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  Abstract	
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Abstract	

Type 1 secretion systems (T1SSs) are wide spread among Gram-negative 

bacteria due to their simple tripartite architecture. Two proteins located in the inner 

membrane, an ABC transporter and a membrane fusion protein (MFP), form one 

continuous channel across both membranes together with an outer membrane 

protein. Channel formation is induced by the substrate, which is transported in a one-

step mechanism and C-terminus first to the extracellular space. Differences 

concerning the ABC transporter domains led to the identification of four subgroups 

of T1SSs of which group 2 holds the most identified members so far. The most 

investigated system of this group 2, the HlyA T1SS from E. coli, is the main focus of 

this work.   

Based on in silico analysis and similarity to the HlyA T1SS components 25 

group 2 T1SSs from different Gram-negative bacteria were identified and analyzed to 

different extents. Five ABC transporters from these homologous systems were 

successfully expressed in different E. coli strains and purification protocols for three 

of these were established. Secretion experiments with these homologous transporters 

and chimeric ABC transporters highlighted the importance of the nucleotide binding 

and transmembrane domains for complex formation and subsequent secretion. These 

experiments were supported by domain- and group-specific alignments of both inner 

membrane components, which revealed additional similarities within the groups of 

T1SSs and allowed the identification of two unique motifs in the MFPs of group 2. 

Furthermore, two already proposed amphipathic helices were confirmed: one in the 

cytosolic domain of the MFP HlyD and one in the secretion signal of the substrate 

HlyA. For the latter, two possible binding pockets were identified in the nucleotide 

binding domain of the dedicated ABC transporter HlyB.  
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Zusammenfassung	

Typ I Sekretionssysteme (T1SS) sind weit verbreitet unter Gram-negativen 

Bakterien aufgrund ihrer einfachen dreiteiligen Architektur. Zwei Proteine, die in der 

inneren Membran lokalisiert sind, ein ABC Transporter und ein 

Membranfusionsprotein (MFP), formen einen durchgängigen Kanal über beide 

Membranen zusammen mit einem Protein der äußeren Membran. Die Bildung des 

Kanals wird durch das Substrat induziert, welches in einem Ein-Schritt Mechanismus 

und C-Terminus zuerst in den extrazellulären Raum transportiert wird. Unterschiede, 

die die ABC Transporterdomänen betreffen, führten zu der Identifikation von vier 

Untergruppen von T1SS von welchen Gruppe 2 bisher die meisten identifizierten 

Mitglieder hat. Das am besten untersuchte System aus der Gruppe 2, das HlyA T1SS 

von E. coli, ist der Hauptfokus dieser Arbeit.  

Basierend auf in silico Analysen und Ähnlichkeit zu den HlyA T1SS 

Komponenten wurden 25 Gruppe 2 T1SS von verschiedenen Gram-negativen 

Bakterien identifiziert und in unterschiedlichem Ausmaß analysiert. Fünf ABC 

Transporter von diesen homologen Systemen wurden erfolgreich in verschiedenen 

E. coli Stämmen expremiert und für drei von diesen wurden Reinigungsprotokolle 

etabliert. Sekretionsexperimente mit diesen homologen Transportern und chimären 

ABC Transportern haben die Wichtigkeit der Nukleotidbinde- und 

Transmembrandomäne für die Komplexbildung und darauffolgende Sekretion 

hervorgehoben. Diese Experimente wurden unterstützt durch domänen- und 

gruppenspezifische Sequenzalignments von beiden Komponenten in der inneren 

Membran, welche zusätzliche Ähnlichkeiten innerhalb der Gruppen von T1SS 

aufdeckten und die Identifikation von zwei einzigartigen Motiven in den MFPs von 

Gruppe 2 erlaubten. Außerdem wurden zwei bereits vorgeschlagene amphipathische 

Helices bestätigt: Eine in der zytosolischen Domäne des MFPs HlyD und eine im 

Sekretionssignal des Substrates HlyA. Für die Letztere wurden zwei mögliche 

Bindetaschen in der Nukleotidbindedomäne des dazugehörigen ABC Transporters 

HlyB identifiziert.  
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1. Introduction	

1.1 Secretion	systems	in	Gram-negative	bacteria	

Secretion is an essential process of life, which is involved in many cellular 

functions. For example, organisms can protect themselves or attack others by 

secreting toxins, they can communicate amongst each other by secreting messenger 

signals and increase nutrient availability by lysing surrounding cells or increase 

nutrient uptake by secreting molecules that help nutrients to cross the membrane 

(Costa et al., 2015). Many secretion systems are involved in the pathogenesis of the 

respective organism and some also contribute to the rising resistance against 

antibiotics, which makes them a promising drug target (Nikaido, 1998, Baron, 2010, 

Boudaher and Shaffer, 2019). Apart from the pharmaceutical applications, there is 

also a rising interest in secretion systems as biotechnological platforms, since 

purification of a protein or peptide is simplified by first secreting it into the 

surrounding medium. Usually a portion of the original substrate, that is sufficient to 

promote secretion, is fused to the protein of interest to allow translocation of the 

fusion protein (Hess et al., 1990, Ryu et al., 2015).  

Secretion systems are ubiquitously present in all domains of life and thus, 

several different strategies and systems have evolved. The focus of this thesis is on 

Gram-negative bacteria so systems can be grouped based on the number of 

membranes that they cross. The following sections will give a short overview over 

single membrane crossing systems (1.1.1) as well as double or triple membrane 

crossing systems (1.1.2).  

 

1.1.1 Single	membrane	crossing	systems	

In the context of Gram-negative bacteria, single membrane crossing systems are 

further subdivided into systems that cross the inner membrane (IM) or outer 

membrane (OM) with the OM crossing systems being dependent on IM crossing 

systems to deliver their substrate to the periplasm.  



Introduction	

 2 

One of the best researched IM crossing systems is the Sec translocon. It is 

present in the endoplasmic reticulum of eukaryotes, in the chloroplasts of plants and 

the cytoplasmic membrane of prokaryotes and archaea (Kinch et al., 2002). In E. coli 

the system is often referred to as the SecYEG translocon since these three proteins, 

SecY, SecE and SecG, form the core complex of the translocon in the IM: SecY forms 

the actual channel through the membrane with SecE wrapping around it and 

protecting SecY from degradation (Meyer et al., 1999, van den Berg et al., 2004). In 

the absence of SecE, SecY is rapidly degraded by the membrane protease FtsH 

(Kihara et al., 1995). SecG is actually non essential to many transport processes but 

increases their efficiency (Nishiyama et al., 1994). 

The system transports a broad variety of substrates and is therefore highly 

modular and dynamic, which is reflected by the many accessory proteins, mainly 

chaperons, targeting factors and signal peptidases, that can interact with the 

translocon (Denks et al., 2014). In Gram-negative bacteria there are two main 

pathways by which the translocon functions: i) The post-translational pathway and ii) 

the co-translational pathway (Figure 1.1). The latter is mostly used by proteins of the 

IM and dependent on the signal recognition particle (SRP) (Lycklama a Nijeholt and 

Driessen, 2012). SRP rapidly scans ribosomes and binds to their tunnel exit only in 

the presence of a hydrophobic transmembrane segment of a nascent protein chain 

(Holtkamp et al., 2012). SRP then targets the whole ribosome nascent chain complex 

to the membrane receptor FtsY, which transfers the complex to the SecYEG 

translocon (Figure 1.1) (Luirink et al., 1994, Denks et al., 2014). Upon GTP 

hydrolysis, FtsY-SRP dissociates from the complex and translation at the ribosome 

provides energy for the translocation (Luirink and Sinning, 2004, Lycklama a Nijeholt 

and Driessen, 2012). The protein chain is threaded into SecY and the hydrophobic 

transmembrane segments leave the translocon via a lateral gate, where their folding 

may be assisted by the insertase YidC (Kater et al., 2019, Tsukazaki, 2019).  

The post-translational pathway is commonly used by periplasmic or OM 

proteins and dependent on the motor protein SecA (Denks et al., 2014). Most of the 

substrates are synthesized as pre-proteins with a hydrophobic signal sequence at 



  Introduction	

 3 

their N-terminus, which slows folding of the pre-protein in the cytoplasm, therefore 

providing a time window for interaction with chaperons such as SecB and/or trigger 

factor (von Heijne, 1990, Randall et al., 1998). The motor protein SecA is essential 

for this pathway and has multiple interaction partners: It can interact with chaperons 

such as SecB (Randall et al., 2004), the SecYEG translocon (Mori and Ito, 2006), the 

signal peptide of a substrate (Akita et al., 1990) and the ribosome, thus also being 

involved in co-translational transport (Huber et al., 2011). Although the exact 

mechanism of SecA:SecYEG mediated translocation remains intensively debated, 

SecA is able to thread the pre-protein into the SecYEG translocon and energize the 

transport by hydrolyzing ATP (Figure 1.1) (Chatzi et al., 2014). The process happens 

stepwise with 20-40 amino acids being translocated in each step (Schiebel et al., 

1991, Tomkiewicz et al., 2006). The membrane proteins SecDF act in a proton 

motive force (pmf)-dependent manner to support the translocation by pulling on the 

(pre-)protein chain from the periplasmic side (Tsukazaki et al., 2011). The 

hydrophobic signal sequence acquires transmembrane topology and is then cleaved 

off and recycled by different signal peptidases, so the mature translocated protein is 

released into the periplasm (von Heijne, 1990, Paetzel et al., 2002).  
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Figure 1.1 The co- and post-translational pathway of the Sec translocon (adapted from (Koch et 
al., 2021)). In the co-translational pathway SRP (black) binds to hydrophobic segments of a nascent 
protein chain (red line) and targets the ribosome complex (grey and yellow) to SecYEG (orange and 
purple) via FtsY (white). A chaperon such as SecB (blue) targets proteins that utilize the post-
translational pathway to the translocon. The motor protein SecA (green) threads the pre-protein into 
the translocon. The signal peptide (red box) acquires membrane topology, is cleaved and later recycled 
by specific peptidases in the periplasm.  

 

Independent of post- or co-translational translocation, all proteins that are 

transported by the SecYEG translocon are transported unfolded. Proteins, that need 

to fold prior to translocation in the cytoplasm, utilize the twin-arginine translocation 

(TAT) pathway. This pathway is less common and can be found in some bacteria and 

archaea as well as in thylakoid membranes of plants and algae, but is essential only in 

a few organisms (Palmer and Berks, 2012). Interestingly, in pathogens that use the 

TAT pathway it is almost always involved in the virulence of these pathogens (De 

Buck et al., 2008).  

 The name of the TAT pathway refers to a conserved motif (SRRxFLK) in the 

signal peptide of proteins transported by this pathway (Berks, 1996). The signal 

peptide is recognized by and binds to a complex of TatB and TatC in the IM, which 

leads to the pmf-dependent recruitment of TatA, which is proposed to form the 

actual translocation channel (Figure 1.2) (Cline and Mori, 2001, Mori and Cline, 

2002, Gohlke et al., 2005, Dabney-Smith et al., 2006). So far no high-resolution 

structures of an assembled TAT system are available. However, according to the 
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‘bespoke channel model’, the size of the pore formed by polymerization of TatA 

protomers likely accommodates for the substrate size, which is between 20 Å and 

70 Å in diameter for TAT-substrates in E. coli (Berks et al., 2000, Gohlke et al., 2005). 

Due to the range of size among the folded substrates, the size of the pore has to be 

adjustable to prevent ion leakage from the periplasm. After the transport of one 

substrate, which takes between one and a few minutes, the complex disassembles 

again (Mori and Cline, 2002, Whitaker et al., 2012). The signal peptide is usually 

cleaved by a peptidase in the periplasm (Lüke et al., 2009, Palmer and Berks, 2012) 

although there are some substrates, like the Rieske iron-sulfur proteins from 

Paracoccus denitrificans and Legionella pneumophilia that are anchored to the IM 

most likely by their signal peptide (Bachmann et al., 2006, De Buck et al., 2007).  

 

 

Figure 1.2 Schematic representation of TAT mediated translocation adapted from (Cherak and 
Turner, 2017). A chaperon (yellow circle) binds the signal peptide (red box) of a folded substrate or 
substrate complex (green and red circle). The chaperon-signal peptide complex is recognized by TatB 
(dark blue), which forms a complex with TatC (light blue). The chaperon gets removed and TatA 
(orange) is recruited into the complex. After translocation a signal peptidase (purple) cleaves of the 
signal peptide, thereby releasing the substrate (complex) into the periplasm (blue background).  

 

While some substrates reach their final destination after one translocation step 

by either the Sec translocon or TAT pathway, there are other substrates that require 

an additional translocation step. For example all outer membrane proteins (OMPs) 

need to be assembled into the outer membrane after translocation via the Sec 

translocon. In E. coli and other Gram-negative bacteria this insertion is mostly 

performed by the β-barrel assembly machinery (BAM). In 2016 the structure of the 

BAM complex was solved in the resting and post-insertion state (Gu et al., 2016). 

Recently, in 2020 a structure during a late stage of substrate assembly followed 

(Figure 1.3 A) (Tomasek et al., 2020). 
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The BAM complex consists out of the OMP BamA and four lipoproteins, 

BamBCDE of which only BamA and BamD are essential (Kim et al., 2012). BamA itself 

is a β-barrel-containing protein with a unique feature: The β-barrel has a lateral gate 

that can open to the OM thereby forming the substrate exit channel (Tomasek et al., 

2020). The periplasmic domains of BamA, termed POTRA (polypeptide transport-

associated) domains, form a ring together with the periplasmic domains of the 

lipoproteins, which is thought to guide the substrate to the correct position (Gu et al., 

2016). In the classical two-step model an OMP is transported by the Sec translocon 

across the IM, transferred to a periplasmic chaperon, like SurA or Skp, and then 

transferred to the BAM complex for OM insertion (Kim et al., 2012). However, there 

are also indications that the BAM complex can form a double membrane crossing 

supercomplex with the N-terminal domain of the motor protein SecA (SecAN), several 

periplasmic chaperons and SecYE allowing one-step translocation of OMPs from the 

cytoplasm to the OM (Figure 1.3 B) (Wang et al., 2016, Jin, 2020). Additionally, the 

BAM complex is involved in the chaperon-usher pathway and in the assembly of the 

type 5 secretion system (T5SS), which has been termed the auto-transporter system 

(Leo et al., 2012).  
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Figure 1.3 The BAM complex. A) Structure of the BAM complex during substrate assembly. BamA 
(green), BamB (cyan), BamC (salmon), BamD (yellow), BamE (light pink), substrate (grey) (PDB 6V05, 
drawn with PyMOL). B) Schematic representation of a BAM supercomplex adapted from (Jin, 2020). 
SecA targets periplasmic proteins to the Sec translocon, which translocates them to the periplasm. 
However, SecA and SecAN (N-terminal part of SecA) can form oligomers in the IM and translocate 
nascent OMPs. SecAN can contact the BAM complex of which only BamA is shown.  

 

The T5SS has been termed the auto-transporter system, because in its simplest 

form it consists only out of one single self-secreting, self-processing protein (Jose et 

al., 1995). There are, however, some differences concerning the exact mechanism 

and directionality of translocation (C- or N-terminal), the oligomeric state of the auto-

transporter and the dependence on the BAM complex in the secretion process, which 

lead to five subgroups of T5SS termed a-e (Figure 1.4) (Leo et al., 2012). All 

subgroups share common features such as the presence of a transporter and a 

passenger domain, often but not always present on a single polypeptide chain, and 

the dependence on the Sec translocon to reach the periplasm. Once they reached the 

periplasm, the auto-transporters are kept unfolded or partially folded with the help of 

periplasmic chaperons and in some cases due to their low intrinsic folding properties 

(Hartmann et al., 2009, Roman-Hernandez et al., 2014). The transporter domain is 

inserted into the OM with the help of the BAM complex and forms a β-barrel (Ieva et 

al., 2011). The passenger domain is transported most likely directly through this β-

barrel and folds outside of the cell, which provides energy for the transport process 

(Peterson et al., 2010, van den Berg, 2010). Adhesin forming passenger domains are 

retained at the cell surface by their transporter domain, while most other passenger 
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domains are cleaved by their own peptidase domain and are released into the 

extracellular space (Tsai et al., 2010, Costa et al., 2015). The passenger domains are 

diverse in size and function including lipases, proteases and many other virulence 

factors (Leo et al., 2012). 

Although there is experimental evidence that folding of the passenger domain 

at the outside of the cell does provide energy for the transport process (Junker et al., 

2009, Peterson et al., 2010, Roman-Hernandez et al., 2014), there are also systems 

where folding is not necessary for secretion (Oliver et al., 2003, Skillman et al., 

2005). At least in these systems the energy might be provided by an unidentified IM 

protein, which could use ATP hydrolysis or the pmf (Peterson et al., 2010). This 

interaction might not happen directly but could be facilitated by the BAM complex 

(Costa et al., 2015). It is well accepted that the BAM complex interacts with the 

transporter domain to facilitate its OM insertion (Leo et al., 2012). However, BamA 

has also been cross-linked to or co-purified with several passenger domains 

suggesting an active role in the secretion process (Ieva and Bernstein, 2009, Sauri et 

al., 2009, Peterson et al., 2010). Furthermore some transporter domains display 

homology to BamA by sharing its periplasmic POTRA domains (subgroup b and d), 

while others do not (subgroups a, c, e, Figure 1.4) (Leo et al., 2012). This also points 

to a role of BamA in the secretion process, at least in subgroups a, c and e. Taking 

into consideration, that the BAM complex might form a double membrane crossing 

complex with parts of the Sec translocon and especially SecA (Wang et al., 2016), the 

energy from ATP hydrolysis at the cytoplasmic site of the IM could be transferred 

through this supercomplex (Jin, 2020) and aid in the secretion of the passenger 

domain. This, together with the dependence on and interaction with periplasmic 

chaperons, challenges the simple view of one single polypeptide chain that is 

sufficient to cross the OM barrier (Costa et al., 2015).  
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Figure 1.4 Schematic representation of T5SS subgroups adapted from (Leo et al., 2012). 
Transporter domains are shown in brown, passenger domains in dark green and linkers in light green. 
The POTRA domains of subgroup b and d are shown in black and labeled with P. The periplasmic 
domain of subgroup e is shown in orange. Termini of the proteins are indicated with N and C 
respectively.  

 

The third and last OM crossing system that will be introduced here is the 

chaperon-usher pathway. It is used for the secretion and assembly of pili or fimbriae 

and therefore involved in host cell recognition and biofilm formation (Busch and 

Waksman, 2012). The usher protein is again a β-barrel protein of the OM that is 

transported to the periplasm by the Sec translocon and inserted into the OM by the 

BAM complex (Palomino et al., 2011). It displays N- as well as C-terminal periplasmic 

domains, which harbor specific chaperon binding sites, as well as a plug domain that 

can close the channel from the periplasmic site in the apo-state and is displaced to 

the periplasm during pilus assembly (Figure 1.5) (Phan et al., 2011). The secreted 

pilus is made up of a defined tip structure and a stalk with the tip being assembled 

first and the stalk growing underneath it by controlled polymerization of the 

monomeric stalk units, which pushes the emerging pilus through the translocation 

pore (Busch and Waksman, 2012). A specific chaperon, commonly encoded in the 

same gene cluster as the usher protein and the pilus subunits (Nuccio and Bäumler, 

2007), targets these subunits from the Sec translocon to the usher protein (Ng et al., 

2006). Different affinities between the single subunits, the chaperon and the usher 
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protein likely control the ordered assembly of the pilus subunits (Dodson et al., 

1993). 

All pilus subunits display an immunoglobin-like domain with six instead of the 

typical seven β-strands, leaving a hydrophobic groove on the subunits where the 

seventh β-strand would be. The respective chaperon of the system can complement 

this groove in trans with one of its own β-strands; a mechanism termed ‘donor strand 

complementation’ (DSC), leading to a non-canonical topology of the respective β-

strands (Choudhury et al., 1999, Sauer et al., 1999). At the usher protein, the donor 

strand of the chaperon is exchanged with the N-terminal extension of another subunit 

in a ‘zip-in-zip-out’ manner (Rose et al., 2008). This ‘donor strand exchange’ (DSE) 

leads to a canonical topology of the respective β-strands, which is energetically 

favored and thought to drive the reaction in the direction of pilus assembly (Figure 

1.5) (Zavialov et al., 2005). In the case of P pili, a terminator subunit has been 

identified, whose hydrophobic groove lacks the DSE-initiation site, therefore 

terminating the pilus assembly and controlling the length of the pilus (Verger et al., 

2006). Such a subunit remains to be identified for type I pili (Busch and Waksman, 

2012, Costa et al., 2015).  

 

Figure 1.5 Structure of the usher protein FimD (cyan) from E. coli during pilus tip assembly (PDB 
4J3O, drawn with PyMOL). FimH (salmon), FimG (yellow) and FimF (pink) form the pilus tip. The pilus 
stalk would be provided by FimA (not part of the structure). FimF is brought to the complex by the 
chaperon FimC (green), which can interact with the periplasmic domains of the usher FimD. 
FimH:FimG and FimG:FimF are engaged in DSC: One β-strand is incorporated into the interacting 
subunit thereby complementing the immunoglobin-like fold.  
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In summary, proteins that need to cross the IM either use the Sec translocon 

(unfolded substrates) or the TAT pathway (folded substrates) and display the 

respective N-terminal signal sequence. This signal sequence either anchors the 

substrate to the IM or is cleaved, thereby releasing the substrate to the periplasm 

(Lycklama a Nijeholt and Driessen, 2012, Palmer and Berks, 2012). If further 

targeting to or across the OM is required, substrates usually interact with periplasmic 

chaperons, which guide them to the respective OM crossing machinery (Costa et al., 

2015). These machineries often display a β-barrel in the OM and are therefore 

dependent on the BAM complex for assembly (Kim et al., 2012). Transport across the 

IM can be energized by the pmf or NTP hydrolysis (Costa et al., 2015). Transport 

across the OM can be energized by the folding of the substrate or by coupling the 

OM crossing system to an IM crossing system (Costa et al., 2015, Jin, 2020).  

 

1.1.2 Double	membrane	crossing	systems	

At least five double membrane crossing systems have been identified so far, 

termed type 1 secretion system (T1SS) to T4SS and T6SS. The T1SS will be 

introduced in detail in section 1.2.2.  

The T2SS is present in pathogenic and non-pathogenic Gram-negative bacteria 

and can transport various folded proteins from the periplasm to the extracellular 

space (Costa et al., 2015). The substrates of T2SSs are diverse in size and function 

including toxins, adhesins or cytochromes but are mainly hydrolyzing enzymes that 

can degrade biopolymers thereby increasing nutrient availability (Nivaskumar and 

Francetic, 2014). The substrates are transported to the periplasm either by the Sec 

translocon or the TAT pathway (see section 1.1.1 for details on these systems).  

The transport channel of T2SSs is a large multimeric complex consisting of 12-

15 components, most of which form oligomers themselves (Nivaskumar and 

Francetic, 2014). The system can be divided into four parts: An OM complex, an IM 

complex, a periplasmic pseudopilus and a cytoplasmic ATPase (Figure 1.6 A). The 

pseudopilus shows homology to the type IV pilus but does not reach the cell surface, 

hence the prefix ‘pseudo’ (Pugsley, 1993, Vignon et al., 2003). The OM and IM 
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complex form the channel around the pseudopilus and the cytoplasmic ATPase is 

thought to provide the energy for its (dis-)assembly (Vignon et al., 2003).  

Substrates enter the T2SS from the periplasm and are transported folded (Hirst 

and Holmgren, 1987, Pugsley, 1992). So far it is unclear how substrates enter the 

transport channel and how they are recognized. Neither a signal sequence nor a 

conserved structural motif has been identified among the T2 substrates so far 

(Pineau et al., 2014) and no lateral gate has been found in structures of OM 

complexes (Hay et al., 2017, Yan et al., 2017). However, in 2019 Chernyatina and 

Low were able to isolate a ~2.4 MDa complex from Klebsiella pneumonia, 

corresponding to seven of its fourteen T2SS proteins (Chernyatina and Low, 2019). 

Their cryogenic electron microscopy (cryo-EM) analysis allowed reconstitution of the 

full OM complex (Figure 1.6 B) and modeling of the cytoplasmic components. The 

authors argue that a weak interaction between OM and IM complex is a requirement 

for substrate uptake into the channel. There the substrate is pushed through the 

channel in a piston-like manner by extension of the pseudopilus (Vignon et al., 2003, 

Douzi et al., 2011).  
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Figure 1.6 A) Schematic representation of a T2SS (created with BioRender.com). The T2SS 
transports folded substrates (dark blue) from the periplasm (PP) to the extracellular space. A complex 
in the OM (petrol) and the IM (shades of yellow and orange) surround a pseudopilus (red), which 
pushes substrates through the OM complex. The process is energized by a cytoplasmic ATPase 
(green). CP = cytoplasm. B) Structure of the OM complex from Klebsiella pneumonia showcasing size 
and complexity of this complex (PDB 6HCG, drawn with PyMOL). 

 

T1 and T2SSs are double membrane crossing systems that deliver their 

substrate to the extracellular space or, in the case of adhesins, to the cell surface. In 

contrast to that, T3, T4 and T6SSs are able to cross a third membrane and deliver 

their substrates directly into the membrane or the cytosol of a host cell (Costa et al., 

2015).  

The T3SS is found mostly in pathogenic Gram-negative bacteria and has been 

termed ‘the needle complex’ due to its unique architecture (Figure 1.7). Around 20 

different proteins with copy numbers ranging from 1 to over 100 form a large 

complex of ~6 MDa that can be separated into a double membrane spanning base 

and a 20-150 nm long needle filament (Wagner et al., 2018). The assembly of the 

base structure is itself a complex process involving local peptidoglycan reconstruction 

and different models are discussed in the literature (Deng et al., 2017). Substrates of 

T3SSs can be separated into early, intermediate and late substrates, which all have 
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different functions. The early substrates are involved in building the needle filament 

and controlling its length (Kubori et al., 2000). In contrast to the pseudopilus of 

T2SSs, the needle filament grows at its distal end and not at the cell-proximal end. 

Needle filament subunits have to pass the whole needle before being incorporated in 

the tip of it (Crepin et al., 2005). The needle tip consists of specialized tip proteins 

that are able to sense contact to a host cell (Veenendaal et al., 2007). The exact 

mechanisms of sensing and subsequent signal transduction to the cytoplasm of the 

bacterium are unknown so far and might differ for different species (Wagner et al., 

2018). However, host cell contact triggers the secretion of intermediate substrates, 

so-called translocator proteins, which are able to form a pore in the host cell 

membrane allowing entry of the late substrates, the effector proteins (Figure 1.7 A) 

(Lara-Tejero and Galán, 2009, Montagner et al., 2011). These effectors trigger host 

cell responses, which support the life cycle of the respective pathogen and are 

therefore diverse in function (Raymond et al., 2013). 

Substrates of T3SSs contain a N-terminal signal sequence of roughly 20 amino 

acids followed by a chaperon-binding domain (Stebbins and Galán, 2001, Samudrala 

et al., 2009). Chaperon and substrate are often distinct pairs and are adjacent in the 

T3 operon (Wattiau et al., 1996). Apart from guiding the substrates to the 

cytoplasmic sorting platform of the base structure, the chaperons also prevent toxic 

functions like insertion of translocator proteins in the bacterial IM (Krampen et al., 

2018). The sorting platform itself is a modular complex that presents different 

chaperon-binding sites during the secretion process thereby contributing to secretion 

regulation (Portaliou et al., 2017). At the sorting platform the chaperon is removed, 

the substrate is unfolded and transported unfolded through the needle-complex in a 

pmf-dependent manner (Akeda and Galán, 2005, Lee et al., 2014, Radics et al., 

2014). The sorting platform also contains a highly conserved ATPase whose 

involvement in the de-chaperoning and secretion process is heavily discussed with 

some publications claiming that secretion is dependent on ATP hydrolysis (Lorenz 

and Büttner, 2009), others claiming ATP hydrolysis is non essential (Paul et al., 2008) 

or that it is dispensable under certain conditions (Erhardt et al., 2014). Although 
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many questions remain unanswered, progress towards understanding the assembly 

and secretion mechanism of T3SSs is supported by crystal structures of single 

components or smaller subassemblies and high-resolution cryo-EM structures of the 

entire system (Figure 1.7 B) (Radics et al., 2014).  

 

 

Figure 1.7 A) Schematic representation of a T3SS (created with BioRender.com). The cytoplasmic 
sorting platform is shown in green, the double membrane spanning base in yellow and orange, the 
needle filament in red and the needle tip, which is formed by intermediate substrates of T3SS, is 
shown in blue forming a translocation channel through a host membrane. This enables the secretion of 
a mixture of different effector proteins (blue random shapes). B) Surface representation of Salmonella 

typhimurium’s needle complex adapted from (Schraidt and Marlovits, 2011).  

 

The same holds true for the T4SS. In 2014 Low et al. published the first 

structure of a nearly complete T4SS in solution (Low et al., 2014). This was followed 

in 2018 and 2019 by electron tomography images of three more T4SSs of different 

subgroups (Figure 1.8 shows an F-plasmid encoded T4SS from E. coli) (Chetrit et al., 
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2018, Hu et al., 2019a, Hu et al., 2019b). These four structures are very versatile in 

dimensions (diameters ranging from ~185 Å to ~400 Å in the OM) and underline the 

diversity found among T4SSs (Costa et al., 2020). These systems are unique in the 

sense that they are able to translocate protein-DNA complexes to the cytosol of a host 

in a process called conjugation, which contributed to their wide spread among Gram-

positive and -negative bacteria as well as archaea (Souza et al., 2012). They are 

involved in pathogenesis, symbiosis and their ability to exchange whole plasmids 

contributes to the rising resistance against antibiotics among pathogens (Hubber et 

al., 2004, Huddleston, 2014).  

Based on the secreted substrate(s) and substrate location, three subgroups of 

T4SSs have been defined. There are systems that secrete i) protein-DNA complexes 

into the cytosol of a host, ii) effector proteins into the cytosol of a host and iii) 

systems that secrete into or take up proteins and protein-DNA complexes from the 

surrounding environment (Zechner et al., 2012). Some bacteria express multiple 

T4SSs of different subgroups (Dehio, 2008). In addition to that, the structural 

organization of T4SSs is also very diverse but can be roughly divided in two groups: 

The ‘minimized’ and ‘expanded’ systems (Costa et al., 2020). The ‘minimized 

systems’ consist out of twelve different proteins while the ‘expanded systems’ utilize 

numerous accessory proteins in addition to these to build the translocation complex. 

However, all systems share common building blocks: A periplasmic stalk connects a 

complex in the OM (OMC), and a complex in the IM (IMC), while a pilus reaches out 

into the extracellular environment from the OMC (Figure 1.8) (Costa et al., 2020). In 

most cases the IMC contains a conserved membrane anchored ATPase (also called T4 

coupling protein), which is involved in substrate recognition and sorting as well as 

energizing the assembly and transport via ATP hydrolysis together with two 

additional cytoplasmic ATPases of the IMC (Zechner et al., 2012, Llosa and Alkorta, 

2017). Not much is known about the assembly of T4SSs, however, it is widely 

accepted that the double membrane spanning base has to assemble first in order to 

assemble the pilus. Pilus elongation is promoted by addition of post-translationally 
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modified pilin subunits at the cell-proximal end (Eisenbrandt et al., 1999, Clarke et 

al., 2008).  

Substrates are believed to enter the translocation channel from the cytoplasm 

after being targeted to the machinery by specific chaperons (Pattis et al., 2007). This 

targeting involves at least the T4 coupling protein, the chaperon-substrate complex 

and translocation signals (TSs) on the substrate(s) (Zechner et al., 2012). Different 

TSs have been identified for different systems and their nature is extremely versatile: 

TSs located at the C-terminus can display clusters of positively charged residues 

(Vergunst et al., 2005), hydrophobic residues (Nagai et al., 2005) or short polar and 

negatively charged residues (Huang et al., 2011). TSs can also be distributed to both 

termini of a substrate (XVIPCD motif) (Alegria et al., 2005) or appear as a structural 

fold when the substrate is bound to its chaperon (Wagner et al., 2019). Identifying 

T4SS substrates is therefore a complex task, which is further complicated by the 

sheer amount of possible substrates. For example, the ‘Dot/Icm’ T4SS from 

L. pneumophilia secretes over 300 effector proteins during infection (Isaac and 

Isberg, 2014).   

Substrate recognition for conjugative plasmids involves a multiprotein complex 

termed relaxosome, which assembles on the origin of transfer (oriT) of a respective 

plasmid (Rehman et al., 2019). These plasmids are usually self-transmissible, 

meaning that they encode all proteins necessary for transfer (F-plasmid) (Zechner et 

al., 2012). The relaxosome complex prepares and targets the DNA for transfer: A 

helicase unwinds the DNA allowing a relaxase to cut the strand destined for transfer 

(T-strand) at a defined position (nic) (Nelson et al., 1995). Through this nicking-

reaction the relaxase is covalently bound to the 5’ end of the T-strand forming a 

nucleoprotein that can be recognized by the T4 coupling protein (Byrd and Matson, 

1997, Llosa et al., 2003). Transfer of this nucleoprotein is mostly dependent on host 

cell contact (Zechner et al., 2012, Costa et al., 2020); however, the recognition and 

signal transduction mechanisms are unknown so far as well as the actual pathway of 

the nucleoprotein through the translocation channel. Once the nucleoprotein reaches 

the cytosol of the host, the relaxase component initiates recircularization and 
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synthesis of the complementary strand (Draper et al., 2005). Complementary strand 

synthesis also happens in the donor, yielding two complete copies of the respective 

plasmid (Kingsman and Willetts, 1978).  

 

 

Figure 1.8 Three-dimensional surface rendering of cryoelectron tomography images of an F-
plasmid encoded T4SS from E. coli adapted from (Hu et al., 2019a). A periplasmic stalk (cyan 
cylinder) connects a complex in the OM (dark blue) with a complex in the IM (yellow and red). The 
cutaway view on the right shows a channel that is closed to the cytoplasm by the ATPase and a plug 
(grey) that closes the channel towards the exterior. The pilus (light blue) emerges from the OM 
complex.  

 

The last double membrane crossing system that will be introduced here is the 

T6SS (Figure 1.9). Although this system is widespread in Gram-negative and 

especially proteobacteria (Boyer et al., 2009), it was first defined as late as 2006 

(Pukatzki et al., 2006). The system can deliver effector proteins to pro- and 

eukaryotic hosts and is sometimes compared to a crossbow as it assembles an arrow-

like tube in the cytoplasm, whose tip is loaded with effector proteins, and ‘shot’ 

outwards into a neighboring cell (Sana et al., 2017). T6SS expressing cells commonly 

also express immunity proteins against these effectors (Ho et al., 2014). The 

resemblance to contractile tail machines of bacteriophages is apparent on both, 

functional and structural level (Ho et al., 2014).  

There are at least 13 conserved proteins that account for the three building 

blocks of the system: The transmembrane complex (TMC), the cytoplasmic baseplate 
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and the cytoplasmic tail (Figure 1.9) (Boyer et al., 2009, Nguyen et al., 2018). The 

TMC consists out of four of these proteins. A complex of ~1.7 MDa corresponding to 

three of these TMC components was subjected to negative stain electron microscopy 

(ns-EM) and the structure was determined at ~12 Å (Durand et al., 2015). 

Surprisingly no pore was found in the OM and the internal channel only showed a 

diameter of 15 Å, which is too small for the arrow-like tube to pass through (Nguyen 

et al., 2018). The TMC, however, recruits components of the cytoplasmic baseplate to 

the IM and also the trimeric ‘arrow-tip’-protein VgrG (Leiman et al., 2009, Brunet et 

al., 2015). The baseplate is the least understood building block of T6SSs but is 

thought to resemble those of myophages due to the similarity of the baseplate 

components (Nguyen et al., 2018). It connects the TMC and the tail structure (Zoued 

et al., 2013) and is believed to be involved in triggering the contraction event of the 

tail upon a so-far unknown signal (Stietz et al., 2018). Finally, the tail consists out of 

an outer sheath and an inner tube (Figure 1.9) (Wang et al., 2017a). In its expanded 

conformation the tail frequently spans the entire width and sometimes length of a 

cell (Basler et al., 2012). The contraction of the sheath reduces the tail length by 

roughly 50 % and pushes the tube up to 500 nm outwards of the cell (Basler et al., 

2012, Ho et al., 2014). The tube is made up of hexameric Hcp subunits and the 

before-mentioned trimeric tip protein VgrG to which effector proteins can bind 

(Mougous et al., 2006, Flaugnatti et al., 2016). Furthermore, proteins of the PAAR-

superfamily can also bind to VgrG, sharpening the tip and sometimes carrying 

additional effector domains (Shneider et al., 2013). The tube has an inner diameter 

between ~20 Å (V. cholerae (Wang et al., 2017a)) and ~40 Å (P. aeruginosa 

(Mougous et al., 2006)), which only allows unfolded effector proteins to bind to the 

inside of the tube (Silverman et al., 2013). In support of this, a chaperon function has 

been assigned to the main tube component Hcp (Silverman et al., 2013). Considering 

all the possible binding sites a cocktail of multiple effectors can be loaded to one 

‘arrow’ and be delivered in one single translocation event to a host cell (Nguyen et al., 

2018). The possible effectors are very diverse with some having cytoplasmic targets 

(e.g. nucleases) and some having periplasmic targets (e.g. Tme effectors), supporting 
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the respective bacteria in their specific ecological niche (Fridman et al., 2020). So far 

no active transport through the tube has been observed and it does not appear to be 

stable long enough to allow such transport (Nguyen et al., 2018). After one 

contraction event, which takes 5 ms or less (Basler et al., 2012), the sheath subunits 

expose a binding motif for a cytoplasmic ATPase, which disassembles the sheath 

thereby recycling the sheath subunits (Figure 1.9) (Kapitein et al., 2013, Wang et al., 

2017a).   

As already mentioned, the TMC shows a small inner diameter and no OM pore 

(Durand et al., 2015). Also lysozyme domains that would break down the 

peptidoglycan layer of a target cell and are commonly found on tube tips of T4 

phages are mostly missing in T6SS VgrG proteins (Pukatzki et al., 2007). However, 

the force generated by the contraction of the sheath is enough to push the tube by 

brute force through all of these barriers. A calculation of this force is available for a 

T6SS from V. cholera based on cryo-EM structures of the extended and contracted 

tail (Wang et al., 2017a). The authors calculate that the contraction of a 1 µm long 

sheath would release ~44 000 kcal/mol of free energy, pushing the tube by 420 nm 

and rotating it at 40 000 – 50 000 rpm. The most surprising aspect of this model is 

the missing OM pore, which implies that T6SS expressing bacteria puncture their 

own OM in the secretion process. This is supported by the structure of the TMC in 

combination with biochemical experiments: In the closed-resting state (expanded 

sheath), the TMC protein TssM does not reach the exterior but only contacts the OM 

from the periplasmic side. However, during T6 secretion loops of TssM containing 

cysteine mutations can be labeled from the outside, showing that these loops reach 

the cell exterior during the secretion event (forced-open state, Figure 1.9) (Durand et 

al., 2015).  
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Figure 1.9 Schematic representation of a T6SS (created with BioRender.com). The TMC is shown 
in shades of yellow and the cytoplasmic baseplate in shades of green. During the resting state (left) the 
TMC does not cross the OM. After secretion (right) parts of the TMC become accessible from the 
outside. At the baseplate the specialized tip is assembled. It consists out of the trimeric tip protein 
VgrG (dark purple) and the tip is sharped by proteins of the PAAR family (lighter purple). Effector 
proteins (red) can bind to VgrG and the PAAR proteins (only one option is shown for simplicity). Below 
the tip, the tube (dark red) is assembled and surrounded by a sheath (salmon). Upon an unknown 
signal the sheath contracts pushing the tube out of the cell and through the membrane of a 
neighboring cell. A cytoplasmic ATPase (blue) disassembles the sheath thereby restoring the pool of 
sheath subunits. Note that the representation is not to scale. The sheath can span the entire width of 
the cell. 

 

In conclusion, T3 and T4SSs both form tubes or pili, which cross the 

membrane of a respective host. Substrate delivery for both systems is achieved by 

active transport of unfolded substrates (or ssDNA for most T4SSs) through this pilus. 

In contrast to that, T2 and T6SSs attach substrates to the tip of a tube and then push 

this tube either by continuous assembly of the tube subunits (T2) or by a contractile 
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mechanism of a surrounding sheath structure (T6). All of these systems rely on single 

membrane crossing systems such as Sec, TAT or BAM to deliver and assemble at 

least some of their components (Costa et al., 2015).  

 

1.2 Tripartite	efflux	pumps	

Tripartite efflux pumps have a relatively simple architecture compared to other 

double membrane crossing secretion systems and are consequently widespread 

among Gram-negative bacteria (Linhartová et al., 2010, Weston et al., 2018). They 

consist out of one outer membrane protein (OMP) and two inner membrane (IM) 

proteins that together form a channel to transport a substrate across both 

membranes (Eswaran et al., 2004, Kanonenberg et al., 2018). One of these two IM 

proteins belongs to the family of membrane fusion proteins (MFPs), which connect 

the OMP and the second IM component. MFPs are often lipoproteins or bipartite 

membrane proteins and display homology to viral MFPs but they do not facilitate the 

actual fusion of membranes in the context of tripartite efflux pumps (Symmons et al., 

2015). Therefore, they are also referred to as periplasmic adaptor proteins. Tripartite 

efflux pumps are further sub-grouped by their substrate spectrum (narrow or wide) 

and the identity of the second IM component. T1SSs, which belong to the family of 

tripartite efflux pumps, usually transport one or only a few related substrates and 

utilize an ABC (ATP binding cassette) transporter as a second IM component 

(Kanonenberg et al., 2018). Other efflux pumps generally display a wider substrate 

spectrum and use proteins from the ABC transporter family, RND (resistance 

nodulation cell division) family as well as MFS (major facilitator superfamily), SMR 

(small multidrug resistance), MATE (multidrug and toxic compound extrusion) or 

PACE (proteobacterial antimicrobial compound efflux) family as the second IM 

component (Anes et al., 2015). While both IM components are specific to each other 

and the respective substrate (spectrum), the OMP can be more promiscuous towards 

its interaction partners: For example, the OMP TolC of E. coli is used in the HlyA 

T1SS and the AcrAB RND-type efflux pump (Wandersman and Delepelaire, 1990, 

Fralick, 1996). Therefore, under certain experimental conditions these two tripartite 
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efflux pumps compete for the available TolC pool (Cescau et al., 2007). The following 

sections will give an overview of RND-type efflux pumps and T1SSs.   

 

1.2.1 RND-type	efflux	pumps	

RND-type efflux pumps are able to transport a variety of often unrelated toxic 

substrates outside of a cell and can thereby support multidrug resistance (MDR) of a 

respective pathogen (Nikaido and Pagès, 2012). These pumps are widely distributed 

among Gram-negative bacteria and their distribution is further enhanced by the 

frequent use of antibiotics in farming and healthcare (Anes et al., 2015). 

Understanding their efflux mechanism and finding potential inhibitors is therefore 

one strategy to tackle the problem of rinsing MDR among pathogens (Pagès et al., 

2005).  

In 2014 Du et al. published the first structure of an assembled RND-type efflux 

pump from E. coli at 16 Å (Du et al., 2014). This was followed in 2017 and 2019 by 

near-atomic resolution structures of fully assembled RND-type efflux pump of E. coli 

and P. aeruginosa respectively and both will be used as main examples for RND-type 

efflux pumps here (Figure 1.10) (Wang et al., 2017b, Tsutsumi et al., 2019). The 

RND-type efflux pump of E. coli is comprised of the MFP AcrA, the RND-type 

transporter AcrB and the OMP TolC (AcrAB-TolC). The pump of P. aeruginosa follows 

a similar nomenclature with the MFP MexA, the RND-type transporter MexB and the 

OMP OprM (MexAB-OprM). Both pumps are able to efflux organic solvents and many 

different antibiotics including but not limited to penicillins, tetracyclines, macrolides 

and chloramphenicol (Li and Poole, 1999, Masuda et al., 2000, Sulavik et al., 2001). 

Furthermore, at least AcrAB-TolC is also able to efflux compounds such as SDS 

(sodium dodecylsulfate), rhodamin 6G and ethidium bromide (Sulavik et al., 2001).  

Both pumps display the same overall stoichiometry with a trimeric RND-type 

transporter and OMP, connected by a hexameric MFP (Wang et al., 2017b, Tsutsumi 

et al., 2019). The OMPs display the lowest sequence identity in this system (23 %) 

but their overall structure is very similar (Figure 1.10). They show a β-barrel in the 

OM and an α-helical extension that reaches about 100 Å deep into the periplasm thus 
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piercing the peptidoglycan layer. Each monomer has two helix-turn-helix (HTH) 

motifs at the periplasmic end thereby displaying six HTH motifs for interaction with 

the HTH motif of the hexameric MFPs (Wang et al., 2017b, Tsutsumi et al., 2019). 

AcrA and MexA both hold the conserved RLS motif (RxxxLxxxxxxS; x stands for any 

amino acid), which was proposed to facilitate the contact between MFP and OMP 

(Lee et al., 2012). However, the contact interface is more complex than that as 

neighboring residues are also necessary for OMP contact and R96 and S107, which 

are part of MexA’s RLS motif, were shown to be non essential for complex formation 

by mutational studies (Tsutsumi et al., 2019).  

Although in vitro structures of fully assembled pumps are available, there is still 

a heavy debate around the actual contact between OMP and MFP. Both pumps were 

only captured showing tip-to-tip interactions between MFP and OMP, hence 

undermining the earlier proposed ‘wrapping’ or ‘deep interpenetration’ model (Figure 

1.10 A) (Symmons et al., 2009, Wang et al., 2017b, Tsutsumi et al., 2019). In this 

model MFP and OMP make extensive contacts along their helices and OMP and RND-

type transporter make direct contact (Symmons et al., 2009). The model was 

proposed for AcrAB-TolC and supported by cross-linking experiments that showed a 

direct interaction between AcrB and TolC (Touzé et al., 2004, Tamura et al., 2005) 

and has recently gained more experimental support by mutational studies on TolC 

(Marshall and Bavro, 2020). Furthermore, docking studies with crystal structures of 

isolated AcrA and TolC showed how AcrA can interact with closed and open TolC in 

the ‘wrapping model’ (Lobedanz et al., 2007). Contrary to that, Jo et al. claim that the 

grooves on TolC, in which the helices of AcrA are fitted, disappear in the open state, 

rendering the ‘wrapping model’ “unreasonable” (Jo et al., 2019). Considering the 

limits of structure determination methods, it remains an open question if the contact 

is only mediated in a tip-to-tip manner as seen in cryo-EM structures of detergent 

solubilized complexes or is more dynamic during the whole secretion process. A 

switch between ‘tip-to-tip’ and ‘wrapping’ mode of interaction would compress the 

pump along the long axis by ~35 Å and would consequently compress the periplasm 

and induce membrane curvature. In this context it is noteworthy that the substrate-
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bound AcrAB-TolC pump is ~10 Å shorter along the long axis (from IM to OM) than 

the resting AcrAB-TolC pump (Wang et al., 2017b). If the compression of the pump 

also takes place in vivo, remains to be determined.  

 

 

Figure 1.10 Structures of RND-type efflux pumps. A) Comparison of the ‘deep interpenetration’ 
model (also ‘wrapping model’) and the tip-to-tip connection of the AcrAB-TolC efflux pump of E. coli 
(adapted from (Marshall and Bavro, 2020)). TolC is shown in dark green with one monomer in cyan. 
AcrA is shown in pink and orange. AcrB is shown in shades of blue. AcrZ (yellow) is an accessory 
protein that modulates AcrB’s activity but is only involved in the export of some of AcrB’s substrates 
(Hobbs et al., 2012). B) Structure of the MexAB-OprM efflux pump from P. aeruginosa (PDB 6TA5, 
drawn with PyMOL). OprM is shown in dark green and one monomer in cyan. MexA is shown in 
orange and one monomer in pink. MexB is shown in dark blue and one monomer in light blue.  

 

The before-mentioned HTH motifs of the MFPs are part of the 40-45 Å long α-

helical domain, which is followed by a ring of six lipoyl domains (Wang et al., 2017b, 

Tsutsumi et al., 2019). These lipoyl domains neither contact the OMP nor the RND-

type transporter but rather mediate the oligomerization of the MFP (Staron et al., 

2014). Moving closer to the IM, two more rings with increasing diameter follow, 

formed by the β-barrel and membrane proximal (MP) domain respectively. Both of 

these make contact to the RND-type transporter displaying alternating larger and 

smaller contact areas, leading to the interpretation that the MFPs form a trimer of 

dimers (Wang et al., 2017b, Tsutsumi et al., 2019). Furthermore both MFPs, AcrA 
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and MexA, are lipoproteins that are anchored to the IM by a palmityl moiety but are 

also functional without it (Zgurskaya and Nikaido, 1999a, Yoneyama et al., 2000).  

The trimeric RND-type transporter is the last component of the efflux pump 

and resides in the IM with a transmembrane (TM) domain containing 12 TM helices 

per monomer (Murakami et al., 2002, Sennhauser et al., 2009). Roughly the other 

half of the protein is located in the periplasm and can be separated into two domains: 

The porter domain and the funnel-like (MexB) or docking (AcrB) domain, which both 

contact the MFP (Wang et al., 2017b, Tsutsumi et al., 2019). The docking domain of 

AcrB has also been described as funnel-like but has been termed docking domain 

because it was believed to dock directly to TolC (‘wrapping model’) (Murakami et al., 

2002). The porter domain contains the drug binding pocket and, in the case of AcrB, 

three drug entrance channels, which enable the transporter to take up drugs from the 

periplasm or the IM (Nakashima et al., 2011). During drug extrusion each monomer 

of the transporter adopts three distinct conformations: i) Access or ‘loose’ (L) 

conformation, in which the respective drug entrance channel is open but the actual 

binding pocket is still shrunken. ii) Binding or ‘tight’ (T) conformation, in which the 

drug binding pocket is expanded, the entrance gate is still open and the exit gate 

towards the funnel-like domain is still closed. iii) Extrusion or ‘open’ (O) 

conformation, in which the entrance gate is closed, the exit gate is open and the drug 

binding pocket is shrunken again, pushing the drug towards the exit gate (Murakami 

et al., 2006, Du et al., 2015). The voluminous drug binding pocket is able to 

accommodate for substrates of different size and displays multiple aromatic residues 

for multisite binding of different drugs (Nakashima et al., 2011). Both, AcrB and 

MexB, have been found as asymmetric trimers with each monomer displaying one of 

these three conformations (LTO) suggesting a functional rotation mechanism during 

which each monomer of the RND-type transporter cycles through these stages to 

promote drug efflux (Murakami et al., 2006, Sennhauser et al., 2009). RND-type 

transporters are pmf-dependent and the energy for cycling through these 

conformations is derived from proton antiport (Zgurskaya and Nikaido, 1999b, 

Ikonomidis et al., 2008). Symmetric trimers are mostly linked to resting or inactive 



  Introduction	

 27 

efflux pumps. For example, AcrB has been found mainly in the TTT conformation in 

the presence of an inhibitor and mainly in the LLL conformation in the absence of a 

substrate (resting-state) (Wang et al., 2017b).  

Assembly of RND-type efflux pumps is a two-step process: The IM components 

assemble first into a subcomplex, AcrAB or MexAB, before recruiting the OMP (Shi et 

al., 2019, Tsutsumi et al., 2019). This recruitment does not seem to be substrate 

dependent (Touzé et al., 2004): For MexAB-OprM the pump can be assembled in 

vitro without substrates present (Tsutsumi et al., 2019). Localization studies on GFP 

(green fluorescent protein)-tagged AcrB showed that it is confined in the presence of 

TolC (and AcrA) and mobile in TolC-deletion strains (Yamamoto et al., 2016), which 

implies that AcrAB can bind to TolC in the absence of substrates. In the context of 

living cells this might be negligible as expression is tightly regulated and only 

induced upon certain environmental signals for example in the presence of an 

antibiotic (=substrate) (Weston et al., 2018). The substrate-free recruitment of the 

OMP might be transient and stabilized in the presence of substrates (Touzé et al., 

2004).  

A major difference between the introduced pumps is also linked to the 

recruitment of the OMP. In the structure of the assembled MexAB-OprM pump, 

OprM, was found in an open conformation (Figure 1.10 B) (Tsutsumi et al., 2019). 

Fitting the closed conformation of OprM from a crystal structure onto MexAB 

resulted in steric clashing of residues, among them L100 of the conserved RLS motif 

of MexA. The authors concluded that this clashing is circumvented in vivo by opening 

of OprM (Tsutsumi et al., 2019). This means that the assembly of the MexAB-OprM 

pump directly opens the OMP. This is in contrast to AcrAB-TolC, which was found 

assembled with TolC closed. Capturing the open conformation required the presence 

of a substrate or inhibitor (Wang et al., 2017b).  

The extensive research on both pumps makes it possible to propose a secretion 

mechanism. In short, a stress signal induces the expression of the pump components 

(Weston et al., 2018). MFP and RND-type transporter form a complex in the IM, 

while the OMP is assembled (or already present) in the more rigid OM in a closed 
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conformation (Shi et al., 2019, Tsutsumi et al., 2019). The OMP pierces the 

peptidoglycan layer in the periplasm, which further hinders its lateral diffusion. The 

IM complex on the other hand can diffuse freely in the IM until it contacts the 

respective OMP (Yamamoto et al., 2016). Contact of MexAB to OprM induces an iris-

like opening of OprM, while the complex is still sealed towards the periplasm (drug 

entrance channel is blocked by a subdomain of MexB) and cytoplasm as neither MexB 

nor AcrB form a channel though the IM (Murakami et al., 2002, Tsutsumi et al., 

2019). Contact of AcrAB to TolC does not induce opening. For that conformational 

changes in AcrB are required, which are induced upon substrate binding. This 

conformational change is transferred to AcrA, which in turn induces the opening of 

TolC (Wang et al., 2017b). Both pumps extrude substrates in a pmf-dependent 

manner by the functional rotation mechanism (Zgurskaya and Nikaido, 1999b, 

Ikonomidis et al., 2008): Each monomer cycles through stages of drug access, 

binding and extrusion in order to increase the drug concentration in the OMP cavity 

until it exceeds the extracellular drug concentration. At this point the drug molecule 

will diffuse out of the channel (Du et al., 2015). When the initial stress signal 

subsides, transcriptional regulation returns to repressing the respective genes and 

membrane homeostasis pathways likely degrade the now ‘useless’ transporter 

components (Dalbey et al., 2012, Weston et al., 2018). 

 

1.2.2 Type	I	secretion	system	(T1SS)	

T1SSs represent a large subgroup of tripartite efflux pumps with a narrow 

substrate spectrum and an ABC transporter as a second IM component. As all other 

tripartite efflux pumps they also utilize an MFP and OMP (Holland et al., 2016). The 

ABC transporter and MFP are specific to the transported substrate and these three 

components (ABC, MFP, substrate) are often encoded adjacent in their operon. The 

OMP can be part of the same operon or be encoded elsewhere as it is not always 

specific to the system (Thomas et al., 2014). The substrates vary greatly in size from 

~9 kDa (MccV) to ~1.5 MDa (IBA) and include proteases, lipases, toxins, iron-
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scavenger proteins, bacteriocins and adhesins (Linhartová et al., 2010, Spitz et al., 

2019).   

T1SSs are assigned to one of three groups based on the identity of their ABC 

transporter (Kanonenberg et al., 2013). In general, ABC transporters contain a 

transmembrane domain (TMD) with multiple TM helices and a nucleotide binding 

domain (NBD), which can bind and hydrolyze ATP (Locher, 2016). The ABC 

transporters of group 1 and 2 contain an additional domain at their N-terminus, 

which can be an active peptidase (group 1) or an inactive peptidase (group 2), while 

ABC transporters of group 3 contain no additional domains (Kanonenberg et al., 

2013). Recently a new subgroup has been identified with the help of phylogenetic 

analysis (Smith et al., 2018b). This subgroup secretes gigantic proteins, which is 

probably why the literature does not touch on the peptidase activity of the small N-

terminal domain of the ABC transporter. The following sections will introduce each 

group and highlight their differences.  

 

1.2.2.1 Group	1	

ABC transporters of group 1 T1SSs hold an active cysteine peptidase at their N-

terminus, which cleaves off the leader peptide during secretion of the substrate 

(Kanonenberg et al., 2013). One of the best investigated systems of this group is the 

MccV T1SS from E. coli, which consists out of the MFP CvaA, the ABC transporter 

CvaB and the OMP TolC (Fath et al., 1992). The substrate MccV belongs to the class 

of bacteriocins, which are small ribosomally synthesized peptides that display 

antibacterial activity. In Gram-negative bacteria bacteriocins are further subgrouped 

into the larger colicins (30-80 kDa) and the smaller microcins (1-10 kDa) (Rebuffat, 

2011). It is important to note that MccV was first classified as a colicin and termed 

colicin V (ColV) before it was reclassified as a microcin and renamed by Duquesne et 

al. in 2007 (Duquesne et al., 2007). However, both names, ColV and MccV, are still 

commonly found in the literature. Microcins are even further subgrouped into class I 

(<5 kDa) and class II (>5 kDa), with class I microcins often undergoing extensive post-

translational modifications before secretion (Duquesne et al., 2007). The class II 
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microcins, which MccV belongs to, can also undergo post-translational modifications 

but more importantly they share a common operon organization, which separates 

them from class I: In the minimal version the operon of class II contains the gene for 

the pro-microcin, a self-immunity protein, an ABC transporter and an MFP (class IIa). 

At times the operon is expanded by the presence of genes encoding for post-

translational modification enzymes (class IIb) (Duquesne et al., 2007).  

MccV in its mature form has a calculated size of 8.7 kDa and is active against 

related Gram-negative bacteria (Cohen et al., 2018). It is first synthesized from cvaC 

as a 103 amino acid long pro-microcin with the first 15 amino acids corresponding to 

the leader peptide. The mature MccV contains one disulfide bond between C78 and 

C89 (numbering corresponds to mature MccV without leader peptide), which is 

probably formed before secretion (Håvarstein et al., 1994). Not much is known about 

the actual transport process or spatial and temporal control of channel assembly. 

However, it is believed to be similar to other T1SSs and tripartite efflux pumps, like 

AcrAB-TolC: The MFP CvaA probably connects TolC and CvaB, which leads to the 

formation of one continuous channel from the cytoplasm to the extracellular space 

(Hwang et al., 1997). In order to protect the secreting bacterium from influx of toxic 

compounds and uncontrolled efflux through this channel, the opening and/or channel 

assembly is most likely connected to substrate recognition. So far it has been shown 

that CvaB cleaves the leader peptide of pro-MccV (Wu and Tai, 2004), showing that 

recognition could be mediated by the interaction of the leader peptide with the 

peptidase domain, but further interactions are possible. Once recognized, the CvaB 

peptidase domain cleaves the leader peptide after a conserved double-glycine motif 

in a Ca2+-dependent manner (Wu and Tai, 2004). CvaB then translocates MccV from 

the cytoplasm to the proposed CvaA-TolC cavity in the periplasm likely by the 

‘alternating access’ mechanism (Beis and Rebuffat, 2019). In the context of microcin 

secretion from Gram-negative bacteria this mechanism can best be explained with the 

ABC transporter McjD from E. coli since crystal structures of different conformations 

are available (Choudhury et al., 2014, Mehmood et al., 2016, Bountra et al., 2017).  
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McjD transports the class I microcin MccJ25 (Solbiati et al., 1999). 

Interestingly, the export of MccJ25 is dependent on TolC and an ABC transporter but 

does not seem to be facilitated by a T1SS, as the MFP is absent in the MccJ25 operon 

as well as in other class I microcin operons (Delgado et al., 1999, Duquesne et al., 

2007). The four available crystal structures of McjD (Choudhury et al., 2014, 

Mehmood et al., 2016, Bountra et al., 2017) make it possible to postulate the 

transport mechanism as follows: In the absence of the substrate and ATP the 

transporter can adopt two different conformations: inward-occluded or inward-open. 

In both conformations the NBDs are disengaged and the transporter is sealed 

towards the periplasm (inward). In the inward-occluded conformation the transporter 

is also sealed towards the cytoplasm while in the inward-open conformation the 

substrate binding cavity is accessible for MccJ25. Substrate binding probably 

precedes ATP binding, because futile ATP binding and hydrolysis (in the absence of 

substrate) does not induce changes in the TMDs and thereby does not open the 

transporter towards the periplasm. Furthermore, ATP binding leads to the 

dimerization of the NBDs, which leads to an outward-occluded conformation that 

does not allow substrate entry into the cavity. Thus, after MccJ25 binds to the 

inward-open conformation of McjD, the NBDs bind ATP and dimerize. This induces 

first a transient outward-occluded conformation, which transitions into a short-lived 

outward-open conformation to release MccJ25. Substrate release transitions the 

outward-open conformation back to the outward-occluded conformation and ATP 

hydrolysis resets McjD to an inward conformation (inward-occluded or inward-open) 

(Figure 1.11) (Bountra et al., 2017). It should be noted that McjD does not contain a 

protease domain like CvaB and most likely does not interact with an MFP. The 

presence of the MFP CvaA, however, is required for CvaB activity (Zhong et al., 1996) 

and multiple residues apart from the catalytic triad in the protease domain of CvaB 

have been shown to influence MccV secretion activity (Wu et al., 2012). Therefore, 

the transport mechanism for CvaB might be more complex than for McjD, involving 

for example interactions with CvaA or signal transduction by the protease domain.  
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Figure 1.11 Mechanism of antibacterial peptide export by McjD (taken from (Bountra et al., 
2017). McjD is shown in blue and red; the grey box represents the membrane. Bound nucleotides are 
shown in yellow and the substrate MccJ25 in cyan. McjD adopts either the inward-open or inward-
occluded conformation. Futile ATP hydrolysis (grey dotted box) does not induce enough 
conformational change to open the TMDs towards the periplasm. Substrate and ATP binding changes 
McjD to a substrate-bound transient outward-occluded conformation. This is followed by a transient 
outward-open conformation that allows the substrate to leave the transporter. Without the substrate 
McjD adopts the outward-occluded conformation again and ATP hydrolysis and ADP and Pi release 
reset McjD to an inward conformation.  

 

In summary, group 1 T1SSs transport the smallest substrates among T1SSs 

(bacteriocins) by the alternating access mechanism after cleavage of an N-terminal 

leader peptide by an N-terminal protease domain on the ABC transporter 

(Kanonenberg et al., 2013). 

 

1.2.2.2 Group	2	

Similar to group 1, ABC transporters of group 2 T1SSs also hold an N-terminal 

extension (Kanonenberg et al., 2013). This extension forms a domain, which 

resembles a C39-peptidase in sequence (~40 % identity) and fold (Figure 1.12 B) but 

shows no peptidase activity (Lecher et al., 2012). A famous example of this group is 

the HlyA T1SS from E. coli, with the ABC transporter HlyB, the MFP HlyD and the 
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OMP TolC, which together form a channel to transport the substrate HlyA in a one-

step mechanism across both membranes into the extracellular environment (Holland 

et al., 2016). The structure of the N-terminal extension of HlyB was solved by nuclear 

magnetic resonance (NMR) spectroscopy in 2012 (Figure 1.12 A) and explained why 

no peptidase activity can be measured for this domain (Lecher et al., 2012). Firstly, 

the catalytically essential cysteine residue is replaced by a tyrosine (Tyr9). However, 

exchanging it with a cysteine residue does not recover proteolytic activity. Because 

secondly, the catalytically essential histidine residue (His83) is flipped by 180° 

(compared to an active C39-peptidase) and stabilized in this position by π-π 

interactions with a tryptophane (Trp77). In this orientation histidine cannot accept 

the proton from the nucleophilic residue and the stabilizing tryptophane is conserved 

among group 2 T1SS ABC transporters (Lecher et al., 2012). Therefore, this domain 

was termed C39-like domain (CLD). The exact function of this domain is still unclear 

but its presence is essential to the secretion process (Lecher et al., 2012, Reimann et 

al., 2016).  

Substrates of group 2 T1SSs are transported without removal of a leader 

peptide. In fact, they do not display a classical N-terminal leader peptide at all but 

rather a C-terminal secretion signal, which is not cleaved and reaches the cell surface 

first (Lenders et al., 2015). The characteristics of this secretion signal are still heavily 

debated with implications for a structural motif, a sequence motif or a combination 

of both (Holland et al., 2016) (see chapter 3.3). Also the length of the secretion signal 

seems to differ among the substrates, with larger substrates having longer secretion 

signals: For example, HlyA has a size of 110 kDa (1024 amino acids) and a secretion 

signal of 50-60 residues (Gray et al., 1986, Hess et al., 1990, Jarchau et al., 1994). On 

the other hand, CyaA from B. pertussis has a size of 177 kDa (1706 amino acids) and 

a secretion signal of more than 70 residues (Sebo and Ladant, 1993).  

As already seen in these two examples, the substrates of group 2 T1SSs are 

significantly larger than those of group 1. Furthermore, they are characterized by a 

repeated sequence motif, termed ‘repeat in toxin’ (RTX) motif or ‘GG-repeat’, with the 

consensus sequence GGxGxDxUx (where x can be any amino acid and U represents a 
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large hydrophobic amino acid) (Welch, 1991). Several of these motifs cluster in a C-

terminal RTX domain, which precedes the C-terminal secretion signal. The number of 

RTX motifs varies between RTX proteins from less than 10 to more than 40 repeats 

and is loosely correlated to the size of the respective RTX protein (Linhartová et al., 

2010, Bumba et al., 2016). This motif is not confined to the conserved C-terminal 

RTX domain as additional RTX motifs can be distributed throughout the protein 

(Linhartová et al., 2010). They are able to bind Ca2+ with a KD of approximately 

150 µM (HlyA) (Sánchez-Magraner et al., 2007). Since the intracellular Ca2+ 

concentration is tightly regulated in E. coli and other bacteria ([Ca2+]cytosol ≈ 300 nM), 

Ca2+ binding takes place outside of the cell where the Ca2+ concentration is much 

higher, commonly exceeding 2 mM (Gangola and Rosen, 1987, Jones et al., 1999). 

Upon Ca2+ binding the RTX domain adopts a β-roll structure (Figure 1.12 C) 

(Baumann et al., 1993) where Ca2+ is coordinated by the side chain of aspartate and 

by the carbonyl groups of the backbones of residues 1 and 5 of the RTX motif 

(GGxGxDxUx). The β-roll is topped by a capping structure of five antiparallel β-sheets 

(Figure 1.12 C) and both structural features are conserved among RTX proteins 

(Bumba et al., 2016). Folding of the RTX domain is thought to induce folding of the 

rest of the protein, however, the N-terminal domain represents the functional domain 

and can therefore be very diverse (Linhartová et al., 2010). For example, CyaA from 

B. pertussis holds five consecutive RTX domains where folding of the most C-terminal 

RTX domain induces folding of the following RTX domains (in the presence of Ca2+) 

(Bumba et al., 2016). The functional N-terminal adenylat cyclase domain, however, is 

able to refold in the presence of its substrate calmodulin but independently of the 

RTX domains (Karst et al., 2010).  
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Figure 1.12 Structural features of group 2 T1SS. A) Cartoon representation of HlyB CLD from E. coli 
(PDB 3ZUA). B) Overlay of HlyB CLD (green) with active C39 peptidase ComA-PEP (orange) from 
Streptococcus mutans (PDB 3K8U). The structures are very similar with an RMSD of 1.8 Å over 137 Cα 
atoms. C) Cartoon representation of the most C-terminal RTX domain (RTX V; blue) of CyaA from B. 

pertussis (PDB 5CVW). Coordinated Ca2+ is shown as red spheres. The β-roll structure is topped by a 
capping structure (cyan). All structures were drawn with PyMOL. 

 

The need for independent folding of domains is more apparent in 

multifunctional auto-processing RTX proteins (MARTX). They represent a subgroup 

of RTX proteins, which are secreted by group 2 T1SSs. They hold up to five different 

functional effector domains and a conserved auto-processing cysteine protease 

domain in their N-terminus. Furthermore, they also display the described C-terminal 

RTX domain and secretion signal and are therefore very large proteins with up to 

5300 amino acids (Satchell, 2011). Upon secretion and folding of the RTX domain, 

MARTX proteins are able to form a pore in the membrane of a host cell, through 

which they can deliver their effector domains (Woida and Satchell, 2018). As most 

proteins of an OM, this pore is proposed to form a β-barrel with an estimated radius 

of 16.3 Å (Kim et al., 2008), which only allows for unfolded effectors to pass through 

(Kudryashova et al., 2014). Subsequently, these effector domains need to fold inside 

of the host cell where they modulate host cell signaling in various different ways 

(Woida and Satchell, 2018). The delivery of MARTX proteins to their host cell 

therefore resembles the T5SS where a single polypeptide chain can form a pore in 

the OM through which it releases effector domains by auto-processing (see section 

1.1.1.). 

There is no structure available for a fully assembled T1SS but the crystal 

structure of TolC in its open conformation suggests that HlyA and other T1SS 

substrates need to be transported unfolded (Koronakis et al., 2000). Furthermore, 
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specific interactions between ABC transporter and substrate were shown to depend 

on an unfolded substrate (Lecher et al., 2012). This represents a particular challenge 

for proteins of these sizes (commonly >100 kDa), as their C-terminus reaches the cell 

surface first (Lenders et al., 2015). The proteins have to be completely synthesized at 

the ribosome before the C-terminal secretion signal emerges and kept unfolded and 

undegraded in the cytosol of the producing bacteria. A chaperon usually performs 

such a task and several other secretion systems hold designated chaperons in their 

operon (Costa et al., 2015). However, no chaperon has been identified for any of the 

group 2 T1SS substrates (Kanonenberg et al., 2013). The absence of a chaperon and 

the experimentally prooven interaction of the CLD with the unfolded substrate led to 

the assumption that the CLD takes on the role of a chaperon for T1SS substrates 

(Lecher et al., 2012). This is supported by systems that lack a CLD or C39-peptidase 

at their N-terminus (group 3 T1SS) as they seem to depend on an additional 

chaperon (see next section) (Kanonenberg et al., 2013).  

The interaction of the unfolded substrate with the components of the IM leads 

to the recruitment of the OMP (Thanabalu et al., 1998, Lecher et al., 2012). However, 

the already described ‘alternating access’ mechanism (see section 1.2.2.1) is 

unreasonable for substrates of group 2 T1SSs. They are simply too large to fit into 

any substrate binding cavity a respective ABC transporter could provide.  

In 1992 Simon et al. postulated the ‘Brownian ratchet’ mechanism for which 

Bumba et al. provided experimental evidence in the context of CyaA (Simon et al., 

1992, Bumba et al., 2016). The transport process is divided into two steps: i) the 

initial threading of a part of the protein into the transport machinery and ii) the 

actual subsequent transport (Simon et al., 1992). Surface plasmon resonance (SPR) 

studies with truncated version of HlyA and the isolated NBD of HlyB showed that 

they interact and that this interaction is disrupted in the presence of ATP 

(Benabdelhak et al., 2003). This points to a initial threading process (i), where HlyA 

binds to the nucleotide free form of HlyB NBD and subsequent ATP binding leads to 

the threading of the secretion signal into the transport channel. The actual transport 

process (ii) is thought to follow the ‘Brownian ratchet’ mechanism (Bumba et al., 
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2016). Brownian motion at any given physiological temperature will lead to a back-

and-forth movement of a protein chain though a translocation pore. In order to 

achieve directionality of transport the movement needs to be biased, which can be 

achieved by modifications of the protein chain on either the cis or trans side of 

transport (Simon et al., 1992). In the context of group 2 T1SSs the directionality of 

transport is achieved by Ca2+ induced folding outside of the cell, which prevents the 

protein from sliding back into the translocation pore (Bumba et al., 2016). The RTX 

motifs thereby represent an intramolecular ‘ratchet’ that biases the Brownian 

movement of the substrate towards the outside of the cell.  

Following this model, secretion will be i) temperature sensitive as Brownian 

motion is temperature-dependent (Simon et al., 1992) and secretion will ii) still take 

place without the ratchet but will be drastically slower (~100 fold for CyaA; based on 

calculations from (Hepp and Maier, 2017)). The temperature dependency of secretion 

was shown for HlyA (Koronakis et al., 1991) and CyaA secretion was reduced by ~20 

fold when the ‘ratchet’ was disabled by reducing the extracellular Ca2+ to a 

concentration that does not induce folding (Bumba et al., 2016). This reduction is less 

than expected from the model and points to additional mechanisms that support 

secretion. Furthermore, the secretion rate of HlyA was unaffected by disabling the 

‘ratchet’ (reduction of extracellular Ca2+) (Lenders et al., 2016). The difference in Ca2+-

dependency for secretion is mostly blamed on their different sizes and number of 

RTX motifs, as HlyA has six RTX motifs and a size of 1024 amino acids and CyaA has 

17 RTX motifs and a size of 1706 amino acids (Hepp and Maier, 2017). Thus, CyaA 

is not only larger but holds more RTX motifs per residue. The aforementioned 

additional mechanism that supports secretion is most likely provided by the ABC 

transporter. A mutant of HlyB (G609D) that was able to bind but not hydrolyze ATP, 

was deficient in HlyA secretion. However, this mutant was still able to form a 

complex with HlyD, engage with HlyA and recruit TolC, pointing to an involvement of 

ATP hydrolysis in later transport steps (Thanabalu et al., 1998). Furthermore, there 

are implications that the pmf is also necessary for transport, as addition of the pmf-

depleting agent CCCP (carbonyl cyanide m-chlorophenyl hydrazone) affected HlyA 
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secretion in early steps rather than late steps of transport (Koronakis et al., 1991). 

Taken together, these data infer that secretion of the large group 2 T1SS substrates 

depends on the pmf, ATP binding and hydrolysis and the extracellular folding 

induced by Ca2+ binding (‘Brownian ratchet’) (Koronakis et al., 1991, Bumba et al., 

2016). The contribution of each process to the actual transport likely differs for 

different substrates.  

In summary, group 2 T1SSs are characterized by the presence of a CLD on 

their ABC transporter, which could act as a chaperon for the respective substrate 

(Kanonenberg et al., 2013). These substrates share common features such as the 

presence of a C-terminal RTX domain, which is followed by an uncleaved C-terminal 

secretion signal (Linhartová et al., 2010). Transport proceeds from C- to N-terminus 

and is likely dependent on the pmf, the ability of the ABC transporter to bind and 

hydrolyze ATP as well as Ca2+-induced extracellular folding (Koronakis et al., 1991, 

Thanabalu et al., 1998, Lenders et al., 2015, Bumba et al., 2016).  

 

1.2.2.3 Group	3	

The ABC transporters of group 3 T1SSs do not display an additional N-terminal 

domain and hence substrates of this group are also not cleaved (Kanonenberg et al., 

2013). Similar to substrates of group 2, the substrates of group 3 have no N-terminal 

leader peptide but display a C-terminal secretion signal and are transported unfolded 

(Debarbieux and Wandersman, 2001, Kanonenberg et al., 2013). Most, but not all, 

also hold a C-terminal RTX domain. One famous example of this group without an 

RTX domain is the iron-scavenger protein HasA from S. marcescens (Létoffé et al., 

1994a). It is a 19 kDa protein whose secretion by its dedicated T1SS is completely 

abolished by removal of the last 14 amino acids (Cescau et al., 2007). When 

heterologously expressed in E. coli TolC can replace the original OMP HasF to form a 

complex with the ABC transporter HasD and the MFP HasE (Létoffé et al., 1993). 

Furthermore, HasA secretion can also be mediated by the OMP PrtF: the OMP from a 

group 3 T1SS from Dickeya dadantii (former Erwinia chrysanthemi) (PrtDEF) (Létoffé 

et al., 1994b). This T1SS transports four related RTX domain containing proteases 



  Introduction	

 39 

(PrtA, PrtB, PrtC, PrtG) that are about 50 kDa in size with 3-4 RTX motifs each and a 

secretion signal of 40-55 residues (C-terminal) (Delepelaire and Wandersman, 1990, 

Ghigo and Wandersman, 1992). Importantly, the crystal structure of a homolog of 

the ABC component (PrtD) from Aquifex aeolicus (AaPrtD) was solved in an ADP-

bound state showing unique features that may be conserved among the group 

(Figure 1.13) (Morgan et al., 2017).  

A narrow channel through the TMDs was observed in the ADP-bound structure 

of AaPrtD (Figure 1.13 B) (Morgan et al., 2017). The channel is ~40 Å in length and 

closed on both sides: R307 blocks the channel towards the cytoplasm and a patch of 

conserved hydrophobic residues seals it towards the periplasm. The channel 

dimensions, although measured in a substrate-free state of the transporter, would 

only allow for an unfolded substrate to pass through (Morgan et al., 2017). The 

formation of a cavity that would allow binding of a completely folded 50 kDa 

protease (PrtA/B/C/G), as necessary for an ‘alternating access’ model, would require 

dramatic reorganization of the TM helices. Especially TM3 and TM6 constrict the 

channel since they display sharp kinks, thereby bending inward (Figure 1.13 C) 

(Morgan et al., 2017). In the bacteriocin exporting ABC transporter McjD (see 

1.2.2.1), which acts according to the ‘alternating access’ model, these helices bend 

outward creating a substrate binding cavity (Bountra et al., 2017). In AaPrtD the 

inward bending of TM3 and TM6 creates a ‘concave bowl’ together with TM1, which 

is highly basic (Morgan et al., 2017). The authors note that this could enable the 

transporter to perform electrostatic interactions with acidic regions of the substrate. 

Notably, RTX proteins, including the substrates of AaPrtD, are often acidic with a 

theoretical pI value between 3.2 and 4.9 for 90 % of putative RTX proteins 

(Linhartová et al., 2010). Furthermore, residues that are involved in stabilizing the 

kinks in TM3 and TM6 are not found in peptide transporting ABC transporters (that 

function according to the ‘alternating access model’) but are conserved among group 

2 and 3 T1SS ABC transporters including HlyB (group 2) and HasD (group 3) 

(Morgan et al., 2017). Although the structure of AaPrtD was solved in a substrate free 

state, it supports the theory of transport of unfolded substrates from the side of the 
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ABC transporter. This question is mostly addressed by measurements of the OMP 

pore or from the side of the substrate by analyzing its folding properties.  

 

 

Figure 1.13 Structure of AaPrtD (PDB 5L22). A) Cartoon representation with one monomer in cyan 
and one monomer in green. B) Surface representation with same color coding and orientation as in (A) 
showing the channel through the TMDs. C) Same coloration as in (A) with TM3 highlighted in red and 
TM6 in orange of the cyan colored monomer. Both TM’s display drastic kinks bending towards the 
dimer interface (inward).   

 

The folding properties of HasA and the influence of substrate folding on 

assembly and secretion have been investigated in great detail. HasA rapidly folds in 

solution and in vivo (Wolff et al., 2003). By successively inducing HasA variants and 

the exporter components HasDE, Debarbieux and Wandersman could show that 

premature folding of HasA in the cytoplasm prevents secretion of newly synthesized 

HasA (Debarbieux and Wandersman, 2001). Under physiological conditions, SecB 

prevents premature folding of HasA in the cytoplasm and can also slow down HasA 

folding in vitro (Delepelaire and Wandersman, 1998, Wolff et al., 2003). The HasA 

T1SS is so far the only T1SS for which a SecB-dependency has been shown 

(Kanonenberg et al., 2013). The absence of a CLD or C39-peptidase domain in this 

whole group implies that also other group 3 T1SS substrates could depend on SecB 

or other chaperons for secretion. However, other members of this group mostly 

display at least one RTX domain with roughly four RTX motifs (Holland et al., 2016). 

These have been described as intramolecular chaperons, as they induce folding 

outside of the cell and vice versa prevent folding inside of the cell (Meier et al., 2007). 
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RTX domain containing substrates therefore might not need an additional chaperon. 

This does not undermine the suggested chaperon function of the CLD, as group 2 

T1SS substrates are mostly larger than those of group 3 and might therefore depend 

on the additional chaperon function of the CLD in addition to the RTX domain(s) 

(Kanonenberg et al., 2013). 

The secretion signal of HasA is the only one for which a specific function, apart 

from recognition and threading, has been shown (Holland et al., 2016). Cescau et al. 

demonstrated that the assembly of the tripartite complex is independent of this 

secretion signal and adding it in trans leads to disassembly of the system (Cescau et 

al., 2007). This raises the question about directionality of transport. For other 

systems it has been shown that the C-terminus of the substrate reaches the cell 

surface first (Lenders et al., 2015, Smith et al., 2018a). All of these systems display a 

C-terminal secretion signal, as does HasA. The interaction of the secretion signal that 

leads to disassembly of the Has systems is also dependent on ATP hydrolysis by 

HasD (Masi and Wandersman, 2010). How this could be mediated when the C-

terminal secretion signal is the first part to leave the translocon is not easily 

explained. Therefore, Alva et al. depict the secretion process of HasA as N- to C-

terminus in their recent and very comprehensive review (Alav et al., 2021). 

Furthermore, there are multiple regions in HasA, apart from the secretion signal, that 

are able to interact with HasD and induce OMP recruitment (Masi and Wandersman, 

2010). These regions were identified by random insertions into a secretion 

incompetent variant of HasA in combination with an assembly assay that was applied 

to the HlyA T1SS in this work (see 3.4). The same study further validated that OMP 

recruitment is independent of ATP hydrolysis by HasD but that ATP hydrolysis is 

necessary for disassembly of the system (Masi and Wandersman, 2010). Secretion of 

PrtG, one of the four proteases of the Prt T1SS from D. dadantii, is also dependent on 

ATP hydrolysis by PrtD although it is unclear during which step (Morgan et al., 

2017). Similar to group 2, multiple events, including but not limited to ATP binding 

and hydrolysis, might energize the transport. Based on the comparison of the larger 

CyaA with the smaller HlyA, where CyaA secretion efficiency is dependent on 
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[Ca2+]outside and HlyA secretion rate is independent of [Ca2+]outside (Bumba et al., 2016, 

Lenders et al., 2016), the effect of Ca2+ induced folding might be even smaller for the 

smaller group 3 T1SS substrates that contain an RTX domain. The ‘Brownian ratchet’ 

mechanism is still reasonable for the non-RTX protein HasA, as modifications on 

either side of the transport (including de-chaperoning on the cis side) can bias 

Brownian motion towards a certain direction (Simon et al., 1992). Therefore, removal 

of SecB inside of the cell and rapid folding outside of the cell could drive secretion. 

An impact of the pmf in group 3 T1SSs has so far not been discussed in literature. 

In summary, group 3 T1SSs are characterized by the presence of a classical 

ABC transporter without additional N-terminal domains (Kanonenberg et al., 2013). 

Substrates are of intermediate size compared to group 1 and 2 and are also 

transported unfolded (Debarbieux and Wandersman, 2001). The confirmed 

chaperon-dependency of HasA as well as the postulated N-directional transport might 

correlate with the absence of RTX motifs but more examples need to be evaluated.  

 

1.2.2.4 BTLCP-linked	T1SSs	

Independent of the group (1-3), secretion mediated by T1SSs is always 

described as a one-step process without any periplasmic intermediates (Costa et al., 

2015, Holland et al., 2016). This view is challenged by the largest substrates of T1SS, 

adhesins, for which LapA from Pseudomonas fluorescens Pf0-1 represents the model 

system (Smith et al., 2018b).  

Many already introduced features also apply to this group of T1SSs: The 

secretion apparatus is made of three proteins (ABC/MFP/OMP) that together form 

one continuous channel across both membranes (Hinsa et al., 2003). The substrates 

contain C-terminal secretion signals of similar sizes (e.g. LapA: 67 residues), which 

are preceded by one or several C-terminal RTX domains that fold in the presence of 

Ca2+ due to the conserved RTX motifs (Boyd et al., 2014, Smith et al., 2018b). Again, 

the functional domains are very diverse reflecting the specific task of the protein and 

often contain many repeated domains. One drastic example of this is the 1.5 MDa ice 

binding protein (IBP) or ice binding adhesin (IBA) from Marinomonas primoryensis, 
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which contains 120 ± 10 repeats of a Ca2+-stabilized immunoglobulin-like domain 

(Guo et al., 2017). Secretion of these giant adhesins is also C-directional and no 

chaperons have been identified for any RTX-containing adhesin (Smith et al., 2018a, 

Smith et al., 2018b). Interestingly, the ABC transporters also contain an N-terminal 

domain that might interact with the substrate. Function and structure of this domain 

are still unclear but phylogenetic analysis showed that they neither group with the 

CLDs of group 2 T1SSs nor the C39-peptidases of group 1 T1SSs but rather form 

their own group (Smith et al., 2018a).  

The most striking difference of this group compared to group 1-3, is that 

secretion happens as a two-step process. After assembly of the system and initial 

secretion of a C-terminal part of the substrate, a unique N-terminal domain folds 

presumably in the periplasm and definitely independent of the RTX domain(s) (Boyd 

et al., 2014). This domain clogs the transport channel, which prevents further 

secretion of the substrate thereby anchoring it to the OM though the OMP pore and 

forming a pseudo-periplasmic intermediate during secretion (Guo et al., 2017). This 

domain was termed retention module (RM) and is conserved among BTLCP-linked 

T1SS adhesins (Smith et al., 2018a). The acronym describes the protein family of 

bacterial transglutaminase-like cysteine proteinases (BTLCP) that are involved in the 

secretion process by removing the RM and subsequent release of the adhesin 

(Ginalski et al., 2004, Newell et al., 2011). BTLCPs localize to the periplasm and their 

activity is controlled by an IM-bound c-di-GMP receptor that is encoded adjacent to 

the BTLCP (Newell et al., 2009, Newell et al., 2011).  

Therefore, these giant adhesins present a novel subgroup of T1SSs that 

function via a two-step secretion process (Smith et al., 2018b).  

 

1.2.3 HlyA	T1SS		

The hemolysin A (HlyA) T1SS from E. coli UTI89 is the hallmark of group 2 

T1SSs and the main focus of this thesis. Secretion of HlyA from E. coli and its Ca2+-

dependent hemolytic activity were first described as early as 1951 but the transport 

components, HlyB and HlyD, were not identified until the late 1970s and mid 1980s 
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(Robinson, 1951, Noegel et al., 1979, Mackman et al., 1985). The last transporter 

component, TolC, was identified as the OMP of this system in 1990 (Wandersman 

and Delepelaire, 1990). The following sections will introduce each component of the 

HlyA T1SS in more detail.  

 

1.2.3.1 HlyA	

The substrate of the system, HlyA, is a pore-forming RTX toxin that is active 

against many cell types including erythrocytes and macrophages (Menestrina et al., 

1996). It is synthesized as a 1024 amino acid long inactive pro-HlyA and activation 

requires acylation at K564 and K690 by its specific acyltransferase HlyC prior to 

secretion (Stanley et al., 1994). The secretion process is unaffected by the acylation 

so many studies are performed with the non-toxic, non-acylated version pro-HlyA 

(Nicaud et al., 1985a). Other variants that are commonly used are truncated versions 

that contain different domains of which HlyA has three: The functional N-terminal 

domain, the RTX domain and the C-terminal secretion signal. The truncated version 

HlyA1 contains the secretion signal and roughly half of the RTX domain (3 of 6 RTX 

motifs). HlyA2 is derived from HlyA1 by deletion of the secretion signal (Figure 

1.14 A). Although many other versions of HlyA have been used in different studies, 

these two are especially important as they were used to map interaction sites with 

the transporter components (Benabdelhak et al., 2003, Lecher et al., 2012).  
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Figure 1.14 The substrate HlyA. A) Schematic representation of HlyA domains. The functional N-
terminal domain is shown in blue, the RTX motifs in green and the secretion signal in red. N- and C-
terminus are indicated. The two lysine residues that are acylated by HlyC are marked with black lines. 
The truncated construct HlyA1 contains three RTX motifs and the secretion signal. HlyA2 is derived 
from HlyA1 by deletion of the last 58 amino acids. B) Primary sequence of the secretion signal. 
Residues that reduced secretion in mutational studies are marked in red (Holland et al., 2016).  

 

The functional domain of HlyA is able to form a pore with an estimated size of 

30 Å that induces cell swelling and subsequent lysis (Bhakdi et al., 1986). While the 

N-terminal domain is required for pore formation, the RTX domain is also able to 

interact with a membrane (Sánchez-Magraner et al., 2007). However, there are also 

indications that HlyA can manipulate host cell signaling, for example by inhibition of 

the anti-apoptotic regulator Akt (Wiles et al., 2008). The interaction of a toxin with a 

host cell membrane is often dependent on specific receptors expressed by the host 

cell. For HlyA β2 integrin was shown to enhance HlyA activity but cells that do not 

present this receptor are still susceptible to HlyA (Ristow et al., 2019). Therefore, it is 

unclear which interactions initiate HlyA activity on a host cell.  

The RTX domain holds six repeats of the name-giving RTX motif (GGxGxDxUx; 

x = any amino acid, U = large hydrophobic residue). They are able to bind Ca2+ with a 

KD of 150 µM and Ca2+-binding induces folding of the whole protein in which the 

RTX domain adopts a β-roll structure (Figure 1.12 C) (Baumann et al., 1993, Sánchez-

Magraner et al., 2007). Furthermore, the RTX domain can interact with the CLD of 
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HlyB as shown by in vitro experiments with the isolated CLD and HlyA2. This 

interaction was not enhanced by the presence of the secretion signal (HlyA1) (Lecher 

et al., 2012).  

The secretion signal was identified by N- and C-terminal deletions on HlyA. 

Deletion of the most C-terminal 27 residues completely abolished secretion (Gray et 

al., 1986). Deletions from the N-terminus identified the last 62 residues as the 

minimal secretory fragment (Jarchau et al., 1994). To promote efficient secretion of a 

fusion protein the secretion signal and part of the RTX domain are required (HlyA1) 

(Kenny et al., 1991). Nonetheless, the secretion signal of HlyA is mostly described 

consisting out of the last 50-60 residues (Figure 1.14) (Holland et al., 2016).   

It is well accepted and has been shown in vitro that the secretion signal 

interacts with the transport components (Benabdelhak et al., 2003) and reaches the 

cell surface first (Lenders et al., 2015). However, it is unclear which features of the 

secretion signal promote this interaction. Sequence alignments with a wide variety of 

RTX toxins showed no apparent sequence motif and as shown by random 

mutagenesis many residues in the secretion signal are redundant (Kenny et al., 1994). 

There are, however, a few residues that significantly reduce HlyA secretion when 

mutated (Figure 1.14 B). Several other features of the linear sequence have been 

hypothesized to be important for HlyA secretion, namely a charged cluster (DVKEER) 

and an ‘aspartate box’ (residue 994-1009) but no functional role could be assigned to 

either of them (Zhang et al., 1993). There are also implications for a structural code 

and at least five different helices have been assigned to the secretion signal of HlyA, 

with some being amphipathic helices and some classical α-helices. Four of these five 

helices overlap with each other and with some of the residues that drastically reduced 

HlyA secretion when mutated (EISK) (Holland et al., 2016). Chapter 3 of this thesis 

focuses on this region and the presence of an amphipathic helix between residue 975 

and 986.   
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1.2.3.2 HlyB		

HlyB is the homodimeric ABC transporter of the HlyA T1SS from E. coli 

(Mackman et al., 1985). As already described in 1.2.2.2 HlyB has an additional N-

terminal domain apart from the classical TMD and NBD. The N-terminal domain of 

HlyB resembles a C39-peptidase but is inactive and therefore termed C39-like domain 

(CLD) (Figure 1.12 B). The isolated CLD can be purified from E. coli, which allowed 

NMR and in vitro interaction studies. These studies showed that the CLD can interact 

with HlyA1 and HlyA2 (Figure 1.14 A) to the same extent, illustrating that the 

secretion signal is not needed for this interaction but rather the RTX domain (Lecher 

et al., 2012). Considering that an active C39-peptidase domain recognizes and cleaves 

after a double-glycine motif, the CLD might also interact with the glycine rich RTX 

motifs (Wu and Tai, 2004). Interestingly, the interaction site of HlyA is on the 

opposite site compared to a C39-peptidase (Lecher et al., 2012). The CLD is believed 

to take on the function of a chaperon for the large HlyA for multiple reasons: i) HlyA 

is transported unfolded and therefore cannot adopt a fold that would protect it from 

cytoplasmic proteases (Bakkes et al., 2010b). ii) Transport is C-directional and 

therefore cannot take place co-translational (Lenders et al., 2015).  iii) There is no 

chaperon present in the hly operon (hlyCABD) (Thomas et al., 2014). iv) HlyA 

secretion does not depend on the general chaperon SecB (Bakkes et al., 2010a). v) 

The interaction of the CLD with HlyA depended on the unfolded state of the 

substrate (Lecher et al., 2012).  

Similar to the CLD, the isolated NBD can also be purified from E. coli, which 

also allowed structural determination and in vitro interaction studies (Figure 1.15). 

Opposite to the CLD, the NBD can interact with HlyA1 but not with HlyA2, 

illustrating that the secretion signal interacts with the NBD (Benabdelhak et al., 

2003). Interestingly, this interaction is disrupted in the presence of ATP 

(Benabdelhak et al., 2003) and ATP binding induces dimerization as seen from the 

crystal structures (Zaitseva et al., 2005). ATP is coordinated by motifs that are 

conserved among and define the NBD family (Schmitt and Tampé, 2002). The NBDs 

of HlyB are highly symmetric and therefore present two ATP binding sites. The 
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Walker A (residue G502-T510), Walker B motif (residue I626-E631) and the Q-loop 

(residue Q550-S558) of one monomer coordinate ATP together with the C-loop 

(residue G605-Q610) of the second monomer and vice versa. The D-loop (residue 

S634-D637) is involved in forming the dimer interface and the histidine (H662) of 

the H-loop (residue T656-R663), which was first believed to act as a γ-phosphate 

sensor, is actually involved in ATP hydrolysis and might be involved in monomer-

monomer communication (Figure 1.15) (Zaitseva et al., 2005).   

 

 

Figure 1.15 ATP bound dimer of HlyB NBD H662A from E. coli (PDB 2FGJ). One monomer is shown 
in yellow and the second monomer in beige. The conserved motifs are colored in both monomers but 
only labeled in one. The Walker A motif (red), the Walker B motif (orange) and the Q-loop (cyan) of 
one monomer coordinate ATP (pink sticks) together with the C-loop (blue) of the second monomer. 
The D-loop (black) is involved in forming the dimer interface. The H-loop (green) is necessary for ATP 
hydrolysis. The figure was drawn with PyMOL and inspiration taken from (Zaitseva et al., 2005).  

 

In contrast to the CLD and NBD there is no structure available for the TMD. 

However, there are some indications that HlyA is transported through a hydrophilic 

cavity provided by the TMDs. In a cross-link study between detergent-solubilized 

HlyB and HlyA2, K322 of HlyB and N954 of HlyA were identified. The substitution to 

a bulky residue (K322W) drastically reduced secretion while K322A did not affect 

secretion (Reimann et al., 2016). When modeling the HlyB TMDs on the structure of 

PCAT-1, K322 points inward, suggesting that HlyA is transported directly through the 

TMDs (Reimann, 2017). Furthermore, the group 3 T1SS ABC transporter AaPrtD (see 

1.2.2.3) shows a hydrophilic cavity in the TMDs (Figure 1.13 B) and residues that are 
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involved in forming and stabilizing this cavity are also present in HlyB (Morgan et al., 

2017).  

The CLD and NBD of HlyB can be isolated and interact with HlyA in vitro 

(Benabdelhak et al., 2003, Lecher et al., 2012). Also, HlyB can be purified with 

detergents or reconstituted in lipid-nanoparticles and ATPase activity is stimulated by 

addition of HlyA, showing that full-length HlyB and HlyA can interact independently 

of the other transporter components (Reimann et al., 2016, Kanonenberg et al., 

2019). However, secretion only takes place when all transport components are 

present (Thanabalu et al., 1998). In addition to that, the complex of HlyB and HlyD 

cannot secrete from spheroblasts, which explains why no periplasmic intermediate of 

HlyA has been found (Koronakis et al., 1991).  

 

1.2.3.3 HlyD		

HlyD is the MFP of the HlyA T1SS from E. coli and therefore connects the ABC 

transporter HlyB with the OMP TolC (Mackman et al., 1985). Its N-terminus forms a 

small cytoplasmic domain (CD) of 60 residues, followed by a TM helix of 20 residues 

(60-80) and a large periplasmic domain (PPD) comprised of the remaining 398 

residues (Schülein et al., 1994, Pimenta et al., 1999). Together these domains form a 

protein of 478 residues with a size of 55 kDa. The CD was shown to be essential for 

the secretion of HlyA and two features of it were identified based on sequence 

alignments: an amphipathic helix (AH) (residue 2-26) and a charged cluster (residue 

34-38). Removal of the first 26 residues, which form the AH, drastically reduced pro-

HlyA secretion to about 5-10 % compared to wild type HlyD. Removal of the first 45 

residues and also removal of residue 26-45 completely abolished pro-HlyA secretion 

(Balakrishnan et al., 2001). The CD is able to directly interact with (pro-)HlyA and this 

interaction is required for TolC recruitment (Thanabalu et al., 1998, Balakrishnan et 

al., 2001). However, TolC recruitment by HlyD only takes place in the presence of 

HlyB and HlyA (Thanabalu et al., 1998).  

In general, most MFPs display four domains in their PPD: an α-helical domain 

that contacts the OMP, a lipoyl domain that facilitates oligomerization, a β-barrel and 
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membrane proximal (MP) domain (Figure 1.16 A) that together contact the second 

IM component (Alav et al., 2021). In 2016 Kim et al. published a crystal structure of 

HlyD residue 96-372, which corresponds to the PPD without the first 16 and without 

the C-terminal ~100 residues (Figure 1.16 A). They identified a long α-helical domain 

(115 Å) displaying the typical helix-turn-helix (HTH) motif and a lipoyl domain (Kim 

et al., 2016). RND-type associated MFPs typically show shorter α-helical domains (e.g. 

AcrA: 60 Å) (Mikolosko et al., 2006). However, AaEmrA, an MFS-type associated 

MFP, also shows an elongated α-helical domain of 127 Å and a lipoyl and β-barrel 

domain, but no MP domain (Hinchliffe et al., 2014). Therefore Kim et al. suggest that 

HlyD also misses the MP domain and that the last 100 residues that are missing in 

the crystal structure form the β-barrel domain (Kim et al., 2016).   

The tip-to-tip contact of AcrA and TolC is mediated by the RLS motif 

(RxxxLxxxxxS; x = any amino acid) (Figure 1.16 A) of which leucine is the most 

conserved residue (Lee et al., 2012). Alignments of the HTH region identified a DLA 

motif in HlyD instead of the RLS motif and D239 and L243 were subjected to 

mutational studies combined with cross-link experiments (Figure 1.16 A). This 

approach confirmed that these residues are involved in TolC contact suggesting that 

HlyD and AcrA interact with TolC in the same manner (Kim et al., 2016).  

The oligomeric state of HlyD in the assembled T1SS is still under debate. So far 

only trimers have been isolated with the help of cross-linkers but a hexamer is often 

suggested, since it would be the smallest common denominator between the dimeric 

HlyB and trimeric TolC (Thanabalu et al., 1998, Balakrishnan et al., 2001). 

Furthermore, all structures of assembled tripartite efflux pumps show a hexameric 

organization of the MFP, which is facilitated by the lipoyl domains (Alav et al., 2021). 

The lipoyl domain of AcrA and HlyD align well with an RMSD (root mean square 

deviation) of 2.15 Å over 48 Cα atoms (Kim et al., 2016). This prompted multiple 

research groups to model a hexameric organization of HlyD (Figure 1.16 B), which 

can be docked to TolC in a tip-to-tip manner (Kim et al., 2016, Jo et al., 2019, Alav et 

al., 2021). Also the lipoyl domains arrange into a ring with an inner diameter of 20 Å, 

which would allow for an unfolded substrate to pass through (Kim et al., 2016). 
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Figure 1.16 A) Cartoon representation of AcrA (green, PDB 5V78) and HlyD residue 96-372 (cyan, 
PDB 5C21). AcrA has four domains: an α-helical domain, a lipoyl domain, a β-barrel domain and a 
membrane proximal (MP) domain. In the partial structure of HlyD only an α-helical domain and a lipoyl 
domain were present. The RLS motif of AcrA and the DLA motif of HlyD that facilitate the contact to 
TolC are shown as red sticks. B) Hexameric model of HlyD (adapted from (Kim et al., 2016). The HlyD 
monomers are shown alternating in cyan and orange.  

 

The components of the IM, HlyB and HlyD, form a complex in the IM even in 

the absence of the substrate (Thanabalu et al., 1998). In other tripartite efflux pumps 

periplasmic domains mediate this contact (Wang et al., 2017b, Tsutsumi et al., 

2019). However, HlyB does not have such large periplasmic domains (Gentschev and 

Goebel, 1992) and HlyD most likely lacks the MP domain (Kim et al., 2016). Their 

contact could be mediated by TM helices in the IM or even in the cytoplasm, since 

HlyD and HlyB each display domains in the cytoplasm, which AcrA and AcrB do not.  

 

1.2.3.4 TolC		

TolC is an OMP of E. coli, which facilitates the efflux of many unrelated 

compounds. It can form an export pore for periplasmic substrates (e.g. MccJ25, see 

1.2.2.1) or engage in a tripartite assembly (Wandersman and Delepelaire, 1990, 

Delgado et al., 1999). It is synthesized as a 493 amino acid precursor and transported 

to the periplasm by the Sec pathway (see 1.1.1) under removal of its leader peptide 

(residue 1-22) (Masi et al., 2009, Zgurskaya et al., 2011).  

In 2000 the crystal structure of TolC was published and revealed a novel 

structure for an OM β-barrel protein (Koronakis et al., 2000). Other trimeric OMPs, 
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like OmpF, form one pore with each monomer (Yamashita et al., 2008). However, 

each monomer of TolC only contributes to a third of the single OM pore. TolC 

measures 140 Å along the long axis with 40 Å corresponding to the β-barrel in the 

OM with an inner diameter of 35 Å. An α-helical barrel extends 100 Å into the 

periplasm with each monomer displaying two HTH motifs. The equatorial domain of 

TolC consists of a mixture of α-helices and β-strands that wrap around the mid-

section of the α-helical barrel (Figure 1.10 A). The α-helices are coiled and twisted in 

a way that closes the TolC channel towards the periplasm and an iris-like opening is 

induced by interaction with another protein (Koronakis et al., 2000).   

Most other OMPs are assembled into the OM by the BAM complex after being 

targeted to it by a chaperon like SurA or Skp (see 1.1.1) (Kim et al., 2012). However, 

TolC assembly into the OM neither requires SurA nor Skp and deep-rough LPS 

(lipopolysaccharide) mutations also had no influence on TolC assembly (Werner et 

al., 2003). After TolC is transported to the periplasm by the Sec translocon it adopts 

an insertion-competent form that is proteinase K sensitive (Werner et al., 2003) but 

likely already a trimer for two reasons: TolC without its leader peptide trimerizes and 

folds in the cytoplasm (Masi et al., 2009) and the monomer interfaces display large 

hydrophilic surfaces that would by energetically unfavoured when exposed to the 

hydrophobic lipid bilayer during insertion of one monomer (Koronakis et al., 2000, 

Werner et al., 2003). Thus, after trimerization in the periplasm, TolC is inserted into 

the OM with the help of BamA and YaeT (Werner and Misra, 2005, Bennion et al., 

2010); both are members of the Omp85 family that is involved in OMP biogenesis 

(Gentle et al., 2005, Kim et al., 2012). Once in the OM, TolC is mostly protected from 

proteinase K digestion as only a carboxy-terminal fragment of ~5 kDa can be cleaved 

from it, leaving a 46 kDa fragment in the OM (Koronakis et al., 1997, Werner et al., 

2003). Interestingly, assembly into the HasA T1SS converts TolC into a proteinase K 

sensitive form again, that can be fully degraded (Masi and Wandersman, 2010).  
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1.2.3.5 Secretion	process		

Secretion of HlyA from E. coli is coupled to the bacterial growth cycle taking 

place during early and mid logarithmic phase and is switched off before the 

stationary phase (Nicaud et al., 1985b, Koronakis et al., 1989). In genetically 

modified E. coli strains, such as E. coli BL21 (DE3), expressing HlyBD and HlyA from 

inducible plasmids can circumvent this confinement. The OMP TolC is constitutively 

expressed at 4472 ± 1231 trimers per cell (in E. coli BL21 (DE3) as well as UTI89) 

and overexpression of the HlyA T1SS components does not influence the TolC copy 

number (Beer, 2020).  

The IM proteins HlyB and HlyD are most likely inserted into the IM by the co-

translational SRP dependent pathway of the Sec translocon (see 1.1.1) (Denks et al., 

2014), where they form a IM complex even in the absence of HlyA (Thanabalu et al., 

1998). Engagement of the IM complex with unfolded HlyA triggers TolC recruitment 

(Figure 1.17) (Thanabalu et al., 1998). The exact interactions are unknown but 

involve all cytoplasmic domains of the IM complex (CLD and NBD of HlyB, CD of 

HlyD), as removal or inactivation of only one of them abolishes secretion (Thanabalu 

et al., 1998, Balakrishnan et al., 2001, Lecher et al., 2012). One the side of HlyA, at 

least the last 62 residues are necessary but the additional presence of at least part of 

the RTX domain (HlyA1) enhances secretion compared to the 62 amino acid 

fragment (Jarchau et al., 1994). In vitro experiments showed that the secretion signal 

interacts with HlyB NBD and the RTX domain with HlyB CLD (Benabdelhak et al., 

2003, Lecher et al., 2012). HlyD and HlyA were also shown to interact with each 

other in vivo in the absence of HlyB (Thanabalu et al., 1998). So far it is unclear if this 

direct interaction also takes place in the presence of HlyB during the secretion 

process.  

After TolC is recruited by HlyD into the transport channel, secretion takes place 

at a rate of 16 amino acids per second per transporter with the C-terminus of HlyA 

reaching the cell surface first (Lenders et al., 2015, Lenders et al., 2016). As soon as 

the RTX domain reaches the outside, it will bind Ca2+ ions, which induce folding of 

the protein thereby preventing backsliding into the TolC pore (Bakkes et al., 2010b). 
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Secretion of full length HlyA takes about 1 min and is ATP dependent at least in later 

steps of secretion (Koronakis et al., 1991, Zaitseva et al., 2005, Lenders et al., 2016). 

The IM complex and TolC disengage after the secretion event, which finishes this 

one-step transport mechanism (Figure 1.17) (Thanabalu et al., 1998).  

 

 

Figure 1.17 Secretion of HlyA by its dedicated T1SS. HlyB (orange) and HlyD (green) form a stable 
complex in the IM (HlyBD). Only two HlyD are depicted for simplicity. Engagement of the unfolded 
HlyA (black line) with the cytoplasmic domains of HlyBD triggers TolC (blue) recruitment. Secretion is 
C-directional and ATP dependent. The RTX domain of HlyA will bind Ca2+ (grey spheres) once it 
reaches the extracellular space and start folding. After secretion of the complete HlyA, it will adopt its 
mature form and HlyBD and TolC disengage. (Created with BioRender.com). 
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2. Aim	
Gram-negative bacteria have evolved many strategies to communicate with 

their environment as reflected by the variety of secretion systems. Depending on the 

context it can be desirable to manipulate these systems either negatively, for example 

during an infection, or positively for biotechnological approaches. Both aims profit 

from a deep functional understanding of the respective system.  

The main focus of this work was placed on the HlyA T1SS from E. coli, as 

T1SSs are wide spread, hold a simple architecture and the HlyA T1SS represents the 

most investigated member of this group. The overall aim of this work was to gain a 

deeper understanding of the secretion mechanism; to achieve this two structural 

aims and one functional aim were set.  

The structure of the OMP TolC was already solved in the open and closed state 

(Koronakis et al., 2000, Bavro et al., 2008) and the NBDs of HlyB have been captured 

in many different intermediate steps of ATP hydrolysis (Schmitt et al., 2003, Zaitseva 

et al., 2005, Zaitseva et al., 2006). The CLD of HlyB has also been investigated as an 

isolated domain (Lecher et al., 2012), leaving the TMDs of HlyB as the last missing 

puzzle piece of the ABC transporter. However, solving only the structure of the TMDs 

would not uncover the organization of the domains towards each other. For this the 

structure of the whole protein is needed. Unfortunately, HlyB shows a tendency to 

aggregation during crystallization trials, which is why a homology approach was 

initiated during this work. The aim was to identify at least one homolog of HlyB that 

can be expressed, purified and crystallized (chapter 3.5). The second structural aim 

was directed towards HlyD. Data on the cytosolic domain (CD) of HlyD is scarce but 

this domain is essential to the secretion process (Balakrishnan et al., 2001). Its small 

size of 60 amino acids makes it a perfect candidate for NMR studies so that 

purification trials of this domain were performed during this work (see section 4).  

The functional aim was directed towards the assembly of the HlyA T1SS. As 

described in 1.2.3.5 it is unclear which domain interactions lead to the recruitment of 

TolC. For the HasA T1SS this question was addressed with a proteinase K 

susceptibility assay, which was transferred to the HlyA T1SS during this work 

(chapter 3.4) (Masi and Wandersman, 2010).  



Publications	

 56 

3. Publications	

3.1 Chapter	1	–	Type	I	secretion	system	–	it	takes	three	and	a	substrate	

 

Title:  Type I secretion system – it takes three and a substrate 

Authors: Kerstin Kanonenberg, Olivia Spitz, Isabelle N. Erenburg, Tobias Beer 

and Lutz Schmitt 

Published in: FEMS Microbiology Letters (2018) 

 Impact Factor 1.987 (2019) 

Own Work: 15 % 

 Writing of the manuscript  

  



  Publications	

 57 

 



Publications	

 58 

 



  Publications	

 59 

 



Publications	

 60 

 



  Publications	

 61 

 



Publications	

 62 

 



  Publications	

 63 

 



Publications	

 64 

 



  Publications	

 65 

 



Publications	

 66 

 

  



  Publications	

 67 

3.2 Chapter	2	-	Type	I	Secretion	Systems	–	One	Mechanism	for	All?	

 

Title:   Type I Secretion Systems – One Mechanism for All? 

Authors: Olivia Spitz, Isabelle N. Erenburg, Tobias Beer, Kerstin Kanonenberg,  

I. Barry Holland and Lutz Schmitt 

Published in: Microbiology Spectrum (2019) 

 Impact Factor 5.465 (2019) 

Own Work: 40 % 

 Writing of the manuscript 



Publications	

 68 

 



  Publications	

 69 

 



Publications	

 70 

 



  Publications	

 71 

 



Publications	

 72 

 



  Publications	

 73 

 



Publications	

 74 

 



  Publications	

 75 

 



Publications	

 76 

 
  



  Publications	

 77 

3.3 Chapter	3	–	In	silico	analyses	of	HlyA	T1SS	components	

 

Title:  In silico analyses of HlyA T1SS components 

Authors: Olivia Spitz and Lutz Schmitt 

Published in: to be submitted 

Own Work: 90 % 

  In silico analyses (alignments, predictions, modeling) 

  Expression and localization of HlyD CD 

  Preparation of the figures 

  Writing of the manuscript 

  



Publications	

 78 

In	silico	analyses	of	HlyA	T1SS	components	
Olivia Spitz and Lutz Schmitt 

 
Institute of Biochemistry, Heinrich-Heine-University Düsseldorf 

 
Corresponding author: Lutz Schmitt, Institute of Biochemistry, Heinrich-Heine-
University Düsseldorf, Universitätsstr. 1, 40225 Düsseldorf, Germany, E-Mail: 
Lutz.Schmitt@hhu.de 

	

Key	words:	HlyA	T1SS,	amphipathic	helix,	EISKIIS	motif	

	

	

Abstract	

Protein structures are a powerful basis to investigate protein function and 

interaction. However, structure determination still requires large amounts of purified 

protein or protein complexes, which can be hard to obtain. In silico tools circumvent 

this problem by comparing protein sequences and assigning already identified 

protein features to similar proteins. With constantly growing numbers of protein 

structures in databases the accuracy of these predictions is steadily increasing, but 

information drawn from these tools still requires critical evaluation.  

We used a combination of secondary structure prediction tools, 3D modeling 

and alignments to analyze data on the hemolysin A (HlyA) Type 1 Secretion System 

(T1SS) of Escherichia coli with a main focus on the initial interactions between the 

substrate HlyA and the transport components of the inner membrane, HlyB and HlyD. 

Our findings strongly support the presence of an amphipathic helix (AH) in the 

extreme C-terminus of HlyA as well as in the cytoplasmic domain (CD) of HlyD. Two 

possible binding pockets for the AH of HlyA were identified in the nucleotide binding 

domain (NBD) of the ABC transporter HlyB and mapped on a 3D model of the 

transporter. Furthermore a conserved motif in the membrane fusion protein HlyD 

was identified and the interactions of HlyA with the different domains of HlyB and 

HlyD are discussed separately.  
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Introduction	

Type I secretion systems (T1SSs) are common in Gram-negative bacteria and 

transport a variety of substrates among those repeats-in-toxin (RTX) proteins 

(Holland et al., 2016). Although our knowledge about this secretion process is 

constantly increasing a lot of questions regarding the initiation of this process remain 

unanswered. The hemolysin A (HlyA) T1SS from Escherichia coli is one of the best-

studied T1SSs and also the focus of this study.  

The substrate of this system, HlyA, belongs to the family of RTX proteins and 

has a size of 110 kDa or 1024 amino acids (aa) (Felmlee et al., 1985, Welch, 1991). It 

is able to lyse several cell types, among them erythrocytes, by inserting its N-terminal 

domain into the membrane of target cells (Ludwig et al., 1991). For this activity 

acylation of two internal lysine residues prior to secretion by the acyltransferase HlyC 

is necessary (Stanley et al., 1994). This acylation only affects the activity of HlyA but 

not its secretion, since pro-HlyA, the non-acylated version, is secreted with the same 

efficiency as the wild type (Nicaud et al., 1985). 

Downstream of this functional, N-terminal domain the RTX domain is located, 

which gave rise to the name of this protein family. A motif of nine conserved residues 

is repeated several times in this domain and was termed “GG repeat” due to its 

consensus sequence: GGxGxDxUx (with x standing for any aa and U for a large 

hydrophobic aa) (Linhartová et al., 2010). These GG repeats bind Ca2+ and induce the 

folding of the whole protein (Baumann et al., 1993, Thomas et al., 2014). In HlyA the 

GG repeats have an approximal KD of ~150 µM Ca2+, which suggests that Ca2+ binding 

and subsequent folding of the protein only happens after secretion, since Ca2+ 

concentration in the cytosol of E. coli is only around 90-270 nM and strictly 

controlled (Gangola and Rosen, 1987, Jones et al., 1999, Sánchez-Magraner et al., 

2007). 

The secretion signal of HlyA has been localized to the C-terminal 50 to 60 

amino acids (Gray et al., 1986, Hess et al., 1990, Jarchau et al., 1994), which reach 

the cell surface first in the secretion process (Lenders et al., 2015). Neither the 
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secretion signal nor any other part of HlyA is cleaved during the secretion process 

(Felmlee et al., 1985).  

The translocation channel of T1SSs generally consists out of three membrane 

proteins: An outer membrane protein (OMP) and two proteins residing in the inner 

membrane (IM), which belong to the family of ABC transporters and membrane 

fusion proteins (MFPs). For the HlyA T1SS these proteins are TolC (OMP), HlyB (ABC 

transporter) and HlyD (MFP) (Mackman et al., 1985, Wandersman and Delepelaire, 

1990). The structure of TolC has been solved by crystallography in 2000 and 

supports the notion that HlyA is transported unfolded (Koronakis et al., 2000).  

The two proteins of the IM, HlyB and HlyD, form a stable complex in the 

absence of the substrate and only recruit TolC upon substrate engagement 

(Thanabalu et al., 1998). To this date it remains unknown which interactions lead to 

the recruitment of TolC and subsequent assembly of the whole transport channel. 

However, the importance of several domains has been shown by deletion of these, 

which resulted in a lack of HlyA secretion. For example, the deletion of the N-terminal 

extension (CLD) of HlyB as well as the deletion of the 40 N-terminal residues of HlyD 

results in a lack of secretion and in intracellular accumulation of HlyA (Pimenta et al., 

1999, Lecher et al., 2012).  

The interaction of the CLD of HlyB with HlyA has been shown by pull-down 

experiments with isolated proteins and the region of the CLD that interacts with the 

substrate has been mapped by chemical shift experiments (Lecher et al., 2012). 

Furthermore the nucleotide binding domain (NBD) of HlyB has been shown to 

interact with the HlyA secretion signal by surface plasmon resonance (SPR) studies 

(Benabdelhak et al., 2003). Both of these interactions only take place with the 

unfolded substrate. Additionally crosslinking experiments showed that HlyA is also 

able to interact with HlyD in the absence of HlyB (Thanabalu et al., 1998).  

While the structure of the isolated CLD and NBD of HlyB have been solved by 

NMR (CLD) and crystallography (NBD) (Schmitt et al., 2003, Lecher et al., 2012), the 

structure of the cytoplasmic domain (CD) of HlyD as well as the structure of HlyA 

remain not solved and can only be predicted using in silico methods. Amphipathic 
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helices (AHs) have been predicted in both, the CD of HlyD and in the secretion signal 

of HlyA (Koronakis et al., 1989, Balakrishnan et al., 2001). While only a few studies 

exist on the CD of HlyD (Pimenta et al., 1999, Balakrishnan et al., 2001), the secretion 

signal of HlyA has been studied in great detail (Stanley et al., 1991, Kenny et al., 

1992, Zhang et al., 1993, Chervaux and Holland, 1996). Still, no consensus sequence 

could be identified for the secretion signal and the recognition of the substrate was 

therefore contributed to the secondary structure of this region. In the most recent 

study a consensus motif in the predicted AH of HlyA was identified by aligning the 

last 100 aa of 40 RTX toxins and this motif was termed ‘EISKIIS-motif’ due to its 

primary sequence (Kanonenberg, 2018). Proline mutations and mutations identified 

in other studies (Chervaux and Holland, 1996) were introduced to this region to 

disrupt the AH. All mutants displayed the same hemolytic activity and their secretion 

rates were determined and compared to wild type HlyA (Lenders et al., 2016, 

Kanonenberg, 2018).   

We analyzed these mutants in regards to their secretion rate phenotype with a 

combination of in silico tools, including secondary structure prediction and peptide 

modeling, and our findings strongly support the presence of an AH at this position. 

Furthermore we analyzed the available structures of the NBD of HlyB and found two 

possible interaction sites for the AH of HlyA. These interaction sites as well as the 

previously identified HlyA interaction site of the CLD were mapped onto a model of 

HlyB. The CD of HlyD was also subjected to in silico analyses and the possible 

interactions with HlyA are discussed.  

	

Results	and	Discussion	

Evaluation of HlyA amphipathic helix (AH) 

The amphipathic helix (AH) in the C-terminal secretion signal of HlyA was 

proposed to be located between residue L973 and F990 (Koronakis et al., 1989). The 

secretion rate of 21 mutants in this region has been previously determined with 

eleven mutants displaying a strongly reduced secretion rate (Figure 1 A) 

(Kanonenberg, 2018). Ten of these eleven mutants are proline substitutions, 
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however, there are single proline mutations that display the same secretion rate as 

the wild type, for example E979P. We analyzed the wild type and all 21 mutants with 

a combination of in silico tools, which included secondary structure prediction by two 

different tools (AmphipaSeeK and Quick2D) as well as peptide modeling (PEP-

FOLD3). For HlyA wild type AmphipaSeeK, all five models provided by PEP-FOLD3 

and all four prediction methods used by Quick2D predicted the same AH starting at 

residue P975 ± 1 and ending at residue A986 ± 1 (Figure 1 B and C). 

	

 
Figure 1: A) Secretion rates of HlyA mutants (Kanonenberg, 2018). B-D) In silico analyses of HlyA 
amphipathic helix (AH). B) Results of secondary structure prediction with different tools. H = α-helix, 
c = coiled coil. Predictions labeled with “SS” are from Quick2D, that utilizes multiple prediction 
algorithms. Topology = predicted by AmphipaSeeK: (A) marks residues that are predicted to be 
inserted parallel into the membrane. Am. score = amphipathy score predicted by AmphipaSeeK with 1 
= low amphipathy and 5 = high amphipathy. C) Helical wheel projection of residue 974 – 990 of HlyA. 
Non-polar residues are colored yellow, lysine blue, glutamine red and polar residues green. D) Overlay 
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of five PEP-FOLD3 models of residue 974 – 990 of HlyA. The helix is similar in all five models with the 
C-terminal tail sticking out in different directions.  

 

The single mutants that were secreted with the same secretion rate as the wild 

type displayed almost identical helix predictions, which are shown for the single 

proline mutants E979P and S981P (Figure 2 A and B). Proline is known as a so-called 

helix breaker, due to its unique conformation and rigid rotation. Its preferred position 

in helices is at the N-terminus (Richardson and Richardson, 1988) but helices with 

proline in or close at the center, as in the mutants E979P and S981P, are still possible 

(Kim and Kang, 1999).    

The single-proline mutants I980P and I984P exhibited a reduced secretion rate 

of 3.7 ± 0.5 and 6.8 ± 1.1 aa T1SS-1*s-1, respectively, and the prediction programs 

predicted strong impairments of the AH in both cases (Figure 2 C and D).  

The triple mutant E979G I980S K982T is of particular interest, since each 

single mutant displayed the same secretion rate (and helix prediction) as the wild 

type (Figure 1 A), while the triple mutant shows a strongly reduced rate of 1.9 ± 0.3 

aa T1SS-1*s-1. The prediction tools are in agreement that a helix is unlikely with this 

primary amino acid sequence (Figure 2 E).  
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Figure 2: Secondary structure predictions of five different mutants of HlyA. Predictions labeled 
with “SS” are from Quick2D, that utilizes multiple prediction algorithms. Topology = predicted by 
AmphipaSeeK: (A) marks residues that are predicted to be inserted parallel into the membrane. Am. 
score = amphipathy score predicted by AmphipaSeeK with 1 = low amphipathy and 5 = high 
amphipathy. H = α-helix, c = coiled coil, E = β-sheet, ? = no prediction. Mutated residues are marked in 
red. Secretion rate (SR) is given for each mutant as mean ± SD of three independent measurements 
(Kanonenberg, 2018). A and B) Single proline mutations with SR like wild type. C and D) Single 
proline mutations with reduced SR. E) Triple mutant without proline with reduced SR.  

	

The secondary structure prediction tools predict impairments of the AH for 

almost all mutants, that exhibit a reduced secretion rate. There are four mutants, 

whose secretion rate is strongly reduced, but a helix is still predicted: F990P, which is 

not part of the AH, K982P, S985P and A986P. However, their phenotype can be 

explained with the help of additional in silico tools. 
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The latter two, S985P and A986P, show a slightly shortened AHs in the 

predictions while A986 marks the end of the AH in the wild type (Figure 3 A and C). 

Another Ala residue and a Gly residue follow. This region ((S)AAG) is therefore 

flexible, which is reflected by the five different models from PEP-FOLD3 whose tails 

stick out in different directions (Figure 1 D). This flexibility is impaired if a Pro is 

introduced at this position, which likely explains the reduced secretion rate. In 

addition to the reduced flexibility, the polarity of the polar side of the AH is lessened 

for S985P which is evident in the helical wheel projection (Figure 3 D). 

The mutant K982P also results in a change of polarity and displays a reduced 

secretion rate of 1.3 ± 0.8 aa T1SS-1*s-1. However, the mutant K982T, which 

eliminates the positive charge at this position as well, shows a secretion rate of 

16.3 ± 2.6 aa T1SS-1*s-1, which is like the wild type (16.0 ± 1.3 aa T1SS-1*s-1 (Lenders 

et al., 2016)) (Figure 1 A). Therefore K982T shows that a positive charge at this 

position is not needed for the secretion process.  

However, a proline at this position introduces a bend to the AH as seen in the 

PEP-FOLD3 models (Thévenet et al., 2012). The proline substitution at n-1 (S981P) 

also shows a bend of the AH but no impairment of the secretion rate within 

experimental error (19.4 ± 3.4 aa T1SS-1*s-1) (Figure 3 F). However, these two 

mutants bend in the opposite direction with S981P resembling the wild type more 

than K982P. This further supports the theory that the precise secondary structure of 

this motif is essential for secretion.  
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Figure 3: In silico analysis of three different mutants of HlyA. A, C, E) Predictions labeled with “SS” 
are from Quick2D, that utilizes multiple prediction algorithms. Topology = predicted by 
AmphipaSeeK: (A) marks residues that are predicted to be inserted parallel into the membrane. Am. 
score = amphipathy score predicted by AmphipaSeeK with 1 = low amphipathy and 5 = high 
amphipathy. H = α-helix, c = coiled coil. Mutated residues are marked in red. Secretion rate (SR) is 
given for each mutant as mean ± SD of three independent measurements (Kanonenberg, 2018). B and 
D) Helical wheel projection of A986P (B) and S985P (D). Non-polar residues are colored yellow, lysine 
blue, glutamine red and polar residues green. Proline at position 985 reduces polarity on the polar site 
of the AH compared to wild type HlyA (Figure 1 C). F) Cartoon representation of PEP-FOLD3 models of 
HlyA wild type (WT) in green, S981P in pink and K982P in cyan. Mutated proline residues are shown 
as sticks. The models were superimposed and then distributed vertically. K982P and S981P bend in 
the opposite direction. 

	

F990 is not part of the predicted AH but highly conserved and essential for 

secretion (Kanonenberg, 2018). In previous studies it has been shown, that a 
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substitution of this residue to His, Cys, Ala, Ser, Ile, Asn or Pro strongly reduced the 

secretion of HlyA to <20% compared to wild type (Chervaux and Holland, 1996). The 

substitution to Tyr allowed a secretion of ~35% compared to wild type (Chervaux 

and Holland, 1996) and Tyr can be found in some other RTX proteins at this position 

as indicated by alignments (Kanonenberg, 2018).  

Since the most efficient secretion can be achieved by a substitution with 

another aromatic residue, π-π interactions can be assumed, that are disrupted in 

F990P. Vernon et al. recently provided an extensive study on protein crystal 

structures (N=5718) analyzing π-π interactions. Amongst other findings they show 

that Phe and Tyr have very similar preferences for the nature of their contacts and 

that π-π stacking with non-aromatic residues is actually more common than aromatic-

aromatic stacking by roughly 13 to 1. Furthermore they identified Arg as the first or 

second most likely interaction partner for any given aromatic side chain (Vernon et 

al., 2018). Conserved Arg residues can be found for example in the cytosolic domain 

(CD) of HlyD and could present an interaction partner to F990.  

Taken together these phenotypes and their in silico analysis strongly support 

the presence of an AH at this position and underline the importance of the secondary 

and primary structure for secretion.  

 

Evaluation of HlyB NBD 

Benabdelhak et al. demonstrated that the secretion signal of HlyA, which 

harbors the discussed AH, and the NBD of HlyB likely interact with each other and 

that this interaction is disrupted in the presence of ATP. Assuming that this 

interaction takes place via the AH of HlyA a hydrophobic binding pocket on or in the 

NBD is to be expected. Fortunately, many structures of the isolated NBD are available 

covering the full catalytic circle of ATP hydrolysis: The wild type is available as a 

nucleotide free monomer (1MT0 (Schmitt et al., 2003)), as an ADP bound monomer 

(2FF7 (Zaitseva et al., 2006)) and as a TNP-ADP bound monomer (2PMK (Oswald et 

al., 2008)). The dimeric structure is available for the hydrolysis-impaired mutant 

E631Q with two ATP bound (2FGK (Zaitseva et al., 2006)), for the hydrolytic inactive 
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mutant	H662A (activity <0.1% (Zaitseva et al., 2005)) with two ATP bound (2FGJ) 

(Zaitseva et al., 2006) and for the mutant H662A with two ATP and two Mg2+ bound 

(1XEF (Zaitseva et al., 2005)).  

To identify hydrophobic binding pockets we used the yrb-script (Hagemans et 

al., 2015). Since Benabdelhak et al. only observed the interaction without ATP 

present, the interaction of HlyA with HlyB NBD likely takes place with the nucleotide 

free form of the NBD. Therefore we searched for a hydrophobic binding pocket in the 

nucleotide free monomer (1MT0). The interaction seems to be disrupted in the 

presence of ATP (Benabdelhak et al., 2003) so the identified possible binding pockets 

(pbp’s) were analyzed in the dimeric ATP-bound structure (1XEF) as well to see if 

they are disrupted by ATP binding and/or dimerization. The positional change of the 

residues can be analyzed by aligning both structures and calculating the RMSD (root 

mean square deviation) value only for the residues involved in forming the pbp’s.   

We identified two regions of high hydrophobicity, which we called possible 

binding pocket inside (pbp-in) and outside (pbp-out).  

The pbp-in is located closely to the dimer interface and the ATP binding site 

(Figure 4 A). While some residues that from this pocket are considered polar amino 

acids, they contribute to the unpolar binding pocket with the carbon atoms of their 

side chain. Furthermore, charges at the side of a binding pocket for an AH may 

interact with the polar side of the AH and help its orientation. The residues that form 

pbp-in are: F475, Y477, K478, I484, T510, K513, Q516, F518, Y519 (Figure 4 C). 

The pbp-in shares at least three residues with the ATP binding site (Y477, I484, 

T510): Y477 interacts with the adenine base, I484 with the ribose moiety and T510 

with the Pα of ATP (Zaitseva et al., 2005). When aligning the ATP free monomer 

(1MT0) with the ATP bound dimer (1XEF) the residues of the pbp-in show a change 

in position of approximately 2 Å as reflected by the RMSD value. Both Tyr (Y477 and 

Y519) and both Lys (K487 and K513) display the largest change in position (Figure 4 

C). The RMSD value is 1.3 Å when compared to the ADP-bound state (2FF7,(Zaitseva 

et al., 2006)).  
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The pbp-out is located opposite to the membrane and is thus exposed to the 

cytosol (Figure 4 B and F). It is made up by the following residues: V675, E677, 

K680, V682, E683, L697, Y700, L701 and L704. Y700, L701 and L704 point 

towards the dimer interface and are involved in monomer-monomer contact (Zaitseva 

et al., 2005). The pbp-out changes less than the pbp-in upon ATP binding and 

dimerization as shown by the RMSD value of 1.1 Å (Figure 4 D). The difference to the 

ADP-bound monomer is only 0.9 Å.  

A secretion process of a toxin like HlyA with a size of 1024 amino acids likely 

involves multiple transient contacts between the transporter components and the 

toxin. Both identified pbp’s hold the potential to interact with the C-terminal part of 

HlyA: i) They display a hydrophobic area that matches the length of the AH in HlyA. 

ii) They hold residues that are able to form π bonds with their side chain and could 

therefore act as an interaction partner to F990 of HlyA. iii) They change upon ATP 

binding and dimerization, offering an explanation for the observations of 

Benabdelhak et al..   

Experimental investigation of both pbp’s is needed to draw further conclusions. 

So far both are possible and do not exclude each other.  
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Figure 4: Possible binding pockets (pbp) in HlyB for HlyA AH. A and B) The HlyB NBD monomer 
(1MT0) is shown as a surface representation. The surface has been colored with the yrb-script 
(Hagemans et al., 2015), which highlights carbon atoms that are not bound to oxygen or nitrogen in 
yellow, the charged oxygens of Glu and Asp in red, the charged nitrogens of Lys and Arg in blue while 
all other atoms are white. The monomer has been superimposed on the dimeric NBD structure (1XEF) 
for reference, which is shown as transparent cyan cartoon representation. The pbp’s are circled with a 
black dashed line. From A, which shows the pbp-in, to B, which shows the pbp-out, the molecules have 
been rotated towards the reader. ATP molecules from the dimeric structure (1XEF) are shown as pink 
sticks. In (A) ATP overlaps with the pbp-in. C and D) The pbp-in (C) and pbp-out (D) from the 
monomeric structure (1MT0) are shown as stick representations with transparent surface colored with 
the yrb-script as well. Color code is as in A and B. Green sticks represent the same residues but in the 
dimeric structure (1XEF). The RMSD for the residues of the pbp-in is 1.981 Å and 1.125 Å for pbp-out. 
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E and F) Cartoon representation of a model of HlyB based on PCAT1 in green (Lin et al., 2015). The 
identified pbp’s are shown as surface representation with pbp-in in red and pbp-out in orange. Yellow 
surface maps the HlyA-interaction region on the CLD (Lecher et al., 2012). Pale colors correspond to 
the same regions in the second monomer.  

	

Evaluation of HlyB CLD 

Secretion of HlyA is not possible without the CLD of HlyB (Lecher et al., 2012). 

Furthermore, Lecher et al. performed pull-down assays with the isolated CLD and 

unfolded or folded HlyA as well as truncated versions of HlyA, which they termed 

HlyA1 (C-terminal 217 residues) and HlyA2 (HlyA1 lacking the C-terminal 60 

residues that make up the secretion signal). The absence of the discussed AH of HlyA 

in the truncated version HlyA2 had no impact on the observed interaction. Instead, 

the interaction was disrupted when the experiment was performed with folded 

versions of the substrate (Lecher et al., 2012). Therefore the authors contributed the 

interaction to the conserved GG repeats in the RTX domain of HlyA, which induce 

folding of RTX proteins upon Ca2+ binding (Baumann et al., 1993).  

By a combination of chemical shift experiments and mutational studies Lecher 

et al. were able to map the region in the CLD that interacts with HlyA (Figure 4 E and 

F). Since HlyB seems to interact with different regions of the substrate, we were 

interested if simultaneous binding would be possible.  

The distance between the C-terminus of HlyA2 (smallest fragment to interact 

with CLD) and the beginning of the AH of HlyA is only 14 amino acids. The last GG 

repeat of HlyA2 is located 122 amino acids upstream from this AH. Assuming 3.8 Å 

per amino acid in an unfolded protein (Carrion-Vazquez et al., 1999, Crecca and 

Roitberg, 2008) the distance between CLD-interaction site and NBD-interaction site of 

HlyA is between 53.2 Å and 463.6 Å.  

In order to measure the distances between the pbp’s of the NBD and the 

interaction site on the CLD the whole structure of HlyB is needed. Unfortunately, this 

structure is not available and can only be modeled based on other ABC transporters 

such as PCAT1 (Lin et al., 2015) (Figure 4 E and F). The model presented here was 

calculated with the newly introduced modeling tool TopModel (Mulnaes et al., 2020).  
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In this model the outmost residue of the HlyA interaction site in the CLD is E92. 

The minimal distance between E92 and pbp-in measures ~40 Å and the maximal 

distance from E92 to pbp-in is ~64 Å. The pbp-out shows a distance to E92 between 

54 Å and 68 Å. HlyA can easily bridge these distances and simultaneous binding of 

the substrate HlyA to the CLD and NBD of HlyB is possible.   

If multiple interaction sites on HlyB are occupied simultaneously by one 

substrate molecule this would result in a strictly ordered substrate arrangement, 

which could confer specificity between substrate and transport components. The 

transport components HlyB and HlyD can also secrete heterologously expressed RTX 

toxins such as FrpA from N. meningitidis and HlyIA from A. pleuropneumoniae 

serotype 1 (Gygi et al., 1990, Thompson and Sparling, 1993). Both are predicted to 

have an AH in their C-terminus and a GG repeat can be found 122 residues (FrpA) 

and 121 residues (HlyIA) upstream of this AH.  

 

Evaluation of HlyD CD 

The MFP HlyD is critical for HlyA export and able to interact with the substrate 

even in the absence of the ABC transporter (Thanabalu et al., 1998). Although 

interaction of HlyA with the periplasmic domain of HlyD have already been shown 

(Pimenta et al., 2005), the experiments of Thanabalu et al. suggest additional 

interaction(s) in the cytosol, which will be further discussed here.   

HlyD has a small cytoplasmic domain (CD), made up of the first 60 N-terminal 

residues (Schülein et al., 1992). An AH has been identified in this region 

(Balakrishnan et al., 2001) and we performed the secondary structure prediction of 

the CD with the above introduced tools.  

 

In silico analysis of HlyD CD - AH 

The tools are in agreement with each other with the AH starting at T3 or W4 

and ending at Q28. The two tools in Figure 5 A, that do not show a helix at this 

position are tools that predict disordered regions (Hanson et al., 2016, Klausen et al., 

2019). AmphipaSeeK also predicts a small portion of this AH to be in-plane, however, 
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the prediction score for this topology is quite low compared to known in-plane 

membrane anchors (Sapay et al., 2006a). The prediction score takes on values 

between -1 and 1 and values >0 lead to the prediction of in-plane topology. The score 

is given for each residue and an average can be calculated for the residues predicted 

to be in-plane. With this method the AH of for example FtsA from E. coli (Pichoff and 

Lutkenhaus, 2005) reaches an average prediction score of 0.106 and the AH of NS5A 

from bovine viral diarrhea virus (BVDV) (Sapay et al., 2006b) reaches 0.213. For 

HlyD the value is only 0.045 (Figure 5 A). However, when overexpressing the CD of 

HlyD in E. coli, a portion of the protein localizes to the membrane fraction even 

though the TM-helix is not present (residue 61-80) (Figure 5 C). The affinity to the 

membrane is likely conferred by the AH. Purification trials of this fragment, which 

would allow in vitro interaction studies, failed so far.  

Sapay et al. demonstrated that Lys, Phe and Trp are the most common residues 

in in-plane helices, with Trp being the only hydrophobic residue more abundant in in-

plane membrane anchors than in TM-helices (Sapay et al., 2006a). The AH of HlyD 

shows three Trp residues and two Phe residues on the hydrophobic side, which 

further supports the hypothesis that the AH is inserted into the membrane (Figure 6 

C and D).  

Since HlyD is fixed to the inner membrane by the TM-helix the AH does not 

need to function as an anchor even if inserted into the membrane. The possible 

insertion of the AH might therefore present a signal to the inner membrane complex 

for example to recruit TolC. If the AH is not constantly inserted into the membrane 

but the insertion functions as a signal, this might explain the low prediction score for 

the in-plane topology as well.    

 

In silico analysis of HlyD CD – second helical region 

The prediction tools also detected a second helical region, approximately from 

K36 to E50. Here the tools are not in agreement with each other, with two presenting 

one continuous helix, three showing two helix fragments, one predicting no helix at 

all and one predicting a disordered region from H45 to V60 (Figure 5 A). The 
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disagreement among the tools may reflect a certain flexibility of this region, which 

will be further discussed later in the context of the 3D models.  

The second helical region overlaps with a region that has been shown to be 

essential for HlyA secretion by deletion of residue 26 to 45 (Balakrishnan et al., 

2001). It contains a highly conserved motif of eight amino acids (FLPAHLEL) (Figure 

5 B). When this motif is used in a protein-BLAST (basic local alignment search tool) 

search, in- or excluding E. coli, only HlyD-like proteins are among the first 100 results.  

Balakrishnan et al. assigned the importance of region 26 to 45 to a charged 

cluster of five amino acids (R34 to E38), which are less conserved. However, all ten 

analyzed homologs show charged or polar amino acids in this region, which are 

flanked by a highly conserved Arg and a Glu (Figure 5 B).  
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Figure 5 In silico analysis of HlyD CD. A) Secondary structure predictions. Predictions labeled with 
“SS” and “DO” are from Quick2D, which utilizes multiple prediction algorithms. Predictions labeled 
with “DO” only predict disordered regions (D). Topology = predicted by AmphipaSeeK: (A) marks 
residues that are predicted to be inserted parallel into the membrane. Am. score = amphipathy score 
predicted by AmphipaSeeK with 1 = low amphipathy and 5 = high amphipathy. H = α-helix, c = coiled 
coil, E = β-sheet. Below the am. score the prediction score for the topology is given. Values >0 indicate 
membrane insertion. B) Alignment of ten MFPs to HlyD performed with Clustal Omega (Madeira et al., 
2019). The MFPs are labeled with their UniProt-ID (except WP_049080580.1, which is from NCBI). (*) 
marks the same residue, while (:) and (.) mark similar residues. Residues of the discussed charged 
cluster (R34 – E38) are colored with positively charged residues in blue and negatively charged 
residues in red. The green box highlights a conserved motif of eight residues. C) Western Blot of initial 
expression of HlyD CD (9.2 kDa). 2 h, 3 h and 4 h after induction of protein expression, samples were 
taken, cells disrupted and centrifuged twice to collect the membrane fraction. 1: Supernatant of first 
centrifugation (cytosolic fraction and membrane fragments). 2: Pellet of first centrifugation 
(undisrupted cells, cell debris, inclusion bodies). 3: Supernatant of second centrifugation (cytosolic 
fraction). 4: Pellet of second centrifugation (membrane fraction). At all time points HlyD CD can be 
found in the membrane fraction (4) as well, with the strongest signal after 4 h. M = molecular weight 
marker. White spots in black bands indicate saturation of the detector.  
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PEP-FOLD3 models of HlyD CD 

In order to gain a deeper understanding of the HlyD CD, we modeled the first 

50 aa (which include the AH and the second helical region) with PEP-FOLD3 

(Thévenet et al., 2012, Shen et al., 2014, Lamiable et al., 2016). Interestingly, four of 

five models presented a break in the AH, while the fifth model showed a strong bend 

at a similar position (Figure 6 A). This break is inconsistent with all six secondary 

structure prediction tools used above (Figure 5 A) and earlier predictions 

(Balakrishnan et al., 2001). 

When shortening the input sequence to the first 42 aa all five models showed 

one continuous AH with one model showing a similar bend to that observed in the 50 

aa model (Figure 6 B).  

Only one out of the ten models did not display a helix in the second helical 

region. In the modeling approach with 42 aa of HlyD four models show only one 

helix, all starting at K36 and ending at position 40-42. In the 50 aa approach two 

models display one helix and three models display two helices. Four out of this five 

also start at K36 (one at D37) and four end at L48 (Figure 6 A and B).  
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Figure 6: PEP-FOLD3 models of HlyD CD (Lamiable et al., 2016). A) Modeling approach with N-
terminal 50 aa. All models show a break or bend (green) in the AH. The second helical region either 
shows one helix (cyan and yellow) or two helices (green, pink, salmon). B) Modeling approach with N-
terminal 42 aa. Only one model shows a bend in the AH (purple), which is also the only model that 
does not show a helix in the second helical region. C) Shown is model 5 from the 42 aa modeling 
approach (shown in B as petrol cartoon). The AH is shown as a surface representation colored with the 
yrb script (Hagemans et al., 2015), which highlights carbon atoms that are not bound to oxygen or 
nitrogen in yellow, the charged oxygens of Glu and Asp in red, the charged nitrogens of Lys and Arg in 
blue while all other atoms are white. The second helical region is shown as a cartoon representation 
with the discussed charged cluster (R34 to E38) colored in red (Glu and Asp) and blue (Arg and Lys). 
All C-termini in A, B, and C are colored orange. D) Helical wheel projection of HlyD CD AH (T3 to 
Q28), with Glu in red, Arg and Lys in blue, polar residues in green and non-polar residues in yellow 
(Mól et al., 2018).  

	

In both modeling approaches and also the secondary structure predictions, the 

region between the AH and the second helical region is not annotated with a 

secondary structure and therefore flexible. This allows multiple orientations of the 

AH and the second helical region towards each other. In all models they perform 

some kind of contact with the 50 aa models bending around the second helical region 

(Figure 6 A).  

Furthermore all five of the 50 aa models display the highly conserved motif 

(FLPAHLEL) to be at least part of a helix.  
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As already mentioned, the inconsistency in prediction and modeling for this 

region might reflect its flexibility, which could be important for HlyD to sense an 

interaction partner, which would (de-)stabilize the secondary or even tertiary 

structure. A possible scenario could be that the second helical region interacts with 

the AH (similar to the modeled structures) keeping the AH from inserting into the 

membrane. An interaction partner such as HlyA could bind to the second helical 

region, disrupting the interaction to the AH allowing insertion into the membrane. 

However, there are multiple ways in which the substrate HlyA could interact with the 

cytoplasmic domain of HlyD.  

As mentioned earlier Arg is the most favored interaction partner for π-π 

interactions with any aromatic residue (Vernon et al., 2018) and HlyA secretion is 

highly dependent on F990 (in HlyA). Both residues, R34 (HlyD) and F990 (HlyA) are 

highly conserved and might mediate the interaction by π-π stacking.  

The AH of HlyD shows a high frequency of aromatic residues on the non-polar 

side and although aromatic-to-aromatic side chain π-π interactions have been found 

to be less common (Vernon et al., 2018) an interaction between F990 and the 

aromatic patch of the AH of HlyD cannot be excluded. 

The highly conserved motif (FLPAHLEL) also contains residues able to perform 

π-π interactions (F, H and E) and could therefore act as an interaction site.  

The cluster of charged amino acids is also highly conserved among the 

membrane fusion proteins and a charged cluster can also be found in the extreme C-

terminus of HlyA made up of KEER (residue 993 to 996). Electrostatic interactions 

between both charged clusters are also possible.  

An interaction between both AHs is another possibility how HlyA and HlyD 

could interact in the cytoplasm, since helices are known to facilitate protein-protein 

interactions (Jones and Thornton, 1995, Guharoy and Chakrabarti, 2007).  
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Summary	of	findings	

An amphipathic helix (AH) in the secretion signal of HlyA has long been 

proposed and could be validated by mutational studies with a combination of in silico 

approaches, including secondary structure prediction, alignments and modeling.  

Two possible binding sites in the NBD of HlyB for this AH were identified and 

require further investigations. 

Modeling of the whole ABC transporter HlyB allowed measuring of distances 

between the domains known to interact with HlyA C-terminal fragments showing that 

simultaneous binding of the substrate to two domains of the transporter is possible.  

An AH has also long been proposed for the cytoplasmic domain (CD) of HlyD 

(Balakrishnan et al., 2001). The prediction could be reproduced with multiple tools 

utilizing larger databases then ever before. The orientation of the CD towards the 

membrane has been shown and can be attributed to the AH.  Alignments of this 

fragment to other membrane fusion proteins showed two additional regions of 

interest: a charged cluster and an eight amino acid long motif, which seems to be 

unique for this class of proteins.  

	

Material	and	Methods	

Secondary structure prediction 

Two different tools were used: Quick2D (Zimmermann et al., 2018) and 

AmphipaSeeK (Combet et al., 2000, Sapay et al., 2006a).  

Quick2D is a toolkit, which utilizes a variety of published prediction methods, 

therefore giving the user multiple outputs for one sequence. It is able to predict α-, π- 

and TM-helices, β-strands, coiled coils, as well as disordered regions (Zimmermann et 

al., 2018).  

AmphipaSeeK on the other hand is specifically designed to identify 

amphipathic helices that insert themselves into the membrane in a parallel manner; 

so-called in-plane membrane anchors (Sapay et al., 2006a). It provides the user with a 

secondary structure prediction, a predicted membrane topology (in-plane or not-in-
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plane), a prediction score for the proposed membrane topology and an amphipathy 

score for each residue in dependence to the neighboring residues. 

 

Modeling 

PEP-FOLD3 was used to model peptides of HlyD and HlyA. It allows quick 

modeling of peptides ranging from 5 to 50 amino acids in length and their 

downstream analysis for example in PyMOL (Thévenet et al., 2012, Shen et al., 2014, 

Lamiable et al., 2016).  The structure of HlyB was modeled based on the structure of 

PCAT1 with the tool TopModel (Lin et al., 2015, Mulnaes et al., 2020).  

 

Illustration of different structural models 

The amphipathic characteristic of a helix is best visualized by a helical wheel 

projection. We choose NetWheel for its clear layout and easy handling (Mól et al., 

2018). Protein and peptide structures were processed in PyMOL (Schrodinger, LLC. 

2010. The PyMOL molecular Graphics System, Version 1.8.6.0 Enhanced for Mac OS 

X). In order to illustrate and identify hydrophobic surfaces the yrb-script was applied 

in PyMOL, which highlights carbon atoms that are not bound to oxygen or nitrogen 

in yellow, the charged oxygens of Glu and Asp in red, the charged nitrogens of Lys 

and Arg in blue while all other atoms are white (Hagemans et al., 2015).  

 

Alignments 

Alignments were performed using Clustal Omega (Madeira et al., 2019). 

Sequences of the homologous proteins were taken from UniProt 

(https://www.uniprot.org/) or NCBI (https://www.ncbi.nlm.nih.gov/) as indicated in 

Figure 5 B. 

 

Expression of HlyD CD 

Chemically competent E. coli BL21(DE3) cells were transformed by the heat 

shock method with pET22b-HlyD60, which encodes for the cytoplasmic domain (CD) 

of HlyD (residue 1-60) with a C-terminal 6xhis-tag (Froger and Hall, 2007) and were 
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selected on LB-agar plates containing 100 µg/mL ampicillin. Clones from this plate 

were used to inoculate 5 mL LB-media cultures supplemented with the same 

antibiotic concentration, which were grown for 16 h at 37°C and 180 rpm. They were 

used to inoculate 50 mL cultures (same media and antibiotic concentration) to an 

OD600 (optical density at 600 nm) of 0.1. At OD600 0.5-0.7 protein expression was 

induced by adding 1 mM IPTG. Samples of 1 mL were taken 2 h, 3 h and 4 h after 

induction, cells collected by centrifugation (11,000xg, 1 min, RT) and mechanically 

disrupted by vortexing with glass beads. The cell suspension was fractionated by 

centrifugation: First a centrifugation at 11,000xg for 5 min to remove glass beads 

and cell debris. The supernatant of this centrifugation was subjected to a high spin 

centrifugation at 120,000xg for 30 min at 4°C to collect the membrane. A sample of 

both supernatants was mixed with SDS-sample buffer (100 mM Tris pH 6.8, 3.3% 

(w/v) SDS, 0.02% (w/v) bromophenol blue, 40% (v/v) glycerol) and the pellets were 

resuspended in resuspension buffer (50 mM Na2HPO4 pH 8, 300 mM NaCl) before 

also being mixed with SDS-sample buffer. Samples of both supernatants and both 

pellets were applied to a 15% SDS-PAGE. Proteins were then transferred to a 

polyvinylidene difluoride (PVDF) membrane with a Trans-Blot SD Semi-Dry Transfer 

Cell by BioRad according to manufactures instructions. The membrane was blocked 

with 10% (w/v) milk powder overnight at 4°C, incubated with Penta His Antibody 

(Qiagen) for 1 h at room temperature (RT), then incubated with a secondary antibody 

coupled to horse radish peroxidase (HRP) for 1 h at RT, washed three times in 

between each step with TBS-T buffer (20 mM Tris pH 8, 250 mM NaCl, 0.1% (v/v) 

Tween-20) and analyzed using Chem Genius2 bio imaging system by Syngene. 
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Abstract 

Gram-negative bacteria have evolved several specialized systems to secrete a 

variety of substrates from the cytosol to the extracellular space. The type 1 secretion 

system (T1SS) seems to be one of the more simple systems since it is only comprised 

out of three membrane proteins that together form a continuous channel to secrete 

the designated substrate. In the case of the 110 kDa substrate hemolysin A (HlyA) 

these membrane components are the ABC transporter HlyB, the membrane fusion 

protein (MFP) HlyD and the outer membrane protein (OMP) TolC. The ABC 

transporter and MFP form a stable complex in the inner membrane and only recruit 

the OMP upon substrate engagement. This recruitment process, which leads to the 

assembly of the T1SS, has been analyzed for the HasA T1SS by proteolytic digestion 

of the OMP by an unspecific protease and by monitoring the SDS-sensitivity of the 

host cells. We aimed to transfer both of these assays from the HasA T1SS to the 

HlyA T1SS and encountered several problems that are discussed here. 
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Introduction	

Type 1 secretion systems (T1SSs) represent one of the several specialized 

secretion systems by which Gram-negative bacteria secrete substrates to their 

environment (Costa et al., 2015). They are comprised of three membrane bound 

components that together form a continuous channel from the cytosol to the 

extracellular space in order to secrete the substrate without any periplasmic 

intermediate across both membranes (Gray et al., 1986, Felmlee and Welch, 1988, 

Thanabalu et al., 1998). The hemolysin A (HlyA) T1SS from Escherichia coli is one of 

the best studied T1SS. It is made up of the outer membrane protein TolC, the ABC 

transporter HlyB and the membrane fusion protein (MFP) HlyD (Mackman et al., 

1985, Wandersman and Delepelaire, 1990). The MFP and ABC transporter reside in 

the inner membrane and form a stable complex in the absence of the substrate HlyA 

(Thanabalu et al., 1998). Upon substrate engagement TolC is recruited and HlyA is 

secreted unfolded with its C-terminus reaching the cell surface first (Thanabalu et al., 

1998, Bakkes et al., 2010, Lenders et al., 2015). Prior to secretion two internal lysine 

residues are acylated by the acyltransferase HlyC (Stanley et al., 1994). This acylation 

does not affect secretion, since the non-acylated version, pro-HlyA, is secreted to the 

same extent, but is necessary for HlyA activity (Nicaud et al., 1985, Stanley et al., 

1994). The secretion can be blocked by fusing enhanced green fluorescent protein 

(eGFP) to the N-terminus of HlyA. The C-terminus still reaches the cell surface but the 

fast-folding eGFP is too large to pass the translocation channel and is therefore 

retained in the cytoplasm (Lenders et al., 2015). It has been shown that different 

regions in HlyA can interact with HlyB but to date it is not known which of these 

interactions leads to the recruitment of TolC and therefore assembly of the T1SS 

(Benabdelhak et al., 2003, Lecher et al., 2012).  

The HasA T1SS from S. marcescens shares several features with the HlyA T1SS 

and can be heterologously expressed in E. coli in which it also uses TolC as the outer 

membrane component (Létoffé et al., 1994). Masi et al. applied two different assays 

to this system in order to investigate the assembly process and were able to identify 

multiple regions in the substrate HasA that interact with the transport components 
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(Masi and Wandersman, 2010). In one of these assays they permeabilized the outer 

membrane of E. coli to allow an unspecific protease to enter the periplasm. The 

digestion of TolC by this protease was different for the assembled and non-

assembled system (Masi and Wandersman, 2010). In a second assay they exploited 

the fact that TolC is also used in the tripartite efflux pump AcrAB-TolC (Fralick, 

1996). This pump is able to efflux many toxic substrates among them SDS (Cescau et 

al., 2007). Stalling the T1SS depletes the TolC pool of the cells leaving them more 

sensitive to SDS since they are not able to form a functional AcrAB-TolC complex. 

This sensitivity leads to reduced growth on SDS containing agar plates (Masi and 

Wandersman, 2010).  

We aimed to apply both assays to a library of secretion deficient mutants of 

the HlyA T1SS in order to identify domains and/or regions important for TolC 

recruitment.  

 

Results	

PK susceptibility assay 

When investigating the assembly of a transient complex, a permanently 

assembled complex and a permanently non-assembled complex are needed as 

positive and negative controls, respectively. A non-assembled T1SS can be achieved 

by removal of the transport components of the inner membrane or by removal of the 

substrate (Thanabalu et al., 1998). Therefore, the transport components for HlyA 

were expressed from one vector under the control of the same promotor, while the 

substrate was expressed from a second vector. Consequently, in experiments with 

non-assembled complex, the protein expressing plasmids (transporter components or 

substrate) were substituted with empty vectors so that all cells used in the assay had 

the same antibiotic resistances and were therefore treated equally. This lead to two 

possible plasmid combinations as a control for a non-assembled system: 

pK184-HlyBD + pUC19 (BD-empty) or pK184 + pBAD-eGFP-HlyA (empty-(eGFP)A).  

In order to ensure permanent assembly of the T1SS, a fusion variant of HlyA 

was used with eGFP (enhanced green fluorescent protein) fused to its N-terminus. 
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While the C-terminus of HlyA can still be detected on the cell surface, the N-terminus 

is retained in the cytoplasm where fast folding eGFP acts as a plug stalling the T1SS 

(Lenders et al., 2015). Therefore all HlyA variants that are secreted to the same extent 

without fusion to eGFP can be used as controls for a permanently assembled system 

when eGFP is fused to their N-terminus. We choose full-length wild type HlyA instead 

of the shortened version HlyA1 leading to the plasmid combination pK184-HlyBD + 

pBAD-eGFP-HlyA (BD-(eGFP)A) as a control for a permanently assembled system.  

When an assay is applied to a similar but different system, minor adjustments 

in experimental parameters are to be expected. In general, E. coli cells harboring 

different plasmids were grown, protein expression was induced, cells were harvested 

by centrifugation and the outer membrane was permeabilized by resuspension in a 

buffer containing 20% sucrose, 20 mM Tris-HCl pH 8.0, 10 mM EDTA and 0.5 % 

Triton X-100 to allow entry of proteinase K (PK) to the periplasm. The assay was 

stopped after 10 min by adding the protease inhibitor phenylmethylsulfonyl fluoride 

(PMSF) and samples were analyzed via SDS-PAGE and immunoblotting with an 

antibody directed against TolC (Werner et al., 2003, Masi and Wandersman, 2010).   

 

Establishment of assay conditions and analysis method 

In a first attempt to apply this assay to the HlyA T1SS two different buffers 

and an increased PK concentration (100 µg/mL final concentration) were used in 

comparison to Werner et al. and Masi et al. (Werner et al., 2003, Masi and 

Wandersman, 2010). As described above BD-(eGFP)A was used as a control for an 

assembled system and BD-empty as a control for a non-assembled system. Similar to 

Masi et al. an ATPase deficient mutant of HlyB (HlyB H662A (Zaitseva et al., 2005)) 

in combination with HlyD and eGFP-HlyA was also used (Masi and Wandersman, 

2010). Boiling the samples at 95°C for 5 min led to an inability to detect TolC by 

immunoblotting (Supplementary Figure 1 A). When the samples were not heated 

only the trimeric state of TolC could be detected. In a buffer containing CaCl2 instead 

of EDTA, the controls for assembled and non-assembled T1SS showed the same band 

pattern. In the buffer of Masi et al., no PK dependent digestion of TolC was observed 
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in the non-assembled control (Figure 1 A) (Masi and Wandersman, 2010). This is in 

contrast to the findings of Werner et al., who described the maturation pathway of 

TolC and found a 46 kDa digestion product of TolC when it is assembled into the 

outer membrane and digested with PK (Werner et al., 2003). A defined band for TolC 

was only visible in PK treated samples, while a blurry smear was detected in the non-

treated samples (Figure 1 A).  

Detergent solubilized TolC was digested with PK in the same buffers for 10 and 

30 min in order to gain a better understanding of the possible band patterns 

(Figure 1 B). Samples were either boiled for 5 min at 90°C or not. Monomeric TolC 

was only observed in boiled samples while PK activity was observed in all samples. 

After 10 min a digestion product of >40 kDa was visible in the boiled samples, which 

disappeared in the 30 min samples.  Two bands were visible between 35 and 25 kDa, 

which do not disappear in the 30 min samples, with the upper band likely 

corresponding to PK itself (28.9 kDa). Almost no time dependent difference was 

observed in the unboiled samples showing the importance of analyzing monomeric 

TolC instead of trimeric TolC. Also PK was not detected in the unboiled samples.  

Therefore the assay buffer and the SDS-sample buffer were slightly changed: 

6 M urea and 0.3% Coomassie were added to the SDS-sample buffer and 

Triton X-100 was removed from the assay buffer, while the sucrose concentration 

was increased to 30%. This allowed boiling of the samples and subsequent analysis 

by SDS-PAGE and immunoblotting (Supplementary Figure 1 B and C). The assay was 

performed for 1 and 5 min at 10°C, 20°C and 30°C with three plasmid combinations. 

Two of which would not allow assembly (BD-empty and empty-(eGFP)A) and one 

with permanent assembly (BD-(eGFP)A). The antibody used for this analysis 

displayed a band at 70 kDa, which is likely caused by unspecific binding. However 

digestion bands could be observed between 35 and 25 kDa in the PK-treated samples 

of the non-assembled controls, which were stronger in the 5 min samples than in the 

1 min samples and correspond to the digestion product observed in the in vitro 

digestion (Figure 1 C). The difference between temperatures was not strong so that 

20°C was chosen for further assays (Supplementary Figure 2 A and B). The 46 kDa 
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fragment described by Werner et al. and Masi et al. was not observed (Werner et al., 

2003, Masi and Wandersman, 2010).  

It is possible that PK further digests this fragment and therefore the PK-

concentration was lowered to 10 µg/mL for further experiments. Also samples were 

treated with TCA (final concentration 15% (v/v)) to precipitate all digestion products, 

which were then resuspended in the same SDS-sample buffer. Since the 46 kDa 

fragment was still not visible (Supplementary Figure 2 C), we focused on the 

digestion products between 35 and 25 kDa. The identification of the correct 

digestion band was complicated by the cross-reactivity of the antibody. The digestion 

products showed weak signals in comparison to the unspecific band at 70 kDa and 

the band for non-digested TolC (55 kDa), which both gave a signal that saturated the 

detector (indicated by pink pixels).  

A time-dependent assay was therefore performed in which samples were taken 

every two minutes to determine whether an increase in at least one of the bands 

between 35 and 25 kDa occurred (Figure 1 D). The increase was not visible by eye 

and quantification of the different bands was attempted.  
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Figure 1: Initial PK susceptibility assay with TolC antibody that displays cross-reactivity. A, C, D) 
E. coli cells harboring either pK184-HlyBD and pBAD-eGFP-HlyA (pc) as a control for permanently 
assembled T1SS, pK184-HlyBD and pUC19 (nc1) or pK184 and pBAD-eGFP-HlyA (nc2) as controls for 
a non-assembled system were either treated with PK (+) or with buffer (-) as described in the material 
and methods section. Shown are Western Blots with an antibody against TolC (monomer: 55 kDa). 
Pink pixels indicate saturation of the detector. A) The assay was performed in two different buffers 
(buf) for 10 min. HA: pK184-HlyB*H662A-HlyD and pBAD-eGFP-HlyA. This HlyB mutant is deficient in 
ATPase activity (Zaitseva et al., 2005). B) Coomassie stained SDS-PAGE of in vitro digestion of 
detergent solubilized TolC with (+) or without (-) PK (28.9 kDa) for 10 and 30 min in two different 
buffers (buf). Monomeric TolC is only visible in boiled samples. C) The SDS-sample buffer was altered 
to contain Urea and Coomassie, which allowed boiling of the samples and detection of monomeric 
TolC. Signals above 55 kDa are caused by cross-reactivity of the antibody. The assay was performed in 
the presence of 30% sucrose for 1 and 5 min at 10°C. D) The assay was performed as in C) but at 
20°C and samples were taken at more time points, which are indicated. All samples shown in this 
figure were quenched with PMSF. 

	

Without a suitable standard, quantifications are still relative and should at least 

be normalized to a standard protein. We wanted to normalize the amount of TolC 

digestion product to the amount of HlyB for two reasons: i) the antibody against HlyB 

is directed against the NBD, which is located in the cytoplasm. A constant signal for 
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HlyB-NBD would therefore show that PK does not reach the cytoplasm and that the 

inner membrane is still intact after permeabilization and during the assay. ii) The 

amount of possible assembled T1SSs depends on the amount of HlyB (and HlyD). 

However, no HlyB was detected at all (Figure 2 A). Careful analysis of the buffer 

composition and preparation procedures revealed that handling the sample prior to 

SDS-PAGE analysis was not the reason for the inability to detect HlyB. Rather it 

appeared that PMSF precipitated under the conditions used. Thus, the use of 

aminoethylbenzolsulfonyl fluoride (AEBSF), as a water-soluble alternative to PMSF, 

was investigated. However, the reagent did not quench the reaction. No bands for 

TolC or HlyB were visible in the PK-treated samples but only in the samples not 

treated with PK (Figure 2 B and C). A suitable alternative was the addition of 

trifluoric acid (TFA) since TolC and HlyB could both be detected in samples quenched 

by this method. From this experiment on all further assays were quenched by 

addition of TFA and samples were neutralized with NaOH after 30 min of incubation 

to allow analysis by SDS-PAGE. Interestingly samples no longer required boiling to 

visualize monomeric TolC. 

With this new quenching method normalization to HlyB was possible. The 

digestion product and HlyB migrate at different levels on a SDS-PAGE so that after 

transfer to a PVDF membrane this membrane can be cut and incubated with different 

antibodies. However, the signal for HlyB resolved by a 15 % SDS-PAGE shows a 

pattern of roughly three bands, which is unfavorable for quantification (Figure 2 D). 

Therefore the type of SDS-PAGE was changed to gradient gels (4-20%), which 

allowed analysis of HlyB and the digestion product of TolC at the same time 

(Figure 2 E). However, the cross-reactivity of the antibody was still a problem for two 

reasons: i) the number of bands between 35 and 25 kDa was not consistent and ii) 

the bands were not always resolved well enough to allow quantification.   
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Figure 2: Western Blots of whole cell samples treated with PK. E. coli cells harboring either 
pK184-HlyBD and pBAD-eGFP-HlyA (pc) as a control for a permanently assembled T1SS or 
pK184-HlyBD and pUC19 (nc1) as a control for a non-assembled T1SS were treated with PK (+) or 
buffer (-) as described in material and methods. A) Western Blot with an antibody directed against 
HlyB-NBD. Samples were mixed with two different SDS-sample buffers (buf). Incubation time with PK 
is indicated in min. 0 min incubation means that the sample was not treated with PK and also not with 
quenching solution. The permeabilizied cells were directly mixed with SDS-sample buffer without any 
incubation. B and C) Different quenching methods (stop) were tested. Same samples were 
immunoblotted against HlyB-NBD (B) and TolC (C). Incubation time with PK is indicated in min. D and 
E) Different types of SDS-PAGEs were used for Western Blot. The membranes were cut and the upper 
half incubated with an antibody against HlyB-NBD and the lower half with an antibody against TolC. 
Incubation time is indicated in min. Pink pixels indicate saturation of the detector.   

	

Finally, employing a newly produced TolC antibody allowed detection of the 

46 kDa fragment observed by Werner et al. and Masi et al. (Figure 3 A, lowest panel) 

(Werner et al., 2003, Masi and Wandersman, 2010).  

 

Introduction of a new TolC antibody 

In an initial assay with the new TolC antibody the signal for the digestion 

product was fairly weak so that PK concentration was increased from 10 to 50 µg/mL 

(as final concentration) and assay time was elongated to 1 h. Samples were taken 

after 5, 10, 30 and 60 min and quenched with TFA. A sample not treated with PK 
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was taken after 5 and 60 min. The assay was performed with two different plasmid 

combinations: BD-(eGFP)A as a control for permanently assembled T1SS and 

BD-empty as a control for non-assembled T1SS. The samples were blotted with 

antibodies against TolC, HlyB-NBD and HlyD (Figure 3 A). Contrary to Masi et al. 

TolC was not sensitive to PK in the assembled system, while the non-assembled 

system showed a strong decrease of TolC (~55 kDa) and increase of a digestion 

product (~45 kDa) (Masi and Wandersman, 2010). Blotting against a cytoplasmic 

domain of HlyB showed that PK does not reach into the cytosol since the signal of 

HlyB did not decrease over time. However, different expression levels of HlyB in the 

two controls were visible, although the same plasmid and growth conditions were 

used in these controls. Interestingly, the levels of HlyD expression in both controls 

were similar. This points towards a mechanism in which HlyB is stabilized by the 

presence of the substrate, but HlyD is not affected. This also raised the question, if 

the observed sensitivity of TolC is caused by a lower expression level of HlyB.  

Nonetheless the difference in TolC digestion by PK in BD-(eGFP)A and 

BD-empty was obvious. Therefore, the assay was performed with multiple constructs, 

which carried a mutation or domain deletion in either HlyA, HlyB or HlyD. They were 

analyzed in the same way and comparative samples of BD-(eGFP)A and BD-empty 

were always used as controls (Figure 3 B). It was expected that the digestion pattern 

of TolC in combination with the mutated constructs would either match with 

BD-(eGFP)A or BD-empty. However, a lot of constructs displayed the digestion bands 

while intact TolC did not seem to decrease therefore displaying an intermediate 

phenotype in regards to the used controls. Since total digestion of TolC was never 

reached (also not after over night incubation with 100 µg/mL PK, Figure 3 C) 

statements regarding the assembly would have to base on amount of digestion for 

which a quantification was required. Normalization to HlyB was deemed unsuitable 

for two reasons: On the one hand the expression of HlyB was very different and 

varied from cell to cell and on the other hand the same Blot could no longer be used 

for analysis with two antibodies as the signal separation was too little. Therefore, the 

amount of digestion fragment was normalized to the amount of total TolC.  
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Several problems were encountered. Samples not treated with PK were always 

needed as negative controls but contained the highest amount of TolC. An 

illumination time had to be determined in which this band does not show saturation 

to allow reliable quantification, but the digestion fragments are still visible. 

Furthermore intact TolC and digestion product have to be well separated to be 

quantified individually. This can either be achieved with longer migration times 

during the SDS-PAGE or with higher acrylamide/bisacrylamid content. The latter led 

to unfocused bands, which are unfavorable for quantification, but longer migration 

times increased the ‘smile effect’, which is also unfavorable for quantification. 

Gradient gels were also tested but showed different behavior during transfer to a 

PVDF membrane leading to Western Blots unsuitable for quantification. But even 

after systematic errors in quantification were removed by changing the quantification 

software and compromises for illumination and running parameters of SDS-PAGEs 

were found still no construct showed as much digestion of TolC as BD-empty 

implying at least partial assembly in all 16 constructs.  
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Figure 3: Western bolts and quantification of PK susceptibility assay with specific TolC 
antibody. A, B and C) Western Blots of whole cell samples that were incubated with PK (+) or buffer  
(-) for different times as indicated in min and h. Pc = positive control for permanently assembled 
system with plasmid combination: pK184-HlyBD and pBAD-eGFP-HlyA. Nc1 = negative control 1 for 
non-assembled system with plasmid combination: pK184-HlyBD and pUC19. Pink pixels indicate 
saturation of the detector. A) Same samples were blotted with different antibodies: Upper panel 
shows HlyB (~80 kDa), which shows more expression in pc than nc1, middle panel shows HlyD 
(~55 kDa), which is expressed equally in all samples and lowest panel shows TolC (~55 kDa), which is 
digested more in nc1 than pc. B) Shown is the digestion pattern of TolC by PK for pc and nc1 in 
comparison to AΔSS (plasmid combination: pK184-HlyBD and pBAD-eGFP-HlyAΔSS à the secretion 
signal (SS) of HlyA (C-terminal 60 residues) was deleted). The construct AΔSS shows more digestion 
than pc but less than nc1. C) Digestion of TolC with 100 µg/mL PK in constructs pc and nc1 for up to 
18 h. A band for monomeric TolC is visible in all samples. Complete digestion was not possible under 
these conditions. D and E) Quantification of TolC digestion in 60 min samples as described in material 
and methods. BD = HlyBD expressed from pK184-HlyBD. A = eGFP-HlyA expressed from 
pBAD-eGFP-HlyA. Em = empty vector (pK184 when replacing HlyBD, pUC19 when replacing 
eGFP-HlyA). D) BL21 = E. coli BL21(DE3) cells without any plasmid. The assay was performed with the 
usual antibiotic concentration (AB conc. 1x, grey). The assay was also performed at 0.5x antibiotic 
concentration (light grey) and without antibiotics (white) for BDem and emem with n =1. Grey bars 
represent mean ± SD of at least two independent experiments. E) Strain = E. coli strain without any 
plasmid with E. coli BL21(DE3) in black, E. coli C43(DE3) in grey and E. coli C43(DE3)ΔacrAB in white. 
All bars represent mean ± SD of at least two independent experiments.  

 

Introduction of multiple controls for non-assembled system 

We therefore decided to analyze the digestion of TolC by PK using additional 

controls and also assayed E. coli cells carrying both empty plasmids (empty-empty) 

and no plasmids at all (BL21) leading to five constructs: BD-(eGFP)A, BD-empty, 

empty-(eGFP)A, empty-empty and BL21.  
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It should be noted that cells not carrying any plasmid grew faster and were not 

treated with inducer (IPTG and arabinose). All other constructs were induced with 

1 mM IPTG and 1 mM arabinose at OD600 0.5-0.7 and grown for 2 h before 

harvesting. E. coli cells without any plasmid were harvested and used for the assay 

when they reached a comparable OD600 to the other constructs, which was usually 

between 2.0 and 3.0.  

By applying students t-test to the quantification results the five control 

constructs could be divided in three groups. The lowest digestion was observed for 

BD-(eGFP)A, an intermediate digestion for empty-(eGFP)A and BL21 and highest 

digestion for BD-empty and empty-empty (Figure 3 D). Intermediate and high 

digestion was therefore present in constructs that would not allow assembly of the 

T1SS but was significantly different between the two groups. The common 

denominator in the constructs that displayed high digestion was the presence of 

pUC19 as an empty vector to confer ampicillin resistance. Interestingly, such high 

digestion was not observed in experiments in which only pUC19 was present and 

therefore only ampicillin was used.  

In an attempt to reduce stress of the cells we performed the assay in the 

absence of antibiotics for the plasmid combinations BD-empty and empty-empty, but 

TolC was still highly sensitive to PK treatment (Figure 3 D).  

As mentioned in the introduction TolC is also used in other T1SSs and tripartite 

efflux pumps such as AcrAB-TolC, which confers resistance to some antibiotics, 

among them ampicillin (Sulavik et al., 2001). Ampicillin resistance is conferred by 

pBAD-eGFP-HlyA and therefore present in the culture medium of each construct. An 

influence of AcrAB and competition for the available TolC pool are therefore possible. 

An acrAB knock out strain in the E. coli C43(DE3) background was available in our 

laboratory and we transformed all four plasmid combinations in E. coli C43(DE3) and 

E. coli C43(DE3)ΔacrAB and repeated the assay twice including each strain without 

any plasmids (as for E. coli BL21(DE3)). Both strains are able to secrete pro-HlyA and 

are therefore able to assemble the HlyA T1SS.  
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The digestion of TolC in regards to the different plasmid combinations was 

similar in E. coli C43(DE3) compared to E. coli BL21(DE3) although digestion was 

overall higher (Figure 3 E). In E. coli C43(DE3)ΔacrAB the digestion of TolC was 

overall very high and no difference was visible among the plasmid combinations. 

Since the digestion was very different for the three strains even without any plasmid 

present no definite conclusions regarding the involvement of the AcrAB-TolC 

complex could be drawn. Also the protection of TolC by the permanently assembled 

system (BD-(eGFP)A) was gradually lost from E. coli BL21(DE3) to E. coli C43(DE3) to 

E. coli C43(DE3)ΔacrAB. 

 

Quantification of HlyD digestion 

The membrane fusion protein HlyD has a large periplasmic domain and likely 

changes its conformation when recruiting TolC (Pimenta et al., 1999). This change in 

conformation could result in different sensitivity towards PK and the digestion of 

HlyD by PK was therefore also investigated.  

Digestion was observed for the permanently assembled system (BD-(eGFP)A) as 

well as for the non-assembled system (BD-empty) and was more severe for the non-

assembled system (Figure 4 A). However even without PK treatment HlyD displays 

degradation signals (Supplementary Figure 2 D) and the used antibody displays 

cross-reactivity. While unspecific binding at 70 kDa could be ignored, the antibody 

also binds a protein, which migrates at the same height as HlyD, which is best visible 

in samples where a truncated version of HlyD was used (Figure 4 B).  

This renders quantification of HlyD digestion bands and intact HlyD impossible 

and in fact no time-dependent increase in digestion product or time-dependent 

decrease of intact HlyD could be observed.  
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Figure 4: Explored alternatives to TolC quantification and PK susceptibility assay. A and B) 
Western Blots of whole cell samples that were incubated with PK (+) or buffer (-) for different times as 
indicated. Western Blots were developed with an antibody directed against HlyD (55 kDa). The 
antibody displays cross-reactivity with a protein of ~70 kDa. A) Pc = positive control for permanently 
assembled system with plasmid combination pK184-HlyBD and pBAD-eGFP-HlyA. Nc1 = negative 
control 1 for non-assembled system with plasmid combination pK184-HlyBD and pUC19. The 
constructs ΔCLD, ΔCD and HA all hold pBAD-eGFP-HlyA and pK184-HlyBD with different mutations. 
ΔCLD = C39-like domain of HlyB (residue 2 – 145) has been deleted. ΔCD = cytoplasmic domain of 
HlyD (residue 1-60) has been deleted (HlyDΔCD = 47 kDa). HA = point mutation H662A in HlyB, which 
leaves HlyB ATPase inactive (Zaitseva et al., 2005). Degradation bands of HlyD are visible at ~40 kDa 
but also present in samples without PK (-). In the 60 min sample nc1 shows almost no undigested 
HlyD. In B) the cross-reactivity of the HlyD antibody is shown. Samples of HlyD wild type (WT) show a 
clear band at 55 kDa. HlyDΔCD is smaller with 47 kDa in size but a clear band is visible at 55 kDa as 
well. Also the signals above 70 kDa are likely caused by cross-reactivity. C) Growth curves of 
E. coli BL21(DE3) with different plasmid combinations. BD is always expressed from pK184-HlyBD. 
(eGFP)A is always expressed from pBAD-eGFP-HlyA. Empty refers to empty vectors pK184 or pUC19. 
Cells were grown to OD600 of 0.5-0.7, protein expression was induced and OD600 was measured over 
16 h. OD600 was normalized (norm.) by subtracting initial OD600 from all samples.  D) Western Blot of 
whole cell samples with an antibody against HlyB (~80 kDa). Cells were grown in the presence of 
different SDS-concentrations (% (w/v)). P = pc (as in A). n2 = negative control 2 for non-assembled 
system with plasmid combination pK184 and pBAD-eGFP-HlyA. The signal for HlyB in p decreases 
with increasing SDS-concentrations.  

 

Growing behavior of PK susceptibility assay controls 

In addition to analyzing the PK susceptibility of TolC and HlyD the growth 

behavior of several plasmid combinations was analyzed. They were grown in a 

96-well plate over night in the presence and absence of inducers of protein 

expression and their OD600 was monitored. The plasmid combinations that showed 

the highest TolC digestion (BD-empty, empty-empty) also showed the least growth 

independent of induction of protein expression (Figure 4 C and Supplementary 
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Figure 3). This reduced growth could not be contributed to any of the plasmids 

themselves (pK184-HlyBD, pK184-empty, pUC19), since cells with only one of these 

plasmids grew to higher ODs. Also the phenotype is not simply explained by the 

presence of two plasmids, since BD-(eGFP)A and empty-(eGFP)A also hold two 

plasmids and grew to higher ODs. In all four two-plasmid systems the origin of 

replication of the plasmids as well as the sensitivity markers are compatible. 

However, in the two two-plasmid systems that grew normally, different promotors 

control protein expression (pK184(-HlyBD) holds the lac promotor, pBAD-eGFP-HlyA 

the arabinose promotor). In the two two-plasmid systems that showed reduced 

growth the same promotor controls protein expression (lac promotor). Without 

further analysis it is not clear if the growth phenotype is caused by the combination 

of two plasmids with the same promotor. Also the combination of pK184-HlyBD with 

pSU2726-HlyA, which shares most of its backbone with pUC19 and also holds the lac 

promotor, is frequently used for HlyA secretion (Reimann et al., 2016, Khosa et al., 

2018). Still the reduced growth of BD-empty and empty-empty shows that the cells 

are more stressed than in BD-(eGFP)A and empty-(eGFP)A and this might explain why 

only these two plasmid combinations showed such a high TolC digestion by PK. The 

outer membrane might be easier to permeabilize allowing more PK to enter the 

periplasm leading to more digestion.  

 

TolC digestion in comparison to other controls for non-assembled system 

The different growth behavior of BD-empty and empty-empty shows that they 

are not suitable as controls for a non-assembled T1SS. Therefore samples from the 

PK susceptibility assay were compared to empty-(eGFP)A or E. coli BL21(DE3). For a 

reliable comparison by quantification the samples should be immunoblotted together 

on the same membrane and samples were therefore re-analyzed. Interestingly, 

BD-(eGFP)A showed more digestion product of TolC than before and the assay was 

repeated twice for several constructs including BD-(eGFP)A, empty-(eGFP)A and 

E. coli BL21(DE3). However the protection conferred by BD-(eGFP)A was reduced 

although all cultures of the PK susceptibility assay had been induced from the same 
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cryo-conserved culture, which was stored at -80°C. Due to the increased digestion of 

TolC in BD-(eGFP)A the difference between assembled and non-assembled system 

was little and according to statistical analysis not significant anymore 

(Supplementary Figure 4). The former observed significance might have been 

regained with more experiments or freshly transformed cultures. 

 

SDS-sensitivity assay 

Since the PK susceptibility assay did not yield any clear results regarding the 

assembly of the HlyA T1SS, an SDS-sensitivity assay was also applied. If the T1SS is 

permanently assembled less or no TolC is available for the AcrAB-TolC efflux pump 

leaving cells more sensitive to SDS (Cescau et al., 2007). This sensitivity would lead 

to fewer colonies on SDS containing agar plates or to reduced growth in SDS 

containing liquid medium. In a first attempt liquid cultures of BD-(eGFP)A and 

empty-(eGFP)A were grown in the presence of different SDS concentrations. 

However, Western Blot analysis revealed that the expression of HlyB is drastically 

reduced in the presence of 0.01% (w/v) SDS and non detectable in the presence of 

0.03% (w/v) SDS. This effect was also observed when cells were pre-incubated 

without SDS to allow protein expression and then transferred to SDS-containing 

medium (Figure 4 D). The SDS sensitivity assay is therefore not suited for the HlyA 

T1SS under the tested conditions.  

 

Discussion	

Secretion of the 110 kDa toxin HlyA is a complex process that can be divided 

into multiple steps. Since TolC recruitment was so far only observed in the presence 

of the substrate, substrate recognition precedes TolC recruitment (Thanabalu et al., 

1998).  

Substrate recognition can be investigated by in vitro pull down assays and has 

successfully been performed with isolated parts of HlyB and truncated versions of 

HlyA (Benabdelhak et al., 2003, Lecher et al., 2012). Also the stimulation of HlyB 
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ATPase activity by HlyA can be assayed and different mutants of these proteins could 

be applied to this assay (Reimann et al., 2016).  

Interactions of different parts of HlyA with different parts of HlyB have been 

determined and it is not clear which of these interactions or a combination of them 

triggers the recruitment of TolC. With a combination of secretion experiments and 

the here described assembly assays Masi et al. were able to identify multiple regions 

distributed along HasA that interact with HasD and called them primary recognition 

sites (Masi and Wandersman, 2010).  

We attempted to transfer both assembly assays to the HlyA T1SS but 

encountered a number of problems. The SDS-sensitivity assay is based on a depletion 

of available TolC by a permanently assembled T1SS, which leaves the cells more 

sensitive to SDS. However, HlyB expression was not detectable at SDS concentrations 

that would have an impact on cell growth and depletion of the available TolC pool 

was therefore not possible. This might point to a protection mechanism of the cells 

that might be circumvented by using a different E. coli strain, different expression 

parameters for HlyB or another substrate for the AcrAB-TolC system instead of SDS.  

Proteins usually change their conformation when interacting with each other, 

which can lead to different digestion patterns upon protease treatment. Therefore 

permeabilizing the outer membrane to allow entry of an unspecific protease to the 

periplasm is a possibility to investigate the assembly of a complex.  

A specific antibody is required to draw reliable conclusions, which was a 

reoccurring problem during the establishment of the PK susceptibility assay. Also in 

vivo experiments are influenced by a number of cellular processes and the variability 

among samples should be reduced as much as possible. Although the same plasmid 

and growth conditions for HlyBD expression were used, different expression levels of 

HlyB were observed in the presence or absence of the substrate HlyA. Furthermore 

different growing behaviors were observed among the positive and negative controls 

for the assay indicating different levels of stress on the cells. In this context stress is 

used as a loose term and the cellular responses to that were not further investigated. 

Differences in the proteome as well as the lipidome of the cells are possible. Both 
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could impact the stability of TolC itself as well as the permeabilization efficiency, 

which would increase the variability between samples.  

Apart from determining the optimal assay conditions (temperature, protease 

concentration, time, assay buffer, quench solution, etc.) and sample preparation 

methods (SDS-sample buffer, (no) heating, PAGE style, etc.), evaluation is also a 

critical step. A simple black or white answer regarding the digestion of TolC was not 

possible so that quantification was required. Differences in signal intensities of PK 

treated and not PK treated samples as well as poor vertically and horizontally 

separation of the signals complicated the analysis. 

In conclusion the variability between the samples in combination with the 

sensitive evaluation method made definite statements regarding the assembly of the 

T1SS impossible. Therefore, other methods should be investigated. 

Thanabalu et al. used an unspecific crosslinker and subsequent purification of 

the crosslinked product to investigate if TolC is recruited in the presence or absence 

of different T1SS components (Thanabalu et al., 1998). This assay could be repeated 

with mutated versions of the proteins to gain more detailed information.  

The AcrAB-TolC complex is able to efflux a variety of substrates with SDS 

being only one of them (White et al., 1997, Tsukagoshi and Aono, 2000, Yu et al., 

2003). The reduction of HlyB expression, which made the SDS-sensitivity assay not 

applicable, might not be present when another substrate of AcrAB-TolC is used.  

Another in vivo approach could be the addition of FRET sensors to HlyD and 

TolC. This would likely need an extensive establishment period in which the correct 

localization of both tagged proteins has to be verified and whether secretion is still 

possible in the presence of the sensors.   

The variability between constructs could be reduced the most if the HlyA T1SS 

could be reconstituted in vitro. This approach raises its one set of issues: The inner 

membrane complex as well as TolC has to be reconstituted separately. Furthermore 

the substrate is transported in an unfolded state and has to be kept unfolded in order 

to interact with the inner membrane complex. Therefore, a method or buffer system 

has to be found, which keeps HlyA unfolded while HlyBD and TolC are unaffected. 
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Also it is not know if other periplasmic components such as peptidoglycan are 

required for correct assembly of the T1SS.  

 

Material	and	Methods	

Plasmids, transformation and E. coli cultures 

If not stated otherwise, E. coli BL21(DE3) was used for all experiments. As 

described in the text, the PK susceptibility assay was also performed in E. coli 

C43(DE3) and E. coli C43(DE3)ΔacrAB. All E. coli cells were made competent by 

incubation in 0.1 M CaCl2 and transformed with the heat shock method and clones 

were selected on antibiotic containing agar plates (100 µg/mL ampicillin and/or 

30 µg/mL kanamycin) (Mandel and Higa, 1970, Froger and Hall, 2007). If two 

plasmids were used cells were transformed sequentially. HlyB, HlyD and variants of 

them (e. g. HlyB H662A or HlyDΔCD) were expressed from pK184-HlyBD (Jenewein, 

2008). In some experiments this vector was supplemented with the empty vector 

pK184. The fusion protein eGFP-HlyA and variants of it were expressed from 

pBAD-eGFP-HlyA, which was supplemented with the empty vector pUC19 in some 

experiments as indicated in the text. All liquid cultures were incubated at 37°C and 

180 rpm. In general, a mixture of transformed clones from the agar plate was used to 

inoculate 5 mL cultures of 2xYT media with the corresponding antibiotics, which 

were grown for 16 h. These cultures were harvested by centrifugation, resuspended 

in 500 µL of fresh media, mixed with glycerol (final concentration: 25% (v/v)) and 

stored at -80°C. These cryo-conserved cultures were used to inoculate 5 mL 

precultures with the same media and antibiotics, which were grown for 16 h. Their 

OD600 was measured and they were used to inoculate 50 mL main cultures (same 

media and antibiotic concentration) to OD600 0.1. At an OD600 of 0.5-0.7, protein 

expression was induced with 1 mM IPTG and 1 mM arabinose and cultures were 

grown for 2 h. After this 5 to 12 mL of the culture were harvested by centrifugation 

at 4000xg for 10 min at 4°C. As mentioned in the text E. coli cells that did not contain 

any plasmid grew faster, were not treated with antibiotics or inducers and were 

harvested at an OD600 comparable to the E. coli cultures containing plasmids.  
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PK susceptibility assay 

The general protocol for this assay was taken from Masi et al. and was adapted 

several times (Masi and Wandersman, 2010). Cells treated as described above were 

resuspended to OD600 of 15 in permeabilization buffer to allow entry of PK to the 

periplasm. Three different permeabilization buffers were used: i) CaCl2-buffer: 

20 mM Tris pH 8.0, 10 mM CaCl2, 20% (w/v) sucrose, 0.5% (v/v) Triton X-100 ii) 

EDTA-buffer: 20 mM Tris pH 8.0, 10 mM EDTA, 20% (w/v) sucrose, 0.5% (v/v) 

Triton X-100 iii) final buffer: 20 mM Tris pH 8.0, 10 mM EDTA, 30% (w/v) sucrose.  

The assay was started by mixing 90 µL permeabilized cell suspension with 

10 µL PK-solution. Different final PK concentrations were used as indicated in the text 

(10-100 µg/mL). PK from Tritirachium album (Sigma Aldrich, Germany) was solved 

and stored according to manufactures instructions. Negative controls contained 

10 µL of 20 mM Tris pH 8.0 instead of PK. The assay was performed at 20°C and 

650 rpm in a thermocycler if not stated otherwise. Different digestion times were 

tested ranging from 1 min to 18 h.  

Three different quenching methods were tested. At first 50 µL PK digested cell 

suspension were mixed with 50 µL 10 mM phenylmethylsulfonyl fluoride (PMSF) in 

ethanol. Then PMSF was exchanged for 10 mM aminoethylbenzolsulfonyl fluoride 

(AEBSF) in water. The third and final quenching method was mixing 50 µL PK 

digested cell solution with 4 µL 25% (v/v) trifluoric acid (TFA). The samples were 

incubated with TFA for 30 min before being neutralized with ~2.5 µL 5 M NaOH. 

20 µL SDS-sample buffer were added to this solution. Two different sample buffers 

were used: SDS-soluble (100 mM Tris pH 6.8, 3.3% (w/v) SDS, 0.02% (w/v) 

bromophenol blue, 40% (v/v) glycerol) and SDS-urea (same as SDS-soluble + 6 M 

urea and 0.2% (w/v) Coomassie). At first SDS-soluble was used which did not allow 

boiling (95°C for 5-10 min) of the SDS-samples as described in the text. Then the 

sample buffer was changed to SDS-urea. When the quenching method was changed 

to TFA, SDS-soluble was used again.  
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Analysis of PK susceptibility assay 

Samples were analyzed on different types of SDS-PAGEs (10%, 15% and 

4-20%) as described in the text. Mostly 10% SDS-PAGES were used. For Western 

Blot analysis the proteins were transferred to a polyvinylidene difluoride (PVDF) 

membrane with a Trans-Blot SD Semi-Dry Transfer Cell by Bio Rad according to 

manufactures instructions (1 h, 0.1 A per membrane, adjustable voltage). The 

membranes were blocked with 10% (w/v) milk powder overnight at 4°C, incubated 

with the respective primary antibody for 1.5-2 h at room temperature (RT), then 

incubated with a secondary antibody coupled to horse radish peroxidase (HRP) for 

1 h at RT, washed three times in between each step with TBS-T buffer (20 mM Tris 

pH 8, 250 mM NaCl, 0.1% (v/v) Tween-20) and analyzed using AmershamTM Imager 

600 by GE Healthcare. Pictures were taken every 10 s until saturation of the detector 

was reached. The image 10 s prior to saturation was used for quantification.  

At first the open-source software FIJI (Schindelin et al., 2012) was used for 

quantification and later changed to GelAnalyzer (GelAnalyzer 19.1 

(www.gelanalyzer.com) by Istvan Lazar Jr., PhD and Istvan Lazar Sr., PhD, CSc). In 

general, a region of interest is defined and the software creates an intensity plot for 

this region. Baselines are set either manually (FIJI) or automatically (GelAnalyzer) and 

the integral of the peaks, corresponding to the intensity of the bands on the Western 

Blot, is used for further evaluation. The scaling of the y-axis in the intensity plot 

needs to be constant when the amount of two different bands should be compared. 

The free software FIJI does not allow this, which is why we changed to GelAnalyzer 

after detecting this problem. In both approaches the digestion product of TolC at 

~45 kDa and the remaining TolC at 55 kDa were quantified individually and the 

amount of digestion product was divided by the amount of total TolC (signal at 

46 kDa + signal at 55 kDa).  

 

TCA precipitation 

Trichloroacetic acid (TCA) was added to the samples to a final concentration of 

~13% (v/v). Samples were incubated at 4°C for >16 h to allow precipitation of 
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proteins and peptides. Samples were centrifuged at 20,000xg for 20 min at 4°C and 

the pellets were washed with 100% acetone three times before being resuspended in 

SDS-sample buffer (soluble). They were analyzed by SDS-PAGE and Western Blot as 

described above.  

 

Growth curves 

Pre- and main cultures were prepared from cryo-conserved cultures as 

described above. 1 h after induction of protein expression, the OD600 was measured 

and cultures were used to inoculate 96 well plates (same media, antibiotics and 

inducer concentration) to an OD600 of 0.15. The growth was monitored for 16 h in a 

microplate reader (Tecan). Each plasmid combination was measured as triplicates. As 

mentioned in the text the growth was also monitored in the absence of inducers. 

These cultures were treated the same way but were never treated with IPTG and/or 

arabinose (Supplementary Figure 3).  

 

SDS-sensitivity assay 

Pre- and main cultures were prepared from cryo-conserved cultures as 

described above. 1 h after induction of protein expression, the OD600 was measured 

and cultures were used to inoculate cultures with different SDS-concentrations (from 

0 to 0.09% (w/v) SDS). Their OD600 was monitored for several hours. Also samples 

were taken after 5 h, 6 h and 7 h and analyzed with SDS-PAGE and Western Blot for 

the presence of HlyB, HlyD and HlyA of which only the Western Blot of HlyB 6 h after 

protein induction is shown (Figure 4 D).  
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	Supplement	

 

Supplementary Figure 1: Western Blots of whole cell samples analyzed with an antibody 
directed against TolC that displays cross-reactivity. Samples were either incubated with PK (+) or 
buffer (-) for 10 min in (A) and 1 and 5 min in (B) and (C). Pc = positive control for a permanently 
assembled system with plasmid combinations pK184-HlyBD and pBAD-eGFP-HlyA. Nc = negative 
control for non-assembled system. Nc1 = pK184-HlyBD and pUC19. Nc2 = pK184 and 
pBAD-eGFP-HlyA. A) HA = ATPase inactive mutant of HlyB H662A. The assay was performed in two 
different buffers (buf) but samples were boiled for 5 min at 95°C. No TolC could be detected. B and C) 
show the same samples unboiled (B) and boiled (C). In comparison to (A) the SDS-sample buffer and 
assay buffer has been changed, which allowed boiling of the samples and detection of monomeric 
TolC (55 kDa) in (C). Pink pixels show saturation of the detector. The signal at 70 kDa is caused by 
cross-reactivity of the antibody.  
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Supplementary Figure 2: Western Blots of whole cell samples. Samples were either incubated with 
PK (+) or with buffer (-) for 1 or 5 min. Pc = positive control for a permanently assembled system with 
plasmid combinations pK184-HlyBD and pBAD-eGFP-HlyA. Nc = negative control for non-assembled 
system. Nc1 = pK184-HlyBD and pUC19. Nc2 = pK184 and pBAD-eGFP-HlyA. A and B) The assay was 
performed at 20°C (A) and 30°C (B) and quenched with PMSF. In C) the samples were also treated 
with trichloroacetic acid (TCA) to precipitate all digestion products. D) An unrelated secretion 
experiment in which pK184-HlyBD was used for HlyBD expression in two different flask types (with 
and without baffles). Samples were taken before (0 h) and at several time points after induction of 
protein expression. The Western Blot was developed using an antibody directed against HlyD (55 kDa). 
Samples were not treated with any protease, but degradation bands of HlyD are still visible.  
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Supplementary Figure 3: Growth curves of non-induced E. coli BL21(DE3) cultures. Cells were 
treated as described in material and methods. Although protein expression was never induced, the 
constructs are named after the plasmids they hold. BD refers to the presence of pK184-HlyBD and 
(eGFP)A stands for the presence of pBAD-eGFP-HlyA. Empty refers to empty vectors pK184 or pUC19. 
BL21 refers to E. coli BL21(DE3) cells without any plasmid. OD600 was normalized (norm.) by 
subtracting initial OD600 from all samples. Color coding is as in Figure 4 C. 

 

 

 

Supplementary Figure 4: A) Western Blot directed against TolC (55 kDa) of whole cell samples 
treated with PK (+) or with buffer (-) for different times as indicated. Pc = positive control for a 
permanently assembled system with plasmid combinations pK184-HlyBD and pBAD-eGFP-HlyA. Nc2 = 
negative control 2 for non-assembled system with plasmid combination pK184 and pBAD-eGFP-HlyA. 
K322W = mutant of HlyB with plasmid combination pK184-HlyB K322W-HlyD and pBAD-eGFP-HlyA. 
Pc shows more digestion than before (Figure 3 A). B) Quantification of TolC digestion for pc 
(BD-(eGFP)A; n=4)  and nc2 (empty-(eGFP)A; n=2). Shown is mean ± SD. Black bars represent older 
data and grey bars represent repetition of the assay roughly a year later as described in the text. 
Significance was calculated using students t-test. * = p<0.05 and n.s. = not significant (p>0.05).  
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Abstract	

Type I secretion systems (T1SSs) represent a large group of export systems 

that share a common protein composition. An ABC transporter and membrane fusion 

protein (MFP) reside in the inner membrane and recruit an outer membrane protein 

(OMP) upon substrate engagement to form a continuous channel from the cytoplasm 

to the extracellular space. Although similar in architecture, T1SSs can be further 

subdivided into three groups based on the N-terminal extension of the ABC 

transporter, which correlates to the properties of the substrate such as size and the 

presence of a N- or C-terminal secretion signal. In this study we focused on group 2 

T1SSs, which is defined by an ABC transporter with an inactive peptidase domain, 

and identified 25 organisms that hold homologous systems. The ABC transporters of 

five of these organisms were successfully expressed in E. coli so that initial 

purifications and secretion experiments could be performed as well as in silico 

analyses. Secretion approaches with chimeric ABC transporters as well as domain-

specific alignments, which were compared to other groups of T1SSs, underlined the 

importance of the nucleotide binding domain (NBD) and transmembrane domain 

(TMD) in the transport process.  Additionally, two conserved motifs were identified in 

the MFP that are specific to MFPs of group 2 T1SSs.  
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Introduction	

Type 1 secretion systems (T1SSs) are found in almost all Gram-negative 

bacteria and transport a variety of substrates from the cytosol across both 

membranes to the extracellular space (Linhartová et al., 2010). These substrates 

include toxins, proteases, lipases, adhesins, bacteriocins and hemophores and vary in 

size from ~9 kDa to 900 kDa (Springer and Goebel, 1980, Gilson et al., 1990, Duong 

et al., 1992, Létoffé et al., 1994, Akatsuka et al., 1995, Satchell, 2011). The transport 

machinery is made up of an outer membrane protein (OMP), an ABC transporter and 

a membrane fusion protein (MFP), both in the inner membrane (IM), which together 

form a continuous channel from the cytoplasm across the periplasm to the 

extracellular space (Mackman et al., 1985, Nicaud et al., 1985b, Wandersman and 

Delepelaire, 1990). While the OMP is often used in multiple systems, the IM 

components are specific to the transported substrate (Wandersman and Delepelaire, 

1990, Koronakis et al., 2004).  

The different T1SSs can be further subdivided into three groups (Kanonenberg 

et al., 2013): Group 1 T1SSs are classified by the presence of an N-terminal 

extension on the ABC transporter, that resembles a C39 peptidase and cleaves the N-

terminal signal sequence of the substrate. A member of this group is the colicin V or 

MccV T1SS from E. coli with CvaB as the ABC transporter, CvaA as the MFP and TolC 

as the OMP (Gilson et al., 1987, Gilson et al., 1990). ABC transporters of group 2 

T1SSs also have an N-terminal extension, that resembles a C39-peptidase but is not 

active and is therefore termed C39-like domain (CLD) (Lecher et al., 2012). The 

substrate is not cleaved before, during or after transport (Gray et al., 1986). Members 

of this group include the HlyA T1SS from E. coli or the CyaA T1SS from B. pertussis 

(Glaser et al., 1988). Group 3 includes T1SSs whose ABC transporters have no N-

terminal extension but are instead made up of the classical nucleotide binding 

domain (NBD) and transmembrane domain (TMD). The iron scavenger protein HasA 

from S. marcescens is secreted by such a T1SS with HasD as the ABC transporter and 

HasE as the MFP. The system can be heterologously expressed in E. coli utilizing TolC 
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as an OMP (Létoffé et al., 1994). Comparing these systems can help to identify key 

players in the secretion process and features unique for the groups or systems.  

One of the most extensively studied T1SSs is the HlyA T1SS from E. coli, which 

belongs to group 2. The ABC transporter of this system, HlyB, carries a peptidase-

inactive N-terminal extension, called CLD, whose structure has been solved by NMR 

(Lecher et al., 2012). Like all ABC transporters it has a TMD and NBD and the 

structure of the NBD has been solved by X-ray crystallography in many different 

states (Schmitt et al., 2003, Zaitseva et al., 2005a, Zaitseva et al., 2006, Oswald et al., 

2008). Still the structure of the TMDs is missing and can only be modeled based on 

other T1SS ABC transporters such as PCAT1. However, PCAT1 has no N-terminal 

extension and is derived from the Gram-positive organism Clostridium thermocellum 

(Lin et al., 2015). No complete structure of a group 2 T1SS ABC transporter has been 

solved so far.  

HlyB forms a stable IM complex with the MFP HlyD even in the absence of the 

substrate (Thanabalu et al., 1998). HlyD has a small cytoplasmic domain (CD) of 60 

amino acids followed by a transmembrane (TM) helix and a large periplasmic domain 

(PPD) (Schülein et al., 1994, Pimenta et al., 1999). The structure of a part of this PPD 

has also been solved by X-ray crystallography (Kim et al., 2016) and is often 

compared to MFPs of tripartite efflux pumps, since there is no structure available for 

a T1SS MFP.  

Upon substrate engagement the IM complex forms a continuous channel across 

the periplasm with the OMP TolC (Thanabalu et al., 1998), whose structure has been 

solved by X-ray crystallography as well (Koronakis et al., 2000).   

The substrate, HlyA, belongs to the repeats-in-toxin (RTX) family, which is 

classified by the presence of a C-terminal secretion signal, that is not cleaved, and a 

repeating motif of nine amino acids, which is responsible for Ca2+-binding and 

subsequent folding of the protein, called RTX motif or GG-repeat (Felmlee and 

Welch, 1988, Linhartová et al., 2010). Prior to secretion two internal lysine residues 

of HlyA are acylated by the acyltransferase HlyC (Stanley et al., 1994). This acylation 

is necessary for HlyA function but not for secretion, as the non-acylated version, pro-
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HlyA, is secreted with the same efficiency (Nicaud et al., 1985a). The 110 kDa toxin 

HlyA is transported unfolded with the C-terminus reaching the cell surface first 

(Lenders et al., 2015). Outside of the cell, the conserved motif binds Ca2+ and HlyA 

folds into its active form, which is able to lyse several cell types among them 

erythrocytes (Goebel and Hedgpeth, 1982, Baumann et al., 1993, Thomas et al., 

2014).  

HlyB can be purified from E. coli membranes and also be reconstituted into 

lipid nano particles (Kanonenberg et al., 2019b) but structural approaches towards 

the TMD or the whole protein have failed so far. We therefore aimed to find a more 

suitable homolog of HlyB and performed an extensive database search, which yielded 

25 group 2 T1SSs from other Gram-negative organisms. Eight of these were analyzed 

in more detail and five were heterologously expressed in E. coli. Apart from structural 

insight also functional studies together with in silico analyses were performed with 

these homologs to deepen the understanding of transport mechanism.  

 

Results	

Identifying homologous T1SSs 

The first step was the identification of T1SSs of group 2 in other organisms. 

Therefore the Protein Basic Local Alignment Search Tool (pBLAST) of the National 

Center for Biotechnology Information (NCBI) was used. In a first approach, the 

primary sequence of HlyB (UniProt-ID: Q1R2T6) was employed and the search was 

limited to archaea, which are known to live in extreme environments with therefore 

stable proteins (Cowan, 1992, Danson and Hough, 1998). At the time of the first 

search, 2016, no homologs of HlyB were identified, since none of the transporters 

had an N-terminal extension. Since then more genomes have been added to the 

database and now (January 2021) at least six transporters with an N-terminal 

extension can be found by this method.  

However, in 2016 the search for homologs was then continued by pBLAST, this 

time excluding Escherichia coli, the original host of HlyB. This yielded hundreds of 

results reflecting the huge size of sequenced genomes.  
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To allow identification of a group 2 T1SS ABC transporters, the first 100 aa 

(amino acid(s)) of a respective transporter were searched for the presence of a Cys 

residue. The absence of such a Cys indicates, that the N-terminal extension is not able 

to function as a C39 peptidase, which then classifies this extension as a C39 

peptidase-like domain (CLD) (Lecher et al., 2012, Kanonenberg et al., 2013).  

After identifying such an ABC transporter, the genome of the respective 

organism was searched for the presence of a HlyD-like MFP by pBLAST with the HlyD 

sequence (UniProt-ID: Q1R2T7) and for the presence of an RTX toxin by pBLAST 

with the HlyA sequence (UniProt-ID: Q1R2T5). In most of the organisms multiple 

RTX containing proteins (often hypothetical proteins) were identified. Their size and 

number of conserved RTX motifs, so-called GG repeats, was noted (Table 1) (Felmlee 

and Welch, 1988, Linhartová et al., 2010). Organisms whose genomes did not 

contain an MFP and RTX protein were excluded from the list of interesting homologs.  

In a last step, the genome of the respective organisms was analyzed for the 

presence of a HlyC-like protein by pBLAST with the HlyC sequence (UniProt-ID: 

Q1R2T4). Since RTX toxins can have various functions that are usually mediated by 

the N-terminal domain (Linhartová et al., 2010), which seems to play a subordinate 

role in secretion (Gray et al., 1989, Jarchau et al., 1994), the absence of an HlyC-like 

protein was not used to exclude organisms but rather as a factor to distinguish 

between the identified T1SSs. It should be noted that the sole presence of a HlyC-like 

protein does not mean, that the RTX toxin interacts with this protein. For that 

functional studies are required. 

The sequences of 25 HlyB homologs (from here on referred to as HlyB*, listed 

in Supplementary Table 1) were used in an alignment performed with Clustal 

Omega, which also provides a phylogenetic tree (Madeira et al., 2019). They could be 

subdivided into four groups of different size (Supplementary Figure 1). Three 

organisms from the largest group (which included E. coli), two organisms from both 

medium sized groups and one organism from the smallest group were picked for 

further analysis, resulting in eight homologs in total. The organisms and the identity 

of the putative T1SS components, as given by the alignments from the pBLAST 
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search, are listed in Table 1. They will be abbreviated by using the first letter of their 

genus and species. For Escherichia coli this results in Ec and for Xylella fastidiosa this 

results in Xf and so on.  

 

Table 1: Identity and characteristics of putative T1SS components of different organisms. 
Proteins were identified by pBLAST search. The number (#) of GG repeats sometimes shows a range. 
This depends on how strict the motif (GGxGxDxUx, where U stands for a large hydrophobic residue 
and x stands for any amino acid) is applied (Linhartová et al., 2010). For Cv four RTX proteins were 
identified. aa = amino acids.  

 identity compared to [%] putative RTX toxin 

organism HlyB HlyD HlyA HlyC size [aa] # of GG 
repeats 

Xylella fastidiosa 61 41 37 32 1814 16-18 

Aeromonas diversa CDC 2478-85 65 38 43 - 351 9-10 

Avibacterium paragallinarum 69 48 32 - 2286 15 

Mannheimia haemolytica 82 61 43 55 953 5 

Bibersteinia trehalosi 82 59 42 50 955 6 

Cardiobacterium valvarum 70 41 34, 35, 

41, 49 

- 217, 569, 

665, 558 

4, 8-9, 

2, 5-6 

Moraxella bovis 69 41 43 56 927 5 

Kingella kingae 72 40 44 62 956 6-7 

 

 

Cloning of HlyB* 

For cloning procedures the FX cloning kit was used which allows high-

throughput and only leaves one artificial amino acid at either end of the cloned 

sequence (Geertsma, 2013). A pBAD-derived plasmid was chosen as an expression 

vector with an N-terminal 10xhis-tag, which would allow purification by affinity 

chromatography and detection by Western Blot. With this method seven of the eight 

picked HlyB* were successfully cloned into the chosen expression vector and the 

results were verified by sequencing (Microsynth SeqLab, Göttingen).  
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Expression of HlyB* in E. coli 

Expression of membrane proteins can be complicated and lead for example to 

cell death. Therefore, three different expression strains were chosen that are derived 

from the already well-established E. coli C41(DE3) and C43(DE3) strains (Miroux and 

Walker, 1996). The first two strains tested were E. coli C43(DE3)Δ(acrAB) and 

C41(DE3)Δ(ompF-acrAB) (Kanonenberg et al., 2019a). The expression was tested at 

18°C, 25°C and 37°C for multiple hours and overnight and verified by whole cell 

analysis on Western Blots with an antibody directed against the N-terminal his-tag.  

Similar results were observed for both strains: Five of the seven HlyB* 

expressed sufficiently while HlyB* from Bt and Mb showed no expression in these 

strains under all tested conditions (Figure 1 A-D). Their expression was therefore also 

tested in E. coli C43(DE3)Δ(ompF-acrAB). While HlyB* from Mb still showed no 

detectable expression, HlyB* from Bt showed an unexpected band pattern on the 

Western Blot (Supplementary Figure 2 D): The signal migrated higher than expected: 

at ~90 kDa for an ~80 kDa transporter, while HlyB migrates at ~70 kDa though it has 

a size of ~80 kDa. Furthermore the signal increased from 1 h to 2 h but dissipated 

soon after. HlyB* from Bt and Mb were therefore excluded from further analysis.  

 

Solubilization of HlyB* 

In order to stabilize a membrane protein in solution a membrane mimetic is 

required. By now there are several options available, with detergent based 

solubilization still being the most frequently used method (Lin and Guidotti, 2009, 

Gulati et al., 2014, Frauenfeld et al., 2016). Ionic detergents such as Fos-Cholines and 

SDS are very efficient in solubilizing the membrane, but often interfere with the 

protein structure. Non-ionic detergents, such as DDM, are believed to be less harsh 

and maintain protein structure and therefore function, while often being less efficient 

leading to decreased protein yields (Helenius and Simons, 1975, Helenius et al., 

1979). 

It is not possible to predict the best detergent for a membrane protein based on 

its primary sequence alone and even homologous proteins can display very different 
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solubilization efficiencies with the same detergent. Therefore we applied 88 different 

detergents and analyzed the soluble membrane fractions via dot blot technique 

(Ellinger et al., 2013) (data not shown). To gain deeper understanding of the state of 

the respective protein and the solubilization efficiency, the solubilization was 

repeated in a smaller scale (with seven detergents) and soluble and unsoluble 

fractions were analyzed via SDS-PAGE and Western Blot (Figure 1 E-I). Three 

detergents were tested, that were not part of the dot blot analysis, and three non-

ionic detergents from dot blot analysis. They were compared to Fos-Choline 14, 

which showed high solubilization efficiency for all tested homologs.  

This analysis confirmed two points: i) highest solubilization efficiency is 

achieved with ionic detergents and ii) all five HlyB* localized to the membrane 

fraction.  
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Figure 1: Expression (A-D) and solubilization (E-I) of HlyB* from different organisms. A-D) 
Cultures were inoculated from overnight cultures containing E. coli C41(DE3)Δ(ompF-acrAB), which 
had been transformed with an expression plasmid for each HlyB*. At late logarithmic growth phase 
protein expression was induced (0 h) at 25°C and samples were taken after 2 h, 3 h, 4 h, 5 h, 23 h and 
24 h and analyzed with SDS-PAGE and Western Blot with an antibody directed against the his-tag. 
Two letter acronyms stand for genus and species of the respective organism (see Table 1). E-I) 
Membranes from the shown expressions were prepared, adjusted to the same concentration and 
solubilized with different detergents for 1 h at 8°C. Soluble (S) and unsoluble (U) fractions were 
separated by high speed centrifugation and analyzed via SDS-PAGE and Western Blot. Membranes 
containing HlyB* from Xf (E), Ap (F), Mh (G), Cv (H) and Kk (I) were analyzed. OG: n-octyl-β-D-
glucopyranoside, LMNG: lauryl-maltose-neopentyl-glycol, FC-14: Fos-Choline 14, GDN: glyco-
diosgenin, 1: n-decyl-β-D-thiomaltopyranoside, 2: C12E10, 3: Triton-X-114, 4: n-dodecyl-β-D-
maltopyranoside (DDM), 5: n-dodecyl-α-D-maltopyranoside, 6: C12E10, 7: C12E9, 8: C10E9, 9: n-
undecyl-β-D-thiomaltopyranoside, 10: N,N’-bis-(3-D-glucoamidopropyl)cholamide, 11: n-undecyl-α-D-
maltopyranoside, 12: C12E8, 13: C10E8, 14: n-Dodecyl-N,N-dimethylglycine, 15: n-nonyl-β-D-
maltopyranoside. M: molecular weight marker. The 70 kDa band of the molecular weight marker was 
marked with two dots during image acquisition.  
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Purification and ATPase activity 

Affinity chromatography is one of the most frequently used methods to purify 

proteins (Lin and Guidotti, 2009, Urh et al., 2009). As already mentioned, all HlyB* 

were expressed with an N-terminal his-tag whose presence was confirmed by 

Western Blot and would allow purification via immobilized metal ion affinity 

chromatography (IMAC). In general two different strategies were applied: i) 

Solubilization with an ionic detergent and subsequent purification via IMAC during 

which the detergent was changed to a non-ionic detergent as well as ii) solubilization 

with a non-ionic detergent followed by IMAC.  

After each IMAC the fractions containing the respective HlyB* were combined 

and concentrated before applying them to a size exclusion chromatography (SEC). 

This allowed removal of imidazole and aggregates, buffer exchange for downstream 

applications and estimations about oligomeric state and stability of each HlyB* in 

different buffer systems.  

The purification attempts for HlyB* from Cv and Kk were least successful. 

HlyB* from Cv, solubilized with n-undecyl-α-D-maltosid, showed very weak binding to 

the IMAC matrix and eluted together with all nonspecifically bound proteins, 

indicating inaccessibility of the his-tag. HlyB* of Kk showed better binding to the 

IMAC matrix eluting at ~100 mM imidazole and could therefore be separated from 

most other proteins. However, the yields were consistently extremely low (below 90 

µg protein from one liter of cell culture after SEC) even when the membrane was 

solubilized with Fos-Choline 14, leaving no pellet after 1 h of centrifugation at 

120,000xg. The low yield could be contributed to a low expression (compared to 

other HlyB*) as well as to low stability of HlyB* from Kk. Precipitation was often 

observed, especially when concentrating the protein for SEC analysis or storing at 4°C 

overnight. HlyB* from Kk was therefore determined unsuitable for crystallization 

attempts. 

Purification for HlyB* from Xf was more successful reaching yields of ~4 mg 

protein from one liter of cell culture after SEC. The best protein expression was 

achieved in E. coli C41(DE3)Δ(ompF-acrAB) (Kanonenberg et al., 2019a) after 5 h 
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(after induction) at 25°C. The whole membrane was solubilized with 1% (w/v) Fos-

Choline 14 overnight (~16 h) minimizing the loss of protein in this step. IMACs were 

consistent in that HlyB* from Xf eluted at imidazole concentrations >120 mM 

independent of the detergent used (Fos-Choline 14, DDM or GDN). However, SEC 

analysis revealed that the protein was least stable with DDM as a large portion of the 

protein eluted in the void volume of the column indicating aggregation, which was 

not observed with Fos-Choline 14 or GDN. Each purification yielded sufficient 

amounts of protein to allow activity analysis with an ATPase assay, but no activity 

could be measured under the tested conditions.  

The best protein expression was observed for HlyB* from Mh with increasing 

band intensities on Western Blots even after 24 h of expression at 25°C. The protein 

could be solubilized with the non-ionic detergent C12E9 but increasing the 

solubilization time from 1 h to 16 h had no significant effect on protein yield, which 

was between 300 and 400 µg protein per liter of cell culture after SEC. The yield 

could be increased to 650 µg protein per liter of cell culture when Fos-Choline 14 was 

used for solubilization and changed to C12E9 during IMAC. The affinity to the IMAC 

matrix was even higher than for HlyB* from Xf with HlyB* from Mh eluting at 

imidazole concentrations >150 mM. However, SEC analysis always showed a 

significant portion of the protein eluting in the void volume of the column indicating 

aggregation. This likely happened during concentration of the protein before SEC 

analysis, since precipitation could be observed in the concentrator when protein 

concentrations of 8-10 mg/mL were exceeded. The highest yield (1.5 mg protein per 

liter of cell culture) was therefore achieved when SEC was not performed but 

imidazole was instead removed with a PD-10 column, which required less volume 

reduction. It is still possible that a significant amount of protein purified by this 

approach was aggregated. While HlyB* from Xf showed no activity in the ATPase 

assay, HlyB* from Mh was either too active or contaminated with another ATPase. In 

the assay the free phosphate is stained with malachite green and measured 

photometrically. Reliable photometric values (OD <1) could only be achieved when 

protein concentration was diluted to 0.1 mg/mL and staining time was reduced below 
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10 min. However, the standard was not sufficiently stained under these conditions. 

Since the yield was still fairly low, HlyB* from Mh was rather used for crystallization 

attempts than for activity assays. 

The most promising HlyB* was the one from Ap. The first purification attempt 

initially yielded 2.5 mg active protein (activity measured by ATPase assay) from one 

liter of cell culture and purification was therefore only slightly altered. The protein 

was expressed in E. coli C41(DE3)Δ(ompF-acrAB) for 4 h at 25°C, solubilized with Fos-

Choline 14 for 16 h, which was changed to GDN during IMAC in which the protein 

showed a strong affinity to the matrix (elution with >150 mM imidazole in broad 

peak). In later purifications the IMAC column was washed with increasing imidazole 

concentrations in a stepwise manner before the protein was eluted in a sharp peak 

with 400 mM imidazole (Figure 2 A). This increased the yield (after SEC) from 

2.5 mg to 3.5 – 4.5 mg active protein from one liter of cell culture. The buffer system 

was changed from phosphate to HEPES during SEC in which the protein showed two 

different elution volumes, which were not baseline separated and showed no 

difference on SDS-PAGE (Figure 2 C and D). Both peaks exhibited ATPase activity 

which showed no significant decrease after storage at 4°C over seven days 

(Figure 2 E). To ensure that ATPase activity was due to HlyB* from Ap a mutant was 

cloned in which two residues important for ATPase activity (Zaitseva et al., 2005b, 

Zaitseva et al., 2006) were exchanged: The glutamate of the Walker B motif (E633Q) 

and the histidine of the H-loop (H664A). This double mutant was expressed and 

purified in the same manner as the wild type protein and showed no ATPase activity 

(Figure 2 E).  

In summary HlyB* from Cv did not bind to the IMAC column and could not be 

purified. HlyB* from Kk could be purified, but only low yields were obtained and the 

protein was not stable. HlyB* from Xf could be purified to high yields, but was not 

active. HlyB* from Mh was purified to mediocre yields, but its activity could not be 

prooven. HlyB* from Ap was sufficiently purified in an active state and sufficiently 

stable. HlyB* from Ap and Mh were both used in crystallization attempts, which to 
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date did not (yet) yield any crystals. However, HlyB* from Ap showed less tendency 

to aggregation in crystallization trials than HlyB from E. coli.  

 

Figure 2: Purification and ATPase activity of HlyB* from Ap. HlyB* from Ap was purified via IMAC 
(A). The concentration of imidazole is shown as a gray dotted line. Load (L), flow through (fl), wash 1 
(w1, 225-245 mL), wash 2 (w2, 245-270 mL) and elution fractions (270-290 mL) were analyzed with 
SDS-PAGE (B). Elution fractions were concentrated and applied to a SEC (C). A small peak appeared 
before the void volume (v) of the column and is marked with * in (C) and (D). (D) SDS-PAGE of SEC 
fractions. Peak 1 and 2 are marked in C and D. Fractions from both peaks were concentrated and 
ATPase activity was measured (E). Lines in (E) show an allosteric sigmoidal fit. Blue: Peak 1 at the day 
of purification (day 1). Black: Peak 2 at day 1. Red: Peak 1 after 7 days storage at 4°C. Grey: Hydrolytic 
inactive mutant (E663Q H664A) of HlyB* from Ap. Grey triangles: Peak 1 of this mutant. Grey upside 
down triangles: Peak 2 of this mutant. Kinetic parameters are listed in Supplementary Table 2. (F) 
Western Blot against HlyA of culture supernatants from secretion experiment with HlyB* from Xf, Ap, 
Mh, Cv and Kk. Only HlyB from E. coli (Ec) was able to secrete HlyA. (G) Western Blots against HlyA of 
culture supernatants from secretion experiment with chimeric HlyB* from Ap (ch-Ap) and Kk (ch-Kk), 
where their native CLD was exchanged to E. coli HlyB CLD. Upper panel: Secretion of full-length HlyA 
(110 kDa). Lower panel: Secretion of truncated HlyA1 (23 kDa). Numbers in (F) and (G) represent 
hours after induction of protein expression. Pink pixels represent saturation of the detector. M: 
molecular weight marker.  
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Secretion of HlyA 

Multiple studies have shown that the HlyA T1SS is able to export fusion 

proteins when they are expressed with a C-terminal fragment of (pro-)HlyA at their C-

terminus (Hess et al., 1990, Kenny et al., 1991, Bakkes et al., 2010, Schwarz et al., 

2012, Lenders et al., 2015). Since HlyBD is able to transport fusion proteins, we were 

interested if homologous transporters can export pro-HlyA as well.   

To test this, all five expressable HlyB* were cloned into a secretion competent 

vector via Gibson Assembly (Gibson et al., 2009). On this vector (pK184-

HlyB(*)HlyD), HlyB* (from the respective homologous organism) and HlyD (from 

E. coli) are expressed under the same promotor and the plasmid is compatible with 

pSU2726, which encodes for (pro-)HlyA (Soloaga et al., 1996). 

No pro-HlyA could be detected for any of the five HlyB* in the culture 

supernatant by this approach although all necessary components were expressed, 

which was confirmed by Western Blot (Figure 2 F and Supplementary Figure 2 A, B). 

Based on domain specific alignments (see next section) and the expression level 

of HlyD in combination with the homolog, two chimeric HlyB* were cloned into the 

secretion competent vector (pK184-chHlyB*HlyD). HlyB* of Ap and Kk were chosen 

for this approach and their native CLD was exchanged to the CLD of E. coli HlyB. Still 

neither pro-HlyA, nor the truncated version (HlyA1), could be detected in the culture 

supernatant (Figure 2 G) suggesting a more specific role of the NBDs than simply 

hydrolyzing ATP or a more specific role for the TMDs than simply forming a channel 

through the inner membrane.  

 

In silico analyses of T1SS components 

For identification of the homologs used in this study, pBLAST was used which 

relies on alignments and sequence identity. This can be difficult for proteins 

containing multiple domains and information can be lost or misinterpreted.  To 

minimize this problem we divided both components of the inner membrane into 

three domains each and aligned them separately. For HlyB and its homologs the 

domains are the CLD (residue 1 – 125), the TMD (transmembrane domain, residue 
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158 – 436) and the NBD (nucleotide binding domain, residue 468 – 703) and for 

HlyD we divided the protein into the CD (cytosolic domain, residue 1 - 60), TM-helix 

(residue 61-80) and PPD (periplasmic domain, residue 81-478). We relied on 

UniProt’s domain predictions when separating each protein into these domains. 

Exceptions to this were the MFPs of Xf, Kk and Re (Rhizobium etli) as well as BtrA 

(group 1 T1SS ABC transporter (Michiels et al., 2001)) from Re and since no UniProt 

entry was present. These MFPs were subjected to a secondary structure prediction 

tool (Zimmermann et al., 2018) to identify the TM-helix, which separates the CD 

from the PPD. In order to divide BtrA in its domains we relied on the annotated 

regions in the sequence report published at NCBI (WP_040111896.1).  

ABC transporters 

The sequence identities of the domains of the ABC transporters are the lowest 

for the CLD in each case (37-60%) and quite similar for TMD and NBD (66-88%) in 

each organism (Table 2). This supports the hypothesis, that the CLD confers 

specificity by binding the respective substrate. However, exchanging the CLD of 

HlyB* was still not sufficient to allow transport of pro-HlyA or the truncated version 

HlyA1 pointing towards a more complex mechanism of recognition and/or transport.  

The TMDs of the group 2 T1SS ABC transporters analyzed in this study show 

an overall identity between 66% and 88%, which is quite high (Table 2). When 

aligning the TMDs of group 1 T1SS ABC transporters (peptidase-active N-terminal 

extension), the identity is only around 25%, between 19% and 25% for group 3 

T1SS ABC transporters (no N-terminal extension) and between 45% and 57% when 

analyzing other group 2 T1SS ABC transporters (see Table 2 for details on the 

different T1SS origins). Especially interesting is the comparison to CvaB, the ABC 

transporter for colicin V or MccV, since it is derived from E. coli as well (Gilson et al., 

1987, Gilson et al., 1990). The identity of the TMD compared to HlyB is only 26% 

although the lipid composition of the membranes should be relatively similar 

considering CvaB and HlyB are both derived from E. coli strains. The high identity of 

the TMDs of group 2 T1SS ABC transporters across the organisms points to an 
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important role of the TMDs and probably a different transport mechanism compared 

to group 1 and 3.  

The same trend is visible when aligning the NBDs (Table 2). While the 

homologs in this study show a sequence identity of 68% to 86%, the NBDs of group 

3 T1SS ABC transporters show an identity between 32% and 33% and the NBDs of 

group 1 between 38% and 41% identity. All of them show the conserved Walker A 

and Walker B motifs as well as the Q-loop, C-loop, Pro-loop, D-loop, Gly-loop and 

switch II (also called H-loop) (Schmitt et al., 2003) (see Supplementary Figure 3 for 

full alignment). Nevertheless group 2 NBDs also show high conservation between the 

motifs, which is less pronounced for group 1 and 3.  

 

Table 2: Identities of ABC transporter domains compared to HlyB from E. coli. Upper group 2 
represents HlyB* researched in this study. Groups are according to (Kanonenberg et al., 2013). IDs 
marked with (*) can be found at NCBI instead of UniProt.  

   
 identity to HlyB [%] 

 
group ABC protein host CLD TMD NBD UniProt-ID 

2 

HlyB* X. fastidiosa 37.1 66.3 68.3 A0A060H1A8 

HlyB* A. paragallinarum 50.0 74.2 70.8 A0A0F5EW97 

HlyB* (LktB) M. haemolytica 60.3 87.5 86.2 P0C087 

HlyB* C. valvarum 39.8 77.4 71.7 G9ZEE5 

HlyB* (RtxB) K. kingae 50.4 79.9 72.4 A1YKX0 

HlyB* (LktB) B. trehalosi 60.3 87.1 86.7 Q933E0 

HlyB* (MbxB) M. bovis 42.9 77.4 73.8 Q7X2A4 

       

1 
CvaB E. coli 18.3 26.0 41.1 A7DT68 

BtrA R. etli 23.4 24.2 37.6 WP_040111896.1* 

       
2 

CyaB B. pertussis 17.2 56.6 61.3 P0DKX6 

RtxB V. cholerae 19.2 44.8 54.9 A0A2P1AHA9 

       

3 

RsaD C. crescentus - 25.1 33.2 O85350 

HasD S. marcescens - 18.6 31.7 Q53368 

AprD  P. aeruginosa - 21.6 31.6 Q03024 
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MFPs 

The CDs of the homologs show a sequence identity of 44 – 54% while Mh 

stands out with 71% (Table 3). Their similarity becomes more striking when 

secondary structure is predicted (Combet et al., 2000, Sapay et al., 2006). All of them 

show an amphipathic helix (AH) of 26 ± 1 residues at the N-terminus with 4-6 

aromatic residues on the non-polar site of the AH (Figure 3 A). In a helical wheel 

projection all of them display an Arg at the non-polar site of the AH which is also 

visible as a conserved residue in the alignment (Arg26) (Figure 3). If this Arg is 

actually part of the helix, reducing the non-polarity of this side, or the helix stops 

earlier in vivo, cannot be concluded based on in silico analysis alone.  

 

 

Figure 3: Analysis of cytosolic domain (CD) of group 2 T1SS MFPs. A) shows the alignment of 
group 2 MFPs. The orange box marks an amphipathic helix (Combet et al., 2000, Sapay et al., 2006) 
and the green box a second helical region (Jones, 1999, Wang et al., 2016, Heffernan et al., 2017, 
Zimmermann et al., 2018, Klausen et al., 2019). A charged cluster is marked in red (basic residues) 
and blue (acidic residues) (Balakrishnan et al., 2001). (*) marks the same residue, while (:) and (.) mark 
similar residues. The alignment was performed with Clustal Omega (Madeira et al., 2019). For details 
on sequence origin see Table 3. RtxD and CyaD are MFPs that were not part of this study and are 
shown in grey. B) Helical wheel projections of the amphipathic helix of E. coli (Ec), X. fastidiosa (Xf) 
and A. paragallinarum (Ap). Basic residues are marked red, acidic residues are marked blue, polar 
residues are marked green, non-polar residues are marked yellow (Mól et al., 2018).  
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Following the AH, a charged cluster of five residues can be found. The first 

(Arg34) and last two residues of this cluster (Asp37 and Glu38) are especially 

conserved (Figure 3 A). This cluster overlaps with a second helical region, which 

shows different helical predictions based on the used prediction tools (Jones, 1999, 

Dosztányi et al., 2005, Yan et al., 2013, Jones and Cozzetto, 2015, Hanson et al., 

2016, Wang et al., 2016, Heffernan et al., 2017, Zimmermann et al., 2018, Klausen 

et al., 2019). However, this region shows a highly conserved motif of 8-10 residues: 

FLPAHLEL-(I/T)-E. This motif is not detected in MFPs of group 1 and 3 T1SSs but is 

also less conserved in comparison to other MFPs from group 2 T1SSs like CyaD and 

RtxD (FLP-(A/S)-xLxLx-(E/Q)) (Figure 3 A).  

 

Table 3: Identities of MFP domains compared to HlyD from E. coli. Upper group 2 represents the 
MFPs that belong to the ABC transporters researched in this study. Groups are according to 
(Kanonenberg et al., 2013). IDs marked with (*) can be found at NCBI instead of UniProt.  

   
identity to HlyD [%] 

 
group MFP host CD TM-helix PPD UniProt-ID 

2 

HlyD* X. fastidiosa 54.2 12.5 37.0 ALR08405.2*  

HlyD* A. paragallinarum 47.5 42.1 48.5 A0A0F5EXY0 

HlyD* (LktD) M. haemolytica 71.2 50.0 58.4 P16534 

HlyD* C. valvarum 44.1 26.3 40.3 G9ZEE6 

HlyD* K. kingae 49.1 36.8 38.9 WP_019390474.1* 

       

1 
CvaA E. coli 25.0 35.7 25.5 P22519 

BtrB R. etli 16.7 5.6 24.5 WP_040111953.1* 

    
2 

CyaD B. pertussis 29.1 26.3 29.5 J7QCA7 

RtxD V. cholerae 26.9 11.1 37.9 Q9X4W5 

    

3 

RsaE C. crescentus 5.0 16.7 21.4 Q84DJ5 

HasE S. marcescens 32.0 33.3 23.8 Q57387 

AprE  P. aeruginosa 28.6 27.8 24.3 Q03025 
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The lowest sequence identity in regards to group 2 MFPs is always found in the 

TM-helix (Table 3). Differences in membrane crossing domains (TMD and TM-helix) 

might be a consequence of the different lipid compositions of these organisms, 

however, the sequence identity for the TM-helix of the MFP is considerably lower in 

each case than for the TMD of the ABC transporter, which might be due to the 

shorter sequence.  

The PPD of HlyD can be separated into multiple domains as well. In general the 

PPD of MFPs like AcrA, CusB, MacA and EmrA contain a membrane proximal (MP) 

domain, a β-barrel domain, a lipoyl domain and an α-helical domain with a helix-turn-

helix motif (Mikolosko et al., 2006, Su et al., 2009, Yum et al., 2009, Hinchliffe et al., 

2014, Kim et al., 2016). The crystal structure of a part of the PPD from HlyD shows 

an α-helical domain and a lipoyl domain, but is missing the last ~100 residues (Kim et 

al., 2016). In an earlier study, Lee et al. identified an RLT motif whose importance 

was shown by mutational studies and suggested to facilitate the contact to TolC (Lee 

et al., 2012). However, based on the crystal structure Kim et al. re-identified this 

motif as a DLA motif in the tip region and suggested that the RLT motif is important 

for oligomerization instead of contact to TolC.  

The DLA motif can be found in all five homologs with Ala250 being the most 

promiscuous residue of this motif (Figure 4 A). Leu190 of the RLT motif is also 

conserved among these homologs. In an alignment of the RLT motif Lee et al. also 

highlighted Trp198 following Thr197 of the RLT motif. This aromatic residue was 

not part of their mutational studies but an aromatic residue (Trp or Phe) can be 

found at this position in all five homologs (Figure 4 A).  
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Figure 4: Alignment of periplasmic domain (PPD) of group 2 T1SS MFPs. Two letter abbreviations 
stand for genus and species of the respective organism (Table 3). A) The RLT motif (Lee et al., 2012) 
is shown in orange and the DLA motif (Kim et al., 2016) in red. Colored lines in (A) and (B) over the 
sequence show structure elements from HlyD crystal structure (Kim et al., 2016), with helix 2 in blue, 
helix 3 in purple and lipoyl domain in green. B) Residue V334 and V349 (both yellow) in the lipoyl 
domain were shown to influence HlyA folding (Pimenta et al., 2005). Yellow residues in (C) (K404 and 
D411) were part of the same study and are important for HlyA secretion. C) Last 120 residues of HlyD. 
Conserved motifs are colored in pink (specific to HlyD(-like) proteins) and brown (not specific to 
HlyD(-like) proteins). Bright green residues (L475, E477, R478) were shown to be important for HlyA 
secretion (Schülein et al., 1994). Colored lines over the sequence represent secondary structure 
predictions (Jones, 1999, Dosztányi et al., 2005, Yan et al., 2013, Wang et al., 2016, Heffernan et al., 
2017, Zimmermann et al., 2018, Klausen et al., 2019). Lines are dashed in areas where different 
prediction tools were in disagreement. Solid lines represent predictions that are in agreement. Light 
blue shows predicted β-sheets, dark red shows predicted α-helices. Alignments were performed with 
Clustal Omega (Madeira et al., 2019). (*) marks the same residue, while (:) and (.) mark similar 
residues. Alignments of other group 2 T1SS MFPs (CyaD and RtxD) are shown in grey.  
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The lipoyl domain is not easy to identify by sequence alignments since it is 

made up of residues 96-131 and 326-361 and therefore interrupted by the α-helical 

domain (Kim et al., 2016). While the sequence identity of the α-helical domain is 

quite low, it is higher in the parts of the lipoyl domain. This domain contains two 

conserved Val residues (Val334 and Val349), which are important for correct folding 

of the substrate HlyA (Pimenta et al., 2005) and are present in all five homologs 

(Figure 4 B).  

The extreme C-terminus of the MFPs displays the highest sequence identity 

with multiple conserved motifs (Figure 4 C). Especially the sequence FPYTRYGY 

(residues 393-400) seems to be specific for HlyD-like proteins, since pBLAST with 

this motif, in- or excluding E. coli, only showed HlyD-like proteins in the first 100 

results. The region AEIKTG (residues 450-455) and YLLSPL (residues 462-467) 

showed more diverse pBLAST results including proteins and enzymes from 

eukaryotes and a variety of hypothetical and annotated proteins of different protein 

families. As for the conserved motif in the CD, these three motifs were not found in 

the MFPs of other T1SSs (CvaA, LipC, AprE, HasE, RsaE, PrtE), but are also less 

conserved in RtxD and CyaD (group 2 MFPs, Figure 4 C).  

Finally the last 118 residues of HlyD, which include the conserved motifs, were 

subjected to secondary structure prediction since they are lacking in the published 

structure of HlyD (Kim et al., 2016). A high content of β-strands was identified by 

multiple tools (Jones, 1999, Yan et al., 2013, Wang et al., 2016, Heffernan et al., 

2017, Zimmermann et al., 2018, Klausen et al., 2019) (Figure 4 C) and the prediction 

is very similar to the structure of, for example, MacA (Yum et al., 2009).  

 

Discussion	

T1SSs are widespread throughout Gram-negative bacteria (Linhartová et al., 

2010). The recent database analysis performed here also suggested their presence in 

archaea. Based on the N-terminal extension of the ABC transporter component, 

T1SSs can be further subdivided into three groups depending on the presence and 

function of an N-terminal extension (Kanonenberg et al., 2013).  
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We were able to identify 25 group 2 T1SSs in Gram-negative bacteria 

(Supplementary Table 1) and successfully cloned the DNA sequence of seven ABC 

transporters in expression plasmids (Geertsma, 2013). Utilizing different variants of 

E. coli C41 (DE3) and C43 (DE3) (Miroux and Walker, 1996, Kanonenberg et al., 

2019a), we were able to express six of these heterologously without codon 

optimization (Figure 1 A-D and Supplementary Figure 2 D). Five of them were 

subjected to detailed solubilization assays showing different behavior although they 

were expressed in the same E. coli strain, therefore holding the same lipid 

composition (Figure 1 E-I). These five HlyB* were purified with different levels of 

successes whereby the purification of HlyB* from Ap was the most successful in 

yield, stability and activity of the transporter (Figure 2 A-E). Two of these five were 

subjected to crystallization trials (HlyB* from Ap and Mh) but did not yield any 

crystals yet.  

Interestingly none of the five sufficiently expressed HlyB* (from Xf, Ap, Mh, Cv 

and Kk) were able to secrete pro-HlyA (Figure 2 F). Furthermore two chimeric HlyB* 

(from Ap and Kk), who carried the CLD from E. coli HlyB instead of their native CLD, 

were unable to secrete pro-HlyA or the truncated version HlyA1 (Figure 2 G). This 

shows, that TMD and/or NBD of the ABC transporter play a crucial role in formation 

of the inner membrane complex (IMC) or during substrate recognition.  

Substrate recognition 

Surface plasmon resonance (SPR) studies with isolated HlyB NBD and 

fragments of HlyA showed that the NBD is able to interact with the secretion signal 

of HlyA (Benabdelhak et al., 2003). The NBDs of all five homologs used in the 

secretion assay show very high sequence identity to HlyB (68-86%), with HlyB* from 

Ap and Kk (used for chimeric approaches) showing a sequence identity of 71% and 

72%, respectively (Table 2). Still, it is possible that the homologous NBDs do not 

interact with pro-HlyA.  

The CLD has also been shown to interact with (pro-)HlyA in in vitro pull-down 

assays (Lecher et al., 2012). Interestingly the CLD and NBD seem to interact with 

different parts of the substrate, which makes simultaneous interaction possible.  
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The domain organization of CLD, TMD and NBD of HlyB towards each other is 

not known yet. It is possible that the chimeric HlyB* failed to interact in a 

simultaneous fashion with the substrate, since their domain organization could be 

disturbed.  

Finally HlyA has also been shown to interact with HlyD in the absence of HlyB 

by cross-linking experiments (Thanabalu et al., 1998). However, in the secretion 

approaches HlyD and HlyA were wild type proteins from E. coli and should therefore 

be able to interact.  

IMC formation 

HlyB and HlyD form a stable IMC in the absence of the substrate (Thanabalu et 

al., 1998). By which interactions this IMC is formed or stabilized is not known.  

To date there is no structural information available for an assembled T1SS, 

however, tripartite efflux pumps share common features with T1SSs and structures 

of these in complex with the OMP are available. Tripartite efflux pumps, similar to 

T1SSs, are made up of an OMP, a periplasmic adaptor protein (also called membrane 

fusion protein) and an inner membrane protein (Hinchliffe et al., 2013, Jo et al., 

2019). This inner membrane protein can belong to the superfamily of resistance-

nodulation-cell division (RND) proteins or to the family of ABC transporters. An 

example for the latter is the MacAB-TolC complex from E. coli whose structure was 

solved (Fitzpatrick et al., 2017). Examples for RND-type tripartite efflux pumps, 

whose structures were solved, are AcrAB-TolC from E. coli (Wang et al., 2017) and 

MexAB-OprM from P. aeruginosa (Tsutsumi et al., 2019). In each of these structures 

the lipoyl domain of the MFP does not interact with the inner membrane protein but 

the contact is made by the β-barrel and membrane proximal (MP) domain of the MFP 

(Fitzpatrick et al., 2017, Wang et al., 2017, Tsutsumi et al., 2019). Based on 

structural comparisons of the α-helical domain of HlyD to other MFPs, Kim et al. 

suggested that HlyD lacks the MP domain but still displays a β-barrel domain (Kim et 

al., 2016). Since such a domain was not identified in the fragment that Kim et al. 

were able to crystallize, it is likely present in the extreme C-terminus of HlyD, which 

is supported by secondary structure prediction, which showed high β-sheet content in 
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this region (Figure 4 C). Similar to tripartite efflux pumps this region could mediate 

the contact between HlyD and HlyB. The high sequence similarity in the last ~100 

residues of the MFPs indicates that the contact between ABC transporter and MFP is 

mediated in the same way in these organisms and that HlyD could be able to form 

the IMC with HlyB* as well. This however has to be elucidated in detail.  

At least five residues in this C-terminal region of HlyD were shown to be 

essential for HlyA secretion by two different mutational studies: Lys404 and Asp411 

(Pimenta et al., 2005) as well as Leu475, Glu477 and Arg478 (Schülein et al., 1994). 

Asp411, Leu475, Glu477 and Arg478 are all conserved in the homologs, while 

Lys404 is not conserved in HlyD* from Ap but in the other homologs. Interestingly, 

the regions between Lys404 and Asp411 and following Asp411 show low sequence 

similarity (Figure 4 C). This might be the region where the MFP makes a specific 

contact to the respective ABC component, which would have resulted in a lack of 

assembly of the IMC in the secretion approach.  

Without further investigation it is not possible to pinpoint why exactly the 

secretion of HlyA by homologous transporters failed. Secretion experiments with 

chimeras where the NBD or the TMD is exchanged could shed more light on this 

subject. Furthermore it would be interesting to investigate the assembly of the IMC 

by for example cross-linking experiments with these different chimeras.   

	

Material	and	Methods	

In silico tools 

In order to identify the homologs pBLAST was employed 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).  

 The sequences that were used were taken from UniProt 

(https://www.uniprot.org/): HlyB: Q1R2T6, HlyD: Q1R2T7, HlyA: Q1R2T5, HlyC: 

Q1R2T4. All alignments as well as the phylogenetic tree were created with Clustal 

Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) (Madeira et al., 2019). The helical 

wheel projections were performed with NetWheel (http://lbqp.unb.br/NetWheels/) 

(Mól et al., 2018). Two different tools were employed for secondary structure 



  Publications	

 163 

predictions. For the amphipathic helix of HlyD and its homologs AmphipaSeeK was 

used (https://npsa-prabi.ibcp.fr/) (Combet et al., 2000, Sapay et al., 2006). For all 

other secondary structure predictions Quick2D was utilized, which employs multiple 

prediction algorithms (https://toolkit.tuebingen.mpg.de/tools/quick2d) (Jones, 1999, 

Dosztányi et al., 2005, Yan et al., 2013, Jones and Cozzetto, 2015, Hanson et al., 

2016, Wang et al., 2016, Heffernan et al., 2017, Zimmermann et al., 2018, Klausen 

et al., 2019). All tools are available online free of charge. 

 

Cloning and transformation 

The genomic DNA of the organisms listed in Table 1 was ordered from the 

DSMZ (German Collection of Microorganisms and Cell Cultures GmbH) and used for 

cloning with the FX cloning kit (Addgene) according to manufactures instructions 

(Geertsma, 2013). The DNA was first cloned into a cloning vector (pINITIAL) and 

then by digestion with SapI cloned into an expression vector derived from pBAD, 

which introduced a 10xhis-tag at the N-terminus of the homologs. Primers were 

designed with the designated online tool (https://www.fxcloning.org/) (Geertsma, 

2013). 

For secretion experiments the homologs or their domains were cloned into a 

secretion competent vector by Gibson Assembly (Gibson et al., 2009). The vector 

utilizes the backbone of pK184 and is often used for the expression of HlyB and HlyD 

under the control of the same promotor (Jenewein, 2008). The HlyB sequence was 

replaced with the sequence of the respective homolog. The primers were designed 

with the help of a primer design tool used for Gibson Assembly reactions 

(https://nebuilder.neb.com/).  

Chemically competent E. coli cells were obtained by incubation in 0.1 M CaCl2 

and all plasmids were transformed into the respective strains by the heat-shock 

method (Mandel and Higa, 1970, Froger and Hall, 2007).  
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Test- and overexpression of HlyB* 

In order to identify the best growth conditions small scale test expressions were 

performed. After the respective plasmid was transformed into either E. coli 

C43(DE3)Δ(acrAB),  E. coli C41(DE3)Δ(ompF-acrAB) or E. coli C43(DE3)Δ(ompF-

acrAB) pre-cultures of 5 mL LB-media with 100 µg/mL ampicillin were inoculated 

from transformation agar plates (Miroux and Walker, 1996, Kanonenberg et al., 

2019a). They were incubated for 16 h at 37°C and 180 rpm before being used to 

inoculate either 50 mL LB-media or 50 mL 2xYT-media cultures supplemented with 

100 µg/mL ampicillin to an OD600 of 0.1. These cultures were grown to OD600 0.5-0.7 

at 37°C and 180 rpm before being induced with 1 mM arabinose. They were 

subsequently incubated at either 18°C, 25°C or 37°C for 24 h. For analysis samples of 

1 mL were taken at different time points after induction and centrifuged for 1 min at 

11,000xg. Cell pellets were resuspended in water according to their OD600 and 80 µL 

cell suspension was mixed with 20 µL SDS-sample buffer (100 mM Tris pH 6.8, 3.3% 

(w/v) SDS, 0.02% (w/v) bromophenol blue, 40% (v/v) glycerol). Samples were 

analyzed on 10% SDS-PAGEs and transferred to polyvinylidene difluoride (PVDF) 

membranes with a Trans-Blot SD Semi-Dry Transfer Cell by Bio Rad according to 

manufactures instructions. The membranes were blocked with 10% (w/v) milk 

powder overnight at 4°C, incubated with the respective primary antibody for 1 h at 

room temperature (RT), then incubated with a secondary antibody coupled to horse 

radish peroxidase (HRP) for 1 h at RT, washed three times in between each step with 

TBS-T buffer (20 mM Tris pH 8, 250 mM NaCl, 0.1% (v/v) Tween-20) and analyzed 

using AmershamTM Imager 600 (GE Healthcare) or Chem Genius2 bio imaging system 

(Syngene). For purification of HlyB* the volume of the pre-cultures and the main 

cultures was upscaled to 50 mL and 2 L respectively.   

In general the best protein expression was reached in E. coli C41(DE3)Δ(ompF-

acrAB) at 25°C after 3-5 h after induction with only HlyB* from Mh still showing 

strong bands on Western Blots after 24 h of expression.  

 

 



  Publications	

 165 

Membrane preparation and solubilization 

E. coli C41(DE3)Δ(ompF-acrAB) cells were transformed with pBAD derived 

expression plasmids and grown as described above. Cells were harvested by 

centrifugation at 8000xg for 20 min at 4°C, and cells from 1 L cell culture were 

resuspended in 45-50 mL resuspension buffer (50 mM Na2HPO4 pH 8, 300 mM 

NaCl). Cells were disrupted by passing through French press at 1.5 kBar four times. 

Cell debris was collected by centrifugation at 18,000xg for 30 min at 4°C and 

discarded. The membranes were collected by centrifugation at 120,000xg for 1 h and 

30 min at 4°C. The supernatant was discarded and membrane pellets were 

homogenized with a hand held potter in resuspension buffer. Concentration was 

adjusted to ~10 mg/mL measured by NanoDrop and membranes were either used 

directly for solubilization or stored with 10 % (v/v) glycerol at -20°C. For small scale 

solubilizations 160 µL membrane suspension were mixed with 1% (w/v) of the 

respective detergent (2% (w/v) for n-octyl-β-D-glucopyranoside) and incubated for 1 

h at 8°C under slow shaking. For purification the whole membrane suspension from 1 

L cell culture was used and either incubated for 1 h or 16 h with 1% (w/v) of the 

respective detergent as indicated in the results section. After solubilization soluble 

and unsoluble fractions were separated by centrifugation at 120,000xg for 25 min 

(small scale) or 1 h and 30 min (purification scale) at 4°C. For analysis of the small 

scale solubilizations 80 µL of the soluble fractions were mixed with 20 µL SDS-

sample buffer. The unsoluble membrane fractions were resuspended in 100 µL 

resuspension buffer and 80 µL of this solution were mixed with 20 µL SDS-sample 

buffer. Both samples were analyzed with 10% SDS-PAGEs and subsequent Western 

Blotting as described above.  

 

Purification and ATPase activity 

Membranes containing the protein of interest were prepared and solubilized as 

described. After removal of unsolubilized membrane fragments 2-10 mM imidazole 

were added to the membrane solution and it was loaded to a HiTrap Chelating IMAC 

column by GE Healthcare with an ÄKTAprime system (GE Healthcare) at 1 mL/min 
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and fractions of 10 mL were collected. The column had been loaded with Ni2+ and 

equilibrated with five column volumes resuspension buffer containing the respective 

detergent and imidazole concentration prior to that. If a change of detergent was 

anticipated, the membrane solution was diluted 1:4 with resuspension buffer prior to 

loading to the IMAC column to reduce detergent concentration. After loading, 

columns were washed at 2 mL/min with resuspension buffer containing the 

respective detergent until baseline was reached or at least 20 column volumes of 

buffer had passed the column. An imidazole gradient from 2 or 10 mM to 300 mM 

imidazole was applied to elute the protein over 1 h at 1 mL/min and 1 mL fraction 

size. In later purifications the columns were washed in a stepwise manner with 

imidazole concentrations that still allowed binding of the protein to the column (e.g. 

50 mM and 100 mM imidazole for washing when purifying HlyB* from Ap). 

Subsequently, the protein was eluted with 300 mM imidazole (400 mM for HlyB* 

from Ap) at 1 mL/min and 1 mL fraction size. Fractions containing the protein of 

interest were collected and concentrated to ~500 µL or 2.5 mL depending on the 

downstream application by centrifugation in a protein concentrator with 50 kDa 

molecular weight cut-off at 4000xg at 4°C.  

For SEC analysis 500 µL protein solution was applied to a Superose 6 10/300 

GL column (GE Healthcare) at 0.5 or 0.25 mL/min and fractions of 1 mL were 

collected. To allow detection of free phosphate in the ATPase assay, the column was 

equilibrated with 50 mM HEPES pH 8 (HlyB* from Ap, Xf, Mh) or 50 mM TRIS pH 8 

(HlyB* from Mh, Kk, Cv) and 250 mM NaCl. The SEC buffer also contained the 

respective detergent at 1.5x the cmc (critical micellar concentration) of this detergent. 

In some purifications SEC was replaced by a PD-10 column (GE Healthcare) according 

to manufacturer’s instructions.  

Fractions containing the protein of interest were collected and concentrated in 

the same protein concentrator that had been equilibrated with the respective SEC 

buffer. The yield was determined by protein concentration measurements, either via 

NanoDrop or BCA assay and activity was tested via an ATPase assay in which the free 

phosphate after ATP hydrolysis is stained with malachite green. The assay has been 
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adapted from Reimann et al. (Reimann et al., 2016). In brief, ATP (final 

concentrations 0-8 mM) and MgCl2 (final concentration 10 mM) were mixed and the 

reaction was started by adding HlyB* (final concentration 0.1 mg/mL). Samples were 

incubated at 37°C and 550 rpm for 20 min and the reaction was stopped with cold 

20% (v/v) H2SO4. Negative controls contained 1 mM EDTA instead of 10 mM MgCl2. 

Free phosphate was stained by incubation with staining solution (0.096% malachite 

green, 1.48% (w/v) ammonium molybdate and 0.173% (v/v) Tween 20 in 2.36 M 

H2SO4) for 15 min. The absorbance at 595 nm was measured and compared to a 

phosphate standard stained in the same way. Data points were analyzed with 

GraphPad Prism 7 software and plotted with an allosteric sigmoidal fit. The assay 

was performed in the respective SEC buffer.  

 

Secretion of HlyA 

Secretion experiments were performed with E. coli BL21 (DE3) cells 

transformed with pSU2726, encoding for HlyA (Soloaga et al., 1996) or HlyA1, and 

pK184 encoding for HlyD and HlyB (Jenewein, 2008) or the respective HlyB*. 

Cultures containing 50 mL LB-media supplemented with 100 µg/mL ampicillin and 

30 µg/mL kanamycin were inoculated from 5 mL pre-cultures (same media and 

antibiotic concentration) to an OD600 of 0.1. Cells were grown to an OD600 of 0.5-0.7 

at 37°C and 180 rpm and were induced with 1 mM IPTG and 1 mM arabinose. Before 

induction (0 h) and several hours after induction (1 h, 2 h and 3 h) the OD600 was 

measured and 1 mL sample was taken from the culture. The sample was centrifuged 

for 1 min at 11,000xg. Supernatants were diluted to the lowest OD600 measured, 

mixed with SDS-sample buffer and analyzed for the presence of HlyA or HlyA1 by 

SDS-PAGE and Western Blot as described above. Cell pellets were resuspended in 

water according to their OD600, mixed with SDS-sample buffer and analyzed in the 

same manner but for the presence of HlyB, HlyB* and HlyD.    
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Supplement	

	
Supplementary Table 1: Identity and characteristics of putative T1SS components of 25 
different organisms. Proteins were identified by pBLAST search. The number (#) of GG repeats 
sometimes shows a range. This depends on how strict the motif (GGxGxDxUx, where U stands for a 
large hydrophobic residue and x stands for any amino acid) is applied (Linhartová et al., 2010). For 
some organisms multiple RTX proteins were identified. aa = amino acids.  

  identity compared to [%] putative RTX toxin 

organism HlyB HlyD HlyA HlyC size [aa] 
# of GG 

repeats 

Enterobacter cloacae 98 98 97 98 1024 6-7 

Vibrio parahaemolyticus 92 81 82 87 986 8-9 

Proteus vulgaris 92 95 46 - 598 6 

Morganella morganii 90 81 80 85 1024 5-6 

Actinobacillus equuli subsp. 

haemolyticus 

86 64 47 59 987 4 

Aggregatibacter 

actinomycetemcomitans 

84 68 50 71 1051 7 

Pasteurella aerogenes 83 62 52 58 1049 6-9 

Mannheimia haemolytica 82 61 43 55 953 5 

Bibersteinia trehalosi 82 59 42 50 955 6 

Kingella kingae 72 40 44 62 956 6-7 

Snodgrassella alvi 71 45 50 31 895 24 

Gallibacterium anatis 70 49 29 40 2038 5-6 

Vitreoscilla sp. SN6 70 42 44 - 444 10 

Neisseria sp. oral taxon 020 70 43 38, 46, 

49 

- 1605, 636, 

188 

14, 3-5, 4-5 

Alysiella crassa 70 41 31 - 248 4 

Cardiobacterium valvarum 70 41 34, 35, 

41, 49 

- 217, 569, 

665, 558 

4, 8-9, 2, 5-6 

Avibacterium paragallinarum 69 48 32 - 2286 15 

Moraxella bovis 69 41 43 56 927 5 

Cronobacter malonaticus 69 46 36 59 866 6 

Acinetobacter baumannii 69 44 52 28 3298 49-58 

Serratia sp. Leaf51 69 42 33, 34 44 965, 2893 9, 12-14 

Aeromonas diversa CDC 2478-85 65 38 43 - 351 9-10 

Lysobacter antibioticus 64 37 42 - 574 9-11 

Xanthomonas axonopodis 63 38 38 31 2512 36-38 

Xylella fastidiosa 61 41 37 32 1814 16-18 
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Supplementary Figure 1: Phylogenetic tree based on HlyB* from these organisms. The primary 
sequence of HlyB* from these organisms was used in an alignment done by Clustal Omega (Madeira et 
al., 2019). The organisms are clustered in four groups. E. coli is marked with a black arrow. The length 
of the lines does not correspond to the degree of relatedness. 
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Supplementary Table 2: Kinetic parameters of ATPase measurements of HlyB* from Ap 
compared to HlyB from E. coli (Ec) (Reimann et al., 2016).  

 Ap Ec 

 peak 1, 

day 1 

peak 2, 

day 1 

peak 1, 

day 7 

EQ HA, 

peak 2 
HlyB 

vmax [nmol Pi/(mg*min)] 27.1 19.2 22.1 2.7 8.1 

h 1.6 1.9 1.4 0.9 1.5 

Khalf [mM] 1.0 6.5 0.6 0.9 0.3 

 

 

 

 

Supplementary Figure 2: A) Western Blot of whole cell samples from secretion experiments against 
HlyD. Samples were diluted to the same OD600. B) Western Blot of the same samples against HlyB 
NBD. The antibody was able to bind the homologs. Two letter abbreviations stand for genus and 
species of the respective organism from Table 1 including E. coli as Ec. C) Western Blot of whole cell 
samples from secretion with chimeric HlyB* from Ap (ch-Ap) and Kk (ch-Kk) against HlyB NBD. D) 
Western Blot of whole cell samples from a test expression of HlyB* from Bt in E. coli C43(DE3)Δ(ompF-

acrAB) at 37°C. Numbers indicate hours after induction of protein expression. M: molecular weight 
marker.  
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Supplementary Figure 3: Alignment of HlyB* NBDs from group 2 T1SSs. (*) marks the same 
residue. (:) and (.) mark similar residues. Conserved motifs are labeled (Schmitt et al., 2003). 
Alignment was performed with Clustal Omega (Madeira et al., 2019). Two letter abbreviations stand 
for genus and species of the respective organism (see Table 1). 
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4. Discussion	

The T1SS can be used as a biotechnological platform for the secretion of 

various proteins and peptides. Understanding the secretion process in detail can help 

to increase secretion efficiency and for this the structure of the whole complex during 

different stages of secretion is desirable. Obtaining such a structure is a complex task 

that is supported by structural approaches towards single components of the 

assembled system. In regards to the HlyA T1SS the last missing components are 

parts of HlyD and the transmembrane domains (TMDs) of HlyB. Since crystallization 

of HlyB was unsuccessful so far a homology approach was initiated during this work. 

Although no crystal was obtained until now, the heterologous expression of five HlyB 

homologs and purification protocols for three of these were successfully established 

(chapter 3.5). The second structural aim was directed towards the cytoplasmic 

domain (CD) of HlyD. Purification trials of this domain were most successful under 

denaturating conditions, which render structural approaches and interaction studies 

pointless. Dialysis into another buffer system led to aggregation of the domain under 

all conditions tested (88 buffer systems). Additionally, the yield from purifications 

under native conditions was too low to perform NMR studies or start crystallization 

trials.  

Fortunately, structural information can also be gained by transferring 

information from one system to another, if they are similar enough. This principle is 

used by prediction and modeling tools, which become more accurate with increasing 

databases (chapter 3.3). The information gained from such tools should be validated 

by mutational studies.  

The last aim of this work was gaining a more detailed understanding of the 

domain interactions that lead to the assembly of the HlyA T1SS. This was hindered 

by the unfavorable purification method for HlyD CD, which would have allowed in 

vitro interaction studies with HlyA, and the inability to transfer the proteinase K 

susceptibility assay to the HlyA T1SS (chapter 3.4). Nevertheless, during this work 

two motifs that are unique to HlyD-like membrane fusion proteins (MFPs) were 

identified, as well as two possible binding pockets (pbp’s) for HlyA in the NBD 



Discussion	

 182 

(nucleotide binding domain) of HlyB (chapter 3.3 and 3.5). Furthermore, two 

amphipathic helices (AHs) were confirmed: One in the secretion signal of HlyA and a 

second one in the CD of HlyD (chapter 3.3). The following sections will put the 

information gained during this work into the context of T1 mediated secretion and 

possible consequences are discussed. 

 

4.1 The	membrane	fusion	protein	(MFP)	–	HlyD	

The MFP HlyD represents the least investigated component of the HlyA T1SS. 

Its function is mostly described as simply connecting HlyB and TolC. However, 

Pimenta et al. found that mutations in the C-terminus of HlyD can affect the folding 

of secreted HlyA pointing towards a direct interaction between HlyD and HlyA and 

also towards an active role of HlyD in the secretion process (Pimenta et al., 2005). 

The identified residues (K404 and D411) are located in the periplasmic domain (PPD) 

close to a highly conserved motif (residue 393 - 400) that is present in all MFPs of 

group 2 and to some extent in MFPs of BTLCP-linked T1SSs. A pBLAST search with 

this motif only shows ‘HlyD-like proteins’ among the first 100 results (chapter 3.5). 

Furthermore, motif search tools such as ‘prosite’ and ‘MOTIF’ do not recognize this 

motif in HlyD nor can they assign a function when only the motif (FPYRYGY) is used 

as an input sequence.  

A second conserved motif was identified in the CD of HlyD (residue 41 – 48) 

and this motif is exclusively found in MFPs of group 2 T1SSs. The CD of HlyD is 

essential to HlyA secretion as deletion of the first 40 amino acids as well as deletion 

of residue 26 to 45 completely abolishes HlyA secretion (Balakrishnan et al., 2001). 

MFPs of RND-type efflux pumps are mostly lipoproteins that have no CD, while MFPs 

of T1SSs hold CDs of different sizes. However, only MFPs of group 2 T1SSs hold a 

CD of 50-60 residues with an AH of ~25 residues followed by a charged cluster and 

the aforementioned conserved motif (residue 41 – 48) (chapter 3.5). So far it is 

unclear how the CD is involved in the secretion process. Cross-link experiments of 

Thanabalu et al. showed that HlyA and HlyD can interact in the absence of HlyB 

pointing towards an involvement of the CD in the substrate recognition process 
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(Thanabalu et al., 1998). Localization studies during this work showed a tendency of 

the CD to localize to the membrane fraction, which is likely caused by the AH 

(Figure 5 in chapter 3.3). A change in conformation (insertion in the membrane) 

points towards an involvement in signal transduction that might follow a direct 

interaction with the substrate HlyA. However, an interaction between HlyA and HlyD 

is not sufficient to recruit TolC; for this HlyB is also needed (Thanabalu et al., 1998). 

Recently, Alav et al. modeled an assembled HlyA T1SS and pointed out that the TM-

helices of HlyD and HlyB could interact with each other (Alav et al., 2021). This 

interaction could stabilize the conformational change in HlyD that leads to TolC 

recruitment.  

 

4.2 Interaction	between	HlyA	and	HlyB	

HlyA C-terminus 

There are two publications showing direct interactions between truncated 

versions of HlyA and isolated domains of HlyB. Measurements on a model of HlyB 

showed that these interactions can take place simultaneously (chapter 3.3) with the 

CLD (C39-like domain) of HlyB interacting with the RTX (repeats in toxin) domain of 

HlyA and the NBD of HlyB with the secretion signal of HlyA (Benabdelhak et al., 

2003, Lecher et al., 2012). The secretion signal of HlyA is located in the C-terminal 

60 residues and presents different features (Holland et al., 2016). During this work 

the main focus was placed on the N-terminal part of the secretion signal where the 

presence of an AH between residue P975 and A986 could be confirmed (chapter 

3.3). Interestingly, heterologous substrates that can be secreted by HlyBD also show 

AHs in their C-terminal secretion signal when analyzed with the prediction tool 

AmphipaSeeK (described in chapter 3.3). Furthermore, these heterologous substrates 

display the same distance between the predicted AH and a GG-repeat of the RTX 

domain as HlyA (Table 1). A linker of a conserved length between the two interaction 

sites further strengthens the theory that the RTX domain and the secretion signal 

interact simultaneously with the ABC transporter, which might be important for the 

correct orientation of the substrate. Additionally, an aromatic residue (F990) close to 
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the AH was shown to be important for HlyA secretion and a Phe residue close to the 

predicted AHs can be found in the heterologous substrates as well (Table 1). 

 

Table 1: Comparison of RTX proteins that can be secreted by HlyBD-TolC. The references list the 
publications that showed the heterologous secretion of the respective RTX toxin by HlyBD-TolC. The 
position of the first glycine of a GG repeat as well as the beginning of a predicted amphipathic helix 
(AH) are noted. The AHs were predicted with AmphipaSeeK (Sapay et al., 2006).  

 

Mutations in the secretion signal of HlyA that cause the most severe defects in 

secretion cluster in the region of the AH (Holland et al., 2016). Thus, under the 

assumption that the AH of HlyA’s secretion signal is the feature that interacts with 

the NBD of HlyB, two hydrophobic patches were identified that represent possible 

binding pockets (pbp-in and pbp-out) for the hydrophobic side of the AH (chapter 

3.3). Both pbp’s were mapped onto a model of dimeric HlyB leading to four possible 

interaction sites in the NBDs. This raises the question of how many HlyA molecules 

can or need to bind to HlyB to ensure efficient transport. The recently published 

structure of PCAT1 from Clostridium thermocellum in complex with its substrate CtA 

showed that two substrate molecules bind to PCAT1 (Kieuvongngam et al., 2020). 

The substrates bind with their N-terminal leader peptide to the C39 peptidase 

domain (termed PEP domain) of the transporter but only one of the substrates is 

positioned for cleavage. PCAT1 is derived from a Gram-positive organism so it cannot 

  position of   
RTX 
protein 

host 
GG 

repeat 
AH 

distance 
GG - AH 

aromatic 
residue 

reference  

HlyA E. coli 844 974 130 F990  

FrpA N. meningitides 1125 1257 132 F1274 (Thompson and 

Sparling, 1993) 

FrpA K. kingae 600 720 120 F733 (Erenburg, 2020) 

MbxA M. bovis 756 886 130 F901 (Erenburg, 2020) 

HlyIA A. 

pleuropneumoniae 
840 969 129 F987 (Gygi et al., 1990) 

LktA M. haemolytica 779 909 130 F923 (Highlander et al., 

1990) 

PaxA P. aerogenes 845 974 129 F991 (Kuhnert et al., 

2000) 
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be grouped within the introduced groups of T1SSs (see 1.2.2). However, considering 

that the ABC transporter displays an active C39 peptidase domain on its N-terminus, 

the substrate presents an N-terminal leader peptide that is cleaved and is relatively 

small (uncleaved: 10.2 kDa), PCAT1 shares most features with group 1 T1SSs and is 

thought to follow the classical ‘alternating access mechanism’ (introduced in 1.2.2.1) 

(Kieuvongngam et al., 2020). Most importantly, in the structure the substrates do not 

interact with the NBDs and therefore the transferability of the substrate-ABC 

transporter ratio from CtA-PCAT1 to HlyA-HlyB is very limited. However, there are 

some indirect indications that more than one HlyA molecule interacts with HlyB. 

Firstly, if only one HlyA molecule should bind to dimeric HlyB, either the amount of 

HlyA has to be strictly controlled or the second interaction site has to be disrupted by 

binding of the first HlyA. The latter could be envisioned for the NBDs that can 

dimerize but is harder to rationalize for the CLDs that show no tendency to interact 

with each other and are separated from each other in the modeled structure (chapter 

3.3). Secondly, the ATPase activity of HlyB is inhibited at low HlyA concentrations 

but is stimulated once a certain concentration threshold of HlyA is surpassed 

(Reimann et al., 2016). Thirdly, the secretion efficiency of HlyA is increased by an 

untranslated region upstream of the hlyA gene. This region improves the interaction 

with ribosomal protein S1 leading to more HlyA mRNA and consequently to more 

HlyA protein (Khosa et al., 2018). Taken together this suggests that more than one 

HlyA molecule binds to HlyB at the same time, which is not considered when 

describing the secretion process. For simplicity the secretion process of HlyA is 

described for only one HlyA molecule. Most descriptions are in agreement that after 

secretion of one HlyA molecule ATP hydrolysis or ADP and Pi release reset HlyB and 

TolC disengages from the IM complex (Lenders et al., 2013, Kanonenberg et al., 

2018, Smith et al., 2018b, Alav et al., 2021). When describing the disassembly of the 

system a paper is cited, which showed that HlyBD and TolC can disengage after 

secretion showing that the assembly is reversible. However, this disassembly was not 

observed after secretion of one HlyA but after the intracellular pool of HlyA had been 

depleted (Thanabalu et al., 1998); a detail that is frequently overlooked.    
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If more than one HlyA binds to HlyB but similar to PCAT1, only one of them is 

positioned for transport, it seems more efficient to keep the HlyBD-TolC channel 

assembled as long as the substrate is available opposed to a continuous assembly and 

disassembly after each round of secretion. This adds another layer of complexity to 

the secretion process as the initial interaction of the first HlyA molecule would induce 

channel assembly but following substrates would interact with the already assembled 

system. This intriguing question could have been investigated with the proteinase K 

susceptibility assay introduced in chapter 3.4. For this assay, the T1SS was stalled by 

fusing eGFP to the N-terminus of HlyA. Since directionality of secretion is C-terminal, 

the fast folding eGFP folds in the cytoplasm and clogs the transport channel, while 

the C-terminus of HlyA reaches the outside of the cell (Lenders et al., 2015). 

Permeabilization of the OM allowed proteinase K to enter the periplasm and digest 

TolC, which shows different digestion patterns depending on the assembly state 

(Masi and Wandersman, 2010). For the HlyA T1SS stalling of the system resulted in 

a decreased susceptibility of TolC to proteinase K compared to the non-assembled 

system (chapter 3.4). Initial experiments with wild type HlyA (without eGFP) showed 

the same trend implying that the system is constantly assembled even when not 

stalled. Unfortunately, many problems were encountered during the establishment of 

the assay and the decreased susceptibility of TolC to proteinase K was gradually lost 

over time for unknown reasons (chapter 3.4). Therefore, information gained from 

this assay should be treated with extreme care and validated by another approach. 

 

HlyA N-terminus 

The secretion signal of HlyA only represents ~6% of the complete molecule and 

emerges from the ribosome last. The second domain that was shown to interact with 

HlyB, the RTX domain, is also located in the C-terminus and therefore also emerges 

quite late from the ribosome (Lecher et al., 2012). So far it is unclear how the 

emerging protein chain is protected from degradation prior to secretion as no 

secreted degradation products of HlyA have been reported to date (Holland et al., 

2016). This implies that either a mechanism of quality control is in place, where 
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partially degraded HlyA is not recognized by the transporter, or a mechanism of 

protection is in place that protects the emerging protein chain from cytoplasmic 

proteases. Such protection can be conferred by a chaperon and the CLD is suggested 

to take on this role for HlyA (Lecher et al., 2012, Kanonenberg et al., 2013). However, 

the CLD has been shown to interact with the RTX domain, which is located in the C-

terminal part of HlyA. Therefore, additional interactions between the N-terminal part 

of HlyA and the transporter components seem plausible. This has been shown for 

HasA, which displays multiple linear regions throughout the whole protein that can 

interact with HasDE and induce TolC recruitment (Masi and Wandersman, 2010). 

However, HasA is quite different from HlyA as HasA interacts with the general 

chaperon SecB, holds no RTX domain and might even be secreted with its N-terminus 

first (Alav et al., 2021). Still, a stabilizing effect of HlyA’s N-terminus on HlyB was 

observed during secretion experiments with wild type HlyA in comparison to the 

truncated version HlyA1 (Figure 4.1). Additionally, cells expressing HlyBD and eGFP-

HlyA showed stronger HlyB signals on Western Blots than cells only expressing 

HlyBD implying a general stabilization effect of HlyA on HlyB (Figure 3 A in chapter 

3.4).  

 

Figure 4.1 Comparison of HlyB stability during secretion of HlyA (A) and HlyA1 (B). Secretion 
experiments were performed in E. coli BL21(DE3). Before induction of protein expression (0 h) and at 
1 h, 2 h and 3 h after induction, samples were taken, adjusted to the same OD600 and analyzed via SDS-
PAGE and Western Blot as described in the material and methods section of chapter 3.5. The used 
antibody was directed against HlyB NBD. In (A) the full-length HlyA was used and in (B) the truncated 
version HlyA1 (see Figure 1.14). Degradation bands of HlyB are only visible in combination with 
HlyA1 (B), while dimer bands are only visible in combination with HlyA (A). Although the SDS-PAGE 
was conducted in the presence of 3.6% SDS, dimeric HlyB is visible in (A). The tendency to stay 
dimerized in the presence of SDS was also observed for some homologs of HlyB (Figure 1 in chapter 
3.5). The Western Blots shown here represent one of three independent secretion experiments.  
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4.3 One	mechanism	for	all?	

T1SSs are widespread and the amount of information for each single system 

differs drastically. Grouping the systems based on their similarities helps to identify 

features and information that can be transferred from one system to another. In 

2013 Kanonenberg et al. described three distinct groups of T1SSs based on the 

identity of the N-terminal extension of the ABC transporter (Kanonenberg et al., 

2013) (see 1.2.2). Although this was the only criterion, they noted that also several 

substrate related features cluster to each of the groups: Substrates of group 1 are 

small bacteriocins without RTX domains but with an N-terminal leader peptide, 

which is cleaved prior to secretion and they are likely transported by the ‘alternating 

access mechanism’. Substrates of group 2 and 3 have C-terminal secretion signals 

that are not cleaved and mostly display RTX domains, with one exception in group 3 

(HasA). Substrates of group 2 tend to outweigh substrates of group 3 in size. 

Furthermore during this work it became apparent that the organization of the CD of 

MFPs of group 2 is unique to this group (chapter 3.5). The CDs of MFPs from group 1 

and 3 are smaller (14-20 residues compared to 50-60 residues for group 2) and they 

do not display an AH, a charged cluster nor the conserved motif (FLP-(A/S)-xLxLx-

(E/Q)).  

Domain specific alignments revealed that the NBDs as well as the TMDs among 

each group display unexpectedly high sequence identities as well (chapter 3.5). NBDs 

hold several conserved motifs for binding and hydrolyzing ATP which make up 

~20 % of the NBD. However, the lowest sequence identity among group 2 NBDs was 

still 55 %. For the TMDs no conserved motifs have been described so far but the 

lowest sequence identity among the group 2 TMDs was 45 %. Such high 

conservation explains why several heterologous substrates of group 2 can be 

transported by the HlyBD-TolC system (Table 1). Interestingly, HlyBD-TolC is able to 

transport LktA from Mannheimia haemolytica (Highlander et al., 1990) but LktB-

HlyD-TolC (LktB was referred to as HlyB* from Mh) is not able to transport HlyA 

(chapter 3.5). Considering that HlyB can recognize LktA, which displays the same 

features as HlyA (Table 1), it would be expected that LktB can also recognize HlyA. 
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Additionally, LktB (HlyB* from Mh) shows the highest sequence identity among the 

analyzed homologs compared to HlyB in all domains (CLD: 60 %, TMD: 88 %, NBD: 

86 %).  

The secretion approach with chimeric ABC transporters further underlines the 

importance of the NBD and TMD for the secretion process (chapter 3.5). In these set 

ups, the substrate HlyA met the CD of HlyD, CLD of HlyB and NBD of a homolog in 

the cytoplasm, where the substrate recognition takes place. The NBDs of HlyB* from 

Ap and Kk, which were used for the chimeric approach, display sequence identities of 

71 % and 72 % respectively. Furthermore, when their structures are modeled, they 

also display the identified pbp’s, both pbp-in and pbp-out. All these similarities make 

it likely that recognition of HlyA in the cytoplasm was possible but secretion still 

failed. After substrate recognition the signal has to be transmitted in order to recruit 

TolC. For this a correctly assembled IM complex is necessary (Thanabalu et al., 

1998). Unfortunately it is still unclear, which features are involved in assembling the 

IM complex of a T1SS. The information gained from assembled structures of 

tripartite efflux pumps are not helpful in this context, as the contact between an RND-

type transporter and the respective MFP is facilitated by periplasmic domains (see 

1.2.1), which are not present in an ABC transporter. Nevertheless, upon signal 

transmission, HlyD would recruit TolC and the actual secretion process would start 

during which HlyA would have to pass the TMDs of the chimeric ABC transporter 

before engaging with its native secretion channel (made up of HlyD and TolC). Taken 

together, the secretion of HlyA by chimeric ABC transporters likely failed for one of 

two reasons: Either the IM complex could not be assembled correctly, which would 

have let to the inability to recruit TolC, or HlyA got stuck in the TMDs of the chimeric 

ABC transporter. A reliable assay regarding the assembly of the HlyA T1SS could 

help to answer this question. 
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4.4 Summary	

The T1SS is frequently described as one of the most simple secretion systems 

and was among the first identified systems as well. Still, after 40 years of research on 

this system by multiple research groups many questions remain unanswered and new 

ones have emerged.  

This work had the ambitious aim to complement the already available 

structural information by performing NMR studies on the CD of HlyD and 

crystallization studies on homologs of HlyB. Unfortunately, the purification method 

for HlyD CD did not meet the demands of structural approaches and the homologs of 

HlyB that were submitted to crystallization trials did not yield any crystals yet 

(chapter 3.5). However, smaller structural features, such as an AH in the secretion 

signal of HlyA and the CD of HlyD, could be identified by combining the results of in 

silico methods with (published) experimental data (chapter 3.3). The now confirmed 

presence of an AH in the secretion signal of HlyA together with the known 

importance of this region (Holland et al., 2016) led to the identification of two pbp’s 

in the NBDs of HlyB (chapter 3.3). This raised the question of how many HlyA 

molecules interact with the IM complex at the same time. Analyzing the published 

literature on this topic showed that more HlyA leads to a more efficient secretion 

(Khosa et al., 2018) and higher ATPase activity (Reimann et al., 2016) implying that 

more than one HlyA molecule binds to HlyB at the same time. A plausible 

consequence of this is that the HlyA T1SS channel stays assembled as long as 

substrate is available, which adds a layer of complexity to this ‘simple’ system. This 

complexity is further underlined by the secretion approaches with homologs of HlyB 

and chimeric ABC transporters (chapter 3.5), which showed that either the NBDs or 

TMDs of the ABC transporter are crucial in forming a functional IM complex. 

Continuous research on each group of T1SSs will help to answer the remaining 

question and the here identified motifs in HlyD (chapter 3.5) can help future 

researches to sort their specific T1SS into these groups. 
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