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Summary y 

Objective:Objective: To unravel the true enzymatic defect in a patient with ataxia, dysarthric speech, 
dryy skin, hypotonia and absent reflexes, who previously was reported with a presumed 
deficiencyy of trihydroxycholestanoyl-CoA oxidase. Background: Peroxisomes harbor a 
varietyy of metabolic functions including 1) fatty acid P-oxidation, 2) etherphospholipid 
biosynthesis,, 3) phytanic acid a-oxidation and 4) L-pipecolic acid oxidation. The patient 
wee report here, was described previously with an isolated peroxisomal P-oxidation defect 
duee to a deficiency of the enzyme trihydroxycholestanoyl-CoA oxidase, which was based 
onn the pattern of accumulating metabolites. Methods: Measurement of (3-oxidation 
enzymes,, peroxisomal biochemical analysis in body fluids and cultured skin fibroblasts, 
DNAA analysis of the PEX12 gene. Results: An isolated p-oxidation defect in this patient 
wass excluded by measurement of the various p-oxidation enzymes. Instead, we found that 
thee patient was suffering from a peroxisome biogenesis disorder caused by mutations in 
thee PEX12 gene, although all peroxisomal functions in cultured skin fibroblasts were 
normal.. Conclusions: The absence of clear peroxisomal abnormalities in the patient's 
fibroblasts,, including a normal peroxisomal localization of catalase, imply that even when 
alll  peroxisomal functions in fibroblasts are normal, a PBD cannot be fully excluded and 
additionall  studies may be required. In addition, our findings imply that there is no longer 
evidencee for the existence of trihydroxycholestanoyl-CoA oxidase deficiency as a distinct 
diseasee entity. 

Introduction n 

Peroxisomess harbor a variety of metabolic functions among which 1) fatty acid P-oxidation 
off  very-long chain fatty acids (VLCFA), notably C26:0, and of the branched chain fatty 
acids,, such as pristanic acid and the bile acid intermediates di- and trihydroxycholestanoic 
acidd (DHCA and THCA), 2) etherphospholipid biosynthesis, 3) phytanic acid a-oxidation 
andd 4) L-pipecolic acid oxidation.1 Peroxisomal disorders are subdivided into the 
peroxisomee biogenesis disorders (PBD), which are caused by defects in one of the PEX 
genes,, and the single peroxisomal enzyme deficiencies. 

Inn 1990, Christensen et al. described a patient with ataxia, dysarthric speech, dry skin, 
hypotoniaa and absent reflexes.2 The levels of phytanic acid and bile acid intermediates 
weree elevated in plasma from this patient, but phytanic acid oxidation measured in the 
patient'ss fibroblasts was normal. Furthermore, C26:0 p-oxidation, VLCFA levels, 
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dihydroxyacetonephosphate-acyltransferasee (DHAPAT) activity and de novo plasmalogen 
biosynthesiss in fibroblasts were normal. Later studies by Ten Brink et al. showed that 
pristanicc acid was also elevated in plasma from this patient.3 Phytanic acid levels in 
plasmaa normalized after the patient was put on a phytanic acid restricted diet, whereas 
pristanicc acid remained elevated. These results led to the conclusion that the patient 
sufferedd from a deficiency of the enzyme responsible for the first step of p-oxidation of 
DHCA,, THCA and pristanic acid. 

Att the time the patient was described, the exact routes of p-oxidation of different 
substratess in the peroxisome were not entirely known. It is now well established that 
humann peroxisomes contain two sets of p-oxidation enzymes.4 VLCFAs are p-oxidized by 
thee consecutive action of the enzymes straight-chain acyl-CoA oxidase (SCOX), D-
bifunctionall  protein (DBP) and can then be thiolytically cleaved by both 3-ketoacyl-CoA 
thiolasee and sterol-carrier protein X (SCPx) (figure 1). Pristanic acid, THCA and DHCA are 
exclusivelyy p-oxidized by the actions of the enzymes branched-chain acyl-CoA oxidase 
(BCOX),, DBP and SCPx. Furthermore, it has become clear that the peroxisomal P-
oxidationn system is also involved in the biosynthesis of the poly-unsaturated fatty acid 
docosahexaenoicc acid (DHA, C22:6n-3). The major enzymes involved in the P-oxidation of 
C24:6n-33 to C22:6n-3 in this pathway are SCOX, DBP and both 3-ketoacyl-CoA thiolase 
andd SCPx.5" 

VLCFA-CoA A 
C24:6-CoA A 

* * 
SCOX X 

* * 

pristanoyl-CoA A 
THC-CoA A 

BCOX X 

i i 

ii )BF 

f f 
thiolase e "1 1 

i i 

SCPx x 

VLCFA-CoAA n-2 * trimethyltridecanoyl-CoA 
C22:6-CoAA (DHA-CoA) choloyl-CoA 

Figuree 1 Schematic representation 
off  fatty-acid p-oxidation machinery 
inn human peroxisomes catalyzing 
thee oxidation of very-long chain 
fattyy acids (VLCFA-CoA), C24:6n-3, 
andd branched-chain fatty acyl-CoAs 
(i.e.. pristanoyl-CoA, THC-CoA). 

Thesee new insights into the peroxisomal P-oxidation system and the development of 
novell  methods to measure the activity of the different p-oxidation enzymes in skin 
fibroblastss prompted us to reinvestigate the underlying defect in the reported patient, 
sincee the original diagnosis of a defect at the level of THCA-CoA oxidase (now called 
BCOX)) was based on the pattern of accumulating metabolites only and was not supported 
byy enzyme activity measurements or DNA analysis. In this paper, we describe the 
unravelingg of the true enzymatic defect in this patient. 

Patientt and Methods 

CaseCase report 
Thiss girl is the only child of unrelated parents. The patient's early clinical and biochemical 
characteristicss have been described previously.2'3 At age 5 an elevated plasma level of 
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phytanicc acid was found and physical examination revealed psychomotor retardation, 
hypotonia,, ataxia, dysarthria, convergent strabismus, nystagmus, and absent deep tendon 
reflexes.. CT of the brain, EMG, NCV (nerve conduction velocity), VEP (visual evoked 
potential),, ERG (electroretinogram), ABR (auditory brainstem response), and SSEP 
(somatosensoryy evoked potential) were within normal limits. She was unable to walk 
withoutt support. A phytanic acid-restricted diet caused plasma phytanic acid to drop to 
tracee levels, which have been maintained ever since. The diet improved motor strength 
andd balance, and she was able to take 3-4 steps without support. A bilateral sensory 
hearingg loss with a threshold of 45 dB at 1000 Hz was detected at age 8. Mental evaluation 
att age 15 revealed a functional level of 7-8 years. Bilateral Achilles tendon extensions were 
performedd at age 16. Due to persistent ataxia and instability of the lower extremities, triple 
arthrodesess of the ankles was done at age 20 and 22. Currently, she can take about 30 steps 
withoutt support. ERG at age 18 showed lack of flicker response at 32 Hz, and 
ophthalmoscopyy suggested early retinitis pigmentosa. A low serum level of a-tocopherol 
wass noted at age 18 (11 umol/1; normal range: 17-40 umol/1), and oral vitamin E 
supplementss were started. 

MeasurementMeasurement of fi-oxidation enzymes 
Thee activity of BCOX was measured in fibroblast homogenates prepared in PBS containing 
500 fiM FAD by sonication under continuous cooling with ice water. Reactions were 
conductedd in a medium of the following composition: 50 mM Tris-HCl (pH 8.5), 50 uM 
FAD,, 0.05% bovine serum albumin and 100 uM pristanoyl-CoA was used as substrate. 
Reactionss were allowed to proceed for 60 minutes at 37°C using a protein concentration of 
0.55 mg/ml. Reactions were terminated by addition of acetonitrile to a final concentration of 
41%.. After centrifugation for 10 min at 20,000 x g at 4°C, the supernatant was applied to a 
reversed-phasee Cis-column (Supelcosil LC-18-DB, 25 cm x 4.6 mm, Supelco). Resolution 
betweenn the different CoA esters was achieved by elution with a linear gradient of 
acetonitrilee (40 -» 58% (v/v)) in 16.9 mM sodium phosphate buffer (pH 6.9) at a flow rate 
off  1 ml/min under continuous monitoring of the absorbance at 254 nm. The amount of 
pristenoyl-CoAA formed was calculated from the ratio of pristenoyl-CoA over the total 
amountt of substrate and product (with a correction for different absorption coefficients), 
andd was used to calculate the enzyme activity. Measurements of SCOX,7 DBP (hydratase 
(HY)) and dehydrogenase (DH) activity),8 SCPx9 and a-methylacyl-CoA racemase 
(AMACR)100 were performed as previously described. 

BiochemicalBiochemical assays 
Peroxisomall  investigations in body fluids (concentrations of VLCFAs, branched-chain 
fattyy acids, bile acid intermediates, poly-unsaturated fatty acids, L-pipecolic acid and 
plasmalogens)) were done according to standard procedures developed in our laboratory 
(seee references in Wanders et al.n). VLCFAs and plasmalogen levels, C26:0 and pristanic 
acidd B-oxidation, phytanic acid a-oxidation, DHAPAT activity were determined in 
primaryy skin fibroblasts cultured in HAM-F10 medium as previously described.11 

Additionally,, immunoblot analysis was performed in fibroblast lysates with antibodies 
againstt SCOX and 3-ketoacyl-CoA thiolase according to Wanders et al.11 
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PEX12PEX12 mutation analysis 
PEX12PEX12 mutation analysis was performed as previously described.12 

ImmunofluorescenceImmunofluorescence microscopy 
Immunofluorescencee using antibodies against catalase, DBP, the PTS1 signal peptide SKL 
(Zymedd laboratories, San Francisco, CA) and PMP70 (Zymed laboratories) was performed 
ass previously described.13 

Resultss and discussion 

Ourr patient was originally diagnosed with a defect at the level of THCA-CoA oxidase 
(BCOX),, which was based on the pattern of accumulating metabolites, but was not 
supportedd by enzyme activity measurements or DNA analysis. Because we have recently 
developedd an HPLC-based method which allows us to measure BCOX activity using 
pristanoyl-CoAA as substrate, we measured this activity in fibroblasts of this patient to 
confirmm the presumed deficiency. Surprisingly, BCOX activity was entirely normal (table 
1).. In addition, we found normal activities for the other enzymes required for the 
breakdownn of peroxisomal substrates: SCOX, DBP, SCPx, and a-methylacyl-CoA 
racemasee (AMACR) (table 1). 

Tablee 1 
enzyme e 
BCOX--
SCOXd d 

DBP-HY? ? 
DBP-DH---
SCPx' ' 
AMACRs s 

Activit y y of f peroxisomall  p-
controll  subjects3 

1822 0 
922 9 
2644  92 
766 6 
7777 8 
922 0 

oxidation n enzymes s 
patientb b 

181 1 
83 3 
308 8 
115 5 
118 8 
170 0 

Al ll  activities are given in pmol/min/mg, n value  SD, bMean of 
twoo individual experiments. BCOX = branched-chain acyl-CoA 
oxidase;; SCOX = straight-chain acyl-CoA oxidase; DBP = D-
bifunctionall  protein; HY = hydratase; DH = dehydrogenase; SCPx = 
sterol-carrierr protein X; AMACR = a-methylacyl-CoA racemase 

Thee absence of a deficiency of one of the peroxisomal p-oxidation enzymes in this patient 
promptedd us to perform a full reinvestigation of peroxisomal functions according to 
standardd procedures developed in our laboratory in both cultured skin fibroblasts and a 
recentt blood sample (table 2). In fibroblasts, no abnormalities could be found regarding 
VLCFAA and branched chain fatty acid oxidation and the presence of catalase-positive 
particles.. Plasmalogen levels were normal, although DHAPAT activity was borderline-
normal.. Measurements in plasma not only confirmed the elevation of pristanic acid and 
bilee acid intermediates, as reported in the original article, but also showed a very mildly 
elevatedd C26:0/C22:0 ratio, although C26:0 levels were within the normal range. 
Furthermore,, levels of DHA were decreased in plasma as well as in erythrocytes, and 
levelss of L-pipecolic acid were increased. Both of these findings point to a more general 
peroxisomall  dysfunction. 
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Tablee 2. Biochemical data in plasma, erythrocytes and fibroblasts 

Plasma a 
VLCFA A 

branched-chainn fatty acids 

bilee acid intermediates 

poly-unsaturatedd fatty 
L-pipecolicc acid 
Erythrocytes s 
poly-unsaturatedd fatty 
plasmalogens s 

Fibroblasts s 
VLCFA A 

acids s 

acids s 

branched-chainn fatty acids 

plasmalogens s 

imm mu nofluorescence 
immunoblot t 

C26:0 0 
C26:0/C22:0 0 
phytanicc acid15 

pristanicc acidJ 

DHCA» » 
THCAJ J 

DHA ' ' 
L-pipecolicc acidJ 

DHA b b 

C16:0-DMAC C 

C18:0-DMAf f 

C26:0J J 

C26:0/C22:0 0 
C26:00 p-oxidationl* 
phytanicc acid a-oxidation' 
pristanicc acid f3-oxidatione 

C16:0-DMAC C 

C18:0-DMAC C 

DHAPATT activity' 
catalase e 
thiolasee processing 
SCOXX processing 

controll subjects 

0.45-1.32 2 
0-0.02 2 

0-9 9 
0-4 4 

0-0.02 2 
0-0.08 8 
75-180 0 
0.1-7 7 

15.2-37.6 6 
6.8-11.9 9 
10.6-24.9 9 

0.18-0.38 8 
0.03-0.07 7 
1214-1508 8 

44-82 2 
675-1121 1 
7.2-13.4 4 
5.8-11.6 6 
5.8-12.3 3 

+ + 

+ + 

+ + 

patient t 

0.76 6 
0.03 3 
6.0 0 
4.5 5 
1.4 4 
1.8 8 

55.7 7 
146.2 2 

14.1 1 
8.1 1 
16.1 1 

0.21 1 
0.05 5 
2192 2 
98 8 

1691 1 
14.1 1 
9.7 7 
5.6 6 
+ + 

+ + 

+ + 
auM,, hpmol/106 cells, c% of total phospholipids, dumol/g protein, epmol/h/mg protein, 
'nmol/2h/mgg protein VLCFA = very-long chain fatty acids; DHCA = dihydroxycholestanoic acid; 
THCAA = trihydroxycholestanoic acid; DHA = docosahexaenoic acid; DMA = dimethyl acetal; 
DHAPATT = dihydroxyacetonephosphate-acyltransferase; SCOX = straight-chain acyl-CoA 
oxidase e 

Wee recently identified eight patients with normal to mildly abnormal peroxisomal 
functionss in fibroblasts (plasmalogen biosynthesis, peroxisomal a- and p-oxidation, mosaic 
catalasee immunofluorescence) and abnormal parameters in plasma (VLCFA, branched-
chainn fatty acids, bile acid intermediates, DHA, L-pipecolic acid) (Gootjes et al., 
submitted).. These patients were found to suffer from a PBD caused by a homozygous 
mutationn in the PEX12 gene, leading to an amino acid substitution S320F at the protein 
level.. The similarity between the biochemical abnormalities in these patients and our 
patientt prompted us to perform mutation analysis of the PEX12 gene in this patient. 
Althoughh we did not find the S320F mutation, we did identify a nonsense mutation R180X 
(5380T)) and a missense mutation L317F (9490T). Mutation analysis in the parents 
confirmedd that the mutations were located on different alleles. 

Sincee the patient appeared to be affected with a PBD, we performed 
immunofluorescencee experiments with antibodies against different peroxisomal proteins 
too study their localization. Immunofluorescence microscopy with antibodies against 
catalase,, DBP, the PTS1 signal peptide SKL and PMP70 gave normal results after culturing 
thee cells at either 37°C or 40°C, so even at the higher temperature no abnormal localization 
off  peroxisomal proteins could be detected (data not shown). This is in contrast to studies 
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inn fibroblasts of patients with the S320F mutation in which catalase immunofluorescence 
changedd from a mosaic pattern with catalase-positive peroxisomes in more than 70% of 
thee cells to a completely cytosolic labeling, when the culturing temperature of the cells was 
shiftedd from 37°C to 40°C (Gootjes et al., submitted). 

Thee PEX12 protein contains two transmembrane domains and one C-terminal zinc-
bindingg domain thought to be important for its interaction with other proteins.14 The 
R180XX mutation truncates the PEX12 protein after the first transmembrane domain (figure 
2).. For this reason, a protein is produced that is likely to be localized incorrectly and to be 
inactive.. This mutation has been described in two compound heterozygous patients with a 
severee Zellweger phenotype.15 The missense mutation L317F, which has not been reported 
previously,, is localized in the zinc-binding domain of PEX12 (figure 2). The leucine 
residuee that is changed to a phenylalanine is highly conserved between different species, 
evenn in several yeast species with whom its overall homology is rather low (18-25%). This 
mutationn is probably responsible for the mild phenotype found in our patient. It is located 
closelyy to the S320F mutation, which also causes a mild phenotype. 

a a 
11 R180X 11 "-1 ' L317F 

11 155 172 238 254 300 345X 359 

Figuree 2 (a) Schematic representation of the mutated PEX12 proteins. The zinc binding domain 
iss indicated by a horizontally striped box and each of the transmembrane domains is indicated 
byy a vertically striped box. The mutation is indicated by a black dot. (b) Amino acid alignment 
off  the human (Hs), rat (Rn), mouse (Mm), Chinese hamster (CI), Saccharomyces cerevisiae (Sc), 
ViduaVidua pastoris (Pp) and Schizosaccharomyces pombe (Sp) PEX12 zinc-binding domains. Circles 
indicatee conserved cysteine residues. The box indicates the position of the mutation. 

Clinicallyy our patient is among the mildest PBD patients reported. When compared to 
patientss homozygous for the G843D mutation in PEX1,16 which is known to be correlated 
withh a mild phenotype, and to the patients homozygous for the S320F mutation in PEX12, 
thiss patient is even more mildly affected, especially since she has no dysmorphic features 
andd no apparent liver abnormalities. 

Thee biochemical phenotype of this patient is very intriguing. The presence of 
peroxisomall  abnormalities in plasma, which reflects the overall situation in the body, but 
thee absence of any abnormality in fibroblasts, suggests that there is an organ-specific 
biochemicall  defect. However, there is no tissue specific genetic defect since mutation 
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analysiss was performed in fibroblasts. In patients homozygous for the S320F mutation, 
whoo display a mosaic catalase immunofluorescence pattern in fibroblasts that varies from 
celll  to cell, a delicate balance is present determining if a cell can or cannot produce 
functionall  peroxisomes. The nature of the factor causing this balance to tilt , however, 
remainss elusive. Maybe this balance tilts to the positive side in all fibroblasts from our 
patient,, whereas it tilts to the negative side in other tissues. This mechanism should be 
studiedd in more detail, since this might provide clues for treatment of mildly affected PBD 
patients. . 

Ourr investigation of this unique patient shows that even when all peroxisomal 
functionss in fibroblasts, which are routinely used to diagnose PBDs, are normal, a PBD 
cannott be excluded and additional studies are required. Our findings stress the 
importancee of reinvestigating patients that have been described in literature with 
unknownn defects in peroxisomal [3-oxidation or more general peroxisomal defects, now 
thatt the knowledge of peroxisomal function has improved greatly in recent years. The 
elucidationn of the true defect in these patients wil l further increase our understanding of 
peroxisomess and their function, and it wil l be important for prenatal diagnosis in this 
groupp of patients. In addition, we can conclude that at the moment there is no longer 
evidencee for the existence of trihydroxycholestanoyl-CoA oxidase deficiency as a distinct 
diseasee entity. 
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