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 I 

Abstract 
 

Gram-negative bacteria have evolved a variety of transport and secretion systems to 

enable transport across one, two or three biological membranes. The secretion 

systems are classified into different groups numbered from type 1 onwards. The type 

1 secretion system (T1SS) is a rather simple system with a translocation channel built 

by only three different proteins: an ATP-binding cassette (ABC) transporter, a 

membrane fusion protein (MFP) and an outer membrane protein (OMP). The secretion 

process is powered by ATP hydrolysis and allows secretion of the unfolded substrate 

from the cytosol to the extracellular space in one single step. 

One of the best studied T1SSs is the hemolysin A (HlyA) T1SS from uropathogenic E. 

coli, which transports the pore forming toxin HlyA. The ABC transporter is hemolysin 

B (HlyB), the MFP is hemolysin D (HlyD) and the OMP is TolC. HlyB and HlyD form a 

so-called inner membrane complex (IMC) in the inner membrane, while TolC is located 

in the outer membrane. Although the HlyA T1SS is known for more than 70 years, 

there are still many open questions regarding its molecular organisation and mode of 

action. 

In this thesis, the establishment of the in vitro reconstitution of the HlyA T1SS is shown.  

Additionally, I present an in vitro transport assay which was successfully performed to 

serve as a first proof of principle. This in vitro set up provides a powerful tool for the 

future to investigate the system in further detail. The purification and reconstitution of 

the ABC transporter HlyB and the IMC were studied here intensively. The protocol for 

HlyB purification was optimized for structural studies and the reconstitution into MSP-

based nanodiscs established. A protocol for reconstitution of IMC in MSP-based 

nanodiscs was established as well. TolC reconstituted in liposomes was used to 

complete the assembly in vitro. 

Furthermore, the ABC transporter RtxB, part of the homologous RtxA T1SS from the 

emerging pathogen Kingella kingae, was characterized biochemically and structurally. 

A purification protocol for RtxB was established that allowed initial structural analysis 

using cryo-EM including the construction of a 3D volume map. RtxB showed a higher 

basal ATPase activity in detergent than its homolog HlyB. Reconstitution into MSP-

based nanodiscs increased the ATPase activity of RtxB and further stabilized the ABC 

transporter in vitro.  
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Zusammenfassung 
 

Gram-negative Bakterien haben im Laufe der Zeit eine Vielzahl an Transport- und 

Sekretionssystemen entwickelt, welche den Transport über eine, zwei oder drei 

biologische Membranen ermöglichen. Die Sekretionssysteme werden in verschiedene 

Gruppen eingeteilt und durchnummeriert, beginnend mit Typ 1. Das Typ 1 

Sekretionssystem (T1SS) hat einen vergleichsweise einfachen Aufbau mit einem 

Transportkanal, der aus nur drei verschiedenen Proteinen besteht: ein ATP-binding 

cassette (ABC) Transporter, ein Membranfusionsprotein (MFP) und ein 

Membranprotein der äußeren Membran (OMP). Die Sekretion wird durch Hydrolyse 

von ATP angetrieben und das Substrat wird im ungefalteten Zustand in einem Schritt 

vom Zytosol in den extrazellulären Raum sekretiert. 

Eines der am besten untersuchten T1SS ist das Hämolysin A (HlyA) T1SS aus 

uropathogenen E. coli Stämmen. Es transportiert das porenbildende Toxin HlyA. Der 

ABC Transporter in diesem System ist Hämolysin B (HlyB), das MFP ist Hämolysin D 

(HlyD) und das OMP ist TolC. HlyB und HlyD formen einen Komplex (IMC) in der 

inneren Membran, während sich TolC in der äußeren Membran befindet. Obwohl das 

HlyA T1SS seit über 70 Jahren bekannt ist, gibt es immer noch viele offene Fragen 

hinsichtlich seiner molekularen Organisation und dem detaillierten Ablauf des 

Sekretionsprozesses. 

In dieser Arbeit wird die Etablierung der in vitro Rekonstitution des HlyA T1SS gezeigt. 

Außerdem präsentiere ich einen ersten erfolgreichen in vitro Transporttest, der als 

Machbarkeitsnachweis dient. Das hier beschriebenen in vitro System ermöglicht in 

Zukunft eine noch detailliertere Untersuchung des HlyA T1SS. Die Reinigung und 

Rekonstitution des ABC Transporters HlyB und des IMC wurden in dieser Arbeit 

ausführlich untersucht. Das Reinigungsprotokoll für HlyB wurde für strukturelle 

Analysen optimiert und die Rekonstitution in Lipid-Nanopartikel, basierend auf dem 

Membrangerüst bildenden Protein (MSP), wurde etabliert. Zusätzlich wurde ein 

Protokoll zur Rekonstitution des IMC in MSP basierte Lipid-Nanopartikel entwickelt. 

Dazu wurde TolC in Liposomen rekonstituiert, um die in vitro Assemblierung zu 

ermöglichen. 

Des Weiteren wurde der ABC Transporter RtxB biochemisch und strukturell 

untersucht. RtxB ist Teil das homologen RtxA T1SS aus dem neu aufkommenden 

Erreger Kingella kingae. Ein Reinigungsprotokoll für RtxB wurde etabliert, das erste 
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strukturelle Analysen mittels Kryo-EM bis hin zur Erstellung einer 3D Klasse 

ermöglichte. RtxB zeigte in Detergenz eine basale ATPase Aktivität, welche höher als 

die seines Homologs HlyB war. Darüber hinaus erhöhte die Rekonstitution von RtxB 

in MSP basierte Lipid-Nanopartikel die ATPase Aktivität und führte zu einer 

zusätzlichen Stabilisierung von RtxB in vitro. 
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1. Introduction 
 

Bacteria are unicellular organisms shielded from their environment by a lipid 

membrane. Whereas Gram-positive bacteria have one cellular membrane and a thick 

peptidoglycan layer on the outside [1], Gram-negative bacteria have an inner 

membrane (IM), an outer membrane (OM) and a comparatively thin peptidoglycan 

layer in between the two membranes [2]. The cell membrane of Gram-positive bacteria 

contains mostly anionic phospholipids like phosphatidylglycerol and cardiolipin and 

glycolipids. This makes it a potent barrier for charged and hydrophilic compounds [1-

3]. The IM in Gram-negative bacteria adopts a similar function in repelling charged and 

hydrophilic compounds and contains mainly zwitterionic phosphatidylethanolamine 

besides phosphatidylglycerol and cardiolipin. [2, 4]. The OM of Gram-negative bacteria 

is an asymmetric bilayer with mainly lipopolysaccharides (LPS) in the outer leaflet [2]. 

The densely packed LPS functions as a barrier against hydrophobic molecules [5]. On 

the one hand, this repellent property of bacterial membranes protect the cell from all 

types of molecules, on the other hand, it requires specific transport systems to 

overcome the membrane barriers for uptake and secretion. In case of invasive 

secretion systems such as the type 3, type 4, or type 6 secretion systems, a third 

membrane belonging to the target cell, must be crossed in order for secretion to take 

place. 

Bacteria have evolved numerous systems to secrete molecules across one, two or 

even three biological membranes [6]. This enables for instance transport from inside 

the cell to the extracellular space and beyond. Today, several different specialised 

secretion systems of bacteria are known, most of which have been described for Gram-

negative bacteria. One of them and focus of this work is the type 1 secretion system 

(T1SS) [7, 8]. The other specialised secretion systems type 2 – 9 will be only shortly 

described here in their general operating principle. For detailed reviews see Costa et 

al. [9] and Christie et al. [6]. More commonly distributed among prokaryotes and 

present in many plant chloroplasts is the twin-arginine translocation (Tat) pathway. 

Present in all domains of life and of highest biological importance is the general 

secretory (Sec) pathway. The Sec and Tat systems will be described in the following. 
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1.1. General Membrane Transport Systems 
1.1.1. The Sec System 

 

The Sec pathway is conserved among all domains of life with slight changes in terms 

of the proteins involved and their nomenclature. For simplicity all described proteins 

and protein names will refer to the Sec pathway of Escherichia coli (E. coli). 

The Sec pathway enables transport of unfolded proteins from the cytosol to the 

periplasm. The main component of the Sec pathway is the SecYEG translocon located 

in the IM of E. coli. It is a heterotrimeric channel forming complex build by the proteins 

SecY, SecE and SecG [10]. The channel is narrowed in the centre, comparable to the 

shape of an hourglass [11]. In the centre of this hourglass-shape a ring of six 

isoleucines acts as a hydrophobic channel gate [12]. Furthermore, a short helix of 

SecY acts as a plug from the periplasmic side [13, 14]. Proteins intended for transport 

via the Sec pathway contain an N-terminal hydrophobic signal sequence [15]. 

Depending on the final destination of the protein two different pathways within the Sec 

system are differentiated. Both pathways use the SecYEG channel for translocation, 

but differ in the way how the pre-protein is targeted to the SecYEG complex (Figure 

1). 

On the one hand, pre-proteins can be targeted to SecYEG via the SecB dependant 

pathway. Substrates for the SecB dependent pathway are usually soluble proteins 

destined for the periplasm or the extracellular space and membrane proteins destined 

for the OM. The unfolded protein is fully synthesized by the ribosome and afterwards 

bound and stabilized by the chaperon SecB [16]. SecB recognizes unfolded proteins 

and keeps them in an unfolded state acting as a holdase [17]. Next SecB delivers its 

cargo to SecA which directs it to SecYEG and enables transport via its ATPase activity 

[18]. This pathway is referred to as post-translational secretion (Figure 1, left). 

On the other hand, pre-proteins can be targeted to SecYEG via the signal recognition 

particle (SRP) dependant pathway. Substrates for the SRP dependant pathway are in 

general transmembrane proteins of the IM [19]. The hydrophobic signal sequence is 

recognised and bound by the SRP and translation stops [20]. SRP together with the 

ribosome are targeted to SecYEG via the membrane bound receptor FtsY [21]. 

Translation continues and the pre-protein is secreted with the help of SecA through the 

SecYEG channel. Membrane helices leave the SecYEG channel via a lateral gate 
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1.2. Specialised transport across one membrane 
1.2.1. OM secretion systems 

 

More specific secretion systems for the transport across the OM in Gram-negative 

bacteria are the type 5 secretion system (T5SS), type 8 secretion system (T8SS) and 

Chaperone-Usher secretion pathway (Figure 3A). Those systems span the OM and 

rely on the transport of their substrates to the periplasm via the Sec pathway [42, 43]. 

Furthermore the type 7 secretion system (T7SS) enables transport across the cell 

envelope in mycobacteria [44] (Figure 3B). 

Type 5 secretion systems (T5SSs) are also referred to as ‘autotransporters’ and 

summarise a variety of transport systems that harbour a so-called translocator and a 

passenger domain [45]. Those domains are usually part of the same polypeptide chain, 

with the  passenger domain being the substrate and the translocator domain being the 

translocation channel [43]. Most of the substrates are important for biofilm formation, 

cell-cell-attachment or virulence [46]. T5SSs were thought to be independent of other 

factors and perform transport across the OM only by their translocator domain [6]. 

However, over the past years it was shown that T5SSs rely on interaction with other 

systems like the periplasmic chaperone network, the barrel assembly machinery 

(BAM) or the translocation and assembly module (TAM) [47-49]. T5SSs are grouped 

in 6 different sub-families (a – f) varying in the number, organisation or structural details 

of the different domains [45].  

Another OM spanning secretion system is the T8SS or nucleation-precipitation 

machinery [50]. Type 8 secretion systems (T8SSs) were first described about 35 years 

ago as a secretion machinery for E. coli surface structures called curli [51]. Those 

surface structures are built by repetitive assembly of the curli protein CsgA into an 

amyloid like fibre and are important for biofilm formation [52-54]. The curli biosynthesis 

pathway was found in different Enterobacteriaceae such as E. coli [55-57]. The  E. coli 

T8SS is organised in two different operons harbouring curli-specific genes (csg) [56]. 

The first operon contains csgBAC, relevant for the formation of the fibre and the second 

operon contains csgDEFG, relevant for transcription activation and secretion of the 

fibre components [58-60]. 

Last but not least the chaperone-usher (CU) system represents another OM spanning 

system which relies on the Sec pathway for transport of its components across the IM 

[61]. The CU pathway consists of a chaperone in the periplasm for substrate targeting 
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of the collar-like pore assembly (blue) in the membrane and cytoplasmic nucleotide binding domains (blue circles). 
The substrate (red square) is secreted to the periplasm through the central pore. The mycobacterial outer 
membrane has been omitted for reasons of clarity. This figure makes no claim to the accuracy of the stoichiometry 
or scale. 

 

1.2.3. OM secretion systems with an IM part 
 

Further OM transport systems are the type 2 secretion system (T2SS), type 4 pilus 

(T4P) and type 9 secretion system (T9SS) (Figure 4). They are present in Gram-

negative bacteria and are also dependent on the Sec or Tat pathway [78] for substrate 

translocation across the IM. They transport folded substrates from the periplasm to the 

extracellular space, but in contrast to the T5SSs, T8SSs and CU system they have an 

inner membrane part as well as an outer membrane part. This allows these systems 

to use cytosolic or IM related energy sources such as ATP or PMF [79-81]. 

The type 2 secretion systems (T2SSs) transport a brought variety of folded substrates 

like toxins, lipases and other proteins important for biofilm formation [82]. The T2SS 

consists of an OM pore complex, an IM platform, a periplasmic pseudopilus and a 

cytoplasmic ATPase [83]. The OM pore complex and the IM platform connect via their 

periplasmic domains [84]. The pseudopilus does not cross the OM and expands only 

within the periplasm, pushing substrates through the OM pore complex in an either 

piston-like or Archimedes’ screw mechanism [85-87]. ATPase activity is responsible 

for substrate translocation across the OM and probably also involved in pseudopilus 

assembly [80, 88]. The T4P has a similar architecture to the T2SS [89], but type 4 pili 

systems contain a pilus instead of a pseudoplius, that elongates beyond the OM and 

enables cell-cell contacts for biofilm formation, twitching motility or DNA uptake [90]. 

In addition, T4P usually have a retraction ATPase for pilus retraction [91]. 

The type 9 secretion systems (T9SSs) were only discovered about 20 years ago as 

responsible gene cluster for gliding motility and transport of gingipains and adhesins 

[92, 93]. Nowadays it is known that T9SSs are present mostly in Bacteroidetes and 

that transport of a variety of substrates occurs in parallel to gliding motility [94, 95]. 

T9SSs substrates possess a C-terminal signal peptide for OM transport besides the 

signal peptide for the Sec pathway [96]. The T9SS is built by an PMF driven IM motor 

and an OM pore complex that transports folded substrates and cleaves the C-terminal 

signal peptide [97, 98]. However, the exact interplay between inner and outer 

membrane components of the T9SSs are still unknown [99]. 
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membrane, spanning the whole cellular envelope; the needle, reaching from the basal 

body to the target cell and the pore forming translocon complex in the target cell which 

is connected to the needle [105]. In the bacterial cytosol T3SS chaperones target 

substrates to the sorting platform [106]. The substrates of the T3SS have an N-terminal 

secretion signal and secretion follows a strictly controlled hierarchy [107]. The 

dimensions of the needle only allow the passage of unfolded substrates [108]. It is 

assumed that ATPase activity is responsible for substrate unfolding and initial steps of 

the secretion process while the PMF powers the secretion [109]. T3SSs are related to 

the flagellum and hypotheses assume a common origin [110]. 

The type 4 secretion systems (T4SSs) are present in Gram-negative as well as Gram-

positive bacteria and play an important role in effector protein secretion into eukaryotic 

target cells as well as transfer of DNA between procaryotes [111]. Besides direct cell-

to-cell transfer, T4SSs can also be used to secrete DNA into or take it up from the 

extracellular space [112, 113]. T4SSs can be classified in three different subfamilies: 

conjugation machines for DNA transfer, effector translocators for cell-to-cell transport 

and an import/export subfamily for release into and uptake from the extracellular space 

[114]. The T4SSs are diverse in structural details and substrates but share the 

common modular architecture of an outer membrane core complex and an inner 

membrane complex, connected via a so-called stalk in the periplasm [115]. In addition, 

many systems assemble an extracellular pilus [116]. Transport via T4SSs is powered 

by three different ATPases that are all essential for the secretion process [117]. 

The type 6 secretion systems (T6SSs) were first described approximately 20 years ago 

as a cytotoxic cell contact dependant protein secretion machinery in Vibrio cholerae 

and many other pathogenic Gram-negative bacteria [118]. Those systems secrete a 

brought variety of effectors into prokaryotic or eukaryotic target cells by penetrating the 

cellular membrane of the target cell [119-121]. Especially in competition with other 

bacteria, the T6SS plays a vital role in occupying a biological niche [122]. The system 

is built by a channel-forming multiprotein membrane complex spanning inner and outer 

membrane and a so called baseplate at the cytosolic side of the IM [123]. Furthermore, 

a tube in a contractile sheath with a spike complex at the tip assembles in the cytosol 

connected to the baseplate [124]. Upon an extracellular trigger event the sheath 

contracts and the spike complex with the tube advances through the membrane 

channel into the host cell [125, 126]. Substrates are either attached to the outside of 
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1.4. Specialised transport across two membranes – The T1SS 
 

In Gram-negative bacteria the T1SS enables transport across IM and OM to the 

extracellular space [129]. Type 1 secretion systems (T1SSs) are rather straightforward 

systems with a secretion channel built in its simplest version by only three structural 

elements [130]. These tripartite assemblies contain an ATP-binding cassette (ABC) 

transporter, a membrane fusion protein (MFP) and an outer membrane protein (OMP) 

[8] (Figure 6). In the IM the ABC transporter and MFP form the so-called inner 

membrane complex (IMC). In the OM the OMP forms a beta-barrel pore with a large 

periplasmic part. The IMC and the OMP connect in the periplasm and form the 

secretion channel [131]. The substrates of T1SSs are very diverse, but in general 

specific for its cognate T1SS and are secreted in the unfolded state [7]. The energy for 

the secretion is derived from ATP hydrolysis by the ABC transporter [132]. 

For T1SSs, it has long been a dogma that transport occurs in an unfolded state from 

the cytoplasm to the extracellular space in one single step and without a periplasmic 

intermediate [133]. However, recent findings on a retention module at the N-terminus 

of a T1SS substrate in Pseudomonas fluorescens, which retains a part of the protein 

in the periplasm, show that there might be exceptions [134]. Furthermore, discoveries, 

like the Aat system of E. coli, which shares T1SS elements and accepts substrates 

from the periplasm, may revise our understanding of a T1SS in the future [135]. T1SSs 

show similarities to other tripartite systems for instance the major facilitator superfamily 

(MFS) efflux systems, like EmrAB-TolC [136], resistance-nodulation-division-type 

(RND-type) efflux pumps, like AcrAB-TolC [137], or other non-T1SS tripartite efflux 

systems, like MacAB-TolC [138]. All share the tripartite assembly of an IM transporter, 

a MFP and an OMP, but differ in functionality of the transporter. While the MacAB-TolC 

system also possesses an ABC transporter, it binds substrates in the periplasm instead 

of the cytosol and transports multiple small molecules to the extracellular space (for 

details see chapter 1) [139]. The MFS tripartite efflux systems transport substrates 

from the cytosol to the extracellular space but contain a secondary active transporter 

and use the PMF instead of ATP to power the secretion [140]. The RND-type tripartite 

efflux systems use the PMF via a secondary active transporter as well and secrete 

various small molecules from the periplasm to the extracellular space [141]. 

The hemolysin A (HlyA) T1SS was the first described T1SS. It was discovered in 

uropathogenic E. coli in 1951, however the first steps to determine its molecular 
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TMD of HlyB comprises six transmembrane helices (TMH) that sum up to 12 TMH in 

the dimer. Based on the TMD fold HlyB is classified as a type IV ABC transporter [178]. 

This class has a domain-swapping arrangement in the TMD and two short coupling 

helices per TMD connecting to the NBDs [178, 179]. The NBDs of HlyB provide the 

energy for the transport via ATP binding and hydrolysis [176, 180-182]. They contain 

the conserved motifs: Walker A (GxxGxGKS, x being any amino acid), Walker B 

(hhhhDE, h being a hydrophobic amino acid), Pro-loop, A-loop, D-loop, Q-loop, H-loop 

and C-loop with the ABC signature motif (LSGGQ) [176, 183]. The NBDs dimerize 

upon ATP binding in a way that Walker A, Q-loop and Walker B from one NBD together 

with the C-loop of the other NBD form the so-called nucleotide binding site (NBS). A 

histidine residue at position 662 was identified to be the ‘linchpin’ in this complex 

interaction network [183]. 

The other component of the IMC is the MFP HlyD, which consists of 478 amino acids 

and has a size of 55 kDa [160]. It contains an N-terminal cytosolic domain, one TMH, 

and a large periplasmic domain, which can be subdivided into a beta-barrel domain, a 

lipoyl domain and an alpha-helical domain [154, 174, 184]. In contrast to MFPs 

involved in drug efflux systems, HlyD and other MFPs operating in T1SSs lack a 

membrane proximal domain [8, 131]. The N-terminal cytosolic domain of HlyD forms 

an amphipathic helix and contains a small cluster of charged amino acids. These two 

features are important for substrate binding and subsequent TolC recruitment [172, 

185]. Interestingly the structure of the IMC revealed that the charged cluster at the N-

terminus of HlyD interacts with the CLD of HlyB, forming an essential electrostatic 

interaction network. In addition, HlyD interacts via its TMH with the HlyB TMD via 

nonpolar interactions [154]. The exact role of the beta-barrel and lipoyl domain still 

remain elusive, although structural information is available. However, truncation of the 

last 10 C-terminal amino acids, relating to the beta-barrel domain, completely 

abolishes secretion of HlyA [184]. The structure of the alpha-helical domain was 

derived from the crystal structure of a soluble periplasmic part of HlyD, containing the 

alpha-helical domain and the lipoyl domain [186]. A pulldown assay with the crystalized 

construct supports a tip-to-tip interaction between the alpha helical tip of HlyD and the 

OMP TolC [186]. 
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1.5.3. The outer membrane protein – TolC 
 

The OMP of the HlyA T1SS is TolC [187]. It is a protein of 493 amino acids and has a 

size of 54 kDa. It forms a homotrimer in the outer membrane and possesses a large 

periplasmic part [188]. In 2000 the structure of TolC revealed a so far unique 

architecture [189]. TolC builds a single beta-barrel pore in the outer membrane and a 

long alpha-helical barrel in the periplasm (Figure 9A). With a length of 140 Å TolC 

protrudes far into the periplasm. While the beta-barrel is a solvent accessible cavity, 

the alpha-helical barrel seals the tunnel at the far periplasmic tip [189]. Mutational 

analysis of the periplasmic tip indicated an iris-like opening of TolC, that might be 

triggered by interaction with other components of a tripartite assembly [190]. A 

complete open conformation of the periplasmic tip was visualized in the structures of 

tripartite assemblies of TolC with MacAB or AcrAB [138, 191] (Figure 9B). TolC is not 

only part of the HlyA T1SS but also part of other tripartite efflux systems, like the 

MacAB-TolC multidrug efflux system, the AcrAB-TolC RND-type efflux system or the 

EmrAB-TolC efflux complex [136, 138, 192]. However, the amount of TolC in the 

bacterial cell is limited which strengthens the assumptions that the tripartite assemblies 

are transient [193]. For the HlyA T1SS it was shown that recruitment of TolC occurs 

only upon substrate recognition [172]. Also in situ studies on AcrAB-TolC revealed a 

large number of subcomplexes that were lacking TolC [194]. Furthermore, it was 

shown that the affinity of TolC to MFP differs between the systems and is influenced 

by the oligomerisation kinetic of the MFP and the pH [195]. 
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acylation is referred to as pro-Hemolysin A (pro-HlyA) [165]. So far no chaperone was 

identified to stabilize unfolded HlyA in the cytosol [129]. Nevertheless, it was shown 

that secretion efficiency relies on a slow folding rate of the substrate [200].  The IMC 

of HlyB and HlyD forms independent of HlyA or TolC and increases stability of the 

proteins involved [172, 201]. Binding of HlyA to the HlyD recruits TolC to the IMC [172]. 

The amount of TolC in the outer membrane is constant and does not change with 

overexpression of the HlyA T1SS components [193]. Furthermore, the HlyA T1SS 

does not show polarized localisation but random cluster distribution [193]. This is in 

contrast to T3SSs and T4SSs which showed such a polarized localisation [202-204]. 

HlyA can simultaneously bind via its amphipathic helix and the GG repeats to the 

different domains of HlyB, which is supposed to be necessary for sufficient secretion 

[153]. HlyA is secreted with a speed of approximately 16 amino acids per second per 

transporter and independent of extracellular calcium levels with the C-terminus first in 

an unfolded state [149, 171]. Recent structural and biochemical data propose a 

secretion mechanism, where all three HlyB dimers hydrolyse ATP to generate energy 

for the transport, but only one dimer secretes the substrate through its dimer interface 

[154]. In the extracellular space HlyA folds upon calcium binding to its hemolytic active 

form [156]. It is assumed that IMC and TolC disassemble after successful secretion of 

the substrate (Figure 10). 

 
Figure 10: Schematic of the secretion of HlyA via its T1SS. IM: inner membrane. OM: outer membrane. LPS: 
lipopolysaccharides. HlyD (yellow) recognizes the C-terminus of unfolded HlyA (grey line) (1) and recruits TolC 
(blue) to the inner membrane complex (IMC) (2). HlyB (green) binds simultaneously secretion signal (red) and RTX 
domain (purple) of HlyA. Upon hydrolysis of ATP (yellow sun) to ADP + Pi (pink circle) by HlyB (4), HlyA is secreted 
in one step with the C-terminus first from the cytosol to the extracellular space. In the extracellular space the RTX 
domain binds calcium (orange dots) and promotes folding of HlyA (5). After successful secretion the T1SS 
disassembles again into IMC and TolC (6). The peptidoglycan has been omitted for reasons of clarity. This figure 
makes no claim to the accuracy of the stoichiometry or scale.  
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2. Aims 
The HlyA T1SS was first discovered in 1951 in uropathogenic E. coli strains  and is 

one of the best studied T1SSs today [143]. Although only three proteins are involved 

in building the secretion system and naturally only one specific substrate is 

translocated, the exact interplay between all components of the T1SS is not fully 

understood yet [7, 142]. The ABC transporter HlyB and the MFP HlyD form the IMC in 

the inner membrane and the OMP TolC forms the conduit in the OM. The systems 

substrate is the pore forming RTX protein HlyA. The IMC is assembled even in the 

absence of the substrate HlyA and only upon recognition of the substrate by HlyD, the 

OMP TolC is recruited to the IMC [172]. HlyA is recognized by HlyB via its secretion 

signal and the RTX domain. This dual recognition is necessary for successful and 

efficient secretion [153]. When the projects of this thesis were started, structures were 

available only for the NBD and the CLD of HlyB and for a periplasmic part of HlyD [176, 

177, 186]. The structure of the IMC was only recently published, shortly before the 

projects described in this thesis were finalised [154]. 

The main aim of this thesis was to set up an in vitro reconstitution of the HlyA T1SS, 

in order to investigate its assembly and function in a controlled environment. This 

approach would allow to investigate for example the number of hydrolysed ATP 

molecules per transported substrate or the influences of different conditions on 

transport efficiency, like lipids, ion concentration gradients or pH. To set up such an in 

vitro transport assay it is essential to purify and reconstitute the different components 

of the T1SS in an active state. For this reason, both the ABC transporter HlyB as well 

as the IMC were topics of this thesis. The purification and reconstitution of the OMP 

TolC was already established previously, as well as the purification of the truncated 

substrate HlyA1 [205]. 

For the ABC transporter HlyB, the aim was to solve the structure on the one hand and 

investigate influences of the lipid bilayer on the other hand. Therefore, purification as 

well as reconstitution of the protein was necessary. The idea was to optimize a 

previously published protocol [151] and improve sample quality for structural studies 

via cryo-EM. 

For the IMC, the aim was not only to establish functional reconstitution for an in vitro 

transport assay, but also to purify the IMC to enable structural investigations. The IMC 

should be purified from membranes or assembled from its individual components after 

these have been purified separately. 
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Besides HlyA, numerous RTX toxins are known and transported via a T1SS, such as 

the homologous RtxA T1SS from the Gram-negative pathogen Kingella kingae [206]. 

The investigation of such homologous systems can be very useful as they can provide 

insights into conserved structural and functional motifs or molecular differences 

specific to the investigated system. Furthermore, homologs can exhibit a higher 

stability which is beneficial for structural analysis. Therefore an additional aim of this 

thesis was the biochemical characterization and structural investigation of the ABC 

transporter RtxB from the RtxA T1SS from Kingella kingae. For this purpose RtxB 

should be expressed, purified and reconstituted. 
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Abstract 
The ATP-binding cassette (ABC) transporter hemolysin B (HlyB) is a central part of the 

hemolysin A (HlyA) type 1 secretion system (T1SS) from Escherichia coli (E. coli). It is 

not only responsible for ATP hydrolysis to provide the energy for the secretion process, 

but also plays an important role in substrate recognition via two different substrate 

binding sites. This high level of complexity makes the HlyA T1SS and its ABC 

transporter HlyB a highly interesting target for membrane protein research. To enable 

structural and functional research on membrane proteins, a reliable expression and 

purification protocol for production of high-quality protein is necessary. Therefore 

multiple parameters need to be taken into account and several conditions need to be 

tested and optimised. Here we report the optimisation of a purification protocol for the 

ABC transporter HlyB. We could improve sample purity by changing the affinity tag 

from a His-tag to a TwinStrep-tag. In addition, we observed a change in growth 

behaviour of the cells due to the change of the affinity tag. Furthermore we compared 

the detergents DDM and GDN for the purification of HlyB. We conclude that a 

combination of Fos-Cholin-14 for solubilisation and the novel detergent GDN for the 

purification in combination with a TwinStrep-tag on the N-terminus of HlyB result in 

high-quality protein samples that are suitable for functional and structural studies. 
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Introduction 
The ATP-binding cassette (ABC) transporter hemolysin B (HlyB) is part of the 

hemolysin A (HlyA) type 1 secretion system (T1SS) in Escherichia coli (E. coli) and 

provides the energy necessary for substrate translocation [1, 2]. The substrate HlyA is 

a 110 kDa toxin and secreted unfolded via its T1SS without periplasmic intermediates 

across the inner and outer membrane of E. coli [3-5]. The secretion process requires 

a complex interplay between all components of the T1SS [6-11]. One central part of 

the T1SS is the ABC transporter HlyB. HlyB consists of three domains: the so-called 

C39 peptidase-like domain (CLD) at the N-terminus, the transmembrane domain 

(TMD) and the nucleotide binding domain (NBD) at the C-terminus. The CLD shares 

about 40% homology with C39 peptidases but lacks peptidase activity. Within the 

secretion process the CLD fulfils a dual role. It harbours a substrate recognition site 

and serves as contact site for stabilisation of the IMC [6, 12]. The TMD of HlyB is build 

up by six transmembrane helices (TMH) which add up to 12 TMH in the homodimer. 

So far no classical substrate binding site within the TMD was detected but cross-linking 

studies tracked a translocation channel through the centre of the TMD dimer interface 

[7, 12]. The NBD of HlyB exhibits the classical highly conserved motifs such as Walker 

A, Walker B, C-loop and D-loop [13]. Furthermore, it is well characterized in terms of 

structure and biochemical function [13-15]. A histidine residue crucial for ATP 

hydrolysis was determined in the H-loop of the NDB [16]. Besides the nucleotide 

binding the NBD of HlyB shows additional interaction with the substrate HlyA [9, 17]. 

Recently the structure of the so-called inner membrane complex (IMC) composed of 

the ABC transporter HlyB and the membrane fusion protein hemolysin D (HlyD) was 

published. Within the IMC, HlyB adopts an unexpected stoichiometry by forming a 

trimer of dimers [12]. 

For structural and functional studies sufficient amounts of protein is crucial. Standard 

membrane protein expression and purification protocols are available and provide a 

good starting point [18, 19]. However large quantities of membrane proteins are very 

demanding and require adaptations of standard protocols combined with various 

screenings for the right condition [20-22]. First of all the choice of the right expression 

host is important [23]. Furthermore genetic modifications of the expression host or the 

membrane protein are possible strategies for successful membrane protein production 

and stabilisation [24, 25]. Next the choice of the detergent needs to be addressed and 

probably involves a lot of screening and a suitable read out [26-28]. Depending on the 
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purification strategy the affinity tag and its position might be another important factor 

[29]. 

Here we present an optimisation of the expression and purification of the ABC 

transporter HlyB from E. coli for structural studies. We used the already published 

protocol for functional studies [30] as a starting point and adapted different parameters 

such as choice of affinity tag, expression conditions and detergent. We could show 

that the TwinStrep-tag strongly improved protein purity but decreased protein yield 

during expression. In addition we could observe loss of ATPase activity in Fos-Choline-

14 and stabilisation of possible higher oligomers of HlyB in GDN. 

 

 

Material and Methods 
Cloning of pBAD-TSHlyB 

E. coli DH5a was used for cloning. pBAD-TSHlyB was generated via Gibson Assembly 

using a double-stranded DNA oligomer for the TwinStrep-tag (TS) and the primers 

(Table S1) TSHlyB_fwd and TSHlyB_rev to amplify the vector from pBAD-HisHlyB. 

The 10xHis-tag (His) on the N-terminus of HlyB was replaced by a TwinStrep-tag on 

the N-terminus. 

 

Expression and purification of HisHlyB 

Expression of HisHlyB was performed in E. coli C41DacrABDompF(DE3) using a pBAD 

based plasmid with an 10xHis-tag following published protocol [7]. 

The purification of HisHlyB was adapted from a published protocol [30]. Cell pellet after 

harvest was resuspended in buffer A (50 mM NaH2PO4 pH 8, 300 mM NaCl) and one 

cOmplete EDTA-free inhibitor cocktail tablet and a spatulas tip of DNAse I were added. 

Cell disruption was performed by three passes through Microfluidizer M-110P 

(Microfluidics) at 1.5 kbar. Centrifugation was performed  at 18,000 xg for 30 minutes 

at 4 °C to get rid of cell debris. Supernatant was centrifuged  for 90 minutes at 38,000 

rpm (Type 45 Ti, Beckman Coulter) at 4 °C to pellet membranes. Membranes were 

resuspended in buffer A, adjusted to 10 mg/ml and solubilised for 1 hours at 4 °C using 

0.5 % Fos-Choline-14 (FC14). Non-solubilized material was removed by filtration 

through a 0.45 µm filter. The solubilized membrane was diluted 1:4 with buffer A to get 

a final concentration of FC14 of 0.1%. The supernatant was loaded on a 5 ml HiTrap 

Chelating HP (Cytiva) column (Zn2+-loaded) equilibrated with 5 column volumes (CV) 
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buffer A1 (50 mM NaH2PO4 pH 8, 300 mM NaCl, 0.015 % DDM, 2 mM imidazole). 

Column was washed with 2 CV buffer A1 and 4 CV buffer A2 (50 mM NaH2PO4 pH 8, 

300 mM NaCl, 0.015 % DDM, 40 mM imidazole). HisHlyB was eluted with buffer A3 

(50 mM NaH2PO4 pH 8, 300 mM NaCl, 0.015 % DDM, 25 mM EDTA). Fractions 

containing HisHlyB were combined and concentrated using an Amicon Ultra-15 

centrifugal filter unit (Millipore) with a MWCO of 100 kDa. The concentrated sample 

was centrifuged for 30 minutes at 17,000 xg and 4 °C and supernatant was applied on 

Superose 6 Increase 10/300 GL equilibrated with buffer B (100 mM Hepes pH 8, 250 

mM NaCl, 0.015% DDM). Fractions containing HlyB were combined and concentrated 

using an Amicon Ultra-4 centrifugal filter unit (Millipore) with a MWCO of 100 kDa. 

For the purification of HisHlyB in lysophosphatidylglycerol (LPG), 1% LPG was used 

for solubilisation instead of FC14 and 1.2 mM LPG was used in buffers instead of DDM. 

 

Solubilizationtest for HisHlyB 

For the solubilization test of HisHlyB the membrane was diluted to 10 mg/ml in buffer 

C (50 mM NaPi, pH 8, 150 mM NaCl). The detergents were used at a concentration of 

1% and the final volume of the sample was 1 ml. The sample was incubated at 4 °C 

for 1 hour under constant agitation. After centrifugation for 20 min at 100,000 xg the 

supernatant was applied on a 10% SDS-PAGE gel. 

 

Expression and purification of TSHlyB 

HlyB was expressed in E. coli C41DacrABDompF(DE3) using a pBAD based plasmid 

containing an N-terminal TwinStrep-tag. Cells were grown in 50 ml 2YT medium in a 

300 ml baffled flask supplemented with 100 µg/ml ampicillin at 37 °C and 180 rpm 

overnight. Expression cultures of 1 L 2YT supplemented with 100 µg/ml ampicillin in 5 

L baffled flasks were inoculated from the precultures to an OD600 of 0.1 and incubated 

at 37 °C and 120 rpm. Expression was induced at OD600 of 0.7 by addition of 10 mM 

arabinose and expression was performed for 3 h. Cells were harvested via 

centrifugation at 5,000 xg for 20 minutes at 4 °C. Pellet was resuspended in buffer A1 

and 1 cOmplete EDTA-free inhibitor cocktail tablet and a spatulas tip of DNAse I were 

added. Cell disruption was performed by three passes through Microfluidizer M-110P 

(Microfluidics) at 1.5 kbar. Centrifugation was performed  at 18,000 xg for 30 minutes 

at 4 °C to get rid of cell debris. Supernatant was centrifuged  for 90 minutes at 38,000 

rpm (Type 45 Ti, Beckman Coulter) at 4 °C to pellet membranes. Membranes were 
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resuspended in buffer A (50 mM NaH2PO4 pH 8, 300 mM NaCl) and adjusted to 10 

mg/ml and solubilised for 1 hours at 4 °C using 0.5 % Fos-Choline-14. Non-solubilized 

material was removed by centrifugation for 30 minutes at 38,000 rpm (Type 45 Ti, 

Beckman Coulter) at 4 °C and diluted once with buffer A. Supernatant was loaded on 

a 5 ml StrepTrap HP (Cytiva) column equilibrated with buffer A4 (50 mM NaH2PO4 pH 

8, 300 mM NaCl, 0.015 % DDM). Column was washed 10 CV with buffer A4 and HlyB 

was eluted with 6 CV buffer A5 (50 mM NaH2PO4 pH 8, 300 mM NaCl, 0.015 % DDM, 

2.5 mM desthiobiotin). Fractions containing HlyB were combined and concentrated 

using an Amicon Ultra-15 centrifugal filter unit (Millipore) with a MWCO of 100 kDa. 

The concentrated sample was centrifuged for 30 minutes at 17,000 xg and 4 °C and 

supernatant was applied on Superose 6 Increase 10/300 GL equilibrated with buffer D 

(20 mM Hepes pH 8, 100 mM NaCl, 0.015% DDM). Fractions containing HlyB were 

combined and concentrated using an Amicon Ultra-4 centrifugal filter unit (Millipore) 

with a MWCO of 100 kDa. For the purification in FC14 only, the buffers contained 

0.01% FC14. For the purification with exchange of detergent from FC14 to GDN, the 

buffers contained 0.0063 % GDN. For the purification in GDN only, the membrane was 

solubilized at 20 mg/ml with 1.5% GDN and all buffers contained 0.0042% GDN. 

 

Blue Native-PAGE 

For the Blue Native-PAGE the NativePAGE Novex Bis-Tris Gel System (Invitrogen) 

was used. Samples were prepared with 4x Sample Buffer (50 mM BisTris, 6 N HCl, 50 

mM NaCl, 10% glycerol (w/v), 0.001% ponceau S, pH 7.2) and NativePAGE 5% G-

250 Sample Additive (5% Coomassie G-250). The run was performed at 4 °C using 

NativePAGE Anode Buffer (50 mM BisTris, 50 mM Tricine, pH 6.8) and NativePAGE 

Cathode Buffer Dark Blue (50 mM BisTris, 50 mM Tricine, pH 6.8, 0.02 % Coomassie 

G-250) for 15 min at 100 V. Next the NativePAGE Cathode Buffer Dark Blue was 

exchanged to NativePAGE Cathode Buffer Light Blue (50 mM BisTris, 50 mM Tricine, 

pH 6.8, 0.002 % Coomassie G-250) and electrophoresis was performed 45 min at 150 

V and one additional hour at 250 V. 

 

Malachite Green ATPase activity assay 

For measuring ATPase activity the Malachite Green assay [31] was used with the 

following adaptations. ATP was used in final concentrations of 4 mM and MgCl2 was 

used in a final concentration of 10 mM. Negative controls contained no MgCl2. 
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changing to DDM or GDN (Figure 6 and 7) after solubilisation in FC14 we could detect 

ATPase activity. 

We observed that the identity of the affinity tag can have a major impact on protein 

production (Figure 4). When changing form His-tag to TwinStrep-tag we observed a 

decrease in expression levels and change in growth behaviour. This is in line with 

published data showing that an N-terminal His-tag can increase recombinant 

expression in E. coli [36]. It remains elusive whether the TwinStrep-tag has a negative 

effect on protein production or the effect seen here in this study is simply the lack of 

increase of expression caused by the removal of the His-tag. Furthermore we could 

demonstrate that in terms of purity, the TwinStrep-tag (Figure 6) is superior to the 

10xHis-tag (Figure 1). 

Use of the detergent GDN for solubilisation and purification did not improve purity of 

our sample (Figure 8). Although GDN is known to stabilize challenging proteins and 

proteins complexes, it is often applied after the solubilisation step [37]. This also fits in 

with our results, as change to GDN during purification (Figure 7) leads to a better 

sample in terms of purity than starting already at the solubilisation step with GDN 

(Figure 8). As all peaks observed for GDN purification (Figure 8) show ATPase activity 

and contain TSHlyB, some of the early elution peaks might represent higher oligomeric 

species of TSHlyB. 

In conclusion, we could optimize the purification of HlyB by changing the affinity tag 

from a His-tag to a more specific TwinStrep-tag and by changing to the detergent GDN 

during affinity purification. 

 

 

Author contribution 
FLB, SS and LS conceived the experiments and evaluated the data. FLB performed 

the experiments. FLB wrote the initial draft. FLB, SS and LS wrote the final version of 

the manuscript. 

 

 

Funding 
This work was supported by the Deutsche Forschungsgemeinschaft (DFG, CRC 1208 

project A01 to LS). 

 



Publications 

 65 

Acknowledgement 
We thank all former and current members of the Institute of Biochemistry for their 

support and productive discussions.  

 

 

References 
1. Koronakis, V., E. Koronakis, and C. Hughes, Comparison of the haemolysin secretion 

protein HlyB from Proteus vulgaris and Escherichia coli; site-directed mutagenesis 
causing impairment of export function. Mol Gen Genet, 1988. 213(2-3): p. 551-5. 

2. Cross, M.A., et al., HlyB-dependent secretion of hemolysin by uropathogenic 
Escherichia coli requires conserved sequences flanking the chromosomal hly 
determinant. J Bacteriol, 1990. 172(3): p. 1217-24. 

3. Spitz, O., et al., Type I Secretion Systems-One Mechanism for All? Microbiol Spectr, 
2019. 7(2). 

4. Kanonenberg, K., C.K. Schwarz, and L. Schmitt, Type I secretion systems - a story of 
appendices. Res Microbiol, 2013. 164(6): p. 596-604. 

5. Kanonenberg, K., et al., Type I secretion system-it takes three and a substrate. FEMS 
Microbiol Lett, 2018. 365(11). 

6. Lecher, J., et al., An RTX transporter tethers its unfolded substrate during secretion via 
a unique N-terminal domain. Structure, 2012. 20(10): p. 1778-87. 

7. Reimann, S., et al., Interdomain regulation of the ATPase activity of the ABC transporter 
haemolysin B from Escherichia coli. Biochem J, 2016. 473(16): p. 2471-83. 

8. Spitz, O., et al., Identity Determinants of the Translocation Signal for a Type 1 Secretion 
System. Front Physiol, 2021. 12: p. 804646. 

9. Pourhassan, N.Z., et al., Investigations on the substrate binding sites of hemolysin B, 
an ABC transporter, of a type 1 secretion system. Front Microbiol, 2022. 13: p. 
1055032. 

10. Schlor, S., et al., In vivo and in vitro studies on interactions between the components of 
the hemolysin (HlyA) secretion machinery of Escherichia coli. Mol Gen Genet, 1997. 
256(3): p. 306-19. 

11. Balakrishnan, L., C. Hughes, and V. Koronakis, Substrate-triggered recruitment of the 
TolC channel-tunnel during type I export of hemolysin by Escherichia coli. J Mol Biol, 
2001. 313(3): p. 501-10. 

12. Zhao, H., J. Lee, and J. Chen, The hemolysin A secretion system is a multi-engine pump 
containing three ABC transporters. Cell, 2022. 185(18): p. 3329-3340 e13. 

13. Schmitt, L., et al., Crystal structure of the nucleotide-binding domain of the ABC-
transporter haemolysin B: identification of a variable region within ABC helical 
domains. J Mol Biol, 2003. 330(2): p. 333-42. 

14. Zaitseva, J., et al., A structural analysis of asymmetry required for catalytic activity of 
an ABC-ATPase domain dimer. EMBO J, 2006. 25(14): p. 3432-43. 

15. Zaitseva, J., et al., Functional characterization and ATP-induced dimerization of the 
isolated ABC-domain of the haemolysin B transporter. Biochemistry, 2005. 44(28): p. 
9680-90. 

16. Zaitseva, J., et al., H662 is the linchpin of ATP hydrolysis in the nucleotide-binding 
domain of the ABC transporter HlyB. EMBO J, 2005. 24(11): p. 1901-10. 



Publications 

 66 

17. Benabdelhak, H., et al., A specific interaction between the NBD of the ABC-transporter 
HlyB and a C-terminal fragment of its transport substrate haemolysin A. J Mol Biol, 
2003. 327(5): p. 1169-79. 

18. Jeffery, C.J., Expression, Solubilization, and Purification of Bacterial Membrane 
Proteins. Curr Protoc Protein Sci, 2016. 83: p. 29 15 1-29 15 15. 

19. Kubicek, J., et al., Expression and purification of membrane proteins. Methods 
Enzymol, 2014. 541: p. 117-40. 

20. Mathieu, K., et al., Functionality of membrane proteins overexpressed and purified 
from E. coli is highly dependent upon the strain. Sci Rep, 2019. 9(1): p. 2654. 

21. Errasti-Murugarren, E., P. Bartoccioni, and M. Palacin, Membrane Protein Stabilization 
Strategies for Structural and Functional Studies. Membranes (Basel), 2021. 11(2). 

22. Mégret-Cavalier, M., et al., Starting with an Integral Membrane Protein Project for 
Structural Biology: Production, Purification, Detergent Quantification, and Buffer 
Optimization—Case Study of the Exporter CntI from Pseudomonas aeruginosa, in 
Bacterial Secretion Systems : Methods and Protocols, L. Journet and E. Cascales, 
Editors. 2024, Springer US: New York, NY. p. 415-430. 

23. Miroux, B. and J.E. Walker, Over-production of proteins in Escherichia coli: mutant 
hosts that allow synthesis of some membrane proteins and globular proteins at high 
levels. J Mol Biol, 1996. 260(3): p. 289-98. 

24. Kanonenberg, K., et al., Shaping the lipid composition of bacterial membranes for 
membrane protein production. Microb Cell Fact, 2019. 18(1): p. 131. 

25. Magnani, F., et al., A mutagenesis and screening strategy to generate optimally 
thermostabilized membrane proteins for structural studies. Nat Protoc, 2016. 11(8): p. 
1554-71. 

26. Stock, C. and I. Hanelt, Membrane Protein Solubilization and Quality Control: An 
Example of a Primary Active Transporter. Methods Mol Biol, 2020. 2127: p. 93-103. 

27. Geertsma, E.R., et al., Quality control of overexpressed membrane proteins. Proc Natl 
Acad Sci U S A, 2008. 105(15): p. 5722-7. 

28. Wycisk, V., M.C. Wagner, and L.H. Urner, Trends in the Diversification of the 
Detergentome. Chempluschem, 2023: p. e202300386. 

29. Graeber, E. and V.M. Korkhov, Affinity Purification of Membrane Proteins. Methods 
Mol Biol, 2020. 2127: p. 129-137. 

30. Kanonenberg, K., S.H.J. Smits, and L. Schmitt, Functional Reconstitution of HlyB, a Type 
I Secretion ABC Transporter, in Saposin-A Nanoparticles. Sci Rep, 2019. 9(1): p. 8436. 

31. Baykov, A.A., O.A. Evtushenko, and S.M. Avaeva, A malachite green procedure for 
orthophosphate determination and its use in alkaline phosphatase-based enzyme 
immunoassay. Anal Biochem, 1988. 171(2): p. 266-70. 

32. Majeed, S., et al., Lipid Membrane Mimetics in Functional and Structural Studies of 
Integral Membrane Proteins. Membranes (Basel), 2021. 11(9). 

33. Koehler, J., et al., Lysophospholipid micelles sustain the stability and catalytic activity 
of diacylglycerol kinase in the absence of lipids. Biochemistry, 2010. 49(33): p. 7089-
99. 

34. Stetsenko, A. and A. Guskov, An Overview of the Top Ten Detergents Used for 
Membrane Protein Crystallization. Crystals, 2017. 7(7): p. 197. 

35. Kotov, V., et al., High-throughput stability screening for detergent-solubilized 
membrane proteins. Scientific Reports, 2019. 9(1): p. 10379. 



Publications 

 67 

36. Park, W.J., et al., Over-expression of recombinant proteins with N-terminal His-tag via 
subcellular uneven distribution in Escherichia coli. Acta Biochim Biophys Sin (Shanghai), 
2015. 47(7): p. 488-95. 

37. Lee, H.J., et al., Impact of novel detergents on membrane protein studies. Chem, 2022. 
8(4): p. 980-1013. 

 

 

 Supplementary Information 
Table S1: Primers used for cloning. Small letters indicate bases that introduce overhangs for Gibson Assembly 
and do not match the template sequence. 

Name Sequence (5’ – 3’) Purpose 
TSHlyB_fwd agggtggtggtattgaaggtaga 

AATTCTGATTCTTGTCA 
TAAAATTGATTATGGGT 
TATACG 

Amplification of pBAD-HisHlyB to prepare 
the vector for Gibson Assemly to change 
His-tag toTwinStrep-tag 

TSHlyB_rev tcgaattgtgggtgagacca 
CATGGTTAATTCCT 
CCTGTTAGCCC 

Amplification of pBAD-HisHlyB to prepare 
the vector for Gibson Assemly to change 
His-tag to TwinStrep-tag 

 
 
Table S2: DNA oligomers for Gibson Assembly. 

Name Sequence (5’ – 3’) Purpose 
TwinStrep-tag TGGTCTCACCCACAATTCGA 

GAAGGGCGGTGGTTCTGGC 
GGTGGTTCTGGAGGTTCCTC 
TGCCTGGAGCCACCCGCAG 
TTCGAAAAGGGTGGTGGTAT 
TGAAGGTAGA 
 

Double-stranded DNA oligomer 
for Gibson Assembly coding for 
the TwinStrep-tag 

 
  



Publications 

 68 

 
 



Publications 

 69 

3.3. Chapter 3: Reconstitution of the ABC transporter HlyB  
  from Escherichia coli 

 

Title:  Reconstitution of the ABC transporter HlyB from 

 Escherichia coli 

 

Authors:   Florestan L. Bilsing, Sander Smits, Lutz Schmitt 

 

Published in:  to be submitted 

 

Own contribution:  Designing the experiments 

    Performing the experiments 

    Data evaluation 

    Preparation of the figures 

    Writing of the manuscript 

 
  



Publications 

 70 

Reconstitution of the ABC transporter HlyB from 
Escherichia coli 

 

Florestan L. Bilsing1, Sander Smits1,2, Lutz Schmitt1* 

 
1Heinrich Heine University Düsseldorf, Faculty of Mathematics and Natural Sciences, 

Institute of Biochemistry, Universitätsstraße 1, 40225 Düsseldorf 
2Heinrich Heine University Düsseldorf, Faculty of Mathematics and Natural Sciences, 

Center for Structural Studies, , Universitätsstraße 1, 40225 Düsseldorf 

 

*Corresponding author: Lutz Schmitt, Heinrich Heine University Düsseldorf, Faculty of 

Mathematics and Natural Sciences, Institute of Biochemistry, Universitätsstraße 1, 

40225 Düsseldorf, Germany, Tel.: +49 211 81 10773, E-Mail: lutz.schmitt@hhu.de 

 

Abstract 
Type 1 secretion systems (T1SSs) are present among pathogenic Gram-negative 

bacteria and used to secrete transporter specific substrates like virulence factors and 

toxins. Hydrolysis of ATP by ATP-binding cassette (ABC) transporters provides the 

energy for this secretion process. The ABC transporter HlyB is a well-studied example 

and part of the hemolysin A (HlyA) T1SS from Escherichia coli (E. coli). Although 

studied for decades, structural information for the ABC transporter HlyB was still 

limited, until recently the structure of the so-called inner membrane complex build by 

HlyB and HlyD was determined via single-particle cryo-EM in the detergent digitonin. 

To stabilize membrane proteins in a detergent free environment several membrane 

mimetics and detergent alternatives were developed over the past years. 

To rule out detergent effects and to investigate the influence of lipids on the structure 

of HlyB we aimed to reconstitute HlyB in a detergent free environment. Therefore we 

used the MSP-based nanodisc system, the saposin A (SapA) lipid protein (salipro) 

system and the peptidisc system. We could successfully reconstitute HlyB in SapA and 

lysophosphatidylglycerol (LPG), but we encountered several pitfalls in the use of native 

lipids for reconstitution of HlyB in SapA. For peptidisc reconstitution we could observe 

a stabilisation of the inactive HlyB monomer for our given experimental set up. In 

addition we were successful in reconstitution of HlyB into MSP-based nanodisc using 

the lipid POPC.  



Publications 

 71 

Introduction 
Type 1 secretion systems (T1SSs) are present in many Gram-negative pathogens and 

facilitate the secretion of virulence factors and toxins [1-3]. One of the best studied 

T1SS is the hemolysin A (HlyA) T1SS from pathogenic Escherichia coli (E. coli) [4-15]. 

It enables the transport of the pore forming toxin HlyA [16, 17]. This process is powered 

by ATP hydrolysis via the ATP-binding cassette (ABC) transporter hemolysin B (HlyB) 

[5, 18, 19]. HlyB is active as a dimer and each monomer is build up by a C39 peptidase-

like domain (CLD), a transmembrane domain (TMD) and a nucleotide binding domain 

(NBD) [10, 18, 20]. Within the HlyA T1SS, HlyB adopts an oligomeric assembly of a 

trimer of dimers stabilized by the membrane fusion protein (MFP) hemolysin D (HlyD) 

[15]. Structural and functional studies of the HlyA T1SS and the isolated ABC 

transporter HlyB have so far mainly been performed in a detergent environment [10, 

15]. But on the one hand, detergents can influence protein structures and 

conformations or cause problems in structure determination methods [21-23] and on 

the other hand the presence of lipids can play a crucial role in membrane protein 

structure and function [24-26]. This is why detergent alternatives and reconstitution of 

membrane proteins into lipid environment becomes more and more important. 

Over the past decades many detergent alternatives were developed and successfully 

applied for membrane protein research [27]. Probably the best known and widely used 

tool is the membrane scaffold protein (MSP)-based nanodisc [28-33]. The alpha-helical 

MSP forms a ring-like structure and encapsulates as a dimeric self-assembly a lipid 

bilayer (Figure 1A). Within this lipid bilayer a previously purified membrane protein can 

be stabilized. The choice of the MSP determines the diameter of the formed disc and 

the number of incorporated lipid molecules [34-36]. The lipid composition is freely 

selectable and allows for precise control of the membrane protein surrounding [28]. 

The number of applications for MSP-based nanodiscs constantly increases by further 

method developments, like “dark” nanodiscs that allow the noise-free use of nanodiscs 

in differential scanning fluorimetry (DSF) [37]. A crucial factor in self-assembly of the 

MSP-based nanodisc is the ratio of membrane protein to MSP to lipid, that needs to 

be carefully investigated for each membrane protein [28, 38]. 

Another lipoprotein disc-like assembly is the sapsoin A (SapA) lipoprotein nanoparticle 

system often referred to as salipro [39, 40]. It is a highly versatile system that 

encapsulates previously purified membrane proteins within a lipid bilayer and allows 

the use of different lipids [41]. Unlike the MSP-based nanodiscs, salipro does not 
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Material and Methods 
Expression and purification of HlyB 

Expression and purification of HlyB was performed as previously described (Chapter 

2 – Optimisation of the purification of the ABC transporter HlyB from Escherichia coli). 

 

Expression and purification of SapA 

SapA was expressed and purified according to the published protocol [39]. Purified 

SapA was stored in buffer A (100 mM Hepes pH 7.5, 150 mM NaCl) at -20 °C at a 

concentration of 1.2 – 3 mg/ml. 

 

Reconstitution into SapA nanoparticles 

Reconstitution of HlyB into SapA nanoparticles was performed according to the 

published protocol with slight modifications [12]. HlyB was purified via IMAC and SEC 

and the lysophospholipid lysophosphatidylglycerol (LPG) was used instead of lyso-

phosphatidylcholin (LPC). LPG (16:0) was purchased as powder (Avanti Polar Lipids) 

and dissolved in buffer B (100 mM Hepes pH 8, 250 mM NaCl, 0.02% DDM) at a 

concentration of 5 mg/ml. DOPE, DOPG, DOPC and E. coli total lipid extract were 

purchased as chloroform solutions (Avanti Polar Lipids). DOPE/G/C were mixed in a 

molar ratio of DOPE : DOPG : DOPC of 50 : 38 : 12. After evaporation of chloroform 

the lipids were dissolved in buffer C (100 mM Hepes pH 8, 250 mM NaCl, 1% DDM). 

HlyB, Sap A and lipids were mixed in small batches in a ratio of 1 : 6 : 646 for LPG and 

1 : 5 : 400 for DOPE/G/C. For each batch 40 µl lipids were incubated at 30 °C for 5 

minutes and 60 µl HlyB (1.6 - 2 mg/ml) were added. After additional 5 minutes of 

incubation at 30 °C, 60 µl SapA (1.2 mg/ml) were added and incubated for 5 minutes 

at 30 °C. 500 µl Buffer D (100 mM Hepes pH 8, 250 mM NaCl) were added and 

incubated at room temperature. 10 to 30 batches were pooled and concentrated. The 

concentrated sample was centrifuged for 30 min at 17,000 xg and 4 °C and the 

supernatant was applied on Superose 6 Increase 10/300 GL equilibrated in Buffer D. 

Peak fractions containing reconstituted HlyB were used for thin layer chromatography 

(TLC) and negative stain TEM or single particle cryo-EM analysis. 

 

DirectMX of HlyB using SapA and LPG 

DirectMX of HlyB was performed similar to DirectMX of the IMC as previously 

described (Chapter 4 – Purification of the inner membrane complex of HlyA T1SS from 
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E. coli). Membranes of E. coli C41DacrABDompF(DE3) expressing pBAD-HisHlyB 

were diluted to 12 mg/ml and solubilized with 1% LPG. After affinity purification, buffer 

was exchanged using a gravity flow column to buffer D (20 mM Hepes pH 8, 100 mM 

NaCl). Elution fractions were used for SDS PAGE analysis and ATPase activity assay.  

 

Malachite Green ATPase activity assay 

ATPase activity was measured via Malachite Green assay [51] as described earlier 

(Chapter 2 – Optimisation of the purification of the ABC transporter HlyB from 

Escherichia coli). 

 

Reconstitution into peptidisc 

Peptidisc was purchased as powder (Peptidisc Lab) and dissolved in buffer E (10 mM 

Tris pH 6.8). HlyB was reconstituted into peptidisc following the published protocols 

[46, 48]. In brief, HlyB was purified via SEC and mixed with peptidisc (3 mg/ml) in a 

molar ratio of 1:80, 1:40 or 1:2 yielding a final volume of 500 µl. This mixture was 

injected onto a Superose 6 Increase 10/300 GL column equilibrated with buffer F (50 

mM NaPi pH 8,  300 mM NaCl). For reconstitution via the PeptiQuick method, HlyB 

was solubilised in 0.5 % Fos-Cholin-14 (FC14) and bound to Ni-NTA resin. The resin 

was washed two times with 10 column volumes (CV) buffer G1 (50 mM NaPi pH 8, 300 

mM NaCl, 10 mM imidazole, 0.005 % FC14). Next the resin was incubated with 1/5 CV 

buffer H1 (50 mM NaPi pH 8, 300 mM NaCl, 10 mg/ml peptidisc) and 6 CV buffer H2 

(50 mM NaPi pH 8, 300 mM NaCl, 1 mg/ml peptidisc). The resin was washed with two 

times 10 CV buffer G2 (50 mM NaPi pH 8, 300 mM NaCl, 10 mM imidazole) and HlyB 

in peptidisc was eluted with buffer J (50 mM NaPi pH 8, 300 mM NaCl, 400 mM 

imidazole). Elution fractions were concentrated and centrifuged for 10 minutes at 4 °C 

and 100,000 xg. The supernatant was applied on Superdex 200 Increase 10/300 GL 

equilibrated in buffer F. 

 

Reconstitution of HlyB using MSP2N2 

HlyB was used at a concentration of 1 mg/ml after SEC. POPC was purchased as 

chloroform solution (Avanti Polar Lipids). After evaporation of chloroform, DOPC was 

solved in buffer K (20 mM Hepes pH 8, 100 mM NaCl) at 5 mg/ml and 0.5 % Triton X-

100 were added. The lipid was incubated for 20 minutes at 40 °C and kept on ice 

afterwards. HlyB and MSP2N2 were added to the lipid simultaneously at a molar ratio 
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of HlyB : MSP2N2 : POPC of 1 : 10 : 2165. The mixture was incubated on ice for 30 

minutes and 0.8 g/ml BioBeads were added. Incubation with BioBeads was performed 

over night at 4 °C under constant agitation. The supernatant was centrifuged the next 

day for 30 minutes at 4 °C and 17,000 xg. The supernatant was applied on Superose 

6 Increase 10/300 GL column equilibrated in buffer K. 

 

 

Results 
Reconstitution of HlyB using Saposin A  

SapA LPG nanoparticles 
To reconstitute HlyB for structural studies into SapA nanoparticles, we applied the 

already published protocol for functional reconstitution of HlyB into SapA nanoparticles 

with some modifications [12]. HlyB was used for reconstitution after purification via 

IMAC and SEC and we used the lysolipid LPG instead of LPC. The optimal ratio of 

HlyB : SapA : lipid was 1 : 6 : 646. Reconstituted HlyB was separated from empty SapA 

LPG nanoparticles via SEC (Figure 2A). Fractions from the elution peaks were 

analysed via SDS PAGE and Western blot (Figure 2B). Samples from reconstituted 

HlyB in SapA LPG were used for negative stain TEM (Figure 2C) and single particle 

cryo-EM analysis (Figure 2D). 
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process and make structure determination difficult (Figure 2). LPG is structure wise 

more a detergent than a lipid and it therefore might, in addition to its contribution to the 

nanoparticles, act as a detergent-like stabiliser for other proteins. 

Our finding that reconstitution of HlyB via salipro in E. coli total lipids was not successful 

is in line with previously published investigations that show that formation of SapA 

lipidnanoparticles is difficult when using E. coli polar lipid extract [41]. The additional 

lipids in the E. coli total extract, compared to the E. coli polar extract seem to have no 

influence on the success. Furthermore, we could show that remaining detergent after 

the reconstitution process is disturbing lipid nanoparticle formation and successful 

reconstitution (Figure 3). The effect of too much detergent in the salipro set up is 

probably similar to the effect of adding too less lipids, as investigated for MSP and 

POPC by Skar-Gislinge et al. [38]. The formation of mixed micelles of lipid and 

detergent molecules is therefore limiting the number of available lipids for nanoparticle 

formation and leads to the formation of misshaped nanoparticles. Another explanation 

might be a limiting amount of SapA molecules in our set up. As seen for DtpA a 20-

fold excess of SapA molecules compared to target reconstituted protein can be 

necessary for successful reconstitution into salipro nanoparticles [41]. 

The DirectMX approach to reconstitute HlyB into salipro nanoparticles with lipids from 

native membranes is promising but limited by the yield. Although functional assays 

were performed (Figure 4C) the amount was not sufficient for structural investigations. 

Upscaling of the process is possible but would be very time consuming and require a 

lot of material. 

Reconstitution into peptidisc by mixing purified HlyB with NSPr was possible for HlyB 

but as judged from the elution profile after SEC (Figure 5), peptidisc mainly stabilized 

the HlyB monomer. As the NSPr directly interacts with the hydrophobic part of the 

protein, the interaction between peptidisc and TMD of HlyB appears to be so strong 

that it disrupts the HlyB dimer interface. Monomeric HlyB was only observed for this 

reconstitution process, where no lipids were present. This might be a hint that the HlyB 

dimer is stabilized by the presence of lipids, as shown for UapA [53]. In addition some 

densities in the recently published structure of the inner membrane complex build by 

HlyB and HlyD were assigned to ordered lipids [15]. The monomeric non-functional 

state of HlyB is biologically non-relevant and was therefore not further investigated.  

Furthermore, HlyB was successfully reconstituted into MSP-based nanodiscs with the 

lipid POPC (Figure 7). Although a prominent impurity is still visible after reconstitution, 
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a separation of HlyB in MSP POPC and the impurity is possible via SEC. Further 

improvement of the reconstitution set up would be necessary but was initially stopped 

due to the already mentioned and recently published single particle cryo-EM structure 

of the inner membrane complex formed by HlyB and HlyD [15]. 

We could successfully reconstitute HlyB using salipro or MSP-based nanodisc system. 

We conclude that structure determination of those samples is possible, when optimized 

for the right set up of lipid, lipid amount and detergent concentration, as seen for HlyB 

in SapA LPG (Figure 2). 
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 Supplementary Information 
Table S1: Top three hits from MS results from HlyB gel slice at approx. 70 kDa after reconstitution of HlyB 
using SapA and LPG. 

Description Coverage [%] # Peptides # PSMs # Unique Peptides MW [kDa] Score 
HlyB 51 47 3336 47 83.5 1000316 
BamA 47 37 196 37 90.5 55232 
SapA 70 5 152 5 11.6 44000 

 
 
Table S2: Top three hits from MS results from SapA gel slice at approx. 10 kDa after reconstitution of 
HlyB using SapA and LPG. 

Description Coverage [%] # Peptides # PSMs # Unique Peptides MW [kDa] Score 
SapA 70 5 879 5 11.6 273656 
HlyB 29 17 35 17 83.5 8766 
BSA 31 16 31 14 69.2 7317 
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Abstract 
Gram-negative bacteria use Type 1 secretion systems (T1SS) to secrete proteins 

important for pathogenicity. One of the best studied T1SS is the hemolysin A (HlyA) 

T1SS from uropathogenic E. coli strains. It requires the interplay of the three proteins 

TolC, HlyB and HlyD. While TolC is located in the outer membrane, HlyB and HlyD 

form a so called inner membrane complex (IMC) in the inner membrane. To study the 

IMC’s structure and function, the purification of the IMC in its native state is inevitable. 

Since the state of a purified membrane protein is highly dependent on its surrounding 

it is important to carefully chose and screen for the detergent or membrane mimetic 

that suits the needs of the protein and the experiment best. Here we report a process 

of testing different conditions to purify the IMC of HlyA T1SS from E. coli in its native 

state. We focused on different purification strategies using one or two plasmids, 

different affinity tags and different detergents. We also tried purification protocols with 

only a single step of detergent usage like DirectMX or no detergent usage such as 

solubilisation and purification with styrene maleic acid copolymers (SMA). 

Furthermore, we were partially successful with an in vitro co-reconstitution of the IMC 

from separately purified components. Finally, the use of digitonin as the detergent of 

choice turned out to be the most effective way to isolate and purify the native IMC from 

E. coli membranes.  
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Introduction 
Gram-negative bacteria have derived a number of different secretion systems [1]. The 

simplest one in terms of complexity and number of proteins involved is probably the 

Type 1 secretion system (T1SS) [2]. One of the best studied T1SSs is the hemolysin 

A (HlyA) T1SS from uropathogenic E. coli [3-7]. The HlyA T1SS is build up by the outer 

membrane protein, TolC and the so-called inner membrane complex (IMC). This IMC 

is formed by the ATP binding cassette (ABC) transporter HlyB and the membrane 

fusion protein (MFP) HlyD [8]. Although, the HlyA T1SS may be simple in terms of 

complexity, the structure of the IMC was not known until recently [9]. Single particle 

cryo-EM analysis of the IMC purified in the detergent digitonin revealed valuable 

insights into the structure and stoichiometry of the IMC. 

Detergents are usually the first choice when it comes to membrane protein purification. 

They are easy to apply and available in a huge variety, which is also one of the pitfalls 

of detergent usage, as one has to screen for the right detergent suitable for the 

experiment [10-13]. Each detergent has its specific benefits and downsides and just 

because a detergent works for the purification of one membrane protein it doesn’t 

mean it also works for the purification of another membrane protein. In addition, a 

detergent suitable for solubilization doesn’t have to be a suitable detergent for 

purification and structure determination [14]. Besides maltosides, the detergent 

digitonin and its synthetic analogue glyco-diosgenin (GDN) have been one of the most 

frequently used detergents for unique membrane protein structure determination 

during the past 10 years [14-18]. But as digitonin is a natural product, it is very 

expensive and shows batch-to-batch variation. Furthermore, detergents in general can 

cause artifacts or interfere with specific methods especially in structure determination 

[11, 19, 20]. 

This is why besides detergents a variety of membrane mimetic systems are used in 

membrane protein research. Those membrane mimetic systems allow protein 

solubilization, purification or stabilization with only low amounts of detergents or even 

no detergent at all. MSP based nanodiscs or Salipro provide a detergent free 

environment at a late stage of the purification process and detergent is still required 

for solubilization and purification [21-23]. Other methods like DirectMX or Peptidisc rely 

on an initial detergent solubilization step before purification can proceed in a detergent 

free environment [24, 25]. The use of amphipols, styrene maleic acid copolymers 
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(SMA) or diisobutylene maleic acid copolymers (DIBMA) allows direct extraction of a 

membrane protein without the need of any detergent [26-30]. 

Another important point to consider for protein purification is the choice of affinity tag 

and its position. It was shown for several protein structures derived via X-ray 

crystallography of proteins with a histidine-tag that the tag generally does not have a 

significant influence on the structure [31]. Other studies showed that tags reduce 

flexibility and favor specific conformations [32]. In addition, an influence of the affinity-

tag on protein activity and stability was observed [33, 34] and also predicted via 

computational protein structure modeling [35]. Therefore especially for protein 

complexes the position of the tag is crucial as it might not only influence activity or 

structure of single proteins, but interfere with interaction sites between different 

proteins of a complex and therefore prevent complex formation. 

Here we present different strategies for the functional isolation and purification of the 

IMC of the HlyA T1SS from E. coli. We tested different expression strategies with focus 

on different plasmids and affinity tags for purification. Furthermore we tried to decipher 

the role of detergents for successful isolation of the IMC. We also tested mild 

purification strategies like sucrose gradient purification without any affinity tag. We 

could report initial success for an in vitro co-reconstitution of the proteins of the IMC, 

although further analysis needs to verify the final result. By minor adaptions of a 

recently published protocol [9] we could successfully isolate transport competent and 

ATPase active IMC in the detergent digitonin. 

 

 
Material and Methods 
Expression of IMC from 2 plasmids 

For expression of the IMC from two separate plasmids E. coli C43DacrAB(DE3) was 

used with the plasmids pBAD-HisHlyB and pET28-HisHlyD and grown in a fermenter. 

Both constructs contained an N-terminal 10xHis-tag and a specific protease cleavage 

side between protein and tag. Cells were grown overnight in 25 ml 2YT medium in a 

100 ml non-baffled flask supplemented with 100 µg/ml ampicillin and 30 µg/ml 

kanamycin at 37 °C and 180 rpm. Precultures of 250 ml 2YT medium supplemented 

with 100 µg/ml ampicillin and 30 µg/ml kanamycin in a 1 L non-baffled flask were 

inoculated from the overnight grown cultures to an OD600 of 0.1 and incubated at 37 

°C and 180 rpm for four hours. Precultures were centrifuged for 20 minutes at 20 °C 
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and 4,000 xg, cells were resuspended in 50 ml 2YT medium and added to 7 L minimal 

medium (15 g/L KH2PO4, 20 g/L glycerol, 5 g/L (NH4)2SO4, 3 g/L MgSO4 x 7 H2O, 0.015 

g/L CaCl2, 0.15 g/L FeSO4 x 7 H2O, 0.1 g/L ZnCl2, 1 g/L C6H5Na3O7 x 2 H2O, 1.5 ml/L 

thiamine solution (5 g/L), 1.5 ml/L trace elements solution (2 g/L Al2SO4 x 18 H2O, 0.75 

g/L CoSO4 x 7 H2O, 2.5 g/L CuSO4 x 5 H2O, 0.5 g/L H3BO3, 24 g/L MnSO4 x H2O, 3 

g/L Na2MoO4 x 2 H2O, 25 g/L NiSO4 x 6 H2O, 15 g/L ZnSO4 x 7 H2O, 2 ml/L H2SO4 

(30%))) supplemented with 100 µg/ml carbenicillin and 30 µg/ml kanamycin in a 10 L 

fermenter. FeSO4 x 7 H2O, thiamine solution and trace elements solution were added 

after autoclaving the media. Cells from two precultures were used for one fermentation. 

Cells were grown in a fed batch process at a pH of 6.8 and 36 °C to an OD600 of about 

30 using a stepwise increase of feeding to obtain linear growth. Feeding solution 

contained 50% glycerol, 2 ml/L thiamine solution, 2 ml/L trace elements solution, 100 

µg/ml carbenicillin and 30 µg/ml kanamycin. Expression of HlyB was induced by 

addition of 10 mM arabinose and one hour later expression of HlyD was induced by 

the addition of 1 mM IPTG. Cells were harvested after 1 hour of expression via 

centrifugation at 6,000 rpm (SLC-6000, Sorvall) for 30 min at 4 °C. Cells were 

resuspended in buffer A (50 mM NaPi, pH 8, 500 mM NaCl), flash frozen in liquid 

nitrogen and stored at – 80 °C. 

 

Expression of IMC from 1 plasmid 

pK184 
For expression of the IMC from one plasmid pK184-HlyBHlyD was used with no 

affinity-tag or an N-terminal 6xHis-tag on HlyD in E. coli C41DacrABDompF(DE3). Cells 

were grown in 50 ml 2YT medium supplemented with 100 µg/ml ampicillin in a 300 ml 

baffled flask at 37 °C and 180 rpm overnight. Expression cultures of 1 L 2YT medium 

supplemented with 100 µg/ml ampicillin in 5 L baffled flasks were inoculated from the 

overnight grown cultures to an OD600 of 0.1 and incubated at 37 °C at 120 rpm. 

Expression was induced at OD600 of 0.6 – 0.8 by addition of 1 mM IPTG and performed 

for three hours. Cells were harvested via centrifugation at 7,000 rpm (SLC-6000, 

Sorvall) for 20 min at 4 °C. Cells were resuspended in buffer B (50 mM Tris pH 8, 500 

mM NaCl), flash frozen in liquid nitrogen and stored at – 80 °C. 
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Expression of IMC from 1 plasmid 

pBAD 
For expression of the IMC from one plasmid pBAD-TSHlyB-HisHlyD was used with an 

N-terminal TwinStrep-tag (TS) on HlyB and an N-terminal 6xHis-tag (His) on HlyD in 

E. coli C43 (DE3). Cells were grown in 50 ml 2YT medium supplemented with 100 

µg/ml ampicillin in a 300 ml baffled flask at 37 °C and 180 rpm overnight. Expression 

cultures of 1 L 2YT medium supplemented with 100 µg/ml ampicillin in 5 L baffled flasks 

were inoculated from the overnight grown cultures to an OD600 of 0.1 and incubated at 

37 °C at 120 rpm. Expression was induced at OD600 of 0.6 – 0.8 by addition of 10 mM 

arabinose and performed for three hours. Cells were harvested via centrifugation at 

5,000 xg for 20 min at 4 °C. Cells were resuspended in buffer X (30 mM Tris pH 8, 150 

mM NaCl, 15% glycerol), flash frozen in liquid nitrogen and stored at – 80 °C. 

 

Expression of IMC from 1 plasmid 

pQLink 
For expression of the IMC from one plasmid pQLink-StrepHlyB-HisHlyD was used with 

an N-terminal Strep-tag (Strep) on HlyB and an N-terminal 6xHis-tag (His) on HlyD in 

E. coli C43 (DE3). Cells were grown in 50 ml 2YT medium supplemented with 100 

µg/ml ampicillin in a 300 ml baffled flask at 37 °C and 180 rpm overnight. Expression 

cultures of 2 L 2YT medium supplemented with 100 µg/ml ampicillin in 5 L baffled flasks 

were inoculated from the overnight grown cultures to an OD600 of 0.1 and incubated at 

37 °C and 180 rpm. When OD600 was between 0.6 – 0.8 flasks were chilled on ice for 

20 minutes and expression was induced by addition of 0.2 mM IPTG and performed 

for 16 hours overnight at 18 °C. Cells were harvested via centrifugation at 5,000 xg for 

20 minutes at 4 °C. Cells were resuspended in buffer X and centrifuged again for 20 

minutes at 5,000 xg and 4 °C. Pellets were flash frozen in liquid nitrogen and stored at 

– 20 °C. 

 

Spheroplast preparation 

8 g cells were resuspended in 50 ml 1 M glucose and 3 ml solution A (1 M Tris pH 8), 

2.4 ml lysozyme (5 mg/ml in 20 mM Tris pH 8), 0.6 ml EDTA (125 mM EDTA-NaOH 

pH 8) and a spatulas tip DNAse I were added and incubated at room temperature for 

15 minutes. After addition of 10 ml stop solution (10 mM Tris pH 8, 20 mM MgCl2, 0.7 

M sucrose) cells were incubated for 20 min at 8 °C with gentile agitation. Spheroplasts 
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were harvested by centrifugation for 10 min at 17,000 xg and 4 °C. Pellet was 

resuspended in buffer C (100 mM Hepes pH 8, 250 mM NaCl). 

 

Membrane preparation 

Cells / spheroplasts were mixed with one cOmplete EDTA-free inhibitor cocktail tablet 

and a spatulas tip of DNAse I and disrupted by three passes through Microfluidizer M-

110P (Microfluidics) at 1.5 kbar. Centrifugation was performed at 18,000 xg for 30 

minutes at 4 °C to remove cell debris. Supernatant was centrifuged  for 90 minutes at 

38,000 rpm (Type 45 Ti, Beckman Coulter) at 4 °C to pellet membranes. Membranes 

were resuspended in appropriate buffer and stored at – 80 °C. 

 

IMC Purification  

E. coli C43DacrAB(DE3) with pBAD-HisHlyB and pET28-HisHlyD 
Membranes were diluted in buffer A1 (50 mM NaPi, pH 8, 300 mM NaCl) to 10 mg/ml. 

Solubilisation was performed with 0.3 % Fos-Choline-16 for 1 hour at 4 °C. Non-

solubilised material was removed by centrifugation for 30 minutes at 42,000 rpm (Type 

45 Ti, Beckman Coulter) at 4 °C. Supernatant was diluted three times, 2 mM imidazole 

was added and loaded on a 5 ml HiTrap IMAC HP (Cytiva) column (Ni2+) equilibrated 

in buffer A2 (50 mM NaPi, pH 8, 300 mM NaCl, 0.015% DDM / 0.003 % LMNG, 2 mM 

imidazole). The column was washed with two column volumes (CV) of buffer A2 and 

stepwise 3 CV each with 5%, 10%, 15% and 20% of buffer A3 (50 mM NaPi, pH 8, 300 

mM NaCl, 0.015% DDM / 0.003 % LMNG, 250 mM imidazole). Next the column was 

washed with 6 CV of 25% of buffer A3 and the IMC was eluted with 4 CV of 100 % of 

buffer A3. Fractions containing IMC were combined and concentrated using an Amicon 

Ultra-15 centrifugal filter unit (Millipore) with a MWCO of 100 kDa. The concentrated 

sample was centrifuged for 30 minutes at 17,000 xg and 4 °C and supernatant was 

applied on Superose 6 Increase 10/300 GL equilibrated with buffer C1 (100 mM Hepes 

pH 8, 250 mM NaCl, 0.015% DDM / 0.003 % LMNG). Fractions containing IMC were 

combined, concentrated, if required (Amicon Ultra-4 centrifugal filter unit (Millipore) 

with a MWCO of 100 kDa), and used for analysis. 

 

Sucrose gradient of SMA solubilised IMC 
For solubilisation via SMA the membrane was diluted to 20 mg/ml in buffer B. SMA 

(2:1) was used in a final concentration of 2.5 % and incubated at room temperature for 



Publications 

 94 

2 hours. Non-solubilised material was removed by centrifugation for 45 minutes at 

100,000 xg at 4 °C. 800 µl of supernatant were placed on top of a 10 – 25 % sucrose 

gradient in buffer B and centrifuged for 16 hours at 30,000 rpm (SW 40 Ti, Beckman 

Coulter) at 4 °C. Fractions were collected from top to bottom and analysed via SDS-

PAGE or Blue Native-PAGE and Western Blot. Fractions that were used for IMAC were 

diluted five times to reduce viscosity. For each fraction 50 µl Ni-NTA beads were used 

and equilibrated with buffer B1 (50 mM Tris pH 8, 500 mM NaCl, 2 mM imidazole). 

Samples was incubated with beads for 2 hours at 4 °C and washed with 10 CV buffer 

B1 and 3 CV buffer B2 (50 mM Tris pH 8, 500 mM NaCl, 50 mM imidazole). Elution 

was performd with buffer B3 (50 mM Tris pH 8, 500 mM NaCl, 250 mM imidazole). 

Elution fractions were analysed via SDS-PAGE and Western Blot. 

 

DirectMX 
Membranes from E. coli C41DacrABDompF(DE3) pK184-HlyB-HisHlyD was diluted 

with buffer A1 to 5 ml to a concentration of 10 mg/ml and solubilized with 1 % LPG for 

1 hour at 4 °C with constant agitation. Non-solubilised material was removed by 

centrifugation for 10 minutes at 100,000 xg at 4 °C. The supernatant was incubated 

with 9 ml saposin A (2.5 mg/ml) for 30 minutes at 4 °C under constant agitation. After 

addition of 6 mM imidazole the sample was applied on a 5 ml HiTrap Chelating HP 

(Cytiva) column (Zn2+) equilibrated with buffer A4 (50 mM NaPi, pH 8, 300 mM NaCl, 

2 mM imidazole). The column was washed with 5 CV buffer A4 and 5 CV buffer A5 (50 

mM NaPi, pH 8, 300 mM NaCl, 40 mM imidazole). Target protein was eluted with 5 CV 

buffer A6 (50 mM NaPi, pH 8, 300 mM NaCl, 25 mM EDTA). Elution fractions were 

analysed via SDS-PAGE and Western Blot. 

 
IMC without an affinity-tag 

Membranes from E. coli C41DacrABDompF(DE3) pK184-HlyBHlyD were diluted in 

buffer B to 10 mg/ml. Solubilisation was performed with 1 % LMNG for 1 hour at 4 °C. 

Non-solubilised material was removed by centrifugation for 45 minutes at 100,000 xg 

at 4 °C. 800 µl supernatant were placed on top of a 10 – 25 % sucrose gradient in 

buffer D (10 mM Tris pH 8, 0.003 % LMNG) and centrifuged or 16 hours at 30,000 rpm 

(SW 40 Ti, Beckman Coulter) at 4 °C. Fractions were collected from top to bottom and 

analysed via SDS-PAGE or Blue Native-PAGE and Western Blot. 
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E. coli C43 (DE3) with pBAD-TSHlyB-HisHlyD 
Membranes were diluted in buffer X1 (30 mM Tris pH 8, 150 mM NaCl) to 20 mg/ml 

and solubilised for 1.5 hours under constant agitation at 4 °C with 1% digitonin. Non-

solubilised material was removed by centrifugation for 45 minutes at 100,000 xg and 

4 °C. Supernatant was loaded on a 1 ml StrepTrap HP (Cytiva) column multiple times 

overnight. The column was washed with 15 CV buffer X2 (30 mM Tris pH 8, 150 mM 

NaCl, 0.1% digitonin) and target protein was eluted with 5 CV of buffer X3 (30 mM Tris 

pH 8, 150 mM NaCl, 0.1% digitonin, 5 mM desthiobiotin). Elution fractions were 

combined and applied on a 1 ml HisTrap FF (Cytiva) column (Ni2+). The column was 

washed with 15% of buffer X4 (30 mM Tris pH 8, 150 mM NaCl, 0.1% digitonin, 200 

mM imidazole) prior to elution of IMC with 5 CV buffer X4. Elution fractions were 

combined and concentrated using an Amicon Ultra-4 centrifugal filter unit (Millipore) 

with a MWCO of 100 kDa. The concentrated sample was centrifuged for 30 minutes at 

17,000 xg and 4 °C and supernatant was applied on Superose 6 Increase 3.2/300 GL 

equilibrated with buffer X2. Elution fractions were analysed via SDS-PAGE, Western 

Blot and ATPase activity assay. 

 

E. coli C43 (DE3) with pQLink-StrepHlyB-HisHlyD 
Membranes were diluted in buffer X1 to 20 mg/ml. Solubilization was performed for 1 

hour at 4 °C using 1 % digitonin. Non-solubilized material was removed by 

centrifugation for 30 minutes at 42,000 rpm (Type 70 Ti, Beckman Coulter) and 4 °C. 

Supernatant was incubated in a ratio of 50 ml membrane with 1 ml Strep-Tactin 

MacroPrep resin (IBA Lifesciences) overnight under agitation at 4 °C. Each 1 ml resin 

was transferred into a gravity flow column and washed with 15 CV buffer X2. The resin 

was incubated for 5 minutes with 2 CV buffer X3 and IMC was eluted with 3 additional 

CV buffer X3. Elution fractions were concentrated using Amicon Ultra-15 centrifugal 

filter unit (Millipore) with a MWCO of 100 kDa. Sample was centrifuged for 30 minutes 

at 17,000 xg and 4 °C and applied on Superose 6 Increase 3.2/300 GL equilibrated 

with buffer X2. Elution fractions were analysed via SDS-PAGE, Western Blot and 

ATPase activity assay. 

 
Expression and purification of HlyB 

HlyB was expressed in E. coli C41DacrABDompF(DE3) using a pBAD based plasmid 

containing an N-terminal TwinStrep-tag. Cells were grown in 50 ml 2YT medium in a 
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300 ml baffled flask supplemented with 100 µg/ml ampicillin at 37 °C and 180 rpm 

overnight. Expression cultures of 1 L 2YT supplemented with 100 µg/ml ampicillin in 5 

L baffled flasks were inoculated from the precultures to an OD600 of 0.1 and incubated 

at 37 °C and 120 rpm. Expression was induced at OD600 of 0.7 by addition of 10 mM 

arabinose and expression was performed for 3 h. Cells were harvested via 

centrifugation at 5,000 xg for 20 minutes at 4 °C. Pellet was resuspended in buffer A1 

and 1 cOmplete EDTA-free inhibitor cocktail tablet and a spatulas tip of DNAse I were 

added. Cell disruption was performed by three passes through Microfluidizer M-110P 

(Microfluidics) at 1.5 kbar. Centrifugation was performed  at 18,000 xg for 30 minutes 

at 4 °C to get rid of cell debris. Supernatant was centrifuged  for 90 minutes at 38,000 

rpm (Type 45 Ti, Beckman Coulter) at 4 °C to pellet membranes. Membranes were 

resuspended in buffer E (50 mM NaH2PO4 pH 8, 300 mM NaCl) and adjusted to 10 

mg/ml and solubilised for 1 hours at 4 °C using 0.5 % Fos-Choline-14. Non-solubilized 

material was removed by centrifugation for 30 minutes at 38,000 rpm (Type 45 Ti, 

Beckman Coulter) at 4 °C and diluted once with buffer E. Supernatant was loaded on 

a 5 ml StrepTrap HP (Cytiva) column equilibrated with buffer E1 (50 mM NaH2PO4 pH 

8, 300 mM NaCl, 0.015 % DDM). Column was washed 10 CV with buffer E1 and HlyB 

was eluted with 6 CV buffer E2 (50 mM NaH2PO4 pH 8, 300 mM NaCl, 0.015 % DDM, 

2.5 mM desthiobiotin). Fractions containing HlyB were combined and concentrated 

using an Amicon Ultra-15 centrifugal filter unit (Millipore) with a MWCO of 100 kDa. 

The concentrated sample was centrifuged for 30 minutes at 17,000 xg and 4 °C and 

supernatant was applied on Superose 6 Increase 10/300 GL equilibrated with buffer F 

(20 mM Hepes pH 8, 100 mM NaCl, 0.015% DDM). Fractions containing HlyB were 

combined and concentrated using an Amicon Ultra-4 centrifugal filter unit (Millipore) 

with a MWCO of 100 kDa and used for co-reconstitution. 

 

Expression and purification of HlyD 

Performed by Eymen Hachani (unpublished data). 

 

Expression and purification of MSP2N2 and SapA 

MSP2N2 and SapA were expressed and purified according to published protocols [22, 

23]. 
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Co-reconstitution of HlyB and HlyD 

SapA 
For co-reconstitution of the IMC by mixing purified HlyB and HlyD a ratio of HlyB to 

HlyD of 1:3 was used. The molar ratio for IMC to SapA to lipid was 1:6:600. As a lipid 

for co-reconstitution LPG or POPC was used. For one co-reconstitution 8 to 10 batches 

with a final volume of 100 µl were used. HlyB, HlyD and lipids were mixed and 

incubated for 5 minutes at 30 °C. SapA was added to the mixture and incubated for 5 

min at 30 °C. Each batch was diluted 10 times and all batches were combined and 

concentrated using an Amicon Ultra-15 centrifugal filter unit (Millipore) with a MWCO 

of 100 kDa. The concentrated sample was centrifuged for 30 minutes at 17,000 xg and 

4 °C and supernatant was applied on Superose 6 Increase 10/300 GL equilibrated with 

buffer G (20 mM Hepes pH 8, 100 mM NaCl). Fractions containing IMC were combined 

and applied on a 1 ml StrepTrap HP (Cytiva) affinity column and washed with 5 CV 

buffer G. Reconstituted IMC was eluted with buffer G1 (20 mM Hepes pH 8, 100 mM 

NaCl, 5 mM desthiobiotin). Elution fractions were analysed via SDS-PAGE and 

Western Blot. 

 

MSP2N2 
For co-reconstitution of the IMC by mixing purified HlyB and HlyD a ratio of HlyB to 

HlyD of 1:3 was used. The molar ratio for IMC to MSP2N2 to lipid was 1:2:400. As a 

lipid for co-reconstitution POPC was used. POPC was ordered as chloroform solution 

(Avanti Polar Lipids) and chloroform was evaporated using a rotary evaporator. POPC  

was resuspended in buffer G. Lipids were incubated with 1 % Triton X-100 for 10 min 

at 40 °C. Lipids were chilled on ice and HlyB and HlyD and MSP2N2 were added 

simultaneously and incubated on ice for 30 min. 0.8 g/ml BioBeads SM-2 (Biorad) were 

added and sample was incubated at 4 °C overnight under constant agitation. The next 

day BioBeads SM-2 (Biorad) were removed, the sample was concentrated and 

centrifuged for 30 min at 17,000 xg and 4 °C. The supernatant was applied on a 

Superose 6 Increase 10/300 GL equilibrated with buffer G. Fractions containing IMC 

were combined and applied on a 1 ml StrepTrap HP (Cytiva) affinity column and 

washed with 5 CV buffer G. Reconstituted IMC was eluted with buffer G1 (20 mM 

Hepes pH 8, 100 mM NaCl, 5 mM desthiobiotin). Elution fractions were analysed via 

SDS-PAGE, Western Blot and ATPase activity assay. 
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Malachite Green ATPase activity assay 

For measuring ATPase activity the Malachite Green assay [36] was used as described 

earlier (Chapter 2 – Optimisation of the purification of the ABC transporter HlyB from 

Escherichia coli). 

 

 
Results 
Purification of IMC 

His-affinity 
The IMC was purified from E. coli C43DacrAB(DE3) cells containing two plasmids: one 

plasmid for production of HlyB and one plasmid for production of HlyD. HlyB and HlyD, 

both contained an N-terminal 10xHis-tag. After solubilisation with Fos-Cholin-16 

purification via IMAC and SEC was performed in buffers containing DDM (Figure 1).  

 
Figure 1: Purification of IMC in DDM. A: SEC analysis of IMC on a Superose 6 Inc. 10/300 GL. B: SDS-PAGE 
(left) and Western blot analysis targeting HlyB (middle) or HlyD (right). M: marker proteins with their approximated 
molecular weight. #: Sample from IMC main elution peak of the SEC. The bands for HlyB and HlyD are marked 
with black triangles. Protein-specific, polyclonal anti-HlyB and anti-HlyD antibodies were used for detection. 

 

The IMC was successfully purified in DDM but the yield was very low. Main elution 

fractions showed a maximum of 0.06 µg IMC per mg starting protein content 

(corresponding to 0.18 mg/ml). We investigated whether a different detergent could 

improve protein yield and used LMNG instead of DDM. Solubilisation was performed 

with Fos-Cholin-16 and IMAC and SEC were performed in buffers containing LMNG 

(Figure 2). 









Δ Δ
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activity declined from first to second to third peak. The pQlink system for expression in 

combination with digitonin for solubilisation and purification enabled purification of IMC 

in sufficient amounts and purity for further experiments like an in vitro transport assay. 

 
 
Discussion 
The purification of membrane proteins is a challenging task as one has to find the right 

conditions suitable for solubilisation and stabilisation of the target protein. In addition it 

is necessary to ensure that the chosen conditions do not interfere with later 

applications. As the field of membrane proteins research offers a wide variety of 

detergents but also detergent alternatives such as nanodiscs, Salipro, amphipols, 

SMA, peptidisc and others, the journey towards the in vitro studies of a specific 

membrane protein, be it structure or biochemical assay, usually involves a detailed 

screen for the right conditions. Here we present such a journey for the IMC of the HlyA 

T1SS from uropathogenic E. coli. 

The choice of the detergent is a very crucial step in membrane protein purification. 

Fos-cholines in general are known to solubilize proteins very well, but are also known 

to interfere with the structure and / or activity of a solubilized protein [38, 39]. Therefore, 

starting with Fos-choline-16 to solubilize the IMC might already destroy the native 

conformation of the IMC during the solubilisation step and explain the small amounts 

of purified IMC (Figure 1 and 2). Nevertheless, it seems to be possible to counteract 

this effect in parts by changing the detergent after the solubilisation step. But as seen 

from DDM (Figure 1) and LMNG (Figure 2) the choice of the detergent can have a 

huge influence on the amount of purified protein. In the end digitonin showed best 

results in solubilisation and complex integrity as recently published for the IMC [9] and 

seen for other proteins and complexes as well [14, 16].  

Also for the published DirectMX approach using the Salipro system digitonin was used 

in the first initial solubilisation step [24]. Here we tried lysophosphatidylglycerol (LPG) 

for the initial solubilisation step and were not successful (Figure 5). A repetition with 

digitonin might lead to better results. For the other tested detergent-free alternative 

using SMA we struggled with purification of initially solubilized IMC (Figure 4). While 

the sucrose gradient purification did not lead to a clear result, further affinity purification 

of SMA encapsulated IMC did not work at all. Inefficient binding of SMA encapsulated 

proteins was previously reported [40] and batch binding overnight was recommended 
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to overcome this limitation. A major issue for poor binding is an excess of free SMA. 

Although sucrose gradient purification should be able to remove free SMA polymers 

from the SMA encapsulated IMC this needs to be taken into account as a problem in 

affinity purification of SMA encapsulated proteins. In addition, the low binding efficiency 

also results in lower concentrations of imidazole needed for elution and has to be 

considered when washing the column [40]. 

Problems with disassembly of the IMC even without any affinity tag can be caused 

either by the detergent LMNG or be an artifact of the Blue Native (BN)-PAGE used as 

read out for complex formation (Figure 6). During BN-PAGE of membrane proteins the 

detergent needs to be substituted by the dye Coomassie. This exchange from 

detergent to Coomassie can also cause complexes to disassemble [41]. To finally state 

whether LMNG is suitable for IMC solubilisation and purification, a different read out 

than BN-PAGE is needed. In addition this experiment shows that HlyB and HlyD do 

not exclusively occur in a complex but also as individual proteins and protein 

oligomers. This might be due to overexpression of the system or can be caused by the 

detergent used for solubilisation and purification. 

Our approach to co-reconstitute the IMC from separately purified proteins into Salipro 

based lipid discs (Figure 7 and 8) or MSP based nanodiscs (Figure 9) was partly 

successful. A major limitation to the applicability for the IMC in comparison to the 

published protocol for MexAB-TolC [37] is the additional transmembrane part of HlyD 

that is not present in MexA. For the IMC the transmembrane parts of HlyB and HlyD 

have to arrange correctly before detergent removal and incorporation into a lipid bilayer 

happen. This step is crucial and might need more time than given in our experimental 

set up. Nevertheless, we could show that a complex of HlyB and HlyD did form, 

although its size, when comparing our SEC elution profile to the SEC elution profile of 

the published IMC structure [9] is smaller. The IMC is a trimer of dimers in terms of the 

ABC transporter HlyB and a hexamer of HlyD with two HlyD monomers flanking one 

HlyB dimer. In our co-reconstitution set-up we might have isolated a dimer of HlyB 

flanked by a dimeric HlyD as we used the molar ratio that was assumed for the IMC 

(1:3 of HlyB:HlyD) prior to the published structure of the IMC. 

Finally, digitonin was the “golden bullet” for purification of the IMC. The purity of our 

isolated IMC in digitonin (Figure 11) can be further improved by subsequent IMAC after 

Strep-tag affinity purification. This way HlyB-only particles can be excluded from the 

purification. However, one has to judge whether the additional purification step is 
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necessary as it might cause further loss of protein and SEC already allows separation 

of different species. 
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Supplementary Information 
Plasmids: 
Table S1: Plasmids used in this study. 

   HlyB HlyD 

Name Backbone 
Antibiotic 
resistance 

Tag Position Tag Position 

pBAD-
HisHlyB 

pBAD Ampicillin 10xHis-tag 
N-

terminus 
  

pET28-
HisHlyD 

pET Kanamycin   
10xHis-

tag 

N-

terminus 

pK184-
HlyB-

HisHlyD 
pK184 Kanamycin - - 

6xHis-

tag 

N-

terminus 

pK184-
HlyB-HlyD 

pK184 Kanamycin - - - - 

pBAD-
TSHlyB-
HisHlyD 

pBAD Ampicillin 
TwinStrep-

tag 

N-

terminus 

6xHis-

tag 

N-

terminus 

pQLink-
StrepHlyB-

HisHlyD 
pQLink Ampicillin 6xHis-tag 

N-

terminus 
- 

N-

terminus 
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Abstract 
The hemolysin A type 1 secretion system (HlyA T1SS) from Escherichia coli (E. coli) 

is one of the best studied T1SSs. It secretes the toxin HlyA in a single step without 

periplasmic intermediates from the cytosol to the extracellular space. Secretion occurs 

in an unfolded state and is driven by ATP hydrolysis. Although structural information 

for the single components of the HlyA T1SS is partially available, the details of their 

interplay in secretion remains unknown. In this study we present an in vitro transport 

assay for the HlyA T1SS. By reconstitution of the outer membrane protein TolC into 

liposomes and reconstitution of the inner membrane complex (IMC) into MSP based 

nanodiscs we can assemble the T1SS in vitro in a detergent free environment. In 

addition, this set up allows to trace transport between two different compartments. We 

present the single steps necessary for assembling the HlyA T1SS in vitro and 

performing the transport assay. Furthermore we could show as a proof of concept 

transport of a shortened version of the substrate, termed HlyA1 with our in vitro 

transport assay. 
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Introduction 
Secretion in Gram-negative bacteria is a challenge as a substrate has to cross two 

membranes without disturbing the overall integrity of the cell [1]. For small substrates 

and one membrane this might be an easy task by providing a transporter with 

alternating access to each side of the membrane [2]. This process gets more complex 

for secretion of small molecules in Gram-negative bacteria across two membranes in 

one step via tripartite efflux systems like MacAB and AcrAB [3-6]. For large protein 

substrates of several 100 amino acids, like members of the repeats in toxin (RTX) 

protein family [7], that are transported via type 1 secretion systems (T1SSs) this task 

becomes even more challenging. It is hard to imagine that there is something like a 

classical binding pocket for such large substrates as known for many ABC transporters 

transporting small molecules [8]. Therefore, a more complex interplay between several 

components of the T1SS, that are located on different sides of the membrane, is 

necessary. One of the best studied T1SS is the hemolysin A (HlyA) T1SS from E. coli 

[9-11]. It is build up by an ATP-binding cassette (ABC) transporter termed hemolysin 

B (HlyB), a membrane fusion protein (MFP) termed hemolysin D (HlyD) and the outer 

membrane Protein TolC. Together those three proteins transport the substrate called 

HlyA with a length of 1024 amino acids in an unfolded state. Secretion occurs in a 

single step without periplasmic intermediates. It is known that HlyB and HlyD form a 

so called inner membrane complex (IMC) in the inner membrane even in the absence 

of the substrate HlyA [12]. The ABC transporter HlyB contains a specific N-terminal 

domain termed C39 peptidase-like domain (CLD) which is important for substrate 

recognition [13]. Recently, the structure of the IMC has been solved providing valuable 

insights into its detailed organization and revealing an additional role of the HlyB CLD 

in stabilising the IMC through charged interactions with the MFP HlyD [14]. In addition 

to the CLD also the nucleotide binding domain (NBD) of HlyB is involved in substrate 

recognition [15, 16]. In the presence of HlyA, TolC is recruited to the IMC and a 

continuous channel for secretion is formed [17]. The substrate HlyA is a pore forming 

toxin that is transported in an unfolded state and only folds outside the cell upon Ca2+ 

binding [18]. Although structures of the different components of the HlyA T1SS are 

known, the mechanistic details and biochemical characteristics of the secretion 

process remain unknown [14, 19, 20]. As investigations in-situ allow for native 

environment and less preparation artifacts the major drawback is the traceability of the 

process of interest among all other metabolic processes of the cell especially for 
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functional assays. Therefore in vitro set ups allow investigations with very low level of 

interfering side effects and a precise reaction set up if the protein of interest can be 

purified and stabilized in adequate amounts [21]. Advanced tools facilitate in vitro work 

with membrane proteins providing a wide range of membrane mimetics nowadays, like 

SMA and DIBMA polymers [22-24], MSP based nanodiscs [25, 26], Salipro [27] or 

proteoliposomes [28]. Those accomplishments even allow assemblies with multiple 

membrane mimetics as seen for the in vitro transport assay of MacAB-TolC [29]. 

Here we report an in vitro transport assay for the HlyA T1SS from E. coli. We 

successfully purified the components of the T1SS and reconstituted them in membrane 

mimetic systems. By using a MSP based nanodisc system for the IMC and liposomes 

for the outer membrane protein TolC, we build a two compartment system allowing 

transport from solution into the lumen of the liposomes. The substrate HlyA1, a 

truncated secretion competent version of HlyA, was added in an unfolded state and 

preincubated prior to addition of ATP to start the assay. Successful transport was 

monitored by limited accessibility of the translocated substrate inside the 

proteoliposomes for externally added proteinase K [30] with subsequent Western blot 

analysis (Figure 1). 
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Material and methods 
Expression and purification of TolC 

TolC was expressed in E. coli BL21(DE3) from a pET based plasmid containing a C-

terminal 6x His-tag with a thrombin cleavage side. Cells were grown in 50 ml 2YT 

medium in a 300 ml baffled flask supplemented with 100 µg/ml ampicillin at 37 °C and 

180 rpm overnight. Expression cultures of 2 L 2YT supplemented with 100 µg/ml 

ampicillin in 5 L baffled flasks were inoculated from the precultures to an OD600 of 0.1 

and incubated at 37 °C and 180 rpm. Expression was induced at OD600 of 0.6 to 0.8 

by addition of 1 mM IPTG and expression was performed for 2 h. Cells were harvested 

via centrifugation at 5,000 xg for 20 minutes at 4 °C. Pellet was resuspended in buffer 

A (20 mM Hepes pH 8, 100 mM NaCl) and 1 cOmplete EDTA-free inhibitor cocktail 

tablet and a spatulas tip of DNAse I were added. Cell disruption was performed by 

three passes through Microfluidizer M-110P (Microfluidics) at 1.5 kbar. Centrifugation 

was performed  at 18,000 xg for 30 minutes at 4 °C to get rid of cell debris. Supernatant 

was centrifuged  for 90 minutes at 38,000 rpm (Type 45 Ti, Beckman Coulter) at 4 °C 

to pellet membranes. Membranes were resuspended in buffer A and diluted to a total 

protein concentration of 20 mg/ml. 

Solubilization was performed for 2 hours at 4 °C using 2 % Triton X-100. Non-

solubilized material was removed by centrifugation for 30 minutes at 38,000 rpm (Type 

45 Ti, Beckman Coulter) at 4 °C. Supernatant was loaded on a 5 ml HiTrap Chelating 

HP (Cytiva) column (Zn2+) equilibrated with buffer B (20 mM Hepes pH 8, 300 mM 

NaCl, 10 mM imidazole, 0.01 % DDM). Column was washed 30 column volumes (CV) 

with buffer B and 15 CV of Buffer C (20 mM Hepes pH 8, 300 mM NaCl, 100 mM 

imidazole, 0.01 % DDM). TolC was eluted with 5 CV buffer D (20 mM Hepes pH 8, 300 

mM NaCl, 250 mM imidazole, 0.01 % DDM). Fractions containing TolC were 

combined, 10 U/mg protein of thrombin containing a His-Tag were added and dialyzed 

over night against 5 L of buffer E (20 mM Hepes pH 8, 100 mM NaCl, 0.01 % DDM) at 

4 °C. Dialysed sample was concentrated using an Amicon Ultra-15 centrifugal filter unit 

(Millipore) with a MWCO of 100 kDa. Concentrated sample was centrifuged for 30 

minutes at 17,000 xg and 4 °C and supernatant was applied on Superose 6 Increase 

10/300 GL equilibrated with buffer E. Fractions containing TolC were combined and 

concentrated using Amicon Ultra-4 centrifugal filter unit (Millipore) with a MWCO of 100 

kDa. For storage TolC was flash frozen in liquid nitrogen and stored at – 80 °C. 
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Reconstitution of TolC into liposomes 

For reconstitution of TolC into DOPC liposomes DOPC stock solution in chloroform 

(Avanti Polar Lipids) was evaporated using rotary evaporator (300, mbar, 200 mbar 

and 0 mbar, 10 minutes each) and resuspended in buffer F (30 mM Tris pH 8, 150 mM 

NaCl). Liposomes were frozen in liquid nitrogen and thawed at room temperature 2 

times. Next liposomes were extruded 11 times using a 400 nm membrane.  The 

amount of Triton X-100 necessary for swelling the liposomes for reconstitution was 

determined for each set of prepared liposome by stepwise addition of Triton X-100 and 

monitoring absorption at 540 nm [28]. After addition of Triton X-100, TolC was added 

at a protein-to-lipid ratio of 1 :33 and incubated at room temperature for 15 minutes. 

10 mg BioBeads SM-2 (Biorad) were added and sample was incubated under agitation 

at 4 °C for 10 min. A second time 10 mg BioBeads SM-2 (Biorad) were added and 

sample was incubated under agitation at 4 °C for 10 min. A third time 10 mg BioBeads 

SM-2 (Biorad) were added and sample was incubated under agitation at 4 °C 

overnight. The next day a fourth time 10 mg BioBeads SM-2 (Biorad) were added and 

sample was incubated under agitation at 4 °C for 2 hours. BioBeads SM-2 (Biorad) 

were removed and the supernatant was centrifugedat 100,000 xg for 30 minutes at 4 

°C. The supernatant was discarded and the proteoliposome pellet was resuspended 

in 1/10 of buffer F and used for in vitro transport assay or flotation assay. 

 

Flotation Assay 

100 µl Proteoliposomes were mixed with 100 µl 60% sucrose solution (60% sucrose 

in 30 mM Tris pH 8, 150 mM NaCl) and placed on the bottom of a S120-AT3 (Thermo 

Scientific) rotor tube. 250 µl 20% sucrose solution (20% sucrose in 30 mM Tris pH 8, 

150 mM NaCl) followed by 50 µl 5% sucrose solution (5% sucrose in 30 mM Tris pH 

8, 150 mM NaCl) were carefully put on top. Gradient was centrifuged for 1 hour at 4 

°C and 80,000 rpm (S120-AT3, Thermo Scientific) and fractions were collected with a 

gel loading tip from bottom to top. Samples were used for TCA precipitation and 

analysed via SDS-PAGE. 

 

Expression and purification of inner membrane complex (IMC) 

E. coli C43(DE3) and a pQLink based plasmid were used to produce IMC. HlyB was 

produced with an N-terminal Strep-tag and HlyD with an N-terminal 6x His-Tag. Cells 

were grown in 50 ml 2YT medium in a 300 ml baffled flask supplemented with 100 
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µg/ml ampicillin at 37 °C and 180 rpm overnight. Expression cultures of 2 L 2YT 

supplemented with 100 µg/ml ampicillin in 5 L baffled flasks were inoculated from the 

precultures to an OD600 of 0.1 and incubated at 37 °C and 180 rpm. Expression was 

induced at OD600 of 0.6 to 0.8 by addition of 0.2 mM IPTG and expression was 

performed at 18 °C overnight. Cells were harvested via centrifugation at 5,000 xg for 

20 minutes at 4 °C. Pellet was resuspended in buffer G (30 mM Tris pH 8, 150 mM 

NaCl, 15 % glycerol) and 1 cOmplete EDTA-free inhibitor cocktail tablet and a spatulas 

tip of DNAse I were added. Cell disruption was performed by three passes through 

Microfluidizer M-110P (Microfluidics) at 1.5 kbar. Centrifugation was performed  at 

18,000 xg for 30 minutes at 4 °C to get rid of cell debris. Supernatant was centrifuged  

for 90 minutes at 45,000 rpm (Type 45 Ti, Beckman Coulter) at 4 °C to pellet 

membranes. Membranes were resuspended in buffer H (30 mM Tris pH 8, 150 mM 

NaCl) and diluted to a total protein concentration of 20 mg/ml. Solubilization was 

performed for 1 hour at 4 °C using 1 % digitonin. Non-solubilized material was removed 

by centrifugation for 30 minutes at 42,000 rpm (Type 70 Ti, Beckman Coulter) at 4 °C. 

Supernatant was incubated in a ratio of 50 ml membrane with 1 ml Strep-Tactin 

MacroPrep resin (IBA Lifesciences) overnight under agitation at 4 °C. The resin was 

transferred into a gravity flow column and washed with 15 CV buffer I (30 mM Tris pH 

8, 150 mM NaCl, 0.1 % digitonin). The resin was incubated for 5 minutes with 2 CV 

buffer J (30 mM Tris pH 8, 150 mM NaCl, 5 mM D-desthiobiotin, 0.1 % digitonin) and 

IMC was eluted with 3 additional CV buffer J. Elution fractions were concentrated using 

Amicon Ultra-15 centrifugal filter unit (Millipore) with a MWCO of 100 kDa. Sample was 

centrifuged for 30 minutes at 17,000 xg at 4 °C to remove aggregates and supernatant 

was used for reconstitution into MSP based nanodisc. 

 

Reconstitution of IMC into MSP2N2 nanodisc 

For reconstitution of IMC into MSP2N2 lipid nanodisc a lipid mixture of DOPE, DOPG 

and DOPC in a molar ratio of 1:1:1 was used. Lipids were ordered as individual 

chloroform solutions (Avanti Polar Lipids) and mixed in the desired ratio. Chloroform 

was evaporated using a rotary evaporator and lipids were resuspended in buffer H (20 

mM Tris pH 8, 150 mM NaCl) at a final concentration of 3.8 mg/ml. Lipids were 

extruded 11 times using a 400 nm membrane and incubated with 1 % Triton X-100 for 

10 min at 40 °C. Lipids were chilled on ice and IMC and MSP2N2 were added 

simultaneously in a final molar ratio of 1:4:600 (calculated for IMC = 6x HlyB + 6x 
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HlyD). Sample was incubated on ice for 30 minutes prior to addition of 150 mg 

BioBeads SM-2 (Biorad) and incubation at 4 °C overnight under constant agitation. 

The next day BioBeads  SM-2 (Biorad) were removed and the sample was centrifuged 

for 30 min at 17,000 xg and 4 °C. The supernatant was concentrated and used for in 

vitro transport assay. For analytical SEC concentrated IMC in MSP2N2 nanodisc was 

loaded on Superose 6 Increase 3.2/300 column equilibrated in buffer H. 

 

ATPase activity assay 

For measuring ATPase activity the Malachite Green assay [31] was used as described 

earlier (Chapter 2 – Optimisation of the purification of the ABC transporter HlyB from 

Escherichia coli). 

 

Expression and purification of HlyA1 and MSP2N2 

HlyA1 and MSP2N2 were expressed and purified according to published protocols [26, 

32]. 

 

In vitro transport assay 

For the in vitro transport assay TolC proteoliposomes and IMC in MSP2N2 nanodiscs 

were mixed with 10 mM MgCl2, energy regeneration mix (10 mM phosphokreatin and 

50 µg/ml kreatinkinase) and 0.1 mg/ml HlyA1 in a total volume of 50 µl. The mixture 

was incubated overnight at 4 °C and gentil agitation and transport assay was started 

by addition of 5 mM ATP. The assay was performed at 25 °C for 8 hours. 5 µl reference 

sample was taken (sample R) and 1 µl proteinase K (10 mg/ml) was added to the 

remaining 45 µl, shortly vortexed and incubated for 30 minutes at room temperature. 

150 µl TCA (20 %) were added, shortly vortexed and incubated overnight at 4 °C. The 

sample was centrifuged for 15 minutes at 17,000 xg and 4 °C and supernatant was 

removed. The Pellet was washed with 500 µl ice cold acetone and centrifuged at 

17,000 xg and 4 °C or 5 minutes. The supernatant was removed and the pellet was 

incubated with an open lid at 37 °C for 1 hour. The pellet was resuspended in 2x SDS 

sample buffer and 1 µl 1 M Tris pH 8 was added (sample S). SDS-PAGE with 

subsequent Western blot analysis was performed with reference sample R and assay 

sample S on a 15 % tris-glycine gel. A primary Antibody targeting HlyA secretion signal 

was used in combination with HRP-conjugated secondary antibody. 
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Discussion 
Secretion of large substrates in Gram-negative bacteria requires a complex interplay 

between different proteins and is still not understood in detail. While some tripartite 

efflux systems for small substrates are already well characterized in structure and 

function [4, 5, 29, 33-36], Type 1 secretion systems (T1SS) transporting large 

substrates are still lacking the information of structure-function-relationship for the 

whole entity. One of the best studied T1SS is the hemolysin A (HlyA) T1SS from E. 

coli [16, 37-40]. Recently the structure of the inner membrane complex (IMC) of the 

HlyA T1SS was published and shed some light on the functionality and stoichiometry 

of the system [14]. But as the IMC is only one half of the T1SS and the secretion 

process also involves the outer membrane protein TolC further research targeting the 

whole system is necessary. Here we describe a set-up for an in vitro transport assay 

to investigate the biochemistry of the secretion process. 

By reconstitution of TolC into liposomes a two-compartment system is created allowing 

transport from one compartment (solution outside the liposomes) into the other 

compartment (lumen of the vesicles). The reconstitution of TolC can occur in two 

orientations. The periplasmic part of TolC is either facing the outside of the vesicle or 

the inside. As we do not completely dissolve the liposomes for reconstitution we expect 

the majority of TolC periplasmic part to face the outside of the liposome. Else the large 

periplasmic part would need to cross the partly destabilized membrane which is 

thermodynamically unfavourable. Therefore, most of the reconstituted TolC should be 

accessible for our transport assay. These assumptions are in line with published data 

for bacteriorhodopsin in 1988 where increasing amounts of Triton X-100 favour a more 

equal distribution of orientation [41]. As TolC with a periplasmic part oriented into the 

lumen of the vesicle does not interfere with our assay, as long as it is not 100 %, we 

did not attempt to quantify the orientation of TolC so far. A quantitative determination 

would be necessary to use the assay for quantitative analysis relying on for instance 

the total number of active transport systems. If quantitative analysis is not possible one 

could completely dissolve the liposomes during reconstitution and therefore favouring 

an equal distribution of orientation. 

To make sure that we do not face a limitation of space inside the liposome, we 

calculated the total number of substrates that fit into one liposome. Given the diameter 

of the liposomes with 400 nm and a thickness of the lipid bilayer of about 5 nm [42] we 

could calculate the volume inside the liposome to approximately 31,000,000 nm3. For 
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the sake of simplicity we assumed our substrate to be a box and calculated the volume 

of HlyA1 taking SAXS data from purified full length HlyA (not published). HlyA has a 

three dimensional dimension of about 1000 nm3. Taking into account that HlyA1 is 

roughly one fourth of HlyA, the volume of HlyA1 is about 250 nm3. With these 

assumptions up to 124,000 substrate molecules can fit into one liposome. 

The Western blot targeting the secretion signal of HlyA reveals a first hint of actual 

transport of substrate into the liposome (Figure 5). Nevertheless this result has to be 

treated with care as the band is less than 10 % of the reference sample and the 

reference sample contains only 10 % of the initially added substrate. Taking these 

intensities into account this would indicate that less than 1 % of HlyA1 was transported. 

Improvement of transport for this in vitro system is necessary and possible via 

optimization of the reconstitution process of IMC into MSP nanodiscs (Figure 4A) to 

have more fully assembled T1SS. In addition, investigations regarding the optimal ratio 

of IMC in nanodiscs, TolC in liposomes and HlyA1 has to be determined. 

Once this in vitro transport assay is further developed it opens the possibility to study 

the secretion via HlyA T1SS in detail in a controlled environment. This would allow to 

study for instance the influence on secretion of external factors like ion strength or Ca2+ 

concentration. Also a stoichiometric calculation of number of hydrolysed ATP 

molecules per secreted substrate would be possible. 
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Abstract 
Over the past decades the clinical relevance of Kingella kingae (K. kingae) a Gram-

negative bacterium causing invasive infections in children at the age of 6 to 48 month 

increased drastically. A key player in cytotoxicity of K. kingae is a type 1 secretion 

system (T1SS) exporting a haemolytic toxin with the help of the ATP-binding cassette 

(ABC) transporter RtxB. To treat K. kingae infections, it is essential to understand the 

mode of action in a macroscopic and microscopic scale. Therefore fundamental 

research on all components involved in K. kingae invasive infections is important. Here 

we present the purification and initial characterisation of the ABC transporter RtxB in 

an ATPase active state in detergent. Additionally, we could purify RtxB to a 

homogeneity suitable for single particle cryo EM analysis. We determined the kinetic 

parameters of RtxB ATPase activity and define its pH optimum. Furthermore, we could 

reconstitute RtxB in MSP based nanodiscs and observed an increased ATPase activity 

in a lipid bilayer as well as an increase in stability at elevated temperatures. 
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Introduction 
Kingella kingae was identified in 1960 and was first described in 1968 as a new Gram-

negative b-hemolytic bacteria species assigned to the genus Moraxella [1]. In 1976 the 

species was transferred to the genus of Kingella gen. nov. in the family of 

Neisseriaceae [2]. As it was rarely isolated from patients, its clinical relevance was 

rated low in the beginning [3, 4]. Over the past 30 years, as cultivation and diagnostic 

advanced, its relevance as a paediatric pathogen of children in the age between 6 and 

48 months increased [5-9]. As part of the commensal flora K. kingae colonizes the 

upper respiratory tract and can lead to invasive diseases such as bone infections, 

bacteraemia or even endocarditis [6, 9-12]. Although K. kingae is recently known for 

causing invasive diseases it is still poorly understood what exactly triggers invasion [7]. 

Besides biofilm formation [13] one of the key players in K. kingae invasive infections is 

the RTX toxin RtxA [14, 15]. RtxA is secreted via a Type 1 secretion system (T1SS) 

build up by an ABC transporter (RtxB), a periplasmic adapter protein (RtxD) and an 

outer membrane protein (TolC) [15-17] (Figure 1). 

Secretion of the toxin is powered by ATP hydrolysis performed by the ABC transporter 

RtxB [15]. As an ABC transporter of a bacterial T1SS, RtxB is a so-called half-size 

transporter and active as a dimer [18, 19]. The ABC transporter RtxB belongs to the 

group 2 of T1SS ABC transporters and is build up by three domains [20]. Besides the 

transmembrane domain (TMD) and the nucleotide binding domain (NBD) it possesses 

an additional N-terminal domain, termed C39 peptidase-like domain (CLD). This 

domain shares sequence and structure similarity with a C39 peptidase but lacks 

peptidase activity [20]. For the RtxB homolog HlyB from Escherichia coli (E. coli) it was 

shown that the CLD is crucial for substrate recognition and secretion [21]. Furthermore 

it was shown that for the isolated HlyB a deletion of the CLD increases ATPase activity, 

therefore postulating a regulation of its ATPase activity via the CLD [22]. Recently we 

could show that it is possible to create chimeric transporters of HlyB and RtxB that are 

still able to secrete the RTX toxin HlyA, indicating an interplay between all three 

domains that is at least to some extend exchangeable between homologous 

transporters (Anlauf et al., to be published). 

Studying membrane proteins in vitro is a challenging tasks due to their hydrophobic 

membrane part. Detergents are used to shield the hydrophobic parts of the protein 

[23]. As the impact of a used detergents is not always clear a native like surrounding 

is preferred as provided by membrane mimetics [24]. One of these is the membrane 
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Material and Methods 
Plasmid construction 

E. coli DH5a was used for cloning. The gene for RtxB (UniProt-ID: F5S9L7) was 

amplified from genomic DNA of Kingella kingae ATCC 23330 (DSM 7536) ordered at 

German Collection of Microorganisms and Cell Cultures GmbH (DSMZ) and cloned 

into pBAD based expression vector with an N-terminal 10x His-tag. The ATPase 

deficient RtxB H662A (RtxB-HA) mutant was generated via side directed mutagenesis 

using primers listed in table S1. The chimeric RtxB-EKK with the CLD from HlyB from 

E. coli and TMD and NBD from RtxB from K. kingae, was generated via Gibson 

Assembly [27] using plasmid for expression of HlyB [22] and primers listed in table S1.  

 

Protein expression and purification 

E. coli BL21(DE3) was used for expression of RtxB, RtxB-HA and RtxB-EKK. Cells 

containing the appropriate plasmid were grown over night at 37 °C and 180 rpm in a 

300 ml baffled flask containing 50 ml 2YT medium and 100 µg/ml ampicillin. Overnight 

grown cultures were used to inoculate 1 L 2YT medium in a 5 L baffled flask containing 

100 µg/ml ampicillin to an OD600 of 0.1. Flasks were incubated at 37 °C and 120 rpm 

to an OD600 of 0.6 - 0.8 and expression was induced by addition of 1 mM arabinose. 

Cells were harvested after 3 h of expression via centrifugation at 5,000 xg for 20 

minutes at 4 °C. Cells from 4 L expression were used for one purification. Cells were 

resuspended in buffer A (50 mM Na2HPO4 pH 8, 300 mM NaCl) containing one 

cOmplete EDTA-free inhibitor cocktail tablet and a spatulas tip of DNAseI. Cells were 

lysed by three passes through Microfluidizer M-110P (Microfluidics) at 1.5 kbar. Cell 

debris was removed by centrifugation at 18,000 xg for 30 minutes at 4 °C and the 

supernatant was centrifuged for 90 minutes at 38,000 rpm (Type 45 Ti, Beckman 

Coluter) at 4 °C. The membrane pellet was resuspended in buffer A and used for 

solubilization. For solubilization, the membrane was diluted to 10 mg/ml using buffer A 

and incubated over night with 1 % LMNG and 1 cOmplete EDTA-free inhibitor cocktail 

tablet. Non-solubilized material was removed via centrifugation for 30 minutes at 

38,000 rpm (Type 45 Ti, Beckman Coluter) at 4 °C. Imidazole was added to the 

supernatant at a final concentration of 2 mM and it was loaded on a 5 ml HiTrap IMAC 

HP (Cytiva) column (Ni2+) equilibrated with buffer B (50 mM Na2HPO4 pH 8, 300 mM 

NaCl 2 mM imidazole, 0.002 % LMNG). The column was washed with 10 column 

volumes (CV) of buffer B and 10 CV of buffer C (50 mM Na2HPO4 pH 8, 300 mM NaCl 
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90 mM imidazole, 0.002 % LMNG) RtxB was eluted with buffer D (50 mM Na2HPO4 

pH 8, 300 mM NaCl 300 mM imidazole, 0.002 % LMNG). Fractions containing RtxB 

were combined and concentrated using an Amicon Ultra-15 centrifugal filter unit 

(Millipore) with a MWCO of 100 kDa. Concentrated protein sample was centrifuged for 

30 minutes at 17,000 xg at 4 °C and supernatant was applied on a Superose 6 Increase 

10/300 GL (Cytiva) column equilibrated in buffer E (20 mM Tris pH 8, 150 mM NaCl, 

0.002 % LMNG). Peak fractions containing RtxB were either immediately used or 

combined and concentrated using Ultra-4 centrifugal filter unit (Millipore) with a MWCO 

of 100 kDa. For storage RtxB was flash frozen in liquid nitrogen and stored at – 80 °C. 

 

ATPase activity assay 

For measuring ATPase activity the Malachite Green assay [28] was used with the 

following adaptations. RtxB, RtxB-HA and RtxB-EKK were used at a concentration of 

1 µM in buffer E. Reconstituted RtxB in MSP1D1 was used at a total protein 

concentration of 0.08 mg/ml in buffer F (20 mM Tris pH 8, 150 mM NaCl) resulting in 

0.5 µM RtxB as estimated from Coomassie stained SDS PAGE. ATP was used in final 

concentrations ranging from 0 to 5 mM and MgCl2 was used in a final concentration of 

10 mM. Negative controls contained no MgCl2. The reaction was started by addition of 

ATP and incubated for 40 minutes at 25 °C. ATPase assay to investigate 

thermostability were conducted at temperatures from 15 to 60 °C and were incubated 

for only 30 minutes. The reaction was stopped by adding the reaction set up (25 µl) to 

175 µl 10 mM H2SO4. The assay was stained by adding 50 µl freshly prepared staining 

solution (0.096% (w/v) malachite green, 1.48% (w/v) ammonium molybdate, 0,17% 

(v/v) Tween-20 in 15 % H2SO4) and absorption at 595 nm was measured after 8 min 

of incubation at RT. Datapoints were visualized using GraphPad Prism (GraphPad) 

and analysed via allosteric sigmoidal enzyme kinetic fit (Hill equation): 𝑦 = 	 $%&'∗)*

+*&,-*.	)*
 

with x being ATP concentration and y enzyme velocity. 

For ATPase activity measurements at different pH values, buffers listed in table S2 

were used for dilution of RtxB to a final concentration of 1 µM. ATP and MgCl2 were 

used at concentrations of 4 mM and 10 mM respectively. 

 

Reconstitution into MSP based nanodisc 

Reconstitution of RtxB into MSP based nanodisc was performed with a lipid mixture of 

DOPE, DOPG and DOPC in a molar ratio of 1:1:1. Lipids were ordered as individual 
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chloroform solutions (Avanti Polar Lipids) and mixed in the desired ratio. Chloroform 

was evaporated using a rotary evaporator and lipids were resuspended in buffer F at 

a final concentration of 3.8 mg/ml. Lipids were extruded 11 times using a 400 nm 

membrane and incubated with 1 % Triton X-100 for 10 min at 40 °C. Next, lipids were 

chilled on ice and RtxB and MSPD1 were added simultaneously in a final molar ratio 

of 1:1:75 (calculated for monomeric RtxB). Sample was incubated on ice for 30 minutes 

prior to addition of 0.8 g/ml BioBeads and incubation at 4 °C over night under constant 

agitation. The next day supernatant was centrifuged for 30 min at 17,000 xg and 4 °C 

and supernatant was applied on Superdex200 Increase 10/300 GL equilibrated in 

buffer F. Peak fractions containing reconstituted RtxB were either immediately used or 

combined and concentrated using Ultra-4 centrifugal filter unit (Millipore) with a MWCO 

of 100 kDa. 

 

Cryo-EM sample preparation and data collection 

An aliquot of 4 μl purified RtxB (∼0.5 mg/ml) was applied to glow-discharged 200-mesh 

Quantifoil R1.2/1.3 200 grids. The grids were blotted for 5 sec and plunged into the 

liquid ethane using an EM GP 2 Plunge Freezer (Leica Microsystems) operated at 4°C 

and 95% humidity. The grids were screened on Talos Arctica (Thermo Fisher 

Scientific) electron microscope and 9753 movie stacks were collected on a Titan Krios 

(Thermo Fisher Scientific) electron microscope at Ernst Ruska-Centre for Microscopy 

and Spectroscopy with Electrons (ER-C) department for Structural Biology (ER-C-3), 

Forschungszentrum Jülich GmbH. The images were recorded with a K3 camera 

(Gatan) in super-resolution mode at a nominal magnification of 105000 × (calibrated 

pixel size of 0.82 Å on the specimen level) and a defocus range from −1.0 to −3.0 μm. 

Exposures were dose-fractionated into 60 frames, with a total dose of 58.52 electrons 

per Å2.  

 

Cryo-EM image processing 

The RtxB dataset was processed using cryoSPARC (Punjani et al., 2017). The image 

stacks were subjected to beam-induced motion correction using Warp (Tegunov, D. 

and Cramer, P., 2018. Real-time cryo-EM data pre-processing with Warp. BioRxiv, 

p.338558.). Contrast transfer function (CTF) parameters for each micrograph were 

estimated using the cryoSPARC patch CTF algorithm. Particles were picked from the 

micrographs using a blob picker in cryoSPARC. The auto-picked 951952 particles 
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1 µM with buffer of the desired pH. The highest ATPase activity for RtxB was observed 

at around pH 8 to 9. Almost no ATPase activity was detected at pH 4 and a decrease 

of activity compared to maximal activity was seen at pH 10. 

 

 
Figure 4: ATPase activity measurements of RtxB at different pH values. Buffer components were used at a 
concentration of 20 mM. RtxB was used at a concentration of 1 µM and ATP at a final concentration of 4 mM. 
Activity was measured as a single point measurement after 40 min reaction time. Each datapoint with standard 
deviation is a mean value of at least 3 individual measurements. 

 

Reconstitution into MSP nanodisc 

For reconstitution of purified RtxB into MSP based nanodisc, we used MSP1D1 and a 

lipid mixture of DOPE, DOPG and DOPC (molar lipid ratio 1:1:1). RtxB was mixed with 

MSP and lipids in a molar ratio of 1:1:75 (calculated for monomer of RtxB). For better 

separation of RtxB in nanodisc and lipid-only nanodisc we applied the sample on a 

Superdex 200 Inc. 10/300 GL column. Reconstituted RtxB elutes as a single peak at 

around 10.5 ml whereas lipid-only nanodiscs elute at 12 ml (Figure 5A). Bands for RtxB 

and MSP1D1 on the SDS PAGE confirm successful reconstitution. Furthermore the 

Western blot targeting the His-Tag of RtxB and MSP1D1 verifies protein identity 

(Figure 5B). RtxB reconstituted into a lipid bilayer shows slightly higher ATPase activity 

compared to RtxB in LMNG. Vmax for RtxB in lipid nanodisc is 265 ± 14 nmol/(mg*min), 

khalf is 0.52 ± 0.06 mM and h = 2.3 ± 0.6 (Figure 5C and D). 
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higher temperatures for RtxB reconstituted into nanodisc, as is the case for RtxB in a 

detergent micelle. 

 
Figure 6: Normalized ATPase activity of RtxB in detergent and in nanodisc at different temperatures. 
ATPase activity was normalized to RtxB activity at 25 °C in LMNG. ATP was used at a final concentration of 4 mM. 
Activity was measured as a single point measurement after 30 min reaction time. Each datapoint with standard 
deviation is a mean value of 3 individual measurements. 

 

Cryo-EM structure of RtxB in detergent 

Structural investigation of RtxB were performed in detergent using single particle cryo-

EM analysis. RtxB wildtype without additives was used for grid preparation. A first 

dataset resulted in a 3D class with an overall resolution of 6.3 Å according to FSC 

analysis (Figure 7A and B). The NBD, CLD and detergent micelle around the TMD are 

clearly visible. The angular distribution of the particles was promising (Figure 7C), but 

high intrinsic flexibility of the NBDs and CLDs limited the resolution so far. A second 

dataset was collected and image processing was performed with focus on the intrinsic 

less flexible TMD (Figure 7D – F). 
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towards this goal is the functional purification and characterization of the ABC 

transporter RtxB described in this work. 

RtxB was successfully produced in E. coli BL21(DE3) and purified in LMNG (Figure 2). 

We could determine a maximum basal ATPase activity of RtxB in LMNG of 209 ± 10 

nmol/(mg*min) and could demonstrate for RtxB that histidine 662 is a crucial residue 

for ATPase activity (Figure 3) [26]. The closest biochemically described homolog of 

RtxB, HlyB from E. coli exhibits a 20-fold reduced maximum basal ATPase of 8 

nmol/(mg*min) in LMNG [22]. Interestingly, the ATPase activity of HlyB from E. coli is 

tightly regulated by the N-terminal C39 peptidase-like domain (CLD) and increases 

approximately by the factor of 15 when the CLD is deleted. We investigated whether 

this regulating effect of the HlyB CLD can be applied on RtxB as well. Recently we 

could show that it is possible to swap domains of HlyB and RtxB and yet maintain at 

least partially native functionality (Anlauf et al., to be published). Our chimeric construct 

RtxB-EKK derived from the CLD of HlyB from E. coli and the transmembrane domain 

(TMD) and the nucleotide binding domain (NBD) of RtxB from K. kingae shows almost 

the same basal ATPase activity as wildtype RtxB and an identical khalf value (Figure 

3). Therefore we conclude that the regulatory effect of the CLD on ATPase activity 

within HlyB is not transferable to the homologous transporter RtxB but underlies 

specific interactions within HlyB that are missing or different in RtxB. 

RtxB shows highest ATPase activity at pH levels of 8 to 9 and no activity at pH 4 (Figure 

4). With this pH optimum RtxB differs from its homolog HlyB from E. coli and other ABC 

transporters that showed a pH dependent maximum ATPase activity at close to neutral 

pH levels [30, 31]. 

We could show that reconstitution of RtxB into MSP based nanodiscs enhances 

ATPase activity of RtxB (Figure 5C and D) compared to detergent solubilized RtxB 

(Figure 3). This effect of increased activity in MSP based nanodisc compared to 

detergent solubilized protein was seen for the ABC transporter MsbA as well [32]. In 

addition, for HlyB the effect was even more striking as ATPase activity increased by 

the factor of 10 when reconstituted into SaposinA based lipid nanoparticles compared 

to LMNG [33].  A possible explanation is the proper orientation of the transporter and 

its domains in a lipid bilayer favouring ATP hydrolysis compared to a detergent micelle. 

A higher flexibility in a detergent micelle might favour certain conformations that are 

unable to bind or hydrolyse ATP and therefore reduce the maximum ATPase activity 

in detergent. Those effects are not only limited to the comparison of detergent vs lipid 
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bilayer but can also occur within different detergents as seen for LmrA [34]. 

Furthermore we could show that besides overall increased ATPase activity of 

reconstituted RtxB, ATPase activity of RtxB is preserved at elevated temperatures of 

up to 60 °C, when reconstituted in MSP based nanodiscs. This effect of thermal 

stabilization in nanodisc was also shown for DsbB increasing its unfolding midpoint 

melting temperature from about 50 °C in detergent to 70 °C in MSP based nanodisc 

[35]. Those results are in line with the stabilisation of membrane proteins in a lipid 

bilayer. This stabilizing effect might be even more increased by the constraining MSP 

wrapping around the lipid bilayer. 

The structure of RtxB wildtype in LMNG is limited in resolution due to the high intrinsic 

flexibility of the NBD and CLD (Figure 7). A similar issue was recently reported for the 

peptide secreting ABC transporter ComA [36]. Here the use of the ATPase deficient 

mutant, different divalent cations or ATPgS and ATP helped to stabilize certain 

conformations and improve the resolution of the refined models to up to 2.8 Å. 

However, the cytosolic domain was not resolved anymore. It might also be possible to 

improve the resolution for RtxB, by using the ATPase deficient mutant RtxB H662A, 

ATPgS or different divalent cations. 
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Supplemental Information 
Table S1: Primers used for cloning. Small letters indicate bases that introduce mutation or are overhangs for 
Gibson Assembly and do not match the template sequence. 

Name Sequence (5’ – 3’) Purpose 
RtxB_HA_fw GATTATCGCGgcgCGA 

TTATCTACGGTTCGCC 
AC 

Introduction of H662A mutant into 
pBEX_RtxB 

RtxB_HA_rev AGTACCGTCCGTCCC 
TGA 

Introduction of H662A mutant into 
pBEX_RtxB 

RtxB_DCLD_fw tattcttatcGCATCTCGCG 
CATCCGTG 

Amplification of RtxB without the 
CLD and introduction of overhangs 
matching sequence of HlyB_CLD 

RtxB_DCLD_rev aagaatcagaTGGACCTT 
GAAACAAAACTTCTAA 
ATGATG 

Amplification of RtxB without the 
CLD and introduction of overhangs 
matching sequence of HlyB-CLD 

HlyB_CLD_fw tcaaggtccaTCTGATTCT 
TGTCATAAAATTG 

Amplification of HlyB-CLD and 
introduction of overhangs matching 
RtxB sequence 

HlyB_CLD_rev cgcgagatgcGATAAGAAT 
AATATGCCCCTG 

Amplification of HlyB_CLD and 
introduction of overhangs matching 
RtxB sequence 

 
Table S2: Buffers used for pH dependent ATPase activity measurements. 

pH Buffer substance Additives 
4 20 mM Na-acetate 150 mM NaCl, 0.002 % LMNG 
6 20 mM MES  150 mM NaCl, 0.002 % LMNG 
7 20 mM Hepes 150 mM NaCl, 0.002 % LMNG 
7 20 mM Tris 150 mM NaCl, 0.002 % LMNG 
8 20 mM Hepes 150 mM NaCl, 0.002 % LMNG 
8 20 mM Tris 150 mM NaCl, 0.002 % LMNG 
9 20 mM BisTris propane 150 mM NaCl, 0.002 % LMNG 
10 20 mM CAPS 150 mM NaCl, 0.002 % LMNG 

 
Table S3: Top three hits from MS results from RtxB gel slice at approx. 70 kDa after SEC. 

Protein Peptides 
Unique 

peptides 

Sequence 

coverage 

[%] 

Mol. 

weight 

[kDa] 
Q-

value Score Intensity 
MS/MS 

count 

RtxB 39 39 60 81 0 323 5.71E+10 3045 

DnaK 23 23 43 69 0 221 2.3E+08 88 

FtsH 14 14 28 71 0 118 78962000 33 
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4. Discussion 
 

The research object of this thesis was the hemolysin A type 1 secretion system (HlyA 

T1SS) from uropathogenic E. coli. T1SSs in general are present in Gram-negative 

bacteria and enable transport from inside the cell to the extracellular space in one 

single step without periplasmic intermediate(s). Besides the substrate, which usually 

determines the name of the T1SS, they contain an ATP-binding cassette (ABC) 

transporter, a membrane fusion protein (MFP) and an outer membrane protein (OMP). 

The ABC transporter and the MFP are located in the inner membrane (IM) and form 

the so-called inner membrane complex (IMC). As the name suggests, the OMP is 

located in the outer membrane (OM). In case of the HlyA T1SS the substrate is the 

repeats in toxin (RTX) protein HlyA, the ABC transporter is HlyB, the MFP is HlyD and 

the OMP is TolC. Although known for more than 70 years, the precise architecture of 

the system as well as its functional details are not fully understood [143]. We still do 

not know for instance how a substrate of 1024 amino acids can be secreted by the 

ABC transporter HlyB or in which way lipids can influence the secretion efficiency. 

Neither do we know how many ATP molecules are needed per transported substrate 

molecule or what the molecular details are that confer substrate specificity on the 

transporter side. 

To tackle these question we need an appropriate experimental set-up. Therefore the 

main aim of this thesis was to establish the in vitro reconstitution of the HlyA T1SS. 

This requires solid purification and reconstitution protocols for the individual 

components of the secretion channel. The protocols for the purification of a truncated 

substrate variant, so-called HlyA1, as well as for the purification and reconstitution of 

the OMP TolC were already established [205]. For the ABC transporter HlyB as well 

as the IMC, the expression, purification and reconstitution protocols had to be adjusted 

or newly established for the needs of this thesis [151]. Therefore, additional aims of 

this thesis were the expression, purification and reconstitution of the ABC transporter 

HlyB as well as the IMC with the goal to obtain functional and structural data. 

Furthermore an aim was the biochemical and structural characterisation of RtxB from 

Kingella kingae, an ABC transporter homologous to HlyB from E. coli. The 

corresponding T1SS might serve as an alternative system in future studies. 
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4.1. The in vitro reconstitution of the HlyA T1SS 
 

The main aim of this thesis was to establish an in vitro reconstitution of the HlyA T1SS. 

For this, the OMP TolC was reconstituted in the membrane of a vesicle and the IMC 

was reconstituted in lipid nanoparticles such as a MSP-based nanodisc. As a substrate 

for the in vitro assay the truncated secretion competent construct HlyA1 was used. It 

was possible to show as a proof of principle that the in vitro reconstitution of the HlyA 

T1SS was successful and in vitro secretion was observed (Chapter 5). 

To study the secretion process of the HlyA T1SS in vitro allows for a precise control of 

the system’s environment and results in a low level of interfering reactions and events. 

This way it will be possible to determine for instance the number of hydrolysed ATP 

molecules per transported substrate molecule or influences of external stimuli such as 

different pH or antibiotics. Furthermore an in vitro set up allows to study the hierarchy 

of assembly and transport mechanism, as seen for the tripartite efflux system MacAB-

TolC [207]. Here the in vitro set up was used to clarify the role of ATP hydrolysis within 

the mechano-transmission mechanism [207]. Furthermore, it is possible to use a giant 

unilamellar vesicle (GUV) instead of a small liposome for TolC reconstitution 

(unpublished data). This would allow to directly monitor the transport of a fluorescently 

labelled substrate via confocal or super-resolution fluorescence microscopy as seen 

for Ca2+ efflux via SERCA [208, 209]. Highly advanced systems already allow for 3D 

imaging of GUVs with single molecule sensitivity [210]. 

A downside of this established in vitro set up so far is that the read out via Western 

blot analysis only reports successful transport (Chapter 5, Figure 5). Especially for the 

study of the assembly of the T1SS it would be interesting to have a read out for the 

assembly itself. Here the flotation assay, used for the validation of the TolC 

reconstitution (Chapter 5, Figure 3), can be used as a read out for assembly of the 

whole T1SS as well. It was shown previously for SecA that during such a liposome 

flotation assay proteins externally bound to the liposomes stay with the liposome [211]. 

Such a readout for the assembly of the HlyA T1SS would also allow to determine the 

bottleneck of the yet low transport efficiency (less than 1%) for the in vitro transport 

assay (Chapter 5, Figure 5). So far it remains elusive whether the transport itself is 

hampered in the in vitro set up or the number of assembled T1SSs is just not sufficient. 

This raises the question what stabilizes the tripartite assembly. It was shown for MacA-

TolC, EmrA-TolC and AcrA-TolC that the interaction of MFP and TolC scales with the 
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oligomerisation kinetics of the MFP [195]. MacA forms a hexameric assembly in 

crystals, while AcrA and HlyD only show dimeric assemblies [186, 212, 213]. This 

might already indicate a rather weak interaction between HlyD and TolC and reveal a 

possible bottleneck of the in vitro assembly. A detailed investigation of the 

requirements for assembly and incubation time needed for the IMC and TolC would be 

helpful in the future. Surface plasmon resonance (SPR) studies as performed for the 

MacAB-TolC-like DevBCA-TolC system from the cyanobacterium Anabaena sp. PCC 

7120, could shed light on the assembly mechanism of the HlyA T1SS [214]. For 

DevBCA-TolC the hexameric assembly of the MFP DevB was crucial for TolC 

interaction and export activity of the system [214]. Whether HlyD needs to form a 

hexameric assembly with its alpha-helical domains prior to TolC recruitment or whether 

the assembly occurs in a stepwise manner, needs to be answered in the future. The 

periplasmic part of HlyD alone does not form a stable hexameric assembly as seen 

from its crystal structure and even within the IMC the periplasmic part of HlyD exhibits 

a high flexibility [154, 186]. Thus, the question remains what else stabilizes the T1SS 

assembly. As the recruitment of TolC requires substrate recognition via HlyD, it is likely 

that binding of the substrate to HlyD induces a change in the conformation or an 

increase in oligomer stability [172]. Substrate bound structures are therefore of great 

importance. 

It should also be taken into account, that there might be other factors or proteins 

involved in HlyA T1SS assembly besides the actual proteins building the translocation 

channel like HlyB, HlyD and TolC, or the substrate HlyA. Small proteins with less than 

100 amino acids for instance can play important roles in membrane protein complex 

stability or even function as seen for AcrAB-TolC and the small protein AcrZ [215, 216]. 

AcrZ is supposed to directly influence the ability of AcrAB-TolC to export certain 

classes of antibiotics [217]. In E. coli numerous of those small proteins have been 

discovered and about 30% of them are localised at or to the membrane [218]. Taken 

this information into account and the fact that TolC for instance is also not part of the 

hly operon, it might be possible that more than just four proteins are involved in the 

assembly and secretion of HlyA. 

A possible influence of the peptidoglycan layer on HlyA T1SS stability was left 

unconsidered so far. However it is known for other tripartite export systems, that some 

parts of their assembly interact with the peptidoglycan layer. In situ and crosslinking 

studies for example showed an interaction of AcrA with the peptidoglycan [194]. In 
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On the way to the development of the in vitro reconstitution of the HlyA T1SS, a co-

reconstitution of separately purified HlyB and HlyD was tested (Chapter 4). Self-

assembly of a tripartite system was successfully shown previously for MexAB-OprM 

by mixing separately purified components [223]. However, the co-reconstitution of the 

IMC formed by HlyB and HlyD was only partly successful. We could observe a co-

elution of both components after affinity purification, but faced issues in the stability of 

this assembly (Chapter 4, Figure 7, 8 and 9). Before the recently published structure 

of the IMC revealed its stoichiometric ratio, the molar ratio of HlyB to HlyD in the IMC 

was expected to be 2 : 3 or 1 : 3, as crosslinking studies detected a trimeric assembly 

of HlyD [172]. As our investigations regarding co-reconstitution of the IMC were 

performed before the cryo-EM structure was published, we used a molar ratio of HlyB 

to HlyD of 1 : 3. The recently published structure of the IMC revealed a ratio of HlyB to 

HlyD of 1: 1 with six copies of each forming a trimer of dimers of HlyB and a hexamer 

of HlyD [154]. This implicates that the amount of HlyB used for our co-reconstitution 

was too little to fully assemble stable complexes and might explain our stability issues 

(Chapter 4). Now that the structure of the IMC of the HlyA T1SS is known, the idea of 

an artificial co-reconstitution is even more tempting. An assembly by simply mixing all 

components would allow to incorporate specific defects such as an IMC with one 

ATPase deficient dimer or incorporation of modified HlyD molecules. Of course such 

an incorporation would be stochastically driven and requires further validation. 

 

 

4.2. Membrane protein purification for structural or functional       
    analysis 

 

As this thesis dealt with membrane protein purification and reconstitution, it is important 

to consider the requirements for the sample for the different subsequent analyses. 

While a low purity might be sufficient for an activity assay, it will be problematic for 

structural analysis. It is possible, for instance, to measure ATPase activity of the H+-

ATPase from yeast from crude membranes when having the right controls for a specific 

readout [224, 225]. In contrast, when preparing samples for structural analysis, the aim 

is usually to achieve the highest purity possible. However, a highly purified protein 

might not be active because it might lack its interaction partners or activation factors. 

In the case of a membrane protein even the detergent that enables a high purity can 
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be the sub-optimal environment for activity. Closely connected to the choice of the 

detergent, the significance of lipids for membrane protein structure, oligomerisation 

and function is becoming ever clearer [226]. The purification of HlyB for instance 

(Chapter 2) showed that although purification of HlyB in LPG (Chapter 2, Figure 3) 

allowed for a high purity protein preparation, no ATPase activity was detected. 

Reasons for this can be diverse, such as altering of the functional structure due to the 

detergent or missing lipids for activity. On the other hand, the already existing protocol 

for HlyB purification enabled functional studies, but did not result in a sample 

appropriate for structural analysis and therefore required adjustments (Chapter 2) 

[151]. 

Another issue for sample preparation lies within the flexibility of a protein. While a 

certain degree of flexibility is usually required for activity it is problematic for high-

resolution structure determination. Mutants can be used to reduce flexibility or 

additives can be used to trap certain conformations, but it is always important to verify 

how far these interventions influence the protein activity.  An ABC transporter adopts 

several different conformations under turnover conditions which requires flexibility and 

movement of certain parts of the protein [179, 227, 228]. But flexible parts usually do 

not resolve to high resolution in cryo-EM structures. This issue is especially important 

for HlyB (Chapter 2) and RtxB (Chapter 6) as they both have an additional N-terminal 

domain, the so-called CLD, that shows high flexibility. This was also observed in the 

structure of the IMC, where only one of the two CLDs was resolved [154]. In the 3D 

class for RtxB a density for the CLDs is visible but the resolution is limited due to the 

high flexibility of the CLDs (Chapter 6, Figure 7). An idea to reduce flexibility of the 

CLD of RtxB would be to add potential binding partners, such as the substrate or the 

MFP. For the RtxB homolog HlyB it was shown that substrate and MFP interact with 

the CLD [154, 177]. Therefore binding of the CLD to the interaction partners will most 

likely stabilize a certain conformation. Another option to lower flexibility and improve 

the resolution is to use the ATPase deficient mutant in combination with ATP or to add 

non hydrolysable ATP (ATPgS) as it was done for ComA, an ABC transporter that also 

contains a highly flexible N-terminal domain [229]. For ComA this approach trapped 

different conformations of the ABC transporter and enabled caption of high resolution 

structures. 

Besides intrinsic flexibility of the protein, the detergents and additives used for 

membrane protein purification can prevent the acquisition of high-resolution structures 
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[230]. Therefore methods to remove excess detergent prior to cryo-EM grid 

preparation, such as GraDeR [231], or the use of membrane mimetics to avoid 

detergent at the step of grid preparation [230] are more and more important. Also the 

2D classes in this thesis for HlyB (Chapter 2, Figure 1) and RtxB (Chapter 6, Figure 7) 

were derived from samples in detergent. Especially for the detergent LMNG, which 

was used for RtxB it is known that removing free excess LMNG is rather difficult, but 

simplifies high-resolution data acquisition [231]. A recently published systematic 

analysis of high-resolution membrane protein structures listed the detergents and 

additives used at the different steps of purification and structure determination [232]. 

This would be a good starting point for improvement of the structural data of RtxB and 

HlyB in the future. LMNG, as used for RtxB, is among the very often used detergents 

for membrane protein purification for high-resolution structure determination, however, 

in the subsequent steps of structure determination it is often mixed with the detergent 

GDN or additives like cholesteryl hemisuccinate [232]. Furthermore many of the high-

resolution structures were derived from membrane proteins in nanodisc [232]. As 

reconstitution of HlyB (Chapter 3, Figure 7) as well as RtxB (Chapter 6, Figure 5) into 

nanodiscs was successful, it is coherent to use those samples for structural analysis 

in the future. 

 

 

4.3. The RtxA T1SS from Kingella kingae and other  
    homologous systems 

 

K. kingae is an emerging pathogen in children at the age between 6 and 48 month. 

The RtxA T1SS from K. kingae is a homologous system to the already well studied 

HlyA T1SS from uropathogenic E. coli [206]. To study homologous systems, besides 

well-established systems can be beneficial for structure determination, as homologous 

systems might exhibit a higher stability. Furthermore, to have structures of multiple 

homologous systems can provide valuable insights into conserved structural motifs. 

On the other hand it is important to study homologous systems, as it allows to 

determine structural as well as biochemical differences that might be derived from 

adaption to the biological niche of the individual organism or from other specific 

adaptions. 
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As this residue is involved in substrate binding it might be a key residue for substrate 

specificity. This finding is in line with the recently proposed substrate recognition 

mechanism conferred by a dual recognition of the substrate via the CLD and the NBD 

of the ABC transporter [153]. While the NBD is binding the amphipathic helix of the 

secretion signal, the CLD is binding within the RTX domain [153, 177, 205]. It was 

shown that the distance between the amphipathic helix and the RTX domain has a 

severe influence on the secretion efficiency. In addition to the distance a specific 

interaction of the CLD and residues close to or inside the RTX domain might be 

important for substrate specificity as well (Figure 2). This brings up the question where 

the specificity is derived from within the RTX domain, as the RTX motif is conserved 

among the substrates [155]. Structures and biochemical analysis of RtxB and RtxA as 

well as of other homologs and their substrates might provide an answer to this question 

in the future. A high resolution structure of RtxB with the substrate bound would allow 

first conclusions. Substrate interaction studies between RtxB and RtxA and other 

substrates of the T1SS RTX protein family could elucidate further on this assumption. 

Beyond this, it is important to study homologous systems as it broadens our knowledge 

and allows to define systems or redefine them with the help of novel findings. The more 

information we have the more precise the differentiation between two systems or the 

organisation within a system can be. Which in turn helps us to better understand them. 

The T1SS for instance is characterized by a single secretion step from the cytosol to 

the extracellular space without periplasmic intermediates [131]. However recent 

findings challenge this single step mechanism, and systems that possess periplasmic 

intermediates were described [8]. By continuous investigation of systems and its 

homologs it is possible to decipher whether complete new findings are just an 

exception to the rule or a newly discovered feature. 

To conclude, within the framework of this thesis the in vitro reconstitution of the HlyA 

T1SS from E. coli was established. In addition, as a proof of principle a substrate 

secretion assay was successfully performed for this in vitro reconstituted system. This 

enables in vitro investigations of the system in the future to answer questions such as 

how many ATP molecules are needed for the secretion of one substrate molecule. 

Furthermore, the ABC transporter RtxB from the homologous RtxA T1SS from Kingella 

kingae was successfully purified and biochemically characterised. First structural 

investigations enabled a rough overview on the structure. Improvements in sample 
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quality and data acquisition will hopefully allow for a high-resolution structure of RtxB 

in the near future. 
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