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The mitochondrial enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase/3-ketoacyl-
CoA thiolase trifunctional protein (trifunctional protein) plays a major role in mitochon-
drial fatty acid oxidation. The enzyme complex consists of four molecules of g-subunit
containing both hydratase and dehydrogenase domains and four molecules of g-subunit
containing the thiolase domain. The primary structure of a gastrin-binding protein (GBP)
was highly homologous to that of the a-subunit of the trifunctional protein. Here, we report
that gastrin inhibits the hydratase, dehydrogenase, and thiolase activities of the trifunc-
tional protein. The gastrin/cholecystokinin receptor antagonist benzotript, which inhib-
ited binding of gastrin to the GBP, also inhibited all three activities of the trifunctional
protein. In addition, benzotript inhibits the activities of multifunctional enzymes having
similar structures, such as the peroxisomal enoyl-CoA hydratase/3-hydroxyacyl-CoA
dehydrogenase bifunctional protein and the Pseudomonas fragi fatty acid oxidation
enzyme complex. This reagent, however, hardly inhibited various monofunctional en-
zymes involved in fatty acid oxidation.
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Two newly discovered fatty acid oxidation enzymes, very-
long-chain acyl-CoA dehydrogenase (I) and enoyl-CoA
hydratase/3-hydroxyacyl-CoA dehydrogenase/3-ketoacyl-
CoA thiolase trifunctional protein (trifunctional protein)
(2), are associated with the mitochondrial inner membrane
and play a major role in fatty acid #-oxidation. A schematic
hypothesis is that long-chain acyl-CoAs are first oxidized by
these enzymes, and the carbon-chain-shortened acyl-CoAs
are then processed by classical #-oxidation enzymes.

The trifunctional protein is a multienzyme complex
composed of four molecules of @-subunit with both enoyl-
CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase
domains and 4 mol of S-subunit with the 3-ketoacyl-CoA
thiolase domain (3, 4). The primary structure of a porcine
gastrin-binding protein (GBP) (5) is highly homologous to
the structure of the «-subunits of rat and human trifunc-
tional protein (3, 4), and identical with the structure of the
porcine trifunctional protein (6). The trifunctional protein
and the GBP appear to differ in subcellular distribution: at
least some of the GBP is located on the cell membrane, and
the trifunctional protein is in mitochondria (7). The func-
tions of these two proteins may also be different, but we
supposed that gastrin and reagents which inhibited the
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binding of gastrin to the GBP might interact with the a-
subunit of the trifunctional protein. Firstly, we examined
the effect of gastrin and two inhibitors of binding of gastrin
to the GBP, benzotript [N-(4-chlorobenzoyl)-L-trypto-
phan] and proglumide (NN-benzoyl-N',N’-dipropyl-D,L-
isoglutamine) (8), on the enoyl-CoA hydratase, 3-hydroxy-
acyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase
activities of the trifunctional protein, and found that
gastrin and benzotript inhibited all of the activities of the
trifunctional protein reversibly.

Since benzotript was more potent than gastrin, we chose
it for further study. Benzotript inhibited not only the
trifunctional protein but also multifunctional enzymes
involved in fatty acid oxidation, such as the peroxisomal
enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase
bifunctional protein (bifunctional protein) and the Pseudo-
monas fragi fatty acid oxidation enzyme complex. In
contrast, various monofunctional fatty acid oxidation en-
zymes were hardly inhibited. Benzotript was also shown to
inhibit overall palmitate oxidation of mitochondria. There-
fore, we conclude that benzotript is a new inhibitor of
mitochondrial fatty acid oxidation.

MATERIALS AND METHODS

Materials—Human [(Met'®]-gastrin,_,; was obtained
from Research Plus (Bayonne, NJ). Benzotript was ob-
tained from Research Biochemicals International (Natick,
MA), and proglumide was from Sigma (St. Louis, MO).
CoA was obtained from Kyowa Hakko Kogyo (Tokyo).
NAD, NADH, and ATP were from Boehringer (Mannheim,
Germany). I-Carnitine was a gift from Otsuka Pharmaceu-
tical (Osaka). [1-'*C]Palmitic acid was purchased from
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American Radiolabeled Chemicals (St. Louis, MO). Acyl-
CoAs were synthesized and purified by DEAE-cellulose
column chromatography as described previously (9).

All of the fatty acid oxidation enzymes used in these
experiments were purified from rat liver. Long-chain
acyl-CoA synthetase was purified as described previously
(10). The outer membrane of rat liver mitochondria was
prepared (11) for assay of carnitine palmitoyltransferase I.
Carnitine palmitoyltransferase II (12), short-chain, medi-
um-chain, long-chain (13), and very-long-chain (1) acyl-
CoA dehydrogenases were purified by the cited procedures.
Mitochondrial short-chain enoyl-CoA hydratase (14), 3-hy-
droxyacyl-CoA dehydrogenase (15), 3-ketoacyl-CoA thio-
lase (16), and trifunctional protein (2), and the peroxiso-
mal bifunctional protein (14) and peroxisomal 3-ketoacyl-
CoA thiolase (16) were purified as described in the indicat-
ed references. P. fragi fatty acid oxidation multienzyme
complex (17) was donated by Asahi Chemical Industry
(Shizuoka) through Nippon Shoji Kaisha (Osaka).

Enzyme Assay—Long-chain acyl-CoA synthetase was
assayed with ['*C]palmitate (10). For assay of carnitine
palmitoyltransferase I, ['*C]palmitoyl-CoA was synthe-
sized by preincubation with long-chain acyl-CoA synthe-
tase, then the transferase reaction was initiated by addition
of the mitochondrial outer membrane fraction, because the
synthetase activity was not high enough to assay the
transferase activity, although the membrane fraction
contained long-chain acyl-CoA synthetase. Assay condi-
tions and separation of the radioactive palmitoylcarnitine
were the same as the procedures of Bhuiyan and Pande
(11). The activity of carnitine palmitoyltransferase II was
assayed by liberation of CoA from palmitoyl-CoA (12).
Activities of short- and medium-chain acyl-CoA dehydro-
genases were measured with butyryl-CoA and octanoyl-
CoA, respectively, and those of long- and very-long-chain
acyl-CoA dehydrogenases were measured with palmitoyl-
CoA (1, 13).

The enoyl-CoA hydratase activity in the forward reaction
was assayed by increase in absorbance at 303 nm in the
presence of L-3-hydroxyacyl-CoA dehydrogenase. The
reaction mixture contained 0.1 M Tris-Cl, pH 8.3, 50 mM
KCl, 25 mM MgCl,, 50 4M octenoyl-CoA, 0.2 mM NAD*,
and 5 xg/ml 3-hydroxyacyl-CoA dehydrogenase. The L-3-
hydroxyacyl-CoA dehydrogenase activity was assayed by
the reverse reaction. The reaction mixture contained 0.1 M
Tris-Cl, pH 8.3, 50 mM KCl, 20 uM 3-ketooctanoyl-CoA,
and 0.1 mM NADH. The 3-ketoacyl-CoA thiolase activity
was assayed by decrease in absorbance at 303 nm in a
reaction mixture containing 0.1 M Tris-Cl, pH 8.3, 50 mM
KCl, 256 mM MgCl,;, 15 uM 3-ketooctanoyl-CoA, and 50
uM CoA.

Gastrin was dissolved in 10 mM potassium phosphate,
pH 7.5 to give a 2mM stock solution. Benzotript and
proglumide were dissolved in dimethyl sulfoxide at a
concentration of 100 mM or less, and 20 u1 of the solution
was added to the reaction mixture in a total volume of 1 ml.
For the control, 20 x] of dimethyl sulfoxide was added.

All enzyme activities were measured at 30°C. One unit of
enzyme was defined as the amount which utilized substrate
or formed product at a rate of 1 ymol per min.

Palmitate Oxidation—Palmitate oxidation by cultured
human skin fibroblasts was initiated by addition of (1-'*C]-
palmitate to the culture medium. The reaction was stopped
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by addition of HC1O,, and the acid-soluble radioactivity
was determined as described previously (I18). Palmitate
oxidation by fibroblast homogenates was assayed by pro-
duction of acid-soluble radioactivity (19).

RESULTS AND DISCUSSION

Inhibition of the Trifunctional Protein by Gastrin and
Inhibitors of the GBP—Gastrin inhibited all of the enzyme
activities of the trifunctional protein (Fig. 1). The inhibi-
tion pattern of the hydratase activity was not linear. The
reason for the deviation from linearity is unknown, but may
be related to the observation that the N- and C-terminal
halves of gastrin are capable of independent binding to both
hydratase and dehydrogenase domains (20; Murphy, V.J.
et al., unpublished data). Short-chain enoyl-CoA hydratase
was not inhibited even in the presence of 12 yM gastrin
(data not shown). The hydratase activity of the bifunctional
protein decreased linearly, and the remaining activity was
about 70% in the presence of 12 uM gastrin. The dehy-
drogenase activity of the trifunctional protein was linearly
inhibited by increasing gastrin concentration with an
apparent K, of 9 4M. The difference between this value and
the ICs value of 0.2 4M determined for the inhibition by
gastrin of the crosslinking of ['**I]gastrin,,; to the porcine
gastrin-binding protein is presumably caused by the pres-
ence of 20 uM 3-ketooctanoyl-CoA in the dehydrogenase
assay: 3-ketoacyl-CoAs inhibit the binding of gastrin to the
GBP with affinities which increase with increasing chain
length (8; Baldwin and Hashimoto, unpublished data). The
dehydrogenase activities of the short-chain 3-hydroxyacyl-
CoA dehydrogenase and the bifunctional protein were not
affected even in the presence of 20 M gastrin.

The 3-ketoacyl-CoA thiolase activity of the trifunctional
protein was also inhibited by gastrin. The inhibition was
less than the inhibition of hydratase or dehydrogenase
activity and was not linear. Mitochondrial and peroxisomal
3-ketoacyl-CoA thiolase were not inhibited in the presence
of 20 M gastrin.

The effects of the inhibitors, benzotript and proglumide,
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Fig. 1. Effect of gastrin on the trifunctional protein. The
enoy!l-CoA hydratase activity (®) was assayed with octenoyl-CoA, and
the 3-hydroxyacyl-CoA dehydrogenase activity (O) was assayed by
the reverse reaction with 3-ketooctanoyl-CoA and NADH. The 3-
ketoacyl-CoA thiolase activity (O) was assayed by thiolytic cleavage
of 3-ketooctanoyl-CoA in the presence of CoA.
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on the dehydrogensase activities were then examined. The
apparent K, values for benzotript were 0.4 mM for the
trifunctional protein and 1.8 mM for the bifunctional
protein. A similar IC,, value of 0.2 mM was obtained for
inhibition of the binding of gastrin to the porcine gastrin-
binding protein by benzotript (8). No inhibition was found
for short-chain 3-hydroxyacyl-CoA dehydrogenase. Pro-
glumide at concentrations up to 2 mM did not inhibit these
enzyme activities. Proglumide is also a much weaker
inhibitor than benzotript of the binding of gastrin to the
porcine gastrin-binding protein, with an IC,, value of 5.1
mM (8). Based on these results, benzotript was used for the
following experiments.

Effect of Benzotript on Long-Chain Acyl-CoA Synthetase
and Carnitine Palmitoyltransferases I and II—The long-
chain acyl-CoA synthetase activity was increased about
1.5-fold by the addition of dimethyl sulfoxide, and this
enhanced activity was further increased about 2-fold in the
presence of 1 or 2 mM benzotript. The carnitine palmitoyl-
transferase I activity was not affected by dimethyl sulfox-
ide, but the activity was increased 2-fold at 1 mM benzo-
tript, and 3-fold at 2 mM of the reagent. The activity of
carnitine palmitoyltransferase IT was not affected either by
dimethyl sulfoxide alone or by benzotript up to 2 mM.

Effect of Benzotript on Acyl-CoA Dehydrogenases—
None of the activities of short-chain, medium-chain, long-
chain, and very-long-chain acyl-CoA dehydrogenases were
affected either by dimethyl sulfoxide or by benzotript up to
2 mM.

Effect of Benzotript on Enzymes Catalyzing Enoyl-CoA
Hydratase, 3-Hydroxyacyl-CoA Dehydrogenase, and 3-
Ketoacyl-CoA Thiolase Reactions—Benzotript was con-
cluded to be a reversible dead-end type inhibitor for all of
the activities described below, because the inhibitory
effects were the same with or without preincubation of the
enzymes.

Figure 2 summarizes the effects of benzotript on various
enzymes of the fatty acid S-oxidation cycle. Acyl-CoA
substrates with an eight-carbon chain were used because
(1) all of the enzymes examined reacted with these sub-
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strates, and (2) the medium-chain substrates did not
exhibit the substrate inhibition that was observed with
long-chain substrates for most of the enzymes used in this
experiment.

The effects of benzotript on the enoyl-CoA hydratase
activities are shown in Fig. 2A. The enoyl-CoA hydratase
activity of the trifunctional protein was markedly reduced
by benzotript. The apparent K; value was 0.8 mM. In
contrast, the activity of short-chain enoyl-CoA hydratase
was only slightly decreased. The activity of the peroxisomal
bifunctional protein was moderately decreased.

Figure 2B shows that the 3-hydroxyacyl-CoA dehydro-
genase activity of the trifunctional protein was also
markedly decreased in the presence of benzotript. The
apparent K, value of benzotript was about 0.7 mM. The
activities of short-chain 3-hydroxyacyl-CoA dehydrogen-
ase and the bifunctional protein were not changed by
benzotript.

The 3-ketoacyl-CoA thiolase activity of the trifunctional
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Fig. 3. Kinetics of inhibition of the enoyl-CoA hydratase
activity of the trifunctional protein by benzotript. The amount of

trifunctional protein used was 0.025 ug. Concentrations of benzotript
were 0 (0), 0.5 (@), 1.0 (0), 1.5 (w), and 2.0 (») mM.
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Fig. 2. Effect of benzotript on various enzymes. A: The octenoyl-
CoA hydratase activities of short-chain enoyl-CoA hydratase (O),
bifunctional protein (m), trifunctional protein (C), and Pseudomonas
fragi fatty acid oxidation multienzyme complex (®). B: The reverse
reaction of L-3-hydroxyacyl-CoA dehydrogenase with 3-ketooctanoyl-
CoA:3-hydroxyacyl-CoA dehydrogenase (0), bifunctional protein (m),

trifunctional protein (Z), and Pseudomonas fragi fatty acid oxidation
multienzyme complex (®). C: The 3-ketooctanoyl-CoA thiolase
activities of peroxisomal (=) and mitochondrial (m) 3-ketoacyl-CoA
thiolase, trifunctional protein (C), and Pseudomonas fragi fatty acid
oxidation multienzyme complex (®).
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protein was also decreased in the presence of benzotript
with an apparent K| value of 1.5 mM, but the activities of
mitochondrial and peroxisomal 3-ketoacyl-CoA thiolases
were only slightly reduced by this reagent (Fig. 2C).

The P. fragi fatty acid oxidation multienzyme complex
was studied, because both the Escherichia coli (21, 22) and
P. fragi (23) multienzyme complexes were very similar to
the trifunctional protein (3, 4) in molecular structures and
functions. All three activities of this enzyme complex were
decreased by benzotript (Fig. 2, A, B, and C). The inhibition
seemed to be more pronounced than the inhibition of rat
trifunctional protein.

Kinetics of the Inhibition of the Trifunctional Protein—A
detailed kinetic study was carried out to elucidate the
mechanism of inhibition of the trifunctional protein. Inhibi-
tion of the enoyl-CoA hydratase activity was competitive
with the substrate (Fig. 3). Inhibition of the 3-hydroxyacyl-
CoA dehydrogenase activity was noncompetitive with
3-ketooctanoyl-CoA and NADH (Fig. 4, A and B). Inhibi-
tion of the 3-ketoacyl-CoA thiolase activity was noncom-

1.2

>

1/velocity, munits™!

o o

N o0
N\u\

J} A

(=)

0 0. 0.2 0.3
1/[3-ketooctanoyl-CoA], mM~ 1
1.0r B -
w08
g
g
- 0.6r
=
8 i
= 04
Z
021 :ao
O 1 1 )] ]
0 0.02 0.04 0.06 0.08
1/[NADH], uM ™!

Fig. 4. Kinetics of inhibition of the dehydrogenase activity of
the trifunctional protein by benzotript. The amount of trifunc-
tional protein used was 1 xg. In experiment A, the concentration of
3-ketooctanoyl-CoA was varied at a fixed concentration of NADH of
50 uM. In experiment B, the concentration of 3-ketooctanoyl-CoA
was fixed at 20 4M and the concentration of NADH was varied.
Concentrations of benzotript were 0 (0), 0.5 (@), 1.0 (0O), and 2.0 (m)
mM.
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petitive with 3-ketooctanoyl-CoA and uncompetitive with
CoA (Fig. 5, A and B).

The effects on the bifunctional protein (Fig. 2, A and B)
suggest that the inhibitor binds to the site related to the
hydratase activity of this multifunctional enzyme, but not
to the dehydrogenase site. Competitive inhibition of the
hydratase activity of the trifunctional protein was also
found. This result seems to be compatible with the above
idea that the inhibitor binding site is the hydratase domain
of bifunctional protein. However, the results for the tri-
functional protein are not explained by the simple assump-
tions that each of the catalytic centers are independent, and
that the inhibitor binds only to the hydratase domain.
Intimate interactions among the three active centers may
be involved in catalysis, because possible intermediate
channeling between the hydratase and the dehydrogenase
sites have been suggested for the large subunit of E. coli
fatty acid oxidation complex (24) and the mitochondrial
trifunctional protein (2). One possible explanation for our
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Fig. 5. Kinetics of inhibition of the thiolase activity of the
trifunctional protein by benzotript. The amount of trifunctional
protein used was 2 xg. In experiment A, the concentration of 3-
ketooctanoyl-CoA was varied, and the CoA concentration was fixed at
10 uM. In experiment B, the concentration of 3-ketooctanoyl-CoA
was fixed at 10 uM and the concentration of CoA was varied.
Concentrations of benzotript were 0 (0), 0.5 (@), 1.0 (0), and 1.5 (m)
mM.
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data is that benzotript binds to the site primarily related to
the hydratase domains of the multifunctional proteins and
the other catalytic reactions are secondarily affected.

Inhibition of Palmitate Oxidation by Benzotript—Qverall
fatty acid oxidation of rat liver mitochondria was measured
by production of acid-soluble radioactivity from [1-'“C)-
palmitate. The oxidation activity was reduced to about 50%
at 1 mM benzotript, and to about 10% at 2mM of the
reagent.

We used human skin fibroblasts from patients with
trifunctional protein deficiency to investigate whether the
reduction of the mitochondrial palmitate oxidation by
benzotript was due to inhibition of the trifunctional protein.
Trifunctional protein deficiency is classified into two groups

- (25). In one group, levels of both a- and B-subunits of the
trifunctional protein are extremely low and all three
enzyme activities are undetectable in the patients’ fibro-
blasts. In the second, more common group, the enzyme
protein is present and only the dehydrogenase activity is
deficient. Palmitate oxidation by the patients’ cells is 1/5-
1/3 of that of the control cells. This reduction suggests that
the trifunctional protein plays a major role in mitochondrial
fatty acid oxidation.

We determined the rate of fatty acid oxidation of cul-
tured human skin fibroblasts lacking the trifunctional
protein by measuring the acid-soluble radioactivity pro-
duced from (1-!*C]palmitate added to the culture medium.
When benzotript was added to the medium, the palmitate
oxidation of the fibroblasts was hardly changed. The in-
effectiveness of benzotript may be due to inability of the
reagent to penetrate into the cells.

Palmitate oxidation by a homogenate of the mutant
fibroblasts was inhibited nearly completely in the presence
of 1 mM benzotript (Fig. 6), and the inhibition profiles were
similar for both the control and the patients’ fibroblasts. If
the inhibition by benzotript were solely due to an inhibition
of the trifunctional protein, the inhibition profiles of
palmitate oxidation for the control and patients’ homog-
enates would not be similar, since no inhibition of palmitate
oxidation would be observed in the patients’ homogenate,
and incomplete inhibition of palmitate oxidation would be
observed in the control homogenate. It therefore seems
likely that benzotript inhibits both the trifunctional protein
and some other mitochondrial function. Enzymes of the
TCA cycle do not appear to be the secondary target, since
malonate was included in the reaction to block the TCA
cycle.

The peroxisomal palmitate oxidation rate of the fibro-
blasts was 5-8% of the mitochondrial activity for the
control cells, and 15-20% for the patients’ cells when
determined using whole cells. However, the peroxisomal
fatty acid oxidation activity could not be assayed under the
same conditions as the mitochondrial activity because of
the inhibitory effect of BSA. Therefore, it is uncertain
whether the peroxisomal activity is affected by benzotript
or not.

In conclusion, benzotript was shown to inhibit multifunc-
tional enzymes of fatty acid oxidation, but not most of the
monofunctional enzymes. The cDNA encoding the a-sub-
unit of the trifunctional protein, the bifunctional protein,
and the «-subunit of bacterial fatty acid oxidation multien-
zyme complex have regions similar to the structure of
mitochondrial enoyl-CoA hydratase on the amino-terminal
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Fig. 6. Palmitate oxidation by fibroblast homogenates. The
reaction mixture contained 150 mM KCI, 10 mM N-2-hydroxyethyl-
piperazine- N-2-ethanesulfonate, 0.1 mM EDTA, 1 mM potassium
phosphate, 5 mM malonate, 1.5 mg/ml BSA, 10 mM MgCl,, 5 mM
ATP, 1 mM l-carnitine, 50 uM CoA, 10 nM [1-"C]palmitate (18.5
kBq in 1 ml), and fibroblast homogenate (300-500 xg protein/ml).
The pH was 7.2 and the total volume of reaction mixture was 0.2 ml.
After incubation for 1 h at 25°C, 0.2 ml of 1 M HCIO, was added, and
the mixture was centrifuged. The supernatant was extracted three
times with 1 ml of hexane, and the radioactivity in the aqueous phase
was determined. ®, an average of the results obtained with the
fibroblasts from two control persons; O, an average of the results
obtained with the fibroblasts from two patients with trifunctional
protein deficiency.

side, and a domain similar to 3-hydroxyacyl-CoA dehy-
drogenase on the carboxyl-terminal side (3, 4). The binding
site for gastrin and benzotript may be not related to a single
region of the primary structure, but may be created by
fusion of the catalytic domains.

Inhibition by benzotript of overall fatty acid oxidation of
mitochondria seems to be not only due to the inhibition of
the trifunctional protein but also to some other disturbance
of mitochondrial function.
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