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Abstract This review describes the current state of
knowledge about the ABCD family of peroxisomal half
adenosine-triphosphate-binding cassette (ABC) transport-
ers. ABCDs are predicted to be present in a variety of
eukaryotic organisms, although at present, only ABCDs in
the yeast Saccharomyces cerevisiae, the plant Arabidopsis
thaliana, and different mammalian species have been
identified and characterized to any significant extent. The
functional role of none of these ABCDs has been
established definitively and awaits successful reconstitu-
tion of ABCDs, either as homo- or heterodimers into
liposomes, followed by transport studies. Data obtained in
S. cerevisiae suggest that the two ABCDs, which have
been identified in this organism, form a heterodimer,
which actually transports acyl coenzyme A esters across
the peroxisomal membrane. In mammals, four ABCDs
have been identified, of which one [adrenoleukodystrophy
protein (ALDP)] has been implicated in the transport of
the coenzyme A esters of very-long-chain fatty acids.
Mutations in the gene (ABCD1) encoding ALDP are the
cause of a severe X-linked disease, called X-linked
adrenoleukodystrophy. The availability of mutant mice in
which Abcd1, Abcd2, or Abcd3 have been disrupted will
help to resolve the true role of the peroxisomal half-ABC
transporters.
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Introduction

Peroxisomes are ubiquitous subcellular organelles present in
virtually all eukaryotic cells. They contain a variety of
metabolic functions, some of which are specific for certain
organisms, whereas others are common to all eukaryotes. In
mammals, peroxisomes are essential for life, as exemplified
by the devastating consequences of a defect in peroxisome
biogenesis in human patients affected by Zellweger syndrome
[93], whereas mice in which one of the genes involved in
peroxisome biogenesis has been disrupted also show major
abnormalities and a short life span [6, 11]. In contrast,
peroxisomes in other species, including the yeast Saccharo-
myces cerevisiae, are only indispensable under selected
growth conditions. Notably, peroxisome-deficient yeast cells
are unable to grow on media with fatty acids (FAs) as sole
carbon source but grow normally with glucose or glycerol.

One metabolic function of peroxisomes common to
most, if not all, peroxisome-containing eukaryotic organ-
isms, is the beta-oxidation of FAs. In higher eukaryotes,
including humans, rats and mice, both mitochondria and
peroxisomes are capable of FA beta-oxidation, whereas in
lower eukaryotic organisms, including yeasts and plants,
FA beta-oxidation is confined to peroxisomes. Available
evidence indicates that at least some of the peroxisomal half
adenosine-triphosphate (ATP)-binding cassette (ABC)
transporters, as identified so far, play a role in FA beta-
oxidation. For this reason we will first give some general
information on peroxisomal FA beta-oxidation, with partic-
ular emphasis on human peroxisomes, which is then
followed by a discussion of the characteristics of the

Pflugers Arch - Eur J Physiol (2007) 453:719–734
DOI 10.1007/s00424-006-0142-x

R. J. A. Wanders (*) :W. F. Visser : C. W. T. van Roermund :
S. Kemp :H. R. Waterham
Department of Clinical Chemistry and Pediatrics,
Emma Children’s Hospital, Laboratory Genetic Metabolic
Diseases, University of Amsterdam, Academic Medical Center,
Meibergdreef 9,
1105 Amsterdam, The Netherlands
e-mail: r.j.wanders@amc.uva.nl



various individual peroxisomal ABC transporters as iden-
tified in different eukaryotic organisms.

Fatty acid beta-oxidation in peroxisomes

Fatty acid beta-oxidation in peroxisomes proceeds in a
similar way as FA beta-oxidation in mitochondria and
involves a four-step mechanism in which acyl–coenzyme A
(CoA) esters undergo dehydrogenation, hydration, another
dehydrogenation, and thiolytic cleavage [44]. Although
similar in mechanism, there are some major differences
between the mitochondrial and peroxisomal beta-oxidation
systems. For example, the two organelles catalyse the
oxidation of different FA species, which has been most
clearly established in peroxisomes of mouse and man. In
particular, studies in patients afflicted by the genetic disease
Zellweger syndrome, who lack peroxisomes, have been
instrumental in this respect, and it is now clear that
substrates, like (1) very-long-chain fatty acids (VLCFAs),
(2) pristanic acid, (3) di- and trihydroxycholestanoic acid,
and (4) tetracosahexaenoic acid (C24:6), are solely oxidized
in peroxisomes and not in mitochondria, whereas long-
chain and medium-chain FAs are predominantly oxidized in
mitochondria, although peroxisomes may also contribute to
long-chain FA beta-oxidation to some extent [94]. Further-
more, the enzymes involved in FA beta-oxidation in
mitochondria and peroxisomes are different and the
products of distinct genes, whereas the catalytic mecha-
nisms of the different enzymes are actually very similar. A
notable difference between the peroxisomal and mitochon-
drial systems concerns the first step, that is, the dehydro-
genation of acyl–CoAs to trans-2-enoyl-CoAs, which is
catalysed by different flavin adenine dinucleotide (FAD)-
containing acyl–CoA dehydrogenases in mitochondria but
by FAD-containing acyl–CoA oxidases in peroxisomes. In
the case of the acyl–CoA oxidases, the FADH2 is
reoxidized directly by molecular oxygen to produce
hydrogen peroxide, whereas the FADH2 in acyl–CoA
dehydrogenases is reoxidized via the mitochondrial electron
transfer flavoprotein (ETF)–ETF dehydrogenase (ETFDH)–
coenzyme Q system [15].

In S. cerevisiae, the four steps of beta-oxidation in
peroxisomes are catalysed by one set of enzymes, including
(1) an acyl–CoA oxidase (Fox1p), (2) a bifunctional protein
with enoyl-CoA hydratase and D-3-hydroxyacyl-CoA de-
hydrogenase activity (Fox2p), and (3) a 3-oxoacyl-CoA
thiolase (Fox3p) [44] (Fig. 1). In other yeasts, notably
Yarrowia lipolytica [44], multiple enzymes are involved in
each step of beta-oxidation. The same is true for plants,
including Arabidopsis thaliana [29], and mammals. Re-
markably, there are also differences between the beta-
oxidation systems in humans vs rats and mice (see Ref. [95]

for review). Indeed, in humans, there are only two acyl–
CoA oxidases, two bifunctional enzymes, and two perox-
isomal thiolases, whereas in rats and mice, there are three
oxidases and at least three thiolases.

The two human peroxisomal acyl–CoA oxidases have
different substrate specificities: acyl–CoA oxidase 1
(ACOX1) is specific for the CoA esters of straight-chain
FAs, whereas acyl–CoA oxidase 2 (ACOX2) is reactive with
the CoA esters of both straight-chain and 2-methyl branched-
chain FAs, including pristanoyl-CoA and di- and trihydroxy-
cholestanoyl–CoA [90]. In human as well as in mouse and
rat peroxisomes, the second and third steps of beta-oxidation
are catalysed by two bifunctional proteins, both harbouring
enoyl–CoA hydratase and 3–hydroxyacyl-CoA dehydroge-
nase activities. The two bifunctional proteins, however, do
differ in their stereochemistry. Indeed, the L-bifunctional
protein [alternative names: multifunctional protein 1
(MFP1), multifunctional enzyme I (MFEI), or L-peroxisomal
bifunctional enzyme (L-PBE)] generates 3-ketoacyl-CoAs
via an L-3-hydroxyacyl-CoA intermediate, whereas the
D-bifunctional protein [alternative names: multifunctional
protein 2 (MFP2), multifunctional enzyme II (MFEII), or
D-peroxisomal bifunctional enzyme (D-PBE)] generates a
D-3-hydroxyacyl-CoA intermediate. The two human perox-
isomal thiolases comprise (1) peroxisomal 3-ketoacyl-CoA
thiolase 2, better known as sterol carrier protein X (SCPX),
which catalyses the thiolytic cleavage of the 3-ketoacyl-CoA
esters of both straight-chain and branched-chain FAs, and (2)
peroxisomal 3-ketoacyl-CoA thiolase 1 (pTH1), which
resembles the clofibrate-inducible thiolase identified by
Miyazawa and co-workers [56] and is only reactive with
the 3-ketoacyl-CoA esters of straight-chain FAs [3]. The
importance of the different enzymes in human peroxisomal
FA beta-oxidation is emphasized by the existence of patients
with a genetic deficiency at the level of acyl–CoA oxidase 1
[66], D-bifunctional protein [17], and SCPX [18]. In
addition, studies with mice in which either the gene
encoding acyl–CoA oxidase 1 [16], L-bifunctional protein
[71], D-bifunctional protein [5], or SCPX [75] has been
disrupted have also contributed greatly to the current
knowledge about the involvement of the different enzymes
in the beta-oxidation of the various substrates.

Other differences between the mitochondrial and perox-
isomal systems follow logically from the fact that perox-
isomes lack a respiratory chain and a citric acid cycle,
which implies that the reducing equivalents, generated in
the first (FADH2) and third [nicotinamide adenine dinucle-
otide (reduced form; NADH)] step of beta-oxidation,
cannot be reoxidized by these systems. In case of the
FADH2 generated in the first step, this is solved by the
direct reoxidation of the acyl–CoA-oxidase-bound FADH2

to FAD by molecular oxygen, which generates hydrogen
peroxide (H2O2). Peroxisomal catalase reconverts the H2O2
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thus generated back into O2. The NADH produced at the
third step of beta-oxidation is transferred to mitochondria
via different redox shuttles, including a malate dehydroge-
nase-based NADH shuttle in yeast [88], whereas in higher
eukaryotes, a lactate dehydrogenase-based NADH redox
shuttle has been proposed [7]. With respect to the other end
products of peroxisomal beta-oxidation, that is, acetyl–CoA
and other chain-shortened acyl–CoAs, current evidence
holds that transfer of these CoA esters to mitochondria may
proceed via two different mechanisms. The first involves
conversion of an acyl–CoA species into the corresponding
acylcarnitine via one of the two peroxisomal carnitine
acyltransferases, including carnitine acetyltransferase
(CAT) and carnitine octanoyltransferase (COT), followed
by export from the peroxisome to the cytosol via an
unknown mechanism and uptake into mitochondria via the
mitochondrial carnitine/acylcarnitine transporter (CACT).
After retroconversion of the acylcarnitine species back into
the corresponding acyl–CoA, degradation to CO2 and H2O
occurs. In the other mechanism, acyl–CoA species are
hydrolyzed by one of the different acyl–CoA thioesterases
identified in peroxisomes, followed by export of the free
FA to the cytosol and uptake into mitochondria. Inside
mitochondria, activation to the corresponding CoA ester
may occur, followed by beta-oxidation. FAs originating
from peroxisomes may also leak out of the cell and into the
plasma compartment and finally into the urine, as, for
instance, is the case for certain dicarboxylic acids.

Peroxisomal ABC transporters

ABC transporters constitute one of the largest families of
proteins, with 48 members identified so far in humans, and
are integral membrane proteins catalysing the transport of a
variety of substrates ranging from ions to proteins. Structur-

ally, ABC transporters may occur either as full transporters or
half transporters. Most eukaryotic ABC transporters are full
transporters composed of two homologous halves, with each
half made up of a hydrophobic transmembrane domain
containing multiple alpha helices, and a hydrophilic nucleo-
tide-binding fold (NBF) with Walker A and B consensus
motifs. Half-ABC transporters only have single hydrophobic
and hydrophilic domains and are only functional after
dimerization either as homo- or heterodimers. All peroxisom-
al ABC transporters are half-transporters and belong to
subclass D of the ABC protein family.

Yeast peroxisomal ABC transporters

Saccharomyces cerevisiae contains two peroxisomal half-
ABC transporters named Pxa1p (peroxisomal ABC trans-
porter1 protein) and Pxa2p. Alternative names used in
literature are Pat2p [33] and Pal1 [85] for Pxa1p, and Pat1p
[33] for Pxa2p. The PXA1 gene was first identified by Shani
et al. [77] using RNA from oleate-induced S. cerevisiae as
template and degenerate primers corresponding to the
Walker A and B motifs of the ATP-binding domains of
the mammalian peroxisomal half-ABC transporters known
at that time, that is, adrenoleukodystrophy protein (ALDP)
[59] and peroxisomal membrane protein (PMP)70 [39]. The
Pxa1p protein was most similar to human ALDP, human
PMP70, and the product of another yeast gene, YKL741,
already identified earlier by the yeast genome sequencing
project [9]. Disruption of PXA1 resulted in impaired growth
on oleate-containing medium and a reduced ability to
oxidize oleate. Disruption of YKL741 gave a growth
phenotype identical to that of the PXA1 mutant. The double
knockout also had the same phenotype. The non-additive
effect of disruption of both PXA1 and YKL741 led Shani
et al. [77] to suggest that their protein products (Pxa1p and
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Ykl401p) may be subunits of one and the same transporter.
Subsequent studies by different groups [33, 76, 85] showed
that Pxa1p and Pxa2p are integral PMPs, which hetero-
dimerize to form a complete peroxisomal ABC transporter.
The finding that oxidation of long-chain FAs, like oleate
and palmitate, was deficient in whole cells but not in
homogenates of the pxa1Δ and pxa2Δ cells suggested that
the Pxa1p/Pxa2p couple is involved in transmembrane
transport of FAs, most likely in their CoA ester form [33].

Interestingly, the single mutants (pxa1Δ and pxa2Δ) and
the double mutant (pxa1Δ, pxa2Δ) exhibited normal
growth on laurate (C12:0)- and myristate (C14:0)-contain-
ing medium and oxidized these substrates at near-normal
rates (Fig. 2). These data provided suggestive evidence in
favour of a model in which FAs can reach the peroxisomal
matrix via two independent pathways, one taken by LCFAs
and the other by medium-chain fatty acids (MCFAs).

It has been firmly established that LCFAs (but not
MCFAs) are activated outside peroxisomes by one of the
acyl–CoA synthetases [37] and are then transported into the
peroxisomal matrix by the Pxa1p/Pxa2p heterodimer. On
the other hand, MCFAs appear to traverse the peroxisomal
membrane in their free acid form, either mediated by
Pex11p [89] or not [48], after which activation occurs by
the medium-chain acyl–CoA synthetase Faa2p, localized
within peroxisomes, followed by beta-oxidation. Strong
evidence in favour of this model (see Fig. 3a) came from
experiments by Hettema et al. [33], who reasoned that the
site of activation actually determines which of the two
routes is taken. This conclusion was confirmed in experi-
ments using a mutant in which Faa2p was mislocalized to
the cytosol. This mutant was able to oxidize all FAs.
Importantly, double mutants with Faa2p mislocalized to the
cytosol, and either PXA1 and/or PXA2 deleted, failed to

grow on both MCFAs and LCFAs. This implies that when
MCFAs undergo activation in the cytosol as in the mutant
with Faa2p mislocalized to the cytosol, oxidation of
MCFAs is dependent on the Pxa1p/Pxa2p heterodimer.
These data fully support the model depicted in Fig. 3a.

Mutagenesis studies focused on the excitatory amino
acid (EAA) motif, a conserved motif of approximately 30
residues between transmembrane domains 4 and 5 (TM4
and TM5), and the loop 1 motif, localized between TM1
and TM2, have shown that substitution of the conserved
amino acid glutamine at position 294 (E294D) and
glutamate at position 301 (G301A) is associated with a full
loss of activity [78].

Mammalian peroxisomal ABC transporters

So far, four ABC transporters have been detected in
mammalian peroxisomes. The first peroxisomal ABC trans-
porter was identified by Kamijo et al. [38]. The protein
involved, named PMP70, encoded by the ABCD3 gene, is
one of the major integral membrane proteins of peroxisomes,
known to be markedly induced by the administration of
hypolipidaemic agents, including di(2-ethyl)hexylphthalate
(DEHP), at least in rodents. The PMP70 cDNAwas isolated
by expression cloning using cDNA prepared from the liver
of a rat treated with DEHP. The cDNA coded for a protein of
659 amino acids of which the carboxy-terminal region
showed strong sequence similarity to the group of ABC
transporters withWalker A (AA473-486) and Walker B
(AA583-596) motifs. Hydropathy analysis revealed that the
amino-terminal half of PMP70 is hydrophobic with six
predicted transmembrane segments. Protease treatment of
peroxisomes indicated that the ATP-binding domain of
PMP70 is exposed to the cytosol. The human PMP70 was
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soon identified by the same group [39] and, independently,
by Gärtner and Valle [26], and has 99.1 and 95.0% sequence
similarity and identity, respectively, with the rat PMP70.

The second mammalian ABC transporter, named ALDP,
encoded by ABCD1 was identified in 1993 by Mosser et al.
[59] using a positional cloning strategy. As discussed in more
detail below, mutations in ABCD1 cause X-linked adrenoleu-
kodystrophy (X-ALD). Topology studies have shown that the
hydrophilic carboxy-terminal half containing the ATP-binding
domains is on the cytoplasmic face of the peroxisomal
membrane [14]. Shortly thereafter, Lombard-Platet and co-
workers [50] identified the third peroxisomal half ABC
transporter named ALDR (adrenoleukodystrophy-related pro-
tein) encoded by ABCD3 because of its marked homology

with ALDP (63% amino acid identity). Corresponding homol-
ogies in the rat [2] and mouse [74] have also been identified.

Finally, a fourth peroxisomal half ABC transporter named
PMP69 or, alternatively, PMP70R, encoded by ABCD4, was
identified by two groups at the same time [34, 79]. Human
PMP69 has weak sequence homology with the other
peroxisomal half ABC transporters, with amino acid identi-
ties of 28.4 and 25.2% with PMP70 and ALDP, respectively.

Homo- or heteromerization of the peroxisomal half ABC
transporters

It is still unclear whether the different half ABC trans-
porters actually form homo- or hetero(di)mers. A first study
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Fig. 3 Models depicting a the
oxidation of MCFA and LCFA
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and the role of Faa2p and
Pxa1p/Pxa2p therein and
b the oxidation of VLCFAs in
peroxisomes in human cells and
the role of ALDP therein either
as homodimer or heterodimer
with ALDR, PMP70, and
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by Liu and co-workers [49] suggested that both homo- and
heterodimerization may occur. It should be noted, however,
that this conclusion is based on two-hybrid experiments in
which for experimental reasons, only the carboxy-terminal
hydrophilic halves of ALDP, ALDR, and PMP70 were
used. In addition, Liu and co-workers [49] also performed
co-immunoprecipitation studies, which indicated homodi-
merization of ALDP, heterodimerization of ALDP with
PMP70 or ALDRP, and heterodimerization of ALDRP with
PMP70. A similar conclusion was reached by Smith and
co-workers [84], who used a combined strategy of co-
immunoprecipitation and in vitro synthesis to identify
protein interactions between ALDP, PMP70, and ALDR.
In a third study by Tanaka and co-workers [86], in which
use was made of purified rat liver peroxisomes, co-
immunoprecipitation of ALDP with PMP70 was found.
Using a different approach, based on the use of the mild
detergent digitonin, Guimaraes and co-workers [30] arrived
at the completely opposite conclusion, suggesting that both
ALDP and PMP70 are present in the peroxisomal mem-
brane predominantly as homomers, probably dimers.
Kashiwayama and co-workers [40] have also provided
evidence in favour of PMP70 primarily being present as a
homodimer. Furthermore, these authors concluded that
PMP70 undergoes conformational changes upon binding
and hydrolysis of ATP. Both PMP70 and ALDP are also
subject to tyrosine phosphorylation [86].

Expression of the four mammalian ABC transporters

In Table 1, the relative mRNA expression levels of the four
ABCDs in different mouse and human tissues as taken from
the work of Berger et al. [8] and Langmann et al. [46],

respectively, are depicted. The data show that, in general,
the expression profiles of the four ABCDs and their levels
are similar between mouse and man. ABCD1 mRNA was
most abundant in the heart, testis, lung, and intestine,
whereas ABCD2 (ALDR) mRNA was enriched in the brain
and skeletal muscle. ABCD3 (PMP70) mRNA was highest
in the liver and kidney, whereas ABCD4 (PMP69) mRNA
was highest in the lung and testis, followed by the kidney,
at least in human tissues.

Studies by Troffer-Charlier et al. [87] showed that the
expression levels of the peroxisomal ABCDs may vary
widely between different cell types within the same organ,
at least in the case of ABCD1 (ALDP) and ABCD2
(ALDR), and that there is not always a strict correlation
between mRNA and protein levels. In mouse brain, ABCD2
(ALDR) mRNA expression was highest in the cerebral
cortex and in the pyramidal and granular cell layers of the
dentate gyrus of the hippocampus. In the cerebellum,
ABCD2 (ALDR) mRNA expression was detected in
Purkinje cells and cells of the inner granular layer. In
contrast, the expression of ABCD1 (ALDP) mRNA was
more homogeneously distributed between the cerebral
cortex and the white matter. In the cerebellum, expression
of ABCD1 (ALDP) mRNA was found in the white matter
but not in Purkinje and granular cells. Marked expression of
ABCD1 (ALDP) mRNA in cerebellar white matter con-
trasted with a weak signal of ABCD2 (ALDR) mRNA in
this area. These results suggest a predominant neuronal
expression of ABCD2 (ALDR) mRNA and a predominantly
global cell expression of ABCD1 (ALDP) mRNA.

In addition to mRNA expression studies, Troffer-
Charlier et al. [87] also performed immunohistochemical
studies. These studies revealed that within the brain,

Table 1 Comparison of mRNA expression profiles in different mouse and human tissues

Tissue ALD mRNA ALDR mRNA PMP70 mRNA PMP69 mRNA

Mouse
(−F)

(+F) Human Mouse
(−F)

(+F) Human Mouse
(−F)

(+F) Human Mouse
(−F)

(+F) Human

Brain + ≈ • ++ ≈ ••• + ≈ • + ≈ •
Liver + ≈ • + ↑↑↑ • +++ ↑↑ • + ≈ ••
Kidney + ≈ • − ≈ • +++ ≈ •• +++ ↑↑↑ •••
Heart ++ ≈ •• + ≈ • ++ ≈ • + ≈ •
Skeletal
muscle

+ ≈ • ++ ≈ • + ≈ • + •

Spleen + ≈ •• + ≈ •• + ≈ • + ≈ ••••
Testis ++ ≈ ••• + ≈ • + ≈ ••• + ≈ •••••
Lung ++ ≈ ••••• + ≈ • ++ ≈ •• + ≈ •••••
Intestine ++ ≈ • +/− ≈ • ++ ↑↑ • + ≈ ••
Data obtained from Berger et al. and Langmann et al.
−F Control diet; +F fenofibrate-containing diet; mouse: +/− Only detectable by RT-PCR; + low expression but detectable (by Northern blotting);
++ good expression; +++ high expression; ≈ no change; ↑ two- to fivefold induction; ↑↑ five- to tenfold induction; ↑↑↑ >tenfold induction;
human: • low expression; •• moderate expression; ••• good expression; •••• high expression; ••••• very high expression
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virtually no ALDP can be detected in neurons of the
cerebral cortex, hippocampus, Purkinje, and granular cells
(Table 2). In contrast, ALDP immunoreactivity was
detectable in astrocytes of cerebellum (Bergmann glia and
white matter astrocytes) and cerebral white matter, and in
protoplasmic astrocytes of cerebral cortex. Marked expres-
sion of ALDP was also found in microglia labelled with a
Mac-1 antibody, endothelial cells, and choroid plexus.
Remarkably, only a subset of oligodendrocytes localized
in the white matter of the cerebral hemispheres and
cerebellum showed ALDP immunoreactivity. Based on
these findings, which indicated that ALDP and ALDR
have strikingly different expression profiles in most mouse
tissues (as well as in different human cell lines, as studied
in the same paper), Troffer-Charlier et al. [87] concluded
that ALDP and ALDR are unlikely to function as
obligatory partners in a ALDP/ALDR heterodimer, but
may rather fulfil similar functions in different cells. This is
concluded from the fact that certain cells (neurons,
adrenocortical and chromaffin cells, endothelial cells, and
fibroblasts) may express one type of protein, but not the
other (Table 2). It should be pointed out that the similar
absence of coordinated expression was previously demon-
strated for PMP70 and ALDP [67].

Inducibility of the expression of the four mammalian
ABCDs

The expression of the different mammalian ABCDs differs
wildly, not only from tissue to tissue, but also within a
certain tissue. Furthermore, the expression of the different
mammalian ABCDs can vary depending upon the feeding

conditions. Indeed, early studies already showed that the
expression of PMP70 is markedly induced by peroxisome
proliferators, including fibrates, such as ciprofibrate [13],
fenofibrate [1, 23], and plasticizers such as di(2-ethylhexyl)
phthalate [38]. Albet et al. [1] have shown that, at least in
mice, fibrates have a differential effect on the expression of
the Abcd1, Abcd2, and Abcd3 genes, with (1) virtually no
effect on Abcd1 mRNA, (2) induced expression of Abcd2
mRNA, especially in the liver (>tenfold), and (3) induced
expression of Abcd3 mRNA, notably in the liver and even
more so in the intestine. Similar results were obtained by
Netik et al. [60] for Abcd2 and Abcd3 expression. Table 2
summarizes these data.

To determine whether the fenofibrate-induced expression
of the Abcd2 (Aldr) and Abcd3 (Pmp70) genes is PPAR-
alpha-dependent, Fourcade et al. [23] performed experi-
ments in the PPARalpha (−/−) mouse, which clearly showed
marked induction of both Abcd2 and Abcd3 mRNA in the
wild type (+/+) but not in the (−/−) mouse. Promoter
analysis revealed the presence of several candidate PPAR
response elements (PPREs), but subsequent studies, which
included electrophoretic mobility shift assay (EMSA)
analysis, indicated that none of the candidate PPREs is
actually functional. This led Fourcade et al. [23] to conclude
that the fibrate-induced expression of Abcd2, at least in the
rat, is indirect and does not follow the classical pathway in
which the PPARalpha/retinoid X receptor (RXR)-dimer
binds to a specific consensus sequence (-AGGTCA(A)
AGGTCA-) called PPRE. It should be noted that the human
ABCD3 (PMP70) promoter also lacks an apparent PPRE
[28]. In recent years, many examples of genes have been
identified, the expression of which is induced by fibrates,
but which lack such a PPRE [52]. One example is pyruvate
dehydrogenase kinase 4 (PDK4). Recent studies by Wende
and co-workers [98] have shown that the estrogen-related
receptor (ERR) plays a key role in the induction of PDK4
by fibrates. Additional studies will be needed to show
whether the ERR-mediated pathway also controls the
expression of other known fibrate-induced genes.

Rampler et al. [72] performed similar promoter studies
as performed by Fourcade et al. [23] in the mouse. These
authors identified four putative PPREs in the mouse Abcd2
promoter, which all turned out to be non-functional. In
search of the possible mechanism behind the PPRE-
independent induction of Abcd2 expression, Rampler et al.
[72] identified a sterol regulatory element (SRE), which led
to the suggestion that the effect of PPARalpha may be
mediated via the SRE binding protein (SREBP) pathway.
Interestingly, SREBP2 mRNA levels were markedly in-
duced by fenofibrate in the wild-type (+/+) mice, but not in
the PPARalpha (−/−) mice, whereas SREBP1c expression
was downregulated by fenofibrate in a PPARalpha-inde-
pendent way. These data suggested that the PPARalpha

Table 2 Results of immunohistochemical studies in different mouse
tissues

Brain ALDP ALDRP

Neurones − +++
Astrocytes ++ +++
Oligodendrocytes −/+++ +++
Brain macrophages +++ ++
Choroid plexus +++ −
Endothelium +++ −
Adrenal gland
Cortex +++ −
Medulla − ++
Liver
Hepatocytes − −
Kupffer cells + +

Data taken from Troffer-Charlier. A mosaic pattern was observed
in oligodendrocytes with no expression (−) in some oligodendrocytes
but abundant (+++) expression in others.
− Absent; + present; ++ moderately abundant; +++ abundant
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agonist mediated induction of Abcd2 expression may occur
via an SREBP2-dependent mechanism. Studies by
Weinhofer et al. [96] clearly established that the Abcd2
promoter indeed contains a functional SRE. The presence
of the SRE also explains why the expression of human
ABCD2 is induced by lowering cholesterol, such as by
growing fibroblasts in a sterol-depleted medium. Earlier
studies already showed that the expression of both the
human (ABCD2) and mouse (Abcd2) genes is also
controlled by thyroid hormone. Indeed, Fourcade et al.
[24] identified a thyroid response element (TRE) represent-
ing a direct repeat hexameric sequence of the DR-4 type
capable of binding a RXR/thyroid hormone receptor
(TR)β-heterodimer, which mediates the T3 response of the
ABCD2 gene. Interestingly, the SRE and DR-4 motifs of
both the human and murine ABCD2 and Abcd2 promoters
overlap. Recent studies by Weinhofer et al. [97] showed
that the regulation of the ABCD2 gene is even more
complicated as originally believed and involves different
players, including LXR, RXR, TR, and SREBP.

One puzzling finding has been the lack of response in
the brain by fenofibrate and other PPARalpha ligands.
Berger et al. [8] postulated that this is due to the fact that
fenofibrate is actually removed from the brain by the
multidrug transporter P-glycoprotein, localized at the
blood–brain barrier. To test this hypothesis P-glycopro-
tein-deficient mice [Mdr1a (−/−) mice] were treated with
fenofibrate, followed by mRNA analysis from brain and
liver tissue. Northern blotting demonstrated that in contrast
to wild-type mice, Abcd2 (Aldr) gene expression was
increased by fenofibrate, also in the brain from the Mdr1a
(−/−) mice, strongly supporting the notion that fenofibrate
is a substrate for the multidrug transporter P-glycoprotein
and is actively removed from the brain compartment.

Functional role of the mammalian ABCDs

ABCD1 (ALDP)

The functional role of none of the mammalian ABCDs has
been established with certainty. Based on their studies in
S. cerevisiae, Hettema et al. [33] suggested that the Pxa1p/
Pxa2p heterodimer transports acyl–CoA esters. This possi-
bility was directly tested by Verleur et al. [91] in S.
cerevisiae cells permeabilized with digitonin. In this
system, uptake of oleyl–CoA, although measured indirect-
ly, was both ATP- and Pxa1p- and/or Pxa2p-dependent,
indicating that the Pxa1p Pxa2p couple is indeed involved
in acyl–CoA uptake. Based on these data, it has been
proposed that ALDP, which is more similar to Pxa1p and
Pxa2p than to any other yeast transporter, is involved in the
uptake of activated VLCFAs into mammalian peroxisomes
either as homo- or heterodimer (Fig. 3b).

In the absence of conclusive evidence for a role of Pxa1p
and Pxa2p as well as ALDP as transporters of acyl–CoA
esters, alternative explanations have been forwarded.
McGuinness and co-workers [55] have suggested that the
accumulation of VLCFAs in X-ALD patients and Abcd1
(−/−) mice is secondary to mitochondrial abnormalities,
knowing that the peroxisomal beta-oxidation system
requires properly functioning mitochondria for (1) reoxida-
tion of the NADH generated in peroxisomes and (2) final
oxidation of the end products of peroxisomal beta-oxida-
tion. Although some evidence for this postulate has been
brought forward, recent work from Oezen et al. [62] has
failed to identify mitochondrial abnormalities in the Abcd1
(−/−) mouse, which argues against this hypothesis.

Yamada et al. [99] suggested that ALDP is required for
correct targeting of the activating enzyme very-long-chain
acyl–CoA synthetase (VLACS) to peroxisomes. Apart from
the fact that the reduction in the amount of Vlacs protein in
peroxisomes isolated from livers of Abcd1 (−/−) mice was
only minimal (30% reduction), it is now known that
VLACS plays no role in VLCFA activation nor beta-
oxidation. This is concluded from the fact that Vlacs (−/−)
mice do not show any VLCFA abnormality [32]. Further-
more, available evidence shows that VLCFAs are activated
outside peroxisomes by one of the long-chain acyl–CoA
synthetases of the ACSL family [53] and/or one of the
VLACS of the ACSVL/FATP family [65]. In this respect it
is important to mention that peroxisomes contain abundant
VLCFA–CoA synthetase activity of which the bulk (>95%)
is exposed to the cytosol [45]. Which synthetase actually is
responsible for this activity is unknown at present. A good
candidate would be acyl–CoA synthetase 4, which is a
peripheral-membrane protein located in two distinct sub-
cellular organelles, including peroxisomes and mitochon-
dria-associated membrane (MAM) [47].

ABCD2 (ALDRP)

Overexpression of ABCD2 in human ABCD1 (−/−) cells and
mouse Abcd1 (−/−) cells is associated with the increased
oxidation of C24:0 and C26:0 [20, 41, 60] and normal-
isation of VLCFA levels [41]. These data suggest that
ALDP and ALDR exhibit overlapping substrate specific-
ities, which implies that if ALDP transports VLCFA–CoAs,
ALDR can do the same, although with a much reduced
catalytic efficiency, as concluded from the marked over-
expression needed to achieve correction. Interestingly,
ALDR can also compensate for the loss of ALDP under in
vivo conditions, as shown by Pujol and co-workers [70].
Conversely, Abcd2 (−/−) mice show no abnormalities in
VLCFA metabolism, indicating that ALDP and not ALDR
is the key player in VLCFA metabolism, which leaves the
true physiological function of ALDR unresolved.
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ABCD3 (PMP70)

It was originally thought that PMP70, at least in humans,
would play a key role in peroxisome biogenesis. This was
concluded from the finding of mutations in the PMP70
gene in a patient affect by Zellweger syndrome belonging
to complementation group 1 [27]. Later studies, however,
revealed that PEX1 is the gene mutated in complementation
group 1 and not PMP70. To study the role of PMP70,
Imanaka et al. [35] transfected the cDNA of rat Abcd3
(Pmp70) into Chinese hamster ovary (CHO) cells and, thus,
established cell lines stably overexpressing PMP70. The
overexpressed Pmp70 (five- to tenfold) was correctly
targeted to peroxisomes. Fatty acid oxidation measurements
in intact cells revealed that oxidation of C16:0 is induced
two- to threefold, whereas oxidation of C24:0 was actually
reduced by 50%. CHO cells stably overexpressing mutant
Pmp70s exhibited reduced oxidation of C16:0 in intact
cells. One of the mutants included in these studies involved
a mutant in which the lysine at position 479 within the
Walker A motif was mutated into an alanine. A second
mutant contained a Pmp70 lacking the carboxy-terminal 84
amino acids, thus showing that the C terminus is essential
for activity of PMP70. Based on these results Imanaka et al.
[35] concluded that PMP70 is transporting long-chain
acyl–CoAs (LCFA–CoAs) across the peroxisomal mem-
brane. Whether this is also the true physiological role of
PMP70 under in vivo conditions remains to be established.
Characterization of the recently generated Pmp70 (−/−)
mice may help in this respect [36].

ABCD4 (PMP69)

There is no information in literature regarding the physio-
logical role of this peroxisomal half-ABC transporter. No
Pmp69 (−/−) mouse model has been described so far.

Human ABCDs and disease

So far only a single disease has been attributed to one of the
ABCDs. The disease involved is X-ALD, which is due to
mutations in the ABCD1 gene. At present at least six
phenotypic variants have been distinguished. The classifi-
cation of different phenotypes of X-ALD is somewhat
arbitrary and is based upon the age of onset and the organs
principally affected. Childhood cerebral ALD (CCALD)
and adrenomyeloneuropathy (AMN) are the two most
frequent phenotypes, together accounting for more than
80% of all cases. CCALD is characterized by rapidly
progressive cerebral demyelination. The onset is between 3
and 10 years of age. Frequent early neurologic symptoms
are behavioural disturbances, a decline in school perfor-

mance, deterioration of vision, and impaired auditory
discrimination. The course is relentlessly progressive, and
seizures, spastic tetraplegia, and dementia develop within
months. Most patients die within 2 to 3 years after the onset
of neurological symptoms. Adrenomyeloneuropathy is
much less severe as compared with CCALD. The onset of
neurological symptoms in this phenotype usually occurs in
the third and fourth decade. Neurologic deficits are
primarily due to the myelopathy and, to a lesser extent, to
neuropathy. Patients gradually develop a spastic para-
paresis, often in combination with disturbed vibration sense
in the legs, and sphincter dysfunction. Approximately 50%
of AMN patients show mild to moderate cerebral involve-
ment on magnetic resonance (MR) imaging, and in some,
the white matter abnormalities may resemble the demyeli-
sation seen in CCALD. The spinal cord frequently is
atrophic [4, 57].

X-ALD is characterized biochemically by elevated
plasma and tissue levels of saturated straight-chain
VLCFAs, notably C24:0 and C26:0, although monounsat-
urated VLCFAs, including C26:1, are also elevated. The
elevated levels of VLCFAs are the result of the reduced
oxidation of VLCFAs in peroxisomes. Based on the finding
that the actual peroxisomal beta-oxidation machinery
required for the oxidation of C26:0-CoA is completely
normal in X-ALD patients, it has been suggested that
ALDP is responsible for the transport of VLCFAs across
the peroxisomal membrane, probably in their activated CoA
bound form.

X-ALD is caused by mutations in the ABCD1 gene. As
of April 2006, the X-ALD mutation database (http://www.
x-ald.nl/) contains 866 mutations which have been identi-
fied by various groups around the world (for mutation
references, see http://www.x-ald.nl/references.htm). Of the
866 mutations, 526 (61%) are missense mutations, 196
(23%) are frame shifts, 84 (10%) are nonsense mutations,
32 (4%) are amino acid insertions or deletions, and 28 (4%)
are large deletions of one or more exons. The majority of
X-ALD kindreds have a unique mutation. Four hundred
and thirty-five (50%) non-recurrent mutations have been
identified.

The biochemical defect in X-ALD

As described above, oxidation of VLCFAs, notably C24:0
and C26:0, is deficient in fibroblasts from X-ALD patient.
Indeed, incubation of intact X-ALD fibroblasts with radio-
labelled C26:0 revealed decreased production of both [14C]
C02 and radio-labelled acid-soluble products (acetate,
Krebs cycle intermediates, etc.), whereas oxidation of
radiolabeled palmitate, known to be oxidized predominant-
ly (>95%) via the mitochondrial beta-oxidation system, was
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fully normal in X-ALD cells. Recent results by Kemp et al.
[42] have shown the same with deuterated C24:0 as
substrate. These results, first reported by Singh et al. [81],
suggested that the accumulation of VLCFAs in X-ALD
patients is directly explained by the depressed oxidation of
C26:0 in peroxisomes in X-ALD cells. Studies, notably by
McGuinness and co-workers [55] have challenged this
conclusion. The basis for this different view comes from
experiments by McGuinness et al. [55], who determined the
rates of C24:0 beta-oxidation in different tissues, including
brain, adrenal, heart, liver, kidney, and fibroblasts, and also
determined the VLCFA levels, notably the C26:0/C22:0
ratio. Whereas the C26:0/C22:0 ratio was clearly elevated
in all tissues examined except the liver, C24:0 beta-
oxidation was fully normal in all tissues studied except
fibroblasts. These findings led McGuinness et al. [55] to
conclude that the elevated levels of VLCFAs in X-ALD are
not a consequence of impaired peroxisomal degradation of
VLCFAs, and that ALDP plays no role in peroxisomal
VLCFA beta-oxidation. Based on data described in the
same paper, which showed that oxidation of C24:0 is
(mildly) deficient in fibroblasts from patients with a defect
in mitochondrial beta-oxidation at the level of carntine
palmitoyltransferase 1 (CPT1) and very-long-chain dehy-
drogenase (VLCAD), the authors concluded that the
reduced oxidation of C24:0 in X-ALD cells is due to the
mitochondrial abnormalities in X-ALD, and that ALDP
facilitates the interaction between peroxisomes and mito-
chondria. Subsequent studies, however, notably by Oezen
et al. [62], have shown that mitochondria isolated from
Abcd1 (−/−) mice are indistinguishable from wild-type
mitochondria in all aspects studied, which includes normal
rates of oxidative phosphorylation and normal P/O ratios.

It should be noted that the FA oxidation measurements by
McGuinness et al. [55] have not been done with intact cells
but with broken cell preparations, including total homoge-
nates, post-nuclear supernatants, and peroxisomal fractions.
Because peroxisomes are well known to be extremely fragile
with loss of membrane integrity upon tissue homogenisation,
it is doubtful whether beta-oxidation measurements in such
preparations are a true reflection of the situation in intact
cells. To resolve this important issue the experiments of
McGuinness et al. [55] need to be repeated to compare
homogenates with intact cell preparations.

Correction of the biochemical defect in X-ALD
by overexpression of ALDR and PMP70 and by other means

Ever since the discovery that VLCFAs accumulate in
tissues and plasma from X-ALD patients, efforts have been
undertaken to correct the defect by different manipulations.
One of the first successful efforts to correct the accumula-
tion of VLCFAs in X-ALD fibroblasts was performed by

Rizzo et al. [73], who found that addition of monounsat-
urated FAs, like oleic acid and erucic acid, led to a full
normalisation of VLCFA levels and X-ALD fibroblasts,
possibly due to the inhibition of chain elongation of LCFAs
to VLCFAs. In fact, this observation was the basis for
starting a dietary therapy in X-ALD patients called
Lorenzo’s oil therapy. Other efforts include:

1. Overexpression of PMP70 and ALDR. As first shown
by Braiterman et al. [10], the defect in C24:0 beta-
oxidation in X-ALD cells can be corrected by over-
expression of PMP70. This was soon followed by the
finding that overexpression of ALDR can also restore
C24:0 beta-oxidation. This led to the conclusion that
ALDP, ALDR, and PMP70 exhibit overlapping sub-
strate specificities, which each half transporter having
its own preferred substrate, which are the VLCFAs for
ALDP. As described above, Pujol et al. [70] found that
ALDR can also compensate for the loss of ALDP under
in vivo conditions in the Abcd1 (−/−) mice. These
important findings suggest that a therapy based on the
pharmacological induction of ABCD2 in X-ALD
patients may well be conceivable.

2. Forskolin, rolipram, and 8-bromo-cyclic adenosine
monophosphate. Pahan et al. [63] have shown that
compounds, like forskolin, 8-bromo-cyclic adenosine
monophosphate (cAMP), and rolipram, which all
induce an increase in intracellular cAMP levels,
stimulate C24:0 beta-oxidation and normalize VLCFA
levels in X-ALD cells. On the other hand, compounds
like H-89 and myristoylated PKA that decrease cAMP
levels and PKA activity inhibit the peroxisomal beta-
oxidation of C24:0. The mechanism behind these
effects has remained obscure, although studies by Pujol
et al. [68] suggested that forskolin may have a direct
effect on ABCD2 expression. Unfortunately, the data of
Pahan et al. [63] could not be duplicated in another
study performed by Netik et al. [61]. Furthermore,
rolipram did not normalize VLCFA levels in the Abcd1
(−/−) mouse [61].

3. Statins, cholesterol-lowering, and C24:0 beta-oxida-
tion. Singh et al. [83] have reported that C24:0 beta-
oxidation in X-ALD fibroblasts is restored in the
presence of lovastatin and sodium phenylacetate.
Lovastatin and phenylacetate are inhibitors of human
menopausal gonadotropin (HMG)–CoA reductase and
mevalonate pyrophosphate decarboxylase, respectively,
and inhibit de novo cholesterol biosynthesis. Subse-
quent studies by Weinhofer et al. [96] showed that
growth of X-ALD fibroblasts in cholesterol-depleted
medium also restored C24:0 beta-oxidation, which may
be due to the increased expression of ABCD2 via the
SREBP system. Unfortunately, statins do not normalize
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VLCFAs in the Abcd (−/−) mouse [12, 100]. Studies in
human X-ALD patients have shown conflicting results
[64, 82, 92].

4. 4-Phenylbutyrate. Kemp et al. [41] showed that
4-phenylbutyrate was able to restore oxidation of
C24:0 in X-ALD fibroblasts and restored VLCFA
levels to normal. 4-PBA treatment of X-ALD cells
resulted in the induced expression of ABCD2 and
peroxisome proliferation both in fibroblasts from
X-ALD patients and in Abcd1 (−/−) mouse fibroblasts.
These results suggested that the effect of 4-PBA might
be mediated via ABCD2. Subsequent experiments led
McGuinness et al. [54] to conclude that 4-PBA exerts
its effect via an ABCD2-independent mechanism [54],
which may well involve mitochondria because 4-PBA
also had a marked stimulatory effect on mitochondrial
beta-oxidation. Importantly, 4-PBA was able to nor-
malize VLCFA levels in the brain and adrenal gland of
the Abcd1 (−/−) mouse. These results formed the basis
for a small clinical trial involving seven AMN patients
in which no effect was observed on the VLCFA levels
in plasma from patients [58].

5. Fibrates. Dietary supplementation of PPAR agonists,
like fenofibrate, a hypolipidaemic drug used to treat
hypertriglyceridaemia patients, to mice and rats gives
rise to a marked induction of Abcd2 and Abcd3
expression with increased Aldr and Pmp70 protein
levels. Interestingly, there was a partial correction of
C24:0 beta-oxidation capacity in the liver of Abcd1
(−/−) mice by fenofibrate [60]. No studies have been
published in which the effect of fenofibrate was studied
on VLCFA levels in different mouse tissues.

Mouse models

Mutant mice have been reported with Abcd1, Abcd2, and
Abcd3 disrupted. Abcd1 (−/−) mice have been generated
through homologous recombination by three different
groups [22, 43, 51]. Forss-Petter et al. [22] and Kobayashi
et al. [43] targeted the neocassette to exon 1, whereas exon
2 was targeted in the mouse generated by Lu et al. [51].
Inactivation of the murine Abcd1 gene did not lead to a
detectable phenotype up to 6 months despite the accumu-
lation of VLCFAs in tissues, similar to that observed in
X-ALD patients. Studies by Pujol et al. [69], in which the
mouse generated by Lu et al. [51] was switched from a pure
129Sv background to a mixed 129Sv/C57BL/6J back-
ground, showed that older mice exhibited an abnormal
neurological and behavioural phenotype starting at around
15 months of age. Knockout mice showed a slower nerve
conduction with abnormal myelin and axonal loss in both

the spinal cord and sciatic nerve. Axonal damage occurs as
a first pathological event in Abcd1 (−/−) mice followed by
myelin degeneration. Taken together, the late-onset pro-
gressive neurogenerative phenotype of Abcd1 (−/−) mice
mimics the phenotype of AMN but not CCALD.

To study whether overexpression of ABCD2, known to
be able to correct the defect in X-ALD fibroblasts, is also
able to accomplish this in vivo, Pujol et al. [70] achieved
overexpression of the Abcd2 gene by means of the strong
chicken beta-actin promoter in the Abcd1 (−/−) mouse.
Overexpression of ALDR in mice lacking ALDP was found
to prevent both the accumulation of VLCFAs and the
neurogenerative features. On the other hand, double
mutants, in which both Abcd1 and Abcd2 were disrupted,
were found to exhibit an earlier onset and more severe
disease, including signs of an inflammatory reaction
when compared with the single mutants. Taken together,
these results provide direct evidence for functional
redundancy between ALDP and ALDR under in vivo
conditions and highlight ALDR as a therapeutic target for
treatment of X-ALD.

Ferrer and co-workers [19] have also generated Abcd2
(−/−) mice. These mice show a late-onset cerebellar and
sensory ataxia with loss of cerebellar Purkinje cells and
dorsal root ganglia cell degeneration, correlating with the
accumulation of VLCFAs in the latter cellular populations.
Axonal degeneration was present in the dorsal and ventral
columns in the spinal cord. Furthermore, mitochondrial,
Golgi, and endoplasmic reticulum abnormalities were
observed, indicative of a disturbed organellar network,
which may be at the origin of the pathological cascade [19].

In addition to the mouse models described above, Abcd3
(−/−) mice have also been created. Although no full report
on this mouse has yet appeared, it is clear that Abcd3 (−/−)
mice have a non-shivering thermogenesis defect, which
may be related to a disturbance in fasting fuel homeostasis.
In addition, abnormalities have been observed in the
peroxisomal metabolism of bile acid intermediates as well
as pristanic acid and phytanic acid. These findings may
help to unravel the function of PMP70 [36].

Plant ABCDs

Arabidopsis thaliana contains more than 100 ABC trans-
porters, of which only two appear to belong to the ABCD
branch. The first gene (AT4G39850) was identified inde-
pendently by three groups of investigators, which explains
the three different names PXA1 [101], PED3 [31], and CTS
[21]. Interestingly, the PXA1/PED3/CTS gene encodes a
full-size transporter (1,338 amino acids), with both halves
(1–679 and 680–1,338) of the protein showing significant
sequence identity to the human ABCDs (45% identity with
human PMP70, 42% with human ALDR and ALDP, and
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36% with human PMP69). The Arabidopsis genome
contains another gene (AT1G54350) which codes for a
hemitransporter containing one transmembrane domain
followed by a single NBF that shares sequence similarity
to PXA1. The identity between the two Arabidopsis
proteins (21%) is less than the identity between PXA1
and the yeast (24–30%) and mammalian (36–45%)
proteins. Hayashi et al. [31] identified the PXA1/PED3/
CTS mutant in a collection of mutants with compromised
beta-oxidation capacity as measured by the insensitivity of
the mutant towards the synthetic auxin 2,4-dichlorophenox-
ybutyric acid (2,4-DB), which undergoes beta-oxidation to
2,4-dichlorophenoxyacetic acid in peroxisomes. Zolman
et al. [101] identified the mutant in a collection of 14
Arabidopsis mutants resistant to the auxin indole-3-butyric
acid (IBA), which upon beta-oxidation produces indole-3-
acetic acid (IAA). Adult pxa1 plants grow slowly compared
with wild type, with smaller rosettes, fewer leaves, and
shorter inflorescence stems, indicating that PXA1 is
important throughout development. The pxa1 mutant is
resistant to the inhibition of root elongation by IBA but
remains sensitive to inhibition by IAA. Similarly, the pxa1
mutant is also resistant to the inhibitory effects of 2,4-DB
but is sensitive to 2,4-dichlorophenoxyacetic acid. Footitt
et al. [21] showed that the germination potential of intact
CTS1 seeds, in which PXA1 function is fully lost due to an
insertion disruption within the Walker A motif, can be
corrected by adding shorter-chain FAs, like butyrate and
propionate. These results suggest that peroxisomal beta-
oxidation is functional in the cts-1 mutant, and the failure to

metabolise triglyceride-derived acyl–CoAs is a consequence
of a defect in the transport of FAs into the peroxisome.
Supportive evidence has come from the analysis of acyl–
CoA esters by Footitt et al. [21], which revealed an
increased acyl–CoA pool size in cts mutants with marked
accumulation of the 20:1, 20:0, and 22:1 acyl–CoA esters.
Recent studies by Fulda et al. [25] showed that the situation
may actually be more difficult. This is concluded from
studies on the two peroxisomal acyl–CoA synthetases
known to be present in peroxisomes of Arabidopsis named
LACS-6, a PTS1 protein, and LACS-7, a protein with both
a PTS1 and PTS2 targeting signal. The single mutants,
lacs6-1 and lacs7-1, were indistinguishable from the wild
type in terms of germination, growth, and reproductive
development. In contrast, the lacs6-1, lacs7-1 double
mutant was specifically defective in seed lipid mobilisation
and required exogenous sucrose for seedling establishment.
This phenotype is similar to the A. thaliana pxa1 mutants
deficient in the peroxisomal ABC transporter and other
mutants deficient in beta-oxidation. These results indicate
that peroxisomal LACS activity and the PXA1 transporter
are essential for early seedling growth. The peroxisomal
LACS activity would be necessary if the PXA1 transporter
delivered unesterified FAs into the peroxisomal matrix.
Alternatively, PXA1 and LACS6/LACS7 may act in
parallel pathways that are both required to ensure adequate
delivery of acyl–CoA substrates for beta-oxidation and
successful seedling establishment.

In summary, although our knowledge about the perox-
isomal half-ABC transporters is still only limited, much has

Fig. 4 Phylogenetic relation between reported and putative peroxiso-
mal ABC transporters from humans (Hs), mice (Mm), Caenorhabditis
elegans (Cc), Drosophila melanogaster (Dm), A. thaliana (At), and S.
cerevisiae (Sc). The tree was created using the Clustal W program with
default setting at the EBI server. Gen Bank accession numbers:
Hs_ALDP (D1), CAA79922; Mm_ALDP (D1), NP_031461;

Hs_ALDR (D2), NP_005155; Mm_ALDR (D2), NP_036124;
Dm_CG2316, AAF59367; Hs_PMP70 (D3), CAA41416; Mm_PMP70
(D3), NP_033017; Dm_CG12703, AAF49018; Ce_P1, AAA68339;
Ce_P2, AAA68340; Hs_PMP69 (D4), AF009746; Mm_PMP69 (D4),
O89016; Ce_C54G10.3, CAA99810; At_PXA1, NP_568072;
Sc_Pxa2, NP_012733; Sc_Pxa1, NP_015178
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been learned in recent years about the functional character-
istics of at least some of the ABCDs, notably in the yeast S.
cerevisiae. It is clear that much remains to be learned,
however, about these transport proteins, which are not only
present in some organisms, like yeast, plants, and mammals
but show a much wider distribution as concluded from
phylogenetic analyses by Sheps et al. [80] (Fig. 4).
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