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ABSTRACT: We found that peroxisomal lignoceroyl-CoA ligase, like palmitoyl-CoA ligase, is present in the
peroxisomal membrane whereas the peroxisomal 8-oxidation enzyme system is localized in the matrix. To
further define the role of peroxisomal acyl-CoA ligases (membrane component) in providing acyl-CoA for
peroxisomal §-oxidation, we examined the transverse topographical localization of enzymatic sites of
palmitoyl-CoA and lignoceroyl-CoA ligases in the peroxisomal membranes. The disruption of peroxisomes
by various techniques resulted in the release of a “latent” pool of lignoceroyl-CoA ligase activity while
palmitoyl-CoA ligase activity remained the same. Proteolytic enzyme treatment inhibited palmitoyl-CoA
ligase activity in intact peroxisomes but had no effect on lignoceroyl-CoA ligase activity. Lignoceroyl-CoA
ligase activity was inhibited only if peroxisomes were disrupted with detergent before trypsin treatment.
Antibodies to palmitoyl-CoA ligase and to peroxisomal membrane proteins (PMP) inhibited palmitoyl-CoA
ligase in intact peroxisomes, and no pool of “latent” activity appeared when antibody-treated peroxisomes
were disrupted with detergent. On the other hand, disruption of PMP antibody-treated peroxisomes with
detergent resulted in the appearance of a “latent” pool of lignoceroyl-CoA ligase activity. These results
demonstrate that the enzymatic site of palmitoyl-CoA ligase is on the cytoplasmic surface whereas that
for lignoceroyl-CoA ligase is on the luminal surface of peroxisomal membranes. This implies that pal-
mitoyl-CoA is synthesized on the cytoplasmic surface and is then transferred to the matrix through the
peroxisomal membrane for §-oxidation in the matrix. Lignoceric acid, on the other hand, is first transported
through the peroxisomal membrane as such and is then activated to lignoceroyl-CoA on the luminal surface
of the membrane before it is oxidized by the 8-oxidation system in the matrix, and implications of these
findings are discussed for X-linked adrenoleukodystrophy, a disorder with deficient activity of peroxisomal

lignoceroyl-CoA ligase.

Activation of fatty acids to acyl-CoA derivatives by acyl-
CoA ligases is the initial and obligatory step in their metab-
olism (e.g., oxidation, elongation, and synthesis of complex
lipids). Different acyl-CoA ligases have been shown to activate
fatty acids of different chain length (Groot et al.,, 1976). At
the subcellular level, these acyl-CoA ligases are present in
mitochondria, microsomes (Groot et al., 1976), and peroxi-
somes (Shindo & Hashimoto, 1978). Fatty acids greater than
C,, are primarily and possibly exclusively 8-oxidized in per-
oxisomes (Singh et al., 1984a) by the peroxisomal 8-oxidation
system (Lazarow & De Duve, 1976), and fatty acids shorter
then C,; are 8-oxidized in mitochondria (Mannaerts & Debeer,
1982). Fatty acids of chain length C,,—C,, are §-oxidized in
both mitochondria and peroxisomes.

An understanding of the activation, transport, and 3-oxi-
dation of very long chain (VLC) fatty acids (>C,,) in per-
oxisomes is of particular interest because pathognomic amounts
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of these VLC fatty acids accumulate as a result of either defect
of a single enzyme (e.g., X-linked adrenoleukodystrophy) or
B-oxidation enzyme pathways (e.g., Zellweger syndrome)
(Singh et al., 1981, 1984a,b). The normal 8-oxidation of
lignaceroyl-CoA as compared to the defective 8-oxidation of
lignoceric acid (C,49) in homogenates of cultured skin fi-
broblast of X-linked adrenoleukodystrophy (X-ALD) sug-
gested a defect in peroxisomal lignoceroyl-CoA ligase activity
(Hashmi et al., 1986). This was later confirmed by direct
demonstration of a deficiency for lignoceroyl-CoA ligase ac-
tivity in peroxisomes isolated from cultured skin fibroblasts
of X-ALD (Lazo et al., 1988; Wanders et al., 1988). In
contrast to the defective activation and S-oxidation of lignoceric
acid (Lazo et al., 1988), the activation and S-oxidation of
palmitic acid in X-ALD are normal (Singh et al., 1984a; Lazo
et al., 1988). By using antibodies to palmitoyl-CoA ligase,
we previously demonstrated that residual activity for activation
(17% of control) and G-oxidation (12% of control) of lignoceric
acid in X-ALD was derived from the activation of lignoceric
acid by peroxisomal palmitoyl-CoA ligase activity (Lazo et
al., 1989).

Peroxisomes are single membranous organelles surrounding
matrix proteins. Peroxisomal palmitoyl-CoA ligase is a con-
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stituent of this membrane (Krisans et al., 1980), while the
B-oxidation enzymes (acyl-CoA oxidase, bifunctional enzyme,
and G-ketoacyl-CoA thijolase) are present in the matrix (Ap-
plekvist & Dallner, 1980; Huttinger et al., 1980). The en-
zymatic site of palmitoyl-CoA ligase is localized on the cy-
toplasmic surface of the peroxisomal membranes (Mannaerts
et al., 1982). Therefore, palmitoyl-CoA synthesized on the
cytoplasmic surface has to be transported through the per-
oxisomal membranes before it is oxidized by the 3-oxidation
pathway. The present study was undertaken to identify the
localization of lignoceroyl-CoA ligase in peroxisomes and to
gain a better understanding of the role these two acyl-CoA
ligases play in the manifestation of the peroxisomal disorders.

EXPERIMENTAL PROCEDURES

Acetylated trypsin, soybean trypsin inhibitor, malate, FAD,
NAD, L-carnitine, and a-cycylodextrin were purchased from
Sigma (St. Louis, MO). ATP and CoASH were obtained
from P-L Biochemicals (Milwaukee, WI). Octyl glucoside
(D-glucopyranoside) was purchased from United States Bio-
chemical Corp. (Cleveland, OH), and Triton X-100 was
purchased from Bio-Rad (Richmond, CA). [1-*C]Palmitic
acids (58.7 mCi/mmol) and KCN (52.0 mCi/mmol) were
purchased from New England Nuclear (Boston, MA). Ny-
codenz was obtained from Accurate Chemical and Scientific
Corp. (Westbury, NY). [1-'“C]Lignoceric acid was syn-
thesized by treatment of n-tricosanoyl bromide with K*CN
as described previously (Hoshi & Kishimoto, 1973).

Isolation of Peroxisomes from Rat Liver. Liver peroxi-
somes were prepared from Sprague-Dawley rats, fasted ov-
ernight and weighing approximately 250 g. Livers were
homogenized in 10 times (w/v) of a medium containing 0.25
M sucrose, | mM EDTA, | pg/mL antipain, 1 ug/mL leu-
peptin, 2 ug/mL aprotinin, 0.7 ug/mL of pepstatin, 0.2 mM
phenylmethanesulfonyl fluoride, 0.1% ethanol, and 3 mM
imidazole buffer, pH 7.4, at 4 °C. The homogenate was first
fractionated by differential centrifugation to prepare the light
mitochondrial “L” fraction (de Duve et al., 1955), and per-
oxisomes from the “L” fraction were prepared by isopycnic
equilibrium centrifugation in a continuous gradient consisting
of 28 mL of a 0—-50% gradient of Nycodenz with 4 mL of 55%
Nycodenz as a cushion in 39-mL tubes for a JV-20 Beckman
vertical rotor. The tubes were sealed and then centrifuged at
33700g for 60 min at 8 °C in a JV-20 Beckman centrifuge
with low acceleration and deceleration. The gradient was
collected from the bottom, each fraction was analyzed for
marker enzyme activities, and the densities of gradient frac-
tions were determined with a hand refractometer (Atago type
500). Gradient fractions were analyzed for the following
subcellular enzyme markers: cytochrome ¢ oxidase for mi-
tochondria (Cooperstein & Lazarow, 1951), NADPH-cyto-
chrome ¢ reductase for microsomes (Beaufay et al., 1974),
catalase for peroxisomes (Baudhuin et al., 1964), N-acetyl-
B-glucosaminidase for lysosomes (Sellinger et al., 1960), and
phosphoglucomutase for cytosol (Bronfman et al., 1984). The
purity of peroxisomes was approximately 95% as observed
previously (Lazo et al., 1989). Protein concentration was
determined by the procedure of Bradford (1976).

Peroxisomal integrity was measured by the latency of
catalase activity, a matrix enzyme. Catalase activity was
measured as described by Baudhuin et al. (1964). Total
catalase activity was measured by diluting peroxisomes 1:1
with 2% of Triton X-100, and free catalase activity was
measured in peroxisomes suspended in 0.25 M sucrose in the
absence of Triton X-100.

Enzyme Assay for Activation of Palmitic and Lignoceric
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Acids. The activities for palmitoyl-CoA and lignoceroyl-CoA
ligases were measured as described perviously (Singh et al.,
1985) except that [1-4C]palmitic and lignoceric acids were
solubilized with a-cyclodextrin (Singh & Kishimoto, 1983).
The fatty acid (20 X 106 cpm) was first dried in a test tube
under nitrogen and then resuspended in 3.5 mL of a-cyclo-
dextrin (20 mg/mL) by sonication for 1 h.

Production of Antibodies to Palmitoyl-CoA Ligase and
Peroxisomal Membranes. Antibodies against microsomal
palmitoyl-CoA ligase were prepared as described previously
(Singh et al., 1988). This antibody reacts with palmitoyl-CoA
ligase from mitochondria, microsomes, and peroxisomes
(Miyazawa et al., 1985). Peroxisomal membrane proteins
(PMP) prepared by pyrophosphate treatment (Leighton et al.,
1969) were emulsified with complete Freund’s adjuvant and
injected subcutaneously at various sites in rabbits followed by
boost injections of PMP in incomplete Freund’s adjuvant as
essentially described for palmitoyl-CoA ligase (Singh et al.,
1988).

RESULTS

Transverse Topographical Localization of Enzymatic Sites
of Palmitoyl-CoA and Lignoceroyl-CoA Ligases in the Per-
oxisomal Membrane. The topographical localization of the
enzymatic sites for palmitoyl-CoA and lignoceroyl-CoA ligases
in the transverse plane of the peroxisomal membranes was
examined in intact and disrupted peroxisomes by treatment
with proteolytic enzymes and antibodies to PMP and palmi-
toyl-CoA ligase.

Localization of Lignoceroyl-CoA Ligase Activity in Per-
oxisomes. We first determined the localization of lignoce-
royl-CoA ligase activity in peroxisomes. Peroxisomes were
disrupted by pyrophosphate treatment for various times at 4
°C, and peroxisomal membranes were separated from matrix
proteins by centrifugation. Catalase and acyl-CoA ligase
activities were measured in the membrane pellet sedimented
by centrifugation. Matrix proteins are released into the me-
dium when peroxisomal membranes are disrupted. We
measured membrane-bound catalase, a matrix enzyme, as an
index of intact peroxisomes. After 14 h of treatment with
pyrophosphate, 77% of peroxisomal catalase was released, and
after 18 h of treatment, only 5% of the total catalase was
present in the membranes. Lignoceroyl-CoA ligase activity
was observed only in peroxisomal membranes but not in the
matrix. After 18 h of pyrophosphate treatment, lignocero-
yl-CoA ligase and catalase activities in the membrane were
87 and 5%, respectively. Lignoceroyl-CoA ligase activity was
sensitive to long-term treatment with pyrophosphate because
this activity decreased in the membrane without its appearance
in the soluble fraction.

Effect of Temperature and Fatty Acids on Integrity of
Peroxisomes. We next examined the integrity of peroxisomes
in conditions (e.g., different temperatures and concentrations
of fatty acids) to which peroxisomes will be exposed to measure
the transverse topographical localization of acyl-CoA ligases
in the subsequent studies. Because peroxisomes are fragile,
it was essential to know the percent of intact peroxisomes in
an experiment to interpret the data from the transverse to-
pographical studies. The percent release of catalase from
peroxisomes (free catalase) is an index of disrupted peroxi-
somes, and the total catalase activity measured in the presence
of 0.1% Triton X-100 is an index of both intact and disrupted
peroxisomes.

Figure 1A shows the percent of free catalase when perox-
isomes were exposed to three different temperatures (4, 25,
or 37 °C) in the absence or presence of fatty acid (lignoceric
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FIGURE 1: Effect of temperature and fatty acids on the integrity of
peroxisomes. The integrity of peroxisomes suspended in 0.25 M sucrose
was measured as described in the text after treatment of peroxisomes
at different temperatures for different time periods in the absence
or presence of fatty acids solubilized with a-cyclodextrin. (A) rep-
resents treatment of peroxisomes at different temperatures for a period
of 30 min, and (B) represents subsequent treatment of peroxisomes
to two different temperatures for different periods of time. The
columns under lignoceric acid and palmitic acid represent the presence
of either 4 uM lignoceric or 6 uM palmitic acids in the incubation
mixture. The results are an average of four independent determinations
% the standard deviations.
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acid or palmitic acid) solublized with a-cyclodextrin for 30
min. The disruption of peroxisomes increased with an increase
in temperature, but the presence of fatty acid solubilized with
a-cyclodextrin in the incubation mixture had no effect (Figure
1A). The percent of free catalase after 30-min incubation at
4,25, and 37 °C was 10, 15, and 34%, respectively. Next,
we examined the integrity of peroxisomes after subsequent
exposure to two different temperatures for different times,
conditions to which peroxisomes were subjected to in subse-
quent experiments (Figure 1B). The incubation of peroxisomes
at 4 °C for 30 min (Figure 1A) or at 37 °C for 10 min (Figure
1B) resulted in 9 and 12% of free catalase,. respectively.
Subsequent exposure-at 4 °C for 30 min and then at 37 °C
for 10 min increased the percentage of free catalase to 16%.
The greatest disruption of peroxisomes (44% free catalase)
was observed when peroxisomes were first treated at 25 °C
for 30 min and then at 37 °C for 10 min. The presence or
absence of fatty acids solubilized with a-cyclodextrin had no
effect (Figure 1B). These results demonstrate that the dis-
ruption of peroxisomal integrity increased with an increase in
temperature and incubation time but that fatty acids solu-
bilized with a-cyclodextrin had no effect.

Effect of Disruption of Peroxisomes on the Activities of
Acyl-CoA Ligases. The disruption of peroxisomal integrity
increased with an increase in the duration of sonication of
purified peroxisomes as measured by an increase in the free
catalase activity (Figure 2). The disruption of peroxisomes
had no effect on the activity of palmitoyl-CoA ligase whereas
lignoceroyl-CoA ligase activity increased by 67% after 60 s
of sonication. Similar results were observed when peroxisomal
integrity was disrupted with detergent (octyl glucoside) or
digitonin. The disruption of the integrity of peroxisomes with
digitonin resulted in an increase in the activities of free catalase
and lignoceroyl-CoA ligase by 70 and 50%, respectively, but
it had no effect on the palmitoyl-CoA ligase activity (Figure
3). Disruption of peroxisomes with different concentrations
of octyl glucoside increased the free catalase activity by ap-
proximately 2-fold, and a similar increase was observed in the
activity of lignoceroyl-CoA ligase as compared to no change
in the activity of palmitoyl-CoA ligase. This parallel ap-
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FIGURE 2: Effect of sonication on peroxisomal integrity and pal-
mitoyl-CoA and lignoceroyl-CoA ligase activities. Purified peroxisomes
(30 ug of protein) were sonicated for different periods of time in
isotonic solution. Catalase (@), palmitoyl-CoA ligase (W), and lig-
noceroyl-CoA ligase (A) activities were measured as described in the
text. Free catalase, palmitoyl-CoA ligase, and lignoceroyl-CoA ligase
in intact peroxisomes (without sonication) were considered as 100%.
These results are the average of two independent determinations done
in duplicate. Specific activities of palmitoyl-CoA ligase and lig-
noceroyl-CoA ligase are 17.6 + 4.6 and 1.73 £ 0.70 nmol h™! (mg
of protein)~!, respectively.
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FIGURE 3: Effect of digitonin on peroxisomal integrity and palmi-
toyl-CoA and lignoceroyl-CoA ligase activities. Purified peroxisomes
(30 ug of protein) suspended in 0.1 mL of 0.25 M sucrose were
incubated with different amounts of digitonin for 1 h at 4 °C. Ac-
tivities for catalase (@), palmitoyl-CoA ligase (W), and lignoceroyl-CoA
ligase (A) were measured as described in the text. Free catalase and
palmitoyl-CoA ligase and lignaceroyl-CoA ligase in intact peroxisomes
(in the absence of digitonin) were expressed as 100%. The results
are an average of duplicates from two independent experiments.

pearance of a “latent pool” of lignoceroyl-CoA ligase activity
with disruption of peroxisomal integrity as compared to no
change in the activity of palmitoyl-CoA ligase suggests that
the enzymatic site for palmitoyl-CoA is localized on the cy-
toplasmic surface while that for lignoceroyl-CoA ligase is on
the luminal surface of the peroxisomal membrane.

Effect of Trypsin on Acyl-CoA Ligase Activities in Intact
and Disrupted Peroxisomes. In this experiment, intact per-
oxisomes were disrupted with 0.1% Triton X-100 and were
treated with trypsin (trypsin:peroxisomes ratio 1:20 by protein)
for 30 min at 25 °C, and then trypsin was inhibited with
soybean trypsin inhibitor. Acyl-CoA ligase activities were
examined in the presence of 0.05% Triton X-100 in the assay
medium to measure the total activities. Treatment with trypsin
in both intact (in the absence of Triton X-100) and disrupted
(Triton X-100 treatment) peroxisomes decreased palmitoyl-
CoA ligase activity by 95%, suggesting that almost all of the
palmitoyl-CoA ligase activity was accessible to trypsin in intact
peroxisomes (Figure 4C). The lignoceroyl-CoA ligase activity
in intact peroxisomes (without Triton X-100 treatment) de-
creased by only 32% (Figure 4B), and this corresponds to the
disrupted peroxisomes in the preparation (Figure 4A). On
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FIGURE 4: Effect of trypsin on peroxisomal palmitoyl-CoA and lig-
noceroyl-CoA ligase activities. The activities of catalase (A) were
measured after trypsin treatment of intact (absence of Triton X-100)
and disrupted (presence of Triton X-100) peroxisomes. Open bars
represent control activities without trypsin treatment, and solid bars
represent activities after trypsin treatment. Lignoceroyl-CoA ligase
(B) and palmitoyl-CoA ligase (C) activities were measured in the
presence of 0.05% Triton X-100 in the assay medium to measure the
total activity. Purified peroxisomes suspended in 0.25 M sucrose were
treated with trypsin (trypsin:peroxisome ratio 1:20 by protein) at 37
°C for 30 min in the presence or absence of 0.1% Triton X-100, and
then the trypsin was inhibited by the addition of soybean trypsin
inhibitor (trypsin:soybean trypsin inhibitor ratio 1:2 by protein). The
results are the average of duplicates from two independent experiments.

the other hand, trypsin decreased lignoceroyl-CoA ligase ac-
tivity by 78% in a peroxisomal preparation disrupted with
Triton X-100 (Figure 4B). The sensitivity of palmitoyl-CoA
ligase activity to trypsin as compared to lignoceroyl-CoA ligase
in the intact peroxisomes and the loss of lignoceroyl-CoA ligase
activity only in the disrupted peroxisomes suggest that pal-
mitoyl-CoA ligase is accessible to the trypsin in intact per-
oxisomes while lignoceroyl-CoA ligase is only accessible if
peroxisomes are disrupted. This implies that palmitoyl-CoA
is localized on the cytoplasmic surface whereas lignoceroyl-
CoA ligase is located on the luminal surface of peroxisomal
membranes.

Effect of Antibodies on the Activities of Acyl-CoA Ligases
in Intact and Disrupted Peroxisomes. In this experiment,
intact peroxisomes were first treated with antibodies to pal-
mitoyl-CoA ligase or antibodies raised against PMP, and
enzyme activities for palmitoyl-CoA and lignoceroyl-CoA
ligase were measured after removal of excessive antibodies by
centrifugation (Figure SA). A part of the sedimented per-
oxisomes was disrupted by treatment with Triton X-100, and
activities of palmitoyl-CoA and lignoceroyl-CoA ligases were
measured in these disrupted peroxisomes (Figure 5B). Finally,
a part of these disrupted peroxisomes was treated again with
antibodies to palmitoyl-CoA ligase or to PMP, and enzyme
activities for palmitoyl-CoA and lignoceroyl-CoA ligases were
measured (Figure 5C).

Antibodies to palmitoyl-CoA ligase inhibited palmitoyl-CoA
ligase by 76% but had little effect (18% inhibition) on lig-
noceroyl-CoA ligase activity in intact peroxisomes (Figure 5A).
No “latent” pool of palmitoyl-CoA ligase activity appeared
when these antibody-treated peroxisomes were disrupted with
Triton X-100 (Figure 5B). Moreover, treatment of disrupted
peroxisomes with antibodies to palmitoyl-CoA ligase resulted
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FIGURE 5: Effect of antibodies to palmitoyl-CoA ligase and perox-
isomal membrane proteins on peroxisomal palmitoyl-CoA and lig-
noceroyl-CoA ligase activities. Lignoceroyl-CoA ligase (solid bars)
and palmitoyl-CoA ligase (open bars) activities were examined in intact
peroxisomes treated with antibodies to palmitoyl-CoA ligase and to
PMP (A), peroxisomes disrupted with Triton X-100 after the antibody
treatment (B), and subsequent treatment with antibodies following
disruption of peroxisomes (C). Hatched bargraphs represent the
percent of free catalase (4). Peroxisomes were treated with preimmune
sera (1), antibodies to palmitoyl-CoA ligase (2), and antibodies to
PMP (3). Peroxisomes were first treated with antibodies to palmi-
toyl-CoA ligase (antibody:peroxisome ratio 26.3 by protein) and to
PMP (antibody:peroxisome ratio 27.6 by protein) for 1 h at 4 °C.
The excessive antibodies were removed by 4 times dilution and sed-
imentation of peroxisomes by centrifugation at 18000 rpm for 20 min
(A). Lignoceroyl-CoA and palmitoyl-CoA ligase activities were
measured after suspension of the pallet in 0.25 M sucrose, pH 7.4.
Part of the peroxisomes from different experiments in (A) was dis-
rupted by treatment with Triton X-100 (0.05%) at 4 °C for 30 min,
and acyl-CoA ligase activities were measured in these disrupted
peroxisomes (B). Part of these disrupted peroxisomes was again treated
with antibodies to palmitoyl-CoA ligase (antibody:peroxisome ratio
36.1 by protein) and to PMP (antibody:peroxisome ratio 37.8 by
protein) for 1 h at 4 °C, and then palmitoyl-CoA and lignoceroyl-CoA
ligase activities were measured as described in the text.
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in almost complete inhibition of palmitoyl-CoA ligase activity
(Figure 5C). The inhibition of palmitoyl-CoA ligase in intact
peroxisomes and the lack of a “latent” pool of palmitoyl-CoA
ligase activity in disrupted peroxisomes suggest that the en-
zymatic site for palmitoyl-CoA ligase is localized on the cy-
toplasmic surface of peroxisomes. The lack of effect of these
antibodies on lignoceroyl-CoA ligase activity in intact and
disrupted peroxisomes indicates that these antibodies do not
react with lignoceroyl-CoA ligase.

Antibodies to PMP contain antibodies against both pal-
mitoyl-CoA and lignoceroyl-CoA ligases because both of these
enzymes are components of PMP. Treatment of intact per-
oxisomes with antibodies against PMP inhibited both pal-
mitoyl-CoA and lignoceroyl-CoA ligase activities (Figure 5A).
Disruption of PMP antibody-treated peroxisomes with Triton
X-100 resulted in an increase of lignoceroyl-CoA ligase activity
but had no effect on palmitoyl-CoA ligase activity (Figure 5B).
The appearance of a “latent” pool of lignoceroyl-CoA ligase
activity after disruption of antibody-treated peroxisomes
(Figure 5B) and the inhibition of this activity following
treatment with PMP antibodies in disrupted peroxisomes
(Figure 5C) demonstrate that the enzymatic site for lig-
noceroyl-CoA ligase is localized on the luminal surface of the
peroxisomal membrane. Inhibition of palmitoyl-CoA ligase
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activity by both antibodies in intact peroxisomes (Figure 5A)
indicates that the enzymatic site of palmitoyl-CoA ligase is
localized on the cytoplasmic surface of the peroxisomal
membrane.

DISCUSSION

Our results demonstrate that peroxisomal lignoceroyl-CoA
ligase, like palmitoyl-CoA ligase (Krisan et al., 1980), is a
constituent of the peroxisomal membrane and is not a matrix
protein. The normal activity for palmitoyl-CoA ligase as
compared to the deficient activity for lignoceroyl-CoA ligase
in peroxisomes from X-ALD patients (Lazo et al., 1988) and
the differential effect of detergents on these activities (Singh
& Poulos, 1988) demonstrate that these two peroxisomal
acyl-CoA ligase activities are two separate enzymes. Other
cellular acyl-CoA ligase activities are found in mitochondria
and microsomes. Cellular lignoceroyl-CoA ligase activity is
present only in microsomes and peroxisomes whereas palmi-
toyl-CoA ligase is present in mitochondria, microsomes, and
peroxisomes (Singh & Poulos, 1988; Lazo et al., 1988). The
normal activity of microsomal lignoceroyl-CoA ligase com-
pared to the deficient activity of peroxisomal lignoceroyl-CoA
ligase (Lazo et al., 1988) and the differential effect of detergent
on this activity in peroxisomes and microsomes (Singh &
Poulos, 1988) suggest that the lignoceroyl-CoA ligases found
in microsomes and peroxisomes are two separate enzymes. The
palmitoyl-CoA ligases in mitochondria, microsomes, and
peroxisomes have the same molecular mass (76 kDa), and
polyclonal antibodies to the microsomal enzyme cross-react
with this ligase in microsomes as well as in peroxisomes and
mitochondria (Miyazawa et al., 1985; Singh et al., 1988).

The enzymatic site for palmitoyl-CoA ligase in microsomal
membranes isolated from liver (Polokoff & Bell, 1978) and
brain (Singh, 1985; Singh et al., 1985) has been determined
to be on the cytoplasmic surface. Similar studies with per-
oxisomes have also shown the enzymatic site on the cyto-
plasmic surface (Mannaerts et al., 1982). However, in a study
to immunocytochemically localize palmitoyl-CoA ligase, it was
suggested that activation of fatty acid to acyl-CoA esters by
this enzyme might occur inside the peroxisomes based on a
higher density of gold particles on the matrical side of per-
oxisomal membranes (Yokota et al., 1987). Our results agree
with the former observations (Mannaerts et al., 1982) indi-
cating that the enzymatic site for palmitoyl-CoA ligase is on
the cytoplasmic surface of peroxisomes. Therefore, some
domains of the palmitoyl-CoA ligase polypeptide on the lu-
minal side of the peroxisomal membrane may be easily ac-
cessible to antibodies to palmitoyl-CoA ligase. The enzymatic
site of lignoceroyl-CoA ligase in microsomal membranes is on
the cytoplasmic surface (Singh et al., 1985). Several lines of
evidence reported in this study demonstrate that the enzymatic
site of lignoceroyl-CoA ligase is on the luminal side of per-
oxisomal membranes. (1) Disruption of peroxisomal mem-
branes by different techniques resulted in the release of a
“latent” pool of catalase, a matrix enzyme, and as well as
lignoceroyl-CoA ligase while palmitoyl-CoA ligase activity was
unchanged. (2) Proteolytic enzyme treatment (trypsin) in-
hibited palmitoyl-CoA ligase activity but had no effect on
lignoceroyl-CoA ligase activity in intact peroxisomes, and
lignoceroyl-CoA ligase activity was only inhibited if peroxi-
somal integrity was disrupted before the trypsin. (3) Anti-
bodies to palmitoyl-CoA ligase inhibited palmitoyl-CoA ligase
activity in intact peroxisomes, and no “latent” pool of activity
appeared when the integrity of antibody-treated peroxisomes
was disrupted with detergent. The antibodies raised against
PMP inhibited the activities of both palmitoyl-CoA and lig-
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noceroyl-CoA ligases in intact peroxisomes. The disruption
of PMP antibody-treated peroxisomes resulted in the ap-
pearance of a “latent” pool of only lignoceroyl-CoA ligase but
not of palmitoyl-CoA ligase. The “latent” pool of lignocero-
yl-CoA ligase activity was inhibited when detergent-disrupted
peroxisomes were treated with PMP antibodies. These results
clearly demonstrate that in the peroxisomal membrane the
enzymatic site of palmitoyl-CoA ligase is on the cytoplasmic
surface while for lignoceroyl-CoA ligase, the enzymatic site
is located on the luminal surface.

Lignoceric acid is primarily and possibly exclusively 8-ox-
idized in peroxisomes (Singh et al., 1984a) whereas lignoce-
royl-CoA can be S-oxidized both in mitochondria and the
peroxisomes (Lazo et al., submitted for publication). However,
due to the absence of lignoceroyl-CoA ligase in mitochondria
(Lazo et al., submitted for publication) and the instability of
cytoplasmic lignoceroyl-CoA in vivo (Lazo et al., 1989), the
B-oxidation of very long chain fatty acids may be restricted
to peroxisomes. The peroxisomal g-oxidation enzymes
(acyl-CoA oxidase, bifunctional enzyme, and acyl-CoA thio-
lase) are peroxisomal matrix constituents whereas the acyl-
CoA ligases for both palmitic and lignoceric acids are per-
oxisomal membrane constituents. Therefore, the fatty acids
must first be activated to acyl-CoA esters in peroxisomal
membranes and then be transported to the matrix for their
B-oxidation. The localization of the enzymatic site of pal-
mitoyl-CoA ligase on the cytosolic surface suggests that
palmitoyl-CoA is synthesized on the cytoplasmic surface and
is then transported through the peroxisomal membrane for its
B-oxidation in the matrix. On the other hand, the localization
of the enzymatic site of lignoceroyl-CoA ligase on the luminal
surface of peroxisomes implies that lignoceric acid is first
transported through the peroxisomal membrane as free fatty
acid and is then activated to lignoceroyl-CoA on the luminal
surface of peroxisomal membranes before its 3-oxidation in
the matrix.

The activation and §-oxidation of lignoceric acid are defi-
cient in peroxisomes from X-ALD patients but are not com-
pletely absent (Lazo et al., 1988). Residual activities in
peroxisomes from X-ALD are derived from normal palmito-
yl-CoA ligase activity (Lazo et al.,, 1989). Therefore, in
X-ALD, lignoceroyl-CoA synthesized by palmitoyl-CoA ligase
on the cytoplasmic surface of peroxisomes is transported
through the peroxisomal membrane instead of free lignoceric
acid. The lack of B-oxidation of lignoceric acid in peroxisomes
from X-ALD could be due either to an abnormality in the
transport of lignoceric acid through the membrane or to its
activation by lignoceroyl-CoA ligase. However, the normal
B-oxidation of lignoceroyl-CoA and the deficient activity of
lignoceroyl-CoA ligase in peroxisomes from X-ALD (Lazo et
al., 1988) would support the thesis that the defect in the
B-oxidation of lignoceric acid in X-ALD is due to deficient
activity of lignoceroyl-CoA ligase.

ACKNOWLEDGMENTS

We thank Fran Shuler for typing the manuscript.

Registry No. Lignoceroyl-CoA ligase, 94894-42-5; palmitoyl-CoA
ligase, 9013-18-7.

REFERENCES

Appelkvist, E. L., & Dallner, G. (1980) Biochim. Biophys.
Acta 617, 156-160.

Baudhuin, P., Beaufay, H., Rahman-Li, Y., Sellinger, O. Z.,
Wattiaux, R., Jacques, P., & De Duve, C. (1964) Biochem.
J. 92, 179-184.



3986 Biochemistry, Vol. 29, No. 16, 1990

Beaufay, H., Amar-Cortesee, A., Feytmans, E., Thines-Sem-
paour, D., Wibo, M., Robi, M., & Berthet, T. (1974) J. Cell
Biol. 61, 188-200.

Bradford, M. (1976) Anal. Chem. 72, 248~254.

Bronfman, M., Inestrosa, N. C., Nervi, F., & Leighton, F.
(1984) Biochem. J. 224, 709-720.

Cooperstein, S. J., & Lazarow, P. B. (1951) J. Biol. Chem.
189, 665-670.

De Duve, C., Pressman, B. C., Gitnette, R., Watiaux, R., &
Appelman, F. (1955) Biochem. J. 60, 604-617.

Groot, P. H. E., Scholte, H. R., & Hulsman, W. C. (1976)
Ady. Lipid Res. 14, 75-125.

Hashmi, M., Stanley, W., & Singh, 1. (1986) FEBS Lett. 196,
247-250.

Hoshi, M., & Kishimoto, Y. (1973) J. Biol. Chem. 248,
4123-4130.

Huttinger, M., Goldenberg, H., & Kramar, R. (1980) Hop-
pe-Seyler’s Z. Physiol. Chem. 316, 1125-1128.

Krisans, S. K., Mortensen, R. M., & Lazarow, P. B. (1980)
J. Biol. Chem. 255, 9599-9607.

Lazarow, P. B., & De Duve, C. (1976) Proc. Natl. Acad. Sci.
U.S.A. 73, 2043-2046.

Lazo, O., Contreras, M., Hashmi, M., Stanley, W., Irazu, C.,
& Singh, 1. (1988) Proc. Natl. Acad. Sci. US.A. 85,
7647-7651.

Lazo, O., Contreras, M., Bhushan, A., Stanley, W., & Singh,
1. (1989) Arch. Biochem. Biophys. 270, 722-728.

Leighton, F. B, Poole, F. B., Lazarow, P. B., & De Duve, C.
(1969) J. Cell Biol. 41, 521-535.

Mannaerts, G. P., Van Veldhoven, P., Van Brockhoven, A.,
Vandebrock, G., & Debeer, L. J. (1982) Biochem. J. 204,

Lazo et al.

17-23.

Miyazawa, S., Hashimoto, T., & Yokoda, S. (1985) J. Bio-
chem. (Tokyo) 98, 723-733.

Polokoff, M. A., & Bell, R. M. (1978) J. Biol. Chem. 253,
7173-7178.

Sellinger, O. Z., Beaufay, H., Jacques, P., Doyer, A., & De
Duve, C. (1960) Biochem. J. 74, 450-456.

Shindo, Y., & Hashimoto, T. (1978) J. Biochem. (Tokyo) 84,
1177-1181.

Singh, H., & Poulos, A. (1988) Arch. Biochem. Biophys. 266,
486-495.

Singh, I. (1985) Int. Soc. Neurochem. 445, 51C.

Singh, I., & Kishimoto, Y. (1983) J. Lipid Res. 24, 662-665.

Singh, 1., Moser, H. W., Moser, A. E., & Kishimoto, Y.
(1981) Biochem. Biophys. Res. Commun. 102, 1223-1229.

Singh, I., Moser, A. E., Goldfischer, S., & Moser, H. W.
(1984a) Proc. Natl. Acad. Sci. US.A. 81, 4203-4207.

Singh, 1., Moser, H. W., Moser, A. E., & Kishimoto, Y.
(1984b) Pediatr. Res. 18, 286-290.

Singh, I, Singh, R. P., Bhushan, A., & Singh, A. K. (1985)
Arch. Biochem. Biophys. 236, 418-426.

Singh, 1., Bhushan, A., Relan, N. K., & Hashimoto, T. (1988)
Biochim. Biophys. Acta 963, 509-514.

Wanders, R. J. A., Van Roermund, C. W. T., Van Wijland,
M. J. A, Schutgens, R. B. H., Van Den Bosch, H., Shram,
A. W., & Tager, J. M. (1988) Biochem. Biophys. Res.
Commun. 153, 618—624,

Yokota, S., Volkl, A., Hashimoto, T., & Fahimi, H. D. (1987)
in Peroxisomes in Medicine and Biology (Fahimi, H. D.,
& Seis, H., Eds.) pp 115-127, Springer-Verlag, Berlin and
Heidelberg.



