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Abstract 

Fatty acids are activated by acyl-CoA synthetases located on the peroxisomal 
membrane and oxidized in the matrix by the ji-oxidation system consisting of 
acyl-CoA oxidase, enoyl-CoA isomerasejenoyl-CoA hydratasej3-hydroxyacyl
CoA dehydrogenase trifunctional protein, and 3-ketoacyl-CoA thiolase. 
Enzymological and molecular aspects of these enzymes, especially of enzymes 
involved in the ji-oxidation spiral, are summarized in comparison with those of 
the mitochondrial fatty acid oxidation system. 

Introduction 

Metabo/ic pathways and enzymes of two ji-oxidation systems 

The presence of a fatty acid ji-oxidation system outside the mitochondrial com
partment was first noted in glyoxysomes of germinating caster bean endosperm. 
Later, a similar system was found in rat liver peroxisomes by Lazarow and de 
Duve in 1976 [25 J. This finding attracted attention because it was the first 
report describing the presence of a metabolic sequence in peroxisomes of higher 
animais; their peroxisomes were thought to be a kind of fossil organelle without 
any important function, except for hydrogen peroxide metabolism. 

Enzymological studies included purification of component enzymes of the rat 
liver peroxisomal system. This system consists of unique enzymes differing from 
the mitochondrial enzymes. Enormous increases in peroxisomal enzymes in 
livers of rats after treatment with so-called peroxisome proliferators facilitated 
purification of the peroxisomal enzymes at the early stage of the study, because 
the contents of peroxisomal enzymes in the normal rat liver are lower and it was 
relatively difficult to distinguish the isoenzymes of the two systems. Fig. 1 
summarizes the metabolic pathways and enzymes of two ji-oxidation systems. In 
mitochondria, long-chain fatty acids are activated by long-chain acyl-CoA syn
thetase on the mitochondrialouter membrane and acyl groups of the CoA esters 
are transported through the inner membrane into the matrix by the carnitine 
acyltransferasejcarnitine translocase system and oxidized via the ji-oxidation 
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Fig. l. Metabolic pathway and enzymes of the two p-oxidation systems. A chemical change in 
the acyl group is the same in the two systems. Names of the peroxisomal enzymes are listed on 
the right, and those of the mitochondrial enzymes are on the left. Names of the two new mitochon
drial enzymes are framed: very-Iong-chain acyl-CoA dehydrogenase and enoyl-CoA hydratase/3-
hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiol ase trifunctional protein. 

cycle. This cycle consists of four reactions. The well-known enzymes involved in 
the mitochondrial p-oxidation cycle are long-chain, medium-chain, and short
chain acyl-CoA dehydrogenases, enoyl-CoA hydratase, 3-hydroxyacyl-CoA 
dehydrogenase, and 3-ketoacyl-CoA thiolase. Two new enzymes difTering from 
the classical enzymes described above were recently identified. One is a very
long-chain acyl-CoA dehydrogenase [21], and the other is enoyl-CoA 
hydratasej3-hydroxyacyl-CoA dehydrogenasej3-ketoacyl-CoA thiolase trifunc
tional protein [52], the same enzyme long known as long-chain 3-hydroxyacyl
CoA dehydrogenase. 

In peroxisomes, fatty acids are activated by acyl-CoA synthetase on the 
peroxisomal membrane. Peroxisomes have both long-chain and very-long-chain 
acyl-CoA synthetases, whereas mitochondria have long-chain acyl-CoA syn
thetase but not very-long-chain acyl-CoA synthetase. Acyl-CoA esters are 
degraded in the matrix through the p-oxidation cycle which consists of acyl-CoA 
oxidase, enoyl-CoA isomerasejenoyl-CoA hydratasej3-hydroxyacyl-CoA 
dehydrogenase trifunctional protein, and 3-ketoacyl-CoA thiol ase [12-14]. 
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Properties of the peroxisomal system 

When compared with the mitochondrial system, the peroxisomal system has 
several unique biochemical characteristics. 1) Activity of the peroxisomal system 
can be measured as a cyanide-insensitive palmitoyl-CoA-dependent NAD + 
reduction, since the first step of p-oxidation cycle, the acyl-CoA oxidase reac
tion, is directly coupled with molecular oxygen, in contrast to coupling of the 
mitochondrial dehydrogenase reaction with the electron transport system. 2) 
The peroxisomal system is carnitine-independent. Addition of carnitine does not 
affect the rate of oxidation of acyl-CoAs such as palmitoyl-CoA by peroxisomes, 
and no oxidation is detected wh en palrnitoylcarnitine is used as substrate, 
although carnitine octanoyltransferase, which has a relatively broad substrate 
specificity, is localized in the peroxisomal matrix. 3) Carbon chain shortening of 
long-chain acyl-CoA stops at the formation of medium-chain fatty acyl-CoAs, 
because acyl-CoA oxidase is practically inactive toward substrates having acyl 
moieties of eight or fewer carbon atoms. 4) The activity of the peroxisomal 
system changes to respond to various physiological conditions such as a high fat 
diet, fasting and diabetes. The most characteristic change observed in the rat 
liver is the effect of administration of chemica Is such as hypolipidemic drugs. 
The number and size of peroxisomes in the liver are increased and hepatic 
peroxisomal p-oxidation activity is markedly enhanced. Those chemicals are 
collectively known as peroxisome proliferators. 

Individual Enzymes 

Activation of fatty acids 

Fatty acids inside cells are activated by acyl-CoA synthetase to the CoA esters 
with conversion of A TP to AMP and inorganic pyrophosphate, as shown in 
Fig. 1. The cells have a highly active inorganic pyrophosphatase, hence the acyl
CoA synthetase reaction proceeds irreversibly. Peroxisomes have long-chain and 
very-Iong-chain synthetases. These enzymes are usually solubilized from the 
membrane and can be purified in the presence of a non-ionic detergent. 

Long-chain acyl-CoA synthetase 

In the rat liver, long-chain acyl-CoA synthetase is localized in microsomes, the 
outer mitochondrial membrane, and the peroxisomal membrane. Purification of 
this enzyme from microsomes, mitochondria, and peroxisomes of rat liver was 
done by late Shosaku Numa and colleagues at Kyoto University, Japan and all 
of these purified preparations we re shown to be identical with respect to 
molecular and catalytic properties, having the same molecular weights, amino 
acid compositions, substrate specificities, and kinetic properties (ref 51, and 
unpublished observation for the peroxisomal enzyme). Identity of these three 
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enzymes was confirmed immunoiogically by our group at Shinshu University, 
Japan [29]. 

A complementary DNA encoding (cDNA) rat enzyme was isolated [50]. One 
of the authors' initial aims for cloning of the cDNA was to deterrnine if this 
enzyme in the three different organelles had the same amino acid sequence. The 
structures of the cDNA clones obtained from severallibraries were examined, 
but the presence of the cDNAs with different primary structures was not iden
tified. The enzymes in three different organelles may weIl have the same arnino 
acid sequence. A cDNA clone encoding the entire human enzyme was also 
isolated [1]. The deduced amino acid sequences revealed th at the rat and 
human enzymes consist of 699 and 698 amino acid residues, respectively, and 
these enzymes are 84.9% identical. 

Very-long-chain acyl-CoA synthetase 

The presence of another acyl-CoA synthetase, very-long-chain acyl-CoA syn
thetase, located on the peroxisomal membrane was suggested from studies on 
the fatty acid oxidation of fibroblasts from patients with adrenoleukodystrophy 
[15]. Soon af ter, the enzyme measured as lignoceroyl-CoA synthetase proved to 
be an enzyme different from palrnitoyl-CoA synthetase [3,49], and is present in 
microsomes and peroxisomes, but not in the mitochondria [56]. Very-long
chain acyl-CoA synthetase was purified from the peroxisomal fraction obtained 
from livers of rats fed di(2-ethylhexyl)phthalate (DEHP), a peroxisome 
proliferator and widely used as a plasticizer; this enzyme activity was suspected 
to be increased about twofold by this treatment (unpublished results). Very
long-chain acyl-CoA synthetase was monitored as lignoceroyl-CoA synthetase, 
and long-chain acyl-CoA synthetase was monitored as palmitoyl-CoA syn
thetase during the purification. 

The purified enzyme differed from long-chain acyl-CoA synthetase with 
respect to molecular and catalytic properties, as summarized in Table 1. The 
molecular masses of the native enzyme and of the subunit were estimated by 
molecular sieve and SDS-polyacrylamide gel electrophoresis, respectively. Both 
acyl-CoA synthetases we re suspected to be homooligomers. Carbon chain length 
specificity of very-long-chain acyl-CoA synthetase was not studied systematically 
using various substrates, because radioactive very-long-chain fatty acids are not 
commercially available. The ratio of the activities of this enzyme with lignocerate 
and palmitate was 1.7, a value markedly different from the value of 600 for long
chain acyl-CoA synthetase. Antibody for very-long-chain acyl-CoA synthetase is 
not yet available at present time, ho wever, it was shown with the use of anti
(long-chain acyl-CoA synthetase )IgG that these two acyl-CoA synthetases are 
immunochernically different. Purification of lignoceroyl-CoA synthetase from rat 
liver microsomes was carried out with the same procedure used for the purifica
tion of the peroxisomal enzyme. The behavior of the enzyme during purification 
was much the same as th at of the peroxisomal enzyme. The same enzyme 
protein may distribute in both peroxisomes and microsomes, on analogy of the 

32 Peroxisomal ,B-oxidation: enzymological and molecular biologica I aspects 



Table 1. Comparison ofthe two acyl-CoA synthetases 

Native enzyme (kDa) 
Subunit 
Ratio of activity 

(CI6/C24) 
Immunoreactivity 

with anti-(PCS)IgG 

LCS, lignoceroyl-CoA synthetase; 
PCS, palmitoyl-CoA synthetase; 
C16, palmitate; C24, lignocerate 

LCS PCS 

240 
70 

1.7 

200 
78 

600 

+ 

distribution of long-chain acyl-CoA synthetase. However, a highly purified 
preparation was not obtained, because of the presence of larger amounts of 
proteins which could not be efficiently separated. 

The palmitoyl-CoA synthetase activity of the isolated peroxisomal fraction 
was much higher than the rate of palmitate oxidation by the peroxisomal 
system, and the rate of oxidations of both palmitate and palmitoyl-CoA were 
nearly the same [23, 48]. It is suggested, therefore, that activa ti on of long-chain 
fatty acids is not rate-limiting in the peroxisomal system. Estimation of the 
very-Iong-chain acyl-CoA synthetase activity of the peroxisomal fraction was 
feasible even with the use of lignocerate, even long-chain acyl-CoA synthetase 
has lignoceroyl-CoA synthetase activity. The ratio of the activities of the purified 
peroxisomal fraction with palmitate and lignocerate was about 30. Taking this 
value and those of the purified enzymes into consideration, we suspected that 
the activa ti on of very-Iong-chain fatty acids is also not rate-limiting in the oxida
tion by peroxisomes. Indeed, the oxidation rates of lignocerate and lignoceroyl
CoA were nearly the same. 

Enzymes of the p-ox idation spiral 

Carnitine octanoyltransferase and the p-oxidation enzymes are located in the 
peroxisomal matrix. Immunoelectron microscopic analysis indicates that the 
enzymes are diffusely present in all matrix areas of rat liver peroxisomes. This 
localization pattern is quite different from that of the mitochondrial p-oxidation 
enzymes which located closely to the inner membrane [60] . These peroxisomal 
enzymes, except the trifunctional protein, are readily solubilized, even with a low 
ionic solution when the peroxisome structure is disrupted. The trifunctional 
protein is not a membrane-associated protein, but it is just hardly soluble in a 
low ionic solution. We, therefore, use 50 mM or higher potassium phosphate 
solution for quantitative solubilization. There are no available biochemical data 
indicating th at these enzymes are present in the form of a complex. 

These enzymes were purified from livers of rats fed a diet containing DEHP, 
since the enzymes markedly increased in such cases. The increment reached at 
maximum after 2 weeks, usually 20- to 30-fold under our experimental condi-
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ti ons. This level of enzyme contents decreased to the controllevel 1 week aft er 
withdrawal of the diet. The increase and decrease of the individu al peroxisomal 
p-oxidation enzymes was in a parallel fashion [13]. Starting material for 
purification of rat enzymes in our laboratory was frozen liver, but not so for the 
peroxisomal fraction. About 50% or less of these enzyme activities was found in 
the soluble fraction after cell fractionation. It is suspected that most of the 
enzymes in the liver extract are peroxisomal, because distribution of the 
activities of p-oxidation enzymes among the subcellular fractions was similar to 
th at of catalase. This idea is supported by the results on the turnover of the 
enzymes in the cells from a patient with Zellweger syndrome. All p-oxidation 
enzymes, but not catalase, are rapidly degraded outside of a peroxisomes [46]. 
Rat carnitine octanoyltransferase was purified, enzymological properties were 
described [33] and a cDNA clone for this enzyme was obtained [7]. This 
enzyme has not been extensively studied since the physiological role of this 
enzyme is unknown. Therefore, in this article, properties of this enzyme will not 
be given attention. 

The enzymes involved in the p-oxidation spiral are acyl-CoA oxidase, trifunc
tional protein, and 3-ketoacyl-CoA thiolase. The structures of these enzymes 
together with those of the mitochondrial enzymes are listed in Table 2. The 
structure and function of the mitochondrial trifunctional protein are explained 
here in some detail [22]. This protein is a multienzyme complex. The rat 
enzyme has a a.4p4 structure of79 kDa (a.), 51 kDa (PI), and 49 kDa (P2) sub
units. p2 is probably derived from pI by proteolytic modification. The two 
cDNAs for these two subunits were cloned [22]. The deduced amino acid 
sequence of one cDNA revealed that the p-subunit has regions similar to the 
structure of rat enoyl-CoA hydratase and rat mitochondrial enoyl-CoA 
isomerase on the amino-terminal side, and a part similar to that of pig 
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Table 2. Structures of the p-oxidation enzymes 

Peroxisomes 

acyl-CoA oxidase 
trifunctional protein 
3-ketoacyl-CoA thiolase mitochondria 

Mitochondria 

acyl-CoA dehydrogenases 
(short-, medium-, long-chain) 
enoyl-CoA hydratase 
3-hydroxyacyl-CoA dehydrogenase 
3-ketoacyl-CoA thiolase 
acyl-CoA dehydrogenase 
(very-Iong-chain) 
trifunctional protein 

molecular subunit 
weight(kDa) structure 

150 
80 
89 

165-185 

160 
65 

155 
150 

450 

A2 , ABC, B2 C2 
monomer 
homodimer 

homotetramer 

homohexamer 
homodimer 
homotetramer 
homodimer 

a4p4 
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Table 3. Summary of genes, cDNAs and proteins of peroxisomal p-oxidation enzymes. Numbers 
of the genes isolated and the cloned cDNAs with the source and references in brackets are listed. 
The purified enzym es are also indicated with sources and references. 

Carnitine octanoyltransferase 
Acyl-CoA oxidase 
Trifunctional protein 

3-Ketoacyl-CoA thiolase 

* unpublished data, see text. 

gene 

I: rat [39] 
I: rat [20] 

2: rat [17] 

cDNA 

rat [7] 
2: rat [50] 
I: rat [27] 

human [83] 
2: rat [5, 16] 

human [6,9] 

protein 

rat [33] 
rat [37] 
rat [35-36,41,42] 
human [43] 
rat [31] 
human* 

mitochondrial 3-hydroxyacyl-CoA dehydrogenase on the carboxyl-side. Expres
sion of this cDNA yielded a protein with the long-chain enoyl-CoA hydra ta se 
and long-chain 3-hydroxyacyl-CoA dehydrogenase activities. The other cDNA 
has a high homology to the structure to those of 3-ketoacyl-CoA thiolases. 
Expression of this cDNA yielded a protein with long-chain 3-ketoacyl-CoA 
thiolase. Table 3 summarizes the numbers of genes, the cloned cDNAs and the 
purified proteins of the three enzymes involved in the peroxisomal p-oxidation 
cycle. 

Acyl-CoA Oxidase 

The first step of peroxisomal p-oxidation is catalyzed by an F AD-containing 
acyl-CoA oxidase th at transfers electrons from acyl-CoA directly to molecular 
oxygen, resulting in the production of 2-trans-enoyl-CoA and hydrogen peroxide 
(see Fig. 1). Rat liver acyl-CoA oxidase was purified following administration of 
DEHP [37]. This enzyme has two moles of FAD per mole of the enzyme 
protein with an apparent molecular mass of 139 kDa. It consists of three 
polypeptides, A, B, and C, and the apparent molecular masses we re estimated 
to be 71.9, 51.7, and 20.5 kDa, respectively. The enzyme probably exists in three 
forms, A2' ABC, B2C2. Acyl-CoA oxidase is active toward substrates with a 
longer carbon chain length, but inactive toward the substrates having acyl 
moieties of eight or fewer carbon atoms [19, 24, 34]. Here it should be men
tioned that the highe st activity is obtained with palmitoyl-CoA, and the activity 
with very-Iong-chain fatty acyl-CoA is difficult to assay with a spec
trophotometric procedure, because of its very low activity. 

There are difficulties assaying acyl-CoA oxidase activity, the activity is related 
to both the concentration of palmitoyl-CoA and protein, such as proteins in the 
tissue extract and externally added bovine serum albumin. The complicated data 
can be explained as follows: Free palmitoyl-CoA is the actual substrate for this 
enzyme, but protein-bound palmitoyl-CoA is not utilized. Higher concentrations 
of palmitoyl-CoA inhibit the enzyme. The substrate inhibition and the effect of 
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protein are less with dodecanoyl-CoA or decanoyl-CoA. Wh en the purified 
preparation was used for assay without the presence of bovine serum albumin 
in the reaction mixture, the apparent Km for palmitoyl-CoA was 121l Mand the 
apparent Ki was 20 Il M [37]. When the purified enzyme was incubated with 
50 Il M or more of palmitoyl-CoA, the enzyme was irreversibly inactivated, with 
dissociation of the component polypeptides (unpublished observation). The 
time-product relation was sometimes not linear; this may be related to in activa
tion of the enzyme during incubation. 

Under certain conditions, the activity measured is not proportional to the 
amount of the tissue extract used. Therefore, assay conditions of acyl-CoA 
oxidase as weIl as the peroxisomal palmitoyl-CoA oxidation have to be carefully 
set up. Recommended conditions are the addition of proteins, such as bovine 
serum albumin, in the presence of a relatively higher concentration of the sub
strate. When the acyl-CoA oxidase activity is measured by coupling with horse
radish peroxidase, it must be remembered that the peroxidase reaction is 
strongly disturbed by sulfhydryl compounds, including proteins. The addition of 
liver extract, especially human liver extract, to the assay medium lowers the 
activity of the purified enzyme preparation. 

Structures of complementary DNA and the gene of rat acyl-CoA oxidase were 
elucidated [30, 39]. Fig. 2 summarizes the relation among the gene, cDNA, and 
the enzyme protein. The rat acyl-CoA oxidase gene consists of 14 exons. 

5' 3' 

1 2 3-1 3-11 4 5 6 7 8 9 10111213 14 

90 - 143 468-469 661 
acetyl-I ..... _ .... III .... IIII ______ .,...-___ ---' 

• A 

B c 
Fig. 2. Transcription, translation, and posttranslational modification of acyl-CoA oxidase. In the 
gene structure, exons are boxed and numbered. Solid arrow means the process of transcription 
and splicing. Alternate use of exons 3-1 and 3-11, which are indicated by dotted lines, yields two 
types of mRNAs. Open arrow indicates translation and posttranslational modification. The verti
cally striped part, amino acid residue 90-143, are derived from exons 3-1 and 3-11. Solid arrowhead 
indicate the position of proteolytic modification which yields the Band C components from the 
A component. 
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There are two different sequences for exon 3 (3-1 and 3-11). Alternate use of 
splicing yields two types of mRNA which differ only in the amino acid residue 
90-143. In a comparison of the structures of the cON A and of mature enzyme, 
acyl-CoA oxidase is synthesized as the 75 kOa polypeptide (A component, 661 
amino acid residues), and some of the molecules are c1eaved between the amino 
acid residues 468 and 469 [30] to form 55 kOa (B component) and 22 kOa (C 
component) polypeptides during maturation. The proteolytic processing was 
confirmed to occur inside the peroxisomes [28]. The initiator methionine of the 
mature enzyme (both A and B components) is acetylated. 

The presence of the two isoenzymes was suspected, but, because trials to 
separate these two kinds of rat liver acyl-CoA oxidase failed, the two types of 
the oxidase were expressed separate1y in E. coli, using two cONA c10nes for this 
enzyme, and were purified according to the same procedure used for the 
purification of rat liver enzyme (unpublished data). The behavior of the two 
expressed enzymes during purification and the catalytic properties we re much 
the same as those of the liver enzyme. The enzyme proved to be a homodimer 
of the A component (A 2 ) . The enzyme preparations were converted to B2 C2 

forms by treatment with proteinase K or trypsin, with no change in the native 
molecular mass. Proteinase K was confirmed to c1eave upstream 4 amino acid 
residues of the c1eavage site in the rat liver, and trypsin was thought to c1eave 
at a ne ar site. 

The catalytic activities of the two expressed enzymes before and after 
proteinase K-treatment, and the liver enzyme preparations purified from the 
control and the OEHP-fed rats were examined. The specific activities of the two 
expressed enzyme preparations we re nearly the same as that of the purified 
preparation from liver of the OEHP-fed rat. Conversion of the A2 forms of the 
two expressed enzymes into the B2 C2 forms did not change their specific 
activities. Both types of the expressed enzymes, irrespective of the structures of 
A2 and B2 C2 , exhibited nearly the same carbon chain length specificities, except 
for minor differences in the activity only with C8 and CIO substrates. Therefore, 
the two types of the enzyme, irrespective of the composition of the component 
polypeptides, may play nearly the same role in fatty acid oxidation. 

Presence of distinctly different acyl-CoA oxidases 

In studies by other workers on the patients without functional peroxisomes, the 
peroxisomes were seen to be responsible for side-chain c1eavage of di- and tri
hydroxycoprostanic acid and oxidation of 2-methyl-branched fatty acids. The 
presence of th ree distinctly different acyl-CoA oxidases was confirmed in rat liver 
peroxisomes, and these we re named palmitoyl-CoA oxidase, pristanoyl-CoA 
oxidase, and trihydroxycoprostanoyl-CoA oxidase [55]. Palmitoyl-CoA oxidase 
is the same enzyme as described above and oxidizes the CoA esters of straight 
chain fatty acids. Pristanoyl-CoA oxidizes the CoA esters of 2-methyl-fatty acid 
and naturally occurring multi-branched pristanic (2,6,10, 14-tetramethylpen
tadecanoic) acid. Trihydroxycoprostanoyl-CoA oxidase is involved in bi1e acid 
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synthesis. The human oxidases were shown to be palmitoyl-CoA oxidase and a 
novel branched chain acyl-CoA oxidase [54]. 

Trifunctional Protein 

The second and third reactions of p-oxidation spi ral are hydration of 2-trans
enoyl-CoA to L-3-hydroxyacyl-CoA and its dehyrogenation to 3-ketoacyl-CoA 
with reduction of NAD + (Fig. 1). In peroxisomes, these two reactions are 
catalyzed by a monomeric protein. This enzyme was first purified from livers of 
rats given a peroxisome proliferator [35]. This enzyme was originally described 
as enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase bifunctional protein 
[ 13]. The properties of this enzyme ditTer from those of corresponding 
mitochondrial monofunctional enzymes [11,36] . The peroxisomal enzyme is a 
monomer with a molecular weight of 78 kDa, whereas enoyl-CoA hydratase has 
a molecular mass of 160 kDa and consists of six identical polypeptides. 3-
Hydroxyacyl-CoA dehydrogenase is ahomodimer and has a molecular mass of 
65 kDa. The peroxisomal multifunctional protein and mitochondrial monofunc
tional enzymes have ditTerent broad substrate specificities. Later, this enzyme 
was confirmed to be a trifunctional protein having enoyl-CoA isomerase activity 
as weIl as hydra ta se and the dehydrogenase activities [41]. 

Human liver peroxisomal trifunctional protein was also purified (43, and 
unpublished observation by Hashimoto et al.). This enzyme is a monomeric 
form of about 80 kDa as determined by molecular sieve. Mobility of the enzyme 
on SDS-polyacrylamide gel electrophoresis is slower than the rat enzyme as 
already suspected by immunoblot analysis. The human enzyme has activities of 
both enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase. The enoyl
CoA isomerase activity of the purified preparation is yet to be determined. 
Carbon chain length specificity of the hydratase activity ditTers somewhat 
between human and rat enzymes (a preliminary observation). With regard to 
enoyl-CoA hydratases, three are known: mitochondrial enoyl-CoA hydratase 
which has been called crotonase, peroxisomal trifunctional protein, and 
mitochondrial trifunctional protein [52]. We sometimes use short-chain enoyl
CoA hydra ta se to distinguish from the activity of mitochondrial trifunctional 
protein. 

During the purification of human liver enzymes with enoyl-CoA hydratase 
activity, we noted another enoyl-CoA hydratase with a significant activity. This 
enzyme is active with medium-chain substrates and monofunctional, that is, 
without 3-hydroxyacyl-CoA dehydrogenase activity. The presence of other 
enoyl-CoA hydratases has also been described: long-chain enoyl-CoA hydratase 
[47] and the second enoyl-CoA hydratase which presumably converts 2-trans
enoyl-CoA to D-3-hydroxyacyl-CoA and plays a role in epimerization of 3-
hydroxyacyl-CoA [18]. Whether this human medium-chain enoyl-CoA 
hydratase is the mitochondrialor the peroxisomal enzyme and whether it is the 
same as long-chain enoyl-CoA hydratase or the second enoyl-CoA hydratase 
has yet to be determined. Nevertheless, the presence of this enzyme should be 
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Fig. 3. Molecular relation of the trifunctional protein gene and the protein. There are seven exons 
on the gene. A latter half of exon 7, a shaded region, does not encode the amino acid sequence. 
Structure of the mature enzyme protein is explained in text. Regions having high homo logies with 
mitochondrial enoyl-CoA isomerase, enoyl-CoA hydratase and 3-hydroxy-acyl-CoA 
dehydrogenase are indicated. 

kept in mind, when the enoyl-CoA hydratase activity of human peroxisomal tri
functional protein is assayed with the forward hydratase reaction. 

There is one known gene for this enzyme composed of 7 exons [20], as shown 
in Fig. 3. The amino terminal side covering the hydratase domain is encoded by 
exons I-V, whereas the carboxyl terminal side with homology to the 3-
hydroxyacyl-CoA dehydrogenase is encoded by a smaH 3' part of exon 6 and by 
a 5' half of an uncommonly large exon VII, of which half is a protein coding 
region [38] . The rat enzyme is synthesized as a polypeptide of 722 amino acid 
residues. The initiator methionine is cleaved and the second amino acid residue, 
alanine, is acetylated [38]. We suggested that the hydratase domain was on the 
N-terminal side, and the dehydrogenase domain was on the C-terminal side as 
deduced by comparing the primary structures of the trifunctional protein with 
those of mitochondrial enoyl-CoA hydratase and 3-hydroxyacyl-CoA 
dehydrogenase [38]. The active site of the isomerase is in the same region as 
hydratase [42]. Part of the cDNA for the human enzyme has been cloned [8]. 

It is suspected that this enzyme is composed of two domains. A smaH portion 
of the rat enzyme seems to be proteolyticaHy modified, in the liver, since about 
40 kDa and 35 kDa polypeptides, which were reactive with the antibody, could 
not be separated using various purification procedures. Indeed, when the enzyme 
was treated with elastase, the most useful proteinase tested, and subjected to 
SDS-polyacrylamide gel electrophoresis, we confirmed the conversion of the 
78 kDa polypeptide to two polypeptides of much the same size as found in the 
purified preparation; there was no change in molecular weight and catalytic 
activities. Trials of separation of the two fragments with fuH activities failed to 
demonstrate the domains of activity. This negative result suggests that the two 
domains are not independent ones linked by a proteinase-sensitive bridge, but 
rather the two domains are tightly organized and the substrates move directly 
between the two active sites, without leakage of the enzyme protein. 
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3-Ketoacyl-CoA thiolase 

At the last reaction of jf-oxidation spiral, 3-ketoacyl-CoA is thiolytically cleaved 
to acetyl-CoA and chain-shortened saturated acyl-CoA which re-enters into the 
jf-oxidation spi ral (Fig. 1). Peroxisomal 3-ketoacyl-CoA thiolase was purified 
from livers of rats which given a peroxisome proliferator [31]. The enzyme is a 
homodimer with a molecular weight of 89 kDa, whereas other monofunctional 
thiolases such as mitochondria I 3-ketoacyl-CoA thiolase, and mitochondrial and 
cytosolic acetoacetyl-CoA-specific thiolases are homotetramers consisting of 
about 40 kDa subunits. The presence of the two genes (A and B) for rat 
peroxisomal 3-ketoacyl-CoA thiolase has been confirmed [17]. These genes 
both contain 12 exons and 11 introns, spanning 8 kb (A gene) and 9.5 (B gene). 
The positions of intron insertions are identical in both genes. The nucleotide 
sequences are extremely weIl conserved in not only exons but also in many por
tions of introns. The structural relationship between the two gene products is 
schematically summarized in Fig. 4. 

The A gene is constitutively expressed at a low level, whereas the gene B is 
induced dramatically by treatment with a peroxisome proliferator. Complemen
tary DNA clones derived from gene A [5] and from gene B [16] we re isolated. 
Human peroxisomal 3-ketoacyl-CoA thiolase cDNA clone was also isolated 
[6, 9]. The purified rat enzyme, therefore, is a product of the B gene. This 
enzyme is predicted to be synthesized as a precursor with 424 arnino acid 

Gene A 1 I I I I 11 11 • 
123 4 5 6 7 89101112 

GeneB 111 I I 11 11 • 
1 2 3 4 5 6 7 89101112 

! 3~ 1 
Gene A 36 I 
product 

I I .. 0 MI 

GeneB ~ 
product 

Fig. 4. Comparison of the two gene products of 3-ketoacyl-CoA thiolase. Structures of the gene 
A and the gene Bare schematically shown. The products of the gene A and the gene B have 
c1eavable extra peptides consisting of 36 and 26 amino acid residues, respectively. The different 
amino acid residues between the two products are indicated by ., and positions of the active 
cysteines of the two products are the same as indicated by. The mat ure subunits have the same 
number of amino acid residues, 398. 
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residues, and has a cleavable presequence of 26 amino acid residues at the N-ter
minus (Fig. 4). Purification and structural analysis of the product of gene A is 
still underway. At present, we think that this enzyme is synthesized as a precur
sor having a presequence of 36 amino acid residues at the N-terminus which is 
cleaved during maturation. The mature forms of the products of the A and B 
genes have the same number of amino acid residues, and similar amino acid 
sequences. The two mature enzyme forms have a catalytically active cysteine at 
the same position, and the different amino acid residues number only 6. There
fore, these two isozymes are expected to have similar properties, a notion sup
ported by the following results: Cell-free translation product with the RNA 
preparation prepared from the control rat liver was larger than that seen with 
the DEHP-fed rat liver RNA preparation. Catalytic and immunochemical 
properties of the crude enzyme preparation from the control rat liver were 
similar to those of the purified enzyme preparation. Human enzyme from autop
sied liver was purified, since the human enzyme was hardly titrated with the 
anti body against purified rat enzyme, thus, antibody to the human enzyme is 
needed when the activities of mitochondrial and peroxisomal 3-ketoacyl-CoA 
thiolases in human samples are assayed. There were two separate activity peaks 
seen during purification of human liver enzymes in addition to mitochondrial 3-
ketoacyl-CoA thiolase. The two purified preparations had similar properties. 
They were homodimers of about 40 kDa subunits, with nearly the same inten
sities of immunoblot signais. The carbon chain leng th specificities were also 
similar. However, the patterns of peptide mapping were quite different 
(unpublished observation). Therefore, these two enzymes are probably not 
isozymes such as the products of the A and B genes. It is not known whether 
the second 3-ketoacyl-CoA thiolase, similar to the peroxisomal enzyme, is 
peroxisomal or mitochondria!. Peroxisomal 3-ketoacyl-CoA thiolase is excep
tionally synthesized as a larger precursor form carrying an amino-terminal pep
tide extension among the peroxisomal proteins as described above. The role of 
this presequence has been recently confirmed. When the chimeric proteins of the 
presequences of the rat A gene and B gene products fuzed to E. co/i 
dihydrofolate reductase were expressed in Chinese hamster ovary cells, 
peroxisomal localization was observed [40]. This means that the presequence 
has a role in guiding the proteins into peroxisomes. In relation to this it should 
be mentioned that both rat acyl-CoA oxidase and the trifunctional protein have 
an uncleavable peroxisome-targeting signal sequence, SKL-tail [28, 32]. 

Assay of the human enzymes 

Functional aberration of the peroxisomal p-oxidation of cultured human skin 
fibroblasts can be readily confirmed by measuring the rate of conversion of the 
radioactivity into acid-soluble materials from [1- 14C]lignocerate. This method is 
useful for the first screening. As a next step, immunoblot analysis provides 
further information. However, wh en normal cross-reactive materials for the 
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p-oxidation enzymes are detected, there is no useful method to identify the defec
tive enzyme in the patient, because there is no available method for specific 
determination of individual peroxisomal p-oxidation enzymes. 

Assay methods of individual peroxisomal enzyme activities of human samples 
are under investigation. For this purpose, it is essential to separate peroxisomal 
and mitochondrial enzymes, using antibodies. The immunochemical properties 
are summarized below. Separation of acyl-CoA oxidase from mitochondrial 
acyl-CoA dehydrogenases does not seem to be necessary because the two reac
tions are quite different. The method of assaying acyl-CoA oxidase activity we 
are testing evolves radioactive acetyl-CoA (acid-soluble fraction) from [1-
14C]palmitoyl-CoA by coupling with the enzymes having enoyl-CoA hydratase, 
3-hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase. This method 
is sensitive and we confirmed that this method excludes the interference of a 
highly active acyl-CoA dehydrogenase activity. Titration of human enzymes 
catalyzing enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, and 3-
ketoacyl-CoA thiolase we re also tested (TabIe 4). All of the antibodies raised 
against rat enzymes can be used for immunoblot analysis but some of them 
could not be used for the titration experiment as cross-reactivities were low. 
Peroxisomal trifunctional protein and 3-ketoacyl-CoA thiolase were not titrated 
by antibodies raised against the rat enzymes, but they could be titrated with 
antibodies raised against the purified human enzymes. Three human mitochon
drial enzymes, enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase and 3-
ketoacyl-CoA thiolase, we re titrated with antibodies to the rat enzymes. A com
bined use of the antibodies may make feasible for determination of individual 
peroxisomal enzyme activities. However, the following should be considered. 
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Table 4. Titration of human and mitochondrial 
enzymes. 
Partially purified enzyme preparations from human 
liver were mixed with the antibody to rat of human 
enzyme in rabbits and incubated in the presence of 
pro te in A Sepharose. Activity in the supernatant after 
centrifugation was assayed to deterrnine whether or 
not the enzyme would be titrated ( + )( -). 

enzyme titration anti body 

Peroxisomal 
Trifunctional protein rat 

+ human 
3-ketoacyl-CoA thiolase rat 

+ human 

Mitochondrial 
Enoyl-CoA hydratase + rat 
3-Hydroxyacyl-CoA + rat 

dehydrogenase 
3-ketoacyl-CoA thiolase + rat 
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I) The extraction buffer must not contain a detergent in order to avoid 
solubilization of mitochondrial trifunctional protein which could not be titrated 
as a native form by the antibody. 2) The new enoyl-CoA hydra ta se described 
above is not cross-reactive with the antibodies listed in Table 4. 3) The new 3-
ketoacyl-CoA thiolase is cross-reactive with antibody against peroxisomal 3-
ketoacyl-CoA thiolase. 

Comparison of primary structures 

Acyl-CoA oxidase and acyl-CoA dehydrogenases 

Structural similarities of the mature forms of fatty acid fi-oxidation enzymes are 
schematically shown in Fig. 5. Primary structures of rat short-chain, medium
chain and long-chain acyl-CoA dehydrogenases are similar [26]. Their precur
sors have 414-430 amino acid residues containing leader peptides of 25-30 amino 
acid residues at the N-termini. Structural analysis of the cDNA co vering rat very 

SCAD 

MCAO 

LCAD 

VLCAD 

AOX 

MH 

HADH 

PH 

a-TP 

Tl 

PT 

~-TP 

1 11111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 

1 1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 

1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 

11I1I11II1I11II1I11I1II1I1I1II11I11I1I1II1111II1II1II1I1II1II11I111I1II1II111II11I1II1II111I1II1II1~1I1' 

• electron abstractor, 
Glutamic acid 

, protease-sensitive region 

T I' 
1111111111111111111111111111111111111111111111111111111111 • NAD+-binding site 

Ulllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllill 

• 
1111111111111111111111111111111111111111111111111111111111 111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 

• 1111111111111111111111111111111111111111111111111111111111 111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 

• mlllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll111111111111111111111111 

• 
1111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 

111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111111 

• active cysteine 

Fig. 5. Comparison of primary structures of fJ-oxidation enzymes. Abbreviations used are: 
SCAD, short-chain acyl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA dehydrogenase; 
LCAD, long-chain acyl-CoA dehydrogenase; VLCAD, very-long-chain acyl-CoA dehydro-genase; 
AOX, acyl-CoA oxidase; MH, enoyl-CoA hydratase; HADH, 3-hydroxyacyl-CoA dehydrogenase; 
PH, peroxisomal trifunctional protein; ex-TP, ex-subunit of mitochondrial trifunctional protein; Tl, 
mitochondrial 3-ketoacyl-CoA thiolase; PT, peroxisomal 3-ketoacyl-CoA thiolase; fJ-TP, fJ-sub
unit of mitochondrial trifunctional protein. 
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long-chain acyl-CoA dehydrogenase indicates that the subunits are synthesized 
as a polypeptide with 655 amino acid residues having a typical cleavable leader 
peptide composed of 40 amino acid at the N-terminus [53]. The region of 98-
433 amino acids of the mature subunit has a high homology with other acyl
CoA dehydrogenases, but the primary structure of a longer tail composed of 
about 170 amino acid residues at the carboxyl end has no similarity to the struc
tures of other dehydrogenases. Expression of the enzymes in E. coti with a full 
length cDNA covering the mature enzyme and with truncated cDNA clones at 
carboxyl terminal side clearly indicates that the carboxyl terminal tail is 
necessary for assembly of subunits to a functional dimer (unpublished observa
tion). 

Before we had evidence of very long-chain acyl-CoA dehydrogenase, we con
cluded that there was no detectable level of homology between acyl-CoA oxidase 
and acyl-CoA dehydrogenases. However, there are several analogous charac
teristics between acyl-CoA oxidase and very long-chain acyl-CoA 
dehydrogenases. Size of the oxidase (661 amino acid residues) is similar to the 
dehydrogenase (655 amino acid residues). The oxidase precursor (component A) 
has a cleavage site by an endogenous protease to convert into Band C com
ponents. A component is cleaved very ne ar this site, when the native enzyme is 
treated with proteinase K or trypsin, as described above. The dehydrogenase 
also has a protease sensitive region to cleave the C-terminal tail. The overall 
sequence similarity is rather low, but 8 short segmented regions of the oxidase 
show high sequence similarity with the corresponding regions of the dehydroge 
nase. Glutamic acid residue is present in acyl-CoA oxidase, at a similar position 
to that of active glutamic acid of very-Iong-chain acyl-CoA dehydrogenase. 

Trifunctional protein and mitochondrial counterparts 

Comparison of the deduced amino acid sequences of the trifunctional protein 
and the mitochondrial monofunctional short-chain fatty acid p-oxidation 
enzymes and A-subunit of mitochondrial trifunctional protein is shown in 
Fig. 5. Peroxisomal trifunctional protein has 721 amino acid residues. A region 
of the N-terminal side, the amino acid residues of 1-187, are matched to 8-200 
amino acid residues of rat mitochondrial enoyl-CoA hydratase (261 amino acid 
residues of the mature subunit) [27] , and 8-182 amino acid residues of cx-sub
unit of mitochondrial trifunctional protein (727 amino acid residues of the 
mature form, [22]), respectively. A region of the C-terminal side, the amino acid 
residues of 296-527, are matched to 15-307 residues of pig mitochondrial 3-
hydroxyacyl-CoA dehydrogenase (307 amino acids of the mature subunit) [4] , 
and 325-604 of A-subunit of mitochondrial trifunctional protein [22] , respec
tively. Enoyl-CoA isomerase domain is included in the hydratase domain. Com
mon structure of the NAD + -binding site in many dehydrogenases is a pcxp-fold 
[44] , centered around a conserved sequence G-x-G-x-x-G [57]. The first 
glycine is located at residue 303 of rat peroxisomal trifunctional protein, and 
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residue 18 of pig 3-hydroxyacyl-CoA dehydrogenase, and residue 328 of the ex
subunit of rat trifunctional protein. 

3-Ketoaeyl-CoA thiolases 

Both the mature subunits of peroxisomal 3-ketoacyl-CoA thiolase, the products 
of A gene and B gene, contain 398 amino acid residues with a 98% sequence 
homology. The primary structures of rat peroxisomal 3-ketoacyl-CoA thiolase, 
mitochondrial 3-ketoacyl-CoA thiolase and acetoacetyl-CoA thiolase, and the P
subunit of mitochondrial trifunctional protein are similar throughout the entire 
region, but the C-terminal sequences show an even higher similarity (Fig. 5). 
Cysteine acting as the substrate-binding residue of peroxisomal thiolase is 
located at residue 97 of the mature enzyme. The active site cysteines of 
mitochondrial 3-ketoacyl-CoA thiolase [2], mitochondrial acetoacetyl-CoA 
thiolase [10], and p-subunit of mitochondrial trifunctional protein [22] are 
Cys-92, Cys-93, and Cys-I05, respectively. The consensus sequence around this 
part is summarized as XI-X2-X3-Cys-X4-Ser-X5-X6. 

Divergenee of the enzymes of fatty acid p-oxidation eycle 

It is not yet clear whether acyl-CoA dehydrogenases and acyl-CoA oxidase 
belong to the dehydrogenase/oxidase superfamily, or to separate families. 
Phylogenetic tree analysis (Fig. 6) of mitochondrial monofunctional enoyl-CoA 
hydratase and 3-hydroxyacyl-CoA dehydrogenase with multifunctional proteins 
such as peroxisomal trifunctional protein, ex-subunit of mitochondrial trifunc
tional protein, and fadE gene product of E. eoU [59] and faoA product of 
Pseudomonas fragi [45] revealed that the ancestral genes for the monofunctional 
enzymes are firstly fused forming the gene for the multifunctional enzyme, then 
evolve in various prokaryotes and eukaryotes. The ex-subunit of mitochondrial 

Hydratase 
mi tochondrial 

: ............................ bacterial a ~ .............. " ....... a.TP 
,..... . 
~ : ................................. peroxlsomal 

: ...................................... mitochondrial 
Dehydrogenase 

... ---- bacterial 13 
...-_---4rl peroxisomal 

I . mitochondrial Thiolase 

'--------13-TP 

Fig. 6. Phylogenetic pattern of the enzymes having activities of enoyl-CoA hydratase, 3-
hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase. (A-TP and (B-TP are (X-subunit 
and ,B-subunits, respectively, of the mitochondrial trifunctional protein. Bacterial multienzyme 
complex, consisting of (X- and ,B-subunits, was inc1uded in th is analysis. 
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trifunctional protein shows a closer genetic relationship to the bacterial multi
functional polypeptides than does the peroxisomal trifunctional protein. There
fore, it is probable that the peroxisomal trifunctional protein gene first diverged 
from the fused ancestral gene, then, the genes for a-subunit of the mitochondrial 
trifunctional protein and the bacterial multifunctional polypeptide began to 
evolve. The phylogenetic tree analysis (Fig. 6) of rat thiolases, fadA [58] and 
faoB [45] suggests th at the gene for the p-subunit of the mitochondrial trifunc
tional protein first diverged from a common ancestral gene, th en diverged into 
two clusters, mitochondrial thiolases genes and peroxisomal and bacterial 
thiolases. 
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