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Summary Summary 
Phytoll  is a branched-chain fatty alcohol that is a natural occurring precursor of phy-
tanicc acid, a fatty acid involved in the pathogenesis of Refsum disease. The conversion 
off  phytol into phytanic acid is generally believed to take place via three enzymatic 
stepss that involve firstly, the oxidation to its aldehyde; secondly, further oxidation 
too phytenic acid and finally, reduction of the double bond at the 2,3 position yielding 
phytanicc acid. Our recent investigations in this mechanism have elucidated the enzy-
maticc steps leading to phytenic acid production, but the final step of the pathway has 
nott been investigated so far. In this paper we describe the characterization of phytenic 
acidd reduction in rat liver. NADPH-dependent conversion of phytenic acid into phytanic 
acidd was detected, although at a slow rate. However, it is shown that phytenic acid can 
bee activated to its CoA-ester and that reduction of phytenoyl-CoA is much more ef-
ficientt than that of phytenic acid reduction. Furthermore, in rat hepatocytes cultured 
inn the presence of phytol, phytenoyl-CoA could be detected, showing that it is a bona 
fidefide intermediate of phytol degradation. Subcellular fractionation experiments revealed 
thatt phytenoyl-CoA reductase activity is present in peroxisomes and mitochondria. With 
thesee findings we have accomplished the full elucidation of the mechanism by which 
phytoll  is converted into phytanic acid. 

Introduction Introduction 
Thee branched-chain fatty alcohol phytol (3,7,ll,15-tetramethylhexadec-2-en-l-ol) is 
abundantlyy present in nature as part of the chlorophyll molecule (Fig. 1). After its re-
leasee from chlorophyll, phytol is converted into phytanic acid, a fatty acid that accumu-
latess in a number of metabolic disorders. Phytanic acid has toxic effects when present 
att high levels in the body and therefore needs to be broken down (1-3). Because of the 
presencee of a methyl-group at the 3 position, phytanic acid cannot be degraded by (3-
oxidation,, but instead undergoes cc-oxidation. In this process the carbon chain is short-
enedd by one carbon unit to produce the 2-methyl branched-chain fatty acid, pristanic 
acid,, which can be fi-oxidized normally (4, 5). A deficiency of a-oxidation, such as in 
Refsumm disease, leads to markedly elevated levels of phytanic acid in plasma and tissues 
off  patients and is thought to be the direct cause of symptoms observed in the patients, 
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whichh include retinitis pigmentosa, peripheral neuropathy and cerebellar ataxia (6, 7). 
Remarkably,, very few studies have been performed on the contribution of phytol to 
thee total intake of phytanic acid. This is most likely due to the finding that in humans 
onlyy a small percentage of phytol is released from chlorophyll; this process only occurs 
effectivelyy in the digestive system of ruminant animals (8). As a result, free phytol is 
presentt in some dairy products (9). 

^^ ^ 
Figuree 1. The conversion of phytol into 
phytanicc acid. According to the model 
inn literature, phytol is converted into 
phytanicc acid via the action of 3 dif-
ferentt enzyme reactions, including (1) 
ann alcohol dehydrogenase, (2) an alde-
hydee dehydrogenase (ALDH) and (3) a 
reductasee reaction. We have previously 

Hydrolysiss  shown that the aldehyde dehydrogenase 
involvedd in the conversion of E-phyte-
nall  to E-phytenic acid is the microsomal 
enzymee fatty aldehyde dehydrogenase 
(FALDH). . 
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Resolutionn of the metabolic pathway by which phytol is converted into phytanic acid 
iss also important because phytol is often used in in vitro as well as in in vivo studies as 
aa precursor of phytanic acid. Results from such studies have already led to a proposed 
modell  for phytol degradation (outlined in Fig. 1). This model is based on the finding 
thatt phytol administration to rats leads to increased levels of phytenic acid. According 
too this model, phytol is first converted to phytenic acid via the action of an alcohol 
dehydrogenasee and an aldehyde dehydrogenase, after which phytenic acid undergoes 
reductionn to phytanic acid. 
Supportt for this model came from measurements in isolated rat livers (10) and, more 
recently,, from our own studies in cultured human fibroblasts that provided evidence 
forr the involvement of the microsomal fatty aldehyde dehydrogenase (FALDH, ALDH10) 
catalyzingg the conversion of E-phytenal into E-phytenic acid (11). 
Inn this paper we have studied the last step of the phytol degradation pathway where 
phytenicc acid is converted into phytanic acid. Interestingly, our studies show that in 
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contrastt to the proposed pathway, phytenic acid is first activated to its CoA-ester before 
thee double bond is reduced. In addition, we show that NADPH-dependent reductase ac-
tivityy is located in mitochondria and peroxisomes. 

MaterialMaterial and Methods 

DifferentialDifferential and density gradient centrifugation 
Alll  animal experiments were approved by the Institutional Animal Ethical Commit-
teee of the University of Amsterdam. For subcellular fractionation studies, male Wistar 
ratss were fed ad libitum with a standard laboratory diet supplemented with 1% (w/w) 
diethylhexylphthalatee (DEHP) for 9 days, after which livers were isolated, washed in 
ice-coldd phosphate buffered saline (PBS) and homogenized on ice in a buffer contain-
ingg 250 mM sucrose, 2.5 mM EDTA and 5 mM morpholinopropanesulfonic acid (final pH 
7.4).. A post-nuclear supernatant was obtained by centrifugation at 600 *  g for 10 min 
att 4°C, which was subsequently subjected to differential centrifugation essentially as 
describedd before (12). Glutamate dehydrogenase (mitochondria), esterase (microsomes), 
catalasee (peroxisomes) and phospho-glucose isomerase (cytosol) were used as marker 
enzymess for the different subcellular compartments indicated in parentheses and were 
measuredd as described elsewhere (12, 13). Amounts of protein were determined using 
thee bicinchoninic acid method according to the manufacturer's instructions (Sigma). 
Subsequently,, the light mitochondrial fraction was subjected to equilibrium density 
gradientt centrifugation in a linear Nycodenz gradient as described (13). 

PhytenicPhytenic acid reductase assay 
AA mixture of Z- and E-phytenic acids was synthesized as described (14). Rat livers were 
derivedd from male Wistar rats fed ad libitum with a diet supplemented with 1% (w/w) 
DEHP.. After sacrifice, livers were isolated, washed with ice-cold PBS and stored at -80°C 
priorr to use. Homogenates were made by cutting off a piece of the liver, which was ho-
mogenizedd on ice in PBS and subsequently sonicated on ice (3 cycles of 10 seconds at 
700 W). 
Reductionn of phytenic acid to phytanic acid was determined in an assay mixture con-
sistingg of 50 mM Hepes pH 7.7, 1 mM NADPH, 1 mg/ml methyl-|3-cyclodextrin, 100 uM 
phytenicc acid (dissolved in dimethylsulfoxide, 1 % final concentration in the assay) 
andd 0.2 mg/ml rat liver homogenate in a total volume of 500 ul. The reactions were 
startedd by addition of homogenate and allowed to proceed for 30 minutes at 37°C, after 
whichh they were terminated by addition of 2 M HCl. For analysis of the reaction prod-
uctss by gas-chromatography mass-spectrometry (GC-MS), first 49.3 pmol of  2H3-phytanic 
acidd dissolved in toluene (purchased from Dr. HJ. ten Brink, Free University Hospital, 
Amsterdam,, The Netherlands) was added as internal standard. Then 2 ml of hexane 
wass added, after which the organic layer was evaporated to dryness under nitrogen at 
40°C.. The sample was then derivatized with N-tert-butyldimethylsilyl-N-methyl-trif-
luoroacetamidee (MTBSTFA, Aldrich) and pyridine (50 pi each) at 80 °C for 30 minutes, 
driedd under nitrogen and taken up in hexane. Analysis of the sample was performed 
onn an Agilent Technologies model 5890/5973 GC-MS system equipped with a CPsil 19CB 
capillaryy column (25 m x 0.25 mm internal diameter, film thickness 0.2 pm, Varian) as 
describedd (15, 16). MS acquisition was performed in the single ion monitoring mode, 
specificallyy the [M-57]+ ions of the various compounds (corresponding to 369.3 and 
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372.33 for phytanic acid and the internal standard, respectively). Calibration curves were 
generatedd in a concentration range of 0 to 100 pmol/l and concentrations of phytanic 
acidd were calculated using a linear fit. 

Phytenoyl-CoAPhytenoyl-CoA reductase assay 
Reductionn of phytenoyl-CoA to phytanoyl-CoA was determined in an assay mixture 
containingg 50 mM Hepes pH 7.0, 1 mM NADPH, 1 mg/ml bovine serum albumin, 100 
uMM phytenoyl-CoA and 0.025 mg/ml rat liver homogenate in a final volume of 100 pi. 
Reactionss were started by addition of substrate and incubated for 30 minutes at 37°C 
afterr which they were terminated by the addition of 100 pi acetonitrile and placed on 
ice.. Samples were spun for 10 minutes at 10.000 x g at 4°C and supematants were ana-
lyzedd by high performance liquid chromatography (HPLC) and CoA-esters were quanti-
fiedd using UV-detection. To this end, 100 pi samples were injected on a C18 reverse-phase 
columnn (Supelcosil LC-18-D8, 25 cm x 4.6 mm internal diameter, particle size 5 pM, 
Supelco)) and eluted with a linear gradient from 16.9 mM sodiumphosphate (pH 6.9) 
dissolvedd in 46% to 64% acetonitrile over 20 minutes, at a flow rate of 1 ml/minute. 
Absorbancee of the eluate was monitored on a Shimadzu UV-Vis detector (SPD-10Avp) 
att a wavelength of 260 nm. To determine HPLC-retention times standards of phytanoyl-
CoAA and phytenoyl-CoA were produced from the corresponding free acids using the acid 
anhydridee method (17). 

Acyl-CoAAcyl-CoA synthetase assay 
Enzymaticc activation of phytenic and phytanic acid to their acyl-CoA esters was inves-
tigatedd essentially as described for phytanic acid (18). Briefly, 0.2 mg/ml rat liver ho-
mogenatee was incubated in a mixture containing 50 mM Tris pH 8.0, 10 mM MgCl2, 0.6 
mMM CoA, 10 mM ATP, 100 pM fatty acid and 1 mg/ml methyl-p-cyclodextrin in a total 
volumee of 100 pi for 30 minutes at 37°C, after which the reaction was terminated and 
amountss of phytenoyl-CoA and phytenoyl-CoA determined as described for the phyten-
oyl-CoAA reductase assay. 

DetectionDetection of phytenoyl-CoA in cultured rat hepatocytes 
Culturedd rat hepatocytes (CRL-1601 cells) were grown in Dulbecco's Modified Eagle Me-
diumm (DMEM) supplemented with 10% fetal calf serum (Gibco), penicillin (100 U/ml), 
andd streptomycin (100 pg/ml, all from Gibco) at 37 °C with 5% C02, in the presence or 
absencee of 50 pM phytol (mixture of Z- and E-isomers, Merck). After 4 days, the cells 
weree harvested using trypsin and lysed on ice by the addition of 1 mg/ml of digitonin. 
Analysiss of CoA-esters was performed using tandem mass spectrometry (tMS) as de-
scribedd elsewhere (Van Roermund, in preparation). Briefly, lysates were subjected to 
Dole'ss extraction (19) whereby the aqueous phase containing the CoA-esters was dried 
underr a flow of N2 and taken up in water. Samples were injected on a HPLC-tMS system 
(Finnigann Surveyor TSQuantum AM, Thermofinnigan) and analyzed for HPLC retention 
timee and mass determinations. Detection by tMS was performed by selecting for double 
chargedd parent ions (508.5, 528.5 and 529.5 for heptadecanoyl-CoA, phytenoyl-CoA and 
phytanoyl-CoA,, respectively). 

75 5 



Chapterr  6 

Results Results 

CharacterizationCharacterization of the enzymatic reduction of phytenic acid 
Too study the conversion of phytenic acid into phytanic acid, rat liver homogenates were 
incubatedd with phytenic acid in the presence of a variety of co-factors. Production of 
phytanicc acid was observed only with NADPH present (Fig. 2A). The Km for NADPH was 
calculatedd to be approximately 25 uM (Fig. 25). As shown in Fig 2C, a pH-optimum was 
foundd at pH 7.7. Titration of the substrate phytenic acid resulted in a sharp decrease 
inn activity at concentrations higher than 150 uM (Fig. 25), which prevented calcula-
tionn of the K and Vmax. Based on these results we selected a substrate concentration 

m m 

off  100 uM phytenic acid for all subsequent assays. The standard reaction medium also 
containedd 1 mg/ml methyl-|3-cyclodextrin, which increased activity 3-fold. Under these 
incubationn conditions formation of phytanic acid was linear with protein up to 0.2 mg/ 
mll  (Fig. 25) and with time up to at least 30 minutes (Fig. 25). 

o o 
EE 0.04 

500 100 
tim ee (min) 

150 0 00 200 400 600 800 0 0.5 1 0 
Phytenicc acid (uM) protein (mg) 

Figuree 2. Characterization of the reduction of phytenic acid. A, Production of phytanic acid upon 
incubationn of rat liver homogenate in the presence of NADPH, NADP' or NADH (all at ImM). B, 
Incubationss with various concentrations of NADPH. From a Michaelis-Menten plot (inset) a Km 
off  25 uM was calculated. C, Determination of the pH optimum using a composite buffer consist-
ingg of Citrate, 2-(N-Morpholino)ethanesulfonic acid (Mes), 3-(N-Morpholino)propanesulfonic acid 
(Mops)) and N,N-Bis(2-hydroxyethyl)glycine (Bicine) (35 mM each); D, dependence on the concen-
trationn of phytenic acid; E, dependence on protein concentration; F, time course. 

SubcellularSubcellular localization of the reduction of phytenic acid 
Next,, we studied in which subcellular compartment reduction of phytenic acid to phy-
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tankk acid takes place. To this end, a rat liver homogenate was subjected to differential 
centrifugationn to obtain fractions enriched in different cell organelles. The activity 
profilee of the reduction of phytenic acid approximately mimicked that of glutamate 
dehydrogenase,, a mitochondrial marker, while reductase activity was also present in the 
microsome-enrichedd fraction (Fig. 3). 

A R C C 
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2.5-ii reductase 2.5-i reductase 3.5-i dehydrogenase 
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DD E F 
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Figuree 3. Phytenic acid reductase activity in fractions obtained after differential centrifugation 
off  a rat liver. Differential centrifugation of a rat liver homogenate was performed as described in 
Materialss and methods, by which a post-nuclear supernatant (PNS), a mitochondrial (M)-fraction, 
aa lysosomal (L)-fraction, a microsomal (P)-fraction and a cytosolic (S)-fraction was obtained. 
Inn the different fractions the following activities were measured: A, phytenic acid reduction; B, 
phytenoyl-CoAA reduction; C, glutamate dehydrogenase (mitochondrial marker); D, esterase (mi-
crosomall  marker); E, catalase (peroxisomal marker) and F, [5-hexosaminidase (lysosomal marker). 
Activitiess are expressed as activity per mg protein as percentage relative to that of the post-nu-
clearr supernatant fraction. 

Too establish the subcellular localization more precisely, density gradient centrifugation 
wass performed, using a rat liver light mitochondrial fraction as starting material. How-
ever,, in none of the fractions a substantial phytanic acid production could be measured 
(dataa not shown). Since we had observed earlier that the enzyme activity measured 
afterr differential centrifugation was substantially lower than in non-fractioned rat liver 
homogenates,, it was speculated that the centrifugation procedures might be detrimen-
tall  to enzyme activity. 
Too address this question, we investigated the stability of the enzymatic activity. These 
studiess revealed that there was minimal deterioration of reductase activity in time. 
Evenn after storage for 7 days at room temperature more than 50% of the initial activity 
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remainedd (data not shown). Addition of a reducing agent such as dithioreitol (DTT) or 
proteasee inhibitors did not prevent deterioration of activity. 

ActivationActivation ofphytenic acid to its CoA-ester 
Becausee of the extremely low phytenic acid reductase activity, we investigated whether 
phytenicc acid might be converted into phytanic acid via some alternative mechanism. 
Sincee phytanic acid is a known substrate for long-chain acyl-CoA synthetase (20) and 
needss to be activated to its CoA-ester before it can be a-oxidized, we explored whether 
phytenicc acid might also be a substrate for a synthetase. To test this, the rate of activa-
tionn of phytenic acid to its CoA-ester was determined by incubating rat liver homoge-

133 14 15 16 17 18 12 13 14 15 16 17 

Retentionn time (min) Retention time (min) 
Figuree 4. Activation of phytenic acid to phytenoyl-CoA. Detection of phytenoyl-CoA in incuba-
tionss of rat liver homogenates in the presence of phytenic acid, CoA, Mg?+ and ATP by HPLC. A, 
Standardss for phytanoyl-CoA (dashed line) and Z- and E-phytenoyl-CoA (solid line). Z- and E-
phytenoyl-CoAA isomers are separated into two distinct peaks. Chromatograms were acquired by 
measuringg absorbance at 260 nm as described in Materials and Methods. B, Depicted are typical 
chromatogramss of experiments in which a rat liver homogenate was incubated for t=0 or t=30 
minutess with either phytanic acid (dashed line) or phytenic acid (solid line). Only E-phyten-
oyl-CoAA isomer is formed. C, Reductase activity using either phytenic acid or phytenoyl-CoA as 
substrate.. Rat liver homogenates were incubated as before either with phytenic acid or phyten-
oyl-CoA.. After termination of the reactions, samples were made alkaline (pH>ll) by addition 
off  KOH and incubated for 60 minutes at 60 °C to hydrolyze all CoA-esters. Free acids were then 
derivatizedd with MTBSTFA and detected by GC-MS as described in Materials and Methods. 

natee with phytenic acid in the presence of Mg2+, ATP and CoA. Synthetase activity with 
phytanicc acid as substrate was measured for comparison. In Fig. 45 it is shown that 
phytenicc acid can indeed be activated to phytenoyl-CoA, and the rates of activation 
weree found to be only slightly lower compared to those observed for phytanic acid. 
Interestingly,, predominantly one isomer was produced, presumably corresponding to 
E-phytenoyl-CoAA based on the elution profile and response ratio of Z- and E-phytenoyl-
CoAA (14). 
Subsequently,, we tested whether phytenoyl-CoA could also be a substrate for the re-
ductasee reaction. Rat liver homogenates were incubated with either phytenic acid or 
phytenoyl-CoAA and after termination of the reactions, samples were subjected to alka-
linee hydrolysis to release the CoA so all reaction products could be analyzed by GC-MS in 
thee same way. Remarkably, these experiments revealed that the reductase activity was 
155 times higher using phytenoyl-CoA as a substrate instead of phytenic acid (Fig. 4C). 
Too establish that phytenoyl-CoA is a true intermediate of phytol degradation, acyl-CoA-

78 8 



Reductionn of phytenic acid 

esterss were analyzed in cultured cells after incubation with phytol. To this end, cultured 
ratt hepatocytes were grown for 4 days in medium supplemented with 50 pM phytol. The 

InternalInternal  standard  Phytanoyl-CoA 

m/zz 508.5 3000 0 m/zz 529.5 

Phytenoyl-CoA Phytenoyl-CoA 

m/zz 528.5 

J J !-, , 

B B m/zz 508.5 2 5 0

\L \L oo M&- 1 1 

5ooo n 

I.''  I i i i ol"  '\ i 0 i-N-»" 
15 5 16 6 17 7 15 5 

Figuree 5. Detection of phytanoyl-CoA and 
phytenoyl-CoAA in rat hepatocytes cultured 
inn the presence of phytol. Rat hepatocytes 
weree cultured for 4 days in the presence of 
500 uM phytol after which CoA-esters were 
extractedd by Doles extraction and analyzed 
byy HPLC-tMS. A, Standards for the internal 
standardd heptadecanoyl-CoA, phytanoyl-CoA 
andd phytenoyl-CoA (mixture of Z- and E-
isomeres).. B, A typical sample from hepato-
cytess cultured in control medium. No peaks 
correspondingg to either phytanoyl-CoA or 
phytenoyl-CoAA were present, although an 
additionall  peak with the same m/z ratio as 
phytanoyl-CoAA was observed eluting at 15.5 
minn and an additional peak with the same 
m/zz ratio as phytenoyl-CoA was observed 
elutingg at 17 min. The identity of these 
peakss is unknown. C, A sample from hepato-
cytess cultured on phytol-supplemented me-
dium.. Peaks corresponding to phytanoyl-CoA 
andd E-phytenoyl-CoA were detected. 

Retent io nn t i m e ( m i n ) 

cellss were then homogenized, CoA-esters were extracted and analyzed by HPLC-tMS. In 
additionn to phytanoyl-CoA, also E-phytenoyl-CoA was detected (Fig. 5), suggesting that 
E-phytenoyl-CoAA is indeed a true intermediate of the phytol degradation pathway. In 
thee light of these results we used phytenoyl-CoA as substrate for the subsequent reduct-
asee measurements. 

CharacterizationCharacterization of the reduction of phytenoyl-CoA 
Optimall  reaction conditions were determined, this time using phytenoyl-CoA as sub-
strate,, and samples were analyzed by HPLC. The reaction was dependent on NADPH as 
co-factorr and the Km for NADPH was 9 pM (Fig. 6A). Maximum activity was found at a 
pHH of 7.0 (Fig. 65). As had been observed for phytenic acid, titration of phytenoyl-CoA 
revealedd decreasing activities with substrate concentrations exceeding 100 pM, making 
calculationn of Km and Vmax impossible (Fig. 6C). Based on these results, we selected a 
phytenoyl-CoAA concentration of 100 pM in all subsequent reductase measurements. Ad-
ditionn of BSA or methyl-P-cyclodextrin to the incubation mixture had no influence on 
reductasee activity (data not shown). Phytanoyl-CoA production was linear with protein 
upp to at least 0.5 mg/ml (Fig. 6D) and linear in time up to at least 60 minutes (Fig. 
6£). . 
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SubcellularSubcellular localization of phytenoyl-CoA reductase activity 
Reductasee activity using phytenoyl-CoA as substrate was measured in the same frac-
tionss obtained by differential centrifugation of a rat liver homogenate as used in the 
experimentt of Fig. 3. In contrast to the incubations with phytenic acid as substrate, 
goodd recovery was found with phytenoyl-CoA as substrate (85%). The relative specific 
phytenoyl-CoAA reductase activity was >1 in both the mitochondria-enriched and lyso-
some-enrichedd fractions (Fig. 3B). 

0.22 0.4 0.6 0.8 0 20 40 60 
proteinn (mg/ml) time (min) 

Figuree 6. Characterization of the reduction of phytenoyl-CoA. A, Incubations of rat liver ho-
mogenatee with phytenoyl-CoA and various concentrations of NADPH. From a Michaelis-Menten 
plott (inset) a Km of 9 uM was calculated; B, determination of the pH optimum using a buffer 
consistingg of Citrate-Mes-Mops-Bicine (35 mM); C, dependence on substrate concentration; D, 
dependencee on protein concentration; E, time course. 

Too establish the subcellular localization of phytenoyl-CoA reductase more precisely, we 
measuredd activity in the different fractions of the density gradient. A bimodal activity 
profilee was found, with peaks corresponding to the peroxisomal and the mitochondrial 
markerr (Fig. 7). 
Inn addition, we measured synthetase activity in the same density gradient fractions 
withh phytenic acid as substrate. Phytenoyl-CoA production was found in the peroxi-
somess and microsomes (Fig. 1G), where activation of phytanic acid to phytanoyl-CoA 
alsoo takes place (Fig. 7H). 

Discussion Discussion 
Too elucidate the breakdown pathway of phytol to phytanic acid we previously studied 
thee conversion of phytol to phytenic acid (11). We observed that phytol was converted 
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Figuree 7. Phytenoyl-CoA reductase activity in a density gradient. Organelles from a rat liver 
homogenatee were separated on a continuous density gradient as described in Material and 
methods.. The rat liver was derived from a rat fed a diethylhexylphthalate (DEHP)-supplemented 
diett to increase the number of peroxisomes and weight of the liver. The gradient was divided 
intoo discrete samples, numbered from 1 at the bottom to 21 at the top, in which phytenoyl-CoA 
reductasee activity was measured (A). To localize different organelles in the gradient the follow-
ingg marker enzymes were measured: B, glutamate dehydrogenase (mitochondria); C, esterase 
(microsomes);; D, catalase (peroxisomes); E, protein andf, phosphoglucose isomerase (cytosol). 
G,G, Phytenic acid activation to phytenoyl-CoA and H, phytanic acid activation to phytanoyl-CoA. 
Alll  enzymatic activities are expressed as percentage of total activity. 

too its aldehyde, which was then converted into phytenic acid, as had been postulated by 
Muralidharann and Muralidharan (10, 21). We also found that the production of phytenic 
acidd from phytol was mediated by the enzyme fatty aldehyde dehydrogenase (FALDH). 
Inn this study, we focused on the last step of this pathway, the conversion of phytenic 
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acidd into phytanic acid. Enzymatic production of phytanic acid from phytenic acid was 
indeedd observed in rat liver homogenates. However, doubts about the relevance of this 
reactionn arose when hardly any activity was recovered in fractions prepared from rat 
liverr homogenates by means of differential and density gradient centrifugation. As an 
alternative,, activation of phytenic acid to its CoA-ester prior to the reduction of the 
doublee bond was investigated. We showed that phytenic acid was indeed a substrate for 
aa synthetase and, moreover, that phytenoyl-CoA was a better substrate for the reduct-
asee reaction than phytenic acid. Proof that phytenoyl-CoA is a bona fide intermediate 
off  phytol degradation came from the fact that it could be detected in rat hepatocytes 
culturedd in the presence of phytol. Figure 8 shows the new, fully elucidated pathway of 
thee conversion of phytol into phytanic acid. 

Figuree 8. Revised pathway 
off  the breakdown of phytol 
too phytanic acid. Phytol 
iss converted by an alcohol 
dehydrogenasee and FALDH 
onn the ER into E-phytenic 
acid.. A synthetase at the ER 
orr the peroxisome produces 
E-phytenoyl-CoA,, which is 
reducedd to phytanoyl-CoA 
att the mitochondrion or the 
peroxisome.. Phytanoyl-CoA 
iss further broken down by 
a-oxidationn in the peroxi-
some. . 

Subsequentt characterization of the phytenic acid synthetase reaction showed that this 
activityy is localized both in microsomes and peroxisomes. Since production of phytenic 
acidd takes place on the outside of the ER-membrane where FALDH is localized, activation 
off  phytenic acid to phytenoyl-CoA could occur either directly at the ER-membrane or at 
thee peroxisomes. The same has been observed for phytanic acid, which was shown to be 
activatedd by long-chain acyl-CoA synthetase (20, 22). 
Phytenoyl-CoAA reductase activity was detected both in mitochondria and in peroxi-
somes.. Since a-oxidation of phytanoyl-CoA is a peroxisomal process (5, 23), it is tempt-
ingg to speculate that reduction of phytenoyl-CoA also takes place inside the peroxisome 
(Fig.. 8). Interestingly, in a paper by Das et al. the cloning of a peroxisomal 2-enoyl-CoA 
reductasee was described (24), an enzyme which is speculated to play a role in the chain 
elongationn pathway. This reductase has affinity for enoyl-CoA esters with chain lengths 
upp to C16 and appears to be ubiquitously expressed with high levels present in liver and 
kidney.. Future work will have to demonstrate whether this enzyme indeed catalyzes the 
reductionn of phytenoyl-CoA. 
Inn summary, the results described in this paper show that phytenic acid is first acti-
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vatedd to its CoA-ester before being reduced to phytanoyl-CoA, which is in contrast to 
thee mechanism that was proposed earlier (10, 21). Phytenoyl-CoA reductase activity 
wass found to be present in mitochondria and peroxisomes, and we hypothesize that 
underr in vivo conditions phytenoyl-CoA reduction takes place in peroxisomes where the 
producedd phytanoyl-CoA can than subsequently be oc-oxidized. With these findings we 
havee achieved full understanding of the phytol degradation pathway. 

Acknowledgments Acknowledgments 
Thee authors wish to thank Dr. Sacha Ferdinandusse for many helpful comments about the 
resultss and preparation of the article as well as Dr. Carlo van Roermund, Albert Bootsma 
andd Dr. Wim Kulik for technical assistance. This work was supported by a grant from the 
Meelmeijerr Fund and a grant from the European Commission (QLG3-2002-00696). 

References References 
1.. Monnig G, Wiekowski J, Kirchhof P, et al. (2004) Phytanic Acid Accumulation 

Iss Associated with Conduction Delay and Sudden Cardiac Death in Sterol Carrier 
Protein-2/Steroll  Carrier Protein-x Deficient Mice. J Cardiovasc Electrophysiol 15: 
1310-6. . 

2.. Steinberg D, Avigan J, Mize CE, Baxter JH, Cammermeyer J, Fales HM, Highet PF 
(1966)) Effects of dietary phytol and phytanic acid in animals. J Lipid Res 7: 684-
91. . 

3.. Idel S, Ellinghaus P, Wolfrum C, et al. (2002) Branched chain fatty acids induce ni-
tricc oxide-dependent apoptosis in vascular smooth muscle cells. J Biol Chem 277: 
49319-25. . 

4.. Verhoeven NM, Jakobs C (2001) Human metabolism of phytanic acid and pristanic 
acid.. Prog Lipid Res 40: 453-66. 

5.. Wanders RJ, Jansen GA, Lloyd MD (2003) Phytanic acid alpha-oxidation, new in-
sightss into an old problem: a review. Biochim Biophys Acta 1631: 119-35. 

6.. Wierzbicki AS, Lloyd MD, Schofield CJ, Feher MD, Gibberd FB (2002) Refsum's dis-
ease:: a peroxisomal disorder affecting phytanic acid alpha-oxidation. J Neurochem 
80::  727-35. 

7.. Wanders RJA, Jakobs C, Skjeldal OH. Refsum Disease. In: Scriver CR, Beaudet AL, 
Slyy WS, Valle D, eds. The Metabolic & Molecular Bases of Inherited Disease. 8 ed. 
Neww York: McGraw-Hill, 2001:3303-21. 

8.. Baxter JH (1968) Absorption of chlorophyll phytol in normal man and in patients 
withh Refsum's disease. J Lipid Res 9: 636-41. 

9.. Brown PJ, Mei G, Gibberd FB, Burston D, Mayne PD, McClinchy JE, Sidey M (1993) 
Diett and Refsum's disease. The determination of phytanic acid and phytol in cer-
tainn foods and the application of this knowledge to the choice of suitable conven-
iencee foods for patients with Refsum's disease. J Hum Nutr Diet 6: 295-305. 

10.. Muralidharan FN, Muralidharan VB (1985) In vitro conversion of phytol to phytanic 
acidd in rat liver: subcellular distribution of activity and chemical characterization 
off  intermediates using a new bromination technique. Biochim Biophys Acta 835: 
36-40. . 

11.. Van den Brink DM, Van Miert JN, Dacremont G, Rontani JF, Jansen GA, Wanders RJ 
(2004)) Identification of fatty aldehyde dehydrogenase in the breakdown of phytol 
too phytanic acid. Mol Genet Metab 82: 33-7. 

12.. Jansen GA, Verhoeven NM, Denis S, Romeijn G, Jakobs C, ten Brink HJ, Wanders RJ 
(1999)) Phytanic acid alpha-oxidation: identification of 2-hydroxyphytanoyl-CoA 
lyasee in rat liver and its localisation in peroxisomes. Biochim Biophys Acta 1440: 
176-82. . 

13.. Wolvetang EJ, Wanders RJ, Schutgens RB, Berden JA, Tager JM (1990) Properties of 

83 3 



Chapterr  6 

thee ATPase activity associated with peroxisome-enriched fractions from rat liver: 
comparisonn with mitochondrial FIFO-ATPase. Biochim Biophys Acta 1035: 6-11. 

14.. Rontani JF, Bonin PC, Volkman JK (1999) Biodegradation of free phytol by bacte-
riall  communities isolated from marine sediments under aerobic and denitrifying 
conditions.. Appl Environ Microbiol 65: 5484-92. 

15.. Vreken P, van Lint AE, Bootsma AH, Overmars H, Wanders RJ, van Gennip AH 
(1998)) Rapid stable isotope dilution analysis of very-long-chain fatty acids, pris-
tanicc acid and phytanic acid using gas chromatography-electron impact mass spec-
trometry.trometry. J Chromatogr B Biomed Sci Appl 713: 281-7. 

16.. Van den Brink DM, Van Miert JM, Wanders RJ (2005) Assay for Sjogren-Larsson 
Syndromee Based on a Deficiency of Phytol Degradation. Clin Chem 51: 240-2. 

17.. Rasmussen JT, Borchers T, Knudsen J (1990) Comparison of the binding affinities 
off  acyl-CoA-binding protein and fatty-acid-binding protein for long-chain acyl-CoA 
esters.. Biochem J 265: 849-55. 

18.. Watkins PA, Howard AE, Mihalik SJ (1994) Phytanic acid must be activated to 
phytanoyl-CoAA prior to its alpha- oxidation in rat liver peroxisomes. Biochim Bio-
physphys Acta 1214: 288-94. 

19.. Dole VP (1961) The fatty acid pool in adipose tissue. J Biol Chem 236: 3121-4. 
20.. Watkins PA, Howard AE, Gould SJ, Avigan J, Mihalik SJ (1996) Phytanic acid acti-

vationn in rat liver peroxisomes is catalyzed by long- chain acyl-CoA synthetase. J 
LipidLipid Res 37: 2288-95. 

21.. Muralidharan FN, Muralidharan VB (1986) Characterization of phytol-phytanate 
conversionn activity in rat liver. Biochim Biophys Acta 883: 54-62. 

22.. Pahan K, Singh I (1995) Phytanic acid oxidation: topographical localization of 
phytanoyl-CoAA ligase and transport of phytanic acid into human peroxisomes. J 
LipidLipid Res 36: 986-97. 

23.. Jansen GA, Mihalik SJ, Watkins PA, Moser HW, Jakobs C, Denis S, Wanders RJ 
(1996)) Phytanoyl-CoA hydroxylase is present in human liver, located in peroxi-
somes,, and deficient in Zellweger syndrome: direct, unequivocal evidence for the 
new,, revised pathway of phytanic acid alpha-oxidation in humans. Biochem Bio-
physphys Res Commun 229: 205-10. 

24.. Das AK, Uhler MD, Hajra AK (2000) Molecular cloning and expression of mamma-
liann peroxisomal trans-2-enoyl-coenzyme A reductase cDNAs. J Biol Chem 275: 
24333-40. . 

84 4 



iiwMiiiiMMiini- ii  M i » m u i l » m m m . » ! tiiimi^iiiwnniiiiiii i | i i ja' |^»Wyg»i™y*>li | ' ' '« l F*'"i l '" ' 

,, ' , „ ^  1V''' "  ' f 
: -V -- , , . ^ . , . . ' ^ . } i ^ . ; " ï ' - « < 

.. l i l . ./ - >. "IfiVt-!  " f e* ' ' J I '*• .f 

iTT - * T , _ l 

- I . . .. . J ' 

- / \ , ll ._$.. 

--

11 1i i 1 '- i f l ' P >JW- . J . » * i 

V< < 

'/ / 
r \ \ 

_--

v-r r 
-i/ / 

i,_ _ 

•• • 

£ £ 

ii?j3 j j 

ilii L/"^llii t77 i'iirhi 1 

ÜÜ 'JVb : '; aik'-'W ^ÈÊÊÈLL 



L.|| .L.I..J, . I. L ».J1L.. . LUL_UJ . 

m^^^^mÊ^ÊÊmiamÊiÊÊèi^ÈÊmÉ^^Êmüumm m^^^^mÊ^ÊÊmiamÊiÊÊèi^ÈÊmÉ^^Êmüumm i i 


