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nonnon po da sua natura esser possente 
tanto,tanto, che suo principio discerna 
moltomolto di la da quel che l'è parvente. 

PeröPerö ne la giustizia sempiterna 
lala vista che riceve il vostro mondo, 
com'occhiocom'occhio per lo mare, entro s'interna; 

che,che, ben che da la proda veggia ilfondo, 
inin pelago nol wede; e nondimeno 
èli,èli, ma cela lui l'esser profondo. 

Laa divina commedia; Paradiso, canto 19: 55-63. 
Dantee Alighier i 

—— To all those who helped — 



dusdus kan de mens, door zijn beperkte aard, 
nietniet meer zien van de Oorsprong alter dingen 
dandan wat zich aan zijn ogen openbaart. 

ZoZo zien de ogen van stervelingen 
nietniet beter wat het eeuwig recht gebiedt 
dandan zij het water van de zee doordringen: 

dede bodem, die men aan de kust nog ziet, 
ontrektontrekt op volle zee zich aan de ogen; 
hijhij is er, maar wij mensen zien hem niet. 

Vertaaldd door Ike Cialona en Peter Verstegen 
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Chapterr  1 

Introductio n n 
Researchh on phytanic acid started in the 1950's when dairy products were being inves-
tigatedd for their fatty acid content. These studies revealed that phytanic acid is a ma-
jorr constituent of a variety of food products in the human diet, especially in products 
derivedd from grazing animals. In the following decade it was found that phytanic acid 
iss a C?0 fatty acid, made up of a C]6 backbone and four additional methyl groups, which 
makess it a saturated branched chain fatty acid (Fig. 1) (reviewed in 1). The interest in 

PhytolPhytol Phytanic acid 

Figuree 1. The structure of phytanic acid, or 3,7,11,15-tetramethylhexadecanoic acid, and its pre-
cursorr phytol. 

phytanicc acid increased considerably when Klenk and Kahlke reported elevated phytanic 
acidd levels in tissues of a patient suffering from Refsum Disease (2). Once it had been 
establishedd that phytanic acid was also massively elevated in plasma of their patient, an 
easyy biochemical diagnostic test became available. Since then, phytanic acid is gener-
allyy regarded as the most important pathognomonic marker of the disease. In addition, 
recentt evidence indicates that phytanic acid is directly involved both in the induction 
off  apoptosis in astrocytes (3, 4) as well as in the onset of heart problems (5). 

Refsumm Disease 
Beforee the finding that phytanic acid accumulates in patients suffering from Refsum 
disease,, diagnosis was carried out on the basis of a number of clinical hallmarks, first 
describedd by Sigvald Refsum, a Norwegian neurologist. In 1946, he reported five cases 
sufferingg from a similar syndrome that had not been described before (6). Although he 
proposedd the name heredopathia atactica polyneuritiformis, the syndrome is now better 
knownn as Refsum disease. 
Thee symptoms that were noted included retinitis pigmentosa, peripheral neuropathy, 
cerebellarr ataxia and elevated protein concentrations in the cerebrospinal fluid in the 
absencee of an increased number of cells (7). Additionally, in a recent evaluation, anos-
miaa was found in nearly all Refsum disease patients, while deafness, ichthyosis and 
cardiacc arrhythmias were also regularly present (Fig. 2) (8, 9), and in around a third of 
thee patients short metacarpals or metatarsals were found (10). 
Thee onset of symptoms is usually relatively late in life, with most patients presenting in 
adolescence.. The first clinical manifestations often start with night blindness followed 
byy further deteriorating of vision. Although onset of disease may occur much earlier in 
life,, the subtle nature of the first symptoms makes it difficult to delineate the precise 
agee at which the disease started. However, in most cases the symptoms will progress 
too retinitis pigmentosa, leading to tunnel vision or even complete loss of vision. Oc-
currencee of cardiac arrhythmias can sometimes lead to death or necessitate a cardiac 
transplant. . 
Thee incidence of Refsum disease is reported to be quite low although it is possible that 
thee true incidence of the disease may be much higher than currently believed. Indica-
tionss that Refsum disease is overlooked as a diagnostic entity by many clinicians comes 
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Generall  introduction 

fromm the fact that over 80% of currently known patients were diagnosed inside the 
Unitedd Kingdom where the awareness of Refsum disease is high. At the same time there 
iss no indication of a possible founder effect, since many different mutations in the dis-
easee causing gene have been reported (11). 

Figuree 2. Cumulative in-
cidencee of clinical features 
onn presentation of 15 pa-
tientss with Refsum disease. 
,, Retinitis pigmentosa; , 

anosmia;; , neuropathy; , 
deafness;; *, ataxia; 0, ichthy-
osis.. Taken from Wierzbicki et 
al.al. (8), with permission. 

200 30 40 
Agee (years ) 

Accumulationn of phytanic acid 
Thee pathogenesis of Refsum disease was thought to follow the increased levels of phy-
tanicc acid found in patients. This notion sparked further interest into the origin of 
phytanicc acid. As described above, phytanic acid had already been found in certain 
foodd stuffs and research in the 1960's was directed towards the identification of other 
sources. . 

ContributionContribution of endogenous synthesis 
Workk by Steinberg and colleagues demonstrated that endogenous synthesis of phytanic 
acidd does not take place although this would be quite conceivable because its poly-
isoprenoidd structure is similar to that of farnesol and geranylgeraniol. These latter 
compoundss can be synthesized in mammalian cells by assembly of multiple mevalonate 
unitss (12). Phytanic acid only differs from geranylgeraniol by the absence of three dou-
blee bounds (at positions A6, A10 and A14) and a carboxyl- instead of an alcohol-group. 
However,, radio-labelled mevalonate administered to rats did not lead to incorporation 
off  label into phytanic acid (13, 14). Therefore, it was concluded that all phytanic acid is 
derivedd from dietary sources. 

DietaryDietary intake of phytanic acid 
Hansenn and co-workers first identified phytanic acid in buttermilk in the 1950's (15,16) 
andd since then it has been detected in a variety of food sources. Phytanic acid is espe-
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dailyy abundant in ruminant animals including cows and sheep in various tissues such as 
fat,, liver, plasma, milk and rumen content. However, it is also present in some non-ru-
minantss such as rats, pigs and humans. The amount of phytanic acid found ranges from 
aboutt 0.01 to 0.3% of the total fatty acid pool, but can exceed the 10% mark in milk 
fromm cows fed on ensilage, the fermented grass that is used as winter feed for cattle. 
Highh amounts were also detected in Antarctic krill (1.4%), the plankton that forms the 
basiss of the oceanic food chain, which accounts for the presence of phytanic acid in for 
examplee molluscs, fish oil, whale oil and whale milk (1). In addition to this, high levels 
off  phytanic acid are present in earthworms (up to 3.5%). This raised the hypothesis that 
phytanicc acid was actually derived from a precursor molecule that is very abundant in 
nature,, namely phytol. 
Normally,, phytol (3,7,ll,15-tetrahexadec-2-en-l-ol) is a constituent of the chlorophyll 
moleculee (Fig. 3), a bio-molecule that is involved in the production of energy from light. 

Figuree 3. Chlorophyll A. Phytol is esterified to the molecule (depicted in bold). 

Sincee almost all photosynthetic organisms use chlorophyll, phytol is also abundantly 
presentt in nature. As a constituent of the large quantities of grasses consumed by rumi-
nantt animals, a lot of chlorophyll is taken in from which the phytol moiety is released 
andd converted into phytanic acid. How this process takes place exactly will be discussed 
laterr in more detail. 
Too show that phytol could be converted into phytanic acid, feeding studies were per-
formedd in which animals were fed phytol-supplemented diets. Feeding these diets indeed 
resultedd in the accumulation of phytanic acid in rats or rabbits, with levels reaching as 
highh as 50% of total fatty acids (13,17). This was also true in humans as shown in stud-
iess where a dose of radiolabelled phytol was administered to Refsum disease patients 
afterr which labelled phytanic acid could be detected in plasma (18, 19). These findings 
ledd to the conclusion that phytanic acid is indeed derived from exogenous sources via 
thee diet. The investigators went on to speculate that a reduction of chlorophyll in the 
diett of Refsum disease patients might be beneficial in reducing the phytanic acid levels, 
butt this was refuted by the finding that phytol bound to chlorophyll is hardly released. 
Thiss was clearly shown in experiments where a dose of radioactively labelled chlorophyll 
wass administered orally to rats as well as human subjects. Around 95% of the chloro-
phylll  passed though the digestive system intact, leaving only 5% of the phytol available 
forr conversion into phytanic acid (20, 21). Additionally, only around 5% of the phytol 
presentt in spinach fed to a healthy control was accounted for in the lymph (20). In con-
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trastt to rats or humans however, animals with a ruminant digestion system are capable 
off  releasing phytol from chlorophyll, which is mediated by the action of bacteria in the 
gutt of these animals. After it is released, phytol is then available to be converted into 
phytanicc acid that is then recovered in the tissues of these animals (17). 
Thee implication of this is that the major source of phytanic acid for humans does not 
comee from chlorophyll-bound phytol, but rather from phytanic acid present in food 
products.. In surveys of phytanic acid content of a variety of food products high levels 
weree indeed found in goods such as milk, butter and cheese and meat from cows and 
sheep,, while in meat from pigs and poultry hardly any could be detected. Almost no 
phytanicc acid is present in vegetables, while some species of fish and fish oils were 
foundd to contain high amounts (22-24). These observations are an important basis for 
thee treatment of Refsum disease patients, since phytanic acid build up can be entirely 
preventedd by prescribing a diet in which phytanic acid is as low as possible. In fact, to 
datee this remains the predominant form of treatment. 

Breakdownn of phytanic acid 
Whilee phytanic acid accumulates in Refsum disease patients, other fatty acids are ap-
parentlyy broken down without difficulty. The branched-chain structure of phytanic acid 
wass proposed to be the reason for this. Normal degradation of fatty acids takes place by 
p-oxidation,, but in case of phytanic acid the presence of a methyl-group at the 3-posi-
tionn (Fig. 1) makes this impossible. 

^-Oxidation ^-Oxidation 
Mostt fatty acids are degraded in a stepwise manner by p-oxidation, which first requires 
activationn of a fatty acid to its coenzyme A (CoA)-esters and the subsequent shortening 
off  the carbon-chain by two atoms per cycle. Each cycle consists of four enzymatic steps 
byy which an acetyl-Co A molecule is released as well as energy in the form of FADH2 and 
NADHH (Fig. 4A). p-Oxidation takes place in two distinct compartments inside the cell, 
thee mitochondria and the peroxisomes. The latter organelle is responsible for the deg-
radationn of very long-chain fatty acids and when they are reduced to a length of about 
166 carbon atoms, they are translocated to the mitochondria for further p-oxidation. In 
additionn to straight-chain fatty acid p-oxidation, peroxisomes are also involved in the 
p-oxidationn of e.g. branched-chain fatty acids and bile acid intermediates (reviewed in 
25). . 
Becausee the 3-methyl group of phytanic acid obstructs p-oxidation, phytanic acid was 
proposedd to be degraded via a different mechanism. 

a-Oxidation a-Oxidation 
Insightt in how phytanic acid is degraded came from the detection of pristanic acid in 
ratss that were administered a dose of phytol (26). Pristanic acid (2,6,10,14-tetramethyl-
pentadecanoicc acid) possesses a carbon chain that is one carbon atom shorter than 
phytanicc acid, which led to the hypothesis that phytanic acid undergoes one round of 
a-oxidation.. The process of a-oxidation consists of the removal of one carbon atom 
insteadd of the two that are removed on p-oxidation (Fig. 4B). The hypothesis was sup-
portedd by experiments with human subjects that received an artificial substrate, 3,6-
dimethyloctanoicc acid. It was established that this 3-methyl branched-chain substrate 
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Figuree 4. Mechanism of a- and (3-oxidation. (A) Each cycle of (3-oxidation consists of an oxida-
tion,, a hydratation, a second oxidation and finally thiolysis. In the last step an acetyl-CoA is 
releasedd and the length of the fatty acid carbon chain is reduced by 2 carbon atoms. The result-
ingg acetyl-CoA is then ready for another cycle of [3-oxidation. (B) a-Oxidation is initiated by hy-
droxylationn of the 3-methyl acyl-CoA. A lyase reaction releases a formyl-CoA from the molecule, 
whichh can be converted into C02. Next, an aldehyde dehydrogenase converts the fatty aldehyde 
intoo the corresponding acid, which is then activated to its CoA-ester by a synthetase reaction. 
Thee resulting 2-methyl acyl-CoA can be further pi-oxidized. 

undergoess a-oxidation and furthermore that its degradation is deficient in Refsum 
diseasee patients (27). Production of pristanic acid was also found in human fibrob-
lastss cultured in the presence of radiolabelled phytanic acid (28). From these studies a 
mechanismm of phytanic acid a-oxidation was proposed (29). 
P-Oxidationn is initiated by a dehydrogenation reaction that forms a double bound at the 
2-33 position. It was shown that did does not occur for the a-oxidation of phytanic acid, 
sincee no phytenic acid (3,7,ll,15-tetramethylhexadec-2-enoic acid) could be detected 
inn rats injected with radiolabelled phytanic acid (13). Instead, 2-hydroxyphytanic acid 
formationn was seen in these rats, which indicated that hydroxylation of phytanic acid 
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att the 2 position was the first step of a-oxidation. Support came from in vivo stud-
ies,, which showed that in plasma of human subjects that had been administered [1-
13C]phytanicc acid, 2-hydroxy [1-13C]phytanic acid could be detected (29, 30). 
Analogouss to p-oxidation, it was initially proposed that the hydroxyl group is converted 
intoo a keto group. Indeed, it was observed that 2-ketophytanic acid was formed from 
2-hydroxyphytanicc acid in rat kidney homogenates (31, 32). This reaction was also 
observedd in rat and human liver, although it was not dependent on any cofactors (33), 
whichh is in contrast to the oxidation reaction in beta-oxidation that is NAD+-depend-
ent.. However, these findings remained controversial and were made redundant by the 
discoveryy that substrates for a-oxidation are CoA-esters and not free acids. 

ActivationActivation of phytanic acid 
Experimentss where the rate of a-oxidation was increased by the addition of ATP, Mg2+ 

andd CoA, co-factors of synthetase enzymes (34), suggested that phytanic acid can not 
onlyy be activated to its CoA-ester, but also that phytanoyl-CoA is the true substrate for 
thee hydroxylase reaction (35). This proved to be a major step forward in the elucidation 
off  the a-oxidation mechanism, because for the first time hydroxylation of phytanic acid 
couldd be measured directly in cell homogenates. 
Thee enzyme responsible for the activation of phytanic acid to its CoA-ester was first re-
portedd to be a distinct phytanoyl-CoA ligase and thought to be present in peroxisomes 
inn human liver and in microsomes and mitochondria in rat liver (36). However, later 
researchh showed that phytanic acid can be activated by long-chain acyl-CoA synthetase, 
whichh is a known enzyme present in peroxisomes that also has affinity for straight-
chainn fatty acids (37). 

HydroxylationHydroxylation of phytanic acid 
Thee first true step of a-oxidation of phytanoyl-CoA is its hydroxylation into 2-hydroxy-
phytanoyl-CoAA by the enzyme phytanoyl-CoA hydroxylase (PAHX or PhyH). However, 
ass has been noted before, a lot of confusion surrounded the hydroxylation of phytanic 
acidd and its subsequent fate during a-oxidation. There were still major problems with 
measurementss in broken cell preparations as was evident from experiments where a-
oxidationn activity was 20-fold lower in post-nuclear supernatant fractions from rat liver 
comparedd to intact rat hepatocytes (38). And although some conflicting results had been 
resolvedd by the discovery that the CoA-ester was the true substrate for a-oxidation, it 
wass not until the hydroxylation of phytanoyl-CoA was investigated in a methodological 
wayy that much of the controversy could be expelled (reviewed in detail in 39). 
Mihalikk and co-workers investigated whether hydroxylase activity in fractionated rat 
liverr could be stimulated by the addition of a selection of cofactors (40). For this they 
monitoredd how the rate of conversion of phytanoyl-CoA to 2-hydroxyphytanoyl-CoA was 
influencedd by the addition of various compounds required by enzymes that catalyze 
similarr reactions, such as Cu2+ and ascorbate; NAD+; NADH; NADP; NADPH; crotonase; 
tetrahydrobiopterinn and Fe3+; 2-oxoglutarate, Fe2+ and ascorbate. The results showed a 
dramaticc increase in activity upon addition of the dioxygenase cofactors 2-oxoglutar-
ate,, Fe2+ and ascorbate, while other cofactors had littl e effect. The dependence on these 
cofactorss for activity was corroborated in later studies (41, 42), classifying PAHX as a 
non-haemm iron(II) and 2-oxoglutarate-dependent oxygenase. Iron(II) functions in the 
activee site of these enzymes and the presence of ascorbate helps to keep the iron in the 
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+22 valance. 2-0xoglutarate functions as a cosubstrate and is converted into succinate. 
Noww that activity of the hydroxylase reaction could easily be measured in an isolated 
assay,, measurements could be made in tissues derived from Refsum patients. In this 
wayy it was finally unequivocally established that Refsum disease patients were defi-
cientt in PAHX, the first step of a-oxidation (43). In addition, a deficiency of PAHX was 
shownn in liver material derived from Zellweger patients (42). Indications for this had 
beenn described some years before by Poulos et al. (44). Because patients suffering from 
Zellwegerr syndrome are characterized by the complete absence of peroxisomes, this also 
meantt that PAHX was most likely a peroxisomal protein. This was confirmed by the pu-
rificationrification and cloning of the enzyme, as will be discussed later. 

DecarboxylationDecarboxylation of phytanic acid 
Thee second step of phytanic acid a-oxidation involves the shortening of the molecule by 
onee carbon atom. Originally it was presumed that C02 was produced in this reaction but 
thiss was refuted by Poulos et al (45), who observed that >90% of radioactivity coming 
fromm [l-^CJphytanic acid a-oxidation in fibroblasts was present in the water-soluble 
insteadd of the gaseous fraction. They and others (41) showed that the radioactivity 
camee from formate, or, as was discovered somewhat later, from formyl-CoA, which is 
noww known to be the true product of the decarboxylation of phytanic acid (46) (Fig. 
4B).. Formyl-CoA can subsequently be broken down to C02 by an enzymatic reaction that 
takess place not in the peroxisomes, but in the cytosol (41). 
Withh the release of formyl-CoA, 2-hydroxyphytanoyl-CoA is converted into the aldehyde 
pristanall  (2,6,10,14-tetramethylpentadecanal). Pristanal was already hypothesized to 
bee an intermediate of phytanic acid breakdown as early as the 1960's (29), but this 
questionn remained unresolved for nearly three decades. Support for this hypothesis 
camee from the suggestion that pristanic acid, and not pristanoyl-CoA was the end prod-
uctt of phytanic acid a-oxidation (47) and finally proof was obtained by the detection 
off  the product pristanal itself in incubations of rat liver homogenates with 2-hydroxy-
phytanoyl-CoAA (48). 
Thee enzyme catalyzing this reaction was defined as 2-hydroxyphytanoyl-CoA lyase 
(HPCL)) and was further characterized in an isolated assay in rat liver homogenates. 
Thesee studies showed a peroxisomal activity for HPCL, which was in line with the emerg-
ingg hypothesis that the complete process of a-oxidation was localized within the per-
oxisomess (49). 
Shortlyy afterwards the enzyme was purified from rat liver peroxisomes and cloned. The 
humann cDNA was expressed from which a dependence on thiamine pyrophosphate and 
Mg2++ was discovered (50). In further studies it was observed that HPCL has specificity 
forr substrates that posses a 2-hydroxy and a CoA-moiety, but a 3-methyl group was not 
necessaryy for activity. Affinit y for hydroxyl substrates is quite unusual for lyases, since 
mostlyy a 2-keto carboxyl compound is used as a substrate (51). 

DehydrogenationDehydrogenation of pristanal to pristanic acid 
Thee third step of phytanoyl-CoA a-oxidation concerns the conversion of pristanal into 
pristanicc acid. This reaction was first measured in human liver (48) and subsequently in 
culturedd human fibroblasts (52). Since it had previously been suggested that the con-
versionn of 2-hydroxyphytanoyl-CoA into pristanic acid took place at the endoplasmatic 
reticulumm (ER) (47), a candidate enzyme for the dehydrogenation of pristanal was fatty 
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aldehydee dehydrogenase (FALDH, ALDH10), also present on the ER membrane. To test 
this,, fibroblasts derived from patients suffering from Sjögren-Larsson Syndrome (SLS), 
whichh are deficient in FALDH, were investigated for their ability to degrade phytanic 
acid.. It was observed that oxidation of [2,3-3H]phytanic acid was reduced to 25% in 
SLSS fibroblasts. In addition, in SLS cells that were incubated in the presence of [2,3-
3H]phytanicc acid, a 4-fold increase was detected in the accumulation of radioactivity in 
N-alkylphosphatidyll  ethanolamine (52). Both these findings indicate a possible role of 
FALDHH in the breakdown of phytanic acid. However, this would imply that the pathway 
off  a-oxidation is not completely peroxisomal, but would rely on the translocation of 
pristanall  to the ER to be converted into pristanic acid, which would then in turn have 
too be transported back to the peroxisomes for further p-oxidation. This unlikely mecha-
nismm sparked detailed investigation in the possible involvement of FALDH in a-oxida-
tion. . 
Incubationss using pristanal as a substrate to measure isolated FALDH activity in SLS fi-
broblastt homogenates revealed that there was a >25% residual activity, while with other 
substrates,, such as octadecanal, this was <10% (52, 53). This suggests that another 
aldehydee dehydrogenase is involved in the conversion of pristanal into pristanic acid. 
Furthermore,, it was shown that a distinct peroxisomal aldehyde dehydrogenase activity 
existss inside the peroxisome (46, 53). 

—— «*-
ExonExon 9  Exon 9' 

ExonExon 10 Figuree 5. C-terminal alignments of rat, mouse and human FALDH and splice variants. Normally, 
splicingg occurs between exon 9 and 10 and translation stops on exon 10. Alternative splicing 
occurss in a minority of transcripts (M. and H. variant for respectively mouse and human alter-
nativee transcripts) resulting in the insertion of an extra exon (exon 9') between exon 9 and 
10.. Exon 9' also contains a termination codon, and translation of the variant transcript results 
inn FALDHv, which is 26 or 27 amino acids longer (for mouse and human respectively) than the 
originall  FALDH protein. Amino acids marked by a zigzag line make up the transmembrane an-
chorr domain and those marked by asterisks within arcs effect ER-retention. 

Becausee of the large number of aldehyde dehydrogenases known in man (more than 
ten,, reviewed in 54) it does not come as a great surprise that more than one of these 
cann use pristanal for its substrate. Interestingly, none of the aldehyde dehydrogenases 
describedd in the review has a peroxisomal localization. However, it cannot be ruled 
outt that FALDH is involved in the breakdown of pristanal, since some evidence exists 
thatt it has a double localization inside the cell, namely in peroxisomes as well as in 
thee ER, at least in rats (55, 56), although later studies indicated an exclusively ER lo-
calizationn of FALDH (57, 58). Interestingly, our own unpublished efforts in purifying 
pristanall  dehydrogenase activity from purified rat peroxisomes have twice resulted in 
thee identification of FALDH. This might be explained by a microsomal contamination 
off  the peroxisomes that were used or, alternatively, might result from the presence of 
ER-membranee proteins in the peroxisomes. Interestingly, recent evidence has been pro-
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duced,, supporting a contentious model of peroxisome biogenesis in which newly formed 
peroxisomess bud off from the ER, which suggests that a direct connection might exist 
betweenn these two organelles (59, 60). 
Localizationn studies of FALDH are complicated by the existence of two splice-variants in 
thee corresponding ALDH10 gene. Both in humans and in mice it was shown that the last 
intronn is not spliced in about 10% of the ALDH10 transcripts, which leads to an exten-
sionn of the protein at the C-terminus by 27 and 26 amino acids respectively as depicted 
inn figure 5 (61-63). The C-terminus of FALDH has been shown to be crucial for localiza-
tionn of the enzyme to the ER. Furthermore, a stretch of hydrophobic amino acids was 
shownn to be essential for anchoring the protein to the ER, since deletion of this domain 
resultedd in a cytosolic localization (58). The protein resulting from variant splicing of 
thee ALDH10 gene (FALDHv), still possesses an intact membrane spanning domain (Fig. 
5),, but the ER-retention signal on the C-terminus is disturbed. A recombinant FALDH 
proteinn lacking this signal was shown to be still associated with the ER, although less 
stronglyy than the full-length protein (57, 58). Therefore the possibility remains that 
FALDHvv might have an alternative localization in the cell. However, the importance of 
thee amino acids of FALDH located inside the ER matrix, is made more ambiguous because 
inn humans it is distinctly different than that in rats and mice, while the rest of the pro-
teinn is >85% conserved between these species (Fig. 5). Precise expression studies with 
thee two human variants will have to elucidate the putative role of FALDH in a-oxida-
tion.. In addition to this, the recent generation of FALDH-transgenic mice by Rizzo and 
co-workerss (personal communication) might shed more light on the same question. 
Somee reports in literature indicate that a peroxisomal aldehyde dehydrogenase is 
presentt in rat liver, induced by clofibrate (64). However, since it is known that FALDH 
iss also induced by clofibrate (65) and, furthermore, that the aldehyde dehydrogenase 
thatt was described was membrane-bound, most likely a microsomal contamination was 
behindd the results that were observed. 
Thee true identity of the aldehyde dehydrogenase involved in a-oxidation, therefore, 
remainss elusive. Further research will have to establish whether an additional, peroxi-
somal,, aldehyde dehydrogenase metabolizes pristanal into pristanic acid. 

Furtherr  studies on PAHX 
Finall  proof that the defect underlying Refsum disease was a deficiency of the first step 
off  a-oxidation came from the purification of the enzyme. This was first accomplished 
byy Jansen et al. (66) who purified PAHX from rat liver peroxisomes using column chro-
matography.. From N-terminal sequencing of the purified protein, a cDNA could be ob-
tainedd from EST-database screens. From the rat cDNA, the human orthologue could also 
bee found by screening the EST-database, which also opened the way to sequencing the 
PAHXPAHX gene of patients suffering from Refsum disease. In this way the first mutations 
weree found, establishing the underlying gene defect of Refsum disease (67). 

TargetingTargeting of PAHX to peroxisomes 
Withh the resolution of the PAHX cDNA another long-standing debate could be resolved, 
namelyy the subcellular localization of a-oxidation. Although most evidence had point-
edd to a peroxisomal localization, some evidence existed that in the rat mitochondria 
weree involved instead (68). The presence of a peroxisomal targeting signal type 2 (PTS2) 
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onn PAHX, in the absence of a mitochondrial targeting signal, finally resolved this issue 
(66). . 

PeroxisomalPeroxisomal matrix protein import 
Peroxisomall  matrix proteins, which are all synthesized on free polyribosomes in the 
cytosol,, are imported into peroxisomes via two routes. They contain either a PTS1 or 
aa PTS2, which can be recognized by receptor proteins in the cytosol. The receptor for 

Figuree 6. Simplified cartoon of the import of peroxisomal matrix proteins. See text for details. 

PTSl-proteinss is peroxin 5 and the receptor for PTS2-proteins is peroxin 7, and both 
thesee receptors function in a similar way. As depicted in Fig. 6, the protein that needs 
too be imported is bound to the receptor in the cytosol, after which the complex is able 
too dock on the peroxisomal membrane at docking sites made up from other peroxins of 
proteinn import, which includes the docking, translocation over the peroxisomal mem-
brane,, and finally the release of peroxins 5 or 7 by which the circle is completed (69, 
70). . 
Bothh receptor peroxins function by recognizing certain amino acids on the target pro-
tein.. However, the location of these amino acids on the protein as well as the consensus 
sequencee that makes up the PTS differ between PTS1 and PTS2 sequences. A PTSl is 
locatedd at the extreme C-terminal end of the protein and is made up from three or occa-
sionallyy four amino acids. On the other hand, the PTS2 is positioned near the N-terminal 
partt of the protein and is made up of nine amino acids, of which only the outer two on 
eachh side are important and the middle five are of no consequence (71). After import 
intoo the peroxisome, the part of the protein on which the PTS2 is situated is cleaved 
off.. Therefore the mature protein has a somewhat lower molecular weight than its pre-
cursor.. In the case of PAHX, the precursor of 38.5 kDa is reduced to 35 kDa inside the 
peroxisomee (66). Interestingly, Mihalik et al. identified PAHX in an EST-database screen 
forr PTS2 proteins, and was able to show it was mutated in Refsum disease by finding 
mutationss in Refsum disease patients (72). 2-Hydroxyphytanoyl-CoA lyase was shown 
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too posses a PTS1 sequence (50). 
Off  the multitude of peroxisomal matrix enzymes in mammals, the fast majority is known 
too posses a PTSl. A defect of peroxin 5 therefore results in a deficiency of most peroxi-
somall  processes. Patients with a deficiency of peroxin 5 suffer from Zellweger syndrome, 
whichh is characterized by facial dysmorphisms, ocular abnormalities such as cataracts 
andd retinopathy, sensorineural deafness and mental retardation. Symptoms are present 
att birth or become apparent soon afterwards and usually patients die within the first 
yearr of life, although some patients with milder symptoms can live to early adulthood 
(73,, 74). Zellweger syndrome is classified as a peroxisome biogenesis disorder and can 
alsoo be caused by defects in other peroxins leading to either a deficiency of PTSl-pro-
teinn import or a complete inability to generate peroxisomes (75). Since an absence of 
peroxisomess causes a deficiency of a-oxidation, peroxisome biogenesis disorders are also 
markedd by elevated levels of phytanic acid. 

PeroxinPeroxin 7 deficiency 
Inn contrast to defects in peroxin 5, peroxin 7 deficiency results in the incorrect import 
off  only three peroxisomal proteins, which, besides PAHX, are peroxisomal thiolase and 
alkyl-dihydroxyacetonephosphate-synthasee (ADHAPS). Peroxisomal thiolase is involved 
inn very long-chain fatty acid (VLCFA) p-oxidation, but it is believed that its function 
cann be taken over completely by another thiolase, sterol carrier protein X. This is sup-
portedd by the observation that a deficiency of peroxin 7 does not lead to accumulation 
off  VLCFAs (76, 77). ADHAPS plays a role in the synthesis of plasmalogens, a group of 
ether-phospholipidss especially abundant in brain, but with unknown function. 
AA deficiency of peroxin 7, caused by mutations in the PEX7 gene, leads to rhizomelic 
chondrodysplasiaa punctata (RCDP) type 1, which is characterized by growth retardation, 
profoundd developmental delay, cataracts, rhizomelia, dysostoses and ichthyosis with 
deathh occurring within the first years of the patient's life (78, 79). 

GeneticGenetic heterogeneity within Refsum disease 
Oncee the gene causing Refsum disease had been identified, mutation analysis of PAHX 
wass performed in many Refsum disease patients. A recent review summarizes PAHX se-
quencee analysis in 31 unrelated affected families where 29 different variant alleles were 
observedd (11). Somewhat surprisingly, it was found that not in all patients mutations 
weree present, despite a clear deficiency in PAHX activity. A possible explanation for this 
wass provided by the finding of genetic heterogeneity, as concluded from linkage analy-
siss studies in Refsum disease patients' families (80). In this study it was described that 
fourr out of eight families tested did not show significant linkage to the chromosome 
10pl33 locus where PAHX is located. This finding led to the conclusion that in up to 50% 
off  patients diagnosed with Refsum disease, the PAHX gene itself is not affected, but that 
thee true molecular defect lies at another locus. This percentage may well be an overes-
timation,, however, since from the above-mentioned review of PAHX sequence analyses it 
appearss that in more than 80% of patients mutations in PAHX have been found (11). 
Afterr analysis of the four families had failed to show linkage to the PAHX locus, inves-
tigationss went on to find a locus that did show significant linkage. In chapter 2 (and 
inn 81) it is described that two affected families showed linkage to a locus on chromo-
somee 6q22-24. This locus contains the PEX7 gene and subsequent analysis showed that 

20 0 



Generall  introduction 

patientss from these families had a defect in peroxisomal import of PTS2-proteins. Sub-
sequentt mutation analysis identified mutations in the PEX7 gene, which indicated that 
thesee patients had the same molecular defect as RCDP type 1 patients. Most likely, the 
mildd phenotype observed in these patients compared to the much more severe phe-
notypee normally found in RCDP type 1 patients can be explained by the fact that the 
mutationss do not result in complete deficiency of peroxin 7 function, but allowed some 
residuall  PTS2-protein import. 
Interestingly,, indication of genetic heterogeneity was described earlier by Moser et al. 
(82),, who performed complementation analysis with a cell line derived from a Refsum 
diseasee patient (patient 9 in the article). Interestingly, this patient was one of the first 
patientss that had been diagnosed and described by Dr. Sigvald Refsum (6). In the study 
byy Moser et al (82) it was observed that the cell line was able to complement another 
Refsumm disease cell line, showing that it was not a defect in PAHX that was the cause of 
Refsumm disease in this patient. Instead, the cells did not show complementation with 
aa RCDP type 1 cell line and mutations were found in the PEX7 gene (78). Since these 
findingss were part of a larger screen of molecular defects of patients suffering from 
peroxisomee biogenesis defects, the implications for Refsum disease had not been ap-
preciated. . 
Takenn together, these data show that Refsum disease is caused by mutations in PAHX in 
thee majority of patients and by mild mutations in PEX7 in a subgroup of patients. How-
ever,, there still remains a small number of patients in which no mutations in either of 
thesee two genes can be found, leaving open the possibility of additional loci for Refsum 
disease. . 

Breakdownn of phytol 
Inn contrast to the well-studied breakdown mechanism of phytanic acid, the way in which 
phytoll  is broken down is a neglected topic. Studies where phytol was administered to 
laboratoryy animals shed light on intermediates of the phytol to phytanic acid conver-
sion,, but it was not until 20 years later that a comprehensive model was proposed. 

TheThe mechanism of the conversion of phytol into phytanic acid 
Phytoll  is an unsaturated fatty alcohol and therefore it requires two distinct processes 
forr it to be transformed into phytanic acid, namely the reduction of the double bond 
att the 2,3 position and the oxidation of the alcohol into a carboxyl-group. Which par-
ticularr intermediates are formed depend on the order in which the reactions occur, as 
iss shown in Fig. 7A. 
Onee of these possible intermediates, phytenic acid, was indeed detected in rats that 
hadd been fed on a phytol-enriched diet, while the other, dihydrophytol, was absent 
(13,, 17). This suggested that at least in rats, phytol is first converted to phytenic acid, 
whichh then can be reduced to produce phytanic acid. Furthermore, an accumulation of 
phytanicc acid was observed upon injection of phytenic acid in rats, showing that it is 
aa bonafide intermediate of phytol degradation (13). It has to be noted, however, that 
dihydrophytoll  can also be converted into phytanic acid (83). Dihydrophytol production 
hass been detected in the rumen of cows (84), but this might well be the result of bacte-
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Figuree 7. Pathway of phytol breakdown. (A) Possible reaction sequences leading to phytanic 
acidd production. Mechanism I involves first the oxidation of phytol to phytenic acid followed by 
thee reduction of phytenic acid, as observed in rat and humans. Mechanism II involves first the 
reductionn of phytol to dihydrophytol and next the oxidation to phytanic acid, as proposed for 
cows.. (B) The phytol breakdown pathway proposed by Muralidharan and Muralidharan (85). 

riall  processes. 

ProductionProduction of phytenic acid 
Thee way in which phytol is converted into phytenic acid was studied by Muralidharan 
andd Muralidharan (85). They performed in vitro incubations of rat liver post-nuclear 
supernatantt with phytol and used thin layar chromatography in order to detect the 
reactionn products. In this way they observed production of phytenic acid, while no dihy-
drophytoll  production was detected, which confirmed the findings of the in vivo studies. 
Characterizationn of the reaction showed optimal rates of phytenic acid production in 
ann incubation mixture consisting of a phosphate buffer, BSA and NAD+ (86), although, 
peculiarly,, their previous study had been based on incubations in the presence of carni-
tine,, fumarate, nicotinamine, Mg2+, Fe3t, ATP, CoA and NADPH. These compounds proved 
too be redundant for the reaction however. The effect of NADPH probably lies in contami-
nationn of NADP\ which was shown to be capable of acting as co-factor for the reaction, 
althoughh optimal rates were achieved with NAD+ (86). A cell-fractionation study indi-
catedd that phytenic acid production was high in mitochondria and microsome-enriched 
fractions,, while the supernatant showed no activity, implying that cytosolic alcohol de-
hydrogenasee was not involved in the reaction (85, 86). Highest activity was measured in 
ratt liver, with about 10% of that found in kidney and spleen. Some activity was present 
inn brain, heart and lungs, while in intestine and adipose tissue no phytenic acid produc-
tionn could be detected (86). In chapter 3 (and in 87) it is shown that human fibroblasts 
alsoo have the capacity to convert phytol into phytenic acid, and that phytenic acid is 
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alsoo an intermediate in this reaction. 
Thee experiments described above characterize the conversion of phytol in phytenic acid. 
Thiss process, however, is a two-step mechanism. The enzymatic oxidation of an alcohol 
intoo an acid usually requires an alcohol dehydrogenase and an aldehyde dehydrogenase, 
byy which an aldehyde is produced as an intermediate. Following this, phytol would be 
convertedd first into phytenal and subsequently into phytenic acid (Fig. 7B). Phytenal 
hass already been shown to be a degradation product of phytol in marine bacteria, which 
cann then also be converted into phytenic and phytanic acid (88, 89). 

FALDHFALDH is required for the production of phytenic acid 
Sincee production of phytenic acid was shown to be high in microsomes (86, and our 
ownn data), microsomal enzymes were investigated that might catalyze this reaction. In 
aa report by Kelson et al. it was reported that FALDH could convert dihydrophytol into 
phytanicc acid (90). This prompted investigations of our own to establish whether FALDH 
wass involved in the breakdown of phytol. For this, fibroblast cell lines derived from 
SLSS patients, marked by a deficiency in FALDH, were cultured in a medium containing 
phytol.. As is described in chapter 3 (and in 87), these cells did not show any produc-
tionn of phytenic acid, while in control cells phytenic acid could be readily detected. 
Furthermore,, using similar incubation conditions as Muralidharan and Muralidharan had 
usedd (86), homogenates from fibroblasts derived from SLS patients were clearly deficient 
inn the breakdown of phytol. In Chapter 4 and 5 a new assay for the diagnosis of SLS is 
describedd based on these findings (see also 91). 
FALDHH is known to be part of an enzyme complex, fatty alcohol:NAD+ oxidoreductase 
(FAO),, that consists of an alcohol and aldehyde dehydrogenase (92). FAO is involved in 
thee cycling of fatty acids to fatty alcohols by which the availability of fatty alcohols for 
thee incorporation in e.g. ether lipids is regulated (93). By column purification of FAO 
thee two enzyme activities can be separated. This resulted in the cloning and charac-
terizationn of FALDH (90, 94, 95), but the alcohol dehydrogenase enzyme proved to be 
unstablee and has yet to be identified (96). However, it is likely that the FAO complex as 
aa whole catalyzes the conversion of phytol into phytenic acid. 

PhytolPhytol and SLS 
Thee biochemical hallmark of SLS is the accumulation of long-chain aliphatic alcohols 
(97)) and clinical symptoms include ichthyosis, mental retardation and spastic diplegia 
orr tetraplegia (98, 99). The accumulation of fatty alcohols instead of fatty acids might 
liee in the instability of the alcohol dehydrogenase when it is separated from FALDH (96) 
orr in the reactivity of aldehydes, but this question has not been satisfactorily addressed. 
Recently,, it was observed that SLS patients accumulate leukotriene B4, which is also 
degradedd by FALDH (100). Leukotriene B4 is a pro-inflammatory cytokine and may play 
aa role in the characteristic ichthyosis that is observed in these patients. 
Afterr it was found that the degradation of phytol is deficient in SLS patients, it was 
questionedd whether a possible accumulation of phytol might contribute to the symp-
tomss observed in the patients. It was speculated that phytol accumulation was involved 
inn the rise of an unknown lipid peak observed in MRI spectra in some SLS patients 
(101).. However, investigations in our lab have so far not been able to show elevated 
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levelss of phytol in plasma of SLS patients (unpublished data). 

PhytenicPhytenic acid reductase 
Thee enzymatic conversion of phytenic acid into phytanic acid has not received any 
investigationn until this moment. According to the model depicted in Fig. 7B, phytenic 
acidd is directly converted into phytanic acid, a process which usually is NADPH 
dependent.. In chapter 6 the characterization of this reaction is investigated and indeed 
enzymee activity is detected. The rate of phytenic acid reduction was found to be very 
loww however and detailed characterization of the enzyme resulted in serious doubts 
aboutt its relevance in the in vivo situation. Therefore, other ways of converting phytenic 
acidd into phytanic acid were investigated. In this way we discovered that phytenic acid 
firstt needs to be converted to its CoA-ester before it is converted into phytanoyl-CoA. 
Therefore,, the pathway of phytol degradation involves an additional step, catalyzed by 
ann acyl-CoA synthetase. In this new model, phytol is still converted to phytenic acid, 
mediatedd by FALDH. Next, phytenic acid is converted to phytenoyl-CoA, which is then 
reducedd to phytanoyl-CoA. Phytanoyl-CoA can then directly be a-oxidized and further 
degraded. . 
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Identificatio nn of PEX7 as the second gene involved in Refsum 
Disease e 

Daann M. van den Brink1, Pedro Brites2, Janet Haasjes2, Anthony S. Wierzbicki3A, John 
Mitchell5,, Michelle Lambert-Hamill3, Jacqueline de Belleroche5, Gerbert A. Jansen1, Hans 
R.. Waterham2, Ronald J.A. Wanders12 

DepartmentsDepartments of Clinical Chemistry and Pediatrics, Emma Children's Hospital, Academic 
MedicalMedical Center, University of Amsterdam, The Netherlands, department of Chemical Pa-
thology,thology, King's College London, St Thomas' Hospital Campus, London, United Kingdom. 
44Refsum'sRefsum's Disease Clinic, Chelsea and Westminster, London, United Kingdom, department 
ofof Neuromuscular Disease, Faculty of Medicine, Imperial College Medical School, Charing 
CrossCross Hospital Campus, London, United Kingdom. 

Summary Summary 
Patientss affected with Refsum Disease (RD, MIM 266500) have elevated levels of phy-
tanicc acid due to a deficiency of the peroxisomal enzyme phytanoyl-CoA hydroxylase 
(PAHX).. In most RD patients disease-causing mutations in the PAHX gene have been 
identified,, but in a subset no mutations could be found, indicating that the condition 
iss genetically heterogeneous. Linkage analysis with few of the patients diagnosed with 
RD,, but without mutations in PAHX, suggested a second locus on chromosome 6q22-
24.. This region includes the PEX7 gene, which codes for the peroxin 7 receptor protein 
requiredd for peroxisomal import of proteins containing a peroxisomal targeting signal 
typee 2. Mutations in PEX7 normally cause rhizomelic chondrodysplasia punctata type 1, 
aa severe peroxisomal disorder. Biochemical analyses of the RD patients revealed defects 
inn not only phytanic acid a-oxidation, but also in plasmalogen synthesis and peroxi-
somall  thiolase . Furthermore, we identified mutations in the PEX7 gene. Our data show 
thatt mutations in the PEX7 gene may result in a broad clinical spectrum ranging from 
severee RCDP to relatively mild RD and that clinical diagnosis of conditions involving 
retinitiss pigmentosa, ataxia and polyneuropathy may require a full screen of peroxiso-
mall  functions. 

Introduction Introduction 
Refsumm Disease (RD [MIM 266500]) is a peroxisomal disorder of branched-chain lipid me-
tabolismm characterized by progressive adult retinitis pigmentosa, peripheral neuropathy, 
anosmiaa and cerebellar ataxia. Additional symptoms include nerve deafness, skeletal 
dysplasia,, ichthyosis, cataracts and cardiac arrhythmias. The adolescent onset of clinical 
symptomss is due to a gradual accumulation of phytanic acid (3,7,11,15-tetramethyl-
hexadecanoicc acid), the only pathognomic biochemical marker of RD (1-3). Because of 
thee presence of a 3-methyl group, phytanic acid can not be degraded directly by p-oxi-
dationn but instead undergoes one round of a-oxidation during which the terminal car-
boxyll  group is removed to yield pristanic acid. The peroxisomal enzyme phytanoyl-CoA 
hydroxylasee (PAHX) catalyzes the first step of a-oxidation, and mutations in the PAHX 
genee have been identified in many RD patients (4-7). Recent observations, however, 
pointedd to genetic heterogeneity among RD patients. Firstly, in some RD patients ge-
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neticc analysis failed to identify mutations in the PAHX gene despite a marked deficiency 
inn phytanic acid a-oxidation (our unpublished data). Secondly, genetic linkage studies 
revealedd that not all RD patients could be linked to the PAHX locus at 10pl3 (8). 

Patients Patients 
Wee conducted biochemical studies in fibroblasts from two probands clinically diagnosed 
withh RD, but in whom no mutations could be identified in the PAHX gene. Proband 1 
comess from a family of 8 with 3 affected sibs. He was born following an uneventful, full 
termm pregnancy, became ataxic at 12 years of age and on neurological examination at 
agee 19 had established retinitis pigmentosa with limited ocular fields, absence of night 
blindness,, and a normal electroretinogram (ERG). Other features included anosmia, a 
shortt 5th metacarpal and palmar ichthyosis, pes cavus, muscle weakness and nerve 
hypertrophy,, which was confirmed by sural nerve biopsy. His sister presented at 20 
yearss of age with post-partum ataxia and numbness in her fingers and toes. She had 
profoundd retinitis pigmentosa, an abnormal ERG, anosmia, sensory and motor dysfunc-
tionn with nerve hypertrophy and mild pes cavus. The third affected sib, a male, had mild 
retinitiss pigmentosa and anosmia, but no other signs, on screening at 24 years of age. 
Initiall  plasma phytanic acid levels were 400 uM, 1950 uM and 372 uM (normal < 30 uM) 
respectively. . 
Probandd 2 originates from a family comprised of 8 sibs with 2 living affected members. 

chromosome e 
300 position (CM) 

Figuree 1. Multipoint linkage analysis of 
markerss on chromosome 6 with approxi-
matee locations of known loci. With ethical 
consent,, 23 individuals including 4 living 
patientss with a clinical RD phenotype from 
thee two families were recruited through a 
specialistt clinic using previously specified 
diagnosticc criteria (8). A panel of 11 fluo-
rescein-labeledd dinucleotide repeat markers 
(Perkinn Elmer Ltd, U.K.) spanning 6ql4-
6qterr (GenLink Home Page) was amplified 
fromm extracted patient lymphocyte DNA 
(Puregene)) by PCR and typed on an ABI 310 
analyzerr with GeneAmp software (Perkin-
Elmer).. The data were analyzed using the 
GENEHUNTERR linkage analysis program (9) 
assumingg complete penetrance for a reces-
sivee disorder and a mutation rate of 10 5. 
Thee allele frequency for the RD trait was 
assumedd as 0.001 based on the prevalence of RD of 10 6 in the U.K. Distances are in centiMorgans 
fromm D6S242, which was taken arbitrarily as zero. Abbreviations : Apolipoprotein (a) (AP0(A)); 
Estrogenn receptor (E2R); peroxin 7/RCDP type 1 (PEX7); Fatty acid binding protein 7 (FABP7); 
Oculodentodigitall  dysplasia (0DDD, MIM 164200). 

Althoughh born with bilateral cataracts she presented to a neurology clinic at 20 years of 
agee with polyneuritis and onset of ataxia at age 19. She had bilateral short 5th metacar-
palss and metatarsals, 'arthritis' since 25 years of age and had mild retinitis pigmentosa. 
Herr brother presented at 34 years of age with mild ataxia and mild retinitis pigmentosa 
butt no night blindness, obvious anosmia and deafness. Neither patient had any episodes 

APO(A) APO(A) 
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off  ichthyosis or signs of deafness. One other male sib died of supposed 'poliomyelitis' 
withh symptoms of weakness and ataxia at 12 years of age. Their initial plasma phytanic 
acidd levels were 198 uM and 142 LIM respectively. 
Patientss were reviewed by specialist neurological units and had full ophthalmological 
(10),, smell test, audiological, balance, and electrophysiological investigations per-
formed.. Skeletal changes were assessed by a radiological survey (11). Dietary phytanic 
acidd intake was assessed by questionnaire (12). Phytanic acid levels were measured in 
plasmaa and adipose tissue biopsies by standard gas chromatographic techniques (13). 
Surall  nerve biopsy was performed for gross nerve hypertrophy. 

Tablee 1: Results of biochemical analyses 
Phytanicc acid PAHX Presence (+) or Pristanic acid 
a-oxidationn activity absence (-) of p-oxidation Plasmalogen 
(pmol/hr.mg)aa (nmol/hr.mg)b peroxisomes0 (pmol/hr.mg)A synthesis* 

Controll  44 -
Classicc RD patient 2 
Zellwegerr patient 11 
RCDPP type 1 patient 5 
Probandd 1 5 
Probandd 2 4 

82 2 0.10--
0 0 
0 0 
0 0 
0.03 3 
0.04 4 

1.00 0 + + 
+ + 

--
+ + 
+ + 
+ + 

6755 -
810 0 
5 5 
634 4 
926 6 
N.D.f f 

1121 1 400 - 330 
62.5 5 
6.0 0 
0.1 1 
12.5 5 
6.3 3 

aa Phytanic acid a-oxidation was performed in intact cultured skin fibroblasts as described (23). b 

Phytanoyl-CoAA hydroxylase activity was measured in skin fibroblast homogenates incubated for 30 
minn at 37°C in a reaction mixture containing 25 mM Tris-HCl, 0.25 mM dithiothreitol, 3 mM ATP, 
1.55 mM magnesium chloride, 0.2 mM Coenzyme A, 0.25 mM ammonium iron (II) sulphate, 1 mM 2-
oxoglutarate,, 2 mM ascorbate, 10 uM phytanoyl-CoA, final pH 7.5. After termination of the reaction 
byy addition of HCl, the product, 2-hydroxyphytanoyl-CoA, was hydrolyzed to form 2-hydroxyphy-
tanicc acid, which was measured by GC-MS essentially as described (24). c Presence of peroxisomes 
wass ascertained by catalase immunofluorescence in cultured skin fibroblasts (25). d Pristanic acid 
p-oxidationn in intact cultured skin fibroblasts was performed as described (26).e De novo plasmalo-
genn synthesis, expressed as the ratio peroxisomal/microsomal, was measured in intact cultured skin 
fibroblastss as described (27).f Not determined. 

ResultsResults and discussion 
AA deficiency of phytanic acid a-oxidation and of PAHX activity was found in cultured 
skinn fibroblasts of both probands (table 1), which is in agreement with the clinical diag-
nosiss of RD. To identify the defective gene in these patients, we performed multi-point 
linkagee analysis in the two families and found linkage to a region on chromosome 6, 
whichh extended from D6S292 to D6S441 with a peak L0D score of 1.92 between D6S314 
andd D6S308, close to the loci for PEX7 and Fatty acid binding protein 7 (fig. 1) (8). 
Previouss studies have shown that mutations in the PEX7 gene cause Rhizomelic Chon-
drodysplasiaa Punctata type 1 (RCDP type 1; MIM 215100) (16-20). The PEX7 gene codes 
forr the peroxin 7 protein, which has a function as a mobile receptor required for import 
intoo the peroxisome of proteins containing a peroxisomal targeting signal type 2 (PTS2). 
Inn RCDP type 1, a number of peroxisomal functions are deficient, including PAHX activ-
ity,, but peroxisomal biogenesis is not affected (21). Hence, we extended our biochemi-
call  analysis in the probands' fibroblasts. A normal pristanic acid p-oxidation (table 1) 
andd a normal punctate pattern of catalase immunofluorescence was found (results not 
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shown),, but plasmalogen synthesis was deficient (table 1). This latter finding has never 
beenn observed in RD, but is characteristic for patients suffering from RCDP type 1 (22) 
andd prompted us to further investigate possible aberrations in PTS2 protein import. 
Alll  of the presently known human PTS2 proteins undergo processing upon import into 
thee peroxisome. Peroxin 7 deficiency, however, leads to mis-localisation and cytosolic 
accumulationn of unprocessed PAHX, alkyl-dihydroxyacetonephosphate synthase (AD-
HAPS)) and peroxisomal 3-oxoacyl-CoA thiolase 1 (thiolase). The difference in molecular 

Figuree 2. Processing of PTS2 proteins into 
<MM peroxisomes in control, classic RD, RCDP 
"oo type 1 and probands one and two. Lysates 
roo of fibroblasts of a control, a classic RD pa-
-§§ tient (RD), an RCDP type 1 patient (RCDP) 
££ and proband one and two were subjected to 

westernn blotting using antibodies for alkyl-
-=g=33 dihydroxyacetonephosphate-synthase (AD-

HAPS)) (a), for peroxisomal 3-oxoacyl-CoA 
thiolasee (thiolase) (b) and for phytanoyl-

MN»» "^"^CoA hydroxylase (PAHX) (c). Solid and open 
arrowheadss indicate the position of the un-
processedd and mature forms, respectively. 

——— Immunoblot analyses were performed as 
describedd for peroxisomal thiolase (14), for 
ADHAPSS (15) and for PAHX with affinity 
purifiedd antibodies (7). 

weightt between the unprocessed precursor and mature proteins can be readily visual-
izedd by a mobility shift on immunoblot (14, 28). 
Ass expected, ADHAPS was found in its mature 67-kDa form in fibroblast homogenates 
fromm both a normal control and a patient with classic RD with mutations in the PAHX 
genee (Fig. 2a). In fibroblast homogenates from an RCDP type 1 patient, the unproc-
essedd 73-kDa form was found, which is in agreement with the defective import of this 
proteinn in RCDP type 1 patients (21). In the two probands both forms of the protein 
weree detected, suggesting a (partial) defect in PTS2 protein import. Similar results were 
obtainedd when we performed immunoblot analysis for peroxisomal thiolase (Fig. 2b). 
PAHXX protein levels appeared to be much lower or absent in the probands (Fig. 2c), 
althoughh in fibroblast homogenates of proband 2 some protein could be detected on 
longerr exposures (not shown). The precursor of PAHX could not be detected in either 
probandss or in RCDP patient material, which might indicate that it is degraded more 
rapidlyy than precursors of ADHAPS and peroxisomal thiolase. 
Whenn the results of figure 2 are examined closely, it is clear that levels of processed 
thiolasee and PAHX are somewhat higher in proband one than in proband two, whereas 
forr ADHAPS the opposite is found. The underlying basis of this finding is not clear at 
present,, but may well have to do with the nature of the two distinct (or different) 
mutationss found in the probands, each affecting PTS2-protein import differently (see 
below). . 
Sincee the data described above suggested a deficiency of peroxin 7, we performed muta-
tionn analysis of the PEX7 gene as previously described (19) and found that both patients 
weree compound heterozygotes for mutations in PEX7 (table 2). The Y40X nonsense mu-

Q Q 

c c 
o o 
U U 

ui i 
en n 

U U 

a; ; 
a a 

a. a. 
Q Q 
U U 

c c 
ro o 
-Q Q 
o o 

37 7 



Chapterr  2 

tation,, found in both probands, introduces a premature stop codon in the N-terminal 
regionn of the protein. This mutation has also been found in classic RCDP type 1 patients 
withh a severe clinical presentation (19), which makes it unlikely to be responsible for 
thee mild clinical presentation observed in the probands. In proband 1, a 7 nucleotide du-
plicationn (12-18dupGTGCGGT; table 2) was found on the second allele, predicted to cause 
aa frameshift leading to a premature stop codon at amino acid position 57. However, the 
duplicationn occurs between two in-frame initiation codons, which would suggest that 
usagee of the second ATG may produce a protein that lacks the first 10 amino acids, but 
retainss partial peroxin 7 transport function. The second mutation in proband two was a 
T14PP amino acid substitution. Recent data from Braverman et al (2002) would suggest 
thatt the T14P mutation lies in a stretch of amino acids just before the first (3 strand. An 
aminoo acid substitution in a p strand of peroxin 7 is thought either to interfere with 
foldingg of the protein or to reduce the affinity for its binding partners (29). It remains 
too be established how the T14P mutation interferes with the function of peroxin 7. 

Tablee 2: Mutations in PEX7 in the probands 
Subject t 
Probandd 1 

Probandd 2 

Nucleotidee change 
1200 C>G 
12-18dupGTGCGGT T 
1200 C>G 
400 A>C 

Aminoo acid change 
Y40X X 
Frameshift t 
Y40X X 
T14P P 

Too investigate the effect of the mutations on the function of peroxin 7, we expressed 
thee three patient PEX7 alleles together with a PTS2-tagged GFP construct in cultured 
skinn fibroblast derived from an RCDP type 1 patient (fig. 3a). Expression of control PEX7 

Figuree 3. Functional comple-
mentationn of PTS2-mediated 
peroxisomall  protein import by 
PEX7PEX7 alleles. The three mutant 
PEX7PEX7 alleles identified in the 
twoo probands were coexpressed 
withh PTS2-tagged GFP in cul-
turedd fibroblast of a RCDP type 
11 patient as described (17, 19) 
too test their ability to restore 
PTS2-mediatedd peroxisomal 
proteinn import. Expression of 
controll  PEX7 resulted in punc-
tatee peroxisomal fluorescence 
(a),(a), while the Y40X allele 
resultedd in cytosolic fluores-
cencee (b). Expression of the 7-
nucleotidee duplication (c) and 
thee T14P allele (d) resulted in 
peroxisomall  and cytosolic fluo-
rescencee respectively. 

''A ''A 
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resultedd in a punctate fluorescence, indicating that PTS2-protein import into the per-
oxisomess was restored. As previously shown by Motley et al. (2002), expression of the 
Y40XX allele does not restore PTS2-protein import as concluded from the diffuse, cytosol-
icc fluorescence of PTS2-GFP (fig. 3b). Expression of the 7-nt-duplication allele resulted 
inn a punctate fluorescence, suggesting that this allele, when overexpressed, can restore 
PTS2-proteinn import (fig. 3c). Similar results with a relatively mild PEX7 mutation have 
beenn shown before (19). Restoration of import, however, could not be observed upon 
expressionn of the T14P allele, with all cells showing cytosolic fluorescence (fig. 3d). 
Too study the function of peroxin 7 endogenously, we used immunofluorescence with 
peroxisomall  thiolase antibodies to investigate the subcellular localization of peroxiso-
mall  thiolase in cultured fibroblasts. Control fibroblasts showed a peroxisomal fluores-
cence,, which was absent in fibroblasts derived from an RCDP type 1 patient, in which 
aa cytosolic labelling was observed (fig. 4). Likewise, in fibroblasts from proband one, 
fluorescencee could be observed only in the cytosol, indicative of defective PTS2-protein 
importt into the peroxisomes in these cells. The normal presence of peroxisomes and 
importt of PTSl-proteins was established in all cell lines using immunofluorescence with 
catalasee antibodies (fig.4). Unfortunately, no cultured fibroblasts of proband two were 
availablee for study. 

Controll Proband 1 RCDP type 1 

Figuree 4. Localization of peroxisomal thiolase in fibroblasts by immunofluorescence. Cultured fi-
broblastss derived from a control, an RCDP typel patient and proband 1 were stained as described 
forr catalase and peroxisomal thiolase (25, 34). No peroxisomal thiolase could be detected in the 
peroxisomess of proband 1, giving a cytosolic staining similar to that observed in the RCDP type 
11 patient. 

Fromm these results it appears that the 7-nt duplication allele can restore PTS2-protein 
importt when overexpressed, although in an endogenous setting peroxisomal thiolase 
andd other PTS2-proteins are predominantly present in the cytosol in fibroblasts from 
probandd 1 as observed by immunofluorescence and Western blotting. In this context it 
iss surprising that the T14P allele does not restore PTS2-protein import when overex-
pressedd even though immunoblot results showed a mild import-defect. Further studies 
aree needed to explain this apparent inconsistency. 
Ass mentioned above, PEX7 is the gene involved in RCDP type 1. Interestingly, the usual 
clinicall  presentation of patients affected by RCDP type 1 is severe and quite different 
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fromm RD with patients showing growth retardation, profound developmental delay, cata-
racts,, rhizomelia, dysostoses and ichthyosis with death occurring within the first years 
off  life. In addition, a number of patients with a milder phenotypic variant of RCDP type 
11 have been described, but all followed a classical presentation, with differences in de-
greee of cognitive impairment, longer lif e expectancy and lack of rhizomelia or chondro-
dysplasiaa (30-32). These patients all have been diagnosed with RCDP type 1 early in life, 
whereass the patients we describe here were diagnosed in adulthood with classical RD. 
Inn conclusion, we have identified mutations in the PEX7 gene in a subgroup of patients 
clinicallyy diagnosed with RD. In each patient we found one mutation predicted to have 
aa mild effect, which correlates with some residual functional activity of peroxin 7 and 
consequentlyy also of the PTS2 proteins imported by peroxin 7, leading to a clinical 
phenotypee normally associated with RCDP instead of RD. This finding suggests that mu-
tationss in the PEX7 can give rise to an overlapping clinical presentation ranging from 
RDD to RCDP similar to that of classical peroxisomal biogenesis disorders whose presen-
tationn ranges from severe Zellweger syndrome to infantile Refsum disease (33). Thus, 
investigationn of patients with retinitis pigmentosa, ataxia and neuropathy may require 
aa full screen of peroxisomal functions to identify the underlying genetic cause of the 
disorder. . 
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Abstract Abstract 
Phytoll is a branched chain fatty alcohol, which is abundantly present in nature as part 
off the chlorophyll molecule. In its free form, phytol is metabolized to phytanic acid, 
whichh accumulates in patients suffering from a variety of peroxisomal disorders, includ
ingg Refsum Disease. The breakdown of phytol to phytanic acid takes place in three steps, 
inn which firstly, the alcohol is converted to the aldehyde, secondly the aldehyde is con
vertedd to phytenic acid, and finally the double bond is reduced to yield phytanic acid. 
Byy culturing fibroblasts in the presence of phytol, increases in the levels of phytenic and 
phytanicc acid were detected. Interestingly, fibroblasts derived from patients affected 
byy Sjogren Larsson Syndrome (SLS), known to be deficient in microsomal fatty alde
hydee dehydrogenase (FALDH) were found to be deficient in this. In addition, fibroblast 
homogenatess of these patients, incubated with phytol in the presence of NAD+ did not 
producee any phytenic acid. This indicates that FALDH is involved in the breakdown of 
phytol. . 

Introduction Introduction 
Phytoll (3,7,ll,15-tetramethylhexadec-2-en-l-ol, Fig. 1) is a branched chain fatty alco
holl abundantly found in nature as part of the chlorophyll molecule. Studies in the 1960s 
havee shown that phytol is metabolized to phytanic acid, a fatty acid that accumulates in 
aa variety of peroxisomal diseases. Phytanic acid is degraded by a process called oc-oxida-
tion,, because a methyl group on the three position makes f3-oxidation impossible (1). 
Thee enzyme responsible for the first step of a-oxidation is Phytanoyl-CoA hydroxylase 
(PAHX),, which has a peroxisomal localization. In patients suffering from Refsum disease, 
thee large majority of whom are deficient in PAHX, phytanic acid accumulates to very 
highh levels, which leads to a variety of severe, progressive clinical symptoms, including 
retinitiss pigmentosa, peripheral neuropathy, anosmia, and cerebellar ataxia (2). 
Too avoid the progression of symptoms, Refsum disease patients are prescribed a diet low 
inn phytanic acid. However, despite the fact that relatively large amounts of phytol are 
takenn in via the diet, little attention has been paid to this precursor of phytanic acid. 
Thiss is mainly because phytol is part of the chlorophyll molecule, which as a whole can
nott be digested. Studies with animals fed radio-labeled chlorophyll have shown that 
onlyy a small percentage of phytol is released and absorbed in the digestive tract (3). 
Mostt likely, this is due to the strong ester bond linking the phytol moiety to chlorophyl-
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lin.. Bacteria present in the gut of ruminant animals are able to break this bond, which 
explainss the high levels of phytanic acid found in tissues of these animals. In contrast, 
whenn free phytol is administered to the diet, it is absorbed efficiently (3). However, 
theree is little insight in the amounts of free phytol present in meat and dairy products 
derivedd from ruminant animals. Furthermore, there are some reports that free phytol is 
alsoo present in vegetable oils and nuts (4 and references therein). 
AA high level of free phytol in the diet leads to an increase of phytanic acid and its ot-oxi-
dationn product pristanic acid. The mechanism of the conversion of phytol to phytanic 

NADPH H 

NADP* * 

NADH H 

Phytanicc acid 

Figuree 1. Pathway for the degradation of phytol to phytanic acid. On the left hand side the 
degradationn pathway proposed for mammals is shown, whereas on the right that for ruminant 
animalss is depicted. 

acidd is not well known. Animal studies have shown that feeding of a diet supplemented 
withh phytol is associated with an increase of phytenic acid in addition to phytanic acid 
(5).. From this finding it was proposed that the degradation pathway of phytol first 
involvess the conversion of the alcohol into the acid, after which the double bond is 
reducedd to form phytanic acid (Fig. 1). An alternative pathway was thought to exist in 
ruminantt animals, in which the double bond is removed first to yield phytanal, which 
inn turn is converted to the acid. Support for the former model came from studies by 
Muralidharann and Muralidharan in the 1980s (6, 7), in which dependence on NAD+ as 
cofactorr was found and some investigation of the substrate kinetics was carried out. 
However,, there is no information in literature with respect to the nature of the indi
viduall enzymes catalyzing the different reactions. 
Itt is suggested that for the production of phytenic acid, phytol is first converted to the 
aldehydee phytenal by an alcohol dehydrogenase, followed by an aldehyde dehydroge
nasee step, with both steps being NAD+ dependent (6). The conversion of phytenic acid to 
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phytanicc acid, which involves the reduction of the double bond, is thought to be NADPH 
dependent,, although no clear evidence has ever been produced. 
Too investigate the degradation of phytol in more detail, we have set up a gas chroma-
tography-masss spectrometry (GC-MS) method to measure the intermediate products in 
culturedd human fibroblasts as well as in fibroblast homogenates. Using this experi
mentall set-up, we found that the conversion of phytol to phytenic acid was deficient 
inn fibroblasts derived from patients suffering from Sjogren Larsson Syndrome (SLS), 
characterizedd by a deficiency of a microsomal fatty aldehyde dehydrogenase (FALDH, 
ALDH10)) due to mutations in the encoding gene ALDH10 (8). This demonstrates that 
FALDHH is required for the conversion of phytenal to phytenic acid and provides evidence 
supportingg the degradation mechanism of phytol via phytenal to phytenic acid and ul
timatelyy to phytanic acid. 

MaterialsMaterials and methods 

CulturedCultured Skin Fibroblasts 
Fibroblastss were cultured in Nutrient mixture Ham's F-10 with L-glutamine and 25 mM 
HEPESS (Gibco, Invitrogen, Merelbeke, Belgium) supplemented with 10% fetal calf serum 
(Gibco),, penicillin (100 U/ml) and streptomycin (100 ug/ml, Gibco) at 37°C and with 
5%% C02. The FALDH-deficient fibroblasts were from established SLS patients as concluded 
fromm the clinical history, deficient FALDH activity and distinct mutations in the ALDH10 
genee (9). 

IncubationsIncubations of cultured fibroblasts with phytol 
Phytoll (mixture of Z- and E-isomers, Merck, Darmstadt, Germany) was dissolved in 
ethanol,, one hundred times diluted in medium to the desired concentration and sub
sequentlyy added to cells for the indicated time periods. The fibroblasts were harvested 
andd branched chain fatty acid composition was quantified by GC-MS using deuterated 
phytanicc acid as an internal standard, as described (10). Briefly, samples were subjected 
too acidic and alkaline hydrolysis, after which fatty acids were extracted with hexane. 
Thee organic layer was evaporated to dryness under nitrogen at 40°C. The samples were 
derivatizedd with N-tert-Butyldimethylsilyl-N-methyl-trifluoroacetamide (MTBSTFA, 
Aldrich,, Steinheim, Germany) and pyridine (50 pi each) at 80°C for 30 minutes on an 
Agilentt Technologies model 5890/5973 GC-MS system equipped with a CPsil 19CB capil
laryy column (25 m X 0.25 mm I.D., film thickness 0.25 mm, Varian, Palo Alto, CA), with 
electronn impact ionization applied at 70 eV. MS acquisition was performed in the single 
ionn monitoring mode, monitoring the [M-57]+ ions of the various compounds. Phytenic 
acidd was synthesized as described, and isomers were separated using high performance 
liquidd chromatography (HPLC) (11). 

IncubationsIncubations of fibroblast homogenates with phytol 
Fibroblastss were harvested, taken up in phosphate buffered saline (PBS) and homog
enizedd by sonication (2 cycles of 10 seconds at 9 Watts) on ice. The incubation mixture 
consistedd of 40 pg protein/mL, 50 mM glycine buffer (pH 9.2), 1 mM NAD\ 0.1 % So
diumm Cholate and 1 mg/ml methyl- -cyclodextrin (Fluka, Buchs, Switzerland) in a total 
volumee of 500 pL. Reactions were performed at 37°C and initiated by the addition of 
2000 uM phytol dissolved in dimethyl sulfoxide (DMS0). After 60 minutes, the incubation 
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wass terminated by the addition of 100 uL IN HC1. Then 2 mL of hexane was added, after 
whichh the organic layer was evaporated to dryness under nitrogen at 40°C. The sample 
wass then derivatized with MTBSTFA and analyzed as described in the previous section. 

Results Results 
Too study the degradation mechanism of phytol, human fibroblasts were cultured for 
fourr days in the presence of 5, 25 and 50 uM phytol. GC-MS analysis of the fatty acid 
compositionn of the harvested cells showed an increase in the levels of pristanic and 
phytanicc acid, which was not observed in cells cultured without phytol (Fig. 2A, B). 
Thee amount of these metabolites directly correlated with the concentration of phytol 
presentt in the medium (Fig. 2A, B). In addition, a third peak was observed with a 
similarsimilar response to phytol as seen for pristanic and phytanic acid. Using an authentic 
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Figuree 2. Production of (A, D) pristanic acid, (B, E) phytanic acid and (C, F) phytenic acid in 
fibroblastss cultured in the presence of phytol. (A-C) Cells were cultured for four days in the pres
encee of 0, 5, 25 or 50 pM phytol. (D-F) Control cells and cells derived from SLS patients were cul
turedd for four days in the presence of 25 pM phytol. Branched chain fatty acids were measured 
ass described under Materials and Methods. Values represent the mean  standard deviation (SD) 
off duplicates expressed in nmol/mg protein. * P, < 0.05; ** P, < 0.01 as calculated by Student's 
t-Test,, compared with control fibroblasts incubated with 25 pM phytol. 

standardd as a reference, this peak was identified as phytenic acid (Fig. 2C). The Z- and 
E-isomerss of phytenic acid have distinct retention times on the GC-column, which led to 
thee observation that only E- and no Z-phytenic acid was formed, even though cells had 
beenn incubated with a racemic mixture of Z- and E-phytol (Fig. 3). 
Sincee phytenal is an intermediate in the conversion of phytol to phytenic acid, an alde
hydee dehydrogenase is required in the second step to form phytenic acid. A candidate 
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enzymee for this reaction would be FALDH, encoded by the ALDH10 gene, which has been 
shownn to be reactive with a closely related compound, dihydrophytal as a substrate 
(12).. Therefore, phytol incubations were performed using fibroblast cell lines derived 

Figuree 3. Separation of isomers of phytenic 
acidd by GC-MS. (A) Analysis of standards for 
Z-- and E-phytenic acid separately and in an 
racemicc mixture and (B) phytenic acid formed 
byy control fibroblasts or fibroblasts derived 

E-phytenicc acid from a SLS-patient, cultured for 0 or 4 days in 
thee presence of 25 pM phytol. 

Raccmic--
phytenicc acid 

Z-phytenicc acid 

Controll (t=4) 
SLSS (t=4) 
SLS(t=0) ) 

88 9 0 9 . 1 0 9 . 3 0 9 . 5 0 9 . 7 0 9 . 9 0 
T i m ee ( m i n ) 

fromm SLS patients, deficient in FALDH. As shown in Fig. 2F and Fig. 3B, these cell lines 
weree deficiënt in the production of phytenic acid from phytol. 
Too further substantiate this observation, enzyme assays in fibroblast homogenates were 
performed.. Incubation of homogenates with phytol in the presence of NAD* resulted in 
aa protein and time dependent production of phytenic acid (Fig. 4A, B). Homogenates 
off FALDH deficient fibroblasts were found to be deficient in the production of phytenic 
acidd (Fig. 4C). 

Discussion Discussion 
Althoughh a model for the degradation of phytol was proposed as early as the 1960s, 
veryy little research has been done to elucidate the precise reaction mechanism and to 
characterizee the enzymes involved. In the present study, using fibroblast incubations 
withh phytol, it was shown conclusively that phytenic acid is a specific metabolite of 
phytoll degradation. Furthermore, the finding that FALDH deficient fibroblast lines are 
deficientt in phytenic acid production implies that this enzyme is part of the degrada
tionn pathway. Using a GC-MS method to analyse branched chain fatty acid composition 
inn fibroblast homogenates incubated with phytol, a deficiency in phytenic acid forma
tionn was found in FALDH deficient cells from SLS patients, which strongly suggests that 
phytenall is a specific substrate for FALDH. Due to the presence of some phytenic acid in 
thee phytol used as substrate (Fig. 3B), it is difficult to say whether this is a complete 
deficiencyy or whether some residual activity exists. Interestingly, only the production 
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off E-phytenic acid was observed, even though incubations were carried out with a ra-
cemicc mixture of Z- and E-isomers of phytol as a substrate. It remains to be established 
howw this apparent stereospecificity of the reaction is achieved and whether FALDH or 
thee preceding alcohol dehydrogenase is responsible. 
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Figuree 4. Degradation of phytol to phytenic acid in fibroblast homogenates. (A) Dependence of 
proteinn concentration and (B) time course of the phytol degradation, with reaction conditions 
ass described in Material and Methods. (C) Fibroblast homogenates derived from SLS-patients are 
deficientt in phytenic acid production. Values in the bars represent the mean + SD of the activity 
expressedd in nmol/min/mg protein of (n=5 and 9 for control and SLS-patient derived cell lines, 
respectively).. ** P, < 0.01 as calculated by Student's t-Test, compared to control fibroblasts. 

AA deficiency of FALDH has been shown to be the cause of Sjogren Larsson Syndrome 
(SLS),, a metabolic disorder characterized by ichthyosis, mental retardation and spastic 
diplegiaa or tetraplegia (8, 13). In tissues and plasma of SLS patients an accumulation 
off long chain fatty aldehydes and alcohols has been shown, which is thought to play a 
rolee in the onset of the symptoms (14). Levels of phytol have never been investigated 
inn these patients, but it is interesting to speculate on possible contribution of a phytol 
accumulationn to the disease, since phytol has been shown to be toxic to cells (5). 
Earlierr reports have suggested that FALDH is part of the microsomal fatty alcohol:NAD+-
oxidoreducatasee complex, also consisting of an alcohol dehydrogenase part (15). This 
complexx would therefore be a good candidate for the catalysis of the entire phytol to 
phytenicc acid conversion. Although FALDH has been characterized in great detail (12), 
relativelyy little research has focused on the alcohol dehydrogenase domain. Purification 
off this domain will make it clear which alcohol dehydrogenase is involved in the phytol 
degradationn pathway. 
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Abstract Abstract 
Background:: Making use of the finding that Fatty Aldehyde Dehydrogenase (FALDH) is 
involvedd in the degradation of phytol, we set up an enzymatic assay for the diagnosis 
off Sjögren-Larsson Syndrome (SLS) based on a deficiency in the conversion of phytol to 
phytenicc acid. Methods: FALDH activity was assessed by incubating fibroblast homoge-
natess with phytol in the presence of NAD+, followed by hexane extraction of the samples 
andd quantitation of phytenic acid production by gas chromatography-mass spectrometry 
(GC-MS).. Results: Intra- and interassay CVs were <12 % and <13 %, respectively. All SLS 
patientss were deficient in phytenic acid production and FALDH activities were outside 
thee ranges of values seen for controls. Carriers of SLS showed intermediate FALDH activi
ties.. Conclusions: The new assay described in this paper has advantages over previous 
assayss and allows for the easy and reliable diagnosis of SLS. 

Introduction Introduction 
Sjogrenn Larsson Syndrome (SLS) is a metabolic disorder characterized by an accumula
tionn of long chain fatty alcohols in plasma of patients (1, 2). Studies by Rizzo et al. have 
ledd to the identification of the enzyme that is deficient in SLS, which is Fatty Aldehyde 
dehydrogenasee (FALDH, EC 1.2.1.3), encoded by the ALDH10 gene. FALDH is part of the 
microsomall alcohol NAD+-oxidoreductase complex that functions in the conversion of 
long-chainn fatty alcohols into fatty acids (3). A deficiency of FALDH leads to the accu
mulationn of fatty alcohols in plasma of patients (4, 5). Interestingly, FALDH also plays 
aa role in the degradation of leukotriene B4 (6). Clinical symptoms found in SLS patients 
includee ichthyosis, mental retardation and spastic diplegia or tetraplegia. 
Inn our laboratory, we recently established that SLS patients are also deficient in the 
degradationn of phytol (3,7,11,15-tetramethylhexadec-2-en-l-ol), a branched chain fatty 
alcoholl commonly found in nature as part of the chlorophyll molecule (7). Interest in 
phytoll has mainly focused so far on its metabolism to phytanic acid, a fatty acid which 
playss an important role in Refsum Disease and a number of other peroxisomal diseases 
(8,, 9). However, about the precise mechanism of the conversion of phytol to phytanic 
acidd very little was known until our discovery of the involvement of FALDH in this path
way.. Indeed, when fibroblasts derived from SLS patients were incubated in the presence 
off phytol in the culture medium, a marked deficiency in the conversion of phytol to 
phytenicc acid was observed (Fig. 1). In an effort to confirm this finding, an assay was 
sett up in which fibroblast homogenates were incubated with phytol in the presence of 
NAD\\ and activity was assessed by quantitating the amount of phytenic acid formed 
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inn this reaction, using GC-MS (7). This proved to be both a sensitive and reliable assay 
forr diagnosis of SLS patients, which is of interest, since the assays previously described 
inn literature have several drawbacks including the use of non-commercially available or 

Phytol Phytol 

ADH ADH c c 
NAD+ + 

NADH H 

Phytenal Phytenal 

FALDH FALDH 
^ - N A D + + 

N-NADH H 

Figuree 1. Scheme of the conversion of 
phytoll to phytenic acid. Phytol is con
vertedd to phytenal by an unknown alcohol 
dehydrogenasee (ADH), and subsequently 
intoo phytenic acid by Fatty aldehyde de
hydrogenasee (FALDH). 

PhytenicPhytenic acid 

radioactivee substrates and high residual activities in patients that are expected to be 
completelyy deficient due to non-sense mutations in the ALDH10 gene (3, 10). 
Forr this reason, we performed a detailed analysis of the enzyme assay so that it allows 
forr a reliable diagnosis of SLS patients. 

MaterialsMaterials and methods 
CulturedCultured Skin Fibroblasts 
Fibroblastss were cultured in Nutrient mixture Ham's F-10 with L-glutamine and 25 
mmol/LL HEPES (Gibco, Invitrogen, Merelbeke, Belgium) supplemented with 10 % fetal 
calff serum, penicillin (100 U/mL) and streptomycin (100 pg/mL, all purchased from 
Gibco)) at 37 °C and with 5 % C02. Fibroblasts were harvested using trypsin (Gibco) 
storedd as cell pellets at -80 °C. The FALDH-deficient fibroblasts were from established 
SLSS patients as concluded from the clinical history, deficient FALDH activity and dis
tinctt mutations in the ALDH10 gene (2). 
IncubationsIncubations of fibroblast homogenates with phytol 
Fibroblastss pellets were taken up in phosphate buffered saline (PBS) and homogenized 
byy sonication (2 cycles of 10 seconds at 9 Watts) on ice. The incubation mixture con
sistedd of 40 pg/mL protein, 50 mmol/L glycine buffer (pH 9.2), 1 mmol/L NAD+ (Ro
che,, Mannheim, Germany), 0.1 % Sodium Cholate and 1 mg/mL methyl-p-cyclodextrin 
(Fluka,, Buchs, Switzerland) in a total volume of 500 pL. Reactions were performed at 
377 °C and initiated by the addition of 200 pmol/L phytol (mixture of Z- and E-isomers, 
Merck,, Darmstadt, Germany) dissolved in dimethyl sulfoxide (DMSO). After 60 minutes, 
thee incubation was terminated by the addition of 100 pL 1 N HCl. As internal stand
ardd 49.3 pmol of 2H3-phytanic acid dissolved in toluene (purchased from Dr. H.J. ten 
Brink,, Free University Hospital, Amsterdam, The Netherlands) was added. Then 2 mL 
off hexane was added, after which the organic layer was evaporated to dryness under 

57 7 



Chapterr  4 

nitrogenn at 40 °C. The sample was then derivatized with N-tert-butyldimethylsilyl-N-
methyl-trifluoroacetamidee (MTBSTFA, Aldrich, Steinheim, Germany) and pyridine (50 uL 
each)) at 80 °C for 30 minutes, dried under nitrogen and taken up in hexane. Analysis of 
thee sample was performed on an Agilent Technologies model 5890/5973 GC-MS system 
equippedd with a CPsil 19CB capillary column (25 m X 0.25 mm internal diameter, film 
thicknesss 0.2 urn, Varian, Palo Alto, CA). The GC was operated in the splitless mode, 
withh a helium flow rate of 1.5 mL/min and an oven temperature program starting at 60 
°CC for 1.5 minutes followed by an increase of 30 °C/min up to 240 °C, an increase of 
100 °C/min up to 270 °C and finally an increase of 30 °C/min up to 300 °C, which was 
heldd for 5 minutes. Injection and detector temperatures were 300 °C and 290 °C, respec
tively.. Detection on the MS was performed with electron impact ionization applied at 
700 eV. MS acquisition was performed in the single ion monitoring mode, specifically the 
[M-57]++ ions of the various compounds (corresponding to 353.3, 367.3, 369.3 and 372.3 
forr phytol, phytenic acid, phytanic acid and the internal standard, respectively). The 
metabolitess were quantified using calibration curves of phytanic acid, since phytenic 
acidd is not available commercially. Calibration curves were generated in a concentration 
rangee of 0 to 100 umol/L and concentrations of phytenic acid were calculated using a 
linearr fit. 

Results Results 
CharacterizationCharacterization of the assay in human fibroblasts 
Thee phytol degradation assay consisted of quantification of phytenic acid by GC-MS of 
fibroblastt homogenates incubated with phytol as a substrate in a buffered reaction mix
turee containing NAD+ at 37 °C. The assay was first optimized for optimal pH by incubat
ingg control fibroblast homogenates in the standard reaction medium (see material and 
methods)) with a pH ranging between 8 and 10. Maximal activity was seen at pH 9.2 (Fig. 
2A).. Addition of methyl-p-cyclodextrin, a compound that is often used to solubilize 
hydrophobicc compounds (11), was found to have a positive effect on enzyme activity. 
AA maximal increase in activity of about two-fold was observed at 1 mg/mL methyl-p-
cyclodextrinn (data not shown). 
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Figuree 2. Enzymatic characteristics of the phytol to phytenic acid conversion. (A), pH optimum 
off the reaction. (B), dependence on NAD*-concentration of the reaction. The Michaelis-Menten 
plott is depicted in the inset. (C), dependence on substrate concentration. 

BlankBlank value 
Onn analysis, the presence of a small quantity of phytenic acid was found in the phytol 
thatt was used as substrate (Fig. 3). This contamination amounted to about less then 5 
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%% of the phytenic acid produced under standard assay conditions. Therefore, for each 
assayassay a sample was prepared that was stopped immediately. The amount of phytenic 
acidd measured in this sample was subtracted from the samples that were incubated for 
thee normal time period to correct for this contamination. 
DependenceDependence on NAD* and substrate concentrations 
Withh the assay conditions as described above we found a dependence on NAD+ with a 
Kmm of around 0.1 mmol/L, calculated from the Michaelis-Menten plot (Fig. 2B). Incuba
tionss of fibroblast homogenates with a NAD+ concentration of 1 mmol/L and varying 

Figuree 3. Representative 
masss chromatograms for 
phytoll incubations of 
fibroblastt homogenates. 
Fibroblastt homogenates 
fromm two controls and 
aa SLS-patient were in
cubatedd in the standard 
reactionn medium con
tainingg phytol as de
scribedd in Materials and 
Methods.. Also depicted is 
ann incubation of a control 
fibroblastt homogenate in 
thee standard reaction 
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mediumm containing phytol that was terminated immediately, designated as 'blank'. Chromato
gramss were acquired in the single-ion monitoring mode set for the detection of phytenic acid as 
describedd in Materials and Methods. 

concentrationss of phytol showed first order kinetics (Fig. 2C) and a Km was calculated 
forr phytol of about 0.1 mmol/L. Under these conditions, the assay was linear with time 
upp to 30 minutes at a fixed protein concentration of 50 ug/ml (data not shown). As 
standardd assay conditions 50 pg/mL of fibroblast homogenate with an incubation time 
off 30 minutes was chosen, since this allowed for reliable quantification of the reaction 
product,, phytenic acid, on GC-MS. 
ValidationValidation of the assay 
Ann intraassay variation (within day) imprecision (CV) of 11 % was determined by meas
uringg phytol degradation activity of 10 fibroblast homogenates, derived from separate 
pelletss of a single control cell line in a single experiment. The interassay (between-day) 
CVV was determined to be 13 % by measuring activity of fibroblast homogenates, derived 
fromm separate pellets of the same control cell line in 10 separate experiments. 
PhytolPhytol degradation activity in control fibroblasts and fibroblasts derived from SLS-
patients s 
PhytolPhytol degradation activity was measured in homogenates of 10 different control fi
broblastss cell lines and a specific activity of 11.3  5.1 nmol/hr/mg protein (mean  SD; 
rangee 4.0 - 22.8) was found, while in fibroblasts derived from 15 different previously 
diagnosedd SLS-patients the activity was 0.6  0.5 nmol/hr/mg protein (range 0.0-1.9; 
Fig.. 4). Additionally, measurements were performed in fibroblast homogenates that 
weree derived from three obligate heterozygotes, in which the specific activities were 
foundd to lie in an intermediate range between controls and SLS-patients, namely 4.2
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1.33 nmol/hr/mg protein (range 2.7 - 5.1). 

Discussion Discussion 
Ourr recent finding of the involvement of FALDH in the degradation of phytol led to the 
generationn of a new assay for the biochemical diagnosis of SLS patients. Although assays 
forr measuring FALDH activity have been described previously, the new assay appears to 
havee some significant advantages. Other assays either use radioactive substrates or sub
stratess that are not available commercially and thus have to be synthesized (3, 10). An 
assayy where FALDH activity is assessed by measuring production of NADH fluorimetri-
callyy (3), when used in our laboratory, proved to suffer from high residual background 
activityy in fibroblasts derived from SLS patients with nonsense mutations in ALDH10. 
Thiss can be explained by the fact that as many as 12 different aldehyde dehydrogenases 
havee been described in mammals (12), which makes the existence of overlapping sub-

Figuree 4. Phytol degradation activity in 
controll fibroblasts homogenates and fi
broblastss homogenates derived from SLS 
patientss and carriers. Values in the bars 
representt means  standard deviation of 
thee activity expressed in nmol/min/mg of 
proteinn (n = 10, 16 and 4 for control, SLS-
patientt and SLS-carrier derived cell lines, 
respectively).. The difference between 
activitiess in control and SLS fibroblast 

^ ^ ^^ homogenates is statistically significant (P 
^ HH < 0.01) as calculated by Student's t test. 

Carriers s 

stratee specificities quite likely. Although some effort was spent to optimize the assay 
furtherr and reduce residual activities, it never resulted in a solid and reliable assay for 
diagnosiss of SLS. 
Inn contrast, the assay we describe here, which is based on phytol degradation, shows 
onlyy a very marginal residual activity, which makes diagnosis of patients more straight -
foward.. However, the presence of a small contaminating quantity of phytenic acid in the 
substratee makes it difficult to conclude whether FALDH activity is completely deficient 
orr whether another aldehyde dehydrogenase is able to catalyze the same reaction. The 
residuall activity only amounts to about 6 % of control however, and poses no problems 
inn the interpretation of the results for a correct diagnosis. 
Ass depicted in Fig. 1, the conversion of phytol to phytenic acid used in this assay is 
aa two-step mechanism. Conversion of phytol to phytenal is catalyzed by an as yet 
unknownn alcohol dehydrogenase (ADH), followed by the oxidation of phytenal into 
phytenicc acid by FALDH, which probably forms a complex with the unidentified ADH 
(13-15).. A deficiency in phytenic acid production therefore might also be due to a de
ficiencyy in the alcohol dehydrogenase reaction. However, SLS seems to be exclusively 
causedd by a defect in FALDH (16) and no patients have as yet been described with a 
deficiencyy of the ADH domain. The identification of the ADH involved might lead to 

Controll SLS 
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insightss in its possible role in SLS. 
Ann implication of a deficiency in phytol degradation of SLS patients might be the accu
mulationn of phytol in tissues and plasma of these patients in addition to hexadecanol. 
Althoughh not much is known about phytol content of foods, the presence of some phy
toll has been detected in milk products for instance (17). Currently, we are setting up a 
methodd to detect phytol in plasma of patients. It will be interesting to see if indeed an 
accumulationn of phytol is found, since this might play a role in the pathology of SLS. 
Inn conclusion, we have set up a new enzymatic assay for the diagnosis of SLS. It was 
shownn to be a reliable and easy assay, which has a number of advantages over existing 
FALDHH assays as described previously in literature. 
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ClinicalClinical Chemistry and Pediatrics, Emma Children's Hospital, University of Amsterdam, 
11001100 DE Amsterdam, The Netherlands. 

Summary Summary 
Sjögren-Larssonn Syndrome (SLS) is a metabolic disorder characterized by ichthyosis, 
mentall retardation and spastic diplegia or tetraplegia. The biochemical defect has been 
identifiedd as a deficiency of Fatty Aldehyde Dehydrogenase (FALDH), which is part of an 
enzymee complex that converts fatty alcohols into fatty acids. Making use of the finding 
thatt FALDH is also involved in the degradation of phytol, we set up an enzymatic assay 
forr the prenatal diagnosis of SLS in cultured chorionic villus fibroblasts (CVF) based on 
aa deficiency in the conversion of phytol to phytenic acid. FALDH activity was assessed 
byy incubating fibroblast homogenates with phytol in the presence of NAD\ followed 
byy hexane extraction of the samples and quantitation of phytenic acid production by 
gass chromatography-mass spectrometry (GC-MS). FALDH activity could be detected 
inn cultured CVF cells derived from control fetuses and the activity was found to be 
90%% deficient in cultured CVF cells derived from an affected SLS fetus. The new assay 
describedd in this paper has advantages over previous assays and allows for the easy and 
reliablee diagnosis of SLS. 

Introduction Introduction 
Sjögren-Larssonn Syndrome (SLS; MIM 270200) is an autosomal recessive disorder of 
fattyy alcohol metabolism, characterized by ichthyosis, spastic di- or tetraplegia and 
mentall retardation. In most patients ichthyosis is present at birth, while the latter two 
symptomss develop somewhat later in the first few years of infancy (1). 
Fattyy alcohol metabolism is impaired due to a defect in the enzyme Fatty Aldehyde 
Dehydrogenasee (FALDH, EC 1.2.1.48), which is a component of the fatty alcohol:NAD+-

^ > ^ O HH Phytol Figure 1. Conversion of phytol to phytenic 
acid.. The reaction takes place in two 
NAD+-dependentt steps, the first catalyzed 
byy an unknown alcohol dehydrogenase 
(ADH)) and the second by FALDH. 

00 Phytenal 

o o 
1L,, Phytenic acid 

OHH ' 

oxidoreductasee (2, 3). This enzyme complex catalyzes the conversion of fatty alcohols 
intoo fatty acids and has a preference for long-chain fatty alcohols and presumably plays 

ADH ADH 

FADH FADH 
^-NAD 1" " 

S-NADH H 
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aa role in the cycle between fatty alcohols and fatty acids (4). The consequence of FALDH 
deficiencyy therefore, is an accumulation of fatty alcohols in tissues and plasma of SLS 
patientss (5). In addition to this, FALDH was also found to be involved in the degradation 
off leukotrienes, leading to increased levels of leukotriene B4 in SLS patients (6). 
Recentt findings in our laboratory have uncovered yet an additional function of FALDH, 
inn the breakdown of phytol (7). The branched-chain fatty alcohol phytol (3,7,11,15-
tetramethylhexadec-2-en-l-ol)) is part of the chlorophyll molecule and, once released 
fromm it, can be metabolized into phytanic acid, a fatty acid involved in the pathogenesis 
off Refsum disease (8). The breakdown of phytol takes place in a few steps (shown in 
Fig.. 1) and the production of one of the intermediates, phytenic acid, was shown to be 
deficientt in fibroblasts derived from SLS patients upon incubation with phytol (7). From 
thesee studies it became apparent that phytol was specifically metabolized by FALDH and 
mightt therefore be used as a diagnostic assay for FALDH deficiency (9). 
Sincee the enzymatic methods that have been described so far for prenatal diagnosis 
off SLS make use of radio labeled substrates or suffered from high background activity, 
wee set out to develop a GC-MS method based on phytol degradation. Here we describe 
ann assay in which cultured chorionic villus biopsy fibroblasts (CVF) are incubated with 
phytol,, followed by measurement of phytenic acid that is produced to determine FALDH 
activity.. In cultured CVFs derived from a fetus affected by SLS, residual activity was 
foundd to be minimal, which makes it a suitable assay for the prenatal diagnosis of this 
syndrome. . 

PatientsPatients and Methods 
Chorionicc villus biopsy material was collected from a woman who had previously given 
birthh to a patient with SLS. Detailed studies in fibroblasts from the index patient had 
shownn deficient FALDH activity and molecular analysis had shown distinct mutations in 
thee ALDH10 gene as was described previously (patient 1 in: 10). 

CellCell culture 
CVFF cells were cultured in Nutrient mixture Ham's F-10 with L-glutamine and 25 mM 
HEPESS (Gibco, Invitrogen) supplemented with 20% fetal calf serum (Gibco), penicillin 
(1000 U/ml) and streptomycin (100 ug/ml, Gibco) at 37°C and with 5% C02. Cells were 
harvestedd using trypsin and stored as cell pellets at -80°C. 

BiochemicalBiochemical assay 
Phytoll degradation was performed as described (chapter 4 or reference 9). Briefly, cells 
weree taken up in phosphate buffered saline and homogenized by sonication on ice. The 
incubationn mixture consisted of 100 ug/mL protein, 50 mM glycine buffer (pH 9.2), 1 
mMM NAD\ 0.1 % Sodium Cholate and 1 mg/ml methyl-p-cyclodextrin (Fluka) in a total 
volumee of 500 pL. Reactions were performed at 37°C and initiated by the addition of 
2000 pM phytol dissolved in dimethyl sulfoxide (DMS0). After 60 minutes, the incuba
tionn was terminated by the addition of 100 pL 1 M HCl. Then 2 mL of hexane was added, 
afterr which the organic layer was extracted and evaporated to dryness under nitrogen 
att 40°C. The sample was then derivatized with N-tert-butyldimethylsilyl-N-methyl-trif-
luoroacetamidee (MTBSTFA) and analyzed on an Agilent Technologies model 5890/5973 
GC-MSS system equipped with a CPsil 19CB capillary column (25 m X 0.25 mm I.D., film 
thicknesss 0.25 mm, Varian), with electron impact ionization applied at 70 eV. MS acqui-
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sitionn was performed in the single ion monitoring mode, monitoring the [M-57]+ ions of 
thee various compounds. 

Results Results 
Earlierr we reported on the development of a specific assay for the diagnosis of SLS based 
onn phytol degradation (7, 9). To evaluate whether this could also be used for activity 
measurementss in cultured CVF cells, we incubated CVF cell homogenates derived from 
controll pregnancies with phytol in the presence of NAD+. At the chosen incubation 
conditions,, activity was linear in time up to 2 hours (Fig 2A). The activity was linear 
withh protein up to at least 0.2 mg in the assay (Fig 2B). 
Sincee these results indicated that conversion of phytol into phytenic could indeed 
bee measured in cultured CVF cells, we performed the analysis in cells derived from a 
fetuss at risk for SLS. The results as depicted in Fig. 2C show that activity was deficient 
comparedd to 6 different control samples. 

1200 180 240 300 0 0.05 0.1 0.15 0.2 0.25 Control Fetus 
t im ee (min ) protei n (mg ) 

Figuree 2. Characteristics of phytol degradation in cultured CVF cells. Graphs show the dependence 
off the reaction to (A) incubation time and (B) amount of protein. (C), Phytol degradation activity 
inn cultured CVF cell homogenates derived from controls and a SLS-affected fetus. The control 
valuess represent the mean  SD of the activity expressed in nmol/min/mg protein (n=6). 

Discussion Discussion 
InIn our experience, the different biochemical assays for the prenatal diagnosis of SLS 
describedd in literature so far (11) proved either to be cumbersome due to the use of 
radioo labeled substrates, or to yield ambiguous results. The latter problem frequently 
occurss in assays that measure the production of NADH by fluorescence as a measure of 
enzymee activity rather than measuring the reaction product directly, which makes them 
susceptiblee to background fluorescence caused by non-specific reactions occurring in 
thee cell homogenate. In addition to this, because of substrate overlap, other aldehyde 
dehydrogenasess present in cell homogenates can contribute to background activity 
(12).. Together with the fact that in cultured CVF cell homogenates the activity of fatty 
alcohol:NAD+-oxidoreductasee as well as FALDH itself is even lower than in fibroblasts 
(11),, results can often be ambiguous. 
Forr this reason, we extended the assay based on the degradation of phytol we set up 
forr fibroblast homogenates (9) to cultured CVF cells. The advantage of the new assay 
iss that phytol is a relatively specific substrate for FALDH reducing most background 
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activity.. Furthermore, since this assay makes use of GC-MS analysis of metabolites, 
directt quantification of the reaction product, phytenic acid, can be done. 
Thee activity of phytol degradation was high enough to be measured reliably in cultured 
CVFF cells and residual activity found in the material derived from the fetus affected 
withh SLS was around 13%. Therefore, we conclude that this assay is suitable for reliable 
prenatall diagnosis of SLS. 
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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). . 

ChlorophyllChlorophyll A 

Phytol Phytol 

Alcohol Alcohol 
dehydrogenase dehydrogenase 

L^-NAD+ + 

FALDHFALDH f 
X^NADH H 

s00 Phytenal 

Itvv J L Phytenic acid 
^ * ^^ 'OH 

Reductase Reductase r r 
irs*-NADP+ + 

PhytanicPhytanic acid 

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). 
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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). 
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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-
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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 
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B B m/zz 508.5 2 5 0
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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 

80 0 



Reductionn of phytenic acid 

50--

4 5 --

4 0 --

22 35-
22 30-
OO 25-

## 20-

15--

I D --

S ' ' 

0 --

A A 
Phytenoyl-CoAPhytenoyl-CoA Reductase 

1 1 

II.. 1 ^<—^<— ^<—^<— 
1 22 3 4 5 

(0 0 
4-1 1 
33 15 
Ifc . . 

o o 
55 10 

?? S 9 1U 11 12 13 14 15 16 17 18 19 20 21 

Esterase Esterase 

1 22 3 4 5 6 7 

i — , — ^ I » I ™ ^ W W 

20 0 

22 is 
O O 
££ 10 

99 10 11 12 13 14 15 16 17 18 19 20 21 

Catalase Catalase 

II I I ll l 
1 22 3 4 5 6 7 

(0 0 

o o 
4-1 1 

'SS 10-

99 10 1112 13 14 15 16 17 18 19 20 21 1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 2021 

is ,, F 
Protein Protein Phytenoyl-CoAPhytenoyl-CoA Synthetase 

1 22 3 4 5 6 7 99 10 11 12 13 14 15 16 17 18 19 20 21 11 2 3 4 5 6 7 99 10 11 12 13 14 15 16 17 18 19 20 21 

Fractionn number Fraction number 
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. 
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Summary y 
Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is a branched chain fatty acid 
thatt is taken in via the diet and is abundantly present in dairy products and meat de
rivedd from ruminant animals such as cows and sheep, as well as from certain species of 
fish.. After it is ingested, phytanic acid is broken down in a manner distinct from that 
off straight-chain fatty acids. This is due to a methyl-group present at the 3-position 
off the carbon-chain, which prevents normal p-oxidation. Therefore, the breakdown of 
phytanicc takes place via the removal of the first carbon atom, instead of the first two, 
byy the process of -oxidation. In this way, pristanic acid (2,6,10,14-tetramethylpenta-
decanoicc acid) is produced, which subsequently can be p-oxidized. 
Thee a-oxidation of phytanic acid takes place in three steps. Firstly, phytanic acid is hy-
droxylatedd at the 2-position by the enzyme phytanoyl-CoA hydroxylase (PAHX). Second
ly,, a formyl-CoA unit is released by 2-hydroxyphytanoyl-CoA lyase, yielding pristanal. 
Thiss aldehyde is finally converted into pristanic acid by an aldehyde dehydrogenase that 
iss as yet unknown. The first two enzymes have been localized within peroxisomes, and 
thereforee phytanic acid a-oxidation is believed to be peroxisomal, as is the subsequent 
p-oxidationn of pristanic acid. Consequently, in the absence of functional peroxisomes, 
ass is the case in cells from patients suffering from peroxisome biogenesis disorders (e.g. 
Zellwegerr syndrome), a-oxidation is deficient and phytanic acid accumulates. 
Anotherr disorder that is marked by elevated levels of phytanic acid is Refsum disease. 
Firstt described in 1946, patients suffering from Refsum disease typically show retini
tiss pigmentosa, anosmia, peripheral neuropathy and cerebellar ataxia. The symptoms 
usuallyy appear first at an adolescent age and can progress throughout life resulting in 
blindnesss and cardiac problems that, if the disease is left untreated, are sometimes fa
tal.. The accumulation of phytanic acid in plasma and tissues of Refsum disease patients 
wass first observed in the 1960's. This led to the development of a diet low in phytanic 
acid,, by which the phytanic acid levels in patients can be reduced significantly, albeit 
rarelyy to control levels. In the 1990's it was discovered that the gene coding for PAHX 
wass defective in Refsum disease patients. Since then, many mutations in the PAHX gene 
havee been discovered that result in a deficiency of the enzyme. However, in some pa
tientss no mutations could be found. Analysis of families from these patients also did not 
showw linkage to the PAHX locus on chromosome 10pl3, suggesting that Refsum disease 
iss genetically heterogeneous. 
Inn chapter two, we describe the identification of a second locus for Refsum disease. 
Inn Refsum disease patients without mutations in PAHX, linkage to another locus was 
demonstratedd on chromosome 6q22-24 that includes the PEX7 gene. Mutations in PEX7 
resultt in defective import of peroxisomal matrix proteins that contain a peroxisomal tar
getingg signal type 2 (PTS2) and normally form the basis of rhizomelic chondrodysplasia 
punctataa (RCDP) type 1. Only three proteins have been identified that contain a PTS2, 
amongg which is PAHX. Mislocalization of PAHX leads to a deficiency of a-oxidation and 
ann accumulation of phytanic acid in RCDP type 1 patients, while biosynthesis of plasm-
alogenss is also impaired due to mislocalization of alkyl-DHAP synthase. Analysis in ma
teriall derived from patients described in chapter two revealed that PTS2-protein import 
wass partially deficient. In contrast to true RCDP type 1 patients, however, some import 
couldd still be observed. Through examination of the PEX7 gene, mutations were found. 
Thiss is remarkable, since RCDP type 1 is characterized by a much more severe clinical 
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phenotypee compared to Refsum disease. However, expression studies with the mutated 
alleless found in the patients suggested that the mutations did not result in a complete 
deficiencyy of the protein. Most likely, enough PTS2-protein import activity remains 
too sustain plasmalogen biosynthesis by allowing alkyl-DHAP synthase to be imported, 
whilee not enough PAHX can be imported for sufficient a-oxidation. 
Thee focus of the second part of the thesis lies on the degradation of phytol, the precursor 
off phytanic acid. Phytol is a branched-chain monounsaturated fatty alcohol that is part 
off the chlorophyll molecule. Although mammals are inefficient in releasing phytol from 
chlorophyll,, this process is much more active in the gut of ruminants. Once released, 
phytoll is rapidly converted to phytanic acid, so that the levels of free phytol are usu
allyy not very high. However, significant quantities of free phytol are measured in dairy 
products,, processed meat products, dried fruits and fish. In addition, phytol is added 
too mouse or rat food as a precursor of phytanic acid in many laboratory experiments 
whereinn the effects of phytanic acid accumulation are studied. This raised the question 
byy what mechanism phytol is broken down to phytanic acid and which enzymes are in
volvedd in this process, of which very little data existed at the start of our studies. 
Studiess in the 1980's had provided some insight in the mechanism of phytol degrada
tionn and suggested that in mammals phytol was first converted into phytenic acid, after 
whichh the double bond at the 2-3 position was reduced to form phytanic acid. Both 
mitochondriaa and microsomes were found to catalyze this process. 
Inn chapter three, experiments are described where human fibroblasts were cultured in 
thee presence of phytol. For the first time, phytenic acid was established to be a true 
intermediatee of phytol degradation in humans. In addition, one of the enzymes involved 
inn phytenic acid production was identified by using fibroblasts derived from Sjögren-
Larssonn patients. In these cells, no phytenic acid was formed upon incubation with phy
tol.. Since Sjögren-Larsson patients are known to be deficient in the microsomal fatty 
aldehydee dehydrogenase (FALDH), we conclude that this enzyme is required for phytol 
degradation. . 

Inn homogenates of fibroblasts incubated with phytol, phytenic acid production can also 
bee readily detected. Based on this observation, an assay was set up for the diagnosis 
off FALDH deficiency that proved to be reliable and sensitive and that can be used with 
fibroblastss as well as for prenatal diagnosis using chorionic villus biopsies (chapters four 
andd five, respectively). 
Thee conversion of phytenic acid into phytanic acid is studied in chapter six. Enzymatic 
activityy of phytanic acid production using phytenic acid as substrate was detected, but 
doubtss about its relevance soon arose as activities were very low. As an alternative, it 
wass investigated whether phytenoyl-CoA could be a substrate for the reaction. A prereq
uisitee for this is the activation of phytenic acid to phytenoyl-CoA, which could indeed 
bee shown in rat liver homogenates. Using the latter substrate in incubations, reductase 
activityy could be detected that was much higher than in incubations using phytenic 
acid. . 
Enzymaticc activation of phytenic acid to phytenoyl-CoA was found in peroxisomal and 
microsomall fractions as had already been found for the activation of phytanic acid. 
Characterizationn of phytenoyl-CoA reductase activity was localized in peroxisomal and 
mitochondriall fractions. The peroxisomal enzyme 2-enoyl-CoA reductase might be a 
candidatee for this reaction, but this still has to be established experimentally. 
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Thee proposed pathway of phytol degradation is therefore somewhat different than 
proposedd earlier. Firstly, phytol is converted to its aldehyde phytenal by an unknown 
alcoholl dehydrogenase, which is followed by the production of phytenic acid, catalyzed 
byy FALDH, both steps occurring at the microsomal membrane. Phytenic acid is next 
activatedd to its CoA ester, and phytenoyl-CoA is reduced to phytanoyl-CoA, possibly 
mediatedd by the enzyme 2-enoyl-CoA reductase that was identified in the laboratory 
off Hajra in 2000. The formed phytanoyl-CoA is then a substrate for further peroxisomal 
a-oxidation. . 

90 0 



Samenvatting g 

Samenvattingg voor  iedereen 
Dee ziekte van Refsum ontleent zijn naam aan de Noorse arts Sigvald Refsum die in 1946 
eenn groep patiënten beschreef die leden aan een gelijkvormig syndroom. De symptomen 
vann de ziekte van Refsum steken meestal de kop op voor het twintigste levensjaar en 
beginnenn met nachtblindheid. Het zicht vermindert langzaam en de patiënten kunnen 
naa verloop van tijd blind worden. Het reukvermogen neemt sterk af en ook het gevoel 
inn de extremiteiten. Verder krijgen patiënten moeite met bewegen van armen en benen 
enn uiteindelijk treden ook hartproblemen op. In de jaren zestig werd ontdekt dat de 
ziektee veroorzaakt wordt doordat de afbraak van een speciaal vetzuur, fytaanzuur, 
verstoordd is. De ziekte van Refsum is daarom een metabole aandoening, ofwel een 
stofwisselingsziekte.. Net als veel andere stofwisselingsziekten, is de ziekte van Refsum 
erfelijkk en is het vrij zeldzaam. De enige behandeling voor Refsum patiënten is een 
levenslangg dieet, waarbij de hoeveelheid fytaanzuur zo veel mogelijk wordt beperkt. 
Dee verstoorde afbraak van fytaanzuur leidt tot een zeer hoge ophoping van fytaanzuur 
inn weefsels van de patiënten, waar het normale celfuncties kan verstoren, zoals in de 
zenuwcellen.. De afbraak van fytaanzuur vindt op een bijzondere manier plaats, omdat 
fytaanzuurr zijketens bezit die in de weg zitten voor een afbraak zoals die plaatsvindt 
bijj normale vetzuren. In 1997 is gevonden welk enzym defect is in patiënten die leiden 
aann de ziekte van Refsum, namelijk Phytanoyl-CoA Hydroxylase (PAHX), het enzym dat 
verantwoordelijkk is voor de eerste stap in de afbraak van fytaanzuur. Sindsdien zijn 
err veel verschillende mutaties gevonden in het gen dat voor PAHX codeert en die de 
functiee hiervan verstoren. Bij een aantal patiënten konden echter geen mutaties worden 
gevonden,, waardoor men zich afvroeg of er nog een ander gendefect zou kunnen lijden 
tott de ziekte van Refsum. 
Inn hoofdstuk twee wordt de ontdekking van een dergelijk gen beschreven. Door behalve 
naarr verhoogde niveaus van fytaanzuur ook te kijken naar andere biochemische 
parameters,, bleek dat een aantal patiënten ook een afwijking hadden in het maken 
vann plasmalogenen, een onderdeel van celmembranen. Dit beeld wordt ook gezien 
bijj patiënten die lijden aan een andere metabole aandoening, namelijk rhizomele 
chondrodyspolasiaa punctata (RCDP). RCDP is een ziekte die veel ernstiger is dan de 
ziektee van Refsum. De symptomen, waaronder mentale retardatie en karakteristieke 
botafwijkingen,, zijn al bij de geboorte aanwezig en patiënten overlijden vaak binnen 
hett eerste levensjaar. De biochemische afwijkingen worden veroorzaakt door een defect 
inn het importeren van een klein aantal enzymen in het peroxisoom, een onderdeel van 
cellenn dat zich bezig houdt met onder meer de afbraak van vetzuren en het aanmaken 
vann plasmalogenen. Het eiwit peroxin 7 is verantwoordelijk voor het importeren van 
dezee eiwitten en is defect in RCDP patiënten. 
Inn de patiënten in onze studie konden we vaststellen dat de enzymen die normaal 
gesprokenn geïmporteerd worden in het peroxisoom door peroxin 7, nu nauwelijks in 
hett peroxisoom aanwezig zijn. Na analyse werden er mutaties gevonden in het gen dat 
codeertt voor peroxin 7, waardoor een tweede gen ontdekt werd dat defect kan zijn in de 
ziektee van Refsum. Opvallend genoeg zijn de symptomen van de patiënten veel milder 
dann die van RCDP patiënten, terwijl die ook een defect hebben in peroxin 7. Dit kan 
verklaardd worden door het feit dat de mutaties van de hier beschreven Refsum patiënten 
relatieff mild zijn, waardoor de aanmaak van plasmalogenen nog net voldoende is, hoewel 
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dee capaciteit tot fytaanzuurafbraak te laag is om stapeling te voorkomen. 
Hett overige deel van het proefschrift handelt over de afbraak van fytol. Dit heeft ook 
relevantiee voor de ziekte van Refsum, omdat fytol in het lichaam wordt omgezet in 
fytaanzuurr en zo bij kan dragen aan de stapeling hiervan. Naar de manier waarop deze 
omzettingg precies plaats vindt is echter nooit veel onderzoek gedaan. 
Fytoll wordt omgezet in fytaanzuur in drie stappen. De eerste twee stappen zijn nodig 
omm de alcoholgroep om te zetten in een zuurgroep, waarbij fyteenzuur ontstaat. Omdat 
fyteenzuurr een onverzadigd vetzuur is, wordt als laatste de dubbele binding verbroken, 
waardoorr fytaanzuur gemaakt wordt. In hoofdstuk drie wordt de identificatie van een 
enzymm beschreven dat verantwoordelijk is voor de productie van fyteenzuur. Dit werd 
ontdektt omdat cellen afkomstig van patiënten die aan het Sögren-Larssen Syndroom 
(SLS)) leiden, fytol niet kunnen omzetten in fyteenzuur. Het is al bekend dat deze 
patiëntenn deficiënt zijn in het enzym FALDH, en daardoor weten we dat dit enzym ook 
betrokkenn is bij de afbraak van fytol. Van deze bevinding is vervolgens gebruik gemaakt 
omm een enzymatische test op te zetten voor de diagnose van SLS. Bij patiënten waarvan 
menn vermoedt dat ze aan SLS lijden kan zo, door te kijken of ze wel of niet in staat 
zijnn om fytol af te breken, een goede diagnose worden gesteld. Het opzetten van deze 
enzymmetingg wordt beschreven in de hoofdstukken vier en vijf. 
Inn hoofdstuk zes wordt ten slotte gekeken naar de laatste stap van fytol afbraak, de 
omzettingg van fyteenzuur tot fytaanzuur. In dit hoofdstuk wordt beschreven dat dit 
process niet zo gaat als gedacht werd. Er is gevonden dat om de dubbele binding van 
fyteenzuurr te verbreken, fyteenzuur eerst gemodificeerd moet worden door er een extra 
groepp aan vast te maken. Deze groep heet co-enzym A (CoA) en heeft ook een essentiële 
functiee voor de afbraak van vetzuren. Dit kon geconcludeerd worden uit experimenten 
waarbijj cellen werden gekweekt in aanwezigheid van fytol en waarin vervolgens 
fytenoyl-CoA,, gevormd uit fyteenzuur, inderdaad kon worden aangetoond. Bovendien 
bleekk de omzetting van fytenoyl-CoA veel makkelijker en sneller te verlopen dan die 
vann fyteenzuur, waaruit volgt dat de CoA-vorm en niet het fyteenzuur zelf het substraat 
iss voor de reactie tot fytaanzuur. Als laatste werd bepaald dat de meeste activiteit van 
fyteenzuurr omzetting in het peroxisoom plaats vindt, waar vervolgens het fytaanzuur 
kann worden afgebroken. 
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Dankwoord d 

Hett einde nadert. 
Inn de weinige pagina's die mij hier nog resten zal ik het licht mijner dankbaarheid laten 
schijnenn op al de mensen die mij naar het einde van m'n aio-schap hebben gebracht. Als 
ikk straks promoveer, is dat mede dankzij jullie, mijn collega's, en jullie enthousiasme, 
gezelligheidd of gewoon jullie stimulerende aanwezigheid. 

Eenn eind komt natuurlijk niet zonder begin, en daar sta jij Ronald. Hoewel mijn eerste 
bureautjee nog bij jou op de kamer stond, kwam het contact tussen ons pas echt goed 
opp gang toen we onze eigen Refsum-bespreking begonnen (al heb ik het onchristelijke 
tijdstipp - negen uur, en dat op een vrijdagochtend! - regelmatig vervloekt). Door die 
interactiee werd het vanaf toen steeds leuker voor me en begon ik meer en meer te 
genietenn van het werk dat ik deed. Na deze 4,5 jaar voel ik je nu als een enorme steun in 
dee rug; ook nu het meeste werk gedaan is, span je je nog voor me in bij mijn zoektocht 
naarr passende werkzaamheden na mijn promotie. Ik ben blij dat je me na m'n stage hebt 
teruggehaald. . 
Natuurlijkk was het Refsum-groepje niet compleet zonder Mister RD: Gerbert Jansen. Al 
wass je de eerste tijd toevallig net even op wereldreis, toen je terugkwam was je precies 
dee juiste aanvulling op Ronald door als een rustig baken er altijd te zijn en te vragen 
hoee het met de proeven ging. Ik vond het jammer dat je het lab verliet, want had graag 
onzee bloeiende samenwerking verder laten groeien. 
Maarr gelukkig, Sacha, dat jij er nog wel bent! Samen met de andere aio's was jij sowieso 
all een belangrijke reden dat ik graag op GMZ terug wilde komen na mijn stage, maar 
nuu komt daar ook nog mijn oprechte waardering bij voor al je hulp bij mijn werk. 
Voorall natuurlijk bij het corrigeren van m'n artikelen ("dit is toch een eerste versie hè, 
Daan?!"),, maar ook tijdens de besprekingen. Veel succes met de titanenarbeid van de 
muizenn en met je beurs. Ik hoop dat we niet stoppen met het delen van onze frustraties 
enn ook niet met het verzorgen van steeds maar weer betere etentjes, want ik vind ze 
ergg gezellig. 
Voorr hulp met o.a. het schrijven van het eerste artikel wil ik ook Hans bedanken samen 
mett Bwee-Tien voor haar inhoudelijke bijdrage. 

Bestee Joram, je was mijn eerste student en analist, dus ik hoop dat ik je niet al te 
chaotischh heb begeleid. Ik kijk met veel plezier terug op de tijd datje me terzijde stond 
enn ben blij dat je zo veel hebt bijgedragen aan dit proefschrift. Uiteindelijk heb je heel 
watt bijelkaar gepipetteerd en ik hoop dat je de wind in je zeilen houdt in je nieuwe 
lab. . 

Jee voudrais remercier Prof. Jean-Frangois Rontani de me recevoir a Marseille e sa 
contributionn essentielle dans ma recherche. 
Ookk wil ik graag Georges Dacremont bedanken voor de synthese van de isomeren van 
fyteenzuur,, essentieel voor het onderzoek. 
Bestee Michèl, de SLS-middag zal ik nooit vergeten, bedankt voor de interesse die je 
toondee voor mijn onderzoek. 
Thankk you Matthew and Anthony for giving me lots of ideas during my brief visit to 
Oxfordd and on the various occasions afterwards. Matthew and Kieren, the best of luck 
withh FALDH, Danica, good luck with the beautiful crystals. 
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Graagg wil ik hier ook Rob roemen voor het stelen van mijn pipetten, puntjes en 
werkruimtee in het algemeen. Maargoed, natuurlijk wel serieus bedankt voor je hulp bij 
hett zuiveren van "pristanal dehydrogenase", maken van vele gradiënten en suggesties 
-- meestal zelfs in een goed humeur! Voor goede ideeën kon ik natuurlijk ook altijd 
terechtt bij Loodje ("misschien gaat ie wel via de CoA"), ik heb veel van je vrolijk- en 
nauwkeurigheidd geleerd. Lieve Simone, zonder jouw kritische, vaak terechte, en soms 
niett heel subtiel geformuleerde commentaar, zou het met mijn werkbesprekingen en 
proevenn misschien nooit wat geworden zijn, ik heb veel aan je gehad tijdens mijn 
dagelijkss werk. En Jos, zonder jou zou ik nu niet kunnen HPLC-en (iedere keer weer een 
nieuww besturingssysteem), plate-readen, squashen, bier drinken en vooral niet Cobassen 
-- en dan hebben we het nog niet over m'n SCAD-stage gehad. Zonder voorraad verse of 
diepvriess fibroblasten is het überhaupt geen proeven doen, maar ze zijn er altijd dankzij 
Patriess en Petra. Petra, zonder jouw Sirene-zwoele aanwezigheid zou het lab snel op de 
klippenn lopen of verdorren tot een woestijn. Ook een dankjewel aan Conny voor de hulp 
mett de SLS-bepaling en blotjes. Michiel, erg jammer dat je zo ver weg bent, ik mis de 
velee vage bandjes die je me liet horen en zien, maar good luck in Australië. 

Voorr alle hulp met de GC's en MS-en wil ik graag Albert hartelijk bedanken, altijd leuk 
omm naast jou naar een computerscherm met piekjes te kijken, succes met gezond zijn. 
Ookk bedankt Johan (succes in Utrecht), Wilma en Lia voor de hulp met het opzetten 
enn in stand houden van bepalingen. Henny, de enigste echte Mokummer van het lab, 
bedanktt voor je enthousiaste hulp met ondermeer de FID. Ook een bedankje aan Henk 
0,, Wim, Arno, Henk van L, Solange en Ingrid voor hulp bij vele kleine en grote vragen. 
Inn het bijzonder wil ik ook Ries bedanken voor de vele heldere leken-toelichten en 
suggestiess over alles wat met de GC te maken heeft. 
Voorr DNA-hulp ben ik Janet H erg dankbaar voor het vinden van mutaties in PEX7 
enn gegevens over allerlei patiënten. Ook ben ik dankbaar voor Marjolein en ons 
tennistalentjee Janet-dynamin-Koster voor hulp met kloneringen en Amaxa, dat ook 
voorr Wendy en Carla. 
Voorall en speciaal ook Annelies, voor alle moeite die je op de valreep nog voor me hebt 
gedaan,, ik waardeer het zeer! Ook de mensen met een belangrijke rol wat meer achter 
dee schermen, zoals de dames van het secretariaat: Maddy (voor je enthousiasme, vooral 
tijdenss de Mid-term review), Susan (zonder jou had ik nog meer vakantiedagen over 
gehad),, Jolanda; en ook Rally en Gerrit-Jan voor het vele geregel, Sjoukje, Nico, Mark, 
Andréé en de onmisbare YoIDesi, allen bedankt. 

Waarr ik misschien wel het meeste van heb genoten waren de lunches. Als je tot de 
paria'ss behoort die niet om half twaalf lunchen (of is het ontbijten?), dan moet je 
samenn wel een hechte band ontwikkelen. En die band voel ik zeker met Wouter en Dr. 
vann Roermund, ik heb erg genoten van onze lunches waarin we alles konden bespreken 
vann wetenschap tot lokale politiek. En toen Roos ook af en toe aan kwam schuiven met 
haarr injectie van vrouwelijke charme was het feest compleet. Carlo, bedankt voor de 
CoA-assayy en veel succes met de vleermuizen, Wouter jij met je kosjere stierenierpero 
xisomaletransporters/poriness (de flauwe grapjes over zwelling bewaren we wel voor je 
promotie)) en Roos met je afspraakjes met Huib C. 
Dann mijn meest naaste collega's: de aio's. Beste Jasper, voordat jij kwam wist ik niet dat 
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err zoveel west-friesheid in één persoon zou kunnen zitten en dat het nog gezellig zou 
zijnn ook! Ik hoop dat je me uiteindelijk nog een keer zal kunnen meeslepen naar zo'n 
legendarischee kermis of schuurfeest. Veel succes als laatste echte Refsummer, schudt 
niett al te veel en probeer het beter te doen dan met het voetbal (maar dat is in jouw 
gevall absoluut geen probleem). Beste Ferensj (come va, fratello?), Saskia (nog een 
concertjee doen?), Marit (wanneer is dat aio-etentje eigenlijk 's bij jou?), Linda, Riekelt, 
Naomii (liever dan haar kat), Annemieke en Annemieke (succes met je promotie), 
Robert-Jann (veel plezier met het 2e kindje), Jolein (succes met het fytol-onderzoek), 
Nadia,, Hidde, Claire, het allerbeste toegewenst. Ook de aio's die er al waren toen ik net 
kwamm kijken, onder andere Fred (ook jij bedankt voor je kookkunsten), Sander (merci 
voorr de chansons), Sietske en in het bijzonder Jeannnettte die me onmiddellijk thuis 
liett voelen op het lab en ook met klussen met kijkers (ik ben echt al een tijd niet meer 
gevallenn nu ik er aan denk). 
Verderr wil ik alle mensen bedanken die de sfeer hoog hielden en de borrels gezellig 
hielden:: Mirjam, de altijd warme Leila (veel gelukkigheid met je kleine Jassertje), 
Stefke,, René ("haaaai Renéeeeh!"), Rutger (keep on rockin'), Lida Z, Judith, Jerry, 
Jeroenn B en R, Luminitza, Lida S, Jeroen, Ingvild, Jerry, Ben, Liny, Sharon, Moniek, 
Nadinee en natuurlijk alle studenten. 

Pedro,, you have given me such a lot, I hope I will always be your Angelo. 

MaartenJan,, fijn dat je nu ook mijn promotie helpt te regisseren (krijgen we nu ook 
subsidiee van Joop van de E?), ik ben blij datje met terzijde bent blijven staan sinds onze 
zonsopgangg op het strand van Corsica - moge de zon nog lang niet ondergaan. 

Bedanktt aan al mijn vrienden en vriendinnen die ik zo heb verwaarloosd het afgelopen 
jaar. . 
Bedanktt aan mijn lieve familie (in chronologische volgorde): mijn neefje Paul, mijn 
liefstee nichtje Minke, Barry zonder wie ik dit met de hand had moeten schrijven, zus 
Linda,, broer Ruud op wiens proefschrift ik mooi heb kunnen oefenen, Hinke en mijn 
lievee moeder en vader. Bij jullie kon ik het best tot rust komen en mezelf zijn. 
Bedanktt tenslotte, liefste Myra. Je hebt me niet uit m'n proefschrift-dipje getrokken, 
maarr me er gewoon uitgeschopt, zoals het eigenlijk het beste is! Je bent een bijzonder 
meisjee en ik ben heel blij met je toevoegingen aan mijn (voorlopige) magnum opus en 
leven. . 

Graziee a tutti! 

Daan Daan 
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TheThe snow-feathers so gently swoop that though 
ButBut half an hour ago 

TheThe road was brown, and now is starkly white, 
AA watcher would have failed defining quite 

WhenWhen it transformed it so. 

AA light snow-fall after frost. 
Thomass Hardy 
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Curriculu mm Vitae 
Dee auteur van dit proefschrift werd op zaterdag 25 september 1976 geboren in Bergen. 
Naa het behalen van het VWO-diploma aan het gymnasium Felisenum in Velsen-zuid 
inn 1995, werd de studie Medische Biologie aangevangen aan de Universiteit van 
Amsterdam.. In het kader van zijn afstudeeronderzoek werden allereerst de biochemische 
karakteristiekenn onderzocht van short-chain acyl-CoA dehydrogenase-deficientie, onder 
begeleidingg van Ing. J.P.N. Ruiter in hett Laboratorium voor Genetische Metabole Ziekten, 
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