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Stellingen 

De suggestie dat een conformationele overgang tussen een type I- en een type I' turn 

plaatsvindt, en dat deze een rol speelt bij het bewegen van de biotinylgroep van het 

biotine carboxyl carrier eiwit (BCCP) tussen de verschillende aktieve centra van het 

acetyl-CoA carboxylase, is niet gebaseerd op enige experimentele waarneming of 

analogic 

Athappilly, F.K. & Hendrickson, W.A. (1995) Structure 3,1407-1419 

2. De hogere mobiliteit, tijdens natieve gel-electroforese, van gelipoyleerde lipoyl-

domeinen ten opzichte van de niet-gelipoyleerden, is het gevolg van het verdwijnen 

van een positieve lading, en wordt niet veroorzaakt door een conformatie 

verandering die leidt tot een compactere eiwitstructuur. 

Liu, S., Baker, J.C., Andrews, P.C. & Roche, T.E. (1995) Arch. Biochem. Biophys. 316,926-940. 

3. Men mag wel vaker, zoals Havel, van geluk spreken in wetenschappelijke 

publicaties. 

Havel, T.F. (1991) Prog. Biophys. Molec. Biol. 56, 43-78. 

4. Berekende 1H-NMR chemische verschuivingen kunnen nog niet worden gebruikt 

om de kwaliteit van eiwitstructuren te meten. 

Williamson, M.P., Kikuchi, J. & Asakura, T. (1995) /. Mot. Biol. 247,541-546. 

5. De mathematische beschrijving, door Forman-Kay et al., van de fi-evolutie van de 

magnetisatie in een HMQC-/ experiment voor een multiplet gecentreerd rond de 

nulfrequentie, is onjuist. 

Forman-Kay, J.D., Gronenborn, A.M., Kay, L.E., Wingfield, P.T. & Clore, G.M. (1990) 

Biochemistry 29, 1566-1572. 
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6. De meeste stellingen zijn geen stellingen, maar waarheden als koeien. 

7. Het afschaffen van de dienstplicht zal het verzet tegen militairisme, oorlog en 

geweld doen afnemen. 

8. Als men zegt geen tijd te hebben wordt veelal bedoeld dat men geen prioriteit heeft. 

Prioriteit zou daarom volgens de nieuwe spellingsregels als prioritijd geschreven 

moeten worden. 

9. Een gepopulariseerde Nederlandse samenvatting voor niet-ingewijden in een 

proefschrift roept bij hen in het algemeen meer vragen op dan worden beantwoord. 

10. De maatregel van NWO dat een OIO pas dan wordt opgevolgd als voor zijn/haar 

voorganger geen wachtgeld meer hoeft te worden betaald, kost op termijn meer geld 

dan zij oplevert. 

11. Het opzuiveren van eiwitten leidt tot niets. 

Stellingen behorende bij het proefschrift: 

'Solution structures of lipoyl domains of the 2-oxo acid dehydrogenase complexes 

from Azotobacter vinelandii. Implications for molecular recognition' 

Axel Berg 
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CHAPTER 1 

General introduction: 2-oxo acid dehydrogenase complexes 

Introduction 

The 2-oxo acid dehydrogenase complexes are commonly regarded as classic 

examples of multienzyme complexes. Ever since the pioneering work of the group of 

Lester J. Reed (Reed, 1974), these complexes have expansively disclosed many of their 

secrets, providing currently a wealth of information on macromolecular structure, assembly 

and symmetry, active-site coupling, conformational mobility, substrate specificity and 

metabolic regulation (Roche & Patel, 1989; Patel et al, 1996). In particular, by effectively 

combining protein biochemistry with modern biophysical and genetic techniques, which 

are currently undeniable indispensable in contemporary biochemistry, the knowledge of 

structural and mechanistic properties of these complexes of gigantic size (0.7 - -14 MDa) 

has expanded largely during the last decade. Major contributions to this field, i.e. on 

bacterial complexes, have been made by the laboratories of Richard N. Perham (Perham et 

al, 1988; Perham & Packman, 1989; Perham, 1991), John R. Guest (Miles & Guest, 

1987a; Guest et al, 1989), Aart de Kok and Wim GJ. Hoi (Mattevi et al, 1992a; De Kok, 

1996). 

Multienzyme complexes are defined as noncovalent aggregates of enzymes that 

catalyse two or more consecutive steps in a metabolic sequence (Reed, 1974). The purpose 

of multienzyme complexes appear to be manifold. Reaction intermediates can be forced to 

complete the intended reaction sequence instead of escaping to conversion by enzymes that 

compete for the same reaction intermediate (substrate channelling) (Reed, 1974; Hammes, 

1981). This is particular efficient if intermediates are covalently bound to the complex, like 

in the cases of the 2-oxo acid dehydrogenase complexes and the fatty acid synthases. 

Besides, by sequestering reactive intermediates, their conversion by undesired chemical 

reactions is also prevented (Perham, 1975). Another advantage of multienzyme complexes 

is that the catalytic activity can be enhanced because the local substrate concentrations are 

increased significantly (Reed, 1974). Since the enzyme activities in the complex are 

coupled, also better and more efficient regulation of the overall reaction is possible. 



Chapter 1 

The large attention for the family of 2-oxo acid dehydrogenase multienzyme 

complexes originates certainly, at least in part, from the key positions they occupy in 

energy metabolism. The pyruvate dehydrogenase complex (PDHC) catalyses the 

irreversible oxidative decarboxylation of pyruvate to acetyl-CoA, linking the glycolysis 

with the tricarboxylic acid cycle. The 2-oxoglutarate dehydrogenase complex (OGDHC) 

converts 2-oxoglutarate into succinyl-CoA as part of the tricarboxylic acid cycle itself, and 

the branched-chain 2-oxo acid dehydrogenase complex (BCDHC) catalyses an irreversible 

step in the catabolism of the branched-chain amino acids by converting the 2-oxo acids 

derived from valine, leucine and isoleucine. 

In this introduction I will review mainly developments concerning the structural 

and mechanistic features of the 2-oxo acid dehydrogenase complexes, with special 

emphasis on the structure and role of the lipoyl domains in the complex. Developments on 

genetic defects and regulation of the eukaryotic complexes have been reviewed elsewhere 

(Yeaman, 1989; Patel & Roche, 1990; Chuang etal, 1991; Patel etal., 1992; Behal etal, 

1993; Patel & Harris, 1995). 

Structure and mechanism 

2-Oxo acid dehydrogenase complexes are composed of multiple copies of at least 

three different enzymes, which are the major catalytic components: a substrate specific 2-

oxo acid dehydrogenase (El), a dihydrolipoyl acyltransferase (E2), and a common 

lipoamide dehydrogenase (E3). The complex-specific components are commonly 

abbreviated according to the origin of their complex, where Elp, Elo and Elb, and E2p, 

E2o and E2b, indicate the El and E2 components of PDHC, OGDHC, and BCDHC, 

respectively. The three components catalyse the set of sequential reactions as shown in 

Figure 1, involving three prosthetic groups (thiamin diphosphate (ThDP), lipoic acid and 

flavin adenine dinucleotide (FAD)), and two cofactors (NAD+ and CoA). The El 

component catalyses the oxidative decarboxylation of the 2-oxo acid and the subsequent 

reductive acylation of lipoic acid. The lipoic acid is covalently bound in an amide linkage 

to the Ne group of a specific lysine residue of the E2 component (Nawa et al., 1960), 

forming the so-called lipoyl group. The acyl group is then transferred to CoA, catalysed by 

the E2 component. Finally, the reduced lipoyl group is reoxidised by the E3 component 

with the concomitant reduction of NAD+. 

In addition to the three major catalytic components, mammalian and yeast PDHCs 

also contain a component called protein X (De Marcucci & Lindsay, 1985), which is 

involved in the binding of the E3 component to E2 (Neagie & Lindsay, 1991; Lawson et 

10 



General introduction: 2-oxo acid dehydrogenase complexes 

al, 1991a). Furthermore, eukaryotic PDHC and BCDHC contain an El-specific kinase and 

phosphatase, which are involved in regulation of the complex activity by a 

phosphorylation/dephosphorylation mechanism (Linn etal., 1969; Patel & Roche, 1990). 

NAD 

[ThDP] 

FAD 
HSSH 

f E3 NADH + H 

R-C-COOH + NAD + CoA-SH ->RC-S-CoA + NADH + H + CO2 

Figure 1. Reaction scheme for the oxidative decarboxylation of 2-oxo acids by the 2-oxo acid dehydrogenase 
complexes (Reed, 1974). R = CH3 for the pyruvate dehydrogenase complex (PDHC), R = CH2CH2COOH 
for the 2-oxoglutarate dehydrogenase complex (OGDHC), and R = CH(CH3)2, CH2CH(CH3)2 or 
CH(C2H5)(CH3) for the branched-chain 2-oxo acid dehydrogenase complex (BCDHC). ThDP, thiamin 
diphosphate; Lip, lipoic acid. 

The structural core of all 2-oxo acid dehydrogenase complexes is formed by an 

aggregate of the E2 component. The E2 components of PDHC from Gram-negative 

bacteria, and the OGDHC and BCDHC from all sources, except BCDHC from Bacilli 

(Perham & Packman, 1989), are assemblies of 24 identical subunits arranged with 

octahedral symmetry (Perham, 1991). The PDHC of mammals, yeast and Gram-positive 

bacteria form a core of 60 E2 subunits with icosahedral symmetry. Multiple copies of the 

peripheral components El and E3 bind tightly but noncovalently to the E2 core. Together 

this results in multienzyme complexes of enormous size (-5-14 MDa), which can easily be 

observed as large particles in electron micrographs (Oliver & Reed, 1982). A well-known 

exception is the PDHC core from Azotobacter vinelandii, which dissociates into functional 

11 



Chapter 1 

trimers upon binding of the peripheral components to the E2 component (Bosma et al., 

1984). 

The El component (2-oxo acid dehydrogenase) catalyses the rate-limiting step in 

the overall complex reaction, the reductive acylation of lipoyl groups (Cate et al, 1980). It 

is the least-characterised enzymatic component of the complex, and no structural 

information of any El component at atomic resolution is yet available. The El component 

exists in two forms, dependent on the type of complex and its symmetry (Perham, 1991). A 

homodimeric form (0C2) is found in PDHC and OGDHC with octahedral symmetry, and a 

heterodimeric ((X2P2) form is found in all BCDHCs, and in PDHCs with icosahedral cores. 

Despite a remarkable absence of sequence similarity among the different El subunits (e.g. 

Elp and Elo from E. coli (Stephens et al, 1983a; Darlison et al, 1984)), a common 

structural motif for a ThDP-binding site was proposed in all sequences of El components 

and other ThDP-dependent enzymes (Hawkins et al, 1989). From the recent determination 

of the three-dimensional structures of a number of different ThDP-dependent enzymes, i.e. 

transketolase (Lindqvist et al, 1992), pyruvate oxidase (Muller & Schulz, 1993) and 

pyruvate decarboxylase (Dyda et al, 1993), this motif was shown to being involved in 

binding the metal ion and the diphosphate group (Lindqvist & Schneider, 1993; Muller et 

al, 1993). The lack of structural information on El components seems partly due to the 

limited availability of a stable form of the enzyme. There are only a small number of 

reports on the recombinant expression of functional heterodimeric El (Wynn et al, 1992; 

Lessard & Perham, 1994; Hester et al, 1995), and only the first report this year on the 

expression of a functional homodimeric El (Berg et al, 1996a). However, the work 

mentioned above seems promising enough to expect new structural information shortly. 

In marked contrast with the El component, many structural and mechanistic details 

for the E3 component (lipoamide dehydrogenase) are available. The E3 component is 

usually common to all 2-oxo acid dehydrogenase complexes from the same source. 

Exceptions occur e.g. in Pseudomonas putida, where three different E3 enzymes have been 

demonstrated (Palmer et al, 1991), and in Enterococcus faecalis where two Ipd genes have 

been found, one related to the PDHC (Allen & Perham, 1991) and one of unknown 

function but probably related to BCDHC (Claibom et al, 1994). On the other hand, it has 

been shown that in pea leaf mitochondria the PDHC and the glycine decarboxylase 

complex share the same lipoamide dehydrogenase (Bourguignon et al, 1996). Lipoamide 

dehydrogenase belongs to the family of flavin-dependent disulphide oxidoreductases and is 

a homodimeric enzyme. Four three-dimensional structures of E3 components have been 

solved by means of X-ray crystallography: E3 from A. vinelandii (Schierbeek et al, 1989; 

Mattevi et al, 1991), Pseudomonas fluorescens (Mattevi et al, 1993a), Bacillus 

12 



General introduction: 2-oxo acid dehydrogenase complexes 

stearothermophilus in complex with the PDHC binding domain (Mande et al, 1996), and 

LPD-val from P. putida in complex with NAD+ (Mattevi et al., 1992b). The enzyme 

catalyses the regeneration (oxidation) of the dihydrolipoyl group of the E2 component, 

using a ping-pong mechanism (Massey, 1960). In the first step the electrons are transferred 

from the reduced lipoyl group to a reactive disulphide group of the enzyme. In the second 

step the electrons are transferred via the FAD group to the final electron acceptor NAD+. 

Further details regarding structural and mechanistic properties of this enzyme are beyond 

the scope of this introduction and can be obtained elsewhere (Massey, 1960; Williams, 

1992; De Kok & van Berkel, 1996). 

The acyltransferase component 

The acyltransferase (E2) components of all 2-oxo acid dehydrogenase complexes 

are multidomain proteins sharing a common but extraordinary design (Figure 2). Three 

different types of functional and separately folded domains have been disclosed from 

limited proteolysis studies (Bleile et ah, 1979; Bleile et al, 1981; Packman et al, 1984a; 

Packman et al, 1984b; Chuang, 1985; Hanemaaijer et al, 1987; Packman & Perham, 

1987), amino acid sequence comparisons (Russell & Guest, 1991) and functional 

expression of separate domains by means of genetic engineering (Miles & Guest, 1987b; 

Dardel et al, 1990; Schulze et al, 1991a; Hipps & Perham, 1992; Berg et al, 1994; Meng 

& Chuang, 1994). 

(mfcoc E 2 

Lipoyl Peripheral Catalytic domain 
domain(s) subunit-

binding 
domain 

| • h"f H ~l protein X 

Lipoyl E3-binding E2-binding domain 
domain domain 

Figure 2. Schematic representation of the structural domains of the E2 components and protein X. The 
domains are connected by flexible linker segments (thick line). The approximate position of the lipoylation 
site in the lipoyl domains is indicated by a dot. PDHCs contain one, two or three lipoyl domains depending 
on the source, OGDHCs and BCDHCs contain only one lipoyl domain per E2 chain. 
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Chapter I 

The E2 polypeptide chain contains at the N-terminus one to three lipoyl domains (~ 80 

amino acid residues), each containing a covalently bound lipoyl group, followed by a 

peripheral subunit-binding domain (~ 35 amino acid residues) involved in the binding of 

the E3 and/or El components to the E2 core. The C-terminal catalytic domain (~ 29 kDa) 

accommodates the acyltransferase active site and the intersubunit binding sites responsible 

for the formation of the multimeric (24 or 60 subunit) core of the complex. The domains 

are linked by long (15 to 40 amino acid residues) flexible linker segments rich in alanine, 

proline and usually charged residues. 

All OGDHCs and BCDHCs known so far contain a single lipoyl domain per E2 

chain. In PDHCs, E2 components with one, two or three lipoyl domains are found. For 

example, E. coli (Stephens et al, 1983b) and A. vinelandii E2p (Hanemaaijer et al, 1988a) 

have three lipoyl domains, Enterococcus faecalis (Allen & Perham, 1991), Haemophilus 

influenzae (Fleischmann et al, 1995), Alcaligenes eutrophus (Hein & Steinbiichel, 1994), 

Acholeplasma laidlawii (Wallbrandt et al., 1992), Neisseria meningitidis (Ala'Aldeen et 

al, 1995) and most mammalian E2ps (Thekkumkara et al, 1988) possess two lipoyl 

domains, and Bacillus subtilis (Hamila et al, 1990), B. stearothermophilus (Borges et al, 

1990) and yeast E2p (Niu et al, 1988) contain only one lipoyl domain. The lipoyl domains 

of the same E2p chain show a very high amino acid sequence identity. It appears that there 

is no obvious correlation between the number of lipoyl domains per E2 chain and the 

source or symmetry of the E2 core (Perham, 1991). The structure, function, expression and 

lipoylation of lipoyl domains are discussed in other paragraphs below. 

The isolated peripheral subunit-binding domain (-35 amino acid residues) is one of 

the smallest proteins having a stable globular fold without the help of disulphide bridges or 

prosthetic groups (Brocklehurst et al, 1994). The solution structures of the chemically 

synthesised binding domains of E. coli E2o (Robien et al, 1992) and B. 

stearothermophilus E2p (Kalia et al, 1993), and the crystal structure of the latter binding 

domain in complex with the E3 component (Mande et al., 1996), have been solved. The 

global fold of the domain comprises two almost parallel a-helices, a short helix and a short 

and a long more disordered loop (Figure 3). The binding domain of A. vinelandii and B. 

stearothermophilus E2p seems to be involved in binding of both the E3 and El 

components (Hanemaaijer et al, 1987; Packman et al, 1988), as is the case for all 

BCDHCs (Wynn et al, 1992). In other complexes with octahedral cores, like OGDHC 

from E. coli (Packman & Perham, 1986), the binding domain is responsible for binding 

only the E3 component. In eukaryotic PDHCs, the binding domain is involved in binding 

of the El component (Rahmatullah et al, 1989a; Lawson et al, 1991b), whereas the E3 

14 



General introduction: 2-oxo acid dehydrogenase complexes 

component is bound to the complex by protein X (Rahmatullah et al, 1989a; Neagle & 

Lindsay, 1991; Lawsonefa/., 1991a). 

Helix II 

Helix I 

Figure 3. Schematic drawing (Kraulis, 1991) of the peripheral subunit-binding domain of B. 
stearothermophilus E2p (Kalia et al., 1993), indicating its overall fold and the elements of secondary 
structure. 

The structural core of all 2-oxo acid dehydrogenase complexes is formed by 

aggregation of the C-terminal catalytic domain of the E2 polypeptide chain. From early 

electron microscopy studies (Reed, 1974) and crystallographic symmetries observed in X-

ray diffraction analysis (DeRosieref al., 1971; Fuller et al., 1979), a cubic or dodecahedral 

core formed by trimeric E2 units was already proposed (Reed & Hackert, 1990). Although 

for some time tetrameric E2 building blocks were suggested for the A. vinelandii E2p 

(Bosma et al., 1984; Hanemaaijer et al., 1989), the determination of the crystal structure of 

the catalytic domain of A. vinelandii E2p (Mattevi et al., 1992c, 1993b) clearly showed a 

hollow 24-meric truncated cube with an edge of 125 A, with trimers at its vertices (Figure 

4). Based on the sequence similarity among E2p amino acid sequences, the same trimeric 

building blocks are also assumed for complexes with 60-meric dodecahedral cores 

(Mattevi et al, 1992a, 1992c), for which no crystal structure is yet available. 

The determination of the crystal structure of the catalytic domain revealed a high 

structural similarity between the trimers and chloramphenicol acetyltransferase (CAT), as 

predicted earlier on the basis of sequence homology between CAT and E. coli E2p (Guest, 

1987). The active site is located at each interface of two E2 subunits in a trimer, forming a 

channel where lipoamide enters from the outside and CoA arrives from the inside of the 

cube. Guest (1987) also suggested for the E2p acetyltransferase reaction a similar reaction 

mechanism to CAT, with an active-site histidine residue acting as a general base. Since 

15 
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then, a number of site-directed mutagenesis experiments on different E2 components of 

various sources have confirmed and refined the proposed reaction mechanism (Griffin & 

Chuang, 1990; Russell & Guest, 1990; Russell et al, 1992; Meng & Chuang, 1994; Hendle 

et al, 1995), with the single exception of yeast E2p, where substitution of the proposed 

active-site histidine by alanine or asparagine did not have a significant effect on the 

activity (Niu et al, 1990). 

Figure 4. Ca-trace (Kraulis, 1991) of the cubic catalytic core domain of A. vinelandii E2p (Mattevi et al, 
1992c). 

The involvement of the histidine in the reaction mechanism has been confirmed by the 

crystal structures of binary and ternary complexes of the A. vinelandii catalytic domain 

with the substrates lipoamide and CoA (Mattevi et al, 1993c). 

The separate domains in the acyltransferase chain are connected to each other by 

flexible polypeptide segments of unusual composition with a large majority of alanine, 

proline, and usually charged amino acid residues. Their structure, mobility and role in 

active-site coupling will be discussed in the paragraph 'active-site coupling and role of 

linkers'. 

Related complexes 
In this intervening paragraph, a brief description of several multienzyme complexes 

and multicomponent enzymes that show some structural or functional relationship to the 2-

oxo acid dehydrogenase complexes is given, aimed at a better understanding of several 

comparisons that are made with these complexes elsewhere in this introduction. The 
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General introduction: 2-oxo acid dehydrogenase complexes 

glycine decarboxylase complex, the acetoin dehydrogenase enzyme system, the acetyl-

coenzyme A carboxylase and the fatty acid synthase are considered. 

The glycine decarboxylase complex, also known as the glycine cleavage system, 

catalyses the reversible oxidative decarboxylation and deamination of glycine yielding 

carbon dioxide, ammonia, NADH, and 5,10-methylene-5,6,7,8-tetrahydropteroyl-glutamic 

acid (CH2H4PteGlun) (Douce et al, 1994). The latter component is recycled by serine 

hydroxymethyltransferase, which is linked to the complex. The glycine decarboxylase 

complex consists of four protein components, named P-, H-, T- and L-protein. The P-

protein, a homodimer containing pyridoxal phosphate, catalyses the decarboxylation of 

glycine and transfer of the remaining methylamine to the lipoyl group of the H-protein. 

The T-protein catalyses the transfer of the methylene carbon from the H-protein to 

H4PteGlun forming CH2H4PteGlun with the release of ammonia. Finally, the reduced lipoyl 

group of the H-protein is reoxidised by the L-protein, a lipoamide dehydrogenase. The H-

protein couples the activities of the multienzyme complex enzymes with its covalently 

bound lipoyl group, analogous to the lipoyl domains of 2-oxo acid dehydrogenase 

complexes. The structure of the H-protein has shown to be similar to the lipoyl domain 

structures (see below). 

The acetoin dehydrogenase enzyme system catalyses the cleavage of acetoin to 

acetyl-CoA and acetaldehyde, comparable to the oxidative decarboxylation of 2-oxo acids 

by the 2-oxo acid dehydrogenase complexes (Opperman et al, 1989). This multienzyme 

complex also comprises multiple copies of three enzymes, a ThDP-dependent acetoin 

dehydrogenase (El), a dihydrolipoamide acetyltransferase (E2), and lipoamide 

dehydrogenase (E3). The nucleotide-derived amino acid sequences of the acetoin 

dehydrogenase complex components of the Gram-negative bacteria Pelobacter 

carbinolicus (Opperman & Steinbuchel, 1994) and Alcaligenes euthrophus (Pfiefert et al, 

1991), and the Gram-positive bacterium Clostridium magnum (Kriiger et al, 1994) show a 

high similarity with each other and with the components of the 2-oxo acid dehydrogenase 

complexes. The El components of acetoin dehydrogenase enzyme systems are 

heterodimers, the E2 components have one or two lipoyl domains, and the E3 component 

was found to have an N-terminal lipoyl domain in C. magnum. No structural information 

on any of these components is yet available. 

Acetyl-CoA carboxylase catalyses the first committed step in long-chain fatty acid 

biosynthesis, converting acetyl-CoA to malonyl-CoA. It belongs to the family of biotin-

dependent carboxylases, which include also propionyl-CoA carboxylase, oxaloacetate 

decarboxylase, pyruvate decarboxylase and transcarboxylase (Toh et al, 1993). They are 

composed of three subunits: a biotin carboxylase, a biotin carboxyl carrier protein, and a 
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carboxyltransferase. The biotin carboxylase catalyses the ATP-dependent carboxylation of 

biotin using bicarbonate. Biotin is linked to the N£ group of a specific lysine residue of the 

biotin carboxyl carrier protein. It acts as a swinging arm to transfer the carboxyl group to 

the carboxyltransferase, much like the lipoyl domains of the 2-oxo acid dehydrogenase 

complexes. In acetyl-CoA carboxylase, the carboxyl group is finally transferred to acetyl-

CoA to form malonyl-CoA, catalysed by the carboxyltransferase subunit. The three-

dimensional structures of the E. coli biotin carboxylase and the biotin carboxyl carrier 

protein of acetyl-CoA carboxylase have been determined by X-ray crystallography 

(Waldrop et al, 1994; Athappilly & Hendrickson, 1995). It shows that the structures of the 

biotin carboxyl carrier protein and lipoyl domains are strikingly similar (see below). 

The fatty acid synthase system is considered here, because a swinging arm is 

involved in the catalytic mechanism (Hammes, 1981). The enzymes of fatty acid synthesis 

constitute a multienzyme complex, in which all reaction intermediates are bound to an acyl 

carrier protein. The acyl carrier protein contains a phosphopantetheine moiety covalently 

linked to the hydroxyl group of a serine residue. During catalysis, the acyl groups are 

bound via a thioester linkage to the -SH group of this prosthetic group, which serves as a 

swinging arm to deliver the acyl group at the different active sites. With the presence of a 

swinging arm the similarity with 2-oxo acid dehydrogenase complexes ends. There is no 

structural or sequential homology between the acyl carrier protein and lipoyl domains. 

Subunit assembly and quaternary structure 
The quaternary structure and the modes of binding of the individual components of 

2-oxo acid dehydrogenase complexes would be easiest assessed by crystal structures of the 

complete multienzyme complexes, but the elucidation of these will probably be for a long 

time, if not forever, just a wish. Naturally, large amounts of labour have been put into 

obtaining well-ordered crystals of complete complexes or of isolated E2 components, but 

so far without any success. Likely, the high mobility of the linker segments and lipoyl 

domains prevented the growth of crystals diffracting at atomic resolution (Mattevi et al., 

1992c). However, the approach of structure determination of the individual components, 

domains and linkers of the complexes (Perham, 1991; Mattevi et al, 1992a) has resulted 

recently in three-dimensional structures of various E3 components (see above) and of the 

three different domains of the E2 component (see above and below). Despite the fact that 

these tertiary structures have provided a wealth of new information and insights in many 

aspects of 2-oxo acid dehydrogenase complexes, a quaternary structure of the complex is 

of course not obtained by simply adding up these tertiary structures. But combining these 
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data with other biochemical data and electron microscopy studies could lead at least to an 

increased insight, although limited, into subunit assembly of these complexes. 

The quaternary structure of the E2 component has already been discussed, and has 

shown to being assembled from 24 or 60 subunits in octahedral and icosahedral complexes, 

respectively. Multiple copies of the El and E3 components bind to the E2 cores, but not in 

stoichiometric amounts. In E. coli PDHC, 12 El dimers bind to the edges of the octahedral 

core, whilst 6 E3 dimers bind in the 6 faces of the cube (Koike et al, 1963). The optimal 

Elo:E2o:E3 chain-stoichiometry for E. coli and A. vinelandii OGDHC have been 

estimated at 12:24:12 (Pettit et al, 1973; Bosma, 1984). An unusual exception to the 

organisation of PDHCs from Gram-negative bacteria is the PDHC from A. vinelandii. As 

isolated, it consists of a trimeric E2 core to which two El dimers and a single E3 dimer are 

bound (Schulze et al, 1992). With that it is the smallest 2-oxo acid dehydrogenase 

complex known (Mr ~ 700 kDa). Upon removal of the peripheral components the E2 

component aggregates to the common 24-meric cubic core with 432 symmetry. However, 

in the presence of CoA or acetyl-CoA, the cubic core does not dissociate upon addition of 

the peripheral components, which suggests that in vivo this PDHC is also likely based on a 

24-meric E2p core (Schulze et al., 1993). 

The icosahedral cores of mammalian, Gram-positive bacterial and yeast PDHC 

bind about 30 El tetramers (OC2P2) at the edges and 6 E3 dimers in the faces of the 

pentagonal dodecahedral E2 core (Henderson et al, 1979; Wu & Reed, 1984). The Elp 

components are bound to the peripheral subunit-binding domain of the E2p component via 

their (3-subunits (Wynn et al, 1992; Lessard & Perham, 1995). In addition, mammalian 

and yeast PDHC contain 6 or 12 protein X subunits (Jilka et al, 1986; Maeng et al, 1994; 

Sanderson et al, 1996), and one to three copies of a specific kinase and phosphatase (Reed, 

1974; Reed & Hackert, 1990). Protein X has a similar domain structure as the E2 

components (Figure 2), with one N-terminal lipoyl domain, a small E3-binding domain, 

and a C-terminal domain that binds protein X to the E2 core (Behal et al, 1989; 

Rahmatullah et al, 1989b; Lawson et al, 1991a). The main function of protein X seems 

binding of the E3 dimers to the complex (Neagle & Lindsay, 1991; Lawson et al, 1991a; 

Maeng et al, 1994), although it has been suggested that the lipoyl domain of protein X can 

also play a role in the catalytic mechanism (Rahmatullah et al, 1990; Lawson et al, 

1991b; Sanderson et al, 1996). The El kinases were shown to associate to the mammalian 

PDHC via binding to, preferentially, the inner lipoyl domain of the E2 component (Radke 

et al, 1993; Liu et al, 1995a), which also appears to play a role in kinase stimulation (Ono 

et al, 1993; Ravindran et al, 1996). Finally, mammalian OGDHC lacks protein X, but the 

E2o component also lacks a sequence motif of the putative peripheral-subunit binding 
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domain (Nakano et al, 1991). However, in the N-terminal region of the Elo component a 

sequence similar to protein X is found to being involved in E3 binding (Rice et al, 1992). 

Many 2-oxo acid dehydrogenase complexes have shown to be self-assembling 

(Koike et al, 1963; Reed et al, 1975; Bates et al, 1977; Bosma et al, 1984), at least in 

vitro, which means that they can be functionally reconstituted from their individual 

components. Interestingly, reconstitution experiments have revealed that in cases where the 

binding domain is involved in binding of both peripheral components, there seems 

competition for binding sites during assembly, possibly caused by steric hindrance (Reed 

et al, 1975). For example, the prokaryotic E2p components from A. vinelandii and E. coli 

can bind one peripheral component in a chain ratio of 1:2 for E2p:El or E2p:E3 in the 

absence of the other peripheral component (Reed et al, 1975; Bosma et al, 1984). 

Addition of the other component causes displacement of the bound component. For the B. 

stearothermophilus E2p it has been shown that the Elp and E3 components cannot bind 

simultaneously to the same isolated binding domain (Lessard & Perham, 1995). This 

suggests that one peripheral subunit-binding domain is involved in the binding of a dimer 

of El((3) or E3. Other studies on the binding of E3 to the isolated di-domain (lipoyl domain 

plus binding domain) (Hipps et al, 1994) or the complete E2p or E2o (Westphal et al, 

1995) confirmed this suggestion. Furthermore, it has been shown that a dimeric E3 is 

essential for binding to the E2 component (Schulze et al, 1991b). 

An exciting observation by Westphal and co-workers was that binding to the A. 

vinelandii E2p stabilised the E3 by tightening the intersubunit interaction, making this 

component less sensitive against over-reduction (Westphal etal, 1995). From this study it 

was also concluded that the E3 component must bind with its subunit interface near the 

dyad axis to the E2 component, thereby preventing sterically the binding of a second E3 

dimer. This mode of interaction between E3 and the binding domain has recently been 

justified by the elucidation of the X-ray crystal structure of the B. stearothermophilus E3 

component with the binding domain of E2p (Mande et al, 1996). The E3 component was 

shown to bind mainly to the N-terminal part of the binding domain, via predominantly 

electrostatic interactions with both E3 subunits. 

The interaction between the El and the E2 component has not been studied in such 

large detail. Reconstitution experiments of PDHCs based on chimeric E2p components 

from A. vinelandii and E. coli have shown that Elp interacts with both the binding domain 

and the catalytic domain of E2p (Schulze et al, 1992). Site-directed mutagenesis 

experiments of A. vinelandii E2p already had indicated that the binding sites for Elp are 

located on the binding domain and catalytic domain (Schulze etal, 1991c). 
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The spatial distribution of the complex components has been probed mainly by 

different electron microscopy techniques. From electron microscopy studies on negatively 

stained E. coli complexes (Oliver & Reed, 1982), and confirmed by cryoelectron 

microscopy of the frozen-hydrated complexes (Wagenknecht et al, 1990), it has been 

shown that the El and E3 subunits are separated from the E2 core by a gap of 3-5 nm. 

These results have been interpreted by a flexible mode of attachment of El and E3 to the 

E2 core, conferred by the linker sequence connecting the peripheral subunit-binding 

domain with the core-forming catalytic domain. Similar results have been obtained for the 

mammalian PDHC, where the Elp and E3 components also appear not being bound 

directly to the E2p-X core (Wagenknecht et al., 1991). Whether the suggested mobility of 

the peripheral components plays a role in active-site coupling remains to be determined. It 

could well be that a function as a spacer rather than being flexible is more important for 

this linker segment. It should be noted that scanning transmission electron microscopy 

(STEM) studies of cross-linked E. coli PDHC suggest more distinct El and E3 binding 

sites on the E2 core (CaJacob et al., 1985; Yang et al, 1986). Finally, various electron 

microscopy studies of E. coli PDHC, e.g. of negatively stained E2p cores (Bleile et al., 

1979), using cryoelectron microscopy (Wagenknecht et al, 1990,1992), or using STEM of 

gold cluster labelled lipoyl groups (Yang et al, 1994), all indicate that the lipoyl domains 

extend from the surface of the E2p core. This has been confirmed by cross-linking studies 

of E. coli PDHC with avidin, which tightly binds lipoyl groups (Hale et al, 1992). 

Structure and role of lipoyl domains 

The lipoyl groups, which are covalently attached to lipoyl domains, are essential for 

the coupling of the activities of the separate multienzyme components, by acting as 

reaction intermediate carriers. As such, they are substrates for the three different active 

sites in the multienzyme complex, and are indispensable for the efficient functioning of the 

complex. Lipoyl domains are independently folded and functioning protein units, as has 

been shown by reductive acylation of lipoyl domains obtained by limited proteolysis 

(Bleile et al, 1981; Packman et al, 1984a, 1984b) or by expression of sub-genes encoding 

them (Ali & Guest, 1990; Dardel et al, 1990; Quinn et al, 1993; Berg et al, 1994, 1995; 

Liu et al., 1995b). In combination with amino acid sequence comparisons of many 

acyltransferases (Russell & Guest, 1991; Matuda etal, 1992; Dardel etal, 1993) (see also 

Figure 5), it was concluded that lipoyl domains comprise approximately 80 residues, 
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General introduction: 2-oxo acid dehydrogenase complexes 

each containing one fully conserved lysine residue as potential lipoylation site. 

The structure of the lipoyl domain is not only required for the specific attachment 

of the lipoic acid prosthetic group (Wallis & Perham, 1994), but also increases the 

efficiency of reductive acylation of its lipoyl group dramatically. While free lipoamide or 

lipoic acid are good substrates for the E2 and E3 components, lipoamide is an extremely 

poor substrate for the El component (Reed et ah, 1958a). Likewise, reductive acetylation 

by Elp of a lipoylated decapeptide, with an amino acid sequence matching that 

surrounding the lipoylation site of E. coli E2p, is only barely detectable (Graham et ah, 

1989). However, lipoyl groups, when bound to the lipoyl domains, are readily and 

efficiently reductively acylated by their appropriate El components (Bleile et ah, 1981; 

Packman et ah, 1984a, 1984b; Berg etah, 1994, 1995). It has been suggested, on the basis 

of the large difference between the Km (~ 33 |J.M) and the Ks (> 0.3 mM), that the enlarged 

efficiency of reductive acylation of the lipoyl group by a folded lipoyl domain is not 

directly a matter of enhanced binding to the El component (Graham & Perham, 1990). 

The lipoyl domain is also responsible, at least in part, for the specificity of the 

reductive acylation reaction. Lipoyl domains are only efficiently reductively acylated by 

the El component of their parent complex, as has been shown for the E. coli (Graham et 

ah, 1989) complexes, and subsequently for the A. vinelandii complexes (chapter 6, this 

thesis). Reduced overall activity of reconstituted E. coli PDHC containing A. vinelandii 

Elp (De Kok & Westphal, 1985), and of E. coli and A. vinelandii PDHCs containing each 

others engineered lipoyl domains (Schulze et ah, 1992), is also ascribed to reduced 

efficiency of reductive acylation. Together this indicates that molecular recognition occurs 

between lipoyl domains and El components. It is obvious, however, that a complete 

picture of the specific molecular interactions involved in recognition of lipoyl domains is 

impaired by the lack of structural information of the El component at atomic resolution. 

Another very intriguing question regarding lipoyl domains is why a number of 

PDHCs have more than one (two or three) lipoyl domain per E2 chain? It has been shown 

for the E. coli PDHC, containing three lipoyl domains per E2p chain, that nearly half of the 

lipoyl domains can be removed by limited proteolysis without significant loss in overall 

complex activity (Berman et ah, 1981; Stepp et ah, 1981). Likewise, the rate of chemical 

modification of enzymatic excision of lipoyl groups was shown to be faster than the rate at 

which complex activity decreased (Ambrose-Griffin et ah, 1980; Berman et ah, 1981; 

Danson et ah, 1981; Stepp et ah, 1981). Furthermore, by genetic engineering two of the 

three E. coli PDHC lipoyl domains can be removed with no apparent effect on overall 

complex activity or active-site coupling (Guest et ah, 1985; Graham et ah, 1986). This is 

explained by an active-site coupling mechanism in which the rate-limiting El component 
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can serve many lipoyl domains, and in which acyl groups can rapidly transfer among 

different lipoyl domains (Bates et al, 1977; Collins & Reed, 1977; Danson et al, 1978a, 

1978b). In this way the function of the removed or inactivated lipoyl domains can be taken 

over by the remainders. However, this mechanism does still not explain the apparent 

excess of lipoyl domains in a number of PDHCs. Only recently, an alternative approach of 

comparing isogenic strains of E. coli containing PDHCs with one, two or three lipoyl 

domains per E2p chain, showed that the maximum growth rates of these strains in minimal 

medium are directly correlated with the number of lipoyl domains (Dave et al, 1995). 

These results show at least the advantage for E. coli having PDHC with three lipoyl 

domains per E2p chain for efficient balanced growth on carbon sources that need this 

complex in their metabolic route. 

Lipoyl domains are not exclusively found at the N-terminal part of the E2 chains of 

2-oxo acid dehydrogenase complexes and acetoin dehydrogenase enzyme systems. As 

mentioned earlier, the protein X component of eukaryotic PDHCs also contains an N-

terminal lipoyl domain, and it has been shown that this lipoyl domain is able to function in 

the overall complex reaction (Rahmatullah et al, 1990; Lawson et al, 1991b). The lipoyl 

domain of protein X of S. cerevisiae shows about 50% amino acid sequence identity to the 

lipoyl domains of its E2p (Behal et al, 1989). Only recently, the PDHCs from Alcaligenes 

eutrophus (Hein & Steinbuchel, 1994) and Neisseria meningitidis (Ala'Aldeen et al, 

1996), and the acetoin dehydrogenase enzyme system from Clostridium magnum (Kriiger 

et al, 1994), were found to have an E3 component containing a lipoyl domain connected to 

its N-terminus by a linker segment. Although the role of these lipoyl domains in the 

multienzyme complex has not yet been established, their high amino acid sequence identity 

with the lipoyl domains of the E2 component suggests that they could take part in the 

overall reaction. 

An additional role for the lipoyl domains of mammalian PDHCs has found to be 

involvement in binding of the pyruvate dehydrogenase kinase. It was shown that the kinase 

selectively binds to the inner lipoyl domain of the two lipoyl domains of the mammalian 

E2 component (Liu et al, 1995a), and that this association involves the hydrophobic inner 

portion of the lipoyl group (Radke et al, 1993). The kinase activity is regulated through 

the redox state of the inner lipoyl domain, showing an increased activity upon reduction or 

acetylation of the lipoyl group (Ravindran et al, 1996). To explain the rapid 

phosphorylation of many El components by a limited number of kinase molecules, a 

mechanism has been proposed in which the bound kinase directly moves between the 

different inner lipoyl domains without dissociating from the complex (Ono et al, 1993; 

Liu etal, 1995a). 
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Recently, several three-dimensional structures of lipoyl domains have been solved, 

all by means of NMR spectroscopy. These are the single lipoyl domain of B. 

stearothermophilus PDHC (Dardel et al., 1993), a non-native hybrid lipoyl domain of E. 

coli PDHC (Green et al, 1995a) and the N-terminal lipoyl domains of A. vinelandii PDHC 

and OGDHC (Berg et al, 1996b), which are described in this thesis. All lipoyl domain 

structures show a very similar overall fold, which is now considered a new class of all-p 

folds called |3-barrel-sandwich hybrids (Chothia & Murzin, 1993), or flattened p-barrels 

(Green et al, 1995a). The structure of the lipoyl domain is formed by two very similar 

four-stranded antiparallel P-sheets, which are packed around a core of hydrophobic 

residues in a sandwich-like manner (Figure 6). 

Lys42 

Figure 6. Schematic drawing (Kraulis, 1991) of the lipoyl domain of B. stearothermophilus PDHC (Dardel et 
al., 1993). Lys42 is the lipoylation site. 

The lipoylation site is exposed in a P-turn at the far end of one of the sheets, while the N-

terminus and C-terminus meet at the opposite side of the domain, in two adjacent P-strands 

in the other p-sheet. The lipoyl domain displays a remarkable internal symmetry, relating 

the two halves of the molecule by a two-fold rotational axis. Regarding the lipoyl domain 

structures determined so far, in combination with the conservation of key-residues in all 

lipoyl domain amino acid sequences, it is concluded that all lipoyl domains will have 

highly similar folds (Dardel et al, 1993; Green et al, 1995a; Berg et al, 1996b). Further 

structural details and comparisons of lipoyl domains can be found in the chapters 4 and 5. 

A final noticeable feature of lipoyl domains is that their structure is not altered by 

lipoylation. In the NMR spectra only very small differences in chemical shifts of residues 

close to the lipoylation site are observed between the unlipoylated and lipoylated forms of 

the lipoyl domain (Dardel et al, 1991; Berg et al, 1994). 
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Lipoyl domains derived from 2-oxo acid dehydrogenase complexes show high 

structural homology to the H-protein of the glycine decarboxylase system and the biotinyl 

domain of acetyl-CoA carboxylase, as had been predicted on the basis of (low) sequence 

similarity to lipoyl domains (Brocklehurst & Perham, 1993; Toh et al, 1993). The 

structure of the H-protein has been solved by X-ray crystallography (Pares et al, 1994; 

Cohen-Addad et al, 1995), and consists of a P-barrel-sandwich structure similar to the 

lipoyl domain (Figure 7). The lipoyl-lysine is analogously presented in a p-hairpin turn and 

is rather flexible, as concluded from the relatively high B-factors. The N-terminal exposed 

loop of the lipoyl domain is replaced by a helix in the H-protein, which is also in proximity 

of the lipoylation site. The H-protein (~ 130 amino acid residues) is larger than a lipoyl 

domain (~ 80 amino acid residues) and contains two additional P-strands at the N-terminal 

end, and a short and a long C-terminal helix. Very interestingly, the X-ray crystal structure 

of the methylamine loaded form of the H-protein shows that the lipoyl-methylamine group 

interacts with several specific conserved residues, located in a cleft formed by the p-

sandwich and the N-terminal helix (Cohen-Addad et al, 1995). The strong interactions 

between the protein and the methylamine group explain why the methylamine-loaded form 

of the H-protein is stable (Neuberger et al, 1991), and show that in this form the lipoyl 

group is not free to rotate. 

lipoyl group 

Figure 7. Schematic drawing (Kraulis, 1991) of the H-protein of the glycine decarboxylase complex from 
pea leaves (Pares et al, 1994). The lipoyl group is represented in ball-and-stick. 
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The X-ray crystal structure of the biotinyl domain of acetyl-CoA carboxylase from 

E. coli is very similar to the structure of lipoyl domains (Athappilly & Hendrickson, 1995). 

The only difference in overall fold is the absence of the exposed N-terminal loop of the 

lipoyl domain in the biotinyl domain, which in turn possesses a large loop between the 

second and third P-strand (Figure 8). The biotinylated lysine residue resides in a fi-hairpin 

turn, a structural feature which seems conserved in all proteins containing lipoic acid or 

biotin. The biotinyl group is well defined in the electron-density map, and interacts with 

residues of the large loop that is absent in lipoyl domains. This indicates that the biotinyl 

group is not completely free to swing, at least in its noncarboxylated form, but is partially 

buried in the surface of the domain. 

biocytin 

Figure 8. Schematic drawing (Kraulis, 1991) of the biotinyl domain of acetyl-CoA carboxylase from E. coli 
(Athappilly & Hendrickson, 1995). The biocytin is shown in ball-and-stick representation. 

Lipoylation 
Lipoic acid (6,8-thioctic acid or l,2-dithiolane-3-pentanoic acid) is the prosthetic 

group of the lipoyl domains of 2-oxo acid dehydrogenase complexes and acetoin 

dehydrogenase enzyme systems, and of the H-protein of the glycine decarboxylase 

complex. The carboxyl group of lipoic acid is bound in an amide linkage to the Ne group of 

a specific lysine residue in a posttranslational modification process called lipoylation. Until 

recently, very little was known about the enzyme(s) and mechanism(s) involved in 

lipoylation of apo-lipoyl domains, and about the biosynthesis of lipoic acid, which will not 
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be discussed here. Early work by the group of Lester J. Reed on the lipoylating systems of 

E. coli and S. faecalis showed that incorporation of lipoic acid into apo-PDHC required 

lipoic acid, ATP, inorganic phosphate and a divalent metal ion, and that lipoic acid and 

ATP could be replaced by lipoyladenylate (Reed et al, 1958a, 1958b). Only after the 

observation of unlipoylated and mismodified (octanoylated) lipoyl domains after 

overexpression of their subgenes in E. coli under certain conditions, the attention to the 

lipoylation process seemed renewed. 

Unlipoylated and octanoylated lipoyl domains have been observed in a number of 

cases. Expression of an E. coli PDHC lipoyl domain in E. coli produced a mixture of the 

lipoylated and unlipoylated form of the domain (Miles & Guest, 1987b; Ali & Guest, 

1990). Likewise, lipoylated and unlipoylated forms were detected when the human PDHC 

inner lipoyl domain (Quinn et al., 1993), the lipoyl domains of A. vinelandii PDHC and 

OGDHC (Berg et al, 1994, 1995), and the H-protein from pea (Macherel et al, 1996) 

were overproduced in E. coli. Addition of exogenous lipoic acid to the growth medium 

commonly resulted in increased amounts of the lipoylated form, indicating that the 

overexpression exceeded the cell's capacity for lipoylation. In addition to the lipoylated 

and unlipoylated forms, small amounts of an octanoylated form were observed when the 

lipoyl domains of B. stearothermophilus and human PDHC, and the H-protein of bovine 

glycine decarboxylase complex were expressed in E. coli (Dardel et al, 1990; Fujiwara et 

al, 1992; Hipps & Perham, 1992; Liu et al, 1995b), and when E. coli PDHC lipoyl 

domains were expressed in a lipoate-deficient E. coli strain (Ali et al, 1990). The 

identification of the different forms of lipoyl domains and H-proteins was greatly 

facilitated by the application of new and advanced mass-spectrometry techniques, e.g. 

electrospray mass spectrometry. 

It is interesting that lipoyl domains and H-proteins from different sources are being 

lipoylated by the lipoylating system of E. coli, with the exception of the lipoyl domain of 

bovine BCDHC which is not lipoylated (Griffin et al, 1990). The lipoyl domain and its 

particular lipoyl-lysine residue are selected specifically for lipoylation, and the question 

arises how this site is recognised by the lipoylating enzyme(s)? This question was 

addressed by site-directed mutagenesis experiments of residues about the lipoyl-lysine 

residue of the B. stearothermophilus PDHC lipoyl domain (Wallis & Perham, 1994). They 

showed that the position of the lipoyl-lysine residue in the (3-turn where it is found, is 

essential for lipoylation, rather than the residues directly surrounding it. 

Lipoate protein ligases, responsible for the lipoylation reaction, have been isolated 

from E. coli (Brookfield et al, 1991; Green et al, 1995b) and from bovine liver 

mitochondria (Fujiwara et al, 1994). In E. coli two distinct genes have been cloned 
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(Morris et al, 1994, 1995), the products of which are involved in lipoylation. The IplA 

gene product is responsible for the incorporation of exogenous lipoic acid, via a 

mechanism using a lipoyl-AMP intermediate, which is consistent with the early 

observations by Reed (Reed et al, 1958a, 1958b), and analogous to the biotin protein 

ligase (Cronan, 1989). The other lipoate protein ligase, the lipB gene product, utilises 

lipoyl groups generated via endogenous lipoic acid biosynthesis. This indicates that two 

redundant pathways with two different lipoate protein ligases for lipoylation exist in E. 

coli. Two isoforms of lipoyltransferase were purified from bovine liver mitochondria that 

could use lipoyl-AMP but not lipoic acid plus MgATP for lipoylation (Fujiwara et al, 

1994), suggesting that two enzymes are involved in the complete lipoylation reaction. 

From the amino acid sequences of E2 components the number of potential 

lipoylation sites can be determined. The extent of lipoylation of the potential sites has been 

a subject of controversy for a long time. Various studies using different methods of 

determination, mainly on the E2p component of E. coli, resulted in numbers ranging from 

1.7 to 2.0 lipoyl groups per E2p chain (Packman et al, 1984a). However, re-assessment of 

the number of functional lipoyl groups per E2p and E2o chain by a combination of protein-

chemical and modern mass-spectrometric techniques clearly showed that all potential 

lipoylation sites contain functional lipoyl groups (Packman et al, 1991). 

Active-site coupling and role of linkers 

The coupling of the activities of the three enzymatic components of the 2-oxo acid 

dehydrogenase complexes is brought about by their lipoyl groups. A swinging arm 

mechanism, in which the long and flexible lipoyl groups rotate among the different active 

sites, had been proposed responsible for active-site coupling (Koike et al, 1963). However, 

by fluorescence energy transfer measurements it was shown that the distances between the 

active sites in PDHC were at least 40 A (Shepherd & Hammes, 1977), a gap that cannot be 

narrowed by a rotating lipoyl group (~ 28 A). Thus, more than just a swinging arm is 

required for active-site coupling, and the participation of two or more lipoyl groups in a 

catalytic cycle, or additional movement of protein parts, was suggested to being involved 

in the mechanism. 

The mechanism of active-site coupling is more complicated than the simple direct 

transfer of an intermediate from an active site via the lipoyl group to the subsequent active 

site. The observation that only a few El dimers can reductively acylate many lipoyl groups 

in E. coli PDHC and OGDHC (so-called servicing experiments) (Bates et al, 1977; Collins 

& Reed, 1977; Danson et al, 1978a), and at a rate comparable with the overall complex 
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activity (Danson et ai, 1978b), suggests that acyl-transfer reactions among lipoyl groups 

need to be accounted for in the active-site coupling mechanism. The involvement of 

intramolecular transacylation reactions can be used to explain the observations that the 

removal of lipoyl domains by limited proteolysis (Berman et ai, 1981; Stepp et ai, 1981) 

or genetic engineering (Guest et ai, 1985), or enzymatic release or chemical inactivation 

of the lipoyl groups (Ambrose-Griffin et ai, 1980; Berman et ai, 1981; Danson et ai, 

1981; Stepp et ai, 1981) proceed faster than the accompanying loss of overall complex 

activity. The kinetics of inactivation have been simulated by a computer model, using a 

multiple random coupling mechanism for active-site coupling (Hackert et ai, 1983a, 

1983b). This mechanism was supported by site-directed mutagenesis experiments of E. 

coli PDHC, in which was shown that various permutations of functional and non­

functional (by lipoyl-lysine to glutamine mutations) lipoyl domains did not effect active-

site coupling (Allen et ai, 1989). These elegant experiments strongly suggest that the three 

lipoyl domains function completely independent and that the reductive acetylation of them 

is random order. 

The multiple random coupling mechanism suggests a rapid transfer of acyl groups 

among lipoyl groups. From the X-ray crystal structures of the E2 and E3 components, this 

acyl transfer is expected to be a chemical reaction and not an enzymatically catalysed 

reaction, which means that both the 6-5-acyldihydrolipoyl group and the 8-5-

acyldihydrolipoyl group will be formed. Since the 6-5-acyldihydrolipoyl group is likely not 

converted by the E2 component, a rapid decrease of the complex activity during servicing 

experiments could be expected, but is, however, not observed. Chemical intramolecular 

isomerisation of the inactive enzyme-bound 6-S-acyldihydrolipoyl groups to 8-5-

acyldihydrolipoyl groups is too slow during normal catalytic turnover (Yang & Frey, 1986) 

to compensate for this. The question why rapid inactivation of the complexes during 

servicing experiments, due to formation of the inactive 6-5-acyldihydrolipoyl groups, is 

not observed, has not been addressed until now and remains to be solved. 

The observation of unexpectedly sharp resonances in the 'H-NMR spectrum of the 

E. coli PDHC (Mr ~ 5 MDa) indicated the presence of conformational mobile regions in 

E2p (Perham et ai, 1981). Later on, similar signals have also been detected in other 

complexes, like E. coli OGDHC (Perham & Roberts, 1981), B. stearothermophilus PDHC 

(Duckworth et ai, 1982), and A. vinelandii PDHC, OGDHC and E2p (Hanemaaijer et ai, 

1988b). These signals were ascribed to the alanine and proline rich linker segments in the 

E2 chain, which could be important for facilitating movement of lipoyl domains for active-

site coupling. This was supported by the similarity of ' H-NMR spectra of a 32-residue 

synthetic peptide representing the amino acid sequence of a linker (Radford et ai, 1986), 
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and by the reduction of sharp signals in the spectrum of E. coli PDHC with two deleted 

lipoyl domains and linkers (Radford et al, 1987). Direct evidence for mobility of the linker 

segments came from the observation of sharp 'H-NMR signals assigned to a histidine 

residue that was introduced in the interdomain segment of a mutant E. coli PDHC with 

only one lipoyl domain (Texter et al, 1988). 

A more detailed analysis, by means of NMR spectroscopy and circular dichroism, 

of several synthetic peptides with amino acid sequences representing E. coli PDHC linkers, 

showed that these peptides are very flexible in solution (Radford et al., 1989; Green et al, 

1992). Moreover, it was shown that their structures were disordered but not random coil, 

and in particular that all Ala-Pro peptide bonds were in the trans conformation. This 

suggests a certain stiffening of the flexible linkers, which would facilitate protrusion from 

the core of the complex. 

The importance of the flexibility of the linkers for active-site coupling was shown 

by making deletions in the 32-residue linker segment of an E. coli PDHC mutant 

containing one lipoyl domain (Miles et al, 1988). Reduction of the linker to less than 13 

residues caused significant loss in active-site coupling. Studies in which different linkers, 

varying in length and composition, were engineered in this complex confirmed the 

importance of the linker size (Turner et al, 1993). They also showed that the amino acid 

composition of the linker is of less importance, although highly charged linkers were not 

allowed. Finally, the flexibility and importance of the short linker segment connecting the 

peripheral subunit-binding domain with the catalytic domain for active-site coupling needs 

to be established unequivocally (Schulze et al., 1993), and may vary between different 2-

oxo acid dehydrogenase complexes (Perham, 1991). 

Outline of this thesis 
In this thesis the determination of the three-dimensional structures of the N-

terminal lipoyl domains of A. vinelandii PDHC and OGDHC by means of NMR 

spectroscopy is described. The structure of the lipoyl domain is of particular interest and 

importance for several reasons. The attachment of the lipoyl group to a lipoyl domain 

dramatically enhances the efficiency of reductive acylation of the reactive dithiolane ring 

by the 2-oxo acid dehydrogenase (El) component. Moreover, the lipoyl domain causes its 

lipoyl group to be only an effective substrate for the El of its parent multienzyme complex, 

and thus effectuates the reductive acylation reaction to being specific. It is therefore clear 

that a process of molecular recognition occurs between El components and lipoyl 

domains. Besides, the selection of a specific lysine residue of the lipoyl domain by the 
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enzymes responsible for its lipoylation is also determined by the structure of the lipoyl 

domain. 

The present study aimed at gaining a more detailed insight in the structural basis for 

the specific interaction between lipoyl domains and El components, and in particular what 

residues or structural features of the lipoyl domain are involved in this process. The 

determination of the three-dimensional structure of lipoyl domains is naturally a 

prerequisite for such studies. Their size and apparent stability make the lipoyl domains 

suitable for a structure determination using NMR spectroscopy. 

To obtain sufficient amounts of the N-terminal lipoyl domains of A. vinelandii 

PDHC and OGDHC for structural investigations, sub-genes encoding these lipoyl domains 

(79 amino acid residues) were expressed in E. coli (chapters 2 and 3). The lipoyl domains 

were isotopically enriched with 15N to facilitate the NMR spectral assignments. The 

sequential 'H and 15N assignments of the N-terminal lipoyl domain of PDHC, as well as 

the derivation of its secondary structure in solution, are described in chapter 2. 

Furthermore, the 'H-NMR spectra of the separately isolated lipoylated and nonlipoylated 

forms of this lipoyl domain are compared, and several }H resonances of the lipoyl group 

were assigned. The sequential 'H and 15N assignments and secondary structure of the 

single lipoyl domain of OGDHC were also obtained (chapter 3). From a comparison of a 

variety of NMR-derived parameters of the PDHC and OGDHC lipoyl domains, it is 

suggested that their structures in solution are very similar. 

The determination of the three-dimensional solution structures of the PDHC and 

OGDHC lipoyl domains is described in the chapters 4 and 5, respectively. These structures 

are compared with each other, and with the structures of the lipoyl domains of B. 

stearothermophilus PDHC and E. coli PDHC, which became available during the course of 

the structure determination of the A. vinelandii lipoyl domains. On the basis of a 

comparison of these structures and many lipoyl domain amino acid sequences, several 

residues are proposed, including those of a solvent-exposed loop close in space to the 

lipoylation site, that could be responsible for the specific recognition of lipoyl domains by 

El. Cross-acylation experiments of A. vinelandii PDHC and OGDHC lipoyl domains 

catalysed by A. vinelandii and E. coli complexes, and site-directed mutagenesis 

experiments of the exposed loop of the OGDHC lipoyl domain were performed, to study 

the role of this loop in molecular recognition (chapter 6). 
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