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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. 

INTRODUCTION 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. 

EXPERIMENTALL 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). 

80 0 



D-hydroxyacyl-CoAA dehydrogenase deficiency 

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 
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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). 

Identificationn 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 

father 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 
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Watkinss and Moser. 
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