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Abstract

Peroxisomal function was evaluated in a male infant with clin-
ical features of neonatal adrenoleukodystrophy. Very long
chain fatty acid levels were elevated in both plasma and fibro-
blasts, and beta-oxidation of very long chain fatty acids in
cultured fibroblasts was significantly impaired. Although the
level of the bile acid intermediate trihydroxycoprostanoic acid
was slightly elevated in plasma, phytanic acid and L-pipecolic
acid levels were normal, as was plasmalogen synthesis in cul-
tured fibroblasts. The latter three parameters distinguish this
case from classical neonatal adrenoleukodystrophy. In addi-
tion, electron microscopy and catalase subcellular distribution
studies revealed that, in contrast to neonatal adrenoleukodys-
trophy, peroxisomes were present in the patient's tissues.

Immunoblot studies of peroxisomal beta-oxidation en-
zymes revealed that the bifunctional enzyme (enoyl-CoA hy-
dratase/3-hydroxyacyl-CoA dehydrogenase) was deficient in
postmortem liver samples, whereas acyl-CoA oxidase and the
mature form of beta-ketothiolase were present. Density gra-
dient centrifugation of fibroblast homogenates confirmed that
intact peroxisomes were present. Immunoblots of fibroblast
peroxisomal fractions showed that they contained acyl-CoA
oxidase and beta-ketothiolase, but bifunctional enzyme was not
detected. Northern analysis, however, revealed that mRNA
coding for the bifunctional enzyme was present in the patient's
fibroblasts.

These results indicate that the primary biochemical defect
in this patient is a deficiency of peroxisomal bifunctional en-
zyme. It is of interest that the phenotype of this patient resem-
bled neonatal adrenoleukodystrophy and would not have been
distinguished from this disorder by clinical study alone.

Introduction

Diseases such as the Zellweger cerebro-hepato-renal syndrome
(1, 2), neonatal adrenoleukodystrophy (ALD; 3)', and infantile
phytanic acid storage disease (4, 5), are characterized by a
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1. Abbreviations used in this paper: ALD, adrenoleukodystrophy;
THCA, trihydroxycoprostanoic acid; VLCFA, very long chain fatty
acid.

decreased number or absence of peroxisomes in liver and other
tissues. This group of diseases is referred to as disorders of
peroxisome biogenesis. Multiple biochemical abnormalities,
including impaired beta-oxidation of very long chain fatty
acids (VLCFA) (6), impaired oxidation of phytanic acid (7)
and pipecolic acid (8), decreased plasmalogen synthesis (9),
and abnormal bile acid metabolism (10) are observed in these
generalized peroxisomal disorders. Clinically, infants with
these disorders are characterized by severe hypotonia, early
onset of seizures, and psychomotor retardation (2-5, 11).
Dysmorphic features, visual abnormalities, and hepatomegaly
also are usually present. While neuronal migrational defects
are present to varying degrees in most patients with general-
ized peroxisomal disorders, adrenal atrophy is more common
in neonatal ALD, whereas renal microcysts and chondrodys-
plasia punctata are more characteristic of the Zellweger syn-
drome (2, 3).

Peroxisomal beta-oxidation of fatty acids, originally de-
scribed by Lazarow and deDuve (12), is catalyzed by three
enzymes that are immunologically distinct from the analogous
mitochondrial enzymes (13). These enzymes (acyl-CoA oxi-
dase, enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydroge-
nase bifunctional enzyme, and peroxisomal beta-ketothiolase)
catalyze the chain shortening of a variety of different fatty
acyl-CoAs (14). This peroxisomal beta-oxidation system ap-
pears to be active toward saturated VLCFA (15, 16), and it is
likely that impairment of this pathway is responsible for the
elevated plasma and tissue VLCFA levels seen in these pa-
tients (15).

Recently several cases have been described in which per-
oxisomes were present in apparently normal numbers in tis-
sues from patients originally given the diagnosis of either Zell-
weger syndrome or neonatal ALD. Goldfischer et al. (17) re-
ported a case in which peroxisomal beta-oxidation and bile
acid metabolism were abnormal while peroxisome abundance,
plasmalogen synthesis, and phytanic acid oxidation were nor-
mal. Subsequently, evidence was found for a deficiency of the
peroxisomal beta-ketothiolase in postmortem liver from this
patient (18). Poll-The et al. (19) described two siblings with
abundant, enlarged peroxisomes, abnormal VLCFA oxida-
tion, and deficient acyl-CoA oxidase activity. Werecently de-
scribed a female infant of normal karyotype who exhibited
decreased VLCFAoxidation, although peroxisomes were pres-
ent and all other peroxisomal functions appeared to be normal
(20). Immunoblot analysis of postmortem liver from this pa-
tient showed that all three peroxisomal beta-oxidation enzyme
proteins were present in normal amount and molecular weight
(20). Wenow describe another patient, originally diagnosed as

neonatal ALD, whose tissues show a marked but isolated defi-
ciency of bifunctional enzyme in the presence of apparently
intact peroxisomes.

Peroxisomal Bifunctional Enzyme Deficiency 771

J. Clin. Invest.
©The American Society for Clinical Investigation, Inc.
0021-9738/89/03/0771/07 $2.00
Volume 83, March 1989, 771-777



Methods

Clinical history
The patient was a 2,700-g (10th %ile) male infant born to a 19-yr-old
black gravida 1, para 0 mother from the Bahamas after a 41 -wk, un-
complicated pregnancy. The father was of American black ancestry
and was not known to be related to the mother. The remainder of the
family history was unremarkable. Birth by cesarian section for a dou-
ble footling breech presentation was difficult due to an arrest of the
head. Apgar scores were 4 and 7 at 1 and 5 min, respectively. At birth
he was found to be hypotonic and macrocephalic (head circumference
37 cm = 90th %ile; length 47.5 cm = 50th %ile). At 2½/2 h of age the
baby developed lip smacking, followed by twitching of the right eye
and elonic movements of his upper extremities. The seizures were only
poorly controlled with phenobarbital and dilantin. He was listless and
hypotonic, with minimal spontaneous movement and depressed re-
flexes. An electroencephalogram showed frequent multifocal spikes.
He required transient ventilatory support for the first 4 d of life.

By 6 wk he had made no developmental progress, continued to
seize, remained hypotonic and macrocephalic (head circumference,
90th %ile; weight, 5th %ile), and was poorly responsive to stimuli.
Fontanels were large and the metopic suture was split. Funduscopic
examination was normal. The patient was not dysmorphic and showed
no hepatosplenomegaly. Testicles were descended. Laboratory studies
showed normal glucose, electrolytes, and acid-base status. Concentra-
tions of lactate and pyruvate in blood were slightly elevated at 13 mg/dl
(normal, 7-12) and 0.8 mg/dl (normal, 0.2-0.7), respectively. Levels of
IgM, ammonia, insulin, growth hormone, TORCHtiters, and cerebro-
spinal fluid protein were normal. Plasma amino acids, serum glutamic
oxaloacetic transaminase, and serum glutamic pyruvic transaminase
were normal. A random cortisol level was normal; adrenal stimulation
tests were not performed. Serum iron and iron binding capacity were
not measured. The visual evoked response and brainstem auditory
evoked response tests were grossly abnormal. Muscle biopsy, nerve
conduction velocity, electromyogram, CATscan of the head, and skull
x ray were all normal. A skeletal survey and renal ultrasound were also
found to be normal. A brain biopsy at 6 wk revealed polymicrogyria.
The convolutional gray matter had a wide first layer and the remainder
of the cerebral cortex showed a paucity of nerve cells in a relatively
normal distribution. The arcuate fibers showed no evidence of myelin;
however, this finding may be age related. There was an unusually large
number of ectopic neurons in the white matter. There were no cystic
formations and no evidence of Rosenthal fibers.

Plasma VLCFAwere measured at 3 moand found to be markedly
elevated (Table I). Urinary dicarboxylic acids were normal. His neuro-
logic status remained unchanged and his seizures continued to be
poorly controlled. He remained macrocephalic (75th %ile), with
weight and length at the 5th %ile. Because of his severely depressed
neurologic status, a feeding gastrostomy was placed. At 3'/2 mohe was
found to have a fracture of his right femur without any history of
antecedent trauma. A skeletal survey revealed generalized osteopenia
and delayed bone maturation.

By 5 mo his neurologic status was still unchanged. There was no
developmental progress and seizures remained frequent and difficult
to control. A repeat funduscopic examination revealed none of the
retinal changes characteristic of neonatal ALDand the Zellweger syn-
drome. At 5½/2 mohe developed fever and diarrhea and was found to be
severely dehydrated. Soon after this he developed radiologic evidence
of necrotizing enterocolitis with free air in the peritoneal cavity, air in
the intestinal wall, and air in the biliary tree; he expired within 24 h.

Experimental procedures
Materials and general methods. Nycodenz and Maxidens were pur-
chased from Accurate Chemical & Scientific Corp. (Westbury, NY).
Cell culture reagents were from Gibco Laboratories (Grand Island,
NY). [-I4C]Lignoceric acid (46 mCi/mmol) was purchased from Re-
search Products International Cotp. (Mt. Prospect, IL); [ 1-'4C]palmitic
acid (58 mCi/mmol) was from New England Nuclear (Boston, MA);
[l-'4C~phytanic acid (55 mCi/mmol), [l-'4C]hexadecanol (11.4 mCi/
mmol), and [251I]iodine (30 mCi/ml) were from Amersham Corp. (Ar-
lington Heights, IL); and [9',10'-3H]-sn-hexadecylglycerol (5.5 mCi/
mmol) was kindly provided by Dr. F. Paltauf, Technical University of
Graz (Graz, Austria). Perdeuterated DL-pipecolic acid was purchased
from MSDIsotopes Div. (Montreal, Quebec). All other reagents were
of analytical grade and were obtained from commercial sources.

Antibodies against purified rat liver peroxisomal acyl-CoA oxidase,
bifunctional enzyme, and beta-ketothiolase were the generous gift of
Dr. Takashi Hashimoto, Shinshu University, Japan. Protein A was
labeled with 1251I according to the procedure of Greenwood et al. (21).
Catalase was assayed by the method of Peters et al. (22). Succinate
dehydrogenase activity was measured by the method of Pennington
(23). Protein was determined by the method of Lowry et al. (24) or by
the method of Bradford (25).

Catalase cytochemistry. Slices of postmortem liver or confluent
monolayers of cultured fibroblasts were fixed in 2.5% glutaraldehyde
in 0.1 M sodium cacodylate, pH 7.4, washed with 0.1 M sodium
cacodylate buffer containing 5%sucrose, and kept in this solution until
cytochemical staining was performed. Sites of catalase activity were
demonstrated using an alkaline diaminobenzidine method (26). Tis-
sues were postfixed in 2% osmium tetroxide in water, dehydrated
through a series of graded ethanols to propylene oxide, and embedded
in epoxy resin (LX 112; Ladd Research Industries, Inc., Burlington,
VT). 50-70-nm sections were examined in an electron microscope
(model 201; Philips Electronic Instruments, Inc., Mahwah, NJ) oper-
ating at 60-80 kV, either without further contrast staining or after
staining with lead citrate.

VLCFA. Concentrations of VLCFA in fibroblasts and plasma were
measured by gas-liquid chromatography as previously described (27,
28). Oxidation of [1-'4C]lignoceric acid and [1-'4C]palmitic acid to
water-soluble products by cell suspensions was measured as described
previously (29). The cholesterol ester fraction of postmortem brain and
adrenal tissue was prepared as described by Jaffe et al. (30).

Biochemical assays ofperoxisomalfunction. The subcellular distri-
bution of catalase was measured in digitonin-treated fibroblasts as

Table I. Plasma and Fibroblast VLCFA Levels and Oxidation Rate

Plasma Fibroblast

C26:0 C26:0/C22:0 C26:0 C26:0/C22:0 VLCFAoxidation

,g/ml gg/mg protein % of control

Control 0.33±0.18 (1,900)* 0.01±0.01 (1,900) 0.07±0.04 (525) 0.08±0.03 (525) (100) (8)
Patient T.C. 2.70$ 0.22 0.45 1.63 12
Zellweger 3.61±1.38 (77) 0.49±0.14 (77) 0.53±0.28 (37) 1.34±0.72 (16) <10 (3)
Neonatal ALD 2.14±0.71 (27) 0.30±0.14 (27) 0.40±0.15 (26) 1.05±0.46 (18) <10 (10)

* Mean±SD; number of determinations in parentheses. $ Mean of duplicate determinations.
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previously described (31). Alpha-oxidation of [1-'4C]phytanic acid by
cultured fibroblasts was measured by '4CO2 production as previously
described (31). The peroxisomal steps of plasmalogen biosynthesis
were assessed by the double-label, double-substrate method of Roscher
et al. (32). Trihydroxycoprostanoic acid (THCA) concentration was
determined by the method of Bjorkhem and Falk (33). L-Pipecolic acid
levels were measured as described by Van den Berg et al. (34).

Subcellular fractionation of cultured fibroblasts. Skin fibroblasts
were maintained in culture as previously described (28). For subcellu-
lar fractionation studies, confluent cells (6-8 100-mm culture dishes)
were harvested by gentle trypsinization and collected by centrifuga-
tion. Harvested cells were washed once with PBSand once with 0.25 M
sucrose containing 1 mMTris(Cl-), pH 7.0, and 0.1 mMEDTA. Cells
were resuspended in this buffer, protease inhibitors were added, and
cells were homogenized in a precision ball bearing homogenizer (35)
using 10 passes. Protease inhibitors included (final concentrations) 100
IAM benzamidine, 0.7 ,g/ml pepstatin, and 0.4.ug/ml leupeptin. Ho-
mogenates (1.2-1.4 ml) were loaded directly onto a linear gradient (10
ml) of increasing Nycodenz concentration (15-40%) and decreasing
sucrose concentration (0.25-0 M) that contained 1 mMTris(Cl-), pH
7.0, 0.1 mMEDUA, and the same protease inhibitors. A cushion (1.5
ml) of Maxidens was at the bottom of the tube. Gradients were centri-
fuged in a vertical ultracentrifuge rotor for 35 min at an average of
74,300 gayg. Fractions of - 0.8 ml were collected from the bottom of
the tube and assayed for marker enzyme activity.

Immunoblot analysis and RNA blot analysis. SDS-PAGE, im-
munoblot analysis, and autoradiography of postmortem liver samples
were performed as described (29, 36). Fibroblast subcellular fractions
were treated with ice-cold TCA to a final concentration of 10%. Frac-
tions were diluted fivefold with additional 10% TCAand kept at 4°C
overnight. Precipitates were collected by centrifugation, washed twice
with diethyl ether, and solubilized for 5 min at 100°C in 80-160 ,ul of
67.5 mMTris(Cl-), pH 6.8, containing 1% SDS and 50 mMDTT.
PAGEand immunoblot analysis were then carried out as for liver
samples. RNAblot (Northern) analysis was performed on fibroblast
cellular RNAusing cDNA coding for the peroxisomal bifunctional
enzyme as previously described (36).

Results

Autopsyfindings. Postmortem examination revealed the cause
of death to be bronchopneumonia and enteritis with patchy
necrosis of the small bowel. The brain weighed 700 g (normal
for body weight, 500 g). Examination of the brain revealed
polymicrogyria, demyelination of the white matter in the cere-
brum, focal areas of cortical heterotopia, a few foamy macro-
phages in the perivascular spaces, and cystic degeneration of
the periventricular zones. The cerebellum appeared normal.
The spinal cord showed mild demyelination of the cortico-
spinal tracts. The eyes were not studied. The adrenal glands
were small, having a combined weight of 0.5 g (normal, 3 g).
Sections of the adrenal gland showed a normal medulla, loss of
all three zones of the cortex, and replacement by one type of
lipid-containing balloon cell. The thymus was notable only for
the presence of small clusters of large lipid-laden macrophages
in the cortex. The kidneys were normal size and had no gross
cysts, but microscopically minute, glomerular cysts were pres-
ent. The liver was mildly enlarged and revealed mild fibrosis in
the portal area. No dysplastic bile canaliculi were noted. The
remainder of the examination was unremarkable.

VLCFA. VLCFA levels were markedly elevated both in
plasma and cultured fibroblasts from this patient (Table I).
The C26:0 level and the C26:0/C22:0 ratio were 6- to 20-fold
higher than age-matched controls and were in the range of
patients with neonatal ALDand the Zellweger syndrome. The

Table IL Cholesterol Ester Fatty Acids in Postmortem Brain
and Adrenal

Brain Adrenal

Neonatal Neonatal
Patient Control ALD Patient Control ALD

T.C. (n = 5) (n = 4) T.C. (n = 4) (n = 4)

% of totalfatty acids

C16:0 4.5* 16.1±7.5* 8.0±6.8 13.5 14±10 13±16
C18:1 19.0 20.9±20.8 20.2±12.2 37.9 32±10 16±10
C24:0 4.7 4.8±5.1 6.9±4.1 11.0 0.20±0.12 16±10
C24:1 1.6 1.9±1.2 7.2±1.4 1.0 0.67±0.48 4.2±0.4
C26:0 11.3 0.81±0.85 4.2±1.8 12.5 0.03±0.02 26±14
C26:1 2.4 0.77±0.85 4.0±1.4 1.7 0.08±0.04 2.2±0.4

* Mean of duplicate determinations.
$Mean±SD.

plasma C26:1 level and the C26: I/C22:0 ratio were also ele-
vated at 3.34 gg/ml (normal, 0.29±0.19) and 0.22 (normal,
0.01±0.01), respectively. Beta-oxidation of VLCFA in cul-
tured fibroblasts was significantly decreased, in agreement
with the elevated plasma and fibroblast VLCFAlevels (Table
I). VLCFAaccumulated in the cholesterol esters of brain and
adrenal (Table II); this finding is similar to that observed in
patients with neonatal ALD.

Peroxisomal structure. The subcellular distribution of cat-
alase in digitonin-treated fibroblasts from this patient was nor-
mal, indicating that peroxisomal structure was intact (Table
III). This finding was confirmed by density gradient fraction-
ation studies (see below) and catalase cytochemistry studies.
Peroxisomes were identified both in postmortem liver slices
and in cultured fibroblasts from the patient by virtue of their
catalase reactivity with diaminobenzidine (data not shown).

Biochemical assessment of other peroxisomal functions.
Plasmalogen synthesis in cultured fibroblasts was normal
(Table III). Although the oxidation of phytanic acid was some-
what decreased (Table III), it was significantly higher than that
observed in typical neonatal ALD and the Zellweger syn-
drome, and the plasma phytanic acid level (measured at 3 mo)
was normal at < 0.4 ,ug/ml. The plasma L-pipecolic acid level
(measured at 4 mo) was normal (Table III). However, the level
of the bile acid intermediate, THCA, was significantly elevated
(Table III), suggesting that bile acid side chain oxidation in this
patient was abnormal. As will be discussed below, this finding
may be related to the abnormal VLCFAmetabolism.

Immunoblot analysis of liver. Postmortem liver samples
from this patient were analyzed using antibodies raised against
the purified peroxisomal beta-oxidation enzymes. The bifunc-
tional enzyme was not detectable in samples from this patient
(Fig. 1). Both subunits of acyl-CoA oxidase were present in
amount and size that was similar to normal controls (Fig. 1).
Similarly, the peroxisomal beta-ketothiolase was detected in its
mature form2 both in control liver and in this patient (Fig. 1).

2. Peroxisomal beta-ketothiolase is synthesized as a 44-kD precursor
that is proteolytically processed to form the mature 41-kD enzyme
(37).
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Table III. Biochemical Assessment of Peroxisomal Function

Fibroblast
Plasma

Catalase subcellular Plasmalogen synthesis Phytanic acid
distribution (3H/'4C) oxidation Pipecolic acid THCA

% soluble % of control AM AM

Control 10±3 (5)* 0.62±0.16 (28) 100 (10) 2.0±0.8 (114) Not detectable
Patient T.C. 1 3t 0.70 36 2.3 8.8
Zellweger 90±7 (21) 10.4±2.8 (6) 1.4±1.3 (11) 9.7±3.1 (9) 11.4±5.2 (5)
Neonatal ALD 87±8 (16) 4.66±1.63 (10) 4.6±4.8 (5) 65±63 (19) 10.9±14.6 (11)

Fibroblast catalase subcellular distribution, plasmalogen synthesis, and phytanic acid oxidation, and plasma pipecolic acid and THCAlevels
were measured as described in Methods. For plasmalogen synthesis, a high ratio of 3H/'4C indicates defective peroxisomal enzyme(s).
* Mean±SD; number of determinations in parentheses. * Mean of duplicate determinations.

Thus, it is likely that a lack of bifunctional enzyme is responsi-
ble for defective VLCFAoxidation in this patient.

Subcellular fractionation of fibroblasts. To verify that the
absence of bifunctional enzyme in liver was not an artifact of
postmortem autolysis, fibroblasts were fractionated on contin-
uous Nycodenz gradients and analyzed by immunoblot. Total
fibroblast homogenates rather than postnuclear supernates
were loaded onto the gradients to minimize loss of enzyme
protein. Peroxisomes and mitochondria were resolved well on
the gradients, as indicated by the separation of the activities of
marker enzymes catalase (peroxisomes) and succinate dehy-
drogenase (mitochondria; Fig. 2). Little catalase activity was
observed at the top (fractions 13 and 14) of gradients, indicat-
ing that peroxisomes were intact both in the patient's cells and
in control fibroblasts.

Immunoblot analysis of fractionated fibroblasts from the
patient revealed that two of the peroxisomal beta-oxidation
enzymes, acyl-CoA oxidase and beta-ketothiolase, were pres-
ent in subcellular fractions enriched in catalase activity (Fig.
3). Similarly, these enzymes were present in peroxisome-rich

AOx Bif Th

fractions of control fibroblasts (data not shown). In agreement
with the liver findings, bifunctional enzyme protein in the
patient's fibroblasts was below the limit of detection of the
immunoblot analysis, whereas this enzyme was clearly present
in peroxisomal fractions of control fibroblasts (Fig. 3).

RNAblot analysis. To determine if the absence of bifunc-
tional enzyme in liver samples and in fibroblast peroxisomal
fractions were due to a defect in transcription, RNAblot anal-
ysis was performed. Bifunctional enzyme mRNAwas detected
in total cellular RNApreparations from this patient using a
2.3-kb rat bifunctional enzyme cDNAas a probe (Fig. 4). The
size and amount of mRNAin fibroblasts from the patient were
the same as in control cells (Fig. 4), which is similar to that
previously reported for neonatal ALD (36).

Discussion

The original clinical diagnosis of neonatal ALDin this patient
was supported by elevated plasma VLCFA levels. However,
this case differs from classical neonatal ALDbecause results of
microscopic examination and subcellular distribution of cata-
lase indicate that peroxisomal structure was intact. Further-
more, unlike neonatal ALD, there was no abnormality of
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Figure 1. Immunoblot analysis of postmortem liver for peroxisomal
beta-oxidation enzymes. Postmortem liver samples, stored at -70°C,
were analyzed for the presence of the peroxisomal beta-oxidation en-
zymes acyl-CoA oxidase (A Ox), bifunctional enzyme (Bif ), and beta-
ketothiolase (Th) using antibodies raised against the purified rat liver
enzymes. C, normal control liver; TC, liver from patient T.C. The
positions of molecular weight markers are at left.

FRACII

Figure 2. Subcellular frac-
tionation of fibroblasts on
Nycodenz-sucrose gra-
dients. Fibroblast homoge-
nates were fractionated as
described in Methods.
Fractions of 0.8 ml were
collected from the bottom
of the tube and analyzed
for activity of the marker
enzymes catalase (open
bars) and succinate dehy-
drogenase (hatched bars).
Activities are expressed as
percent of total activity
across the gradient. (A)

L control fibroblasts; (B) fi-
broblasts from patient T.C.
Fractions enriched in cata-

lase activity (peroxisomes) were well separated from those enriched
in succinate dehydrogenase activity (mitochondria) in gradients of
both control cells and the patient's cells.
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Figure 3. Immunoblot analysis of fibroblast fractions. Fibroblasts from the patient (T.C.) and a normal control were fractionated as in Fig. 2
and subjected to immunoblot analysis as described in Methods. (A) patient T.C. fibroblast bifunctional enzyme; (B) control fibroblast bifunc-
tional enzyme; (C) patient T.C. acyl-CoA oxidase; (D) patient T.C. beta-ketothiolase. Arrows at left indicate the positions of each enzyme. The
bar labeled P indicates fractions enriched in the peroxisomal marker enzyme catalase. Samples of normal human liver (NL) were included in A
and B as reference standards. A was a 12.5% polyacrylamide gel; B, C, and Dwere 10% gels.

plasmalogen, phytanic acid, or pipecolic acid metabolism. Of
greatest interest is the finding that immunoblot studies showed
the absence of only one of the peroxisomal beta-oxidation
enzymes, bifunctional enzyme, while the other two enzymes
were present in apparently normal quantity. Unlike Zellweger
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Figure 4. RNAblot
(Northern) analysis of
fibroblasts. RNAblot
analysis was performed
using cellular RNA
from control fibroblasts

28 S and cells from patient
T.C. as described in
Methods. C, control fi-
broblasts; TC, fibro-
blasts from patient

I8 S T.C.; N, neonatal ALD
fibroblasts. Molecular
size markers (kb) are on
the left and sedimenta-
tion coefficients are on
the right.

syndrome and neonatal ALD, peroxisomal beta-ketothiolase
was present in mature form.

Although the bifunctional enzyme protein was not detect-
able in liver and fibroblasts, bifunctional enzyme mRNAwas
clearly present in cellular RNApreparations. This result is
similar to our previous observations about fibroblasts from
classical neonatal ALD patients (36). However, in the latter
disorder peroxisome structure is defective and patients exhibit
multiple biochemical defects (3, 38); it is unlikely, therefore,
that bifunctional enzyme deficiency would be a primary defect
in neonatal ALD. For the present case our results suggest that
bifunctional enzyme protein deficiency is caused either by de-
fective translation of the mRNAor by abnormal posttransla-
tional enzyme processing. It has been established that most
peroxisomal enzymes, including bifunctional enzyme, are syn-
thesized in the cytosol on free polyribosomes (39), after which
they enter peroxisomes by an unknown mechanism. Absence
of the enzyme protein could thus result from a defect in one of
these steps.

Peroxisomal functions other than VLCFA oxidation ap-
peared to be intact in this patient, with the exception of an
elevated THCAlevel. The level of this bile acid intermediate
was increased to the same extent as that observed in both the
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Zellweger syndrome and neonatal ALD. Conversion of THCA
to the bile acid, cholic acid, requires the processing of the
steroid side chain via a peroxisomal pathway that is homolo-
gous to, and perhaps identical to, the beta-oxidation pathway
(40, 41). Thus, a deficiency of one of the peroxisomal beta-ox-
idation enzymes might be expected to result in elevated THCA
levels. Oxidation of phytanic acid was also somewhat de-
creased in this patient. However, this decrease was apparently
insufficient to produce increased plasma phytanate levels. Fur-
thermore, the rate of phytanic acid oxidation was significantly
higher than the 1-5% of control observed in neonatal ALD
and Zellweger syndrome.

It is instructive to compare the clinical and morphological
features of this case with those of Zellweger syndrome and
neonatal ALD, since certain features (e.g., brain alterations
and renal microcysts) are more often associated with the
former, whereas other signs (e.g., severe adrenal atrophy) are
more characteristic of the latter. The adrenal involvement was
similar to that observed in both X-linked and neonatal forms
of ALD. This is not surprising since adrenal insufficiency was
probably caused directly by the accumulation of VLCFA,
which is common to all three disorders. Unlike Zellweger syn-
drome and neonatal ALD, there were no dysmorphic features,
no demonstrable ocular involvement, and no liver dysfunc-
tion. Unlike most cases of Zellweger syndrome, there was no
aberrant calcification, and renal cystic changes were minimal.
The relative sparing of these organ systems may reflect the
more restricted biochemical defect in this patient than in the
disorders of peroxisome biogenesis. In sharp contrast to the
relative sparing of these organs is the profound involvement of
the central nervous system. The patient suffered from intract-
able seizures throughout life, failed to achieve any psychomo-
tor milestones, and showed a striking defect in neuronal mi-
gration. These central nervous system abnormalities, which
are equal in severity to those of Zellweger syndrome, suggest
that an isolated defect in fatty acid metabolism plays a role in
the etiology of these serious systemic defects. This possibility is
supported by the existence of similar severe nervous system
developmental dysfunction in other single-enzyme defects of
peroxisomal VLCFA metabolism, namely, beta-ketothiolase
deficiency (17, 18) and acyl-CoA oxidase deficiency (19), and
in a female patient with an unidentified defect of VLCFA
oxidation (20).
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