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Abstract
Multifunctional enzyme type 2 (MFE-2) catalyses the second and the third reactions in the eukaryotic
peroxisomal β-oxidation cycle, which degrades fatty acids by removing a two-carbon unit per each
cycle. In addition to the 2-enoyl-CoA hydratase 2 and (3R)-hydroxyacyl-CoA dehydrogenase
activities, mammalian MFE-2 has also a sterol carrier protein type 2-like (SCP-2L) domain. In
contrast, yeast MFE-2 has two (3R)-hydroxyacyl-CoA dehydrogenases, one 2-enoyl-CoA hydratase
2 and no SCP-2L domain. 

The physiological roles of yeast (3R)-hydroxyacyl-CoA dehydrogenases (A and B) were tested by
inactivating them in turn by site-directed mutagenesis and testing the complementation of
Saccharomyces cerevisiae fox-2 cells (devoid of endogenous MFE-2) with mutated variants of Sc
MFE-2. Growth rates were lower for fox-2 cells expressing only a single functional domain than for
those expressing the Sc MFE-2. Kinetic studies with purified Candida tropicalis MFE-2 and its
mutated variants show that dehydrogenase A catalyzes the reaction more efficiently with the medium-
and long-chain substrates than dehydrogenase B, which in turn is the only one active with the short
chain fatty acids. 

The structural basis of the substrate specificity difference of these two dehydrogenases was solved
by X-ray crystallography together with docking studies. Protein engineering was used to produce a
stabile, homogenous recombinant protein of C. tropicalis dehydrogenases in one polypeptide. The
heterodimeric structure contains the typical fold of the short-chain alcohol dehydrogenase/reductase
(SDR) family. Docking studies suggest that dehydrogenase A binds medium chain-length substrates
as bended, whereas short chain substrates are dislocated, because they do not reach the hydrophobic
contacts needed for anchoring the substrate to the active site, but are instead attracted by L44.
Dehydrogenase B has a more shallow binding pocket and thus locates the short chain-length
substrates correctly for catalysis. Thus the data provide clues for structural basis of the different
substrate specificities.

The molecular basis of the patient mutations of MFE-2 (DBP deficiency) was studied using the
recently solved crystal structures of rat (3R)-hydroxyacyl-CoA dehydrogenase, human 2-enoyl-CoA
hydratase and SCP-2L. The predicted effect of the mutations on protein structure could in several
cases be explained, and these data supported the conclusion that a genotype-phenotype correlation
exists for DBP deficiency.
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1 Introduction 

Fatty acids have many important biological functions in animal cells. They are building 
blocks of phospholipids and glycolipids, which are components of biological membranes, 
they serve as building components of hormones and intracellular messengers, in addition 
to which they regulate a number of cellular components and functions like cytosolic 
enzymes, ion channels, ion pumps, translocators, membrane fusion and gene regulation 
(Faergeman & Knudsen 1997). Furthermore, they are the major source of energy in the 
body: complete oxidation of one gram of fatty acids gives twice the amount of energy 
compared to carbohydrates and proteins. The energy is released from the fatty acids by 
oxidative degradation either at the C2-carbon in α-oxidation or C3-carbon in β-oxidation, 
or at the end of the fatty acyl tail in ω-oxidation, which take place in peroxisomes, 
mitochondria and/or endoplasmic reticulum. β-oxidation is, however, quantitatively the 
major pathway in the degradation of fatty acids taking place both in mitochondria and 
peroxisomes in mammals. Mitochondria have a dominant role in the β-oxidation of long-
chain fatty acids, which constitute the bulk of dietary fat. This is reasonable, because 
mitochondrial β-oxidation conserves more energy when compared to peroxisomes, where 
the energy in the first step is released as heat, whereas in mitochondria energy is stored in 
the form of ATP by means of oxidative phosphorylation. 

β-oxidation consists of four sequential reactions: dehydrogenation/oxidation, 
hydration, dehydrogenation and finally, thiolytic cleavage, where a two-carbon unit is 
cleaved from the fatty acyl chain. In addition to monofunctional enzymes, also 
multifunctional enzymes take care of these reactions. All multifunctional enzymes known 
so far catalyse at least the second and the third reactions of β-oxidation, usually having 
other activities or functions as well. Mammalian peroxisomes have two different 
multifunctional enzymes, MFE-1 and MFE-2, which are not related to each other by 
sequence. MFE-2 has been characterized from yeast (Hiltunen et al. 1992), and from 
mammals by five different groups almost simultaneously (Corton et al. 1996, Dieuaide-
Noubhani et al. 1996, Jiang et al. 1996, Leenders et al. 1996, Qin et al. 1997b). In yeast, 
there are two (3R)-hydroxyacyl-CoA dehydrogenases and one 2-enoyl-CoA hydratase 2 
domain, whereas mammals only have one (3R)-hydroxyacyl-CoA dehydrogenase and 
enoyl-CoA hydratase-2 domain, but additionally an SCP-2-like domain. Mammalian 
MFE-2 is essential for the degradation of 2-methyl-branched chain fatty acids, bile acid 
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intermediates, di- and trihydroxycoprostanic acid and very long-chain fatty acids (Baes et 
al. 2000). Consequently, MFE 2-deficiency patients who have mutations in MFE-2 die in 
most cases during the first two years of life (Wanders et al. 2001). 

This study focussed on solving the function of the duplicated yeast dehydrogenase, the 
structural basis of the substrate specificity difference between these dehydrogenases and 
the structure-function relationship of human MFE-2 in MFE-2 deficiency. 
Complementation studies in yeast together with enzyme kinetics were used in the first 
part. Three-dimensional structure of yeast dehydrogenases as one polypeptide was solved 
by X-ray crystallography, and all solved structures of enzymatic domains of MFE-2 were 
used to study the mechanisms of MFE-2 deficiency. 



2 Review of the literature 

2.1  β-Oxidation 

Fatty acid β-oxidation takes place in different organelles depending on species. In 
mammals, β-oxidation occurs both in mitochondria and peroxisomes. Reactions are 
similar in both pathways, differing mainly in the catalysis in the first, and to some extent 
in the second and the third reactions as well (Fig. 1). In mitochondria the first reaction is 
catalysed by acyl-CoA dehydrogenase, which catalyses the transfer of the electrons from 
acyl-CoA esters to FAD forming FADH2. In peroxisomes, this reaction is catalysed 
similarly by acyl-CoA oxidase; however, it transfers the electrons to molecular oxygen. 
Mitochondrial β-oxidation can only use the route of (3S)-hydroxyacyl-CoA intermediates, 
whereas peroxisomes have two pathways with different stereochemistries: the first one 
uses the same intermediates as mitochondria between the second (hydration) and third 
(dehydrogenation) reactions, the other one uses substrates with opposite stereochemistry: 
(3R)-hydroxyacyl-CoA intermediates. 

Mammalian peroxisomes handle the β-oxidation of a wide variety of different 
substrates from very long chain (≥C26) to long chain (C14-22) straight-chain fatty acids, 
2-methyl-branched chain fatty acids like pristanic acid (2,6,10,14-
tetramethylpentadecanoic acid), bile acid intermediates di- and trihydroxycholestanoic 
acid (DHCA and THCA) and leukotrienes (Ferdinandusse et al. 2002a). In addition, 
peroxisomal β-oxidation is part of the biosynthesis pathway of polyunsaturated fatty acid 
docosahexaenoid acid (C22:6ω3) from linolenic acid (Ferdinandusse et al. 2001, Su et al. 
2001). Mammalian mitochondria oxidize saturated and unsaturated fatty acids from long-
chain to short-chain. The crucial difference between these compartments is that β-
oxidation does not go to completion in peroxisomes, and fatty acids, such as medium-
chain fatty acids, are thus transferred to mitochondria to be further oxidized (Osmundsen 
et al. 1991, Eaton et al. 1996). Pristanic acid is another example, being first oxidized by 
three cycles of peroxisomal β-oxidation producing 4,8-dimethylnonaoyl-CoA, which is 
then transported to mitochondria as carnitine-ester (Wanders 2004). After completion of 
β-oxidation in mitochondria acetyl-CoAs are transferred to citric acid cycle producing 
NADH and FADH2, which donate their electrons to the respiratory chain forming ATP 
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and water. Thus, mitochondria play an important role in the energy metabolism of 
mammals. In the liver, acetyl-CoA can also be condensed with itself to form ketone 
bodies, which are important fuel for skeletal and cardiac muscle and brain during 
starvation. 

Fig. 1. The mitochondrial and peroxisomal β-oxidation cycles are composed of four reactions 
catalysed by 1. acyl-CoA dehydrogenase in mitochondria, acyl-CoA oxidase in peroxisomes, 
2. 2-enoyl-CoA hydratase, 3. (3S/R)-hydroxyacyl-CoA dehydrogenase, 4. 3-ketoacyl-CoA 
thiolase. The fatty acid tail is shortened by two carbon atoms during each cycle, resulting in 
acetyl-CoA and acyl-CoA, which can re-enter the β-oxidation cycle for further oxidation. 

Fatty acid oxidation in yeast differs radically from that in mammalians. Yeasts have only 
peroxisomal β-oxidation (Kunau et al. 1988), which differs from mammals by having 
only R-specific pathway (Hiltunen et al. 1992). In order to be able to handle all different 
chain lengths of fatty acids, yeasts have developed a special strategy to cope with the 
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situation: gene duplication. Instead of one (3R)-hydroxyacyl-CoA dehydrogenase as in 
mammalian MFE-2, yeast MFE-2 has two dehydrogenases. 

Fig. 2. The schematic drawing of Coenzyme A (reprinted from Engel et al. 1998, © 1998, with 
permission from Elsevier). 

2.2  Enzymes related to the β-oxidation 

The classification of enzymes is done by comparing sequences, three-dimensional 
structures and functions. An enzyme family is composed of enzymes that have significant 
sequence homology, and possibly common substrates or reaction mechanism. However, a 
superfamily is formed by enzyme families that have the same three-dimensional fold, but 
often have hardly any detectable sequence similarity (Riveros-Rosas et al. 2003). 

2.2.1  Acyl-CoA dehydrogenation 

2.2.1.1  Acyl-CoA dehydrogenases 

The first and rate-limiting step in mitochondrial β-oxidation is catalysed by acyl-CoA 
dehydrogenase, which oxidizes an acyl-CoA thioester and introduces a trans-double bond 
to position 2 (Fig. 1). Acyl-CoA dehydrogenase contains one non-covalently bound FAD 
per subunit and abstracts α-hydrogen as a proton by a catalytic base (E376), and transfers 
β-hydrogen as a hydrogen ion to the N-5 atom of FAD cofactor. The reduced form of 
acyl-CoA dehydrogenase is then oxidized by an electron transferring flavoprotein (ETF), 
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which in return transfers the reducing equivalents to the respiratory chain via ETF-
ubiquinone oxidoreductase. 

The acyl-CoA dehydrogenase (ACAD) family contains five members that are involved 
in β-oxidation: short-chain acyl-CoA dehydrogenase (SCAD), medium-chain acyl-CoA 
dehydrogenase (MCAD), long-chain acyl-CoA dehydrogenase (LCAD), very long-chain 
acyl-CoA dehydrogenase (VLCAD) and ACAD9 (Tanaka et al. 1990, Izai et al. 1992, 
Zhang et al. 2002b). Although there are differences between species, the enzymes show 
highest activity as follows: SCAD with C4, MCAD with C6-C8, LCAD with C12 and 
VLCAD with C16 (Ikeda et al. 1985, Izai et al. 1992, Kunau et al. 1995, Le et al. 2000). 
The physiological role of LCAD and ACAD-9 has been unclear until recently, because no 
patient with inborn errors in these enzymes has been found, unlike in the case of other 
acyl-CoA dehydrogenases. In addition to saturated substrates, human LCAD also utilizes 
C14 and C16 unsaturated CoA (Le et al. 2000) as well as long branched-chain substrates 
(Mao et al. 1995, Battaile et al. 1998, Wanders et al. 1998). ACAD-9 is a novel member 
of this family, having maximal activity with long-chain unsaturated acyl-CoAs as 
substrate (C16:1-,C18:1-, C18:2-, C22:6-CoA), suggesting that ACAD-9 plays a role in 
the β-oxidation of long-chain unsaturated fatty acids (Zhang et al. 2002b, Ensenauer et al. 
2005). Short-, medium- and long-chain acyl-CoA dehydrogenases are soluble 
mitochondrial matrix proteins, which are homotetramers with a subunit size of ~43 kDa. 
In contrast, VLCAD and ACAD-9 are membrane-bound homodimers with a subunit size 
of ~66 kDa associated with inner mitochondrial membrane (Souri et al. 1998, Ensenauer 
et al. 2005). 

Crystal structures of rat and bacterial SCAD (Djordjevic et al. 1995, Battaile et al. 
2002) as well as pig and human MCAD (Kim et al. 1993, Lee et al. 1996) have been 
solved. The amino acid sequence identities among the members of the ACAD family 
range from 35 to 45%. The last 180 amino acids of VLCAD and ACAD-9, however, do 
not exist in other ACADs, which makes these enzymes distinct from others within the 
ACAD family. VLCAD and ACAD-9 have 47% overall amino acid identity and 65% 
similarity. These additional amino acids may play a role in their mitochondrial 
membrane-bound location (Zhang et al. 2002b, Kim & Miura 2004). 

The overall fold of MCAD monomer is shown in Fig. 3. Each monomer is composed 
of three structural domains: the central β-sheet structure, which is flanked by two α-
helical domains. The tetrameric structure is formed by dimer of dimers in a tetrahedral 
arrangement with an overall diameter of about 90 Å. The FAD is in an extended 
conformation with its isoalloxazine ring in the interface between three domains of one 
monomer. The fatty acyl part of acyl-CoA substrates are bound deeply inside one 
monomer, whereas the 3’phospho-ADP is located at the interface of subunits and thus 
exposed to the solvent (Fig. 2). Instead of large conformational changes upon substrate 
binding, only small changes occur in the side chain conformations within the substrate 
binding cavity. The bottom of the funnel-shaped cavity is formed by a net of hydrogen 
bonds enabling the binding of substrates with 6-12 carbons. In the absence of substrate 
the cavity is occupied by water molecules, which are replaced upon binding of the longer 
substrates. The C2-C3 bond of the substrate is sandwiched between the carboxyl group of 
E376 and the isoalloxazine ring of FAD connected with hydrogen bonds exactly to the 
right place for the α-β-dehydrogenation to take place. E376 acts as the catalytic base in 
MCAD (Kim & Miura 2004). 
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Structure comparison of MCAD with other ACADs reveals that structures are very 
similar with root mean square deviation (r.m.s.d.) between Cα atoms ranging from 1.2 Å 
to 1.7 Å, excluding the N- and C-terminus and the loop regions where a few insertions 
and deletions occur. The binding cavities of SCADs are shallower than in those of 
MCADs because of the substrate specificity of SCADs for shorter substrates. The change 
in the cavity has been enforced by an extra residue (asparagine) in the helix E of SCAD 
as compared to MCAD. This insertion causes a bulge in helix E, displacing this helix 
towards helix H, and making the binding cavity shallower. On the other hand, there is an 
extra proline in the helix G of MCAD, causing this helix to bend away from the substrate 
and making the cavity deeper (Kim & Miura 2004). 

Fig. 3. Domain structure of mitochondrial MCAD (left) (reprinted from Kim & Miura 2004, 
© 2004, with permission from Blackwell Publishing Ltd) and peroxisomal ACO-II (right). 
The corresponding PDB entry codes are 3MDE and 1IS2. The FAD molecules in both 
structures are shown with pale solid balls, in MCAD the octanoyl-CoA substrate is shown 
with dark solid balls. In MCAD structure α-helices are labelled alphabetically and β-strands 
are numbered starting from the N-terminus. Smaller numbers indicate the residue numbers. 
The MCAD monomer consists of three domains: N-terminal α-helical domain (helices A to F), 
the middle β-sheet domain, and the C-terminal α-domain (helices G to K). The ACX-II has 
similar domains, but in addition it also has an extra C-terminal α-helical domain (on the top 
of the structure). 

2.2.1.2  Acyl-CoA oxidases 

In peroxisomal β-oxidation cycle the first rate-determining step is catalysed by acyl-CoA 
oxidases (ACOs), which are the peroxisomal equivalent of mitochondrial ACADs. Both 
of these enzymes catalyse the dehydrogenation of acyl-CoA esters yielding trans-2-
enoyl-CoA in the reductive half-reaction (Fig. 1). In contrast to reductive half-reaction, 
which has a similar mechanism in both enzymes, the oxidative half-reaction is totally 
different. When ACADs transfer the reducing equivalents to FAD, the ACOs are 
reoxidized by molecular oxygen to form hydrogen peroxide and there is thus no ATP 
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production. Hydrogen peroxide is decomposed by catalase to produce water and oxygen. 
ACOs are flavoenzymes and have one FAD molecule per subunit belonging to the same 
superfamily as ACADs (Matsubara et al. 1989). 

Two oxidases have been identified from human and three from rat peroxisomes. 
Palmitoyl-oxidase oxidizes the CoA esters of straight-chain fatty acids in both cases. 
While branched chain fatty acids are oxidized by trihydroxycoprostanoyl-CoA oxidase in 
man (Casteels et al. 1990), rat has two separate enzymes: pristanoyl-CoA oxidase and 
trihydroxycoprostanoyl-CoA oxidase, of which the latter also oxidizes the bile acid 
intermediates (Van Veldhoven et al. 1992). There are two isoforms of rat palmitoyl 
oxidase, ACO-I and ACO-II, produced by alternative splicing of the mRNA of a single 
gene (Miyazawa et al. 1987, Osumi et al. 1987). The activity of ACO-I is optimal with a 
chain length of C10, whereas ACO-II has the optimum at C14. These enzymes show very 
low, if any, physiologically significant activities with short-chain substrates (Osumi et al. 
1980, Setoyama et al. 1995). This is one reason why mammalian peroxisomal β-
oxidation does not go to completion. In contrast to mammals, yeast and plant 
peroxisomes are able to complete the β-oxidation. Yeast acyl-CoA oxidase is active with 
the long- and short-chain substrates making this possible in yeast (Dmochowska et al. 
1990). In plant, Arabidopsis thaliana, four acyl-CoA oxidases ACX1-ACX4 have been 
identified. They have different chain-length specificities, but together they can oxidate 
the full range of acyl chains. This is an interesting example of an organism that can 
complete the β-oxidation in peroxisomes, although it has mitochondria and glyoxysomes, 
too (Hayashi et al. 1999, Hooks et al. 1999, Eastmond et al. 2000, Froman et al. 2000). 

Crystal structures of rat ACO-II (Nakajima et al. 2002) and Arabidopsis thaliana acyl-
CoA oxidase 1 (ACX1) (Pedersen & Henriksen 2005) have been solved. ACX1 has 
similar substrate profile as ACO-II, being active with fatty acyl esters of C10-C18 with 
C14 as the preferred substrate (Hooks et al. 1999). These structures are very similar with 
r.m.s.d. of 1.6 Å between their Cα atoms. They are both dimers like most other 
mammalian acyl-CoA oxidases, with the exception of rat pristanoyl-CoA oxidase, which 
is a homo-octamer (Van Veldhoven et al. 1994). Each monomer of ACO-II and ACX1 has 
four domains: N-terminal α-domain, N-terminal β-domain, C-terminal α-domain I, and 
C-terminal α-domain II. Acyl-CoA dehydrogenase has similar domains as the first three 
domains in ACOs, whereas the C-terminal α-domain II is unique for ACOs. If comparing 
the ACO-II and ACX1 without their C-terminal α-domain II, they are very similar with 
MCAD. The relative orientation of the first two domains with respect to the C-terminal α-
domain I differs in ACO-II by 13° from the orientation of the corresponding domains in 
MCAD. Similar rotation is also found in ACX1, making the fatty acyl binding site wider 
and deeper. The wider substrate binding cavity provides access for molecular oxygen to 
the active site in the oxidative half-reaction in both acyl-CoA oxidases and especially the 
fast exit of H2O2, which has the potential to cause oxidative damage to the enzyme. The 
deeper substrate binding cavity can also accommodate longer fatty acyl-CoAs, because 
acyl-CoA oxidases can oxidize longer substrates (C10-C18 with C14 as the preferred 
substrate) (Setoyama et al. 1995, Hooks et al. 1999) than MCAD (C6-C14 with C6-C8 as 
the preferred substrates) (Kunau et al. 1995). 

The active sites of MCAD and ACX1 and ACO-II are so similar that the catalysis can 
take place with a similar mechanism as with MCAD, where E376 acts as a base. In ACX1 
and ACO-II the corresponding amino acids are E424 and E421. Although ACO-II and 
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ACX1 have similar substrate profile for saturated substrates, the distal part of the 
substrate binding pocket is more spacious in ACX1 than in ACO-II. This suggests that 
acyl chain conformation and interactions with enzyme are not the same in the two 
enzymes. ACX prefers mono-unsaturated over saturated fatty acyl substrates for chains 
longer than C14 (Hooks et al. 1999). The introduction of double bonds reduces 
flexibility, which explains the need for a wide substrate binding pocket. Amino acids in 
the loop preceding αE are responsible for the substrate specificity in ACX1. Interestingly, 
modifications in the αE define the substrate specificity in ACADs as well (Battaile et al. 
2002, Kim & Miura 2004). Although sequence identities between ACX1 and ACAD 
family members are low, from 12% to 22%, there are similarities in the structure and the 
mechanism of the enzymes, suggesting that the enzymes have originated from a common 
ancestral gene (Pedersen & Henriksen 2005). 

2.2.2  2-Enoyl-CoA hydration 

The second reaction in the β-oxidation cycle is 2-enoyl-CoA hydration, which adds a 
hydroxyl group to the third carbon atom of trans-2-enoyl-CoA. As a product, either (3S)-
hydroxyacyl-CoA or (3R)-hydroxyacyl-CoA is obtained, depending on the 
stereospecificity of the enzyme (Fig. 1). In mitochondria this reaction is carried out by 
two different enzymes: a long-chain enoyl-CoA hydratase, which is part of an inner 
membrane bound trifunctional enzyme complex and 2-enoyl-CoA hydratase also known 
as crotonase (here called ECH-1), which is a cytosolic enzyme specific for the shorter 
substrates. In peroxisomes there are two different multifunctional enzymes that can 
catalyse this reaction: MFE-1 with 2-enoyl-CoA hydratase 1 activity (see chapter 2.4.1) 
and MFE-2 with 2-enoyl-CoA hydratase 2 activity. Hydratase-2 is the only enzyme 
catalyzing this reaction by (R)-specific reaction mechanism and belonging to the enzyme 
family with a hot-dog fold (discussed further in chapter 2.4.2.1). All other hydratases 
belong to the hydratase/isomerase superfamily and catalyse the reaction by S-specific 
route. 

2.2.2.1  Hydratase/isomerase superfamily 

The crystal structure of the bacterial multienzyme complex has been solved and has been 
used for building a homology model of human mitochondrial trifunctional enzyme (see 
chapters 2.2.5 and 2.2.6). The crystal structure of rat mitochondrial enoyl-CoA hydratase-
1 has been solved as binary complexes with acetoacetyl-CoA (Engel et al. 1996), 
octanoyl-CoA (Engel et al. 1998), 4-(N,N-dimethylamino)cinnamoyl-CoA (Bahnson et 
al. 2002) and hexadienoyl-CoA (Bell et al. 2002). The 2-enoyl-CoA hydratase-1 structure 
of bacterial multienzyme complex is essentially identical to the hydratase 1 in rat liver 
mitochondria with a r.m.s.d. value of 1.7 Å, except for the C-terminal region (Ishikawa et 
al. 2004). The structure of hydratase 1 in peroxisomal MFE-1 has not yet been solved, 
but according to the sequence analysis it belongs to the hydratase/isomerase superfamily 
as well (Kiema et al. 2002). 
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Mitochondrial ECH-1 can hydrate straight-chain enoyl-CoA thioesters from C4 to at 
least C16. The catalytic rate for C4 is nearly diffusion-controlled reaction, but decreases 
with increasing chain length (Waterson & Hill 1972). The quaternary structure of the rat 
mitochondrial ECH-1 is a dimer of trimers with each subunit containing 261 amino acid 
residues and one substrate-binding site (Fig. 4). The N-terminal domain of the subunit 
comprises a right-handed spiral of four turns, with each turn composed of two β-strands 
and an α-helix (ββα). The spiral is followed by two small domains called trimerization 
domains T1 and T2, because they are important for the interactions between the subunits 
in one trimer. There is one long α-helix connecting these two C-terminal domains. The 
three trimer-forming subunits are tightly connected to each other having ~100 atom-atom 
contacts between two subunits. There are fewer interactions, however, between the two 
trimers: the interface has ~35 contacts. When the active site is formed within one trimer 
and interactions are not very strong between trimers, it is logical that a trimeric 
recombinant version of ECH-1 is also active (Müller-Newen et al. 1995). The fatty acyl 
part and the β-mercaptoethylamine part of the substrate are covered by the protein, 
whereas the 3’-phosphate-ADP and the pantothenic acid parts are solvent-exposed (Fig. 
2, Fig. 4). The active site pocket is mainly formed by one subunit, but some amino acid 
interactions from the neighbouring subunit are contributing to the binding pocket. The 
phosphate groups of the substrate are involved in three hydrogen bonds. The 
pyrophosphate group is salt-bridged to K92, while the 3’phosphate group is salt-bridged 
to K101 and K282 of an adjacent subunit. When the substrate is bound, it is bent by 180° 
at the pyrophosphate group. This state is stabilized by forming hydrogen bonds between 
O10 of the pantetheine moiety and the N7 of the adenine moiety of the substrate. The 
substrate binding tunnel-forming regions interact with each other via hydrophobic 
interactions and substrate binding does not involve any opening and closure of loops. The 
fatty acid moiety thus has to diffuse through the tunnel to reach its binding site. When the 
acetoacetyl-CoA is bound to ECH-1, the substrate binding pocket just fits around the 
acetyl-CoA moiety, which is shielded by a flexible loop from intertrimer space. To be 
able to bind longer substrates, this flexible loop moves, enhancing the entrance of the 
fatty enoyl tail into the intertrimer space (Engel et al. 1996). 

ECH-1 catalyses the reversible syn-hydration of trans-2-enoyl-CoA thioesters. The 
reaction mechanism is proposed to be an acid/base reaction, where E144 activates a water 
molecule for nucleophilic attack at C3 and E164 deprotonates C2 of the unsaturated fatty 
acid (Engel et al. 1996). However, structural studies of the binary complex of ECH-1 
with cinnamoyl-CoA derivative suggest that both glutamates are ionized and carry a 
negative charge, leading to a hypothesis that three atoms from a single water molecule are 
added to the substrate in the hydration reaction (Bahnson et al. 2002). The 
hydratase/isomerase superfamily has more than 30 members, which catalyse many 
different reactions. At least eight crystal structures of the family members have been 
solved, including 4-chlorobenzoyl-CoA dehalogenase (Benning et al. 1996), Δ3,5-Δ2,4-
dienoyl-CoA isomerase (Modis et al. 1998), methylmalonyl-CoA decarboxylase 
(Benning et al. 2000), Δ3-Δ2-enoyl-CoA isomerase (Mursula et al. 2001), 
methylglutaconyl-CoA hydratase (previously known as AUH protein) (Kurimoto et al. 
2001, Ly et al. 2003), 6-oxo camphor hydrolase (Whittingham et al. 2003) and 
Mycobacterium tuberculosis 1,4-dihydroxy-2-napthoyl-CoA synthase (Truglio et al. 
2003). Although the superfamily is mechanistically diverse, most of the members 
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stabilize negative charge at the oxygen of a thioester carbonyl via hydrogen bonds formed 
by two peptide NH groups in a conserved oxyanion hole (Holden et al. 2001). In ECH-1 
these bonds are formed by the main-chain amino groups of A98 and G141, which 
polarises the carbonyl thioester and stabilises the enolate transition state. 

Fig. 4. Domain structure of ECH-1 as a monomer and a trimer (reprinted from Engel et al. 
1996, © 1996, with permission from Macmillan Publishers Ltd, http://www.nature.com/ 
emboj/index.html and from Bahnson et al. 2002, © 2002, with permission from American 
Chemical Society). The corresponding PDB-entry codes are 1DUB and 1EY3. In the 
monomer the shaded secondary structure elements belong to the C-terminal part of the 
molecule and consist of the T1 domain, the connecting helix H and T2 domain. The residues 
of trimerization domains T1 and T2 form the intersubunit interactions within the same 
trimer. The binding of 4-(N,N-dimethylamino)cinnamoyl-CoA substrate to ECH-1 is shown in 
the trimeric structure. 

2.2.3  3-Hydroxyacyl-CoA dehydrogenation (NAD(P)-binding 
Rossmann-fold domains) 

All enzymes catalysing 3-hydroxyacyl-CoA dehydrogenation, the third reaction in the β-
oxidation cycle have a NAD(P)-binding Rossmann-fold domain. These enzymes are 
divided into several superfamilies according to the structural classification of proteins 
(SCOP) (Murzin et al. 1995, Ahn et al. 2004). β-oxidation enzymes can be found in two 
of these superfamilies. The first one is a 6-phosphogluconate dehydrogenase C-terminal 
domain-like -superfamily, which includes a family with a HAD-fold that all the (3S)-
hydroxyacyl-CoA dehydrogenases belong to. In mitochondria there are two different 
enzymes with the HAD-fold. Mitochondrial long-chain specific (3S)-hydroxyacyl-CoA 
dehydrogenase (LCHAD) is part of membrane-bound mitochondrial trifunctional enzyme 
(TFE) (Carpenter et al. 1992, Uchida et al. 1992, Ishikawa et al. 2004) (see chapter 
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2.2.6), which is structurally similar to mitochondrial soluble (3S)-hydroxyacyl-CoA 
dehydrogenase, known also as short chain (3S)-hydroxyacyl-CoA dehydrogenases 
(SCHAD/HADI) (Barycki et al. 1999, Barycki et al. 2000) (see chapter 2.2.3.1). 
Bacterial multienzyme complex also has an (3S)-hydroxyacyl-CoA dehydrogenase with 
the HAD-fold (Ishikawa et al. 2004) (see chapter 2.2.5). In mammalian peroxisomes, 
there are two multifunctional enzymes catalysing the third step of β-oxidation: 
multifunctional enzymes type 1 (MFE-1) and type 2 (MFE-2). MFE-1 has (3S)-
hydroxyacyl-CoA dehydrogenase that is related to enzymes with HAD-fold (Kiema et al. 
2002) (see chapter 2.4.1). The second superfamily with the Rossmann-fold domain is the 
short chain dehydrogenase/reductase SDR superfamily also known as the tyrosine 
dependent oxidoreductases family, which includes among others (3R)-hydroxyacyl-CoA 
dehydrogenase of multifunctional enzyme type 2 (MFE-2) (Haapalainen et al. 2003) and 
HADII/ABAD (Powell et al. 2000). They are discussed later in chapters 2.3.3 and 2.4.2. 
These enzymes catalyse the reaction with (R)-specific pathway. 

2.2.3.1  Short chain (3S)-hydroxyacyl-CoA dehydrogenase 
(SCHAD/HADI) 

The (3S)-hydroxyacyl-CoA dehydrogenase catalyses the oxidation of the hydroxyl-group 
of (3S)-hydroxyacyl-CoA to a keto group by transferring the electrons to the NAD+ 
cofactor (Fig. 1). This soluble mitochondrial matrix protein is a dimeric enzyme with a 
molecular mass of a subunit approximately 34 kDa. It catalyses the reaction for C4 to 
C16 substrates having optimal activity for C6 to C8 substrates (Osumi & Hashimoto 
1980, Kobayashi et al. 1996). This enzyme has traditionally been called short-chain (3S)-
hydroxyacyl-CoA dehydrogenase. However, because of its broad substrate specificity this 
name is somewhat misleading, and the enzyme has been lately called (3S)-hydroxyacyl-
CoA dehydrogenase (HAD) (Barycki et al. 2000). 

The three-dimensional structure of human heart HAD has been solved for the 
apoenzyme (Barycki et al. 2000), binary complexes with the NAD+ cofactor (Barycki et 
al. 1999) or the 3-hydroxybutyryl-CoA substrate, ternary complexes with NAD+ and 
acetoacetyl-CoA (Barycki et al. 2000) and the mutant E170Q (Barycki et al. 2001). HAD 
has a two-domain structure with the N-terminal domain of the monomer having a β-α-β 
fold similar to NAD(P)+-binding enzymes and C-terminal domain consisting primarily of 
α-helices involved in the dimerization (Fig. 5). The N-terminal domain contains an eight-
stranded β-sheet as a core flanked by α-helices with the first six β-strands being in a 
parallel conformation with a typical Rossmann-fold. Interestingly, the N-terminal domain 
has a large helix-turn-helix tail that connects strands 2 and 3, extending from the NAD+-
binding domain and containing numerous charged residues. The N- and C-terminal 
domains are connected by a short linker region. NAD+ binds within the Rossmann-fold in 
the enzyme structure, whereas the substrate binding site is in the cleft between the NAD+-
binding domain and the C-terminal domain (Fig. 5). The 3’phospho-ADP portion of the 
substrate is poorly defined in the electron density, suggesting it to be mobile. There are, 
however, some hydrogen bonds between the coenzyme part of the substrate and the 
amino acids of the helix-turn-helix loop. The HAD has two different conformers of the 
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structure: the apo form and a cofactor-bound enzyme, both having an open conformation 
with a large cleft between NAD+-binding and the C-terminal domains. When the 
substrate is added to the enzyme together with the coenzyme, the enzyme undergoes a 
conformational change in which the NAD+-binding domain rotates inward towards the 
dimer interface, isolating the active site. This conformational change is necessary for 
high-affinity substrate binding and critical for effective catalysis. In the catalysis H158 
acts as a general base to abstract the proton from the hydroxyl group of the substrate. This 
ketonization facilitates the hydride transfer from C3 of the substrate to the C4 of the 
NAD+. E170 is suggested to orientate H158 for efficient catalysis and neutralize the 
positive charge of the protonated H158. S137 and N208 possibly stabilize the negative 
charge on the hydroxyl group during the catalysis (Barycki et al. 2000, Barycki et al. 
2001, Liu et al. 2004).  

Fig. 5. HAD as a binary complex with 3-hydroxybutyryl-CoA (PDB entry code 1F0Y,  
reprinted from Barycki et al. 2000, © 2000, with permission from the American Society for 
Biochemistry and Molecular Biology). The substrate binds in the cleft between the NAD+-
binding domain and the C-terminal domain. The adenine moiety is adjacent to the helix-turn-
helix tail (α2-α3) of the NAD+-binding domain and the acyl chain resides within the enzyme 
active site. 

2.2.4  3-Ketoacyl-CoA thiolase in thiolase superfamily 

The last step in the β-oxidation cycle is the reversible thiolytic cleavage of 3-ketoacyl-
CoA to acetyl-CoA and acyl-CoA shortened by two carbon atoms (Fig. 1). In mammalian 
mitochondria, there exist three different thiolases: soluble short-chain 3-ketoacyl-CoA 
thiolase, also called thiolase-1, which participates in β-oxidation of short-chain substrates 
(Staack et al. 1978), long-chain 3-ketoacyl-CoA thiolase, which is part of mitochondrial 
membrane-bound trifunctional protein, participates in the β-oxidation of long-chain 
substrates (Uchida et al. 1992), and acetoacetyl-CoA thiolase, also called thiolase-2, 
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participates in biosynthetic pathways. The synthetic thiolase has its main function in the 
synthesis of acetoacetyl-CoA by Claisen condensation reaction (Thompson et al. 1989, 
Kunau et al. 1995). Both degradative and biosynthetic thiolases in mitochodria are 
tetrameric and have significant sequence similarity with each other. 

In contrast to tetrameric mitochondrial thiolases, peroxisomal thiolases are active as 
dimers. Rat peroxisomes contain three different thiolases. One thiolase encoding gene is 
inducible by peroxisomal proliferators, while another one is not (Miyazawa et al. 1980). 
The third peroxisomal thiolase is synthesized together with the sterol carrier protein 2 
(SCP-2) and named sterol carrier protein X (SCPx) (Seedorf & Assmann 1991). Thiolase 
forms the N-terminal part of SCPx. SCP-2 and SCPx are encoded by the same gene and 
arise via alternative initiation of translation. Human peroxisomes have two thiolases: the 
first one is the human equivalent of the clofibrate-inducible thiolase of rat thiolase and 
the second is identical to the 58 kDa SCPx. Both of these enzymes can β-oxidate the 
straight chain fatty acids, whereas the 2-methyl-branched-chain fatty acids, like 3-
ketoacyl esters of pristanic acid and bile acid intermediates, are cleaved exclusively by 
SCPx (Antonenkov et al. 1997, Seedorf et al. 1998). 

Two crystal structures of the degradative thiolases have been solved: Saccharomyces 
cerevisiae 3-ketoacyl-CoA thiolase (Mathieu et al. 1997) and 3-ketoacyl-CoA thiolase as 
a part of the Pseudomonas fragi multienzyme complex (Ishikawa et al. 2004). In addition 
to this, there exist also two crystal structures of biosynthetic thiolases: from Zoogloea 
ramigera (Modis & Wierenga 1999, 2000, Kursula et al. 2002) and human cytosolic 
biosynthetic thiolase (Kursula et al. 2005). Both degradative and biosynthetic thiolases 
have similar subunit structures consisting of N-terminal and C-terminal core domains 
with an intervening loop domain. The core domains have identical topology of five-
stranded mixed β-sheet sandwiched by layers of α-helices, with one layer shared between 
the two domains. Together the two domains form a five-layered αβαβα structure having 
two central helices covered by layers of β-strands and α-helices on each side (Fig. 6) 

The crystal structure of S. cerevisiae thiolase does not contain any ligand, whereas the 
biosynthetic thiolase of Z. ramirega has been crystallized in the presence of all reaction 
intermediates of the thiolase cycle (Modis & Wierenga 2000, Kursula et al. 2002). 
Because the thiolase reaction is reversible, both degradative and biosynthetic thiolases 
use the same reaction mechanism; the studies with Z. ramirega thiolase can thus be 
applied to all thiolases. The CoA molecule is bound at the interface between the three 
domains of the monomer. The CoA thiol group is buried inside the monomer, whereas the 
3’phosphate-ADP moiety is solvent exposed and surprisingly hydrogen-bonded to the 
protein molecule only through water molecules. In addition to that, the π electrons of an 
arginine side chain form van der Waals stacking interactions with the π electrons of the 
adenine ring (Modis & Wierenga 1999). The active site lies at the bottom of the substrate 
binding pocket; in Z. ramirega the pocket is narrow and blocked by two methionine 
residues allowing only acetoacetyl-CoA or acetyl-CoA to be bound to it (Modis & 
Wierenga 1999). However, in S. cerevisiae thiolase the binding pocket is longer and 
continues beyond catalytic residues enabling the binding of fatty acid tails of variable 
chain lengths. 

The reaction starts with the active site histidine abstracting the sulfide proton of an 
active site cysteine of the N-terminal domain. This activated cysteine then attacks the C3 
atom of the 3-ketoacyl-CoA substrate to form a covalent acetyl-enzyme intermediate 
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followed by the release of acetyl-CoA. In the second step, cysteine of the C-terminal 
domain activates the new CoA molecule (substrate) by subtracting a proton from it 
followed by the nucleophilic attack of the CoA (substrate) on the acetyl-enzyme 
intermediate to yield the acyl-CoA product. In both of these reactions a negative charge 
develops on a thioester oxygen atom in the transition state, which is stabilized by 
oxyanione holes. In thiolase there is one oxyanione hole formed by a water atom and 
catalytic histidine, which is important for the whole reaction, whereas biosynthetic 
thiolases have additionally a second oxyanione hole for the Claisen condensation reaction 
(Mathieu et al. 1997, Kursula et al. 2002). 

Fig. 6. Structure of S. cerevisiae peroxisomal degradative 3-ketoacyl-CoA thiolase (PDB entry 
code 1AFW, reprinted from Kim & Battaile 2002, © 2002, with permission from Elsevier). 
Monomer is composed of N-terminal and C-terminal core domains, which form the five-
layered αβαβα structure. Between these domains is the loop domain (on the right side of the 
monomer). The arrow shows the direction of substrate entry, which has been deduced by 
comparison with the structure of biosynthetic thiolase of Z. ramigera. Catalytic amino acids 
C125, H375 and C403 are shown in ball-and-sticks. The monomer is rotated along the y axis 
roughly 90° to get to the position in the dimer on the left. 

2.2.5  Bacterial multienzyme complex 

In bacteria, enzymes involved in the β-oxidation form multienzyme complexes, as in 
Escherichia coli (DiRusso 1990) and Pseudomonas fragi (Sato et al. 1992). Bacterial 
multienzyme complexes can mostly catalyse the last three reactions of the β-oxidation 
cycle and are composed of two α-subunits and two β-subunits forming a heterotetrameric 
α2β2 structure. (S)-specific enoyl-CoA hydratase (ECH) and (3S)-hydroxyacyl-CoA 
dehydrogenase (HAD) activities have been localized to the α-subunit, whereas 3-
ketoacyl-CoA thiolase (KACT) resides within the β-subunit (Fig. 7) (Binstock et al. 
1977, DiRusso 1990, Nakahigashi & Inokuchi 1990, He Yang et al. 1991, Sato et al. 
1992). 
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The three-dimensional structure of P. fragi fatty acid β-oxidation multienzyme 
complex (FOM) has recently been solved by X-ray crystallography with three different 
ligands: acetoacetyl-CoA, nicotinamide adenine dinucleotide (NAD+) and a substrate 
mimic C8E5 (Ishikawa et al. 2004). The structure is formed of two tightly connected 
thiolases forming the β2 dimer at the bottom of the structure and of α2 dimers forming a 
saddle-shaped structure above the β2 dimer (Fig. 8). The α-subunit is divided into an N-
terminal domain with ECH activity, and additionally into middle NAD+ binding and C-
terminal domains needed for the HAD activity (Fig. 7). The α2 dimers are connected only 
by NAD+-binding domains of HAD at the top of the structure through a four-helix 
bundle. A long α-helix connects the middle part of the subunit α (HAD domain) with the 
ECH domain, which resides between the HAD domain and thiolase domain in the 
structure (Fig. 8). The contacts between the α- and β-subunits are loose, but important for 
the maintenance of the complex. 

ECH, HAD and KACT have essentially the same architecture as the monofunctional 
enzymes (Engel et al. 1996, Modis & Wierenga 1999, Barycki et al. 2000). The N-
terminal part (residues 1-207) of the ECH domain has r.m.s.d. value of 1.7 Å with the 
soluble, hexameric rat ECH with the exception of the C-terminal part (residues 208-283) 
corresponding to the trimerization domain T2 of rat ECH. Both of these C-terminal 
domains have an all-α fold; however, their arrangements relative to the common core 
structure (the spiral fold and the T1 domain together) are different from each other. The 
last α-helix of bacterial ECH is in contact with the multienzyme specific α-helical linker. 
The HAD consists of NAD+-binding (residues 314-497) and C-terminal (residues 498-
715) domains. The NAD+-binding domains of FOM and soluble monofunctional enzyme 
human HAD have r.m.s.d. value of 1.2 Å. The C-terminal domain of FOM folds also to 
the all-α structure, where two halves are related by internal pseudo-two-fold symmetry. 
However, in mammalian HAD the corresponding structure is formed by C-terminal 
domains of two different monomers important in the formation of homodimer with exact 
two-fold symmetry. The entire KACT is essentially identical with the monofunctional 
degradative and biosynthetic thiolases with 1.2 Å r.m.s.d. values (Engel et al. 1996, 
Mathieu et al. 1997, Modis & Wierenga 1999, Barycki et al. 2000). 

The enzyme was crystallized in two different crystal forms. Form I crystal structure 
has a noncrystallographic two-fold axis shared by both α2 and β2 homodimers (Fig. 8). In 
contrast, form II has clearly a modified structure with 10 Å rigid-body movement of the 
upper half of the α2 dimer towards the β2 dimers between form I and II. The functional 
domains have essentially the same conformation, despite large structural movement. 
However, the arrangements of the middle and the C-terminal domains of subunit α, which 
form the HAD, differ between the two forms, and they seem to be coupled with the 
conformational change of the α-helical linker between the HAD and ECH domains. This 
α-helix is namely partly disrupted in form II, being obviously connected with the 
dissociation of two C8E5 molecules from the other α-subunit. In form I there are four 
C8E5 molecules bound to the HAD substrate binding site, while in the form II structure 
only one α-subunit has bound C8E5 molecules (Ishikawa et al. 2004). 
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Fig. 7. The subunit and domain organization of bacterial (P. fragi) multienzyme complex 
(FOM) compared with human trifunctional enzyme (hTFE) and four monofunctional 
enzymes: rat ECH (rECH), human HAD (hHAD), yeast KACT (yKACT) and Z. ramirega 
biosynthetic acetoacetyl-CoA thiolase (zAACT) (adapted from Ishikawa et al. 2004, © 2004, 
with permission from Macmillan Publishers Ltd). In the α-subunit the N-terminal ECH 
domain is brown, the α-helical linker is yellow-green, and the middle and C-terminal domains 
needed for HAD are green and cyan, respectively. The β-subunit having KACT activity is 
coloured purple. Conserved catalytic residues are labelled using single letters. 

Fig. 8. Form I and form II structures of FOM (reprinted from Ishikawa et al. 2004). Three 
ligands are bound to each active site of form I enzyme components: NAD+ (dark blue), a 
substrate mimic C8E5 (magenta) and Ac-CoA (red). Colouring is the same as in Figure 7. 
Transition from the symmetric form I structure to asymmetric form II structure is 
accompanied by large translations as indicated by arrows with lengths.  
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ECH and HAD have a common binding pocket for the 3’-phosphate ADP moiety, 
whereas KACT has its own binding pocket for this moiety (Fig. 9). This indicates the 
substrate-anchored diffusion mechanism, where adenine moiety is bound to this common 
binding pocket, while the fatty acyl tail can be accommodated to different active sites. 
The fatty acyl part of the substrate is first bound to the ECH catalytic site and 
subsequently, after the ECH reaction has taken place, transferred to the HAD catalytic 
centre without diffusing to the solvent. The third step is the KACT reaction, so that the 
fatty acid tail travels towards the KACT while still having its ADP moiety bound to the 
common binding pocket of ACH and HAD. The fatty acid tail of a substrate of e.g. 16 
carbons can reach the hydrophobic cavity of KACT only by its end.  

Fig. 9. Model of channeling mechanism of FOM (reprinted from Ishikawa et al. 2004, © 2004, 
with permission from Macmillan Publishers Ltd, http://www.nature.com/emboj/ index.html). 
Colouring is the same as in Figure 7. Scenes 1-3 show transfer of the substrate from ECH 
through HAD to KACT with bound ADP moiety as pivoting centre in the form I structure. 
Scenes 4 and 5 illustrate the movement of 3’-phosphate ADP of KACT substrate from the α-
subunit to the β-subunit using the acyl group as pivoting centre in the form II structure. The 
conformational transition between form I and II structures deforms the adenine binding 
pocket and brings HAD 10 Å closer to the β-subunit (Compare scenes 3 and 4). 

To be able to transfer the whole substrate to the KACT provides a conformational change 
similar to that between form I and form II structures. This change deforms the adenine 
binding pocket because of rearrangements of HAD, ECH and the α-helical linker in form 
II, thus weakening the binding of the adenine base. As a result, the ADP moiety is 
removed from the α-subunit and transferred to the CoA-binding site of the KACT, while 
keeping the fatty acyl group as a pivoting center. Thus the C2-C3 bond has entered the 
active site of KACT, and this enzyme can catalyse the cleavage reaction and generate 
acyl-CoA and acetyl-CoA as products. This model provides that the substrate has a long 
fatty acyl chain to be able to reach the hydrophobic pocket of KACT and ensure the 
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transfer of the substrate. However, it is possible that if the α- and β-subunits become 
closer to each other, they can ensure the transfer of the substrates (Ishikawa et al. 2004). 
 

2.2.6  Mitochondrial trifunctional enzyme (TFE) 

Mitochondrial trifunctional enzyme is an inner membrane-bound enzyme with (S)-
specific 2-enoyl-CoA hydratase, (3S)-hydroxyacyl-CoA dehydrogenase (LCHAD) and 3-
ketoacyl-CoA thiolase activities similarly to the bacterial multienzyme complex 
(Carpenter et al. 1992, Uchida et al. 1992). Because TFE has optimal activity with 
substrates from C12 to C16 chain length, the subunits can also be called long-chain 2-
enoyl-CoA hydratase, long-chain (3S)-hydroxyacyl-CoA dehydrogenase and long-chain 
3-ketoacyl-CoA thiolase. TFE is a hetero-octamer with four 79-kDa α-subunits and four 
48-kDa β-subunits. TFE has 33% sequence identity and 53% similarity with the α-subunit 
of bacterial multienzyme complex (FOM) and 38% identity and 59% similarity with the 
β-subunit of FOM. It has thus been possible to build a homology model of TFE using the 
FOM structure as a model (Ishikawa et al. 2004) (Fig. 10). This homology model 
contained the residues 33-763 of the α-subunit and residues 48-474 of the β-subunit with 
the exception of three inserted segments (residues 226-236 in α-subunit and 171-211 and 
399-413 in β-subunit) (Fig. 7). The model was constructed as α2β2-subunit structure, 
because the α4β4 structure can be modelled by dimerizing the α2β2 structure. The dimer 
interfaces (α-α, β-β and α-β) have reasonable contacts in the model. Interestingly, the 
patient mutation of V282 to D can be explained, because it exists in the interface of the α- 
and β-subunits, where F217 is surrounded by several hydrophobic residues (Ibdah et al. 
1998). In contrast to FOM, which has unique distribution of positive charges, in TFE 
basic residues have gathered around the central solvent region. These basic residues are 
conserved within TFEs and might help in the localization of the TFE in the inner 
mitochondrial membrane through electrostatic interactions with negative charges on the 
lipid bilayer or attract acyl-CoA dehydrogenase by interacting with the putative negative 
patches (Ishikawa et al. 2004). 
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Fig. 10. Homology model of human TFE complex (reprinted from Ishikawa et al. 2004, © 
2004, with permission from Macmillan Publishers Ltd, http://www.nature.com/emboj/ 
index.html). Mutation sites of various genetic diseases are marked as spheres (Ibdah et al. 
1998, Eaton et al. 2000). The arrows show the HAD active sites. The magnification shows 
V282 situated in the interface between ECH and KACT. V282D mutation causes TFE 
deficiency. 

2.3  NAD(P)-binding Rossmann-fold domains 

2.3.1  Short-chain, medium-chain and long-chain 
dehydrogenase/reductase superfamilies 

The names of these enzyme families do not refer to the chain length of substrates of these 
enzymes, but to the length of the polypeptide chain of the enzyme itself, being around 
250 amino acids for short-chain dehydrogenases/reductases (SDR) (Jörnvall et al. 1995), 
roughly 350 amino acids for medium-chain dehydrogenases/reductases (MDR) (Persson 
et al. 1994) and ~360-550 amino acids for long-chain dehydrogenases/reductases (LDR) 
(Persson et al. 1991). However, extended-type SDR members have subunits of 350 amino 
acid residues being distantly related to the SDR superfamily (Jörnvall et al. 1995). SDR, 
MDR and LDR members use either NAD(H) or NADP(H) as a cofactor. Additionally, 
quite a few MDR members have a catalytic zinc ion at the active site. 

The NAD(P) cofactor is bound in all these superfamilies by a Rossmann-fold domain. 
The Rossmann fold is formed by βαβ units, where parallel β-sheets form the core of a 
sandwich-shaped structure flanked by two arrays of parallel α-helices (Rossmann et al. 
1974). However, the length of secondary structure elements of the Rossmann fold varies 
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a lot between these superfamilies, making this fold unique in all of them. Most SDR- and 
MDR-enzymes are active as dimers or tetramers. 

Of these three families, the long-chain dehydrogenase/reductase family is least well 
defined by its structure-function relationship. Around 70 known and putative family 
members have been characterized at the amino acid sequence level. The long-chain 
dehydrogenase/reductase family is comprised of five sub-families: the D-mannitol 2-
dehydrogenase, D-mannonate 5-oxidoreductase, D-altronate 5-oxidoreductase, D-
arabinito 4-dehydrogenase and D-mannitol-1-phosphate 5-dehydrogenase subfamilies. 
These subfamilies show internal sequence identity of ≥ 30%. When all subfamily 
members are aligned, only three amino acids were found to be invariant: G33, D230 and 
K295 (Klimacek et al. 2003). In the next chapters the best-characterized MDR and SDR 
superfamilies are dicussed. 

2.3.2  Medium-chain dehydrogenase/reductase (MDR) superfamily 

A recent study by Riveros-Rosas and his colleagues (Riveros-Rosas et al. 2003) reveals 
the functional diversity and the variety of substrates in the MDR superfamily, with nearly 
1,000 members characterized at the sequence level so far. The MDR superfamily 
members do not have any sequence pattern that is common to all family members; each 
family inside the MDR superfamily has a different sequence pattern (Nordling et al. 
2002). Riveros-Rosas with his collegues made a comprehensive in silico analysis of 
MDR superfamily enzyme sequences, taking also into consideration the functions of the 
proteins resulting in a phylogenetic tree and classification of enzymes into three 
macrofamilies, I-III, with eight families and 49 subfamilies. The first macrofamily 
contains the polyol dehydrogenase and alcohol dehydrogenase (ADH) families, the 
second macrofamily contains the cinnamyl alcohol dehydrogenase and yeast alcohol 
dehydrogenase families, and the third family contains the quinone oxidoreductase, 
nuclear receptor binding protein, leukotriene B4 dehydrogenase and enoyl reductase 
families. Some MDR superfamily members take part in cellular defence reactions that are 
illustrated here. Alcohol dehydrogenases take care of oxidation of alcohol, detoxification 
of aldehydes/alcohols and metabolism of bile acid (Jörnvall et al. 2000, Marschall et al. 
2000). Additionally, cinnamyl alcohol dehydrogenases are essential for the biosynthesis 
of monomeric precursors of lignin, the main constituent of plant cell walls (Boudet et al. 
1995). Substrates for polyol dehydrogenases are widespread in nature, because they are 
derivatives of glucose, fructose and general metabolism. Some organisms can use 
accumulation of polyol as a protection against environmental stress, such as osmotic 
shock (Yancey et al. 1982) and decreased (Czajka & Lee 1990) or increased temperature 
(Wolfe et al. 1999). However, this accumulation can also be harmful, and polyol 
dehydrogenases are therefore suggested to have a further protective role (Chakrabarti et 
al. 2000). 

Despite low sequence homology between enzymes within the MDR superfamily the 
three-dimensional structures of the enzymes seem to have a common structural fold 
within the family, suggesting a divergent evolution from a common ancestor. This was 
demonstrated by Edwards and her coworkers (Edwards et al. 1996) by comparing the 
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three-dimensional structures of E. coli quinone oxidoreductase (QOR), Thermoplasma 
acidophilum glucose dehydrogenase (GDH) and horse liver alcohol dehydrogenase 
(LADH). These enzymes show high structural homology, albeit their sequence identity is 
low: QOR has 21% sequence identity with LADH and 17% with GDH. A three-
dimensional framework for the structurally conserved regions within the MDR 
superfamily was proposed by making a structure-based sequence alignment of these 
enzymes. QOR was used as the basis for this framework, which is presented in Fig. 11. 
Both the nucleotide-binding domain (lower domain) and the catalytic domain (upper 
domain) show high structural homology as illustrated by shaded areas in the picture. The 
nucleotide-binding domain contains two βαβαβ motifs known as the Rossmann folds with 
an additional helix between them (white). This helix is typical in some MDR enzymes, 
but lacking e.g. from GDH and from the classical Rossmann fold as well. The quaternary 
structures of these enzymes differ from each other: LADH and QOR are dimers, while 
GDH is a tetramer having additional tetramer contacts (white loop on the right side of 
NADPH-binding domain) compared to the other enzymes. Dimerization contacts take 
place mainly by the β-sheet pointing out of the picture in the Rossmann fold. The 
catalytic domain is formed mainly by β-sheets in all three enzymes. The major difference 
between QOR and the other enzymes is the absence of zinc-binding residues in the 
catalytic domain: instead of catalytic zinc-binding residues QOR has residues incapable 
of coordinating metal ions (black loop), and a structural zinc-binding loop is totally 
absent from this structure. Additionally, catalytically important residues in QOR are 
different from the other two enzymes, thus making possible the introduction of new 
activity to the enzyme in the divergent evolution of MDR enzymes (Edwards et al. 1996). 

Fig. 11. Framework for the MDR superfamily with quinone oxidoreductase (QOR) as the 
basis (reprinted from Edwards et al. 1996, © 1996, with permission from Elsevier). 
Structurally conserved regions in QOR, GDH and LADH are shaded as light gray in the 
catalytic domain (upper one), dark gray in interconnecting α-helices and midgray in 
nucleotide-binding domain (lower one). NADPH is bound between two domains, and the 
black loop represents the region of the absent zinc-binding loop in the QOR structure. 
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2.3.3  Short-chain dehydrogenase/reductase (SDR) superfamily 

Short-chain dehydrogenases/reductases are a large family with a great functional 
diversity. Around 3,000 family members have been detected so far. They have a wide 
range of substrate specificity ranging from alcohols and sugars to steroids, aromatic 
compounds and xenobiotics spanning several EC classes such as oxidoreductases, lyases 
and isomerases, with oxidoreductases forming the majority. About 30 3D structures of 
SDR superfamily members have been solved. Despite low (15-30%) amino acid identity, 
the family has a conserved fold with specific sequence motifs (Table 1) (Oppermann et 
al. 2003). The SDR superfamily has been divided into five families called Classical, 
Extended, Divergent, Intermediate and Complex families (Persson et al. 2003). The 
sequence motifs in these families differ somewhat from each other. In Table 1 the motifs 
of the Classical enzyme family are presented. The sequence motifs are concentrated in 
two functionally important regions: the coenzyme binding region and the active site. The 
SDR fold and the function of the SDR superfamily members are explained here by using 
the structure of Escherichia coli 7α-hydroxysteroid dehydrogenase (7α-HSD) as an 
example (Fig. 12). 

Cofactor binding takes places in a similar manner in SDR superfamily members. The 
first conserved region T-G-X3-G-X-G in the βA and αB structures, with variable amino 
acids in the place of X, stabilizes the central β-sheet together with an N-N-A-G motif, 
which is situated in βD. This central β-sheet is structurally discrete from corresponding α-
helices and is important for coenzyme binding and reaction direction as shown by 
mutational and structural studies. There are no direct interactions between these residues 
and coenzyme in most of the structures, but the residues are important for keeping the 
strands oriented within the central β-sheet (Fig. 12) (Oppermann et al. 1997, Jörnvall et 
al. 1999, Filling et al. 2002). Additionally, there is one aspartic acid between the βC and 
αD stabilizing the adenine ring binding pocket (Filling et al. 2002). Among 35 members 
registered by September 2003, 33 are complexed with the cofactor NAD(P)(H); 29 of 
them share a common binding mode. Despite different redox states the cofactor binds to 
these enzymes in a similar orientation and conformation having a common interaction 
with the carboxamide group of the nicotinamide ring. This interaction is necessary to 
keep the specific orientation of the nicotinamide ring in relation to the catalytic groups of 
the enzyme. The amino acids taking part in this interaction are not conserved or do not 
even come from the same group of amino acids, but they are able to act as hydrogen 
donors. Their main chain amide group acts as hydrogen donor in the hydrogen bond to 
anchor the carboxamide group of cofactor; however, their location is conserved, being at 
the end of βF (Shi & Lin 2004). 

The active site has three conserved amino acids, serine, tyrosine and lysine, which are 
proposed to take part in the common reaction mechanism of the SDR superfamily (Ensor 
& Tai 1991, Albalat et al. 1992, Obeid & White 1992, Chen et al. 1993). Before the 
substrate binding is possible, the binary complex has to be formed, which does not 
usually cause any structural rearrangements in the SDR structures (Grimm et al. 2000, 
Blankenfeldt et al. 2002, Alphey et al. 2005). Only in the case of Drosophila alcohol 
dehydrogenase are the amino acids from G15 to L17 slightly disordered in the apo form 
and become stabilized upon coenzyme binding (Benach et al. 1999). However, the 
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structural changes are more clear in the ternary structure. In many SDR superfamily 
structures the substrate binding loop, between βF and αG usually formed by helices αFG1 
and αFG2, is so flexible that it is not visible in the apo structure. The binding of a 
cofactor helps a minor part of this loop to become stabilized, but only after binding the 
substrate does this loop become really ordered, getting helical conformation covering the 
substrate and the catalytic centre from the aqueous environment. The sequence, length 
and the conformation of this loop varies a lot between different SDR superfamily 
members. The loop is important for substrate specificity and its flexibility and 
adaptability is thought to be the reason for the broad spectrum of accepted substrates by 
SDR enzymes. The closing effect of the substrate binding loop also provides additional 
substrate-specific interactions (Tanaka et al. 1996b, Benach et al. 1999, Chapman et al. 
1999, Grimm et al. 2000). 

Table 1. Sequence motifs in SDR enzymes (Modified from Oppermann et al. 2003, 
Persson et al. 2003). 

Motif Secondary structure Function Reference 
TGXXXGXG βA+αB Structural role in coenzyme binding region (Jörnvall et al. 1981, 

Oppermann et al. 1997, 
Jörnvall et al. 1999) 

D βC+αD Stabilization of adenine ring binding 
pocket, weak binding to coenzyme 

(Filling et al. 2002) 

NNAG βD Structural role in stabilizing the central  
β-sheet 

(Filling et al. 2002) 

N αE Part of active site (Filling et al. 2002) 
S βE Part of active site (Oppermann et al. 1997, 

Jörnvall et al. 1999) 
Y-K αF Part of active site (Oppermann et al. 1997, 

Jörnvall et al. 1999) 
PG βF Structural role, reaction direction (Filling et al. 2001, Ghosh & 

Vihko 2001) 
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Fig. 12. Ribbon presentation of the binary complex of E. coli 7α-hydroxysteroid 
dehydrogenase monomer (7α-HSD, PDB entry code 1AHH, reprinted from Tanaka et al. 
1996b, © 1996, with permission from American Chemical Society). The NAD+ molecule is 
shown as a ball-and-stick model. The big cleft pointing upwards is the active site cleft. αFG1 
and αFG2 helices form the substrate binding loop, which is closed upon substrate binding. 

Possibly all SDR superfamily members share the same reaction mechanism (Fig. 13). 
Active-site amino acids are numbered here according to the Drosophila alcohol 
dehydrogenase. Because of the positively charged NAD+ and K155 in the binary state, 
Y151 is in its deprotonated state at physiological pH. Binding of a substrate to the active 
site removes the water molecule between the S138 and Y151. After rearrangement of the 
structure in the transition to the ternary form, the catalytic triad has been formed between 
S138, Y151 and K155, and the substrate molecule has been fixed so that the 3-hydroxyl 
group of the fatty acyl-CoA or an alcohol is between the oxygen atoms of side chains of 
Y151 and S138. Because the reaction occurs in the absence of external water, the 
negatively charged Y151 can subtract a proton from the hydroxyl group of the substrate 
and catalyse the nucleophilic attack of the C atom in position 3 to the C4 position of the 
coenzyme. Both S138 and K155 obviously help to orientate the substrate correctly. 
Additionally, S138 possibly stabilizes the reaction intermediate and K155 lowers the pKa 
of Y151 through electrostatic interactions (Jörnvall et al. 1995, Tanaka et al. 1996b, 
Benach et al. 1999, Ghosh et al. 2001). Recently, one asparagine near the catalytic triad 
has been proposed to stabilize the position of catalytic lysine via a conserved water 
molecule, suggesting a catalytic tetrad to be responsible for the reaction mechanism 
(Filling et al. 2002). However, this asparagine is not conserved in all family members, 
e.g., in peroxisomal multifunctional enzyme type 2 (MFE-2). Mutational studies (Parikh 
et al. 1999) and temperature dependence studies of various kinetic coefficients (Winberg 
et al. 1999) suggest that the catalytic base in the reaction is serine instead of tyrosine. In 
both studies the role of lysine is to bind and orientate the cofactor in the catalytic centre. 
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Fig. 13. Proposed reaction mechanism of Drosophila alcohol dehydrogenase (adapted from 
Benach et al. 1999, © 1999, with permission from Elsevier). 1) Apo state: three water 
molecules hydrogen-bonded to the catalytic triad 2) Binary state: NAD+ at the active site and 
one water molecule hydrogen bonded to the catalytic triad 3) Ternary state: binding of 
alcohol, proton transfer and hybrid transfer 4) Ternary state: ketone and NADH in the active 
site 5) Binary state: NADH is leaving the active site. 

Most SDR superfamily members are homodimers or homotetramers by their quaternary 
structure. Common interaction site in the association of monomers in both structures is 
the four-helix bundle motif formed by long parallel α-helices αE and αF from the 
neighbouring subunits (Fig. 12) (Benach et al. 1998). Some homotetramers like mouse 
lung carbonyl reductase (Tanaka et al. 1996a) use their C-terminal residues as contact site 
when forming tetramers, others such as E. coli 7α-hydroxysteroid dehydrogenase use αG 
and βG structures instead, while bacterial 3α,20β-hydroxysteroid dehydrogenase use both 
of them (Ghosh et al. 1994). There is, however, one exception, Comamonas testosterone 
3α-hydroxysteroid dehydrogenase/carbonyl reductase, which uses helix αG (αG-αG) and 
strand βG (βG-βG) of each subunit for the dimerization of homodimer instead of a four-
helix bundle. So far this contact type has only been used in homotetrameric SDRs 
(Grimm et al. 2000). This enzyme has a basic SDR fold, but additionally an extra 28 
amino acids containing mainly an α-helical structure inside the Rossmann fold between 
strands βE and αF. This insertion masks helices αE and αF, thus preventing the formation 
of the four-helix bundle. This is also the case with porcine alcohol reductase, an example 
of an SDR superfamily member that is the first known monomeric structure in the SDR 
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superfamily. Oligomerization is thus not a prerequisite for the activity of all SDR 
superfamily members (Ghosh et al. 2001). More exceptions of homodimer contacts are 
discussed in section 2.4.2.2. 

2.3.3.1  Type II 3-hydroxyacyl-CoA dehydrogenase/amyloid-β binding 
alcohol dehydrogenase (HADII/ABAD) 

A different type of short-chain (3S)-hydroxyacyl-CoA dehydrogenase (HAD) has been 
identified and characterized from bovine liver and human brain (Furuta et al. 1997, He et 
al. 1998). This enzyme differs from other S-hydroxyacyl-CoA dehydrogenases at the 
amino acid sequence level, in molecular mass, subunit association, substrate specificity 
and three-dimensional structure, and is named 3-hydroxyacyl-CoA dehydrogenase/ 
amyloid-β binding alcohol dehydrogenase (HADII/ABAD) to differentiate it from other 
HAD enzymes. HADII/ABAD is able to bind amyloid-β peptide (Aβ) and was first called 
endoplasmic reticulum amyloid-β binding protein ERAB because of the identical primary 
sequences of these enzymes (Yan et al. 1997); however, the mitochondrion has later been 
demonstrated to be the correct location for HADII/ABAD (He et al. 1999). 

HADII/ABAD is a member of the SDR superfamily having a common SDR-fold and 
conserved amino acid residues of the catalytic triad. However, it has special features 
different from other members of the SDR superfamily: first, it has broad substrate 
specificity, being able to oxidise a range of simple alcohols, 3-hydroxyacyl-CoA 
derivatives and hydroxyl steroids including 17β-estradiol (He et al. 1998, He et al. 1999, 
Yan et al. 1999, He et al. 2000, Powell et al. 2000). Second, its ability to bind Aβ 
promotes leakage of reactive oxygen species, mitochondrial dysfunction and cell death, 
potentially underlying the mechanism of mitochondrial toxicity in Alzheimer’s disease 
(Lustbader et al. 2004). Interestingly, human HADII/ABAD is able to utilize the ketone 
body β-hydroxybutyrate as a substrate. Ketone bodies are important fuel for many organs, 
especially when blood glucose levels are low. HADII/ABAD can enhance the cellular 
response to metabolic stress. This has been shown in the brains of transgenic mice where 
neuronal overexpression of human HADII/ABAD was targeted and the brains were 
subjected to transient middle cerebral artery occlusion (Yan et al. 1999, 2000). 

The crystal structure of rat HADII/ABAD has been solved as a binary complex with 
NADH as a cofactor and as two ternary complexes with 3-ketobutyrate and 17β-estradiol 
as substrates (Powell et al. 2000). The tetrameric structure is formed similarly as E. coli 
7α-hydroxysteroid dehydrogenase (Tanaka et al. 1996a, Tanaka et al. 1996b) and 3α,20β-
hydroxysteroid dehydrogenase (Ghosh et al. 1994), so that αE (αF according to the 
common naming system of the SDR superfamily), βF and βG are involved in subunit 
association and substrate binding. In addition to the typical SDR-fold HADII/ABAD has 
two unique insertions at both ends of long-helix αD (usually named αE in SDRs). These 
extensions are suggested to support binding of CoA substrates. The loop between βD and 
αD (αE) has a lot of positively charged residues (K99, K104, K105 and H102), which can 
make contacts with phosphate groups of CoA. 
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Fig. 14. Cartoon representation of a single subunit of a ternary complex of rat HAD II/ABAD 
(PDB entry code 1E3W, adapted from Powell et al. 2000, © 2000, with permission from 
Elsevier). 

2.4  Peroxisomal β-oxidation 

Mammalian peroxisomes have two different multifunctional enzymes: multifunctional 
enzyme type 1 (MFE-1) and multifunctional enzyme type 2 (MFE-2), which catalyse the 
second and the third reactions in peroxisomal β-oxidation. MFE-1 has sequence similarity 
with the mitochondrial soluble, monofunctional enzymes hydratase-1 and HAD I and also 
with the mitochondrial trifunctional enzyme (TFE), which additionally has even a similar 
domain organization as MFE-1 (Fig. 15). The N-terminal (S)-specific 2-enoyl-CoA 
hydratase thus obviously belongs to the hydratase/isomerase family and (3S)-
hydroxyacyl-CoA dehydrogenase to the protein family with HAD fold. The three-
dimensional structures of the domains of MFE-2 have been solved and its N-terminal 
(3R)-hydroxyacyl-CoA dehydrogenase belongs to the SDR superfamily (Haapalainen et 
al. 2003), (R)-specific 2-enoyl-CoA hydratase 2 to the protein family with hot-dog fold 
(Koski et al. 2004, 2005), and the C-terminal part is sterol carrier protein type 2-like 
domain (SCP-2L) (Haapalainen et al. 2001). 
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Fig. 15.  The organisation of subunits of different multifunctional enzymes responsible for the 
second and the third step of β-oxidation. Hydratase 1 is (S)-specific 2-enoyl-CoA hydratase, 
(S)-dehydrogenase: (3S)-hydroxyacyl-CoA dehydrogenase, X indicates C-terminal domain 
with an unknown function (see Chapter 2.4.1. for the indication of the function of this domain 
in MFE-1 and Chapter 2.2.5 for the function in bacterial FOM, which is similar to TFE). 
Hydratase1/isomerase has both (S)-specific 2-enoyl-CoA hydratase and Δ3, Δ2-enoyl-CoA 
isomerase activity, (R)-dehydrogenase: (3R)-hydroxyacyl-CoA dehydrogenase, hydratase 2: 
(R)-specific 2-enoyl-CoA hydratase 2, SCP-2L: sterol carrier protein 2-like domain. Yeast has 
exceptionally two (3R)-hydroxyacyl-CoA dehydrogenases: (R)-dehydrogenase A and B. 

2.4.1  Peroxisomal multifunctional enzyme type 1 (MFE-1) 

MFE-1 has been cloned and identified from rat (Osumi & Hashimoto 1979, Furuta et al. 
1980, Osumi et al. 1985) and man (Hoefler et al. 1994). It has (S)-specific 2-enoyl-CoA 
hydration activity in the N-terminal domain and (3S)-hydroxyacyl-CoA dehydrogenase 
activity in the C-terminal domain (Ishii et al. 1987). MFE-1 has also Δ3, Δ2-enoyl-CoA 
isomerase activity in the same domain, which catalyses the hydration reaction (Palosaari 
& Hiltunen 1990). So far, there are no structural data available of this multifunctional 
enzyme. However, with the help of sequence analysis of homologous proteins from 
databases and structural data of the hydratase-1/isomerases and (3S)-hydroxyacyl-CoA 
dehydrogenases together with studies of truncated variants of MFE-1, this 78 kDa protein 
has been divided into five functional domains (Kiema et al. 2002). Domains A and B are 
mainly responsible for hydratase and isomerase activity, domains C and D for the 
dehydrogenase activity, and domain E has influence on all of them. Domain A (residues 
1-190) has ~37% sequence identity with the N-terminal part of hydratase 1 and obviously 
forms a typical hydratase/isomerase fold. Two glutamates important for catalysis have 
been conserved in this domain, as well as alanine and glysine residues that are part of the 
oxyanione hole (Engel et al. 1996). In addition to the hydration reaction, the same active 
site has been shown to catalyse isomerase activity (Palosaari et al. 1991). Secondary 
structure prediction of domain B (residues 191-280) suggests that this domain has mainly 
an α-helical structure similarly to the dimerisation domain of hydratase 1, although these 
sequences are not related (Kiema et al. 2002). 

The dehydrogenation reaction catalysing C and D domains has 34% sequence identity 
with HADI, suggesting that these enzymes have a similar two-domain structure. Domain 
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C (residues 281-474) contains a conserved G-X-G-X-X-G motif known to be important 
in the dinucleotide binding of the Rossmann-fold proteins (Wierenga et al. 1986). The 
catalytic amino acids of the HADI family are also conserved in domain C of rat MFE-1, 
being H431 and E443. Domain D (residues 480-583) seems to adopt a fold similar to the 
dimerization domain of HAD. However, a stabilizing counterpart, which is the 
dimerization domain of the other subunit in the dimeric HAD (see chapter 2.2.3.1) is 
missing in the monomeric MFE-1. Domain E (residues 584-722) seems to have acquired 
this task, because it has 32.5% sequence similarity with the dimerization domain of HAD 
and 18% similarity with domain D of MFE-1, indicating that domain E could have 
evolved by gene duplication from domain D, thus having a similar function in MFE-1. 
Experimental tests support this hypothesis, because MFE-1 truncated for the N-terminal 
259 amino acids is a fully active dehydrogenase, whereas deletion of 10 C-terminal 
residues or domain E inactivates the dehydrogenase totally (Taskinen et al. 2002). The 
last three amino acids in domain E, S-K-L, act as a peroxisomal targeting signal (Gould et 
al. 1988). MFE-1 is the only monomeric structure in the hydratase/isomerase 
superfamily. Deletion variant studies have shown that hydratase/isomerase activity of 
domain A requires stabilizing interactions with domains D and E, giving yet additional 
functions for these domains and explanations as to how the monomeric structure is 
possible for the hydratase/isomerase enzyme (Kiema et al. 2002). 

MFE-1 is able to handle a wide variety of substrates, from straight-chain fatty acids of 
C4 to C16 chain length to branched-chain fatty acids (Dieuaide-Noubhani et al. 1996, Xu 
& Cuebas 1996, Kurosawa et al. 2001). However, the specific function of MFE-1 is not 
known. For example, there are no patients with MFE-1 deficiency, which would make it 
possible to see the consequences of the lack of this enzyme in humans. MFE-1 deficient 
mice show normal lipid metabolism, because MFE-2 can take care of the tasks of MFE-1, 
which indicates that MFE-1 is not vital for animal lipid metabolism (Qi et al. 1999). 
Because the MFE-1 has Δ3, Δ2-enoyl-CoA isomerase activity, it has been suggested to 
take part in the β-oxidation of long-chain polyunsaturated fatty acids (Gurvitz et al. 2001, 
Zhang et al. 2002a). Recently, it has been shown that MFE-1 participates in the β-
oxidation of dicarboxylic acids (Ferdinandusse et al. 2004). In MFE-2 deficient patients, 
MFE-1 is not only able to handle the long-chain dicarboxylic acids but also to maintain 
normal β-oxidation of these substrates, so that MFE-2 patients have normal plasma levels 
of hexadecanedioyl- and octadecanedioylcarnitine. This is the first indication of a specific 
role for MFE-1. 

In bile acid synthesis MFE-1 is not able to catalyse the conversion of 24,25-trans-
unsaturated derivative of DHCA/THCA to the keto form, because (24S,25S)-
diastereomer, which is a product of (S)-specific 2-enoyl-CoA hydration reaction is not a 
substrate for (3S)-hydroxyacyl-CoA dehydrogenase (Xu & Cuebas 1996, Dieuaide-
Noubhani et al. 1997a, Qin et al. 1997a). However, two alternative routes for the bile acid 
synthesis have recently been suggested. In the first alternative route, the (24S,25S)-
diastereomer is converted by α-methyl-CoA racemase to (24S,25R)-diastereomer, which 
is a substrate for (3S)-hydroxyacyl-CoA dehydrogenase (Baes et al. 2000, Kurosawa et 
al. 2001, Cuebas et al. 2002). The other alternative involves hydroxylases in the 
biosynthesis of bile acids together with the MFE-1 (Savolainen et al. 2004). Supportive 
data for these hypotheses have been found from knock-out mouse studies showing that 
MFE-1 is upregulated if racemase or MFE-2 is knocked out (Baes et al. 2000, Savolainen 
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et al. 2004). Peroxisomal β-oxidation is an important step in bile acid synthesis as it 
shortens the C27-bile acid intermediates to mature C24-bile acids. Although MFE-2 has 
been shown to be responsible of this process in peroxisomes, both patients and mice with 
MFE-2 deficiency still produce C24-bile acids side by side with the accumulation of 
C27-bile acid intermediates (Clayton et al. 1988). This also supports the presence of an 
alternative pathway for bile acid synthesis. 

2.4.2  Peroxisomal multifunctional enzyme type 2 (MFE-2) 

MFE-2 was first cloned and purified from Candida tropicalis as a hydratase-
dehydrogenase-epimerase (Moreno de la Garza et al. 1985, Nuttley et al. 1988). 
However, the discovery of a new 2-enoyl-CoA hydratase 2 called hydratase 2 with (R)-
specific stereochemistry opposite to (S)-specific hydratase 1, revealed that neither of 
these enzymes can by themselves catalyse the epimerization reaction; co-operation of 
hydratase 1 and hydratase 2 is needed for the reaction to take place (Hiltunen et al. 1989, 
Malila et al. 1993). The physiological activity of MFE-2 was first identified from S. 
cerevisiae (Hiltunen et al. 1992), showing that it catalyses the hydration and 
dehydrogenation of trans-2-enoyl-CoA substrates through an (R)-specific pathway. 
Deletion studies showed that the N-terminal part of the protein contained two identical 
subunits with (3R)-hydroxyacyl-CoA dehydrogenase activity, while the C-terminal 
domain contained (R)-specific 2-enoyl-CoA hydration activity. Other yeasts such as 
Neurospora grassa (Fosså et al. 1995) and C. tropicalis have similar organization of 
domains with two dehydrogase and one hydratase subunits. In contrast, mammalian 
enzymes have a different composition of domains in MFE-2. The characterization of 
porcine MFE-2 revealed that the N-terminal part has only one (3R)-hydroxyacyl-CoA 
dehydrogenase subunit, the central domain possesses enoyl-CoA hydratase 2 activity and 
the C-terminal part is similar to sterol carrier protein 2 (SCP-2), thus called SCP2-like 
domain (SCP-2L) (Leenders et al. 1996) (Fig. 15). Man (Adamski et al. 1995), rat 
(Dieuaide-Noubhani et al. 1996, Qin et al. 1997b) and chicken (Kobayashi et al. 1997) 
show exactly the same organization of domains. Because the mammalian enzyme was 
discovered almost simultaneously by several groups, there are many different names for 
MFE-2: D-bifunctional protein, D-specific multifunctional protein, multifunctional 
protein type 2, 17β-hydroxystreoid dehydrogenase type 4. 

In other organisms the domain composition is different. In mycorrhizal fungus Glomus 
mosseae the composition resembles that of yeast MFE-2, but in addition to that there is 
an SCP-2L domain in the C-terminus (Requena et al. 1999). Caenohabditis elegans has 
dehydrogenase and SCP-2L subunits in one polypeptide, while hydratase is produced as a 
separate domain; D. melanogaster domains are organized similarly as in man, but the 
SCP-2L domain is separate from hydratase and dehydrogenase (Breitling et al. 2001). 

MFE-2 is involved in the β-oxidation of all known peroxisomal substrates, which 
explains the accumulation of VLCFAs, DHCA, THCA and pristanic acid in the patients 
with MFE-2 deficiency (Suzuki et al. 1997, van Grunsven et al. 1998). These metabolites 
also accumulate similarly in MFE-2 deficient mice (Baes et al. 2000). In addition to 
oxidation of VLCFAs and branched-chain fatty acids, MFE-2 is involved in the oxidation 
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of leukotrienes (Ferdinandusse et al. 2002a) and dicarboxylic acids (Ferdinandusse et al. 
2004) as well. Interestingly, MFE-2 also participates in the biosynthesis of 
docosahexaenoic acid by catalyzing the β-oxidation of C24:6n-3 to C22:6n-3. 
Docosahexaenoic acid is important in normal neurological development, especially in the 
brain and retina (Uauy 1990, Innis 1991, Ferdinandusse et al. 2001, Su et al. 2001). 

Human MFE-2 contains 737 amino acids and it exists as a dimer with a native 
molecular mass of ~154 kDa (Jiang et al. 1996). MFE-2 is processed partially to 32 kDa 
and 45 kDa fragments in vivo (Leenders et al. 1994b, Novikov et al. 1994, Dieuaide-
Noubhani et al. 1997b). The cleavage takes place only after the protein has been targeted 
to peroxisomes (Leenders et al. 1994a). 

2.4.2.1  2-Enoyl-CoA hydratase 2 

The 2-enoyl-CoA hydratase 2 (here called hydratase 2) catalyses the hydration of trans-2-
enoyl-CoA to (3R)-hydroxyacyl-CoA, the second step in peroxisomal β-oxidation. 
Human hydratase 2 hydrates the straight-chain fatty-enoyl-CoAs from C8 to C12 with 
high efficiency, but the shorter fatty acids with lower catalytic efficiency (Jiang et al. 
1996, Qin et al. 1997a). Additionally, human hydratase 2 can also utilize branched-chain 
fatty acids like trans-24-THCA-CoA and 2-methyl-trans-2-hexadecenoyl-CoA 
(Dieuaide-Noubhani et al. 1996, Dieuaide-Noubhani et al. 1997a, Qin et al. 1997a). 
Because very-long-chain substrates, such as C22 and C26, accumulate in the plasma of 
hydratase 2-deficient patients, these VLCFAs have to be substrates for human hydratase 2 
(van Grunsven et al. 1999a). 

In contrast to human, yeast hydratase 2 can catalyse the reaction readily from short-
chain to long-chain enoyl-thioesters, which is in good agreement with the fact that yeast 
lacks both the mitochondrial β-oxidation system and MFE-1, which makes the MFE-2 the 
only enzyme catalyzing the second and third reactions in yeast. The recently solved 
crystal structures of C. tropicalis (Koski et al. 2004) and human (Koski et al. 2005) 
hydratase-2 show the structural basis for the substrate specificity difference between 
these enzymes. The structure of C. tropicalis hydratase 2 has been solved as unliganded 
and as a complex structure with (2R)-hydroxydecanoyl-CoA substrate with 1.95 and 2.35 
Å resolution, respectively. The overall structure is dimeric, having a unique subunit 
structure with a hot-dog fold in the C-terminal domain. The hot-dog fold is composed of 
a long and hydrophobic α-helix (“sausage”) packed against anti-parallel β-sheet (“bun”). 
This fold is shared by hot-dog fold protein family members including Thermos 
thermophilus HB8 (Kunishima et al. 2005), E. coli β-hydroxydecanoyl thiol ester 
dehydrase (Leesong et al. 1996), Pseudomonas sp. strain CBS-3 4-hydroxybenzoyl-CoA 
thioesterase (Benning et al. 1998, Thoden et al. 2002), E. coli medium chain acyl-CoA 
thioesterase II (Li et al. 2000), Arthrobacter sp. strain SU 4-hydroxybenzoyl-CoA 
thioesterase (Thoden et al. 2003), Pyrococcus horikoshii OT3 conserved hypothetical 
protein PH1136 (Tajika et al. 2004) and Aeromonas caviae enoyl-CoA hydratase-2 
(Hisano et al. 2003). Although hot-dog fold proteins have low sequence identities among 
them (<20%), they have clear similarities in their main-chain folding, with r.m.s.d. values 
of α-carbons between T. thermophilus HB8 and other members within 2.5 Å, suggesting 
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that hot-dog fold proteins are derived from a common ancestor of CoA binding enzymes 
(Kunishima et al. 2005). 

A. caviae enoyl-CoA hydratase is structurally the closest homologue for C. tropicalis 
hydratase-2 within this family. This eukaryotic enzyme is a homodimeric one-domain 
enzyme catalysing the (R)-specific hydration of short-chain trans-2-enoyl-CoA thioesters 
in the polyhydroxyalkanoate synthesis pathway (Fukui & Doi 1997). In contrast to A. 
caviae hydratase with two complete hot-dog folds and thus with two active sites, C. 
tropicalis hydratase-2 has a complete hot-dog fold and active site only in the C-terminal 
domain, while the N-terminal domain lacks a long central α-helix making space for 
longer substrates (Fig 16). When two subunits with a hot-dog fold dimerize side by side 
to form an extended 10-stranded antiparallel β-sheet, a functional dimer is formed (Fig. 
18). In C. tropicalis hydratase-2 the substrate is bound in a bent conformation between β-
strands β2 and β8 of the extended β-sheet at the interface of the N-terminal and the C-
terminal domains, where a tunnel engulfs the substrate, except for the 3’-phosphate ADP 
and half of the pantetheine moiety. The adenine amino group is hydrogen-bonded to the 
backbone oxygen of F856 and the 3’-phosphate group of the ribose is exposed to solvent 
being stabilized by a salt-bridge to the side chain of K729. The hydrophobic binding 
pocket of the fatty acyl chain is formed by β2 and β5 strands and additionally by an N-
terminal loop structure, which interact with the ω-end of the substrate. According to 
docking experiments, A. caviae hydratase has two binding sites in the subunit interface. 
A. caviae hydratase can hydrate enoyl-CoAs with the chain length of C4 to C6. The space 
of the substrate binding pocket of A. caviae hydratase is, however, restricted by the rigid 
long hot-dog helix (α4) of an adjacent subunit. That is why this enzyme does not allow 
the entrance of enoyl-CoAs longer than C6. In contrast, in C. tropicalis hydratase 2 the 
long hot-dog helix is replaced by short helices (α2 and α3) and the following highly 
mobile polypeptide chain (beginning of flexible loop I, Fig. 16), which together with two 
additional flexible loops (loops II and III) make the C. tropicalis hydratase 2 capable of 
hydrating long-chain enoyl-CoAs (C10-C22) as well. 
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Fig. 16. Structural comparison of functional units of C. tropicalis and A. caviae (R)-specific 
hydratases (corresponding PDB entry codes 1PN4 and 1IQ6, reprinted from Koski et al. 2004, 
© 2004, with permission from the American Society for Biochemistry and Molecular 
Biology). A. Two-domain subunit structure of C. tropicalis hydratase-2 in the presence of 
(3R)-hydroxydecanoyl-CoA (shown as black sticks) has a complete hot-dog fold with catalytic 
active site only in the C-terminal domain, whereas the N-terminal domain lacks the central, 
long α-helix, which is replaced by short helices α2 and α3 and three flexible loops (I to III). 
The view is from the top of the molecule and the second monomer in the dimer would be 
underneath. B. The homodimeric structure of A. caviae (R)-specific hydratase with two 
complete hot-dog folds and thus two active sites. The overhanging segments are labelled as 
H2 motifs in both structures. 

The basic fold in human and C. tropicalis hydratase 2 is similar, composed of N-
terminal and C-terminal subunits, which dimerize via a similar four-helix bundle 
structure (Fig. 17, Fig. 18). The C-terminal subunits with a hot-dog fold core structure are 
virtually the same with r.m.s.d. of 0.68 Å between the Cα-atoms. The N-terminal subunit 
has, however, larger variations. Both enzymes have the incomplete hot-dog fold and 
flexible loops I, II and III, but only loops II in these enzymes can be superimposed well 
on each other. The bent glycine-rich part of loop I in human hydratase 2 blocks the 
entrance of fatty enoyl-CoAs longer than C8. Because this enzyme is active with CoA 
esters of C26 fatty acids, pristanic acid and di/trihydroxycholestanoic acids, this means 
that upon the binding of these substrates, loop I has to take another conformation. This 
conformational change is probably needed for efficient catalysis, because activity with 
the shorter substrates, which does not need any conformational changes, is much slower. 
In conclusion, the extremely high mobility of the flexible loops I-III makes possible the 
formation of a large hydrophobic cavity for the bulky substrates in human hydratase 2, 
which explains the substrate specificity difference between human and C. tropicalis 
hydratase 2. 
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Fig. 17. Comparison of human and C. tropicalis hydratase-2 structures (corresponding PDB 
accession codes 1S9C and 1PN4, reprinted from Koski et al. 2005, © 2005, with permission 
from Elsevier). Both structures have flexible loops I-III and an incomplete hot-dog fold in the 
N-terminal domain, a complete hot-dog fold in the C-terminal domain and an intervening 
bridge between these domains (in front of the structures in this picture). 

Multiple sequence alignment of eukaryotic hydratase 2 has revealed a conserved 
region called hydratase 2 motif known to be important in the (R)-specific hydration of 
fatty acyl-CoAs (Qin et al. 2000a). This motif starts in the middle of the helix α5 and 
ends in the middle of helix α6 forming half of the solvent-exposed loop called 
overhanging segment (Fig. 16, Fig. 17). This is a unique feature for (R)-specific 2-enoyl-
CoA hydratase 2 enzymes such as eukaryotic hydratase 2 and A. caviae (R)-hydratase 
(Koski et al. 2004). The reaction mechanism for (R)-specific hydration/dehydration has 
been proposed to occur via acid-base catalysis (Leesong et al. 1996, Hisano et al. 2003). 
The crystal structure of C. tropicalis hydratase 2 as an apo form and as a complex with 
(3R)-hydroxydecanoyl-CoA did, however, reveal a new perspective to the reaction 
mechanism. According to the new proposal, the catalytic amino acids D808 and H813 are 
both negatively charged; thus catalytic water activated by them would be the source of 
both the proton added to the α-carbon and the (3R)-hydroxyl-group added to the β-carbon 
as suggested for hydratase 1 reaction (Bahnson et al. 2002, Hisano et al. 2003, Koski et 
al. 2004). The backbone amide of G831 and water molecule are hydrogen-bonded to 
carbonyl oxygen of the substrate forming an oxyanion hole, which is typical for many 
CoA-ester metabolizing enzymes (Holden et al. 2001). The oxyanion hole stabilizes the 
kinetically unfavourable intermediate state of a thiol ester substrate. The location of G831 
at the N-terminus of the long hot-dog α-helix causes a positive dipole in the G831, which 
enhances the polarizing effect of G831. This proves the importance of the central α-helix 
in the hot-dog fold, explaining why the N-terminal subunit of C. tropicalis hydratase 2 
has lost the active site. The hydrogen bonding network of the active site of C. tropicalis is 
a mirror image of that in hydratase 1 (Bahnson et al. 2002), enabling the reaction to 
proceed by the same mechanism, although with opposite stereochemistry. 
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Fig. 18. The human hydratase-2 as a dimer (PDB entry code 1S9C, reprinted from Koski et 
al. 2005, © 2005, with permission from Elsevier). (a) The upper image shows the dimerization 
through the four-helix bundle as well as two salt-bridges between Glu366 and Arg506. These 
salt bridges are shown more closely in the lower image. The arrow points to the active site 
with catalytic amino acids Asp510 and His515 shown as ball-and-sticks. (b) The upper image 
shows the dimer after 90° rotation around the vertical axis of the upper image of (a). The 
active sites are pointed out by arrows. The side chains of Asn457 and Tyr347 are visible as a 
ball-and-stick model. The lower image is a close-up view of the interactions of α2 and α1 and 
β-sheet layer of the N-terminal domain (explained in detail in 2.5.1). 
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2.4.2.2   (3R)-hydroxyacyl-CoA dehydrogenase 

The (3R)-hydroxyacyl-CoA dehydrogenase is the N-terminal part of the MFE-2 
catalysing the third reaction in the β-oxidation cycle. The dehydrogenase has wide 
substrate-specificity being able to utilize substrates of short-, medium-, long- and very-
long-chain length with the maximal velocities increasing when the chain length increases 
from C4 to C16 (Dieuaide-Noubhani et al. 1996, Qin et al. 1997b). In addition, it can 
also catalyse the dehydrogenation reaction for 2-methyl branched fatty acids when 
measured in vitro (Dieuaide-Noubhani et al. 1996). Mammalian MFE-2 was first 
identified as 17β-hydroxysteroid dehydrogenase (17β-HSD) with a function to convert 
17β-estradiol and Δ5-androstene-3β,17β-diol into less active keto forms. The enzyme was 
thus named 17β-HSD type 4 (Adamski et al. 1995, Leenders et al. 1996). Interestingly, 
17β-hydroxysteroid dehydrogenase activity was also found in yeast MFE-2, for which 
17β-estradiol cannot be a physiological substrate, which makes the physiological function 
of this activity in mammalian MFE-2 unclear (Qin et al. 2000b). The catalytic efficiency 
in mammals and yeast is 1,000 times higher with acyl-CoA esters than with 17β-estradiol 
stressing the function of MFE-2 in fatty acid metabolism. The dehydrogenase of 
mammalian MFE-2 shows strict stereospecificity accepting only (3R)-hydroxyacyl-CoA 
esters both in the case of straight-chain and branched-chain substrate, thus accepting only 
(24R,25R)-stereoisomer of THCA-CoA (Dieuaide-Noubhani et al. 1996). In contrast to 
human dehydrogenase of MFE-2, HADII/ABAD is able to use both (3R)- and (3S)-
isomers, although preferring the (3S)-isomers (Yan et al. 2000). However, HADII/ABAD 
is more strict in chain-length specificity, accepting only short-chain fatty acyl-CoA. 
Interestingly, when mammalian MFE-2 have only one dehydrogenase subunit, in fungi 
there are two dehydrogenase subunits. In addition to physiological substrates straight-
chain fatty acids C. tropicalis dehydrogenase is able to use THCA-CoA in vitro as a 
substrate as well. What is more, in addition to using (24R,25R)-stereoisomer C. tropicalis 
dehydrogenase can also use (24R,25S)-stereoisomer of THCA-CoA (Qin et al. 2000b). 

The structure of (3R)-hydroxyacyl-CoA dehydrogenase of rat MFE-2 has been solved 
as a binary complex with NAD+ at 2.38 Å resolution (Haapalainen et al. 2003). This is 
the first SDR superfamily member with a two-domain structure. The biggest part of the 
enzyme is formed by the NAD+ binding domain with SDR fold, whereas the smaller C-
terminal domain is unique in this family (Fig. 19). If dehydrogenase of rat MFE-2 is 
compared to other structures in the Protein Data Bank, the most similar dehydrogenase 
structure is E. coli 7α-hydroxysteroid dehydrogenase. Other similar homologues are β-
acyl carrier protein reductase (Z-score 32.0. This similarity score is determined by the 
Dali Database), which takes part in fatty acid synthesis, and RV2002 (Z-score 31.5) from 
Mycobacterium tuberculosis, which most likely plays an uncharacterized role in steroid 
metabolism. E. coli 7α-hydroxysteroid dehydrogenase (7α-HSD) (Z-score 31.4) has only 
1.9 Å r.m.s.d. compared to Cα positions of rat dehydrogenase, so the differences between 
them are not very big. There are some differences in the C-terminus. While 
dehydrogenase of peroxisomal MFE-2 has an additional C-terminal domain, 7α-HSD has 
just an extra loop coming near the substrate. 

There are also other SDR structures that have some C-terminal extension after the 
SDR fold (PDB accession codes 1HSD, 1HU4, 1BDB, 1FDS, 1B16, 1DHR), but these C-
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terminal regions are in contact with the substrate within the same monomer. There is only 
one structural homologue alcohol dehydrogenase from Drosophila lebanonensis that has 
a C-terminal 11-residue stretch that is in contact with the neighbouring subunit (Benach 
et al. 1999) similarly to rat (3R)-hydroxyacyl-CoA dehydrogenase. In D. lebanonensis 
alcohol dehydrogenase this C-terminal domain takes part in the dimerization of two 
monomers. In rat (3R)-hydroxyacyl-CoA dehydrogenase the C-terminal domain is, 
however, much longer, with about 60 amino acids, and the fold is totally unique within 
the SDR superfamily and among other proteins as well. The C-terminal domain 
participates in the dimerization by having contacts between the C-terminus and the SDR 
fold and between the C-terminus of two different monomers (Fig. 19). Additionally, this 
domain also participates in the formation of the active site pocket. Usually SDR 
superfamily members only dimerize via the four-helix bundle, which is also the contact 
site between the NAD-binding domains of rat dehydrogenase. Thus the dimerization in 
rat dehydrogenase is more extensive than in any other dimeric SDR members. 

The structure of (3R)-hydroxyacyl-CoA dehydrogenase of human MFE-2 has recently 
been solved and released in the Protein Data Bank, but not yet described in literature 
(PDB accession code 1ZBQ). However, because the structure does not have any ligands 
and has very similar structure with rat dehydrogenase of MFE-2, it does not provide any 
new information about the function of (3R)-hydroxyacyl-CoA dehydrogenase. 

Fig. 19. Rat dehydrogenase as a dimer. Two monomers have been coloured differently. The 
cofactor NAD+ is bound in both monomers (shown as ball-and-stick). One monomer consists 
of the NAD+-binding domain and a smaller C-terminal domain (C-terminus marked as C1 
and C2). The homodimer forms two catalytically active ensembles, which are composed of the 
NAD+-binding domain of one monomer and the C-terminal domain of another momomer. 
The arrow indicates the site of intersection of two βH strands from different monomers (PDB 
entry code 1GZ6, reprinted from Haapalainen et al. 2003, © 2003, with permission from 
Elsevier). 
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2.4.2.3  Sterol carrier protein type two- like domain (SCP-2L) 

The third functional unit of mammalian MFE-2 has ~40% sequence identity with the 
human strerol carrier protein type 2 (SCP-2), thus called SCP 2-like (SCP-2L) domain. 
With the exception of G. mosseae all other fungi lack the SCP-2L domain. The function 
of this C-terminal domain in MFE-2 is not clear. The three-dimensional structure of the 
human SCP-2L domain has been solved in a complex with Triton X-100, an analogue of 
a lipid molecule (Haapalainen et al. 2001). The overall architecture is similar to rabbit 
and human SCP-2 structures, consisting of a five-stranded β-sheet covered by five α-
helices on one side (Choinowski et al. 2000, García et al. 2000). A hydrophobic pocket, 
big enough to accommodate straight-chain and branched-chain fatty acids and bile acid 
intermediates, traverses the whole protein. In the crystal structure, a Triton X-100 
molecule occupied this tunnel. In contrast to unliganded rabbit SCP-2, in the complex 
structure of human SCP-2L with Triton X-100, the C-terminal peroxisomal targeting 
signal type 1 is solvent-exposed. Molecular modelling studies support the hypothesis of 
ligand-assisted targeting mechanism by showing that the removal of the Triton X-100 
leads to a collapse of the binding pocket, with subsequently buried targeting signal 
(Lensink et al. 2002). 

Interestingly, the recently solved structure of SCP-2 from yellow fever mosquito 
Aedes aegypti binds C16 fatty acid in a totally opposite orientation compared to the 
Triton X-100 in the human SCP-2L structure (Dyer et al. 2003). This is possible because 
αB of SCP-2L is replaced by a loop that coordinates the carboxylate group of the fatty 
acid in mosquito SCP. Thus the hydrophobic ends of the substrates are orientated to the 
opposite sides of the protein, suggesting that SCP-2s can have multiple binding modes for 
their various ligands. 

Fig. 20. Structures of human SCP-2L with Triton X-100 and A. aegypti SCP-2 with C16 fatty 
acid (PDB entry codes 1IKT and 1PZ4 respectively, reprinted from Haapalainen et al. 2001, 
© 2001, with permission from Elsevier, and from Dyer al. 2003, © 2003, with permission from 
the American Society for Biochemistry and Molecular Biology). 
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2.4.2.4  Proposed assembly of domains in mammalian MFE-2 

The full-length MFE-2 has been shown to be a dimer (Jiang et al. 1996). In addition, also 
(3R)-hydroxyacyl-CoA dehydrogenase and 2-enoyl-CoA hydratase 2 are dimers as 
recombinant proteins so that dimerization is necessary for the enzymes to be active and to 
fold correctly (Haapalainen et al. 2003, Koski et al. 2004). It thus seems probable that 
these enzymes form dimers also as full-length enzyme. In the hydratase 2 dimer both N-
termini are on the same side of the molecule (Fig. 18) as are the C-termini of the (3R)-
hydroxyacyl-CoA dehydrogenase dimer (Fig. 19) (Haapalainen et al. 2003, Koski et al. 
2005). If these dimers were positioned face to face, they could link together without any 
break in their dimeric interactions. SCP-2L has been shown to be a monomer both in size 
exclusion chromatography studies and in three-dimensional crystal structure 
(Haapalainen et al. 2001). In the crystal structure, the hydratase 2 dimer has the two C-
termini on the opposite sides of the molecule, suggesting that SCP-2L is a monomer also 
in the full-length enzyme. Figure 21 shows the proposed organization of the functional 
units in the full-length mammalian MFE-2. Because the C-terminus is far away from the 
active site and the substrate binding site of hydratase 2, it is difficult to explain the 
proposed role of SCP-2L as a cavity forming subunit during the hydration of VLCFAs 
(Haapalainen et al. 2001). However, a linker region 15 residues long exists between 
hydratase 2 and SCP-2L giving a lot of freedom for the SCP-2L to move and be in 
contact with either hydratase 2 or (3R)-hydroxyacyl-CoA dehydrogenase in different 
ways. 

Fig. 21. The proposed organization of the active mammalian MFE-2 dimer (reprinted from 
Koski et al. 2005, © 2005, with permission from Elsevier). The units belonging to the same 
polypeptide are coloured similarly. In vivo the MFE-2 is processed by cleaving at the interface 
between (3R)-dehydrogenase and hydratase-2 unit (marked with arrows). Abbreviations 
used: DH for (3R)-hydroxyacyl-CoA dehydrogenase; H2 for 2-enoyl-CoA hydratase 2; SCP 
for sterol carrier protein type 2-like. 
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2.5  Peroxisomal deficiencies 

There are at least 17 different disorders that belong to the group of peroxisomal disorders. 
They can be classified into two groups: disorders of peroxisome biogenesis and single 
peroxisomal enzyme deficiencies. These diseases have a wide variety of symptoms 
ranging from various dysmorphic features to deafness and different neurological 
abnormalities like hypotonia, absent reflexes, psychomotor retardation and seizures, 
which are reviewed in detail by Wanders 2004. 

The genes involved in peroxisome biogenesis are called PEX-genes and the proteins 
encoded by them are known as peroxins. One step in peroxisome biogenesis is the import 
of peroxisomal proteins. Both peroxisomal matrix and membrane proteins are 
synthesized on free cytosolic ribosomes and imported posttranslationally to the organelle 
with the help of specific peroxisomal targeting signals that direct them to and into the 
organelle. Matrix proteins have either peroxisomal targeting signal 1 (PTS1) in their C-
terminus or PTS2 near the N-terminus. Specific cytosolic receptors recognize these 
signals, bind their cargo proteins and transport them to the peroxisomes, where they 
recognize specific docking proteins on the peroxisomal membrane. Dissociation of the 
receptor-ligand complex is needed to be able to transport the cargo protein across the 
peroxisomal membrane, after which the receptors are recycled to the cytosol. In the 
biogenesis of peroxisomes the proteins are transported to pre-existing peroxisomes, 
which grow until they reach the critical size, leading either to the fission of peroxisomes 
into two daughter cells or to budding from the peroxisome reticulum followed by 
subsequent growth. In peroxisomal biogenesis disorders like Zellweger syndrome, 
Neonatal adrenoleukodystrophy and Infantile Refsum disease patients have mutations in 
several PEX-genes, and peroxisomes are thus strongly reduced in number and size or 
totally absent. This causes generalized loss of peroxisomal functions, which is reflected 
in a series of abnormalities like elevated plasma levels of very long-chain fatty acids, di- 
and trihydroxycholestanoic acids, pristanic and phytanic acid, L-pipecolic acid and 
deficient docosahexaenoic acid levels in plasma and erythrocytes, and additionally 
deficient erythrocyte plasmalogens. In one peroxisomal biogenesis disorder, Rhizomelic 
Chondrodysplasia Punctata Type1, however, the mutations have been localized to a single 
gene, PEX7, and thus peroxisomes are present (Braverman et al. 1997, Motley et al. 
1997, Purdue et al. 1997). Loss of Pex7p function blocks the PTS2 import pathway 
leading to problems in the proteins with PTS2 targeting signal, such as alkyl-DHAP 
synthase, phytanoyl-CoA hydroxylase and mature 41 kDa thiolase. Deficient erythrocyte 
plasmalogen level has also been one good indicator of this deficiency (Wanders 2004). 

There are four single peroxisomal enzyme deficiencies of β-oxidation enzymes: MFE-
2 deficiency, which is presented in more detail in the next chapter, X-linked 
adrenoleukodystrophy, acyl-CoA oxidase deficiency, peroxisomal thiolase deficiency and 
peroxisomal 2-methylacyl-CoA racemase (AMACR) deficiency. In addition, there is one 
disorder of α-oxidation and seven disorders of etherphospholipid biosynthesis, which are 
not discussed here. X-linked adrenoleukodystrophy (X-ALD) is the most common single 
peroxisomal disorder. The deficiency can be recognized by the accumulation of VLCFAs 
in plasma and different cell types, which is a result of defective oxidation of VLCFAs in 
peroxisomes (20-30% of control in fibroblast) (Moser et al. 1999). The X-ALD-gene has 
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been identified (Mosser et al. 1993), and the protein belongs to the superfamily of ABC 
transmembrane transporter proteins. Eukaryotic ABC transporters consist of two 
homologous halves, each with a transmembrane domain (TMD) and an ATP binding 
domain (ATP). In most cases ABC transporters have the topology TMD-ATP-TMD-ATP. 
They can be encoded by a single gene, or two ABC half-transporters can homodimerize 
to form a functional transporter. The ALD protein has the structure of ABC-
halftransporter with one membrane domain and one ATP binding domain. Although 
further evidence is still needed, it seems that ALDP transports VLCFA across the 
peroxisomal membrane. Many different mutations have been found in the ABCD1-gene 
(Kemp et al. 2001, Wanders 2004). 

The second single peroxisomal deficiency, in which only VLCFA level is elevated in 
the plasma, is acyl-CoA oxidase deficiency. This was first diagnosed as neonatal 
adrenoleucodystrophy (NALD) (Poll-Thé et al. 1988). In contrast to NALD (Aubourg et 
al. 1986), peroxisomes were present, although enlarged in size and decreased in number, 
and the levels of other metabolites except VLCFA were normal. Because these patients 
were found to be defective in acyl-CoA oxidase, the first enzyme in the β-oxidation of 
VLCFA, it was logical that this was the only elevated metabolite in plasma. The 
molecular basis of the original patients, described in 1988 (Poll-Thé et al. 1988), was in 
1994 found to be a large deletion in the acyl-CoA oxidase gene (Fournier et al. 1994, 
Wanders 2004) 

2.5.1  Multifunctional enzyme type 2 deficiency 

Multifunctional enzyme type 2 (MFE-2) deficiency is an autosomal recessive 
peroxisomal β-oxidation deficiency. The majority of patients die within the first two years 
of life. Typical symptoms are neonatal hypotonia and seizures within the first month of 
life, visual and hearing impairment, and failure to acquire any significant development. 
Dysmorphic features are macrocephaly, high forehead, flat nasal bridge, low-set ears, 
large open fontanelles and micrognathia. Because MFE-2 is involved in the peroxisomal 
β-oxidation of all known peroxisomal substrates, these metabolites accumulate in MFE-2 
patients including very long-chain fatty acids (VLCFAs), α-methyl branched-chain fatty 
acids, like pristanic acid, and bile acid intermediates di- and trihydroxycholestanoic acid. 
Peroxisomes are present, although in reduced numbers and in larger size (Wanders et al. 
2001). The pathological mechanism of the MFE-2 deficiency is not fully understood. 
Ferdinandusse with her co-workers (2003) have found evidence of increased oxidative 
stress in the patients with MFE-2 deficiency because of decreased antioxidative defence 
(Möller et al. 2001, Ferdinandusse et al. 2003). 

MFE-2 deficiency was first described in 1989 as L-bifunctional protein deficiency 
with similar clinical features as neonatal adrenoleucodystrophy. In contrast to NALD, 
peroxisomes were present in patients’ tissues (Watkins et al. 1989). Immunoblot studies 
revealed the absence of L-bifunctional protein in postmortem liver material, whereas 
mRNA of this protein was normally present. Two studies identified this deficiency to be 
MFE-2, not LBP deficiency (Suzuki et al. 1997, van Grunsven et al. 1998). The original 
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patients were reinvestigated and active L-bifunctional protein was found, whereas MFE-2 
was hardly detectable or totally absent (van Grunsven et al. 1999b). 

MFE-2 deficiency has been classified into three groups (Wanders et al. 2001). The 
group I mutations affect the whole MFE-2 protein, so that it loses both 2-enoyl-CoA 
hydratase 2 and (3R)-hydroxyacyl-CoA dehydrogenase activities. This group consists of 
deletions and frame-shift mutations, which lead to truncated enzymes. These enzymes, if 
produced at all, are not stable and degrade rapidly (Suzuki et al. 1997, van Grunsven et 
al. 1999b, Paton & Pollard 2000, Ferdinandusse et al. 2002b). Frame-shift mutated 
enzymes lack the C-terminal targeting signal necessary for their transfer to peroxisomes. 
The mislocalized truncated protein is obviously unstable in the cytosol as shown by 
immunoblot studies (van Grunsven et al. 1999b). Group II consists of patients who have 
problems in their 2-enoyl-CoA hydratase 2 domain (van Grunsven et al. 1999a), while 
patients in group III have problems in their (3R)-hydroxyacyl-CoA dehydrogenase 
domain (van Grunsven et al. 1998). All published MFE-2 mutations from different 
mutations groups are collected in Table 2. These previously characterized mutations were 
classified into different subgroups with a recently developed method, which can 
differentiate patients between groups I and II by measuring (3R)-hydroxyacyl-CoA 
dehydrogenase activity in the patients with deficient 2-enoyl-CoA hydratase 2 activity. If 
patients do not have (3R)-hydroxyacyl-CoA dehydrogenase activity, they belong to group 
I, but if (3R)-hydroxyacyl-CoA dehydrogenase activity is present, the patients belong to 
group II (Gloerich et al. 2003). 

With the help of the structure of rat (3R)-hydroxyacyl-CoA dehydrogenase the 
structural basis of mutations of the group III mutations has been analysed (Haapalainen et 
al. 2003). S177F interferes with the dimeric interactions of a four-helix bundle by 
breaking the helical structure of helix F. The other mutations disturb the binding of the 
NAD+: the substitution of serine instead of G16 removes a critical turn in the vicinity of 
NAD+, and phenylalanine in place of S177 will fill up the space usually filled by NAD+. 
In the case of type II mutation N457Y, patients have a reduced amount of full-length 
MFE-2 in the soluble extract from fibroblasts, and the hydratase-2/SCP-2L fragment is 
totally lost, indicating that the mutation affects the correct folding of hydratase 2. 
According to the structure of human 2-enoyl-CoA hydratase 2 of MFE-2 (Koski et al. 
2005), the N457 is located in the N-domain β-strand β5 (Fig. 18) far from the active site 
of hydratase 2. However, it is hydrogen-bonded with N409 in β2 and G378 in α2. The 
former strengthens the pairing of two adjacent β-strands, which does not seem to be so 
vital. More significantly, the latter interaction connects the β-sheet of the N-terminal 
subunit to a short helix α2. Notably, this helix is almost the only rigid part of the 
discontinuous helical region of the N-domain corresponding to the hot-dog fold core 
helix of the C-terminal subunit. This indicates that the hydrogen bond between N457 and 
G378 stabilizes the folding of the incomplete hot-dog motif in the N-terminal subunit. 
N457Y mutations disrupt the incomplete hot-dog fold of the N-domain by pushing α2 
away from β5. The mutation N457D causes only a such mild MFE-2 deficiency that the 
patient could live longer than 16 years (Paton et al. 1996, Paton & Pollard 2000). The 
mutation was only present in one allele, which appeared to be predominant. Because this 
mutation causes disease, it seems that the hydrogen bond between G378 and D457 is not 
as favourable as between G378 and N457, causing problems in protein folding and/or 
stability. 
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Table 2. The mutations identified in MFE-2 patients. 

Nucleotide change Predicted effect on coding 
sequence 

MFE-2 type Reference 

Missense    
46>A G16S III (van Grunsven et al. 1998) 
63G>T L21F III (van Grunsven et al. 1999b) 
530C>T S177F III (Paton and Pollard 2000) 
652G>T V218L III (Paton and Pollard 2000) 
1369A>T N457Y II (van Grunsven et al. 1999a) 
1369A>G N457D II (Paton and Pollard 2000) 

Deletions    
113-220del V38_Y73del I (Ferdinandusse et al. 2002b) 
281_622del D94_E207del I (van Grunsven et al. 1999b) 
973_1209del A325_V404del I (Suzuki et al. 1997) 
1438_1503del V480_Q501del II (van Grunsven et al. 1999b) 
281_302del 94fs I (Paton and Pollard 2000) 
303_349del I102fs I (Paton and Pollard 2000) 
422_423del K142fs I (van Grunsven et al. 1999b) 
869_881del E290fs I (van Grunsven et al. 1999b) 
1210_1261del V404fs I (Suzuki et al. 1997) 

2.6   PHA-synthesis pathway 

PHAs are polyesters of hydroxyacids naturally synthesized in bacteria as a carbon 
reserve. Over 100 different hydroxyacids have been found to be components of PHAs, 
(3R)-hydroxyalkanoic acids being the most common. The physical properties of PHAs 
can vary a lot depending on their monomer compositions. Short-chain-length PHAs 
(SCL-PHA) are formed by hydroxyacids with 3 to 5 carbons and have properties of 
plastic, whereas medium-chain-length PHAs (MCL-PHA) are formed of hydroxyacids 
with 6 to 16 carbons and have properties of elastomers (de Koning 1994, 1995, 
Steinbüchel & Valetin 1995). Because PHAs are biodegradable as well as recyclable, they 
have recently been studied as substitutes for petroleum-based polymers as an ecologically 
friendly option (Madison & Huisman 1999). One big obstacle in making consumer 
products of PHAs has been the high cost of bacterial fermentation, making PHAs 5-10 
times more expensive than petroleum-based polymers. The synthesis of PHAs in 
genetically engineered plants has therefore proved to be a more promising option for the 
production of biodegradable polymers on a large scale and at a low cost (Poirier et al. 
1995, Poirier 1999). 

Products of PHA-synthesis in bacteria depend on the strain: e.g. Ralstonia eutropha 
synthesize SCL-PHA (Steinbüchel & Schlegel 1991) and a number of Pseudomonas 
strains synthesize MCL-PHA (Steinbüchel & Schlegel 1991, Steinbüchel & 
Füchtenbusch 1998). The synthesis of polyhydroxybutyrate is started by the condensation 
of two acetyl-CoA molecules to aceto-acetyl-CoA catalysed by 3-ketothiolase (phaA). 
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Acetoacetyl-CoA reductase then reduces acetoacetyl-CoA to (3R)-hydroxybutyryl-CoA, 
which is further polymerized by PHA synthase (phaC) to polyhydroxybutyrate. The 
synthesis of MCL-PHA uses the intermediates of either β-oxidation or fatty acid 
biosynthesis, depending on the bacteria. Because PHA synthase accepts only the R isomer 
of 3-hydroxyacyl-CoA, bacteria have to produce it by epimerization of the S form or by 
directly using the enoyl-CoA hydratase 2, as in the case of A. caviae (Fukui et al. 1998, 
Poirier 2002). 

Synthesis of PHA in plants was first reported in 1992, when accumulation of poly(3-
hydroxybutyrate) (PHB) was achieved in the cytoplasm of cells of A. thaliana (Poirier 
1992). In cytoplasm, bacterial enzymes could be expressed directly without any 
modification of the proteins. Because 3-ketothiolase is present in the cytoplasm as part of 
the mevalonate pathway, only two additional enzymes, reductase and synthase, needed to 
be expressed. The expression of these enzymes, however, reduces the growth of the 
plants. Thus, different PHAs have been produced by creating novel metabolic pathways 
in either plastids or peroxisomes. The PHA production in peroxisomes has the advantage 
of using carbons derived from the catabolic pathway and not from resources needed for 
the synthesis of essential compounds like fatty acids and amino acids. The synthesis of 
MCL-PHA in A. thaliana peroxisomes can use intermediates of β-oxidation as material 
for the PHA synthase. Because β-oxidation in plants principally takes place in 
peroxisomes producing a lot of (3R)-hydroxyacyl-CoAs, only phaC1 synthase from P. 
aeruginosa needed to be expressed and targeted to peroxisomes using a PTS-targeting 
signal. The accumulation of MCL-PHA in the peroxisomes had no negative effect on 
plant growth, which is the case of PHB synthesis in cytoplasm and plastid (Mittendorf et 
al. 1998, Poirier 2002). 

Because monomer composition is the most important factor influencing the physical 
properties of the polymer, this has been varied through the control of metabolic pathways 
that supply in situ the appropriate 3-hydroxyacyl-CoAs to the PHAs synthase. For 
example, the proportion of 3-hydroxydecanoic acid monomer in PHA has been strongly 
increased by co-expressing a plastidial acyl-carrier protein thioesterase of Cuphea 
lanceolata and P. aeruginosa PHA synthase in Arabidopsis peroxisomes (Poirier et al. 
1999). In studies on how metabolic pathways can be modified to synthesize PHA in 
eukaryotes, including plants, yeast models have proved to be very powerful tools. The 
synthesis of MCL-PHA has been studied in S. cerevisiae and Pichia pastoris by 
expressing the same PTS1-modified P. aeruginosa PHA synthase as in A. thaliana 
(Poirier et al. 2001, Poirier et al. 2002). 



3 Outlines of the present study 

Mammalian MFE-2 has one (3R)-hydroxyacyl-CoA dehydrogenase, one enoyl-CoA 
hydratase 2 and one SCP-2L domain, whereas yeast MFE-2 has two (3R)-hydroxyacyl-
CoA dehydrogenase domains and an enoyl-CoA hydratase 2 domain, but no SCP-2L 
domain. To solve the function of these two dehydrogenase domains the aim was: 

1. to determine the possible difference in the physiological roles of C. tropicalis (3R)-
hydroxyacyl-CoA dehydrogenase domains A and B 

When the substrate specificity difference between these two domains was found, more 
specific aims were formulated: 

2. to modify the C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenase construct to get a 
stable, homogenous protein and crystallize it 

3. to unravel the structural basis of the substrate specificity difference of the two domains 
by solving the crystal structure of C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenase 
and by making docking studies with the substrates of different chain lengths 

When the crystal structures of the domains of mammalian MFE-2 were solved, it was 
possible to use them  

4. to make a structure-based analysis of the multifunctional enzyme type 2 deficiency 
mutations. 



4 Materials and Methods 

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

4.1  Strains, plasmids, cDNA cloning (I) 

All the bacterial and yeast strains as well as the constructions of the plasmids used in the 
experiments are described in detail in the original articles. The open reading frame of 
human MFE-2 cDNA was obtained from total RNA isolated from human fibroblasts 
using Moloney murine leukaemia virus reverse transcriptase (Life Technologies). The 
cDNA was used as a template in PCR-reactions in order to amplify the DNA fragment 
encoding the full-length human MFE-2 using gene-specific primers. The PCR-product 
was ligated into the pUC18-plasmid (Pharmacia) and subsequently sequenced to check 
the correct open reading frame. The human MFE-2 encoding insert was further subcloned 
into pYE352 vector (pYE352::HsMFE-2) (Filppula et al. 1995). The cDNA encoding S. 
cerevisiae MFE-2 was obtained from S. cerevisiae genomic DNA by PCR, and subcloned 
into pUC18 and further into pYE352 vectors (pYE352::ScMFE-2). The plasmid 
pMK22/HDE50 encoding C. tropicalis MFE-2 (Aitchison & Rachubinski 1990) was used 
as a template in PCR reactions to produce a DNA fragment encoding (3R)-hydroxyacyl-
CoA dehydrogenase (amino acid residues 1-612) of C. tropicalis MFE-2. The PCR-
product was subcloned into the pUC18 and a bacterial expression vector pET-3a 
(Novagen). 

4.2  Site-directed mutagenesis (I, II) 

The site-directed mutagenesis was performed using the QuickChange site-directed 
mutagenesis kit (Stratagene) to make G16S mutation in human MFE-2 (HsMFE-2(dhΔ), 
and additionally G16S and/or G329S mutations, respectively, in the two (3R)-
hydroxyacyl-CoA dehydrogenases of S. cerevisiae MFE-2 to inactivate either domain A 
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(ScMFE-2(aΔ)) or domain B (ScMFE-2(bΔ)) and both domains (ScMFE-2(aΔbΔ)) for the 
yeast complementation studies. Similarly, C. tropicalis (3R)-hydroxyacyl-CoA 
dehydrogenase (CtMFE-2(h2Δ)) was mutated first separately in domain A (G15S) 
yielding CtMFE-2(h2ΔaΔ) and domain B (G329S) to get CtMFE-2(h2ΔbΔ) and secondly 
with a double mutation in both domains (CtMFE-2(h2ΔaΔbΔ )). The C. tropicalis (3R)-
hydroxyacyl-CoA dehydrogenase (residues 1-612) was further modified by site-directed 
mutagenesis to get a shorter construct CtMFE-2(1-604), to introduce a C-terminal 
hexahistidine tag and to mutate the cleavage site of the protein (T506IM508 to S506IM508-
mutations) to get a protein suitable for the crystallization. 

4.3  Complementation of S. cerevisiae fox-2 with MFE-2(s)  
and their variants (I) 

The pYE352::HsMFE-2 and pYE352::ScMFE-2 together with their mutant variants were 
transformed in S. cerevisiae fox-2 cells, which lack the endogenous gene of MFE-2 
(Hiltunen et al. 1992), by the lithium acetate method (Gietz et al. 1995). The plasmids 
growing on ura- plates were streaked further onto oleic acid plates. The utilization of 
oleic acid was observed by the clear zone formation on the oleic acid plates. For enzyme 
assays transformed yeast strains were grown at 30°C in rich medium or in synthetic 
medium. 

4.4  Production of recombinant proteins (I, II) 

The recombinant (CtMFE-2(h2Δ)), CtMFE-2(h2ΔaΔ), CtMFE-2(h2ΔbΔ) and (CtMFE-
2(h2ΔaΔbΔ) were expressed in E. coli BL21(DE3) pLysS cells (Novagen), whereas 
CtMFE-2(1-604) with all its modifications was expressed in E. coli BL21 Codon Plus 
(DE3)-RIL cells (Stratagene) according to the manufacturer’s instructions. 10 ml of an 
overnight culture of the E.coli cells containing the plasmid of interest was used to 
inoculate one litre of M9ZB medium supplemented with carbenicillin (50 µg/ml) and 
chloramphenicol (34 µg/ml). The cells were grown at 37°C until an A600 of 0.6 was 
reached. The induction was carried out for 3 h for CtMFE-2(1-604) and 2 h for others at 
33°C in the presence of 0.4 mM isopropyl-1-thio-β-D-galactopyranoside, after which the 
cells were harvested, washed with 16 mM potassium phosphate, 120 mM NaCl, pH 7.4 
and stored at -70°C until used. 

4.5  Protein purification (I, II) 

The E. coli cells were broken with lysozyme (125 µg/ml) and the viscosity of the cellular 
lysate was reduced with DNase (25µg/ml) and RNase (25 µg/ml); however, in the case of 
CtMFE-2(1-604) these steps were carried out solely by sonication to minimize the source 
of possible proteases. At first the CtMFE-2(1-612) was purified by two anion exchange 
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columns: DEAE-Sephacel (Amersham Biosciences) and Resource Q (Amersham 
Biosciences), one cation exchange column, Resource S (Amersham Biosciences), and 
finally with gel filtration column, Superdex 200 HR10/30 (Amersham Biosciences). Later 
when the histidine tag was introduced into the C-terminus of CtMFE-2(1-604), anion 
exchange columns were replaced by a Ni-NTA column (Novagen). The purification 
protocols are described in more detail in the original articles. 

4.6  Enzyme assays (I, II) 

The kinetic constants kcat and Km for the (3R)-hydroxyacyl-CoA dehydrogenase activity 
were determined toward oxidation of (3R)-hydroxyacyl-CoA. The reaction buffer was 
composed of 50 mM Tris/HCl pH 8.0, 50 mM KCl, 1 mM NAD+, 1 mM sodium 
pyruvate, 2.5 mM MgCl2, 21 units lactate dehydrogenase in a reaction volume of 0.5 ml. 
The reaction was monitored through the formation of Mg2+-complex with 3-ketoacyl-
CoA, which was detected at the wavelength 303 nm. Different substrate concentrations 
were used in the measurements at 22°C. 

4.7  Analysis of proteins 

The secondary structural elements of CtMFE-2(h2Δ) and its mutant variants were 
analysed with circular dichroism spectroscopy (CD) at 22°C with a Jasco J710 
spectropolarimeter. The far-UV spectra of the proteins were measured from 200 to 250 
nm in 80 mM potassium phosphate pH 7.0. 

To investigate the cleavage site of the CtMFE-2(h2Δ), the cleaved forms of this 
protein were separated by reverse phase liquid chromatography column µRPC C2/C18 in 
a linear gradient of acetonitrile in 0.09% (v/v) trifluoroacetic acid. Peptides with different 
chain lengths were analysed by mass spectrometry using a MALDI-TOF mass 
spectrometer (Voyager DE-STR, Applied Biosystems) and by N-terminal sequencing in a 
ProciseTM 492 protein sequencer (Applied Biosystems). 

Protein purity was analysed by SDS-polyacrylamide gel electrophoresis using 
Coomassie staining and low molecular weight standards (Bio-Rad laboratories). To find 
out whether the mutant variant of human MFE-2 was expressed in S. cerevisiae, the 
proteins from SDS-PAGE were electroblotted onto nitrocellulose filters. The transferred 
proteins were analysed using anti-hydratase-2 antibody as the primary antibody (Malila et 
al. 1993) and goat anti-rabbit IgG horseradish peroxidase conjugate (Bio-Rad 
Laboratories) as the secondary antibody. The recognized epitopes were detected by 4-
chloro-1-naphthol (Sigma). 

The protein concentrations of protein mixtures were determined by Bradford reagent 
(Bio-Rad Laboratories) and for pure protein samples using UV-absorbance together with 
theoretical extinction coefficient at 280 nm. 
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4.8  Crystallization, data collection and processing (II) 

Initial crystallization screening was done by using the sparse matrix screening approach 
(Jancarik & Kim 1991) using Crystal Screen and Crystal Screen II kits (Hampton 
Research). Each drop contained 2 µl protein solution (5 mg/ml) and 2 µl precipitant 
solution. Crystals were optimized by adjusting the pH. Cubic crystals were grown in 30% 
PEG 4000, 0.1 M sodium acetate, pH 4.2, 0.2 M ammonium acetate at 22°C. X-ray 
crystallization data were collected from crystals flash-frozen in liquid nitrogen at -173°C 
(100 K) using a MAR234 image plate detector (MarResearch). Glycerol (11% (v/v) was 
added to mother liquor to work as a cryo-protectant. The data sets were processed and 
scaled using the program XDS (Kabsch 1993). 

4.9  Loop reconstruction and docking of acyl-CoA to (3R)-
hydroxyacyl-CoA dehydrogenase (III) 

The reconstruction of the substrate binding loop of C. tropicalis dehydrogenase B was 
done with the SWISS-MODEL Protein Modelling Server (Peitsch 1995, 1996) by using 
the rat (3R)-hydroxyacyl-CoA dehydrogenase structure (PDB entry 1GZ6) (Haapalainen 
et al. 2003) as a template. The reconstructed structure replaced the loop and the new 
structure was energy-minimized. 

Several dockings were performed using ICM (Internal Coodinates Mechanics) from 
Molsoft Ltd. Version 2.8 (Abagyan & Totrov 1994, Abagyan et al. 1994). The dockings 
were performed using a two-step docking procedure (Fernández-Recio et al. 2002). The 
first step consisted of a rigid body docking, while the second step refined the side chains 
of the resulting conformations. The protein, which acts as the receptor in a given docking 
calculation, was selected for mapping in an area that is most likely the binding site for the 
ligand. After this, the probe for the ligand was positioned near the ligand binding site of 
the receptor and the box was adjusted so that there was enough room for the ligand to be 
moved. ICM generates a van der Waals potential, electrostatic potential, hydrogen 
bonding potential and hydrophobic potential profile over a 0.05 nm receptor grid map to 
identify suitable configurations. After the docking was performed, the obtained 
conformations were further refined and subsequently evaluated. 

4.10  Structural determination, model building and refinement (III) 

The structure of C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenase heterodimer was 
solved by molecular replacement using rat (3R)-hydroxyacyl-CoA dehydrogenase 
(Haapalainen et al. 2003) as a model structure. Initial phases were determined from a 
molecular replacement solution obtained with AMoRe (Navaza 1994). Refinement was 
started with CNS (Brünger et al. 1998). After that the amino acids were mutated to the 
residues of C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenase. Subsequent annealing 
and refinement with CNS resulted in a model that was used as a starting point for further 
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building in program O (Jones et al. 1991). The subsequent refinements were done with 
Refmac employing TLS (Murshudov et al. 1997). Arp/Warp was used for adding solvent 
water molecules (Perrakis et al. 1999), and structural integrity was monitored by 
WHATIF (Wriend 1990) and PROCHECK (Laskowski et al. 1993). 

4.11  Mutation analysis of MFE-2 deficiency patients (IV) 

Skin fibroblasts of all patients included in this study were analysed in the Laboratory 
Genetic Metabolic Diseases by Dr. Sacha Ferdinandusse and coworkers. MFE-2 
deficiency was determined by enzyme activity measurements with THC:1-CoA of the 
skin fibroblasts (van Grunsven et al. 1998) and confirmed by the following biochemical 
analyses: α-oxidation of phytanic acid (Wanders & Van Roermund 1993), β-oxidation of 
C26:0, pristanic acid and C16:0 (Wanders et al. 1995), analysis of VLCFA levels (Vreken 
et al. 1998), immunoblot analysis of MFE-2 and catalase and MFE-2 
immunofluorescence (van Grunsven et al. 1999b). When plasma was available, levels of 
VLCFA, phytanic and pristanic acid and bile acids were measured (Vreken et al. 1998, 
Bootsma et al. 1999) 

4.12  Structural analysis of patient mutations of multifunctional 
enzyme type 2 deficiency (IV) 

Crystal structures of rat (3R)-hydroxyacyl-CoA dehydrogenase (Haapalainen et al. 2003), 
human 2-enoyl-CoA hydratase 2 (Koski et al. 2005) and human SCP-2L (Haapalainen et 
al. 2001) domains (PDB-entry codes 1GZ6, 1S9C and 1IKT respectively) were used in 
the analysis of the patient mutations of MFE 2 deficiency. The mutated amino acids were 
located in the structure using the programs O (Jones et al. 1991) and Swiss PDB Viewer 
(Guex & Peitsch 1997) enabling determination of important distances between atoms and 
also introduction of the mutation in silico. Furthermore, amino acid sequence homologies 
and structures from other species were used as additional information when needed, 
especially the amino acid sequence of human (3R)-hydroxyacyl-CoA dehydrogenase 
(Adamski et al. 1995) and the crystal structures of C. tropicalis (3R)-hydroxyacyl-CoA 
dehydrogenase (paper III), and C. tropicalis liganded 2-enoyl-CoA hydratase 2 (Koski et 
al. 2004). 



5 Results 

5.1  Analysis of the two catalytic domains of (3R)-hydroxyacyl-CoA 
dehydrogenase of yeast peroxisomal MFE-2 (I) 

Yeast MFE-2 has two N-terminal domains that belong to the SDR superfamily (Fig. 1 of 
paper I). To be able to study the physiological role of these two domains called A and B, 
S. cerevisiae fox-2 cells, which lack their own endogenous MFE-2, were chosen as a 
model system. When human MFE-2 in yeast expression plasmid pYE352 
(pYE352::HsMFE-2) was transformed in fox-2 cells, they regained the ability to grow on 
oleic acid as a carbon source. One of the mutations causing MFE-2-deficiency in man is 
G16S mutation, which inactivates (3R)-hydroxyacyl-CoA dehydrogenase reaction. When 
this mutation was introduced into human MFE-2, fox-2 cells transformed with 
pYE352::HsMFE-2(dhΔ) plasmid were no longer able to grow on oleic acid. The 
expression of HsMFE-2 was confirmed by immunoblotting and by measuring the 
hydratase-2 activity (Table I of paper I). 

The corresponding glycines in the two S. cerevisiae dehydrogenases, G16 (ScMFE-
2(aΔ)) and G329 (ScMFE-2(bΔ) were also mutated and tested for the complementation in 
fox-2 cells on oleic acid plates and additionally by growth curves on liquid oleic acid 
media. The cells expressing ScMFE-2(aΔ) and (ScMFE-2(bΔ) grew more slowly than 
cells with wild type ScMFE-2, whereas cells expressing the double mutant (ScMFE-
2(aΔbΔ) failed to grow at all (Fig. 3 in the paper I). The ScMFE-2 was shown to be 
expressed by the measurement of hydratase-2 activity. Subsequent in vitro studies were 
carried out with Ct MFE-2(h2Δ), because the ScMFE-2(h2Δ) with a deleted hydratase-2 
domain was stable for only a few days, after which it lost its activity and C. tropicalis 
MFE-2(h2Δ) showed to be stable. 

CtMFE-2(h2Δ) and its mutation variants of the A and B domains CtMFE-2(h2ΔaΔ), 
CtMFE-2(h2ΔbΔ) and (CtMFE-2(h2ΔaΔbΔ ) were overexpressed in E. coli and purified. 
All these proteins were shown to be dimers by size exclusion chromatography and have 
similar secondary structure elements by CD-spectroscopic measurements (Fig. 5 of paper 
I). Kinetic parameters kcat and Km determined for purified proteins show that Ct MFE-
2(h2Δ) has the highest catalytic efficiency (kcat/Km) 9.8x106 M-1s-1 with the (3R)-
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hydroxydecanoyl-CoA (C10) (Table III of paper I). Interestingly, domain A showed no 
detectable activity with the short-chain substrate (3R)-OH-C4 having catalytic 
efficiencies of 6.1x106 M-1s-1 with (3R)-OH-C10 and 1.5x106 M-1s-1 with (3R)-OH-C16. 
Because domain B showed significantly lower catalytic efficiencies with these substrates 
(2.9x106 M-1s-1 with (3R)-OH-C10 and 4.8x105 M-1s-1 with (3R)-OH-C16), it seems that 
domain A is mainly responsible for the dehydrogenation of medium- and long-chain 
substrates. In contrast, domain B is the only one being able to catalyse the reaction with 
short-chain (3R)-OH-C4 substrates with the catalytic efficiency of 5.3x105 M-1s-1 . 

5.2  Protein engineering and crystallization of C. tropicalis (3R)-
hydroxyacyl-CoA dehydrogenase (II) 

Different variants of CtMFE-2(h2Δ) tested on the way to obtain a crystallisable protein 
are presented in Figure 1 of paper II. The two dehydrogenases of C. tropicalis were first 
expressed as separate domains. Because they were not active, the dehydrogenases were 
expressed together as one polypeptide without the C-terminal hydratase-2 domain 
(CtMFE-2(h2Δ)). In the case of multifunctional enzymes, it is not easy to determine 
which amino acids are necessary for the dehydrogenase activity and the stability of the 
polypeptide with two dehydrogenases. Rat liver peroxisomal (3R)-hydroxyacyl-CoA 
dehydrogenase was purified as two N-terminal cleavage products of MFE-2. The 
cleavage sites were after amino acids 312 and 316 (Fig. 2 of paper II). In addition to that, 
multiple amino acid sequence alignment of rat, S. cerevisiae and C. tropicalis (3R)-
hydroxyacyl-CoA dehydrogenases as well as the secondary structure prediction of 
CtMFE-2(h2Δ) were used to determine the possible cleavage sites of the CtMFE-2(h2Δ). 
The first variant with amino acids 1-591 (yMFE-2(1-591)) showed to be unstable. Thus 
the protein was extended so that it involved the last α-helix and additionally some extra 
amino acids (yMFE-2(1-612) so as to almost reach the size of the protein existing as 
natural cleavage product in rat liver peroxisomes (1-617). Luckily, the protein was stable; 
however, other problems evolved: the protein was a mixture of monomer and dimer and 
was cleaved from a ~66 kDa protein to a 55 kDa one. This kind of heterogeneity severely 
disturbs the crystallization process. The shortening of the protein by eight hydrophobic 
amino acids to extend until the end of the last α-helix solved the problem of 
oligomerization, resulting in a purely monomeric protein and even some crystals. The 
crystals were, however, disordered, which was obviously caused by the problem of 
degradation of the protein at the substrate binding area of domain B (Fig. 2 of paper II). 
The cleavage site was solved by separating the cleavage products by reverse phase liquid 
chromatography and subsequently analysing the separated peptides by mass spectrometry 
and N-terminal sequencing. Actually, three cleavage sites were found in the yMFE(1-
604): after amino acids L505, I507 and F508. Furthermore, the activity of the shortened 
55 kDa protein was lost with the short chain substrates because of the cleavage at the 
substrate binding area of domain B, which is the only domain active with short-chain 
substrates. 

Because degradation could not be avoided in spite of using different protease 
inhibitors and working most of the time in cold temperatures (+10°C), mutations were 
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planned to the cleavage sites. T506 was mutated to S to imitate the domain A of C. 
tropicalis and F508 was mutated to M similarly as in rat dehydrogenase. Fortunately, 
these mutations solved the problem of degradation and allowed the purification of the 
yMFE-2 double mutant yMFE-2(1-604dm) to apparent homogeneity. As an outcome of a 
homogenous sample, good quality crystals were grown. The properties of these crystals 
are summarized in Table 1 of paper II. The activity of the double mutated domain B was 
measured by mutating domain A at the NAD+-binding residue (G15S) similarly as in 
paper I. The double mutated domain B had 5.9% of the activity of the wild-type protein 
(kcat=1.7 s-1 vs. 29 s-1) with the short chain substrate (3R)-hydroxybutyryl-CoA, whereas 
the activity with the medium-chain substrate remained at the same level (kcat=19.6 s-1 vs. 
17 s-1). 

The native data set for crystal structure determination was collected with a laboratory 
X-ray source. Statistics are given in Table I of paper II. The data set was 98.7 % complete 
with 4.4-fold redundancy to 2.22 Å. The crystals belonged to a space group of P212121 
with unit cell dimensions a=74.895 Å, b=78.340 Å, c= 95.445 Å, and α=β=γ=90° having 
one molecule per asymmetric unit. 

5.3  Crystal structure of C. tropicalis (3R)-hydroxyacyl-CoA 
dehydrogenase and docking results (III) 

The crystal structure was solved by the molecular replacement method using rat (3R)-
hydroxyacyl-CoA dehydrogenase (Haapalainen et al. 2003) as the model. The last 
refinement cycle resulted in the final R-factor of 19.5 % and Rfree of 25.2 % at the 
resolution 2.2 Å. Stereochemistry of the structure is good, with 87.8 % and 12.2 % of the 
residues in the most favoured and additionally allowed regions of the Ramachandran plot, 
respectively. Details of the structure determination and refinement are shown in Table 1 
of paper III. The asymmetric unit of the crystals contained one molecule of (3R)-
hydroxyacyl-CoA dehydrogenase AB heterodimer consisting of dehydrogenase A 
(residues 1-313) and B (residues 314-604). Both dehydrogenases comprised an NAD+ -
binding domain and a C-terminal domain (Fig. 22) similar to the rat dehydrogenase 
monomer. The molecule could be built from residue 1 to 603 except for two areas where 
electron density was fragmented. The first area (residues G41-S51 of dehydrogenase A) is 
interesting, because it can be found in mammalian dehydrogenase as well as in yeast 
dehydrogenase A, but it is totally missing from yeast dehydrogenase B. The second 
missing area (residues T504-D512 of dehydrogenase B) is called substrate binding loop 
in SDR superfamily enzymes. This loop is usually flexible and disordered in the apo 
structure, becomes partially stabilized after cofactor binding, and totally stabilized and 
ordered only after substrate binding (Tanaka et al. 1996b, Chapman et al. 1999, Grimm et 
al. 2000). This loop is in different conformation in C. tropicalis dehydrogenase A and B 
and rat dehydrogenase (Fig. 23) as well. In the rat dehydrogenase structure, which is 
liganded with NAD+, the loop is in closed conformation trapping NAD+, whereas in 
unliganded C. tropicalis dehydrogenase A and B, this loop is in open conformation. The 
amino acid sequence of this loop is variable between these enzymes and also among other 
SDR superfamily members. The variability and flexibility of this loop obviously makes it 
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possible to use such a wide variety of substrates within the SDR superfamily, from small 
molecules to fatty acids and steroids (Grimm et al. 2000). 

Fig. 22.  A schematic picture showing the assembly of the three enzymatic units in C. 
tropicalis MFE-2. Left and right halves of the picture each represent one MFE-2 polypeptide 
with dehydrogenase A (DA or DA´), dehydrogenase B (DB or DB´) and hydratase 2 (H2 or 
H2´) units. An MFE-2 monomer contains a dehydrogenase AB heterodimer and a hydratase 2 
monomer, while an MFE-2 dimer contains a dehydrogenase (AB)2 heterotetramer and a 
hydratase 2 homodimer. Dehydrogenase units have been drawn applying grey scale for 
clarity. The termini of both polypeptides are indicated with N or N´ and C or C´. The 
numbered arrows 1 to 6 indicate the continuum of the polypeptide chain from N-terminus to 
C-terminus (numbering for the left molecule only). Although dehydrogenase A is in the N-
terminus of MFE-2, it appears spatially closer to the hydratase 2 unit than dehydrogenase B. 

The third area showing structural differences between C. tropicalis dehydrogenase A, B 
and rat dehydrogenase is the C-terminal domain (Fig. 23). The open conformation of the 
substrate binding loop of dehydrogenase A triggers the helix αHb in the C-terminus of 
domain B to move outwards when compared to rat dehydrogenase (Fig. 23A). On the 
other hand, the C-terminus of domain A differs from dehydrogenase B by the length of 
the helix αH being much shorter in dehydrogenase A (Fig. 23C). In addition to that, 
dehydrogenase A has an additional loop in the vicinity of αCT2. Comparison of the 
structures with Swiss-PDB Viewer pairwise superimpositions shows the following r.m.s.d 
values between main chain atoms: dehydrogenase A vs. rat 3.68 Å, dehydrogenase B vs. 
rat 2.56 Å and dehydrogenase A vs. dehydrogenase B 2.69 Å. 
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Fig. 23.  Docking of (3R)-OH-C4 and (3R)-OH-C10 substrates to C. tropicalis dehydrogenases 
A and B. Essential parts of the various MFE-2 dehydrogenase polypeptides are shown as 
ribbons as follows: C. tropicalis dehydrogenase A (red), C. tropicalis dehydrogenase B (yellow) 
and rat dehydrogenase (blue). Docked substrates are shown as wire models. The rat 
dehydrogenase structure is superimposed onto C. tropicalis dehydrogenases A or B for 
comparison. A & D, (3R)-hydroxydecanoyl-CoA docked into the active site of dehydrogenase 
A. Residues Ser589, Thr590 and Thr591 from the C-terminal domain of dehydrogenase B 
form hydrogen bonds to the phosphates of the substrate. Hydrophobic interactions by 
Pro151, Leu194, Ala195 and methyl groups of CoA guide the fatty acyl tail of the substrate to 
fold into an L-shape. The substrate binding loop of dehydrogenase A is in the open 
conformation, as compared to the rat dehydrogenase. The distance from the (3R)-hydroxy 
group to catalytic Tyr163 is 4.6 Å. B & E, (3R)-hydroxybutyryl-CoA docked into the active 
site of dehydrogenase A. Contacts to the CoA are similar as for the (3R)-OH-C10 substrate, 
but the fatty acyl tail makes hydrophobic interactions with Leu44 and the (3R)-hydroxy 
group is thus forced out of the active site. The distance from the (3R)-hydroxy group to 
catalytic Tyr163 is 7.8 Å. C & F, (3R)-hydroxybutyryl-CoA docked into the active site of 
dehydrogenase B. The binding of the phosphate groups of the substrate is via the N-terminal 
residue of the helix αH, as with dehydrogenase A: the main chain nitrogen of Tyr297 from 
dehydrogenase A forms a hydrogen bond with the phosphate group of CoA. Although helix 
αH is shorter than in the rat dehydrogenase structure, it is equally positioned. The length of 
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the helix αH resets the position of the (3R)-hydroxy group with respect to the active site of 
dehydrogenase A, making (3R)-OH-C4 a substrate for dehydrogenase B. The distance from 
the (3R)-hydroxy group to catalytic Tyr163 is 2.7 Å. The substrate binding loop of 
dehydrogenase B, which was partly invisible in the crystal structure due to its flexibility, is in 
the conformation modelled according to the rat dehydrogenase structure. There is one loop 
(arrow) in the C-terminal domain of dehydrogenase A between the helices αCT2 and αH, 
which differs from the corresponding structure of the rat dehydrogenase. This loop, which 
putatively points towards the hydratase 2 domain, is longer in the C-terminus of yeast 
dehydrogenase A. D, E, and F, binding of (3R)-hydroxyacyl-CoA substrates into the substrate 
binding pockets of dehydrogenases A and B as in A, B and C, respectively. Negative surface 
potentials are marked in red, positive surface potentials in blue and neutral potentials in 
white. The figures were produced with the Swiss-PDBViewer. Substrate binding loops have 
been removed from the structure so that the binding cavity can be seen. 

The substrate specificity difference between two dehydrogenases was studied by docking 
substrates with different chain lengths into the structures. Docking of (3R)-
hydroxydecanoyl-CoA and (3R)-hydroxybutyryl-CoA was straightforward and is 
presented in Fig. 23A and B. The results show a co-operative binding mode, meaning that 
both dehydrogenases need each other to be able to bind any substrate. When substrate is 
bound to the active site of dehydrogenase A, the C-terminal domain of dehydrogenase B 
participates in the substrate binding by forming hydrogen bonds between S589, T590 and 
T591 and the phosphopantetheine of the substrate. This explains why it was not possible 
to express the dehydrogenases separately as recombinant proteins in paper II. (3R)-
hydroxydecanoyl-CoA was bound to the active site in a bended conformation, forming 
the roof of a hydrophobic tunnel. The walls and the bottom of the tunnel are formed by 
the protein. In this tunnel hydrophobic contacts with the fatty acid tail are formed by 
L194, A195, P151 and the methyl groups of CoA. The short chain substrates are, 
however, too short to form this kind of tunnel and reach these hydrophobic contacts. 
Instead, the hydrophobic tail of the (3R)-hydroxybutyryl-CoA forms hydrophobic 
contacts with L44, which is located apart from the catalytic centre, thus guiding the short-
chain substrate too deep into the binding pocket for the dehydrogenation reaction to take 
place. The distances of the (3R)-hydroxy group to catalytic Y163 and S150 are 7.8 Å and 
11 Å, respectively, for 3R-OH-C4, whereas for 3R-OH-C10 these distances are 4.6 Å and 
7.6 Å. 

To be able to dock the substrates to dehydrogenase B, the missing amino acids of the 
substrate binding loop had to be built. The whole substrate binding loop was built by 
using rat dehydrogenase as a model, resulting in the substrate binding in the docking 
experiments. If this building was done according to dehydrogenase A, no contacts 
between the substrate and the substrate binding loop could be found in the docking. 
Docking results of the 3R-OH-C4 to dehydrogenase B show similar binding of the 
phosphopantetheine group of the substrate as in dehydrogenase A (Fig. 23C): the main 
chain nitrogen of Y297 forms a hydrogen bond with a phosphate group. Y297 is located 
at the beginning of the helix αHa similarly as S589, T590 and T591 in αHb. However, 
due to the shorter helix αHa the substrate is located differently (Fig. 23, Fig. 24). In 
dehydrogenase A the substrate is bound between the two nucleotide binding domains and 
the C-terminal domain of dehydrogenase B. When 3R-OH-C4 is bound to dehydrogenase 
B, the CoA part of the substrate is kinked to the shape of L and shifted away from the 
nucleotide binding domain of dehydrogenase A. This new conformation shifts the fatty 
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acid part of the substrate so that the dehydrogenase reactions can take place: (3R)-
hydroxy group of 3R-OH-C4 has 2.7 Å distance to catalytic Y467 and 3.7 Å to catalytic 
S454. 

Fig. 24. The N-terminal part of C. tropicalis MFE-2 (MFE-2(h2Δ)) is shown with two (3R)-
hydroxyacyl-CoA dehydrogenases in the same polypeptide, starting from dehydrogenase A 
(dark) and continuing to dehydrogenase B (pale). Figure B is a view from 180o aroud the 
vertical axis compared to figure A. The dehydrogenase dimer is only part of the mature 
MFE-2: the C-terminal hydratase 2 unit is omitted in this construct. Both dehydrogenases 
consist of an NAD-binding domain and a C-terminal domain, with the C-terminal domain of 
dehydrogenase A having extensive contacts with the NAD-binding domain of dehydrogenase 
B, and vice versa. The cofactor needed in the dehydrogenation reaction is NAD+ (lower stick 
representation). The substrates bound to dehydrogenases A and B are (3R)-hydroxydecanoyl-
CoA and (3R)-hydroxybutyryl-CoA (upper stick representations), respectively, as discussed 
further in the text. A. A view towards the binding site of dehydrogenase A. Substrate is bound 
to the cleft between the two NAD-binding domains and the C-terminal domain of 
dehydrogenase B, which specifically binds the CoA-part of the substrate of dehydrogenase A. 
The substrate binding loop (indicated by arrow) is in an open conformation. B. A view 
towards the binding site of dehydrogenase B. It is noteworthy that the helix αHa in the C-
terminus of dehydrogenase A is shorter than αHb in dehydrogenase B, leaving an additional 
loop to replace the non-existing turn of the helix. The short-chain fatty acyl-CoA is located 
above this loop, which is also binding the CoA-part of the substrate. The substrate binding 
loop (indicated by arrow) is in a more closed conformation than in dehydrogenase A. This 
gives more space for the substrate between the NAD-binding domain of dehydrogenase B and 
the C-terminal domain of dehydrogenase A. Hence the binding site of the substrate is moved 
away from the vicinity of the NAD-binding domain of dehydrogenase A and the substrate is 
kinked to the form of letter L. 

5.4  Structure-based genotype-phenotype analysis of multifunctional 
enzyme type 2 deficiency (IV) 

MFE-2 deficiency is an autosomal recessive inborn error that usually causes very severe 
symptoms. However, a few patients with relatively mild symptoms have been identified. 
The disease-causing mutation of 110 patients with MFE-2 deficiency was characterized at 
the molecular level. Among them, 61 different mutations were found, 47 of them being 
totally new ones that have not been reported earlier. This patient material was analysed in 
the Laboratory Genetic Metabolic Diseases at the University of Amsterdam and was also 
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used as the source for structural analysis in this study. The effects of the mutations on the 
protein structure were predicted based on the crystal structures of the rat (3R)-
hydroxyacyl-CoA dehydrogenase (Haapalainen et al. 2003), human 2-enoyl-CoA 
hydratase 2 (Koski et al. 2005) and human SCP-2L (Haapalainen et al. 2001) domains. 
Both the full-length MFE-2 and the dehydrogenase and hydratase-2 domains seem to be 
homodimeric, and the dimerization seems to be critical for correct folding and enzyme 
activity. The major metabolic consequences of MFE-2 deficiency are accumulation of 
very long-chain fatty acids (VLCFA), e.g. C26:0, α-methyl branched-chain fatty acids 
like pristanic acid and bile acid intermediates di- and trihydroxycholestanoic acid 
(DHCA/THCA). Thus MFE-2 deficiency can be diagnosed by direct enzyme 
measurements with THC:1-CoA substrate of cultured skin fibroblasts and/or by mutation 
analysis of the MFE-2 encoding gene. Additionally, a deficient activity of C26:0 and 
pristanic acid, but not C16:0, in cultured skin fibroblast can indicate MFE-2 deficiency. 
Furthermore, the expression levels of MFE-2 subunits can be analysed by 
immunoblotting and used as a help in the diagnosis (Wanders et al. 2001). MFE-2 is 
expressed in all tissues, with the highest mRNA levels in the liver (Adamski et al. 1996). 

The mutations are presented in Table 1 of paper IV. Altogether there are 34 missense 
mutations, 2 nonsense mutations, 22 deletions and 3 insertions. The locations of all 
missense mutations in the sequence of MFE-2 are indicated in Figure 1 of paper IV, 
where amino acid sequence has been presented together with the secondary structural 
elements. The most common missense mutations causing MFE-2 deficiency are G16S 
(type III) and N457Y (type II). 

In type I deficient patients the mutations caused structural anomalies affecting the 
MFE-2 protein as a whole. In MFE-2 type I deficient patients, only deletions, insertions 
or nonsense mutations were identified. Most of the patients had a deletion or an insertion 
at the cDNA level leading to a frameshift and a prematurely terminated protein. In two 
patients the truncation was caused by a nonsense mutation, while others had large in-
frame deletions. All deletions caused truncation of the full-length protein except in the 
case of three in-frame deletions. There were two type I patients who had truncation only 
at the SCP-2L unit Q677X and V646fsX4. No protein (neither full-length, hydratase or 
dehydrogenase) could be detected by immunoblotting tests of the fibroblasts of these 
patients. No activity with the THC:1-CoA substrate could be measured in the fibroblasts 
and neither could any dehydrogenase activity be measured. 

The mutations of the type II and III MFE-2 deficiency did not cause changes in the 
protein structure that were as radical as in the case of type I patients. Usually these 
mutations caused replacement of the catalytic residues or residues in direct contact with 
the substrate or cofactor, or problems in protein folding or dimerization of the subunits 
(Table 3). For some mutations the current structural data are not sufficient enough to 
explain the enzyme dysfunction, and they are thus placed in the category “Others” in 
Table 3. It is obvious that if a catalytically important amino acid is replaced by another 
one, the enzyme activity is lost. Furthermore, when amino acids in contact with the 
substrate or ligand are replaced by amino acids that are incapable of forming these 
contacts, the enzyme activity is also lost. For example, G16 shapes a short loop (indicated 
by an arrow in Fig. 25 A4) that provides space for the adenine ring of NAD+. G16S 
mutation causes steric clash and re-shapes this loop, which prohibits the binding of the 
NAD+. 
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Table 3. Mutations causing MFE-2 deficiency type II and III grouped according to the 
mechanism of structural disturbance. 

Type Mutation 
Type II deficiency (Hydratase unit)  
Disturbance of 

G533R Ligand interaction 
L405P 
D510Y 
P529L 

Active site architecture 

H532R 
E366G 
R506C 
R506H 

Dimerization 

I516T 
N457Y 
G421_D444del 

Domain folding 

V480_Q501del 
A348T Others 
N457D 

Type III deficiency (Dehydrogenase unit) 
Disturbance of  

Ligand interaction N158D 
T15A  
G16S 
A17V 
L21F 
A26P 
N72K 
G126V 

Nucleotide binding 

V218L 
Active site architecture S153L 
Dimerization of  

R132W 
A162D 

1) two nucleotide-binding domains 

S177F 
E232K 
F237S 
A241T 
G242E 

2) nucleotide-binding domain and C-domain 

W273C 
R248C  3) two C-domains 
W249G 

Domain folding Del K275 
A34V 
Del R65 

Others 

R104M 
The category “Others” harbours mutations for which the reason of the disturbance is not obvious in light of 
current structural knowledge of MFE-2. 



 73

Fig. 25. The three-dimensional dimeric structures of the enzymatic units of MFE-2. A Ribbon 
representation of the dehydrogenase of rat MFE-2 (Protein Data Bank entry 1GZ6). The two 
monomers are colored red (r) and blue (b). The two NAD+ molecules and the amino acid 
residues are shown as stick representations. The boxes indicate parts of the structure which 
are shown in greater detail in panels A1-A5. The black arrow in panel A4 indicates the 
conserved loop of SDR enzymes important in NAD+ binding and containing the G16 residue. 
B Ribbon representation of hydratase 2 of human MFE-2 (Protein Data Bank entry 1S9C). 
The reaction product, (3R)-hydroxydecanoyl-CoA, has been docked to the right subunit using 
the structure of the yeast C. tropicalis orthologue (Protein Data Bank entry 1PN4) as model. 
In panel B1, the interaction between the substrate molecule and the catalytic residues is 
shown together with the formed oxyanion hole between G533 and the carboxyl group of the 
substrate. In panel B2, the mutation site A348 is shown together with the salt bridge between 
E366 and R506, since both these residues are also mutated within our cohort. 

Fourteen different mutations were identified to affect the dimerization of MFE-2 (Table 
3). The dimerization contacts between hydratase 2 monomers are formed by two flat 
surfaces (Fig. 25B), whereas the dimerization contacts between dehydrogenase 
monomers can be categorized into three different groups: contacts between two 
nucleotide binding domains, between nucleotide binding domain and the C-terminal 
domain and between two C-terminal domains. Mutations in these dimerization contacts 
may cause protein instability, which can result in lowered activity or totally inactive 
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enzyme. There were, however, four mutations (I516T, A241T, W273C and R248C) at the 
dimerization interface leaving the enzyme sufficiently intact for residual activity. Because 
there are several dimerization contacts between both hydratase 2 and dehydrogenase 
monomers, it is likely that in these cases mutation in one contact is not enough to break 
the dimerization network formed by the remaining contacts. 

In addition to mutations in dimerization contacts, in the catalytic residues or residues 
in contact with the substrate, some mutations can cause problems in the folding of the 
MFE-2 enzyme locally, e.g. if a polar side chain is introduced into a hydrophobic pocket, 
or if the side chain of a mutated residue does not fit into the space available around it. 
Indeed such a mutation can lead to much larger conformational changes in the structure, 
which can then be the reason for the inactive enzyme. In addition to taking part in the 
dimerization I516T is an example of a mutation that introduces a hydrophilic amino acid 
into a hydrophobic environment (Fig. 25B3) next to a catalytic amino acid, H515, thus 
breaking the active site conformation. 

Patients with deletions, insertions and nonsense mutations causing a truncation of the 
MFE-2 enzyme never survive for more than one year. Most of the patients with the 
missense mutations also died during the first two years of life. Only 8 patients out of 78 
for whom the life-span was known survived for more than 36 months. Three of these 
patients had a missense mutation in the coding region of hydratase 2 and five in the 
dehydrogenase unit. These mutations causing a mild phenotype affected dimerization or 
caused minor structural changes rather than having a direct impact on nucleotide or 
substrate binding. Some of these mutations are presented here with structural details. The 
detailed genotype-phenotype analysis of these mutations is presented in the results of 
paper IV. 

One girl, being an apparent homozygote for as H532R mutation, died at 43 months. 
The symptoms of this patients were surprisingly mild when looking at them from the 
structural point of view: a change to the bulkier side chain of arginine disturbs the active 
site architecture (Fig. 25B1). When this amino acid was mutated to a smaller amino acid 
alanine in yeast enzyme, the enzyme activity was still present (Qin et al. 2000a). The 
stabilizing stacking interaction of the imidazole ring of H532 with the corresponding side 
chain of H515 is lost. Surprisingly, the mutations at the neighbouring residue, G533R, 
resulted in more severe phenotype, because G533 participates in the formations of an 
oxyanion hole needed for stabilizing the reaction intermediate. 

A boy with homozygous A241T mutation survived for 48 months (Schroder et al. 
2004). A241T mutations breaks a van der Waals interaction between Cβ of A241 (in the 
nucleotide-binding domain of one dehydrogenase monomer) and either Cγ1 of V298 or 
Cδ1 of L299 (in the C-terminal domain of the other monomer). Additionally, the polar 
side chain of threonine does not fit perfectly into the space usually taken by alanine. 
However, the mutation does not disturb the hydrogen bond between main chain carbonyl 
oxygen of residue 241 and NH1 of R258, thus soothing the effect of the mutation. The 
mutation of G242E, next to the previous mutation, results in bigger changes in the protein 
structure, because of the collision between the C-terminal domain of one subunit and the 
nucleotide binding domain of the other subunit in the dimer leading to more severe 
symptoms and biochemical indications. 

A girl homozygous for the R248C at the cDNA level, but heterozygous at the genomic 
level, was over 5 years old at the latest follow-up. The structure analysis supports the 
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mild phenotype. The β-sheets H of two monomers intersect and form salt bridges 
between NH1 of R248 and Oε2 of E250. The mutation breaks these contacts; however, 
the other dimerization contacts can obviously compensate for this lost contact. The 
hypothetical model of the assembly of the units of full-length MFE-2 (Koski et al. 2005) 
predicts that this region of R248 is in contact with the hydratase 2 unit, which would 
reduce the effects of the R248C mutation. 

One girl with a heterozygous mutation of A348T and a heterozygous deletion of exon 
4 (c.221_280del) was still alive at 7.5 years of age. The deletion is most likely caused by 
missplicing leading to an in-frame deletion of 20 amino acids. However, mostly normally 
spliced mRNA was present, suggesting that missplicing does not always happen, 
probably causing the mild clinical and biochemical presentation in the patient. Because 
this mutation affects a loop structure, which is usually highly mobile, the prediction of 
the effect is uncertain. A348 is located in the first α-helix (αI) of hydratase-2 and has 
hydrophobic interactions with the N-terminal overhanging loop structure (Fig. 25B2). 
This loop contains E366, which is important for dimerization (Koski et al. 2005). Thus 
polar threonine may result in local reorganization of the overhanging loop and thus affect 
the dimerization. 

A girl with homozygous T15A mutation was over 8 years old at her latest follow-up, 
but she was progressively deteriorating. SDR superfamily members have a common 
feature also found in the MFE-2, namely T15 forms a hydrogen bond with the main chain 
nitrogen of N99 (Filling et al. 2002). This bond holds together two β-strands immediately 
below the NAD+ binding site (Fig. 25A4). The mutated A15 cannot form this bond, thus 
possibly causing loosening of the cofactor binding groove. This mutation is however less 
harmful than e.g. the common G16S mutation in the neighbouring residue. 

A girl with homozygous R104M mutation at the cDNA level was 8.5 years old at the 
latest follow-up. In addition to A348T, this is another example of disturbed loop structure. 
R104 is in contact with a loop that is located just above the NAD+ in the structure of 
mammalian MFE-2 and yeast dehydrogenase A. However, yeast dehydrogenase B does 
not have this loop at all. Because domains A and B of yeast dehydrogenase have clear 
substrate specificity difference, domain A being active with medium- and long-chain fatty 
acids and domain B preferring the short-chain substrates, this loop has been suggested to 
take part in the substrate binding. 

Two siblings were compound heterozygous for V218L and W273C. The girl died at 
the age of 10 years and 7 months, whereas the boy was still alive at 12 years and 2 
months. Two other patients were found to be homozygous for the V218L mutation at the 
cDNA level and two patients homozygous for W273C mutation. The biochemical 
presentations of these four patients were much more severe; e.g. one boy with W273C 
mutation died after 3 months. W273C breaks dimerization contacts between the NAD+ 
binding domain and the C-terminal domain: a hydrogen bond between Nε1 of the W273 
and Oε1 of E232 is broken and additionally van der Waals interactions of W273 (Cζ2 and 
CH2) with aromatic side chains of F237 (Cζ) and W224 (δ1), respectively, can no longer 
be formed (Fig. 25A3). The V218L mutation is located next to the L21, which is 
important for the binding of NAD+: the L218 mutation moves the side chain of L21 to the 
wrong position, thus affecting the nucleotide binding (Haapalainen et al. 2003). The 
change of a bigger side chain of leucine instead of V218 in the helix αG causes a 
collision leading to the movement outwards of αG. The combination of these two 
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mutations obviously causes the mild phenotype in the two siblings by a lucky 
counteracting effect of these mutations. 



6 Discussion 

6.1  Analysis of the two catalytic domains of (3R)-hydroxyacyl-CoA 
dehydrogenase of yeast peroxisomal MFE-2 (I) 

Peroxisomal yeast MFE-2 has two N-terminal domains sharing 40% amino acid sequence 
identity with each other. By inactivating these domains with point mutations in their 
NAD+-binding region, it was possible to show with in vivo and in vitro studies that both 
domains are important in the optimal growth of yeast cells on the fatty acids as a sole 
carbon source. This was further confirmed by the fact that the hydratase-2 activity with 
the (3R)-OH-C10 substrate was not changed, indicating that the lower activities with 
mutated variants of domain A and B were not caused by changes in the expression level. 
Furthermore, CD measurements showed that the molecular ellipticities of the proteins are 
similar, thus excluding the possibility that the mutation had caused changes in the folding 
of the protein. 

Kinetic measurements showed that domain A is active with medium- and long-chain 
substrates, whereas domain B shows highest activity with short-chain substrates, being 
less efficient with the medium- and long-chain substrates, presenting a novel strategy 
within lipid metabolism to overcome the problems related to the metabolism of a wide 
variety of substrates: gene duplication. In previously described cases gene duplication has 
led to separate proteins like mammalian acyl-CoA dehydrogenases (Tanaka et al. 1990) 
and acyl-CoA oxidases (Mannaerts & van Veldhoven 1996), which exist as several 
paralogues. However, yeast MFE-2 is the first β-oxidation enzyme having two 
dehydrogenases with different substrate specificities in the same polypeptide. 
Interestingly, domain A shows higher homology with the human MFE-2, suggesting that 
the human (3R)-hydroxyacyl-CoA dehydrogenase may have evolved from the yeast 
dehydrogenase domain A. 

Breitling and her coworkers (2001) have made a phylogenetic tree of the 
dehydrogenase of MFE-2 indicating that in yeast an early duplication of the 
dehydrogenase domain has taken place followed by a divergence of the second domain. 
While the first domain retained the specificity for long-chain substrates, the second 
domain specialized on short-chain substrates. The N-terminal dehydrogenases of N. 
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crassa and S. cerevisiae are more conserved like in the case of C. tropicalis. However, in 
G. mosseae the N-terminal dehydrogenase is inactivated by a deletion in the active centre 
and thus the second domain is more conserved having the characteristic loop of 
peroxisomal dehydrogenases, which obviously regulates the substrate specificity. 

The substrate specificity difference of dehydrogenase A and B has been exploited in 
yeast for the synthesis of polyhydroxyalkanoates (PHA), a polyester with biodegradable 
properties, made from the polymerization of 3-hydroxyacyl-CoA intermediates 
(Marchesini et al. 2003). Expression of variants of the dehydrogenase inactivating either 
dehydrogenase A or B along with a peroxisomal PHA synthase leads to the synthesis of 
PHA with different monomer composition, which influences polymer properties (De 
Oliveira et al. 2004). 

6.2  Protein engineering and crystallization of C. tropicalis (3R)-
hydroxyacyl-CoA dehydrogenase (II) 

In contrast to mammalian (3R)-hydroxyacyl-CoA dehydrogenase with a broad substrate 
specificity in one dehydrogenase domain (Qin et al. 1997b), yeast MFE-2 has two (3R)-
hydroxyacyl-CoA dehydrogenase domains in the same polypeptide with different 
substrate specificities. Although both domains belong to the SDR superfamily, 
dehydrogenase A is more homologous with the mammalian MFE-2, while dehydrogenase 
B bears more resemblance to the other members of the SDR superfamily. This is in line 
with the observation that dehydrogenase A is active with medium- and long-chain 
substrates, whereas dehydrogenase B shows the highest activity with the short-chain 
substrates. 

To be able to solve the structural basis for this substrate specificity difference, good 
quality crystals are needed, followed by solving the crystal structure. A requirement for 
crystallization is a homogenous and stable protein sample. Because this requirement was 
not fulfilled in the case of C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenase, protein 
engineering work was needed to improve the chances of crystallization of this protein. 

Different steps in the protein modification gave the following indications of the 
protein structure. The last α-helix was shown to be important for the stability of the 
protein; however, the hydrophobic amino acids (D and E) after this helix increase the 
tendency towards dimerization, which indicates that these amino acids locate on the 
surface of the protein. Because the protein was persistently cleaved at the substrate 
binding loop, this loop is obviously also situated on the surface of the protein. 

By careful comparison of mammalian and yeast MFE-2s and by protein engineering a 
stable, homogenous C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenase was produced 
and crystallized. To be able to preserve the substrate specificity difference between the 
two dehydrogenases, dehydrogenase B was on purpose not modified to be too similar to 
dehydrogenase A. Because the modified yMFE-2(1-604dm) was still active with the 
short-chain substrates, although with lower catalytic efficiency, the substrate specificity 
difference between these domains has been preserved at least partly. 
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6.3  Crystal structure of C. tropicalis (3R)-hydroxyacyl-CoA 
dehydrogenase and docking results (III) 

The structures of C. tropicalis and rat (3R)-hydroxyacyl-CoA dehydrogenases are very 
similar. There are, however, some differences that explain the substrate specificity 
difference between dehydrogenase A and B. The structure of rat dehydrogenase is a 
binary structure, where the binding of NAD+ has caused a more closed conformation of 
the substrate specificity loop. Before docking to the dehydrogenase B this loop was 
modelled according to the rat structure, showing that the closed conformation brings 
amino acids important for substrate binding (T506, I507 and F508) in the vicinity of the 
fatty acid tail of the substrate. The binding of the fatty acid tails shows differences in all 
these structures, whereas the CoA part of them is bound in a similar way by the C-
terminal domain. (3R)-OH-C10 is bound in dehydrogenase A in a bended conformation, 
which stabilizes this substrate to the right place in the active site for the reaction to take 
place. In contrast, the fatty acid tail of (3R)-OH-C4 is not long enough to be able to form 
the stabilizing hydrophobic contacts that are formed with the (3R)-OH-C10. Instead of 
that, L44 attracts it away from the catalytic centre, preventing the dehydrogenation 
reaction from taking place. Surprisingly, L44 is part of the loop above NAD+ that is 
missing from the dehydrogenase B. Thus there is no amino acid in dehydrogenase B that 
would attract the (3R)-hydroxy-group away from the active site, and thus the short-chain 
fatty acid tail binds differently. In the case of (3R)-OH-C10 contact with L44 is not 
possible, since there is not enough space for such a long fatty acid tail. This is first 
indication for a specific task for this additional loop of rat and dehydrogenase A. 

There are actually two other reasons why the fatty acid is bound differently in 
dehydrogenase B. The substrate binding cavity is shallow, preventing the substrate to be 
bound as deep as in dehydrogenase A. Additionally, the shorter helix αH attracts the 
pyrophosphate part of the substrate to be kinked to an L-shape away from the vicinity of 
the nucleotide-binding domain of dehydrogenase A, thus making the position of the fatty 
acid ideal for the dehydrogenation reaction to take place. 

C. tropicalis apo structures and the rat binary structure have very similar structure in 
the NAD+-binding areas. It is typical for SDR superfamily members that the apo and holo 
structures are virtually identical (Grimm et al. 2000, Blankenfeldt et al. 2002, Alphey et 
al. 2005). The only conformational change in these structures is the closed conformation 
of the substrate binding loop upon the substrate binding. This is consistent with the 
kinetic mechanism where NAD(P) binds first, followed by the substrate, so the lid has to 
enable the access of the substrate and can only be closed after that (Andersson et al. 
1997, Thompson et al. 1997). When the substrate is bound, most of the substrate binding 
loop (195-210 in E.coli 7α-HSD) retains its conformation, however, there occurs 
swinging of the loop as a whole, with the T194 and Q211 acting as the hinges in E. coli 
7α-HSD (Tanaka et al. 1996b). In the structure of C. tropicalis (3R)-hydroxyacyl-CoA 
dehydrogenase A there are two well-conserved proline residues acting as hinges, P193 
and P214. Interestingly, these prolines are very well conserved among SDR superfamily 
members. These prolines stabilize the rest of the protein near or at the hinge regions and 
prevent the protein from taking part in the movement of the substrate binding loop. This 
is important, because conformational changes especially near the N-terminal hinge region 
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would spoil the NAD+-binding area (Tanaka et al. 1996b). These prolines are conserved 
in rat and C. tropicalis dehydrogenases with the exception of the C-terminal proline in the 
C. tropicalis dehydrogenase B. Altogether, the substrates seems to bind to the same side 
of the molecule in yeast dehydrogenase as in most of the SDR superfamily members 
being in contact with the substrate binding loop (Tanaka et al. 1996b, Rozwarski et al. 
1999, Grimm et al. 2000, Powell et al. 2000). 

The binding of the CoA molecule by the C-terminal domain of other dehydrogenase is, 
however, unique within SDR superfamily. Some SDR superfamily members have an 
extra C-terminal region; however, in these cases the C-terminus takes part in the active 
site of the same domain, whereas in peroxisomal MFE-2 the C-terminal domain takes 
part in the substrate binding of the other dehydrogenase domain. The active site is formed 
by the C-terminus of a neighbouring subunit also in the Drosophila lebanonensis alcohol 
dehydrogenase (Benach et al. 1998, Benach et al. 1999, Benach et al. 2000), where the 
C-terminal loop is, however, only 11 residues long. 

The heterodimeric structure of C. tropicalis dehydrogenases was very similar to the 
structure of rat homodimeric dehydrogenase. However, it is noteworthy that yeast 
dehydrogenases are part of the same polypeptide, whereas the rat structure contains two 
different molecules. It is known that both yeast and mammalian full-length MFE-2 are 
dimers (Hiltunen et al. 1992, Jiang et al. 1996). Similarly, the recombinant proteins of 
(3R)-hydroxyacyl-CoA dehydrogenase and 2-enoyl-CoA hydratase 2 are also dimers, and 
in both cases the dimerization is crucial for the activity and correct folding (Haapalainen 
et al. 2003, Koski et al. 2004). There are thus two dehydrogenases, two hydratases and 
two SCP-2L domains in the mammalian full-length protein. In contrast, in the yeast full-
length protein there are four dehydrogenases, two hydratases and no SCP-2L domain 
(Fig. 22), with the consequence that the contacts between the dehydrogenases and 
hydratases are different, and the assembly of the domains must be different as well. It is 
not known whether the yeast dehydrogenases form a dimer in the full-length structure. 
However, in paper II we noticed that additional hydrophic amino acids in the C-terminus 
of the dehydrogenase B construct (residues 605-612) caused the tetramerization of the 
yeast dehydrogenase, suggesting that this region takes part in the quaternary interactions 
(arrow 5 in Fig. 22). 

The three-dimensional structure of C. tropicalis dehydrogenase is an important part of 
the ultimate goal to solve the structure of the full-length yeast MFE-2 enzyme. The 
dehydrogenase structure can be used as a tool in the determination of the three-
dimensional structure of the full-length MFE-2 either as crystal structure or by small-
angle X-ray scattering. The dehydrogenase structure raises the question, how the yeast 
full-length MFE-2 handles the accommodation of the substrate from the hydratase 2 to 
either dehydrogenase A or B, depending on the chain length of the substrate. This can be 
studied by fast kinetic measurements of the full-length MFE-2 and by solving its crystal 
structure with substrates of different chain lengths. These studies will explain why MFE-
2 has been conserved as a multifunctional enzyme. The crystal structure of C. tropicalis 
dehydrogenase together with the docking studies demonstrates the co-operation of the 
two dehydrogenases of yeast MFE-2 and two identical dehydrogenases in mammalian 
homodimeric structure explaining the benefits of the dimer formation for the reaction. 
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6.4  Structure-based genotype-phenotype analysis of multifunctional 
enzyme type 2 deficiency (IV) 

Mutation analyses of a large cohort of MFE-2-deficient patients were reported in this 
paper. In addition, the effect of different mutations on the three-dimensional structure was 
analysed from the crystal structures of domains of MFE-2. Taken together, these data 
provided a possibility to analyse whether there is a correlation between the genotype and 
phenotype of MFE-2-deficient patients. 

Type I mutations were always caused by big defects of MFE-2, because these 
mutations caused large deletions or truncations. The biochemical and clinical phenotype 
of type I patients is very severe, and these patients die within the first 14 months. 
Interestingly, two type I patients, who had a truncation only at the SCP-2L unit Q677X 
and V646fsX4 with no protein detected by immunoblotting tests, indicate that an intact 
SCP-2L domain might be needed for correct folding of the full-length MFE-2. It should 
also be noticed that neither full-length protein nor domains of it can be transported to 
peroxisomes, since the truncation leaves the MFE-2 without peroxisomal targeting signal. 
Peroxisomal proteins in the cytosol are not stable, and that can be the reason for the 
absence of the MFE-2. 

The majority of type II and type III mutations had missense mutations, and most of 
them had also a very severe biochemical and clinical phenotype. The effects of the 
missense mutations varied from the substitution of catalytic residues or residues in direct 
contact with the substrate (mutations in residues 153-177 in dehydrogenase and 506-533 
in hydratase) or cofactor (mutations in residues 15-26 in dehydrogenase), to problems in 
protein folding or dimerization of the subunits (mutations in residues 232-249 in 
dehydrogenase unit). Only few mutations were found outside of these regions. 

The effects of the mutations causing severe biochemical and clinical presentation 
could be predicted quite straightforwardly from the available crystal structures. There 
were only 8 patients out of a total of 78 for whom survival data was available and who 
survived longer than 36 months. It was interesting from a structural point of view to try to 
understand why these mutations caused a less dramatic effect on the function of the 
MFE-2 protein. These analyses revealed that there is a connection between the degree of 
deficiency of the MFE-2 protein and the severity of the phenotype. It can be concluded 
that, based on the predicted effect of the mutations on the structure of MFE-2 protein, a 
genotype-phenotype correlation exists for MFE-2 deficiency. 

Because some patients were compound heterozygous for two different mutations, in 
the future it will be interesting to study the effect of these mutations separately in the 
recombinantly expressed human MFE-2. The effects can be studied in vivo by testing the 
complementation of mutations in the S. cerevisiae fox-2 cells. It will be interesting also to 
study the effects of these patient mutations in vitro on the stability, folding, activity and 
three-dimensional structure of the recombinantly expressed MFE-2. In addition to that, 
the patient mutations with mild effects will also be an interesting subject of study using 
these methods. These results will provide a lot of additional information about the 
function of the human full-length MFE-2. 



7 Conclusions 

In the present work the physiological roles of two yeast (3R)-hydroxyacyl-CoA 
dehydrogenases of the peroxisomal MFE-2 were solved. The molecular basis of the 
substrate specificity of these dehydrogenases was studied by solving the heterodimeric 
crystal structure of C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenase together with 
docking studies. The molecular basis of the MFE-2 deficiency was studied by using the 
recently solved crystal structures of the functional domains of rat and human MFE-2. 

The studies of two S. cerevisiae (3R)-hydroxyacyl-CoA dehydrogenases showed that 
both dehydrogenases are needed for optimal growth of yeast cells on fatty acids as the 
sole carbon source. Kinetic experiments with C. tropicalis (3R)-hydroxyacyl-CoA 
dehydrogenases revealed that dehydrogenase A shows the highest activity with medium- 
and long-chain-length and dehydrogenase B with the short-chain-length substrates. 

C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenases expressed as one polypeptide 
required thorough protein engineering work to obtain a stable, homogenous protein 
sample suitable for crystallization. When a suitable cleavage site between dehydrogenase 
B and 2-enoyl-CoA hydratase 2 was found and stabilizing modifications in the substrate 
binding loop were made, the good-quality crystals were grown diffracting to resolution 
2.2 Å. 

The crystal structure of C. tropicalis (3R)-hydroxyacyl-CoA dehydrogenase AB 
heterodimer showed overall similarity with rat (3R)-hydroxyacyl-CoA dehydrogenase, 
but also differences explaining the observed substrate specificity differences. Both of 
these enzymes consist of an N-terminal NAD+-binding domain similar to other short-
chain dehydrogenase/reductase (SDR) superfamily members and a C-terminal domain 
lining with the NAD+-binding domain of the other subunit. Docking studies revealed a 
co-operational binding mechanism to take place in yeast (3R)-hydroxyacyl-CoA 
dehydrogenases: in order to be able to bind substrate in the active site of dehydrogenase 
A, the C-terminal domain of dehydrogenase B is needed and vice versa. The C-terminal 
domain makes hydrogen bonds with the pyrophosphate groups of the substrate. 

Docking studies suggest that the medium-chain-length substrate is bound in a bended 
conformation into the active site pocket of dehydrogenase A. The short-chain-length 
substrates are dislocated because they are not long enough to reach the hydrophobic 
contacts needed to be anchored to the active site. In contrast, L44 from the loop above the 
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NAD+ attracts the short chain-length substrates away from the active site. This is the first 
indication of a specific function for this loop to control the substrate specificity of 
dehydrogenase A by competing for the short-chain fatty acyl tail with the active site. Due 
to the absence of this loop in dehydrogenase B, short-chain-length substrates are properly 
bound to the active site pocket. Additionally, dehydrogenase B has a more shallow 
binding pocket enabling the correct positioning of the substrates for the reaction to take 
place. Dehydrogenase B is able to work with substrates from short to long chain-length. 
Such a wide variety of substrates requires this enzyme to be more flexible in order to 
adapt to right conformation for all different substrates. The kinetic data reflect these 
characteristics: dehydrogenase B shows lower catalytic efficiency for the medium- and 
long-chain-length substrates than dehydrogenase A. The bended binding mode of the 
medium-chain-length substrate in dehydrogenase A also creates more optimal conditions 
for the reaction. 

Because yeast dehydrogenase is a heterodimeric structure in contrast to homodimeric 
mammalian dehydrogenase, the assembly of the domains into the full-length dimeric 
multifunctional enzyme differs clearly from the mammalian MFE-2: both have two 2-
enoyl-CoA hydratase 2 domains, but yeast MFE-2 has four dehydrogenases, as opposed 
to two dehydrogenases in mammalian full-length MFE-2. In addition to that, mammalian 
MFE-2 has two SCP-2L domains, which are totally lacking from yeast MFE-2. It should 
also be noticed that while in mammalian MFE-2 substrates are delivered from hydratase 
to one dehydrogenase, in yeast the substrate from hydratase should be directed either to 
dehydrogenase A or B depending on the chain-length of the substrate. This requires more 
intensive co-operation between subdomains of yeast MFE-2, especially if MFE-2 were to 
turn out to operate with a substrate-channelling mechanism. The crystal structures of full-
length mammalian and yeast MFE-2 together with their substrates are needed for solving 
the mechanism of how this multifunctional enzyme works in different organisms. 

The predicted effects of the different MFE-2 deficiency causing mutations were 
studied using crystal structures of rat (3R)-hydroxyacyl-CoA dehydrogenase, human 2-
enoyl-CoA hydratase 2 and SCP-2L. Type I deficiency was caused by serious defects in 
MFE-2 protein because of large deletions or truncations. The majority of type II- and type 
III-deficient patients had missense mutations: some caused the replacement of catalytic 
amino acids or residues in contact with substrate or cofactor, others caused problems in 
protein folding or dimerization of the subunits. The effect of the mutations identified in 
patients with relatively mild clinical and biochemical presentation was less injurious to 
the protein structure than the effect of mutations identified in patients with a very severe 
presentation, suggesting that the amount of residual MFE-2 activity correlates with the 
severity of the phenotype. 
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