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Abstract Studies with purified subcellular organelles from
rat liver indicate that nervonic acid (C,4.1) is B-oxidized pref-
erentially in peroxisomes. Lack of effect by etomoxir, inhibi-
tor of mitochondrial B-oxidation, on B-oxidation of lignoceric
acid (Cy,.), a peroxisomal function, and that of nervonic acid
(24:1) compared to the inhibition of palmitic acid (16:0) oxi-
dation, a mitochondrial function, supports the conclusion
that nervonic acid is oxidized in peroxisomes. Moreover, the
oxidation of nervonic and lignoceric acids was deficient in fi-
broblasts from patients with defects in peroxisomal B-oxida-
tion [Zellweger syndrome (ZS) and X-linked adrenoleukodys-
trophy (X-ALD)]. Similar to lignoceric acid, the activation and
B-oxidation of nervonic acid was deficient in peroxisomes iso-
lated from X-ALD fibroblasts. Transfection of X-ALD fibro-
blasts with human cDNA encoding for ALDP (X-ALD gene
product) restored the oxidation of both nervonic and ligno-
ceric acids, demonstrating that the same molecular defect
may be responsible for the abnormality in the oxidation of
nervonic as well as lignoceric acid. Moreover, immunoprecipi-
tation of activities for acyl-CoA ligase for both lignoceric acid
and nervonic acid indicate that saturated and monoenoic very
long chain (VLC) fatty acids may be activated by the same en-
zyme. Bl These results clearly demonstrate that similar to satu-
rated VLC fatty acids (e.g., lignoceric acid), VLC monoun-
saturated fatty acids (e.g., nervonic acid) are oxidized
preferentially in peroxisomes and that this activity is impaired
in X-ALD. In view of the fact that the oxidation of unsaturated
VLC fatty acids is defective in X-ALD patients, the efficacy of
dietary monoene therapy, “Lorenzo’s oil,” in X-ALD needs to
be evaluated.—Sandhir, R., M. Khan, A. Chahal, and I. Singh.
Localization of nervonic acid B-oxidation in human and ro-
dent peroxisomes: impaired oxidation in Zellweger syndrome
and X-linked adrenoleukodystrophy. J. Lipid Res. 1998. 39:
2161-2171.
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The metabolism of very long chain (VLC) fatty acids
(>Cy,) has gained prominence recently because of their ex-
cessive accumulation in various peroxisomal disorders (1-
3). In fact, the levels of saturated VLC fatty acids have been
used as a diagnostic tool in prenatal as well as postnatal diag-

nosis of peroxisomal diseases (4). VLC fatty acids are the
major constituents of sphingolipids (galactocerebrosides
and sulfatides), a group of myelin lipids, and can be divided
into four groups depending on the state of their unsatura-
tion and «-hydroxylation (5). Studies from our laboratory
(6, 7) and others (8) have previously demonstrated that sat-
urated VLC fatty acids are preferentially and possibly exclu-
sively oxidized in peroxisomes, and accumulate in pathog-
nomonic amounts in peroxisomal disorders with defects in
their B-oxidation such as Zellweger syndrome (ZS) and X-
linked adrenoleukodystrophy (X-ALD). Unsaturated fatty
acids, “Lorenzo’s oil,” have been used as a therapy in X-ALD
to decrease the levels of saturated VLC fatty acids, possibly
by competition of unsaturated fatty acids for the fatty acid
chain elongation system (9); therefore, it is important to un-
derstand the metabolic aspects of unsaturated fatty acids.
Nervonic acid (24:1, n-9), a monounsaturated analog
of lignoceric acid (24:0), is one of the major fatty acids in
brain sphingolipids, normally accounting for approxi-
mately 40% of the total fatty acids in sphingolipids (10).
In mammalian cells, fatty acids are B-oxidized in both mi-
tochondria and peroxisomes (1, 10-12). Saturated VLC
fatty acids are oxidized in peroxisomes, whereas medium
and long chain fatty acids (C¢—C,o) are oxidized in mito-
chondria. However, no information is available regarding
the subcellular organelle responsible for the oxidation of
monounsaturated VLC fatty acids (nervonic acid), a ma-
jor component of myelin lipids. Unsaturated fatty acids
containing cis double bonds can be degraded by the B-
oxidation cycle to acetyl-CoA. However, their degradation
requires auxiliary enzymes, 2, 4 dienoyl-CoA reductase

Abbreviations: VLC, very long chain; ZS, Zellweger syndrome; X-
ALD, X-linked adrenoleukodystrophy; RD, Refsum disease; RCDP, rhi-
zomelic chondrodysplasia punctata; ALDP, X-linked adrenoleukodys-
trophy gene product; FAME, fatty acid methyl ester; TLC, thin-layer
chromatography; GC, gas chromatography; MS, mass spectrometry;
DMEM, Dulbecco’s modified Eagle’s medium; FCS, fetal calf serum;
PBS, phosphate-buffered saline; FITC, fluorescein isothiocyanate.
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(EC 1.3.1.34) and A3, A2-enoyl-CoA isomerase (EC 5.3.3.8),
in addition to the enzymes necessary for the p-oxidation
of saturated fatty acids (1, 2, 10, 12).

Excessive amounts of saturated and monoenoic VLC
fatty acids accumulate in ZS because of the absence of per-
oxisomes (13). Saturated VLC fatty acids accumulate in X-
ALD as a result of the deficient activity of activation and
oxidation of VLC fatty acids (6, 14). Unlike ZS, there is a
great deal of ambiguity in reporting the levels of unsatur-
ated VLC fatty acids in X-ALD. Studies from different lab-
oratories have reported decreased (15) or increased
amounts (16) of unsaturated VLC fatty acids (>Cyy.1) in
X-ALD tissues. The excessive accumulation of saturated
VLC fatty acids compared to the ambiguity regarding the
status of unsaturated fatty acids implies that unsaturated
VLC fatty acids may either be oxidized in an organelle
other than peroxisomes or may involve an enzyme system
other than the one that activates saturated VLC fatty acids
in peroxisomes. Saturated VLC fatty acids are oxidized in
peroxisomes and excessive accumulation of saturated fatty
acids in X-ALD is due to their impaired B-oxidation be-
cause of the abnormality in lignoceroyl-CoA ligase activity
(14). Lignoceroyl-CoA ligase is a component of peroxiso-
mal membrane; therefore, the defect in the oxidation of
VLC fatty acids is due to the abnormality in the peroxiso-
mal membrane (17). The ALD gene product (ALDP), a
75 kDa protein, is a component of peroxisomal mem-
brane (18), and transfection of human cDNA for ALDP
corrects the metabolic defect in X-ALD cells (19, 20).
However, the precise function of ALDP in the metabolism
of VLC fatty acids is not known. It will be of interest to
identify the enzyme system for the catabolism of mo-
noenoic VLC fatty acids (nervonic acid) because recent
reports suggest that monoenoic fatty acids may have toxic
effects in X-ALD (21, 22). This implies that the therapy of
X-ALD patients with “Lorenzo’s oil” should be re-evalu-
ated in case monoenoic VLC fatty acids are oxidized by
the same enzyme system as the saturated VLC fatty acids.

The present study was undertaken to identify the subcel-
lular site responsible for B-oxidation of unsaturated VLC
fatty acids (e.g., nervonic acid) and to understand the simi-
larities/dissimilarities in the metabolism of both saturated
(lignoceric) and unsaturated (nervonic acid) VLC fatty ac-
ids in X-ALD. The studies described in this manuscript
clearly demonstrate that both saturated and unsaturated
VLC fatty acids are B-oxidized in peroxisomes in rodents as
well as in humans. Saturated (e.g., lignoceric acid) and un-
saturated VLC (e.g., nervonic acid) fatty acids are activated
by the same VLC acyl-CoA ligase in the peroxisomal mem-
branes and this enzyme activity is deficient in X-ALD. More-
over, this defect in B-oxidation of nervonic acid can be cor-
rected by transfection of the X-ALD gene in cultured skin
fibroblasts from X-ALD patients.

MATERIALS AND METHODS

Cell lines

ZS (GM 00228), X-ALD (04934), RD (03896), and RCDP
(11347) skin fibroblast cell lines were obtained from the NIGMS
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Human Genetic Mutant Cell Repository, Camden, NJ. Other cell
lines from patients with peroxisomal disorders (ZS, X-ALD, and
RCDP) and control cells from healthy subjects were established
in this laboratory.

Materials

Nycodenz was obtained from Accurate Chemical and Scien-
tific Corp., Westbury, NY. Cytochrome c, a-cyclodextrin, FAD,
NAD™, ATP, I-carnitine, I-malate, methyl eruciate, and methyl
nervonate, methyl lignocerate, imidazole, sucrose, antipain, leu-
peptin, pepstatin, phenylmethylsulfonyl fluoride (PMSF), dithio-
threitol, coenzyme A, fatty acid methyl ester standards, FITC-con-
jugated anti-rabbit 1gG were obtained from Sigma Chemical Co.,
St. Louis, MO. Etomoxir was obtained from Research Biochemi-
cals, Inc., Natick, MA. [1-14C]palmitic acid (50 mCi/mmol) and
K 14C (55 mCi/mmol) were purchased from American Radiola-
beled Chemicals, Inc., St. Louis, MO. 1?5I-labeled anti-rabbit 19gG
were from ICN Pharmaceuticals Inc., Irvine, CA. pcDNA3 was ob-
tained from Invitrogen, Carlsband, CA. Lipofectin, G418, Dul-
becco’s modified Eagle’s minimum essential medium, trypsin-
EDTA, and Hank’s balanced salt solution were obtained from
GIBCO BRL, Grand Island, NY. Fetal bovine calf serum was from
Hyclone, Logan, UT. 1-Tricosanol was from ICN Biomedical Inc.,
Aurora, OH. Thin-layer chromatography (TLC) silica gel 60
plates were purchased from Whatman Labsales Inc., Clifton, NJ.
All other chemicals and reagents of high purity grade were ob-
tained from Aldrich Chemical Co., Milwaukee, WIl. ALDP cDNA
clone was provided by Dr. Patrick Aubourg, INSERM, Hospital
Saint-Vincent de Paul, Paris, France.

Methods

Antibodies. Antibodies against C-terminal peptide (APSPQG
PGGLQGAST) of human ALDP (23) and against N-terminal pep-
tide (MLPVLYTGLAGLL) of rat lignoceroyl-CoA ligase (24) were
raised in New Zealand White rabbits after conjugating the pep-
tides with keyhole limpet hemocyanin using glutaraldehyde. The
antibody titer was determined by ELISA. The immunoglobulins
were precipitated with 45% ammonium sulfate saturation, dia-
lyzed against PBS, followed by dialysis with 100 mm acetate buffer,
pH 4.5, to remove albumin. The dialysate was loaded on a pro-
tein A-Sepharose column and the immunoglobulins were eluted
using 100 mm glycine, pH 4.5, and the pH of the eluent was ad-
justed to 7.4 with 1 m Tris base.

Synthesis of [1-1*C]nervonic acid. [1-1*C]nervonic acid was syn-
thesized from erucic acid by 2 carbon chain elongation in two
steps. The first step involves the synthesis of unlabeled cis-14-tri-
cosenyl methanesulfonate from methyl erucate as described by
Richter and Mangold (25). All the compounds prepared were
purified and found to have identical values as reported.

In the second step, cis-14-tricosenyl methanesulfonate (0.070
mmol) dissolved in 2.5 ml of ethanol and 2 mCi of K14CN (0.037
mmol) dissolved in 400 wl of 50 mm KOH were mixed and re-
fluxed in a Teflon-coated screw-capped test tube for 30 h; 5 ml of
ether was added to the reaction mixture, followed by 2 ml water.
The contents were mixed and the ether layer was then separated.
The aqueous layer was extracted three times with 3-ml portions
of ether and pooled with the above ether layer. The pooled ether
extract was washed with water and then evaporated to dryness un-
der nitrogen. The radioactive nitrile was obtained in quantitative
yield as examined by TLC-radioscanning. The radiolabeled ni-
trile was dissolved in 2 ml of 95% ethanol followed by addition of
0.2 g KOH and the reaction mixture was refluxed at 100°C for 60
h. The contents were acidified with 10 mm HCI and the radiola-
beled product was extracted three times with 5 ml ether. The
combined ether pool was washed with water and dried over anhy-
drous sodium sulfate. The final labeled compound was purified
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by TLC [K®6 silica gel 60 plates; solvent system, hexane—ether—
acetic acid 50:50:1 (by volume)] and the final yield was 80%. A
fraction of the radiolabeled product was converted to the methyl
ester by treatment with 1.5% (v/v) H,SO, in anhydrous metha-
nol at 80°C for 2 h. The product was compared with the corre-
sponding authentic non-radioactive fatty acid methyl ester by
TLC. It was found that the product was identical to the authentic
nervonic acid. The purity of the labeled methyl ester was further
determined by capillary GC (99.2% purity) and had a high spe-
cific activity (54.5 mCi/mmol).

In order to confirm the position and configuration of the ole-
finic bond in the synthesized radiolabeled nervonic acid, a paral-
lel synthesis of non-labeled nervonic acid under identical condi-
tions was carried out. The methyl ester of the labeled compound
had TLC and capillary gas chromatography (GC) properties
identical to those of the non-labeled methyl ester. They co-eluted
in TLC and GC along with the authentic sample. The spectral
analysis corroborated the structure and configuration of the syn-
thesized nervonic acid methyl ester. Infrared (IR, recorded on
Mattson Polaris FTIR) spectrum showed characteristic bands at
1735 cm~! (ester function) and 1625 cm~! (olefinic linkage).
Proton nuclear magnetic resonance (*H NMR, CDCl;, ppm, ac-
quired using Varian VXR 400 MHz with quadrature-detection)
displayed diagnostic peaks at 5.35 (m, 2H, CH = CH, J = 4.63
Hz), 3.67(s, 3H, COOCHz;), 2.31(t, 2H, CH,COOCH;) and
2.03(m, 4H, CH,—CH = CH-CH,, J = 5.58 Hz). Mass spectrome-
try (MS, recorded using a LCQ ion trap mass spectrophotometer
in APCI mode) confirmed the structure showing the peaks at m/z
381.2 (M + 1, 100%), at m/z 382.3(M + 2, 25%) and at m/z 349.2
(M-OCHg, 5%). MS/MS of m/z 381 furnished the characteristic
M-CH;OH peak at m/z 349 along with sequential cleavage of
CH, displaying at m/z 185, 199, 213, 227, 241, 255, 269, 283, 297,
and 311. The spectral and chromatographic data are in good
agreement with the structure of the nervonic acid as cis-15-tetra-
cosenoic acid.

Synthesis of [1-14C]lignoceric acid. [1-14C]lignoceric acid was made
from tricosanyl bromide as described earlier (26) with some
modifications. 1-Tricosanol was converted to 1-trocosanyl bro-
mide in the presence of PBr; as reported (27). The bromide
(0.024 mmol) and K¥CN (0.018 mmol, 1 mCi) were dissolved in
1.5 ml absolute ethanol, followed by the addition of 0.2 ml water,
and the contents were heated in a Teflon-coated screw-capped
glass test tube at 85°C for 48 h. Two ml of water was added to the
reaction mixture and was extracted 5 times with 3 ml of ether.
The pooled ether extract was washed with water and then evapo-
rated to dryness under nitrogen. The radioactive nitrile was ob-
tained in a quantitative yield as evidenced by TLC-radioscan-
ning. The radiolabeled nitrile was hydrolyzed with 0.2 g KOH in
2 ml 95% ethanol at 100°C for 72 h. The content was acidified
with 10 mm HCI and the radiolabeled product was extracted 3
times with 5 ml of ether each time. The pooled ether was washed
with water and the ether layer was dried over anhydrous sodium
sulfate. The labeled lignoceric acid was purified by TLC [K6 silica
gel 60 plates, solvent system, hexane—ether-acetic acid 50:50:1
(by volume)]. The yield was 95% from labeled nitrile. The non-
radiolabeled acid was prepared under identical conditions and
was converted to the corresponding methyl ester as described for
nervonic acid. The identity of the lignoceric acid methyl ester
was established by infrared spectroscopy, high performance TLC,
and capillary GC. The results were found to be identical to those
obtained for the authentic lignoceric acid methyl ester. MS con-
firmed the structure showing diagnostic peaks at m/z 383.4 (M +
1, 12%), m/z 382.3 (M, 26%), m/z 381.3 (M-1, 100%), and 350.2
(M-CH30H, 15%) along with the peaks related to the fatty acid
methyl ester.

Synthesis of radiolabeled fatty acyl CoA esters. The CoA esters of

1-14C-radiolabeled fatty acids were prepared and purified as de-
scribed by Taylor et al. (28).

Isolation of peroxisomes from rat liver. Liver peroxisomes were iso-
lated from Sprague-Dawley rats (200-250 g) by the procedure de-
scribed previously (29). Briefly, livers were homogenized in ho-
mogenizing buffer (0.25 m sucrose, 1 mm EDTA, 0.5 pg/ml
leupeptin, 0.5 wg/ml antipain, 0.7 wg/ml pepstatin, 0.2 mm
PMSF, 0.1% ethanol in 3 mm imidazole, pH 7.4) and fractionated
by differential centrifugation to prepare the light mitochondrial
fraction, i.e., the lambda fraction. Peroxisomes from 4-5 ml of
lambda fraction (80-100 mg protein) were prepared by isopycnic
equilibrium centrifugation on 30 ml of continuous gradient of 0
to 50% Nycodenz in homogenizing buffer with 4 ml of 55% Ny-
codenz in homogenizing buffer as a cushion in a 39-ml tube
(29). The gradient fractions were collected from the bottom of
the tube and subcellular fractions were identified by their respec-
tive marker enzymes: catalase for peroxisomes (30), cytochrome
¢ oxidase for mitochondria (31), and NADPH cytochrome c re-
ductase for microsomes (32).

Fibroblast cell culture. Cell lines were grown in Dulbecco’s modi-
fied Eagle’s minimum essential medium (DMEM) supplemented
with 15% fetal calf serum (FCS) in a 5% CO, air atmosphere at
37°C. The cells were harvested by trypsinization 3-4 days after
reaching confluence, centrifuged, and the cell pellet was washed
with Hank’s balanced salt solution. The cells were suspended in
DMEM medium supplemented with 15% FCS and incubated for
1 h at 37°C. The cells were subsequently washed and suspended
in Hank’s balanced salt solution prior to use.

Isolation of peroxisomes from cultured human fibroblasts. Cultured
fibroblast cells were trypsinized, washed with homogenizing
buffer (0.25 m sucrose, 1 mm EDTA, 0.5 wg/ml leupeptin, 0.5
rg/ml antipain, 0.7 pg/ml pepstatin/ml, 0.2 mm PMSF, 0.1%
ethanol in 3 mm imidazole, pH 7.4) and were homogenized
using five strokes in a Teflon—glass homogenizer until approxi-
mately 90% of the cells were broken. The homogenate was cen-
trifuged at 500 g for 5 min to remove the nuclei and the subcellu-
lar organelles were isolated from 4-5 ml of post-nuclear fraction
(30-35 mg protein) on 30 ml of 0-30% Nycodenz gradient in ho-
mogenizing buffer, and 4 ml of 35% Nycodenz in homogenizing
buffer as a cushion was used (7, 17). The distribution of subcellu-
lar organelles in the gradient was determined by their respective
marker enzymes as described above for liver.

Preparation of peroxisomal matrix and membranes. Isolated perox-
isomes were sedimented by centrifugation to remove Nycodenz
and the peroxisomal pellet was washed with homogenization
buffer and again suspended in a hypotonic buffer (50 mm phos-
phate buffer, pH 7.4) and sonicated to lyse the peroxisomes. Cat-
alase was assayed in matrix and membrane to monitor the lysis of
peroxisomes (33). Catalase activity was present only in the matrix
and not in the membranes.

Glial cell culture. Mixed glial cell culture was established from
1-2-day-old rat pups as described (34). Cells were maintained in
DMEM containing 5% glucose, 10% fetal bovine serum (FBS),
and antibiotic/antimycotic mixture. After 10 days of culture, mi-
croglia were removed by shaking for 2 h in an orbital shaker at
200 rpm. The medium was changed and the flask was again
shaken for 24 h at 240 rpm. The detached cells, predominantly
oligodendrocytes, were removed from microglia by seeding on
the petri dishes for 30-60 min. The non-attached cells were re-
moved and seeded on poly-l-lysine-coated plates. The flasks con-
taining remaining cells, astrocytes, were trypsinized (0.1%
trypsin in 10 mm Tris-EDTA saline, pH 7.4) and further cultured.

Plasmid construction and transfection of human fibroblasts. A full-
length ALD cDNA clone was subcloned in a mammalian expres-
sion vector, pcDNAZ3, to generate the plasmid pcDNA3ALD. The
orientation of the pcDNA3ALD was verified by sequencing. Con-
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trol and ALD fibroblasts were transfected with pcDNA3ALD plas-
mid using Lipofectin according to the manufacturer’s instruc-
tions. The cells in a 75-cm?-culture flask at approximately 60%
confluency were transfected with 10 pg of plasmid DNA using 25
wl of Lipofectin reagent. The cells were processed for immuno-
fluorescence microscopy or biochemical assays 48 h after trans-
fection. Subsequently, cells were allowed to grow in G418 antibi-
otic (200 wg/ml) for 10 days for stable expression.

Immunofluorescence microscopy. Transfected and normal cells
were cultured overnight on glass slides in Dulbecco’s modified
Eagle’s medium supplemented with 10% bovine calf serum un-
der 5% CO, and immunofluorescence analysis was carried out as
decribed previously (23). Cells were washed twice with phos-
phate-buffered saline (PBS), fixed with 4% (w/v) paraformalde-
hyde in PBS for 40 min at room temperature. For permeabliza-
tion, the cells were incubated with 0.1% Triton X-100 in PBS for
15 min, followed by incubation with 0.1% Triton X-100 in PBS
containing 2% (v/v) bovine calf serum for 15 min. Cells were
then incubated for 2 h with the C-terminal (15 amino acids) anti-
ALDP antibodies, followed by an incubation for 1 h with fluores-
cein isothiocyanate (FITC)-conjugated anti-rabbit 1gG. The cells
were washed three times after primary and secondary antibody
treatment. Finally, cells were mounted in Fluoromount-G and
viewed using confocal microscope (Bio-Rad MRC 1000).

Immunoprecipitation of VLC acyl-CoA ligase. Peroxisomes were sol-
ubilized in 10 mm potassium phosphate buffer, pH 7.5, contain-
ing 0.5 mm EDTA, 0.1% (v/v) hexamethylphosphoric triamide, 2
mm ATP, 0.2% Triton X-100, and 1% n-octyl-a-d-glucopyranoside.
The suspension was centrifuged at 100,000 g for 60 min and the
supernatant was collected. The solubilized peroxisomal protein
fraction containing lignoceroyl-CoA ligase activity (500 pg) in a
volume of 250 pl was diluted in 2X immunoprecipitation buffer
(1x = 0.1% Triton X-100, 150 mm NaCl, 1 mm EGTA, 0.2 mm
PMSF, 10 mm Tris-HCI, pH 7.4) and precleared with 50 .l of 10%
(w/v) protein A-Sepharose 4B. The precleared peroxisomal
preparation was incubated with varying amounts of preimmune
sera (1gG) or antibodies (1gG) against lignoceroyl-CoA ligase for
4 h at 4°C followed by precipitation of antigen-antibody complex
by addition of 50 wl of 10% (w/Vv) protein A-Sepharose 4B. The
supernatant was assayed for nervonyl-CoA, lignoceroyl-CoA, and
palmitoyl-CoA ligase activities.

Assay for activation and oxidation of 1-14C-labeled fatty acids. The acti-
vation of fatty acid by ligase to fatty acyl-CoA was measured as de-
scribed previously (7). The reaction mixture (0.25 ml) contained
12 pm [1-14C]fatty acid (150,000 dpm), 10 mm ATP, 80 pm
CoASH, 30 mm KCI, 5 mm MgCl,, and 0.05 mm dithiothreitol in
30 mm MOPS-HCI, pH 7.8. The reaction was terminated by the
addition of 1.25 ml of Dole’s reagent (isopropyl alcohol-hep-
tane-1N H,SO,, 40:10:1, by volume). The denatured protein was
removed by centrifugation, followed by addition of 0.45 ml water
and 0.8 ml heptane. The lower aqueous layer was washed three
times with heptane and the radioactivity in the aqueous phase
was measured as an index of acyl-CoA ligase activity. The fatty
acid substrates were solubilized with «-cyclodextrin (35). The
fatty acids were first dried under nitrogen, suspended in homog-
enization buffer containing a-cyclodextrin (20 mg/ml), and son-
icated for 30 min.

The oxidation of 1-14C-labeled fatty acids to acetate was mea-
sured as described previously (6). Briefly, 0.25 ml of the reaction
mixture contained 12 um [1-14C]fatty acid (150,000 dpm), 30 mm
KCI, 5 mm MgCl,, 8.5 mm ATP, 0.25 mm NAD*, 0.17 mm FAD, 2.5
mm l-carnitine, and 0.08 mm CoASH in 20 mm MOPS-HCI buffer,
pH 7.8. The reaction was started by the addition of peroxisomal
protein and was stopped by adding 0.625 ml of 1 m KOH in meth-
anol. Denatured protein was removed by centrifugation and
the supernatant was incubated at 60°C for 1 h, neutralized with
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0.125 ml of 6 N HCI , and partitioned by Folch partition. Radioac-
tivity in the aqueous phase was measured as an index of the
[1-14C]fatty acid oxidized to acetate.

Measurement of VLC fatty acids in fibroblasts. Fatty acid methyl es-
ters (FAME) were prepared using the method described by Le-
page and Roy (36). Isolation and purification of FAME were car-
ried out as detailed by Dacremont, Cocquyt, and Vincent (37).
Purified FAME, suspended in chloroform, was analyzed by gas
chromatography (GC)-15A attached to the Chromatopac C-R3A
Integrator (Schimadzu) on fused silica capillary column (25 M
007 series methyl silicone with with an internal diameter of 0.25
mm from Quadrex Corporation, New Haven, CT). The fatty acid
profile was identified by comparison with retention times of stan-
dard fatty acid methyl esters. The area under the peaks of identi-
fied fatty acid was set as 100% and the individual fatty acids were
measured as percent area.

RESULTS

Figure 1 depicts the distribution of marker enzymes for
different subcellular organelles from rat liver in Nycodenz
gradient: catalase for peroxisomes, cytochrome c oxidase
for mitochondria, and NADPH cytochrome c¢ reductase
for microsomes, respectively. As judged by the distribution
of marker enzymes in the gradient, the mitochondria, mi-
crosomes, and peroxisomes were well resolved from each
other. The purity of different subcellular fractions was cal-
culated as described by Fujiki et al. (38). Peroxisomes
(fractions #4 and 5) prepared by this method were 97%
pure with only minor contamination by mitochondria
(0.5%) and microsomes (2.8%). In agreement with our
previous observations, the activity for oxidation of ligno-
ceric acid was observed in peroxisomes and that for pal-
mitic acid was observed in both peroxisomes and mito-
chondria (29). The activity for oxidation of nervonic acid
paralleled the distribution of catalase and lignoceric acid
oxidation activity (peroxisomal markers), indicating that in
rat liver nervonic acid is B-oxidized in peroxisomes (Fig. 1).
The specific activities for the oxidation of nervonic, ligno-
ceric, and palmitic acids are shown in Table 1. The specific
activities for oxidation of nervonic and lignoceric acids
were 5- and 8-fold higher in peroxisomes as compared with
mitochondria, indicating preferential oxidation of both
lignoceric and nervonic acids in peroxisomes. These re-
sults indicate that peroxisomes are the subcellular or-
ganelles responsible for oxidation of nervonic acid.

Activation of fatty acids catalyzed by acyl-CoA ligase is
an initial step in fatty acid metabolism. The acyl-CoA li-
gase activity for the activation of fatty acids is a component
of peroxisomal membranes. So far at least two enzymes,
one for the activation of VLC fatty acids (lignoceroyl-CoA
ligase) and the other for activation of long chain fatty
acids (palmitoyl-CoA ligase) have been identified in the
peroxisomal membranes (7, 17, 39). The presence of
phytanoyl-CoA ligase as a separate enzyme in peroxisomes
has not been clearly established so far (40, 41). Table 2
shows the specific activities of acyl-CoA ligase involved in
the activation of nervonic, lignoceric, and palmitic acids.
It is clear from the data that both nervonyl-CoA and ligno-
ceroyl-CoA ligases have a bimodal distribution in peroxi-
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somes and microsomes and that the specific activity is
higher in microsomes. In agreement with previous re-
ports, palmitoyl-CoA ligase had a trimodal distribution in
peroxisomes, mitochondria, and microsomes with highest
activity being in microsomes (6, 7, 29).

Studies from this laboratory have previously demon-
strated that phytanic acid is «-oxidized in different or-
ganelles in humans and rodents (42). Therefore, it was
thought imperative to study the site of oxidation of ner-
vonic acid in human tissue. Figure 2 shows the effect of
etomoxir, a specific inhibitor of mitochondrial B-oxida-
tion, on nervonic, lignoceric, and palmitic acid oxidation
in normal human cultured skin fibroblasts. Consistent
with the fact that mitochondria are the site for the oxida-
tion of palmitic acid, etomoxir inhibited palmitic acid oxi-
dation by 97%; on the other hand, etomoxir had no effect
on the oxidation of lignoceric acid and nervonic acid, sug-
gesting that these fatty acids are p-oxidized in an or-
ganelle different from mitochondria. In fibroblasts from

NERVONIC ACID OXIDATION

©Q =2 N W A OO

LIGNOCERIC ACID OXIDATION

PALMITIC ACID OXIDATION

Fig. 1. Subcellular localization of nervonic acid oxidation in rat
liver. Rat liver homogenates were fractionated by differential and
density gradient centrifugation as described in Materials and Meth-
ods. The distribution of subcellular organelles in the gradient was
analyzed by their marker enzymes, catalase for peroxisomes, cyto-
chrome c oxidase for mitochondria, and NADPH cytochrome c
reductase for microsomes. The relative concentration is derived by
dividing the actual concentration of the enzyme in a particular frac-
tion by the concentration of the enzyme that would be observed if
the enzyme were homogenously distributed throughout the gradi-
ent. These results are average of three gradients.

patients with a defect in peroxisomal B-oxidation, the oxi-
dation of nervonic acid was deficient in ZS and was re-
duced in X-ALD, whereas it was normal in RD and RCDP
(Table 3). These data further support the fact that the ox-
idation of nervonic acid is a peroxisomal function.

X-ALD is a peroxisomal disorder characterized by the
defective p-oxidation of saturated VLC fatty acids and the
results from the present study demonstrate that B-oxida-
tion of monounsaturated VLC fatty acids (nervonic acid)
is also impaired in X-ALD. To understand the molecular
basis for the deficient activity, the oxidation of nervonic
acid was examined in different subcellular organelles pu-
rified from control and X-ALD cultured skin fibroblasts.
As shown in Table 4, the specific activity for the oxidation
of nervonic acid in peroxisomes was 7-times higher than
mitochondria. The B-oxidation activity for nervonic acid
paralleled the B-oxidation activity of lignoceric acid, a per-
oxisomal function, but not that of palmitic acid, a mito-
chondrial function. Moreover, the oxidation of nervonic
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TABLE 1. Specific actvity for oxidation of fatty acids in
subcellular fractions from rat liver

Fatty Acid Oxidation

Homogenate Peroxisomes Mitochondria  Microsomes

nmol/h/mg protein
Nervonic acid  1.60 = 0.17 6.05+0.78 1.17 +0.23 0.07 = 0.03

Lignoceric acid 0.35 + 0.06 1.49 =0.32 0.18 £0.09 0.01 = 0.01
Palmitic acid 328099 352=*0.75 11.66 +2.62 0.14 = 0.05

Subcellular organelles were isolated by Nycodenz gradient from
rat liver and the rate of oxidation of fatty acids was studied as described
in Materials and Methods. Values are mean =+ SD of three separate sets
of experiments.

acid was deficient in peroxisomes purified from cultured
skin fibroblasts of X-ALD patients. The rate of oxidation
of lignoceric acid was 22% of the control, while that of
nervonic acid was 32% of the control in peroxisomes puri-
fied from X-ALD fibroblasts. These results indicate that
similar to lignoceric acid (saturated VLC fatty acids), the
oxidation of nervonic acid (unsaturated VLC fatty acids)
is deficient in peroxisomes from X-ALD. These observa-
tions led us to investigate the levels of saturated and unsat-
urated VLC fatty acids in cultured skin fibroblasts from
patients with ZS, X-ALD, rhizomelic chondrodysplasia
punctata (RCDP), and Refsum disease (RD). In agree-
ment with previous findings from various laboratories, the
levels of saturated VLC fatty acid (C,s.0/C22.0) Were higher
in peroxisomal disorders with an abnormality in B-oxida-
tion of VLC fatty acid (9-fold in ZS and 5-fold in X-ALD),
and normal in peroxisomal disorders with normal VLC
fatty acid B-oxidation activity (RCDP and RD) (Table 5).
Similarly, levels of monounsaturated VLC fatty acids
(Cy6:1/Cy.0; Cy6.1/C5y.1) were higher in cultured skin fi-
broblasts from disorders with abnormal peroxisomal -
oxidation (ZS and X-ALD) and normal in cultured skin
fibroblasts from disorders with normal peroxisomal B-
oxidation (RCDP and RD). These results clearly demon-
strate that X-ALD cells accumulate excessive amounts of
unsaturated VLC fatty acids due to an abnormality in their
B-oxidation in peroxisomes. In X-ALD, there is excessive
accumulation of C,g fatty acids. The amounts of C,g and
C,s/C,, ratio are used as a diagnostic tool. Although ALD
cells have little or no increase in C,, fatty acids, the enzy-
matic studies with C,, do show a defect in its oxidation in

TABLE 2. Specific activity for fatty acyl-CoA ligase in subcellular
fractions from rat liver

Fatty Acyl-CoA Ligase

Homogenate Peroxisomes Mitochondria Microsomes

nmol/min/mg protein
Nervonic acid  3.07 £0.05 9.91 +0.78 1.50 = 0.33 39.48 * 3.89

Lignocericacid 1.12 =0.11 5.14 +0.81 0.66 + 0.04 26.35 = 1.76
Palmiticacid  17.71 = 1.55 30.57 = 2.94 73.75 = 5.77 84.96 = 9.27

Subcellular organelles were isolated by Nycodenz gradient from
rat liver and the activation of fatty acids catalyzed by acyl-CoA ligase was
studied as described in Materials and Methods. Values are mean = SD
of three separate sets of experiments.
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Fig. 2. Effect of etomoxir on the oxidation of nervonic, lignoceric,
and palmitic acids in human fibroblasts. Fibroblasts were prepared
and incubated in Hank’s medium with 0.01 mm etomoxir for 30 min
and the oxidation was measured as described in Materials and Meth-
ods. Values are mean = SD of three separate experiments.

peroxisomal disorders of VLC fatty acid oxidation. There-
fore, [1-14C]C,, fatty acid (e.g., lignoceric acid) has been
the substrate of choice for enzymatic studies because of the
unavailability of radiolabeled fatty acids greater than Cy,.
In peroxisomes, fatty acids are activated to their CoA-
derivatives by acyl-CoA ligases present in the limiting
membrane and then oxidized by the B-oxidation enzyme
system present in the matrix of peroxisomes. Saturated
VLC fatty acids (e.g., lignoceric and cerotic acid) accumu-
late in excessive amounts in X-ALD due to the deficient
activity of lignoceroyl-CoA ligase in peroxisomes (7, 14).
To understand the cellular basis for the deficient p-oxida-
tion and excessive accumulation of nervonic acid in X-
ALD, we examined the activities of nervonyl-CoA ligase
and the p-oxidation of nervonic acid in disrupted peroxi-
somes from X-ALD and control fibroblasts. As shown in
Table 6, oxidation of nervonyl-CoA was normal in dis-
rupted peroxisomes from X-ALD fibroblasts, whereas oxi-
dation of nervonic acid was deficient. These observations
suggest that in X-ALD, the deficient activity of nervonic
acid oxidation is due to an abnormality in the activation
of nervonic acid to nervonyl-CoA, a peroxisomal mem-
brane function. Next, we examined the rate of activation
of nervonic acid and other fatty acids (lignoceric and

TABLE 3. Fatty acid oxidation ratios in fibroblasts from control
and patients with peroxisomal disorders

Fatty Acid Oxidation

24:1/16:0 24:0/16:0
Control 0.85 £ 0.11 0.36 + 0.05
Zellweger syndrome 0.06 = 0.03 0.03 = 0.02
X-linked adrenoleukodystrophy 0.32 = 0.06 0.09 = 0.03
Refsum’s disease 0.87 = 0.21 0.30 = 0.04
Rhizomelic chondrodysplasia punctata 0.74 £ 0.11 0.30 = 0.01

Fatty acid oxidation was studied in freshly prepared fibroblasts sus-
pended in Hank’s balanced salt solution as described in Materials and
methods. Values are mean = SD of four separate experiments.
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TABLE 4. Rate of oxidation of fatty acid in subcellular fractions
from control and X-ALD fibroblasts

TABLE 6. Oxidation of VLC fatty acids and their CoA esters in
disrupted peroxisomes from control and X-ALD fibroblasts

Fatty Acid Oxidation

Fatty Acid Oxidation

Nervonic Acid Lignoceric Acid Palmitic Acid Control X-ALD
nmol/h/mg protein nmol/h/mg protein

Control Nervonic acid 0.268 = 0.03 0.148 = 0.02
Homogenate 0.23 = 0.07 0.08 = 0.02 1.97 = 0.16 Nervonyl-CoA 5.989 *+ 1.27 5.554 = 0.94
Peroxisomes 0.69 = 0.14 0.19 = 0.05 10.53 = 1.63 Lignoceric acid 0.065 = 0.02 0.026 = 0.01
Mitochondria 0.09 = 0.02 0.02 = 0.01 12.67 = 1.39 Lignoceroyl-CoA 0.998 = 0.22 0.823 = 0.13
Microsomes 0.03 = 0.02 0.02 = 0.01 0.92 £ 0.33

X-ALD Peroxisomes were purified from control and X-ALD skin fibro-
Peroxisomes 0.22 + 0.04 0.04 + 0.02 946 =163 0 I thr‘;e ots of observations - valu
Mitochondria 0.06 = 0.02 0.02 = 0.01 11.32 = 2.44 - '
Microsomes 0.01 = 0.00 0.01 = 0.00 0.77 £ 0.55

Subcellular fractions were prepared from control and X-ALD fi-
broblasts by Nycodenz gradient and the rate of oxidation of different
fatty acids was measured as described in Materials and Methods. Values
are mean = SD of three separate sets of experiments.

palmitic acids) in disrupted peroxisomes. As shown in Ta-
ble 7, the activation of nervonic acid to nervonyl-CoA was
deficient in X-ALD peroxisomes, whereas nervonyl-CoA li-
gase activity in microsomes from X-ALD was similar to the
control. The observed normal activation of palmitic acid
as compared to deficient activation of lignoceric acid in
peroxisomes from X-ALD is in agreement with our previ-
ous findings (7, 14) and those of others (43).

To understand the differences and/or similarity in the
molecular defect in the activation and oxidation of ner-
vonic and lignoceric acid, we examined the oxidation of
nervonic and lignoceric acids in X-ALD fibroblasts after
transfection with cDNA for human ALDP. Transfected hu-
man ALDP cDNA expressed and targeted ALD protein to
peroxisomes in ALD cells, as evident from the punctate
immunofluorescence detected with antibodies against the
C-terminal of ALDP (Fig. 3). As shown in Fig. 4, transfec-
tion of the ALD gene in X-ALD fibroblasts normalized the
oxidation of both nervonic and lignoceric acids, indicat-
ing that abnormality in the oxidation of nervonic acid as
well as lignoceric acid is likely to be caused by the same
molecular defect. Next, to understand whether the same
VLC acyl-CoA ligase was involved in the activation of lig-
noceric acid and nervonic acid, preimmune sera (1gG) or
antibodies (1gG) against lignoceroyl-CoA ligase were used
to immunoprecipitate the acyl-CoA ligase activity. Figure 5
shows that the addition of antibodies against the N-termi-
nal peptide of lignoceroyl-CoA ligase precipitated both

the nervonyl-CoA and lignoceroyl-CoA ligase activities as
observed by the loss of the enzyme activities from the su-
pernatant. However, no effect on palmitoyl-CoA ligase ac-
tivity was observed. Furthermore, 1gG from preimmune
sera had no effect on any of the ligase activities studied.
An interesting question arises from these observations. If
the molecular defect in the oxidation of nervonic and
lignoceric acids is the same, why is there a greater accu-
mulation of Cyg.0/Cay.q (5.2 times as compared to control)
as compared to C,4.1/C,,.1 (2.6 times as compared to con-
trol) in X-ALD (Table 5)? One of the explanations may be
that nervonic acid in cells or peroxisomes from X-ALD as
well as control fibroblasts is oxidized at a higher rate than
lignoceric acid (Tables 3 and 4). As VLC fatty acids are
mostly present in brain tissue, we also examined the oxi-
dation of lignoceric and nervonic acids in cells isolated
from rat brain (Fig. 6). Similar to liver (Table 1) and fibro-
blasts (Table 3), a higher rate of oxidation of nervonic
acid than lignoceric acid was also observed in oligoden-
drocytes and astrocytes isolated from rat brain.

DISCUSSION

The studies described in this manuscript clearly demon-
strate that in rodents as well as in humans nervonic acid is
oxidized in peroxisomes. This conclusion is based on the
following observations. 1) The subcellular distribution of
nervonic acid B-oxidation followed the same distribution
pattern as for that catalase and lignoceric acid 3-oxidation
(peroxisomal markers) in the Nycodenz gradient. 2) The
specific activity for oxidation of nervonic acid in peroxi-

TABLE 5. Composition of saturated and monounsaturated VLC fatty acids
in fibroblasts from control and patients with peroxisomal disorders

24:0/22:0 26:0/22:0 24:1/22:0 26:1/22:0 26:1/22:1
Control 1.32 £ 0.20 0.04 = 0.01 2.25 = 0.46 0.05 = 0.01 0.25 = 0.05
ZS 248 +£0.19 0.36 = 0.07 4.95 + 0.99 0.92 +£0.30 2.34 £ 0.08
X-ALD 1.98 = 0.54 0.21 = 0.02 2.44 = 0.62 0.15 = 0.04 0.65 = 0.07
RCDP 1.74 = 0.06 0.04 £0.01 2.19 = 0.28 0.04 £0.01 0.26 = 0.06
RD 1.45 = 0.35 0.04 = 0.02 2.15 +0.38 0.05 = 0.02 0.28 = 0.10

Fatty acid analyses of freshly prepared fibroblasts were carried out as described in Materials and Methods. Val-

ues are mean = SD of four sets of experiments.
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TABLE 7. Rate of activation of fatty acid in subcellular fractions
from control and X-ALD fibroblasts

Fatty Acid Activation

Nervonic Acid Lignoceric Acid Palmitic Acid
nmol/min/mg protein
Control
Homogenate 1.06 = 0.13 0.26 = 0.04 8.26 + 2.34
Peroxisomes 3.69 = 0.72 0.92 = 0.18 16.67 + 3.89
Mitochondria 0.46 + 0.06 0.03 £ 0.01 20.65 = 2.19
Microsomes 8.41 = 1.17 1.94 = 0.29 23.77 £ 6.43
X-ALD
Homogenate 0.96 £ 0.21 0.22 = 0.06 8.26 + 2.34
Peroxisomes 1.29 = 0.39 0.19 = 0.07 15.28 £ 2.31
Mitochondria 0.35 £ 0.05 0.04 £ 0.03 21.32 = 3.98
Microsomes 7.83 = 1.93 2.07 = 0.47 24.18 * 4.86

Subcellular fractions were isolated from control and X-ALD fibro-
blasts by Nycodenz gradient and the activation of different fatty acids
was measured as described in Materials and Methods. Values are mean +
SD of three separate sets of experiments.

somes purified from rat liver or human cultured skin fi-
broblasts was higher than the activity observed in mito-
chondria and microsomes, respectively. 3) Etomoxir, a
specific inhibitor of mitochondrial fatty acid oxidation
that specifically inhibits the activity of carnitine palmitoyl

2168 Journal of Lipid Research Volume 39, 1998

transferase 1, had no effect on the oxidation of lignoceric
acid (a peroxisomal function) or on that of nervonic acid,
whereas it inhibited the oxidation of palmitic acid by 97%
(a predominant mitochondrial function). The lack of an
effect of etomoxir on the oxidation of nervonic acid in
human cultured skin fibroblasts indicates that nervonic
acid oxidation in humans is also a peroxisomal function.
Previous studies from our laboratory (6, 7) and others (8)
have demonstrated that saturated VLC fatty acids (ligno-
ceric and cerotic acids) are oxidized in peroxisomes. lden-
tification of peroxisomes as the site of nervonic acid oxi-
dation indicates that unsaturated VLC fatty acids are also
oxidized in peroxisomes. To demonstrate that nervonic
acid is, in fact, oxidized in peroxisomes in rodents and hu-
mans is important because the peroxisomal functions are
known to differ between species. Phytanic acid, a branched
chain fatty acid, was shown to be oxidized in mitochon-
dria in rodents and in peroxisomes in humans (42). Simi-
larly, pipecolic acid was found to be catabolized in mito-
chondria in rodents and in peroxisomes in monkeys (45).

Excessive accumulation of saturated VLC fatty acids
(>Cyy) is the hallmark of X-ALD. In fact, levels of satu-
rated VLC fatty acids (Cogq Or Cys.0/Cyy) are used for
prenatal as well as postnatal diagnosis of X-ALD (4).

Fig. 3. Immunofluorescence analysis of ALDP in hu-
man skin fibroblasts. X-ALD fibroblasts were trans-
fected with ALDP cDNA using Lipofectin. Control, X-
ALD, and transfected fibroblasts were treated with
0.1% Triton X-100 and incubated with anti-ALDP anti-
bodies. Indirect immunofluorescence was performed
as described in Materials and Methods. A: Control; B:
X-ALD; C: X-ALD transfected with ALDP.
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Higher levels of Cy4:1/Cy20, C26:1/Ca20, and Cy6:1/C21
in fibroblasts from patients with defective peroxisomal B-
oxidation (e.g., ZS and X-ALD) and normal oxidation and
levels of VLC fatty acids in peroxisomal disorders with
normal peroxisomal B-oxidation activity (RD and RCDP)
support the conclusion that similar to the abnormality in
saturated VLC fatty acid (e.g., lignoceric acid), the B-oxi-
dation of monoenoic VLC fatty acids (e.g., nervonic acid)
is also deficient in X-ALD. Excessive accumulation of mo-
noenoic VLC fatty acids in the phosphatidylcholine frac-
tion of X-ALD brain tissue was also reported previously
(16). The defect in the metabolism of fatty acids greater
than C,, is abnormal in X-ALD. Relatively small or no
increase in C,, fatty acids as compared to 3- to 6-fold in-
crease in Cyg in X-ALD may be due to the fact that C,,

120 + —e— Nervonyl-CoA ligase

—a— Lignoceroyl-CoA ligase
—a— Palmitoyl-CoA ligase
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Fig. 5. Immunoprecipitation of peroxisomal VLC acyl-CoA ligase
activity. Peroxisomes solubilized in 0.2% Triton X-100, 1% n-octyl-o-
d-glucopyranoside, 0.5% mm EDTA, 2 mm ATP, and 10 mm potas-
sium phosphate buffer, pH 7.5, were treated with increasing concen-
tration of anti-lignoceroyl-CoA ligase antibodies. The supernatants
were assayed for acyl-CoA ligase activity for palmitic, nervonic, and
lignoceric acids as described in Materials and Methods. Values are
mean of two sets of experiments.

Fig. 4. Nervonic, lignoceric, and palmitic acid oxida-
tion activity of X-ALD fibroblasts transfected with hu-
man ALDP cDNA. X-ALD fibroblasts were transfected
with ALDP cDNA using Lipofectin and the oxidation of
different fatty acids was studied after 10 days as described
in Materials and Methods. Values are mean = SD of
three sets of observations.

Palmitic Acid

fatty acids are substrates, to some degree, for an enzyme
system for oxidation of C,;—C,, chain length fatty acids, the
fatty acids with normal B-oxidation in X-ALD. However, de-
ficient p-oxidation of C,, is observed in all disorders of VLC
fatty acid B-oxidation. Therefore, C,, fatty acids as a repre-
sentative of VLC fatty acids have been the substrate of
choice for enzymatic studies because of the unavailability of
radiolabeled fatty acids greater than C,,. Moreover, Co is rel-
atively less soluble in agueous media and gives low activity.
The enzyme for activation of VLC fatty acids is a compo-
nent of the peroxisomal limiting membrane, while the en-
zyme system for the B-oxidation of fatty acids is present in
the matrix of peroxisomes (1, 2, 46). Our results showing
the normal oxidation of nervonyl-CoA by peroxisomal ma-
trix proteins as compared to the deficient oxidation of
nervonic acid and deficient activity of nervonyl-CoA ligase
in purified peroxisomes from X-ALD fibroblasts indicates
a defect in the peroxisomal membrane component associ-
ated with the activation of nervonic acid to nervonyl-CoA.
A similar defect in the activation of lignoceric acid was
reported previously (6-8, 43). Biochemical studies show-
ing defects in the activation of VLC fatty acids in peroxi-
somes from X-ALD suggested that the gene for VLC acyl-
CoA ligase (lignoceryl CoA ligase) is a candidate for the
X-ALD gene (14). Identification of the X-ALD gene by po-
sitional cloning led to a different conclusion (47). The X-
ALD gene product is a 75 kDa peroxisomal membrane
protein with significant homology with the 70 kDa peroxi-
somal membrane protein (PMP70), a member of the ATP
binding cassette (ABC) transporter superfamily (18, 47).
Restoration of the oxidation of both lignoceric and ner-
vonic acids in X-ALD cultured skin fibroblasts after trans-
fection of human ALDP cDNA demonstrates that exces-
sive accumulation of VLC fatty acids and deficient
oxidation of nervonic and lignoceric acids in X-ALD is
most likely due to the same defect in the peroxisomal
membrane. Correction of saturated VLC fatty acid metab-
olism in ALD fibroblasts after 10 days of transfection with
cDNA for ALDP was demonstrated previously (19, 20). Al-
though the transfection of cDNA for ALDP corrects the
metabolic defect in X-ALD cells, the precise function of
ALDP in the peroxisomal membrane is not known at
present. Its loss or mutation results in partial loss of activi-

Singh etal. Nervonic acid B-oxidation in peroxisomes 2169

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Fibroblast

Oligodendrocyte

ties of VLC acyl-CoA ligase (e.qg., lignoceroyl-CoA ligase)
peroxisomal B-oxidation of VLC fatty acids. ALDP, as a
component of peroxisomal membranes, may influence
the activity of VLC acyl-CoA ligase (lignoceroyl- and ner-
vonyl-CoA ligases) by the following mechanisms. ALDP
may be responsible for the entry of substrates (VLC fatty
acids, CoASH, and ATP) into peroxisomes or incorpora-
tion of VLC acyl-CoA ligase in the peroxisomal mem-
branes. Alternatively, ALDP may serve a structural func-
tion in the peroxisomal membrane necessary for the
activity of VLC acyl-CoA ligase, probably as a complex or
as an anchor for the enzyme.

The relatively higher accumulation of saturated VLC
fatty acids than monoenoic VLC fatty acids in X-ALD
raises an interesting question. If the abnormal oxidation
of nervonic and lignoceric acid is due to the same molecu-
lar defect then why should there be a greater accumula-
tion of saturated VLC fatty acids than the monounsat-
urated fatty acids (Table 5)? The higher rates of oxidation
of nervonic acid than lignoceric acid may account, at least
in part, for these observed differences. The rate of oxida-
tion of nervonic acid was 3 times higher than that of ligno-
ceric acid in the control fibroblasts (Tables 3 and 4).
Moreover, the residual activity for oxidation of nervonic
acid (32% of control) was higher than that for lignoceric
acid (22% of control) in X-ALD fibroblasts. In fact, the re-
sidual specific activity for nervonic acid oxidation (0.219 +
0.043 nmol/h/mg protein) in peroxisomes from X-ALD
fibroblasts was almost equivalent to the activity of ligno-
ceric acid oxidation (0.193 = 0.054 nmol/h/mg protein)
in peroxisomes from control cells (Table 4). As nervonic
and lignoceric acids are present predominantly in brain,
we examined the rate of their oxidation in primary oligo-
dendrocytes and astrocytes isolated from rat brain (Fig.
6). Similarly, a higher rate of nervonic acid oxidation as
compared to lignoceric acid oxidation was observed in
primary rat astrocytes and oligodendrocytes. The higher
rate for the oxidation of nervonic acid as compared to
that of lignoceric acid may be due to the structural differ-
ences affecting the affinity of the substrate for the en-
zyme. Long chain unsaturated fatty acids are known to be
oxidized more efficiently by peroxisomes than their satu-
rated counterparts (48).

X-ALD gained prominence in the public domain with
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Fig. 6. Oxidation of nervonic, lignoceric, and pal-
mitic acids in fibroblasts and glial cells. Cells were cul-
tured and suspended in Hank’s balanced solution and
the rate of oxidation of fatty acids was measured in as
described in Methods. Values are mean + SD of three
separate sets of observations.

the release of the popular film “Lorenzo’s Oil,” depicting
the life of an X-ALD patient and the development of a
specialized oil therapy for X-ALD patients. Treatment of
X-ALD patients with trioleate resulted in 50% reduction
of saturated fatty acid. Subsequently, treatment of X-ALD
patients with a mixture of trioleate (GTO) and trieruciate
(GTE), popularly known as “Lorenzo’s oil,” led to normal-
ization of the plasma levels of VLC fatty acids (9, 49, 50).
The fatty acid therapy was developed on the assumption
that saturated VLC fatty acids are toxic and that unsatur-
ated VLC fatty acids are nontoxic. The monoenoic fatty
acids (oleic and erucic acids), when given in excess inhibit
the chain elongation of palmitic and stearic acids to satu-
rated VLC fatty acids by competing for the same enzyme
system with the result that there is higher accumulation of
unsaturated VLC fatty acids in X-ALD patients on diet
therapy (50). Unfortunately, the clinical efficacy has been
unsatisfactory as no proof of favorable effects has been ob-
served. However, recent reports showing the toxicity of
erucic acid in neonatal ALD and Zellweger cells (21) and
induction of superoxide, a highly reactive oxygen free
radical, in neutrophils by poly or monoenoic VLC fatty ac-
ids (22) suggest that unsaturated fatty acids may have a
detrimental effect for X-ALD patients, especially when
studies reported in this manuscript clearly show that mo-
noenoic VLC fatty acids (e.g., nervonic acid) are oxidized
in peroxisomes and this activity is impaired in X-ALD.Hg

We would like to thank Mrs. Swarupa Pahan for the technical
help and Ms. Hope Terry for typing the manuscript. The NMR
spectroscopy and mass spectrometry research resource facili-
ties of the Medical University of South Carolina are also grate-
fully acknowledged. This study is supported by a grant from the
National Institutes of Health (NS-22576 and NS-34741).

Manuscript received 24 October 1997 and in revised form 3 April 1998.

REFERENCES

1. Singh, I. 1997. Biochemistry of peroxisomes in health and disease.
Mol. Cell. Biochem. 167: 1-29.

2. Van den Bosch, H., R. B. H. Scutgens, R. J. A. Wanders, and J. M.
Tager. 1992. Biochemistry of peroxisomes. Annu. Rev. Biochem. 61:
157-197.

3. Reddy, J. K., and G. P. Mannaerts. 1994. Peroxisomal lipid metabo-
lism. Annu. Rev. Nutr. 14: 343-370.

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Moser, H. W., and A. B. Moser. 1991. Measurement of saturated
very long chain fatty acids in plasma. In Techniques in Diagnostic
Human Biochemical Genetics. Wiley-Liss, New York, NY. 177-191.
Kishimoto, Y., H. Akanuma, and I. Singh. 1979. Fatty acid hydroxy-
lation and its relation to myelination. Mol. Cell. Biochem. 28: 93—
105.

Singh, 1., A. N. Moser, S. Goldfischer, and H. W. Moser. 1984. Lig-
noceric acid is oxidized in the peroxisome: implication for the
Zellweger cerebro-hepato-renal syndrome and adrenoleukodystro-
phy. Proc. Natl. Acad. Sci. USA. 81: 4203-4207.

Lazo, O., M. Contreras, Y. Yoshida, A. K. Singh, W. Stanley, M.
Weise, and |. Singh. 1990. Cellular oxidation of lignoceric acid is
regulated by the subcellular localization of lignoceroyl-CoA ligase.
J. Lipid Res. 31: 583-595.

Poulos, A., H. Singh, B. Paton, P. Sharp, and N. Derwas. 1986. Ac-
cumulation and defective B-oxidation of very long chain fatty acids
in Zellweger’s syndrome, adrenoleukodystrophy and Refsum’s dis-
ease variant. Clin. Genet. 29: 397-408.

Moser, H. W., and J. Borel. 1995. Dietary management of X-linked
adrenoleukodystrophy. Annu. Rev. Nutr. 15: 379-397.

Poulos, A. 1995. Very long chain fatty acids in higher animals—a
review. Lipids. 30: 1-14.

Lazarow, P. B., and C. de Duve. 1976. A fatty acyl-CoA oxidizing sys-
tem in rat liver peroxisomes; enhancement by clofibrate, a hypo-
lipidemic drug. Proc. Natl. Acad. Sci. USA. 73: 2043-2046.
Omundsen, H., J. Bremer, and J. I. Pederson. 1991. Metabolic aspects
of peroxisomal B-oxidation. Biochim. Biophys. Acta. 1085: 141-158.
Moser, A. E., . Singh, F. R. Brown Il1, G. I. Solish, R. I. Kelley, P. J.
Benke, and H. W. Moser. 1984. The cerebrohepatorenal (Zell-
weger) syndrome: increased levels and impaired degradation of
very long chain fatty acids and their use in prenatal diagnosis. N.
Engl. J. Med. 310: 1141-1146.

Lazo, O., M. Contreras, M. Hashmi, W. Stanley, C. Irazu, and I.
Singh. 1988. Peroxisomal lignoceroyl-CoA ligase deficiency in
childhood adrenoleukodystrophy and adrenomyeloneuropathy.
Proc. Natl. Acad. Sci. USA. 85: 7647-7651.

Wilson, R., and J. R. Sargent. 1993. Lipid and fatty acid composi-
tion of brain tissue from adrenoleukodystrophy patients. J. Neuro-
chem. 61: 290-297.

Sharp, P.,, D. Johnson, and A. Poulos. 1991. Molecular species of
phosphatidylcholine containing very long chain fatty acids in human
brain: enrichment in X-linked adrenoleukodystrophy brain and dis-
eases of peroxisomes biogenesis brain. J. Neurochem. 56: 30-37.

Lazo, O., M. Contreras, and I. Singh.1990. Topographical localization
of peroxisomal acyl- CoA ligases: differential localization of palmitoyl
CoA and lignoceroyl-CoA ligases. Biochemistry. 29: 3981-3986.
Contreras, M., J. Mosser, J. L. Mandel, P. Aubourg, and I. Singh.
1994. The protein coded by the X-adrenoleukodystrophy gene is a
peroxisomal integral membrane protein. FEBS Lett. 344: 211-215.
Cartier, N., J. Lopez, P. Moullier, F. Rocchiccioli, M. O. Rolland, P.
Jorge, J. Mosser, J. L. Mandel, O. Bougneres, Danes, and P. Au-
bourg. 1995. Retroviral-mediated gene transfer corrects very long
chain fatty acid metabolism in adrenoleukodystrophy fibroblasts.
Proc. Natl. Acad. Sci. USA. 92: 1674-1678.

Shinnoh, N., T. Yamada, T. Yoshimura, H. Furuya, Y. Yoshido, Y.
Suzuki, N. Shimozawa, T. Orii, and T. Kobayashi. 1995. Adrenoleu-
kodystrophy: the restoration of peroxisomal B-oxidation by transfec-
tion of normal cDNA. Biochem. Biophys. Res. Commun. 210: 830-836.
Bioukar, E. B., F. Straehli, K. Heng Ng, M. O. Rolland, T. Hashimoto,
J. P. Carreau, and J. Deschatrette. 1994. Resistance to erucic acid as a
selectable marker for peroxisomal activity: isolation of reverants of an
infantile refsum disease cell line. J. Inherited Metab. Dis. 17: 41-59.
Hardy, S. J., A. Ferranta, A. Poulos, B. S. Robinson, D. W. Johnson,
and A. W. Murray. 1994, Effect of exogenous fatty acids with greater
than 22 carbon atoms (very long chain fatty acids) on superoxide
production by human neutrophils. J. Immunol. 153: 1754-1761.
Contreras, M., T. K. Sengupta, F. Sheikh, P. Aubourg, and I. Singh.
1996. Topology of ATP-binding adrenoleukodystrophy gene prod-
uct in peroxisomes. Arch. Biochem. Biophys. 334: 369-379.

Uchida, Y., N. Kondo, T. Orii, and T. Hashimoto. 1996. Purifica-
tion and properties of rat liver peroxisomal very long chain acyl-
CoA synthetase. J. Biochem. 119: 565-571.

Richter 1., and H. K. Mangold. 1973. Synthesis of muscalure and
homologous hydrocarbons. Chem. Phys. Lipids. 11: 210-214.
Morell, P., E. C. Ceccarini, and N. S. Radin. 1970. The biosynthesis
by brain microsomes of cerebrosides containing nonhydroxy fatty
acids. Arch. Biochem. Biophys. 141: 738-748.

Hoshi, M., and Y. Kishimoto. 1973. Synthesis of cerebronic acid from
lignoceric acid by rat brain preparations. J. Biol. Chem. 248: 4123-4130.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Singh et al.

Taylor, D. C., N. Weber, L. R. Hogge, and E. W. Underhill. 1990. A
simple enzymatic method for the preparation of radiolabeled eru-
coyl CoA and other long chain fatty acyl CoA and their character-
ization by mass spectrometry. Anal. Biochem. 184: 311-316.

Lazo, O., M. Contreras, and I. Singh. 1991. Effect of ciprofibrate
on the activation and oxidation of very long chain fatty acids. Mol.
Cell. Biochem. 100: 159-167.

Baudhuin, P, Y. Beaufy, O. Rahman Li, Z. Sellinger, R. Wattiaux, P.
Jacques, and C. de Duve. 1964. Tissue fractionation studies. Bio-
chem. J. 92: 179-184.

Coopertein, S. J., and P. Lazarow. 1971. A microspectrophotomet-
ric method for the determination of cytochrome oxidase. J. Biol.
Chem. 189: 655-670.

Beaufay, H., A. Amar-Cortesec, E. Feytmans, D. Thines-Sempoux,
M. Wibo, M. N. Robbi, and T. Berthet. 1974. Analytical study of mi-
crosomes and isolated subcellular membranes from rat liver. J.
Cell. Biol. 61: 188-200.

Pahan, K., and 1. Singh.1993. Intraorganellar localization of
CoASH-independent phytanic acid oxidation in human liver per-
oxisomes. FEBS Lett. 333: 154-158.

McCarthy, K., and J. DeVellis. 1980. Preparation of separate astro-
glial and oligodendroglial cultures from rat cerebral tissues. J. Cell.
Biol. 85: 890-902.

Singh, 1., and Y. Kishimoto.1983. Effect of cyclodextrins on the sol-
ubilization of lignoceric acid, ceramide and cerebrosides and the
enzymatic reactions involving these compounds. J. Lipid Res. 24:
662-665.

Lepage, G., and C. C. Roy. 1986. Direct transesterification of all
classes of lipids in one-step reaction. J. Lipid Res. 27: 114-120.
Dacremont, G., G. Cocquyt, and G. Vincent. 1995. Measurement
of very long chain fatty acids, phytanic and pristanic acid in plasma
and cultured fibroblasts by gas chromatography. J. Inherited Metab.
Dis. 18 Suppl. 1: 76-83.

Fujiki, Y., S. Fowler, H. Shio, A. L. Hubbard, and P. B. Lazarow. 1982.
Polypeptide and phospholipid composition of the membrane of rat
liver peroxisomes: comparison with endoplasmic reticulum and mi-
tochondrial membranes. J. Cell Biol. 93: 103-110.

Singh, H., and A. Poulos. 1988. Distinct long chain and very long
chain fatty acyl-CoA synthetase in rat liver peroxisomes and mi-
crosomes. Arch. Biochem. Biophys. 266: 486—-495.

Pahan, K., J. Cofer, P. Baliga, and I. Singh. 1993. Identification of
phytanoyl CoA ligase as a distinct acyl-CoA ligase in peroxisomes
from cultured human skin fibroblasts. FEBS Lett. 322: 101-104.
Watkins, P. A., A. E. Howard, S. J. Gould, J. Avigan, and S. J. Mihalik.
1996. Phytanic acid activation in rat liver peroxisomes is catalyzed by
long-chain acyl-CoA synthetase. J. Lipid Res. 37: 2288-2295.

Singh, I., K. Pahan, G. S. Dhaunsi, O. Lazo, and P. Ozand. 1993.
Phytanic acid a-oxidation—differential subcellular localization in
rat and human tissues and its inhibition by Nycodenz. J. Biol. Chem.
268: 9972-9979.

Wanders, R. J. A,, C. W. Van Roermund, M. J. Van Wijland, R. B.
Schutgens, H. Van den Bosch, A. W. Schram, and J. M. Tager.
1988. Direct demonstration that deficient oxidation of very long
chain fatty acids in X-linked adrenoleukodystrophy is due to im-
paired ability of peroxisomes to activate very long chain fatty acids.
Biochem. Biophys. Res. Commun. 153: 618-624.

Singh, H., N. Derwas, and A. Poulos. 1987. B-Oxidation of very
long chain fatty acids and their coenzyme A derivatives by human
skin fibroblasts. Arch. Biochem. Biophys. 254: 526-533.

Mihalik, S. J., and W. J. Rhead. 1989. I-Pipecolic acid oxidation in
the rabbit and cynomolgus monkey—evidence for differing or-
ganellar lacations and co-factor requirements in different each
species. J. Biol. Chem. 264: 2509-2521.

Shindo, Y., and T. Hashimoto. 1978. Acyl-coenzyme A and fatty
acid oxidation in rat liver peroxisomes. J. Biochem. 84: 1177-1181.
Moser, J., A. Douar, C. Sarde, P. Kioschis, R. Feil, A. Moser, J. Man-
del, and P. Aubourg. 1993. Putative X-linked adrenoleukodystro-
phy gene shares unexpected homology with ABC transporters. Na-
ture. 361: 726-730.

Hovik, R., and H. Osmundsen. 1987. Peroxisomal beta-oxidation
of long chain fatty acids possessing different extents of unsatura-
tion. Biochem. J. 247: 531-535.

Rizzo, W. B., R. T. Leshner, B. A. Odone, A. L. Dammann, D. A.
Craft, M. E. Jensen, S. S. Jennings, S. Davis, R. Jaitley, and J. A.
Sgro. 1989. Dietary erucic acid therapy for X-linked adrenoleu-
kodystrophy. Neurology. 39: 1415-1422.

Rizzo, W. B., P. A. Watkins, M. W. Phillips, D. Cranin, B. Campbell,
and J. Avigan. 1986. Adrenoleukodystrophy: oleic acid lowers fi-
broblast saturated C22-26 fatty acids. Neurology. 36: 357-361.

Nervonic acid B-oxidation in peroxisomes 2171

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

