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ChapterChapter 1 

1.. Introductio n 

Inn studies on the fatty acid composition of bovine milk fat carried out in the early 1950s, a 
multi-branchedd C20 fatty acid was isolated (1). It took 10 years, however, before the structure 
off  this fatty acid could be characterised using analytical techniques including gas chromato-
graphy-masss spectrometry and nuclear magnetic resonance (2,3). These analyses revealed that 
thiss fatty acid, which was named phytanic acid, contains 4 methyl groups on a C16 backbone. 
Accordingly,, phytanic acid could be assigned the systematic name 3,7,11,15-tetramethyl-
hexadecanoicc acid (fig. 1). Among the constituents of the human diet, especially dairy pro-
ductss and ruminant fats are rich in phytanic acid (for reviews see (4,5)). 

/lyv^A s^/v!v COOH H 

Figuree 1. Phytanic acid (3,7,11,15-tetramethylhexadecanoic acid) 

1.11 Phytanic acid in man 

Thee presence of phytanic acid in man was first reported in 1963 by Klenk and Kahlke (6) 
whoo found phytanic acid in the lipid fractions of liver, kidney and brain of a patient suspected 
too suffer from Refsum 's syndrome. This neurological syndrome was first described in 1946 by 
thee Norwegian physician Sigvald Refsum (7) and initially called heredopathia atactica poly-
neuritiformis.neuritiformis. At present this syndrome is commonly known as Refsum's disease (RD). 

Inn later studies it was discovered that phytanic acid also accumulates in patients suffering 
fromm Zellweger syndrome (ZS) and rhizomelic chondrodysplasia punctata type 1 (RCDP type 
1).. Both these inherited disorders of lipid metabolism are caused by specific defects in peroxi-
somee biogenesis as will be discussed below. 

1.22 Peroxisome biogenesis 

100 years after the first description of 'microbodies' in mouse kidney cells in 1954 (8), De 
Duvee and coworkers identified catalase in this single membrane-bounded organelle. Since 
catalasee is involved in hydrogen peroxide metabolism, they suggested to name the organelle 
'peroxisome'' (9,10). Since the discovery of peroxisomes, it was soon recognised that this 
organellee is not only involved in the detoxification of hydrogen peroxide but also in a large 
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numberr of metabolic processes. These processes include the 0-oxidation of fatty acids and 
fattyy acid derivatives, a-oxidation of phytanic acid, ether-phospholipid biosynthesis, chole-
steroll  and dolichol biosynthesis, glyoxylate metabolism, amino acid metabolism, hydrogen 
peroxidee metabolism, elongation of fatty acids, purine and polyamine catabolism, and the 
synthesiss of polyunsaturated fatty acids (for reviews see (11,12)). 

Thee biogenesis of peroxisomes has been a subject of many studies. Although a detailed 
descriptionn of this biogenesis is beyond the scope of this thesis, a brief summary of the gene-
rallyy accepted working model as proposed by Lazarow and Fujiki (13) will be given. The 
characteristicss of this model are: 1) peroxisomal proteins are synthesised on free polyribo-
somes,, 2) newly-synthesised proteins are imported into existing peroxisomes, 3) protein 
importt enlarges peroxisomes until they have grown to a critical size, after which they divide 
intoo two daughter peroxisomes and start growing again. 

Proteinn import into peroxisomes is mediated by the presence of a peroxisome targeting 
signall  (PTS) on the protein to be imported. This signal is recognised by a cytosolic receptor, 
whichh delivers the protein to the organellar membrane. Actual import (translocation across the 
membrane)) involves the interaction of a large number of proteins (either membrane-associated 
orr transmembrane proteins). After (or during) import of the target protein, the cytosolic 
receptorr is released and can participate in a next round of protein import (see simplified 
schemee (fig. 2)). 

Twoo PTS sequences have been characterised so far. Most peroxisomal matrix proteins 
containn the PTS type 1 (PTS1) sequence, which consists of a tripeptide located at the carboxy-
terminuss with the sequence serine-lysine-leucine (SKL), or a variant having the consensus 
sequencee (S/C/A)(K/R/H)(L/M). It has been demonstrated that PTS 1 sequences are sufficient 
too direct cytosolic reporter proteins to peroxisomes (for reviews see (14,15)). The PTS1 
receptorr protein (Pex5p) is encoded by the PEX5 gene (16) (fig. 2A). 

AA small subset of peroxisomal proteins contains a PTS type 2 (PTS2) sequence, including 
peroxisomall  3-ketoacyl-CoA thiolase (17), alkyl-dihydroxyacetonephosphate synthase (18), 
phytanoyl-CoAA hydroxylase (as discussed later), and mevalonate kinase (19,20). This PTS2 
sequencee is located near the amino terminus of the protein and comprises 9 amino acids with 
thee consensus sequence (R/K)(I/V/L)X 5(H/Q)(L/A/S) (for review see (15). The PTS2 receptor 
proteinn (Pex7p) is encoded by the PEX7 gene (21-23)(fig. 2B). 

Proteinss that are essential for peroxisome biogenesis are called peroxins (Pex) and are 
encodedd by corresponding PEX genes. At present, more than 20 different PEX genes have 
beenn identified (24). Mutations in either one of these genes can lead to various phenotypes, 
rangingg from the total absence of functional peroxisomes to the inability to import only a 
subsett of proteins into peroxisomes (for reviews see (25-28)). 

Zellwegerr syndrome (ZS) is a disorder of peroxisome biogenesis. Patients suffering from 
thiss disorder have no functional peroxisomes and therefore, most but not all peroxisomal 
enzymess are deficient (for review see (27)). 
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Figuree 2. Simplified scheme showing protein import into peroxisomes. The PTS 1-containing proteins 
aree imported via route A, PTS 2-containing proteins follow route B. 

Inn patients suffering from RCDP type 1 the PEX7 gene, which encodes the PTS2 receptor, 
iss mutated (22,23,29). As a result these patients lack a functional PTS2 receptor and therefore 
importt of PTS2-containing proteins into peroxisomes is deficient. 

Onee of the common characteristics of patients with ZS and RCDP, namely the accumu-
lationn of phytanic acid, suggested the involvement of functional peroxisomes in phytanic acid 
a-oxidation.. This has led to the hypothesis that in man, the phytanic acid a-oxidation pathway 
is,, at least in part, localised in peroxisomes and that at least one of the proteins involved in 
thiss pathway contains a PTS2. 

2.. Origi n of phytanic acid 

Phytanicc acid is present in man (it has been detected in plasma, liver and other organ 
tissues,, milk and sciatic nerve), and has also been found in other mammals, birds, fishes, 
micro-organismss and their lifeless remains. For instance, phytanic acid was demonstrated to 
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bee present in cows (in rumen contents, depot fats, liver), rats (serum), rabbits (serum), pigs 
(depott fats), deer (depot fats), whales (blubber oil and milk), ovine faeces, fish oil, earth-
worms,, Antarctic and Atlantic krill , crude petroleum, and ancient and recent sediments at 
levelss varying around 0.01-0.3% of the total fatty acids. Relatively high amounts of phytanic 
acidd were found in Antarctic krill and bovine rumen bacteria (1.4 and 2.8% of total fatty acids 
respectively)) and earthworms, which contain 1.9% in winter and up to 3.5% in summer. Very 
highh levels of phytanic acid (8% of total fatty acids) were found in cows fed for several 
monthss with ensilage (for review see (4)). 

2.11 Endogenous synthesis 

Phytoll  has a poly-isoprenoid structure and differs from phytanic acid in having a A2 double 
bondd and an alcohol-group instead of a carboxylic acid-group at the first carbon atom (see fig. 
3).. The isoprene units, which are the building blocks for poly-isoprenoids, are synthesised 
fromm three acetate molecules which first form mevalonate, which is then converted to the 
isoprenee unit isopentenyl-pyrophosphate. In plant chloroplasts, phytol is synthesised by the 
couplingg of four isoprene units, followed by the reduction of the A6, A10, and A14 double bonds 
inn the backbone of the molecule (30). Since phytanic acid also has a poly-isoprenoid structure 
itt had been postulated that phytanic acid could be synthesised via a similar pathway. One of 
thee final steps in this hypothetical pathway would involve the addition of an isoprene unit to 
farnesol,, producing geranylgeraniol. In order to obtain phytanic acid, the double bonds in 
geranylgeranioll  would then have to be reduced and the alcohol-group converted to a carboxy-
licc acid. All precursors for this hypothetical biosynthetic route are available in the human 
body:: farnesol, which plays a role in the farnesylation of proteins, is present in many cell 
types,, and isoprene units, the building blocks for steroids, are also abundant. However, when 
[2-,4C]mevalonicc acid was administered to a patient with classic RD, no incorporation of the 
labell  into phytanic acid was found (31-33). Similar experiments in animals using labelled 
mevalonicc acid and labelled acetate also demonstrated that these potential precursors were not 
incorporatedd into phytanic acid (31-33). These data have led to the conclusion that phytanic 
acidd is not derived from endogenous synthesis in humans and animals. 

2.22 Dietary phytol 

Phytoll  is the alcohol moiety of the chlorophyll molecule and, as an integral part of chloro-
phyll,, is abundantly present in green leaves from plants. In the marine environment, phytol is 
evenn more ubiquitous, especially in planktonic algae (34). Humans and rats are not able to 
absorbb phytol effectively when it is bound to the chlorophyll molecule (35). This implies that 
phytoll  is not a significant dietary precursor of phytanic acid. However, phytol can be released 
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fromm chlorophyll by the action of bacteria present in the rumen of ruminant animals. The 
resultingg free phytol can either be converted to phytanic acid in the rumen of animals or 
effectivelyy absorbed by both humans and animals (31,35,36). 

PHYTOL L 

A/ \ /WVNA/ 0H H 

3,7,11,15-tetramethylhexadec-frans-2-ene-1-ol l 

X X 
11 . I ^COOH 

R/V^OHH ^ N /* ^ R V 
(( pathway 1j (pathway2J 

dihydrophytoll " ^ " phytenic acid 

A/\A/\A/vV 00H H 

PHYTANICC ACID 

Figuree 3. Phytol can be converted to phytanic acid via two pathways. In pathway l, phytol is first 
hydrogenatedd to form dihydrophytol and subsequently oxidised to phytanic acid. In pathway 2, phytol 
iss first oxidised to phytenic acid, and subsequently hydrogenated to phytanic acid. 

Thee conversion of phytol to phytanic acid may proceed via two distinct routes (fig. 3). In 
thee first route, dihydrophytol is produced by the hydrogenation of phytol, followed by an 
oxidationn step to form phytanic acid. This conversion has been demonstrated in the rumen of 
ruminantt animals (37-39). The phytanic acid produced is subsequently absorbed by the ani-
mal.. However, when free phytol was fed to rats, phytanic acid was produced (32), although 
hardlyy any dihydrophytol could be detected in plasma and tissues (36). These findings sugges-
tedd that dihydrophytol might not be a metabolite in the phytol breakdown pathway in these 
non-ruminantt animals. In the second route, free phytol is first absorbed and then oxidised to 
phytenicc acid and subsequently hydrogenated to form phytanic acid. Substantial amounts of 
bothh phytenic acid and phytanic acid were detected in phytol-fed rats (32). Also, when phytol 
iss converted to phytanic acid in rat liver, phytenic acid, but no dihydrophytol, was detected 
(40).. Therefore, this route appears to be the major pathway in non-ruminants. As can be 
concludedd from these studies, chlorophyll-bound phytol as present in plants and vegetables 
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playss no important role as precursor of phytanic acid in non-ruminants since it is poorly 
absorbed.. Although cooking of vegetables may release some phytol which can be absorbed by 
humans,, this is of littl e significance when compared to the total amount of dietary phytanic 
acidd (see below), since it comprises less then 10% of the dietary phytanic acid intake. In 
ruminants,, however, which contain much higher phytanic acid levels in plasma then humans 
(5-10%% and <0.1% of total fatty acids, respectively (41)) the chlorophyll-derived phytol is the 
majorr source of phytanic acid. 

2.33 Dietary phytanic acid 

Thee average daily intake of phytanic acid in humans is about 50-100 mg, but is strongly 
dependentt on the composition of the diet. Relatively high amounts of phytanic acid are found 
inn dairy products (butter, cheese) and ruminant fats present in meat products. These amounts 
aree dependent on the ruminant's diet: in cows, phytanic acid levels may raise from 0.01% of 
thee total fatty acids when fed on pasture, up to 8% when fed silage for 6 months, indicating 
thatt there is a huge fluctuation during the seasons. In addition to the ruminant products, also 
fishfish (tuna, cod),, fish oil, and vegetable oils are rich in phytanic acid (4,42,43). Phytanic acid is 
welll  absorbed by humans and other mammals (rats, mice), and is rapidly degraded. The 
elucidationn of the metabolic route involved in the degradation of phytanic acid will be dis-
cussedd in detail below. 

3.. Phytanic acid metabolism 

Inn man, phytanic acid is present at very low levels in plasma, but accumulates in patients 
sufferingg from RD. After the elucidation of the molecular structure of phytanic acid, it was 
recognisedd that this fatty acid can not be broken down via the P-oxidation pathway, the cata-
bolicc route for many fatty acids. The presence of the methyl group at the third carbon atom 
preventss p-oxidation and therefore, another breakdown pathway must be present. Many 
studiess have been performed both in vitro and in vivo to elucidate this pathway. For in vitro 
studiess performed in human and animal material, both cultured cells and tissue homogenates 
weree used. The in vivo studies were performed in experimental animals, but also in a clinical 
settingg using patients suffering from disorders characterised by an impaired phytanic acid 
metabolism.. These "natural mutants" proved to be of great help in studying the mechanisms 
off  phytanic acid metabolism. At the same time, a better insight in the metabolic pathway 
enabledd the understanding of the basis of the defects in these diseases. 
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3.1.. Defects in phytanic acid metabolism in man 

Muchh of the current knowledge of phytanic acid metabolism has been obtained by studies 
usingg materia] from patients with a defect in this catabolic pathway. Therefore, a short de-
scriptionn of the inherited disorders in which phytanic acid metabolism is impaired will be 
given.. This is by no means a complete list of all clinical and biochemical characteristics of 
thiss group of disorders, but the descriptions provided will enable the appreciation of the 
hypothesess that were made based upon studies in these patients. 

3.1.11 Refsum's disease 

Thee first description of a new familial syndrome, characterised by a tetrad of neurological 
symptomss was published in 1946 by Sigvald Refsum (7). The main symptoms include retini-
tiss pigmentosa, peripheral neuropathy, cerebellar ataxia and elevated cerebrospinal fluid 
proteinn concentration. Other abnormalities frequently observed in these patients are anosmia, 
nervee deafness, ichthyosis, skeletal abnormalities in hands and feet (such as a shortened 
ring-finger),ring-finger), and cardiomyopathy (for review see (27)). The age of onset in Refsum's disease 
variess from early childhood to age 50, but most patients have clear-cut manifestations before 
theyy are 20 years of age. Night blindness, unsteadiness of gait and loss of strength in the 
extremitiess mostly are the first complaints. The gradually progressive deterioration in this 
diseasee is sometimes interrupted by unexplained periods of remission. 

Thee discovery of the accumulation of phytanic acid in post mortem tissues (liver and 
kidney)) from a patient with Refsum's disease in 1963 (6) revealed the hitherto only known 
biochemicall  marker in this disease. In patients with Refsum's disease, the plasma levels of 
phytanicc acid can reach more than 5600 uM (control range 0 -9 uM). Phytanic acid is stored 
inn phospholipids and triglycerides in plasma and tissues (mostly in adipose tissue, liver, 
kidney,, muscle and nerve tissues). 

Sincee phytanic acid is derived from exogenous sources only, the logical treatment in order 
too prevent further accumulation is the dietary restriction of phytanic acid by reducing the 
intakee of dairy products, ruminant fats and meats. Such a diet will be low in phytanic acid 
(10-200 mg per day; normal diet: 50 - 100 mg per day). Since phytanic acid is present in a 
widee range of products, it is virtually impossible to compose a diet consisting of generally 
availablee food products that completely lacks phytanic acid. Patients with RD have to main-
tainn this diet for life. As a result of the diet, phytanic acid plasma levels first remain constant 
forr some time followed by a steady decrease to reach final concentrations between 300 -
9000 uM after several months. The diet can be accompanied by regular plasmapheresis or 
cascadee filtration in order to reduce the stored amount of phytanic acid more rapidly (44-47). 
Thee long delay before plasma phytanic acid levels drop suggests that stored phytanic acid is 
releasedd from tissues into the blood. When adipose tissue samples taken before and after 
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dietaryy treatment were examined, a decrease in the phytanic acid content was observed. 
Althoughh the plasma levels usually can be lowered by these methods, the levels of phytanic 
acidd stored in tissues will remain high and can be a potential danger. During metabolic stress, 
causedd by for instance viral infection, surgery, or pregnancy, stored liver lipids including 
phytanicc acid are mobilised, which results in a rapid raise in plasma phytanic acid levels. 
Thesee high plasma levels are thought to be the main cause for progression of the disease. 

Whenn phytanic acid levels in patients are kept low, the progress of the clinical symptoms 
cann be arrested (48,49) and sometimes even an improvement of some symptoms has been 
observed.. In adult patients that are diagnosed late however, the amount of phytanic acid stored 
duringg their lives is too high to be normalised, and improvement is hard to achieve. 

3.1.22 Peroxisome biogenesis disorders 

Peroxisomee biogenesis disorders (PBDs) are inherited in an autosomal recessive fashion 
andd are biochemically characterised by the absence of functional peroxisomes. The loss of 
functionn of the peroxisome can either involve a small set of proteins in the context of a rela-
tivelyy intact organelle, or an almost complete absence of the organellar structure with only 
emptyy membrane vesicles (peroxisomal ghosts) being present. The impaired biogenesis is 
causedd by a mutation in one of the PEX genes, which encode the Pex proteins that are re-
quiredd for proper peroxisome formation. 

Thee peroxisome biogenesis disorders include: 1) the generalised peroxisomal disorders 
(GPDs;; Zellweger syndrome (ZS), neonatal adrenoleukodystrophy (NALD) and infantile 
Refsum'ss disease (IRD)), and 2) RCDP type 1. The classification of the patients is mainly 
basedd on clinical characteristics, but the variation in clinical presentation within the group of 
GPDss is such that making a clear cut diagnosis can be very difficult. To complicate things 
evenn further, patients with an inability to import both PTS1 and PTS2 containing proteins into 
theirr peroxisomes can present with a ZS, NALD and IRD phenotype, so the same biochemical 
backgroundd can result in strongly different phenotypic expressions. 

3.1.2.11 Zellweger  syndrome (ZS) 

Thee most severe form of GPD is the cerebrohepatorenal syndrome of Zellweger (Zell-
wegerr syndrome, ZS). In patients with this syndrome, development of internal organs (brain, 
liver,, kidneys) and the skeleton is strongly disturbed. Neonates present with severe neurologi-
call  dysfunction, are often blind and deaf, and always severely retarded. The facial appearance 
withh a high forehead, an enlarged fontanelle, depressed nose bridge and unusual, almond-
shapedd eyes can be diagnostic. Most patients die within the first year of life (27). 
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3.1.2.22 Neonatal adrenoleukodystrophy (NALD) 

NALDD is less severe when compared to ZS. Patients present with the same symptoms, but 
generallyy to a lesser extent. The clinical course can resemble the characteristics typical for ZS 
resultingg in death after several months of life, but some patients, although severely handi-
cappedd and mentally retarded, can live until their midteens (27). 

3.1.233 Infantil e Refsum's disease (IRD) 

Inn 1982, Scotto and coworkers described three cases of young children presenting with 
severall  neurological abnormalities and hepatomegaly. Some of the symptoms (retinitis 
pigmentosa,, anosmia, sensorineural hearing loss) are also found in Refsum's disease, but 
thesee patients presented very early in life, were mentally retarded and had dysmorphic fea-
turess that are never observed in Refsum's disease. Plasma and liver biopsy analysis however, 
revealedd elevated phytanic acid levels and because of this finding the diagnosis "infantile 
phytanicc acid storage disease" (being an infantile variant of Refsum's disease) was made, 
simplyy because at that time Refsum's disease was the only known disorder characterised by 
thee accumulation of phytanic acid. In other, similar cases this diagnosis was made, mainly 
basedd on the phytanic acid accumulation. In later studies it was shown that in these children 
alsoo high levels of very long chain fatty acids and pipecolic acid were present, as well as 
abnormall  bile acids (50-56). These findings are typical for generalised peroxisomal disorders. 
Indeed,, morphological studies in liver material from these patients showed a strong deficiency 
off  hepatic peroxisomes (57-59). Subsequent studies in fibroblasts have shown that peroxi-
somall  functions are indeed deficient as found in fibroblasts from patients with ZS and NALD. 
Accordingly,, the name "infantile Refsum's disease" is unfortunate and should be discarded 
sincee the infantile and classic forms of Refsum's disease are completely different disorders, 
reflectingg defects in distinct genes. Studies in patients suffering from ZS, NALD and infantile 
Refsum'ss disease showed that phytanic acid is accumulating in plasma in all cases, and that 
phytanicc levels increase steadily during the lives of the patients (60). However, due to the 
shortt lifespan of patients with ZS, phytanic acid levels in plasma from these patients never 
reachh values as high as found in patients with classic Refsum's disease. 

3.1.2.44 Rhizomelic chondrodysplasia punctata (RCDP) type 1 

Thee most striking clinical feature of patients suffering from this rare autosomal recessive 
disorderr is the proximal shortening of the limbs. Other symptoms include periarticular calcifi-
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cations,, microcephaly, coronal vertebral clefting, dwarfing, congenital cataract, ichthyosis and 
severee mental retardation. Three genetically distinct forms of RCDP can be distinguished. 

Biochemically,, patients with RCDP type 1 present with a deficiency in two enzymatic 
stepss of the plasmalogen biosynthesis, dihydroxyacetonephosphate acyltransferase (DHAP-
AT)) and alkyl-dihydroxyacetonephosphate synthase (alkyl-DHAP synthase). Peroxisomal 
3-ketoacyl-CoAA thiolase, the last enzyme involved in the P-oxidation pathway, is present in 
itss 44 kDa precursor form, whereas this protein is normally processed to a 41 kDa mature 
formm (61). Mevalonate kinase, one of the enzymes involved in cholesterol biosynthesis, is also 
deficient,, at least in liver (20). Furthermore, phytanic acid is accumulating in plasma and 
tissuess from these patients, sometimes to the same extent as in patients with Refsum's disease 
off  the same age. Patients with RCDP type 1 usually have persistent feeding difficulties, severe 
developmentall  delay and growth deficiency. Their lifespan can range from several months up 
too young adulthood. 

RCDPP types 2 and 3 have been identified as single enzyme deficiency disorders. In patients 
withh RCDP type 2 DHAPAT activity is deficient (62-65), whereas in patients with RCDP 
typee 3 a deficiency of alkyl-DHAP synthase is found (66-68) 

3.22 In vivo studies and studies in intact cells 

ClinicalClinical studies 
Onee of the first studies on phytanic acid metabolism was performed by Steinberg and 

coworkerss in the early 1960s. In this study a healthy control and a patient with Refsum's 
diseasee were fed [U-14C]phytol. In the control, 14C02 was respired and [14C]phytanic acid was 
detectablee in plasma, but disappeared within a day. The patient with Refsum's disease did 
producee less then 10% of the I4C02 when compared to the control, and in its plasma much 
moree [,4C]phytanic acid was found. This labelled phytanic acid remained in the plasma for at 
leastt 5 days. These data indicated that phytol is a precursor of phytanic acid, which can be 
convertedd to C02, and that phytanic acid in the plasma is rapidly degraded. In Refsum's 
disease,, phytol can be converted to phytanic acid, but degradation of phytanic acid is impaired 
(33).. The ability of patients with Refsum's disease to convert phytol to phytanic acid was also 
reportedd by Stoffel and Kahlke (69). 

Phytoll  and phytanic acid feeding experiments in rats led Mize and coworkers to conclude 
thatt also in rats phytanic acid is degraded, thereby producing C02 (32). 

Thee presence of the P-methyl group on the phytanic acid molecule blocks (3-oxidation of 
thiss fatty acid, so alternative oxidation pathways were investigated. The w-oxidation, creating 
aa carboxy group at the w-end of the fatty acid and thereby producing a dicarboxylic acid 
whichh can be P-oxidised, would be an option. However, this pathway was excluded based on 
thee ability of patients with Refsum's disease to produce (o-carboxylic acids from various 
branchedd chain substrates, even to the same extent as controls (70), suggesting the existence 
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off  a different pathway (71). The possibility of a-oxidation, the removal of a single carbon 
unit,, was studied by Avigan and coworkers. In feeding experiments in control individuals, 
usingg 3,6-dimethyl[8-l4C]octanoic acid as substrate, it was demonstrated that a-oxidation is a 
possiblee degradation mechanism in man. Importantly, it was shown that a-oxidation of the 
artificiall  branched chain substrate is deficient in a patient with Refsum's disease (72). Confir-
mationn of these results, but now using the natural substrate [U-MC]phytanic acid, was ob-
tainedd by studies in controls and four patients with Refsum's disease. It was demonstrated that 
26%% of an intravenously administered dose of phytanic acid was converted to C02 in controls, 
butt less then 2% in patients with Refsum's disease. Pristanic acid, the theoretical product of 
thee phytanic acid a-oxidation, was oxidised somewhat less efficient in the patients, but this 
breakdownn was not significantly deficient. Furthermore, oxidation of 2-hydroxyphytanic acid, 
aa possible intermediate in phytanic acid a-oxidation, was comparable in controls and patients. 
Thesee data suggested that in Refsum's disease the defect had to be at the level of the conver-
sionn of phytanic acid to 2-hydroxyphytanic acid (73). 

Tenn Brink and coworkers have used [l-13C]phytanic acid as an oral substrate for a study in 
aa control and a patient with Refsum's disease. After administration of a dose corresponding to 
thee average daily phytanic acid intake as present in an ordinary diet, the labelled substrate and 
labelledd 2-hydroxyphytanic acid were detected in plasma, confirming that the latter is a true 
intermediatee of phytanic acid a-oxidation. Plasma analysis of the patient with Refsum's 
diseasee showed the presence of labelled phytanic acid but no labelled 2-hydroxyphytanic acid, 
confirmingg previous findings that the metabolic defect in Refsum's disease is at the level of 
thee hydroxy lation of phytanic acid (74). 

Studiess in rodents also demonstrated that pristanic acid is produced from phytanic acid 
whenn intravenously administered (75). In addition, 2-hydroxyphytanic acid was detected in 
tissuess of rats and mice after feeding these animals phytanic acid. This also indicated that 
2-hydroxyphytanicc acid could well be an intermediate in the conversion of phytanic acid to 
pristanicc acid. Based on these findings, the phytanic acid a-oxidation pathway was proposed 
too proceed via a hydroxylation to 2-hydroxyphytanic acid followed by the conversion to 
pristanicc acid (75). 

StudiesStudies in cultured skin fibroblasts 
Intactt cell systems such as isolated primary hepatocytes or cultured skin fibroblasts have 

beenn used in many studies on phytanic acid metabolism. When [U-14C]phytanic acid was 
addedd as a substrate to cultured skin fibroblasts the fatty acid was oxidised and the produced 
14C022 was taken as a measure for a-oxidation activity. Importantly, patients with Refsum's 
diseasee showed less than 5% of the C02 production when compared to controls. Oxidation of 
pristanicc acid, the product of phytanic acid a-oxidation, was normal in these patients. These 
findingss are in line with the results obtained in in vivo studies (see above) and confirm that in 
Refsum'ss disease the a-oxidation pathway is impaired (76-79). Interestingly, it was found that 
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parentss from patients with Refsum's disease had about 50% of the phytanic acid a-oxidation 
activityy as compared to control subjects. This indicated that this disease is inherited in an 
autosomall  recessive mode, as already suggested by Refsum (7) and Richterich and coworkers 
(80).. Since heterozygotes display no clinical symptoms and no elevated phytanic acid levels 
weree found, it is likely that their residual activity is sufficient to degrade all phytanic acid 
ingestedd (78). 

Thee oxidation rate of 2-hydroxyphytanic acid in cultured fibroblasts from patients with 
Refsum'ss disease was demonstrated to be equal to controls. This finding is in line with the 
hypothesiss that the conversion of phytanic acid to 2-hydroxyphytanic acid is deficient in 
patientss with Refsum's disease (79). 

Ann impaired phytanic acid a-oxidation activity was also found in cultured fibroblasts from 
patientss with peroxisomal disorders such as Zellweger syndrome, neonatal adrenoleukodystro-
phy,, infantile Refsum's disease and RCDP. The a-oxidation activity was less than 10% of the 
activityy found in controls (81,82). This finding has led to the hypothesis that peroxisomes are 
thee subcellular location for phytanic acid a-oxidation. However, studies in rat liver indicated a 
mitochondriall  localisation of this process (83). Subsequently, a series of studies was per-
formedd in order to elucidate the subcellular localisation of the a-oxidation pathway. 

3.33 Studies in homogenates / subcellular  fractions 

Subcellularr fractionation studies in the late 1960s in guinea pig liver (84) and rat liver (83) 
revealedd that the production of  l4C02 from phytanic acid is taking place in mitochondria. This 
14C022 production was dependent on the presence of 02, NADPH, and Fe3+, but the addition of 
CoAA had an inhibitory effect. Therefore it was concluded that this conversion involved the 
freefree fatty acid, unlike the fatty acids degraded by p-oxidation which first must be activated to 
theirr CoA-derivatives. 

Thee same organellar location for a-oxidation was reported in 1984 by Muralidharan and 
Kishimoto.. According to these authors, phytanic acid a-oxidation in the mitochondrial frac-
tionn was stimulated after addition of cytosol (85). In addition, it was reported that the a-oxi-
dationn activity was inhibited by carbon monoxide and inhibitors of the respiratory chain. 
Thesee findings led them to conclude that the mitochondrial electron transfer chain must be 
involvedd in a-oxidation (85). However, in all these studies, fractionation of the liver homo-
genatee was not carried out very thoroughly because littl e attention was paid to the existence of 
peroxisomes.. The rat livers for instance, were fractionated into a mitochondrial, microsomal 
andd cytosolic fraction (83,85), but no peroxisome enriched fraction (in differential centrifu-
gationn experiments defined as the L-fraction containing light mitochondria and peroxisomes) 
wass prepared. 

Thee first subcellular fractionation study of rat liver in which peroxisomes were taken into 
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accountt was conducted by Skjeldal and Stokke (86). Based on the finding that in peroxisomal 
disorderss a-oxidation activity is deficient, it was surprising that phytanic acid a-oxidation was 
foundd in rat liver mitochondria and not in peroxisomes. Furthermore, it was demonstrated that 
a-oxidationn was only dependent on the presence of the cofactors ATP and Mg2*. Since these 
cofactorss are the same as needed for the activation of fatty acids to their CoA-esters, phyta-
noyl-CoAA was also tested as substrate for a-oxidation. However, a-oxidation activity de-
creasedd by 50% when compared to the incubations using the free fatty acid. 

Inn a subsequent study, Watkins and Mihalik reported a-oxidation activity in mitochondria 
isolatedd from both human and monkey liver. This activity was inhibited by the mitochondrial 
electronn transport chain inhibitors rotenone and antimycin A (87), confirming the idea of 
Muralidharann and Kishimoto that the electron transport chain must be involved (85). Support-
ivee evidence for a mitochondrial localisation of phytanic acid a-oxidation in human liver was 
providedd by density gradient centrifugation experiments by Wanders and coworkers (88). 

Studiess in subcellular fractions from rat liver by Wanders and van Roermund (89) also 
pointedd to a mitochondrial involvement in phytanic acid a-oxidation, which was dependent on 
thee presence of ATP and Mg2+. Additional support for the involvement of mitochondria was 
thee observation that cultured human skin fibroblasts from patients suffering from cyto-
chromee c oxidase deficiency were strongly deficient in phytanic acid a-oxidation (89). 

AA completely different localisation was reported by Huang and coworkers, who found 
phytanicc acid a-oxidation activity in the endoplasmic reticulum (90). The reaction was depen-
dentt on the presence of 02, NADPH, Fe3+ (or Fe2+), and ATP. This a-oxidation activity was 
nott inhibited by carbon monoxide, cytochrome c or ferricyanide, so the idea of involvement of 
NADPHH cytochrome P450 reductase and cytochrome P450 in a-oxidation was rejected. 

Subcellularr localisation studies in cultured human fibroblasts by the group of Singh indi-
catedd a peroxisomal localisation of the a-oxidation pathway (91). In these studies it was 
demonstratedd that the C02 production was reduced to less then 27% of its maximum when 
eitherr ATP, Mg2+, or CoA were omitted from the reaction medium. This strongly suggested 
thatt phytanic acid is activated to its CoA-ester prior to its degradation in peroxisomes to 
producee C02. A remarkable observation was made by the same group of investigators, who 
performedd localisation studies in rat and human tissues. In line with their previous report, 
usingg human material they found a-oxidation activity predominantly in peroxisomes. How-
ever,, using rat liver or fibroblasts, a mitochondrial localisation was found (92). In a subse-
quentt study, additional support for the concept of a differential localisation was presented. 
Basedd on the finding that the presence of ATP, Mg2+ and CoA increase a-oxidation activity 
(91),, studies were conducted in order to identify an enzyme that activates phytanic acid to its 
CoAA ester. According to these authors, phytanoyl-CoA is produced by phytanoyl-CoA ligase, 
ann enzyme with high substrate specificity towards phytanic acid, which is clearly distinct 
fromm palmitoyl-CoA ligase and lignoceryl-CoA ligase. In human tissues most phytanoyl-CoA 
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ligasee activity was found in peroxisomes whereas in rat tissues the majority of this activity 
wass found in microsomes and, to a lesser extent, also in mitochondria (93). Although no 
obviouss reason for the microsomal localisation of phytanoyl-CoA ligase in rat could be given, 
againn a species dependent localisation was found, which suggested that indeed in rat this 
pathwayy is not peroxisomal. Additional studies in rat liver mitochondria showed that phytanic 
acidd a-oxidation could be inhibited by a range of cytochrome P450 inhibitors (94). This 
indicatedd that in rat, a mitochondrial cytochrome P450 containing enzyme system is involved 
inn phytanic acid degradation. 

Elaboratingg on the peroxisomal localisation of the a-oxidation pathway in human tissues, 
extensivee studies were performed using cultured skin fibroblasts from controls and patients 
withh Refsum's disease. In fractionation experiments using control fibroblasts, it was shown 
thatt phytanic acid a-oxidation is peroxisomal, but, at least partially, also mitochondrial. In 
fibroblastss from patients with Refsum's disease no a-oxidation activity was found in peroxi-
somess but only in mitochondria, at the same rate as observed in controls (95). 

Mostt studies on the localisation of phytanic acid a-oxidation described so far have fo-
cussedd on the conversion of phytanic acid to C02. A different approach was made by Wanders 
andd coworkers, who tried to elucidate the degradation of the first intermediate of the pathway, 
2-hydroxyphytanicc acid. In these studies 2-hydroxyphytanic acid was used as substrate for 
incubationss with both rat and human liver homogenates. It was shown that 2-oxophytanic acid 
wass produced together with H202 and that molecular oxygen was required. This reaction was 
localisedd in peroxisomes in rat liver. In human liver homogenates this enzymatic activity was 
alsoo detected and the finding that this conversion is deficient in liver homogenates from 
patientss with Zellweger syndrome strongly suggested that also in human liver this reaction 
takess place in peroxisomes (96). From these results it was postulated that 2-hydroxyphytanic 
acidd is converted to 2-oxophytanic acid and subsequently to pristanic acid plus C02. 

Ass can be concluded from all studies described above, the subcellular localisation of the 
a-oxidationn pathway could not be determined easily. Careful comparison of the rates of C02 

productionn from [l-14C]phytanic acid in all these studies revealed that the activity in intact 
livingg cells is much (at least 10-fold) higher than the activity in broken cell systems such as 
tissuee homogenates or subcellular fractions (see (89)). Apparently, the reaction conditions 
usedd in all previous fractionation experiments were suboptimal and might not reflect the true 
a-oxidationn activity. 

Anotherr important concern about most studies performed before 1995 is that the C02 

productionn was taken as a measure of a-oxidation activity. In vivo experiments have provided 
unequivocall  evidence that C02 is indeed produced from phytanic acid (73,74), but since the 
structuree of the degradation pathway was unclear, it was never established whether or not C02 

iss a primary product of the a-oxidation. Furthermore, the production of pristanic acid, the end 
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productt of this pathway, was never examined. 

3.3.11 Production of formic acid during phytanic acid a-oxidation 

Ann important observation was made by Poulos and coworkers, who reported that, next to 
C02,, formic acid is produced during phytanic acid a-oxidation in cultured human skin fibro-
blastss (97). Importantly, the amount of formic acid produced is much higher (about 9-fold) as 
comparedd to the amount of C02. These results indicated that formic acid is produced from 
phytanicc acid, and that in a subsequent reaction formic acid is converted to C02. When the 
amountt of formic acid is taken into account, the a-oxidation activity in fibroblasts is about 
10-foldd higher than previously assumed. This finding implied that all previous studies using 
C022 as a measure of a-oxidation should be regarded as unreliable since they were based on 
thee production of a secondary reaction product. This is especially true for subcellular frac-
tionationn studies, since for the detection of a secondary product, the en2ymes producing both 
thee primary and secondary product should be present in the same fraction. 

Importantly,, fibroblasts from patients with peroxisome biogenesis disorders (Zellweger 
syndrome,, infantile Refsum's disease) were strongly deficient in both formic acid and C02 

production,, suggesting that formic acid is produced in peroxisomes (97). 

3.3.22 Activation of phytanic acid prior  to a-oxidation 

Thee requirement for coenzyme A in phytanic acid a-oxidation has been controversial. 
Somee investigators showed that CoA was necessary (91,92) while others reported no effect of 
thiss compound (84,86,90). An important paper was published by Watkins and coworkers in 
1994,, in which unequivocal evidence was presented showing that not phytanic acid but phy-
tanoyl-CoAA is the true substrate for a-oxidation (98). These authors showed that when 
[2,3-3H]phytanoyl-CoAA was used as substrate for incubations with rat liver preparations, 
tritiumm was released into the reaction medium which could only be the result of the 
hydroxylationn of carbon atom 2 of phytanoyl-CoA. According to the authors the product of 
thiss hydroxylation was identified as 2-hydroxyphytanoyl-CoA, although no data on the identi-
ficationn of the reaction product were presented. It was demonstrated that this hydroxylation 
takess place in rat liver peroxisomes (98). 

Thee enzyme(s) involved in the activation of phytanic acid have been a matter of dispute. 
Ass discussed in chapter 3.3, the group of Singh and coworkers reported on the existence of a 
distinctt phytanoyl-CoA ligase, which is localised in peroxisomes in human tissues, whereas in 
ratt tissues ligase activity is found in microsomes and mitochondria (99). Studies by Watkins 
andd coworkers however, showed that in rat liver, the peroxisomal enzyme long-chain acyl-
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CoAA synthetase can activate phytanic acid (100). 

Fromm these studies it can not be concluded which enzymes (and how many) are involved in 
phytanicc acid activation. The subcellular localisation of these activities has not been eluci-
datedd so far. Resolving this issue might involve cloning of the different synthetases. Expres-
sionn studies including determination of the ability of these proteins to activate phytanic acid 
wil ll  be needed. 

Noo matter what the results of such studies will be, the concept of the activation of phytanic 
acidd prior to its degradation via a-oxidation has been generally accepted. 

3.3.33 Phytanoyl-CoA hydroxylase catalyses the conversion of phytanoyl-CoA to 
2-hydroxyphytanoyl-CoAA in the first step of the a-oxidation pathway 

3.3.3.11 Studies in rat liver 

Extendingg their studies on the first step of phytanic acid a-oxidation in rat liver, Mihalik 
andd coworkers now used [l- l4C]phytanic acid as a substrate. In line with previous results (98), 
itt was demonstrated that phytanic acid must be activated to its CoA-ester prior to a-oxidation. 
Furthermore,, it was shown that in the first step of the a-oxidation pathway [l-14C]phytanoyl-
CoAA is indeed converted to [l- l4C]2-hydroxyphytanoyl-CoA. The production of 2-hydroxy-
phytanoyl-CoAA was observed in incubations containing purified peroxisomes, but no product 
wass formed when purified mitochondria were used (101). The finding that peroxisomes, but 
nott mitochondria, are able to hydroxylate phytanoyl-CoA, is in line with the results of a 
previouss study in which [2,3-3H]phytanoyl-CoA was used (98). It was also shown that the 
productionn of 2-hydroxyphytanoyl-CoA was enhanced in the presence of 2-oxoglutarate, Fe2+ 

andd ascorbate. These compounds are known to be cosubstrate and cofactors for the enzyme 
classs of dioxygenases. The reaction mechanism of this type of enzymes is described in fig. 4. 
Importantly,, when peroxisomes were incubated with [l- l4C]phytanoyl-CoA, next to 
[l-14C]2-hydroxyphytanoyl-CoAA also [l4C]formic acid was produced. The formation of this 
sidee product of phytanic acid a-oxidation (97) was also dependent on the presence of the 
dioxygenasee cosubstrate and cofactors. Since the 14C label is present in formic acid, this can 
onlyy be derived from the removal from a Cl-unit from [l- l4C]2-hydroxyphytanoyl-CoA. 

Thesee results provided convincing evidence that in rat liver peroxisomes phytanic acid 
needss to be activated to its CoA ester. In a subsequent reaction, which is catalysed by a dioxy-
genase,, 2-hydroxyphytanoyl-CoA is formed. This newly identified enzymatic activity was 
namedd phytanoyl-CoA hydroxylase (PhyH). In the following degradation of 2-hydroxyphyta-
noyl-CoA,, formic acid is a breakdown product. 
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Figuree 4. Reaction mechanism of 2-oxoglutarate dependent dioxygenases. This class of enzymes uses 
molecularr oxygen which is incorporated into two different molecules, hence the name dioxygenase. 
Onee oxygen atom is involved in the oxidative decarboxylation of 2-oxoglutarate that yields succinate 
pluss C02. The other oxygen atom is used for the hydroxylation of the second substrate and ends up in 
thee newly formed hydroxyl-group. Examples of substrates that are hydroxylated by dioxygenases 
includee trimethyllysine and y-butyrobetaine (intermediates in the carnitine biosynthesis), procollagen 
L-prolinee and procollagen L-lysine (precursors of collagen), thymine (for review see (102)), and as 
describedd in this chapter, also phytanoyl-CoA. One of the unusual features of dioxygenases is the use 
off  Fe2+ as cofactor, which is loosely bound to the enzyme instead of being incorporated in the active 
centree of the enzyme (such as in a haem group). The presence of iron in its Fe2+-state is required for 
enzymaticc activity. Since Fe2+ is rapidly oxidised to Fe3+ in biological systems, the presence of a 
reducingg agent which can convert iron back to the Fe2+-state is required. Ascorbate has such a reduc-
ingg capacity and is used as second cofactor by dioxygenases. 

Experimentall  support for this revised a-oxidation pathway in rat liver, was provided by 
Croess and coworkers. Using the artificial substrates 3-methyl-heptadecanoate and 3-methyl-
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hexadecanoate,, these authors showed that formic acid and C02 were formed during a-oxi-
dationn in rat hepatocytes and liver homogenates, and that this process was dependent on 
dioxygenasee cofactors (103,104). Furthermore it was demonstrated that a-oxidation in rat 
liverr was confined to peroxisomes (103). 

Takenn together, the necessity of the activation of phytanic acid to phytanoyl-CoA prior to 
a-oxidationn and the discovery of dioxygenase activity that produced 2-hydroxyphytanoyl-
CoA,, have turned out to be a major breakthrough in the resolution of the a-oxidation path-
way. . 

3.3.3.22 Phytanoyl-CoA hydroxylase in human liver 

Thee work of Watkins and Mihalik and coworkers (98,101) had established that the 
hydroxylationn of phytanoyl-CoA was catalysed by a dioxygenase in rat liver peroxisomes. 
Thee obvious question was whether this enzyme activity is also present in human liver, and if 
so,, whether it is localised in peroxisomes. 

Measurementt of the PhyH activity in crude liver homogenates however, either from rat or 
man,, proved to be difficult. The reaction conditions used by Mihalik and coworkers were 
optimisedd for adequate PhyH activity measurement in purified organellar fractions. They used 
[l- l4C]phytanicc acid as substrate and added ATP, Mg2+ and Co A plus purified microsomes as 
aa source of acyl-CoA synthetase in order to obtain [l- ,4C]phytanoyl-CoA. When purified 
organellarr fractions such as peroxisomes were added as a source of PhyH, [l-14C]2-hydroxy-
phytanoyl-CoAA could be detected using a radiochemical HPLC method (101). The detection 
methodd also allowed verification of the synthetase activity by comparing the amount of free 
phytanicc acid to the amount of phytanoyl-CoA. Under the conditions used for PhyH measure-
mentt in purified peroxisomes, 80-85% of the fatty acid was present as CoA-ester (101). A 
majorr problem when incubating phytanoyl-CoA in the presence of a liver homogenate was the 
highh activity of hydrolases present in these crude preparations. These hydrolases catalyse the 
hydrolysiss of phytanoyl-CoA resulting in free CoA and free phytanic acid, which is no sub-
stratee for PhyH. In liver homogenates hydrolase activity is about equal to synthetase activity. 
Therefore,, the amount of phytanoyl-CoA formed in this reaction mixture which will become 
availablee as substrate for PhyH is very low. Attempts to activate phytanic acid more effi-
cientlyy by addition of more synthetase activity either in the form of purified microsomes or 
commerciallyy available purified acyl-CoA synthetase (from Pseudomonas fragi), all failed. 
Wee have studied this problem in detail and found that it could only be resolved by adding 
[l- ,4C]phytanoyl-CoAA as substrate to the reaction mixture in the presence of ATP, Mg2+ and 
CoA.. Under these conditions a constant level of [l- l4C]phytanoyl-CoA was maintained for at 
leastt 30 min, as the synthetase activity present in the liver homogenate compensated for 
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hydrolasee activity. During this relatively short time (30 min), production of 2-hydroxyphyta-
noyl-CoAA was observed in rat homogenates, which was linear with time (Jansen and cowork-
ers,, unpublished observations). Using these assay conditions for incubations with human liver 
homogenate,, the same linear rate of 2-hydroxyphytanoyl-CoA production was detected. When 
2-oxoglutarate,, Fe2*  or 02 were omitted from the reaction medium, no 2-hydroxyphytanoyl-
CoAA was formed. This complete dependence on the presence of the dioxygenase cosubstrate 
andd -cofactors demonstrated that phytanoyl-CoA hydroxylase activity is also present in hu-
mann liver (see (105,106), chapters 2 and 5). 

3.3.3.33 Phytanoyl-CoA hydroxylase in peroxisomal disorders 

Noww that an assay system had been developed allowing PhyH activity measurements in 
humann liver homogenates, liver material from patients suffering from peroxisomal disorders 
presentingg with phytanic acid accumulation in plasma and body fluids were examined for 
PhyHH activity. 

PhyHPhyH in liver from patients with Zellweger syndrome 
Analysiss of post-mortem liver material from 3 patients with Zellweger syndrome showed a 

completee deficiency of PhyH activity (see chapter 2 or(105)). This finding of PhyH deficiency 
inn material from patients that lack functional peroxisomes, indicated that PhyH might be a 
peroxisomall  enzyme. Subsequent differential centrifugation experiments indeed showed a 
peroxisomall  localisation of PhyH in human liver (see chapter 2 or (105)). 

PhyHPhyH activity inpatients with rhizomelic chondrodysplasia punctata 
Whenn liver material from 2 patients with rhizomelic chondrodysplasia punctata was ana-

lysed,, no PhyH activity could be detected (see chapter 4 or (107)). In this peroxisome bio-
genesiss disorder, the molecular defect is a deficiency of Pex7p, the receptor for PTS2 contain-
ingg proteins (22,23,29). Consequently, PTS2 containing proteins are not imported into peroxi-
somess and are mislocalised to the cytosol. The finding that PhyH activity is deficient in 
patientss with RCDP strongly suggested that the phytanoyl-CoA hydroxylase protein contains 
aa PTS2. Due to its mislocalisation in RCDP, the PhyH protein might be unstable or proteo-
lyticallyy removed, and therefore no longer active. 

PhyHPhyH activity in patients with Refsum 's disease 
Unlikee in peroxisome biogenesis disorders, in classic Refsum's disease functional peroxi-

somess are present. The defect in Refsum's disease has always been presumed to be a defect in 
phytanicc acid a-oxidation at the level of the hydroxylation of phytanic acid (see (5) for re-
view).. However, since the true substrate and cofactors for this enzymatic step were not known 
inn early studies (i.e. studies performed before 1995), so far no direct evidence could be pro-
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videdd for this hypothesis. The accumulation of phytanic acid in patients suffering from 
peroxisomee biogenesis disorders in which functional peroxisomes are absent, has led to 
assumptionn that phytanic acid a-oxidation in humans is localised in peroxisomes. Combining 
thesee two hypotheses, Refsum's disease was classified among the peroxisomal disorders, but 
alsoo for this hypothesis no direct evidence could be presented, since the individual steps of the 
a-oxidationn pathway were not known. The discovery that the first step in the a-oxidation 
pathwayy is catalysed by PhyH, and that PhyH activity is confined to peroxisomes in human 
liverr (see chapter 2 or (105)), proved that this part of phytanic acid a-oxidation is indeed 
peroxisomal.. PhyH activity measurement in liver material from patients with Refsum's 
diseasee would provide valuable information on the defect of phytanic acid a-oxidation in this 
disorder. . 

Whenn liver material from a patient with Refsum's disease became available, PhyH activity 
wass measured and found to be completely deficient (see chapter 3 or (108)). This finding 
providedd the first direct evidence that Refsum's disease is caused by a deficient activity of 
PhyH.. Furthermore, from this result it was concluded that Refsum's disease is a true peroxi-
somall  disorder (108). 

3.44 Purification of PhyH from rat liver  and cloning of the human, rat, and murine 
PHYHcDNA PHYHcDNA 

Sincee Refsum's disease is inherited in an autosomal recessive manner, PhyH deficiency 
cann be caused by single mutations in the gene encoding the PhyH protein, as already sug-
gestedd by Refsum (7) and Richterich and coworkers (80). In order to elucidate the molecular 
defectt in Refsum's disease, PHYH, the gene encoding PhyH, had to be identified. Jansen and 
coworkerss started the hunt for the PHYH gene by purifying PhyH from rat liver (see chapter 8 
orr (109)). Using classic column chromatography, PhyH was purified to apparent homogeneity 
ass judged from SDS-PAGE. The molecular weight of PhyH was estimated to be 35 kDa. The 
purifiedd PhyH as well as a fragment obtained after Lys-C digestion, were subjected to amino-
terminall  protein sequencing, which revealed two peptide sequences. These sequences were 
usedd to screen the database of expressed sequence tags (EST) in order to try and find cDNA 
fragmentss that encode PhyH. This screen resulted in many EST-fragments, mainly from 
humann and murine origin showing high homology to the rat PhyH peptide sequences. The 
reasonn for finding mostly human homologues in the EST database is that the major interest in 
thiss line of research is the human genome, and not the rat genome. The human cDNA frag-
mentss that were found enabled the in silico construction of the complete human PHYH cDNA. 
Thiss composite human PHYHcDNA had an open reading frame of 1014 bp, encoding a 338 
aminoo acid protein with a calculated molecular weight of 38.5 kDa. At residues 9-17 of the 
deducedd amino acid sequence, a PTS2 sequence was found, which indicated that PhyH is 
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indeedd a peroxisomal protein in man (see (110) or chapter 6). Furthermore, the presence of the 
PTS22 was completely in line with the finding that patients with RCDP are deficient in PhyH 
activity. . 

Remarkably,, the amino terminus of the purified rat PhyH showed high homology to the 
deducedd human PhyH, but rather to amino acids 31-50 than to residues 1-20. We therefore 
suggestedd that the PHYH cDNA encoded a precursor PhyH, which is processed during or after 
importt into peroxisomes. This type of processing, in which the amino-terminus including the 
PTS22 sequence of the precursor protein is removed, has also been observed for other PTS2 
containingg proteins including peroxisomal 3-ketoacyl-CoA thiolase (111,112) and alkyl-
dihydroxyacetonephosphatee synthase (113). Indirect evidence for this type of processing was 
obtainedd by calculating the molecular weight of the protein after removal of the PTS2 contain-
ingg leader sequence. This calculated Mw was 35.4 kDa which closely resembled the Mw of the 
purifiedd PhyH. 

Heterologouss expression of the complete PHYH open reading frame (including the PTS2 
leaderr sequence) in the yeast Saccharomyces cerevisiae followed by PhyH activity measure-
mentt in cell lysates showed that this cDNA indeed encoded an enzymatically active PhyH 
proteinn (114,115). 

Mihalikk and coworkers also identified the human PHYH cDNA (called PAHX by these 
authors)) using a different approach. They used the PTS2 sequence of human 3-ketoacyl-CoA 
thiolasee as a probe to screen the EST database and found several candidate cDNAs that en-
codedd PTS2 containing proteins. In one of these EST clones an ATG codon was found just 
upstreamm the PTS2 sequence. From this candidate cDNA the complete open reading frame 
wass assembled, cloned and expressed in Escherichia coli as a maltose binding protein (MBP) 
fusion.. PhyH activity measurement of the PhyH-MBP fusion protein revealed PhyH activity 
showingg that the cDNA identified indeed encoded the human PhyH protein (116). The human 
PHYHPHYH sequence identified by these authors was almost the same as the sequence reported by 
Jansenn and coworkers (110). The only difference was found at nucleotide 636 where we found 
ann A, whereas Mihalik and coworkers reported a G. This nucleotide difference however, does 
nott result in different amino acids in the encoded proteins. In more than 50 cDNAs from 
controll  subjects tested for the presence of the A or G at this position, it was found that this 
polymorphismm is present in about 10% of the population tested (Jansen and coworkers, un-
publishedd observation). The first screen of the EST database for PTS2 containing proteins 
alsoo revealed several murine cDNA clones, which enabled cloning of the mouse PHYH 
cDNA.. The deduced PhyH protein sequences from human and mouse showed very high 
homology,, which included the presence of a PTS2 in both species (116). 

Ass can be concluded from differential centrifugation experiments (chapter 2 or (105)) and 
thee presence of a PTS2 on the PHYH cDNA sequence, the subcellular localisation of PhyH is 
peroxisomall  in man. Additional (although indirect) support for this localisation was also 
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obtainedd by transfection experiments in which a PhyH protein containing a c wye-tag was 
directedd to peroxisomes in cultured human skin fibroblasts, as determined using immuno-
fluorescencee microscopy. This PhyH-myc fusion protein resided in the cytosol when 
expressedd in fibroblasts from a patient with RCDP, indicating that the peroxisomal 
localisationn was mediated via the PTS2 pathway (116). Evidence for an interaction between 
thee human PhyH and the PTS2 receptor protein Pex7p from Saccharomyces cerevisiae, was 
demonstratedd in the yeast Saccharomyces cerevisiae, using a two hybrid assay (116). 

Thee studies described above show a clear peroxisomal localisation of PhyH in man which 
iss mediated via the PTS2 pathway. The very high homology between human- and mouse 
PhyHH including the presence of the PTS2 sequence in the murine PhyH, strongly suggests a 
peroxisomall  localisation in mouse as well. 

Manyy studies on phytanic acid a-oxidation using experimental animals were performed in 
rat.. The subcellular localisation of PhyH in this rodent was still disputed by the group of 
I.. Singh and coworkers. These authors have repeatedly reported that phytanic acid a-oxidation 
iss peroxisomal in man (92,93,95,99,117-119), but mitochondrial in rat (92,94). In these stud-
ies,, in part performed before the discovery of PhyH, the cofactors required for this dioxy-
genasee were not present. 

Nextt to cell fractionation experiments which demonstrated that PhyH activity was not 
presentt in rat liver mitochondria (98,101), indirect evidence against mitochondrial a-oxidation 
off  phytanic acid in rat was presented by H. Singh and Poulos. These authors showed that 
phytanicc acid derivatives (both phytanoyl-carnitine and phytanoyl-CoA) are not imported into 
ratt liver mitochondria by carnitine palmitoyltransferase I (CPT I) or otherwise (120,121), and 
thereforee it was concluded that phytanic acid can not be degraded in mitochondria. Using 
artificiall  3-methyl substituted fatty acids in cell fractionation studies, Croes and coworkers 
demonstratedd that a-oxidation in rat liver was completely confined to peroxisomes (103). 

Conclusivee evidence for the peroxisomal localisation of phytanic acid a-oxidation in rat 
liverr was provided by Jansen and coworkers. These authors have cloned the rat PHYH cDNA 
andd demonstrated that also in rat PhyH a PTS2 is present, like in its human and mouse ortho-
logues.. The presence of this peroxisome targeting signal, and the absence of any known 
mitochondriall  targeting signal in PhyH, provided additional evidence for a true peroxisomal 
localisationn of PhyH in rat. Moreover, using antibodies directed against rat PhyH, it was 
shownn that PhyH co-localised with the peroxisomal marker enzyme catalase in a De Duve 
fractionationn and a continuous density centrifugation experiment (see (109) or chapter 8). 

Takenn together, these data show that PhyH is a PTS2 containing protein which is localised 
inn peroxisomes in man, rat and mouse. 
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3.55 Refsum's disease is caused by mutations in the PHYH gene 

Itt  had been demonstrated that in Refsum's disease the enzymatic defect is at the level of 
PhyHH (chapter 3 or (108)). Therefore, it is likely that these patients have mutations in the 
PHYHPHYH gene. Now that the PHYH cDNA had been identified, PHYH mutation analysis was 
availablee for testing whether patients with Refsum's disease have mutations in the PHYH 
cDNA. . 

3.5.11 PHYH cDNA mutation analysis in Refsum's disease 

Thee first report on PHYH mutation analysis in cDNA obtained from fibroblasts from five 
patientss with Refsum's disease showed that all these patients contained mutations in their 
PHYHPHYH cDNA (chapter 6 or (110)). This finding was the first direct evidence that PHYH is the 
diseasee causing gene in Refsum's disease. Three different mutations were found, including 1) 
aa one nucleotide deletion leading to a frame shift and a premature stop codon, 2) an "in 
frame""  deletion of 111 nucleotides, probably resulting in a protein product that lacks 37 
internall  amino acids, and 3) a missense mutation which leads to an amino acid substitution. 
Thee patients described appeared either homozygous for one mutation, or compound heterozy-
gouss for two different mutations. However, one must be cautious in drawing such conclu-
sions,, since homozygosity testing using cDNA material is not 100% reliable. 

Subsequentt studies by the same group of investigators (see chapter 7 or (122), and (115)) 
andd others (116,123) have revealed a large number of mutations in the PHYH cDNA from 
patientss with Refsum's disease. 

Additionall  evidence which demonstrated that PHYH is the disease causing gene in 
Refsum'ss disease was provided by Chahal and coworkers. These authors performed an experi-
mentt in which the intact PHYH cDNA was transfected in cultured skin fibroblasts from 
patientss with Refsum's disease. The introduction of the intact PHYH open reading frame led 
too a restoration of phytanic acid cc-oxidation activity up to 60% of the activity found in fibro-
blastss from healthy controls (123). 

3.5.22 Resolution of the human PHYH gene structure: molecular  basis of Refsum's 
disease e 

Commerciallyy available human genome libraries are widely used nowadays for elucidation 
off  the structure of genes, including determination of promoter sequences, untranslated regions 
andd exon- and intron-sequences. These human genome libraries are constructed by cloning 
humann DNA fragments of over 120 kb into a suitable low copy vector which is maintained in 
aa bacterial host (usually Escherichia coli). Due to the large insert size, usually several com-
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pletee genes are present in one clone. In genomic studies these clones are very convenient as a 
purifiedd human DNA source. Library screening can be done by either using a piece of DNA or 
cDNAA as a probe for hybridisation screening or, alternatively, by PCR screening. In the 
PHYHPHYH study we have chosen for a PCR screening and have set up a PCR at the genome level, 
usingg one primer complementary to an exonic (cDNA) sequence, and another primer comple-
mentaryy to an intronic sequence. Using this strategy, the possibility of obtaining clones con-
tainingg a so-called 'processed pseudo-gene' is avoided. 

Elucidationn of the sequence of an intron was accelerated using the results of the cDNA 
mutationn analysis in patients with Refsum's disease. In several patients a deletion of 111 bp 
wass found (chapter 6 or (110)), probably due to a mutation in a splice-donor or -acceptor site, 
resultingg in skipping of an entire exon during the splicing process. We therefore have chosen 
oligonucleotidee primers adjacent to the 111 bp fragment which, using human DNA isolated 
fromm fibroblasts as a template, enabled amplification of an entire intron. Subsequently, a PCR 
wass developed using a set of primers complementary to an exon- and an intron sequence, 
whichh was used to screen the human genomic library. This screening resulted in two positive 
clones,, that were used for resolving of the PHYH gene structure. 

Analogouss to the procedure described above, we have used other large deletions found in 
thee PHYH cDNA from patients with Refsum's disease as a starting point in a search for 
intron-exonn boundaries in the PHYH gene. As described in detail in chapter 9, this finally 
resultedd in the elucidation of all intronic sequences in the open reading frame (ORF) of the 
PHYHPHYH gene. The PHYH gene spans about 21.5 kb on chromosome lOp of the human genome 
andd encodes an mRNA of about 1.6 kb. The 1014 nucleotides of the ORF sequence are di-
videdd over 9 exons, ranging in size from 58 to 181 nucleotides, and are separated by inter-
veningg sequences ranging in size from 0.9-4.5 kb (see fig. 5). All intron-exon boundaries meet 
thee consensus sequence for splice-donor and -acceptor sites. Mutation analysis at the genome 
levell  in patients with Refsum's disease presenting with large deletions in their PHYH cDNA, 
revealedd mutations in splice-donor and -acceptor sites. This finding provides the explanation 
forr missplicing of the primary transcript in these patients, which results in skipping of entire 
exons,, or part of an exon. Missplicing events are detected as a large deletion in mutation 
analysiss on the cDNA level. 

Thee resolution of the PHYH gene structure has now provided the tools for mutation analy-
siss at the DNA level. Such a mutation analysis also can resolve the issue of homo- or hetero-
zygosityy for a certain mutation in a patient with Refsum's disease. Having these tools in hand, 
thee molecular basis for a deficient PhyH activity in Refsum's disease can be completely 
unravelled. . 
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Figuree 5. Structure of the PHYH gene. PHYH is about 21 kb long, and consists of 9 exons which are 
separatedd by 8 introns (upper panel; numbers represent intron sizes in kb). The 1.6 kb mRNA con-
tainss the open reading frame of 1014 bp (lower panel, indicated in gray). 

3.66 Conversion of 2-hydroxyphytanoyl-CoA to pristanal and formyl-CoA is catalysed by 
2-hydroxyphytanoyl-CoAA lyase (HPL) 

Thee second step in the phytanic acid a-oxidation pathway has been unclear for a long time, 
mainlyy because it had been assumed that phytanic acid a-oxidation involved the degradation 
off  the free fatty acid. In the originally proposed pathway it was postulated that phytanic acid 
wass converted to 2-hydroxyphytanic acid, which was then converted to 2-ketophytanic acid. 
Inn a subsequent reaction, this keto-acid could be degraded by decarboxylation, analogous to 
thee breakdown of 2-ketostearic acid (125). Attempts to provide experimental evidence for the 
formationn of 2-ketophytanic acid led to controversial results. In human plasma 2-ketophytanic 
acidd was undetectable, whereas 2-hydroxyphytanic acid was present (126). In in vivo experi--
mentss in which mice were fed phytanic acid, 2-ketophytanic acid could not be detected (75). 
Inn in vitro experiments however, 2-ketophytanic acid was shown to be produced from 
2-hydroxyphytanicc acid in peroxisomes from rat kidney cortex (127,128). Subsequent studies 
byy Wanders and coworkers showed that the formation of 2-ketophytanic acid from 
2-hydroxyphytanicc acid was peroxisomal in rat and human liver, and that no 2-ketophytanic 
acidd is produced in human liver from patients with Zellweger syndrome (96). 
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Ann important observation was made by Poulos and coworkers who reported the formation 
off  formic acid during phytanic acid a-oxidation in cultured human skin fibroblasts (97). This 
findingg was confirmed by other investigators using isolated rat hepatocytes (103,129) and 
humann liver homogenates (130). In man, the in vivo formation of formic acid from phytanic 
acidd was studied by Verhoeven and coworkers. A healthy volunteer was given an oral dose of 
[l- nC]phytanicc acid, followed by analysis of plasma, urine and breath air. It was demon-
stratedd that both in urine and plasma a significant amount of [13C]formic acid was detected, 
showingg that formic acid is indeed produced from phytanic acid in man (131). The proposed 
existencee of a 2-keto intermediate in the a-oxidation pathway was not in line with the forma-
tionn of formic acid as primary reaction product of phytanic acid degradation. 

Thee important findings of Watkins and Mihalik who demonstrated that phytanoyl-CoA 
ratherr than phytanic acid is the true substrate for a-oxidation (98,101) led to a complete 
revisionn of the first step of the a-oxidation pathway. Subsequent studies in human liver homo-
genatess using 2-hydroxyphytanoyl-CoA as substrate showed that hardly any 2-ketophytanic 
acidd is formed, but instead, large amounts of pristanic acid (132). These results showed that 
2-ketophytanicc acid is not an intermediate of the a-oxidation pathway. The in vitro formation 
off  2-ketophytanic acid is now regarded as non existent in vivo. 

Surprisingly,, not pristanoyl-CoA but pristanic acid was identified as the end product of 
phytanicc acid a-oxidation (132). This finding led us to hypothesise the formation of pristanal, 
aa fatty aldehyde as the next intermediate in this pathway. Theoretically, the conversion of 
2-hydroxyphytanoyl-CoAA to pristanal can be catalysed by the enzyme class of lyases, yielding 
formyl-CoAA as second reaction product. One could envisage that in the next step of the pro-
posedd pathway, pristanal is converted to pristanic acid in a reaction catalysed by a fatty alde-
hydee dehydrogenase. Evidence for the existence of this newly proposed a-oxidation pathway 
wass obtained by studies in human liver homogenates. Indeed, the formation of pristanal was 
demonstratedd upon incubation of a liver homogenate in the presence of 2-hydroxyphytanoyl-
CoAA (133). In the same study it was shown that the addition of NAD (a possible cofactor for 
ann aldehyde dehydrogenase) to the incubation medium, resulted in the production of pristanic 
acid,, indicating that the proposed pathway might be correct (133). These findings were in line 
withh the results of a study by Croes and coworkers who used rat liver peroxisomes as enzyme 
source.. These authors used the artificial substrate 2-hydroxy-3-methylhexadecanoyl-CoA, and 
foundd that the branched chain fatty aldehyde 2-methyl-pentadecanal was produced (134). In a 
studyy by the same group of investigators, the production of formic acid from artificial 
3-methyll  substituted fatty acids was examined in more detail. It was demonstrated that not 
formicc acid, but formyl-CoA was the primary reaction product of the second step of the 
a-oxidationn pathway. Because of the instability of formyl-CoA at physiological conditions, 
thiss CoA ester spontaneously hydrolyses to form formic acid and free CoA (135). 

Inn these studies the true products of the conversion of 2-hydroxyphytanoyl-CoA have been 
identifiedd as pristanal and formyl-CoA. The formation of these reaction products proved that 
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thiss reaction is indeed catalysed by a lyase. We have defined this enzyme activity as 
2-hydroxyphytanoyl-CoAA lyase (HPL). 

3.6.11 Subcellular  localisation of HPL in rat liver 

Thee studies described above have clearly demonstrated that in the second step of phytanic 
acidd a-oxidation 2-hydroxyphytanoyl-CoA is converted to postanal and formyl-CoA. The 
firstfirst step of the a-oxidation pathway is localised in peroxisomes in both man and rat, and also 
thee p-oxidation of pristanic acid is confined to this organelle. It is therefore likely that also the 
conversionn of 2-hydroxyphytanoyl-CoA to pristanic acid as catalysed by HPL and an alde-
hydee dehydrogenase takes place within peroxisomes. 

Wee have studied the subcellular localisation of the conversion of 2-hydroxyphytanoyl-
CoAA to pristanic acid in human liver, and found that pristanic acid was produced in a micro-
somall  fraction (132). However, since in this study two enzyme activities were measured in 
conjunction,, the subcellular localisation could not be determined unequivocally. Definitive 
evidencee for this unexpected localisation will only be obtained until the individual enzymatic 
stepss are measured separately. 

Wee have performed a subcellular localisation study using rat liver and examined only the 
secondd step as catalysed by HPL. The HPL activity was found to be localised in peroxisomes 
(seee (136) or chapter 10). This finding was in line with the observation of Croes and cowork-
erss who used rat liver peroxisomes to study the formation of both formyl-CoA (135) and a 
fattyy aldehyde (134). Based on these data, it seems likely that in man the localisation of HPL 
iss also in peroxisomes. Final proof for the subcellular localisation of HPL in man can be 
obtainedd by a cell fractionation experiment analogous to the study as conducted for the rat. 

3.77 Conversion of pristanal to pristanic acid is catalysed by an NAD(P) dependent alde-
hydee dehydrogenase 

Inn the last step of phytanic acid a-oxidation pristanal is converted to pristanic acid, as we 
havee demonstrated in human liver homogenates (132). The formation of pristanic acid is 
dependentt on the presence of NAD(P)+, indicating the involvement of a dehydrogenase in this 
reaction.. This reaction appears to be localised in the endoplasmic reticulum, but it must be 
emphasisedd that this conclusion is based on an experiment in only one human liver. 

Thee involvement of a known microsomal fatty aldehyde dehydrogenase (FALDH) in the 
conversionn of pristanal to pristanic acid was investigatedd in a study using cultured human skin 
fibroblastss (137). Patients suffering from the Sjögren-Larssen syndrome (SLS) are deficient in 
FALDHH activity, so cultured skin fibroblasts from these patients were used in order to investi-
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gatee the consequence of this deficiency on phytanic acid a-oxidation. It was shown that 
[2,3-3H]phytanicc acid a-oxidation was deficient in fibroblasts from patients with SLS. Fur-
thermore,, an accumulation of radioactivity was found in the N-alkyl phosphatidyl ethanol-
aminee pool from these patients fibroblasts, which might have arisen from the incorporation of 
pristanall  in this fraction. These results suggested that in SLS phytanic acid degradation is 
impaired,, and that pristanal is accumulating in fibroblasts from these patients. Direct FALDH 
activityy measurement in fibroblast homogenates from patients with SLS showed a clear 
deficiencyy when pristanal was used as substrate. Taken together these data suggested the 
involvementt of FALDH in the conversion of pristanal to pristanic acid. However, patients 
withh SLS do not accumulate phytanic acid in plasma. Unfortunately, the presence of other 
intermediatess of phytanic acid metabolism in plasma of these patients was not examined. 
Manyy aldehyde dehydrogenases are known to be present in humans, and different subcellular 
localisationss including cytosol and mitochondria have been reported. From the study de-
scribedd above it can not be excluded that other aldehyde dehydrogenases are capable of 
convertingg pristanal to pristanic acid. The concept of transport of intermediates from a single 
degradationn pathway (a-oxidation) from one organelle (peroxisome) to the other (endoplasm-
icc reticulum), and after some enzymatic conversions returning to the original organelle 
(peroxisome)) again is not very likely. Such transport processes are relatively complicated and 
requiree much energy from the cell. Therefore, it would be useful to investigate whether a yet 
unidentifiedd peroxisomal aldehyde dehydrogenase exists, which can catalyse the conversion 
off  pristanal to pristanic acid. Since the rate of phytanic acid a-oxidation in peroxisomes is 
low,, only small amounts of FALDH activity would be sufficient to degrade pristanal. The 
activityy of such a peroxisomal FALDH might very well be overlooked when using whole cell 
homogenatess for FALDH activity studies. 

Inn rat, the degradation of pristanal was studied using purified liver peroxisomes. It was 
shownn that in the presence of these liver peroxisomes an artificially synthesised fatty aldehyde 
wass converted to the corresponding fatty acid in an NAD+-dependent manner (134). However, 
inn this study no detailed subcellular fractionation experiments were performed. Although it is 
veryy likely that the entire a-oxidation pathway is localised in peroxisomes, at least in rat, 
ultimatee proof for this idea still has to be provided in future studies. 

3.88 Pristanic acid is activated to pristanoyl-CoA, converted to its 2S-stereoisomer and 
brokenn down by P-oxidation in peroxisomes 

Thee end product of phytanic acid a-oxidation is pristanic acid. This 2-methyl substituted 
branchedd chain fatty acid can be degraded by P-oxidation, but prior to its breakdown pristanic 
acidd needs to be activated to its CoA-ester, pristanoyl-CoA. Activation of pristanic acid can 
takee place in various organelles, including microsomes, mitochondria and peroxisomes (138). 
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Thiss activation can be catalysed by long chain fatty acyl-CoA synthetase, an enzyme which 
wass characterised by Miyazawa and coworkers (139). 

Pristanicc acid is not only the end product of phytanic acid oc-oxidation, but also a constitu-
entent of the human diet (4). After entering the cell, pristanic acid must be transported to peroxi-
somess in order to be degraded. At present it is not known whether this transport involves the 
freee fatty acid or the CoA-ester. 

Ass suggested by Verhoeven and coworkers, in man pristanic acid is produced from 
2-hydroxyphytanoyl-CoAA in the endoplasmic reticulum (132). Subsequently, pristanic acid is 
convertedd to its CoA-ester either on the cytosolic surface of the same organelle, on the outside 
off  the outer mitochondrial membrane or on the cytosolic side of the peroxisomal membrane. 
Thereafter,, pristanoyl-CoA is imported into peroxisomes (140). In this model, dietary pris-
tanicc acid will also be activated to its CoA-ester prior to its import into peroxisomes. 

Studiess in rat however, suggest a different subcellular localisation of the phytanic acid 
oc-oxidationn pathway. The first two steps of this pathway including the production of pristanal 
ass catalysed by HPL are found to be peroxisomal (136). In addition, it was reported by Stein-
bergg and coworkers that human very-long-chain acyl-CoA synthetase can activate pristanic 
acidd and that the active site of this enzyme faces the peroxisomal matrix (141). The latter 
observationss imply that pristanic acid can be activated to its CoA ester and degraded by 
p-oxidationn without leaving the peroxisome. This means that all enzymes required for the 
degradationdegradation of phytanic acid to pristanic acid and all enzymes required for pristanic acid 
p-oxidationn are present within peroxisomes. Although no detailed studies are performed to 
determinee the presence of an aldehyde dehydrogenase within peroxisomes, it is very likely 
thatt the conversion of pristanal to pristanic acid is also localised in this organelle. 

Phytanicc acid naturally occurs as a mixture of (3R)- and (3S)-diastereomers (142,143). 
Duringg oc-oxidation both diastereomers are accepted as substrate by all enzymes involved, and 
itt has been demonstrated that the configuration of the methyl branch is preserved during this 
breakdownn pathway (144). Consequently, pristanic acid is also a racemic mixture of the (2R)-
andd (2S)-diastereomers, as already suggested by Ackman and Hansen (142). Both in rat and 
man,, the enzymes that catalyse the first step of pristanic acid p-oxidation (see below) accept 
onlyy the (2S) isomer as substrate (145,146). The presence of an oc-methylacyl-CoA racemase 
inn both species (147,148) enables the conversion of the (2R)- to the (2S)-isomer, which is 
subsequentlyy degraded by the peroxisomal P-oxidation. 

Inn rat liver the first step of pristanic acid P-oxidation is catalysed by pristanoyl-CoA oxi-
dase,, which accepts both pristanoyl-CoA and straight chain acyl-CoAs as substrates (149-151) 
too produce 2,3-pristenoyl-CoA. Studies in human liver homogenates and cultured skin fibro-
blastss have shown that pristanic acid is converted to 2,3-pristenoyl-CoA (152, 153). This 
conversionn is catalysed by branched chain acyl-CoA oxidase (154,155). 

Thee subsequent steps of pristanic acid P-oxidation are catalysed by similar enzymes in rat 
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andd man. The second and third step, the conversion of 2,3-pristenoyl-CoA to 3-hydroxypris-
tanoyl-CoA,, and subsequently to 3-ketopristanoyl-CoA are catalysed by D-bifunctional 
proteinn (D-BP). This protein contains both 2-enoyl-CoA hydratase and 3-hydroxyacyl-CoA 
dehydrogenasee activity, and accepts a wide range of substrates, including straight chain 
enoyl-CoAs,, 2,3-pristenoyl-CoA, and the enoyl-CoA esters of di- and tri-hydroxycholesta-
noicc acid (156-162). Since only the D-isomer of 3-hydroxyacyl-CoA esters are formed as 
intermediatess during the conversion of enoyl-CoA esters to 3-ketoacyl-CoA esters, this en-
zymee was named D-BP. 

Thee last step of pristanic acid P-oxidation, a thiolytic cleavage which yields 4,8,12-tri-
methyltridecanoyl-CoA,, is catalysed by sterol-carrier-protein x (SCPx). This odd name for an 
enzymee that catalyses a thiolytic cleavage is the result of a sterol-carrier-protein activity that 
iss localised on the same protein which was discovered first; demonstration of the 3-ketoacyl-
CoAA thiolase activity some time later, has not resulted in a generally accepted new name of 
thiss protein, although 'peroxisomal thiolase 2' has been suggested. The thiolase domain of 
SCPxx accepts both 3-ketopristanoyl-CoA and the 3-ketoacyl-CoA ester of trihydroxycholes-
tanoicc acid as substrate (163-166). 

Thee products of this round of p-oxidation are 4,8,12-trimethyltridecanoyl-CoA and pro-
pionyl-CoA.. The latter is converted to propionyl-carnitine and transported to mitochondria for 
furtherr degradation to C02 (167). 4,8,12-trimethyltridecanoyl-CoA undergoes two more 
roundss of peroxisomal P-oxidation, releasing acetyl-CoA and propionyl-CoA respectively, 
andd finally yields 4,8-dimethylnonanoyl-CoA. As has been shown in human fibroblasts, this 
compoundd is converted to its carnitine ester and transported to mitochondria for further break-
downn by P-oxidation to form 2,6-dimethylheptanoyl-CoA (168). The metabolic fate of this 
compoundd is not known. 

44 Summary and futur e prospects 

Sincee the discovery that phytanic acid is accumulating in patients suffering from Refsum's 
disease,, the metabolic breakdown pathway of this branched chain fatty acid has been a matter 
off  study. Considering the molecular structure of phytanic acid, it was immediately recognised 
thatt degradation via the P-oxidation pathway as it occurs for straight chain fatty acids was not 
possiblee because of the methyl-branch at carbon atom 3. After a search for alternative cata-
bolicc routes it became evident that phytanic acid was first converted to pristanic acid in a 
processs called a-oxidation, which removes a single carbon unit from phytanic acid. Pristanic 
acidd can be further degraded by P-oxidation. The finding that pristanic acid is normally me-
tabolisedd in patients with Refsum's disease led to the hypothesis that the defect in this dis-
orderr is at the level of phytanic acid a-oxidation. 

Studiess on the structure of the a-oxidation pathway have led to many conflicting results. 
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Fromm the first studies conducted at the time that the structure of phytanic acid had just been 
discoveredd until 1995, it was unclear which intermediates and which products are formed 
duringg a-oxidation, and how many enzymatic steps are involved. The subcellular localisation 
off  the a-oxidation pathway has been another matter of dispute. The main problem in most 
studiess was that phytanic acid oxidation rates as measured in intact, living cells, were several 
orderss of magnitude higher when compared to the rates found when using homogenates or 
subcellularr fractions. Until recently it was generally assumed that free phytanic acid was the 
substratee undergoing a-oxidation. Attempts to use phytanoyl-CoA as substrate were not 
successfull  because, as has become clear now, the proper cofactors required for the first step of 
thee a-oxidation pathway were not included in these studies. 

TwoTwo important observations have led to the relatively rapid resolution of the structure of 
thee a-oxidation pathway. First it was found that formic acid, and not C02 is produced during 
phytanicc acid a-oxidation. Second, it was demonstrated that phytanoyl-CoA, and not phytanic 
acid,, is the true substrate for a-oxidation, and that the first step in this pathway is catalysed by 
aa hydroxylase which requires the cosubstrate 2-oxoglutarate and the cofactors Fe2+ and ascor-
bate.. The absolute requirement for 2-oxoglutarate and Fe2+, which were never used together in 
anyy of the previous studies, provides the explanation for almost all the conflicting data ob-
tainedd through the years. We and other investigators have demonstrated that in the first step of 
thee a-oxidation pathway phytanoyl-CoA is converted to 2-hydroxyphytanoyl-CoA, and that 
thiss reaction is catalysed by phytanoyl-CoA hydroxylase (PhyH). PhyH was shown to be a 
peroxisomall  enzyme in man and rat. Importantly, we have demonstrated that PhyH activity is 
deficientt in Refsum's disease, which was the first report on the enzymatic defect in this 
peroxisomall  disorder. 

Thee elucidation of the first enzymatic step of phytanic acid a-oxidation prompted us to 
purifyy PhyH from rat liver, followed by determining amino acid sequences of this protein. 
Usingg these amino acid sequences as a probe to screen the EST database we were able to 
identifyy and clone the PHYH cDNA from man and rat. The PHYH cDNA from both rat and 
mann contained a sequence encoding a peroxisome targeting signal type 2, which provided the 
molecularr explanation for its peroxisomal localisation. Mutation analysis on PHYH cDNA 
derivedd from skin fibroblasts from patients with Refsum's disease showed that all patients 
analysedd contain mutations in the PHYH cDNA. This finding provided convincing evidence 
forr the molecular basis of the deficient PhyH activity in patients with Refsum's disease. 
Finallyy we have resolved the structure of the PHYH gene, which has opened the way to per-
formm mutation analysis on genomic DNA in patients with Refsum's disease. 

Thee observation that in the remaining steps of the a-oxidation pathway formic acid and 
pristanicc acid are formed led to the hypothesis that a lyase could be involved in the catalysis 
off  the first part of this conversion, yielding pristanal and formyl-CoA. Indeed, it was demon-
stratedd that formyl-CoA was formed from 2-hydroxyphytanoyl-CoA. Formyl-CoA undergoes 
aa rapid, spontaneous hydrolysis at physiological conditions, which explains the apparent 
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productionn of formic acid. Pristanal was identified as the other reaction product, thus pro-
vidingg evidence for the existence of 2-hydroxyphytanoyl-CoA lyase (HPL), the enzyme cata-
lysingg the second step of the a-oxidation pathway. We have demonstrated that HPL is local-
isedd in peroxisomes, at least in rat liver. No detailed studies on the subcellular localisation of 
HPLL in man have been performed so far. 

Thee last step of this catabolic route, the conversion of pristanal to pristanic acid was found 
too occur in the presence of NAD(P), indicating that this reaction is catalysed by a dehydro-
genase.. No further studies have been performed to fully characterise this enzyme activity. At 
present,, it is not known whether a specific aldehyde dehydrogenase that only accepts pristanal 
ass substrate is present, or whether this reaction is catalysed by an aldehyde dehydrogenase 
acceptingg a range of substrates. The subcellular localisation of this step is unknown. In rat, all 
previouss steps of the a-oxidation pathway plus the following P-oxidation of pristanic acid are 
peroxisomal,, so it is very likely that the dehydrogenation of pristanal is also localised within 
peroxisomes.. Whether this presumed localisation is true for rat, and also for man, remains to 
bee resolved. 

Itt can be concluded that in the last four years the complete structure of the phytanic acid 
a-oxidationn pathway has been resolved (see figure 6). 

Phytanoyl-CoAA hydroxylase (PhyH), the enzyme catalysing the first step of phytanic acid 
a-oxidation,, has been biochemically characterised, and was purified from rat liver. PHYH, the 
genee coding for PhyH was cloned, and its gene structure has been elucidated. 

2-Hydroxyphytanoyl-CoAA lyase (HPL), the enzyme catalysing the second step, has been 
biochemicallyy characterised, and purification of this protein is underway. Cloning of the HPL 
cDNAA (and the HPL gene) from rat will probably reveal a peroxisome targeting signal. 
Whetherr the human orthologue is also peroxisomal remains to be resolved. 

Thee last step of the a-oxidation, the conversion of pristanal to pristanic acid, has been 
identifiedd based on product analysis only. Apart from the NAD(P) dependence, no details on 
thee enzyme involved in this reaction are available. Enzymatic studies including subcellular 
localisationn experiments have to resolve the question whether the a-oxidation pathway is 
completelyy localised within peroxisomes. 
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Figuree 6. The phytanic acid a-oxidation pathway. 
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