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In recent years, much progress has been made with respect to
the unravelling of the functions of peroxisomes in metabolism,
and it is now well established that peroxisomes are indispensable
organelles, especially in higher eukaryotes. Peroxisomes catalyse
a number of essential metabolic functions including fatty acid §-
oxidation, ether phospholipid biosynthesis, fatty acid «-oxidation
and glyoxylate detoxification. The involvement of peroxisomes in
these metabolic pathways necessitates the transport of metabolites
in and out of peroxisomes. Recently, considerable progress has
been made in the characterization of metabolite transport across
the peroxisomal membrane. Peroxisomes posses several special-

ized transport systems to transport metabolites. This is exemp-
lified by the identification of a specific transporter for adenine
nucleotides and several half-ABC (ATP-binding cassette) trans-
porters which may be present as hetero- and homo-dimers. The
nature of the substrates handled by the different ABC transporters
is less clear. In this review we will describe the current state
of knowledge of the permeability properties of the peroxisomal
membrane.

Key words: fatty acid, genetic disease, metabolite, peroxisome,
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INTRODUCTION

Much progress has been made in unravelling the role of peroxi-
somes in metabolism. In mammals, peroxisomes are now known
to participate in fatty acid «- and B-oxidation, the biosynthesis of
ether phospholipids and bile acids and in the degradation of pur-
ines, polyamines, L-pipecolic acid and D-amino acids [1]. Meta-
bolic functions of peroxisomes in other organisms include
methanol degradation (yeast), glyoxylate cycle (plants, yeasts),
penicillin biosynthesis (fungi), hormone biosynthesis (plants) and
karyogamy (fungi) [2-5]. Although it was previously thought that
peroxisomes also play a role in cholesterol and dolichol synthesis,
it has since been shown that this is not the case [6—11].

On the basis of our current knowledge of peroxisomal metabol-
ism, predictions can be made with respect to the nature of the
metabolites that need to pass across the peroxisomal membrane.
In recent years, it has become clear that such metabolite transport
is facilitated by at least several metabolite transporters. Indeed,
a number of transporters have been identified in the peroxisomal
membrane of various species. In the present paper, we review
peroxisomal metabolite transport in relation to the metabolic
pathways known to reside in this organelle, most notably fatty
acid oxidation.

Fatty acid - and B-oxidation are among the best studied meta-
bolic functions of peroxisomes. Defects in either pathway are
causative for a range of severe human disorders [12].

B-Oxidation is a cyclic process by which fatty acids are de-
graded from the C-terminal end (Figure 1). Each cycle of 8-oxid-
ation shortens the fatty acid carbon chain by two carbon atoms, re-
leasing an acetyl-CoA unit (or a propionyl-CoA unit if a 2-methyl
group is present). One cycle of B-oxidation in peroxisomes
consists of four reactions. In the yeast Saccharomyces cerevisiae,
peroxisomal B-oxidation is carried out by three proteins. In
mammalian species, including plants, humans and rodents, each

step of peroxisomal B-oxidation is usually carried out by multiple
enzymes. However, the four reactions that constitute one cycle of
B-oxidation are essentially identical regardless of the fatty acid
substrate.

The presence of a 3-methyl group in certain fatty acids, such as
phytanic acid (3,7,11,15-tetramethylhexadecanoic acid), inter-
feres with B-oxidation. However, such fatty acids are a substrate
for a-oxidation, which shortens the fatty acid by a single carbon
atom (Figure 2). The resulting shortened fatty acid which now has
the methyl group at the 2-position can enter S-oxidation and be
degraded further. As shown, «-oxidation is carried out by three
peroxisomal enzymes and yields a non-esterified (‘free’) fatty
acid. This must then be reactivated to its CoA ester either within
or outside of the peroxisome before entering S-oxidation (see
[13,14] for reviews).

Fatty acid import and the role of peroxisomal ABC (ATP-binding
cassette) transporters

Available evidence holds that the uptake of fatty acids by peroxi-
somes does not take place in the form of a carnitine ester like
in mitochondria. Indeed, C,.,-CoA and the CoA ester of the bile
acid precursor trihydroxycholestanoic acid (which are exclusively
B-oxidized in peroxisomes) are not converted into the respective
carnitine esters by mitochondrial CPT1 (carnitine palmitoyltrans-
ferase I) [15], or by any other acyltransferase. In agreement with
this, Jakobs and Wanders [16] reported that the addition of POCA
{sodium 2-[5-(4-chlorphenyl)pentyl]-oxirane-2-carboxylate}, an
inhibitor of CPT1, to human fibroblasts had virtually no effect on
C,6.0 B-oxidation, whereas it completely blocked C,¢,0 B-oxidation
(which is performed exclusively by the mitochondrial S-oxi-
dation system).

It is currently believed that fatty acids can enter the peroxisome
either as non-esterified fatty acid or directly as a CoA ester. Most
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Figure 1  Peroxisomal g-oxidation
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of our current understanding of the import of fatty acids destined
for B-oxidation into the peroxisomal matrix comes from studies of
the yeast S. cerevisiae. The peroxisomal membrane in S. cerevisiae
contains two members of the superfamily of ABC transporters,
Pxalp and Pxa2p [17,18]. Hettema et al. [19] found that the
B-oxidation of oleic acid (Cg,,) is impaired in pxal and pxa2 gene-
disruption mutants, but normal in cell lysates. This strongly sug-
gested a function in a transport process required for peroxisomal
B-oxidation. Moreover, since the §-oxidation of lauric acid (C,,.)
was found to be completely normal in these knockouts, it was con-
cluded that the defect occurs upstream of the 8-oxidation process,
presumably at the level of fatty acid import. These results suggest
the existence of at least two distinct pathways for the import of
fatty acids: (i) a Pxalp/Pxa2p-independent pathway, which is util-
ized by lauric acid, and (ii) a Pxalp/Pxa2p-dependent pathway,
by which oleic acid is imported. It was also reported that the g-
oxidation of lauric acid is impaired in a gene-disruption mutant
which lacks Faa2p, a peroxisomal acyl-CoA synthetase, whereas
oleic acid is normally B-oxidized by these cells [19,20]. This
led to a model which proposes that lauric acid is imported as a
non-esterified fatty acid that requires activation to its CoA ester
by Faa2p, whereas oleic acid is activated in the extraperoxisomal
space and imported as a CoA ester directly (Figure 3). This model
was supported further by the observation that redirection of Faa2p
to the cytosol [by disruption of its PTS1 (peroxisomal targeting
signal type 1)] causes lauric acid B-oxidation to become fully
Pxalp/Pxa2p-dependent [19].

Most fatty acids appear to be imported through both pathways to
various extents. Two factors are probably decisive for which path-
way is utilized by a specific fatty acid. First, the physiochemical
properties of a fatty acid, in particular its solubility in a non-polar
solvent, play an important role. It is well known that the permeab-
ility coefficient of small molecules is strongly correlated with
their solubility in non-polar solvents relative to their solubility
in water. Secondly, the substrate specificity and subcellular local-
ization of the acyl-CoA synthetases present in a cell is a determin-
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Figure 2 Peroxisomal «-oxidation

ing factor. As mentioned, expression of a cytosolic variant of the
acyl-CoA synthetase Faa2p in S. cerevisiae shifts peroxisomal
Ciy import almost entirely to the Pxalp/Pxa2p-dependent
pathway.

The model described appears to explain the translocation of
most fatty acids successfully. However, a few results have been
reported that do not appear to be consistent with this model,
suggesting that it may not be entirely correct.

Fulda et al. [21] reported the involvement of the peroxisomal
full ABC transporter PXA1 and two peroxisomal long-chain acyl-
CoA synthetases (LACS6 and LACS7) in the import of fatty acids
into peroxisomes of Arabidopsis thaliana. Surprisingly, it was
found that a 8-oxidation defect occurs in plants lacking PXA 1, but
also in double-knockout mutants lacking both LACS6 and LACS7.
An acyl-CoA synthetase single-knockout mutant (in which either
LACS6 or LACS7 was disrupted) did not exhibit an observable
phenotype. This suggested to the authors that the import of fatty
acids for B-oxidation in this plant does not occur via two independ-
ent pathways, but requires the concerted action of both PXAl
and peroxisomal acyl-CoA synthetases. They propose a modified
model where PXAT1 transports and hydrolyses acyl-CoA esters,
releasing a non-esterified fatty acid into the peroxisomal matrix
which then needs to be re-activated by peroxisomal LACS
(Figure 3B).

In this context, it is of interest to note that A. thaliana PXA1
is somewhat unusual when compared with its yeast and mam-
malian orthologues. While the orthologous peroxisomal ABC
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transporters in other organisms are half-ABC transporters (which
are thought to dimerize to produce a functional transporter) the
A. thaliana PXAL1 is a full ABC transporter (which is believed to
operate as a monomer). The significance of this marked differ-
ence is unknown, but clearly the situation in A. thaliana is not
necessarily representative for other organisms.

Alternatively, the results of Fulda et al. [21] may also be ex-
plained if A. thaliana PXA1 would be involved in the transport of
a cofactor required to sustain the activity of peroxisomal LACS
(such as CoA, adenine nucleotides or phosphate). More insight
into the actual substrate of A. thaliana PXAL1 is clearly required
to comprehend the significance of the observed results.

In mammalian species, four members of the ABC transporter
superfamily have been identified in the peroxisomal membrane
[ALDP/ABCD1, ALDR/ABCD2, PMP70 (70 kDa peroxisomal
membrane protein)/ABCD3 and PMP69/ABCD4]. Of these,
ABCDI1 has been studied most intensively. Mutations in the
gene ABCD]1 lead to the severe human disorder XALD (X-linked
adrenoleukodystrophy). It is thought that ABCDI is involved in
the import of CoA esters of very-long-chain fatty acids into the
peroxisome, in a similar fashion as performed by Pxalp/Pxa2p in
S. cerevisiae. All of the four human peroxisomal ABC transporters
are half-ABC transporters and are thought to dimerize to form
functional transporters. Whether ABCDI1 functions as a homo-
or hetero-dimer remains in debate. Although it has been shown
that various combinations of heterodimers may form in vitro
[22,23], others have reported that ABCD1, ABCD2 and ABCD3
are predominantly homodimeric in vivo [24].

The function of the other three mammalian peroxisomal ABC
transporters has remained largely unresolved. Various lines of
evidence suggest that the function of ABCD2 overlaps to a signi-
ficant extent with that of ABCD1, which is mainly based on two
observations: (i) overexpression or induction of the transcription
of ABCD? partially relieves the biochemical phenotype observed
in ABCD1-knockout cell lines, and (ii) the biochemical abnorm-
alities observed in Abcd2-knockout mice resemble those observed
in Abcdl-knockout mice, although they are less pronounced [25].
Furthermore, the biochemical abnormalities found in Abcdl-
knockout mice can be restored by overexpression of Abcd2
[26].

Abcd3-knockout mice were found to accumulate the bile acid
precursors THCA (trihydroxycholestanoic acid) and DHCA (di-
hydroxycholestanoic acid) (P. Vreken, G. H. K. Jimenez-Sanchez,
D. Valle, S. Ferdinandusse and R. J. A. Wanders, unpublished
work), strongly suggesting that Abcd3 is involved in the import
of these compounds into the peroxisomes, presumably in the
form of the corresponding CoA esters. Furthermore, the accumul-
ation of pristanic acid in these mice suggests that Abcd3 may
specifically be involved in the import of branched-chain substrates
into the peroxisome. The function of ABCD4 remains unknown
at this time.

Activation of imported non-esterified fatty acids: ANT1/PMP34

In 1990, McCammon et al. [27] identified a gene in the methyl-
otrophic yeast Candida boidinii that codes for a peroxisomal
membrane protein of 47 kDa (PMP47). Although its function was
unclear at the time, it was soon recognized on the basis of primary
sequence homology to be a member of the MCF (mitochondrial
carrier family) (SLC25) [28]. Since then, orthologues have been
identified in A. thaliana (PMP38) [29], humans (PMP34) [30]
and S. cerevisiae (YPR128C/ANTI) [31].

The first indication of its function came from a study by
Nakagawa et al. [32], who showed that the C. boidinii protein
is required for the B-oxidation of lauric acid (C,,,), but not for
the B-oxidation of oleic acid (C,s,;). MCFAs (medium-chain fatty
acids), such as lauric acid, are activated in the peroxisomal matrix
by Faa2p, whereas oleic acid is most likely to be imported into
the peroxisome as a CoA ester. Their results suggested that the
protein is involved in the transport of a factor that is required
for the intraperoxisomal activation of fatty acids. Subsequently,
using the peroxisomal protein luciferase to detect intraperoxi-
somal ATP in vivo, van Roermund et al. [31] showed that the
S. cerevisiae protein is probably involved in the transport of
ATP. Ultimately, direct evidence that the human and S. cere-
visiae proteins are indeed involved in the transport of adenine
nucleotides was gained by reconstitution of the purified protein
in liposomes, and following the uptake of radiolabelled substrates
by these proteoliposomes [33,34].

As discussed, the model of Fulda et al. [21] for fatty acid im-
port into the peroxisome via the A. thaliana peroxisomal ABC
transporter PXA1 relies on the intraperoxisomal activation of fatty
acids. However, in S. cerevisiae, the B-oxidation of fatty acids
that utilize the Pxalp/Pxa2p acyl-CoA import pathway (such as
oleic acid, Cyg,,) is unaffected in antl A cells, suggesting that an
imported fatty acid is released into the lumen of the peroxisome
as a CoA ester in this organism, and not as a non-esterified fatty
acid as suggested by Fulda et al. [21].

Recently, more detailed studies of the properties of the S.
cerevisiae protein suggest that it also participates in generating a
pH gradient across the peroxisomal membrane [35,36].

Lastly, the proper localization of DHAS (dihydroxyacetone
synthetase) was found to be disturbed in methanol-grown C.
boidinii cells in which PMP47 was disrupted [37]. The localiz-
ation of other peroxisomal proteins appeared to proceed normally.
The role of PMP47 in the peroxisomal localization of DHAS has
never been resolved.

Reducing equivalents: NAD+/NADH

NAD* is consumed during peroxisomal S-oxidation, yielding
NADH. Persuasive evidence that the peroxisomal membrane is
impermeant to NAD" and NADH in vivo has come from cer-
tain S. cerevisiae gene disruption mutants. Van Roermund et al.
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[38] observed that disruption of the gene encoding peroxisomal
MDH (malate dehydrogenase) (MDH3) blocks p-oxidation,
whereas f-oxidation was found to proceed at a normal rate in
cell lysates prepared from mdh3A cells. Moreover, they found
an accumulation of the 3-hydroxyacyl-CoA B-oxidation inter-
mediate, which indicates that the defect lies at the level of (NAD*-
dependent) 3-hydroxyacyl-CoA dehydrogenase. Taken together,
these results strongly suggest that NAD*" is not able to permeate
the peroxisomal membrane, and that NAD" is regenerated by
malate dehydrogenase to meet the demand of S-oxidation.
Presumably, the substrates and products of Mdh3p, i.e. malate
and oxaloacetate, are shuttled across the peroxisomal membrane
(Figure 4A). A similar shuttle operates in mitochondria (Fig-
ure 4B). However, in cases where the mitochondrial membrane
is impermeant to oxaloacetate, such as in rat heart [39], transport
appears to occur instead in the form of aspartate which is generated
by a mitochondrial GOT (glutamate:aspartate aminotransferase).
After translocation, oxaloacetate is regenerated by cytosolic GOT.
Interestingly, it has been demonstrated that peroxisomes of S.
cerevisiae and various plant species [40—42] also contain aspartate
aminotransferase, suggesting that a similar malate/aspartate
shuttle may operate in peroxisomes. However, S. cerevisiae gene-
disruption mutants lacking the peroxisomal aspartate aminotrans-
ferase (Aat2p) do not exhibit a B-oxidation defect [42]. In
addition, expression of AAT2 is not enhanced by growth on oleate-
containing medium [42], in contrast with Mdh3p and most other
enzymes that perform a metabolic function required for fatty
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acid B-oxidation in S. cerevisiae. Therefore Aat2p does not
appear to play an essential role in the malate/oxaloacetate redox
shuttle.

Mammalian peroxisomes apparently do not contain MDH.
However, several alternative pathways can be envisioned that
would be able to provide a supply of NAD*. The presence
of NAD"-linked G3PDH (glycerol-3-phosphate dehydrogenase)
activity has been demonstrated in peroxisomes of mammalian
cells [43] and in the glycosomes of the trypanosome Trypanosoma
brucei [44]. Therefore a shuttle based on G3PDH is also con-
ceivable (Figure 5A). No experimental evidence is available to
indicate whether this shuttle is responsible for the transfer of
reducing equivalents in vivo.

Alternatively, a shuttle can be postulated based upon peroxi-
somal lactate dehydrogenase (Figure 5B), which has been shown
to be present in the peroxisomal matrix despite the fact that it does
not possess a known peroxisomal targeting signal [45]. A partial
peroxisomal localization of the MCTs (monocarboxylate trans-
porters) Mctl and Mct2 was found in rat liver [46,47]. It was also
reported that the B-oxidation of a purified peroxisomal fraction
in vitro is stimulated when pyruvate is supplied, and that this
stimulation is partially inhibited by the addition of a-cyano-4-
hydroxycinnamate, which is a known inhibitor of MCT proteins
[46,47]. Osmundsen [48] also found a slight stimulation of -oxi-
dation upon the addition of pyruvate to isolated rat liver per-
oxisomes in vitro. The MCT family of transporters is thought to
mediate the symport of protons and monocarboxylates across a
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in the absence of a proton gradient (pH;, = pH, = 7.0), or after dissipation
of the proton gradient by the addition of the protonophorous uncoupler DNP

The liposomes were prepared from egg-yolk phosphatidylcholing, and the uptake of lactate
was determined as described in [120]. The amount of radiolabelled lactate taken up by the
proteoliposomes was measured at the indicated time points. An inwardly directed pH gradient
was established across the liposomal membranes by the addition of HCI as required to lower
the pH of the reaction medium to 6.0 at the start of the assay.

membrane. However, some of our own findings indicate that lact-
ate is able to diffuse across a lipid bilayer at a significant rate even
without the aid of a transporter in its protonated, neutral form (Fig-
ure 6). Furthermore, this diffusion of lactate becomes directional
when a ApH is applied, since a higher concentration of protonated
lactate then exists at the acidic side of the membrane. This was
readily demonstrated by monitoring the uptake of radiolabelled
lactate into liposomes when a pH gradient was established across
the membrane. The lactate uptake could be inhibited strongly
by the addition of DNP (2,4-dinitrophenol), which dissipates
the pH gradient. We found that pyruvate behaves similarly.
These observations indicate that a transporter protein might not
necessarily be required to mediate the transfer of lactate and
pyruvate. Whether the rate of diffusion is sufficient to adequately
supply NAD™ for 8-oxidation under in vivo conditions remains to
be established. Based on these findings, we conclude that caution
should be taken in the interpretation of the results of in vitro
experiments with isolated peroxisomes, such as those reported by
Osmundsen [48], Brooks [46] and McClelland et al. [47].

Reducing equivalents: NADP+/NADPH

Peroxisomal B-oxidation of unsaturated fatty acids with a double
bond at an even position requires the activity of NADPH-de-
pendent 2,4-dienoyl-CoA reductase [49]. Studies of S. cerevisiae
gene-disruption mutants have yielded compelling evidence that
the NADPH required for this reaction is supplied by peroxisomal
isocitrate dehydrogenase (Idp3p).

Van Roermund et al. [50] and Henke et al. [51] have demon-
strated that S. cerevisiae idp3 A cells are deficient in the B-oxid-
ation of fatty acids with double bonds at an even position, such as
petroselenic acid (C,.1,_¢), linoleic acid (Cz.,,_¢) and arachidonic
acid (Cyp,4,_6)- Oleic acid B-oxidation proceeds normally in these
knockouts, indicating that the defect is specific for fatty acids with
a double bond at an even position. Furthermore, van Roermund
et al. [50] found that idp3 A cells accumulate the 2,4-dienoyl-CoA
precursor of the NADPH-dependent reaction.

These findings strongly suggested the existence of an isocit-
rate/2-oxoglutarate (2-ketoglutarate) shuttle in peroxisomes that
is essential for the regeneration of NADPH. Very recently, the ex-
istence of a isocitrate/2-oxoglutarate antiporter has been demon-

strated in mammalian peroxisomes [52]. Since mammalian per-
oxisomes also contain isocitrate dehydrogenase [53], it is very
likely that a similar shuttle is responsible for the generation of
NADPH in mammalian peroxisomes.

Export of g-oxidation products

Depending on the substrate that enters S-oxidation, several pro-
ducts may emerge. Degradation of a carboxyl chain yields acetyl-
CoA and, if a 2-methyl-side chain is present, propionyl-CoA.
Van Roermund et al. [38] used the model organism S. cerevisiae
to study the transfer of acetyl and propionyl units from peroxi-
somes to mitochondria. In this organism, three pathways can be
envisioned to provide an export route for acetyl units from the
peroxisome: (i) entry into the glyoxylate cycle via peroxisomal
citrate synthetase (Cit2p), (ii) conversion into a carnitine ester by
peroxisomal carnitine acetyltransferase (Cat2p), and (iii) hydro-
lysis of acetyl-CoA to acetate and CoASH, followed by export of
the acetate. It was observed that a double-knockout mutant lacking
both the CIT2 and CAT2 genes exhibits a B-oxidation defect. In
contrast, a normal S-oxidation activity was found in cell lysates
of these cells, which suggested that the defect might lie at the
level of membrane translocation. The single-gene-disruption mu-
tants cit2A and cat2A each display only a slight decrease in
the rate of B-oxidation, indicating that both proposed routes can
contribute significantly to the export of acetyl-CoA. These results
strongly suggest that acetyl- and propionyl-CoA are unable to
traverse the peroxisomal membrane, but are converted into carnit-
ine esters before transport out of the peroxisome. It should be
noted that acetyl units may also leave the peroxisome through the
glyoxylate cycle. A third route for the export of acyl units from
the peroxisome involves the hydrolytic cleavage of acyl-CoA to
free CoASH and a fatty acid by peroxisomal thioesterases. Mam-
malian peroxisomes contain several acyl-CoA thioesterases,
which are capable of catalysing the hydrolysis of a wide range
of substrates, including the CoA esters of long-, medium- and
short-chain fatty acids, bile acids, branched-chain fatty acids
and succinate [54,55]. Leighton et al. [56] reported that, in
human hepatocytes, peroxisomal B-oxidation yields consider-
able amounts of free acetate via the action of an intraperoxi-
somal acetyl-CoA hydrolase activity, suggesting that, in these
cells, acetyl units are predominantly exported from the peroxi-
some in the form of free acetate.

To obtain more insight in the transfer of propionyl units from
peroxisomes to mitochondria in man, Jakobs and Wanders [57]
supplied [1-"*C]pristanic acid to fibroblasts of patients with a
defect in the gene encoding mitochondrial carnitine/acylcarnitine
translocase (CACT/SLC25A20) or CPT2 (CPT2). They observed
that *CO, formation was completely deficient in the CACT-
deficient cells, but not in the CPT2-deficient cells. This suggested
that CACT participates in the transfer of propionyl units into the
mitochondrion where they can be oxidized to yield CO,. It is
therefore likely that acetyl- and propionyl-CoA units are exported
from the peroxisome as carnitine esters in both yeast and hu-
mans. The transporter involved in the export of carnitine esters
from the peroxisome remains to be identified, although it has
been suggested that the human peroxisomal membrane contains
an orthologue of murine OCTN3 [58], which has been reported
to transport carnitine esters [59,60].

The distribution of glyoxylate cycle enzymes between the cyto-
sol and peroxisome suggests the translocation of glyoxylate cycle
intermediates across the peroxisomal membrane. Acetyl units
produced by S-oxidation can enter the glyoxylate cycle on the
peroxisomal side via Cit2p, which results in the release of a suc-
cinate moiety on the cytosolic side by cytosolic isocitrate lyase.
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Succinate can subsequently enter the mitochondrion via the mito-
chondrial fumarate/succinate transporter Acrlp for further oxi-
dation, ultimately yielding CO, and water [61].

In higher eukaryotes, including humans, there are only two
mechanisms by which fatty acids can exit the peroxisome: (i) via
a carnitine-dependent route, or (ii) via a thioesterase-dependent
route. Which of these two routes is actually taken by a particular
fatty acid depends first on whether or not the corresponding acyl-
CoA ester can be converted into a carnitine ester, and, secondly,
on the relative activity of the carnitine acyltransferase on one
hand and that of the acyl-CoA thioesterase on the other hand. In
human fibroblasts, for instance, most of the acetyl-CoA produced
in peroxisomes follows the carnitine-dependent route, as may be
concluded from the work of Jakobs and Wanders [57]. In contrast,
in hepatocytes, most of the acetyl-CoA produced in peroxisomes
follows the second route, as concluded from the findings of
Leighton et al. [56]. The acetate formed in hepatic peroxisomes
can be released and taken up and oxidized by other cells in the
same way as ketone bodies produced in hepatocytes from fatty
acids are exported to extrahepatic tissues for oxidation.

Acyl-CoA esters that cannot be converted into their respective
carnitine esters, such as succinyl-CoA [54], require the thio-
esterase-dependent route to exit peroxisomes.

The biosynthesis of the acid intermediates choloyl-CoA and
chenodeoxycholoyl-CoA proceeds via peroxisomal S-oxidation,
and export of the cholate and chenodeoxycholate groups occurs
after conjugation to glycine or taurine, followed by secretion into
bile.

Import of other g-oxidation substrates

Jedlitschky et al. [62] observed that isolated peroxisomes are able
to degrade the leukotriene w-hydroxy-N-acetyl-leukotriene E4 (in
the presence of appropriate cofactors) only when a microsomal
fraction was added to provide an acyl-CoA synthetase activity.
Schepers et al. [63] made a similar observation using prostaglan-
din E,. This may imply that these compounds, and perhaps re-
lated compounds, are activated in microsomes and subsequently
imported into the peroxisome. How the transport of the CoA
esters across the peroxisomal membrane is accomplished remains
unclear. Ferdinandusse et al. [64] reported that the levels of leuko-
trienes B, and E, and their oxidation products are normal in the
urine of XALD patients. Similarly, Mayatepek et al. [65] obser-
ved a normal leukotriene profile in the bile of XALD patients,
suggesting that the ABC transporter ABCD1 is not required for
the import of these compounds into the peroxisome.

The activation of the bile acid precursors to their respective CoA
esters is required before S-oxidation. Mihalik et al. [66] reported
that peroxisomal very-long-chain acyl-CoA synthetase is at least
capable of this reaction. In contrast, both Prydz et al. [67] and
Koibuchi et al. [68] found that THCA-CoA synthetase activity
is localized exclusively to microsomes. Hence, whether bile acid
precursors are imported into peroxisomes as CoA esters remains
to be established. A strong indication, however, that the peroxi-
somal half-ABC transporter ABCD3 is involved in the import
of the bile acid precursors DHCA and THCA into peroxisomes
is provided by the observation that Abcd3-knockout mice
accumulate -methyl-substituted fatty acids such as pristanic acid
and di- and tri-hydroxycholestanoic acid [68a].

pH of the peroxisomal lumen in vivo

Several groups have reported the existence of a pH gradient across
the peroxisomal membrane in vivo, suggesting a restricted perme-
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ability of the peroxisomal membrane. However, the observed
intraperoxisomal pH varies considerably. Early work by Nicolay
et al. [69] using *'P-NMR suggested an acidic pH for the per-
oxisomal compartment of methanol-grown cells of the yeast
Hansenula polymorpha. Their results were supported by
Waterham et al. [70] using DAMP {N-(3-[(2,4-dinitrophenyl)-
amino]propyl)-N-(3-aminopropyl)methylamine } -1abelling  of
spheroplasts. More recently, Lasorsa et al. [35] also reported
observing a low pH in the peroxisomes of S. cerevisiae cells
grown on oleic acid, using a pH-sensitive fluorescent probe that
is targeted to the peroxisome.

In contrast, Dansen et al. [71] also used peroxisomally targeted
fluorescent probes to measure the pH of human fibroblasts, which
they reported to be approx. 8.2. Using a similar technique, van
der Lende et al. [72] found that peroxisomes in the filamentous
fungus Penicillium chrysogenum are slightly alkaline.

Similarly, van Roermund et al. [36] observed an alkaline pH in
S. cerevisiae cells grown on oleic acid/glycerol medium. Further-
more, the same authors have provided evidence to suggest that
the observed pH gradient may assist in the import of fatty acids
via the non-esterified fatty acid route.

PEX11

A number of proteins have been identified that appear to play a
role in the biogenesis of peroxisomes, which have been designated
‘peroxins’ or PEX proteins. The role of the individual PEX
proteins in peroxisomal biogenesis is largely unknown. The
categorization ‘PEX’ gene has commonly been given to genes
when aberrant peroxisome morphology was observed in a gene-
disruption mutant. The possibility remains that some of the per-
oxins primarily serve a role in metabolism. In support of this
possibility, abnormal morphology is also observed in oleate-
grown S. cerevisiae gene-disruption mutants lacking for instance
acyl-CoA oxidase (foxI A), 3-oxoacyl-CoA thiolase (fox3A) or
the adenine nucleotide carrier (antl A).

The role of Pex11p is under debate. All reports seem to agree
that disruption of the PEXI! gene leads to a ‘giant peroxisome’
phenotype in which a reduced number of enlarged peroxi-
somes are formed. Conversely, overexpression results in an
increased number of peroxisomes of reduced size [73-75].

Van Roermund et al. [76] suggested that Pex11p primarily
performs a metabolic function in the degradation of MCFAs in S.
cerevisiae, and that the observed morphology is a consequence
of the metabolic defect. This finding suggests a role for PEX11
upstream of B-oxidation, most likely at the level of fatty acid
activation to a CoA ester or transport of the fatty acid into the
peroxisome.

In contrast, Li et al. [77,78] reported that the defect lies at the
level of peroxisomal proliferation, at least in mice. However,
the situation is complicated by the existence of three PEX/]
isoforms in humans and mice: PEX//«, PEXI1B and PEX11y.
Recently, two additional proteins with extensive homology with
Pex11p have been identified in S. cerevisiae as well, named
Pex25p and Pex27p [79]. Rottensteiner et al. [79] have proposed
a role in biogenesis and proliferation for these proteins, based
mainly on the finding that peroxisomal morphology and protein
import is disturbed in gene-disruption mutants.

Evidence for a peroxisomal channel

Early investigations into the permeability of the peroxisomal
membrane indicated that the membrane of isolated peroxisomes
is highly permeant to low-molecular-mass compounds, including
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many substrates and products of peroxisomal metabolism [80,81].
To account for these observations, the existence of a peroxisomal
channel-forming protein, or ‘porin’ was suggested [80,82].

Evidence in support of the existence of a peroxisomal channel
was gained mainly by patch—clamp and black lipid bilayer experi-
ments. The presence of channel-forming activity in peroxisomes
obtained from rat and mouse liver [83,84], peroxisomes from
the yeast H. polymorpha, and various plant species [85—88] has
been described, although the properties of the reported channel
activities has been found to vary considerably between species
and methods.

A particularly interesting observation was made by Reumann
etal. [85], who reported that the chloride-conductance of a channel
activity found in spinach leaf peroxisomes is strongly inhibited
by the addition of small amounts of specific anions. A particularly
high affinity for certain dicarboxylic anions was observed, includ-
ing 2-oxoglutarate, oxaloacetate, malate and succinate. This led
them to suggest that the detected channel exhibits notable sub-
strate specificity, which agrees strikingly well with our under-
standing of the malate/oxaloacetate and isocitrate/«-oxoglutarate
shuttles (see above). The estimated channel diameter of approx.
0.5 nm is too small to allow the passage of large cofactors, such
as NADH, CoASH or ATP. They also reported the presence of a
similar channel in castor bean glyoxysomes [88].

Recently, Antonenkov et al. [89] reported detecting two distinct
channels in purified mouse liver peroxisomes using planar lipid
bilayer techniques with conductances of 1.3 and 2.5 nS. They
hypothesize that these channel proteins facilitate the passage of
low-molecular-mass compounds, whereas the transport of larger
metabolites is performed by specific transporters.

Although numerous attempts have been made to purify and
identify the putative peroxisomal channel, only partially purified
fractions have been described [80,82].

Recently, however, a peroxisomal membrane protein with signi-
ficant homology with channel-forming proteins was cloned from
smooth brome grass (Bromus inermis Leyss) [90], which may
account for some of the electrophysiological observations, parti-
cularly those made by Reumann et al. [85-88] as mentioned
above. This protein is discussed in more detail below. However,
although orthologues can be identified in certain plant species, it
does not appear to have any orthologues in other species, and it is
therefore unlikely to represent the putative peroxisomal channel
in mammalian species. The expression pattern of this protein
suggests it may serve a function in the transport of intermediates
of the glyoxylate cycle, which is absent in mammals.

PMP22-related proteins

Early investigations into the constituents of the peroxisomal mem-
brane identified a 22 kDa protein as an abundant component [91—
93]. Combined, PMP70 and PMP22 constitute roughly half of the
protein content of the membrane of rat liver peroxisomes [94].
Several related 22 kDa proteins have been identified in various
species: rat Pmp22 [95], mouse Mpv17 [96], mouse Pmp22/
Pxmp2 [97,98], mouse M-LP (Mpv17-like protein) [99], A.
thaliana PMP22 [100], human PMP22 [101], human ML-P
[102], human MPV17 [103] and S. cerevisiae YLR251W/Sym1p
[104]. A splicing variant of mouse ML-P has also been reported
[105].

All PMP22-related proteins are localized to peroxisomes,
with the exception of the yeast protein Symlp (W. F. Visser,
unpublished work, and [104]), and human MPV17 [103], which
are localized to the mitochondrial inner membrane, and the alter-
native splice variant of mouse ML-P which is localized to the
cytosol [105]. Very recently, defects in human MPV 17 have been

identified as a cause of MDDS (mitochondrial DNA depletion
syndrome) [102,106].

Van Veldhoven et al. [80] speculated that a peroxisomal
22 kDa protein might posses pore-forming activity, based on
the observation that a protein fraction containing a 22 kDa PMP
and other PMPs was shown to confer sucrose permeability when
reconstituted in liposome membranes. However, the 22 kDa pro-
tein was not identified further, and their preparation contains
multiple proteins.

Later studies have been performed to gain more insight into the
function of the PMP22-related proteins. Zwacka et al. [96] de-
scribed that an MpvI7-knockout mouse developed glomerulo-
sclerosis, nephrotic syndrome [96], hypertension [107] and sensi-
neural deafness [108]. Peroxisomal biogenesis appears to be
normal in these mice, but a reduced level of ROS (reactive oxygen
species) was observed. Overexpression of murine Mpv!7 in trans-
fected cells resulted in increased intracellular ROS. Consequently,
a role in ROS regulation was proposed. In line with this hypo-
thesis, Wagner et al. [109] found altered levels of antioxidant
enzymes in these mice. Furthermore, transfection of COS-7 cells
with another PMP22-related protein, murine M-LP, was reported
to elevate the expression of SOD2 (manganese superoxide
dismutase) [110]. Reuter et al. [111] found that the expression of
MMP-2 (matrix metalloproteinase 2) is increased in the MpvI7-
knockout mouse strain.

The mitochondrial yeast orthologue (Symlp) has also been
functionally characterized to some extent. symIA cells were
found to exhibit a growth defect on ethanol at elevated temperature
[104]. Dysregulation of several ethanol-repressed genes was ob-
served when the cells were cultured at 37°C, compared with
wild-type [104]. Expression of the murine Mpv17 in syml A cells
was found to complement the phenotype. Unfortunately, the sub-
cellular localization of Mpv17 in these cells was not determined
because attempts to produce an epitope-tagged protein were found
to inactivate it, as was evident from the inability of the tagged
protein to rescue the phenotype mentioned.

The putative S. cerevisiae ORF (open reading frame) YOR292C
also bears significant sequence homology with other PMP22-
related genes. The gene product from YOR292C was localized to
the vacuole in a large-scale localization study [112]. However,
in the light of the sensitivity of Mpv17 to the presence of an epitope
tag, the influence of the rather large GFP (green fluorescent
protein) fused to YOR292C in this study could have influenced the
result. Furthermore, a putative ORE (oleate-responsive element)
box can be identified in its promoter region (approx. 350 bp
upstream of the start codon), suggesting a role for this protein
in fatty acid metabolism.

Secretory pathway Ca?+/Mn?+-ATPase

Very recently, Southall et al. [113] reported that a YFP (yellow
fluorescent protein)-tagged member of the secretory pathway
family of Ca’*/Mn**-ATPase proteins localizes to peroxisomes
in Drosophila melanogaster. They found that overexpression of
this protein alters calcium levels and excretion rates of cells,
confirming that the protein is involved in calcium transport.
However, the role of this protein in the peroxisomal membrane
is unclear. Southall et al. [113] speculate that it may be required
to provide Ca>" and/or Mn** for matrix enzymes that depend on
these ions, such as superoxide dismutase.

A peroxisomal channel in plants

Wu et al. [90] found a protein that localizes to peroxisomes in
smooth brome grass that bears significant identity with various
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channel-forming proteins from other plant species. The sub-
cellular localization of the native protein was determined using
immunogold electron microscopy. The precise function of the
protein was not established, but its expression were found to
vary in response to cold and drought stress, the plant hormone
ABA (abscisic acid), and during embryogesis. These observations
lead Wu et al. [90] to propose that the channel protein could be
required to allow gluconeogenesis via the products of peroxisomal
B-oxidation and the glyoxylate cycle, possibly by transporting
fatty acids or succinate. The channel appears not to have any
orthologues in species other than plants, suggesting that it serves
a function specific to these organisms.

PMP24

Reguenga et al. [114] isolated and identified a peroxisomal mem-
brane protein of 24 kDa from rat liver. They subsequently identi-
fied a human orthologue in a cDNA library. The function of the
protein is unknown. However, the protein does posses significant
identity with certain bacterial transporters (e.g. 29 % identity
with a permease from Bacteroides thetaiotaomicron; GenBank®
accession number AAO79343). Recently, Wu et al. [115] identi-
fied the gene in a screen for CpG sites that are differentially
methylated and transcriptionally silenced in a comparison of two
prostate cancer cell lines.

Short calcium-binding MCF member in rabbit (‘Efinal’)

Weberet al. [116] identified a putative calcium-binding member of
the MCF (SLC25) of solute carriers from a rabbit small intestinal
cDNA library, which they named ‘Efinal’. Using immunoelectron
microscopy with an antibody generated against a fragment of the
native protein they found a bimodal peroxisomal/mitochondrial
localization. A function of the protein was not established. How-
ever, the calcium-binding properties inferred from the presence
of four EF-hand motifs in the N-terminus were confirmed. Later
studies by others identified similar proteins in other organisms. All
consist of a N-terminal domain containing four EF-hand motifs
and a C-terminal domain possessing all the characteristics of MCF
proteins. The name short calcium-binding mitochondrial carrier
(SCaMC) has been suggested for members of this subfamily
[117]. So far, other SCaMC members identified were reported to
localize exclusively to mitochondria [117,118]. Fiermonte et al.
[119] recently characterized three closely related human SCaMC
proteins in vitro and found that they catalyse a calcium-stimulated
Mg-ATP/P; antiport reaction.

Concluding remarks

We now know that a number of specific transporters facilitate
metabolite transport into and out of the peroxisome. In particular,
considerable progress has been made in recent years towards
identifying the various peroxisomal transporters that are required
to sustain peroxisomal fatty acid degradation via the «- and 8-
oxidation pathways, including ABCD1 and Antlp/PMP34. The
existence of model organisms (S. cerevisiae mutants, knockout
mice) and in vitro transport studies have contributed greatly to
elucidating the role of the transporters involved. Much less is
known about the transport of metabolites required to support
other metabolic pathways residing in mammalian peroxisomes,
including ether phospholipid and bile acid biosynthesis, the
degradation of D-amino acids, purines and polyamines. Pre-
dictions can be made regarding the nature of the transporters
that may exist in the peroxisomal membrane based upon the sub-
cellular distribution of enzymes involved in these pathways. It
then becomes obvious that our understanding of peroxisomal
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metabolite transport is still limited. It is very likely that future
research will reveal additional transporters, beyond the few that
have been identified to date. In addition, some of the transporters
known to reside in the peroxisomal membrane remain poorly
characterized. Clearly, resolving the function of these transporters
will be important to establish the metabolic interactions between
the peroxisome and other intracellular compartments.

This work was supported by the FP6 (6th Framework Programme) European Union Project
‘Peroxisome’ (grant no. LSHG-CT-2004-512018).
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