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In the last few years many patients have been re-
ported with a defect in peroxisomal fatty acid B-oxida-
tion of unknown origin. Using a combined approach
based on direct activity measurements of straight-
chain acyl-CoA oxidase and complementation analysis
after somatic cell fusion of fibroblasts, we have now
classified 13 patients into 4 distinct groups represent-
ing different gene defects. Remarkably, we found in-
tragenic complementation in group 2 so that group 2
is in fact made up of 3 distinct subgroups. The underly-
ing basis for this peculiar phenomenon probably has
to do with the fact that bifunctional protein harbors
two catalytic activities including enoyl-CoA hydratase
and 3-hydroxyacyl-CoA dehydrogenase. In group 2A
enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydro-
genase are defective whereas in group 2B and 2C ei-
ther the hydratase or 3-hydroxyacyl-CoA dehydroge-
nase component of the bifunctional protein is defi-
cient. © 1997 Academic Press

Peroxisomes are subcellular organelles which play
an indispensable role in cellular metabolism. The im-
portance of peroxisomes in man is stressed by the exis-
tence of a group of inherited disorders in man in which
there is an impairment in one or more peroxisomal
functions [1,2]. The prototype of this group of disorders
is the Zellweger syndrome in which morphologically
distinguishable peroxisomes are absent [3] due to mu-
tations in one of the genes involved in peroxisomes
biogenesis [1].
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One of the most important functions of peroxisomes,
at least in higher eukaryotes, is the g-oxidation of fatty
acids and fatty acid derivatives [4,5]. Although the
mechanism of g-oxidation in peroxisomes is identical to
that in mitochondria, g-oxidation in the two organelles
fulfils separate purposes. Indeed, mitochondria cata-
lyse the oxidation of the bulk of fatty acids derived from
our daily diet, notably long-chain fatty acids, whereas
peroxisomes are involved in the g-oxidation of a dis-
tinct set of fatty acids, including very-long-chain fatty
acids (C24:0, C26:0 etc), di- and trihydroxycholestanoic
acid, the precursors of the primary bile acids chenode-
oxycholate and cholate, and pristanic acid (2, 6, 10,
14-tetramethylpentadecanoic acid). The latter is the «-
oxidation product of phytanic acid (see [6]).

In the last few years many patients have been re-
ported with a defect in peroxisomal S-oxidation of un-
known origin (see [2] for references). Resolution of the
underlying defect(s) in these patients is difficult espe-
cially since the individual peroxisomal S-oxidation en-
zyme activities are very hard to measure especially in
fibroblasts with the exception of acyl-CoA oxidase. This
is due to the presence of the mitochondrial S-oxidation
enzymes catalyzing the same reactions, making differ-
ential analysis of the peroxisomal S-oxidation enzymes
in homogenates virtually impossible.

We have now studied 13 patients with a defect in
peroxisomal g-oxidation of unknown origin using direct
acyl-CoA oxidase activity measurements and comple-
mentation analysis. The results show strong overrepre-
sentation of one particular complementation group
which contains 3 subgroups, probably representing dif-
ferential defects within the same multifunctional g-
oxidation enzyme with both hydratase and 3-hydroxya-
cyl-CoA dehydrogenase activities.
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TABLE 1

Biochemical Characteristics of the 13 Patients with an
Unknown Defect in Peroxisomal g-Oxidation

Fibroblasts

Fatty acid oxidation

Plasma rate®
Acyl-CoA
Patients C26:0-level C26:0 Pristanic acid oxidase activity
1,2 T l N l
3-13 1 l ! N
& umol/L.

® pmol/h.mg protein.

MATERIALS AND METHODS

Cell culture and complementation studies. Fibroblasts were
grown from skin biopsies using standard culture conditions condi-
tions [7]. Cells were subsequently fused or cocultivated according to
Brul et al. [8]. The fused cells were cultured for 3 days in Dulbecco
Modified Eagles Medium (DMEM) without Fetal Calf Serum (FCS)
after which the occurrence of complementation was tested by means
of pristanic acid S-oxidation which was performed as described before
for cultured skin fibroblasts [7]. The same procedure was also used
for [1-**C]hexacosanoic acid (C26:0) S-oxidation activity measure-
ments in fibroblasts [7].

Acyl-CoA oxidase activity measurements. the activity of the
straight-chain acyl-CoA oxidase was measured in fibroblasts homog-
enates using [**C] palmitoyl-CoA according to the procedure de-
scribed by Hashimoto and coworkers [9].

Very-long-chain fatty acids. were measured in plasma according
to previously published methods [10].

Patients. The patients studied in this paper displayed all the
clinical and biochemical abnormalities described in literature for per-
oxisomal fatty acid oxidation disorders (see [1,2] for details) including
elevated plasma very-long-chain fatty acids, deficient fatty acid oxi-
dation in fibroblasts but normal de novo plasmalogen biosynthesis
and the normal appearrance of peroxisomes in fibroblasts upon cata-
lase-immunefluorescence (see [11]).

RESULTS

Table I lists the most important biochemical findings
in the group of 13 patients studied in this 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 p-oxidation activity in fibroblasts was deficient
in all cases. The results obtained show no difference
between the patients. However, when pristanic acid s-
oxidation was measured in the patients’ fibroblasts, we
found clear differences: in 11 of the 13 patients pris-
tanic acid oxidation was deficient, whereas in 2 pa-
tients oxidation was normal. A likely possibility for the
observed difference between the two groups of patients
would be that there is a deficiency of the straight-chain
acyl-CoA oxidase in patients 1 and 2, since the latter
enzyme accepts C26:0-CoA but not pristanoyl-CoA as
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substrate [12]. Pristanoyl-CoA is known to be handled
by a separate oxidase, called branched-chain acyl-CoA
oxidase [12]. Direct measurement of straight-chain
acyl-CoA oxidase activity in fibroblast homogenates us-
ing the elegant method described in [9] indeed showed
a deficiency of this enzyme in patients 1 and 2, with
normal activity in the 11 remaining patients (Table I).

Peroxisomal enoyl-CoA hydratase, 3-hydroxyacyl-
CoA dehydrogenase and thiolase activities cannot be
measured directly in fibroblast homogenates due to the
presence of their mitochondrial counterparts, catalyz-
ing the same reactions. For this reason we selected
another approach to find out whether the 11 remaining
patients were genetically homogeneous or not. Genetic
complementation analysis after somatic cell fusion is
the method of choice for this purpose [8,13-16].

Fibroblasts from a patient with an established defi-
ciency of the peroxisomal bifunctional protein were se-
lected as reference cell line [17]. All 11 patient cell lines
were fused with the bifunctional protein deficient cell
line and complementation was assessed by measuring
pristanic acid g-oxidation in the fused cells. As a con-
trol, cells were not fused but only grown together fol-
lowed by pristanic acid S-oxidation measurements in
the cocultivated cells (results given in Table 11 between
brackets).

The results of Table Il show that 9 out of the 11
patient cell lines tested failed to show complementation
with about equal rates of g-oxidation in fused and co-
cultivated cells (Table I, left column). Complementa-
tion was only observed with cell lines 12 and 13. Inter-

TABLE 11

Results of Complementation Studies Using Fibroblasts
from Patients 3-13 and Two Established Patient Cell Lines
(Bifunctional Protein Deficiency (BP-Deficiency) and Zell-
weger Syndrome)

Pristanic acid S-oxidation activity®
in fused/cocultivated cells

Fusion partner:

Patient cell line

studied BP-deficiency Zellweger
No. 3 24 (6) 225 (0)
No. 4 6 (4) 251 (3)
No. 5 10 (11) 393 (11)
No. 6 0 (0) 509 (1)
No. 7 0 (0) 432 (0)
No. 8 7 (0) 317 (0)
No. 9 0 (6) 322 (8)
No. 10 1(1) 380 (0)
No. 11 5 (6) 457 (6)
No. 12 657 (36) 340 (25)
No. 13 307 (15) 280 (16)

@ Rates in pmol/h.mg protein.
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Patient
cellline 3 4 5 6 7 8 9 10 11

3 0 11 64 39 31 32 67 90
2 0 8 1 0 0 5 0 6

3

64 212 281 4 0 0 3 1 3
1 2 13 2 0 0 3 1 4

6

FIG. 1. Complementation analysis of fibroblasts belonging to
complementation group 2 representing bifunctional protein defi-
ciency. Cells from patients 3 and 6 were either fused or cocultivated
with cells from 3, 4, 5, 6, 7, 8, 9, 10 and 11 followed by pristanic
acid g-oxidation measurements. Numbers above the diagonal line
represent fused cells, those below the line represent cocultivated
cells.

estingly, when the latter two cell lines were fused to-
gether, clear complementation was observed (pristanic
acid g-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.

To rule out that the lack of complementation ob-
served in Table Il with patient cell lines 3-11 was arti-
factual, each patient cell line was fused with cells from
a Zellweger patient. In such cells pristanic acid §-oxi-
dation is deficient due to a defect in peroxisome biogen-
esis but not peroxisomal g-oxidation per se (see [1] for
discussion). The results of Table Il (right column) show
clear complementation in all cases.

Taken together, the results of Table Il show strong
overrepresentation of one particular complementation
group to which 9 of the 13 patients studied in this paper
belong. Since the patient with established bifunctional
protein deficiency (see [17]) also belongs to this group,
the underlying defect in the 9 patients has to be at the
level of the bifunctional enzyme, catalyzing the second
and third reactions of peroxisomal S-oxidation.

In subsequent experiments fibroblasts from the 9 pa-
tients belonging to the same, large complementation
group, were fused with one another. Interestingly, in
some of these combinations clear complementation was
observed as shown in Fig. 1. Indeed, if fibroblasts from
patient 3 for instance were fused with fibroblasts from
patient 6, the rate of pristanic acid S-oxidation was
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found to be 64 pmol/h.mg protein in contrast to a value
of 1 pmol/h.mg protein for the cocultivated combina-
tion. Fusion of patient cell line 3 with cells from pa-
tients 7, 8, 9, 10 and 11 also showed complementation,
whereas cell lines 4 and 5 failed to show complementa-
tion with patient cell line 3. In accordance with these
results, no complementation was observed in fusions
between cell line 6 and cell lines 7, 8, 9, 10 and 11,
whereas cell line 6 did show complementation with cell
lines 4 and 5.

Taken together, the data of Fig. 1 suggest intragenic
complementation with 3 subgroups within the group of
bifunctional protein deficiency (Table I11).

DISCUSSION

In the past many patients have been described in
literature with a defect in peroxisomal S-oxidation of
unknown origin [2]. In this paper we have used a com-
bined approach involving measurement of straight-
chain acyl-CoA oxidase activity in fibroblast homoge-
nates and complementation analysis to identify the un-
derlying defects. The results revealed a deficiency of
straight-chain acyl-CoA oxidase in patients 1 and 2.
Subsequent complementation studies using fibroblasts
from a patient with an established bifunctional protein
deficiency as reference cell line [17], showed lack of
complementation in 9 out of the 11 patients studied,
thus suggesting that bifunctional protein is affected in
all these 9 patients. The 2 remaining patients were
found to belong to separate groups involving different,
as yet unknown gene products (Table I11).

Remarkably, we found intragenic complementation
within the group of 9 bifunctional protein deficient pa-
tients so that this group is in fact made up of 3 sub-
groups (Table I11). The underlying basis for this re-
markable phenomenon probably has to do with the fact
that the peroxisomal bifunctional enzyme harbors both
enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydro-
genase activity [18]. In the patient described by Wat-
kins et al [17] with bifunctional protein deficiency im-

TABLE 111
Complementation Groups in Patients with a Defect in Peroxisomal S-Oxidation

Group Enzyme defect Patients
1 Acyl-CoA oxidase deficiency 1land?2
2A Bifunctional protein deficiency (both hydratase and 3HAD components) Patient with established bifunctional
protein deficiency [17]
2B Bifunctional protein deficiency, hydratase or 3HAD component of BP 3,4,5
2C Bifunctional protein deficiency, hydratase or 3HAD component of BP 6,7, 8,9 10, 11
3 Unknown 12
4 Unknown 13

Abbreviation used: 3HAD, 3-hydroxyacyl-CoA dehydrogenase.
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munoblot analysis revealed the complete absence of the
protein. Consequently, in this patient the genetic defect
leads to a complete loss of both components of the bi-
functional protein. The molecular basis of the defect in
the two other subgroups must be different and might
well be at the level of either a deficiency of the enoyl-
CoA hydratase or 3-hydroxyacyl-CoA dehydrogenase
component of the bifunctional enzyme respectively.
This explanation provides a rational basis for the ob-
served intragenic complementation. Molecular studies
are underway to resolve this important finding.
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