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Abstract

The etiology of 3-ketothiolase deficiency has been attributed to
a defect of mitochondrial acetoacetyl-CoA thiolase because the
acetoacetyl-CoA thiolase activity in related materials is not
activated by K+, a property characteristic for this enzyme. We
studied the enzyme protein and the biosynthesis of mitochon-
drial acetoacetyl-CoA thiolase, using cultured skin fibroblasts
from a 5-yr-old boy with 3-ketothiolase deficiency. The follow-
ing results were obtained. (a) Activation of acetoacetyl-CoA
thiolase activity by K+ was nil; (b) The enzyme activity was not
affected by treatment with the antibody against mitochondrial
acetoacetyl-CoA thiolase; (c) A signal for mitochondrial ace-

toacetyl-CoA thiolase protein was not detected in the immuno-
blot analysis; and (d) Pulse-chase experiments of skin fibro-
blasts, using I35Slmethionine, revealed no incorporation of ra-

dioactivity into this enzyme. Therefore, fibroblasts from this
patient lacked mitochondrial acetoacetyl-CoA thiolase protein
due to a defect in its biosynthesis.

Introduction

3-Ketothiolase deficiency is an inherited metabolic disorder of
organic acids in which characteristic organic acids such as 2-
methyl-3-hydroxybutyric acid, 2-methylacetoacetic acid, and
tiglylglycine are present in the urine ( 1-12). The first report of
this disease was apparently that of Daum et al. (1), who de-
scribed it as an inherited disorder of isoleucine catabolism.
Later, it was found that this disease is not simply a defect of
isoleucine degradation and that the deficient enzyme is the
K+-dependent short chain mitochondrial thiolase, which plays
a major role in ketone body metabolism (6). It was also re-

ported that mitochondrial acetoacetyl-CoA thiolase (EC
2.3.1.9) acts on 2-methylacetoacetyl-CoA and that no activity
with this substrate is observed in fibroblast extracts of patients
with 3-ketothiolase deficiency (7-1 1). Although the deficient
activity of mitochondrial acetoacetyl-CoA thiolase in such pa-

tients has been confirmed (7, 8, 10, 11), further data on the
enzyme protein were not reported. There are at least four
thiolases in mammalian tissues: cytosolic acetoacetyl-CoA
thiolase, mitochondrial acetoacetyl-CoA thiolase, mitochon-
drial 3-ketoacyl-CoA thiolase, and peroxisomal 3-ketoacyl-
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CoA thiolase (13, 14). These enzymes can be distinguished
using antibodies. Wenow report the absence of mitochondrial
acetoacetyl-CoA thiolase protein in cultured skin fibroblasts
from a boy with 3-ketothiolase deficiency, which was appar-
ently due to a defect in the biosynthesis of this protein.

Methods

Patient and fibroblasts. The patient was a 5-yr-old Japanese boy, born
in 1981. The diagnosis of 3-ketothiolase deficiency had been based on
the results of gas chromatography-mass spectrophotometry analysis of
urinary organic acids when the boy was 20 moof age. A case report of
this patient has been published (12). There was a large amount of
2-methyl-3-hydroxybutyric acid and a smaller amount of 2-methyl-
acetoacetic acid and tiglylglycine, regardless of the degree of ketonuria,
in all samples examined. Skin fibroblasts were grown in Eagle's mini-
mumessential medium containing 10% fetal calf serum (volume/vol-
ume) and antibiotics (standard medium). The cells were used 3-4 d
after confluency.

Materials. Acetoacetyl-CoA and 3-ketooctanoyl-CoA were pre-
pared as described (14). CoAand protein A-Sepharose were purchased
from Sigma Chemical Co., St. Louis, MO. [35S]Methionine (> 1,000
Ci/mmol), rabbit reticulocyte lysate, and Amplify were from Amer-
sham Corp., Arlington Heights, IL. Affinity adsorbent was from
Boehringer Mannheim Biochemicals, Indianapolis, IN, and the pro-
tease inhibitors were from the Peptide Institute (Osaka, Japan). The
fixed Staphylococcus aureus cells was from Sanraku Co. (Tokyo,
Japan), and the immunoblotting system was from Promega Biotec,
Madison, WI.

Mitochondrial acetoacetyl-CoA thiolase and mitochondrial and
peroxisomal 3-ketoacyl-CoA thiolases were purified from rat liver and
the antibodies were raised in rabbits, as described (14). The antibodies
were immunopurified with the use of immunoadsorbent columns
coupled with the enzymes, as described in the instructions from the
manufacturer. The monospecificities of the antibody preparations
against human liver thiolases were tested by titration of the enzymes
and immunoblot analysis. Human enzymes were purified from the
autopsied liver. The liver extract was applied successively onto the
columns of DEAE-cellulose and phosphocellulose, as described for the
purification of the rat thiolases (14). Mitochondrial acetoacetyl-CoA
thiolase was purified into a nearly homogeneous preparation, using
essentially the same procedure described for the rat enzymes (14). The
fractions containing 3-ketoacyl-CoA thiolases, monitored by the thio-
lase activity with 3-ketooctanoyl-CoA in the first phosphocellulose
column chromatography, were pooled and concentrated by precipita-
tion with (NH4)2SO4 (600 g/liter). After desalting, a second phospho-
cellulose column chromatography was carried out at pH 8.0. Fractions
with the highest specific activity were treated with (NH4)2SO4. The
precipitate was dissolved in a small volume of 10 mMsodium phos-
phate, pH 8.0, containing 5% glycerol (volume/volume) and 5 mM
,B-mercaptoethanol, and was passed through a Sephadex G-100 col-
umn that had been equilibrated with the same buffer. The first few
fractions of the activity peak contained highly purified mitochondrial
3-ketoacyl-CoA thiolase with no detectable peroxisomal enzyme, and
the latter fractions contained both mitochondrial and peroxisomal
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enzymes. The last few fractions containing largely the peroxisomal
enzyme were subjected to molecular sieving to remove most of the
mitochondrial enzyme. Cytosolic acetoacetyl-CoA thiolase was puri-
fied according to Middleton (15). All of the purified enzyme prepara-
tions were dialyzed against 10 mMsodium phosphate, pH 8.0, con-
taining 50% glycerol vol/vol and 5 mM,B-mercaptoethanol, and were
then stored at -200C.

Enzyme assay and immunotitration. The attached fibroblasts were
washed with sodium phosphate-buffered saline and harvested in a
volume of 50 mMsodium phosphate, pH 7.5/1 mMdithiothreitol/
0.1% Triton X-100/protease inhibitors (10 mgeach per milliliter, anti-
pain, bestatin, chymostatin, pepstatin, phosphoramidon, and E-64).
The suspension was sonicated and centrifuged at 10,000 g for 10 min.
The supernatant was used for the enzyme assay within one day, and the
remaining solution was preserved for protein determination and im-
munoblot analysis.

The enzyme assay was conducted as described (14) and the activity
with acetoacetyl-CoA thiolase was determined, with and without K+
(50 mMKCI). Units of enzyme activity were expressed as millimoles of
the substrate utilized per minute. Protein concentration was deter-
mined by a modification (16) of the method of Lowry et al. (17).

In the immunotitration experiment, the fibroblast extracts (50 Al,
- 5 mg/ml of protein) were mixed with the antibodies fivefold or

more the equivalent amount, as estimated from the minimal quantity
of the antibody required to decrease the remaining activity in the
supernatant to zero, after incubation of various amounts of the puri-
fied human enzymes with fixed amounts of the antibodies) and bovine
serum albumin (final concentration of 2 mg/ml) in a volume of 120 l
and the preparation then incubated at room temperature for 30 min.
The mixture was added to 80 Ml of a 20% protein A-Sepharose suspen-
sion and shaken at room temperature for 60 min. All of the compo-
nents, except the fibroblast extracts, were present in 150 mMNaCl/10
mMsodium phosphate, pH 7.5. The suspension was centrifuged at
10,000 g for 5 min and the supernatant was used for the enzyme assay.

Immunoblot analysis. The fibroblast extracts were subjected to
SDS-PAGEusing a 10%gel (18). Immunoblot analysis was performed
according to Towbin et al. (19) using an immunoblotting system for
color development.

Pulse-chase experiment. The fibroblasts were grown in a 20-cm2
dish for the pulse-chase experiment. The cells were washed twice with
methionine-depleted Eagle's minimum essential medium containing
5%dialyzed fetal calf serum (volume/volume), and then incubated for
I h in the same medium. The medium was replaced with 1 ml of the
same medium containing 100 MCi of [35S]methionine. After a 1-h
pulse, the medium was replaced with the standard medium and the
preparation chased for 6 and 24 h, respectively. The labeled cells were
rapidly washed three times with phosphate-buffered saline and col-
lected in a volume of 10 mMTris-Cl, pH 7.4/2 mMEDTA/0.1%
SDS/0. 1%Triton X-100/0. 1%bovine serum albumin/0 mMmethio-
nine/0.02% NaN3/protease inhibitors. The suspension was sonicated
and centrifuged at 10,000 g for 10 min, and the supernatant was
preserved for immunoprecipitation.

The cell-free translation was conducted with free polysomes from
rat liver (20) according to the manufacturerer's instructions. The reac-
tion was halted by adding 1 ml of 10 mMTris-Cl, pH 7.4/2 mM
EDTA/0. 1% SDS/0. 1% Triton X-100/10 mMmethionine.

Labeled enzymes in the fibroblast extracts and the cell-free transla-
tion products were immunoprecipitated with the antibodies and 50 Ml
of 20%of fixed S. aureus cells (weight/volume). The recovered labeled
products were subjected to SDS-PAGEand fluorography. Competi-
tion experiments were done using an excess amount of the purified rat
enzymes during the immunoprecipitation.

Results

Enzyme activity. Both the rat mitochondrial and cytosolic
acetoacetyl-CoA thiolases are specific for acetoacetyl-CoA and

exhibited no activity with 3-ketooctanoyl-CoA. Mitochon-
drial 3-ketoacyl-CoA thiolase has a relatively broad substrate
specificity and the ratio of the activity with 3-ketooctanoyl-
CoA to that with acetoacetyl-CoA is - 4, whereas that of per-
oxisomal 3-ketoacyl-CoA thiolase is - 20 (13, 14). The sub-
strate specificities of the human liver enzymes proved to be
similar to those of the rat enzymes. Human mitochondrial
acetoacetyl-CoA thiolase is activated about eightfold in the
presence of 50 mMKCl (the presence of 1 mMK+ causes
half-maximal activation). The other thiolase activities were
not affected by the addition of K+, as was the case with the
corresponding rat enzymes (14, 15).

Thiolase activities of the fibroblast extracts are summa-
rized in Table I. The thiolase activity with acetoacetyl-CoA in
the control fibroblasts was activated about 2-fold but that of
the patient's fibroblasts was unaffected by K+. The thiolase
activity with 3-ketooctanoyl-CoA was much the same for both
the controls and the patient.

Immunotitration. The fibroblast extracts were treated with
the antibodies and the remaining thiolase activities were mea-
sured with acetoacetyl-CoA and 3-ketooctanoyl-CoA (Table
II). When the control fibroblast extracts were treated with
anti-(mitochondrial acetoacetyl-CoA thiolase) IgG, the activa-
tion by K+ of acetoacetyl-CoA thiolase activity disappeared.
However, the acetoacetyl-CoA thiolase activity of the patient's
fibroblasts remained unchanged after treatment with the anti-
body. The acetoacetyl-CoA thiolase activities of both the con-
trol and the patient fibroblasts were decreased after treatment
with anti-(mitochondrial 3-ketoacyl-CoA thiolase) IgG. A
large part of the activity with 3-ketooctanoyl-CoA was titrated
by anti-(mitochondrial 3-ketoacyl-CoA thiolase) IgG, in both
the control and the patient's fibroblasts, and the acetoacetyl-
CoA thiolase activity was also decreased. The thiolase activity
was all but unchanged before and after treatment with
anti-(peroxisomal 3-ketoacyl-CoA thiolase) IgG in both the
control and the patient's fibroblasts. In separate experiments,
we used the purified human and rat thiolases and sufficient
amounts of their antibodies (fivefold or more the equivalent
amount). The enzymes were not completely titrated under the
standard conditions: - 10% of the activities remained. How-
ever, when the mixtures were shaken without the antibodies,
the enzyme activity of all of the enzymes gradually decreased
after 60 min. Therefore, the mixtures of the fibroblast extracts

Table L Thiolase Activity of Skin Fibroblasts

Enzyme activity (mU/mg protein) with:

Acetoacetyl-CoA (C4)
3-Ketooctanoyl- C8/C4

+K+ -K+ +K+/-K+ CoA (C8)

Patient 4.6 4.4 1.0 12.5 2.7
Control 1 7.8 3.7 2.1 8.3 1.1
Control 2 9.6 5.3 1.8 12.4 1.3
Control 3 8.0 3.8 2.1 9.5 1.2

The acetoacetyl-CoA thiolase activity was determined in the presence
(+K+) or absence (-K+) of K+ and the ratio of these two activities
(+K+/-K+) are listed. The activity with 3-ketooctanoyl-CoA was de-
termined in the presence of K+. The ratios of the activities with these
two substrates in the presence of K+ were calculated (C8/C4).
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Table IL Immunotitration of Thiolase Activity of the Fibroblasts

Enzyme activity (mU/mg protein) with:

Acetoacetyl-CoA
3-Ketooctanoyl-

Antibody +K+ -K+ +K+/-K+ CoA

Patient
None 6.7 6.9 1.0 15.3
Anti-TI 2.3 2.4 1.0 4.0
Anti-T2 6.7 7.0 1.0 15.3
Anti-PT 6.5 6.5 1.0 15.4
Anti-TI, -T2, and-PT 2.4 2.3 1.0 3.9

Control
None 8.0 4.5 1.8 8.2
Anti-Ti 6.0 2.9 2.1 2.5
Anti-T2 4.8 4.6 1.0 7.5
Anti-PT 8.0 4.8 1.7 7.7
Anti-T1, -T2, and -PT 3.0 2.8 1.1 2.0

The fibroblast extracts were treated with the antibodies, as described
in Methods. Abbreviations for the antibodies used in this Table are:
anti-TI, anti-mitochondrial 3-ketoacyl-CoA thiolase)IgG; anti-T2,
anti-(mitochondrial acetoacetyl-CoA thiolase)IgG; and anti-PT,
anti-peroxisomal 3-ketoacyl-CoA thiolase)IgG. The other abbrevia-
tions are the same as for Table I.

and antibodies were shaken with protein A-Sepharose for 60
min as described in Methods. Most of the remaining acetoace-
tyl-CoA activity after treatment with the three antibodies may
be due to cytosolic acetoacetyl-CoA thiolase.

Immunoblot analysis. Fig. 1 shows the results of SDS-
PAGEof the purified rat and human liver enzymes. The
human mitochondrial acetoacetyl-CoA thiolase (Fig. 1, lane 2)
migrated at a slightly higher rate than the rat enzyme (Fig. 1,
lane 1), whereas the human mitochondrial 3-ketoacyl-CoA
thiolase (Fig. 1, lane 4) migrated at a slightly lower rate than

1 2 34

Figure 1. SDS-PAGEof rat and human
liver mitochondrial thiolases. The en-
zymes were purified as described in
Methods. Lanes I and 2 are rat and
human mitochondrial acetoacetyl-CoA
thiolases, respectively. Lanes 3 and 4 are
rat and human mitochondrial 3-ketoacyl-
CoA thiolases, respectively. 1 mgof the
proteins was used.

the rat enzyme (Fig. 1, lane 3). Weexamined the molecular
sizes of the subunits of these thiolases by immunoblot analysis,
using purified rat liver enzyme preparations and freshly pre-
pared homogenates of human liver and fibroblasts with a
buffer containing protease inhibitors. The positions of the sig-
nals for the homogenates were the same as those for the corre-

sponding purified enzymes. These findings indicated that dif-
ferences in the electrophoretic mobilities of these purified
preparations are not due to proteolytic modification during
the purification.

Fig. 2 summarizes the results of immunoblot analysis of
the three thiolases. The signal for the purified human liver
mitochondrial acetoacetyl-CoA thiolase (Fig. 2 A, lane 2, 10 ng
of protein used) appeared to exhibit nearly the same intensity
as that of the rat enzyme (Fig. 2 A, lane 1, 2 ng of protein used).
The signals of mitochondrial acetoacetyl-CoA thiolase for the
control (Fig. 2 A, lanes 3 and 5), but not for the patient's
fibroblasts (Fig. 2 A, lane 4), were apparent. In a separate
experiment, a large amount of the patient's sample and var-
ious amounts of the purified enzyme were examined and the
intensities of the signals were compared. The content of this
enzyme in the patient's fibroblasts was estimated to be < 2%of
the control. On the other hand, signals for mitochondrial and
peroxisomal 3-ketoacyl-CoA thiolases were detected in both
the control and the patient's fibroblasts, as shown in Fig. 2, B
and C, respectively. In another separate experiment, these
three antibody preparations were found to have no crossreac-
tivity for each of the other purified thiolases, including cyto-
solic acetoacetyl-CoA thiolase. Other mitochondrial proteins
were also examined by immunoblot analysis: short-chain and
medium-chain acyl-CoA dehydrogenases (EC 1.3.99.2 and EC
1.3.99.3); electron transferring flavoprotein; enoyl-CoA hy-
dratase (EC 4.2.1.17); and 3-hydroxyacyl-CoA dehydrogenase
(EC 1.1.1.35). The intensities of the immunoblot signals for
these proteins in the patient's fibroblasts were much the same
as those for the controls (not shown). These results indicate
that the patient's fibroblasts were defective only of mitochon-
drial acetoacetyl-CoA thiolase protein, among the mitochon-
drial proteins tested.

Pulse-chase experiment. Mitochondrial acetoacetyl-CoA
thiolase was pulse-labeled for 1 h, and then chased for 6 and 24
h. The fluorographic bands at 1-h pulse, 6- and 24-h chase
were apparent in the control fibroblasts (Fig. 3 A, lanes 1-3 of
the control). However, no fluorographic band was observed in
the patient's fibroblasts (Fig. 3 A, lanes 1-3 of the patient). The
labeled products were identified by the experiment in which
the radioactive band disappeared with the addition of the puri-
fied rat enzyme (Fig. 2, lane 4). The fluorographic bands for
both mitochondrial and peroxisomal 3-ketoacyl-CoA thio-
lases were detected in both the control and the patient's fibro-
blasts (Fig. 3, B and C). These results indicate that the patient's
fibroblasts had a defect in the biosynthesis of mitochondrial
acetoacetyl-CoA thiolase, but not in those of 3-ketoacyl-CoA
thiolases.

It was reported that the cell-free translation products of rat
liver mitochondrial acetoacetyl-CoA thiolase and peroxisomal
3-ketoacyl-CoA thiolase were larger than the subunits of the
corresponding mature enzymes (21), but the cell-free transla-
tion products of mitochondrial 3-ketoacyl-CoA thiolase could
not be distinguished from that of the mature enzyme (22, 23).
In A of Fig. 3, the position of the fluorographic bands for
mitochondrial acetoacetyl-CoA thiolase in lanes 1-3 of the
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control in Fig. 3 was at much the same position as that of the
subunit of the purified human enzyme, and no fluorographic
band suspected to be the precursor was detected. Wedid not
perform a cell-free translation experiment with the use of a
human RNApreparation. When the cell-free translation ex-
periment with the use of free polysomes of the rat liver was
done for comparison (Fig. 3, lane 0), the position of the fluor-
ographic band differed from that of the purified rat enzyme.
The intense fluorographic band suspected to be a precursor of
peroxisomal 3-ketoacyl-CoA thiolase was observed at a 1-h
pulse and a faint band remained even at a 6-h chase. The long
life of this precursor has been reported (24).

Figure 2. Immunoblot analysis of thiolase pro-
teins in skin fibroblasts. (A) Mitochondrial ace-
toacetyl-CoA thiolase; lane 1, rat enzyme (2 ng);
lane 2, human enzyme (1 0 ng); lanes 3 and 5,
control fibroblasts (40 mgof proteins); lane 4, pa-
tient's fibroblasts (40 mgof proteins). (B) Mito-
chondrial 3-ketoacyl-CoA thiolase; lane 1, rat en-
zyme (1 ng); lane 2, human enzyme (5 ng); lanes
3 and 5, control fibroblasts (40 mgof proteins);
lane 4, patient's fibroblasts (40 mgof proteins).
(C) Peroxisomal 3-ketoacyl-CoA thiolase; lane 1,
rat enzyme (1 ng, estimated from the enzyme ac-
tivity); lane 2, human enzyme (1 ng, estimated
from the enzyme activity); lanes 3 and 5, control
fibroblasts (80 mgof proteins); lane 4, patient's fi-
broblasts (80 mgof proteins). Arrows indicate the
signals identified as each thiolase protein in the fi-
broblasts. The faster bands evident in lanes 3-5 of
A may be due to the nonspecific reaction.

Discussion

Measuring the activation by K+ of the acetoacetyl-CoA thio-
lase activity has been done in studies on 3-ketothiolase defi-
ciency (6, 10-12), since this property is one of the characteris-
tic features of mitochondrial acetoacetyl-CoA thiolase. This
procedure revealed that cells derived from patients with 3-ke-
tothiolase deficiency have no component of K+-activation of
the thiolase activity. It has been claimed that this disorder is
due to a deficient activity of mitochondrial acetoacetyl-CoA
thiolase.

Weused antibodies to study mechanisms related to the

Control Patient
I .- -

0 1 23 41 2 34
Control Patient

0 1 234 1 234

Control Patient

0 1 2341 234

1Mmo

A B C
Figure 3. Pulse labeling and chase of thiolases in fibroblasts. Pulse-
chase experiments were conducted, as described in Methods. (A) Mi-
tochondrial acetoacetyl-CoA thiolase; (B) mitochondrial 3-ketoacyl-
CoA thiolase; (C) peroxisomal 3-ketoacyl-CoA thiolase. Lane 0, cell-
free translation products with free polysomes from rat liver; lane 1,

1-h pulse; lanes 2 and 3, 6- and 24-h chase, respectively; and lane 4,
competition experiment of 1-h pulse. Arrows in A and B indicate the
positions of the purified human enzymes, and in C the arrows indi-
cate the positions of the bands suspected to be a precursor and the
subunit of the mature enzyme, respectively.
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deficient activity, because antibodies against rat thiolases were
confirmed to be crossreactive with human enzymes. Skin fi-
broblasts from the patient had no component of K+-depen-
dent acetoacetyl-CoA thiolase activity. This component
present in the control fibroblasts disappeared after treatment
with the antibody against mitochondrial acetoacetyl-CoA
thiolase. The signal for this enzyme by immunoblot analysis
was clearly observed for the control fibroblasts but was absent
for the patient's fibroblasts. However, the other thiolases and
some mitochondrial matrix enzymes were confirmed to exist
in the patient's fibroblasts as well as in the controls. Therefore,
we concluded that the fibroblasts from a patient with 3-ke-
tothiolase deficiency have no mitochondrial acetoacetyl-CoA
thiolase protein, because of a defect in the biosynthesis of this
protein.

Mitochondrial acetoacetyl-CoA thiolase is synthesized on
free polysomes, transported into mitochondria, and converted
to the mature enzyme (22). Therefore, it remains to be deter-
mined whether the precursor of this enzyme is synthesized or
not in the patient's fibroblasts, because the precursor protein
was not clearly evident even in the control fibroblasts. Two
species of mitochondrial acetoacetyl-CoA thiolase A and B
were noted in the rat liver, as based on the observation that two
activity peaks for this enzyme were found on the phosphocel-
lulose column chromatography during purification of the en-
zyme (13, 14). The antibody preparation used reacted with
both A and B species (14). Therefore, we are now attempting
to determine whether A and B species are a different protein
and which enzyme form of these species is lacking in the fibro-
blasts.
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