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Abstract

 

a

 

-Methylacyl-CoA racemase plays an important
role in the 

 

b

 

-oxidation of branched-chain fatty acids and
fatty acid derivatives because it catalyzes the conversion of
several (2

 

R

 

)-methyl-branched-chain fatty acyl-CoAs to their
(

 

S

 

)-stereoisomers. Only stereoisomers with the 2-methyl
group in the (

 

S

 

)-configuration can be degraded via 

 

b

 

-
oxidation. Patients with a deficiency of 

 

a

 

-methylacyl-CoA
racemase accumulate in their plasma pristanic acid and the
bile acid intermediates di- and trihydroxycholestanoic acid,
which are all substrates of the peroxisomal 

 

b

 

-oxidation sys-
tem. Subcellular fractionation experiments, however, re-
vealed that both in humans and rats 

 

a

 

-methylacyl-CoA race-
mase is bimodally distributed to both the peroxisome and
the mitochondrion. Our findings show that the peroxisomal
and mitochondrial enzymes are produced from the same
gene and that, as a consequence, the bimodal distribution
pattern must be the result of differential targeting of the
same gene product. In addition, we investigated the physio-
logical role of the enzyme in the mitochondrion.  Both in
vitro studies with purified heterologously expressed protein
and in vivo studies in fibroblasts of patients with an 

 

a

 

-meth-
ylacyl-CoA racemase deficiency revealed that the mitochon-
drial enzyme plays a crucial role in the mitochondrial 

 

b

 

-
oxidation of the breakdown products of pristanic acid
by converting (2

 

R

 

,6)-dimethylheptanoyl-CoA to its (

 

S

 

)-
stereoisomer.

 

—

 

Ferdinandusse, S., S. Denis, L. IJlst, G. Dacre-
mont, H. R. Waterham, and R. J. A. Wanders. 

 

Subcellular
localization and physiological role of 

 

a

 

-methylacyl-CoA
racemase. 

 

J. Lipid Res.

 

 2000.

 

 41:

 

 1890–1896.

 

Supplementary key words

 

branched-chain fatty acid 

 

b

 

-oxidation 

 

•

 

stereospecificity 

 

•

 

 (2

 

R

 

,6)-dimethylheptanoyl-CoA

 

Peroxisomes in mammals harbor two distinct pathways
for fatty acid 

 

b

 

-oxidation. The first pathway catalyzes the

 

b

 

-oxidation of very long-chain fatty acids, such as C26:0,
and the second pathway catalyzes the 

 

b

 

-oxidation of
branched-chain fatty acids and fatty acid derivatives, such
as pristanic acid and the bile acid intermediates di- and
trihydroxycholestanoic acid (DHCA

 

 

 

and THCA, respec-
tively). The central role of peroxisomes in the oxidation

 

of branched-chain fatty acids and fatty acid derivatives is
clearly demonstrated by studies in patients with Zellweger
syndrome, who lack functional peroxisomes. Analysis of
plasma from these patients reveals a series of abnormali-
ties including the accumulation of DHCA, THCA, phy-
tanic acid, and pristanic acid, which is derived from phy-
tanic acid after one cycle of 

 

a

 

-oxidation in the peroxisome
(1). Previous studies have shown that the peroxisomal

 

b

 

-oxidation system is stereospecific (2–4), because the per-
oxisomal oxidases [branched-chain acyl-coenzyme A (CoA)
oxidase in humans and trihydroxycholestanoyl-CoA (THC-
CoA) oxidase and pristanoyl-CoA oxidase in rat] can handle
only the (

 

S

 

)-stereoisomer of 2-methyl-branched acyl-CoAs
(2, 3). Because both phytanic acid (3,7,11,15-tetramethyl-
hexadecanoic acid) and pristanic acid (2,6,10,14-tetrameth-
ylpentadecanoic acid) naturally occur as a mixture of two dif-
ferent diastereomers [(2

 

S

 

,6

 

R

 

,10

 

R

 

) and (2

 

R

 

,6

 

R

 

,10

 

R

 

) in the
case of pristanic acid] (5), the (2

 

R

 

)-pristanic acid first
needs to be converted to its (

 

S

 

)-stereoisomer to become
substrate for the peroxisomal 

 

b

 

-oxidation (

 

Fig. 1

 

). This
conversion is catalyzed by a racemase called 

 

a

 

-methylacyl-
CoA racemase, which catalyzes the interconversion of a
large variety of (

 

R

 

)- and (

 

S

 

)-2-methyl-branched-chain fatty
acyl-CoAs (6–9). The same racemase is also essential for
the degradation of DHCA and THCA (7, 9), of which only
the (25

 

R

 

)-stereoisomers are produced via (

 

R

 

)-specific mi-
tochondrial 27-hydroxylation (10) (Fig. 1).

Studies on the subcellular localization of 

 

a

 

-methylacyl-
CoA racemase revealed that the enzyme activity is not only
localized in peroxisomes but is also present in mitochon-
dria, at least in humans (7, 8). In rat, however, the local-
ization is controversial. Conzelmann and co-workers, who

 

Abbreviations: DHCA, dihydroxycholestanoic acid; EDTA, ethyl-
enediaminetetraacetic acid; HPLC, high performance liquid chroma-
tography; LCAD, long-chain acyl-CoA dehydrogenase; MBP, maltose-
binding protein; MOPS, morpholinepropane sulfonic acid; THCA, tri-
hydroxycholestanoic acid; THC-CoA, trihydroxycholestanoyl coenzyme A. 
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purified the enzyme from rat liver, reported that it is ex-
clusively localized in mitochondria (7), while Van Veld-
hoven and co-workers also detected racemase activity in
rat liver peroxisomes although the distribution among the
two organelles was quite different from that in human
liver (8).

The peroxisomal localization of this enzyme is obvious
in view of the importance of peroxisomes in the degrada-
tion of branched-chain fatty acids. It is less clear why mi-
tochondria would need 

 

a

 

-methylacyl-CoA racemase ac-
tivity. It has been hypothesized, however, that this is
necessary for the further oxidation of the breakdown
products of pristanic acid (8, 11) because pristanic acid
contains three chiral carbon atoms. The methyl groups
at positions 6 and 10 of naturally occurring pristanic acid
have the (

 

R

 

)-configuration. Therefore, (2

 

R

 

,6

 

R

 

,10)-trimeth-
ylundecanoyl-CoA, which is formed from pristanic acid
after two 

 

b

 

-oxidation cycles, requires racemization be-
fore it can be further degraded (see 

 

Fig. 2

 

). After three
cycles of 

 

b

 

-oxidation (4

 

R

 

,8)-dimethylnonanoyl-CoA is ex-
ported from the peroxisome as a carnitine ester (12, 13)
and subsequently further 

 

b

 

-oxidized in the mitochon-
drion. As in peroxisomes, the dehydrogenating enzymes
in the mitochondrion have been shown to be absolutely
specific for the (2

 

S

 

)-isomer (4, 14). As a consequence,
(2

 

R

 

,6)-dimethylheptanoyl-CoA, which is formed after
four 

 

b

 

-oxidation cycles (Fig. 2), first needs to be con-
verted to its (

 

S

 

)-stereoisomer before further degradation
is possible. It is unknown which racemase is responsible
for this conversion, but 

 

a

 

-methylacyl-CoA racemase is a
good candidate.

In this article, we have studied the subcellular localiza-
tion of 

 

a

 

-methylacyl-CoA racemase in both humans and
rat, and show that 

 

a

 

-methylacyl-CoA racemase is the
enzyme that is responsible for the racemase activity mea-
sured in both peroxisomes and mitochondria. Further-
more, we have studied the physiological role of 

 

a

 

-
methylacyl-CoA racemase in the mitochondrion and
demonstrate that this enzyme is the main if not the only
racemase that converts (2

 

R

 

,6)-dimethylheptanoyl-CoA
into its (

 

S

 

)-stereoisomer.

MATERIALS AND METHODS

 

Subcellular fractionation of liver homogenates

 

Livers obtained from male Wistar rats that had been fed a
standard laboratory diet supplemented with 1% (w/w) di-(2-
ethylhexyl)-phthalate for 7 days, were homogenized in 250 mM
sucrose, 5 mM morpholinepropane sulfonic acid (MOPS), and
0.1 mM ethylene glycol-bis(

 

b

 

-aminoethyl ether)-

 

N

 

,

 

N

 

,

 

N

 

9

 

,

 

N

 

9

 

-tet-
raacetic acid (final pH 7.4). A postnuclear supernatant was pro-
duced by centrifugation of the homogenate at 600 

 

g

 

 for 10 min
at 4

 

8

 

C and subjected to differential centrifugation as described
previously (15). The light mitochondrial fraction, enriched in
peroxisomes and lysosomes, was subfractionated by equilibrium
density gradient centrifugation in a linear Nycodenz gradient as
described (16). Pieces of human liver were obtained from pa-
tients undergoing liver resection. The tissue was homogenized
in 250 mM sucrose, 2 mM MOPS, and 0.5 mM ethylenediamine-
tetraacetic acid (EDTA) (final pH 7.4), and subcellular fraction-
ation was carried out as described for rat liver. Catalase (17) and
glutamate dehydrogenase (18) were used as marker enzymes for
peroxisomes and mitochondria, respectively.

Fig. 1. Schematic representation of the steps involved in the oxidation of (3R)- and (3S)-phytanic acid as
derived from dietary sources and (25R)-THCA produced from cholesterol in the liver. After the activation of
(3R)- and (3S)-phytanic acid to their corresponding CoA esters, they both become substrates for the peroxi-
somal a-oxidation system, which produces (2R)- and (2S)-pristanoyl-CoA. Because branched-chain acyl-CoA
oxidase, the first enzyme of the b-oxidation system, can handle only the (S)-stereoisomer, (2R)-pristanoyl-
CoA needs to be converted by a-methylacyl-CoA racemase (AMACR) into its (2S)-stereoisomer. The bile acid
intermediates DHCA and THCA are exclusively produced as (25R)-stereoisomers. To be b-oxidized, the CoA
esters of the (25R)-stereoisomer also need to be converted by a-methylacyl-CoA racemase (AMACR) into
their (25S)-stereoisomers.
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Expression of 

 

a

 

-methylacyl-CoA racemase
in 

 

Escherichia coli

 

The cDNA encoding human 

 

a

 

-methylacyl-CoA racemase
(GenBank accession number AF158378) was expressed as a fu-
sion protein with maltose-binding protein (MBP) as described
previously (9). The fusion protein was purified from 

 

Escherichia
coli

 

 lysate by one-step affinity chromatography according to the
manufacturer protocol (New England BioLabs, Beverly, MA).

 

Synthesis of the substrates for the enzyme assays

 

The CoA thioesters of THCA (19) and 2,6-dimethylheptanoic
acid (20) were chemically synthesized by the method described
by Rasmussen, Börchers, and Knudsen (21). The two stereoiso-
mers of THCA were purified by high performance liquid chro-
matography (HPLC) as described previously (9).

 

Patient cell lines

 

The cell lines used in this study were from two patients with a
defined deficiency of 

 

a

 

-methylacyl-CoA racemase caused by mu-
tations in the encoding gene. Racemase activity in fibroblasts of
these patients as measured with THC-CoA as substrate was com-
pletely deficient (9).

 

Enzyme assays

 

a

 

-Methylacyl-CoA racemase activity in the subcellular frac-
tions obtained by differential centrifugation of rat and human
liver homogenates was measured with (25

 

R

 

)-THC-CoA as sub-

strate. The production of (25

 

S

 

)-THC-CoA was monitored by
HPLC essentially as described previously (9) with one minor mod-
ification: 100 mM Bis-Tris-Propane (pH 7.5) was used as buffer in
the incubation. Racemase activity measurements of the purified
human 

 

a

 

-methylacyl-CoA racemase-MBP fusion protein with
(25

 

S

 

)-THC-CoA as substrate were performed as described (9).
Racemase activity of the purified human 

 

a

 

-methylacyl-CoA
racemase-MBP fusion protein was also determined with 2,6-
dimethylheptanoyl-CoA as substrate. Because the two stereoiso-
mers of 2,6-dimethylheptanoyl-CoA could not be separated by
our HPLC method, we developed a coupled assay with purified
long-chain acyl-CoA dehydrogenase (LCAD) to measure the ac-
tivity. Purified LCAD (2.6 

 

m

 

U, determined with C8-CoA as sub-
strate) was incubated with a racemic mixture of 2,6-dimethylhep-
tanoyl-CoA in the absence or the presence of 3 

 

m

 

g of purified

 

a

 

-methylacyl-CoA racemase-MBP fusion protein. The incubation
mixture consisted of 100 mM sodium phosphate-0.1 mM EDTA
(pH 7.2), 0.4 mM hexafluorophosphate, 20 

 

mM FAD, and 50 mM
2,6-dimethylheptanoyl-CoA. Reactions were allowed to proceed
for 15, 30, or 60 min at 378C and terminated by the addition of
0.18 M HCl. Production of 2,6-dimethylheptenoyl-CoA was fol-
lowed by HPLC. This was done with a reversed-phase C18 column
(Alltima 250 3 4.6 mm; Alltech, Deerfield, IL) and optimal reso-
lution was achieved by elution with a linear gradient of methanol
in 50 mM potassium phosphate buffer (pH 5.3).

The coupled assay was also used to determine racemase activ-
ity for 2,6-dimethylheptanoyl-CoA in fibroblast homogenates. In-

Fig. 2. Schematic representation of the pristanic
acid b-oxidation and the involvement of racemase
activity in mitochondria and peroxisomes.
(2R,6R,10R,14)-pristanoyl-CoA (I), which is the
configuration of half of the naturally occurring
pristanoyl-CoA, needs to be converted to its (S)-ste-
reoisomer before it can enter the b-oxidation spi-
ral because the peroxisomal oxidases, the first en-
zymes of the b-oxidation system, can handle only
(S)-stereoisomers.  The result ing product,
(4R,8R,12)-trimethyltridecanoyl-CoA (II), can be
b-oxidized without any problem, but the next in-
termediate in the breakdown process of pristanic
acid is again a 2-methyl-branched fatty acyl-CoA
[(2R,6R,10)-trimethylundecanoyl-CoA (III)] with
the (R)-configuration and requires therefore a
racemase to convert it to its (S)-stereoisomer. After
another cycle of b-oxidation (4R,8)-dimethyl-
nonanoyl-CoA (IV) is transported from the peroxi-
some to the mitochondrion as carnitine ester for
further oxidation. One cycle of mitochondrial
b-oxidation results in the production of (2R,6)-
dimethylheptanoyl-CoA (V) and a racemase is
needed to form the (S)-stereoisomer, which can be
b-oxidized to completion.
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stead of a racemic mixture, however, 50 mM purified (2R,6)-
dimethylheptanoyl-CoA was used as substrate in the assay. The
protein concentration was 0.5 mg/ml and the reactions were al-
lowed to proceed for 30 min at 378C.

Purification of LCAD
Purified LCAD was a generous gift from T. Hashimoto (Shin-

shu University School of Medicine, Matsumoto, Japan). Purifica-
tion was performed as described (22).

Preparation of antibodies
a-Methylacyl-CoA racemase-MBP fusion protein expressed in

E. coli was purified from the lysate, subjected to preparative so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis, iso-
lated from the gel, and used to raise antibodies. To this end, a
female New Zealand White rabbit was injected subcutaneously
with 250 mg of the antigen mixed with an equal volume of
Freund’s complete adjuvant. After 1 month, the immunization
was continued by booster injections (each containing 250 mg of
antigen in Freund’s incomplete adjuvant) until a satisfactory
antibody titer was obtained.

Immunoblot analysis
Thirty microliters of each fraction of the Nycodenz density

gradients from rat or human liver was subjected to electro-
phoresis on a 10% (w/v) SDS-polyacrylamide gel essentially as
described by Laemmli (23) and transferred to a nitrocellulose
sheet. After blocking of nonspecific binding sites with Protifar
(50 g/l; Nutricia, Zoetermeer, The Netherlands) in Tween 20 at
1 g/l in phosphate-buffered saline (Tween 20-PBS) for 1 h, the
blot was incubated for 2 h with rabbit polyclonal antibodies
raised against human a-methylacyl-CoA racemase diluted
1:5,000 in Protifar (10 g/l). Goat anti-rabbit IgG antibodies con-
jugated to alkaline phosphatase and CDP-star were used for de-
tection according to the manufacturer instructions (Boehringer
Mannheim Biochemicals, Indianapolis, IN).

RESULTS

Subcellular localization of a-methylacyl-CoA
racemase in rat liver

Thus far, the subcellular localization of a-methylacyl-
CoA racemase in rat has been controversial. To resolve
this, we have performed both differential and density
gradient centrifugation experiments. A peroxisome-
enriched fraction was first prepared by differential cen-
trifugation and subsequently further fractionated by
Nycodenz equilibrium density gradient centrifugation.
The distinct activity patterns for the marker enzymes
catalase (peroxisomes) and glutamate dehydrogenase
(mitochondria) demonstrate a good separation between
the various subcellular organelles (Fig. 3A). When race-
mase activity was measured in the gradient fractions
with (25R)-THC-CoA as substrate, most of the activity
was associated with the mitochondrial fractions and
some activity was found in the peroxisomal fractions
(Fig. 3B).

To study the possibility that the racemase activities in
peroxisomes and mitochondria are derived from the same
enzyme, we used a specific antiserum raised against re-
combinant human a-methylacyl-CoA racemase expressed
in and purified from E. coli. Immunoblotting experiments

revealed that this antiserum cross-reacts with the rat liver
enzyme and specifically recognizes a single protein spe-
cies of ,44 kDa, which is in good agreement with the pre-
dicted molecular mass of rat a-methylacyl-CoA racemase
(data not shown). Immunoblot analysis of the fractions
from the density gradient revealed a similar distribution
pattern for the 44-kDa protein as for the racemase activity
(Fig. 3B–D), suggesting that a-methylacyl-CoA racemase
could be responsible for both the mitochondrial and the
peroxisomal racemase activity measured.

Fig. 3. Rat liver subcellular fractions were obtained by equilib-
rium density gradient centrifugation as described in Materials and
Methods. Fractions were analyzed for the activity of the peroxiso-
mal marker enzyme catalase (solid squares) and the mitochondrial
marker enzyme glutamate dehydrogenase (solid triangles) (A),
and a-methylacyl-CoA racemase (solid circles) measured with THC-
CoA as substrate (B). Relative activities are expressed as a percentage
of total gradient activity present in each fraction. (C) Immunoblot
analysis with an antibody raised against human a-methylacyl-CoA
racemase. (D) Densitometric analysis of the immunoblot (solid
diamonds). The pattern of distribution of racemase activity and
the mean density of the cross-reactive immunological material
were similar.
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Subcellular localization of a-methylacyl-CoA
racemase in human liver

Measurement of racemase activity in the different frac-
tions of the human gradient also revealed a bimodal ac-
tivity profile as observed for rat liver. In contrast to the sit-
uation in rat, however, the activity associated with
peroxisomes was higher than the mitochondrial activity
(Fig. 4B). In addition, some racemase activity was mea-
sured in the upper part of the gradient. This activity is
most likely due to a-methylacyl-CoA racemase released

from peroxisomes broken during the homogenization
process because these fractions also contain catalase, a
peroxisomal matrix protein. The pattern of distribution
obtained by immunoblot experiments using the anti-
serum against a-methylacyl-CoA racemase was similar to
the distribution of the activity measured in the gradient
fractions (Fig. 4B–D). Furthermore, the antiserum recog-
nized only one protein species of ,44 kDa in the various
fractions, which is the predicted molecular mass of human
a-methylacyl-CoA racemase.

In vitro study of the mitochondrial function
of a-methylacyl-CoA racemase

A possible physiological function of a-methylacyl-CoA
racemase in the mitochondrion is that it is involved in the
mitochondrial b-oxidation of the breakdown products of
pristanic acid, notably 2,6-dimethylheptanoyl-CoA (Fig. 2).
We first tested this hypothesis by measuring the activity of
purified human a-methylacyl-CoA racemase expressed as
a fusion protein with MBP in E. coli, using 2,6-dimethyl-
heptanoyl-CoA as substrate. To this end, we developed a
coupled assay making use of purified rat LCAD, which was
previously shown to dehydrogenate 2,6-dimethylheptanoyl-
CoA into its corresponding enoyl-CoA ester (20) and to
be stereospecific for (S)-stereoisomers (4, 14). Indeed, on
incubation of a chemically synthesized racemic mixture of
2,6-dimethylheptanoyl-CoA with LCAD, only half the mix-
ture was converted to the enoyl-CoA ester (Fig. 5). When
the mixture was incubated with LCAD in the presence of
purified a-methylacyl-CoA racemase, however, an increas-
ing amount of 2,6-dimethylheptenoyl-CoA was formed over
time (Fig. 5). These results show that a-methylacyl-CoA race-
mase is able to convert (2R,6)-dimethylheptanoyl-CoA into
its (S)-stereoisomer, which can then be desaturated by
LCAD. The calculated activity of the purified a-methyl-
acyl-CoA racemase-MBP fusion protein with 2,6-dimethyl-
heptanoyl-CoA was comparable to the activity measured
with THC-CoA as substrate (17.9 and 15.4 nmol/min/
mg, respectively).

Fig. 4. Human liver subcellular fractions were obtained by equilib-
rium density gradient centrifugation as described in Materials and
Methods. Fractions were analyzed for the activity of the peroxisomal
marker enzyme catalase (solid squares) and the mitochondrial
marker enzyme glutamate dydrogenase (solid triangles) (A), and a-
methylacyl-CoA racemase (solid circles) measured with THC-CoA as
substrate (B). Relative activities are expressed as a percentage of total
gradient activity present in each fraction. (C) Immunoblot analysis
with an antibody raised against human a-methylacyl-CoA racemase.
(D) Densitometric analysis of the immunoblot (solid diamonds).
The pattern of distribution of racemase activity and the mean density
of the cross-reactive immunological material were similar.

Fig. 5. 2,6-Dimethylheptanoyl-CoA was incubated with purified
rat LCAD in the absence (2AMACR) or in the presence
(1AMACR) of purified human a-methylacyl-CoA racemase-MBP
fusion protein. The production of the enoyl-CoA esters, 2,6-dimeth-
ylheptenoyl-CoA (solid squares), and the consumption of the sub-
strate, 2,6-dimethylheptanoyl-CoA (solid triangles), was monitored
over time by HPLC analysis.
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In vivo study of the mitochondrial function 
of a-methylacyl-CoA racemase

To examine the putative mitochondrial function of a-
methylacyl-CoA racemase in vivo, we first measured the
racemase activity using 2,6-dimethylheptanoyl-CoA as sub-
strate in fibroblast lysates from control subjects and from
patients with an established a-methylacyl-CoA racemase de-
ficiency. Previously, we already showed that fibroblast lysates
of these patients were no longer able to convert (25R)-
THC-CoA into the (25S) form (9; Table 1). Using 2,6-di-
methylheptanoyl-CoA as substrate, racemase activity was
also fully deficient in fibroblasts of the patients, in contrast
to control fibroblasts, in which we measured ample activity
with this substrate (Table 1). This confirms that 2,6-dimeth-
ylheptanoyl-CoA is a physiological substrate of a-methylacyl-
CoA racemase and that there is no other racemase involved
in racemization of 2,6-dimethylheptanoyl-CoA.

Next, we measured racemase activity in the mitochon-
drial and peroxisomal peak fractions of the density gradi-
ents from rat and human liver using 2,6-dimethylhep-
tanoyl-CoA as substrate to determine the subcellular
localization of the activity. We found a similar bimodal dis-
tribution to both peroxisomes and mitochondria as ob-
served with the substrate THC-CoA, suggesting that the
same enzyme is involved in the racemization of the two
substrates. This is supported by the similar ratios of race-
mase activities measured with THC-CoA and 2,6-dimethyl-
heptanoyl-CoA in the different organelle fractions. In the
rat gradient this ratio was 1.3 in the mitochondrial frac-
tion and 1.0 in the peroxisomal fraction. In the human
gradients the ratios were 2.0 and 2.2 in the mitochondrial
and peroxisomal fractions, respectively.

DISCUSSION

In this study we investigated the localization of a-meth-
ylacyl-CoA racemase in subcellular fractions of human
and rat liver obtained by equilibrium density gradient
centrifugation. In both organisms we found a bimodal
distribution pattern, in contrast to the results obtained by
Conzelmann and co-workers, who reported that in rat a-
methylacyl-CoA racemase is exclusively localized in the mi-
tochondrion (7). There was, however, a considerable dif-
ference in distribution between humans and rats. In rat
liver the enzyme activity was mainly associated with mito-
chondria, while in human liver the highest racemase activ-

ity was measured in the peroxisomal fractions. This spe-
cies-dependent difference in distribution is remarkable
and may be related to a different contribution of peroxi-
somes and mitochondria to branched-chain fatty acid oxi-
dation in humans and rats. Indeed, according to Schmitz
and Conzelmann (4) mitochondria contribute much more
to whole cell branched-chain oxidation in the rat as com-
pared with humans. In this respect it is also important to
mention the data from Vanhove et al. (24), who studied
the oxidation of 2-methylpalmitate in rat liver. According
to these authors oxidation of this branched-chain fatty
acid is shared between peroxisomes and mitochondria.
Furthermore, they showed that the contribution of peroxi-
somes and mitochondria to whole cell 2-methylpalmitate
oxidation is dependent on the nutritional status of the ani-
mal because clofibrate was found to induce mitochondrial
much more than peroxisomal 2-methylpalmitate oxidation.

The similar distribution of racemase activity with only
one immuno crossreactive 44-kDa racemase protein in
density gradients of both rat and human liver suggested
that both the mitochondrial and the peroxisomal race-
mase activities are produced by the same enzyme, namely
a-methylacyl-CoA racemase. Unequivocal evidence that
both the mitochondrial and peroxisomal enzyme activity is
derived from a single gene was provided by our findings in
fibroblasts from patients with an established a-methylacyl-
CoA racemase deficiency caused by missense mutations in
the encoding gene (9). In homogenates of these fibro-
blasts we found a complete absence of racemase activity
both for THC-CoA and for 2,6-dimethylheptanoyl-CoA.

The finding that a-methylacyl-CoA racemase is encoded
by one gene but localized in two different subcellular
compartments implies differential targeting of the same
gene product. This phenomenon is not unprecedented:
for example, the cDNAs encoding mitochondrial and per-
oxisomal carnitine acetyltransferase originate from alter-
native splicing of one single gene (25). Another example
is D3,5D2,4-dienoyl-CoA isomerase, first identified by Luo
and co-workers (26), which has both a mitochondrial tar-
geting signal at the amino terminus and a peroxisomal
targeting signal at the carboxy terminus (27). The molec-
ular basis of the differential targeting of a-methylacyl-CoA
racemase, however, is still unknown. The human and rat
enzyme both contain a carboxy-terminal peroxisomal tar-
geting signal type 1 (–KASL in humans, –KANL in rats).
Inspection of the amino terminus of both rat and human
racemase does not reveal an obvious mitochondrial target-
ing signal. By using software predicting cleavage site motifs
in mitochondrion-targeting peptides (28), however, a weak
potential mitochondrial transit peptide was predicted at po-
sitions 1–34 of human a-methylacyl-CoA racemase.

Patients with a deficiency of a-methylacyl-CoA racemase
accumulate pristanic acid and the bile acid intermediates
DHCA and THCA in plasma (9). This clearly demonstrates
that racemase activity is needed in the peroxisome for b-
oxidation of pristanic acid, DHCA, and THCA. To elucidate
the putative mitochondrial function of a-methylacyl-CoA
racemase, we first studied in vitro whether the purified en-
zyme is able to convert (2R,6)-dimethylheptanoyl-CoA to its

TABLE 1. Activity measurements of a-methylacyl-CoA racemase 
in homogenates of cultured skin fibroblasts using (25S)-THC-CoA 

and (2R,6)-dimethylheptanoyl-CoA as substrates

(25S)-THC-CoAa (2R,6)-Dimethylheptanoyl-CoAa

Controls 92 6 30 (n 5 11) 85 6 18 (n 5 5)
Patient 1b ND ND
Patient 2b ND ND

a Expressed in pmol/min/mg.
b Patients 1 and 2 correspond to patients 2 and 3 described previ-

ously (9). Results represent the mean 6 SD, n represents the number
of measurements. ND, Not detectable.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1896 Journal of Lipid Research Volume 41, 2000

(S)-stereoisomer, the only stereoisomer that can be b-oxi-
dized in the mitochondrion (4, 14), and found that this was
indeed the case. Subsequently, we studied whether this is the
true physiological function of the enzyme. We found that fi-
broblasts from patients with an established a-methylacyl-CoA
racemase deficiency were not able to convert (2R,6)-dimeth-
ylheptanoyl-CoA to its (S)-stereoisomer, which confirms that
a-methylacyl-CoA racemase activity is essential at several steps
in the degradation of pristanic acid to CO2 and H2O in the
peroxisome as well as in the mitochondrion.

To obtain additional in vivo evidence of the role of mi-
tochondrial racemase in the oxidation of 2,6-dimethyl-
heptanoyl-CoA, we performed acylcarnitine analysis in a-
methylacyl-CoA racemase-deficient patients. These studies
did not reveal accumulation of 2,6-dimethylheptanoyl-
carnitine (data not shown). The reason for this is most
probably that even though half the pristanic acid can
enter the b-oxidation spiral in these patients, as it natu-
rally occurs as a racemic mixture (see Fig. 2), it cannot
proceed beyond 2,6,10-trimethylundecanoyl-CoA, of which
all methyl groups have the (R)-configuration. For this com-
pound to be further b-oxidized, the (2R)-methyl group
needs to be converted to the (S)-configuration, which is
most likely also catalyzed by a-methylacyl-CoA racemase
(see Fig. 2). This is supported by the finding of 2,6,10-
trimethylundecanoyl-carnitine in the plasma of one of the
racemase-deficient patients.
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