Combined Enzyme Defect of Mitochondrial Fatty Acid Oxidation

Sandra Jackson, Rajinder Singh Kler, Kim Bartlett, Helen Briggs, Laurence A. Bindoff,
Morteza Pourfarzam, David Gardner-Medwin, and Douglass M. Turnbuli
Division of Clinical Neuroscience and Department of Child Health, The Medical School, University of Newcastle upon Tyne,

Newcastle upon Tyne, NE2 4HH, United Kingdom

Abstract

A young girl presented with recurrent episodes of muscle weak-
ness culminating in a severe attack of generalized muscle weak-
ness. In the muscle mitochondria from the patient there was an
abnormal pattern of intermediates of 3-oxidation with an accu-
mulation of 3-hydroxyacyl- and 2-enoyl-CoA and carnitine es-
ters, and 3-oxoacylcarnitines. There was low activity of long-
chain 3-hydroxyacyl-CoA dehydrogenase in mitochondria from
all tissues. The activity of long-chain 2-enoyl-CoA hydratase
was low in muscle mitochondria and 3-oxoacyl-CoA thiolase
activity measured with 3-oxohexadecanoyl-CoA as substrate
was low in fibroblast, muscle, and cardiac mitochondria but
only partial deficiency was present when the activity was mea-
sured with 3-oxooctanoyl-CoA. The activity of the long-chain
3-hydroxyacyl-CoA dehydrogenase and long-chain 3-oxoacyl-
CoA thiolase in fibroblasts from the patient’s parents was in-
termediate between those of controls and the patient. The pa-
tient has a combined defect of the long-chain 3-hydroxyacyl-
CoA dehydrogenase, long-chain 3-oxoacyl-CoA thiolase, and
long-chain 2-enoyl-CoA hydratase which appears to be in-
herited in an autosomal recessive manner. This suggests there
is a multifunctional enzyme catalyzing these activities in human
mitochondria and that this enzyme is deficient in our patient.
(J. Clin. Invest. 1992. 90:1219-1225.) Key words: deficiency ¢
fatty acids » mitochondria + oxidation

Introduction

Fatty acids are important metabolic fuels particularly at times
of stress or fasting. They are predominantly metabolized in
mitochondria, by a process requiring activation, transport into
the mitochondria, and subsequent conversion to acetyl-CoA
by B-oxidation. This sequence of events may be impaired by
genetic or environmental factors, and over the past decade an
increasing number of patients have been identified with defects
of mitochondrial fatty acid oxidation. The clinical features in
these patients include hypoketotic hypoglycemic coma, sudden
infant death syndrome, Reye-like episodes, muscle weakness,
and cardiomyopathy (1).
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The first step of mitochondrial fatty acid oxidation involves
the activation of fatty acids to their acyl-CoA esters; these are
transported into the matrix by the concerted action of carnitine
palmitoyltransferase I, carnitine/acylcarnitine translocase,
and carnitine palmitoyltransferase II. The fatty acyl-CoA esters
undergo $-oxidation to generate acetyl-CoA. There are two or
more enzymes with overlapping substrate specificities for each
of the four reactions of 8-oxidation. Thus, there were thought
to be three acyl-CoA dehydrogenases (short-chain, medium-
chain, and long-chain), two enoyl-CoA hydratases (short-
chain and long-chain), two 3-hydroxyacyl-CoA dehydroge-
nases (short-chain and long-chain), and two 3-oxoacyl-CoA
thiolases (acetoacetyl-CoA specific and a general 3-oxoacyl-
CoA thiolase) (2). Defects of several enzymes of 3-oxidation
have been described including abnormalities of short-chain,
medium-chain, and long-chain acyl-CoA dehydrogenases (3),
electron transfer flavoprotein, electron transfer flavoprotein de-
hydrogenase (4), and long-chain 3-hydroxyacyl-CoA dehydro-
genase (5).

The diagnosis of defects of fatty acid oxidation is not
straightforward. Measurement of metabolic fuels and interme-
diary metabolites may be helpful because patients with defects
often demonstrate a poor ketotic response and hypoglycaemia
when fasted or stressed (6). The identification of abnormal
organic acids, acylglycines, and acylcarnitines in the urine may
be diagnostic. More recently, molecular techniques have been
successfully employed in the diagnosis of medium-chain acyl-
CoA dehydrogenase deficiency (7, 8). These investigations are
not, however, always reliable or universally applicable and con-
firmation of the defect usually requires direct measurement of
enzyme activity. This itself is technically difficult in that many
of the substrates for these enzymes are not commercially avail-
able and must first be synthesized.

We describe our investigations of a young girl who pre-
sented with recurrent episodes of muscle weakness in whom a
defect of fatty acid oxidation was a possibility. Using tech-
niques we have developed to measure the individual acyl-CoA
and acylcarnitine esters generated during fatty acid oxidation,
combined with the assay of the activity of all the enzymes of
B-oxidation, we have identified a combined defect involving
long-chain 3-hydroxyacyl-CoA dehydrogenase, long-chain 3-
oxoacyl-CoA thiolase, and long-chain 2-enoyl-CoA hydratase.

Methods

Case history. The patient was the youngest of three children born to
healthy, nonconsanguineous parents. Her birth and perinatal progress
were normal but because of muscle disease in an earlier child, serum
creatine kinase activity was measured at 8 d of age (413 U/liter; nor-
mal range < 140 U/liter). However, at 5 wk the serum creatine kinase
activity was normal (112 U/liter). At 3 mo the only abnormality de-
tected on examination was absent tendon reflexes. She walked unsup-
ported at 20 mo and was subsequently found to have a mild equinus
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deformity and toe walking. Twice at the age of 3 yr she had minor
infections which were associated with anorexia, hypotonia, and weak-
ness. She recovered from these episodes in 24-48 h without any obvi-
ous after effects. At 4 yr 2 mo she was referred to one of us (Dr.
Gardner-Medwin ) when mild equinovarus contracture, areflexia, and
extensor plantar responses were noted. Investigation at that time was
refused.

She presented again aged 4'2 yr with a 3-d history of vomiting and
anorexia followed by the onset of rapidly progressive muscle weakness
requiring her urgent admission to hospital. She was noted to have a
weak cough, generalized muscle weakness, and areflexia. By the next
morning, the weakness had progressed and she was intubated and ven-
tilated. Biochemical studies at this time showed there was a marked
increase in serum creatine kinase activity, 33,000 U/liter, falling to
17,900 U/liter the next day. Examination of her urine revealed only
small amounts of ethylmalonic, adipic, and suberic acids. Blood glu-
cose was normal, but increased concentrations of serum lactate (4.92
mM, normal range < 1.7 mM), pyruvate (0.44 mM, normal range
< 0.2 mM) and ammonia (99 uM, normal range < 30 uM) were de-
tected on day 2 of her admission. A 10% dextrose intravenous infusion
was given from day 2. Terminally, she developed severe hyponatremia
(103 mM) and died 3 d after admission. Urgent postmortem examina-
tion was performed 15 min after death and samples of muscle, liver,
heart, and skin were taken for further biochemical analysis. Morpholog-
ical study of iliopsoas muscle showed necrosis of 5-10% of fibers. Sur-
prisingly, in view of the subsequent biochemical studies, lipid storage
was not marked in the muscle being present in only a small proportion
of the remaining fibers. There was also a predominance of the slow
oxidative type I fibers (95%). There was, however, marked macrovesic-
ular and microvesicular fat storage in the liver. There was a slight in-
crease in fibrous tissue in both the periportal and perivenous regions
but no other abnormalities were seen.

The second child, a boy, is now 6 yr old and has no symptoms or
signs suggestive of a similar disorder. The first child, however, died aged
2.5 yr and probably had the same biochemical defect as the index case.
This child had been well until aged 6 mo when he had an episode in
which he refused feeds and became lethargic, limp, and unresponsive.
On admission to the local hospital he was severely hypotonic and are-
flexic and responded only to pain. The serum creatine kinase activity
was 3,859 U/ liter but fell to 149 U/liter within a few days. When seen
by one of us (Dr. Gardner-Medwin) 6 wk later, he had improved, was
attempting to sit, but was still areflexic and hypotonic. Muscle biopsy 3
mo after the episode was normal except for type 1 fiber predominance
and an excess of type 2c¢ fibers. Total muscle carnitine concentration
(4.7 nmol/mg protein; normal range 7.0-22.7) and total serum carni-
tine concentration (15.3 umol/liter; normal range 26-70) were low.
By 1 yr he sat unaided but remained mildly hypotonic and areflexic. By
2 yr he was not walking unaided and had developed plantiflexion con-
tractures. There was a transient worsening of muscle weakness for a few
days at 21 mo after a throat infection and again at 26 mo after an
episode of diarrhea. At 2.5 yr he was admitted to his local hospital
moribund with a history of rapid deterioration after a 2-wk respiratory
illness. He was in low output cardiac failure with an enlarged dilated
heart and generalized weakness. Serum creatine kinase was not mea-
sured. He died and postmortem examination was refused.

Preparation of mitochondrial fractions. Muscle, liver, and heart
were immediately placed in ice-cold isolation media and mitochon-
drial fractions were prepared as previously described (9, 10). The respi-
ratory control ratios were 3.5 (mean+SD for five controls 3.6+0.62),
4.4, and 3.6 for skeletal muscle, heart, and liver respectively. Control
muscle samples were obtained from patients in whom no muscle dis-
ease was detected. Samples of heart and liver were obtained from other
children who died with suspected or proven metabolic disease which
were not defects of fatty acid oxidation. Cultured skin fibroblasts were
grown in minimum essential medium (MEM) containing Earle’s salts,
supplemented with 10% fetal bovine serum, 0.1 mg/ml streptomycin,
100 U/ml penicillin, MEM nonessential amino acids, and MEM vita-
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mins. Mitochondria were prepared from fibroblasts by homogeniza-
tion and differential centrifugation (11).

Measurement of flux and intermediates of B-oxidation. Flux
through B-oxidation was determined in skeletal muscle and fibroblast
mitochondrial fractions by incubation with [U-'“C]hexadecanoate
and measuring the acid-soluble radioactivity (11, 12). The interme-
diates of S-oxidation in skeletal muscle mitochondria were measured
by detecting the acyl-CoA and acylcarnitine esters formed when the
mitochondrial fractions were incubated with [U-'“C]hexadecanoate.
The extraction of acyl-CoA and acylcarnitine esters, and their subse-
quent analysis by radio-HPLC has been described in detail (11, 12).

Enzymes of 8-oxidation. The activity of the enzymes of 8-oxidation
were measured in skeletal muscle, cardiac, and liver mitochondrial
fractions and in fibroblast homogenates. Mitochondrial pellets were
diluted with the appropriate volume of 25 mM potassium phosphate,
0.2 mM EDTA, pH 8.0, for the determination of acyl-CoA and 3-hy-
droxyacyl-CoA dehydrogenases; 25 mM potassium phosphate, 0.2
mM EDTA, 10 mM mercaptoethanol, pH 8.0, for measurement of
2-enoyl-CoA hydratase activity; and 100 mM Tris, 10 mM mercap-
toethanol, pH 8.3, for the determination of 3-oxoacyl-CoA thiolase
activity. The mitochondrial suspensions were sonicated on ice for 3
X 10 s with a 2-min interval between bursts. Triton X-100 was then
added to the fractions to give a Triton X-100 to protein ratio of 1:1.
After incubation on ice for 30 min, the extracts were centrifuged at
11,600 g,, for 10 min. Fibroblast homogenates were also prepared by
sonication and addition of detergent (5). Enzyme activities were then
measured in the supernatant as previously described (5, 13) except that
3-oxoacyl-CoA thiolase activity was also determined by using 3-oxooc-
tanoyl-CoA as substrate. The protein concentration was measured by a
modified Lowry procedure (14).

Immunoprecipitation of short-chain 3-hydroxyacyl-CoA dehydroge-
nase. Antibodies to beef heart short-chain 3-hydroxyacyl-CoA dehydro-
genase were raised in rabbits (5). This antibody was added to aliquots
of sonicated, detergent-solubilized, and centrifuged fibroblast homoge-
nates or skeletal muscle, cardiac, and liver mitochondria and then in-
cubated on ice for 2 h. After centrifugation at 11,600 g,, for 10 min, the
3-hydroxyacyl-CoA dehydrogenase activity was assayed in the super-
natant by using acetoacetyl-CoA and 3-oxohexadecanoyl-CoA as sub-
strates. No effect on 3-hydroxyacyl-CoA dehydrogenase activity was
seen when ammonium sulfate-precipitated preimmune serum from
rabbit was used (5).

Results

Flux and intermediates. The rate of flux through S-oxidation
was slow in both muscle (patient 4.8 nmol of acetyl units
formed per min/mg protein; controls 10.4+1.6 (mean+SD for
five controls)) and fibroblast mitochondrial fractions (0.85
nmol of acetyl units formed per min/mg protein; controls
1.72+0.04 (mean=SD for three controls)).

The pattern of acyl-CoA ester intermediates was very differ-
ent in the muscle mitochondria from the patient compared
with controls. In normal muscle mitochondria, the only major
peaks detected are those of the saturated acyl-CoA esters of
chain-length C,4 to C4 (Fig. 1 4, Table I) or corresponding
saturated acylcarnitine esters (Fig. 1 C and Table I). In mito-
chondria from the patient there are low concentrations of long-
chain saturated acyl-CoA and acylcarnitine esters but the most
striking finding is the detection of additional peaks which are
not seen in the control incubations (Fig. 1, B and D and Table
I). There is accumulation of both 3-hydroxyacyl-CoA and 2-
enoyl-CoA ester intermediates in the incubations with skeletal
muscle mitochondria from the patient. Under the chromato-
graphic conditions used the 3-oxoacyl-CoA esters would have a
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Figure 1. Radio-HPLC chromatograms of acyl-CoA and acylcarnitine
esters formed after incubating skeletal muscle mitochondria with [U-
'*C]hexadecanoate for 8 min. Only clearly identified peaks with ap-
propriate retention times for acyl-CoA or acylcarnitine esters are
marked. The identification and amount of each individual peak are
given in Table I. (4) Control muscle: acyl-CoA fraction. (B) Patient
muscle: acyl-CoA fraction. (C) Control muscle: acylcarnitine frac-
tion. (D) Patient muscle: acylcarnitine fraction. The acyl-CoA peaks
are as follows: I, solvent front containing TCA cycle intermediates
and organic acids; 2, hexanoyl-CoA; 3, 3-hydroxydecanoyl-CoA plus

retention time 5 min less than the corresponding saturated
acyl-CoA ester and, therefore, a peak of 3-oxohexadecanoyl-
CoA if present in significant amounts would be seen ~ 1 min
after the tetradecanoyl-CoA. No such peak is detected in the
mitochondrial incubations from the patient. Analysis of the
acylcarnitine esters also showed the presence of additional
peaks which were predominantly the 3-hydroxyacyl-carnitines
(peaks 4, 6, 8, and 10in Fig. 1 D). The chromatographic resolu-
tion of the 3-hydroxyacylcarnitine (C,), 3-oxoacylcarnitine
(C,), and 2-enoylcarnitine (C,_,) is at best partial. However,
in the complex eluting at 35-38 min (Fig. 1 D) three peaks can
be clearly discerned which co-chromatographed with chemi-
cally synthesized 3-hydroxyhexadecanoylcarnitine (peak 10),
tetradec-2-enoylcarnitine (peak /1), and 3-oxohexadecanoyl-
carnitine (peak 12). The peaks marked 4, 6, and 8 in Fig. 1 D
show a trailing shoulder and while the major peak is the 3-hy-
droxyacylcarnitine, the shoulder represents accumulation of
the 2-enoylcarnitine and possibly the 3-oxoacylcarnitine esters.
These findings associated with slow flux through B-oxidation
are strongly suggestive of a defect of fatty acid oxidation at the
3-hydroxyacyl-CoA dehydrogenase and/or 3-oxoacyl-CoA
thiolase steps. In addition, we found a high concentration of
butyrylcarnitine and acetylcarnitine suggesting impaired oxi-
dation of acetyl groups.

Activity of the B-oxidation enzymes. The activity of these
enzymes was measured in mitochondrial fractions from skele-
tal muscle, cardiac muscle and liver, and in fibroblast homoge-
nates (Tables Il and III). The acyl-CoA dehydrogenase activity
was measured in skeletal muscle mitochondria and the activity
with the butyryl-CoA, octanoyl-CoA, and hexadecanoyl-CoA
was normal. 2-Enoyl-CoA hydratase activity was measured in
both skeletal muscle mitochondria and fibroblast homoge-
nates. The activity of the short-chain enzyme was normal but
that of the long-chain 2-enoyl-CoA hydratase was low in mus-
cle and in the low part of the control range in fibroblast homoge-
nates. The activity of short-chain 3-hydroxyacyl-CoA dehydro-
genase was normal but the activity of the long-chain 3-hydroxy-
acyl-CoA dehydrogenase was low in all tissues. In fibroblast
homogenates between 20% and 35% of the 3-hydroxyacyl-CoA
dehydrogenase activity using 3-oxohexadecanoyl-CoA as sub-
strate is due to the short-chain enzyme (5). We therefore im-
munoprecipitated short-chain 3-hydroxyacyl-CoA dehydroge-
nase from both the mitochondrial fractions and fibroblast ho-
mogenates. The residual activity to the long-chain substrate
was 4% of control value for skeletal muscle mitochondria, 12%
for cardiac muscle mitochondria, 16% for liver mitochondria,
and 6% for fibroblast homogenates after immunoprecipitation.

Mitochondrial acetoacetyl-CoA specific thiolase was mea-

Oct-2-enoyl-CoA; 4, octanoyl-CoA; 5, 3-hydroxydodecanoyl-CoA
plus dec-2-enoyl-CoA; 6, decanoyl-CoA; 7, dodec-2-enoyl-CoA; 8,
3-hydroxytetradecanoyl-CoA; 9, dodecanoyl-CoA; 10, tetradec-2-
enoyl-CoA; 11, 3-hydroxyhexadecanoyl-CoA; 12, tetradecanoyl-CoA,;
13, hexadec-2-enoyl-CoA; 14, hexadecanoyl-CoA. The acylcarnitine
peaks are as follows: 1, acetylcarnitine; 2, butyrylcarnitine; 3, hexa-
noylcarnitine; 4, 3-hydroxydecanoylcarnitine; 5, octanoylcarnitine;
6, 3-hydroxydodecanoylcarnitine; 7, decanoylcarnitine; 8, 3-hydroxy-
tetradecanoylcarnitine; 9, dodecanoylcarnitine; 10, 3-hydroxyhexa-
decanoylcarnitine; 11, tetradec-2-enoylcarnitine; 12, 3-oxohexadeca-
noylcarnitine; 13, tetradecanoylcarnitine; /4, hexadec-2-enoylcarni-
tine; 15, hexadecanoylcarnitine.
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Table I. Acyl-CoA and Acylcarnitine Esters Detected
during Incubation of Human Skeletal Muscle Mitochondria
with [U-"*C)Hexadecanoate

Control
(mean+SD)
n=3 Patient
nmol/mg protein
Acyl-CoA esters

Solvent front containing TCA cycle

intermediates and organic acids 4.9+0.08 5.4
Hexanoyl-CoA 0.15 —
3-Hydroxydecanoyl-CoA +

Oct-2-enoyl-CoA — 0.04
Octanoyl-CoA 0.13+0.08 0.03
3-Hydroxydodecanoyl-CoA +

Dec-2-enoyl-CoA — 0.065
Decanoyl-CoA 0.17+0.06 0.035
Dodec-2-enoyl-CoA +

3-Hydroxytetradecanoyl-CoA — 0.097
Dodecanoyl-CoA 0.47+£0.17 0.17
Tetradec-2-enoyl-CoA +

3-Hydroxyhexadecanoyl-CoA — 0.18
Tetradecanoyl-CoA 0.56+0.09 0.24
Hexadec-2-enoyl-CoA — 0.21
Hexadecanoyl-CoA 1.37+0.2 0.37

Acylcarnitine esters
Acetylcarnitine 13.06+3.83 45.57
Butyrylcarnitine — 2.05
Hexanoylcarnitine 6.87+3.2 8.43
3-Hydroxydecanoylcarnitine — 0.16
Octanoylcarnitine 4.82+2.29 1.66
3-Hydroxydodecanoylcarnitine — 0.99
Decanoylcarnitine 4.63+1.13 0.24
3-Hydoxytetradecanoylcarnitine 0.82
Dodecanoylcarnitine 4.19+1.40 0.60
3-Hydroxyhexadecanoylcarnitine

+ Tetradec-2-enoylcarnitine

+ 3-Oxohexadecanoylcarnitine 2.46
Tetradecanoylcarnitine 2.63+0.87 0.70
Hexadec-2-enoylcarnitine — 0.79
Hexadecanoylcarnitine 6.72+0.34 0.61

The values are nanomoles of acyl-CoA or acylcarnitine ester per mil-
ligram protein after incubating mitochondria for 8 min. The amount
of TCA cycle intermediates and organic acids has been calculated as-
suming all products were C, units. When integration of separate
peaks is not possible the combined amount of ester is calculated.

sured both in the presence and absence of 50 mM KCl and
activity in all tissues was normal. The activity of the 3-oxoacyl-
CoA thiolase with 3-oxohexadecanoyl-CoA as substrate was
low in skeletal muscle, cardiac muscle, and fibroblasts at 10%,
14%, and 5% of control values, respectively. Measurement of
3-oxoacyl-CoA thiolase activity in skeletal and cardiac muscle
mitochondria and fibroblast homogenates using 3-oxoocta-
noyl-CoA surprisingly gave very different results with the activ-
ity in the patient at 55%, 64%, and 76% of mean control values,
respectively.

The 3-oxoacyl-CoA thiolase results in liver was different
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from the other tissues. First, the relative activity in control liver
mitochondria using the three chain length substrates (C,, Cs,
and C,4) was different to those seen in skeletal and cardiac
muscle mitochondrial fractions, with much higher activity
with 3-oxooctanoyl-CoA as substrate. The values in the liver
mitochondria from the patient do not show a defect of 3-oxo-
acyl-CoA thiolase with the 3-oxohexadecanoyl-CoA as sub-
strate, although the value is in the low control range.

The activity of the 2-enoyl-CoA hydratases, 3-hydroxyacyl-
CoA dehydrogenases, and the 3-oxoacyl-CoA thiolases was
measured in fibroblasts from both parents (Table III). The
activity of the long-chain 2-enoyl-CoA hydratases were similar
to that of the patient, and in the low part of the control range.
Both parents had low activity of the long-chain 3-hydroxyacyl-
CoA dehydrogenase with values intermediate between the pa-
tient and controls. Immunoprecipitation of the short-chain 3-
hydroxyacyl-CoA dehydrogenase further decreased the activity
with the long-chain substrate by 45% and 50% in mother and
father, respectively, compared to two controls whose values
decreased by 26% and 24%. The activity of the 3-oxoacyl-CoA
thiolase with 3-oxohexadecanoyl-CoA as substrate was also
low in both parents, the values being intermediate between
those of controls and the patient.

Discussion

We describe the clinical and biochemical findings in a young
girl with a defect of mitochondrial fatty acid oxidation who
presented with intermittent muscle weakness. The enzyme de-
fect in muscle was a combined deficiency of long-chain 3-hy-
droxyacyl-CoA dehydrogenase, long-chain 2-enoyl-CoA hy-
dratase, and long-chain 3-oxoacyl-CoA thiolase. Deficiency of
the long-chain 3-hydroxyacyl-CoA dehydrogenase was con-
firmed in other tissues (heart, liver, and fibroblasts) and a de-
fect of the long-chain 3-oxoacyl-CoA thiolase was also found in
heart and fibroblast mitochondria. The activity of both the
long-chain 3-hydroxyacyl-CoA dehydrogenase and long-chain
3-oxoacyl-CoA thiolase in the fibroblast homogenates from the
parents were intermediate between the patient and controls.
This latter finding both confirms the presence of a combined
defect in the patient and suggests that it is inherited in an auto-
somal recessive manner.

Our studies strongly suggest that the biochemical defect in
this young girl is due to an abnormality in a recently isolated
and characterized trifunctional enzyme of mitochondrial §-ox-
idation. This enzyme, which has been purified from both rat
and human liver, catalyzes the 3-hydroxyacyl-CoA dehydro-
genation, 2-enoyl-CoA hydration, and 3-oxoacyl-CoA thiolysis
of long-chain acyl-CoA esters (15, 16). Unlike most other en-
zymes of $-oxidation it is bound to the inner mitochondrial
membrane and can only be extracted by use of detergents. The
enzyme from both rats and humans consists of large and small
subunits (71 and 47 kD in humans) that form multimeric
complexes (octamer in rat, tetramer in humans).

Our studies have shown that there is low activity of all three
enzymes in our patient which would suggest that the molecular
defect involves both subunits. One possible explanation is that
both subunits are encoded by a single gene and that this is
defective in our patient. A more likely explanation is that the
two subunits are encoded by separate genes, and that a muta-
tion of one subunit causes ihstability of the whole multimer



Table II. Enzyme Activities in Skeletal Muscle, Cardiac, and Liver Mitochondria

Skeletal muscle

Cardiac muscle Liver

Acyl-CoA dehydrogenase activity

Substrate Patient Controls
nmol dichloroindophenol reduced per min/mg protein

Butyryl-CoA 6.77 7.1,6.0

Octanoyl-CoA 15.6 6.9, 5.8

Hexadecanoyl-CoA 53.0 58.7, 62.6
Enoyl-CoA hydratases activity

Substrate Patient Controls (3)

umol enoyl-CoA hydrated per min/mg protein

Crotonyl-CoA 1.98 2.13+0.40

2-Tetradecenoyl-CoA 0.2 0.49+0.04
3-Hydroxyacyl-CoA dehydrogenase activity

Substrate Patient Controls (6) Patient Controls Patient Controls

umol NADH oxidized per min/mg protein

Acetoacetyl-CoA 1.62 1.49+0.27 2.12 2.96, 2.88 1.34 2.04,2.62

3-Oxohexadecanoyl-CoA 0.423 0.82+0.08 0.60 1.31, 1.39 0.40 1.62, 1.14
3-Hydroxyacyl-CoA dehydrogenase activity

after immunoprecipitation of short-chain
3-hydroxyacyl-CoA dehydrogenase
Substrate Patient Control
umol NADH oxidized per min/mg protein

Acetoacetyl-CoA 0 0 0 0.04 0.04, 0.07

3-Oxohexadecanoyl-CoA 0.01 0.05 0.57,0.47 0.12 0.96, 0.66
3-Oxoacyl-CoA thiolases

Substrate Patient Controls (3) Patient Controls (3) Patient Controls (3)

umol oxoacyl-CoA cleaved per min/mg protein

Acetoacetyl-CoA 0.20 0.2+0.030 0.23 0.20+0.05 0.71 0.87+0.07

Acetoacetyl-CoA + KCl 0.65 0.67+0.09 0.83 0.68+0.26 1.977 1.21£0.45

3-Oxooctanoyl-CoA 0.377 0.68+0.14 0.52 0.83+0.048 2.70 2.28+0.21

3-Oxohexadecanoyl-CoA 0.04 0.4+0.09 0.06 0.42+0.058 0.44 0.55+0.05

Control values are the mean+SD or individual values, and the number of controls is shown in parentheses.

similar to the findings in patients with mutations of the sub-
units of electron transfer flavoprotein (17). Clearly, the molec-
ular basis of trifunctional enzyme deficiency will only be char-
acterized as antibodies and cDNAs to the individual subunits
become available.

Several previous patients with a defect of long-chain 3-hy-
droxyacyl-CoA dehydrogenase have been identified (5, 18-
23). Whereas in most of these patients the activity of the other
enzymes of §-oxidation has not been measured, in the two
patients in which the other enzymes were studied, the long-
chain 2-enoyl-CoA hydratase activity was in the low part of the
control range and long-chain 3-oxoacyl-CoA thiolase activity
was low at 61% and 52%, respectively, of the mean control
values in fibroblasts (5). We postulated that there was a rela-
tionship between the three long-chain-specific enzymes and
the results reported here, and the recent purification of a tri-
functional enzyme of B-oxidation strongly suggests that pre-
vious cases of long-chain 3-hydroxyacyl-CoA dehydrogenase
deficiency are due to a defect of the trifunctional enzyme.

The clinical features of patients reported with long-chain
3-hydroxyacyl-CoA dehydrogenase deficiency are variable,
which may in part reflect different biochemical defects of the

trifunctional enzyme. The age of onset of symptoms range
from 3 d to 3 yr and clinical manifestations have included
recurrent episodes of nonketotic hypoglycaemia (5), sudden
infant death (21, 23, 24), and cardiomyopathy (19). In most
cases hepatic dysfunction is a prominent feature. Two patients
had a sensorimotor polyneuropathy (20, 22) and in one of
these patients there was also a pigmentary retinopathy (20).
Muscle weakness has been described in several children (5, 19,
20, 22, 25) and has been associated with myoglobinuria (22).
In our patient the muscle weakness was severe leading to respi-
ratory failure with a very high creatinine kinase activity in
serum.

In the majority of patients there has been excretion of 3-hy-
droxymonocarboxylic and 3-hydroxydicarboxylic organic
acids (5, 19, 20, 23). This excretion may be variable and will
depend upon the metabolic state of the patient (26). Urinary
organic acids were not helpful in our patient, however; only
two samples of urine were studied and these were obtained late
in the illness. These urine samples were also analyzed for acyl-
carnitines by HPLC (27) and no differences were detected
compared with controls. Plasma and muscle carnitine concen-
trations are often low in patients with 8-oxidation defects, in-
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Table III. Enzyme Activities in Fibroblast Homogenates

Substrate Patient Mother Father Controls (6)
nmol enoyl-CoA hydrated per min/mg protein
Enoyl-CoA hydratase activity
Crotonyl-CoA 108.2 145.1 146.1 160+42.9
2-Tetradecenoyl-CoA 39.8 34.0 38.0 61.7£14.9
3-Hydroxyacyl-CoA dehydrogenase activity nmol NADH oxidized per min/mg protein
Acetoacetyl-CoA 39.9 43.2 36.8 42.9+8.4
3-Oxohexadecanoyl-CoA 8.0 23.6 19.5 36.9+6.8
3-Hydroxyacyl-CoA dehydrogenase activity
after immunoprecipitation of short-chain
3-hydroxyacyl-CoA dehydrogenase nmol NADH oxidized per min/mg protein
Acetoacetyl-CoA 7.2 3.1 2.7 8.1,5.7
3-Oxohexadecanoyl-CoA 1.8 12.8 9.8 31.6, 32.5
Thiolase activity nmol oxoacyl-CoA cleaved per min/mg protein
Acetoacetyl-CoA 10.2 124 11.7 8.8+1.2
Acetoacetyl-CoA + KCI 15.3 16.5 16.3 15.7+4.2
3-Oxooctanoyl-CoA 10.7 11.9 9.7 13.9+2.2
3-Oxohexadecanoyl-CoA 1.0 8.1 10.8 20.2+3.5

The control values are either the mean+SD and the number of controls shown in parentheses or individual values.

cluding patients with 3-hydroxyacyl-CoA dehydrogenase defi-
ciency (5, 19, 22, 25). Although we did not measure carnitine
concentrations in our patient, low concentrations were found
in blood and muscle from her affected brother. The most sur-
prising biochemical finding in patients with biochemical de-
fects of the trifunctional enzyme is the lactic acidosis ( 5, 20, 23,
25). This is not seen in patients with other $-oxidation defects,
and although the mechanism of this lactic acidosis is unknown,
there are several possible explanations. We have shown that a
high concentration of acetylcarnitine accumulates in the mito-
chondrial fractions from this patient and others with deficiency
of long-chain 3-hydroxyacyl-CoA dehydrogenase (11), which
suggests impaired oxidation of acetyl groups. This may be due
to inhibition of either the citric acid cycle or the respiratory
chain by the accumulating intermediates. Alternatively, there
is the intriguing possibility that, because the trifunctional en-
zyme is in the inner mitochondrial membrane, its deficiency
may affect respiratory chain function more directly.

Each reaction of mitochondrial 8-oxidation requires two or
more enzymes of different chain length specificity to enable
complete oxidation of long-chain fatty acids. Our studies allow
us to predict the number of enzymes catalyzing three of the
four reactions of 8-oxidation in human tissues. In skeletal mus-
cle and cardiac mitochondria there was no residual 3-hydroxy-
acyl-CoA dehydrogenase activity with the long-chain substrate
after immunoprecipitation of short-chain 3-hydroxyacyl-CoA
dehydrogenase. This suggests that there are only two enzymes
catalyzing the reaction in these tissues. The small amount of
residual activity in fibroblast homogenates and liver is likely to
be due to contamination by the peroxisomal enzyme. The
long-chain 2-enoyl-CoA hydratase activity was the least af-
fected of the three enzymes, being only decreased to 40% of
control values in skeletal muscle mitochondria and in the low
part of the control range in fibroblasts. In preliminary studies
we have an immunoprecipitated short-chain 2-enoyl-CoA hy-
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dratase (antibodies raised to purified enzyme [ Sigma Chemical
Co., St. Louis, MO] in rabbits) from solubilized fibroblast ho-
mogenate from a control subject and the patient. These studies
indicate that not all the activity towards the long-chain sub-
strate is immunoprecipitated from the patient’s mitochondria
and this suggests there is an additional 2-enoyl-CoA hydratase.
There were thought to be only two 3-oxoacyl-CoA thiolases in
mammalian mitochondria, one of which is acetoacetyl-CoA
specific and a second which acts on substrates of various chain
lengths (28). Our finding that thiolysis of 3-oxohexadecanoyl-
CoA was severely impaired whereas that of 3-oxooctanoyl-CoA
was only impaired to 55%, 64%, and 76% of mean control
values in skeletal muscle mitochondria, cardiac mitochondria,
and fibroblast homogenates from our patient suggests this “gen-
eral” thiolase is present and that there must be three mitochon-
drial thiolases in these human tissues. Although there is low
long-chain 3-oxoacyl-CoA thiolase activity in the muscle,
heart, and fibroblasts from the patient, in liver the activity is in
the low part of the normal range. This might be due to a num-
ber of factors including contamination of the liver mitochon-
drial fraction by peroxisomes or an additional long-chain spe-
cific 3-oxoacyl-CoA thiolase. Alternatively, the ratio of rates of
thiolysis of the three different chain-length substrates in liver is
different from muscle and heart, and some of the activity to the
long-chain substrate might be due to overlapping substrate
specificity from the medium-chain enzyme.

The history in our patient was suggestive of a S-oxidation
defect, but despite her rapidly deteriorating clinical condition
by the time she came under our care, she had neither a specific
dicarboxylic aciduria nor the intermediary metabolite changes
normally found in 8-oxidation defects. This emphasizes the
difficulties in making a diagnosis of a defect of mitochondrial
fatty acid oxidation. We measured flux through g-oxidation
and although there are many problems associated with its accu-
rate determination in samples of tissue or cultured fibroblasts



(29, 30), we measured the acid-soluble products from [U-'*C]-
hexadecanoate oxidation which will detect defects of the long-
chain enzymes. Flux was low to a similar degree in both skeletal
muscle and fibroblast mitochondrial fractions (46% and 48%
of control values, respectively). This degree of continued flux
was surprising in view of the severity of the biochemical defect
and presumably reflects that there is more overlapping enzyme
activity in vivo or that the enzyme steps involved have rela-
tively low control strength on overall pathway flux. The value
of the measurement of the intermediates of 8-oxidation in pa-
tients with suspected defects of this pathway is confirmed by
this study. Previous studies in fibroblast mitochondria from
patients with proven defects of fatty acid oxidation have shown
that a characteristic pattern of intermediates is found depend-
ing upon which enzyme is defective (11). In this patient the
accumulation of 3-hydroxyacyl-CoA and 3-hydroxyacylcarni-
tine esters first alerted us to the possibility of a defect of long-
chain 3-hydroxyacyl-CoA dehydrogenase. This technique has
now been shown to be valuable in studying fatty acid oxidation
in skeletal muscle mitochondria and it requires a relatively
small amount of mitochondrial protein. We believe it will be-
come increasingly important in the investigation of lipid stor-
age myopathies.
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