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Abstract
α-Methylacyl-CoA racemase (Amacr) is an enzyme at the merging point of two important pathways
of lipid metabolism: elimination of methyl-branched fatty acids and synthesis of bile acids. Amacr is
regarded as obligatory for these processes. Patients with Amacr-deficiency suffer from adult onset
sensory motor neuropathy and/or severe neonatal cholestasis with coagulopathy and fat-soluble
vitamin malabsorption. Amacr is also linked to cancer and so far has been proposed as a new marker
for diagnosis of at least prostate and colon cancers. Common sources of phytol derived branchedchain fatty acids for man are ruminant fats, meat and dairy products. The bile acid synthesis is the
main pathway for cholesterol catabolism. Amacr is considered to be a member of family III of the
CoA transferases (L-carnitine dehydratase - bile acid inducible protein F (CaiB-BaiF) family) and
localized to two subcellular compartments, mitochondria and peroxisomes.
In this work the mouse gene encoding Amacr was characterized, the gene was inactivated and
mutational and structural studies were used to determine the loop and the active site structure of the
enzyme. It was shown that mouse Amacr which locates both to mitochondria and peroxisomes, is an
identical product of a single gene, which is located at chromosome 15, region 15B1. Neither
alternative replication, splicing, or any post-translational modifications of the enzyme occur.
The mouse model for Amacr-deficiency indicated a role of Amacr in detoxification of methylbranched fatty acids, and suggested that a diet free from these phytol metabolites may function as a
treatment for the deficiency. Furthermore, major changes were observed in the bile acid pool of the
knock-out mice compared to wild type mice. However, the study suggests that there is an Amacrindependent pathway for synthesis of bile acids albeit of low capacity, which provides a way for
Amacr-deficient individuals to survive.
The mutational and structural studies confirmed Amacr as a member of family III of the CoA
transferases. Furthermore, according to comparisons of the structural data of Amacr and other
members of the family (FRC, YfdW), the superfamily can be divided into two subgroups, racemases
and transferases. Proteins in the subfamilies share the CoA-binding mode, but the substrate
specificities as well as the catalysed reaction differ greatly.

Keywords: α-methylacyl-CoA racemase, bile acids, cholesterol, fatty acids, lipid
metabolism, mouse model, physiological function
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1 Introduction
Methyl-branched fatty acids and other isoprenoid-derived compounds such as cholesterol
and its metabolites must be degraded in order to prevent their accumulation in the body,
which can result in various diseases. The α-oxidation cycle converts 3-methyl-branched
fatty acids, which are usually derived from phytol, to 2/α-methyl-branched fatty acids.
Phytol is a degradation product of chlorophyll and its metabolites are obtained mostly
from dietary sources in ruminant fats, meat and dairy products. 25/α-Methyl-branched
bile acid intermediates are derived from cholesterol through a multi-step pathway. The
products from both of these pathways can be further processed to shortened fatty acids or
primary bile acids by β-oxidation, which is the main degradation pathway for fatty acids.
The β-oxidation cycle in higher eukaryotes occurs in both mitochondria and
peroxisomes. Straight and short-chained fatty acids are usually degraded in mitochondrial
β-oxidation, while peroxisomal β-oxidation is responsible of degradation of long and
branched chain compounds. The α-oxidation cycle yields both rectus (R)- and sinister
(S)-isoforms of α-methyl-branched fatty acids and furthermore, all bile acid intermediates
are in (R)-configuration. However, the first enzymes in the β-oxidation cycles are stereospecific for (S)-isoforms of their CoA-activated substrates. Therefore, (R)-isoforms have
to be converted to the (S)-orientation by a peroxisomal and mitochondrial enzyme, αmethylacyl-CoA racemase (Amacr), before β-oxidation.
Amacr is considered to be a member of family III of the CoA transferases, also
referred to as the CaiB-BaiF family. The enzyme is important in i) bile acid synthesis
from cholesterol, ii) degradation and detoxification of methyl-branched fatty acids, and
iii) metabolism of 2-arylpropionic acid (Ibuprofen®). Patients with Amacr-deficiency
suffer from adult onset sensory motor neuropathy and/or severe neonatal cholestasis with
coagulopathy and fat-soluble vitamin malabsorption. Since Amacr has so far been found
to be overexpressed in prostate and colon cancers, it is also linked to cancer and proposed
as a relatively specific cancer marker.

2 Review of the literature
2.1 Isoprenoids
Isoprenoids are distributed throughout the animal, plant, and bacterial kingdoms.
Important isoprenoids in mammals are fat-soluble vitamins A (retinoid), E (tocopherol)
and K (quinone), acyclic fatty acids and dolichols, and cholesterol and its derivatives. A
feature common to all isoprenoids is that they are formed from isoprene units and include
many methyl-branches in their structures (Wright 1961, West 1997).
Isoprenoids are derived from one or more isoprene (2-methyl-1,3-butadiene) units.
Isopentenyl pyrophosphate (IPP) is a universal biological five carbon containing (C5)
precursor of isoprenoids (Wright 1961) It is generally accepted that in the cells of most of
living organisms IPP is synthesized via the acetate/mevalonate pathway, in which two
molecules of acetyl-CoA form an acetoacetyl-CoA, which accepts an additional acetylCoA to form hydroxymethylglutaryl-CoA (HMG-CoA), which is then reduced to
mevalonic acid by HMG-CoA reductase, a principal regulatory enzyme in isoprenoid
biosynthesis (Siperstein 1970). Mevalonic acid is phosphorylated twice to yield
mevalonic-5-pyrophosphate from which IPP is formed via a decarboxylation/elimination
step (Spurgeon & Porter 1983) (Figure 1).
In plant cells there is also an additional mevalonate independent pathway for IPP
synthesis. Sterols are synthesized via the general acetate/mevalonate pathway in the
cytoplasm and endoplasmic reticulum (ER) but the chloroplast-bound isoprenoids like βcarotene, lutein, phytol and plastoquinone-9, are synthesized in plastids via the
glyceraldehyde phosphate/pyruvate pathway. In this pathway a C2-precursor is derived
from pyruvate by adding thiamine pyrophosphate and removing one carbon as CO2.
Addition of this C2 precursor to the C3 precursor glyceraldehyde-3-phosphate and
removing thiamine pyrophosphate yields the C5 precursor D-1-deoxyxylulose-5phosphate which undergoes rearrangements yielding a branched carbon chain of IPP
(Lichtenthaler et al. 1997). IPP can undergo isomerization and form dimethylallyl
pyrophosphate which condensates with another IPP molecule to yield geranyl
pyrophosphate (C10). Additions of C5 units to geranyl pyrophosphate yield farnesyl
pyrophosphate (C15) and geranylgeranyl pyrophosphate (C20). These longer prenyl
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pyrophosphates are precursors of all isoprenoids (Wright 1961) (Figure 1). For example
dolichol, haem A and ubiquinone are formed from farnesyl pyrophosphate. Cholesterol,
from which steroid isoprenoids like steroid hormones, vitamin D and bile acids are
derived, is formed from geranylgeranyl pyrophosphate via many intermediate steps
(Wright 1961). A major cholesterol source in addition to this endogenous synthesis in
animal cells is the receptor-mediated endocytosis of plasma LDL (Goldstein & Brown
1990).

Fig. 1. Schematic representation of the cholesterol biosynthesis via the mevalonate pathway
(modified from Goldstein and Brown 1990). IPP, which constitutes the unit structure is
marked in a box, see the text for details.

2.2 α-Oxidation
3-Methyl-branched fatty acids cannot be degraded by β-oxidation, due to the methyl
group at position 3 (β-position), which prevents 3-hydroxyacyl-CoA dehydrogenase
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functioning and the formation of a 3-ketoacyl-CoA intermediate, in the third step of βoxidation (Van Veldhoven et al. 1991). The terminal carboxyl-group must first be
removed by α-oxidation, which yields 2-methyl-branched fatty acids (methyl group at αposition). 3-Methyl-branched fatty acids can also be degraded by ω-oxidation, but at least
with phytanic acid (3,7,11,15-tetramethylhexadecanoic acid) this occurs only at low rate
in healthy individuals (Try 1968, Billimoria et al. 1982). Since phytanic acid was found
to accumulate in patients with Refsum disease (Klenk & Kahike 1963) numerous studies
have been carried out on its metabolism and most of the information about α-oxidation
has been obtained from these studies (Wanders et al. 2003).
Phytanic acid is a 3-methyl-branched fatty acid, whose α-oxidation product is 2methyl-branched pristanic acid (2,6,10,14-tetramethylpentadecanoic acid). Phytanic acid
is derived from phytol (Figure 2), which is cleaved from the chlorophyll of green plants
by bacterial degradation in ruminants, invertebrates or pelagic fish (Wierzbicki et al.
2002). Phytol can also be oxidized to phytanic acid in human liver, but the vast amount of
phytanic acid in our diet comes from dairy products, ruminant fats, meat and fish liver oil
(Flanagan et al. 1975, Brown et al. 1993). The average daily dietary intake of phytanic
acid in western societies is 50-100 mg, of which approximately 50% is absorbed and
metabolized (Dhopeshwarkar 1980).

Fig. 2. Formation of phytanic acid from chlorophyll (modified from Wierzbicki et al. 2002).

2.2.1 The α-oxidation pathway
3-Methyl-branched fatty acids have an asymmetric carbon atom at position 3, while their
α-oxidation products, 2-methyl-branched fatty acids have the asymmetric carbon at
position 2. No racemization of the 3-methyl group occurs (Fingerhut et al. 1993) and both
naturally occurring (R)- and (S)-isoforms of 3-methyl-branched fatty acids can undergo
α-oxidation. The 2-hydroxylation step of α-oxidation is stereo-specific. The 3-methyl
configuration determines the stereochemistry of hydroxylation at position 2, therefore
only two isomers are possible (3R,2S and 3S,2R). The (R)- or (S)-configuration of 3methyl group is maintained throughout α-oxidation and thus, (3S)-phytanic acid yields
(2S)-pristanic acid and (3R)-phytanic acid yields (2R)-pristanic acid (Croes et al. 1999).
The concept of (R)- and (S)-configuration is illustrated in Figure 3.
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Fig. 3. The concept of R(ectus) and S(inister) in stereochemistry. Stereochemical priority of
the atoms/groups attached to the chiral carbon C is determined according to established
criteria (higher atomic number precedes lower and higher atomic weight precedes lower.
There are of course further criteria if two atoms/groups have similar priority at this level).
For example d < c < b < a (-H < -CH3 < -CH2R < COOH). The molecule is placed so that the
atom/group of lowest priority (usually H) is behind C from the viewing position. Then, if the
path from a to c is clockwise the configuration is called R; if it is counterclockwise it is S.

The first step in the 4-step α-oxidation of phytanic acid (Figure 4) is an ATP driven
and Mg2+ dependent formation of a thioester linkage between the fatty acid and CoA.
This thioesterification is catalyzed by a non-specific Coenzyme A ligase (long-chain acylCoA synthetase, LACS), on the cytoplasmic side of the peroxisomal membrane (Jansen et
al. 1996, Watkins et al. 1996). In the second step phytanoyl-CoA is hydroxylated to 2hydroxyphytanoyl-CoA by phytanoyl-CoA 2-hydroxylase (PhyH), an iron(II), 2oxoglutarate and ascorbate dependent peroxisomal oxygenase (Mihalik et al. 1995,
Jansen et al. 1997b). Then, in the third step 2-hydroxyphytanoyl-CoA is converted to
formyl-CoA, which rapidly hydrolyzes to formic acid and CoA (Croes et al. 1997b) and
pristanal (Croes et al. 1997a) by a thiamine pyrophosphate and Mg2+ dependent 2hydroxyphytanoyl-CoA lyase (Foulon et al. 1999). In the final step pristanal is oxidized
to a corresponding fatty acid (pristanic acid) by the aldehyde dehydrogenase 10
(Verhoeven et al. 1997).
Both the third and fourth step of α-oxidation has been shown to locate in the ER
(Verhoeven et al. 1997). However, 2-hydroxyphytanoyl-CoA lyase is also a peroxisomal
enzyme (Foulon et al. 1999, Jansen et al. 1999) and aldehyde dehydrogenase 10 activity
has also been found in microsomes (Verhoeven et al. 1998a) and later, to a lesser extent
in peroxisomes and mitochondria (Jansen et al. 2001). Thus, it was concluded that αoxidation is a peroxisomal process, but the last two reactions can also occur in other
subcellular locations (Wanders et al. 2003). Wanders and co-workers also discussed the
possibility of an alternative route for phytanic acid α-oxidation, in which 2hydroxyphytanoyl-CoA would be converted to 2-hydroxyphytanic acid by acyl-CoA
thioesterase and further to 2-ketophytanic acid by hydroxyacid oxidase and finally to
pristanic acid by 2-ketoacid decarboxylase. Either way, the product is pristanic acid,
which can be further processed via Amacr and subsequent β-oxidation.
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Fig. 4. The α-oxidation pathway for phytanic acid. The enzymes involved are listed to the left
and the intermediates to the right (adapted from Wanders et al. 2003).

2.2.2 Genetic defects associated with phytanic acid metabolism
2.2.2.1 Refsum disease
Adult Refsum Disease, also called hereditary sensory motor neuropathy type IV, was first
described as heredopathia atactica polyneuritiformis in 1945 (Refsum 1945). The disease
is a very rare (~150 patients diagnosed world wide) autosomal recessive disorder, which
manifests in late childhood with progressive symptoms. Clinical symptoms of Refsum
Disease include retinitis pigmentosa, blindness, anosmia, sensorineural deafness chronic
polyneuropathy, cerebellar ataxia, accumulation of phytanic acid in plasma and lipidcontaining tissues, and a number of less constant features, like cardiomyopathy, ichtiosislike skin problems, and skeletal abnormalities of hands and feet (Wanders et al. 2001a).
In Refsum Disease the phytanic acid levels may rise up to 200-2500 µmol/l, compared to
a normal level of < 30 µmol/l, while pristanic acid levels decrease (Wierzbicki et al.
2002). Many Refsum Disease patients have mutations in PHYH encoding PhyH and they
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are unable to detoxify phytanic acid by α-oxidation. Recently it has been shown that
quite a number of Refsum Disease patients actually have a defect in the peroxisomal
import of PhyH and are in fact atypical cases of rhizomelic chondrodysplasia punctata
(van den Brink et al. 2003). Because α-oxidation of phytanic acid is restricted in Refsum
Disease patients, the ω-oxidation, producing 3-methyl-adipic acid is a degradation
pathway, which enables these patients to cope with limited increases in phytanic acid
levels (Steinberg et al. 1967, Wierzbicki et al. 2003).

2.2.2.2 Peroxisome biogenesis defects
Rhizomelic chondrodysplasia punctata is a peroxisome biogenesis defect (PBD)
characterized by skeletal, eye and brain abnormalities. It is caused by a genetic defect in
the HsPEX7 gene encoding the peroxisomal targeting signal (PTS)2 receptor (Braverman
et al. 1997, Motley et al. 1997, Purdue et al. 1997). Phytanic acid accumulates in
rhizomelic chondrodysplasia punctata patients due to a deficiency in PhyH (Jansen et al.
1997a). This is probably due to mislocation of PhyH along with the other PTS2 proteins.
Other PBDs also affect phytanic acid oxidation, causing a milder phenotype, as in
neonatal adrenoleukodystrophy and infantile Refsum disease or a more severe version
like Zellweger syndrome. The latter is a polymalformation condition affecting the brain,
liver, kidney and skeleton. The patients develop characteristic dysmorphic features,
severe muscular hypotonia, and intractable seizures, and they die within the first year of
life (Gould et al. 2001). Zellweger syndrome can be caused by at least ten different gene
defects, in all of which the import of PTS1 proteins is prevented. It is obvious that these
PBDs also affect other peroxisomal processes requiring PTS1 proteins, such as βoxidations of very long chain fatty acids, pristanic acid and bile acid intermediates,
causing their accumulation in tissues of affected individuals (Gould et al. 2001).

2.2.2.3 Other defects
It has been proposed that the Sjögren-Larsson syndrome may also be associated with
phytanic acid metabolism (Verhoeven et al. 1998a). The syndrome includes visual
deterioration and eventual blindness, disturbance of the central nervous system, mental
handicap and spastic di- or tetraplegia with disturbances in fatty alcohol metabolism
(Rizzo 1998). Sjögren-Larsson syndrome patients are aldehyde dehydrogenase 10
deficient, but recent studies have shown that they do not accumulate phytanic acid
(Jansen et al. 2001), which may suggest the existence of another enzyme with similar
activity. Interestingly, a recent study has provided evidence that the substrate for PhyH is
actually the phytanoyl-CoA/sterol carrier protein 2 (SCP2) complex instead of phytanoylCoA (Mukherji et al. 2002). This finding may explain the abnormalities in phytanic acid
metabolism observed in SCP2-deficient mice (Seedorf et al. 1998) and link SCP2 to αoxidation in addition to β-oxidation.
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2.3 Formation of bile acid intermediates from cholesterol
Bile acid synthesis through α-methyl-branched intermediates, dihydroxycoprostanoic
acid (DHCA; 3α,7α-dihydroxy-5β-cholestanoic acid) and trihydroxycoprostanoic acid
(THCA; 3α,7α,12α-trihydroxy-5β-cholestanoic acid), comprise the major pathway for
cholesterol catabolism (~90%) and is also a major biosynthesis route for bile acids in
mammals (Danielsson & Sjovall 1975). Approximately 0.5 g of cholesterol is converted
into bile acids in our liver every day (Glickman & Sabesin 1988). Bile acids are secreted
into the bile, in which they prevent cholesterol precipitation, and further into the lumen of
the small intestine, where they act as emulsifying detergents of dietary cholesterol,
triacylglycerols and fat-soluble vitamins during digestion. Bile acids undergo
enterohepatic circulation as they are reabsorbed from the gut. Only about 5% is lost into
feces per day (Carey & Cahaland 1988). The bile acid synthesis in man involves at least
17 different enzymes. The products are primary bile acids such as cholic acid and
chenodeoxycholic acid. The composition of the bile acid pool, the relative contribution of
different enzymes to the maintenance of the pool and the regulation of the enzymes varies
between species (Haslewood 1967); the present review concentrates mainly upon the bile
acid synthesis route in humans with no special emphasis on regulation. Intestinal
anaerobic bacteria process primary bile acids further into secondary (deoxycholic acid,
litocholic acid) and tertiary bile acids (ursodeoxycholic acid), which also contribute to the
bile acid pool (Hylemon & Harder 1998). The first phase in bile acid synthesis from
cholesterol is the multi-step formation of THCA and DHCA by ring structure and side
chain modifications.

2.3.1 Hydroxylation of cholesterol
The classical bile acid synthesis pathway is initiated by cholesterol 7α-hydroxylase
(CYP7A1) (Figure 5), a microsomal cytochrome P450 enzyme, expressed only in the
liver (Myant & Mitropoulos 1977, Noshiro et al. 1989, Noshiro & Okuda 1990). The
CYP7A1-catalyzed reaction is a rate limiting step in the pathway (Shefer et al. 1970) and
therefore it is subject to a number of regulatory inputs from cholesterol, oxysterols and
bile acids (Chiang 1998) as well as from recently described transcription factors, nuclear
orphan receptors, like liver X receptor (LXR) (Chawla et al. 2001). CYP7A1
hydroxylates cholesterol to 7α-hydroxycholesterol, which can undergo subsequent ring
structure modifications of bile acid synthesis.
Alternatively, cholesterol can be hydroxylated to oxysterols by cholesterol 24hydroxylase (CYP46A1), cholesterol 25-hydroxylase (CH25H) or sterol 27-hydroxylase
(CYP27A1) (Figure 5). The contribution of the first two to overall bile acid synthesis is
minor (Duane et al. 1988, Bjorkhem et al. 1998). CYP46A1, which is expressed in the
brain and at a low level in the liver, produces 24-hydroxycholesterol and has a role in
elimination of endogenous cholesterol from the brain (Lund et al. 1999). CH25H, which
produces 25-hydroxycholesterol and is expressed at low levels in multiple tissues (Lund
et al. 1998), may also have a role in tissue-specific cholesterol catabolism (Russell 2003).
CYP27A1 is a mitochondrial cytochrome P450 enzyme (Andersson et al. 1989), which is
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present in liver and many other tissues. Its main oxysterol product, 27hydroxycholesterol, is the most abundant oxysterol in plasma (Dzeletovic et al. 1995). In
mice CYP27A1 is responsible for about 25% of bile acids synthesized (Schwarz et al.
1998, Schwarz et al. 2001). However, bile acid analysis of healthy and CYP7A1deficient humans suggests that all oxysterol pathways together account for only 5-10% of
the bile acid production (Bjorkhem et al. 1998, Babiker et al. 1999, Duane & Javitt
1999). Before oxysterols can be converted to bile acids they have to undergo 7αhydroxylation. A microsomal oxysterol 7α-hydroxylase (CYP39A1) catalyzes this in the
case of 24-hydroxycholesterol (Li-Hawkins et al. 2000) and another microsomal
oxysterol 7α-hydroxylase CYP7B1 in the cases of 25- and 27-hydroxycholesterols
(Martin et al. 1997, Schwarz et al. 1997)(Figure 5).

Fig. 5. Hydroxylation of cholesterol by various hydroxylases. Different products shown are
directed to ring structure and side chain modifications, see text for details (modified from
Russell 2003).

2.3.2 Modifications to the ring structure and side chain
The 7α-hydroxylated cholesterol and oxysterol derivates from previous steps are then
converted to their 3-oxo∆4 forms by a microsomal 3β-hydroxy-∆5-C27-steroid
oxidoreductase (C27 3β-HSD) (Wikvall 1981). Because there is only one enzyme that
possesses this activity, the synthesis of all bile acids is blocked in its absence (Clayton et
al. 1987). The products from this reaction can then either be hydroxylated by sterol 12αhydroxylase, a microsomal cytochrome P450 (CYP8B1) or skip this reaction and be
subjected directly to reduction of the double bond in the A-ring by a cytosolic ∆4-3-
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oxosteroid 5β-reductase (AKR1D1) (Russell & Setchell 1992). In the first case the
product is directed to the AKR1D1 catalyzed reaction after the CYP8B1 reaction and
becomes an intermediate for cholic acid synthesis and in the latter case the product is an
intermediate for chenodeoxycholic acid synthesis. Like CYP7A1, this branch point is a
target of many regulatory inputs (del Castillo-Olivares & Gil 2000, del Castillo-Olivares
& Gil 2001). The last of the ring modifications is the reduction of the 3-oxo group to an
alcohol with an α-configuration, which is catalyzed by 3α-hydroxysteroid
dehydrogenase, a cytoplasmic enzyme, which is abundant in liver (Penning 1997).
The products from ring modifications, 5β-cholestan-3α,7α-diol (chenodeoxycholic
acid synthesis) and 5β-cholestan-3α,7α,12α-triol (cholic acid synthesis) are further
subjected to side chain modifications. CYP27A1, the very same mitochondrial enzyme
that operates in oxysterol synthesis catalyzes the first three steps, yielding DHCA and
THCA (see Figure 7) i.e. the introduction of a hydroxyl group at carbon 27, oxidation of
this group to an aldehyde and further to a carboxylic acid (Andersson et al. 1989,
Dahlback & Holmberg 1990, Pikuleva et al. 1998). Further modifications are analogous
to β-oxidation of branched-chain fatty acids, starting with activation and subsequent
interconversion by Amacr (Figure 6).

2.3.3 Deficiencies in the bile acid synthesis pathway
2.3.3.1 CYP7A1-deficiency
A study of a family with a two base pair deletion in the CYP7A1, leading to a truncated
inactive CYP7A1, revealed that CYP7A1-deficiency results in a hypercholesterolemic
phenotype (Pullinger et al. 2002). Individuals with homozygous mutation had elevated
cholesterol and triacylglycerol levels, decreased bile acid excretion and they accumulated
cholesterol in the liver. These alterations lead to symptoms, which are commonly linked
to hypercholesterolemia, such as premature coronary and peripheral vascular disease and
cholesterol gallstones. Also heterozygous individuals were hyperlipidemic, suggesting
that this is a codominant disorder (Pullinger et al. 2002). These findings are consistent
with earlier population studies which revealed an association between polymorphisms at
the CYP7A1 locus and levels of cholesterol in the plasma (Wang et al. 1998, Couture et
al. 1999).

2.3.3.2 Cerebrotendinous xanthomatosis
A neuropathological disorder cerebrotendinous xanthomatosis (CTX) is characterized by
synthesis of abnormal bile alcohols, reduced synthesis of normal bile acids and
accumulation of cholesterol, a 5α-reduced cholesterol derivative, and cholestanol in
serum and tissues. CTX is caused by a deficiency of CYP27A1 (Bjorkhem et al. 1998).
Progressive neurological dysfunction and eventual death is caused by the accumulation of
cholesterol derivatives in the myelin sheaths surrounding the neurons in brain. Over 40
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mutations causing CTX have been described in the CYP27A1 (Lee et al. 2001) after the
description of the molecular basis of the disease (Cali et al. 1991).

2.3.3.3 CYP7B1-deficiency
Only one family with CYP7B1-deficiency has been reported. A nonsense mutation that
caused inactivation of the protein was found in the CYP7B1 (Setchell et al. 1998). The
clinical symptoms induced postnatal liver failure, an elevation in serum oxysterols and
strongly elevated excretion of 3β-hydroxy-5-cholestenoic and 3β-hydroxy-5-cholenoic
acid in the urine (Setchell et al. 1998). The liver failure is consistent with the hepatotoxic
properties of accumulating oxysterols and other previously mentioned metabolites, due to
a failure in the 7α-hydroxylation of oxysterols.

2.3.3.4 C27 3β-HSD-deficiency
Patients suffering from C27 3β-HSD-deficiency show clinical symptoms including liver
enlargement, neonatal jaundice, malabsorption of lipids and fat-soluble vitamins, and
accumulation of hepatotoxic 3β-hydroxy-∆5 structured C24 and C27 steroids in serum and
urine (Clayton et al. 1987). Cholic and chenodeoxycholic acids were detected in patients,
in trace amounts or not at all, suggesting that C27 3β-HSD is unique in the bile acid
synthesis pathway. Since the isolation of the encoding gene, HSD3B7 (Schwarz et al.
2000), over 10 different disease-causing mutations have been found in affected
individuals (Cheng et al. 2003).

2.3.3.5 AKR1D1-deficiency
AKR1D1-deficiency causes an accumulation of hepatotoxic C24 bile acids that have a ∆43-oxo structure in the A-ring, and allo-bile acids which have a 5α-reduced configuration.
The deficiency was reported in twins with severe intrahepatic cholestasis causing liver
failure (Setchell et al. 1988). The molecular basis of the disease has not yet been fully
described, though the enzyme has been purified and a putative cDNA cloned (Onishi et
al. 1991).

2.4 α-Methylacyl-CoA racemase
Amacr is important as it links peroxisomal α- and β-oxidations together. In addition, the
catalytic pathway of phytanic acid and the bile acid synthesis pathway merge at the level
of Amacr. A lack of Amacr disturbs lipid metabolism severely, while its overexpression
has been identified in cancerous tissues.
Attached to the asymmetric carbon atom at position 25 in bile acid intermediates
(DHCA, THCA) as well as at position 2 in α-methyl-branched fatty acids (pristanic acid)
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is a methyl group, which may be either in (S)- or (R)-configuration. Mitochondrial
CYP27A1 produces only (25R)-isoforms of the bile acid intermediates (Gustafsson &
Sjostedt 1978, Shefer et al. 1978, Batta et al. 1983) and half of the pristanic acid
produced in α-oxidation are also (2R)-isoforms (Ackman & Hansen 1967, Croes et al.
1999). Since the first enzymes in the β-oxidation of branched-chain substrates (branched
chain acyl-CoA oxidase (ACOX2) in humans and mice and THCA-CoA oxidase and
pristanoyl-CoA oxidase in rats) are strictly specific for (S)-isoforms, the substrates have
to be converted into the (S)-configuration before they can be β-oxidized (Pedersen et al.
1996, Van Veldhoven et al. 1996, Ikegawa et al. 1998). This conversion or racemization
is catalyzed by Amacr, a peroxisomal and mitochondrial enzyme first described in 1994
(Schmitz et al. 1994) (Figure 6).

Fig. 6. The central role of Amacr in degradation of branched-chain fatty acids and in bile
acid synthesis.

2.4.1 Substrates for Amacr
Amacr accepts a wide variety of substrates including the acyl-CoAs of α-methylbranched fatty acids like pristanic acid, derived mostly from phytanic acid by αoxidation, and other isoprenoid derived methyl branched fatty acids, C27 bile acid
intermediates like THCA and DHCA (Schmitz et al. 1994) and 2-arylpropionic acid
(Figure 7). This latter substrate became evident after it was shown that Amacr is identical
to 2-arylpropionyl-CoA epimerase (Brugger et al. 1996, Reichel et al. 1997, Schmitz et
al. 1997), an enzyme known to racemize 2-arylpropionic acid at the stage of CoA
thioester (Shieh & Chen 1993). 2-arylpropionic acid derivatives like Ibuprofen® (2-(4isobutylphenyl)propionic acid) and various other compounds are used as non-steroidal
anti-analgesic and anti-inflammatory drugs. 2-Arylpropionic acid derivatives are usually
administered as racemic mixtures. The need for Amacr arises from the fact that only the
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(2S)-isoforms are pharmaceutically active in inhibitng cyclo-oxygenases, the key
enzymes in prostaglandin synthesis (Caldwell et al. 1988). Additionally, the esterification
and subsequent secretion is stereospecific for (2R)-isoforms (Knihinicki et al. 1991,
Shieh & Chen 1993).

Fig. 7. Various substrates for Amacr.

Before Amacr-catalyzed racemization the substrates have to be activated to their CoA
thioesters. The intraperoxisomal activation of pristanic acid obtained from α-oxidation is
activated by the very long chain acyl-CoA synthetase (VLACS), an enzyme localized to
both peroxisomes and the ER (Steinberg et al. 1999a, Steinberg et al. 2000). Dietary
pristanic acid, which is lesser in amount is assumed to be activated by LACS in the
cytoplasm, in a similar way to phytanic acid (Wanders et al. 1992, Mukherji et al. 2003).
Peroxisomal VLACS activates most of the bile acid intermediates from mitochondrial
CYP27A1 (Uchiyama et al. 1996, Berger et al. 1998). Another synthetase in the ER,
VLACS homolog 2 (also called bile acyl-CoA synthetase), is involved in the activation of
deconjugated C24 bile acids, after their return to the liver via the enterohepatic circulation
(Steinberg et al. 1999b, Mihalik et al. 2002).

2.4.2 Properties of Amacr
Amacr is responsible for the rapid interconversion between (R)- and (S)-isoforms of its
substrates. The enzyme was first purified from rat liver as a monomer of 45 kDa with an
isoelectric point at pH 6.1 and optimal activity between pH 6 and 7 (Schmitz et al. 1994).
Human Amacr was found to cross-react with the polyclonal antiserum produced in
rabbits against rat Amacr and it was purified from human liver as a 47 kDa monomer
with an isoelectric point at pH 6.1 and optimal activity between pH 7 and 8 (Schmitz et
al. 1995). Subsequently the cDNA was cloned from rats and mice and the encoded
protein had a molecular mass of approximately 39.7 kDa (Schmitz et al. 1997). Recently
it was shown that the native Amacr exists as a dimer in solution (Bhaumik et al. 2003). In
rats the highest Amacr-activity is found in the liver, followed by the Harderian gland,
kidneys and intestinal mucosa (Schmitz et al. 1997, Van Veldhoven et al. 1997). In
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humans, Amacr expression has been detected in liver, the kidneys and at lower levels in
the intestinal tract and salivary glands (Schmitz et al. 1995, Zha et al. 2003). The
substrate specificities of human and rat Amacrs are very similar. Amacr with only minor
differences in physical and functional properties have also been identified in mice and
other species like Chinese hamsters (Schmitz et al. 1997). The main difference between
the Amacrs of different species seems to be in their subcellular distribution.

2.4.3 Subcellular localization of Amacr
Since Amacr is involved in the formation of primary bile acids and degradation of
pristanic acid by peroxisomal β-oxidation (Prydz et al. 1986, Verhoeven et al. 1998c),
one would expect that Amacr is located in peroxisomes. However, the subcellular
distribution of Amacr is not similar among different species. In humans and rats Amacr
activity is associated mainly (75-90%) with peroxisomes and the rest of the activity is
present in mitochondria (Schmitz et al. 1995, Van Veldhoven et al. 1997). In mice, the
Amacr activity is evenly distributed between peroxisomes and mitochondria (Schmitz et
al. 1997). There is general agreement that Amacr shows a bimodal distribution, but the
factor(s) that determine the final subcellular location is not fully established.
Another enzyme that shows different subcellular distribution among different species
and also a bimodal distribution in some species is alanine/glyoxylate aminotransferase I.
The enzyme is peroxisomal in humans, rabbits and guinea pigs, mitochondrial in cats and
dogs and evenly distributed between both of these organelles in rats, mice and hamsters
(Noguchi et al. 1978, Noguchi & Takada 1979, Okuno et al. 1979, Danpure et al. 1990).
The bimodal distribution of alanine/glyoxylate aminotransferase I is caused by alternative
initiation sites for transcription. The longer transcript in rat liver encodes a 22-amino-acid
mitochondrial targeting signal (MTS) at the 5' end. Due to a point mutation the MTS has
disappeared from the shorter transcript found in humans (Takada et al. 1990, Purdue et
al. 1992).

2.4.4 The reaction catalyzed by Amacr
The mechanism of the Amacr catalyzed reaction is not fully understood in detail.
However, the enzyme does not apparently require any co-factors or co-substrates and the
reaction is assumed to proceed via a carbanion adjacent to the thioester with enol/keto
tautomerization as an intermediate step (Schmitz et al. 1994, Reichel et al. 1997,
Mukherji et al. 2003) (Figure 8). Thioesterification of the substrates increases the acidity
of the C-2 hydrogen sufficiently for deprotonation and reprotonation to occur (Reichel et
al. 1997). C-2 deuterated analogues of Ibuprofen® show loss of the label during chiral
inversion, consistent with the proposed mechanism (Baillie et al. 1989, Chen et al. 1991).
Schmitz et al. (1994) proposed that the mechanism proceeds via abstraction of the
hydrogen atom from the α-position of the substrate by a basic group on the enzyme. This
creates a resonance-stabilized carbanion intermediate, which very rapidly accepts a
proton from water to the α-position similar to the mechanism proposed for
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methylmalonyl-CoA racemase in propionic acid metabolism (Mazumder et al. 1962,
Overath et al. 1962). This rapid reaction suggests a two-base mechanism (Walsh 1979). If
both coenzyme A and the α-methyl group are bound to the enzyme, the hydrocarbon
residue must be able to make a large movement relative to the enzyme during
racemization. Furthermore, the broad range of conformationally different Amacr
substrates (Figure 7), suggests that residues beyond the α-methyl-carbon are not
specifically bound to the enzyme (Schmitz et al. 1994).

Fig. 8. Schematic presentation of the reaction mechanism of Amacr (adapted from Mukherji
et al. 2003).

2.4.5 Evolution of Amacr
In agreement with the view that the enzymes acting on fatty acyl-CoA thioesters have
highly diverse evolutionary origins, the amino acid sequence of Amacr does not resemble
known sequences of β-oxidation proteins or its auxiliary enzymes. The closest amino acid
sequence to the rat Amacr sequence was found in a protein ZK892.4 from Caenorhabditis
elegans. This protein has a similar size to the Amacr, and 113 identical- and 42 similar
amino acids resulting in 44.9% identity (Schmitz et al. 1997). Another example of
proteins which share similarity with Amacr are MCR from Mycobacterium tuberculosis
with a sequence identity of 43% (153 out of 353 common amino acids)(Bhaumik et al.
2003) and L-carnitine dehydratase (CaiB) from E. coli with 23 identical and 14 similar
amino acids, resulting in 24.9% identity (Schmitz et al. 1997). CaiB may also function
with a similar mechanism to that proposed for Amacr, giving some clue to its
evolutionary origin (Schmitz et al. 1997). In fact, Amacr has recently been established as
a member of family III of the CoA transferases, also referred to as the CaiB-BaiF family
(White et al. 1988), which includes bacterial enzymes formyl-CoA: oxalate CoAtransferase (FRC), a succinyl-CoA: (R)-benzylsuccinate CoA-transferase, an (E)cinnamoyl-CoA: (R)-phenyllactate CoA transferase, and a butyrobetainyl-CoA: (R)carnitine CoA transferase and also other proteins of mammalian origin (Elssner et al.
2001, Heider 2001, Gruez et al. 2003).
It is assumed that in the course of evolution cholesterol oxidation initially terminated
at the stage of coprostanoic acid and it was not metabolized further but degraded to bile
alcohols and higher bile acids (Schmitz et al. 1994). This is the case in primitive
vertebrates like reptiles and some amphibians (Hoshita & Kazuno 1968). It is thought that
the β-oxidation system for degradation of other methyl-branched substrates, possessing
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opposite stereospecificities than cholesterol derivatives, have evolved independently and
Amacr have appeared later to link these two pathways (Schmitz et al. 1994). This theory
is also supported by the finding that trihydroxycoprostanoyl conjugates, isolated from the
bile of the evolutionarily quite primitive Alligator mississippiensis, are all in (25R)configuration (Batta et al. 1979).

2.4.6 Amacr-deficiency
Amacr-deficiency was first described in 2000 in a study including two adults and one
child (Ferdinandusse et al. 2000a). The adults suffered from adult onset sensory motor
neuropathy. One also had pigmentary retinopathy and the other signs of upper motor
neuron problems in the legs. The first case resembles adult Refsum Disease and the latter
adrenomyeloneuropathy (Ferdinandusse et al. 2000a). The third patient was a child
without neuropathy and was previously diagnosed with Niemann-Pick type C (Sequeira
et al. 1998). All of the patients had somewhat elevated phytanic acid and markedly
elevated pristanic acid, THCA and DHCA plasma levels. Two mutations, S52P and
L107P likely to cause Amacr-deficiency were reported (Ferdinandusse et al. 2000a). The
same subjects were studied more thoroughly later and the mass spectrometrical analysis
of accumulation of (25R)-isomers of free and taurine-conjugated DHCA and THCA in the
plasma was presented as a method for diagnosis of Amacr-deficiency (Ferdinandusse et
al. 2001, McLean et al. 2002).
In a more recent study, Amacr-deficiency was linked also to neonatal cholestasis with
coagulopathy and fat-soluble vitamin malabsorption in a study of a 2 week-old girl
(Setchell et al. 2003). The patient carried the missense mutation S52P in AMACR and had
markedly elevated pristanic acid, THCA and DHCA plasma, urine and bile levels, but
normal phytanic acid levels. Interestingly, the composition of the bile acid pool of the
subject was qualitatively identical to that of Alligator mississippiensis. Liver biopsy
showed giant cell transformations, hepatocyte necrosis and a reduced number of
peroxisomes (Setchell et al. 2003). The Amacr-deficiency has also been linked to vitamin
K deficiency in a fibroblast study (Van Veldhoven et al. 2001).
It seems that Amacr-deficiency results in different clinical manifestations. This is true
also in some other disorders such as X-linked adrenoleukodystrophy (XALD), in which
differences are observed even within the same family (Moser 1997). It is also possible
that various patients, such as those diagnosed with a possible deficiency at the level of
branched-chain fatty acid and THCA oxidation or uptake (Christensen et al. 1990,
Przyrembel et al. 1990, Clayton et al. 1996) or with atypical Refsum disease (Wierzbicki
et al. 2002) are actually Amacr-deficient patients, but are not diagnosed as such, due to
lack of proper knowledge or methods for diagnosis.

2.4.7 Amacr in cancer
Recently, microarray screenings have been used to identify differentially expressed genes
in normal prostate tissue and prostatic carcinoma. Several independent groups found that
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Amacr (also referred to as P504S in cancer studies) is overexpressed in prostate cancer
(Xu et al. 2000, Dhanasekaran et al. 2001, Luo et al. 2001, Welsh et al. 2001). This was
verified with immunohistochemistry and the overexpression of Amacr was introduced as
a new marker for prostate cancer (Jiang et al. 2001, Rubin et al. 2002). The expression of
Amacr in prostate carcinoma was shown by quantitative reverse transcriptase polymerase
chain reaction (RT-PCR) to be increased up to 9 fold compared to that in benign prostate
tissue (Luo et al. 2002).
A number of studies have been carried out in order to establish the reliability of
immunohistochemical staining with Amacr in cancer diagnostics from different types of
prostate samples (radical prostatectomy, transurethral resection, needle biopsy). Overall
the studies showed sensitivities that range from 82% to 100% and specificities ranging
from 79% to 100% (Evans 2003) indicating that the method is quite reliable. The
variation in results is likely due to the different sample materials, antibodies (monoclonal
vs polyclonal) and staining conditions used.
Overexpression of Amacr as high as in prostate cancer was found also in colorectal
cancer by microarray screening (Zhou et al. 2002). Furthermore, various other cancers
like breast, ovarian, bladder, lung and renal carcinomas showed overexpression of Amacr
using the same screening method. In a study of 242 cases of colonic tumors the
expression of Amacr was also proposed as a potential marker for colonic cancer (Jiang et
al. 2003). It was even proposed that in vivo visualization of the expression of Amacr,
using magnetic resonance imaging (Louie et al. 2000), might be applied. In addition,
increased Amacr mRNA levels have been proposed as useful in differential diagnosis of
renal carcinomas as they are elevated in papillary renal carcinomas, but not in other renal
subtypes (Tretiakova et al. 2004).
The activity of Amacr is also elevated in prostate cancer and therefore measurement of
the enzyme’s activity has been proposed for use in cancer diagnostics (Zha et al. 2003,
Kumar-Sinha et al. 2004). Amacr is an androgen-independent growth modifier in prostate
cancer (Kuefer et al. 2002, Zha et al. 2003) and its role and the role of β-oxidation of
branched-chain fatty acids in initiation and development of carcinomas has been
speculated upon widely. Interestingly, the epidemiological studies revealed a correlation
between the consumption of beef, milk and dairy products, the main sources of branchedchain fatty acids (Flanagan et al. 1975, Brown et al. 1993), and increased risk of both
prostate (Giovannucci et al. 1993) and colon (Giovannucci & Willett 1994, Truswell
2002) cancers. Furthermore, Amacr expression was enhanced in prostate cancer cells by
branched-chain fatty acids in vitro (Mobley et al. 2003). Unfortunately, Mobley and coworkers did not measure the activity of Amacr.

2.5 β-Oxidation
Universally, in one cycle of mitochondrial and peroxisomal β-oxidation the fatty acids
are shortened by two carbon fragments, the fragments being either acetyl-CoA or
propionyl-CoA. Regardless of the location of occurrence, the β-oxidation cycles are
analogous and consists of four enzymatic steps 1) dehydrogenation/oxidation, 2)
hydration, 3) dehydrogenation and 4) thiolytic cleavage (Figure 9), which however, are
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catalyzed by different enzymes in different subcellular compartments (Neely & Morgan
1974, Lazarow & De Duve 1976, Eaton et al. 1996). As mitochondrial β-oxidation is
directly related to the electron transfer chain and oxidative phosphorylation, it provides a
great source of energy for cells. Acetyl-CoA produced in mitochondria is directed to the
tricarboxylic acid cycle or converted to ketone bodies, which are important sources of
energy during fasting for many tissues such as the brain, heart, skeletal muscle and the
kidney cortex (Neely & Morgan 1974, Felig & Wahren 1975). In contrast to
mitochondrial β-oxidation, in peroxisomal β-oxidation the electrons released in the
oxidation step are donated directly to molecular oxygen and therefore it is not similarly
related to energy production. H2O2 is produced from molecular oxygen and subsequently
decomposed by catalase into O2 and water and the energy is lost as heat (Lazarow & De
Duve 1976, Mannaerts et al. 1979).

Fig. 9. The mitochondrial and peroxisomal β-oxidation pathways and the enzymes therein.
*Only the soluble set of mitochondrial β-oxidation enzymes is shown (modified from
Mukherji et al. 2003).
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2.5.1 β-Oxidation of branched chain compounds
A wide variety of CoA-thioesters of isoprenoid-derived very long chain fatty acids
(VLCFA), polyunsaturated fatty acids, dicarboxylic acids, prostaglandin side chains,
eicosanoids, as well as bile acid intermediates and α-methyl-branched fatty acids, are
degraded via the peroxisomal β-oxidation pathway (Verhoeven & Jakobs 2001, Graham
& Eastmond 2002). The oxidation products of the latter two are shortened fatty acids,
C24-CoA bile acid intermediates and propionyl-CoA. Studies on rat liver and human skin
fibroblasts revealed that the β-oxidation of branched chain fatty acids occurs mainly in
peroxisomes (Singh et al. 1994). α-Methyl-branched compounds could probably be
degraded via mitochondrial β-oxidation too, but the transport into the mitochondria via
carnitine palmitoyltransferase I (CPTI), which is required in the import of straight chain
fatty acids, is restricted for at least long branched-chain compounds (Singh et al. 1994).
The first step in the peroxisomal β-oxidation of pristanoyl-CoA, and DHC- and THCCoAs, is catalyzed by a flavin adenine dinucleotide dependent oxidase, ACOX2/BOX,
one of the two acyl-CoA oxidases present in human peroxisomes (Prydz et al. 1986,
Vanhove et al. 1993, Baumgart et al. 1996), while the other acyl-CoA oxidase, a straight
chain acyl-CoA oxidase (ACOX1/AOX) is involved in β-oxidation of straight-chain
mono- and dicarboxylic acids (Wanders et al. 1992).
The second and the third step that the oxidation products 2,3-pristenoyl-CoA and
DHC- and THC-24-enoyl-CoA then undergo are both catalyzed by the peroxisomal
multifunctional enzyme 2 (MFE-2, D-bifunctional protein, MFP-2), a multidomain
enzyme with 2-enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase activities,
which also carries a SCP2-like domain (Prydz et al. 1986, Dieuaide-Noubhani et al.
1996, Dieuaide-Noubhani et al. 1997, Qin et al. 1997b). The hydration and the NAD+
dependent hydrogenation of methyl-branched substrates yield 3-ketopristanoyl-CoA and
DH- and THcholest-24-one-CoA. Earlier it was thought that another multifunctional
peroxisomal enzyme, MFE-1, catalyzes the hydration and hydrogenation steps in straightchain β-oxidation, but recent studies have shown that MFE-2 also processes straightchain substrates and the physiological role of MFE-1 remains unknown (Wanders et al.
2001b, Ferdinandusse et al. 2002).
The last step in branched-chain β-oxidation, the CoA dependent cleavage, is catalyzed
by sterol carrier protein x (SCPX/SCP2, a SCPX 3-ketoacyl-CoA thiolase), a peroxisomal
48 kDa protein (Seedorf & Assmann 1991, Antonenkov et al. 1997, Wanders et al. 1997).
The gene encoding SCPX/SCP2 also encodes another protein with a different promoter.
The alternative product is a 14.5 kDa SCP2 lacking thiolase activity (Ohba et al. 1994,
Ohba et al. 1995). The first thiolase found in peroxisomes was discovered in the early
80’s. This 41 kDa 3-ketoacyl-CoA thiolase is responsible of the cleavage of straight-chain
substrates (Miyazawa et al. 1980, Bout et al. 1988).

2.5.2 Conjugation of bile acid intermediates
After one cycle of β-oxidation of bile acid intermediates DHCA and THCA, the products
chenodeoxycholoyl-CoA (3α,7α-dihydroxy-5β-cholan-24-one-CoA) and choloyl-CoA
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(3α,7α,12α-trihydroxy-5β-cholan-24-one-CoA) are conjugated. A peroxisomal bile acid
conjugating enzyme (N-acyl-transferase) catalyzes the conjugation of amino acids to
carbon 24 of the C24 substrates (Kase & Bjorkhem 1989). Over 98% of primary bile acids
are conjugated with taurine or glycine (Falany et al. 1994) before they are exported and
secreted into the bile with help from various membrane transporters, such as ABCG5 and
ABCG8 (Love & Dawson 1998, Borst & Elferink 2002).

2.5.3 Complete degradation of pristanoyl-CoA
Pristanoyl-CoA (2,6,10,14-tetramethylpentadecanoyl-CoA) contains four methylbranches, of which the three innermost are in the (R)-configuration. The first cycle of
mammalian β-oxidation produces propionyl-CoA and 4,8,12-trimethyltridecanoyl-CoA,
and the latter then undergoes a second cycle of β-oxidation. The second cycle produces
acetyl-CoA and 2,6,10-trimethylundecanoyl-CoA, which, before entering the third cycle
has to be racemized by Amacr. At least in human fibroblasts the product of the third cycle
(along with propionyl-CoA), 4,8-dimethylnonaoyl-CoA (Verhoeven et al. 1998b), is
converted to a corresponding carnitine ester by peroxisomal carnitine octanoyl transferase
(Ferdinandusse et al. 1999) and imported to mitochondria via the carnitine acylcarnitine
carrier and converted back into 4,8-dimethylnonaoyl-CoA via carnitine
palmitoyltransferase II (CPTII) (Verhoeven & Jakobs 2001). In mitochondria 4,8dimethylnonaoyl-CoA undergoes a cycle of β-oxidation and then the product 2,6dimethylheptanoyl has to again be racemized by Amacr. 2,6-Dimethylheptanoyl
undergoes two further rounds of mitochondrial β-oxidation and the product of the final
round (in addition to acetyl CoA) is isobutyryl-CoA (Figure 10).

Fig. 10. Complete degradation of pristanic acid in mammals. 4,8-Dimethylnonaoyl-CoA is
transported from peroxisome into the mitochondrion as a carnitine ester (modified from
Wanders et al. 2003), see the text for details.

Propionyl-CoA from peroxisomal β-oxidation and most likely also acetyl-CoA are
converted to their carnitine esters in the peroxisome, after which they are transported into
the mitochondria, where they are oxidized to CO2 and water (Jakobs & Wanders 1995).
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2.5.4 MFE-2-deficiency
MFE-2-deficiency, first described in 1986 as a Pseudo-Zellweger syndrome (Goldfischer
et al. 1986) is a severe defect disturbing the β-oxidation of at least VLCFA and branchedchain metabolites. There are other defects like ACOX1-deficiency (Poll-The et al. 1988),
XALD (Hashmi et al. 1986) and a deficiency in a 41 kDa 3-ketoacyl thiolase
(Goldfischer et al. 1986, Schram et al. 1987), that affect peroxisomal β-oxidation of
straight-, but not branched-chain metabolites.
The MFE-2-deficiency resembles Zellweger syndrome in many respects: clinical
findings include neonatal hypotonia, craniofacial dysmorphia, seizures, severe
developmental failure and early death. Biochemically the patients accumulate VLCFAs,
bile acid intermediates, pristanic acid and to a lesser extent phytanic acid (Goldfischer et
al. 1986, Watkins et al. 1989). In contrast, in PBDs both branched-chain fatty acids
accumulate at the same level (ten Brink et al. 1992). The cause of the defect was only
later identified as a defect in the level of MFE-2 (van Grunsven et al. 1999b,
Ferdinandusse et al. 2002).
Patients with defects in only one of the functions of MFE-2 have also been identified.
Both groups of patients with defects either in the 3-hydroxyacyl-CoA dehydrogenase or
in the enoyl-CoA hydratase domain of the MFE-2 showed similar severe clinical findings
to those with total MFE-2-deficiency and died in their first years of life (van Grunsven et
al. 1998, van Grunsven et al. 1999a). However, in the enoyl-CoA hydratase group no
accumulation of bile acid intermediates was found, while in the plasma of the
dehydrogenase group the main accumulating intermediate was identified as varanic acid
(24S,25S)-3α,7α,12α,24-tetrahydroxy-5β-cholestanoic acid). The different biochemical
phenotype among the three subgroups of MFE-2-deficiency is proposed to be due to the
combined action of MFE-1 and Amacr on the different diastereoisomers of the
intermediates present in each of the different groups (Qin et al. 1997a, Cuebas et al.
2002).

3 Outlines of the present study
Amacr is an enzyme acting at least i) in bile acid synthesis from cholesterol, ii) in
branched chain fatty acid degradation, as well as iii) in the metabolism of ibuprofen®. In
mice (and in man and rats) Amacr is localized to both mitochondria and peroxisomes.
Amacr belongs to a family of CoA-transferases which possess diverse functions. The
structural relations among proteins within the group are unclear. Amacr-deficient patients
have been reported to show somewhat different symptoms among themselves. The
purpose of this work was to characterize the gene and study the physiological function
and significance of Amacr and to create an animal model for Amacr-deficiency. More
specifically we aimed:
1. To characterize mouse Amacr, determine its genomic localization and study further the
subcellular localization of Amacr.
2. To study the physiological importance of Amacr and to create an animal model for
Amacr-deficiency via generation of a knock-out mouse.
3. To characterize the active site of Amacr by mutational and structural studies on the
Amacr ortholog MCR, purified from Mycobacterium tuberculosis.

4 Materials and Methods
Detailed description of the methods used can be found in the original articles.

4.1 Sequences (I, II, III)
Nucleotide and amino acid sequence analyses and alignments were done using the
DNASIS program (Hitachi Software Engineering Co., Yokohama, Japan) or Clustal X
program (Thompson et al. 1997), respectively. The transcription factor binding sites were
located using a MatInspector V2.2 database (Quandt et al. 1995). Amino acid sequences
were collected from the SWISS-PROT database using Blast and Fasta algorithms.
DNA sequencing was done with an automated ABI Prism 377 DNA sequencer
(Perkin-Elmer, Boston, MA, USA). Oligonucleotides were synthesized with an ABI DNA
synthesizer Model 394 (Perkin-Elmer), or were purchased from Carl Roth (Karlsruhe,
Germany) or Amersham Pharmacia Biotech (Buckinghamshire, England). The sequences
of the oligonucleotides used in sequencing or in PCR are presented in I, II, and III.

4.2 Animal care (I, II)
Animal experimentation was done in the germ free Barrier of the University of Oulu and
in the animal facility of the Department of Biochemistry, University of Oulu. The
research plan and use of animals were approved by the University of Oulu committee of
animal experimentation (Licence numbers 75/00, 044/02 and 035/03). The mice used in
all experiments were adults (4.5 months) unless stated otherwise. Before vascular
perfusion, blood collection or further tissue harvesting the animals were anesthetized and
subsequently sacrificed by cervical dislocation. For feeding experiments, mice were
stressed with chows supplemented with 0.5% (w/w) clofibrate (ICN Biomedicals, Aurora,
OH, USA), 0.5% (w/w) phytol or 5% (w/w) triolein (both from Sigma Aldrich Steinheim,
Germany).
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4.3 Protein analysis (I, II, III)
Protein contents were determined photometrically at 595 nm with the Bradford method
(Bradford 1976) using BIO-RAD (Hercules, CA, USA) chemistry or at 280 nm for
purified protein samples. Sodium dodecyl sulphate polyacrylamide gel electrophoreses
(SDS-PAGE) were performed on 12.5% gels (Laemmli 1970). For Western blotting (I, II)
and N-terminal sequence analysis (I) the samples from Coomassie Brilliant Blue stained
SDS-PAGE gels were electroblotted into PROTRAN, nitrocellulose transfer membrane
(Schleicher & Schuell, Dassel, Germany) or ProBlott, polyvinylidene difluoride
membrane (PVDF, Applied Biosystems, Foster City, CA, USA)(Towbin et al. 1979,
Matsudaira 1987). Polyclonal anti-rabbit antibody against rat Amacr (Schmitz et al.
1995) was used in immunostaining of the Western blot. N-terminal sequencing of the
bands of interest was performed with a Procise 494A sequencer (Applied Biosystems).

4.4 Activity measurements (I, II, III)
The Amacr activity measurements with [2-3H]pristanoyl-CoA or [24,25-3H]THCA-CoA
were performed as previously described (Schmitz et al. 1994). Samples containing
Amacr, including mitochondria and peroxisomes (I), tissue samples (II) and the cell
extracts (III) were incubated with [3H]-labeled substrate, after which [3H]-H2O was
separated from unreacted substrate and quantified by liquid scintillation counting.
Catalase activity was determined by the TiO(SO4) method (Huebl & Bretschneider 1964)
and succinate dehydrogenase activity as described (Banerjee et al. 1984).

4.5 Expression of recombinant proteins (I, III)
pET3a (pET Expression System 3, Novagen, Madison, WI, USA) was used in
expressions of complete rat cAMACR, produced by PCR using rat liver Marathon-Ready
cDNA (Clontech, Palo Alto, CA, USA) (I), MCR (an α-methylacyl-CoA racemase from
Mycobacterium tuberculosis) and several MCR-variants, produced from MCR-pET3a by
a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) (III). The
plasmids, containing correctly oriented inserts or sequence verified mutations, were
transformed into competent BL21(DE3)-LysS cells for overexpression as described
(Bhaumik et al. 2003).
For the expression of Amacr in yeast cells, the Pichia Expression Kit (Invitrogen, De
Schelp, the Netherlands) was used. Coding cAMACR was amplified by PCR, using
plasmid C1—9 (I) as a template. The product was cloned through pCR2.1 and INV-α into
the pHilD2 vector, which was eventually transformed into Pichia pastoris strain GS115,
in which the expression of recombinant Amacr was analyzed.
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4.6 Histological analyses (I, II)
For immuno electron microscopy (EM; I) livers were harvested from mice after vascular
perfusion fixation (Filppula et al. 1998) and processed for thin sectioning (Carlemalm et
al. 1985). For regular transmission EM (II) the samples were fixed after harvesting the
tissue. The samples were embedded either in MicroBed resin or Epon Embed 812
(Electron Microscopy Sciences, Fort Washington, PA, USA) and the thin sections were
prepared. Immuno EM samples were immunogold labeled with antiserum against rat
Amacr (Schmitz et al. 1995), peroxisomal catalase (a gift from Dr. Stefan Alexson,
Karolinska Institutet, Huddinge, Sweden) or mitochondrial ∆2-∆4-dienoyl-CoA reductase
(Hakkola et al. 1989), respectively. The samples were analyzed with a Philips CM100
transmission electron microscope equipped with TCL-EM-Menu version 3 (Tietz Video
and Image Processing Systems, Gaunting, Germany). The distribution of antibodies was
identified by gold particles conjugated to protein A.
Samples for light microscopy (II) were fixed, embedded in paraffin and prepared
sections were stained with haematoxylin and eosin. Frozen sections were prepared and
Oil red O-stained. The Sections were analyzed with an Olympus BX50 light microscope
equipped with Analysis® software (Soft Imaging Systems, Münster, Germany).

4.7 Separation of organelles and immunoaffinity isolation of Amacr
(I)
Subcellular fractionation of mouse liver and normal and CHRS-like (peroxisomedeficient mutant Chinese hamster ovarian (CHO) cells (Tsukamoto et al. 1991) supplied
by Dr. Jutta Gärtner, Düsseldorf University Children’s Hospital, Germany) was
performed with Nycodenz gradients as described (Schmitz & Conzelmann 1997).
For immunopurification of Amacr, livers were homogenized and applied into a
Percoll-Suspension (Amersham Pharmacia Biotech) to establish the Percoll gradient.
Fractions showing succinate dehydrogenase (mitochondrial marker) or catalase
(peroxisomal marker) activities were treated with ultra sound. The supernates were
applied onto the immuno affinity column, prepared by binding HiTrap ProteinA column
(Amersham Pharmacia Biotech) purified IgGs from anti-Amacr-antiserum (Schmitz et al.
1995) to CNBr-activated Sepharose 4B (Amersham Pharmacia Biotech). Bound proteins
were eluted from the column with either acidic or alkaline elution. The alkaline eluates
were immediately neutralized and concentrated on centriprep tube equipped with a 30
kDa cutoff membrane (Amicon, Witten, Germany).

4.8 Southern hybridization (I, II)
Genomic DNA was extracted from mouse kidneys (Sambrook et al. 1989) (I) or from
embryonic stem (ES) cells and mouse tail tip samples with a Blood & Cell Culture DNA
Midi Kit (Qiagen, Hilden, Germany) (II) and digested with restriction endonucleases.
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Southern blotting and hybridization were done on nitrocellulose blotting membranes
(Schleicher & Schuell) or Hybond-N+ nylon membranes (Amersham Pharmacia Biotech)
as described (Reed & Mann 1985, Sambrook et al. 1989) using 32P-labeled (Random
Primed Oligonucleotide Labeling Kit, Amersham Pharmacia Biotech) mouse cAMACR
(10) (I) or the 1 kb fragment before the 5'-flanking region (II) as probes. The membranes
were analyzed with either Kodak X-omat AR film or Phosphocassettes and
Phosphorimager apparatus (Molecular Dynamics, Buckinhamshire, UK).

4.9 cDNA and mRNA analyses (I, II)
Total RNA was extracted from rat liver using the Biozym PUREscript RNA isolation kit
(Biozym Diagnostik, Hess Oldendorf, Germany) (I) or from mouse tissues using the
QuickPrep™ Total RNA Extraction Kit (Amersham Pharmacia Biotech) (II). The Titan™
One Tube RT-PCR system (Boehringer Mannheim, Mannheim, Germany) was used for
the first strand synthesis of rat cAMACR, which was polyadenylated and amplified by
PCR, and a further nested PCR was performed. The products were ligated into pCR2.1
(Original TA Cloning Kit, Invitrogen) and transformed into competent INV-α cells.
Isolated plasmids were cleaved, the sizes of the inserts were determined and the 3 largest
were sequenced.
Mouse cDNA was synthesized using the First Strand cDNA Synthesis Kit (MBI
Fermentas, Heidelberg, Germany) and the expression levels of various genes were
measured by Real-Time Quantitative PCR using ABI PRISM 7700 Sequence Detection
System (Perkin-Elmer) as described (Majalahti-Palviainen et al. 2000). The Mouse
Multiple Tissue Northern Blot™ (Clontech) was used for Northern hybridization to detect
the Amacr expression in various tissues (I) with 32P-labeled mouse cAMACR (10) as a
probe.

4.10 Characterization of the Amacr gene (I)
The mouse ES-129/SvJ I genomic library was screened by Genome Systems (St. Louis,
MO, USA) with the specific primers from the exon-intron boundary of Amacr. The
presence of Amacr in the resulting bacterial artificial chromosome (BAC) clones was
detected by digestion and southern hybridization. 3' end and upstream sequencing of the
Amacr were performed on the clone. PCR reactions were used to determine the size of
the introns.
A fluorescent in situ hybridization method was performed by Genome Systems to
reveal the chromosomal localization of the Amacr. Hybridization to normal metaphase
chromosomes, derived from mouse embryo fibroblasts, was done using a digoxigeninlabeled BACM-13L1 clone as a probe. The identification of the mouse chromosomes was
based on their G-banding pattern. In addition, mouse chromosome 15 was identified with
a probe specific for the telomeric region of that chromosome. Only double spot signals
were considered as specific.
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4.11 Promoter activity (I)
A 1670 bp fragment of the 5' noncoding region of Amacr was amplified by PCR and
cloned into pGL3-Basic reporter vector (Promega, Madison, WI, USA). HepG2 cells
(American Type Culture Collection, Rockville, MD) were transfected, using Lipofect
Amine-transfection reagent (Life Technologies, Gaithesburg, MD, USA), with a solution
containing luciferase reporter plasmid with amplified promoter, the same region in
inverted orientation, plain luciferase reporter plasmid or pGL3-control vector (Promega).
pSV-β-galactosidase control plasmid (Promega) was used as normalization vector. Cell
extracts were prepared using Reporter Lysis Buffer (Promega) and luciferase activities
were assayed using a Luminoscan RS luminometer (Labsystems, Helsinki, Finland) and
normalized for β-galactosidase activity.

4.12 Generation of Amacr-/- mice (II)
The 5' and 3' flanking regions for the phosphoglycerine kinase (PGK)-neo cassette were
cleaved from the BACM-13L1-clone and ligated to the targeting vector, which contained
the genes for double selection and was used for homologous recombination. The vector
was linearized and electroporated into R1 ES-cells. The cells were cultured under a
selection medium containing G418 (GIBCO/BRL, Gaithersburgh, MD, USA) and
ganciclovir (Syntex, Palo Alto, CA, USA). The surviving colonies were screened by
Southern blot analysis for correct replacement of the exons 1—3 and introns 1—2 with
the neomycin-resistance gene (13 kb band for wild type and 7 kb for knock-out allele;
Figure 1 in II). Chimeric mice were produced by microinjecting Amacr+/- cell aggregates
into C57BL/6 blastocysts and implementing them into foster mothers. Mouse genotypes
were identified with PCR analysis as described in more detail in II. Heterozygous
offspring were further interbred to produce Amacr-/-, Amacr+/-and Amacr+/+ mice.

4.13 Analyses of Amacr-/- mice (II)
The levels of serum cholesterol and triacylglycerols, and the activities of alanine amino
transferase (ALAT) and alkaline phosphatase (APHOS) were determined by TGdiagnostics (Oulu, Finland), the prothrombin complex assay was done by the clinical
laboratory of the University Hospital of Oulu and titrimetrical determination of total fatty
acids from stools was done by Yhtyneet Laboratoriot (Helsinki, Finland). Careful
analysis of bile acids, bile acid derivatives and fatty acids were performed on serum, bile
and liver tissue samples by mass spectrometry. The samples were treated and the mass
spectral data were obtained either in negative or positive mode using an APEX II FT-ICR
mass spectrometer controlled by Xmass 6.0.0 software and equipped with a 7T active
shielded magnet, an APOLLO electrospray ion source and a syringe pump (Bruker
Daltonics, Billerica, MA, USA).
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4.14 Circular dichroism spectroscopy (III)
MCR and its mutated variants were overexpressed, purified from cell extracts as
described (Bhaumik et al., 2003) and a size exclusion chromatography was performed
(Superdex 200® HR 10/30 column). The far-UV (200—250 nm) circular dichroism (CD)
spectra for purified proteins in the measuring buffer were determined using a Jasco J715
spectropolarimeter (Tokyo, Japan).

4.15 Crystallization and structure characterization of MCR (III)
The crystals, belonging to monoclinic space group C2, were grown by the hanging-drop,
vapor-diffusion method. Assuming four subunits (two dimers) per asymmetric unit, a VM
value of 2.6 Å3 / Da was obtained, corresponding to a solvent content of 55% (Matthews
1968). The heavy atom derivatives were obtained as described (III). The datasets were
collected by the oscillation method using a synchrotron radiation source (EMBLHamburg, DESY, Germany) and a CCD detector. The collected datasets were processed
using the program packages DENZO (Otwinowski & Minor 1997), XDS (Kabsch 1993)
and CCP4 (Collaborative Computational Project 1994).
The initial phases of structure determination were obtained with the MIRAS method
and the programs SOLVE (Terwilliger & Berendzen 1999), RESOLVE (Terwilliger 2000),
DM (Cowtan 1994), REFMAC5 (Murshudov et al. 1997) and O (Jones et al. 1991), and
were used for positioning the heavy atoms and model building at 1.8 Å resolution. The
program PROCHECK (Laskowski et al. 1993) was used to monitor the stereochemistry
of the model. There are no differences among the four monomers. The refinement
statistics are shown in Table II in study III. The secondary structure assignment was done
with DSSP (Kabsch & Sander 1983). Structure superpositions were done with the LSQ
option of O, using corresponding Cα-atoms.

5 Results
5.1 Amacr is localized to both peroxisomes and mitochondria (I)
Amacr activity was found in three regions of a Nycodenz gradient of mouse liver
homogenate (Figure 1 in I). Two were comigrated with peroxisomal and mitochondrial
marker enzymes, respectively and one was at the top of the gradient. The bands of the
same size with intensities that correlated with the distribution of Amacr activity were
visualized in a Western blot (Figure 1 in I). The fractionation of CHO fibroblasts also
gave similar results (Figure 2a in I). In the case of peroxisome-deficient CHO fibroblasts,
Amacr activity comigrated with the mitochondrial fractions with similar activity to the
mitochondrial fractions of the control cells (Figure 2b in I).
Mouse liver homogenates, and peroxisomes and mitochondria, isolated from them by
Percoll gradient centrifugation, were applied separately to the affinity column, prepared
with anti-Amacr antibodies. When the bound proteins were eluted with acidic and
alkaline buffer, respectively, SDS-PAGE and Western blot analyses gave a size of 42 kDa
corresponding the size of mouse Amacr (Figure 4 in I). No Amacr activity was detected
in the acidic elution, but very low Amacr activity in the alkaline elution was detected. The
results show that all Amacrs behave similarly in the affinity column, but are rapidly
inactivated under stringent conditions. Alkaline eluted proteins from peroxisomes,
mitochondria and cytosol were blotted on a hydrophilic PVDF membrane, and the Amacr
bands were subjected to N-terminal sequencing. Each of the samples gave the same
single homogeneous N-terminal sequence: Val-Leu-Arg-Gly-Val-Arg-Val-Val-Asp-LeuAla-Gly-Leu-Ala-Pro (NAmacr).
Using immuno electron microscopy with the anti-Amacr antiserum, Amacr was
localized to both mitochondria and peroxisomes, supporting the dual localization of the
Amacr (Figure 3 in I). The control antibodies against mitochondrial and peroxisomal
enzymes recognized the expected compartments.
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5.2 cDNA analysis reveals an extension to cAMACR (I)
Since NAmacr was not present in the polypeptide encoded by the known mouse
cAMACR (Schmitz et al. 1997), the data banks were searched and Expressed Sequence
Tag clones, including AA085247, were identified to encode NAmacr. The cDNA of
AA085247 contained an ATG in a Kozak consensus sequence followed by a sequence
encoding NAmacr and 24 additional base pairs, of which the last 10 bp matched with the
published cAMACR (Figure 5 in I). cAMACR was extended by 62 bp altogether at the
5'end and the open reading frame of the revised cAMACR encodes a polypeptide of 381
amino acids with a predicted molecular mass of 41718 Da.
As rat and mouse Amacrs have been shown to be of the same size, the revised mouse
cAMACR also suggests that the previously published rat cAMACR was incomplete.
Indeed, a cDNA fragment of 570 bp containing an additional 246 bp, preceding the 5' end
of the published rat cAMACR (Schmitz et al. 1997) was obtained from the RT-PCR using
rat total RNA as a template. The extended rat liver cAMACR includes an ATG as a
putative initial codon, followed by an open reading frame that corresponds quite well to
that for mice (Figure 5 in I). The open reading frame of rat liver cAMACR was
overexpressed in P. pastoris. The resulting product showed Amacr activity and its size
corresponded to the size of Amacr found in rat liver.

5.3 A single Amacr with an operable promoter region encoding one
gene product (I)
A screening of the mouse genomic library ES-129/SvJ I by Genome Systems revealed 3
positive BAC clones (BACM-235K4, BACM-13L1 and BACM-151H13). The clone
BACM-13L1 was digested with HindIII, the fragments were ligated to pUC18,
transformed into E.coli and screened with the mouse 32P labeled cAMACR probe. A ~2
kb insert contained a sequence identical to the 3' end of cAMACR up to the poly (A+)
tail. The sequence was interrupted by intronic sequences 766 nucleotides upstream and
the exon/intron junction was confirmed with sequencing. Further sequencing and PCR
revealed that Amacr contains altogether 4 introns with sizes of 1.3, 1.2, 4 and 5 kb
(Figure 5 in I) and that the gene covers 13 kb of the mouse genome (Figure 6 in I).
Altogether 1680 bp were sequenced upstream of the putative initial ATG; a GC-rich
region, which can serve as a SP1 binding site was located at the positions -53 to -90. No
TATA box was found, but consensus sequences for transcription factors such as sites for
GATA1, NF1, AP-1, AP-2 and AP-4 were present. Furthermore, the region -1670 to -1
was cloned to the 5' end of the luciferase gene in the reporter vector, which, in human
HepG2 cells, exhibited 135 ± 49 (mean ± SD, n = 10) fold higher luciferase values
compared to negative controls, indicating that the fragment encompasses sequences that
can function as operable promoter elements in intact cells. Chromosomal localization of
the mouse Amacr revealed that the genomic location of the gene is at chromosome 15,
region 15B1 (Figure 8 in I).
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Southern blot analysis of digested genomic mouse DNA resulted in fragments of
approximately 13 and 5 kb with EcoRI digestion, 6.2, 5.8, 4.0, 2.3 and 1.7 kb with
HindIII digestion and 6.0, 4.0, 2.1, 1.7 and 0.9 kb with double digestion (Figure 9 in I).
According to this and the restriction map (Figure 6 in I) the size of Amacr is about 15 kb,
which is not enough to encompass multiple 13 kb genes in a row. The hybridization of
mouse Multiple Tissue Northern Blot™, which contained mRNA from heart, brain,
spleen, lung, liver, skeletal muscle, kidney and testis, with labeled cAMACR as a probe,
showed a signal at 1.9 kb only on the lanes corresponding to liver and kidneys (Figure
10A in I), suggesting that Amacr is expressed in these tissues.

5.4 Alterations in the bile acid pool of Amacr-/- mice (II)
The correct disruption of the Amacr and the absence of the gene products thereof in the
knock-out mice were confirmed. Southern blot analysis of genomic DNA (7 kb band in
Figure 1B in II), Real-Time Quantitative PCR analysis of mRNA from liver (and other
tissues) (Table 1 in II), and immunoblotting of the samples from the same tissues with
anti-Amacr-antibody (Figure 1C in II) were performed. These and the disappearance of
the Amacr activity in the liver and kidneys of Amacr-/- mice suggest that Amacr is the
only enzyme responsible for this activity.
Heterozygous Amacr+/- mice produced litters of normal size with normal Mendelian
distribution. This suggests that the intrauterine and postnatal survival rate is not reduced.
The knock-out offspring were normal in appearance, generally healthy, fertile and the
growth and bodyweights were comparable to age and sex matched littermate controls.
The motor coordination and muscular performance of mice were tested by hanging and
grid tests (II). There was no differences between performances of Amacr+/+ and Amacr-/mice in either of the tests, not even after phytol treatment.
Bile, serum and liver tissue were analyzed for contents of taurine- and glycine
conjugated, and unconjugated forms of 35 bile acid metabolites with negative ion mass
spectrometry. The wild type and Amacr+/- mice had almost exclusively C24 bile acids
(198 ± 103 mM and 179 ± 84 mM) in the bile and only negligible amounts of C27
precursors (approximately 1 mM), while the Amacr-/- animals had significantly reduced
C24 species (98 ± 34 mM), but a strongly increased concentration of C27 precursors (44
± 11 mM) (Figure 2 in II). The concentrations of taurine conjugated bile acid metabolites
were 100—200 and 15—75 folds higher than the concentrations of glycine conjugates or
unconjugated metabolites, respectively. Similar bile acid patterns were also reflected in
serum and liver tissues.
Because of the decline in the bile acid pool, the intestinal lipid absorption and possible
steatorrhea in Amacr-/- mice were studied. There was no difference in stool triacylglycerol
content between Amacr-/- and Amacr+/+ mice on regular chow or on the triolein
supplemented diet, suggesting that the absorption of triacylglycerols was not altered upon
disruption of Amacr. The prothrombin complex assay, which was used as an indicator for
absorption of lipid soluble vitamins and the function of the vitamin K dependent
coagulation cascade, did not reveal differences between animal groups either.
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5.5 The effects of phytol (II)
As there was dicrepancy between the condition of mice and the reported symptoms of
Amacr-deficient patients (Ferdinandusse et al. 2000a, Setchell et al. 2003), mice were fed
a diet supplemented with phytol (0.5%), which is metabolized to phytanic acid and
further to pristanic acid, a substrate for Amacr (Schmitz et al. 1994). One out of seven
Amacr-/- mice died during the six-week feeding period, which resulted in accumulation of
both phytanic and pristanic acids in the serum of surviving Amacr-/- mice, compared to
wild type mice (0.52 ± 0.28 vs 0.10 ± 0.01 mM and 0.23 ± 0.07 vs 0.022 ± 0.002 mM;
Figure 3 in II). Phytol feeding also resulted in differences in straight-chain fatty acid
(C16:0, C18:1, C18:0) concentrations, namely they were lower in Amacr-/- mice. When
comparing mice on regular and phytol chows there was a 72 and 84% decrease in stearic
acid in Amacr+/+ and Amacr-/- mice, respectively, whereas oleic acid increased by 44% in
Amacr+/+ mice (Figure 3 in II).
The total serum concentration of cholesterol was reduced to about half in Amacr-/mice on both diets. Serum triacylglycerol concentration remained unchanged with the
regular chow diet but the phytol diet reduced the concentration in Amacr-/- mice by 52%
(Figure 4A in II). While there was no elevation in the serum concentration of APHOS in
Amacr-/- mice on the normal diet, the phytol diet increased it by 175%. However, liver
tissue specific (ALAT) remained unchanged in Amacr-/- mice on both diets, as well as
ALAT and APHOS in Amacr+/+ mice upon phytol feeding (Figure 4B in II).
At the initiation of the phytol diet the bodyweights of Amacr-/- and Amacr+/+ mice were
the same, but after treatment Amacr-/- mice weighed 10% less than Amacr+/+ mice (Figure
4C in I), although no differences in food intake were observed. The weights of the
epididymal fatpads of the Amacr-/- mice on the phytol diet were 62% less than those of
Amacr-/- mice on regular chow (Figure 4D in I). The phytol diet caused hepatomegaly in
both animal groups, but the effect was stronger in Amacr-/- mice (38% vs 17%).
Lobular accumulation of lymphocytes and Kupffer’s cells, as well as multivacuolar
degeneration and coagulation necrosis, indicating the liver damage, were observed in
light microscopy of the livers of Amacr-/- mice fed with phytol (Figure 5A in II). Oil red
O staining of frozen liver sections suggested that the observed vacuolization was not due
to accumulation of lipids. Electron microscopy revealed proliferation of enlarged and
unevenly shaped peroxisomes and smooth ER (Figure 5B in II) in Amacr-/- mice fed with
phytol.
Since the phytol metabolites phytanic acid and pristanic acid are peroxisome
proliferators (Ellinghaus et al. 1999, Zomer et al. 2000), clofibrate feeding was used to
rule out peroxisome proliferation as solely responsible for the development of the disease
state in mice. Indeed the effects of a clofibrate (another peroxisome proliferator)
supplemented diet (0.5%) were not similar to a phytol diet. No changes were observed in
liver morphology, but electron microscopy revealed proliferation of normal peroxisomes
upon clofibrate feeding in Amacr-/- and Amacr+/+ mice (Figure 5B in II). Slight elevations
in APHOS and in liver weight-percentage were observed, but the other parameters
remained unchanged in mice on the clofibrate diet (Figure 3 and 4 in II).
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5.6 The expression of various genes upon inactivation of Amacr (II)
Real-Time Quantitative PCR analysis of cDNA from livers of mice on normal and phytol
diets revealed alterations in expression ratios (Amacr-/- / Amacr+/+ mice) in some of the 25
representative genes, encoding peroxisomal proteins of lipid metabolism (Abcd2, Acox1,
Acox2, Amacr, pMfe1, pMfe2), proteins involved in cholesterol, oxysterol and bile acid
transportations and lipid hydroxylations (Abca1, Abcb4, Abcb11, Cyp26a1, Cyp4b1,
Cyp7a1, Cyp3a11, Cyp46a1, Cyp39a1, Chol25OH, Cyp7b1) and transcription factors
regulating lipid metabolisms (Fxr, Lxrα, Lxrβ, Pparα, Pparβ/δ, Pparγ, Rarα, Rarβ,
Rarγ, Rxrα, Rxrβ, Srebp1, Srebp2) (Table I in II).

5.7 Mutations identifying the active site of Amacr (III)
The alignment of amino acid sequences of 28 Amacr related proteins revealed 26
conserved protic amino acid residues, which were Asp28, Arg38, Arg52, Arg54, Asp60,
Lys62, Asp78, Glu82, Arg85, Glu90, Arg91, Glu97, His126, Asp127, Tyr130, Asp156,
Arg175, Asp185, Asp190, Tyr224, Tyr227, Asp231, Glu241, Cys297, Glu306 and His312
in the MCR sequence (Table I in III). MCR was used in these experiments, due to its
stability and amenability to purification. Assuming acid-base catalysis as the reaction
mechanism for Amacr, the protic residues were mutated to alanine, respectively, to
inactivate the resulting variants and identify catalytically critical residues. Additionally,
two mutations, I56P and M111P, corresponding the disease causing mutations in human
Amacr (Ferdinandusse et al. 2000a, Setchell et al. 2003), were introduced.
The appearance of polypeptide bands of 39 kDa in SDS-PAGE indicated the
production of MCR and variants thereof in E. coli cells. Six out of 10 overexpressed
variants that had less than 20% Amacr activity compared to wild type MCR, could be
purified as wild type MCR (Table I in III), and were subjected to further characterization.
Size exclusion chromatography gives 89 kDa as the native molecular mass of MCR,
whereas SDS-PAGE suggests a molecular mass of 39 kDa, indicating that the
recombinant protein is a dimer. The dimerism was verified with dynamic light scattering
measurement. The inactivity of the variants that could not be purified was assumed to be
due to changes in protein conformation.
The spectra in the far UV-region (200-250 nm) for MCR and variants R91A, H126A,
D156A and E241A MCRs were practically identical when the six purified MCR variants
were subjected to CD-spectroscopy (Figure 3 in III). This suggests that the protic residues
Arg91, His126, Arg156 and Glu241 are critical for optimal enzymatic activity. Two of the
variants that could be purified, C297A and H312A, had different CD-spectra compared to
the others (Figure 3 in III), indicating changes in their secondary structure elements.
Preliminary calorimetric substrate-binding data supports the importance of Asp156 as the
potential active site, as well as the role of Arg91, His126 and Glu241 in the catalytic
mechanism of the racemization (results not shown).
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5.8 Overall structure of the fold (III)
MCR, FRC and the YfdW protein from E. coli share a similar fold (Gruez et al., 2003,
Shapiro et al., 2004, Ricagno et al., 2003). Figure 4 in III shows the overall fold and the
secondary structure of the MCR monomer. The sequence and secondary structure
comparison with FRC is shown in Figure 5 in III. MCR monomers comprise large and
small domains, and two linker regions which connect the two domains. The C-terminal
region (residues 336—360, α14) is associated with the large domain, while the small
domain consists of residues 224—300, β7—β9. The open α/β sheet structure of the large
domain comprises a Rossmann fold, which consists of a central six-stranded parallel βsheet (β1—β6) surrounded by three helices. A protrusion towards the small domain is
made by α5 and α6, two of the helices that connect β5 and β6. After that a long 13
residue loop goes back to the large domain and α7, while β6 completes the α/β structure.
The large and small domains are connected with a α8 linker region. Three stranded antiparallel β-sheet, which starts and ends with β strands (β7 and β9), forms the core of the
small domain. Three helices (α9, α10 and α11) inserted between the second and the third
strand, cover one side of the sheet. The small domain is connected back to the large
domain by the second linker region (α12—β11) after β9 in such a way that the folded
polypeptide chain of one subunit forms a large hole (Figure 4 in III). A very tight dimer,
with a local 2-fold axis, is formed as the connecting helix α8, as well as helices α5 and
α6 of the second subunit pass through the hole.
The sequence identities between MCR with FRC and YfdW, other members of the
family III of CoA transferases, are 24% and 25%, respectively. The sequence identity
between FRC and YfdW is 61% (Gruez et al. 2003) and they are both about 60 residues
longer than MCR. Both amino acid sequence and structure comparisons revealed that
FRC has two loops, which are not present in MCR (13 residues following β2 and 27
residues following α8; Figures 5 and 6 in III). FRC has also an additional C-terminal
helix (α20). The two extra loops are near the active site region of FRC. The quaternary
structure of the interlocked dimer is well preserved between MCR and FRC (Figure 6 in
III). The tertiary structure of the large domain is also conserved, but the helical part in the
small domain is different. The sequences of the large domains are also more conserved
than the sequences of the small domains (31% vs 13% identity).

6 Discussion
6.1 Dual localization of Amacr
This work shows that Amacr, localized to both mitochondria and peroxisomes, is
identical in these subcellular organelles. The mouse genome contains only one Amacr
gene as revealed by chromosomal fluorescent in situ hybridization on mouse metaphase
chromosomes and Southern analysis of EcoRI/HindIII digested genomic DNA. Southern
analysis gave an estimated gene size of 15 kb, which is sufficient to accommodate one
but not multiple copies of the complete Amacr, the size of which, according to direct
sequencing and PCR analysis, is about 13.5 kb.
This single Amacr gives rise to a single mRNA, since only one cAMACR was
identified by the screening of mouse Expressed Sequence Tag and liver cDNA (Schmitz
et al. 1997) libraries and PCR analysis. Furthermore, Northern blot analysis of mouse
liver and kidney RNA visualized only one band of about 1.9 kb, which is in line with the
size of mouse cAMACR. The identified extended cAMACR is likely complete as the
luciferase assay demonstrated that the 1671 bp genomic fragment, preceding the open
reading frame, is a functional promoter. 22 stop-codons were encountered when the 5'flanking nucleotide sequence was translated in frame and the identified putative initial
ATG was embedded in a Kozak consensus sequence.
Also at the protein level, only one gene product was found in different subcellular
compartments (some alternative splicing occurs at least in human cancers, see below).
Western blot analysis of tissue homogenate, cytosol, and purified mitochondria and
peroxisomes detected only one protein band of the same size. Further, N-terminal amino
acid sequencing of the immuno isolated Amacrs from different subcellular compartments
resulted in the same NAmacr, which matched with the sequence predicted by the
cAMACR. Finally, the possibility of the existence of Amacr activities, which are not
detected by the anti-Amacr-antibody, was excluded as the anti-Amacr-affinity column
bound all the Amacr activity from tissue extracts.
Similar bimodal localization of unmodified Amacr, encoded by a single gene,
AMACR, in the genome has also been established in humans and rats (Amery et al. 2000,
Ferdinandusse et al. 2000b). Since many other proteins, for example ∆3,5-∆2,4-dienoyl-
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CoA isomerase (Filppula et al. 1998) and peroxisomal carnitine acyltransferase (Corti et
al. 1994), show dual localization to mitochondria and peroxisomes, the feature itself is
not unique to Amacr. However, Amacr is exceptional because, unlike other enzymes
present in various subcellular compartments, the same Amacr can be targeted to two
subcellular compartments without modifications in mice (I) and in humans and rats
(Amery et al. 2000, Ferdinandusse et al. 2000b). Most proteins with different
compartmentalization acquire different localization signals by alternative transcription or
splicing or, in some cases, different translation starting points, or proteolytic
modifications (Danpure 1995). For example the dual localizations of the carnitine
acyltransferase and ∆3,5-∆2,4-dienoyl-CoA isomerase mentioned above are due to
alternative splicing and cleavage of the N-terminal amino acid sequence, respectively
(Corti et al. 1994, Filppula et al. 1998).
It is still unknown which factor determines the alternative targeting of Amacr either to
mitochondria or to peroxisomes. Mouse and rat Amacrs contain the polypeptide -KANL
at the C-terminus, which has previously been shown to act as functional PTS1 in catalase
(Purdue & Lazarow 1996). It has also been demonstrated that the C-terminus of human
Amacr, -KASL, acts as PTS1 (Amery et al. 2000). The N-terminus of mouse Amacr
shows some typical features of MTS. Although it contains a negatively charged residue
(glutamate) at position 11, it could be accepted as MTS similar to that in the β subunit of
human pyruvate dehydrogenase (Koike et al. 1988). It has been suggested that in human
Amacr weak potential MTS is present at positions 1-34 (Ferdinandusse et al. 2000b), and
somewhat contrary that the topogenic information is located between amino acids 22-84
(Amery et al. 2000). Conceivably, the MTS in Amacr is poorly recognized by the
mitochondrial import machinery, allowing the folding of part of the proteins in the
cytoplasm, in which case the enzyme is imported into the peroxisome. This hypothesis
might determine the relative distribution of the Amacr protein between the two
compartments. This would also explain why Amacr activity in the cells of Zellweger
patients, who lack functional peroxisomes, is reduced to 10—20%, normally found in
mitochondria (Schmitz et al. 1995). The Amacrs not sequestered by the mitochondrial
import system would be degraded in the cytosol.
Very recently, four other sequences with similar N-terminal but different C-terminal
regions with original Amacr have been published (Shen-Ong et al. 2003, Mubiru et al.
2004). The polypeptides encoded by these sequences are expressed only at a level of
~10% of original Amacr and were first allocated by sensitive methods from cancerous
samples overexpressing Amacr. As all four alternatively spliced variants have lost the
PTS domain, the authors have suggested this as a possible factor behind the dual
localization of Amacr. However, this remains to be established.
The physiological role of Amacr in mammalian peroxisomes is easily inferred due to
its involvement in peroxisomal processes. The physiological significance in mitochondria
has been established to be in the racemization of a pristanic acid derivative, 4,8dimethylnonanoic acid, imported from peroxisomes (Ferdinandusse et al. 2000b). Amacr
is required because the methyl branches in 4,8-dimethylnonanoic acid have the (R)configuration (Ackman & Hansen 1967), and the dehydrogenases in mitochondria appear
to be specific for the (2S)-enantiomers (Schmitz & Conzelmann 1997, Battaile et al.
1998).
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6.2 Mouse model for Amacr-deficiency
The generation of Amacr knock-out mouse by targeted disruption of Amacr via
homologous recombination in ES-cells is described (study II). Inactivation of the gene
resulted in loss of Amacr mRNA and a polypeptide recognizable by the anti-Amacrantibody in the tissues. This together with undetectable Amacr activity indicated that the
knock-out was complete. The loss of activity indicated also that Amacr is the only protein
with Amacr activity in the tissues tested.
In view of the essential role of Amacr in bile acid synthesis (Pedersen et al. 1996, Van
Veldhoven et al. 1996, Ikegawa et al. 1998), as well as the severe symptoms of Amacrdeficient patients (Ferdinandusse et al. 2000a, Setchell et al. 2003), the symptomless
phenotype of Amacr-/- mice was unexpected. However, the mice had clear disturbances in
the bile acid pool. While the serum bile acid pool consists of C24 bile acids in healthy
humans and C27 metabolites are undetectable, the proportion of C24 bile acids drops to
14—18% and C27 precursors count for 82—86% of the pool in Amacr-deficient patients
(McLean et al. 2002, Setchell et al. 2003). The corresponding shares of C24 and C27
metabolites in mice are 97% vs 3% and 7% vs 93% in Amacr+/+ and Amacr-/- mice,
respectively. The levels demonstrate that the effect of inactivity of Amacr upon bile acid
synthesis is stronger in mouse than in man. However, the mice suffered neither from
malabsorption of lipids nor deficiency of the vitamin K-dependent coagulation factors.
This could in part be explained by the reduced, but still considerable, amount of C24 bile
acids in Amacr-/- mice and by the substitution of bile acid function with C27 precursors,
which are the only bile acids in many amphibians and reptiles (Hoshita & Kazuno 1968).
Bile acids, among other factors, regulate the feedback from the bile acid pool to bile
acid synthesis from cholesterol by acting as ligand(s) for transcription factors, such as
farnesoid X receptor (FXR) (Makishima et al. 1999, Wang et al. 1999, Li-Hawkins et al.
2002). The concentrations of primary bile acids were decreased in Amacr-/- mice
explaining the enhanced expression of Cyp7a1, which encodes CYP7A1, a rate limiting
enzyme in bile acid synthesis (Shefer et al. 1970), and which is downregulated by FXR
(Table I in II). Therefore, the ~50% reduction in serum cholesterol in Amacr-/- mice on all
diets can be explained at least partially in terms of accelerated channeling of cholesterol
towards bile acids. An isolated defect in intestinal cholesterol absorption is also possible,
although the mice did not show general defects in lipid absorption. Interestingly, a
moderate reduction in serum cholesterol has also been described in Amacr-deficient
patients (McLean et al. 2002).
Only after stressing the mice with phytol, Amacr-/- but not Amacr+/+ mice developed
hepatomegaly, histological liver injuries with concomitant accumulation of large
deformed peroxisomes and elevated serum levels of APHOS. Significant decreases in
serum triacylglycerols and in the epididymal fatpads were also observed. The induced
proliferation of peroxisomes is probably transmitted via peroxisome proliferator activated
receptor α (PPARα), since the accumulating phytol metabolites, phytanic and pristanic
acids, are ligands of PPARα (Ellinghaus et al. 1999, Zomer et al. 2000). Furthermore, the
expressions of Abcb4, Abcd2, pMfe1 and Acox1, which are regulated by PPARα
(Aoyama et al. 1998, Fourcade et al. 2001, Kok et al. 2003), were induced (Table I in II).
Since no liver damage was observed in mice fed with clofibrate, the effects of phytol
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cannot be ascribed solely to metabolic changes associated with peroxisome proliferation
(e.g. production of free oxygen radicals). Therefore the acute toxic effects are assumed to
be mediated by phytol metabolites.
Peroxisomal chain-shortening of the cholesterol tail is suggested to be dependent on
MFE-2, as bile acid precursors (D/THCAs) accumulate in its absence (Watkins et al.
1989, van Grunsven et al. 1999b, Baes et al. 2000). Usually, the precursors are oxidized
to (24E)-∆24-D/THCA-CoAs, substrates for MFE-2, which then hydrate and oxidize them
into 3-keto-D/THCA-CoAs. The peroxisomal MFE-1 can also catalyze the first hydration
(Qin et al. 1997a), but the resulting product is (24S,25S)-hydroxy-D/THCA-CoA, which
is not a substrate for either MFE-1 or MFE-2. However, Amacr can convert (24S,25S)Hydroxy-D/THCA-CoA into the (24S,25R)-form, which is a substrate for MFE-1 (Qin et
al. 1997a, Cuebas et al. 2002). This finding has been used to explain the C24 bile acids
still found in subjects with MFE-2-deficiency. It is noteworthy that the MFE-1-deficient
mice are symptomless (Qi et al. 1999, Wanders et al. 2001b).
However, at least two Amacr-independent syntheses of (24S,25R)-hydroxy-D/THCACoA through oxysterols can be predicted (Figure 6 in II). CYP3A4, which corresponds to
CYP3A11 in mice, catalyzes (24S)-hydroxylation of oxysterols (Honda et al. 2001)
resulting in the generation of (24S,25R)-metabolites, potential precursors of MFE-1
substrates. (24S,25R)-Metabolites can also be generated from cholesterol by CYP46A1,
which is expressed in the brain, liver and testis (Lutjohann et al. 1996, Lund et al. 1999).
In line with the proposed contribution of CYP3A11 to bile acid synthesis, the expression
of Cyp3a11 was moderately increased in livers of Amacr-/- mice, but the contribution of
CYP46A1 was challenged by the observation that the expression level of Cyp46A1 was
decreased. Additionally, increased expression of Mfe1 upon disruption of Amacr supports
the proposed involvement of MFE-1 in bile acid synthesis.
There are many enzyme-catalyzed steps in bile acid synthesis and in the degradation
of branched-chain fatty acids. Moreover, there exist at least two parallel, although
partially overlapping, pathways with different substrate specificities for their common
peroxisomal β-oxidation. Thus, the different deficiencies in these pathways result in
highly variable clinical presentations, which may also vary between species as with
Amacr-deficiency. The MFE-2-deficiency in mice and in man causes severe growth
retardation and premature death with accumulation of methyl-branched fatty acids and
bile acid intermediates combined with impeded peroxisomal oxidation of VLCFAs
(Watkins et al. 1989, van Grunsven et al. 1999b, Baes et al. 2000). No effective therapy
has been reported for MFE-2-deficiency. Although, the biochemistry of both Amacr-/- and
Mfe2-/- mice show many common features, such as accumulation of phytanic and
pristanic acids and bile acid intermediates, the severe phenotype of the latter mice can at
least be partially explained in terms of accumulation of very long chain fatty acids, which
was not detected in Amacr-/- animals.
The phenotypes of SCPX/SCP2- and Amacr-deficiencies in mice show evident
similarities. The ScpX/Scp2-/- mice developed normally up to six months of age and the
morphology of their major organs appeared to be normal. However, ScpX/Scp2-/- mice are
sensitive to phytol, developing liver disease ultimately resulting in death within three
weeks on a phytol diet (Seedorf et al. 1998). Peroxisomal β-oxidation pathways merge at
the stage of 3-ketoacyl intermediates, substrates for SCPX/SCP2, which in bile acid
synthesis, regardless of operating MFE, are 3-ketoD/THCA-CoAs. Although, ScpX/Scp2-/-
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mice show accumulation of abnormal bile acid intermediates, normal bile acids are still
synthesized (Kannenberg et al. 1999), suggesting that the specificity of other peroxisomal
thiolase(s) may not be as strict as generally thought. The SCPX/SCP2-deficiency has not
been described in man.
CYP7A1-deficient mice appeared normal at birth, but died within the first 18 days of
life, suffering from symptoms such as fat malabsorption (Ishibashi et al. 1996). However,
the postnatal lethality was reversed by bile acid and vitamin supplementation. Adult mice
showed the normolipidemic phenotype in contrast to humans suffering from CYP7A1deficiency, who show a hyperlipidemic phenotype with reduced bile acid synthesis and
accumulation of cholesterol (Pullinger et al. 2002). Bile acid therapy, which is known to
ameliorate patients with cholesterol gallstones, has not been reported for this deficiency
in humans, but CYP7A1-deficiency appears to be resistant to statins (HMG-CoA
reductase inhibitors). In humans, CYP27A1-deficiency results in CTX, which leads to
death in the long run, and is characterized by the synthesis of abnormal bile alcohols,
reduced synthesis of normal bile acids and the accumulation of cholesterol (Bjorkhem et
al. 2001). CTX can be effectively treated with oral bile acid therapy if started at an early
age. Althought the bile acid synthesis of CYP27A1-deficient mice is reduced, the
cholesterol levels and lipid absorption appears to be normal and the mice do not develop
CTX (Rosen et al. 1998). This is propably due to the induced expression of CYP3A11,
which is known to metabolize the abnormal bile alcohols, which accumulate in CTX
(Honda et al. 2001).
As indicated, there are evident differences between the effects of Amacr-deficiency in
mice and man. Nevertheless, since Amacr-/- mice developed symptoms only after feeding
with phytol, the present study suggests a diet with low or no branched-chain fatty acids as
a treatment for Amacr-deficiency (Ferdinandusse et al. 2000a). Oral bile acid therapy is
also known to be effective in treatment of an Amacr-patient with postnatal liver
deficiency and fat-soluble vitamin malabsorption (Setchell et al. 2003) i.e. there are no
defects in absorption in enterocytes.

6.3 Studies on the active site of Amacr
The mutagenesis studies on MCR, a bacterial ortholog for Amacr, identified four residues
as important for efficient catalysis: Arg91, His126, Asp156 and Glu241 (study III). Their
location in the structure of MCR is shown in Figure 7 in III. Arg91 and Asp156 are
conserved across family III of CoA the transferases, but His126 and Glu241 are unique
residues for Amacrs. Arg91 and Asp156 correspond to Arg104 and Asp169 of FRC,
respectively. Based on the structure of the FRC-CoA complex, Arg104 stabilizes the
binding of the CoA moiety and Asp169 is the catalytic aspartate residue (Ricagno et al.
2003). The mode of CoA binding is similar in FRC and YfdW, and the CoA binding
pocket appears to be essentially conserved between Amacr and FRC/YfdW. From the
FRC-MCR comparison, it is also predicted that Asp156 is the catalytic residue in MCR.
This agrees well with the mutagenesis data, which also predicts Arg91, His126 and
Glu241 to be important in the catalytic mechanism. His126 is in the large domain (Nterminus of α5), while Glu241 is in the small domain just after β8. Apparently, the
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catalytic site is at the interface between the large and the small domains of two different
subunits of the dimer (Figure 7 in III).
Based on the sequence comparison of Amacr and the four alternatively spliced
variants, it is suggested that the segment corresponding to residues Glu141—Arg233 in
MCR, may be important for the physiological function of the enzyme (Mubiru et al.
2004). However, since Asp152 (corresponding to Asp156 in MCR) was absent in two of
the variants, neither of the residues found in this study was within the segment.
As seen in YfdW the bound acetyl-CoA shows two modes of binding (Gruez et al.
2003). In the structure of MCR the corresponding binding mode may occur so that the
acetyl moiety points either upwards (to the N-loop) or downwards (to His126) (Figure 7
in III). The precise mode of the binding in Amacr is not yet fully established. However, a
small rearrangement of the downwards orientation of the acetyl moiety brings the
thioester oxygen to a potential oxyanion hole formed by His126 and Glu127 at the Nterminus of α5. Commonly, the thioester oxygen atom of CoA dependent enzymes binds
in an oxyanion hole to facilitate catalysis. The possible relevance of this oxyanion hole to
catalysis is entirely consistent with the observed importance of His126 and Glu241 for
the efficient catalysis. The residues Glu241 of subunit B and His126 of subunit A are
bonded to each other via a relevant hydrogen bond of 2.7 Å. Apparently, the catalytic
properties of the side chain of histidine are enhanced by the side chain of Glu241. In FRC
the corresponding residues are Tyr139 and Ala285, which in this respect are not
functional homologues for His126 and Glu241. As Amacr is a racemase and FRC is a
CoA transferase, the differences in the active site properties are in line with the
differences in the catalytic properties of the enzymes. Also, the very different substrate
specificities of the enzymes can be explained in terms of the binding pocket being much
more extended and solvent exposed in Amacr, due to the shorter loops near the active site
(Figure 6 in III). This agrees with the large size of the substrate molecules of Amacr i.e.
steroid and pristanoyl moieties. The data challenge the suggestion that Amacr is a
bifunctional protein with an additional CoA-transferase activity, which has not been
detected in the assays used (Heider 2001).
As the C-terminal tail of one subunit folds back on its own N-terminal large domain
after a small domain is formed, the dimeric assembly of the two subunits results in an
interlocked mode of interaction between the two polypeptide chains (Figure 6 in III). The
structural studies also allow us to understand the structural impact of the disease causing
point mutations in Amacr-deficient patients, S52P and L107P. Interestingly the mutation
S52P in human Amacr has been considered as single nucleotide polymorphism (Zheng et
al. 2002). The corresponding residues in MCR are Ile56 and Met111. The residual
activity of the MCR variant I56P may be due to differences between MCR and Amacr, or
to the fact that the low activity of the human variant has been considered as inactivity in
earlier studies (Ferdinandusse et al. 2000a). Ile56 is located in the large domain in the
outer β-strand of its parallel β-sheet, interacting with the C-terminal tail (Figure 7 in III).
The mutation I56P causes structural differences that may affect the interaction between
the large domain and the C-terminal tail, which further points to the necessity of these
interactions for full stability of the native MCR. Met111 locates inside the folded protein
very close to the active site (C-terminal end of β5). This positioning explains the
importance of Met111 for the proper function of the protein. Moreover, the mutant
M111P could not be purified as wild type MCR.

7 Conclusions
Amacr, localized to both mitochondria and peroxisomes, is identical in both subcellular
compartments, and thus it is concluded that there are no alternative splicing or posttranslational modifications (at least in mice). The causes of the dual localization will be
studied with mutated Amacr variants in fibroblasts derived from the knock-out mice.
According to the mouse model, the key physiological role of Amacr is the
detoxification of methyl-branched fatty acids. The regular laboratory-chow, low in
phytol, is actually a therapeutic diet explaining the symptomless phenotype of Amacr-/mice. Similar elimination of phytol from the diet is also beneficial for patients suffering
from Amacr-deficiency. Amacr remains important in the synthesis of bile acids. However,
the proposed oxysterol-MFE-1 route may provide a fall-back system that suffices for
survival of Amacr-deficient individuals by circumventing the Amacr-dependent pathway.
In the future, the contribution of MFE-1 to the metabolism of oxysterols and the synthesis
of bile acids in an Amacr-independent manner can be tested by generation of Amacr-//Mfe1-/- double knock-out mouse. Although the Amacr-/- mice did not show defects in
intestinal triacylglycerol absorption, an isolated defect in cholesterol absorption is still
possible. This and the contribution of the possible changes in endogenous cholesterol
synthesis to the low serum cholesterol are currently under investigation.
This study confirms that Amacr belongs to superfamily III of the CoA transferases.
Apparently this superfamily covers a wide range of substrate and catalytic specificities as
Amacr and, for example, YfdW and FRC are different in this respect. The superfamily
may even be divided into two subgroups, racemases and transferases. Arg91, His126,
Asp156 and Glu241 are suggested as being important residues in the catalytic mechanism
of MCR (Amacr). Furthermore Asp156 is likely the catalytic residue. The unique
properties of Amacr can be understood due to its much more extended and solvent
exposed binding pocket and the differences near the catalytic site. Current
crystallographic and calorimetric binding studies are aimed at understanding the binding
of the substrates and the reaction mechanism of Amacr at the atomic level.
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