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Abstract t 

Phytanoyl-CoAA hydroxylase is a newly recognized peroxisomal enzyme which catalyses 
thee first step in the a-oxidation of phytanoyl-CoA. Since measurement of this enzyme activity 
inn human liver homogenate is of great importance especially in relation to inherited diseases 
inn which this enzyme activity is deficient, we have studied its characteristics in human liver. 
Thee results described in this paper show that optimal activity measurements require pre-
formedd phytanoyl-CoA plus 2-oxoglutarate, Fe2+ and ascorbate. The conditions developed can 
bee used to determine phytanoyl-CoA hydroxylase activity in human liver homogenates which 
iss of utmost importance not only for the diagnosis of patients, but also for the purification of 
thee enzyme from various sources. 

1.. Introduction 

Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is a branched chain fatty acid 
which,, because of the presence of a methyl-group at the 3-position, cannot undergo straight 
B-oxidation.. Instead, the carboxyl-group has to be removed by a-oxidation. Despite intensive 
efforts,, the mechanism and subcellular localization of the phytanic acid a-oxidation pathway 
havee long remained a mystery. Recent studies have shed new light on the a-oxidation path-
way.. First, it was found that in rat liver phytanic acid can only be a-oxidized after its conver-
sionn into a CoA-ester [1]. Secondly, a new enzyme, phytanoyl-CoA hydroxylase (PhyH), was 
discoveredd catalysing the conversion of phytanoyl-CoA into 2-hydroxyphytanoyl-CoA [2], 
Thiss dioxygenase reaction, which requires 2-oxoglutarate, Fe2+ and ascorbate, appeared to be 
localizedd in peroxisomes in rat liver [2,3]. We recently reported the occurrence of a similar 
enzymee activity in human liver [4]. We now describe the characteristics of this enzyme activi-
tyy and report its activity in liver from patients suffering from different types of peroxisomal 
disorders. . 

2.. Materials and methods 

2.1.2.1. Liver samples 

Liverr samples from patients affected by different types of peroxisomal disorders were 
obtainedd at autopsy, except for the liver specimen from a patient with classical Refsum 
disease,, which was obtained by biopsy. Pieces of human liver tissue used as control samples 
weree obtained from patients undergoing liver resection suffering from unrelated disorders. 
Immediatelyy after resection/biopsy, liver samples were chilled and washed in saline solution 
andd subsequently stored at -80°C. All liver specimens were obtained with the consent of legal 
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authoritiess and the patients or their families. 

2.2.2.2. Preparation of human liver homogenates 

Justt prior to assay, liver homogenates were prepared as follows: pieces of liver (stored at 
-800 °C and thawed on ice) were gently homogenized in a buffer containing 100 mM potas-
siumm chloride and 50 mM Tris buffer, final pH 7.5, and sonicated on ice (3 cycles of 10 s at 
700 W with time intervals of 1 min). Subsequently, the total protein concentration was deter-
minedd according to the method described by Smith et al. [5]. 

2.3.2.3. [l-' 4C]-Phytanoyl-CoA synthesis 

[l- 14C]-Phytanicc acid (18 Ci/mol) was synthesized as described by Poulos and Barone [6]. 
Thee [l- l4C]-labelled fatty acid was pure as assayed by gas chromatography/mass spectro-
metry.. Subsequently, [l-14C]-phytanic acid was converted enzymatically into its Co A deriva-
tivee using acyl-CoA synthetase (Boehringer, Mannheim, Germany). The 12 ml reaction 
mixturee contained 100 mmol/l Tris buffer, 10 mmol/1 adenosine triphosphate (ATP), 10 
mmol/11 MgCl2, 0.2 mmol/1 CoASH, 0.1 mmol/1 [l-14C]-phytanic acid, 0.2 mg/ml 13-cyclo-
dextrin,, 1 mmol/1 dithiotreitol, 0.05% (w/v) Triton X-100 and 1.7 U/ml acyl-CoA synthetase, 
thee final pH was 7.5. After incubation for 1 h at 37°C, the reaction mixture was applied to a 
Bakerbondd spe*  Clg reverse phase column (Baker, Deventer, The Netherlands). The column 
wass washed with 4 ml 10 mmol/1 Tris pH 7.5, followed by 4 ml 10 mmol/1 Tris pH 7.5 in 5% 
acetonitrile.. The phytanoyl-CoA was eluted using 8 ml 10 mmol/1 Tris pH 7.5 in 30% aceto-
nitrilee followed by 8 ml 10 mmol/1 Tris pH 7.5 in 40% acetonitrile. After evaporation of the 
organicc component of the eluate, 2-[N-morpholino]ethanesulphonic acid buffer pH 6.0 was 
addedd (final concentration 5 mmol/1) to the phytanoyl-CoA solution. High-performance liquid 
chromatographyy (HPLC) analysis using the same conditions as described in Section 2.4 (see 
below)) showed a single peak of radioactivity as well as a single peak of absorbance at 254 nm 
(thee optimum absorbance wavelength for acyl-CoA derivatives) with the same retention time. 
Thee phytanoyl-CoA solution was stored at -20°C. 

2.42.4 Phytanoyl-CoA hydroxylase activity measurement 

Initially ,, PhyH activity measurements were performed according to the assay for rat liver 
peroxisomess as described by Mihalik et al. [2]. After optimizing the procedure for human 
liverr homogenates (see Section 3) the assay was performed as follows: liver homogenate 
(0.1255 mg protein) was added to a reaction mixture (final protein concentration 0.5 mg ml1; 
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totall  reaction volume 250 \i\) containing 25 mmol/1 Tris, 0.25 mmol/1 dithiotreitol, 10 mmol/1 
ATP,, 5 mmol/1 MgCl2, 0.2 mmol/1 CoASH, 1 mmol/1 2-oxoglutarate, 0.5 mmol/1 ammonium 
iron[II]sulphate,, 5 mmol/1 ascorbate, 25 (xmol/1 [l-14C]-phytanoyl-CoA, final pH 7.5, and 
incubatedd for 30 min at 37°C. The incubation was terminated by the addition of 25 JJ.1 50 
mmol/11 EDTA plus 170 u.1 acetonitrile to obtain a final concentration of 39%, causing protein 
precipitation.. The sample was centrifuged and the supernatant containing the acyl-CoA 
derivativess was subjected to HPLC analysis. This analysis was performed essentially as 
describedd previously [2], with some modifications: samples (300 ul) were injected onto a 
Waterss uBondapak C]8 reverse phase column (3.9 x 300 mm, particle size 10 um; Waters, 
Milford,, MD, USA) and eluted with a linear gradient from 42.5 mmol/1 ammonium dihydro-
genn phosphate pH 5.5 in 39% acetonitrile to 90% acetonitrile over 30 min, followed by iso-
craticc elution with 90% acetonitrile for 30 min, all at a flow rate of 1 ml/min. Radioactivity of 
thee eluate was monitored using a Radiomatic A500 flow scintillation analyzer (Packard, 
Menden,, CT, USA). Simultaneously, the absorbance of the eluate was monitored on a 
LDC/Miltonn Roy SM 4000 programmable wavelength detector (Milton Roy, Rochester, NY, 
USA)) at 254 nm, the optimum absorbance wavelength for acyl-CoA derivatives. 

3.. Results 

3.13.1 Measurement ofPhyH in human liver homogenate 

Thee PhyH assay developed earlier for measurement of PhyH activity in rat liver peroxi-
somess is based on the conversion of phytanoyl-Co A to 2-hydroxyphytanoyl-CoA [2] and uses 
phytanicc acid rather than phytanoyl-CoA as substrate in the assay. The presence of ATP, Mg2+ 

andd CoASH in the medium allowed rapid conversion of radiolabeled phytanic acid to phy-
tanoyl-CoAA by the endogenous long-chain acyl-CoA synthetase present in the peroxisomal 
membranee [7]. When this assay was used for activity measurements in human liver 
homogenates,, the HPLC tracing showed that phytanic acid was only partially converted to 
phytanoyl-CoA,, and as a result 2-hydroxyphytanoyl-CoA production was low (results not 
shown). . 

Wee therefore repeated the assay, now using phytanoyl-CoA (prepared as described in 
Sectionn 2) as a substrate and leaving out ATP, Mg2+ and CoASH. Contrary to our expecta-
tions,, these assay conditions did not result in higher PhyH activity. The chromatograms 
showedd that a substantial amount of phytanoyl-CoA was converted to its free fatty acid, 
phytanicc acid, during incubation (results not shown). When phytanoyl-CoA was used as 
substratesubstrate in the presence of ATP, Mg2+ and CoASH, much more 2-hydroxyphytanoyl-CoA 
wass formed, whereas the formation of phytanic acid was reduced under these conditions. 
Whenn the dependence of the enzyme activity on the concentration of phytanoyl-Co A was 
studiedd it was found that full activity could only be achieved using high concentrations of 
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Fig.. 1. Cofactor requirements, dependence on pH and protein, and time course of PhyH activity in 
humann liver homogenates. Human liver homogenate was prepared as described in Materials and 
Methodss and PhyH activity was determined in the presence of various concentrations of (A) 2-oxo-
glutarate,, (B) Fe2*, and (C) ascorbate. The pH dependence of PhyH activity is depicted in (D), panel 
(E)) shows the time course and panel (F) shows the dependence on protein of PhyH activity. In panel 
(A)) through (D) 100% OHphytanoyl-CoA formation represents a reaction rate of 2.45 nmol per h 
perr mg protein. Values represent the mean of two separate experiments. 
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phytanoyl-CoAA (>200 umol/1; results not shown). For economical reasons a concentration of 
255 |imol/l was chosen for further experiments. 

Usingg the basic assay conditions described above, we tested the dependence of the enzyme 
activityy on 2-oxoglutarate, Fe2+ and ascorbate. Fig. 1A shows that enzyme activity is fully 
dependentt on 2-oxoglutarate (apparent 1 =̂ 49 umol/1). No 2-hydroxyphytanoyl-CoA forma-
tionn was found when Fe2+ was omitted from the reaction medium; optimal activity was 
reachedd at 0.5 mmol/1 Fe2+ (Fig. IB) with an apparent IC, of 19 umol/1. Other divalent metal 
ionss like Cu2+, Mn2+ and Zn2+ were unable to replace Fe2+ (results not shown). 

Earlierr studies on dioxygenases like prolyl 4-hydroxylase [8] have shown that ascorbate 
(vitaminn C) is required for optimal activity. As shown in Fig. IC, formation of 2-hydroxy-
phytanoyl-CoAA is not absolutely dependent on ascorbate but increases 2.5-fold at ascorbate 
concentrationss of 5 mmol/1 and higher when compared to the reaction rate without added 
ascorbate. . 

Humann liver PhyH was found to be active over a broad pH range, with optimal activity at 
pHH 7.5 (Fig. ID). At pH 7.5, the enzymatic activity was linear with time up to 30 min (Fig. 
IE)) and linear with protein up to 0.5 mg/ml (Fig. IF). Based on the experiments described 
above,, we selected the standard reaction conditions described in Section 2. 

3.23.2 Effect of propyl gallate and imidazole derivatives on PhyH activity 

Propyll  gallate was reported to be inhibitory to PhyH activity in rat liver [3]. As shown in 
Tablee 1, PhyH activity in human liver is also profoundly inhibited by propyl gallate. How-
ever,, this inhibitory effect could at least partially be overcome by raising the Fe2+ concentra-
tionn in the assay, suggesting that propyl gallate is not a true inhibitor of the enzyme but exerts 
itss effect by the binding of Fe2+, as has been described in literature [9,10]. 

Recentlyy it was reported that imidazole antimicotics such as ketoconazole are potent 
inhibitorss of the phytanic acid oc-oxidation at the level of the hydroxylation step [11]. This 
findingg led to the hypothesis that a cytochrome P-450 containing enzyme is involved in the 
hydroxylationn of phytanic acid. In these studies, the overall effect of the inhibitors on the 
phytanicc acid a-oxidation was determined by measuring the end product l4C02. We have 
investigatedd the effect of these imidazole derivatives on the production of the true product of 
thee hydroxylation step as catalysed by PhyH, i.e., 2-hydroxyphytanoyl-CoA. To this end, we 
incubatedd human liver homogenates in the presence of 20 umol/1 of bifonazole, clotrimazole, 
ketoconazolee and miconazole. No inhibition of PhyH activity was observed (Table 1). 
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Tablee 1 

Effectt of propyl gallate and imidazole derivatives on PhyH activity in human liver homogenate. 

Componentt tested % Activity 

11 mmol/1 Propyl gallate 0 
11 mmol/1 Propyl gallate + 2 mmol/1 Fe2+ 55 
200 umol/1 Bifonazole 98 
200 umol/1 Clotrimazole 96 
200 umol/1 Miconazole 98 
200 nmol/1 Ketoconazole 108 

PhyHH activity in human Hver homogenate was determined as described in Section 2. Values represent 
thee mean of two separate experiments. Activity is expressed as the percentage of maximum activity 
underr standard conditions (100%=2.45 nmol 2-hydroxyphytanoyl-CoA formed per h per mg protein). 

3.3.3.3. PhyH activity measurement in liver homogenates from patients with peroxisomal dis-
orders orders 

Wee subsequently measured the PhyH activity in human liver homogenates from control 
subjectss and from patients affected by different peroxisomal disorders. In accordance with our 
earlierr results, enzyme activity was undetectable in liver material from patients with the 
Zellwegerr syndrome [4] and from a patient with Refsum disease [12]. Furthermore, PhyH 
activityy was found to be deficient in liver from two patients with rhizomelic chondrodysplasia 
punctataa (RCDP) (Table 2). Normal activity was found in liver from patients suffering from 
X-linkedd adrenoleukodystrophy (X-linked ALD). 

4.. Discussion 

Inn this study, we have characterized phytanoyl-CoA hydroxylase (PhyH) in human liver 
andd have developed conditions to allow accurate measurement of this enzyme activity in 
humann liver homogenates. When we measured PhyH activity by the original procedure using 
phytanicc acid as substrate, we found only low activities. In this procedure ATP, Mg2+ and 
CoASHH were added in order to allow conversion of phytanic acid to phytanoyl-CoA by 
endogenouss long-chain acyl-CoA synthetase. However, HPLC analysis of the reaction 
mediumm showed only a partial conversion of the free fatty acid to its CoA-derivative, indica-
tingg that the human long-chain acyl-CoA synthetase might be not as active as its rat homo-
logue.. Subsequent studies using phytanoyl-CoA as substrate in the absence of ATP, Mg2+ and 
CoASH,, did not result in a higher PhyH activity, but showed a substantial conversion of 
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Tablee 2 
PhyHH activity measurement in 

Patientt analysed 

Controlss (n=ll) 
Refsumm disease (n=l) 
Zellwegerr syndrome (n= 
RCDPP (n=3) 
X-linkedd ALD (n=2) 

=3) ) 

liver r homogenatess from patientss with peroxisomal disorders. 

PhyHH activity 

2.455  0.88 
sO.05 5 
<0.05 5 
<;0.05 5 

2.72;; 2.41 

PhyHH activity was measured as described in Section 2. Activity is expressed as nmol 2-hydroxy-
phytanoyl-CoAA formed per h per mg protein. Values represent mean  SD. 

phytanoyl-CoAA to phytanic acid. This hydrolysis is probably due to hydrolases present in the 
liverr homogenate. When we then included again ATP, Mg2+ and CoASH, much higher PhyH 
activityy was measured, and the formation of free phytanic acid was much reduced. Apparent-
ly,, the endogenous acyl-CoA synthetase activity is high enough to ensure reactivation of 
phytanicc acid. Under our assay conditions including phytanoyl-CoA as well as 2-oxoglutarate, 
Fe2+,, ascorbate, ATP, Mg2+ and CoASH, the enzyme is readily measurable in human liver 
homogenates. . 

Usingg this newly developed method, we have measured the PhyH activity in liver homo-
genatess from patients with different peroxisomal disorders. First, PhyH activity is deficient in 
Refsumm disease [ 12], probably as a results of mutations in the structural gene encoding PhyH. 
Second,, PhyH activity is deficient in patients with the peroxisome biogenesis disorder Zell-
wegerr syndrome [4]. The most likely explanation for this finding is that, like many other 
peroxisomall  proteins which fail to enter the peroxisome in Zellweger syndrome, PhyH is not a 
stablee protein in the cytosol and is rapidly degraded (see [13] for review). The same explana-
tionn is also likely for the third group of patients suffering from RCDP. We [14] and others 
[15,16]]  have recently found that their primary defect is a mutation in the PEX7-gene which 
encodess the Peroxisomal Targeting Signal type 2 (PTS2) receptor. This soluble receptor binds 
PTS2-containingg proteins in the cytosol and guides them to the peroxisomes where they are 
importedd into the organelle (see [17-19] for reviews). We presume that PhyH is a protein that 
iss targeted to peroxisomes by means of a PTS2-signal. In the absence of a functional PTS2 
receptor,, PhyH is relegated to the cytosol and likely undergoes rapid breakdown similar to 
thatt found in Zellweger patients. To verify this hypothesis, pulse chase experiments will be 
performedd after antibodies to the protein are available. 
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