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Introduction
Peroxisomes are single membrane-enclosed organelles of eu-
karyotic cells harboring two fundamental processes: diverse 
reactions involved in lipid metabolism, and defense systems 
for in situ scavenging of peroxides and reactive oxygen species 
(Alberts et al., 2002). Mammalian peroxisomes are involved in 
the catabolism of very long chain fatty acids, branched chain 
fatty acids, D-amino acids, polyamines, and the biosynthesis of 
plasmalogens, which are ether phospholipids essential for the 
normal function of mammalian brains and lungs (Wanders and 
Waterham, 2006). Other known peroxisomal functions include 
the glyoxylate cycle in glyoxysomes of germinating seeds, 
photorespiration in plant leaves, glycolysis in glycosomes 

of certain parasites (e.g., Trypanosomes), and methanol and/or 
amine oxidation and assimilation in some yeasts (van der Klei 
and Veenhuis, 1997; Brown and Baker, 2008). Peroxisomes in 
mammalian cells also serve as signaling platforms that are ac-
tivated by the peroxisomally localized mitochondrial antiviral 
signaling protein during antiviral defense. This activation results 
in a rapid interferon-independent response followed by sustained 
antiviral interferon-dependent signaling at mitochondrial mem-
branes (Dixit et al., 2010).

Proteins that control peroxisome assembly, division, and 
inheritance are named peroxins (encoded by PEX genes). Over 
a dozen peroxins are conserved from yeasts to mammals 
and are essential for normal human development. Dysfunction 
of peroxins causes fatal human peroxisome biogenesis dis
orders (PBDs), which include the Zellweger syndrome spectrum 
(ZSS) disorders and rhizomelic chondrodysplasia punctata 
(RCDP) type I (Table I; Steinberg et al., 2006; Wanders and 
Waterham, 2006; Ebberink et al., 2010). Mutations in the PEX7 
gene are responsible for the latter disorder, whereas mutations 
in any one of many other PEX genes cause the ZSS disorders.  
A recent analysis of cells from >600 patients with PBDs showed 
that dysfunction of PEX1 and PEX6 accounts for the majority 
of the ZSS disorders and suggested that most, if not all, PEX 
genes that cause these disorders are now known (Ebberink  
et al., 2010). However, additional human genes are likely to be 
involved in peroxisome biogenesis, particularly peroxisomal 
membrane protein (PMP) biogenesis via the ER, peroxisome 
division, movement, and inheritance. Mutations in these genes 
may not yet have been identified as the etiological cause of 
traditional PBDs or may have eluded detection because of em-
bryonic lethality in humans.

Many excellent reviews have appeared on peroxisome 
biogenesis (Léon et al., 2006a; Platta and Erdmann, 2007; 
Brown and Baker, 2008; Tabak et al., 2008). We focus here on 
recent advances in our understanding of protein translocation 
into the matrix of this organelle and how PMPs are assembled.

The biogenesis of peroxisomal matrix and membrane 
proteins is substantially different from the biogenesis of 
proteins of other subcellular compartments, such as mito­
chondria and chloroplasts, that are of endosymbiotic 
origin. Proteins are targeted to the peroxisome matrix 
through interactions between specific targeting sequences 
and receptor proteins, followed by protein translocation 
across the peroxisomal membrane. Recent advances have 
shed light on the nature of the peroxisomal translocon 
in matrix protein import and the molecular mechanisms 
of receptor recycling. Furthermore, the endoplasmic 
reticulum has been shown to play an important role in 
peroxisomal membrane protein biogenesis. Defining the 
molecular events in peroxisome assembly may enhance 
our understanding of the etiology of human peroxisome 
biogenesis disorders.

Peroxisome assembly: matrix and membrane 
protein biogenesis
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Peroxisomal matrix protein biogenesis
Peroxisomal targeting signals (PTSs) and their  

receptors. The targeting of matrix cargo depends on two dis-
tinct peroxisomal targeting signals: PTS1 and PTS2. PTS1 is 
located at the C terminus of the protein, is composed of a non-
cleavable tripeptide SKL or its conserved variants, and is used 
by most peroxisomal matrix proteins (Gould et al., 1989).

PTS1-containing cargoes in the cytoplasm are recognized 
posttranslationally by the receptor protein Pex5, which contains 
a conserved C-terminal domain composed of 6–7 tetratricopep-
tide (TPR) motifs and a divergent N-terminal domain (Fig. 1; 
Stanley and Wilmanns, 2006). The C-terminal TPR domains in-
teract with the PTS1 of peroxisomal cargo, although, in a few 
cases, it is the N-terminal half of Pex5 that mediates the binding 
to peroxisomal cargoes lacking canonical PTS1 sequences 
(Klein et al., 2002; Gunkel et al., 2004). The crystal structure of 
the Pex5 TPR domains shows that this protein undergoes dra-
matic conformational changes upon cargo binding, switching 
from an open, snail-like conformation into a closed, circular 
conformation (Stanley et al., 2006).

The N-terminal region of Pex5 is less conserved and is 
disordered (Stanley and Wilmanns, 2006), but this region of 
Pex5 interacts with other peroxins including Pex8, Pex13, and 
Pex14. Moreover, the extreme N-terminal region (comprising 
key Cys and Lys residues) is essential for Pex5 recycling from 
peroxisomes and for its degradation through monoubiquitina-
tion and polyubiquitination of distinct amino acids, respectively 
(Platta et al., 2007; Williams et al., 2007; Grou et al., 2008).

The PTS2 is a nonapeptide (R/K)(L/V/I/Q)XX(L/V/I/H/Q) 
(L/S/G/A/K)X(H/Q)(L/A/F) near the N terminus of a smaller 
subset of peroxisomal matrix proteins (Swinkels et al., 1991; 
Petriv et al., 2004). The targeting signal of several, but not all, 
PTS2 proteins is cleaved by proteolytic enzymes—Deg15 in 
plants and TYSND1 in mammals—in the peroxisome lumen; 
these enzymes are targeted to the peroxisome by PTS1 se-
quences (Helm et al., 2007; Kurochkin et al., 2007).

Delivery of PTS2 proteins to peroxisomes requires the co-
operation of the PTS2 receptor, Pex7, with its co-receptor: 

Unique features of peroxisome biogenesis
The uniqueness of peroxisomes in comparison with other 
organelles, as well as their links to human PBDs, has piqued 
the attention of cell biologists (Alberts et al., 2002). Because 
peroxisomes lack their own DNA, all peroxisomal matrix and 
membrane proteins are nuclear-encoded. Newly synthesized 
peroxisomal matrix proteins are directly targeted to the organ-
elle lumen (Purdue and Lazarow, 2001a). However, most, if 
not all, PMPs are targeted to peroxisomes via the ER (ER-to- 
peroxisome pathway; Hoepfner et al., 2005; Kim et al., 2006; 
van der Zand et al., 2010). This is in contrast to endosymbiont- 
derived organelles, such as mitochondria and chloroplasts, which 
are autonomous organelles that also encode some proteins from 
their organelle genomes.

Distinct machineries sort matrix and membrane proteins 
of the peroxisomes. Because the assembly of the peroxisomal 
matrix protein translocation machinery (translocon) in the mem-
brane is necessary for matrix protein import, a block in PMP as-
sembly impairs both membrane and matrix protein assembly, 
but a block in matrix protein import alone allows the assembly 
of PMPs into empty or partially empty membranous structures 
known as ghosts or remnants.

Unlike the translocation of unfolded polypeptides across the 
membranes of the ER, mitochondria, and chloroplast (Schnell 
and Hebert, 2003), peroxisomes can transport cargoes in a folded, 
cofactor-bound, and/or oligomeric state (Léon et al., 2006a).  
In this respect, peroxisomal protein import has parallels to protein 
export systems, such as the twin-arginine translocator pathway of 
bacteria and the thylakoid membrane of chloroplasts (Gutensohn 
et al., 2006), as well as nuclear protein import (Görlich, 1997).

In contrast to the division of mitochondria and chloro-
plasts by fission of preexisting organelles, new peroxisomes can 
be generated by growth and fission of preexisting peroxisomes 
(Purdue and Lazarow, 2001a) or by de novo biogenesis from the 
ER (Hoepfner et al., 2005). Interestingly, peroxisomes and mito
chondria or chloroplasts share common division machinery 
components (Kuravi et al., 2006; Motley et al., 2008; Zhang and 
Hu, 2010) despite their distinct evolutionary origins.

Table I.  PEX mutations associated with the ZSS disorders

Mutation Frequency of PEX gene defects in ZSS disorders Function

%
PEX1 58 Peroxisome biogenesis and PTS receptor recycling to the cytosol
PEX2 4 E3 ligase; PTS receptor ubiquitination
PEX3 <1 PMP biogenesis and Pex19 receptor
PEX5 2 PTS1 receptor for peroxisomal matrix protein import
PEX6 16 Peroxisome biogenesis and PTS receptor recycling to the cytosol
PEX10 3 E3 ligase; PTS receptor ubiquitination
PEX12 9 E3 ligase; PTS receptor ubiquitination
PEX13 1 Peroxisomal matrix protein import
PEX14 <1 Component of translocon for peroxisomal matrix protein import
PEX16 1 PMP biogenesis
PEX19 <1 PMP biogenesis; budding of pre-peroxisomal vesicles from the ER
PEX26 3 Peroxisomal membrane receptor for Pex6

ZSS, a main subgroup of PBDs, is comprised of the following diseases: Zellweger syndrome, neonatal adrenoleukodystrophy, and infantile Refsum disease. Mutations 
in the PEX7 gene are responsible for the second PBD subgroup, called rhizomelic chondrodysplasia punctata type I. This analysis is reproduced here from Ebberink 
et al. (2010), with some modifications, with permission from John Wiley & Sons, Inc.
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importomer also includes peroxins (Pex8 and Pex3) that bridge 
the docking and RING subcomplexes (Hazra et al., 2002; Agne 
et al., 2003).

Associated with the importomer is the receptor recycling 
machinery (Pex4, a homologue of E2 ubiquitin-conjugating en-
zyme, with its anchor protein Pex22, and two AAA ATPases—
Pex1 and Pex6—anchored to Pex15/Pex26). This machinery 
recycles PTS receptors/co-receptors from the peroxisome mem-
brane to the cytosol after each round of matrix protein import.

In yeast and mammals, the lack of any component of the 
importomer is characterized by the cytosolic mislocalization of 
peroxisomal matrix proteins. By a series of ordered interactions 
between the receptors and components of importomer, the re-
ceptors deliver cargoes into the peroxisome matrix and return to 
the cytosol for subsequent rounds of import using the receptor 
recycling machinery (Purdue and Lazarow, 2001a; Platta and 
Erdmann, 2007; Ma and Subramani, 2009). Among the compo-
nents of the importomer, Pex17 and Pex8 are not conserved in 
all organisms. In mammals, the role of Pex4 is substituted by a 
cytosolic E2 enzyme (Grou et al., 2008). Whether Pex3, or some 
other peroxin, bridges the docking and RING subcomplexes in 
higher eukaryotes is still unknown.

Pex18 and/or Pex21 in Saccharomyces cerevisiae (Purdue et al., 
1998) or Pex20 in other fungi (Titorenko et al., 1998; Otzen 
et al., 2005; Léon et al., 2006b), or Pex5L (an alternative mRNA 
splice isoform of Pex5) in plants and mammals (Braverman 
et al., 1998; Lee et al., 2006). Like Pex5, the N-terminal region 
of Pex20 is required for its recycling from peroxisomes and 
for its proteasomal degradation (Léon et al., 2006b; Léon and 
Subramani, 2007).

Peroxisomal importomer and its associated 

receptor recycling machinery. The importomer is a set 
of protein subcomplexes located in the peroxisomal membrane, 
and is responsible for protein translocation into the peroxisome 
lumen and partly responsible for PTS receptor recycling. 
Components of the yeast importomer include two subcomplexes 
bridged by other peroxins. One of these is the docking sub-
complex (Pex14, Pex13, and Pex17), which recruits the receptor–
cargo complex to the peroxisome membrane and includes the 
translocon component Pex14. A second subcomplex is com-
prised of three E3-like proteins (Pex2, Pex10, and Pex12) 
containing proteins with really interesting new gene (RING) 
domains (RING subcomplex) and is involved partly in facili-
tating PTS receptor recycling and degradation. Finally, the 

Figure 1.  The import of peroxisomal matrix proteins. The process may be divided into distinct steps (white numbers in closed black circles). Bold numbers 
indicate corresponding Pex proteins. The steps are: (1) Receptor–cargo interaction in the cytosol (PTS2 pathway is not depicted). (2) Receptor–cargo dock-
ing at the peroxisomal membrane with the docking subcomplex, inducing the assembly of the translocon. (3) Translocation of the receptor–cargo complex 
across the membrane followed by the dissociation of the receptor–cargo complex; i.e., cargo release. (4) Export of cargo-free receptors from the peroxi-
some matrix to the membrane. (5a) Monoubiquitination of the receptor on a cysteine by Pex4 and Pex2 (for receptor recycling) or (5b) polyubiquitination 
of the receptor on a lysine by Ubc4/5 and Pex10/12 (for degradation by the RADAR pathway). (6a) Receptor recycling from the peroxisome membrane 
back to the cytosol by the action of the AAA ATPases (Pex1 and Pex6) and ATP hydrolysis, or (6b) degradation of a receptor that is blocked from recycling 
via the RADAR pathway involving the proteasome. (7) Deubiquitination of the receptor before the next round of import. The squiggly line on Pex5 denotes 
its disordered N-terminal segment.
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Cyr et al., 2008; Meinecke et al., 2010). How the peroxisome 
membrane maintains its impermeability while importing large 
receptor/cargo complexes through a protein-conducting chan-
nel remains an enigma.

Cargo release. Several models seek to describe how 
peroxisomal matrix cargo is released, but this problem remains 
unresolved. In the first model, a pH gradient, which induces 
a conformational transition in the Pex5–cargo complex, is re-
quired for cargo release in the peroxisome lumen. This model is  
based on earlier findings in the yeast Hansenula polymorpha that 
the oligomeric states of Pex5 switch from a cargo-bound tetra-
mer at neutral pH (7.2) to a cargo-free monomer at acidic pH (6.0), 
and the fact that the intraperoxisomal pH of H. polymorpha is 
5.8–6.0 (Nicolay et al., 1987; Wang et al., 2003). However, 
this model cannot be reconciled with the finding of unimpaired 
import of PTS1 proteins into peroxisomes of fibroblasts from 
RCDP patients in which the pH gradient between the cytosol 
and peroxisome has been dissipated (Dansen et al., 2001).

In the second model, the dissociation of PTS1 cargo from 
Pex5 inside the peroxisome is coupled to the interaction between 
the N-terminal region of Pex5 and Pex8, which form a hetero
dimeric complex. This interaction may induce a conformational 
change in the cargo-binding domain of Pex5 and trigger cargo 
release. In an in vitro experiment using fluorescence correlation 
spectroscopy, it was found that in the presence of Pex8, the 
amount of PTS1 peptide bound to Pex5 decreased around 35%, 
which suggests that Pex8 plays a role in cargo release (Wang  
et al., 2003). However, the limited extent of this release raises 
the question of whether this effect is sufficient for cargo release 
in vivo, and whether other factors enhance this process. Another 
problem is that this model would be inapplicable for mammals 
and plants, wherein no Pex8 homologues exist.

In higher eukaryotic cells, the affinity between Pex5 and 
its cargo is significantly decreased when the receptor/cargo 
complex arrives at the peroxisome membrane and interacts with 
the docking subunit, Pex14 (Otera et al., 2002; Madrid et al., 
2004). Another component of the docking subcomplex, Pex13, 
interacts more strongly with cargo-free, relative to cargo-bound, 
Pex5. Therefore, a third model has been proposed: the interac-
tions between the N-terminal region of Pex5 with Pex14, Pex13, 
Pex17, and/or Pex8 could have an effect on the conformation of 
the TPR domain, which may switch from a closed conformation 
back to an open, snail-like conformation, resulting in cargo re-
lease (Stanley et al., 2006). Alternatively, an unidentified per-
oxisomal protein could also trigger cargo release before Pex5 
ubiquitination (Alencastre et al., 2009). However, much of this 
remains speculative and needs further investigation.

PTS receptor recycling and the RADAR path-

way. After cargo release, the transient intraperoxisomally (or 
membrane) localized, cargo-free receptors enter the peroxi-
some membrane either for shuttling back to the cytosol for an-
other round of import (receptor recycling) or for degradation by 
the proteasome (receptor accumulation and degradation in the 
absence of recycling [RADAR] pathway) when there is some 
dysfunction in receptor recycling (Léon et al., 2006a; Platta  
and Erdmann, 2007). The export of the PTS2 receptor, Pex20, 
to the peroxisome membrane requires the RING subcomplex 

The import of peroxisomal matrix proteins may be divided 
into seven distinct steps (Fig. 1). We address recent advances in 
several of these areas.

Receptor–cargo complex translocation across 

the peroxisome membrane. How the receptor–cargo com-
plex translocates across the peroxisome membrane is a major  
unresolved question in the field, particularly because large, 
folded, oligomeric cargoes cross this membrane without com-
promising the permeability barrier. Current data favor a protein-
conducting channel model over pinocytosis or vesicle fusion. 
Components of the minimal translocon and evidence for the 
protein-conducting channel emerged only recently.

The minimal peroxisomal translocon. Because 
every component of the importomer was implicated genetically 
in the targeting of all peroxisomal cargoes, it was assumed that 
the peroxisomal translocon might be more intricate than those 
identified in other membrane compartments. However, the min-
imal translocon does not require the entire importomer (Zhang 
et al., 2006; Ma et al., 2009).

In recent studies in the yeast Pichia pastoris, we analyzed 
the peroxisomal matrix import of Pex8, a special cargo, con-
taining both PTS1 and PTS2, to elucidate whether the entire 
importomer is a prerequisite for protein translocation (Zhang 
et al., 2006; Ma et al., 2009). By using fluorescence micros-
copy, subcellular fractionation, and protease protection assays, 
we showed that despite the fact that Pex8 has PTS sequences 
like other matrix cargoes, its entry into peroxisomes is quite 
unlike that of other cargoes in that it requires only PTS recep-
tors and Pex14, but not the other two components (Pex13 and 
Pex17) of the docking subcomplex, and neither the preexisting 
intraperoxisomal Pex8 nor the RING subcomplex. The receptor 
recycling machinery is indirectly involved in cargo import by 
maintaining the stability of PTS receptors, but its role in cargo 
import can be bypassed by using stabilized receptors. Thus, we 
proposed that Pex5 and Pex14 represent the minimal translocon 
for matrix protein import.

In agreement with the in vivo data obtained from P. pas­
toris, Erdmann’s group demonstrated in S. cerevisiae that the 
membrane-bound Pex5 and Pex14 are the primary components 
of the peroxisomal translocon by reconstituting the affinity-
purified Pex5/Pex14-containing subcomplex in vitro into proteo
liposomes and analyzing for protein channel activity using 
planar lipid bilayers (Meinecke et al., 2010). They showed that 
the translocon is transiently assembled upon the induction by 
the receptor–cargo complex and that its size expands to a diam-
eter of 9 nm when presented with a 750-kD complex containing 
Pex5 and its cargo, Fox1. This is in accordance with previous 
experiments demonstrating that in mammalian cells, 9-nm gold 
particles coupled to the PTS1 are imported into peroxisomes 
(Walton et al., 1995). It was concluded that Pex5 and its partner 
Pex14 are the primary components of the peroxisomal trans
locon, despite the fact that other known peroxins, such as Pex13 
and Pex17, were present in small amounts in their reconstitution 
reactions (Meinecke et al., 2010).

However, it is unclear whether Pex5 or Pex14 oligomers 
constitute the central channel because both have been pro-
posed to form transient pores (Erdmann and Schliebs, 2005; 
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ER (Novikoff and Novikoff, 1972; Geuze et al., 2003) and some 
enzymes were found to appear first in the ER and later in gly-
oxysomes during seed germination (Gonzalez and Beevers, 
1976). Subsequently, it was found that the peroxisomal enzymes 
and even a few PMPs were synthesized on free polyribosomes 
and imported posttranslationally into the organelle (Rachubinski  
et al., 1984). These data suggested that peroxisomes are autono-
mous organelles that multiply by growth and division (Purdue 
and Lazarow, 2001a). Identification of the PTS1, PTS2, and 
membrane PTSs (mPTSs) and the discovery that peroxisomes 
possess their own protein-import machinery strongly sup-
ported the autonomous organelle hypothesis. As expected 
from this model, proteins lacking PTS1 and PTS2 sequences 
are cytosolic.

However, this model was difficult to reconcile with later 
findings made when genetic mutants blocked in peroxisome  
assembly were described in yeast and in mammalian cells.  
In certain mutants (e.g., pex3 or pex19) lacking peroxisomes or 
even remnants, the organelles reappear upon complementation 
with the wild-type gene (Höhfeld et al., 1991; Subramani, 
1998). Several independent studies published in the last decade, 
including several in the past year, provide compelling genetic, 
biochemical and cell biological support for the involvement of 
the ER in de novo peroxisome biogenesis (Tam et al., 2005; 
Hoepfner et al., 2005; Motley and Hettema, 2007; Motley et al., 
2008; Perry et al., 2009; van der Zand et al., 2010).

Although previous studies ruled out a direct role for COPI- 
and COPII-mediated vesicular transport in peroxisome bio-
genesis (South et al., 2001; Voorn-Brouwer et al., 2001), other 
studies showed that several ER-associated secretory proteins 
were necessary for peroxisome assembly. The SEC238 and 
SRP54 genes of Yarrowia lipolytica are necessary for the exit of 
Pex2 and Pex16 from the ER and for peroxisome assembly 
(Titorenko and Rachubinski, 1998). Repression of the ER-
associated proteins Sec20, Sec39, and Dsl1, which form a 
complex at the ER, resulted in cytosolic mislocalization of the 
peroxisomal matrix protein, Pot1. Additionally the PMP chi-
mera Pex3-GFP was mislocalized to tubular-vesicular structures 
in these cells (Perry et al., 2009). Therefore, these ER proteins 
may play a pivotal role in the exit of Pex3-containing structures 
from the ER to their final destination, the peroxisomes.

In plant systems, a replication protein, p33, of tomato 
bushy stunt virus is targeted from the cytosol to peroxisomes 
and subsequently traffics to the peroxisomal/ER subdomain 
(McCartney et al., 2005), which suggests that a retrograde route 
most likely returns certain proteins to the ER (Yan et al., 2008), 
but this needs to be confirmed.

Trafficking of PMPs through the ER. Biochemi-
cal evidence supporting the trafficking of peroxisomal proteins 
via the ER is provided by the N- or O-linked glycosylation 
of different peroxins. In Y. lipolytica, the trafficking of two 
PMPs—Pex2 and Pex16—to the peroxisome occurs via the 
ER and results in the N-linked glycosylation of both PMPs in 
the ER lumen. These PMPs do not transit through the Golgi 
as an intermediate step. Further, mutations in the SEC238, 
SRP54, PEX1, and PEX6 genes delayed or prevented the exit 
of these PMPs from the ER, while also impairing the assembly 

(Léon et al., 2006b), whereas PTS receptor/co-receptor recycling 
from peroxisomes requires a ubiquitination step followed by 
an ATP-driven dislocation step catalyzed by Pex1 and Pex6 
(Miyata and Fujiki, 2005; Platta et al., 2005). Both Pex5 and 
Pex18/Pex20 can be modified by monoubiquitination (linkage of 
a single ubiquitin molecule) or polyubiquitination (conjugation 
of at least four ubiquitin molecules), which serve as mandatory 
signals for receptor recycling or proteasomal degradation, re-
spectively (Purdue and Lazarow, 2001b; Kragt et al., 2005; Léon  
et al., 2006b; Platta et al., 2007).

The ubiquitination pathway requires an ubiquitin-activating  
enzyme (E1), an ubiquitin-conjugating enzyme (E2), and ubiq-
uitin ligase (E3) to conjugate ubiquitin to its target protein 
(Kerscher et al., 2006). Associated with peroxisomes are one E2 
ubiquitin-conjugation enzyme (Pex4 in plants and lower eukary-
otic cells, but absent in mammals) and three E3 ligases (Pex2, 
Pex10, and Pex12). The monoubiquitination of Pex5, which  
occurs on a conserved cysteine residue near the N terminus of 
Pex5 homologues, depends on Pex4 in yeast and in plants, and 
on UbcH5a/b/c, a cytosolic counterpart of Pex4, in mammals, 
respectively (Williams et al., 2007; Grou et al., 2008). Recently, 
in S. cerevisiae, the E3 ligase involved in monoubiquitination 
was shown to be Pex12 (Platta et al., 2009). Interestingly, the 
PTS2 co-receptor, Pex20, contains a conserved cysteine residue 
near its N terminus, and this residue is essential in P. pastoris 
for its recycling from the peroxisome to the cytosol (Léon and 
Subramani, 2007). However, whether it is monoubiquitinated 
on this cysteine is unknown.

The polyubiquitination of Pex5 and Pex20, which occurs 
on one or more lysines near their N termini, occurs in cells lack-
ing any component of the receptor recycling machinery (Platta 
et al., 2004; Kiel et al., 2005; Kragt et al., 2005; Léon et al., 
2006b) and in proteasomal degradation mutants (Platta et al., 
2004). In wild-type cells, there is very little receptor turnover by 
the RADAR pathway under peroxisome biogenesis conditions. 
However, we speculate that Pex5 and Pex20 may be polyubiq-
uitinated under certain physiological conditions; for example, 
either when they are dysfunctional after multiple rounds of 
recycling or when the AAA ATPases Pex1 and Pex6 are tran-
siently nonfunctional because of low levels of ATP. It seems that 
the mono- and polyubiquitination reactions do not share com-
mon E2 and E3 enzymes. In S. cerevisiae, the polyubiquitination 
of Pex5 depends on the cytosolic E2 enzyme Ubc4 and the E3  
ligase Pex10 (Williams et al., 2007). However, Platta et al. (2009) 
showed that Pex2, with the assistance of Pex10, is the E3 ligase 
that mediates Ubc4-dependent polyubiquitination of Pex5.

Among the unresolved issues are how PTS receptors/ 
co-receptors are recognized and regulated for monoubiquitina-
tion or polyubiquitination, and which E3 ligases are necessary 
for these reactions on the PTS2 co-receptor.

Peroxisome membrane protein biogenesis
Contribution of the ER in peroxisome biogenesis. 
Biochemical and morphological studies on peroxisome formation 
over four decades have yielded conflicting conclusions regarding 
the membrane origin for peroxisomes. Electron microscopic  
investigations suggested that peroxisomes originate from the 
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Pex13 and PMP70 were found in reticular structures apparently 
connected to the smooth ER (Geuze et al., 2003). Recently, a 
photoactivated form of GFP fused to Pex16 was localized solely 
in peroxisomes and the ER, but no cytosolic pool was found. 
Additionally, in Pex19-deficient cells lacking peroxisomes and 
in N-terminal Pex16 truncation mutants that lack the mPTS, 
Pex16 remained exclusively in the ER. Furthermore, a novel 
pulse-chase strategy showed that the ER plays a central role in 
both the origin and maintenance of mammalian peroxisomes 
(Kim et al., 2006).

The growth and division of peroxisomes was linked with 
the ER-derived biogenesis model by showing the fusion of ER-
derived membrane structures with preexisting peroxisomes in 
yeast cells (Fig. 2; Motley and Hettema, 2007). However, ER-
derived de novo peroxisome biogenesis occurred only when 
preexisting peroxisomes were absent because of peroxisome 
segregation defects, and the process was slower than peroxi-
some multiplication in wild-type cells. Furthermore, peroxi-
some biogenesis in the cells carrying preexisting peroxisomes 
was dependent on dynamin-related proteins (DRPs), namely 
Vps1 and Dnm1, whose absence markedly reduced the number 
of peroxisomes. Subsequently, they also implicated Dnm1- 
dependent Caf4, Mdv1, and Fis1 proteins in peroxisome fission 
(Motley et al., 2008). In contrast, the de novo process was DRP 
independent, which suggests that the fission of preexisting per-
oxisomes, but not the exit of pre-peroxisomal structures, re-
quires DRPs (Fig. 2; Motley and Hettema, 2007).

of functional peroxisomes (Titorenko and Rachubinski, 1998). 
The ER-lumenal tail of another PMP, Pex15, a tail-anchored 
peroxin, is O-mannosylated (an ER-specific modification) in  
S. cerevisiae (Elgersma et al., 1997). Because Pex15 does not 
undergo Golgi-specific mannose chain elongation, it is clear 
that it does not pass through the Golgi on its way from the ER 
to the peroxisomal membrane. Pex15 enters the ER in a Get3-
dependent manner, a mechanism common to tail-anchored pro-
teins (Fig. 2; Schuldiner et al., 2008).

Further evidence that PMPs may get to peroxisomes via 
the ER (Gonzalez and Beevers, 1976; Bodnar and Rachubinski,  
1991) came from pulse-chase fluorescence microscopy moni-
toring the reappearance of peroxisomes in peroxisome-free  
S. cerevisiae (Hoepfner et al., 2005). Membrane-anchored, fluor
escently labeled Pex3 was demonstrated to first appear in the  
ER, concentrated in one or two dots; later, these dotted structures 
detached from the ER in a Pex19-dependent manner to form 
import-competent peroxisomes. Likewise, when a 46–amino acid 
N-terminal fragment of Pex3 was expressed in pex3 cells as a 
GFP fusion protein, it localized to a subdomain of the ER and ini-
tiated the formation of a pre-peroxisomal compartment, leading 
to de novo peroxisome biogenesis (Tam et al., 2005). Similarly, 
in P. pastoris, the Pex19-dependent peroxisomal trafficking of 
Pex30 and Pex31 (peroxins that regulate the number and size 
of peroxisomes) occurs via the ER (Yan et al., 2008). In mam-
malian cells, additional evidence suggesting the role of ER in 
peroxisome biogenesis came from mouse dendritic cells where 

Figure 2.  Contribution of the ER to peroxisome biogenesis. Most, if not all, PMPs are first imported into the ER through the Sec61/SSH1 translocon or 
the GET3 complex (left inset), are sorted into a pre-peroxisomal compartment, and bud out in a Pex3/Pex19-dependent manner to form pre-peroxisomal 
vesicles (right inset). These vesicles can form mature peroxisomes after fusion, dependent on Pex1/Pex6 (Titorenko and Rachubinski, 1998) and matrix 
protein import (de novo pathway). The de novo pathway repopulates cells with peroxisomes in the biogenesis mutants (e.g., pex3/pex19) lacking the 
organelle when corresponding genes are reintroduced (Elgersma et al., 1997; Fang et al., 2004; Tam et al., 2005; Hoepfner et al., 2005; Motley and 
Hettema, 2007; Motley et al., 2008; Perry et al., 2009; van der Zand et al., 2010). Alternatively, the pre-peroxisomal vesicles fuse with divided peroxi-
somes generated from preexisting mature peroxisomes. Peroxisome division requires Pex11 and a specific set of DRPs. In plants, retrograde trafficking from 
peroxisomes to the ER has been described (McCartney et al., 2005).
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Emerging areas of interest and  
future directions
Several new studies highlight novel areas that contribute to and 
impact our overall understanding of peroxisome biogenesis 
in the cellular context. The description of vesicles emanating 
from mitochondria and providing a vesicular trafficking path-
way from mitochondria to peroxisomes (Neuspiel et al., 2008; 
Braschi et al., 2010) is intriguing, but of unknown physiologi-
cal significance. The emerging understanding of global regula-
tors of peroxisome biogenesis in simple unicellular organisms 
will shed light on signaling and regulatory events coordinat-
ing peroxisome biogenesis (Smith et al., 2007; Saleem et al., 
2008, 2010). The use of proteomic approaches to fully catalog 
and characterize this compartment and its specialized forms 
will bridge gaps in our understanding of peroxisomal meta-
bolic pathways, while also uncovering novel functions (Saleem 
et al., 2006; Managadze et al., 2010). Also of interest is the  
mechanism of peroxisome division, especially the sharing of 
this machinery with mitochondria and chloroplasts (Hettema 
and Motley, 2009). Studies on the dynamics and inheritance of 

Peroxisomes as an intrinsic member of the 

cellular endomembrane system. Cells lacking peroxi-
somes use the ER as a donor for essential membrane constitu-
ents required for the de novo synthesis of peroxisomes, making 
this organelle an intrinsic member of the endomembrane family 
(Hoepfner et al., 2005). The magnitude of the contribution of 
the ER toward peroxisome biogenesis was recently evaluated in 
S. cerevisiae (van der Zand et al., 2010). A comprehensive set of 
16 PMPs was demonstrated to enter the ER, en route to peroxi-
somes, irrespective of their functions and topologies. Fluores-
cence pulse-chase experiments showed an initial localization of 
these peroxins at the ER as distinct punctate structures within 2 h  
followed by multiple dots, which became independent of the 
ER at 6 h. At this time, the independent punctate structures 
became competent for import of PTS1 proteins. The entry of 
these PMPs into the ER was dependent on the Sec61 translocon, 
except for the tail-anchored protein Pex15, which requires Get3 for 
its ER entry (see “Trafficking of PMPs through the ER”). PMP 
exit from the ER was dependent on Pex3 and Pex19 (Fig. 2).

This trafficking pathway operates in dividing wild-type 
cells where the peroxisome population needs to be maintained, 
as well as in mutant cells lacking peroxisomes, in which new 
peroxisomes form after complementation with the wild-type gene. 
Thus, the basic framework for creation of an import-competent 
peroxisomal membrane with the PMPs is via the ER. A consen-
sus sequence that imports these PMPs to the ER is still un-
known, but a region containing the transmembrane segment 
was identified as the ER-targeting domain of the tail-anchored 
protein Pex15 (Elgersma et al., 1997).

The role of the mPTS in PMP biogenesis. The 
exact roles of the mPTS and Pex19 are quite distinct in two  
models proposed for PMP import. In the ER-derived peroxisome 
model, PMPs would be inserted into the ER membrane even 
without Pex19, but Pex19 action, presumably via its interaction 
with mPTSs of PMPs, would be necessary for the budding of ER-
derived vesicles. Indeed, we ascribed this type of role to Pex19, 
suggesting that it acts at the membrane after protein insertion, as 
a chaperone to assemble PMPs or their complexes (Snyder et al., 
1999). In experiments done with mammalian Pex16 lacking its 
mPTS, the protein remained in the ER and was not transported to 
peroxisomes, which suggests that there is requirement of the 
mPTS for Pex16 exit from the ER (Kim et al., 2006). Recent 
studies show an indispensable role for Pex19 in the budding of 
pre-peroxisomal vesicles, supporting the view that Pex19 could 
bind to the ER-inserted PMPs and then facilitate their budding 
from the ER (Fig. 3; Lam et al., 2010; unpublished data).

In contrast, in the alternative model involving direct post-
translational insertion of PMPs from the cytosol into the peroxi-
some membrane, Pex19 has been invoked as the PMP receptor 
that interacts with mPTSs on PMPs and shuttles them to the per-
oxisome membrane, where Pex19 interacts with its anchor Pex3, 
and inserts these proteins into the membrane (Fig. 3; Fang et al., 
2004; Jones et al., 2004; Fujiki et al., 2006). In the light of the 
more recent data on the transit of most PMPs to the peroxisomes 
via the ER and the role of Pex19 in the budding of ER-derived pre-
peroxisomal vesicles, the concept of an mPTS as a signal for tar-
geting PMPs to the peroxisomal membrane has to be questioned.

Figure 3.  Alternative roles of Pex19 in the insertion of PMPs into the 
peroxisomal membrane. The role of Pex19 in peroxisome biogenesis and 
import of various PMPs has been clearly established in yeast and mam-
mals, but its mechanism of action is still a matter of debate (Snyder et al.,  
1999; Sacksteder et al., 2000). Previous studies implicated Pex3 and 
Pex19 in the posttranslational insertion of PMPs. Pex19 serving as a chap-
erone binds and stabilizes newly synthesized mPTS-containing PMPs in the 
cytoplasm, and transports them to peroxisomes by docking to Pex3 present 
in the peroxisomal membrane (Muntau et al., 2003; Fang et al., 2004; 
Jones et al., 2004; Matsuzono and Fujiki, 2006; Matsuzono et al., 2006). 
However, subsequent studies in yeast show the requirement of Pex19 for 
the exit of most, if not all PMPs, including Pex3, from the ER (Fig. 2 B;  
Hoepfner et al., 2005; Lam et al., 2010; van der Zand et al., 2010; 
unpublished data). In the light of the Pex19-independent insertion of most 
PMPs into the ER and the role of Pex19 in mediating the budding of pre-
peroxisomal vesicles, the role of Pex19 in the posttranslational import of 
PMPs is questionable for all PMPs that go to peroxisomes via the ER.
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this organelle are yielding interesting insights (Fagarasanu et al.,  
2010). Finally, the new advances in peroxisome turnover by  
autophagy address the question of how peroxisome homeo
stasis is regulated (Manjithaya et al., 2010). As the study of new 
proteins involved in these processes broadens our mechanis-
tic understanding of peroxisome biogenesis, it seems likely 
that mammalian counterparts of these proteins will be discov-
ered and, additionally, mutations in some of these proteins in  
humans will be found to cause PBDs.

With time, our understanding of peroxisomes is evolving 
with remarkably rapidity. From their initial description as simple 
eukaryotic organelles containing enzymes that generate and de-
grade hydrogen peroxide, we now consider a broader definition for 
peroxisomes as a cellular compartment involved in several meta-
bolic, as well as signaling and developmental processes. Recent 
studies, providing compelling evidence for the ER’s involvement 
in peroxisome biogenesis, challenge the earlier dogma that peroxi-
somes only replicate autonomously. Moreover, the ER appears to 
be essential both for de novo biogenesis of peroxisomes (Hoepfner 
et al., 2005; van der Zand et al., 2010) and for normal peroxisome 
growth and division (Motley and Hettema, 2007; Yan et al., 2008).

From an evolutionary perspective, we are embracing the 
concept of the peroxisome as an ER-derived member of the 
endomembrane system (Gabaldón, 2010). This new vision also 
raises several fundamental questions. For example, how are per-
oxisomal proteins sorted to the ER membrane? How is the ER- 
derived pre-peroxisomal compartment generated? How are PMPs 
and other machinery sorted from and to the ER using anterograde 
and retrograde pathways? The in vitro systems that recapitulate 
cytosol-dependent peroxisome assembly from the membrane 
constituents supplied by the ER promise answers to these ques-
tions (Lam et al., 2010; unpublished data).

This work is supported by a National Institutes of Health MERIT award 
(DK41737) to S. Subramani.

Submitted: 5 October 2010
Accepted: 10 March 2011

References
Agne, B., N.M. Meindl, K. Niederhoff, H. Einwächter, P. Rehling, A. Sickmann, 

H.E. Meyer, W. Girzalsky, and W.H. Kunau. 2003. Pex8p: an intraper-
oxisomal organizer of the peroxisomal import machinery. Mol. Cell. 
11:635–646. doi:10.1016/S1097-2765(03)00062-5

Alberts, B., A. Johnson, J. Lewis, M. Raff, K. Roberts, and P. Walter. 2002. 
Molecular Biology of the Cell. Garland Science, New York. 1616 pp.

Alencastre, I.S., T.A. Rodrigues, C.P. Grou, M. Fransen, C. Sá-Miranda, and 
J.E. Azevedo. 2009. Mapping the cargo protein membrane translocation 
step into the PEX5 cycling pathway. J. Biol. Chem. 284:27243–27251. 
doi:10.1074/jbc.M109.032565

Bodnar, A.G., and R.A. Rachubinski. 1991. Characterization of the integral 
membrane polypeptides of rat liver peroxisomes isolated from un-
treated and clofibrate-treated rats. Biochem. Cell Biol. 69:499–508. 
doi:10.1139/o91-074

Braschi, E., V. Goyon, R. Zunino, A. Mohanty, L. Xu, and H.M. McBride. 2010. 
Vps35 mediates vesicle transport between the mitochondria and peroxi-
somes. Curr. Biol. 20:1310–1315. doi:10.1016/j.cub.2010.05.066

Braverman, N., G. Dodt, S.J. Gould, and D. Valle. 1998. An isoform of Pex5p,  
the human PTS1 receptor, is required for the import of PTS2 pro-
teins into peroxisomes. Hum. Mol. Genet. 7:1195–1205. doi:10.1093/ 
hmg/7.8.1195

Brown, L.A., and A. Baker. 2008. Shuttles and cycles: transport of proteins 
into the peroxisome matrix (review). Mol. Membr. Biol. 25:363–375. 
doi:10.1080/09687680802130583

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/193/1/7/1573280/jcb_201010022.pdf by guest on 05 D

ecem
ber 2025

dx.doi.org/10.1074/jbc.M803529200
dx.doi.org/10.1023/A:1017927728892
dx.doi.org/10.1016/j.cell.2010.04.018
dx.doi.org/10.1016/j.cell.2010.04.018
dx.doi.org/10.1002/humu.21388
dx.doi.org/10.1093/emboj/16.24.7326
dx.doi.org/10.1038/nrm1710
dx.doi.org/10.1038/nrm1710
dx.doi.org/10.1038/nrm2960
dx.doi.org/10.1083/jcb.200311131
dx.doi.org/10.1016/j.bbamcr.2006.09.030
dx.doi.org/10.1016/j.bbamcr.2006.09.030
dx.doi.org/10.1098/rstb.2009.0240
dx.doi.org/10.1091/mbc.E02-11-0734
dx.doi.org/10.1104/pp.57.3.406
dx.doi.org/10.1016/S0955-0674(97)80015-4
dx.doi.org/10.1083/jcb.108.5.1657
dx.doi.org/10.1074/jbc.M800402200
dx.doi.org/10.1091/mbc.E03-04-0258
dx.doi.org/10.1091/mbc.E03-04-0258
dx.doi.org/10.1016/j.jplph.2005.11.009
dx.doi.org/10.1034/j.1600-0854.2002.30806.x
dx.doi.org/10.1073/pnas.0704733104
dx.doi.org/10.1073/pnas.0704733104
dx.doi.org/10.1242/jcs.034363
dx.doi.org/10.1016/j.cell.2005.04.025
dx.doi.org/10.1016/S1097-2765(03)00062-5
dx.doi.org/10.1074/jbc.M109.032565
dx.doi.org/10.1139/o91-074
dx.doi.org/10.1016/j.cub.2010.05.066
dx.doi.org/10.1093/hmg/7.8.1195
dx.doi.org/10.1093/hmg/7.8.1195
dx.doi.org/10.1080/09687680802130583


15Peroxisome membrane and matrix protein biogenesis • Ma et al.

reveals a peroxisome-to-endoplasmic reticulum sorting pathway. Plant 
Cell. 17:3513–3531. doi:10.1105/tpc.105.036350

Meinecke, M., C. Cizmowski, W. Schliebs, V. Krüger, S. Beck, R. Wagner, and 
R. Erdmann. 2010. The peroxisomal importomer constitutes a large and 
highly dynamic pore. Nat. Cell Biol. 12:273–277.

Miyata, N., and Y. Fujiki. 2005. Shuttling mechanism of peroxisome targeting 
signal type 1 receptor Pex5: ATP-independent import and ATP-dependent  
export. Mol. Cell. Biol. 25:10822–10832. doi:10.1128/MCB.25.24.10822- 
10832.2005

Motley, A.M., and E.H. Hettema. 2007. Yeast peroxisomes multiply by growth 
and division. J. Cell Biol. 178:399–410. doi:10.1083/jcb.200702167

Motley, A.M., G.P. Ward, and E.H. Hettema. 2008. Dnm1p-dependent peroxi-
some fission requires Caf4p, Mdv1p and Fis1p. J. Cell Sci. 121:1633–
1640. doi:10.1242/jcs.026344

Muntau, A.C., A.A. Roscher, W.H. Kunau, and G. Dodt. 2003. The interaction be-
tween human PEX3 and PEX19 characterized by fluorescence resonance 
energy transfer (FRET) analysis. Eur. J. Cell Biol. 82:333–342. doi:10 
.1078/0171-9335-00325

Neuspiel, M., A.C. Schauss, E. Braschi, R. Zunino, P. Rippstein, R.A. Rachubinski, 
M.A. Andrade-Navarro, and H.M. McBride. 2008. Cargo-selected transport 
from the mitochondria to peroxisomes is mediated by vesicular carriers.  
Curr. Biol. 18:102–108. doi:10.1016/j.cub.2007.12.038

Nicolay, K., M. Veenhuis, A.C. Douma, and W. Harder. 1987. A 31P NMR study 
of the internal pH of yeast peroxisomes. Arch. Microbiol. 147:37–41. 
doi:10.1007/BF00492902

Novikoff, P.M., and A.B. Novikoff. 1972. Peroxisomes in absorptive cells of 
mammalian small intestine. J. Cell Biol. 53:532–560. doi:10.1083/ 
jcb.53.2.532

Otera, H., K. Setoguchi, M. Hamasaki, T. Kumashiro, N. Shimizu, and Y. 
Fujiki. 2002. Peroxisomal targeting signal receptor Pex5p interacts 
with cargoes and import machinery components in a spatiotemporally 
differentiated manner: conserved Pex5p WXXXF/Y motifs are critical 
for matrix protein import. Mol. Cell. Biol. 22:1639–1655. doi:10.1128/ 
MCB.22.6.1639-1655.2002

Otzen, M., D. Wang, M.G. Lunenborg, and I.J. van der Klei. 2005. Hansenula 
polymorpha Pex20p is an oligomer that binds the peroxisomal targeting 
signal 2 (PTS2). J. Cell Sci. 118:3409–3418. doi:10.1242/jcs.02463

Perry, R.J., F.D. Mast, and R.A. Rachubinski. 2009. Endoplasmic reticulum- 
associated secretory proteins Sec20p, Sec39p, and Dsl1p are involved 
in peroxisome biogenesis. Eukaryot. Cell. 8:830–843. doi:10.1128/ 
EC.00024-09

Petriv, O.I., L. Tang, V.I. Titorenko, and R.A. Rachubinski. 2004. A new defini-
tion for the consensus sequence of the peroxisome targeting signal type 2. 
J. Mol. Biol. 341:119–134. doi:10.1016/j.jmb.2004.05.064

Platta, H.W., and R. Erdmann. 2007. Peroxisomal dynamics. Trends Cell Biol. 
17:474–484. doi:10.1016/j.tcb.2007.06.009

Platta, H.W., W. Girzalsky, and R. Erdmann. 2004. Ubiquitination of the per-
oxisomal import receptor Pex5p. Biochem. J. 384:37–45. doi:10.1042/ 
BJ20040572

Platta, H.W., S. Grunau, K. Rosenkranz, W. Girzalsky, and R. Erdmann. 2005. 
Functional role of the AAA peroxins in dislocation of the cycling PTS1 re-
ceptor back to the cytosol. Nat. Cell Biol. 7:817–822. doi:10.1038/ncb1281

Platta, H.W., F. El Magraoui, D. Schlee, S. Grunau, W. Girzalsky, and R. 
Erdmann. 2007. Ubiquitination of the peroxisomal import receptor Pex5p 
is required for its recycling. J. Cell Biol. 177:197–204. doi:10.1083/ 
jcb.200611012

Platta, H.W., F. El Magraoui, B.E. Bäumer, D. Schlee, W. Girzalsky, and R. 
Erdmann. 2009. Pex2 and pex12 function as protein-ubiquitin ligases 
in peroxisomal protein import. Mol. Cell. Biol. 29:5505–5516. doi:10 
.1128/MCB.00388-09

Purdue, P.E., and P.B. Lazarow. 2001a. Peroxisome biogenesis. Annu. Rev. Cell 
Dev. Biol. 17:701–752. doi:10.1146/annurev.cellbio.17.1.701

Purdue, P.E., and P.B. Lazarow. 2001b. Pex18p is constitutively degraded during 
peroxisome biogenesis. J. Biol. Chem. 276:47684–47689. doi:10.1074/
jbc.M106823200

Purdue, P.E., X. Yang, and P.B. Lazarow. 1998. Pex18p and Pex21p, a novel pair 
of related peroxins essential for peroxisomal targeting by the PTS2 path-
way. J. Cell Biol. 143:1859–1869. doi:10.1083/jcb.143.7.1859

Rachubinski, R.A., Y. Fujiki, R.M. Mortensen, and P.B. Lazarow. 1984. 
Acyl-Coa oxidase and hydratase-dehydrogenase, two enzymes of 
the peroxisomal beta-oxidation system, are synthesized on free poly-
somes of clofibrate-treated rat liver. J. Cell Biol. 99:2241–2246. doi:10 
.1083/jcb.99.6.2241

Sacksteder, K.A., J.M. Jones, S.T. South, X. Li, Y. Liu, and S.J. Gould. 2000. 
PEX19 binds multiple peroxisomal membrane proteins, is predominantly 
cytoplasmic, and is required for peroxisome membrane synthesis. J. Cell 
Biol. 148:931–944. doi:10.1083/jcb.148.5.931

essential for peroxisome biogenesis. J. Cell Biol. 114:1167–1178. doi:10 
.1083/jcb.114.6.1167

Jones, J.M., J.C. Morrell, and S.J. Gould. 2004. PEX19 is a predominantly cyto
solic chaperone and import receptor for class 1 peroxisomal membrane 
proteins. J. Cell Biol. 164:57–67. doi:10.1083/jcb.200304111

Kerscher, O., R. Felberbaum, and M. Hochstrasser. 2006. Modification of pro-
teins by ubiquitin and ubiquitin-like proteins. Annu. Rev. Cell Dev. Biol. 
22:159–180. doi:10.1146/annurev.cellbio.22.010605.093503

Kiel, J.A., K. Emmrich, H.E. Meyer, and W.H. Kunau. 2005. Ubiquitination 
of the peroxisomal targeting signal type 1 receptor, Pex5p, suggests 
the presence of a quality control mechanism during peroxisomal ma-
trix protein import. J. Biol. Chem. 280:1921–1930. doi:10.1074/jbc 
.M403632200

Kim, P.K., R.T. Mullen, U. Schumann, and J. Lippincott-Schwartz. 2006. The 
origin and maintenance of mammalian peroxisomes involves a de novo 
PEX16-dependent pathway from the ER. J. Cell Biol. 173:521–532. 
doi:10.1083/jcb.200601036

Klein, A.T., M. van den Berg, G. Bottger, H.F. Tabak, and B. Distel. 2002. 
Saccharomyces cerevisiae acyl-CoA oxidase follows a novel, non-PTS1, 
import pathway into peroxisomes that is dependent on Pex5p. J. Biol. 
Chem. 277:25011–25019. doi:10.1074/jbc.M203254200

Kragt, A., T. Voorn-Brouwer, M. van den Berg, and B. Distel. 2005. The 
Saccharomyces cerevisiae peroxisomal import receptor Pex5p is mono
ubiquitinated in wild type cells. J. Biol. Chem. 280:7867–7874. doi:10 
.1074/jbc.M413553200

Kuravi, K., S. Nagotu, A.M. Krikken, K. Sjollema, M. Deckers, R. Erdmann, M. 
Veenhuis, and I.J. van der Klei. 2006. Dynamin-related proteins Vps1p 
and Dnm1p control peroxisome abundance in Saccharomyces cerevisiae. 
J. Cell Sci. 119:3994–4001. doi:10.1242/jcs.03166

Kurochkin, I.V., Y. Mizuno, A. Konagaya, Y. Sakaki, C. Schönbach, and Y. 
Okazaki. 2007. Novel peroxisomal protease Tysnd1 processes PTS1- 
and PTS2-containing enzymes involved in beta-oxidation of fatty acids. 
EMBO J. 26:835–845. doi:10.1038/sj.emboj.7601525

Lam, S.K., N. Yoda, and R. Schekman. 2010. A vesicle carrier that mediates per-
oxisome protein traffic from the endoplasmic reticulum. Proc. Natl. Acad. 
Sci. USA. 107:21523–21528. doi:10.1073/pnas.1013397107

Lee, J.R., H.H. Jang, J.H. Park, J.H. Jung, S.S. Lee, S.K. Park, Y.H. Chi, J.C. 
Moon, Y.M. Lee, S.Y. Kim, et al. 2006. Cloning of two splice variants of 
the rice PTS1 receptor, OsPex5pL and OsPex5pS, and their functional 
characterization using pex5-deficient yeast and Arabidopsis. Plant J. 
47:457–466. doi:10.1111/j.1365-313X.2006.02797.x

Léon, S., and S. Subramani. 2007. A conserved cysteine residue of Pichia pasto­
ris Pex20p is essential for its recycling from the peroxisome to the cyto-
sol. J. Biol. Chem. 282:7424–7430. doi:10.1074/jbc.M611627200

Léon, S., J.M. Goodman, and S. Subramani. 2006a. Uniqueness of the mecha-
nism of protein import into the peroxisome matrix: transport of folded, 
co-factor-bound and oligomeric proteins by shuttling receptors. Biochim. 
Biophys. Acta. 1763:1552–1564. doi:10.1016/j.bbamcr.2006.08.037

Léon, S., L. Zhang, W.H. McDonald, J. Yates III, J.M. Cregg, and S. Subramani. 
2006b. Dynamics of the peroxisomal import cycle of PpPex20p: ubiquitin- 
dependent localization and regulation. J. Cell Biol. 172:67–78. doi:10 
.1083/jcb.200508096

Ma, C., and S. Subramani. 2009. Peroxisome matrix and membrane protein bio-
genesis. IUBMB Life. 61:713–722. doi:10.1002/iub.196

Ma, C., U. Schumann, N. Rayapuram, and S. Subramani. 2009. The peroxisomal 
matrix import of Pex8p requires only PTS receptors and Pex14p. Mol. 
Biol. Cell. 20:3680–3689. doi:10.1091/mbc.E09-01-0037

Madrid, K.P., G. De Crescenzo, S. Wang, and A. Jardim. 2004. Modulation of 
the Leishmania donovani peroxin 5 quaternary structure by peroxisomal 
targeting signal 1 ligands. Mol. Cell. Biol. 24:7331–7344. doi:10.1128/ 
MCB.24.17.7331-7344.2004

Managadze, D., C. Würtz, S. Wiese, H.E. Meyer, G. Niehaus, R. Erdmann, B. 
Warscheid, and H. Rottensteiner. 2010. A proteomic approach towards 
the identification of the matrix protein content of the two types of micro-
bodies in Neurospora crassa. Proteomics. 10:3222–3234. doi:10.1002/ 
pmic.201000095

Manjithaya, R., T.Y. Nazarko, J.C. Farré, and S. Subramani. 2010. Molecular 
mechanism and physiological role of pexophagy. FEBS Lett. 584:1367–
1373. doi:10.1016/j.febslet.2010.01.019

Matsuzono, Y., and Y. Fujiki. 2006. In vitro transport of membrane proteins to 
peroxisomes by shuttling receptor Pex19p. J. Biol. Chem. 281:36–42. 
doi:10.1074/jbc.M509819200

Matsuzono, Y., T. Matsuzaki, and Y. Fujiki. 2006. Functional domain mapping 
of peroxin Pex19p: interaction with Pex3p is essential for function and 
translocation. J. Cell Sci. 119:3539–3550. doi:10.1242/jcs.03100

McCartney, A.W., J.S. Greenwood, M.R. Fabian, K.A. White, and R.T. Mullen. 
2005. Localization of the tomato bushy stunt virus replication protein p33 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/193/1/7/1573280/jcb_201010022.pdf by guest on 05 D

ecem
ber 2025

dx.doi.org/10.1105/tpc.105.036350
dx.doi.org/10.1128/MCB.25.24.10822-10832.2005
dx.doi.org/10.1128/MCB.25.24.10822-10832.2005
dx.doi.org/10.1083/jcb.200702167
dx.doi.org/10.1242/jcs.026344
dx.doi.org/10.1078/0171-9335-00325
dx.doi.org/10.1078/0171-9335-00325
dx.doi.org/10.1016/j.cub.2007.12.038
dx.doi.org/10.1007/BF00492902
dx.doi.org/10.1083/jcb.53.2.532
dx.doi.org/10.1083/jcb.53.2.532
dx.doi.org/10.1128/MCB.22.6.1639-1655.2002
dx.doi.org/10.1128/MCB.22.6.1639-1655.2002
dx.doi.org/10.1242/jcs.02463
dx.doi.org/10.1128/EC.00024-09
dx.doi.org/10.1128/EC.00024-09
dx.doi.org/10.1016/j.jmb.2004.05.064
dx.doi.org/10.1016/j.tcb.2007.06.009
dx.doi.org/10.1042/BJ20040572
dx.doi.org/10.1042/BJ20040572
dx.doi.org/10.1038/ncb1281
dx.doi.org/10.1083/jcb.200611012
dx.doi.org/10.1083/jcb.200611012
dx.doi.org/10.1128/MCB.00388-09
dx.doi.org/10.1128/MCB.00388-09
dx.doi.org/10.1146/annurev.cellbio.17.1.701
dx.doi.org/10.1074/jbc.M106823200
dx.doi.org/10.1074/jbc.M106823200
dx.doi.org/10.1083/jcb.143.7.1859
dx.doi.org/10.1083/jcb.99.6.2241
dx.doi.org/10.1083/jcb.99.6.2241
dx.doi.org/10.1083/jcb.148.5.931
dx.doi.org/10.1083/jcb.114.6.1167
dx.doi.org/10.1083/jcb.114.6.1167
dx.doi.org/10.1083/jcb.200304111
dx.doi.org/10.1146/annurev.cellbio.22.010605.093503
dx.doi.org/10.1074/jbc.M403632200
dx.doi.org/10.1074/jbc.M403632200
dx.doi.org/10.1083/jcb.200601036
dx.doi.org/10.1074/jbc.M203254200
dx.doi.org/10.1074/jbc.M413553200
dx.doi.org/10.1074/jbc.M413553200
dx.doi.org/10.1242/jcs.03166
dx.doi.org/10.1038/sj.emboj.7601525
dx.doi.org/10.1111/j.1365-313X.2006.02797.x
dx.doi.org/10.1074/jbc.M611627200
dx.doi.org/10.1016/j.bbamcr.2006.08.037
dx.doi.org/10.1083/jcb.200508096
dx.doi.org/10.1083/jcb.200508096
dx.doi.org/10.1002/iub.196
dx.doi.org/10.1091/mbc.E09-01-0037
dx.doi.org/10.1128/MCB.24.17.7331-7344.2004
dx.doi.org/10.1128/MCB.24.17.7331-7344.2004
dx.doi.org/10.1002/pmic.201000095
dx.doi.org/10.1002/pmic.201000095
dx.doi.org/10.1016/j.febslet.2010.01.019
dx.doi.org/10.1074/jbc.M509819200
dx.doi.org/10.1242/jcs.03100


JCB • VOLUME 193 • NUMBER 1 • 2011� 16

Williams, C., M. van den Berg, R.R. Sprenger, and B. Distel. 2007. A con-
served cysteine is essential for Pex4p-dependent ubiquitination of the 
peroxisomal import receptor Pex5p. J. Biol. Chem. 282:22534–22543. 
doi:10.1074/jbc.M702038200

Yan, M., D.A. Rachubinski, S. Joshi, R.A. Rachubinski, and S. Subramani. 2008. 
Dysferlin domain-containing proteins, Pex30p and Pex31p, localized to 
two compartments, control the number and size of oleate-induced peroxi-
somes in Pichia pastoris. Mol. Biol. Cell. 19:885–898. doi:10.1091/mbc 
.E07-10-1042

Zhang, X., and J. Hu. 2010. The Arabidopsis chloroplast division protein 
DYNAMIN-RELATED PROTEIN5B also mediates peroxisome division. 
Plant Cell. 22:431–442. doi:10.1105/tpc.109.071324

Zhang, L., S. Léon, and S. Subramani. 2006. Two independent pathways traf-
fic the intraperoxisomal peroxin PpPex8p into peroxisomes: mechanism 
and evolutionary implications. Mol. Biol. Cell. 17:690–699. doi:10.1091/
mbc.E05-08-0758

Saleem, R.A., J.J. Smith, and J.D. Aitchison. 2006. Proteomics of the peroxi-
some. Biochim. Biophys. Acta. 1763:1541–1551. doi:10.1016/j.bbamcr 
.2006.09.005

Saleem, R.A., B. Knoblach, F.D. Mast, J.J. Smith, J. Boyle, C.M. Dobson, R. 
Long-O’Donnell, R.A. Rachubinski, and J.D. Aitchison. 2008. Genome-
wide analysis of signaling networks regulating fatty acid-induced gene 
expression and organelle biogenesis. J. Cell Biol. 181:281–292. doi:10 
.1083/jcb.200710009

Saleem, R.A., R. Long-O’Donnell, D.J. Dilworth, A.M. Armstrong, A.P. Jamakhandi, 
Y. Wan, T.A. Knijnenburg, A. Niemistö, J. Boyle, R.A. Rachubinski,  
et al. 2010. Genome-wide analysis of effectors of peroxisome biogenesis. 
PLoS ONE. 5:e11953. doi:10.1371/journal.pone.0011953

Schnell, D.J., and D.N. Hebert. 2003. Protein translocons: multifunctional me-
diators of protein translocation across membranes. Cell. 112:491–505. 
doi:10.1016/S0092-8674(03)00110-7

Schuldiner, M., J. Metz, V. Schmid, V. Denic, M. Rakwalska, H.D. Schmitt, B. 
Schwappach, and J.S. Weissman. 2008. The GET complex mediates in-
sertion of tail-anchored proteins into the ER membrane. Cell. 134:634–
645. doi:10.1016/j.cell.2008.06.025

Smith, J.J., S.A. Ramsey, M. Marelli, B. Marzolf, D. Hwang, R.A. Saleem, R.A. 
Rachubinski, and J.D. Aitchison. 2007. Transcriptional responses to fatty 
acid are coordinated by combinatorial control. Mol. Syst. Biol. 3:115.

Snyder, W.B., K.N. Faber, T.J. Wenzel, A. Koller, G.H. Lüers, L. Rangell, G.A. 
Keller, and S. Subramani. 1999. Pex19p interacts with Pex3p and Pex10p 
and is essential for peroxisome biogenesis in Pichia pastoris. Mol. Biol. 
Cell. 10:1745–1761.

South, S.T., E. Baumgart, and S.J. Gould. 2001. Inactivation of the endoplasmic 
reticulum protein translocation factor, Sec61p, or its homolog, Ssh1p, does 
not affect peroxisome biogenesis. Proc. Natl. Acad. Sci. USA. 98:12027– 
12031. doi:10.1073/pnas.221289498

Stanley, W.A., and M. Wilmanns. 2006. Dynamic architecture of the peroxi-
somal import receptor Pex5p. Biochim. Biophys. Acta. 1763:1592–1598. 
doi:10.1016/j.bbamcr.2006.10.015

Stanley, W.A., F.V. Filipp, P. Kursula, N. Schüller, R. Erdmann, W. Schliebs, M. 
Sattler, and M. Wilmanns. 2006. Recognition of a functional peroxisome 
type 1 target by the dynamic import receptor pex5p. Mol. Cell. 24:653–
663. doi:10.1016/j.molcel.2006.10.024

Steinberg, S.J., G. Dodt, G.V. Raymond, N.E. Braverman, A.B. Moser, and H.W. 
Moser. 2006. Peroxisome biogenesis disorders. Biochim. Biophys. Acta. 
1763:1733–1748. doi:10.1016/j.bbamcr.2006.09.010

Subramani, S. 1998. Components involved in peroxisome import, biogenesis, 
proliferation, turnover, and movement. Physiol. Rev. 78:171–188.

Swinkels, B.W., S.J. Gould, A.G. Bodnar, R.A. Rachubinski, and S. Subramani. 
1991. A novel, cleavable peroxisomal targeting signal at the amino-terminus 
of the rat 3-ketoacyl-CoA thiolase. EMBO J. 10:3255–3262.

Tabak, H.F., A. van der Zand, and I. Braakman. 2008. Peroxisomes: minted by the 
ER. Curr. Opin. Cell Biol. 20:393–400. doi:10.1016/j.ceb.2008.05.008

Tam, Y.Y., A. Fagarasanu, M. Fagarasanu, and R.A. Rachubinski. 2005. Pex3p 
initiates the formation of a preperoxisomal compartment from a sub
domain of the endoplasmic reticulum in Saccharomyces cerevisiae.  
J. Biol. Chem. 280:34933–34939. doi:10.1074/jbc.M506208200

Titorenko, V.I., and R.A. Rachubinski. 1998. Mutants of the yeast Yarrowia li­
polytica defective in protein exit from the endoplasmic reticulum are also 
defective in peroxisome biogenesis. Mol. Cell. Biol. 18:2789–2803.

Titorenko, V.I., J.J. Smith, R.K. Szilard, and R.A. Rachubinski. 1998. Pex20p of 
the yeast Yarrowia lipolytica is required for the oligomerization of thio-
lase in the cytosol and for its targeting to the peroxisome. J. Cell Biol. 
142:403–420. doi:10.1083/jcb.142.2.403

van der Klei, I.J., and M. Veenhuis. 1997. Yeast peroxisomes: function and 
biogenesis of a versatile cell organelle. Trends Microbiol. 5:502–509. 
doi:10.1016/S0966-842X(97)01156-6

van der Zand, A., I. Braakman, and H.F. Tabak. 2010. Peroxisomal membrane 
proteins insert into the endoplasmic reticulum. Mol. Biol. Cell. 21:2057–
2065. doi:10.1091/mbc.E10-02-0082

Voorn-Brouwer, T., A. Kragt, H.F. Tabak, and B. Distel. 2001. Peroxisomal 
membrane proteins are properly targeted to peroxisomes in the absence 
of COPI- and COPII-mediated vesicular transport. J. Cell Sci. 114:2199– 
2204.

Walton, P.A., P.E. Hill, and S. Subramani. 1995. Import of stably folded proteins 
into peroxisomes. Mol. Biol. Cell. 6:675–683.

Wanders, R.J., and H.R. Waterham. 2006. Peroxisomal disorders: the single per-
oxisomal enzyme deficiencies. Biochim. Biophys. Acta. 1763:1707–1720. 
doi:10.1016/j.bbamcr.2006.08.010

Wang, D., N.V. Visser, M. Veenhuis, and I.J. van der Klei. 2003. Physical inter-
actions of the peroxisomal targeting signal 1 receptor pex5p, studied by 
fluorescence correlation spectroscopy. J. Biol. Chem. 278:43340–43345. 
doi:10.1074/jbc.M307789200

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/193/1/7/1573280/jcb_201010022.pdf by guest on 05 D

ecem
ber 2025

dx.doi.org/10.1074/jbc.M702038200
dx.doi.org/10.1091/mbc.E07-10-1042
dx.doi.org/10.1091/mbc.E07-10-1042
dx.doi.org/10.1105/tpc.109.071324
dx.doi.org/10.1091/mbc.E05-08-0758
dx.doi.org/10.1091/mbc.E05-08-0758
dx.doi.org/10.1016/j.bbamcr.2006.09.005
dx.doi.org/10.1016/j.bbamcr.2006.09.005
dx.doi.org/10.1083/jcb.200710009
dx.doi.org/10.1083/jcb.200710009
dx.doi.org/10.1371/journal.pone.0011953
dx.doi.org/10.1016/S0092-8674(03)00110-7
dx.doi.org/10.1016/j.cell.2008.06.025
dx.doi.org/10.1073/pnas.221289498
dx.doi.org/10.1016/j.bbamcr.2006.10.015
dx.doi.org/10.1016/j.molcel.2006.10.024
dx.doi.org/10.1016/j.bbamcr.2006.09.010
dx.doi.org/10.1016/j.ceb.2008.05.008
dx.doi.org/10.1074/jbc.M506208200
dx.doi.org/10.1083/jcb.142.2.403
dx.doi.org/10.1016/S0966-842X(97)01156-6
dx.doi.org/10.1091/mbc.E10-02-0082
dx.doi.org/10.1016/j.bbamcr.2006.08.010
dx.doi.org/10.1074/jbc.M307789200

