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Background: Pxa1p-Pxa2p transports cytosolic acyl-CoA to the peroxisomal lumen, but the actualmechanism is unknown.
Results: Acyl-CoAs are hydrolyzed and re-esterified prior to their oxidation, and Pxa1p-Pxa2p functionally interacts with
acyl-CoA synthetases Faa2p and Fat1p.
Conclusion: Cytosolic acyl-CoAs are hydrolyzed prior to their transport and are subsequently re-esterified by acyl-CoA
synthetases.
Significance:We propose a new peroxisomal acyl-CoA transport mechanism.

Peroxisomes play a major role in human cellular lipid meta-
bolism, including fatty acid�-oxidation.Themost frequent per-
oxisomal disorder is X-linked adrenoleukodystrophy, which is
caused by mutations in ABCD1. The biochemical hallmark of
X-linked adrenoleukodystrophy is the accumulation of very
long chain fatty acids (VLCFAs) due to impaired peroxisomal
�-oxidation. Although this suggests a role of ABCD1 in VLCFA
import into peroxisomes, no direct experimental evidence is
available to substantiate this. To unravel the mechanism of per-
oxisomal VLCFA transport, we use Saccharomyces cerevisiae as
a model organism. Here we provide evidence that in this orga-
nism very long chain acyl-CoA esters are hydrolyzed by the
Pxa1p-Pxa2p complex prior to the actual transport of their fatty
acid moiety into the peroxisomes with the CoA presumably
being released into the cytoplasm. The Pxa1p-Pxa2p complex
functionally interacts with the acyl-CoA synthetases Faa2p
and/or Fat1p on the inner surface of the peroxisomalmembrane
for subsequent re-esterification of the VLCFAs. Importantly,
the Pxa1p-Pxa2p complex shares this molecular mechanism
withHsABCD1 andHsABCD2.

Peroxisomes perform a range of different metabolic func-
tions, including �-oxidation of fatty acids and synthesis and
degradation of bioactive, lipid-derived molecules (1). Sub-
strates for peroxisomal catabolism, e.g. free fatty acids (FFA),
can enter the organelles through passive diffusion (2) or by
means of ATP-binding cassette (ABC)2 transporters, belonging

to subclass D (Refs. 3 and 4; see also Fig. 1) or via the recently
identified porin Pxmp2 (5). Functional ABC transporters are
composed of aminimumof four functional domains: two trans-
membrane domains involved in substrate binding and translo-
cation and two nucleotide binding domains that bind and
hydrolyze ATP, thus providing energy for the transport step (6,
7). These domains may be present in a single polypeptide, i.e. a
full-size transporter, or as two polypeptides, each composed of a
transmembrane domain fused to a nucleotide binding domain, i.e.
half-size transporters, that hetero- or homodimerize to form a
functional transporter.
The yeast Saccharomyces cerevisiae contains two genes that

encode peroxisomal half-size ABC proteins: Pxa1p (peroxi-
somal ABC transporter 1) and Pxa2p (8–10). The single pxa1�
or pxa2� deletionmutants are unable to grow on oleate (C18:1)
as the sole carbon source and exhibit reduced �-oxidation of
this long chain fatty acid. It has been proposed that Pxa1p and
Pxa2p operate as a heterodimer to form a functional trans-
porter for long chain CoA esters (e.g.C18:1) (8, 9, 11, 12). Short
chain fatty acids as well as medium chain fatty acids (e.g.C12:0)
presumably enter yeast peroxisomes by passive diffusion as free
acids independently of Pxa1p-Pxa2p and are subsequently acti-
vated by the peroxisomal acyl-CoA synthetase Faa2p, which is
localized on the peroxisomal periphery, prior to �-oxidation
(8). In addition, there is a second acyl-CoA synthetase, Fat1p,
that is not only present on the peroxisomal membrane but also
on the plasma membrane, endoplasmic reticulum, and lipid
bodies.
In a previous report (13), we have shown that the phenotype

of the pxa1/pxa2� yeast mutant, i.e. impaired growth on
oleate-containing medium and deficient in oxidation of oleic
acid, can be partially rescued by human ABCD1 (HsABCD1)
and human ABCD2 (HsABCD2). Full rescue of �-oxidation
activity in cells expressing human ABCD2 was observed with
C22:0 and various unsaturated very long chain fatty acids. In
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contrast, full rescue was observed for C24:0 and C26:0 �-oxida-
tion in cells expressing HsABCD1, the protein involved in
X-linked adrenoleukodystrophy (X-ALD), indicating that both
proteins are functional homologues of Pxa1p-Pxa2p and both
can function as homodimers.
Twodifferentmodels for peroxisomal fatty acid transport are

described in literature (see Fig. 1 and Refs. 14 and 15) for yeast
and plant cells, respectively. In model A, the ABC transporters
deliver esterified fatty acids directly to the peroxisomal matrix
while in parallel free fatty acids may enter the peroxisomal
matrix via passive diffusion after which they are subjected to
esterification. According to model B, the ABC transporters
hydrolyze the CoA esters prior to their entry into the peroxi-
somes after which the latter are re-esterified by a peroxisomal
synthethase (16–20).
In Trypanosoma brucei, the glyoxysomal full ABC trans-

porter GAT1 serves to transport oleoyl-CoA and presumably
other long chain acyl-CoAs from the cytosol to the glyoxysomal
lumen (21), which is in line with the findings described above
for yeast. Also in the plant Arabidopsis thaliana, a functional
equivalent to Pxa1p-Pxa2p has been detected, named Coma-
tose (CTS; AtABCD1; AtPXA1) (16–20). Unlike the yeast and
the mammalian peroxisomal ABC proteins, CTS is a full-size
ABC transporterwith dissimilarN- andC-terminal halves. CTS
was able to rescue the oleate growth phenotype of the pxa1/
pxa2� mutant and restored �-oxidation of fatty acids, showing
that this transport system is a functional homologue of Pxa1p-
Pxa2p too. Interestingly, when expressed in yeast peroxisomal
membranes, the basal ATPase activity of CTS could be stimu-
lated by fatty acyl-CoAs but not by fatty acids (22). However,
genetic evidence with mutants in which peroxisomal acyl-CoA
synthetases were deleted (14, 15, 23) suggested that CTS deliv-
ers fatty acid moieties to the peroxisomal lumen (Fig. 1B).

The above results prompted us to investigate the molecular
mechanism of transport as facilitated by Pxa1p-Pxa2p and its
orthologues from higher eukaryotes. The conclusion from our
experiments is that the ABC transporters accept acyl-CoA
esters as their transport substrate but that only the fatty acid
moiety is actually transported after a hydrolysis step. Upon
entry into the peroxisomes, the translocated fatty acids are re-
esterified with CoA by the CoA-ester synthetase(s) Faa2p
and/or Fat1p.

EXPERIMENTAL PROCEDURES

Yeast Strains and Culture Conditions—S. cerevisiae BJ1991
(Mat-�, leu2, trp1,ura3-251, prb1-1122, pep4-3, gal2) was used
as the wild type strain (WT). The following derivatives of this
strain, all impaired in �-oxidation, were used: fox2� and fox3�
(carrying a deletion of the peroxisomal bifunctional protein or
3-ketoacyl-CoA thiolase, respectively),pxa1� andpxa2� (dele-
tion mutants of the peroxisomal ABC transporters 1 and 2,
respectively), and faa2� (carrying a deletion of the peroxisomal
acyl-CoA synthetase). These mutants were constructed from
BJ1991 as described previously (8, 11). The double mutant
pxa1/pxa2� and ABCD1 and ABCD2 plasmids used in this
study were as described before (13). The pxa1/pxa2/faa2�
(LEU:KAN:BLE) triplemutantwasmade by replacing thewhole
FAA2 ORF from the pxa1/pxa2� (LEU:KAN) mutant by
the BLE gene. The FAA2 deletion construct was made by PCR
with pUG66 plasmid (BLE gene) as a template, the forward
primer 5�-TGATGGGTTGGAACTATATAAAGCATCGGA-
AACGATGGCTAAGGGAAGTCAGCTGAAGCTTAGACGC,
and the reverse primer 5�-TGCATAGGGATATCCTACATCA-
AAGTTTTTTCTAGTTTGAAGTGTTCCAGCATAGGCCA-
CTAGTGGATCTG. BLE� transformants were selected for inte-
gration in the FAA2 gene by PCR analysis.
Yeast strains were grown in minimal medium containing

6.7g/liter yeast nitrogen base without amino acids (YNB-WO)
supplemented with 3g/liter glucose plus amino acids (20mg/li-
ter) when required. For the induction of peroxisome prolifera-
tion, cells were shifted to YPO� medium containing 5 g/liter
potassium phosphate buffer, pH 6.0, 3 g/liter yeast extract,
5g/liter peptone supplemented with 1.2 g/liter oleate, 10 g/liter
glycerol, and 2g/liter Tween-80. Prior to shifting to these
media, the cells were grown in minimal medium with 3 g/liter
glucose for at least 24 h. One A unit is the amount of cells from
1 ml cell cultures with an A600 nm of 1 and containing 2 � 107

cells.
Carnitine Palmitoyltransferase 2 (CPT2) Expression Plasmids—

The ORF encoding mature CPT2 (i.e. with its mitochondrial
targeting sequence deleted) was amplified using forward
primer TATAGGATCC ATG AGC GCC GGC TCC GGG
CCCGGC CAG TAC CTG CAG and reverse primer TATAG-
CATGCTTAAAGCTTACTTTTGATGGATTTGCCTTC
containing a KL* extension (restriction sites are underlined).
An additional HindIII site, which facilitates 3� modifications,
was included in the reverse primer. As a template for the PCR,
we used the pYES2-CPT2 plasmid containing the ORF of
HsCPT2 (generous gift from Dr. F. Taroni, Milano, Italy). The
resulting PCR product was cloned in pGEM-T to generate
pGEM-T-CPT2-SKL.
The plasmid pCPT2per1 was made by subcloning the

BamHI-SphI fragment of pGEM-T-CPT2-SKL into the yeast
expression vector Pca31, which contains the oleate-inducible
catalase promoter (24) plus an oligonucleotide adaptor encod-
ing the N terminus of the mature hemagglutinin protein as
described in detail in Elgersma et al. (25). For expression of
CPT2 in the cytosol (pCPTcyt), the peroxisomal targeting sig-
nal (SKL) was replaced by the C-terminal end of the native
CPT2. To this end, the NcoI-SphI fragment from pYES2-CPT2

FIGURE 1. Two current models for fatty acid transport across peroxisomal
membrane. Model A, uptake of fatty acids into yeast peroxisomes occurring
as FFAs requiring intraperoxisomal activation by Faa2p or as fatty acyl-CoA
esters facilitated by the ABCD transporters Pxa1p and Pxa2p in S. cerevisiae.
Model B, in A. thaliana, the ABC transporter CTS (AtPXA1) delivers non-ester-
ified fatty acids to the peroxisomal matrix. These are subsequently activated
by peroxisomal acyl-CoA synthetases.

Peroxisomal Fatty Acid Uptake Mechanism in S. cerevisiae

JUNE 8, 2012 • VOLUME 287 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 20145



was cloned into pCPT2per1, which was digested by NcoI and
SphI. The HindIII site (upstream of the stop codon) in
pCPT2per1 was used to enhance the effectiveness of the perox-
isomal targeting signal (SKL) by insertion of a linker (sense, AG
CTT GGT TCC GGA GGT GAA GCT GCA GTT AAG CTT
TCT CAA GCT AAA TCT AAA CTT TAATCTAGAT; anti-
sense, AG CTA TCT AGA TTA AAG TTT AGA TTT AGC
TTG AGA AAG CTT AAC TGC AGC TTC ACC TCC GGA
ACC A) that encodes the 12 C-terminal amino acids of FOX2
(peroxisomal targeting signal 1) preceded by a flexible loop,
resulting in pCPT2per2.
In pCPT2per3, the flexible loop was replaced by an �-helical

linker (26) tomodify the accessibility of the PTS1 signal. To this
end, pCPT2per2 was cleaved by HindIII, and the following
linkerwas inserted: sense, AGCTAGCAGCTAAAGAAGCC
GCA GCT AAA GAA GCC GCA GCT AAA GAA GCC GCA
GCT AAA GAA GCT GCA GTT A; antisense, AG CTT AAC
TGC AGC TTC TTT AGC TGC GGC TTC TTT AGC TGC
GGC TTC TTT AGC TGC GGC TTC TTT AGC TGC T. All
inserts were verified by DNA sequencing. In summary, the C
terminus of these four CPT2 derivatives is as follows (exten-
sions in bold face): pCPT2cyt, EGKSIKS; pCPT2per1, EGKSIK-
SKL; pCPT2per2, EGKSIKSKLGSGGEAAVKLSQAKSKL;
pCPT2per3, EGKSIKSKLAAKEAAAKEAAAKEAAAKEA-
AVKLSQAKSKL.
Mass Spectrometric Metabolite Analyses—To compare the

acyl-CoA levels in different cellular compartments, we first
transformed the yeast cells with human carnitine palmitoyl-
transferase 2 (HsCPT2)with orwithout a peroxisomal targeting
signal. After growing for at least 24 h on 0.3 g/liter glucose plus
amino acids (20 mg/liter), yeast cells were grown overnight on
YPO�medium. Isolated yeast cells werewashed and incubated
(A� 2.5) for 60 or 180minwith 400�M caprylic (C8:0) acid and
0.33 g/liter Tween-80 or 2.4 mM oleic acid (C18:1) and 2 g/liter
Tween-80, respectively, in 3 g/liter yeast extract, 5 g/liter Bacto
Peptone, 25 mM potassium phosphate, pH 6.0, and 2 mM carni-
tine. Of this mixture, 2 ml were spun down, and cell pellets
were stored at �80 °C. For measurements of O18 incorpora-
tion into 3-OH-acylcarnitine intermediates, cells were incu-
bated as described above with 50% [18O]H2O (in [16O]H2O)
as the only adjustment. For acylcarnitine measurements, pel-
lets were taken up in 500 �l of 70% (v/v) acetonitrile. Acylcar-
nitine levels were determined by liquid chromatography-tan-
dem mass spectrometry as described previously (27, 28) using
[2H3]palmitoylcarnitine as an internal standard.
Subcellular Fractionation and Nycodenz Gradient Centrifuga-

tion—To prepare a peroxisome-enriched fraction, subcellular
fractionation by differential centrifugation of S. cerevisiae
homogenates was performed as described before (10). Organ-
ellar pellets were layered on top of a 150–350 g/liter Nycodenz
gradient (12 ml) with a cushion of 1.0 ml of 500 g/liter Nyco-
denz solution. All Nycodenz solutions contained 5 mM MES,
pH 6.0, 1 mM EDTA, 1 mM KCl, and 85 g/liter sucrose. The
sealed tubes were centrifuged for 2.5 h in a vertical rotor (MSE
8x35) at 19,000 rpm at 4 °C. After centrifugation, gradients
were aliquoted into different fractions, which were assayed for
activity of various marker enzymes as described below.

Enzyme Assays—�-Oxidation assays in intact cells were per-
formed as described previously by van Roermund et al. (29)
with slight modifications. Cells were grown overnight in media
containing oleate to induce �-oxidation. The �-oxidation
capacity was measured in 50 mM MES, pH 6.0 supplemented
with 10 �M 1-14C-fatty acids. Subsequently, [14C]CO2 was
trapped with 2 M NaOH and used to quantify the rate of fatty
acid oxidation. Results are presented as percentages relative to
the rate of oxidation of wild type cells. In WT cells the rates of
lauric acid (C12:0; 1-h incubation) and behenic acid (C22:0; 2-h
incubation) oxidation were 7.24 � 0.80 and 0.62 � 0.08 nmol/
min�107 cells, respectively, whereas lignoceric acid (C24:0;
2.5-h incubation) was oxidized at a rate of 4.46 � 0.15 pmol/
h�107 cells.
Acyl-CoA synthetase activity was measured as described by

Knoll et al. (30) with the following modifications. The reaction
was started by adding cell extract to a mixture of 10 �M

[1-14C]C22:0, 150 mM Tris, pH 8.5, 10 mM ATP, 10 mMMgCl2,
200 �M CoA, and 1 g/liter Triton X-100 and incubated for 10
min at 28 °C. The activity of the peroxisomal marker 3-hy-
droxyacyl-CoA dehydrogenase was measured on a Cobas-Fara
centrifugal analyzer by monitoring the acetoacetyl-CoA-de-
pendent rate of NADH consumption at 340 nm (31).
Fumarase activity was measured on a Cobas-Fara centrifugal

analyzer by monitoring the increase in absorbance at 365 nm
for 5 min at 37 °C. In the fumarase assay, 3-acetylpyridine ade-
nine dinucleotide rather thanNADwas used as the cofactor. Its
reduced form absorbs at 365 nm (29). The reaction was started
by adding 10mM fumarate into an incubationmixture contain-
ing the following components: 100 mM Tris, pH 9.0, 1 g/liter
Triton X-100, 4 units/ml malate dehydrogenase, and 1 mM

3-acetylpyridine adenine dinucleotide. Alkaline phosphatase
and esterase activities were measured on a Cobas-Fara centrif-
ugal analyzer according to published procedures (32). Protein
concentrations were determined by the bicinchoninic acid
method described by Smith et al. (33).

RESULTS

Evidence That Faa2p Is Involved in HsABCD-dependent
Acyl-CoA Transport across Peroxisomal Membrane—To deter-
mine thechemicalnatureof theproductdeliveredby theHsABCD
complex into the peroxisomes, we measured the �-oxidation of
C22:0 and C24:0 in pxa1/pxa2� and pxa1/pxa2/faa2� cells, both
expressing either thehumanHsABCD1orHsABCD2 (seeFig. 2,B
andA, respectively). Full rescuewas observed in pxa1/pxa2� cells
expressingHsABCD1 orHsABCD2 for C24:0 and C22:0�-oxida-
tion activity, respectively, whereas no rescuewas detected in yeast
strains in which (in addition to pxa1/pxa2) faa2 also was deleted.
These results imply that the�-oxidation activity in pxa1/pxa2�
cells that express HsABCD1 or HsABCD2 is dependent on the
intraperoxisomal acyl-CoA synthetase Faa2p.
As a control for proper induction of the �-oxidation

enzymes, we measured the activity of 3-hydroxyacyl-CoA
dehydrogenase (Fig. 2C). The results indicate that HsABCD1p
andHsABCD2p do deliver free fatty acids into the peroxisomal
matrix that after their import into the peroxisomal lumen need
to be activated into CoA esters to become substrates for
�-oxidation.
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Measurement of Peroxisomal and Cytosolic Acyl-CoA Pool—
Togainmore insight into themechanismof acyl-CoA transport
across the peroxisomal membrane, it would be important to be
able to determine and compare the acyl-CoA levels in different
cellular compartments, e.g. in the cytosol and in the peroxi-
somal matrix. Measuring acyl-CoA levels in isolated peroxi-
somes versus cytosol, however, will not provide such informa-
tion because peroxisomes become leaky (and therefore
permeable for acyl-CoA esters) upon isolation from the cells.
We therefore developed an assay to determine these levels in
vivo.
To this end, we used HsCPT2, which can convert acyl-CoAs

into the corresponding acylcarnitine esters, which then can be
readily measured by LC-tandem mass spectrometry (34). Tar-
geting of HsCPT2 to either the cytosol or to the peroxisomes
will provide an assay for determining the amount of acyl-CoA
formed in either compartment.
To develop this experimental system, we designed four dif-

ferent CPT2 constructs, all lacking the authenticmitochondrial
targeting signal: one construct was targeted to the cytoplasm
(CPT2cyt) and three constructs, each containing a peroxisomal
targeting signal 1 in a different context, were targeted to per-
oxisomes (CPT2per1–3; for further details see “Experimental
Procedures”). To study the subcellular localization of CPT2cyt
and CPT2per1–3 in oleate-grown cells, we transformed these
CPT2 constructs into our wild type yeast strain. After fraction-
ation of oleate-grown cells into organellar fractions, we found
that CPT2cyt was present exclusively in the supernatant, and
CPT2per1 was in the supernatant as well as in the organellar
pellet, whereas CPT2per2 and CPT2per3 were mainly present
in the organellar pellet. To separate peroxisomes from mito-

chondria, the organellar pellets were further fractionated
by Nycodenz density gradient centrifugation. Immunoblot
analysis of the gradient fractions using CPT2 antibodies
revealed that CPT2cyt co-localized with the cytosolic marker
phosphoglucose isomerase, and both CPT2per2 and CPT2per3
co-localized with the peroxisomal marker 3-hydroxyacyl-CoA
dehydrogenase, thus indicating a cytosolic and peroxisomal
localization, respectively (data not shown). Localization of
CPT2per1 was 50% peroxisomal and 50% cytosolic, indicating
that a flexible loop (CPT2per2) or a helical linker (CPT2per3)
together with a peroxisomal targeting sequence is necessary for
efficient peroxisomal localization. Fig. 3A shows that CPT2cyt
and CPT2per2 constructs in situ are actively expressed as
deduced from the measured oleoylcarnitine levels (for further
details see “Experimental Procedures”) in wild type cells grow-
ing on oleate/glycerol and expressing CPT2cyt and CPT2per2,
respectively. This activity was not observed in wild type cells
transformed with an empty vector (not shown).
To investigate in vivo the acyl-CoA transport across the per-

oxisomal membrane, we measured the peroxisomal �-oxida-
tion intermediate 3-OH-oleoyl-CoA by comparing the levels
of 3-OH-oleoylcarnitine in oleate/glycerol-grown yeast cells
expressing CPT2per2 and CPT2cyt. Expression of CPT2per2
resulted in markedly higher levels of 3-hydroxyoleoylcarnitine
in oleate/glycerol-grown fox3� cells (carrying a deletion of the
peroxisomal 3-ketoacyl-CoA thiolase) when compared with
wild type cells or fox2� cells (carrying a deletion of the peroxi-
somal bifunctional protein), indicating that peroxisomally
expressed CPT2 can indeed be used to determine acyl-CoA
levels in the peroxisomes (Fig. 3B).

FIGURE 2. Evidence that Faa2p is involved in HsABCD-dependent acyl-CoA transport across peroxisomal membrane. Cells grown on oleate/glycerol
were incubated with [1-14C]behenic acid (C22:0) or [1-14C]lignoceric acid (C24:0), and �-oxidation rates were measured (A and B; see “Experimental Proce-
dures”). C, as a control for induction of �-oxidation, 3-hydroxyacyl-CoA dehydrogenase (3HAD) activity was measured. The activity in wild type cells was taken
as reference (100%). This experiment was performed at least three times; error bars indicate mean � S.D. See “Experimental Procedures” for strains used and
experimental details.
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CoA Ester Hydrolysis Occurs before Fatty Acid Oxidation—
The above described approach to assay acyl-CoA levels provides a
tool to elucidate the mechanism of the acyl-CoA synthetase-de-
pendentacyl-CoAtransportprocessacross theperoxisomalmem-
brane. When acyl-CoA esters are hydrolyzed during or after the
uptake process into the peroxisomes, a water molecule is added
to the substrate. In the presence of 50% [18O]H2O, a theoretical
ratioofno18Oincorporation tosingle 18Oincorporation todouble
18O incorporation into the 3-hydroxyacyl-CoA ester of 0.75:1.0:
0.25 is expected in the fox3� mutant (Fig. 4A).
Fig. 4B shows the 3-OH-oleoylcarnitine levels with different

degrees of 18O incorporation in wild type and fox3� cells trans-
formed with CPT2per2 grown in oleate/glycerol/[18O]H2O
medium. The observed ratios of 0.90:1.0:0.24 and 0.85:1.0:0.19
in wild type and fox3� cells, respectively, are close to the theo-
retically predicted ratio when the uptake process involves
hydrolysis and subsequent re-formation of the acyl-CoA ester.
Moreover, the observation of a double 18O incorporation in
wild type cells suggests that the hydrolysis step (and subsequent
esterification) is an obligatory step prior to �-oxidation. As a
control, we incubated WT and fox3� cells, both transformed
with CPT2per with octanoic acid (C8:0) (Fig. 4C), and observed
no incorporation and single 18O incorporation into the �-oxi-
dation intermediate 3-hydroxyoctanoylcarnitine but no double
18O incorporation, indicating that C8:0 presumably enters
yeast peroxisomes by passive diffusion as a free acid indepen-
dently of Pxa1p-Pxa2p.
Pxa1p-Pxa2p Heterodimer Forms a Functional Unit with

Additional Acyl-CoA Synthetase—The C24:0 and C22:0 �-oxi-
dation activity in faa2� cells is �50% of the activity in the cor-
respondingwild type strain (Fig. 2,A andB), whereas no activity
can bemeasured in faa2/pxa1/pxa2� cells. However, when the
yeast transporters Pxa1p and Pxa2p are replaced by the human
orthologues HsABCD1 and HsABCD2 in faa2/pxa1/pxa2�
cells, the residual�-oxidation activity is still less than 5% (Fig. 2,
A and B). This implies that the C24:0 or C22:0 �-oxidation flux
redirected byHsABCD1 andHsABCD2, respectively, is strictly
dependent on the presence of the peroxisomal Faa2p. This is
somewhat surprising because we expected, based on the homol-
ogy between yeast andHsABCD transporters, that the essence of
the mechanism of acyl-CoA transport across the peroxisomal

membrane would be the same, although their chain length
specificity for CoA estersmay differ. One explanation for this is
that the deletion of PXA1/PXA2 also affects a peroxisomal acyl-
CoA synthetase activity other than Faa2p. Because there are no
recognizable sequence features in the ABCD proteins that sug-
gest that these proteins also display acyl-CoA synthetase activ-
ity, we hypothesize that this acyl-CoA synthetase forms a func-
tional protein complexwith Pxa1p-Pxa2pbut cannot form such
a complex with HsABCD1 or HsABCD2.
To determine the existence of an additional peroxisomal

acyl-CoA synthetase for very long chain fatty acids, we first
optimized the C22:0-CoA synthetase assay in isolated peroxi-
somes fromwild type cells (see “Experimental Procedures”) and
then measured the subcellular localization of C22:0-CoA syn-
thetase activity in wild type, faa2�, pxa1/pxa2�, and pxa1/
pxa2/faa2� cells grown on oleate/glycerol. In all deletion
strains we measured C22:0-CoA synthetase activity in the
organellar fraction as well as in the supernatant fraction (Fig.
5A). After separation of peroxisomes from other organelles by
equilibrium-density gradient centrifugation, we observed that
part of theC22:0-CoA synthetase activity ofwild type yeast cells
co-fractionated with the peroxisomal marker 3-hydroxyacyl-
CoA dehydrogenase, whereas the remaining activity co-frac-
tionated with the mitochondrial marker fumarase, the endo-
plasmic reticulum marker esterase, and the plasma membrane
marker alkaline phosphatase (Fig. 5B). Interestingly, no perox-
isomal C22:0-CoA synthetase activity was present in pxa1/
pxa2/faa2� yeast cells, which is inmarked contrast to the pres-
ence of this activity in faa2� and pxa1/pxa2� cells. This
suggests not only that Faa2p contributes to the activation of
C22:0 in peroxisomes but also points to the existence of an
additional acyl-CoA synthetase activity associated directly or
indirectly with the ABC transporters Pxa1p-Pxa2p.
Fat1p Is Involved in ABC Transporter-dependent Acyl-CoA

Transport—One of the candidates for this presumed additional
peroxisomal acyl-CoA synthetase is the previously reported
fatty acid transporter protein Fat1p. Fat1p contains the perox-
isomal targeting signal IKL and is localized not only in peroxi-
somes but also in the plasma membrane, in lipid bodies, and in
the endoplasmic reticulum (35–38). Fat1p functions in vecto-
rial acylation,which couples the uptake of exogenous fatty acids

FIGURE 3. Acyl-CoA hydrolysis is obligatory step prior to �-oxidation. Wild type and fox3� cells transformed with CPT2per2 and CPT2cyt were grown on
oleate/glycerol. A, oleoylcarnitine levels were measured using tandem mass spectrometry (see “Experimental Procedures”). B, the levels of 3-OH-oleoylcarni-
tine were measured in wild type and fox3� cells expressing CPT2cyt or CPT2per2, both grown on oleate/glycerol. This experiment was performed at least three
times; error bars indicate mean � S.D. See “Experimental Procedures” for strains used.
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to their activation into the corresponding CoA esters. Further-
more, it carries a very long chain acyl-CoA synthetase motif
with its active site on the inner face of the plasma membrane
(37).
To confirm that Fat1p indeed is also present in the peroxi-

somal membrane, double mutants were generated in which
both FAA2 and FAT1 were deleted, and C22:0-CoA synthetase
activity was measured in isolated peroxisomes of fat1� and
faa2/fat1� cells. Fig. 6A shows that the isolated peroxisomal
fraction of fat1/faa2� cells is deficient for C22:0-CoA synthe-
tase activity, indicating that Fat1p is responsible for the perox-
isomal C22:0-CoA synthetase activity in the wild type and
faa2� strain. To study the involvement of Fat1p in acyl-CoA
transport across the peroxisomal membrane, fat1�, faa2�, and
faa2/fat1� cells were subsequently analyzed for C22:0�-oxida-
tion activity. Importantly, fat1� cells showed normal C22:0
�-oxidation activity, suggesting that Fat1p is not the rate-lim-
iting step of C22:0 �-oxidation in wild type yeast (Fig. 6B). Fur-
thermore, bymeasuring the C22:0 carnitine levels in fat1� cells
expressing CPT2cyt and incubated with C22:0, we could show
that the cytosolic concentration of C22:0-CoAwas not affected
by this deletion (data not shown), indicating that the transport
of C22:0 across the plasma membrane in fat1� cells is normal.
As a control for constitutive induction of �-oxidation enzymes
under these conditions, we measured the 3-hydroxyacyl-CoA
dehydrogenase activity (Fig. 2C), the third step of the �-oxida-
tion pathway. We found that the C22:0 �-oxidation was
severely affected in faa2/fat1� cells (Fig. 6B), which indicates
that both acyl-CoA synthetases, Faa2p and Fat1p, contribute to
the peroxisomal �-oxidation of C22:0. Furthermore, whereas
C12:0 �-oxidation activity is not impaired, consistent with pre-
vious observations (7), we observed that C12:0 oxidation is fully
dependent on Faa2p (Fig. 6B).

DISCUSSION

In this study, we show that uptake of (very) long chain acyl-
CoAs into yeast peroxisomes via the Pxa1p-Pxa2p complex is
accompanied by hydrolysis of their CoA ester followed by re-
esterification with coenzyme A in the peroxisomal lumen. As
observations have beenmade with plant- andmammal-derived
homologues of this system that can be interpreted in a similar
way (10, 32), this mechanism of uptake into the peroxisomes
presumably is functional in all eukaryotes. Whereas the plant
homologue, Comatose, is a complex, four-domain-containing
protein, the human homologues are able to function in this
uptake process as a homodimer.
At first sight, such a hydrolysis/re-esterification process may

seem energetically unfavorable. However, in vitro biochemical
studies will be needed to reveal the details of the free energy
requirements of the various steps in this process. CoA is only
used catalytically in the �-oxidation cycle. Hydrolysis of the

FIGURE 4. Incorporation of 18O into carboxyl group of acyl-CoA indicates
that acyl-CoAs are hydrolyzed and reactivated prior to �-oxidation.
A, upon hydrolysis of an acyl-CoA ester, a water molecule is added to the acyl
chain to produce a free fatty acid. Thus, when hydrolysis occurs in the pres-
ence of [18O]H2O, the carboxyl group of the fatty acid will be labeled with 18O,
and this can be used directly to determine whether or not hydrolysis occurs
during or prior to uptake of acyl-CoA esters into the peroxisomes. The car-
boxyl group has two oxygen atoms, which are in a tautomeric equilibrium
upon hydrolysis of the acyl-CoA ester into the free fatty acid. After re-esterifi-
cation of the free fatty acid to the corresponding CoA ester, one of these
oxygen atoms will be lost, resulting in a 50% change in incorporation of the
18O atom. In the hydration step of �-oxidation, another water molecule is
added to the 2-enoyl-CoA derivative to form 3-hydroxy acyl-CoA. This second
[18O]H2O addition, therefore, has to be taken into account to calculate the
enrichment of 18O in the final product. To study these events in vivo, we
cultured yeast in 50% [18O]H2O (in [16O]H2O). This means that 50% of the 3-OH
groups will be labeled. Finally, a theoretical ratio of no 18O incorporation to
single 18O incorporation to double 18O incorporation into the 3-hydroxy acyl-
CoA ester of 0.75:1.0:0.25 is expected. B, wild type and fox3� cells transformed
with CPT2per2 were incubated in oleate medium with 50% [18O]H2O, and
3-OH-oleoylcarnitine levels were measured. The observation of double 18O
incorporation in the carnitine ester in wild type and fox3� cells indicates that
the acyl-CoA hydrolysis step is an obligatory step prior to �-oxidation. C, wild
type and fox3� cells transformed with CPT2per2 were incubated in octanoic
acid medium with 50% [18O]H2O, and 3-OH-octanoylcarnitine levels were

measured. The observation of single but no double 18O incorporation in the
carnitine ester in wild type and fox3� cells indicates that 18O is not incorpo-
rated into the carboxyl group of C8:0 and that C8:0 presumably enters yeast
peroxisomes by passive diffusion as free acid independently of Pxa1p-Pxa2p.
Each of these experiments except for the experiment with octanoic acid was
performed at least three times (see “Experimental Procedures” for further
details); error bars indicate mean � S.D.
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acyl-CoA prior to transport prevents accumulation of CoA in
the peroxisome andmakes export of CoA superfluous. Because
of this, functional reconstitution of the Pxa1p-Pxa2p complex
with and without a coupled acyl-CoA synthetase in a liposomal
system is required to resolve this issue.
The observed biochemical mechanism of the uptake process

differs significantly from most transport processes, which are
mostly energized by either a chemiosmotic mechanism (sym-
port, antiport, etc.) or ATP hydrolysis (see e.g. Ref. 39). The
current process shows some similarities with group transloca-
tion mechanisms albeit it is almost the inverse of the best

known example from this class, the phosphoenolpyruvate
phosphotransferase system from enterobacteria (40). However,
rather than receiving an additional moiety, here the substrate is
reduced in size during the transport step.
A key consequence of the mechanism of uptake of very long

chain fatty acids into peroxisomes that we report here is that the
availability of coenzyme A in the peroxisomal lumen has to be
regulated separately by the eukaryotic cell. While this paper was
under review, Agrimi et al. (42) provided evidence in favor of a
peroxisomal CoA transporter, which could be involved in this
regulation.

FIGURE 5. Peroxisomal C22:0 acyl-CoA synthetase activity is dependent on presence of Pxa1p-Pxa2p. A, subcellular fractionation of wild type, pxa1/
pxa2�, faa2�, and faa2/pxa1/pxa2� cells in oleate/glycerol medium. C22:0-CoA synthetase activity was measured in homogenates, organellar pellets, and the
supernatant fraction (Sup) (see also “Experimental Procedures”). B, an organellar pellet fraction prepared by differential centrifugation (see Fig. 4A) was
subjected to Nycodenz gradient centrifugation. Each fraction was analyzed for C22:0-CoA synthetase activity (�) and for the marker enzymes fumarase
(mitochondria; E), 3-hydroxyacyl-CoA dehydrogenase (peroxisomes; f), esterase (endoplasmic reticulum (ER); Œ), and alkaline phosphatase (plasma mem-
brane; ●). The experiment was conducted three times. The data from a representative experiment are shown.

Peroxisomal Fatty Acid Uptake Mechanism in S. cerevisiae

20150 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 24 • JUNE 8, 2012



We also showed (see Figs. 6 and 7) that Fat1p has a role in the
ABC transporter-dependent C22:0 fatty acid uptake into peroxi-
somes.Detectionof functional activity of this protein is dependent
on the presence of Pxa1p-Pxa2p. This may be because the Fat1
protein is associated with the ABC transporters Pxa1p-Pxa2p or

because there is anoptimal chain lengthmatchonlywith these two
transporters. Themodel proposed in Fig. 7 shows fatty acid inter-
action with proteins at the peroxisomal membrane either as an
FFAorasanacyl-CoAester.Wedonothavesolidevidence for free
fatty acid transport across the peroxisomal membrane via Fat1p

FIGURE 6. Fat1p is peroxisomal acyl-CoA synthetase involved in C22:0 �-oxidation. A, distribution of C22:0-CoA synthetase activity in fat1� and fat1/faa2�
cells. The activities of mitochondrial (fumarase; E) and peroxisomal (3-hydroxyacyl-CoA dehydrogenase; f) marker enzymes and C22:0-CoA synthetase (�)
were measured in the fractions of a Nycodenz gradient. The experiment was carried out three times. The results from a representative experiment are shown.
B, cells grown on oleate/glycerol were incubated with [1-14C]behenic acid (C22:0) or [1-14C]laureate acid (C12:0), and �-oxidation rates were measured (see
“Experimental Procedures”). �-Oxidation rates in wild type cells were taken as a reference (100%). This experiment was performed at least three times; error bars
indicate mean � S.D. See “Experimental Procedures” for the strains used.
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(peroxisomal), but there is evidence that Fat1p is functional as
a bifunctional protein and plays a central role in fatty acid traffick-
ing at the level of long chain fatty acid transport and very long
chain fattyacidactivation (34–37).ThisFat1p-mediated transport
is much more energetically favorable than the ABC transporter-
mediated pathway.
The biochemical hallmark of patients suffering from X-ALD

is the significant accumulation of saturated, straight chain, very
long chain fatty acids (VLCFAs; C24:0 and C26:0) and mono-
unsaturated VLCFA (C26:1) in plasma and various tissues. Ini-
tially, the elevated VLCFA levels that occur in X-ALD were
predicted to be caused by a reduced activity of VLCFA acyl-
CoA synthetase, and thus it was thought that VLCFA acyl-CoA
synthetase was the candidate gene to be defective in X-ALD.
However, positional cloning identified the HsABCD1 gene as
defective in X-ALD. Although the involvement of VLCFA acyl-
CoA synthetase has been disputed (41), our current findings
explain why co-expression of adrenoleukodystrophy protein
and VLCFA acyl-CoA synthetase has a synergistic effect on
�-oxidation andVLCFA acyl-CoA synthetase activity and leads
to a functional rather than a physical interaction of VLCFA
acyl-CoA synthetase and ABC transporters.
Confusingly, there is no clear-cut correlation between geno-

type and phenotype in X-ALD patients. For example, no corre-
lations could be identified between the nature of the ABCD1
mutations, level of VLCFA accumulation, and severity of the
pathology of X-ALD. In our transport model (Fig. 7), we can
divide the process of acyl-CoA transport across the peroxi-
somalmembrane into three steps: 1) hydrolysis of the acyl-CoA
ester, 2) transport of the fatty acid across the peroxisomalmem-
brane, and 3) re-esterification of the fatty acid to an acyl-CoA
ester. Not only could a defect of one of these three steps lead to
an accumulation of VLCFAs and/or VLCFA-CoA esters, but
also the level of the peroxisomal acyl-CoA synthetase activity or

the cytosolic CoA concentration could influence the accumu-
lation of VLCFAs and/or VLCFA-CoA esters. Each of these
could have a different influence on the pathology of individual
X-ALD patients, thereby giving rise to multiple phenotypes.
The mechanism of hydrolysis of VLCFA-CoA esters and the
transport and re-esterification of the VLCFAs will be investi-
gated in future studies by using humanized yeast as an in vivo
model system or in vitro by functional reconstitution of the
Pxa1p-Pxa2p complex in a liposomal system.
In summary, we provide evidence that in S. cerevisiae acyl-

CoA esters are hydrolyzed prior to the actual transport into the
peroxisomes by the Pxa1p-Pxa2p complex with the CoA pre-
sumably being released into the cytoplasm. The Pxa1p-Pxa2p
complex functionally interacts on the inner surface of the per-
oxisomal membrane with the acyl-CoA synthetase(s) Faa2p
and/or Fat1p for subsequent re-esterification of the VLCFAs.

Acknowledgments—We thankDr. R. van der Bend from SaxionHoge-
school (Life Science, Engineering and Design) in Deventer for assis-
tance making the pxa1/pxa2/faa2� triple and fat1/faa2� double
mutant and TomWagemans for technical assistance.

REFERENCES
1. Wanders, R. J., and Waterham, H. R. (2006) Biochemistry of mammalian

peroxisomes revisited. Annu. Rev. Biochem. 75, 295–332
2. Pillai, B. K., Jasuja, R., Simard, J. R., and Hamilton, J. A. (2009) Fast diffu-

sion of very long chain saturated fatty acids across a bilayermembrane and
their rapid extraction by cyclodextrins: implications for adrenoleukodys-
trophy. J. Biol. Chem. 284, 33296–33304

3. Theodoulou, F. L., Holdsworth, M., and Baker, A. (2006) Peroxisomal
ABC transporters. FEBS Lett. 580, 1139–1155

4. Wanders, R. J., Visser, W. F., van Roermund, C.W., Kemp, S., andWater-
ham, H. R. (2007) The peroxisomal ABC transporter family. Pflugers Arch.
453, 719–734

5. Rokka, A., Antonenkov, V. D., Soininen, R., Immonen, H. L., Pirilä, P. L.,
Bergmann, U., Sormunen, R. T., Weckström, M., Benz, R., and Hiltunen,
J. K. (2009) Pxmp2 is a channel-forming protein in mammalian peroxi-
somal membrane. PLoS One 4, e5090

6. Linton, K. J., and Higgins, C. F. (2007) Structure and function of ABC
transporters: the ATP switch provides flexible control. Pflugers Arch. 453,
555–567

7. Procko, E., O’Mara, M. L., Bennett, W. F., Tieleman, D. P., and Gaudet, R.
(2009) The mechanism of ABC transporters: general lessons from struc-
tural and functional studies of an antigenic peptide transporter. FASEB J.
23, 1287–1302

8. Hettema, E. H., van Roermund, C. W., Distel, B., van den Berg, M., Vilela,
C., Rodrigues-Pousada, C., Wanders, R. J., and Tabak, H. F. (1996) The
ABC transporter proteins Pat1 and Pat2 are required for import of long-
chain fatty acids into peroxisomes of Saccharomyces cerevisiae. EMBO J.
15, 3813–3822

9. Shani, N., Sapag, A., Watkins, P. A., and Valle, D. (1996) An S. cerevisiae
peroxisomal transporter, orthologous to the human adrenoleukodystro-
phy protein, appears to be a heterodimer of two half ABC transporters:
Pxa1p and Pxa2p. Ann. N.Y. Acad. Sci. 804, 770–772

10. Swartzman, E. E., Viswanathan, M. N., and Thorner, J. (1996) The PAL1
gene product is a peroxisomal ATP-binding cassette transporter in the
yeast Saccharomyces cerevisiae. J. Cell Biol. 132, 549–563

11. van Roermund, C. W., Visser, W. F., Ijlst, L., van Cruchten, A., Boek, M.,
Kulik, W.,Waterham, H. R., andWanders, R. J. (2008) The human perox-
isomal ABC half transporter ALDP functions as a homodimer and accepts
acyl-CoA esters. FASEB J. 22, 4201–4208

12. Verleur, N., Hettema, E. H., van Roermund, C. W., Tabak, H. F., and
Wanders, R. J. (1997) Transport of activated fatty acids by the peroxisomal

FIGURE 7. New model for fatty acid transport across peroxisomal mem-
brane in S. cerevisiae. The uptake of fatty acids into peroxisomes may occur
via two routes: either as free fatty acid thus requiring intraperoxisomal acti-
vation by the peroxisomal acyl-CoA synthetase(s) Faa2p and/or Fat1p into
acyl-CoA or as acyl-CoA ester. The latter route involves the two yeast half-
transporters Pxa1p-Pxa2p, which deliver the acyl group from acyl-CoA esters
to the peroxisomal matrix. The corresponding free fatty acids are reactivated
to their CoA ester by Faa2p and/or Fat1p in the peroxisomal lumen prior to
�-oxidation.

Peroxisomal Fatty Acid Uptake Mechanism in S. cerevisiae

20152 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 24 • JUNE 8, 2012



ATP-binding-cassette transporter Pxa2 in a semi-intact yeast cell system.
Eur. J. Biochem. 249, 657–661

13. van Roermund, C. W., Visser, W. F., Ijlst, L., Waterham, H. R., and Wan-
ders, R. J. A. (2011) Differential substrate specificities of human ABCD1
andABCD2 in peroxisomal fatty acid�-oxidation. Biochim. Biophys. Acta
1811, 148–152

14. Fulda,M., Shockey, J.,Werber,M.,Wolter, F. P., andHeinz, E. (2002) Two
long-chain acyl-CoA synthetases from Arabidopsis thaliana involved in
peroxisomal fatty acid �-oxidation. Plant J. 32, 93–103

15. Fulda, M., Schnurr, J., Abbadi, A., Heinz, E., and Browse, J. (2004) Perox-
isomal acyl-CoA synthetase activity is essential for seedling development
in Arabidopsis thaliana. Plant Cell 16, 394–405

16. Footitt, S., Slocombe, S. P., Larner, V., Kurup, S., Wu, Y., Larson, T., Gra-
ham, I., Baker, A., and Holdsworth, M. (2002) Control of germination and
lipidmobilization byCOMATOSE, theArabidopsis homologue of human
ALDP. EMBO J. 21, 2912–2922

17. Hayashi, M., Nito, K., Takei-Hoshi, R., Yagi, M., Kondo, M., Suenaga, A.,
Yamaya, T., and Nishimura, M. (2002) Ped3p is a peroxisomal ATP-bind-
ing cassette transporter that might supply substrates for fatty acid �-oxi-
dation. Plant Cell Physiol. 43, 1–11

18. Hooks, M. A., Turner, J. E., Murphy, E. C., Johnston, K. A., Burr, S., and
Jarosławski, S. (2007) TheArabidopsisALDP protein homologue COMA-
TOSE is instrumental in peroxisomal acetatemetabolism.Biochem. J. 406,
399–406

19. Verrier, P. J., Bird, D., Burla, B., Dassa, E., Forestier, C., Geisler, M., Klein,
M., Kolukisaoglu, U., Lee, Y., Martinoia, E., Murphy, A., Rea, P. A., Samu-
els, L., Schulz, B., Spalding, E. J., Yazaki, K., and Theodoulou, F. L. (2008)
Plant ABC proteins—a unified nomenclature and updated inventory.
Trends Plant Sci. 13, 151–159

20. Zolman, B. K., Silva, I. D., and Bartel, B. (2001) The Arabidopsis pxa1
mutant is defective in an ATP-binding cassette transporter-like protein
required for peroxisomal fatty acid �-oxidation. Plant Physiol. 127,
1266–1278

21. Igoillo-Esteve, M., Mazet, M., Deumer, G., Wallemacq, P., and Michels,
P. A. (2011) Glycosomal ABC transporters of Trypanosoma brucei: char-
acterisation of their expression, topology and substrate specificity. Int. J.
Parasitol. 41, 429–438

22. Nyathi, Y., De Marcos Lousa, C., van Roermund, C. W., Wanders, R. J.,
Johnson, B., Baldwin, S. A., Theodoulou, F. L., and Baker, A. (2010) The
Arabidopsis peroxisomal ABC transporter, comatose, complements the
Saccharomyces cerevisiae pxa1 pxa2� mutant for metabolism of long-
chain fatty acids and exhibits fatty acyl-CoA-stimulated ATPase activity.
J. Biol. Chem. 285, 29892–29902

23. Shockey, J. M., Fulda, M. S., and Browse, J. A. (2002) Arabidopsis contains
nine long-chain acyl-coenzyme a synthetase genes that participate in fatty
acid and glycerolipid metabolism. Plant Physiol. 129, 1710–1722

24. van Roermund, C.W., Hettema, E. H., van den Berg, M., Tabak, H. F., and
Wanders, R. J. (1999) Molecular characterization of carnitine-dependent
transport of acetyl-CoA from peroxisomes to mitochondria in Saccharo-
myces cerevisiae and identification of a plasmamembrane carnitine trans-
porter, Agp2p. EMBO J. 18, 5843–5852

25. Elgersma, Y., Vos, A., van den Berg, M., van Roermund, C. W., van der
Sluijs P., Distel, B., and Tabak, H. F. (1996) Analysis of the carboxyl-ter-
minal peroxisomal targeting signal 1 in a homologous context in Saccha-
romyces cerevisiae. J. Biol. Chem. 271, 26375–26382

26. Arai, R., Ueda, H., Kitayama, A., Kamiya, N., and Nagamune, T. (2001)
Design of the linkers which effectively separate domains of a bifunctional

fusion protein. Protein Eng. 14, 529–532
27. van Vlies, N., Tian, L., Overmars, H., Bootsma, A. H., Kulik,W.,Wanders,

R. J., Wood, P. A., and Vaz, F. M. (2005) Characterization of carnitine and
fatty acid metabolism in the long-chain acyl-CoA dehydrogenase-defi-
cient mouse. Biochem. J. 387, 185–193

28. Vreken, P., van Lint, A. E., Bootsma, A. H., Overmars, H., Wanders, R. J.,
and van Gennip, A. H. (1999) Quantitative plasma acylcarnitine analysis
using electrospray tandemmass spectrometry for the diagnosis of organic
acidaemias and fatty acid oxidation defects. J. Inherit. Metab. Dis. 22,
302–306

29. van Roermund, C. W., Drissen, R., van Den Berg, M., IJlst, L., Hettema,
E. H., Tabak, H. F., Waterham, H. R., and Wanders, R. J. (2001) Identifi-
cation of a peroxisomal ATP carrier required for medium-chain fatty acid
�-oxidation and normal peroxisome proliferation in Saccharomyces
cerevisiae.Mol. Cell. Biol. 21, 4321–4329

30. Knoll, L. J., Johnson, D. R., and Gordon, J. I. (1994) Biochemical studies of
three Saccharomyces cerevisiae acyl-CoA synthetases, Faa1p, Faa2p, and
Faa3p. J. Biol. Chem. 269, 16348–16356

31. Wanders, R. J., IJlst, L., Poggi, F., Bonnefont, J. P., Munnich, A., Brivet, M.,
Rabier, D., and Saudubray, J. M. (1992) Human trifunctional protein defi-
ciency: a new disorder of mitochondrial fatty acid �-oxidation. Biochem.
Biophys. Res. Commun. 188, 1139–1145

32. Strømhaug, P. E., Berg, T. O., Fengsrud, M., and Seglen, P. O. (1998)
Purification and characterization of autophagosomes from rat hepato-
cytes. Biochem. J. 335, 217–224

33. Smith, P. K., Krohn, R. I., Hermanson, G. T., Mallia, A. K., Gartner, F. H.,
Provenzano, M. D., Fujimoto, E. K., Goeke, N. M., Olson, B. J., and Klenk,
D. C. (1985) Measurement of protein using bicinchoninic acid. Anal.
Biochem. 150, 76–85

34. Wieser, T., Deschauer, M., Olek, K., Hermann, T., and Zierz, S. (2003)
Carnitine palmitoyltransferase II deficiency: molecular and biochemical
analysis of 32 patients. Neurology 60, 1351–1353

35. Athenstaedt, K., Zweytick, D., Jandrositz, A., Kohlwein, S. D., and Daum,
G. (1999) Identification and characterization of major lipid particle pro-
teins of the yeast Saccharomyces cerevisiae. J. Bacteriol. 181, 6441–6448

36. Choi, J. Y., and Martin, C. E. (1999) The Saccharomyces cerevisiae FAT1
gene encodes an acyl-CoA synthetase that is required for maintenance of
very long chain fatty acid levels. J. Biol. Chem. 274, 4671–4683

37. Obermeyer, T., Fraisl, P., DiRusso, C. C., and Black, P. N. (2007) Topology
of the yeast fatty acid transport protein Fat1p: mechanistic implications
for functional domains on the cytosolic surface of the plasma membrane.
J. Lipid Res. 48, 2354–2364

38. Watkins, P. A., Lu, J. F., Braiterman, L. T., Steinberg, S. J., and Smith, K. D.
(2000) Disruption of a yeast very-long-chain acyl-CoA synthetase gene
simulates the cellular phenotype of X-linked adrenoleukodystrophy. Cell
Biochem. Biophys. 32, 333–337

39. Lolkema, J. S., Poolman, B., and Konings, W. N. (1998) Bacterial solute
uptake and efflux systems. Curr. Opin. Microbiol. 1, 248–253

40. Deutscher, J., Francke, C., and Postma, P. W. (2006) How phosphotrans-
ferase system-related protein phosphorylation regulates carbohydrate
metabolism in bacteria.Microbiol. Mol. Biol. Rev. 70, 939–1031

41. Steinberg, S. J., Kemp, S., Braiterman, L. T., andWatkins, P. A. (1999) Role
of very-long-chain acyl-coenzyme A synthetase in X-linked adrenoleu-
kodystrophy. Ann. Neurol. 46, 409–412

42. Agrimi, G., Russo, A., Scarcia, P., and Palmieri, F. (2012) The human gene
SLC25A17 encodes a peroxisomal transporter of coenzyme A, FAD and
NAD�. Biochem. J. 443, 241–247

Peroxisomal Fatty Acid Uptake Mechanism in S. cerevisiae

JUNE 8, 2012 • VOLUME 287 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 20153


