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Abstract Peroxisomes constitute a dynamic compart-

ment of almost all eukaryotic cells. Depending on

environmental changes and cellular demands peroxisomes

can acquire diverse metabolic roles. The compartmentali-

zation of peroxisomal matrix enzymes is a prerequisite to

carry out their physiologic function. The matrix proteins

are synthesized on free ribosomes in the cytosol and are

ferried to the peroxisomal membrane by specific soluble

receptors. Subsequent to cargo release into the peroxisomal

matrix, the receptors are exported back to the cytosol to

facilitate further rounds of matrix protein import. This

dislocation step is accomplished by a remarkable machinery,

which comprises enzymes required for the ubiquitination

as well as the ATP-dependent extraction of the receptor

from the membrane. Interestingly, receptor ubiquitination

and dislocation are the only known energy-dependent steps

in the peroxisomal matrix protein import process. The

current view is that the export machinery of the receptors

might function as molecular motor not only in the dislo-

cation of the receptors but also in the import step of

peroxisomal matrix protein by coupling ATP-dependent

removal of the peroxisomal import receptor with cargo

translocation into the organelle. In this review we will

focus on the architecture and function of the peroxisomal

receptor export machinery, the peroxisomal exportomer.
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Versatile functions of peroxisomes

Peroxisomes are single-membrane bound organelles pres-

ent in all eukaryotic cells with the exception of mature

erythrocytes and spermatozoa [1]. They are often struc-

turally characterized by crystalline inclusions indicating

the sometimes very high concentration of certain matrix

proteins. Peroxisomes are characterized by a unique vari-

ability in metabolic tasks and enzyme content that is

adjusted according to cellular needs. The b-oxidation of

fatty acids and the detoxification of the hydrogen peroxide

produced are the central and conserved functions of per-

oxisomes [2, 3]. In mammals, the breakdown of different

types of fatty acids is distributed between peroxisomes and

mitochondria whereas in fungi and plants the fatty acid

degradation pathway is exclusively localized in the per-

oxisomal compartment [4]. Additionally, the core enzymes

of the b-oxidation pathway are involved in the synthesis of

signaling molecules, like phytohormones in plants [5, 6]

and pheromones in Caenorabditis elegans and insects

[7, 8] as well as the generation of H2O2 for signaling in

hypothalamic neurons in mice [9]. Mammalian peroxi-

somes have an important function in the biosynthesis of

bile acid and ether lipids such as plasmalogens [10]. Per-

oxisomes house important steps of penicillin biosynthesis

in some filamentous fungi [11, 12] or certain reactions

required for the composition of vitamin K1 in plants [13].

Peroxisomes also perform metabolic functions in concert

with other organelles. In the context of b-oxidation and

scavenging of ROS (reactive oxygen species), they

exchange metabolites with mitochondria in mammals [14],
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while plant peroxisomes stand in close contact with mito-

chondria and chloroplasts during photorespiration [15].

Because of the central role of peroxisomes in lipid

metabolism, several inherited diseases caused by mutation

of single metabolic enzymes [16] or the defects peroxisome

biogenesis [17] have been identified. The peroxisomal

biogenesis disorders (PBDs) represent a spectrum of auto-

somal recessive metabolic disorders that are collectively

characterized by abnormal peroxisome assembly and

impaired peroxisomal function. The importance of this

ubiquitous organelle for human health is highlighted by the

fact that PBDs are multisystemic disorders often leading to

death in early infancy. Recent data demonstrate that per-

oxisomes also provide a significant contribution to the

antiviral innate immunity and that they can promote a rapid

response to viral infection via peroxisomal antiviral sig-

naling proteins [18]. In recent years, it has become clear that

peroxisomal function counteracts the progressive brain

damage and cognitive decline caused by Alzheimer‘s dis-

ease, opening the possibility for new therapeutic targets

[19, 20]. Furthermore, the peroxisomal reactive oxygen

metabolism and redox homeostasis ties this organelle to age-

associated diseases and the molecular process of aging [21].

The formation of functional peroxisomes depends on

specific peroxisomal biogenesis factors, so called peroxins

[22]. To date, 33 different peroxins have been described

(Table 1) [23, 24]. Because of their distinct physical and

functional interactions they can be divided into sub-net-

works that facilitate the four key stages of peroxisomal

biogenesis, which comprise the formation of the peroxi-

somal membrane [25], fission [26], inheritance [27] as well

as the sorting of peroxisomal matrix proteins to this orga-

nelle [28].

In this review, we will present a general overview on the

dynamics of the peroxisomal matrix protein import recep-

tors. Moreover, we will focus especially on the function of

the peroxisomal biogenesis factors that act late in the

receptor cycle and highlight their concerted function as

receptor export machinery, the peroxisomal exportomer.

The import cycle of peroxisomal matrix protein

receptors

The function of peroxisomes relies on the import of

enzymes into their matrix. These matrix proteins need to be

compartmentalized in order to carry out their biochemical

reactions and thus connect the peroxisome to its different

physiologic tasks. Because peroxisomes do not contain

DNA, all peroxisomal gene products are encoded in the

nucleus. Recent work demonstrates that mRNAs coding for

peroxisomal proteins target to the proximity of peroxisomes

[29], followed by the posttranslational import of the newly

synthesized proteins into the organelle. A remarkable fea-

ture of peroxisomes is their capability to accommodate the

import of fully folded proteins, which sometimes even

maintain an oligomeric or co-factor bound state during

import [30]. This distinguishes them from other organelles

like mitochondria, chloroplasts and endoplasmic reticulum,

which all import unfolded proteins, but is reminiscent of the

secretion pathways of bacteria, archaea and thylakoid

membranes [31]. However, peroxisomal matrix protein

import is accomplished by dynamic receptors, which cycle

between a soluble state in the cytosol and a membrane

associated state at the peroxisomal membrane. This import

process can conceptually be divided into five steps, com-

prising cargo recognition in the cytosol, receptor-cargo

docking at the peroxisome, cargo translocation across the

membrane, cargo release into the matrix and, receptor

ubiquitination and export back to the cytosol (Fig. 1).

Targeting signal-dependent cargo recognition

in the cytosol

The majority of the peroxisomal matrix proteins contains a

peroxisomal targeting signal type 1 (PTS1) at the C-ter-

minus, consisting mainly of the tripeptide sequence SKL or

variations thereof as well as additional adjacent residues.

The soluble PTS1-receptor Pex5p interacts with this

dodecameric PTS1-signal via six tetratricopeptide repeats

(TPRs) within its C-terminal half (Fig. 2) [32–36]. Crystal

structures of the cargo-loaded and unloaded Pex5p

revealed that cargo binding induces major conformational

changes within the receptor, which might generate a

docking-competent state of the receptor [37, 38].

A subset of matrix proteins contains the peroxisomal

targeting signal type 2 (PTS2). The PTS2 represents a

non-apeptide with the consensus sequence (R/K)-(L/V/I)-

X5-(H/Q)-(L/A) found near the N-terminus of matrix proteins.

PTS2-harbouring proteins are recognized by the WD40-

protein Pex7p [39–41]. In contrast to the PTS1-receptor,

Pex7p requires co-receptors. In most fungi and yeasts,

Pex7p associates with the co-receptor Pex20p or the

redundant Pex18p and Pex21p, whereas in mammalian and

plant cells a splice variant of Pex5p, the Pex7p-binding

domain containing Pex5L, was shown to cooperate with

Pex7p [42]. It is interesting to note that also some spe-

cialized variants of these import pathways exist. For

example, Arabidopsis thaliana and Trypanosoma brucei

Pex7p are also required for PTS1-dependent import [43,

44]. At least in the case of methylotrophic yeasts, the

PTS2-co-receptor Pex20p has been reported to recognize

special cargo proteins on its own [45, 46]. In Caenorhab-

ditis elegans [47] and in the protist Phaeodactylum

tricornutum [48] the PTS2-import pathway is completely
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absent and all matrix proteins are imported by the PTS1-

receptor Pex5p.

Even though the PTS1- and PTS2-import factors differ

in some aspects, they share a comparable modular archi-

tecture. Accordingly, Pex7p is functionally related to the

C-terminal part of Pex5p, as both comprise the corre-

sponding cargo binding region while in terms of structure

and function the PTS2 co-receptors are related to the

N-terminal part of Pex5p, as this region is responsible for

the peroxisomal targeting, association with the transloca-

tion machinery and, as discussed below, for ubiquitination.

The resemblance of the corresponding factors is under-

scored by a chimera consisting of Pex18p (without its

Pex7p-binding site) fused to the TPR-domains of Pex5p

which can rescue PTS1-import in a PEX5-deficient yeast

strain [49].

Alternatively, the targeting of a small number of per-

oxisomal proteins does not essentially rely on one of the

two targeting signals and they can either be co-imported

via an association with canonical PTS-cargo proteins

(‘‘piggy-back import’’) or via the binding to the N-terminal

region of Pex5p (‘‘non-PTS import’’) [50].

Table 1 Peroxisomal biogenesis factors

Role S. cerevisiae
peroxin

Human

peroxin

Gene deletion phenotype in S. cerevisiae
(or mammals)— mislocalization of matrix proteins

PTS1 PTS2

Import peroxins

PTS1 receptor Pex5p PEX5 Severe None

PTS2 receptor Pex7p PEX7 None Severe

PTS2 co-receptor Pex18p PEX5L None Severe

Pex21p None Severe

Docking complex Pex13p PEX13 Severe Severe

Pex14p PEX14 Severe Severe

Pex17p Severe Severe

Importomer assembly Pex8p Severe Severe

RING finger ligase complex Pex2p PEX2 Severe Severe

Pex10p PEX10 Severe Severe

Pex12p PEX12 Severe Severe

Receptor ubiquitin conjugation Pex4p UbcH5a/b/c

(E2D1/2/3)

Severe Severe

Pex22p Severe Severe

Ubc1p, 4p, 5p Partial Unknown

Receptor deubiquitination Ubp15p Partial Unknown

USP9X None None

AAA export complex Pex1p PEX1 Severe Severe

Pex6p PEX6 Severe Severe

Pex15p PEX26 Severe Severe

AWP1 None None

Membrane biogenesis and

regulatory peroxins

Gene deletion phenotype

in S. cerevisiae

Membrane biogenesis Pex3p PEX3 Absence of peroxisomes

Pex19p PEX19 Absence of peroxisomes

(Pex16p)a PEX16 None

Peroxisome proliferation Pex11p, 25p, 27p PEX11a/b/c Reduced number of

peroxisomes

Regulation of size, number and distribution Pex28p–32p, Pex34p Altered peroxisome number and/or morphology

The table lists the known S. cerevisiae and human peroxisomal proteins required for peroxisomal biogenesis. In this table, the S. cerevisiae and

human proteins required for peroxisome biogenesis are arranged according to their function. The superscript ‘‘a’’ points out that the protein is

absent in S. cerevisiae and other yeast species with the exception of Yarrowia lipolytica
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Docking of the receptor-cargo complex

at the membrane

Subsequent to the formation of the receptor-cargo complex

in the cytosol, the receptor guides the cargo protein to the

docking-complex at the peroxisomal membrane. The

membrane-bound proteins Pex13p and Pex14p are required

for the initial docking step. Their genomic deletion dras-

tically affects the membrane association of the receptor-

cargo complex and, therefore, also the import of the cargo

protein. Pex13p is an integral membrane protein which

interacts via its N-terminus with the PTS2-receptor Pex7p,

while its Src homology (SH3) domain can bind to the

PTS1-receptor Pex5p as well as to the proline-rich SH3-

ligand motif (PXXP) of Pex14p [51].

Pex14p is an integral membrane protein, but in some

species it is also described to be peripherally associated.

Pex14p interacts with the SH3-domain of Pex13p and with

the WXXXF/Y motifs in the N-terminal part of Pex5p [52].

The NMR and crystal structures of the Pex14p-Pex5p

assembly have revealed the structural basis for these tran-

sient interactions [53–55]. It is interesting to note that

Pex14p is a multifunctional protein, which is not only

involved in matrix protein import, but also autophagic

degradation of peroxisomes [56] as well as movement of

the organelle [57].

The docking complex in several species comprises a

third protein in addition to Pex13p and Pex14p. Yeasts

contain Pex17p, which is a peripheral membrane protein

that associates to peroxisomes via Pex14p [58, 59]. In some

filamentous fungi, a chimeric protein consisting of Pex14p-

like N-terminal domain and a Pex17p-like C-terminal

domain has been described, called Pex14/17p or Pex33p

[60, 61]. A homolog of these Pex17p-like proteins has not

yet been identified in higher eukaryotes. The function of

the Pex17p-like proteins is not clear because they are not

essential for receptor docking but still important for cargo

import into the matrix.

Translocation across the membrane

Several hypotheses have been proposed how the cargo

proteins traverse the membrane (as discussed in [28]).

One concept (‘‘transient pore hypothesis’’) suggests that

Fig. 1 Peroxisomal matrix protein import in S. cerevisiae. Peroxi-

somal matrix proteins are imported into the peroxisomes via soluble

receptors, which shuttle between the cytosol and the peroxisomal

membrane. I The receptor Pex5p recognizes matrix proteins via their

peroxisomal targeting signal 1 (PTS1) in the cytosol. II This receptor-

cargo-complex binds to the docking-complex (Pex13p, Pex14p and

Pex17p) at the peroxisomal membrane. It is assumed that the binding

between the docking complex and cargo-loaded Pex5p leads to the

formation of a transient pore, whose exact molecular constitution is

still under discussion but at least contains Pex5p and Pex14p. III The

cargo is translocated into the peroxisomal lumen in an unknown

manner. IV Receptor-cargo dissociation, which might involve Pex8p.

V After formation of the import pore and cargo translocation, the

receptor is recycled, thus released from the peroxisomal membrane

back to the cytosol for another round of import. For this, Pex5p is

monoubiquitinated by the Pex22p-anchored ubiquitin-conjugating

Pex4p (E2) and the ubiquitin ligase Pex12p (E3), which forms the

RING-finger complex together with the other ubiquitin ligases Pex2p

and Pex10p. The ubiquitin signal leads to an ATP-dependent

dislocation of Pex5p from the peroxisomal membrane. This process

is performed by the AAA-peroxins Pex1p and Pex6p, which are

anchored to the peroxisomal membrane via Pex15p. Before starting a

new round of import, the ubiquitin is removed
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components of the docking complex as well as the import

receptors themselves might become at least temporally an

integral part of a dynamic import pore [62]. This hypoth-

esis takes into account that the PTS1-receptor Pex5p can

spontaneously insert into phospholipid membranes in vitro

and changes its membrane topology during the protein

import cascade with a portion of the peroxisomal Pex5p

pool behaving like an integral membrane protein in vivo

[63–66]. During the import cycle, Pex5p enters the luminal

side of the peroxisomal membrane, although it is still a

matter of debate, whether the whole receptor-cargo-com-

plex (‘‘extended shuttle hypothesis’’) or just a part of Pex5p

(‘‘simple shuttle hypothesis’’) reaches the peroxisomal

matrix [67, 68]. Equally, Pex7p has been demonstrated to

behave like a cycling receptor [69] and it is possible also

that its co-receptors, P. pastoris Pex20p [70] and S. cere-

visiae Pex18p [71], traverse the peroxisomal membrane.

According to the ‘‘transient pore hypothesis’’, the receptors

might contribute to a dynamic import pore which opens the

membrane dynamically for cargo-loaded Pex5p and Pex7p.

B
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Fig. 2 S. cerevisiae proteins involved in peroxisomal receptor export

and their important domains. a Structural features of the receptors and

co-receptors of the peroxisomal protein import machinery. These are

required for cargo recognition and guidance of the cargo proteins

along the peroxisomal import cascade. b Structural features of

peroxisomal proteins necessary for the ATP-dependent export of

ubiquitinated Pex5p. These are the AAA-peroxins which are respon-

sible for the ATP-dependent dislocation of the ubiquitinated receptors

from the peroxisomal membrane to the cytosol. The tail-anchored

peroxisomal membrane protein Pex15p (Pex26p in mammals)

anchors the AAA-peroxins Pex1p and Pex6p to the peroxisomal

membrane. Ubp15p is a ubiquitin hydrolase which can remove

ubiquitin chains from the receptor Pex5p. c Structural features of the

membrane-bound RING-finger E3-ligases. The hatched areas are

predicted transmembrane domains. d Structural features of the

peroxisomal proteins with E2-ligase function; Pex22p is a membrane

anchor for Pex4p. C Cysteine, K Lysine, WxxxF WxxxF-motif,

TPR-D Tetratricopeptid repeats domain, BD Binding domain,

NTD N-terminal domain, TMD transmembrane domain
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In line with the assumption that the PTS1-receptor tem-

porally becomes an important structural component of the

translocon, Pex5p together with Pex14p represent the

minimal unit for the import of the intraperoxisomal protein

Pex8p in P. pastoris [72]. Moreover, experiments using

planar lipid bilayer techniques provided first evidence that

an isolated protein complex from S. cerevisiae, which

mainly consisted of Pex5p and Pex14p, contained pore-

forming activity with features expected for a protein-con-

ducting channel [73]. The physical properties and the

dynamic behavior of this pore, which displays a diameter

of up to 9 nm, appear to match the criteria required for the

passage of folded proteins. However, the exact protein

composition of this translocon, the detailed mechanism of

cargo translocation as well as the driving force for this

event are yet to be elucidated.

Cargo release into the matrix

The mechanism of cargo release into the peroxisomal

lumen subsequent to the translocation step is still not well

characterized. Recent data from a mammalian in vitro

system suggest that an alteration of the Pex5p–Pex14p

binding mode may accompany the release of the cargo

[74]. There is some evidence for a potential role of an

additional protein in the disassociation of the PTS1-

receptor-cargo complex, namely Pex8p of H. polymorpha

[75]. Pex8p is an intra-peroxisomal peripheral membrane

protein whose PTS1 and PTS2 signals could hypothetically

compete with the cargo for the binding to Pex5p and,

therefore, could trigger the dissociation of the receptor-

cargo complex. Using proteins expressed in E. coli, a

fluorescence correlation spectroscopy (FCS) study found

that Pex5p-bound PTS1-cargo dissociates from Pex5p

when Pex8p is interacting with this complex [75]. How-

ever, it has to be mentioned that in vivo PTS1-proteins can

still be imported in yeast strains that express a Pex8p

without its PTS1-sequence [76]. Another function assigned

to S. cerevisiae Pex8p is that it is required for the physical

connection of the docking complex with the RING-com-

plex [77]. However, because this structural function has

been suggested to be taken over by Pex3p in P. pastoris

[78] and because Pex8p is not conserved in humans [24],

the general mechanism of cargo liberation remains elusive.

Subsequent to the release into the peroxisomal matrix of

mammals and plants the signal sequence of a subset of the

imported proteins is proteolytically removed [79–81]. At

least in the case of mammalian b-oxidation enzymes, the

intraperoxisomal protease Tysnd1, which itself is a PTS1-

protein, is responsible both for the removal of the leader

peptide from PTS2 proteins as well as for the processing of

PTS1 proteins and controls thereby the proper activity of

these enzymes in b-oxidation [80].

Receptor export back to the cytosol

The PTS-receptors are exported back to the cytosol for

further rounds of matrix protein import. This release is

facilitated by the peroxisomal receptor export machinery.

A central event in this process is the monoubiquitination of

the receptor which depends on the ubiquitin-conjugating

enzyme Pex4p and the presence of the peroxisomal RING-

complex. This modification is thought to prime the receptor

molecule for the recogntion by the AAA-type ATPase

complex, which functions as dislocase by pulling the

receptor from the membrane back to the cytosol. Moreover,

the recent export-driven-import model suggests that the

ATP-dependent export of the receptor is mechanistically

linked to the translocation of the receptor-bound cargo

protein into the matrix. If the monoubiquitination-depen-

dent recycling pathway is impaired, the PTS-receptors

enter a polyubiquitination-dependent alternative pathway

(Fig. 3), which promotes their extraction from the mem-

brane and degradation by the proteasome.

The architecture of the the peroxisomal receptor export

machinery: the exportomer

The cycle of the PTS-receptors and, therefore, the proper

import of matrix proteins rely on the function of each

single constituent of the membrane-bound peroxins as

described above (2.1–2.5). Previous work defined the

composition and characteristics of certain subcomplexes,

like the docking- and the RING-complex [77, 78]. Based

on the fact that both are physically connected by Pex8p in

S. cerevisiae and both are needed for matrix protein

import, the term ‘‘importomer’’ has been defined [77].

However, later studies disclosed that constituents of the

AAA-complex can be co-purified with the importomer,

strongly suggesting that all membrane-associated peroxin

complexes required for matrix protein import are

dynamically interconnected [82, 83]. Taking this into

account, another attempt to define functionally related

subcomplexes could be based on the membrane-associ-

ated steps of the PTS-receptor cycle in general and on the

energy-dependence in particular. The current view is that

the docking of the PTS-receptors at the site of the clas-

sically defined importomer is ATP-independent [84–87].

The RING-complex (Pex2p, Pex10p, Pex12p) as well as

the Ubc-complexes (Pex22p, Pex4p, Ubc4p-family,

UbcH5-family) are integral parts of the ATP-dependent

ubiquitination cascade [88–93] and constitute together

with the AAA-type ATPase complex (Pex1p, Pex6p,

Pex15p, AWP1) [70, 84, 87, 94] the receptor export

machinery, or alternatively, peroxisomal exportomer

(Table 1; Fig. 2).
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The ubiquitin-conjugating enzymes required

for receptor monoubiquitination

Ubiquitination is a post-translational protein modification

that is mediated by a three-step enzyme-cascade and results

in the covalent attachment of ubiquitin to a substrate pro-

tein. The ubiquitin activating enzyme (E1) activates

ubiquitin in an ATP-dependent manner and transfers it then

to an ubiquitin-conjugating enzyme (E2). In the final third

step, a ubiquitin-protein ligase (E3) binds both the ubiq-

uitin-loaded E2 and the substrate, thereby facilitating the

conjugation of the ubiquitin moiety to the target residue of

the substrate protein [95]. In most cases, the e-amino group

of a lysine residue within the target protein is covalently

linked to ubiquitin via a isopeptide bond. However, there

are a few examples where ubiquitin is linked via a peptide

bond to the a-amino group to the N-terminal amino acid, or

via a oxyester bond to a serine or threonine, or even via a

thioester bond to a cysteine [96].

Peroxisomal matrix protein import relies on the

seldom found cysteine-dependent monoubiquitination of

the PTS-receptors Pex5p [93, 97, 98] and Pex18p [71]. The

E2-enzyme that has been demonstrated to catalyze this

modification of Pex5p in S. cerevisiae is Pex4p (Ubc10p)

[91, 93].

Pex4p is a soluble ubiquitin conjugating enzyme that is

essential for the import of both PTS1 and PTS2 proteins

and, therefore, has been the first E2 enzyme shown to be

required for the biogenesis of an organelle [99–102]. It is

anchored to the peroxisomal membrane by Pex22p

[102–104]. A recent crystal structure of the S. cerevisiae

Pex4p–Pex22p complex reveals that the Pex22p-binding

site in Pex4p does not resemble a common substrate-

binding motif and, therefore, it has been suggested that

Pex22p may act as a co-activator of this E2 enzyme [104].

This finding is very similar to the situation of Ubc7p, the

only other known E2-enzyme that has a membrane-anchor.

This soluble E2-enzyme is involved in ERAD and binds to

the membrane-protein Cue1p at the ER [105]. This inter-

action is thought to enhance the activity of Ubc7p [106,

107]. This regulatory feature may insure that Pex4p and

Ubc7p can only exert full activity when they have reached

the location of their physiological substrates.

The current view is that Pex4p monoubiquitinates

membrane-bound Pex5p in order to prime the receptor for

the export reaction [91], thereby enabling further rounds of

matrix protein import. Interestingly, Pex4p and Pex22p are

well conserved in yeast and plants but seemingly are absent

in mammals [24]. Instead, members of the mammalian

E2D family of conjugating enzymes took over the role of

Pex4p [89]. UbcH5a, UbcH5b and UbcH5c catalyze the

monoubiquitination of mammalian Pex5p at the conserved

cysteine and are required for the export of the PTS1-

receptor in an in vitro system [89]. Even though these three

Fig. 3 Ubiquitination cascades at the peroxisomal membrane in

S. cerevisiae. The PTS1-receptor Pex5p is either mono- or polyubiqui-

tinated at the peroxisomal membrane by two different ubiquitination

pathways. For the mono- as well as for the polyubiquitination of

Pex5p the cascades are initiated by the ATP-dependent ubiquitin-

activating enzyme Uba1p (E1). For monoubiquitination of Pex5p

(blue arrows) the activated ubiquitin is transferred to the ubiquitin-

conjugating enzyme Pex4p (E2) and then delivered to Pex5p by

assistance of the RING-ligase Pex12p (E3). The bound ubiquitin leads

to a Pex1p/Pex6p-dependent export of Pex5p. Before starting a new

import cycle, the ubiquitin is removed by the deubiquitinating

enzyme Ubp15p. For polyubiquitination of the receptor (orange
arrows), the activated ubiquitin is transferred to the ubiquitin-

conjugating enzyme Ubc4p (E2) and then attached to Pex5p by the

help of the RING-ligase Pex2p (E3). Also, polyubiquitination

designates the receptor to its Pex1p/Pex6p-dependent export. As the

polyubiquitated Pex5p is degraded by the 26S proteasome, this

cascade is considered to be a part of a quality control system
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UbcH5-proteins carry out an essential function in peroxi-

some biogenesis, their task area is not restricted to this

organelle as they are known to have several other cellular

target proteins apparently not related to peroxisomes s, like

IjBa or p53 [108–110]. It is not yet clear why the mono-

ubiquitination of the PTS1-receptor in evolution has been

attributed to the abundant and promiscuous UbcH5-pro-

teins. However, it might be possible that the physiologic

function of peroxisomes is interconnected to one of the

cellular factors that is controlled by the same E2-enzymes,

which would then allow them to regulate both processes in

a concerted manner.

The peroxisomal RING-ligase complex

Peroxisomal matrix protein import depends on the presence

of the three conserved RING-type ubiquitin-protein ligases

Pex2p, Pex10p and Pex12p, which are involved in the

ubiquitination of the PTS1-receptor Pex5p [88, 90, 92]. A

fourth peroxisomal RING-ligase, TRIM37, has been

reported for mammals [111]. Mutations in TRIM37, whose

substrates are not known, can cause Mulibrey Nanism and

Wilm’s tumor but do not interfere with peroxisomal matrix

protein import [112]. In contrast, functional loss of Pex2p,

Pex10p and Pex12p are the second most common cause of

PBD [17, 113]. Importantly, mammalian Pex2p (formerly

PAF-1) was the first gene that could be linked to PBDs

[114, 115].

In general, E3 enzymes represent an important deter-

minant of substrate specificity of ubiquitination reactions

because they can be regarded as binding platform for the

ubiquitin-charged E2 enzyme and the substrate, thereby

insuring a specific transfer of ubiquitin to the target amino

acid. E3 enzymes can be divided into several classes based

on their structural features and mode of catalysis. Most of

them fall into the two main classes: the HECT-type ligases,

which form a thioester-intermediate with ubiquitin prior to

the transfer to the target protein [116], as well as the RING-

type ligases, that catalyze the direct transfer of ubiquitin

from the E2 enzyme to the target [117]. RING-finger E3

ligases belong to the super-family of Treble-Clef fold

containing proteins. This scaffold structure, whose fold is

stabilized by a Zn2?-ion, is involved in the binding of

interaction partners and can also be found in a wide variety

of proteins outside the ubiquitin system [118]. The typical

RING-finger, which was first described in 1991 [119],

binds two Zn2?-ions through its conserved Cys and His

residues in a unique ‘‘cross-brace’’ arrangement of its

Zn2?-coordination sites [117].

The RING-domains of the peroxisomal integral mem-

brane proteins Pex2p, Pex10p, and Pex12p are located in

their C-termini and are exposed to the cytosol (Fig. 2).

While the RING-domains of Pex2p and Pex10p coordinate

two Zn2?-ions, the RING-motif of Pex12p is degenerated

and binds only a single Zn2?-ion [120]. Interestingly, not

just Pex12p but also several members of the RBR-(RING-

between-RING) family of ubiquitin ligases, e.g., the

Parkin-like Ariadne, contain a RING-domain at their

C-terminus that has a single Zn2?-ion [121].

The RING-peroxins Pex2p, Pex10p and Pex12p form a

distinct complex and stabilize each other in vivo [77, 78].

Based on earlier binary interaction studies [122–125], and

on recent interaction data on all three RING-domains [88],

the RING-peroxins form a trimeric complex. At least S.

cerevisiae Pex10p (RING) functions as central component

and directly binds to Pex2p (RING) and Pex12p (RING)

while bridging the indirect interaction between these two

RING-domains [88]. Possibly due to the reciprocal stabil-

ization, the presence of each RING-peroxin is required for

matrix protein import and ubiquitination of PTS1-receptor

[126–128]. Nevertheless, the heteromeric architecture of

the RING-complex seems to have a direct influence on the

ligase activity of these E3 enzymes as the ubiquitination

activity of the Pex10p/Pex12p RING-domains is enhanced

in presence of Pex4p in vitro [88]. This finding reflects in

vivo data on the role of the E2/E3 pair Pex4p/Pex12p in

monoubiquitination of Pex5p [90]. Likewise, Pex10p

(RING) also stimulates the ligase activity of Pex2p (RING)

and the functional implication thereof will be discussed

below (5).

While most RING-ligases act as a monomer, some uti-

lize non-RING adaptor proteins or function as homo-dimer

or hetero-dimer [117]. Interestingly, there is only one other

example of a trimeric complex of RING-ligases, which is

the polycomb complex [129]. Here, the oncogenic RING-

protein Bmi1 stimulates the ligase activity of Ring1b and

partially Ring1a for ubiquitination of histone H2A, while

Bmi1 also stimulates the Ring1a-dependent ubiquitination

of the topoisomerase Top2a [129–132]. The molecular

mechanism underlying the regulation of heteromeric

RING-complexes still is not fully understood. It has been

reported that the autoubiquitination status of the substrate-

targeting RING-ligase is regulated by the interacting

RING-protein [131, 133–135]. Whether the in vitro

observed autoubiquitination of the peroxisomal RING-

domains also occurs in vivo is not clear [88, 90, 92].

Because Pex10p represents the central component of the

RING-complex, it is interesting to note that it may also

have additional functions that are distinct from Pex2p and

Pex12p. A systematic functional screen of all peroxins in

A. thaliana revealed that only Pex10p has a pleiotropic

growth phenotype [136]. Furthermore, overexpression

experiments of proteins with mutated RING-domain in

wild-type background suggested that A. thaliana Pex10p

but not Pex2p or Pex12p are required for the contact

of peroxisomes to chloroplasts during photorespiration
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[137, 138]. In the filamentous fungus Podospora anserina,

the entire RING-complex, in contrast to Pex5p, Pex7p

and Pex14p, is implicated in the meiotic development

[139–141]. However, whether the involvement of the

RING-complex in meiocyte formation in P. anserina or the

Pex10p-dependent association of peroxisomes with chlo-

roplasts in A. thaliana is due to physical interactions or due

to a putative functional interaction via ubiquitination-

events is not known.

In the case of peroxisomal matrix protein import, dif-

ferent studies link the function of the RING-peroxins to the

export of the PTS-receptors as they find Pex5p [123, 142]

and the PTS2-co-receptor Pex20p [70] to accumulate

inside the peroxisomal lumen in cells with disrupted

RING-complex. Because the Pex4p/UbcH5-dependent

monoubiquitination of Pex5p is reported to be a pre-

requisite for the export of Pex5p [89, 91] and as Pex12p

cooperates with Pex10p in vitro [88] and catalyzes this

Pex4p-dependent modification in vivo [90], the Pex10p/

Pex12p heteromer may represent the active ligase-complex

specificially dedicated to the monoubiquitination-mediated

dislocation of the PTS1-receptor.

The peroxisomal AAA-type ATPases

The monoubiquitinated PTS1-receptor is substrate for the

AAA-complex, which functions as dislocase that exports

Pex5p from the membrane back to the cytosol [84, 87, 91,

94, 98, 143–145]. The peroxisomal AAA-type ATPases

Pex1p and Pex6p are both equally required for peroxisomal

biogenesis and, therefore, have a non-redundant function

[146–150] which depends on the presence of their mem-

brane anchor, Pex15p in yeast and its orthologues Pex26p

in mammalian cells as well as APEM9 in plants [151–155].

A proper assembly of the AAA-complex is important as

disruption of the interaction between human Pex1p and

Pex6p is the most common cause of Zellweger syndrome

[17, 156]. Pex1p (formerly PAS1) was the first peroxin to

be identified and one of the founding members of the

AAA-family [157–159].

AAA-proteins are characterized by a modular architec-

ture. They belong to the class of P-loop NTPases

characterized by conserved motifs for NTP-binding

(Walker A motif) and hydrolysis (Walker B motif) [160].

They are defined by the evolutionary conserved AAA-

domain, which contains the Walker A and B motifs, as well

as other conserved regions like the Second Region of

Homology (SRH) [157, 161, 162]. Pex1p and Pex6p

display two AAA-domains, termed D1 and D2, post-

positioned to the N-terminal domain (NTD) (Fig. 2). They

share this double AAA-domain structure with other AAA-

protein, including Cdc48p (p97/VCP) and Sec18p (NSF)

[163, 164]. However, in the case of the AAA-peroxins the

second AAA-domain is better conserved than the first

[146, 150, 151, 165], whereas for NSF the first is better

conserved that the second AAA-domain, and for Cdc48

both AAA-domains are equally well conserved. The

binding of ATP and its hydrolysis is thought to result in

conformational changes, as shown for p97 [166].

Most AAA-proteins form active oligomers with pre-

dominantly hexameric constitution [167]. The best

analyzed example is p97, for which structural data, based on

X-ray crystal analysis and cryoelectron microscopy [168,

169] provide some insight into the reaction cycle of this

ATPase. However, the knowledge on the structural

arrangement and molecular mechanism of the AAA-per-

oxins Pex1p and Pex6p is still scarce. They are expected to

form a hetero-hexamer, but this has not yet been demon-

strated. Furthermore, there are indications that cytosolic

mammalian Pex1p might form homo-trimers prior to its

interaction with Pex6p at the peroxisome [150]. Based on

the analysis of point-mutations in the Walker A and B

motifs of the AAA-peroxins (Fig. 2), it is clear that distinct

ATP-binding and hydrolysis sites contribute to the assem-

bly [146, 150, 151, 165]. In yeast, ATP-binding and

hydrolysis in Pex6p govern the assembly/disassembly rates

of the Pex6p/Pex15p-complex [151]. The Pex1p–Pex6p

interaction is modulated by ATP-binding in D2 of Pex1p,

while hydrolysis in D2 seems not to be involved [146].

However, ATP-hydrolysis in D2 is essential for the export

of Pex5p [87], suggesting that ATP-hydrolysis in D2 of

Pex1p is specifically required to generate the pulling force

for extraction of Pex5p from the peroxisomal membrane. In

this context, it is interesting to note that the release of the

AAA-peroxins from the membrane might be regulated by

the above described E2-enzyme Pex4p. Pex1p and Pex6p

accumulate at the importomer in Pex4p-deficient yeast

cells, which raises the possibility that the ubiquitin-depen-

dent PTS1-receptor cycle and the dynamic recruitment and

release of the AAA-peroxins are interconnected [83].

As indicated by the acronym AAA (ATPases associated

with diverse cellular activities), several AAA-proteins

carry out different tasks. In general, the common theme for

the mode of action of the AAA-proteins might be that they

act as mechanoenzymes that disassemble protein com-

plexes linked to different cellular functions. An important

example is again Cdc48p (p97/VCP) which is involved in

ERAD, MAD, transcription factor processing, Golgi cis-

ternae rearrangement, chromatin condensation, endosomal

sorting and autophagy [170]. The AAA-peroxins have been

implicated in the fusion of pre-peroxisomal vesicular

structures in yeasts [171, 172] and especially Pex6p seems

to be involved in the suppression of different cell death

mechanisms [173–175]. However, the best understood

function of Pex1p and Pex6p so far is their role in perox-

isomal matrix protein import. The binding and hydrolysis
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of ATP by the AAA-peroxins is believed to induce con-

formational changes that finally generate the driving force

to release the ubiquitinated PTS1-receptor from the per-

oxisomal membrane [84, 87].

However, while there is accumulating evidence that the

purpose of monoubiquitination is to prime Pex5p for AAA-

peroxin mediated export, the direct mechanistic influence

of this modification remains to be investigated. The exact

mechanism of substrate recognition and extraction from the

membrane is not solved. To date, it is not clear if the

ubiquitination alters the conformation of Pex5p and makes

it accessible for a still unproven-direct interaction with the

AAA-peroxins, or alternatively, if the ubiquitin-moiety

itself may bind the AAA-peroxins. In the case of Cdc48p

(p97/VCP), evidence for several mode for recognition of

the ubiquitinated target have been published. This includes

a direct interaction to ubiquitin [176], as well as a simul-

taneous binding to ubiquitin and a non-ubiquitinated part of

the substrate [177]. Furthermore, an indirect interaction of

Cdc48p (p97/VCP) with the ubiquitin-moieties of the tar-

get has been described, which is bridged by ubiquitin-

binding adaptors [178]. It is interesting to note that the

X-ray structure of the N-domain of murine Pex1p displays

a double-w-b-barrel fold [179], which also is present in the

N-domain of p97, where it functions as binding module for

mono- and polyubiquitin [180]. But whether the domain

found in Pex1p carries out such a function still has to be

investigated.

The recent discovery of AWP1 (Associated with PRK1),

a novel adaptor protein of human Pex6p [94] could add to

our understanding of the mechanism of ubiquitin recogni-

tion by the AAA-peroxins. AWP1 has been described

earlier as ubiquitin-binding NF-jB modulator [181].

However, AWP1 is also required for peroxisomal biogen-

esis and is able to interact with both Pex6p as well as with

monoubiquitinated Pex5p [94]. Thus, AWP1 might func-

tion as specific linker, which enables the AAA-peroxins to

transfer their suggested pulling force to the monoubiquiti-

nated receptor molecule thereby driving its export. AWP1

interacts with monoubiquitinated Pex5p via an A20 zinc-

finger domain, which is also found in the GTPase effector

Rabex5 and the deubiquitinating enzymes A20 as well as

Cezanne [182–184].

Deubiquitination of the receptor

The ubiquitin-moiety is removed from the receptor prior to

a new round of matrix protein import. In general, the

cleavage of ubiquitin from a substrate is carried out by

ubiquitin hydrolases, also called deubiquitinating enzymes

[185]. Recently, the hydrolase Ubp15p was identified as a

novel interaction partner of Pex6p in S. cerevisiae [186].

Ubp15p functions as deubiquitinating enzyme acting on

Pex5p, which represents the first characterized target of this

enzyme [186]. Data obtained from a mammalian in vitro

system suggest that the monoubiquitin moiety of Pex5p can

be cleaved in two ways: a non-enzymatic cleavage of the

thioester bond between Pex5p and ubiquitin by a nucleo-

philic attack of glutathione or, as the major pathway,

enzyme-catalyzed by ubiquitin hydrolases [187]. USP9X

has been described as the main ubiquitin hydrolase

responsible for the enzymatic pathway [188]. USP9X is a

cytosolic protein and is not specific for peroxisomal protein

import as it has been linked to other ubiquitin-regulated

events as well, like regulation of the transforming growth

factor beta (TGFb)-pathway [189], the anti apoptotic pro-

tein Mcl1 [190] or the ubiquitin-ligase MARCH7 [191].

USP9X is not an ortholog of Ubp15p. While in the mam-

malian in vitro system the ubiquitin moiety of Pex5p is

removed by the cytosolic USP9X after completed export,

the findings that membrane-associated Ub-Pex5p can be

cleaved by the Pex6p-bound Ubp15p suggests that in yeast

deubiquitination might occur during or shortly after

membrane extraction by the AAA-peroxins [186, 188].

Furthermore, both studies do not exclude the possibility

that additional or redundant ubiquitin hydrolases might

exist.

Functional link between receptor export and cargo

release: the export-driven import model

Early work defined peroxisomal matrix protein import as

an energy-dependent process that requires the hydrolysis of

ATP [192]. Later studies revealed that not the cargo rec-

ognition nor the docking of the receptor to the membrane

but the export of the receptor back to the cytosol represents

the energy-dependent step [86]. In recent years, the com-

bined work of several groups has uncovered the

ubiquitination machinery [89, 91, 97, 98, 187] as well as

the AAA-complex [70, 84, 87, 94] as the ATP-consuming

factors. Thus, energy-consumption, matrix-protein import

and PTS-receptor export merge at the exportomer.

In principle, the protein composition of the peroxisomal

receptor export machinery is evolutionary related to the

proteins of the endoplasmic reticulum associated degrada-

tion (ERAD) machinery [193, 194]. ERAD represents a

mechanism by which misfolded proteins are polyubiquiti-

nated and extracted from the ER for their subsequent

degradation by the proteasome in the cytosol [195]. A

similar quality control system has been described for pro-

teins of the outer mitochondrial membrane, called

mitochondria associated degradation (MAD) [196]. A

mechanistic parallel can be drawn between the ERAD- and

MAD-substrates and the membrane-bound PTS-receptors,

because all are extracted by mechanoenzymes of the
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AAA-type ATPase family in an ubiquitination-dependent

reaction [197].

A recent model proposes a tight interconnection of

ERAD-like receptor export to the cytosol and matrix pro-

tein import across the peroxisomal membrane [197]. This

export-driven import model is supported by the fact that the

presence of a functional receptor export complex is a

prerequisite for the import of matrix proteins into peroxi-

somes. This mode of protein translocation requires ATP for

the ubiquitin- and AAA-driven extraction of the receptor

from the import pore and might be mechanically coupled to

the movement and translocation of the cargo across the

membrane. Two conclusions can be drawn from this model

which could explain the import defects seen in mutants of

the exportomer. First, the binding capacity for functional

PTS-receptors at the peroxisomal membrane is limited.

Indeed, attenuation of receptor export by functional

impairment of the export machinery results in an accu-

mulation of PTS-receptors at the membrane [70, 128] and

would prevent the docking of newly-formed receptor-cargo

complexes arriving from the cytosol. Data from experi-

ments designed to address this question originate from

work in A. thaliana [198]. The physiologic defects of

mutated and only insufficiently active Pex6p were partially

restored when combined with a weakly expressed allele of

the docking protein Pex13p [198]. This fosters the

assumption that PTS-receptor import and export rates have

to be balanced to a certain level.

Second, this model concerns the question whether the

export of the receptor and the release of the cargo might be

mechanistically linked. Recent work on the ubiquitination

of the PTS2-co-receptor Pex18p in S. cerevisiae provided

first direct evidence for this model [71]. Cysteine-depen-

dent monoubiquitination of Pex18p was found to be a

prerequisite for the import of Pex7p into peroxisomes.

Protease-protection assays demonstrated that Pex7p is

partially protease-protected in wild-type cells, while

Pex18p is accessable. This topology is reversed when the

conserved cysteine of Pex18p is mutated or the

AAA-peroxins are deleted [71], strongly indicating that

monoubiquitination of Pex18p as well as AAA-complex

activity trigger the import of cargo-loaded Pex7p. This

mechanism would imply that cargo translocation into the

matrix is also ATP-dependent. A CHO-cell based in vitro

system supports the idea that cargo translocation requires

ATP-hydrolysis [85], however, another study with a rat

liver based in vitro system suggests that cargo release may

occur independently of ATP and therefore presumably

before the ubiquitination step [199]. In conclusion, the

ATP-consuming receptor export machinery is thought to

function as import motor for matrix proteins, either indi-

rectly via balanced receptor import/export rates or directly

via a linkage of cargo translocation with receptor export.

Receptor polyubiquitination: quality control

and RADAR pathway

Alternatively to monoubiquitination on the conserved

cysteine residue, the import receptors can be modified by

the attachment of polyubiquitin chains on lysine residues,

resulting in proteasomal degradation. In S. cerevisiae,

polyubiquitinated Pex5p acculumates at the peroxisomal

membrane when constituents of the Pex4p- or AAA-com-

plexes are deleted [126–128]. This modification is mainly

catalyzed by Ubc4p in conjunction with the partial redun-

dant Ubc5p and Ubc1p [126–128]. These E2 enzymes also

take part in diverse other cellular processes and share a

high sequence similarity [200, 201]. Both Pex2p [90] and

Pex10p [92] have been implicated as E3 enzymes for the

generation of K48-linked polyubiquitin chains [126, 128]

on Pex5p. Because receptor polyubiquitination predomi-

nantly takes place when the export machinery is affected in

its function, the purpose of this modification is to remove

the receptor from the peroxisomal membrane when the

regular dislocation reaction is blocked. Site-directed

mutagenesis of the conserved target lysine residues for

polyubiquitination does not result in a growth defect of

S. cerevisiae Pex5p on oleate medium [91, 93], and, there-

fore, the polyubiquitination of Pex5p is likely to represent a

quality control pathway. However, mechanistically, poly-

ubiquitination of Pex5p can be regarded as an alternative

export signal. In vitro export assays demonstrated that a

fraction of Pex5p can still be exported in a Pex4p-deficient

system and that this residual export was strictly dependent

on the presence of the two conserved lysine residues [91].

Moreover, in vivo evidence for the function of the poly-

ubiquitination as alternative export signal comes from

studies in P. pastoris Pex20p [202]. Mutation of the con-

served cysteine induces polyubiquitination of Pex20p but

still retains a partial functional receptor molecule which

displays partial complementation in growth tests. However,

only in the situation when the non-essential lysine residues

are mutated in addition to the cysteine, the receptor com-

pletely looses its functionality. This result indicates that

enhanced degradation of Pex20p can restore the protein

import to a certain extent because the receptors are

removed fast enough to allow the docking of further cargo-

bound receptors. This mechanism has been described as

RADAR (receptor accumulation and degradation the

absence of recycling) [30, 70] in order to distinguish it

from non-essential quality control. However, it should be

noted that the mutation of the conserved cysteine of

S. cerevisiae Pex5p and Pex18p alone is already sufficient

to inhibit the function of these receptors completely [71, 93]

in vivo and the export of mammalian Pex5p in vitro

[97, 98, 203]. The latter might be explained by the

assumption that the factors required for polyubiquitination
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could be too diluted in the in mammalian in vitro systems.

It is interesting to note that the degradation of Pex5p in

vivo apparently occurs much slower in S. cerevisiae than in

P. pastoris and most of the tested species [100, 102, 142,

204, 205]. Thus, the instability of Pex5p observed in most

species is most likely due to rapid degradtion via

K48-linked polyubiquitination as described for the PTS1-

receptor of H. polymorpha [206] and Pex20p in P. pastoris

[70].

A possible additional function of the peroxisomal ubiq-

uitination machinery is suggested by data from A. thaliana,

indicating a potential role of the Ubc- and AAA-complex as

regulator of matrix protein composition [102, 207]. Leaf

peroxisomes undergo a partial remodeling of their enzyme

content when photosynthesis is initiated. Isocitrate lyase is

an enzyme that is active early in development and is usually

is not anymore present in green leaf peroxisomes. This

protein remains stable in peroxisomes in the absence of

members of the Ubc- and AAA-complex indicating that

these complexes may be important during the remodeling of

peroxisome matrix content. However, these studies were

solely based on protein stability and did not monitor a

possible ubiquitination of the potential substrates.

Thus, while there might be potentially additional species-

specific functions for the peroxisomal polyubiquitination

machinery, the best studied function is the removal of the

PTS-receptors when the monoubiquitination-dependent

recycling pathway is blocked.

Conclusions and open questions concerning the export

mechanism and the role of the cysteine-ubiquitination

The monoubiquitination of the PTS-receptor is a central

event during peroxisomal matrix protein import. From this

perspective, the components of the exportomer can be

divided into the upstream factors of the E2- and E3-enzyme

complexes on the one hand and the downstream factors of

the AAA-complex and deubiquitinating enzymes (DUBs)

on the other hand. These conclusions are mainly based

on research on the PTS1-receptor Pex5p from different

species, for which the ubiquitination cascade and

AAA-mediated dislocation has been characterized. These

studies define the AAA-complex as ubiquitin-dependent

dislocase for the modified PTS-receptors [145].

The comparison to the structural, functional and evolu-

tionary related Cdc48p (p97/VCP) has been of great

importance to clarify of the functional role of the AAA-

peroxins. However, it is important to investigate the fact

that Pex1p and Pex6p, unlike p97, form a heteromer. This

may disclose the functional differences of the non-redun-

dant Pex1p and Pex6p, which might be related to ATP-

dependent structural changes or the ubiquitin-dependent

recognition of the PTS-receptors. A special focus will be

on the mode of ubiquitin binding, especially whether

orthologs of the adaptor AWP1 also exist in other species

or whether alternative mechanisms are realized, like e.g.,

direct binding by either Pex1p, Pex6p or both.

The role of the exportomer in the cycling of receptors in

the PTS2-pathway has not yet been studied in great detail.

However, The membrane topology of the co-receptor

Pex18p [71] as well as the distribution between peroxisome

and cytosol of the orthologous co-receptor Pex20p

[70, 202] depend on the AAA-peroxins. The finding that

Pex18p [71, 208] is constitutively instable and polyubiq-

uitinated, while its corresponding receptor and binding

partner Pex7p is stable and does not appear to be ubiqui-

tinated at all deserves further attention. Furthermore, it was

not until recently that the cysteine-dependent monoubiq-

uitinated form of Pex18p has been identified [71]. Because

the conserved cysteine of Pex20p is important for its

recycling [202], it can be anticipated that Pex20p might be

monoubiquitinated as well. However, it will be important

to elucidate if the same combination of E2 and E3 enzymes

that is acting on Pex5p is also responsible for the poly- and

monoubiquitination of the PTS2-co-receptors. Apart from

the export mechanism, it will be a significant advance to

clarify if the PTS2-receptor complex forms a PTS2-selec-

tive import pore.

Finally, one of the most intriguing questions concerns

the fact that Pex5p and Pex18p are modified on a cysteine

via a thioester bond and not by a more common isopeptide

bond to a lysine. First evidence that ubiquitin can be

attached to cysteine, serine or threonine residues came

from studies of viral MARCH (Membrane-associated

RING-CH) E3 ligases [209, 210]. These ligases polyubiq-

uitinate cellular MHC I (major histocompatibility complex

I) molecules, which results in their degradation with the

consequence that the infected cell is not recognized by the

immune system [211]. Recent data demonstrate that non-

conventional ubiquitination plays also a role in cellular

processes like ERAD, where unassembled TCRa and non-

secreted NS-1 light chain are polyubiquitinated and

degraded [212, 213]. The specific determinants of these

non-lysine ubiquitination reactions are not known to date

[96]. The E2 and E3 enzymes involved in the described

examples, like e.g., the viral mK3 or the ERAD-ligase

HRD1 [209, 213], are not restricted to this kind of modi-

fication because they can also ubiquitinate lysine residues.

The modification depends on the position of the corre-

sponding amino acid within the target protein [214]. This is

also true for the PTS-receptors, because the cysteine of

mammalian Pex5p [187, 188] and P. pastoris Pex20p [202]

can be replaced by a lysine, resulting in a still largely

functional protein. Thus, although highly conserved

in evolution, the cysteine-dependent thioester-bond to
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ubiquitin is not essential for the basic export mechanisms

and therefore may represent a central regulatory device.

However, until now it is not clear if the same ubiquitination

machinery targets the cysteine-to-lysine mutant and if this

protein is efficiently recycled after it has been exported or

if it is a substrate for a RADAR-related pathway.

There are several different hypotheses that could func-

tion as working models to solve the function of the

cysteine. (1) The first idea is related to the fact that certain

E3 enzymes, like HECT-type ligases [116] or the RBR-

type ligases [215], form a ubiquitin-thioester intermediate

on a cysteine before this ubiquitin molecule is finally

transferred to the substrate. Pex5p is supposed to form

oligomers at the membrane in the context of the transient

import pore [62], which have to be rapidly disassembled

after the cargo import process because the cytosolic form

of Pex5p is a monomer. One hypothesis could be that not

only Pex12p/Pex10p may modifiy the receptor but that also

Pex5p itself could catalyze an intra-oligomeric ubiquitin-

transfer in a relay-like system in order to accelerate the

decomposition of the pore. Eventhough this idea seems

highly speculative at this moment, there is an example of

an intra-molecular ubiquitin-transfer, which has been

described for the E2 enzyme E2-230K [216]. Here, the

ubiquitination activity requires the intra-molecular transfer

from the first cysteine to a second cysteine of E2-230K

before the ubiquitin is delivered to the target protein, a

process which the authors call a thiol-relay. (2) Another

idea is based on the fact that thioester bonds are more

instable than isopeptide bonds. This opens the posibility

that the duration of the ubiquitin-moiety staying attached

to the PTS-receptor might be shortened in order to pre-

vent formation of a polyubiquitin chain or recognition by

proteasomal adaptors. However, while the cysteine-ubiq-

uitination of the mentioned examples of target proteins,

like e.g., MHC I, elicits a faster degradation of the target,

the thioester-based modification of Pex5p and Pex18p

seems to prevent proteolysis. The rapid non-enzymatic

disruption of the thioester bond of Ub-Pex5p in a mam-

malian in vitro system supports the assumption that the

labile monoubiquitination protects the receptors for poly-

ubiquitination [187, 217]. 3) Another possibility is based

on the recent work on the control of the redoxbalance of

peroxisomes [218], which adds to the previously described

contribution of peroxisomes to the cellular reactive oxygen

species levels [219]. In this context, it is considered that the

cysteine residue of Pex5p required for monoubiquitination

might be accessable for redox-changes, which might

directly influence the availability of the residue for ubiq-

uitination [220]. This redox-modification might regulate

the fine-tuning of matrix protein import by controlling the

import/export rates of the PTS1-receptor.

Certainly, many open questions remain to be answered

concerning the matrix protein import into peroxisomes. In

recent years, enough evidence regarding the ATP-depen-

dent late stages of the receptor cycle has been collected

from several groups and organisms to define the concept

the exportomer. The understanding of the late acting per-

oxins as concerted acting components of the exportomer

will be instrumental to define experimental concepts ded-

icated to tackle the molecular mechanism underlying

peroxisomal protein import and therefore approach the

central function of peroxisomes in health and disease.
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Sickmann A, Meyer HE, Girzalsky W, Kunau WH (2003)

Pex8p. An intraperoxisomal organizer of the peroxisomal import

machinery. Mol Cell 11(3):635–646

78. Hazra PP, Suriapranata I, Snyder WB, Subramani S (2002)

Peroxisome remnants in pex3delta cells and the requirement of

Pex3p for interactions between the peroxisomal docking and

translocation subcomplexes. Traffic 3(8):560–574

79. Kurochkin IV, Mizuno Y, Konagaya A, Sakaki Y, Schönbach C,
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