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Introductio n n 

Refsum'ss disease, a rare inherited disorder of lipid metabolism, is a neurological syndrome 
firstt described by Sigvald Refsum in 1946. Patients suffering from this syndrome typically 
presentt with four symptoms, including retinitis pigmentosa, peripheral neuropathy, cerebellar 
ataxia,, and an elevated protein concentration in the cerebrospinal fluid. The only biochemical 
hallmarkk of this disorder is the accumulation of phytanic acid (3,7,11,15-tetramethylhexa-
decanoicc acid) in tissues and body fluids of patients with Refsum's disease. Phytanic acid is 
ann unusual branched chain fatty acid which is a minor component of the human diet. Since the 
discoveryy of the accumulation of phytanic acid in patients with Refsum's disease, many 
studiess have focussed on the breakdown pathway including the enzymes involved in phytanic 
acidd catabolism. However, until 1995, studies on the metabolism of phytanic acid have led to 
conflictingg results. It was unclear how many steps are involved in the breakdown pathway, the 
intermediatess were unknown, and the subcellular localisation was unresolved. During the last 
fivee years, several important studies were published including work of the author of this 
thesis,, and the complete structure of the breakdown route of phytanic acid has now been eluci-
dated. . 

AA review of the studies conducted on phytanic acid oxidation including the resolution of 
thee phytanic acid breakdown pathway is presented in chapter 1. The following chapters de-
scribee the individual studies by the author and his coworkers. In chapter 2 the discovery of 
phytanoyl-CoAA hydroxylase (PhyH) activity in human liver is described. PhyH catalyses the 
firstfirst step in the phytanic acid cc-oxidation pathway in which phytanoyl-CoA is converted to 
2-hydroxyphytanoyl-CoA.. This step was shown to be peroxisomal, at least in human liver. In 
addition,, PhyH activity was shown to be deficient in patients with Zellweger syndrome. 
Chapterr 3 describes the discovery that PhyH activity is deficient in a liver specimen from a 
patientt with Refsum's disease. This was the first direct evidence for the enzyme defect in this 
disorder.. Chapters 4 and 5 report on the deficient PhyH activity in liver from patients with 
rhizomelicc chondrodysplasia punctata (RCDP) and other peroxisomal disorders. In chapter 6 
cloningg of the human PHYH cDNA (encoding the PhyH protein) is described, and it is shown 
byy mutation analysis that Refsum's disease is caused by mutations in the PHYH gene. Resolu-
tionn of the PHYH gene structure and detailed mutation analysis is described in chapters 7 and 
9.. Purification of PhyH from rat liver including cloning of the rat PHYH cDNA is described in 
chapterr 8. In addition, immunoblot experiments demonstrate that the first step of the a-oxi-
dationn in rat is also localised in peroxisomes. In chapter 10 the second step of the oc-oxidation 
pathwayy was studied in rat liver. The conversion of 2-hydroxyphytanoyl-CoA to pristanal as 
catalysedd by 2-hydroxyphytanoyl-CoA lyase was shown to be localised within peroxisomes. 
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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)). 

9 9 



ChapterChapter 1 

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 

dihydrophyto ll  "  ^  "  phyteni c 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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SUMMAR Y Y 

Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is a branched chain fatty acid 
whichh accumulates in a number of inherited diseases in human. Because P-oxidation is 
blockedd by the methyl-group at C-3, phytanic acid first undergoes decarboxylation via an 
cc-oxidationn mechanism. The structure and subcellular localisation of the phytanic acid 
cc-oxidationn pathway have remained enigmatic through the years, although they have gener-
allyy been assumed to involve phytanic acid and not its CoA-ester. This view has recently been 
challengedd by the findings that in rat liver phytanic acid first has to be activated to its CoA-
esterr before cc-oxidation and by the discovery of a new enzyme, phytanoyl-CoA hydroxylase, 
whichh converts phytanoyl-CoA to 2-hydroxyphytanoyl-CoA. We now show that this newly 
discoveredd enzyme is also present in human liver. Furthermore, we show that this enzyme is 
locatedd in peroxisomes and deficient in liver from Zellweger patients who lack morphologi-
callyy distinguishable peroxisomes, which provides an explanation for the long-known defi-
cientt oxidation of phytanic acid in these patients. These results suggest that phytanic acid 
cc-oxidationn is peroxisomal and that it utilizes the coenzyme A derivative as substrate, thus 
givingg further support in favour of the new, revised pathway of phytanic acid cc-oxidation. 

INTRODUCTIO N N 

Phytanicc acid is a branched-chain fatty acid (3,7,11,15-tetramethylhexadecanoic acid) 
whichh cannot undergo straightforward P-oxidation due to the presence of a methyl-group at 
thee 3-position. Instead phytanic acid first has to be decarboxylated via an cc-oxidation mecha-
nismm to yield pristanic acid (2,6,10,14-tetramethylpentadecanoic acid) which has the methyl-
groupp in the 2-position, thus allowing P-oxidation. 

Thee mechanism and subcellular localisation of the phytanic acid cc-oxidation pathway has 
remainedd obscure despite intensive efforts to elucidate it (1). Resolution of this pathway is 
importantt because phytanic acid accumulates in a number of inherited diseases in man, in-
cludingg classical Refsum's disease, Zellweger syndrome and rhizomelic chondrodysplasia 
punctataa (1,2). 

Basedd on early studies by Steinberg and coworkers and others (3-8), most authors favoured 
ann cc-oxidation pathway in which free phytanic acid would be converted to pristanic acid via 
2-hydroxyphytanicc acid and presumably 2-ketophytanic acid (6), although this viewpoint was 
disputedd by some (7). A major with these studies was that none of the presumed enzymes had 
beenn identified. Furthermore, there was also ambiguity with regard to the subcellular localisa-
tionn of the oc-oxidation pathway. Early studies (8) suggested that cc-oxidation is primarily 
mitochondrial.. The finding that phytanic acid oxidation is deficient in cells from patients 
lackingg peroxisomes led to the hypothesis that peroxisomes are the location for phytanic acid 
cc-oxidation,, at least in man. Subsequent studies, however, provided no experimental support 
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forr this postulate. Indeed, a-oxidation determined as 14C02 formation was found to be mito-
chondriall  in both rat (9) as well as in man (10), whereas others found it in the endoplasmic 
reticulumm (11). Yet another view was held by Singh and coworkers (12) who claimed that 
a-oxidationn is peroxisomal in man but mitochondrial in the rat. 

Recentt studies have shed new light on the phytanic acid a-oxidation pathway (13,14). 
Indeed,, it now seems that the pathway of phytanic acid a-oxidation involves phytanoyl-CoA 
andd not free phytanic acid. Furthermore, we recently demonstrated that the next enzyme in the 
pathwayy is an Fe2+ and 2-oxoglutarate requiring hydroxylase which converts phytanoyl-CoA 
too 2-hydroxyphytanoyl-CoA (14). 

Inn the present study we have investigated whether phytanoyl-CoA hydroxylase is found in 
humann liver. Furthermore, we have determined the subcellular localisation of this enzyme and 
havee measured its activity in liver from patients who lack morphologically distinguishable 
peroxisomess (Zellweger syndrome; see (15) for review). Taken together, the results described 
inn this paper provide strong evidence in favour of a new, revised pathway for phytanic acid 
a-oxidationn in man. 

MATERIAL SS AND METHOD S 

Phytanoyl-CoAPhytanoyl-CoA hydroxylase activity measurements. Incubations were done essentially as 
describedd for rat liver peroxisomes (14) with some modifications. These changes include the 
usee of [l-14C]phytanoyl-CoA to replace [l-14C]phytanic acid in the presence of ATP, Mg2+ 

andd Coenzyme A. [l- l4C]phytanoyl-CoA was synthesised enzymatically using purified acyl-
CoAA synthetase and [l- l4C]phytanic acid, and was subsequently purified by radio-HPLC (see 
(14)).. Phytanoyl-CoA hydroxylase activity measurements were performed in the following 
medium:: 25 mM Tris-HCl, 0.25 mM DTT, 10 mM ATP, 5 mM MgCl2, 0.2 mM Coenzyme A, 
0.55 mM NH4Fe[II]S04, 1 mM 2-oxoglutarate, 1 mM ascorbate plus 25 uM [l-14C]phytanoyl-
CoA.. Final pH=7.5. Incubations were allowed to proceed for 30 min at 37°C and the different 
acyl-CoAA esters were separated by HPLC analysis (see (14) for details). 

OtherOther enzyme activity measurements. Glutamate dehydrogenase (16), acyl-CoA:dihydroxy-
acetonephophatee acyl-transferase (17), L-pipecolate oxidase (18), catalase (19), esterase (19), 
andd phosphoglucose isomerase (19) were determined as described. 

DifferentialDifferential centrifugation of human liver postnuclear supernatants. Pieces of human liver 
tissuee obtained from patients undergoing liver resection were immediately chilled in a me-
diumm containing 250 mM sucrose, 0.5 mM EDTA and 2 mM MOPS (final pH 7.4), finely 
mincedd and subjected to differential centrifugation exactly as described before (19). 

Patients.Patients. Liver samples were obtained from patients showing all the clinical and biochemi-
call  abnormalities described for the Zellweger syndrome including a deficiency of 
acyl-CoA:dihydroxyacetonephosphatee acyl-transferase (DHAP-AT; (19)) and L-pipecolate 
oxidasee (19) (see Table II; for further details see (15)). Unless they were used for differential 
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centriftigation,, tissue specimens were immediately frozen at -80°C and stored at this tempera-
turee until used. 

RESULTS S 

Earlierr we reported that rat liver peroxisomes contain phytanoyl-CoA hydroxylase which 
catalysess conversion of phytanoyl-CoA to 2-hydroxyphytanoyl-CoA via a dioxygenase reac-
tionn requiring Fe2+ and ascorbate as cofactors. In an initial experiment we investigated 
whetherr this enzyme is also present in human liver homogenates. 

Usingg preformed, enzymatically synthetised [l- ,4C]phytanoyl-CoA rather than phytanic 
acidd in the presence of ATP, Mg2+ and Coenzyme A as was done in earlier studies (14), we 
foundd that 2-hydroxyphytanoyl-CoA is readily formed if the appropriate cofactors are present. 
Omissionn of 2-oxoglutarate or Fe2+ from the reaction medium leads to a complete loss of 
enzymee activity (Table I). Furthermore, if measurements were performed in the absence of 
molecularr oxygen, activity was also very low, further suggesting a true dioxygenase mecha-
nism. . 

TABLEE I 
Cofactorr Dependence of Phytanoyl-CoA 

Hydroxylasee in Human Liver Homogenates 

Omissionn from Phytanoyl-CoA hydroxylase 

reactionn medium activity (nmol/hr  mg protein) 

Nonee 2.45 8 (11) 

FeNH4S044 <, 0.05 (3) 

2-oxoglutaratee <. 0.05 (3) 

Q22 (+N2) 0 (3) 

Note.Note. For experimental details see Materials and Methods. 
Valuess represent the mean  S.D. with the number of liver 
specimenss analysed in parentheses. 

Thee next set of experiments was performed to identify the subcellular site of phytanoyl-
CoAA hydroxylase. To this end a fresh human liver homogenate was subjected to differential 
centrifugationn to prepare nuclear, heavy mitochondrial, light mitochondrial, microsomal and 
cytosolicc fractions. When these fractions were assayed for marker enzyme activities as well as 
phytanoyl-CoAA hydroxylase activity, the relative specific activity of phytanoyl-CoA hydroxy 
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lasee was greatest in the light mitochondrial fraction which is enriched in peroxisomes (fig. 
IE).. Furthermore, the pattern of relative specific activities found for phytanoyl-CoA hydroxy-
lasee closely mirrors that of catalase, a peroxisomal marker enzyme (fig. IB), whereas gluta-
matee dehydrogenase (mitochondria), esterase (endoplasmic reticulum) and phosphoglucose 
isomerasee (cytosol) showed a different activity profile (fig. 1 A, C, and D, respectively). 

''  A 

00  2 0 4 0 6 0 8 0 10 0 00  2 0 4 0 6 0 8 0 10 0 00  2 0 4 0 6 0 8 0 10 0 

D D 

N N 
MM ^ 

S S 

00  2 0 4 0 6 0 8 0 10 0 00  2 0 4 0 6 0 8 0 10 0 

percentagee of total protein 

Figuree 1. Subcellular localisation of phytanoyl-CoA hydroxylase in human liver. A fresh human 
liverr specimen was homogenised and subjected to differential centrifugation to prepare a nuclear (N), 
heavyy mitochondrial (M), light mitochondrial (L), microsomal (P), and cytosolic (S) fraction (see 
(19)).(19)). In each of the fractions phytanoyl-CoA hydroxylase (fig. IE) and the marker enzymes were 
measuredd including glutamate dehydrogenase (fig. 1A), catalase (fig. IB), esterase (fig. 1C) and 
phosphoglucosee isomerase (fig. 1D). 

Wee subsequently studied the activity of phytanoyl-CoA hydroxylase in liver homogenates 
fromm Zellweger patients, known to lack morphologically distinguishable peroxisomes because 
off  a defect in peroxisome biogenesis (see (15) for review). These studies (Table II) showed 
thatt phytanoyl-CoA hydroxylase was deficient in liver from Zellweger patients. In contrast, 
non-peroxisomall  enzyme activities such as the mitochondrial marker enzyme glutamate 
dehydrogenasee were found to be normal in these specimens suggesting these tissues were of 
properr quality. On the other hand in accordance with earlier studies the activities of L-pipeco-
latee oxidase (18) and dihydroxyacetonephosphate acyltransferase (20) were deficient, as 
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expectedd for peroxisome biogenesis disorders. 

TABLEE II 
Activityy of Phytanoyl-CoA Hydroxylase and Other Enzymes in Liver Homogenates from Controls 

andd Zellweger Patients 

Enzymee activity measured Zellweger patients Controls 

 Phytanoyl-CoA hydroxylase (nmol/h  mg) <: 0.05 (3) 2.45  0.88 (11) 

 Glutamate dehydrogenase (umol/min  mg) 9.1 2 (3) 8.2  1.0 (5) 

 L-pipecolic acid oxidase (pmol/min  mg) 8.2 1 (3) 512  84 (4) 

 Acyl-CoA: dihydroxyacetonephosphate 0.12  0.05 (3) 2.51  0.32 (7) 
acyltransferasee (nmol/2h  mg) 

Note.Note. See Materials and Methods for experimental details. Values represent the mean  S.D. with 
thee number of liver specimens in parentheses. 

DISCUSSION N 

Untill  recently the phytanic acid cc-oxidation pathway was generally thought to involve phy-
tanicc acid and not phytanoyl-CoA. This view is not easy to reconcile with recent findings 
suggestingg that phytanic acid first needs activation to its CoA-ester (13). Furthermore, the 
subsequentt enzyme in the new, revised pathway, phytanoyl-CoA hydroxylase, only accepts 
phytanoyl-CoAA and not phytanic acid as substrate (14). 

Thee results described in this paper show that phytanoyl-CoA hydroxylase is present in 
humann liver peroxisomes and is deficient in liver from Zellweger patients. The latter observa-
tionn provides an explanation for the long known but unexplained fact that a-oxidation of 
phytanicc acid is deficient in patients suffering from a disorder of peroxisome biogenesis (e.g. 
Zellwegerr syndrome; see (15)). Taken together, the results presented in this paper strongly 
suggestt that peroxisomes are definitely involved in phytanic acid a-oxidation in rat (14) and 
mann (this paper). Furthermore, our data provide convincing evidence in favour of the new 
pathwayy of phytanic acid a-oxidation in humans in which phytanic acid is first activated to 
phytanoyl-CoAA followed by hydroxylation to 2-hydroxyphytanoyl-CoA (fig. 2). It is unclear 
howw 2-hydroxyphytanoyl-CoA is further metabolised to pristanic acid (or pristanoyl-CoA). 
Studiess from Poulos et al. (21) have shown that the terminal carbon atom is lost in this step as 
formicc acid, which is a very unusual product in decarboxylation reactions. Current efforts are 
directedd on elucidating the enzyme(s) involved in conversion of 2-hydroxyphytanoyl-CoA to 
pristanicc acid (or pristanoyl-CoA) and formic acid. 
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Figuree 2. Schematic representation of the phytanic acid a-oxidation pathway. According to the 
originall  scheme phytanic acid was thought to be hydroxylated to 2-hydroxyphytanic acid followed by 
conversionn into pristanoyl-CoA probably via 2-ketophytanic acid (see (1)). Recent studies in rat liver 
(13,14)) and the data described in this paper argue against the original scheme and provide convincing 
evidencee in favour of a new pathway in which phytanic acid is first converted into the CoA-ester 
followedd by hydroxylation to 2-hydroxyphytanoyl-CoA and conversion into pristanic acid (or pris-
tanoyl-CoA)) via an enzyme which remains to be identified. 
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Phytanoyl-Coenzymee A Hydroxylase Deficiency - The Enzyme Defect 
inn Refsum's Disease 

ToTo the Editor: Heredopathia atactica polyneuritiformis was first identified as a distinct 
clinicall  entity by Refsum in the 1940s. Patients with this disorder usually present in the 
secondd decade of life or later with visual difficulties, distal limb weakness, and ataxia. The 
syndromee is characterized by atypical retinitis pigmentosa, peripheral polyneuropathy, cere-
bellarr ataxia, and high concentrations of protein in cerebrospinal fluid.' 

Phytanicc acid, an unusual branched-chain fatty acid (3,7,11,15-tetramethyl- hexadecanoic 
acid),, accumulates in tissues and body fluids of patients with Refsum's disease.1 The patients 
aree unable to metabolize phytanic acid, which is exclusively derived from exogenous sources. 
Normallyy phytanic acid undergoes a-oxidation in which the chain is shortened by one carbon 
atom,, yielding pristanic acid and carbon dioxide.' Pristanic acid can be degraded via 0-oxi-
dationn to yield three molecules of acetyl-Coenzyme A (CoA), three of propionyl-CoA, and 
onee of isobutyryl-CoA. Patients with Refsum's disease have deficient a-oxidation of 
[l- 14C]phytanicc acid to pristanic acid, whereas the subsequent (3-oxidation of pristanic acid is 
normall  (Table 1). 

Wee have recently found that phytanic acid needs to be activated to its CoA ester, 
phytanoyl-CoA,, before it can be oxidized,4 and we have identified an enzyme activity (phy-
tanoyl-CoAA hydroxylase) in rat-liver peroxisomes by which phytanoyl-CoA is converted to 2-
hydroxyphytanoyl-CoA.5 5 

Wee now report that phytanoyl-CoA hydroxylase activity was undetectable in liver tissue 
fromm a patient with Refsum's disease (Table 1). On the basis of this findings, Refsum's 
diseasee can be classified as a true peroxisomal disorder. 
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TABL EE 1. METABOLISM OF PHYTANIC ACID IN TISSUES 

FROMM NORMAL SUBJECTS AND PATIENTS 

WITHH REFSUM'S DISEASE.* 

VARIABLE E 

NORMAL L 

SUBJECTS S 

PATIENTSS WITH 

REFSUM'SS DISEASE 

Fibroblasts! ! 

Phytanicc acid oxidation (pmol of 
carbonn dioxide plus formic acid 
formedd /hr/mg of protein) 

Pristanicc acid oxidation (pmol of 
carbonn dioxide plus acid-soluble 
materiall  formed/hr/mg of protein) 

meann  SD (no. of specimens) 

600 9 (19) ) ) 

10655 2 (60) 1110 0 (5) 

Liverr  tissue! 

Phytanoyl-CoAA hydroxylase (nmol 
off  2-hydroxyphytanoyl-CoA 
formed/hr/mgg of protein) 

2.455  0.88 (7) << 0.05(1) 

**  Values are means  SD, followed in parentheses by the number of fibroblast cell-lines or 
liverr specimens studied. CoA denotes coenzyme A. Skin biopsy specimens for fibroblasts and 
liverr specimens were obtained with the consent of legal authorities and the patients or their 
families. . 

ee oxidation of phytanic acid and pristanic acid was measured as described elsewhere.2 

XX The enzyme activities were measured as described elsewhere.3 
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ShortShort Communication—SSIEM Award 

Phytanoyl-CoAA hydroxylase is not only deficient in 
classicall  Refsum disease but also in rhizomelic 

chondrodysplasiaa punctata 

G.A.. Jansen, S.J. Mihalik, P.A. Watkins, H.W. Moser, C. Jakobs, H.S.A. Heymans, 
R.J.A.. Wanders 

J.J. Inherit. Metab. Dis. 20, 444-446, 1997 

67 7 



ChapterChapter 4 

INTRODUCTIO N N 

Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is a branched-chain fatty acid which 
hass long been known to accumulate in a variety of inherited disorders including classical 
Refsumm disease (McKusick 26650), rhizomelic chondrodysplasia punctata (RCDP; McKusick 
215100)) and the disorders of peroxisome biogenesis (ten Brink et al 1992). It has been shown 
thatt in all these disorders this accumulation results from a defect in the degradation of phy-
tanicc acid (Skjeldal et al 1987). The presence of a methyl-group at the carbon-3 position 
prohibitss direct P-oxidation of phytanic acid. Instead phytanic acid first undergoes cc-oxi-
dationn resulting in pristanic acid as decarboxylation product. Recent studies (Watkins et al 
1994;; Mihalik et al 1995) have shed new light on the pathway of phytanic acid cc-oxidation. 
Indeed,, it is now clear that a-oxidation of phytanic acid first requires activation to its CoA-
esterr followed by hydroxylation of phytanoyl-CoA to 2-hydroxyphytanoyl-CoA. This reaction 
iss catalyzed by phytanoyl-CoA hydroxylase, a dioxygenase with a reaction sequence com-
parablee to that of prolyl 4-hydroxylase (EC 1.14.11.2). It is not known how 2-hydroxyphy-
tanoyl-CoAA is further converted into pristanic acid (or pristanoyl-CoA). 

Wee have recently found that phytanoyl-CoA hydroxylase is deficient in classical Refsum 
diseasee (heredopathia atactica polyneuritiformis) (Jansen et al 1996). We have now extended 
thesee studies to rhizomelic chondrodysplasia punctata, a peroxisomal disorder characterized 
byy a tetrad of biochemical abnormalities including a deficiency of dihydroxyacetonephosphate 
acyltransferasee (DHAPAT, EC 2.3.1.42), alkyldihydroxyacetonephosphate synthase (alkyl-
DHAPP synthase, EC 2.5.1.26), peroxisomal thiolase and phytanic acid a-oxidation (see 
Wanderss etal (1995)). 

MATERIAL SS AND METHOD S 

Phytanoyl-CoAPhytanoyl-CoA hydroxylase activity measurements: Human liver specimens were kept at 
-80°CC until the day of the experiment and homogenates were prepared in a buffer containing 
1000 mmol/L KC1 plus 50 mmoI/L Tris-HCl (pH 7.5). Incubations were subsequently done 
usingg a medium of the following composition: 25 mmol/L Tris-HCl, 10 mmol/L ATP, 5 
mmol/LL MgCl2, 0.2 mmol/L coenzyme A, 0.5 mmol/L (NH4)2Fe[II](S04)2, 1 mmol/L 2-oxo-
glutarate,, 5 mmol/L ascorbate, 0.25 mmol/L DTT and 25 umol/L [l- l4C]-phytanoyl-CoA, 
finalfinal pH=7.5. Incubations were carried out for 30 min. at 37°C, followed by termination of 
reactionss and HPLC analysis as described in detail elsewhere (Jansen et al 1996). 

Patients:Patients: The patients whose liver specimens were used in the present study, showed all the 
clinicall  and biochemical characteristics described for rhizomelic chondrodysplasia punctata 
(RCDP).. In all cases extensive studies were done in fibroblasts (de novo plasmalogen synthe-
sis,, C26:0, pristanic and phytanic acid oxidation, DHAPAT-activity, alkyl-DHAP synthase 
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activity,, immunoblot analysis of acyl-CoA oxidase and thiolase, catalase immuno-
fluorescence,, VLCFA analysis). 

RESULTS S 

Wee have recently set up a method allowing measurement of phytanoyl-CoA hydroxylase in 
humann liver homogenates. The method is based upon incubation of a human liver homogenate 
inn a medium containing phytanoyl-CoA as substrate plus 2-oxoglutarate, Fe2+ and ascorbate as 
necessaryy components for the phytanoyl-CoA hydroxylase reaction followed by HPLC analy-
siss of the formed acyl-CoA derivatives (Jansen et al 1996). Table 1 shows that phytanoyl-CoA 
hydroxylasee is not only deficient in liver from a Refsum patient but also in liver from two 
rhizomelicc chondrodysplasia punctata patients. 

Tablee 1. Phytanoyl-CoA hydroxylase activity (nmol/h per  mg protein) in human liver 
homogenatess from controls, a patient with Refsum disease and patients with Rhizomelic 
chondrodysplasiaa punctata 

Phytanoyl-CoAPhytanoyl-CoA hydroxylase activity 

Patientss with RCDP 
11 < 0.05 

22 < 0.05 

patientt with Refsum disease < 0.05 

controlss (mean  SD) 2.45  0.88 (n=l 1) 
(range:: 0.80 - 3.83) 

DISCUSSION N 

Rhizomelicc chondrodysplasia punctata is a peroxisomal disorder characterized by a combi-
nationn of 4 biochemical abnormalities (see Wanders et al (1995)). The most likely explanation 
forr this peculiar set of peroxisomal enzyme deficiencies is that the primary defect in RCDP is 
att the level of a component of the peroxisome biogenesis machinery involved in correctly 
directingg these proteins to peroxisomes. This was recently tested by Motley and coworkers 
(Motleyy et al 1994). These authors presented convincing evidence that there is a differential 
defectt in the uptake machinery of peroxisomal proteins in RCDP. Sofar, two peroxisomal 
targetingg signals (PTS) have been identified. The first PTS (PTS1) comprises a serine-lysine-
leucinee (SK.L) sequence or one of its conservative variants located at the extreme carboxy-
terminall  end of the protein. The other PTS (PTS2) is less well defined, but available evidence 
suggestss that the targeting information is contained within a stretch of 9 amino acids located 
nearbyy the amino-terminus of the polypeptide, with the amino acids at positions 1, 2, 8 and 9 
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beingg most important (Braverman et al 1995). Motley and coworkers (1994) have shown that 
thee uptake of PTS1-containing proteins into peroxisomes is fully normal in RCDP in contrast 
too the import of PTS2-containing proteins. This leads to the conclusion that phytanoyl-CoA 
hydroxylasee belongs to the group of peroxisomal proteins containing a PTS2-signal. Sofar, 
onlyy one such a peroxisomal protein has been identified in higher eukaryotes (peroxisomal 
3-oxoacyl-CoAA thiolase), although several PTS-2 containing proteins have been identified in 
yeastt species (see Elgersma and Tabak (1996)). 
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Abstract t 

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

1.. Introductio n 

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

2.. Material s and methods 

2.1.2.1. Liver samples 

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

2.2.2.2. Preparation of human liver homogenates 

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

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

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

2.42.4 Phytanoyl-CoA hydroxylase activity measurement 

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

3.. Results 

3.13.1 Measurement ofPhyH in human liver homogenate 

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

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

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

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

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

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

3.23.2 Effect of propyl gallate and imidazole derivatives on PhyH activity 

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

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

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

Componentt tested % Activity 

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

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

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

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

4.. Discussion 

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

Patientt analysed 

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

=3) ) 

liver r homogenatess from patientss with peroxisomal disorders. 

PhyHH activity 

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

2.72;; 2.41 

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

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

Usingg this newly developed method, we have measured the PhyH activity in liver homo-
genatess from patients with different peroxisomal disorders. First, PhyH activity is deficient in 
Refsumm disease [ 12], probably as a results of mutations in the structural gene encoding PhyH. 
Second,, PhyH activity is deficient in patients with the peroxisome biogenesis disorder Zell-
wegerr syndrome [4]. The most likely explanation for this finding is that, like many other 
peroxisomall  proteins which fail to enter the peroxisome in Zellweger syndrome, PhyH is not a 
stablee protein in the cytosol and is rapidly degraded (see [13] for review). The same explana-
tionn is also likely for the third group of patients suffering from RCDP. We [14] and others 
[15,16]]  have recently found that their primary defect is a mutation in the PEX7-gene which 
encodess the Peroxisomal Targeting Signal type 2 (PTS2) receptor. This soluble receptor binds 
PTS2-containingg proteins in the cytosol and guides them to the peroxisomes where they are 
importedd into the organelle (see [17-19] for reviews). We presume that PhyH is a protein that 
iss targeted to peroxisomes by means of a PTS2-signal. In the absence of a functional PTS2 
receptor,, PhyH is relegated to the cytosol and likely undergoes rapid breakdown similar to 
thatt found in Zellweger patients. To verify this hypothesis, pulse chase experiments will be 
performedd after antibodies to the protein are available. 
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Refsumm disease is an autosomal-recessively inherited disorder  characterized clinically by 
aa tetrad of abnormalities: retiniti s pigmentosa, peripheral neuropathy, cerebellar  ataxia 
andd elevated protein levels in the cerebrospinal fluid (CSF) without an increase in the 
numberr  of cells in the CSF. All patients exhibit accumulation of an unusual branched-
chainn fatty acid, phytanic acid (3,7,11,15-tetramethylhexadecanoic acid) in blood and 
tissues.. Biochemically, the disease is caused by the deficiency of phytanoyl-CoA 
hydroxylasee (PhyH), a peroxisomal protein catalyzing the first step in the a-oxidation of 
phytanicc acid. We have purified PhyH from rat-liver  peroxisomes and determined the 
N-terminall  amino-acid sequence, as well as an additional internal amino-acid sequence 
obtainedd after  Lys-C digestion of the purified protein. A search of the EST database 
withh these partial amino-acid sequences led to the identification of the full-length human 
cDNAA sequence encoding PhyH: the open reading frame encodes a 38.5 kDa protein of 
3388 amino-acids, which contains a cleavable peroxisomal targeting signal type 2 (PTS2). 
Sequencee analysis of PHYH fibroblast cDNA from 5 patients with Refsum disease re-
vealedd distinct mutations, including a one-nucleotide deletion, a 111-nucleotide deletion 
andd a point mutation. This analysis confirms our  finding that Refsum disease is caused 
byy a deficiency of PhyH. 

Refsumm disease is an inherited disorder of lipid metabolism first recognized as a distinct 
neurologicc syndrome in 1946 (ref. 1). The four main manifestations of the disease are retinitis 
pigmentosa,, peripheral neuropathy, cerebellar ataxia and elevated protein concentrations in 
thee cerebrospinal fluid (CSF) without an abnormally large number of cells in the CSF, al-
thoughthough this tetrad of abnormalities is not observed in all patients2. Patients with Refsum 
diseasee may also show other, less constant features, including nerve deafness, anosmia, skele-
tall  abnormalities, ichthyosis, cataracts and cardiac impairment2,3. Almost without exception 
patientss with Refsum disease are perfectly normal as infants. Clear-cut manifestations usually 
doo not appear until the second or third decade of life. 

Itt has long been known that Refsum disease is associated with the accumulation of an 
unusuall  20-carbon, branched-chain fatty acid —3,7,11,15-tetramethylhexadecanoic ac id-
calledd phytanic acid, which is exclusively derived from exogenous sources (dairy products, 
ruminantruminant fat, et cetera). The pathway of phytanic-acid oxidation has long remained enigmatic, 
butt recent studies have led to the identification of phytanoyl-CoA hydroxylase (PhyH), which 
catalyzess the first step in phytanic acid a-oxidation4'5. 

Thee enzyme requires 2-oxoglutarate, Fe2+ and ascorbate for full activity and has been 
shownn to be located in peroxisomes in rat4'6 as well as in human liver5. We recently found that 
PhyHH is deficient in three peroxisomal disorders7,8, all known to accumulate phytanic acid in 
tissuess and body fluids. First, PhyH is deficient in Zellweger syndrome5, which follows 
logicallyy from the absence of functional peroxisomes in this syndrome9. Second, the enzyme 
iss deficient in rhizomelic chondrodysplasia punctata (RCDP)7. This disease is caused by a 
deficiencyy of human PEX7, an orthologue of the yeast peroxisomal targeting signal type 2 
(PTS2)) receptor10'n, which is required for import of PTS2-containing proteins into peroxi-
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somes'3'5.. This suggests that PhyH could be a protein with a PTS2. In contrast to these two 
pleiotropicc deficiencies, Refsum disease is characterized by an isolated deficiency of PhyH 
activity8,, suggesting that this disease is caused by mutations in PHYH, the gene encoding 
PhyH. . 

Heree we report the identification of the human PHYH cDNA which encodes a 38.5-kDa 
proteinn containing a cleavable PTS2. In addition we show that the patients with Refsum 
diseasee whom we studied all had detectable but aberrant PhyH mRNAs containing different 
mutations,, which establish the molecular basis of Refsum disease. 

Wee recently showed that phytanoyl-CoA hydroxylase (PhyH) is the enzyme activity defi-
cientt in Refsum disease8. This newly identified enzyme has not yet been purified from any 
source.. Rat-liver peroxisomes, which are known to contain this enzyme activity4,6, were used 
forr purification of PhyH. Using classical column chromatography, the PhyH protein was 
purifiedd to homogeneity, appearing as a single protein band with a molecular weight of 33 
kDaa on SDS-PAGE (Jansen et al., manuscript in preparation). This purified protein was 
subjectedd to N-terminal protein sequencing, which revealed the following amino-acid se-
quence:: SGPASPANFXPEQFQYXLDN. We used the BLAST algorithm16 to screen the 
GenBankk database (dbEST, National Centre for Biotechnology Information) in a search for 
ESTss encoding this 20-amino-acid peptide, and found 5 overlapping mouse partial cDNAs, 
whichh all showed high identities (90%) with the N-terminus of the rat-liver protein. Align-
mentt of these 5 mouse clones revealed a 459 bp sequence encoding a stretch of 152 amino-
acids,, including a translation initiation codon (ATG) surrounded by a Kozak'7 motif. 

Usingg this composite mouse cDNA sequence, we searched the dbEST again for homolo-
gouss human sequences and found 19 human ESTs that showed very high homology with the 
compositee mouse cDNA. Alignment of this set of ESTs resulted in a 1525 bp sequence, which 
alsoo contained the translation initiation signal preceded by a Kozak17 motif. Nucleotides 
91-1500 downstream of the translation initiation signal encode an amino-acid sequence that 
showss 75% identity with the N-terminus of rat PhyH, suggesting proteolytic cleavage of 
amino-acidss 1-30 from the precursor protein. 

Too confirm that the sequence identified encodes PhyH, purified rat-liver PhyH was also 
digestedd with Lys-C and protein sequencing of one of the internal peptides revealed the 
followingg sequence: MYH(G/Q)IQDYDQ. When compared with the dbEST deduced amino-
acidd sequence, this peptide showed a 70% amino-acid identity (and 100% similarity when 
conservativee amino-acid substitutions are considered) with amino-acids 232-241. 

Too verify the composite human cDNA sequence derived from ESTs, we prepared cDNA 
fromm total RNA isolated from control human skin fibroblasts and amplified the PhyH-encod-
ingg cDNA using two primer sets based on the dbEST sequences. The resulting two overlap-
pingg PCR products were of the predicted size and were subsequently sequenced (Fig. 1). The 
sequencee obtained was almost identical to the dbEST-derived sequence: however, the open 
readingg frame spanned 1,014 nucleotides in the fibroblast cDNA, whereas in the EST-derived 
sequencee this was only 915 nucleotides long. This is probably due to sequencing errors in the 
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ESTs,, introducing a premature stop codon after amino-acid 305. 

. 22 7 GGGTAGGGGTTCCCGCGCCGCAGC C 

11 ATGGAGCAGCTTCGCGCCGCCGCCCGTCT G CAGATTGTTCTGGGCCACCTCGGCCGCCC C 
11 M E Q L R A A A ft L  Q I V L G H L G R P 

66 1 TCGGCCGGGGCTGTCGTAGCTCATCCCAC T TCAGGGACTATTTCCTCTGCCAGTTTCCA T 
211 S A G A V V A H P T _S G I I S S A S E H_ 

1 211 CCTCAACAATTCCAGTATACTCTGGATAA T AATGTTCTAACCCTGGAACAGAGAAAATT T 
411 P Q Q F Q Y T L D N N V L T L E Q R K F 

1811 TATGAAGAAAATGGGTTTCTAGTAATCAA A AATCTTGTACCTGATGCCGATATTCAACG C 
611 Y E E N G F L V I K N L V P D A D I Q R 

2 411 TTTCGGAATGAGTTTGAAAAAATCTGCAG A AAGGAGGTGAAACCATTAGGATTAACAGT A 
811 F R N E F E K I C R K E V K P L G L T V 

3 011 ATGAGAGATGTGACCATTTCGAAATCCGA A TATGCTCCAAGTGAGAAGATGATCACGAA G 
1 011 M R D V T I S K S E Y A P S E K M I T K 

3 611 GTCCAGGATTTCCAGGAAGATAAGGAGCT C TTCAGATACTGCACTCTCCCCGAGATTCT G 
1 211 V Q D F Q E D K E L F R Y C T L P E I L 

4 211 AAATATGTGGAGTGCTTCACTGGACCTAA T ATTATGGCCATGCACACAATGTTGATAAJi C 
1 411 K Y V E C F T G P N I M A M H T K L I N 

4 811 AAACCTCCAGATTCTGGCAAGAAGACGTC C CGTCACCCCCTGCACCAGGACCTGCACTA T 
1 611 K P P D S G K K T S R H P L H Q D L H Y 

5 411 TTCCCCTTCAGGCCCAGCGATCTCATCGT T TGCGCCTGGACGGCGATGGAGCACATCAG C 
1 811 F P F R P S D L I V C A W T A M E H I S 

6 011 CGGAACAACGGCTGTCTGGTTGTGCTCCC A GGCACACACAAGGGCTCCCTGAAGCCCCA C 
2 011 R N N G C L V V L P G T H K G S L K P H 

6 611 GATTACCCCAAGTGGGAGGGGGGAGTTAA C AAAATGTTCCACGGGATCCAGGACTACGA G 
2 211 D Y P K W E G G V N K _H E H G I Q D Ï E_ 

7 211 GAAAACAAGGCCCGGGTGCACCTGGTGAT G GAGAAGGGCGACACTGTTTTCTTCCATCC T 
2 411 _ B_ N K A R V H L V M E K G D T V F F H P 

7 811 TTGCTCATCCACGGATCTGGTCAGAATAA A ACCCAGGGATTCCGGAAGGCAATTTCCTG C 
2 611 L L I H G S G Q N K T Q G F R K A I S C 

8 411 CATTTCGCCAGTGCCGATTGCCACTACAT T GACGTGAAGGGCACCAGTCAAGAAAACAT C 
2 811 H F A S A D C H Y I D V K G T S Q E N I 

9 011 GAGAAGGAAGTTGTAGGAATAGCACATAA A TTCTTTGGAGCTGAAAATAGCGTGAACTT G 
3 011 E K E V V G 1 A H K F F G A E N S V N L 

9 611 AAGGATATTTGGATGTTTCGAGCTCGACT T GTGAAAGGAGAAAGAACCAATCTTTGAAA T 
3211 K D I W M F R A R L V K G E R T N L * 

1 0 211 AGCCATCTGCTATAACTCTTTCAACAGAA A ACCAAAACCAAACGAAATGTCTAAGGAAA A 

1 0 811 T 

Fig.. 1 Nucleotide sequence and deduced amino-acid sequence of the human PHYH cDNA. The 
N-terminuss of the purified rat-liver PhyH (SGPASPANFXPEQFQYXLDN), as well as an amino-acid 
sequencee obtained after Lys-C treatment of the purified rat-liver PhyH (MYH(G/Q)IQDYDQ), showed 
highh homology with the underlined amino-acid sequence, deduced from the human PHYH cDNA. The 
openn reading frame comprises nucleotides 1-1,014 and encodes a 338-amino-acid protein. The protein 
containss a translation initiation signal in the context of a Kozak motif, and a PTS2 at amino acids 9 to 
177 (double underline). Conserved amino-acids in the PTS2 are indicated in boldface. 
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Thee fibroblast PHYH cDNA contains a start codon (ATG) in the context of a Kozak con-
sensus17,, followed by an open reading frame of 1,014 bp encoding a 338-amino-acid protein. 
Thee deduced amino-acid sequence contains a perfect type-2 peroxisomal targeting signal 
(PTS2),, RLQIVLGHL, at amino-acids 9-17 (Fig. 1). This PTS2 has been identified in a 
subsett of peroxisomal proteins ,3"15 and has been shown to be responsible for targeting pro-
teinss to peroxisomes1819. The N-terminal amino-acid sequence of PhyH purified from rat-liver 
peroxisomess shows high homology with amino-acids 31-50 of the human cDNA deduced 
amino-acidd sequence — indicating that this protein is processed, as has been found in some 
otherr PTS2-containing proteins18"20, and that the PTS2 leader sequence is cleaved after import 
off  the precursor protein into the peroxisome. The 308-amino-acid mature protein derived after 
cleavagee of the presumed leader sequence has a calculated molecular weight of 35.4 kDa. 
Thiss value closely corresponds with the molecular weight of purified rat PhyH, which ap-
pearedd as a 33 kDa band on SDS-PAGE (Jansen et al, manuscript in preparation). The calcu-
latedd pi of the mature protein is 8.4, which again closely corresponds to the pi of 8.5 of rat-
liverr PhyH, as determined by chromatofocusing. In contrast, the calculated pi of the 38.5 kDa 
precursorr protein was 9.2. These data provide convincing evidence that PhyH is indeed pro-
cessedd after import into the peroxisome, as described for human peroxisomal 3-ketoacyI-CoA 
thiolase,, its two rat homologues18, and alkyldihydroxyacetonephosphate synthase from guinea 

19 9 

pigss . 
Too establish whether the PhyH deficiency in Refsum disease is indeed caused by mutations 

inn the PHYH gene, we examined the PHYH cDNA from five patients. The clinical diagnosis 
off  Refsum disease was substantiated by measurement of PhyH activity in fibroblasts, which 
wass deficient in all cases. All patients except patients 1 and 2 were unrelated. 

RNAA was isolated from cultured skin fibroblasts, and RT-PCR was performed with prim-
erss based on the dbEST-derived composite human PHYH cDNA sequence. 

Patientt 1 and 2 were a sister and brother born to healthy first-cousin Pakistani parents. 
Patientt 1 had normal early development until six months when she was noted to have nystag-
mus.. When examined at six months her eyes were found to be normal, but at eight years she 
developedd night blindness and retinitis pigmentosa was diagnosed; no other abnormalities 
weree noted. At 10 years, she was referred for assessment and was noted to have ataxia, deaf-
ness,, ichthyosis and short metacarpal bones. Plasma phytanic acid was found to be 854 uM 
(normal:: <16 uM) and she was given a diagnosis of Refsum disease, which was confirmed by 
enzymee assays in cultured skin fibroblasts. She had evidence of a peripheral neuropathy but 
herr intellectual performance was normal on psychometric testing. Electroretinography yielded 
abnormall  results, but MRI scanning showed her brain to be normal. Despite treatment by 
dietaryy restrictions as well as plasmapheresis, her phytanic-acid levels have remained high 
andd variable, partly because of her poor dietary compliance. 

Patientt 2, a younger male sibling from the same family as patient 1, had normal neonatal 
development.. Plasma phytanic acid, measured at 7 weeks was already increased at 44 uM; a 
weekk later it was 56 uM. A deficiency of phytanic-acid a-oxidation measured in cultured skin 
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Fig.. 2 All patients with Refsum disease show mutations in the PHYH cDNA. Electropherograms show 
thee sequence surrounding the mutations, a, Homozygous deletion of nucleotide T164 in patients 1 and 
22 results in a premature stop codon 36 nucleotides downstream; patient 1 is shown, b, Homozygous 111 
nucleotidee deletion, from position 135 to 246, was observed in patients 3 and 4, resulting in a protein that 
lackss 37 amino-acids; patient 3 is shown, c, Patient 5 was heterozygous for the 111-nucleotide deletion 
fromm nucleotides 135-246 and an A-to-C transition at nucleotide 805 (shown), resulting in substitution 
off  a histidine for an asparagine. 
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fibroblastss confirmed the diagnosis. The patient was put on a low-phytanic-acid diet with 
vitamin-CC supplementation (500 mg per day), but at nine months his plasma phytanic acid 
wass 150 uM. His initial development has been good, and he appears to see well. The appear-
ancee of his retina is normal, but his visual evoked responses were delayed and his ERG re-
sponsee was poor. The PHYH cDNA from these patients showed a homozygous deletion of 
nucleotidee T164 (Fig. 2a) leading to a frameshift and a premature stop codon after amino-acid 
66. . 

Patientt 3 is a Caucasian female who first presented at the age of 32, and has been described 
inn detail as case 2 by Skjeldal et al3. PCR amplification of the 5' end of the PHYH cDNA 
(fragmentt 1) resulted in a shortened PCR product. Sequence analysis revealed a homozygous 
111-nucleotidee deletion covering positions 135-246 of the PHYH cDNA from this patient 
(Fig.. 2b). This deletion does not cause a frame shift, but will result in a protein lacking 37 
internall  amino-acids that is probably enzymatically inactive. This 111 -nucleotide deletion is 
probablyy due to missplicing, resulting in skipping of one or more exons, as analysis of the 
putativee exon boundaries showed a perfect match with the 5' exon boundary consensus21. 

Patientt 4 is a Caucasian female who has been described as case 4 by Skjeldal et a/.3. Se-
quencee analysis of the cDNA of this patient showed homozygosity for the same 111-nucleo-
tidee deletion as present in patient 3. 

Patientt 5 is a Caucasian male, and has been described in detail as case 11 by Skjeldal et 
al.\al.\ PCR amplification of the 5' end of the PHYH cDNA (fragment 1) resulted in two PCR 
products,, one of the same size as the control and the other one shorter. Sequence analysis of 
thee shorter PCR product showed the 111-nucleotide deletion also observed in patients 3 and 4. 
Thee sequence of the normal-sized PCR product was identical to that of the control. In frag-
mentt 2 (the 3' end of the cDNA), a heterozygous A-to-C transition at nucleotide 805 led to an 
Asn269Hiss substitution (Fig. 2c), showing that the patient is most probably a compound 
heterozygotee for the 111-nucleotide deletion and the missense mutation. The absence of the 
A-to-CC transition at nucleotide 805 in a set of 64 control cDNAs demonstrates that this is not 
aa polymorphism, and that the Asn269His substitution is associated with loss of PhyH activity. 
Rigorouss proof has to come from future expression studies. 

Ourr data show that the cDNAs prepared from fibroblasts from the five patients with 
Refsumm disease were abnormal in all cases, and contain different mutations. 

Inn this study, we identified the human cDNA encoding PhyH by searching the dbEST for 
homologyy with partial amino-acid sequences from purified rat-liver PhyH. Analysis of the 
deducedd amino-acid sequence showed the presence of a PTS2 at amino-acids 9-17, indicating 
thatt the cDNA indeed encodes a peroxisomal protein. The presence of a PTS2 was expected 
forr PhyH, since RCDP patients deficient in the PTS2 receptor and therefore unable to import 
PTS22 proteins into peroxisomes are also deficient in PhyH activity7. 

Convincingg evidence that the identified cDNA indeed encodes PhyH was provided by 
mutationn analysis of cDNA from Refsum disease patients. In all five patients investigated, we 
identifiedd mutations in the cDNA. Three different mutations were found: i) a one-nucleotide 
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deletionn at position 164 leading to a premature stop codon and eventually a truncated protein; 
ii )) a 111-nucleotide deletion at position 135 resulting in a protein without 37 internal amino-
acids;; and iii ) a missense mutation at position 805 resulting in an Asn269His substitution. 

Thee first two types of mutations will certainly lead to loss of PhyH enzyme activity. Ex-
pressionn studies are underway to show that the Asn269His substitution also causes loss of 
PhyHH activity. Because we have performed sequence analysis at mRNA level, we cannot 
excludee compound heterozygosity, with one allele being a null allele, except in patients 1 and 
2:: as they are a brother and sister of consanguineous parents it is almost certain that they have 
thee same homozygous mutation. Final prove has to be obtained by studies at the genomic 
level,, that are currently being conducted. 

Thee finding of missense mutations in patients with deficient PhyH activity will give us 
insightt into the amino-acids that are essential for the catalytic activity of PhyH. Furthermore, 
thee identification and cloning of the Refsum disease gene will open new avenues of research 
intoo understanding the molecular basis of the disease. Development of an animal model for 
Refsumm disease by ablation of PHYH gem function would be particularly useful to resolve the 
biochemicall  mechanisms leading to the neurologic symptoms, and for therapeutic studies that 
mayy lead to an effective treatment for the disease. 

METHOD S S 
Identificatio nn of the PHYH cDNA. The NCBI database of expressed sequence tags (dbEST) 
wass screened for sequences showing homology to the previously identified N-terminus of the 
purifiedd rat-liver PhyH protein (SGPASPANFXPEQFQYXLDN). Five overlapping mouse 
ESTss were found and aligned to produce an open reading frame for 152 amino-acids showing 
highh homology with the N-terminus of the rat-liver PhyH protein. Using this entire open 
readingg frame, again the dbEST was screened and nineteen human ESTs were found spanning 
aa 1,525 bp sequence. 

RT-PCRR amplification of the PHYH cDNA. First-strand cDNA synthesis was performed as 
described22,, using 5-10 ug of total RNA isolated from cultured primary human fibroblasts. 
Withh the first-strand cDNA as a template, the PhyH-encoding cDNA was amplified in two 
overlappingg fragments using two primer sets designed with the sequence compiled from the 
humann ESTs. Fragment 1: '-21 Ml 3 forward' tagged primer PH-22F (sense 5'-tgtaaaacgacg-
gccagtGGGGTTCCCGCGCCGCAGC-3')) + 'Ml3 reverse' tagged PH536R (antisense 5'-eag-
gaaacagctatgaccGTGCAGGTCCTGGTGCAGGG-3');; fragment 2: '-21M13 forward' tagged 
primerr PH413F (sense S'-tgtaaaacgacggccagtGATTCTGAAATATGTGGAGTG-S') + 'Ml3 
reverse'' tagged PH1160R (antisense 5'-caggaaacagctatgaccTGCAATTAAGTACCTGA-
TAC-3').. Subsequent sequence analysis of these PCR fragments with both sense and antisense 
strandss was performed using '-21M13 forward' and 'Ml3 reverse' fluorescent primers, re-
spectively,, on an Applied Biosystems 377A automated DNA sequencer following the manu-
facturer'ss protocols. 
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GenBankk accession numbers. Murine ESTs: AA064201, AA004014, AA239233, W82212 
andd AA108999. Human ESTs: C03313, H91347, N73232, N28462, R94807, Z19400, 
N91990,, T32499, R06941, R29696, H80682, W20169, Z43616, T30612, R78601, T83397, 
R06897,, F18906 and H99693. 
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Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is an unusual branched-chain fatty 
acid,, that accumulates in a variety of peroxisomal disorders, including the disorders of peroxi-
somee biogenesis (such as Zellweger syndrome; McKusick 214100), rhizomelic chondrodys-
plasiaa punctata (RCDP; McKusick 215100) and Refsum disease (McKusick 26650) (ten Brink 
ett al 1992; Steinberg 1995). After activation of phytanic acid to its CoAderivative, phytanoyl-
CoAA is catabolized by a-oxidation, a peroxisomal process in rat (Mihalik et al 1995) and man 
(Jansenn et al 1996) to produce pristanic acid, which can be further broken down by P-oxi-
dation.. The first step of the a-oxidation process is the conversion of phytanoyl-CoA to 
2-hydroxyphytanoyl-CoA,, catalysed by phytanoyl-CoA hydroxylase (PhyH). Recently, we 
reportedd the deficiency of PhyH in a patient with Refsum disease (Jansen et al 1997a), demon-
stratingg that PhyH is the enzymatic defect in this disorder. In addition, we have purified PhyH 
fromm rat liver and after N-terminal amino acid sequencing of this purified protein we were 
ableable to identify the human PHYH cDNA sequence using the EST database (Jansen et al 
1997b).. Mutation analysis of the PHYH cDNA from five patients with Refsum disease re-
vealedd that all patients have mutations in the PHYH cDNA, confirming that this is the defec-
tivee gene in Refsum disease (Jansen et al 1997b). In this paper we describe the results of the 
mutationn analysis of another three patients with Refsum disease and the discovery of novel 
mutationss in their PHYH cDN A. 

MATERIAL SS AND METHOD S 

RT-PCRRT-PCR amplification of PHYH cDNA and sequence analysis: First strand cDNA synthe-
siss was performed as described (IJlst et al 1994), using 5-10 ug of total RNA isolated from 
culturedd primary human fibroblasts. With the first-strand cDNA as a template, the PhyH-
encodingg cDNA was amplified in two overlapping fragments using two primer sets containing 
'-21M133 forward'- and 'Ml 3 reverse'-tags as described before (Jansen et al 1997b). Subse-
quentt sequence analysis of the PCR fragments obtained on both sense and antisense strands 
wass performed using '-21M13 forward' and 'M13 reverse' fluorescent primers, respectively, 
onn an Applied Biosystems 377A automated DNA sequencer following the manufacturer's 
protocols. . 

Patients:Patients: All patients with Refsum disease in this study showed the clinical and biochemi-
call  abnormalities described for this disorder. In all patients, phytanic acid levels in plasma 
weree elevated and phytanic acid a-oxidation as measured in cultured skin fibroblasts was 
clearlyy deficient. 

92 2 



PHYHPHYH cDNA mutations in Refsum disease 

RESULTS S 

Previouss mutation analysis in the PHYH cDNA from five patients with Refsum disease 
revealedd four different mutations (Jansen et al 1997b). These included a homozygous one 
nucleotidee deletion (del T164) in a brother and sister from consanguineous parents, a homozy-
gouss 111 nucleotide deletion in two unrelated patients and a heterozygous A805T transition in 
combinationn with a 111 nucleotide deletion (see Table 1). Sequence analysis at the cDNA 
levell  in three unrelated patients revealed two novel mutations in the PHYH gene. Two patients 
(no.. 6 and 7, see Table 1) are homozygous for a C823T transition resulting in a Arg275Trp 
substitution.. One patient (no. 8, see Table 1) is homozygous for a G610A transition, resulting 
inn a Gly^Ser substitution. 

Tablee 1 Mutations in the phytanoyl-CoA hydroxylase cDNA in 8 patients with Refsum 
disease e 
Patient Patient Mutation Mutation effecteffect on coding sequence 

r r 
2" " 

3* * 

4* * 

5* * 

6 6 

7 7 

8 8 

delT164 4 

delT164 4 

delll  11 bp (135-246) 

dell  111 bp (135-246) 

dell  111 bp(135-246) 

A805C C 

C823T T 

C823T T 

G610A A 

homozygous s 

homozygous s 

homozygous s 

homozygous s 

heterozygous s 

heterozygous s 

homozygous s 

homozygous s 

homozygous s 

frameshiftb b 

frameshiftb b 

dell  aac 46-82 

dell  aac 46-82 

dell  aac 46-82 

Asn269His s 

Arg274Trp p 

Arg274Trp p 

Gly204Ser r 

"thee mutations in patients 1-5 have been described previously (Jansen et al 1997a). 
bterminationn after codon 66. 
caa,, amino acid. 

DISCUSSION N 

Refsumm disease is an autosomal recessively inherited disorder, clinically characterized by 
usuallyy four abnormalities: retinitis pigmentosa, peripheral neuropathy, cerebellar ataxia and 
elevatedd protein levels in the CSF without pleocytosis. The onset of these symptoms is usu-
allyy in the second or third decade of life. Biochemically, this disorder exhibits an accumula-
tionn of phytanic acid in blood and tissues from the patients due to a defect in the oc-oxidation 
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breakdownn pathway (for review see (Steinberg 1995)). Prior to oc-oxidation, phytanic acid is 
firstfirst activated to phytanoyl-CoA and subsequently converted to 2-hydroxyphytanoyl-CoA 
(Watkinss et al 1994, 1996). This conversion is catalysed by phytanoyl-CoA hydroxylase 
(PhyH),, a peroxisomal dioxygenase in rat (Mihalik et al 1995) and man (Jansen et al 1996). 
Wee have recently demonstrated that phytanoyl-CoA hydroxylase is the defective enzyme in 
Refsumm disease (Jansen et al 1997a). Furthermore, we have cloned the human PHYH cDNA 
andd mutation analysis in five patients with Refsum disease revealed that they all contain 
mutationss in the PHYH cDNA (Jansen et al 1997b). This study clearly demonstrates that 
PHYHPHYH is indeed the defective gene in Refsum disease. The results of the mutation analysis of 
threee additional patients with Refsum disease as described in this report show that they also 
havee mutations in the PHYH cDNA. Two patients are homozygous for a C823T transition, 
resultingg in the substitution of the positively charged arginine for a nonpolar tryptophan at 
aminoo acid 275. One patient is homozygous for a G610A transition, resulting in the substi-
tutionn of a hydrophobic glycine for a hydrophilic serine at amino acid 204. These amino acid 
changes,, causing a different charge of the altered protein, and a difference in hydrophobicity, 
respectively,, are very likely the cause of the deficient enzyme activity. Final proof that the 
alteredd PhyH is indeed enzymatically inactive has to be obtained by expression studies, which 
aree currently being conducted. 
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ABSTRACT T 

Phytanoyl-CoAA hydroxylase (PhyH) catalyses the conversion of phytanoyl-CoA to 
2-hydroxyphytanoyl-CoA,, which is the first step in the phytanic acid a-oxidation pathway. 
Recently,, several studies have shown that in man phytanic acid a-oxidation is localised in 
peroxisomes.. In rat however, the a-oxidation pathway has been reported to be mitochondrial. 
Inn order to clarify this differential subcellular distribution we have studied the rat PhyH 
protein.. We have purified PhyH from rat liver to apparent homogeneity as judged by SDS-
PAGE.. Sequence analysis of two PhyH peptide fragments allowed cloning of the rat PHYH 
cDNAA encoding a 38.6 kDa protein. The deduced amino acid sequence revealed strong homo-
logyy to human PhyH including the presence of a peroxisome targeting signal type 2 (PTS2). 
Heterologouss expression of rat PHYH in Saccharomyces cerevisiae yielded a 38.6 kDa pro-
teinn whereas the PhyH purified from rat liver had a molecular weight of 35 kDa. This indi-
catess that PhyH is probably processed in rat by proteolytic removal of a leader sequence 
containingg the PTS2. This type of processing has been reported in several other peroxisomal 
proteinss that contain a PTS2. Subcellular localisation studies using equilibrium density centri-
fugationn showed that PhyH is indeed a peroxisomal protein in rat. 

Thee finding that PhyH is peroxisomal in both rat and man provides strong evidence against 
thee concept of a differential subcellular localisation of phytanic acid a-oxidation in rat and 
man. . 

INTRODUCTIO N N 

Fattyy acids containing a methyl-group at the 3-position can not be P-oxidised directly but 
firstt require the oxidative removal of the terminal carboxyl-group in a process called a-oxi-
dation.. The product of this pathway is a 2-methyl fatty acid which then can undergo p-oxi-
dation. . 

Mostt studies on the mechanism of a-oxidation have been performed with phytanic acid 
(3,7,11,15-tetramethylhexadecanoicc acid) since this fatty acid accumulates in patients suffer-
ingg from Refsum's disease (RD), a rare inborn error of metabolism. For a long time it was 
thoughtt that a-oxidation of phytanic acid involved the free fatty acid and not the CoA-ester. 
Studiess by Watkins et al (1), however, revealed that phytanoyl-CoA is the true substrate for 
a-oxidation.. Mihalik et al (2) showed that the first step in the a-oxidation process, the conver-
sionn of phytanoyl-CoA into 2-hydroxyphytanoyl-CoA is catalysed by phytanoyl-CoA 
hydroxylasee (PhyH). This enzyme is a 2-oxoglutarate-dependent dioxygenase which requires 
Fe2++ and ascorbate as cofactors (Scheme 1). In man, PhyH is localised in peroxisomes (3) and 
iss directed to these organelles by means of a peroxisome targeting signal type 2 (PTS2) (4). 
Wee have found that PhyH is deficient in patients with RD (5) due to mutations in the corre-
spondingg gene (3). 
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Thee product of the hydroxylation reaction catalysed by PhyH, 2-hydroxyphytanoyl-CoA, 
undergoess cleavage to yield postanal and formyl-CoA (6-8). Pristanal is converted to pristanic 
acidd (2,6,10,14-tetramethylpentadecanoic acid), which after activation to its CoA-ester can 
undergoo P-oxidation in peroxisomes (9,10). 

Althoughh the individual enzymatic steps of the a-oxidation pathway have recently been 
resolved,, there is still considerable debate about the subcellular localisation of phytanic acid 
a-oxidation.. According to some authors phytanic acid a-oxidation is mitochondrial (9,11-
15),, whereas others reported a peroxisomal (16-18) or microsomal localisation (19,20). More-
over,, involvement of cytosolic components has also been suggested (21). 

Singhh and coworkers reported that a-oxidation is peroxisomal in man and mitochondrial in 
ratt (22). Such a differential localisation of an enzyme between species is not unprecedented. 
Onee example is alanine glyoxylate aminotransferase (AGT) (23). In humans, baboons, ma-
caques,, rabbits and guinea pigs, AGT is solely peroxisomal. In rats, marmosets, mice, ham-
sterss and opossums, AGT is approximately evenly distributed between peroxisomes and 
mitochondria,, whereas in cats and dogs a primarily mitochondrial localisation is observed (see 
(23)) for review). 

Sincee different targeting signals are required for directing proteins to organelles such as 
mitochondriaa and peroxisomes, one would expect the presence of a mitochondrial targeting 
signall  in rat PhyH. In order to resolve this issue, we have purified PhyH from rat liver and 
clonedd the PHYH cDNA. Expression of rat PhyH in S. cerevisiae resulted in high PhyH 
activity.. The deduced amino acid sequence revealed strong homology with human PhyH 
includingg the presence of a PTS2 sequence. These findings strongly suggested that in rat 
PhyHH is also localised in peroxisomes. Indeed, subsequent equilibrium density centrifugation 
experimentss provided conclusive evidence for the peroxisomal localisation of PhyH in rat. 

MATERIAL SS AND METHOD S 

Material s s 
[l-14C]2-oxoglutaratee (50 Ci -mor1) was purchased from Du Pont NEN, 's-Hertogenbosch, 

Thee Netherlands. Prior to use it was diluted with unlabelled 2-oxoglutarate to obtain a solu-
tionn of 1 mM, 4.5 Ci -mor1. Nycodenz was from Nycomed Pharma AS, Oslo, Norway. Octyl 
Sepharosee CL-4B, S-Sepharose FF, Phenyl Sepharose HP, PBE 94 and Polybuffer 96 were 
fromm Pharmacia Biotech Benelux, Roosendaal, The Netherlands.. The 5 ml CHT-II Econo-pac 
cartridge,, and goat anti rabbit IgG coupled to alkaline phosphatase were from Biorad Labora-
tories,, Veenendaal, The Netherlands. Pefabloc was from Boehringer Mannheim NL, Almere, 
Thee Netherlands. Freund's complete adjuvant and Freund's incomplete adjuvant were from 
Gibco-Lifee Technologies, Breda, The Netherlands. All other reagents were of analytical 
grade. . 
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Phytanoyl-CoAA synthesis 
Phytanoyl-CoAA was synthesised from phytanic acid as described (24). [l- l4C]phytanoyl-

CoAA was synthesised enzymatically from [l-14C]phytanic acid as previously described (25). 

PhyHH activity measurement 
PhyHH activity measurements were performed using two different methods: 
MethodMethod I: [l-14C]phytanoyl-CoA was used as substrate and the amount of 

[l- 14C]2-hydroxyphytanoyl-CoAA produced was determined using a radiochemical HPLC 
methodd as described elsewhere (25). 

MethodMethod 2: PhyH activity measurement was based on the production of  14C02 from 
[1-- C]2-oxoglutarate, which acts as cosubstrate in the enzymatic conversion of phytanoyl-
CoAA to 2-hydroxyphytanoyl-CoA (Scheme 1). After optimising the assay for partially puri-
fiedd subcellular fractions (see results section) PhyH activity measurements were performed as 
follows:: a (partially) purified protein preparation was added to a reaction mixture containing 
500 mM Tris-HCl, 0.2 mM dithiotreitol, 1.5 uM BSA, 10 mM ATP, 25 uM phytanoyl-CoA, 1 
mMM ascorbate, 1 mM ammonium iron[II]sulphate, 0.1 mM [l-14C]2-oxoglutarate (4.5 
Cii  -mor1), final pH 7.5, total reaction volume 250 ul. The small glass reaction tubes, together 
withh an 1.5 ml eppendorf reaction tube containing 0.5 ml 2 M NaOH, were placed in a 20 ml 
glasss vial which was closed air tight with a screw cap equipped with a septum, and incubated 
att 37°C for 1 h. The reactions were terminated by adding 100 ul 1.3 M perchloric acid 
throughh the septum using a Hamilton syringe. 14C02 was trapped o/n at 4°C in the NaOH 
solutionn which was analysed by liquid scintillation spectrometry. 

Purificatio nn of PhyH from rat liver 
Alll  PhyH activity measurements were carried out according to method 2 as described 

above. . 
StepStep 1: isolation of peroxisomes from rat liver. Peroxisomes were isolated from 8 male 

Wistarr rats that were fed a standard laboratory diet supplemented with 0.3% (w/w) diethyl-
hexylphtalatee (DEHP) for 9 days. Livers were minced and homogenised in an ice-cold me-
diumm containing 250 mM sucrose, 5 mM Mops, 2.5 mM EDTA, pH 7.4. This homogenate 
wass used to prepare a purified peroxisomal fraction using discontinuous Nycodenz centri-
fugationn essentially as described previously (26) with slight modifications (27). 

StepStep 2: octyl Sepharose CL-4B hydrophobic interaction chromatography. The purified 
peroxisomess obtained in step 1 were applied onto an octyl Sepharose CL-4B column (2.6 * 7 
cm)) equilibrated with a buffer containing 0.2% Chaps, 5 mM dithiotreitol, 20 mM potassium 
phosphate,, 1 M KC1 , pH 7.4, at a flow rate of 0.8 ml -min"1. The column was subsequently 
washedd with the same buffer to obtain 1100 ml eluent containing unabsorbed proteins. PhyH 
activityy measurement revealed that all activity was present in this wash-fraction. This fraction 
wass concentrated using an Amicon YM10 cut-off filter (Millipore NL, Etten-Leur, The 
Netherlands)) to obtain a volume of 400 ml, and dialysed against 2 times 5 1 buffer solution 
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containingg 20 mM Tris-HCl plus 10% (v/v) glycerol, pH 7.6. The final volume was 510 ml. 
StepStep 3: S-Sepharose F F cation exchange chromatography. 510 ml of the dialysed fraction 

containingg the unbound proteins obtained in step 2 was applied onto a S-Sepharose FF 
columnn (2.6 x 10 cm) equilibrated with a buffer containing 20 mM Tris-HCl, 10% (v/v) 
glycerol,, 50 mM potassium chloride, pH 7.6. Absorbed proteins were eluted with a linear 
gradientt of potassium chloride (50-250 mM) at a flow rate of 2.5 ml -min"1. Fractions of 10 ml 
weree collected and assayed for PhyH activity. 

StepStep 4: hydroxy apatite chromatography. Fractions 18-22 of step 3 were pooled, diluted 
withh 125 ml 10 mM sodium phosphate, 10% (v/v) glycerol, 5 mM dithiotreitol, pH 7.4, and 
loadedd on top of a hydroxy apatite column equilibrated with a buffer containing 50 mM NaP(, 
10%% (v/v) glycerol, 5 mM dithiotreitol, pH 7.4, and eluted with a linear sodium phosphate 
gradientt (50-200 mM) at a flow rate of 0.75 ml min"1. Fractions of 3 ml were collected and 
assayedd for PhyH activity. 

StepStep 5: Phenyl Sepharose HP hydrophobic interaction chromatography. Fractions 6-7 of 
stepp 4 were pooled and ammonium phosphate was added to a final concentration of 0.8 M, 
andd applied to a Phenyl Sepharose HP column (1.0 x 2.8 cm) equilibrated with a buffer 
containingg 0.8 M ammonium phosphate, 10% (v/v) glycerol, 5 mM dithiotreitol, pH 7.6. 
Elutionn was carried out by a linear decrease of the ammonium phosphate concentration from 
0.88 - 0.1 M at a flow rate of 0.85 ml -min"1. Fractions of 1.7 ml were collected. 

PBEE 94 chromatofocusing 
Thee pi of PhyH was determined by chromatofocusing using a 2 ml PBE 94 (1.0 x 5.0 cm) 

column,, equilibrated with 25 mM 2-amino ethanol-acetate, 10% (v/v) glycerol, pH 9.4. 1 ml 
off  the dialysed fraction obtained in step 2 of the PhyH purification was applied onto the 
column,, followed by 1 ml of 25 mM 2-amino ethanol-acetate, 10% (v/v) glycerol, pH 9.4. 
Elutionn was carried out using Polybuffer 96-acetate, 10% (v/v) glycerol, pH 6.0. Immediately 
afterr collection of each 1 ml fraction, the pH was determined and subsequently neutralised 
usingg 0.2 ml 0.5 M Tris-HCl pH 7.5. PhyH activity was determined using method 2 as de-
scribedd above. 

Proteinn sequencing 
Afterr purification of PhyH from rat liver, an aliquot of the protein solution was digested 

withh Lys-C to obtain peptide fragments. The purified PhyH as well as the Lys-C digest were 
subjectedd to SDS-PAGE and blotted onto an Immobilon-P membrane (Millipore NL, Etten-
Leur,, The Netherlands) using a buffer containing 40 mM Tris-HCl, 40 mM boric acid, 20% 
(v/v)) methanol, 0.1 g L"1 (w/v) SDS, pH 8.6, for 1 hr at 1.5 mA -cm"2. The immobilised 
polypeptidess were visualised using Coomassie Blue R250 and subsequently subjected to 
N-terminall  amino acid sequencing using a Procise 494 protein sequencer. 
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Cloningg of rat PHYH 
Usingg first strand cDNA from rat liver as template, the 5'-half of the rat PHYH cDNA was 

amplifiedd by PCR using '-21M13 forward'- and 'Ml 3 reverse'-tagged primers mPH-27f 
(sensee 5'-TGT AAA ACG ACG GCC AGT GCA GAG TTT CGT CTG CTG GC-3') and 
mPH643rr (antisense 5'-CAG GAA ACA GCT ATG ACC CTT TGT GGG TAC CTG GAA 
GC-3'),, based on the murine PHYH sequence (GenBank accession number AF023463). 
Subsequentt sequence analysis of this fragment of both sense and antisense strands was per-
formedd using '-21M13 forward'- and 'M13 reverse' fluorescent primers, respectively, on an 
Appliedd Biosystems 377A automated DNA sequencer following the manufacturer's protocols. 
Thee 3'-end of the rat PHYH sequence was obtained using the Marathon cDNA 3'-RACE kit 
(Clontechh Laboratories GmbH, Heidelberg, Germany). The '-21M13 forward'-tagged gene 
specificc primers PH557f (sense 5'-TGT AAA ACG ACG GCC AGT GCA ACC TAA TTG 
TTTT GTG C-3') and PH649f (sense 5'-TGT AAA ACG ACG GCC AGT CAG ACT ATC 
ATCC CCA GTA CC-3') were used and the obtained fragment was subsequently sequenced. 

Heterologouss expression in S. cerevisiae 
Thee complete coding sequence of rat PHYH was amplified from rat liver cDNA using Xbal 

andd Hindlll tagged primers (5'-AAA ICT AGA AAA ATG ACT ATA CGG CGC GC-3' and 
5'-AAAA AAG CJT TCA AAG GTT TAT TCT TTC TCC-3' respectively) and cloned into the 
plasmidd pGEM-T (Promega, Leiden, The Netherlands) to obtain pPHYHr. The PHYH se-
quencee was subsequently verified by sequence analysis using T7 and SP6 primers. The ob-
tainedd PHYH clone was digested with Xbal and Hindlll and subcloned into the Xbal and 
HindlllHindlll  sites of the yeast expression plasmids pEL26 (high copy plasmid, containing 2 u 
sequence)) and pEL30 (low copy plasmid, containing CEN-sequence) (28), in both plasmids 
underr the transcriptional control of the oleate inducible promoter pCTAl. The expression 
constructss and, as a control, the vectors pEL26 and pEL30 were transformed into S. cerevisiae 
strainn BJ1991 (MATa, leu2, trpJ, uraS-52, prbl-1122, pep4-3)(29). Transformants were 
grownn in minimal essential medium containing 3 g L~' glucose and 6.7 g -L~' yeast nitrogen 
basee without amino acids (Difco Laboratories, Detroit MI, USA) supplemented with appropri-
atee amino acids at 30 °C. In order to induce expression, cells were harvested by centrifugation 
andd transferred into a medium containing 1.2 g L~' oleic acid, 1.2 g -L"1 Tween-40, 5 g -L"1 

potassiumm phosphate (pH 6.0), 3 g -L"1 yeast extract, and 5 g -L"1 peptone. Cells were grown 
att 30°C and harvested by centrifugation after the culture has reached a spectrophotometrical 
absorbancee at 600 nm of about 0.5. The cells were resuspended in 250 ul buffer containing 20 
mMM Tris-HCl pH 7.5, 5 raM dithiotreitol, 1 ug -ml"' leupeptin, 2 mg -ml"1 Pefabloc and 10% 
(v/v)) glycerol. After addition of 200 ul glass beads, the suspension was vortexed for 30 min at 
4°C,, centrifuged for 2 min at 12,000 * g at 4°C, and the clear lysate containing rat PhyH was 
takenn for PhyH activity measurements and further experiments. 
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Generationn of anti-PhyH antiserum 
Femalee New Zealand white rabbits were primed with 20 ug purified rat PhyH in 0.8 ml 

PBSS mixed with an equal volume of Freund's complete adjuvant. After 2 weeks the immuni-
sationn was followed by a boost injection of 20 ug of PhyH mixed with Freund's incomplete 
adjuvant.. Two more boost injections were given at 4 week intervals. Eight days after each 
boostt injection a 10 ml blood sample was taken, and serum was prepared. 

SDS-PAGEE and immunoblot analysis 
Sampless were subjected to SDS-PAGE on a 10% polyacrylamide gel and blotted onto a 

nitrocellulosee filter. Nonspecific binding sites were blocked for one h using a PBS solution 
containingg 1 g -L"1 Tween-20 (PBST), supplemented with 30 g -L~' non-fat dried milk 
(NFDM).. Primary (polyclonal anti-PhyH) and secondary (goat anti rabbit IgG coupled to 
alkalinee phosphatase) antibody incubations were performed in PBST. After each incubation, 
thee blots were washed extensively in 3 g -L"1 NFDM/PBST. Antigen-antibody complexes 
weree visualised using alkaline phosphatase staining in a buffer containing 0.1 M Tris-HCl (pH 
9.5),, 0.1 M NaCl, 5 mM MgCl2, 0.33 g -L"1 4-nitro blue tetrazolium chloride, 0.17 g L ' 
5-bromo-4-chloro-3-indolyl-phosphatee (disodium salt). 

Subcellularr  fractionation of rat liver 
Forr subcellular fractionation studies, fresh rat livers were minced, washed several times in 

ice-coldd phosphate buffered saline, and homogenised in a buffer containing 250 mM sucrose, 
55 mM Mops, and 0.1 mM EGT A, final pH 7.4. Homogenates were centrifuged 10 min at 600 
**  g at 4°C to produce a post nuclear supernatant. This supernatant was subjected to differen-
tiall  centrifugation exactly as described before (30) to produce a light mitochondrial fraction. 
Subfractionationn of this light mitochondrial fraction using equilibrium density gradient 
centrifugationn was performed as described before (31). Catalase (peroxisomes) (32), gluta-
matee dehydrogenase (mitochondria) (33), esterase (microsomes) (30), and lactate dehydro-
genasee (34) (cytosol) were used as marker enzymes, and were measured as described. Ali -
quotss of the subcellular fractions were taken, protein was precipitated using 100 g *L_I 

trichloroaceticc acid and dissolved in Tris buffer, followed by SDS-PAGE / immunoblot 
analysis. . 

RESULTS S 

PhyHH activity measurement using [l- l4C|2-oxoglutarate 
Inn previous studies, measurement of PhyH activity was based on the conversion of radio 

labelledd phytanoyl-CoA into 2-hydroxyphytanoyl-CoA, using a radiochemical HPLC method 
allowingg the detection of these CoA-esters (25). Since this assay is very time consuming and 
thereforee not convenient for measurement of large series of samples, we have developed an 
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assayy based on the conversion of [l- l4C]2-oxoglutarate into succinate and l 4C02. This conver-
sionn takes place stoichiometrically with the hydroxylation reaction (Scheme 1), and is carried 
outt analogous to assay systems for other 2-oxoglutarate dependent dioxygenases (35-37). 
PhyHH activity measurements in crude liver homogenates using this assay, showed a very high 
ratee of  14C02 production, which was independent on the presence of phytanoyl-CoA, Fe2+, or 
ascorbate,, the substrate and obligatory cofactors of PhyH. Cell fractionation studies revealed 
thatt this l 4C02 production occurred mainly in the mitochondrial fraction, and it is likely that 
decarboxylationn of 2-oxoglutarate is caused by the cc-ketoglutarate dehydrogenase complex. 
Whenn purified peroxisomes were used for the assay, production of  14C02 was completely 
dependentt on the presence of phytanoyl-CoA and Fe2+, whereas omission of ascorbate de-
creasedd the production of  l 4C02 to about one third of the activity observed in the presence of 1 
mMM ascorbate (Table 1). The optimal pH for PhyH activity was 7.5 and the reaction was 
linearr with time for 1 hr and linear with protein up to at least 0.5 mg -mF' (data not shown). 

O O 

S-CoA A 
phytanoyl-CoA A 

2-oxoglutarate e 
O, , 

succinate e 
C02 2 

Fe' ' 
ascorbate e phytanoyl-CoAphytanoyl-CoA hydroxylase 

O O 
2-hydroxyphytanoyl-CoA A 

S-CoA A 

OH H 

Schemee 1. Phytanoyl-CoA hydroxylase catalyses the conversion of phytanoyl-CoA to 
2-hydroxyphytanoyl-CoA.. This enzyme is a 2-oxoglutarate dependent dioxygenase which requires 
Fe2++ and ascorbate as cofactors. 

Whenn this 14C02 release assay was compared to the assay based on the measurement of the 
productt of the hydroxylation reaction, [l- l4C]2-hydroxyphytanoyl-CoA, similar activities 
weree found, and cosubstrate and cofactor requirements were essentially the same (Table 1). 
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Tablee 1. Cofactor requirements for PhyH activity measurements in purified rat liver peroxisomes 
accordingg to the newly developed method using l4C02 measurement, and the original HPLC based 
methodd (see (25)). 

componentt omitted PhyH activity 
fromm the reaction 
mediumm l4C02 2-hydroxyphytanoyl-CoA 

(nmoll  -h"1 -mg"1) (nmol -h"1 *mg~') 

nonee 12.3 15.4 

phytanoyl-CoAA s 0.05 s 0.05 

Fe2++ s 0.05 < 0.05 

ascorbatee 4.03 5.92 
PhyHH activity was measured according to the newly developed method (see Materials and Methods) 
usingg l4C02-production as a measure of activity (left column), or the method as previously described 
(25)) using the formation of [l- l4C]2-hydroxyphytanoyl-CoA as a measure of PhyH activity (right 
column).. Values represent the mean of two separate experiments. 

Purificatio nn of PhyH from rat liver 
StabilityStability of PhyH activity during the purification. Enzymatic activity of the PhyH protein 

inn crude or partially purified fractions (liver homogenate or purified peroxisomes) was stable 
uponn storage at 4°C. However, in more purified fractions PhyH activity rapidly declined when 
storedd at 4°C and even more at -20°C or -80°C, the latter probably also due to freeze-thawing 
effectss on the preparation. Loss of enzymatic activity could only partially be prevented when 
10%% (v/v) glycerol and 5 mM dithiotreitol were added to all buffers used. 

PurificationPurification of PhyH from rat liver peroxisomes. When rat liver peroxisomes were sub-
jectedd to octyl-Sepharose CL-4B chromatography, all PhyH activity was present in the wash 
fractionn (data not shown). S-Sepharose chromatography showed that all PhyH activity was 
boundd to the column and eluted as a single peak upon increasing the concentration of potas-
siumm chloride (data not shown). SDS-PAGE analysis of the fractions obtained by hydroxy 
apatitee chromatography revealed that one protein band (apparent Mw 35 kDa) co-eluted ex-
actlyy with PhyH activity, while a 33 kDa protein with a slightly different elution pattern was 
presentt in the fractions containing most PhyH activity (Fig. IA , B). Using Phenyl Sepharose 
hydrophobicc interaction chromatography these two proteins could be separated. PhyH activity 
co-elutedd again with the 35 kDa protein (Fig. IC, D). 
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fractionn number 
fractionn number 

Fig.. 1. Purification of PhyH from rat liver: Step 4, Hydroxy apatite chromatography (panels A, B), 
andd step 5, Phenyl Sepharose chromatography (panels C, D). Column fractions were separated by 
10%% SDS-PAGE followed by silver staining (A, C). PhyH activity measurements in the column 
fractionss (B, D) were performed according to method 2 as described in Materials and Methods. 

Cloningg of the rat PHYH cDNA 
Afterr purification of the PhyH protein from rat liver, both the intact protein as well as a 

fragmentt obtained after Lys-C digestion, were subjected to N-terminal protein sequencing. 
Thee amino-terminus of the purified protein had the following sequence: SGPASPANFXPE-
QFQYXLDN.. This sequence was used to screen the EST database for cDNA clones homolo-
gouss to this polypeptide, and previously led to the identification of the human PHYH cDNA 
(4).. The peptide sequence from the fragment obtained after Lys-C treatment (MYH-
(G/Q)IQDYD)) showed very high homology to the deduced human PhyH sequence (70% 
identity,, 100% similarity when conservative amino acid substitutions are considered). Using a 
differentt strategy, Mihalik and coworkers (38) identified both the human and murine PHYH 
cDNAs. . 

106 6 



PurificationPurification ofPhyHfrom rat liver 

-1 00 GGCCCCCACC - 1 

11 ATGGACTATACGCGCGCTGGTGCCCGGCTGCAGGTCCTTCTGGGACACCTTGGCCGACCC 6 0 
11 M D Y T R A G A R  L Q V L L G H L G  R  P  20 

611 TCGGCCCTTCAGATTGTAGCCCACCCCGTATCAGGGCCGGCTTCCCCTGCCAATTTCTGT 12 0 
2121 S A L Q I V A H P V S G P A S P A N F C 40 

1211 CCTGAACAATTCCAGTATACTTTGGACAATAATGTCCTCAGCCTGGAGCAGAGAAAATTT 18 0 
4141 P S Q F Q Y T L D N N V L S L E Q R K F 60 

1811 TATGAAGAAAACGGGTTTCTCGTCATTAAAAATCTGGTATCGGATGATGATATTCAACGG 2 4 0 
6161 Y E E N G F L V I K N L V S D D D I Q R 80 

24 11 TTTCGAGCAGAGTTTGAAAGAATCTGCAGAAAGGAGGTGAAACCACCAGGGATGACTGTA 30 0 
8181 F R A E F E R I C R K E V K P P G M T V 100 

3011 ATGAAAGACGTGGCCATTGCGAAGCAGGGTTATGCGCCAAGTGAGAGGGTGGTTACGAAG 3  6 0 
101101 M K D V A I A K Q G Y A P S E R V V TK 120 

33 6 1 ATCCAGGATTTCCAACAAAATGAGGAGCTCTTCAGATACTGTGCCCTGCCCCAGATTGTG 4  2  0 
121121 I Q D F Q Q N E E L F R Y C A L P Q I V 14 0 

42 11 AAATACGTGGAGTGCTTCACTGGACCCAATATTATGGCTATGCACACAATGCTGATCAAC 4  8 0 
141141 K Y V E C F T G P N I M A M H T M L I N 160 

4811 AAGCCTCCGGATTCTGGCAAGAAGACATCCCGGCATCCCTTGCATCAGGATCTGCACTTT 540 -
161161 K P P D S G K K T S R H P L H Q D L HF 28 0 

5411 TTCCCCTTCCGACCCAGCAACCTAATTGTTTGTGCTTGGACAGCCATGGAGCACATCGAC 60 0 
181181 F P F R P S N L I V C A W T A M E H I D 200 

6011 AGGAACAATGGCTGTCTTGTTGTGCTCCCTGGTACCCACAAAGGTCCCCTGAAGCCACAT 66 0 
201201 R N N G C L V V L P G T H K G P L K PH 220 

6611 GATTACCCCAAGTGGGAGGGAGGAGTTAACAAAATGTACCATGGCATCCAAGACTATGAC 72 0 
221221 D Y P K W E G G V N K M Y H G I O D Y D 240 

7211 CCGGACAGCCCCCGCGTCCACTTGGTGATGGAAAAGGGCGACACAGTTTTCTTCCATCCC 78 0 
241241 P D S P R V H L V M E K G D T V F F HP 260 

7811 CTGCTCATCCATGGATCTGGTCGGAACAGAACTCAAGGATTCAGGAAAGCAATCTCCTGC 8 4 0 
261261 L L I H G S G R N R T Q G F R K A I S C 280 

8411 CACTATGGCAGCTCCGACTGCAAATATATCAGCGTGAAGGGCACCAGTCAAGAAAACATT 90 0 
281281 H Y G S S D C K Y I S V K G T S Q E NI  30 0 

9011 GCGAGGGAAGTTATTGAGATTGCGGAGAAACGTTATGGAGTCCAAGGAGCCCTGGACTTT 96 0 
301301 A R E V I E I A E K R Y G V Q G A L D F 32 0 

9611 GAGGACACTTGGAAGTTTCGATGCCGACTTGTGAAAGGAGAAAGAATAAACCTTTGAAAG 10 2 0 
321321 E D T W K F R C R L V K G E R I N L *  338 

10211 AGCCCTTCAGGTGGAGAGGTGGCTCAGCGGTTAAGAGCACTGATTGCTCTTCCGGAGTCC 108 0 
10811 TGAGTTCAAATCCCAGCAACCACATGATGGCTCACAACCATCTGTAATGGGATCTGGTGC 11 4 0 
11411 CCTCTTCTGGTGTGTCTGAAGATAGCTACAGTGTACTCATATAAATAA 118 8 

Fig.. 2. Rat PHYH cDNA sequence and deduced amino acid sequence. The PTS2 sequence at amino 
acidss 9-17 is double underlined. The peptide fragment identified by N-terminal amino acid sequenc-
ingg of purified PhyH (underlined, at position 31-50) indicates the amino-terminus of the PhyH protein 
afterr removal of the PTS2 leader sequence. Amino acid sequencing of a peptide fragment obtained 
afterr Lys C treatment of PhyH revealed a sequence identical to amino acids 232-240 (underlined). 
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Searchingg the EST- and genomic databases, no homologous sequences derived from rat 
tissuess were found. In order to identify the rat PHYH cDNA sequence, primers based on the 
murinee PHYH sequence were used to amplify the 5'-end of the PHYH sequence using first 
strandd cDNA from rat liver as template. The 3'-end of the sequence was obtained using the 
3'-RACEE technique. The coding sequence of rat PHYH contained 1014 nucleotides, encoding 
aa 338 amino acid protein (Fig. 2). The calculated mass of the rat PhyH was 38.6 kDa. The 
deducedd amino acid sequence did not contain a mitochondrial targeting signal. However, a 
PTS22 sequence was found near the 5'-end of the open reading frame (Fig. 2). This PTS2 has 
alreadyy been found in both human and murine PhyH, strongly suggesting a peroxisomal 
localisation.. The deduced amino acid sequence of PhyH showed very high homology to both 
humann and murine PhyH (Fig. 4). 

Basedd on the observation that amino terminal sequencing of purified rat PhyH revealed a 
sequencee identical to amino acids 31-50 rather than 1-20, we have suggested earlier that in 
vivovivo amino acids 1-30 are removed, probably by proteolytic cleavage (4). This type of 
post-translationall  modification which involves removal of the PTS2 containing leader se-
quence,, has been reported for several PTS2 containing peroxisomal proteins, including 
3-keto-acyl-CoAA thiolase (39,40) and alkyl-dihydroxyacetonephosphate synthase (41). Ex-
perimentall  support for this idea was obtained by chromatofocusing, which showed that the pi 
off  rat liver PhyH is 8.5 (Fig. 3). The calculated pi based on the translation of the complete 
openn reading frame was 8.8. However, when the presumed leader sequence was removed, the 
calculatedd pi was 8.5. 

10.0 0 

9.0 0 

8.00 x 

7.0 0 

6.0 0 

00 5 10 15 

fractionn number 

Fig.. 3. PBE 94 Chromatofocusing of rat liver PhyH. An aliquot of the dialysed wash-fraction 
obtainedd after octyl-Sepharose chromatography was subjected to chromatofocusing from pH 9-6 (o), 
andd PhyH activity ) was determined according to method 2 (see Materials and Methods). 
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Fig.. 4. Comparison of the deduced PhyH amino acid sequences from man, rat and mouse. Identical 
aminoo acid residues are indicated in boxes. 
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Heterologouss expression of rat PHYH in S. cerevisiae 

Whenn lysates were prepared from the yeast S. cerevisiae, no PhyH activity could be de-
tectedd in both wild type and yeast transformed with the 'empty' pEL26 and pEL30 expression 
vectors.. When the coding sequence of rat PHYH was expressed, a high PhyH activity was 
measuredd in the yeast lysate (6.1 and 35.1 pmol -h"1 -mg"' in the low copy and high copy 
expressionn constructs, respectively). Immunoblot analysis showed that no PhyH could be 
detectedd in lysates from yeast transformed with the control vectors, but when PhyH was 
expressed,, an immuno reactive protein of 38 kDa was detected. Analysis of rat liver homo-
genatee or PhyH purified from rat liver showed a 35 kDa protein band (Fig. 5). These findings 
providedd further evidence for the removal of the PTS2 containing leader sequence. 

(kDa) ) 

677

433

300

200

MM 1 2 3 4 

Fig.. 5. Immunochemical detection of rat PhyH in liver homogenate and in lysates from transformed 
yeastt expressing rat PhyH. Rat liver homogenate (lane 3), purified PhyH (lane 2) and lysates from 
yeastt transformed with the PhyH expression vector (lane 1) or the 'empty' vector (lane 4) were 
separatedd by 10% SDS-PAGE and immunoblot analysis was performed as described in Materials and 
Methods.. M, molecular weight marker. 

Subcellularr  localisation of PhyH 
Whenn rat liver homogenate was subjected to differential centrifugation, almost all PhyH 

activityy was present in the light mitochondrial (L) fraction, as was catalase, a peroxisomal 
markerr enzyme (data not shown). In order to provide conclusive evidence for the peroxisomal 
localisationn of PhyH, a light mitochondrial fraction was subjected to equilibrium density 
centrifugation,, and in all fractions marker enzyme activities were determined (Fig. 6). The 
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Fig.. 6. Subcellular localisation of rat PhyH. Rat liver was subjected to differential centrifugation to 
obtainn a light mitochondrial fraction. This fraction was subfractionated using equilibrium density 
centrifugationn and marker enzyme activities were measured in each fraction. Activities are expressed 
ass percentage of the total activity present in the gradient. LDH, lactate dehydrogenase (cytosol); Est, 
esterasee (microsomes); GDH, glutamate dehydrogenase (mitochondria); Cat, catalase (peroxisomes). 
Thee distribution of PhyH was determined by SDS-PAGE / immunoblot analysis. 
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distributionn of PhyH was determined using SDS-PAGE / immunoblot analysis. Most PhyH 
wass detected in the bottom fractions of the gradient, co-localising with the peroxisomal 
markerr enzyme catalase, indicating a peroxisomal localisation of PhyH in rat liver. 

Genbankk accession number 
Thee rat PHYH sequence was submitted to the Genbank database and was assigned the 

accessionn number AF121345. 

DISCUSSION N 

Forr many years both the structure and the subcellular localisation of the phytanic acid 
a-oxidationn pathway were obscure. However, recent studies have resolved the individual 
enzymaticc steps involved in phytanic acid a-oxidation, including activation of phytanic acid 
too phytanoyl-CoA followed by 1) hydroxylation of phytanoyl-CoA to 2-hydroxyphytanoyl-
CoAA catalysed by PhyH, 2) cleavage of 2-hydroxyphytanoyl-CoA into pristanal and formyl-
CoA,, and 3) oxidation of pristanal to pristanic acid. 

Withh respect to the subcellular localisation of the phytanic acid a-oxidation pathway, Tsai 
andd coworkers were the first to suggest a mitochondrial localisation (11). However, this work 
wass done at a time of littl e awareness of the existence of peroxisomes. The finding that phy-
tanicc acid a-oxidation is deficient in cell-lines from patients with Zellweger syndrome in 
whichh no functional peroxisomes are present, led Poulos and coworkers to suggest a peroxi-
somall  localisation (42). Subsequent studies in rat liver (9,12,14,15) and human liver (9,13) 
showedd a mitochondrial localisation. Huang and coworkers even proposed phytanic acid 
a-oxidationn to be microsomal (19,20). Yet another view was held by Singh and coworkers, 
whoo suggested phytanic acid a-oxidation to be mitochondrial in rat but peroxisomal in man 
(22).. It is well known that the subcellular localisation of an enzyme may differ between 
species.. For instance, alanine glyoxylate aminotransferase (AGT) is equally divided between 
mitochondriaa and peroxisomes in rat, whereas in man it is exclusively peroxisomal. This dual 
compartmentalisationn in rat is explained by the fact that the rat ATG gene has two transcrip-
tionn initiation sites producing two different mRNA's. The ORF of the shorter transcript 
encodesencodes a C-terminal PTS1 (sequence: NKL), which directs this protein to peroxisomes. The 
longerr transcript contains an N-terminal extension including a mitochondrial targeting se-
quence,, and this protein is directed to mitochondria. Apparently, the mitochondrial targeting 
signall  present in the longer AGT transcript overrules the PTS1. In man, the transcription 
initiationn site for the longer transcript has been lost during evolution. Thus, only the shorter 
transcriptt is produced, explaining the exclusive peroxisomal localisation of AGT in man. 

Inn order to determine whether different targeting signals are present on the PhyH from rat 
andd man, we have cloned the rat PHYH cDNA. Analysis of the deduced amino acid sequence 
off  rat PhyH in comparison to the human PhyH revealed no known mitochondrial targeting 
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signal,, but instead a PTS2 located near the N-terminus was found in both species. Our subse-
quentt activity measurements in subcellular fractions show a strict peroxisomal localisation of 
PhyHH in rat liver. 

Thee question arises what the reason is for the different results obtained in studies per-
formedd during the last decades. An important point may be that all these studies were per-
formedd at times when the cofactor requirements for PhyH, the first step of phytanic acid 
a-oxidation,, were unknown. Indeed, PhyH is completely dependent on the presence of the 
unusuall  components Fe2+ and 2-oxoglutarate. In addition, the absence of ascorbate severely 
decreasess its activity (3). Careful inspection of the reaction conditions used in all studies 
performedd before the discovery of PhyH in 1995, reveals that 2-oxoglutarate was not included 
inn the reaction media used (1,9,11-19,21,22,31,43-53). This immediately explains the very 
loww rates of [l-14C]phytanic acid a-oxidation found in homogenates and purified organellar 
fractionss when compared to intact hepatocytes. Indeed, in our earlier studies we found a high 
ratee of phytanic acid a-oxidation (27.7 pmol -min"1 -mg-1 protein) in isolated rat hepatocytes, 
whereass the activity in homogenates prepared from the same livers a rate of only 1.1 
pmoll  -min-1 -mg~' protein was found. Similar low rates have been reported in all other studies 
performedd before 1995 (1,11-19,21,22,31,43-53). 

Thee second implication of the lack of 2-oxoglutarate in the reaction medium is that the low 
a-oxidationn rate observed is probably not mediated by PhyH. Yet another important issue to 
bee mentioned is that in most studies the amount of  14C02 produced from [l-14C]phytanic acid 
iss taken as a measure of a-oxidation activity. However, C02 is not a direct product of the 
a-oxidation:: in the second step of the a-oxidation pathway, 2-hydroxyphytanoyl-CoA is 
convertedd to pristanal and formyl-CoA. The latter product is converted to formic acid, and 
subsequentlyy to C02 (45). The subcellular localisation of the enzyme(s) involved in the con-
versionn of formyl-CoA to C02 are still unknown, but a considerable amount of the formic acid 
producedd is not converted to C02 (45). Therefore, the C02 produced can be regarded as an 
unreliable,, indirect measure of the first two steps of phytanic acid a-oxidation. 

Basedd on these arguments we conclude that all results from previous studies on phytanic 
acidd a-oxidation in homogenates and subcellular factions need to be revised. The recent 
elucidationn of the a-oxidation pathway now enables studies on the individual enzymes cata-
lysingg the three steps of phytanic acid a-oxidation in various species. In this report we have 
providedd conclusive evidence that PhyH, the enzyme catalysing the first step of phytanic acid 
a-oxidation,, is localised in peroxisomes in both rat and man. 
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ABSTRACT T 

Refsum'ss disease is an inherited neurological syndrome characterised by the accumulation 
off  phytanic acid in plasma and tissues. Patients with Refsum's disease are unable to degrade 
phytanicc acid due to a deficiency in phytanoyl-CoA hydroxylase (PhyH), a peroxisomal 
enzymee catalysing the first step of phytanic acid a-oxidation. We now report the analysis of 
thee PHYH cDNA in 29 patients with Refsum's disease, showing 14 different missense muta-
tions,, 4 deletions and 3 insertions. From this spectrum of mutations, four missense mutations 
weree selected for a detailed study including heterologous expression in Saccharomyces cere-
visiae.visiae. In all four cases an enzymatically inactive PhyH protein was found. 

Wee now present the genomic organisation of PHYH which has a size of about 21 kb. The 
10144 bp PHYH open reading frame (ORF) is divided over 9 exons. Analysis of the exon-
intronn boundaries from patients with Refsum's disease showing large deletions in the PHYH 
cDNAA has revealed mutations in the consensus splice sites, resulting in skipping of an entire 
exonn or a large part of it. Resolution of the genomic organisation of the PHYH ORF enabled 
uss to confirm the zygosity for mutations found by cDNA analysis. 

INTRODUCTIO N N 

Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is a branched chain fatty acid, 
whichh is a normal constituent of the human diet. Because of the methyl branch at the third 
carbonn atom of this fatty acid, its breakdown can not proceed via the (3-oxidation pathway, 
whichh is the regular degradation route for most fatty acids. Instead, phytanic acid undergoes 
onee round of a-oxidation to produce its n-1 analogue, pristanic acid (2,6,10,14-tetra-
methylpentadecanoicc acid) (see (1-3) for reviews). The terminal carboxyl-group is lost as 
formyl-CoA. . 

Pristanicc acid is activated to pristanoyl-CoA and degraded by the peroxisomal p-oxidation 
pathwayy (reviewed in (3)). The structure of the a-oxidation pathway has only recently been 
elucidated.. Prior to a-oxidation, phytanic acid is activated to its coenzyme A-ester, phytanoyl-
CoAA (4). In the first step of phytanic acid a-oxidation, phytanoyl-CoA is converted to 
2-hydroxyphytanoyl-CoA,, a reaction catalysed by phytanoyl-CoA hydroxylase (PhyH) (5,6). 
Thee second step involves the conversion of 2-hydroxyphytanoyl-CoA to pristanal plus for-
myl-CoA,, and is catalysed by the enzyme 2-hydroxyphytanoyl-CoA lyase (HPL) (7-10). The 
thirdd and last step of the a-oxidation pathway involves the dehydrogenation of pristanal to 
formm pristanic acid, a conversion catalysed by an NAD(P)+ dependent aldehyde dehydro-

**  genase (9,11). In rat, all steps of this catabolic route are localised within peroxisomes (5,8-
10).. In man, only the subcellular localisation of PhyH, catalysing the first step of the a-oxi-
dation,, was studied in detail, and PhyH was shown to be peroxisomal (6). The subcellular 
localisationn of the remainder of this pathway is still unknown. 
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Classicc Refsum's disease (RD) is a rare inherited neurological disorder, characterised by a 
tetradd of cardinal manifestations including retinitis pigmentosa, peripheral neuropathy, cere-
bellarr ataxia and an elevated protein concentration in the cerebrospinal fluid (for review see 
(1)).. The only biochemical abnormality found in RD is an accumulation of phytanic acid in 
tissuess and body fluids. 

Wee have demonstrated that the phytanic acid accumulation in patients with RD is caused 
byy a deficient PhyH activity (12). Analysis of the PHYH cDNA derived from patients with 
RDD revealed that all patients studied so far contain mutations in their PHYH cDNA (13-16), 
whichh include deletions, missense mutations and insertions. In some cases it was not clear 
fromfrom the cDNA mutation analysis whether mutations were present in a homozygous or hetero-
zygouss form. In addition, deletions of 33 to 111 nucleotides could very well be the result of 
yett unidentified mutations affecting splicing. In order to study these mutations on the genome 
levell  we have now resolved the genomic organisation of the PHYH ORF, and analysed the 
exon-intronn boundaries for mutations in the splice sites. 

Inn order to verify the effect of some missense mutations on PhyH enzyme activity, we have 
performedd heterologous expression studies in the yeast Saccharomyces cerevisiae. 

RESULTS S 

PHYHPHYH cDNA mutation analysis in patients with RD 

Inn previous studies on patients with RD, PHYH cDNA mutation analysis revealed 5 differ-
entt mutations (13-15). These included a single nucleotide deletion resulting in a premature 
stopp codon, an in-frame deletion of 111 nucleotides, which results in a putative protein lack-
ingg 37 internal amino acids, and three different missense mutations all causing an amino acid 
substitutionn (15). We have now extended our studies to a total of 29 patients with RD. PhyH 
activityy measurements in homogenates of cultured skin fibroblasts from these patients showed 
thatt all patients are clearly deficient for PhyH activity (results not shown). PHYH cDNA 
analysiss revealed a total of 20 different mutations, including 14 missense mutations, 4 dele-
tions,, and 2 insertions (Table 1). In addition, a polymorphism (c.636A-G, causing no amino 
acidd substitution) was observed in 5 out of 58 alleles from the patients screened. Analysis of 
thee PHYH cDNA of 64 control individuals revealed an incidence of about 10% for this poly-
morphism. . 

Thee mutations are randomly distributed over the PHYH cDNA, the deletion of 111 nucleo-
tidess (c.l35-245del) being the most frequently observed (allele frequency 10/58: 17%). All 
otherr mutations were found in 7 or less alleles (Table 1). Interestingly, we observed co-segre-
gationn of the C.530A-G with the C.734G-A mutations in four unrelated patients suggesting a 
commonn ancestor. 
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Tablee 1. Mutations found in the PHYH cDNA from patients with Refsum's disease 

mutation n 

C.85C-T T 

C.5170T T 

C.5260A A 

C.530A-G G 

C.577T-C C 

C.589G-C C 

C.595A-T T 

c.610G-Ac c 

C.6580T T 

C.734G-A A 

C.770T-C C 

c.805A-Cc c 

c.8230Tc de e 

C.824G-A A 

c.l35-245delc'd d 

c.l64deir r 

c.497-678del l 

c.679-711del l 

c.576-577insGCC C 

c.679-680insG G 

effectt on coding 
sequence e 

P29S S 

P173S S 

Q176K K 

D177G G 

W193R R 

E197Q Q 

I199F F 

G204S S 

H220Y Y 

R245Q Q 

F257S S 

N269H H 

R275W W 

R275Q Q 

Y46-R82del l 

fsbb 55, truncation at 67 

fsbb 166, truncation at 169 

G227-Q237del l 

A192-193ins s 

fsbb 227, truncation at 230 

foundd in patient no. (genotypê 

11 (het), 2 (het), 3 (hom) 

44 (hom) 

22 (het) 

55 (hom), 6 (het), 7 (het), 
88 (hom) 

99 (hom) 

22 (het) 

100 (het) 

111 (hom) 

11 (het) 

55 (hom), 6 (het), 7 (het), 
88 (hom) 

100 (het), 12 (hom) 

133 (het) 

144 (hom), 15 (hom), 7 (het) 

166 (hom), 6 (het) 

177 (hom), 19 (hom), 
20(hom),l(het),2(het), , 
188 (het), 13 (het) 

211 (hom), 22 (hom) 

33 (hom), 23 (het), 24 (het), 
255 (het), 26 (het), 27 (het) 

255 (het) 

288 (hom), 29 (hom) 

233 (het) 

)) allele 
frequency frequency 

4/58 8 

2/58 8 

1/58 8 

6/58 8 

2/58 8 

1/58 8 

1/58 8 

2/58 8 

1/58 8 

6/58 8 

3/58 8 

1/58 8 

5/58 8 

3/58 8 

10/58 8 

4/58 8 

7/58 8 

1/58 8 

4/58 8 

1/58 8 
111 Genotype: hom, homozygous; het, heterozygous 
bb fs: frame shift 
cc Mutations previously reported at cDNA level only (13). 
dee Mutations previously reported by other authors ((14) and (16) respectively). Note: in (14) an 
incorrectt position number was assigned to c.l35-245del. 
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Heterologouss expression of the PHYH cDNA in Saccharomyces cerevisiae 

Inn order to confirm that missense mutations and the 111 nucleotide deletion are the under-
lyingg cause of the deficient PhyH activity, a heterologous expression system was developed. 
Thee human PHYH open reading frame (ORF) was cloned and expressed in S. cerevisiae. 
Whenn cell lysates were prepared from wild type yeast cells or from yeast cells transfected 
withh the expression vector without the PHYH ORF, no PhyH activity could be detected. When 
thee PHYH ORF was expressed, PhyH activity (3.4 nmol/h/mg protein) was measured in the 
yeastt lysates (Fig. 1A). The PhyH protein was readily detectable by immunoblot analysis, 
usingg a polyclonal antiserum raised against an 18 amino acid PhyH polypeptide, and has an 
apparentt Mw of 38.5 kDa (Fig IB). 

11 E 

ii 9 

B B 433 kDa 

299 kDa 

11 2 3 4 5 6 7 8 9 

Figuree 1. Heterologous expression of the human PHYH ORF in Saccharomyces cerevisiae. The wild 
typee human PHYH ORF as well as the ORF containing mutations as found in patients with RD were 
expressedd in S. cerevisiae, and lysates were prepared as described in Materials and Methods. Lysates 
weree used for (A) PhyH activity measurements and (B) immunoblot analysis. Lane numbers corre-
spondd to expression of (1) the vehicle only; (2) the human PHYH ORF, and the mutations found in 
patients:: (3) c.l35-245del; (4) C.734G-A; (5) C.823C-T; (6) C.610G-A; (7) C.530A-G; (8) 
C.824G-A;; (9) C.530A-G plus C.734G-A. 

Usingg the same expression system, the PHYH ORF constructs containing different mis-
sensee mutations and the 111 nucleotide deletion were expressed, and PhyH activity was 
measuredd in the yeast lysates (Fig. 1A). Expression of the large in-frame deletion of 111 
nucleotidess encoding a putative protein lacking 37 internal amino acids, does not result in any 
detectablee PhyH activity. Upon immunoblot analysis a single immunoreactive band was 
detectedd with an Mw of 36,5 kDa, which is about 2 kDa less when compared to the wildtype 
humann PhyH with a Mw of 38.5 kDa (Fig. IB). This finding is in line with the calculated 
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deletionn of 37 internal amino acids. The shortened protein was clearly detectable, but at a 
lowerr level (<50%) as compared with the amount of wildtype PhyH produced in this expres-
sionn system. Probably, the mutant protein is less stable than its wildtype counterpart, and 
thereforee degraded more rapidly. 

Expressionn of other missense mutations, including C.8230T, c.824G-*A, and C.610G-A 
showedd that all these mutations caused complete enzymatic inactivation of the PhyH protein 
(Fig.. 1 A). In all cases, expression yielded a normal amount of the mutant PhyH protein. Slight 
differencess in electrophoretic mobility during SDS-PAGE were observed after immunoblot 
analysiss (Fig. IB). Visible changes in this type of analysis can occur already when a single 
aminoo acid is changed (17). 

Co-segregationn of the two missense mutations C.530A-G and C.734G-A was found in four 
patients;; two were homozygous (patients 5 and 8), and two were heterozygous (patients 6 and 
7)) for these mutations (Table 1). In order to determine the effect of the two mutations on 
PhyHH activity, these mutations were expressed both separately and together in S. cerevisiae. 
PhyHH protein was present in normal amounts in all three cases (Fig. IB). PhyH activity mea-
surementss showed that, when expressed as a single mutation, the C.530A-G transition re-
sultedd in a complete inactivation of PhyH, whereas the C.734G-A transition only caused a 
partiall  deficiency (about 75% PhyH activity when compared to the wild type PhyH). When 
thee two mutations were expressed together, no PhyH activity could be detected. These results 
indicatedd that the C.530A-G transition is responsible for the inactivation of PhyH activity in 
thee patients. 

Figuree 2. Multiple tissue Northern blot analysis of human poly-A+ mRNA. When a 487 nucleotide 
PHYHPHYH fragment was used as probe, a single band of about 1.6 kb was detected (A). P-actin was used 
ass a control (B). 
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Organisationn of the PHYH gene 

Thee complete PHYH cDNA sequence comprises 1578 nucleotides (18). We have con-
firmedfirmed this by Northern blot analysis using /W/Z-fragment c.456-942 as a probe which 
revealedd a mRNA fragment of about 1.6 kb, present predominantly in kidney and liver, and to 
aa lesser extent in heart and skeletal muscle (Fig. 2). 

Usingg a primer set complementary to both an exon and an intron sequence, a PCR-based 
screenn was performed on a genomic PAC library, yielding two positive clones. PCR analysis 
usingg primers complementary to cDNA sequences on both the 5'-end and the 3'-end plus 
severall  sequences in between, was used to verify the presence of the PHYH gene. Exon-intron 
junctionss were sequenced using one of the following methods: 1) Direct sequencing with the 
entiree PAC-clone as template, using cDNA based primers, 2) PCR amplification of a 
PAC-fragmentt using cDNA based primers, followed by sequence analysis, 3) PCR amplifica-
tionn of a PAC-fragment using cDNA based primers, followed by subcloning of this fragment 
andd subsequent sequence analysis. All exon-intron junctions were verified by PCR with a 
newlyy chosen primer combination complementary to both an exon and an intron sequence, 
usingg both the PAC-clone and human DNA obtained from cultured skin fibroblasts as tem-
plate,, followed by sequence analysis. 

Thee PHYH ORF comprises 9 exons separated by 8 introns, and spans about 21 kb. The first 
intronn was found at position 75 of the coding sequence (Table 2 / Fig. 3). All exon-intron 
splicee junctions conform to the GT/AG consensus sequence. 

Analysiss of the PHYH gene from patients with Refsum's disease 

PHYHPHYH cDNA analysis had revealed various mutations that were present in an apparently 
homozygouss form. The resolution of the genomic organisation of the PHYH ORF enabled us 
too verify the homozygosity on the genome level and to calculate the allele frequency for all 
mutationss (see Table 1). 

Inn addition, the gene structure enabled us to study the molecular basis of the deletions 
identifiedd at the cDNA level. The observation of deletions of 111 and 182 nucleotides upon 
cDNAA analysis indicated missplicing resulting in skipping of an exon. As can be concluded 
fromfrom the genomic organisation, the mutations c.l35-245del and c.497-678del represent the 
deletionn of exons 3 and 6 respectively. We studied the intronic 5'- and 3'-splice sites adjacent 
too the exon boundaries and found several mutations in both the GT- and AG-consensus se-
quencess (Table 3). 
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Tablee 2. Genomic organisation of the PHYH ORF 

intro n n 

no. . 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

cDNA A 
positio n n 

75 5 

134 4 

245 5 

414 4 

496 6 

678 8 

828 8 

963 3 

intro n n 

lengt h h 

1. 77 k b 

1. 55 k b 

8999 b p 

2. 44 k b 

3. 22 k b 

4. 55 k b 

2. 44 k b 

2. 99 k b 

exo n n 

sequenc e e 

CGGGGCTGTC C 

AACAATTCCA A 

AACGCTTTCG G 

TCTCCCCGAG G 

CCAGATTCTG G 

CAAGTGGGAG G 

ATTCCGGAAG G 

GAACTTGAAG G 

5'-intro n n 

sequenc e e 

gtatccttt g g 

gtaagtagt t t 

gtacagtaa c c 

gtcagagac c c 

gtaattgta a a 

gtaggtctg c c 

gtaagcatt c c 

gtatgtttg t t 

3'-intro n n 

sequenc e e 

cacatccta g g 

tctccttta g g 

aattttcta g g 

gctttctta g g 

ttcttttca g g 

cttgttcta g g 

ctttgcaca g g 

ttatttcca g g 

exo n n 

sequenc e e 

GTAGCTCATC C 

GTATACTCTG G 

GAATGAGTTT T 

ATTCTGAAAT T 

GCAAGAAGAC C 

GGGGGAGTTA A 

GCAATTTCCT T 

GATATTTGGA A 

genomic c 
DNA A 1.7 7 1.5 5 0.91 1 2.4 4 3.2 2 4.5 5 2.4 4 2.9 9 

11 kb 

i i 
-58 8 1529 9 

cDNA A 3 3 66 I 
1014 4 

H II = open reading frame 

Figuree 3. Organisation of the PHYHORF. Upper panel: genomic organisation, numbers represent the 
lengthss of intronic sequences in kb. Lower panel: organisation of the cDNA; the 1,014 bp open 
readingg frame is indicated in gray. 
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Thesee mutations are consistent with the event of exon skipping as observed in the patient's 
cDNA.. Another 111 nucleotide deletion (c,158-169del) was previously reported by Mihalik 
andd coworkers (14). Careful inspection of the surrounding cDNA sequence and the adjacent 
interveningg sequence as described in their mutation report however, revealed that these 
authorss have assigned the wrong position numbers to this fragment, and in fact described the 
c.l35-245dell  mutation, which is in their case caused by the 5'-splice site mutation 
g.IVS2-2A-GG (see Table 3). 

Thee c.679-711del does not represent skipping of an entire exon. Instead, 33 nucleotides 
fromfrom the 5'-end of exon 7 are deleted. Genomic analysis showed the insertion of a T in the 
5'-splicee site of intron 6 (g.IVS6(-2)-(-l)insT), thereby altering the consensus splice acceptor 
sequencee AG to TG. The AG sequence located at nucleotides c.710-711 of exon 7 apparently 
functionss as an alternative splice acceptor site, and results in skipping of the first 33 nucleo-
tidess of exon 7 as observed in the patient's cDNA. 

Chahall  and coworkers have reported a deletion of 88 amino acids in two patients with RD 
(patientss 1 and 3 in (16)). Analysis of the PHYH cDNA sequence revealed the mutation 
c.415-678del,, which reflects the deletion of exons 5 plus 6 (82 + 182 = 264 nucleotides; see 
Tablee 2). The effect on the deduced protein sequence is I139-E226del, a polypeptide lacking a 
aminoo acids 139-226 (although the authors mention amino acid numbers 138-225). It is very 
likelyy that also this case of exon skipping is caused by mutations in one of the splice sites, 
whichh can now be studied at the genome level. 

Tablee 3. PHYH mutations in patients with Refsum's disease causing missplicing events 
cDNAA mutation DNA mutation effect 

c.l35-245dell  g.IVS2-2A-G1 deletion of exon 3 
g.IVS2-lG-CC deletion of exon 3 

c.497-678dell  g.IVS5-2A-G deletion of exon 6 
g.II  VS6+5G-T deletion of exon 6 

c.679-711 ldel g.IVS6(-2)-(-l)insT deletion of 33 nt from exon 7 

11 This mutation has been published by other authors (14), but was assigned a incorrect position 
number. . 

DISCUSSION N 

Previouss studies have demonstrated that RD is caused by PhyH deficiency (12). PHYH 
analysiss using cDNA from patients with RD revealed mutations in all cases (13-16), showing 
thatt PHYH is the disease causing gene in RD. In this study, we have extended the PHYH 
cDNAA mutation analysis to a total of 29 patients with RD. In line with previous studies (13-
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16),, all patients had mutations in the PHYH cDNA. These mutations included 14 different 
missensee mutations, 4 deletions, and 3 insertions. Some of the mutations, like deletions and 
insertionss that cause frame shifts which result in a truncated protein, are likely to produce an 
inactivee PhyH protein. PhyH activity measurement in fibroblast homogenates from patients 
withh missense mutations showed that the enzyme activity is completely deficient. Heterolo-
gouss expression of five missense mutations in the yeast S. cerevisiae showed that mutant 
PhyHH is produced in all cases, and that all but one of these mutations result in an enzymati-
callyy inactive PhyH protein. The C.734G-A mutation, which produced a protein with 75% 
residuall  activity, was found in four patients. This mutation co-segregated with the C.530A-G 
inn all these patients, and the latter caused inactivation of PhyH. Neither in the patients with 
RDD nor in a population of controls the C.734G-A transition was found as an isolated muta-
tion,, which excluded it from being a polymorphism. 

Althoughh we have not expressed all newly identified missense mutations, the observation 
thatt all patients with RD analysed contain mutations plus the fact that the corresponding 
patients'' fibroblasts lacked PhyH activity strongly indicated that the mutations found indeed 
aree the underlying basis of the enzymatic PhyH deficiency. This idea implies that the amino 
acidd substitutions resulting from these mutations involve parts of the protein which are impor-
tantt for either proper maturation and/or function of PhyH. Future studies on the three dimen-
sionall  structure of PhyH might benefit from these mutations and eventually will reveal the 
basiss for the inactivation caused by these mutations. 

Thee question whether patients with RD are homozygous for a mutation can not be solved 
unequivocallyy by cDNA analysis. This prompted us to resolve the genomic organisation of 
thee PHYH gene, which provided us with the tools to study mutations at the genome level. In 
addition,, DNA analysis in patients presenting with large deletions in their cDNA revealed the 
presencee of mutations in the exon-intron boundaries. These mutations caused missplicing and 
thuss provided the explanation for the cDNA deletions. 

Itt has been established that PhyH catalyses the first step of the degradation of phytanic 
acid,, a branched chain fatty acid present in the human diet. A study by Iwano and coworkers 
onn Lupus Nephritis (LN) suggests that PhyH may well have some other functions (19). LN is 
ann autoimmune disease characterised by spontaneous B- and T-cell autoreactivity, leading to 
multii  organ immune injury including severe glomerulonephritis (20). Using a murine model 
forr this disease, mRNA differential display analysis showed a reduced expression of the LN1 
gene,, which turned out to be PHYH. The murine LN1 /PHYH gene was expressed specifically 
inn kidney and liver, but hardly or not at all in brain, heart, lung, spleen and skeletal muscle. It 
wass suggested that the reduced expression of PHYH might contribute to the pathogenesis of 
LNN via an unknown mechanism (19). Our present study shows that the tissue specific expres-
sionn in mouse corresponds in part to the expression of its human orthologue, which was 
expressedd mostly in liver and kidney, but also in heart and skeletal muscle. Until now no data 
onn PHYH expression levels in patients with LN have been reported in literature, so the rela-
tionn between the pathology in LN and the presence of PhyH is still unclear. 
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Anotherr study in which a yeast two hybrid system was used to find protein-ligands for 
immunophilins,, showed that PhyH is strongly associated with immunophilin FKBP52 (18). 
Immunophilinss are intracellular receptors that can interact with proteins involved in signal 
transductionn pathways. The interactions are thought to be involved in the regulation of the 
signall  transduction pathway. Whether PhyH interferes with signal transduction pathways 
mediatedd by FKBP52 remains to be investigated in studies using immunosuppressant drugs. 

Inn conclusion, the role of PhyH in degradation of phytanic acid is well established. How-
ever,, the pathogenesis in patients with RD (PhyH deficiency) is not well understood. Whether 
thee clinical symptoms are solely caused by the accumulation of phytanic acid is still unclear. 
Thuss far, other physiological functions of PhyH, such as interactions with proteins involved in 
signall  transduction were never considered to play a role in the pathogenesis of RD, and need 
too be investigated. 

MATERIAL SS AND METHOD S 

Patients s 

Alll  patients used in this study were diagnosed of Refsum's disease based on clinical find-
ingss and elevated phytanic acid levels in plasma. Some patients were previously described in 
detail:: patients 21 and 22 were presented as patients 1 and 2 by Jansen and coworkers (13), 
patientss 17, 19 and 13 were cases 2, 4 and 11 as described by Skjeldal and coworkers (21). 
Forr these 5 patients PHYH cDNA analysis has been performed before (13). More detailed 
informationn on both clinical and biochemical data of the other patients can be obtained from 
thee authors upon request. 

Enzymee activity measurements 

PhyHH activity measurement in cell lysates from yeast cultures was performed according to 
aa radiochemical HPLC based assay procedure used for PhyH measurement in human liver 
homogenatess (22). 

PHYHPHYH cDNA mutation analysis 

Sequencee analysis of PHYH cDNA derived from cultured skin fibroblasts from control 
individualss and patients with Refsum's disease was carried out as previously described (13). 
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Heterologouss expression of the PHYH cDN A in Saccharomyces cerevisiae 

Thee complete coding sequence of human PHYH was amplified from cDNA obtained from 
culturedd skin fibroblasts using Xbal and Hindlll tagged primers (5'-AAA TCT AGA AAA 
ATGG GAG CAG CTT CGC GCC GC-3' and 5'-AAA AAG CTT TCA AAG ATT GGT TCT 
TTCC TCC-3' respectively) and cloned into the plasmid pGEM-T (Promega, Leiden, The 
Netherlands)) to obtain pPHYHh. The PHYH sequence was subsequently verified by sequence 
analysiss using T7 and SP6 primers. The PHYH coding sequence was then released from 
pGEM-TT as a Xbal and Hindlll fragment and subcloned into the Xbal and Hindlll sites of the 
yeastt expression plasmid pEL30 (low copy plasmid, containing CEN-sequence) (23), under 
thee transcriptional control of the oleate-inducible promoter pCTAl. The expression constructs 
and,, as a control, the vector pEL30 were transformed into S. cerevisiae strain BJ1991 {MATa, 
leu2,leu2, trpl, ura3-52, prbl-1122, pep4-3)(24). Transformants were grown in minimal essential 
mediumm containing 3 g/1 glucose and 6.7 g/1 yeast nitrogen base without amino acids (Difco 
Laboratories,, Detroit MI, USA) supplemented with appropriate amino acids at 30°C. In order 
too induce expression, cells were harvested by centrifugation and transferred into a medium 
containingg 1.2 g/1 oleic acid, 1.2 g/1 Tween-40, 5 g/1 potassium phosphate (pH 6.0), 3 g/1 yeast 
extract,, and 5 g/1 peptone. Cells were grown at 30°C and harvested by centrifugation after the 
culturee has reached a spectrophotometrical absorbance at 600 nm of about 0.5. The cells were 
resuspendedd in 250 ul buffer containing 20 mM Tris-HCl pH 7.5, 5 mM dithiotreitol, 1 ug/ml 
leupeptin,, 2 mg/ml Pefabloc (Merck NL, Amsterdam, The Netherlands) and 10% (v/v) gly-
cerol.. After addition of 200 ul glass beads, the suspension was vortexed for 30 min at 4°C, 
centrifugedd for 2 min at 12,000 * g at 4°C, and the supernatant containing human PhyH was 
takenn for PhyH activity measurements and further experiments. 

Inn order to clone mutant alleles from patients with RD, the protocol as described above was 
followed,, but then using cDNA derived from the patients. 

Generationn of anti-PhyH antiserum 

Thee deduced PHYH amino acid sequence was analysed for putative antigenic sites using 
Macc Vector sequence analysis software (Oxford Molecular Group, UK). According to the 
antigenicc index, amino acids 160 to 177 (NKPPDSGKKTSRHPLHQD) of PhyH were pre-
dictedd to comprise a potential antigenic polypeptide. This 18 amino acid polypeptide was 
synthesisedd chemically, and coupled to ovalbumin (OVA). 

Femalee New Zealand white rabbits were primed with 180 ug of the OVA-PhyH poly-
peptidee in 0.8 ml PBS mixed with an equal volume of Freund's complete adjuvant. After 2 
weekss the immunisation was followed by a boost injection of 180 ug of the OVA-PhyH 
polypeptidee mixed with Freund's incomplete adjuvant. Two more boost injections were given 
att 4 week intervals. Eight days after each boost injection a 10 ml blood sample was taken, and 
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serumm was prepared. 

Immunoblott  analysis 

Sampless were subjected to SDS-PAGE on a 10% polyacrylamide gel and blotted onto a 
nitrocellulosee filter. Nonspecific binding sites were blocked for one hr using a PBS solution 
containingg 1 g/1 Tween-20 (PBST), supplemented with 30 g/1 non-fat dried milk (NFDM). 
Primaryy (polyclonal anti-PhyH) and secondary (goat anti rabbit IgG coupled to alkaline 
phosphatase)) antibody incubations were performed in PBST. After each incubation, the blots 
weree washed extensively in 3 g/1 NFDM/PBST. Antigen-antibody complexes were visualised 
usingg alkaline phosphatase staining in a buffer containing 0.1 M Tris-HCl (pH 9.5), 0.1 M 
NaCl,, 5 mM MgCl2, 0.33 g/1 4-nitro blue tetrazolium chloride, 0.17 g/1 5-bromo-4-chloro-
3-indolyl-phosphatee (disodium salt). 

Northernn blot analysis 

AA human multiple-tissue northern blot containing poly-A+ RNA was obtained from 
Clontechh (Clontech laboratories GmbH, Heidelberg, Germany). For detection of PHYH 
mRNA,, a 487 nucleotide dioxigenin (DIG) labelled probe was synthesised by PCR using 
dioxigenin-UTPP (DIG-UTP) (Boehringer Mannheim NL, Almere, The Netherlands). Hybridi-
sationn steps followed by chemolumini scent detection were performed using CD?-Star 
(Boehringerr Mannheim) as substrate according to the manufacturers protocol. 

Sequencee analysis and organisation of the PHYH gene 

Inn order to obtain PHYH containing clones from genomic PAC-library, a PCR was de-
velopedd amplifying a sequence containing part of an exonic sequence plus part of the adjacent 
interveningg sequence. PCR screening of the human PAC-library was performed by Genome-
Systemss (St. Louis, Missouri, USA) and yielded two positive clones (16924, 16925). PCR 
analysiss using primers complementary to cDNA sequences on both the 5'-end and the 3'-end 
pluss several sequences in between, was used to verify the presence of the complete PHYH 
gene.. Exon-intron junctions were sequenced using one of the following methods: 1) Direct 
sequencingg with the entire PAC-clone as template using BigDyeTerminator chemistry (Perkin 
Elmerr Benelux, Gouda, The Netherlands), using cDNA based primers, 2) PCR amplification 
off  a PAC-fragment using cDNA based primers, followed by sequence analysis using BigDye 
Primerr chemistry (Perkin Elmer), 3) PCR amplification of a PAC-fragment using cDNA 
basedd primers, followed by subcloning of this fragment in the vector pGEM-T (Promega) and 

131 1 



ChapterChapter 9 

subsequentt sequence analysis using BigDyeTerminator chemistry. For some sequence reac-
tions,, 'GC-Melt' buffer (Advantage-GC cDNA PCR kit, Clontech) was used. All exon-intron 
junctionss were verified by PCR with a newly chosen primer combination complementary to 
bothh an exon and an intron sequence, using both the PAC-clone and human DNA obtained 
fromm cultured skin fibroblasts as template, followed by sequence analysis. 
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Abstract t 

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

1.. Introductio n 

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

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

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

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

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

2.. Material s and methods 

2.1.2.1. Materials 

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

2.2.2.2. Animals 

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

2.3.2.3. Preparation of rat liver homogenates 

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

2.4.2.4. Subcellular fractionation of rat liver 

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

2.5.2.5. 2-hydroxyphytanoyl-CoA lyase activity measurements 

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

3.. Results 

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

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

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

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

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

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

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

Thee characterisation of 2-hydroxyphytanoyl-CoA lyase and its localisation in peroxisomes 
ass reported in this paper, may have important consequences for patients suffering from 
Refsumm disease, an inherited disorder in which phytanic acid a-oxidation is impaired. Until 
recentlyy it was generally believed that all patients with Refsum disease have a deficiency of 
phytanoyl-CoAA hydroxylase [8], the enzyme catalysing the first step of phytanic acid a-oxi-
dation.. This deficiency is caused by mutations in the corresponding gene [9,10], Recent 
studiess however, have revealed the existence of genetic heterogeneity within Refsum disease 
[42].. This implies that in some patients with Refsum disease the molecular defect is not 
locatedd in the phytanoyl-CoA hydroxylase gene, but in some other gene which may very well 
bee the gene encoding 2-hydroxyphytanoyl-CoA lyase. In order to clone the cDNA encoding 
HPL,, purification of HPL is currently undertaken, using rat liver peroxisomes as starting 
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material. . 
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Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is a fatty acid containing four 
methyl-branchess (see fig. 1, chapter 1), and is taken up by man via the diet. Especially dairy 
products,, meat from ruminants, and fish are rich sources of phytanic acid. In healthy persons 
thee ingested phytanic acid is rapidly degraded, and the breakdown products are excreted. 
However,, patients with Refsum's disease, an inherited neurological disorder, are incapable to 
degradee phytanic acid and therefore store this fatty acid in phospholipids and triglycerides in 
bloodd plasma and various tissues including adipose tissue, liver, kidney, muscle, and nerve 
tissue.. Refsum's disease is a rare disorder, characterised by typical symptoms including 
retinitiss pigmentosa (a progressive degeneration of the retina), peripheral neuropathy (affect-
ingg the peropheral nerves and causing weakness), and cerebellar ataxia (failure of the brain to 
regulatee the body's posture and movements; this shows as clumsiness of willed movements, 
staggeringg when walking, and speaking difficulties). In addition, a significant number of 
patientss presents with cardiac problems. The only biochemical hallmark of Refsum's disease 
iss the accumulation of phytanic acid. Until now it is unclear how this excess of phytanic acid 
eventuallyy leads to the severe neurological symptoms. 

Sincee the discovery in 1963 that phytanic acid is accumulating in tissues and body fluids 
fromm patients with Refsum's disease, many studies have been conducted to find the enzymes 
involvedd in the breakdown of phytanic acid. Because phytanic acid has four methyl branches, 
itt was immediately recognised that degradation via the p-oxidation pathway as it occurs for 
mostt fatty acids is not possible. A systematic search for alternative breakdown mechanisms 
revealedd that phytanic acid is converted to pristanic acid in a process called oc-oxidation. The 
findingfinding that pristanic acid is normally broken down in patients with Refsum's disease led to 
thee hypothesis that in this disorder the a-oxidation is impaired. 

Despitee many studies on phytanic acid degradation, until 1995 the structure of the a-oxida-
tionn pathway remained unresolved: neither the number of enzymatic steps involved nor the 
subcellularr localisation of this process was known. A major breakthrough was made in 1995, 
whenn the group of Paul Watkins showed that in rat liver phytanic acid has to be "activated" 
(coupledd to Coenzyme A (CoA)) prior to a-oxidation. In the first step of the a-oxidation, 
phytanoyl-CoAA is converted to 2-hydroxyphytanoyl-CoA, a reaction catalysed by the enzyme 
phytanoyl-CoAA hydroxylase (PhyH), which is localised in peroxisomes. We have shown that 
thee same peroxisomal conversion occurs in man (chapter 2). Furthermore, we have demon-
stratedd that in a liver specimen from a patient with Refsum's disease PhyH activity is deficient 
(chapterr 3). This was an important finding since it was the first direct evidence for the en-
zymaticc defect in Refsum's disease. Also in other inherited peroxisomal disorders, in which 
peroxisomess are not properly formed, phytanic acid can not be degraded. In patients suffering 
fromfrom these disorders, peroxisomes, the place of action of PhyH, are completely absent or 
unablee to take up PhyH and therefore the a-oxidation is not functioning properly. In chapters 
44 and 5 we show that PhyH activity is deficient in patients suffering from peroxisomal disor-
derss including Zellweger syndrome and rhizomelic chondrodysplasia punctata. 

Noww that it has become clear that PhyH is the defective enzyme in Refsum's disease, we 
startedd the search for the gene encoding PhyH. In chapter 6 we describe the identification of 
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thiss gene, PHYH. Analysis of the PHYH gene from patients with Refsum's disease revealed 
thatt all patients have mutations, which explains the deficiency in PhyH activity in Refsum's 
diseasee (chapters 6, 7, and 9). 

Thee group of I. Singh has reported several times on a species dependent subcellular 
localisationn of phytanic acid a-oxidation. According to these authors this process is peroxi-
somall  in man, and mitochondrial in rat. Both the group of Watkins and our own group have 
identifiedd PhyH activity in peroxisomes, both in man and in rat. In chapter 8 we describe a 
detailedd study on PhyH from rat including purification of this enzyme from rat liver peroxi-
somes,, cloning of the PHYH cDNA, and subcellular localisation studies showing unequi-
vocallyy that also in rat PhyH is localised in peroxisomes. 

Inn chapter 10 we describe a study in rat liver on the second enzyme of the a-oxidation 
pathway,, 2-hydroxyphytanoyl-CoA lyase, catalysing the conversion of 2-hydroxyphytanoyl-
CoAA to pristanal. Also this enzyme activity was found to be present in peroxisomes. 

Itt is known now that in the third and final step of phytanic acid a-oxidation pristanal is 
convertedd to pristanic acid. This reaction is catalysed by an hitherto unidentified aldehyde 
dehydrogenase. . 

Itt can be concluded that during the past five years the structure of the a-oxidation pathway 
hass been unravelled. This breakdown route of phytanic acid consists of three enzymatic steps. 
Itt has been shown that at least the first and second step are localised in peroxisomes. Impor-
tantly,, Refsum's disease has been enzymatically characterised as phytanoyl-CoA hydroxylase 
deficiency.. This disease is caused by mutations in the phytanoyl-CoA hydroxylase gene. 

AA review of the studies that have led to the elucidation of the a-oxidation pathway is pre-
sentedd in chapter 1. 
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Phytaanzuurr (3,7,11,15-tetramethylhexadecaanzuur) is een vetzuur met vier methyl-ver-
takkingenn (zie hoofdstuk 1, fig. 1) dat door mensen wordt opgenomen via het voedsel. Vooral 
zuivelproducten,, vlees van herkauwers en vis bevatten veel phytaanzuur. Bij gezonde mensen 
wordtt het opgenomen phytaanzuur afgebroken en de afbraakproducten worden uitgescheiden. 
Patiëntenn met de ziekte van Refsum, een erfelijke neurologische ziekte, zijn echter niet in 
staatt om phytaanzuur af te breken. Het opgenomen phytaanzuur wordt door deze patiënten in 
hett lichaam opgeslagen in de fosfolipiden en triglyceriden van het bloedplasma en verschil-
lendee weefsels, zoals vetweefsel, lever, nier, spier en zenuwweefsel. De ziekte van Refsum is 
eenn zeldzame aandoening, die wordt gekenmerkt door een aantal karakteristieke symptomen: 
retinitiss pigmentosa (een progressieve oogaandoening), perifere neuropathie (aandoening van 
dee perifere zenuwen leidend tot onder meer spierzwakte) en ataxie (een afwijking in de herse-
nenn die gecontroleerd bewegen onmogelijk maakt: patiënten bewegen eerst "stuntelig", 
kunnenn steeds moeilijker lopen en krijgen problemen met praten). Ook heeft een groot aantal 
patiëntenn hartklachten. De enige duidelijke biochemische afwijking die bij de ziekte van 
Refsumm wordt gevonden, is de ophoping van phytaanzuur. Hoe deze overmaat aan phytaan-
zuurr kan leiden tot de ernstige neurologische afwijkingen is tot op heden niet duidelijk. 

Sindss de ontdekking in 1963 dat in lichaamsvloeistoffen en weefsels van patiënten met de 
ziektee van Refsum grote hoeveelheden phytaanzuur voorkomen, is veel onderzoek gedaan 
naarr de enzymen die betrokken zijn bij de afbraak van phytaanzuur. Het was snel duidelijk dat 
doorr de vertakkingen op het vetzuurmolecuul de normale afbraakroute van vetzuren, de 
P-oxidatie,, door phytaanzuur niet doorlopen kan worden. Uit systematische studies naar alter-
natievee afbraakroutes is gebleken dat phytaanzuur wordt omgezet in pristaanzuur in een 
afbraakprocess dat a-oxidatie wordt genoemd. De ontdekking dat patiënten met de ziekte van 
Refsumm prima in staat zijn om pristaanzuur af te breken, heeft geleid tot het idee dat bij deze 
ziektee de a-oxidatie defect is. 

Ondankss veel studies naar de afbraak van phytaanzuur was het tot 1995 nog volkomen 
onduidelijkk hoe en waar het a-oxidatie proces verloopt: het aantal enzymen dat hierbij betrok-
kenn is was onbekend, de omzettingen die nodig zijn om phytaanzuur af te breken tot pristaan-
zuurr waren onduidelijk, en ook wist niemand in welk onderdeel van de cel de afbraak plaats-
vindt.. Pas de afgelopen 5 jaar is het onderzoek naar de a-oxidatie in een stroomversnelling 
geraakt.. Een belangrijke ontdekking werd gedaan door de groep van Paul Watkins, die aan-
toondee dat phytaanzuur in de rat eerst moet worden gekoppeld aan Coënzym A (CoA) voordat 
hett kan worden afgebroken. De eerste stap van de a-oxidatie waarbij 2-hydroxyphytanoyl-
CoAA wordt geproduceerd, wordt uitgevoerd door het enzym phytanoyl-CoA hydroxylase 
(PhyH)) en vindt plaats in het peroxisoom. Wij hebben aangetoond dat deze omzetting ook bij 
dee mens op precies dezelfde manier plaatsvindt in het peroxisoom (zie hoofdstuk 2). Vervol-
genss hebben we laten zien dat het enzym PhyH in lever van een patiënt met de ziekte van 
Refsumm niet goed werkt (zie hoofdstuk 3). Dit was een belangrijke ontdekking, omdat nu voor 
hett eerst duidelijk was welk enzym defect is bij de ziekte van Refsum. Ook patiënten met 
erfelijkee afwijkingen die leiden tot niet goed werkende peroxisomen kunnen phytaanzuur niet 
afbreken.. Omdat bij deze patiënten de peroxisomen, waar PhyH normaal gesproken in 
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functioneert,, niet aanwezig zijn of niet in staat zijn om PhyH op te nemen, werkt de a-oxida-
tiee niet. In de hoofdstukken 4 en 5 laten we zien dat het enzym PhyH dan ook niet werkt in 
patiëntenn met peroxisomale ziekten (waaronder het syndroom van Zellweger en de rhizomele 
vormm van chondrodysplasia punctata). 

Nuu duidelijk was dat PhyH het defecte enzym was bij de ziekte van Refsum zijn we op 
zoekk gegaan naar het gen dat ervoor zorgt dat het PhyH enzym wordt gemaakt. Nadat dit was 
gevonden,, bleek dat er bij alle patiënten met de ziekte van Refsum fouten in dit gen zaten, 
waardoorr geen functioneel PhyH enzym kan worden gemaakt (hoofdstukken 6, 7 en 9). 

Inn het verleden was door de onderzoeksgroep van I. Singh gesuggereerd dat de a-oxidatie 
bijj  de mens in het peroxisoom plaatsvindt, maar bij de rat in het mitochondrion. Omdat zowel 
dee groep van Watkins als wijzelf hadden gevonden dat bij de rat de eerste stap van de a-oxi-
datiee in het peroxisoom plaatsvindt, hebben we uitgebreid gekeken naar PhyH in de rat. We 
hebbenn dit enzym gezuiverd uit rattenlever, en hebben overduidelijk aangetoond dat PhyH uit 
dee rat heel erg lijk t op PhyH uit de mens. Bovendien hebben we laten zien dat ook bij de rat 
PhyHH in het peroxisoom zit (zie hoofdstuk 8). 

Inn hoofdstuk 10 is gekeken naar het tweede enzym uit de a-oxidatie, 2-hydroxyphyta-
noyl-CoAA lyase (HPL) in rattenlever. Dit enzym zet 2-hydroxyphytanoyl-CoA om in posta-
nal.. Ook deze omzetting blijkt in het peroxisoom te gebeuren. 

Hett is inmiddels bekend dat in de derde en laatste stap van de a-oxidatie postanal wordt 
omgezett in pristaanzuur. Deze omzetting wordt uitgevoerd door een tot nu toe onbekend 
aldehydee dehydrogenase. 

Samenvattendd kan worden gezegd dat in de afgelopen 5 jaar de complete structuur van de 
a-oxidatiee route is opgehelderd. Deze route die nodig is om phytaanzuur af te breken bestaat 
uitt drie enzymatische omzettingen. Ook is duidelijk geworden dat in ieder geval de eerste 
tweee stappen in het peroxisoom plaatsvinden. Bij patiënten met de ziekte van Refsum is het 
enzymm dat betrokken is bij de eerste stap, PhyH, niet werkzaam doordat er fouten zitten in het 
genn dat verantwoordelijk is voor de aanmaak van PhyH. 

Eenn overzicht van de studies die hebben geleid tot de opheldering van de a-oxidatie route 
wordtt gegeven in hoofdstuk 1. 
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