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Generall  Introduction 

1.. INTRODUCTIO N 

1.11 Peroxisomes 

Peroxisomess belong to the group of organelles known as microbodies, which are present in 

alll  eukaryotic cells except in mature erythrocytes. Peroxisomes were first described morpho-

logicallyy as organelles with a single membrane (1) and later defined as organelles containing 

att least one H202 producing oxidase and catalase which degrades H202 to H20 and 02 (2). A 

numberr of morphologically similar organelles have been described in different organisms 

includingg glyoxysomes in plants (3) and fungi (4), and glycosomes in trypanosomes (5). It 

hass been recognised that peroxisomes are metabolically very active and that cells flexibly 

adaptt the number, size and protein content of peroxisomes to the metabolic needs of different 

organismss and tissues (6). 

1.22 Peroxisome biogenesis 

Peroxisomall  biogenesis consists of three aspects: 1) peroxisomal membrane synthesis, 

2)) import of matrix proteins, 3) and peroxisome proliferation. A diversity of experimental 

systemss including Saccharomyces cerevisiae, Hansenula polymorpha, Pichia pastoris, 

YarrowiaYarrowia lipolytica, and Chinese hamster ovary cells have led to the identification of at least 

211 genes and proteins involved in peroxisome biogenesis (7-9). The proteins involved in 

peroxisomee biogenesis are called peroxins, abbreviated as Pex. The function of most of these 

proteinss is still unknown. 

Initiallyy it was thought that new peroxisomes arise through budding from the ER (10). All 

peroxisomall  matrix proteins were found to be encoded by nuclear genes, translated on free 

cytosolicc ribosomes and post-translationally imported into the peroxisome which argued 

againstt the former model proposed by Novikoff. Recent evidence, however, indicates that 

somee peroxisomal membrane proteins pass through the ER en route to the peroxisome which 

suggestss that the ER is somehow involved in peroxisome biogenesis (reviewed in (7,11,12)). 

Itt has been suggested that peroxisome formation may occur by two distinct, yet overlapping 

pathwayss (13): 1) peroxisomes could be formed by division of preexisting peroxisomes as 

mediatedd by Pexll; and 2) nascent peroxisomes could be formed from a preperoxisomal 

vesiclee which is mediated by Pex 16. 

Thee current model of protein import into the peroxisome constitutes a branched pathway, 

withh each branch representing an import receptor specific for a distinct class of peroxisomal 

targetingg signals, followed by a shared membrane translocation process. At least three 

branchess exist: one representing the C-terminal peroxisomal targeting signal 1 (PTS1), one 

representingg the N-terminal peroxisomal targeting signal 2 (PTS2), and the other(s) repre-
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sentingg proteins lacking either of these targeting signals (reviewed in (11,14,15)). 

Thee C-terminal PTS1 is a tripeptide of the sequence serine-lysine-leucine or conserved 

derivativess thereof with the consensus sequence [S/C/A]-[K/R/H]-[L/M]) . Most peroxisomal 

matrixx proteins have a PTS1. The N-terminal PTS2 is an internal nonapeptide (consensus 

sequencee [R/K]-[L/V/I]-X 5-[Q/H]-[L/A] ) which so far has been identified in only four mam-

maliann proteins: peroxisomal 3-ketoacyl-CoA thiolase, alkyl-dihydroxyacetonephosphate 

synthase,, phytanoyl-CoA hydroxylase, and mevalonate kinase. There must be additional PTS 

motifss since there are peroxisomal proteins, including all peroxisomal membrane proteins, 

whichh lack both a PTS1 and a PTS2. 

Forr import into the peroxisome, the PTS 1-containing proteins and the PTS2-containing 

proteinss bind to their receptors, Pex5p and Pex7p, respectively, presumably in the cytosol and 

aree subsequently docked to the peroxisomal membrane (for review see (15)). The exact 

mechanismm of these events is not known, but the knowledge about the proteins which are 

involvedd in these processes is expanding (for overview see (11,14-16)). 

1.33 Functions of peroxisomes 

Peroxisomess are involved in a number of essential metabolic functions (Table 1) of which 

fattyy acid P-oxidation is the most important function. The chacteristics of the peroxisomal 

p-oxidationn system will be described in detail in paragraph 2. Here I will describe some of 

thee other functions (for extensive review see (17)). 

Tablee 1. Functions of peroxisomes in higher  eukaryotes 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

P-oxidationn of fatty acids and fatty acid derivatives 

phytanicc acid a-oxidation 

cholesteroll  biosynthesis 

ether-phospholipidd biosynthesis 

polyunsaturatedd fatty acid biosynthesis 

glyoxylatee metabolism 

L-pipecolicc acid metabolism 

hydrogenperoxidee metabolism 

purinee metabolism 

aminoo acid metabolism 

fattyy acid chain elongation 

12 2 
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1.3.11 a-Oxidation 

Phytanicc acid (3,7,11,15-tetramethylhexadecanoic acid) is present in dairy products, meat 

andd fish. Phytanic acid cannot be degraded by P-oxidation because of the 3-methyl group on 

thee C3 position. Therefore, phytanic acid has to be degraded by a-oxidation (oxidative decar-

boxylation)) yielding pristanic acid which can be degraded by P-oxidation. 

Thee structure of the a-oxidation pathway was not clear for a long time, but recent findings 

havee led to the elucidation of this pathway which is summarised in Figure 1. Prior to its 

a-oxidation,, phytanic acid is activated to phytanoyl-CoA. Whether this is brought about by a 

distinctt phytanoyl-CoA ligase is a matter of dispute (18-21). The first step of the a-oxidation 

iss the conversion of phytanoyl-CoA to 2-hydroxyphytanoyl-CoA by phytanoyl-CoA 

hydroxylasee (22-24). The second step is the decarboxylation of 2-hydroxyphytanoyl-CoA to 

pristanall  by 2-hydroxyphytanoyl-CoA lyase (25-27). The final step is the dehydrogenation to 

pristanicc acid (28) after which (3-oxidation can occur since pristanic acid is a 2-methyl fatty 

acidd which can undergo p-oxidation (see paragraph 2). 

CoASH,, ATP 

AMP,, PPi 

phytanicc acid 

phytanoyl-CoAphytanoyl-CoA ligase 

phytanoyl-CoA A 

phytanoyl-CoAphytanoyl-CoA hydroxylase 

02,, 2-oxoglutarate 

C02,, succinate 

2-hydroxyphytanoyi-CoA A 

C 022 -4- formatee -<-

7 7 
formyl-CoA A 

2-hydroxyphytanoyl-CoA2-hydroxyphytanoyl-CoA lyase 

pristanal l 
CoASH H NAD+ + 

NADHH -4r 

pristanicc acid 

aldehydealdehyde dehydrogenase 

CoASH,, ATP 

AMP,, PPi 
• • 

pristanoyl-CoA A 

pristanoyl-CoApristanoyl-CoA ligase 

Figuree 1. The metabolic pathway of phytanic acid a-oxidation. 

13 3 
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Thee subcellular localisation of the a-oxidation pathway is not clear. Initially, some groups 

reportedd a true mitochondrial localisation (29-32), whereas others reported a microsomal 

localisationn (33). One group reported a differential localisation in rat (mitochondria) and 

humann (peroxisomes) (34). Recently, it was found that a-oxidation is indeed a peroxisomal 

process in human liver (24,35). In agreement with this finding, phytanic acid accumulates in 

plasmaa and tissues of patients with a generalised peroxisomal disorder who lack morphologi-

callyy distinguishable peroxisomes (36). In addition, phytanoyl-CoA hydroxylase was found 

too be localised in peroxisomes in both rat (22,23,37) and human (24). The identification of 

thee phytanoyl-CoA cDNA revealed that phytanoyl-CoA hydroxylase is a PTS2 protein 

(38,39). . 

1.3.22 Cholesterol biosynthesis 

Cholesteroll  is an essential constituent of the membranes of mammalian cells and of the 

myelinn sheath. It is also required for adrenal and gonadal steroidogenesis and for the produc-

tionn of bile acids by the liver. Cholesterol plays also an essential role in embryonic develop-

ment,, in that it determines the spatial distribution of hedgehog proteins in the developing 

embryoo by anchoring the hedgehog proteins to the plasma membrane via a covalent bond 

withh cholesterol (40-42). 

Thee biosynthesis of cholesterol takes place via the mevalonate pathway which also catalyses 

thee production of a range of other isoprenoids. These isoprenoids include haem A, 

ubiquinone,, dolichol required for glycoprotein synthesis, isopentenyladenine present in some 

transferr RNAs, and farnesyldiphosphate (FPP) and geranylgeranylpiphosphate (GGPP) 

whichh are both required for protein isoprenylation. The enzymology of the mevalonate 

pathwayy from acetyl-CoA to FPP is well characterised (Figure 2). At the level of 

farnesyldiphosphatee the pathway branches to produce the different end products. 

Inn contrast to their previously believed cytosolic location, several enzymes involved in the 

mevalonatee pathway have been found to reside in peroxisomes. Specifically, enzymatic 

activitiess for acetoacetyl-CoA synthase (43), HMG-CoA reductase (44,45), mevalonate 

kinasee (MK) (46), and farnesyldiphosphate synthase (FPPS) (47) have been localized to 

peroxisomes.. Both MK and FPPS have been shown to be predominantly peroxisomal by 

immunofluorescencee and immunoelectron microscopy (46,47). Furthermore, data obtained 

fromm enzyme assays on peroxisome-deficient cells and digitonin-permeabilised cells offer 

indirectt evidence suggesting the possible peroxisomal location of MK, phosphomevalonate 

kinasee (PMK) and mevalonate diphosphate decarboxylase (MPD) (47-50). In addition, the 

cloningg of human MK (51), PMK (52), MPD (53), and isopentenyl diphosphate: dimethyl-

14 4 
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acetyl-CoA A 

acetoacetyl-CoAacetoacetyl-CoA synthetase 

acetoacetyl-CoA A 

II HMG-CoA synthase 

HMG-CoA A 

HMG-CoAHMG-CoA reductase 

mevalonate e 

mevalonatemevalonate kinase 

mevalonate-P P 

phosphomevalonatephosphomevalonate kinase 

mevalonate-PP P 

mevalonatemevalonate diphosphate decarboxylase 

isopentenyl-tRN AA  M isopentenyl-PP 

1 1 isopentenylisopentenyl diphosphate: dimethyl-allyl 
diphosphatediphosphate isomerase 

dimethyl-allyl-PP P 

geranyl-diphosphategeranyl-diphosphate synthase 

protei nn isoprenylatio n geranyl-PP 

farnesyl-diphosphatefarnesyl-diphosphate synthase 

geranyl-geranyl-PPP -4 farnesyl-PP 

oprenylationn geranyl 

tt 1 
solenesyl-PPP squalene polyprenyl-PP 

11 1 1 
ubiquinon ee 7-dehydrocholestero l dolicho l 

1 1 
cholestero l l 

Figuree 2. Enzymology of the mevalonate pathway. Synthesis of the various isoprenoids follows a common 
pathwayy up to farnesyldiphosphate after which the pathway branches to produce ubiquinone, cholesterol, 
dolichol,, etc. 

15 5 
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allyll  diphosphate isomerase (IPP isomerase) (54), has led to the identification of PTS 

sequencess contained in their amino acid sequence. These data suggest that peroxisomes may 

containn all the enzymatic reactions required for the biosynthesis of FPP from acetyl-CoA. 

Otherr enzymes involved in the synthesis of cholesterol and dolichol from FPP have also been 

identifiedd in peroxisomes including dihydrolanosterol oxidase, steroid-14-reductase, steroid-

8-isomerase,, and steroid 3-ketoreductase (55). 

1.3.33 Ether-phospholipid biosynthesis 

Inn mammals, the main end-products of the ether-phospholipid biosynthetic pathway are the 

plasmalogenss (l-0-alk-l'-enyl-2-acylphosphoglycerides) which are characterised by the 

presencee of an alkenyl group at the sn-1 position of the glycerol backbone (Figure 3). 

Thee function of plasmalogens is not well understood but they may be involved in protection 

off  cells against oxidative stress (56-58). Patients with an isolated deficiency of dihydroxy-

acetonephosphate-acyltransferasee (DHAP-AT) (59-61) or alkyl-dihydroxyacetonephosphate 

synthasee (alkyl-DHAP synthase) (61,62) have severe clinical abnormalities comparable to 

rhizomelicc chondrodysplasia punctata (RCDP), which shows that plasmalogens are of central 

importancee in humans. 

Thee biosynthesis of plasmalogens starts with the acylation of dihydroxyacetonephosphate 

(DHAP)) with long chain acyl-CoAs by DHAP-AT (Figure 4). The acyl chain is then replaced 

byy a long chain alcohol yielding alkyl-DHAP by alkyl-DHAP synthase. The long chain alco-

holl  is formed by a specific acyl-CoA reductase. Alkyl-DHA P is reduced to 1-alkyl-glycerol-

3-phosphatee using NADPH by acyl/alkyl-DHAP reductase. 

Al ll  four enzymes mentioned above are localised in peroxisomes. The acyl-CoA reductase is 

HH H 
H 2 C-0—CC = C~R2 

O O 
l l l 

HC—0—CC —R1 
O O 
II I 

H0CC —0—P —O—2 
 I 

0~ ~ 

Figuree 3. Structure of a plasmalogen. Rl and R2, aliphatic chains; Z headgroup (choline or ethanol-amine). 

16 6 
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DHAP P 
acyl-CoA" " 

CoASH H V V 
DHAP-AT DHAP-AT 

acyl-CoA acyl-CoA 
reductasereductase ^ 

acyl-CoAA s v — • long chain alcohol — T\ T\ 
<< 1 

fattyy acid V V 
alkyl-DHAPalkyl-DHAP synthase 

alkyl-DHAP P 

acyl/alkyl-DHAPacyl/alkyl-DHAP reductase 

alkyl-G3P P 

acyl-transferase acyl-transferase 

1-alkyl-2-acyl-G3P P 

phosphohydrolase phosphohydrolase 

11 -alkyl-2-acyl-glycerol 

1-alkyl-2-acyl-GPE E 

1-alkenyl-2-acyl-GPE E 

1-alkyl-2-acyl-GPC C 

- >> 1-alkenyl-2-acyl-GPC 

Figuree 4. Pathway of ether phospholipid biosynthesis. DHAP, dihydroxyacetonphospate; DHAP-AT, DHAP 
acyltransferase;; G3P, glycerol-3-phosphate; GPC, gIycerol-3-phosphocholine; GPE, glycerol-3-phospho-
ethanolamine. . 
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boundd to the cytosoiic site of the peroxisomal membrane (63) whereas DHAP-AT and alkyl-

DHAPP synthase are both localised at the periphery of the inner phase of the peroxisomal 

membranee (64,65). Although acyl/alkyl-DHAP reductase is predominantly present in peroxi-

somes,, some activity is present in the endoplasmatic reticulum (ER) (66,67). At both locali-

sations,, the catalytic site is facing the cytosol (63). 

DHAP-ATT (68,69), alkyl-DHAP synthase (70-72) and acyl-alkyl-DHAP reductase (73) have 

alll  been purified from different sources. Recently, the identification of the cDNAs encoding 

DHAP-ATT (74,75) and alkyl-DHAP synthase (76,77) revealed that DHAP-AT is a PTS1 

proteinn and that acyl-DHAP-synthase is a PTS2 protein. 

Thee following steps involved in plasmalogen biosynthesis take places in the ER and are not 

foundd in the peroxisomes. An acyltransferase converts l-alkyl-glycerol-3-phosphate to 

l-alkyl-2-acyl-glycerol-3-phosphate,, which is converted to l-alkyl-2-acyl-glycerol by a 

phosphohydrolase.. Subsequently, the polar headgroups phosphocholine (PC) or phospho-

ethanolaminee (PE) are added from cytidine-diphosphate (CDP) choline or CDP-ethanol-

amine,, respectively, to l-alkyl-2-acyl-glycerol. These reactions are probably catalysed by the 

samee enzymes involved in the formation of the diacyl analogs (78). l-Alkyl-2-acyl PE can be 

desaturatedd to yield the plasmalogen form of PE. In contrast, l-Alkyl-2-acyl PC can not be 

desaturatedd in this manner, but plasmalogen PC originates from plasmalogen PE (79,80,80a). 

2.. PEROXISOMAL p-OXIDATIO N 

Thee main function of peroxisomes is the breakdown of fatty acids via the p-oxidation path-

way.. Before fatty acids can be p-oxidised, they have to be activated to their corresponding 

CoA-esterss via an acyl-CoA synthetase (for overview see (81)). The p-oxidation spiral con-

sistss of four subsequent steps: a first oxidation step that forms a 2-/ra«5-enoyl-CoA (desatu-

ration),, a hydration steps that converts the 2-/ra«5-enoyl-CoA to a 3-hydroxyacyl-CoA, a 

secondd oxidation step that dehydrogenates the 3-hydroxyacyl-CoA to a 3-ketoacyl-CoA, and 

finallyfinally  an acetyl-CoA unit is cleaved off leaving a shortened fatty acyl-CoA that can reenter 

thee P-oxidation spiral (see Figure 5) 

2.11 Differences between peroxisomal and mitochondrial p-oxidation 

Fattyy acids can be P-oxidised in both peroxisomes and mitochondria, but there are several 

differencess between the peroxisomal P-oxidation and mitochondrial P-oxidation systems (for 

revieww see (17,82)). For example, the p-oxidation in the two systems is catalysed by different 

enzymess which are products of distinct genes. Another difference is that less energy is con-

servedd if a fatty acid undergoes a cycle of P-oxidation via the peroxisomal system as com-

18 8 
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O O 
II I 

RR - CH, - CH, - CH, - C - S - CoA 

acyl-Co A A 

FAD--

FADH H 4/ 4/ 
oxidation oxidation 

RR - C H , 

HH O 
ii  11 

CC - C - S - CoA c c 
I I 

H H 
enoyl-Co A A 

hydration hydration 

OHH H O 
ii  i i i 

C H o - C - C - C - ï ï 
ii  i 

HH H 
3-hydroxyacyl-Co A A 

NADNAD++ — 

CoA A 

H++ + NADH 
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II I 

4/ 4/ oxidation oxidation 

O O 
I I I 

RR - CH2 - C - CH2 - C - S - CoA 

3-ketoacyl-CoA A 

CoASHH — 
thiolysis thiolysis 
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11 1 

• C H , - CC - S - C o A CH, , 

O O 
11 1 

CC - S - CoA 

acyl-CoAA shortened 
byy two carbon atoms 

acetyl-CoA A 

Figuree 5. Schematic representation of the four steps involved in fatty acid (3-oxidation. 
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paredd to the mitochondrial system: The first oxidative step in the mitochondrial P-oxidation 

systemm is directly coupled to an electron transfer chain that conserves energy by means of 

oxidativee phosphorylation whereas the energy produced in the first oxidative step of the 

peroxisomall  p-oxidation is released as heat. Furthermore, in contrast to the mitochondrial 

system,, oxidation of fatty acids by the peroxisomal P-oxidation does not go to completion: 

Afterr a few cycles of the P-oxidation spiral, the chain shortened products are transported to 

thee mitochondria where they are further p-oxidised. 

Finally,, the two systems have different substrate specificities. Mitochondria are able to 

P-oxidisee short and medium chain fatty acids and are resposible for the P-oxidation of the 

bulkk of long chain fatty acids. The substrates which are P-oxidised by peroxisomes will be 

discussedd in the next paragraph. 

2.22 Substrates for  the peroxisomal p-oxidation system 

VeryVery long chain fatty acids 

Whereass long chain fatty acids are predominantly P-oxidised in mitochondria, very long 

chainn fatty acids (VLCFA) are exclusively P-oxidised in peroxisomes (83-87) because mito-

chondriaa lack the very long chain acyl-CoA synthetase (88). VLCFA are shortened to long 

chainn fatty acids which are exported to the mitochondria where they are further P-oxidised. It 

iss not known how many cycles of P-oxidation take place in peroxisomes. 

PristanicPristanic acid 

Peroxisomess play a very dominant role in the P-oxidation of pristanic acid (2,6,10,14-tetra-

methylpentadecanoicc acid) and other 2-methyl-branched chain fatty acids (89). Pristanic acid 

iss the ct-oxidation product of phytanic acid (see 1.3.1) but is also directly derived from 

dietaryy sources. Pristanic acid undergoes three cycles of p-oxidation after which the product 

4,8-dimethylnonanoyl-CoAA is exported to the mitochondrion as a carnitine ester where it is 

furtherr p-oxidized (90). 

Di-Di-  and trihydroxycholestanoic acid 

Thee C27 bile acid intermediates di- and trihydroxycholestanoic acids (DHCA and THCA, 

respectively)) are synthesized from cholesterol via a series of reactions. After activation of 

DHCAA and THCA to their CoA esters in the ER (91), they undergo one cycle of P-oxidation 

inn peroxisomes (92-94) thereby yielding chenodeoxycholoyl-CoA and choloyl-CoA, respec-

tively.. The CoA-esters of these primary bile acids are then conjugated with taurine or glycine 

andd the products are excreted in bile (95). 
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LongLong chain dicarboxylic acids 

Dicarboxylicc acids are formed from long chain monocarboxylic acids via «-oxidation 

especiallyy in conditions of excess fatty acid supply or in conditions in which mitochondrial 

P-oxidationn is deficient (96-98). After activation of the dicarboxylic acids to their CoA-esters 

inn the ER (99), they are p-oxidised predominantly in peroxisomes (100-102). 

Eicosanoids Eicosanoids 

Peroxisomess play a major role in the p-oxidation of certain prostaglandins (103-106), leuko-

trieness (107-109), and thromboxanes (110,111). 

Mono-Mono- and polyunsaturated fatty acids 

Itt is clear from studies in peroxisome deficient fibroblasts from Zellweger patients that cer-

tainn mono- and polyunsaturated fatty acids are P-oxidised in peroxisomes (112-116). 

Xenobiotics Xenobiotics 

Xenobioticss with aliphatic side chains are excreted as metabolites with a shortened side chain 

terminatingg in a carboxyl group. It has been demonstrated that the peroxisomal p-oxidation 

systemm plays an important role in the degradation of the side chain of these xenobiotics (117-

121). . 

2.33 Enzymes involved in peroxisomal P-oxidation 

Forr a long time it was thought that a single set of p-oxidation ezymes was involved in the 

peroxisomall  chain-shortening of fatty acids. However, the discovery of another human acyl-

CoAA oxidase, another bifunctional protein and another thiolase have led to the concept that 

theree are two distinct P-oxidation pathways in peroxisomes: one for the P-oxidation of 

VLCFAA and another one the P-oxidation of branched chain fatty acids, like pristanic acid, 

andd the bile acid intermediates DHCA and THCA (Figure 6). The enzymes of these pathways 

aree described below. 

2.3.11 Acyl-CoA oxidases 

Thee first reaction of peroxisomal p-oxidation is catalysed by FAD-containing oxidases that 

donatee electrons directly to molecular oxygen, thereby producing hydrogen peroxide which is 

subsequentlyy decomposed by catalase. It has become clear that this step is catalysed by 

severall  enzymes with different substrate specificities. 

Ratt liver peroxisomes contain three acyl-CoA oxidases: 

1.. Palmitoyl-CoA oxidase oxidises the CoA-esters of medium chain, long chain, and very 
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Figuree 6. Enzymology of the peroxisomal (3-oxidation system in human. 

longg chain fatty acids, medium chain and long chain dicarboxylic acids, and prostaglandins 

(122-125).. It has been purified from rat liver as a protein with an apparent molecular mass of 

1500 kDa (126). The gene (127) and cDNA (128) have been identified and encode a protein of 

755 kDa, which is cleaved yielding two polypeptides of 55 kDa and 22 kDa, respectively 

(122,126,128,129).. The rat protein has a C-terminal PTS1 signal (Ser-Lys-Leu) and the 

proteolyticc processing was confirmed to occur inside the peroxisome (129,130). Two species 

off  palmitoyl-CoA oxidase mRNA were identified, which only differed in the coding se-

quencess of exon 3 (128). 

2.. Rat pristanoyl-CoA oxidase oxidises the CoA esters of 2-methyl branch chain fatty acids 

likee pristanic acid, but also exhibits some activity with the CoA ester of straight chain fatty 

acidss and dicarboxylic acids (122-125). It has a native molecular mass of 420 kDa and it 

consistss of identical subunits of 70 kDa (123). The identification of the cDNA encoding the 

ratt pristanoyl-CoA oxidase showed that the protein has a C-terminal PTS1 signal (Ser-Gln-

Leu)(131) ) 

3.. Rat trihydroxycoprostanoyl-CoA oxidase (THC-CoA oxidase) oxidises the CoA esters of 

thee bile acid intermediates DHCA and THCA (122-124). It has a native molecular mass of 

1399 kDa and consists of identical subunits of 69 kDa (122,132). The cDNA encoding the rat 

THC-CoAA oxidase has been identified and showed that the protein has a C-terminal PTS1 

signall  (His-Lys-Met) (133). 
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Enzymee activity measurements and immunoblot analysis revealed that palmitoyl-CoA oxi-

dasee and pristanoyl-CoA oxidase are present in liver and extrahepatic tissues (124,134), 

whereass THC-CoA oxidase was found only in liver (122). Similar experiments also demon-

stratedd that palmitoyl-CoA oxidase is inducible by fibrates whereas pristanoyl-CoA oxidase 

andd THC-CoA oxidase are not inducible by fibrates (122,123). 

Inn contrast to rat peroxisomes, human peroxisomes only contain two acyl-CoA oxidases that 

aree both present in liver as well as in extrahepatic tissues (135). 

1.. The human palmitoyl-CoA oxidase has a similar molecular mass and subunit composition 

ass the rat palmitoyl-CoA oxidase. It oxidises the CoA esters of straight chain fatty acids, 

dicarboxylicc acids, and prostaglandins(135). The cDNA encoding the human palmitoyl-CoA 

oxidasee has been identified. Its nucleotide sequence was found to be highly homologous 

(85%)) to the rat palmitoyl-CoA oxidase and revealed a C-terminal PTS1-signal (Ser-Lys-

Leu)) (136-138). The gene was mapped to human chromosome 17q25 (138) or 17q23-qter 

(139). . 

2.. The human branched chain acyl-CoA oxidase is a monomeric protein of 70 kDa and oxi-

disess the CoA esters of 2-methyl branched chain fatty acids, like pristanic acid, and the bile 

acidd intermediates DHCA and THCA(135). The enzyme combines the functions of rat prista-

noyl-CoAA oxidase and THC-CoA oxidase. The molecular characterisation of this enzyme 

revealedd that the protein has a C-terminal PTS1 signal (Ser-Lys-Leu) and that the protein has 

71%% amino acid identity with rat THC-CoA oxidase (140). This observation together with the 

findingg that the human branched chain acyl-CoA oxidase does not crossreact with polyclonal 

antibodiess against either rat palmitoyl-CoA oxidase or pristanoyl-CoA oxidase (135) sug-

gestss that the human branched chain acyl-CoA oxidase is the human homologue of the rat 

THC-CoAA oxidase. The gene was mapped to human chromosome 3pl4.3 (140) or 3p21.1-

pl4.2(141). . 

Recently,, the human homologue of rat pristanoyl-CoA oxidase was identified (142). The 

genee was mapped to chromosome 4pl5.3. This protein of 700 amino acids has 75% amino 

acidd identity with rat pristanoyl-CoA oxidase and has a PTS1 signal (Ser-Lys-Leu). Bacterial 

expressionn of the cDNA resulted in a protein which crossreacted with antibodies against the 

ratt pristanoyl-CoA oxidase. However, the human pristanoyl-CoA oxidase gene does not seem 

too be expressed since no mRNA, protein, or enzyme activity could be detected in human 

tissuess (143). 
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2.3.22 Bifunctional proteins 

Thee second step of the peroxisomal P-oxidation is the hydration of the enoyl-CoA yielding a 

3-hydroxyacyl-CoA,, which is subsequently dehydrogenated to a 3-ketoacyl-CoA in the third 

step.. Initially, only one bifunctional protein was identified which contains both the enoyl-

CoAA hydratase activity and the 3-hydroxyacyl-CoA dehydrogenase activity (144). Recently, 

howeverr a second bifunctional protein has been identified by several groups: 

Adamskii  and coworkers purified and cloned the porcine 17 p-hydroxy steroid dehydrogenase 

IVV (145,146). Characterisation of this enzyme revealed that it possesses both enoyl-CoA 

hydratasee activity and 3-hydroxyacyl-CoA dehydrogenase activity (147,148). They found 

thatt the protein was located inside peroxisomes (149,150). The group of Mannaerts purified 

fourr peroxisomal 3-hydroxyacyl-CoA dehydrogenases from rat liver (151). The characterisa-

tionn of these dehydrogenases has led to the identification of a second bifunctional protein 

(152).. The group of Hiltunen identified a new enoyl-CoA hydratase in rat liver peroxisomes 

(153),, which turned out to be part of a second bifunctional protein (154). The group of 

Hashimotoo also identified this second bifunctional protein while searching for new peroxi-

somall  enoyl-CoA hydratases (155-157). 

Inn contrast to the first bifunctional protein which forms and dehydrogenates L-hydroxyacyl-

CoAA species, the second bifunctional protein forms and dehydrogenates D-hydroxyacyl-CoA 

speciess (152,154-158). Therefore, the first bifunctional protein is called L-bifunctional pro-

teinn (L-BP) and the second bifunctional protein is called D-bifunctional protein (D-BP) 

(157,158). . 

Thee cDNAs of L-BP genes have been identified from rat (159), human (160,161), and guinea 

pigg (162). It encodes a 79 kDa protein and possesses a C-terminal PTS1 signal (Ser-Lys-Leu 

inn all three species). This PTS1 signal was found to be necessary for import into peroxisomes 

(163).. The N-terminal part of L-BP contains the enoyl-CoA hydratase activity and the 

C-terminall  part of L-BP contains the 3-hydroxyacyl-CoA dehydrogenase activity (Figure 7A) 

(164).. In addition, L-BP also contains A3,A2-enoyl-CoA isomerase activity (see also para-

graphh 2.4; (165,166)). The human gene is mapped to chromosome 3q26.3-3q28 (160). 

Thee cDNAs of D-BP genes have been identified from human (157,167), rat (152,154,168), 

pigg (146), mouse (169), chicken (170), and guinea pig (171). It encodes a protein of 79 kDa 

andd has a C-terminal PTS1 signal (Ala-Lys-Leu in human, rat and, mouse; Ala-Lys-Ile in pig; ; 

Ala-Asn-Lyss in guinea pig). The N-terminal part of D-BP contains the enoyl-CoA hydratase 

activity,, the central part contains the 3-hydroxyacyl-CoA dehydrogenase activity, and the 

C-terminall  part has homology with sterol carrier protein 2 (SCP2) (Figure 7B). D-BP indeed 

containss SCP2 activity (172,173). The native enzyme is a homodimer of two 79 kDa and it 
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hass been shown that D-BP is cleaved into the enoyl-CoA hydratase component (45 kDa) and 

thee D-3-hydroxyacyl-CoA dehydrogenase component (35 kDa) (146,147,152,154-157). This 

processs occurs in peroxisomes because patients with a defective PTS1 receptor, who can not 

importt D-BP into peroxisomes, only have full length D-BP (see chapter 7 (174)). 

Thee D-BP gene has been mapped to human chromosome 5q2.3 (148,175) and its intron/exon 

structuree has been resolved recently (Figure 7C) (176). 

Comparisonn of the L-BP and D-BP cDNAs reveals that they have very different structures 

andd organisations (see Figure 7) and they do not have any sequence homology. Furthermore, 

thee substrate specificities of both enzymes are different. They both accept straight chain 

enoyl-CoAss as substrates but differ with respect to the enoyl-CoA of branched chain fatty 

acidss and the enoyl-CoAs of DHCA and THCA which are only accepted by D-BP (152,154-

156,158,177-179).. This has led to the concept that L-BP is involved in the P-oxidation of 

straightt chain acyl-CoAs and that D-BP is involved in the P-oxidation of enoyl-CoAs of 

branchedd chain fatty acids and bile acid intermediates. However, patients with D-BP defi-

ciencyy have elevated levels of VLCFA in plasma and the patients' fibroblasts have deficient 

P-oxidationn of C26:0 (see also 3.2.2) which strongly suggest that D-BP is also the main 

enzymee involved in the p-oxidtion of VLCFA. 

303 3 723 3 

L-BP P enoyl-CoAA hydratase 3-OH-acyl-CoAA dehydrogenase SKL L 

342 2 595 5 736 6 

BB  D-BP 3-OH-acyl-CoAA dehydrogenase enoyl-CoAA hydratase SCP P AKL L 

[BMM&TOHWfi M M 
33 4 5 67 8 99 10 11 12 13 14 15 16 17 18 19 20 2122 23 24 4 

Figuree 7. Comparison of the human cDNAs encoding L-BP (A) and D-BP (B). The N-terminal domain of L-BP 
encodess the enoyl-CoA hydratase and the C-terminal domain encodes the 3-hydroxyacy]-CoA dehydrogenase. 
Inn D-BP, the N-terminal domain encodes the 3-hydroxyacyl-CoA dehydrogenase, the middle part encodes the 
enoyl-CoAA hydratase, and the C-terminal domain encodes SCP2. The gene encoding D-BP (C) spans >100kb 
andd consists of 24 exons and 23 introns (176). 
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2.3.33 3-Ketoacyl-CoA thiolases 

Thee final reaction of the peroxisomal P-oxidation is catalysed by 3-ketoacyl-CoA thiolases 

whichh thiolytically cleave 3-ketoacyl-CoA into a chain-shortened acyl-CoA and acetyl-CoA 

orr propionyl-CoA (in case of 2-methyl branched chain fatty acids). For a long time only one 

peroxisomall  3-ketoacyl-CoA thiolase was known, but recently a second 3-ketoacyl-CoA 

thiolasee was discovered. 

Thee first 3-ketoacyl-CoA thiolase was purified from rat livers which were induced with 

peroxisomee proliferators (180). It has a molecular weight of 89 kDa and consists of two 

subunitss (181). The 3-ketoacyl-CoA thiolase is synthesised as a precursor protein of 44 kDa 

andd is proteolytically cleaved to its mature form of 41 kDa (182,183). The rat genome con-

tainss two closely related 3-ketoacyl-CoA thiolase genes: Gene A, encoding thiolase A, is 

constitutivelyy expressed at low level (184,185) and gene B, encoding thiolase B, is expressed 

uponupon induction with peroxisome proliferators (180,186). The nucleotide sequence of the gene 

AA and gene B are very well conserved in all exons and also in many introns. The cleavable 

presequencee of thiolase A is 36 amino acids and that of thiolase B is 26 amino acids and this 

presequencee of both thiolases contain a PTS2 signal (187,188). Thiolase A and thiolase B 

havee virtually the same substrate specificities (189,190). A difference between the two forms 

iss that thiolase A is more stable than thiolase B (190). 

Humann liver peroxisomes contain only one 3-ketoacyl-CoA thiolase. The human gene shows 

veryy high homology to both rat genes (191,192) and is mapped to human chromosome 3p23-

p22(193). . 

Recently,, the second 3-ketoacyl-CoA thiolase, Sterol Carrier Protein x (SCPx) was identified. 

SCPxx is a 58 kDa protein and consists of a N-terminal 3-ketoacyl-CoA thiolase domain and a 

C-terminall  Sterol Carrier Protein 2 (SCP2) domain (194-197). This C-terminal domain of 

SCPxx is identical to the sequence of SCP2. SCP2 and SCPx are expressed from one singe 

genee by alternative transcription initiation from two distinct promotors (198,199). SCP2 is 

expressedd as a 14.5 kDa precursor and SCPx is expressed as a 58 kDa protein. After import 

intoo the peroxisome via their PTS1 signal (Ala-Lys-Leu), they are proteolytically processed 

too a 13 kDa and 46 kDa protein, respectively (120,200,201). The N-terminal domain of SCPx 

wass found to be homologous with 3-ketoacyl-CoA thiolases (194,197,202). Activity 

measurementss indeed showed that SCPx possesses 3-ketoacyl-CoA thiolase activity (203). 

Thee gene coding for SCP2 and SCPx is mapped to human chromosome lp32 (204). 

3-Ketoacyl-CoAA thiolase (A) and SCPx have distinct substrate specificities (189,205,206). 

3-Ketoacyl-CoAA thiolase (A) is able to catalyse the cleavage of only straight chain 
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3-ketoacyl-CoAs.. In contrast, SCPx is able to catalyse the cleavage of straight chain 

3-ketoacyl-CoAss but also the 3-ketoacyl-Coa derivatives of 2-methylbranched chain fatty 

acids,, and the bile acid intermediates 24-keto-DHC-CoA and 24-keto-THC-CoA. However, 

SCPxx only plays a minor role in the cleavage of straight chain 3-ketoacyl-CoAs (189). 

Thee major role of SCPx in pristanic acid metabolisme is emphasized by studies in SCPx 

knockoutt mice (207). This indicates that thiolase A is involved in the p-oxidation of VLCFA 

andd SCPx is involved in the P-oxidation of 2-methyl branched chain fatty acids and the bile 

acidd intermediates. 

2.44 p-Oxidation of unsaturated fatty acids 

Unsaturatedd fatty acids are p-oxidised in both mitochondria and peroxisomes (for overview 

seee (17,208)). The only unsaturated intermediate in the P-oxidation spiral is the trans-2-

enoyl-CoAA ester. However, the double bond of unsaturated fatty acids are mainly in the cis 

configurationn in vivo and can be found in both even- and odd-numbered positions in the 

carbonn chain. To remove the pre-existing double bonds, the P-oxidation of unsaturated fatty 

acidss requires additional, auxiliary enzymes (Figure 8). Fatty acids with double bonds at 

even-numberedd positions require two auxiliary enzymes: a 2,4-dienoyl-CoA reductase and a 

A3-ci5,A2-/ra«5-enoyl-CoAA isomerase. Fatty acids with double bonds at odd-numbered posi-

tionss require three auxiliary enzymes: a A -cisA -trans-tnoy\-CoA. isomerase, a A ' -,A ' -di-

enoyl-CoAA isomerase, and possibly a 2,4-dienoyl-CoA reductase. All enzymes will be 

describedd below (see also Figure 8). 

2.4.11 2,4-Dienoyl-CoA reductases 

2,4-Dienoyl-CoAA reductases are involved in the p-oxidation of unsaturated fatty acids with 

doublee bonds at even-numbered positions. However, they may also play a role in the P-oxi-

dationn of fatty acids with double bonds at odd-numbered positions. They catalyse the reduc-

tionn of 2-trans, 4-fra«s/c/s-dienoyl-CoAs into 3-fra«s-enoyl-CoAs in an NADPH-dependent 

way.. In mammals there are at least two mitochondrial and one peroxisomal 2,4-dienoyl-CoA 

reductasess (208,210). The two rat mitochondrial enzymes (211) and the rat peroxisomal 

enzymee (212) have been identified. The peroxisomal 2,4-dienoyl-CoA reductase from the 

yeastt Saccharomyces cerevisiae (S. cerevisiae) has also been identified (209,213). Yeast cells 

weree unable to grow on unsaturated fatty acids with double bonds at even position as sole 

carbonn source (e.g. petroselineate). In addition, the growth of yeast cells is somewhat inhibit-

edd when they were grown on unsaturated fatty acids with double bonds at odd position as 

solee carbon source (e.g. oleate). Molecular characterisation revealed that both the yeast and 

ratt peroxisomal 2,4-dienoyl-CoA reductase have a C-terminal PTS1 signal (212,213). 
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Figuree 8. Schematic representation of the enzymes involved in the peroxisomal (3-oxidation of unsaturated fatty 

acidss with a double bond at an even- (A) or odd-numbered (B+C) position. Unsaturated fatty acids with a 

doublee bound at an odd numbered position can be |3-oxidised by two different pathways: an NADPH-independ-

entt pathway (B) and a NADPH-independent pathway. Although not shown, an NADP -dependent isocitrate 

dehydrogenasee (see text) is involved in the regeneration of NADPH consumed by the 2,4-enoyl-CoA reductase-

catalvsedd reactions fsee (2091). 

2.4.22 A -cis,A -/'ra«s-Enoyl-CoA isomerase 

AA  -cis,A -trans-Enoyl-CoA isomerases are involved in the (3-oxidation of unsaturated fatty 

acidss with double bonds both at even- and odd-numbered positions. It converts cis- and 

?nz/M-3-enoyl-CoAA metabolites to their trans-2 counterparts. In rat two mitochondrial 

AA  -cis,A -trans-enoy\-CoA isomerases have been identified which are apparently monofunc-

tionall  enzymes (214,215), and one peroxisomal enzyme was identified which is part of the 

L-BPP (165). In human only one mitochondrial and one peroxisomal enzyme have been 
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characterisedd thusfar (216-218). Like in rat, the human peroxisomal A3-c/s,A2-/raws-enoyl-

CoAA isomerase is also part of L-BP. 

2.44 J A3,5-,A2,4-Dienoyl-CoA isomerase 

A3,5-,A2'4-Dienoyl-CoAA isomerase is involved in the p-oxidaton of unsaturated fatty acids 

withh the double bond at an odd-numbered position and is located in both liver mitochondria 

andd peroxisomes (219-223). Recently, the rat and human cDNAs encoding the peroxisomal 

enzymee were identified (224). Molecular characterisation of the rat enzyme revealed that the 

cDNAA encodes a protein of 36 kDa with a C-terminal PTS1 signal as well as an N-terminal 

mitochondriall  targeting signal which might explain the dual-organelle distribution (225). The 

peroxisomall  enzyme is a protein of 36 kDa whereas the mitochondrial enzyme is most likely 

processedd after import into the mitochondria yielding a 32 kDa protein. 

2.4.44 NADP-dependent isocitrate dehydrogenase 

Inn addition to the three enzymes mentioned above, a fourth enzyme has been found in peroxi-

somess of the yeast S. cerevisiae, namely a NADP-dependent isocitrate dehydrogenase, which 

wass found to be necessary for the p-oxidation of unsaturated fatty acids (209,226). Yeast 

cellss lacking this isocitrate dehydrogenase grow normally on saturated fatty acids, but are 

unablee to grow on unsaturated fatty acids with a double bond at even-numbered position. 

Similarr to 2,4-dienoyl-CoA reductase, the growth of yeast on unsaturated fatty acids with 

doublee bonds at odd positions is somewhat inhibited. The supposed function of this enzyme 

iss the regeneration of NADPH that is needed for the NADPH-dependent 2,4-dienoyl-CoA 

reductasee for the reductive elimination of the double bonds at even positions of unsaturated 

fattyy acids (209,226). 

2.55 Stereospecificity of peroxisomal fatty acid P-oxidation 

Itt has been shown that rat pristanoyl-CoA oxidase, rat THC-CoA oxidase, and most likely 

alsoo the human branched chain enoyl-CoA oxidase are S-methyl-specific (227,228): they 

onlyy metabolize 2S-pristanoyl-CoA and 25S-THC-CoA (and 25S-DHC-CoA). However, 

bothh the 2R- and the 2S-forms of pristanic acid are produced from phytanic acid which is 

presentt in two configurations in vivo (229,230). Furthermore, the 25R-stereoisomer of THCA 

iss produced by mitochondria via an R-specific mitochondrial 27-hydroxylase (231,232). As a 

consequence,, it is necessary to convert 2R-pristanoyl-CoA and 25R-THC-CoA to their 

S-configurationn to P-oxidise them. Indeed, an a-methylacyl-CoA racemase has been purified 

fromm both rat and (233) and human liver (234). It is a monomer of 45 kDa and only reacts 
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withh the CoA-esters of a-methyl-branched chain fatty acids. Although the rat a-methylacyl-

CoAA racemace is equally active with the R- and S- stereoisomers, the human a-methylacyl-

CoAA racemase is more active with the S-stereoisomer than with the R-stereoisomer (235). 

Recently,, the cDNAs encoding mouse and rat a-methylacyl-CoA racemase have been cloned 

(236).. Both enzymes have a C-terminal PTS1 signal (Lys-Ala-Asn-Leu) and share 90% 

sequencee similarity (89% identity). Furthermore, the cDNA encoding the human homologue 

hass been identified in our lab (236a). 

3.. PEROXISOMAL DISORDERS 

Thee importance of peroxisomes for mammalian metabolism has been illustrated by the occur-

rencee of severe genetic disorders that are caused by deficiencies in one or multiple peroxiso-

mall  functions. These disorders can be classified based either on the biochemical parameters 

orr on the clinical parameters. When looking at the biochemical abnormalities, the disorders 

cann be subdivided into three groups (Table 2): Group A includes the disorders with a general-

isedd loss of peroxisomal functions; group B includes disorders with a multiple loss of peroxi-

somall  functions; and group C includes disorders characterised by the loss of a single peroxi-

Tablee 2. Biochemical classification of peroxisomal disorders. 

Groupp A Peroxisomal disorders with a generalised loss of peroxisomal functions 

Cerebro-hepato-renall  (Zellweger) syndrome (ZS) 

Neonatall  adrenoleukodystrophy (NALD) 

Infantilee Refsum's disease (IRD) 

Groupp B Peroxisomal disorders with a multipl e loss of peroxisomal functions 

Rhizomelicc chondrodysplasia punctata (RCDP type 1) 

Zellweger-likee syndrome 

Groupp C Peroxisomal disorders characterised by the loss of a single peroxisomal function 

X-linkedd adrenoleukodystrophy (X-ALD ) 

Palmitoyl-CoAA oxidase deficiency (pseudo-NALD) 

D-bii  functional protein deficiency 

Peroxisomall  thiolase deficiency (pseudo-ZS) 

DHAP-ATT deficiency (RCDP type 2) 

Alkyl-DHA PP synthase deficiency (RCDP type 3) 

Refsumm disease (phytanoyl-CoA hydroxylase deficiency) 

Mevalonatee kinase deficiency 

Alaninee glyoxylate aminotransferase deficiency {hyperoxaluria type 1) 

Glutaryl-CoAA oxidase deficiency 

Acatalasaemia a 
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somall  function. However, patients from the three groups may have similar clinical symp-

toms.. Therefore, it might be better to subdivide the peroxisomal disorders based on the clini-

call  abnormalities (Table 3) (237). 

3.11 Disorders of peroxisome biogenesis 

Ass mentioned in paragraph 1.2, many peroxins have been identified which play a role in the 

assemblyy of peroxisomes. Mutations in any of the genes encoding peroxins lead to defective 

peroxisomee biogenesis. Patients with a peroxisome biogenesis disorder (PBD) lack peroxi-

somes,, although peroxisomal ghosts are present in most patients. Complementation analysis 

hass been used to identify the genetic defect in patients with a PBD. The underlying basis of 

thiss technique is that fibroblasts of two patients with a PBD are induced to fuse. The resulting 

multinucleatedd cells, containing nuclei from the two patients' fibroblasts, are tested for their 

abilityy to restore peroxisome assembly or peroxisomal functions. Restoration can only occur 

iff  the genetic defect in the two patients is different. So if two fibroblast cell lines complement 

Tablee 3. Clinical classification of peroxisomal disorders. 

Groupp 1 Disorders of peroxisome biogenesis, disorders of peroxisomal p-oxidation, and 
Zellweger-likee syndrome 

Cerebro-hepato-renall  (Zellweger) syndrome (ZS) 

Neonatall  adrenoleukodystrophy (NALD) 

Infantilee Refsum's disease (IRD) 

Palmitoyl-CoAA oxidase deficiency (pseudo-NALD) 

D-bifunctionall  protein deficiency 

Peroxisomall  thiolase deficiency (pseudo-ZS) 

Peroxisomall  P-oxidation disorders of unknown etiology 

Zellweger-likee syndrome 

Groupp 2 Rizomelic chondrodysplasia punctata 

Classicall  rizomelic chondrodysplasia punctata (RCDP type 1) 

DHAP-ATT deficiency (RCDP type 2) 

Alkyl-DHA PP synthase deficiency (RCDP type 3) 

Groupp 3 X-linked adrenoleukodystrophy and phenotypic variants 

Groupp 4 Rest group 

Refsumm disease (phytanoyl-CoA hydroxylase deficiency) 

Mevalonatee kinase deficiency 

Alaninee glyoxylate aminotransferase deficiency (hyperoxaluria type 1) 

Glutaryl-CoAA oxidase deficiency 

Acatalasaemia a 
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Tablee 4. Complementation groups in peroxisome biogenesis disorders (adapted from 
(238)). . 

Complementationn groups 
No. . 

1. . 

2. . 

3. . 

4. . 

5. . 

6. . 

7. . 

8. . 

9. . 

10. . 

11. . 

12. . 

13.(RCDP) ) 

Gifu u 

A A 

B B 

C C 

D D 

E E 

F F 

G G 

H H 

J J 

--

--

--
R R 

KK I I 

8 8 

77 (=5) 

4 4 

9 9 

1 1 

10 0 

--

--

--
2 2 

3 3 

6 6 

11 1 

AMC C 

--

--
Il l l 

--
II I 

V V 

--

--
IV V 

--
I I 

--

Ghosts s 

+ + 

+ + 

+ + 

--
+ + 

+ + 

--
+ + 

--
+ + 

+ + 

+ + 

Genee involved 

PEX10 0 

PEX6 6 

PEX16 6 

PEX1 1 

PEX2 2 

PEX13 3 

PEX19 9 

PEX5 5 

PEX12 2 

PEX7 7 

Refs. . 

(239,240) ) 

(241,242) ) 

(243) ) 

(244-246) ) 

(247) ) 

(248) ) 

(249) ) 

(250,251) ) 

(252,253) ) 

(254-256) ) 

eachh other, they represent distinct genotypes and when they do not complement each other, 

theyy represent identical genotypes. These complementation studies revealed that there is 

geneticc heterogeneity among these patients and that there are at least 13 complementation 

groupss representing 13 different PEX-genes (Table 4). At this moment 10 of these PEX 

geness have been identified. The complementation group where PEX1 is the causative gene is 

thee largest group. Within one complementation group several different phenotypes have been 

observed,, including Zellweger Syndrome (ZS), Infantile Refsum's Disease (IRD), and Neo-

natall  Adrenoleukodystrophy (NALD). These three disorders will be discussed below. 

Rizomelicc Chondrodysplasia Punctata (RCDP) is also a PBD but the clinical manifestations 

aree different from ZS, NALD, and IRD. Therefore it will be discussed separately (see 

paragraphh 3.4) 

3.1.11 Zellweger Syndrome (ZS) 

ZSS is the prototype of the group of PBD and is also called cerebro-hepato-renal syndrome of 

Zellweger.. The clinical and biochemical abnormalities have been described extensively by 

Lazaroww and Moser (257,258) and are described briefly in this paragraph. 

Thee clinical presentation of ZS is dominated by craniofacial dysmorphism including the 

presencee of a high forehead, large fontanels, shallow orbital ridges, a low/broad nasal bridge, 

malformedd ear lobes, and epicanthal folds. They also have neurological abnormalities. Brain 
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abnormalitiess include neuronal migrational defects, abnormality of white matter, and myelin 

deficiency.. Patiens with ZS often have impaired hearing and eye abnormalites including 

cataracts,, glaucoma, and retinopathy. They have severe hypotonia, severe psychomotor 

retardation,, and neonatal seizures. Patients often have renal cysts and chondrodysplasia 

punctata.. Furthermore, their livers may be enlarged and have impaired function. An essential 

featuree of ZS is the absence of peroxisomes in liver, but peroxisomes are also absent or 

markedlyy reduced in brain and fibroblasts. In hepatocytes and fibroblasts of most patients 

peroxisomall  ghosts are found that contain membrane proteins but lack most matrix proteins 

includingg catalase. Catalase (activity) is localised in the cytosol instead of in peroxisomes. 

Thee peroxisomal p-oxidation enzymes are totally absent, at least in liver (259). Although 

patientss with ZS are able to synthesize the P-oxidation enzymes, these enzymes are degraded 

rapidlyy (260). Because the p-oxidation enzymes are absent, VLCFA, pristanic acid, and the 

bilee acid intermediates DHCA and THCA can not be P-oxidised and accumulate in patients' 

plasmaa and in tissues. Phytanic acid can not be a-oxidised and also accumulates in patients. 

Thiss accumulation of phytanic acid is age dependent. Patiens with ZS have also decreased 

plasmalogenn biosynthesis due to deficient DHAP-AT and alkyl-DHAP synthase activities. 

Thereforee plasmalogen levels are severely reduced in several tissues including brain, liver, 

andd erythrocytes (261,262). 

3.1.22 Neonatal Adrenoleukodystrophy (NALD) and Infantil e Refsum's Disease (IRD) 

NALDD and IRD are both diseases with similar phenotypes as ZS, but the clinical characteris-

ticss are much milder (Table 5) (see for review (257,258). For instance, the craniofacial dys-

Tablee 5. Comparison of clinical features of peroxisome biogenesis disorders (adapted from (257)). 

Meann age at death or last follow-up (yr) 

Dysmorphicc features 

Cataracts s 

Retinopathy Retinopathy 

Psychomotorr retardation 

Hypotonia a 

Neonatall  seizures 

Neuronall  migration defects 

Demyelination n 

Liverr disease 

Renall  cysts 

Chondrodysplasiaa punctata 

ZS S 

0.76 6 

Characteristic c 

80% % 

70% % 

Profound d 

100% % 

80% % 

Characteristic c 

20% % 

100% % 

90% % 

70% % 

NAL D D 

2.2 2 

Mil d d 

45% % 

80% % 

Severe e 

80% % 

80% % 

Mil d d 

50% % 

80% % 

0% % 

0% % 

IRD D 

6.4 4 

Mil d d 

7% % 

100% % 

Severe e 

50% % 

20% % 

Mil d d 

0% % 

80% % 

0% % 

0% % 
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morphiaa are much milder in both NALD and IRD. Furthermore, they do not have renal cysts 

andd chondrodysplasia punctata. Patients with IRD are the mildest patients with PBD and do 

nott have abnormalities in the neonatal period. Patients with NALD and IRD sometimes have 

somee residual peroxisomes or small amounts of peroxisomal proteins may be packaged into 

peroxisomall  ghosts (258). This suggests that the severity of clinical abnormalities might 

reflectt the extent of peroxisomal malfunction. 

3.22 Disorders of peroxisomal P-oxidation 

Patientss with a defect of a single enzyme in the peroxisomal p-oxidation system have similar 

clinicall  abnormalities as patients with PBD and can only be distinguished from patients with 

PBDD on biochemical grounds. Patients with a single enzyme defect in the peroxisomal 

P-oxidationn system have normal plasmalogen biosynthesis and peroxisomes are present. 

However,, the peroxisomes in these patients are enlarged and reduced in number (263-265). 

Patientss have been described with a defect in palmitoyl-CoA oxidase, D-bifunctional protein, 

andd 3-ketoacyl-CoA thiolase (see paragraph 3.2.1, 3.2.2, and 3.2.3, respectively), but there 

aree also many patients with a defect in the peroxisomal P-oxidation of unknown etiology. 

Immunoblott analysis often does not elucidate the defect in this latter group of patients, be-

causee in many cases the protein will be present but catalytically inactive. It is also not possi-

blee to measure the separate enzymatic steps of the peroxisomal P-oxidation because when the 

patients'' cells are homogenised, the mitochondrial P-oxidation enzymes can handle most of 

thee peroxisomal substrates. 

Too elucidate the underlying genetic and enzymic defect in these patients, complementation 

analysiss is an excellent tool (see also paragraph 3.2): After fusion of the fibroblasts of two 

patients,, restoration of overall P-oxidation of C26:0 or pristanic acid is tested. These studies 

havee shown that most patients with a defect of the peroxisomal P-oxidation with unknown 

etiologyy have a defect at the level of D-bifunctional protein deficieny (see also paragraph 

3.2.2)) ((61,265-270) and chapter 2 (271) and 3 (272)). 

3.2.11 Palmitoyl-CoA oxidase deficiency 

Onlyy a few patients are reported in literature with palmitoyl-CoA oxidase deficiency. The 

firstfirst two patients, who were sibs, had similar clinical presentations to NALD (263). In con-

trastt to NALD patients, ultrastructural analysis of the liver of both patients revealed the nor-

mall  presence of peroxisomes albeit of enlarged size. VLCFA were increased in plasma and 

fibroblastss and the patients' fibroblasts were not able to P-oxidise VLCFA. However, plasma 

THCAA and DHCA levels were normal, which is in agreement with the fact that both these 

substratess are handled by the branched chain acyl-CoA oxidase. DHAP-AT activity is also 
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normal.. Immunoblot analysis revealed the absence of all forms of palmitoyl-CoA oxidase 

(70,, 50, and 20 kDaa). Furthermore, enzyme activity measurements revealed that palmitoyl-

CoAA oxidase activity was deficient (263). Next to these two patients, additional patients with 

palmitoyl-CoAA oxidase deficiency have been described (268,273,274). Most of these patients 

hadd normal amounts of immunoreactive palmitoyl-CoA oxidase. All patients showed clinical 

abnormalitiess resembling those observed in patients with milder forms of PBD. Indeed, neo-

natall  hypotonia was only rarely observed, seizures were less severe, and there was no cranio-

faciall  dysmorphia. Only two patients have been analysed at the molecular level (263) and 

weree found to have a deletion of at least 17 kb, starting downstream of exon 2 and extending 

beyondd the 3-prime end of the gene, as revealed by Southern blot analysis (137). 

3.2.22 D-Bifunctional protein deficiency 

Thee first patient which was identified with D-BP deficiency was initially identified as a pa-

tientt with L-BP deficiency by Watkins et a/.(275). This patient displayed clinical features 

suggestivee for NALD including leukodystrophy and small adrenal glands. There was hypo-

tonia,, macrocephaly, and seizures at birth. Biochemical studies showed accumulation of 

VLCFAA in plasma and fibroblasts, accumulation of THCA in plasma, and deficient p-oxida-

tionn of VLCFA in fibroblasts. 

Wee recently studied this patient again since no mutations were found in the cDNA coding for 

L-BP.. We found that pristanic acid oxidation was deficient in the patient's fibroblasts 

(chapterr 6 (276)). These data were hard to reconcile with a defect of L-BP because L-BP is 

onlyy capable of p-oxidising VLCFA whereas both pristanic acid and THCA are only p-oxi-

sedd by D-BP (see paragragh 2.3.2). We subsequently discovered that this patient actually 

sufferedd from D-BP deficiency instead of L-BP deficiency (see also chapter 6 (276)): The 

patientt had a 2 bp deletion in the cDNA encoding D-BP, which resulted in the absence of 

D-BPP in the patient as shown by immunoblot analysis and immunofluorescence. Direct 

activityy measurements confirmed that there was no D-BP activity in fibroblasts of the patient. 

Thee finding that the true defect in the patient described by Watkins et al. (275) was at the 

levell  of D-BP and not at the level of L-BP was important because fibroblasts from the Wat-

kinss case were used in a series of studies around the world to identify the defect in a group of 

patientss with a defect in peroxisomal P-oxidation of unknown etiology (61,265-272) (see also 

chapterr 2 and 3). These studies had shown that most of the patients (>90%) could be assigned 

too one particular complementation group with the Watkins case as reference. Since these 

resultss suggested that in all these patients L-BP was functionally inactive, mutation analysis 

wass performed which revealed no abnormalities. The discovery of D-BP deficicieny in the 

patientt of Watkins has now resolved this enigma (see chapter 6 (276)). Interestingly, within 
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thiss large complementation group three subgroups exist which we now know is due to the 

factt that D-BP has two activities including enoyl-CoA hydratase activity and 3-hydroxyacyl-

CoAA dehydrogenase activity (chapter 3 (271), chapter 4 (277), and (267)): one group is defi-

cientt in both activities, one group is only deficient in the enoyl-CoA hydratase activity, and 

thee last group is only deficient in the 3-hydroxyacyl-CoA dehydrogenase activity. Patients of 

eachh subgroup have been characterised extensively (see chapter 6 (276), chapter 7 (174), and 

chapterr 5 (278), respectively). The molecular defect has been resolved in many patients 

((174,276,278,279),, and unpublished results). 

Al ll  patients with D-BP deficiency have increased levels of VLCFA and pristanic acid in 

plasmaa due to a defective P-oxidation of these substrates. Until now it was generally accepted 

thatt all patients with D-BP deficiency had elevated levels of DHCA and THCA, although the 

bilee acid profiles varied among the patients (280-284). However, we have recently found that 

somee patients with a deficiency of the enoyl-CoA hydratase activity have normal levels of 

THCAA and DHCA (174). As a consequence of this observation, the flowchart, which is used 

too diagnose patients with peroxisomal P-oxidation disorders, has to be modified (237). This 

flowchartt indicates that when bile acids are elevated, the patients are suspected to suffer from 

D-BPP deficiency, and that when the bile acids are normal, the patients are suffering from 

palmitoyl-CoAA oxidase deficiency. However, as mentioned above, it is also possible that 

patientss with D-BP deficiency have normal bile acids. When the bile acids do accumulate, 

theirr profiles might help in the diagnosis of D-BP deficiency (284). 

Al ll  patients with D-BP deficieny showed severe clinical abnormalities resembling those of 

PBDss (neonatal hypotonia, neonatal seizures, dysmorfic features, macrocephaly, and 

leukodystrophy). . 

Comparisonn of palmitoyl-CoA oxidase deficient patients and D-BP deficient patients re-

vealedd that the clinical course of D-BP deficient patients is in general more severe than that 

off  palmitoyl-CoA deficient patients (268). In addition, the accumulation of VLCFA in 

plasmaa and the impairment of VLCFA P-oxidation are more severe in D-BP deficient pa-

tients.. These findings might facilitate the diagnosis of patients suspected of suffering from a 

peroxisomall  P-oxidation defect. 

3.2.33 3-Ketoacyl-CoA thiolase deficiency 

Onlyy a single patient with 3-ketoacyl-CoA thiolase has been reported in literature (264,285). 
Thee patient had clinical abnormalities as described for ZS including severe hypotonia, severe 
seizures,seizures, and craniofacial dysmorphic In contrast to patients with ZS, this patient had abun-
dantt peroxisomes which were enlarged and DHAP-AT activity was normal. VLCFA and 
THCAA were both elevated (264,281). Immunoblot analysis showed strongly reduced levels of 
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3-ketoacyl-CoAA thiolase protein in postmortem liver material, indicating that this patient had 
3-ketoacy-CoAA thiolase deficiency. However, 3-ketoacyl-CoA thiolase was normally present 
inn postmortem brain material of this patient ((285), see also discussion of (192)). Southern 
andd northern blot analysis revealed that there were no large DNA rearrangements in this 
patientss (192). The molecular defect of this patient is still unknown. 

3.33 X-Linked adrenoleukodystrophy (X-ALD ) 

X-AL DD is the most common peroxisomal disorder which has been reviewed in (286,287). 

Thiss disease is biochemically characterised by the accumulation of VLCFA, due to an im-

pairedd peroxisomal P-oxidation. The defect in X-ALD was originally thought to be at the 

levell  of peroxisomal acyl-CoA synthetase activating VLCFA to their CoA esters (288-291). 

Whenn the gene was identified by positional cloning (292) it turned out to code for a peroxi-

somall  membrane protein of 80 kDa which belong to the ATP-binding cassette (ABC) trans-

porterss with the structure of a halftransporter (293-295). This protein is now called ALDP. 

Transfectionn studies (296,297) revealed that the gene encoding ALDP is indeed the respon-

siblee gene for X-ALD. All patients with X-ALD have mutations in the ALD gene and about 

70%% of the X-ALD patients lack ALDP (for review see (287)). 

X-AL DD has at least six phenotypic variants with the various different phenotypes occuring 

withinn one family (see below). For more detailed information also see (286,287). The classi-

ficationfication of these phenotypes has as criteria the age of onset, the organs involved, and the rate 

off  progression of neurological symptoms. Childhood cerebral ALD (CCALD) and adreno-

myeloneuropathyy (AMN) are the most frequent phenotypes (approximately 80% of all cases). 

ChildhoodChildhood cerebral ALD (CCALD) 

CCALDD is the most severe form of X-ALD and is characterised by rapidly progressive cere-

brall  demyelination and adrenal insufficieny. The onset is in the first decade and most patients 

diee within two to four years after onset of the symptoms. Frequent initial symptoms include 

behaviourall  changes, poor school performance, impaired auditory discrimination, and diffi -

cultiess in vision. 

AdolescentAdolescent cerebral ALD (AdolCALD) and adult cerebral ALD (ACALD) 

AdolCALDD and ACALD are less frequent forms of X-ALD. The onset of the symptoms is 

betweenn the age of eleven and twenty-one years of age in case of AdolCALD and beyond 

twentyy years of age in case of ACALD. The clinical symptoms and the rate of progression 

resemblee those of the CCALD form. 
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AdrenomyeloneuropathyAdrenomyeloneuropathy (AMN) 

Inn AMN, the onset of neurological symptoms is between the second and fourth decade of life. 

Patientss gradually develop a spastic paraparesis, often in combination with impaired vibra-

tionn sense, sphincter disturbance, and impotence. About two thirds of the patients with AMN 

havee adrenal insufficiency and about half of the patients have cerebral changes. In some 

patientss there is cerebral demyelination as seen in CCALD. In patients without cerebral in-

volvement,, life expectancy appears normal. 

"Addison"Addison only"phenotype 

Patientss with the Addison only phenotype of X-ALD have primary adrenal insufficiency. 

Theyy do not have neurological involvement, although the risk of developing neurological 

involvementt is high. 

AsymptomaticAsymptomatic patients 

Somee patients with the genetic defect of X-ALD and who do have elevated levels of VLCFA, 

havee no neurological problems and no adrenal insufficency. However, they have a high risk 

off  developing neurological symptoms. 

Heterozygotes Heterozygotes 

Upp to half of the women, who are carrier for X-ALD, have neurological abnormalities. These 

abnormalitiess resemble those of AMN although the clinical symptoms are milder and the rate 

off  progression is slower. This is most likely due to X inactivation favouring the mutant allele 

inn heterozygous cells. The onset of age is often in their fourth decade of life. 

Ass mentioned before, ALDP is a ABC half transporter which probably has to form a homo-

orr heterodimer to become functional. In addition to ALDP, three other peroxisomal mem-

branee ABC transporters have been identified which all have high homology with ALDP: 

ALD-relatedd protein (ALDR) (298,299), the 70 kDa membrane protein (PMP70) (300) and 

thee PMP70 related protein (PMP70R) (301,302). The exact role of these transporters is still 

unknown,, but it has been suggested that ALDP transports the CoA esters of VLCFA across 

thee peroxisomal membrane (303). It has been shown that ALDR is able to restore the peroxi-

somall  (3-oxidation in X-ALD patients (297,304,305) 

3.44 Rizomelic Chondrodysplasia Punctata (RCDP) 

Thee clinical abnormalities of patients with RCDP include rhizomelic dwarfism (shortening of 

thee proximal parts of the extremities), chondrodysplasia punctata (stippled calcifications of 
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thee epiphysis), typical facial appearance, congenital contractures, characteristic ocular in-

volvement,, severe growth retaradation, and mental retardation. The chondrodysplasia punc-

tataa is also present in some ZS patients, but in patients with ZS this is usually confined to the 

patellaa and acetabulum whereas in patients with RCDP it may also be present in the vertebral 

columnn and some extraskeletal tissues. The clinical presentation of patients with RCDP may 

varyy from mild to severe. In addition to this phenotypic heterogeneity, there is also genotypic 

heterogeneityy in RCDP with three subgroups. 

RCDPRCDP type 1 

Patientss with RCDP type 1 have a defect in PEX7, the PTS2 receptor, with the Leu292>stop 

mutationn as the most frequent mutation (254-256,306). RCDP type 1 is biochemically charac-

terisedd by four abnormalities: Patients have deficient activities of DHAP-AT and alkyl-

DHAPP synthase, the first two enzymes involved in plasmalogen biosynthesis. This explains 

whyy these patients have decreased levels of plasmalogens. They also have deficient phyta-

noyl-CoAA hydroxylase activity (307), which explains why patients have elevated levels of 

phytanicc acid. Finally patients with RCDP type 1 lack 3-ketoacyl-CoA thiolase in peroxi-

somess and have impaired processing of the enzyme. Peroxisomal 3-ketoacyl-CoA thiolase is 

presentt in its unprocessed precursor form. 

RCDPRCDP type 2 and RCDP type 3 

RCDPP type 2 and type 3 are caused by single enzyme defects. Patients with RCDP type 2 

havee an isolated deficiency of DHAP-AT (59,60), caused by a mutation in the gene encoding 

DHAP-ATT (74). Patients with RCDP type 3 have an isolated deficiency of alkyl-DHAP 

synthasee (61,62), caused by a mutation in the gene encoding alkyl-DHAP synthase (308). 

Thee severity of the phenotypes of the patients with RCDP type 2 and 3 exemplifies the func-

tionall  importance of plasmalogens, although the function(s) of plasmalogens have not been 

identifiedd yet. 

3.55 Classical Refsum's disease 

Refsum'ss disease is characterised by pigmentary retinal degeneration, peripheral neuropathy, 

cerebellarr ataxia and high protein concentrations in cerebrospinal fluid. They often have 

additionall  symptoms which may appear sequentially as the disease progresses (309). Patients 

withh Refsum's disease are biochemically characterised by accumulation of phytanic acid 

whichh is due to a defect in the a-oxidation of phytanic acid. All patients studied so far are 

deficientt in phytanoyl-CoA hydroxylase (310) and have mutations in the gene encoding 

phytanoyl-CoAA hydroxylase (38,39,311). 
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4.. CONCLUDIN G REMARK S AND PERSPECTIVES 

Itt is evident that our understanding of the peroxisomal P-oxidation system has increased 

rapidlyy during the last few years. For a long time it was thought that there was a single per-

oxisomall  P-oxidation system with palmitoyl-CoA oxidase, L-BP, and peroxisomal 3-keto-

acyl-CoAA thiolase. Recently, a second peroxisomal p-oxidation pathway has been discovered 

withh branched chain acyl-CoA oxidase, D-BP and SCPx, which has great implications for the 

studyy of patients with a defect in the peroxisomal P-oxidation system. This includes the 

findingg that patients which were initially thought to suffer from L-BP deficiency, appeared to 

sufferr from D-BP deficiency (see 3.2.2 and chapter 6 of this thesis). The results described in 

thiss thesis suggest that the concept of two distinct systems involved in the P-oxidation of 

straightt chain and branched chain fatty acids may well have to be modified. For example, 

D-BPP deficient patients have elevated levels of VLCFA in plasma, and the patients's 

fibroblastss are unable to P-oxidise C26:0. This suggests that D-BP and not L-BP is involved 

inn the P-oxidation of VLCFA. This has to be studied in the near future. Comparison of knock 

outt mice in which either the gene coding for L-BP (312) or D-BP (not available) is disrupted 

wouldd be very helpful. 

Thee exact functions of 3-ketoacyl-CoA thiolase and SCPx are also not clear. It has been 

shownn that 3-ketoacyl-CoA thiolase is involved in the P-oxidation of VLCFA and that SCPx 

iss involved in the p-oxidation of branched chain fatty acids and bile acid intermediates (see 

2.3.3).. However, in the patient with 3-ketoacyl-CoA thiolase deficiency described in litera-

turee both VLCFA and THCA accumulate in plasma and the patient's fibroblasts are not able 

too P-oxidise C26:0 and pristanic acid. These findings are also difficult to reconcile with the 

currentt view of the P-oxidation system and needs further investigation. 

Thiss thesis describes the study of a large group of patients with a defect in the peroxisomal 

P-oxidationn system of unknown origin. These patients were studied with complementation 

analysiss (chapter 2, 3, and 4) which revealed that most patients are D-BP deficient (chapter 

6).. Within this complementation group there are three subgroups: 1) patients who are defi-

cientt in both enoyl-CoA hydratase activity and 3-hydroxyacyl-CoA dehydrogenase activity 

(seee also chapter 6); 2) patients who are only deficient in 3-hydroxyacyl-CoA dehydrogenase 

activityy (see also chapter 5); and 3) patients who are only deficient in enoyl-CoA hydratase 

activityy (see also chapter 7). 
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Chapterr 2 

INTRODUCTIO N N 

Onee of the most important functions of peroxisomes concerns the P-oxidation of fatty 

acidss and fatty acid derivatives. Peroxisomes are incapable of oxidizing fatty acids to 

completion.. Instead, fatty acids undergo only a few cycles of P-oxidation in the peroxi-

somee and are then transported to the mitochondrion for complete oxidation to C02 and 

H20.. This is true for very long chain fatty acids like cerotic (C26:o) and lignoceric (C24:0) 

acidd and pristanic acid (4,6,10,14-tetramethylpentadecanoic acid). Another important 

functionn of the peroxisomal P-oxidation system concerns its role in bile acid synthesis. 

Indeed,, the CoA-esters of di- and trihydroxycholestanoic acid which are formed from 

cholesteroll  are subjected to p-oxidation in the peroxisome, giving rise to propionyl-CoA 

andd the CoA-esters of chenodeoxycholicacid and cholic acid, respectively, which are then 

conjugatedd and excreted into bile. 

Thee enzymatic organisation of the peroxisomal P-oxidation system is as yet incompletely 

understood.. It is clear that there are two acyl-CoA oxidases with specificity for straight 

chainn (1) and branched chain fatty acyl-CoA esters (2). Until recently it was believed that 

thee subsequent steps are catalysed by one bifunctional protein (3,4) and peroxisomal 

thiolasee (5), but this view is not longer tenable (see (6)). 

Wee have recently found that the bifunctional protein and thiolase as characterised by 

Hashimotoo and coworkers are not involved in pristanic acid P-oxidation. In collaboration 

withh Seedorf and coworkers we have shown that the thiolase encoded by the sterol carrier 

proteinn X (SCPx) gene (7) contains 3-ketopristanoyt-CoA thiolase activity, whereas the 

classicall  thiolase lacks such activity (8). 

Inn the last few years an increasing number of patients have been described with a defect in 

peroxisomall  P-oxidation. In X-linked adrenoleukodystrophy the defect is at the level of an 

integrall  peroxisomal membrane protein (ALDP) probably involved in the transport of very 

longg chain acyl-CoA esters into the peroxisome (9). Other disorders with a defined defect 

inn peroxisomal P-oxidation include acyl-CoA oxidase deficiency (10), bifunctional protein 

deficiencyy (11), and peroxisomal thiolase deficiency (12). Apart from these well-charac-

terisedd patients, many have been reported with a defect in peroxisomal p-oxidation of 

unknownn etiology (see (13) for references). 

Wee have studied 11 such patients using complementation analysis. Three distinct groups 

weree found with strong over-representation of one particular group. The underlying basis 

forr this genetic heterogeneity will be discussed. 
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Complementationn Analysis 

MATERIA LL  AND METHOD S 

Proceduree for  complementation analysis 

Thee cultured skin fibroblasts were fused essentially according to Brul et al. (14). The 

fusedd cellls were cultured for 3 days on DMEM without FCS, after which the occurrence 

off  complementation was tested by means of pristanic acid p-oxidation. This was done 

essentiallyy as described by Wanders et al. (15). 

Patients s 

Thee patients studied in the work reported in this paper showed a wide variety of clinical 

abnormalitiess and displayed the biochemical features suggestive of a peroxisomal p-

oxidationn disorder. This was concluded from detailed studies in fibroblasts involving 

measurementss of de novo plasmalogen biosynthesis; alkyl-DHAP synthase activity and 

DHAPATT activity; very long chain fatty acid concentrations; C26;o> pristanic and phytanic 

acidd oxidation; immunoblot analysis; and catalase immunofluorescence (see (16)). 

RESULTS S 

Complementationn analysis is a powerfull tool for resolving the genetic basis in patients 

sharingg a particular clinical and/or biochemical phenotype. In this study we have applied 

thiss technique to study the genetic basis of the various disorders of peroxisomal P-oxida-

tion.. We selected 11 patients suffering from a disorder of peroxisomal P-oxidation as 

Tablee 1. Results of complementation studies of patients with a defect in peroxisomal 
pristanicc acid P-oxidation. 

PristanicPristanic acid P-oxidation' 

Complementationn group Patient t Cocultivated d Fused d 

I I 

II I 

II I I 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

6 6 

7 7 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

15 5 

36 6 

24 4 

17 7 

9 9 

0 0 

7 7 

12 2 

0 0 

2 2 

3 3 

307 7 

657 7 
apmol/hh per mg protein 

61 1 



Chapterr 2 

establishedd from studies in fibroblasts. Only patients with a deficient pristanic acid oxida-

tionn activity were selected, thereby excluding X-linked adrenoleukodystrophy and acyl-

CoAA oxidase deficiency from this study. 

Sincee fibroblasts from a peroxisomal thiolase deficient patient, of which only one has been 

describedd (12), are not available, the only established cell line we could use for our com-

plementationn analysis was the one described by Watkins and collegues (11) with bifunc-

tionall  protein deficiency. The results in Table 1 show that 9 out of the 11 cell lines tested 

showedd no restoration of pristanic acid p-oxidation after fusion with the bifunctional pro-

teinn deficient cell line. Care was taken to ensure that this was not an experimental artefact 

byy visually inspecting the multinucleate cells to determine the fusion efficiency and by 

includingg a positive control in each experiment (fusion with a cell line from a Zellweger 

patient).. Table 1 further shows that two cell lines did show complementation with the bi-

functionall  protein deficient cell line. Interestingly, these two cell lines complement one 

another,, suggesting the involvement of different genes. 

DISCUSSION N 

Thee results described in this paper show strong over-representation of one particular 

complementationn group, with only single cell lines in the two other complementation 

groups.. Interestingly, preliminary studies have revealed intragenic complementation 

withinn the large complementation group with three subgroups (van Grunsven et al, un-

published).. The most likely explanation for this remarkable phenomenon is that in sub-

groupp 1 the bifunctional protein is completely missing, with the functional loss of both the 

enoyl-CoAA hydratase and the 3-hydroxyacyl-CoA dehydrogenase activities, whereas in 

subgroupss 2 and 3 only the enoyl-CoA hydratase or the 3-hydoxyacyl-CoA dehydrogenase 

componentt is defective. This is now under active investigation. 

Studiess are also underway to determine the nature of the enzyme defect in complementa-

tionn groups II and III . Obvious candidates are the branched chain acyl-CoA oxidase 

acceptingg pristanoyl-CoA as a substrate and peroxisomal thiolase. We have recently found 

(8)) that the protein discovered by Seedorf and coworkers (7) with both sterol carrier 

proteinn activity and 3-ketoacyl-CoA thiolase activity is involved in pristanic acid p-oxida-

tionn and not the classical peroxisomal thiolase identified by Miyazawa and collegues (5). 
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ABSTRACT T 

Inn the last few years many patients have been reported with a defect in peroxisomal fatty acid 

P-oxidationn of unknown origin. Using a combined approach based on direct activity measure-

mentss of straight chain acyl-CoA oxidase and complementation analysis after somatic cell 

fusionn of fibroblasts, we have now classified 13 patients into 4 distinct groups representing 

differentt gene defects. Remarkably, we found intragenic complementation in group 2 so that 

groupp 2 is in fact made up of 3 distinct subgroups. The underlying basis for this peculiar 

phenomenonn probably has to do with the fact that bifunctional protein harbours two catalytic 

activitiess including enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase. In group 

2AA enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase are defective whereas in 

groupp 2B and 2C either the hydratase or 3-hydroxyacyl-CoA dehydrogenase component of 

thee bifunctional protein is deficient. 

INTRODUCTIO N N 

Peroxisomess are subcellular organelles which play an indispensable role in cellular 

metabolism.. The importance of peroxisomes in man is stressed by the existence of a group of 

inheritedd disorders in man in which there is an impairment in one or more peroxisomal 

functionss (1, 2). The prototype of this group of disorders is the Zellweger syndrome in which 

morphologicallyy distinguishable peroxisomes are absent (3) due to mutations in one of the 

geness involved in peroxisome biogenesis {1). 

Onee of the most important functions of peroxisomes, at least in higher eukaryotes, is the 

P-oxidationn of fatty acids and fatty acid derivatives (4, 5). Although the mechanism of 

P-oxidationn in peroxisomes is identical to that in mitochondria, p-oxidation in the two 

organelless fulfil s separate purposes. Indeed, mitochondria catalyse the oxidation of the bulk 

off  fatty acids derived from our daily diet, notably long chain fatty acids, whereas 

peroxrsoTTres^areii  mvbivèu Triune"p-oxïdauon öi a'bisun'ct set of tarty a'cias," including very 

longg chain fatty acids (C24:0, C26:0 etc.), di- and trihydroxycholestanoic acid, the precursors 

off  the primary bile acids chenodeoxycholate and cholate, and pristanic acid (2, 6, 10, 14-

tetramethylpentadecanoicc acid). The latter is the a-oxidation product of phytanic acid (see 

(6))--

Inn the last few years many patients have been reported with a defect in peroxisomal 

p-oxidationn of unknown origin (see (2) for references). Resolution of the underlying defect(s) 

inn these patients is difficult especially since the individual peroxisomal P-oxidation enzyme 

activitiess are very hard to measure especially in fibroblasts with the exception of acyl-CoA 

oxidase.. This is due to the presence of the mitochondrial P-oxidation enzymes catalysing the 

samee reactions, making differential analysis of the peroxisomal p-oxidation enzymes in 
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homogenatess virtually impossible. 

Wee have now studied 13 patients with a defect in peroxisomal P-oxidation of unknown origin 

usingg direct acyl-CoA oxidase activity measurements and complementation analysis. The 

resultss show strong overrepresentation of one particular complementation group which 

containss 3 subgroups, probably representing differential defects within the same multi-

functionall  p-oxidation enzyme with both hydratase and 3-hydroxyacyl-CoA dehydrogenase 

activities. . 

MATERIAL SS AND METHOD S 

Celll  culture and complementation studies 

Fibroblastss were grown from skin biopsies using standard culture conditions (7). Cells were 

subsequentlyy fused or cocultivated according to Brul et al. (8). The fused cells were cultured 

forr 3 days in Dulbecco Modified Eagles Medium (DMEM) without Foetal Calf Serum (FCS) 

afterr which the occurrence of complementation was tested by means of pristanic acid 

P-oxidationn which was performed as described before for cultured skin fibroblasts (7). The 

samee procedure was also used for [1- Cjhexacosanoic acid (C26:0) P-oxidation activity 

measurementss in fibroblasts (7). 

Acyl-CoAA oxidase activity measurements 

Thee activity of the straight chain acyl-Co A oxidase was measured in fibroblasts homogenates 

usingg [ C] palmitoyl-CoA according to the procedure described by Hashimoto and co-

workerss (9). 

Veryy long chain fatty acids 

Veryy long chain fatty acids were measured in plasma according to previously published 

methodss (10). 

Patients s 

Thee patients studied in this paper displayed all the clinical and biochemical abnormalities 

describedd in literature for peroxisomal fatty acid oxidation disorders (see (1,2) for details) 

includingg elevated plasma very long chain fatty acids, deficient fatty acid oxidation in 

fibroblastss but normal de novo plasmalogen biosynthesis and the normal appearance of 

peroxisomess in fibroblasts upon catalase-immunofluorescence (see (11)). 

RESULTS S 

Tablee I lists the most important biochemical findings in the group of 13 patients studied in 

67 7 



Chapterr 3 

Tablee I. Biochemical characteristics of the 13 patients with an unknown defect in peroxisomal 
j3-oxidation n 

Patients s 

1,2 2 

3-13 3 

Plasma* * 

C26:00 levels 

t t 
t t 

Fibroblasts s 

Fattyy acid oxidation rate6 

C26:0 0 

4 4 
Pristanicc acid Acyl-CoA oxidase activity 

NN 1 

II  N 
amol/L L 
mol/h.mgg protein 

thiss paper. In all 13 patients elevated C26:0-levels were found in plasma as well as in fibro-

blasts.. In accordance with these data C26:0 [i-oxidation activity in fibroblasts was deficient 

inn all cases. The results obtained show no difference between the patients. However, when 

pristanicc acid p-oxidation was measured in the patients' fibroblasts, we found clear 

differences:: in 11 of the 13 patients pristanic acid oxidation was deficient, whereas in 2 

patientss oxidation was normal. A likely possibility for the observed difference between the 

twoo groups of patients would be that there is a deficiency of the straight chain acyl-CoA 

oxidasee in patients 1 and 2, since the latter enzyme accepts C26:0-CoA but not pristanoyl-

CoAA as substrate (12). Pristanoyl-CoA is known to be handled by a separate oxidase, called 

branchedd chain acyl-CoA oxidase (12). Direct measurement of straight chain acyl-CoA 

oxidasee activity in fibroblast homogenates using the elegant method described in (9) indeed 

showedd a deficiency of this enzyme in patients 1 and 2, with normal activity in the 11 

remainingg patients (Table I). 

Peroxisomall  enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase and thiolase activities 

cannott be measured directly in fibroblast homogenates due to the presence of their 

mitochondriall  counterparts, catalysing the same reactions. For this reason we selected 

anotherr approach to find out whether the 11 remaining patients were genetically homo-

geneouss or not. Genetic complementation analysis after somatic cell fusion is the method of 

choicee for this purpose (8, 13-16). 

Fibroblastss from a patient with an established deficiency of the peroxisomal bifunctional 

proteinn were selected as reference cell line (17). All 11 patient cell lines were fused with the 

bifunctionall  protein deficient cell line and complementation was assessed by measuring 

pristanicc acid p-oxidation in the fused cells. As a control, cells were not fused but only grown 

togetherr followed by pristanic acid P-oxidation measurements in the cocultivated cells 

(resultss given in Table II between brackets). 

Thee results of Table II show that 9 out of the 11 patient cell lines tested failed to show 

complementationn with about equal rates of P-oxidation in fused and cocultivated cells (Table 

II ,, left column). Complementation was only observed with cell lines 12 and 13. Interestingly, 

68 8 



Intragenicc complementation 

whenn the latter two cell lines were fused together, clear complementation was observed 

(pristanicc acid P-oxidation in fused and cocultivated cells: 256 and 30 pmol/h. mg protein, 

respectively).. These results suggest different genetic defects in patients 12 and 13. 

Too rule out that the lack of complementation observed in Table II with patient cell lines 3-11 

wass artificial, each patient cell line was fused with cells from a Zellweger patient. In such 

cellss pristanic acid p-oxidation is deficient due to a defect in peroxisome biogenesis but not 

peroxisomall  p-oxidation perse (see (1) for discussion). The results of Table II (right column) 

showw clear complementation in all cases. 

Takenn together, the results of Table II show strong overrepresentation of one particular 

complementationn group to which 9 of the 13 patients studied in this paper belong. Since the 

patientt with established bifunctional protein deficiency (see (17)) also belongs to this group, 

thee underlying defect in the 9 patients has to be at the level of the bifunctional enzyme, 

catalysingg the second and third reactions of peroxisomal P-oxidation. In subsequent experi-

mentss fibroblasts from the 9 patients belonging to the same, large complementation group, 

weree fused with one another. Interestingly, in some of these combinations clear complemen-

tationn was observed as shown in Fig. 1. Indeed, if fibroblasts from patient 3 for instance were 

fusedd with fibroblasts from patient 6, the rate of pristanic acid P-oxidation was found to be 

644 pmol/h.mg protein in contrast to a value of 1 pmol/h.mg protein for the cocultivated 

combination.. Fusion of patient cell line 3 with cells from patients 7, 8, 9, 10 and 11 also 

showedd complementation, whereas cell lines 4 and 5 failed to show complementation with 

Tablee II . Results of complementation studies using fibroblasts from patients 3-13 and two 
establishedd cell lines (bifunctional protein deficiency (BP-deficiency) and Zellweger  Syndrome) 

Pristanicc acid P-oxidation activity '  in fused/cocultivated cells 

Fusionn partner 

Zellweger r 

2255 (0) 

2511 (3) 

393(11) ) 

5099 (1) 

4322 (0) 

317(0) ) 

3222 (8) 

3800 (0) 

4577 (6) 

3400 (25) 

280(16) ) 

"Ratess in pmol/h.mg protein 

celll  line studied 

No.. 3 

No.. 4 

No.. 5 

No.. 6 

No.. 7 

No.. 8 

No.. 9 

No.. 10 

No.. 11 

No.. 12 

No.. 13 

BP-deficiency y 

24(6) ) 

6(4) ) 

10(11) ) 

0(0) ) 

0(0) ) 

7(0) ) 

0(0) ) 

KD D 
5(6) ) 

6577 (36) 

307(15) ) 
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Figuree 1. Complementation analysis of fibroblasts belonging to complementation group 2 representing bifunc-
tionall  protein deficiency. Cells from patients 3 and 6 were either fused or cocultivated with cells from patients 
3,, 4, 5, 6, 7, 8,9, 10, and 11 followed by pristanic acid p-oxidation measurements. Numbers above the diagonal 
linee represent fused cells, those below the line represent cocultivated cells. 

patientt cell line 3. In accordance with these results, no complementation was observed in 

fusionss between cell line 6 and cell lines 7, 8, 9, 10 and 11, whereas cell line 6 did show 

complementationn with cell lines 4 and 5. 

Takenn together, the data of Fig.1 suggest intragenic complementation with 3 subgroups 

withinn the group of bifunctional protein deficiency (Table III) . 

DISCUSSION N 

Inn the past many patients have been described in literature with a defect in peroxisomal 

p-oxidationn of unknown origin (2). In this paper we have used a combined approach 

involvingg measurement of straight chain acyl-CoA oxidase activity in fibroblast homogenates 

andd complementation analysis to identify the underlying defects. The results revealed a 

deficiencyy of straight chain acyl-CoA oxidase in patients 1 and 2. Subsequent complemen-

tationn studies using fibroblasts from a patient with an established bifunctional protein 

deficiencyy as reference cell line (17), showed lack of complementation in 9 out of the 11 

Tablee III . Complementation groups in patients with a defect in peroxisomal ^-oxidation 

Groupp Enzyme defect Patients s 

11 Acyl-CoA oxidase deficiency 

2AA Bifunctional protein deficiency (both hydratase and 3HAD components) 

2BB Bifunctional protein deficiency, hydratase or 3HAD component of BP 

2CC Bifunctional protein deficiency, hydratase or 3HAD component of BP 

33 Unknown 

44 Unknown 

11 and 2 

Patientt with established 
bifunctionall  protein 

deficiencyy [17] 

3,4,5 5 

6,7,8,9,, 10,11 

12 2 

13 3 

Abbreviationn used: 3HAD= 3-hydroxyacyl-CoA dehydrogenase 
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patientss studied, thus suggesting that bifunctional protein is affected in all these 9 patients. 

Thee 2 remaining patients were found to belong to separate groups involving different, as yet 

unknownn gene products (Table III) . 

Remarkably,, we found intragenic complementation within the group of 9 bifunctional protein 

deficientt patients so that this group is in fact made up of 3 subgroups (Table III) . The 

underlyingg basis for this remarkable phenomenon probably has to do with the fact that the 

peroxisomall  bifunctional enzyme harbours both enoyl-CoA hydratase and 3-hydroxyacyl-

CoAA dehydrogenase activity (18, 19). In the patient described by Watkins et al (17) with 

bifunctionall  protein deficiency immunoblot analysis revealed the complete absence of the 

protein.. Consequently, in this patient the genetic defect leads to a complete loss of both 

componentss of the bifunctional protein. The molecular basis of the defect in the two other 

subgroupss must be different and might well be at the level of either a deficiency of the enoyl-

CoAA hydratase or 3-hydroxyacyl-CoA dehydrogenase component of the bifunctional enzyme 

respectively.. This explanation provides a rational basis for the observed intragenic 

complementation.. Molecular studies are underway to resolve this important finding. 
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INTRODUCTIO N N 

Inn the last few years many patients have been described with a defect in peroxisomal 

P-oxidationn of unknown origin. In general these patients display severe abnormalities which 

closelyy resemble those found in the disorders of peroxisome biogenesis. Furthermore, in most 

patientss there is accumulation of very long chain fatty acids, pristanic acid and di- and 

trii  hydroxy cholestanoic acid (1) with normal values for erythrocyte plasmalogens (see (2)). 

Patientss with a defect in peroxisomal p-oxidation usually show an abnormal phytanic 

acid/pristanicacid/pristanic acid ratio in plasma (1). Definite evidence that a particular patient is truly 

sufferingg from a peroxisomal P-oxidation defect, however, has to come from detailed studies 

inn fibroblasts showing deficient P-oxidation with normal values for de novo plasmalogen 

synthesis,, catalase immunofluorescence, etc. (see (2)). 

Inn order to shed light on this group of peroxisomal disorders with an unknown defect in 

peroxisomall  p-oxidation, we have decided to perform complementation analysis since this is 

ann ideal means to identify whether or not there is genetic heterogeneity. These studies have 

ledd to the identification of 4 groups including acyl-CoA oxidase deficiency and bifunctional 

proteinn deficiency. The defect in the 2 remaining groups remains to be established (3,4). 

Mostt patients were found to suffer from bifunctional protein deficiency. Recent studies have 

shownn the existence of complementation within the bifunctional protein deficiency group so 

thatt there are in fact 3 distinct subgroups (4). We have postulated that this remarkable 

phenomenonn of complementation within the same group, is due to the fact that bifunctional 

proteinn is a protein with 2 distinct enzyme activities, so that the 3 groups may reflect 

combinedd hydratase/dehydrogenase deficiency, isolated hydratase deficiency and isolated 

3-hydroxyacyl-CoAA dehydrogenase deficiency, respectively. The results described here 

providee direct experimental evidence in favour of this postulate. 

MATERIAL SS AND METHOD S 

Thee patients studied in this paper have been described in more detail elsewhere (patients 3, 4, 

66 and 7 from (4)). 

Varanicc acid was measured in plasma from the different patients using gaschromatography as 

describedd by Clayton et al (5). The activities of the enoyl-CoA hydratase and 3-hydroxyacyl-

CoAA dehydrogenase components of bifunctional protein were measured using the enoyl-CoA 

esterr of trihydroxycholestanoic acid in fibroblast homogenates using the method described by 

Xuu and Cuebas (6). 

RESULTS S 

Wee have previously shown by complementation analysis that 9 out of the 13 patients cell 
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Tablee 1. Bifunctional protein deficiency: Results of varanic acid analysis in plasma and enzyme 
activityy measurements in fibroblasts from different patients 

Complementationn group Patients investigated1" Plasma varanic acid Results of enzyme analysis 

2BB 3,4 Normal Deficient hydratase activity 

2CC 6,7 Elevated Deficient 3HADb activity 

"Seee (4) for information on patients 
bb 3-Hydroxyacyl-CoA dehydrogenase 

liness tested were bifunctional protein deficient. In addition, we found complementation 

withinn the same group with 1 patient in group 2A, 3 patients in group 2B and 6 patients in 

groupp 2C, respectively (4). Group 2A definitely corresponds to bifunctional protein 

deficiencyy with loss of both enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase 

sincee the index patient described by Watkins et al (7) is in this group. 

Inn order to establish whether the defect in group 2B and 2C is indeed at the level of either the 

hydratasee or 3-hydroxyacyl-CoA dehydrogenase component of bifunctional protein (BP), as 

suggested,, we have now measured the levels of varanic acid, which is the P-hydroxy-

derivativee of 3a, 7a, 12a-trihydroxycholestanoic acid, in plasma from different patients (see 

Tablee 1). Patients with a defect in the hydratase component of BP should not accumulate 

varanicc acid, whereas patients with a defect in the 3-hydroxyacyl-CoA dehydrogenase 

(3HAD)) component should accumulate varanic acid. The patients from group 2C which 

couldd be tested, showed elevated varanic acid in plasma whereas patients from subgroup 2B 

didd not (Table 1). 

Inn order to extend these studies, we have now set up methods allowing measurement of 

bifunctionall  protein in total homogenates using the enoyl-CoA ester of 3a, 7a, 12a-trihy-

droxycholestanoicc acid as substrate, essentially using the method described by Xu and 

Cuebass (6). The results obtained revealed that the enoyl-CoA hydratase component of BP is 

indeedd defective in group 2B whereas it is the 3-OH-acyl-CoA dehydrogenase component 

whichh is deficient in group 2C with normal enoyl-CoA hydratase activity as summarised in 

Tablee 1. 

DISCUSSION N 

Thee results described here show that our previous hypothesis on the underlying basis for the 

remarkablee observation of complementation within the same group is probably correct. The 

firstfirst clue came from studies on the measurement of varanic acid, which is the fi-hydroxy-

metabolitee of trihydroxycholestanoic acid. Varanic acid was found to be normal in patients 

belongingg to subgroup 2B but clearly elevated in patients from subgroup 2C. Subsequent 

enzymee activity measurements using the enoyl-CoA ester of trihydroxycholestanoic acid as 

substratee followed by quantification of the 3-hydroxy- and 3-ketoacyl-CoA esters formed by 
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HPLCC are in full agreement with this conclusion (Table 1). 

Untill  recently it was believed that the enoyl-CoA ester of trihydroxycholestanoic acid is 

handledd by the conventional 78 kDa peroxisomal bifunctional protein identified by 

Hashimotoo and co-workers (8). Recent studies have now shown that this is not true. In fact a 

newnew bifunctional protein has just been identified with a different substrate specificity as 

comparedd to the conventional bifunctional protein (see (9) for references). Importantly it 

seemss that the newly identified bifunctional protein, called D-BP in contrast to L-BP for the 

conventionall  bifunctional protein, is primarily reacting with the enoyl-CoA ester of 

trihydroxycholestanoicc acid (10) and not L-BP. Since the cDNAs for L-BP and D-BP have 

beenn identified, we have now started to do mutation analysis in the patients from subgroup 

2BB and 2C. The exact relation and interaction between the two bifunctional proteins remains 

too be established and is now under active study in different laboratories. 
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ABSTRACT T 

Peroxisomess play an essential role in a number of different metabolic pathways, including the 

p-oxidationn of a distinct set of fatty acids and fatty acid derivatives. The importance of the 

peroxisomall  P-oxidation system in humans is made apparent by the existence of a group of 

inheritedd diseases in which peroxisomal P-oxidation is impaired. This includes X-linked 

adrenoleukodystrophyy and other disorders with a defined defect. On the other hand, many 

patientss have been described with a defect in peroxisomal p-oxidation of unknown etiology. 

Resolutionn of the defects in these patients requires the elucidation of the en2ymatic organisation 

off  the peroxisomal P-oxidation system. Importantly, a new peroxisomal P-oxidation enzyme was 

recentlyy described called D-bifunctional protein with enoyl-CoA hydratase and 3-hydroxy acyl-

CoAA dehydrogenase activity primarily reacting with a-methyl fatty acids like pristanic acid and 

di-- and trihydroxycholestanoic acid. Here we describe the first case of D-bifunctional protein 

deficiencyy as resolved by enzyme activity measurements and mutation analysis. The mutation 

foundd (Glyl6Ser) is in the dehydrogenase coding part of the gene in an important loop of the 

Rossmann fold forming the NAD+-binding site. The results show that the newly identified 

D-bifunctionall  protein plays an essential role in the peroxisomal P-oxidation pathway which 

cannott be compensated for by the L-specific bifunctional protein. 

INTRODUCTIO N N 

Althoughh peroxisomes were initially believed to play only a minor role in mammalian metabo-

lism,, it is now clear that they catalyse essential reactions in a number of different metabolic 

pathwayss and thus play an indispensable role in intermediary metabolism. 

Thee importance of peroxisomes in humans is made apparent by the existence of a group of 

inheritedd diseases, the peroxisomal disorders, caused by an impairment in one or more peroxi-

somall  functions. The cerebro-hepato-renal (Zellweger) syndrome is generally considered to be 

thee prototype of this group of diseases. Patients with this disease lack morphologically distin-

guishablee peroxisomes leading to the loss of virtually all peroxisomal functions. Clinically, 

patientss with Zellweger syndrome show a large variety of severe abnormalities often leading to 

earlyy death (1,2). 

Thee metabolic pathways in which peroxisomes are involved include the biosynthesis of ether 

phospholipidss and bile acids, the P-oxidation of fatty acids, the a-oxidation of phytanic acid, the 

synthesiss of cholesterol and other isoprenoids, the detoxification of glyoxylate, and the synthesis 

off  docosahexaenoic acid (3,4). 

Onee of the most important functions of peroxisomes is the P-oxidation of fatty acids and fatty 

acidd derivatives (4,5). Fatty acid oxidation in peroxisomes differs from that in mitochondria in 

manyy respects, although the overall P-oxidative mechanisms are the same. In both organelles, 
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fattyy acid oxidation proceeds via a sequence of four steps involving a,P-dehydrogenation, 

hydration,, 3-hydroxyacyl-CoA dehydrogenation and finally, thiolytic cleavage. An important 

differencee is that the two (3-oxidation systems display different substrate specificities. Indeed, the 

majorr dietary fatty acids including palmitate, ole^te, and linoleate are oxidised in mitochondria, 

whereass peroxisomes are involved in the P-oxidation of a range of minor fatty acids including 

veryy long chain fatty acids (notably C26:0), and 2-methyl branched chain fatty acids like 

pristanicc acid. Furthermore, peroxisomes are the sole site of di- and trihydroxycholestanoic acid 

p-oxidation.. p-Oxidation of the latter two cholestanoic acids results in the formation of the 

primaryy bile acids chenodeoxycholic acid and cholic acid, respectively (4,5). 

Severall  peroxisomal disorders have been described in which peroxisomal fatty acid p-oxidation 

iss defective. These include X-linked adrenoleukodystrophy (6), the most common peroxisomal 

disorder,, as well as pseudo-neonatal adrenoleukodystrophy due to straight chain acyl-CoA 

oxidasee deficiency (7), L-bifunctional protein deficiency (8), and pseudo-Zellweger syndrome 

duee to a deficiency of 41 kDa peroxisomal thiolase (9,10). Apart from these disorders with a 

definedd defect in peroxisomal P-oxidation, many patients have been described with a defect in 

peroxisomall  P-oxidation of unknown etiology (see ref. 52-59 in (1)). 

Onee of the major reasons for the difficulty in resolving the underlying defect in these patients has 

beenn our insufficient knowledge about the functional organisation of the peroxisomal P-oxida-

tionn system. Recent studies, however, have shed new light on the enzymology of the peroxisomal 

system.. Indeed, it is now clear that multiple enzymes are present for each of the P-oxidation 

steps.. The existence of multiple acyl-CoA oxidases had already been established (see (4) for 

review).. Recently, however, a new peroxisomal P-oxidation enzyme was discovered containing 

bothh enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase activity (11-15), which was 

firstt identified as a 17p-estradiol dehydrogenase (16,17). Structural analysis of this protein has 

revealedd three functional domains. The N-terminal part (amino acids 1-323) contains the 

3-hydroxyacyl-CoAA dehydrogenase activity, whereas the central part (amino acids 324-596) 

harbourss the 2-enoyl-CoA hydratase activity. The C-terminal part (amino acids 597-737) 

showss strong homology with sterol carrier protein and catalyses the in vitro transfer of 

7-dehydrocholesteroll  and phosphatidylcholine between membranes (11). 

Inn contrast with the well-known L-bifunctional protein (18) that converts trans-enoyl-CoA 

thioesterss to their 3-keto forms via the L-hydroxy-stereoisomer, this new bifunctional enzyme 

catalysess these same transformations via D-hydroxyacyl-CoAs, which has prompted Hashimoto 

andd co-workers (14,15) to name it D-bifunctional enzyme. 

Ann important finding is that the two bifunctional proteins have different substrate specificities. 

Thee D-bifunctional protein catalyses the formation of 3-ketoacyl-CoA intermediates from both 

straightt chain and 2-methyl branched chain fatty acids, whereas the L-specific bifunctional 

proteinn is incapable of forming 3-ketoacyl-CoA intermediates from 2-methyl-branched 
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substratess because the dehydrogenase component is virtually inactive towards the 2-methyl-

3-hydroxyy diastereomer formed in the previous hydration reaction (12-15). 

Thesee new findings have guided the way towards unravelling the defect in some patients 

sufferingg from a disorder of peroxisomal P-ó*idation of unknown origin. In this paper, we 

describee a patient with a defect in the 3-hydroxyacyl-CoA dehydrogenase component of the 

D-bifunctionall  protein. We also describe the molecular basis of this enzyme defect in this new 

typee of peroxisomal disorder. 

CASEE REPORT 

Thee patient, a boy, is the first child of Caucasian, nonconsanguineous parents and has not been 

describedd in literature before. He was delivered at 36 weeks of gestation after an uncomplicated 

pregnancy.. At birth his weight was 2745 g and his head circumference was at the 50th percentile 

butt macrocephaly developed during the first year of life. Physical examination revealed several 

dysmorphicc features: a high forehead with frontal bossing, low set ears, and a large fontanel. The 

liverr was palpable 2.5 cm below the costal margin. In addition, a long, small thorax, 

hypospadias,, muscle wasting (atrophy-dystrophy limb-girdle-type), and general hypotonia were 

noted.. Neurological examination showed also negative traction and Moro response, with 

maximall  headlag (at four weeks). In vertical suspension, there was slipping through. At the age 

off  two months, the patient became cyanotic and developed epileptic seizures leading to 

aspiration.. MRI of the brain showed white matter abnormalities consistent with dysmyelination. 

Thee patient died at the age of 16 months from an aspiration pneumonia. 

EXPERIMENTA LL  PROCEDURES 

Fibroblastt  cultures 

Fibroblastss were grown from skin biopsy specimens according to established procedures 

describedd in detail before (19). 

Determinationn of plasma metabolites and erythrocyte plasmalogens 

Veryy long chain fatty acids, bile acids, phytanic acid and pristanic acid were measured in plasma 

usingg gas chromatographic procedures as described in detail in (19). Erythrocyte plasmalogen 

levelss were measured as described by Björkhem et al. (20) 

Peroxisomall  functions in cultured skin fibroblasts 

DeDe novo plasmalogen synthesis, peroxisomal C26:0 and pristanic acid P-oxidation, DHAP-AT-

activity,, catalase immunofluorescence and very long chain fatty acids were measured as 

describedd before (19). 
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Measurementt  of the enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase 

componentss of D-bifunctional protein 

Thee combined activity of the enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase 

componentss of the D-bifunctional protein were measured in a medium of the following 

composition:: 50 mM Tris-HCl (pH 8.5), 1 mM NAD+, 150 mM KC1,0.1 mM (24E)-3a,7a,12a-

trihydroxy-5P-cholest-24-enoyl-CoAA (24-ene-THC-CoA; prepared as described in [21]), 

55 mM pyruvate and 18 U/ml lactate dehydrogenase. Reactions were allowed to proceed for 60 

minn at 37°C using a protein concentration of 150 jig/ml. Reactions were terminated by addition 

off  2 M HCI to a final concentration of 0.18 M followed by neutralisation to a pH of about 5.0 

usingg 0.6 M MES plus 2 M KOH. Resolution of the different CoA-esters was achieved 

essentiallyy as described by the method of Xu and Cuebas (21). 

RNAA isolation and cDNA synthesis 

Totall  RNA was isolated either from cultured skin fibroblasts (stored at -80°C) or from 

freshlyy prepared lymphocytes using the acid guanidinium thiocyanate-phenol-chloroform 

extractionn procedure described by Chomczynski and Sacchi (22) and subsequently used to 

preparee cDNA (23). 

PCRR and sequencing 

Thee cDNA encoding the D-bifunctional protein was amplified in three overlapping fragments 

usingg primers with -21M13 (-21M) or universal M13 (M13R) extensions. Fragment 1 

correspondss to bases -48-806 of the cDNA (ATG=1 (24)) and was amplified with primers 

-21MHSD-488 (5'-tgt aaa acg acg gcc agt GGC CAG CGC GTC TGC TTG TTC-3') and 

M13RHSD8066 ('5-cag gaa aca get atg ace ACT GCC TCA GGA GTC ATT GG-3')-

Fragmentt 2, corresponding to bases 675-1543 of the cDNA, was amplified with primers 

-21MHSD6755 (5'-tgt aaa acg acg gcc agt TTG TCA CGA GAG TTG TGA GG-3') and 

M13RHSD15433 (5'-cag gaa aca get atg ace GTA AGG GAT TCC AGT CTC CAC-3'). 

Amplificationn of fragment 3, corresponding to bases 1489-2313 of the cDNA, was done with 

primerss -21MHSD1489 (5'-tgt aaa acg acg gcc agt ACC TCT CTT AAT CAG GCT GC-3') 

andd M13RHSD2313 ('5-cag gaa aca get atg ace CCC TGC ATC TTA GTT CTA ATC 

AC-3'). . 

PCRR reaction mixtures (25 uJ final volume) contained 2-5 ul cDNA, 10 mM Tris-HCl (pH 

8.4),, 50 mM KC1, 0.1 mg/ml BSA, oligonucleotide primers as indicated (12.5 pmol each), 

1.5-2.00 mM MgCl2, and 2.5 U Taq polymerase. Thermocycling conditions consisted of 120 s 

att 96°C initial to cycling, 30 cycles of 30 s at 94°C, 30 s at 55°C and 90 s at 72 °C, followed 

byy 10 min of extension at 72°C. 

Sequencee analysis of PCR fragments was performed after purification of the fragments from 

81 1 



Chapterr 5 

thee PCR reaction mixtures using Prep-A-Gene DNA purification system (Biorad). Both sense 

andd antisense strands were sequenced using -21M13 and universal Ml3 (M13rev) fluorescent 

primers,, respectively, on an Applied Biosystems 377A automated DNA sequencer following 

standardd protocols of the manufacturer. 

Constructionn of the expression plasmids 

TwoTwo expression plasmids were constructed for the expression of wild-type and G46A 

mutatedd D-bifunctional protein in S. cerevisiae. The complete cDNA encoding D-bi-

functionall  protein was obtained either from control fibroblasts (wild-type sequence) or from 

fibroblastss of the index patient homozygous for the G46A mutation, by means of PCR using 

aa low error rate mixture of DNA polymerases (Expand High Fidelity, Boehringer). The 

followingg oligonucleotide primers were used for the amplification reaction: sense: 5'-ttt tct 

agaa ATG GGC TCA CCG CTG AGG TTC-3' (position 1-21 of the cDNA sequence; Xba\ 

extended)) (24) and anti-sense: S'-ttt tct gca gCT TCA GAG CTT GGC GTA GTC-3' 

(positionn 2213-2194; Pst\ extended). The PCR amplified cDNA containing a Xba\ and Pst\ 

restrictionn site at 5'- and 3'-ends, respectively, was digested with Xba\ and Pst\ and cloned 

intoo the Xbal and Pst\ restriction sites downstream of the catalase promoter of pEL 26 (25). 

Bothh plasmids containing the wild-type (pDBF-WT) and the G46A mutated sequence 

(pDBF-G46A)) of D-bifunctional protein were sequenced completely to exclude PCR 

artefacts. . 

Yeastt  culture and expression 

Thee yeast strain used in this study, S. cerevisiae BJ1991 (MATa, leu2, ura3-251, prbl-l 122, 

pep4-3),pep4-3), was transformed with pEL26, pDBF-WT, and pDBF-G46A, and grown on minimal 

essentiall  medium containing 0.3% glucose, 0.67% yeast nitrogen base without amino acids 

(DIFCO),, and appropriate amino acids at 30°C. 

Too induce expression, the medium was shifted to rich oleic acid medium containing 0.12% 

oleicc acid, 0.2% Tween-40, 0.5% potassium phosphate buffer pH 6.0, 0.3% yeast extract, and 

0.5%% peptone. The culture on rich oleic acid medium was inoculated at an OD600 of 0.1 and 

incubatedd for 17 h at 30°C. 

Forr the measurement of the enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase 

activitiess of D-bifunctional protein, cells were resuspended in phosphate buffered saline (pH 7.4) 

containingg 1 ug/ml leupeptin, 1 raM EDTA and 1 mg/ml Pefabloc and disrupted by agitation at 

4°CC for 15 min with a vortex mixer in the presence of glass beads (0=0.45 mm). The homo-

genatess were centrifuged at 2000 x g at 4°C for 2 min and the supernatants used for enzyme 

activityy measurements. 
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RESULTS S 

Peroxisomall  abnormalities in plasma and fibroblasts from the patient 

Thee index patient showed a variety of clinical signs and symptoms suggestive of a peroxisomal 

disorder.. This included facial dysmorphism, hypotonia, and hepatomegaly (see Case Report). 

Inn order to substantiate the clinical diagnosis, plasma very long chain fatty acids and erythrocyte 

plasmalogenn levels, the two principal parameters in the diagnosis of peroxisomal disorders, were 

measuredd (see (1) for review). The data in Table 1 show that plasma very long chain fatty acids 

weree clearly abnormal both in absolute (C26:0 in mmol/L) and relative (C26:0/C22:0-ratio) 

terms.. Erythrocyte plasmalogen levels were completely normal, suggesting that peroxisomal 

abnormalitiess were not generalized as in Zellweger syndrome but restricted to a defect in 

peroxisomall  p-oxidation. 

Inn line with this notion, we found the accumulation of other fatty acids and fatty acid derivatives 

knownn to be oxidized in peroxisomes. This includes the bile acid intermediates di- and 

trihydroxycholestanoicc acid. The latter two cholestanoic acids are (3-oxidized in peroxisomes to 

producee the primary bile acids chenodeoxycholic and cholic acid respectively (4,5). In addition, 

plasmaa pristanic acid was elevated whereas plasma phytanic acid was normal. 

Peroxisomall  functions were subsequently studied in fibroblasts from the patient. The results of 

Tablee 2 show normal values for de novo plasmalogen biosynthesis and dihydroxyacetone 

Tablee 1. Biochemical findings in fibroblasts of the Index patient, Zellweger  patients and controls. 

Parameterr  measured 

Plasma a 

VLCFA A 

C26:00 (ug/ml) 

C26:ll  (jig/ml) 

C26:0/C22:00 ratio 

C24:0/C22:00 ratio 

Bilee acid intermediates 

DHCAA (ug/ml) 

THCAA (ug/ml) 

Varanicc (jig/ml) 

C299 (ug/ml) 

Erythrocytes s 

%% Plasmaiogens 

C16:0 0 

C18:0 0 

Indexx patient 

1.82 2 

1.77 7 

0.24 4 

1.93 3 

0.13 3 

0.57 7 

4.99 9 

1.11 1 

10.0 0 

23.4 4 

Zellwegerr  (n) 

1.66-4.45(54) ) 

0.300 - 4.59 (54) 

0.255 - 0.63 (54) 

1.55-2.40(54) ) 

0.000 - 0.02 

Controlss (n) 

0.111 -0.62(109) 

n.d. . 

0.00-0.02(109) ) 

0.48-0.89(109) ) 

n.d. . 

n.d. . 

n.d. . 

n.d. . 

6.8-11.9(30) ) 

10.6-24.9(30) ) 

n.d.,, not detectable; VLCFA, very long chain fatty acids; THCA, trihydroxycholestanoic acid; DHCA, 
dihydroxycholestanoicc acid. The control and Zellweger values listed in the table represent 5 - 90% ranges 
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Tablee 2. Biochemical findings in fibroblasts of the Index patient, Zellweger  patients and controls. 

Parameterr  measured Index patient Zellweger  (n) Controls (n) 

dee novo plasmalogen biosynthesis 

[3H]/[ I4C]]  in PE 1.3 6.4-63.1(46) 0.4-1.5(59) 

[3H]/[ MC]]  in PC 0.7 3.1-10.9(46) 0.3-1.0(59) 

DHAP-ATT activity 

(nmol/2hmg)) 7.1 0.6  0.5 (23) 8.1  2.5 (78) 

VLCFA A 

C26:00 (ug/ml) 

C26:ll  (jig/ml) 

C26:0/C22:00 ratio 

C24:0/C22:: Oratio 

peroxisomall  p-oxidation 

(nmol/hmg) ) 

C26:00 169 316 4 (28) 902 0 (81) 

pristanicc acid 0 16 ) 1030 5 (74) 

n.d.,, not detectable; PE, total phophatidylethanolamine; PC, total phosphatidylcholine; DHAPAT, dihydroxy-
acetonephosphatee acyltransferase; VLCFA, very long chain fatty acids. The control and Zellweger values listed in 
thee table represent 5-90% ranges except for DHAPAT-activity and peroxisomal (3-oxidation for which the mean
SD(n-l)) are given. 

phosphatee acyltransferase, a peroxisomal enzyme catalyzing the first step in etherphospholipid 

synthesis.. For comparison, Table 2 contains data obtained in fibroblasts of Zellweger patients, 

whichh are characterized by the absence of peroxisomes. 

P-Oxidationn activity, measured with hexacosanoic (C26:0) and pristanic acid as substrates, was 

clearlyy deficient in fibroblasts from the patient, especially with pristanic acid as substrate. 

Immunofluorescencee microscopy studies on the patient's fibroblasts using antibodies directed 

againstt human catalase revealed a punctate pattern of immunofluorescence suggesting the 

normall  presence of peroxisomes in these cells. This contrasts with the diffuse fluorescence 

patternn in Zellweger cells reflecting the cytosolic localization of catalase in these cells. 

Remarkably,, the number of immunofluorescent particles was found to be reduced in the patient's 

cells.. Furthermore, the size of these particles is enlarged, which is in line with data from other 

patientss with an isolated p-oxidation defect (7,9,26). 

Identificatio nn of varanic acid (3a,7a,12a,24-tetrahydroxy-5p-cholestan-27-oic acid) in 
serumm from the patient 

Gass chromatographic analysis of plasma bile acids not only revealed the presence of bile acids 

typicallyy found in Zellweger patients (di- and trihydroxycholestanoic acids) (Table 1) but also an 

0.777 0.21-1.21 

0.622 n.d. - 0.98 

3.153.15 1.57-3.16 

0.833 0.21 - 1.07 

(66)) 0.02-0.10(57) 

(66)) n.d. 

(66)) 1.17-1.83(57) 

(66)) 0.02 - 0.05 (57) 
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Tablee 3. Analysis of the hydratase and dehydrogenase components of D-bifunctional protein in fibroblasts 
off  the index patient compared to fibroblasts from Zellweger patients and control fibroblasts. 

Enoyl-CoAA hydratase 

D-hydroxyacyl-CoAA dehydrogenase 

Indexx patient 

0.45 5 

n.d d 

enzymee activity 
(nmol/min-mg) ) 

Zellweger r 

n.d. . 

n.d. . 

Controlss (n) 

0.288 2 (10) 

0.1110.02(10) ) 

n.d.,, not detectable The control values listed in die table represent mean  SD(n-l). 

unusuall  bile acid, at a concentration that exceeded that of DHC and THC. Careful analysis using 

gass chromatography/ mass spectrometry led to the identification of varanic acid (see (27) for 

details),, which is the 24-hydroxy derivative of 3a,7a,12a-trihydroxy-5p-cholestan-27-oic acid. 

Thee 3-hydroxyacyl-CoA dehydrogenase component of the newly identified D-specific bi-

functionall  protein but not the hydratase component is deficient in the patient as concluded 

fromm enzyme activity measurements in fibroblasts 

Thee accumulation of varanic acid in the patient's plasma suggested the possibility that the defect 

inn peroxisomal p-oxidation in the patient would be at the level of the 3-hydroxyacyl-CoA 

dehydrogenasee responsible for the conversion of 24R,25R-varanoyl-CoA to 24-keto-THC-CoA. 

Recentt studies have shown that in contrast to the generally held view, the conventional 

L-specificc bifunctional enzyme is not capable of catalyzing the formation of 24-keto-THC-CoA 

fromm 24-ene-THC-CoA (15, 21), which is in fact catalyzed by the newly identified D-specific 

bifunctionall  protein (12,15). We have studied the hydration and subsequent dehydrogenation of 

24-ene-THC-CoAA to its 24-keto ester in cultured skin fibroblasts using HPLC, which allows 

discriminationn between the a,(3-unsaturated, 24-OH- and 24-keto-acyl-CoA esters of THC (21). 

Thee data are shown in Table 3. In control fibroblasts, 24R,25R-varanoyl-CoA and 24-keto-

THC-CoAA are readily formed from the corresponding enoyl-CoA ester. In the absence of NAD+, 

noo 24-keto-THC-CoA was formed as expected (results not shown). In fibroblasts from a 

Zellwegerr patient, formation of both 24-OH- and 24-keto-THC-CoA was deficient. The enzyme 

activityy in fibroblasts from the index patient showed normal formation of 24R,25R-varanoyl-

CoAA but no production of 24-keto-THC-CoA, suggesting that the hydratase part of the 

D-specificc bifunctional protein was normally active, whereas the 3-hydroxyacyl-CoA 

dehydrogenasee component was completely inactive. 

Identificationn of the molecular defect in the patient 

Inn order to find conclusive evidence for a deficiency of the 3-OH-acyl-CoA dehydrogenase 

componentt of D-bifuntional protein, cDNA was prepared from total RNA isolated from 

humann skin fibroblasts. The cDNA encoding the D-bifuntional protein was amplified by PCR 
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T A C T G GG T C A C C G G C G C G G G G G C A 

ywY\A/wyWVvww\AA/VvA A control l 

T A C T G GG T C A C C A G C G C G G G G G C A 

T A C T G GG T C A C C R G C G C G G G G G C A 

^WV\A/WV^\AAM/Y\MA^V V 
T A C T G GG T C A C C R G C G C G G G G G C A 

VvYV\/YywUAyVVV\AAAAAA A 

fathe r r 

mother r 

Figuree 1. Mutation analysis of D-bifuntional protein. Electropherograms show that the patient is homozygous 
forr the G to A transition at base 46. Both the father and the mother are heterozygous for this mutation. 

usingg three primer sets based on the published human cDNA sequence (24). The resulting 

overlappingg PCR fragments were of the predicted size, showed no gross abnormalities, and 

weree subsequently sequenced. 

Sequencee analysis of the patient's cDNA revealed a single G to A mutation at base 46 (Fig. 

1).. The G46A mutation changes the codon for Gly to Ser at amino acid 16. The analysis of 

cDNAA suggested that the patient was homozygous for the G46A mutation. In order to study 

whetherr the patient was truly homozygous for the G46A mutation or heterozygous with the 

otherr allele being a null-allele, sequence analysis of cDNA prepared from bloodcells from the 

parentss was subsequently carried out. Fig. 1 shows that both parents are heterozygous for the 

GlylóSerr mutation. 

Expressionn of wild-type and mutant D-bifu notional protein in S. Cerevisiae 

Too establish whether the G46A mutation results in an inactive enzyme, both wild-type 

(pDBF-WT)) and mutant enzyme (pDBF-G46A) were expressed in S. cerevisiae (Table 4). 

Wild-typee yeast (transformed with the empty expression plasmid (pEL26)) was found to 

containn a small amount of enoyl-CoA hydratase activity as measured with 24-ene-THC-CoA as 

substrate,, whereas no 3-hydroxyacyl-CoA dehydrogenase activity could be measured. This 

activityy most likely results from the FOX2 protein (28). Upon expression of the wild-type 

D-bifunctionall  protein, a strong increase of both the enoyl-CoA hydratase and 3-hydroxy-

acyl-CoAA dehydrogenase activity was found with 24-ene-THC-CoA as substrate. When the 

mutatedd D-bifunctional protein carrying the GlylóSer mutation was expressed, there was clear 

24-ene-THC-CoAA hydratase activity, whereas formation of 24-keto-THC-CoA was completely 

lacking.. These data show that the 3-hydroxyacyl-CoA dehydrogenase component of 
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Tablee 4. Expression of D-bifunctional protein in S. cerevisiae. 

pEL26 6 

Enoyll  -CoA hydratase 0.59 

D-hydroxyacyl-CoAA dehydrogenase n.d. 

enzymee activity 
(nmol/min-mg) ) 

pDBF-WT T 

6.29 9 

8.49 9 

pDBF-G46A A 

1.55 5 

n.d d 

n.d,, not detectable; pEL26, expression plasmid; pDBF-WT, pEL26 containing the open reading frame of the 

wild-typee D-bifunctional protein gene; pDBF-G46A, pEL26 containing the open reading frame of the mutant 

D-bifunctionall  protein gene. 

D-bifunctionall  protein is inactive as a result of the Glyl6Ser mutation with preservation of the 

activityy of the enoyl-CoA hydratase component of D-bifunctional protein. The lower rate of 

varanoyl-CoAA formation observed with the mutated D-bifunctional protein (Table 4) turned out 

too be due, at least in part, to a lower level of expression of the mutated D-bifunctional protein. 

DISCUSSION N 

Recentt studies have shown that the peroxisomal (3-oxidation system is much more complex than 

originallyy envisaged. It was already known that peroxisomes contain multiple acyl-CoA oxidases 

withh distinct substrate specificities. These findings have now been extended and have led to the 

identificationn of a new bifunctional protein harboring enoyl-CoA hydratase and 3-hydroxy-

acyl-CoAA dehydrogenase activity, which differs from the conventional bifunctional enzyme in 

manyy respects. First, the two bifunctional enzymes have different stereospecificies regarding the 

P-hydroxyacyl-CoAA intermediate. The conventional enzyme is L(S)-specific, whereas the new 

enzymee is D(R)-specific (12-15). Second, the enoyl-CoA intermediates generated from 

a-methyl-branchedd chain fatty acids such as pristanic and di- and trihydroxycholestanoic acids 

appearr to be metabolized via D-hydroxyacyl-CoA to P-ketoacyl-CoA esters exclusively by the 

actionn of the newly identified bifunctional enzyme (12,15,21). 

Inn this paper we have used this newly acquired knowledge to resolve the defect in a patient with 

ann unknown defect in peroxisomal p-oxidation. The increased levels of varanic acid suggested 

thatt the 3-hydroxyacyl-CoA dehydrogenase component of the D-bifunctional protein could well 

bee defective. Subsequent measurements of enzyme activity in fibroblasts from the patient 

showedd no conversion of 24R,25R-varanoyl-CoA to 24-keto-THC-CoA, whereas the enoyl-CoA 

hydratasee activity of D-bifunctional protein was normal (Table 3). 

Furthermore,, sequence analysis of cDNA showed that the patient carried a point mutation at 

positionn 46 (G to A) leading to a GlylöSer substitution. The fact that both parents are 

heterozygouss for this mutation is consistent with the patient being homozygous. The glycine at 

positionn 16 is located in an important loop of the Rossman fold forming the NAD+-binding site 

off  the dehydrogenase coding region of D-bifuntional protein (17). The consensus motive for 
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thee NAD+-binding site is well characterized, and the mutated glycine is best conserved in the 

dehydrogenasee protein family (29). Recent structure-function relationships and crystallization 

studiess confirmed the functionality of this fold (30,31). A Blast search using the NAD -

bindingg motive in the SWISS-PROT data base revealed many different dehydrogenases and 

oxidases,, whereas no dehydrogenase was found with Gly replaced by Ser. This strongly 

suggestss that the glycine at position 16 is important for binding of NAD+ and cannot be 

replacedd by serine without affecting the 3-hydroxyacyl-CoA dehydrogenase activity. Indeed, 

expressionn studies showed that the G46A mutation causes the loss of the 3-hydroxyacyl-CoA 

dehydrogenasee activity, whereas the enoyl-CoA hydratase activity is not affected (Table 4). 

Severall  studies have indicated that L-bifunctional protein is involved in the degradation of 

straightt chain fatty acids (12,13). Therefore, it is very striking that this patient, who is 

deficientt in D-bifunctional enzyme, accumulates straight chain fatty acids (VLCFA) both in 

plasmaa and fibroblasts (Table 1 and 2). A possible explanation could be that there is compet-

itivee inhibition of L-bifunctional protein by the accumulating intermediates, notably 24-ene-

THC-CoAA and/or varanoyl-CoA. Furthermore, CoA depletion caused by the accumulation of 

D-hydroxyacyl-CoAA esters could be the underlying reason for the insufficient degradation of 

straightt chain fatty acids. 

Itt should be noted that the newly identified enzyme is also highly active towards the enoyl-

CoAA esters of straight chain fatty acids. Accordingly, it might well be that the D-specific 

enzymee is also the main enzyme involved in the P-oxidation of very long chain fatty acids. 

Suchh studies are now underway in our laboratories. 

Usingg the approach described in this paper, including enzymatic analysis of the D-specific 

bifunctionall  protein in fibroblasts followed by mutation analysis in cDNA, we are now 

studyingg all patients with a defect in peroxisomal P-oxidation of unknown etiology. 

Preliminaryy studies show that D-bifunctional protein deficiency is very frequent among these 

patients.. Furthermore, of the four patients with deficiency of the 3-hydroxyacyl-CoA compo-

nentt of D-bifunctional protein all were found to be heterozygous for the G46A mutation, with 

anotherr mutation on the other allele. Resolution of the full molecular basis is in progress. 

Inn the past many patients with bifunctional enzyme deficiency have been identified by means 

off  complementation analysis (32-38) using fibroblasts from the patient described by Watkins 

andd coworkers (8) with L-bifunctional protein deficiency as reference cell line. We have also 

performedd complementation analysis and found that cells from the patient described in this 

paperr and the bifunctional protein deficient patient do not complement. This is a remarkable 

andd unexpected finding. Although one has to be extremely careful in the interpretation of 

resultss from complementation studies, these data suggest that the original patient described 

byy Watkins and coworkers (8) is deficient in the D-bifunctional protein rather than the 

L-bifunctionall  protein. This is now under active study in collaboration with the group of 

88 8 



D-hydroxyacyl-CoAA dehydrogenase deficiency 

Watkinss and Moser. 
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ABSTRACT T 

Inn the past few years many patients have been described with a defect in peroxisomal 

P-oxidationn pathway of unknown origin. Complementation analysis has been done by various 

groupss to establish the extent of the genetic heterogeneity among the patients. These studies 

weree based on the use of two established cell lines with a deficiency of acyl-CoA oxidase and 

L-bifunctionall  protein, respectively, and showed that most patients belong to the 

L-bifunctionall  protein deficient group. However, molecular analysis of the cDNA encoding 

L-bifunctionall  protein in patients failed to show any mutations. The recent identification of a 

neww D-specific bifunctional protein prompted us to reinvestigate the original patient with 

presumedd L-bifunctional protein deficiency. In a collaborative effort we have now found that 

thee true defect in this patient is at the level of the D-bifunctional protein and not at the level 

off  the L-bifunctional protein. Our results suggest that most if not all patients previously 

assignedd as being L-bifunctional protein deficient, are in fact D-bifunctional protein 

deficient.. We have tested this hypothesis in 9 patients with presumed L-bifunctional protein 

deficiencyy based on complementation analysis and found clear-cut mutations in the 

D-bifunctionall  protein cDNA from all patients. 

INTRODUCTIO N N 

P-Oxidationn of fatty acids is a vital function of eukaryotic cells. Fatty acid oxidation can 

proceedd both in mitochondria and peroxisomes via a 4-step pathway involving 

dehydrogenation,, hydration, dehydrogenation again and thiolytic cleavage. There are major 

differencess between the mitochondrial and peroxisomal p-oxidation systems not only with 

regardd to their enzymatic organisation but also with respect to their precise role in cellular 

fattyy acid oxidation. Mitochondria are involved in the P-oxidation of the bulk of fatty acids 

derivedd from our daily diet, whereas peroxisomes play an indispensable role in the oxidation 

off  very long chain fatty acids, branched chain fatty acids like pristanic acid, and bile acids 

intermediatess like di- and trihydroxycholestanoic acid. 

Itt has been shown that multiple enzymes are involved in each step of the peroxisomal 

p-oxidationn pathway. In man two acyl-CoA oxidases have been identified with different 

substratee specificities for straight chain fatty acids and 2-methyl branched chain fatty acids, 

respectivelyy (1). Furthermore, two different thiolases are involved in the last step of the 

P-oxidationn spiral: straight chain fatty acids are thiolytically cleaved by the conventional 

thiolasee (2,3), whereas 2-methyl branched chain fatty acids are thiolytically cleaved by sterol 

carrierr protein 2/ 3-oxoacyl-CoA thiolase (SCPx) (3-5) which contains both thiolase activity 

andd sterol carrier protein activity. In addition, a new bifunctional protein was recently 

describedd with a substrate specificity quite different from that of the original bifunctional 
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protein.. This newly identified enzyme generates a D-hydroxyacyl-CoA intermediate in 

contrastt to the other bifunctional protein which produces a L-3-hydroxyacyI-CoA as inter-

mediatee (6-10). Based on these findings the two proteins have been named L-bifunctional 

proteinn (L-BP) and D-bifunctional protein (D-BP) (7,8). The two bifunctional proteins both 

acceptt straight chain enoyl-CoAs as substrates but differ with respect to the other enoyl-

CoAs,, such as the enoyl-CoA ester of trihydroxycholestanoic acid, which is only accepted by 

thee D-specific enzyme (8,9,11). 

Inn patients with L-BP deficiency one would expect elevated very long chain fatty acids with 

normall  bile acid intermediates. The patient described by Watkins and co-workers (12) was 

foundd to lack L-bifunctional enzyme as concluded from immunoblot analysis performed in 

post-mortemm liver material and fibroblasts. Nevertheless there was accumulation of both very 

longg chain fatty acids and bile acid intermediates which is hard to reconcile with an isolated 

deficiencyy of L-BP. Since fibroblasts from the patient of Watkins and co-workers (12) are 

generallyy used as reference cell line for complementation analysis (13-21), it is important to 

establishh the true genetic basis of bifunctional enzyme deficiency in this patient. 

Thee results described in this paper provide evidence suggesting that the true genetic defect in 

thee patient by Watkins et al. (12) is in the gene coding for D-BP and not in the gene coding 

forr L-BP. This newly acquired knowledge is used to identify the molecular basis of 9 patients 

classifiedd as L-BP deficient by means of complementation analysis (20). 

PATIENT SS AND METHOD S 

Casee report 
Clinicall  and biochemical characteristics of patient T.C. have been described before (12). 

Fattyy acid oxidation in cultured skin fibroblasts 

Pristanicc acid P-oxidation was measured as described before (22). 

Celll  culture conditions and preparation of extracts 

Fibroblastss were cultured in HAM-F10 medium (Gibco BRL) supplemented with 10% FCS 

(Bio-Whittaker).. The cells were trypsinized, washed with PBS, and spun down. Cell pellets were 

storedd at -80°C until used. The cell pellets were resuspended in PBS, 0.25% Triton X-100, 1 

ug/mll  Pefabloc (Merck) and 10 jig/ml leupeptine (Boehringer Mannheim) and sonicated twice. 

Liverr samples were homogenised in the same buffer and sonicated three times. The homogenates 

weree centrifuged at 10,000 x g for 5 min and the supernatants were preserved. 
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Immunoblott  analysis 

SDS-PAGEE was carried out as described by Laemmli (23). For immunoblotting, proteins were 

transferredd from 10% (w/v) acrylamide gels to nitrocellulose paper. After blocking with 5% 

Protifarr (Nutricia) in PBS/0.1% Tween-20 for 1 hour, the blots were incubated for two hours 

withh rabbit polyclonal antibodies raised against D-BP or L-BP diluted in 3 mg/ml BSA. The 

antibodiess raised against human D-BP (preparation II) and L-BP have been characterised 

previouslyy (6,24). After washing 5 times with PBS/0.1% Tween-20, the blots were incubated for 

11 hour with Goat-anti-Rabbit IgG (H+L) alkaline phosphatase (Biorad) in 5% Protifar in 

PBS/0.1%% Tween-20. The blots were washed 5 times with PBS/0.1% Tween-20 and stained with 

0.333 mg/ml nitro blue tetrazolium (Biorad) and 0.165 mg/ml 5-bromo-4-chloro-3-indolyl 

phosphatee (Biorad) in 100 mM Tris-HCl buffer, pH 9.5, containing 100 mM NaCl and 5 mM 

MgCl2. . 

Immunofluorescencee analysis 

Culturedd fibroblasts were washed twice with 10 mg/ml BSA in PBS and fixed for 20 min with 

2%% paraformaldehyde in PBS/0.1% Triton X-100. Cells were washed twice with PBS/0.1% 

Tritonn X-100 and free aldehyde groups were blocked by incubating for 10 min in 0.1 M NH4C1 

inn PBS. Cells were washed three times with 10 mg/ml BSA in PBS and incubated for 45 min 

withh anti-D-BP (see immunoblot analysis) or anti-catalase (25). Cells were washed three times 

withh 10 mg/ml BSA in PBS, incubated for 30 min with biotinylated Donkey-anti-Rabbit Ig 

(Amersham),, and stained with streptavidin-labelled fluorescein isothiocyanate (streptavidin-

FITC)) (Gibco BRL). 

Measurementt  of D-bifunctional protein 

Thee combined activity of the enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase 

componentss of the D-BP were measured as described before (26). Briefly, fibroblast 

homogenatess were incubated for 60 min at 37°C in a medium containing 50 mM Tris-HCl (pH 

8.5),, 1 mM NAD+, 150 mM KC1, 0.1 mM (24E)-3a,7a,12a-trihydroxy-5p-cholest-24-enoyl-

CoAA (24-ene-THC-CoA; prepared as described in (27)), 5 mM pyruvate and 18 U/ml lactate 

dehydrogenase.. The final protein concentration was 150 u,g/ml. Reactions were terminated by 

additionn of 2 M HC1 to a final concentration of 0.18 M followed by neutralisation to a pH of 

aboutt 5.0 using 0.6 M MES pluss 2 M KOH. Resolution of the different CoA-esters was achieved 

essentiallyy as described by Xu and Cuebas (27). 

RNAA isolation and cDNA synthesis 

Totall  RNA was isolated from cultured skin fibroblasts (stored at -80°C) using the acid 

guanidiumm thiocyanate-phenol-chloroform extraction procedure described by Chomczynski 
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andd Sacchi (28) and subsequently used to prepare cDNA (29). 

PCRR and sequencing 

Thee cDNAs encoding either L-BP or D-BP were amplified in three overlapping fragments 

usingg primers with -21M13 or universal Ml 3 extensions (5'-tgt aaa acg acg gcc agt-3' and 

'5-cagg gaa aca get atg acc-3', respectively). 

L-Bifunctionalprotein:L-Bifunctionalprotein: i) fragment 1 (bases -57 to 737; ATG=1 (30,31)) was amplified with 

primerss 5'-tgt aaa acg acg gcc agt GGA AAA GTG GTT TGC CTG-3' (sense) and '5-cag 

gaaa aca get atg ace TCA TAG GGA TAC TGC ACA GC-3' (antisense); ii) fragment 2 (bases 

6499 to 1581) was amplified with primers 5'-tgt aaa acg acg gcc agt TCT TGA AG A TGC 

GGAA GGC AGC-3' (sense) and 5'-cag gaa aca get atg ace CAA CCC AGC AAG ATC AG A 

CAC-3'' (antisense); iii ) fragment 3 (bases 1408 to 2212) was amplified with primers 5'-tgt 

aaaa acg acg gcc agt GGA GTC GTT GTA GGC AAC TG-3' (sense) and '5-cag gaa aca get 

atgg ace ACC TGA TGC TAG CAT GTG AG-3' (antisense). 

D-BifunctionalD-Bifunctional protein: i) fragment 1 (bases -48 to 806; ATG=1 (32)) was amplified with 

primerss 5'-tgt aaa acg acg gcc agt GGC CAG CGC GTC TGC TTG TTC-3' (sense) and 

'5-cagg gaa aca get atg ace ACT GCC TCA GGA GTC ATT GG-3' (antisense); ii) fragment 2 

(( bases 675 to 1543) was amplified with primers 5'-tgt aaa acg acg gcc agt TTG TCA CGA 

GAGG TTG TGA GG-3' (sense) and 5'-cag gaa aca get atg ace GTA AGG GAT TCC AGT 

CTCC CAC-3' (antisense); iii ) fragment 3 ( bases 1489 to 2313) was amplified with primers 

5'-tgtt aaa acg acg gcc agt ACC TCT CTT AAT CAG GCT GC-3' (sense) and '5-cag gaa aca 

gett atg ace CCC TGC ATC TTA GTT CTA ATC AC-3' (antisense). 

PCRR reactions (25 ul final volume) contained 2-5 ul cDNA, 10 mM Tris-HCl (pH 8.4), 50 

mMM KG, 0.1 mg/ml BSA, oligonucleotide primers as indicated (12.5 pmol each), 1.5-2.0 

mMM MgCl2, and 2.5 U Taq polymerase. Thermocycling conditions consisted of 120 s at 96°C 

initiall  to cycling, 30 cycles of 30 s at 94°C, 30 s at 55°C and 90 s at 72 °C, followed by 10 

minn of extension at 72°C. 

Sequencee analysis of PCR fragments was performed after purification of the fragments from 

thee PCR reaction mixtures using Prep-A-Gene DNA purification system (Biorad). Both sense 

andd antisense strands were sequenced using -21M13 and universal Ml 3 (Ml3rev) fluorescent 

primers,, respectively, on a Applied Biosystems 377A automated DNA sequencer following 

standardd protocols provided by the manufacturer. 

Subcloningg of PCR-amplified fragments and sequencing 

Too separate the two cDNAs of L-BP, the cDNA encoding L-BP was amplified with primers 

5'-tgtt aaa acg acg gcc agt GGA GTC GTT GTA GGC AAC TG-3' (sense) and '5-cag gaa 

acaa get atg ace ACC TGA TGC TAG CAT GTG AG-3' (antisense) and ligated into pGEM-T 
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Tablee 1. Activit y measurements of pristanic acid fJ-oxidation and D-bifunctional protein in 
fibroblasts s 

Parameterr  measured Patient T.C. Controls 

Peroxisomall  (3-oxidation measurements" 

pristanicc acid as substrate 13e 1030  475 (74) 

47e e 

97e e 

4e e 

D-bifunctionall  protein activity measurementsb 

enoyl-CoAA hydratasec 0.05 0.28  0.02 (10) 

D-hydroxyacyl-CoAA dehydrogenased n.d.f 0.11  0.02 (10) 
anmol/hmgg protein; nmol/min- mg protein; 'production of 24-hydroxy-THC-CoA; "production of 
24-keto-THC-CoA;; 'four separate experiments; f n.d., not detectable; The values listed in the table 
representrepresent mean  SD(n-l) 

vectorr (pGEM-T Vector system; Promega). For sequencing, the insert of the plasmids were 

amplifiedd with the same primers and the PCR products were sequenced as described above. 

RESULTS S 

Pristanicc acid [3-oxidation 

Patientt T.C. was previously described as the first patient with L-BP deficiency (12). 

Abnormall  levels of very long chain fatty acids were found in both plasma and fibroblasts, 

andd elevated levels of trihydroxycholestanoic acid (THCA) were found in plasma. In 

addition,, C24:0 (3-oxidation was deficient in fibroblasts from the patient (12). We have now 

extendedd these studies and found that oxidation of pristanic acid, a 2-methyl fatty acid, is also 

deficientt in the patient's fibroblasts (table I). These data are hard to reconcile with an isolated 

deficiencyy of L-BP, since it is now known that the enoyl-CoA ester of pristanic acid is 

primarilyy if not exclusively handled by the newly recognised D-BP (8). 

D-bifunctionall  protein measurements 

Thee recent identification of D-BP which reacts with the enoyl-CoA esters of straight chain 

fattyy acids, 2-methyl branched chain fatty acids and bile acid intermediates prompted us to 

focuss on this enzyme as the potential primary defect in this patient. We incubated fibroblast 

homogenatess with the enoyl-CoA ester of THCA, which is handled by D-BP but not by 

L-BP,, and measured the formation of 24-hydroxy-THC-CoA and 24-keto-THC-CoA by 

HPLC.. As shown in Table I, formation of both 24-hydroxy-THC-CoA and 24-keto-THC-

CoAA was strongly deficient in fibroblast homogenates from the patient. 
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Figuree 1. Immunofluorescence analysis of fibroblasts with anti-D-BP and anti-catalase. a) control (CI), stained 
withh anti-D-BP, b) patient T.C. stained with anti-D-BP, c) Zellweger patient (Zl), stained with anti-D-BP, d) 
controll  (CI), stained with anti-catalase, e) patient T.C, stained with anti-catalase, and f) Zellweger patient (Zl) , 
stainedd with anti-catalase. 

Analysiss of D-bifunctional protein by immunoblot and immunofluorescence analysis 

Thee recent generation of a good antibody against D-BP (see (6) for details) allowed studies at 

thee protein level. As shown in fig. 1, a diffuse pattern of immunofluorescence in the cytosol 

wass obtained in the patient's fibroblasts (fig. lb), whereas a punctuate fluorescence pattern of 

peroxisomess was found in control fibroblasts (fig. la). We observed that the nuclei in the 

patients'' fibroblasts were highly fluorescent and irregularly shaped. When antibodies against 

catalasee were used, a punctate fluorescence pattern of peroxisomes was observed in the 

patient'ss fibroblasts (fig le). The immunofluorescent particles were enlarged and reduced in 

numberr compared to control fibroblasts (fig. Id) which is in accordance with data in 

literaturee obtained in fibroblasts from other patients with a defect in peroxisomal P-oxidation 

(15).. In fibroblasts of Zellweger patients, which lack peroxisomes due to a defect in 

peroxisomee biogenesis, a diffuse immunofluorescence pattern in the cytosol was found with 

bothh anti-D-bifunctional enzyme and anti-catalase (fig. lc,f). These data show that peroxi-

somess were normally present in fibroblasts of the patient, but that Dbifunctional enzyme was 

stronglyy deficient. We were not able to perform immunofluorescence with the antibody 

againstt L-BP (see also (24)). 

Immunoblott analysis confirmed the finding that D-BP was absent in liver and fibroblasts of 

thee patient (fig. 2). In control livers and fibroblasts, not only the full length protein of 79 kDa 

wass present, but also the two proteolytically processed polypeptides were present: the 45 kDa 
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liverr fibroblasts 
CII  CI Zl Z2 T.C. C3 C4 C5 Zl Z2 Z3 T.C. 

D-BP P 

45 5 

35 5 

" HH L-BP 

Figuree 2. Immunoblot analysis of D-BP and L-BP in liver (5 ng protein) and fibroblasts (50 ug protein) of five 
controlss (C1-C5), three Zellweger patients (Z1-Z3), and patient T.C. (T.C). Arrowheads indicate the D-BP and 
L-BP. . 

bandd corresponding to the enoyl-CoA hydratase component of D-BP and the 35 kDa band 

correspondingg to the 3-hydroxyacyl-CoA dehydrogenase component of D-BP (6,7,9,10,33, 

34).. None of these bands were present in liver and fibroblasts from the index patient. In 

Zellwegerr patients, minor amounts of the full length protein were present in liver, whereas 

aboutt half the normal amounts of full length protein were present in fibroblasts. Only trace 

amountss of the processed components were present in liver samples of Zellweger patients, 

whereass these components could not be detected in fibroblasts of the Zellweger patients. 

Usingg specific, newly generated antibodies raised against L-BP, we found that L-BP was 

normallyy present in both liver and fibroblasts of the patient (fig. 2). In fibroblast, many 

aspecificc bands were present, but all bands were present in fibroblasts of the index patient. 

However,, the suspected band for L-BP is specifically abolished by immunoprecipitation (see 

(8))) and this band was not detectable in fibroblasts of Zellweger patients. Furthermore, trace 

amountss of L-BP could be detected in liver of Zellweger patients. 

Resolutionn of the molecular  basis of bifunctional protein deficiency 

Inn order to identify the molecular basis of the deficiency of D-BP, the cDNA encoding 

D-bifunctionall  enzyme was amplified by PCR using three overlapping primer sets and the 
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dd control 

patientt T.C. 

Figuree 3. Mutation analysis of D-BP. Electropherograms show that patient T.C. is homozygous (on cDNA) 
forr a deletion of two base pairs. The deleted base pairs are underlined in the electropherogram of the control. 

PCRR products were subsequently sequenced. Fig. 3 shows that the cDNA of the patient had a 

deletionn of two base pairs at position 422 and 423 of the cDNA, which causes a frameshift 

resultingg in a truncated protein. 

Too check whether this patient was homozygous for this deletion, the exon in which the 

deletionn is located and parts of the surrounding introns were amplified based on the intron 

sequencess worked out by Adamski and co-workers (35). Sequence analysis showed that this 

patientt was indeed homozygous for this deletion (results not shown). 

Wee also analysed the cDNA encoding L-BP in the patient's cells to be sure that L-BP could 

nott be defective in the patient. Two cDNAs were found most likely corresponding to the 

maternall  and paternal alleles. Sequencing of these cDNAs revealed that the sequence of one 

cDNAA was indistinguishable from the wild-type sequence whereas in the second cDNA two 

nucleotidee alterations were found (bp 2050 and bp 2066), leading to Arg—>Gly and He—>Thr 

aminoo acid substitutions at position 684 and 689, respectively (see discussion). The two 

(heterozygous)) mutations were not present in the cDNA encoding L-BP of 24 control 

individuals.. However, the presence of (at least) one normal allele for L-BP and the finding of 

normall  L-BP levels upon immunoblot analysis in both liver and fibroblasts from the patient 

(fig.. 2) argue against L-BP deficiency as the underlying basis for the deficient peroxisomal 

P-oxidationn in this patient. 

Analysiss of D-BP cDNA in additional patients classified as L-BP deficient 

Inn literature many patients have been described with L-BP deficiency based on 

complementationn studies using cells from patient T.C. as reference cell line (13-21). In order 

too ascertain whether these patients were also affected in the gene coding for D-BP, we 

performedd sequence analysis of the cDNA coding for D-BP in a series of 9 patients 
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Tablee 2. Analysis of the D-BP encoding cDNA in 9 patients 
previouslyy classified as L-BP deficient 

cDNAA Source* 

Patientt 1 

Patientt 2 

Patientt 3 

Patientt 4 

Patientt 5 

Patientt 6 

Patientt 7 

Patientt 8 

Patientt 9 

Mutatio n n 

dell  1438-1503 

dell  1438-1503 

G46->Ab b 

G46->Ab b 

G46->Ab b 

del281-622 2 

G46-+Ab b 

G63->>T T 

Del869-881 1 

Codingg Effect 

del480-501 1 

deJ480-501 1 

GlylóSer r 

GlylóSer r 

GlylóSer r 

de!94-208 8 

GlylóSer r 

Leu21Phe e 

frameshift t 
aaPatientsPatients were previously diagnosed by complementation analysis 
describedd in (20). 
TTiiss mutation was previously found in a patient described in (26) 

previouslyy identified by us (20). The results of table 2 show a series of different mutations in 

thee D-BP cDNA including two missense mutations (GlylóSer and Leu21Phe), a 66 bp 

deletionn (del 1438-1503), a 342 bp deletion (del281-622), and a 13 bp deletion (de!869-881). 

Wee also performed sequence analysis of the L-BP cDNA and we found no mutations in our 

seriess of 9 patients. 

DISCUSSION N 

Thee patient studied in this paper is known in literature as the only patient with a deficiency of 

thee L-BP as established by Watkins and co-workers (12). This was concluded from the fact 

thatt upon immunoblot analysis L-BP was found to be fully absent in post-mortem liver and 

fibroblastss fractions, whereas its corresponding mRNA was found to be normally present. 

Earlierr studies in plasma from the patient had shown elevated levels of very long chain fatty 

acidss and of trihydroxycholestanoic acid. Until recently these data were generally explained 

onn the basis of the fact that L-BP was considered to catalyse the hydration and 

dehydrogenationn of all enoyl-CoA esters. This includes the enoyl-CoAs of straight chain fatty 

acids,, of 2-methyl branched chain fatty acids such as pristanic acids, and of bile acid 

intermediatess such as trihydroxycholestanoic acid. The recent discovery that L-BP is not able 

too convert the enoyl-CoA esters of trihydroxycholestanoic acid (8,27) and pristanic acid 

(8,36)) to their (3-keto-acyl-CoAs was hard to reconcile with the conclusion that the index 

patientt was truly suffering from L-BP deficiency. 

Ourr present data show that the true defect in this patient is D-BP deficiency. We conclude 

thiss from the following findings: i) deficient activity of D-BP as shown enzymatically in 
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fibroblastsfibroblasts homogenates (Table 1); ii) absence of D-BP upon immunofluorescence analysis 

(fig.. 1) and immunoblot analysis (fig. 2), and iii ) the identification of a homozygous deletion 

off  two base pairs as concluded from studies at the cDNA (fig. 3) and genomic level. The 

deletionn of these two base pairs at position 422 and 423 of the cDNA causes a frameshift 

leadingg too a premature stop codon at position 490 which results in a shortened product of 163 

aminoo acids (  17.5 kDa). This protein lacking 573 amino acids is probably not only 

catalyticallyy inactive but also unstable as concluded from the immunoblot data. Furthermore, 

thee resulting truncated protein is probably fully inactive since it lacks the catalytic amino 

acidss tyrosine and lysine in the NYSAAK motif characteristics of the short chain alcohol 

dehydrogenasee gene family (37). In addition, the truncated protein also lacks the C-terminus 

whichh is required for correct targeting of the protein to the peroxisomes. Indeed, D-BP has a 

typicall  PTS1-signal involving AKL as the terminal three amino acids. This signal has been 

shownn to be both necessary and sufficient to target peroxisomal matrix proteins to 

peroxisomess (38,39). The mislocalised truncated protein is probably unstable in the cytosol 

ass reflected by the absence of any cross-reactive immunological material of the expected size 

uponn immunoblot analysis. In fibroblasts of Zellweger patients, the full length protein is 

presentt in about half the normal amounts, but the processed components are completely 

absent.. We hypothesise that the full length D-BP is processed after transport into the 

peroxisome.. Therefore, the full length D-BP is present in the cytosol, which explains why the 

cytosolicc labelling in Zellweger patients is more pronounced compared with results obtained 

inn cells from the index patient T.C (fig. lc and lb, respectively). Because D-BP can not be 

transportedd into peroxisomes in Zellweger patients, D-BP will not be processed, which 

explainss why only the full length protein is detected. 

Ourr data obtained with L-BP suggest that L-BP is normally expressed in the patient's 

fibroblastsfibroblasts and liver and show that L-BP deficiency is definitely not the cause of the defect in 

peroxisomall  0-oxidation in this patient. We conclude this from the normal presence of L-BP 

uponn immunoblotting (fig. lb) and the identification of one mRNA species without 

mutations.. The second mRNA was identified containing two mutations causing amino acid 

substitutionss in positions 684 (Arg->Gly) and 689 (He—>Thr). The consequences of these 

mutationss for the L-BP protein generated have not been studied since the product of the other 

allelee will be completely normal. This means that the patient is either homozygously normal 

orr heterozygously normal for L-BP. 

Thee data described in this paper showing the normal presence of L-BP by immunoblot 

analysiss and immunofluorescence are difficult to reconcile with the earlier data from Watkins 

etet al. (12). The most likely explanation for these discrepancy results would be that the 

previouslyy used antibody (40) was primarily directed against the D-BP. It should be 

mentionedd that the two bifunctional proteins have almost identical molecular weights and 
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showw comparable behaviour upon chromatography. Unfortunately, the antibody used in these 

earlierr studies is no longer available so that this possibility can not be investigated. 

Takenn together, the data presented in this paper show that the actual defect in the patient 

describedd by Watkins et al (12) is not at the level of L-BP but at the level of D-BP. This 

findingg is of importance especially since cells from this patient with presumed L-BP 

deficiencyy have been used in several complementation studies as a reference cell line to 

classifyy patients with an unknown defect in peroxisomal P-oxidation (13-21). In one of our 

earlierr studies (20) we identified 9 patients with presumed L-BP deficiency based on 

complementationn analysis. Mutation analysis of L-BP cDNA in these patients revealed no 

abnormalities.. However, in all patients studied clear mutations in the D-BP cDNAs were 

foundd (table 2). We found four patients with homozygous deletions: a 66 bp deletion which 

leadss to an in-frame deletion of 22 amino acids (two patients), a 342 bp deletion which lead 

too an in-frame deletion of 114 amino acids, and a 13 bp deletion which causes a frameshift 

resultingg in a truncated protein. Four patients were homozygous for a Glyl6Ser mutation, 

whichh is in the dehydrogenase coding part of the gene. The glycine at position 16 is in the 

Rossmann fold forming the NAD+-binding site (see (26)). One patient is homozygous for the 

Leu21Phee mutation. The leucine at position 21 is also in the Rossman fold forming the 

NAD+-bindingg site (33,41-43). 

Recently,, we identified a patient with D-BP deficiency having the same Glyl6Ser mutation 

ass now found in four additional patients (table 2) (26). We have performed complementation 

analysiss and found that cells from this particular patient and the index patient T.C., studied in 

thiss paper, did not show complementation which is in line with the notion that the molecular 

defectt in both patients is in the gene coding for D-BP. Our data also provide an explanation 

forr earlier results by Suzuki et al.(24) who recently studied two patients which were 

previouslyy diagnosed as patients with L-BP deficiency by means of complementation 

analysis.. Both patients were indeed found to suffer from D-BP deficiency (24). 
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ABSTRACT T 

D-Bifunctionall  protein is involved in the peroxisomal P-oxidation of very long chain fatty 

acids,, branched chain fatty acids, and bile acid intermediates. In line with the central role of 

D-bii  functional protein in the P-oxidation of these three types of fatty acids, all patients with 

D-bifunctionall  protein deficiency so far reported in literature show elevated levels of very 

longg chain fatty acids, branched chain fatty acids, and bile acid intermediates. In contrast, we 

noww report two novel patients with D-bifunctional protein deficiency who both have normal 

levelss of bile acid intermediates. Complementation analysis and D-bifunctional protein 

activityy measurements revealed that both patients had an isolated defect in the enoyl-CoA 

hydratasee domain of D-bifunctional protein. Subsequent mutation analysis showed that both 

patientss are homozygous for a missense mutation (N457Y), which is located in the enoyl-

CoAA hydratase coding part of the D-bifunctional protein gene. Expression of the mutant 

proteinn in the yeast Saccharomyces cerevisiae confirmed that the N457Y mutation is the 

disease-causingg mutation. Immunoblot analysis of patients' fibroblast homogenates showed 

thatt the protein levels of full-length D-bifunctional protein were strongly reduced while the 

enoyl-CoAA hydratase component produced after processing within the peroxisome, was 

undetectablee which indicates that the mutation leads to an unstable protein. 

INTRODUCTIO N N 

Peroxisomall  P-oxidation of fatty acids in mammals is catalysed by two distinct pathways (for 

revieww see (1)). The first pathway catalyses the P-oxidation of very long chain fatty acids, 

likee C26:0, and involves the following enzymes: straight chain acyl-CoA oxidase (2,3), 

enoyl-CoAA hydratase/L-3-hydroxyacyl-CoA dehydrogenase (L-bifunctional protein or L-BP) 

(4-12),, and 3-ketoacyl-CoA thiolase (13,14). The second pathway catalyses the p-oxidation 

off  branched chain fatty acids, like pristanic acid, and bile acid intermediates, like di- and 

trihydroxycholestanoicc acid (DHCA and THCA, respectively), and involves the branched 

chainn acyl-CoA oxidase (3,15), enoyl-CoA hydratase/D-3-hydroxyacyl-CoA dehydrogenase 

(D-bifunctionall  protein or D-BP) (5-12,16), and SCPx (14,17-19). Although D-BP and SCPx 

aree involved in the P-oxidation of branched chain fatty acids and bile acid intermediates, they 

aree also able to react with straight chain fatty acids (5-7,10,11,19). 

Att present, several patients have been described with a defect in peroxisomal p-oxidation 

causedd by a single enzyme defect including straight chain acyl-CoA oxidase deficiency (20), 

3-ketoacyl-CoAA thiolase deficiency (21,22), and D-BP deficiency (23-25). Many of the 

patientss with D-BP deficiency were initially thought to be L-BP deficient because the 

patients'' fibroblasts did not complement the fibroblasts of a patient diagnosed as being L-BP 

deficientt (26-34). However, we recently discovered that this latter patient is actually D-BP 
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deficientt and not L-BP deficient (25). Furthermore, after analysis of nine patients with 

presumedd L-BP deficiency we identified mutations in the gene coding for D-BP (25). 

Al ll  patients with D-BP deficiency described so far, are characterised by the accumulation of 

veryy long chain fatty acids, pristanic acid, and bile acid intermediates (23-25). In this paper 

wee now describe two patients with isolated defects in thee enoyl-CoA hydratase component of 

D-BP.. Both patients did have elevated levels of very long chain fatty acids and pristanic acid, 

butt the concentrations of bile intermediates were normal. 

PATIENT SS AND METHOD S 

Patients s 
Patientt 1 was born at term to consanguineous Algerian parents after a normal pregnancy. The 

patientt had three healthy sibs (one brother and two sisters). At birth, his weight was 3,700 g 

andd the head circumference was 36 cm, which is within the normal range. The patient 

showedd no facial dysmorphia. From birth, the boy was hypotonic and showed no sucking 

reflex.. Two hours after birth he developed a moderate respiratory distress with stridor. 

Convulsionss (partial clonic seizures during 5-10 minutes, 5 to 10 per day) appeared at 10 

hourss of life and were initially refractory to anticonvulsant therapy. His EEG was slow with 

severall  epileptic discharges. At 1 lA months of age, the patient remained severely hypotonic 

withh no eye contact and no reaction to noise. There was no facial dysmorphia except for the 

presencee of shallow orbital ridges. Furthermore, there was no hepatomegaly and hepatic 

functionss were normal. At 3 months the patient required tube feeding and showed moderate 

amyotrophia.. The stridor was still persistent. At 8 months, the patient developed intracranial 

hypertension.. MRI showed hydrocephalus with ventricular dilation and mild delay in 

myelination.. He was treated with Diamox and CSF punctures which initially allowed the 

controll  of the intracranial signs. At 10 months, he was hospitalised again for signs of intra-

craniall  hypertension which required a ventricular shunt. After this neurosurgical procedure, 

thee patient showed no progress in psychomotor functioning. The patient died at 1 year from 

cardio-respiratoryy failure. 

Patientt 2 was born at term to consanguineous Moroccan parents after a normal pregnancy. At 

birth,, the boy was hypotonic and showed no sucking reflex. He was macrocephalic (head 

circumferencee 39 cm) and showed facial dysmorphia typical of Zellweger syndrome. At 2 h 

off  life he had convulsions which were initially refractory to anti-convulsant drugs. The 

patientt was hypotonic with no ocular tracking and no reaction to noise. Hepatomegaly was 

notedd at two weeks of life. Ultrasonography of the brain showed moderate ventricular 

dilationn and cardiac ultrasonography showed moderate cardiomyopathy. At 3 months, the 
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patientt developed clinical signs of intracranial hypertension (head circumference at 45 cm). 

Uponn decompensation of the hydrocephalus (head circumference at 50 cm), it was decided to 

performm a ventricular shunt, but the patient died (at 4 months) before the procedure was 

performed.. The patient had two healthy sibs. Three sibs died from unknown causes in 

Moroccoo and two brothers died with a similar clinical presentation. 

Celll  culture conditions 

Skinn fibroblasts were cultured in HAM-F10 medium (Gibco BRL, Paisley, Scotland) 

supplementedd with 10% FCS (Bio-Whittaker, Verviers, Belgium). 

Determinationn of plasma metabolites and erythrocyte plasmalogens 

Veryy long chain fatty acids, bile acids, phytanic acid and pristanic acid were measured in plasma 

usingg gas chromatographic procedures as described in detail before (35). Erythrocyte plas-

malogenn levels were measured as described by Björkhem et al (36). 

Peroxisomall  functions in cultured skin fibroblasts 

DeDe novo plasmalogen synthesis, peroxisomal C26:0 and pristanic acid P-oxidation, phytanic 

a-oxidation,, DHAPAT-activity, and very long chain fatty acids were measured as described 

beforee (35). Catalase immunofluorescence, immunoblot analysis, and the measurement of D-BP 

activityy expressed as combined enoyl-CoA hydratase activity and D-3-hydroxyacyl-CoA 

dehydrogenasee activity were performed as described by Van Grunsven et al. (25). 

Complementationn analysis was performed as described previously (33). 

PCRR and sequencing 

Totall  RNA was isolated from cultured skin fibroblasts using the acid guanidium thiocyanate-

phenol-chloroformm extraction procedure described by Chomczynski and Sacchi (37) and 

subsequentlyy used to prepare cDNA (38). 

Forr sequence analysis, the cDNA encoding D-BP was amplified by PCR in three overlapping 

fragmentss by means of three primer sets tagged with either "-21M13" (5'-tgt aaa acg acg gcc 

agt-3')) or universal "M13rev" ('5-cag gaa aca get atg acc-3') extensions. The first fragment 

(basess -48 to 806) was amplified with primers -21MDBP-48 (5'-[-21M13]-GGC CAG CGC 

GTCC TGC TTG TTC-3') and M13RDBP806 ('5-[M13rev]-ACT GCC TCA GGA GTC ATT 

GG-3'),, the second fragment (bases 675 to 1543) was amplified with primers -21MDBP675 

(5'-[-21M13]-TTGG TCA CGA GAG TTG TGA GG-3') and M13RDBP1543 (5'-[M13rev]-

GTAA AGG GAT TCC AGT CTC CAC-3'), and the third fragment (bases 1489 to 2313) was 

amplifiedd with primers -21MDBP1489 (5'-[-21M13]-ACC TCT CTT AAT CAG GCT 

GC-3')) and M13RDBP2313 ('5-[M13rev]-CCC TGC ATC TTA GTT CTA ATC AC-3'). 
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PCRR fragments were sequenced in both directions by means of -21M13 and M13rev 

fluorescentfluorescent primers on an Applied Biosystems 3 77 A automated DNA sequencer according to 

thee manufacturer's protocol (Perkin-Elmer, Foster City, CA)). 

RFLPP analysis 
Genomicc DNA was isolated using diatoms matrix as described by Boom et al. (39). 

Forr rapid screening of the 1531T->C mutation, exon 18 (40) was amplified by PCR using the 

sensee primer DBP-exonl8-f (5'-TGT AAA ACG ACG GCC AGT ACT GG C CAA TAA 

CCAA GCC ATG TTT CC-3'; position -85 to -66 in intron 17 starting from acceptor site) and 

thee anti-sense primer DBP-exonl8-r (5'-CAG GAA AC A GCT ATG ACC ACT GGC AGT 

CATT AAG TAG TAG TGT C-3'; position +68 to +87 in intron 18 starting from donor site). 

Ass internal control for Bsr I digestion, both primers introduce a Bsr I restriction site 

(underlined)) in the PCR fragment. Subsequently, the PCR products were digested with 

endonucleasee Bsr I and were analysed by agarose gel (2% w/v) electrophoresis. 

Constructionn of expression plasmids 

Eightt different expression plasmids were constructed for the expression of full-length wild-

typee D-BP and the mutants N457Y, W511R, and N457Y+W511R in Saccharomyces 

cerevisiae.cerevisiae. In addition, plasmids were constructed containing the coding sequence of only the 

enoyl-CoAA hydratase and SCP-related domains of D-BP. 

Too construct the plasmids containing the wild-type D-BP (pDBP-WT) or N457Y+W511R 

mutationss (pDBP-N457Y+W511R), full-length cDNA encoding D-BP was amplified by PCR 

fromm either control fibroblasts or fibroblasts of patient 1 who was homozygous for the 

N457Y+W511RR mutations using primers xbaDBP 5'-ttt tct aga ATG GGC TCA CCG CTG 

AGGG TTC-3' (position 1-21 of the cDNA sequence; Xba I extension) and pstDBP (5'-ttt tci 

gca_gCTT TCA GAG CTT GGC GTA GTC-3'; position 2213-2194; Pst I extension). 

Too construct the plasmids containing either the N457Y mutation (pDBP-N457Y) or the 

W511RR mutation (pDBP-W511R), the mega-primer method was used (41). For construction 

off  pDBP-N457Y, part of pDBP-WT was first amplified by PCR using the sense primer 

xbaDBPP and the anti-sense primer DBP1369T (5'-GAT AGT GGC ATA TAA GTT CC-3'; 

positionn 1372-1353; mutation underlined) containing the 1369A—»T mutation. This PCR 

productt was subsequently used as the sense primer in a second-round PCR using pstDBP as 

thee anti-sense primer. 

Forr construction of pDBP-W511R, part of pDBP-WT was first amplified by PCR using the 

sensee primer DBP1531C (5'-CAG TGG AGA £CG GAA TCC CTT AC A C-5'; position 

1521-1545;; mutation underlined) and the anti-sense primer pstDBP. This PCR product was 

subsequentlyy used as the sense primer in a second-round PCR using xbaDBP as the sense 
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primer. . 

Too obtain the plasmids containing only the the C-terminal part (bp 955 to 2213) of D-BP 

includingg the enoyl-CoA hydratase domain and the SCP-related domain (pHY-WT, 

pHY-N457Y+W511 IR, pHY-N457Y, andpHY-W511R), part of the plasmids containing full-

lengthh D-BP were amplifed by PCR using the primers xbaDBP-955f (5'-ttt tct aga ATG ACA 

GCAA ACA TCA GGA TTT GCT GG-3'; position 955-977 ; Xba I extension) and pstDBP. 

Tablee 1. Biochemical findings in patient 1, patient 2, Zellweger  patients and patients with established 
deficienciess in D-BP and acyl-CoA oxidase. 

Parameterr  measured patient 1 patient 2 ZSA D-BP""  DW0 AOXI D 

Plasma a 

VLCFA : : 

C26:0 0 

C26:0/C22:0 0 

pristanicc acid 

phytanicc acid 

 bile acid intermediates: 

DHCA A 

THCA A 

varanicc acid 

Fibroblasts s 

VLCFA : : 

C26:0 0 

C26:0/C22:0 0 

 P-oxidation: 

C16:0 0 

C26:0 0 

pristanicc acid 

 de novo plasmalogen synthesis: 

[3H]/[ 14C]inpE E 

[3H]/[ ,4C]]  in pC 

 DHAPAT activity: 

Erythrocytes s 

 % plasmalogens: N N 4 N N N 
AZS,, patient with Zellweger syndrome; BD-BP', patient with established D-BP deficiency (25); CDH", patient with 
establishedd D-3-hydroxyacyl-CoA dehydrogenase deficiency (24); DAOX I, patient with acyl-CoA oxidase I 
deficiencyy (20); age- and diet-dependent; n.a., not analysed; N, normal; t , elevated, 4- decreased. 

t t 
t t 

t t 

N N 

N N 

N N 

N N 

t t 
T T 

t t 

N N 

N N 

N N 

N N 

t t 
t t 

f f 
f f 

t t 

t t 
N N 

t t 

t t 
F F 

n.a. . 

n.a. . 

t t 

t t 
n.a. . 

t t 
t t 
t t 

N N 

t t 

T T 
t t 

t t 

t t 
N N 

N N 

n.a a 

N N 

n.a a 

t t 

T T 

N N 

I I 

I I 

N N 

N N 

N N 

T T 

T T 

N N 

i i 
i i 

N N 

N N 

N N 

t t 
t t 

N N 

I I 

I I 

t t 
t t 
I I 

t t 
t t 

N N 

I I 

I I 

N N 

N N 

N N 

t t 
t t 

N N 

4 4 

N N 

N N 

N N 

t t 
t t 

N N 

I I 
N N 

N N 

N N 

N N 
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Alll  PCR reactions were performed with a low error rate mixture of DNA polymerases 

(Expandd High Fidelity, Boehringer, Mannheim, Germany). 

Thee PCR products, containing an Xba I restriction site at the 5'-end and a Pst I restriction site 

att the 3'-end, were digested with Xba I and Pst I and cloned downstream of the S. cerevisiae 

CTA11 promoter into the Xba I and Pst I restriction sites of pEL 26 (42). 

Al ll  PCR fragments were sequenced entirely to exclude Taq polymerase introduced errors. 

Yeastt  culture and expression 
Thee yeast strain used in this study, S. cerevisiae BJ1991 (MAT a, leu2, ura3-251, prbl-1122, 

pep4-3),pep4-3), was transformed with pEL26, pDBP-WT, pDBP-N457Y+W511R, pDBP-N457Y, 

pDBP-W511R,, pHY-WT, pHY-N457Y+W511R, pHY-N457Y, or pHY-W511R, and grown 

onn minimal essential medium containing 0.67% yeast nitrogen base without amino acids 

(DIFCO),, 0.3% glucose, and the appropriate amino acids at 30°C. To induce expression, the 

cellss were shifted to rich oleic acid medium containing 0.5% potassium phosphate buffer, pH 

6.0,, 0.3% yeast extract, 0.12% oleic acid, 0.2% Tween-40, and 0.5% peptone with a starting 

ODéooo of 0.1 and incubated for 17 h at 30°C. 

Forr the measurement of the enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase 

activitiess of D-BP, cells were resuspended in phosphate-buffered saline (pH 7.4) containing 1 

ug/mll  leupeptin, 1 mM EDTA and 1 mg/ml Pefabloc (Merck, Darmstadt, Germany) and 

disruptedd by agitation at 4°C for 15 min on a vortex mixer in the presence of glass beads 

(0=0.455 mm). The homogenates were centrifuged at 2,000 x g at 4°C for 2 min and the 

supernatantss were used for enzyme activity measurements. The enoyl-CoA hydratase activity 

andd D-3-hydroxyacyl-CoA dehydrogenase activity were corrected for the amount of D-BP as 

quantifiedd by immunoblot analysis. 

Thee induction of the expression was checked by measuring the catalase activity in the yeast 

homogenates.. To this end, yeast homogenate was incubated with 0.06% H202 in 40 mM KPi, pH 

7.55 and the disappearance of H202 was measured at 240 nm. 

RESULTS S 

Clinicall  and biochemical characterisation of the patients 

Thee two patients described in this paper showed a number of abnormalities suggestive for a 

peroxisomall  disorder including neurological abnormalities (hypotonia, absence of suck 

reflexes,, convulsions). Craniofacial dysmorphia was present in patient 2 but not in patient 1. 

Ass shown in Table 1, very long chain fatty acid levels were elevated in plasma from both 

patientss suggesting a defect in peroxisomal fatty acid (3-oxidation. In addition, pristanic acid 

levelss were elevated in both patients whereas phytanic acid levels were normal. Furthermore, 

normall  levels of DHCA and THCA were found in plasma (Table 1). 
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Inn order to identify the extent of peroxisomal dysfunction in the two patients, detailed studies 

weree performed in cultured skin fibroblasts (Table 1). Very long chain fatty acid levels were 

elevatedd and oxidation of both C26:0 and pristanic acid was deficient in the patients' fibro-

blasts.. Plasmalogen levels, de novo plasmalogen synthesis, and the activity of dihydroxy-

actetonephosphatee acyl transferase (DHAPAT), which catalyses the first step in plasmalogen 

biosynthesis,, were all normal. 

Immunofluorescencee microscopy studies of the patients' fibroblasts using an antibody 

againstt human catalase revealed normal appearing peroxisomes in about 80% of the 

fibroblasts.. However, in about 20% of the fibroblasts a decreased number of peroxisomes 

wass found, which were much larger than peroxisomes in control fibroblasts (not shown). 

Similarr results were obtained when an antibody against D-BP was used (not shown). 

Takenn together, these data exclude a generalised peroxisomal defect and indicate a selective 

defectt in the peroxisomal fatty acid p-oxidation pathway. 

Complementationn analysis and D-BP activity measurements 

Sincee the clinical and biochemical findings in the two patients were reminiscent of the 

abnormalitiess found in patients with a deficiency of acyl-CoA oxidase (20) (see Table 1), we 

firstfirst focused on this enzyme. However, enzyme activity measurements revealed normal acyl-

CoAA oxidase activities suggesting a different enzyme defect (not shown). Subsequently, we 

studiedd whether D-BP, the next enzyme in the p-oxidation pathway, was deficient in the two 

patients.. To this end, we performed complementation analysis making use of fibroblasts from 

aa patient with an established D-BP deficiency (25). No restoration of pristanic acid P-

oxidationn activity was observed (Table 2). This points to a functional deficiency of D-BP in 

Tablee 2. Complementation analysis. Fibroblasts from patients 1 and 2 were 
eitherr  fused or  cocultivated with fibroblasts from a D-BP deficient patient, 
aa D-3-hydroxyacyl-CoA dehydrogenase deficient patient, or  a Zellweger 
patientt  Subsequently, pristanic acid P-oxidation was measured. 

Combinationn tested cocultivation fusion 

Patientt 1 x D-BP A 

Patientt 1 x DH"B 

Patientt 1 x ZSC 

Patientt 2 x D-BP 

Patientt 2 x DH' 

Patientt 2 x ZS 

Patientt 1 x Patient 2 
AD-BP\\ patient with established D-BP deficiency (25); BDH", patient with 
establishedd D-3-hydroxyacyl-CoA dehydrogenase deficiency (24); CZS, patient 
withh Zellweger syndrome; DPristanic acid P-oxidation rates are in 
pmol/min/mgg of protein 

16D D 

15 5 

It t 

7 7 

6 6 

13 3 

15 5 

10 0 

118 8 

146 6 

8 8 

147 7 

168 8 

10 0 
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Tablee 3. Analysis of the hydratase and dehydrogenase components of D-bifunctional protein in fibroblasts 
off  the patients and controls. 

Activit yy measured Patient 1 Patient 2 Controls (n) 

 EnoyI-CoA hydratase 0.031 0.012 0.28 + 0.02(10) 
(formationn of 24-OH-THC-CoA) 

 D-3-hydroxyacyl-CoA dehydrogenase n.d. n.d. 0.11 2 (10) 
(formationn of 24-keto-THC-CoA) 

n.d.,, not detectable. Enzyme activities are given in nmol/min/mg of protein. The control values listed in the table 
representt . 

thee two patients. Surprisingly, when the patients' fibroblasts were subsequently fused with 

fibroblastss from a patient with a specific deficiency of the D-3-hydroxyacyl-CoA 

dehydrogenasee activity of D-BP (24), pristanic acid p-oxidation was restored (Table 2). This 

stronglyy suggested a selective deficiency of the enoyl-CoA hydratase activity of D-BP with 

normall  activity of the 3-hydroxyacyl-CoA dehydrogenase domain. 

Too confirm that both patients have a deficient enoyl-CoA hydrata?"; activity, D-BP activity 

wass measured (Table 3). To this end, fibroblast homogenates were incubated with the enoyl-

CoAA ester of THCA, and the formation of 24-hydroxy-THC-CoA and 24-keto-THC-CoA 

wass measured by HPLC. In both patients no 24-hydroxy-THC-CoA and no 24-keto-

THC-CoAA could be measured, which is in agreement with a deficient enoyl-CoA hydratase 

domainn of D-BP. 

Mutatio nn analysis 

Sequencee analysis of the D-BP cDNA revealed that both patients were homozygous for two 

differentt mutations. The first mutation, 1369A—»T, changes the asparagine at position 457 

intoo a tyrosine (N457Y), whereas the second mutation, 1531T->C, changes the tryptophan at 

positionn 511 into an arginine (W511R). Both mutations are located in the part coding for the 

enoyl-CoAA hydratase domain of D-BP. 

Too determine whether both patients are also homozygous for these mutations at the genomic 

level,, we took advantage of the fact that the latter mutation eliminates a Bsr I restriction site. 

Wee therefore amplified exon 18 of the D-BP gene by PCR using primers containing 

aa Bsr I restriction site which serves as an internal control for Bsr I digestion. Digestion with 

BsrBsr I of the amplified 290 bp fragment revealed three fragments in a control subject: a 23 bp 

fragmentt a 116 bp fragment and a 130 bp fragment. In both patients, however, only two 

fragmentss were found: a 23 bp fragment and a 246 bp, indicative of the disappearance of the 

internall  Bsr I site, which demonstrates that both alleles contain the 153 IT—>C mutation (not 

shown).. Unfortunately, no material of the patients' parents was present, which makes it 

difficultt to determine whether the patients were truly homozygous or heterozygous with the 

otherr allele being the null allele. However, the fact that the parents of both patients are 

consanguineouss makes it very likely that both patients are homozygous for both the N457Y 

117 7 



Chapterr 7 

andd the W511R mutation. 

Sequencee analysis of D-BP cDNA of 15 control subjects of Caucasian origin did not identify 

thee N457Y mutation, but 2 control subjects were heterozygous for the W511R mutation. 

Sincee this suggested that the W511R mutation may be a polymorphism and not a disease-

causingg mutation, we analysed exon 18 in DNA of 68 additional control subjects of 

Caucasiann origin by restriction analysis with Bsr I. This led to the identification of 14 

additionall  control subjects that were heterozygous for this mutation, which makes the overall 

allelee frequency of the W511R mutation about 10% (16/166). 

Immunoblott  analysis 

Too study the effect of the mutations at the protein level, we performed immunoblot analysis 

usingg an antibody raised against D-BP (Fig. 1). In control fibroblasts, three major bands 

couldd be detected: the full-length protein of 79 kDa, the 45 kDa product corresponding to the 

enoyl-CoAA hydratase component of the D-BP, and the 35 kDa product corresponding to the 

3-D-hydroxyacyl-CoAA dehydrogenase component of the D-BP. In contrast, in fibroblasts of 

bothh patients reduced amounts of the full-length protein were observed but the 45 kDa 

GNN C> 9^ ^ <P> GN OT- <T> <f&  G N 0 T , 

799 kD 

m&?wi0*t m&?wi0*t 

Figuree 1. Immunoblot analysis of D-BP in human skin fibroblast lysates of patient 1 (PI), patient 2 (P2), two 
controll  subjects (CI and C2), a D-BP deficient patient (DBP), a PTS1 receptor deficient patient (PTS1R"), and 
aa PTS2 receptor deficient patient (PTS2R"). Each lane contains 50 ug of protein. Arrowheads indicate full-
lengthh D-BP (79 kDa), the enoyl-CoA hydratase component of D-BP (45 kDa), and the 3-hydroxyacyl-CoA 
dehydrogenasee component of D-BP (35 kDa). 
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productt containing the hydratase domain was never detected. In patient 1, the 35 kDa product 

containingg the dehydrogenase domain was always present at near normal amounts, whereas 

inn patient 2, the 35 kDa product was definitely present although in variable amounts. The 

underlyingg basis for this variability in two patients having the same mutation is unclear. 

Forr comparison we also analysed fibroblasts from two patients with selective defects in the 

PTS11 receptor (Pex5p) (patient PBD018 in (43)) and PTS2 receptor (Pex7p; RCDP) (44), 

respectively.. In fibroblasts from the PTS1 receptor deficient patient only the 79 kDa full-

lengthh product was found, whereas in fibroblasts of the PTS2 receptor deficient patient a 

normall  pattern of the 79 kDa, 45 kDa, and 35 kDa products was observed. 

Expressionn studies 

Too determine whether the mutations affect the expression and/or activity of D-BP, expression 

studiess were performed in the yeast S. cerevisiae. (Fig. 2). When yeast was transformed with 

thee full-length wild-type cDNA of D-BP (pDBP-WT), high enoyl-CoA hydratase activity 

couldd be measured, whereas in yeast transformed with the empty expression plasmid (pEL26) 

noo enoyl-CoA hydratase activity could be detected (Fig. 2A). Yeast transformed with the 

W511RR cDNA (pDBP-W511R) displayed wild-type activity indicating that this mutation has 

noo effect on the enoyl-CoA hydratase activity and that this mutation is indeed a poly-

morphism,, as suggested by the frequency of this mutation in the normal population. 

Unexpectedly,, yeast transformed with the N457Y+W511R cDNA (pDBP-N457Y+W511R) 

orr the N457Y cDNA (pDBP-N457Y) displayed enoyl-CoA hydratase activity of about 60% 

comparedd to wild-type, while in fibroblasts from the patients no activity was detected (see 

Tablee 3). An explanation for this phenomenon could be that in yeast the full-length D-BP is 

nott processed (not shown) whereas in man the full-length protein is processed into an enoyl-

CoAA hydratase component (45 kDa) and a D-3-hydroxyacyl-CoA dehydrogenase component 

(355 kDa). In both patients the enoyl-CoA hydratase component was found to be deficient 

uponn immunoblot analysis (Fig. 1). We therefore decided to examine the effect of the 

mutation(s)) on the activity of the enoyl-CoA hydratase component solely. To this end, we 

expressedd a modified cDNA encoding only the enoyl-CoA hydratase domain plus the SCP2-

likee domain of the wild-type and the two mutant D-BPs in yeast (Fig. 2b). Yeast transformed 

withh the modified wild-type cDNA (pHY-WT) displayed high enoyl-CoA hydratase activity. 

However,, yeast transformed with the modified N457Y+W511R cDNA (pHY-N457Y+ 

W511R)) or the modified N457Y cDNA (pHY-N457Y) did not show any residual activity. As 

wass the case for full-length D-BP, the W511R mutation did not affect D-BP activity. 

Combined,, these data prove that the N457Y mutation is responsible for the loss of enoyl-

CoAA hydratase activity and that the W511R mutation is a polymorphism. 
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Figuree 2. Expression of D-BP in the yeast S. cerevisiae. (A) Activity of D-BP in homogenates of yeast cells 
transformedd with pEL26 and with pEL26 containing the open reading frame of wild-type full-length D-BP 
(pDBP-WT),, or full-length D-BP with the N457Y mutation (pDBP-N457Y), the W511R mutation 
(pDBP-W511R),, or both the N457Y and the W5HR mutations (pDBP-N457Y). (B) Activity of enoyl-CoA 
hydratasee in homogenates of yeast cells transformed with pEL26 and with pEL26 containing the open reading 
framee of the wild-type enoyl-CoA hydratase domain of D-BP (pHY-WT), or the enoyl-CoA hydratase domain 
off  D-BP with the N457Y mutation (pHY-N457Y), the W511R mutation (pHY-W511R), or both the N457Y 
andd the W511R mutations (pHY-N457Y+W511R). The grey bars correspond to the enoyl-CoA hydratase 
activityy and the open bars correspond to the 3-D-hydroxyacyl-CoA dehydrogenase activity. 

DISCUSSION N 

Thee two patients described in this paper showed a peculiar combination of abnormalities in 

plasmaa suggestive of a peroxisomal defect including elevated levels of very long chain fatty 

acidss and pristanic acid but normal levels of the bile acid intermediates DHCA and THCA. 

Ourr results show that this is caused by a specific deficiency of the enoyl-CoA hydratase 

componentt of D-BP in both patients. This is clear from the following observations. Studies in 

fibroblastss revealed an isolated defect in the peroxisomal P-oxidation system. The 

availabilityy of a mutant cell line with a specific defect in D-BP (25) allowed 

complementationn analysis which indicated that the two patients belong to the D-BP 
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deficiencyy group (Table 2). Additional complementation analysis using cells from a patient 

withh an established defect in the D-3-hydroxyacyl-CoA dehydrogenase component of D-BP 

(24)) strongly suggested that the primary defect in the two patients had to be in the enoyl-CoA 

hydratasee domain of D-BP. Enzyme activity measurements indicated that this was true (Table 

3).. Molecular analysis showed that both patients were homozygous for an N457Y mutation 

whichh is located in the enoyl-CoA hydratase domain of D-BP. Expression studies in yeast 

revealedd that the mutant protein displayed abundant enoyl-CoA hydratase activity (60% of 

normal;; see Fig. 2A) suggesting that the mutations did not so much affect the catalytic 

activityy of the protein. Rather, the results of immunoblot experiments suggested that the 

N457YY mutation has a drastic effect on the stability of the D-BP. This is not only true for the 

full-lengthh 79 kDa form which was present in strongly reduced amounts in the patients' 

fibroblasts,, but also for the 45 kDa form which harbours the D-enoyl-CoA hydratase activity. 

Inn fibroblasts from both patients the 45 kDa band was completely missing, which implies that 

thee 45 kDa mutant protein is very unstable. Expression studies in yeast show that the mutated 

enoyl-CoAA hydratase component does not possess any enoyl-CoA hydratase activity (Fig. 

2B).. Taken together, these data suggest that the mutant 45 kDa protein per se is very 

unstable,, but less unstable when it is part of the 79 kDa protein and covalently attached to the 

D-3-hydroxyacyl-CoAA dehydrogenase component of D-BP. The reason that in both patients 

noo enoyl-CoA hydratase activity could be measured despite the presence of low amounts of 

full-lengthh D-BP, is probably because the activity was below the detection limits of the 

activityy assay. 

Inn addition to the disease-causing mutation, N457Y, both patients also had a W511R 

mutationn which appears to be a polymorphism. This mutation was also found in control 

subjectss of Caucasian origin with a frequency of about 10%. Furthermore, expression studies 

inn yeast revealed that the W511R mutation does not have any effect on the enoyl-CoA 

hydratasee activity (Fig. 2). 

Too date, all patients with D-BP deficiency reported in literature (23-25), including the 

patientss described here, have elevated levels of very long chain fatty acids and a deficient 

C26:00 P-oxidation. This strongly suggests that D-BP is the major enzyme in C26:0 p-oxida-

tion,, and not L-BP which until now, is generally considered to be the main enzyme involved 

inn the p-oxidation of very long chain fatty acids. 

Inn contrast to the previously published D-BP deficient patients (23-25), normal levels of the 

bilee acid intermediates DHCA and THCA were found in plasma from patients described in 

thiss paper. This difference is difficult to explain but it may be that patient 1 and patient 2 

havee sufficient residual amounts of active full-length D-BP to p-oxidise bile acid inter-

mediates,, in contrast to the situation in the previously published patients (23-25) with no 

activee D-BP at all. Although the amounts of active, full-length D-BP seem to be enough to 
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P-oxidisee DHCA and THCA in vivo, it is apparently not sufficient for p-oxidation of very 

longg chain fatty acids and pristanic acid, since both patients have elevated levels of these 

substratess in plasma and fibroblasts. Future experiments will have to resolve this problem. 

Thee results presented in this paper indicate that the flowchart which has been introduced for 

thee diagnostic work-up of patients with a peroxisomal defect (45) needs modification. 

Accordingg to this flowchart, a patient suspected to suffer from a peroxisomal p-oxidation 

defectt and with normal plasma bile acids probably suffers from acyl-CoA oxidase deficiency. 

However,, our results show that such a patient could also suffer from D-BP deficiency. 

Itt has been shown that D-BP is cleaved into the enoyl-CoA hydratase component (45 kDa) 

andd the D-3-hydroxyacyl-CoA dehydrogenase component (35 kDa) (5,8,10,11,46,47). Our 

immunoblott data now show that D-BP is not processed into a 45 kDa product and a 35 kDa 

productt in fibroblasts of a patients with a defective PTS1 receptor. This strongly suggests that 

thiss processing event occurs in vivo but that D-BP has to be imported into the peroxisome for 

processingg to occur. Furthermore, D-BP is normally processed in fibroblasts of a patient with 

aa defective PTS2 receptor. This indicates that the processing enzyme, which catalyses the 

cleavage,, does not contain a PTS2 signal for import into the peroxisome. Although D-BP 

appearss to be processed under in vivo conditions, cleavage does not seem to be important for 

thee activity of the protein, since in fibroblast cell lines of the patient with a defective PTS1 

receptor,, the activity of D-BP is normal (authors' unpublished results) which is in line with 

thee results of our expression studies in yeast. 
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SUMMARY Y 

PeroxisomesPeroxisomes are organelles which are present in virtually every eukaryotic cell. They were 

discoveredd in the fifties and only littl e was known about peroxisomes untill the eighties. The 

lastt decade it has become clear that peroxisomes play an important role in cellular meta-

bolism.. Chapter 1 gives an overview of the functions of peroxisomes. The main function of 

peroxisomess is fatty acid P-oxidation which occurs in four subsequent steps: 1) dehydrogena-

tion,, 2) hydration, 3) dehydrogenation again, and 4) thiolytic cleavage. The first step is 

catalysedd by two distinct acyl-CoA oxidases, the second and third step are catalysed by two 

distinctt bifunctional proteins, and the fourth step is catalysed by two distinct 3-ketoacyl-CoA 

thiolases.. For a long time it was thought that the second and third step were catalysed by one 

bifunctionall  protein. Now it is clear that there is a second bifunctional protein involved, 

whichh is called D-Bifunctional protein. The first described bifunctional protein is now called 

L-Bifunctionall  protein. Details about the peroxisomal fatty acid p-oxidation are described in 

chapterr 1. 

Thee importance of peroxisomes is stressed by the occurrence of severe peroxisomal 

disorders.. The prototype of the group of peroxisomal disorders is the cerebro-hepato-renal 

syndromee of Zellweger. This disease and other peroxisomal disorders are also described in 

chapterr 1. There is a large group of patients with a defect in the peroxisomal P-oxidation of 

unknownn origin. These patients were studied with complementation analysis which is 

describedd in chapter 2 and chapter 3: Skin fibroblasts of patients were fused to skin 

fibroblastsfibroblasts of a patient who was described in literature as suffering from L-Bifunctional 

proteinn deficiency (index patient) and complementation was assessed by measuring pristanic 

acidd P-oxidation. If pristanic acid P-oxidation in fused cells is restored, then the underlying 

geneticc defect is different in both patients, whereas the finding of lack of pristanic acid P-

oxidationn in fused cells implies that the underlying genetic defect is identical in both patients. 

Thesee complementation studies have shown that most of the patients reported in this thesis 

withh a peroxisomal P-oxidation disorder of unknown origin belong to the same 

complementationn group as the index patient (chapter 2). Although the index patient was 

initiallyy thought to suffer from L-Bifunctional protein deficiency, it was found that this 

patientt (and therefore also all the other patients within this complementation group) is 

actuallyy suffering from D-Bifunctional protein deficiency and not from L-Bifunctional 

proteinn deficiency (see also chapter 5). Interestingly, within this group of D-Bifunctional 

proteinn deficient patients intragenic complementation was found with three subgroups 

(chapterr 3). This can be explained by the fact that the D-Bifunctional protein harbours two 

activities:: enoyl-CoA hydratase activity and 3-hydroxyacyl-CoA dehydrogenase activity. The 

threee subgroups reflect combined enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase 
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deficiency,, isolated enoyl-CoA hydratase deficiency, and isolated 3-hydroxyacyl-CoA 

dehydrogenasee deficiency as indicated by varanic acid measurements in the patients' plasma 

andd D-Bifunctional protein activity measurements in the patients' skin fibroblasts (chapter 4). 

Chapterr 5 describes a patient with an isolated 3-hydroxyacyl-CoA dehydrogenase deficiency. 

Thiss is caused by a mutation in the NAD+-binding site of the 3-hydroxyacyl-CoA dehydro-

genasee domain. Expression studies showed that this mutation leads to an inactive 3-hydroxy-

acyl-CoAA dehydrogenase domain whereas the enoyl-CoA hydratase activity is normally 

presentt and active. 

Chapterr 6 describes a patient which was originally described as suffering from 

L-Bifunctionall  protein deficiency but when mutation analysis was performed, no mutations 

inn the cDNA encoding L-Bifunctional protein were found. Therefore this patient was 

reinvestigated.. It was found that this patient was deficient in D-Bifunctional protein and not 

inn L-Bifunctional protein: The skin fibroblasts of this patient have no D-Bifunctional protein 

activityy and no detectable D-Bifunctional protein. This is caused by a two base pair deletion 

inn the gene coding for D-Bifunctional protein. 

Thiss finding is of great interest, because the cell line from this patient was used to identify 

thee defect in patients with a defect in peroxisomal p-oxidation of unknown etiology by means 

off  complementation analysis. This means that the patients described in chapter 2, 3, and 4 are 

alsoo suffering from D-Bifunctional protein deficiency and not from L-Bifunctional protein 

deficiency. . 

Chapterr 7 describes two patients who both have an isolated deficiency of the enoyl-CoA 

hydratasee activity of D-Bifunctional protein. Both patients have the same missense mutation 

whichh lead to an instable and (therefore) inactive D-Bifunctional protein. Interestingly, both 

patientss had normal levels of bile acids. This is in sharp contrast with the patients with an 

isolatedd 3-hydroxyacyl-CoA dehydrogenase deficieny and combined enoyl-CoA hydratase/ 

3-hydroxyacyl-CoAA dehydrogenase deficiency. These latter patients had elevated levels of 

bilee acids. Untill know there is no satisfactory explanation for this finding. This implies that 

ourr knowledge of the peroxisomal P-oxidation system is still incomplete and that future 

studiess are necessary. 
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SAMENVATTIN G G 

Eenn cel is onderverdeeld in verschillende compartimenten welke organellen genoemd 

worden.. Peroxisomen zijn organellen die voorkomen in vrijwel elke eukaryote cel. Ze zijn in 

dee vijftiger jaren ontdekt en tot de jaren tachtig was er weinig over peroxisomen bekend. De 

laatstee 10 jaar is echter duidelijk geworden dat peroxisomen een belangrijke rol spelen in het 

metabolismee van de cel. Hoofdstuk 1 geeft een overzicht van de functies van peroxisomen. 

Dee belangrijkste functie is de vetzuur oxidatie wat in vier opeenvolgende stappen plaatsvindt: 

1)) dehydrogenering, 2) hydratie, 3) weer een dehydrogenering en 4) een thiolytische 

splitsing.. De eerste stap wordt gecatalyseerd door twee verschillende acyl-CoA oxidases, de 

tweedee en de derde stap worden gecatalyseerd door twee verschillende zgn. bifunctionele 

eiwittenn en de laatste stap wordt gecatalyseerd door twee verschillende 3-ketoacyl-CoA 

thiolases.. In eerste instantie werd er gedacht dat de tweede en derde stap van de 

vetzuuroxidatiee werd gecatalyseerd door slechts één bifunctioneel eiwit. Inmiddels is bekend 

datt er in het peroxisoom nog een tweede bifunctioneel eiwit aanwezig is. Dit tweede 

bifunctionelee eiwit wordt D-Bifunctional protein genoemd en het eerste bifunctionele eiwit 

wordtt L-Bifunctional protein genoemd. De peroxisomale vetzuur oxidatie wordt uitgebreid 

besprokenn in hoofdstuk 1. 

Hett belang van peroxisomen wordt benadrukt door het voorkomen van ernstige peroxisomale 

ziekten.. Het prototype van deze groep peroxisomale ziekten is het cerebro-hepato-renale 

syndroomm van Zellweger. Deze ziekten en andere peroxisomale stoornissen worden ook in 

hoofdstukk 1 beschreven. Er is een groep patiënten met een stoornis in de peroxisomale 

vetzuurr oxidatie waarvan de oorzaak niet bekend is. Deze patiënten hebben we in het kader 

vann dit proefschrift bestudeerd m.b.v. complementatie analyse. Hierbij zijn huidfibroblasten 

vann patiënten gefuseerd met huidfibroblasten van een patiënt met L-Bi functional protein 

deficiëntiee (index patiënt) waarna wordt gekeken of herstel van de pristaanzuur vetzuur 

oxidatiee optrad. Herstel van vetzuur oxidatie betekende dat het onderliggende enzym defect 

inn beide patiënten verschillend was. Wanneer er echter geen herstel van vetzuur oxidatie 

werdd gevonden betekende dit, dat het enzym defect in beide patiënten hetzelfde was. Met 

behulpp van deze techniek hebben we kunnen bepalen dat de meeste patiënten met een 

onbekendd vetzuur oxidatie defect tot dezelfde complementatie groep behoren als de index 

patiëntt (hoofdstuk 2). In eerste instantie werd er gedacht dat deze index patient een 

L-Bifunctionall  protein deficiëntie had. Wij hebben echter gevonden dat deze patiënt (en dus 

ookk alle andere patiënten in deze complementatie groep) een D-Bifunctional protein 

deficiëntiee had en géén L-bifunctional protein deficiëntie (zie hoofdstuk 5). Binnen deze 

groepp van D-Bifunctional protein deficiënte patiënten vindt intragene complementatie plaats, 

waardoorr drie subgroepen te onderscheiden zijn (hoofdstuk 2). De achterliggende reden is dat 
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hett D-Bifunctional protein twee verschillende activiteiten heeft: een enoyl-CoA hydratase 

activiteitt en een 3-hydroxyacyl-CoA dehydrogenase activiteit. De drie subgroepen hebben 

respectievelijkk een gecombineerde enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase 

deficiëntie,, een geïsoleerde enoyl-CoA hydratase deficiëntie, of een geïsoleerde 3-hydroxy-

acyl-CoAA dehydrogenase deficiëntie. De bepalingen van varaanzuur in het plasma van deze 

patiëntenn en de bepaling van D-Bifunctional protein activiteit in de huidfibroblasten van deze 

patiëntenn bevestigen deze bevindingen (hoofdstuk 4). 

Hoofdstukk 5 beschrijft een patiënt met een geïsoleerde deficiëntie van de 3-hydroxyacyl-CoA 

dehydrogenasee activiteit van het D-Bifunctional protein. Dit werd veroorzaakt door een 

mutatiee in de NAD+-binding site van het 3-hydroxyacyl-CoA dehydrogenase domain. 

Expressiee studies hebben aangetoond dat deze mutatie inderdaad leidt tot een inactief 

3-hydroxyacyl-CoAA dehydrogenase , terwijl de enoyl-CoA hydratase activiteit normaal is. 

Hoofdstukk 6 beschrijft een patiënt die in de literatuur staat beschreven als een L-Bifunctional 

proteinn deficiënte patiënt. Er zijn echter geen mutaties gevonden in het cDNA wat voor het 

L-Bifunctionall  protein codeert. Daarom hebben we deze patiënt opnieuw onderzocht en we 

hebbenn gevonden dat deze patiënt géén L-Bifunctional protein deficiëntie heeft maar een 

D-Bifunctionall  protein deficiëntie. De huidfibroblasten van deze patiënt hebben geen 

D-Bifunctionall  protein activiteit en het D-Bifunctional protein eiwit is afwezig. Deze 

deficiëntiee wordt veroorzaakt door een deletie van 2 baseparen in het gen wat voor het 

D-Bifunctionall  protein codeert. 

Dezee bevinding was erg belangrijke omdat de huidfibroblasten van deze patiënt gebruikt zijn 

omm complementatie analyse uit te voeren om zo het onderliggende defect van patiënten met 

eenn onbekend defect in de peroxisomal vetzuur oxidatie op te helderen (zoals beschreven in 

hoofdstukk 2 t/m 4). Deze patiënten hebben dus ook een D-Bifunctional protein deficiëntie en 

nietniet een L-Bifunctional protein deficiëntie. 

Hoofdstukk 7 beschrijft twee patiënten met een geïsoleerde deficiëntie van de enoyl-CoA 

hydratasee activiteit van het D-Bifunctional protein. Beide patiëntenn hebben dezelfde missense 

mutatiee in het gen wat codeert voor het D-Bifunctional protein. Deze mutatie leidt tot een 

instabiel,, en daardoor inactief, eiwit. Beide patiënten hebben normale hoeveelheden galzuren 

inn hun serum. Dit in tegenstelling tot de patiënten met een gecombineerde enoyl-CoA 

hydratase/3-hydroxyacyl-CoAA dehydrogenase deficiëntie (hoofdstuk 5) en geïsoleerd 

3-hydroxyacyl-CoAA dehydrogenase deficiëntie (hoofdstuk 6) die verhoogde hoeveelheden 

galzurenn in hun serum hebben. We weten echter niet waarom de twee enoyl-CoA hydratase 

deficiëntee patiënten normale galzuren hebben. Dit geeft aan dat de kennis over het 

peroxisomalee vetzuur oxidatie systeem nog steeds niet volledig is en dat verder onderzoek 

naarr het peroxisomale P-oxidatie systeem nodig blijft. . 
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Nuu het einde is genaderd kom ik bij het laatste (dit zou nog best eens een goede stelling 

kunnenn zijn!!), en dat is jawel, het hoofdstuk waar iedereen meteen inkijkt namelijk: 

'Het'Het Dankwoord'. 

Hett moeilijkste van het schrijven van dit proefschrift vond ik om dingen zo op te schrijven 

datt anderen precies snappen wat je bedoelt, zonder dat er een dubbele uitleg aan te geven is. 

Datt geldt natuurlijk ook voor dit meest gelezen deel van het proefschrift. Ik ben van menig 

datt mijn dankwoord een zeer wezenlijk onderdeel van mijn proefschrift is (van elk 

proefschriftt trouwens) omdat er natuurlijk heel veel mensen bij betrokken zijn geweest 

zonderr wie ik nooit zover zou zijn gekomen. 

Inn tegenstelling tot vele andere dankwoorden, wil ik beginnen met Jacques (of juist niet) 

zonderr wie dit boekje er nooit gekomen zou zijn. Ik hoefje niet te zeggen hoeveel je voor mij 

betekentt en hoeveel steun je me hebt gegeven. Je vind het vanzelfsprekend datje voor 200% 

achterr me staat. Toch had ik het zonder jouw steun en realisme niet zover laten komen. Ik zal 

jee wens echter respecteren en je hier nadrukkelijk niet voor bedanken. Je vind dat ik je wel 

voorr de financiële steun mag bedanken, maar dat vind ik weer onzin: we zijn immers niet 

voorr niets in gemeenschap van goederen getrouwd! 

Papaa en mama, ook al heb ik nooit zoveel over mijn werk losgelaten, julli e onvoorwaar-

delijkee vertrouwen en interesse hebben mij veel goedgedaan. Bedankt voor julli e geloof in 

mij.. Ook mijn zussen, Christine, Rianne, Coby, Mieke en Petra, spelen een grote rol in mijn 

leven,, en ik wil julli e bedanken voor de afleiding die julli e me (vooral het afgelopen jaar) 

hebbenn gezorgd. Ik zou julli e alle vijf wel als paranimf willen. Ik moest echter een keuze 

maken.. Coby, ik ben erg blij datje mijn paranimf wilt zijn. 

Eindelijkk kom ik dan toe aan de mensen die me op het lab met raad, daad en veel afleiding 

hebbenn bijgestaan. 

Ronald,, bedankt dat je me de mogelijkheid hebt gegeven om bij jou promotie-onderzoek te 

doenn en dat je me promotor bent. Ik heb héél veel van je geleerd, meer dan ik onder woorden 

kann brengen. Jouw enthousiasme heeft mij steeds weer gemotiveerd om door te gaan. Helaas 

hebb je het in de loop van tijd steeds drukker gekregen, maar toch stond je steeds voor me 

klaarr als ik je nodig had. Ook daar ben ik je zeer dankbaar voor. 

Ikk wil verder iedereen bij Procreatie alias Genetische Metabole Ziekten bedanken. Ik heb het 

ontzettendd naar mijn zin gehad. Er was altijd een leuke ontspannende sfeer en ik heb heel wat 

afgekletstt en gelachen. Iedereen was altijd erg behulpzaam. Mijn dank is ontzettend groot. 

Ookk buiten het werk hebben we heel wat tijd doorgebracht (film, eten, Lissabon, kamperen in 

Denn Helder, en alle andere activiteiten). Dit maakte het werk nog leuker. 

Eveline,, we zijn allebei tegelijk bij GMZ komen werken en ik ben ontzettend blij dat ik je 

hebb leren kennen. We hebben heel wat gekletst en gelachen, maar ook gehuild. We hebben 

eenn ontzettend leuke tijd gehad en ik hoop dat we onze vriendschap nog lang kunnen 
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aanhouden.. Ik ben ontzettend blij datje mijn paranimf wilt zijn. 

Wendy,, ook ji j bent zo'n beetje gelijk met mij op het lab gekomen. Eerst als stagiair en later 

alss analist. Vanaf het begin heb je me gevraagd of je toch wel in mijn dankwoord zou komen. 

Natuurlijkk kom je hierin! Je hebt me immers enorm geholpen met al het sequencewerk en het 

werkk dat je de laatste maanden voor me hebt gedaan. Bovenal wil ik je bedanken voor het 

kletsen,, lachen en alle gezelligheid. Ik hoop dat ook bij jou het spreekwoord 'uit het oog, uit 

hett hart*  niet zal gelden! 

Petra,, bedankt voor al de immuunfluorescenties die je voor me hebt gedaan en je hulp bij de 

complementatiee analyses. Je bent een (te) goede tegenstander voor me met de squash en ik 

vondd het leuk om een week met je door te brengen aan de Cöte d'Azur. We'll keep in touch! 

Sacha,, eindelijk heb je geluk in handen. In de liefde en in Nature Genetics. Wat wil je nog 

meer!?!!  Ik was blij dat er eindelijk een andere vrouwelijke AIO was met wie ik alle 

gevoelenss en toekomstplannen kon delen. Ik heb genoten van de nachtelijke uurtjes in 

Lunterenn en Genua. Je bent een geweldige meid!! Succes de komende jaren. 

Yvette,, bedankt voor het aanhoren van al mijn verhalen en twijfels en voor je enorme 

respons.. Het spijt me dat ik je zoveel van je werk hebt gehouden. Je bent een geweldige 

kamergenoott en ik hoop nog vaak met je te kletsen. 

Gerbert,, ji j zult het vast niet nodig vinden dat ik je bedank. Toch heb je me geholpen: je hebt 

mee de eerste beginselen van de complementatie analyse bijgebracht en als kamergenoot en 

medepromovenduss hebben we heel wat ervaringen en informatie uit kunnen wisselen over 

alless (in de breedste zin van het woord) wat bij het promoveren komt kijken. Dit heeft mij 

zeerr zeker geholpen. Bedankt daarvoor. Succes met je eigen promotie en met je wereldreis! 

Nicolette,, als kamergenoot hebben we heel wat dingen besproken (o.a. huis/verbouwing, 

proefschrift,, en de toekomst). Ik blij dat ik je heb leren kennen en het ga je goed. 

Lodewijkk (meneer IJlst, met twéé hoofdletters!), ik heb veel van je geleerd. Had je nu van 

mijj  maar geleerd hoe je 'houdoe' moest uitspreken! Bedankt voor al je tijd en kritische noten. 

Veell  plezier met de kleine! 

Simone,, bedankt voor je al je hulp (zonder jou was de D-BP bepaling op de HPLC nooit 

gewordenn zoals die nu is), kritiek en humor. Ik waardeer dit alles enorm. 

Connyy bedankt voor alle immunoblotjes en het in kaart brengen van alle P-oxidatie patiënten. 

Ookk ji j veel plezier met de kleine. 

Patricia,, je bent een enorme kweeksteun geweest. Bedankt daarvoor. Bovendien ben ik blij 

datjee er in de vroege uurtjes was zodat die wat minder eenzaam waren! 

Hans,, bedankt voor het delen van al je ervaringen en voor je tijd die je hebt genomen om 

mijnn artikelen te lezen en te corrigeren. Ik heb daar heel veel van geleerd. 

Jos,, Rob, Carlo (de eeuwige enthousiast) en Gerrit-Jan bedankt voor julli e kennis, hulp en 

aanwezigheid.. Gerrit-Jan, ook bedankt voor'Ilsebil'. 
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Fredd en Sander bedankt voor de lol en gezelligheid. Succes met julli e promotie. En Stephan, 

bedanktt voor het mooie voorbeeld op 18 november, en alle gesprekken (van promotie tot 'As 

thee world turns'). 

Joycee en Janet, bedankt voor het meidengeklets en de (meiden)films. Dit geldt natuurlijk ook 

voorr Eveline, Petra, Wendy en idereen die hieraan mee heeft gedaan. 

Ookk de studenten die voor mij gewerkt hebben wil ik bedanken voor hun inzet en uitkomst: 

Minekee bedankt voor het sequencen en Emanuel bedankt voor de D-BP assay. Ook alle 

studentenn die bij 'ons' op het lab hebben gezeten gedurende mijn tijd wil ik bedanken voor 

hunn gezelligheid. 

Dee squash-club wil ik bedanken voor hun enthousiamse. Met name, Henny, Petra en Lia wil 

ikk bedanken voor hun (te goede) tegenstand. En Henny, dat dineetje komt nog wel. 

Ikk ben me er van bewust dat ik niet iedereen bij naam kan noemen, dat wil echter niet zeggen 

datt ik de overige medewerkers van GMZ niet dankbaar ben. Het tegendeel is waar. Zoals ik 

all  eerder heb gezegd heb ik een waanzinnige tijd op het lab gehad. Dat is gekomen doordat 

iedereenn altijd behulpzaam was en ik met iedereen kon ouwehoeren. Mijn excuses dat ik 

julli ee wellicht met mijn geklets van het werk heb gehouden (dit geldt natuurlijk ook voor alle 

bovengenoemden!).. Voor mij was en is dat erg belangrijk (geweest). 

II  also would like to thank Jurek Adamski for his knowledge and help. I really enjoyed my 

stayy in Hanover and I have learned a lot from you. Furthermore, I enjoyed our collaboration 

andd your company. 

Udoo Seedorf, thank you and your co-workers for your help when I was in Munster to 

sequencee potential SCPx patients and for all the help afterwards. 

II  would like to thank all the co-authors of my articles. Without you I was not possible to have 

writee this thesis. 

All ee Sliccers wil ik bedanken voor hun behulpzaamheid en gezelligheid. 

Nicoo and alle anderen van het sequence lab wil ik bedanken voor de goede runs. 

Natuurlijkk wil ik ook Henk Tabak bedanken voor het gebruik van de VMT faciliteiten en 

natuurlijkk iedereen op Biochemie: julli e waren altijd behulpzaam en ik heb vaak meer tijd bij 

julli ee besteed dan nodig was, vanwege het gezellige geklets. 

Alss laatste wil ik iedereen bedanken die mij de nodige afleiding en adviezen hebben gegeven. 

Datt zijn er te veel om op te noemen, en daarom ga ik ook geen poging wagen om dat wel te 

doen.. Ik ben namelijk veel te bang dat ik iemand vergeet! 

Ikk denk dat ik nu dat het einde nu echt is genaderd. Het wordt dus tijd om af te sluiten. 

Normaall  heb ik moeite om afscheid te nemen. Maar nu moet ik wel, want de bladzijde is vol! 
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