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Abstract

Maintenance of the mitochondrial respiratory chain complexes plays crucial role for the aerobic
metabolism of the eukaryotes such as unicellular yeasts, for example, Saccharomyces cerevisiae as
well as of human being.

Mitochondrial respiratory function has been studied using the yeast S. cerevisiae as a model
organism. Since yeast cells are also able to grow without respiration by fermentation, identification
of the nuclear genes linked to respiratory function is possible by generation of nuclear gene deletions
and testing for respiration-deficient phenotype of the yeast deletion strains id est for yeast cells only
poorly or not at all growing on the media containing non-fermentable carbon sources.

This study reports identification of a novel mitochondrial 2-enoyl thioester reductase from the
yeasts Candida tropicalis and S. cerevisiae, Etr1p and Mrf1p, respectively. Examination of the
function of these proteins in the respiration-deficient mrf1∆ strain from S. cerevisiae suggests that the
reductase is involved in mitochondrial fatty acid synthesis (FAS type II) in the yeast. Site-directed
mutagenesis of a conserved tyrosine in the catalytic site of the enzyme indicated that the 2-enoyl
thioester reductase activity is critical for mitochondrial respiratory competence. In addition,
subcellular localization to mitochondria was required for the complementation of the respiration-
deficient phenotype of the yeast reductase deletion strain. The crystal structure for the Etr catalytic
site mutant indicated the structural integrity of the mutant supporting the requirement of the tyrosine
for the catalysis.

Characterization of Etr crystal structures both in apo- and holo-forms containing NADPH
established Etr as a member of novel subfamily of enoyl thioester reductases in the superfamily of
medium-chain dehydrogenases/reductases (MDR). Two isoforms of Etr with the difference in three
amino acids only are encoded by two distinct genes in C. tropicalis, whereas only single gene encodes
the reductase functioning in the mitochondria in S. cerevisiae. The presence of two genes in C.
tropicalis was taken as an example of genetic redundancy in this yeast, the two genes also shown to
be expressed in slightly different ways under various carbon sources available for growth.
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 Abbreviations 

ACP  acyl carrier protein 
ARS  autonomously replicating sequence 
ATP  adenosine triphosphate 
bp   base pairs 
cDNA  complementary deoxyribonucleic acid 
CoA  coenzyme A 
DNA  deoxyribonucleic acid 
EM  electron microscopy 
ER   endoplasmic reticulum 
ETR1  enoyl thioester reductase 1 gene 
Etr1p  enoyl thioester reductase 1 protein 
FAS  fatty acid synthase/synthesis 
GPI  glycosylphosphatidylinositol 
HAP  heme activator protein 
IEM  immunoelectron microscopy 
kDa  kilodalton 
MDR  medium-chain dehydrogenases/reductases 
MRF1  Saccharomyces cerevisiae gene YBR026c 
mrf1∆  deletion of the YBR026c gene 
Mrf1p  mitochondrial respiratory function protein 1 
NAD(P)H  nicotinamide adenine dinucleotide (phosphate) reduced form 
ORF  open reading frame 
PCR  polymerase chain reaction 
PKS  polyketide synthase/synthesis 
PUFA  polyunsaturated fatty acid 
YEp  yeast episomal plasmid DNA 
RNA  ribonucleic acid 



SDR  short-chain dehydrogenases/reductases 
SDS-PAGE  sodium dodecyl sulphate polyacrylamide gel electrophoresis 
TCA  tricarboxylic acid 
TIM  translocase of the inner membrane 
TOM  translocase of the outer membrane 
VSG  variant surface glycoprotein 
wt   wild type 
Å   ångström, 10-10 m 
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1 Introduction 

Mitochondria are organelles required for cellular respiratory competence that evolved via 
endosymbiosis of ancient cells. In the course of this process, a large number of nuclear 
gene products were acquired to encode proteins needed for respiration and many other 
functions associated with the novel organelle. Only a few proteins, such as the few core 
subunits required in the assembly and operation of the respiratory complexes, remained 
to be encoded by mitochondrial genomic DNA. 

In humans, tissues relying on oxygen as the terminal electron acceptor in energy 
metabolism, such as heart, brain and skeletal muscle, are critically dependent on 
mitochondria. Yet, some simple organisms, such as unicellular Saccharomyces cerevisiae 
(baker’s yeast), can survive without respiration and are able to grow by fermentation. 
Therefore, yeast has been adopted for use as a model system in the examination of 
mitochondrial functions, these compared with the functions of higher eukaryotic species, 
and for understanding the mechanisms of many mitochondrially linked diseases. 
Characterization of the complete sequence of the yeast genome and systematic gene 
disruption allow identification of the nuclear-encoded proteins involved in mitochondrial 
functions. Studies of respiration-deficient yeast phenotypes have shown that hundreds of 
nuclear gene products encode proteins of mitochondrial or associated functions. 
Importantly, also lipids forming a dynamic basis for the maintenance of various cellular 
membrane-associated metabolic processes contribute to the maintenance of mitochondria 
and their cristae and double-membrane structures. 

This thesis reports the characterization of a novel 2-enoyl thioester reductase from the 
yeasts Candida tropicalis and S. cerevisiae. The protein was shown to be localized in 
mitochondria, linking enzymatic activity to mitochondrial fatty acid synthesis (FAS), and 
also involved in the maintenance of mitochondrial structure. The crystal structure of the 
reductase from C. tropicalis was solved, and the enzyme was established as a 
representative of a novel subfamily within the medium-chain dehydrogenases/reductases 
(MDR) superfamily of proteins. Two genes were found to encode reductase(s) in 
C. tropicalis, but only a single gene in S. cerevisiae. In the latter, the reductase function 
was shown to be critical for the activity of respiratory-competent mitochondria.



2 Review of the literature 

2.1  Nature and essence of fatty acids 

Fatty acids consist of a structure with a hydrocarbon chain and a hydrophilic carboxyl 
group at the end of the chain. Based on the length of the chain, they can be classified into 
short- (<C8), medium- (C8 - C12), long- (C14 - C18) and very-long-chain (C20>) fatty 
acids. The number of double bonds between the carbon atoms is another determinant, 
which characterizes the major categories of saturated (containing no double bonds) and 
unsaturated (containing one or more double bonds) fatty acids. Fatty acids have a high 
metabolic turnover rate and are constantly recycled in biological systems. The timing and 
location of the physiological actions of free fatty acids or their derivatives are, 
nevertheless, considered to be limited and typically occur close to their site of 
modification, unless the fatty acids are bound to some carrier molecules, such as the 
protein albumin in blood. 

In nature, fatty acids are mainly present as triacylglycerides in lipid stores and as parts 
of various phospholipids in cellular membranes. Although certain essential fatty acids 
have to be imported in humans and other mammals, the majority of fatty acids are 
synthesized de novo in most species. To be able to act as substrates in enzymatic 
reactions, free fatty acids need to be first activated and are linked to carrier molecules, 
acyl carrier protein (ACP) or coenzyme A (CoA). 



 17

C

C

H

COO  –

H

COO  –

Oleic acid Palmitic acid

 

Fig. 1. Schematic structures of the fatty acid molecules palmitic acid (C16) and oleic acid 
(C18:1). The oleic acid molecule is bent at the carbon-carbon double bond in the cis-
configuration (∆9) in such a way that the acyl chains are on the same side of the bond. 
Palmitic acid, which is the principal end product of FAS in living systems, acts as 
an important primer of fatty acid elongation. By combined action of fatty acid chain 
elongation and desaturation, various long-chain unsaturated fatty acids are generated. The 
figure shows oleic acid, which is one of the most abundant fatty acids in nature. 

Fatty acids and other lipids are essentially water-insoluble and thus spontaneously 
aggregate into ordered bilayers in cellular membranes that form the physical basis for the 
separation of reactions in living cells (Kornberg & McConnell 1971, Singer & Nicolson 
1972). Since lipids are subject to active modification by different enzymes and also by 
physical forces, also the membranes are in a continuous process of change, this dynamics 
resulting in asymmetry of membraneous components (de Kruijff 1987, Morein et al. 
1996). Proteins either move relatively freely within the lipid bilayer or tend to stagger 
into various lipid-dependent functional assemblies, also referred to as ‘lipid rafts’ (Ikonen 
2001, Bagnat & Simons 2002). In general, the insertion of carbon-carbon double bonds 
(desaturation) results in kinks of the fatty acid carbon chain, resulting in stronger 
repelling forces between the straight and bent chain fatty acids (see Fig. 1) and increasing 
the fluidity of membrane components such as membrane-embedded proteins. 
Desaturation is generally considered to accelerate the rate of cellular metabolism, which 
is important e.g. for the survival and growth of microorganisms at low temperatures 
(Gombos et al. 1992, Suutari & Laakso 1992, Weber et al. 2001). In contrast, removal of 
double bonds (saturation) from the fatty acid carbon chain diminishes fluidity, resulting 
in more rigid assemblies of lipids and proteins in the membrane (Kornberg & McConnell 
1971, Singer & Nicolson 1972). 

Fatty acids and other lipids participate in various physical interactions between other 
lipids and proteins within the membrane lipid bilayer, in addition to which lipids have 
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transient contacts with the soluble components outside the bilayer (Singer & Nicolson 
1972, Huttner & Schmidt 2000). The membrane protein palmitoylation and 
myristoylation are important covalent modifications involved in the operation of cellular 
signalling pathways and protein-membrane anchoring (Johnson et al. 1994a, Dunphy & 
Linder 1998). Lipid modifications are also required for adjusting the enzymatic activities 
of membraneous proteins. Complex lipids, such as phosphatidylinositol and cardiolipin, 
as well as simpler ones, such as fatty acid and myristic acid (C14), for example, have 
been linked to the function of the mitochondrial respiratory complexes, NADH 
dehydrogenase (complex I) (Plesofsky et al. 2000) and cytochrome c oxidase 
(complex IV) in the fungus Neurospora crassa (Brambl & Plesofsky-Vig 1986, Vassilev 
et al. 1995), cytochrome bc1 (complex III) in S. cerevisiae (Lange et al. 2001) and 
cytochrome c oxidase (Tsukihara et al. 1996) and cytochrome c (Tuominen et al. 2002) in 
animal cells. Although the presence of cardiolipin is not absolutely required for 
mitochondrial functions, the process of electron transfer putatively requires cardiolipin 
for maximal activity (Jiang et al. 2000, Koshkin & Greenberg 2000, Schlame et al. 2000, 
Ostrander et al. 2001b). Notably, cardiolipin distribution in the two leaflets of the inner 
mitochondrial membrane is not static but probably undergoes dynamic changes 
depending on the metabolic state of yeast cells (Gallet et al. 1997). Cardiolipin has also 
been linked to the assembly of respiratory supercomplexes (see also chapter 2.4.2) 
(Boumans et al. 1998, Schagger & Pfeiffer 2000, Zhang et al. 2002). 

2.2  Fatty acid synthesis 

Fatty acid synthesis (FAS) is characteristic of all living organisms. Multienzyme 
complexes referred to as type I fatty acid synthase (Wakil 1961) carry out the bulk of FAS 
in animal cells and yeasts (Singh et al. 1985, Chang & Hammes 1989, Smith 1994), 
whereas in prokaryotes and plants, distinct soluble enzymes referred to as FAS II (Rock 
& Cronan 1996, Paul et al. 2001, Rawsthorne 2002) carry out the reactions (Fig. 2). 
Parasitic organisms, such as the human pathogens Mycoplasma genitalium and 
M. pneumoniae, are a notable exception in that they are not capable of de novo FAS 
(Razin 1997b, Razin 1997a). 
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Fig. 2. Reaction sequence in fatty acid synthesis and the reaction intermediates in the first 
cycle of synthesis. An acetyl moiety is required as a primer, and malonyl moieties act as 
chain-extending units, resulting in the generation of saturated acyl-ACPs (in this case 
buturyl-ACP, C4), which then act as primers in the subsequent cycles of synthesis (Smith 
1994). NADPH is a hydrogen donor in both keto group and enoyl reduction reactions. 

2.2.1  Multienzyme complexes of type I 

One gene in mammals and two genes in the yeast S. cerevisiae encode the multifunctional 
FAS I polypeptides, which are localized in cytosol and fold into several globular 
domains, each of them required for the catalysis of several different enzymatic reactions. 
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Generation of malonyl-CoA (ACP) is required to start the cycle of chain elongation by 
the complex. This reaction is catalyzed separately by acetyl-CoA carboxylase. The 
synthesis of the major FAS product, palmitic acid (C16), then requires a series of 
37 sequential reactions from acetyl-CoA and malonyl-CoA. The enzymatic steps of FAS 
(see also chapter 2.2.4) involve decarboxylative condensation, reduction, dehydration and 
another reduction and result in a saturated acyl moiety, with two additional methylene 
groups at the end of the cycle. NADPH is required as an electron donor in reductive 
reactions (Fig. 2). 

The structural organization and the mechanism of inter-domain communication of 
FAS I complexes has been quite well defined (Wakil 1961, Tsukamoto et al. 1983, Singh 
et al. 1985, Smith 1994). Flexible phosphopantetheinyl carrying an acyl moiety and 
attached to the ACP domain enables complete elongation of the carbon chain in a 
coordinated series of reactions, where the extending carbon chain moves from one 
catalytic site to another, until the palmitic acid is released from the complex by 
thioesterase (Smith 1994). Yeast FAS I catalyses basically the same reactions as animal 
FAS I, leading to the formation of long-chain fatty acids. However, since FAS in yeast is 
deficient of the thioesterase I domain associated with animal FAS I, the principal product 
of synthesis is palmitoyl-CoA instead of free palmitic acid (C16) (Chang & Hammes 
1989, Smith 1994). Termination of synthesis by CoA-transacylation instead of hydrolysis 
results in a slower release of products from the yeast complex compared to animal FAS 
(Bloch & Vance 1977). 

While in mammals two identical polypeptides of 272 kDa (termed α-multifunctional 
domains), containing all the catalytic centers and ACP, form the FAS I complex of all 
together six functional centers (α6), there are two non-identical subunits (α and β) that 
form complexes (α6β6) in yeast (Singh et al. 1985, Smith 1994, Chirala et al. 2001). ACP 
is associated with the α-subunit that additionally sustains β-ketoacyl synthase and 
β-ketoacyl reductase activities. The β-subunit is required for acetyl and malonyl 
transacylase, palmitoyl transacylase, dehydratase and enoyl reductase activities. The 
yeast enoyl-ACP reductase functional domain differs from most other known enoyl 
thioester reductases in that it also requires flavin mononucleotide (FMN) in addition to 
NADPH as a cofactor (Bloch & Vance 1977, Wakil et al. 1983, Singh et al. 1985). The 
amino acid sequences of chicken and rat FAS I are highly similar, showing identity of 
67% and a high degree of similarity between the active sites. The similarity between 
chicken and yeast FAS I is much lower, indicating distant evolutionary relationships 
between FAS I in higher eukaryotes and yeasts (Chang & Hammes 1989). 

Complex FAS I-like protein assemblies probably evolved through clustering of the 
genes that first encoded monofunctional proteins, as in bacterial FAS (Hardie et al. 1986, 
Smith 1994). The catalytic domains of FAS I exhibit varying levels of sequence similarity 
to the monofunctional FAS enzymes in E. coli (see below, chapter 2.2.4). The 
aminoterminal domain of FAS I that contains the β-ketoacyl synthetase activity has 
significant sequence similarity to its bacterial counterpart (Wakil 1989, Smith 1994), 
whereas malonyl transferase, for example, has only weak sequence similarity to its 
counterpart in E. coli. The catalytic domains of the keto group and enoyl thioester 
reduction were originally determined by looking for the glycine-rich NADPH-binding 
site motifs in rat and chicken FAS I sequences (Amy et al. 1989, Chang & Hammes 1989, 
Holzer et al. 1989). These motifs are of very old precellular origin with high sequence 
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similarity to the nucleotide-binding sites of many mono-functional dehydrogenases and 
reductases (Rossmann et al. 1974, Wierenga et al. 1986, Persson et al. 1991, Witkowski 
et al. 1991, Bellamacina 1996). The FAS I enoyl reductase domain structure is distantly 
related member of the medium-chain dehydrogenases/reductases (MDR) superfamily of 
proteins that contains at least 8 distinguishable protein subfamilies with diverse functions 
but very similar overall folds (Linial & Levius 1993, Persson et al. 1994, Nordling et al. 
2002). 

2.2.2  Synthesis products 

FAS I synthesises mainly palmitic acid (C16), being generally restricted to the generation 
of fatty acid carbon chains longer than lauric acid (C12). Importantly, lauric acid and 
myristic acid (C14) represent FAS I products typically required for protein acylation and 
in protein membrane assemblies. In animals, mechanism required for the regulation of 
chain-length specificity is believed to be tissue-specific and controlled by thioesterase 
activity discrete from the FAS I complex (Tai et al. 1993, Smith 1994). 

FAS products other than the even carbon number straight chain fatty acids (C12, C14 
and C16) are generated by means of alternative substrates. Using propionyl-CoA as 
a substrate instead of acetyl-CoA enables the generation of odd carbon number saturated 
fatty acids, typically C15 and C17 (Seyama et al. 1981). Uniquely, in glands of special 
function in mammals and birds, such as guinea pig Harderian and avian uropygial glands, 
malonyl-CoA can be replaced by methyl-malonyl-CoA as a substrate, and the cycle of 
FAS I reactions results in the generation of methyl-branched chain fatty acids (Nicolaides 
1974, Buckner et al. 1978, Seyama et al. 1981). This requires localization of a normally 
mitochondrial enzyme, malonyl-CoA decarboxylase, to cytosol by alternative initiation of 
transcription resulting in the enzyme without its amino terminal mitochondrial targeting 
signal (Courchesne-Smith et al. 1992). 

Some fungi, including Aspergillus nidulans, have at least two different FAS type I 
multienzyme complexes, in addition to FAS I, another very similar complex being 
specifically required in polyketide production (Hutchinson & Fujii 1995, Brown et al. 
1996). The structurally quite similarly organized active domains to FAS in polyketide 
synthase (PKS) are able to skip reactions ordered in FAS. For example, the termination of 
synthesis before the enoyl reduction step (see also Fig. 2) allows generation of fatty acid 
carbon chains containing keto and hydroxyl groups (Wallis et al. 2002). Polyketides often 
have useful antibiotic and immunosuppressant activities, although the range of 
compounds also includes many harmful mycotoxic species (Hutchinson & Fujii 1995, 
Brown et al. 1996). Unlike most organisms requiring distinct desaturase and elongase 
activities (see below, chapter 2.2.5), some ocean organisms employ PKS-like 
multienzyme complexes in the synthesis of polyunsaturated fatty acids (Metz et al. 2001, 
Napier 2002). 
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2.2.3  Discrete soluble enzyme systems of type II 

Bacteria and plant plastids synthesize fatty acids using a series of discrete FAS II 
enzymes (Rock & Cronan 1996, Rawsthorne 2002), many of which have been identified 
and characterized from E. coli (see below, chapter 2.2.4). In recent years, sequencing of 
genome databases has revealed a number of genes with similarities to those encoding 
components of bacterial FAS II, suggesting the existence of novel FAS II systems also in 
fungi and plant mitochondria as well as in parasites (Brody et al. 1997, Jordan & Cronan 
1997, Gueguen et al. 2000, Paul et al. 2001). 

2.2.3.1  Acyl carrier protein (ACP) 

There is no evidence to suggest that the enzymes in E. coli or other FAS II systems would 
be physically associated, although transient interaction between them is believed to take 
place (Honeyman & Fawcett 2000, Zhang et al. 2001). Therefore, soluble ACP is 
required for the synthesis to proceed. Although the interactions between ACP and FAS 
enzymes have been investigated in more detail in only a few cases, certain amino acid 
sequences seem to be necessary for specific contacts between the carrier and the different 
enzymes in the series of FAS II reactions. Examinations of bacterial acyl-ACP synthetase 
and β-ketoacyl-ACP synthase have pointed to the role of, for example, certain positively 
charged/hydrophobic amino acid sequence motifs specifying ACP (acidic protein) 
docking to enzymes. Importantly, ACP-enzyme interaction seems to require native 
conformation of ACP with a bound acyl-moiety and putatively depends on the length of 
the ACP-bound fatty acid carbon chain (Flaman et al. 2001, Zhang et al. 2001). In E. coli 
β-ketoacyl-ACP synthase, a specific arginine residue was shown to be critical for 
enzyme-ACP interaction (Zhang et al. 2001). This FAS II enzyme is considered to be 
specific for ACP-linked substrates, not accepting CoA-linked substrates (Greenspan et al. 
1970, Smith 1994). 

All ACPs, apart from the cleavable presequences separating the prokaryotic ones from 
the mitochondrial ones, are structurally similar and greatly reminiscent of the simplest 
9 kDa ACP from E. coli (Rawlings & Cronan 1992), and may sometimes be functionally 
interchangeable between species (Mayo & Prestegard 1985, Guerra et al. 1988). In higher 
fungi and animals, including humans, ACP is localized to mitochondria and is a subunit 
of NADH-ubiquinone oxidoreductase, complex I of the mitochondrial respiratory chain 
(Brody & Mikolajczyk 1988, Mikolajczyk & Brody 1990, Runswick et al. 1991, 
Sackmann et al. 1991, Triepels et al. 1999). The availability of complete genome 
sequences and the recent observations by Schulte and collaborators (2001), however, 
suggest the presence of multiple copies of ACPs in several species (unpublished data), 
including Caenorhabtidis elegans and the higher fungus N. crassa. Therefore, 
mitochondria may contain both soluble and complex I-associated ACP variants, implying 
these proteins might have different functions. S. cerevisiae is one of the few exceptions 
within eukaryotes that do not have complex I and, therefore, only has soluble ACP in 
mitochondria (Schneider et al. 1995, Schulte 2001). 
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2.2.3.2  Parasitic fatty acid synthesis 

The parasite Trypanosoma brucei (Paul et al. 2001) and the apicomplexan parasites of 
green algal endosymbiont origin (Kohler et al. 1997) possess enoyl-ACP reductase 
analogous to that of bacterial FAS II (Kapoor et al. 2001) and are considered to 
synthesize fatty acids similarly to bacterial cells (Waller et al. 2003). T. brucei, which 
causes African sleeping sickness, has an enormous demand for myristic acid (C14). When 
being infectious to its host in the bloodstream, this parasite undergoes constant antigenic 
variation that is dependent on the trypanosoma variant surface glycoprotein (VSG) 
expression. Since escape from the host immune response is possible only by continuously 
switching expression from one VSG gene to another (Ferguson et al. 1988, Cross 1996), 
myristic acid is required in large amounts for glycosylphosphatidylinositol (GPI) 
membrane anchoring of the various forms of VSGs and FAS II offers advantage for the 
survival of these organisms, facilitating de novo back-up system for synthesis of large 
amounts of myristic acid (Paul et al. 2001). Importantly, the discovery of parasitic FAS II 
similar to bacterial FAS II has opened up new prospects for therapy of parasitic diseases, 
malaria and toxoplasmosis, since triclosan and some other anti-bacterial drugs would be 
available for new means of treatment (Surolia et al. 2002, Waller et al. 2003). 

2.2.3.3  Plant plastidial synthesis 

There are two soluble FAS II systems in plants, one in chloroplasts and another in 
mitochondria (for discussion of the latter, see chapter 2.2.3.4) (Kekwick 1986, Gueguen 
et al. 2000, Rawsthorne 2002). The FAS of the chloroplast (plastid) envelope represents 
the major pathway of plant fatty acid synthesis (Kekwick 1986, Slabas & Fawcett 1992, 
Rawsthorne 2002), corresponding to the mammalian FAS I (Smith 1994) and bacterial 
FAS II systems (Rock & Cronan 1996). The plastidial system is regulated at acetyl-CoA 
carboxylation, analogously to the regulation of E. coli FAS II (Davis & Cronan 2001, 
Rawsthorne 2002). The rate of FAS in plants depends on the redox state and the energy 
status. In addition, the diurnal rhythm and the amount of light are regulatory factors 
affecting lipid synthesis (Browse et al. 1981, Rawsthorne 2002). 

Few of the plastidial FAS II enzymes, such as β-ketoacyl-ACP reductase, have been 
characterized at the molecular level (Fisher et al. 2000) and show some sequence 
similarity to the enzymes of the bacterial systems (Hellyer et al. 1992, Sheldon et al. 
1992, Slabas et al. 1992). Kinetic characterization of β-ketoacyl-ACP reductase, enoyl-
ACP reductase and ACP-malonyltransferase from the mesocarp of avocado (Persea 
americana) has shown plastidial enzymes to be similar to the analogous proteins in 
E. coli (Weaire & Kekwick 1975, Caughey & Kekwick 1982). Because only a few of the 
proteins of plant plastidial FAS II have been identified and characterized at the molecular 
level (Weaire & Kekwick 1975, Caughey & Kekwick 1982, Kekwick 1986), more 
thorough comparisons to E. coli and other FAS II systems are not yet possible. 
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Fig. 3. The proposed link between the metabolic pathways of lipoic acid synthesis and FAS II 
in bacteria, yeast and plant mitochondria, indicating the catalytic steps of lipoic acid 
generation from octanoid acid (C8). The scheme is based on the model proposed for the 
endogenous pathways operating in E. coli (Miller et al. 2000). 

2.2.3.4  Mitochondrial fatty acid synthesis 

FAS II has been linked to the pathway of lipoic acid synthesis in E. coli (Fig. 3) in 
addition to the requirement for the bulk of cellular lipid synthesis. Similarly, FAS II 
systems in fungi and plant mitochondria are considered to act as sources of octanoic acid 
used as a precursor in the synthesis of lipoic acid (Brody et al. 1997, Jordan & Cronan 
1997, Wada et al. 1997, Gueguen et al. 2000). Lipoic acid is a universal cofactor critical 
for the function of mitochondrial multi-enzyme complexes, pyruvate dehydrogenase 
(PDH), α-ketoglutarate dehydrogenase (KGDH) and glycine decarboxylase, whicht 
catalyse oxidative decarboxylation reactions (Herbert & Guest 1975, Paxton et al. 1986, 
Zhang et al. 1989, de Kok et al. 1998, Douce et al. 2001). S. cerevisiae strains with a null 
allele of genes in lipoic acid metabolism display a respiration-deficient phenotype 
(Tzagoloff & Dieckmann 1990, Sulo & Martin 1993, Marvin et al. 2001) similar to the 
respiration-deficient phenotype resulting from the inactivation of the yeast genes 
encoding putative components of FAS II (Harington et al. 1994, Schneider et al. 1995, 
Brody et al. 1997, Schneider et al. 1997, Stuible et al. 1998). Although conclusive 
evidence for the complete set of FAS enzymes in S. cerevisiae mitochondria is lacking, 
generation of various chain lengths of fatty acids, including C16 and C18, has set ground 
for the proposal of the existence of the system (Bessoule et al. 1987, Hoja et al. 1998). In 
addition, studies on the mitochondria of another fungus, N. crassa, have indicated 
incorporation of radioactivity from [2-14C] malonate into acyl-ACPs (e.g. C14), implying 
the ability of mitochondria to produce various chain lengths of fatty acids independently 
from cytosolic FAS I (Mikolajczyk & Brody 1990, Zensen et al. 1992). Similarly, 
analysis of the function of the plant mitochondrial system by radioactive labelling of 
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acyl-ACP derivatives revealed production of octanoyl- (C8), hexadecanoyl- (C16) and 
octadecanoyl- (C18) ACPs (Gueguen et al. 2000). However, another study suggested that 
the predominant products of plant mitochondrial FAS would be lauric (C12) and 
hydroxyl-myristic acids (C14-OH) (Wada et al. 1997). 

The significance of mitochondrial FAS remains to be assessed, although the linkage 
with lipoic acid metabolism seems clear (Brody et al. 1997, Gueguen et al. 2000). In 
plants, for example, the glycine decarboxylase multienzyme complex is present in high 
concentrations in the matrix of mitochondria and requires therefore large amounts of 
lipoic acid cofactor for functioning (Douce et al. 2001). It has also been suggested that 
FAS II in mitochondria could be required in membrane synthesis and/or repair similar to 
that of FAS II in E. coli and other bacteria (Magnuson et al. 1993, Schneider et al. 1995, 
Rock & Cronan 1996). Mitochondrial FAS II is regarded as a relic system of 
endosymbiotic bacterial origin and has been proposed to have been preserved as a special 
means of respiration (Harington et al. 1994, Brody et al. 1997, Schneider et al. 1997). As 
it is known that, in N. crassa and S. cerevisiae, mitochondrial respiratory complex 
subunits are subject to covalent modification by myristic acid and other lipids (Brambl & 
Plesofsky-Vig 1986, Vassilev et al. 1995, Plesofsky et al. 2000, Lange et al. 2001), it is 
possible that certain products of mitochondrial FAS or derivatives thereof (Hoja et al. 
1998), would be inherently linked to the assembly and function of mitochondrial 
respiratory chain. 

2.2.3.5  Inactivation of fatty acid synthesis 

Disruption of FAS leads to severely impaired cellular functions and cell death (Vaux & 
Korsmeyer 1999, Heath & Rock 2000, Mou et al. 2000). Plants and bacterial cells rely on 
FAS II as the major pathway supplying essentially all cellular fatty acids. In Arabidopsis 
thaliana, the MOD1 gene encodes an enoyl-ACP reductase involved in de novo fatty acid 
synthesis in plastids (Mou et al. 2000). The mod1 deletion results in disturbed 
development of chloroplast thylakoid membranes (structures analogous to mitochondrial 
cristae), which leads to morphologically disorganized chlorotic sectors and, eventually, as 
more severe cell size alterations and plant death. In the same study, site-directed 
mutagenesis generating partially inactivated enzyme resulted in a mosaic death pattern. 
As programmed cell death is part of the normal development of many species (Greenberg 
1996, Pennell & Lamb 1997), it was suggested that a selective death of plant cells 
associated with decreased reductase activity could be linked to a regulatory role that FAS 
might have during plant growth (Mou et al. 2000). 

Morphological alterations comparable to those of mod1 cells due to FAS inactivation 
also occur in bacteria. The bacterial FAS II enoyl thioester reductase is a target for 
antibacterial drugs. Inhibition of the reductase function results in retraction of bacterial 
cell membranes, a ‘rudimentary’ cell phenotype and ultimate death of the cells 
(Turnowsky et al. 1989, Vilcheze et al. 2000). 
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Fig. 4. Pathway of FAS II in E. coli. The reaction cycle of fatty acid synthesis is followed by 
acetyl-CoA carboxylase (Acc) to generate malonyl-CoA then transferred to ACP by FabD. 
Fatty acid biosynthesis requires condensation for initiation (FabH, FabB or FabF), keto 
group reduction (FabG), dehydration (FabA or FabZ) and enoyl reduction (FabI, FabK or 
FabL). Following FAS, sn-glycerol-3-phosphate acyltransferase (PlsB) is required in the 
catalysis of acyl-chain linkage to glycerol backbone for synthesis of membrane phospholipids 
(Heath et al. 2001). 

2.2.4  Enzymatic steps of fatty acid synthesis 

Although the sequence of FAS reactions (Fig. 2) is essentially similar in all FAS systems, 
most of the information we have available on the nature of the individual enzymatic steps 
has been obtained by investigating the FAS II in E. coli and other bacteria (for a review, 
see Rock and Cronan 1996; Heath et al. 2001). The enzymes participating in the synthesis 
of saturated and unsaturated fatty acids and phospholipids, also referred to as E. coli fatty 
acid biosynthesis (fab), are shown in Figure 4. and listed in Table 1. 

 
Table 1. Genes and enzymes of type II fatty acid synthesis* 

 
Gene Protein Enzyme activity 
Acp ACP Acyl carrier protein 
accA AccA Acetyl-CoA carboxylase, carboxyltransferase α-subunit 
accB AccB Acetyl-CoA carboxylase, carboxybiotin carrier protein 
accC AccC Acetyl-CoA carboxylase, biotin carboxylase 
accD AccD Acetyl-CoA carboxylase, carboxyltransferase β-subunit 
fabD FabD Malonyl CoA: ACP transacylase 
fabH FabH β-Ketoacyl-ACP synthase III 
fabB FabB β-Ketoacyl-ACP synthase I 
fabF FabF β-Ketoacyl-ACP synthase II 
fabG FabG β-Ketoacyl-ACP reductase 
fabA FabA β-Hydroxyacyl-ACP dehydratase/isomerase 
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fabZ FabZ β-Hydroxyacyl-ACP dehydratase 
fabI FabI trans-2-Enoyl-ACP reductase I 
fabK FabK trans-2-Enoyl-ACP reductase II 
fabL FabL trans-2-Enoyl-ACP reductase III 
*According to Heath et al. 2001 

2.2.4.1  Substrate entry and initiation of the cycle by condensation 

Acetyl-CoA carboxylase (Acc; Table 1), which converts acetyl-CoA to malonyl-CoA, 
sustains each cycle of the synthesis, enabling continuous elongation (Li & Cronan 1993, 
Rock & Cronan 1996). For malonyl-ACP generation, the malonate group is transferred to 
ACP by malonyl-CoA: ACP transacylase, the enzyme known as FabD in E. coli (Harder 
et al. 1974). Following the carboxylation and transacylation reactions, the condensation 
reaction initiates ‘the actual cycle of FAS’ (Fig. 4). In condensation, malonyl-ACP is 
merged with acetyl-CoA, resulting in β-ketobutyryl-ACP (Fig. 4) (Rock & Cronan 1996, 
Heath et al. 2001). There are three enzymes that catalyze the condensation reactions in 
E. coli: FabH initiates the FAS cycle (Jackowski & Rock 1987, Tsay et al. 1992, Heath et 
al. 2001), whereas the other two synthases, FabB and FabF, participate in the synthesis 
during the consecutive cycles (D'Agnolo et al. 1975b, D'Agnolo et al. 1975a, Garwin et 
al. 1980, Rock & Cronan 1996). FabB also operates in the synthesis of unsaturated fatty 
acids (Clark et al. 1983) right after the two-step dehydration/isomerization reaction 
catalyzed by FabA (see below, chapter 2.2.4.3). 

Acetyl-CoA carboxylation is an important regulatory step of FAS. Overexpression of 
Acc in E. coli results in acceleration of FAS (Davis et al. 2000), until accumulation of 
long-chain acyl-ACPs becomes inhibitory to the enzyme (Davis & Cronan 2001). 
Similarly, FabH is also believed to be a target for acyl-ACP-dependent feedback 
regulation. In this case, the reaction end-products compete in binding with malonyl-ACP 
substrate (Heath & Rock 1996, Rock & Cronan 1996). The inhibitory mechanisms posed 
by acyl-ACP binding to Acc, FabH and any other individual fab enzymes are so far 
poorly understood (Rock & Cronan 1996). Notably, ACP with no bound acyl moiety is 
uncapable of inhibiting Acc (Davis & Cronan 2001). 

2.2.4.2  Keto group reduction 

The first reductive step of FAS is catalysed by β-ketoacyl-ACP reductase. In NADPH-
dependent reduction, the keto group of the substrate acyl chain is converted to a hydroxyl 
group (Rock & Cronan 1996). A single enzyme, FabG, has been identified to catalyse this 
reaction with all chain lengths of fatty acids in E. coli. The gene encoding FabG is highly 
conserved in the bacterial genomes (Heath 2001). The crystal structures of bacterial FabG 
and the analogous enzyme from plants (Brassica napus) complexed with NADP+ have 
been solved (Fisher et al. 2000, Price et al. 2001). The candidate gene for the yeast 
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S. cerevisiae mitochondrial FAS II β-ketoacyl-ACP reductase has also been identified on 
the genome-wide screen for putative bacterial FAS II-like proteins in yeast and has low 
sequence similarity with the gene in E. coli (Schneider et al. 1997). 

2.2.4.3  Dehydration 

Bacterial FAS dehydratases catalyse the conversion of β-hydroxyacyl-ACP to trans-2-
acyl-ACP in a reaction where a molecule of water is removed from the fatty acyl 
hydrocarbon chain. Both bacterial enzymes, FabA and FabZ, are able to accept a wide 
spectrum of substrates and have partially overlapping chain length specificities. FabA 
also exhibits isomerase activity that controls the divergence of the metabolic pathways of 
unsaturated and saturated fatty acid synthesis in E. coli (Heath & Rock 1996). This is 
accomplished in a two-step reaction. After dehydration, the trans-2-decenoyl-ACP 
product is either released for subsequent catalysis by enoyl-ACP reductase (FabI) for the 
synthesis of saturated fatty acids or remains bound to FabA and is isomerised to cis-3-
decenoyl-ACP. 

The trans-2 double bond isomerization to cis-3 takes place first time at the 10-carbon 
stage of fatty acid synthesis (Rock & Cronan 1996). The isomerization product is then 
condensed by β-ketoacyl-ACP synthase I (FabB), which maintains the double bond in the 
carbon chain and thus initiates the cycle of (mono)unsaturated fatty acid chain 
elongation. FabB seems to control the rate of unsaturated fatty acid synthesis over FabA 
(Clark et al. 1983). The subsequent cycles of synthesis eventually result in palmitoleic 
acid and cis-vaccenic acid (Gelmann & Cronan 1972), which represent unsaturated fatty 
acids in E. coli. Due to their ability to influence the amount of unsaturated fatty acids in 
membrane phospholipids and, therefore, the fluidity of membranes, FabA and FabB are 
critical enzymes in the accommodation to various growth conditions and required for the 
viability of bacterial cells (Cronan & Gelmann 1973, Cronan 1975). Unlike E. coli, gram-
positive bacteria (e.g. Bacillus subtilis) lack FabA and FabB-like enzymes and do not 
have a de novo metabolic pathway for the synthesis of unsaturated fatty acids. Instead, 
the synthesis of unsaturated fatty acids initiates from the existing saturated fatty acids and 
is accomplished in a desaturation reaction (Aguilar et al. 1998). 

2.2.4.4  Enoyl reduction 

NAD(P)H-dependent enoyl-ACP reductase catalyses the reaction: trans-2-enoyl-ACP + 
NAD(P)H + H+ → acyl-ACP + NADP+. The bacterial FabI, trans-2-enoyl-ACP reductase 
is an important regulatory step of FAS, since it is a key enzyme in the coordination of the 
regulation of fatty acid and phospholipid biosynthesis (Rock & Cronan 1996). In E. coli, 
inhibition of sn-glycerol-3-phosphate acyltransferase (PlsB), which catalyses the acyl-
chain transfer to the glycerol backbone (Fig. 4), results in accumulation of acyl-ACPs 
and, subsequently, feedback inhibition of FabI earlier in lipid biosynthesis (Heath et al. 
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1994, Heath & Rock 1996, Rock & Cronan 1996). The principal reaction products of 
FAS II and FabI-catalyzed reactions are straight-chain C16 and C18 fatty acids (Heath & 
Rock 1995, Bergler et al. 1996), which are then used in the synthesis and also in the 
repair of damaged phospholipids membranes (Wakil et al. 1983, Rock & Cronan 1996). 

There are at least three different types of trans-2-enoyl-ACP reductases in 
prokaryotes, termed FabI, FabK and FabL (Heath & Rock 2000, Heath et al. 2000). FabI 
belongs to the short-chain dehydrogenases/reductases (SDR) superfamily of proteins with 
a typical Ser-(Xaa)10-Tyr-(Xaa)n-Lys active site motif (Persson et al. 1991). In the FabI 
subfamily, n=6 and Ser is replaced by Tyr, which does not directly contribute to catalysis, 
unlike the other Tyr and Lys, which are involved in deprotonation of the 2’-nicotinamide 
hydroxyl in NAD(P)H and, subsequently, the hydroxyl group interaction with the 
carbonyl oxygen of the substrate (Parikh et al. 1999). Although highly conserved (Dessen 
et al. 1995, Baldock et al. 1998), FabI and its homologs, e.g. InhA from Mycobacterium 
tuberculosis, differ slightly in amino acid sequence required for substrate and cofactor 
NAD(P)H binding (Heath et al. 2001), which explains the differencies in their 
sensitivities to inhibitors and/or anti-bacterial drugs. 

FAS II bacterial enoyl-ACP reductases (McMurry et al. 1998, Levy et al. 1999, Heath 
et al. 2001) has been a subject to detailed structural studies, because they are used as 
targets for antibacterial agents. Isoniazid has been successfully used for decades in the 
treatment of tuberculosis, although it was only realized very recently that InhA is the 
primary target for the drug (Vilcheze et al. 2000, Heath et al. 2001). The appearance of 
mycobacterial strains that are even more resistant has, however, set some obstacles for 
the use of isoniazid (Quemard et al. 1995, Musser et al. 1996, Heath et al. 2001). Another 
drug, triclosan, which has been used as an additive in a variety of consumer products, was 
also recently proven to exert its anti-bacterial function via enoyl-ACP reductase 
inhibition (McMurry et al. 1998, Levy et al. 1999). Unfortunately, it cannot be used in 
the treatment of tuberculosis because mycobacterial strains are often resistant to triclosan 
(McMurry et al. 1999, Parikh et al. 2000). 

Even though FabI is highly conserved amongst bacteria, it is not found in all species 
and e.g. in Streptococci and Clostridia, another type of reductase, FabK contributes to 
FAS (Heath & Rock 2000, Heath et al. 2000, Heath 2001). FabK has no sequence 
similarity to FabI, and it binds another cofactor, flavin adenine dinucleotide (FAD), in 
addition to NADH, reminiscent of S. cerevisiae FAS I enoyl thioester reductase active 
domain that also binds FAD (Bloch & Vance 1977, Wakil et al. 1983, Singh et al. 1985). 
B. subtilis has enoyl thioester reductases of at least two different types, in addition to 
FabI, also an NADPH-dependent FabL. Unlike FabI, FabL is only reversibly inhibited by 
triclosan and does not form the kind of stable complex between the enzyme, NADPH and 
triclosan characteristic of FabI (Heath et al. 2000). Because of the development of 
resistant alleles in some strains and the identification of novel types of enoyl-ACP 
reductases, anti-microbial therapy is becoming more complicated and requiring more 
knowledge of functions of the FAS II enzymes (Heath & Rock 2000). 
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2.2.5  Fatty acid elongation 

In eukaryotes, the production of very-long-chain saturated (C20 - C26) and 
(poly)unsaturated fatty acids (PUFAs) takes place independently of FAS by membrane-
bound elongases on the cytosolic face of the endoplasmic reticulum (ER) membrane. 
Fatty acid elongation has been investigated intensively in S. cerevisiae, although most 
eukaryotes are believed to have quite similar elongation enzyme systems, existing 
probably as multimeric complexes (Cinti et al. 1992, Dittrich et al. 1998, Metz et al. 
2001). Very-long-chain fatty acids are used as precursors in the synthesis of 
sphingolipids, essential for lipid raft formation (Welch & Burlingame 1973, Beaudoin et 
al. 2000, Bagnat & Simons 2002), and synthesis of GPIs, required in membrane protein 
contacts and membrane-mediated signalling (Daum et al. 1998). In yeast, products of 
elongation are involved in the formation and trafficking of the secretory lipid vesicles 
(David et al. 1998). 

Unlike ACP in FAS, CoA acts as the acyl carrier molecule in fatty acid elongation. 
Elongation initiates in a condensation reaction between acyl- and malonyl-CoA, the latter 
being also required as a chain-extending unit in the subsequent cycles. The condensation 
is followed by β-keto group reduction, dehydration and, finally, enoyl reduction similarly 
to the sequence of reactions in FAS (Fig. 2 and Fig. 4). The specificity of elongation has 
been suggested to be achieved by the first step of condensation (Cinti et al. 1992). 

Inactivation of the ELO genes in the cluster of genes encoding Elo1p, Elo2p and Elo3p 
results in impaired synthesis of saturated very-long-chain fatty acids (Toke & Martin 
1996, Oh et al. 1997, David et al. 1998). Although, there is no biochemical evidence of 
the activities, heterologous expression studies in yeast and C. elegans imply linkage of 
the genes to condensing reactions (Beaudoin et al. 2000, Napier & Michaelson 2001). 
Recently, identification of enoyl reductase, Tsc13p and β-keto-reductase, Ybr159p from 
yeast leaves dehydratase as the only unknown component in the elongation pathway 
(Kohlwein et al. 2001, Han et al. 2002). The hypothesis of the existence of “elongase” 
complexes (Cinti et al. 1992) was supported by the analysis of coimmunoprecipitation 
showing protein partners complexed with Tsc13p (Kohlwein et al. 2001), wherein it was 
revealed that Tsc13p has physical interactions with the condensing enzymes Elo2p and 
Elo3p. More interestingly, EM analysis of the reductase (Tsc13p) localization in the 
nuclear-vacuolar envelope indicated specific localization of the putative elongases in 
a previously unidentified, novel ER compartment (Kohlwein et al. 2001). 

Fatty acid elongation and desaturase(s) systems act jointly in generation of long- and 
very-long-chain unsaturared fatty acids. Starting from C16 and C18, elongation specific 
desaturases (Stukey et al. 1990) generate cis-monounsaturated palmitoleic acid 
(∆9, C16:1) and oleic acid (∆9, C18:1; Fig. 1). Both palmitoleic and oleic acid are then 
used for the synthesis of a variety of other long-chain unsaturated fatty acids (Cinti et al. 
1992, Dittrich et al. 1998). In humans, some of the precursors in fatty acid elongation, 
such as linoleate and linolenate, cannot be synthesized de novo and must thus be provided 
in diet (Tapiero et al. 2002). These essential fatty acids act as precursors of arachidonic 
acid, which is, in turn, required for the synthesis of eicosanoids, including prostaglandins, 
leukotrienes and thromboxanes, which are important for the regulation of many metabolic 
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and physiological processes, such as lipolysis and blood pressure (Chatzipanteli et al. 
1996, Tapiero et al. 2002). 

2.3  Fatty acid β-oxidation and fatty acids as an energy source 

Fatty acid β-oxidation is not a reversal of fatty acid synthesis, but requires a series of 
distinct enzymes specific to the catalysis of a range of quite different substrates. In yeasts, 
β-oxidation is confined to peroxisomes (Kunau et al. 1988, Tanaka & Ueda 1993), unlike 
in mammals, where also mitochondria participate (Kunau et al. 1995, Eaton et al. 1996). 
Activation of free fatty acids to CoA esters, catalyzed by acyl-CoA synthetases is typical 
for the oxidative fatty acid degradation, differentiating it from the ACP-linked synthesis. 
Acyl-CoA synthetase catalyses the fatty acid activation reaction where the fatty acid 
carboxyl group and the sulfhydryl group of the CoA carrier molecule form a bond at the 
expense of adenosine triphosphate (ATP) hydrolysis. Acyl-CoA synthetases localize to 
mitochondria and peroxisomes as well as to the ER (Johnson et al. 1994b, Knoll et al. 
1994, Van Veldhoven & Mannaerts 1999). 

In mitochondria, an acyl group from acyl-CoA is transferred across the membrane 
bilayer by a carnitine-dependent transport system, which builds on three major 
components. Two carnitine acyltransferases are associated with the outer and the inner 
mitochondrial membrane. In addition, an acylcarnitine carnitine translocase localizes in 
between the two membranes and couples the two membrane associated transferases 
(Eaton et al. 1996, Vaz & Wanders 2002). With the exception of the first step, 
mitochondrial and peroxisomal β-oxidation systems carry out basically the same 
reactions, although with quite different assemblies of enzymes (Lazarow & De Duve 
1976). In peroxisomal oxidation, the first reaction is catalysed by acyl-CoA oxidases, and 
the electrons derived are transferred directly to molecular oxygen (Schulz 1991, Kunau et 
al. 1995). In contrast, in mitochondria different acyl-CoA dehydrogenases operate jointly 
with the respiratory chain and channel electrons to ATP generation in oxidative 
phosphorylation (Williamson & Engel 1984, Ikeda et al. 1985, Izai et al. 1992, Eaton et 
al. 1996, Eder et al. 1997, Parker & Engel 2000). 

There are four different acyl-CoA synthetases in S. cerevisiae, of which Faa1p and 
Faa4p are involved in activation of long-chain fatty acids in the ER before their import to 
peroxisomes. The other synthetases also participate in fatty acid elongation and in the 
regulation of free long-chain fatty acids and acyl-CoA concentration, thus also 
influencing the fatty acid-dependent transcriptional regulation (Black et al. 2000, 
Faergeman et al. 2001). S. cerevisiae and some other micro-organisms, can grow on fatty 
acids as a sole carbon and energy source (Kunau et al. 1988, Tanaka & Ueda 1993, 
Hiltunen et al. 2003). Under these conditions, the peroxisomal fatty acid oxidation 
products need mainly to be transported to mitochondria for subsequent use in the 
tricarboxylic acid (TCA) cycle or, in yeast, also in the glyoxylate cycle (van Roermund et 
al. 1999, Hiltunen et al. 2003). 

In mammals, mitochondrial β-oxidation enzymes are responsible for the degradation 
of the major portion of short-, medium- and long- (C14 - C20) chain fatty acids (Eaton et 
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al. 1996). In general, the enzymes of peroxisomal β-oxidation recognize more complex 
substrates, including (poly)unsaturated fatty acids, not accepted or only slowly 
metabolized by the mitochondrial enzymes. After peroxisomal β-oxidation, the chain-
shortened products are targeted to mitochondrial oxidation (Reddy & Mannaerts 1994, 
Eaton et al. 1996, Mannaerts et al. 2000). 

Cardiac muscle becomes strictly dependent on the import of long-chain fatty acids 
immediately after birth (Warshaw 1972). Fatty acids, which are obtained from breast 
milk, turn on nuclear hormone receptor-mediated transcriptional activation of oxidative 
enzymes, thereby shifting the energy metabolism towards mitochondrial fatty acid 
oxidation from the utilization of glucose and lactate which is typical of the fetal heart 
(Warshaw 1972, Barger & Kelly 2000). In adults, muscles obtain as much as 75% of their 
energy from fatty acid oxidation (Eaton et al. 1996). Based on experiments with cultured 
cardiomyocytes, cardiac muscle β-oxidation has been postulated to operate in a reverse 
direction under ischemic conditions. In addition to oxidative enzymes, cardiac muscle 
cells would, in this situation, utilize an additional enoyl thioester reductase. This enzyme 
has been suggested to operate in the reverse direction to the acyl-CoA dehydrogenase(s) 
step in a process resembling fatty acid elongation and to enable synthesis of fatty acids by 
heart mitochondria (Seubert & Podack 1973, Hinsch & Seubert 1975, Hinsch et al. 1976, 
Nada et al. 1995, Eaton et al. 1996). 

In most conditions, the balance of fatty acid metabolism is rather on the side of lipid 
synthesis than mitochondrial β-oxidation (Eaton et al. 1996, Gibbons et al. 2000). When 
carbohydrates and glucose are abundant, the excess energy conserved in fatty acids start 
to accumulate in the form of triacylglycerol in adipose tissue. Similarly, when yeast cells 
are grown on fatty acids, excess fatty acids are stored as triacylclyserides in vacuole-like 
lipid bodies (Black et al. 2000). 

2.4  Mitochondria 

2.4.1  Structure of mitochondria 

Mitochondria occur in various forms depending on the cell or tissue type and even within 
single cells, reflecting the variety of cellular functions localized to these organelles (Yaffe 
1999, Collins et al. 2002). In S. cerevisiae, mitochondria can accommodate to 
environmental and developmental changes by adopting morphologically different forms 
and undergo dynamic membrane fusion and fission in the course of mitochondrial 
inheritance in budding cells, for example (Yaffe 1999, Dejean et al. 2000, Egner et al. 
2002, Shaw & Nunnari 2002). In yeast grown on glycerol, mitochondria typically exhibit 
a strongly branched tubular reticulum with elongated structures, while the reticulum is 
less elongated in cells grown on glucose (Egner et al. 2002). 

A revised model of the mitochondrial double-membrane structure has recently been 
provided by EM tomographic imaging techniques (Frey & Mannella 2000, Perkins & 
Frey 2000, Frey et al. 2002). In EM images, the mitochondrial membranes can be 
distinguished from other cellular membranes due to the characteristic double-membrane 
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structure. According to the current model, the inner-membrane cristae structures are 
typically attached to the mitochondrial outer membrane by very thin connections only 
(Sjöstrand 1953). Also chloroplasts and their inner membrane thylakoid structures seem 
to have very similar membrane organization to that of mitochondria (Frey et al. 2002, 
Nichols 2002). Cristae appear in various forms under different conditions in mitochondria 
and are typically envisaged as simple tubular or more complex lamellar structures (Palade 
1952). Presumably cristae and mitochondrial membrane dynamics, in general, is required 
to control many metabolic processes. Cristae reassembly, for example, results in release 
of cytochrome c, a marker protein for apoptosis, outside the mitochondria (Scorrano et al. 
2002). Stressing mitochondrial function in respiration, oligomerization of ATP synthase 
(complex V) has recently been linked to the generation of the characteristic cristae 
appearance. In these studies, disruption of the ATP synthase subunit in yeast resulted in 
onion-ring like malformed cristae structures, indicating the keen structure-function 
relationship in the function of these organelles (Paumard et al. 2002). 

2.4.2  Mitochondrial proteins and function 

The mitochondrial proteins encoded by the nuclear genes must be imported to the 
organelle after their synthesis on cytosolic ribosomes. Three translocase protein 
complexes, one in the outer membrane (TOM) and another two in the inner mitochondrial 
membrane (TIM23 and TIM22), mainly operate in protein import (for review, see 
Chacinska et al. 2002). Proteins are transferred to mitochondria unfolded with the aid of 
electrical membrane potential (Huang et al. 2002, Pfanner & Truscott 2002) in a process 
where the receptor proteins, Tom20 or Tom70, associated with the cytosol side of the 
TOM complex bind to presequence-carrying preproteins or preproteins with internal 
targeting signals, respectively. Receptor-bound preproteins are then translocated through 
the general import pore in TOM, which is followed by targeting to the matrix side with 
the aid of either TIM23, as in the case of presequence-carrying preproteins, or by TIM22, 
as in the case of protein insertion into the inner membrane. Presequences are cleaved in 
the mitochondrial matrix by the mitochondrial processing peptidase. The peptidase 
cleavage occurs specifically in the amino acid sequence where the last but one residue 
(-2) is an arginine and the next residue (+1) has an aromatic side chain (Haucke & Schatz 
1997, Chacinska et al. 2002). The protein import process is probably restricted to specific 
contact sites close to cristae outer membrane connections (Reichert & Neupert 2002). 

The maintenance of respiratory competence associates innately with the processes of 
mitochondrial protein import and assembly and also occurs in concert with mitochondrial 
protein translation (Grivell et al. 1999, Chacinska & Boguta 2000, Reichert & Neupert 
2002). Although the assemblies of mammalian and yeast respiratory systems inevitably 
differ in many respects, the respiratory complexes of both species share some features 
such as functioning as supercomplexes (Schagger & Pfeiffer 2000, Schagger & Pfeiffer 
2001). Although it has been commonly considered that electron transfer from NADH to 
molecular oxygen occurs in a linear chain from NADH-ubiquinone oxidoreductase 
(complex I), succinate-ubiquinone oxidoreductase (complex II), ubiquinol: cytochrome c 
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oxidoreductase (complex III), cytochrome c oxidase (complex IV) to ATP synthase 
(complex V), and ubiquinone additionally acts as a soluble electron carrier, the current 
model suggests rather that respiration occurs in a choice of supercomplexes. The 
organization of subunits as supercomplexes might be advantageous to accomplishing the 
most economical way of functioning in various conditions (Boumans et al. 1998, 
Schagger & Pfeiffer 2000). 

A few fungi, including S. cerevisiae, lack the multi-protein complex I typical of higher 
eukaryotes, such as N. crassa, and animals and have more simple single polypeptides 
with NADH-ubiquinone oxidoreductase activity to bypass this step of electron transfer 
(Joseph-Horne et al. 2001). In general, yeast cells are able to respond radically to changes 
in the available carbon sources and probably utilize different assemblies of respiratory 
complexes, depending on the cellular energy demand (Boumans et al. 1998, Nogueira et 
al. 2001). Typically in S. cerevisiae, mitochondrial respiratory function is inherently 
linked to a dynamic process called diauxic shift, in which yeast cells switch to grow on 
respiration from fermentation and, therefore, must turn on the expression of a large 
number of genes required for mitochondria-associated energy production (DeRisi et al. 
1997). 

2.4.3  Symbiont origin of mitochondria 

As mentioned previously, mitochondria and chloroplasts have probably developed from 
ancient α-proteobacterial symbionts that entered other bacteria. According to the current 
view, mitochondria evolved in concert with development of nuclei. In this process, most 
of the genes of the ancient mitochondrion of bacterial origin have then been transferred to 
the nucleus, which maintains the majority of the genes encoding mitochondrial proteins 
(Gray 1999, Gray et al. 1999, Lang et al. 1999). Such transfer of genes has probably 
ceased in animals, but still continues in plants (Adams et al. 2000, Gray 2000). Over 
three hundred proteins of S. cerevisiae are linked to mitochondrial functions. A large 
number of these proteins are involved in mitochondrial morphology and biogenesis, these 
functions often directly linked to respiration. In animals, significant number of 
mitochondrial proteins are probably regulated in a tissue-specific manner (Chacinska et 
al. 2002, Dimmer et al. 2002, Scarpulla 2002). Only thirteen mitochondrial proteins in 
humans and eight in yeast, many of them representing subunits of the inner membrane 
respiratory complexes, are encoded by the mitochondrial genome. In addition, the 
mitochondrial DNA encodes mitochondrial transfer and ribosomal RNAs (Boore 1999, 
Gray et al. 1999). Although the mechanisms of inter-organellar communication and 
collaboration between the two genomes are still poorly understood, a number of factors 
have been investigated in yeast (Traven et al. 2001, Dimmer et al. 2002), shown to be a 
useful model system to highlight the functions of the essential mitochondrial proteins and 
also the linkage of these functions with mitochondrial diseases in humans (Tzagoloff & 
Dieckmann 1990, Foury & Kucej 2002, Steinmetz et al. 2002). 



3 Outlines of the present study 

Enoyl thioester reductases represent a class of enzymes required for the reduction of 
trans-2-enoyl thioesters in fatty acid synthesis and are involved in various physiological 
processes in living cells. This study was catalyzed by the identification of a novel 
mitochondrial enoyl thioester reductase (Etr1p) in the yeast C. tropicalis. The following 
aims were defined for the functional and molecular characterization of the reductase: 

 
1) Clone the gene encoding the reductase for enzyme overexpression and 

characterization of its activity. 
 

2) Identify homologs of Etr1p in other species. 
 

Two closely related genes, ETR1 and ETR2, were found to encode reductase(s) in 
C. tropicalis. Furthermore, a single gene YBR026c/MRF1 was found to encode a 
functional homolog of Etr1p in S. cerevisiae. Subsequently, the aims were specified as 
follows: 
 

3) Perform a functional analysis of the reductase gene products in the S. cerevisiae 
mrf1∆ strain. 

 
4) Compare the functions of the reductase genes and gene products from 

C. tropicalis. 
 

5) Determine the reductase crystal structure. 



4 Materials and methods 

The materials and methods have been described in more detail in the original articles 
referred to in the text by their Roman numerals I-III. 

4.1  Plasmids, strains, media and growth conditions 

Descriptions of the construction of the plasmids and all the bacterial and yeast strains as 
well as detailed descriptions of the yeast culture media and growth conditions have been 
given in the original articles. 

4.2  Protein digestion and peptide sequencing (I) 

For Etr1p amino acid sequence analysis, a sample of the purified protein was first 
subjected to protease digestions. The resulting peptides were then separated on µRPC 
C2/C18 SC 2.1/10 and, when necessary, further separation was accomplished with a 
Sephasil C8, 5-µm SC 2.1/10 reverse-phase column (Pharmacia, Uppsala, Sweden). The 
fractions were analyzed by matrix-assisted laser desorption ionization-time of flight mass 
spectrometry (MALDI-TOF). Peptides were sequenced by automated Edman degradation 
in an Applied Biosystems model 477A protein sequencer. 

4.3  Genomic and cDNA cloning (I, III) 

Degenerate oligonucleotides were designed and synthesized in line with the amino acid 
sequence information obtained by peptide sequencing and used in PCR with C. tropicalis 
genomic DNA as a template. Subsequently, based on the sequence of the obtained 
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genomic fragment, ligation-mediated PCR and screening of a genomic DNA library were 
used to produce more genomic fragments that revealed the complete sequences of the 
reductase genes, ETR1 and ETR2. 

4.4  Protein subcellular localization 

4.4.1  Immunoelectron microscopy (I, II) 

Anti-Etr1p antibodies were raised in rabbits against purified Etr1p as described (Ausubel 
et al., 1989) and used for protein subcellular localization studies by immuno electron 
microscopy (IEM). The anti-Etr1p antibodies identified, apart from Etr1p, also the 
homologous Mrf1p from S. cerevisiae. Thus, subcellular localization studies of Etr1p and 
Mrf1p were enabled both in a native context in C. tropicalis and in a heterologous 
context in S. cerevisiae. For this purpose, the mrf1∆ strain was transformed with plasmid 
DNA for overexpression of different protein variants. 

Two different procedures were utilized in the fixation of yeast cells. In one 
procedure (I), cells were subjected to freeze substitution in absolute methanol at -80°C 
(Baba & Osumi 1987), after which thin cell sections were embedded in LR white resin 
(Electron Microscopy Sciences, Fort Washington, PA, USA). The sections were then 
incubated with anti-Etr1p antibodies diluted 1:150 followed by a protein A-gold complex. 
Alternatively (II), fixed cells were pelleted and immersed in gelatine, after which the 
blocks were immersed in 2.3 M sucrose and frozen in liquid nitrogen. The thin cryo-
sections were first incubated in phosphate-buffered saline (PBS) followed by incubation 
in 5% bovine serum albumin (BSA) with 0.1% gelatine in PBS. The sections were then 
incubated with anti-Etr1p antibodies and gold conjugate diluted 1:250 in 0.1% acetylated 
bovine serum albumin (BSA-C; Aurion, Wageningen, The Netherlands) in PBS. In 
controls the primary antibodies were omitted. The sections were embedded in 
methylcellulose. The specimens were examined in a Philips CM 100 transmission 
electron microscope (Philips Electron Optics, Eindhoven, The Netherlands). 

4.4.2  Fluorescence microscopy (I) 

Subcellular localization of Mrf1p tagged with the green fluorescent protein (GFP) in 
S. cerevisiae was examined by fluorescence microscopy (I). Cells spread on a polylysine-
coated slide were left to dry for 15 minutes at 37ºC. The slides were fixed for 1 minute in 
cold acetone at -20ºC and then stained for 30 seconds with 25 ng/ml of 4’-6-diamidino-
2-phenylindole (DAPI) in PBS. After drying, the fluorescent signal of Mrf1p-GFP of the 
cells was compared with the blue fluorescent signal of DAPI-stained double-stranded 
DNA using an Olympus BX 60 microscope. This rapid procedure at a low concentration 
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of DAPI allows better visualization of mitochondrial DNA and a comparison with the 
DAPI staining of nuclear DNA. 

4.5  Protein purification (I-III) 

Native Etr1p was purified from oleic acid-grown C. tropicalis using Phenyl sepharose 6 
fast-flow hydrophobic interaction, Mono Q anion exchange and Superdex 200 HR 10/30 
gel filtration columns (I). For the purification of Etr1p, Etr2p and Mrf1p as well as the 
site-directed mutagenesis variants overexpressed in S. cerevisiae, a Mono Q column was 
replaced by a 2’5’ADP-Sepharose affinity column. In addition, a Resource S ion-
exchange column was used before the Superdex 200 column for the purification of Etr1p 
and Etr1Y79Np. 

4.6  Analysis of gene function by complementation (I-III) 

The S. cerevisiae genome database indicates that a single gene, YBR026c/MRF1, encodes 
the mitochondrial reductase in this yeast. Disruption of this gene results in a respiration-
deficient mrf1∆ strain that can grow on glucose, but not on a medium containing non-
fermentable carbon sources, such as glycerol as a sole carbon source (Yamazoe et al. 
1994). The ybr026c::kanMX4 disruption strain was generated using the short flanking 
homology procedure (Wach et al. 1994). To examine the subcellular localization and 
function of Etr1p and Mrf1p, as well as the different targeting and site-directed mutant 
variants of these proteins, the deletion strain was separately transformed with plasmid 
DNA encoding each of these proteins. Subsequently, complementation of the respiration-
deficient phenotype was examined by testing the viability of the transformed strains on 
synthetic complete glycerol medium, and these data were then compared with the data 
obtained by IEM (see above, chapter 4.4.1). Glycerol media containing triclosan were 
used in the complementation experiment to examine the effect of the drug on function of 
the reductases overexpressed in yeast (III). 

4.7  Enzyme assays (I-III) and analysis of the cytochrome spectra (I) 

Enoyl thioester reductase activities were determined by spectrophotometric detection of 
oxidation of NADPH at 22ºC. The assay mixture contained 50 mM potassium phosphate 
(pH 7.2), 125 µM NADPH and 60 µM trans-2-enoyl-CoA (hexenoyl [C6], 
decenoyl [C10] or hexadecenoyl [C16] or, alternatively, trans-2,trans-4-hexadienoyl-
CoA) as a substrate, supplemented with 50 µg/ml of essentially fatty acid free albumin. 
The enoyl thioester substrates were synthesized using the mixed anhydride method 
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(Rasmussen et al. 1990). Cytochrome spectra were analyzed from yeast cell extracts 
frozen in liquid nitrogen according to the method by Lindenmayer and Estabrook (1958). 
All kinetic and spectral measurements were carried out using a Shimadzu UV 3000 dual-
wavelength spectrophotometer. 

4.8  Characterization of the enzymatic reaction product (I, III) 

The substrate (10 mM) trans-2-hexenoyl-CoA (or alternatively trans-2,trans-4-
hexadienoyl-CoA) was incubated with 0.2 ng of purified Etr1p, Mrf1p or Etr2p in the 
presence of 10 mM NADPH in 50 mM potassium phosphate buffer at 37ºC for various 
periods. KOH was added, and free fatty acids were liberated by heating at 80ºC for 
3 hours. Acetone was added, and the mixture evaporated under a nitrogen stream at 50ºC. 
Subsequently, acetyl chloride in ethanol was added, and the mixtures were subjected to 
short sonication. Esterification of the fatty acids was performed overnight at 30ºC, after 
which saturated CuCl2 was added and the mixture extracted with hexane. The reaction 
products of the organic phase were characterized by gas-liquid chromatography using 
a chromatographic system model 5890 (Hewlett-Packard, Bad Homburg, Germany) with 
a flame ionization detector and FS-FFAP-CB-0.25 column (Cs-Chromatographic Service 
GmbH, Langerwehe, Germany). 

4.9  Protein DNA interaction studies by surface plasmon resonance 
(I, II) 

Protein DNA interaction was examined by surface plasmon resonance analysis (Biacore, 
Uppsala, Sweden). Purified proteins dissolved in 0.01 M HEPES (pH 7.4) containing 
0.15 M NaCl, 3 mM EDTA and 0.005% (vol/vol) surfactant P-20 were injected at a flow 
rate of 30 µl/min over matrix-coupled oligonucleotides containing the core sequence of 
the autonomously replicating sequence, ARS1 from S. cerevisiae. 

4.10  Site-directed mutagenesis (II, III) 

Structural alignment of Etr1p (original article II, Fig. 2), including Mrf1p, suggested of 
the catalytic importance of the conserved tyrosine, Tyr79 in Etr1p and Tyr73 in Mrf1p. 
The tyrosine residue was replaced by asparagine in both Etr1p and Mrf1p (II) by site-
directed mutagenesis (Stratagene, La Jolla, CA) in PCR with a pair of sense and antisense 
oligonucleotides containing the site of the desired mutation and pYE352::ETR1 or 
pYE352::MRF1 as template DNA. The mutated plasmid DNA was transformed to the 
S. cerevisiae mrf1∆ strain, to test complementation of the respiratory deficient phenotype 
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(see above, chapter 4.6) and for the overexpression and purification of the mutant 
variants. The purified proteins were used for the determination of specific activity, 
protein DNA interaction studies and crystallization. pYE352::ETR2 for Etr2p 
overexpression was derived from pYE352::ETR1 by three stepwise PCR amplifications, 
introducing three amino acid changes Val67Ile, Thr92Ala and Arg251Lys that distinguish 
Etr1p and Etr2p. 

4.11  Determination and analysis of protein crystal structures (II, III) 

4.11.1  Protein crystallization 

Samples (2 µl) of purified Etr1p, 5.7 mg/ml in 50 mM sodium phosphate (pH 7.0) and 
150 mM NaCl, were mixed at room temperature in a 1:1 ratio with the reservoir solutions 
for the screening of the initial crystallization conditions by the hanging drop vapour 
diffusion method (Zeelen et al. 1992). The first needle-like crystals formed after a few 
days’ incubation with a reservoir solution containing 2.0 M (NH4)2SO4-0.1 M 
N-(2-acetamido)-2-iminodiacetic acid (ADA)/NaOH (pH 6.5)-0.1 M MgSO4 as 
a precipitant. Using 15-25 mg/ml protein and 1.9 M (NH4)2SO4–0.1 M ADA/NaOH 
(pH 6.5) as a precipitant, extended bar-like crystals with minimum dimensions of 0.2 mm 
were generated for the Etr1p apoenzyme. The Etr1p/NADPH complex and the apoform 
of Etr1Y79Np readily crystallized, using 20 mg/ml of Etr1p and 10 mM NADPH, or 
separately 15 mg/ml of the Y79N variant, with 1.9 M (NH4)2SO4–0.1 M ADA/NaOH 
(pH 7.0) as a precipitant in both cases. Crystals containing three forms of dimeric 
proteins that is homodimers of both Etr1p and Etr2p as well as Etr1p/Etr2p heterodimers 
were obtained using a 20 mg/ml mixture of Etr1p and Etr2p in a 1:1 ratio and 1.8 M 
ADA/NaOH (pH 7.0) as a precipitant, in addition to which drops were supplemented 
with 5 mM NADPH and 1 mM octanoyl-CoA. 

4.11.2  Crystal structure data collection 

Crystallographic data used for the refinement of the final Etr1p apoenzyme structure were 
collected at the synchrotron source at EMBL/DESY (beamline X11 equipped with 
a MAR Research CCD detector) in Hamburg. The data for the holoenzyme and the Y79N 
variant crystals were collected at the Department of Biochemistry, University of Oulu, 
using a Mar345 image plate detector and a Nonius FR591 rotating anode source (II). The 
data for the crystals containing different dimer combinations of Etr1p and Etr2p were 
collected at the beam line I711 of the MAX-lab synchrotron in Lund, Sweden. The 
diffraction data were processed with the programs DENZO and SCALEPACK from the 
HKL package (Otwinowski & Minor 1997), with the exception of Etr1Y79Np, for which 
the program XDS was used (Kabsch 1993). 
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4.11.3  Structure determination by multiple isomorphous replacement 

Soaking of apoenzyme crystals of Etr1p in reservoir solutions at 22°C for 12-48 hours 
using 2-10 mM heavy-atom derivative concentrations resulted in four heavy-atom 
derivatives suitable for multiple isomorphous replacement (MIR). The scaled data from 
SCALEPACK (Otwinowski & Minor 1997) were further processed with programs of the 
CCP4 suite (Collaborative Computational Project Number 4 1994). The heavy-atom 
positions were found by using the program SOLVE (Terwilliger & Berendzen 1999). 
Solvent flattening calculations with the program DM (CCP4 suite) were used to improve 
the initial phases, after which electron density maps were calculated using the 
CCP4 suite. The baton build mode of the program O was used for Etr1p model building 
(Jones et al. 1991). 

4.11.4  Structure determination by the molecular replacement method 

The structure of the holoenzyme was solved by molecular replacement using the 
apoenzyme structure as a starting model. The molecular replacement calculations with 
AMoRe (CCP4 suite) and CNS provided the model for refinement. The topology and 
parameter files for NADPH were taken from Hetero-compound Information Centre in 
Uppsala, Sweden (Kleywegt & Jones 1998). The Y79N structure (II) and the structure 
containing different dimer combinations of Etr1p and Etr2p (III) were solved with 
molecular replacement using the program AMoRe and the Etr1p apoenzyme structure as 
a starting model in the calculations. 

4.11.5  Refinement and analysis of crystal structures 

MIR phases were extended from 2.5 to 1.7 Å resolution with the program DM, and the 
Etr1p apoenzyme model was refined with the program suite CNS v1.0 (Brunger et al. 
1998). The Etr1p holoenzyme was refined in the same way with the apoenzyme and 
rebuilt with the program O. Etr1Y79Np and the structure containing different dimer 
combinations of Etr1p and Etr2p were refined with Refmac_5.1.12 (CCP4 suite) and 
rebuilt with the program O. Subsequent validation and analysis of the geometries of the 
structures was performed with the programs O, WHAT IF (Vriend 1990) and 
PROCHECK (Laskowski et al. 1993). 
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4.12  Pulsed-field gel electrophoresis (III) 

C. tropicalis chromosomal DNA was separated on Bio-Rad CHEF-DR II Pulsed-field gel 
electrophoresis system (Bio-Rad, Hercules, CA). The chromosomal DNA was Southern 
blotted following the Bio-Rad Instruction Manual procedure on the Bio-Rad website 
http://www.bio-rad.com for Megabase blotting. Hybridization with the 32P-labelled probe 
and corresponding both the ETR1 and ETR2 coding regions was carried out overnight 
at 65ºC as described (Ausubel et al. 1989). 

4.13  Analysis of gene expression by quantitative PCR (III) 

C. tropicalis cells were propagated overnight in rich glucose medium. The cells were then 
transferred to OD600 of 0.1 in a medium containing 2% glucose, 3% glycerol or 0.2% 
oleic acid as a carbon source and grown for 7 more hours at 30ºC. Cells were harvested 
and pellets of cells stored at -70°C until total RNA extraction. RNA was reverse-
transcribed to cDNA, and the synthesis products were amplified in PCRs with ETR1- or 
ETR2-specific oligonucleotides in an ABI PRISM 7700 Sequence Detection System. 
Fluorogenic probes specific for ETR1 or ETR2 were used for the quantification of the 
gene products, and the results were normalized to 18S RNA. 

4.14  Software 

The nucleotide and amino acid sequences were compared against database sequences by 
BLAST (Altschul et al. 1990). Structure-based sequence alignment (II) was performed 
with a software program from the MSI – Insight II® molecular modelling system 
extended with ClustalX (Thompson et al. 1997) and edited with GeneDoc (Nicholas & 
Nicholas 1997). The programs used for the determination and analysis of the crystal 
structures are specified in the chapters 4.11.2 – 4.11.5. 



5 Results 

5.1  Identification of a novel 2-enoyl thioester reductase, Etr1p, from 
C. tropicalis (I) 

Soluble protein extracts from glucose- or separately from oleic acid-grown C. tropicalis 
were subjected to analysis by hydrophobic interaction chromatography on a Phenyl 
Sepharose column (see original article I, Fig. 1). The elution profiles of reductase 
activities (determined with trans-2,trans-4-dienoyl-CoA as a substrate) revealed two 
distinct peaks. Western blot analysis with antibodies against Sps19p, a peroxisomal 
2,4-dienoyl-CoA reductase of the β-oxidation system from S. cerevisiae (Gurvitz et al. 
1997), revealed a 34-kDa protein band corresponding to the fractions of the latter peak, 
more strongly expressed on oleic acid, suggesting that these fractions contained the 
C. tropicalis homolog of Sps19p. The fractions corresponding to the first reductase 
activity peak were subjected to further chromatographic analysis, resulting in a single 
protein peak on Superdex 200 size exclusion chromatography and indicating a molecular 
mass of 75 kDa for the novel enoyl thioester reductase (Etr1p). SDS-PAGE analysis 
revealed a single protein band of 40 kDa, indicating that Etr1p was probably 
a homodimer. 

For further characterization, ETR1 was cloned (see also chapter 5.10), which revealed 
an open reading frame (ORF) of 1158 nucleotides. The deduced protein product consisted 
of 386 amino acids, giving a predicted molecular mass of 42167 Da, which includes 
a presequence of 22 amino acids. The predicted molecular mass for the mature protein 
was 39519 Da, matching the size of the protein on SDS-PAGE. 

Etr1p was overexpressed in S. cerevisiae and purified. The purified protein was 
incubated with trans-2,trans-4-hexadienoyl-CoA in the presence of NADPH and the 
reaction products were converted to ethyl esters. Gas chromatographic analysis of the 
ethyl-esterified reaction products revealed 4-hexenoic acid ethyl ester, indicating that 
Etr1p specifically reduced the trans-2 double bond of the substrate. In line with this, 
incubation of Etr1p with trans-2-enoyl-CoA in the presence of NADPH revealed 
accumulation of saturated acyl esters (original article I, Fig. 2). Thus, Etr1p was a 2-enoyl 
thioester reductase and not a 2,4-dienoyl reductase (Dommes & Kunau 1984) and, in 
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addition to the 2-monoene, is able to reduce the trans-2 double bond of 2,4-diene 
structures. The specific activities revealed by trans-2-hexenoyl- and trans-2,trans-4-
hexadienoyl-CoA were 20 and 10 µmol/min per mg protein, respectively. NADH could 
not replace NADPH in the reactions. 

5.2  Etr1p and its homolog, Mrf1p, from S. cerevisiae, are involved in 
mitochondrial respiratory function (I) 

A BLAST database search indicated that Ybr026p, known as the mitochondrial 
respiratory function protein (Mrf1p), is a homolog of Etr1p in S. cerevisiae. Disruption of 
the YBR026c/MRF1 gene results in a respiration-deficient mrf1∆ strain that is unable to 
grow on non-fermentable carbon sources and exhibits decreased contents of cytochromes 
(Yamazoe et al. 1994). To compare Mrf1p function with Etr1p, Mrf1p was overexpressed 
in the S. cerevisiae mrf1∆ strain and purified to apparent homogeneity. Similarly to Etr1p 
(chapter 5.1), Mrf1p also possessed NADPH-dependent 2-enoyl thioester reductase 
activity, which catalyzed the reduction of the trans-2-double bond of enoyl thioesters. 
Overexpression of either Mrf1p or Etr1p restored the respiratory growth of the mrf1∆ 
strain on glycerol (original article I, Fig. 4). Furthermore, coincidental with the rescued 
growth, the formation of cytochromes was also restored in the respiration-deficient mrf1∆ 
strain transformed with plasmids encoding either Etr1p or Mrf1p (Fig. 5). 
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Fig. 5. Cytochrome absorption spectra at wavelengths of 500-650 nm from total cell extracts 
of the S. cerevisiae strains BJ1991 (III), BJ1991 mrf1∆ complemented with either 
pYE352::MRF1 (I) or pYE352::ETR1 (II) and BJ1991 mrf1∆ (IV). Characteristic peaks 
indicating the presence of the cytochromes a+a3, b and c+c1 are indicated by arrows. 

5.3  Etr1p and Mrf1p respiratory function requires mitochondrial 
targeting of the proteins (I) 

Subcellular localization of the novel reductase was examined by immunoelectron 
microscopy (IEM). Anti-Etr1p antibodies conjugated with gold particles, and used for 
examination of Etr1p localization, labelled mainly mitochondrial structures in 
C. tropicalis. Etr1p has an N-terminal presequence of 22 amino acids similar to the 
mitochondrial targeting sequences (Haucke & Schatz 1997). In contrast, Mrf1p has 
a presequence of 8 amino acids that has been suggested to operate in the nuclear targeting 
of the protein (Yamazoe et al. 1994). 

To study the targeting of Etr1p and Mrf1p in a heterologous context in S. cerevisiae, 
mrf1∆ cells were separately transformed with plasmid DNA encoding full-length Etr1p or 
Mrf1p and then analyzed by IEM. Examination of IEM thin sections indicated 
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predominantly mitochondrial localization of both Etr1p (Fig. 6) and Mrf1p, implying that 
the N-terminal presequences were required for the mitochondrial targeting of the 
proteins, although nuclear localization of the proteins was observed occasionally. 
Overexpressed and purified proteins analyzed by N-terminal sequencing indicated that 
the presequences are not present in mature proteins. 

Plasmid DNA encoding variants of Etr1p and Mrf1p without their N-terminal 
presequences were constructed and transformed to mrf1∆ cells for protein 
overexpression. As a result, the truncated version of Etr1p was found exclusively outside 
mitochondria, confirming the requirement of the 22 amino acid presequence for 
mitochondrial targeting of the protein. On the other hand, omission of the Mrf1p 
presequence resulted in more diffuse localization of the protein both in mitochondria and 
elsewhere in the cell. More significantly, Etr1p without its presequence and showing 
extra-mitochondrial localization was not able to restore the respiration-deficient 
phenotype of the mrf1∆ strain and growth on glycerol (original article I, Fig. 4). Enzyme 
assays on the soluble protein extracts of the various yeast protein overexpression strains 
indicated that the generated primary sequence modifications had no influence on the 
specific activities of the different enzyme variants. 

Mrf1p has been implicated as a nuclear factor involved in the regulation of genes 
necessary for the functional assembly of mitochondrial respiratory complexes (Yamazoe 
et al., 1994). To investigate this, the 8 amino acids’ presequence of Mrf1p was replaced 
by a nuclear targeting sequence M-P-K-K-K-R-K-V derived from Simian virus 40 large 
antigen (Kalderon et al. 1984). Examination of the overexpression strain by IEM 
indicated the modified Mrf1p to be primarily localized to the nucleus (original article I, 
Fig. 5). However, the nuclear variant of Mrf1p, while retaining its enzymatic activity, 
only poorly rescued the growth of the mr1f∆ strain on glycerol (original article I, Fig. 4). 
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Fig. 6.  Immunoelectron micrographs of S. cerevisiae BJ1991 mrf1∆ strain overexpressing 
Etr1p with a mitochondrial presequence (Fig. A) and the BJ1991 wild-type strain (Fig. B). 
The cells were grown on oleic acid as the sole carbon source and treated with anti-Etr1p 
antibodies and gold particles conjugated to protein A. Mitochondria (M), peroxisomes (Px) 
and nucleus (N) are indicated. The scale bars represent 250 nm. The figures were reproduced 
with permission from the original article I. 

5.4  Etr1p and Mrf1p overexpression influences mitochondrial 
morphology in yeast (I, II) 

IEM examination of the mrf1∆ strain overexpressing mitochondrially localized Mrf1p 
and Etr1p indicated mitochondrial structures different from those in the reductase 
deletion or BJ1991 cells (original article I, Fig. 5). Typically, mitochondrial 
overexpression of Etr1p and Mrf1p resulted in the formation of enlarged organelles 
(Fig. 6). Conversely, in the mrf1∆ strain mitochondria appeared rudimentary and had 
distorted membrane organization (original article I, Fig. 5, and II, Fig. 6). Examination of 
the yeast strain overexpressing Mrf1p nuclear variant revealed no changes in 
mitochondrial morphology in comparison with the mitochondria of the wild-type strain. 
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5.5  Enzymatic activity of Mrf1p is required for respiration (I) 

Mitochondrial targeting of Mrf1p (or Etr1p) overexpressed in the mrf1∆ strain results in 
restoration of respiratory growth on the non-fermentable carbon source glycerol (original 
article I, Fig. 4). Moreover, concurrent restoration of cytochromes occurs thus indicative 
in proper assembly of the mitochondrial respiratory complexes (see above, Fig. 5). 

To study whether the enzymatic activity of Mrf1p (or Etr1p) or a structural function is 
required for respiratory competence, the mrf1∆ strain was transformed with a plasmid 
DNA encoding a non-homologous, NAD(P)H-dependent 2-enoyl-ACP reductase (FabI) 
functional in E. coli fatty acid synthesis and extended with a mitochondrial leader 
sequence. Similarly to the overexpression of either Etr1p or Mrf1p in the mrf1∆ cells, 
FabI overexpression also allowed growth on glycerol (original article I, Fig. 4, and III, 
Fig. 4), supporting the requirement for 2-enoyl thioester reductase activity for respiratory 
competence in S. cerevisiae. In contrast, the ability of FabI to restore the growth of the 
mrf1∆ strain on glycerol does not support the idea of nuclear ARS1 being critical for the 
maintenance of mitochondrial respiratory competence (Yamazoe et al. 1994), as it is 
improbable that FabI as a non-homologous protein would have the property of Mrf1p 
ARS1 binding. The significance of Mrf1p ARS1 association for mitochondrial respiratory 
competence was also investigated separately, and these results are presented in 
chapter 5.9. 

5.6  Etrp crystal structures (II, III) 

The crystal structure of the Etr1p apoenzyme (1GU7) refined at 1.70 Å resolution was 
solved by multiple isomorphous replacement (MIR). The holoenzyme structure with 
bound NADPH (1GUF) was solved by molecular replacement and refined at 2.25 Å 
resolution. Homodimer structures (original article II) contained 364 residues per 
monomeric subunit, representing the protein without the N-terminal 22 amino acid 
mitochondrial targeting signal. Each monomer consists of the nucleotide-binding domain 
(Rossmann fold) and a ‘catalytic domain’, including a putative binding pocket for 
NADPH and 2-enoyl thioester. 

Dimerization of the monomers is mediated mainly by the βF- and βG-strands and the 
αG-helices of the Rossmann folds (Rossmann et al. 1974, Eklund et al. 1976, Wierenga et 
al. 1986) and does not involve the three amino acid residue differences (original 
article III) Val67 (Ile), Thr 92 (Ala) and Arg251 (Lys) in Etr1p (Etr2p). A schematic 
representation of a monomer of Etr1p with the bound NADPH is shown in Figure 7. The 
putative catalytic site residue Y79 (see chapter 5.9) is also shown. 
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Fig. 7.  Ribbon representation of a monomer of Etr1p with bound NADPH. The secondary 
elements βE-βG of the other monomer that take part in dimerization are also shown. The 
residue Y79 as well as the nicotinamide (Nic) and adenosine (Ade) moieties of NADPH are 
indicated. The figure was reproduced with permission from the original article II. 

A BLAST database sequence search (Altschul et al. 1990) with Etr1p and Mrf1p primary 
sequences indicated that these proteins are homologous to the MDR superfamily of 
proteins. In line with the BLAST result, the DALI server (Holm & Sander 1993) used to 
find the structural homologs of Etr1p (1GUF) indicated that the most similar structures 
were the members of the MDR family, the most similar one being a zinc-independent 
quinone oxidoreductase (1QOR) from E. coli (Thorn et al. 1995). To compare Etr1p 
crystal structure with a group of MDRs, the most similar structures found were selected 
for structural alignment with Etr1p and its sequence homologs representing species from 
the yeast S. cerevisiae to human (with amino acid sequence identities of 33.2 – 38.9% to 
Etr1p). Even though the amino acid sequence identity between the aligned structures 



 50

(original article II, Fig. 2) Etr1p (1GUF), quinone oxidoreductase, sorbitol dehydrogenase 
(1E3J) and two alcohol dehydrogenases (1KEV and 1HET) is very low, there is 
a relationship between the overall folds of the aligned structures. Etr1p and Mrf1p and 
their homologs from other species distinguish as a novel subgroup within the MDR 
superfamily, as it has also been demonstrated by Nordling et al. (2002). Even if there 
similar structural organization to the domain structures of the MDR ζ-crystallin, alcohol 
dehydrogenase and sorbitol dehydrogenase subfamilies (Eklund et al. 1985, Edwards et 
al. 1996, Jornvall et al. 2001), fingerprints unique for Etr1p and its homologs clearly 
stand out for the novel structure-related subfamily and argue for a common function of 
these proteins as enoyl thioester reductases. 

5.7  NADPH binding results in conformational changes in Etr1p (II) 

Comparison of the Etr1p crystal structures with and without bound NADPH reveals 
conformational changes upon NADPH binding. The loop between the βE- and βF-strands 
(Fig. 7) undergoes significant conformational changes, which do not only affect the 
NADPH-binding pocket, but also remodel the catalytic site pocket and the environment 
of the potential catalytic residue Y79 (see chapter 5.8). The positively charged [-R-x-R-] 
sequence in the core of the Rossmann fold in Etr1p presents a fingerprint missing from 
the other MDRs (original article II, Fig. 2) and interacts with the 2’-phosphate group of 
the adenosine part of the NADPH (original article II, Fig. 4). The [-G-G-M-[A/S] 
sequence located in a loop between the βE and βF strands stabilizes both the adenine and 
the nicotinamide nucleotides of the cofactor. The residue M299 within this motif (original 
article II, Fig. 4) has a significant role in the protein-NADPH interaction, since the 
Ligand-Protein Contacts (LPC) calculations (Sobolev et al. 1999) indicate that M299 has 
the highest contact surface area (114.3 Å2) of all the amino acids of Etr1p interacting with 
NADPH. 

5.8  Replacement of a conserved tyrosine in Etr1p and Mrf1p 
indicates its requirement for enzymatic activity 

The structure-based sequence alignment (original article II, Fig. 2) indicates that Etr1p 
and Mrf1p have a conserved tyrosine in a highly conserved region, localized in the 
structure immediately after the α2 helix and readily distinguishable from the other MDRs. 
To study the functional significance of this tyrosine, Y79 in Etr1p (see also Fig. 7) and 
Y73N in Mrf1p encoding pYE352::ETR1 and pYE352::MRF1 were converted by site-
directed mutagenesis to Etr1Y79Np and Mrf1Y73Np. The mutants were overexpressed in 
S. cerevisiae and purified to apparent homogeneity for reductase activity assays. The 
activity was determined using trans-2-hexenoyl-CoA as a substrate. The mutants almost 
completely lacked the enzymatic activity, the activity being only 0.1% of the values 
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determined for the native enzymes under the same assay conditions. Furthermore, 
Etr1Y79Np was crystallized and the crystal structure was solved at 2.6 Å resolution and 
compared with the structure of the native enzyme. Examination of the native and mutant 
structures revealed no significant structural rearrangements due to the tyrosine-asparagine 
replacement indicating that the mutagenesis had no influence on the overall protein fold. 

5.9  2-Enoyl thioester reductase activity is critical for respiratory 
competence in S. cerevisiae (II) 

Mrf1p has been hypothesized to convey its mitochondrial function by binding to nuclear 
ARS1, which represents a single leading start site for replication in the yeast genome 
(Yamazoe et al. 1994, Bielinsky & Gerbi 1999). Purified Mrf1p and Etr1p were tested for 
S. cerevisiae ARS1 binding by surface plasmon resonance assay (Biacore). Unlike Mrf1p, 
Etr1p showed no binding to ARS1. Subsequently, to investigate the significance of ARS1 
binding for the mitochondrial respiratory function, Mrf1Y73Np lacking reductase activity 
(see above, chapter 5.8) was similarly examined to test the binding to ARS1. Albeit the 
crystallizations of Mrf1p or its mutant variant were unsuccessful, the amino acid 
sequence alignment (original article II, Fig. 2) indicated conservation of the catalytically 
important tyrosine Y79 in Etr1p and also in Mrf1p (Y73). In addition, the crystal 
structure of Etr1Y79Np indicated the preservation of the structural integrity of the 
mutated protein, suggesting this also to be the case with Mrf1Y73Np. 

Injection of Mrf1Y73Np over the matrix-coupled ARS1 showed a response of ARS1 
binding, indicating that the replacement of tyrosine with asparagine is not critical for 
Mrf1p DNA interaction. As a negative control, a structurally non-homologous 
(R)-3-hydroxyacyl-CoA dehydrogenase (Qin et al. 1999) was also injected over the 
matrix-coupled ARS1, but revealed no specific ARS1 binding. To test growth on glycerol, 
mrf1∆ cells were transformed with plasmids encoding the mutant variants. IEM 
confirmed mitochondrial localization of the proteins. However, neither the overexpressed 
Etr1Y79Np nor Mrf1Y73Np was able to restore the respiratory competence in the 
deletion strain, indicating that the residual reductase activity was not sufficient to sustain 
the mitochondrial function. Taken together, the reductase activity is critical for the 
function of respiratorily competent mitochondria in yeast. 

5.10  C. tropicalis has two mitochondrial 2-enoyl thioester reductases, 
Etr1p and Etr2p (III) 

The sequence information obtained by C. tropicalis Etr1p proteinase digestion and 
microsequencing of the peptides produced was applied to synthesize degenerate 
oligonucleotides to identify the gene for the mitochondrial reductase. Using PCR 
C. tropicalis genomic DNA as a template and ligation-mediated PCR amplification, 
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a series of overlapping genomic DNA fragments were obtained. Sequencing of the 
fragments obtained indicated that they contain very similar albeit not identical sequences, 
suggesting the presence of two distinct genes. Additional PCR was performed with 
oligonucleotides matching the 5’ and 3’ ends of the continuous genomic fragment. One of 
the genomic fragments obtained by ligation-mediated PCR was labeled with 32P and used 
for screening of a genomic library resulting in a fragment containing an ORF for ETR1, 
while the additional PCR produced a genomic fragment containing an ORF for ETR2. 

The ETR1 and ETR2 nucleotide sequences were 96.8% identical; Etr1p and Etr2p 
differ in three amino residues Val67 (Ile), Thr 92 (Ala) and Arg251 (Lys) in Etr1p (Etr2p). 
The identity of the genes was 90.2% and 89.2% in the 5’ and 3’ non-coding regions, 
respectively. Pulsed-field gel electrophoresis was performed with C. tropicalis genomic 
DNA to analyse the chromosomal localization of the reductase genes. Southern blot 
probing yielded signals from two fragments of estimated 2.8 and 3.0 mega-bp, indicating 
that ETR1 and ETR2 are present in different chromosomes of the C. tropicalis genome. 

To examine if both ETR1 and ETR2 are expressed, quantitative PCR was performed on 
the gene expression products. Analysis of the total RNA reverse-transcribed to cDNA 
indicated the presence of both ETR1 and ETR2 RNA species, ETR2 being more abundant 
both in respiring (glycerol) and fermenting (glucose) cells. In addition, in oleic acid-
containing media ETR2 gene product was clearly more abundant compared to ETR1. 
Purified Etr1p and Etr2p investigated for their specific activity both appeared to exhibit 
very similar specific activities as 2-enoyl thioester reductases. Crystallization of a 
mixture of these gene products indicated generation of all possible dimers that are 
Etr1p-Etr1p, Etr1p-Etr2p and Etr2p-Etr2p, suggesting that the various forms may also 
exist in vivo. 

5.11  Triclosan concentrations sufficient to inhibit FabI do not abolish 
mitochondrial 2-enoyl thioester reductase activity (III) 

Prokaryotic fatty acid synthesis (FAS II) and enoyl-ACP reductases, such as FabI from 
E. coli, are inhibited by anti-bacterial agents, including triclosan (Heath et al. 1999, Levy 
et al. 1999, Heath et al. 2001). Etr1p, Etr2p and Mrf1p were tested for their sensitivity to 
triclosan. For this purpose, the respiratory growth of the ETR1, ETR2, MRF1 or FabI-
rescued mrf1∆ strain was compared in a glycerol medium supplemented with triclosan. 
FabI was inhibited by 0.125 µg/ml triclosan and a complete loss of viability was observed 
at 1.0 µg/ml (original article III, Fig. 4). The growth of yeast cells expressing Etr1p, Etr2p 
or Mrf1p was not restrained, indicating that at the concentrations used triclosan has no 
influence on the enzymatic activity of the mitochondrial reductases when overexpressed 
in yeast. 



6 Discussion 

6.1  2-Enoyl thioester reductases from C. tropicalis and S. cerevisiae in 
mitochondrial fatty acid synthesis and respiratory competence 

C. tropicalis is a yeast species specialized to grow on fatty acids, and it has thus been 
a usefull reference when identifying novel enzymes of fatty acid metabolism. The 
expression of many of these enzymes is induced when C. tropicalis cells encounter an 
environment rich in fatty acids. The fatty acid β-oxidation system in C. tropicalis, similar 
to other yeasts, is localized exclusively in peroxisomes in contrast to metabolic pathways 
of fatty acid and lipid synthesis which are localized to other subcellular compartments 
(Kunau et al. 1988, Tanaka & Ueda 1993, Hiltunen et al. 2003). C. tropicalis is presumed 
to possess several different enoyl thioester reductases participating in fatty acid 
metabolism (Dommes et al. 1983), which challenged us to characterize these enzymes. 
Fractions eluted from hydrophobic interaction chromatography were examined for their 
enzymatic activity and subjected to Western blot analysis, which indicated the presence 
of at least two different reductases. One of these was oleic acid-inducible and represents 
the homolog of S. cerevisiae Sps19p (Gurvitz et al. 1997) in C. tropicalis, a peroxisomal 
2,4-dienoyl-CoA reductase involved in β-oxidation. Fractions containing other than 
peroxisomal Sps19p-like reductase(s) were chosen for subsequent purification, resulting 
in a single peak of a novel enoyl thioester reductase (Etr1p) with a molecular mass of 
75 kDa on size-exclusion chromatography and a subunit size of 40 kDa on SDS-PAGE. 

Etr1p catalyses an NADPH-dependent reduction of 2,4-dienoyl-CoA, implying that 
Etr1p might function as a 2,4-dienoyl-CoA reductase. For further characterization, Etr1p 
was cloned and overexpressed in S. cerevisiae. Examination of the reductase reaction 
with the purified protein indicated that Etr1p specifically exhibits activity towards the 
trans-2 double bonds of trans-2-enoyl and trans-2,trans-4-dienoyl thioesters, yielding 
acyl and trans-4-enoyl thioesters, respectively. In view of the fact that, in β-oxidation, 
2,4-dienoyl-CoA reductases generate either trans-2 or trans-3 enoyl thioesters (Dommes 
& Kunau 1984), Etr1p was not a 2,4-dienoyl but a 2-enoyl thioester reductase. Further, 
distinguishing Etr1p from peroxisomal β-oxidation, IEM analysis revealed a 
mitochondrial localization of the protein in C. tropicalis. 
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Maintenance of the mitochondrial respiratory chain complexes is a critical process in 
organisms relying on respiration, and it requires careful coordination between the nuclear 
and mitochondrial genomes in eukaryotes. The mitochondrial genome encodes the core 
protein components of the respiratory complexes but a large number of nuclear gene 
products must be targeted to mitochondria. Even in the simplest model for respiration, in 
yeast, hundreds of nuclear-encoded proteins are involved in different mitochondrial 
functions and respiration (Grivell et al. 1999, Dimmer et al. 2002). Disruption of many of 
these genes in a haploid yeast strain, such as BJ1991 (Jones 1977) results in a respiration-
deficient phenotype (Tzagoloff & Dieckmann 1990). Yeast cells lacking the particular 
nuclear gene function are able to grow on glucose by fermentation, but cannot grow on 
glycerol by respiration. Disruption of the gene encoding the homolog of Etr1p, Mrf1p, in 
S. cerevisiae results in a respiration-deficient phenotype suggesting a respiratory-linked 
function (Yamazoe et al. 1994). However, contradictory to the present data indicating 
mitochondrial localization of Etr1p in C. tropicalis, Mrf1p has been previously proposed 
to convey its function via nuclear ARS1 binding in S. cerevisae (Yamazoe et al. 1994). 
The mitochondrial protein synthesis in the mrf1∆ strain was observed to be intact and it 
was suggested that Mrf1p function is required for the assembly of the respiratory 
complexes. Cytochromes of the mrf1∆ strain are almost completely undetectable, which 
was also confirmed in this study (Fig. 5). 

IEM analysis of the subcellular localization of Etr1p and Mrf1p overexpressed in 
S. cerevisiae indicated hardly any nuclear labelling. The N-terminal 22 amino acids 
presequence of Etr1p, which resembles typical mitochondrial presequences (Haucke & 
Schatz 1997), facilitated mitochondrial targeting of the protein in S. cerevisiae and 
restored the growth of the mrf1∆ strain on glycerol. The Etr1p variant missing the 
targeting sequence was not able to rescue growth. Full-length Mrf1p overexpressed in the 
mrf1∆ strain was observed almost exclusively in mitochondria similar to Etr1p. 
Truncation of the N-terminal 8 amino acids in Mrf1p only resulted in more diffuse 
localization of the protein, even at subcellular sites other than mitochondria. Hence, 
mitochondrial localization was shown as a site of subcellular function of Mrf1p in 
S. cerevisiae similar to mitochondrial localization of Etr1p in C. tropicalis as well as in 
S. cerevisiae. 

2-Enoyl thioester reductases are known to participate in FAS and fatty acid elongation 
(Heath & Rock 1995, Dittrich et al. 1998, Kohlwein et al. 2001). Two different FAS 
assemblies, FAS I and FAS II, occur in nature (Wakil et al. 1983, Rock & Cronan 1996). 
Unlike animal cells that possess a cytosolic FAS I multienzyme complex (Singh et al. 
1985, Chang & Hammes 1989, Smith 1994), prokaryotes and plants rely on a series of 
discrete FAS II enzymes (Kekwick 1986, Rock & Cronan 1996). More interestingly, 
novel FAS II pathways have been encountered that appear to be required for functions 
also other than just providing building blocks for membrane biosynthesis. In 
S. cerevisiae, for example, inactivation of any of the candidate genes postulated to encode 
mitochondrial FAS II components results in respiration-deficient cells, linking FAS to 
respiration (Harington et al. 1994, Brody et al. 1997, Schneider et al. 1997). Since in the 
case of MRF1 inactivation, yeast cells have respiration-deficient phenotype, the data 
together with the mitochondrial enzymatic function of Mrf1p and Etr1p, suggest that the 
proteins are linked to the mitochondrial fatty acid synthesis. Restoration of the respiratory 
function of the mrf1∆ strain with the overexpression of a structurally non-homologous 
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2-enoyl-ACP reductase, FabI from E. coli (Heath & Rock 1995, Bergler et al. 1996), 
supports this idea. This experiment also showed that it to be an enzymatic activity of the 
mitochondrial reductase rather than a structural function crucial in maintaining the 
respiratory function. 

IEM analysis revealed rudimentary mitochondrial ultrastructure in mrf1∆ cells, 
implying impaired biogenesis of organelle membranes. In contrast, overexpression of 
mitochondrially localized Etr1p or Mrf1p in mrf1∆ cells resulted in swollen 
mitochondria. In addition to many proteins, assembly and maintenance of respiratory 
complex subunits in the inner mitochondrial membrane requires various lipids 
(Contamine & Picard 2000, Dimmer et al. 2002) and may also explain the morphological 
alterations due to the mitochondrial reductase and FAS inactivation. Indeed, shortage of 
various lipids, for example, cardiolipin have been shown to impair mitochondrial 
functions (Ostrander et al. 2001a, Ostrander et al. 2001b). Many lipids such as myristic-
acid (C14), may have critical role in the assembly and function of respiratory complexes 
that remains to be investigated in more detail (Tsukihara et al. 1996, Plesofsky et al. 
2000, Lange et al. 2001). Similar to the respiration-deficient phenotype of the 
S. cerevisiae acp1∆ strain linked to FAS in the yeast mitochondria (Brody et al. 1997), 
the mrf1∆ strain indicates significantly reduced levels of lipoic acid (unpublished data), 
suggesting the involvement of this compound in mitochondrial function. There may also 
be yet unidentified products of mitochondrial lipid metabolism and FAS involved in 
respiration (Hoja et al. 1998). Therefore, comparison of the mitochondrial lipid profiles 
in the different yeast FAS II deletions strains is needed for solving this issue. 

6.2  Etr1p and Mrf1p as representatives of a novel subfamily within 
the MDR superfamily of proteins 

Etr1p and Mrf1p belong to the medium-chain dehydrogenase/reductase (MDR) 
superfamily of proteins, which includes at least 8 subgroups with divergent functions 
(Nordling et al. 2002). In addition, Etr1p crystal structure obtained here provides the first 
enoyl-ACP/CoA reductase crystal structure within the MDR family. The enoyl reductase 
domain of the multifunctional cytosolic fatty acid synthase of type I FAS (Linial & 
Levius 1993, Persson et al. 1994) also has low sequence similarity to the MDR family of 
proteins, although the previously determined enoyl thioester reductase crystal structures, 
such as those representing the prokaryotic FAS II enzymes, InhA from M. tuberculosis 
(Rozwarski et al. 1999) and FabI from E. coli (Ward et al. 1999), belong to the short-
chain dehydrogenase/reductase (SDR) superfamily. 

As shown by the structural sequence alignment (original article II, Fig. 2), the amino 
acid sequence identity between Etr1p (1GUF) and representatives of different MDR 
subgroups is very low, although the data indicates an extensive structural homology 
between the proteins. Quinone oxidoreductase (1QOR) from E. coli, which is structurally 
most similar to Etr1p has a sequence identity of only 22% with Etr1p. Functional 
variability evolving as a result of divergent evolution is characteristic of the enzymes in 
the MDR superfamily (Persson et al. 1994) and implicates that a common structural 
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theme is more conserved than sequence in distantly related proteins. Hence, although 
structurally very similar to that of QOR and other MDRs (Thorn et al. 1995), Etr1p and 
its sequence homologues were readily distinguishable in the alignment and therefore 
represent a subfamily of their own (Nordling et al. 2002), termed enoyl thioester 
reductases (ETRs). The putative conserved tyrosine, Y79 in the Etr1p catalytic site was 
previously indicated as a residue lining the substrate-binding site (Y52 in QOR) and also 
able to contribute to the reaction catalyzed by QOR in E. coli (Thorn et al. 1995). A QOR 
variant with added mitochondrial targeting signal was overexpressed in the S. cerevisiae 
mrf1∆ strain, but unable to restore the Mrf1p respiration-linked function (unpublished 
data), indicating that the similarity in overall fold did not extend to a common 
physiological function. 

A comparison of the apo- (1GU7) and holoenzyme structures (1GUF) indicated 
significant rearrangement of the enzyme’s catalytic domain relative to the nucleotide-
binding domain due to NADPH binding. The conformational change observed in Etr1p 
following NADPH binding is not unique, but quite typical of NAD(P)H-binding proteins 
(Bellamacina 1996, Carugo & Argos 1997). Although Rossmann fold is the one most 
conserved regions also within the NAD(P)H-binding enzymes of the different subfamilies 
in the MDR family, the fold must have in each case adopted specific features due to the 
binding of the specific substrate (Thorn et al. 1995, Bellamacina 1996, Edwards et al. 
1996, Carugo & Argos 1997). In Etr1p, the [T-Y-G-G-M-[A/S] sequence within the 
Rossmann fold stabilizes both the adenine and the nicotinamide nucleotides of the 
cofactor. Specifically, the residue M299 has a significant role in Etr1p-NADPH 
interaction and has more contacts than any other residue of the protein interacting with 
NADPH. The positively charged [-R-x-R-] between the βB-sheet and the αC-helix in 
a nearby sequence also readily stands out from other MDRs. Interaction of this sequence 
region with the 2’-phosphate of the adenosine ribose probably enhances the affinity for 
NADPH over NADH. 

The loop region between the βE- and βF-strands, containing a [T-Y-G-G-M-[A/S] 
sequence, undergoes significant rearrangement NADPH binding, also inducing changes 
in the vicinity of the conserved tyrosine Y79 in Etr1p. Site-directed mutagenesis of the 
tyrosine in Etr1p and in Mrf1p (Y73) resulted in almost complete inactivation of the 
reductases without influencing the structural integrity of the proteins, which was taken as 
an indication of involvement of this residue in catalysis. Since the Y79 hydroxyl group is 
only 6.9 Å away from the C4 atom of the nicotinamide moiety of NADPH (original 
article II, Fig. 1F), it is within a distance theoretically suitable for catalysis. From 
previous studies, it is also known that the tyrosine (or serine) hydroxyl group is able to 
operate as an electrophilic catalyst in the enoyl-ACP reductase reaction in the SDR 
superfamily (Parikh et al. 1999, Roujeinikova et al. 1999, Rozwarski et al. 1999, Stewart 
et al. 1999, Suguna et al. 2001). Similar reaction mechanism could therefore act also in 
the reduction of enoyl thioester substrates by Etr1p and Mrf1p. Characterization of the 
reductases in the SDR family has shown that other amino acid residues, including lysine, 
participate in the 2-enoyl thioester reduction (Parikh et al. 1999, Roujeinikova et al. 
1999, Rozwarski et al. 1999, Stewart et al. 1999, Suguna et al. 2001), probably being the 
case in the reaction catalysed by Etr1p (and Mrf1p) as well. 
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6.3  Genes and gene products of the mitochondrial 2-enoyl thioester 
reductases in C. tropicalis and S. cerevisiae 

Analysis of C. tropicalis chromosomal DNA reveals the presence of two distinct 
reductase genes, ETR1 and ETR2, whereas in S. cerevisiae only a single gene 
YBR026c/MRF1 encodes the mitochondrial 2-enoyl thioester reductase. Since ETR1 and 
ETR2 encode proteins with three amino acid differences only, the presence of two genes 
may represent an example of genetic redundancy. The genetic redundancy has been 
postulated to work as a back-up system to sustain central cellular operations under 
varying growth conditions and often faced by microorganisms. In higher eukaryotic 
species, genetic redundancy expressed in e.g. differential activation of functionally very 
similar genes may be related to species development (Nowak et al. 1997, Llorente et al. 
2000). For C. tropicalis, a yeast species specialized to grow on fatty acids, it has been 
expedient to develop various strategies of lipid utilization. Different translation products 
arising from transcipts of a single gene or products of closely related genes may have 
evolved to sustain a variety of metabolic functions at several subcellular sites (Okazaki et 
al. 1987, Hikida et al. 1991, Picataggio et al. 1991, Tanaka & Ueda 1993, Llorente et al. 
2000). 

The ETR1 and ETR2 gene products, which were investigated in this study, were both 
targeted to mitochondria when overexpressed in S. cerevisiae and able to catalyze the 
NADPH-dependent reduction of a series of trans-2-enoyl thioesters, indicating that both 
proteins are able to contribute to mitochondrial respiration-linked functions. Notably, 
both Etr1p and Etr2p showed preference towards short- (C6) and medium-chain (C10) 
2-enoyl thioesters, in addition to which long-chain thioesters were also metabolized by 
the reductases. It is noteworthy that, although the supply of octanoic acid (C8) for the 
biosynthesis of lipoic acid, is regarded as the major function of mitochondrial FAS, other 
fatty acids also are synthesized in mitochondria and thereby may be involved in 
respiratory-linked functions of the organelle (Bessoule et al. 1987, Mikolajczyk & Brody 
1990, Zensen et al. 1992, Hoja et al. 1998, Gueguen et al. 2000). 

Comparison of Etr1p and Etr2p structures implies that the differences of the three 
amino acids between the two proteins would not be critical for enzyme specific activity 
or dimerization and, indeed, all different dimeric variants were present in the crystal. As 
indicated by quantitative PCR analysis of the gene products, Etr2p appeared as the 
predominantly expressed mitochondrial reductase in C. tropicalis, regardless of whether 
the gene products were examined in fermenting or respiring cells. In the presence of oleic 
acid, Etr2p was more strongly expressed than Etr1p. The presence of a putative heme 
activator protein complex, HAP2/HAP3/HAP4-binding sequence upstream from the 
MRF1 coding region in S. cerevisiae suggests regulation of the gene expression similar to 
some other nuclear-encoded mitochondrial proteins upon growth on non-fermentable 
carbon sources (Yamazoe et al. 1994) and probably due to diauxic shift of cell growth 
conditions from fermentation to respiration. The HAP complex has been shown to 
regulate the expression of subunits of cytochrome c oxidase, cytochrome c1, 
δ-aminolevulinate synthase and porphobilinogen deaminase. The oxidase is involved in 
the function of the respiratory chain, whereas the latter two proteins are involved in the 
metabolic pathway of heme synthesis, also required in the assembly and function of 
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mitochondrial respiratory complexes (Trawick et al. 1989, Schneider & Guarente 1991, 
Keng et al. 1992). The critical role of MRF1 in the maintenance of respiratory 
competence in S. cerevisiae suggests a conserved mitochondrial function. Similarly, the 
pressure towards keeping both ETR1 and ETR2 functional in the course of evolution 
implicates their significance for mitochondrial function in C. tropicalis. Recently, 
analysis of mitochondrial polysomes bound RNA from S. cerevisiae suggested that the 
MRF1 mRNA belongs to a group of mRNAs of ancient bacterial origin (Marc et al. 2002) 
and that the respiratory-linked function of Etr1p, Etr2p and Mrf1p may have originated 
early in the mitochondrial development. Thereby, also the interesting issue remains of the 
function of the homologs of Etr1p and Mrf1p in higher eukaryotes and mammals. 



7 Conclusions 

In this study, novel mitochondrial NADPH-dependent 2-enoyl thioester reductases, Etr1p 
from C. tropicalis and Mrf1p (Ybr026p) from S. cerevisiae, were identified and 
characterized. Disruption of the nuclear gene YBR026c/MRF1 in S. cerevisiae results in 
a respiration-deficient phenotype that could be rescued by expression of mitochondrially 
targeted reductase gene products from S. cerevisiae or C. tropicalis, whereas the 
expression of gene products targeted to other subcellular localizations failed to restore the 
respiratory growth of the mrf1∆ strain. Impairment of respiratory competence in the 
mrf1∆ strain was coincidental with rudimentary mitochondrial ultrastructure. In contrast, 
the overexpression of the mitochondrially targeted reductase resulted in enlargement of 
mitochondria. 

The crystal structure of Etr1p was solved in both apo- and holoforms, the latter 
containing NADPH. Comparison of the Etr1p structure and amino acid sequence with 
proteins of the MDR superfamily established Etr1p as a representative of a novel 
subgroup of enoyl thioester reductases (ETRs) within the superfamily. Besides being 
required for NADPH binding, unique sequence motifs also appeared to be conserved in 
the regions involved in catalysis in Etr1p. Elimination of Etr1p and Mrf1p enzymatic 
activity by mutagenesis of a conserved tyrosine, mutant crystal structure data and 
complementation analysis with overexpressed mutant proteins indicated that this tyrosine 
is required for reductase activity. Mitochondrial localization of Etr1p and Mrf1p and the 
requirement of the enzymatic activity for the maintenance of respiratory competence in 
the S. cerevisiae mrf1∆ strain suggested the novel reductases are able to participate in the 
mitochondrial synthesis of fatty acids linked to respiration in yeast. 

Two closely related C. tropicalis genes, ETR1 and ETR2, were found to encode 
proteins differing in three amino acid residues only and to function as 2-enoyl thioester 
reductases in various dimeric combinations. ETR2 was expressed more prominently than 
ETR1 in both fermenting and respiring cells and was also the more predominantly 
expressed form upon growth on oleic acid. The presence of two genes in C. tropicalis can 
be explained by genetic redundancy and the differences of ETR1 and ETR2 expression on 
varying growth conditions. 
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