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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 measurementss 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.

INTRODUCTION 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 fulfils 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, 14tetramethylpentadecanoicc 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 multifunctionall p-oxidation enzyme with both hydratase and 3-hydroxyacyl-CoA dehydrogenase
activities. .

MATERIALSS AND METHODS
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 coworkerss (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
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Tablee I. Biochemical characteristics of the 13 patients with an unknown defect in peroxisomal
j3-oxidation n
Fibroblasts s
Plasma* *

Fattyy acid oxidation rate6

Patients s

C26:00 levels

C26:0 0

Pristanicc acid

1,2 2

tt
tt

44

NN

3-13 3

II

Acyl-CoA oxidase activity
1
N

a

mol/L L
mol/h.mgg protein

thiss paper. In all 13 patients elevated C26:0-levels were found in plasma as well as in fibroblasts.. 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 pristanoylCoAA 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 homogeneouss 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,
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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 experimentss fibroblasts from the 9 patients belonging to the same, large complementation group,
weree fused with one another. Interestingly, in some of these combinations clear complementationn 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
celll line studied
No.. 3

BP-deficiency y

Zellweger r

24(6) )

2255 (0)

No.. 4

6(4) )

2511 (3)

No.. 5

10(11) )

393(11) )

No.. 6

0(0) )

5099 (1)

No.. 7

0(0) )

4322 (0)

No.. 8

7(0) )

317(0) )

No.. 9

0(0) )

3222 (8)

No.. 10

KD D

3800 (0)

No.. 11

5(6) )

4577 (6)

No.. 12

6577 (36)

3400 (25)

No.. 13

307(15) )

280(16) )

"Ratess in pmol/h.mg protein
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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 complementationn 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

11

Acyl-CoA oxidase deficiency

2AA

Bifunctional protein deficiency (both hydratase and 3HAD components)

2BB

Bifunctional protein deficiency, hydratase or 3HAD component of BP

3,4,5 5

2CC

Bifunctional protein deficiency, hydratase or 3HAD component of BP

6 , 7 , 8 , 9 ,, 10,11

33

Unknown

12 2

44

Unknown

13 3

Abbreviationn used: 3HAD= 3-hydroxyacyl-CoA dehydrogenase
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Patients s
11 and 2
Patientt with established
bifunctionall protein
deficiencyy [17]
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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-hydroxyacylCoAA 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 enoylCoAA 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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