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Zusammenfassung 

Während meiner Dissertation war ich in zwei Projekte involviert, in die Expression 

und biophysikalische Charakterisierung der extrazellulären Domäne von Ligand-gesteuerten 

Ionenkanälen (ligand-gated ion channels, LGICs) und in die strukturelle Untersuchung der 

Oxalacetat Decarboxylase (OAD) von Vibrio cholerae. 

 

Ligand-gesteuerte Ionenkanäle aus der Superfamilie der Cys-loop Rezeptoren spielen 

eine äusserst wichtige Rolle in der Kommunikation zwischen Nervenzellen durch das Öffnen 

eines Ionenkanals als Folge der Bindung eines Neurotransmitters an den Rezeptor. Die 

Eigenschaft des Ions, welches durch den Kanal geschleust wird, ist abhängig vom 

Rezeptortyp und bestimmt, ob die entsprechende Zelle de- oder hyperpolarisiert wird, was 

wiederum die Entstehung von Aktionspotentialen begünstigt oder hemmt. Die Cys-loop 

Rezeptor Superfamilie besteht aus vier phylogenetisch verwandten Ionenkanälen, den 

hemmenden Glycin- (GlyR) und γ-Aminobuttersäure-Rezeptoren Typ A und C (GABAAR 

und GABACR), sowie den erregenden nikotinischen Acetylcholin-Rezeptoren (nAChR) und 

dem ebenfalls erregenden Serotonin-Rezeptor Typ 3 (5-HT3R). Alle funktionellen Rezeptoren 

bilden Pentamere, bestehend aus verschiedenen oder identischen Untereinheiten, wovon jede 

strukturell in drei Domänen aufgeteilt werden kann. Die extrazelluläre Domäne bildet einen 

Vorhof, der zum Kanal führt, und bildet die Ligandbindungsstelle, die sich an den 

Berührungsflächen zwischen den Untereinheiten befindet. Die Transmembrandomäne besteht 

aus vier transmembranären Segmenten pro Untereinheit, von denen je eine die Wand des 

Kanals bildet. Die intrazelluläre Domäne enthält eine α-Helix und ist hauptsächlich an der 

Interaktion der Rezeptoren mit regulierenden Proteinen und Proteinen des Cytoskeletts 

beteiligt.   

Die grundlegende Rolle der Ligand-gesteuerten Ionenkanäle im Nervensystem von 

Wirbeltieren macht sie zu interessanten Angriffspunkten für Medikamente. Ein breites
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Spektrum verschiedener Wirkstoffe interagiert mit diesen Ionenkanälen und wird zur 

Behandlung zahlreicher Krankheiten und Funktionsstörungen verwendet. Das Fehlen 

detaillierter struktureller Informationen über die Beschaffenheit der Ligandbindungsstelle 

erschwert die Suche nach und die Entwicklung von hochspezifischen Wirkstoffen, welche 

eine gezieltere Therapie mit geringeren Nebenwirkungen ermöglichen würden. 

Um einen detaillierten Einblick in die Struktur der Liganbindungsstelle als auch in den 

Mechanismus der Kanalöffnung zu erhalten, sind hochauflösende Strukturdaten unabdingbar. 

Da die Expression und die Kristallisation von Membranproteinen im Allgemeinen und 

eukaryontischen Membranproteinen im Speziellen nach wie vor eine grosse Herausforderung 

darstellen, haben wir versucht, die extrazelluläre Domäne von Untereinheiten, welche 

Homopentamere bilden können, unter Anwendung einer systematischen Vorgehensweise 

versucht, in eukaryontischen Expressionssystemen und in Escherichia coli zu exprimieren. 

Mehr als 20 Konstrukte wurden für die Expression in drei eukaryontischen 

Expressionssystemen hergestellt, und mehr als 80 Konstrukte, welche Fusions-Tags und/oder 

spezifische Mutationen in der extrazellulären Domäne enthielten, wurden für die Expression 

in E. coli hergestellt. Nur in E. coli gelang es uns, genügend Protein zu produzieren und zu 

reinigen, um es biophysikalisch charakterisieren zu können. Dabei waren die extrazellulären 

Domänen an das Maltose-bindende Protein (MBP) gebunden, um die Löslichkeit des Proteins 

zu erhöhen. Allerdings stellte es sich heraus, dass die Domänen lösliche Aggregate bildeten 

aber keine Pentamere. Daher war das Material weder für weitere Studien noch für die 

Kristallisation geeignet. 

 

Die Oxalacetat Decarboxylase (OAD) ist ein Schlüsselenzym in der anaeroben und 

Na+-abhängigen Fermentierung von Citrat, die in einigen Enterobakterien wie Klebsiella 

pneumoniae oder Vibrio cholerae vorkommt. Die OAD gehört zur Familie der Na+-

abhängigen Carboxylsäure-Decarboxylasen (Na+-translocating carboxylic acid 

decarboxylases, NaT-DC), welche die freie Energie der Decarboxylierung in einen 

elektrochemischen Na+-Gradienten umwandeln. 

Die OADs von K. pneumoniae und V. cholerae sind Komplexe, bestehend aus drei 

Untereinheiten. Die hydrophobe β-Untereinheit ist ein integrales Membranprotein. Es 

katalysiert die Decarboxylierung von Carboxybiotin und koppelt diese mit dem ins 
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Periplasma gerichteten Na+-Ionen Transport. Die periphere α-Untereinheit liegt im 

Cytoplasma und ist in drei Domänen unterteilt. Die N-terminale Carboxyltransferasedomäne 

katalysiert den Transfer der Carboxyl-Gruppe von Oxalacetat auf die prosthetische Biotin-

Gruppe, welche über eine kovalente Bindung an die C-terminale Biotin-Trägerdomäne 

gebunden ist. Die Domänen sind durch flexible Zwischenstücke mit der Assoziationsdomäne 

verknüpft, die ihrerseits mit der γ-Untereinheit interagiert. Die γ-Untereinheit besteht aus 

einer transmembranären α-Helix, die mit der β-Untereinheit interagiert, sowie einem 

cytoplasmatischen C-Terminus, der mit der Assoziationsdomäne der α-Untereinheit 

wechselwirkt. Am C-Terminus der γ-Untereinheit befindet sich ausserdem ein Zn2+-bindendes 

Motiv. Es wurde gezeigt, dass dieses Zn2+ den Carboxyltransfer beschleunigt. Es wurde daher 

vermutet, dass es direkt in den Carboxyltransfer involviert ist. 

Um Einblick in den Mechanismus der Carboxyltransferase zu erlangen, wurde die 

Struktur der Carboxyltransferasedomäne mittels Röntgenkristallographie gelöst. Dabei wurde 

eine Zn2+-Bindungsstelle im katalytischen Zentrum der Carboxyltransferase entdeckt, die 

zuvor noch nicht nachgewiesen worden war. Sorgfältige Untersuchungen des katalytischen 

Zentrums der Carboxyltransferase zusammen mit Docking-Studien, bei denen sowohl das 

Substrat Oxalacetat als auch Biotin als Carboxylgruppen-Akzeptor einbezogen wurden, 

ermöglichten es uns, einen neuartigen Mechanismus für den Transfer der Carboxylgruppe zu 

postulieren. Dieser Mechanismus gilt auch für die nahen Verwandten Transcarboxylase und 

Pyruvatcarboxylase. Zusätzlichen wurde ein Modell der Biotin-Trägerdomäne berechnet und 

ebenfalls für Docking-Studien mit der Carboxyltransferasedomäne verwendet, was uns einen 

groben Einblick in die mögliche Interaktion der beiden Domänen während des Transfers der 

Carboxylgruppe gewährt. 
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Summary 

In my thesis I was involved in two projects, the expression and biophysical 

characterisation of the extracellular domain of ligand-gated ion channels (LGICs) and 

structural studies of the oxaloacetate decarboxylase from Vibrio cholerae. 

 

Ligand-gated ion channels from the Cys-loop receptor superfamily play a crucial role 

in interneuronal communication by opening an ion channel upon neurotransmitter binding. 

The nature of the conducted ion – given by the type of LGIC – leads to depolarisation or 

hyperpolarisation of the respective cell resulting in its excitation or inhibition with respect to 

generating action potentials. The Cys-loop receptor superfamily includes four 

phylogenetically related ion channels, namely the inhibitory glycine receptor (GlyR) and γ-

aminobutyric acid type A and C receptors (GABAAR and GABACR), and the excitatory 

nicotinic acetylcholine receptor (nAChR) and serotonin type 3 receptor (5-HT3R).  All 

functional receptors have a pentameric arrangement of different or equal subunits in common 

and show a three domain structure. The extracellular domain forms a vestibule leading to the 

channel and harbours the ligand binding sites localised at the interfaces of the subunits. The 

transmembrane domain consists of four transmembrane segments per subunit, one of which 

forms the wall of the channels. The intracellular domain contains a single α-helix and is 

mainly involved in the interaction with cytoskeletal or regulatory proteins. 

The fundamental role of LGICs in the neuronal system of vertebrates makes them  

interesting drug targets. A large variety of drugs are known to interact with LGICs and are 

used in the treatment of a number of disorders. The lack of detailed structural information of 

the ligand binding sites hampers rational drug design which is desired for the development of 

highly selective compounds resulting in more potent drugs exhibiting less side effects. 

To gain detailed insight into the ligand binding sites and the mechanism of channel 

gating, high-resolution structural data is needed. Since the expression and crystallisation of 

membrane proteins in general and eukaryotic membrane proteins in particular is still a great
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challenge, we attempted to overexpress the extracellular domains (ECDs) of LGIC subunits 

that can form homopentamers in a systematic approach using eukaryotic expression systems 

as well as Escherichia coli. More than 20 constructs were prepared for expression in three 

different eukaryotic systems and more than 80 constructs including different fusion-tags 

and/or engineered LGIC-ECDs were tested in two E. coli strains at three different 

temperatures for soluble expression. Only E. coli allowed us to produce and purify enough 

material of LGIC-ECDs fused to the solubility enhancer maltose-binding protein (MBP) for 

biophysical characterisation. However, the domains were shown to form soluble aggregates 

rather than pentamers and are therefore not suitable for further processing including 

crystallisation. 

 

The oxaloacetate decarboxylase (OAD) is a key enzyme in the anoxic and Na+-

dependent fermentation of citrate used by some enterobacteria like Klebsiella pneumoniae or 

Vibrio cholerae. OAD belongs to the Na+-translocating carboxylic acid decarboxylase (NaT-

DC) family of enzymes that convert the free energy of decarboxylation into an 

electrochemical gradient of Na+. 

The OADs of K. pneumoniae and V. cholerae are multi-subunit complexes consisting 

of three subunits. The hydrophobic β-subunit is a multi-spanning membrane protein. It 

catalyses the decarboxylation of carboxybiotin and couples it to the vectorial Na+ ion 

transport. The peripheral α-subunit is located in the cytoplasm and exhibits a three domain 

structure. The N-terminal carboxyltransferase domain catalyses the transfer of the carboxyl 

group from oxaloacetate to the prosthetic biotin group covalently linked to the C-terminal 

biotin carrier domain. They are connected by flexible linkers to the association domain which 

interacts with the γ-subunit. The γ-subunit consists of one membrane-spanning α-helix 

interacting with the β-subunit and a cytoplasmic C-terminus which interacts with the 

association domain of the α-subunit. The C-terminal end of the γ-subunit contains a Zn2+-

binding motif. The Zn2+ was shown to accelerate the carboxyltransfer and was therefore 

assumed to be directly involved in the carboxyltransfer reaction. 

To gain insight into the carboxyltransferase mechanism the structure of the 

carboxyltransferase domain was solved by X-ray crystallography. Thereby, a Zn2+ binding 

site not previously identified was detected in the catalytic site of the carboxyltransferase. 
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Thorough investigation of the carboxyltransferase active site together with docking studies 

including the substrate oxaloacetate and the carboxyl group acceptor biotin led us to propose a 

novel mechanism for the carboxyltransfer valid not only for OAD but also for other closely 

related carboxyltransferases like transcarboxylase and pyruvate carboxylase. Homology 

modelling of the biotin carrier domain and subsequent docking studies with the 

carboxyltransferase provides rough insight into the likely interaction of the two domains 

during carboxyltransfer. 
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1. Expression and characterisation of the extracellular domain of 

ligand-gated ion channels 

Summary 

The Cys-loop receptor superfamily belongs to the group of ligand-gated ion channels 

(LGICs). The family comprises several channels (GABAA, GABAC, glycine, 5-HT3, and 

nicotinic acetylcholine receptor) which play an important role in neuronal transmission in 

vertebrates. Thus, they are interesting targets for therapeutics. In order to understand the 

detailed mechanism of ligand binding, high-resolution structural information is needed. The 

only high-resolution structure available is the one of acetylcholine binding protein (AChBP), 

a soluble homologue of the N-terminal extracellular domain (ECD) of Cys-loop receptors. 

The structure indicates that the ECDs of LGICs can form stable folding units. Yet, previous 

expression experiments have shown that the ECDs of LGICs are not readily expressed in 

soluble form in E. coli. To overcome the solubility problem, two approaches were taken. The 

target protein was fused to a solubility enhancer (fusion-tag) or rationally engineered in order 

to increase intrinsic solubility. The experiments were carried out with target proteins which 

are known to form functional homopentameric channels in their physiological environment 

(GABACρ1, Glyα1, 5-HT3A and nAChα7). In parallel to expression in E. coli, three 

eukaryotic expression systems (Pichia pastoris, Sf9 insect cells, and human embryonic kidney 

(HEK) cells) were tested in this work. 

Expression of the LGIC-ECDs in all the chosen eukaryotic systems failed and only the 

data from HEK cells are presented to illustrate the experimental procedures. For the major 

part of this chapter, I present my work on the soluble expression of several LGIC-ECDs in E. 

coli as fusion-proteins, their purification and biophysical characterisation. 
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1.1 Introduction 

1.1.1 Neurotransmission 

1.1.1.1 The neuron 

A typical neuron of the nervous system in vertebrates comprises the cell body, which 

houses the nucleus, and two types of extensions: dendrites that serve as input elements for 

neurons and that receive information from other cells, and an axon which serves as the output 

element of the neuron and conveys information to other cells (Ramón y Cajal 1906). 

Communication between neurons takes place at specialised intercellular contacts called 

synapses (Sherrington 1897). 

Figure 1.1.: Typical neuron with its main components cell body, dendrites, axon and the pre-synaptic 

axon terminal. [Modified from (Alberts et al. 2002)]. 

1.1.1.2. Signalling 

Neuronal signalling can be subdivided in long-range signalling within neurons and 

short-range signalling between neurons. 

Signalling within neurons is unidirectional: the signals propagate from the receiving 

pole of the neuron – the dendrites and the cell body – to the axon, and then, along the axon to 
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the output pole of the neuron – the pre-synaptic axon terminal (Debanne 2004). All neurons 

use a conserved mechanism for signalling within the cell: the action potential. The action 

potential is a large, all-or-none, regenerative electrical event that propagates from the initial 

segment of the axon to its terminal (Adrian 1957). Signalling between neurons – synaptic 

transmission – however, was early identified to be chemical in nature (Langley 1906). 

It is vital for the cell that specific molecules can enter and/or leave the cell across its 

lipid membrane. Its permeability to small ions is mediated by specialised types of proteins 

incorporated into the lipid bilayer classified as channels and transporters. 

Channels basically provide pores for the diffusion of an ion or neutral molecule along 

its electrochemical or concentration gradient, respectively, across a biological membrane 

(Hubner and Jentsch 2002). The active transport of an ion against its electrochemical gradient 

requires energy (Kramer 1994). The interplay of ion transporters and ion channels generates 

the membrane potential (Hubner and Jentsch 2002). In nerve cells and other cells where Na, K 

gradients are required for maintaining membrane potential and cell volume, the Na, K-

ATPase transforms chemical energy in ATP to osmotic work and maintains electrochemical 

Na+ and K+ gradients across cell membranes. For every 3 Na+ ions  pumped to the outside 2 

K+ are pumped to the inside of the cell (Jorgensen and Pedersen 2001). Combined with a K+ 

ion efflux through permanently open voltage-independent K+ channels a steady state 

condition, in which there is very little net flow of ions across the membrane, is established 

(Lesage 2003). This condition is defined as the resting potential at which the concentration of 

K+ is typically 10 to 20 times higher inside cells than outside, whereas the reverse is true for 

Na+ (Alberts et al. 2002). In a neuron, the resting potential is typically -70 mV. 

In electrically excitable cells such as neurons and myocytes, the membrane potential 

can deviate from the resting potential by fast influx of ions through voltage-gated sodium 

channels (Hodgkin and Huxley 1952a; b; Hodgkin et al. 1952). Influx of sodium ions through 

the integral membrane channel depolarises the membrane further and initiates the rising phase 

of the action potential (Yu and Catterall 2003). During an action potential, the membrane 

potential and, thus, the interior of a neuron becomes positively charged (’overshoot’) (Huxley 

2002). This local depolarisation activates adjacent voltage-gated Na+ channels and, hence, the 

electrical signal propagates along the axon towards the nerve ending (Katz 1979). The 

repolarisation of action potentials is controlled by outward K+ channel currents (Tristani-
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Firouzi et al. 2001). Since axons can be longer than one meter, this way of signalling is also 

termed long-range signalling (Albright et al. 2000). 

Figure 1.2.: (a) The action potential is generated by sequential opening of voltage-gated Na+ and K+ 

channels. The total conductance is here separated into the two components. [From (Kandel et al. 

2000)]. (b) The action potential has not yet reached point 4; the membrane there is still at rest. At point 

3, positive sodium ions are moving in from the adjacent region, depolarising the region; the voltage-

gated sodium channels are about to open. Point 2 is at the peak of the action potential; the sodium 

channels are open and ions are flowing into the axon. The action potential has passed by point 1; the 

sodium channels are inactivated, and the membrane is hyperpolarised (used and modified with 

permission by Annenberg Media). 

 

Neighbouring neurons communicate with each other through synapses in order to 

deliver the electrical signal generated by the action potential from one cell to the other. The 

synapse has been defined as a specialised structure that mediates a functional interaction 

between two neurons or between a neuron and another cell type (Burnstock 1981; Bennett 

1999). This short-range type of signalling is called synaptic transmission (Albright et al. 

2000). The existence of two major modes of synaptic transmission is widely accepted: 

electrical, which depends on current through gap junctions that bridge the cytoplasm of pre- 

and post-synaptic cells (Bennett 2000; Kiehn and Tresch 2002); and chemical, in which pre- 

and post-synaptic cells have no direct continuity and are separated by a discrete extracellular 

space, the synaptic cleft (Bennett 1999). Over 99 % of the synapses in the brain use chemical 

transmission (Greengard 2001). It is at the chemical synapse that the electrical signal that has 

travelled to the axon terminal of the pre-synaptic cell is converted into a chemical signal and 
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converted back again into an electrical impulse in the post-synaptic cell (Millhorn et al. 1989). 

Thereby, the carrier of the chemical signal – the neurotransmitter – is released at the active 

zone of the pre-synaptic membrane, overcomes the synaptic cleft and binds to the respective 

receptor located in the post-synaptic membrane. The active zone is a specialised region of the 

pre-synaptic membrane where synaptic vesicles dock and fuse (Zhai et al. 2001) and, 

therefore, are immediately available for fusion with the membrane. Synaptic vesicles are 

thought to transit through a series of defined stages that culminate in exocytosis and, thus, 

neurotransmitter release (Seagar and Takahashi 1998). The initial activation of exocytosis is 

believed to require a high concentration of cytoplasmic Ca2+ (10-100 mM) that is achieved 

locally at the pre-synaptic membrane following Ca2+ entry through voltage-gated Ca2+ 

channels activated by the action potential reaching the axon terminal (the cytoplasmic 

concentration of Ca2+ in a resting cell is around 100 nM) (Katz and Miledi 1967; Miledi 1973; 

Mulkey and Zucker 1991; Lledo 1997). 

Figure 1.3.: A chemical synapse typically consists of a pre-synaptic membrane contributed by the 

axon terminal of the first neuron, a post-synaptic membrane contributed by a second neuron or a 

muscle cell harbouring the neurotransmitter receptors (ligand-gated ion channels), and a synaptic cleft 

in between. The neurotransmitter is stored in synaptic vesicles in the axon terminal of the pre-synaptic 

neuron. 
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There are two categories of chemical transmission between nerve cells, which we refer 

to as fast and slow synaptic transmission. Synaptic transmission at fast synapses occurs in less 

than 1 millisecond and is attributable to the ability of the fast-acting neurotransmitters to open 

ligand-gated ion channels present in the plasma membrane of the post-synaptic cells. The 

second type of communication between nerve cells, slow synaptic transmission, occurs over 

periods of hundreds of milliseconds to minutes, and involves G-protein coupled receptors 

(GPCRs) and is enormously more complex than fast synaptic transmission (Greengard 2001). 

Although slow synaptic transmission modulates fast synaptic transmission, neurotransmitters 

involved in slow synaptic transmission – most likely all biogenic amines and peptide 

neurotransmitters – do not directly interact with ligand-gated ion channels and are not further 

discussed in this work. Acetylcholine (ACh), the biogenic amines dopamine, epinephrine, 

norepinephrine, serotonin (5-hydroxytryptamine; 5-HT) and histamine as well as the amino 

acids glycine, γ-amino butyric acid (GABA), glutamate and aspartate are referred to 

collectively as the ‘classical’ neurotransmitters (Millhorn et al. 1989). 

1.1.2. Ligand-gated ion channels 

Ligand-gated ion channels are ionotropic receptors to neurotransmitters and they play 

starring roles in fast synaptic transmission by connoting its post-synaptic component (Le 

Novere and Changeux 1999). After the transmitter is released within the synaptic cleft and 

binds to an extracellular region of the receptor, the channel opens to excite or inhibit the train 

of post-synaptic action potentials. Just as importantly, the channel closes within a few 

milliseconds as the transmitter dissociates to terminate the synaptic event (Lester et al. 2004). 

They all are membrane proteins which in main consist of an extracellular domain harbouring 

a ligand binding site and a transmembrane part forming the channel pore. Neurotransmitter 

binding to the receptor induces a conformational change in the receptor so that an ion channel 

opens and ions can flow across the post-synaptic membrane. It is the flow of ions that 

generates an electrical signal in the post-synaptic cell (Gage 1998; Keramidas et al. 2004). If 

the receptor channel is cation-selective the cell depolarises and a new action-potential is 

generated, whereas if it is anion-selective the cell hyperpolarises and a larger stimulus is 

required to elicit the action-potential (Keramidas et al. 2004; Sine and Engel 2006). 
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Presently, ligand-gated ion channels comprise three different protein superfamilies, the 

nicotinicoid receptors (Cascio 2004), the excitatory glutamate receptors (Dingledine et al. 

1999; Wollmuth and Sobolevsky 2004), and the ATP receptors (Edwards and Gibb 1993; 

North 2002; Vial et al. 2004). The nicotinicoid superfamily includes four phylogenetically 

related ion channels, namely the inhibitory glycine receptor (GlyR) and γ-aminobutyric acid 

type A and C receptors (GABAAR and GABACR), and the excitatory nicotinic acetylcholine 

receptor (nAChR) and serotonin type 3 receptor (5-HT3R) (Grenningloh et al. 1987; Schofield 

et al. 1987; Barnard 1992; Ortells and Lunt 1995; Le Novere and Changeux 1999; Cascio 

2004). A recently reported Zn2+-activated channel (Davies et al. 2003) is also considered a 

member of the nicotinicoid superfamily of ion channels but is not further discussed in this 

work. The superfamily of nicotinicoid receptors is also referred to as Cys-loop receptors due 

to an absolutely conserved 15-amino acid long disulfide loop in their extracellular ligand-

binding domain (Schofield et al. 1987). In the following,  the term ligand-gated ion channels 

(LGICs) exclusively refers to the members of the Cys-loop receptor superfamily. 

 

Ligand Receptor Permeant ions Number of paralogous subunits known 

ACh Nicotinic ACh receptor Cations ≥ 16 

5-HT 5-HT3 receptor Cations ≥ 2 

GABA GABAA/C receptor Anions ≥ 19 

Glycine Glycine receptor Anions ≥ 5 

Zn2+ ZAC Cations 1 

ZAC: zinc-activated ion channel 

 
Table 1.1.: Overview of currently known members of the Cys-loop receptor superfamily [adapted 

from (Lester et al. 2004)]. 

1.1.2.1. Cys-loop receptors 

Cys-loop receptors have so far been found in multicellular animals (metazoans) only. 

Bacterial representatives have been claimed to be identified and a gating-mechanism similar 

to the animal one was suggested (Tasneem et al. 2005). However, these prokaryotic 
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homologues are lacking the cysteine pair forming the signature disulfide bridge in Cys-loop 

receptors and are not further discussed here. 

Each of the LGICs is comprised of a pentameric arrangement of subunits surrounding 

a central ion-conducting pore. The receptors can assemble from five copies of a single type of 

subunit (homopentamers) or several different types of subunit (heteropentamers). The 

subunits share homologous sequences, with typically 70% pairwise sequence identity between 

subunits of the same LGIC, and 30 – 40% with subunits of different LGICs (Betz 1990). The 

sequence variability between different LGICs expresses the specificity of shared features 

within the superfamily, namely the ligand-binding site, the ion selectivity filter and specific 

interaction with other proteins. 

All subunits of the Cys-loop receptors share a common topology comprised of three 

main domains, namely a large extracellular domain, a transmembrane domain, and a 

cytoplasmic domain. The extracellular domain harbours the ligand-binding site, several 

glycosylation sites, and the signature 15-residue Cys-loop. The transmembrane domain 

comprises four helical transmembrane segments (M1-M4). The M2 transmembrane α-helix of 

each subunit contributes to the lumen of the ion channel, which undergoes a conformational 

change following ligand-binding to allow the selective permeation of ions (see also Table 

1.1.). Two short loops connect transmembrane domain M1 to M2 and M2 to M3 whereas the 

large intracellular loop between M3 and M4 forms the cytoplasmic domain. This domain 

associates with cytoskeletal proteins and is responsible for receptor trafficking to and 

localisation at the post-synaptic membrane. It also bears phosphorylation sites and is therefore 

involved in LGIC modulation. The short carboxy terminus is located extracellularly 

(Grenningloh et al. 1987; Schofield et al. 1987; Betz 1990; Karlin and Akabas 1995; Arias et 

al. 2006). 

The members of this superfamily exhibit important physiological functions, and 

mutations may lead to a range of pathological states (Hubner and Jentsch 2002). As such, 

these receptors provide important therapeutic targets. 
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Figure 1.4.: Overall structure of LGICs showing the three main domains (ECD: extracellular domain; 

TMD: transmembrane domain; ICD: intracellular domain). The coordinates were taken from the 4 Å 

model of the ACh receptor from Torpedo marmorata [PDB access code 2BG9, (Unwin 2005)]. The 

approximate dimensions are shown according to (Unwin 1993; Miyazawa et al. 1999; Brejc et al. 

2001). The figure was generated using the graphics program Pymol (DeLano Scientific, 

www.pymol.org). 

The extracellular domain 

The crystal structure of AChBP has provided detailed structural information of the N-

terminal domain of LGICs in general and the ligand-binding site in particular (Brejc et al. 

2001). Five identical subunits are arranged pseudo-symmetrically forming a central pore. The 

outside diameter of the homopentameric AChBP is ~80 Å, the diameter of the extracellular 

vestibule ~18 Å. These findings are consistent with the dimension reported from the Torpedo 

nAChR (Unwin 2005). Each subunit of the homopentameric AChBP consists of an N-

terminal α-helix, two short 310 helices and a core of ten β-strands forming a β-sandwich. The 

fold has a modified immunoglobulin (Ig) topology. It comprises the β-strands order of the 

classical Ig-fold, but its β-sheets are considerably twisted. Moreover, the AChBP subunit 
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contains an extra β-hairpin and an extra β-strand introducing two ‘Greek key’ folding motifs 

(Hutchinson and Thornton 1993). 

In AChBP the ligand-binding site is located in the middle between the top and the 

bottom of the pentamer, ~30 Å from the top, at the interface between two subunits and is 

made up of a series of six chain segments (A-F), three from one subunit (A-C; principal 

component), and three from the adjacent subunit (D-F; complementary component) (Brejc et 

al. 2001; Celie et al. 2004).  

Figure 1.5.: (a) Top view of the homopentameric AChBP. The subunits are labelled A-E counter-

clockwise. Coordinates were taken from Lymnaea stagnalis AChBP [PDB access code 1IQ9, (Brejc et 

al. 2001)]. (b) The interface of two subunits of AChBP forming the ligand-binding site. The ligand 

nicotine is shown encircled. (c) For clarity reasons the two subunits from (b) were separated and the 

ligand removed. The contributing loops are labelled. The coordinates for (b) and (c) were taken from 

ligand (nicotine) bound Lymnaea stagnalis AChBP [PDB access code 1UW6, (Celie et al. 2004)]. 

 

Not surprisingly, the position of the ligand-binding site of AChBP is consistent with 

the one observed in Torpedo nAChR (Valenzuela et al. 1994). The residues in the binding site 

contributed by the principal component, which in all nAChRs is part of an α-subunit, had 

previously been identified by photoaffinity labelling (Kao and Karlin 1986; Dennis et al. 

1988; Galzi et al. 1990; Middleton and Cohen 1991; Czajkowski et al. 1993; Fu and Sine 

1994; Corringer et al. 1995; Martin et al. 1996; Prince and Sine 1996). Their involvement in 

ACh binding was also supported by the functional consequences of their alteration by site-

directed mutagenesis (Mishina et al. 1985; Galzi et al. 1991). Due to agonist specificity and 

sequence diversity, key residues involved in agonist binding in different ligand-gated ion 
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channels are not the same. The similarity of the general architecture in this receptor family, 

however, suggests that the AChBP-based structural model can be used as a guideline for the 

receptor agonist binding pocket. 

Narrow, about 10 to 15 Å long tunnels within the α-subunit of Torpedo AChR appear 

to connect the solvent-filled central part or vestibule of the pentameric channel with the 

ligand-binding site. These tunnels have been proposed to be the primary routes by which ACh 

accesses the buried binding site. However, it cannot be concluded that ACh and the conducted 

cations all enter the channel through the vestibule. Additional routes may exist through the 

narrow openings between the subunits (Miyazawa et al. 1999). 

The transmembrane domain 

In order for each ligand-gated ion channel to fulfill its proper function not only the 

binding of a specific ligand to the channel is of importance but also the ability to distinguish 

between different solutes permitted to pass the pore. It is particularly crucial for the channel to 

discriminate between cations and anions (ion-charge selectivity). As mentioned above, the 

wall of the channel pore in LGICs is formed by the second transmembrane segment M2 

providing a path of about 40 Å length (Miyazawa et al. 2003). The selectivity filter is located 

at the minimum pore diameter region. It has been demonstrated that the minimum pore 

diameter for anion-selective LGICs is consistently smaller than that of cation-selective ones. 

While the minimum diameters of GABARs and GlyRs range between 5 and 6 Å (Bormann et 

al. 1987; Fatima-Shad and Barry 1993; Rundstrom et al. 1994; Wotring et al. 1999), the ones 

of nAChRs and 5-HT3Rs are in a range of 7.4 to 8.4 Å (Huang et al. 1978; Dwyer et al. 1980; 

Yang 1990; Cohen et al. 1992; Wang and Imoto 1992). Additionally, it has been shown that 

mutations in the minimum pore diameter region of the nAChR reducing its minimum pore 

diameter also reduced cation conductance suggesting a relationship between minimum pore 

diameter and ion permeation (Imoto et al. 1991; Villarroel et al. 1991; Villarroel et al. 1992). 
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Figure 1.6.: The transmembrane domain seen from the extracellular vestibule of the Torpedo AChR in 

closed state. The M2 segment of each subunit contributing to the wall of the channel is coloured in 

red. The coordinates were taken from the PDB entry 2BG9 (Unwin 2005). The extracellular and 

intracellular domains were omitted. 

 

 However, the minimum pore diameter is not the sole determinant of ion selectivity 

and permeability. The sign and the exposure of the charged amino acids lining the wall at the 

narrow region of the open channel as well as its magnitude are crucial for ion-charge 

discrimination and ion permeation (Kuyucak et al. 1998; Li et al. 1998). Although high 

resolution structural information of the pore region of LGICs is still lacking two charge rings 

at the extracellular and intracellular mouth of the pore, respectively, have been identified. 

Generally a net positive charge is found for anion selective LGICs at the intracellular opening 

of the pore. The last position in the M2 helix facing the pore is occupied by a positively 

charged arginine. The opposite is the case in cation-selective LGICs where this position is 

occupied by a glutamate. The same holds true for the extracellular mouths of the pore regions 

(Wilson and Karlin 2001; Panicker et al. 2002; Keramidas et al. 2004). 
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The intracellular domain 

The intracellular pentameric domain formed by the loops between the M3 and M4 

segments exhibits several functions. It contains phosphorylation sites and is therefore 

involved in channel modifications. Furthermore, it associates with cytoplasmic proteins that 

control targeting, immobilisation and clustering of the receptors. It has been shown for the 5-

HT3R that the intracellular domain also affects single-channel conductance (Kelley et al. 

2003; Peters et al. 2006). 

Each subunit of a LGIC contributes one α-helix to its intracellular domain which has 

the form of an inverted pentagonal cone building a vestibule with a diameter of ~20 Å at the 

intracellular mouth of the channel. The five α-helices leave open spaces with a maximum 

width of ~8 Å between each other. Since there are no obvious alternative routes for transport 

into or out of the intracellular vestibule, these open spaces may represent obligatory ion 

pathways. However, a considerable, probably unstructured part of the intracellular loop is not 

visible in the Torpedo nAChR structure. It is therefore nearly impossible to predict the 

localisation of these parts and whether they interfere with the open spaces between the helices. 

The intracellular domain seems also to be crucial for ion charge discrimination. The five 

intracellular α-helices of the cation-conducting nAChR and 5-HT3R carry a negative net 

charge whereas the anion-conducting GABAR and GlyR have a net charge that is positive 

(Noda et al. 1983; Grenningloh et al. 1987; Unwin 1989). Whether the intracellular domain is 

primarily an electrostatic filter or even determines channel conductance seems to differ 

among the members of the Cys-loop receptor superfamily (Kelley et al. 2003; Unwin 2005). 

The activity of LGICs can be directly or indirectly modulated by interaction of its 

intracellular domain with other proteins. The cytoplasmic loop between M3 and M4 of all 

LGICs bears phosphorylation sites that have been shown to be phosphorylated by the protein 

kinases A (PKA) and C (PKC) as well as by protein tyrosine kinase (PTK). The factors that 

are involved in regulating the phosphorylation of LGICs can be extracellular or intracellular. 

The functional effects of phosphorylation are manifold and include activation and inhibition 

of currents but also aggregation and clustering at the synapse (Swope et al. 1999). The 

cytoplasmic loop has also been shown to be involved in interactions with other proteins that 

result in receptor subcellular targeting, immobilisation and clustering. These processes are 
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essential for effective neurotransmission. Many different interacting partners that either bind 

specifically to particular LGIC subunits or have been shown to be involved in the above 

mentioned processes have been identified. The most prominent proteins are rapsyn and 

gephyrin that are essential for clustering of nAChRs and GABARs and GlyRs, respectively 

(Sheng and Pak 2000). 

Gating mechanism 

LGICs can exist in three different conformational states, namely a closed state 

(resting; non-conducting), an activated or open state (conducting) occurring upon ligand-

binding and a desensitised state (non-conducting) (Katz and Thesleff 1957; Dilger 2002; 

Grutter et al. 2005). Structural investigations of the ACh receptor isolated from Torpedo ray 

gave insights into the activation mechanism and its underlying conformational changes 

between different states (Unwin 1995; Unwin et al. 2002). Interestingly, the structural 

changes induced by ligand-binding in the acetylcholine binding protein AChBP as compared 

to nAChR are much less significant, probably due to the fact that AChBP is devoid of a 

channel pore and gating is not needed (Karlin 2004). 

Insight into the gating mechanism has been provided by electron microscopy 

experiments on Torpedo nAChR. Tubes providing crystal arrays of nAChR were isolated 

from the electric organ of Torpedo. This kind of specimen is unique and well suited for direct 

electron microscopy investigation of the channels produced by its native host. The channel 

could be trapped in its open state by mimicking synaptic release of ACh using a rapid spray-

freezing technique (Unwin 1995). It was concluded that local disturbances at the ligand-

binding site were communicated, through small, clockwise rotations of the subunits, to the 

transmembrane domain where finally the M2 segment transmitted the rotations to the side 

chains forming the gate. Rotating them away from the centre of the channel eventually created 

an open pore. 

The transmission of ligand-binding at the extracellular domain to channel opening at 

the transmembrane domain seems to be mediated by the β1/β2-loop of the extracellular 

domain. In the Torpedo nAChR Val44 in this loop is suggested to interact directly with a 

hydrophobic pocket at the end of the M2 segment (Miyazawa et al. 2003). Interestingly, this 
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valine is not well conserved in other subunits of the Cys-loop receptor superfamily. In some 

subunits this residue is even replaced by polar or charged residues (see also Figure 1.7.). 

1.1.2.1.1. nAChRs 

Subunits and receptor subtype composition 

nAChRs can be subdivided into two groups, namely the muscle-type nAChR and the 

neuronal-type nAChR, both forming pentameric entities. The muscle-type nAChR is located 

at the neuromuscular junction (NMJ), a synapse formed by a pre-synaptic neuron and a post-

synaptic muscle cell and thus coupling an electrical signal with muscle contraction. The well 

characterised nAChR from the electric organ of Torpedo has shown that muscle-type nAChR 

are structurally formed by four different subunits in a stoichiometry α2βγδ (Reynolds and 

Karlin 1978; Raftery et al. 1980). In the adult stage of mammalians the γ-subunit is replaced 

by another subunit, ε (Mishina et al. 1986). The α- and β-subunits involved in muscle-type 

nAChR formation are designated α1 and β1, respectively. A clockwise subunit arrangement 

αγαβδ has been found in the muscle-type nAChR forming two non-equivalent ligand-binding 

sites for ACh (Hucho et al. 1996). Physiological channel opening only occurs upon binding of 

one ACh molecule at each binding site. 

The neuronal-type nAChR is structurally formed by α- and β-subunits. Currently, 

there are nine α (α2-α10) and three β (β2-β4) subunits known (McGehee and Role 1995; 

Plazas et al. 2005). Depending on the sort of tissue involved, the different subunits can be 

linked in several heteromeric combinations and even in homomeric combinations of only one 

single subunit (α7, α8 and α9) (Couturier et al. 1990; Elgoyhen et al. 1994; Gotti et al. 1994). 

Neuronal-type nAChR are subdivided into heteropentameric and homopentameric subgroups 

(Cordero-Erausquin et al. 2000). The subunits α2-α6 and β2-β4 are involved in heteromeric 

neuronal-type nAChRs (type 2 nAChRs). α7-α9 can form homomeric or heteromeric (α7 

with α8 and α9 with α10) neuronal-type nAChRs (type 1 nAChRs). The major subtype is 

(α7)5 mainly occurring in brain and ganglia (Lindstrom 2000). 
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Physiology and pathophysiology 

The diverse physiology of the different nAChR subtypes is determined mainly by 

differences in their subunit composition but also depends on their localisation. Muscle-type 

nAChRs are located at the NMJ, converting the chemical signal of ligand-binding into 

mechanical work, namely muscle contraction. The most important disorder of muscle-type 

nAChR is Myasthenia gravis, an autoimmune disease in which antibodies block or alter the 

receptor. It is characterised by weakness and fatigability of the voluntary muscles (Thanvi and 

Lo 2004). 

Neuronal-type nAChRs are involved in many physiological functions such as sleep, 

anxiety, the central processing of pain and a number of cognitive functions. Several disorders 

are implicated to be based on altered function of neuronal-type nAChRs such as epilepsy (Figl 

et al. 1998), Parkinson’s disease (Banerjee et al. 2000), schizophrenia (Durany et al. 2000), 

and Alzheimer’s disease (Court et al. 2000; Wang et al. 2000; Nagele et al. 2002). nAChRs 

are also targets of tobacco-smoking effects and nicotine addiction (Crooks and Dwoskin 

1997).  

Pharmacology 

The ACh binding sites of all nAChRs are localised at the interface between an α and a 

non-α or – in homomeric or heteromeric nAChRs consisting of α-subunits exclusively – 

another α-subunit. The principal component (loops A-C) is always contributed by the α-

subunit, whereas the complementary component lies on the non-α-subunit. Subunits occurring 

in homomeric nAChRs (α7, α8, α9) bear both components. Muscle-type nAChRs and 

heteromeric neuronal-type nAChRs have two binding sites, homomeric neuronal-type 

nAChRs five (Palma et al. 1996). Due to different α-non-α interfaces, muscle-type nAChRs 

have a high-affinity binding site at the αδ and a low-affinity binding site at the αγ interface. 

Different affinities also occur in neuronal-type nAChRs when different α-non-α interfaces are 

present. 

Agonists of nAChRs are nicotine and the endogenous neurotransmitter ACh. A 

competitive antagonist to muscle-type nAChRs is the snake venom protein α-bungarotoxin 

(αBgt). αBgt also binds to homomeric but not heteromeric neuronal-type nAChRs (McGehee 
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and Role 1995). Another well-known competitive antagonist to muscle-type nAChRs is d-

tubocurarine. Interestingly, this compound binds to the αδ binding site with high affinity and 

to the αγ binding site with low affinity. Examples for non-competitive agonists are Codeine 

and 5-hydroxytryptamine (Arias 2000). 

The anticholinergic agents Rivastigmine, Galantamine and Donepezil are currently the 

most powerful drugs used for the treatment of Alzheimer’s disease. They increase the 

cholinergic neurotransmission mainly by inhibiting the acetylcholine esterase which removes 

ACh from the synaptic cleft after pre-synaptic release. It was described for Galantamine that it 

increases the intrinsic effect of ACh at nAChRs, probably by binding allosterically to the 

receptor (www.kompendium.ch).  

1.1.2.1.2. GABARs 

Subunits and receptor subtype composition 

GABA (γ-amino butyric acid) is the most important inhibitory neurotransmitter in the 

CNS of vertebrates (Sivilotti and Nistri 1991). Ionotropic GABARs can be divided into two 

subgroups, GABAAR and GABACR. This subdivision is comparable to the separation of 

nAChRs into αBgt-sensitive and αBgt-insensitive nAChRs. It has been proposed to comprise 

all ionotropic GABARs in the term GABAA receptors (Barnard et al. 1998). However, the 

term GABAR in the following comprises the ionotropic GABAA and GABAC receptors. If 

necessary for clarity reasons they will be termed GABAAR and GABACR, respectively. 

GABARs from the Cys-loop receptor superfamily build a family of receptor subtypes 

which are formed by the assembly of five subunits (Nayeem et al. 1994; Tretter et al. 1997). 

The subunits may be different or identical and according to its subunit composition each 

receptor subtype displays its very own pharmacological, electrophysiological and functional 

nature (Sieghart 1995; Möhler et al. 1996). Presently, there are 20 different subunits known to 

form GABARs in the mammalian nervous system (α1-6, β1-4, γ1-3, δ, ε, π, θ, and ρ1-3) 

(Cutting et al. 1991; Barnard et al. 1998; Bonnert et al. 1999; Whiting 1999). The subunits 

ρ1-3 are only present in GABAC receptors (Enz and Cutting 1998).  

Functional GABAARs are always heteropentameric (Sigel et al. 1990) and require at 

least one α-, β- and γ-subunit to exhibit a similar pharmacology as native GABAARs 
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(Pritchett et al. 1989). The most abundant GABAAR in the brain is (α1)2(β2)2γ2 (Im et al. 

1995; Chang et al. 1996; Sieghart and Sperk 2002). The δ-, ε- and π-subunits seem to be able 

to replace the γ-subunit in functional GABAARs (Shivers et al. 1989; Davies et al. 1997; 

Hedblom and Kirkness 1997; Whiting et al. 1997), whereas the θ-subunit may be able to 

replace one β-subunit (Whiting 1999). However, due to the large number of different subunits 

there is a large variety of different GABAAR subtypes exhibiting different pharmacologies 

and showing distinct, sometimes overlapping expression patterns according to the subunits 

they comprise. 

In contrast to GABAARs and similar to the αBgt-sensitive neuronal-type nAChRs, 

GABACRs can form homopentameric channels. This holds true for all three known ρ-subunits 

(Cutting et al. 1991; Wang et al. 1994; Shingai et al. 1996). There is some evidence for the 

formation of functional heteromeric GABACRs consisting of ρ1 and ρ2 or ρ2 and ρ3 subunits 

(Zhang et al. 1995; Hackam et al. 1997; Ogurusu et al. 1999). GABACRs subtypes have been 

found in retina, some brain areas and in the gut (Enz et al. 1995; Jansen et al. 2000). 

Physiology and pathophysiology 

GABARs are directly involved in all physiological and behavioural processes and, 

indirectly, in many neuropsychiatric illnesses such as anxiety, epilepsy and sleep disorders. 

The function of every single receptor is reflected by its subunit composition. Therefore, 

functions or phenotypes can be assigned not only to a specific receptor subtype but even to a 

specific receptor subunit. Knocking out the respective genes give insight into each subunits 

influence and importance on receptor assembly, trafficking, localisation and function as well 

as the effect on the expression and distribution of other subunits. α1 and β2 seem to be 

essential for the assembly to functional receptors (Sur et al. 2001) and γ2-knock-out in mice 

have shown that γ2 is not needed for receptor assembly but plays an important role in the 

clustering of GABAARs at the post-synapse (Gunther et al. 1995; Essrich et al. 1998). 

Pharmacology 

The binding site for the endogenous ligand GABA is localised at the interface between 

the α- and β-subunit (Schofield et al. 1987), each contributing to the binding site with either 

the principal or complementary component. The most widely expressed GABAARs have two 
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binding sites which may be equivalent or not, depending on whether the α-β interfaces are 

identical or not. ρ-subunits bear both components. Hence, homopentameric and 

heteropentameric GABACRs have five GABA binding sites. The occupation of three binding 

sites is sufficient for channel opening (Amin and Weiss 1996). 

GABAARs are sensitive, GABACRs insensitive to the competitive antagonist 

bicucullin which can be seen as the counterpart of α-Bgt in nAChRs. Muscimol, a metabolite 

from fly agaric, is an agonist on both GABAARs and GABACRs (Ito et al. 1995). 

There is a great variety of compounds modulating the receptor and thus the ion influx 

by allosterically binding to the GABAAR, such as the pharmacologically and clinically 

important groups of benzodiazepines and barbiturates (Sieghart 1995). The therapeutically 

most widely used substance class is the one of the benzodiazepines with its leading compound 

diazepam. Presently, more than 15 different benzodiazepines are registered with Swissmedic 

for the treatment of sleeping disorders, anxiety and epilepsy. Benzodiazepines bind at the α-γ 

(α must be α1, α2, α3 or α5, γ must be γ2) interface and enhance the binding affinity for the 

endogenous ligand GABA (Möhler et al. 2002). Therefore, GABACRs are not sensitive to 

benzodiazepines. The binding mode of barbiturates is not exactly clear yet. They can, at 

higher concentrations, increase the Cl- influx independently of GABA binding. Due to their 

narrow therapeutic range, barbiturates are approved for the treatment of epilepsy only. 

1.1.2.1.3. GlyRs 

Subunits and receptor subtype composition 

The GlyR is best known for mediating inhibitory neurotransmission in the spinal cord 

and brain stem. To date, four α (α1-α4) and one β (β1) subunit have been identified in 

mammals (Grenningloh et al. 1987; Grenningloh et al. 1990; Kuhse et al. 1990; Kuhse et al. 

1991; Matzenbach et al. 1994). The pentameric receptors can be either homomeric or 

heteromeric and exhibit different physiological and pharmacological properties. The major 

synaptic receptor subtype has a stoichiometry of (α)2(β1)3 (Laube et al. 2002; Grudzinska et al. 

2005). β1 cannot assemble into functional homopentameric GlyRs, whereas α1, α2 and α3 

can form functional homopentameric GlyRs (Kondratskaya et al. 2005; Betz and Laube 2006). 
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Physiology and pathophysiology 

The GlyR mediates inhibitory neurotransmission in motor, sensory and pain pathways 

(Betz et al. 1999; Harvey et al. 2004) and it is implicated in the pathogenesis of neuromotor 

diseases (Rajendra et al. 1997). The most prominent disorder in glycinergic neurotransmission 

is hereditary hyperekplexia, also known as startle disease. Affected individuals show an 

exaggerated startle reaction in response to sudden stimuli, such as noise, light, or touch, which 

can result in general rigidity triggering loss of posture and unprotected falling. All GlyR 

subunits may be involved in hyperekplexia (Betz et al. 1999). 

Pharmacology 

The binding site for the endogenous ligand glycine is localised at the α-α or α-β 

interface. Homomeric GlyRs have five identical binding sites whereas heteromeric GlyRs 

have two different pairs bearing two identical glycine binding sites each. It has been shown 

for the homomeric α1 GlyR that binding of three glycine molecules is sufficient for channel 

opening (Beato et al. 2004).  

The most prominent competitive antagonist at GlyRs is strychnine, a very toxic 

alkaloid from the seeds of Strychnos nux vomica. Poisoning with strychnine causes muscular 

convulsions and eventually asphyxia. Its binding site at the GlyR overlaps with that of glycine 

but is not identical. This explains why the heteromeric GlyR has only two strychnine binding 

sites at the α-β interface but not at the β-α interface when viewed clockwise (Betz and Laube 

2006). 

1.1.2.1.4. 5-HT3Rs 

Subunits and receptor subtype composition 

The 5-HT3R is the only ionotropic serotonin receptor among the seven serotonin 

receptor families. To date, five different 5-HT3R subunits have been identified: A, B, C, D 

and E (Miyake et al. 1995; Davies et al. 1999; Niesler et al. 2003). Subunit A resembles most 

the α-subunits of other LGICs and is the only one to form functional homopentameric 

receptors, termed 5-HT3AR. It is mainly found in the central nervous system. Subunit B 

cannot form functional homomeric receptors but assemble with A to form heteromeric 5-
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HT3Rs mainly found in the periphery (Hanna et al. 2000). The stoichiometry of heteromeric 

5-HT3A/BRs has been proposed to be A2B3, arranged BBABA when viewed clockwise 

(Barrera et al. 2005). The contribution of the subunits C, D and E to ionophore activity of 5-

HT3Rs is presently not known. 

Physiology and pathophysiology 

5-HT3Rs mediate a variety of physiological functions and has been implicated in 

cognition, anxiety, psychosis, depression, antinociception and emesis (Greenshaw and 

Silverstone 1997). Nausea and vomiting as a consequence of cancer radiotherapy or treatment 

with cancer chemotherapeutics is mediated by 5-HT3Rs and has been excplicitly investigated. 

Pharmacology 

The homomeric 5-HT3AR has five structurally equivalent binding sites for its 

endogenous ligand serotonin, namely one at each A-A subunit interface (Barrera et al. 2005). 

Inferred from homopentameric nAChRs and GlyRs, it is likely that three ligand molecules 

bound to the 5-HT3AR are sufficient for channel opening. The heteromeric 5-HT3A/BR exhibits 

three different interfaces – two A-B, two B-A and one B-B – most likely forming non-

equivalent ligand-binding sites (Barrera et al. 2005). Whether each subunit interface builds a 

serotonin-binding site is presently not know. 

The clinically important agents Dolasetron, Granisetron, Tropisetron and Ondansetron 

are selective antagonists of the 5-HT3Rs and are widely utilised to control radio- and 

chemotherapy-induced nausea. Other therapeutics such as selective serotonin re-uptake 

inhibtors for the treatment of depression or triptanes for the treatment of migraine affect the 

serontonin metabolism without directly binding to 5-HT3Rs (www.kompendium.ch). 

 

1.2. Aim of this work 

A peculiarity of LGICs is their gating mechanism, requiring a conformational change 

transmitted over a large range of over 30 Å between the ligand binding site and the pore entry. 

A mechanism of how LGICs might gate their channels upon ligand binding has been 

described at  low resolution providing an insight into secondary structure element movements 

(Unwin 1995; Miyazawa et al. 2003). However, a detailed mechanism on the basis of single 
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residues is still not available and requires high resolution structural information. The structure 

of the AChBP provides an excellent model system for the extracellular domain of LGICs and 

in particular of the ligand-binding site. It is questionable, however, whether this protein, 

which is lacking a membrane spanning pore, behaves identically upon ligand-binding as do 

LGICs with respect to signal propagation towards the (imaginary) channel proximal site. In 

fact it has been shown that the secondary structure twists observed in Torpedo nAChR upon 

ligand-binding were not observed in AChBP (Karlin 2004). One explanation may be that in 

the structure of AChBP without a physiological ligand, HEPES molecules are bound to its 

ligand-binding sites. This structure may therefore reflect the conformational state of an open 

channel rather than the one of a closed channel. Another explanation may be the fact that 

AChBP has no channel and therefore does not undergo conformational changes upon ligand-

binding in contrast to the LGICs. Still unclear is the role of the loops near the membrane, the 

Cys-loop and L2 loop (β1/β2 loop). It seems to be reasonable to propose the Cys-loop as the 

main site for transferring ligand-binding into a gating signal, not only because of its proximity 

to the membrane segments – as shown by Unwin (Unwin 2005) – but also as a consequence 

of its different compositions and hydrophobicity, respectively, in LGICs and the AChBP. 

Nevertheless, a valine in the loop L2 was proposed as the site of direct interaction between the 

extracellular domain of Torpedo nAChR and the short loop between the membrane segments 

M2 and M3 and thus as the main site for channel gating (Miyazawa et al. 2003). This proposal 

is not too convincing, since there are no obvious differences between the L2 loop in AChBP 

and LGICs and, moreover, the proposed valine is not at all conserved throughout the LGIC 

subunits. 

Taken all this together, a detailed mechanism of the transmission from ligand-binding 

to channel-opening is still not available at the level of single amino acid residues. The high 

resolution structure of either the whole channel or its ECD in the open and closed state are 

required to understand at a detailed structural level how LGICs trigger channel gating over 

this large distance. Furthermore, high-resolution structures of the ligand-binding sites of 

LGICs are needed to provide a better basis for rational drug design. Developing specific drugs 

that bind to selected receptor subtypes and, hence, make a more targeted treatment 

accompanied by less side effects possible are still very much needed. Since the expression of 

membrane proteins in amounts suitable for structural studies by means of X-ray 

crystallography is still a great challenge, particularly for eukaryotic proteins, we decided to 
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focus on the ECD rather than on the whole channel. The fact that all LGICs provide subunits 

that can form homopentamers (the α7 subunit of nAChR, the A-subunit of 5-HT3R, the ρ1 

subunit of GABACR, and the α1 subunit of GlyR) allows to circumvent the challenge to co-

express different subunits. Thus, the aim of the work was to express the ECDs of these four 

LGIC subunits, which are known to form homopentamers, in soluble and correctly assembled 

form and in amounts that allow structural investigation and possibly crystallisation of the 

target proteins. 

The approach was to express these subunits in eukaryotic and, using a systematic 

approach, in prokaryotic expression systems. The eukaryotic expression systems chosen were 

HEK cells, Sf9 cells and Pichia pastoris based on the fact that AChBP was successfully 

expressed using this system (Brejc et al. 2001). Soluble expression of eukaryotic proteins in a 

prokaryotic expression system such as Escherichia coli can be problematic. Several 

approaches were taken in order to circumvent potential problems. First of all, different 

bacterial strains and a variety of fusion tags were explored in a systematic way to enhance 

expression of soluble protein. A second approach addressed the potential solubility problem 

from exposed hydrophobic areas in LGIC-ECDs which are predicted to be at the interface 

with the TMD in the whole channel. Knowledge of the structure of soluble AChBP permitted 

to analyse possible replacements of these hydrophobic patches. 
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1.3. Results 

Since LGIC-ECDs have proven not to be readily expressed in soluble form in E. coli, 

we were looking for ways to enhance not only the expression level in general but the 

solubility of the target proteins in particular. A first strategy aimed at the use of N-terminal 

fusion tags, proteins of diverse origin and lengths, known to increase the solubility of the 

target protein (for a short description of the used fusion tags see Materials and Methods, 

Chapter 3.2.2.). A second approach was to replace hydrophobic patches or loops by their 

counterparts present in the soluble AChBP. Thorough examination of the AChBP structure 

and comparison with homology models of the LGIC-ECDs revealed an obvious difference in 

the respective Cys-loops which was subsequently replaced in all LGIC-ECDs in favour of the 

hydrophilic AChBP Cys-loop. A high-throughput approach was needed in order to combine 

both approaches and, moreover, allow the implementation of different bacterial strains and 

growth conditions. Based on the fact that the ECDs of LGICs have at least one disulfide 

bridge to form the Cys-loop we included a bacterial strain that allowed the expression in an 

oxidative environment facilitating disulfide bond formation. In addition, one construct was 

generated to allow secretion into the periplasm aiming at the facilitated disulfide bond 

formation. 
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1.3.1. Expression in E. coli 

1.3.1.1. Alignment and homology modelling 

The boundaries of the ECDs were determined by multiple alignment with the homologue 

AChBP using MultAlin (Corpet 1988) (Figure 1.7.). For the expression in E. coli, the native 

signal peptides were omitted. 

Figure 1.7.: Multiple alignment of AChBP with the ECDs of nAChα7, 5-HT3A, GABAρ1, and Glyα1 

as they were cloned into the E.coli vectors. The secondary structures are taken from the AChBP (PDB 

access code 1I9B). The Cys-loop is marked by two ▲, the L2 loop by two *. 

 

Two loops are of particular interest. The Cys-loop (▲) and the L2 loop (*) are both 

candidates for mediating the ligand-binding signal from the ECD to the TMD in order to 

induce channel-opening. The alignment shows a remarkable difference in the amino acid 

composition with respect to the hydrophobicity in the Cys-loop of the LGCI-ECDs and the 

Cys-loop of AChBP. The rather hydrophobic Cys-loop of the LGICs may therefore reflect the 

site of signal transfer between the ECD and the TMD of the receptor whereas in AChBP the 
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Cys-loop is hydrophilic. The L2 loop, however, shows no remarkable difference in the LGICs 

as compared to AChBP with respect to amino acid composition and hydrophobicity. 

The remarkable difference found in the Cys-loop may not only be important when 

considering the gating mechanism, but the hydrophobic loop may hamper soluble expression. 

The homology models generated (for details see Materials and Methods, Chapter 3.14.1.) 

suggest that the hydrophobic side-chains of the Cys-loop residues in the LGICs are exposed. 

We therefore hypothesised that the replacement of the LGIC Cys-loop by the more 

hydrophilic AChBP Cys-loop may enhance soluble expression. 

Figure 1.8.: Homology modelling: the Cys-loop of AchBP (a) is hydrophilic whereas the Cys-loops of 

nAChα7 (b), 5-HT3A (c), GABAρ1 (d), and Glyα1 (e) are hydrophobic. 
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1.3.1.2. Cloning 

1.3.1.2.1. Generating entry clones – the BP reaction 

Primers for the amplification of the ECDs of nAChα7 (23-230), 5-HT3A (24-245), 

GABAρ1 (16-274), and Glyα1 (29-247) were designed with the respective attB1 site 

following a thrombin cleavage site at the 5’-end and an attB2 site at the 3’-end. These allow 

recombination of the PCR product with the donor vectors containing the attP1 and attP2 site 

(BP reactions) in order to obtain entry clones containing attL1 and attL2 sites for further 

recombination procedures. The PCR products of GABAρ1, Glyα1 and 5-HT3A were 

recombinantly cloned into pDONR221TM, whereas the PCR product of nAChα7 was cloned 

into pDONR221TM/Zeo. The resulting entry clones were verified by DNA sequencing. Table 

1.2. summarises the entry clones obtained. 

Table 1.2.: Entry clones 

attP/attB nAchα7 5-HT3A GABAρ1 Glyα1 

pDONR221TM - DONR-5-HT3A DONR-GABAρ1 DONR-Glyα1 

pDONR221TM/Zeo DONR-nAChα7 - - - 

Replacement of the Cys-loops by the hydrophilic AChBP-Cys-loop 

The hydrophobic Cys-loop of the LGICs was replaced by the more hydrophilic Cys-

loop present in the AChBP. The mutations were carried out with the entry clones which 

allowed to propagate the mutations directly to the expression clones with no further cloning 

required. The mutations were verified by DNA sequencing. Table 1.3. summarises the entry 

clones of the mutated ECDs obtained. 
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Table 1.3.: Entry clones with Cys-loop mutation 

entry clone/Mutation AChBP-cys-loop 

DONR-nAChα7 DONR-nAChα7-Cys 
DONR-5-HT3A DONR-5-HT3A-Cys 

DONR-GABAρ1 DONR-GABAρ1-Cys 

DONR-Glyα1 DONR-Glyα1-Cys 

1.3.1.2.2. Generating expression clones – the LR reaction 

The entry clones containing attL1 and attL2 sites were recombined with the 

destination vectors containing attR1 and attR2 sites by LR reaction to obtain expression 

clones used for target expression. Table 1.4. summarises the expression clones obtained. 

Table 1.4.: Expression clones 

attL/attR DONR-nAChα7 
/-Cys 

DONR-5-HT3A 

/-Cys 
DONR-GABAρ1 
/-Cys 

DONR-Glyα1 
/-Cys 

pDEST- 
QE80-L  

QE80-nAChα7 
/-Cys 

QE80-5-HT3A 
/-Cys 

QE80-GABAρ1 
/-Cys 

QE80-Glyα1 
/-Cys 

pDEST- 
QE70-2Z.3  

QE70-nAChα7 
/-Cys 

QE70-5-HT3A 

/-Cys 
QE70-GABAρ1 
/-Cys 

QE70-Glyα1 
/-Cys 

pDEST- 
ColdI  

ColdI-nAChα7 
/-Cys 

ColdI-5-HT3A 

/-Cys 
ColdI-GABAρ1 
/-Cys 

ColdI-Glyα1 
/-Cys 

pDEST- 
MALnosig 

MALnosig-nAChα7 
/-Cys 

MALnosig-5-HT3A 
/-Cys 

MALnosig-GABAρ1 
/-Cys 

MALnosig-Glyα1 
/-Cys 

pDEST- 
MALsig 

MALsig-nAChα7 
/-Cys 

MALsig-5-HT3A 
/-Cys 

MALsig-GABAρ1 
/-Cys 

MALsig-Glyα1 
/-Cys 

pDEST- 
NAT 

NAT-nAChα7 
/-Cys 

NAT-5-HT3A 
/-Cys 

NAT-GABAρ1 
/-Cys 

NAT-Glyα1 
/-Cys 
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Figure 1.9.: Schematic overview of the proteins resulting from the constructed expression clones. The 

bar lengths should roughly reflect the real lengths in the mature proteins. ZZ: Z-tag: Staphylococcus 

aureus protein A epitope; MBP: maltose binding protein; Rbx: rubredoxin. 

1.3.1.3. Expression and solubility screening 

The dot blot is a high throughput approach that allows to check dozens of constructs 

for total and soluble expression under different conditions (e.g. different bacterial strains, 

different temperatures) and was therefore used for the expression and solubility screening. 

The protein fraction which passed the filter plate upon non-denaturing cell lysis (for details 

see Materials and Methods, Chapter 3.8.1.1.) was considered soluble as established by others 

(Knaust and Nordlund 2001).The cell cultures were normalised to an OD600 of 0.4 before cell 

lysis which allows direct comparison of the yield of expressed target protein in different 

constructs. Since our aim was to find conditions to allow for the highest possible soluble 

expression the total amount of expressed protein was not considered in this screen. 

In a first screen (Figure 1.10.) the strain BL21(DE3) was used and the expression was 

carried out at three different temperatures: 37°C, 25°C, and 15°C. The screen shows that the 
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ECD of the cation-selective LGICs (5-HT3A and nAChα7) is apparently better expressed in 

soluble form than their anion-selective counterparts. The different constructs exhibit 

remarkable differences in the amounts of soluble protein expressed. The constructs lacking a 

fusion partner (pDEST-QE80-L and pDEST-ColdI) show very little expression of soluble 

protein. The two Z-tags present in pDEST-QE70-2Z.3 seem either not to enhance expression 

at all or do not increase the solubility of the expressed fusion protein. The pDEST-NAT 

constructs using rubredoxin as a fusion partner show an interesting pattern in so far that no or 

little soluble protein is observed at 37°C and 25°C, respectively, but a significant increase is 

observed at 15°C. The constructs bearing MBP as a fusion partner show by far the best results 

with respect to expression of soluble protein. Still, a significantly higher soluble expression is 

observed when expressing in the cytosol (pDEST-MALnosig) as compared to periplasmic 

expression (pDEST-MALsig). No significant difference is seen when comparing the soluble 

expression of wild-type ECDs to the Cys-loop mutants. 

The presence or absence of a fusion partner as well as its nature have a considerable 

effect on expression of target protein in soluble form whereas the temperature has a moderate 

effect depending on the fusion partner as well as the target protein used. No effect was 

observed when replacing the hydrophobic LGIC Cys-loop by the hydrophobic AChBP-Cys-

loop. 

Figure 1.10.: First screen including one bacterial strain [BL21 (DE3)], three different temperatures, 

and four different LGIC-ECDs (wt: wild type; Cys: Cys-loop mutant) in six different vectors. The 

screen shows only protein produced in soluble form. The darker the colour the higher the expression 

level. 
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A second bacterial strain was included in a second screen (Figure 1.11.). The strain 

Origami B (DE3) provides an oxidising environment in its cytosol facilitating formation of 

disulfide bridges. The expression screen was carried out at 37°C and 15°C. The strain 

Origami B (DE3) yields much less protein expressed in soluble form as compared to the 

standard strain BL21 (DE3). It was therefore not suitable for large scale expression. 

Figure 1.11.: Second screen including a second E. coli strain [Origami B (DE3)]. Expression was 

done at 37°C and 15°C. Constructs remain the same as in the first screen. 

 

The dot blot technique is a useful tool to check for the presence of his-tagged protein 

in a specific sample and is well suited for testing a large number of samples in parallel. It 

reports the present of a tag or epitope but not whether the target protein is full size or partly 

degraded. Hence, the size of the detected protein is of utmost importance for the verification 

of the integrity of the protein and has to be determined by SDS-PAGE (polyacrylamide gel 

elecrophoresis) and subsequent Western blot. The Western blot was performed with the two 

most promising candidates, MALnosig and MALsig, using an anti-His-antibody (Figure 

1.12.). The less well expressing MALsig constructs show two fractions, one representing the 

full length fusion protein (+) and one probably representing MBP cleaved after the His6-tag 

(*). The MALnosig proteins are expressed in their full lengths as judged by the size (expected 

sizes are between 65 and 70 kD as calculated by Vector NTi) and are therefore more 

promising for large scale expression. 
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Figure 1.12.: Western blot of the proteins using MBP as a fusion partner. The bands in the range of + 

reflect the intact fusion protein. The band marked with * shows probably the MBP cleaved after the 

His6-tag. M: Marker. 

 

The constructs and the most suitable conditions for soluble expression of the LGIC-

ECDs used for large scale expression are summarised in Table 1.5.:  

Table 1.5.: Constructs used for large-scale expression 

construct strain temperature 

MALnosig-nAChα7 BL21 (DE3) 15°C 
MALnosig-5-HT3A BL21 (DE3) 15°C 

 

1.3.1.4. Production and purification of MBP-nAChαααα7 and MBP-5-HT3A 

For simplicity reasons the products of the constructs chosen will be termed MBP-

nAChα7 and MBP-5-HT3A in the following rather than MALnosig-nAChα7 and MALnosig-

5-HT3A, respectively. The expression of the proteins and the isolation of the cytosolic fraction 

are described in the chapter Materials and methods. The cytosolic fraction was applied onto 

an Äkta Xpress system allowing the coupling of IMAC and gel filtration chromatography. 

The peak fraction from the IMAC is collected in a loop and subsequently injected onto a gel 

filtration column. The columns used and important parameters as well as buffer conditions are 

summarised in Materials and Methods. The collected fractions resulting from the gel filtration 

were analysed by SDS-PAGE. The proteins elute from the gel filtration column in one major 

and two smaller peaks. The major peak in both cases is observed at about 45 to 50 ml and is 



1. Extracellular domain of ligand-gated ion channels 

 

50 

close to the void volume of the HiLoad
TM

 Superdex 200 16/60 column (~ 40 ml). As the SDS 

gels show only the main peak contains the complete fusion protein whereas the other peaks 

seem to contain degradation products. The pattern for both proteins, MBP-nAChα7 and MBP-

5-HT3A, is very similar. 

Figure 1.13.: Gel filtration chromatogram of MBP-nAChα7 (a) and MBP-5-HT3A (b) using a 

HiLoad
TM

 Superdex 200 16/60 column. The peak fractions were loaded onto an SDS gel. mAU: milli 

absorption units. M: molecular weight marker. 
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1.3.1.5. Thrombin cleavage of  MBP-nAChαααα7 and MBP-5-HT3A 

The fusion proteins were digested with thrombin in order to separate the fusion partner 

and the His-tag from the target protein (Figure 1.14.). A time course at different temperatures 

shows a different behaviour of the two fusion proteins. MBP-nAChα7 (Figure 1.14.a) was 

only cleaved efficiently when treated with thrombin overnight and at room temperature. 

However, the cleaved nAChα7 (red box) seems to be degraded at room temperature when 

comparing the amount with cleavage at 4°C. Cleavage of MBP-5-HT3A (Figure 1.14.b) is 

more efficient and completed after 2 hours at room temperature as well as at 4°C. Cleavage 

for longer than 2 hours does not increase the fraction of cleaved fusion protein. When cleaved 

at room temperature, 5-HT3A is prone to degradation whereas at 4°C 5-HT3A seems to be more 

stable. Both fusion proteins, however, could not be cleaved completely even when using 

thrombin at high concentrations (10 U/mg protein). 

nAChα7  and 5-HT3A (red boxes) were sent in for N-terminal sequencing. The results 

(GSEFQ for nAChα7 and GSRRR for 5-HT3A) confirmed that the proteins are the LGIC-

ECDs. 

Figure 1.14.: SDS-PAGE of thrombin cleavage time course of MBP-nAChα7 (a) and MBP-5-HT3A 

(b). The black box represents uncleaved protein, the green box MBP, and the red box nAChα7  and 5-

HT3A, respectively. T0: before cleavage; T2,4,6: sample taken after 2, 4, and 6 hours, respectively; To/N: 

cleavage over night; RT: room temperature (20°C); CR: cold room (4°C). M: molecular weight 

marker. 
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1.3.1.6. Separation of thrombin cleavage products 

After thrombin treatment MBP was efficiently removed from nAChα7 and 5-HT3A by 

gel filtration chromatography (Figure 1.15.). Uncleaved MBP-nAChα7 and MBP-5-HT3A 

could not be separated from the cleavage products nAChα7 and 5-HT3A. The fact that MBP 

can be separated from both LGIC-ECDs and uncleaved fusion protein by gel filtration 

chromatography indicates that aggregation and/or oligomerisation is driven by the LGIC-

ECDs and not by MBP. 

The fractions containing the non-separated thrombin cleavage products were further 

subjected to IMAC and ion exchange chromatography (not shown). In both cases the products 

could not be further separated supporting the assumption that the aggregates and/or oligomers 

consist of a mixture of cleaved and uncleaved proteins and therefore cannot be discriminated 

even upon application of affinity chromatography or ion exchange chromatography.  
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Figure 1.15.: Gel filtration chromatography of cleaved MBP-nAchα7 (first elution) and MBP-5-HT3A 

(second elution). MBP is nicely separated from the rest (fractions 3 to 6 and 18 to 21). nAchα7 and 5-

HT3A are not separated from the uncleaved fusion protein by gel filtration (fractions 1, and 16 and 17). 

mAU: milli absorption units. M: molecular weight marker. 

1.3.1.7. Biophysical characterisation of MBP-nAchαααα7 and MBP-5-HT3A  

To check whether the proteins are folded and assembled in pentamers, they were 

subjected to biophysical characterisation by means of static light-scattering (SLS) and CD-

spectroscopy of the purified fusion proteins MBP-nAchα7 and MBP-5-HT3A as well as the 

partially cleaved LGIC-ECDs. Reliable results could be expected from the pure fusion 

proteins, but the fact that uncleaved fusion protein and nAChα7 and 5-HT3A could not be 

separated completely after cleavage did not allow to consider the LGIC-ECDs as  

homogeneous protein samples which complicated interpretation of the data. 
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The experimental conditions for both SLS and CD spectroscopy are given in Materials 

and methods. 

1.3.1.7.1. Static light-scattering 

Functional LGICs are pentamers and based on the AChBP structure it is believed that 

the signal for pentameric assembly is located in the ECD of LGICs. Static light-scattering 

should give information about the oligomeric state of the expressed fusion protein. 

MBP-nAchα7 and MBP-5-HT3A eluted at about 7.8 ml and 7.6 ml, respectively, on a 

Superdex
TM

 200 10/300 GL gel filtration column (void volume is ~ 8ml) which corresponds to 

a mass of 1.2 MD and 2.1 MD, respectively, calculated by the software (Figure 1.16.). 

Considering the calculated masses of 67 kD for MBP-nAchα7 and 69 kD for MBP-5-HT3A 

these measured values reflect aggregates or higher ordered oligomers (15 to 30 oligomers) but 

not the physiologically occurring pentamers. 

As a comparison the MBP separated by gel filtration was loaded onto the same column 

under the same conditions. MBP shows a double peak corresponding to a monomer and a 

dimer. 

The findings clearly indicate that the expressed fusion proteins do not form oligomers 

of a distinct composition but rather form soluble aggregates which are much larger than the 

expected pentamers. The fact that MBP, which was separated from the fusion protein after 

thrombin cleavage, forms monomers and dimers supports the assumption that the aggregation 

of the fusion proteins is driven by the LGIC-ECDs alone. It can be concluded that the 

expressed fusion proteins do not reflect the assembly of a functional, pentameric LGIC. 

Table 1.6. summarises the data obtained by SLS. 

Table 1.6.: SLS results 

 MSLS Mcalc. polydispersity 
 peak 1 peak 2  peak 1 peak 2 

MBP-nAchα7 1.258·106 (1%)*  67358 1.108 (2%)  
MBP-5-HT3A 2.131·106 (1%)  69603 1.043 (2%)  
MBP 72600 (2%) 40330 (2%) 42918 1.006 (2%) 1.001 (3%) 

MSLS: mass-weighted molar mass moment (g/mol); Mcalc.: calculated mass of a monomer 
(g/mol); *% error 
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Figure 1.16.: Gel filtration chromatography from the SLS measurements of MBP-nAchα7 (a), MBP-

5-HT3A (b), and MBP (c). The thick horizontal lines represent the calculated masses of each sample. 
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1.3.1.7.2. CD-spectroscopy 

Far UV CD spectroscopy was used to get information about the secondary structure 

elements in the fusion proteins and in the partially cleaved proteins. α-helix, β-sheet and 

random coil structures each give rise to a characteristic shape of a CD spectrum and should 

provide information about the composition of the protein in terms of secondary structure 

elements. Due to the fact that the LGIC-ECDs could not be completely separated from 

uncleaved fusion proteins, the data were not expected to be easily interpretable. 

MBP is largely α-helical and accounts for almost two thirds of the fusion protein 

molecular mass. A strong α-helical signal (typically with minima at 208 and 222 nm) was 

therefore expected for the CD spectrum of the fusion protein with some β-sheet or random 

coil signal on top depending on the folding state of the LGIC-ECD. To get an idea of what 

could be expected from the partially cleaved sample we computed CD spectra (using CDone 

by G. Machaidze) for two different scenarios assuming the LGIC-ECDs to be folded or 

unfolded. From the SDS-gel (Figure 1.15., lane 16) we estimated the contents of fusion 

protein (20%), MBP (20%) and LGIC-ECDs (60%). The predicted CD spectrum with folded 

LGIC-ECDs (23% α-helix, 33% β-sheet, 44% random coil) was nearly flat between 205 and 

225 nm with two minima at 208 and 222 nm (Figure 1.17.d). The CD spectrum with unfolded 

LGIC-ECDs (20% α-helix, 14% β-sheet, 66% random coil) shows a distinct minimum 

between 200 and 205 nm and another, slightly weaker minimum between 220 and 225 nm 

(Figure 1.17.e). The measured spectra of the fusion protein MBP-nAchα7 and MBP-5-HT3A 

are very similar and show the minima at the expected wavelength. The spectra of the partially 

cleaved and gel filtrated nAchα7 and 5-HT3A are still similar to those of the fusion protein. 

However, a comparison between the computed CD spectra and the measured spectra show 

higher similarity between the computed spectra assuming folded LGIC-ECDs and the 

measured spectra. Additionally, we compared the measured spectra with the spectrum of 

AChBP which shows a single minimum slightly above 215 nm (Figure 1.17.f).These results 

may indicate that the LGIC-ECDs are not unfolded, but the data obtained do not allow to 

draw any safe conclusions on the secondary structure content of nAchα7 and 5-HT3A. 
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Figure 1.17.: CD spectra of the fusion proteins nAchα7 (a) and 5-HT3A (b) and their partially cleaved 

and gel filtrated samples. (c) Computed CD spectrum of fusion protein assuming a folded LGIC-ECD. 

(d) Computed CD spectrum of partially cleaved and separated LGIC-ECD assuming the LGIC-ECD to 

be folded. (e) Computed spectrum of partially cleaved and separated LGIC-ECD assuming the LGIC-

ECD to be unfolded (random coil). (f) CD spectrum of AChBP as reference for a properly folded 

LGIC-ECD (kindly provided by René van Elk). 
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1.3.2. Expression in HEK 293T cells 

1.3.2.1. Cloning 

The ECD of nAChα7 (1-230), 5-HT3A (1-245), GABAρ1 (1-274), and Glyα1 (1-247) 

were cloned into the pcDNA3.1(+) vector by applying multisite mutagenesis to a construct 

consisting of the pcDNA3.1(+) vector with an insert of the domains 2-4 of VEGFR-2 and a C-

terminal His6-tag (the sequence numbering according to the Swissprot accession codes is 

given in Appendix A). The procedure is described in the Materials and methods section. All 

four LGIC-ECDs could be successfully subcloned as shown by restriction digest (Figure 

1.18.) and DNA sequencing. 

Figure 1.18.: Restriction digest of the cloned pcDNA3.1(+)-LGIC-ECDs constructs. The new 

constructs and the template plasmid were digested with Bsp1407I and PvuI. The template shows 

several bands due to several restriction sites. The new constructs show the expected single band. 

1.3.2.2. Expression experiments 

The LGIC-ECDs were transiently expressed in HEK 293T cells and, due to the 

presence of the signal-peptides, supposed to be secreted into the medium. The analysis 

included immunofluorescence and Western blot (Figure 1.19.). The staining of the cell nuclei  

showed that the cells were integer and had not been impaired by the transfection process. 

Immunofluorescence allows monitoring of protein expression but is not able to reliably 

localise the protein and, thus, does not give any information about whether a protein was 
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properly processed. The ECD of 5-HT3A gave a positive signal in the immunofluorescence but 

not the other ECDs, indicating that only the 5-HT3A ECD was expressed. The Western blot, 

however, was negative for all LGIC-ECDs whereas the positive control (secreted VEGFR-2 

D2-4 with a C-terminal His6-tag) was positive. Even though the 5-HT3A ECD seemed to be 

expressed it was obviously not properly modified and processed as it did not appear to be 

secreted. A detailed description of the experimental procedures and the dyes and antibodies 

used is given in the Materials and methods section. 

Figure 1.19.: Immunofluorescence of HEK 293T cells. (a) Cell nuclei of HEK 293T cells transfected 

with the nAChα7-ECD. (b) HEK 293T cells transfected with the nAChα7-ECD treated with anti-His-

antibody coupled to fluorescence dye. No fluorescence and, thus, no His-tagged protein was detected. 

The same held true for the Glyα1-ECD and GABAρ1-ECD (not shown). (c) and (d) Same as in (a) 

and (b) but with the 5-HT3A-ECD transfected HEK 293T cells. (e) Western blot from a 12% SDS-gel. 

No His-tagged protein in the case of LGIC-ECDs was detected. All constructs contain a His6-tag. M: 

molecular weight marker. 
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The fact that HEK 293T cells only expressed the ECD of 5-HT3A indicates that either 

the constructs were not suitable for HEK 293T cells or the transfection of the other ECDs was 

not successful or efficient enough and thus did not result in protein expression. The latter is 

rather unlikely based on the fact that established protocols were used and the same protocol 

seemed to work for 5-HT3A. The question why 5-HT3A, though expressed, was not post-

translationally modified and processed properly – concluded from the fact that it was not 

secreted despite the presence of its native signal-peptide – is currently not understood. The 

use of established signal-peptides as used for the secretion of other extracellular domains (e.g. 

VEGFR-2) may either solve the problem or support the assumption that the construct used 

was not suitable for protein secretion. 

1.4. Concluding remarks and perspectives 

This work represents a systematic study to express the extracellular domain of ligand-

gated ion channels from the Cys-loop receptor superfamily in soluble form in E. coli. Their 

expression in E. coli has usually led to inclusion bodies and the denatured protein had to be 

refolded which did not produce homogeneous material (Xue et al. 1998; Hang et al. 2000; 

Xue et al. 2000; Tsetlin et al. 2002; Shi et al. 2003; Breitinger et al. 2004). The aim of my 

work was to find an efficient way to express these extracellular domains in a soluble form. A 

strategy using different fusion partners, different expression strains and temperatures, and 

targeted mutagenesis turned out to be necessary to obtain these proteins in soluble form in 

order to characterise them biophysically. First important conclusions were drawn after the 

expression and solubility screens. The best conditions, namely the optimal fusion partner, the 

bacterial strain with the highest expression profile, and the best suited temperatures for large-

scale expression were identified and followed up. The results clearly showed that LGIC-ECDs 

cannot be expressed in soluble form at all without a fusion partner. Moreover, not all fusion 

partners are equally suited. With respect to the amount of soluble protein produced and 

extracted from E. coli, MBP – which had previously been used in similar approaches (Fischer 

et al. 2001) – proved to be the most potent fusion partner. The MBP construct with the signal-

peptide for periplasmic expression produced less soluble protein than its counterpart for 

cytoplasmic expression. In terms of expression conditions it became obvious that low 

temperatures allow a significantly higher yield of soluble protein. A significantly higher 
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expression of soluble protein was observed with the strain BL21 (DE3) when compared to 

Origami B (DE3). Due to its mutagenetically altered genotype, Origami B (DE3) has a much 

slower protein production machinery which may explain the poor yield in spite of comparable 

cell densities. With respect to the target proteins, the ECDs of the cation channels (nAChα7 

and 5-HT3A) seemed to be expressed slightly better than their anion conducting counterparts 

and they were chosen for a large-scale production. 

Both MBP-nAChα7 and MBP-5-HT3A were purified using IMAC (Ni-NTA) coupled 

to gel filtration. The fusion proteins eluted with the exclusion volume, indicating that they had 

formed aggregates or higher ordered oligomers. Static light-scattering analysis revealed a 

molecular weight of about 1 MD for MBP-nAChα7 and 2 MD for MBP-5-HT3A. This 

corresponds to aggregates of about 15 and 30 monomers for MBP-nAChα7 and for MBP-5-

HT3A, respectively. It seems that the fusion proteins form soluble aggregates by interacting 

unspecifically and do not form the expected pentamers. Similar observations have been made 

by other groups upon expression of nAChα7 as a fusion protein or after refolding (Fischer et 

al. 2001; Tsetlin et al. 2002).  

The fact that both fusion proteins were readily (but not completely) cleaved by 

thrombin indicated that the aggregates were probably not formed randomly but in a way 

similar to the oligomerisation of physiological receptors. Besides, proteins did not precipitate 

upon thrombin cleavage suggesting that the ECDs were not completely unfolded.  

CD spectroscopy of the fusion protein revealed a strong α-helical signal and, thus, 

showed that at least the MBP moiety of the fusion protein was folded. The incomplete 

thrombin digestion hampered the isolation of cleaved LGIC-ECDs from uncleaved fusion 

protein. Nonetheless, the vast majority of MBP could be removed and the cleaved LGIC-

ECDs represented a fraction of 40 to 60% of total protein. Applying this sample to CD 

spectroscopy revealed a shift from a distinct α-helical signal to a signal that might represent a 

mixture of α-helices and β-sheets with a minimum between 210 and 220 nm. Despite the 

absence of a typical random coil signal in the spectrum, safe conclusions cannot be drawn 

from these data due to the heterogeneity of the protein samples. 

In summary, expression of LGIC-ECDs requires a fusion partner in order to produce 

the ECDs in soluble form. The data obtained from CD-spectroscopy may indicate that both 

moieties of the fusion protein, namely the MBP and the LGIC-ECD, are folded. Static light-
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scattering, however, showed that the subunits do not assemble into pentameric complexes but 

rather form soluble aggregates or higher ordered oligomers. In addition, the formation of 

pentameric complexes could not be forced by addition of physiological ligands during 

extraction of the fusion proteins. These results are in accordance with data published by other 

groups (Fischer et al. 2001; Tsetlin et al. 2002). 

The question arises whether E. coli is the appropriate system to produce folded, 

soluble LGIC-ECDs on a large scale. Under optimal conditions, E. coli is suited for 

production of large amounts of protein as shown in the course of this work. However, post-

translational modifications are often required for expressing correctly folded and assembled 

eukaryotic proteins. There are E. coli strains that may overcome some of these obstacles, e.g. 

facilitating the formation of disulfide bonds. Glycosylation is not readily done by E. coli and 

may be necessary for correct assembly and trafficking of LGICs (Gehle et al. 1997; Quirk et 

al. 2004). As an alternative to E. coli, the yeast P. pastoris, insect cells and HEK cells have 

been used to produce LGIC-ECDs. HEK cells have been used only sporadically but without 

obtaining oligomers of one single defined species (Breitinger et al. 2004). The yeast P. 

pastoris has been employed to produce the α-subunit of human and mouse muscle nAChR in 

soluble form (Psaridi-Linardaki et al. 2002; Yao et al. 2002). However, both were expressed 

as monomers. Human nAChα7 was also produced in soluble form in P. pastoris. Despite 

correct post-translational modifications α7 formed higher ordered oligomers rather than 

pentamers. Replacement of its Cys-loop by the hydrophilic AChBP Cys-loop resulted in a 

small fraction which was claimed to be pentameric by gel filtration chromatography and 

electron microscopy (Avramopoulou et al. 2004). Sf9 insect cells were successfully used to 

co-express the α, β, γ and δ-ECDs of the Torpedo nAChR in soluble form and assembled to 

heteropentamers as shown by electron microscopy. Unfortunately, only about 10% of the total 

protein underwent correct assembly and trafficking (Tierney and Unwin 2000). 

 

Taken together, the many systems and strategies used to produce soluble and correctly 

assembled LGIC-ECDs in the past few years have failed to produce material useful for 

detailed biophysical studies. We took a more systematic approach to cover prokaryotic and 

eukaryotic expression systems. We extended the experiments in E. coli to screening different 

fusion partners which enabled us to produce large amounts of soluble but still not correctly 
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assembled protein. Unfortunately, production of LGIC-ECDs in eukaryotic systems failed in 

our hands. The sparse reports on successfully expressed LGIC-ECDs in these systems indicate 

that their use may be critical and other variables need to be still considerably improved. 
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2. Structural studies of the oxaloacetate decarboxylase from Vibrio 

cholerae 

Summary 

The second part of my thesis comprises structural and functional investigations on the 

cytoplasmic α-subunit of the oxaloacetate decarboxylase Na+ pump from Vibrio cholerae. 

The crystal structure of the carboxyltransferase domain was solved and modelling studies 

performed with its substrate oxaloacetate as well as the carboxyl group acceptor biotin which 

lead us to propose a novel mechanism for the carboxyltransfer reaction. Functional studies 

were carried out in collaboration with Peter Dimroth (Institute of Microbiology, ETH Zürich). 

The results were published in 2007 in the Journal of Molecular Biology, volume 367, pages 

547-557. 

The α-subunit of the V. cholerae oxaloacetate decarboxylase comprises three domains: 

the N-terminal carboxyltransferase domain, the C-terminal biotin carrier domain, and an 

association domain in between. The carboxyltransferase domain possesses an α8β8 TIM barrel 

harbouring the active site and additional α-helices at its C-terminus which may form an 

interface for the interaction with its biotin carrier domain. Well diffracting crystals of the 

biotin carrier domain were obtained but the structure could not be solved because of twinning. 

Based on the structure of homologue biotin carriers, the biotin carrier domain is predicted to 

be a globular-shaped all-β protein. 

This work proposes a novel mechanism for the carboxyltransfer reaction and gives 

insights into how the carboxyltransferase and the biotin carrier domain may interact during 

the transfer. 

2.1. Introduction 

2.1.1. Energy conservation in bacteria 

Primary active transporters or pumps generate chemical and/or electrical gradients by 

the directed transport of uncharged or charged molecules across the membrane
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against the concentration gradient of the respective molecule. The transport of a specific 

molecule by a primary pump requires either light or chemical energy. Most transport systems 

use ATP for specific substrate transport across the membrane. An example is the Na, K 

ATPase which transports in a single reaction cycle 3 Na+ ions out of the cell and 2 K+ ions 

into the cell by the aid of the free energy released by the hydrolysis of ATP to ADP and Pi 

(Jorgensen and Andersen 1988; Jorgensen and Pedersen 2001).  

Electrochemical ion gradients generated by primary pumps represent an energised 

state of the membrane which can be used to perform work. Secondary active transporters can 

exploit this gradient to drive the symport or antiport of specific solute molecules across the 

membrane (Kramer 1994; Saier 1999; Paulsen et al. 2000). The electrochemical ion gradient 

also drives the ATP synthase (Mitchell 1974; Fillingame 1990; Issartel et al. 1992; Hatefi 

1993; Pedersen and Amzel 1993; Brandt and Trumpower 1994).  

The oxaloacetate decarboxylase Na+ pump is a primary active transporter participating 

in energy converting membrane reactions (Dimroth 1980; 1991). It is a member of the family 

of Na+-translocating decarboxylases (NaT-DC, (Saier 1999)) which are synthesised 

exclusively by anaerobic bacteria during growth on a specific substrate. To date at least for 

enzymes or enzyme systems of the NaT-DC family are known (Buckel 2001):  

1. The oxaloacetate decarboxylases (EC 4.1.1.3) of Klebsiella pneumoniae and Vibrio 

cholerae (Stern 1967; O'Brien and Stern 1969; O'Brien 1975) involved in the 

fermentation of citrate, or of Salmonella typhimurium (Wifling and Dimroth 1989; 

Woehlke and Dimroth 1994) involved in the fermentation of citrate or D/L-tartrate. 

2. The methylmalonyl-CoA decarboxylase (EC 4.1.1.41) of Veillonella parvula (Galivan 

and Allen 1968; Hilpert and Dimroth 1983) involved in the fermentation of lactate to 

acetate, propionate, CO2 and H2, or of Propionigenium modestum (Schink 1982; 

Hilpert and Dimroth 1984) or Peptostreptococcus sp. (Janssen et al. 1996) involved in 

the fermentation of succinate to propionate and CO2. 

3. The glutaconyl-CoA decarboxylase (EC 4.1.1.70) of different bacteria involved in the 

fermentation of glutamate, e.g. Acidaminococcus fermentans (Buckel and Semmler 

1982; Braune et al. 1999) or Fusobacterium nucleatum (Beatrix et al. 1990).  

4. The malonate decarboxylase (EC 4.1.1.-) of Malonomonas rubra (Hilbi et al. 1992; 

Dehning and Schink 1994) or Sporomusa malonica involved in the fermentation of 

malonate. 
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All these enzymes are able to use the free energy of decarboxylation (∆G0’ ~ -30 

kJ/mol) to translocate Na+ from the cytoplasm to the outside of the cell and thus contribute to 

energy conservation (Buckel 2001). 

2.1.2. Common features of Na+-translocating decarboxylases (NaT-DC) 

The four enzymes or enzyme systems of the NaT-DC family share a number of 

characteristic features: All are multisubunit proteins and all contain one subunit with a 

prosthetic biotin group which is bound to the ε-amino group of a lysine residue 35 amino acid 

residues from the C-terminus within the conserved LEAMKM motif (Samols et al. 1988). All 

of them are membrane-linked complexes (oxaloacetate decarboxylase, methylmalonyl-CoA 

decarboxylase, and glutaconyl-CoA decarboxylase) or contain a membrane-bound subunit 

(malonate decarboxylase) which catalyses the vectorial Na+ transport across the membrane. 

This subunit (β) is highly conserved throughout all NaT-DCs. Except for malonate 

decarboxylase, the β-subunit forms a complex with another membrane-bound subunit (γ) 

featuring a single membrane anchor and mediating the assembly of the complex. 

2.1.3. Oxaloacetate decarboxylase and its role in anaerobic citrate 

fermentation 

The oxaloacetate decarboxylase Na+ pump plays a key role in the citrate fermentation 

pathway in enterobacteria, e.g. K. pneumoniae, S. typhimurium and V.cholerae, and is induced 

under anoxic conditions in the presence of citrate and Na+ (Bott et al. 1995). During anaerobic 

growth on citrate as sole source of carbon and energy, citrate is converted to acetate, formate, 

and CO2. The pathway allows the synthesis of 1 mole ATP/mole citrate by substrate-level 

phosphorylation in the acetate kinase reaction, and about 0.3 mole ATP/mole citrate can 

potentially be synthesised from the electrochemical Na+ gradient established by oxaloacetate 

decarboxylase. 
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Figure 2.1.: Citrate fermentation pathway in K. pneumoniae. Citrate is taken up either by the Na+-

dependent citrate carrier or by the citrate/acetate exchanger (Pos and Dimroth 1996; Kästner et al. 

2002). Citrate is then cleaved by the citrate lyase (EC 4.1.3.6) to acetate and oxaloacetate (Bott 1997) 

which is subsequently decarboxylated to pyruvate by the oxaloacetate decarboxylase (EC 4.1.1.3). The 

free energy of decarboxylation is used by the oxaloacetate decarboxylase for the vectorial transport of 

one or two Na+ ions into the periplasm. Pyruvate is converted to acetyl coenzyme A (acetyl-CoA) and 

formate by the pyruvate:formate lyase (EC 2.3.1.54) (Becker and Kabsch 2002). Acetyl-CoA is then 

converted to acetyl-phosphate by the phosphotransacetylase (EC 2.3.1.8) (Xu et al. 2004). The acetate-

kinase (EC 2.7.2.1) transfers the phosphate group to ADP resulting in ATP and acetate (Lin and Iuchi 

1991). Formate generated by the pyruvate:formate lyase is converted to H2 and CO2 by the 

formate:hydrogen lyase complex (Bagramyan and Trchounian 2003). H2 is subsequently used for the 

reduction of NAD(P)+ to NAD(P)H + H+ catalysed by a membrane-bound NAD(P)+-dependent 

hydrogenase (Steuber et al. 1999). 

Adopted from Pius Dahinden, Diss., Eidgenössische Technische Hochschule ETH Zürich, Nr. 15827, 

2005; http://e-collection.ethbib.ethz.ch/show?type=diss&nr=15827. 

2.1.4. The oxaloacetate decarboxylase from K. pneumoniae 

The oxaloacetate decarboxylase of K. pneumoniae is regarded as the prototype of the 

NaT-DC family of enzymes (Stern 1967). It consists of the two membrane-embedded 

subunits β and γ and a soluble α-subunit which is associated with the βγ-complex via the γ-

subunit (Dimroth and Thomer 1983; Schwarz et al. 1988; Laussermair et al. 1989; Woehlke et 

al. 1992; Di Berardino and Dimroth 1995). 
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The β-subunit harbours the site of energy coupling comprising decarboxylation of 

carboxybiotin and vectorial Na+ transport. It has three predicted membrane-spanning α-

helices at its N-terminus and six predicted C-terminal membrane-spanning α-helices. These 

groups of α-helices are connected by a hydrophobic linker predicted to consist of four short 

α-helices that insert into the membrane from the periplasmic space but do not traverse it 

(Jockel et al. 1999).  

The γ-subunit is predicted to consist of one transmembrane α-helix at the N-terminus 

serving as a membrane anchor and associating with the β-subunit to form the βγ-complex. Its 

C-terminal domain is located in the cytoplasm and interacts with the α-subunit (Schmid et al. 

2002). A remarkable motif of three consecutive histidines is found at the C-terminal end of 

the cytoplasmic domain (Laussermair et al. 1989). This motif has been shown to be involved 

in specific binding of a Zn2+ ion (Schmid et al. 2002). The absence of Zn2+ due to mutations 

in this motif has been shown to slow down the enzyme kinetics (Di Berardino and Dimroth 

1995).  

The water-soluble α-subunit consists of three domains separated by proline/alanine-

rich linkers. The N-terminal domain harbours the carboxyltransferase domain. A biotin carrier 

domain is found at the C-terminus and a third domain which associates with the cytoplasmic 

domain of the γ-subunit is localised in between (Dahinden et al. 2005).  

2.2. Aim of this work 

The oxaloacetate decarboxylase of K. pneumoniae has been extensively investigated 

biochemically in the past two decades. However, detailed structural information of neither of 

the subunits is available. The first attempt was to crystallise the α-subunit. Crystallisation of 

the whole α-subunit failed most likely because of the high flexibility within the subunit due to 

the two long linkers connecting the three domains. The α-subunit of the homologue 

oxaloacetate decarboxylase from Vibrio cholerae has shorter linkers than that from K. 

pneumoniae and was chosen for crystallisation experiments. All these trials failed as well and, 

thus, attempts were made to express and crystallise the single domains without flexible 

linkers. This work discusses the structural and functional investigations on the isolated 

carboxyltransferase and biotin carrier domains of the α-subunit from the V. cholerae 

oxaloacetate decarboxylase Na+ pump. 
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2.3. Results and discussion 

2.3.1. Crystal structure of the carboxyltransferase domain of the oxaloacetate 

decarboxylase Na+ pump from Vibrio cholerae 

Remo Studer et al. J Mol Biol. (2007), 367 (2), 547-557 

This publication describes structural, biochemical and mechanistic findings of the 

carboxyltransferase domain of the oxaloacetate decarboxylase from Vibrio cholerae. The aim 

of this project was to elucidate the structure of the carboxyltransferase domain and address the 

mechanism of the carboxyltransfer from oxaloacetate onto biotin. 

In this publication we employed X-ray crystallography, enzyme kinetics, and 

modelling studies with the substrate oxaloacetate and the carboxyl group acceptor biotin in 

order to propose a novel carboxyltransfer mechanism. In addition, we identified a metal ion in 

the active site by anomalous scattering and verified its identity as a Zn2+ ion by trace element 

analytics. We also tried unsuccessfully to soak crystals with the substrate oxaloacetate and the 

inhibitors ketomalonate and oxalate. 

My contribution to this paper was to process the X-ray data that lead to the final 

structure as well as to carry out the structure solution using molecular replacement, the 

structure refinement and its interpretation. I produced, purified and crystallised the protein for 

soaking experiments and anomalous scattering experiments and collected and processed the 

respective datasets. I initiated the modelling studies with the substrate oxaloacetate and the 

carboxyl group acceptor biotin. In addition, I isolated the oxaloacetate decarboxylase Na+ 

pump complexes of K. pneumoniae and V. cholerae from the native hosts and separated the 

α-subunit from the rest of the complex in order to carry out trace element analysis. Finally, I 

contributed to the manuscript by writing the parts directly involving the experiments I 

performed and by preparing the figures and tables. 

Cloning and initial protein production and purification as well as enzyme kinetics 

studies were performed by Pius Dahinden and Yolanda Auchli. 
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Oxaloacetate decarboxylase is a membrane-bound multiprotein complex
that couples oxaloacetate decarboxylation to sodium ion transport across
the membrane. The initial reaction catalyzed by this enzyme machinery is
the carboxyl transfer from oxaloacetate to the prosthetic biotin group. The
crystal structure of the carboxyltransferase at 1.7 Å resolution shows a
dimer of α8β8 barrels with an active site metal ion, identified spectro-
scopically as Zn2+, at the bottom of a deep cleft. The enzyme is completely
inactivated by specific mutagenesis of Asp17, His207 and His209, which
serve as ligands for the Zn2+ metal ion, or by Lys178 near the active site,
suggesting that Zn2+ as well as Lys178 are essential for the catalysis. In the
present structure this lysine residue is hydrogen-bonded to Cys148. A
potential role of Lys178 as initial acceptor of the carboxyl group from
oxaloacetate is discussed.
© 2006 Elsevier Ltd. All rights reserved.
Keywords: oxaloacetate decarboxylase; carboxyltransferase structure; biotin
enzymes; Zn2+ binding site; TIM-barrel fold
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Introduction

Oxaloacetate decarboxylase is a member of the
sodium ion transport decarboxylase (NaT-DC)
enzyme family which also includes methylmalo-
nyl-CoA decarboxylase, malonate decarboxylase,
and glutaconyl-CoA decarboxylase.1–4 These en-
zymes are found exclusively in anaerobic bacteria,
where they play a key role in energy conversion. In
catalyzing one of the catabolic reaction steps, they
convert the free energy of a specific decarboxylation
reaction into an electrochemical gradient of sodium
ions across the membrane. The gradient serves to
drive endergonic membrane reactions such as ATP
synthesis, solute transport or motility. The basic
studies of structure and mechanism of oxaloacetate
decarboxylase have been performed with the
enzymes from Klebsiella pneumonia and Vibrio
cholerae.5–9
. Wang contributed

cetate decarboxylase;
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Oxaloacetate decarboxylase is a membrane-bound
enzyme complex composed of subunits α (OadA,
63–65 kDa), β (OadB, 40–45 kDa), and γ (OadG, 9–
10 kDa) in a 1:1:1 ratio.9 The α-subunit is water-
soluble and comprises three domains which are
connected by flexible linker peptides with a high
content of proline and alanine residues.10 The N-
terminal domain comprises about 450 amino acid
residues harboring the carboxyltransferase catalytic
site, where the carboxyl group from position 4 of
oxaloacetate is transmitted to the biotin prosthetic
group. The C-terminal domain consists of approxi-
mately 70 amino acid residues including the biotin-
binding lysine, 35 residues upstream of the C
terminus. The third domain which has been termed
association domain consists of about 40 amino acid
residues and combines the N and C-terminal
domains via proline/alanine linker peptides on
either side.8 The association domain binds tightly
to the C-terminal domain of the γ-subunit and is
thus important for the assembly and stability of the
oxaloacetate decarboxylase complex. The β-subunit
is a very hydrophobic integral membrane protein
with nine membrane-spanning α-helices and a
fragment inserting into the membrane but not
traversing it.11 It catalyzes the decarboxylation of
carboxybiotin coupled to the transport of Na+ ions
d.

mailto:dimroth@micro.biol.ethz.ch


548 Carboxyltransferase Crystal Structure
across the membrane.5,6 The γ-subunit inserts into
the membrane with one α-helix at the N terminus,
while the remainder of the protein is hydrophilic.10

The C-terminal tail is essential for the formation of a
stable complex with the association domain of the α-
subunit.12 Three conserved histidine residues in this
region serve as ligands of a Zn2+ metal ion.
Mutational studies indicated a good correlation
between the Zn2+ content and the carboxyltransfer-
ase activity.12 A model of structure and function of
the oxaloacetate decarboxylase Na+ pump is
depicted in Figure 1.
Although many details of the reaction mechanism

have been elucidated in the past, structural informa-
tion of the oxaloacetate decarboxylase is lagging
behind. As a structure of the enzyme is required to
unravel its mechanism in molecular detail we have
screened the oxaloacetate decarboxylases from
several bacteria for their suitability to form crystals
and have selected the decarboxylase from V. cholerae
for further studies.13 Here, we describe the hetero-
logous expression of the carboxyltransferase do-
main of oxaloacetate decarboxylase from V. cholerae
in Escherichia coli, its purification, crystallization and
structure determination. The structure provides
molecular insights into the mechanism of the
carboxyltransferase reaction.

Results and Discussion

The overall structure

We have previously identified a three-domain
structure for the α-subunit (OadA-2) of the oxaloa-
cetate decarboxylase from V. cholerae comprising an
N-terminal carboxyltransferase domain, a C-term-
Figure 1. Overall geometry of the oxaloacetate decarboxyl
starts with the transfer of the carboxyl group from position 4 of
The carboxybiotin thus formed switches from the carboxyltran
OadB. Here the decarboxylation takes place and the free biotin
a periplasmically derived proton is consumed and two sod
periplasm.
inal biotin carrier domain and an association
domain in between flanked by flexible linkers.8

The recombinant carboxyltransferase domain con-
sisting of residues 1–456 (α-Δ143) was isolated by
Ni2+-chelate chromatography via a C-terminal His-
tag and crystallized in space group P212121. The X-
ray structure of the protein was solved by molecular
replacement using the structure of the 5S subunit of
transcarboxylase from Propionibacterium shermanii,14

which catalyses the same carboxyltransfer reaction,
as a search model. The structure was refined at 1.7 Å
resolution to a final R-factor of 0.232 (Rfree 0.285)
(Table 1). The asymmetric unit of the crystal with
the overall dimensions ∼96 Å×55 Å×50 Å con-
tains an α-Δ143 dimer of structurally identical
monomers (referred to as monomer A andmonomer
B, respectively). The electron density of monomer B
was slightly better defined than that of monomer A.
Therefore, when describing the monomer structure
we always refer to monomer B. The final refined
structure includes protein residues 4–454 of mono-
mer A and 2–454 of monomer B, one metal ion in
each monomer and 544 water molecules. A remark-
able difference of quality is found in the electron
density of the N-terminal and the C-terminal halves
of the monomers. The electron density of the N-
terminal 290 residues shows a persistently good
quality whereas in the C-terminal part regions of
good quality alternate with regions of poor quality.
These less well defined regions complicated model
building and account for a slight increase of the R-
factors. No density is observed for the N and C-
terminal residues, which are presumed to be
flexible.
The dimeric state in the crystal corresponds to the

oligomeric state of the protein in solution as
revealed by analytical gel filtration experiments
ase and features of the catalytic events. The catalytic cycle
oxaloacetate to the biotin prosthetic group on the enzyme.
sferase catalytic site on OadA to the decarboxylase site on
group is regenerated. During this Na+-dependent reaction,
ium ions are translocated from the cytoplasm into the



Figure 2. Oligomeric state of α-Δ143 in solution. Gel
filtration profile of α-Δ143 at a concentration of 1 mg/ml.
The chromatogram shows a Gaussian peak between 14
and 15 ml elution volume containing a single species with
a constant mean square radius over the peak, represented
by the horizontal line. The molecular mass determined by
static-light scattering was 98.3 kDa (error 2.6%), corre-
sponding to a dimer (the theoretical molecular mass of the
α-Δ143 dimer is 102 kDa). The molecular mass remained
the same at a protein concentration of 5 mg/ml (96.4 kDa,
error 0.4%; chromatogram not shown).

Table 1. Data collection, crystallographic and refinement
statistics

Wavelength (Å) 0.83301
Resolution (Å) 35–1.7 (1.8–1.7)
Reflections (observed/unique) 754,482/105,661
Completeness (%) 98.5 (95.5)
I/σ 13.8 (2.5)
Rsym

a 0.104
Space group P212121
Unit cell parameters

a (Å) 90.83
b (Å) 91.66
c (Å) 116.42

Monomers per asymmetric unit 2
Matthews coefficient 2.4
Rcryst

b 0.232
Rfree

c 0.285
r.m.s.d. bond lenght (Å) 0.012
r.m.s.d. bond angles (°) 1.441
Protein atoms 7000
Water molecules 544
Zn2+ 2
Ramachandran plot

Most-favored (%) 91.7
Allowed (%) 7.3
Disallowed (%) 0.2

Values in parenthesis are given for the highest shell.
a Rsym=ΣhΣi|Ii(h)–<I(h)>|ΣhΣiIi(h), where Ii(h) and <I(h)> are

the ith and mean measurement of the intensity of reflection h.
b Rcryst=Σ|FP

obs–FP
calc|ΣFP

obs, where FP
obs and FP

calc are the
observed and calculated structure factor amplitudes, respectively.

c 5% test set.
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coupled to static light scattering (Figure 2) at
different protein concentrations. In these experi-
ments the α-Δ143 protein revealed an apparent
molecular mass of 98 kDa, which is close to the
theoretical molecular mass of a dimer (102 kDa).
Each monomer contains two sub-domains sepa-

rated by a 15 residue long linker: the N-terminal
sub-domain is the catalytic domain with the
canonical TIM-barrel fold,15,16 which consists of a
core α8β8 motif with the eight parallel β-strands
forming an enclosed barrel surrounded by eight α-
helices; the C-terminal sub-domain contains nine α-
helices and connecting loops and forms a funnel
leading to the active site which is sitting at the base
of a deep cleft in the catalytic sub-domain (Figure
3(a) and (b)). Six of the nine helices create one side of
the funnel and the C-terminal three helices generate
the other side. The two sides are separated by an 18
residue long linker. The separation of α-Δ143 in two
sub-domains also reflects the fact that the sub-
domains exhibit a distinctly different electron
density quality. This indicates that compared to the
catalytic sub-domain the C-terminal sub-domain is
less well packed in the crystal which may be due to
flexibility.

Dimer organization

α-Δ143 is a homodimer of 102 kDa by non-
crystallographic symmetry. Residues from both N-
terminal and C-terminal sub-domains form an
extensive dimerization interface, which buries
1545 Å2 total accessible surface area for each
monomer and is 68% hydrophobic. The dimeriza-
tion interface has a high shape complementarity
given as gap volume index of 2.8.17 The interface
is built up by five different residue segments from
each monomer with an average of eight residues
per segment. The major contribution to the inter-
face is made by the helices α8–α12 of the catalytic
sub-domain of each monomer. A minor part of the
interface is formed by the linker connecting the
two sub-domains and the five residue short α13
which represents the first helix of the C-terminal
sub-domain.

Active site

In α-Δ143 a metal ion is octahedrally coordinated
by the side-chains of Asp17, His207 and His209, and
three water molecules (Figure 4). These metal ion
ligands are conserved in the 5S subunit of trans-
carboxylase,14 pyruvate carboxylase and various
other enzymes harbouring an α8β8 fold (Figure 5),
arguing for common features of the catalytic
mechanism. The metal ion is found at the base of a
deep active site cavity; its Asp17, His207 and His209
ligands are in well-packed environments fixing their
orientation. Crystals of α-Δ143 were analyzed by
anomalous difference density. Datasets were col-
lected at the absorption edges of Zn2+ and Co2+. The
results revealed a mixture of both metals rather than
the presence of a single species in the protein
expressed in E. coli. To verify whether this is also
true for the native enzyme, the α-subunit of
oxaloacetate decarboxylase isolated from wild-type
V. cholerae cells was analyzed by inductively coupled
plasma mass spectrometry (ICP-MS). The data
shown in Table 2 indicate that the α-subunit
contains 1 mol Zn2+ per mol enzyme, whereas
Co2+ or Mn2+ were not detected. Analyses of the
wild-type holoenzyme indicate the presence of



Figure 3. Overall structure and sub-domain organization of α-Δ143. (a) Stereo view of overall structure of α-Δ143 in
cartoon mode. The bottommonomer (monomer B) is colored with its eight-stranded β-barrel in blue and the surrounding
α-helices in green. The C-terminal sub-domain is shown in purple. The active site residues of monomer B are shown as
sticks, the Zn2+ as a cyan sphere and its water ligands as red spheres. Monomer A is shown in grey. The N and C termini of
both monomers are labeled. (b) α-Δ143 dimer in surface mode. Monomer A is represented in dark grey andmonomer B in
light grey. The active site metal ion in monomer B is shown as a cyan sphere. The active site is sitting at the base of a deep
cleft spanning nearly the entire monomer along the vertical axis. The second monomer is obtained from the first monomer
by a rotation of about 45° around the vertical axis and a 180° rotation around an axis perpendicular to the page. (c) α-Δ143
dimer in surface and cartoon mode. The secondary structure features are shown in monomer B. The interface between the
two subunits is mainly formed by the catalytic sub-domain whereas the C-terminal sub-domain sits on top of the catalytic
sub-domain with no major contribution to the interaction interface.
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Figure 4. Active site of α-Δ143 and superposition with 5S active site. (a) Stereo view of the active site of α-Δ143. The
octahedrally coordinated metal ion is shown as a cyan sphere, its water ligands as red spheres. The amino acid side-chains
are represented as sticks. Potential interactions between the metal ion and its ligands as well as the H-bond between
Cys148 and Lys178 are represented by black broken lines. The 2Fo–Fc electron density map was contoured at 2σ. (b)
Superposition of the α-Δ143 active site and the free 5S active site (PDB ID code 1RQB). The side-chains of 5S are
represented in green, the side-chains of α-Δ143 in grey. The residue numbering is given according to α-Δ143 except for the
carbamylated Lys184 in 5S (Kc184). The metal ion shown as a cyan sphere belongs to the 5S active site. Water ligands are
omitted here in order to keep the illustration concise. The active site side-chains of both α-Δ143 and 5S superimpose well
and show no major difference with the exception of Lys178/184. The Lys in 5S is carbamylated (Kc184) and its carbamoyl
oxygen atoms interact with the metal ion, whereas the Lys in α-Δ143 (K178) is unmodified and bends away from the
active site in order to form an H-bond with the C148. (c) Superposition of the α-Δ143 active site and the oxaloacetate
bound 5S active site (PDB ID code 1RQE). Colors and numbering are the same as in (b). Putative interactions between the
5S side-chains and oxaloacetate are represented by black broken lines. In 5S no major changes are observed for the
residues which directly interact with oxaloacetate (Arg22, Asp23 and Gln26). They therefore superimpose perfectly with
the corresponding side-chains of the free α-Δ143. The exception is Lys184, which is not carbamylated and bends away
from the active site to form a hydrogen bond with Cys154 as it is observed in the free α-Δ143 active site (Lys178 and
Cys148). The Met186 side-chain (Met180 in α-Δ143) shows two different conformations in free 5S and the ligand-bound
specimen. However, no direct interaction with the product oxaloacetate was reported for Met186.
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about 2 mol Zn2+ per mol enzyme. This is consistent
with the presence of one Zn2+ ion in the α-subunit
and an additional Zn2+ ion in the γ-subunit. The
presence of Zn2+ in the γ-subunit has previously
been demonstrated with the oxaloacetate decarbo-
xylase from K. pneumoniae. The Zn2+ binding motif
identified in the K. pneumoniae γ-subunit is con-
served in the γ-subunit from V. cholerae.8,12 A Zn2+

metal ion has so far not been identified within the α-
subunit of the K. pneumoniae oxaloacetate decarbox-
ylase. However, these analyses were performed
with the K. pneumoniae α-subunit expressed hetero-
logously in E. coli. Since this system might fail to
integrate the Zn2+ properly into the α-subunit or
may incorporate a different metal ion we performed
the metal ion analysis with the α-subunit isolated
from the wild-type oxaloacetate decarboxylase from
K. pneumoniae. The results of Table 2 indicate that
about 1 mol Zn2+ is present per mol α-subunit from
K. pneumoniae consistent with the data from the V.
cholerae α-subunit. It is interesting that enzymes
related to the α-subunit of oxaloacetate decarbox-
ylase contain different metal ions in their active site.
Thus, the 5S subunit of transcarboxylase from P.
shermanii and pyruvate carboxylase which catalyse
the same reaction as the oxaloacetate decarboxyla-
sae α-subunit contain Co2+ or Mn2+, Mg2+ or Zn2+,
respectively, depending on the source.14,18,19 Other
more distantly related members of the enzymes with
an α8β8 fold have been shown to have Mg2+ in their
active site.20

Apart from the metal binding ligands, the α1 helix
and its preceding residue are highly conserved. This
region includes the residues Arg16 and Gln20 which
in the 5S structure contribute to the binding of
oxaloacetate or pyruvate.14 Hence, we assume that



Figure 5. Alignment of the sequences of α-Δ143 and
related proteins. Sections of the α-Δ143 sequence were
aligned to those of the 5S subunit of P. shermanii
transcarboxylase and human pyruvate carboxylase using
MultAlin.37 The secondary structure elements of α-Δ143
are marked above the sequence. Sequences are: α-Δ143
(oxaloacetate decarboxylase 2, α-subunit) from V. cholerae,
accession no. CAH04951; 5S (transcarboxylase 5S subunit)
from P. shermanii, accession no. CAE54442; PYC (pyruvate
carboxylase) from H. sapiens, accession no. NP071504. (a)
Sections containing putative substrate and/or product
binding residues (marked with a triangle) and metal ion
ligands (marked with a star). All residues are conserved
throughout the three analogues. (b) Sections containing
the Cys and Lys (marked with a circle) forming a
hydrogen bond in the active site of free α-Δ143. The two
residues are conserved in α-Δ143 and 5S, whereas in PYC
the Cys is replaced by a Ser.
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the corresponding amino acid side-chains have a
similar role in the carboxyltransferase domain of
oxaloacetate decarboxylase. In the 5S structure,
Lys184 is carbamylated in the absence of substrate
or inhibitors and the carbamoyl oxygen atoms serve
as ligands for the cobalt ion. In contrast, no
carbamylation of Lys178 is seen in the structure of
α-Δ143 and the side-chain of Lys178 bends away
from the Zn2+ metal to form a hydrogen bond with
Cys148. A corresponding Lys184–Cys154 hydrogen
bond is only seen in the oxaloacetate-bound speci-
men of 5S.14 In this structure, the side-chain of
Lys184 is not carbamylated and the carboxyl oxygen
Table 2. Metal determination by ICP-MS

Measured quantities (ppt)a mol (metal)/mol (α)

K. pneumoniae V. cholerae K. pneumoniae V. cholerae

Mn n.d. n.d. – –
Co n.d. n.d. – –
Zn 935 (8%)b 1016 (4%) 0.94 1.02

n.d., not detected.
OAD isolated from K. pneumoniae and V. cholerae was incubated
with 0.5% lauryldimethylamine N-oxide (LDAO) for 1 h to
disrupt the complex. The α-subunit was purified over an avidin
column and dialysed for 6 h against 50 mM Tris–HCl (pH 8.0),
250 mMNaCl, and 0.05% (w/v) Brij 58. A total of 50 μl of dialysis
buffer and protein sample were mixed with 5 ml of 0.2 M HNO3.
The solution containing dialysis buffer was used as blank.

a Measured quantities reflect the averaged result of three
protein samples; ppt: parts per trillion.

b Standard deviation (%).
atoms from position 4 of oxaloacetate act as ligands
of the cobalt ion. In spite of considerable effort, we
were unable to bind oxaloacetate (substrate), oxalate
or ketomalonate (both inhibitors) into the crystal of
α-Δ143. The reason for the different behaviour of the
5S and the α-Δ143 protein with respect to the
carbamylation of Lys184 and substrate or inhibitor
binding is presently unknown.

Activity determination of α-Δ143 and
oxaloacetate decarboxylase mutants

The carboxyltransferase activity of α-Δ143 was
confirmed by measuring the transfer of the labeled
carboxyl group from [4-14C]oxaloacetate to the
biotin prosthetic group on the C-terminal biotin
binding domain of the α-subunit. For this purpose,
purified α-Δ143 was incubated with [4-14C]oxaloa-
cetate and γ′α-C-Δ120 representing the biotinylated
biotin carrier domain (for a description of γ′α-C-
Δ120 see Dahinden et al.8). In α-Δ143 the Zn2+ is
coordinated by the side-chains of Asp17, His207,
and His209. We have changed these residues by site-
directed mutagenesis in order to investigate their
importance for the carboxyltransfer mechanism.
This was done by measuring the oxaloacetate
decarboxylase activity of the corresponding oxaloa-
cetate decarboxylase (OAD) complexes. The results
of Table 3 show that the mutants D17A, H207I and
H209I were inactive, supporting the essential role of
the metal ion for catalysis. Furthermore, the muta-
tions R16I and Q20L abolish oxaloacetate decarbox-
ylase activity completely. These residues are
assumed to play a crucial role in substrate binding
in analogy to the corresponding Arg22 and Gln26
residues in the oxaloacetate or pyruvate-bound
structure of the 5S subunit.14

Another interesting active site residue is Lys178. To
investigate its role in the carboxyl transfer reaction
we created the OAD mutants K178R and K178I. As
shown in Table 3, both mutants were completely
inactive, supporting an essential role of Lys178 in the
catalytic mechanism. However, its precise role still
Table 3. Enzymatic activity of mutant OAD complexes

Specific activity (units/mg) Wild-type activity(%)

Wild-type 30 100
R16I 0 0
D17A 0 0
Q20L 0 0
C148A 22 74
C148S 16 54
K178R 0 0
K178I 0 0
M180I 5 16
H207I 0 0
H209I 0 0

Oxaloacetate decarboxylase activity of wild-type and mutant
OAD complexes was determined by measuring change of
absorbance at 265 nm upon addition of enzyme (buffer:
100 mM Tris–HCl (pH 7.5), 20 mM NaCl, 1 mM oxaloacetic
acid). Measurements were performed twice. The activity of the
wild-type enzyme was set to 100%.
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remains unclear. The corresponding lysine was
proposed to facilitate carboxyl transfer in pyruvate
carboxylase by stabilizing the enolate of biotin or by
donating a proton to its ureido oxygen atom.21,22 In
these models the lysine enhances the chemical
reactivity of the biotin in order to accomplish a
direct carboxyl transfer from carboxybiotin to the
Figure 6. Biotin docking studies. (a) Stereo figure of oxal
according to the structure of 5S. The interaction between Arg16
figure of biotin (BTN) docked into α-Δ143 active site with a c
biotin takes the position of the carbonyl oxygen of oxaloacetat
oxaloacetate or the ureido oxygen of biotin, respectively, are in
carbon interacts with the biotin nitrogen for CO2 transfer. The
biotin. (c) Proposed mechanism for the carboxylation of bioti
charged Arg16 is assumed to polarize the ureido oxygen bond
Asp17 and, therefore, increasing its nucleophilicity.
substrate. We found by modeling that biotin can
approach the substrate-bound active site of α-Δ143
which is a prerequisite for a direct carboxyl transfer.
It was not possible, however, to fit biotin into the
active site environment in a plausible way to explain
a direct transfer of the carboxyl group from oxaloa-
cetate to biotin. Moreover, it is impossible to fit the
oacetate (OAA) docked into the free active site of α-Δ143
and the substrate is represented as a dashed line. (b) Stereo
arbamylated Lys178 (Kc178). The ureido oxygen atom of
e. The distance between Arg16 and the carbonyl oxygen of
the same range. In the proposed orientation the carbamoyl
non-polar Met180 packs against the hydrophobic core of

n considering an indirect carboxyl transfer. The positively
of biotin and thereby facilitating deprotonation of N1′ by
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substrate/product and biotin into the active site in
such away that Lys178 contacts the ureido oxygen of
biotin for its activation.
A completely different role of Lys178 can be

inferred from the recent crystal structure of the 5S
subunit of transcarboxylase, where the lysine is
carbamylated in the substrate-free specimen but is
not modified in the presence of oxaloacetate. This
suggests that the carbamylated lysine is formed
transiently by carboxyl transfer from oxaloacetate
and subsequently hands over the carboxyl group to
biotin. On docking biotin into the substrate/pro-
duct-free, carbamylated enzyme, it smoothly fitted
into the active site and interacted with the protein
similar to the substrate oxaloacetate (Figure 6(a) and
(b)). In this docking model the hydrophobic core of
biotin packs against Met180, which may therefore
stabilize the orientation of the biotin to allow
efficient transfer of the carboxyl group. The impor-
tant role of this methionine residue is documented
by a loss of 84% of carboxyltransferase activity in the
M180I mutant (Table 3). The model suggests an
interaction of the ureido oxygen of biotin with
Arg16, which contacts the carbonyl oxygen of
oxaloacetate in the 5S structural model. The posi-
tively charged side-chain of Arg16 might therefore
first polarize the carbonyl oxygen bond of oxaloa-
cetate to facilitate carboxyltransfer to Lys178, and
after releasing pyruvate it might polarize the ureido
oxygen bond of biotin to facilitate carboxyltransfer
to biotin (Figure 6(c)). In this mechanism the
activation of biotin by Arg16 would be similar to
that proposed for the active site lysine residue,21,22

but this lysine would have a completely different
function. As the ureido oxygen bond is polarized by
Arg16, deprotonation of N1′ of biotin is facilitated
and, therefore, its nucleophilicity is increased. Asp17
may function as the proton acceptor.23 Please note
that in the docking model the biotin has the correct
orientation for nucleophilic attack by its carboxyl
accepting nitrogen atom N1′. The free electron pair
on N1′ is suitably oriented for nucleophilic addition
of the carbamoyl carbon. We have also mutated
Cys148, which is hydrogen-bonded to Lys178 in the
α-Δ143 structure. The mutants C148S and C148A
retained 54% and 74% of the wild-type activity,
respectively. This indicates that the formation of the
hydrogen bond between Cys148 and Lys178 is not
crucial for catalysis but makes it more efficient.
In summary, these results show that the

structures of 5S and α-Δ143 which both carry
out the same carboxyl transfer reaction from
oxaloacetate to the biotin prosthetic group are
highly conserved. This suggests that the two
enzymes operate by a very similar mechanism.
Structural features together with mutagenesis
studies have illuminated the cardinal role of the
active site metal ion and the conserved Lys178 in
the catalytic mechanism. A potential role of
Lys178 may be to accept the carboxyl group
from position 4 of oxaloacetate to form the
carbamylated intermediate of Lys178 that has
been observed in the substrate-free 5S structure.14
In the holoenzyme the carboxyl group would then
be further transferred from the intermediate to the
biotin prosthetic group. The catalytic cycle would
proceed by a switch of the carboxybiotin to the
decarboxylase site of oxaloacetate decarboxylase
or the alternate carboxyltransferase site of trans-
carboxylase, respectively. An interesting observa-
tion is an about tenfold rate increase of the
carboxyl transfer reaction from oxaloacetate to the
prosthetic biotin group by adding the γ-subunit to
the α-subunit.12 Mutagenesis studies have shown
that this rate increase can be attributed entirely to
the Zn2+ metal ion in the C-terminal portion of
γ.12 As there is also a Zn2+ metal ion in the
carboxyltransferase active site of the enzyme, it is
unlikely that the Zn2+ present in subunit γ has a
direct role in the carboxyl transfer reaction. It is
conceivable, however, that thismetal ion coordinates
the carboxybiotin group, facilitates its pull-out of the
carboxyltransferase site and protects this chemically
labile compound from decarboxylation during
transfer to the decarboxylase site.
Glutaconyl-CoA decarboxylase and oxaloacetate

decarboxylase are closely related sodium ion
pumps. In both enzymes the reaction sequence
starts with the carboxyl transfer from the substrate
to the prosthetic biotin group and proceeds with
the decarboxylation of the carboxybiotin, which is
coupled to Na+ transport across the membrane.
While the sequences of the membrane-embedded
decarboxylase subunits are clearly similar, this is
not the case for the water-soluble carboxyltransfer-
ase subunits, suggesting that for recognition of
their specific chemically non-related substrates
they have developed from different roots. This is
also substantiated by the different crystal structures
of their carboxyltransferase subunits. Although
both carboxyltransferases are organized as homo-
dimers, that of glutaconyl-CoA decarboxylase24

has a different fold and active site structure
compared to that of oxaloacetate decarboxylase,
lacking the metal ion and the essential lysine
residue. The decarboxylase complexes therefore
appear to have evolved from the combination of
several distinct protein modules, recruiting car-
boxyltransferase components with specific recog-
nition sites for the carboxylic acid substrates rather
than for the prosthetic biotin group which they all
share.

Materials and Methods

Recombinant DNA techniques and sequencing

For cloning purposes E. coli DH5α (Bethesda Research
Laboratories, Gaithersburg, MD, USA) was used. General
DNA procedures were carried out according to estab-
lished protocols.25,26 PCRs were performed with an air
thermo-cycler (Idaho Technology, Salt Lake City, UT;
model 1605) using Pfu polymerase. Oligonucleotides used
for mutagenesis and sequencing were custom-synthesized
by Microsynth (Balgach, Switzerland). All inserts derived
from PCR as well as ligation sites were checked by DNA
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sequencing according to the dideoxynucleotide chain-
termination method27 by Microsynth.

Construction of expression plasmids

The construction of pET24-VcoadGAB is described by
Dahinden et al.13 The vector pET24-VcoadG′A-Δ143 for
the expression of the transferase domain of the α-subunit
was prepared from pET16-VcoadG′A-2 by amplifying the
corresponding DNA fragment by PCR with the oligonu-
cleotide primers VcoadA2-NT_NdeI and VcoadA2-
CT_Del143 (TATTAGGATTTACTCGAGGTTATGGCG-
GTTGGC) as described.8 The amplified DNA fragment
was restricted with NdeI and XhoI and ligated with
accordingly cut vector DNA (pET24b).

Site-directed mutagenesis

Site-directed mutations were introduced into the α-
subunit of the OAD complex by a two-step protocol.
The PCR fragments of the first step served as template
for the PCR of the second step. The PCR fragments
generated in the first step anneal at the site of mutation.
The fragments of the first step were amplified using the
primer pair AMutFor_BspTI and one of the primers
with the suffix rev or the primer pair AMutRev_AgeI
and one of the primers with the suffix for. As template
the plasmid pET24-VcoadGAB-2 was used.13 The
amplified and purified fragments (gel extraction) were
used subsequently as template for the second PCR
which was done with the primer pair AMutFor_BspTI
and AMutRev_AgeI. The resulting DNA fragments
harboring the respective mutation were then restricted
with BspTI and AgeI and cloned into the vectors pET24-
VcoadGAB-2 or pET24-VcoadG′A-Δ143 restricted
accordingly.

Heterologous expression of α-Δ143

For overexpression of recombinant protein E. coli C43
(DE3)28 was used. For the expression of α-Δ143, cells were
transformed with pET24-VcoadG′A-Δ143. Cells were
routinely grown at 37 °C and at 180 r.p.m. in Luria Bertani
medium (LB) supplemented with 50 μM kanamycin. With
a pre-culture of 20 ml grown over night 2 l of LB broth in
baffled 5 l Erlenmeyer flasks were inoculated. At anA600 of
0.7 to 1.0 expression was induced by the addition of
100 μM isopropyl-β-D-thiogalactopyranoside (IPTG). The
cells were harvested after incubation for 3 to 4 h at 30 °C
and at 180 r.p.m., washed once with 20 mM Tris–HCl (pH
8.0), 150 mM NaCl and frozen at −20 °C.
Preparation of cytosolic fraction

Cells were thawed and resuspended in a suitable
buffer (7 ml/g of cells). Cells expressing α-Δ143 were
resuspended in 50 mM Tris–HCl (pH 8.0), 250 mM NaCl
and 10 mM imidazol. After addition of 0.2 mM
diisopropylfluorophosphate (final concentration) and
approximately 50 μg of DNase I they were disrupted
by three passages through a French pressure cell at
110 MPa. Intact cells and cell debris were removed by
centrifugation (10 min at 12,000g). The cell-free super-
natant was subsequently subjected to ultracentrifugation
(1 h at 200,000g) to separate the cytosolic fraction and
the membrane fraction.
Purification of α-Δ143 and its derivatives by Ni2+-NTA
chromatography

The cytosolic fraction of cells expressing α-Δ143 was
applied to a Ni2+-NTA-agarose column (5 ml bed volume;
Qiagen AG, Basel, Switzerland), pre-equilibrated with
HisBind buffer 10 (50 mM Tris–HCl (pH 8.0), 500 mM
NaCl, and 10 mM imidazole). The column was washed
with 15 column volumes (CV) HisBind buffer 10 and 11
CV HisBind buffer 40 (containing 40 mM imidazole). Pure
α-Δ143 was eluted with 5 CV of HisBind buffer 150
(containing 150 mM imidazole) and dialyzed first twice
for 1 h and then over night at 4 °C against 1 l of 50 mM
Tris–HCl (pH 8.0), and 50mMNaCl. A dialysis membrane
with a cut-off of 3500 Da was used. The dialyzed protein
was applied to a Fractogel EMD TMAE (S) column (1 ml
bed volume) which was equilibrated with dialysis buffer.
After washing with 5 CVof dialysis buffer the protein was
eluted with 2 CV of 50 mM Tris–HCl (pH 8.0) containing
250 mM NaCl. Fractions of 200 μl were collected.

Protein detection methods

Protein concentration was determined by the BCA
method (Pierce) using bovine serum albumin as standard.
SDS–PAGE was performed as described.29 Gels were
stained with Coomassie brilliant blue R 250 or with
silver.30

Carboxyltransfer from oxaloacetate to the
biotin-containing subunit

The carboxyltransferase activity was measured with
[4-14C]oxaloacetate and α-Δ143 and γ′α-C (the C-terminal
120 amino acid residues of the α-subunit and the cytosolic
domain of the γ-subunit) essentially as described.31,32 The
purification of γ′α-C is described by Dahinden et al.8

Determination of oxaloacetate decarboxylase activity

The decarboxylationactivity of wild-type and mutant
oxaloacetate decarboxylases was measured with the
simple spectrophotometric assay according to published
procedures.33

Protein crystallization

The protein was concentrated to 20 mg/ml for crystal-
lization with a 30 kDa cut off concentrator. Crystals were
grown at 20 °C using 1:1 sitting-drop vapour diffusion
reactions. The reservoir contained 0.1 M sodium cacody-
late (pH 6.5), 0.2 M (NH4)2SO4, 5% (v/v) glycerol and 25%
(w/v) PEG 8000. Crystals grew to full size within one day.
Most crystals diffracted to sufficient resolution. The data
of only a few crystals could be processed. The vast
majority exhibited satellite spots and poorly distinct spots
which did not give an accurate solution upon data
processing.
Data collection and processing

Crystals were soaked with 30% glycerol in crystal-
lization buffer for cryo-protection, mounted using a nylon-
fiber loop and flash-cooled to 100 K in a nitrogen stream.
Native diffraction data were collected as consecutive
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series of 0.5° rotation images at beamline X10SA (Swiss
Light Source, Villigen) on an MAR CCD detector. All data
were processed and scaled using the XDS program
package.34

Model building and refinement

The structure was solved by molecular replacement
(program MOLREP, CCP4 program package35) by using a
search model based on the structure of the P. shermanii
transcarboxylase 5S subunit14 (Protein Data Bank (PDB)
ID code 1RQH). For a final refinement at high resolution
the program REFMAC 5.2 from the CCP4 program
package35 was used. After each round of refinement the
model was checked and rebuilt with the program Coot.36

Figures were prepared with the program PyMOL‡.

Static light-scattering

For the determination of the oligomeric state in solution,
static light-scattering experiments were performed using a
miniDAWN TriStar with Optilab rex refractometer
(Wyatt) coupled to a Superdex™ 200 10/300 GL gel-
filtration column on an Agilent 1100 series HPLC. Protein
(0.5 mg in 50 mM Tris–HCl (pH 8), 250 mM NaCl) was
injected onto the column equilibrated with the same
buffer. The mass of the native protein was calculated using
Wyatt Astra software version 4.90.08.

Atomic coordinates and structure factors

The atomic coordinates and structure factors (code
2NX9) have been submitted to the Protein Data Bank,
Research Collaboratory for Structural Bioinformatics,
Rutgers University, New Brunswick, NJ.
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2.3.2. The biotin carrier domain of the oxaloacetate decarboxylase of the 

oxaloacetate decarboxylase Na+ pump from Vibrio cholerae 

2.3.2.1. Bioinformatics and molecular modelling 

The biotin carrier domain (BCD) of the OAD from V. cholerae is at the C-terminus of 

the α-subunit. It shares up to 51% sequence identity with other biotin carrier proteins of 

which structural information is available. Since the BCD from OAD is N-terminally flanked 

by a flexible Pro-Ala rich linker region it was cloned with as few extra N-terminal amino acid 

residues as possible in order to avoid flexible linker regions. Therefore, the amino acid 

sequence of the BCD from OAD was investigated by means of secondary structure prediction, 

and a 3D homology model was generated as described in Materials and methods. Moreover, 

the 3D homology model gave us insight into how the carboxyltransferase domain and the 

BCD may be oriented during interaction. 

2.3.2.2. Secondary structure prediction 

Secondary structure prediction using PSIpred included the C-terminal 149 amino acids 

of the α-subunit or, in other words, the α-subunit without the N-terminal carboxyltransferase 

domain. Two stretches of four and seven β-strands were predicted (Figure 2.2.). They had 

previously been identified as the association domain and the biotin carrier domain, 

respectively (Dahinden et al. 2005). The two domains are separated by a flexible linker 

consisting of about 15 amino acids. This prediction was the basis for choosing the N-terminus 

of the BCD. 
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Figure 2.2.: Secondary structure prediction. Black lines represent unstructured regions, yellow arrows 

β-strands. The blue box represents the association domain, the red box the biotin carrier domain 

(BCD) as it was cloned afterwards. It consists of the C-terminal 72 amino acids and is termed BCD-

∆72. 

2.3.2.3. Alignment, molecular modelling and domain docking 

A 3D model of the BCD-∆72 was generated based on the structure of the 1.3S subunit 

of the transcarboxylase (TC) from Propionibacterium shermanii (PDB access code 1DCZ). 

The model of BCD-∆72 shows a pair of β-sheets each consisting of three β-strands (in 

contrast to the secondary structure prediction which predicts seven β-strands). 

In a next step I tried to model the interaction between the crystal structure of the 

carboxyltransferase domain and the homology model of the BCD. A ranking of different 

docking models ordered by an interaction energy score was visually checked for a reasonable 

orientation of Lys565 expected from its function to be oriented towards the 

carboxyltransferase active site. Another criterion was the absence of backbone clashes 

between the two domains. The docking model chosen as the most convincing (ranking 

number 8 out of 100) represents a very plausible orientation of the two domains as they may 

be interacting during carboxyltransfer. The BCD intrudes into the carboxyltransferase domain 

through its funnel-like C-terminal subdomain. The BCD with the biotinylated lysine at its tip 

points into the active site at the base of the cleft of the carboxyltransferase (for a detailed 

description of the carboxyltransferase structure see (Studer et al. 2007)). Homology modelling 

and docking studies were done as described in Materials and methods (Figure 2.3.). 
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Figure 2.3.: (a) Alignment of BCD-∆72 with the 1.3S subunit of the transcarboxylase (TC) from P. 

shermanii. The two biotin carrier domains share ~ 50% sequence identity. The lysine in the conserved 

LEAMKM motif carrying the biotin when the BCD is biotinylated is labelled with an arrow. (b) 

Homology model of BCD-∆72. The biotin binding lysine is represented in sticks. (c) Docking model 

of the carboxyltransferase domain (green and blue: N-terminal subdomain; purple: C-terminal 

subdomain) with BCD-∆72 (yellow). All models of BCD-∆72 are non-biotinylated. 

2.3.2.4. Cloning 

Starting from a construct comprising the last 151 amino acid residues of the α-subunit 

counted from the C-terminus (BCD-∆151-plus) a shorter version comprising the last 72 

residues was generated (BCD-∆72-plus). The ‘plus’ represents 21 extra residues due to the 

fact that the open reading frame of the pET16b vector harbours a His10-tag and a linker region 

before the actual BCD. Therefore, another construct was generated by introducing a thrombin 

cleavage site between the extra residues and the actual BCD (BCD-∆72-plus-Thr). All 

cloning steps are described in the chapter Materials and methods. 
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2.3.2.5. Production and purification 

BCD-∆151-plus and BCD-∆72-plus-Thr were recombinantly produced as described in 

the Materials and methods section. They were subsequently purified by IMAC coupled with 

gel filtration chromatography. 

BCD-∆151-plus eluted in two major fractions from the gel filtration column. When 

analysed by SDS-PAGE, the first peak (peak 1) seemed to contain higher weight proteins 

besides the actual BCD-∆151-plus. These proteins turned out to be chaperones as analysed by 

MALDI-MS peptide mapping. As mentioned previously, this protein contains not only the C-

terminal  BCD but also flexible linkers and the association domain. Peak 2 shows highly pure 

BCD-∆151-plus (Figure 2.4.). 

Figure 2.4.: Purification of BCD-∆151-plus in a two-step chromatography (IMAC coupled with gel 

filtration). The BCD-∆151-plus gel filtration chromatogram always showed a double peak. BCD-

∆151-plus partially seems to bind chaperones as shown by MALDI-MS peptide mapping (bands 

below and above the 50 kDa marker band). The pure BCD-∆151-plus elutes in peak 2. mAU: milli 

absorption units. M: molecular weight marker. 
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BCD-∆72-plus-Thr eluted in a single peak (Figure 2.5.) and was subsequently digested 

with thrombin. The thrombin treated protein was completely cleaved and subjected to an 

additional IMAC (re-chromatography) in order to separate the cleaved BCD (BCD-∆72) and 

the linker containing the His10-tag and the extra residues (Figure 2.6.). Another gel filtration 

chromatography step was implemented before protein characterisation and crystallisation 

(Figure 2.7.). 

Figure 2.5.: Purification of BCD-∆72-plus-Thr in a two-step chromatography (IMAC coupled with 

gel filtration). The profile of the gel filtration shows a single peak which contains pure BCD-∆72-plus-

Thr. mAU: milli absorption units. M: molecular weight marker. 
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Figure 2.6.: BCD-∆72-plus-Thr digestion with thrombin and re-chromatography on a Ni2+ column. U: 

uncleaved BCD-∆72-plus-Thr; C: cleaved BCD-∆72 before re-chromatography; peak fractions: 

fractions 2-9 as seen in the chromatogram. All fractions were collected from the flow through and 

contained the completely digested BCD-∆72. mAU: milli absorption units. M: molecular weight 

marker. 
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Figure 2.7.: Final gel filtration. After re-chromatography the cleaved BCD-∆72 was separated from 

thrombin by a final gel filtration step using a HiLoad
TM

 Superdex 75 16/60 column. The single peak 

reflects highly pure protein as judged from the SDS gel. mAU: milli absorption units. M: molecular 

weight marker. 

2.3.2.6. Protein characterisation 

2.3.2.6.1. ESI/LC-ESI mass spectrometry 

The integrity of all produced and purified BCDs and the status of biotinylation was 

checked by ESI or LC-ESI mass spectrometry. All BCDs were intact and non-biotinylated. 

Table 2.1. summarises calculated and measured masses of all BC domains. 

Table 2.1.: Mass spectrometry 

 
protein 

calculated mass 
non-biotinylated 

[Da] 

calculated mass 
biotinylated 

[Da] 

measured mass 
[Da] 

 
comment 

 

BCD-∆151-plus 

 
18392.6 

 
18636.9 

 
18262.4 

non-biotinylated, 
N-terminal Met 

missing 

BCD-∆72-plus-Thr 10684.6 10928.9 10684.4 non-biotinylated 

BCD-∆72 7567.3 7811.6 7567.0 non-biotinylated 
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2.3.2.6.2. Static light-scattering 

Static light-scattering (SLS) was used to determine the oligomeric state and the 

polydispersity of the produced and purified BCDs. Table 2.2. summarises the data obtained 

by SLS. 

Table 2.2.: SLS results 

 MSLS Mcalc. polydispersity 
 peak 1 peak 2  peak 1 peak 2 

BCD-∆151-plus 34230 (0.9%)* 17980 (1%) 18392 1.000 (1%) 1.001 (2%) 

BCD-∆72-plus-Thr 9851 (3%)  10684 1.006 (4%)  

BCD-∆72 6948 (3%)  7567 1.008 (4%)  

MSLS: mass-weighted molar mass moment (g/mol); Mcalc.: calculated mass (g/mol); *% error 
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The profile of BCD-∆151-plus (Figure 2.8.) shows higher ordered oligomers eluting 

between 7 and 11 ml corresponding to masses between approximately 220 kD and 1000 kD. 

These peaks do not reflect aggregates since the protein sample was subjected to a high spin 

centrifugation step at 200000 x g for 10 minutes just before sample injection. The peaks 

appearing at elution volumes of about 14 and 16 ml, respectively, may reflect dimers and 

monomers of BCD-∆151-plus, respectively. 

Figure 2.8.: BCD-∆151-plus. For SLS measurements peak 2 from the coupled IMAC/gel filtration 

chromatography containing the pure BCD-∆151-plus was injected onto a Superdex
TM

 10/300 GL 

column.
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As expected from the purification profile BCD-∆72-plus-Thr elutes as a single species at 15.5 

ml corresponding to a mass of 9.9 kD and a high degree of monodispersity (1.006). The 

profile of the thrombin-digested BCD-∆72 reflects the results obtained by the final gel 

filtration. BCD-∆72 elutes at 17 ml corresponding to a mass of 6.9 kD (Figure 2.9.). No 

aggregates or higher ordered oligomers are observed. 

Figure 2.9.: BCD-∆72-plus-Thr (blue curve) and BCD-∆72 (red curve). For SLS measurements the 

single fractions from the coupled IMAC/gel filtration chromatography containing the pure BCD-∆72-

plus-Thr and the cleaved and gel filtrated BCD-∆72 were injected onto a Superdex
TM

 10/300 GL 

column. 
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2.3.2.7. Crystallisation and data processing 

Initial crystallisation screens were carried out with BCD-∆151-plus, BCD-∆72-plus-

Thr, and cleaved BCD-∆72 using the Phoenix crystallisation robot. Several hits were found 

for the thrombin-treated BCD-∆72-Thr but not with the other proteins. Only one condition 

(0.2 M CaCl2, 0.1 M HEPES sodium salt, pH 7.5, 28% (v/v) PEG 400) contained crystals 

large enough for diffraction tests at the synchrotron (Swiss Light Source, Villigen) (Figure 

2.10.). 

Three crystals diffracted to up to 2.1 Å at the beamline X06SA (SLS, Villigen). The 

space group of all three crystals was determined to be either P3121 or P3221 according to the 

intensity statistics (Table 2.3.). 

Figure 2.10.: BCD-∆72 crystals obtained from the The Classic Suite screen which diffracted up to 2.1 

Å. Diffraction pattern from a dataset collected at the X06SA beamline (SLS, Villigen). 
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Table 2.3.: Data collection and processing statisticsa 

Wavelength (Å) 0.99990 

Resolution (Å) 35-2.1 (2.2-2.1) 

Reflections (observed/unique) 30857/3296 

Completeness (%) 95.1 (73.3) 

I/σ 16.4 (4.4) 

Rsym
b 0.094 (0.413) 

Space group P3121 or P3221 

Unit cell parameters  

    a (Å) 46.94 

    b (Å) 46.94 

    c (Å) 43.80 

    α = β (°) 90.0 

    γ (°) 120.0 
aValues in parenthesis are given for the highest shell. 
bRsym = ∑h∑i | Ii(h) – ‹I(h)› |  ∑h∑iIi(h), where Ii(h) and ‹I(h)› are the ith 
and mean measurement of the intensity of reflection h. 

2.2.2.8. Molecular replacement 

Molecular replacement searches were carried out using the transcarboxylase 1.3S 

subunit from P. shermanii (PDB access code 1DCZ) as a search model. MOLREP as well as 

Phaser did not yield a satisfactory solution with respect to crystal packing and R-factors. The 

data were therefore checked for twinning using the twinning server 

[http://nihserver.mbi.ucla.edu/Twinning, (Yeates 1997)]. The server predicted twin fractions 

between 0.2 and 0.4 for the three collected datasets. Detwinning using the program DETWIN 

within the CCP4 package did not solve the problem. 

To overcome the twinning problem several measures may be taken. Extensive 

screening of crystals may result in datasets with lower twin fractions that may allow structure 

solution with no need of detwinning. Another solution may be the optimisation of 

crystallisation to eliminate the twinning problem or further decrease the twin fractions. 
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2.4. Concluding remarks and perspectives 

The α-subunit of the oxaloacetate decarboxylase from V. cholerae can be seen as a 

model for carboxyltransfer reactions in general and the carboxyltransfer in human pyruvate 

carboxylase in particular. The structure of the carboxyltransferase and docking experiments 

with its substrate and the carboxyl group acceptor biotin lead us to propose a novel 

mechanism of carboxyltransfer that has not yet been reported elsewhere. Besides, the 

carboxyltransferase structure presented together with docking studies including a model of the 

biotin carrier domain raises questions that would be interesting and worthwhile to be 

addressed.  

One issue to look closer at would be: what triggers the interaction between the 

carboxyltransferase domain and the biotin carrier domain and, furthermore, how exactly do 

they interact during carboxyltransfer. It has been proposed that binding of pyruvate to the 

active site of pyruvate carboxylase triggers the interaction of the biotin carrier with the 

carboxylase (Goodall et al. 1981). Our findings that both pyruvate or oxaloacetate and the 

carboxyl group acceptor biotin (and, inferred from that, the entire biotin carrier domain) can 

bind simultaneously to the carboxyltransferase active site support this suggestion. However, 

evidence is still lacking and complex formation experiments between the two domains in the 

absence and presence of substrate and/or product – by means of static light-scattering or 

isothermal titration calorimetry – may provide evidence for such a stable interaction. 

The docking model presented in this work provides some insight into how the two 

domains may be oriented during interaction, but these data do not qualify for a more detailed 

interpretation. A more reliable approach would be docking including molecular dynamics to 

allow the two domains to perform conformational changes if necessary. As reported 

previously in this work, the C-terminal subdomain of the carboxyltransferase domain seems 

to be slightly flexible as judged by the poorly defined electron density observed during 

structure refinement. It may well be that this subdomain undergoes minor conformational 

changes upon interaction with the biotin carrier domain and acts as a kind of clamp. However, 

X-ray crystallography is needed for gaining detailed structural information about the 

interaction of the two domains. A sufficiently stable complex between the two domains would 

be a prerequisite for crystallisation. The feasability of forming a stable complex under specific 
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conditions would most probably also provide the possibility to crystallise the α-subunit as a 

whole including the association domain and the short flexible linkers since the flexibility 

problem that probably hampered crystallisation of the whole α-subunit is most likely due to 

the high degree of mobility that is needed for the BCD to fulfill its function as a swinging arm 

transferring biotin from one catalytic site to the other. Capturing the BCD at the 

carboxyltransferase site would therefore make the α-subunit a more rigid entity.  

An issue not yet addressed structurally is the role of the second Zn2+ binding site 

identified at the cytoplasmic terminus of the γ-subunit. This Zn2+ was long believed to be 

directly involved in carboxyl transfer (Schmid et al. 2002). As we reported with our structure 

of the carboxyltransferase domain this assumption was wrong. Still, this Zn2+ seems to play 

an important role as its lack decreases the rate of carboxyl transfer. It may well be of 

structural importance since it is located where the γ-subunit interacts with the α-subunit. Co-

expression or co-purification of the association domain of the α-subunit with the cytosolic C-

terminus of the γ-subunit should be feasible. Crystallisation of the complex may provide 

interesting insights not only into the interaction of the α-subunit with the anchor γ-subunit but 

also might reveal the role of the second Zn2+. 

Attempts to solve the structure of the whole oxaloacetate decarboxylase Na+ pump 

complex have not yet been successful. A major problem is the preparation of pure and 

homogeneous complex in solubilised form. To gain detailed structural information of the 

membrane embedded β-subunit harbouring the decarboxylase site and the sodium pump it 

may be worthwhile to consider expression and crystallisation of the β-subunit independently 

from the other subunits or in complex with the γ-subunit only. The structure of both active 

sites of the membrane complex would be a large step towards a complete understanding of the 

mechanism. 

 

Taken together, this work provides detailed insight into the active site of the 

carboxyltransferase domain of the oxaloacetate decarboxylase Na+ pump from V. cholerae 

and proposes a novel mechanism for the carboxyltransfer used not only by oxaloacetate 

decarboxylase but also by related mammalian enzymes such as human pyruvate carboxylase. 
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3. Materials and methods 

3.1. Chemicals and enzymes 

All chemicals used in this work were obtained from Bio-Rad, Fluka, Gerbu, Merck 

and Sigma as indicated in the respective chapters. Enzymes were obtained from Finnzymes, 

MBI Fermentas, New England Biolabs, Promega and Roche. MW and DNA size markers 

were obtained from Bio-Rad and MBI Fermentas. Bacterial strains and vectors were obtained 

from Invitrogen, Novagen and Stratagene. 

3.2. Vectors 

3.2.1. Conventional cloning 

The vectors used for the expression of V. cholerae oxaloacetate decarboxylase in E. 

coli and the expression of LGIC-ECDs in HEK 293T cells are shown in Table 3.1. For vector 

maps see Appendix B. 

Table 3.1.: vectors used for conventional cloning 

vector resistance size (bp) manufacturer 

pET16b ampicillin 6167 Novagen 
pcDNA3.1(+) ampicillin/neomycin 5428 Invitrogen 

 

3.2.2. GatewayTM 

The donor vectors used for Gateway
TM cloning are shown in Table 3.2. For vector 

maps see Appendix B. 

Table 3.2.: Gateway
TM donor vectors 

vector resistance size (bp) recombination sites manufacturer 

pDONR221TM kanamycin 4762 attP1/attP2 Invitrogen 
pDONR221TM/Zeo zeocin 4291 attP1/attP2 Invitrogen 
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The destination vectors used for Gateway
TM

 cloning are shown in Table 3.3. For vector 

maps see Appendix B. All destination vectors contain an ampicillin resistance gene and a 

His6-tag upstream the recombination sites (attR sites) in order to allow production of the 

target protein with an N-terminal His6-tag.  

Table 3.3.: Gateway
TM destination vectors 

vector promoter fusion 
tag 

size 
(bp) 

recombination 
sites 

manufacturer/ 
comment 

pDEST-QE80-L  T5 - 5753 attR1/attR2 Qiagen/modified 
pDEST-QE70-2Z.3  T5 Z-tag 4880 attR1/attR2 Qiagen/modified 
pDEST-ColdI  cspA -  attR1/attR2 Takara/modified 
pDEST-MALsig  TAC MBP 8456 attR1/attR2 NEB/modified 
pDEST-MALnosig  TAC MBP 7218 attR1/attR2 NEB/modified 
pDEST-NAT  T7 Rbx 7407 attR1/attR2 Novartis/modified 

Z-tag: Staphylococcus aureus protein A epitope; cspA: cold shock protein A; 
MBP: maltose binding protein; Rbx: rubredoxin 

 
All vectors were modified in the sense to make them Gateway

TM compatible by 

inserting the Gateway
TM

 cassette RFB (reading frame B). Each cassette contains an attR1 site 

at the 5´-end, the chloramphenicol resistance gene (Cmr), the ccdB gene, and the attR2 site. 

3.3. Oligonucleotides 

Oligonucleotides were produced by Microsynth AG, Balgach, Switzerland and are 

listed in Appendix C. 

3.4. Bacterial strains 

E. coli strains used for cloning purposes and their genotypes are shown in Table 3.4. 

Table 3.4.: E. coli strains used for cloning 

strain genotype 

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F'proAB 

lacI
q
Z∆M15 Tn10 (Tetr)] 

Mach1TM-T1R F- φ80(lacZ)∆M15 ∆lacX74 hsdR (rk
-mk

+) ∆recA1398 endA1 tonA 

DH5αΤΜ F- φ80(lacZ)∆M15 ∆(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rk
-

mk
+) phoA supE44 thi-1 gyrA96 relA1 λ

- 
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E. coli strains used for expression and their genotypes are shown in Table 3.5. 

Table 3.5.: E. coli strains used for expression 

strain genotype 

BL21 (DE3) F- ompT hsdSB (rB
- mB

-) gal dcm (DE3) 
Origami B (DE3)  F- ompT hsdSB (rB

- mB
-) gal dcm lacY1 aphC (DE3) gor522::Tn10 trxB 

(KanR,TetR) 
C43 (DE3)  F- ompT hsdSB (rB

- mB
-) gal dcm (DE3) 

 
C43 (DE3) is derived from BL21 (DE3) and has at least one uncharacterised mutation, 

which prevents the cell death associated with the expression of toxic recombinant proteins 

(Miroux and Walker 1996). 

3.5. Human embryonic kidney (HEK) cells 

HEK 293T cells were used for the eukaryotic expression. 

3.6. Microbiology methods 

3.6.1. Culture media for expression in E. coli 

All chemicals used for culture media including antibiotics were obtained from Gerbu. 

 

General media 

 
LB medium: 10 g/l tryptone 
 10 g/l NaCl 
 5 g/l yeast extract 
SOC medium: 20 g/l tryptone 
 5 g/l yeast extract 
 10 mM NaCl 
 2.5 mM KCl 
 10 mM MgCl2 
 10 mM MgSO4 
 2 mM glucose 
2xTY medium: 16 g/l tryptone 
 10 g/l yeast extract 
 5 g/l NaCl 
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ZYP-5052 

 
ZY: 10 g/l tryptone 
 5 g/l yeast extract 
NPS: 50 mM Na2HPO4 
 50 mM KH2PO4 
 25 mM (NH4)2SO4 
5052: 0.5% (v/v) glycerol 
 0.2% (w/v) α-lactose 
 0.05% (w/v) glucose 

 
ZYP-5052 is an auto-induction medium. In contrast to LB medium, no addition of 

IPTG is needed to induce gene expression (Studier 2005). The mixture of ZY, NPS and 5052 

was prepared freshly before use. Prior to NPS, 1 mM MgSO4 was added to ZY to prevent 

precipitation. 

Agar plates were produced with 15 g agar/l medium. Appropriate antibiotics and 1% 

glucose were added if recommended. 

3.6.2. Culture media for expression in HEK 293T cells 

DME with 10 % FBS was used for passing and transfecting the cells. After 

transfection, the FBS was reduced to 0.5 %. 

3.6.3. Cultivation of E.coli 

Cultivation of bacteria on LB-agar plates or in liquid media was done at 37°C if not 

stated otherwise. 

3.6.4. Cultivation of HEK 293T cells 

Adherent HEK 293T cells were used in 10 cm Petri dishes containing 10 ml medium, 

respectively. The cells were grown at 37°C. For immunofluorescence purposes, one cover 

slide (12 mm) per dish was placed before seeding the cells. 
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3.7. Molecular biology methods 

3.7.1. PCR amplification 

PCR amplification of DNA fragments or DNA vectors was performed in a 

Mastercycler gradient thermocycler (Eppendorf) using 20 ng of template DNA, 100 nM of 

each primer, 200 µM dNTP mix, and 1 U GoTaq®, Pfu, Phusion or Taq DNA polymerase in 

respective buffers. A typical PCR run consisted of 25 cycles of melting at 98°C, annealing at 

56°C and elongation at 72°C. The reaction volumes and incubation times were subject to the 

purpose of the PCR and are further specified in the concerning sections. 

3.7.2. Agarose gel electrophoresis 

0.4 g agarose LE (corresponding to an 0.8% gel) were solubilised through boiling in 

50 ml TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA). After cooling-down, 

ethidium bromide was added to a final concentration of 1 µg/ml. Agarose gels were run in 

TBE buffer at a constant voltage of 100 V. 

3.7.3. Restriction enzyme digestion 

Restriction enzyme digestions were performed overnight at 37°C in analytical (10 µl) 

or preparative scale (50 µl). Typically, 10 U of restriction enzyme were used per reaction mix 

in the respective buffer provided by the supplier. If recommended, BSA (New England 

Biolabs) was added. 

3.7.4. Dephosphorylation of linearised vectors 

Linearised vectors were treated with 2 mU of calf intestinal alkaline phosphatase for 2 

hours at 37°C to prevent re-closing of empty vectors in subsequent ligation reactions. After 

dephosphorylation, vectors were purified from the reaction mix with the MinElute
TM

 Reaction 

Cleanup Kit (Qiagen) according to the maufacturer’s protocol. 
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3.7.5. Ligation 

T4 DNA Ligase was used to ligate insert and dephosphorylated vector. 25 µl reaction 

mix contained 250 ng of vector, insert in fivefold excess, 20 U ligase in T4 DNA Ligase buffer 

(MBI Fermentas). The ligation was performed overnight at 16°C. 

3.7.6. GatewayTM cloning 

3.7.6.1. BP reaction 

In a typical BP reaction a PCR fragment containing a target gene flanked by attB sites 

is combines with a donor vector containing attP sites. This integration reaction between the 

attB and the attP sites results in the formation of an entry clone. The resulting entry clone 

contains the gene of interest flanked by attL sites. 

 

All BP reactions performed in this work were carried out according to the following 

protocol: 

 
1.5 µl ddH2O 
1.0 µl 5 x BP Clonase buffer 

0.5 µl pDONR221TM or pDONR221/ZeoTM (150 ng/µl) 

1.0 µl attB PCR product (100 ng/µl) 
1.0 µl BP Clonase 

 
The mix was incubated at 25°C for 2 hours. 0.5 µl Proteinase K were added and the 

mix was again incubated at 37°C for 10 minutes and subsequently used for transformation of 

Mach1TM-T1R or DH5αΤΜ cells. 

3.7.6.2. LR reaction 

The LR Reaction is a recombination reaction between attL and attR sites. The entry 

clone generated from the BP reaction includes the attL sites whereas the destination vector 
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includes the attR sites. The LR reaction is carried out to transfer the gene of interest to one or 

more destination vectors in simultaneous reactions. 

 

All LR reactions performed in this work were carried out according to the following 

protocol: 

 
1.5 µl ddH2O 
1.0 µl 5 x LR Clonase buffer 

0.5 µl pDEST (150 ng/µl) 

1.0 µl entry clone (75 ng/µl) 
1.0 µl LR Clonase 

 
The mix was incubated at 25°C for 2 hours. 0.5 µl Proteinase K were added and the 

mix was again incubated at 37°C for 10 minutes and subsequently used for transformation of 

Mach1TM-T1R or DH5αΤΜ cells. 

3.7.7. Transformation of competent cells 

Chemically (CaCl2 or RbCl, Fluka) competent cells were transformed by the heat-

shock method. 100 µl cells were mixed with 10 ng plasmid DNA, 20 µl ligation mix or 5 µl 

of LR/BP reaction mix and incubated on ice for 15 minutes. Heat-shock was performed at 

42°C for 90 seconds. After 2 minutes on ice, 400 µl SOC medium were added followed by 

incubation at 37°C for another 60 minutes. The transformed cells were plated onto LB-agar 

plates containing the appropriate antibiotic and incubated at 37°C overnight. Grown colonies 

were used to inoculate 2 ml or 50 ml LB medium or 100 ml 2xTY medium for plasmid 

preparation or recombinant protein production, respectively. 

 

Electrocompetent cells were transformed by electroporation at 1.7 kV, 200 Ω, 25 µFD 

using a Gene Pulser
TM (Bio-Rad) and 0.1 cm electrode gap Gene Pulser

TM
 cuvettes (Bio-Rad). 

Cells were incubated in SOC medium at 37°C for 30 minutes and plated onto LB-agar plates 

containing the appropriate antibiotic. After incubation at 37°C overnight, grown colonies 

were used to inoculate 2 of 2xTY medium for plasmid preparation. 
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3.7.8. Plasmid preparation 

Plasmid preparations of 2 or 50 ml bacterial overnight cultures were performed with 

the GenElute
TM

 Plasmid Miniprep Kit or the GenElute
TM

 Plasmid Midiprep Kit (Sigma), 

respectively. 

3.7.9. Site-directed mutagenesis 

Point mutations were inserted by Quik-Change
TM

 Site-Directed Mutagenesis. 

Insertion, deletion or replacement of segments including more than a few base pairs were 

performed by modified protocols of Quik-Change
TM

 Site-Directed Mutagenesis or Quik-

Change
TM

 Multisite Mutagenesis (including mutant strand synthesis). 

3.7.9.1. Quik-Change
TM

 Site-Directed Mutagenesis 

The Quik-Change
TM

 Site-Directed Mutagenesis Kit (Stratagene) was used according to 

the manufacturer’s protocol. Briefly, 12 PCR cycles were performed (15 seconds at 95°C, 15 

seconds at 56°C, and 13 minutes at 68°C) using 1 U Pfu polymerase with 20 ng of template 

DNA mixed with 100 nM of each primer, and 200 µM dNTP mix. Before the first cycle the 

DNA was denatured at 95°C for 2 minutes, and after the last cycle the samples were 

incubated for an additional 8 minutes at 68°C. Parental (Dam-methylated) DNA was digested 

afterwards by adding 10 U DpnI directly to the PCR mix and incubating at 37°C for 3 hours. 

The reaction mix was directly used for transformation of competent cells. 
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3.7.9.2. Modified Quik-Change
TM

 Site-Directed Mutagenesis or Quik-Change
TM

 

Multisite Mutagenesis protocols for insertion, deletion or replacement of larger 

segments 

All oligonucleotides used for this mutagenesis reaction are listed in Appendix C. 

3.7.9.2.1. Replacement of the LGIC Cys-loop by the AChBP Cys-loop 

20 PCR cycles were performed (20 seconds at 98°C, 30 seconds at 55°C, and 3 

minutes at 72°C) using 1 U Phusion polymerase in Phusion buffer for GC-rich DNA with 20 

ng of template DNA mixed with 100 nM of each primer, 200 µM dNTP mix, and 2% TMSO. 

Before the first cycle the DNA was denatured at 98°C for 2 minutes, and after the last cycle 

the samples were incubated for an additional 5 minutes at 72°C. Parental (Dam-methylated) 

DNA was digested afterwards by adding 10 U DpnI directly to the PCR mix and incubating at 

37°C for 3 hours. The reaction mix was directly used for transformation of competent cells. 

3.7.9.2.2. Deletion of flexible regions in BCD using mutant strand synthesis 

This method is modified from Quik-Change
TM

 Multisite Mutagenesis.The mutagenic 

primers bind to the same strand. Nicks are ligated with the thermostable Tsc DNA Ligase. 200 

ng of template DNA (pET16b-VcOadA-∆151) were mixed with 500 nM of each primer, 200 

µM dNTP mix, 1 mM NAD in Phusion buffer for GC-rich DNA (Finnzymes), 2% (v/v) 

TMSO and chilled on ice. After addition of 0.6 U Phusion polymerase and 1.5 U Tsc DNA 

Ligase 25 PCR cycles were performed (20 seconds at 98°C, 10 seconds at 70°C, 10 seconds at 

45°C, and 3 minutes at 70°C). Excess nucleotides were dephosphorylated with 0.5 U SAP 

(shrimp alkaline phosphatase) at 37°C for 10 minutes, followed by digestion of parental 

(Dam-methylated) DNA by adding 10 U DpnI and incubation at 37°C for 3 hours. 0.3 µl 

reaction mix were directly used to transform competent cells by electroporation. 
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3.7.9.2.3. Insertion of a Thrombin cleavage site into BCD-∆∆∆∆72 

20 PCR cycles were performed (20 seconds at 98°C, 30 seconds at 55°C, and 3 

minutes at 72°C) using 1 U Phusion polymerase in Phusion buffer for GC-rich DNA with 20 

ng of template DNA mixed with 100 nM of each primer, 200 µM dNTP mix, and 2% TMSO. 

Before the first cycle the DNA was denatured at 98°C for 2 minutes, and after the last cycle 

the samples were incubated for an additional 5 minutes at 72°C. Parental (Dam-methylated) 

DNA was digested afterwards by adding 10 U DpnI directly to the PCR mix and incubating at 

37°C for 3 hours. The reaction mix was directly used for transformation of competent cells. 

3.7.9.2.4. Replacement of VEGFR-2 D2-4 by LGIC-ECDs 

For cloning the LGIC-ECDs into the pcDNA3.1(+) vector, a construct containing the 

domains 2-4 of VEGFR-2 with a C-terminal His6-tag as an insert by simply exchanging the 

present insert by the respective LGIC-ECDs. This method needs two PCR reactions, a first 

one to create a LGIC-ECD mega primer and a second one to replace the original insert by the 

new insert. 

In the first PCR, the LGIC-ECDs including their respective signal-peptides were 

amplified by PCR (see 3.7.1. PCR amplification). Then, 25 PCR cycles were performed (30 

seconds at 95°C, 30 seconds at 55°C, and 3 minutes at 72°C) using 1 U Phusion polymerase 

in Phusion buffer for GC-rich DNA with 100 ng of template DNA (pcDNA3.1(+)_VEGFR-

2_D2-4_His) mixed with 200 ng of each PCR product from step one (used as a mega primer), 

200 µM dNTP mix, and 2% TMSO. Before the first cycle the DNA was denatured at 95°C for 

60 seconds. Parental (Dam-methylated) DNA was digested afterwards by adding 10 U DpnI 

directly to the PCR mix and incubating at 37°C for 3 hours. The reaction mix was directly 

used for transformation of competent cells. 

3.7.10. DNA sequencing 

DNA sequencing was accomplished by Microsynth AG, Balgach, Switzerland. 
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3.8. Recombinant protein production and purification 

3.8.1. Recombinant protein production and purification in bacteria 

3.8.1.1. Expression and solubility screen 

6 ml ZYP-5052 medium in each well of a 24-deep well plate (Whatman) containing 

the appropriate antibiotic were each inoculated with a single colony of BL21 (DE3) or 

Origami B (DE3) cells transformed with the desired plasmids. The plates were covered with a 

gas-permeable foil (Macherey-Nagel) to allow sufficient aeration. The cultures were 

incubated at 37°C until an OD600 of 1.5 was reached. The 6 ml cultures were split into three 2 

ml cultures in order to allow parallel growth at different temperatures (37°C, 25°C, and 15°C) 

for another 16 hours. 40 µl of each culture were transferred to a 96-well flat bottom plate 

(Greiner) and diluted by adding 160 µl fresh ZYP-5052 in order to measure the OD600 using 

an Ultra Evolution
TM plate reader (Tecan). A volume of each culture corresponding to 0.4 

OD600 units was then transferred onto a MultiScreen-DV 96-well filter plate (Millipore) and 

filtrated using a Perfect Vac Manifold (Eppendorf). The filter plate was frozen for 30 minutes 

at –20°C and then thawed at 25°C for 15 minutes in order to facilitate cell lysis. 100 µl of 

lysis reagent containing 3 µl/ml Lysonase
TM

 Bioprocessing Reagent (Novagen) in CellLytic B 

(Sigma) were added to each well. The plate was incubated for 30 minutes at 25°C. The 

supernatant containing soluble protein was filtrated into a fresh 96-well flat bottom plate and 

then transferred onto a Protran
®

 BA 85 nitrocellulose membrane using the Minifold I dot blot 

device (Schleicher & Schuell). 

The membrane was developed according to the Western blot protocol (see 3.9.5.2. 

Development of the Western blot). 

3.8.1.2. Production of MBP-nAChαααα7 and MBP-5-HT3A 

6 l of ZYP-5052 medium containing 100 µg/ml ampicillin were each inoculated with 

20 ml overnight culture of BL21 (DE3) transformed with either MALnosig-nAChα7 or 

MALnosig-5-HT3A. Cells were grown at 37°C to an OD600 of 2.0 and cooled down to 15°C. 

After 16 hours the cells were harvested by centrifugation. 
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3.8.1.3. Production of αααα-∆∆∆∆143, BCD-∆∆∆∆151-plus, and BCD-∆∆∆∆72-plus-Thr 

2 l of LB medium containing 100 µg/ml ampicillin (BCD-∆151-plus and BCD-∆72-

plus-Thr) or 50 µg/ml kanamycin (α-∆143) were each inoculated with 20 ml overnight culture 

of C43 (DE3) transformed with either pET24b-VcOadG’A-∆143, pET16b-BCD-∆151 or 

pET16b-BCD-∆72-Thr. Cells were grown at 37°C until an OD600 of 0.6 was reached. The 

cultures were cooled down to 30°C and incubated for another 4 hours. Cells were harvested 

by centrifugation. 

3.8.1.4. Harvesting and disruption of the cells 

Cells were harvested by centrifugation at 5000 x g in a RC-3B Plus (Sorvall) 

centrifuge at 4°C for 20 minutes. The cell pellet was resuspended in lysis buffer and cells 

were disrupted using an EmulsiFlex-C3 (Avestin) homogeniser. 1mM Na2EDTA, 0.2 mM 

PMSF (Roche) and 10 µg/ml DnaseI were added to the resuspended cells before the first 

passage through the homogeniser. After the first passage, another 0.2 mM PMSF were added. 

Typically, three runs were performed. Cell lysates were cleared by low-spin centrifugation at 

40000 x g using a A8.24 rotor in a Hi-Cen® 21 C centrifuge (Herolab), followed by a high-

spin centrifugation at 200000 x g using a Type 45 Ti rotor in an Optima
TM

 L-90 K centrifuge 

(Beckmann-Coulter). In the case of OAD (K. pneumoniae and V. cholerae), the supernatant 

remaining after the high-spin centrifugation step was discarded while the membrane pellet 

was collected and further processed [see 3.8.1.6. Membrane preparation of OAD (K. 

pneumoniae and V. cholerae)]. 

Prior to application onto the affinity columns, the lysate was filtrated through a 0.22 

µm membrane filter (Millipore). 

The lysis buffers used for the individual proteins are summarised in Table 3.6. ACh 

and 5-HT were obtained from Sigma, imidazole from Merck and all other chemicals from 

Gerbu. 
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Table 3.6.: Lysis buffers 

protein lysis buffer  
MBP-nAChα7, MBP-5-HT3A: 50 mM Tris HCl, pH 8.0 

 1 M NaCl 
 10 mM imidazole 

 0.1 mM ACh or 5-HT 

α-∆143, BCD-∆151-plus, BCD-∆72-plus-Thr: 50 mM Tris HCl, pH 8.0 

 500 mM NaCl 
 10 mM imidazole 
OAD (K. pneumoniae and V. cholerae): 50 mM Tris HCl, pH 8.0 
 500 mM NaCl 

ACh: acetylcholine chloride ; 5-HT: serotonin   

3.8.1.5. Immobilised metal affinity chromatography (IMAC) 

Cleared cell lysate was applied onto Ni2+-loaded 5 ml HiTrap
TM

 Chelating HP 

columns (Amersham Biosciences) using a fast protein liquid chromatography (FPLC) system 

like ÄKTAxpress
TM or ÄKTAprime

TM (Amersham Biosciences). Unbound sample was 

removed by implementing a first wash step with lysis buffer (10 mM imidazole) and a second 

wash step with 40 mM (α-∆143, BCD-∆151-plus, and BCD-∆72-plus-Thr) or 70 mM (MBP-

nAChα7, MBP-5-HT3A) imidazole. Elution was performed with 1 M imidazole. The wash and 

elution buffers used during purification of MBP-nAChα7 and MBP-5-HT3A contained 0.1 

mM ACh or 5-HT, respectively. 

 
IMAC elution buffer: 50 mM Tris HCl, pH 8.0 
 500 mM NaCl 
 1 M imidazole 

 
If the ÄKTAxpress

TM system was used, the elution peak was collected in a 10 ml loop 

for further injection onto a gel filtration column. 

3.8.1.6. Membrane preparation of OAD (K. pneumoniae and V. cholerae) 

The collected membrane pellet was thoroughly resuspended in lysis buffer. OAD was 

solubilised with Triton X-100 (final concentration 2%) at 4°C for 10 minutes. Afterwards, the 
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mixture was spun for 35 minutes at 220000 x g using an MLA-80 rotor in an Optima
TM

 MAX 

benchtop centrifuge (Beckmann-Coulter). The supernatant was immediately loaded on a 

SoftLink™ Soft Release Avidin Resin (Promega). 

3.8.1.7. Avidin-Sepharose affinity chromatography 

Biotinylated OAD was recovered over a SoftLink
TM

 Soft Release Avidin Resin 

(Promega) by gravity flow using Econo-Pac
®

 Chromatography Columns (Bio-Rad). The 

supernatant remaining from the membrane preparation step was loaded onto the resin and 

unbound or unspecifically bound protein was washed off the resin with 5 column volumes of 

buffer B (50 mM Tris HCl, pH 8.0, 500 mM NaCl, 0.05% Brij 58 P). Biotinylated protein was 

eluted with buffer C (buffer B containing 5 mM (+)-Biotin). 

For separation and purification of the α-subunit from K. pneumoniae and V. cholerae 

purified OAD complex was first dialysed against buffer A for 6 hours at 4°C. LDAO (final 

concentration 0.5%) was added to the dialysed OAD complex and incubated for 2 hours at 

4°C to disrupt the complex. The protein sample was loaded onto the resin and unbound 

protein was washed off the column with 10 column volumes buffer A and 5 column volumes 

buffer B. Biotinylated α-subunit was eluted with buffer C. 

 
buffer A: 50 mM Tris HCl, pH 8.0 
 500 mM NaCl 
 0.05% (w/v) Brij 58 P 
 0.5% (v/v) LDAO 
buffer B: 50 mM Tris HCl, pH 8.0 
 500 mM NaCl 
 0.05% (w/v) Brij 58 P 
buffer C: 50 mM Tris HCl, pH 8.0 
 500 mM NaCl 
 0.05% (w/v) Brij 58 P 
 5 mM (+)-Biotin 

 

LDAO and Brij 58 P were obtained from Fluka. All other chemicals were obtained 

from Gerbu. 
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3.8.1.8. Proteolytic cleavage of affinity and/or fusion tags 

Affinity and/or fusion tags were cleaved off overnight at 4°C or at 20°C with 4 to 10 U 

thrombin/mg protein. MBP-nAChα7 and MBP-5-HT3A were dialysed against thrombin 

cleavage buffer (20 mM Tris-HCl, pH 8.4, 150 mM NaCl, 2.5 mM CaCl2)before digestion. 

BCD-∆72-plus-Thr was directly digested in elution buffer. 

 
protein U Thrombin/mg protein temperature 

MBP-nAChα7: 10 U/mg 20°C 
MBP-5-HT3A: 10 U/mg 4°C 

BCD-∆72-plus-Thr: 4 U/mg 20°C 

3.8.1.9. Gel filtration chromatography 

Preparative gel filtration chromatography was performed either using an 

ÄKTAprime
TM system or, if coupled with IMAC, on the ÄKTAxpress

TM system. Table 3.7. 

summarises the used gel filtration columns (Amersham Biosciences) and parameters. 

Table 3.7.: Preparative gel filtration columns 

column Vtotal Vsample flow rate 
HiLoad

TM
 Superdex 75 16/60 120 ml < 5 ml 1.2 ml/min 

HiLoad
TM

 Superdex 200 16/60 120 ml < 5 ml 1.2. ml/min 

 

3.8.2. Recombinant protein production and purification in HEK 293T cells 

Cells were plated one day before transfection at about 5 x 106 cells per 10 cm plate. 25 

µg vector DNA and 5 µg Neomycin were added to 500 µl solution A. 500 µl solution B were 

added and the tube was mixed and incubated for 1 minute. The solution was then pipetted 

carefully to the plates containing the cells. The plate was incubated at 37°C for 4 hours. The 

medium was exchanged with fresh medium containing 0.5 % serum. 6 mM (from a 100 mM 

stock in ddH2O) sodium butyrate was added. The supernatants were collected after two days 

and analysed by Western blot. 
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Solution A: 250 mM CaCl2 
Solution B: 140 mM NaCl 
 50 mM HEPES 
 1.5 mM Na2HPO4 

The pH of solution B is adjusted to 7.05 with NaOH. 

3.9. Protein analysis and characterisation 

3.9.1. Immunofluorescence on HEK 293T cells 

Cells on the cover slip were washed with PBS and fixed with formaldehyde (3.7% in 

PBS) for 30 minutes. The cells were washed with PBS three times. NP40 (1% in PBS) was 

added and incubated for 10 minutes to permeabilise the cells. The cells were washed again 

three times with PBS. 15 µl of the first antibody (anit-Penta-His-antibody, Qiagen 34660, 

diluted 1:500 in PBS) was incubated at 37°C for 60 minutes. The cells were washed with PBS 

three times before 20 µl of the second antibody coupled to a fluorescent dye (anti-mouse-

antibody coupled to FITC, diluted 1:50 in PBS) was added and incubated for 60 minutes at 

37°C. The cells were washed with PBS three times and once with ddH2O. 

The cells of another cover slip were stained in parallel with Hoechst Dye 33258 (blue) 

to visualise the cell nuclei. 

An inverted Olympus IX81 fluorescence microscop (Olympus Inc.) was used to 

analyse the cover slips. 

3.9.2. Determination of protein concentration 

The protein concentration was determined via UV absorption at 280 nm (A280) using a 

NanoDrop
®

 ND-1000 Spectrophotometer (NanoDrop Technologies). MW and extinction 

coefficient of the proteins were calculated from their sequence using the Vector NTI 

Advance™ software. When using mixtures of protein, the respective parameters of BSA were 

taken. 
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c = MW/εd x A280 

 
c protein concentration [g/l] 

ε extinction coefficient 

d cuvette thickness 
A280 UV absorption at 280 nm 

 

3.9.3. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein samples were analysed by electrophoresis using 12% and 15% SDS-PAGE 

gels. Gels were poured in a Mighty Small Multiple Gel Caster (Hoefer) and had a 4% stacking 

gel. Gels were run in a SE 300 MiniVE mini vertical electrophoresis unit (Hoefer) at a 

constant voltage of 200 V with Laemmli buffer in both reservoirs. 

 
SDS loading buffer: 125 mM Tris HCl, pH 6.8 
 20% (v/v) glycerol 
 4% (w/v) SDS 
 850 mM 2-mercaptoethanol 
 trace bromophenol blue 
1x Laemmli buffer: 25 mM Tris 
 190 mM glycine 
 0.1% (w/v) SDS 

3.9.4. Coomassie staining 

SDS gels were stained with Coomassie blue R-250 staining solution and destained 

with a destainer containing ethanol and acetic acid. 

 
Coomassie staining solution: 2.5% (w/v) Coomassie blue R-250 
 45% (v/v) methanol 
 45% (v/v) ddH2O 
 10% (v/v) acetic acid 
Destainer: 40% (v/v) ethanol 
 50% (v/v) ddH2O 
 10% (v/v) acetic acid 
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3.9.5. Western blot 

3.9.5.1. Electrotransfer 

Proteins were blotted onto a Immobilon-P PVDF membrane (Millipore) using a 

SemiPhor T70 Semi-Dry Transfer Unit (Hoefer). The PVDF membrane was activated in 

methanol prior to electrotransfer. The transfer was performed in semi-dry transfer buffer at a 

constant current of 0.8 mA/cm2 membrane. 

 
Semi-dry transfer buffer: 39 mM glycine   
 48 mM Tris 
 0.037% (w/v) SDS 
 20% (v/v) methanol 

3.9.5.2. Development of the Western blot 

After the transfer the membrane was washed twice for 5 minutes with TBS buffer, 

followed by blocking using the Penta-His HRP Conjugate blocking buffer (Qiagen) for 30 

minutes. Subsequently, the membrane was washed twice for 5 minutes with TTBS buffer and 

for another 5 minutes with TBS buffer. The membrane was then incubated with antibody mix 

(anti-penta-His antibody (Qiagen), 1:1000; goat-anti-mouse-AP antibody, 1:5000) in Penta-

His HRP Conjugate blocking buffer for 30 minutes. After another three wash steps (2 x 5 

minutes with TTBS and 1 x 5 minutes with TBS buffer) the membrane was incubated in AP 

substrate buffer containing BCIP and NBT for colorimetric development. The reaction was 

stopped by extensive washing with ddH2O. 
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TBS buffer: 10 mM Tris-HCl, pH 7.6 
 150 mM NaCl 
TTBS buffer: 10 mM Tris-HCl, pH 7.6 
 500 mM NaCl 
 0.2% (v/v) Triton X-100 
 0.05% (v/v) Tween 20 

Blocking buffer1: 0.1 g Blocking reagent 
 20 ml Blocking reagent buffer 1x 
 0.1% (v/v) Tween 20 

antibody mix: 1:1000 anti-penta-His antibody 
 1:5000 goat-anti-mouse-AP antibody 
 q.s. Blocking buffer 
AP substrate buffer: 100 mM Tris-HCl, pH 9.5 
 100 mM NaCl 
 5 mM MgCl2 
BCIP2: 15 mg/ml BCIP 
 q.s. dimethyl formamide (DMF) 
NBT3: 20 mg/ml NBT 
 q.s. dimethyl formamide (DMF) 
1
 Penta-His HRP Conjugate blocking buffer (Qiagen); 2 5-bromo-4-

chloro-3-indolyl phosphate; 3 nitro-blue tetrazolium; q.s.: quantum 
satis 

 

Triton X-100, Tween 20 and DMF were obtained from Fluka, BCIP and NBT from 

Sigma. 

3.9.6. N-terminal sequencing 

Protein samples were separated by SDS-PAGE and subsequently transferred onto a 

ProBlott
TM membrane (Applied Biosystems) using a SemiPhor T70 Semi-Dry Transfer Unit 

(Hoefer). Proteins were stained with 0.1% (w/v) Coomassie blue R-250 in 50% (v/v) 

methanol and 1% (v/v) acetic acid for 5 minutes. After destaining with 50% (v/v) methanol 

the bands of interest were excised and dried under nitrogen stream. 

N-terminal sequencing was carried out by Dr. Peter Hunziker and colleagues at the 

Functional Genomics Center Zurich (UNI/ETH Zurich). 
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3.9.7. ESI/LC-ESI mass spectrometry 

ESI mass spectrometry was done by Dres. Peter Hunziker and Serge Chesnov at the 

Functional Genomics Center Zurich (UNI/ETH Zurich) with protein purified by reverse phase 

(RP-) chromatography prior to measurement. 

LC-ESI mass spectrometry was done by Mr. Alain Blanc at the Center for 

Radiopharmaceutical Science, PSI Villigen. 

3.9.8. ICP-MS 

Purified α-subunit from K. pneumoniae and V. cholerae was concentrated to 0.5 

mg/ml and dialysed against 20 mM Tris HCl, pH 8.0, 100 mM NaCl for 6 hours at 4°C. 10 µl 

(corresponding to 5 µg or 80 pmol α-subunit) were mixed with 5 ml 0.2 M HNO3 prior to the 

measurement. The respective volume of dialysis buffer was treated accordingly and served as 

blank. 

The ICP-MS measurements were performed by Dr. Leonhard Tobler at the Laboratory 

for Radiochemistry and Environmental Chemistry, PSI Villigen. 

3.9.9. Static light-scattering 

Analysis of the oligomeric state in solution and monodispersity of proteins was 

performed by static light-scattering (SLS) using a miniDAWN
TM

 TriStar with an Optilab
®

 rEX 

refractometer (Wyatt). The SLS system was coupled on-line with either a Superdex
TM

 200 

10/300 GL or a Superose
TM

 12 10/300 GL gel filtration column (Amersham Biosciences) on 

an Agilent 1100 Series HPLC system (Agilent Technologies). 0.1 to 0.4 mg protein in 100 µl 

running buffer were injected per measurement. The mass of the native protein and the 

monodispersity were calculated using the Astra software version 4.90.08 (Wyatt). 

3.9.10. CD-spectroscopy 

Protein samples (0.15 mg/ml) for CD were in 10 mM Tris HCl, pH 8.0, 100 mM 

NaCl. Far-UV CD spectra (range 250 to 200 nm) were recorded on a Jasco J-810 

spectropolarimeter (Jasco Inc.) equipped with a temperature controlled quartz cell of 0.1 cm 

path length. 
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protein concentration 

MBP-nAChα7, MBP-5-HT3A: 0.15 mg/ml 

nAChα7, 5-HT3A: 0.15 mg/ml 

3.10. Crystallisation 

Initial screening of crystallisation conditions was performed with sparse matrix 

screens. In optimising steps additive screens were included. The commercial screens used are 

summarised in Table 3.8. Prior to crystallisation, the concentrated proteins (α-∆143: 20 

mg/ml; BCD-∆72: 15 mg/ml) were centrifuged at 15000 x g for 15 minutes at 4°C. All 

screens were set up at 20°C. 

Table 3.8.: Crystallisation screens 

screen type manufacturer 
Basic screen sparse matrix Sigma 
Extended screen sparse matrix Sigma 
Low ionic strength screen sparse matrix Sigma 
The Classic Suite sparse screen Nextal 
JCSG+ sparse screen Nextal 
Additive screen I-III optimising Hampton Research 

3.10.1. Sitting drop method 

Sitting drops were set up in 24 well Cryschem
TM

 Plates (Hampton Research). 

Typically, 4 or 2 µl protein were mixed with 2 µl mother liquor. Usually, the reservoir volume 

was 500 µl. The plates were sealed with Crystal Clear Sealing Tape (Hampton Research). 

3.10.1.1. Crystallisation robot 

Nanodrop crystallisation was set up in Innovaplate
TM

 SD-2 Crystallography Plates 

(Innovadyne Technologies, Inc.) using a Phoenix Liquid Handling System (Art Robbins 

Instruments). Typically, 200 nl protein were mixed with 200 or 100 nl mother liquor. The 

reservoir volume was 50 µl. The plates were sealed with Crystal Clear Sealing Tape 

(Hampton Research). 
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3.10.2. Hanging drop method 

Hanging drops were set up on Siliconized Circle cover slides (Hampton Research). 

Typically, 4 or 2 µl protein were mixed with 2 µl mother liquor. The cover slides were placed 

on 24 well Linbro plates (ICN Biomedicals), whose well rims were provided with High 

Vacuum Grease (Dow Corning). The reservoir volume was 300 µl. 

3.11. Data collection and processing 

3.11.1. Crystal mounting 

3.11.1.1. in cryo-loops 

Crystals were soaked with appropriate cryo-protectant if necessary (α-∆143: 25% 

glycerol final concentration in reservoir buffer). Soaking was performed in 5% steps, starting 

with 5% glycerol and soaking the crystal for 30 seconds at each concentration. The crystal 

was then mounted using a nylon-fibre loop (Hampton Research), and flash-cooled to 100 K in 

a nitrogen stream. 

3.11.1.2. in capillaries 

A drop of mother liquor and a single crystal in a droplet of mother liquor were one 

after the other sucked into a glass capillary. Excess solution around the crystal was removed 

afterwards, using filter paper. The capillary was cut, sealed with Capillary Wax
TM (Hampton 

Research), and mounted on the goniometer head using Mounting Clay (Hampton Research). 

3.11.2. Data collection 

3.11.2.1. Data collection using synchrotron radiation 

Data were collected at the beamlines X06SA and X10SA of the Swiss Light Source 

(SLS, Villigen) at 100 K as consecutive series of 0.5° rotation images on a MAR CCD 

detector. 
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3.11.3. Data processing 

Data sets were indexed and integrated with XDS, scaled with XSCALE, and converted 

to CCP4 format with XDSCONV. mtz files were created with a script xds_to_mtz.sh which 

calls the CCP4 program F2MTZ (Collaborative Computational Project Number 4 1994). 

3.12. Molecular replacement 

Molecular replacement for the carboxyltransferase domain of the oxaloacetate 

decarboxylase was performed using the program MOLREP and for the biotin carrier domain 

using MOLREP and Phaser (Collaborative Computational Project Number 4 1994). The 

homologous transcarboxylase 5S subunit [PDB access code 1RQH, (Hall et al. 2004)] and the 

transcarboxylase 1.3S subunit [PDB access code 1DCZ, (Reddy et al. 2000)], respectively, 

were used as search models. Prior to molecular replacement the sequences of 1RQH and 

1DCZ were modified with CHAINSAW from the CCP4 package. CHAINSAW takes an 

alignment between target and search model sequences and modifies the PDB file of the search 

model pruning non-conserved residues at the γ-atom. Molecular replacement solutions were 

checked for reasonable crystal packing using the computer graphics program COOT (Emsley 

and Cowtan 2004). 

3.13. Model building and refinement 

The initial electron density map based on the molecular replacement solution using the 

CHAINSAW-modified model structure 1RQH showed regions of good but also of poor 

electron density. Where possible, the correct side chains were modelled into the electron 

density map followed by real space refinement using COOT. In regions of poorly defined 

electron density (mainly in the C-terminal subdomain) no model was placed to avoid model 

bias. If the electron density in such regions persisted after maximum-likelihood refinement 

using REFMAC5.2 (Collaborative Computational Project Number 4 1994), the omitted parts 

were added back to the model. 

The model was gradually improved and completed by iterative rounds of model 

building using COOT and maximum-likelihood refinement using REFMAC5.2. 
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3.14. Molecular modelling 

MALIGN, which is included in MODELLER v6, was used for initial alignment of 

template and target proteins. 

3.14.1. Molecular modelling of the LGIC-ECDs 

A homology model of the LGIC-ECDs was created with MODELLER v6  (Sali and 

Blundell 1993) using the crystal structures of the AChBP from Lymneae stagnalis with or 

without ligands [PDB access codes 1I9B, 1UV6, 1UW6, (Brejc et al. 2001; Celie et al. 

2004)]. Typically, 10 models for each LGIC-ECD were calculated and then validated with 

PROCHECK (Laskowski 1993). The best model in terms of backbone geometry judged by 

Ramachandran plot was chosen for further experiments. 

3.14.2. Molecular modelling of the OAD BCD-∆∆∆∆72 

The homology modelling of the BCD-∆72 was carried out with MODELLER v6 using 

the solution structure of the 1.3S subunit of the transcarboxylase in P. shermanii (PDB access 

code 1DCZ). Model calculation and validation as well as model selection was done as 

mentioned above. 

3.15. Docking studies 

For docking the homology model of the V. cholerae BCD-∆72 with α-∆143, the web-

based docking program GRAMM-X (Tovchigrechko and Vakser 2006) was used. The 

program initially performs a search through the rotations and translations of the molecules. In 

a further step it smoothes the intermolecular energy function of the two docking partners. 

For docking small ligands into the active site of α-∆143 the molecular modelling 

package Moloc (Gerber and Muller 1995) was used including energy minimising processes 

for optimisation. 
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Appendix 

A. Swissprot accession codes and loci of proteins 

 
LGICs:   

nAChα7 P36544 ACHA7_HUMAN 

5-HT3A P23979 5HT3R_MOUSE 

GABAρ1 P24046 GAR1_HUMAN 

Glyα1 P23415 GLRA1_HUMAN 

OAD:   

VcOad2-A CAH04951 Q6A1F6_VIBCH 
 
 

B. Vector maps 

Gateway cloning – donor vectors: 
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Gateway cloning – destination vectors: 
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HEK – pcDNA3.1(+): 

OAD-BCD – pET16b:
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C. Oligonucleotides 

Ligand-gated ion channels 

LGIC-ECD wild types (including attB sites and Thrombin cleavage site) for Gateway cloning: 

nAChαααα7 

fwd: 5’-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CCT GGT GCC GCG CGG ATC CGA GTT CCA GAG GAA 

GCT TTA-3’ 

rev: 5’-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTT CTA CCT GCG GCG CAT GGT CA-3’ 

5-HT3A 

fwd: 5’-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CCT GGT GCC GCG CGG ATC CCG GAG GAG GGC CAC 

CCA GGA         GGA TAC-3’ 

rev: 5’-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTT CTA TAA AGG CCT CCG GCG GAT-3’ 

GABAρρρρ1 

fwd: 5’-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CCT GGT GCC GCG CGG ATC CAC TGA AAG CAG AAT 

GC-3’ 

rev: 5’-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTT CTA GTG GCG ACG CAA CGT G-3’ 

Glyαααα1 

fwd: 5’-GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT CCT GGT GCC GCG CGG ATC C 

rev: 5’-GGG GAC CAC TTT GTA CAA GAA AGC TGG GTT CTA CTG CCG CTC CAG GTG GA-3’
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LGIC-ECD Cys-loop mutants (including AChBP-Cys-loop) for Gateway cloning: 

nAChαααα7-Cys 

fwd: 5’-GAT GTG TCG GGT GTG GAT ACC GAG TCG GGT GCG ACC TGC AAA CTG AAG TTT GGG T-3’ 

rev: 5’-GGT CGC ACC CGA CTC GGT ATC CAC ACC CGA CAC ATC GCA GGA ACT CTT GAA TAT GC-3’ 

5-HT3A-Cys 

fwd: 5’-GAT GTG TCG GGT GTG GAT ACC GAG TCG GGT GCG ACC TGT TCT CTG ACT TTC ACC AG-3’ 

rev: 5’-GGT CGC ACC CGA CTC GGT ATC CAC ACC CGA CAC ATC ACA GGC GGT CAC CAA TTG C-3’ 

GABAρρρρ1-Cys 

fwd: 5’-GAT GTG TCG GGT GTG GAT ACC GAG TCG GGT GCG ACC TGC TCT CTT GAA ATT GAA AGC T-3’ 

rev: 5’-GGT CGC ACC CGA CTC GGT ATC CAC ACC CGA CAC ATC GCA CAT TGC AGT TAC TGT AA-3’ 

Glyαααα1-Cys 

fwd: 5’-GAT GTG TCG GGT GTG GAT ACC GAG TCG GGT GCG ACC TGT ATC ATG CAA CTG GAA AGC-3’ 

rev: 5’-GGT CGC ACC CGA CTC GGT ATC CAC ACC CGA CAC ATC GCA GGA CAG TGT CAG GGT-3’ 
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LGIC-ECD wild types (including His6-tag) for cloning into pcDNA3.1(+) (expression in HEK cells): 

nAChαααα7 

fwd: 5’-CCA AGC TTG GTA CCG CCA CCA TGC GCT GCT CGC CGG GAG-3’ 

rev: 5’-GTC AGT GAT GGT GAT GGT GAT GCC TGC GGC GCA TGG TCA CTG-3’ 

5-HT3A 

fwd: 5’-CCA AGC TTG GTA CCG CCA CCA TGC GGC TCT GCA TCC CGC AG-3’ 

rev: 5’-GTC AGT GAT GGT GAT GGT GAT GCC TCC GGC GGA TGA TCA CG-3’ 

GABAρρρρ1 

fwd: 5’-CCA AGC TTG GTA CCG CCA TGT TGG CTG TCC CAA ATA TGA G-3’ 

rev: 5’-GTC AGT GAT GGT GAT GGT GAT GGA TGT GGC GAC GCA ACG TG-3’ 

Glyαααα1 

fwd: 5’-CCA AGC TTG GTA CCG CCA CCA TGT ACA GCT TCA ATA CTC TGC GAT TC-3’ 

rev: 5’-GTC AGT GAT GGT GAT GGT GAT GCT GCC GCT CCA GGT GGA ATC-3’ 
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Oxaloacetate decarboxylase from Vibrio cholerae 

OAD-BCD: 

BCD-∆∆∆∆72-plus 

fwd: 5’-AGG TCG TCA TAT GGC AGA AGG TGA AAA CCT CG-3’ 

rev: 5’-CAG CTT ATC ATC GAT AAG CTT-3’ 

BCD-∆∆∆∆72-plus-Thr (including Thrombin cleavage site) 

fwd: 5’-CTG GTG CCG CGC GGA TCC GCA GAA GGT GAA AAC CTC G-3’ 

rev: 5’-GGA TCC GCG CGG CAC CAG CAT ATG ACG ACC TTC GAT ATG-3’ 
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D. List of clones 

Ligand-gated ion channels 

Entry clones 

clone insert length remarks 

pDONR221-5-HT3A 25-247 (223 aa, 669 bp) no signal-peptide 

pDONR221-5-HT3A-Cys 25-247 (223 aa, 669 bp) no signal-peptide, native Cys-loop replaced by AChBP Cys-loop  

pDONR221-GABAρ1 16-274 (259 aa, 777 bp) no signal-peptide 

pDONR221-GABAρ1-Cys 16-274 (259 aa, 777 bp) no signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDONR221-Glyα1 37-247 (211 aa, 633 bp) no signal-peptide 

pDONR221-Glyα1-Cys 37-247 (211 aa, 633 bp) no signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDONR221/Zeo-nAChα7 24-230 (207 aa, 621 bp) no signal-peptide 

pDONR221/Zeo-nAChα7-Cys 24-230 (207 aa, 621 bp) no signal-peptide, native Cys-loop replaced by AChBP Cys-loop 
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Expression clones 

clone insert length remarks 

pDEST-QE80-L-5-HT3A 25-247 (223 aa, 669 bp) N-terminal His6-tag, Thrombin cleavage site, no signal-peptide 

pDEST-QE80-L-5-HT3A-Cys  25-247 (223 aa, 669 bp) 
N-terminal His6-tag, Thrombin cleavage site, no signal-peptide, 

native Cys-loop replaced by AChBP Cys-loop 

pDEST-QE80-L-GABAρ1  16-274 (259 aa, 777 bp) N-terminal His6-tag, Thrombin cleavage site, no signal-peptide 

pDEST-QE80-L-GABAρ1-Cys  16-274 (259 aa, 777 bp) 
 N-terminal His6-tag, Thrombin cleavage site, no signal-peptide, 

native Cys-loop replaced by AChBP Cys-loop 

pDEST-QE80-L-Glyα1  37-247 (211 aa, 633 bp) N-terminal His6-tag, Thrombin cleavage site,  no signal-peptide 

pDEST-QE80-L-Glyα1-Cys  37-247 (211 aa, 633 bp) 
N-terminal His6-tag, Thrombin cleavage site, no signal-peptide no 

signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-QE80-L-nAChα7  24-230 (207 aa, 621 bp) N-terminal His6-tag, Thrombin cleavage site, no signal-peptide 

pDEST-QE80-L-nAChα7-Cys  24-230 (207 aa, 621 bp) 
N-terminal His6-tag, Thrombin cleavage site, no signal-peptide no 

signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-QE70-2Z.3-5-HT3A 25-247 (223 aa, 669 bp) 
N-terminal His6-tag, 2 N-terminal Z-tags, Thrombin cleavage site, no 

signal-peptide 

pDEST-QE70-2Z.3-5-HT3A-Cys  25-247 (223 aa, 669 bp) 

N-terminal His6-tag, 2 N-terminal Z-tags, Thrombin cleavage site, no 

signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 
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pDEST-QE70-2Z.3-GABAρ1  16-274 (259 aa, 777 bp) 
N-terminal His6-tag, 2 N-terminal Z-tags, Thrombin cleavage site, no 

signal-peptide 

pDEST-QE70-2Z.3-GABAρ1-Cys  16-274 (259 aa, 777 bp) 
N-terminal His6-tag, 2 N-terminal Z-tags, Thrombin cleavage site, no 

signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-QE70-2Z.3-Glyα1  37-247 (211 aa, 633 bp) 
N-terminal His6-tag, 2 N-terminal Z-tags, Thrombin cleavage site, no 

signal-peptide 

pDEST-QE70-2Z.3-Glyα1-Cys  37-247 (211 aa, 633 bp) 

N-terminal His6-tag, 2 N-terminal Z-tags, Thrombin cleavage site, no 

signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pDEST-QE70-2Z.3-nAChα7  24-230 (207 aa, 621 bp) 
N-terminal His6-tag, 2 N-terminal Z-tags, Thrombin cleavage site, no 

signal-peptide 

pDEST-QE70-2Z.3-nAChα7-Cys 24-230 (207 aa, 621 bp) 

N-terminal His6-tag, 2 N-terminal Z-tags, Thrombin cleavage site, no 

signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pDEST-ColdI-5-HT3A 25-247 (223 aa, 669 bp) N-terminal His6-tag, Thrombin cleavage site, no signal-peptide 

pDEST-ColdI-5-HT3A-Cys  25-247 (223 aa, 669 bp) 
N-terminal His6-tag, Thrombin cleavage site, no signal-peptide no 

signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-ColdI-GABAρ1  16-274 (259 aa, 777 bp) N-terminal His6-tag, Thrombin cleavage site, no signal-peptide 
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pDEST-ColdI-GABAρ1-Cys  16-274 (259 aa, 777 bp) 
N-terminal His6-tag, Thrombin cleavage site, no signal-peptide, 

native Cys-loop replaced by AChBP Cys-loop 

pDEST-ColdI-Glyα1 37-247 (211 aa, 633 bp) N-terminal His6-tag, Thrombin cleavage site, no signal-peptide 

pDEST-ColdI-Glyα1-Cys 37-247 (211 aa, 633 bp) 
N-terminal His6-tag, Thrombin cleavage site, no signal-peptide no 

signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-ColdI-nAChα7 24-230 (207 aa, 621 bp) N-terminal His6-tag, Thrombin cleavage site, no signal-peptide 

pDEST-ColdI-nAChα7-Cys 24-230 (207 aa, 621 bp) 
N-terminal His6-tag, Thrombin cleavage site, no signal-peptide no 

signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-MALnosig-5-HT3A 25-247 (223 aa, 669 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

no signal-peptide 

pDEST-MALnosig-5-HT3A-Cys 25-247 (223 aa, 669 bp) 

N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

no signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pDEST-MALnosig-GABAρ1 16-274 (259 aa, 777 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

no signal-peptide 

pDEST-MALnosig-GABAρ1-Cys 16-274 (259 aa, 777 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

no signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-MALnosig-Glyα1 37-247 (211 aa, 633 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

no signal-peptide 
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pDEST-MALnosig-Glyα1-Cys 37-247 (211 aa, 633 bp) 

N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site,  

no signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pDEST-MALnosig-nAChα7 24-230 (207 aa, 621 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

no signal-peptide 

pDEST-MALnosig-nAChα7-Cys 24-230 (207 aa, 621 bp) 

N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

no signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pDEST-MALsig-5-HT3A 25-247 (223 aa, 669 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

no signal-peptide 

pDEST-MALsig-5-HT3A-Cys 25-247 (223 aa, 669 bp) 
no signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pDEST-MALsig-GABAρ1 16-274 (259 aa, 777 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

MBP-signal-peptide 

pDEST-MALsig-GABAρ1-Cys 16-274 (259 aa, 777 bp) 
 N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

MBP-signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-MALsig-Glyα1 37-247 (211 aa, 633 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

MBP-signal-peptide 
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pDEST-MALsig-Glyα1-Cys 37-247 (211 aa, 633 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

MBP-signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-MALsig-nAChα7 24-230 (207 aa, 621 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

MBP-signal-peptide 

pDEST-MALsig-nAChα7-Cys 24-230 (207 aa, 621 bp) 
N-terminal His6-tag, N-terminal MBP-tag, Thrombin cleavage site, 

MBP-signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-NAT-5-HT3A 25-247 (223 aa, 669 bp) 
N-terminal His6-tag, N-terminal Rbx-tag, Thrombin cleavage site, 

no signal-peptide 

pDEST-NAT-5-HT3A-Cys  25-247 (223 aa, 669 bp) 

N-terminal His6-tag, N-terminal Rbx-tag, Thrombin cleavage site, 

no signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pDEST-NAT-GABAρ1  16-274 (259 aa, 777 bp) 
N-terminal His6-tag, N-terminal Rbx-tag, Thrombin cleavage site, 

no signal-peptide 

pDEST-NAT-GABAρ1-Cys  16-274 (259 aa, 777 bp) 
N-terminal His6-tag, N-terminal Rbx-tag, Thrombin cleavage site, 

no signal-peptide, native Cys-loop replaced by AChBP Cys-loop 

pDEST-NAT-Glyα1  37-247 (211 aa, 633 bp) 
N-terminal His6-tag, N-terminal Rbx-tag, Thrombin cleavage site,  

no signal-peptide 
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pDEST-NAT-Glyα1-Cys  37-247 (211 aa, 633 bp) 

N-terminal His6-tag, N-terminal Rbx-tag, Thrombin cleavage site, 

no signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pDEST-NAT-nAChα7 24-230 (207 aa, 621 bp) 
N-terminal His6-tag, N-terminal Rbx-tag, Thrombin cleavage site, 

no signal-peptide 

pDEST-NAT-nAChα7-Cys 24-230 (207 aa, 621 bp) 

N-terminal His6-tag, N-terminal Rbx-tag, Thrombin cleavage site, 

no signal-peptide no signal-peptide, native Cys-loop replaced by 

AChBP Cys-loop 

pcDNA3.1-5-HT3A 1-245 (245 aa, 735 aa) 5-HT3A-ECD, native signal-peptide (1-23), C-terminal His6-tag 

pcDNA3.1-GABAρ1 1-275 (275 aa, 825 aa) GABAρ1-ECD, native signal-peptide (1-15), C-terminal His6-tag 

pcDNA3.1-Glyα1 1-247 (247 aa, 741 aa) Glyα1-ECD, native signal-peptide (1-28), C-terminal His6-tag 

pcDNA3.1-nAChα7 1-230 (230 aa, 690 aa) nAChα7-ECD, native signal-peptide (1-22), C-terminal His6-tag 
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Oxaloacetate decarboxylase from Vibrio cholerae 

clone insert length remarks 

pET24b-VcOadG’A-∆143 1-456 (456 aa, 1368 bp) 

Oad2 α-subunit (A) lacking the 143 C-terminal amino acid residues, C-

terminal His6-tag, G’ represents the C-terminus of the γ-subunit which is 

degraded and does not disturb α-∆143 isolation and purification 

pET16b-BCD-∆151 449-599 (151 aa, 453 bp) 151 C-terminal residues of the Oad2 α-subunit, N-terminal His10-tag 

pET16b-BCD-∆72 528-599 (72 aa, 216 bp) 72 C-terminal residues of the Oad2 α-subunit, N-terminal His10-tag 

pET16b-BCD-∆72-Thr 528-599 (72 aa, 216 bp) 
72 C-terminal residues of the Oad2 α-subunit, N-terminal His10-tag, 
Thrombin cleavage site 
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