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OPINION

Peroxisomal-protein import: is it

really that complex?

Stephen J. Gould and Cynthia S. Collins

Peroxisomal enzymes are synthesized in the
cytoplasm and imported post-translationally
across the peroxisome membrane. Unlike
other organelles with a sealed membrane,
peroxisomes can import folded enzymes,
and they seem to lack intraperoxisomal
chaperones. Here, we propose a
mechanistic model for the early steps in
peroxisomal-matrix-enzyme import, which
might help to explain the unusual features of
this process.

Protein import into sealed, membrane-
bound compartments poses several chal-
lenges. The proteins that are destined for
each compartment must be distinguished
from other cellular proteins, directed to the
organelle surface and translocated across the
organelle membrane in a manner that
ensures their subsequent activity. A common
model serves to explain protein transloca-
tion into membrane-sealed compartments
such as the endoplasmic reticulum (ER),

mitochondrion and chloroplast'. Each of
these organelles prefers to import unfolded
protein substrates, and uses intraorganellar
chaperones both to pull the substrates into
the organelle and to promote their folding
within the lumen. By contrast, peroxisomes
(see BOX 1) can import folded proteins and
even oligomeric protein complexes*™.
Furthermore, most peroxisomes seem to
lack intraperoxisomal chaperones that could
either promote the folding of unfolded
import substrates or help pull proteins
across the peroxisome membrane’. Here, we
propose a new mechanistic hypothesis that
might help to explain these unique features
of peroxisomal-matrix-enzyme import.

Peroxisomal-matrix-enzyme import

Almost all peroxisomal enzymes have a type-
1 peroxisomal targeting signal (PTS1) at their
extreme carboxyl terminus®’. The PTS1 typi-
cally consists of just three amino acids

Box 1 | The peroxisome

peroxisomes®>7%,

Peroxisomes are small organelles (0.1-1 um in diameter®®), and are bound by a single, sealed
membrane®. Although often spherical, they can also form large reticular networks”'.
Peroxisomes are ubiquitous features of both lower eukaryotes, such as yeast, and humans
(see figure). In fact, only a few eukaryotes lack peroxisomes, and these unicellular organisms
are thought to represent either primitive eukaryotic life forms or descendents of
peroxisome-containing eukaryotes’>”>. Human cells contain ~500 peroxisomes, with the
exception of red blood cells, which lack intracellular organelles and have no

Peroxisomes are metabolic organelles, and typically contain enzymes that are involved in
lipid metabolism, hydrogen peroxide (H,0,)-producing oxidases, and the enzyme catalase,
which converts H,O, to water and O, (REFS 75,76). In yeasts, peroxisomes are the sole site of
fatty-acid f-oxidation, and they are required for growth on fatty acids as a sole source for
carbon and energy. In humans, peroxisomes contain two fatty-acid 3-oxidation pathways
and a fatty-acid o-oxidation pathway, which act on signalling lipids (for example,
prostanoids, branched-chain fatty acids, dicarboxylic acids and very-long-chain fatty acids)
that are only poorly oxidized by mitochondrial fatty-acid f-oxidation pathways. Human
peroxisomes also have essential roles in the synthesis of ether-linked lipids and bile acids.

Defects in peroxisomal enzymes are the cause of several human diseases, most of which
involve neurological impairment’”’%, However, the most severe peroxisomal diseases are
caused by defects in peroxisome biogenesis, which result in the simultaneous loss of several
peroxisomal metabolic functions. These peroxisome biogenesis disorders (PBD) include
Zellweger syndrome, and are genetically heterogeneous, with 12 known complementation
groups’’. The genes that are required for peroxisome biogenesis are referred to with the
acronym PEX, and their products are called peroxins'!. At present, more than 20 peroxins
have been identified in yeast, whereas 15 PEX genes are known in humans, including the
genes that are defective in 11 of the 12 known complementation groups of PBD patients”.
Three general phenotypes have been recognized among the known pex-deficient cells: lack of
peroxisomal-membrane-protein import and peroxisomal-matrix-protein import, resulting
in the absence of detectable peroxisomes in the cell; defects in peroxisomal-matrix-protein
import but no defect in peroxisome-membrane synthesis or the import of integral
peroxisomal membrane proteins; and defects in peroxisome abundance, but no defect in
peroxisomal-matrix-protein import or peroxisomal-membrane-protein import!'7°,

The figure shows peroxisomes in human and yeast cells. a | A human cell stained with an
antibody to a peroxisomal protein shows the presence of peroxisomes distributed
throughout the cytoplasm. b | An electron micrograph of a Saccharomyces cerevisiae cell
during restoration of peroxisome biogenesis®’ shows a cluster of peroxisomes (PO) and their distribution relative to the vacuoles (V),
endoplasmic reticulum (ER), mitochondria (M) and nucleus (N).
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Table 1 | Features of known peroxins'!:7®

Protein Characteristics

Peroxins required for peroxisomal-matrix-protein import but not for peroxisomal-membrane-protein import

PEX1

by far the most common cause of the PBDs (CG1).

PEX2

Alarge (100-150 kDa) AAA ATPase in yeasts and humans. Interacts with PEX6 and other peroxins. Defects in PEX1 are

An ~40-kDa integral PMP with a carboxy-terminal, cytoplasmically exposed zinc RING domain. Has been identified in

yeasts and humans, interacts with PEX10 and is defective in CG10 of the PBDs.

PEX4

A small (20-24 kDa) peroxisome-associated ubiquitin-conjugating enzyme that interacts with PEX22. Has been identified

in several yeast species, but so far there is no report of PEX4 in any metazoan.

PEX5

An ~70-kDa, predominantly cytoplasmic/partly peroxisomal protein that is found from yeasts to humans. Contains a

PTS1-binding domain in its carboxy-terminal, tetratricopeptide-repeat-containing half, interacts with several
peroxins (PEX7, PEX8, PEX10, PEX12, PEX13 and PEX14) and is defective in CG2 of the PBDs.

PEX6
PEX7
PEX8
PEX9
PEX10

A 44-kDa integral PMP found only in the yeast Yarrowia lipolytica.

An ~100-kDa AAA ATPase found in yeasts and humans. Interacts with PEX1 and is defective in CG4 of the PBDs.
An ~40-kDa, WD40-repeat-containing protein that binds the PTS2. Defective in CG11 of the PBDs.
A variably sized (60-80 kDa), integral PMP (orphan*) that interacts with PEX5 and is found only in yeast.

An ~35-kDa integral PMP with a carboxy-terminal, cytoplasmically exposed zinc RING domain. Has been identified in

yeasts and humans, interacts with PEX2, PEX5 and PEX12, and is defective in CG7 of the PBDs.

PEX12

An ~40-kDa integral PMP with a carboxy-terminal, cytoplasmically exposed zinc RING domain. Has been identified in

yeasts and humans, interacts with PEX5 and PEX10, and is defective in CG3 of the PBDs.

PEX13

An ~44-kDa integral PMP with a carboxy-terminal, cytoplasmically exposed SH3 domain. Has

been identified in yeasts and humans, interacts with PEX5 and PEX14, and is defective in CG13 of the PBDs.

PEX14
PEX15
PEX17
PEX18

chaperone. Identified only in S. cerevisiae.

PEX20
PEX21

chaperone. Identified only in S. cerevisiae.

PEX22
PEX23
Djp1

A 20-kDa integral PMP of yeasts that interacts with PEX4.
A 46-kDa integral PMP. Identified only in Y. lipolytica.
A Dnad-like protein required for normal import of peroxisomal matrix proteins.

Peroxins required for peroxisomal-membrane- and matrix-protein import

PEX3
PEX16
PEX19

An ~40-kDa PMP (orphan) of yeasts and humans that binds to PEX5, PEX13 and PEX17.

A 44-kDa integral PMP (orphan) that has been identified only in the yeast Saccharomyces cerevisiae.

An ~25-kDa integral PMP (orphan) that interacts with PEX14. Has been identified only in S. cerevisiae.

A 31-kDa soluble protein involved only in PTS2-protein import. It is highly similar to PEX21, and might act as a PEX7

A 46-kDa soluble protein involved only in PTS2-protein import. Identified only in Y. lipolytica.
A 31-kDa soluble protein involved only in PTS2-protein import, is highly similar to PEX18, and might act as a PEX7

An ~40-kDa integral PMP (orphan) in yeast and humans that binds PEX19 and is defective in CG12 of the PBDs.
In humans, PEX16 is a 36-kDa integral PMP (orphan) that binds PEX19 and is defective in CG9 of the PBDs.
A 33-kDa farnesylated protein (orphan) of yeasts and humans. Predominantly cytoplasmic/partly peroxisomal, binds

all known integral PMPs and recognizes many PMP-targeting signals. Is defective in CG14 of the PBDs.

Peroxins that regulate peroxisome abundance but are not required for protein import

PEX11

An ~25-kDa integral PMP required for normal peroxisome abundance. Many species contain several PEX77 genes.

CG, complementation group; PBD, peroxisome-biogenesis disorder; PEX, peroxin; PMP, peroxisomal membrane protein; PTS, peroxisome targeting signal; SH3,
Src-Homology 3. “Refers to peroxins that are not a member of a known protein family.

(serine-lysine-leucine ., or a conservative
variant®), and is sufficient to direct proteins
into the peroxisome lumen in protozoans,
yeast and mammalian cells®. Only a few per-
oxisomal enzymes use a different targeting
signal, the amino-terminally located PTS2
(REE. 9). Import of PTS1 and PTS2 proteins
requires around 20 PEX genes and their prod-
ucts; the peroxins (TABLE 1).

PTS1 proteins are recognized by PEX5
(REF. 10), whereas PTS2 proteins are recog-
nized by PEX7 (REF. 11). In mammals, the
long isoform of PEX5 (PEX5L) is also
required for PTS2-protein import, as it
binds to PEX7 and is required for PEX7

transit to peroxisomes'>'*. These observa-
tions indicate that PEXS5 is the direct or
indirect import receptor for all newly syn-
thesized peroxisomal matrix enzymes
(nsPMEs) in these species. In yeast, how-
ever, PEX5 is not required for PTS2-protein
import and only interacts with PEX7 indi-
rectly through linking proteins such as
PEX14 (REF. 14). PEX5 is a predominantly
cytoplasmic, partly peroxisomal protein
that cycles between the cytoplasm and per-
oxisomes'®, which indicates that peroxiso-
mal-protein import involves a complex
interplay of cytoplasmic and peroxisomal
events'® (FIG.1).

Roles in receptor docking have been pro-
posed for PEX13 and PEX14 — two peroxiso-
mal membrane proteins (PMPs) that interact
with PEX5 (REFS 14,17-20). PEX8, PEX10 and
PEX12 are a trio of PMPs that also bind to
PEXS5 but are not required for receptor dock-
ing, which indicates that they act subse-
quently, probably in protein transloca-
tion'>?2=2, As for receptor recycling, it has
been proposed?* that a ubiquitin-conjugat-
ing enzyme — PEX4 — might be required for
this last stage of the PEX5 cycle, and PEX4
would presumably require the involvement of
its partner, PEX22 (REE 26). Other peroxins
(TABLE 1) also seem to have important roles in
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Figure 1 | A general model of peroxisomal-matrix-enzyme import. The dynamic distribution of PEX5
indicates that matrix-enzyme import involves: a | binding of enzymes (red circles) by the import receptors
(shown here as PEX5 in green); b | transport of receptor-enzyme complexes to the peroxisome surface;

¢ | docking of receptor—-enzyme complexes through protein—protein interactions with peroxisomal
membrane proteins, such as PEX14 (purple) and, perhaps, PEX13 (grey); d | dissociation of
receptor—enzyme complexes and enzyme translocation through a proteinaceous pore (perhaps containing
PEX8, PEX10 and PEX12, all shown in blue); and e | receptor recycling, which might involve PEX4 and

PEX22 (both shown in orange). PEX, peroxin.

nsPME import, but less is known about their
point of action'’.

This general model of peroxisomal-
matrix-enzyme import has been useful for
assigning general functions to several of the
known peroxins, but suffers from a lack of
mechanistic detail. For example, peroxisomal-
matrix-enzyme import requires ATP**, and
this model makes no predictions about where
ATP is consumed or how ATP hydrolysis pro-
motes enzyme translocation. This model also
fails to explain how peroxisomes import
folded, oligomeric enzymes across a sealed
membrane*™*. In light of these limitations, we
have re-examined the existing data on peroxi-
somal-matrix-protein import from a mecha-
nistic perspective. The remainder of this arti-
cle presents a more detailed description of
what has arisen from our reconsideration of
these data.

The ‘preimplex’ hypothesis

To gain insight into the molecular mecha-
nisms of matrix-protein import, we concen-
trated our attention on those aspects of per-
oxisomal-matrix-protein import for which
the biochemical data are most reliable. We
began with the recognition of PTS1-con-
taining enzymes by PEXS5, the step in
import that has been subjected to the most
rigorous biochemical analysis. Biochemical

and X-ray-crystallography structure data
have shown that PEX5 binds one PTS1 per
PEX5 monomer, and that PEX5 behaves as
an oligomer — most probably a tetramer —
with several PTS1-binding sites'®®. On its
own, the fact that PEX5 is multivalent with
respect to its PTS1 ligands is not remark-
able. However, the fact that PEX5 can bind
several nsPMEs becomes more intriguing
when we consider that peroxisomes can
import oligomeric peroxisomal enzymes®™,
and most, if not all, peroxisomal enzymes
are oligomers®*. So, the high-affinity inter-
actions between PEX5 and nsPMEs (K, =
~100 nM)" are likely to be mutually multi-
valent. On the basis of these considerations,
we propose that nsPMEs form large

“We see preimplex
formation as a stochastic
process that is controlled
primarily by the
concentrations of the
relevant proteins in the
cytoplasm and their affinities
for one another.”

nsPME-PEX5 complexes shortly after their
synthesis but before their import. We refer
to these pre-import complexes of nsPMEs
as ‘preimplexes’

We see preimplex formation as a stochastic
process that is controlled primarily by the con-
centrations of the relevant proteins in the
cytoplasm and their affinities for one another
(FIG.2). In such a system, there are many ways
for nsPMEs to interact with preimplexes. For
example, peroxisomal enzymes that oligomer-
ize rapidly and/or have a low affinity for PEX5
are more likely to oligomerize before they
enter preimplexes, whereas proteins that
oligomerize more slowly and/or have a rela-
tively high affinity for PEX5 might enter the
preimplex as monomers. Even monomeric
proteins should enter preimplexes, provided
they contain a PTS1. An intrinsic part of the
preimplex hypothesis is that some nsPMEs
must oligomerize before, or during, preim-
plex formation, otherwise the nsPME-PEX5
interactions would not be mutually multiva-
lent. However, various factors (enzyme con-
centration, degree of enzyme oligomerization
and affinity of the PTS1 of each enzyme for
PEX5) make it difficult to predict exactly what
proportion of peroxisomal enzymes has to
oligomerize before, or during, preimplex for-
mation in order for it to proceed.

Another prediction of the preimplex
hypothesis is that other PEX5-binding pro-
teins might have a significant effect on preim-
plex dynamics. For example, PEX14 is partic-
ularly suited to having such a role. PEX14 is
the primary PEX5-docking site in the peroxi-
some membrane, and it is a dimeric protein
with at least one high-affinity PEX5-binding
site per monomer®***. Each PEX5 monomer
has several PEX14-binding sites, and so
PEX5-PEX14 interactions are also mutually
multivalent. In addition to helping tether
preimplexes to the peroxisome surface,
PEX5-PEX14 interactions might actually pro-
mote preimplex expansion by linking other-
wise distinct nsPME-PEX5 complexes at
PEX14 dimers (FIG.2).

Although the biochemical properties of
peroxisomal enzymes, PEX5 and PEX14 indi-
cate that preimplex assembly is probable, what
possible benefit is derived from assembling
large nsPME-PEX5 complexes on the peroxi-
some surface before nsPME translocation?
One possibility is that the multivalent nature
of nsPME-PEX5-PEX14 interactions allows
the rapid and specific delivery of nsPMEs to
the peroxisome using only diffusion and the
binding energy of these protein—protein inter-
actions. Such a mechanism might explain why
PEX5-docking factors are the only proteins
that have been implicated in delivering PEX5
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to the peroxisome surface''. Another advan-
tage is that preimplex formation would gener-
ate an extremely high concentration of
nsPMEs in the vicinity of the translocation
machinery — a situation that is likely to pro-
mote their subsequent translocation.

Evidence for the preimplex hypothesis?
In considering the preimplex hypothesis, we
wondered whether there might already be
some supporting evidence in the literature.
Consistent with the cytosol-to-peroxisome
import of all peroxisomal proteins®, peroxi-
somal enzymes of the yeast Candida boidinii
are synthesized in the cytoplasm — where
they are first detected as monomers — and
are subsequently imported into peroxisomes,
where they are oligomeric, metabolically
functional enzymes®***. However, when
Bellion and Goodman?® carried out a more
detailed analysis of peroxisomal-enzyme bio-
genesis, they observed that several peroxiso-
mal enzymes enter an extremely large, short-
lived protein complex immediately after their
synthesis but before their translocation into
the peroxisome lumen. When these large
nsPME-containing complexes were recovered
using an antibody to one peroxisomal-matrix
enzyme, other unrelated nsPMEs were pre-
sent in the immunoprecipitates at propor-
tions that approached the ratios of these
enzymes in mature peroxisomes®. These
same enzymes were no longer associated with
one another after their import into peroxi-
somes. Bellion and Goodman™ also reported
that the nsPME-containing complexes could
be detected primarily in the cytoplasm but
were also present on the peroxisome, and
were bound to fragments of the peroxisome
membrane. These results are most easily
explained by the transit of several nsPMEs
through a common complex such as the
preimplex; mere association with a large, pro-
teinaceous import apparatus could not
explain the simultaneous transit of different
nsPMEs through a shared protein complex.

Preimplex disassembly

Mature peroxisomal enzymes do not exist in
preimplex-like complexes®"*>%, so preim-
plex disassembly must therefore occur
before, or during, the translocation process.
Once again, Bellion and Goodman’® have
provided an interesting clue to understand-
ing this disassembly process by establishing
that the disassembly of the pre-import
nsPME-containing complexes is blocked by
treatments that deplete cellular levels of
ATP. This result indicates that ATPases
might be required for preimplex disassem-
bly. Perhaps the most obvious candidates are

chaperones of the heat shock protein 70
(Hsp70) family. Hsp70 proteins — as well as
their relatives and partners — are necessary
for many protein-translocation events, catal-
yse ATP-dependent protein folding/unfold-
ing reactions and have even been implicated
in peroxisomal-protein import">740,
However, it is also possible that the role of
Hsp70 proteins in peroxisomal-matrix-pro-
tein import is restricted to other, less-specific
aspects of peroxisomal-protein import,
such as the folding of peroxisomal enzymes

ka1t

PERSPECTIVES

before their recognition by the PTS recep-
tors®” or the folding of peroxins. The AAA
family of ATPases, which often act in the
disassembly of large protein complexes**?,
are a second class of ATPases that might be
involved in preimplex disassembly.
Interestingly, peroxisome biogenesis
requires two AAA proteins — PEX1 and
PEX6 (REE 11). PEX1 and PEX6 physically
interact with one another, and phenotypic
studies indicate that these AAA ATPases are
involved in nsPME import!'. However, no

Cytosol

Peroxisome

Figure 2 | Kinetic parameters that affect preimport-complex assembly. Numerous protein—protein
interactions might affect pre-import complex (‘preimplex’) dynamics — even in a simplified situation in
which a single, trimeric protein with a type-1 peroxisomal targeting signal (PTS1; red circles) is the only
ligand for tetrameric PEX5 (green squares). Included among these are: (k,), binding of an enzyme
monomer to PEX5; (k,), enzyme oligomerization; (k,), binding of an enzyme oligomer to a single PTS1-
binding site on PEXS5; (k,), binding of an attached enzyme oligomer to a second PTS1-binding site on
PEXS5; (k,), enzyme oligomerization on a PEX5 tetramer; (k,), binding of PEX5 tetramers to nsPME-PEX5
complexes; (k), crosslinking between distinct preimplexes in the cytosol; (k,), crosslinking between
cytoplasmic preimplexes and peroxisome-associated preimplexes; (k;), PEX5 binding to PEX14 (purple
rectangles); binding of enzyme monomers (k, ) and oligomers (k, ) to membrane-bound PEX5; and (k, ),
crosslinking between distinct PEX14-linked preimplexes at the peroxisome membrane. a, association; d,
dissociation; nsPME, newly synthesized peroxisomal matrix enzyme; PEX, peroxin.
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Peroxisome

Figure 3 | A model for PEX1 and PEX6 in peroxisomal enzyme translocation. A PEX1-PEX6
complex (yellow) binds to components of the translocation apparatus (blue) and to preimplexes (red and
green) that are attached to the peroxisome by PEX14 (purple rectangles). PEX1 and PEX6 use ATP
hydrolysis to disassemble preimplexes, assemble the translocation pore and direct the vectorial
movement of enzyme into the peroxisome lumen. These events might occur sequentially or
synchronously. Products of preimplex disassembly could be individual polypeptides or some type of
nsPME-PEX5 subcomplex that is much smaller than the preimplex, although the final product of the
entire reaction is intraperoxisomal enzyme and cytoplasmic PEX5. Although the PEXS being released is
shown as a tetramer, the translocation process might actually generate a different product, such as free,
monomeric PEX5. nsPME, newly synthesized peroxisomal matrix enzyme; PEX, peroxin.

hypothesis has been put forward to explain
their role in this process. We propose that
PEX1 and PEXG6 facilitate preimplex disas-
sembly and participate in other processes,
such as assembly of the translocation appa-
ratus and the vectorial transport of proteins
across the membrane.

One of the first predictions of this
hypothesis is that defects in PEX1 and/or
PEX6 should result in preimplex accumula-
tion on the outer surface of the peroxisome,
at least to the stoichiometric limits of PEX5
and PEX14, or any other factor that has a
limiting role in preimplex assembly.
Consistent with this prediction, human cells
that lack PEX1 or PEX6 contain far more
particulate peroxisomal matrix enzymes
than cells that lack most other PEX
genes*~*, and these enzyme particulates are
not in the peroxisome lumen but are on the
outside of peroxisomes and seem to be sur-
rounded by empty, doubled-over peroxiso-
mal membranes** (C. S. C. and S. J. G,,

unpublished observations). Further sup-
porting evidence comes from the observa-
tion that Pichia pastoris pex] and pex6
mutants have large particles that contain
peroxisomal enzymes, PEX5 and fragments
of peroxisome membranes*®*.

Preimplex dissociation

Continual preimplex assembly and disassem-
bly would represent futile cycles of ATP
hydrolysis. Therefore, we propose that preim-
plex disassembly will be tightly coupled to
enzyme translocation. Tight coupling
between these processes would allow
nsPME:s to be transferred from the preim-
plex into the translocation apparatus while
the nsPMEs are still bound to PEX5, which
prevents a leak of these enzymes back to the
cytoplasm and removes the need for more
enzyme-binding proteins. In addition, tight
coupling between preimplex disassembly
and subsequent steps in import is an attrac-
tive proposal, because it would place PEX1

and PEX6 in a good position to provide the
energy that is needed for enzyme transloca-
tion. Although there is no evidence that
PEX1 or PEX6 catalyse enzyme transloca-
tion, it is intriguing that a recent two-
hybrid study of Saccharomyces cerevisiae
peroxins showed potential interactions
between PEX1, PEX6 and several factors
that are implicated in enzyme translocation
(PEX5, PEXS8, PEX10 and PEX12) (Y. Liu,
K. Sacksteder, J. C. Morrell and S. J. G,
unpublished observations). In addition, it
has recently been shown that Cdc48/VCP
— the AAA ATPase that is most closely
related to PEX1 and PEX6 — is required for
the retro-translocation of proteins from the
ER lumen to the cytoplasm*-*°. Physical
coupling of preimplex dissociation and
enzyme translocation could be represented
by PEX1 and PEXG6 sitting at the top of the
translocation apparatus, mediating the
transfer of nsPMEs from the preimplex into
the cavity of the translocon (FIG. 3). This
particular scheme also allows PEX1, PEX6
and, perhaps, even PEX5 to cap the translo-
con and maintain a sealed peroxisome
membrane. This hypothesis is also consis-
tent with the results of a recent epistasis
analysis, which indicated that virtually all
peroxins are required for normal PEX1 and
PEX6 function®.

The observations of oligomeric protein
import and ‘piggyback’ protein import>*°!
— in which proteins that lack a PTS are
imported as long as they bind to a PTS-con-
taining protein in the cytoplasm — raise
the possibility that the translocation pore in
the peroxisome membrane might be
extremely large. This notion is also rein-
forced by the observation that 4-9-nm gold
particles that are coated with PTS1 peptides
can be imported into peroxisomes in vivo®.
Some have even proposed>>* that peroxiso-
mal-protein translocation might occur
through large pores that are similar to those
in the nuclear envelope, rather than the
smaller, gated pores of the ER protein

“Another advantage of the
preimplex hypothesis is that
it will be relatively easy to
test. Several predictions can
be deduced from the
preimplex hypothesis and
many of these are amenable
to direct analysis.”
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“The preimplex hypothesis
offers explanations for the
ATP dependence of
peroxisomal-enzyme
import, how peroxisomes
import folded enzymes, and
why peroxisomes do not
require lumenal
chaperones.”

translocon®*. Although this might be true,
the data so far argue only for the import of
oligomers of ~450 kDa’ or smaller***, and
the actual translocation substrates might be
considerably smaller, depending on the
products and timing of preimplex disas-
sembly. For example, preimplex disassem-
bly might convert oligomeric enzymes to
monomers before the actual translocation
event. Furthermore, a peroxisomal-protein
translocation pore with just 2—3 times the
diameter of the ER protein translocon
(5 nm in the open state) could explain the
passage of fully folded proteins, moderately
sized oligomers and even 4-9-nm gold par-
ticles. The upper size limit on what can pass
across the peroxisome membrane has not
been established, but it is interesting to note
that the peroxisomal enzyme alcohol oxi-
dase — which assembles into octamers of
approximately 500 kDa — seems to
oligomerize only after its association with
peroxisomes®. It should also be noted that
the peroxisome membrane is impermeable
to small metabolites and protons®*®°, and
that freeze-fracture electron-microscopic
analysis failed to show any large pores in the
peroxisome membrane®'-%.

Preimplex hypothesis and other models
Several reviews®>®* have proposed that an
important debate in the peroxisome field is
between an ‘extended-shuttle’ mechanism of
matrix-enzyme import, in which PEX5 is
translocated freely into the peroxisome
lumen and exported back to the cytoplasm,
and a ‘simple-shuttle’ mechanism, in which
PEX5 only brings nsPMEs to the peroxisome
surface. However, the ‘simple-shuttle’ mecha-
nism precludes a role for PEX5 in the trans-
membrane translocation process, demands
that PEX5 dissociates from its cargo of PTSI
proteins before the enzyme translocation
event, and requires the existence of some fac-
tor(s) other than PEXS5 to bind and carry the

PTS1 proteins across the membrane during
the translocation event. As such, several
observations argue against the ‘simple-shut-
tle’ model, including: the fact that small
amounts of PEX5 are embedded in the per-
oxisome membrane?®*, and are present in
the peroxisome lumen®; the direct, physical
interactions between PEX5 and several puta-
tive protein translocation factors (PEXS,
PEX10 and PEX12; REFS 21-23); and the
inability to find proteins other than PEX5
and PEX7 in searches for peroxisomal-
enzyme-binding proteins® (S.]. G., unpub-
lished observations). Therefore, we feel that a
more relevant debate is between the
‘extended-shuttle’ model and a ‘trap-door’
model of protein translocation (FIG. 4). In the
‘trap-door’ model, a type of small
nsPME-PEX5 complex would be inserted
into the translocation apparatus with a
topology that delivers the enzymes into the
peroxisome environment. A reduction in the
affinity of PEXS5 for its PTS1 cargo would
complete the enzyme translocation event,
and the release of unoccupied PEXS5 to the
cytoplasm would complete the PEX5 cycle.
This model differs significantly from the
‘extended-shuttle’, in that PEX5 is not
translocated and released into the peroxi-
some lumen, although it might be exposed to
the chemical and enzymatic environment of
the peroxisome lumen during the transloca-
tion process. It should be noted that the
preimplex hypothesis is consistent with both
the ‘extended-shuttle’ and ‘trap-door’ models
of peroxisomal-matrix-enzyme import.

Impact of the preimplex hypothesis

We have already discussed how the preimplex
hypothesis can explain the ATP requirement
of peroxisomal-matrix-enzyme import*-?%%,
the rapid and specific delivery of nsPMEs to
the peroxisome®*, the import of folded pro-
teins and oligomeric enzymes®™, the various
phenotypes of pexI and pex6 mutants'>>%,
and the interactions between PEX1 and
PEX6 and several putative translocation fac-
tors' (Y. Liu, K. Sacksteder, J. C. Morrell, and
S.J. G., unpublished observations). However,
the preimplex hypothesis might also help us
understand several other observations. For
example, the preimplex hypothesis proposes
that PEX14 serves mainly to nucleate and
localize preimplexes to the peroxisome mem-
brane, which might explain why PEX5 over-
expression can suppress a pexI4-null mutant,
and why small amounts of peroxisomal
matrix enzymes are imported into peroxi-
somes even in the absence of PEX14 (REE. 69).
The preimplex hypothesis also predicts that
any protein that enters the preimplex will be
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000

Peroxisome

Figure 4 | The ‘trap-door’ and ‘extended-
shuttle’ models of enzyme translocation.

a | In the trap-door model, enzymes (red circles)
are delivered to the peroxisome lumen while they
are still bound to PEX5 (green squares). Complete
translocation is achieved by lowering the affinity of
PEX5 for the PTS1. This model proposes that
PEX5 is an integral component of the
translocation apparatus (blue and yellow), but that
it is not released into the peroxisome lumen,
except as a consequence of aberrant events.

b | In the extended-shuttle model, nsSPME-PEX5
complexes (red circles and green squares) are
translocated completely into the peroxisome
lumen, followed by nsSPME-PEX5 dissociation
within the peroxisome lumen and retro-
translocation of free PEX5 back to the cytoplasm,
presumably through the same translocation
apparatus (blue and yellow). PEX14 is represented
by purple rectangles, and PEX4 and PEX22 are
shown in orange. nsPME, newly synthesized
peroxisomal matrix enzyme; PEX, peroxin.

delivered into the translocation apparatus,
which might explain the lack of selectivity
that is apparent in the many instances of ‘pig-
gyback’ protein import>>*!. In addition, the
preimplex hypothesis predicts that PEX5 car-
ries nsPMEs into the translocation appara-
tus, and so is a crucial component of the
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Box 2 | Predictions that can be deduced from the preimplex hypothesis

before, or during, their translocation.

dependent on PEX5L and PEX7.

PEX18 and PEX21 (REE. 70), as well as PEX7.

membrane.

disassembly.

translocation machine, which might explain
why PEXS5 interacts with putative protein-
translocation components?' 2.

Finally, the protein-import model we pro-
pose here might be relevant to an obscure
observation. It is now well established that
PEXS5 is rapidly degraded in yeast or human
cells that lack either PEX1 or PEX6 (REFS 15,25).
If, as we propose, PEX1 and PEX6 do act in
peroxisomal-matrix-enzyme import by disas-
sembling preimplexes and promoting the
subsequent steps in matrix-enzyme translo-
cation, it might be useful to view PEX5
destruction as a quality-control mechanism
that serves to eliminate ‘inappropriate’
nsPME-PEX5 complexes. If this is so, the
defect in preimplex disassembly that is caused
by loss of PEX1 or PEX6 might increase the
portion of PEX5 in such ‘inappropriate’ com-
plexes, and hence increase the rate of PEX5
destruction. Furthermore, epistasis analysis in
the yeast Pichia pastorishas shown that nearly
all peroxins are required for the accelerated
rate of PEX5 destruction that is seen in pexI
and pex6 mutants®. This observation sup-
ports our present hypothesis that several
matrix-protein import factors are required
for PEX1 and PEX6 to carry out their func-
tions in peroxisomal-matrix-enzyme import.

Testing the preimplex hypothesis
Another advantage of the preimplex hypoth-
esis is that it will be relatively easy to test.

* Newly synthesized peroxisomal matrix enzymes (nsPMEs) should enter common, large peroxin
(PEX)5-containing preimplexes shortly after their synthesis and exit from these complexes

* Preimplex formation should require oligomeric PEX5.
* Preimplex formation will require the expression of oligomeric peroxisomal-matrix enzymes.

+ In human cells, where PEX5L binds PEX7 and is required for peroxisomal targeting signal
(PTS)2-protein import, PTS2 proteins should also enter preimplexes, and this entry should be

+ In yeast, entry of PTS2 proteins into preimplexes might require PEX7-linking proteins, such as

* Preimplex dynamics will be modulated by PEX14, the primary PEX5-docking site in the
peroxisome membrane. Other PEX5-binding proteins might also affect preimplex dynamics.

* Preimplex disassembly will be dependent on PEX1, PEX6 and ATP, and involve interactions
between PEX5 and the disassembly apparatus.

* Cells that lack PEX1 or PEX6 should accumulate nsPME-PEX5 complexes on the outer surface
of peroxisomes. Due to the multivalent nature of preimplex—PEX14 interactions, this should
cause a zippering effect that leads to partial wrapping of preimplexes by the empty peroxisome

* Preimplex disassembly will require one or more PEX1/PEX6-interacting proteins in the
peroxisome membrane (perhaps PEX8, PEX10 or PEX12).

* Preimplex disassembly will be tightly coupled to translocon assembly and enzyme translocation.

+ Ubiquitin-mediated destruction of PEX5 will be sensitive to preimplex assembly and

Several predictions can be deduced from the
preimplex hypothesis and many of these are
amenable to direct analysis, a few of which are
listed (BOX 2).

Concluding remarks

The preimplex hypothesis offers explanations
for the ATP dependence of peroxisomal-
enzyme import, how peroxisomes import
folded enzymes, and why peroxisomes do not
require lumenal chaperones. It also makes
clear predictions about the general roles of
PEX1, PEX5, PEX6 and PEX14 in the earliest
stages of nsPME import. As such, the preim-
plex hypothesis holds the promise of advanc-
ing our understanding of a molecular mecha-
nism of peroxisomal-matrix-enzyme import,
and might be a stepping stone to an accurate,
mechanistic model of this process. At the same
time, it should be noted that the preimplex
hypothesis does not represent a comprehen-
sive model for peroxisomal-matrix-protein
import. The mechanism of receptor recycling,
the roles of PEX1 and PEX6 in other aspects
steps of import, and the positive role of ubig-
uitin and the ubiquitin-conjugating enzyme
PEX4 remain to be addressed, as does the role
of most factors that are required for peroxiso-
mal-matrix-enzyme import. It is our hope
that a mechanistic understanding of the
translocation steps in matrix-enzyme import
will lead to more detailed, mechanistic models
to explain the later stages of this process.
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