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Critical Review

Peroxisome Matrix and Membrane Protein Biogenesis
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Peroxisomes play an important role in lipid metabolic path-
ways and are implicated in many human disorders. Their bio-
genesis has been studied over the last two decades using many
uni- and multi-cellular model systems and many aspects of the
mechanisms and proteins involved in peroxisome biogenesis are
conserved from yeast to humans. In this manuscript we review
the recent progress made in our understanding of the mecha-
nisms by which matrix and membrane proteins are sorted to
and assembled into peroxisomes. © 2009 IUBMB
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INTRODUCTION

Peroxisome biogenesis (/—4) and the importance of peroxi-
somes in human health and disease (5) have been the subject of
many reviews. Proteins that control peroxisome biogenesis
encompass the processes by which matrix and membrane pro-
teins are assembled into the organelle, as well as those involved
in the control of peroxisome size, volume and number (6-9).
The proteins involved in these processes are peroxins that are
encoded by PEX genes, which have been studied in many uni-
cellular and multicellular organisms from yeast to man. This
review provides an overview of peroxisome matrix and mem-
brane protein biogenesis with an emphasis on recent insights
and unanswered questions.

PEROXISOMAL MATRIX PROTEIN IMPORT

Three types of targeting signals direct most proteins to their
membrane or matrix locations in peroxisomes. The peroxisome
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targeting signals (PTSs) used by peroxisomal matrix proteins
are called PTS1 and PTS2, while those used by peroxisomal
membrane proteins (PMPs) are dubbed mPTSs. Most matrix
proteins have only a single PTS1 or PTS2, with rare ones hav-
ing both (e.g., Pichia pastoris Pex8), in which case they are
generally redundant (/0). However, many PMPs have multiple
and redundant mPTSs (/7). The PTSs for matrix proteins are
recognized by specific cytosolic receptors and/or coreceptors,
which escort the cargoes to the peroxisome membrane (3).
Here, the matrix proteins and their receptors enter the peroxi-
some matrix (/2-16), where cargoes are released, and the
cargo-free receptors are first exported to the peroxisome mem-
brane via a retro-translocation step (/3), and then the PTS
receptors are recycled back to the cytosol by an ATP-dependent
receptor recycling machinery (/7). This receptor recycling step
often (e.g., Pex5 and Pex20), but not always (e.g., Pex7), uti-
lizes mono-ubiquitination of the receptors (unusually on a Cys
residue near the N-terminus of the protein, rather than on one
or more Lys residue/s) (/8—21). During the PTS receptor-recy-
cling step, the monoubiquitin is removed by an unknown deubi-
quitinating enzyme, so that the recycled receptor is capable of
sustaining additional rounds of matrix protein import (3).

The import of proteins into the peroxisome matrix can be
divided into the following steps (Fig. 1):

Cargo Recognition and Binding

This essentially involves the recognition of the PTS1 or
PTS2 by its cognate receptor/coreceptor. The C-terminal tripep-
tide (SKL, or its conserved variants) that constitutes the PTS1
is recognized by the receptor protein Pex5, which is normally
tetrameric (22-24). Binding of cargo to Leishmania donovani
Pex5 has been reported to shift the equilibrium of Pex5 oligom-
ers to the predominantly dimeric state (22). Pex5 is a two do-
main protein, with an N-terminal region comprised of sequences
required for its recycling (/8-21, 25) followed by a series of
WxxxF/Y repeats. The WxxxF/Y repeats are required for Pex5
interactions with Pex14, but not all binding sites need to be
intact for Pex5 function in vivo (26), and the number of these
sites varies in Pex5 proteins from different species. The struc-
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Figure 1. The import of peroxisomal matrix proteins. (1) Cargoes are bound by a soluble receptor/s (Pex5 for PTS1 cargoes, Pex7
and PTS2 coreceptors for PTS2 cargoes, not depicted). (2) The receptor-cargo complex docks at the peroxisome membrane with
the docking subcomplex. (3) The translocon is assembled and the receptor-cargo complex translocates into the peroxisome matrix.
(4) The receptor-cargo complex is disassembled in the peroxisome matrix, causing cargo release. (5) Receptors are exported to the
peroxisome membrane. (6a) Receptors are mono-ubiquitinated by Pex4 (for recycling) or (6b) polyubiquitinated by ubc4/5S (for deg-
radation by the RADAR pathway). (7a) Receptors are recycled to the cytosol by the action of the AAA ATPases, Pex1 and Pex6,
or (7b) degraded via the RADAR pathway involving the proteasome. (8) Receptors are deubiquitinated and utilized for the next

round of import.

ture of this N-terminal region of Pex5 is not yet elucidated and
is reported to be unstructured (27, 28). This region contains
binding sites for Pex13 and Pex14, and in the case of mamma-
lian Pex5L (a longer, alternatively-spliced isoform of Pex5),
also for Pex7 (26). The C-terminal half of Pex5 has 6-7 tetratri-
copeptide (TPR) repeats whose crystal structure is known and
this is the region that interacts with the PTS1 cargo (28-31).
Most cargoes that bind Pex5 do so via this interaction of the
TPR repeats on Pex5 with the PTS1, but a few Pex5-dependent
cargoes lack canonical PTS1 sequences and may interact with
Pex5 by other poorly-defined mechanisms (32). These might
have a PTS that is not yet defined. The dissociation constant of
Pex5 for cargo is in the 18—-100 nM range (24, 30). Although
the C-terminal tripeptide on the cargo is essential for the binding
Pex5, there are indeed other contacts between the cargo and PexS5,
which may account for the many PTS1 variants that can still func-
tion in vivo to achieve peroxisomal matrix targeting (28-31).

In contrast, proteins using the PTS2 sequence, comprised of
the internally-located consensus sequence, (R/K)(L/V/I/Q)XX(L/
VIH/Q)(L/S/G/A/K)XH/Q)L/A/F)  (33), interact primarily
with Pex7 (34-39), apparently as a monomer (36, 40). Some
PTS2 cargoes also interact with a coreceptor, Pex20 (10, 41).
This protein is in the same family as Pex18 and its redundant

counterpart, Pex21 in Saccharomyces cerevisiae (10, 41, 42), is
found only in fungi, and forms a complex with Pex7 (I3, 43,
44). HpPex20 has been reported to form hexamers and has a
weak affinity (K4 = 400 nM) for PTS2 peptides (47/). When
bound to one cargo, it has been reported that a dimer of Yarrowia
lipolytica Pex20 interacts with a corresponding dimer of thiolase
(42). Mammals and plants do not have Pex20-like proteins, so in
this case, all known PTS2 proteins are recognized by Pex7.

A few rare proteins enter the peroxisome with no obvious
PTSs. They do so by exploiting a unique feature of peroxisomal
matrix protein import, which is that fully folded and oligomeric
proteins can traverse the peroxisome membrane, and these proteins
hitch a ride in a piggy-back manner by association with some other
subunit or protein that does have a PTS1 or a PTS2 (45, 46).

Docking of the Receptor/Cargo Complex at the
Peroxisome Membrane

The PTS receptor/cargo complex formed in the cytosol finds
its way to the peroxisome membrane where it interacts with a
peroxisome-membrane associated docking subcomplex com-
prised of the conserved proteins Pex13 and Pex14, as well as
Pex17, which is not conserved in all organisms (47, 48). Pex8
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is also part of this subcomplex in yeasts (47, 48), but is consid-
ered separately below because it is not necessary for the forma-
tion or stability of this subcomplex and also it is found only in
yeasts (48). The docking complex components are generally in-
tegral membrane proteins, but in a few species Pex14 has been
described to be a peripheral protein of the peroxisome mem-
brane (49). The N-terminal region of Pex14 interacts with Pex5,
with 4-6 Pex14 molecules interacting with a single molecule of
Pex5, usually through the interactions of conserved and repeti-
tive WxxxF/Y motifs on Pex5 with a conserved motif
AX,FLX;SPXFLKGKGL/V present in the first 80 amino acids
approximately of all Pex14 proteins (23, 50). The dissociation
constant for Pex5-Pex14 interaction is in the low nanomolar
range (23, 50), but when Pex5 releases cargo, the affinity of
Pex14 for Pex5 is much lower (K4 of 2.75 uM), showing that
Pex14 preferentially interacts with cargo-loaded Pex5 (51).
Pex14 tends to form oligomers in vivo or when expressed in,
and purified from, E. coli (52-54). Two domains on Pex14 con-
trol its oligomeric state — one favors dimerization while the
other drives oligomerization (53). Interestingly, in the presence
of Pex14, the interaction of Pex5 with cargo still occurs, but
this binding is about 10-fold weaker than that in the absence of
Pex14 (50). Thus, as the Pex5/cargo complex lands on the per-
oxisome, the interaction between Pex5 and cargo is weakened,
but cargo is presumably not yet released. During this Pex14-
Pex5 interaction, Pex14 undergoes conformation changes, espe-
cially in its hydrophobic domains as judged by shifts in the
environment of Trp residues from nonpolar to polar environ-
ments (50). Pex14 has a greater affinity than Pex13 for cargo-
loaded Pex5 and when cargo-loaded Pex5 interacts with Pex14
it is in a complex containing Pex13. However, upon cargo
release (discussed below) from Pex5, the receptor interacts
more tightly with Pex13, and at this stage the interaction
between Pex13 and Pex14 is lost transiently (26).

For PTS2 proteins, in yeast it is generally a ternary Pex20/
Pex7/PTS2 cargo complex that forms in the cytosol and is
delivered to the peroxisome membrane (I3, 44). In S. cerevi-
siae, the role of Pex20 is substituted by the redundant proteins
Pex18 and Pex21, which are related to Pex20 (55). Mammals
and plants lack Pex20, but instead they have an alternatively-
spliced longer variant of Pex5 (Pex5L) with which the Pex7-
cargo complex interacts, so in this case, a ternary complex is
still formed but is comprised of Pex5L/Pex7/PTS2 cargo (40).

Details of the docking interactions of PTS receptors are bet-
ter studied for Pex5 than for Pex7. Pex14 binds more strongly
to cargo-loaded Pex5 (and reducing the affinity of the Pex5-
cargo interaction as described above) than to free Pex5 (50),
whereas Pex13 interacts more strongly with cargo-free Pex5
(26). Pex13 has an SH3 domain that interacts with Pex5 in a
manner not involving canonical PxxP motifs on Pex5 (56, 57).
On the basis of these facts, and our own recent finding that
Pex14 may be the real peroxisomal translocon (manuscript sub-
mitted, see below), we suggest that Pex13-Pex5 interactions
may be downstream of cargo release from PexS5.

Cargo Translocation and Release

A major unresolved question in the field is what peroxins are
needed directly for the protein translocation step across the per-
oxisome membrane. Based on studies of mutants blocked in the
import of both PTS1 and PTS2 proteins, it was believed that
components of the docking and RING subcomplexes, as well as
the proteins that bridge these subcomplexes (Pex3 and Pex8)
formed the importomer—a term that was initially assumed to be
synonymous with the translocon (47, 58). However, further
studies, especially with Pex8 entry into peroxisomes, have
revealed some surprising and important simplifications.

Pex8 is the only intraperoxisomal peroxin at steady-state and
is needed for both PTS1 and PTS2 import. It enters peroxi-
somes via either the PTS1 or the PTS2 pathways, which are
redundant (/0). However, its entry into peroxisomes, by either
the PTS1 o the PTS2 pathways, is not dependent on the compo-
nents of the RING subcomplex (/0) or of the receptor recycling
machinery (manuscript submitted). Additionally, our recent data
show that even Pex13 (an evolutionarily-conserved peroxin) and
Pex17 (a peroxin not conserved in mammals) are not com-
pletely essential for Pex8 import, although they make the pro-
cess more efficient (manuscript submitted). These results sug-
gest that, at least for Pex8, Pex14 alone may be the minimal
translocon in the peroxisome membrane. It is unclear at present
whether PTS receptors are also part of the translocon, but it
should be noted here that Pex5 has been proposed to insert into
lipid bilayers and potentially form pores (59).

Unlike membrane-associated translocons in other subcellular
organelles that translocate only unfolded polypeptides, as a con-
sequence of which targeting signal receptors cannot traverse the
membrane, folded and oligomeric proteins do go across the per-
oxisome membrane. In fact, the PTS receptors/coreceptors enter
the matrix, following what has been called the extended shuttle
model for receptor dynamics (/2-16). Here they are resistant to
externally-added proteases, and in mutants that block the next
step, receptor export, Pex5 and Pex20 accumulate inside peroxi-
somes and are inaccessible to the cytosolic machinery that ubiq-
uitinates these receptors during receptor recycling (described
below) (3). It is presumed that receptor/coreceptor entry into
peroxisomes takes cargo into the matrix where cargo must be
released.

How cargo is released is still an open question. We alluded
earlier to the fact that the docking of Pex5-cargo to Pex14 loos-
ens the receptor cargo interaction 10-fold (22). The oligomeric
state of Pex5 after interaction with Pex14 is unknown, but it
has been shown that the intraperoxisomal protein, Pex8, inter-
acts with Pex5, forming a 1:1 complex, and that this interaction
facilitates cargo release (24). This is based on studies of Pex5-
cargo interaction, in vitro, in the presence and absence of Pex8,
which is not quite the same as the situation in vivo. The
involvement of Pex8, which has both a PTS1 and PTS2 signal,
and interacts with Pex5 and Pex20, in cargo release was attrac-
tive because one could imagine a role for Pex8 in competitively
using its own PTSs to cause cargo release, but nature does not
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adhere to the simplest human solutions—deletion of the PTS1
on Pex8 had no affect on the delivery and release of PTSI
cargo into and inside the peroxisome matrix (/0).

It is also known that slightly acidic pH causes the Pex5 tet-
ramer to dissociate into the monomeric state, which interest-
ingly does not bind cargo (24), so it is also plausible that an
acidic pH inside peroxisomes might aid cargo release. However,
measurements of intraperoxisomal pH have reported peroxi-
somes to be acidic (pH 5.8-6.0) (60), neutral (pH 6.9-7.1) (61)
and basic (pH 8.2 for mammalian and yeast peroxisomes) (62,
63), and PTS1 protein import is unimpaired in mutant fibro-
blasts in which the intraperoxisomal pH is 6.8 (64), making it
difficult to assess the relevance of peroxisomal pH in cargo
release within peroxisomes.

Export or Retro-Translocation of Cargo-Free Receptors
to the Peroxisomal Membrane

Studies with the PTS2 coreceptor, Pex20, have shown that in
the absence of the components of the RING subcomplex, Pex20
accumulates inside peroxisomes, defining the RING subcomplex
proteins as playing some role in the export of Pex20 to the per-
oxisome membrane (/3). Indeed interactions have been reported
between both Pex5 and Pex20 with Pex12 (19, 65). Whether
these RING peroxins constitute a retro-translocon for receptor
export or somehow reverse the directionality of the same trans-
locon that lets cargo into peroxisomes is unknown.

Recycling of Cargo-Free Receptors From Peroxisome
Membranes to the Cytosol

If PTS receptors enter peroxisomes, they might need signals
and specific proteins for receptor recycling back to the cytosol
(12). This is indeed true. Recently, a Cys residue, near the N-
terminus of Pex5 and Pex20 was identified as being required
for receptor recycling in yeast and mammalian systems (/8-21).
Deletion of residues 1-17 in the N-terminal region of human
PEXS affects its recycling from peroxisomes to the cytosol (25,
606). Deletion of the first 19 residues in P. pastoris Pex20 also
leads to loss-of function of the protein due to its accumulation
in peroxisomes (/9). These represent cis-acting sequences
whose presence on the receptors is necessary for their recycling.

The receptor export step would deliver Pex5 and Pex20 to
the cytosolic face of the peroxisome membrane in the cargo-
free state. It is plausible that this cargo-free state of the PTS re-
ceptor that has just completed a round of matrix protein import
is distinct from that of cytosolic PTS receptors that have not yet
bound cargo. Note that Pex5 is normally tetrameric when cargo
is absent, which is likely its state in the cytosol (22-24). Pex20
is probably hexameric (47). Cargo-bound Pex5 and Pex20 are
dimeric (22, 42). However, while in the peroxisome, where
Pex8 is located, Pex5 forms a 1:1 complex with Pex8 (22-24),
but the oligomeric state of Pex20 when it binds Pex8 is
unknown at present. This suggests that the cargo-free Pex5 that
has just completed a round of import may arrive at the peroxi-
some membrane in a monomeric state and the same may be

true for Pex20. At this stage Pex5, and probably Pex20, are
mono-ubiquitinated on a Cys residue by the E2 enzyme Pex4
(20, 21, 67-69), which is held on the peroxisome membrane by
association with Pex22 (70). It is likely that one or more of the
RING peroxins (most likely Pex12, which interacts with both
proteins) play a role as an E3 ligase for this monoubiquitination
reaction (71).

The monoubiquitinated Pex5 and Pex20 are then recognized,
by unknown mechanisms involving the AAA-ATPases, Pexl
and Pex6 (/7), held on the peroxisome membrane in association
with Pex15 in yeast and Pex26 in mammals. These ATPases
use ATP hydrolysis to pull the PTS receptors into the cytosol
(17). The last steps of receptor recycling must involve deubiqui-
tination and oligomerization of the PTS receptors, but the deu-
biquitinating enzyme (DUB) is unknown at present.

By analogy with the ER-associated degradation (ERAD), of
misfolded proteins, a DUB in the ovarian tumor (OTU) family
may be involved. In the absence of one or more of the compo-
nents (Pex1, Pex4, Pex6, Pex22, and Pex15/26) of the receptor-
recycling machinery, one or more lysines near the N-terminus
of Pex5 and Pex20 are polyubiquitaned by the RADAR machin-
ery (I3, 67-69). This polyubiquitination uses a different E2
(ubc4 or ubcs, in yeast) and E3 ligase activity provided by one
of the RING peroxins (77). The net result of this polyubiquina-
tion is that the proteasome degrades this cargo-free receptor that
is blocking the peroxisome surface.

General Comments on Behavior and Dynamics
of Pex5 and Pex20

Despite the fact that these receptors/coreceptors involved in
the PTS1 and PTS2 pathways have very little sequence similar-
ity, there are remarkable similarities in their behavior and dy-
namics during the matrix protein import cycle. Both proteins
are oligomeric and can bind cargo (directly or indirectly for
Pex20), which causes their higher-order oligomeric state to
become dimeric. Both interact with Pex14 first, followed prob-
ably by downstream interactions with Pex8, Pex13, and Pex12.
Both peroxins enter and exit peroxisomes, using similar machi-
neries (3). Following a round of import, they both face a choice
of either monoubiquitination and recycling back to the cytosol
in a manner dependent on the peroxisomal receptor recycling
machinery, or are subject to RADAR and proteolytic turnover
by similar mechanisms. The amino acid residues that are mono-
ubiquitinated (on a Cys residues near their N termini, but not
yet proven definitively for Pex20) or polyubiquitinated (on one
or more Lys) are in conserved domains. This similarity in
behavior may have made it possible during evolution to dis-
pense with the PEX20 gene in plants and mammals, and to
facilitate PTS2 protein import by having Pex7 interact instead
with an extra exon in Pex5 that has the Pex20 domain which
allows it to interact with cargo-loaded Pex7 (40, 72, 73).
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PEROXISOMAL MEMBRANE PROTEIN IMPORT

The Involvement of the Endoplasmic
Reticulum (ER) in PMP Biogenesis

The targeting of peroxisomal membrane proteins and the ori-
gin of peroxisomes are two tightly associated questions. The
prevailing view within the peroxisome field in the past two dec-
ades was that, like mitochondria and chloroplasts, peroxisomes
proliferate by growth and division of pre-existing organelles
(74, 75). According to this growth and division model, all per-
oxisomal membrane, as well as matrix, proteins are synthesized
on free ribosomes and post-translationally targeted directly from
the cytoplasm to peroxisomes. However, the growth and divi-
sion model could not explain one puzzling question: how could
mutants like pex3, pexI6, and pex9 that completely lack perox-
isomal membrane structures regain peroxisomes when the corre-
sponding wild-type gene is reintroduced into these cells (76—
79)? This question has been addressed, at least partially, by the
recent de novo biogenesis model, which proposes that new per-
oxisomes are derived from the ER. Several groups have demon-
strated that when the PEX3 gene is reintroduced into pex3 cells,
Pex3 first inserts into the ER and then escapes from the ER via
small vesicles, which later mature into peroxisomes (80-82).
Based on the de novo biogenesis model, many, if not all, perox-
isomal membrane proteins (PMPs) are indirectly sorted to per-
oxisomes via the ER (4). A growing list of PMPs from various
organisms that have been demonstrated to be sorted to peroxi-
somes via the ER is shown in Table 1.

Role of ER-Derived Vesicles in Peroxisome
Growth and Division

The current accepted view is that peroxisomes can arise de
novo from the ER-derived vesicles, as well as from the fission
of pre-existing peroxisomes (4, 90, 92). However, it is still
under debate whether de novo formation operates continuously
or only switches on under unusual conditions in mutant cells
lacking peoxisomes since different results were obtained in
studies of lower and higher eukaryotic organisms.

As shown in S. cereivisiae using pulse-chase experiments
and a mating assay, peroxisomes proliferate by division and do
not form de novo in wild-type cells. In such cells, ER-derived
vesicles provide pre-existing peroxisomes with peroxiosmal
membrane proteins and lipids by fusion, which enables the sub-
sequent growth and division of pre-existing peroxisomes (92). It
was shown that several peroxisomal membrane proteins such as
Pex2, Pex15, and Pex16 underwent posttranslational glycosyla-
tion while passing through the ER (87, 93). Proper folding of
some proteins relies on glycosylation (94, 95). It is still not
known whether the glycosylation occurring in the ER results in
proper folding or stabilization of Pex2, Pex15, and Pex16. If the
peroxisomal importomer and receptor recycling machinery are
only able to assemble on ER-derived vesicles, the fusion of ER-
derived vesicles with the pre-existing peroxisomes would then
provide the driving force for peroxisomal growth and division.

It has been proposed that the ER is one of the major resour-
ces of peroxisomal membrane lipids (96, 97). However, the ER-
derived vesicles are unlikely to play a major role in supplying
young peroxisomes with phospholipids. A recent report suggests
that lack of Sec proteins required for vesicular trafficking from
the ER does not affect lipid transfer between these two organ-
elles (98). Instead, it was shown that lipids are directly trans-
ferred from the ER to peroxisomes by a nonvesicular pathway,
possibly through physical contact.

The ER-derived vesicles mature into peroxisomes only in
S. cereivisiae cells lacking peroxisomes. For example, in peroxi-
somal inheritance defective Ainp2 cells, peroxisomes formed
from ER-derived vesicles in daughter cells are capable of
importing peroxisomal cargoes (92).

However, the situation is different in mammalian cells.
Based on live cell imaging approaches, it was shown that per-
oxisomes form de novo independent of pre-existing ones (90).
Therefore, the ER-derived vesicles mature into peroxisomes and
contribute to peroxisome proliferation even under normal physi-
ological conditions. It remains to be investigated why ER-
derived vesicles do not mature into peroxisomes in the presence
of pre-existing peroxisomes in S. cerevisiae cells or whether
mammalian cells have special mechanisms to orchestrate de
novo formation and division of peroxisomes.

Anterograde Movement of Peroxisomal
Membrane Peroxins

The ER-to-peroxisome pathway is a complicated process,
which is not fully understood (99). On the basis of the available
data from evolutionarily diverse organisms, we divide the ER-
to-peroxisome pathway into four distinct steps: (i) Targeting of
PMPs to the ER; (ii) segregation of PMPs from secretory and
ER-resident membrane proteins; (iii) selective incorporation of
the PMPs from the ER into ER-derived vesicles; (iv) fusion of
these ER-derived pre-peroxisomal vesicles with the pre-existing
peroxisomes (in yeast) or subsequent maturation of these pre-
peroxisomal vesicles into mature organelles (in mammalian
cells).

Exactly how PMPs are targeted to the ER is unknown. It
should be noted that the peroxisome membrane has two classes
of PMPs—the tail-anchored variety, such as ScPex15, as well
as regular membrane proteins with single- or multiple-mem-
brane spanning domains (e.g., Pex2).

Pex3, Pex16, and Pex19 are proposed to be involved in the
early stages of the ER-to-peroxisome pathway and are among
the earliest PMPs that initially target to the ER (76-79). In
mammalian cells, Pex16 is inserted cotranslationally into the
general ER (evenly distributed throughout the entire ER) and
serves as the initial scaffold for recruiting at least Pex3 and
PMP34 from the cytoplasm (90). Afterwards, Pex16 with the
recruited PMPs moves into the pre-peroxisomal compartment
and segregates from the secretory and ER-resident membrane
proteins. Y. lipolytica Pex16, which is known to be involved in per-
oxisome proliferation, is initially targeted to the general ER as well
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(93, 100). However, whether it functions exactly like its mamma-
lian homolog is still not clear.

A slightly different process exists in other lower eukaryotic
cells that do not have a Pex16 homolog. In S. cerevisiae, Pex3
is initially targeted to the general ER and then segregates to the
pre-preoxisomal template followed by recruitment of Pex19,
which is required for the exit of PMPs from the ER (80, §2).
Pex19 is thought to act as a PMP receptor that co-operates with
Pex3 for the import of PMP to peroxisomes (/07), but the va-
lidity of this view really depends on whether or not most PMPs
can be targeted to the ER in a Pex19-independent step. If so,
there could be a distinct role for Pex19 in facilitating the forma-
tion of the ER-derived vesicles containing the pre-inserted
PMPs. A resolution of this question will come when we know
how and whether all PMPs are targeted to the ER and to what
extent this ER membrane insertion step requires Pex19.

The mechanism underlying the segregation of PMPs from se-
cretory and ER-resident membrane proteins is among the least
understood in the ER-to-peroxisome targeting pathway. How-
ever, some clues are emerging: (i), the ER-derived vesicles in
Y. lipolytica have enriched ergosterol-and ceramide-rich
domains, which may be used as a tool to segregate PMPs from
secretory and ER-resident membrane proteins (97, 102); (ii),
Pex19, through its interaction with PMPs, may functions as a
chaperone to assemble PMP complexes and facilitate the move-
ment of PMPs to an ER specialized subdomain, similar to a
mechanism that has been proposed for the assembly of the
importomer complexes in the peroxisome membrane in P.
postoris (103).

SRP54, Sec238, Pex1, and Pex6 in Y. lipolytica were found to
be required for the exit of PMPs from the ER. Lack of any of the
above proteins in Y. lipolytica resulted in accumulation of Pex2
and Pex16 in the ER (93), indicating that these mutants may be
blocked in the formation of ER-derived vesicles, extraction of
PMPs from the ER or maturation of the ER-derived vesicles.
Pex1 and Pex6 belong to the AAA ATPase family and have been
found to be predominantly associated with small vesicles that are
distinct from mature peroxisomes in P. pastoris (104). Therefore,
Pex1 and Pex6 were proposed to be required for the fusion of
small vesicles, which mature into large peroxisomes at the end.
Later, it was demonstrated that in Y. lipolytica the fusion of small
pre-peroxisomal vesicles, P1 and P2, depended on Pexl and
Pex6 (105). However, subsequent fusion processes did not rely
on Pex1 and Pex6, indicating new factors exist and need to be
discovered. Two other peroxins, PpPex30p and PpPex31p, which
belong to the dysferlin domain-containing protein family, may
also contribute to the fusion of ER-derived vesicles in a similar
manner to that of their homologues (8, 106, 107).

Possibility of Retrograde Movement of Proteins From
Peroxisomes to the ER

Based on the vesicle-mediated trafficking events in the secre-
tory pathway, proteins required for anterograde trafficking might
need to be retrieved by retrograde trafficking. So far, the peroxi-

some-to-ER sorting pathway has only been observed in TBSV
(Tomato bushy stunt virus)-infected BY2 cells (/08). When
p33, one of five of TBSV encoded proteins, was expressed
alone, it was targeted first to peroxisomes from the cytosol and
then to a specialized subdomain of the ER together with at least
two PMPs, PMP22 and ascorbate peroxidase (APX). Similar to
the Golgi-to-ER targeting pathway, the peroxisome-to-ER tar-
geting of p33 depended on ADP-ribosylation factor 1, indicating
peroxisome-derived vesicles belong to coat protein complex I
(COPI) coated vesicles. If the peroxisome-to-ER pathway does
exist, akin to the Golgi-to-ER retrograde movement, it might
also function in the retrieval of resident ER membrane proteins
that might be mis-sorted to pre-peroxisomal vesicles (85, 97,
108). Although it still not known whether the peroxisome-to-ER
retrograde transport exists under normal physiological condi-
tions in plant and/or in other organisms, this possibility has
been alluded to in P. pastoris (8).
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