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Abstract

Fatty acids are one of the most essential categories of biological lipids and their synthesis and
degradation are vital for all organisms. Severely compromised phenotypes of yeast mutants and
human patients, which have defective components in their degradative or synthetic processes for fatty
acid metabolism, have highlighted the importance of these processes for overall metabolism. Most
fatty acids are degraded by B-oxidation, which occurs in mitochondria and peroxisomes in mammals,
whereas synthesis is catalyzed by cytosolic multifunctional peptides, although a synthesis system
involving individual enzymes in mitochondria has been also proposed.

In this study a novel mitochondrial 2-enoyl thioester reductase Etrlp from the yeast Candida
tropicalis, its homolog Mrflp from Saccharomyces cerevisiae, and their mammalian ortholog were
identified and characterized. Observations indicating that mitochondrial localization as well as
enzymatic activity is needed to complement the respiratory-deficient phenotype of the mrfIA strain
from S. cerevisiae suggests that Etrlp and Mrflp might act as a part of the mitochondrial fatty acid
synthesis machinery, the proper function of which is essential for respiration and the maintenance of
mitochondrial morphology in yeast. The mammalian enzyme, denoted Nrbf-1p, showed similar
localization, enzymatic activity, and ability to rescue the growth of the mrfIA strain suggesting that
mammals are also likely to possess the ability and required machinery for mitochondrial fatty acid
synthesis.

This study further included the characterization of another mitochondrial thioester reductase,
2,4-dienoyl-CoA reductase, which acts as an auxiliary enzyme in the -oxidation of unsaturated fatty
acids. The function of this gene was analyzed by creating a knock-out mouse model. While unstressed
mice deficient in 2,4-dienoyl-CoA reductase were asymptomatic, metabolically challenged mice
showed symptoms including hypoglycemia, hepatic steatosis, accumulation of acylcarnitines, and
severe intolerance to acute cold exposure. Although the oxidation of saturated fatty acids proceeds
normally, the phenotype was in many ways similar to mouse models of the disrupted classical
[-oxidation pathway, except that an altered ketogenic response was not observed. This mouse model
shows that a proper oxidative metabolism for unsaturated fatty acids is important for balanced fatty
acid and energy metabolism.

Keywords: B-oxidation, 2-enoyl thioester reductase, 2,4-dienoyl-CoA reductase,
energy metabolism, knock-out mice
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1 Introduction

Due to the essential role of fatty acids as structural components of cellular membranes
and in various processes of the cell, including energy metabolism, protein modification,
and modulation of gene expression, their de novo synthesis, as well as degradation, are
vital for all organisms. The importance of fatty acid metabolism for eukaryotes is
underscored by severe phenotypes of yeast mutants and human patients, which have
defective components in either their degradative or synthetic pathways.

For a long time fatty acid synthesis was thought to be a solely cytosolic process in
eukaryotes, where multifunctional enzyme complexes carry out the required reactions.
The discovery of mitochondrial enzymes that showed similarity to soluble enzymes
operating in prokaryotic fatty acid synthesis suggested that another system for
synthesizing fatty acids might exist in eukaryotic mitochondria.

Metabolic compartmentalization, where certain processes are localized to different
cellular organelles, also occurs in fatty acid degradation. f-Oxidation, which degrades
most fatty acids via a cyclic process, is found in peroxisomes in yeast, whereas in
mammals it is confined to both mitochondria and peroxisomes. Mitochondrial f-
oxidation of fatty acids is a predominant source of energy for heart and skeletal muscle at
all times. During fasting, or at times when other energy sources are restricted,
mitochondria can provide up to 90% of the energy requirement of mammals by
degradation of fatty acids. The oxidative degradation of unsaturated fatty acids, which are
common constituents in natural lipids, requires, in addition to enzymes of the classical -
oxidation cycle, auxiliary enzymes that act on pre-existing double bonds. Auxiliary
enzymes have been identified from eukaryotes, as well as from prokaryotes and different
pathways for processing double bonds at even- and odd-numbered positions are known to
exist.

In the present study 2-enoyl thioester reductases from the yeast Candida tropicalis and
Saccharomyces cerevisiae were characterized and linked to mitochondrial fatty acid
synthesis and respiratory competence. A protein with similar activity was also identified
and characterized from human and bovine. In addition, the physiological function of
another thioester reductase, 2,4-dienoyl-CoA reductase, which participates in the
mitochondrial B-oxidation of unsaturated fatty acids, was studied using a knock-out
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mouse model to elucidate the importance of this auxiliary enzyme for balanced fatty acid
metabolism.



2 Review of the literature

2.1 Fatty acids and their thioesters

Fatty acids are defined as a class of hydrophobic compounds consisting of a long
hydrocarbon chain and terminal carboxyl group. Because of their major physiological
roles as the building blocks of phospholipids and glycolipids, which are important
components of biological membranes, for energy storage in form of triacylglycerols, and
as modifiers of membrane proteins, fatty acids are considered to be one of the most
essential category of biological lipids.

Based on the number of carbon atoms in the hydrophobic chain, fatty acids can be
categorized into short-chain (<Cg), medium-chain (Cgs-C,), long-chain (C4-Cy), and
very-long-chain (>C,y) fatty acids. In its simplest form a fatty acid contains no
modifications in the methylene units of the chain and is considered a straight-chain
saturated fatty acid. Most naturally occurring saturated fatty acids have an even number
(14, 16 or 18) of carbon atoms, of which hexadecenoic acid (Cy4,, palmitic acid) is
considered most abundant. If the alkyl chain contains a double bond, the fatty acid is
termed unsaturated and the number of double bonds determines the degree of
unsaturation. Monounsaturated fatty acids (MUFA), such as 9Z-octadecenoic acid (Cg.1,
oleic acid), have a single double bond usually in cis-configuration (Z), whereas
polyunsaturated fatty acids (PUFA) contain multiple double bonds separated by at least
one methylene group.

Chain length and the degree of unsaturation have an important effect on the properties
of fatty acids and lipids derived thereof. Consequently, fatty acids significantly influence
the stability, fluidity and permeability of biological membranes. The double bond in the
cis-configuration produces a bend in the acyl chain (Figure 1.) that disrupts the ordered
packing of chains in membranes and increases their fluidity. This is an important function
especially for prokaryotes that can, by regulating the amount of unsaturated fatty acids in
membrane phospholipids, maintain a balance between flexibility and rigidity and thus
adapt to changing environmental conditions (Weber ef al. 2001).
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\/\/\/\/\/\/\/\/COOH

hexadecanoic acid (palmitic acid, C16:0)

9Z-octadecenoic acid (oleic acid, C18:1(n-9))

9Z, 12Z-octadecadienoic (linoleic acid, C18:2(n-6))
COOH

Fig. 1. Structures of saturated and mono- and polyunsaturated fatty acids

Some members of PUFA, such as 97, 12Z-octadecadienoic acid (Cig.,, linoleic acid), can
not be synthesized by eukaryotes and must be acquired from the diet. These so called
“essential fatty acids” and their longer-chain derivatives are important constituents of
mammalian membrane phospholipids and are also precursors of eicosanoids such as
prostaglandins and leukotrienes. These are important biological signalling molecules
required especially in regulation of activities related to immune and inflammatory
responses, pain, and fever (Austin and Funk 1999). Fatty acids and PUFA are also
involved in signal transduction and amplify or modify signals controlling the activities of
certain enzymes, e.g. protein kinases and phospholipases. Furthermore, it has been shown
that PUFA can regulate the transcription of genes involved in fatty acid transport and
metabolism (Wahle et al. 2003, Sampath and Ntambi 2004) through their effects on
transcription factors called peroxisomal proliferator activated receptors (PPAR) and sterol
regulatory element binding proteins (SREBP).

The structural and stereochemical properties of specific fatty acids, such as the length
of the acyl chain, the position of double bonds (even- or odd-numbered) and cis/trans-
isomerism, which are needed to modulate the functions mentioned above, have an effect
on their processing in the cell. These properties determine the cellular compartment in
which they are synthesized, elongated or degraded, and the route of transportation to
various cellular locations. The set of enzymes needed for processing and whether
auxiliary enzymes are needed in addition to the classical set of enzymes, as in the case of
B-oxidation of MUFA and PUFA (see section 2.5), is also determined by the properties of
an individual fatty acid.

Before intracellular free fatty acids, arising from de novo synthesis, from stored
reserves in adipose tissue or obtained directly from the diet, can be subjected to different
metabolic processes, such as oxidation, esterification or synthetic modifications, they
must be activated. This activation is carried out by linking the fatty acid to a thiol moiety
from Coenzyme A (CoA) to form acyl-CoA (Mishra and Drueckhammer 2000). The
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highly energetic thioester bond formed in this process facilitates the subsequent transfer
of acyl groups to different receptor molecules. In addition to degradative processes of
acyl-CoAs (B-oxidation) that occur both in mitochondria and peroxisomes, CoA linked
acyl thioesters are utilized in the synthesis of triacylglycerols and complex lipids, and in
the modifications of proteins by myristoylation or palmitoylation. Acyl-CoA thioesters
also act as intermediates in the elongation and desaturation of fatty acids, which occurs
predominantly in the membranes of the endoplasmic reticulum (ER) (Leonardi e al.
2005). In fatty acid synthesis the highly energetic thioester bond is formed by linking acyl
intermediates to the thiol moiety of acyl carrier protein (ACP) instead of CoA (Prescott
and Vagelos 1972). Common to both CoA linked and ACP linked acyl thioesters is that
the acyl moiety is coupled to the terminal sulfhydryl of the phosphopantetheine group
(Figure 2.). In CoA this group is attached to 3’-5'-diphosphoadenosine moiety, whereas
in ACP phosphopantetheine is attached to the protein via a phosphodiester linkage.
Interestingly, the phosphopantetheine prosthetic group that is essential for the activity of
ACP is transferred from CoA to ACP posttranslationally (Lambalot et al. 1996). In
addition to fatty acid synthesis systems, acyl-ACP thioesters also have other
physiological functions, such as roles in the synthesis of lipoic acid, lipopolysaccharides,
antibiotic polypeptides, and also quorum sensing in bacteria.

Acyl-CoA
NH,
H H HQ o o N—-"SN
AN AN bopo_ €A
\(I)I/\/ \[|/><\ 5 & \w N
CI) OH
4’-phosphopantetheine -O_(IFI;_O
3',5-ADP
Acyl-ACP
H H HQ O
ll\l ll\l : E’—O Ser
R—S7 o7l T
\él/v \él/><\ o ACP

4’-phosphopantetheine

Fig. 2. Schematic drawing of acyl-CoA and acyl-ACP thioesters. Acyl groups are indicated by
R.
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2.2 Compartmentalization of fatty acid metabolism

Fatty acid metabolism can be considered to be a compartmentalized process with organ-
specific and cell type-specific differences. Furthermore, different subcellular organelles
have unique roles in the synthetic and degradative processes of fatty acid metabolism.
The organization required by compartmentalization is elicited by co-ordinated and
targeted transport of enzymes and substrate molecules to distinct localizations across the
biomembranes of cellular organelles. In lower eukaryotes the enzymatic steps of B-
oxidation are confined to the peroxisomes (Hiltunen et al. 2003), whereas in mammals
they occur both in peroxisomes and mitochondria (Van Veldhoven and Mannaerts 1999,
Bartlett and Eaton 2004). Fatty acid synthesis (FAS), which was previously thought to be
a solely cytosolic process in eukaryotes, appears to be divided into two subcellular
compartments similar to mammalian B-oxidation as recent evidence also points to its
occurance in mitochondria (see sections 2.3.3 and 2.3.4). Different organellar systems
serve special functions and although the same sets of oxidative or synthetic reactions are
catalyzed in certain organelles they can not complement each other.

Similar chemical conversions can be found both in degradative and synthetic pathways
and they also share common thioester intermediates as trans-2-enoyl thioesters, 3-
hydroxyacyl thioesters, and 3-ketoacyl thioesters are observed in both B-oxidation and
FAS pathways. The existence of opposing pathways sharing common intermediates in the
same cellular compartment is not common as it might lead to futile cycling, and in
general compartmentalization is used to keep catabolic and anabolic reactions physically
separated. However, since degradation occurs via substrates that are linked to CoA and
synthesis via ACP linked substrates, these pivotal fatty acid metabolism pathways can be
kept chemically separate.

2.3 Fatty acid synthesis

Fatty acids are considered to be essential building blocks with important roles in a variety
of biological functions. They are important, not only as constituents of energy storing
compounds and as neutral and polar lipids that ensure the integrity and functionality of
biological membranes, but they can also act as post-translational protein modifiers and
control cellular metabolism by modulating gene expression. Due to the various important
functions of fatty acids, their de novo synthesis is an elementary capability in all
organisms. The reaction mechanism of fatty acid synthesis (FAS) is basically the same in
all organisms, although different molecular structures for FAS have evolved.
Multifunctional polypeptides are responsible for the bulk of the FAS in yeast and
mammals (Schweizer et al. 1978, Smith 1994) and are referred to as eukaryotic FAS type
I (FAS I). In contrast, bacterial and plant fatty acid synthesis is carried out by individual
monofunctional enzymes termed FAS type II (FAS II). Recent evidence suggests that, in
addition to well-characterized cytosolic FAS I, eukaryotic cells contain another FAS
system in mitochondria, which is structurally and functionally different from FAS I. This
has discrete soluble enzymes that catalyze each step of the reaction cycle and thus
resemble prokaryotic FAS II (Rock and Jackowski 2002).
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2.3.1 FAS1

Fatty acid synthesis proceeds through a set of chemical reactions that result in the cyclic
stepwise elongation of activated precursor molecules by two carbon units per cycle
(Figure 3.). The enzymatic steps of the pathway were initially characterized from E. coli
and yeast systems (Lynen 1961, Wakil ef al. 1964). The synthesis is initiated by transfer
of acyl moieties from acetyl-CoA and malonyl-CoA to acyl carrier protein (ACP) by
malonyl-CoA-/acetyl-CoA:ACP transacylase (MAT) in mammals and by acetyl
transferase (AT) and malonyl/palmitoyl transferase (MPT) activities in fungi (Figure 3.).
In the condensation reaction of the first cycle, B-ketoacyl synthase (KS) catalyzes the
formation of acetoacyl-ACP by decarboxylative condensation of the acyl group with
malonyl-ACP. This B-ketoacyl intermediate is further processed by B-ketoacyl reductase
(KR) to form B-hydroxyacyl-ACP, which is subsequently dehydrated and reduced by the
activities of B-hydroxyacyl dehydratase (DH) and B-enoyl reductase (ER), respectively.
The resulting saturated acyl substrate is condensed with the malonyl moiety in each of the
following cycles until a length of Cy¢ is reached. The growing chain remains attached to
ACP throughout its synthesis and in mammals is released from ACP by thioesterase (TE)
activity which generates the free acid, whereas in fungi that lack a thioesterase domain in
FAS the fatty acids are transferred to CoA by MPT and released as CoA thioesters (Bloch
and Vance 1977, Smith 1994).
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Fig. 3. Enzymatic steps and reaction intermediates in the first cycle of mammalian FAS L.
MAT, malonyl-CoA-/acetyl-CoA:ACP transacylase; KS, B-ketoacyl synthase; KR, B-ketoacyl
reductase; DH, B-hydroxyacyl dehydratase; ER, B-enoyl reductase. See the text for further
details.
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2.3.1.1 Domain organization and structure

Mammalian FAS 1 is a dimeric protein consisting of two identical 270 kDa
multifunctional polypeptides (02) over which the enzymatic activities and ACP are
distributed (Wakil et al. 1983). The order of the functional domains was confirmed by
molecular cloning, which revealed that the polypeptide has the following domain
sequence: KS-MAT-DH-ER-KR-ACP-TE (Amy et al. 1989, Witkowski ef al. 1991). The
absence of high resolution crystal structures sustained the existence of two different
models for the structural organization of FAS I. Originally it was proposed that the
polypeptides were orientated in an extended head to tail antiparallel manner (Stoops and
Wakil 1981). Later studies suggested a coiled head to head orientation based on mutant
complementation studies, cross-linking studies and electron micrography (Witkowski et
al. 1999, Rangan et al. 2001, Asturias et al. 2005). Very recently a 4.5 A crystal structure
of mammalian FAS I was presented, which confirmed the head to head orientation and
showed that the coiled subunits form an asymmetric X-shaped structure with two reaction
chambers (Maier ef al. 2000).

Although catalyzing essentially the same set of reactions, the molecular and structural
architecture of fungal FAS I differs markedly from that of its mammalian counterpart. In
fungi the individual enzymatic activities of FAS I are distributed over two non-identical
polypeptides that form a dodecamer (a6B6) (Stoops et al. 1978). The 210 kDa a-
polypeptide contains, in addition to ACP, ketoacyl reductase and ketoacyl synthase
activities and also phosphopantetheine transferase (PT) activity in the following
sequence: ACP-KR-KS-PT (Mohamed et al. 1988, Fichtlscherer et al. 2000). In the 230
kDa B-polypeptide the rest of the activities are in the sequence AT-ER-DH-MPT
(Schweizer et al. 1986). The overall structure of fungal FAS I has been determined by
electron microscopy studies and defined as a barrel-shaped structure with six sites of fatty
acid synthesis (Stoops ef al. 1992). The accurate positioning and orientation of catalytic
domains in this multienzyme complex was made possible by recent determination of its
crystal structure at a resolution of 5 A. The barrel-shaped structure showed two identical
reaction chambers, each harbouring three copies of a full set of the domains needed for
FAS, separated by a central wheel (Jenni ef al. 2006).

It has been generally accepted that multifunctional proteins are formed by fusion of
genes encoding individual polypeptides (Hardie et al. 1986). As both mammalian and
fungal FAS I domains share sequence similarity with their monofunctional counterparts,
it is probable that chromosomal rearrangements have led to grouping of the genes of the
biosynthetic pathway into multidomain-coding sequences. The fact that in E. coli several
of the FAS genes are clustered and some of them are cotranscribed (Rawlings and Cronan
1992) provides further support for the gene fusion hypothesis and suggests that fusion of
genes originally began in prokaryotes (Smith 1994).
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2.3.1.2 The ACP domain

The phosphopantetheine arm of ACP to which the growing acyl chain is linked during
synthesis has been indentified as a key factor that transfers intermediates between
catalytic domains. It was originally proposed that the mobility of this arm facilitates
interaction with different domains (Lynen 1967). However, later studies showed that
estimated distances between active sites are markedly greater than 18 A, which is the
length of the phosphopantetheine arm, and thus ruled out the “swinging arm” hypothesis
(Foster et al. 1985, Yuan and Hammes 1986). Crystal structures of mammalian and
fungal FAS 1, although not providing details at the atomic level, provide further
information on the mechanism of substrate movement between catalytic domains. In
mammalian FAS I considerable movement of ACP is needed to enable the access of ACP
to various domains. When suitable proximity is reached the phosphopantetheine arm of
ACP is needed for the insertion of ACP-bound substrates into deep-set active centers.
This movement possibly results from the internal flexibility of ACP, as well as from the
flexibility of the linker region, together with slight conformational changes in domains, as
observed in the asymmetrical reaction chambers and in electron microscopy studies
(Asturias et al. 2005, Maier et al. 2006). In the fungal model ACPs are confined to the
reaction chambers and as in the mammalian system movement is needed in order to reach
the proximity of the catalytic centers. This movement is not facilitated by large
conformational changes, but rather by movement of the ACP domain itself after which
the phosphopantetheine arm is responsible for the delivery of substrates to hydrophobic
catalytic pockets (Jenni ef al. 2006).

2.3.1.3 Alternative substrates and product specificity

In most organisms palmitic acid (Cy¢) is the main product of FAS I. The specificities of
enzymes responsible for substrate loading, chain elongation and termination ensure that
once elongation has started it proceeds efficiently and terminates when a chain length of
Cy¢ is reached. In mammals the key regulator appears to be the thioesterase domain of
FAS T that shows maximum activity for a Cj4 acyl chain length with greatly declined
activities for substrates shorter than C;s or longer than C,3 (Mattick et al. 1983,
Pazirandeh ef al. 1989, Chakravarty et al. 2004). FAS I also normally produces small
amounts of lauric acid (C,,), as well as myristic acid (C,4), which have important role as
acyl moieties in several proteins (Farazi ef al. 2001).

An important characteristic of FAS I is that depending on the organism or particular
tissue, initiation and termination reactions may vary producing products other than
palmitic acid. The use of propionyl-CoA as a priming substrate instead of acetyl-CoA
results in the generation of odd-numbered saturated fatty acids, mainly C;5 and C,; (Jones
et al. 1978, Seyama et al. 1981). When extender substrate, malonyl-CoA, is replaced by
methylmalonyl-CoA, which in mammals can happen only in certain tissues, such as
sebaceous glands, (multi)methyl-branched chain fatty acids will be synthesized. Although
the synthesis rate of methyl-branched chain fatty acids is significantly lower than that of
straight-chain fatty acids, in harderian and meibomian glands and avian uropygial glands
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methyl-branched fatty acids are the dominant products of FAS I. In the tissues mentioned
above specific FAS-independent malonyl-CoA decarboxylase lowers the level of
malonyl-CoA and thus restricts the availability of extender substrates to methylmalonyl-
CoA (Buckner et al. 1978, Kim and Kolattukudy 1978, Seyama ef al. 1981).

Use of alternative substrates accounts for the synthesis of odd-numbered and methyl-
branched fatty acids but changes in the chain length of products require the use of a
special chain terminating enzyme. In the mammary glands of nonruminant animals a
monofunctional thioesterase, termed thioesterase II, that is not part of the multifunctional
FAS I complex, is responsible for the premature termination of the growing chain and
production of medium chain-length fatty acids (Cs-C,4), which are essential compounds
of milk fat triacylglycerols (Libertini and Smith 1978, Smith 1981). A similar thioesterase
also operates in the preen glands of aquatic birds producing lipids needed for the water-
proofing of feathers (De Renobales ef al. 1980). In the mammary glands of ruminants
(e.g. cows, goats and sheep) a special thioesterase is not needed since malonyl/acetyl
transferase has relaxed substrate specificity and is able to translocate medium chain-
length substrates from the synthesis pathway by transacylation. This results in medium
chain-length acyl-CoA thioesters, which are subsequently used in the production of milk
fat (Hansen and Knudsen 1980, Knudsen and Grunnet 1982).

2.3.2 FAS I

In type II fatty acid synthesis a series of individual enzymes encoded by separate genes is
responsible for initiation of acyl chain synthesis and subsequent chain elongation and
termination. A model organism for this system that operates in bacteria, as well as in plant
plastids and parasites, is E. coli from which all of the individual genes have been cloned
and characterized. The protein structures of all the members of the pathway have also
been resolved, which has greatly helped in understanding the catalytic mechanism,
substrate recognition and chain length specificity of individual proteins. The basic steps
of the fatty acid synthesis are common to all bacteria and the genes are generally well
conserved. Figure 4 depicts the fatty acid biosynthesis pathway in E. coli showing the
catalytic steps and participating enzymes.
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Fig. 4. Type II fatty acid biosynthetic pathway of prokaryotes. In the first committed step
heterotetrameric acetyl-CoA carboxylase (AccABCD) coverts acetyl-CoA to malonyl-CoA,
which is then transferred to ACP by malonyl-CoA:ACP transacylase (FabD). The chain
elongation is initiated by condensation of acetyl-CoA with malonyl-ACP catalyzed by -
ketoacyl-ACP synthase III (FabH). The cycle continues with reactions catalyzed by B-
ketoacyl-ACP reductase (FabG), p-hydroxyacyl-ACP dehydratase (FabA, FabZ), and trans-2-
enoyl-ACP reductase (Fabl, FabK, FabL). In the subsequent cycles the condensation reaction
is catalyzed by p-ketoacyl-ACP synthase I/II (FabB, FabF).

2.3.2.1 Soluble ACP of FAS II

In contrast to FAS I, where ACP is part of the multifunctional polypeptide, the ACP in
FAS 11 is present as a soluble protein. All the acyl intermediates in the synthesis pathway
are carried as thioesters from enzyme to enzyme by ACP making it indispensable for FAS
II. ACP contains a 4’-phosphopantetheine prosthetic group attached to a serine residue in
the conserved AspSerLeu motif of the protein and the thioester linkage is formed between
the acyl group and terminal sulfhydryl of the prosthetic group (Figure 2.).

The ACP in E. coli is the most extensively studied and since its structural
characterization (Holak er al. 1988), structures of several other ACPs have been analyzed
(White ef al. 2005). ACPs form a family of highly related small (~ 9 kDa) acidic proteins
with very similar structural elements and overall folding consisting of four o-helices
grouped into a bundle. It has been shown that ACPs from other bacteria, plant, and even
the ACP domain of rat FAS I can act as an acyl carrier with the FAS enzymes of E. coli
(Ohlrogge et al. 1995, Tropf et al. 1998).
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With the exception of acetyl-CoA carboxylase, an ACP carrying an acyl group
interacts transiently with all the enzymes of FAS II. It has been suggested that this
interaction occurs between conserved exposed negative residues on ACP and a positively
charged ACP-binding motif on the surface of FAS II enzymes (Zhang et al. 2003). Based
on the structural homology between FAS I and FAS II enzymes it has also been proposed
that a guiding mechanism based on the similar interactions facilitates the entry of
substrates into the different active sites of mammalian FAS (Maier et al. 2006). Structural
studies also suggest that the prosthetic group in ACP can be bound in the hydrophobic
pocket adjacent to the AspSerLeu motif or as solvent exposed (Wong et al. 2002) and that
the ACP interacts with the attached acyl intermediates using the same hydrophobic region
(Roujeinikova ef al. 2002). Furthermore it has been hypothesized that acyl intermediates
with a longer chain length are more favoured in interactions with ACP, whereas with
short chain length intermediates the hydrophobic interactions are not favoured and the
acyl chains are exposed to the solvent (White et al. 2005).

2.3.2.2 Initiation of synthesis

The first committed step of fatty acid synthesis, the conversion of acetyl-CoA to malonyl-
CoA, is catalyzed by acetyl-CoA carboxylase (Acc) (Guchhait ef al. 1974). The reaction
is composed of two half reactions and requires the coordinated action of four different
genes (AccA, AceB, AccC, AceD) encoding interacting AccBC and AccAD complexes
that catalyze the ATP-dependent formation of carboxybiotin and the transfer of a carboxyl
group to acetyl-CoA, respectively (Cronan and Waldrop 2002). In bacteria the malonyl-
CoA formed is exclusively used for fatty acid synthesis and thus the role of the reaction
catalyzed by Acc as a regulatory step has been studied. The expression of Acc correlates
with the growth rate of the cell (Li and Cronan 1993) and it has been shown that
overexpression leads to elevated fatty acid synthesis (Davis et al. 2000). Feedback
inhibition of Acc activity by acyl-ACP has also been observed, illustrating the role of Acc
as a key regulatory enzyme in FAS (Davis and Cronan 2001).

Before the malonyl moiety is used in FAS it is transferred from malonyl-CoA to ACP.
This readily reversible step is catalyzed by monomeric malonyl-CoA:ACP transacylase
(FabD) that exists as a single isoform, which has been identified from all known bacterial
genomes. FabD is highly specific for malonyl-CoA and its activity is needed not only for
delivery of malonyl-ACP for initiation of FAS, but also to supply the subsequent rounds
of elongation, as has been shown with temperature-sensitive mutants (Harder ef al. 1974).
This enzyme is present in excess and has no apparent regulatory function in the FAS
pathway.

B-Ketoacyl-ACP synthase III (FabH) initiates chain elongation by catalyzing the
condensation of acetyl-CoA with malonyl-ACP producing B-ketobutyryl-ACP with
concomitant loss of CO, (Jackowski ef al. 1989). Since FabH is essential for initiation of
FAS (Lai and Cronan 2003), it has a role in determining the amount of fatty acids
produced by the pathway. Consequently, the activity of FabH is controlled by feedback
inhibition by long-chain acyl-ACPs, which coordinate the rate of initiation of new acyl
chains with the rate of utilization of the chains formed (Heath and Rock 1996). The
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substrate specificity of FabH has a major role in determining the structure of the fatty
acids formed and thus the fatty acid composition of membrane phospholipids. In E. coli
FabH uses only acetyl- and propionyl-CoA as substrates and only straight-chain saturated
and unsaturated fatty acids can be formed (Heath and Rock 1996), whereas in bacteria,
such as Bacillus subtilis, that produce branched-chain fatty acids, FabH prefers branched-
chain acyl-CoA substrates derived from amino acid catabolism (Choi et al. 2000).

2.3.2.3 Elongation of acyl chains

After the initial condensation reaction four enzymes are responsible for further cycles of
chain elongation, wherein a two-carbon unit from malonyl-ACP is added to the growing
acyl-chain in each cycle until a chain length of C;4 - Ci5 is reached.

The first of the two reductive steps of the cycle, the NADPH-dependent reduction of
B-ketoacyl-ACP intermediates to B-hydroxyacyl-ACP, is catalyzed by B-ketoacyl-ACP
reductase (FabG). FabG is essential for the growth and viability of E. coli and is needed
for all of the elongation cycles required to synthesize long-chain fatty acids (Zhang and
Cronan 1998, Lai and Cronan 2004). It can utilize B-ketoacyl-ACPs of all chain lengths
as a substrate and is a highly conserved component of FAS for which no alternative
isoforms have been described among bacteria (Heath and Rock 1995, Heath 2001). FabG
belongs to the short-chain dehydrogenase/reductase (SDR) family of enzymes, whose
members catalyze a broad range of reduction and dehydrogenase reactions using a
nucleotide cofactor (Jornvall et al. 1995, Oppermann et al. 2003). Unlike most of the
SDR family members, FabG undergoes a rearrangement of the active site residues upon
cofactor binding as evidenced by crystal structures (Price ef al. 2004).

The next step in the cycle is the dehydration of B-hydroxyacyl-ACP to trans-2-enoyl-
ACP. In bacteria there are two known isoforms of B-hydroxyacyl-ACP hydratase, FabA
and FabZ. FabZ can process both saturated and unsaturated p-hydroxyacyl-ACPs of all
chain lengths, whereas FabA dehydrates only saturated intermediates being most active
towards 10-carbon substrates (Mohan et al. 1994, Heath and Rock 1996). In addition to
dehydratase activity FabA also catalyzes the isomerization reaction that introduces the
double bond into the A® position of the 10-carbon intermediate and routes the synthesis
from saturated fatty acids towards the formation of unsaturated fatty acids. In this
reaction trans-2-decenoyl-ACP formed after dehydration stays bound to FabA and is
isomerised to cis-3-decenoyl-ACP instead of being reduced by enoyl-ACP reductase
(Fabl). The crystal structure of FabA revealed that the length of the active site tunnel is
suitable for a 10-carbon substrate, which explains the specificity of the isomerization
reaction (Leesong et al. 1996). In addition to FabA, the synthesis of unsaturated fatty
acids in E. coli requires B-ketoacyl-ACP synthase I (FabB) activity for further elongation
of cis-3-decenoyl-ACP and this activity determines the rate of unsaturated fatty acid
synthesis (Clark et al. 1983, Zhang et al. 2002). Unlike FabZ, which is ubiquitously
expressed in bacteria, FabA is not as widely distributed and is lacking in gram-positive
bacteria (Campbell and Cronan 2001). In these bacteria FabZ is the only dehydratase and
double bonds are introduced either into the growing acyl chain by a special isomerase
(FabM in Streptococcus pneumoniae) (Marrakchi et al. 2002) or into pre-existing acyl
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chains in membrane phospholipids by desaturation (A5 desaturase in B. subtilis) (Aguilar
et al. 1998, Mansilla et al. 2003).

The second reductive step and the last step in each round of the cycle is the NADH-
dependent reduction of frans-2-enoyl-ACP to acyl-ACP. This step is catalyzed in E.coli
by a single enoyl-ACP reductase called Fabl. Similar to FabG, Fabl belongs to the SDR
family of proteins, which have a conserved active site motif Ser-X10-Tyr-Xn-Lys,
although Fabl differs from typical members of the SDR family in that n=6 and Ser is
replaced by Tyr. Fabl is considered a key regulator of FAS since it has a determinant role
in completing elongation cycles (Heath and Rock 1995) and its activity is regulated by
long-chain acyl-ACP inhibition. This product inhibition ensures that new chains are
formed according to requirement (Heath and Rock 1996). Fabl is a highly conserved
protein within FAS II and can be identified from most bacteria. However, genes related to
Fabl can not be found in the genomes of Streptococci or Clostridia even though they
contain genes encoding all the other members of FAS II. Streptococcus pneumonia uses
trans-2-enoyl-ACP reductase II, termed FabK, which can be identified from several
Gram-positive bacteria and Pseudomonas. FabK is a FAD containing, NADH-dependent
protein that has a similar function in the elongation cycle as Fabl but shows no similarity
to it (Heath and Rock 2000). B. subtilis contains, in addition to Fabl, another enoyl-ACP
reductase, named FabL, which is NADPH-dependent. This protein has some degree of
homology to Fabl and contains a motif that resembles the active site motif of Fabl, and
these two protein share overlapping functions as has been shown by mutation studies
(Heath et al. 2000).

An elongation class of condensation enzymes, -ketoacyl-ACP synthase I (FabB) and
B-ketoacyl-ACP synthase II (FabF), acts in the subsequent rounds of elongation. These
enzymes operate by adding a two-carbon unit from malonyl-ACP to the growing acyl-
ACP in a condensation reaction where CO; is released (Garwin ef al. 1980). FabB is a
homodimeric enzyme that elongates Cq - C;, acyl-ACP substrates efficiently while
showing minimal activity with C,4 and C;s substrates (Edwards et al. 1997). Importantly,
FabB is essential for unsaturated fatty acid synthesis as it can utilize cis-3-decenoyl-ACP
produced by FabA and thus initiate the cycle leading to production of long-chain
unsaturated fatty acids (Clark et al. 1983). Similar to FabB, FabF is a homodimeric
protein and accepts a wide range of acyl-ACP molecules as a substrate. FabF can also
utilize palmitoleic acid (Cy.;) required for the synthesis of cis-vaccenic acid (Cis.1) and
thus has an essential role in the regulation of fatty acid composition in response to
temperature changes (Gelmann and Cronan 1972, Garwin et al. 1980, Edwards et al.
1997). FabB and FabF share substantial similarity at the amino acid level and their crystal
structures are also very similar. An extended hydrophobic pocket near their active sites
can accommodate acyl chains up to C;s and thus the substrate binding site limits the
length of fatty acids that can be produced by FAS II systems (Huang et al. 1998, Olsen et
al. 1999, Olsen et al. 2001). Although both enzymes share a conserved catalytic triad and
their active site architecture is very similar, significant differences exist in their substrate
binding. Only FabB can utilize cis-3-decenoyl-ACP (C,.;) as a primer, whereas
elongation of cis-hexadecenoyl-ACP (Ci4,;) is carried out exclusively by FabF. It has
been proposed that small differences in their substrate binding hydrophobic pockets are
responsible for these observed substrate preferences (Moche et al. 2001).
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2.3.3 Mitochondrial FAS in eukaryotes

Similarity searches from genome databases, as well as genetic screening studies, have
revealed several genes from fungi and mammals that share similarity with the members
of bacterial FAS 1II, and this has led to the theory that a FAS II system operates in the
mitochondria of eukaryotes. This system is best characterized from Saccharomyces
cerevisiae, which has been shown to encode proteins comprising an essentially complete
set of fatty acid synthesis type II proteins localized to the mitochondria. The mammalian
system for mitochondrial fatty acid synthesis is less well characterized, although recent
isolation and functional characterization of several of its members greatly strengthens the
evidence for its existence. The enzymatic steps of FAS in eukaryotic mitochondria and
participating enzymes in fungi are shown in figure 5.

Acetyl-S-CoA
i Hfalp Acetyl-S-ACP B-Hydroxyacyl-S-ACP
Malonyl-S-CoA Oarlp Htd2p

Metlp B-Ketoacyl-S-ACP Trans-2-enoyl-S-ACP

Malonyl-S-ACP
Cemlp y
Acyl-S-ACP

Fig. 5. Catalytic steps and participating enzymes of mitochondrial FAS II in S. cerevisiae.
Hfalp, mitochondrial acetyl-CoA carboxylase; Mctlp, malonyl-CoA:ACP transferase;
Cemlp, p-ketoacyl-ACP synthase (condensing enzyme 1); Oarlp, B-ketoacyl-ACP reductase
(3-0x0acyl-ACP reductase); Htd2p, 3-hydroxyacyl-ACP dehydratase; Etrlp, 2-enoyl-ACP
reductase.

2.3.3.1 The fungal model

The first finding suggesting the existence of a fatty acid synthesis system in the
mitochondria of eukaryotes was the discovery of ACP in the mitochondria of the fungus
Neurospora crassa (Brody and Mikolajczyk 1988) and later in S. cerevisiae (Schneider et
al. 1995). The ACPs from these organisms closely resembled the ACPs of the prokaryotic
FAS type II system and in N. crassa ACP was found to be associated with respiratory
complex I (Sackmann et al. 1991), whereas in S. cerevisiae, which lacks complex I, ACP
exists as an independent mitochondrial protein. Disruption of the gene coding for
mitochondrial ACP was shown to produce a respiratory-deficient phenotype in both
organisms as in N. crassa it resulted in loss of complex I, and in S. cerevisiae complexes
IIT and IV of the respiratory chain were absent (Schneider ef al. 1995).
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Subsequently several genes associated with mitochondrial FAS — B-ketoacyl-ACP
synthase (named CEM1), malonyl-CoA:ACP transferase (named MCT1), and B-ketoacyl-
ACP reductase (named OAR1) — were identified from S. cerevisiae based on their
similarity with bacterial FAS II genes. Similar to the disruption of 4CP/, inactivation of
any of these genes resulted in respiratory-deficient phenotypes (Harington et al. 1993,
Schneider et al. 1997).

The identification of fungal counterparts to bacterial B-hydroxyacyl-ACP dehydratase
and 2-enoyl-ACP reductase, enzymes responsible for the last steps of the FAS cycle, was
hindered by the fact that candidates bearing similarity to the bacterial enzymes could not
be located from available databases. The gene encoding mitochondrial 3-hydroxyacyl-
ACP dehydratase was identified recently by genetic screening from S. cerevisiae and
named HTD2 (Kastaniotis et al. 2004). It was shown that disruption of HTD2 caused
respiratory deficiency and loss of cytochromes in a manner identical to other
mitochondrial FAS mutants. Furthermore, the mutant phenotype could be complemented
by mitochondrially localized E. coli FabA and FabZ proteins, which are functional
analogues of Htd2p. It was also shown that the protein bore low similarity to the
hydroxyacyl dehydratases of fatty acid synthase complexes and resembled the 2-enoyl-
CoA hydratase part of peroxisomal multifunctional protein type 2 (MFE II) in having a
hydratase-2 motif (Kastaniotis et al. 2004).

The initial characterization of mitochondrial 2-enoyl thioester reductase from Candida
tropicalis and S. cerevisiae based on protein purification and molecular cloning is
presented in original article I included in this thesis and discussed in more detail below
(see results and discussion sections).

Like other FAS systems, mitochondrial FAS is dependent on malonyl-CoA as a chain
extender substrate. In fungi this substrate for cytosolic FAS is provided by carboxylation
of acetyl-CoA to malonyl-CoA in the reaction catalyzed by acetyl-CoA carboxylase
(ACC1). The finding that an open reading frame HFA/ encodes the putative protein with
a high degree of similarity to ACC1 suggested the existence of functionally differentiated
organellar acetyl-CoA carboxylase in yeast (Kearsey 1993). However, the biochemical
function of this gene remained unclear and it was proposed that malonyl-CoA produced
by ACCI is also used in mitochondria (Hoja ef al. 1998), although it is likely that this
molecule can not penetrate mitochondrial membranes. Recent studies with HFA4/ showed
that gene disruption results in a phenotype very similar to other mitochondrial FAS
mutants. It was also shown that gene product Hfalp is localized to the mitochondria and
that mitochondrial localization is required for complementation of HFA/ null mutants.
From these results it was concluded that HFA/ encodes mitochondrial acetyl-CoA
carboxylase providing malonyl-CoA for mitochondrial FAS (Hoja et al. 2004).

2.3.3.2 The mammalian model

Since the discovery of an ACP-like protein in animal mitochondria (Runswick et al
1991, Triepels et al. 1999), the existence of a FAS system in mammalian mitochondria
has been suspected. This protein was found to be a subunit of a tightly membrane bound
complex, called complex I, in the respiratory chain. Since all the characterized proteins
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from FAS II are soluble and act on intermediates bound to ACP, the question remained as
to whether complex I containing mitochondria have a distinct ACP species that is targeted
to the matrix, or whether complex I-bound ACP can participate in FAS reactions. Data
from complete genome sequences, as well as biochemical data, support the existence of
multiple ACPs in several eukaryotes, including Caenorhabditis elegans and N. crassa,
however only one gene coding for mitochondrial ACP is known in mammalian species
(Schulte 2001). Very recently it was reported that most of the ACP-like protein in bovine
mitochondria is actually present as soluble matrix protein available to carry the
intermediates of mitochondrial FAS (Cronan et al. 2005). As it is known that the ACP-
like protein in complex I contains phosphopantetheine and is acylated (Runswick et al.
1991, Hirst et al. 2003) it was suggested that this protein interacts with
phosphopantetheinyl transferase and the proteins of mitochondrial FAS before it is
recruited to complex I during its assembly (Cronan ef al. 2005).

The cloning and characterization of 2-enoyl thioester reductase from human and
bovine paved the way for characterization of other mammalian enzymes participating in
mitochondrial fatty acid synthesis. This study is presented in original article II included in
this thesis and discussed in more detail below (see results and discussion sections).

At the same time as our work on mammalian 2-enoyl thioester reductase was
conducted, phosphopantetheinyl transferase and mitochondrial malonyl-CoA:ACP
transacylase (malonyl transferase) were cloned and characterized from human. Human
phosphopantetheinyl transferase was found to be a monomeric protein capable of
transferring a phosphopantetheine moiety from CoA to both the ACP domain of cytosolic
multifunctional FAS and ACP associated with mitochondria. It was also shown that the
transferase can phosphopantetheinylate peptidyl carrier proteins and ACPs from
prokaryotes (Joshi et al. 2003). In contrast to the transferase domains of mammalian
cytosolic FAS I, which can transfer malonyl and acetyl moieties, human malonyl
transferase is specific for malonyl-CoA and in that resembles E. coli malonyl-CoA:ACP
transacylase (FabD). Furthermore, malonyl transferase can also transfer a malonyl group
to prokaryotic ACPs in addition to mitochondrial ACP, but not to the ACP domain of
human cytosolic FAS. Thus the functional properties of human malonyl transferase are
closer to prokaryotic FabD proteins than to the transferase domain of cytosolic FAS I and
this relationship is also evident at the amino acid sequence level (Zhang et al. 2003).

Recently a characterization of mitochondrial -ketoacyl synthase was reported. This
enzyme shows significant similarity to S. cerevisiae and N. crassa B-ketoacyl synthases,
as well as to prokaryotic synthases I (FabB) and II (FabF), at the amino acid level, and
can effectively utilize acyl chains containing 2 - 14 carbon atoms as substrates,
elongating them with malonyl-ACP. Like other characterized mitochondrial FAS
enzymes mammalian ketoacyl synthases appear to be more closely related to their
prokaryotic and fungal counterparts than to cytosolic FAS I. The substrate specificity of
human B-ketoacyl synthase is quite similar to that of prokaryotic FabB and FabF with the
exception that it can also catalyze the initial condensation reaction using acetyl-ACP as a
primer. The ability to complement a S. cerevisiae mutant lacking ketoacyl synthase
(CEM1) activity indicates that the kinetic properties, as well as the substrate specificity of
the human enzyme correspond to those of CEM1 (Zhang ef al. 2005).
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2.3.4 The physiological significance of mitochondrial FAS

Although the components involved in mitochondrial FAS have been reasonably well
characterized, especially in yeast, the physiological significance of this system is not
clear. The majority of mitochondrial fatty acids are synthesized by cytosolic FAS and
imported to the mitochondria. Therefore, significant changes in mitochondrial fatty acid
composition can not be observed in cells where components of mitochondrial FAS have
been disrupted (Harington et al. 1993). However, the importance of the FAS system in
mitochondria is clearly shown in yeast by respiratory-deficient phenotypes unable to
sustain growth on nonfermentable carbon sources, if any of the components are defective.

The major products of prokaryotic FAS II are long chain acyl-ACPs with 16 or 18
carbon atoms and a Cg intermediate (octanoyl-ACP) is routed off for the synthesis of
lipoic acid. Lipoic acid is an important cofactor for at least pyruvate dehydrogenase, o-
ketoglutarate dehydrogenase, the glycine cleavage system and branched-chain a-ketoacid
dehydrogenases, and in eukaryotes these enzymes localize to the mitochondria. The
products of mitochondrial FAS in yeast and plants have been reported to contain 8 - 18
carbon atoms, the major acyl chains in N. crassa being Cg and C;4 (Mikolajezyk and
Brody 1990) and in plants Cg, Cy4, and C;g (Gueguen et al. 2000, Yasuno et al. 2004).
While the role of long chain fatty acids produced in mitochondria is not clear, it is
generally accepted that the octanoic acid (Cg) produced serves as a precursor in lipoic
acid synthesis. In S. cerevisiae this has been shown by the disruption of ACP/and HFA1
genes, which resulted in respiratory-deficient mutants with greatly reduced lipoic acid
content. The addition of lipoic acid to growth media did not rescue the phenotype
indicating that yeast cells can not incorporate lipoic acid into mitochondria or that it is
not activated (Brody et al. 1997, Hoja et al. 2004). Decreased lipoic acid content by itself
does not explain all the phenotypes seen in yeast mutants deficient in mitochondrial FAS,
as it has been shown that disruption of the lipoic acid synthesis pathway, in contrast to
mitochondrial FAS, does not produce a cytochrome-deficient phenotype (Sulo and Martin
1993).

It is usually thought that the lipoic acid requirement of mammals is met by dietary
intake. However, recently, a lipoic acid synthase that converts octanoyl-ACP to lipoyl-
ACP was characterized from mammalian mitochondria (Morikawa et al. 2001). This
finding and the close relationship between several components of prokaryotic FAS II and
eukaryotic mitochondrial FAS suggests the possibility that, similar to plants and fungi,
one role of mitochondrial FAS may be to supply octanoyl-ACP for lipoic acid production
and to ensure a constant supply of this essential cofactor regardless of its availability
through the diet.

The capability of mitochondria to produce long chain fatty acids would indicate partial
functional redundancy between cytosolic and mitochondrial FAS systems. However,
mitochondrial FAS is clearly unable to complement cells with inactivated cytosolic FAS
as it has been shown that the growth media of such cells needs to be supplemented with
fatty acids to prime the synthesis of very long chain fatty acids (Rossler et al. 2003). It
has been suggested that mitochondrial FAS provides ACP-bound substrates for the repair
of damaged phospholipids in mitochondrial inner membranes and/or for the remodelling
of membrane phospholipids (Schneider et al. 1995, Schneider et al. 1997). It has also
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been proposed that mitochondrial FAS has a role in the production of fatty acids required
for the membrane insertion of proteins and a role in the maintenance of mitochondrial
morphology (Harington et al. 1993, Kastaniotis et al. 2004). Since the experimental
evidence validating these theories is not unequivocal, the role of the long chain fatty
acids produced by mitochondrial FAS and the overall importance of this system for
mitochondrial function remains to be determined.

2.4 Fatty acid degradation

In addition to having an essential role in several cellular processes such as signal
transduction and the synthesis of membrane lipids, fatty acids serve as energy storage in
the form of triacylglycerols. Oxidative degradation of fatty acids released from
triacylglycerols or obtained from the diet is a main energy provider for heart and skeletal
muscle, and during starvation or prolonged fasting, when carbohydrates are scarce, fatty
acids provide energy for the whole organism. Degradation of fatty acids and their
derivatives is not only important for energy metabolism and homeostasis but also for the
degradation of metabolites that would otherwise accumulate and cause deleterious effects
when present in abnormal quantities inside the cells. Fatty acids are oxidized in three
different cellular organelles, with B-oxidation confined solely to peroxisomes in yeast and
to mitochondria and peroxisomes in mammals, and with ®-oxidation occurring in the
endoplasmic reticulum. Though p-oxidation occurs both in mitochondria and
peroxisomes, the enzymatic steps are catalyzed by different enzymes encoded by
different genes and the roles of B-oxidation in different compartments are different but
functionally complementary.

2.4.1 Mitochondrial f-oxidation

The majority of short-, medium-, and long-chain fatty acids are oxidized by the
mitochondrial f-oxidation system. The abundance of long-chain fatty acids in dietary fat
and thus also in the triacylglycerol stores of adipose tissues makes them the predominant
source of energy under normal dietary conditions for heart and skeletal muscle. During
prolonged fasting or strenuous activity, when mobilized from triacylglycerols, oxidation
of fatty acids is crucial for energy homeostasis providing 80 - 90% of the required energy
(Mitchell et al. 1995). Energy in the form of ATP is generated directly when the reduced
cofactors are fed into the respiratory chain located in the inner mitochondrial membrane
and when the product of f-oxidation, acetyl-CoA, is further oxidized to CO, and H,O in
the citric acid cycle. Acetyl-CoA is also used as a precursor in the synthesis of ketone
bodies (acetoacetate and 3-hydroxybutyrate), which can act as an alternative energy
source for the brain and muscles, helping to decrease the need for glucose.
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2.4.1.1 Activation and transport of fatty acids into the
mitochondrial matrix

Before fatty acids can be subjected to degradation they must be transported into
mitochondria and activated to their corresponding acyl-CoA thioesters (Figure 6.). Short-
and medium-chain fatty acids (C4; - Cy4) can readily cross the outer and inner
mitochondrial membranes and are activated in the matrix by ATP-dependent chain length
specific acyl-CoA synthetases (ACS) (Aas 1971, Barth et al. 1971). Longer-chain fatty
acids must be transported by specific means since they can not directly enter
mitochondria and cross the inner mitochondrial membrane. Long-chain fatty acids are
activated by members of the long-chain acyl-CoA synthetase family (ACSL), which has 5
different isoforms (ACSL1, ACSL3-6) in humans and rodents bound either to the outer
mitochondrial membrane, the peroxisomal membrane or the membrane of the
endoplasmic reticulum (Lewin ef al. 2001, Mashek et al. 2004). In addition to having
acyl-CoA synthase activity, certain mammalian ACSL isoforms also seem to function in
fatty acid transport by vectorial acylation in the plasma membrane (Tong et al. 2006).
Since each of the known isoforms has a distinct tissue distribution, subcellular location,
and is regulated independently by diverse hormones and nuclear transcription factors, it
has been suggested that the fate of a particular acyl-CoA depends on which isoform of the
ACSL catalyzes its synthesis. However, it is not yet firmly established which isoforms are
responsible for channelling fatty acids towards oxidative or synthetic pathways, although
it has been suggested that ACSL5 and ACSL4 provide activated fatty acids for
mitochondrial and peroxisomal B-oxidation, respectively (Coleman et al. 2002, Lewin et
al. 2002). It should be noted that certain mammalian members of the fatty acid transport
protein family can also activate various fatty acid substrates to acyl-CoA esters (DiRusso
et al. 2005).

After activation long-chain acyl-CoAs are transported across the outer mitochondrial
membrane by the activity of carnitine-palmitoyl transferase I (CPT I), which catalyzes the
conversion of acyl-CoA to an acyl-carnitine derivative and subsequently transports it into
transmembrane space. This step limits the rate of fatty acid entry into the mitochondria
and is considered to be the rate-limiting reaction in mitochondrial B-oxidation. CPT I has
been characterized as different isoforms from liver and muscle (Kolodziej et al. 1992).
Although named liver and muscle isoforms, both isoforms are expressed in the heart
(Weis et al. 1994) and, in addition, a skeletal isoform can be found in testis and both
white and brown adipose tissue, whereas liver isoform can also be found in the kidney,
lung, ovary, spleen, intestine, brain and pancreatic islets (Esser ef al. 1996, Brown et al.
1997). CPT I resides within the outer mitochondrial membrane and has two membrane-
spanning domains and C- and N-terminal parts facing the cytosol (Fraser et al. 1997). A
third CPT I isoform that is expressed predominantly in the brain has also been described
recently (Price ef al. 2002). This isoform differs from other CPT I isoforms as it has not
been shown to exhibit acyl transferase activity with any of the tested acyl-CoA substrates
and the reaction catalyzed by it remains undetermined. It was, however, suggested that it
participates in the transport of a special class of fatty acids required for brain function.
Very recent studies with a mutant mouse deficient in this isoform also suggest that it has a
function in the regulation of energy homeostasis (Wolfgang et al. 2006).
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Transport of acyl-carnitines produced by CPT I across the inner mitochondrial
membrane is facilitated by carnitine acylcarnitine translocase (CACT) (Pande 1975). In
addition to translocating acyl-carnitines into the mitochondrial matrix, CACT transports
free carnitine from the matrix back to the transmembrane space in unidirectional fashion
(Indiveri et al. 1991). At the molecular level CACT has been characterized from rodents
and human. There seems to be only a single isoform, whose localization in mitochondria
or peroxisomes is determined by alternative splicing (Huizing et al. 1997, Indiveri et al.
1997). CACT resides in the inner mitochondrial membrane with the N-terminus, two
small hydrophilic loops and the C-terminus facing the transmembrane space and three
larger hydrophilic loops facing the matrix side (Ramsay et al. 2001). The crystal structure
of human and mouse CACT has been recently solved (Lian et al. 2002, Jogl and Tong
2003).

Reconversion of acyl-carnitines back to acyl-CoAs in the matrix is catalyzed by
carnitine palmitoyl transferase I (CPT II), which resides in the matrix side of the inner
mitochondrial membrane. Characterization of CPT II at the molecular level indicated that
it has no isoforms and it is expressed ubiquitously and in variable quantities in most
mammalian tissues (Woeltje ef al. 1990, Finocchiaro ef al. 1991, Brown et al. 1997). The
crystal structure of human and rat CPT II was recently solved and based on this structural
information it was proposed that mutations observed in CPT II deficiency (see section
2.6.1) affect substrate recognition and structural integrity. Furthermore, it was suggested
that a highly hydrophobic area on its surface facilitates the association of CPT II with the
inner membrane of the mitochondria (Hsiao et al. 2006, Rufer ef al. 2006).
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Fig. 6. Mitochondrial B-oxidation of saturated fatty acids. Activation and transport of fatty
acids into the mitochondrial matrix, as well as enzymatic steps catalyzed by membrane-
bound and soluble enzymes are shown. CPT I, carnitine-palmitoyl transferase I; CACT,
carnitine acylcarnitine translocase; CPT II, carnitine-palmitoyl transferase II; ACS, acyl-
CoA synthetase; VLCAD, very long chain acyl-CoA dehydrogenase; EH, enoyl-CoA
hydratase; HAD, 3-hydroxyacyl-CoA dehydrogenase; KT, 3-ketoacyl-CoA thiolase; I,
complex I of the respiratory chain; ETF, electron-transferring flavoprotein. See text for
further details.
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2.4.1.2 Membrane-bound and soluble enzymes of the p-oxidation spiral

The chain shortening of acyl-CoAs occurs via repetition of four consecutive steps that are
catalyzed by acyl-CoA dehydrogenase, 2-enoyl-CoA hydratase, 3-hydroxyacyl-CoA
dehydrogenase and 3-ketoacyl-CoA thiolase, which remove one molecule of acetyl-CoA
per cycle from the initial fatty acid substrate (Eaton et al. 1996). There are multiple
enzymes with variable chain length specificities for each of the steps and furthermore the
B-oxidation system has two distinct components that function as bound to the inner side
of the inner mitochondrial membrane or as free enzymes in the matrix (Figure 6.). Before
the membrane-bound system was discovered it was generally assumed that fatty acids are
oxidized by the concerted action of several individual matrix enzymes.

The first reaction in the membrane-bound system, the dehydrogenation of fatty acid to
trans-2-CoA, is catalyzed by very-long-chain acyl-CoA dehydrogenase (VLCAD), which
shows activity towards acyl-CoAs with chain lengths C;, - C,4, with palmitoyl-CoA (Cjs)
being the favoured substrate. VLCAD is a homodimeric protein with a molecular mass of
150 kDa and it contains flavine-adenine dinucleotide (FAD), which is needed in the
dehydrogenation process as a cofactor (Izai et al. 1992). At the molecular level this
enzyme has been characterized from various mammalian species (Aoyama et al. 1994,
Strauss et al. 1995, Orii et al. 1997). Recently another homodimeric membrane-bound
acyl-CoA dehydrogenase was characterized and named ACAD-9. The properties and
tissue distribution of ACAD-9 are very similar to VLCAD but unlike other acyl-CoA
dehydrogenases ACAD-9 is also expressed in the brain (Zhang et al. 2002). Although
originally ACAD-9 was shown to have optimal activity with palmitoyl-CoA and thought
to have a role in the oxidation of long-chain saturated fatty acids, recent studies indicated
maximal activity with long-chain unsaturated acyl-CoAs as substrates, suggesting a role
in the mitochondrial B-oxidation of long-chain unsaturated fatty acids (Ensenauer et al.
2005).

The last three steps of the membrane-bound system are catalyzed by the long-chain
enoyl-CoA  hydratase/3-hydroxyacyl-CoA  dehydrogenase/3-ketoacyl-CoA  thiolase
trifunctional protein complex (TFP). This multifunctional hetero-octomeric polypeptide
has a mass of 460 kDa and has been purified from different sources, and it shows optimal
activity with acyl-CoA substrates with a chain length of C;, - Cy¢ (Carpenter et al. 1992,
Uchida et al. 1992, Luo et al. 1993). The enoyl-CoA hydratase and 3-hydroxyacyl-CoA
dehydrogenase activities in this trifunctional protein are carried by the a-subunit, which is
also required for membrane binding (Weinberger et al. 1995), whereas the thiolase
activity resides in the B-subunit. This enzyme has also been characterized at the
molecular level and the location and the structure of genes coding for the a- and B-
subunits have been resolved (Yang ef al. 1996, Orii et al. 1997).

Fatty acyl-CoAs chain-shortened in the membrane-bound system are subsequently
completely oxidized by individual enzymes residing in the matrix. In the first step the
dehydrogenation is carried out in a manner dependent on the chain length of the acyl-
CoA cither by long-chain acyl-CoA dehydrogenase (LCAD, Cy4 - Cyy), medium-chain
acyl-CoA dehydrogenase (MCAD, Cg - Cy,) or by short-chain acyl-CoA dehydrogenase
(SCAD, C; - Cq). These enzymes, like VLCAD, carry FAD as a cofactor but unlike
VLCAD, which is homodimer, have a homotetrameric structure. They have been purified
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from various sources including rat, human and bovine liver (Furuta ef al. 1981, Davidson
and Schulz 1982, Finocchiaro et al. 1987) and molecular characterization has also been
carried out from rat and human (Matsubara et al. 1986, Matsubara et al. 1987, Matsubara
et al. 1989, Naito et al. 1989) and more recently from mice (Kelly and Wood 1996,
Tolwani et al. 1996, Kurtz et al. 1998). The crystal structures of SCAD and MCAD have
also been solved (Kim and Wu 1988, Battaile ef al. 2002).

In the second step 2-enoyl-CoA hydratase, also known as crotonase, is responsible for
the hydratation of trans-2-acyl-CoAs to their corresponding 3-hydroxyacyl-CoAs (Stern
and Del Campillo 1956). The enzyme accepts a wide range of short- and medium-chain
length (C,4 - Cy4) substrates, being most active towards crotonyl-CoA (C,) (Waterson and
Hill 1972). The crystal structure of rat 2-enoyl-CoA hydratase has been solved and it
showed that the enzyme is a hexamer that consists of six identical subunits, which form a
dimer of trimers, and has a molecular mass of 161 kDa (Engel ef al. 1996). Although
purification of a second matrix-associated mitochondrial 2-enoyl-hydratase with a
preference for medium-chain substrates was reported (Jackson et al. 1995), it was later
identified as a peroxisomal protein (Jiang ef al. 1996).

The third step of the cycle is carried out by 3-hydroxyacyl-CoA dehydrogenase
(SCHAD), which catalyzes the dehydrogenation of 3-hydroxyacyl-CoAs to the
corresponding 3-ketoacyl-CoAs and is a 68 kDa dimer formed from two identical
subunits. This NAD"-dependent enzyme has been purified from various mammalian
sources (Wakil et al. 1954, Noyes and Bradshaw 1973, Osumi and Hashimoto 1980) and
has broad substrate specificity with short- and medium-chain substrates from C4 to Cys,
although like short-chain 2-enoyl-CoA hydratase it favours substrates with shorter chain
length (He ef al. 1989). From the crystal structure of the rat protein it has been shown that
the binding capacity of the NAD" cofactor resides in the aminoterminal domain (Birktoft
et al. 1987). The crystal structure of the human heart 3-hydroxyacyl-CoA dehydrogenase
has also been solved as an apoenzyme and with a bound substrate and NAD" cofactor
(Barycki et al. 1999, Barycki et al. 2000). Characterization of this enzyme has also been
performed at the molecular level (Amaya et al. 1986, Nomura et al. 1995, Vredendaal et
al. 1996). Another monofunctional enzyme with 3-hydroxyacyl-CoA dehydrogenase
activity and a homotetrameric structure has been purified from bovine liver (Kobayashi et
al. 1996, Furuta et al. 1997). This enzyme has no homology with SCHAD or LCHAD
from the trifunctional protein and it is not clear what its function in B-oxidation is.
Kinetic as well as crystallographic studies revealed that it has broad substrate specificity
encompassing, in addition to 3-hydroxyacyl-CoA derivatives, hydroxysteroids, alcohols
and B-hydroxybutyrate, and the capacity to bind amyloid-p peptides (He et al. 1999,
Powell et al. 2000). It has been suggested that it has an important metabolic role via its
utilization of other substrates, such as B-hydroxybutyrate, potentially contributing to ATP
production in response to stress (Yan et al. 2000).

The thiolytic cleavage of 3-ketoacyl-CoAs in the last step of the cycle is catalyzed by
ketoacyl thiolase and produces acetyl-CoA and the corresponding chain-shortened acyl-
CoA ester. Two soluble activities with different substrate specificities have been
characterized from mitochondria (Middleton 1973, Staack et al. 1978). Short-chain 3-
ketoacyl-CoA thiolase, also referred to as general thiolase, is reactive with all substrates
from C, to C, and thus has overlapping substrate specificity with the ketoacyl-CoA
thiolase activity of the membrane-bound trifunctional protein. However, thiolytic
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cleavage of C, substrates is exclusively carried out by the general thiolase, whereas Ci¢
substrates are processed by the trifunctional protein (Uchida et al. 1992). This enzyme
has been purified from various mammalian sources and has a homotetrameric structure
with a mass of 169 kDa (Seubert ef al. 1968, Staack et al. 1978, Miyazawa ef al. 1980).
From mammalian species molecular characterization has been carried out with rat and
human enzymes (Miura et al. 1986, Arakawa et al. 1987). There is also a second
individual thiolase in the matrix but this enzyme has a significant function only in the
ketone body synthesis and utilization, as well as in the metabolism of branched-chain
amino acids. This enzyme is specific for acetoacetyl-CoA and 2-methylacetoacyl-CoA
and has been named accordingly acetoacetyl-CoA thiolase (Middleton and Bartlett 1983).

As mentioned earlier, the main function of mitochondrial B-oxidation is to provide
reducing equivalents for the mitochondrial respiratory chain for the production of ATP.
Reducing equivalents are generated at two different stages in B-oxidation. FAD, which is
a required cofactor of acyl-CoA dehydrogenases is reduced in the dehydrogenation
process and reoxidized by the electron-transferring flavoprotein (ETF) located in the
mitochondrial matrix. From ETF electrons are passed to ETF:ubiquinone oxidoreductase
located in the inner membrane and further to the respiratory chain by ubiquinone in
Complex III. A second connection to the respiratory chain is at the level of 3-
hydroxyacyl-CoA dehydrogenases that require NAD" as a cofactor. In the process
dehydrogenating 3-hydroxyacyl-CoAs to 3-ketoacyl-CoAs NAD' is reduced to NADH,
which is subsequently reoxidized when electrons are transferred to ubiquinone in
Complex I of the respiratory chain.

2.4.2 Peroxisomal f-oxidation

Early studies with rat liver peroxisomes established the ability of these organelles to
degrade fatty acids through B-oxidation. It was found that the mechanism of the
peroxisomal degradation system is similar to that of the mitochondrial one, and
comprises four subsequent steps: dehydrogenation, hydration, a second dehydrogenation
and thiolytic cleavage. As in the mitochondrial B-oxidation system, fatty acyl-CoA is
chain-shortened by two carbon atoms and one acetyl-CoA molecule is produced per cycle
(Lazarow and De Duve 1976). The physiological meaning of two mechanistically similar
B-oxidation systems in mammals has become apparent since their different functions and
distinct roles in whole-cell fatty acid metabolism has been studied and uncovered.
Differing from the mitochondrial system that is responsible for the oxidation of the
majority of saturated and unsaturated fatty acids, peroxisomes can degrade, in addition to
those same substrates, a different set of fatty acids and their derivatives, which can not be
processed by the mitochondrial system. The substrates for peroxisomal B-oxidation
include very long-chain fatty acids, 2-methyl branched-chain fatty acids, di- and
trihydroxycholestanoic  acid, long-chain dicarboxylic acids, very long-chain
monocarboxylic acids, eicosanoids and certain xenobiotics. Another important difference
is that mammalian peroxisomes are not able to completely degrade their substrates
through B-oxidation - only to chain-shorten them. Shortened substrates that can not be
further oxidized can be converted to the corresponding carnitine esters and transferred to
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the mitochondria for full oxidation. Alternatively, shortened acyl-CoA esters may be
hydrolyzed to the free acid and CoA by peroxisomal thioesterases. Furthermore,
peroxisomes lack a citric acid cycle and respiratory chain, hence acetyl-CoAs can not be
oxidized in peroxisomes. The NADH-generated reducing equivalents created in the [-
oxidation cycle can not be used for production of ATP as in mitochondria either. The
involvement of different enzymes in peroxisomal B-oxidation and the degradation of
various substrates is depicted in figure 7.

2.4.2.1 Activation and transport of fatty acids into peroxisomes

As in the mitochondrial pathway, in peroxisomal B-oxidation fatty acids must be
activated to their CoA-esters before they can be used as substrates. It has been suggested
that this activation is carried out by long-chain acyl-CoA synthetase 4 (ACSL4) or very-
long-chain acyl-CoA synthetase (VLCAS), which is located in peroxisomes in addition to
ER (Steinberg et al. 1999). Of the known acyl-CoA synthetase isoforms (see section
1.4.1.1), only ACSL4 is associated with, in addition to the mitochondrial-associated
membrane, the peroxisomal membrane (Coleman et al. 2002). The catalytic and
molecular properties of ACSL4 and VLCAS differ from each other (Uchida et al. 1996,
Uchiyama et al. 1996). The catalytic site of ACSL4 is exposed to the cytosol, whereas it
has been shown that the catalytic residues of very-long-chain acyl-CoA synthetase face
the peroxisomal matrix (Smith et al. 2000). It had previously been proposed that
branched-chain fatty acids were activated by specific synthetases present in different
subcellular compartments (Singh et al. 1992), however it was later found that VLCAS
shows high activity with branched-chain fatty acids, in addition to straight-chain
substrates (Steinberg et al. 1999). According to the current view, bile acids returning to
the liver via enterohepatic circulation are reactivated for recycling to their CoA esters in
the ER by VLCAS homolog termed bile acyl-CoA synthetase, while VLCAS activates
precursors of bile acid de novo synthesis as well as very-long-chain fatty acids (Mihalik
et al. 2002). Experiments, which have mainly been carried out with yeast, have shown
that medium chain fatty acids can also be activated within peroxisomes (van Roermund et
al. 2000).

The transport of fatty acids across the peroxisomal membrane to the matrix where [3-
oxidation occurs differs from the mitochondrial carnitine-dependent system. The
peroxisomal membrane does not contain CPT I and carnitine translocase and thus another
system must facilitate the transport of activated fatty acids into peroxisomes. Members of
the ATP-binding cassette transporter (ABC transporter) superfamily are involved in
transport of a wide variety of molecules across biological membranes and it has also been
indicated that they play a role in peroxisomal -oxidation (Hettema and Tabak 2000, Pohl
et al. 2005). Peroxisomal ABC transporters belong to subfamily D and are half-
transporters, which dimerize as homo- or heterodimers to form functional transporters. In
mammals four members of this family have been identified: Adrenoleukodystrophy
protein (ALDP)(Mosser et al. 1993), adrenoleukodystrophy related protein
(ALDRP)(Lombard-Platet et al. 1996), 70 kDa peroxisomal membrane protein (PMP
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70)(Kamijo et al. 1990) and 69 kDa peroxisomal membrane protein (PMP 69)(Shani et
al. 1997).

The discovery that adrenoleukodystrophy (X-ALD), which is an inborn error in the
peroxisomal B-oxidation of very long-chain fatty acids, is caused by mutations in the
gene coding for ALDP, led to the suggestion that ALDP catalyzes the transport of fatty
acids into peroxisomes. It has been suggested that ALDP transports long-chain and very
long-chain acyl-CoAs directly across the peroxisomal membrane (Guimaraes ef al. 2005).
However, previous contradictory findings with a mouse model for X-ALD showed that
the peroxisomal f-oxidation of very long-chain fatty acids proceeds normally
(McGuinness ef al. 2003), leading to the suggestion of alternative roles for ALDP.

ALDRP is highly similar to ALDP at the amino acid level and it has been proposed
that these two proteins, which have a distinct but overlapping expression pattern, are
functionally redundant (Pujol et al. 2004, Ferrer et al. 2005).

The function of PMP 70 has been strongly linked to transport of long-chain fatty acids
by overexpression studies (Imanaka et al. 1999) and the importance of ATP binding and
hydrolysis for the function of PMP 70 has also been shown (Tanaka et al. 2002). PMP 69
has not been as well characterized as the other identified ABC transporter family
members but based on the sequence similarity with PMP 70 and ubiquitous expression it
is thought to have similar function to PMP 70 (Holzinger ef al. 1997, Shani ef al. 1997).

Despite much effort, it is still unclear whether all peroxisomal ABC transporters
function in the direct ATP-dependent transport of fatty acids and their metabolites, or
whether they mediate transport via another mechanism. Yeast homologs of ALDP, Pax1
and Pax2, have been shown to be responsible for direct ATP-dependent transport of long-
chain acyl-CoA esters into the peroxisomal matrix (Shani et al. 1995, Swartzman et al.
1996). Further studies have revealed that Pax1 and Pax2 act as a heterodimer to form a
functional transporter (Hettema et al. 1996, Shani and Valle 1996). Based on the yeast
studies it was proposed that mammalian ABC transporters also form functional
heterodimers and that heterodimerisation contributes to functional diversity (Valle and
Gartner 1993). Although dimerisation of ALDP with ALDRP and PMP 70 has been
shown in vitro (Liu et al. 1999) and native complexes of ALDP and PMP 70 have been
isolated (Tanaka et al. 2002), the fact that X-ALD is not associated with mutations in
ABC transporters other than ALDP and the distinct, although partially overlapping,
expression patterns of ALDP, ALDRP and PMP 70 (Troffer-Charlier et al. 1998) suggest
that mammalian ABC transporters act as homodimers. Additionally, a preference for the
homodimeric existence of ALDP and PMP 70 in vivo has been recently indicated
(Guimaraes et al. 2004).
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Fig. 7. Involvement of different peroxisomal p-oxidation enzymes in the degradation of
various substrates. VLCFA, very long chain fatty acid; DCA, long chain dicarboxylic acid;
ACOX1, palmitoyl-CoA oxidase; ACOX2, branched-chain acyl-CoA oxidase; MFE II,
multifunctional enzyme II; MFE 1, multifunctional enzyme I; ACAAI1, 3-ketoacyl-CoA
thiolase; SCPx, SCP-2/3-ketoacyl-CoA thiolase. See the text for details (modified from
Wanders and Waterham 2006).

2.4.2.2 The peroxisomal p-oxidation spiral

Differing from the first step of mitochondrial B-oxidation catalyzed by acyl-CoA
dehydrogenases, the dehydrogenation of acyl-CoA esters to their corresponding trans-2-
enoyl-CoA esters in peroxisomes is catalyzed by acyl-CoA oxidase enzymes (ACOX).
Mammalian peroxisomes contain several acyl-CoA oxidases, which are FAD-dependent
and donate electrons directly to molecular oxygen thereby generating H,O, (Osumi and
Hashimoto 1978). Palmitoyl-CoA oxidase (ACOX1) in rat and human catalyzes the
reaction with CoA esters of straight-chain fatty acids, dicarboxylic acids and
prostaglandins (Osumi et al. 1980, Casteels ef al. 1990). Both enzymes are homodimeric
with a mass of 140 kDa and are highly active towards substrates with longer chain
lengths but practically inactive towards substrates with eight or fewer carbon atoms. In
humans, branched-chain acyl-CoA oxidase (ACOX2) is responsible for catalyzing the
first step with 2-methyl-branched fatty acids, such as activated pristanic acid, and also
with bile acid intermediates containing a 2-methyl substitution, such as di- and
trihydroxycoprostanoic acid (Casteels et al. 1990, Vanhove et al. 1993). In rat however,
these substrates are processed by two separate enzymes; pristanoyl-CoA oxidase
(ACOX3) acts mainly on the CoA esters of 2-methyl-branched fatty acids and also shows
some activity towards straight-chain substrates, whereas bile acid intermediates are
processed by trihydroxyprostanoyl-CoA oxidase (ACOX2) (Schepers et al. 1990, Van
Veldhoven et al. 1991).

The second step of the peroxisomal B-oxidation pathway, hydration of trans-2-enoyl-
CoA to 3-hydroxyacyl-CoA and the third step, dehydrogenation of 3-hydroxyacyl-CoA to
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3-ketoacyl-CoA, can be catalyzed by two multifunctional enzymes (MFE).
Multifunctional enzyme I (MFE I) was first described as a bifunctional enzyme (LBP)
with enoyl-CoA hydratase and L-3-hydroxyacyl-CoA dehydrogenase activities (Osumi
and Hashimoto 1979) but it was later found to also contain A* A*isomerase activity
(Palosaari and Hiltunen 1990). From mammalian species, this monomeric 80 kDa protein
has been purified from rat and human (Osumi et al. 1985, Reddy et al. 1987) and it has
been shown that its hydratase and isomerase activities locate in the N-terminal half of the
polypeptide, whereas its dehydrogenase activity locates in the C-terminal half (Kiema et
al. 2002). MFE I has broad substrate specificity and it shows activity towards short- and
long-chain (C; - Cj4) enoyl-CoA esters, CoA esters of hydroxylated C,; bile acid
synthesis intermediates and dicarboxylic acids (Kurosawa ef al. 2001, Ferdinandusse et
al. 2004).

Multifunctional enzyme II (MFE II) was first characterized from yeast (Hiltunen ef al.
1992) and when characterized from mammals it was initially known as 17(3-
hydroxysteroid dehydrogenase (Leenders et al. 1994). Later this homodimeric 154 kDa
enzyme was found to have 2-enoyl-hydratase and D-3-hydroxyacyl-CoA dehydrogenase
activities (Dieuaide-Noubhani ef al. 1996, Jiang et al. 1996) and it was also shown that
MEFE Il is cleaved in vivo to an enoyl-hydratase component (45 kDa) and to a component
with dehydrogenase activity (Dieuaide-Noubhani et al. 1996). The D-3-hydroxyacyl-CoA
dehydrogenase activity of MFE 1II is localized in the N-terminal part of the protein,
whereas the 2-enoyl-hydratase activity resides in the central domain and is followed by
the C-terminal domain in having similarity to sterol carrier protein 2 (Adamski et al.
1995, Leenders et al. 1996, Qin et al. 1997). In addition to enoyl-CoA esters of straight-
chain fatty acids, MFE II reacts with pristanoyl-CoA, di- and trihydroxyprostanoyl-CoA
esters and CoA esters of leukotrienes and dicarboxylic acids (Ferdinandusse et al. 2002,
Ferdinandusse ef al. 2004).

MFE I and MFE II have very little sequence homology and they differ from each other
in stereochemical properties, substrate specificities and have different interdomain
organization. It was previously thought that MFE I was responsible for processing
straight-chain substrates (Schulz 1991) and that MFE II processed the side chain of
cholesterol and methyl-branched fatty acids (Dieuaide-Noubhani ef al. 1997). However,
studies with MFE I-deficient mice showed that MFE I is dispensable for peroxisomal
lipid metabolism and MFE II can replace the functions of MFE I (Qi et al. 1999). The
first indication of the special function of MFE I came recently from the studies of
Ferdinandusse and co-workers (Ferdinandusse et al. 2004), where they found that both
MFE I and MFE II are involved in the processing of CoA esters of dicarboxylic acids and
that in the case of MFE II deficiency MFE I can efficiently process these substrates. It
was suggested that contribution of these enzymes to the oxidation of dicarboxylic acids
depends on their content in different tissues, which has been shown to vary (Jiang et al.
1997).

The final reaction in the peroxisomal B-oxidation spiral, the thiolytic cleavage of 3-
ketoacyl-CoA, is catalyzed by 3-ketoacyl-CoA thiolase as in mitochondria. In concert
with the preceding steps of the spiral the final step is also catalyzed by multiple enzymes.
Early studies with rat peroxisomes revealed two 3-ketoacyl-CoA thiolases both of which
are active with straight-chain substrates of varying chain lengths (Miyazawa ef al. 1981).
Thiolase A is constitutively expressed while thiolase B is highly induced by peroxisome
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proliferators (Hijikata et al. 1990). Both of these thiolases are homodimers and
synthesized as precursors, which are proteolytically cleaved inside peroxisomes to mature
size (Swinkels ef al. 1991). In humans, a single gene homologous with rat genes encodes
3-ketoacyl-CoA thiolase (ACAAL1) that is equivalent to rat inducible thiolase (Bout ef al.
1991). Rat and human peroxisomes were later found to contain a 58 kDa protein with 3-
ketoacyl-CoA thiolase activity in the N-terminal domain and a sterol carrier protein 2
(SCP-2) domain at the C-terminus. This enzyme was named accordingly SCP-2/3-
ketoacyl-CoA thiolase (SCPx) and it was shown to be reactive with 2-methyl branched-
chain 3-ketoacyl-CoA esters in addition to straight-chain substrates (Seedorf et al. 1994,
Antonenkov et al. 1997, Wanders et al. 1997).

2.5 Degradation of unsaturated fatty acids

Saturated straight-chain fatty acids with 14, 16, and 18 carbon atoms are the most
abundant saturated fatty acids found in animal and plant tissues. However,
monounsaturated fatty acids (oleic acid being the most abundant of the monounsaturated
fatty acids) and polyunsaturated fatty acids (linoleic acid being the most abundant
polyunsaturated fatty acid in animal tissues) constitute a high proportion of the total fatty
acids in most natural lipids. While saturated acyl-CoA esters are readily degraded in the
B-oxidation pathway, mono- and polyunsaturated acyl-CoA esters are problematic for the
following reasons:

1. In most unsaturated fatty acids double bonds in even- or odd-numbered positions exist
in the cis-configuration
2. The only unsaturated intermediate in the B-oxidation pathway is trans-2-enoyl-CoA

The problems that degradation of unsaturated fatty acids create for the B-oxidation
pathway can be overcome by the use of auxiliary enzymes that act on pre-existing double
bonds and thus produce carbon chain conformations suitable for further oxidation by the
main pathway. Like the classical enzymes of the -oxidation pathway that operates both
in mitochondria and peroxisomes, the enzymes needed for degradation of PUFA can be
found in both cellular locations.

2.5.1 The auxiliary enzymes of f-oxidation

Pre-existing double bonds in fatty acids can be located at odd- and even-numbered
positions along the carbon chain of polyunsaturated fatty acids and several auxiliary
enzymes are involved in their removal. Figure 8 summarizes the three known auxiliary
enzymes and the reactions they catalyze in the oxidation of PUFA.
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Fig. 8. The auxiliary enzymes of B-oxidation.

When even-numbered double bonds are encountered, they are removed by the activities
of 2,4-dienoyl-CoA reductase (DECR) and A, A%-enoyl-CoA isomerase (ECI) (Figure 9,
left). Odd-numbered double bonds exist in many unsaturated dictary fatty acids, such as
oleic acid, and can also be encountered in the metabolic intermediates of PUFA, such as
linolenic acid. Earlier it was thought that odd-numbered double bonds were removed
solely by ECI through an isomerase-dependent pathway (Figure 9, middle). However, the
additional observation of NADPH-dependent reduction once the double bond is in the A’
position led to the discovery of a reaction sequence where the double bond is shifted to
the A” position (Tserng and Jin 1991, Smeland ef al. 1992). This alternative pathway was
termed the reductase-dependent pathway, which requires, in addition to ECI and DECR
activities, also A*°, A**-dienoyl-CoA isomerase (DECI) activity (Figure 9, right). When
the contribution of these two different pathways to the degradation of odd-numbered
double bonds was studied, it was shown that approximately 80% of 2,5-dienoyl-CoAs are
processed via the isomerase-dependent pathway (Shoukry and Schulz 1998). It has also
been shown that although entry to the reductase-dependent route is limited by a
competitive route, the flux through it is further limited by the rate-limiting activity of
DECR. The main reason for greater channelling towards the isomerase-dependent
pathway is the low activity of ECI towards 2,5-dienoyl-CoAs. However, when 3,5-
dienoyl-CoAs are formed they can be effectively degraded only via the reductase-
dependent pathway (Shoukry and Schulz 1998, Ren and Schulz 2003). Both pathways are
essential for the degradation of unsaturated fatty acids with odd-numbered double bonds.
As the isomerase-dependent route is responsible for the major flux, the reductase-
dependent route ensures that otherwise undegradable intermediates do not accumulate.



49

Figure 10 shows the schematic representation of the participation of auxiliary enzymes in
the B-oxidation of (poly)unsaturated fatty acids.
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Fig. 9. Enzymatic steps required for p-oxidation of fatty acids with double bonds at even- or
odd -numbered positions. Degradation of fatty acids with even-numbered double bonds
results in 2,4-dienoyl-CoA esters, which are oxidized as shown on the left. 2,5-dienoyl-CoA
esters arising from odd-numbered double bonds can be oxidized either via an isomerase-
dependent pathway (middle) or via a reductase-dependent pathway (right). AD, acyl-CoA
dehydrogenase; EH, enogfl -CoA hydratase; HD, 3-hydroxyacyl-CoA dehydrogenase; KT, 3-
ketoacyl thiolase; ECI, A°,A>-enoyl isomerase; DECI, A**,A**-dienoyl-CoA isomerase; DECR,
2,4-dienoyl-CoA reductase

2.5.2 2,4-Dienoyl-CoA reductase

The activity of DECR is needed in the NADPH-dependent reduction of trans-2-cis/trans-
4-dienoyl-CoA intermediates of PUFA during B-oxidation. In eukaryotes the end product
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from this reaction is frans-3-enoyl-CoA (Kunau and Dommes 1978). Lack of
stereospecificity enables reduction of both natural fatty acids with cis double bonds, as
well as substrates containing trans double bonds (Cuebas and Schulz 1982). Trans-3-
enoyl-CoA is processed to trans-2-enoyl-CoA by ECI before further oxidation by the -
oxidation pathway.

From mammalian species, reductase activity was first characterized from rat liver
mitochondria and peroxisomes (Dommes ef al. 1981) and a protein was purified from
bovine mitochondria (Dommes et al. 1982). The bovine DECR was found to be a 120
kDa homotetrameric protein with a subunit size of 32 kDa. In addition to the 120 kDa
isoform, a novel 60 kDa isoform with a subunit size of 37 kDa was detected in rat liver
mitochondria (Hakkola and Hiltunen 1993). The physiological properties of the 60 kDa
isoform differ from the 120 kDa isoform and the antibody against 120 kDa does not
cross-react with it. After initial characterization, cDNA molecules coding for the rat,
human and mouse 120 kDa isoform were cloned (Hirose et al. 1990, Koivuranta et al.
1994, Miinalainen 1998) and subsequently the gene structure for human and mouse
DECR was solved (Helander e al. 1997, Miinalainen 1998). The similarity of DECR at
the nucleotide level between human, rat and mouse is 80 - 90%, whereas similarity at the
amino acid level is 80 - 95%. The highest expression of Decr was detected in the heart,
liver, skeletal muscle and kidney tissue and the expression pattern was comparable
between rat, mouse and human (Hirose et al. 1990, Koivuranta et al. 1994, Miinalainen
1998). A high resolution structure of human DECR was recently solved as a binary
complex with the cofactor NADPH, and as a ternary complex with NADP" and a
substrate. Structural information from different complexes showed that substrate binding
and processing does not induce any large conformational changes. The active site pocket
was found to be large and lined with a flexible loop. It is believed that the openness of the
active site and flexible loop contribute to the broad range of CoA derivatives that can be
processed by DECR (Alphey ef al. 2005).

Although DECR activity was detected in peroxisomes (Dommes et al. 1981) and its
importance in the peroxisomal degradation of fatty acids with double bonds at odd- or
even-numbered positions was shown (Hiltunen et al. 1986), its purification from wild
type sources has not been successful. An early report concerning the purification of
DECR from rat liver peroxisomes (Kimura ef al. 1984) was questioned by later results
showing that an antibody raised against this protein recognized the antigen only in
isolated rat liver mitochondria (Hakkola et al. 1989). Peroxisomal reductase was
successfully characterized at the molecular level from rat and mouse and subsequently
from human (Fransen et al. 1999, Geisbrecht et al. 1999, De Nys et al. 2001). Proteins
encoded by cloned cDNAs had a molecular mass of 31 kDa and the similarity of the
human protein towards rat and mouse protein was 83 and 82%, respectively. It was
observed that peroxisomal DECR prefers long and very long fatty acids with double
bonds near the middle of the acyl chain as substrates. This finding is consistent with the
established role of peroxisomes in the metabolism of complex, very long chain
polyunsaturated fatty acids.

DECR activity has also been detected and purified from the yeast C. lipolytica and C.
tropicalis (Dommes et al. 1983, Mizugaki et al. 1985). In C. lipolytica a 360 kDa protein
was reported to consist of 10 - 12 identical subunits. In S. cerevisiae 2,4-dienoyl-CoA
reductase was found to be encoded by the Sps/9 gene. The protein encoded by Spsi9 is a
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homodimer with a molecular mass of 69 kDa and is localized to the peroxisomes. Like
mammalian DECR proteins, Sps19p catalyzes a reaction with trans-3-enoyl-CoA esters
as end products. The inability of the S. cerevisiae spsi194 strain to grow on petroselenic
acid showed the indispensability of 2,4-dienoyl-CoA reductase activity for the
degradation of the trans-2,cis-4-dienoyl-CoA intermediates (Gurvitz et al. 1997).

DECR activity has been characterized and purified from E. coli (Mizugaki et al. 1982,
Mizugaki et al. 1982, Dommes and Kunau 1984). The gene encoding E. coli DECR,
Fadh, has also been cloned (He ef al. 1997) and the crystal structure was also solved
recently (Hubbard ef al. 2003). Bacterial enzymes contain FMN and FAD noncovalently
bound to a single polypeptide with a molecular mass of 73 kDa and it has been shown to
contain a 4Fe-4S cluster (Liang et al. 2000). The enzyme works as a monomer and
reduces substrates by a hydride transfer mechanism in which reducing equivalents from
NADPH are supplied indirectly to the substrate. In contrast to mammalian and yeast
enzymes that produce trans-3-enoyl-CoA esters, the end product from the reaction
catalyzed by E.coli is 2-trans-enoyl-CoA, which can be incorporated directly into the B-
oxidation pathway.

2.5.3 A3,A2-En0yl-CoA isomerase

ECI catalyzes the reaction where the cis/trans double bond from A’ is isomerised to the
trans-A* configuration and it is required in the B-oxidation of fatty acids with double
bonds at odd-numbered positions (Stoffel et al. 1964). Since DECR produces trans-A*-
enoyl esters when metabolizing even-numbered double bonds, ECI is also required for
further processing of fatty acids where double bonds initially exist at even-numbered
positions. In mammals three mitochondrial and two peroxisomal enzymes with enoyl-
CoA isomerase activity have been described. One of the rat mitochondrial isoforms is a
dimeric 60 kDa protein, which prefers substrates with chain-lengths between Cg- Ci,
(Stoffel and Grol 1978, Palosaari et al. 1990). Another ECI activity in mitochondria
shows different substrate specificity being most active towards longer-chain substrates
(Kilponen et al. 1990). In addition to these two ECI activities, low intrinsic isomerase
activity was found in mitochondrial enoyl-CoA hydratase (crotonase) (Kiema et al.
1999). One mitochondrial ECI has been characterized from humans and it has been
suggested that it is a counterpart for rat ECI with a short-chain preference. This enzyme
has no clear substrate preference and it has same subunit and native size as its rat
counterpart (Kilponen and Hiltunen 1993). The crystal structure of human mitochondrial
ECI has been recently solved (Partanen et al. 2004). Peroxisomal ECI activity was first
found as part of a MFE I (Palosaari and Hiltunen 1990) but later monofunctional
peroxisomal ECI was also characterized from mammalian sources (Geisbrecht et al.
1999). Further studies with different rat isoforms of ECI revealed that monofunctional
peroxisomal ECI is also localized to mitochondria and actually is identical to an enzyme
that was earlier characterized as mitochondrial ECI with a long-chain substrate
preference (Zhang et al. 2002). Enzymological characterization of peroxisomal and
mitochondrial isoforms has shown that in mitochondria dually localized ECI contributes
significantly to trans-3 — trans-2 isomerization, whereas cis-3 — trans-2 and 2,5 — 3,5
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isomerization is catalyzed by the mitochondrial isoform. In peroxisomes the contributions
of MFE I and ECI to B-oxidation of unsaturated fatty acids is not known although it is
suspected that MFE I most likely catalyses the 2,5 — 3,5 isomerization due to its high
catalytic efficiency (Zhang et al. 2002). Interestingly rat straight-chain acyl-CoA oxidase
(ACOX1) was recently found to have intrinsic A’,A>-enoyl-CoA isomerase activity.
Catalytic values of ACOX1 for the isomerization reaction are comparable with those of
ECI and MFE I and thus it has been suggested that ACOX1 might function as an
isomerase in the B-oxidation of unsaturated fatty acids in peroxisomes (Zeng et al. 2006).

2.54 A7 ,A2’4-Dienoyl-CoA isomerase

Studies showing that unsaturated fatty acids with a double bond at odd-numbered
positions can also be degraded via an NADPH-dependent pathway (Tserng and Jin 1991)
led to the discovery of A*’,A**-dienoyl-CoA isomerase (DECI) (Smeland et al. 1992).
The activity of this enzyme is needed when some of the frans-2-cis-5-dienoyl-CoA
intermediates from the oxidation of unsaturated fatty acids are converted to the trans-3-
cis-5-dienoyl-CoA ester by ECI. This intermediate is a substrate for DECI, which
catalyzes the isomerization of trans-3-cis-5-dienoyl-CoA to trans-2-trans-4-dienoyl-
CoA, creating a substrate for DECR (Chen et al. 1994). DECI activity was first purified
from mitochondria and the enzyme was thought to be homotetramer with a subunit size
of 32 kDa (Chen et al. 1994, Luo et al. 1994). When the peroxisomal isoform was
purified, immunological studies and its kinetic properties suggested that it was a
counterpart for mitochondrial DECI (He et al. 1995). Molecular characterization revealed
that the deduced amino acid sequence harboured a peroxisomal targeting signal in the C-
terminal part and that the N-terminal sequence was consistent with mitochondrial
targeting. Dual localization was confirmed with immunoelectron microscopy, which
showed that DECI can be localized to both mitochondria and peroxisomes (Filppula et al.
1998). The crystal structure of DECI confirmed earlier modelling studies and showed that
instead of being a homotetramer DECI is a hexameric protein formed by a dimer of
trimers. DECI has been shown to be able to catalyze reactions with unsaturated substrates
from C4 to Cy in length and the solved structure indicated that in order to bind to the
catalytic site of the protein, long-chain substrates have to be in a bent conformation
(Modis et al. 1998).



53

B-Oxidation

Odd-numbered cycle Even-numbered

double bonds Acyl-CoA double bonds
Cn-2

Acyl-CoAs — —» :'"'Trans—2-en|0y|-CoA ) ———> Acetyl-CoA
poo
2,5-Dienoyl-CoAs 2,4-Dienoyl-CoAs
ECI
! ECI DECR

DéCI
DECR )\ /

A Cis/trans-3-enoyl-CoA

Fig. 10. Participation of auxiliary enzymes in the B-oxidation of (poly)unsaturated fatty acids.
Intermediates with odd-numbered double bonds are directed at the level of 2,5-dienoyl-CoA
either to an isomerase-dependent pathway or to a reductase-dependent pathway (dotted
arrow). 2,4-Dienoyl-CoA intermediates produced from the degradation of fatty acids with
double bonds at even-numbered positions are returned to the frans-2-enoyl-CoA pool after
modification by DECR and ECI. ECI, A3,A2-enoyl-CoA isomerase; DECI, A3’5,A2’4-dien0yl-
CoA isomerase; DECR, 2,4-dienoyl-CoA reductase.

2.6 Disorders of mitochondrial fatty acid p-oxidation

Considering the essential role of mitochondrial B-oxidation in energy metabolism during
times of fasting or metabolic stress when higher energy consumption is required,
deleterious effects on the well being of individuals caused by B-oxidation deficiencies are
not surprising (Wanders ef al. 1999, Rinaldo et al. 2002). Genetic defects with variable
mutation types causing these deficiencies have been identified from most of the genes
encoding enzymes that catalyze reactions at different steps in this pathway. The clinical
features in patients with inherited disorders of mitochondrial $-oxidation are diverse and
usually include hypoketotic hypoglycemia, liver disease, and disruption of muscle
function (skeletal myopathy, cardiomyopathy). These characteristics are often related to
an abnormal acyl-carnitine profile and urinary organic acids resulting from defective
oxidation of acyl-CoA thioesters. Symptoms may appear at any age, usually during
metabolic stress, and symptoms and their severity vary greatly with different defects and
even among individuals with same defect. However, the most severe symptoms are
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usually related to the liver, heart, or neuromuscular systems (Vockley and Whiteman
2002).

The most common and best described deficiencies of enzymes responsible for
transport of acyl groups into mitochondria and for their subsequent degradation are
discussed below. A deficiency in the pathway of unsaturated fatty acid degradation,
namely 2,4-dienoyl-CoA reductase deficiency, is also discussed.

2.6.1 Mitochondrial acylcarnitine transport defects

Three enzymes are needed in the transportation of long chain acyl-CoA thioesters into the
mitochondrial matrix (see section 2.4.1.1). Carnitine palmitoyl transferase 1 (CPT I),
which has three different isoforms with specific tissue distribution, is responsible for
conjugating fatty acids with carnitine. Subsequently carnitine-acylcarnitine translocase
(CACT) transports acylcarnitine across the inner membrane in exchange for free carnitine
that is produced by carnitine palmitoyl transferase II (CPT II), which is located on the
matrix side of the inner membrane where it releases a fatty acid from acylcarnitine.

Deficiency of liver specific CPT I was first described in 1981 (Bougneres ef al. 1981)
and all the CPT I deficiencies demonstrated to date are due to defects in the liver type
CPT I (Longo et al. 2006). Symptoms are usually triggered by fasting or viral illnesses
between birth and 18 months of age and include hypoketotic hypoglycemia or
hepatomegaly with subsequent hypoglycemic attacks and mild hyperammonemia
(Bonnefont et al. 2004). CPT I deficiency, in contrast with other defects in mitochondrial
FAO, is almost always associated with an elevated level of plasma carnitine (Stanley et
al. 1992) and occasionally mild dicarboxylic aciduria with prominent C,, dicarboxylic
acid is noted (Korman et al. 2005). Various gene mutations have been reported in patients
suffering from CPT I deficiency and correlation between the degree of enzymatic
impairment caused by mutation and the severity of clinical symptoms has been observed
(Bonnefont et al. 2004).

CACT deficiency was first described in 1992 (Stanley et al. 1992). This deficiency is
most often diagnosed from neonates, where episodes of seizures and irregular heart beat
are triggered by birth stress leading to progressive deterioration of hepatic and cardiac
functions. Typical findings include hypoketotic hypoglycemia, hyperammonemia and
reduced levels of carnitine. An increase in long chain acylcarnitines can be observed in
the acylcarnitine profile and excess levels of unsaturated dicarboxylic acids are
commonly associated with severe organic aciduria. In milder cases symptoms with
seizures and hypoglycemia caused by infections and fasting are present later in life
(Longo et al. 2006). Heterogeneous mutations have been identified in different patients
and although genotype/phenotype correlations have not been observed, residual enzyme
activity has been associated with the milder phenotype, whereas complete deficiency
leads to a rapidly progressing disease (Iacobazzi et al. 2004).

The CPT II deficiency, which was the first described defect in mitochondrial fatty acid
oxidation (DiMauro and DiMauro 1973) has two distinct clinical presentations including
a more common mild form present in adolescents and young adults, and a severe form
present during the neonatal period and in infancy. Exercise-induced myopathy and
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myoglobinuria are common symptoms of the mild form of CPT II deficiency, and
reduced carnitine levels and an increase in the long chain carnitine fraction may also be
observed. Hypoglycemia or dicarboxylic aciduria is not observed and the only affected
organ seems to be skeletal muscle. The severe neonatal form is rapidly fatal and presents
itself shortly after birth with hypoglycemia, hepatomegaly, and cardiomyopathy. In the
infantile form repeated periods of hypoketotic hypoglycemia and transient hepatomegaly
are triggered by fasting, infections, or fever (Longo et al. 2006). More than 40 mutations
are associated with CPT II deficiency and two of them are considered to be common
mutations in the adult form of the disease. Some degree of genotype/phenotype
correlation seems to exist between the two different clinical presentations of CPT II
deficiency, which also correlates to some extent with the enzymatic and functional data
(Bonnefont et al. 2004).

2.6.2 Defects in acyl-CoA dehydrogenases

The first step in the cyclic shortening of fatty acids via B-oxidation is catalyzed by acyl-
CoA dehydrogenases (ACAD). In mitochondria there are several isoforms either present
as soluble matrix proteins or as membrane-bound proteins with different, although
partially overlapping, chain length specificities (see section 2.4.1.2).

Short chain acyl-CoA dehydrogenase (SCAD) deficiency was described in 1987
(Amendt et al. 1987) and since then over 20 clinical cases have been reported. In most
cases variable symptoms including metabolic acidosis, seizures, and myopathy occur
during the neonatal period and can be fatal, although asymptomatic adult patients have
also been reported. Interestingly, only a few patients have been described with symptoms
related to energy deficiency. This is thought to result from the fact that only the last cycle
in the degradation of long chain fatty acids is blocked and thus the reducing equivalents
needed for ATP production are produced nearly normally (Gregersen et al. 2004).
Characteristic metabolites include ethylmalonic and methylsuccinic acid, as well as
butyrylglycine and butyrylcarnitine, all of which are the result of accumulation of
butyryl-CoA in mitochondria. Various mutations have been identified from SCAD-
deficient patients and two relatively common gene variants that predispose patients to
excessive ethylmalonic acid production have also been identified (Corydon et al. 2001).
However the importance of these gene variants and additional factors in the clinical
presentation of SCAD deficiency remain unclear (Rinaldo ef al. 2002). Recent findings
that ethylmalonic acid compromises energy metabolism in skeletal muscle by inhibiting
the electron transport chain and creatine kinase might offer an explanation for the
myopathy observed in SCAD-deficient patients (Barschak et al. 2006).

Since its initial characterization over 20 years ago, medium chain acyl-CoA
dehydrogenase (MCAD) deficiency has become the most common disorder of fatty acid
oxidation with over 300 reported cases and a frequency of 1/15000 in northern Europe
(Rinaldo et al. 2001). Patients suffering from MCAD deficiency are normal at birth and
usually present symptoms in the second year of life in response to fasting or common
intercurrent infections. Symptoms that usually resolve between episodes include
hypoketotic hypoglycemia, dicarboxylic aciduria, muscle weakness, and hepatic steatosis.
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Heart-related symptoms, such as arrhythmia, are rare and the severity of commonly
encountered symptoms vary from fatal to mild disabilities. Sudden death during the first
metabolic decompensation is common in MCAD deficiency and has been observed in
infants as well as in adults but patients may also remain completely asymptomatic
(Rinaldo et al. 2002). MCAD deficiency shows a specific acylcarnitine profile with
elevated concentrations of Cg-carnitine, as well as C¢-, Cyo-, and C.j-carnitine species
(Vreken et al. 1999). A single common mutation present in the homozygous form has
been identified as present in 80% of MCAD-deficient patients. This mutation alters one
amino acid and compromises protein folding and renders it unstable.

There have been no confirmed cases of long chain acyl-CoA dehydrogenase (LCAD)
deficiency, since all the cases diagnosed as LCAD deficiency were shown to have a
defect in membrane-bound very long chain acyl-CoA dehydrogenase (VLCAD)
(Yamaguchi et al. 1993). Symptoms in VLCAD deficiency can be categorized into
different phenotypes according to age of onset. In the first phenotype infants with severe
cardiac symptoms and liver disease die within first year of life. The second group consists
of older children suffering from hypoketotic hypoglycemia and hepatomegaly but who do
not have cardiac symptoms. Skeletal myopathy without liver or cardiac symptoms in
adults and young adults defines the third phenotype group (Wanders et al. 1999).
Metabolic abnormalities seen during episodes in severe cases include increased levels of
organic acids in the urine and a specific acylcarnitine profile with elevated levels of long
chain saturated and unsaturated fatty acids, usually dominated by Ci4;. A common
mutation has not been found and various mutations in the homozygous form present in
severe cases of VLCAD deficiency are responsible for total loss of enzymatic activity.
Mutations in the disease with a later onset do not totally eliminate the VLCAD activity
and thus severe energy deficiency can be avoided leading to a milder phenotype
(Gregersen et al. 2004).

2.6.3 Defects in trifunctional protein

The mitochondrial trifunctional protein (TFP), which possesses enoyl-CoA hydratase, 3-
hydroxyacyl-CoA dehydrogenase (LCHAD) and 3-ketoacyl-CoA thiolase activity is
localized bound to the matrix side of the inner membrane and is responsible for
degradation of long chain fatty acids (see section 2.4.1.2). In TFP deficiency, which was
first described in 1992 (Jackson ef al. 1992, Wanders et al. 1992), various mutations in
genes coding a- and B-subunits compromise all three catalytic activities, whereas in the
more commonly encountered (>100 reported cases) isolated LCHAD deficiency that was
described prior to this (Wanders et al. 1990) a common mutation in the a-subunit results
in the loss of only LCHAD activity. The clinical phenotype in TFP deficiency varies from
severe neonatal/infantile cardiomyopathy with early death to milder sensorimotor
neuropathy. Symptoms in LCHAD deficiency include fatal neonatal cardiomyopathy,
skeletal myopathy, and hypoketotic hypoglycemia. Adult patients have also been
described with exercise-induced skeletal myopathy. In most cases of TFP and LCHAD
deficiency dicarboxylic aciduria with C¢-Cy4 3-hydroxydicarboxylic acids is present and
the acylcarnitine profile shows characteristic 3-hydroxy Cig.o-, Cig:1-, Cis0-, and Cyg. -
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acylcarnitines. In isolated LCHAD deficiency patients carry a prevalent mutation on one
or both alleles, whereas in TFP-deficient patients various other mutations are found. It
has also been observed that heterogeneous women carrying fetuses with LCHAD
deficiency may develop AFLP (acute fatty liver of pregnancy) or HELLP (hemolysis,
elevated liver enzymes, and low platelets) syndromes (Yang et al. 2002) and TFP-
deficient individuals have a higher likelihood of suffering from prematurity and IUGR
(intrauterine growth retardation) syndrome (Tyni ef al. 1998)

2.6.4 2,4-Dienoyl-CoA reductase deficiency

Although numerous clinical cases concerning inherited defects of various enzymes in the
mitochondrial B-oxidation pathway have been described, there is only a single report
describing one neonatal patient with a defect related to degradation of unsaturated fatty
acids (Roe ef al. 1990). The biochemical studies of this hypotonic patient with feeding
difficulties revealed hyperlysinemia, carnitine deficiency, a normal organic acid profile,
and an unusual acylcarnitine species in the plasma and urine. The diagnosis of a 2,4-
dienoyl-CoA reductase defect was based on the identification of the accumulating acyl
carnitine as frans-2-cis-4-decadienoylcarnitine derived from incomplete oxidation of
linoleic acid. After dietary therapy with carnitine supplementation and a change of dietary
fat to medium chain triglycerides, the acylcarnitine profile returned to normal. However,
despite the therapy, the patient died of respiratory acidosis at the age of four months.
Post-mortem studies revealed that DECR activity had decreased to 40% of the normal
value in the liver and down to 17% of the normal value in the muscle tissue, and it was
suggested that the remaining activity was due to the peroxisomal isoform (Roe et al.
1990). No other histological or biochemical evidence suggesting significantly altered
metabolism were reported.

The molecular defect behind this disorder has not been characterized, nor is it known
which isoform was defective. Missense mutations causing single amino acid substitutions
have been found in pigs in the gene coding mitochondrial DECR (Davoli et al. 2002,
Amills et al. 2005). Although the observed mutations evidently do not have an effect on
enzymatic activity, they suggest that a single nucleotide polymorphism in this gene can
also occur in humans.

2.7 Mouse models of mitochondrial fatty acid p-oxidation defects

Characterized inherited defects in the mitochondrial B-oxidation pathway are usually
limited to a single enzyme and a single enzymatic activity. However, because of the
central role of fatty acid degradation in overall metabolism, the disease phenotype is
determined by the interaction of several metabolic pathways. This can be seen from the
fact that in many cases changes in the environmental conditions and/or diet can result in
the conversion of an asymptomatic state to diseased state with symptoms varying from
mild to severe. Mouse models offer an accurate tool to study clinical, biochemical, as
well as histological responses to environmental and dietary stress and several mouse
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models have been generated to study the disease conditions caused by genetic defects in
the mitochondrial B-oxidation pathway. These include models for CPT I deficiency,
ACAD deficiencies (including a spontaneous mutation model for SCAD deficiency), and
TFP deficiency.

In the mouse model for CPT I deficiency, a gene coding for the liver isoform of this
enzyme was disrupted (Nyman et al. 2005). Gestational lethality was indicated by the
absence of homozygous embryos or fetuses. This finding was surprising considering the
existence of human patients with homozygous deficiency but it shows the critical role of
CPT I in the metabolic function of mouse embryos. Heterozygous mice were viable with
decreased CPT I activity in the liver of male mice, whereas no difference in the activity
was observed in female mice compared to wild type controls. However, when exposed to
metabolic stress (fasting), heterozygous mice showed elevated free fatty acid
concentrations and decreased blood glucose concentrations (hypoglycemia). Fasting
associated symptoms make this mouse model suitable for studying the role of CPT I in
human disease (Nyman et al. 2005).

Spontaneous mutation leading to SCAD deficiency has been used as a model for
human SCAD deficiency. It was found that mutant mice developed pathological and
biochemical features, including the development of fatty liver and hypoglycemia, which
resembled the human disease after metabolic challenge (Wood ef al. 1989, Armstrong et
al. 1993). Organic aciduria was present even without fasting and was characterized by
elevated levels of ethylmalonic acid, methylsuccinic acid, and butyrylglycine. Severe
cold intolerance and hypoglycemia have also been observed under cold exposure (Guerra
et al. 1998). Feeding studies have indicated that a diet rich in long-chain triglycerides
significantly increases the survival rate of SCAD-deficient mice during the cold exposure
challenge (Schuler et al. 2004).

A recently developed mouse model for MCAD deficiency presents a phenotype with
biochemical and pathological features resembling the human deficiency (Tolwani et al.
2005). Fasted mutant mice showed organic aciduria and an abnormal acylcarnitine
profile. In contrast to human patients, the predominant acylcarnitine was C,o,; instead of
Cs. The hepatic steatosis observed after fasting is consistent with histological findings in
the human deficiency, however the cardiac lesions that were occasionally observed have
not been reported in human patients, although cardiac dysfunction has been reported
(Feillet et al. 2003). Fasting mice showed a tendency towards high free fatty acid levels,
lowered glucose concentration, and cold intolerance. It was also suggested that the
significant neonatal mortality (approximately 40% of pups surviving to weaning)
resembled the mortality associated with clinical episodes in MCAD-deficient patients. As
with human patients, no mortality due to MCAD deficiency was detected in surviving
adult mutant mice unless challenged with metabolic stress (Tolwani et al. 2005).

Although there are no confirmed cases of human LCAD deficiency, the LCAD-
deficient mouse model has been produced (Kurtz et al. 1998). Compared to any other
ACAD deficiency model the LCAD mutant mouse exhibits the most severe clinical
phenotype and resembles the human VLCAD deficiency. Significant gestational lethality
in homozygous and heterozygous pups might offer one explanation for the absence of
human patients. A phenotype of surviving mutant mice includes unprovoked sudden
death, fasting intolerance with hypoketotic hypoglycemia, cold intolerance, and severe
hepatic steatosis and cardiac lipidosis. The organic acid profile in the urine showed the
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accumulation of several dicarboxylic acids, of which the accumulation of octenedioic
(Cs.1) acid was most prominent. The acylcarnitine profile indicated the elevation of C,,-
Cy4 acylcarnitines with a predominance of Cy4;. and Cj4,-acylcarnitines (Kurtz et al.
1998).

In VLCAD-deficient mice clinical symptoms include mild hepatic steatosis, fatty acid
changes in the heart in response to fasting, as well as cold intolerance. Organic aciduria
was not observed, but acylcarnitine analysis showed predominant elevation of C4- Cyg-
acylcarnitines. Neither gestational loss nor sudden death was observed (Cox ef al. 2001).
In another study, biochemical changes that predisposed VLCAD-deficient mice to cardiac
lipidosis and arrhythmic death were observed without exposure to physiological stress or
metabolic challenge. Exposure of this mouse model to fasting or cold triggered
hypoglycemia, hypothermia, liver and heart steatosis, as well as severe bradycardia,
resembling the symptoms of human VLCAD deficiency. The phenotype of mice
homozygous for mutation was most severe but heterozygous mice also showed an
intermediate but potentially lethal phenotype (Exil et al. 2003, Exil et al. 2006).

The mouse model for TFP deficiency was generated by disrupting both a- and -
subunits of TFP resulting in complete loss of TFP (Ibdah et al. 2001). Homozygous mice
showed clinical symptoms and biochemical changes identical to the human deficiency
including organic aciduria, elevated C;4 - C;g acylcarnitines, hypoglycemia, and early
neonatal death. Histological analysis indicated rapid development of hepatic steatosis and
progressive degeneration of cardiac and diaphragmatic myocytes. Although gestational
loss was not observed as in LCAD-deficient mice, homozygous fetuses suffered from the
IUGR syndrome that is also identified in human patients (Yang ef al. 2002). Early
placental and fetal expression of TFP and accumulation of long chain fatty acids in TFP-
deficient fetuses suffering from intrauterine growth retardation syndrome (IUGR)
indicate the importance of mitochondrial fatty acid oxidation as a source of energy for
fetal development. Based on the TFP mutant mouse it was proposed that the observed
sudden deaths were caused by cardiac lesions causing arrhythmia and diaphragmatic
lesions causing respiratory insufficiency (Ibdah ez al. 2001).



3 Outlines of the present study

Enoyl thioester reductases are essential enzymes for lipid metabolism. These enzymes
catalyze the reduction of #rans-2-enoyl thioesters to their saturated counterparts and can
be found in various cellular compartments. They are associated with fatty acid synthesis
and degradation, as well as fatty acid elongation. This study focused on two
mitochondrial thioester reductases that act in different pathways of fatty acid metabolism.
2-enoyl thioester reductase is an enzyme participating in the type II fatty acid synthesis in
mitochondria and 2,4-dienoyl-CoA reductase (DECR) is an auxiliary enzyme in B-
oxidation participating in the degradation of (poly)unsaturated fatty acids.

The identification of enoyl thioester reductase activity in the mitochondria of the yeast
C. tropicalis led to a study with following aims:

1. To clone the gene encoding the C. tropicalis reductase (Etrlp), characterize the
enzymatic activity of the gene product and identify homologs in other species.

The identification of a functional homolog of Etrlp from S. cerevisiae (Mrflp) and
subsequent database search with an S. cerevisiae gene (YBR026¢/MRF 1) encoding Mrflp
revealed possible candidate human EST clones, and lead to further studies with the
following aims:

2. To identify, clone and characterize mitochondrial thioester reductase from mammals.
3. To perform functional analysis of the mammalian reductase gene product in the
respiratory-deficient S. cerevisiae mrfl A strain.

To study the physiological function of DECR and the importance of the functional system
for the degradation of unsaturated fatty acids for the well being of animals, the following
aim was set:

4. To create a mouse model for DECR-deficiency with the knock-out technique and to
characterize the phenotype of the DECR-deficient mouse.



4 Materials and methods

Detailed descriptions of the materials and methods used can be found in the original
articles referred to in the text by their Roman numerals I - III.

4.1 Plasmids, strains, culture media and growth conditions

Detailed descriptions of the construction of plasmids for localization studies, protein
expression and purification, complementation assays and homologous recombination, as
well as primer sequences and the composition of yeast and mammalian cell culture media
and growth conditions, are given in original articles I - III.

4.2 Genomic and cDNA cloning (I, IT)

To obtain the ETRI gene, purified Etrlp from C. fropicalis was subjected to trypsin and
endoproteinase digestions. Based on the amino acid sequences obtained by sequencing
the peptide fragments, degenerate primers were synthesized and PCR was performed
using C. tropicalis genomic DNA as a template. Ligation-mediated PCR amplification
and genomic library screening resulted in a DNA fragment containing an open reading
frame encoding a polypeptide that fully matched the sequences of the proteolytic
peptides. RT-PCR with C. tropicalis mRNA and sequencing of the products verified that
the ETR1 gene contained no introns.

Isolation of human NRBF-1 cDNA was carried out using S. cerevisiae gene YBR026¢
to search for human EST clones in the expressed sequence tag database at the National
Center for Biotechnology Information. An EST clone, AA393871 (IMAGE ID 504485),
was obtained from IL.M.A.GE. Consortium (UK HGMP Resource Centre, Hinxton,
Cambridge, UK) and sequenced.

For the cloning of the bovine NRBF-1 cDNA total RNA was isolated from bovine
heart tissue using the QuickPrep system (Amersham Pharmacia Biotech, Uppsala,
Sweden). cDNA was amplified from isolated RNA with a RobustRT-PCR kit (Finnzymes,
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Espoo, Finland). The composition of the 5 -primer was based on the sequence of bovine
EST clone BE682523, containing the 5” end of the cDNA as shown in the database search
with the full length human NRBF-1 sequence. The composition of the 3 -primer was
based on the consensus sequence obtained from the alignment of human, rat, and mouse
sequences.

4.3 Protein purification and analysis (I, I1, III)

C. tropicalis cells were used as a starting material for purification of native Etrlp. A
sample of cell lysate produced by disruption with glass beads in a Bead-Beater
homogenizer (Biospec Products, Bartlesville, OK, USA) was applied to a Phenyl-
Sepharose 6 Fast Flow hydrophobic interaction column (Amersham Pharmacia Biotech,
Uppsala, Sweden) after ultracentrifugation. Subsequent purification steps were carried
out with pooled fractions that contained reductase activity and included a Mono Q HR
(5/5) anion-exchange column (Amersham Pharmacia Biotech) and a Superdex-200 HR
(10/30) size-exclusion column (Amersham Pharmacia Biotech). For the purification of
the Etrlp or Ybr026p produced in S. cerevisiae, cells were broken in a French press
(Spectronic Instruments, Rochester, NY, USA). Purification was performed as described
above, except that the Mono Q HR (5/5) column was replaced by an ADP-Sepharose
column (Amersham Pharmacia Biotech). Also, unlike the wild-type Etrlp purification,
the Resource S ion-exchange column (Amersham Pharmacia Biotech) preceded the
Superdex 200 column in the purification of the overexpressed Etrlp (I).

For the purification of recombinant human and bovine Nrbf-1p, E. coli BL21 (DE3)
pLysS cells overexpressing said recombinant proteins were disrupted using a French
press. Supernatant from the cell lysate was applied to a Q-Sepharose anion-exchange
column (Amersham Pharmacia Biotech) and the presence of Nrbf-1p in the fractions was
screened for during the purification with C. tropicalis anti-Etrlp antibody. Subsequent
purification steps included a 2°5°ADP-Sepharose 4B column (Amersham Pharmacia
Biotech), a Resource S cation-exchange column (Amersham Pharmacia Biotech) and a
Superdex 200 HR 10/30 size exclusion column (Amersham Pharmacia Biotech). In the
purification of bovine recombinant protein, an antibody against human Nrbf-1p was used
to select fractions containing Nrbf-1p (II).

The concentration of highly purified protein preparations was determined
spectrophotometrically at 280 nm (I, II). Otherwise protein concentration was determined
with the Bradford method using BIO-RAD chemistry (Hercules, CA, USA) or Roti-
Quant chemistry (Karl Roth GmbH, Karsruhe, Germany) at 595 nm. For Western blot —
analysis, samples were separated using sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred using electroblotting to a nitrocellulose
transfer membrane (PROTRAN®, Schleicher & Schuell, Dassel, Germany).
Immunodetection of human and bovine Nrbf-1p in Western blotting (II) was carried out
using polyclonal antibodies raised in rabbits against C. tropicalis Etrlp or human Nrbf-1p
and a horseradish peroxidase (HRP)-conjugated secondary antibody (BIO-RAD).
Immunodetection of mouse DECR (III) was carried out using antibodies raised in rabbits
against the corresponding rat protein (Hakkola ef al. 1989).
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4.4 Subcellular localization studies (I, IT)

Fluorescent microscopy was used to study the subcellular localization of S. cerevisiae
Mrflp (I). A plasmid expressing Mrflp as a fusion protein with GFP was transformed
into S. cerevisiae cells. For fluorescence analysis, cells were spread on a polylysine-
coated slide and dried. The fixation was carried out with cold acetone at -20 °C and
subsequently cells were stained with DAPI. Localization of fluorescent signals from GFP
and DAPI was determined using an Olympus BX 60 microscope.

For the determination of the subcellular localization of HsNrbf-1p (II), HeLa cells
(ATCC CCL-2) cultured on glass coverslips were transfected with a plasmid encoding
HsNrbf-1p with EGFP fused to either the N- or C-terminus of the protein. The cells were
treated 36 h after transfection with mitochondrion selective fluorescent dye MitoTracker
Red CMXRos (Molecular Probes Europe BV, Leiden, Netherlands), fixed with
paraformaldehyde and permeabilized, after which the nuclear DNA was counterstained
with DAPI. The slides were examined by fluorescent microscopy to localize the
fluorescent signal from GFP fusion protein.

For the study of the localization of Nrbf-1p in rat heart, a crude mitochondrial fraction
was obtained and further purified by fractioning using isopygnic ultracentrifugation on a
self-generated Percoll gradient. Marker enzyme activities for mitochondria, microsomes
and cytosol were measured from the fractions and immunoblotting with anti-HsETRAb
was used to visualize RnNrbf-1p.

4.5 Enzyme assays and end product analysis (I, IT)

Enoyl thioester reductase activities were measured using a Shimadzu UV 3000 dual-
wavelength spectrophotometer monitoring the oxidation of NADPH at room temperature.
The assay mixture consisted of 125 pM NADPH and 60 pM trans-2-hexenoyl-CoA,
trans-2-decenoyl-CoA, trans-2-hexadecenoyl-CoA or trans-2-trans-4-hexadienoyl-CoA
in 50 mM KP;, at pH 7.2, supplemented with 50 pg/ml of fatty acid free albumin (I). The
kinetic constants for the mammalian enoyl thioesters’ reductase activities (II) were
determined using substrate concentrations of 1.25-200 pM for the above mentioned
trans-2-enoyl-CoA substrates. Otherwise the assay mixture contained 125 pM NADPH
and 100 pg/ml bovine serum albumin in 50 mM KP;, at pH 7.5. The K,-values were
calculated from the slopes of the curves using GraFit software (Sigma).

For the characterization of the end product from the reaction catalyzed by recombinant
Etrlp or Mrflp (I) trans-2,trans-4-hexadienoyl-CoA or trans-2-hexenoyl-CoA (10 mM)
was incubated with said proteins and 10 mM NADPH in 50 mM KP; (pH 7.4) at 37 °C.
KOH was added to aliquots from the reaction mixture, and free fatty acids were liberated
by heating at 80 °C for 3 h. The fatty acids were esterified overnight at 30 °C using acetyl
chloride. After a saturated CuCl, solution was added, the esterified samples were
extracted with hexane and a sample of the organic layer was subjected to gas-liquid
chromatography using a gas chromatographic system (model 5890, Hewlett-Packard, Bad
Homburg, Germany) with a flame ionization detector and an FS-FFAP-CB-0.25 (20 m)
column (Cs-Chromatographic Service GmbH, Langerwehe, Germany).
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For end product analysis of the reaction catalyzed by Nrbf-1p (II), recombinant
trHsNrbf-1p was incubated in the presence of 60 uM trans-2-hexenoyl-CoA and 300 uM
NADPH in 20 mM potassium phosphate, at pH 7.8 at 22 °C. Aliquots taken from the
reaction were acidified and samples from the aliquots were applied to a reversed phase
column (Waters Novapak C18, Waters Millipore, Millford, MA, USA) connected to an
HPLC instrument (Waters 626 pump, Waters 996 photodiode array detector, Waters
Millipore). The masses of the metabolites in the eluted peaks were determined by matrix-
assisted laser desorption ionization time of flight mass spectroscopy (MALDI-tof ms)
(ABI Voyager-DETM STR Biospectrometry Workstation).

4.6 Functional complementation studies (I, IT)

In the S. cerevisiae genome a single gene, YBR026¢/MRF 1, encodes the mitochondrial
reductase, the disruption of which results in a respiration-deficient mrfIA strain that can
not grow on a medium containing nonfermentable carbon sources, such as glycerol, as a
sole carbon source (Yamazoe et al. 1994). The disruption of MRF] was carried out using
the short flanking homology procedure (Wach et al. 1994). To examine the capability of
differentially targeted Etrlp, Mrflp (I) and human Nrbf-1p (II) to functionally
complement the reductase-deficient strain, the deletion strain was separately transformed
with plasmid DNA encoding each of these proteins. The complementation of the
respiration-deficient phenotype was tested by growing the transformed strains on a
synthetic complete glycerol medium.

4.7 Animal care (I1I)

The use of animals and the research plans were approved by the University of Oulu
committee of animal experimentation (License numbers 73/00, 080/03, 066/05). Animal
experiments were carried out in the animal facility of the Department of Biochemistry,
University of Oulu and in the germ free Barrier of the University of Oulu. Mice were
housed in a temperature controlled animal room with a 12-hour lighting period (07:00 —
19:00) and provided unrestricted access to water and standard chow. For fasting
experiments mice were housed individually and food was withdrawn for 24 to 48 hours,
during which period water was provided ad lib. Cold tolerance was tested by exposing
individually housed fasted (20 h) or non-fasted mice to +4 °C for a maximum of 4 hours
or until body temperature dropped below 25 °C. Temperature was measured using a
ThermoScan” thermometer (PRO 4000, Braun GmbH, Germany). Urine samples for
amino acid and dicarboxylic acid analysis were collected prior to fasting and after fasting
using metabolic cages (Tecniplast, Italy). All experiments were carried out with 4 to 7
month old adult mice, using age- and sex-matched wild type mice as controls.
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4.8 Generation of Decr”” mice (III)

The genomic clone (from the 129/SvJ strain) corresponding to the mouse Decr locus was
obtained from Genome systems Inc. (St Louis, MO, USA). A 3.3 kb fragment upstream
of the first exon and a 4.4 kb fragment from the first intron were modified to harbour
suitable restriction sites. For the construction of replacement vector, the modified
fragments were ligated to the pPGKneo/TK-2 vector, where they flanked the PGKneo
cassette. The neomycin resistance (neo) gene was used for positive and thymidine kinase
(TK) gene for negative selection. A linearized replacement vector was electroporated into
RW4 embryonic stem (ES) cells (129/SvJ, Tyrchp/Tyrcp) that were subsequently grown
under selection. Correctly targeted ES cell clones were identified using Southern analysis
of genomic DNA. Germline chimeric mice were produced by microinjecting ES cell
aggregates from positive clones into C57BL/6 blastocysts using standard procedures. The
genotypes of the mice were determined from tail DNA samples by PCR analysis.

4.9 Histological analysis (I, 11, I1I)

For immunoelectron microscopy (1), S. cerevisiae ybr026cA cells expressing Ybr026p or
Etrlp were fixed with paraformaldehyde/glutaraldehyde solution and subjected to further
fixation by freeze substitution in absolute methanol at -80 °C. Thin sections cut with a
Reichert Ultracut ultramicrotome from cells embedded in LR White resin (Electron
Microscopy Sciences, Fort Washington, PA, USA) were incubated with anti-Etrlp
antibodies, followed by a protein A-gold complex. Counterstained sections were
examined using a Philips EM 410 microscope (Philips ElectronOptics, Eindhoven,
Netherlands).

For the electron microscopy studies S. cerevisiae ybr026cA cells overexpressing full-
length or truncated Nrbf-1p (II) were fixed with 2.5% glutaraldehyde, immersed in Agar,
further post fixed in Agar blocks with 1% osmium tetroxide and embedded in Embed 812
(Electron Microscopy Sciences). Thin sections of 80 nm were cut with a Reichert
Ultracut ultramicrotome and examined using a Philips CM100 transmission electron
microscope.

For light microscopy analysis (III), samples from various tissues were fixed in 4%
phosphate-buffered paraformaldehyde, embedded in paraffin, sectioned and stained with
hematoxylin and eosin. For staining of lipids, tissue samples were embedded in O.C.T. —
compound (Tissue-Tek, Zoeterwoude, Netherlands) and frozen with liquid nitrogen.
Cryosections were cut from embedded samples with a Reichert-Jung 2800 Frigocut
cryomicrotome and stained with Oil red O and hematoxylin using standard methods.

4.10 Analysis of serum acyl-carnitines and liver total fatty acids (I11I)

For the determination of serum acyl-carnitines, lipids including the acyl-carnitines were
separated from other serum components using an RP-8 matrix. Neutral lipids and acyl-
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methyl esters were separated from acyl-carnitines by extraction. For the determination of
total fatty acids from liver homogenates, fatty acids were isolated using acid hydrolysis
and hexane extraction and derivatized to their methyl-esters. The recording of mass
spectral data from the extracted total liver fatty acids and acyl-carnitines isolated from
sera was done in positive ion mode by accumulating 256 scans at 256K resolution using
an APEX II FTICR mass spectrometer. The spectrometer was equipped with a 7T active
shielded magnet and an APOLLO electrospray ion source, and controlled with Xmass
6.0.0 software (Bruker Daltonics, Billerica, MA, USA).

4.11 Expression pattern and mRNA analysis (11, III)

To determine the expression pattern of human Nrbf-1p (II), Multiple Tissue Northern
Blot™ (Clontech, Palo Alto, CA, USA) was hybridized with 32p_labeled HsNRBF-1
cDNA. Hybridization was done in ExpressHyb™ (Clontech) solution according to the
manufacturer’s instructions and the hybridized fragments were visualized by
autoradiography using X-Omat™ AR imaging film (Eastman Kodak, Rochester, NY,
USA).

For real-time quantitative PCR analysis (IIT), cDNA was produced with a First Strand
cDNA Synthesis Kit (MBI Fermentas, Heidelberg, Germany) from total RNA isolated
with an RNeasy Mini Kit (Qiagen Gmbh, Hilden, Germany). PCR was performed with a
7500 Real Time PCR System (Applied Biosystems, CA, USA) using fluorogenic probe-
based TagMan chemistry with Tagman Universal PCR Master Mix (Applied Biosystems)
according to the manufacturer’s instructions. Primers and 5° FAM-labelled probes were
designed using Primer Express software (Applied Biosystems) and were purchased from
Sigma-Genosys (Sigma-Genosys, Haverhill, UK). For the relative quantification of gene
expression the results were normalized using GAPDH as an endogenous control for each
sample and analyzed with 7500 System Software (Applied Biosystems).

4.12 Blood chemistries (III)

Blood samples were collected from anesthetized mice by orbital bleeding to Multivette®™
collection tubes (Sarsted, Niimbrecht, Germany) and serum was separated by
centrifugation within 15 to 30 minutes. Serum total cholesterol, triglycerides, albumin,
alkaline phosphatase, alanine aminotransferase, glutamyl transferase, B-hydroxybutyrate
and serum amino acids were analyzed by the clinical laboratory of the University
Hospital of Oulu, Finland. Serum glucose (Glucose, Wako Chemicals GmbH, Neuss,
Germany) and free fatty acids (NEFA C, Wako Chemicals GmbH) were determined by
enzymatic colorimetric methods.



5 Results

Results obtained from the studies concerning the characterization of fungal and
mammalian 2-enoyl thioester reductases participating in mitochondrial FAS II (I and II)
and analysis of the mutant mice deficient in 2,4-dienoyl-CoA reductase participating in
the B-oxidation of PUFA (III) are presented below, separately.

5.1 Characterization of 2-enoyl thioester reductases of
mitochondrial FAS II

5.1.1 Identification and purification of 2-enoyl-thioester reductase from
C. tropicalis and mammals (I, I1)

Protein extracts from C. tropicalis cells grown either in glucose or oleic acid containing
media were analyzed using hydrophobic interaction chromatography. The reductase
activity profile measured using trans-2,trans-4-hexadienoyl-CoA as a substrate revealed
two separate activity peaks (Fig. 1C and D in I). Fractions corresponding to the second
activity peak cross-reacted with an antibody against C. cerevisiae 2,4-dienoyl-reductase
(Sps19p) (Gurvitz et al. 1997) and were assumed to contain a homolog of Sps19p.
Fractions in the first activity peak showed minimal cross-reactivity with the Sps19
antibody and the novel protein, named enoyl-thioester reductase (Etrlp), responsible for
reductase activity in those fractions was further purified to apparent homogeneity (Fig.
1E in I). Purified Etrlp had a native molecular mass of 75 kDa as indicated by size-
exclusion chromatography, and SDS-PAGE analysis showed a single band with a size of
40 kDa suggesting a homodimeric nature (Fig. 1E in I).

For further analysis the gene (ETR/) encoding Etrlp was cloned from a genomic
library and the obtained ORF was observed to encode a putative polypeptide of 42 kDa
including a presequence absent from mature Etrlp. The sequence of the putative
polypeptide also matched the sequence obtained by proteolytic cleavage of purified
Etrlp. A database search indicated that the S. cerevisiae Ybr026p, also termed
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mitochondrial respiratory function protein (Mrflp)(Yamazoe et al. 1994), had a high
amino acid identity (42%) with Etrlp. To further characterize and compare the enzymatic
activities of Etrlp and Mrflp, both enzymes were overexpressed in S. cerevisiae and
purified.

In order to search for a mammalian homolog of 2-enoyl thioester reductase, a BLAST
search (Altschul et al. 1990) of protein databases was conducted with S. cerevisiae
Ybr026p/Mrflp and C. tropicalis Etrlp. The search revealed homologs from various
eukaryotes, including humans and the EST, AA393871, corresponding to human protein
with a predicted mass of 37 kDa was sequenced and termed HsNRBF-1. Based on the
sequence information from HsNRBF-1, a cDNA coding for Nrbf-1p was cloned from
bovine heart (BtNRBF-1). Amino acid sequence alignment (Fig. 1 in II) showed that the
identities between HsNrbf-1p (BtNrbf-1p) and Ybr026p and Etrlp were 40% (35%) and
36% (38%), respectively, and the identity to rat Nrbf-1p (14) was 80% (83%). To
characterize the functions of HsNrbf-1p and BiNrbf-1p further, the proteins were
overexpressed in E. coli and purified to homogeneity. Size-exclusion chromatography
indicated a native molecular mass of 65 kDa and SDS-PAGE analysis showed a single
protein band of 37 kDa (Fig. 3 in II), suggesting that both proteins are, like their yeast
counterparts, homodimers.

5.1.2 Engzymatic properties of 2-enoyl thioester reductases (I, 11)

To analyze the reaction catalyzed by Etrlp and Mrflp, trans-2,trans-4-hexadienoyl-CoA
was used as a substrate and incubated with purified proteins in the presence of NADPH.
The hydrolyzed and esterified reaction products were subjected to gas chromatography
and the accumulation of 4-hexenoic acid ethyl ester was observed (Fig. 2A in I). When
trans-2-hexenoyl-CoA was used as a substrate, accumulation of hexanoic acid ethyl ester
was observed (Fig. 2B in I). This data and the absence of 2- or 3-hexenoic acid ethyl
esters when frans-2,trans-4-hexadienoyl-CoA was used as a substrate indicated that Etrlp
and Mrflp acted as 2-enoyl thioester reductases, specifically reducing trans-2 double
bonds in 2-monoenic and 2,4-dienic structures. The specific activities for Etrlp and
Mrflp with trans-2-hexenoyl-CoA and trans-2,trans-4-hexadienoyl-CoA as substrates
were 20 and 10 pmol/min/mg protein, respectively.

The high sequence similarity of human and bovine Nrbf-1p with Etrlp and Mrflp
suggested similar enzymatic activity. The end product of the reaction catalyzed by
HsNrbf-1p was analyzed using trans-2-hexenoyl-CoA as a substrate in the presence of
NADPH. HPLC analysis of the samples (Fig. 4 in II) showed that the disappearance of
trans-2-hexenoyl-CoA was followed by concomitant accumulation of a metabolite, which
was identified as hexanoyl-CoA by comparing it to the HPLC profile of pure hexanoyl-
CoA and by MALDI-TOF mass spectrometry analysis. These results indicate that
HsNrbf-1p is a 2-enoyl thioester reductase that reduces trans-2-enoyl thioesters to their
saturated counterparts. Trans-2-hexenoyl-CoA and trans-2-decenoyl-CoA were used to
determine the kinetic parameters for HsNrbf-1p. K,-values (k.-values) of 37.0 + 5.4
(0.53 £ 0.03 sy and 7.1 £ 0.9 pM (0.93 + 0.03 s') were obtained, respectively. These
values translated to catalytic efficiencies (k./K,) of 1.44 x 10*and 1.31 x 10° M 5! for
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Cs and C, substrates. Comparable K- and k.,-values were obtained for BfNrbf-1p when
trans-2-decenoyl-CoA was used as a substrate. HsNrbf-1p also showed low activity with
trans-2-hexadecenoyl-CoA, but kinetic parameters were not determined.

5.1.3 Mitochondrial localization of Etrlp and Mrflp and the

requirement of 2-enoyl thioester activity for respiratory competence (I)

It has previously been shown that S. cerevisiae strain (ybr026cA) deficient in Ybr026p
can not grow on nonfermentable carbon sources (e.g. glycerol) and exhibits decreased
cytochrome content. Due to the effect of Ybr026p on the respiratory growth of S.
cerevisiae, it was named mitochondrial respiratory function protein (Mrflp)(Yamazoe et
al. 1994). To study whether Etrlp and Mrflp, in addition to sequence similarity and 2-
enoyl thioester reductase activity, also have similar physiological function, Etrlp and
Mrflp were overexpressed in the ybr026cA strain and complementation, as well as
cytochrome spectra were examined. The observation that growth could be restored by
expression of either Etrlp or Mrflp (Fig. 4. in I) together with the restoration of
mitochondrial cytochrome complexes indicated that the physiological function of Etrlp,
similar to Mrflp, was connected to respiratory competence.

The proposed nuclear localization of Mrpflp (Yamazoe et al. 1994) and the N-
terminal sequence of Etrlp, which has characteristics of the mitochondrial targeting
sequence, prompted investigation of their subcellular localization. Immuno-
electronmicroscopy (IEM) with C. fropicalis cells using an anti-Etrlp antibody indicated
that native Etrlp was specifically localized to mitochondrial structures (Fig. 5A in I). The
localization of Etrlp and Mrflp was further studied by overexpressing them in the
ybr026¢cA strain grown on a nonfermentable carbon source. IEM with the anti-Etrlp
antibody that cross-reacted strongly with Mrflp showed that both proteins were
predominantly localized to mitochondria. Interestingly, in contrast to the rudimentary
mitochondria of the ybr026¢cA strain and normal mitochondria of the wild-type strain,
mitochondria in the strain complemented by Etrlp or Mrflp were vastly enlarged (Fig.
SDand E in ).

The N-terminal sequencing of purified and overexpressed proteins had revealed the
absence of a 22 amino acid long presequence in mature Etrlp, and an 8 amino acid long
presequence in Mrflp. The significance of these presequences for targeting, as well as for
complementation of the ybr(026¢cA strain, was studied by expressing truncated variants of
Etrlp and Mrflp devoid of presequences in the ybr026cA strain. IEM showed that
truncated Etrlp was primarily extramitochondrial indicating that the presequence acted as
a mitochondrial targeting signal (Fig. S5F in I). Deletion of the targeting signal also
abolished the ability of Etrlp to rescue the respiratory growth of ybr026cA cells despite
the conserved enzymatic activity. This confirmed the necessity of mitochondrial
localization for the physiological function (Fig. 4 in I). In contrast to localization of
truncated Etrlp, IEM showed that truncated Mrflp was, although diffusively localized,
also present in mitochondria (Fig. 5G in I). The truncated version of Mrflp was also able
to sustain the growth of ybr026cA cells on glycerol, probably due to partially retained
mitochondrial localization (Fig. 4 in I). In order to challenge the prior suggestion that
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Mrflp acts in the nucleus to maintain respiratory functions by regulating genes
responsible for the assembly of respiratory complexes (Yamazoe et al. 1994), the nuclear
targeting sequence of Simian virus 40 protein large antigen (25) was used to replace the
presequence of Mrflp. Although the protein was localized in the nucleus as indicated by
IEM (Fig. 5H in I), it was only poorly able to rescue the growth of the respiratory-
deficient ybr026c¢A strain, despite fully preserved enzymatic activity (Fig. 4 in I).

To determine whether Etrlp and Mrflp have a structural role in facilitating the correct
assembly of cytochrome complexes or whether their 2-enoyl thioester reductase activity
was essential for respiratory competence, the ybr026cA strain was transformed with a
plasmid expressing NADPH-dependent 2-enoyl-ACP reductase (Fabl) from E. coli
(Heath and Rock 1995). This nonhomologous E. coli protein, which is part of the
prokaryotic fatty acid synthesis pathway (FAS II), was able to rescue the respiratory-
deficient Mrflp deletion strain when extended with the mitochondrial targeting signal
(Fig. 4) and the complemented strain further showed restored cytochrome spectra. This
observation indicates that the enzymatic activity of Etrlp and Mrflp is essential for
respiratory competence in S. cerevisiae. Furthermore, the overexpression of
mitochondrially targeted Fabl resulted in an enlargement of mitochondria similar to that
with overexpressed Etrlp or Mrflp (Fig. 5Tin I).

5.1.4 Localization and physiological function of
mammalian Nrbf-1p (1I)

Features of a mitochondrial targeting signal (Pfanner 2000) can be observed in the N-
terminal amino acid sequence of human, bovine, and rat Nrbf-1p. Subcellular localization
predictions programs (Claros and Vincens 1996, Emanuelsson et al. 2000) also indicated
a high probability of mitochondrial localization. The previously proposed
cytosolic/nuclear localization of rat Nrbf-1 and its suggested role as a nuclear receptor
binding factor (Masuda et al. 1998) contradicted the characterized 2-enoyl thioester
reductase activity and predicted mitochondrial localization of mammalian Nrbf-1ps. To
reinvestigate the subcellular localization of mammalian Nrbf-1p, HsNrbf-1p with C-
terminal fusion with green fluorescent protein (GFP) was expressed in HeLa cells.
Fluorescent microscopy analysis of cells transfected with a plasmid expressing Nrbf-1p-
GFP fusion protein revealed a well defined fluorescence pattern that superimposed with
the mitochondrial control stain (Fig. 5A, C and D in II) indicating mitochondrial
localization. Subcellular fractionation of rat heart organelles by differential and isopycnic
centrifugation was used to study the localization of wild-type Nrbf-1p. Immunoblotting
with anti-HsETRAD revealed a 37-kDa band corresponding to the predicted polypeptide
size of rat Nrbf-1p in the same fractions that contained the mitochondrial marker enzyme
(cytochrome c oxidase) activity (Fig. 51 in II). The detected existence of 2-enoyl thioester
reductase activity in the same fractions also suggested mitochondrial localization of Nrbf-
1p in rat heart.

To study the physiological function of mammalian Nrbf-1p and whether HsNrbf-1p
can act as the human ortholog of yeast Mrflp and Etrlp, complementation analysis was
performed. Human Nrbf-1p and truncated Nrbf-1p devoid of a mitochondrial targeting



71

signal were overexpressed in respiratory-deficient ybr026A cells and their growth on a
nonfermentable carbon source was assessed. Human Nrbf-1p was able to rescue the
growth of ybr(26A cells almost to a wild type level, whereas the protein variant with the
truncated mitochondrial targeting signal did not rescue growth (Fig. 7 in II). Interestingly,
transmission electron microscopy revealed enlargement of mitochondria in ybr026A cells
expressing human Nrbf-1p (Fig. 8D in II). These findings were similar to those observed
in complementation analysis with the yeast 2-enoyl thioester reductases, Etrlp and Mrflp
(see section 4.1.3 and original article I), indicating that mammalian Nrbf-1ps are
mitochondrial 2-enoyl thioester reductases.

5.2 Characterization of the phenotype of DECR-deficient mice

5.2.1 The clinical phenotype of Decr 7 mice under

normal conditions (I11)

The disruption of Decr was analyzed using Southern blotting, where hybridization of a
probe to a 4.7 kb genomic fragment confirmed the correct targeting (Fig. 1B in III). Later,
different genotypes of mice were distinguished using PCR (Fig. 1C in III). Western blot
analysis of mitochondrial homogenates from liver, muscle and heart tissue using
antibodies against rat DECR revealed a detectable signal corresponding to DECR from
wild type mice, whereas no signal could be detected from Decr”” mice (Fig. 1D in III).
Under normal conditions mice with disrupted Decr appeared normal. Crossbreeding
analysis with Decr™" mice showed that their progeny followed Mendelian inheritance
ratios with no gender bias (Table 2 in III). This observation ruled out the effect of
deficiency on embryonic development. Decr” mice were physiologically and
histologically indistinguishable from wild type mice. Both male and female mutant mice
were viable and fertile having normal weight gain and life span. Histological analysis of
the major organs also failed to show any differences between wild type and mutant mice.

5.2.2 Identification of phenotype using metabolic stress (I11)

Although the inability to use fatty acids as an energy source, as in the case of human
disorders in mitochondrial B-oxidation, produces various clinical phenotypes, a common
feature is that individuals are usually asymptomatic under normal conditions. The same
phenomenon can be seen in several animal models for fatty acid oxidation disorders.
Clinical symptoms arise only after metabolic stress, such as prolonged physical exercise
or fasting, when fatty acids become a primary energy source. In order to study the effect
of disrupted mitochondrial B-oxidation of unsaturated fatty acids during metabolic stress,
Decr’” mice were subjected to fasting.
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5.2.2.1 Altered lipid and glucose homeostatic response to fasting (I11)

Hepatic steatosis, defined as abnormal accumulation of lipids in liver hepatocytes, is
commonly observed in fatty acid oxidation (FAO) disorders and corresponding animal
models. When the organs of the sacrificed animals where studied, it was noted that the
livers of the Decr” mice were markedly pale and weights, when determined as a
percentage of the body weight, were significantly higher than those of the wild type (Fig.
2 in III). Although histological analysis of livers in the fed state showed no differences
(Fig. 3A and B in III), fasted Decr”” mice showed the presence of abnormal hepatocytes
with a foamy appearance and centralized nuclei, characteristics of microvesicular
steatosis (Fig. 3C and D in III). Oil red O staining of neutral lipids showed massive and
homogeneously distributed micro- and macrovesicular lipid droplet formation, whereas
normal minor accumulation was present in age-matched wild type controls (Fig. 3E and F
in III). This data indicated that fasting resulted in disturbed hepatic lipid homeostasis in
the Decr”” mice.

The amounts of circulating nonesterified fatty acids (NEFA), which are released
during fasting from triacylglycerides stored in adipose tissue and can contribute to
hepatic lipid accumulation, were analyzed from the sera of Decr”” mice and wild type
mice. The fed state mean serum NEFA levels of wild type and Decr” mice were
comparable (0.43 £ 0.11 mmol/l vs. 0.52 + 0.03 mmol/l). However, after fasting Decr””
mice demonstrated abnormally high serum NEFA levels reaching 1.28 £ 0.12 mmol/l
after 48 h compared to wild type levels of 0.68 £+ 0.16 mmol/l (Fig. 4A in III).

In order to analyze whether the defect in the mitochondrial oxidation of unsaturated
fatty acids generates a hypoglycemic condition, which is a common symptom associated
with inherited defects of mitochondrial fatty acid oxidation, serum glucose levels were
determined from wild type and Decr”” mice after 24 h and 48 h fasting (Fig. 4B in III). In
the fed state glucose levels were comparable, however, 24-hour fasting caused significant
decreases in the glucose levels of Decr”” mice compared to wild type mice (6.6 + 0.2
mmol/l vs. 10.9 £ 0.3 mmol/l). Prolonged fasting (48 h) further decreased glucose levels
in Decr”” mice (2.3 + 0.3 mmol/l) and a decrease was also observed in wild type mice,
5.9 + 0.9 mmol/l. These data indicate that Decr”” mice have a hypoglycemic response to
fasting.

To study the ketogenic response to fasting, which is often impaired in FAO disorders
and associated with hypoglycemia, serum B-hydroxybutyrate levels were analyzed (Fig.
4C in III). In the fed state formation of ketone bodies was normally low in wild type and
Decr”” mice (0.13 £ 0.01 mmol/I and 0.16 + 0.06 mmol/l, respectively). Fasting increased
serum B-hydroxybutyrate values in the wild type and Decr” mice to comparable levels
(1.04 £ 0.14 mmol/l and 1.11 £ 0.10, respectively) indicating normal ketogenic response.

The hypoglycemic state of the Decr”” mice after fasting was neither due to differences
in storage or use of glycogen in the liver or muscle. This was shown by measurement of
glycogen content before and after 24 h fasting (Fig. 5A and B in III), wherein comparable
values for wild type and Decr”” mice were observed.
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5.2.2.2 Altered fatty acid pattern and organic acid and acylcarnitine
profile (11I)

To further analyze the hepatic lipid accumulation in Decr” mice, liver lipids were
characterized by mass spectrometry. Under the fed state the amount of total liver fatty
acids and proportion of saturated fatty acids (SAFA), monounsaturated fatty acids
(MUFA) and polyunsaturated fatty acids (PUFA) in wild type and Decr”” mice were
comparable (Fig. 6A and C in III). Analysis of total liver fatty acids after fasting for 24 h
revealed that the accumulating fatty acid species in Decr’” mice were unsaturated.
Compared to wild type mice Decr”” mice had significantly increased (2.5- to 3.8-fold)
levels of palmitoleic acid (Cyg.1), oleic acid (Cyg.)), linoleic acid (C,s) and linolenic acid
(Cis3) (Fig. 6B in III). Fasting had a relatively minor effect (29% increase) on the lipid
content of wild type liver, wherein levels of SAFA and PUFA were slightly increased
(Fig. 6C in III). In Decr”” mice however, fasting increased the total concentration of fatty
acids by 108%. This increase was solely due to levels of MUFA and PUFA, which were
increased 288% and 254%, respectively. The main contributors to increased MUFA
concentrations were oleic acid and palmitoleic acid, whereas the increase in the PUFA
concentrations was due to increased linoleic acid and linolenic acid concentrations. The
abnormal effect of fasting on liver lipid homeostasis in Decr”” mice was most pronounced
in the concentrations of linoleic and linolenic acids, which were increased 5.5-fold and
6.9-fold compared to fed state values. The concentration of SAFA in Decr”” mice
remained relatively unchanged, although fasting induced a slight increase in the
concentration of palmitic acid and a decrease in the concentration of stearic acid.

The initial diagnosis of long-chain fatty acid oxidation disorders is routinely carried
out by analyzing serum or plasma acylcarnitines. By profiling serum acylcarnitines it is
possible to deduce which acyl-CoA esters are accumulating intramitochondrially and
subsequently transesterified with carnitine and released into the blood stream, and
therefore to identify the site of the metabolic block in the B-oxidation cycle.

The effect of Decr disruption on the acylcarnitine profile was determined from non-
fasted and fasted wild type and Decr”” mice by mass spectrometry. In the fed state the
total amount of serum acylcarnitines in the wild type and Decr”” mice (263 + 29 nM and
240 + 16 nM, respectively) showed no differences. The levels of individual acylcarnitines
with chain lengths between 8 to 20 carbon atoms (Fig. 7A in III) were also comparable.
In wild type mice fasting increased the total concentration of acylcarnitines 2-fold (567 +
32 nM), whereas in Decr”” mice a markedly higher 9-fold increase was observed (2150 +
230 nM). All analyzed acylcarnitine species were highly elevated in Decr”” mice
compared to wild type mice but the most distinctive increase was observed at the level of
decadienoylcarnitine (Cyy.), the concentration of which was 44-fold higher in the sera of
Decr” mice than the wild type control (Fig. 7B in III).

When amounts of dicarboxylic acids in the urine of wild type and Decr’” were
compared, a prominent accumulation of C.5, Cyg.p, Cig2, Cio3, and Cy4; dicarboxylic acid
species was observed in Decr’™ mice after fasting. The excretion of these dicarboxylic
acids, especially Cjy, and C,43, which were not detected from the urine of wild type
mice, was also observed in Decr”” mice in the fed state (data not shown).

A



74

5.2.2.3 Changes in the expression of genes of mitochondrial and
extramitochondrial fatty acid metabolism (111)

In Decr”” mice the normal lipid and glucose homeostatic response to fasting is disturbed.
Indications of this include accumulation of unsaturated fatty acids in liver lipids, a highly
increased concentration of acylcarnitines in sera, and hypoglycemia. The effect of these
disturbances on the expression of several genes from fatty acid and carbohydrate
metabolism pathways was studied using the quantitative real-time PCR method.

Comparison of mitochondrial B-oxidation enzymes in liver (Fig. 8 in III) indicated a 2-
fold increase in the expression level of the rate-limiting enzyme carnitine
palmitoyltransferase (CPT I) in Decr” mice. The expression of one of the auxiliary
enzymes in the oxidation of polyunsaturated fatty acids, enoyl-CoA isomerase (ECI), was
also slightly up-regulated (1.5-fold). Peroxisomal B-oxidation genes showed 2.3- and 3.4-
fold higher expression of acyl-CoA oxidase (Acox) and peroxisomal multifunctional
enzyme 1 (MFE I) in Decr”” mice, respectively. The expression level of acetyl-CoA
carboxylase (Acaca), which catalyzes the first step in the fatty acid synthesis pathway,
was lower, although not significantly, in Decr”” mice. The messenger RNA level of the
enzyme responsible for the synthesis of monounsaturated fatty acids, stearoyl-CoA
desaturase 1 (SCDI1), however, was significantly lower in Decr” mice. Marked
differences were also observed in the expression level of a key enzyme in microsomal -
oxidation, cytochrome P450 IVA1 (CYP 4A10), which was 2.1-fold higher compared to
wild type mice. Key enzymes in the gluconeogenesis and glyceroneogenesis pathway,
phosphoenoylpyruvate carboxykinase (PEPCK-C) and glucose-6-phosphatase (G-6Pc),
showed significantly lower expression levels (0.5- and 0.45-fold, respectively) in Decr””
mice, whereas there were no differences in the level of hydroxymethylglutaryl-CoA
synthetase (HMGCS), which participates in the synthesis of ketone bodies. Fasting
produced no differences in the expression level of peroxisome proliferator activated
receptor o (PPAR«) between wild type and Decr”” mice, however the expression of sterol
regulatory element-binding protein 1 (SREBP1) in Decr’” mice was significantly
repressed.

5.2.2.4 Impaired thermogenesis during acute cold exposure (11l)

Cold intolerance has been indicated with many animal models of FAO disorders. Mice
with FAO disorders are unable to maintain normal body temperature when exposed to a
cold atmosphere with or without prior fasting. A cold exposure study showed that
metabolically challenged Decr”” mice rapidly develop severe hypothermia. After short
exposure to 4 °C the average body temperature of Decr”” mice was approximately 10 °C
lower than that of wild type mice and experiment was terminated prematurely as
temperatures declined below an unrecoverable 25 °C (Fig. 9A in III). Muscle shivering
initially present in Decr”” mice became less evident during the course of the experiment
and was totally absent when the mice became lethargic. As expected, wild type mice were
able to maintain their body temperature throughout the experiment and shivering was also
clearly observed. The metabolic challenge was a requisite for cold intolerance in Decr””
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mice, as no differences between wild type and Decr”” mice were observed in the ability to
maintain body temperature in non-fasted mice (Fig. 9B in III).



6 Discussion

6.1 2-Enoyl thioester reductases from C. tropicalis and S. cerevisiae as

components of the mitochondrial fatty acid synthesis system

In addition to the cytosolic multifunctional enzyme complexes responsible for fatty acid
synthesis (FAS 1) in eukaryotes (Smith 1994), a synthesis system comprised of individual
soluble enzymes similar to the prokaryotic system (FAS II) has been postulated in fungal
mitochondria. It has been indicated that several S. cerevisiae genes encode mitochondrial
proteins, which are categorized as components of this machinery based on their sequence
similarities to prokaryotic enzymes. It has also been observed that these enzymes are
necessary for the proper respiratory function of yeast, as gene disruption results in strains
that are unable to grow on nonfermentable carbon sources (Harington et al. 1993,
Schneider ef al. 1995, Schneider et al. 1997).

2-Enoyl thioester reductase can be found as part of multifunctional FAS I in
eukaryotes and it is also essential for prokaryotic FAS II (Heath and Rock 1995).
However, database searches with bacterial reductase do not reveal any candidates from
eukaryotic sources. Chromatographic analysis of the soluble extract from C. tropicalis
cells indicated two separate reductase activities, one of which was characterized as a
homolog of S. cerevisiae 2,4-dienoyl-CoA reductase, Sps19p, from the PB-oxidation
pathway (Gurvitz et al. 1997), based on immunological crossreactivity with an Sps19p-
antibody. A novel enoyl thioester reductase (Etrlp) with a molecular mass of 75 kDa and
subunit size of 40 kDa was purified from chromatographic fractions, which contained
reductase activity but did not show the presence of an Sps19p-like protein. For further
characterization Etrlp was cloned and overexpressed in S. cerevisiae. The possibility that
Etrlp might act as a 2,4-dienoyl-CoA reductase was ruled out by reaction end product
analysis. Analysis using trans-2,trans-4-hexadienoyl-CoA and trans-2-hexenoyl-CoA as
substrates showed that Etrlp acts specifically on frans-2 double bonds, as the end
products were trans-4-enoyl-CoA and hexanoyl-CoA, respectively.

The finding that Etrlp shared sequence homology with Mrflp (Ybr026p), a S.
cerevisiae protein indicated to have functions linked to respiration (Yamazoe et al. 1994),
led to characterization of the enzymatic activity of Mrflp. Similar to Etrlp, Mrflp was
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found to catalyze NADPH-dependent reduction of #rans-2 double bonds. The respiratory-
deficient phenotype of the mrfiA strain with reduced cytochrome content is similar to the
phenotype obtained by disruption of any of the S. cerevisiae genes postulated to encode
components involved in mitochondrial FAS II. These findings, together with the
localization studies that indicated that Etrlp as well as Mrflp (in contrast to earlier
suggestions of nuclear localization) were mitochondrial proteins, suggest that Etrlp and
Mrflp are 2-enoyl thioester reductases of fungal mitochondrial FAS II. Furthermore, it
was shown by the complementation studies that expression of Etrlp or Mrflp could
restore cytochromes as well as the respiratory competence of the mrfIA strain. When the
presequence responsible for mitochondrial targeting was omitted from Etrlp,
complementation was not observed. It was also shown for Mrflp that mitochondrial
localization is essential for respiratory growth, as Mrflp targeted to nucleus failed to
complement the phenotype of mrfIA. The importance of the enzymatic activity of Etrlp
and Mrflp for the observed complementation of mrf/IA became evident when
complementation studies were conducted with nonhomologous 2-enoyl-ACP reductase
(Fabl) from the E. coli FAS II system (Bergler et al. 1996). Since the ability to use
respiration when grown on a nonfermentable carbon source was restored by a structurally
non-related protein, it was clear that the 2-enoyl reductase activity rather than structural
function of the protein was responsible for the complementation.

The link between respiratory competence and mitochondrial FAS 1I is not clear, nor is
it clear which fatty acids are produced by this system. It has been proposed that
disruption of genes encoding proteins involved in mitochondrial FAS II does not affect
mitochondrial transcription or translation, as indicated by intact mitochondrial DNA and
apocytochromes in mrfIA cells (Yamazoe et al. 1994). Generation of precursors for the
synthesis of lipoic acid, which is an important cofactor of several mitochondrial enzymes,
has been suggested as the main function of fungal mitochondrial FAS II, and greatly
reduced lipoic acid content has been reported in respiratory-deficient yeast strains with
disrupted ACP1 or HFA1, which code for acyl carrier protein and acyl-CoA carboxylase,
respectively (Brody ef al. 1997, Hoja et al. 2004). A decreased lipoic acid content in the
mrflA strain has also been observed in our group. However, disruption of the lipoic acid
synthesis pathway in yeast, in contrast to mitochondrial FAS II, does not produce a
cytochrome-deficient phenotype (Sulo and Martin 1993), and thus the phenotypes seen in
yeast mutants deficient in mitochondrial FAS can not be explained solely by lowered
lipoic acid content. It is known that various lipids, in addition to numerous proteins, are
needed in the assembly and organization of respiratory complexes (Dimmer ef al. 2002).
One such lipid is myristic acid (C,4) that has been found covalently linked to subunits of
complex I and V in N. crassa (Vassilev et al. 1995, Plesofsky et al. 2000). It has been
proposed that mitochondrial FAS II provides acyl groups to enzyme complexes in the
respiratory chain and thus facilitates the proper assembly and/or catalytic mechanism. A
role in the synthesis and repair of membrane phospholipids has also been proposed
(Schneider ef al. 1997).

Morphological findings in mrfIA cells as well as in mrfIA cells overexpressing Etrlp
or Mrflp indicate a possible role for mitochondrial FAS II in the maintenance of
mitochondrial structure. In mutant cells only rudimentary organelles with atypical
structures could be seen, which might indicate impaired biogenesis with disrupted fission
or fusion processes. On the other hand, in complemented strains mitochondria were
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significantly enlarged. Similar results were also obtained with the recently identified
mitochondrial 3-hydroxyacyl-ACP dehydratase (Kastaniotis et al. 2004). However, it is
not clear whether the changes in morphology are directly caused by changes in
respiratory competence or vice versa.

Candidates for all the proteins needed in mitochondrial fatty acid synthesis in fungi
have been identified and most of them have also been characterized. Currently, however,
the physiological function of this system for purposes other than the production of
precursors for lipoic acid synthesis, which is generally accepted, is not clear. In order to
identify the products of mitochondrial FAS II and generate experimental evidence to
support various proposed functions, careful morphological studies, as well as analysis of
the lipid profiles of different FAS II mutant strains, are required.

6.2 Mammalian mitochondrial 2-enoyl thioester reductase

The identification of mitochondrial 2-enoyl thioester reductase from C. tropicalis and S.
cerevisiae prompted us to search for their mammalian counterparts. Despite the fact that
such activity was reported to exist in mammalian mitochondria many years ago
(Cvetanovic et al. 1985), the protein responsible for the activity had not been
characterized.

Protein data base searches with Etrlp and Mrflp revealed homologs from several
mammalian sources, including rat Nrbf-1p that was described as nuclear receptor binding
factor-1, which interacts with various nuclear receptors (Masuda et al. 1998). Following
the database searches a human EST clone encoding a homolog for rat Nrbf-1p was
obtained and the cDNA of a bovine homolog was also cloned. For further
characterization the human and bovine proteins were overexpressed in E. coli and the
enzymatic properties of the purified proteins were analyzed using different substrates. 2-
Enoyl thioester reductase activity, similar to Etrlp and Mrflp, was confirmed when the
end product from the reaction using frans-2-hexenoyl-CoA as a substrate was
characterized as hexanoyl-CoA. Additional analysis showed that Nrbf-1p can also use
2,4-hexadienoyl-CoA as a substrate and can catalyze the reduction of acyl thioesters with
chain lengths between C4 — C4. The mitochondrial localization of mammalian Nrbf-1p,
as predicted by the possible mitochondrial targeting signal in the N-terminal part of the
protein, was confirmed with localization studies using fluorescence microscopy, as well
as subcellular fractionation. The final evidence that mammalian Nrbf-1p is the ortholog
of C. tropicalis Etrlp and S. cerevisiae Mrflp and that it has a similar physiological
function came from the complementation studies. Heterogeneous expression of full-
length human NRBFI in the mrfIA strain restored the growth of mutant cells on glycerol
indicating the restoration of a functional respiratory chain. As with fungal 2-enoyl
thioester reductases, mitochondrial localization was indispensable for complementation
and overexpression also resulted in the enlargement of mitochondria.

The mitochondrial localization of Nrbf-1p and the enzymatic activity contradict earlier
findings suggesting cytosolic/nuclear localization and a function as a nuclear coactivator
(Masuda et al. 1998). The observed differences in localization can be explained by
different experimental procedures. In the previous study localization was analyzed using
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recombinant Nrbf-1p with an N-terminal marker, which could potentially block the
mitochondrial targeting signal. In this study green fluorescent protein was fused either to
the C-terminal or N-terminal part of Nrbf-1p. As the results from the protein with N-
terminal GFP showed diffused fluorescence in the cytosol as well as in the nucleus,
whereas but the protein with GFP attached to the C-terminus gave a well-defined
mitochondrial signal, it is probable that large molecules in the vicinity of the
mitochondrial targeting signal interfere with proper targeting.

The existence of fatty acid synthesis in mammalian mitochondria has been suspected
since the identification of an ACP-like protein covalently bound to complex I in the
respiratory chain (Runswick et al. 1991). The characterization of 2-enoyl thioester
reductase provided molecular and biochemical data in which enzymatic activity was
linked to mammalian mitochondrial FAS for the first time. Since then several other
components of this pathway have been described. Phosphopantetheinyl transferase,
responsible for transferring a phosphopantetheine moiety from CoA to ACP associated
with mitochondria, as well as malonyl transferase, which catalyzes the transfer of a
malonyl moiety from CoA to ACP, have been characterized from humans (Joshi et al.
2003, Zhang et al. 2003). Malonyl transferase resembles prokaryotic transacylase (FabD)
at the amino acid level and also has similar substrate specificity. Recently mitochondrial
B-ketoacyl synthase, which shows significant similarity to fungal (CEMI1) and
prokaryotic synthases (FabB and FabF), was characterized. Similar to the human 2-enoyl
thioester reductase, it was shown that B-ketoacyl synthase can complement the
respiratory-deficient phenotype of its mutated yeast counterpart (cemlA strain),
indicating similar physiological properties (Zhang et al. 2005). Further characterization
of the ACP-like protein recently showed that it is mostly present in a soluble form in
mitochondria and thus can carry acyl intermediates in the mitochondrial FAS pathway
from one enzyme to another (Cronan et al. 2005). Common to all the characterized
mammalian mitochondrial FAS enzymes is that they are more closely related to their
prokaryotic and/or fungal counterparts than to cytosolic FAS 1. This observation
strengthens the hypothesis that the mitochondrial FAS system has an ancient prokaryotic
origin.

In fungi and in plants the generation of precursors (octanoyl-ACP) for lipoic acid
synthesis is considered to be the most significant function of mitochondrial FAS. The
close relationship between the components of fungal and mammalian mitochondrial FAS
and their physiological compatibility, as indicated by complementation studies, as well as
characterization of lipoic acid synthase from mammalian sources (Morikawa et al. 2001),
necessitate a re-evaluation of the generally accepted idea that the lipoic acid requirement
in mammals is solely met by dietary intake. It is possible that in mammals one role of
mitochondrial FAS is to provide precursors for lipoic acid synthesis and thus ensure the
availability of this essential cofactor at times when it can not be obtained through the diet.

Yeast studies have shown that phenotypes observed in mutant strains with disrupted
components in their mitochondrial FAS can not be explained by reduced lipoic acid
content. This suggests that other products are essential for respiratory competence. The
products of mitochondrial FAS in yeast and plants have been reported to contain 8 - 18
carbon atoms (Mikolajczyk and Brody 1990, Gueguen et al. 2000, Yasuno et al. 2004).
The kinetic properties of human 2-enoyl thioester reductase showed that the mammalian
enzyme accepts a wide range of trans-2-enoyl substrates with chain lengths between Cq —



80

Cy6, and has a preference for substrates with medium chain length. B-ketoacyl synthase
was also shown to effectively utilize substrates containing acyl chains with a length
between C, — Cy4 (Zhang et al. 2005). These observations indicate the possibility that
mitochondrial FAS produces long chain fatty acids in mammals as well.

Although components of mitochondrial FAS in mammals have been relatively well
characterized, enzymes catalyzing the B-ketoacyl synthase step and the B-hydroxyacyl
dehydratase step in mammalian mitochondria have evaded identification so far. The
physiological functions, as well as in vivo products, are not clear either. One interesting
observation is that Nrbf-1p, ACP, lipoic acid synthase, and B-ketoacyl synthase are all
highly expressed in heart and skeletal muscle; tissues with a high rate of oxidative
phosphorylation and mitochondrial activity. The physiological role of mammalian
mitochondrial FAS and whether it is linked to respiration, as in yeast, or whether it has a
role in providing certain fatty acid species for the modification of membrane
phospholipids or certain proteins, remains to be solved.

6.3 2,4-Dienoyl-CoA reductase-deficient mice

A mouse line deficient in mitochondrial trans-2,cis/trans-4-dienoyl-CoA reductase
(DECR) was produced and characterized in this study in order to determine the
importance of DECR activity for the auxiliary enzyme system in B-oxidation and for the
complete oxidation of (poly)unsaturated fatty acids, and to provide a mouse model for
2,4-dienoyl-CoA reductase deficiency.

Most of the clinical cases of fatty acid oxidation disorders described so far concern
deficiencies in the transport of fatty acids into mitochondria and deficiencies of the
enzymes needed for the degradation of saturated fatty acids. Common to these disorders
is that otherwise asymptomatic patients develop symptoms rapidly under metabolic stress
when intact fatty acid oxidation is needed to maintain an energy balance. Clinical features
vary but usually include hypoketotic-hypoglycemia, hepatosteatosis, organic aciduria,
and cardiac and/or skeletal myopathies (Rinaldo et al. 2002). Only a single clinical case
with 2,4-dienoyl-CoA reductase deficiency has been reported. The patient, who died at
the age of 4 months, had reduced reductase activity and showed hyperlysinemia,
hypocarnitinemia, and an abnormal urine acylcarnitine profile (Roe et al. 1990). Several
mouse models have been developed for fatty acid oxidation disorders to deepen our
understanding of them and to help develop suitable supportive care for patients. In many
cases, these mouse models exhibit symptoms comparable to those of human patients
when exposed to stress, and in addition show cold intolerance (Cox ef al. 2001, Tolwani
et al. 2005).

Decr”” mice were found to be physiologically and histologically indistinguishable
from wild type mice under normal conditions. It could also be observed from
crossbreeding studies that deficiency did not result in any skewed inheritance or gender
bias, indicating normal embryonic development. An asymptomatic phenotype was
somewhat expected based on the observations made with mice deficient in A’ A*-enoyl-
CoA isomerase (ECI), where mitochondrial B-oxidation of unsaturated fatty acids is
halted at the level of their cis/trans-3-enoyl-CoA intermediates. Eci”~ mice showed
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symptoms, including hepatic steatosis and dicarboxylic aciduria, only after prolonged
fasting (Janssen and Stoffel 2002). When Decr”” mice were tested for their ability to
adapt to metabolic stress, several symptoms were observed. These included fasting-
induced hepatic steatosis with an altered hepatic fatty acid profile, an elevated free fatty
acid concentration in the blood, hypoglycemia, accumulation of acylcarnitines in sera,
and severe cold intolerance.

Normally, during fasting fatty acids released from stored triacylglycerols by lipolysis
are taken up by hepatocytes as free fatty acids and oxidized in mitochondria to provide
energy through ATP formation and acetyl-CoAs for ketone body synthesis. In Decr””
mice impaired oxidation of unsaturated fatty acids leads to their re-esterification and
storage as triacylglycerols in hepatocytes. Specific accumulation of mono- and
polyunsaturated fatty acids is reflected in the total liver fatty acids, which have an altered
fatty acid composition, with oleic and linoleic acids becoming the dominant species.

In the case of polyunsaturated fatty acids with double bonds at odd- and even-
numbered positions, their mitochondrial degradation in Decr”” mice is halted either at the
level of trans-2,cis-4-dienoyl-CoA after some of the 2,5-dienoyl-CoA intermediates are
channelled to the reductase-dependent pathway (Ren and Schulz 2003) or when an even-
numbered double bond at position A* is produced by successive cycles of B-oxidation. In
the reported clinical case recognition of 2,4-dienoyl-CoA reductase deficiency was based
upon the detection of frans-2,cis-4-decadienoylcarnitine from urine and plasma (Roe et
al. 1990). This carnitine species, derived from incomplete oxidation of linoleic acid, was
also highly elevated in Decr” mice. Despite the elevation of total acylcarnitine
concentration, no other highly accumulating species were observed in the acylcarnitine
profile, indicating that the major route for oxidation of 2,5-dienoyl-CoAs arising from the
B-oxidation of unsaturated fatty acids with double bonds at odd-numbered positions is an
A’,A*-enoyl-CoA isomerase-dependent pathway, as previously described (Ren and Schulz
2003).

Microsomal fatty acid w—hydroxylation can, together with the peroxisomal f-
oxidation pathway, provide an alternative pathway to prevent the accumulation of fatty
acids or their derivatives in hepatocytes (Okita and Okita 2001) and organic aciduria,
including dicarboxylic aciduria has been observed in patients with FAO disorders.
Enhanced expression of microsomal cytochrome CYP 4A10, peroxisomal acyl-CoA
oxidase (ACOX1) and multifunctional enzyme 1 (MFE1) in Decr’” mice indicated
induced w-oxidation and peroxisomal B-oxidation. The processing of accumulating
unsaturated intermediates in Decr’” mice by microsomes and peroxisomes led to
excretion of unsaturated dicarboxylic acids in the urine.

The reason for a hypoglycemic response to fasting in Decr” mice is not clear. In many
fatty acid oxidation disorders and their mouse models fasting induced hypoglycemia is
accompanied by rapid depletion of glycogen stores and hypoketonemia. This is due to
insufficient energy and acetyl-CoA production from B-oxidation leading to a reduced
ketogenic response, as well as inhibited gluconeogenesis. Analysis showed that in Decr””
mice ketone bodies were produced in normal quantities, and glycogen stores and their
usage were also similar in wild type and Decr”” mice. The gene expression studies,
however, indicated significantly decreased expression levels of enzymes controlling the
rate of gluconeogenesis, possibly providing a mechanism for hypoglycemia. Normally, in
the fasted state these enzymes, phosphoenoylpyruvate carboxykinase (PEPCK) and
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glucose-6-phosphatase (G6Pase), are highly activated. Sterol regulatory element binding
protein 1 (SREBP-1) has been shown to inhibit the transcription of gluconeogenic genes,
including PEPCK and G6Pase. However, in Decr”” mice the expression level of SREBP-
1 is only 1/3 of the normal level after fasting, indicating that factors other than SREBP-1
are responsible for the decreased expression of gluconeogenic genes. As it is known that
polyunsaturated fatty acids and their thioesters regulate the expression of numerous genes
in metabolic pathways (Wahle et al. 2003, Sampath and Ntambi 2004), it is possible that
accumulating unsaturated fatty acids or their derivatives in Decr”” mice negatively affect
the expression of PEPCK and Go6Pase leading to decreased gluconeogenic flux and
ultimately to hypoglycemia.

It is generally accepted that the cold intolerance observed in several mouse models of
fatty acid oxidation disorders is due to impaired nonshivering thermogenesis (Guerra et
al. 1998), by which brown adipose tissue normally produces heat when B-oxidation is
uncoupled from ATP production. The normal ketogenic response to fasting in Decr”” mice
indicated that despite the accumulation of unsaturated intermediates p-oxidation was
proceeding, and also that a capacity for nonshivering thermogenesis should exist. In this
sense the severe cold intolerance of metabolically stressed Decr”” mice was not expected.
However, it has been shown that heat production by muscle shivering is the normal
response to acute cold exposure and only after acclimatization to cold can nonshivering
thermogenesis be used as the main mechanism for maintaining body temperature
(Griggio 1988, Golozoubova et al. 2001). As there was no difference in the
thermoregulatory capacity between wild type mice and Decr”” mice when cold exposure
was not preceded by fasting, the probable cause of cold intolerance in Decr”” mice was
their inability to maintain muscle shivering for heat production under acute cold exposure
due to their hypoglycemic state. The observation in Decr”” mice that shivering was
initially present and then disappeared before the mice became lethargic lends support to
the hypothesis mentioned above.



7 Conclusions

This study aimed to characterize fungal 2-enoyl thioester reductases involved in
mitochondrial fatty acid synthesis and their mammalian counterparts. The study also
consisted of characterization of the physiological function of mitochondrial 2,4-dienoyl-
CoA reductase, which participates in the degradation of unsaturated fatty acids.

Observation of two thioester reductase activities from the soluble extract of C.
tropicalis led to characterization of a novel 2-enoyl thioester reductase, Etrlp, and its
homolog form S. cerevisiae, Mrflp (Ybr026p). Immunolocalization and in vivo targeting
experiments showed these proteins to be predominantly mitochondrial. The respiratory-
deficient phenotype of the S. cerevisiae mrfiA strain with decreased cytochrome content
and rudimentary mitochondria could be rescued by overexpressing Etrlp or Mrflp.
Overexpression also led to development of enlarged mitochondria. Mitochondrial
localization proved to be essential for respiratory competency, as targeting of Etrlp or
Mrflp to other subcellular locations failed to rescue respiratory growth. It was further
observed that the respiratory-deficient phenotype of the mrfIA strain could also be
complemented by mitochondrially targeted nonhomologous 2-enoyl-acyl carrier protein
reductase (Fabl) from E. coli participating in type II fatty acid synthesis. This observation
indicated that the enzymatic activity of 2-enoyl thioester reductase was critical for the
mitochondrial function. Together these findings suggested that novel 2-enoyl thioester
reductases, Etrlp and Mrflp, can act as part of the mitochondrial fatty acid synthesis
machinery, the proper function of which is essential for respiration and the maintenance
of mitochondrial morphology.

Data base searches revealed several Mrflp and Etrlp homologs, termed Nrbf-1p, from
mammalian sources. Recombinant human and bovine proteins were purified and
characterization of their enzymatic activity indicated an NADPH-dependent reduction of
trans-2-enoyl thioesters with a chain length of C¢ — Cy6 to the corresponding saturated
acyl thioesters. Localization studies using fluorescent microscopy and subcellular
fractionation showed that Nrbf-1ps are mitochondrial proteins. In common with the
results obtained from overexpression of Etrlp and Mrflp in the mrfIA strain, the
overexpression of human Nrbflp resulted in enlarged mitochondria. As the
complementation studies with the respiratory-deficient S. cerevisiae mrflA strain
indicated that mammalian mitochondrial 2-enoyl thioester reductase can rescue the
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respiratory growth of a mutant strain on a nonfermentable carbon source only if it is
localized to mitochondria, it was concluded that Nrbf-1ps are the orthologs of yeast 2-
enoyl thioester reductases. This also suggests that mammals are likely to possess the
ability and enzymatic machinery for mitochondrial fatty acid synthesis.

A mouse line deficient in trans-2, cis/trans-4-dienoyl-CoA reductase (DECR) revealed
the physiological consequences of the disruption of the mitochondrial B-oxidation of
unsaturated fatty acids. Similar to many genetic diseases of fatty acid oxidation and their
animal models Decr”” mice remained asymptomatic under normal conditions but rapidly
developed symptoms when stressed. Metabolically challenged Decr”” mice suffered from
hypoglycemia and microvesicular steatosis with massive accumulation of unsaturated
fatty acids in liver triacyglycerols. Accumulation of acylcarnitines in serum, especially
decadienoylcarnitine, which is the product of incomplete oxidation of linoleic acid, was
also observed. In contrast to many other animal models of fatty acid oxidation disorders,
hypoglycemia was not associated with an altered ketogenic response. However, the
normal thermogenic response was perturbed as shown by severe intolerance to acute cold
exposure. Despite the fact that oxidation of saturated fatty acids is expected to proceed
normally, this phenotype of Decr”” mice is in many ways similar to mouse models of the
disrupted classical B-oxidation pathway. The observations made in this study underscore
the importance of a proper oxidative metabolism for unsaturated fatty acids in ensuring a
balanced fatty acid and energy metabolism.



References

Aas M (1971) Organ and subcellular distribution of fatty acid activating enzymes in the rat.
Biochim Biophys Acta 231(1): 32-47.

Adamski J, Normand T, Leenders F, Monte D, Begue A, Stehelin D, Jungblut PW & de Launoit Y
(1995) Molecular cloning of a novel widely expressed human 80 kDa 17 beta-hydroxysteroid
dehydrogenase IV. Biochem J 311 ( Pt 2): 437-43.

Aguilar PS, Cronan JE, Jr & de Mendoza D (1998) A Bacillus subtilis gene induced by cold shock
encodes a membrane phospholipid desaturase. J Bacteriol 180(8): 2194-2200.

Alphey MS, Yu W, Byres E, Li D & Hunter WN (2005) Structure and reactivity of human
mitochondrial 2,4-dienoyl-CoA reductase: enzyme-ligand interactions in a distinctive short-
chain reductase active site. J Biol Chem 280(4): 3068-77.

Altschul SF, Gish W, Miller W, Myers EW & Lipman DJ (1990) Basic local alignment search tool.
J Mol Biol 215(3): 403-10.

Amaya Y, Takiguchi M, Hashimoto T & Mori M (1986) Molecular cloning of cDNA for rat
mitochondrial 3-hydroxyacyl-CoA dehydrogenase. Eur J Biochem 156(1): 9-14.

Amendt BA, Greene C, Sweetman L, Cloherty J, Shih V, Moon A, Teel L & Rhead WJ (1987)
Short-chain acyl-coenzyme A dehydrogenase deficiency. Clinical and biochemical studies in
two patients. J Clin Invest 79(5): 1303-1309.

Amills M, Vidal O, Varona L, Tomas A, Gil M, Sanchez A & Noguera JL (2005) Polymorphism of
the pig 2,4-dienoyl CoA reductase 1 gene (DECR1) and its association with carcass and meat
quality traits. J] Anim Sci 83(3): 493-8.

Amy CM, Witkowski A, Naggert J, Williams B, Randhawa Z & Smith S (1989) Molecular cloning
and sequencing of cDNAs encoding the entire rat fatty acid synthase. Proc Natl Acad Sci U S A
86(9): 3114-8.

Antonenkov VD, Van Veldhoven PP, Waelkens E & Mannaerts GP (1997) Substrate specificities
of 3-oxoacyl-CoA thiolase A and sterol carrier protein 2/3-oxoacyl-CoA thiolase purified from
normal rat liver peroxisomes. Sterol carrier protein 2/3-oxoacyl-CoA thiolase is involved in the
metabolism of 2-methyl-branched fatty acids and bile acid intermediates. J Biol Chem 272(41):
26023-31.

Aoyama T, Souri M, Kamijo T, Ushikubo S & Hashimoto T (1994) Peroxisomal acyl-coenzyme A
oxidase is a rate-limiting enzyme in a very-long-chain fatty acid beta-oxidation system.
Biochem Biophys Res Commun 201(3): 1541-7.

Arakawa H, Takiguchi M, Amaya Y, Nagata S, Hayashi H & Mori M (1987) cDNA-derived amino
acid sequence of rat mitochondrial 3-oxoacyl-CoA thiolase with no transient presequence:
structural relationship with peroxisomal isozyme. Embo J 6(5): 1361-6.



86

Armstrong DL, Masiowski ML & Wood PA (1993) Pathologic characterization of short-chain acyl-
CoA dehydrogenase deficiency in BALB/cByJ mice. Am J Med Genet 47(6): 884-92.

Asturias FJ, Chadick JZ, Cheung IK, Stark H, Witkowski A, Joshi AK & Smith S (2005) Structure
and molecular organization of mammalian fatty acid synthase. Nat Struct Mol Biol 12(3): 225-
32.

Austin SC & Funk CD (1999) Insight into prostaglandin, leukotriene, and other eicosanoid
functions using mice with targeted gene disruptions. Prostaglandins Other Lipid Mediat 58(5-6):
231-52.

Barschak AG, Ferreira GD, Andre KR, Schuck PF, Viegas CM, Tonin A, Filho CS, Wyse AT,
Wannmacher CM, Vargas CR & Wajner M (2006) Inhibition of the Electron Transport Chain
and Creatine Kinase Activity by Ethylmalonic Acid in Human Skeletal Muscle. Metab Brain
Dis.

Barth C, Sladek M & Decker K (1971) The subcellular distribution of short-chain fatty acyl-CoA
synthetase activity in rat tissues. Biochim Biophys Acta 248(1): 24-33.

Bartlett K & Eaton S (2004) Mitochondrial {beta}-oxidation. Eur J Biochem 271(3): 462-469.

Barycki JJ, O'Brien LK, Bratt JM, Zhang R, Sanishvili R, Strauss AW & Banaszak LJ (1999)
Biochemical characterization and crystal structure determination of human heart short chain L-
3-hydroxyacyl-CoA dehydrogenase provide insights into catalytic mechanism. Biochemistry
38(18): 5786-98.

Barycki JJ, O'Brien LK, Strauss AW & Banaszak LJ (2000) Sequestration of the active site by
interdomain shifting. Crystallographic and spectroscopic evidence for distinct conformations of
L-3-hydroxyacyl-CoA dehydrogenase. J Biol Chem 275(35): 27186-96.

Battaile KP, Molin-Case J, Paschke R, Wang M, Bennett D, Vockley J & Kim JJ (2002) Crystal
structure of rat short chain acyl-CoA dehydrogenase complexed with acetoacetyl-CoA:
comparison with other acyl-CoA dehydrogenases. J Biol Chem 277(14): 12200-7.

Bergler H, Fuchsbichler S, Hogenauer G & Turnowsky F (1996) The enoyl-[acyl-carrier-protein]
reductase (Fabl) of Escherichia coli, which catalyzes a key regulatory step in fatty acid
biosynthesis, accepts NADH and NADPH as cofactors and is inhibited by palmitoyl-CoA. Eur J
Biochem 242(3): 689-94.

Birktoft JJ, Holden HM, Hamlin R, Xuong NH & Banaszak LJ (1987) Structure of L-3-
hydroxyacyl-coenzyme A dehydrogenase: preliminary chain tracing at 2.8-A resolution. Proc
Natl Acad Sci U S A 84(23): 8262-6.

Bloch K & Vance D (1977) Control mechanisms in the synthesis of saturated fatty acids. Annu Rev
Biochem 46: 263-98.

Bonnefont JP, Djouadi F, Prip-Buus C, Gobin S, Munnich A & Bastin J (2004) Carnitine
palmitoyltransferases 1 and 2: biochemical, molecular and medical aspects. Mol Aspect Med
25(5-6): 495-520.

Bougneres PF, Saudubray JM, Marsac C, Bernard O, Odievre M & Girard J (1981) Fasting
hypoglycemia resulting from hepatic carnitine palmitoyl transferase deficiency. J Pediatr 98(5):
742-746.

Bout A, Franse MM, Collins J, Blonden L, Tager J]M & Benne R (1991) Characterization of the
gene encoding human peroxisomal 3-oxoacyl-CoA thiolase (ACAA). No large DNA
rearrangement in a thiolase-deficient patient. Biochim Biophys Acta 1090(1): 43-51.

Brody S & Mikolajczyk S (1988) Neurospora mitochondria contain an acyl-carrier protein. Eur J
Biochem 173(2): 353-9.

Brody S, Oh C, Hoja U & Schweizer E (1997) Mitochondrial acyl carrier protein is involved in
lipoic acid synthesis in Saccharomyces cerevisiae. FEBS Lett 408(2): 217-20.



87

Brown NF, Hill JK, Esser V, Kirkland JL, Corkey BE, Foster DW & McGarry JD (1997) Mouse
white adipocytes and 3T3-L1 cells display an anomalous pattern of carnitine
palmitoyltransferase (CPT) I isoform expression during differentiation. Inter-tissue and inter-
species expression of CPT I and CPT II enzymes. Biochem J 327 ( Pt 1): 225-31.

Buckner JS, Kolattukudy PE & Rogers L (1978) Synthesis of multimethyl-branched fatty acids by
avian and mammalian fatty acid synthetase and its regulation by malonyl-CoA decarboxylase in
the uropygial gland. Arch Biochem Biophys 186(1): 152-163.

Campbell JW & Cronan JE, Jr (2001) Bacterial fatty acid biosynthesis: targets for antibacterial
drug discovery. Annu Rev Microbiol 55: 305-332.

Carpenter K, Pollitt RJ & Middleton B (1992) Human liver long-chain 3-hydroxyacyl-coenzyme A
dehydrogenase is a multifunctional membrane-bound beta-oxidation enzyme of mitochondria.
Biochem Biophys Res Commun 183(2): 443-8.

Casteels M, Schepers L, Van Veldhoven PP, Eyssen HJ & Mannaerts GP (1990) Separate
peroxisomal oxidases for fatty acyl-CoAs and trihydroxycoprostanoyl-CoA in human liver. J
Lipid Res 31(10): 1865-72.

Chakravarty B, Gu Z, Chirala SS, Wakil SJ & Quiocho FA (2004) Human fatty acid synthase:
structure and substrate selectivity of the thioesterase domain. Proc Natl Acad Sci U S A
101(44): 15567-72.

Chen LS, Jin SJ & Tserng KY (1994) Purification and mechanism of delta 3,delta 5-t-2,t-4-dienoyl-
CoA isomerase from rat liver. Biochemistry (John Wiley & Sons) 33(34): 10527-10534.

Choi KH, Heath RJ & Rock CO (2000) beta-ketoacyl-acyl carrier protein synthase III (FabH) is a
determining factor in branched-chain fatty acid biosynthesis. J Bacteriol 182(2): 365-370.

Clark DP, DeMendoza D, Polacco ML & Cronan JE, Jr. (1983) Beta-hydroxydecanoyl thio ester
dehydrase does not catalyze a rate-limiting step in Escherichia coli unsaturated fatty acid
synthesis. Biochemistry 22(25): 5897-902.

Claros MG & Vincens P (1996) Computational method to predict mitochondrially imported
proteins and their targeting sequences. Eur J Biochem 241(3): 779-86.

Coleman RA, Lewin TM, Van Horn CG & Gonzalez-Baro MR (2002) Do long-chain acyl-CoA
synthetases regulate fatty acid entry into synthetic versus degradative pathways? J Nutr 132(8):
2123-6.

Corydon MJ, Vockley J, Rinaldo P, Rhead WJ, Kjeldsen M, Winter V, Riggs C, Babovic-
Vuksanovic D, Smeitink J, De Jong J, Levy H, Sewell AC, Roe C, Matern D, Dasouki M &
Gregersen N (2001) Role of common gene variations in the molecular pathogenesis of short-
chain acyl-CoA dehydrogenase deficiency. Pediatr Res 49(1): 18-23.

Cox KB, Hamm DA, Millington DS, Matern D, Vockley J, Rinaldo P, Pinkert CA, Rhead WI,
Lindsey JR & Wood PA (2001) Gestational, pathologic and biochemical differences between
very long-chain acyl-CoA dehydrogenase deficiency and long-chain acyl-CoA dehydrogenase
deficiency in the mouse. Hum Mol Genet 10(19): 2069-77.

Cronan JE, Fearnley IM & Walker JE (2005) Mammalian mitochondria contain a soluble acyl
carrier protein. FEBS Lett 579(21): 4892-6.

Cronan JE, Jr & Waldrop GL (2002) Multi-subunit acetyl-CoA carboxylases. Prog Lipid Res 41(5):
407-435.

Cuebas D & Schulz H (1982) Evidence for a modified pathway of linoleate degradation.
Metabolism of 2,4-decadienoyl coenzyme A. J Biol Chem 257(23): 14140-4.

Cvetanovic M, Moreno de la Garza M, Dommes V & Kunau WH (1985) Purification and
characterization of 2-enoyl-CoA reductase from bovine liver. Biochem J 227(1): 49-56.

Davidson B & Schulz H (1982) Separation, properties, and regulation of acyl coenzyme A
dehydrogenases from bovine heat and liver. Arch Biochem Biophys 213(1): 155-62.

Davis MS & Cronan JE, Jr (2001) Inhibition of Escherichia coli acetyl coenzyme A carboxylase by
acyl-acyl carrier protein. J Bacteriol 183(4): 1499-1503.



88

Davis MS, Solbiati J] & Cronan JE, Jr (2000) Overproduction of acetyl-CoA carboxylase activity
increases the rate of fatty acid biosynthesis in Escherichia coli. J Biol Chem 275(37): 28593-
28598.

Davoli R, Fontanesi L, Braglia S & Russo V (2002) A missense mutation in the porcine
mitochondrial 2,4-dienoyl CoA reductase 1 (DECR1) gene and linkage mapping of this locus to
chromosome 4. Anim Genet 33(1): 73-5.

De Nys K, Meyhi E, Mannaerts GP, Fransen M & Van Veldhoven PP (2001) Characterisation of
human peroxisomal 2,4-dienoyl-CoA reductase. Biochim Biophys Acta 1533(1): 66-72.

De Renobales M, Rogers L & Kolattukudy PE (1980) Involvement of a thioesterase in the
production of short-chain fatty acids in the uropygial glands of mallard ducks (Anas
platyrhynchos). Arch Biochem Biophys 205(2): 464-477.

Dieuaide-Noubhani M, Asselberghs S, Mannaerts GP & Van Veldhoven PP (1997) Evidence that
multifunctional protein 2, and not multifunctional protein 1, is involved in the peroxisomal beta-
oxidation of pristanic acid. Biochem J 325 (Pt 2): 367-73.

Dieuaide-Noubhani M, Novikov D, Baumgart E, Vanhooren JC, Fransen M, Goethals M,
Vandekerckhove J, Van Veldhoven PP & Mannaerts GP (1996) Further characterization of the
peroxisomal 3-hydroxyacyl-CoA dehydrogenases from rat liver. Relationship between the
different dehydrogenases and evidence that fatty acids and the C27 bile acids di- and tri-
hydroxycoprostanic acids are metabolized by separate multifunctional proteins. Eur J Biochem
240(3): 660-6.

DiMauro S & DiMauro PM (1973) Muscle carnitine palmityltransferase deficiency and
myoglobinuria. Science 182(115): 929-931.

Dimmer KS, Fritz S, Fuchs F, Messerschmitt M, Weinbach N, Neupert W & Westermann B (2002)
Genetic basis of mitochondrial function and morphology in Saccharomyces cerevisiae. Mol Biol
Cell 13(3): 847-53.

DiRusso CC, Li H, Darwis D, Watkins PA, Berger J & Black PN (2005) Comparative biochemical
studies of the murine fatty acid transport proteins (FATP) expressed in yeast. J Biol Chem
280(17): 16829-37.

Dommes P, Dommes V & Kunau WH (1983) beta-Oxidation in Candida tropicalis. Partial
purification and biological function of an inducible 2,4-dienoyl coenzyme A reductase. J Biol
Chem 258(18): 10846-52.

Dommes V, Baumgart C & Kunau WH (1981) Degradation of unsaturated fatty acids in
peroxisomes. Existence of a 2,4-dienoyl-CoA reductase pathway. J Biol Chem 256(16): 8259-
62.

Dommes V & Kunau WH (1984) 2,4-Dienoyl coenzyme A reductases from bovine liver and
Escherichia coli. Comparison of properties. J Biol Chem 259(3): 1781-8.

Dommes V, Luster W, Cvetanovic M & Kunau WH (1982) Purification by affinity
chromatography of 2,4-dienoyl-CoA reductases from bovine liver and Escherichia coli. Eur J
Biochem 125(2): 335-41.

Eaton S, Bartlett K & Pourfarzam M (1996) Mammalian mitochondrial beta-oxidation. Biochem J
320 (Pt 2): 345-57.

Edwards P, Nelsen JS, Metz JG & Dehesh K (1997) Cloning of the fabF gene in an expression
vector and in vitro characterization of recombinant fabF and fabB encoded enzymes from
Escherichia coli. FEBS Lett 402(1): 62-6.

Emanuelsson O, Nielsen H, Brunak S & von Heijne G (2000) Predicting subcellular localization of
proteins based on their N-terminal amino acid sequence. J Mol Biol 300(4): 1005-16.

Engel CK, Mathieu M, Zeelen JP, Hiltunen JK & Wierenga RK (1996) Crystal structure of enoyl-
coenzyme A (CoA) hydratase at 2.5 angstroms resolution: a spiral fold defines the CoA-binding
pocket. Embo J 15(19): 5135-45.



89

Ensenauer R, He M, Willard JM, Goetzman ES, Corydon TJ, Vandahl BB, Mohsen AW, Isaya G &
Vockley J (2005) Human acyl-CoA dehydrogenase-9 plays a novel role in the mitochondrial
beta-oxidation of unsaturated fatty acids. J Biol Chem 280(37): 32309-16.

Esser V, Brown NF, Cowan AT, Foster DW & McGarry JD (1996) Expression of a cDNA isolated
from rat brown adipose tissue and heart identifies the product as the muscle isoform of carnitine
palmitoyltransferase I (M-CPT I). M-CPT I is the predominant CPT I isoform expressed in both
white (epididymal) and brown adipocytes. J Biol Chem 271(12): 6972-7.

Exil VJ, Gardner CD, Rottman JN, Sims H, Bartelds B, Khuchua Z, Sindhal R, Ni G & Strauss AW
(2006) Abnormal mitochondrial bioenergetics and heart rate dysfunction in mice lacking very-
long-chain acyl-CoA dehydrogenase. Am J Physiol Heart Circ Physiol 290(3): H1289-97.

Exil VJ, Roberts RL, Sims H, McLaughlin JE, Malkin RA, Gardner CD, Ni G, Rottman JN &
Strauss AW (2003) Very-long-chain acyl-coenzyme a dehydrogenase deficiency in mice. Circ
Res 93(5): 448-55.

Farazi TA, Waksman G & Gordon JI (2001) The biology and enzymology of protein N-
myristoylation. J Biol Chem 276(43): 39501-4.

Feillet F, Steinmann G, Vianey-Saban C, de Chillou C, Sadoul N, Lefebvre E, Vidailhet M &
Bollaert PE (2003) Adult presentation of MCAD deficiency revealed by coma and severe
arrythmias. Intensive Care Med 29(9): 1594-7.

Ferdinandusse S, Denis S, Van Roermund CW, Wanders RJ & Dacremont G (2004) Identification
of the peroxisomal beta-oxidation enzymes involved in the degradation of long-chain
dicarboxylic acids. J Lipid Res 45(6): 1104-11.

Ferdinandusse S, Meissner T, Wanders RJ & Mayatepek E (2002) Identification of the peroxisomal
beta-oxidation enzymes involved in the degradation of leukotrienes. Biochem Biophys Res
Commun 293(1): 269-73.

Ferrer 1, Kapthammer JP, Hindelang C, Kemp S, Troffer-Charlier N, Broccoli V, Callyzot N,
Mooyer P, Selhorst J, Vreken P, Wanders RJ, Mandel JL & Pujol A (2005) Inactivation of the
peroxisomal ABCD?2 transporter in the mouse leads to late-onset ataxia involving mitochondria,
Golgi and endoplasmic reticulum damage. Hum Mol Genet 14(23): 3565-77.

Fichtlscherer F, Wellein C, Mittag M & Schweizer E (2000) A novel function of yeast fatty acid
synthase. Subunit alpha is capable of self-pantetheinylation. Eur J Biochem 267(9): 2666-71.
Filppula SA, Yagi Al Kilpelainen SH, Novikov D, FitzPatrick DR, Vihinen M, Valle D &
Hiltunen JK (1998) Delta3,5-delta2,4-dienoyl-CoA isomerase from rat liver. Molecular

characterization. J Biol Chem 273(1): 349-355.

Finocchiaro G, Ito M & Tanaka K (1987) Purification and properties of short chain acyl-CoA,
medium chain acyl-CoA, and isovaleryl-CoA dehydrogenases from human liver. J Biol Chem
262(17): 7982-9.

Finocchiaro G, Taroni F, Rocchi M, Liras Martin A, Colombo I, Tarelli GT & DiDonato S (1991)
cDNA cloning, sequence analysis, and chromosomal localization of human carnitine
palmitoyltransferase. Proc Natl Acad Sci U S A 88(23): 10981.

Foster RJ, Poulose AJ, Bonsall RF & Kolattukudy PE (1985) Measurement of distance between the
active serine of the thioesterase domain and the pantetheine thiol of fatty acid synthase by
fluorescence resonance energy transfer. J Biol Chem 260(5): 2826-31.

Fransen M, Van Veldhoven PP & Subramani S (1999) Identification of peroxisomal proteins by
using M13 phage protein VI phage display: molecular evidence that mammalian peroxisomes
contain a 2,4-dienoyl-CoA reductase. Biochem J 340 ( Pt 2): 561-8.

Fraser F, Corstorphine CG & Zammit VA (1997) Topology of carnitine palmitoyltransferase I in
the mitochondrial outer membrane. Biochem J 323 ( Pt 3): 711-8.

Furuta S, Kobayashi A, Miyazawa S & Hashimoto T (1997) Cloning and expression of cDNA for a
newly identified isozyme of bovine liver 3-hydroxyacyl-CoA dehydrogenase and its import into
mitochondria. Biochim Biophys Acta 1350(3): 317-24.



90

Furuta S, Miyazawa S & Hashimoto T (1981) Purification and properties of rat liver acyl-CoA
dehydrogenases and electron transfer flavoprotein. J Biochem (Tokyo) 90(6): 1739-50.

Garwin JL, Klages AL & Cronan JE, Jr. (1980) Beta-ketoacyl-acyl carrier protein synthase II of
Escherichia coli. Evidence for function in the thermal regulation of fatty acid synthesis. J Biol
Chem 255(8): 3263-5.

Garwin JL, Klages AL & Cronan JE, Jr. (1980) Structural, enzymatic, and genetic studies of beta-
ketoacyl-acyl carrier protein synthases I and II of Escherichia coli. J Biol Chem 255(24): 11949-
56.

Geisbrecht BV, Liang X, Morrell JC, Schulz H & Gould SJ (1999) The mouse gene PDCR encodes
a peroxisomal delta(2), delta(4)-dienoyl-CoA reductase. J Biol Chem 274(36): 25814-20.

Geisbrecht BV, Zhang D, Schulz H & Gould SJ (1999) Characterization of PECI, a novel
monofunctional Delta(3), Delta(2)-enoyl-CoA isomerase of mammalian peroxisomes. J Biol
Chem 274(31): 21797-21803.

Gelmann EP & Cronan JE, Jr. (1972) Mutant of Escherichia coli deficient in the synthesis of cis-
vaccenic acid. J Bacteriol 112(1): 381-7.

Gregersen N, Bross P & Andresen BS (2004) Genetic defects in fatty acid beta-oxidation and acyl-
CoA dehydrogenases. Molecular pathogenesis and genotype-phenotype relationships. Eur J
Biochem / FEBS 271(3): 470-482.

Guchhait RB, Polakis SE, Dimroth P, Stoll E, Moss J & Lane MD (1974) Acetyl coenzyme A
carboxylase system of Escherichia coli. Purification and properties of the biotin carboxylase,
carboxyltransferase, and carboxyl carrier protein components. J Biol Chem 249(20): 6633-6645.

Gueguen V, Macherel D, Jaquinod M, Douce R & Bourguignon J (2000) Fatty acid and lipoic acid
biosynthesis in higher plant mitochondria. J Biol Chem 275(7): 5016-25.

Guerra C, Koza RA, Walsh K, Kurtz DM, Wood PA & Kozak LP (1998) Abnormal nonshivering
thermogenesis in mice with inherited defects of fatty acid oxidation. J Clin Invest 102(9): 1724-
31

Guimaraes CP, Domingues P, Aubourg P, Fouquet F, Pujol A, Jimenez-Sanchez G, Sa-Miranda C
& Azevedo JE (2004) Mouse liver PMP70 and ALDP: homomeric interactions prevail in vivo.
Biochim Biophys Acta 1689(3): 235-43.

Guimaraes CP, Sa-Miranda C & Azevedo JE (2005) Probing substrate-induced conformational
alterations in adrenoleukodystrophy protein by proteolysis. J] Hum Genet 50(2): 99-105.

Gurvitz A, Rottensteiner H, Kilpelainen SH, Hartig A, Hiltunen JK, Binder M, Dawes IW &
Hamilton B (1997) The Saccharomyces cerevisiae peroxisomal 2,4-dienoyl-CoA reductase is
encoded by the oleate-inducible gene SPS19. J Biol Chem 272(35): 22140-7.

Hakkola EH, Autio-Harmainen HI, Sormunen RT, Hassinen IE & Hiltunen JK (1989) The known
purified mammalian 2,4-dienoyl-CoA reductases are mitochondrial isoenzymes. J Histochem
Cytochem 37(12): 1863-7.

Hakkola EH & Hiltunen JK (1993) The existence of two mitochondrial isoforms of 2,4-dienoyl-
CoA reductase in the rat. Eur J Biochem 215(1): 199-204.

Hansen JK & Knudsen J (1980) Transacylation as a chain-termination mechanism in fatty acid
synthesis by mammalian fatty acid synthetase. Synthesis of butyrate and hexanoate by lactating
cow mammary gland fatty acid synthetase. Biochem J 186(1): 287-294.

Harder ME, Ladenson RC, Schimmel SD & Silbert DF (1974) Mutants of Escherichia coli with
temperature-sensitive malonyl coenzyme A-acyl carrier protein transacylase. J Biol Chem
249(23): 7468-7475.

Hardie DG, McCarthy AD & Braddock M (1986) Mammalian fatty acid synthase: a chimeric
protein which has evolved by gene fusion. Biochemical Society transactions 14(3): 568-570.
Harington A, Herbert CJ, Tung B, Getz GS & Slonimski PP (1993) Identification of a new nuclear
gene (CEM1) encoding a protein homologous to a beta-keto-acyl synthase which is essential for

mitochondrial respiration in Saccharomyces cerevisiae. Mol Microbiol 9(3): 545-55.



91

He XY, Merz G, Mehta P, Schulz H & Yang SY (1999) Human brain short chain L-3-hydroxyacyl
coenzyme A dehydrogenase is a single-domain multifunctional enzyme. Characterization of a
novel 17beta-hydroxysteroid dehydrogenase. J Biol Chem 274(21): 15014-9.

He XY, Shoukry K, Chu C, Yang J, Sprecher H & Schulz H (1995) Peroxisomes contain delta
3,5,delta 2,4-dienoyl-CoA isomerase and thus possess all enzymes required for the beta-
oxidation of unsaturated fatty acids by a novel reductase-dependent pathway. Biochem Biophys
Res Commun 215(1): 15-22.

He XY, Yang SY & Schulz H (1989) Assay of L-3-hydroxyacyl-coenzyme A dehydrogenase with
substrates of different chain lengths. Anal Biochem 180(1): 105-9.

He XY, Yang SY & Schulz H (1997) Cloning and expression of the fadH gene and characterization
of the gene product 2,4-dienoyl coenzyme A reductase from Escherichia coli. Eur J Biochem
248(2): 516-20.

Heath RJ (2001) Bacterial fatty-acid biosynthesis: an antibacterial drug target waiting to be
exploited. Drug discovery today 6(14): 715.

Heath RJ & Rock CO (1995) Enoyl-acyl carrier protein reductase (fabl) plays a determinant role in
completing cycles of fatty acid elongation in Escherichia coli. J Biol Chem 270(44): 26538-
26542.

Heath RJ & Rock CO (1995) Regulation of malonyl-CoA metabolism by acyl-acyl carrier protein
and beta-ketoacyl-acyl carrier protein synthases in Escherichia coli. J Biol Chem 270(26):
15531-15538.

Heath RJ & Rock CO (1996) Inhibition of beta-ketoacyl-acyl carrier protein synthase III (FabH) by
acyl-acyl carrier protein in Escherichia coli. J Biol Chem 271(18): 10996-11000.

Heath RJ & Rock CO (1996) Regulation of fatty acid elongation and initiation by acyl-acyl carrier
protein in Escherichia coli. J Biol Chem 271(4): 1833-1836.

Heath RJ & Rock CO (1996) Roles of the FabA and FabZ beta-hydroxyacyl-acyl carrier protein
dehydratases in Escherichia coli fatty acid biosynthesis. J Biol Chem 271(44): 27795-27801.

Heath RJ & Rock CO (2000) A triclosan-resistant bacterial enzyme. Nature 406(6792): 145-146.

Heath RJ, Su N, Murphy CK & Rock CO (2000) The enoyl-[acyl-carrier-protein] reductases Fabl
and FabL from Bacillus subtilis. J Biol Chem 275(51): 40128-40133.

Helander HM, Koivuranta KT, Horelli-Kuitunen N, Palvimo JJ, Palotie A & Hiltunen JK (1997)
Molecular cloning and characterization of the human mitochondrial 2,4-dienoyl-CoA reductase
gene (DECR). Genomics 46(1): 112-9.

Hettema EH & Tabak HF (2000) Transport of fatty acids and metabolites across the peroxisomal
membrane. Biochim Biophys Acta 1486(1): 18-27.

Hettema EH, van Roermund CW, Distel B, van den Berg M, Vilela C, Rodrigues-Pousada C,
Wanders RJ & Tabak HF (1996) The ABC transporter proteins Patl and Pat2 are required for
import of long-chain fatty acids into peroxisomes of Saccharomyces cerevisiae. Embo J 15(15):
3813-22.

Hijikata M, Wen JK, Osumi T & Hashimoto T (1990) Rat peroxisomal 3-ketoacyl-CoA thiolase
gene. Occurrence of two closely related but differentially regulated genes. J Biol Chem 265(8):
4600-6.

Hiltunen JK, Karki T, Hassinen IE & Osmundsen H (1986) beta-Oxidation of polyunsaturated fatty
acids by rat liver peroxisomes. A role for 2,4-dienoyl-coenzyme A reductase in peroxisomal
beta-oxidation. J Biol Chem 261(35): 16484-93.

Hiltunen JK, Mursula AM, Rottensteiner H, Wierenga RK, Kastaniotis AJ & Gurvitz A (2003) The
biochemistry of peroxisomal beta-oxidation in the yeast Saccharomyces cerevisiae. FEMS
Microbiol Rev 27(1): 35-64.

Hiltunen JK, Wenzel B, Beyer A, Erdmann R, Fossa A & Kunau WH (1992) Peroxisomal
multifunctional beta-oxidation protein of Saccharomyces cerevisiae. Molecular analysis of the
fox2 gene and gene product. J Biol Chem 267(10): 6646-53.



92

Hirose A, Kamijo K, Osumi T, Hashimoto T & Mizugaki M (1990) cDNA cloning of rat liver 2,4-
dienoyl-CoA reductase. Biochim Biophys Acta 1049(3): 346-9.

Hirst J, Carroll J, Fearnley IM, Shannon RJ & Walker JE (2003) The nuclear encoded subunits of
complex I from bovine heart mitochondria. Biochim Biophys Acta 1604(3): 135-50.

Hoja U, Marthol S, Hofmann J, Stegner S, Schulz R, Meier S, Greiner E & Schweizer E (2004)
HFAI1 encoding an organelle-specific acetyl-CoA carboxylase controls mitochondrial fatty acid
synthesis in Saccharomyces cerevisiae. J Biol Chem 279(21): 21779-86.

Hoja U, Wellein C, Greiner E & Schweizer E (1998) Pleiotropic phenotype of acetyl-CoA-
carboxylase-defective yeast cells--viability of a BPL1-amber mutation depending on its
readthrough by normal tRNA(GIn)(CAG). Eur J Biochem 254(3): 520-6.

Holak TA, Nilges M, Prestegard JH, Gronenborn AM & Clore GM (1988) Three-dimensional
structure of acyl carrier protein in solution determined by nuclear magnetic resonance and the
combined use of dynamical simulated annealing and distance geometry. Eur J Biochem 175(1):
9-15.

Holzinger A, Kammerer S, Berger J & Roscher AA (1997) ¢cDNA cloning and mRNA expression
of the human adrenoleukodystrophy related protein (ALDRP), a peroxisomal ABC transporter.
Biochem Biophys Res Commun 239(1): 261-4.

Hsiao YS, Jogl G, Esser V & Tong L (2006) Crystal structure of rat carnitine palmitoyltransferase
II (CPT-II). Biochem Biophys Res Commun 346(3): 974-80.

Huang W, Jia J, Edwards P, Dehesh K, Schneider G & Lindqvist Y (1998) Crystal structure of
beta-ketoacyl-acyl carrier protein synthase II from E.coli reveals the molecular architecture of
condensing enzymes. Embo J 17(5): 1183-91.

Hubbard PA, Liang X, Schulz H & Kim JJ (2003) The crystal structure and reaction mechanism of
Escherichia coli 2,4-dienoyl-CoA reductase. J Biol Chem 278(39): 37553-60.

Huizing M, lacobazzi V, [jlst L, Savelkoul P, Ruitenbeek W, van den Heuvel L, Indiveri C,
Smeitink J, Trijbels F, Wanders R & Palmieri F (1997) Cloning of the human carnitine-
acylcarnitine carrier cDNA and identification of the molecular defect in a patient. Am J Hum
Genet 61(6): 1239-45.

lacobazzi V, Invernizzi F, Baratta S, Pons R, Chung W, Garavaglia B, Dionisi-Vici C, Ribes A,
Parini R, Huertas MD, Roldan S, Lauria G, Palmieri F & Taroni F (2004) Molecular and
functional analysis of SLC25A20 mutations causing carnitine-acylcarnitine translocase
deficiency. Hum Mutat 24(4): 312-320.

Ibdah JA, Paul H, Zhao Y, Binford S, Salleng K, Cline M, Matern D, Bennett MJ, Rinaldo P &
Strauss AW (2001) Lack of mitochondrial trifunctional protein in mice causes neonatal
hypoglycemia and sudden death. J Clin Invest 107(11): 1403-9.

Imanaka T, Aihara K, Takano T, Yamashita A, Sato R, Suzuki Y, Yokota S & Osumi T (1999)
Characterization of the 70-kDa peroxisomal membrane protein, an ATP binding cassette
transporter. J Biol Chem 274(17): 11968-76.

Indiveri C, Iacobazzi V, Giangregorio N & Palmieri F (1997) The mitochondrial carnitine carrier
protein: cDNA cloning, primary structure and comparison with other mitochondrial transport
proteins. Biochem J 321 ( Pt 3): 713-9.

Indiveri C, Tonazzi A & Palmieri F (1991) Characterization of the unidirectional transport of
carnitine catalyzed by the reconstituted carnitine carrier from rat liver mitochondria. Biochim
Biophys Acta 1069(1): 110-6.

Izai K, Uchida Y, Orii T, Yamamoto S & Hashimoto T (1992) Novel fatty acid beta-oxidation
enzymes in rat liver mitochondria. I. Purification and properties of very-long-chain acyl-
coenzyme A dehydrogenase. J Biol Chem 267(2): 1027-33.

Jackowski S, Murphy CM, Cronan JE, Jr & Rock CO (1989) Acetoacetyl-acyl carrier protein
synthase. A target for the antibiotic thiolactomycin. J Biol Chem 264(13): 7624-7629.



93

Jackson S, Kler RS, Bartlett K, Briggs H, Bindoff LA, Pourfarzam M, Gardner-Medwin D &
Turnbull DM (1992) Combined enzyme defect of mitochondrial fatty acid oxidation. J Clin
Invest 90(4): 1219-1225.

Jackson S, Schaefer J, Middleton B & Turnbull DM (1995) Characterisation of a novel enzyme of
human fatty acid beta-oxidation: a matrix-associated, mitochondrial 2-enoyl-CoA hydratase.
Biochem Biophys Res Commun 214(1): 247-53.

Janssen U & Stoffel W (2002) Disruption of mitochondrial beta -oxidation of unsaturated fatty
acids in the 3,2-trans-enoyl-CoA isomerase-deficient mouse. J Biol Chem 277(22): 19579-84.
Jenni S, Leibundgut M, Maier T & Ban N (2006) Architecture of a fungal fatty acid synthase at 5 A

resolution. Science 311(5765): 1263-7.

Jiang LL, Kobayashi A, Matsuura H, Fukushima H & Hashimoto T (1996) Purification and
properties of human D-3-hydroxyacyl-CoA dehydratase: medium-chain enoyl-CoA hydratase is
D-3-hydroxyacyl-CoA dehydratase. J Biochem (Tokyo) 120(3): 624-32.

Jiang LL, Kurosawa T, Sato M, Suzuki Y & Hashimoto T (1997) Physiological role of D-3-
hydroxyacyl-CoA dehydratase/D-3-hydroxyacyl-CoA dehydrogenase bifunctional protein. J
Biochem (Tokyo) 121(3): 506-13.

Jiang LL, Miyazawa S & Hashimoto T (1996) Purification and properties of rat D-3-hydroxyacyl-
CoA dehydratase: D-3-hydroxyacyl-CoA dehydratase/D-3-hydroxyacyl-CoA dehydrogenase
bifunctional protein. J Biochem (Tokyo) 120(3): 633-41.

Jogl G & Tong L (2003) Crystal structure of carnitine acetyltransferase and implications for the
catalytic mechanism and fatty acid transport. Cell 112(1): 113-22.

Jones CT, Wahle KW & Garton GA (1978) Synthesis of odd-numbered fatty acids by sub-cellular
fractions from the liver of the fetal guinea pig. FEBS letters 85(2): 237-240.

Jornvall H, Persson B, Krook M, Atrian S, Gonzalez-Duarte R, Jeffery J & Ghosh D (1995) Short-
chain dehydrogenases/reductases (SDR). Biochemistry (John Wiley & Sons) 34(18): 6003-
6013.

Joshi AK, Zhang L, Rangan VS & Smith S (2003) Cloning, expression, and characterization of a
human 4'-phosphopantetheinyl transferase with broad substrate specificity. J Biol Chem
278(35): 33142-9.

Kamijo K, Taketani S, Yokota S, Osumi T & Hashimoto T (1990) The 70-kDa peroxisomal
membrane protein is a member of the Mdr (P-glycoprotein)-related ATP-binding protein
superfamily. J Biol Chem 265(8): 4534-40.

Kastaniotis AJ, Autio KJ, Sormunen RT & Hiltunen JK (2004) Htd2p/Yhr067p is a yeast 3-
hydroxyacyl-ACP dehydratase essential for mitochondrial function and morphology. Mol
Microbiol 53(5): 1407-21.

Kearsey SE (1993) Identification of a Saccharomyces cerevisiae gene closely related to FAS3
(acetyl-CoA carboxylase). DNA Seq 4(1): 69-70.

Kelly CL & Wood PA (1996) Cloning and characterization of the mouse short-chain acyl-CoA
dehydrogenase gene. Mamm Genome 7(4): 262-4.

Kiema TR, Engel CK, Schmitz W, Filppula SA, Wierenga RK & Hiltunen JK (1999) Mutagenic
and enzymological studies of the hydratase and isomerase activities of 2-enoyl-CoA hydratase-
1. Biochemistry (John Wiley & Sons) 38(10): 2991-2999.

Kiema TR, Taskinen JP, Pirila PL, Koivuranta KT, Wierenga RK & Hiltunen JK (2002)
Organization of the multifunctional enzyme type 1: interaction between N- and C-terminal
domains is required for the hydratase-1/isomerase activity. Biochem J 367(Pt 2): 433-41.

Kilponen JM & Hiltunen JK (1993) Beta-oxidation of unsaturated fatty acids in humans. Isoforms
of delta 3, delta 2-enoyl-CoA isomerase. FEBS letters 322(3): 299-303.

Kilponen JM, Palosaari PM & Hiltunen JK (1990) Occurrence of a long-chain delta 3,delta 2-
enoyl-CoA isomerase in rat liver. Biochem J 269(1): 223-226.



94

Kim JJ & Wu J (1988) Structure of the medium-chain acyl-CoA dehydrogenase from pig liver
mitochondria at 3-A resolution. Proc Natl Acad Sci U S A 85(18): 6677-81.

Kim YS & Kolattukudy PE (1978) Malonyl-CoA decarboxylase from the uropygial gland of
waterfowl: purification, properties, immunological comparison, and role in regulating the
synthesis of multimethyl-branched fatty acids. Arch Biochem Biophys 190(2): 585-597.

Kimura C, Kondo A, Koeda N, Yamanaka H & Mizugaki M (1984) Studies on the metabolism of
unsaturated fatty acids. XV. Purification and properties of 2,4-dienoyl-CoA reductase from rat
liver peroxisomes. J Biochem (Tokyo) 96(5): 1463-9.

Knudsen J & Grunnet I (1982) Transacylation as a chain-termination mechanism in fatty acid
synthesis by mammalian fatty acid synthetase. Synthesis of medium-chain-length (C8-C12)
acyl-CoA esters by goat mammary-gland fatty acid synthetase. Biochem J 202(1): 139-143.

Kobayashi A, Jiang LL & Hashimoto T (1996) Two mitochondrial 3-hydroxyacyl-CoA
dehydrogenases in bovine liver. J Biochem (Tokyo) 119(4): 775-82.

Koivuranta KT, Hakkola EH & Hiltunen JK (1994) Isolation and characterization of cDNA for
human 120 kDa mitochondrial 2,4-dienoyl-coenzyme A reductase. Biochem J 304 (Pt 3): 787-
92.

Kolodziej MP, Crilly PJ, Corstorphine CG & Zammit VA (1992) Development and
characterization of a polyclonal antibody against rat liver mitochondrial overt carnitine
palmitoyltransferase (CPT I). Distinction of CPT I from CPT II and of isoforms of CPT I in
different tissues. Biochem J 282 (Pt 2): 415-21.

Korman SH, Waterham HR, Gutman A, Jakobs C & Wanders RJ (2005) Novel metabolic and
molecular findings in hepatic carnitine palmitoyltransferase I deficiency. Mol Genet Metab
86(3): 337-343.

Kunau WH & Dommes P (1978) Degradation of unsaturated fatty acids. Identification of
intermediates in the degradation of cis-4-decenoly-CoA by extracts of beef-liver mitochondria.
Eur J Biochem 91(2): 533-44.

Kurosawa T, Sato M, Nakano H, Fujiwara M, Murai T, Yoshimura T & Hashimoto T (2001)
Conjugation reactions catalyzed by bifunctional proteins related to beta-oxidation in bile acid
biosynthesis. Steroids 66(2): 107-14.

Kurtz DM, Rinaldo P, Rhead WJ, Tian L, Millington DS, Vockley J, Hamm DA, Brix AE, Lindsey
JR, Pinkert CA, O'Brien WE & Wood PA (1998) Targeted disruption of mouse long-chain acyl-
CoA dehydrogenase gene reveals crucial roles for fatty acid oxidation. Proc Natl Acad Sci U S
A 95(26): 15592-7.

Kurtz DM, Tolwani RJ & Wood PA (1998) Structural characterization of the mouse long-chain
acyl-CoA dehydrogenase gene and 5' regulatory region. Mamm Genome 9(5): 361-5.

Lai CY & Cronan JE (2003) Beta-ketoacyl-acyl carrier protein synthase III (FabH) is essential for
bacterial fatty acid synthesis. J Biol Chem 278(51): 51494-51503.

Lai CY & Cronan JE (2004) Isolation and characterization of beta-ketoacyl-acyl carrier protein
reductase (fabG) mutants of Escherichia coli and Salmonella enterica serovar Typhimurium. J
Bacteriol 186(6): 1869-1878.

Lambalot RH, Gehring AM, Flugel RS, Zuber P, LaCelle M, Marahiel MA, Reid R, Khosla C &
Walsh CT (1996) A new enzyme superfamily - the phosphopantetheinyl transferases. Chem
Biol 3(11): 923-36.

Lazarow PB & De Duve C (1976) A fatty acyl-CoA oxidizing system in rat liver peroxisomes;
enhancement by clofibrate, a hypolipidemic drug. Proc Natl Acad Sci U S A 73(6): 2043-6.

Leenders F, Adamski J, Husen B, Thole HH & Jungblut PW (1994) Molecular cloning and amino
acid sequence of the porcine 17 beta-estradiol dehydrogenase. Eur J Biochem 222(1): 221-7.

Leenders F, Tesdorpf JG, Markus M, Engel T, Seedorf U & Adamski J (1996) Porcine 80-kDa
protein reveals intrinsic 17 beta-hydroxysteroid dehydrogenase, fatty acyl-CoA-
hydratase/dehydrogenase, and sterol transfer activities. J Biol Chem 271(10): 5438-42.



95

Leesong M, Henderson BS, Gillig JR, Schwab JM & Smith JL (1996) Structure of a dehydratase-
isomerase from the bacterial pathway for biosynthesis of unsaturated fatty acids: two catalytic
activities in one active site. Structure (London, England) 4(3): 253-264.

Leonardi R, Zhang YM, Rock CO & Jackowski S (2005) Coenzyme A: back in action. Prog Lipid
Res 44(2-3): 125-53.

Lewin TM, Kim JH, Granger DA, Vance JE & Coleman RA (2001) Acyl-CoA synthetase isoforms
1, 4, and 5 are present in different subcellular membranes in rat liver and can be inhibited
independently. J Biol Chem 276(27): 24674-9.

Lewin TM, Van Horn CG, Krisans SK & Coleman RA (2002) Rat liver acyl-CoA synthetase 4 is a
peripheral-membrane protein located in two distinct subcellular organelles, peroxisomes, and
mitochondrial-associated membrane. Arch Biochem Biophys 404(2): 263-70.

Li SJ & Cronan JE, Jr (1993) Growth rate regulation of Escherichia coli acetyl coenzyme A
carboxylase, which catalyzes the first committed step of lipid biosynthesis. J Bacteriol 175(2):
332-340.

Lian W, Govindasamy L, Gu Y, Kukar T, Agbandje-McKenna M, McKenna R & Wu D (2002)
Crystallization and preliminary X-ray crystallographic studies on recombinant human carnitine
acetyltransferase. Acta Crystallogr D Biol Crystallogr 58(Pt 7): 1193-4.

Liang X, Thorpe C & Schulz H (2000) 2,4-Dienoyl-CoA reductase from Escherichia coli is a novel
iron-sulfur flavoprotein that functions in fatty acid beta-oxidation. Arch Biochem Biophys
380(2): 373-9.

Libertini LJ & Smith S (1978) Purification and properties of a thioesterase from lactating rat
mammary gland which modifies the product specificity of fatty acid synthetase. J Biol Chem
253(5): 1393-1401.

Liu LX, Janvier K, Berteaux-Lecellier V, Cartier N, Benarous R & Aubourg P (1999) Homo- and
heterodimerization of peroxisomal ATP-binding cassette half-transporters. J Biol Chem
274(46): 32738-43.

Lombard-Platet G, Savary S, Sarde CO, Mandel JL & Chimini G (1996) A close relative of the
adrenoleukodystrophy (ALD) gene codes for a peroxisomal protein with a specific expression
pattern. Proc Natl Acad Sci U S A 93(3): 1265-9.

Longo N, Amat di San Filippo C & Pasquali M (2006) Disorders of carnitine transport and the
carnitine cycle. 142(2): 77-85.

Luo MJ, He XY, Sprecher H & Schulz H (1993) Purification and characterization of the
trifunctional beta-oxidation complex from pig heart mitochondria. Arch Biochem Biophys
304(1): 266-71.

Luo MJ, Smeland TE, Shoukry K & Schulz H (1994) Delta 3,5, delta 2,4-dienoyl-CoA isomerase
from rat liver mitochondria. Purification and characterization of a new enzyme involved in the
beta-oxidation of unsaturated fatty acids. J Biol Chem 269(4): 2384-2388.

Lynen F (1961) Biosynthesis of saturated fatty acids. Fed Proc 20: 941-51.

Lynen F (1967) The role of biotin-dependent carboxylations in biosynthetic reactions. Biochem J
102(2): 381-400.

Maier T, Jenni S & Ban N (2006) Architecture of mammalian fatty acid synthase at 4.5 A
resolution. Science 311(5765): 1258-62.

Mansilla MC, Aguilar PS, Albanesi D, Cybulski LE, Altabe S & de Mendoza D (2003) Regulation
of fatty acid desaturation in Bacillus subtilis. Prostag Leukotr Ess 68(2): 187-190.

Marrakchi H, Choi KH & Rock CO (2002) A new mechanism for anaerobic unsaturated fatty acid
formation in Streptococcus pneumoniae. J Biol Chem 277(47): 44809-44816.

Mashek DG, Bornfeldt KE, Coleman RA, Berger J, Bernlohr DA, Black P, DiRusso CC, Farber
SA, Guo W, Hashimoto N, Khodiyar V, Kuypers FA, Maltais LJ, Nebert DW, Renieri A,
Schaffer JE, Stahl A, Watkins PA, Vasiliou V & Yamamoto TT (2004) Revised nomenclature
for the mammalian long-chain acyl-CoA synthetase gene family. J Lipid Res 45(10): 1958-61.



96

Masuda N, Yasumo H, Furusawa T, Tsukamoto T, Sadano H & Osumi T (1998) Nuclear receptor
binding factor-1 (NRBF-1), a protein interacting with a wide spectrum of nuclear hormone
receptors. Gene 221(2): 225-33.

Matsubara Y, Indo Y, Naito E, Ozasa H, Glassberg R, Vockley J, Ikeda Y, Kraus J & Tanaka K
(1989) Molecular cloning and nucleotide sequence of cDNAs encoding the precursors of rat
long chain acyl-coenzyme A, short chain acyl-coenzyme A, and isovaleryl-coenzyme A
dehydrogenases. Sequence homology of four enzymes of the acyl-CoA dehydrogenase family. J
Biol Chem 264(27): 16321-31.

Matsubara Y, Kraus JP, Ozasa H, Glassberg R, Finocchiaro G, Ikeda Y, Mole J, Rosenberg LE &
Tanaka K (1987) Molecular cloning and nucleotide sequence of cDNA encoding the entire
precursor of rat liver medium chain acyl coenzyme A dehydrogenase. J Biol Chem 262(21):
10104-8.

Matsubara Y, Kraus JP, Yang-Feng TL, Francke U, Rosenberg LE & Tanaka K (1986) Molecular
cloning of cDNAs encoding rat and human medium-chain acyl-CoA dehydrogenase and
assignment of the gene to human chromosome 1. Proc Natl Acad Sci U S A 83(17): 6543-7.

Mattick JS, Nickless J, Mizugaki M, Yang CY, Uchiyama S & Wakil SJ (1983) The architecture of
the animal fatty acid synthetase. II. Separation of the core and thioesterase functions and
determination of the N-C orientation of the subunit. ] Biol Chem 258(24): 15300-15304.

McGuinness MC, Lu JF, Zhang HP, Dong GX, Heinzer AK, Watkins PA, Powers J & Smith KD
(2003) Role of ALDP (ABCD1) and mitochondria in X-linked adrenoleukodystrophy. Mol Cell
Biol 23(2): 744-53.

Middleton B (1973) The oxoacyl-coenzyme A thiolases of animal tissues. Biochem J 132(4): 717-
30.

Middleton B & Bartlett K (1983) The synthesis and characterisation of 2-methylacetoacetyl
coenzyme A and its use in the identification of the site of the defect in 2-methylacetoacetic and
2-methyl-3-hydroxybutyric aciduria. Clin Chim Acta 128(2-3): 291-305.

Mihalik SJ, Steinberg SJ, Pei Z, Park J, Kim do G, Heinzer AK, Dacremont G, Wanders RJ,
Cuebas DA, Smith KD & Watkins PA (2002) Participation of two members of the very long-
chain acyl-CoA synthetase family in bile acid synthesis and recycling. J Biol Chem 277(27):
24771-9.

Miinalainen I (1998) Molecular cloning and characterization of cDNA and gene coding for mouse
mitochondrial 120 kDa 2,4-dienoyl-CoA reductase. Dept of Biochemistry, University of Oulu.
Mikolajezyk S & Brody S (1990) De novo fatty acid synthesis mediated by acyl-carrier protein in

Neurospora crassa mitochondria. Eur J Biochem 187(2): 431-7.

Mishra PK & Drueckhammer DG (2000) Coenzyme A Analogues and Derivatives: Synthesis and
Applications as Mechanistic Probes of Coenzyme A Ester-Utilizing Enzymes. Chem Rev
100(9): 3283-3310.

Mitchell GA, Kassovska-Bratinova S, Boukaftane Y, Robert MF, Wang SP, Ashmarina L, Lambert
M, Lapierre P & Potier E (1995) Medical aspects of ketone body metabolism. Clin Invest Med
18(3): 193-216.

Miura S, Takiguchi M, Matsue H, Amaya Y, Tatibana M, Shigesada K, Osumi T, Hashimoto T &
Mori M (1986) Molecular cloning of cDNA for rat mitochondrial 3-oxoacyl-CoA thiolase. Eur J
Biochem 154(2): 479-84.

Miyazawa S, Furuta S, Osumi T, Hashimoto T & Ui N (1981) Properties of peroxisomal 3-
ketoacyl-coA thiolase from rat liver. J Biochem (Tokyo) 90(2): 511-9.

Miyazawa S, Osumi T & Hashimoto T (1980) The presence of a new 3-oxoacyl-CoA thiolase in rat
liver peroxisomes. Eur J Biochem 103(3): 589-96.

Mizugaki M, Kimura C, Nishimaki T, Yamamoto H, Sagi M, Nishimura S & Yamanaka H (1982)
Studies on the metabolism of unsaturated fatty acids. X. Purification and some properties of 2,4-
dienoyl-CoA reductase from Escherichia coli. J Biochem (Tokyo) 92(5): 1671-4.



97

Mizugaki M, Koeda N, Kondo A, Kimura C & Yamanaka H (1985) Studies on the metabolism of
unsaturated fatty acids. XVI. Purification and general properties of 2,4-dienoyl-CoA reductase
from Candida lipolytica. J Biochem (Tokyo) 97(3): 837-43.

Mizugaki M, Nishimaki T, Yamamoto H, Nishimura S, Sagi M & Yamanaka H (1982) Studies on
the metabolism of unsaturated fatty acids. VIII. Induction of 2,4-dienoyl-CoA reductase in
Escherichia coli on the addition of unsaturated fatty acids. J Biochem (Tokyo) 91(4): 1453-6.

Moche M, Dehesh K, Edwards P & Lindqvist Y (2001) The crystal structure of beta-ketoacyl-acyl
carrier protein synthase II from Synechocystis sp. at 1.54 A resolution and its relationship to
other condensing enzymes. J Mol Biol 305(3): 491-503.

Modis Y, Filppula SA, Novikov DK, Norledge B, Hiltunen JK & Wierenga RK (1998) The crystal
structure of dienoyl-CoA isomerase at 1.5 A resolution reveals the importance of aspartate and
glutamate sidechains for catalysis. Structure (London, England) 6(8): 957-970.

Mohamed AH, Chirala SS, Mody NH, Huang WY & Wakil SJ (1988) Primary structure of the
multifunctional alpha subunit protein of yeast fatty acid synthase derived from FAS2 gene
sequence. J Biol Chem 263(25): 12315-25.

Mohan S, Kelly TM, Eveland SS, Raetz CR & Anderson MS (1994) An Escherichia coli gene
(FabZ) encoding (3R)-hydroxymyristoyl acyl carrier protein dehydrase. Relation to fabA and
suppression of mutations in lipid A biosynthesis. J Biol Chem 269(52): 32896-32903.

Morikawa T, Yasuno R & Wada H (2001) Do mammalian cells synthesize lipoic acid?
Identification of a mouse cDNA encoding a lipoic acid synthase located in mitochondria. FEBS
Lett 498(1): 16-21.

Mosser J, Douar AM, Sarde CO, Kioschis P, Feil R, Moser H, Poustka AM, Mandel JL & Aubourg
P (1993) Putative X-linked adrenoleukodystrophy gene shares unexpected homology with ABC
transporters. Nature 361(6414): 726-30.

Naito E, Ozasa H, lkeda Y & Tanaka K (1989) Molecular cloning and nucleotide sequence of
complementary DNAs encoding human short chain acyl-coenzyme A dehydrogenase and the
study of the molecular basis of human short chain acyl-coenzyme A dehydrogenase deficiency.
J Clin Invest 83(5): 1605-13.

Nomura M, Takihara Y & Shimada K (1995) Isolation of a ¢cDNA clone encoding mouse 3-
hydroxyacyl CoA dehydrogenase. Gene 160(2): 309-10.

Noyes BE & Bradshaw RA (1973) L-3-hydroxyacyl coenzyme A dehydrogenase from pig heart
muscle. I. Purification and properties. J Biol Chem 248(9): 3052-9.

Nyman LR, Cox KB, Hoppel CL, Kerner J, Barnoski BL, Hamm DA, Tian L, Schoeb TR & Wood
PA (2005) Homozygous carnitine palmitoyltransferase 1a (liver isoform) deficiency is lethal in
the mouse. Mol Genet Metab 86(1-2): 179-87.

Ohlrogge J, Savage L, Jaworski J, Voelker T & Post-Beittenmiller D (1995) Alteration of acyl-acyl
carrier protein pools and acetyl-CoA carboxylase expression in Escherichia coli by a plant
medium chain acyl-acyl carrier protein thioesterase. Arch Biochem Biophys 317(1): 185-90.

Okita RT & Okita JR (2001) Cytochrome P450 4A fatty acid omega hydroxylases. Curr Drug
Metab 2(3): 265-81.

Olsen JG, Kadziola A, von Wettstein-Knowles P, Siggaard-Andersen M & Larsen S (2001)
Structures of beta-ketoacyl-acyl carrier protein synthase I complexed with fatty acids elucidate
its catalytic machinery. Structure 9(3): 233-43.

Olsen JG, Kadziola A, von Wettstein-Knowles P, Siggaard-Andersen M, Lindquist Y & Larsen S
(1999) The X-ray crystal structure of beta-ketoacyl [acyl carrier protein] synthase I. FEBS Lett
460(1): 46-52.

Oppermann U, Filling C, Hult M, Shafqat N, Wu X, Lindh M, Shafgat J, Nordling E, Kallberg Y,
Persson B & Jornvall H (2003) Short-chain dehydrogenases/reductases (SDR): the 2002 update.
Chemico-biological interactions 143-144: 247-253.



98

Orii KE, Aoyama T, Wakui K, Fukushima Y, Miyajima H, Yamaguchi S, Orii T, Kondo N &
Hashimoto T (1997) Genomic and mutational analysis of the mitochondrial trifunctional protein
beta-subunit (HADHB) gene in patients with trifunctional protein deficiency. Hum Mol Genet
6(8): 1215-24.

Orii KO, Aoyama T, Saito-Ohara F, Ikeuchi T, Orii T, Kondo N & Hashimoto T (1997) Molecular
characterization of the mouse very-long-chain acyl-CoA dehydrogenase gene. Mamm Genome
8(7): 516-8.

Osumi T & Hashimoto T (1978) Acyl-CoA oxidase of rat liver: a new enzyme for fatty acid
oxidation. Biochem Biophys Res Commun 83(2): 479-85.

Osumi T & Hashimoto T (1979) Peroxisomal beta oxidation system of rat liver. Copurification of
enoyl-CoA hydratase and 3-hydroxyacyl-CoA dehydrogenase. Biochem Biophys Res Commun
89(2): 580-4.

Osumi T & Hashimoto T (1980) Purification and properties of mitochondrial and peroxisomal 3-
hydroxyacyl-CoA dehydrogenase from rat liver. Arch Biochem Biophys 203(1): 372-83.

Osumi T, Hashimoto T & Ui N (1980) Purification and properties of acyl-CoA oxidase from rat
liver. J Biochem (Tokyo) 87(6): 1735-46.

Osumi T, Ishii N, Hijikata M, Kamijo K, Ozasa H, Furuta S, Miyazawa S, Kondo K, Inoue K,
Kagamiyama H & et al. (1985) Molecular cloning and nucleotide sequence of the cDNA for rat
peroxisomal enoyl-CoA: hydratase-3-hydroxyacyl-CoA dehydrogenase bifunctional enzyme. J
Biol Chem 260(15): 8905-10.

Palosaari PM & Hiltunen JK (1990) Peroxisomal bifunctional protein from rat liver is a
trifunctional enzyme possessing 2-enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase,
and delta 3, delta 2-enoyl-CoA isomerase activities. J Biol Chem 265(5): 2446-9.

Palosaari PM & Hiltunen JK (1990) Peroxisomal bifunctional protein from rat liver is a
trifunctional enzyme possessing 2-enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase,
and delta 3, delta 2-enoyl-CoA isomerase activities. J Biol Chem 265(5): 2446-2449.

Palosaari PM, Kilponen JM, Sormunen RT, Hassinen IE & Hiltunen JK (1990) Delta 3,delta 2-
enoyl-CoA isomerases. Characterization of the mitochondrial isoenzyme in the rat. J Biol Chem
265(6): 3347-3353.

Pande SV (1975) A mitochondrial carnitine acylcarnitine translocase system. Proc Natl Acad Sci U
S A 72(3): 883-7.

Partanen ST, Novikov DK, Popov AN, Mursula AM, Hiltunen JK & Wierenga RK (2004) The 1.3
A crystal structure of human mitochondrial Delta3-Delta2-enoyl-CoA isomerase shows a novel
mode of binding for the fatty acyl group. J Mol Biol 342(4): 1197-1208.

Pazirandeh M, Chirala SS, Huang WY & Wakil SJ (1989) Characterization of recombinant
thioesterase and acyl carrier protein domains of chicken fatty acid synthase expressed in
Escherichia coli. J Biol Chem 264(30): 18195-18201.

Pfanner N (2000) Protein sorting: recognizing mitochondrial presequences. Curr Biol 10(11):
R412-5.

Plesofsky N, Gardner N, Videira A & Brambl R (2000) NADH dehydrogenase in Neurospora
crassa contains myristic acid covalently linked to the ND5 subunit peptide. Biochim Biophys
Acta 1495(3): 223-30.

Pohl A, Devaux PF & Herrmann A (2005) Function of prokaryotic and eukaryotic ABC proteins in
lipid transport. Biochim Biophys Acta 1733(1): 29-52.

Powell AJ, Read JA, Banfield MJ, Gunn-Moore F, Yan SD, Lustbader J, Stern AR, Stern DM &
Brady RL (2000) Recognition of structurally diverse substrates by type 1I 3-hydroxyacyl-CoA
dehydrogenase (HADH II)/amyloid-beta binding alcohol dehydrogenase (ABAD). J Mol Biol
303(2): 311-27.

Prescott DJ & Vagelos PR (1972) Acyl carrier protein. Adv Enzymol Relat Areas Mol Biol 36:
269-311.



99

Price AC, Zhang YM, Rock CO & White SW (2004) Cofactor-induced conformational
rearrangements establish a catalytically competent active site and a proton relay conduit in
FabG. Structure (London, England) 12(3): 417-428.

Price N, van der Leij F, Jackson V, Corstorphine C, Thomson R, Sorensen A & Zammit V (2002)
A novel brain-expressed protein related to carnitine palmitoyltransferase 1. Genomics 80(4):
433-42.

Pujol A, Ferrer I, Camps C, Metzger E, Hindelang C, Callizot N, Ruiz M, Pampols T, Giros M &
Mandel JL (2004) Functional overlap between ABCDI (ALD) and ABCD2 (ALDR)
transporters: a therapeutic target for X-adrenoleukodystrophy. Hum Mol Genet 13(23): 2997-
3006.

Qi C, Zhu Y, Pan J, Usuda N, Maeda N, Yeldandi AV, Rao MS, Hashimoto T & Reddy JK (1999)
Absence of spontaneous peroxisome proliferation in enoyl-CoA Hydratase/L-3-hydroxyacyl-
CoA dehydrogenase-deficient mouse liver. Further support for the role of fatty acyl CoA
oxidase in PPARalpha ligand metabolism. J Biol Chem 274(22): 15775-80.

Qin YM, Poutanen MH, Helander HM, Kvist AP, Siivari KM, Schmitz W, Conzelmann E,
Hellman U & Hiltunen JK (1997) Peroxisomal multifunctional enzyme of beta-oxidation
metabolizing D-3-hydroxyacyl-CoA esters in rat liver: molecular cloning, expression and
characterization. Biochem J 321 (Pt 1): 21-8.

Ramsay RR, Gandour RD & van der Leij FR (2001) Molecular enzymology of carnitine transfer
and transport. Biochim Biophys Acta 1546(1): 21-43.

Rangan VS, Joshi AK & Smith S (2001) Mapping the functional topology of the animal fatty acid
synthase by mutant complementation in vitro. Biochemistry 40(36): 10792-9.

Rawlings M & Cronan JE, Jr (1992) The gene encoding Escherichia coli acyl carrier protein lies
within a cluster of fatty acid biosynthetic genes. J Biol Chem 267(9): 5751-5754.

Reddy MK, Usuda N, Reddy MN, Kuczmarski ER, Rao MS & Reddy JK (1987) Purification,
properties, and immunocytochemical localization of human liver peroxisomal enoyl-CoA
hydratase/3-hydroxyacyl-CoA dehydrogenase. Proc Natl Acad Sci U S A 84(10): 3214-8.

Ren Y & Schulz H (2003) Metabolic functions of the two pathways of oleate beta-oxidation double
bond metabolism during the beta-oxidation of oleic acid in rat heart mitochondria. J Biol Chem
278(1): 111-6.

Rinaldo P, Matern D & Bennett MJ (2002) Fatty acid oxidation disorders. Annu Rev Physiol 64:
477-502.

Rinaldo P, Studinski AL & Matern D (2001) Prenatal diagnosis of disorders of fatty acid transport
and mitochondrial oxidation. Prenat Diagn 21(1): 52-4.

Rock CO & Jackowski S (2002) Forty years of bacterial fatty acid synthesis. Biochem Biophys Res
Commun 292(5): 1155-66.

Roe CR, Millington DS, Norwood DL, Kodo N, Sprecher H, Mohammed BS, Nada M, Schulz H &
McVie R (1990) 2,4-Dienoyl-coenzyme A reductase deficiency: a possible new disorder of fatty
acid oxidation. J Clin Invest 85(5): 1703-7.

Rossler H, Rieck C, Delong T, Hoja U & Schweizer E (2003) Functional differentiation and
selective inactivation of multiple Saccharomyces cerevisiae genes involved in very-long-chain
fatty acid synthesis. Mol Genet Genomics 269(2): 290-8.

Roujeinikova A, Baldock C, Simon WJ, Gilroy J, Baker PJ, Stuitje AR, Rice DW, Slabas AR &
Rafferty JB (2002) X-ray crystallographic studies on butyryl-ACP reveal flexibility of the
structure around a putative acyl chain binding site. Structure 10(6): 825-35.

Rufer AC, Thoma R, Benz J, Stihle M, Gsell B, De Roo E, Banner DW, Mueller F, Chomienne O
& Hennig M (2006) The crystal structure of carnitine palmitoyltransferase 2 and implications
for diabetes treatment. Structure 14(4): 713-23.

Runswick MJ, Fearnley IM, Skehel JM & Walker JE (1991) Presence of an acyl carrier protein in
NADH:ubiquinone oxidoreductase from bovine heart mitochondria. FEBS Lett 286(1-2): 121-4.



100

Sackmann U, Zensen R, Rohlen D, Jahnke U & Weiss H (1991) The acyl-carrier protein in
Neurospora crassa mitochondria is a subunit of NADH:ubiquinone reductase (complex I). Eur J
Biochem 200(2): 463-9.

Sampath H & Ntambi JM (2004) Polyunsaturated fatty acid regulation of gene expression. Nutr
Rev 62(9): 333-9.

Schepers L, Van Veldhoven PP, Casteels M, Eyssen HJ & Mannaerts GP (1990) Presence of three
acyl-CoA oxidases in rat liver peroxisomes. An inducible fatty acyl-CoA oxidase, a
noninducible fatty acyl-CoA oxidase, and a noninducible trihydroxycoprostanoyl-CoA oxidase.
J Biol Chem 265(9): 5242-6.

Schneider R, Brors B, Burger F, Camrath S & Weiss H (1997) Two genes of the putative
mitochondrial fatty acid synthase in the genome of Saccharomyces cerevisiae. Curr Genet 32(6):
384-8.

Schneider R, Brors B, Massow M & Weiss H (1997) Mitochondrial fatty acid synthesis: a relic of
endosymbiontic origin and a specialized means for respiration. FEBS Lett 407(3): 249-52.

Schneider R, Massow M, Lisowsky T & Weiss H (1995) Different respiratory-defective
phenotypes of Neurospora crassa and Saccharomyces cerevisiae after inactivation of the gene
encoding the mitochondrial acyl carrier protein. Curr Genet 29(1): 10-7.

Schuler AM, Gower BA, Matern D, Rinaldo P & Wood PA (2004) Influence of dietary fatty acid
chain-length on metabolic tolerance in mouse models of inherited defects in mitochondrial fatty
acid beta-oxidation. Mol Genet Metab 83(4): 322-9.

Schulte U (2001) Biogenesis of respiratory complex 1. J Bioenerg Biomembr 33(3): 205-12.

Schulz H (1991) Beta oxidation of fatty acids. Biochim Biophys Acta 1081(2): 109-20.

Schweizer E, Werkmeister K & Jain MK (1978) Fatty acid biosynthesis in yeast. Mol Cell
Biochem 21(2): 95-107.

Schweizer M, Roberts LM, Holtke HJ, Takabayashi K, Hollerer E, Hoffmann B, Muller G, Kottig
H & Schweizer E (1986) The pentafunctional FAS1 gene of yeast: its nucleotide sequence and
order of the catalytic domains. Mol Gen Genet 203(3): 479-86.

Seedorf U, Brysch P, Engel T, Schrage K & Assmann G (1994) Sterol carrier protein X is
peroxisomal 3-oxoacyl coenzyme A thiolase with intrinsic sterol carrier and lipid transfer
activity. J Biol Chem 269(33): 21277-83.

Seubert W, Lamberts I, Kramer R & Ohly B (1968) On the mechanism of malonyl-CoA-
independent fatty acid synthesis. I. The mechanism of elongation of long-chain fatty acids by
acetyl-CoA. Biochim Biophys Acta 164(3): 498-517.

Seyama Y, Otsuka H, Kawaguchi A & Yamakawa T (1981) Fatty acid synthetase from the
Harderian gland of guinea pig: biosynthesis of methyl-branched fatty acids. Journal of
Biochemistry 90(3): 789-797.

Shani N, Jimenez-Sanchez G, Steel G, Dean M & Valle D (1997) Identification of a fourth half
ABC transporter in the human peroxisomal membrane. Hum Mol Genet 6(11): 1925-31.

Shani N & Valle D (1996) A Saccharomyces cerevisiae homolog of the human
adrenoleukodystrophy transporter is a heterodimer of two half ATP-binding cassette
transporters. Proc Natl Acad Sci U S A 93(21): 11901-6.

Shani N, Watkins PA & Valle D (1995) PXA1, a possible Saccharomyces cerevisiae ortholog of
the human adrenoleukodystrophy gene. Proc Natl Acad Sci U S A 92(13): 6012-6.

Shoukry K & Schulz H (1998) Significance of the Reductase-dependent Pathway for the beta -
Oxidation of Unsaturated Fatty Acids with Odd-numbered Double Bonds. MITOCHONDRIAL
METABOLISM OF 2-TRANS-5-CIS-OCTADIENOYL-CoA

10.1074/jbc.273.12.6892. J. Biol. Chem. 273(12): 6892-6899.

Singh H, Brogan M, Johnson D & Poulos A (1992) Peroxisomal beta-oxidation of branched chain
fatty acids in human skin fibroblasts. J Lipid Res 33(11): 1597-605.



101

Smeland TE, Nada M, Cuebas D & Schulz H (1992) NADPH-dependent beta-oxidation of
unsaturated fatty acids with double bonds extending from odd-numbered carbon atoms. Proc
Natl Acad Sci U S A 89(15): 6673-7.

Smeland TE, Nada M, Cuebas D & Schulz H (1992) NADPH-dependent beta-oxidation of
unsaturated fatty acids with double bonds extending from odd-numbered carbon atoms. Proc
Natl Acad Sci USA 89(15): 6673-6677.

Smith BT, Sengupta TK & Singh I (2000) Intraperoxisomal localization of very-long-chain fatty
acyl-CoA synthetase: implication in X-adrenoleukodystrophy. Exp Cell Res 254(2): 309-20.

Smith S (1981) Medium-chain fatty acyl-s-4'-phosphopantetheine-fatty acid synthase thioester
hydrolase from lactating mammary gland of rat. Methods Enzymol 71 Pt C: 188-200.

Smith S (1994) The animal fatty acid synthase: one gene, one polypeptide, seven enzymes. Faseb J
8(15): 1248-59.

Staack H, Binstock JF & Schulz H (1978) Purification and properties of a pig heart thiolase with
broad chain length specificity and comparison of thiolases from pig heart and Escherichia coli. J
Biol Chem 253(6): 1827-31.

Stanley CA, Hale DE, Berry GT, Deleeuw S, Boxer J & Bonnefont JP (1992) Brief report: a
deficiency of carnitine-acylcarnitine translocase in the inner mitochondrial membrane. N Engl J
Med 327(1): 19-23.

Stanley CA, Sunaryo F, Hale DE, Bonnefont JP, Demaugre F & Saudubray JM (1992) Elevated
plasma carnitine in the hepatic form of carnitine palmitoyltransferase-1 deficiency. J Inherit
Metab Dis 15(5): 785-789.

Steinberg SJ, Wang SJ, Kim DG, Mihalik SJ & Watkins PA (1999) Human very-long-chain acyl-
CoA synthetase: cloning, topography, and relevance to branched-chain fatty acid metabolism.
Biochem Biophys Res Commun 257(2): 615-21.

Stern JR & Del Campillo A (1956) Enzymes of fatty acid metabolism. II. Properties of crystalline
crotonase. J Biol Chem 218(2): 985-1002.

Stoffel W, Ditzer R & Caesar H (1964) [The metabolism of unsaturated fatty acid. 3. On the beta-
oxidation of mono- and polyene-fatty acids. The mechanism of the enzymatic reaction on delta-
3-cis-enoyl-CoA compounds]. Hoppe Seylers Z Physiol Chem 339(1): 167-81.

Stoffel W & Grol M (1978) Purification and properties of 3-cis-2-trans-enoyl-CoA isomerase
(dodecenoyl-CoA delta-isomerase) from rat liver mitochondria. Hoppe-Seyler's Zeitschrift fur
physiologische Chemie 359(12): 1777-1782.

Stoops JK, Awad ES, Arslanian MJ, Gunsberg S, Wakil SJ & Oliver RM (1978) Studies on the
yeast fatty acid synthetase. Subunit composition and structural organization of a large
multifunctional enzyme complex. J Biol Chem 253(12): 4464-75.

Stoops JK, Kolodziej SJ, Schroeter JP, Bretaudiere JP & Wakil SJ (1992) Structure-function
relationships of the yeast fatty acid synthase: negative-stain, cryo-electron microscopy, and
image analysis studies of the end views of the structure. Proc Natl Acad Sci U S A 89(14):
6585-9.

Stoops JK & Wakil SJ (1981) Animal fatty acid synthetase. A novel arrangement of the beta-
ketoacyl synthetase sites comprising domains of the two subunits. J Biol Chem 256(10): 5128-
33.

Strauss AW, Powell CK, Hale DE, Anderson MM, Ahuja A, Brackett JC & Sims HF (1995)
Molecular basis of human mitochondrial very-long-chain acyl-CoA dehydrogenase deficiency
causing cardiomyopathy and sudden death in childhood. Proc Natl Acad Sci U S A 92(23):
10496-500.

Sulo P & Martin NC (1993) Isolation and characterization of LIP5. A lipoate biosynthetic locus of
Saccharomyces cerevisiae. J Biol Chem 268(23): 17634-9.



102

Swartzman EE, Viswanathan MN & Thorner J (1996) The PAL1 gene product is a peroxisomal
ATP-binding cassette transporter in the yeast Saccharomyces cerevisiae. J Cell Biol 132(4):
549-63.

Swinkels BW, Gould SJ, Bodnar AG, Rachubinski RA & Subramani S (1991) A novel, cleavable
peroxisomal targeting signal at the amino-terminus of the rat 3-ketoacyl-CoA thiolase. Embo J
10(11): 3255-62.

Tanaka AR, Tanabe K, Morita M, Kurisu M, Kasiwayama Y, Matsuo M, Kioka N, Amachi T,
Imanaka T & Ueda K (2002) ATP binding/hydrolysis by and phosphorylation of peroxisomal
ATP-binding cassette proteins PMP70 (ABCD3) and adrenoleukodystrophy protein (ABCD1). J
Biol Chem 277(42): 40142-7.

Tolwani RJ, Farmer SC, Johnson KR, Davisson MT, Kurtz DM, Hinsdale ME, Cresci S, Kelly DP
& Wood PA (1996) Structure and chromosomal location of the mouse medium-chain acyl-CoA
dehydrogenase-encoding gene and its promoter. Gene 170(2): 165-71.

Tolwani RJ, Hamm DA, Tian L, Sharer JD, Vockley J, Rinaldo P, Matern D, Schoeb TR & Wood
PA (2005) Medium-Chain Acyl-CoA Dehydrogenase Deficiency in Gene-Targeted Mice. PLoS
Genet 1(2): €23.

Tong F, Black PN, Coleman RA & DiRusso CC (2006) Fatty acid transport by vectorial acylation
in mammals: roles played by different isoforms of rat long-chain acyl-CoA synthetases. Arch
Biochem Biophys 447(1): 46-52.

Triepels R, Smeitink J, Loeffen J, Smeets R, Buskens C, Trijbels F & van den Heuvel L (1999) The
human nuclear-encoded acyl carrier subunit (NDUFABI1) of the mitochondrial complex I in
human pathology. J Inherit Metab Dis 22(2): 163-73.

Troffer-Charlier N, Doerflinger N, Metzger E, Fouquet F, Mandel JL & Aubourg P (1998) Mirror
expression of adrenoleukodystrophy and adrenoleukodystrophy related genes in mouse tissues
and human cell lines. Eur J Cell Biol 75(3): 254-64.

Tropf S, Revill WP, Bibb MJ, Hopwood DA & Schweizer M (1998) Heterologously expressed acyl
carrier protein domain of rat fatty acid synthase functions in Escherichia coli fatty acid synthase
and Streptomyces coelicolor polyketide synthase systems. Chem Biol 5(3): 135-46.

Tserng KY & Jin SJ (1991) NADPH-dependent reductive metabolism of cis-5 unsaturated fatty
acids. A revised pathway for the beta-oxidation of oleic acid. J Biol Chem 266(18): 11614-
11620.

Tyni T, Ekholm E & Pihko H (1998) Pregnancy complications are frequent in long-chain 3-
hydroxyacyl-coenzyme A dehydrogenase deficiency. Am J Obstet Gynecol 178(3): 603-8.

Uchida Y, Izai K, Orii T & Hashimoto T (1992) Novel fatty acid beta-oxidation enzymes in rat
liver mitochondria. II. Purification and properties of enoyl-coenzyme A (CoA) hydratase/3-
hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase trifunctional protein. J Biol Chem
267(2): 1034-41.

Uchida Y, Kondo N, Orii T & Hashimoto T (1996) Purification and properties of rat liver
peroxisomal very-long-chain acyl-CoA synthetase. J Biochem (Tokyo) 119(3): 565-71.

Uchiyama A, Aoyama T, Kamijo K, Uchida Y, Kondo N, Orii T & Hashimoto T (1996) Molecular
cloning of cDNA encoding rat very long-chain acyl-CoA synthetase. J] Biol Chem 271(48):
30360-5.

Wach A, Brachat A, Pohlmann R & Philippsen P (1994) New heterologous modules for classical or
PCR-based gene disruptions in Saccharomyces cerevisiae. Yeast 10(13): 1793-808.

Wahle KW, Rotondo D & Heys SD (2003) Polyunsaturated fatty acids and gene expression in
mammalian systems. Proc Nutr Soc 62(2): 349-60.

Wakil SJ, Green DE, Mii S & Mahler HR (1954) Studies on the fatty acid oxidizing system of
animal tissues. VI. beta-Hydroxyacyl coenzyme A dehydrogenase. J Biol Chem 207(2): 631-8.

Wakil SJ, Pugh EL & Sauer F (1964) The Mechanism of Fatty Acid Synthesis. Proc Natl Acad Sci
U S A 52: 106-14.



103

Wakil SJ, Stoops JK & Joshi VC (1983) Fatty acid synthesis and its regulation. Annu Rev Biochem
52: 537-79.

Valle D & Gartner J (1993) Human genetics. Penetrating the peroxisome. Nature 361(6414): 682-3.

van Roermund CW, Tabak HF, van Den Berg M, Wanders RJ & Hettema EH (2000) Pex11p plays
a primary role in medium-chain fatty acid oxidation, a process that affects peroxisome number
and size in Saccharomyces cerevisiae. J Cell Biol 150(3): 489-98.

Van Veldhoven PP & Mannaerts GP (1999) Role and organization of peroxisomal beta-oxidation.
Adv Exp Med Biol 466: 261-72.

Van Veldhoven PP, Vanhove G, Vanhoutte F, Dacremont G, Parmentier G, Eyssen HJ &
Mannaerts GP (1991) Identification and purification of a peroxisomal branched chain fatty acyl-
CoA oxidase. J Biol Chem 266(36): 24676-83.

Wanders RJ, Denis S, Wouters F, Wirtz KW & Seedorf U (1997) Sterol carrier protein X (SCPx) is
a peroxisomal branched-chain beta-ketothiolase specifically reacting with 3-oxo-pristanoyl-
CoA: a new, unique role for SCPx in branched-chain fatty acid metabolism in peroxisomes.
Biochem Biophys Res Commun 236(3): 565-9.

Wanders RJ, Llst L, Poggi F, Bonnefont JP, Munnich A, Brivet M, Rabier D & Saudubray JM
(1992) Human trifunctional protein deficiency: a new disorder of mitochondrial fatty acid beta-
oxidation. Biochem Biophys Res Commun 188(3): 1139-1145.

Wanders RJ, Ulst L, van Gennip AH, Jakobs C, de Jager JP, Dorland L, van Sprang FJ & Duran M
(1990) Long-chain 3-hydroxyacyl-CoA dehydrogenase deficiency: identification of a new
inborn error of mitochondrial fatty acid beta-oxidation. J Inherit Metab Dis 13(3): 311-314.

Wanders RJ & Waterham HR (2006) Biochemistry of Mammalian peroxisomes revisited. Annu
Rev Biochem 75: 295-332.

Wanders RJ, Vreken P, den Boer ME, Wijburg FA, van Gennip AH & Ulst L (1999) Disorders of
mitochondrial fatty acyl-CoA beta-oxidation. J Inherit Metab Dis 22(4): 442-487.

Vanhove GF, Van Veldhoven PP, Fransen M, Denis S, Eyssen HJ, Wanders RJ & Mannaerts GP
(1993) The CoA esters of 2-methyl-branched chain fatty acids and of the bile acid intermediates
di- and trihydroxycoprostanic acids are oxidized by one single peroxisomal branched chain
acyl-CoA oxidase in human liver and kidney. J Biol Chem 268(14): 10335-44.

Vassilev AO, Plesofsky-Vig N & Brambl R (1995) Cytochrome c oxidase in Neurospora crassa
contains myristic acid covalently linked to subunit 1. Proc Natl Acad Sci U S A 92(19): 8680-4.

Waterson RM & Hill RL (1972) Enoyl coenzyme A hydratase (crotonase). Catalytic properties of
crotonase and its possible regulatory role in fatty acid oxidation. J Biol Chem 247(16): 5258-65.

Weber MH, Klein W, Muller L, Niess UM & Marahiel MA (2001) Role of the Bacillus subtilis
fatty acid desaturase in membrane adaptation during cold shock. Mol Microbiol 39(5): 1321-9.

Weinberger MJ, Rinaldo P, Strauss AW & Bennett MJ (1995) Intact alpha-subunit is required for
membrane-binding of human mitochondrial trifunctional beta-oxidation protein, but is not
necessary for conferring 3-ketoacyl-CoA thiolase activity to the beta-subunit. Biochem Biophys
Res Commun 209(1): 47-52.

Weis BC, Esser V, Foster DW & McGarry JD (1994) Rat heart expresses two forms of
mitochondrial carnitine palmitoyltransferase I. The minor component is identical to the liver
enzyme. J] Biol Chem 269(29): 18712-5.

White SW, Zheng J, Zhang YM & Rock (2005) The structural biology of type II fatty acid
biosynthesis. Annu Rev Biochem 74: 791-831.

Witkowski A, Joshi AK, Rangan VS, Falick AM, Witkowska HE & Smith S (1999)
Dibromopropanone cross-linking of the phosphopantetheine and active-site cysteine thiols of
the animal fatty acid synthase can occur both inter- and intrasubunit. Reevaluation of the side-
by-side, antiparallel subunit model. J Biol Chem 274(17): 11557-63.

Witkowski A, Rangan VS, Randhawa ZI, Amy CM & Smith S (1991) Structural organization of
the multifunctional animal fatty-acid synthase. Eur J Biochem 198(3): 571-9.



104

Vockley J & Whiteman DA (2002) Defects of mitochondrial beta-oxidation: a growing group of
disorders. Neuromusc Disord : NMD 12(3): 235-246.

Woeltje KF, Esser V, Weis BC, Sen A, Cox WF, McPhaul MJ, Slaughter CA, Foster DW &
McGarry JD (1990) Cloning, sequencing, and expression of a ¢cDNA encoding rat liver
mitochondrial carnitine palmitoyltransferase II. J Biol Chem 265(18): 10720-5.

Wolfgang MJ, Kurama T, Dai Y, Suwa A, Asaumi M, Matsumoto S, Cha SH, Shimokawa T &
Lane MD (2006) The brain-specific carnitine palmitoyltransferase-1c regulates energy
homeostasis. Proc Natl Acad Sci U S A 103(19): 7282-7.

Wong HC, Liu G, Zhang YM, Rock CO & Zheng J (2002) The solution structure of acyl carrier
protein from Mycobacterium tuberculosis. J Biol Chem 277(18): 15874-80.

Wood PA, Amendt BA, Rhead WJ, Millington DS, Inoue F & Armstrong D (1989) Short-chain
acyl-coenzyme A dehydrogenase deficiency in mice. Pediatr Res 25(1): 38-43.

Vredendaal PJ, van den Berg IE, Malingre HE, Stroobants AK, Olde Weghuis DE & Berger R
(1996) Human short-chain L-3-hydroxyacyl-CoA dehydrogenase: cloning and characterization
of the coding sequence. Biochem Biophys Res Commun 223(3): 718-23.

Vreken P, van Lint AE, Bootsma AH, Overmars H, Wanders RJ & van Gennip AH (1999)
Quantitative plasma acylcarnitine analysis using electrospray tandem mass spectrometry for the
diagnosis of organic acidaemias and fatty acid oxidation defects. J Inherit Metab Dis 22(3): 302-
306.

Yamaguchi S, Indo Y, Coates PM, Hashimoto T & Tanaka K (1993) Identification of very-long-
chain acyl-CoA dehydrogenase deficiency in three patients previously diagnosed with long-
chain acyl-CoA dehydrogenase deficiency. Pediatr Res 34(1): 111-3.

Yamazoe M, Shirahige K, Rashid MB, Kaneko Y, Nakayama T, Ogasawara N & Yoshikawa H
(1994) A protein which binds preferentially to single-stranded core sequence of autonomously
replicating sequence is essential for respiratory function in mitochondrial of Saccharomyces
cerevisiae. J Biol Chem 269(21): 15244-52.

Yan SD, Zhu H, Zhu A, Golabek A, Du H, Roher A, Yu J, Soto C, Schmidt AM, Stern D & Kindy
M (2000) Receptor-dependent cell stress and amyloid accumulation in systemic amyloidosis.
Nat Med 6(6): 643-51.

Yang BZ, Heng HH, Ding JH & Roe CR (1996) The genes for the alpha and beta subunits of the
mitochondrial trifunctional protein are both located in the same region of human chromosome
2p23. Genomics 37(1): 141-3.

Yang Z, Zhao Y, Bennett MJ, Strauss AW & Ibdah JA (2002) Fetal genotypes and pregnancy
outcomes in 35 families with mitochondrial trifunctional protein mutations. Am J Obstet
Gynecol 187(3): 715-20.

Yasuno R, von Wettstein-Knowles P & Wada H (2004) Identification and molecular
characterization of the beta-ketoacyl-[acyl carrier protein] synthase component of the
Arabidopsis mitochondrial fatty acid synthase. J Biol Chem 279(9): 8242-51.

Yuan ZY & Hammes GG (1986) Fluorescence studies of chicken liver fatty acid synthase.
Segmental flexibility and distance measurements. J Biol Chem 261(29): 13643-51.

Zeng J, Deng G & Li D (2006) Intrinsic enoyl-CoA isomerase activity of rat acyl-CoA oxidase I.
Biochim Biophys Acta 1760(1): 78-85.

Zhang D, Yu W, Geisbrecht BV, Gould SJ, Sprecher H & Schulz H (2002) Functional
characterization of Delta3,Delta2-enoyl-CoA isomerases from rat liver. J Biol Chem 277(11):
9127-9132.

Zhang J, Zhang W, Zou D, Chen G, Wan T, Zhang M & Cao X (2002) Cloning and functional
characterization of ACAD-9, a novel member of human acyl-CoA dehydrogenase family.
Biochem Biophys Res Commun 297(4): 1033-42.



105

Zhang L, Joshi AK, Hofmann J, Schweizer E & Smith S (2005) Cloning, expression, and
characterization of the human mitochondrial beta-ketoacyl synthase. Complementation of the
yeast CEM1 knock-out strain. J Biol Chem 280(13): 12422-9.

Zhang L, Joshi AK & Smith S (2003) Cloning, expression, characterization, and interaction of two
components of a human mitochondrial fatty acid synthase. Malonyltransferase and acyl carrier
protein. J Biol Chem 278(41): 40067-74.

Zhang Y & Cronan JE, Jr (1998) Transcriptional analysis of essential genes of the Escherichia coli
fatty acid biosynthesis gene cluster by functional replacement with the analogous Salmonella
typhimurium gene cluster. J Bacteriol 180(13): 3295-3303.

Zhang Y-M, Marrakchi H & Rock CO (2002) The FabR (YijC) Transcription Factor Regulates
Unsaturated Fatty Acid Biosynthesis in Escherichia coli

10.1074/jbc.M201399200. J. Biol. Chem. 277(18): 15558-15565.

Zhang YM, Marrakchi H, White SW & Rock CO (2003) The application of computational methods
to explore the diversity and structure of bacterial fatty acid synthase. J Lipid Res 44(1): 1-10.






II

I

Original articles

Torkko JM, Koivuranta KT, Miinalainen 1J, Yagi AL, Schmitz W, Kastaniotis AJ,
Airanne TT, Gurvitz A & Hiltunen KJ (2001) Candida tropicalis Etrlp and
Saccharomyces cerevisiae Ybr026p (Mrfl p), 2-enoyl thioester reductases essential
for mitochondrial respiratory competence. Mol Cell Biol 21: 6243-6253.

Miinalainen 1J, Chen Z-J, Torkko JM, Pirild PL, Sormunen RT, Bergmann U, Qin Y-
M & Hiltunen JK (2003) Characterization of 2-enoyl thioester reductase from
mammals — an ortholog of Ybr026p/Mrfl p of the yeast mitochondrial fatty acid
synthesis type II. J Biol Chem 278: 20154-20161.

Miinalainen 1J, Schmitz W, Soininen R, Conzelmann E & Hiltunen JK.
Mitochondrial ~ 2,4-dienoyl-CoA  reductase-deficiency in mice results in
hypoglycemia with stress intolerance and unimpaired ketogenesis. Manuscript.

Permission to reprint the original articles has been obtained from the following copyright
owners:

I
II

American Society for Microbiology

The American Society for Biochemistry and Molecular Biology

Original articles are not included in the electronic version of the dissertation.






ACTA UNIVERSITATIS OULUENSIS
SERIES A SCIENTIAE RERUM NATURALIUM

458. Vihioja, Pekka (2006) Qil analysis in machine diagnostics

459. Mutanen, Marko (2006) Genital variation in moths—evolutionary and systematic
perspectives

460. Bhaumik, Prasenjit (2006) Protein crystallographic studies to understand the
reaction mechanism of enzymes: a-methylacyl-CoA racemase and
argininosuccinate lyase

461. Korkalo, Tuomo (2006) Gold and copper deposits in Central Lapland, Northern
Finland, with special reference to their exploration and exploitation

462. Pahnila, Seppo (2006) Assessing the usage of personalized web information
systems

463. Puhakainen, Petri (2006) A design theory for information security awareness

464. Rytkonen, Anna (2006) The role of human replicative DNA polymerases in DNA
repair and replication

465. Ronka, Antti (2006) Dynamics, genetic structure and viability of a small and
declining Temminck's stint (Calidris temminckii) population

466. Wiili, Piippa (2006) Environment and genetic background affecting endophyte-
grass symbiosis

467. Broggi, Juli (2006) Patterns of variation in energy management in wintering tits
(Paridae)

468. Mykra, Heikki (2006) Spatial and temporal variability of macroinvertebrate
assemblages in boreal streams: implications for conservation and bioassessment

469. Kekonen, Teija (2006) Environmental information from the Svalbard ice core for
the past 800 years

470. Ojala, Pasi (2006) Implementing a value-based approach to software assessment
and improvement

471. Saarenketo, Timo (2006) Electrical properties of road materials and subgrade
soils and the use of Ground Penetrating Radar in traffic infrastructure surveys

472. Jokikokko, Erkki (2006) Atlantic salmon (Salmo salar L.) stocking in the Simojoki
river as a management practice

473. Tapio, Miika (2006) Origin and maintenance of genetic diversity in northern
European sheep

Book orders: Distributed by

OULU UNIVERSITY PRESS OULU UNIVERSITY LIBRARY

P.O. Box 8200, FI-90014 P.O. Box 7500, FI-90014

University of Oulu, Finland University of Oulu, Finland



UNIVERSITY OF OULU P.O. Box 7500 FI-90014 UNIVERSITY OF OULU FINLAND

ACTA UNIVERSITATIS OULUENSIS

S ERI1ES EDITORS

ANTIAE RERUM NATURALIUM

Professor Mikko Siponen
B'iAN IORA
c-l NICA

EENTIAE RERUM SOCIALIUM
Senior Assistant Timo Latomaa

Professor Harri Mantila
Professor Juha Kostamovaara

Professor Olli Vuolteenaho

ERIPTA ACADEMICA
Communications Officer Elna Stjerna

GONOMICA

Senior Lecturer Seppo Eriksson

EDITOR IN CHIEF
Professor Olli Vuolteenaho

EDITORIAL SECRETARY
Publication Editor Kirsti Nurkkala

ISBN 951-42-8243-4 (Paperback)
ISBN 951-42-8244-2 (PDF)

ISSN 0355-3191 (Print)

ISSN 1796-220X (Online)




	Abstract
	Acknowledgements
	Abbreviations
	List of original articles
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Fatty acids and their thioesters
	2.2 Compartmentalization of fatty acid metabolism
	2.3 Fatty acid synthesis
	2.3.1 FAS I
	2.3.1.1 Domain organization and structure
	2.3.1.2 The ACP domain
	2.3.1.3 Alternative substrates and product specificity

	2.3.2 FAS II
	2.3.2.1 Soluble ACP of FAS II
	2.3.2.2 Initiation of synthesis
	2.3.2.3 Elongation of acyl chains

	2.3.3 Mitochondrial FAS in eukaryotes
	2.3.3.1 The fungal model
	2.3.3.2 The mammalian model

	2.3.4 The physiological significance of mitochondrial FAS

	2.4 Fatty acid degradation
	2.4.1 Mitochondrial β-oxidation
	2.4.1.1 Activation and transport of fatty acids into themitochondrial matrix
	2.4.1.2 Membrane-bound and soluble enzymes of the β-oxidation spiral

	2.4.2 Peroxisomal β-oxidation
	2.4.2.1 Activation and transport of fatty acids into peroxisomes
	2.4.2.2 The peroxisomal β-oxidation spiral


	2.5 Degradation of unsaturated fatty acids
	2.5.1 The auxiliary enzymes of β-oxidation
	2.5.2 2,4-Dienoyl-CoA reductase
	2.5.3 Δ3,Δ2-Enoyl-CoA isomerase
	2.5.4 Δ3,5,Δ2,4-Dienoyl-CoA isomerase

	2.6 Disorders of mitochondrial fatty acid β-oxidation
	2.6.1 Mitochondrial acylcarnitine transport defects
	2.6.2 Defects in acyl-CoA dehydrogenases
	2.6.3 Defects in trifunctional protein
	2.6.4 2,4-Dienoyl-CoA reductase deficiency

	2.7 Mouse models of mitochondrial fatty acid β-oxidation defects

	3 Outlines of the present study
	4 Materials and methods
	4.1 Plasmids, strains, culture media and growth conditions
	4.2 Genomic and cDNA cloning (I, II)
	4.3 Protein purification and analysis (I, II, III)
	4.4 Subcellular localization studies (I, II)
	4.5 Enzyme assays and end product analysis (I, II)
	4.6 Functional complementation studies (I, II)
	4.7 Animal care (III)
	4.8 Generation of Decr-/- mice (III)
	4.9 Histological analysis (I, II, III)
	4.10 Analysis of serum acyl-carnitines and liver total fatty acids (III)
	4.11 Expression pattern and mRNA analysis (II, III)
	4.12 Blood chemistries (III)

	5 Results
	5.1 Characterization of 2-enoyl thioester reductases ofmitochondrial FAS II
	5.1.1 Identification and purification of 2-enoyl-thioester reductase fromC. tropicalis and mammals (I, II)
	5.1.2 Enzymatic properties of 2-enoyl thioester reductases (I, II)
	5.1.3 Mitochondrial localization of Etr1p and Mrf1p and therequirement of 2-enoyl thioester activity for respiratory competence (I)
	5.1.4 Localization and physiological function ofmammalian Nrbf-1p (II)

	5.2 Characterization of the phenotype of DECR-deficient mice
	5.2.1 The clinical phenotype of Decr -/- mice undernormal conditions (III)
	5.2.2 Identification of phenotype using metabolic stress (III)
	5.2.2.1 Altered lipid and glucose homeostatic response to fasting (III)
	5.2.2.2 Altered fatty acid pattern and organic acid and acylcarnitineprofile (III)
	5.2.2.3 Changes in the expression of genes of mitochondrial andextramitochondrial fatty acid metabolism (III)
	5.2.2.4 Impaired thermogenesis during acute cold exposure (III)



	6 Discussion
	6.1 2-Enoyl thioester reductases from C. tropicalis and S. cerevisiae ascomponents of the mitochondrial fatty acid synthesis system
	6.2 Mammalian mitochondrial 2-enoyl thioester reductase
	6.3 2,4-Dienoyl-CoA reductase-deficient mice

	7 Conclusions
	References
	Original articles


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




