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Abstract
The toxin haemolysin A (HlyA) is associated with the majority of uropathogenic Escherichia coli (UPEC)
strains, which cause severe diseases in human. HlyA belongs to the repeats in toxin (RTX) superfamily
and is one of the virulence factors, which is secreted by the type 1 secretion system (T1SS) of
Gram-negative bacteria. The T1SS nanomachinery is composed of three proteins, the outer membrane
protein TolC, the membrane fusion protein haemolysin D (HlyD) and the ATP-binding cassette (ABC)
transporter haemolysin B (HlyB). Substrates of the T1SS are transported in an unfolded state across
both membranes and without the formation of periplasmic intermediates. Here, the ABC transporter
HlyB fulfils a central role during the translocation of the toxin. HlyB is located in the inner membrane
of the bacterial cell envelope and it is supposed to energize the translocation mechanism by the
consumption of ATP. Therefore, the activity of the protein is supposed to be strictly regulated to
prevent futile ATP hydrolysis. Aside from the canonical nucleotide-binding domain and the
transmembrane domain, HlyB contains a C39-peptidase like domain (CLD). This additional domain is
essential for the secretion process of HlyA, however, its precise role and mechanism is not understood
in every detail until now. This doctoral research investigates the regulation of the activity of HlyB and
thereby contributes to a more detailed fundamental understanding of the HlyA T1SS translocation
machinery.
In order to investigate HlyB in vitro, a protocol was established to purify, store and characterise the
protein. It could be demonstrated, that the solubilised ABC transporter exhibits a positive cooperativity
in ATP hydrolysis. In addition, the CLD of HlyB was analysed in this context and it was found to
significantly reduce HlyB basal ATPase activity, whereas it does not affect the substrate-binding
affinity. It was concluded that the CLD assumes a regulatory role with an autoinhibitory function.
Furthermore, it was found that HlyB ATPase activity is inhibited or stimulated depending on HlyA
concentration and this modulation is generally independent of the secretion signal. By a mutational
analysis it was shown that the CLD mediates HlyB ATPase inhibition by an interaction with the
substrate. Additional cross-linking experiments suggested that the transmembrane domain also
interacts with the substrate and thereby mediating ATPase stimulation. These studies also suppose
that both, ATPase inhibition and stimulation, go along with distinct conformational arrangements of
HlyB domains.
This doctoral research also deals with the characterisation of the HlyA RTX domain and its influence on
the regulation of HlyB. It could be shown that the RTX repeats, a subunit of the RTX domain, interact
with the CLD of HlyB and thereby inducing ATPase inhibition. Additionally, it was shown that the most
C-terminal RTX repeat is also involved in ATPase stimulation, which might be connected to a predicted
α-helical secondary structure located close to this region.
I

Zusammenfassung
Das Toxin Hämolysin A (HlyA) ist mit einem Großteil uropathogener Escherichia coli (UPEC) Stämme
assoziiert, welche schwere Erkrankungen des Menschen verursachen. HlyA gehört zu der repeats in
toxin (RTX) Superfamilie und ist einer der Virulenzfaktoren, die vom Typ 1 Sekretionssystem (T1SS)
Gram-negativer Bakterien sekretiert werden. Die T1SS Nanomaschinerie ist aus drei Proteinen
zusammengestellt, dem äußeren Membranprotein TolC, dem Membranfusionsprotein Hämolysin D
(HlyD) und dem ATP-binding cassette (ABC) Transporter Hämolysin B (HlyB). Die Substrate des T1SS
werden in einem ungefalteten Zustand und ohne die Ausbildung eines periplasmatischen
Zwischenproduktes über beide Membranen transportiert. Hierbei übernimmt der ABC Transporter
HlyB eine zentrale Rolle während der Translokation des Toxins. HlyB ist in der inneren Membran der
bakteriellen Zellhülle lokalisiert und es wird angenommen, dass es den Translokationsmechanismus
durch den Verbrauch von ATP energetisiert. Daher wird postuliert, dass die Aktivität des Proteins
strengstens reguliert wird, um sinnlose ATP Hydrolyse zu verhindern. Außer der kanonischen
Nukleotidbindedomäne und der Transmembrandomäne, beinhaltet HlyB eine C39-Peptidase ähnliche
Domäne (CLD). Diese zusätzliche Domäne ist essentiell für den Sekretionsprozess von HlyA, dennoch
ist dessen präzise Rolle und Mechanismus bisher nicht in allen Einzelheiten verstanden. Diese
Doktorarbeit erforscht die Regulation der Aktivität von HlyB und trägt dadurch zu einem detaillierteren
fundamentalen Verständnis der HlyA T1SS Translokationsmaschinerie bei.
Um HlyB in vitro zu erforschen, wurde ein Protokoll etabliert, um das Protein zu reinigen, zu lagern und
zu charakterisieren. Es konnte gezeigt werden, dass der solubilisierte ABC Transporter eine positive
Kooperativität bezüglich der ATP-Hydrolyse aufweist. Zusätzlich wurde in diesem Kontext die CLD von
HlyB analysiert und es wurde festgestellt, dass sie die basale HlyB ATPase Aktivität signifikant reduziert,
wohingegen sie die Substrat Bindungsaffinität nicht beeinflusst. Daraus wurde die Schlussfolgerung
gezogen, dass die CLD eine regulatorische Rolle mit einer autoinhibitorischen Funktion übernimmt.
Darüber hinaus wurde festgestellt, dass die HlyB ATPase Aktivität in Abhängigkeit von der HlyA
Konzentration inhibiert oder stimuliert wird und diese Modulation ist generell unabhängig vom
Sekretionssignal. Mittels einer Mutationsanalyse wurde gezeigt, dass die CLD die HlyB ATPase
Inhibition durch eine Interaktion mit dem Substrat vermittelt. Zusätzliche cross-linking
Experimente suggerierten, dass die Transmembrandomäne ebenfalls mit dem Substrat interagiert und
dadurch die ATPase Stimulation vermittelt. Diese Studien lassen auch vermuten, dass die ATPase
Inhibition und Stimulation mit unterschiedlichen konformationellen Anordnungen der HlyB Domänen
einhergehen.
Diese Doktorarbeit handelt auch von der Charakterisierung der HlyA RTX Domäne und deren Einfluss
auf die Regulation von HlyB. Es konnte gezeigt werden, dass die RTX repeats, eine Untereinheit der
II
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RTX Domäne, mit der CLD von HlyB interagieren und dadurch die ATPase Inhibition induzieren.
Zusätzlich wurde gezeigt, dass das C-terminalste RTX repeat ebenfalls an der ATPase Stimulation
beteiligt ist, was möglicherweise mit einer vorhergesagten α-helikalen Sekundärstruktur in Verbindung
steht, welche nahe dieser Region lokalisiert ist.
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1. Introduction
1.1. Membrane transport
Cells are considered the basic units of life and they are surrounded by a membrane that constitutes
the cell envelope. The bacterial membrane is a multilayered structure that protects the organism and
assures multiple functions (Glauert et al., 1969). It separates the cellular and extracellular space and
enables the bacteria to regulate the exchange of e.g. nutrients with its surrounding. The membrane is
impermeable for ions, large molecules or small hydrophilic molecules, while small hydrophobic or
neutral compounds such as oxygen can permeate through the envelope (Gouaux et al., 2005). The
exchange of further components is enabled by membrane embedded proteins, mediating the
transport or facilitated diffusion. In order to pump a compound uphill against its electrochemical
gradient, this transport process requires energy. The necessary energy for the transport can be
provided by e.g. light, ATP hydrolysis or by the coupling to the transport of a second substrate along a
concentration gradient (Boyer, 1997; Lanyi, 2004). Besides transporters, bacterial membranes also
contain proteins that are involved in sensing the environmental conditions, locomotion, adhesion,
signal transduction or pathogenicity.

1.2. Protein secretion systems
Bacteria can be classified in two major groups depending on the technique of Gram staining (Gram,
1884). Gram-positive bacteria contain a thick peptidoglycan cell wall at the exterior of their membrane
comprising multi layers, while Gram-negative bacteria are composed of an inner and outer membrane
and a thin peptidoglycan layer in between (Rogers et al., 1980). For most bacteria the composition of
the peptidoglycan is strongly conserved (Vollmer et al., 2008a; Vollmer et al., 2008b). Glycan strands
are composed of alternating N-acetylglucosamin and N-acetylmuramic acid residues linked by β-14
glycoside bonds. These linear glycan strands are cross-linked by short peptides composed of
L-Ala-γ-D-Glu-meso-A2pm (or L-Lys)-D-Ala-D-Ala (A2pm, 2,6-diaminopimelic acid) (Rogers et al., 1980;
Vollmer et al., 2008b).
Bacterial membranes are formed by amphiphilic lipids, which are composed in most cases of
glycerophospholipids. These contain a glycerol moiety, two fatty acids and a phosphate group with a
variable head group. Depending on this composition the glycerophospholipids are for example
phosphatidylethanolamin, phosphatidylglycerol, phosphatidylinositol or phosphatidylserine. Also
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phosphorus free membrane lipids are common in bacteria, e.g. sulfolipids, glycolipids or diacylglycerol
(Sohlenkamp et al., 2016). It is suggested that cells are able to replace phospholipids by
phosphorus-free lipids under phosphate starvation or stress (Geiger et al., 1999; Riekhof et al., 2014;
Vences-Guzman et al., 2013).
Protein secretion across the cell envelope of both, Gram-positive and Gram-negative bacteria, is a
remarkable and essential process. It is important to almost all bacteria and plays a central role in
modulating biotic association and interaction between pathogenic or symbiotic bacteria with their
eukaryotic hosts. The secreted substrates can be associated with the bacterial outer membrane, they
are released into the extracellular space or they are injected into a target cell, depending on the
secretion system (Gerlach et al., 2007).
Besides the secretion systems that transport substrates into the extracellular space, bacteria also
comprise secretion systems mediating the translocation from the cytoplasm compartment into other
compartments of the cell, particularly into or across the inner membrane. Two systems are responsible
for this type of protein secretion [reviewed in (Natale et al., 2008)]: the general secretion pathway (Sec
pathway) (Danese et al., 1998; Wickner et al., 1991) and the twin-arginine translocation pathway (Tat
pathway) (Berks et al., 2005; Robinson et al., 2004). Interestingly in every organism for which a genome
has been completely sequenced, homologues of the components of the Sec pathway are present (Cao
et al., 2003).

1.2.1. The general secretion pathway
The Sec pathway mediates the transport of unfolded proteins into the periplasmic/endoplasmatic
lumen or allows lipid insertion of membrane proteins. The Sec translocon is built of a three-subunit
core, which is termed Sec61 in eukaryotes and archaea, and SecYEG in bacteria. The subunits SecY and
SecE exhibit significant sequence conservation and are essential for the translocation process (Kudva
et al., 2013; Park et al., 2012). Additional to the translocase core units a number of prokaryotes and
eukaryotes encode accessory proteins, which are important in the secretion of a vast array of proteins.
Some of the Sec apparatus substrates can serve as virulence factors as it is shown for e.g. the
Gram-negative bacteria Vibrio cholerae, Klebsiella pneumoniae and Yersinia enterocolitica (Korotkov
et al., 2012). To deliver proteins to the Sec translocon bacteria use two different targeting pathways
mediated by different proteins (Beck et al., 2000). (i) Proteins that are targeting the periplasm, the
outer membrane or the extracellular space are transported by the SecA-dependent pathway, which
contain a cleavable signal sequence. Here, the unfolded peptide is kept in a translocation-competent
state by cytosolic chaperones, including the trigger factor and tetrameric SecB (Deuerling et al., 2003;
Driessen, 2001; Valent et al., 1995). This protein complex is transferred post-translational to SecA,
which energises the translocation through the SecYEG translocon by ATP hydrolysis (Driessen, 2001;
2
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Fekkes et al., 1999). (ii) Proteins that are targeting and remaining in the inner membrane interact with
the ribosome-bound signal recognition particle (SRP) co-translational (Luirink et al., 2005). This protein
complex is targeted to the Sec-translocase and binds to the SRP receptor FtsY, which is located at the
SecYEG translocon. The secretion substrate docks onto SecYEG and the membrane integration is
supported by the insertase YidC (Beck et al., 2001; Nagamori et al., 2004).

1.2.2. The twin-arginine translocation pathway
The Tat pathway system primarily serves to transport folded proteins across biological membranes
(Robinson et al., 2004). The system occurs in the cytoplasmic membranes of most bacteria, archaea
and some plants (Muller et al., 2005; Yen et al., 2002). Some post-translational modifications, e.g. the
assembly of cofactors can only be done in the cytoplasm prior to the secretion process and not in the
extracellular space. This necessity seems to make the Tat system crucial to the organism. Interestingly
there are also substrates which highly identical orthologs are transported by both, the Tat and the Sec
pathway, depending on the organism (Chen et al., 1996; Harris et al., 2005). In some cases it is still
unclear why these proteins are translocated by the Tat pathway, even when the correlating cofactor
is assembled after translocation (Sturm et al., 2006). In Gram-negative bacteria the system consists of
three subunits: TatA, TatB and TatC (Sargent et al., 1999). The signal peptide of a Tat-secreted protein
is bound in Escherichia coli by TatB and TatC, which then recruit TatA, together they form the
membrane-spanning channel (Muller, 2005). The energy for the translocation process is provided by
the proton motif force (PMF). The secretion signal of the transport substrate obtains a pair of arginines
in the motif S-R-R at the N-terminus and it is essential for the secretion process (Muller, 2005).

1.3. Gram-negative bacterial secretion systems
In contrast to the pathways that only span the inner membrane (IM), Gram-negative bacteria have
evolved macromolecular nanomachineries that span both, the IM and the outer membrane (OM) or
the OM only. Secretion systems that span the OM only, depend on the prior substrate transport across
the IM. Therefore, these secretion systems are known as Sec- or Tat-dependent protein secretion. To
date five double-membrane-spanning secretion systems are identified and classified as the type I
secretion system (T1SS), T2SS, T3SS, T4SS and T6SS. The T5SS and machineries that assemble cell
surface appendages (type I pili, P pili, curli) only span the OM. In the following these secretion system
are described in further detail.
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1.3.1. Type I secretion system
The substrates of the bacterial T1SS are of large variety. The secreted products are diverse in size and
function and they are associated with nutrient acquisition and virulence. In terms of the architectural
composition the T1SS is closely related to the resistance-nodulation-division (RND) family. RND
transporters also act as a tripartite system and can be classified into further subfamilies. They transport
small molecules out of the cell, e.g. antibacterial compounds and thus mediating an antibiotic
resistance [for a detailed review, see Anes et al. (2015)]. The T1SS tripartite membrane-spanning
system is composed of an IM component, a membrane fusion protein (MFP) and the OM protein
channel TolC (Figure 1).

Figure 1. Schematic overview of the structural organisation of the T1SS, T2SS and the T3SS. The type
1 secretion system (T1SS) and the resistance-nodulation-division pumps share the blueprint of an outer
membrane protein (OMP), a membrane fusion protein (MFP) and an IM transporter/pump, which
energizes the translocation process. The type 2 secretion system (T2SS) can be divided in four
compartments: an OM complex (secretin), an IM platform, the cytoplasmic ATPase and the periplasmic
pseudopilus. The type 3 secretion system (T3SS) is composed of the so-called ‘base’ and the ‘needle’.
The base is composed of the inner and the outer rings, which are connected by the ‘neck’. The
extended filament ranges into the host cell, while the needle tip mediates host cell contact and
adhesion.
The IM component is an ATP-binding cassette (ABC) transporter that functions as a dimer and
energises the system by hydrolysis of ATP. The MFP is known to be either pre-associated with the ABC
transporter or recruited to it upon substrate interaction (Balakrishnan et al., 2001; Delepelaire, 2004).
The trimer TolC forms α-helical channel in the periplasm and a β-barrel channel in the OM that occurs
4
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to open and close upon a twisting motion (Balakrishnan et al., 2001; Bavro et al., 2008; Koronakis et
al., 2004).

1.3.2. Type II secretion system
The type II secretion system (T2SS) is localized in the OM and dependent on the Sec or Tat pathway to
transport the substrate across the inner membrane (Figure 1). T2SS secrete folded proteins from the
periplasm into the extracellular space. In some bacteria the system translocates a single protein, while
in others multiple substrates seem to be secreted (Cianciotto, 2005). For example in
Pseudomonas aeruginosa (Ball et al., 2002), Pseudomonas putida (De Vrind et al., 2003) and
Xanthomonas axonopodis (da Silva et al., 2002) additional T2SS were found that mediate the transport
of distinct substrates. The substrates of the T2SS include a broad range of enzymes, e.g. proteases,
phosphatases and lipases (Korotkov et al., 2012). Some are crucial for virulence in a mammalian host
such as the cholera toxin of V. cholerae and the exotoxin A of P. aeruginosa (Lu et al., 1996; Sandkvist
et al., 1997). The translocon is composed of 12-15 proteins, which are also called the general secretion
pathway (Gsp) in E. coli (Korotkov et al., 2012). The proteins can be grouped in four parts: an OM
complex (secretin), an IM platform, the cytoplasmic ATPase and the periplasmic pseudopilus (Korotkov
et al., 2012). The pseudopilus remains within the periplasm in contrast to a pilus that extends into the
extracellular space. It is suggested that ATP hydrolysis powers both, the assembly of the pseudopilus
and to push substrates across the OM. The OM complex is composed of a multimeric protein, which is
called secretin and it is believed to extend into the periplasm connecting with inner membrane
components (Korotkov et al., 2011). On the other side the inner membrane platform is composed of
at least four proteins and extends into the periplasm to contact the OM complex. A “piston”-like model
of the secretion process proposes that a retraction of the pseudopilus pushes the secretion-competent
substrate through the outer membrane secretin channel (Hobbs et al., 1993; Korotkov et al., 2012;
Shevchik et al., 1997).

1.3.3. Type III secretion system
The double-membrane embedded type III secretion system (T3SS) is found in various pathogenic
species such as Yersinia, Salmonella, Shigella or enteropathogenic E. coli (EPEC) (Galan et al., 2006). It
spans both membranes and obtains a “needle”-like apparatus that promotes the “injection” of
bacterial effector proteins to the cytoplasm or the membrane of the target eukaryotic cell (Figure 1)
(Hu et al., 2015). The translocated substrates remodel the cellular functions and enable the pathogens
to establish an infectious niche, however, the precise effects are still being investigated (Angot et al.,
2007; Ham et al., 2011; Spano et al., 2013; Tosi et al., 2013). The amount of secreted effector proteins
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varies depending on the pathogen (Buttner, 2012; Cornelis, 2006). The translocon is composed of the
so-called base and the needle. The base can be subdivided in the two concentric inner rings, which are
connected by the so-called neck to the outer rings (Worrall et al., 2016). The inner rings are located in
the IM and the outer rings are located in the OM. The needle-filament is a tube-like helical structure
with a tip complex and forms a channel from the OM into the interior of the host cell (Kimbrough et
al., 2000; Kubori et al., 2000). Typically the needle has a length of 30-70 nm and a width of 10-13 nm
(Marlovits et al., 2006; Poyraz et al., 2010). It has been shown that the inner core of the filament is
wide enough to channel an unfolded effector substrate (Deane et al., 2006; Demers et al., 2014). The
translocation process of the unfolded proteins is highly regulated to ensure the correct hierarchical
coordination of each step (Buttner, 2012; Galan et al., 2014; Izore et al., 2011). The information is
encoded by the secretion signal, which is located within the N-terminal first 100 residues of the
translocated protein (Buttner, 2012; Galan et al., 2014). Specific T3SS chaperones keep the effector
protein in secretion-competent state and the chaperone-substrate complex is recognized and
transported by the machinery (Parsot et al., 2003). However, little is known about the recognition and
transport of the chaperone-substrate complex, the translocation is an ATP-dependent process.

1.3.4. Type IV secretion system
The type IV secretion system (T4SS) is found in Gram-negative bacteria, Gram-positive bacteria and in
some archaea (Alvarez-Martinez et al., 2009). It is the most ubiquitous secretion system and one
remarkable feature of the T4SS is the ability to secrete single proteins and also DNA into bacterial and
eukaryotic cells, mediating the conjugation of plasmid DNA (Bradley, 1980; Durrenberger et al., 1991).
Thereby the conjugative pili obtain a special tip, which are suggested to function for cell-to-cell
adhesion and establishing the contact to transport single-stranded DNA. All T4SS share an
evolutionarily related blueprint, however, the VirB/D4 system of Agrobacterium tumefaciens is one of
the best-studied (Alvarez-Martinez et al., 2009). Its translocation system is built of 12 different
proteins: the translocation apparatus is constructed of six proteins, three ATPases energize the system,
the pilus is formed by two proteins and one protein degrades the peptidoglycan layer for pilus
biogenesis (Figure 2) (Trokter et al., 2014). Crystal structures of isolated compartments of the T4SS
revealed limited insights into the T4SS so far, however, due to the absence of single proteins it was not
possible to derive the complete translocation mechanism (Costa et al., 2015). Nevertheless, a study in
A. tumefaciens using a cross-linking assay, revealed the substrate translocation pathway of the VirB/D4
T4SS (Cascales et al., 2004b). Within the first steps the substrate interacts successively with multiple
proteins, which is independent of ATP hydrolysis (Atmakuri et al., 2004). Here, the VirD4 protein is the
first interaction partner and recruiting the substrate to the secretion apparatus (Atmakuri et al., 2004).
Then the substrate reaches the inner membrane compartments of the translocon and ATP hydrolysis
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becomes necessary. Finally, the substrate is transferred to the outer-membrane components and the
pili. Interestingly, the membrane-bridging protein VirB10 changes its conformation in response to ATP
utilisation and thereby delivering the substrate from the IM to the OM-associated compartment
(Cascales et al., 2004a).

Figure 2. Schematic overview of the structural organisation of the T4SS, T5SS and the T6SS. The type
4 secretion system (T4SS) is built of 12 different proteins that distribute to the translocation apparatus,
ATPases, pilus and an enzyme that degrades the peptidoglycan layer. The type 5 secretion system
(T5SS) is dependent on the SecYEG translocon (not shown) and is a fused protein composed of the
passenger domain and the distinct translocator. The type 6 secretion system (T6SS) is a nanomachine
that translocates cell-death mediating effector proteins into the host cell. The apparatus can be
subdivided in a membrane-embedded complex spanning from the inner to the outer membrane, and
a tail complex that shares an evolutionary origin with the phage injection apparatus.

1.3.5. Type V secretion system
The type V secretion system (T5SS) participates in the translocation of proteins, which are associated
with adhesion, colonization, cell mobility, biofilm formation and further virulence factors (Leo et al.,
2012). The secretion system is also known as the autotransporter system that mediates the
translocation of the substrate through the OM. T5SS proteins have to pass the IM and reach the
periplasm prior to the formation of their β-barrel domain, which forms the OM channel. Therefore,
these proteins are translocated in an unfolded state by the SecYEG apparatus across the IM and contain
the necessary N-terminal Sec signal. The autotransporter protein is a peptide fusion of the secretion
7

Introduction - Gram-negative bacterial secretion systems
pore and the translocation substrate on one single polypeptide. Therefore, the protein can be divided
in two parts: the ‘passenger’ domain, the domain that is actually translocated through the OM, and
the ‘translocator’, forming the β-barrel pore with a width of about 10 Å (Figure 2) (Ieva et al., 2008).
The substrate transport across the OM is ATP independent and energized by the folding of the
passenger at the pore exit (Junker et al., 2009). It is known that the passenger domain is secreted
through the OM from the C-terminus, however, the exact mechanism is point of investigation (Ieva et
al., 2009; Junker et al., 2009). Indeed the T5SS is not a totally self-contained secretion system as
expected. Studies demonstrated that chaperones keep the autotransporter polypeptide in an unfolded
state within the periplasm and the β-barrel requires the aid of the β-barrel assembly machinery (Bam)
(Hagan et al., 2010; Ieva et al., 2011; Roman-Hernandez et al., 2014; Voulhoux et al., 2003; Wu et al.,
2005). The T5SSs can be further subdivided into five classes (Leo et al., 2012): (type Va)
autotransporter-secretion, (type Vb) two-partner secretion, (type Vc) trimeric autotransporter
secretion, (type Vd) fused two-partner secretion and (type Ve) inverted autotransporter-secretion.

1.3.6. Type VI secretion system
The type VI secretion system (T6SS) is a contractile nanomachine that translocates protein effectors to
prokaryotic and eukaryotic cells (Russell et al., 2014). A cell-cell contact dependent process triggers a
contraction of the system and the delivery of lethal effectors across the target membrane, primarily
resulting in the death of the target cell (Hood et al., 2010; Russell et al., 2011). This proximitydependent defense system against competitors extends the additional repertoire of bacterial released
agents such as bacteriocins and antibiotics. The T6SS gene clusters vary depending on the organism.
The evp and the hsi-2 gene clusters from Edwardsielle tarda and P. aeruginosa obtain 16 genes, while
the gene cluster in Serratia marcescens obtains 38 genes (Cascales, 2008; Murdoch et al., 2011).
However, 13 of these appear to be conserved in all T6SS (Green et al., 2016; Russell et al., 2014). The
system is the most recent discovered secretion system and there is still much to learn about. The
general blueprint can be divided in two main complexes (Figure 2): (i) the membrane-embedded
complex built of three membrane-associated subunits and spanning from the IM to the OM (ii) a tail
complex that shares an evolutionary origin with the phage injection apparatus (Basler et al., 2012). It
is suggested that even the mechanism of the T6SS follows the contraction mechanism of phage tails
(Basler et al., 2012; Kudryashev et al., 2015). The actual secretion model proposes three main steps:
assembly, contraction and disassembly. The assembly starts with the formation of the membraneembedded complexes and the elongation of the cytoplasmic tubular structure. Upon contact with a
target cell the sheath contracts and ejects the internal tube towards the extracellular space. The
contracted sheets are then disassembled by a distinct ATPase and recycled again during the assembly
step (Zoued et al., 2014).
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1.3.7. Type VII secretion system
The envelope of mycobacteria is composed of a plasma membrane that is equivalent to the IM of
Gram-negative bacteria, a periplasm that contains peptidoglycan and arabinogalactan, and an OM with
a coat of mycolic acids, which is therefore called the mycomembrane (Houben et al., 2014). The
mycolic acids form a hydrophobic and waxy coat, which mediates a strong persistence against
antimicrobial enzymes, chemicals and mechanic stress (Houben et al., 2014). Mycobacteria such as
Mycobacterium tuberculosis and Mycobacterium leprae belong to the Corynebacteriales, which are
characterised by the presence of the mycolic acids in their cell envelope (Goodfellow et al., 2015).
Originally the type VII secretion system (T7SS) was identified in 2003 in M. tubercolosis and called the
ESX-1 system (Stanley et al., 2003). The secreted products were called EsxA and EsxB or initially
designated as ESAT-6 and CFP-10, respectively. It has been shown that some of these Esx proteins are
also functionally secreted in Staphylococcus aureus, Listeria monocytogenes, Bacillus anthracis and
Bacillus subtilis (Anderson et al., 2011; Baptista et al., 2013; Burts et al., 2008; Burts et al., 2005; Garufi
et al., 2008). The T7SS apparatus and in some cases also their substrates are encoded in a linked gene
cluster. In general five proteins are encoded that form the core channel and a membrane protease,
which is involved in substrate processing (Solomonson et al., 2013). Furthermore, an ATPase and a
chaperone that guides the substrate to the translocon are located within the cytosol (Korotkova et al.,
2014). The steps that mediate the substrate through the periplasm are not known and further
components that facilitate the transport through the mycomembrane still has to be identified.

1.3.8. Type VIII secretion system / nucleation-precipitation pathway
The type VIII secretion system (T8SS) is also called the nucleation-precipitation pathway and
contributes to the production of curli fibers at the cell surface. Curli fibers are filaments built of noncovalent bound subunits and belong to the class of amyloids (Chapman et al., 2002; Zhou et al., 2012).
Amyloids are commonly known for causing human diseases by protein misfolding, but they are further
suggested to regulate hydrophobicity during fungal reproduction or transcriptional regulation in a
variety of organisms (Badtke et al., 2009; Blanco et al., 2012; Breydo et al., 2012; Fowler et al., 2007;
Irvine et al., 2008; Zuccato et al., 2010). Curli are known to contribute to biofilm formation and
interactions with the host immune system and thereby protecting the bacteria (Hammar et al., 1995;
Olsen et al., 1989). The tightly-ordered packing of the subunits confers a resistance against degradation
by enzymes or the decomposition by sodium dodecyl sulphate.
E. coli obtains two operons that encode curli-specific genes (csg) for the structural components
(csgBAC) and the assembly apparatus (csgDEFG) (Chapman et al., 2002). The curli subunits are CsgA
and CsgB, which engage a ratio of approximately 20:1 (CsgA : CsgB) in vivo (White et al., 2001). Initially,
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the major subunit CsgA is secreted into the periplasm by the SecYEG apparatus. Then, the T8SS
translocates CsgA into the extracellular space where it builds the amyloid structure together with the
nucleator subunit CsgB. The T8SS apparatus consists of three proteins, the soluble accessory factors
CsgE and CsgF, and the lipoprotein transporter CsgG. Latter forms a 36-stranded β-barrel in the OM
with a channel opening in the periplasm of 9 Å in diameter. CsgE forms an adapter in the periplasm,
binds to the CsgG periplasmic domains and creating a large cage. The unfolded curli subunit CsgA
would fit in this periplasmic cage and it is suggested that hereby an entropy gradient is created,
facilitating the diffusion into the extracellular space. The roles of further proteins in this context
remains unclear, however, they are suggested to be involved in stimulating the assembly of CsgA at
the outside of the cell (Nenninger et al., 2009). Also the order of assembly of the secretion complex
and the incorporation of the curli subunits into curli fibers have to be investigated.

1.3.9. Chaperone-usher pathway
The assembly and the secretion of pili is mediated by the chaperone-usher (CU) pathway. The pili are
anchored in the outer bacterial membrane by their distinct machinery, the usher, and extend from the
surface as fibres with a length in micrometre scale. They mediate host cell recognition and the
attachment to urinary tract epithelium (Lillington et al., 2015). With these properties they contribute
to pathogenicity and biofilm formation (Wright et al., 2007). P pili and type 1 pili are the
best-characterised CU pili systems and exhibit helical rod-like shapes. The subunits of the pilus are
secreted through the inner membrane by the SecYEG apparatus in an unfolded state (Jones et al.,
1997). Upon reaching the periplasm the subunit folding is catalysed by chaperones with the ‘Donor
Strand Complementation’ mechanism. The outer membrane protein, the usher, catalyses the subunit
polymerisation and mediates the pilus secretion. The elongation of the P pilus proceeds until the
termination subunit binds to the usher (Verger et al., 2006). The termination of the type I pilus
assembly system is unknown so far.

1.4. The ATP-binding cassette transporter superfamily
The ABC transporter superfamily of genes describes both uptake and efflux transport systems, which
were separated once in history probably before the differentiation of prokaryotes and eukaryotes
(Saurin et al., 1999). ABC transporters can be found across all three kingdoms of life: archaea,
eukaryota and bacteria (Ames et al., 1990; Higgins, 1992). In general, transporters of this superfamily
are composed of two integral transmembrane domains (TMDs) and two cytoplasmic
nucleotide-binding domains (NBDs). In eukaryotic organisms these modules are generally fused,
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yielding in a single polypeptide chain. In contrast, bacterial ABC transporters follow an individual
domain blueprint (Higgins, 1992). Additionally to TMDs and NBDs, uptake systems obtain usually an
extracytoplasmic substrate-binding protein (SBP). In Gram-negative bacteria the SBP is localised in the
periplasm, while it can be encoded as a separate protein or fused to the ABC importer (Neu et al.,
1965; van der Heide et al., 2002). In Gram-positive bacteria and archaea SBPs are membrane-attached
via a lipid-anchor, a transmembrane peptide or the receptor is fused to the TMDs (Berntsson et al.,
2010; van der Heide et al., 2002). Transport processes are energized by ATP hydrolysis within the NBDs,
which dimerize in a characteristic head-to-tail arrangement upon ATP-binding (Al-Shawi, 2011). The
nucleotide-binding-sites of both NBDs sandwich the ATP at the dimer interface.
Bacterial transporters belong to at least 300 different families. These can be categorized depending on
their properties such as energy source, substrates and transmembrane regions (Sun et al., 2014). The
Transporter Classification (TC) database is analogous to the Enzyme Commission (EC) system, except
that it incorporates both, functional and phylogenetic information of transporter proteins (Saier et al.,
2016). Thereby it uses the integral membrane protein/domain to classify the ABC transporter system
into families (Saier, 1994, 2000). Probably the five largest of these families are: the major facilitator
superfamily (MFS), the resistance-nodulation-division (RND) family, the multidrug and toxic compound
extrusion (MATE) family, the small multidrug resistance (SMR) family and the ATP-binding cassette
(ABC) superfamily (Piddock, 2006; Poole, 2007; Putman et al., 2000).
The ABC superfamily is further subdivided into ABC exporters and importers. ABC exporters are divided
into the three different, evolutionary distinct superfamilies that are called ABC1, ABC2 and ABC3
(Wang et al., 2009). Furthermore, ABC importers are believed to be almost exclusively of the ABC2-type
superfamily, however, they differ completely in their principal function. ABC importers have been
divided into two classes depending on the transport mechanism: Type I importers translocate the
substrate with an alternating access mechanism that is also driven by the substrate. Type II importers
interact with the substrate even in a nucleotide-free state, while hydrolysis energises an inward-facing
conformation. A third importer sub-superfamily is called the ECF system, which lacks an
extracytoplasm receptor and it is specialised for abundant substrates such as vitamins, minerals and
small molecules (Slotboom, 2014).

1.4.1. Transmembrane domains
In contrast to the NBD of ABC transporters, the TMD displays a low level of homology, likely reflecting
the variety of transported substrates. The ‘typical’ ABC exporter exhibits 12 transmembrane-spanning
α-helices, which form the transport pathway of the substrate (Locher, 2009). The α-helices are
arranged in two bundles of each six and shaping a tunnel that is opened to one side. Crystal structures
of several transporters revealed a common ABC exporter fold. Here, each TMD monomer is formed by
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a smaller lobe composed of two transmembrane segments and a bigger lobe composed of four
transmembrane segments (Dawson et al., 2006; Dong et al., 2005; Lin et al., 2015; Ward et al., 2007).
Both lobes form a V-shaped conformation that results in a pseudo-symmetry of the dimer. The
catalysis at the NBDs trigger an extensive structural reorganisation within the TMDs that changes the
cavity-opening built by the α-helices within the membrane from one side to the other (Becker et al.,
2010; Dawson et al., 2006; Dong et al., 2005; Ward et al., 2007; Zou et al., 2009). This step also changes
the affinity to the substrate from a high-affinity to a low-affinity binding site (Dawson et al., 2007;
Doshi et al., 2013).
Those TMDs that are not directly coupled to their NBDs feature α-helices, which are located at the
transmission interface between the NBD and the TMD. This ‘coupling helix’ extends from the
transmembrane-embedded domain into the cytoplasm by 25-40 Å and runs parallel to the plane of the
membrane. The NBD contributes to the transmission interface primarily through a groove on the
interaction surface formed by amino acids located around the Q/X-loop (Figure 3). Moreover, the
exporter Sav1866 shows a domain swapped interaction of TMD A with NBD B and vice versa, while in
contrast e.g. the importer BtuCD shows no swapping (Becker et al., 2010; Locher et al., 2002). ABC
importers and exporters deviate in this aspect and thereby maybe referring to different transport
mechanisms. A unique feature of ABC importers that is considered to be a signature motif, is the
so-called ‘EAA’ motif sequence of 15-20 amino acids residues in the coupling helix (Wen et al., 2011).
Type I importers are structurally represented by the molybdate transporter ModBC, they mediate the
uptake of relatively small compounds and contain typically 12 transmembrane-spanning α-helices
(Gerber et al., 2008; Hollenstein et al., 2007). In each TMD they are grouped in five and an extra
N-terminal helix that is closely located to the other TMD (Locher, 2009). Type II importers are generally
represented by the blueprint of BtuCD that contains 20 transmembrane helices and mediate the
transport of bigger molecules (Korkhov et al., 2012).

1.4.2. Nucleotide-binding domains
Chemical energy is transferred to mechanical energy by the NBD of ABC transporters and thereby often
referred as the engine or motor domain. The NBD can be divided in a RecA-like subdomain and a helical
subdomain, which harbour several conserved motifs that are involved in ATP binding and hydrolysis
(Figure 3) (Schneider et al., 1998): the ‘Walker A’ (‘P-loop’; GxxGxGKS/T, consensus motif where x is
any amino acid) binds the nucleotide and γ-phosphate, the ‘Walker B’ (φφφφDE, consensus motif
where φ means any hydrophobic amino acid) contains a conserved glutamate that is involved in the
nucleophilic attack on ATP via a water molecule, the ‘Signature motif’ (‘C-loop’ or ‘LSGGQ motif’) is
the hallmark of ABC proteins and contacts the nucleotide and γ-phosphate, the ‘A-loop’ (a conserved
aromatic residue) interacts with the adenine ring of a bound nucleotide (Ambudkar et al., 2006), the
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‘D-loop’ (SALD, consensus motif) is involved in the cross-dimer interaction of the NBDs, the ‘H-loop’
(a conserved histidine) is suggested to bind the γ-phosphate and acts as a base for water (Zaitseva et
al., 2005a), the ‘Pro-loop’ (conserved proline), connects lobe I and lobe II of the NBD (Schmitt et al.,
2003); the ‘Q-loop’ (a conserved glutamine) binds the γ-phosphate and is involved in the TMD
interaction, the ‘X-loop’ (TEVGERG, consensus motif) is only found in ABC exporters and involved in
TMD interaction (Dawson et al., 2006).

Figure 3. Structural overview of the haemolysin B NBD dimer and the conserved motifs. Ribbon
representation of the three-dimensional structure of the haemolysin B NBD dimer with ATP/Mg2+ in
the domain interface (each monomer in grey or black). The conserved motifs are highlighted by colors
and labelled appropriately (Guo et al., 2006; Zaitseva et al., 2005a). At the NBD dimer interface ATP
and Mg2+ are represented by spheres (PDB entry 1XEF).
Typically two NBDs arrange the nucleotide-binding sites in a ‘head-to-tail’ conformation and thereby
sandwiching the ATP molecule(s) by the Walker A of one domain and the signature motif by the other
domain and vice versa (Figure 3) (Dawson et al., 2006, 2007; Zaitseva et al., 2005a). Hereby two ATP
molecules can be bound by an NBD dimer and provides the basis of cooperativity in ATP binding and
hydrolysis (Davidson et al., 1996; Senior et al., 1998).

1.4.3. Mechanisms of ATP hydrolysis
The NBDs share a strongly conserved architecture, independent of the functional divergences of ABC
transporters and DNA maintenance ATPases (Hopfner et al., 2003). Crystallographic analysis of NBDs
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showed a bilobal structure (Hung et al., 1998; Jones et al., 1999b; Procko et al., 2006; Smith et al.,
2002; Zaitseva et al., 2006). The larger lobe is related to a subdomain of RecA-like ATPases and contains
the Walker A, Walker B, D-loop and H-loop. Therefore, it is called the core subdomain. The second
subdomain, which is structurally more diverse and ‘helical’ is called the helical subdomain or α
subdomain and contains the ABC transporter specific signature sequence (Karpowich et al., 2001). The
Q-loop and the Pro-loop connect these subdomains flexibly (Yuan et al., 2001). The hydrolysis
substrate is ATP, which is cleaved at the phosphoanhydride of the β-γ phosphodiester bond that stores
57 kJ/mol Gibbs free energy (Berg et al., 2002).
Two models of ATP hydrolysis are commonly discussed for ABC transporters. The first is called the ATP
‘Processive Clamp’ (Chen et al., 2003; Janas et al., 2003) or also the ‘Switch’ model (Figure 4) (Higgins
et al., 2004a; Zaitseva et al., 2006). The model assumes that the NBD dimer switches between two
states. The ATP molecules are bound at the dimer interface of the NBDs and induce a symmetric
‘closed’ dimer (Figure 4 D). The ATP hydrolysis occurs in both substrate binding sites and subsequently
the NBD dimer dissociates to unliganded ‘open’ conformation (Figure 4 A). This opened state assumes
the separation of the dimers, building a gap with a distance of about 20-30 Å and the release of ADP/Pi.

Figure 4. ABC Switch Model (adapted from Jones et al. (2013)). The NBD monomers are separated in
the large core subdomain (magenta) and the smaller helical subdomain (cyan). (A) The NBDs in the
‘resting state’ are separated and (B) each bind ATP to the core subdomain. (C) This binding induces a
rotation of the helical subdomain and (D) the formation of the ‘closed’ dimer. (E, F) ATP is hydrolysed
processively and results in the opening and releasing of the ADP/Pi.
These described conformational changes are mediated to the TMDs, as described above, and induce
the formation of an inward-facing and an outward-facing conformation, respectively.
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The second model assumes that both NBDs remain in contact during the hydrolysis of ATP and is called
the ‘Constant Contact Model’ (Jones et al., 2007, 2009). The main feature of this model assumes an
alternating hydrolysis of ATP at each site, while the other site releases and exchanges the nucleotide
(Figure 5). Concerning this model a number of variants are discussed that base on biochemical and
biophysical studies or crystal structures. Several studies assume an intermediate state that has bound
two ATP molecules simultaneously (Loo et al., 2010; Sauna et al., 2007; Siarheyeva et al., 2010;
Verhalen et al., 2011) while other assume a model, which does not prospect this state, as described
here (Jones et al., 2007). The latter model also proposes a rotation of the core subdomain that is
predicted by molecular dynamics simulations and structural data (Jones et al., 2009, 2011; Khare et al.,
2009; Wen et al., 2011; Yuan et al., 2001; Zaitseva et al., 2006).

Figure 5. Constant Contact Model (adapted from Jones et al. (2013)). The NBD monomers are
separated in the large core subdomain (red) and the smaller helical subdomain (blue). (A, E) ATP is
bound in one dimer site, while the other releases ADP. (B, F) The ATP hydrolysis in one dimer site
increases the affinity for ATP in the core subdomain. (C, G) The binding of ATP closes the NBD dimer
on the second site. (D, H) The first dimer site opens by rotation of the core subdomain, which is induced
by the occlusion of ATP on the second dimer site. Subsequently Pi is released.
ATP hydrolysis energizes the translocation of substrates across a membrane, however, the amount of
ATP molecules needed for the translocation of one substrate has been only quantified for a couple of
systems. For example two ATP molecules are consumed for the translocation of one substrate in the
cases of the glycine-betaine or maltose importer from E. coli (Mimmack et al., 1989) and in the case of
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OpuA from Lactococcus lactis (Patzlaff et al., 2003). In comparison the Sec pathway has been shown
to translocate 20-30 amino acids upon hydrolysis of one ATP molecule (Schiebel et al., 1991; Uchida et
al., 1995).

1.4.4. Accessory domains
Some ABC transporters contain an additional domain to the four core-domains, which are two NBDs
and two TMDs. This domain obtains different functions such as regulation or catalysis and can be
located extrinsic or intrinsic to the membrane. Biemans-Oldehinkel et al. (2006a) categorized the
accessory domains in four groups: (i) extracytoplasmic domains (ii) membrane-embedded domains (iii)
cytosolic regulatory domains and (iv) cytosolic catalytic domains. In the following these groups are
described by examples in further detail:
(i) Extracytoplasmic domains: These domains are found in members of the ABCA family and further
examples are the extracellular N-terminal domain of ProW from E. coli and the SBDs or proteins from
ABC importers. In the case of the ABCA family these domains contain N-glycosylation sites, which seem
to modulate the expression levels (Bungert et al., 2001). ProW is part of the proline and glycine betaine
transport system (ProU) and here the function of the additional domain is unknown so far.
(ii) Membrane-embedded domains: In addition to the core TMSs of TMDs many ABC transporters
harbour further TMSs that can be considered as accessory membrane-embedded domains and they
are generally less conserved (van der Heide et al., 2002). In most cases the function of the additional
domain is unknown. However, in the case of the TAP translocation machinery the function of the
additional domain could be revealed. TAP is a heterodimer, which translocates antigenic peptides from
the cytosol into the endoplasmic reticulum lumen where they are bound to MHC I molecules. The extra
domain of TAP are suggested to mediate the assembly of the macromolecular peptide (Bangia et al.,
1999; Lehnert et al., 2016; Leonhardt et al., 2005; Noll et al., 2017).
(iii) Cytosolic regulatory domains: Once an ABC transporter is expressed it also has to be regulated in
its activity, e.g. a cytosolic regulatory domain. In the case of the maltose/dextrin transporter the
C-terminal domain of MalK regulates uptake activity dependent on the binding of the regulator
molecule IIAglc (Bohm et al., 2002; Dean et al., 1990; Nelson et al., 1984). It senses the presence of
glucose and activates the transporter whether this source is exhausted.
In the case of the osmoregulatory ABC transporter OpuA, the regulatory domains constitute a sensor
that switches the transporter activity upon interacting with the charged membrane surface and the
cytoplasmic ionic strength (Biemans-Oldehinkel et al., 2006b). An increasing ionic strength can be the
consequence of a decreasing cell volume, which is induced by a shift in medium osmolality. Then, the
activated transporter imports glycine betaine, which triggers the influx of water and protects the cell
from plasmolysis (van der Heide et al., 2000).
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Another well-known example is the cystic fibrosis transmembrane conductance regulator (CFTR). It is
a member of the ABC transporter family and channels chloride ions through a membrane (Liu et al.,
2017). The transporter activity is regulated by a phosphorylation dependent mechanism of the Rdomain (Dahan et al., 2001; Gadsby et al., 1999; Rich et al., 1991).
(iv) Cytosolic catalytic domains: Many bacteriocins are synthesized as prepeptides and contain a
GG-motif, which is proposed as LSXXELXXIXGG, where X can be any amino acid (Havarstein et al., 1994).
This motif is recognized by the correlating ABC transporter, which comprises a specific N-terminal
catalytic C39-peptidase domain (Havarstein et al., 1995). This regulatory domain contains the
conserved cysteine and histidine motifs that are responsible for recognition and cleavage of the
transport substrates at the GG-motif. Thereby the bacteriocin matures in its active conformation.
The N-terminal additional domains of T1SS ABC transporters were also subdivided into three distinct
groups by Kanonenberg et al. (2013). The classification considers the function of the additional domain
and the substrate being translocated. The first group harbours the above described C39-peptidase
containing ABC transporters (PCATs), which are found e.g. in the bacteriocin secretion system of
Gram-positive bacteria and the microcins T1SS of Gram-negative bacteria (substrates < 10 kDa)
(Figure 6 I) (Lin et al., 2015).

Figure 6. Schematic domain architecture of T1SS ABC transporters. The ABC transporters involved in
T1SS were classified depending on the N-terminal additional domain and the transported substrate
(Kanonenberg et al., 2013). Besides the canonical nucleotide-binding domain (NBD) and the
transmembrane domain (TMD), group I contains a C39 peptidase domain (C39) that cleaves the
substrate N-terminal leader peptide. Group II comprises an additional C39-peptidase like (CLD)
domain, which function is not completely understood. Group III comprises the canonical architecture
and harbours no additional domain.
The second group contains ABC transporter with a C39-peptidase like domain (CLD), which in contrast
has no proteolytic activity, however, it is still essential for secretion, at least shown for the substrate
haemolysin A (HlyA) (Figure 6 II) (Lecher et al., 2012). In general it was observed that the substrates of
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CLD containing ABC transporters are larger (> 55 kDa) and they are members of the RTX toxin family
(Kanonenberg et al., 2013; Lecher et al., 2012).
The third group harbours no additional N-terminal domain and translocates substrates, which are small
in comparison to RTX proteins (Figure 6 III) (Delepelaire, 2004; Holland et al., 2003). One well-known
substrate belonging to this group is HasA, a 19 kDa iron scavenger protein secreted by S. marcescens
(Letoffe et al., 1994). The protein does not contains any RTX repeats, however, it obtains “primary
anchor site” that also interact with the cognate ABC transporter (HasD) and it requires the general
chaperone SecB (Delepelaire et al., 1998; Masi et al., 2010).

1.5. The haemolysin A type I secretion system
A T1SS is composed of three membrane proteins, an ABC transporter, a MFP and an outer membrane
protein (OMP). Together these proteins secrete a substrate in one step across two membranes,
without the formation of a periplasmic intermediate. The C-terminal secretion sequence of the
transport substrate is not cleaved during the translocation process (Thomas et al., 2014b). Probably
the best-studied secretion system in this family is the HlyA T1SS from E. coli, which is described in the
following in further detail.

1.5.1. The outer membrane factor – TolC
TolC is a member of the outer membrane efflux proteins (OEP) family or also referred as outer
membrane factor (OMF) family. Members of this family are found in the context of the ABC-, the RND
and the MFS superfamilies. The structure of TolC was solved and revealed a 140 Å long single channel,
which is shaped by a 12-stranded β-barrel and α-helical domain (Figure 7 A) (Koronakis et al., 2000).
The homotrimer is anchored in the outer membrane by the β-barrel domain and extends about 100 Å
into the periplasm. Here, the α-helical domain comprises an equatorial part that contains mixed αhelical and β-sheet elements (Koronakis et al., 2000). The conduit formed by TolC is water-filled with
a diameter of 35 Å and the cavity is one of the largest know so far, with a volume of about 43,000 Å3
(Figure 7 B) (Andersen et al., 2001). TolC is synthesized in the cytoplasm and obtains an N-terminal
signal peptide, recruiting the Sec apparatus that mediates the transport of the unfolded peptide into
the periplasm (Danese et al., 1998). It is known that the assembly of TolC as well as other OMFs is
facilitated by the BamABCDE complex, however, the very final steps of TolC assembly and membrane
insertion remain ambiguous (Charlson et al., 2006; Jain et al., 2007; Malinverni et al., 2006; Voulhoux
et al., 2003; Werner et al., 2005; Wu et al., 2005). The closed periplasmic pore of TolC has a width of
3.5 Å, which is even to small for the passage of ions (Figure 7 C) (Koronakis et al., 2000).
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Figure 7. The periplasmic entrance of TolC (adapted from Lenders et al. (2013)). (A) Ribbon
representation of the TolC homotrimer from a side view. Every monomer is indicated by a different
colour (PDB entry: 1EK9). (B) Surface representation of TolC sliced in the axis of the channel pore (PDB
entry: 2XMN). (C) Surface (grey) and ribbon (colors) representation of the closed periplasmic entrance
of TolC, viewed from the periplasm in direction of the OM (PDB entry: 1EK9). (D) Surface (grey) and
ribbon (colors) representation of the opened periplasmic entrance of TolC, viewed from the periplasm
in direction of the OM (PDB entry: 2XMN). OM, outer membrane; PP, periplasm.
The opening mechanism of TolC is proposed to go along with a conformational reorganisation of the
coiled-coil α-helices, which open the pore in the periplasm by twisting the gate in an iris-like motion
(Figure 7 D) (Koronakis et al., 2000).

1.5.2. The membrane fusion protein – HlyD
The membrane fusion protein haemolysin D (HlyD) of the HlyA T1SS has a size of 53 kDa and so far no
complete structural data of HlyD are available (Wagner et al., 1983). Kim et al. revealed the crystal
structure of a fragment that contains about 60 % of the amino acids and lacks the N-terminal and
C-terminal parts (Kim et al., 2016). It is suggested that HlyD forms trimers (Thanabalu et al., 1998) or
hexamers (Kim et al., 2016; Lee et al., 2012), however, a dimer of trimers is very likely, since it would
fit the overall stoichiometry of the translocon. A comparison with the structure of the analogous MexA
and a topological analysis predicts a location of HlyD in the cytoplasm, IM and periplasm. It is suggested
that the N-terminal part of HlyD extends into the cytoplasm and a single transmembrane segment
anchors the protein in the IM. The periplasmic part of HlyD is predicted to form α-helices and a large
β-strand helical domain (Higgins et al., 2004b; Schulein et al., 1992; Wang et al., 1991). The explicit
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roles of HlyD during the translocation process have not been revealed, however, the protein is
essential for secretion. It is suggested that the MFP is involved in specific interactions with the ABC
transporter and the OMP, while it provides the interconnection of these two components. It is also
suggested that HlyD participates in the recognition of the transport substrate HlyA, most likely
together with the ABC transporter (Balakrishnan et al., 2001). In this study, Balakrishnan et al. deleted
the N-terminal 45 residues of HlyD and also showed that TolC was not ‘recruited’ anymore. Taken
together the results of numerous mutagenesis studies envisage a more complicated role of HlyD than
just connecting the ABC transporter and the OMP.

1.5.3. The ABC transporter – HlyB
The inner membrane component of the HlyA T1SS is the ABC transporter haemolysin B (HlyB). It
comprises one canonical TMD and NBD in each monomer. In addition, HlyB contains a third domain at
the very N-terminus, which is called the CLD (C39-peptidase like domain) (Lecher et al., 2012; Lecher
et al., 2011). To date the structure of the isolated NBD was resolved by X-ray crystallography (Schmitt
et al., 2003; Zaitseva et al., 2005a; Zaitseva et al., 2006) and the structure of the isolated CLD was
resolved by NMR (Lecher et al., 2012).

Figure 8. Model of the HlyB dimer based on the bacteriocin transporter PCAT1. The model of HlyB
was predicted using Phyre2 (Kelley et al., 2015). The images show the same model from a different
perspective. One monomer surface is shown in grey and the other monomer is shown in a ribbon
representation and colored in green (CLD), red (TMD) and magenta (NBD).
Since no structural data of the complete ABC transporter HlyB are available and to imagine the
localisation of the three domains, Figure 8 shows a model of a HlyB dimer based on PCAT1 (PDB entry
4RY2). The model was predicted by the application of the Phyre2 server (Kelley et al., 2015). An
alignment by PyMOL of the model with the HlyB-NBD crystal structure returned a Cα root mean square
20

Introduction - The haemolysin A type I secretion system
deviated (RMSD) of 2.2 Å for 223 aligned residues of 241. Additionally an alignment of the model with
HlyB-CLD NMR structure returned a Cα RMSD of 1.8 Å for 110 aligned residues of 138 in total.
The CLD is composed of 123 amino acids and the overall structure of this N-terminal additional domain
can be divided in two subdomains. The core subdomain consists of six β-sheets that are flanked by two
α-helices, while the minor N-terminal part comprises three α-helices (Figure 9 A) (Lecher et al., 2012).
Lecher et al. also specified crucial variations that abolished the catalytic activity of the CLD. A
comparison to the similar ComA-PEP C39 peptidase, revealed the presence of a tyrosine instead of the
essential cysteine (Wu et al., 2004). In addition, the essential histidine of the putative catalytic site is
flipped by 180 ° (Lecher et al., 2012). So far the distinct functional role of the CLD remains ambiguous,
however, it is essential for the secretion of HlyA and it reveals a sequence homology of 42 % to C39
peptidases (Lecher et al., 2012). These peptidases are found at the N-terminal part of bacteriocin and
microcin transporters, where they cleave the premature substrates at the conserved GG-motif (Kotake
et al., 2008).

Figure 9. Structural overview of the CLD of HlyB and suggested binding sites with HlyA. (A) The threedimensional structure of the CLD of HlyB determined by NMR (Lecher et al., 2012) (PDB entry 3ZUA).
Secondary α-helical structures are colored in green and β-sheets are colored in blue. (B) Chemical shift
perturbation experimental results are transferred onto the structure of the CLD. Proposed interacting
amino-acids are colored in black, while non-interacting regions are colored in yellow (Lecher et al.,
2012).
In contrast, HlyA does not contain such a GG-motif and it is not cleaved during or after the
transportation process, however, the substrate was shown to interact with the CLD in an exclusively
unfolded state (Lecher et al., 2012). The interacting amino acids of the CLD were detected by chemical
shift perturbation experiments and in comparison to the ligand-binding region of ComA-PEP, they are
located at the opposite site of the ComA-PEP catalytic centre (Figure 9 B) (Lecher et al., 2012).
The NBD of ABC transporters is a well conserved domain and energises the translocation process by
ATP hydrolysis. The functional HlyB dimer assembles upon ATP binding and building the active
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conformation (Schmitt et al., 2003; Wang et al., 1991; Zaitseva et al., 2005b; Zaitseva et al., 2006). The
distinct mechanistics of HlyB ATP hydrolysis were further analysed by Zaitseva et al.. A substitution of
the conserved histidine to alanine (H662A) in the isolated HlyB-NBD abolished ATPase activity, while
preserving the ability to bind ATP. A heterodimer of the ATPase-deficient mutant and the wild-type
protein was still able to hydrolyse ATP and suggested a sequential (two-cylinder engine) mechanism
(Zaitseva et al., 2005b). This finding was underlined one year later with a detailed study, revealing a
structural asymmetry within the dimer (Zaitseva et al., 2006). Such as the CLD, the NBD is also in the
focus of studies that investigate its distinct interaction with the transport substrate and the subsequent
precise regulation and communication of the translocon. Several mutational analysis of HlyB were
performed by different laboratories and are well summarised by Holland et al. (2016). Further results
by surface plasmon resonance suggest a distinct interaction of the C-terminal fragment of HlyA and
the isolated NBD, which is strikingly dependent on the secretion signal and the concentration of ATP
or ADP (Benabdelhak et al., 2003). Taken together with the hypothetical functions of the CLD, these
results emerge a complex picture of the interaction pattern between HlyA and the HlyB ABC
transporter.

1.5.4. Interactions of the HlyA T1SS components
Beginning at the outer membrane factor TolC, which three-dimensional structure is solved and studied
for many years, the channel-forming protein is suggested to rest in a closed conformation. The
structure of TolC shows a tightly closed pore in the periplasm, which is even small enough to hinder
the passage of ions (Eswaran et al., 2003; Koronakis, 2003). The opening mechanism of TolC is
proposed to go along with a conformational reorganisation of the coiled-coil α-helices and twisting the
gate in an iris-like motion (Koronakis et al., 2000). Therefore, a signal is necessary to trigger the opening
of the channel, which is supposed to be a substrate interaction with the inner membrane complex.
Studies of the AcrAB-TolC translocon by cryoEM pointed to quaternary structural changes in AcrB that
are communicated to AcrA, which repacks and trigger the opening of TolC (Wang et al., 2017).
The structural differences of drug efflux pumps and especially of their TMDs, make it unlikely that in
general the inner membrane transporter interacts directly with TolC. Therefore, each system has to be
investigated individually and only little structural information is available for the inner membrane
complex of the HlyA T1SS. Nevertheless, several models have in common that the MFP binds TolC in a
six to three stoichiometry (Janganan et al., 2011; Su et al., 2011; Tikhonova et al., 2009; Tikhonova et
al., 2011; Xu et al., 2011a). In general the α-helical hairpins of the MFPs interact with TolC by
surrounding the tip of the OMP or by interacting in a tip-to-tip manner (Kim et al., 2010; Wang et al.,
2017; Xu et al., 2010; Xu et al., 2011b).
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Cross-linking experiments showed that the inner membrane complex of the HlyA T1SS, composed of
HlyB and HlyD, is assembled even in the absence of the transport substrate (Thanabalu et al., 1998).
Deletions of the N-terminal, cytoplasmic part of HlyD abolished the formation of cross-linking products
to HlyA and TolC (Thanabalu et al., 1998). This suggests that the HlyA to HlyD interaction is a crucial
signal in the subsequent ‘recruitment’ of the OMP TolC. The same study also demonstrated that this
‘recruitment’ is independent of HlyB ATPase activity (Thanabalu et al., 1998). Furthermore, surface
plasmon resonance experiments showed that the interaction of the HlyA secretion signal to the HlyB
NBD is diminished upon ATP binding or hydrolysis (Benabdelhak et al., 2003). This strongly suggests
HlyB to energize the translocation after TolC completes the full translocon. Recent studies with an
eGFP-HlyA fusion protein also clearly demonstrated a vectorial transport with the C-terminus of HlyA
leaving the translocon first at the extracellular site (Lenders et al., 2015). Lenders et al. also determined
the secretion rate of HlyA to 16 amino acids per transporter and second (Lenders et al., 2016).

1.6. The RTX protein – HlyA
Gram-negative bacteria secrete toxins, hydrolytic enzymes or surface-bound proteins via the type 1
secretion system across the cell envelope (Holland et al., 2005). One of these proteins is haemolysin A
(HlyA), which was discovered in the 1980s in uropathogenic E. coli strains (Welch et al., 1981). This
toxin of about 110 kDa is affecting pore formation in the target cell membrane and belonging to the
‘repeat in toxins’ (RTX) family (Ludwig et al., 1991; Welch et al., 1992). The common feature of RTX
proteins is their translocation via the T1SS and glycine- and aspartate-rich nonapeptide repeats binding
calcium ions.
RTX cytotoxins can be divided in two families, the multifunctional autoprocessing RTX toxins (MARTX)
and the pore-forming leukotoxins (Linhartova et al., 2010). HlyA belongs to the latter mentioned
family, which share (i) the activation by acylation of lysine residues, (ii) a hydrophobic domain, (iii) the
export by T1SS and (iv) binding of calcium ions within the repeat motif (Linhartova et al., 2010).
Historically RTX toxins were separated in haemolysins and leukotoxins due to a target ‘limitation’ of
haemolysins. More recent studies found that even those target leukocytes and thereby making this
differentiation obsolete (Lally et al., 1997; Linhartova et al., 2010; Welch, 1991).
HlyA is expressed as a variant, which is lytically inactive (pro-HlyA). Prior to its secretion the protein is
acylated at two internal lysine residues at positions 564 and 690 (Figure 10) (Lim et al., 2000). The
acylation process is performed by the acyltransferase HlyC together with the acyl carrier protein (ACP)
in the cytoplasm (Issartel et al., 1991). The fatty acids carried by ACP are various, including the palmitic
(C16:0) and palmitoleic (C16:1) (Issartel et al., 1991; Trent et al., 1998). However, HlyC selectively
(about 68 %) mediates the linkage of myristic acid (C14:0) to pro-HlyA in vivo (Lim et al., 2000). The
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toxicity of HlyA is mediated by the ability to form pores within a broad range of membranes. The
precise mechanism of the pore formation and interactions is poorly understood.

Figure 10. Schematic overview of HlyA variants (taken and adapted from Reimann et al. (2016)).
(A) The HlyA elongated protein with a size of 110.5 kDa and (M) the putative membrane insertion
domain, two lysine residues that are acylated, (RTX repeats) six nonapeptide repeats that bind Ca2+
ions and the C-terminal secretion signal.
In the case of HlyA the N-terminal hydrophobic ‘membrane insertion domain’ is assumed to contain
nine amphipathic α-helices (Hyland et al., 2001). However, two steps appear to be essential, a
reversible adsorption of the toxin by electrostatic forces and an irreversible membrane insertion
(Bakas et al., 1996; Ostolaza et al., 1997).
The RTX specific repeats bind calcium ions at the outside of the cell and appear to trigger the folding
of the protein into the active conformation (Simpson et al., 2011). The repeats obtain the consensus
sequence GGxGxDxUx, where ‘x’ represents any amino acid and ‘U’ represents a large hydrophobic
amino acid. HlyA obtains six RTX repeats that contain the strict consensus sequence (Uniprot: P08715)
(Figure 10). However, depending on the stringency of the motif, between 6 and 17 nonapeptide
repeats can be assigned to the toxin, located at the C-terminal part of the protein (Linhartova et al.,
2010; Thomas et al., 2014b). The exact function of this domain is currently not fully resolved. It is
suggested that calcium ions bind to the repeats in a 1:1 ratio and the region takes on a stabilised β-roll
structure (Bumba et al., 2016; Felmlee et al., 1988; Linhartova et al., 2010; Ludwig et al., 1988; Rhodes
et al., 2001; Rose et al., 1995; Sanchez-Magraner et al., 2010; Sanchez-Magraner et al., 2007; Schindel
et al., 2001). The first residues of each motif form a turn and the remaining part builds a short β-strand.
The backbone carbonyl groups of the glycine residues and the side chains of aspartate residues of two
different RTX repeats coordinate one calcium ion (Baumann et al., 1993). The repetitive arrangement
of this structure then forms the β-roll. A recent study also assumes the binding of calcium ions at the
outside of the cell to trigger the translocation of the peptide in a ‘push-ratchet’-kind of way (Bumba et
al., 2016).
The C-terminal secretion signal of HlyA is localised in the last 60 amino acids (Gray et al., 1989; Gray et
al., 1986; Kenny et al., 1991; Kenny et al., 1992). A closer view reveals clusters of charged amino acids,
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uncharged amino acids, hydroxylated amino acids and an aspartate box (Holland et al., 1990). Further
analysis of the secondary structure also predicts two helical parts (Koronakis et al., 1989). Although
the exact translocation mechanism of HlyA is still unknown, the secretion rate of HlyA could be
quantified to about 16 amino acids per transporter and second (Lenders et al., 2016). Finally, in
comparison to other RTX-proteins no universal conservation was found so far and the exact mode of
secretion signal recognition is currently unknown.
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2. Aims
The HlyA T1SS of E. coli is one of the best-studied protein secretion systems. The toxin HlyA is a member
of the RTX superfamily and associated with the majority of uropathogenic E. coli strains (Foxman,
2002). The toxin is able to lyse cell tissues and thus enabled to enter the blood stream of the host
(Brooks et al., 1980). The bacterial translocation machinery of HlyA is composed of three proteins,
which are located in the inner and the outer membrane of the cell. The channel forming protein TolC
is localised in the outer membrane and extends into the periplasm. The inner membrane harbours the
membrane fusion protein HlyD and the ABC transporter HlyB. This tripartite nanomachinery
translocates HlyA in an unfolded state across both membranes into the extracellular space, where the
toxin folds upon calcium ion binding to the RTX repeats (Bakkes et al., 2010; Baumann et al., 1993;
Welch, 2001).
The ABC transporter of the HlyA T1SS is supposed to energize the machinery by ATP hydrolysis. In order
to prevent futile consumption of energy storing ATP, this process is assumed to be highly regulated.
Although the system is investigated since many years, the aspect of HlyB ATPase activity regulation
and the role of its N-terminal domain remain to be answered. Besides the canonical nucleotide-binding
domain and the transmembrane domain, HlyB obtains the additional C39-peptidase like domain (CLD),
which assumes an unknown function (Lecher et al., 2012). So far, only the isolated nucleotide-binding
domain or the isolated CLD of HlyB were studied and little is known about the complete ABC
transporter protein (Zaitseva et al., 2005a; Zaitseva et al., 2005b; Zaitseva et al., 2006). Therefore, one
aim of this thesis was a biochemical characterisation of the solubilised and purified ABC transporter
and the identification of the function of the CLD.
The nucleotide-binding domain and the CLD of HlyB were found previously to interact independently
with HlyA, anyway, little is known about the mechanistic terms of these interactions (Benabdelhak et
al., 2003; Lecher et al., 2012). Therefore, another aim of this thesis was the biochemical
characterisation of HlyB upon interacting with the transported substrate.
Until now, the RTX repeats of HlyA are only known to bind calcium ions at the outside of the cell and
thereby inducing the folding of the protein (Baumann et al., 1993; Welch, 2001). After successfully
identifying the RTX repeats also to interact with the CLD, the final aim was to investigate their
contribution to the secretion process.
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Abstract
The secretion of the toxin haemolysin A (HlyA) is mediated by a specific type 1 secretion system (T1SS)
in Escherichia coli. The T1SS catalyses the transport across both membranes of Gram-negative bacteria
and requires a C-terminal secretion sequence. The HlyA translocator complex is composed of the ABC
transporter haemolysin B (HlyB) and the membrane fusion protein haemolysin D (HlyD), located in the
inner membrane, and TolC, located in the outer membrane. HlyA is supposed to interact with the inner
membrane proteins to initialize the translocation process. Subsequently, it is secreted without any
periplasmic intermediate into the extracellular space. However, little is known about the translocation
path and crucial amino acids within a putative translocation channel. Therefore, we used
photoactivatable unnatural cross-linking amino acids as a tool to investigate the HlyA T1SS. We
describe the incorporation of two different unnatural amino acids at several positions into HlyA. The
incorporation of these amino acids has no influence on the amount of secreted HlyA in vivo.
Furthermore, we successfully incorporated the unnatural amino acids into the fusion protein
eGFP-HlyA at several positions. The fusion protein was used to stall the translocation process. Thereby,
the unnatural amino acid is located within the putative translocation channel. A screening of UV
exposure time, distance and varying cell treatments before and after UV irradiation, increased the
amount of cross-link products detected by Western blot analysis. However, no cross-linked amino acids
were identified by mass spectrometry. In addition, we purified HlyA with an incorporated unnatural
amino acid and analysed cross-link products occurring during an ATPase assay together with purified
HlyB. A subsequent Western blot analysis detected UV induced protein bands, however, a mass
spectrometric analysis could not confirm cross-linked proteins.

Abbreviations
aaRS, aminoacyl-tRNA synthetase; ABC, ATP-binding cassette; Apa, p-azidophenylalanine; Bpa,
p-benzoyl‐L‐phenylalanine; CBB, Coomassie Brilliant Blue; HlyA*, a HlyA amber variant; HlyA,
haemolysin A; HlyB, haemolysin B; HlyD, haemolysin D; IMAC, immobilized metal-ion-affinity
chromatography; LMNG, lauryl maltose neopentyl glycol; MFP, membrane-fusion protein; NBD,
nucleotide-binding domain; RTX, repeats in toxin; SEC, size-exclusion chromatography; T1SS, Type 1
secretion system; TBS-T, TBS with Tween 20; TMD, transmembrane domain

Keywords
Cross-linking, type I secretion system, HlyA, unnatural amino acid, protein translocation, haemolysin,
Escherichia coli
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Introduction
The type I secretion system (T1SS) in Gram-negative bacteria mediates the transport of a wide range
of substrates from the cytoplasm to the extracellular space (Delepelaire, 2004). The substrate
transport occurs in an unfolded state in one step, passing both the inner and the outer bacterial
membrane (Bakkes et al., 2010). Translocated proteins include e.g. adenylate cyclases such as CyaA
from Bordetella pertussis, lipases such as LipA from Pseudomonas fluorescens, proteases such as
alkaline protease from Pseudomonas aeruginosa, toxins such as HlyA from Escherichia coli and surface
layer proteins (Chabeaud et al., 2001; Chenal et al., 2010; Goebel et al., 1982; Holland et al., 2005; Lo
et al., 1987). They also vary greatly in size from small proteins such as the HasA from Serratia
marcescens with a size of 19 kDa up to a molecular weight of 900 kDa for LapA from P. fluorescens
(Gilson et al., 1990; Hinsa et al., 2003; Linhartova et al., 2010). The secretion machinery is composed
of three parts. Two proteins are located in the inner membrane (IM), an ATP-binding cassette (ABC)
transporter and a membrane fusion protein (MFP). The third one is localized in the outer membrane
(OM) and therefore called the outer membrane protein (OMP). In the case of the paradigm
haemolysin A (HlyA) T1SS these three components are haemolysin B (HlyB) (ABC transporter),
haemolysin D (HlyD) (MFP) and TolC (OMP). The information for secretion of HlyA is encoded within
the most C-terminal 50-60 amino acids, forming the non-cleavable secretion signal (Balakrishnan et
al., 2001; Ghigo et al., 1994; Kenny et al., 1994; Kenny et al., 1992; Letoffe et al., 1996; Thanabalu et
al., 1998). Therefore, the common model implies that the HlyA secretion occurs posttranslational. The
exact translocation mechanism, assembly and interactions are not understood in detail. Questions
remain to be answered especially addressing the detailed translocation pathway of HlyA within the
T1SS machinery, as well as the role of the N-terminal C39-peptidase like domain of HlyB. So far studies
of Zhang et al. (1993) pointed to an interaction of the HlyB TMD and the HlyA secretion signal.
Additionally an interaction of the purified NBD of HlyB and a purified fragment encoding the C-terminal
secretion signal of HlyA was identified, that could be abolished by the addition of ATP (Benabdelhak et
al., 2003). These results may play a role in the initiation of the secretion process. Recently it was shown
that a fusion protein of eGFP and HlyA stalled the T1SS and exposed the HlyA C-terminal part on the
cell surface (Lenders et al., 2015). Taking into account that HlyA is translocated in an unfolded state,
the substrate must enter the translocation machinery with their C-terminus first.
Here, we established the incorporation of an unnatural amino acid into HlyA, to investigate the
translocation processes in further detail (Figure 1). This approach allows us to manipulate the biological
and chemical properties of HlyA in vivo. Unnatural amino acids have already been used in E. coli,
Saccharomyces cerevisiae, Pichia Pastoris and mammalian cells (Chen et al., 2007; Liu et al., 2007;
Sakamoto et al., 2002; Simpson et al., 2016; Wang et al., 2007; Young et al., 2009; Zhang et al., 2003).
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Therefore, an AMBER stop codon (TAG) was reassigned to encode the desired unnatural amino acid.
Due to the lack of any cross reactivity between the host organism´s endogenous and the orthogonal
tRNA and aminoacyl-tRNA synthetase (aaRS), the system ensures a high fidelity (Young et al., 2010).

Figure 1. Principle method of the incorporation of photo-cross-linking amino acids. The residue
specific introduction of an unnatural amino acid is mediated an exogenous and orthogonal system. The
orthogonal aminoacyl-tRNA synthetase couples the orthogonal amber suppressor tRNA and a
supplemented unnatural amino acid, which then is incorporated into proteins.
We used an orthogonal aaRS/suppressor tRNA CUA pair from Methanocaldococcus jannaschii to
selectively incorporate the unnatural photoactivatable amino acids p‐benzoyl‐L‐phenylalanine (Bpa) or
p-azidophenylalanine (Apa), respectively into HlyA at ten different positions. We showed that the
incorporation did not affect the amount of secreted HlyA in vivo. The unnatural amino acids were also
incorporated into the fusion protein eGFP-HlyA at ten positions. Lenders et al. (2015) already used the
fusion protein to stall the substrate translocation process. Therefore, we suggest that an unnatural
amino acid in HlyA is exposed to the interior of the putative T1SS translocation channel. We optimised
the experimental conditions by screening the UV exposure time, distance and cell treatment before
and after irradiation to increase the total amount of cross-linked products in vivo. Additionally, we
used the photoactivatable amino acid in HlyA to analyse its interaction with HlyB in vitro. Therefore,
we purified both proteins and activated the cross-linker during an ATPase assay. In both experiments
we observed protein mass shifts upon UV irradiation by Western blot analysis, however, no cross-link
products were identified with subsequent mass spectrometry.
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Experimental procedures
Plasmid constructions
The vector pEVOL-pBpa (gift from Peter Schultz (Addgene plasmid #31190), (Chin et al., 2002))
encodes a suppressor tRNA/aminoacyl-tRNA synthetase pair and has been further described in Young
et al. (2010). To provide compatibility with other plasmids we exchanged the origin of replication in
this vector from p15A to ColA. Therefore, we isolated a ColA containing fragment from pCOLADuet-1
using the restriction endonucleases XbaI and NheI, and ligated it into the same restriction sites in
pEVOL-Bpa (Zverev et al., 1985). To obtain pEVOL-Apa-ColA we isolated a ColA containing fragment
from pEVOL-Bpa-ColA using the restriction endonucleases AfeI and ClaI, and ligated it into the same
restriction sites. For the production of HlyB and HlyD the plasmid pSU-HlyBD (pK184) was used and
protein expression was under the control of a lacZ promotor, inducible with IPTG (isopropyl
β-D-1-thiogalactopyranoside) (Bakkes et al., 2010). To evaluate the secretion competency of pro-HlyA
and to purify the AMBER mutants we used the plasmid pSU2726-HlyA (Bakkes et al., 2010; Jumpertz
et al., 2010). The plasmid pSOI-eGFP-HlyA was used for the expression of eGFP-HlyA and has been
described (Lenders et al., 2015). AMBER mutants were introduced into pSU2726-HlyA or
pSOI-eGFP-HlyA by site-directed mutagenesis using the QuikChange mutagenesis kit (Stratagene)
following manufacturer´s instructions. A list of all mutated positions in HlyA or eGFP-HlyA, and of the
corresponding primers can be found in supplementary Table S1. A list of all used plasmids can be found
in supplementary Table S2. All constructs were verified by sequencing analysis.

Bacterial strains and growth conditions
E. coli BL21 (DE3) cells were transformed with pK184 and pEVOL-Bpa or pEVOL-Apa, respectively. The
cells were also transformed with either pSU2726-HlyA variants to test the secretion competency, or
with pSOI-eGFP-HlyA variants for photo-cross-linking experiments. Cells were exposed on selective
agar plates containing 100 µg/ml ampicillin, 30 µg/ml kanamycin and 30 µg/ml chloramphenicol. A
selective overnight culture with 2YT medium [1.6% (w/v) tryptone, 1% (w/v) yeast extract and 0.5%
NaCl] was inoculated and grown for 16 h at 37 °C and vigorously shaking at 200 rev./min. The main
culture with selective 2YT medium was inoculated from the overnight culture and grown to an OD 600
of 1.0 before expression was induced with 6.6 mM arabinose and 1 mM IPTG. Simultaneously to induce
the folding of secreted pro-HlyA and thereby to stabilise the protein 4 mM CaCl 2 was added.
Additionally 1 mM of the unnatural amino acids Bpa or Apa was added, respectively. After four hours
of incubation, cell cultures were used for photo-cross-linking experiments or analysed to detect
secreted pro-HlyA.

66

Publications - Chapter III

Expression and purification of HlyB, HlyA-K823*and HlyA-K945*
HlyB was purified as described (Reimann et al., 2016). The proteins HlyA-K823*and HlyA-K945* were
expressed and isolated as described previously (Thomas et al., 2014c) with the following modifications.
E. coli BL21 (DE3) cells were transformed with pK184 and pEVOL-Bpa or pEVOL-Apa, respectively and
pSU2726-HlyA-K823 or pSU2726-K945, respectively. Cells were treated and incubated as described
above, using a 50 ml main culture with selective 2YT medium. Cells were harvested after fours hours
of incubation by centrifugation (100,000 g, 30 min) and the supernatant was filtered (0.45 µm) and
concentrated to 5 ml using an Amicon Ultra centrifugal filter unit (100 kDa molecular mass cut-off;
Merck Milipore). To increase the sample purity, a SEC (size-exclusion chromatography) was performed
using a ‘HiLoad 16/600 Superdex 200 pg’ (GE Healthcare Life Sciences) column and a buffer containing
100 mM HEPES, pH 8. The purity of eluted protein was determined by SDS/PAGE and subsequent CBB
(Coomassie Brilliant Blue) staining.

Unfolding of purified HlyA-K823*and HlyA-K945*
Purified HlyA-K823*and HlyA-K945* protein containing Bpa or Apa, respectively, was secreted in the
presence of calcium ions that bound to the protein and induced its folding. Protein with a final
concentration of 1.5 mg/ml was unfolded with 4 M urea and 50 mM EGTA and incubated for 10
minutes at 25 °C. To change the buffer subsequently the protein sample was applied on a ‘PD MidiTrap
G-10’ (GE Healthcare Life Sciences) column and eluted with 100 mM HEPES, pH 8, into an ice cooled
reaction tube. Residual urea was removed by washing the protein in excess (10-times) of elution buffer
using an Amicon Ultra centrifugal filter unit (100 kDa molecular mass cut-off; Merck Milipore).

Electrophoresis and immunological technique
To analyse proteins SDS/PAGE and subsequent CBB staining was used. To estimate protein molecular
weight the PageRuler Prestained Protein Ladder (#26616, Thermo Fisher Scientific, Waltham, MA, USA)
was used. The immunodetection was done with anti-HlyB or anti-HlyA antibody rabbit polyclonal
serum at 1:8000 dilutions in TBS-T (TBS with Tween 20: 20 mM Tris base, 300 mM NaCl and 0.05%
Tween 20, pH 8).

In vivo photo-cross-linking
For in vivo photo-cross-linking experiments E. coli BL21 (DE3) cells encoding for one eGFP-HlyA*
variants were treated and cultivated as described above. Four hours after induction along with the
unnatural amino acid, duplicate 1 ml aliquots were pipetted over ice into a reaction tube (untreated
sample) or a six-well plate and were UV irradiated with a distance of 4 cm by a Spectroline E-Series UV
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lamp (Sigma-Aldrich). The exposure time varied in each experiment and is described in the results
chapter accordingly.

In vitro photo-cross-linking
For in vitro photo-cross-linking experiments purified proteins were used in an ATPase assay together
with the ABC transporter. Reactions were performed in 100 mM HEPES (pH 7) containing 20-fold CMC
of LMNG detergent and an ATP concentration of 1 mM. Purified HlyB was used at a concentration of
1 µM and HlyA-K823* or HlyA-K945* were used at a concentration of 1 µM or 15 µM, respectively.
Reactions were started by the addition of 10 mM MgCl 2 and incubated at 25 °C. After 30 min incubation
the samples were irradiated in reaction tubes with a distance of 4 cm by Spectroline E-Series UV lamp
(Sigma-Aldrich). The exposure time varied to each experiment and is described in the results chapter.
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Results
p-benzoyl-L-phenylalanine incorporation to HlyA does not influence its secretion
competency
The purpose of this project is to identify crucial amino acids within the translocation pathway of HlyA
through its T1SS. For this purpose, a site-specific photo-cross-link method was used that employs the
coexpression of an amber suppressor tRNA and an amino acyl-tRNA synthetase from M. jannaschii
(Wang et al., 2000; Wang et al., 2001; Young et al., 2010). This system is orthogonal to the
E. coli translation machinery and enables the incorporation of a photoactivatable amino acid at amber
codons. It was previously successfully used to e.g. investigate the twin-arginine translocation (Tat)
machinery of E. coli (Maurer et al., 2010). Our approach used the photoactivatable amino acid analog
p-benzoyl-L-phenylalanine (Bpa), which is capable of inserting into most C-H bonds that are within a
range of about 3 Å of the polypeptide backbone (Dorman et al., 1994; Sato et al., 2011). The activation
of the cross-link reaction is started by an irradiation with UV light at a wavelength of 365 nm. We
introduced an amber codon at one of ten positions in HlyA evenly distributed from the very N-terminus
to the C-terminus, except the secretion signal: L13, F110, L209, G308, M417, P517, I610, K708, L810
and W914. The secretion signal remained unaffected on purpose because it is known to be mandatory
for the translocation process (Lenders et al., 2015). The secretion process of HlyA is not completely
understood and potentially crucial amino acids still have to be identified. HlyA is secreted in an
unfolded state across both E. coli membranes and first we investigated whether the incorporation of
Bpa in HlyA influences its secretion competency.
E. coli BL21 (DE3) cells were transformed with three plasmids that encode (i) the amber suppression
system (pEVOL-Bpa), (ii) the T1SS (pSU-HlyBD) and (iii) a HlyA amber mutant (pSU-HlyA*) or the
wild-type protein, respectively. Protein expression was induced with IPTG and arabinose, furthermore,
calcium was added to stabilise secreted HlyA containing an unnatural amino acid (HlyA*). We
incubated two equal cultures in parallel and only one was supplemented with the unnatural amino
acid. After four hours of protein expression the culture supernatant was separated from the cells and
OD 600 equivalents were analysed on a SDS/PAGE (Figure 2). We found that all of our ten tested HlyA*
(Bpa) variants were secreted to the supernatant of the culture, represented by a band correlating to a
molecular mass of HlyA (110.1 kDa). In comparison high amounts of HlyA* (Bpa) were secreted in the
presence of Bpa and in contrast very small amounts of HlyA* were secreted in the absence of Bpa.
Latter may occur due to a ‘read-through’ of the amber codon by the translation machinery. The sample
of the variant HlyA-I610* also contained a protein with a size of about 70 kDa, which was secreted in
absence of Bpa.
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Figure 2. SDS/PAGE analysis of secreted HlyA* variants expressed in presence (+) or absence (-) of
the unnatural amino acid Bpa. In two equal bacterial cultures the protein expression of the T1SS and
the HlyA* variants were induced and only one culture was supplemented with the unnatural amino
acid Bpa. After four hours of protein expression the culture supernatant was analysed for secreted
HlyA* via an SDS/PAGE and stained with CBB. The variants of HlyA* have a theoretical mass of 110.1
kDa. M, protein weight standard.
We also found that the position of the amber codon and/or the substituted amino acid influenced the
amount of secreted HlyA* strikingly with a reduced amount for the variants M417 and I610. Overall
this result confirms the successful incorporation of Bpa to HlyA.

eGFP-HlyA* (Bpa) fusion proteins are located in the cell membrane
HlyA is translocated across both membranes of E. coli without any periplasmic intermediate (Mackman
et al., 1987; Mackman et al., 1986; Thanabalu et al., 1998). Therefore, a photoactivatable amino acid
incorporated in the transport substrate would be exposed to continuously changing potential
interaction partners, due to the proceeding translocation process. The activation of this
photoactivatable unnatural amino acid during the transport process suggests to result in a broad
spectrum of cross-linked products. To address this problem we stalled the T1SS with an eGFP-HlyA*
fusion protein. This technique has already been used to show that the HlyA C-terminus is secreted first
(Lenders et al., 2015). It is expected that the C-terminal part of the fusion protein containing HlyA*
threads into the T1SS and subsequently the N-terminal fast folding eGFP stalls the secretion process.
However, the mechanism that keeps HlyA in a secretion competent and unfolded state in the
cytoplasm is unknown so far. We expect that Bpa is located within the translocation pathway and
exposed to adjacent amino acids of the translocation machinery. Due to the stalled translocation
process we expect that every HlyA amber mutant interacts with a distinct part of the T1SS upon UV
activation of the cross-linker.
First, we have shown the correct localisation of the fusion eGFP-HlyA* variants within the bacterial
membrane. E. coli BL21 (DE3) cells were transformed with three plasmids that encode (i) the amber
suppression system (pEVOL-Bpa), (ii) the T1SS (pSU-HlyBD) and (iii) one eGFP-HlyA* amber mutant
(pSU-eGFP-HlyA*) or the wild-type protein, respectively. Protein expression was induced with Bpa,
IPTG and arabinose, furthermore, calcium was added to stabilise exposed eGFP-HlyA on the cell
surface. After four hours of protein expression cells were harvested, membranes isolated and OD 600
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equivalents were analysed by Western blot and an anti-HlyA antibody. The fusion protein eGFP-HlyA*
has a calculated molecular mass of 140.0 kDa correlating to the most prominent signal of each analysed
sample apart from eGFP-HlyA-I610* (Figure 3).

Figure 3. Western blot analysis (anti-HlyA) of E. coli membranes after expression of eGFP-HlyA*
variants containing the unnatural amino acid Bpa. E. coli cells expressed the T1SS and variants of
eGFP-HlyA* in presence of Bpa. The isolated membranes of the E. coli cells were analysed by Western
blot using polyclonal antisera (anti-HlyA). eGFP-HlyA* has a theoretical mass of 140.0 kDa. M, protein
weight standard.
An additional band below correlates to HlyA* without eGFP fused to the N-terminus (110.1 kDa). A
third band correlates to HlyA without eGFP and the secretion signal (103.1 kDa). The reason for the
formation of these fragments is not clear. We also analysed the supernatants of the bacterial cultures
by Western blot and an anti-HlyA antibody and we detected no secreted eGFP-HlyA* (data not shown).
The eGFP-HlyA fusion protein has already been established as a tool to stall the T1SS (Lenders et al.,
2015). Our study confirmed that also significant amounts of most eGFP-HlyA* (Bpa) variants can be
found within the bacterial membrane. Therefore, we suggest the unnatural amino acid does not
prohibit the fusion proteins to stall the T1SS in principal. However, the signal intensities on the Western
blot varied.

Varying UV exposure time to enhance the cross-link of eGFP-HlyA* (Bpa) and the
T1SS in vivo
As an initial experimental setup to activate the cross-linker, we first used the same E. coli cultivation
conditions for eGFP-HlyA* fusion proteins as described before. After four hours of protein expression
the bacterial culture was cooled on ice and irradiated for seven minutes. In parallel another aliquot of
the sample remained untreated to allow us to assign any effect to the UV irradiation treatment. OD 600
equivalents containing whole cells were diluted in SDS sample buffer and analysed by Western blot
and anti-HlyA antibody (Figure 4). We observed no distinct signal shifts correlating to cross-link induced
molecular mass shifts on the Western blot by comparing the samples with and without UV irradiation.
Slight differences in the signal intensity were noticeable for the mutations HlyA-F110*, HlyA-G308*
and HlyA-M417* especially a signal band correlating to a high protein molecular mass.
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Figure 4. Detection of eGFP-HlyA* (Bpa) in vivo photo-cross-linking products by Western blot analysis
(anti-HlyA). E. coli cells containing variants of the fusion protein eGFP-HlyA* (Bpa), stalling the T1SS,
were irradiated for seven minutes with UV light (+) or remained untreated (-). Cells were analysed by
Western blot using polyclonal antisera (anti-HlyA). eGFP-HlyA* has a theoretical mass of 140.0 kDa. M,
protein weight standard.
Due to the lack of an appropriate molecular weight standard we cannot determine the protein size.
Subsequently, we screened for further experimental conditions and chose only four HlyA* mutants
due to an easier handling. We used the HlyA* variants HlyA-F110*, HlyA-M417*, HlyA-L810* and
HlyA-W914* to investigate the effect of increasing irradiation times of 15 minutes, 30 minutes and 45
minutes while other experimental conditions remained as described before. OD 600 equivalents
containing whole cells were diluted in SDS sample buffer and analysed by Western blot and anti-HlyA
antibody. We found no differences in the signal pattern of the Western blot with an increased
irradiation time of 15 minutes (Figure 5 A).

Figure 5. Detection of UV exposure time dependent eGFP-HlyA* (Bpa) in vivo photo-cross-linking
products by Western blot analysis (anti-HlyA). E. coli cells containing variants of the fusion protein
eGFP-HlyA* (Bpa), stalling the T1SS, were UV irradiated (+) for (A) 15 minutes, (B) 30 minutes, (C) 45
minutes or remained untreated (-). (D) UV exposure time fine-screen of the fusion proteins eGFP-HlyAF110* (Bpa) and eGFP-HlyA-M417* (Bpa). Cells were analysed by Western blot using polyclonal
antisera (anti-HlyA). eGFP-HlyA* has a theoretical mass of 140.0 kDa. M, protein weight standard.
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However, a further increase to 30 minutes and 45 minutes resulted in the occurrence of an additional
signal on the Western blot (Figure 5 B, C). This signal occurred only upon UV irradiation of the protein
variants eGFP-HlyA-F110* and eGFP-HlyA-M417* and represents an increased protein molecular mass.
The specific protein weight was not detectable due to the lack of correlating marker signals. The UV
induced, additional protein bands were isolated and analysed by mass spectrometry. Both samples
contained HlyA protein with incorporated Bpa, however, no cross-linking product was detected. The
proteins HlyA-L810* and HlyA-W914* did not show any changes in the signal pattern upon increased
UV exposure times. The preceding experiments confirmed the formation of protein species with
shifted molecular masses upon UV irradiation. However, we were not able to detect cross-linked
products. Nevertheless, these experiments identified a sufficient irradiation time between 15 minutes
and 30 minutes. As a proof of principle we repeated the experimental setup with a more detailed time
screen to determine the optimal experimental conditions. Therefore, separate bacterial cultures
containing eGFP-HlyA-F110* and eGFP-HlyA-M417* were irradiated from 20 minutes up to 40 minutes
with increments of five minutes, while other experimental conditions remained as described before
(Figure 5 D). OD 600 equivalents containing whole cells were diluted in SDS sample buffer and analysed
by Western blot and anti-HlyA antibody. The analysis confirmed a correlation of duration of irradiation
time and intensity of an occurring protein band with a molecular mass of about 250 kDa. The signal
intensity of this band increases to the maximum if the sample was irradiated up to 30 minutes (HlyAF110*) or 35 minutes (HlyA-M417*), respectively. Longer exposures to UV light resulted in a decrease
of the signal intensity for both variants. This effect was more pronounced in the case of HlyA-F110*.
Based on these findings we rated the exposure of 30 minutes as the optimal length for the activation
of the cross-linker Bpa.

Varying cell treatments to enhance the cross-link of eGFP-HlyA* (Bpa) with the T1SS
in vivo
Multiple factors have an influence on the cross-linking reaction. Besides the exposure time of the
sample by UV light we also changed bacterial culture growth conditions to prevent an unintentional
and premature activation of the cross-link reaction by spare UV light. In this study we protected the
cultivation flask from any contaminating light using aluminium foil and induced protein expression as
described before. After four hours of protein expression the bacterial culture was cooled on ice and
irradiated for a duration of 30 minutes. In parallel another aliquot of the sample remained untreated
to allow us to assign any effect to the UV irradiation treatment. OD 600 equivalents containing whole
cells were diluted in SDS sample buffer and analysed by Western blot and anti-HlyA antibody
(Figure 6 A). Samples of the variants eGFP-HlyA-L13*, eGFP-HlyA-F110*, eGFP-HlyA-L209*, eGFP-HlyAG308*, eGFP-HlyA-M417* and eGFP-HlyA-P517* showed an additional signal band with an increased
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size of about 250 kDa after treatment with UV light (Figure 6 A). Samples of the variants
eGFP-HlyA-F110* and eGFP-HlyA-G308* also showed signal bands correlating to proteins with an even
higher molecular mass.

Figure 6. Detection of eGFP-HlyA* (Bpa) in vivo photo-cross-linking products by Western blot analysis
(anti HlyA) depending on cell treatment. (A) E. coli cells expressing variants of the fusion protein eGFPHlyA* (Bpa) were incubated in a light protected environment and subsequently UV irradiated for 30
minutes (+) or remained untreated (-). (B) Unprotected E. coli cells were lysed prior to varying UV
exposure times. Afterwards the cell membranes were isolated from the cell debris. Samples containing
(A) E. coli cells or (B) cell membranes were analysed by Western blot using polyclonal antisera (antiHlyA). eGFP-HlyA* has a theoretical mass of 140.0 kDa. M, protein weight standard.
The distinct weight could not be determined due to an insufficient protein size standard. In parallel to
the light protection described above, we changed the treatment of the cells before and after UV
irradiation. To increase the UV accessibility of the unnatural amino acids we lysed cells prior to the UV
treatment. Moreover, in order to increase the concentration of potentially cross-linked T1SS we
separated the cell membranes from cell debris after UV irradiation. These experimental setup
modifications were investigated together with an increasing exposure by UV light ranging from 15
minutes to 45 minutes. The isolated cell membranes were diluted in SDS sample buffer and analysed
by Western blot and anti-HlyA antibody (Figure 6 B). The Western blot showed additional signals for
every sample correlating to the irradiation by UV light, so the same for wild-type eGFP-HlyA. The
increasing amount of UV exposure did not change the intensity of these signals. In comparison to a
treatment without cell disruption no improvements were observed.
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p-azidophenylalanine incorporation to HlyA does not influence its secretion
competency
Aside from Bpa, our approach also used the photoactivatable unnatural amino acid
p-azidophenylalanine (Apa). When a phenyl azide is exposed to UV light with 254 nm, it forms a nitrene
group. This can undergo an insertion into C-H and N-H sites or initiate addition reactions with double
bonds. The incorporation of the unnatural amino acid to HlyA was done with the same orthogonal
system and the same amber mutants of HlyA as described for Bpa. However, deviating from Bpa
experiments another amino acyl-tRNA synthetase was needed. First we investigated whether the
incorporation of Apa influences HlyA secretion competency.
E. coli BL21 (DE3) cells were transformed with three plasmids that encode (i) the amber suppression
system (pEVOL-Apa), (ii) the T1SS (pSU-HlyBD) and (iii) a HlyA amber mutant (pSU-HlyA*) or the
wild -type protein, respectively. Protein expression was induced with IPTG and arabinose, furthermore,
calcium was added to stabilise secreted HlyA in the cell supernatant. We incubated two equal cultures
at the same time and only one was also supplemented with the unnatural amino acid Apa. After four
hours of protein expression OD 600 equivalents of cell-free culture supernatant were analysed on a
SDS/PAGE (Figure 7). We found that all of our tested HlyA* (Apa) variants were secreted into the cell
supernatant if the unnatural amino acid was added to the media. The intensity of the signal bands
correlating to the molecular mass of secreted HlyA* (110.1 kDa) containing Apa were affected by the
mutated amino acid and/or position of the substitution. The variant HlyA-I610* was secreted to the
least extent. Furthermore, this result confirms the successful incorporation of Apa to HlyA.

Figure 7. SDS/PAGE analysis of secreted HlyA* variants expressed in presence (+) or absence (-) of
the unnatural amino acid Apa. In two equal bacterial cultures the protein expression of the T1SS and
the HlyA* variants were induced and only one culture was supplemented with the unnatural amino
acid Apa. After four hours of protein expression the culture supernatant was analysed for secreted
HlyA* via an SDS/PAGE and stained with CBB. The variants of HlyA* have a theoretical mass of 110.1
kDa. M, protein weight standard.

eGFP-HlyA* (Apa) mutants are located in the cell membrane
As already tested for Bpa, we also proved the correct localisation of the eGFP-HlyA* fusion protein
variants containing Apa. E. coli BL21 (DE3) cells were transformed and treated as described before.
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Protein expression was induced with Apa, IPTG and arabinose, in addition, calcium was added to
stabilise exposed eGFP-HlyA on the cell surface. After four hours of protein expression cells were
harvested, membranes isolated and OD 600 equivalents were analysed by Western blot and an anti-HlyA
antibody (Figure 8).

Figure 8. Western blot analysis (anti-HlyA) of E. coli membranes after expression of eGFP-HlyA*
variants containing the unnatural amino acid Apa. E. coli cells expressed the T1SS and variants of
eGFP-HlyA* (140.0 kDa) in presence of Apa. The isolated membranes of the E. coli cells were analysed
by Western blot using polyclonal antisera (anti-HlyA). eGFP-HlyA* has a theoretical mass of 140.0 kDa.
M, protein weight standard.
The fusion protein eGFP-HlyA* has a calculated molecular mass of 140.0 kDa correlating to the most
prominent signals of each analysed sample. For HlyA-L209*, HlyA-P517* and HlyA-I610* an additional
band correlates to HlyA* without eGFP fused to the N-terminus with a molecular mass of 110.1 kDa.
For HlyA-G308*, HlyA*-P517*, HlyA-I610* and HlyA-K708* a third band correlates to HlyA without the
secretion signal (103.1 kDa). In the case of HlyA-G308* a fourth band occurred with a size of about 80
kDa. The reason for this protein fragmentation is not clear. We also analysed the supernatants of the
bacterial cultures by Western blot and an anti-HlyA antibody and we detected no secreted eGFP-HlyA*
(data not shown). The eGFP-HlyA fusion protein has already been established as a tool to stall the T1SS
(Lenders et al., 2015). Our Western blot confirmed that also significant amounts of eGFP-HlyA* (Apa)
can be found within the bacterial membrane. Therefore, we suggest that the unnatural amino acid
does not prohibit the fusion proteins to stall the T1SS. However, the signal intensities on the Western
blot varied with the mutated position.

Varying conditions to enhance the cross-link of eGFP-HlyA*Apa with the T1SS in
vivo
For the initial experimental setup to activate the cross-linker Apa, we used the same cultivation
conditions of E. coli as described before. After four hours of protein expression the bacterial culture
was cooled on ice and irradiated for 60 minutes with UV light. In parallel another aliquot of the sample
remained untreated to allow us to assign any effect to the UV irradiation treatment. OD 600 equivalents
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of whole cells were diluted in SDS sample buffer and analysed by Western blot and anti-HlyA antibody
(Figure 9 A).

Figure 9. Detection of eGFP-HlyA* (Apa) in vivo photo-cross-linking products by Western blot
analysis (anti-HlyA). (A) E. coli cells containing variants of the fusion protein eGFP-HlyA* (Apa), stalling
the T1SS, were irradiated for 60 minutes with UV light (+) or remained untreated (-). (B) E. coli cells
were irradiated as described before (+) or remained untreated (-). Afterwards the cell membranes
were isolated from the cell debris. Samples containing (A) E. coli cells or (B) cell membranes were
analysed by Western blot using polyclonal antisera (anti-HlyA). eGFP-HlyA* has a theoretical mass of
140.0 kDa. M, protein weight standard.
The observed protein band pattern was according to Figure 8. The fusion protein eGFP-HlyA* has a
calculated molecular mass of 140.0 kDa correlating to the most prominent signals of most analysed
samples. An additional band correlates to HlyA* without eGFP fused to the N-terminus (110.1 kDa). A
third band correlates to HlyA without the secretion signal (103.1 kDa). Furthermore, we observed
signals correlating to proteins with a higher molecular mass than eGFP-HlyA* but these species
occurred independent of the UV irradiation. We suggested that the abundance of any visible effects
upon UV light occurs due to a very low population of cross-linked protein species. Therefore, we
repeated the same experiment and in order to increase the concentration of cross-linked proteins we
isolated the cell membranes afterwards. The subsequent analysis via Western blot revealed the
absence of HlyA in most samples (Figure 9B). The samples of the fusion proteins eGFP-HlyA-L209*,
eGFP-HlyA-G308*, eGFP-HlyA-M417*, eGFP-HlyA-P517*, eGFP-HlyA-K708* and eGFP-HlyA contained
a most prominent band correlating to a protein size of about 140 kDa. The variants eGFP-HlyA-G308*
and eGFP-HlyA-P517* also showed three additional bands correlating to smaller proteins and were
described above.
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In vitro cross-linking of isolated HlyA* and the solubilised ABC transporter HlyB
Here, we also investigated an in vitro approach to cross-link purified HlyA* and solubilised HlyB.
Elsewhere we already demonstrated distinct interactions of a shorter HlyA variant (HlyA2) with HlyB
by cross-linking experiments in vitro and subsequent mass spectrometric analysis (Reimann et al.,
2016). Thereby we found that position K945 of HlyA is closely located to the HlyB transmembrane
domain. An additional one-time cross-link experiment also pointed to position K823 of HlyA to
somehow interact with HlyB (not published).
Both, HlyA-K823* and HlyA-K945* were incorporated with one of the unnatural amino acids Apa or
Bpa, respectively. First, we investigated whether the incorporation of these unnatural amino acids
influenced the HlyA secretion competency. E. coli BL21 (DE3) cells were transformed with three
plasmids that encode (i) the amber suppression system (pEVOL-Bpa/Apa), (ii) the T1SS (pSU-HlyBD)
and (iii) a HlyA* amber mutant (pSU-HlyA*) encoding for the mutants HlyA-K823* and HlyA-K945*.
Each mutant was incubated in parallel in presence or absence of the unnatural amino acids Bpa or Apa,
respectively, and the supernatants (OD 600 equivalents) of the samples were analysed after 4 hours of
expression with an SDS/PAGE (Figure 10).

Figure 10. SDS/PAGE analysis of secreted HlyA-K823* and HlyA-K945* expressed in presence (+) or
absence (-) of the unnatural amino acids Apa or Bpa, respectively. In two equal bacterial cultures the
protein expression of the T1SS and the HlyA* variants were induced and only one culture was
supplemented with the unnatural amino acid Apa. After four hours of protein expression the culture
supernatant was analysed for secreted HlyA* via an SDS/PAGE and stained with CBB. The variants of
HlyA* have a theoretical mass of 110.1 kDa. M, protein weight standard.
We found that both tested HlyA* amber variants (110.1 kDa) were secreted into the cell supernatant,
if the corresponding unnatural amino acids were added to the media. However, low amounts of
HlyA-K823* and HlyA-K945* were also secreted in the absence of Bpa and Apa. Minor concentrations
of non-identified proteins occurred correlating to protein molecular masses of about 70 kDa and 150
kDa.
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Expression and purification of HlyA* variants
To obtain purified HlyA* for in vitro cross-linking experiments the variants HlyA-K823* and HlyA-K945*
were expressed and secreted to the E. coli supernatant as described before. Secreted HlyA* protein
accumulated in the media supernatant and was subsequently separated from bacterial cells by
centrifugation. Protein contaminants were separated from the target protein by size exclusion
chromatography (SEC) (Figure 11 A) and subsequently analysed by SDS/PAGE (Figure 11 B).

Figure 11. SEC profile and SDS/PAGE analysis of HlyA-K823*Bpa. (A) E. coli culture supernatant
containing HlyA-K823* was concentrated using an Amicon Ultra centrifugal filter unit and 2 ml was
loaded onto a HiLoad 16/600 Superdex 200 pg column. (*) HlyA-K823*Bpa was eluted from the column
at about 50 ml. mAU, mili-absorbance units. (B) Samples of HlyA-K823* were analysed by SDS/PAGE
and stained with CBB. HlyA-K823* has a theoretical mass of 110.1 kDa. Load, concentrated protein
loaded onto the column. M, protein weight standard.
The purification protocol did neither vary depending on the mutated position of HlyA nor on the used
unnatural amino acid. Figure 11 is representative for the purification of both HlyA* variants with both
unnatural amino acids. The target protein has a molecular mass of 110.1 kDa and eluted from the
column in the range of 50 ml. The purification via a SEC separated high amounts of contaminants that
were detectable in the UV chromatogram but not by the SDS/PAGE. We suggest that these UV sensitive
species are peptides in media supernatant (e.g. yeast extract). Obtained HlyA* protein was
concentrated and subsequently unfolded with high concentrations of Urea. The buffer was exchanged
to HEPES and stored at 4 °C.
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In vitro cross-linking of HlyB and HlyA-K823* / HlyA-K945*
It was already demonstrated elsewhere that HlyB ATPase activity varies depending on the
concentration of unfolded HlyA1 in vitro, a 24.7 kDa C-terminal part of HlyA (Reimann et al., 2016).
Here, a 1:1 molar ratio of HlyB and HlyA1 resulted in maximal inhibition of HlyB ATPase velocity, while
a 1:15 molar ratio stimulated HlyB ATPase velocity maximally. We expect crucial protein-protein
interactions at these molar ratios that shall be investigated with photoactivatable cross-linker and
mass spectrometry. We reproduced these experimental conditions and the ATPase assay was started
by the addition of Mg2+. After 30 minutes of incubation the reaction was stopped by an UV irradiation
for up to 30 minutes (Bpa) or up to 90 minutes (Apa), respectively. The resulting samples were analysed
with by SDS/PAGE and Western blot using anti-HlyA antibodies. Figure 12 summarises the results of
both HlyA* mutants and both used unnatural amino acid. We found an UV induced signal in the case
of HlyA-K823* (Bpa) and HlyB with a molar ratio of 1:1 (Figure 12 A). The signal occurred upon 10
minutes UV irradiation but disappeared at longer exposures. The experimental setups with both, HlyAK823* (Apa) and HlyA-K823* (Bpa) in presence of HlyB revealed no further UV induced Western blot
signals (Figure 12 A). The analysed cross-linking studies of HlyA-K945* (Bpa) in presence of HlyB also
showed no additional bands (Figure 12 B). HlyA-K945* (Apa) and HlyB with a molar ratio of 1:15
resulted in the formation of a UV induced protein species detectable by the Western blot (Figure 12
B). The additional signal corresponds to a protein size of about 190 kDa and correlates to the
theoretical molecular mass of a HlyB / HlyA* cross-link product. The sample was analysed again by
Western blot and an anti-HlyB antibody. Clear signals corresponding to a molecular mass of 70 kDa
were visible, however, no signals could be detected belonging to the latter found protein species with
a shifted weight of about 190 kDa (supplementary Figure S1). In parallel we used mass spectrometry
to analyse the HlyA*-K945 (Apa) sample protein band correlating to a size of 190 kDa, after 90 minutes
of UV irradiation. The proteins HlyA and HlyB were detectable in the sample, however, the unnatural
amino acid Apa or a cross-link product were abundant.
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Figure 12. Detection of purified HlyA* (Bpa/Apa) in vitro photo-cross-linking products depending on
the molar ratio of HlyB and HlyA*. (A) Purified HlyA-K823* or (B) HlyA-K945* with incorporated Apa
or Bpa, respectively, were added to an ATPase assay with the purified T1SS ABC transporter HlyB. The
protein molar concentration ratios of HlyB and HlyA* varied from 1:1 or 1:15 µM. After 30 minutes of
incubation the reaction was stopped by UV irradiation for up 90 minutes (Apa) or 30 minute (Bpa),
respectively. Samples were analysed by SDS/PAGE and stained with CBB or by Western blot using
polyclonal antisera (anti-HlyA). eGFP-HlyA* has a theoretical mass of 140.0 kDa and HlyB has a
theoretical mass of 82.2 kDa including the decahistidine tag. M, protein weight standard.
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Discussion
Here we describe in vivo and in vitro cross-linking studies of HlyA and its cognate T1SS. Cellular
processes are regulated by protein-protein interactions and cross-linking has already been used to
prove even weak and transient contacts (Ieva et al., 2009; Panahandeh et al., 2008). We found that
the secretion process of the transport substrate HlyA is not affected by the incorporation of an
unnatural amino acid. This means that also in the presence of the unnatural amino acid the translation
process fully proceeds until the C-terminal secretion signal is synthesized. Only then, the transport
substrate is secreted, as the secretion signal is necessary and sufficient for the translocation of the
unfolded HlyA (Jarchau et al., 1994; Zhang et al., 1995). These results thereby confirm the successful
incorporation of the unnatural amino acid and the substrate remains its secretion competency.
Interestingly we also noticed a variation of the amount of secreted protein in presence of the unnatural
amino acids. This effect was independent on the cross-linker, therefore, we suppose either the
substituted position or the substituted amino acid to be responsible for this behaviour. The
substitution of position I610 to an unnatural amino acid decreased the secretion relatively to the
lowest amount. However, this part of HlyA contains no elements that are crucial for secretion
competency as known so far. Nevertheless, the protein has to remain in an unfolded state, which may
be influenced by this point mutation. Apart from the HlyA* secretion in presence of the unnatural
amino acids we also found that the substrate was secreted in relatively low amounts even in the
absence of the unnatural amino acids. We suppose the translocation machinery at least in some
amounts ‘skips’ the codon or the ‘wrong’ tRNA binds. Anyway the C-terminal secretion signal is
synthesized and the peptide is secreted.
We used the fusion protein eGFP-HlyA for cross-linking experiments and successfully incorporated the
unnatural amino acids Bpa and Apa at ten different positions. Recently it was shown the fusion protein
eGFP-HlyA stalls the T1SS and the HlyA C-terminus is secreted first while the N-terminal eGFP remains
in the cytoplasm (Lenders et al., 2015). We confirmed that this fusion protein is located in the bacterial
membrane, also with incorporated unnatural amino acids. However, the subsequent irradiation of
bacterial cells did not result in any detectable cross-link products, whilst the exposure time did not
extend 30 minutes. In comparable experiments, Bpa containing samples were already sufficiently
irradiated by 7 minutes (Bpa) (Ieva et al., 2009), or 20 minutes (Bpa) (Panahandeh et al., 2008). Deviant
from our protocol Ieva et al. collected proteins by trichloroacetic acid (TCA) precipitation or Alami et
al. used immunoprecipitation to concentrate and purify cross-linked products subsequently (Alami et
al., 2003; Ieva et al., 2011). In contrast we increased the sample concentration of cross-linked products
by isolating the bacterial cell membranes. This step seems not sufficient to detect any cross-linked
proteins by Western blot analysis. Furthermore, the usage of an aryl azide and an irradiation for
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60 minutes at 254 nm resulted in the absence of most Western blot signals. This may occur due to
subsequent protein damage. The dominant chromophores at 254 nm are tryptophan and tyrosine as
well as with small contribution the peptide bond itself. Here, a significant decrease of irradiation time
could improve the overall yield (Shao et al., 2015). In general, our attempts to prevent the bacterial
culture from an unintentional and premature activation of the cross-link reaction by spare UV light did
not improve the subsequent detection by Western blot analysis. A preceding cell lysis to the UV
irradiation did also not improve the signal intensity of UV induced signals.
We also studied cross-linking experiments in vitro and in contrast to our in vivo assays we obtained UV
induced protein species with Bpa as well as Apa. Noticeable the signals intensities of UV induced signals
correlated with the irradiation time and did not decrease with extending exposures. However, the
detection of HlyB within the cross-linked bands was not possible. Taken together additional work is
required to increase the yield of protein-protein cross-link products and their purity, so that the system
can be used in interaction studies.
This study based upon the aaRS/tRNA pair encoded on the vector pEVOL, as described in Young et al.
(2010). Notably the same system did also not result in cross-linked products in the laboratories of Prof.
Samuel Wagner (University of Tübingen, personal communication).
Overall we showed the successful incorporation of Bpa and Apa to HlyA and the fusion protein
eGFP-HlyA. The presence of these unnatural amino acids does not influence the secretion competency
of transport substrate and it can be purified from bacterial supernatant for further in vitro assays. A
comparison of in vitro and in vivo cross-linking trials demonstrate the obstacles of this technique but
we also revealed possible improvements.
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Supplementary Figure S1

Supplementary Figure S1. Detection of purified HlyA* (Bpa/Apa) in vitro photo-cross-linking
products depending on the molar ratio of HlyB and HlyA*. Purified HlyA-K945* with incorporated Apa
was added to an ATPase assay with the purified T1SS ABC transporter HlyB. The protein molar
concentration ratios of HlyB and HlyA* varied from 1:1 or 1:15 µM. After 30 minutes of incubation the
reaction was stopped by UV irradiation for up 90 minutes (Apa). Samples were analysed by Western
blot using polyclonal antisera (anti-HlyB). eGFP-HlyA* has a theoretical mass of 140.0 kDa and HlyB has
a theoretical mass of 82.2 kDa including the decahistidine tag.
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Supplementary Table S1

Supplementary Table S1. Primer for AMBER insertion with QuikChange PCR.
Mutated position in HlyA
L13
F110
L209
G308
M417
P517
I610
K708
L810
W914
K823
K945

Primer sequences (5’3’)
CAA ATT AAA AGC ACA TAG CAG TCT GCA AAG CAA TC
GA TTG CTT TGC AGA CTG CTA TGT GCT TTT AAT TTG
GGG GAG TGA CTA TCT AGG CAC CAC AAT TAG AC
GT CTA ATT GTG GTG CCT AGA TAG TCA CTC CCC
GTT AAC TCA TTT TCT CAA CAA TAG AAT ACT CTG GGA AGT GTA TTA
TAA TAC ACT TCC CAG AGT ATT CTA TTG TTG AGA AAA TGA GTT AAC
CTG CTG CTG CTG CCT AGT TAA TTGCTT CTG C
G CAG AAG CAA TTA ACT AGG CAG CAG CAG CAG
GCA ACA TGT TCA AAC TAT GCC TGC TTT GAA G
C TTC AAA GCA GGC ATA GTT TGA ACA TGT TGC
CGT CTG GAG AAA AAA TAG GAT GAA TTC CAG AAG
CTT CTG GAA TTC ATC CTA TTT TTT CTC CAG ACG
CCA GTA TCG GGA ATA GCG TAT TGA GTC ACA CC
GG TGT GAC TCA ATA CGC TAT TCC CGA TAC TGG
GTT ATG AAT TCA CTC ATA TCA ATG GTT AGA ATT TAA CAG AGA CTG
CAG TCT CTG TTA AAT TCT AAC CAT TGA TAT GAG TGA ATT CAT AAC
GGT TCA GGG AAA TTC TTA GGC AAA AAA TGT ATT ATT CGG
CCG AAT AAT ACA TTT TTT GCC TAA GAA TTT CCC TGA ACC
GTA TTA CAT TCA GGA ACT AGT TTG AAA AAG AGT CAG
CTG ACT CTT TTT CAA ACT AGT TCC TGA ATG TAA TAC
GGA AAA GGT AAT GAC TAG CTG TAC GGC
GCC GTA CAG CTA GTC ATT ACC TTT TCC
CCT GAT TCC CTT AAA TAG GCA CTT GAG TAT C
G ATA CTC AAG TGC CTA TTT AAG GGA ATC AGG
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Supplementary Table S2

Supplementary Table S2. Plasmids used in this study.
Name

Description

Reference

pK184

Plasmid encoding hlyB and hlyD

(Bakkes et al., 2010)

pCOLADuet-1

Plasmid used to obtain the origin of replication
ColA

(Zverev et al., 1985)

pEVOL-Apa

Plasmid encoding the orthogonal suppressor
tRNA/aminoacyl-tRNA synthetase pair for the
unnatural amino acid p-azidophenylalanine

(Young et al., 2010)

pEVOL-Bpa

Plasmid encoding the orthogonal suppressor
tRNA/aminoacyl-tRNA synthetase pair for the
unnatural amino acid p‐benzoyl‐L‐phenylalanine

(Young et al., 2010)

pEVOL-Apa-ColA

Plasmid encoding the orthogonal suppressor
tRNA/aminoacyl-tRNA synthetase pair for the
unnatural amino acid p-azidophenylalanine with
ColA

This study

pEVOL-Bpa-ColA

Plasmid encoding the orthogonal suppressor
tRNA/aminoacyl-tRNA synthetase pair for the
unnatural amino acid p‐benzoyl‐L‐phenylalanine
with ColA

This study

pSU2726-HlyA

Plasmid encoding hlyA

(Bakkes et al., 2010)

pSU2726-HlyA-L13

Plasmid encoding hlyA-L13X

This study

pSU2726-HlyA-F110

Plasmid encoding hlyA-L110X

This study

pSU2726-HlyA-L209

Plasmid encoding hlyA-L209X

This study

pSU2726-HlyA-G308

Plasmid encoding hlyA-L308X

This study

pSU2726-HlyA-M417

Plasmid encoding hlyA-L417X

This study

pSU2726-HlyA-P517

Plasmid encoding hlyA-L517X

This study

pSU2726-HlyA-I610

Plasmid encoding hlyA-L610X

This study
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pSU2726-HlyA-K708

Plasmid encoding hlyA-L708X

This study

pSU2726-HlyA-L810

Plasmid encoding hlyA-L810X

This study

pSU2726-HlyA-K823

Plasmid encoding hlyA-K823X

This study

pSU2726-HlyA-W914

Plasmid encoding hlyA-L914X

This study

pSU2726-HlyA-K945

Plasmid encoding hlyA-K945X

This study

pSOI-eGFP-HlyA

Plasmid encoding eGFP-HlyA

(Lenders et al., 2015)

pSOI-eGFP-HlyA-L13

Plasmid encoding eGFP-HlyA-L13X

This study

pSOI-eGFP-HlyA-F110

Plasmid encoding eGFP-HlyA-L110X

This study

pSOI-eGFP-HlyA-L209

Plasmid encoding eGFP-HlyA-L209X

This study

pSOI-eGFP-HlyA-G308

Plasmid encoding eGFP-HlyA-L308X

This study

pSOI-eGFP-HlyA-M417

Plasmid encoding eGFP-HlyA-L417X

This study

pSOI-eGFP-HlyA-P517

Plasmid encoding eGFP-HlyA-L517X

This study

pSOI-eGFP-HlyA-I610

Plasmid encoding eGFP-HlyA-L610X

This study

pSOI-eGFP-HlyA-K708

Plasmid encoding eGFP-HlyA-L708X

This study

pSOI-eGFP-HlyA-L810

Plasmid encoding eGFP-HlyA-L810X

This study

pSOI-eGFP-HlyA-K823

Plasmid encoding eGFP-HlyA-K823X

This study

pSOI-eGFP-HlyA-W914

Plasmid encoding eGFP-HlyA-L914X

This study

pSOI-eGFP-HlyA-K945

Plasmid encoding eGFP-HlyA-K945X

This study
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Abstract
Type 1 secretion systems (T1SS) mediate the transport of a broad range of substrates across both
membranes of Gram-negative bacteria. The haemolysin A T1SS from Escherichia coli is well-studied
and it is composed of three membrane proteins. The inner membrane proteins are the ABC transporter
haemolysin B (HlyB) and the membrane fusion protein haemolysin D (HlyD), while the outer membrane
contains the membrane channel TolC. The transported substrate HlyA is a toxin that harbours a RTX
domain with canonical nonapeptide, glycine- and aspartate-rich repeats (RTX repeats). These repeats
are the hallmark of T1SS substrates and are supposed to bind Ca2+ ions with high affinity after being
secreted into the exterior, which induces folding of the protein. Studies by Lecher et al. (2012) also
showed an interaction of the HlyA RTX domain with the C39-peptidase like domain (CLD) of the ABC
transporter. This finding suggests a specific interaction of the RTX domain with the ABC transporter
prior to the secretion process. Nevertheless, the specific intrinsic function of these RTX repeats remain
unknown. Here, we describe the effects of mutations within the RTX repeats of HlyA1, a truncated
version of HlyA, on the ATPase modulation of HlyB and HlyBΔCLD in vitro. Our results suggest that
mutations within the RTX repeats abolish the interaction to the CLD of HlyB. These findings are
supported by the loss of HlyB ATPase inhibition in presence of HlyA1 variants that harbour single or
multiple mutations within the RTX repeats. Additionally, we found indications for a helical domain
close to the most C-terminal RTX repeat that might play a crucial role in the regulation of HlyB ATPase
activity. Furthermore, the secretion rate of HlyA1 was quantified in vivo and mutations of the RTX
domain revealed no significant impact.

Abbreviations
ABC, ATP-binding cassette; CBB, Coomassie Brilliant Blue; CLD; C39-peptidase like domain; HlyA,
haemolysin A; HlyB, haemolysin B; HlyD, haemolysin D; IMAC, immobilized metal-ion-affinity
chromatography; LMNG, lauryl maltose neopentyl glycol; MFP, membrane-fusion protein; NBD,
nucleotide-binding domain; RTX, repeats in toxin; SEC, size-exclusion chromatography; T1SS, Type 1
secretion system; TBS-T, TBS with Tween 20; TMD, transmembrane domain

Keywords
ABC transporter, enzyme kinetics, protein translocation, type I secretion system, HlyA, RTX repeats
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Introduction
Gram-negative bacteria transport a broad range of compounds varying in size and function into the
extracellular space. Thereby the transport process of proteins is mediated by secretion systems
differing greatly in composition. The type 1 secretion system (T1SS) adapts a rather simple architecture
of three proteins and the secretion process is independent of the Sec pathway. T1SS substrates include
e.g. adenylate cyclases, lipases, surface layer proteins, proteases and toxins (Chabeaud et al., 2001;
Chenal et al., 2010; Goebel et al., 1982; Holland et al., 2005; Lo et al., 1987). Despite the vast
differences in function they also vary in size from small proteins such as the hemophore HasA (19 kDa)
from Serratia marcescens up to large proteins such as the adhesion factor LapA (900 kDa) from
Pseudomonas fluorescens (Gilson et al., 1990; Hinsa et al., 2003; Linhartova et al., 2010). The
translocation substrates contain a C-terminal, 50-60 amino acids long and non-cleavable secretion
signal that is essential for secretion and initiates the assembly of the translocon (Balakrishnan et al.,
2001; Ghigo et al., 1994; Kenny et al., 1994; Kenny et al., 1992; Letoffe et al., 1996; Thanabalu et al.,
1998).
One of the best-studied translocation machineries from Escherichia coli is the haemolysin A (HlyA)
T1SS. It is composed of three proteins spanning both the inner and the outer membrane. The ATPbinding cassette (ABC) transporter haemolysin B (HlyB) and the membrane fusion protein (MFP)
haemolysin D (HlyD) are located in the inner membrane. The third protein is localized in the outer
membrane and it is called the outer membrane protein (OMP) TolC. The translocation substrate HlyA
belongs to the family of repeats in toxins (RTX) proteins, which build the vast majority of T1SS
substrates. RTX proteins contain repetitions of glycine- and aspartate-rich sequences, which are
located mostly within the carboxy-terminal part of the protein but upstream of the secretion signal.
The consensus sequence of these repeats is GGxGxDxUx, where x can be any amino acid and U is a
large, hydrophobic amino acid (Linhartova et al., 2010; Welch, 2001). These repeats bind calcium ions
with an approximately K D of 100 µM as demonstrated by folding experiments in vitro (Blenner et al.,
2010; Chenal et al., 2009; Ostolaza et al., 1991; Thomas et al., 2014a). The average cytosolic
concentration of calcium ions in E. coli bacteria is approximately 300 nM, while it can reach up to 10
mM in the extracellular space (Jones et al., 1999a). This suggests that proteins bind calcium ions at the
outside of the cell to the nonapeptide repeats in a 1:1 stoichiometry and this appears to promote the
folding in the extracellular environment (Felmlee et al., 1988; Ludwig et al., 1988; Rhodes et al., 2001;
Rose et al., 1995). One calcium ion is bound by a pair of loops, built by the RTX repeat sequences and
thereby a β-roll conformation is induced (Baumann et al., 1993). The backbone carbonyl groups of the
glycine residues and the side chains of aspartate residues of two different RTX repeats coordinate one
calcium ion (Baumann et al., 1993).
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The intrinsic function of the RTX repeats of the majority of RTX toxins remain ambiguous. Nevertheless,
the hallmark of the substrates of the T1SS are the RTX repeats and thereby indicating that these
nonapeptide motifs are somehow involved in the secretion process (Jumpertz et al., 2010; Sotomayor
Perez et al., 2010). This effect is also suggested by experiments showing increased yields of secreted
proteins containing RTX repeats, when compared to the secretion signal alone or further truncation
variants and fusion proteins (Felmlee et al., 1988; Kenny et al., 1991). The interaction of the transport
substrate and HlyB has already been demonstrated by e.g. SPR and cross-linking experiments
(Benabdelhak et al., 2003; Lecher et al., 2012; Thanabalu et al., 1998). Furthermore, pull-down
experiments with HlyA1, lacking the secretion signal, suggested an interaction of the C-terminal part,
upstream of the secretion signal and the isolated C39-peptidase like domain (CLD) of HlyB (Lecher et
al., 2012). This interaction occurred exclusively with unfolded HlyA variants, suggesting a participation
of the RTX repeats. The binding of calcium ions to the RTX repeats would induce a conformational
change and thereby preclude any interaction.
Here, we used HlyA1, an N-terminally truncated construct of HlyA and inserted substitutions within
the RTX repeats (Figure 1). We substituted the aspartate of each nonapeptide repeat to an alanine and
investigated the influence of single and multiple substitutions on HlyB and HlyBΔCLD ATPase activity,
as well as their specific interaction with the CLD in vitro. Our results demonstrate that the introduced
mutations reduce the specific interaction of the transport substrate with the CLD of HlyB.

Figure 1: Schematic overview if the HlyA variants and positions of mutations within the RTX repeats.
HlyA consists of the putative membrane insertion domain (M), two lysine residues, which are acylated
prior to the secretion by haemolysin C (HlyC), six RTX repeats and the C-terminal secretion signal. HlyA1
is an N-terminally truncated version of HlyA, harbouring three RTX repeats and the C-terminal
secretion signal. The three RTX repeats of HlyA1 were mutated at position D822, D840 and D849.
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Furthermore, the mutations change the effect on HlyB ATPase modulation in vitro. The former
reported decrease of HlyB ATPase velocity in presence of low HlyA1 concentrations was abolished
(Reimann et al., 2016). A software based analysis of the secondary structure of HlyA1 predicted a
helical domain close to RTX repeat III, which was found to correlate to a specific modulation of HlyB
maximum velocity. In contrast to the significant effects in vitro, the mutations of the RTX repeats did
not affect the HlyA1 secretion rate in vivo.
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Experimental procedures
Cloning of HlyA1 RTX repeat mutant variants
To obtain amino acid substitutions within the RTX repeats of HlyA1 we used the plasmid
pSU2726-HlyA1 and site-directed mutagenesis using the QuikChange mutagenesis kit (Stratagene)
following manufacturer´s instructions (Bakkes et al., 2010; Jumpertz et al., 2010). We obtained seven
variants of pSU2726-HlyA1: pSU2726-HlyA1-D822A, pSU2726-HlyA1-D840A, pSU2726-HlyA1-D849A,
pSU2726-HlyA1-D822A-D849A, pSU2726-HlyA1-D840A-D849A, pSU2726-HlyA1-D822A-D840A and
pSU2726-HlyA1-D822A-D840A-D849A. A list of all mutated positions in HlyA1 and the corresponding
primers can be found in supplementary Table S1. A list of all used plasmids can be found in
supplementary Table S2. All constructs were verified by sequencing analysis.

Expression and purification of HlyA1 variants, HlyB and HlyBΔCLD
The mutations of HlyA1 were expressed and isolated as described previously with the following
modifications (Thomas et al., 2014c). For the secretion and purification of HlyA1 variants E. coli BL21
(DE3) cells were transformed with pK184-HlyBD encoding for HlyB and HlyD, and pSU2726-HlyA1
encoding for each HlyA1 variant. Cells were grown on selective agar plates containing 100 µg/ml
ampicillin and 30 µg/ml kanamycin. For a selective overnight culture 2YT medium [1.6% (w/v) tryptone,
1% (w/v) yeast extract and 0.5% NaCl] was inoculated and grown for 16 h at 37 °C and vigorously
shaking at 200 rev./min. The main culture with selective 2YT medium was inoculated from the
overnight culture and grown to an OD 600 of 0.8 in presence of 5 CaCl 2 . Then expression was induced
with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). Cells were harvested after three hours of
incubation by centrifugation (44,000 g, 15 min) and the supernatant was filtered (0.2 µM) and
concentrated to 2 ml using an Amicon Ultra centrifugal filter unit (10 kDa molecular mass cut-off;
Merck Milipore). To increase the sample purity, a size-exclusion chromatography (SEC) was performed
using a HiLoad 16/60 Superdex 75 pg (GE Healthcare Life Sciences) column and a buffer containing 100
mM HEPES, pH 8.
HlyB and HlyBΔCLD were expressed and purified as described previously in Reimann et al. (2016). The
purity of eluted protein was determined by SDS/PAGE and subsequent CBB (Coomassie Brilliant Blue)
staining.

Pull-down assays of His 10 -CLD and HlyA
For pull-down assays Ni-NTA magnetic beads (Qiagen, Hilden) were used at room temperature. Fifty
microliter of magnetic Ni-NTA magnetic beads were equilibrated three times with 100 µl ‘washing’
buffer (100 mM HEPES, 150 mM NaCl, 20 mM Imidazole, pH 8) and the supernatant was removed.
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30 µg of His 10 -CLD protein was added to the beads and incubated for 3 minutes. The beads were
washed three times with ‘washing’ buffer and the supernatant was removed. 60 µg of interaction
protein (HlyA1 variants) were added and incubated for 15 minutes. Each 3 minutes the reaction tube
was mildly mixed. The beads were washed seven times with 100 µl ‘washing’ buffer and the
supernatant was removed. For the elution ‘washing’ buffer supplemented with 300 mM imidazole and
30 µl were added to the beads and incubated for three minutes. The same protocol was used in the
absence of His 10 -CLD protein to investigate non-specific binding of HlyA1 variants.

ATPase assays
To quantify the hydrolytic activity of HlyB and HlyBΔCLD the Malachite Green assay was used as
described previously in Baykov et al. (1988) with the following modifications. All reactions were done
at room temperature in 100 mM HEPES (pH 7) containing 20-fold CMC of LMNG detergent (0.02 %
w/v) (Anatrace, Maumee, OH, USA). HlyB or HlyBΔCLD, respectively, were used at 1 µM concentration
and ATP at 1 mM concentration. The concentration of a HlyA1 variant varied up to 20 µM. Reactions
were started by the addition of 10 mM MgCl 2 and stopped by pipetting 25 µl of the reaction volume
into 175 µL of 20 mM H 2 SO 4 after 30 minutes. The staining of free inorganic phosphate (P i ) was done
with by adding 50 µl of dye solution [0.096 % Malachite Green, 1.48 % (w/v) ammonium molybdate
and 0.173 %Tween 20 in 2.36 M H 2 SO 4 ] to the stopped reaction. Parallel dilutions of P i were stained
to calculate the absolute amount of released inorganic phosphate. A spectroscopic analysis was
performed 10 minutes after adding the dye solution by measuring the absorbance at a wavelength of
595 nm. For data evaluation, all appropriate controls were subtracted. Data points were fitted using
Prism software (GraphPad) to one of the following equations.
(i)

The Hill equation:

𝑣𝑣 =

𝑉𝑉max [S]ℎ

𝐾𝐾0.5 ℎ + [S]ℎ

(1)

Here, the ATPase activity corresponds to v, which is described as a function of the substrate
concentration [S]. The maximum enzyme activity is V max , the Hill coefficient is h and K 0.5 is the substrate
concentration at which 50 % enzyme binding sites are occupied.
(ii)

The Michaelis-Menten equation:

𝑣𝑣 =

𝑉𝑉max [S]
𝐾𝐾m + [S]

(2)

Here, the ATPase activity corresponds to v, which is described as a function of the substrate
concentration [S]. The maximum enzyme activity is V max and K m is the substrate concentration at which
50 % enzyme binding sites are occupied.
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(iii)

An equation assuming two independent binding sites:

𝑣𝑣 =

𝐾𝐾1 𝐾𝐾2 𝑣𝑣0 + 𝐾𝐾2 𝑣𝑣1 [S] + 𝑣𝑣2 [S]2
𝐾𝐾1 𝐾𝐾2 + 𝐾𝐾2 [S] + [S]2

(3)

Here, the ATPase activity v is described as a function of the substrate concentration [S], K 1 represents
the substrate concentration of half-maximum inhibition, K 2 represents the substrate concentration of
half-maximum stimulation, v 0 is the basal activity of HlyB in the absence of the substrate, v 1 is the
minimal enzyme activity and v 2 the maximum enzyme activity at infinite substrate concentration. This
equation bases on enzyme kinetics algebra described in Stein (1986) and was first described in Litman
et al. (1997a). Group comparisons were made using Student’s t test for unpaired data (Prism software,
GraphPad). P values < 0.05 were considered statistically significant.

Electrophoresis and immunological technique
To analyse proteins SDS/PAGE and subsequent CBB staining was used. To estimate protein molecular
weight the PageRuler Prestained Protein Ladder (Thermo Fisher Scientific, Waltham, MA, USA) was
used. The immunodetection was done with anti-HlyB or anti-HlyA antibody rabbit polyclonal serum at
1:8000 dilutions in TBS-T (TBS with Tween 20: 20 mM Tris base, 300 mM NaCl and 0.05% Tween 20,
pH 8).

Quantification of the secretion of HlyA1 variants
The quantification of the secretion rate of HlyA1 variants by cell expression and data processing were
performed as described previously with the following modifications (Lenders et al., 2016). E. coli Bl21
(DE3) cells were transformed with pK184-HlyBD encoding for HlyB and HlyD, and pSU2726-HlyA1
encoding for one of the HlyA1 mutations variants, described above. The calculation of the amount of
secreted HlyA1 was done first of all as described in Lenders et al. (2016). Additionally, an alternative
calculation of the secretion rate was performed (stated in the text), which is based on Lenders et al.
(2016) and includes the following modifications: The amount of secreted HlyA1 in the cell supernatant
was calculated by the integrated signal intensity of HlyA1 protein on a SDS/PAGE. Here, we selectively
chose two values for each variant after 60 minutes and 120 minutes of secretion, respectively,
deviating from the original protocol. We evaluated the lowest values for the variants HlyA1-D849A,
HlyA1-D822A-D849A, HlyA1-D840A-D849A and HlyA1-D822A-D840A-D849A, and the highest values
for the variants HlyA1-D822A, HlyA1-D840A and HlyA1-D822A-D840A. Subsequently, we calculated the
distinct secretion rate for each variant after 60 minutes and 120 minutes, separately and thereby we
obtained four individually calculated secretion rates for each HlyA1 variant. This subjective and
selective processing was calculating for assumption only whether the error propagation and
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methodical difficulties could be minimized. For the analysis 4532 ± 966 T1SS cell−1 were estimated
(Lenders et al., 2016).

Secondary structure analysis
For the analysis of the secondary structure prediction the software SOPMA (self-optimized prediction
method with alignment) was used (Geourjon et al., 1995).
(http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html)
Visualisation of the predicted secondary structures was done by POLYVIEW-2D (Porollo et al., 2004).
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Results
Expression and purification of HlyA1 RTX repeat mutants
Previous studies demonstrated that an N-terminally shortened variant of HlyA (HlyA1), modulated the
ATPase activity of HlyB in a concentration dependent manner in vitro (Reimann et al., 2016) (Chapter
4). This effect occurred in the presence as well as in the absence of the C-terminal secretion signal.
These findings suggested that the truncated substrate still contains a sequence that modulates the
ATPase activity of HlyB. This N-terminal part of HlyA1 only contains the RTX repeats, glycine- and
aspartate-rich nonapeptide repeats with the consensus sequence GGxGxDxUx (x, any amino acid; U,
large and hydrophobic amino acid). These RTX repeats bind calcium ions at the outside of the cell,
which triggers the folding of the protein. Despite this already known function we chose to mutate the
RTX repeats of HlyA1 to investigate their influence on HlyB ATPase modulation. In our study we
employed HlyA1 instead of HlyA because of its higher stability and ease of purification. We used
site-directed mutagenesis to replace the aspartate of each RTX repeat motif into alanine (Figure 1).
Every combination of these three substitutions delivered in total seven different HlyA1 RTX repeat
variants, each encoded on one plasmid. The variants are HlyA1-D822A, HlyA1-D840A, HlyA1-D849A,
HlyA1-D822A-D849A, HlyA1-D840A-D849A, HlyA1-D822A-D840A and HlyA1-D822A-D840A-D849A.

Figure 2. SEC profile and analysis of HlyA1-D822A-D840. (A) E. coli culture supernatant containing
HlyA1-D822A-D840A was concentrated using an Amicon Ultra centrifugal filter unit and 5 ml was
loaded onto a HiLoad 16/600 Superdex 200 pg column. (*) HlyA1 was eluted from the column at about
72 ml. The elution of contaminating proteins is marked with a black bar. mAU, mili-absorbance units.
(B) HlyA1 containing fractions were pooled and concentrated again as described above. The sample
was analysed by (CBB) SDS/PAGE and stained with CBB or detected by (WB) Western blot analysis using
polyclonal antisera anti-HlyA. HlyA1-D822A-D840A has a theoretical mass of 24.7 kDa.
We chose the conserved aspartate of each RTX repeat to be modified because it is the only amino acids
within the conserved motif, which side chain is involved in the coordination of calcium ions. The first
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residues of each motif form a turn and the remaining part builds up a short β-strand. The backbone
carbonyl groups of the glycine residues and the side chains of aspartate residues of two subsequent
RTX repeats coordinate one Ca2+ ion (Baumann et al., 1993). The repetitive arrangement of this
structure then forms the β-roll (Baumann et al., 1993). For the expression of proteins in E. coli BL21
(DE3) cells were transformed with two plasmids that encode (i) the T1SS (pK184-HlyBD) and (ii) one of
the HlyA1 mutant variants (pSU2726-HlyA1) or the wild-type protein, respectively. Protein expression
was induced with IPTG and furthermore, calcium was added to stabilise secreted HlyA in the
supernatant. After four hours of protein expression the culture supernatant was separated from the
cells by centrifugation. Protein contaminants were separated from the target protein by a SEC and
analysed by SDS/PAGE and Western blot analysis (Figure 2 A, B). The purification protocol did not vary
depending on the mutated position of HlyA1 and every HlyA1 RTX repeat variant was secreted to the
supernatant and subsequently isolated. The SEC chromatogram shown in Figure 2 A is representative
for all purified HlyA1 variants (Figure 2A). HlyA1 has a theoretical molar mass of 24.7 kDa and it was
eluted from the column at about 72 ml. The HlyA1 variant protein was analysed by SDS/PAGE and
Western blot analysis (Figure 2 B). Furthermore, the SEC chromatogram revealed proteins with an
intense absorbance of 280 nm and the elution volume correlated to a smaller protein size in
comparison to HlyA1 (Figure 2 A). The analysis of the correlating SEC fractions by SDS/PAGE showed
no signals. This finding suggests that small peptides of the yeast extract media component may cause
these signals. Due to their small size, these peptides are not detectable by SDS/PAGE. For further
experiments HlyA1 was unfolded with high concentrations of urea and subsequently the buffer was
exchanged to HEPES (pH 8) and the protein was finally stored at 4 °C.

Pull-Down assays of the isolated CLD with HlyA1 RTX repeat mutants
In vitro assays showed that the CLD in involved in the regulation of HlyB ATPase velocity (Reimann et
al., 2016). Previous studies also showed with pull-down assays that isolated and solely unfolded HlyA1
protein interacts with the isolated CLD of HlyB (Lecher et al., 2012). This interaction was independent
of the C-terminal secretion signal, further it could be abolished whether HlyA1 was folded by the
addition of Ca2+ ions. Therefore, Lecher et al. (2012) suggested the RTX repeats being the binding
partner of the CLD.
We investigated the interaction of HlyA1 RTX repeat mutants with purified CLD by pull-down assays.
His 10 -CLD protein was immobilized on magnetic Ni-NTA resin and incubated with purified unfolded
HlyA1 mutant variants. The preparation was washed extensively and afterwards bound His 10 -CLD
protein was eluted. The elution fractions were analysed by SDS/PAGE and stained with CBB. Figure 3
shows the result of His 10 -CLD and HlyA1-D849A or HlyA1, respectively.
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Figure 3. Detection of pull-down experiments with Ni-NTA Beads of His 10 -CLD and HlyA1-D849A or
HlyA1, respectively. The eluted sample fractions were analysed by SDS/PAGE and stained with CBB.
The first two lanes contain the positive controls of (1) His 10 -CLD and (2) HlyA1-D849A (top) or HlyA1
(bottom). Additional lanes contain: (3) supernatant after incubation with His 10 -CLD; (4) and (5)
supernatant after first and second washing step with buffer; (6) supernatant after incubation with
HlyA1-D849A or HlyA1; (7) and (8) supernatant after third and 7th washing step with buffer, (9) eluted
fraction after incubation with buffer supplemented with 300 mM imidazole. The elution sample (9)
shows a protein band correlating to His 10 -CLD and no co-elution in the case of HlyA1-D849A (top). The
elution sample (9) in the case of HlyA1 shows a co-elution and indicates an interaction of His10-CLD
and HlyA1. His 10 -CLD has a theoretical mass of 18.5 kDa and HlyA1-D849A has a theoretical mass of
24.7 kDa. M, protein weight standard.
We observed no unspecific binding of the HlyA1 RTX repeat mutants and we confirmed a coelution of
wild-type HlyA1 together with His 10 -CLD in our control experiments. None of the HlyA1 RTX repeat
mutants coeluted with the His 10 -CLD (Supplementary Figure S1). These data demonstrate that all
mutated positions within the RTX repeats of HlyA1 are involved in the interaction with the CLD of HlyB.

Mutations of the HlyA1 RTX repeats affect the ATPase modulation of HlyB
Previous studies demonstrated that a HlyA1 - CLD interaction leads to an inhibition of the hydrolytic
activity of HlyB at low HlyA1 concentration, pointing to regulatory role of the CLD (Reimann et al.,
2016). Since we showed that mutations within the RTX repeats of HlyA1 affect the interaction to the
isolated CLD of HlyB, we investigated this lack of interaction in the context of an ATPase assay in
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presence of HlyB in vitro. We used a constant concentration of HlyB (1 µM) and ATP (1 mM) in this
assay while the concentration of the HlyA1 variants varied from 0 µM to 20 µM. The ATPase activity of
HlyB was monitored by the quantification of released P i using a Malachite Green assay. The results of
the measurements are summarized in Figure 4 and followed a non-linear dependence on substrate
concentration. Due to variations of the basal activity of each experiment we show the modulation of
ATPase activity relative to the basal HlyB ATPase activity (Figure 4 A).

Figure 4. ATPase activity of HlyB in the presence of HlyA1 variants and related kinetic parameters.
(A) Experimental results of HlyB ATPase activity in the presence of HlyA1 variants containing mutations
within the RTX repeats. The results are grouped in two graphs for an improved visualisation of the
data. * Datasets were analysed according to eqn (1), Hill equation; † Datasets were analysed according
to eqn (2), Michaelis–Menten equation; ‡ Datasets were analysed according to eqn (3), which assumes
two independent binding sites. § Data published in Reimann et al. (2016). Results are means ± S.D. (B)
Overview of the calculated K m or K 0.5 values, respectively. (C) Overview of calculated Hill coefficients
of data that were analysed according to eqn (1), Hill equation. (D) Overview of calculated V max values
or calculated v 2 value, respectively. Results are means ± S.D, statistical differences are indicated with
**P<0.01 and ***P<0.001 by t test.
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All substrates but HlyA1-D840A induced a positive cooperativity in HlyB ATP hydrolysis and were
analysed using the Hill equation (eqn 1). Noticeable the best fit of HlyB ATPase activity in presence of
HlyA1-D840A was obtained with the Michaelis-Menten equation (eqn 2), deviating from any other
variant, and thereby indicating the loss of positive cooperative behaviour (Table 1). Furthermore, this
variant also shows the lowest K m value (0.6 ± 0.1 µM) compared to other K 0.5 value. In general, the
increasing number of introduced mutations within one HlyA1 variant protein correlates to an
increasing Hill coefficient and K 0.5 , respectively (Figure 4B and Figure 4C). The Hill coefficient of HlyB
varies from 1.5 ± 0.2 in presence of HlyA-D822A up to 4.7 ± 2.8 in presence of HlyA1-D822A-D849A
(Table 1).
Table 1. Kinetic parameters of HlyB in dependence of HlyA1 RTX repeat variants. (folded), kinetic
parameters were determined in presence of HlyA1 and Ca2+ ions (see experimental procedures section)
(a)
HlyA1-D822A *
HlyA1-D840A †
HlyA1-D849A *
HlyA1-D822A-D840A *
HlyA1-D822A-D849A *
HlyA1-D840A-D849A *
HlyA1-D822A-D840A-D849A *
HlyA1 (folded) *§
(b)
HlyA1 ‡§

K 0.5 (K m ) [µM]

rel. V max [%]

h

0.9 ± 0.1
0.6 ± 0.1
2.1 ± 0.4
4.3 ± 0.3
7.8 ± 1.3
3.9 ± 0.6
7.3 ± 1.5
2.0 ± 0.3

44.5 ± 1.9
38.3 ± 1.0
14.4 ± 1.3
48.5 ± 2.3
10.6 ± 2.1
11.3 ± 1.5
14.1 ± 3.0
33.6 ± 1.3

1.5 ± 0.2
1.5 ± 0.4
2.2 ± 0.2
4.7 ± 2.8
3.0 ± 1.2
3.6 ± 1.9
1.8 ± 0.4

K 1 [µM]

K 2 [µM]

v 1 [%]

v 2 [%]

1.0 ± 0.5

19.4 ± 3.1

-37 ± 0.1

+104 ± 0.1

* Parameters were determined according to eqn (1), Hill equation.
† Parameters were determined according to eqn (2), Michaelis–Menten equation
‡ Parameters were determined according to eqn (3), which assumes two independent binding sites.
§ Data published in Reimann et al. (2016)
None of the HlyA1 mutants inhibited the ATPase activity of HlyB, however, all HlyA1 mutants
stimulated HlyB ATPase activity. We observed two groups of HlyA1 variants that affected HlyB ATPase
maximum velocity (V max ) in different ways. The first group comprises the variants, which do not contain
a D849A substitution and were stimulated by an average of 41.2 % (Figure 4 A, top). The second group
was stimulated by an average of 12.6 % and comprises all HlyA1 variants that contain a D849A
substitution (Figure 4 A, bottom). The stimulatory effects of the substrates on HlyB ATPase activity are
summarized in Figure 4 D and visualise the statistical difference of both groups and in addition to the
wild-type substrate. The obtained kinetic parameters are summarized in Table 1.
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Secondary structure predictions of the RTX domain
The previously shown correlation of the V max and the D849A substitution point to a crucial role of the
most C-terminal RTX repeat of HlyA1. Therefore, we suggest the third RTX repeat has to vary from its
C-terminal homologues. All three investigated motifs are composed of the same signature motif
GGxGxDxUx and only differing in the sequence position within the HlyA1 protein.

Figure 5. Computational prediction of the secondary structure of HlyA1 variants. Predicted secondary
structure of HlyA1 and of the hypothetical mutations D849Y, D840Y and D822Y by SOPMA (Geourjon
et al., 1995). Each mutated residue is highlighted with an asterisk (*) and a vertical yellow bar. The
secondary structure predictions are visualised by the software POLYVIEW-2D (Porollo et al., 2004). The
predicted secondary structure starting at position D849 changes depending on the mutations D849Y
and D840Y. red zig-zag-pattern, alpha helix; green arrow, beta strand; blue bar, random coil.
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As we are investigating the sequence of HlyA1, which modulates HlyB ATPase velocity and not the RTX
repeats themselves, we used a software tool to predict a potential secondary structure of HlyA1
(Combet et al., 2000). Representative for our point mutations we introduced a tyrosine at the mutated
positions instead of an alanine to underline a significant impact on the secondary structure of the
peptide (Figure 5).
The wild-type protein contains a predicted ɑ-helix ranging from D849 to S855, representing
theoretically 1.9 turns with a length of 10.3 Å. The D849Y mutation abolishes this predicted helix
completely while the substitutions D840Y and D822Y do not affect the formation of at all or with a
minor impact, respectively. Additionally, the substitution D822Y affects the N-terminal part concerning
the formation of beta turns, random coils and extended strands. Overall the predicted presence of a
helical structure close to RTX repeat III and the impact of a point mutation at position D849 would
support the ATPase velocity results shown above. Therefore, we suggest this helix being a hypothetical
factor regulating HlyB ATPase velocity.

Modulation of HlyBΔCLD ATPase activity by mutations within the RTX repeats of
HlyA1
Recent studies suggested that the RTX repeats of HlyA1 interact with the CLD of HlyB and thereby
decrease the ATPase velocity of HlyB (Reimann et al., 2016). Hence HlyBΔCLD does not show any
ATPase velocity inhibition in presence of the substrate due to the lack of the CLD and thereby the
interaction partner of the regulating sequence.

Figure 6. ATPase activity of HlyBΔCLD in the presence of HlyA1 variants. Experimental results of
HlyBΔCLD ATPase activity in the presence of HlyA1 variants containing mutations within the RTX
repeats. * Datasets were analysed according to eqn (1), Hill equation; † Datasets were analysed
according to eqn (2), Michaelis–Menten equation. § Data published in Reimann et al. (2016). Results
are means ± S.D.
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Nevertheless both, HlyB as well as HlyBΔCLD share the ability to be stimulated with low and high
substrate concentrations. Here, we investigate the influence of mutations within the RTX repeats of
HlyA1 on the ATPase activity of HlyBΔCLD. Therefore, we quantified the ATPase activity of HlyBΔCLD
in presence of each HlyA1 variant as described above. We used a constant concentration of HlyBΔCLD
(1 µM) and ATP (1 mM) in this assay while the concentration of the HlyA1 variants varied from 0 µM
to 20 µM. The ATPase activity of HlyB was monitored by the quantification of released P i using a
Malachite Green assay. The results of the measurements are summarized in Figure 6 and followed a
non-linear dependence on substrate concentration. Due to variations of the basal activity of each
experiment we show the modulation of ATPase activity relative to the basal HlyB ATPase activity
(Figure 6).
All substrates but HlyA1-D849A induced a positive cooperativity in HlyB ATP hydrolysis and were
analysed using the Hill equation (eqn 1). The best fit of HlyB ATPase activity in presence of
HlyA1-D840A was obtained with the Michaelis-Menten equation (eqn 2), deviating from other
substrate RTX variants, however, being in line with the result of HlyA1 wild-type protein (Table 2). The
detected K m /K 0.5 values varied from 0.6 ± 0.1 µM (HlyA1-D822A-D849A, HlyA1-D840A-D849A) up to
1.8 ± 0.3 µM (HlyA1-D849A). The HlyA1 variants stimulated ATPase velocity ranging from 30.6 ± 1.0 %
(HlyA1-D822A-D849A) up to 43.1 ± 2.3 % (HlyA1-D840A). Furthermore, the analysis delivered a Hill
coefficient ranging from 1.1 ± 0.1 (HlyA1-D822A-D840A) up to 1.6 ± 0.3 (HlyA1-D822A), pointing to a
positive cooperative ATP hydrolysis. The obtained kinetic parameters are summarized in Table 2.
Table 2. Kinetic parameters of HlyBΔCLD in dependence of HlyA1 RTX repeat variants.

HlyA1-D822A *
HlyA1-D840A *
HlyA1-D849A †
HlyA1-D822A-D840A *
HlyA1-D822A-D849A *
HlyA1-D840A-D849A *
HlyA1-D822A-D840A-D849A *
HlyA1 †§

K m / K 0.5 [µM]

rel. V max [%]

h

1.0 ± 0.1
1.3 ± 0.2
1.8 ± 0.3
1.2 ± 0.1
0.6 ± 0.1
0.6 ± 0.1
0.7 ± 0.1
1.2 ± 0.3

33.4 ± 1.8
43.1 ± 2.3
35.8 ± 1.7
39.8 ± 1.4
30.6 ± 1.0
36.7 ± 1.9
38.0 ± 1.8
33.0 ± 1.5

1.6 ± 0.3
1.2 ± 0.2
1.1 ± 0.1
1.5 ± 0.2
1.4 ± 0.3
1.5 ± 0.3
-

* Parameters were determined according to eqn (1), Hill equation.
† Parameters were determined according to eqn (2), Michaelis–Menten equation
§ Data published in Reimann et al. (2016)
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Quantification of the secretion rate of HlyA1 RTX repeat variants by the T1SS
Since we observed major differences in the kind of modulation of HlyA1 variants on HlyB or HlyBΔCLD
ATPase activity, the question raised about the influence on the HlyA T1SS. Lenders et al. described a
method to quantify the substrate secretion rate of HlyA that enabled us to investigate the effect of
mutations within the RTX repeats on the T1SS translocon in vivo. E. coli BL21 (DE3) cells were
transformed with plasmids that encode one HlyA1 variant and the T1SS simultaneously. After protein
expression we quantified the amount of secreted HlyA1 in the supernatant and T1SS per cell via
SDS/PAGE analysis and evaluated the results as described in Lenders et al. (2016) (Figure 7 A).

Figure 7. HlyA1 secretion rate with parallel expression of the T1SS in E. coli BL21 (DE3) cells.
(A) Example of a CBB stained SDS/PAGE that was used to calculate the amount of secreted
HlyA1-D840A. Here, samples of culture supernatant were analysed 1h, 2h, 3h and 4h after induction
of the expression of HlyB, HlyD and HlyA1-D840A. The amount of secreted protein was quantified with
a dilution series of purified HlyA1 (HlyA1 standard). (B) Results based on the amount of secreted HlyA1
variants. Values are averaged 120 minutes after induction of protein expression. Error bars represent
the S.D. of three biological replicates. (C) Results after the selective removal of datasets and with an
alternative calculation as described below. The amounts of secreted HlyA1 variants were determined
separately 60 minutes and 120 minutes after induction of protein expression and were subsequently
averaged. Therefore, every time point was rated as a separate measurement, resulting in error bar
representing the S.D. of four replicates. (Experiments carried out by Dr. Michael H.H. Lenders).
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Our results demonstrate that all investigated HlyA1 variants and the HlyA1 wild-type protein were
secreted with similar secretion rates (Figure 7 B). We have to take into account that during the
incubation of the bacterial cultures slight amounts of white aggregate was observed at the inner glass
wall of the incubating flasks. Increased amounts were visible for variants containing the mutation
D849A. These aggregates were not observed in the case of wild-type protein. Additionally, we obtained
increased deviations of the calculated amounts of secreted HlyA1. This has led us to a second and
different evaluation of the measured values. The amount of secreted HlyA1 in the cell supernatant was
calculated by the integrated signal intensity of HlyA1 protein on a SDS/PAGE. Here, we chose only two
values for each variant after 60 minutes and 120 minutes of secretion, respectively, deviating from the
original protocol. We evaluated the lowest values for the variants HlyA1-D849A, HlyA1-D822A-D849A,
HlyA1-D840A-D849A and HlyA1-D822A-D840A-D849A, and the highest values for the variants HlyA1D822A, HlyA1-D840A and HlyA1-D822A-D840A. Subsequently we calculated the distinct secretion rate
for each variant after 60 minutes and 120 minutes, separately and thereby we obtained four
individually calculated secretion rates for each HlyA1 variant. These final result are shown in Figure 7 C
and indicate a decreased secretion rate, if the most C-terminal RTX repeat is mutated, correlating to a
decreased V max value as already shown in vitro. However, these results were selectively modified and
demonstrate a possible result whether the error propagation and methodical difficulties could be
minimized.

A model of HlyB ATPase inhibition by its transport substrate
The results of this study demonstrate that a single point mutation within at least one of three known
RTX repeats of HlyA1 results in the loss of HlyB ATPase velocity inhibition in vitro. The inhibitory effect
could be assigned to a distinct HlyA1 - CLD interaction, independent of the C-terminal secretion signal.
Therefore, our results suggest that the RTX repeats are at least one part of a sequence within HlyA1
that interacts with the CLD of HlyB. Interestingly, we only observed an ATPase inhibition if all three
RTX repeats are present. From a structural point of view our results appear unusual, because the
mutations are spread within a sequence of 27 amino acids. Keeping in mind that HlyA is assumed to
be translocated in an unfolded state, this stretch spans a distance of about 90 Å and according to our
results this stretch would interact multiple times with the CLD. Taking these findings into account we
developed a model of the HlyA1 and CLD interaction based on the findings of Lecher et al. (2012). They
used chemical shift perturbation experiments with (1H-15N)-HSQC spectra to map the substrate-binding
region of HlyA2 within the CLD and identified two stretches, which could be interpreted as binding
regions. For our model, we assume each identified region of the CLD binding to one RTX repeat. With
this assumption a single HlyA1 molecule, that contains three RTX repeats, could interact with both
CLDs of a potential HlyB dimer. A crucial part of this interaction model would be the ability of the
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substrate to span the distance between the CLDs of a HlyB dimer. However, no three-dimensional
structure of HlyB is available, only the sequence between RTX repeat I and II can be considered to span
this distance (Figure 1). This ‘linker’-sequence spanning from residue 826 to residue 834 (GSEGADLLD)
has to be long enough to reach both CLDs at the same time.

Figure 8. ATPase activity of HlyB in the presence of HlyA1 linker variants. (A) Experimental results of
HlyB ATPase activity in the presence of HlyA1 variants containing mutations of the ‘linker’-sequence
between the RTX repeats I and II. * Datasets were analysed according to eqn (1), Hill equation; ‡
Datasets were analysed according to eqn (3), which assumes two independent binding sites. § Data
published in Reimann et al. (2016). Results are means ± S.D. (B) Results based on the amount of
secreted HlyA1 variants and the values were averaged 120 minutes after induction of protein
expression. Error bars represent the S.D. of two replicates. (C) Results after the removal of selective
datasets and with an alternative calculation as described below. The amounts of secreted HlyA1
variants were determined separately 60 minutes and 120 minutes after induction of protein expression
and were subsequently averaged. Therefore, every time point was rated as a separate measurement
and resulting in error bars representing the S.D. of four biological replicates.
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We cloned two mutants of HlyA1 that contain modified linker-sequences, one mutant contains a
deleted linker-sequence (HlyA1-linker-del) and the linker-sequence of the other mutant was
substituted by a “GS” linker (GSGSGSGSG) (HlyA1-linker-GS) (Argos, 1990). Subsequently, we purified
these variants to investigate the influence of the proteins on HlyB ATPase activity in vitro and we
quantified the secretion rate in vivo as described above (Figure 8). The results were analysed using the
Hill equation (eqn 1). We found that the deletion of the linker-sequence (HlyA-linker-del) abolished an
inhibition of HlyB with low substrate concentrations, while a stimulation of the ABC transporter still
occurs, supporting our model. However, the substitution of the linker (HlyA-linker-GS), still providing
the length of the sequence, showed the same result and thereby disagrees with our model. The kinetic
parameters are summarized in Table 3. Furthermore, both HlyA1 variants showed the same secretion
rate as the wild-type protein in vivo (Figure 8B). We obtained the same result with the modified
evaluation of the data as described above to demonstrate a possible result if the error propagation
and methodical difficulties could be minimized (Figure 8C).
Additionally, we also cloned a third variant of the linker-sequence that contains a duplication of the
original sequence and thereby extending the stretch by nine amino acids. This variant was not
detectable in the supernatant nor in the cytoplasm. A software analysis of the mRNA sequence
predicted a secondary structures (hairpin) that may have prohibited the transcription (Gruber et al.,
2008) (Supplementary Figure S2).
Table 3. Kinetic parameters of HlyB in dependence of HlyA1 RTX repeat variants. (folded), kinetic
parameters were determined in presence of HlyA1 and Ca2+ ions (see experimental procedures
section).
(a)
HlyA1-linker-del *
HlyA1-linker-GS *
HlyA1 (folded) *§
(b)
HlyA1 ‡§

K 0.5 [µM]

rel. V max [%]

h

0.6 ± 0.1
0.8 ± 0.2
2.0 ± 0.3

35.6 ± 2.1
12.3 ± 1.2
33.6 ± 1.3

0.9 ± 0.1
1.2 ± 0.4
1.8 ± 0.4

K 1 [µM]

K 2 [µM]

v 1 [%]

v 2 [%]

1.0 ± 0.5

19.4 ± 3.1

-37 ± 0.1

+104 ± 0.1

* Parameters were determined according to eqn (1), Hill equation.
‡ Parameters were determined according to eqn (3), which assumes two independent binding sites.
§ Data published in Reimann et al. (2016)
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Discussion
In this study we investigate the ATPase activity of HlyB in presence of HlyA1 variants, harbouring
distinct mutations within the RTX repeats. The RTX motif of HlyA1 contains nonapeptide sequence
repeats, which bind calcium ions at the outside of the cell and induce the folding of the protein. So far
it is not known if these repeats also obtain a functional role prior to the secretion process, in the
cytoplasm. We found that shortened variants of HlyA (HlyA1) have a regulatory effect on the ATPase
activity of HlyB in vitro, by decreasing or increasing the ATPase velocity depending on the
concentration of the substrate (Reimann et al., 2016). The interacting sequence of HlyA1 could be
assigned to an amino acid sequence within the RTX domain, while the CLD of HlyB is supposed to be
the interaction partner (Lecher et al., 2012). Lecher et al. (2012) provided evidence for an interaction
of isolated HlyA2 and His-CLD via pull-down experiments with Ni-NTA beads. Our control experiments
confirmed this finding and single substitutions of amino acids within the RTX repeats abolished this
interaction completely. Although we could not detect a co-elution of His-CLD and any other HlyA1
variant, we do not exclude any residual weak interactions that may still be present. Nevertheless, these
pull-down experiments and in vitro ATPase assays confirm a crucial impact of the HlyA RTX repeats
concerning the regulation of HlyB ATPase activity. Our former studies revealed that the inhibition of
HlyB by its transport substrate is also most likely directed by an interaction of the transport substrate
and the CLD. Therefore, this supports our observations about the loss of inhibitory effects in presence
of mutated RTX repeats, by permitting an interaction with the CLD.
Furthermore, we detected a potential secondary structure that may be related to the modulation of
HlyB in vitro. This predicted helix is closely located to the most C-terminal RTX repeat III (Figure 1). Its
presence or absence depends on the mutated position and suggests to affect HlyB ATPase maximal
velocity. The predicted helix starts at D849 and spans the amino acids ‘DIYRYLS’. Noticeable it was
already reported that the C-terminal HlyA secretion signal also contains helices that may be required
for an interaction with the membrane associated transporter complex (Yin et al., 1995). For
comparison the predicted helices of the HlyA secretion signal start at L976 ‘LINEISKIIS’ and continue at
A998 ‘AASLLQLSGNA’ (Yin et al., 1995; Zhang et al., 1995). Despite Yin et al. detected the helices of
HlyA in the presence of triflourethanol, the strongest helix-promoting agent know, the data correlate
to our software based predictions of the secondary structure (Thomas et al., 2014b) (Figure 5). The
helix commonality of the secretion signal and the distinct RTX repeat III are mentionable, however,
both subunits seem to act independently as the modulation of HlyB ATPase activity also occurred in
the absence of the secretion signal (Reimann et al., 2016).
On the one hand residue D849 affected HlyB V max in two clearly separated ways (Figure 4 A), while on
the other hand the same residue affected K 0.5 and the Hill coefficient less significant with a vague
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tendency. Both parameters seem to rise depending on the amount of mutated position within HlyA1
but we have no evidence for further interpretations. Anyway and in clear contrast, the same HlyA1
variants affected the parameters of HlyBΔCLD ATPase activity less intense. This observation points to
the CLD being the only interaction partner of the mutated HlyA1 variants since the CLD is absent in
HlyBΔCLD. Furthermore, stimulation was observed independent of the CLD and independent of HlyA1
concentrations. This shows that HlyB ATPase stimulation is mediated separately of ATPase inhibition,
however, the responsible mechanism remains ambiguous.
So far, it is not understood in every detail, how the RTX domain is involved in the translocation process.
For CyaA it has already been shown that a deletion of these repeats affect the translocation effectivity
with a considerable impact (Bumba et al., 2016). Also the deletions of several RTX repeats of HlyA did
reduce the transport level, at least to a certain degree (Felmlee et al., 1988; Kenny et al., 1991; Ludwig
et al., 1988). Latter results are in contrast to our quantification of the secretion rate, which showed a
non-significant reduction in the case of all HlyA1 variants in comparison to the wild type HlyA1 protein.
On one side this would mean in mechanistic terms that in vitro observed kinetic changes do not affect
the rate of the translocation process itself. Therefore, the inhibitory effect could represent (a) a
process prior to the translocation, e.g. the recruitment of TolC or (b) the secretion rate is independent
of the ATP hydrolysis velocity of HlyB. The latter could be explained by the hypothetical mechanism of
an ATP binding and hydrolysis ‘gated’ opening and closing ‘channel’ as described in Bumba et al. (2016).
Such a model would propose ATP hydrolysis for early stages of the translocation process while the
substrate is pulled by a calcium-driven folding of the RTX domain. The folding occurs outside of the cell
and ratchets the translocation through the T1SS.
On the other side we have to take into account that the error propagation of the secretion rate
quantification of HlyA1 mutants resulted in high standard deviations (Figure 7). Supposing that
mutations within the RTX repeats of HlyA1 reduce the secretion rate, this would be in line with results
of former RTX studies (Felmlee et al., 1988; Kenny et al., 1991; Ludwig et al., 1988). Furthermore, this
assumption would support the putative function of the CLD as a chaperone (Lecher et al., 2012).
Our findings point to a complex regulation mechanism that has to be investigated by further
experiments and alternative methods. Since the isolation of HlyA1 is accompanied by high amounts of
supernatant contaminants, the complete absence of interfering components cannot be excluded even
after intensive purification steps. Furthermore, the secreted protein has to be exposed to calcium ions,
which stabilise the protein in the supernatant but induce its folding. Therefore, the protein has to be
unfolded again prior to experimental usage. These steps could be replaced by a purification of HlyA1
from inclusion bodies within the expressing cell and a subsequent refolding step of the protein in the
absence of calcium ions. First attempts of this technique resulted in unstable protein, which was
unsuitable for further experiments.
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Supplementary Figure S1

Supplementary Figure S1. Detection of pull-down experiments with Ni-NTA Beads of His 10 -CLD and
HlyA1 variants. (1) His 10 -CLD; (2) HlyA1-D849A; (3) supernatant after incubation with His 10 -CLD; (4)
and (5) supernatant after first and second washing step with buffer; (6) supernatant after incubation
with each HlyA1 variant; (7) and (8) supernatant after third and 7th washing step with buffer, (9) eluted
fraction after incubation with buffer supplemented with 300 mM imidazole. His 10 -CLD has a theoretical
mass of 18.5 kDa and HlyA1 variants have a theoretical mass of 24.7 kDa. M, protein weight standard.
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Supplementary Figure S2

Supplementary Figure S2. Prediction of the secondary structure and free energy of the mRNA of
HlyA1 (right) and HlyA1-linker-double (left). The mRNA secondary structure was computational
predicted by the RNAfold WebServer (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi)
(Gruber et al., 2008).
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Supplementary Table S1

Supplementary Table S1. Primer for substitutions in HlyA1 with QuikChange PCR.
Mutated position in HlyA
D822A
D840A
D849A

Sequence (5’3’)
GGA AAA GGT AAT GCC AAG CTG TAC GG
CC GTA CAG CTT GGC ATT ACC TTT TCC
GAG AGG GGG ATG CTC TCC TGA AAG
CTT TCA GGA GAG CAT CCC CCT CTC
GGC GGA TAT GGT AAT GCT ATT TAT CGT TAT C
G ATA ACG ATA AAT AGC ATT ACC ATA TCC GCC
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Supplementary Table S2

Supplementary Table S2. Plasmids used in this study.
Name

Description

Reference

pK184-HlyBD

Plasmid encoding hlyB and hlyD

(Bakkes et al., 2010)

pBADHisHlyB

Plasmid encoding hlyB

pBADHisHlyBΔCLD

Plasmid encoding hlyBΔCLD

(Reimann et al.,
2016)

pSU2726-HlyA1

Plasmid encoding hlyA

(Bakkes et al., 2010)

pSU2726-HlyA1-D822A

Plasmid encoding hlyA with the
mutation D822A

This study

pSU2726-HlyA1-D840A

Plasmid encoding hlyA with the
mutation D840A

This study

pSU2726-HlyA1-D849A

Plasmid encoding hlyA with the
mutation D849A

This study

pSU2726-HlyA1-D822A-D840A

Plasmid encoding hlyA with the
mutations D822A and-D840A

This study

pSU2726-HlyA1-D822A-D849A

Plasmid encoding hlyA with the
mutations D822A and-D849A

This study

pSU2726-HlyA1-D840A-D849A

Plasmid encoding hlyA with the
mutations D840A and D849A

This study

pSU2726-HlyA1-D822A-D840AD849A

Plasmid encoding hlyA with the
mutations D822A, D840A and D849A

This study

pSU2726-HlyA1-HlyA1-linker-del

Plasmid encoding hlyA with a deletion
of residues 826 to 834

This study

pSU2726-HlyA1-HlyA1-linker-GS

Plasmid encoding hlyA with a
substitution of residues 826 to 834 to
GSGSGSGSG

This study

127

Publications - Chapter IV

Literature (supplementary)
Bakkes, P.J., Jenewein, S., Smits, S.H., Holland, I.B., and Schmitt, L. (2010). The rate of folding
dictates substrate secretion by the Escherichia coli hemolysin type 1 secretion system. J Biol
Chem 285, 40573-40580.
Gruber, A.R., Lorenz, R., Bernhart, S.H., Neubock, R., and Hofacker, I.L. (2008). The Vienna RNA
websuite. Nucleic Acids Res 36, W70-74.
Reimann, S., Poschmann, G., Kanonenberg, K., Stuhler, K., Smits, S.H., and Schmitt, L. (2016).
Interdomain regulation of the ATPase activity of the ABC transporter haemolysin B from
Escherichia coli. Biochem J 473, 2471-2483.

128

4. Discussion
Uropathogenic Escherichia coli (UPEC) strains are one of the frequent causes of urinary tract infections.
The toxin haemolysin A (HlyA) is usually produced by UPEC strains and promotes the death of urothelial
cells (Nagamatsu et al., 2015). The translocation system of this toxin was discovered in the 1980s and
it was the first described example of bacterial protein secretion. The hly operon was sequenced first
by Felmlee et al. (1985b) identifying the putative toxin gene hlyA. Later the products of the genes hlyB
and hlyD were located in the bacterial inner membrane and shown to be essential for the translocation
(Felmlee et al., 1985a; Felmlee et al., 1985b; Mackman et al., 1985a, b, 1986). Finally in 1990
Wandersman and Delepelaire identified TolC being the third and last piece of the HlyA T1SS
(Wandersman et al., 1990).
The topic of this thesis deals with haemolysin B (HlyB), the ATP-binding cassette (ABC) transporter of
the HlyA translocation machinery. The major focus points are (i) the establishment of a purification
protocol and kinetic analysis of the membrane protein HlyB, (ii) the investigation of the role of the
N-terminal C39-peptidase like domain (CLD) of HlyB and (iii) the characterisation of the interactions
and regulation of HlyB by the transport substrate HlyA.

4.1. The biphasic modulation of HlyB ATPase activity
In order to investigate HlyB protein in vitro, the initial aim of this thesis was the establishment of a
protein isolation and purification protocol (Chapter 1). Therefore, overexpressed N-terminally
His-tagged HlyB was solubilised from E. coli membranes with the detergent Fos-Choline-14. The
identification of an appropriate detergent for the solubilisation of the membrane protein is a crucial
process and was determined via a dot-blot screening assay (Ellinger et al., 2013; Infed et al., 2011).
Since it was shown that harsh detergents such as FC-14 tend to unfold the protein (Kiefer, 2003), the
detergent was changed during an immobilized metal-ion-affinity chromatography (IMAC). Here, the
protein was exposed to the washing buffer containing the second detergent lauryl maltose neopentyl
glycol (LMNG). Thereby LMNG replaced FC-14 and increased the purity as well as the stability of
purified HlyB. Lauryl maltoside derivatives were already used to purify the ABC transporter PrtD of the
metalloproteases secretion system of Erwinia chrysanthemi (Delepelaire, 1994) or TatC of the Tat
pathway of Aquifex aelicus (Rollauer et al., 2012). The stability of HlyB was also strikingly dependent
on the pH-value of the buffer as investigated by several assays during this thesis. It is supposed that
the pH-value mediates structural modifications of the protein that changes protein stability and
activity, as already suggested for the HlyB nucleotide-binding domain (NBD) (Zaitseva et al., 2004). Also
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precise control of the salt concentration was crucial for the subsequent characterisation of HlyB
activity in vitro. On one side the addition of even low millimolar NaCl concentrations improved the
stability of the protein, but on the other side the activity of the protein was reduced simultaneously.
This effect was also observed for the isolated HlyB NBD (Benabdelhak et al., 2005). Taken together, a
relatively high pH-value and the presence of salt are suggested to trigger the protein to adopt an
inactive but stable conformation, while a neutral pH value and the absence of salt activates the protein
while decreasing its stability in parallel. Hence, a protocol was established that enables to purify,
isolate and store inactive HlyB for several months. The activity can be restored, if necessary, while the
protein still retains a moderate and sufficient stability (Reimann et al., 2016) (Chapter 1).
HlyB was characterised in vitro and displayed a positive cooperativity in dependence of ATP
concentration (Reimann et al., 2016). This behaviour is comparable to systems such as P-glycoprotein,
BmrA, maltose and histidine importers (Davidson et al., 1996; Liu et al., 1997; Senior et al., 1998;
Steinfels et al., 2004). Additionally, HlyB ATPase activity was quantified in the presence of the transport
substrate HlyA. Therefore, HlyA1 was used, which is a shorter, more stable and easier to handle
derivative of HlyA. The substrate was unfolded prior to the assays, in order to simulate the cytoplasmic
in vivo situation as close as possible and as good as we understand it so far. Interestingly, HlyB ATPase
activity was decreased by a HlyA1 concentration close to a protein molar ratio of 1:1. Higher substrate
amounts increased ATPase activity and further stimulates HlyB velocity to a maximum, at a molar ratio
of 1:15 (monomeric HlyB : HlyA1). A biphasic modulation of an ABC transporter was also observed for
P-glycoprotein from Chinese Hamster Ovary cell line (CHO CR1R12) or Ehrlich ascites tumour cell lines
in the presence of different drugs, however, the ATPase activity was first stimulated and then inhibited
with higher drug concentration (Litman et al., 1997a; Litman et al., 1997b). Whether this effect
occurred due to an inhibitory site or nonspecific membrane-altering effects was not clear (Litman et
al., 1997b). Even for the HlyB NBD an inhibition of ATPase activity was detected previously
(Benabdelhak et al., 2003; Koronakis et al., 1993). Here, a fusion protein composed of the
NBD-containing C-terminal HlyB fragment and GST was cloned and purified. The fusion protein was
exposed to HlyA derivatives and thereby its activity was reduced up to 25 % (Koronakis et al., 1993).
The ABC transporter PrtD shares 37 % identity to HlyB and was also investigated concerning ATPase
modulation (Delepelaire, 1994). The C-terminal secretion signal of the substrate PrtG inhibited the
purified PrtD almost completely even at submicromolar amounts (Delepelaire, 1994). The authors of
the study assume an abortive reaction of the in vitro system or an early stage of the translocation
mechanism (Delepelaire, 1994). The present study and others, which deal with an incomplete
secretion system have to take into account, that missing compartments might induce artificial effects.
Nevertheless, these results still deliver valuable information in the context of possible protein
interactions.
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4.2. HlyB obtains multiple substrate binding sites
The activity of the HlyB ABC transporter can be inhibited and stimulated by the transport substrate
HlyA, while a CLD-deficient HlyB mutant can be only stimulated (Chapter 1). These findings suggest
multiple HlyA binding sites within HlyB, which mediate ATPase inhibition and stimulation
independently.
One HlyA binding site was located within the HlyB CLD (Lecher et al., 2012). The studies described in
this thesis, showed that a specific interaction of HlyA repeats in toxins (RTX) repeats and the HlyB CLD
mediates ATPase inhibition in vitro (Reimann et al., 2016) (Chapter 4) (Figure 11 a). This finding was
supported by the observation that ATPase inhibition was not inducible in the absence of the CLD. In
this context, it was also observed that the most C-terminal HlyA RTX repeat differed concerning HlyB
modulation upon interacting with the CLD (Chapter 4). A computational analysis predicted a short
α-helix exclusively close to this RTX motif (Chapter 4). So far secondary structure elements of the RTX
domain are suggested to be induced only upon calcium ion binding at the outside of the cell (Baumann
et al., 1993). Furthermore, the presence of a α-helix was also predicted for the C-terminal secretion
signal of HlyA. Here, a potential helix was speculated to be a possible export signal of T1SS substrates
(Hess et al., 1990; Holland et al., 1990; Koronakis et al., 1989; Mackman et al., 1987; Stanley et al.,
1991).

Figure 11. Overview of investigated HlyA and HlyB interactions. A schematic model of a membraneembedded HlyB dimer (grey). Each monomer contains a transmembrane domain (TMD), a C39peptidase like domain (CLD) and a nucleotide-binding domain (NBD). The transport substrate (red)
harbours the C-terminal secretion signal (blue) and the RTX domain (RTX). Investigated interactions of
HlyA and HlyB are marked with a yellow star. a) Interaction of the HlyA RTX domain with the HlyB CLD
(Lecher et al., 2012; Reimann et al., 2016) (Chapter 4). b) Interaction of a HlyA sequence region located
between the RTX domain and the C-terminal secretion signal and the HlyB TMD (Reimann et al., 2016).
c) Interaction of the HlyA secretion signal and the HlyB NBD (Benabdelhak et al., 2003). PP, periplasm;
CP, cytoplasm.
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Since these show low sequence conservation, it has been suggested that secondary structure elements
play a crucial role for the transport process. In summary, the substrate was shown to modulate HlyB
ATPase activity in two different ways upon an interaction to the CLD (Chapter 4). First, the interaction
of the RTX domains is suggested to induce an ATPase inhibition (Lecher et al., 2012; Reimann et al.,
2016). Second, the most C-terminal RTX repeat additionally effects ATPase stimulation, however, this
interaction is not sufficient for stimulation (Chapter 4). These findings suggest a differentiation of the
RTX repeats by the CLD. The most C-terminal RTX repeat might be recognized due to its terminal
position, by a second binding sites within the CLD and/or due to potential secondary structure close
this motif. Anyway, these suggestions are fragile and need further investigation. Cross-linking
experiments of HlyA and the CLD followed by a subsequent mass spectrometry analysis revealed the
distinct interaction pattern of both proteins. The incorporation of unnatural photoactivatable amino
acids into HlyA has been established during this thesis (Chapter 3).
Stimulation of HlyB ATPase activity upon interaction with the transport substrate, was shown to be
independent of the CLD and thereby suggesting a further binding site. Cross-linking experiments of
HlyB and a HlyA1 derivative that lacks the C-terminal secretion signal (HlyA2) point to a distinct
substrate to HlyB transmembrane domain (TMD) interaction, which might mediate ATPase stimulation
(Figure 11 b). The cross-linked peptides included on one side a fragment of the HlyB TMD (discussed
later, Figure 13, blue residue) and on the other side a HlyA fragment between the RTX domain and the
secretion signal (Reimann et al., 2016). Interestingly, the cross-linked amino acid of the TMD faces into
the putative translocation path of the HlyB model (Figure 13). These residues may harbour crucial parts
of a substrate recognition pattern, but this was not investigated in further detail during this thesis. The
cross-linked fragment was detected with a 1:20 molar ratio of HlyB and HlyA2, corresponding to the
maximum HlyB ATPase stimulation. In contrast, this cross-link product was not detected with a 1:1
molar ratio, corresponding to the maximum HlyB ATPase inhibition. The presence of a second binding
site is also probable, since ATPase stimulation still occurs in the absence of the first binding site located
at the CLD (HlyBΔCLD) (Reimann et al., 2016). Taken together, these data suggest an interaction of
HlyA2 and the TMD. However, an interaction of HlyA2 and the NBD that mediates stimulation cannot
be excluded by these results. To shed further light on this question, the cross-linked residues within
the TMD, which represent the putative interacting amino acids, could be substituted and investigated
for ATPase stimulation by the substrate in vitro. A suitable mutation would be HlyB-K322W, which was
already shown to mediate a reduced secretion rate of HlyA in vivo (Reimann et al., 2016). Here, it is
not clear whether the secretion rate was reduced due to sterically effects within the translocation path
or due to a reduced interaction that mediates e.g. transport stimulation. Also the stimulatory sequence
motif of the substrate could be identified by a set of HlyA1 mutations. A substrate variant with deleted
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residues between the RTX domain and the secretion signal could be investigated also for its stimulatory
competence on HlyB in vitro and the secretion rate in vivo.
The described interactions so far were observed in the absence the C-terminal secretion signal,
however, it is necessary for translocation as a matter of course (Thanabalu et al., 1998). An additional
interaction was observed, which occurred exclusively with the secretion signal of HlyA and the isolated
HlyB NBD (Benabdelhak et al., 2003) (Figure 11 c). This can be assumed at least as the third binding
site of the substrate, however, ATPase inhibition and stimulation of HlyB were observed in the absence
of the secretion signal. Taking together all evidence, HlyB is suggested to harbour multiple binding sites
for its transport substrate.

4.3. The multifunctional N-terminal domain of HlyB
The N-terminal CLD of HlyB constitutes an inactive C39 cysteine protease, which is essential for the
secretion of HlyA (Lecher et al., 2012). It was shown to interact exclusively with the unfolded and not
with the folded HlyA1, a truncated derivative of the transport substrate HlyA. Even HlyA2, a variant of
HlyA1 that lacks the C-terminal secretion signal binds to the CLD.

4.3.1. The CLD as a chaperone
RTX proteins such as HlyA are translocated across both membranes in an unfolded state by their
cognate T1SS (Bakkes et al., 2010). These proteins vary greatly in size and extend frequently the size
of 100 kDa. In most cases the peptide sequence obtains a C-terminal secretion signal, which arises the
question how these proteins are kept in a secretion competent state during protein translation.
The ABC transporters of T1SSs were divided into three groups regarding their N-terminal domains
(Kanonenberg et al., 2013). The first group harbours C39-peptidase containing ABC transporters
(PCATs) and translocates e.g. bacteriocins (mostly Gram-positive bacteria) and microcins
(Gram-negative bacteria) (substrates < 10 kDa) (Gebhard, 2012; Lin et al., 2015). The transport
substrates contain an N-terminal leader peptide with a double glycine (GG) motif (Havarstein et al.,
1994; Holo et al., 1991; Klaenhammer, 1993; Muriana et al., 1991). The ABC transporter, containing a
C39-peptidase domain, recognizes this motif and cleaves it at the C-terminal site of the GG motif
(Havarstein et al., 1995). So far no chaperone has yet been identified for this group and it seems likely
that the interaction of the leader peptide and the C39 peptidase are involved in this function. However,
the N-terminal leader peptide does not exclude a co-translational secretion process.
The HasA secretion system is one of the best-characterised T1SS and belongs to the second group of
ABC transporters, which contain no additional regulatory domain. The relatively small iron scavenger
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protein HasA has a weight of 19 kDa and is not a member of the RTX proteins. It obtains primary
recognition sites that are shown to be required for the interaction with the cognate ABC transporter
HasD (Masi et al., 2010). Furthermore, HasA was shown to be kept in an unfolded state by SecB prior
to the secretion process (Delepelaire et al., 1998). However, HasA is a small protein, it tends to fold in
the cytoplasm and it depends on the “anti-folding” activity of SecB (Debarbieux et al., 2001). In
contrast, so far no chaperone was identified in the case of the transport substrates of other ABC
transporters belonging to this group. Nevertheless, it has to be taken into account that these
substrates are in general relatively small in comparison to RTX proteins. The assumption that HasA
dependency on SecB is an exception in this group, rises the question whether these proteins do need
a chaperone to remain unfolded within the cell.
The ABC transporter of the HlyA T1SS belongs to the third group in this comparison and contains an
N-terminal CLD. Since the HlyA T1SS was shown to be independent of the chaperone SecB it was very
likely that another cytoplasmic protein or domain has to fulfil this function (Bakkes et al., 2010). So far
no chaperone could be identified, however, strong indications were provided by a proven interaction
of exclusively unfolded HlyA and the CLD (Lecher et al., 2012). Here, it was suggested that the RTX
repeats of HlyA interact with the CLD and thereby tethering the substrate and preventing it from
aggregation. During the studies of this PhD thesis mutations within each RTX repeat of HlyA1 and
diverse mutational combination were cloned, purified and analysed concerning this question. It was
shown that mutations of the RTX repeats decreased the interaction to the CLD (Chapter 4).
Interestingly, the in vivo secretion rate of these proteins was not affected by the mutations and was
comparable to the secretion rate of the wild-type protein (Chapter 4). These proteins may not tend to
fold in the cytoplasm due to their relatively small size in comparison to other RTX proteins and this
possibly explains the optimal secretion rate even independent of the chaperone-like function of the
CLD. In contrast, the high standard deviation of the secretion assay may hide differences of the
secretion rate and thereby changing the conclusion.
Here, further investigations are necessary. The described mutations could be also introduced in HlyA
wild-type protein and investigated concerning their affect on the secretion rate in vivo. Preventing a
protein of this increased size from its interaction to the potential CLD chaperone-like function could
magnify secretion rate differences. Furthermore, instead of single residue substitutions within the RTX
repeats, substitutions or deletions of complete RTX motifs could be investigated concerning in vitro
HlyB ATPase modulation and in vivo secretion. Further experiments that investigate the actual folding
process of HlyA would enlighten the role of the CLD as a chaperone. An appropriate technique to
analyse the time-resolved folding of HlyA could be H/D exchange in the presence and the absence of
the CLD coupled to a subsequent mass spectrometry analysis. Hereby CLD-shielded amino acid regions
of HlyA could be identified and also the effect of point mutations within the CLD could be analysed.
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This technique was widely used for soluble proteins and emerges also for membrane-embedded
proteins such as BmrA, HIV-1 Nef (Mehmood et al., 2012; Pirrone et al., 2015) and others (Duc et al.,
2015; Hebling et al., 2010; Koshy et al., 2013; Orban et al., 2015) [reviewed in (Vadas et al., 2017)].

4.3.2. The CLD acts as an autoinhibitor and beyond
The deletion of the N-terminal CLD of HlyB increased the maximum basal ATPase activity by about
15 fold and thereby highlights at least one of its functions (Reimann et al., 2016). A kind of regulatory
inhibiting function of terminal domains was already observed and described for a large variety of
proteins such as SpoIIIE, TrwK or EccC (Besprozvannaya et al., 2013; Pena et al., 2011; Rosenberg et
al., 2015). For these proteins the affecting domains are located N-terminally or C-terminally as in the
case of Ca2+-ATPases or H+-ATPases, respectively (Harper et al., 1998; Palmgren et al., 1990; Palmgren
et al., 1991). For these ATPases the removal of the regulatory autoinhibitory domain increased the
hydrolytic activity, which is according to the increased basal activity of HlyBΔCLD described in this
thesis (Reimann et al., 2016). The results about the C-terminal domain of TrwK, a member of the VirB4
family, are also in good agreement to the results shown in this thesis. Pena et al. (2011) removed three
α-helices of a C-terminal autoinhibitory domain of TrwK and measured a 10 fold increased ATP
hydrolysis while the remaining kinetic parameters were not affected. Also HlyB and HlyBΔCLD kinetic
values only differ in the V max value, indicating that the CLD deletion did not induce conformational
changes in the NBD (Reimann et al., 2016). Taken together, these results indicate that even the CLD
acts as an autoinhibitory domain and prevents futile ATP hydrolysis.
The autoinhibitory domains of H+-ATPase and P 2B Ca2+-ATPase are suggested to be relieved following
binding of a small protein, inducing a conformational change that results in increased ATPase activity
(Baekgaard et al., 2005; Pena et al., 2011). Since HlyB is a functional dimer the binding of two substrate
molecules to one HlyB dimer seems plausible. This hypothesis is supported by the experimental results
of this PhD thesis. The maximum inhibition of HlyB ATPase activity by HlyA1 was observed with a molar
ratio of about 1:1 (monomeric HlyB : HlyA2) and higher concentrations of the substrate increased
hydrolytic activity (Reimann et al., 2016) (Figure 12). Interestingly, although all necessary signals to
stimulate ATPase hydrolysis are present, a molar symmetry (1:1) seems to be mandatory to relieve
inhibition. It appears plausible that the relieve of one autoinhibitory domain and thereby the
“activation” of only one NBD is not sufficient to hydrolyse ATP, since both NBDs are essential for
hydrolysis (Jones et al., 2002; Smith et al., 2002; Zaitseva et al., 2005b). The mutant HlyBΔCLD does
not contain the autoinhibitor and it can be stimulated by transport substrate concentrations below a
1:1 molar ratio. This clearly shows stimulation and inhibition are two separately controlled mode of
action of HlyB.
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Assuming that an equimolar substrate to autoinhibitor (CLD) interaction relieves any HlyB ATPase
inhibitory effects, how is it possible that HlyA RTX repeat mutants stimulated ATPase activity even
below equimolar concentrations (Figure 12) (Chapter 4)? These mutants were shown to be unable to
interact with the CLD anymore and thereby they should not be able to relieve the autoinhibitor at any
concentration. These findings seem to be in contrast to the model of the CLD as a solely autoinhibitory
domain. One explanation would be that even inhibition is also the result of a substrate to CLD binding.
Therefore, inhibition only takes place if the substrate is able to bind to the CLD in the first place and
thereby somehow leading to a molar dependency to relieve inhibition subsequently. Substrates that
are not even able to bind to the CLD would avoid an inhibition and thereby a molar ratio dependency
for ATPase stimulation. The reason why all three investigated RTX repeats have to remain unaltered to
mediate this HlyB ATPase inhibition is not understood so far.

Figure 12. ATPase activity of HlyB in the presence of HlyA1 variants. Experimental results of HlyB
ATPase activity in the presence of HlyA1 variants containing mutations within the RTX repeats.
* Datasets were analysed according to eqn (1), Hill equation; † Datasets were analysed according to
eqn (2), Michaelis–Menten equation; ‡ Datasets were analysed according to eqn (3), which assumes
two independent binding sites. For the equations see Chapter 4. § Data published and adapted from
Reimann et al. (2016). Results are means ± S.D.
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Interestingly, the results showed that as long as the most C-terminal RTX repeat of HlyA1 is not
mutated, the maximum stimulation of HlyB was less affected, while a mutation of this RTX repeat
decreased the maximum velocity significantly (Figure 12). ATPase assays with HlyBΔCLD and these
mutants revealed no negative impact on the stimulatory properties of the substrate (Chapter 4). This
also indicates that this C-terminal RTX repeat solely interacts with the CLD and thereby affecting the
stimulatory process, however, this interaction is not sufficient for stimulation. A computational
analysis predicted a α-helix exclusively close to this RTX repeat, which may also stress out its
distinguished function. One explanation bases on the structural information of PCAT1 (Lin et al., 2015)
and the homology model of HlyB (see Chapter 1.5.3. The ABC transporter – HlyB). The PCAT1 peptidase
domain was shown to dock onto the lateral openings of the two TMDs and the HlyB CLD engages an
analogous position within the HlyB model (Lin et al., 2015) (Figure 13). The hydrolytic domain of PCAT1
is supposed to cleave the leader peptide and matches perfectly to position the substrate into the
translocation pathway (Lin et al., 2015). The degenerated catalytic centre of the HlyB CLD may also
recruit the substrate into the translocation pathway, however, it does not hydrolyse the peptide
(Figure 13, cyan). This function could be investigated by distinct mutations and subsequent ATPase
assays.

Figure 13. Schematic model of the HlyB monomer and putative substrate interaction sites. The
model of HlyB was predicted using Phyre2 and bases on PCAT1 (see Chapter 1.5.3) (Kelley et al., 2015;
Lin et al., 2015). The images show the same model from different perspectives. The peptide is shown
in a surface representation and colored in green (CLD), red (TMD) and magenta (NBD). The CLD amino
acids, which were shown to interact with HlyA1 are highlighted in black (Lecher et al., 2012). The
degenerated active centre is located close to the lateral openings and highlighted in cyan. The TMD
residue, which was shown by cross-linking experiments to be in close distance to HlyA2, is marked in
blue (Reimann et al., 2016).
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HlyB ATPase assays with the mutated substrate and a quantification of the in vivo secretion rate could
answer this question. Furthermore, surface plasmon resonance spectroscopy of these mutants and
the substrate could determine the dissociation constants.
Taken together, the general RTX repeats of HlyA are supposed to be tethered by the CLD and benefit
from the chaperone-like function (Lecher et al., 2012; Reimann et al., 2016). The binding region of the
RTX repeats was located within the CLD on the opposite site of the degenerated catalytic centre
(Figure 13) (Lecher et al., 2012). In addition, the most C-terminal RTX repeat, which encodes the
predicted α-helix, may hypothetically bind to the degenerated catalytic centre of the CLD. This
interaction would be located close to the lateral opening of the TMDs and threading the substrate into
the translocation pathway, where ATPase stimulation would be mediated. In this model, an abolished
interaction of the C-terminal RTX repeat and the CLD, e.g. by a mutation, would thereby hinder the
threading of the substrate and impair the stimulatory process.
Additional experiments are necessary to identify the substrate translocation path entrance within HlyB
and further the translocation pathway within the TMDs of HlyB. Cross-linking experiments of the
stalled transport substrate within the T1SS could covalently attach HlyA to its most proximate amino
acids within HlyB. A subsequent mass spectrometry analysis of cross-linked peptides could reveal a
map of the translocation pathway. The incorporation of unnatural amino acids into HlyA and also the
purification of this modified protein are described in this thesis (Chapter 3). In addition, first in vitro
and in vivo cross-linking experiments were performed and provide a basis to establish this technique
for the HlyA T1SS (Chapter 3).

4.4. A model of the HlyA T1SS
Cross-linking studies of Thanabalu et al. (1998) demonstrated that the ABC transporter HlyB and the
membrane fusion protein haemolysin D (HlyD) assemble as a stable complex in the absence of HlyA
and TolC. This conformation of the IM complex in the absence of the transport substrate may represent
the resting state of HlyB in vivo. Upon translation of the HlyA peptide it is most likely that the
N-terminal amino acids reach the IM complex first. Depending on the stringency of the criterion of the
RTX consensus motif, HlyA is supposed to obtain up to 17 RTX repeats (Linhartova et al., 2010),
however, only six RTX repeats contain the strict consensus motif (Uniprot: P08715). In order to keep
the transport substrate in an unfolded and translocation competent state, the putative RTX repeats
could interact with the HlyB CLD and benefit from the chaperone-like function (Lecher et al., 2012;
Reimann et al., 2016). Furthermore, it was shown that the cytosolic domain of HlyD interacts with HlyA
(Balakrishnan et al., 2001). The distinct interaction sites were not described so far, nonetheless it is
crucial for the assembly of the translocon (Thanabalu et al., 1998). Upon this interaction HlyD recruits
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the outer membrane factor TolC by its periplasmic domain, while a direct interaction of HlyB and TolC
was excluded (Lee et al., 2012; Thanabalu et al., 1998). These steps seem to be independent of ATP
hydrolysis, since substrate interaction and TolC recruitment were also shown with a HlyB mutant that
binds, but did not hydrolyse ATP (Thanabalu et al., 1998).
So far it is not clear whether HlyA translocation occurs co- or posttranslational. For the sake of
discussion a posttranslational translocation is assumed to simplify the model. The completed
translation of the HlyA peptide will finally enable C-terminal sequence regions to reach the assembled
translocon, so does the most C-terminal RTX repeat. As discussed above, this RTX repeats encodes a
predicted α-helix, which may bind to the degenerated catalytic centre of the CLD (Chapter 4). This
binding site of the CLD is assumed to be located close to the lateral openings of the TMDs and maybe
threading the substrate into the translocation pathway. As shown by cross-linking experiments in this
thesis, amino acids located downstream of this predicted α-helix and around 80 residues upstream of
the secretion signal were already located within the TMDs interface (Reimann et al., 2016). This
interaction was only found with ATPase stimulatory substrate concentrations and thereby indicating
the putative entrance of the translocation pathway. Subsequently, another HlyA molecule or even the
N-terminus of the same, could bind to the opposite CLD of the HlyB dimer, thereby negating its
autoinhibitory function and initiating the translocation.
The detailed path of the secretion signal during the threading process remains ambiguous. In general,
the HlyA secretion signal is supposed to initiate the translocation and it is known to be essential for
secretion itself (Gray et al., 1989; Gray et al., 1986; Kenny et al., 1991). Lenders et al. (2015)
demonstrated that the C-terminus of HlyA leads the transport substrate through the translocation
pathway and it is exposed first at the outside of the cell (Lenders et al., 2015). Therefore, the secretion
signal can also be assumed to thread into the translocation pathway first. Simultaneously, the CLD
could support this step at the entrance of the TMD dimer interface, upon an interaction with the
upstream RTX repeat as described above. One has to take into account, that the secretion signal was
also shown to bind to the HlyB NBD (Benabdelhak et al., 2003). So far, the effect and the relevance of
this interaction is not clear in a mechanistic context. Anyway, the interaction was measured with the
isolated NBD and therefore, this result does not exclude an interaction of the TMD and the secretion
signal, as described above. Additionally, this thesis demonstrated a secretion signal independent
stimulation of HlyB ATPase activity in vitro (Reimann et al., 2016). In combination, this raises the
question for the role of the secretion signal, however, it is assumed to be essential for initiation and
recognition, although detailed evidence is missing.
Substrate interactions are supposed to mediate conformational changes and / or ATP hydrolysis, which
go along with the translocation process. Jones et al. (2002) suggested that ATP hydrolysis is connected
to a rotational flexibility of the NBD α-subdomain, which is controlled by the TMDs (Jones et al., 2002).
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In response to substrate binding, the TMDs traverse a structural reorganisation and mediate this signal
to the NBDs (Jones et al., 2002). To investigate this assumption for the HlyA T1SS, the Pro-loop could
be mutated and this would disturb and interdomain communication, as it was shown for HisP (Hung
et al., 1998). This mutation (P624) was already investigated in vivo by Koronakis et al. and it was shown
to result in a reduced HlyA secretion rate (Koronakis et al., 1995). The additional investigation of its
influence on HlyB ATPase activity modulation in vitro would shed further light on the role of ATP
hydrolysis.

4.4.1. Energization of the translocation process
The observed stimulation of HlyB ATP hydrolysis leads to the question of its role during the
translocation process. Studies already showed that complex assembly is independent of ATP hydrolysis
while the translocation process relies on it (Lenders et al., 2015; Thanabalu et al., 1998). In general,
two modes of action can be assumed: (a) an iterative, sequential mode where ATP hydrolysis energises
the translocation process and the length of the translocated peptide/protein correlates directly to the
amount of consumed ATP. Hereby the translocation machinery recognises every single polypeptide by
the peptide bond or it recognises units of a certain length. This mode of action was described for the
translocation by SecA (Schiebel et al., 1991; Uchida et al., 1995). Here, about 30 amino acids are
translocated by the consumption of one ATP molecule (Uchida et al., 1995). (b) ATP hydrolysis only
starts the translocation process of the whole polypeptide in a one-step mode.
Experiments in this thesis suggest that ATP velocity is not coupled to the secretion rate of the transport
substrate (Chapter 4). Different mutants of HlyA showed first comparable substrate translocation rates
in vivo and second varying effects on HlyB ATPase modulation in vitro. For example, a mutation within
the most C-terminal RTX repeat of HlyA1 stimulated HlyB ATPase activity in vitro by about 10 %, while
wild-type HlyA1 stimulated ATPase activity by about 30 %. In contrast, both substrates were
translocated with comparable secretion rates in vivo (Chapter 4). These results indicate that the
intensity of HlyB ATPase stimulation is not relevant for the substrate secretion rate, otherwise a
correlation of in vitro ATPase velocity and in vivo secretion rate would be present. Thereby, these
results suggest that the substrate molecule once triggers a switch-like mechanism, initiating the
translocation process, rather than keeping ATP hydrolysis on a constant level. This is also supported by
the observation that ATP binding or hydrolysis diminishes the interaction of the HlyA secretion signal
and the NBD (Benabdelhak et al., 2003). Taken together, an image occurs, which suggests HlyB to open
a translocation path upon ATP binding.
Further open questions are first, the driving force that triggers the substrate out of the translocation
channel and second, the signal that releases the translocon. Bumba et al. (2016) showed with a
detailed study of the adenylate cyclase toxin-haemolysin (CyaA) the “push-ratchet” mechanism, which
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could represent a general folding pathway of T1SS RTX substrates. The proposed mechanism involves
an initial folding of the substrate C-terminus upon Ca2+ binding at the outside of the cell and thereby
the substrate is prevented from backsliding. This results in Brownian ratchets and accelerates the
forward movement of the substrate (Bumba et al., 2016). Presumably, this mechanism is not relevant
for the HlyA T1SS, since it was shown to be independent of the extracellular Ca2+ concentration
(Lenders et al., 2016). The final signal, which releases the translocon was not determined yet.
Potentially the simple absence of the transport substrate could initiate the disassembly of the
translocon. The discussion in this thesis also proposes the simultaneous binding of two substrate
molecules to the HlyB dimer, one interacting with each CLD. This raises the possibility of an iterative
substrate threading into the transporter, alternating from both sides. Thereby the next translocation
process would be ready to start.
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