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Abstract t 

Phytanicc acid is broken down by a-oxidation in three steps finally yielding pristanic acid. 
Thee first step occurs in peroxisomes and is catalysed by phytanoyl-CoA hydroxylase. We 
havee studied the second step in the a-oxidation pathway, which involves conversion of 
2-hydroxyphytanoyl-CoAA to pristanal catalysed by 2-hydroxyphytanoyl-CoA lyase. To this 
end,, we have developed a stable isotope dilution gas chromatography-mass spectrometry 
assayassay allowing activity measurements in rat liver homogenates. Cell fractionation studies 
demonstratee that in rat liver 2-hydroxyphytanoyl-CoA lyase is localised in peroxisomes. This 
findingg may have important implications for inherited diseases in man characterised by im-
pairedpaired phytanic acid a-oxidation. 

1.. Introduction 

Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is a branched chain fatty acid 
whichh is produced from phytol, a breakdown product of chlorophyll. Most straight chain fatty 
acidss are broken down via P-oxidation, a catabolic process in which 2-carbon units are re-
movedd from the fatty acid backbone. However, because of the methyl group at its third carbon 
atom,, phytanic acid can not be p-oxidised directly. Instead, this fatty acid first has to be 
shortenedd by one carbon atom via a-oxidation to produce pristanic acid (2,6,10,14-tetra-
methylpentadecanoicc acid) (for review see [1]). Pristanic acid contains the methyl-group at the 
secondd carbon atom and can be catabolized by peroxisomal p-oxidation (see [2,3] for review). 

Thee structure of the a-oxidation pathway has been unclear for many years since it had been 
assumedd that phytanic acid was the substrate for a-oxidation. However, Watkins and co-
workerss [4] demonstrated that a-oxidation proceeds via the CoA ester of phytanic acid, 
phytanoyl-CoA.. Subsequent studies revealed that in the first step of the a-oxidation pathway 
phytanoyl-CoAA is converted into 2-hydroxyphytanoyl-CoA by the action of phytanoyl-CoA 
hydroxylase,, a peroxisomal enzyme in both rat [5,6] and man [7]. The involvement of phy-
tanoyl-CoAA hydroxylase in a-oxidation was further demonstrated by our finding that Refsum 
diseasee is caused by a deficiency of this enzyme [8] resulting from mutations in the 
correspondingg gene [9,10]. As a consequence, patients with Refsum disease accumulate 
phytanicc acid in tissues and body fluids (see [1] for review). 

Thee second step of the a-oxidation pathway involves the conversion of 2-hydroxyphy-
tanoyl-CoAA to pristanal and formyl-CoA. Previous studies [11-13] have shown that this 
conversionn is catalysed by a lyase, designated 2-hydroxyphytanoyl-CoA lyase (HPL). How-
ever,, no detailed studies on the subcellular localisation of this enzyme activity have been 
performedd so far. 

Thee third and last step of the a-oxidation pathway involves the conversion of pristanal into 
pristanicc acid. This step is catalysed by an NAD(P)+-dependent aldehyde dehydrogenase, of 
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whichh littl e is known. Finally, pristanic acid is activated to its CoA-ester [14,15], which then 
undergoess 3 cycles of P-oxidation in peroxisomes to yield 4,8-dimethylnonanoyl-CoA. The 
latterr compound is converted to its carnitine-ester, transported to mitochondria and further 
brokenn down by the mitochondrial p-oxidation pathway [16]. 

Inn this paper we report on the characterisation of the second step of the a-oxidation path-
way,, which is catalysed by HPL. To this end, we first developed a stable isotope dilution gas 
chromatography-masss spectrometry (GC-MS) assay allowing HPL activity measurements in 
ratt liver homogenates. Using this assay, we have characterised the rat enzyme and have found 
thatt in rat liver HPL is localised in peroxisomes. 

2.. Materials and methods 

2.1.2.1. Materials 

2-hydroxyphytanicc acid was synthesised as described before [17], 2-hydroxyphytanoyl-
CoAA was synthesised from 2-hydroxyphytanic acid using the acid anhydride method [18]. 
[2-methyl-2H3]pristanall  was synthesised at the Free University Hospital Amsterdam. All other 
chemicalss were of analytical grade. 

2.2.2.2. Animals 

Malee Wistar rats were fed ad libitum with a standard laboratory diet. Prior to the experi-
ment,, the rats were fasted overnight. 

2.3.2.3. Preparation of rat liver homogenates 

Forr studies in homogenates, pieces of rat liver that had been stored at -80°C were thawed 
onn ice and subsequently homogenised in a buffer containing 250 mM mannitol, 5 mM Mops, 
andd 0.1 mM EGTA (pH 7.4). Total protein was determined using bicinchoninic acid [19]. 

2.4.2.4. Subcellular fractionation of rat liver 

Forr subcellular fractionation studies, liver was minced, washed several times in ice-cold 
phosphatee buffered saline, and homogenised in a buffer containing 250 mM sucrose, 5 mM 
Mops,, and 0.1 mM EGTA (pH 7.4). The homogenate was centrifuged (600 *  g for 10 min at 
4°C)) to produce a post nuclear supernatant. This supernatant was subjected to differential 
centrifugationn as described [20]. Subsequent subfractionation of the light mitochondrial 
fractionn using equilibrium density gradient centrifugation was performed as described [21]. 
Catalasee (peroxisomes) [22], glutamate dehydrogenase (mitochondria) [23], esterase (micro-
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somes)) [20], lactate dehydrogenase [24] and phosphoglucose isomerase (cytosol) [25] were 
usedused as marker enzymes for the different subcellular compartments indicated in parentheses, 
andd were measured as described. 

2.5.2.5. 2-hydroxyphytanoyl-CoA lyase activity measurements 

Unlesss indicated otherwise the reaction mixture (200 ul) contained the following compo-
nents:: 150 mM potassium chloride, 50 mM Hepes, 2 mM potassium phosphate, 10 uM bovine 
serumm albumin, 250 uM 2-hydroxyphytanoyl-CoA, 1 mg/ml rat liver protein (pH 8.0). Incu-
bationss were allowed to proceed for 30 min at 37°C, and terminated by the addition of 100 ul 
0.11 g/ml ethoxyamine hydrochloride. The pH was raised to >10 by the addition of sodium 
carbonate,, and 25 ul 0.03 mM [2-methyl-2H3]pristanal was added as internal standard. Fatty 
aldehydee ethoxime esters were extracted in 2 ml diethyl ether. The diethyl ether layer was 
driedd by the addition of sodium sulphate and subsequently evaporated. The residues were 
dissolvedd in 50 ul n-hexane and analysed by GC-MS essentially as described [11]. For prista-
nall  ethoxime, m/z 326 (M+l) was monitored, for the internal standard [2-methyl-2H3]pristanal 
ethoxime,, m/z 329 (M+l) was monitored. 

3.. Results 

3.1.3.1. Formation of pristanal from 2-hydroxyphytanoyl-CoA in rat liver homogenates 

Too study the conversion of 2-hydroxyphytanoyl-CoA to pristanal in rat liver, we initially 
incubatedd rat liver homogenates (final protein concentration 1 mg/ml) with 50 uM 
2-hydroxyphytanoyl-CoA,, using the same incubation conditions as previously described for 
studiess in human liver homogenates [11]. Formation of pristanal was linear with time for at 
leastt 30 min (Fig 1A), linear with the protein concentration for up to at least 2 mg/ml (Fig. 
IB)) and optimal at pH 8.0 (Fig. 1C). The rate of pristanal formation increased when the 
2-hydroxyphytanoyl-CoAA concentration was raised up to 250 uM. At higher substrate concen-
trations,, the rate of pristanal formation declined due to substrate inhibition (Fig. 1 D). This 
phenomenonn is often observed when acyl-CoA esters are used as substrate (see [26]). In the 
absencee of bovine serum albumin in the reaction medium, much lower rates of pristanal 
formationn were observed, accounting for only 15% of the rate measured in the presence of 
bovinee serum albumin (data not shown). Based on these results, we optimised the initial assay 
conditionss as outlined in the Materials and methods section. 
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Figuree 1. Formation of pristanal from 2-hydroxyphytanoyl-CoA in rat liver homogenate as a function 
off  time (A), protein (B), pH (C) and the 2-hydroxyphytanoyl-CoA concentration (D). Incubations 
weree carried out as described in the Materials and methods section. 

3.2.3.2. Subcellular localisation of 2-hydroxyphytanoyl-CoA lyase activity in rat liver 

Thee subcellular localisation of HPL was studied by two methods. First, we performed 
differentiall  centrifugation experiments, by which the rat liver post nuclear supernatant was 
separatedd into a heavy mitochondrial (M), a light mitochondrial (L), a microsomal (P) and a 
cytosolicc (S) fraction. In all fractions, activities of marker enzymes and 2-hydroxyphytanoyl-
CoAA lyase were measured. As shown in Fig. 2, HPL activity was present exclusively in the 
lightt mitochondrial fraction. Since the relative specific activity of catalase indicated that this 
L-fractionn was strongly enriched in peroxisomes, these results suggested that HPL is probably 
aa peroxisomal enzyme. 

Unequivocall  evidence for a peroxisomal localisation was obtained after further fraction-
ationn of the light mitochondrial fraction by Nycodenz equilibrium density gradient centrifu-
gation.. The profiles of marker enzyme activities demonstrated a good separation of peroxi-
somes,, mitochondria, microsomes and cytosol (Fig. 3). When HPL activity was measured in 
thee gradient fractions, its distribution followed almost exactly the pattern of catalase, demon-
stratingg that HPL is a peroxisomal enzyme in rat liver (Fig. 3). 
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Figuree 2. Subcellular localisation of 2-hydroxyphytanoyl-CoA lyase in rat liver. A rat liver post 
nuclearr supernatant was subjected to differential centrifugation to obtain a heavy mitochondrial (M), 
lightt mitochondrial (L), microsomal (P) and cytosolic (S) fraction. In each fraction 2-hydroxyphyta-
noyl-CoAA lyase (HPL) activity and marker enzyme activities including glutamate dehydrogenase 
(GDH),, catalase (Cat), esterase (Est) and phosphoglucose isomerase (PGI) were measured. 

100 15 20 

fractionn number 

Figuree 3. Subcellular localisation of 2-hydroxyphytanoyl-CoA lyase in rat liver. A rat liver light 
mitochondriall  fraction was prepared and subjected to Nycodenz equilibrium density centrifugation. In 
alll  fraction 2-hydroxyphytanoyl-CoA lyase (HPL) activity and marker enzyme activities including 
glutamatee dehydrogenase (GDH), catalase (Cat), esterase (Est) and lactate dehydrogenase (LDH) 
weree measured. 
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4.. Discussion 

Forr many years, it had been assumed that phytanic acid is broken down as a free fatty acid 
(seee [1,3] for review). It was only in 1994 that Watkins and coworkers [4] provided conclu-
sivee evidence that not free phytanic acid, but its CoA ester, phytanoyl-CoA, is the true sub-
stratee for cc-oxidation. The subcellular localisation of the a-oxidation pathway is still an 
unresolvedd issue. According to some authors phytanic acid a-oxidation is mitochondrial 
[27-32],, whereas others reported a-oxidation to be peroxisomal [33-35] or microsomal [36, 
37].. In addition, involvement of cytosol has been reported [38]. Finally, a species-dependent 
localisationn has been suggested: mitochondrial in rat and peroxisomal in man [39]. As dis-
cussedd in detail elsewhere [3], it is now clear that these studies suffered from a number of 
shortcomings.. First, in all these studies formation of  14C02 from [l-14C]phytanic acid was 
usedd as the measure of a-oxidation activity. However, Poulos and co-workers [40] showed 
thatt not C02 but formate (produced from formyl-CoA) is the product of the a-oxidation 
pathway.. Second, it is clear now that the incubation media used in all studies cited above 
[27-30,33-39]]  including our own [31,32] lacked the proper cofactors required for a-oxidation. 
Thiss is especially true for 2-oxoglutarate, Fe2+ and ascorbate, which were only identified in 
19955 as obligatory components for phytanoyl-CoA hydroxylase, the enzyme catalysing the 
firstfirst step of the phytanic acid breakdown [6]. Phytanoyl-CoA hydroxylase is localised in 
peroxisomess in man [7] and rat [5,6]. 

Thee results described in this paper show that in rat also the second step in the a-oxidation 
pathway,, the conversion of 2-hydroxyphytanoyl-CoA to pristanal and formyl-CoA, which is 
catalysedd by HPL, is peroxisomal. Remarkably, we recently discovered that in human liver 
thee conversion of 2-hydroxyphytanoyl-CoA to pristanic acid occurs in microsomes [24]. It 
mustt be emphasised however, that in this report the combined activity of the two enzymes 
thatt catalyse the second (the conversion of 2-hydroxyphytanoyl-CoA to pristanal) and the 
thirdd step (the conversion of pristanal to pristanic acid) of the a-oxidation pathway was 
studied.. In this respect it is important to mention that the oxidation of pristanal to pristanic 
acidd appears to be localised in the endoplasmic reticulum, at least in human liver [41]. 

Thee characterisation of 2-hydroxyphytanoyl-CoA lyase and its localisation in peroxisomes 
ass reported in this paper, may have important consequences for patients suffering from 
Refsumm disease, an inherited disorder in which phytanic acid a-oxidation is impaired. Until 
recentlyy it was generally believed that all patients with Refsum disease have a deficiency of 
phytanoyl-CoAA hydroxylase [8], the enzyme catalysing the first step of phytanic acid a-oxi-
dation.. This deficiency is caused by mutations in the corresponding gene [9,10], Recent 
studiess however, have revealed the existence of genetic heterogeneity within Refsum disease 
[42].. This implies that in some patients with Refsum disease the molecular defect is not 
locatedd in the phytanoyl-CoA hydroxylase gene, but in some other gene which may very well 
bee the gene encoding 2-hydroxyphytanoyl-CoA lyase. In order to clone the cDNA encoding 
HPL,, purification of HPL is currently undertaken, using rat liver peroxisomes as starting 
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material. . 
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