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Abstract

Weexamined the enzyme protein and biosynthesis of human
trifunctional protein harboring enoyl-CoA hydratase, 3-hy-
droxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase
activity in cultured skin fibroblasts from two patients with long-
chain 3-hydroxyacyl-CoA dehydrogenase deficiency. The fol-
lowing results were obtained. (a) In cells from patient 1, immu-
noblot analysis and pulse-chase experiments indicated that the
content of trifunctional protein was < 10% of that in control
cells, due to a very rapid degradation of protein newly synthe-
sized in the mitochondria. The diminution of trifunctional pro-
tein was associated with a decreased activity of enoyl-CoA hy-
dratase, 3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-
CoA thiolase, when measured using medium-chain to
long-chain substrates. (b) In cells from patient 2, the rate of
degradation of newly synthesized trifunctional protein was
faster than that in control cells, giving rise to a trifunctional
protein amounting to 60%of the control levels. The 3-hydroxy-
acyl-CoA dehydrogenase activity with medium-chain to long-
chain substrates was decreased drastically, with minor changes
in activities of the two other enzymes. These data suggest a
subtle abnormality of trifunctional protein in cells from patient
2. Taken together, the results obtained show that in both pa-
tients, long-chain 3-hydroxyacyl-CoA dehydrogenase defi-
ciency is caused by an abnormality in the trifunctional protein,
even though there is a heterogeneity in both patients. (J. Clin.
Invest. 1994. 93:1740-1747.) Key words: mitochondria * fatty
acids * oxidation * multienzyme complex- inborn error

Introduction

Mitochondrial fatty acid 13-oxidation is a major energy-produc-
ing pathway. In recent years, an increasing number of heredi-
tary defects of mitochondrial fatty acid 13-oxidation has been
reported ( 1-3). Depending upon the precise enzyme defect,
the patients may present with a wide range of clinical features,
including myopathy, cardiomyopathy, cardiac arrest, ventricu-
lar arrhythmia, hepatomegaly, and fasting coma with hypoke-
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totic hypoglycemia. Such being the case, these patients may
sometimes be misdiagnosed or even considered to be victims of
sudden infant death syndrome or Reye syndrome.

Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency
has been identified as a disorder of mitochondrial fatty acid
(3-oxidation. This defect was first suspected in a patient with
massive amounts of long-chain 3-hydroxydicarboxylic acids in
the urine during a period of acute decompensation. Earlier
studies revealed that mitochondria, at least from the rat, con-
tain two distinct 3-hydroxyacyl-CoA dehydrogenases, one lo-
cated in the mitochondrial matrix with preference for short-
chain 3-hydroxyacyl-CoA esters (4, 5), and the other mem-
brane bound, preferentially reacting with long-chain substrates
and therefore called long-chain 3-hydroxyacyl-CoA dehydroge-
nase (6). When the 3-hydroxyacyl-CoA dehydrogenase activ-
ity of the patients' fibroblasts was assayed, the activity with
long- but not short-chain substrates was significantly lower.
This disease was therefore named long-chain 3-hydroxyacyl-
CoA dehydrogenase deficiency. About 20 patients with this
disorder have been described (7-10) since the first report in
1989 (11).

Mitochondrial long-chain 3-hydroxyacyl-CoA dehydroge-
nase from rat liver was recently purified ( 12). Surprisingly, this
activity was found to be part of a multienzyme complex also
harboring enoyl-CoA hydratase and 3-ketoacyl-CoA thiolase
activity; it was therefore named mitochondrial trifunctional
protein (TP).' This enzyme is a heterooctamer consisting of
four moles of the large (a) subunit and four moles of the small
(f3) subunit. The a subunit of rat mitochondrial trifunctional
protein is assumed to possess enoyl-CoA hydratase and 3-hy-
droxyacyl-CoA dehydrogenase activities, while the ( subunit
has 3-ketoacyl-CoA thiolase activity, as deduced from primary
structures of the nucleotide sequences of the cloned cDNAs
( 13). Mitochondrial trifunctional protein also purified from
human liver revealed that the human and rat enzymes are simi-
lar with respect to molecular and catalytic properties ( 14).

Wereport here the molecular and catalytic properties of
mitochondrial trifunctional protein in fibroblasts from con-
trols and from two patients with long-chain 3-hydroxyacyl-
CoA dehydrogenase deficiency. We compared the data ob-
tained with human mitochondrial trifunctional protein (hu-
man-TP), as purified from human liver, using a procedure
similar to that described for the rat enzyme ( 12). The availabil-
ity of antibodies toward human-TP as well as antibodies
against short-chain enoyl-CoA hydratase, short-chain 3-hy-
droxyacyl-CoA dehydrogenase, and mitochondrial 3-ketoacyl-

1. Abbreviations used in this paper: TP, mitochondrial trifunctional
protein.
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CoA thiolase facilitated these studies. The long-chain 3-hy-
droxyacyl-CoA dehydrogenase deficiency is, indeed, due to the
functional loss ofthis component ofthe human-TP. These stud-
ies also show that, in this disease, there is heterogeneity in the
causation of mitochondrial trifunctional protein malfunction.

Methods

Materials. Fatty acids were purchased from Sigma Chemical Co. (St.
Louis, MO), and Tokyo Kasei (Tokyo, Japan). DEAE-cellulose was
from Seikagaku Kogyo (Tokyo, Japan), phosphocellulose was from
Whatman (Maidstone, England), Ultrogel AcA 34 was from IBF bio-
technics (Vileneuve-la-Garenne, France), and affinity adsorbent was
from Boehringer Mannheim GmbH(Mannheim, Germany). Proteins
used as molecular mass markers for SDS-PAGEwere obtained from
Bio-Rad Laboratories (Richmond, CA).

[35S]Methionine was from Du Pont/NEN Research Products
(Boston, MA). Amplify® was from Amersham (Buckinghamshire, En-
gland), the fixed Staphylococcus aureus cells were from Calbiochem-
Behring Corp. (San Diego, CA). All the other reagents were of the
purest analytical grade available.

Mitochondrial short-chain acyl-CoA dehydrogenase (15), me-
dium-chain acyl-CoA dehydrogenase ( 15), long-chain acyl-CoA dehy-
drogenase ( 15), very long-chain acyl-CoA dehydrogenase ( 16), mito-
chondrial short-chain enoyl-CoA hydratase ( 17), mitochondrial short-
chain 3-hydroxyacyl-CoA dehydrogenase (4, 5), mitochondrial
short-chain 3-ketoacyl-CoA thiolase (18), peroxisomal 3-ketoacyl-
CoA thiolase ( 18), and peroxisomal bifunctional protein ( 19) were
purified from rat liver and the antibodies were raised in rabbits, as
described. The antibodies were immunopurified with the use of im-
munoadsorbent columns that were coupled with the enzymes, as de-
scribed in the instructions from the manufacturer.

Weused skin fibroblasts from two patients with long-chain 3-hy-
droxyacyl-CoA dehydrogenase deficiency. These fibroblasts were
grown in Eagle's minimum essential medium containing 10% fetal calf
serum (vol/vol) and antibiotics. The cells were used for study 3-4 d
after confluence. Findings in the first patient (patient 1 ) have been
described elsewhere (20). This patient presented on the 2nd postnatal
day with severe hypotonia and hypoglycemia and died of cardiac fail-
ure on the 30th day, despite intensive therapy. The second patient
(patient 2) presented early in life with hypoketotic hypoglycemia and a
marked 3-hydroxy dicarboxylic aciduria. A defect of mitochondrial
f-oxidation at the level of long-chain 3-hydroxyacyl-CoA dehydroge-
nase was suspected by findings of decreased [1-_14C] palmitic acid oxi-
dation in the skin fibroblasts, and this tentative diagnosis was con-
firmed by assay of the enzyme activity.

Preparation of substrates. Acetoacetyl-CoA was prepared with CoA
and diketene (21). Crotonyl-CoA was prepared by the method of
Steinman and Hill (22). 2-Hexadecenoyl-CoA, 2-dodecenoyl-CoA,
and 2-octenoyl-CoA were prepared by the mixed anhydride method
(23). 2-Enoyl-CoAs were converted to 3-ketoacyl-CoAs with use of the
fatty acid oxidation multienzyme complex of Pseudomonasfragi (24).

Enzyme assays. The enoyl-CoA hydratase activity was assayed by a
decrease in 2-enoyl-CoAs at 280 nm ( 17). The 3-hydroxyacyl-CoA
dehydrogenase activity was measured by 3-ketoacyl-CoA-dependent
NADHoxidation (4). The activity of 3-ketoacyl-CoA thiolase was as-
sayed by the thiolytic reaction and after the absorbance at 303 nm( 12).
In the 3-ketoacyl-CoA thiolase assay with the C12 substrate, the follow-
ing were used: medium 1, 0.1 MTris-CI, pH 8.3, 3 mMMgCl2, and 20
,uM 3-ketododecanoyl-CoA; medium 2, 0.1 MTris-Cl, pH 8.3,25 mM
MgCl2, 50 mMKC1, 0.1% Triton X-100 (wt/vol), 0.2 mg/ml BSA,
and 10MM3-ketododecanoyl-CoA. In the 3-ketoacyl-CoA thiolase as-
say with the C16 substrate, the following were used: medium 3, 0.1 M
Tris-Cl, pH 8.3, 1 mMMgCl2, and 20 MuM3-ketohexadecanoyl-CoA;
medium 4, 0.1 MTris-Cl, pH 8.3, 25 mMMgC12, 50 mMKC1, 0.1%
Triton X- 100 (wt/vol), 0.2 mg/ml BSA, and 10MM3-ketohexadecan-
oyl-CoA.

Purification of human- TPand preparation ofpolyclonal antibodies.
TPwas purified from a human liver obtained at autopsy by monitoring
the 3-hydroxyacyl-CoA-dependent oxidation of NADH. These proce-
dures were performed at 40C. The frozen liver (25 g) was homogenized
in 125 ml of 50 mMK2HPO4, containing 0. 1% (vol/vol) hexamethyl-
phosphoric triamide, 2 mM2-mercaptoethanol, 0.5 mMEDTA, 1 mM
phenylmethylsulfonyl fluoride, and 1 mMbenzamidine. The mixture
was centrifuged at 3,000 g for 5 min, and the supernatant was centri-
fuged at 100,000 g for 60 min. The pellet was homogenized with 40 ml
of 10 mMpotassium phosphate, pH 7.5, containing 1% sodium cho-
late, 0.5 MKCl, 0.1% (vol/vol) hexamethylphosphoric triamide, 2
mM2-mercaptoethanol, and 0.5 mMEDTA. The mixture was kept on
ice for 30 min, and subsequently centrifuged at 20,000 g for 15 min.
The enzyme was purified by polyethylene glycol no. 6000 precipita-
tion, DEAE-cellulose, and phosphocellulose column chromatography
(12). About 2.5 mgof TP was purified using this procedure.

Purified human-TP (0.25 mg) was dialyzed against 0.15 MNaCl
containing 10 mMpotassium phosphate pH 7.5, and emulsified with
Freund's complete adjuvant. The emulsion was injected into the axil-
lary regions of a rabbit. Boosters, containing 0.1 mgof purified human-
TP in emulsion containing Freund's complete adjuvant were injected
twice into subcutaneous sites on the dorsum, 4 and 6 wk later. Blood
samples were taken from a carotid artery 2 wk after the last booster
injection. The antibody was partially purified by fractionation with
ammonium sulfate and dialyzed against 0.15 MNaCl containing 10
mMpotassium phosphate, pH 7.5.

Extraction ofenoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydroge-
nase, and 3-ketoacyl-CoA thiolase activities in skinJibroblasts. For ex-
traction of enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydroge-
nase activities, fibroblasts were sonicated in 25 mMpotassium phos-
phate, pH 7.5, containing 0.2 M sodium chloride, 0.1% (vol/vol)
hexamethylphosphoric triamide, 2 mM2-mercaptoethanol, and 0.5
mMEDTA. Weused 0.1 MTris-Cl, pH 8.3, instead of 25 mMpotas-
sium phosphate, pH 7.5, for extraction of 3-ketoacyl-CoA thiolase ac-
tivity. Tween 20 (20% [ vol/vol ]) was added to give a final concentra-
tion of 0.5% (vol/vol). After incubation on ice for 30 min, the homoge-
nate was centrifuged at 18,000 g for 5 min. The supernatant was used
for enzyme assays. Immunoblot analysis using anti-(human-TP) anti-
body confirmed that the enzyme was completely extracted by the use of
either of the two extraction buffers (not shown).

Immunotitration. Fibroblasts' extracts, prepared as described be-
low, were mixed with fivefold the equivalent amounts of the anti-( rat
mitochondrial short-chain enoyl-CoA hydratase) antibody, anti-(rat
mitochondrial short-chain 3-hydroxyacyl-CoA dehydrogenase) anti-
body, and anti-(rat mitochondrial 3-ketoacyl-CoA thiolase) antibody,
respectively. The mixtures were incubated for 1 h at 4°C, then centri-
fuged at 18,000 g for 5 min, and the supernatants were used for assay of
the enzyme. The amounts of antibodies required to completely precipi-
tate various enzyme proteins from the fibroblasts' extracts were deter-
mined by antibody titration monitoring residual enzyme activities in
the supernatant fractions obtained after centrifugation.

Assay and analysis of protein. Protein concentration was deter-
mined by a modification (25) of the method of Lowry et al. (26).
SDS-PAGEon a 10% gel was performed according to Laemmli (27).

Immunoblot analysis was made according to Towbin et al. (28)
using an immunoblot system (Amersham Japan) for color develop-
ment. The bands were quantified using a densitometer (Cliniscan 2®;
Helena, Beaumont, TX).

Pulse-chase experiments. The fibroblasts were grown in 20-cm2 pe-
tri-dishes. Pulse labeling was performed as described (29) using 50 ,Ci
of ["S] methionine per dish. After a 1-h pulse, the medium was re-
placed by standard medium and the labeled fibroblasts were chased for
6 and 24 h, respectively. The labeled cells were washed, collected, soni-
cated in an extraction buffer, and centrifuged. The supernatant was
placed in boiling water for 3 min since the anti-(human-TP) antibody
precipitated only the denatured human-TP. The labeled protein in the
fibroblast extracts was immunoprecipitated with the anti-( human-TP)
antibody and fixed Staphylococcus aureus cells. The recovered labeled
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products were subjected to SDS-PAGEand to fluorography. Competi-
tion experiments were done, using an excess amount of human-TP
during the immunoprecipitation.

Rhodamine 6G, an inhibitor of transport of the precursors of the
mitochondrial enzymes and their processing (30), was added to some
preparations of the culture medium to give a final concentration of 2
mg/ml 30 min after start of the preincubation, and to the labeling
medium, as described ( 31 ). The fibroblasts were then labeled and the
enzyme was extracted as described above.

Results

Molecular and catalytic properties of human mitochondrial tri-
functional protein. Fig. 1 shows the carbon chain length specifi-
ties of the three components of human-TP, i.e., enoyl-CoA
hydratase, 3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-
CoA thiolase. All three activities showed a preference for the
long-chain substrates, as compared with the short-chain ones.
The carbon chain length specificity of human-TP was similar
to that of rat mitochondrial trifunctional protein ( 12).

The molecular mass of native human-TP was estimated to
be 507 kD by gel filtration (Ultrogel AcA 34), using the same
buffer as that used for rat enzyme ( 12) (not shown). Human-
TP consisted of two subunits, and molecular weights were esti-
mated to be 74,000 and 50,000 for the a and 3 subunits, respec-
tively, by SDS-PAGE, and Coomassie blue staining (Fig. 2).
These data indicate that human-TP is a heterooctamer with the
a4f34 structure.

Enzyme activities in cultured skin fibroblasts. Table I
shows measurements of enzyme activity in fibroblasts' extracts
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Table L Activities of Fatty Acid (3 Oxidation Enzymes in
Cultured Skin Fibroblasts

Patient Patient
1 2 Control

Enoyl-CoA hydratase
activity

Crotonyl-CoA 183.4 193.5 198.1±46.3 (n = 6)
3-Ketohexadecenoyl-CoA 30.9* 52.0 69.3±15.0 (n = 6)

3-hydroxyacyl-CoA
dehydrogenase activity

Acetoacetyl-Coa 24.4 17.9 20.7±4.9 (n = 6)
3-Ketohexadecanoyl-CoA 7.9* 5.6* 18.8±2.7 (n = 6)

3-Ketoacyl-CoA thiolase
activity

Acetoacetyl-CoA 14.3 13.0 10.2±2.3 (n = 6)
3-Ketohexadecanoyl-CoA

(medium 3) 3.9* 5.1 7.1±1.1 (n = 4)
3-Ketohexadecanoyl-CoA

(medium 4) 0.0* 6.8* 16.4±3.3 (n = 4)

Enzyme activities were assayed using substrates with different lengths
of carbon chain. The activities are expressed as nmol/min per mg
protein. The values of the control are the mean±SD. * The values
are lower than mean - 2 SD of the respective control values. We
used mediums 3 and 4 for the 3-ketoacyl-CoA thiolase activity with
the C16 substrate.

from controls and from two patients. Activities were measured
using both short- and long-chain substrates.

In fibroblasts from patient 1, the enoyl-CoA hydratase, 3-
hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA thio-
lase activities, as measured with the C16 substrates, were 45,
42, and 0%of the control mean, respectively (thiolase activity
with C16 substrate was assayed with the medium 4). These
values are all below the control mean - 2 SD.

Table I also shows that when the same activities were mea-
sured in fibroblasts from patient 2, the values were 75, 30, and
42% of the control mean, respectively, (thiolase activity with
C16 substrate was assayed with the medium 4). These values
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Figure 1. Carbon chain length
specifities of purified human-
TP. (A) Enoyl-CoA hydratase;
(B) 3-hydroxyacyl-CoA dehy-
drogenase; (C) 3-ketoacyl-CoA
thiolase. The enoyl-CoA hy-
dratase, 3-hydroxyacyl-CoA
dehydrogenase, and 3-ketoa-
cyl-CoA thiolase activities were
measured as described in
Methods. Weused mediums 1
and 3 for the 3-ketoacyl-CoA
thiolase activities with the C12
and C16 substrates, respec-
tively. The activities were ex-
pressed as Mmol/min per mg
protein.
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kD

Figure 2. SDS-PAGEof purified hu-
man-TP. The purified enzyme (2 gg)
was subjected to SDS-PAGEon a 10%

74.0 gel and stained with Coomassie bril-
liant blue R-250. The molecular
masses of the large and small subunits

- "5O.0 were estimated to be 74 and 50 kD,
respectively. Proteins used as molecu-
lar mass standards were rabbit muscle
phosphorylase b (97.4 kD), bovine
serum albumin (66.2 kD), hen egg
white ovalbumin (45.0 kD), bovine
carbonic anhydrase (31.0 kD), soy-
bean trypsin inhibitor (21.5 kD), and
rat mitochondrial trifunctional pro-
tein (large subunit, M, 79,000, small
subunit, Mr 49,000).
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are all lower than the control mean - 1 SD, except for the
long-chain 3-hydroxyacyl-CoA dehydrogenase activity, as
measured with the C16 substrate that was below the mean con-
trol - 2 SD value.

In the presence of 1 mMMg2+ concentration (medium 3),
the assay of the thiolase activity with the C16 substrate showed
comparable results between patient 2 and control values. How-
ever, the assay of the same activity using medium with 25 mM
Mg2+ concentration and 0.1% Triton X-100 (medium 4) re-
vealed a decreased thiolase activity in patient 2. The thiolase
activities measured in cells of patient 1 were low, under both
experimental conditions. Weattribute these results to activa-
tion of the thiolase activity of the trifunctional protein and to
inhibition of the other 3-ketoacyl-CoA thiolases. In our report
on the purification of rat trifunctional protein ( 12), we de-
scribed the effects of pH and detergent on short-chain 3-hy-
droxyacyl-CoA dehydrogenase and trifunctional protein. Val-
ues for the 3-ketoacyl-CoA thiolase activity of the purified hu-
man trifunctional protein toward the C12 substrate with
medium 2 and the C16 substrate with medium 4 were - 5-fold
and -10-fold higher, respectively, (data not shown). As puri-
fied human mitochondrial short-chain 3-ketoacyl-CoA thio-

A

C4 C8 C12 C16
carbon chain length of
substrates

Figure 3. Carbon chain length
specificities of enoyl-CoA hy-
dratase activities in fibroblast
extracts. The activities were
measured before (A) and after
(B) immunoprecipitation of
mitochondrial short-chain en-

oyl-CoA hydratase, and ex-

pressed as nmol/min per mg
protein. Controls 1 and 2 (.
and o); patient I (v); and pa-
tient 2 (o). Differences in the
value after immunoprecipita-
tion between control I and pa-
tient 1 (a) and that between
control 2 and patient 1 (A)
were plotted (C).

lase and human peroxisomal short-chain 3-ketoacyl-CoA thio-
lase are not yet available, we cannot predict at this time what
effect different Mg' concentrations would have on the catalytic
activity of these enzymes.

To obtain more information on the significance and inter-
pretation of the data in Table I, the mitochondrial monofunc-
tional enzymes were immunoprecipitated and the residual ac-
tivities were measured. Fig. 3 shows data from an experiment
in which enoyl-CoA hydratase activities were measured using a
series of substrates in fibroblasts' extracts, either untreated or
treated with an antibody raised against mitochondrial enoyl-
CoA hydratase (crotonase). The results show that immunopre-
cipitation of mitochondrial enoyl-CoA hydratase led to a vir-
tually complete disappearance of activity, as measured with the
C4 substrate, both in the control and in fibroblasts from the
two patients. The amount of human-TP in cells from patient 1
was little, as described below (see Fig. 6), and no significant
contribution of peroxisomal bifunctional protein was expected
from the remaining enoyl-CoA hydratase activity, based on the
very low content of peroxisomal bifunctional protein in fibro-
blasts estimated by immunoblot analysis. Therefore, we think
that the residual enoyl-CoA hydratase activity in fibroblasts
from patient 1, especially as measured with C8 and C12 sub-
strates, is due to a distinct enoyl-CoA hydratase with preference
for medium-chain substrates. The existence of yet another f-
oxidation enzyme with medium-chain enoyl-CoA hydratase
activity has been postulated (32), and we are currently charac-
terizing this protein. Indeed, this substrate specificity differed
from that of the purified human mitochondrial short-chain
enoyl-CoA hydratase, peroxisomal bifunctional protein, and
human-TP. The ratio (C4/C8) of the activities with C4 and C8
of mitochondrial short-chain enoyl-CoA hydratase and peroxi-
somal bifunctional protein was - 2 and 0.4, respectively (our
unpublished observation). Differences between activities in
the controls and in patient 1 after immunoprecipitation (Fig. 3
B) are plotted in Fig. 3 C. The carbon chain length specificity in
Fig. 3 Cwas similar to that of purified human-TP (Fig. 1 A).

Whenthe fibroblast extracts were treated with the anti-(mi-
tochondrial short-chain 3-hydroxyacyl-CoA dehydrogenase)
antibody, the 3-hydroxyacyl-CoA dehydrogenase activity with
the C4 substrate was markedly reduced, and the residual 3-hy-
droxyacyl-CoA dehydrogenase activities with medium-chain
to long-chain substrates in the patients' cells were < 20% of
those in the control cells (Fig. 4, A and B). The difference
between the activities in control fibroblasts and fibroblasts
from patient 1 after immunoprecipitation (Fig. 4 B) are repre-
sented in Fig. 4 C. The results show that the carbon chain
length specificity, as observed in Fig. 4 C, was similar to that of
purified human-TP (Fig. 1 B).

After treatment of the fibroblasts' extracts with the
anti-(mitochondrial 3-ketoacyl-CoA thiolase) antibody, resid-
ual 3-ketoacyl-CoA thiolase activities were measured with the
C4, C8, C12, and C16 substrates (Fig. 5 B). In Fig. 5, A-C,
thiolase activities with the C12 and C16 substrates were deter-
mined using media 2 and 4, respectively. The residual 3-ketoa-
cyl-CoA thiolase activity with the C4 substrate may be due to
mitochondrial and/or cytosolic acetoacetyl-CoA thiolase.
There was no 3-ketoacyl-CoA thiolase activity in cells from
patient 1. In cells from patient 2, the residual 3-ketoacyl-CoA
thiolase with the C16 substrate was 42% of that found in con-
trol cells. Since the content of human-TP in cells from patient 1

Mitochondrial Trifunctional Protein Deficiency 1743

500 -

400-

300-

200-

100

.7

c

E

s

.L
z

B

300-

I

.E
2

C

L.

.E
E

E
c

carbon chain length of
substrates

c

C4 C8 C12 C16
carbon chain length of
substrates



was very low, the residual 3-ketoacyl-CoA thiolase activities
with the medium-chain substrates may be partly due to peroxi-
somal 3-ketoacyl-CoA thiolase (Fig. 5 B). Differences in the
activities, as measured in control and patient 1 fibroblasts after
immunoprecipitation (Fig. 5 B), are given in Fig. 5 C. The
carbon chain length specificity in Fig. 5 Cwas dissimilar to that
of purified human-TP (Fig. 1 C) since different medium was
used for the thiolase assay.

Immunoblot analysis. Fig. 6 shows the results of immuno-
blot analysis with the anti-(human-TP) antibody. The mobili-
ties of a and # subunits, as present in fibroblasts, differ some-
what as compared with the mobility observed with purified
human-TP (compare lane 1 with lanes 2 and 3). Subsequent
studies showed this to be due to differences in ionic composi-
tion of the samples. In a separate experiment, we confirmed by
examination of the mobilities of a mixture of the fibroblast
extract and the purified enzyme that the purified human-TP
and the human-TP in skin fibroblasts have the same mobility.
The signal bands of both a and (3 subunits of human-TP in skin
fibtoblasts were quantified by densitometry. The ratios of in-
tensities of a and (3 subunits were nearly the same as those of
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Figure 5. Carbon chain length
specificities of 3-ketoacyl-CoA
thiolase activities in fibroblast
extracts. The activities were
measured before (A) and after
(B) immunoprecipitation of
mitochondrial 3-ketoacyl-CoA
thiolase, and expressed as
nmol/min per mg protein.
Controls 1 and 2 (. and o);
patient I (v); and patient 2
(a). Differences in the value
after immunoprecipitation be-
tween control 1 and patient 1
(A&) and that between control 2
and patient 1 (A) were plotted
(C). Weused mediums 2 and
4 for the 3-ketoacyl-CoA thio-
lase activities with the C12 and
C16 substrates, respectively.

B
30

s

*§ 20
r.

u

,C 10*

Er.

carbon chain length of
substrates

C

30-

20-

10-

Figure 4. Carbon chain length
specificities of 3-hydroxyacyl-
CoA dehydrogenase activities
in fibroblast extracts. The ac-
tivities were measured before
(A) and after (B) immunopre-
cipitation of mitochondrial
short-chain 3-hydroxyacyl-
CoA dehydrogenase, and ex-
pressed as nmol/min per mg
protein. Controls 1 and 2 (.
and o); patient 1 (v); and pa-
tient 2 (o). Differences in the
value after immunoprecipita-
tion between control 1 and pa-
tient 1 (A) and that between
control 2 and patient 1(I)
were plotted (C).

the purified enzyme preparation, and the content of human-
TP in the two cell lines (Fig. 6, lanes 2 and 3) was estimated to
be - 0.07% of total protein of the control fibroblasts.

No difference in the mobilities of the a and (3 subunits in
the patients' cells could be detected. In cells from patient 1
(Fig. 6, lanes 4 and 5), the intensity of the signal for the a

subunit was < 5%of that in control cells, whereas the signal for
the (3 subunit was hardly detectable. In cells from patient 2
(Fig. 6, lanes 6 and 7), the intensities of both signals were
- 60% of those of the control, thereby suggesting the presence
of virtually normal mitochondrial trifunctional protein in cells
from patient 2, in agreement with the data in Table I.

1 2 3 4 5 6 7
Figure 6. Immunoblot analysis
of human-TP. Lane 1, purified
human-TP (20 ng); lanes 2
and 3, control fibroblasts (20

.4a Ag of proteins); lanes 4 and 5,
fibroblasts of patient 1 (40 and

* 13 20 ,ug, respectively, of pro-
teins); lanes 6 and 7, fibro-
blasts of patient 2 (40 and 20
Mgg, respectively, of proteins).
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In both patients' cells, the contents of seven mitochondrial
(short-, medium-, long-, very long-chain acyl-CoA dehydroge-
nase, short-chain enoyl-CoA hydratase, short-chain 3-hydroxy-
acyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase) and
two peroxisomal (bifunctional protein and 3-ketoacyl-CoA
thiolase) enzymes were estimated by immunoblot analysis and
found to be comparable to the amounts detected in control
cells (data not shown).

Pulse-chase experiments. In cells from patient 1 (Fig. 7 A,
lanes 1-4 of patient 1 ), the incorporation of [ I'S ] methionine
into the a and j3 subunits after a 1-h pulse labeling was 150 and
19%, respectively, of those in the control cells, as determined
by densitometric determination of the fluorographic bands. In
the control cells, the signals for both a and f3 subunits did not
decrease after a 24-h chase (Fig. 7 A, lanes 1-4 of the control).
However, the signals for both subunits in cells from patient 1

C Pt.I Pt.2
12 1212

prea
a I

pre-5 _

0 _-.

Figure 8. Pulse labeling exper-
iments of human-TP in fibro-
blasts in the presence and ab-
sence of R6G. Lane 1, in the
presence of R6G; lane 2, in the
absence of R6G. Control (C),
patient 1 (Pt. 1), patient 2 (Pt.
2). Arrows indicate positions
of the fluorographic bands for
the precursor of a subunit
(pre-a), precursor of # subunit
(pre-f), a subunit (a), and ,
subunit (fl) of the enzyme.
Competition experiments de-
termined positions of the pre-
cursors (data not shown).

control patientl patient2

1 2 341 2 341 2 34

a-subunit4 n _ _ _

A-subunlit m* -

P624C P624C P624C

A
control patient1 patient2
2341 2341 234

SHADHi - 400.,W-

P 624C P624C P624C

B
Figure 7. Pulse-chase experiments of human-TP and short-chain 3-
hydroxyacyl-CoA dehydrogenase in fibroblasts. (A) Human-TP; (B)
short-chain 3-hydroxyacyl-CoA dehydrogenase. Lane 1, 1-h pulse
(P); lanes 2 and 3, 6- (6) and 24-h chase (24), respectively; lane 4,
competition experiment of 1-h pulse (C). Arrows indicate positions
of the subupits of mature enzymes. Pulse-chase experiments using
controls' and patients' fibroblasts were done three times, and incor-
poration of [35S]methionine into protein of the fibroblasts was
69±8% (n = 4), 71±1%, and 77±2% in the controls, patient 1, and
patient 2, respectively.

did decrease and became faint after a 24-h chase. In cells from
patient 2 (Fig. 7 A, lanes 1-4 of patient 2), the radioactivity in
the a and the ,B subunits after a 1-h pulse labeling was 70 and
120%, respectively, of that in the control cells. Thus, both sub-
units in cells from patient 2 were degraded more rapidly than in
the control cells, the value being - 50% of that in the control
cells after a 24-h chase. These findings suggest that the rates of
synthesis and degradation of the enzyme in the patients' cells
were altered. Fluorographic analysis of mitochondrial short-
chain 3-hydroxyacyl-CoA dehydrogenase was madeas the posi-
tive control, using the same samples (Fig. 7 B).

Fig. 8 shows the results of pulse labeling experiments in the
presence and absence of rhodamine 6G (R6G). In the absence
of R6G, the fluorographic bands corresponding to the mature
forms of the a and ,B subunits were apparent in cells from
control and patients (Fig. 8, lanes 2). In the presence of R6G,
precursors of the a and f3 subunits were clearly observed in the
control and patients' cells (Fig. 8, lanes 1). These data suggest
that both the a and ,B subunits in the two patients' cell lines
were synthesized in their correct precursor forms and with the
same size as in the controls. Furthermore, the data of Fig. 8
suggest that the precursors were imported normally into the
mitochondria and were subsequently processed to be followed
by rapid degradation.

Oxidation of [1-_"C]palmitic acid. Oxidation of [1- 14C]-
palmitic acid to acid soluble products was quantitated as de-
scribed earlier (33). [1-'4C]Palmitate oxidations were de-
creased in fibroblasts from both patients to virtually the same
extent, residual activities amounting to 32 and 31%, respec-
tively, (control values: 1.63±0.41 nmol/h per mg protein; n
= 6). These results indicate that, in fibroblasts, TP plays an
important role in long-chain fatty acid oxidation.

Discussion

Long-chain 3-hydroxyacyl-CoA dehydrogenase does not ap-
pear to be a monofunctional enzyme protein but rather part of
a complex also harboring enoyl-CoA hydratase and 3-ketoacyl-
CoA thiolase activities. Earlier, we purified this mitochondrial
fatty acid oxidation multienzyme complex from rat liver ( 12)
and named it "trifunctional protein." Previous biochemical
findings indicated that this "trifunctional protein deficiency"
can be divided into two groups. In group 1 there was significant
diminution in long-chain 3-hydroxyacyl-CoA dehydrogenase
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activity (1O). The major part of the trifunctional protein defi-
ciency is included in this group, and the content of trifunc-
tional protein in these patients is the same as in controls or is
slightly diminished (T. Kamijo, unpublished observation). In
group 2, all three enzyme activities were greatly diminished
(20, 32).

In the present work, we analyzed the underlying basis for
the enzyme defect in cultured skin fibroblasts from two pa-
tients, one suspected of having a combined deficiency of all
three enzyme activities, as catalyzed by the mitochondrial (-
oxidation multifunctional protein, while the other was found
to have an isolated deficiency of long-chain 3-hydroxyacyl-
CoA dehydrogenase activity with near normal values for the
two other enzyme activities (Table I). The availability of spe-
cific antibodies raised against various monofunctional mito-
chondrial fatty acid f(-oxidation enzyme proteins, as purified
from rat liver, facilitated study on the trifunctional protein in
fibroblasts from the patients. Results of immunoprecipitation
experiments presented in Figs. 3-5 together with immunoblot-
ting data in Fig. 6 clearly show that the trifunctional enzyme is
defective in the fibroblasts from both patients, albeit the extent
of dysfunction of trifunctional protein in these two cell lines
was markedly different (Figs. 3-6).

Whenbiosynthesis, import into mitochondria, and degrada-
tion of human-TP in cells from patient 1 were studied (Figs. 7
and 8), we found that biosynthesis of the two subunits, a and (,
occurred at rates of 150 and 19%, respectively, as compared
with findings in control cells. Furthermore, the data indicate
that the two subunits were normally imported into the mito-
chondria and processed, followed by a rapid rate of degrada-
tion. The rapid disappearance of the (3 subunit, as compared
with the a subunit, suggests that the ( subunit in cells from
patient 1 is not normal with respect to biosynthesis and stabil-
ity. Presumably, this leads to a disturbed formation of the en-
zyme complex resulting in lability of the a subunit as a second-
ary consequence.

In cells from patient 2, the a and (3 subunits were present at
levels of - 60%, as compared with control cells, hence, forma-
tion of the a4(4-enzyme complex probably occurs normally in
these cells. Interestingly, the 3-hydroxyacyl-CoA dehydroge-
nase activity in these cells was decreased to the same extent as
in cells from patient 1, with near normal activity of enoyl-CoA
hydratase. Since the a subunit harbors both enoyl-CoA hydra-
tase and 3-hydroxyacyl-CoA dehydrogenase activity, these re-
sults suggest that the mutation in patient 2 affects only the
3-hydroxyacyl-CoA dehydrogenase domain of TP. In agree-
ment with the reduced amounts of trifunctional protein, as
found by immunoblotting of fibroblasts from patient 2, 3-ke-
toacyl-CoA thiolase activities were found to be intermediate, as
compared with the activities in cells from control and patient 1,
respectively. Figs. 7 and 8 show rates of synthesis of the a and (3
subunits in patient 2 cells of 70 and 120%, respectively, as
compared with control cells, followed by normal import into
mitochondria and processing. Interestingly, the (3 subunit ap-
peared to be degraded more rapidly in cells from patient 2
(Fig. 8).

Wepropose that the group 1-type trifunctional protein de-
ficiency is caused by abnormality of the a subunit, while the
group 2-type trifunctional protein deficiency is caused by ab-
normality of the (3subunit. The hypothesis based on primary
structures deduced from nucleotide sequences of the subunits

of the enzyme is that the a subunit of TP has enoyl-CoA hydra-
tase plus 3-hydroxyacyl-CoA dehydrogenase activities and the
( subunit of TP harbors 3-ketoacyl-CoA thiolase activity ( 13 ).
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