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Abstract. The peroxisomal protein import machinery
displays remarkable properties. Be it its capacity to
accept already folded proteins as substrates, its com-
plex architecture or its energetics, almost every aspect
of this machinery seems unique. The list of unusual
properties is still growing as shown by the recent
finding that one of its central components, Pex5p, is
transiently monoubiquitinated at a cysteine residue.

However, the data gathered in recent years also
suggest that the peroxisomal import machinery is not
that exclusive and similarities with p97/Cdc48-medi-
ated processes and with multisubunit RING-E3
ligases are starting to emerge. Here, we discuss these
data trying to distill the principles by which this
complex machinery operates.
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translocation.

The peroxisomal import machinery and its
architecture

Peroxisomes are single membrane organelles in-
volved in several metabolic pathways [1] . The
importance of this organelle in human health and
development is underlined by a group of genetic
diseases, the so-called peroxisomal biogenesis disor-
ders, in which peroxisomal functions are partially or
even completely compromised [2, 3]. These diseases
are caused by mutations in genes encoding the
peroxins, proteins specifically required for perox-

isome maintenance and inheritance [4] . From the 16
peroxins presently known in mammals, 10 are
involved in sorting newly synthesized peroxisomal
proteins into the matrix of the organelle [2, 3]. In
addition to these 10 peroxins, at least three other
proteins are also required for this protein sorting
pathway: an ubiquitin-activating enzyme (E1), an
ubiquitin-conjugating enzyme (E2) and ubiquitin.
The mammalian peroxisomal import machinery
(PIM) is schematically presented in Fig. 1. Most of
its components are organized into two functional/
structural modules: the docking/translocation mem-
brane protein complex (DTM) comprising Pex13p,
Pex14p and the RING peroxins Pex2p, Pex10p and
Pex12p, and a receptor export module containing* Corresponding author.
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Pex26p and the AAA peroxins, Pex1p and Pex6p
(see [5] and references cited therein, [6]).
The same basic design is found in all organisms
characterized up to now, from yeasts to plants (see Fig.
1). Paradoxically, however, the architecture of the
PIM becomes slightly more complex as one goes down
the phylogenetic tree. At least two different mecha-
nisms seem to have been used during evolution to
simplify the PIM: in one, a peroxin (mammalian/plant
Pex5p) was (re)designed so that it can perform two
tasks instead of one; in another, two peroxins were
simply lost (the yeasts/plants ubiquitin-conjugating
enzyme Pex4p and its membrane anchor Pex22p) and
substituted by proteins involved in many other cellular
processes (see below).
A crucial property of the PIM is that the receptors
Pex5p and Pex7p display a dual subcellular local-
ization in vivo, cytosolic and peroxisomal [7, 8]. This
finding provided the basis for the widely accepted
receptor cycling model which proposes that after
synthesis in cytosolic ribosomes peroxisomal matrix
proteins are transported to the organelle by shuttling
receptors [7, 8].
Besides its complexity, another striking property of
the PIM is its capacity to accept folded, even
oligomeric proteins as substrates [9– 11]. We are still
lacking many of the molecular details required to fully
explain this process but the data gathered in recent
years provide a reasonably good perspective on the
basic aspects.

Peroxisomal matrix proteins and their receptors

Peroxisomal matrix proteins may be classified accord-
ing to the type of peroxisomal targeting sequence
(PTS) they possess. Most matrix proteins contain a
PTS1, a tripeptide with the sequence SKL or similar
present at their extreme C-terminus, which is recog-
nized by Pex5p [12 – 14]. A small number of matrix
proteins contain instead a PTS2. This is a degenerated
nonapeptide generally present close to the N-termini
of these proteins. PTS2-containing proteins are rec-
ognized by Pex7p [15 – 17]. Finally, some proteins lack
canonical PTSs. The targeting sequences in these non-
PTS1/2 proteins remain largely unknown but in
documented cases, it was shown that these proteins
are also targeted to the peroxisome by Pex5p (re-
viewed in [18]).
In contrast to Pex5p, which interacts productively with
the DTM in an autonomous way, Pex7p needs the help
of additional soluble peroxins to accomplish its
function. In many lower eukaryotes this help comes
from Pex20p (in most yeasts and fungi) [19, 20] or
Pex18p and Pex21p (e.g., in Saccharomyces cerevisiae)

[21, 22]. Besides possessing a Pex7p-binding domain,
these three peroxins share many structural/functional
features with the N-terminal half of Pex5p, the region
mediating the interaction of Pex5p with the DTM
([23 – 25]; see below). Mammals, plants and many
other organisms lack these Pex5p-like peroxins [26,
27] and use Pex5p itself to target Pex7p-PTS2 cargo
protein complexes to the peroxisome [28, 29]. All
these organisms produce Pex5p proteins equipped
with the Pex7p-binding domain, a domain that is not
present in Pex5p from most yeasts/fungi [23, 25, 28,
29]. Thus, in mammals and plants both the PTS1 and
PTS2 import pathways require Pex5p, whereas in most
yeasts/fungi, Pex5p transports PTS1 proteins and
Pex5p-like peroxins transport PTS2-containing pro-
teins.
Presently, not much is known regarding the Pex7p-
PTS2 interaction. In contrast, the Pex5p-cargo pro-
tein interaction is relatively well characterized.
Extensive biochemical and structural analyses have
mapped the PTS1-binding activity of Pex5p to its C-
terminal half, a region comprising 6 TPR domains
arranged into a ring-like structure [30 – 33]. In
addition, a growing number of observations indicate
that also the N-terminal half of Pex5p has an
important role in cargo-binding. In fact, this domain
alone is sufficient to target several peroxisomal
proteins into the matrix of the organelle. Known
examples are the PTS2-containing proteins that bind
to this region of mammalian Pex5p via Pex7p [23],
many of the so-called non-PTS1/2 proteins [34 – 36]
and some PTS1-containing proteins [34, 37, 38].
Catalase, a prominent peroxisomal matrix protein,
was recently added to the list of proteins interacting
with the N-terminal half of Pex5p [39]. The picture
that starts to emerge from all these data is that cargo
proteins are presented to the DTM partially enfolded
by the N-terminal half of Pex5p, a feature that may
have major mechanistic implications (see below).
Interestingly, a biochemical and biophysical charac-
terization of this domain of Pex5p revealed the
absence of calorimetry-measurable globularity, a low
content of secondary structure, abnormal hydrody-
namic parameters, a high sensitivity to proteolysis
and insensitivity to heat treatment [40]. Thus, the N-
terminal half of Pex5p is a natively unfolded domain.
These same data also provided the molecular basis to
explain why Pex5p, a monomeric protein in solution
[41], displays such a high Stokes radius. Despite these
observations we note that some researchers still
assume that Pex5p is a globular protein and have
even proposed that this peroxin is a homotetrameric
protein [42]. The only piece of evidence that has been
used to support this idea comes from electron
microscopy analysis of negatively stained recombi-
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nant Pex5p, which revealed square-shaped particles
with a diameter of 11.5 – 13.4 nm [42]. Unfortunately,
besides the fact that one of the dimensions of these
particles had to be guessed so that their volume/mass
could be estimated, no data were provided confirm-

ing that the observed particles are indeed Pex5p
molecules and not Escherichia coli contaminants.
The lack of a correlation between the conclusions
drawn by those authors and the biophysical proper-
ties of Pex5p, together with the fact that protein

Figure 1. Components of the peroxisomal import machinery (PIM). The subcellular localization as well as the main structural features of
the PIM components are listed. Peroxins absent in mammals are depicted in gray. Pex5p and Pex7p are the receptors for PTS1- and PTS2-
containing proteins, respectively. In mammals and plants (M/P), Pex5p also escorts the Pex7p-PTS2 protein complex to the organelle. In
yeasts and fungi (Y/F), this co-receptor role is played, not by Pex5p, but rather by the Pex5p-like peroxins Pex18/20/21p. The docking/
translocation module comprises mostly transmembrane proteins. Evidence for the existence of this protein complex in mammals and yeast
has been provided [83, 84]. Pex8p and Pex17p have been found only in lower eukaryotes [26, 27]. The first two reactions of the ubiquitin-
conjugating cascade involved in the peroxisomal protein import pathway are shown. Note that in mammals the E2 component is a cytosolic
protein whereas in plants, yeasts and fungi the E2 Pex4p is bound to the organelle membrane via Pex22p. The identity of the final
component of this cascade, i.e., the ubiquitin-ligase, remains speculative (see text for details). The receptor export module comprises Pex1p
and Pex6p, two peroxins highly conserved in all peroxisome-containing organisms, and one intrinsic membrane protein [6, 70]. This
membrane protein is known as Pex26p in mammals and other organisms and Pex15p in some yeasts due to the fact that they are unrelated at
the primary structure level [26]. The plant functional counterpart of Pex26p/Pex15p is presently unknown [85]. NUD – natively unfolded
domain; TPRs – tetratricopeptide repeats; WD – tryptophane, aspartate repeats; RING – really interesting new gene zinc finger; SH3 – Src
homology 3 domain; AAA – ATPases associated with diverse cellular activities.
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adsorption to electron microscopy grids is not an
unbiased process, makes this last possibility a major
concern.

How the PIM works

After assembly of the Pex5p-cargo protein complex in
the cytosol, the two next steps in the peroxisomal
protein import pathway are 1) docking of the complex
at the peroxisomal membrane and 2) translocation of
the cargo protein across the organelle membrane. It is
generally accepted that Pex13p and Pex14p, two
intrinsic peroxisomal membrane proteins, are both
crucial for these two steps, although their exact roles
are still a matter of some speculation [43, 44]. In
agreement with this perspective, the N-terminal half
of Pex5p possesses several Pex14p-interacting sites,
the so-called diaromatic motifs [45, 46], and a Pex13p-
binding domain [47, 48]. Importantly, neither Pex13p
nor Pex14p have the capacity to bind peroxisomal
matrix proteins [49] suggesting that Pex5p does not
just deliver its cargoes to these transmembrane
peroxins and returns to the cytosol. Actually, during
its transient passage through the peroxisomal mem-
brane, mammalian Pex5p itself acquires a transmem-
brane topology, exposing a small N-terminal domain
into the cytosol while the bulky part of its polypeptide
chain becomes exposed into the matrix of the organ-
elle [50, 51]. Data compatible with a transient
exposure of Pex5p to the peroxisomal matrix have
also been obtained in vivo [52]. Furthermore, the N-
terminal region of Pex14p, the domain that interacts
with the diaromatic motifs of Pex5p [45, 47], is either
deeply embedded in the peroxisomal membrane or
even exposed to the peroxisomal matrix [53, 54]
suggesting that at least the diaromatic motifs of Pex5p
acquire a similar membrane topology during the
protein transport cycle. Finally, data from in vitro
import experiments have shown that cargo protein-
dependent insertion of mammalian Pex5p into the
peroxisomal membrane does not require ATP hydrol-
ysis [55]. Thus, it seems unlikely that cargo proteins
are pulled or pushed across the peroxisomal mem-
brane by ATP-dependent chaperones. Altogether
these data point to a model in which Pex5p-bound
cargo proteins are translocated across the organelle
membrane by Pex5p itself, as the N-terminal half of
the receptor establishes protein-protein interactions
with the DTM components [56]. It is noteworthy that
under some conditions (e.g., in the absence of ATP)
these interactions are essentially irreversible [55, 57].
Following the membrane insertion step, Pex5p returns
to the cytosol in an ATP-dependent process [50, 55].
Some of the details of this process have been

uncovered very recently. First, Pex5p has to be
monoubiquitinated at a conserved cysteine residue
[58]. Deletion of a 17 amino acid domain containing
this cysteine, its alkylation or its substitution by a
serine results in Pex5p proteins still functional in the
docking and membrane insertion steps but incompe-
tent in the ubiquitination/export process [57– 59]. The
E2 participating in this reaction is Pex4p in yeasts and
probably also in fungi and plants [60– 63]. Pex4p is
bound to the peroxisomal membrane through Pex22p,
an intrinsic membrane protein. Mammals lack Pex4p
and Pex22p [26, 27] and data suggesting that cytosolic
E2D1/2/3 (UbcH5a/b/c) are used instead for this
purpose have been provided [64]. It is still unclear why
some organisms have a specialized peroxisomal E2
apparently dedicated to this reaction. One plausible
explanation is that a reduction in the dimensionality of
the ubiquitin-conjugating cascade of these organisms
might provide a kinetic advantage, a property that
could be important during the drastic peroxisomal
proliferation phenomena that occur in some of these
organisms [65].
Questions still remain regarding which of the three
RING peroxins catalyze ubiquitination of the Pex5p
cysteine residue. A good candidate is Pex10p as the
yeast protein was shown to interact with Pex4p in vivo
[66]. However, in the absence of direct experimental
evidence other possibilities remain feasible. The
important question that has to be solved is why are
there three potential E3s at the DTM? One attractive
possibility is that some of these RING peroxins are
components of a quality-control machinery acting on
defective Pex5p-cargo protein complexes trapped at
different steps of the protein translocation process.
Strong evidence supporting the existence of such
machinery in yeast is already available [67, 68].
After monoubiquitination, Pex5p is ready for the
export step. Extraction of Pex5p from the DTM back
into the cytosol is catalyzed by Pex1p and Pex6p [69,
70]. These peroxins are members of the AAA family
of proteins, a group of mechanoenzymes that couple
the energy of ATP hydrolysis to the disruption/
remodeling of protein-protein interactions (reviewed
in [71]). Finally, the ubiquitin moiety of the ubiquitin-
Pex5p conjugate is removed. Interestingly, using an in
vitro system recapitulating all the steps of the Pex5p-
mediated protein import pathway [50, 58], we have
recently observed that the thiolester bond of this
conjugate is destroyed by two different mechanisms,
one of enzymatic nature and the other by simple
nucleophilic attack by glutathione (unpublished ob-
servations).
A working model for the Pex5p-mediated protein
import pathway is presented in Fig. 2. The model
inherits many aspects of one presented a few years ago
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including some of its questions ([56]; see legend to Fig.
2). However, besides the increase in detail necessary
to accommodate all the recent ubiquitin-related data,
this new model takes into account the role of the N-
terminal half of Pex5p in cargo protein interactions
and thus, it proposes that cargo proteins are pushed
across the peroxisomal membrane because they are
enfolded by the Pex5p N-terminal domains that
interact with the DTM components. As shown for
other natively unfolded proteins [72], it is possible that
these protein-protein interactions involve new princi-
ples with different cargo proteins interacting with
different sub-domains/structures of Pex5p N-terminal
half. Even an artificial PTS1-containing protein (e.g.,
GFP-based reporter protein) should be transiently
enfolded by the N-terminal half of Pex5p because the
high affinity interaction between its PTS1 and the C-
terminal half of Pex5p will increase the effective
concentration of the artificial protein to the millimolar
range.

Another new aspect of this model regards the
polymeric state of Pex5p. In contrast to former
perspectives that assumed that Pex5p is a homo-
oligomeric protein [49, 73] , we now know that Pex5p
is monomeric in solution [40, 41] and thus, this
feature is explicitly included in the model. We
extend this property also to the steps occurring at
the peroxisomal membrane based mainly in con-
ceptual arguments. Pex5p is an extremely hydro-
philic protein and although there are some data
suggesting that Pex5p interacts with artificial lipid
bilayers, particularly at low ionic strengths ([74] ;
unpublished data), proof that it becomes inserted
into these membranes adopting a transmembrane
topology has never been provided. Therefore, mod-
els proposing that Pex5p oligomerizes within the
peroxisomal membrane to provide the channel for
protein translocation [73] would require another,
even larger, channel to accommodate the hypo-
thetical Pex5p oligomers. Furthermore, it is unclear
how a Pex5p oligomer would be formed around a

Figure 2. The monomeric translocator model. Pex5p, the translocator, is represented as a hand with flexible fingers. In this
anthropocentric representation the hand palm corresponds to the structured C-terminal half of Pex5p; the fingers correspond to its
natively unfolded N-terminal half. One of the fingers is the N-terminal domain containing the conserved cysteine residue. There are five
major stages in the Pex5p-mediated import pathway (numbered 0 – 4). Substages (“a” and “b”) have not been addressed experimentally
yet and are of conceptual nature. Stage 0 – cargo-free soluble Pex5p; Stage 1 – cytosol-exposed Pex5p-cargo protein complex; Stage 2 –
Pex5p inserted into the DTM exposing the majority of its mass to the matrix of the organelle and 2 kDa of its N terminus to the cytosol
(as determined by protease protection assays; [50]) ; Stage 3 – DTM-embedded monoubiquitinated Pex5p; Stage 4 – monoubiquiti-
nated Pex5p extracted from the DTM in an ATP-dependent process [58] . Regeneration of stage 0 from stage 4 – Pex5p is promoted by
nucleophiles (e.g. , glutathione; GSH) and by the action of deubiquitinating enzymes (DUBs). The step at which Pex5p releases its
cargoes is unknown but it might occur at the stage 3/stage 4 transition, simply because a fraction of the energy necessary to extract Pex5p
from the peroxisomal membrane could also be channeled into the disruption of the Pex5p-cargo protein interaction. There are some
data suggesting that the peroxisomal target domain of Pex5p is activated in the stage 0/stage 1 transition [59, 86]. Generation of stage 2
is cargo protein-dependent [86] . Some experimental strategies/reagents blocking specific steps of this pathway are also indicated.
Transition of stage 2 into stage 3 Pex5p is blocked at low temperatures [57]. The substitution of the conserved cysteine by a serine at
position 11 of human Pex5p (C11S) has the same outcome [59]. Monoubiquitination of stage 2 Pex5p using recombinant Glutathione S-
transferase fused to ubiquitin (GST-Ub) blocks the stage 3/stage 4 transition [58]. ATPgS, a non-hydrolizable ATP analog, blocks the
dislocation of monoubiquitinated Pex5p into the cytosol [50, 58]. CP – cargo protein; DTM – docking/translocation module; REM –
receptor export module; Ub – ubiquitin.
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monomeric cargo protein containing only one PTS1
[75, 76] . Thus, a transient, flexible and dynamic
channel comprising Pex13p and/or Pex14p in which
a cargo-loaded monomeric Pex5p molecule becomes
inserted might be sufficient to do the job.
It is obvious that there are many fundamental aspects
still waiting for an answer and some points that remain
speculative and controversial. However, by proposing
the Pex5p domains that are used for the docking/
translocation steps do so while interacting with and
enfolding the cargo protein, this hypothetical mech-
anism provides a basis to explain why Pex5p has to be
extracted from the DTM after each protein transport
event.

Final conclusions and perspectives

The PIM provides a remarkable example of how a
complicated function, i.e., protein translocation
across a biological membrane, can be accomplished
by the simple assembly of a protein complex. No
energy input is necessary. It is the association of the
Pex5p-cargo protein complex with components of the
DTM that provides the driving force for the trans-
location step. ATP hydrolysis is necessary only at later
steps, when Pex5p is extracted from the DTM thus
resetting the protein import system.
But besides constituting the key to protein trans-
location across the peroxisomal membrane, insertion
of the Pex5p-cargo protein complex into the DTM
also has another outcome: it places the conserved
cysteine of Pex5p near the E3 (be it Pex10p and/or
other RING peroxin) that will catalyze its ubiquiti-
nation. Importantly, although this E3 is exposed to the
cytosolic side of the peroxisomal membrane as are all
the components of the ubiquitin-conjugating cascade,
it acts only on Pex5p molecules that are already at the
DTM [56]. Thus, this PIM module resembles a
multisubunit RING E3 ligase, in which substrate
recruitment is promoted not by the ligase itself but
rather by other subunits of the complex (reviewed in
[77]).
The aim of the Pex5p ubiquitination step is to provide
the correct substrate for the receptor export module.
We still do not know the molecular details of the
recognition and dislocation steps carried out by
Pex1p/Pex6p. However, it is already apparent that
there is a marked parallelism between the mecha-
nism used by these peroxins and the one used by p97/
Cdc48, another member of the AAA family. Indeed,
remodeling of protein complexes by p97/Cdc48 also
involves ubiquitination of its substrates so that p97/
Cdc48 can directly or indirectly bind them (reviewed
in [78]).

Finally, the PIM is also remarkable in the type of
ubiquitination it uses to mark Pex5p for the export
step. One ubiquitin molecule is linked to a cysteine of
Pex5p, yielding a thiolester conjugate. When exposed,
thiolester bonds are quite sensitive to physiologically
relevant nucleophiles (e.g., GSH; [79]) and this is the
case for the ubiquitin-Pex5p conjugate generated in in
vitro experiments (unpublished observations). Thus,
at least a fraction of this conjugate is probably
destroyed in vivo by simple nucleophilic attack carried
out by glutathione. It is tempting to speculate that it is
precisely because of its lability that a thiolester bond is
used in this ubiquitination event. Although a mono-
ubiquitin is generally not considered a proteasomal
degradation signal the probability of acting as such
may not be zero either. Indeed, in addition to the
extreme example provided by the ubiquitin-fusion
degradation pathway, in which ubiquitin-fusion pro-
teins containing a non-removable ubiquitin moiety
are rapidly polyubiquitinated and degraded in vivo
[80], it has been shown that for some proteins
monoubiquitination is a preamble for polyubiquitina-
tion and subsequent proteasomal degradation [81,
82]. In such a scenario, even a small degradation
probability (e.g., due to the rapid hydrolysis of the Ub-
Pex5p conjugate by deubiquitinating enzymes) could
have a dramatic effect on the half-life of Pex5p. For
instance, if the probability of newly synthesized
monoubiquitin-Pex5p conjugates being polyubiquiti-
nated and degraded at the proteasome were 0.01, only
about one third of the peroxin would remain after 100
protein transport cycles. Thus, any additional mecha-
nism leading to deubiquitination of Pex5p could
rescue a considerable fraction of the protein from
degradation. This and other questions will be surely
clarified in the near future. Perhaps then we will also
arrive to the conclusion that this peculiar type of
ubiquitination/deubiquitination is too elegant to be
employed on just a single protein.

Acknowledgments. This work was supported by FundaÅ¼o para a
CiÞncia e Tecnologia (PTDC program), and Fundo Europeu de
Desenvolvimento Regional, Portugal, by the European Union VI
Framework program Grant LSHG-CT-2004-512018, Peroxisomes
in Health and Disease. A.F.C., C.P.G., M.P.P., T.A.R. and T.F. are
supported by FundaÅ¼o para a CiÞncia e Tecnologia.

1 Wanders, R. J. and Waterham, H. R. (2006). Biochemistry of
mammalian peroxisomes revisited. Annu. Rev. Biochem. 75,
295 – 332.

2 Steinberg, S. J., Dodt, G., Raymond, G. V., Braverman, N. E.,
Moser, A. B. and Moser, H. W. (2006). Peroxisome biogenesis
disorders. Biochim. Biophys. Acta 1763, 1733 – 1748.

3 Weller, S., Gould, S. J. and Valle, D. (2003). Peroxisome
biogenesis disorders. Annu. Rev. Genomics Hum. Genet. 4,
165 – 211.

4 Distel, B., Erdmann, R., Gould, S. J., Blobel, G., Crane, D. I.,
Cregg, J. M., Dodt, G., Fujiki, Y., Goodman, J. M., Just, W. W.,

Cell. Mol. Life Sci. Vol. 66, 2009 Review Article 259



Kiel, J. A., Kunau, W. H., Lazarow, P. B., Mannaerts, G. P.,
Moser, H. W., Osumi, T., Rachubinski, R. A., Roscher, A.,
Subramani, S., Tabak, H. F., Tsukamoto, T., Valle, D., van der
Klei, I., van Veldhoven, P. P. and Veenhuis, M. (1996). Aunified
nomenclature for peroxisome biogenesis factors. J. Cell Biol.
135, 1 – 3.

5 Fransen, M., Brees, C., Ghys, K., Amery, L., Mannaerts, G. P.,
Ladant, D. and Van Veldhoven, P. P. (2002). Analysis of
mammalian peroxin interactions using a non-transcription-
based bacterial two-hybrid assay. Mol. Cell. Proteomics 1,
243 – 252.

6 Matsumoto, N., Tamura, S. and Fujiki, Y. (2003). The patho-
genic peroxin Pex26p recruits the Pex1p-Pex6p AAA ATPase
complexes to peroxisomes. Nat. Cell. Biol. 5, 454 – 460.

7 Dodt, G. and Gould, S. J. (1996). Multiple PEX genes are
required for proper subcellular distribution and stability of
Pex5p, the PTS1 receptor: evidence that PTS1 protein import is
mediated by a cycling receptor. J. Cell Biol. 135, 1763 – 1774.

8 Marzioch, M., Erdmann, R., Veenhuis, M. and Kunau, W. H.
(1994). PAS7 encodes a novel yeast member of the WD-40
protein family essential for import of 3-oxoacyl-CoA thiolase, a
PTS2-containing protein, into peroxisomes. EMBO J. 13,
4908 – 4918.

9 Glover, J. R., Andrews, D. W. and Rachubinski, R. A. (1994).
Saccharomyces cerevisiae peroxisomal thiolase is imported as a
dimer. Proc. Natl. Acad. Sci. USA 91, 10541 – 10545.

10 McNew, J. A. and Goodman, J. M. (1994). An oligomeric
protein is imported into peroxisomes in vivo. J. Cell Biol. 127,
1245 – 1257.

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

12 Brocard, C. and Hartig, A. (2006). Peroxisome targeting signal
1: is it really a simple tripeptide? Biochim. Biophys. Acta 1763,
1565 – 1573.

13 Gould, S. J., Keller, G. A., Hosken, N., Wilkinson, J. and
Subramani, S. (1989). A conserved tripeptide sorts proteins to
peroxisomes. J. Cell Biol. 108, 1657 – 1664.

14 McCollum, D., Monosov, E. and Subramani, S. (1993). The
pas8 mutant of Pichia pastoris exhibits the peroxisomal protein
import deficiencies of Zellweger syndrome cells–the PAS8
protein binds to the COOH-terminal tripeptide peroxisomal
targeting signal, and is a member of the TPR protein family. J.
Cell Biol. 121, 761 – 774.

15 Lazarow, P. B. (2006). The import receptor Pex7p and the PTS2
targeting sequence. Biochim. Biophys. Acta 1763, 1599 – 1604.

16 Osumi, T., Tsukamoto, T., Hata, S., Yokota, S., Miura, S.,
Fujiki, Y., Hijikata, M., Miyazawa, S. and Hashimoto, T.
(1991). Amino-terminal presequence of the precursor of
peroxisomal 3-ketoacyl-CoA thiolase is a cleavable signal
peptide for peroxisomal targeting. Biochem. Biophys. Res.
Commun. 181, 947 – 954.

17 Rehling, P., Marzioch, M., Niesen, F., Wittke, E., Veenhuis, M.
and Kunau, W. H. (1996). The import receptor for the
peroxisomal targeting signal 2 (PTS2) in Saccharomyces
cerevisiae is encoded by the PAS7 gene. EMBO J. 15,
2901 – 2913.

18 van der Klei, I. J. and Veenhuis, M. (2006). PTS1-independent
sorting of peroxisomal matrix proteins by Pex5p. Biochim.
Biophys. Acta 1763, 1794 – 1800.

19 Sichting, M., Schell-Steven, A., Prokisch, H., Erdmann, R. and
Rottensteiner, H. (2003). Pex7p and Pex20p of Neurospora
crassa function together in PTS2-dependent protein import
into peroxisomes. Mol. Biol. Cell 14, 810 – 821.

20 Titorenko, V. I., Smith, J. J., Szilard, R. K. and Rachubinski, R.
A. (1998). Pex20p of the yeast Yarrowia lipolytica is required
for the oligomerization of thiolase in the cytosol and for its
targeting to the peroxisome. J. Cell Biol. 142, 403 – 420.

21 Einwachter, H., Sowinski, S., Kunau, W. H. and Schliebs, W.
(2001). Yarrowia lipolytica Pex20p, Saccharomyces cerevisiae
Pex18p/Pex21p and mammalian Pex5pL fulfil a common

function in the early steps of the peroxisomal PTS2 import
pathway. EMBO Rep. 2, 1035 – 1039.

22 Purdue, P. E., Yang, X. and Lazarow, P. B. (1998). Pex18p and
Pex21p, a novel pair of related peroxins essential for perox-
isomal targeting by the PTS2 pathway. J. Cell Biol. 143,
1859 – 1869.

23 Dodt, G., Warren, D., Becker, E., Rehling, P. and Gould, S. J.
(2001). Domain mapping of human PEX5 reveals functional
and structural similarities to Saccharomyces cerevisiae Pex18p
and Pex21p. J. Biol. Chem. 276, 41769 – 41781.

24 Schafer, A., Kerssen, D., Veenhuis, M., Kunau, W. H. and
Schliebs, W. (2004). Functional similarity between the perox-
isomal PTS2 receptor binding protein Pex18p and the N-
terminal half of the PTS1 receptor Pex5p. Mol. Cell. Biol. 24,
8895 – 8906.

25 Schliebs, W. and Kunau, W. H. (2006). PTS2 co-receptors:
diverse proteins with common features. Biochim. Biophys.
Acta 1763, 1605 – 1612.

26 Kiel, J. A., Veenhuis, M. and van der Klei, I. J. (2006). PEX
genes in fungal genomes: common, rare or redundant. Traffic 7,
1291 – 1303.

27 Schluter, A., Fourcade, S., Ripp, R., Mandel, J. L., Poch, O. and
Pujol, A. (2006). The evolutionary origin of peroxisomes: an
ER-peroxisome connection. Mol. Biol. Evol. 23, 838 – 845.

28 Braverman, N., Dodt, G., Gould, S. J. and Valle, D. (1998). An
isoform of pex5p, the human PTS1 receptor, is required for the
import of PTS2 proteins into peroxisomes. Hum. Mol. Genet. 7,
1195 – 1205.

29 Woodward, A. W. and Bartel, B. (2005). The Arabidopsis
peroxisomal targeting signal type 2 receptor PEX7 is necessary
for peroxisome function and dependent on PEX5. Mol. Biol.
Cell 16, 573 – 583.

30 Brocard, C., Kragler, F., Simon, M. M., Schuster, T. and Hartig,
A. (1994). The tetratricopeptide repeat-domain of the PAS10
protein of Saccharomyces cerevisiae is essential for binding the
peroxisomal targeting signal-SKL. Biochem. Biophys. Res.
Commun. 204, 1016 – 1022.

31 Dodt, G., Braverman, N., Wong, C., Moser, A., Moser, H. W.,
Watkins, P., Valle, D. and Gould, S. J. (1995). Mutations in the
PTS1 receptor gene, PXR1, define complementation group 2 of
the peroxisome biogenesis disorders. Nat. Genet. 9, 115 – 125.

32 Gatto, G. J., Jr., Geisbrecht, B. V., Gould, S. J. and Berg, J. M.
(2000). Peroxisomal targeting signal-1 recognition by the TPR
domains of human PEX5. Nat. Struct. Biol. 7, 1091 – 1095.

33 Stanley, W. A., Filipp, F. V., Kursula, P., Schuller, N., Erdmann,
R., Schliebs, W., Sattler, M. and Wilmanns, M. (2006).
Recognition of a functional peroxisome type 1 target by the
dynamic import receptor pex5p. Mol. Cell 24, 653 – 663.

34 Klein, A. T., van den Berg, M., Bottger, G., Tabak, H. F. and
Distel, B. (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.

35 Titorenko, V. I., Nicaud, J. M., Wang, H., Chan, H. and
Rachubinski, R. A. (2002). Acyl-CoA oxidase is imported as a
heteropentameric, cofactor-containing complex into peroxi-
somes of Yarrowia lipolytica. J. Cell Biol. 156, 481 – 494.

36 van der Klei, I. J., Hilbrands, R. E., Swaving, G. J., Waterham,
H. R., Vrieling, E., Titorenko, V. I. , Cregg, J. M., Harder, W.
and Veenhuis, M. (1995). The Hansenula polymorpha PER3
gene is essential for the import of PTS1 proteins into the
peroxisomal matrix. J. Biol. Chem. 270, 17229 – 17236.

37 Gunkel, K., van Dijk, R., Veenhuis, M. and van der Klei, I. J.
(2004). Routing of Hansenula polymorpha alcohol oxidase: an
alternative peroxisomal protein-sorting machinery. Mol. Biol.
Cell 15, 1347 – 1355.

38 Rehling, P., Skaletz-Rorowski, A., Girzalsky, W., Voorn-
Brouwer, T., Fransen, M., Distel, B., Veenhuis, M., Kunau,
W. H. and Erdmann, R. (2000). Pex8p, an intraperoxisomal
peroxin of Saccharomyces cerevisiae required for protein
transport into peroxisomes binds the PTS1 receptor pex5p. J.
Biol. Chem. 275, 3593 – 3602.

260 C. P. Grou et al. Peroxisomal protein import machinery



39 Oshima, Y., Kamigaki, A., Nakamori, C., Mano, S., Hayashi,
M., Nishimura, M. and Esaka, M. (2008). Plant catalase is
imported into peroxisomes by Pex5p but is distinct from typical
PTS1 import. Plant Cell Physiol. 49, 671 – 677.

40 Carvalho, A. F., Costa-Rodrigues, J., Correia, I., Costa Pessoa,
J., Faria, T. Q., Martins, C. L., Fransen, M., S�-Miranda, C. and
Azevedo, J. E. (2006). The N-terminal half of the peroxisomal
cycling receptor Pex5p is a natively unfolded domain. J. Mol.
Biol. 356, 864 – 875.

41 Costa-Rodrigues, J., Carvalho, A. F., Fransen, M., Hambruch,
E., Schliebs, W., S�-Miranda, C. and Azevedo, J. E. (2005).
Pex5p, the peroxisomal cycling receptor, is a monomeric non-
globular protein. J. Biol. Chem. 280, 24404 – 24411.

42 Moscicka, K. B., Klompmaker, S. H., Wang, D., van der Klei, I.
J. and Boekema, E. J. (2007). The Hansenula polymorpha
peroxisomal targeting signal 1 receptor, Pex5p, functions as a
tetramer. FEBS Lett. 581, 1758 – 1762.

43 Azevedo, J. E. and Schliebs, W. (2006). Pex14p, more than just a
docking protein. Biochim. Biophys. Acta 1763, 1574 – 1584.

44 Williams, C. and Distel, B. (2006). Pex13p: docking or cargo
handling protein? Biochim. Biophys. Acta 1763, 1585 – 1591.

45 Saidowsky, J., Dodt, G., Kirchberg, K., Wegner, A., Nastainc-
zyk, W., Kunau, W. H. and Schliebs, W. (2001). The di-aromatic
pentapeptide repeats of the human peroxisome import recep-
tor PEX5 are separate high affinity binding sites for the
peroxisomal membrane protein PEX14. J. Biol. Chem. 276,
34524 – 34529.

46 Schliebs, W., Saidowsky, J., Agianian, B., Dodt, G., Herberg, F.
W. and Kunau, W. H. (1999). Recombinant human peroxisomal
targeting signal receptor PEX5. Structural basis for interaction
of PEX5 with PEX14. J. Biol. Chem. 274, 5666 – 5673.

47 Otera, H., Setoguchi, K., Hamasaki, M., Kumashiro, T.,
Shimizu, N. and Fujiki, Y. (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.

48 Urquhart, A. J., Kennedy, D., Gould, S. J. and Crane, D. I.
(2000). Interaction of Pex5p, the type 1 peroxisome targeting
signal receptor, with the peroxisomal membrane proteins
Pex14p and Pex13p. J. Biol. Chem. 275, 4127 – 4136.

49 Gould, S. J. and Collins, C. S. (2002). Opinion: peroxisomal-
protein import: is it really that complex? Nat. Rev. Mol. Cell
Biol. 3, 382 – 389.

50 Gouveia, A. M., Guimaraes, C. P., Oliveira, M. E., Reguenga,
C., S�-Miranda, C. and Azevedo, J. E. (2003). Characterization
of the peroxisomal cycling receptor, Pex5p, using a cell-free in
vitro import system. J. Biol. Chem. 278, 226 – 232.

51 Gouveia, A. M., Reguenga, C., Oliveira, M. E., S�-Miranda, C.
and Azevedo, J. E. (2000). Characterization of peroxisomal
Pex5p from rat liver. Pex5p in the Pex5p-Pex14p membrane
complex is a transmembrane protein. J. Biol. Chem. 275,
32444 – 2451.

52 Dammai, V. and Subramani, S. (2001). The human peroxisomal
targeting signal receptor, Pex5p, is translocated into the
peroxisomal matrix and recycled to the cytosol. Cell 105,
187 – 196.

53 Oliveira, M. E., Reguenga, C., Gouveia, A. M., Guimaraes, C.
P., Schliebs, W., Kunau, W. H., Silva, M. T., S�-Miranda, C. and
Azevedo, J. E. (2002). Mammalian Pex14p: membrane top-
ology and characterisation of the Pex14p-Pex14p interaction.
Biochim. Biophys. Acta 1567, 13 – 22.

54 Will, G. K., Soukupova, M., Hong, X., Erdmann, K. S., Kiel, J.
A., Dodt, G., Kunau, W. H. and Erdmann, R. (1999).
Identification and characterization of the human orthologue
of yeast Pex14p. Mol. Cell. Biol. 19, 2265 – 2277.

55 Oliveira, M. E., Gouveia, A. M., Pinto, R. A., S�-Miranda, C.
and Azevedo, J. E. (2003). The energetics of Pex5p-mediated
peroxisomal protein import. J. Biol. Chem. 278, 39483 – 39488.

56 Azevedo, J. E., Costa-Rodrigues, J., Guimaraes, C. P., Oliveira,
M. E. and S�-Miranda, C. (2004). Protein translocation across

the peroxisomal membrane. Cell Biochem. Biophys. 41,
451 – 468.

57 Costa-Rodrigues, J., Carvalho, A. F., Gouveia, A. M., Fransen,
M., S�-Miranda, C. and Azevedo, J. E. (2004). The N terminus
of the peroxisomal cycling receptor, Pex5p, is required for
redirecting the peroxisome-associated peroxin back to the
cytosol. J. Biol. Chem. 279, 46573 – 46579.

58 Carvalho, A. F., Pinto, M. P., Grou, C. P., Alencastre, I. S.,
Fransen, M., S�-Miranda, C. and Azevedo, J. E. (2007).
Ubiquitination of mammalian Pex5p, the peroxisomal import
receptor. J. Biol. Chem. 282, 31267 – 31272.

59 Carvalho, A. F., Grou, C. P., Pinto, M. P., Alencastre, I. S.,
Costa-Rodrigues, J., Fransen, M., S�-Miranda, C. and Azeve-
do, J. E. (2007). Functional characterization of two missense
mutations in Pex5p – C11S and N526K. Biochim. Biophys.
Acta. 1773, 1141 – 1148.

60 Koller, A., Snyder, W. B., Faber, K. N., Wenzel, T. J., Rangell,
L., Keller, G. A. and Subramani, S. (1999). Pex22p of Pichia
pastoris, essential for peroxisomal matrix protein import,
anchors the ubiquitin-conjugating enzyme, Pex4p, on the
peroxisomal membrane. J. Cell Biol. 146, 99 – 112.

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

62 Williams, C., van den Berg, M., Sprenger, R. R. and Distel, B.
(2007). A conserved cysteine is essential for Pex4p-dependent
ubiquitination of the peroxisomal import receptor Pex5p. J.
Biol. Chem. 282, 22534 – 22543.

63 Zolman, B. K., Monroe-Augustus, M., Silva, I. D. and Bartel, B.
(2005). Identification and functional characterization of Ara-
bidopsis PEROXIN4 and the interacting protein PEROX-
IN22. Plant Cell 17, 3422 – 3435.

64 Grou, C. P., Carvalho, A. F., Pinto, M. P., Wiese, S., Piechura,
H., Meyer, H. E., Warscheid, B., S�-Miranda, C. and Azevedo,
J. E. (2008). Members of the E2D (UbcH5) family mediate the
ubiquitination of the conserved cysteine of Pex5p, the perox-
isomal import receptor. J Biol Chem 283, 14190 – 14197.

65 Purdue, P. E. and Lazarow, P. B. (2001). Peroxisome biogenesis.
Annu. Rev. Cell Dev. Biol. 17, 701 – 752.

66 Eckert, J. H. and Johnsson, N. (2003). Pex10p links the
ubiquitin conjugating enzyme Pex4p to the protein import
machinery of the peroxisome. J. Cell Sci. 116, 3623 – 3634.

67 Kiel, J. A., Emmrich, K., Meyer, H. E. and Kunau, W. H.
(2005). Ubiquitination of the peroxisomal targeting signal type
1 receptor, Pex5p, suggests the presence of a quality control
mechanism during peroxisomal matrix protein import. J. Biol.
Chem. 280, 1921 – 1930.

68 Kiel, J. A., Otzen, M., Veenhuis, M. and van der Klei, I. J.
(2005). Obstruction of polyubiquitination affects PTS1 perox-
isomal matrix protein import. Biochim. Biophys. Acta 1745,
176 – 186.

69 Miyata, N. and Fujiki, Y. (2005). Shuttling mechanism of
peroxisome targeting signal type 1 receptor Pex5: ATP-
independent import and ATP-dependent export. Mol. Cell.
Biol. 25, 10822 – 10832.

70 Platta, H. W., Grunau, S., Rosenkranz, K., Girzalsky, W. and
Erdmann, R. (2005). Functional role of the AAA peroxins in
dislocation of the cycling PTS1 receptor back to the cytosol.
Nat. Cell Biol. 7, 817 – 822.

71 White, S. R. and Lauring, B. (2007). AAA+ ATPases:
achieving diversity of function with conserved machinery.
Traffic 8, 1657 – 1667.

72 Oldfield, C. J., Meng, J., Yang, J. Y., Yang, M. Q., Uversky, V. N.
and Dunker, A. K. (2008). Flexible nets: disorder and induced
fit in the associations of p53 and 14 – 3-3 with their partners.
BMC Genomics 9 Suppl 1, S1.

73 Platta, H. W. and Erdmann, R. (2007). Peroxisomal dynamics.
Trends Cell Biol. 17, 474 – 484.

74 Kerssen, D., Hambruch, E., Klaas, W., Platta, H. W., de Kruijff,
B., Erdmann, R., Kunau, W. H. and Schliebs, W. (2006).

Cell. Mol. Life Sci. Vol. 66, 2009 Review Article 261



Membrane association of the cycling peroxisome import
receptor Pex5p. J. Biol. Chem. 281, 27003 – 27015.

75 Luo, B., Norris, C., Bolstad, E. S., Knecht, D. A. and Grant, D.
F. (2008). Protein quaternary structure and expression levels
contribute to peroxisomal-targeting-sequence-1-mediated per-
oxisomal import of human soluble epoxide hydrolase. J. Mol.
Biol. 380, 31 – 41.

76 Tanaka, N., Aoki, K., Ishikura, S., Nagano, M., Imamura, Y.,
Hara, A. and Nakamura, K. T. (2008). Molecular basis for
peroxisomal localization of tetrameric carbonyl reductase.
Structure 16, 388 – 397.

77 Pickart, C. M. (2001). Mechanisms underlying ubiquitination.
Annu. Rev. Biochem. 70, 503 – 533.

78 Schuberth, C. and Buchberger, A. (2008). UBX domain
proteins: major regulators of the AAA ATPase Cdc48/p97.
Cell. Mol. Life Sci.

79 Rose, I. A. and Warms, J. V. (1983). An enzyme with ubiquitin
carboxy-terminal esterase activity from reticulocytes. Bio-
chemistry 22, 4234 – 7.

80 Johnson, E. S., Ma, P. C., Ota, I. M. and Varshavsky, A. (1995).
A proteolytic pathway that recognizes ubiquitin as a degrada-
tion signal. J. Biol. Chem. 270, 17442 – 51746.

81 Hoppe, T. (2005). Multiubiquitylation by E4 enzymes: �one
size� doesn�t fit all. Trends Biochem. Sci. 30, 183 – 187.

82 Richly, H., Rape, M., Braun, S., Rumpf, S., Hoege, C. and
Jentsch, S. (2005). A series of ubiquitin binding factors connects
CDC48/p97 to substrate multiubiquitylation and proteasomal
targeting. Cell 120, 73 – 84.

83 Agne, B., Meindl, N. M., Niederhoff, K., Einwachter, H.,
Rehling, P., Sickmann, A., Meyer, H. E., Girzalsky, W. and
Kunau, W. H. (2003). Pex8p: an intraperoxisomal organizer of
the peroxisomal import machinery. Mol. Cell 11, 635 – 646.

84 Reguenga, C., Oliveira, M. E., Gouveia, A. M., S�-Miranda, C.
and Azevedo, J. E. (2001). Characterization of the mammalian
peroxisomal import machinery: Pex2p, Pex5p, Pex12p, and
Pex14p are subunits of the same protein assembly. J. Biol.
Chem. 276, 29935 – 29942.

85 Hayashi, M. and Nishimura, M. (2006). Arabidopsis thaliana–a
model organism to study plant peroxisomes. Biochim. Biophys.
Acta 1763, 1382 – 1391.

86 Gouveia, A. M., Guimaraes, C. P., Oliveira, M. E., S�-Miranda,
C. and Azevedo, J. E. (2003). Insertion of Pex5p into the
peroxisomal membrane is cargo protein-dependent. J. Biol.
Chem. 278, 4389 – 4392.

To access this journal online:
http://www.birkhauser.ch/CMLS

262 C. P. Grou et al. Peroxisomal protein import machinery

http://www.birkhauser.ch/CMLS

