bond between ubiquitin and the lysine residue of the substrate is 
formed, a reaction that is catalyzed by the E2 enzyme, usually in conjunction with the 
E3 ligase. The length of the ubiquitin chain conjugated to a substrate plays an 
important role. Polyubiquitinated proteins (i.e. with a chain of at least four ubiquitin 
molecules) are usually recognized and degraded by the proteasome (Thrower et al., 
2000). In contrast, monoubiquitination, i.e. attachment of a single ubiquitin moiety, 
regulates cellular processes such as endocytosis, sorting into multivesicular bodies and 
virus budding in a proteasome-independent way (for review, see Hicke, 2001). 

Here we show for the first time that Pex5p is a monoubiquitinated and stable protein 
in wild-type cells. Pex5p monoubiquitination takes place at the peroxisome and is 
blocked in cells lacking functional docking or RING finger complexes, suggesting that 
Pex5p monoubiquitination is a late event in peroxisomal matrix protein import. 
Furthermore, we show that polyubiquitinated forms of Pex5p accumulate in certain 
pex mutants in an Ubc4p-dependent manner, an observation that is in line with recent 
reports (Kiel et al., 2005; Platta et al., 2004). However, monoubiquitination of Pex5p 
in wild-type cells is not dependent on Ubc4p, and peroxisome biogenesis is not 
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affected in cells lacking Ubc4p. On the basis of these findings we propose distinct 
functions for Pex5p monoubiquitination and polyubiquitination. 
 
 

Experimental procedures  

Strains, media, and reagents  
Yeast strains used in this study are listed in Table I. Deletion strains were either 
obtained from the EUROSCARF consortium (www.uni-frankfurt.de/fb15/mikro/ 
euroscarf/index. html) or generated by one-step PCR-mediated gene disruption using 
KanMX, HIS5, LEU2, or URA3 as a selectable marker (Gueldener et al., 2002). Yeast 
transformants were selected and grown on minimal medium containing 0.67% yeast 
nitrogen base without amino acids (YNB-WO; Difco), 2% glucose, and amino acids 
(20–30 µg/ml) as needed. The liquid media used for culturing of the cells for total 
protein isolation, subcellular fractionation, and immune precipitation contained 0.5% 
potassium phosphate buffer, pH 6.0, 0.3% yeast extract, 0.5% peptone, 0.1% (v/v) 
oleate, and 0.2% (v/v) Tween 40. Before shifting to this medium cells were grown on 
0.67% YNB-WO containing 0.3% glucose for at least 24 h. CuSO4 (100 µM final 
concentration) was added to cultures for the CUP1 promoter-controlled Myc-ubiquitin 
expression. For pulse-chase experiments, minimal oleate was used containing 0.67% 
YNB-WO, 0.1% oleate (v/v), 0.5% (v/v) Tween 40, and amino acids as needed 
(lacking methionine and cysteine). Oleate plates contained 0.67% YNBWO, 0.1% 
oleate (v/v), 0.5% (v/v) Tween 40, 2% agar, 0.1% yeast extract, and amino acids as 
needed. Antibodies used for immunoprecipitation or immunoblotting were Pex5p 
(raised in our own laboratory, rabbit polyclonal antibody) and anti-Myc (Cell 
Signaling Technology, Inc., mouse monoclonal antibody). 
 

Table I. Yeast Strains 
Strain Genotype Reference 

BJ1991 MATa; leu2, ura3-251, trp1, prb1-1122, pep4-3, gal2 a 
BY4741 MATa; his3-∆1, leu2-∆0, met15-∆0, ura3-∆0 b 
BY4742 MATα his3-∆1, leu2-∆0, lys2-∆0, ura3-∆0 b 
ubc1∆ BY4741; ubc1::loxP-KanMX4-loxP c 
ubc2∆ BY4741; ubc2::KanMX4 b 
ubc4∆ BY4741; ubc4::KanMX4 b 
ubc5∆ BY4741; ubc5::KanMX4 b 
ubc6∆ BY4741; ubc6::loxP-KanMX4-loxP c 
ubc7∆ BY4741; ubc7::KanMX4 b 
ubc8∆ BY4741; ubc8::KanMX4 b 
ubc10∆ (pex4∆) BY4741; ubc10 (pex4)::KanMX4 b 
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Table I. (continued) 
Strain Genotype Reference 

ubc11∆ BY4741; ubc11::KanMX4 b 
ubc12∆ BY4741; ubc12::KanMX4 b 
ubc13∆ BY4741; ubc13::KanMX4 b 
ubc1∆pex4∆ BY4741; ubc1::loxP-KanMX4-loxP pex4:: loxP-URA3-loxP c 
ubc2∆pex4∆ BY4741; ubc2:: KanMX4 pex4:: loxP-HIS5-loxP c 
ubc4∆pex4∆ BY4741; ubc4::KanMX4 pex4:: loxP-URA3-loxP c 
ubc5∆pex4∆ BY4741; ubc5::KanMX4 pex4:: loxP-HIS5-loxP c 
ubc6∆pex4∆ BY4741; ubc6::loxP-KanMX4-loxP pex4:: loxP-HIS5-loxP c 
ubc7∆pex4∆ BY4741; ubc7::KanMX4 pex4:: loxP-HIS5-loxP c 
ubc8∆pex4∆ BY4741; ubc8::KanMX4 pex4:: loxP-URA3-loxP c 
ubc11∆pex4∆ BY4741; ubc11::KanMX4 pex4:: loxP-URA3-loxP c 
ubc12∆pex4∆ BY4741; ubc12::KanMX4 pex4:: loxP-HIS5-loxP c 
ubc13∆pex4∆ BY4741; ubc12::KanMX4 pex4:: loxP-HIS5-loxP c 
ubc1∆ubc4∆ BY4741; ubc1::loxP-KanMX4-loxP ubc4:: loxP-LEU2-loxP c 
ubc1∆ubc4∆pex4∆ BY4741; ubc1::loxP-KanMX4-loxP ubc4:: loxP-LEU2-loxP pex4:: 

loxP-URA3-loxP 
c 

pex6∆ BY4741; pex6::loxP-URA3-loxP c 
ubc4∆ pex6∆ BY4741; ubc4::loxP-LEU2-loxP pex6:: loxP-URA3-loxP c 
ubc1∆ubc4∆pex6∆ BY4741; ubc1::loxP-KanMX4-loxP ubc4:: loxP-LEU2-loxP pex6:: 

loxP-URA3-loxP 
c 

ubp14∆ BY4742; ubp14::KanMX4 b 
WCG4a MATa; his3-11, leu2-3,112, ura3 d 
pre1-1 WCG4a; pre1-1 d 
pre1-1 pre2-1 WCG4a; pre1-1 pre2-1 d 
pex1∆ BJ1991; pex1::KanMX4 e 
pex2∆ BJ1991; pex2::KanMX4 e 
pex3∆ BJ1991; pex3::KanMX4 e 
pex4∆ BJ1991; pex4::KanMX4 e 
pex5∆ BJ1991; pex5::loxP-KanMX4-loxP c 
pex6∆ BJ1991; pex6::LEU2 e 
pex7∆ BJ1991; pex7::KanMX4 e 
pex8∆ BJ1991; pex8::KanMX4 e 
pex10∆ BJ1991; pex10::KanMX4 e 
pex11∆ BJ1991; pex11::KanMX4 e 
pex12∆ BJ1991; pex12::LEU2 e 
pex13∆ BJ1991; pex13::LEU2 e 
pex14∆ BJ1991; pex14::LEU2 e 
pex15∆ BJ1991; pex15::LEU2 e 
pex17∆ BJ1991; pex17::KanMX4 e 
pex19∆ BJ1991; pex19::LEU2 e 
pex22∆ BJ1991; pex22::loxP-KanMX4-loxP c 
pex4∆pex3∆ BJ1991; pex3:: KanMX4 pex4:: loxP-URA3-loxP c 
pex6∆pex3∆ BJ1991; pex3:: KanMX4 pex6:: loxP-URA3-loxP c 
a, (Jones, 1977); b, EUROSCARF; c, this study; d, (Heinemeyer et al., 1993); e, (Hettema et al., 2000) 
 
 
Oligonucleotides and plasmids  
Oligonucleotides used are listed in Table II. Myc-tagged ubiquitin was expressed 
under the control of the CUP1 promoter from plasmid YEP105 (Ellison and 
Hochstrasser, 1991). The plasmid pTer62 expressing a mutant form of ubiquitin in 
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which all lysines are replaced by arginine was a generous gift from Dr. Ellison 
(University of Alberta, Edmonton, Canada). 
 
 
Table II. Oligonucleotides 
Name 5’ 3’ Sequence 
  
UBC1-KO-F CATTAAAAAAAACAAGTGGTATATATATAAGTAGTAGTAGTAAGAAGTAAG

CGGCATAGGCCACTAGTGGATC 
UBC1-KO-R GTTTATTTATTCTTTATTTACTTACTTACTTGGTGCGTTTTTTTTTTATCTATC

AGCTGAAGCTTCGTACGC 
UBC4-KO-F TAAATTTCACTGACTATAGAGTACATACATAAACAAGCATCCAAAAAAACG

CATAGGCCACTAGTGGATC 
UBC4-KO-R AATCCCATATAAATCTTGCTTCTCTTTTTCAGCTGAGTAAGGACTTCTGTCA

GCTGAAGCTTCGTACGC 
UBC6-KO-F ATTAACTAAAACCGCATTCGCAAATTGCAAACAAAGTACGTACAATAGTAG

CATAGGCCACTAGTGGATC 
UBC6-KO-R TCTATTCTGTGTTGTCAAAATTTATCTAAAGTTTAGTTCATTTAATGGCTCAG

CTGAAGCTTCGTACGC 
PEX6-KO-F TATATGTGTTTGCATACCCTCCAAAAGAAAGCGATTATAGTAACATTAATGC

ATAGGCCACTAGTGGATC 
PEX6-KO-R TTTCAAGGCAAAATATGGGACATATATTTACAAATTTACCTATACGCTCTCA

GCTGAAGCTTCGTACGC 
PEX4-KO-F CTTACTGGAGACAACATAAAATATACATAATCATCGCCTTTATACATAATGC

ATAGGCCACTAGTGGATC 
PEX4-KO-R AAAGTGAGGGCCCATTGTTTGCCATTCGAACACATCCATCCTACGTGGTAC

AGCTGAAGCTTCGTACGC 
PEX22-KO-F AATAGACAATGAAACAATAATGAAGAATAAAGAAGAAGAAGATATAAAAC

GCATAGGCCACTAGTGGATC 
PEX22-KO-R CTTATAATTATTTATTCTTTACATACTGTTACAAGAAACTCTTTTCTACACAG

CTGAAGCTTCGTACGC 
PEX5-KO-F AGTTCCTATTTTTGGATATATATACATCAATAAACAATATATCATAACACGC

ATAGGCCACTAGTGGATC 
PEX5-KO-R GCTAATGAATTTGGGCAGTGATGCGAGAACATAAAATTGCGGAGAACCATC

AGCTGAAGCTTCGTACGC 

 
 
Pulse-chase experiments  
Cells growing exponentially on rich oleate medium were harvested, and 20 A600 units 
were resuspended in fresh minimal oleate medium. Cells were allowed to grow for 1.5 
h at 28 °C and subsequently concentrated in 1 ml of fresh minimal oleate medium and 
incubated for 30 min at 28 °C. Next, 200 µCi of [35S]methionine/[35S]cysteine (PRO-
MIX L-[35S], Amersham Biosciences) was added, and cells were incubated at 28 °C 
for 10 min. The chase was started by the addition of 6 mM unlabeled methio-nine and 
cysteine to the reaction mixtures followed by further incubation at 28 °C for 0, 10, 60, 
300 min. Chase reactions were stopped on ice. To prepare glass bead lysates, cells 
were harvested and resuspended in 500 µl of phosphatebuffered saline, 0.5% Triton X-
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100 containing 20 mM N-ethylmaleimide, 1 mM phenylmethylsulfonyl fluoride, and a 
protein inhibitor mixture (Sigma). After the addition of 250 µl of glass beads, cells 
were vortexed for 15 min at maximal speed at 4 °C. Glass beads and cell debris were 
removed by centrifugation at 17,000 × g for 2 min at 4 °C. Supernatant was used for 
immunoprecipitation with 5 µl of Pex5p rabbit polyclonal antiserum and 50 µl of 
protein A-Sepharose (Amersham Biosciences). Precipitates were washed three times 
with buffer (150 mM NaCl, 1 mM EDTA, and 50 mM Tris-HCl, pH 8) and analyzed 
by SDS-PAGE and autoradiography. 
 
Subcellular fractionation  
Subcellular fractionation experiments were performed with 200 ml of rich oleate 
cultures as described previously (Bottger et al., 2000) except that 20 mM N-ethyl-
maleimide and a protein inhibitor mixture (Sigma) was added to the lysis buffer. 
 
Immunoprecipitation  
Immunoprecipitations were performed on oleate-grown cells (20 A600 units) that were 
lysed with glass beads in 5% trichloroacetic acid. Precipitates were resuspended in 200 
µl of 2% SDS, 0.1% bromphenol blue, and after adjusting the pH, the samples were 
boiled for 5 min at 95 °C. Undissolved material was pelleted, and 800 µl of immuno-
precipitation dilution buffer (50 mM Tris, pH 7.5, 2 mM EDTA, 100 mM NaCl, 1.2% 
Triton X-100, 0.5% bovine serum albumin), a protease inhibitor mixture (Sigma), and 
20 mM N-ethylmaleimide was added to the supernatants. Lysates were precleared with 
20 µl of protein A-Sepharose (Amersham Biosciences). Supernatants were used for 
immunoprecipitation with 5 µl of Pex5p rabbit polyclonal antiserum and 50 µl of 
protein A-Sepharose (Amersham Biosciences). Precipitates were washed 3 times with 
buffer B1 (50 mM Tris, pH 7.5, 2 mM EDTA, 100 mM NaCl, 1% Triton X-100, and 
0.2% SDS), twice with buffer B2 (50 mM Tris pH 7.5, 2 mM EDTA, 100 mM NaCl, 
0.1% Triton X-100, 0.5% SDS, and 0.5% sodium deoxycholate), twice with buffer B3 
(50 mM Tris pH 7.5, 2 mM EDTA, 500 mM NaCl, and 0.1% Triton X-100), and once 
with buffer B4 (50 mM Tris pH 7.5, 2 mM EDTA, and 100 mM NaCl) and analyzed 
by SDS-PAGE and immunoblotting. Immunoprecipitations on homogenate, pellet, and 
supernatant fractions, obtained by subcellular fractionation, were performed in an 
identical way. Half of the 1-ml fractions was trichloroacetic acid-precipitated by 
adding an equal volume of 20% trichloroacetic acid followed by an hour of incubation 
at 4 °C. Trichloroacetic acid precipitates were used for immuno-precipitation as 
described above. 
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Miscellaneous/protein extracts  
Protein extracts were prepared by breaking the cells with glass beads and acid 
precipitation as described (Elgersma et al., 1996). SDS-PAGE and immunoblotting 
were performed as described (Bottger et al., 2000). Antibody binding was detected 
using ECL reagents from Amersham Biosciences. 
 
 

Results 

Pex5p is posttranslationally modified and stable with time  
The prevailing model for protein import into peroxisomes predicts that Pex5p can 
mediate multiple rounds of import and, thus, should be a relatively stable protein. To 
address this, we carried out pulse-chase experiments and monitored the stability of 
Pex5p in wild-type yeast cells grown on oleate (Fig. 1). The levels of Pex5p remained 
constant during the chase for up to 5 h, indicating that Pex5p turnover was very slow. 
The estimated half-life of Pex5p of more than 5 h by far exceeds the calculated import 
rates of most PTS1 proteins (De Jonge, 2003). Thus, Pex5p is stable with time, 
supporting the shuttling model in which Pex5p can mediate multiple rounds of PTS1 
import. Interestingly, a slower migrating Pex5p band was detected in each immuno-
precipitate, the levels of which slowly increased during the chase. This band was 
absent in immunoprecipitates from pex5∆ cells, indicating that it is specific for Pex5p, 
and we infer that it represents a posttranslationally modified form of Pex5p. 
 
 

 
 
 
Figure 1. Pex5p is posttranslationally modified and stable with time. 
Oleate-grown wild type (WT) cells and pex5∆ cells were labeled for 10 min with [35S]methionine and 
[35S]cysteine at 28 °C. The chase was started by the addition of an excess of unlabeled methionine and 
cysteine, and the cells were further incubated for 0, 10, 60, or 300 min. Cells were lysed and Pex5p was 
immunoprecipitated and analyzed by SDS-PAGE and autoradiography. The arrowhead and the asterisk 
indicate a slower migrating Pex5p form and a cross-reacting band unrelated to Pex5p, respectively. 
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Pex5p is monoubiquitinated on two lysine residues in wild-type cells  
The estimated size difference of about 15 kDa between the primary Pex5p species and 
the slower migrating form suggests a relatively large modification. We, therefore, first 
tested whether ubiquitin, which has a molecular mass of ~8 kDa, was conjugated to 
Pex5p. Wild-type cells and pex5∆ cells as a control were transformed with a plasmid 
expressing Myc epitope-tagged ubiquitin (Myc-Ub) or with a control vector and 
analyzed by immunoblotting with anti-Pex5p antiserum (Fig. 2A). In wild-type cells 
transformed with vector, a slower migrating species was discernable in addition to the 
primary Pex5p species. The mobility of the slower migrating species shifted in cells 
expressing Myc-Ub, indicating conjugation of tagged ubiquitin to Pex5p. However, 
the interpretation of these results was not straightforward since a cross-reacting band 
was present in pex5∆ cells with the same apparent molecular mass as the slower 
migrating Pex5p species in wild-type cells. To unambiguously demonstrate that Pex5p 
is ubiquitinated, Pex5p was immunoprecipitated with anti-Pex5p antibodies from wild-
type cells expressing Myc-Ub, and the immunoprecipitates were analyzed by 
immunoblotting with anti-Myc and anti-Pex5p antibodies (Fig. 2B). In the blot probed 
with anti-Myc antibodies, a single band with an apparent molecular mass of about 90 
kDa was detected. In a control experiment with pex5∆ cells, this band was absent. The 
estimated molecular mass difference between the primary Pex5p species (~70 kDa) 
and the Myc-Ub-conjugated Pex5p (~90 kDa) is consistent with the presence of two 
Myc-ubiquitin moieties (Myc-Ub, ~9.5 kDa). 

To distinguish between Pex5p monoubiquitination at two lysines and diubiquiti-
nation at one site, we overexpressed a mutant Myc-Ub (Myc-Ub-K0), in which all 
seven lysine residues were replaced by arginine. Myc-Ub-K0 can still be conjugated to 
other proteins but cannot function as an acceptor for ubiquitin-chain elongation. Myc-
Ub- and Myc-Ub-K0-transformed wild-type cells were analyzed by immunopreci-
pitation and immunoblotting as described above (Fig. 2C). Again, a single band 
representing Pex5p attached to two Myc-Ub moieties was present in Myc-Ub-
expressing cells. Importantly, the intensity of this band did not decrease in Myc-Ub-
K0-overexpressing cells nor did we observe faster migrating bands, which would be 
indicative of blocked ubiquitin-chain elongation. As shown in Fig. 2C, bottom panel, 
equal amounts of Pex5p were immunoprecipitated in each case. From these data we 
conclude that Pex5p is monoubiquitinated on two different lysine residues. 
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Figure 2. Pex5p is monoubiquitinated in wild-type cells. 
(A) wild-type (WT) cells and pex5∆ cells carrying a plasmid expressing Myc-tagged ubiquitin (Myc- Ub) or 
a control vector were grown on oleic acid-containing medium and treated with 100 µM copper sulfate to 
induce ubiquitin overexpression. Cell lysates were prepared and analyzed by immunoblotting (IB) with 
Pex5p antiserum. (B) wild-type cells and pex5∆ cells carrying the Myc-Ub plasmid were grown and treated 
as described in A. Cell lysates were prepared, and Pex5p was immunoprecipitated (IP) with Pex5p 
antiserum. The immunoprecipitates were analyzed by anti-Myc and anti-Pex5p immunoblotting. (C) wild-
type cells overexpressing wild-type Myc-Ub or mutant Myc-Ub (Myc-UbK0, ubiquitin with all lysine 
residues replaced by arginine) were grown on oleate and analyzed as described in B. (D) isogenic PEX5 
(BJ1991) and pex5∆ (BJpex5∆) cells and isogenic UBP14 (BY4741) and ubp14∆ (BYubp14∆) cells 
overexpressing Myc-Ub were grown on oleic acid-containing medium. Lysates were prepared and analyzed 
by immunoprecipitation and immunoblotting as in B. 
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Monoubiquitinated Pex5p does not represent a breakdown intermediate of 
proteasome- or vacuole-mediated degradation 
To rule out the possibility that the observed ubiquitinated Pex5p species represents a 
proteasomal breakdown intermediate, we analyzed the ubiquitinated state of Pex5p in 
the ubp14∆ mutant, which is impaired in proteasome-mediated degradation due to the 
accumulation of free ubiquitin chains (Amerik et al., 1997). Myc-Ub-transformed 
ubp14∆ and the isogenic wild-type strain BY4741 were grown on oleic acid and 
analyzed by immunoprecipitation as described above (Fig. 2D). The amount of Myc-
Ub conjugated Pex5p in the ubp14∆ cells was comparable to that of the isogenic wild-
type cells, and no slower-migrating ubiquitinated Pex5p species were detected in the 
proteasome-defective mutant. Essentially the same results were obtained with the 
pre1–1 and pre1-1/pre2-1 mutants, which are defective in the proteolytic activity of 
the proteasome (Heinemeyer et al., 1993; data not shown). Notably, comparable 
amounts of Myc-Ub-conjugated Pex5p were recovered from the wild-type strain 
BY4741 and the non-isogenic wild-type strain BJ1991. The latter strain is defective in 
protease activities of the vacuole due to a mutation in the PEP4 gene encoding the 
vacuolar proteinase A (Klionsky et al., 1990). Taken together, these data demonstrate 
that monoubiquitinated Pex5p in wild-type cells does not represent a breakdown 
intermediate of proteasomal or vacuolar degradation and suggest that the Pex5p-
ubiquitination event serves a regulatory role in the Pex5p receptor cycle. 
 
Ubiquitinated Pex5p is associated with the peroxisome  
We have previously shown that Pex5p in yeast is a predominantly cytosolic, partly 
peroxisomal protein (Elgersma et al., 1996). To determine the distribution of the 
ubiquitinated Pex5p species, wild-type cells expressing Myc-Ub were subjected to 
subcellular fractionation. As a control, wild-type cells transformed with empty vector 
were fractionated in parallel. For both strains a homogenate (H) was prepared and 
fractionated into an organelle pellet (P) consisting of peroxisomes and mitochondria 
and a cytosolic supernatant (S). Equal proportions of these fractions were immuno-
precipitated with anti-Pex5p and analyzed by immunoblotting with anti-Myc and anti-
Pex5p antibodies (Fig. 3A). As a control each fraction was also analyzed directly by 
anti-Pex5p immunoblotting. Consistent with previous studies, the unmodified Pex5p 
was predominantly localized in the cytosolic supernatant, and only a small portion was 
associated with the organelle pellet. In contrast, the ubiquitinated Pex5p was almost 
exclusively present in the organelle pellet fraction. The controls showed that 
overexpression of Myc-Ub did not influence the distribution of unmodified Pex5p and 
that unmodified Pex5p had the same subcellular distribution before and after 
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immunoprecipitation. These results suggest either that Pex5p was ubiquitinated in the 
cytoplasm followed by rapid association with the peroxisome and subsequent slow 
recycling or that Pex5p was ubiquitinated at the peroxisome and rapidly 
deubiquitinated after its return to the cytoplasm. To distinguish between both 
possibilities Pex5p ubiquitination was analyzed in a strain deficient in functional 
Pex3p. Pex3p is required for synthesis of peroxisome membranes, and pex3 mutant 
cells are devoid of peroxisome-like structures (Hettema et al., 2000). Myc-Ub-
transformed pex3∆ cells were analyzed by immunoprecipitation and immunoblotting 
as described before. As controls, Myc-Ub-transformed wild-type and pex5∆ cells were 
analyzed in parallel (Fig. 3B). The ubiquitinated Pex5p species was absent in the 
pex3∆ cells, whereas it was clearly discernable in wild-type cells. The reduction of the 
ubiquitinated Pex5p species in pex3∆ cells was not caused by inefficient immuno-
precipitation since equal amounts of unmodified Pex5p were immunoprecipitated in 
each case (Fig. 3B, bottom panel). These results demonstrate that in the absence of 
peroxisome membranes, Pex5p is not efficiently ubiquitinated. 
 
Pex5p ubiquitination takes place late in peroxisomal matrix protein import  
Of the more than 30 peroxins identified, about 12 seem to be directly involved in 
peroxisomal matrix protein import (Purdue and Lazarow, 2001a). Based on bio-
chemical approaches and genetic studies, the order of action of these 12 peroxins has 
been suggested (Collins et al., 2000). Our observation that Pex5p is ubiquitinated 
allowed us to use this modification as a marker and address the question at which step 
of the import cycle the ubiquitination event occurs. First we asked whether docking of 
Pex5p at the peroxisome, one of the earliest steps in peroxisomal matrix protein 
import, is required for ubiquitination. This process is mediated by the major docking 
factor Pex14p (Albertini et al., 1997; Brocard et al., 1997; Shimizu et al., 1999) and 
may also involve Pex13p and Pex17p (Elgersma et al., 1996; Erdmann and Blobel, 
1996; Gould et al., 1996; Huhse et al., 1998). Fig. 4 shows that the ubiquitinated 
Pex5p species is significantly reduced in cells deleted for Pex14p. Again, the controls 
showed that equal amounts of unmodified Pex5p were immunoprecipitated from 
pex14∆ cells and wild-type cells. These results demonstrate that Pex5p mono-
ubiquitination requires the docking factor Pex14p. 

We next addressed the question whether the RING finger complex comprising 
Pex2p, Pex10p, and Pex12p (Albertini et al., 2001) and the intraperoxisomal protein 
Pex8p (Rehling et al., 2000) are required for Pex5p ubiquitination. Pex10∆ and pex8∆ 
cells were transformed with Myc-Ub, and the presence of ubiquitinated Pex5p in these 
cells was examined (Fig. 4). Again, the ubiquitinated Pex5p species was significantly 
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reduced in pex10∆ and pex8∆ cells, whereas the controls showed that wild-type levels 
of unmodified Pex5p were present in both strains. Similarly, a strong reduction of the 
ubiquitinated Pex5p form was observed in pex2∆ and pex12∆ cells (data not shown). 
Cells lacking the peroxins Pex11p or Pex7p, neither of which is involved in the Pex5p 
receptor cycle, showed wild-type levels of the ubiquitinated Pex5p species, demon-
strating the specificity of the observed Pex5p ubiquitination defect in the other pex∆ 
mutants. Taken together, these results demonstrate that Pex5p ubiquitination requires 
the association of functional RING finger and docking complexes and place the 
ubiquitination event late in peroxisomal matrix protein import. 
 
 

 
 
 
Figure 3. Monoubiquitinated Pex5p is associated with peroxisomes and ubiquitination of Pex5p 
requires peroxisome membranes.  
(A) wild-type (WT) cells carrying the Myc-Ub plasmid or a control vector were grown on oleate. A cell-free 
homogenate (H) was fractionated into a 17,500 × g pellet (P) and a 17,500 × g supernatant (S), and each 
fraction was split into two equal aliquots. One aliquot of each fraction was used directly for anti-Pex5p 
immunoblotting (IB; bottom panel), whereas the second aliquot was precipitated with trichloroacetic acid. 
Trichloroacetic acid precipitates were solubilized by boiling in SDS, diluted in immunoprecipitation buffer, 
and subjected to anti-Pex5p immunoprecipitation (IP). The immunoprecipitates were analyzed by 
immunoblotting with anti-Myc (top panel) or anti-Pex5p (middle panel) antibodies. (B) wild-type, pex5∆, 
and pex3∆ cells overexpressing Myc-Ub were grown on oleate. Cell lysates were prepared and analyzed by 
immunoprecipitation and immunoblotting as described in the legend to Fig. 2B. 
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Figure 4. Pex5p monoubiquitination takes place late in peroxisomal matrix protein import. 
Wild-type (WT) cells and the indicated pex∆ cells, all overexpressing Myc-Ub, were grown on oleate. Cell 
lysates were prepared and analyzed by immunoprecipitation (IP) and immunoblotting (IB) as described 
before.  
 
 
Pex mutants that act in the terminal steps of peroxisomal matrix protein import 
accumulate ubiquitinated forms of Pex5p 
Epistasis analysis in Pichia pastoris has suggested that the peroxins Pex1p, Pex4p, 
Pex6p, and Pex22p act in the terminal steps of peroxisomal matrix protein import after 
receptor docking and matrix protein translocation (Collins et al., 2000). Pex4p 
(Ubc10p) belongs to the E2 family of ubiquitin-conjugating enzymes and is a 
peripherally-associated peroxisomal membrane protein that is anchored via interaction 
with the integral membrane protein Pex22p (Koller et al., 1999; Wiebel and Kunau, 
1992). Given our observation that Pex5p ubiquitination occurs at the peroxisomal 
membrane at a late step in peroxisomal matrix protein import, we examined whether 
Pex4p and Pex22p are involved in this process (Fig. 5). Immunoblot analysis with 
anti-Pex5p antibodies of whole cell extracts revealed that Pex5p ubiquitination is not 
blocked in pex4∆ or pex22∆ cells. Instead, two slower migrating bands were detected 
in both mutants in addition to the primary Pex5p species, an observation that is in line 
with results from other groups (Kiel et al., 2005; Platta et al., 2004). Overexpression 
of Myc-Ub in these pex mutants confirmed that the slower-migrating species represent 
ubiquitinated forms of Pex5p. The second group of mutants, comprising pex1∆, pex6∆, 
and pex15∆ showed three, and occasionally four, slower migrating Pex5p bands, all of 
which represent ubiquitinated species with an increasing number of ubiquitins attached 
to Pex5p (Fig. 5). The levels of ubiquitinated Pex5p in the mutant strains appeared to 
be higher than in wild-type cells, suggesting that the mutants accumulate ubiquitinated 
Pex5p. 
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Figure 5. Pex mutants that act late in peroxisomal matrix protein import accumulate 
(poly)ubiquitinated forms of Pex5p. 
Wild-type, pex1∆, pex4∆, pex6∆, pex15∆, and pex22∆ cells bearing a plasmid expressing Myc-Ub (+) or a 
control vector (-) were grown on oleate. Cell extracts were prepared and analyzed by SDS-PAGE and anti- 
Pex5p immunoblotting. 

 
 
Pex5p ubiquitination in the pex4∆∆∆∆ mutant depends on ubc4p  
The observation that Pex5p is ubiquitinated in the absence of Pex4p, a proven E2 
enzyme, is exactly opposite of what one would expect if Pex5p were the cognate 
substrate of Pex4p. One possible explanation for this observation could be that in the 
absence of Pex4p, another E2 enzyme takes over as a ubiquitin donor. To test the 
involvement of other E2s in Pex5p ubiquitination, we constructed double deletion 
strains of pex4 with each of the nonessential, ubiquitin-specific E2s and examined 
Pex5p ubiquitination by immunoblotting with anti-Pex5p antibodies (Fig. 6 and data 
not shown). Of the 10 double deletion strains tested, only the pex4∆ubc4∆ double 
mutant revealed a significant reduction of the Ub-Pex5p bands compared with the 
single pex4∆ mutant. We next investigated whether Pex5p ubiquitination could be 
further reduced in the pex4∆ubc4∆ double mutant by deletion of UBC1 or UBC5, 
which are functionally related to UBC4. For unknown reasons we were unable to 
construct a pex4∆ubc4∆ubc5∆ triple mutant. Deletion of UBC1 in the pex4∆ubc4∆ 
double mutant, however, resulted in a further reduction of the Ub-Pex5p bands (Fig. 
6). Deletion of UBC4 or UBC4 and UBC1 in a pex6∆ strain also drastically reduced 
Ub-Pex5p, indicating that Ubc4p is also required for Pex5p ubiquitination in a pex6∆ 
strain (data not shown). Together, these results indicate that Pex5p ubiquitination in 
cells lacking Pex4p or Pex6p depends on Ubc4p. 

To determine whether Ubc4p-dependent Pex5p ubiquitination also requires peroxi-
some membranes, double mutants lacking either pex4 and pex3 or pex6 and pex3 were 
generated, and Pex5p ubiquitination was examined by immunoblotting with anti-
Pex5p antibodies. The deletion of PEX3 in a pex4∆ or a pex6∆ strain strongly reduced 
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Pex5p ubiquitination (data not shown). These results are in line with Ubc4p-dependent 
Pex5p ubiquitination at the peroxisome in the pex4 and pex6 mutants. 
 
 

 
 
 
Figure 6. Pex5p ubiquitination in the late acting pex4 mutant depends on Ubc4p. 
Equal amounts of total lysates of oleate grown wild-type (WT), pex4∆, pex4∆ubc4∆, pex4∆ubc4∆ubc1∆, and 
ubc4∆ubc1∆ cells were separated by SDS-PAGE and analyzed by anti- Pex5p immunoblotting. 
 
 
Ubc4p does not play a role in pex5p monoubiquitination in wild-type cells  
To determine the role of Ubc4p in Pex5p ubiquitination in cells that are not disturbed 
in peroxisome biogenesis, the ubc4∆ and ubc1∆ single mutants and the ubc4∆ubc1∆ 
double mutant were transformed with Myc-Ub and analyzed by immunoblotting with 
anti-Myc antibodies as described before. As controls, we used wild-type cells and the 
pex5∆ and ubc8∆ mutants transformed with Myc-Ub. As shown in Fig. 7A the levels 
of Pex5p ubiquitination and the ubiquitination pattern were not significantly different 
in wild-type cells and in the ubc4∆ and ubc1∆ single and double mutants. Moreover, 
the ubc4∆ and ubc1∆ single and double mutants showed wild-type growth rates on 
oleate indicating that these mutant strains have fully functional peroxisomes (Fig. 7B). 
Together, these results demonstrate that deletion of UBC4 (or UBC4 and UBC1) in 
wild-type cells does not result in loss of peroxisomal function nor does it affect the 
pattern or level of Pex5p ubiquitination. Thus, these data support the notion that 
Ubc4p (and Ubc1p) is not required for Pex5p ubiquitination in wild-type cells. 
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Figure 7. Pex5p monoubiquitination in wild-type cells does not depend on Ubc4p and cells lacking 
Ubc4p have no peroxisome biogenesis defects. 
(A) wild-type (WT), pex5∆, ubc8∆, ubc1∆, ubc4∆, ubc5∆, and ubc4∆ubc1∆ cells overexpressing Myc-Ub 
were grown on oleate. Cell lysates were prepared and analyzed by immunoprecipitation (IP) and 
immunoblotting (IB) as described before. (B) serial dilutions of wild-type, pex4∆, ubc1∆, ubc4∆, and 
ubc4∆ubc1∆ cells were spotted onto plates containing oleic acid or glucose as sole carbon source and 
incubated for 7 and 2 days at 28 °C, respectively. All strains except the pex4∆ strain can efficiently 
metabolize oleic acid as shown by the clearance zone around the colonies. 

 
 
Discussion 

Ubiquitination is best known for its role in proteasome-mediated protein degradation, 
which requires the conjugation of a polyubiquitin chain of at least four ubiquitin 
moieties to the target protein (Thrower et al., 2000). In contrast, the attachment of a 
single ubiquitin moiety, referred to as monoubiquitination, regulates protein function 
in a proteasome-independent way (Hicke, 2001). Here we report that the PTS1 
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receptor Pex5p is monoubiquitinated on two different lysine residues in wild-type cells 
(Fig. 2, A–C). We show that the monoubiquitinated Pex5p species is not a breakdown 
intermediate of the vacuolar or proteasomal degradation system, indicating that it 
represents a functional intermediate in the Pex5p receptor cycle (Fig. 2D). In line with 
this notion, we have found that Pex5p is a stable protein with an estimated half-life of 
>5 h in wild-type cells (Fig. 1). Furthermore, we present evidence that Pex5p mono-
ubiquitination takes place at the membrane after receptor docking and requires the 
function of the RING finger complex (Figs. 3 and 4). 

How the RING finger complex functions in the import process of peroxisomal 
matrix proteins is poorly understood. Genetic and biochemical analyses suggest a role 
for the RING finger complex in a step after docking of cargo-bound receptor to the 
membrane either in translocation of cargo across the membrane (Chang et al., 1999; 
Dodt and Gould, 1996) or, as proposed recently, in recycling of the receptor to the 
cytoplasm (Agne et al., 2003). A molecular function for the RING finger complex, 
however, is so far lacking. The fact that all three RING finger peroxins are required for 
ubiquitination of Pex5p may suggest a direct role for the RING finger complex in this 
process. An attractive possibility is that the RING finger peroxins function as a 
multisubunit E3 ligase complex that ubiquitinates Pex5p. The following observations 
are in line with this suggestion. First, the RING domain of Pex10p displays a 
significant sequence similarity to the RING domain of human c-Cbl, a proven E3 
ligase (Joazeiro et al., 1999). Second, Eckert and Johnsson (2003) have shown that the 
RING finger of Pex10p interacts with Pex4p, the peroxisomal membrane-associated 
ubiquitin-conjugating enzyme. Finally, two subunits of the RING finger complex, 
Pex10p and Pex12p, physically interact with Pex5p, the putative substrate (Albertini et 
al., 2001; Chang et al., 1999; Okumoto et al., 2000). The proposed role for the RING 
finger complex, although attractive, remains hypothetical at this time since we have no 
direct evidence for E3 ligase activity of the RING finger complex or one of the RING 
subunits. In vitro reconstitution of the ubiquitination reaction using purified proteins 
will be required to address this point. 

Cells lacking Pex1p, Pex4p, Pex6p, Pex15p, or Pex22p do not display the wild-type 
pattern of Pex5p ubiquitination but show an accumulation of different ubiquitinated 
forms of Pex5p (Fig. 5). Among these five mutants, two groups can be distinguished 
based on the pattern of ubiquitinated Pex5p, and the peroxins deficient within a group 
are functionally related (Birschmann et al., 2003; Koller et al., 1999). The first group 
consists of the pex4∆ and pex22∆ mutants, whereas the second group comprises 
pex1∆, pex6∆, and pex15∆. Ubiquitination of Pex5p in these mutant strains also occurs 
at the peroxisome membrane and depends on Ubc4p (Fig. 6 and data not shown), an 
observation that is in concordance with recent reports (Kiel et al., 2005; Platta et al., 
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2004). However, our data demonstrate that Ubc4p does not play a role in Pex5p 
ubiquitination in wild-type cells since a wild-type pattern and level of Pex5p 
ubiquitination was observed in both the ubc4∆ and ubc4∆ubc1∆ mutants (Fig. 7A). 
Moreover, the ubc4∆ and ubc4∆ubc1∆ strains showed wild-type growth rates on 
oleate, indicating that Ubc4p-dependent Pex5p ubiquitination is not essential for the 
formation of functional peroxisomes (Fig. 7B). These latter results are in line with the 
data of Kiel et al. (2005) but are slightly different from those reported by Platta et al. 
(2004). They noticed a small growth defect of a ubc4∆ubc5∆ double mutant on oleic 
acid and a partial mislocalization of peroxisomal matrix proteins, whereas the ubc4∆ 
single mutant showed no peroxisome biogenesis defects. Based on these observations 
they have suggested a role for Ubc4p and Ubc5p in peroxisome biogenesis in wild-
type cells. However, it should be noted that ubc4∆ubc5∆ strains have a pleiotropic 
phenotype and grow very slowly on most culture media (Seufert and Jentsch, 1990). 
The poor growth phenotype of ubc4∆ubc5∆ cells could easily explain the observed, 
minor, peroxisome biogenesis defect (Platta et al., 2004). In contrast, the ubc4∆ubc1∆ 
mutant used in our studies showed wild-type growth rates on both oleate and glucose, 
and monoubiquitination of Pex5p appeared to occur at wild-type levels (Fig. 7). These 
data indicate that Pex5p monoubiquitination in the ubc4∆ubc1∆ double mutant is 
mediated by another Ubc. Because Ubc1p, Ubc4p, and Ubc5p constitute a subfamily 
of ubiquitin-conjugating enzymes with overlapping functions, Pex5p monoubiquiti-
nation in the ubc4∆ubc1∆ mutant may be the result of Ubc5p activity. However, 
Pex4p is a more likely candidate to carry out this function not only in the ubc4∆ubc1∆ 
mutant but also in wild-type cells; Pex4p is the only known peroxisome-associated 
Ubc, and cells lacking Pex4p are deficient in import of peroxisomal matrix proteins. 
Pex4p has also been implicated in ubiquitination of Pex18p, a peroxin involved in the 
import of PTS2-containing proteins (Purdue and Lazarow, 2001b). However, in 
contrast to Pex5p, Pex18p is a relatively unstable protein in wild-type cells. These 
observations suggest that ubiquitination may regulate both PTS1- and PTS2-dependent 
protein import by modification of a pathway-specific peroxin. 

What could be the function of the different types of Pex5p ubiquitination? Our 
analysis shows that Pex5p monoubiquitination is a late event in the peroxisomal 
protein import pathway occurring, most likely after receptor docking and matrix 
protein translocation. A possible late step in the receptor cycle that could be regulated 
by ubiquitination is recycling of the receptor to the cytoplasm. A number of 
observations that have been reported previously are consistent with such a scenario. 
First, in Hansenula polymorpha and P. pastoris mutants lacking the ubiquitin-
conjugating enzyme Pex4p, it was found that Pex5p accumulates in or at the 
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peroxisome (Collins et al., 2000; Van der Klei et al., 1998), a phenotype that is 
consistent with a role of Pex4p in receptor recycling. Second, two studies have 
suggested that Pex5p exits the peroxisomal compartment by a process that requires 
ATP (Dodt and Gould, 1996; Gouveia et al., 2003). Although the ATPase involved in 
this step is currently unknown, the AAA ATPases Pex1p and Pex6p are likely 
candidates to carry out this function. Also epistasis analysis in P. pastoris has 
indicated that Pex4p, Pex22p, Pex1p, and Pex6p act in the terminal steps of peroxi-
somal matrix protein import, after receptor docking and matrix protein translocation 
(Collins et al., 2000). Thus, Pex4p·Pex22p and Pex1p·Pex6p (and Pex15p in S. 
cerevisiae) are, directly or indirectly, implicated in Pex5p recycling. Based on these 
observations and our current finding that Pex5p is monoubiquitinated in a late step of 
the receptor cycle, we would like to propose a molecular function for these proteins. In 
this model the function of the Pex4p·Pex22p complex, possibly in conjunction with the 
RING finger complex as E3 ligase, is to monoubiquitinate Pex5p. The mono-
ubiquitinated Pex5p is then recognized and bound by the Pex1p·Pex6p·Pex15p 
complex and “pulled” out of the membrane by a mechanism similar to that proposed 
for the AAA ATPase p97/CDC48 (Tsai et al., 2002). Upon release of Pex5p in the 
cytosol, the protein is rapidly deubiquitinated by one of the many deubiquitinating 
enzymes present within the cell (Amerik et al., 2000). 

In cells lacking components of the (putative) Pex5p recycling machinery (i.e. Pex4p, 
Pex22p, Pex1p, Pex6p, or Pex15p), the receptor is trapped at the peroxisome, resulting 
in the accumulation of Pex5p in the membrane. This event may signal Ubc4p-
dependent polyubiquitination of Pex5p, which may involve the same RING finger 
complex as E3 ligase (Kiel et al., 2005; Platta et al., 2004). Such a scenario would not 
be unprecedented. For example, it has been shown recently that a complex of two 
RING finger proteins, RAD18 and RAD5, that function in DNA repair can recruit 
different Ubcs, resulting in alternative ubiquitination of the substrate (Hoege et al., 
2002). The polyubiquitinated Pex5p is destined for degradation by the proteasome; 
however, for unknown reasons the Pex5p degradation in S. cerevisiae is not brought to 
completion since neither we nor others have found any evidence for Pex5p instability 
in these mutants (data not shown and Kiel et al., 2005; Platta et al., 2004). One 
possible explanation for the observed stability of Pex5p in these mutants is that the 
ubiquitinated Pex5p species contain less than four ubiquitin moieties, which may be 
insufficient for optimal recognition by the proteasome (Thrower et al., 2000). It is 
interesting to note, however, that Pex5p is extremely unstable in exactly the same set 
of mutants in human and P. pastoris cells (Collins et al., 2000; Dodt and Gould, 1996; 
Koller et al., 1999; Yahraus et al., 1996). 
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Although polyubiquitinated Pex5p forms in pex mutants have also been reported in 
two recent studies (Kiel et al., 2005; Platta et al., 2004), the monoubiquitinated form 
of Pex5p in wild-type cells has gone unnoticed thus far. This may be related to the fact 
that the steady state amounts of monoubiquitinated Pex5p in the cell are rather low and 
can only be easily visualized after purification of Pex5p by immunoprecipitation. 
Moreover, Pex5p is rapidly deubiquitinated during preparation and subsequent proces-
sing of cell lysates, and stabilization of the monoubiquitinated form requires the 
addition of inhibitors of deubiquitinating enzymes such as N-ethylmaleimide. Also, the 
use of glucose-grown cells instead of oleate-grown cells may have hampered the 
detection of the monoubiquitinated Pex5p species (Kiel et al., 2005). During growth 
on oleic acid, peroxisomes proliferate, and the organelles import a large amount of 
matrix proteins, which require an actively cycling Pex5p. In glucose-grown cells, 
however, peroxisome formation and protein import into peroxisomes is repressed 
(Veenhuis et al., 1987). In these latter conditions the Pex5p quality control mechanism 
may predominate, and little if any monoubiquitinated Pex5p may be present in the cell. 

In summary, this study has demonstrated that Pex5p is monoubiquitinated in wild-
type cells, suggesting that two different types of ubiquitination events may regulate 
Pex5p function; they are Ubc4p-dependent polyubiquitination in pex mutants, which 
may represent a disposal mechanism for Pex5p trapped in/at the membrane, and 
monoubiquitination in wild-type cells, which may serve to regulate Pex5p at a late step 
in the receptor cycle, possibly the export of Pex5p from the peroxisome. In support of 
distinct functions for Pex5p mono- and polyubiquitination, we have recently identified 
two lysine residues in Pex5p that upon mutation to arginine specifically block Ubc4p-
dependent polyubiquitination in pex4 and pex6 mutants but not monoubiquitination in 
wild-type cells. Which lysine residues in Pex5p are targeted in wild-type cells is 
currently under investigation. 
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Summary 
 
 
Peroxisomes are organelles surrounded by a single membrane which are present in 
virtually all eukaryotic cells. Peroxisomes are so named because of the function they 
play in the decomposition of hydrogen peroxide. They also play an important role in a 
number of other metabolic processes in the cell. The presence of severe hereditary 
diseases in humans which are caused by peroxisome function deficiencies underlines 
the importance of this organelle in the cell. 

Several different processes are important in peroxisome biogenesis. One of these, 
the sorting of peroxisomal membrane proteins (PMPs) to peroxisomes, is the main 
subject of the research described here. For many years the “growth and division” 
model of peroxisome biogenesis was generally accepted. This model proposes that 
peroxisomes are autonomous organelles that arise by fission of pre-existing peroxi-
somes and grow by direct import of newly synthesized matrix and membrane proteins. 
However, recent results suggest that the endoplasmic reticulum (ER) may play a role 
in the formation of peroxisomes and the targeting of PMPs. By using different 
techniques, we have studied whether PMPs target via the ER to peroxisomes, the 
results of which are briefly summarized below. 

Proteins destined for the cell membrane or organelles, such as lysosomes, begin their 
journey in the ER and are subsequently transported by small vesicles to their final 
destination. In human fibroblasts, we studied whether newly synthesized PMPs also 
sort via these vesicles from the ER to peroxisomes (chapter 2). Inhibition of the ER 
vesicular transport did not disturb the sorting of PMPs. Also, there was no visible 
effect on the peroxisome morphology. In conclusion, there are no indications that in 
these cells PMPs are transported by ER vesicles to peroxisomes. 

In chapter 3 we used bakers yeast (Saccharomyces cerevisiae), a unicellular euka-
ryotic model organism, to identify new genes by means of genetic manipulation. The 
chapter describes the design and application of a new genetic selection procedure to 
isolate mutants disturbed in the targeting of PMPs to peroxisomes. By using the split-
ubiquitin technique, which detects protein-protein interactions, we have investigated 
whether in the mutants PMPs are retained (or slowed down) in the ER. The first 
selection procedure did not yield the desired mutants. However, in a second round of 
selection we found some potentially interesting mutants. Whether in these mutants 
PMPs are indeed disturbed in the targeting from the ER to peroxisomes needs further 
analysis. 
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In chapter 4 we have studied whether the ER plays a role in the sorting of the PMP 
Pex3p. Since peroxisomal structures cannot be detected in the absence of Pex3p, it has 
been suggested that Pex3p plays an important role in peroxisomal membrane 
biogenesis. Our results show that Pex3p can be inserted into the ER membrane. 
Furthermore, we demonstrate that Pex3p equipped with an ER targeting signal can 
restore peroxisome formation in cells deleted for Pex3p, and localizes to peroxisomes. 
These data provide evidence for the existence of a functional ER-to-peroxisome 
targeting pathway for Pex3p in S. cerevisiae. Whether endogenous Pex3p also targets 
via this route to peroxisomes remains to be investigated. 

A second subject in this thesis is the study of the modification of Pex5p, a receptor 
that functions in the import of matrix proteins containing a peroxisomal targeting 
signal type I (PTS1). Pex5p is a protein that shuttles between the cytosol and peroxi-
somes. Pex5p binds PTS1 proteins in the cytosol. Next, the receptor transports the 
cargo to the peroxisomal membrane. Pex5p docks on a protein complex on the 
membrane and releases the PTS1 cargo into the matrix. Another group of membrane 
(and membrane associated) proteins functions in the recycling of Pex5p to the cytosol, 
where it can initiate a new round of PTS1 matrix protein import. The exact details of 
the PTS1 matrix import cycle are still obscure. It is likely that the different events on 
the peroxisomal membrane, as described above, are strictly regulated. One obvious 
way to regulate these processes is by reversible protein modifications. 

In chapter 5, the discovery of a Pex5p modification with two ubiquitin molecules in 
wild-type cells is described. Ubiquitin is a small protein that can be attached to other 
proteins in the cell. In this way, ubiquitin can regulate/determine the function or fate of 
another protein. For example, the attachment of a chain of four or more ubiquitin 
molecules (polyubiquitination) to a protein directs this protein for degradation by the 
proteasome. However, the modification of a protein by a single ubiquitin molecule 
(monoubiquitination) regulates its function in a non-proteolytic manner. 

The experiments in chapter 5 show that the Pex5p modification with two ubiquitin 
molecules does not function as a signal for Pex5p degradation, suggesting that 
monoubiquitination of Pex5p has a role in regulation. Furthermore, we have found that 
Pex5p ubiquitination takes place on the peroxisomal membrane, most likely after 
PTS1 matrix protein import, thus late in the import cycle. In addition, we observed that 
deletion of proteins involved in the recycling of Pex5p to the cytosol results in the 
accumulation of ubiquitinated Pex5p species (Pex5p polyubiquitination). These results 
suggest that Pex5p monoubiquitination plays a role in the recycling of Pex5p to the 
cytosol. However, the exact functions of Pex5p mono- and polyubiquitination, and the 
(peroxisomal) proteins involved in the conjugation of ubiquitin to Pex5p remain 
unknown. In chapter 6 we present our ideas about this in a model. 
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Samenvatting 
 
 
Peroxisomen zijn organellen omgeven door een enkele membraan en aanwezig in 
bijna elke eukaryote cel. Peroxisomen danken hun naam aan hun functie in de afbraak 
van waterstofperoxide. Ook spelen ze een belangrijke rol in een aantal andere 
metabole processen in de cel. Het bestaan van enkele zeer ernstige, erfelijke, peroxi-
somale ziekten bij de mens welke worden veroorzaakt door afwijkingen in het 
functioneren van peroxisomen, benadrukt het belang van deze organellen in de cel. 

Bij de aanmaak van peroxisomen spelen verschillende processen een belangrijke rol. 
Eén van deze processen, namelijk het transport van peroxisomale membraaneiwitten 
naar het peroxisoom, vormde de hoofdlijn van dit onderzoek. Jarenlang heeft het 
“groei en deling”-model voor de peroxisoombiogenese centraal gestaan. Dit model 
gaat er van uit dat peroxisomen autonome organellen zijn, die ontstaan door deling van 
bestaande peroxisomen en die groeien door directe import van nieuw aangemaakte 
matrix- en membraaneiwitten. Echter, recente onderzoeksresultaten suggereren dat het 
endoplasmatisch reticulum (ER) een rol speelt bij de vorming van peroxisomen en het 
transport van peroxisomale membraaneiwitten. We hebben op verschillende manieren 
onderzocht of peroxisomale membraaneiwitten het ER passeren onderweg naar het 
peroxisoom. De resultaten hiervan zijn hieronder kort samengevat. 

Eiwitten die bestemd zijn voor bijvoorbeeld de celmembraan of organellen, zoals 
lysosomen, beginnen hun weg in het ER en worden vervolgens via kleine blaasjes 
getransporteerd naar hun bestemming. In humane spiercellen hebben we onderzocht of 
nieuw aangemaakte peroxisomale membraaneiwitten ook via deze blaasjes van het ER 
naar peroxisomen worden getransporteerd (hoofdstuk 2). De uitschakeling van het ER 
blaasjestransport verstoorde de bestemming van peroxisomale membraaneiwitten niet. 
Ook was er geen effect zichtbaar op de structuur van de peroxisomen. Kortom, er zijn 
geen aanwijzingen dat in deze cellen peroxisomale membraaneiwitten door de ER 
blaasjes getransporteerd worden naar peroxisomen. 

In hoofdstuk 3 gebruikten we bakkersgist (Saccharomyces cerevisiae), een eencellig 
eukaryoot modelorganisme, om nieuwe genen te identificeren door middel van 
genetische manipulatie. Het hoofdstuk beschrijft het ontwerp en de toepassing van een 
nieuwe genetische selectieprocedure om gistmutanten te isoleren die gestoord zijn in 
het transport van peroxisomale membraaneiwitten naar het peroxisoom. Door middel 
van de “split-ubiquitine” techniek, die eiwit-eiwit interacties kan meten, hebben we 
onderzocht of in de mutanten peroxisomale membraaneiwitten (langer) worden 
vastgehouden in het ER. De eerste selectieprocedure leverde niet de gewenste 
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mutanten op, maar bij een tweede selectieronde hebben we nog een aantal mogelijk 
interessante mutanten gevonden. Of in deze mutanten peroxisomale membraaneiwitten 
inderdaad verstoord zijn in het transport van het ER naar het peroxisoom moet nog 
worden vastgesteld in een vervolgstudie. 

In hoofdstuk 4 hebben we onderzocht of Pex3p op weg naar het peroxisoom het ER 
passeert. In afwezigheid van Pex3p zijn er geen detecteerbare peroxisomen of 
peroxisomale structuren in de cel, hetgeen suggereert dat dit eiwit een belangrijke rol 
heeft in de aanmaak van peroxisomale membranen. Onze resultaten tonen aan dat 
Pex3p in het ER membraan geïnsereerd kan worden. Verder laten we zien dat er, als 
Pex3p met opzet naar het ER wordt gestuurd, nieuwe peroxisomen worden gevormd in 
een gistcellen waarin het gen voor Pex3p is uitgeschakeld en dat we Pex3p kunnen 
localiseren in peroxisomen. Deze resultaten leveren het bewijs dat in bakkersgist er 
een functionele transportroute voor Pex3p via het ER naar peroxisomen bestaat. Of het 
ongemanipuleerde Pex3p dezelfde route naar het peroxisoom volgt, zullen vervolg-
proeven moeten aantonen. 

Een tweede onderwerp in dit proefschrift was de studie naar een modificatie van 
Pex5p, een receptor die functioneert in de import van matrixenzymen met een type I 
peroxisomaal signaalsequentie (PTS1). Pex5p is een eiwit dat pendelt van het cytosol 
naar het peroxisoom en vice versa. In het cytosol bindt Pex5p aan PTS1-eiwitten. 
Vervolgens brengt deze receptor de betreffende eiwitten naar de peroxisomale 
membraan. Op de membraan bindt Pex5p aan een eiwitcomplex, daarna wordt het 
PTS1-eiwit door Pex5p losgelaten en geïmporteerd in de peroxisomale matrix. Een 
andere groep van (geassocieerde) membraaneiwitten functioneert in de terugkeer van 
Pex5p naar het cytosol, zodat Pex5p opnieuw een import-ronde kan uitvoeren. De 
precieze details van de PTS1 matrix-importcyclus zijn nog niet bekend. Het is 
waarschijnlijk dat de verschillende gebeurtenissen op de peroxisomale membraan, 
zoals hierboven beschreven, strikt worden gereguleerd. Een voor de hand liggende 
manier om deze processen te reguleren is door middel van reversibele eiwit-
modificaties. 

In hoofdstuk 5 beschrijven we de ontdekking van een Pex5p modificatie met twee 
ubiquitine moleculen in normale (wilde type) cellen. Ubiquitine is een klein eiwit dat 
in de cel kan worden gebonden aan een ander eiwit. Het ubiquitine eiwit kan op deze 
manier de functie of het lot van een ander eiwit reguleren of bepalen. Bijvoorbeeld, als 
aan een eiwit een keten van vier of meer ubiquitine moleculen wordt verbonden 
(polyubiquitinylering), dan is het bestemd voor afbraak in het proteasoom. Echter, als 
een eiwit door één ubiquitine wordt gemodificeerd (monoubiquitinylering), dan 
reguleert deze modificatie vaak de functie van het eiwit (bijvoorbeeld een inactief 
eiwit wordt actief) zonder dat het eiwit wordt afgebroken. 
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De experimenten in hoofdstuk 5 laten zien dat de Pex5p modificatie met twee 
ubiquitine moleculen niet een signaal is voor afbraak van Pex5p, hetgeen suggereert 
dat monoubiquitinylering van Pex5p een regulerende rol heeft. Verder hebben we 
gevonden dat de Pex5p ubiquitinylering plaatsvindt op de peroxisomale membraan, 
waarschijnlijk nadat het PTS1 eiwit geimporteerd is, dus pas laat in de importcyclus. 
Als we de eiwitten die betrokken zijn bij de Pex5p terugkeer naar het cytosol 
uitschakelen, dan zien we dat Pex5p wordt gemodificeerd met meerdere ubiquitines 
(Pex5p polyubiquitinylering). De resultaten suggereren dat Pex5p monoubiquiti-
nylering een rol speelt bij de terugkeer van Pex5p naar het cytosol. Wat de precieze 
functie van de Pex5p mono- en polyubqituinylering is en welke (peroxisomale) 
eiwitten verantwoordelijk zijn voor de binding van ubiquitine aan Pex5p is echter nog 
niet vastgesteld. In hoofdstuk 6 hebben we onze ideeën hierover in een model uiteen-
gezet. 
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Dankwoord 
 
 
Met veel plezier besteed ik deze laatste pagina’s aan het bedanken van alle mensen die 
een steentje hebben bijgedragen aan het tot stand komen van dit proefschrift. Ik zie het 
echter als een bijna onmogelijke taak om iedereen apart te noemen zonder daarbij ook 
mensen te vergeten. In ieder geval is er een aantal mensen dat ik in het bijzonder wil 
bedanken. 
 
Allereerst mijn co-promotor. Ben, ik heb veel geleerd van je kritische kijk op het 
onderzoek en ik ben je dankbaar voor het vertrouwen dat je toonde in mijn proeven. 
Verder waardeer ik het heel erg dat je je hebt ingezet om een extra jaar voor mij te 
regelen. Hans, ook jij hartelijk bedankt dat je me als “stief”-aio hebt opgenomen en 
mijn promotor wilde zijn. Ondanks je drukke bezigheden van je eigen onderzoek, nam 
je toch altijd de tijd om mijn vragen te beantwoorden of om zaken door te spreken. 
Mijn dank gaat ook uit naar Rob. In eerste instantie had jij niets met mijn onderzoek te 
maken. Uiteindelijk heb je toch een belangrijke bijdrage geleverd aan het leesbaar 
maken van mijn manuscripten. Muchas gracias! Henk, bedankt voor de eerste paar 
jaren als mijn promotor. Ik hoop dat je het onderzoek aan Pex3p zult continueren. 
 
Tineke en Marlene, met erg veel plezier heb ik met jullie op het lab gewerkt. Niet 
alleen hebben jullie een essentiële experimentele bijdrage geleverd aan mijn 
onderzoek (waar ik jullie zeer dankbaar voor ben), ook jullie sociale bijdrage op het 
lab was onmisbaar. De verschillende werktijden die jullie aanhouden zorgden ervoor 
dat zowel de vroege als de late uurtjes op het lab nooit saai waren. An, je was een 
gezellige buurvrouw op het lab. Samen met Gina zorgde je ervoor dat er veel gezellig 
gegiebel en geroddel te horen was. Phil, altijd in voor een borrel en de jaarlijks 
terugkerende bokbierfeesten, waarbij de meest absurde en zeer lachwekkende verhalen 
op tafel kwamen. André, je was een superaardige collega. Ik kon altijd op je rekenen 
en je was nooit te beroerd om me te helpen als ik weer eens vragen had over 
bijvoorbeeld mijn proefschrift. Bedankt! Chris, ik heb veel met (en om) je gelachen in 
het lab. Jouw ironische humor maakte de tegenslagen van het onderzoek “more 
bearable”. Alina, je was een vrolijke en gezellige collega. Ik vind het hartstikke leuk 
dat je straks samen met Julio naast mij zit bij de verdeding van mijn proefschrift. Nick, 
onze “ADHD-aio” op het lab. Stilzitten is aan jou niet besteed. Af en toe maakte je ons 
gek met je gezang in het gistlab. Daarentegen werd jij gestoord van de grapjes die we 
over jou maakten. Kasia, we hebben samen veel plezier gehad op De Clercqstraat en 
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ik heb ook goede herinneringen aan de gesprekken die we toen hadden. Extra gezellig 
werd het natuurlijk met de bizonwodka die je meebracht uit Polen. Samen met Iwona 
werkte je mee aan de Poolse invasie op ons lab, maar bij twee Poolse collega’s is het 
uiteindelijk toch gebleven. Karin, je was een vrolijke en spontane collega. Ik mis onze 
gezamenlijke spinninglessen in het AMC sportcentrum.  
 
De volgende personen wil ik ook nog bedanken: de “gastvrouw” van Medische 
Biochemie, Romana, voor alles! Je staat altijd voor iedereen klaar en zorgt ervoor dat 
iedereen zich thuisvoelt op de afdeling. Annette, Joke en Danielle, voor jullie hulp en 
de gezellige praatjes. Dave, voor de discussies en je advies. Tot gauw! Wouter en 
Carlo (van GMZ), voor de hulp met de Nycodenz gradienten en de discussies. Cees 
Hersbach, bedankt dat je altijd voor me klaarstond voor advies en hulp. Joerg Eckert 
and Nils Johnsson, thanks for providing the split-Ub plasmids and the nice 
collaboration. Verder alle overige (ex-)collega’s van K1-noord, waaronder de micro-
arrayers, de groep van Ineke Braakman, de mensen uit de Proteomics groep, de 
gastmedewerkers en de studenten, en alle (ex-)collega’s van K1-zuid voor de 
gezelligheid en de samenwerking op het lab.  
 
Vrienden en familie, bedankt voor jullie interesse in mijn onderzoek. Ook allemaal 
heel erg bedankt voor het begrip dat jullie toonden als ik weer eens druk was. Ik zal 
jullie de komende tijd vaker opzoeken.  
 
Dit is ook een mooie gelegenheid om nog even te laten weten dat ik de steun die ik 
heb ontvangen van alle vrienden, familie en collega’s en hun betrokkenheid tijdens het 
ziekzijn en het overlijden van mijn moeder ontzettend heb gewaardeerd. 
 
Pap, ik ben trots op jou en mam. Jullie hebben ervoor gezorgd dat we thuis niets 
hoefden te missen en we zonder problemen konden studeren. Ook bedankt voor jullie 
steun en begrip tijdens mijn aio-periode.  
 
Lieve Julio, jij bent mijn allergrootste steun geweest de afgelopen viereneenhalf jaar. 
Je was er altijd voor me als ik je nodig had, je toonde interesse in mijn proeven en 
mijn problemen, en vrolijkte me op als ik weer eens aan het balen was van mislukte 
experimenten. Vooral de laatste twee jaren zijn twee erg drukke jaren geweest, waarin 
we minder tijd hadden voor elkaar dan we zouden willen. Na mijn promotie gaan we 
die tijd zeker inhalen. Julio, te quiero! 


