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Abstract 

Type 1 secretion systems (T1SS) are transport machineries wide spread among Gram-

negative bacteria. T1SS translocon comprises an ABC transporter, a membrane fusion 

protein (MFP), and an outer membrane protein (OMP). The ABC transporter and the MFP 

form a complex in the inner membrane, while the OMP is recruited upon substrate 

recognition in the cytosol. The substrate is then translocated from the cytosol to the 

extracellular space through the translocon in one step, without a periplasmic intermediate.  

T1SS are attractive candidates to be used as secretion hosts in different biotechnological 

applications due to their relatively simple architecture and easy plasmid-based expression 

compared to other secretion systems. However, their potential application as a secretion 

platform, particularly at large scales, is still limited by low secretion titers for some 

heterologous proteins.  

In this thesis, the focus was on the HlyA T1SS from Escherichia coli to improve the secretion 

efficiency of the system. For this purpose, three KnowVolution campaigns were separately 

applied to the Hly enhancer fragment, the ABC transporter HlyB, and the MFP HlyD. This 

strategy is an integrative protein engineering approach, which uses a combination of directed 

evolution and computational analysis to achieve maximum improvement with minimal 

experimental efforts. The study also used a high-throughput screening system for directed 

evolution of a T1SS (the HlyA system) for the first time. In addition, it was shown that 

involving a native terminator region further enhances the secretion level. Researchers have 

already shown that the amount of TolC is constant under the overexpression condition of the 

inner membrane components (HlyB and HlyD), leading to the question of whether the 

amount of TolC is the limiting factor for the HlyA secretion. To address this question, the 

secretion efficiency was compared under condition of either the endogenous level or the 

overexpression of TolC protein. It was shown that TolC overexpression impairs the secretion 

efficiency.  

Finally, this thesis dealt with the interaction between the nucleotide binding domain (NBD) 

of HlyB and the substrate HlyA. The interaction regions on the NBD for the secretion signal 

of HlyA were mapped, and two binding pockets were identified. The presence of these two 

binding pockets was supported with in silico, in vivo, and in vitro analysis. Noteworthy, it 

was proposed that the presence of a consensus length between the GG repeat and the 

amphiphilic helix affects on the secretion efficiency of heterologous proteins secreted by the 

HlyA T1SS.         
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Zusammenfassung 

Typ-1-Sekretionssysteme (T1SS) sind unter gramnegativen Bakterien weit verbreitete 

Transportmaschinen. Das T1SS-Translokon umfasst einen ABC-Transporter, ein 

Membranfusionsprotein (MFP) und ein äußeres Membranprotein (OMP). Der ABC-

Transporter und das MFP bilden einen Komplex in der inneren Membran, während das OMP 

bei der Substraterkennung im Cytosol rekrutiert wird. Das Substrat wird dann durch das 

Translokon in einem Schritt aus dem Zytosol in den extrazellulären Raum transportiert, ohne 

ein periplasmatisches Intermediat zu bilden.  

Aufgrund ihrer relativ einfachen Architektur und Plasmid-basierten Expression sind T1SS 

in verschiedenen biotechnologischen Anwendungen als Sekretionswirte attraktive 

Kandidaten im Vergleich zu anderen Sekretionssystemen. Ihre potenzielle Anwendung als 

Sekretionsplattform, insbesondere im großen Maßstab, ist jedoch immer noch durch niedrige 

Sekretionstiter auf einige heterologe Proteine begrenzt. 

In dieser Arbeit lag der Fokus auf dem HlyA T1SS aus Escherichia coli um die 

Sekretionseffizienz des Systems zu verbessern. Zu diesem Zweck, drei KnowVolution-

Kampagnen wurden separat auf das Hly-Enhancer-Fragment, den ABC-Transporter HlyB 

und das MFP-HlyD angewendet. Diese Strategie ist ein integrativer Protein-Engineering-

Ansatz, der eine Kombination aus gerichteter Evolution und Computeranalyse verwendet, 

um mit minimalem experimentellen Aufwand eine maximale Verbesserung zu erreichen. 

Die Studie verwendete zum ersten Mal auch ein Hochdurchsatz-Screening-System für die 

gerichtete Evolution eines T1SS (das HlyA-System). Zusätzlich wurde gezeigt, dass die 

Einbeziehung einer nativen Terminatorregion das Sekretionsniveau weiter erhöht. 

Forscher haben bereits gezeigt, dass die TolC-Menge unter der Überexpressionsbedingung 

der inneren Membrankomponenten (HlyB und HlyD) konstant ist, was zu der Frage führt, 

ob die Menge an TolC der limitierende Faktor für die HlyA-Sekretion ist. Um diese Frage 

zu beantworten, wurde die Sekretionseffizienz entweder unter der Bedingung des endogenen 

Spiegels oder der Überexpression des TolC-Proteins verglichen. Es konnte gezeigt werden, 

dass die Überexpression von TolC die Sekretionseffizienz beeinträchtigt. 

Abschließend befasste sich diese Arbeit mit der Wechselwirkung zwischen der 

Nukleotidbindedomäne (NBD) von HlyB und dem Substrat HlyA. Die Interaktionsregionen 

auf der NBD für das Sekretionssignal von HlyA wurden erfasst und zwei Bindungstaschen 

wurden identifiziert. Das Vorhandensein dieser beiden Bindungstaschen wurde durch In-
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silico-, In-vivo- und In-vitro-Analysen gestützt. Bemerkenswerterweise wurde 

vorgeschlagen, dass das Vorhandensein einer Konsensuslänge zwischen der GG-

Wiederholung und der amphiphilen Helix die Sekretionseffizienz von heterologen 

Proteinen, die vom HlyA T1SS sekretiert werden, beeinflusst. 

 



  Abbreviations 

 X 

Abbreviations  

Å  Ångstrom 

aa Amino acid 

ABC  ATP binding cassette transporter 

ACP Acyl carrier protein-dependent fatty acylation 

ADP Adenosine diphosphate 

AH Amphipathic helix 

AMP Adenosine monophosphate 

A. aeolicus  Aquifex aeolicus  

ATP Adenosine triphosphate 

B. subtilis Bacillus subtilis 

B. pertussis Bordetella pertussis 

CBT ß-subunit of cholera toxin 

CHO Chinese hamster ovary 

CLD C39-peptidase-like domain 

Ca2+ Calcium ion 

CD Cytoplasmic domain 

Cryo-EM Cryogenic electron microscopy 

Cryo-ET Cryogenic electron tomography 

Da Dalton 

3D Three dimensional  

DNA Deoxyribonucleic acid 

dNTPs Deoxynucleotide triphosphates 

E. coli Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

e.g. latin: exempli gratia 

EPEC Enteropathogenic E. coli 

epPCR Error-prone PCR 

et al. latin: et alii 

FDA Food and Drug Administration 

GFP Green fluorescent protein  

His-tag Polyhistidin-tag 



  Abbreviations 

 XI 

Hly Hemolysin  

HlyA T1SS HlyA type 1 secretion system 

HTS High-throughput screening 

i.e. Latin: “id est” or English “that is” 

IFABP Intestinal fatty acid-binding protein 

IM Inner membrane 

IMAC Immobilised metal ion chromatography 

IMP Inner membrane Protein 

Km Michaelis-Menten constant 

KISS Keep it simple and smart 

LPS Lipopolysaccharide 

M Molar 

MalE Maltose-binding protein 

MARTX Multifunctional auto-processing repeat in toxin 

MDR Multidrug resistance 

mg Milligram 

min Minute 

mL Milliliter 

MPF Membrane fusion protein 

NBD Nucleotide binding domain 

nm Nanometer 

nM Nanomolar 

NMR Nuclear magnetic resonance 

OM Outer membrane 

OMP Outer membrane protein 

PAGE Polyacrylamide gel electrophoresis 

pbp Possible binding pocket 

PDB Protein data base 

PI Isoelectric point of a protein  

PMF Proton motive force 

POTRA Polypeptide transport-associated 

PP Periplasm 

P. aeruginosa Pseudomonas aeruginosa 



  Abbreviations 

 XII 

PTM Post translational modifications 

RMSD Root mean square deviation 

RNC Ribosome nascent chain 

RND Resistance-nodulation-division 

RTX Repeat In Toxin 

Sec pathway The general secretory pathway 

Sec Second 

SEC Size exclusion chromatography 

S. marcescens Serratia marcescens 

sRNA Soluble ribonucleic acid 

SRP Signal recognition particle 

TBS Tris-buffered saline 

TEV Tabacco etch virus 

T1SS  Type 1 secretion system(s) 

T2SS  Type 2 secretion system(s) 

T3SS  Type 3 secretion system(s) 

T4SS Type 4 secretion system(s)  

T5SS Type 5 secretion system(s)  

T6SS Type 6 secretion system(s) 

T8SS Type 8 secretion system(s) 

Tat pathway Twin arginine transporter 

TMD Transmembrane domain 

TMHs Transmembrane helixes 

V. cholerae Vibrio cholerae 

μl Microliter 

μm Micromolar 

 
 



  List of 20 amino acids 

 XIII 

List of 20 amino acids  

 

Full name Three-letter code One-letter code Amino acid type  

Phenylalanine  Phe F Aromatic  

 Tyrosine  Tyr Y 

Tryptophan Trp W 

 

Alanine Ala A Aliphatic  

 Valine  Val V 

Leucine  Leu L 

Isoleucine  Ile I 

Glycine  Gly G 

 

Cysteine  Cys C Polar  

 Methionine  Met M 

Proline  Pro P 

Serine  Ser S 

Threonine  Thr T 

Asparagine  Asn N 

Glutamine  Gln Q 

 

Aspartic Acid  Asp D Charged acidic  

 Glutamic Acid  Glu E 

 

Histidine  His H Charged basic  

 Lysine  Lys K 

Arginine  Arg R 

 

 



  1 Introduction 

 1 

1   Introduction  

1.1 Recombinant protein production  

Protein production has quickly become a crucial step in studies and vast applications of 

proteins, from biological and biomedical sciences to industrial and environmental 

applications. Protein production has a long history. Many years ago, proteins for 

pharmaceutical purposes were isolated from natural resources. i.e., animals or plants. 

Reports show that in the 1920s, pigs’ pancreas was used for the production of insulin for 

diabetic therapy (Owczarek et al., 2019, Puetz and Wurm, 2019). 

The technology behind protein production has changed since the 1980s when recombinant 

protein production was introduced to the world of biosciences for the first time (Johnson, 

1983). Human insulin, produced by Escherichia coli, was the first product derived from 

recombinant DNA technology, which was approved by the Food and Drug Administration 

(FDA) (Johnson, 1983). Since then, recombinant protein technology has made remarkable 

progress towards biopharmaceutical production. To date, more than 170 unique products 

produced by recombinant technology have been approved by the FDA (Owczarek et al., 

2019). Thus far, the demand for recombinant proteins has become greater and greater. In 

2019 only, the market for biological protein drugs reached approximately 270 billion USD 

(https://www.prnewswire.com/).  

Nevertheless, recombinant protein technology faces challenges concerning the production 

of proteins with high quality and yields, while at same time reducing the costs (Pourhassan 

et al., 2021). Although different producer hosts and many molecular tools are available, 

failed production of a target protein is not unusual due to the fact that each protein has its 

unique features (Rosano et al., 2019). This is why, there is a continuous interest in 

developing and improving protein production strategies which can be broadly applied.  

Platforms for protein production originate from prokaryotic or eukaryotic cells, including 

bacteria, fungi, yeasts, insect cells, recombinant plants, transgenic animals, and mammalian 

cells. Each platform offers advantages for the production of a specific group of proteins (see 

Table 1-1) (Owczarek et al., 2019). For instance, mammalian cells are commonly employed 

for the production of “complicated” proteins that contain post-translational modifications 

(PTM), like human hormones (Khan, 2013). Since culturing of mammalian cells is very 

costly and time-consuming, these platforms are not the preferred choice for the production 

https://www.prnewswire.com/
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of industrial enzymes (Puetz and Wurm, 2019). On the other hand, yeasts are simple 

eukaryotic cells that perform some PTMs, such as O-linked phosphorylation, glycosylation, 

and disulfide bond formation (Owczarek et al., 2019). However, genetic instability and 

clonal variation are drawbacks of using yeast cells (Pourhassan et al., 2021).  

Among all the available platforms, bacterial hosts are more competitive in many cases, for 

example for the production of industrial enzymes. Most bacterial hosts grow quickly on 

inexpensive carbon sources with high productivity. The model organism of bacterial 

platforms is E. coli (Owczarek et al., 2019).  

E. coli, a Gram-negative bacteria, is a cell factory of recombinant protein production on a 

laboratory scale (Rosano et al., 2019). A wide variety of molecular tools and biochemical 

assays (from gene cloning to protein purification) are available for handling this bacterium. 

The genetics and biochemistry of this microorganism have been studied in great detail. With 

a large set of existing vectors, genetic engineering of this bacterial cell is very affordable. 

Reduced cost of production, a short doubling time, and high yields of production make this 

bacterium a preferred host for protein production on laboratory scale (Rosano et al., 2019, 

Rosano and Ceccarelli, 2014).  

Table 1-1: Different recombinant protein production platforms. Adopted and modified from (Owczarek et 

al., 2019). 

Platform 
Overall 

Costs 

Production 

time 

Scale-

up 

capacity 

Product 

yield 

Product 

quality 

Contamination 

risk 

Purificati

on cost 

Bacteria  low low high medium low medium high 

Yeast medium medium high high medium low medium 

Microalgae low high high high high very low medium 

Filamentous 

fungi 
low high high high medium low low 

Mammalian 

cell culture 
high high 

very 

low 

medium

-high 
high very high high 

Transgenic 

plants 

very 

low 
medium 

very 

high 
high high low high 

Transgenic 

animals 
high high low high high very high high 

Insect cell 

culture 
medium medium high high medium very low medium 

Plant cell 

culture  
medium medium medium high high very low high 
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Despite the benefits of E. coli as a producer host, biotechnological applications of this 

microorganism, especially on a large scale, still faces some challenges. In general, protein 

degradation by the pool of cytosolic proteases is a risk when using bacterial platforms. Lack 

of PTMs for a bacterial-derived protein might lead to the production of unstable, inactive, 

or improperly folded proteins (Owczarek et al., 2019, Pourhassan et al., 2021). In addition, 

a high expression level of a recombinant protein might lead to toxicity of the target protein 

for the producing host (Wingfield, 2015). Furthermore, a high level of expression might lead 

to the formation of inclusion bodies (Fahnert et al., 2004). Although inclusion body 

formation had been considered to be a limitation of bacterial platforms for a long time; in 

recent years, research has highlighted the benefits of efficient isolation of active proteins 

from inclusion bodies (Krauss et al., 2017).  

1.1.1 Secretion of recombinant proteins 

It is now well-established that protein secretion can provide solutions to the difficulties 

related to the cytosolic expression of recombinant proteins. Protein secretion is the process 

of transporting proteins from the cytosol into either other cell components, the extracellular 

space, or into other cells. For this purpose, bacterial cells possess a variety of secretion 

systems to transport proteins from one location to the other (Costa et al., 2015). These 

secretion systems are involved in numerous cell functions, such as nutrient acquisition, cell 

mobility, cell communication, toxicity, biofilm formation, respiration, etc. (Burdette et al., 

2018, Costa et al., 2015).  

Bacterial secretion systems can be employed for the secretion of heterologous recombinant 

proteins. The benefits of using secretion systems for recombinant protein production are 

listed below:  

- Lower protein content of the extracellular space leads to higher solubility and 

stability of the secreted protein.  

- Reduced risk of protein degradation by cytosolic proteases. 

- Decreased risk of toxicity of a target protein for the producer host.  

- Target proteins can be isolated in fewer steps, resulting in a significant reduction of 

the production costs (Kleiner‐Grote et al., 2018).  
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1.2 Secretion systems of Gram-negative bacteria  

Gram-negative bacteria are attractive hosts for the production of recombinant proteins. They 

grow quickly and are easier to handle. Moreover, many different tools and assays are 

available for their manipulation, and they are more stable at large-scale cultivations (Kleiner‐

Grote et al., 2018, Burdette et al., 2018).  

Bacterial secretion systems are classified into two groups, which is based on whether a cargo 

bypassing (one-step secretion system) or entering the periplasmic space (two-step secretion 

system) (Figure 1-1). In a one-step secretion systems, a cargo is secreted directly from the 

cytosol to the extracellular space through a dedicated channel. Type 1 secretion systems 

(T1SS), T3SS, T4SS, and T6SS belong to this particular class.  

 

 

Figure 1-1: Classification of secretion systems in Gram-negative bacteria 

 

In a two-step secretion system, cargo is first translocated into the periplasmic space by one 

of the general secretion systems: the secretion translocation system (Sec)-pathway or the 

twin-arginine transporter (Tat)-pathway. Subsequently, cargo is transported through a 

channel located in the outer membrane. Type 2 secretion systems (T2SS), T5SS, and T8SS 

belong to this class of secretion systems (Pourhassan et al., 2021, Burdette et al., 2018, Costa 

et al., 2015). Table 1-2 summarizes some of the features of Gram-negative secretion 

systems. In the following sections, these systems will be explained and discussed in more 

detail.  
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Table 1-2: Gram-negative bacterial secretion systems. 

 

 

S*signal/ 

cleavage 

Release into Complexity Model organism Model 

substrate 

One-step Secretion systems 

 
T1SS C-terminal/ 

No  

culture low Pseudomonas fluorescens 

E. coli 

 

TliA 

HlyA 

T3SS N-terminal/ 

No 

target cell high Salmonella enterica 

S. enterica 

Enteropathogenic E. coli 

Shigella flexneri 

 

SptP 

FlgM 

EspA 

OspB 

T4SS Diverse/ 

Diverse 

target cell  

 

high Agrobacterium tumefaciens DNA 

T6SS Diverse/ 

Yes 

target cell high Vibrio cholerae VgrG 

Two-step secretion systems 
 

T2SS N-terminal/ 

Yes 

Periplasm 

and then 

medium 

 

high Pseudomonas aeruginosa Unknown 

T5SS N-terminal/ 

Yes 

Periplasm 

and then 

medium 

 

low E. coli Pet 

T8SS N-terminal/ 

Yes 

Anchored to 

the OM 

low E. coli CsgA 

S* : secretion 

1.3 One-Step secretion systems  

1.3.1 Type I secretion system 

T1SS is a double-membrane-spanning secretion system that is widespread in Gram-negative 

bacteria (Costa et al., 2015). It secretes a variety of proteins involved in different cell 

functions, ranging from pathogenicity (such as the pore-forming toxin HlyA from E. coli) to 

nutrient acquisition (such as the hemophore HasA from Serratia marcescens). Thomas et al. 

classified substrates of T1SS into six groups: Heme-binding proteins, RTX toxins, proteases, 

lipases, adhesion proteins, and S-layer proteins (Thomas et al., 2014b). These substrates vary 

in size from 5.8 kDa (such as ColicinV from E. coli) to 520 kDa (such as the huge surface 

protein LapA from Pseudomonas fluorescens ) (Kanonenberg et al., 2013).  

Despite such differences, T1SS substrates have some properties in common, as listed below; 

although, some exceptions may occur: 
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- Substrates of T1SS are transported in one single step from the cytosol to the 

extracellular space through a tripartite channel.  

- T1SS substrates are transported unfolded, and they fold after secretion in the 

extracellular space.  

- T1SS secretion signals are located at the C-terminus and are not cleaved off during, 

prior to, or after secretion (Holland et al., 2016, Pourhassan et al., 2021).  

- Almost all T1SS substrates harbor a repetitive glycine- and aspartate-rich sequence 

upstream of their secretion signals.  

The glycine- and aspartate-rich sequence, known as GG repeats or nonapeptide, contains a 

consensus sequence of GGxGxDxUx, where x refers to any amino acid (aa) and U to a large 

hydrophobic aa. The presence of this sequence gives the RTX (Repeats in Toxin) family its 

name. The number of GG repeats varies from only a few to 40 repeats, depending on the 

specific RTX protein (Linhartová et al., 2010). The RTX domain is a site for Ca2+ ion binding 

(Spitz et al., 2019). The binding stimulates the folding of an RTX substrate in the 

extracellular space, where the Ca2+ concentration is higher (almost 2 mM) than the Kd of the 

RTX domain for Ca2+ ions (150 µM). Accordingly, an RTX substrate stays unfolded in the 

cytosol where the Ca2+ concentration is only around 300 nM (Spitz et al., 2022, Pourhassan 

et al., 2021). 

In terms of architectural composition, T1SS is simpler compared to other secretion systems 

because the secretion machinery consists of only three membrane proteins: an ATP-binding 

cassette (ABC) transporter, a membrane-fusion protein (MPF), and an outer membrane 

protein (OMP). These three membrane proteins form a channel that directs the substrate in 

a single step from the cytosol into the extracellular space (Kanonenberg et al., 2018). The 

energy of transport is provided by the ABC transporters through ATP hydrolysis. Moreover, 

research has shown that the proton motive force (PMF) is also providing the energy for the 

transport, as the negatively-charged RTX domain is translocated through the negative 

gradient of the membrane (Bumba et al., 2016, Koronakis et al., 1991).  
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Figure 1-2: Schematic representation of protein export via T1SS 

The channel of T1SS consists of an ABC transporter plus a MFP in the inner membrane, and an OMP. The 

translocation of the substrate occurs in one step from the cytosol to the extracellular space. The secretion signal 

is at the extreme C-terminus (highlighted as an ellipse in green), and the RTX domain is upstream of the 

secretion signal (highlighted as an ellipse in red). The secretion signal is not cleaved off during, while, or after 

the secretion. The protein substrate remains unfolded in the cytosol and folds only in the extracellular space, 

where the Ca2+ concentration is higher. IM: inner membrane, OM: outer membrane, PP: periplasm. 

 

 

ABC transporters are assigned to a superfamily of proteins present in all domains of life. 

ABC transporters have a transmembrane domain (TMD), a nucleotide-binding domain 

(NBD), and an N-terminal cytosolic domain (Schmitt et al., 2003). A crystal structure of 

PCAT1 (PDB: 4RY2) is shown in Figure 1-3a, representing the aforementioned domains. 

PCAT1 is an ABC transporter from the Gram-positive bacterium Clostridium thermocellum. 

PCAT1 contains an active peptidase in its N-terminus which processes antimicrobial 

peptidase before secretion (Lin et al., 2015).  

The ABC transporters of T1SS are classified into three groups based on their N-terminal 

domains. ABC transporters of groups 1 and 2 both contain this domain in their N-termini, 

which can be either an active peptidase (group 1) or an inactive one (group 2). The third 

group of ABC transporters do not contain this domain at all (Kanonenberg et al., 2013). The 

crystal structure of a homolog of the ABC component (PrtD) from Aquifex aeolicus 

(AaPrtD) was solved and visualized (Figure 1-3b). PrtD is grouped into the third group of 

ABC transporters (Morgan et al., 2017).  
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Figure 1-3: Cartoon representations of two examples of ABC transporters  

Both structures were obtained by X-ray crystallography and visualized using Pymol software 

(www.pymol.org). The N-terminal cytosolic domain is shown in yellow, the TMDs in green, and the NBD in 

cyan; pale colors correspond to the same regions in the second monomer. a) The structure of PCAT1 (PDB: 

4RY2), an ABC transporter from the Gram-positive bacterium Clostridium thermocellum (Lin et al., 2015), is 

shown. PCAT1 contains an N-terminal C39-peptidase domain which is an active peptidase, but it is not grouped 

within the aforementioned T1SS groups, as it belongs to a Gram-positive bacterium. b) The structure of AaPrtD 

(PDB: 5L22), an ABC transporter from Dickeya dadantii, is shown. AaPrtD is a homolog of the ABC 

component from the Gram-negative bacterium Aquifex aeolicus. PrtD does not harbor an N-terminal accessory 

domain in the cytosol, therefore, it is grouped under the third group of ABC transporters (Morgan et al., 2017).  

 

Concerning the secretion mechanism of T1SS, two models of secretion have so far been 

suggested. However, it is still ambiguous which model is valid for the translocation through 

T1SS.  

  The Brownian ratchet model suggests that the fuel for transport is provided primarily by 

the Ca2+-ion-dependent folding of the substrate, which is promoted on the C-terminus of a 

substrate at the RTX domain. A folded RTX domain then prevents any tracking of the 

substrate back into the channel (Bumba et al., 2016).  

  The Power stroke model suggests that conformational changes caused by ATP hydrolysis 

are the promoting factor, forcing the substrate to pass through the T1SS channel. First, ATP 

binds to the ABC transporter, which turns the ABC transporter from an inward-facing 

conformation form to an outward-facing form. Then, these conformational changes move 

the substrate from the cytosol to the trans-side of the membrane (Rempel et al., 2019, Stefan 

et al., 2020).  
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The biotechnological applications of T1SS have been taken into consideration mainly due 

to the two advantages of these systems. First of all, a wide variety of substrates can be 

secreted using T1SS. Secondly, the plasmid-based expression of its components is rather 

easy, as only three components form the entire T1SS machinery (Burdette et al., 2018). A 

long list of heterologous proteins with different origins have been successfully secreted via 

T1SS (Pourhassan et al., 2021).  

So far, three different T1SS have been employed for the secretion of heterologous proteins:  

- The TliDEF system from Pseudomonas fluorescens 

- The PrtDEF system from Erwinia chrysanthemi 

- The HlyABD secretion system from E. coli 

However, the main drawback of using T1SS in biotechnological applications is formed by 

the limited secretion titers (Pourhassan et al., 2021).  

 

1.3.2 Type III secretion system  

T3SS, also known as injectosomes, deliver effector proteins into eukaryotic host cells. These 

proteins are mostly virulence-associated factors (Wagner et al., 2018). T3SS induction 

occurs upon sensing host-cell contact. Research has shown that a low environmental calcium 

ion concentration (Yersinia) (Heesemann et al., 1986) or an altering pH can also initiate 

T3SS induction (Salmonella SPI-2)(Yu et al., 2010).  

T3SS are found in various pathogenic bacteria, including the enteropathogenic E. coli 

(EPEC), Shigella, Yersinia, Chlamydia, and Salmonella (Costa et al., 2015). The basic 

function of T3SS is to assemble bacterial flagella (Abby and Rocha, 2012). However, T3SS 

are also involved in the secretion of different substrates. These substrates have roles in 

different bacterial functions, such as nutrient acquisition (in Chlamydia), adhesion 

mechanism (in EPEC), and killing human macrophages (in Salmonella) (Wagner et al., 

2018). Substrates of T3SS differ in their sizes, structures, and functions, but all are secreted 

unfolded in one step. The secretion signal is located at the N-terminus and remains intact 

during and after the secretion process (Burdette et al., 2018).  

In terms of structure, T3SS are highly conserved among different Gram-negative bacteria. 

These secretion systems are among the most complex membrane machineries, with a size of 

around 6 MDa. The T3SS machine consists of around 20 different proteins with different 

copy numbers, ranging from 1 to 100. The involved subunits form a membrane-spanning 
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multi-ring complex, a needle-like filament complex, an inner membrane complex, and a set 

of cytosolic proteins (Figure 1-4). The cytosolic subunits have roles in either the regulation 

of the system, or in providing the energy for transport (Wagner et al., 2018, Burdette et al., 

2018, Costa et al., 2015). Note, the energy for transport is provided by ATP hydrolysis 

(Woestyn et al., 1994) as well as the PMF (Wagner et al., 2018).  

A fascinating application of T3SS is its use in many biomedical studies and applications. 

T3SS is able to deliver a specific protein, such as proteins involved in gene editing, signaling, 

and transcriptional regulation, into a eukaryotic cell (Wagner et al., 2018). Secretion of a 

wide variety of proteins using T3SS has already been reported, such as scFvs (Metcalf et al., 

2016), spider silk monomers (Widmaier et al., 2009), and alkaline phosphates (Burdette et 

al., 2018). 

Besides the structural and regulatory proteins, sRNA is required for the proper functioning 

of T3SS. Therefore, transferring the related encoding genes to a non-native host is a complex 

procedure (Burdette et al., 2018). As the native hosts are pathogens, they are not suitable to 

use in many standard laboratories, especially on industrial scales. The attenuation of the 

native host to reduce the toxicity capacity of the host cells is a prerequisite. The most studied 

and applied T3SS originated from strains of Salmonella spp., Yersinia spp., and 

Pseudomonas aeruginosa. These strains have already been altered genetically for bacterial 

attenuation (Bai et al., 2018).  

Researchers are facing some limitations upon using T3SS for biotechnological applications. 

The secretion through T3SS is tightly controlled by environmental changes and growth 

phases. Although high titers of secretion for some heterologous have been achieved, the low 

secretion yield for some heterologous proteins is still a challenge. Attenuation of the native 

organism is a time-consuming and costly process (Pourhassan et al., 2021, Bai et al., 2018, 

Burdette et al., 2018).  
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Figure 1-4: Representation of T3SS machinery in the membrane 

a) The T3SS is a double-membrane-embedded nanomachine that translocates effector proteins in a single step 

from the cytosol to the transmembrane space of the target cell. It consists of around 25 different proteins and 

sums up to a size of 3.5 MDa to 6 MDa. T3SS, also known as injectosome, has a needle-like filament plus a 

set of rings forming the base structure. InvC is a hexameric ATPase located in the cytosol. The secretin InvG 

extends from the IM to the OM complex. The IM complex consists of PrgK, PrgH, SpaP, SpaQ, SpaR, SpaS, 

and InvA. This IM complex acts as a base for the protection and support of the needle (Prgl). The needle tip 

contacts the target membrane and creates a pore in it. The schematic representation in panel a was drawn based 

on (Costa et al., 2015). b) A side view of the Shigella needle complex adopted from (Lunelli et al., 2020). OM: 

outer membrane; PP: periplasm; IM: inner membrane.  

 

1.3.3 Type IV secretion system  

The ability to translocate DNA, as well as proteins, into bacterial or eukaryotic cells makes 

T4SS unique among other secretion systems. T4SS involves the export of DNA into the 

environment, or the import of exogenous DNA into a cell (Lacerda et al., 2013). Recent 

studies have revealed that T4SS also contributes to the transfer of other macromolecules, 

such as peptidoglycan, into other cells (Grohmann et al., 2018). T4SS are classified into two 

groups based on whether the substrate is a protein or DNA (Costa et al., 2021).  

T4SS has a role in spreading antibiotic resistance genes through the conjugation of plasmid 

DNA between species. T4SS contributes to the pathogenicity of certain bacteria by 

translocating the related effector protein. For instance, the pathogenesis of Bordetella 

pertussis is related to T4SS (Costa et al., 2015).  

In terms of structure, T4SS harbors a complex machine consisting of 6 to 12 proteins (Figure 

1-5). The T4SS has a core subunit plus some accessory proteins, which are system-specific, 
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and may vary between different species (Costa et al., 2021). Generally, the entire system 

consists of a scaffold and translocation apparatus, as well as a pilus that is extended into the 

extracellular space (Terradot and Waksman, 2011). 

The energy for transport is provided by three ATPases: VirB11, VirD4, and VirB4 (Figure 

1-5). VirD4 plays an additional role in binding to either DNA or protein substrates (Llosa 

and Alkorta, 2017). The channel of T4SS consists of two main parts: the first part is located 

in the IM and the second part is located in the periplasmic space and OM. VirB3, VirB6, and 

VirB8 are proteins forming the IM part, and VirB4 (an ATPase) is attached to the IM 

complex. VirB7 and VirB9 are the proteins that form the OM complex, and protein VirB10 

associates in the formation of both IM and OM complexes (Low et al., 2014). The T-pilus 

of Agrobacterium tumefaciens consists of the major component VirB2 and the minor 

component VirB5 (Aly and Baron, 2007).  

The T4SS is almost never considered for the secretion of heterologous proteins in 

comparison to the other secretion systems discussed herein, possibly caused by its 

complicated structure.  

 

 
 

Figure 1-5: Structural organization of T4SS  

a) The nanomachine of T4SS spans both membranes. Three ATPases fuel the substrate translocation: VirB11, 

a cytosolic soluble ATPase; VirD4, located in the IM; and VirB4, associated with the IM complex (VirB3, 

VirB6, and VirB8). Vir10 extends from the IM complex to the core-outer membrane complex (VirB7 and 

VirB9). VirB2 and VirB5 together form the pilus. The schematic is based on (Costa et al., 2015). b) Cryo-EM 

structure of the core complex of T4SS from the Helicobacter pylori, adopted from (Sheedlo et al., 2020).  
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1.3.4 Type VI secretion system 

T6SS are double-membrane-spanning systems that transport toxic effector proteins from the 

cytosol into prokaryotic and eukaryotic cells in a single step. The substrate is either in the 

folded or partially folded state. T6SS has an important role in bacterial pathogenesis, 

specifically for Proteobacteria, and consists of 13 main protein components plus a few 

accessory proteins. The T6SS nanomachine consists of two main complexes, including a 

membrane complex and a tail complex (Figure 1-6). The tail part is anchored to the 

membrane by mediation of the membrane complex (Sana et al., 2017, Ho et al., 2014).   

Only recently, the T6SS from Aeromonas dhakensis was reconstituted in an E. coli 

laboratory strain. The heterologous assembly of T6SS empowered E. coli to deliver a range 

of proteins into the cytosol of other cells, thereby creating an antimicrobial tool. The 

complexity of T6SS and its complicated gene regulation, made heterologous expression 

difficult. Furthermore, the native hosts are among pathogenetic bacteria (Jana et al., 2021), 

resulting in less or no application of T6SS in biotechnology.  

 
 

 

Figure 1-6: A schematic structural view of T6SS  

T6SS consists of two main parts, the membrane complex and the tail complex, with a baseplate in between of 

them. T6SS translocates effector proteins from the cytosol to the eukaryotic or prokaryotic cells. Thirteen 

conserved proteins, plus some accessory proteins, are involved in the formation of T6SS nanomachine. a) A 

schematic view of T6SS based on (Costa et al., 2015). The membrane complex (TssJ, TssL, TssM) keeps the 

tail complex anchored to the membrane. A baseplate complex is involved in the association of the tail tube and 

the sheath. TssK might act as a connector of the membrane complex to the tail. VgrG is in a trimeric state and 

forms the spike part. Hcp is in a hexameric state and forms a tubular structure of the tail. TssB-TssC forms a 

boundary around the Hcp tube. b) A view of T6SS adopted from (Douzi et al., 2018).  
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1.4 Two-step secretion systems  

Two-step secretion systems involve the translocation of substrates into the periplasmic space 

first, using either the Sec- or Tat-pathway. The second step is the translocation across the 

outer membrane, with the substrate either being released into the extracellular space or 

remaining attached to the membrane. 

1.4.1 Translocation across the inner membrane 

1.4.1.1 Sec pathway  

The general secretory (Sec) pathway is an universal and ubiquitous secretion machinery 

found in all kingdoms of life (Tsirigotaki et al., 2017). Among all bacterial secretion systems, 

only the Sec pathway is essential for cell viability, which emphasizes the importance of this 

secretion pathway (Berg et al., 2004). The Sec pathway translocates a large number of 

different proteins with different functionality. For instance, around 96% of proteins crossing 

across the inner membrane of E. coli employ the Sec pathway (Orfanoudaki and Economou, 

2014).  

The core of the Sec pathway is the SecYEG channel, also known as SecYEG translocon, 

which mediates the translocation of proteins into the periplasm space or inserts proteins into 

the inner membrane. SecA, the motor molecule of the Sec pathway, assembles with the 

SecYEG translocon to form the SecYEG holoenzyme (Tsirigotaki et al., 2017).   

Polypeptides destined for the Sec pathway are synthesized first as precursor proteins (pre-

proteins) containing an N-terminal secretion signal. The secretion signal has a length of 

around 20 residues and is cleaved off during translocation across the inner membrane by a 

peptidase known as SPase. After the cleavage, the mature protein either enters into the 

periplasmic space or is integrated into the inner membrane. Although the sequences of 

different secretion signals are not identical, they all harbor three conserved parts: a 

positively-charged region at the N-terminus, a central hydrophobic core, and a polar terminal 

domain. The Sec pathway translocates respective substrates in an unfolded state (Freudl, 

2018).  

The Sec pathway mediated translocation takes place in two modes, as explained below. The 

first mode is the co-translational mode, in which precursor proteins are recognized by a 

signal recognition particle (SRP) during their synthesis at the ribosome. The ribosome-

nascent chain (RNC) attached to SRP is then redirected to the membrane via an interaction 

of SRP with its membrane receptor, FtsY. The interaction brings the RNC close to the 
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SecYEG translocon. The remaining part of the nascent chain is then synthesized directly into 

the pore of the SecYEG channel. The energy for translocation in this mode is provided by 

the continued synthesis of the nascent chain (Figure 1-7a) (Tsirigotaki et al., 2017, Peng et 

al., 2019).  

The second mode is the post-translational mode, in which precursor proteins are first 

completely synthesized into the cytosol. They are then kept in an unfolded state by cytosolic 

chaperones, most often the SecB protein. Subsequently, precursor proteins are translocated 

through the SecYEG channel with the help of a secretion signal and SecA. Afterwards, 

precursor proteins are translocated through the SecYEG channel through the energy 

generated by SecA. Note, the PMF is also providing the energy for the transport (Figure 

1-7b) (Tsirigotaki et al., 2017, Green and Mecsas, 2016). 

 

 

Figure 1-7: The mode of protein export by the Sec pathway 

a) The co-translational export model: The signal recognition particle (SRP) binds to the nascent chain during 

synthesis at the ribosome. Then, the ribosome-nascent chain (RNC) is directed to the SRP receptor, FtsY. The 

ribosome is then close proximal to the SecYEG channel and the rest of the nascent chain is synthesized and 

exported through the SecYEG translocon. b) Post-translational export model: A polypeptide is first synthesized 

completely inside the cytosol. Sec-dependent substrates remain attached to post-translationally interacting 

proteins such as SecB. Then, it is handed over to the ATPase SecA. The whole complex is redirected to the 

SecYEG translocon. The secretion signal (highlighted as a green ellipse) is cleaved off by SPase, located in 

the inner membrane.  

 

 

The translocation capacity of the Sec pathway is limited, and overexpression of target 

proteins may lead to an intracellular protein accumulation. In turn, this can result in inclusion 

body formation, protein aggregation, and/or proteolysis. To address this issue, 
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overexpression of proteins involved in the Sec pathway, such as SecYEG and the SecB 

protein, can be beneficial (Kleiner‐Grote et al., 2018). It should be noted that the target 

protein and dedicated secretion signal have significant influence on the secretion efficiency 

of the Sec pathway. Studies on biotechnological applications have revealed that there is no 

universal secretion signal that can be used on different target proteins that promotes the best 

secretion efficiency (Freudl, 2018). In other word, the best-performing secretion signal 

should be experimentally identified for each target protein.  

 

1.4.1.2 Tat pathway 

The second major general secretion system, present in many bacteria, is the twin-arginine 

(Tat) pathway. It has been reported that around 80% of all bacteria contain the Tat pathway 

(Anné et al., 2016). The pathway gets its name from the presence of two conserved arginine 

residues in the secretion signals of target proteins, which are located at the N-terminus. After 

secretion, these signals are cleaved off by a membrane signal peptidase, and the mature 

protein is then released into the trans-side of the membrane (Freudl, 2018).  

A special feature of this pathway is that proteins are transported correctly folded and in their 

final oligomeric state across the inner membrane. If needed, a dedicated cofactor is bound 

tightly, or even covalently, to the protein before secretion (Walker et al., 2015). This property 

of the system is especially important for proteins that require cytosolic conditions and/or 

cytosolic enzymes for appropriate folding. It appears that there is some form of quality 

control that only allows the secretion of proteins in their correct folding. This feature results 

in a higher quality of recombinant protein in the periplasm compared to the Sec pathway 

(Walker et al., 2015, Kleiner‐Grote et al., 2018).  

The Tat pathway consists of mainly three proteins: TatA, TatB, and TatC (Figure 1-8). TatB 

and TatC form an oligomeric receptor that binds to the secretion signal. After interacting 

with the secretion signal, TatA is recruited by the energy provided by the PMF. TatA forms 

a multimeric protomer translocation channel in the inner membrane. The number of TatA 

subunits depends on the size of folded protein (Kleiner‐Grote et al., 2018, Walker et al., 

2015). Interestingly, a target protein is either translocated through a pore, created by a 

variable number of TatA subunits (Gohlke et al., 2005), or passed through a TatA-induced 

weak region of the membrane, closely located to the TatBC receptor (Brüser and Sanders, 

2003).  
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The Tat pathway is less efficient compared to the Sec pathway. In addition, secretion through 

the Tat pathway is slower due to the lower number of translocons within the inner membrane. 

However, the quality of secreted proteins in the Tat pathway is higher than the Sec pathway. 

To overcome the limitations of the Tat pathway, overexpression of Tat translocation has 

been investigated in E. coli (Matos et al., 2012). The overexpression of involved chaperones, 

such as DnaK, showed improved secretion through the Tat pathway. Note that the 

translocation efficiency of the Tat pathway is anyway limited by the source of energy, the 

PMF (Bergès et al., 1996, Kleiner‐Grote et al., 2018). 

 

Figure 1-8: Schematic representation of the translocation through the Tat pathway  

The cargo is synthesized and folded completely in the cytosol, and a cofactor binds to the protein if needed. A 

chaperone accompanies the protein by binding to the secretion signal (shown in red ellipse). The chaperon-

protein complex is recognized by the TatB protein in the inner membrane. The inner membrane complex of 

the Tat pathway consists of TatB and TatC, and TatA added thereafter releasing the chaperon from the cargo. 

The secretion signal is removed by the inner membrane peptidase, SPase, and the cargo is released to the 

periplasmic space.  

1.4.2 Translocation across the outer membrane 

1.4.3 Type II secretion system  

T2SS are widespread in both pathogenic and non-pathogenic Gram-negative bacteria. The 

T2SS apparatus spans both membranes, secreting folded substrates in two steps from the 

cytosol to the periplasmic space, and then into the extracellular space. The first step of the 

secretion depends on either the Sec or Tat pathway. T2SS substrates contain an N-terminal 

secretion signal which is cleaved off during passage through the inner membrane. Reports 

show that the transport through T2SS is fueled by ATP hydrolysis (Green and Mecsas, 2016, 

Nivaskumar and Francetic, 2014). 

T2SS has a complex structure consisting of 12-15 components that together form different 

parts of the T2SS system, including an outer membrane complex, an inner membrane 

platform, a cytoplasmic ATPase, and a periplasmic pseudopilus (Figure 1-9). The structure 
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and biochemical function of some of these subunits have been determined, but the structure 

of the entire system remains to be elucidated (Costa et al., 2015, Cianciotto, 2005).  

T2SS secretes a broad range of different substrates, which mostly contribute to the 

pathogenicity of harboring microorganisms, including the protease pseudolysin from 

Pseudomonas aeruginosa, the cholera toxin from Vibrio cholera, and the heat-labile 

enterotoxin from enterotoxigenic E. coli (Pourhassan et al., 2021). Hydrolyzing enzymes, 

such as proteases, lipases, and phosphatases, are also among T2SS substrates (Cianciotto, 

2005). Interestingly, some bacterial species that live in harsh conditions, employ T2SS to 

secrete stable proteins, including hydrolyzing enzymes for nutrient acquisition, mobility, 

respiration, and biofilm formation (Nivaskumar and Francetic, 2014).  

The secretion of the substrate across the OM specifically depends on the substrate’s 

structure. However, the mechanism of substrate recognition has not yet been characterized, 

as the structure of the system is complicated. These are the reasons why the usage of T2SS 

in biotechnology has been limited (Burdette et al., 2018, Reed and Chen, 2013). The 

expression of T2SS from Erwinia chrysanthemi in a non-native organism (E. coli) has been 

performed successfully. However, this heterologous T2SS was able to secrete only its native 

substrate (He et al., 1991).  

 

 

Figure 1-9: Structural organization of T2SS in the membranes  

The T2SS is a double-membrane spanning system that translocates its substrate in two steps. The first step of 

translocation is across the IM, which depends on either the Sec or Tat pathway. The second step is translocation 

from the periplasm to the extracellular space. Around 12 kinds of protein components form the T2SS apparatus. 

a) Schematic representation of T2SS apparatus. The T2SS apparatus consists of a cytosolic ATPase (GspE), a 

pseudopilin (GspG, H, I, J, K ), an IM complex (GspC, GspF, GspL, and GspM), and an OM complex (GspD). 

Some other proteins might be involved in the formation of T2SS apparatus in different species. The general 

secretion pathway (Gsp) shown here specifically belongs to E. coli. b) The T2SS apparatus was driven from 

the cryo-ET map of Legionella pneumophila, adopted from (Naskar et al., 2021).  
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1.4.4 Type V secretion system 

T5SS, also known as autotransporter, secrete proteins into the extracellular space in a two-

step mechanism. The transport across the inner membrane depends on the Sec pathway. 

Dedicated substrates harbor an N-terminal secretion signal, which is cleaved off during its 

passage over the inner membrane. Substrates of T5SS are mostly virulence factors, however, 

proteins involved in adhesion and biofilm formation can also be secreted through this system 

(van Ulsen et al., 2014). A polypeptide substrate of T5SS consists of three parts, including 

an N-terminal secretion signal for recognition by the Sec pathway, a passenger domain, and 

a C-terminal ß-barrel (translocator) domain (Reed and Chen, 2013). The five different 

groups of T5SS are schematically visualized in the Figure 1-10.  

The mechanism of T5SS is unique as the substrate and its dedicated ß-barrel domain are 

fused. Firstly, a substrate is transported into the periplasm via the Sec pathway. Then, the ß-

barrel domain is inserted into the outer membrane and creates a pore for the translocation of 

the passenger domain into the extracellular space (Burdette et al., 2018). The energy needed 

for the translocation across the outer membrane is provided by the sequential winding of the 

ß-strands. These ß-strands belong to the stacked ß-helical structures available in most 

autotransporters. Note that no ATP is present in the periplasm, and no proton concentration 

gradient is formed across the outer membrane (van Ulsen et al., 2014).  

After the secretion process, the passenger domain either remains anchored to the 

translocator, or is cleaved off and released into the extracellular space (Costa et al., 2015). 

The property that a substrate might remain attached to the membrane can be used in e.g. live 

vaccine development, whole-cell biocatalysis, protein screening, epitope mapping, etc. (van 

Ulsen et al., 2014). Ulsen et al. reviewed a list of secreted heterologous proteins by T5SS 

including lipases for whole-cell biocatalysis, metallothionein for bioremediation, and the ß-

subunit of cholera toxin (CBT) for translocation studies (van Ulsen et al., 2014). 

Although different interesting applications of T5SS have been explored, the 

biotechnological applications of T5SS have been limited due to a low secretion titer and the 

narrow range of possible heterologous substrates. It should be noted that the size, 

complexity, and folding features of cargo have a great influence on the secretion via this 

autotransporter system (Reed and Chen, 2013).  
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Figure 1-10: A schematic representation of five different models of T5SS  

The domain located in the OM, was shown in dark blue, is the translocation domain (or ß-domain). The linker 

that associates the translocation domain with the passenger was shown as a dark blue line. The passenger 

domains were shown as coiled/circular shapes in the extracellular space. The N- and C- termini were identified. 

Type Va (classical autotransporter): The ß-barrel is inserted into the OM and the passenger domain remains 

anchored or cleaved off. Type Vb (two-partner secretion system): the passenger and translocator domains are 

synthesized in separate polypeptide chains. The translocation domain is inserted into the membrane with two 

POTRA domains (shown in two P-labeled circular shape). Type Vc (trimeric autotransporters). This group 

remains anchored to the membrane. The difference between these groups to the classical ones is their ability 

to trimerize. Type Vd (Fused-two partner secretion system): Here only one POTRA domain is involved. Type 

Ve (inverted-classical autotransporter): The only difference with the classical one is that they proceed from the 

N- to the C- terminus. The schematics were drawn based on (Leo et al., 2012).  

 

1.4.5 Type VIII secretion system  

Type 8 secretion system, also known as the curli biogenesis pathway, is used for the secretion 

of amyloid fibers (curli) onto the bacterial surface of Enterobacteriaceae. The main protein 

component of biofilms is the curli protein. Each curli consists of a Sec secretion signal at the 

N-terminal, an amyloid core, and a curli secretion signal (Van Gerven et al., 2015, Yan et 

al., 2020). The curli subunits are translocated in an unfolded state into the periplasm and 

kept unfolded by the periplasmic chaperone, CsgC. The assembly of curli fibers initiates 

upon reaching a specific nucleation concentration of these proteins. The assembly of curli 

subunits, CsgA, is mediated by the CsgB protein. A special transporter of this system, CsgG, 

with two accessory proteins, CsgE and CsgF, secretes curli subunits to the extracellular 

space (Figure 1-11). It is assumed that the translocation across the outer membrane is driven 

by an entropy gradient (Costa et al., 2015, Burdette et al., 2018, Yan et al., 2020).  



  1 Introduction 

 21 

Currently, the only host employed for T8SS engineering is E. coli. In a study conducted on 

T8SS, Gerven et al. employed the T8SS of E. coli to secrete non-native polypeptides up to 

260 residues fused to CsgA subunits. They reported that the secretion efficiency depends on 

the folding properties of the fused passenger. The curli biogenesis pathway can be used for 

the surface display of small heterologous proteins (Van Gerven et al., 2014). Thus, it seems 

that the size of the passenger protein is the limiting factor for the secretion of heterologous 

proteins via T8SS (Burdette et al., 2018). An interesting application of the curli biogenesis 

pathway is the creation of a nanofibrous mesh with different functional properties on the 

surface of the bacterial host (Nussbaumer et al., 2017). 

 

 

Figure 1-11: Structural view of T8SS (curli biosynthesis system)  

Curli are extracellular fibers that function as protective layers for bacteria. The T8SS is known as the curli 

biogenesis system and is a single membrane-spanning system. a) Each curli consists of several CsgA (major 

subunits) and CsgB (minor subunits). The T8SS apparatus consists of CsgG and CsgE as main components, 

and two accessory proteins (CsgF and CsgC). b) Atomic model of the OM complex of the curli biogenesis 

system taken from (Yan et al., 2020).   

1.5 The HlyA type 1 secretion system  

In 1951, the HlyA was discovered in uropathogenic E. coli strains as a heat-labile and cell-

associated toxin (Robinson, 1951). A paradigm of T1SS is the HlyA T1SS. HlyB and HlyD, 

the transport components involved in the HlyA secretion, were discovered later in the 1970s 

and 1980s, respectively (Noegel et al., 1979, Mackman et al., 1985). The description of TolC 

as the third membrane component of the HlyA T1SS, dates back to 1990 (Wandersman and 

Delepelaire, 1990).   

HlyA is translocated through a channel, formed by HlyB, HlyD, and TolC, from the cytosol 

to the extracellular space in one step. The mechanism, functionality, and structure of this 
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system have already been studied for decades (Holland et al., 2016). Recently, in 2022, the 

stoichiometry and structure of the HlyB/D complex were determined by cryo-EM (Zhao et 

al., 2022). The HlyA T1SS is the main focus of this study, and the following sections will 

describe the components of this system in more detail.  

1.5.1 HlyA  

The substrate of HlyA T1SS, hemolysin A, is a pore-forming toxin belonging to the RTX 

(repeats in toxin) family. It is synthesized as an inactive protein, known as pro-HlyA that 

has a molecular weight of 110 kDa (1024 residues). The acyltransferase HlyC, a cytosolic 

protein, acylates the pro-HlyA at two lysine residues (K564 and K690) (Thomas et al., 

2014c). Acylation of these lysine residues occurs prior to its secretion and turns pro-HlyA 

into an active toxin (a process that it is not required for secretion). Active HlyA can create a 

pore in the membrane of, for example, human erythrocytes and macrophages (Nicaud et al., 

1985).  

HlyA has three domains, including a functional N-terminal domain, an RTX domains 

consisting of six conserved GG repeats, and a secretion signal at the C-terminus (Figure 

1-12) (Holland et al., 2016). All the information required for secretion is located within the 

last 50 to 60 C-terminal residues (Koronakis et al., 1989), and the presence of three RTX 

domains results in an enhanced secretion efficiency. Secretion of HlyA is directional, 

meaning the C-terminus reaches the extracellular space first (Lenders et al., 2015). The 

secretion signal is not cleaved off before, while, or after secretion.  

 

Figure 1-12: A model of pro-Hly predicted by AlphaFold2 (Jumper et al., 2021)  

The secretion signal and the RTX in the C-terminus are colored red and gray, respectively. The pore-forming 

domain in the N-terminus is colored cyan. The two lysine residues (K564 and K690) which are acylated for 

activation of HlyA shown in spheres. The structure was adopted from (Spitz et al., 2022).  
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It has been shown that HlyA interacts with the transporter components before secretion 

(Lecher et al., 2012, Benabdelhak et al., 2003). For a long time, it was enigmatic which 

property of the secretion signal promoted this interaction, as sequence analysis of secretion 

signals of different RTX proteins did not reveal any defined sequence. Prior to the work of 

Spitz et al. (Spitz et al., 2022), the presence of an amphipathic helix as a secondary structure 

in the secretion signal was under debate (Koronakis et al., 1989, Stanley et al., 1991). Only 

recently, Spitz et al. provided evidence supporting the idea that the presence of an 

amphipathic helix between residues 975 and 987 is essential for the secretion process. Thus, 

a secondary structure in the secretion signal of RTX proteins promotes the secretion rather 

than a specific amino acid sequence (Spitz et al., 2022).  

For studies on HlyA T1SS, two truncated forms of HlyA have been used. HlyA1, also termed 

HlyAc, has special importance, as it has been used frequently as a secretion carrier. HlyA1, 

with a molecular weight of 23 KDa, contains the secretion signal as well as three conserved 

RTX domains (Figure 1-13b). The first description of HlyA1 as a secretion carrier dates 

back to 1986 (Nicaud et al., 1986), and represents a turning point in the usage of HlyA T1SS 

for the secretion of heterologous proteins. Since then, a long list of heterologous proteins 

originating from prokaryotes or eukaryotes have been successfully secreted using HlyA1 

(Pourhassan et al., 2021). However, it is acknowledged that the potential use of HlyA T1SS 

has not been fully exploited, due to its limitations concerning the narrow range of possible 

target proteins and the low yields of secretion (Khosa et al., 2018, Pourhassan et al., 2021).  

The other most commonly used HlyA truncated version is HlyA2, which was derived from 

HlyA1, but lacks the secretion signal (Figure 1-13b). HlyA2 has been used in the work of 

Lecher et al., in which a series of pull-down assays were conducted to map the interaction 

sites between HlyA and the CLD domain of HlyB (Lecher et al., 2012).  

The encoding genes of HlyA T1SS are located in the hly operon, except for TolC. It was 

revealed that in E. coli, the transcriptional factor RfaH is also involved, as its binding to the 

hly operon causes the readout of a stem-loop termination region between the hlyA and hlyB 

genes (Figure 1-13b).  
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Figure 1-13: Schematic representation of the hly operon 

a) The promoter and the transcriptional regulator (RfaH) were indicated, and a terminator region was indicated 

between the hlyA and hlyB genes. The tolC gene is not encoded by the hly operon. The C-terminus of the hlyC 

gene acted as an enhancer fragment, indicated with a red line. The Jumpstart (just upstream of many 

polysaccharide-associated starts) is shown in green box, which is a site that the RNA polymerase stops allowing 

binding of RfaH. b) Schematic representation of HlyA (full length) and two HlyA truncated versions (HlyA1 

and HlyA2). The N-terminal functional domain (red) is followed by six RTX motifs and the C-terminal 

secretion signal. Two lysine residues (K564 and K690) that are acylated by HlyC were indicated. HlyA1 lacks 

three conserved GG repeats, while HlyA2 lacks three GG repeats plus the secretion signal.   

 

1.5.2 HlyC  

RTX toxins are expressed with a cognate acyltransferase, which is required for their 

activation. Two examples of these acyltransferases are: CyaC from Bordetella pertussis and 

RtxC from Kingella Kingae (Šebo et al., 1991, Osickova et al., 2018). HlyC is an 

acyltransferase dedicated to the HlyA T1SS, which is required for turning pro-HlyA into an 

active toxin before secretion. A mutation analysis showed that acylation of both residues is 

essential for the toxicity of HlyA (Thomas et al., 2014c).  

HlyC transfers the acyl groups on two internal lysin residues of HlyA in collaboration with 

the acyl carrier protein-dependent fatty acylation (acyl-ACP). HlyC is synthesized in a 1:1 

equimolar ratio to HlyA, and these two proteins form a stoichiometric complex (Holland et 

al., 2016). The structure of HlyC has not been yet solved, but a crystal structure of a HlyC 

homology model, ApxC, from Actinobacillus pleuropneumoniae, shows that this protein 

forms a dimer in the cytosol. ApxC protein has 70% amino acid identity with HlyC, and can 

perform the same functions in E. coli. The structure of ApxC consists of five β-sheets. A 
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cleft is formed by the contribution of two strands. This cleft appears to be conserved among 

acyltransferases of the Gcn5-like N-acyltransferase (GNAT) family, and harbors the active 

site residues involved in the catalysis (Greene et al., 2015, Holland et al., 2016).  

Surprisingly, it has been reported that the C-terminus of the hlyC gene acts as an enhancer 

fragment for HlyA expression (Figure 1-13a). The presence of this region, upstream of the 

hlyA gene, led to an increased secretion efficiency. This region is rich in adenosine and uracil 

nucleotides, and it has an affinity for the ribosomal protein S1 (Khosa et al., 2018). The 

second chapter of this thesis describes the engineering of this enhancer fragment that resulted 

in a further improved secretion efficiency of the HlyA T1SS.  

1.5.3 HlyB 

HlyB belongs to the superfamily of ATP-binding cassette (ABC) transporter. Early studies 

on the topology of HlyB, mostly provided by co-constructional experiments, revealed that 

this ABC transporter harbors a cytosolic N-terminal domain C39-peptidase-like domain 

(CLD), a transmembrane domain (TMD) composed of hydrophobic transmembrane helices 

(TMHs), and a cytosolic C-terminal nucleotide-binding domain (NBD) (Figure 1-14a) 

(Wang et al., 1991, Holland et al., 2005).  

For a long time, the available structures of HlyA T1SS were limited to a NMR structure of 

the CLD (Lecher et al., 2012), X-ray crystallography structure of the NBD (Schmitt et al., 

2003), a crystal structure of truncated HlyD (lacking both N-terminal and C-terminal 

residues) (Kim et al., 2016), and a crystal structure of TolC (Koronakis et al., 2000). Only 

recently, structural information of the HlyA T1SS from single particle cryo-EM became 

available. The cryo-EM data represented an unusual structure of a heterododecameric 

assembly of three dimeric HlyB and dimeric HlyD units. Three protomers, each consisting 

of a HlyB dimer and two HlyD molecules, form the inner membrane complex of the HlyA 

T1SS (Figure 1-14b). In addition, Zhao et al. reported that one of the HlyB dimers provides 

the channel for the translocation of HlyA, while all three contribute to ATP hydrolysis to 

provide the energy for transport (Zhao et al., 2022).   

The N-terminal domain (the CLD) resembles C39-peptidases, which are cysteine proteases 

from bacteriocin exporters that cleave off the C-terminal secretion signal from a protein or 

peptide prior to, or during the secretion process. Despite almost 40% homology between the 

CLD and C39-peptidases, no proteolytic activity is known for the CLD of HlyB, due to an 
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inactivated catalytic triad (containing a tyrosine instead of a cysteine in the catalytic triad). 

Nevertheless, the CLD of HlyB is still essential for secretion (Lecher et al., 2012).  

In vitro analysis of the isolated CLD revealed an interaction between this domain and HlyA1 

and/or HlyA2. This interaction is independent of the secretion signal, as the HlyA2, a HlyA 

truncated version without the secretion signal, also interacts with the CLD. This interaction 

likely depends on the RTX domain (Lecher et al., 2012). Interestingly, the cleavage site of 

an active C39-peptidase is located directly after a double-glycine motif (Wu and Tai, 2004). 

Pull-down assays, along with NMR structure, precisely mapped substrate-binding regions 

of the CLD (Lecher et al., 2011, Lecher et al., 2012).  

 

 

Figure 1-14: Overall structure of the HlyB /HlyD complex  

a) Structure of HlyB dimer (green), the ABC transporter of the HlyA T1SS from E. coli associated with two 

molecules of HlyD (blue). b) Cartoon representation of the trimer of dimers (PDB 7SGR) of the HlyB NBDs 

(Zhao et al., 2022). The view is from the cytosol toward the membrane. The structures a and b were drawn 

using Pymol software. c) The structure of a HlyD protomer. The α-helical domain in the tip region indicated 

by a blue circle. The panel c adopted from (Kim et al., 2016).  
 

It was suggested that the CLD domain performs a chaperone-like activity for HlyA (Lecher 

et al., 2012). This suggestion was established from different observations, including:  

- Secretion of HlyA, the large polypeptide with a 110 kDa molecular weight, is C-

directional, so it must be completely translated into the cytosol before secretion, and 

remain unfolded. (Bakkes et al., 2010, Lenders et al., 2015). Thus, the role of a 

chaperon might be required to protect the unfolded HlyA from the cytosolic 

proteases.  

- Secretion of HlyA is independent of the general chaperones, such as SecB. In 

addition, no chaperone is encoded by the hly operon (Holland et al., 2016, Bakkes et 

al., 2010).  
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- The aforementioned interaction between HlyA and the CLD occurs only with the 

unfolded substrate (Lecher et al., 2012).  

The NBD provides the energy for transport by hydrolyzing ATP (Holland et al., 2005). The 

NBD of HlyB plays a role in one of the early steps of secretion, which involves substrate 

recognition through a specific interaction between the NBD and the C-terminus of HlyA 

(Benabdelhak et al., 2003). Unlike the CLD, the NBD does not interact with HlyA2, 

indicating that this interaction is depending on the secretion signal. The presence of ATP 

causes the dissociation of the NBD/HlyA complex (Benabdelhak et al., 2003). The 

interaction between HlyA and the NBD is the main focus of chapter 3 of this study.  

The NBD is highly conserved among ABC transporters. Three motifs are characteristics for 

all ABC transporters: the walker A motif with the sequence GXXGXGKS/T (where X refers 

to any aa), the walker B motif with the sequence ΦΦΦΦD (where Φ refers to any 

hydrophobic aa), and the C-loop, known as the signature motif, with the sequence LSGGQ. 

Besides that, the Q-loop, D-loop, and the H-loop are other conserved motifs present in NBDs 

(Zaitseva et al., 2005b, Holland et al., 2005).  

The NBDs of HlyB are symmetric. Dimerization of both HlyB monomers is induced by 

binding of two ATP molecules. Each site is formed by coordination of the Walker A and 

Walker B of one monomer, and the C-loop of the second monomer, and vice versa. The D-

loop is involved in the formation of the dimer interface, while the H-loop is involved in 

monomer-monomer communication. ATP hydrolysis requires Mg2+ ions as cofactor 

(Kanonenberg et al., 2019b). Reconstitution of the HlyB was performed successfully in 

lipid-nanoparticles, showing that interactions between HlyB and the substrate is still possible 

in the absence of other HlyA system components. However, we know that the presence of 

HlyD and TolC are essential for secretion (Kanonenberg et al., 2019b).  

1.5.4 HlyD 

HlyD belongs to the family of membrane fusion proteins and is known as the adaptor protein 

of the HlyA T1SS. It stabilizes the tunnel channel of the HlyA T1SS, by connecting HlyB 

and TolC (Holland et al., 2016). HlyD consists of 478 residues and has a molecular weight 

of 55 kDa. Data on the topology of the HlyD shows the presence of an N-terminal cytosolic 

region (residues 1-59), followed by a single transmembrane helix (residues 60-80), and a 

large periplasmic region (residues 81-487) (Wang et al., 1991). The first solved structure of 

HlyD covered residues 96-361 and showed a long α-helical domain, consisting of an α-
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helical hairpin along with a lipoyl domain located in the periplasm. It is assumed that the tip 

of the α-hairpin interacts with the TolC protein (Figure 1-14c) (Kim et al., 2016). 

Sequence analysis revealed three features of the HlyD cytoplasmic domain (CD): a putative 

amphipathic-helix (2-23), a box of five charges amino acids (34-38), and three proline 

residues towards the C-terminus of the CD (Holland et al., 2016, Balakrishnan et al., 2001). 

The first two features are essential for secretion, but only the charged box is a prerequisite 

for the TolC recruitment (Balakrishnan et al., 2001, Thanabalu et al., 1998). The presence 

of the charged box of HlyD (5 residues) was first demonstrated by Balakrishnan et al., and 

later supported by Zhao et al.. It was shown that the residues of the charged box (E35, D37, 

and E38) are located in the main interface between two protomers (Zhao et al., 2022). 

Additionally, a network of electrostatic interactions between the charged box of HlyD and 

the CLD of HlyB is necessary for substrate secretion (Zhao et al., 2022).  

A conserved region, covering the last 35 residues of HlyD-like proteins, was identified. 

However, its functionality is still unknown (Schülein et al., 1994). Residues 127-170 show 

47% identity with residues 233-274 from the β-barrel region of TolC, but the functionality 

of this region remains unclear (Schülein et al., 1994). 

Deletion of the first 26 HlyD residues reduces the secretion by around 90% compared to the 

wild-type HlyD. Also, deletion of either the first 45 residues, residues 26-45 or the last 10 

C-terminal residues of HlyD, completely abolishes secretion (Balakrishnan et al., 2001, 

Thanabalu et al., 1998). A mutant lacking the first 45 residues can still insert into the 

membrane, but this mutant is unable to recruit TolC, even in the presence of HlyA and HlyB 

(Pimenta et al., 1999). The results of a mutagenesis study on HlyD confirmed that the 

integration of HlyD in the HlyA T1SS affects the correct folding of HlyA in the extracellular 

space, via an unknown mechanism (Pimenta et al., 2005). 

Balakrishnan et al. reported that the HlyD CD is highly conserved in T1SS. They proposed 

that an interaction between the HlyD CD and HlyA is important for substrate recognition. 

Upon this interaction, HlyB and HlyD form a complex together. It was further suggested 

that this region plays a role in TolC recruitment (Balakrishnan et al., 2001). 

Early studies, conducted by the Koronakis laboratory, suggested a trimeric state for HlyD 

(Balakrishnan et al., 2001), however after analysis of other MFP analogs, a hexameric state 

seemed more valid. Information obtained from the Cryo-EM confirmed this hexameric state 

of HlyD, in which two monomers of HlyD are associated with a HlyB dimer (Figure 1-14a) 

(Zhao et al., 2022).  
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Each HlyD subunit is located on the opposite side of the HlyB dimer. The transmembrane 

region of each HlyD is packed against a HlyB dimer. The cryo-EM information also revealed 

an amphipathic helix (AH) between residues 9 to 24. This AH is located parallel to the inner 

membrane and connects hydrophobically to HlyB (Zhao et al., 2022). The very last C-

terminal residues of HlyD (residues 355 to 471) form a β-barrel domain and α-helix, which 

both lie at the trans-side of the inner membrane. The periplasmic region of HlyD is not well 

visible in the absence of TolC and substrate, suggesting that HlyD has a very flexible 

structure. Furthermore, the data also confirms that even in the absence of a substrate, HlyB 

and HlyD form an inner membrane complex together (Zhao et al., 2022).  

1.5.5 TolC  

TolC is the outer membrane protein of the HlyA T1SS with a molecular weight of 53 kDa. 

Insertion of TolC into the outer membrane is Sec-dependent. The 20-residues long secretion 

signal of TolC is cleaved off, after which the mature protein is translocated into the outer 

membrane (Wandersman and Delepelaire, 1990). Unlike the HlyB and HlyD, TolC does not 

only dedicate itself to the HlyA T1SS, but also associates with the tripartite pumps AcrAB-

TolC (Du et al., 2014) and MacAB-TolC (Fitzpatrick et al., 2017). TolC protects E. coli from 

different cationic dyes, a range of antibiotics, and some detergents. Furthermore, TolC is an 

uptake site for, for example, colicins (Holland et al., 2016). In the AcrAB pump, TolC 

interacts with a resistance-nodulation-division (RND) secondary active transporter, instead 

of with an ABC transporter, to extrude small molecules from the cell (Du et al., 2014).  
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Figure 1-15: Crystal structure of TolC from E. coli (pdb: IEK7)  

A) The close conformation of TolC. TolC extended 100 Å into the periplasmic space and 40 Å into the outer 

membrane. Each monomer was colored in a different color. B) The cross-sectional view of TolC. The view of 

TolC in close (pdb: 1EK9) (C) and open (pdb: 2XMN) (D) conformations. The view is from the periplasm 

toward the outer membrane. The figure adopted from (Lenders et al., 2013).  

 

Note that many trimeric OMPs form a pore, each with their dedicated monomers. However, 

in the case of TolC, all three monomers contribute to the formation of a central pore 

(Koronakis et al., 2000). The crystal structure of TolC, solved by Koronakis in 2000 

(resolution of 2.1 Å), revealed that TolC form a homotrimer into the outer membrane. 

Overall, TolC has a length of 140 Å, with an extension into the periplasmic space of 100 Å 

(Figure 1-15 a, b). TolC forms a β-barrel inside the outer membrane, consisting of 12 β-

stranded β-sheets, and an α-helical domain that residues in the periplasmic space, consisting 

of 12 α-helices (Koronakis et al., 2000).  

Unlike most other OMPs, TolC has no lid that covets the barrel opening. However, the 

periplasmic entrance of TolC can range from a diameter of only 3.9 Å in its closed state, and 

up to a maximum diameter of 22 Å in its open state, illustrating that a lid is not necessary. 

The opening of the entrance towards the periplasm follows an iris-like motion, which is 

triggered by the substrate (Figure 1-15 c, d). The diameter of open TolC allows the 

translocation of small molecules from the tripartite efflux system, or α-helixes belonging to 

the T1SS substrates, indicating that the T1SS only supports the transport of unfolded proteins 

(Koronakis et al., 2000, Masi et al., 2009).  
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1.5.6 Secretion mechanism of HlyA T1SS 

Laboratory strains, such as E. coli K-12 and E. coli BL21, do not harbor the genes encoding 

HlyA T1SS. So, the expression of HlyA T1SS components is plasmids-based (Khosa et al., 

2018) but TolC protein is encoded endogenously (Wandersman and Delepelaire, 1990).  

HlyA secretion is a stepwise process. First, the very long polypeptide, is completely 

synthesized in the cytosol, to our knowledge without the mediation of chaperones. Then, the 

substrate is recognized by the secretion machinery, which happens through interactions 

between the substrate and the cytosolic domains of the inner membrane complex HlyB and 

HlyD. The CLD and substrate do not interact by means of the secretion signal, but most 

likely through the RTX domain (Lecher et al., 2012). However, an interaction between the 

NBD and substrate is suggested to involve the secretion signal region (Benabdelhak et al., 

2003). The secretion signal is mapped to the last 50 or 60 C-terminal residues. However, the 

presence of three RTX domains guarantees efficient secretion (Nicaud et al., 1986). The 

secretion signal remains intact during and after the secretion (Koronakis et al., 1989).  

Interaction between the HlyD CD and HlyA have been suggested to involve a putative 

amphipathic helix. The interaction between HlyD and substrate is independent of HlyB. All 

the above-mentioned interactions are necessary for successful secretion. Deletion of either 

of the cytosolic domains completely blocks the secretion process (Thanabalu et al., 1998, 

Balakrishnan et al., 2001).  

After the recognition step, TolC is recruited through a yet unclear mechanism by HlyD. 

Then, together with HlyB, the three proteins form a tunnel-channel, redirecting HlyA in one 

step from the cytosol to the extracellular space, with the C-terminus of HlyA reaching the 

extracellular space first. ATP hydrolysis, together with the PMF provides the energy for 

transport (Schmitt et al., 2003). The PMF is also involved in powering the system (Rempel 

et al., 2019). As soon as the C-terminus exits from the tunnel channel, Ca2+ ions bind to the 

RTX domain, promoting the folding process (Lenders et al., 2015). This folding prevents 

the backsliding of the substrate inside the cytosol (Bumba et al., 2016). A schematic 

visualization of the secretion process is presented in Figure 1-16.  

Secretion begins in the early logarithmic phase of the growth cycle, and it switches off before 

the stationary phase. HlyA secretion is secreted with a rate of 16 residues per transporter per 

sec. Thus, only 1 minute is required for the secretion of a single HlyA molecule (Lenders et 

al., 2016).  
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Figure 1-16: The mechanism of the secretion through the HlyA T1SS  

The secretion of proteins through the HlyA T1SS is a process that involves the interaction of different 

components. The inner membrane complex consists of HlyB and HlyD, which interact with the substrate HlyA 

to be secreted. This interaction recruits TolC, which forms a tunnel channel with the inner membrane complex. 

The substrate is then transported through the tunnel channel and secreted outside the cell. After the secretion 

cycle is complete, TolC leaves the complex, although the inner membrane complex remains assembled. 

1.6 Protein engineering for improving the secretion efficiency   

Protein engineering is a powerful approach to enhance the properties of proteins/enzymes, 

with the aim to improve their specific function. Protein engineering is based on gene 

modifications, hence, advantages in the molecular sciences can be beneficial as well (Bilal 

et al., 2018). Protein engineering includes directed protein evolution and (semi)rational 

design. Rational design is a method of improving protein functions based on knowledge of 

the structure-function relationship of proteins. Directed Evolution, on the other hand, is an 

iterative process where researchers create random variations in a protein's genetic code and 

use selection techniques to identify the variants with improved function (Cheng et al., 2015). 

Engineering bacterial secretion systems is difficult, as these nanomachines are in many cases 

multicomponent systems that have complicated structures (Pourhassan et al., 2021). So far, 

different approaches have been applied to improve the secretion titers of bacterial secretion 

systems for heterologous recombinant proteins. Table 1-3 summarizes some of these efforts.  
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Table 1-3: Examples of efforts to improve secretion efficiency of secretion systems 

Organism  Strategy for 

engineering  

cargo Improved properties Reference  

E. coli Applying an 

enhancer fragment  

 

Lipase  Secretion efficiency 

of the HlyA T1SS 

(Khosa et 

al., 2018) 

Bacillus subtilis Inactivation of six 

extracellular 

proteases and 

setting of a novel 

secretion cassette 

 

ß-lactamase 

and other 

proteins 

Quality and quantity 

(up to 18-fold) of the 

secreted proteins 

(Wu et al., 

1991) 

Streptomyces 

lividans 

 

Overexpression of 

phage-shock protein 

A (involved in 

maintenance of the 

PMF) 

 

xylanaseC 

and GFP 

 

Secretion efficiency 

of the Sec- and Tat- 

pathways  

(Vrancken et 

al., 2007) 

E. coli  Reducing metabolic 

burden, removal of 

protein degradation 

system, setting of a 

novel secretion 

cassette  

 

heterologous 

enzyme 

(cutinase)  

Secretion efficiency 

of T3SS Up to 24-

fold  

(Green et 

al., 2019) 

Corynebacterium 

glutamicum 

Use of a Sec signal 

library from 

Bacillus subtilis   

cutinase Secretion efficiency 

of Gram-positive 

bacteria  

(Hemmerich 

et al., 2016) 

 

1.6.1 Directed evolution  

The most versatile method suitable to improve protein properties is directed protein 

evolution (Wong et al., 2006). Directed evolution was first described by Spiegelman as a 

concept of Darwinian experiments in a test tube (Mills et al., 1967). A major advantages of 

directed protein evolution is that it does not require knowledge of the 3D structure of a target 

protein, or even the related mechanism-structure relationship. Therefore, it has been applied 

to many different proteins and enzymes. There are thousands of successful case studies that 

employed directed evolution for improving the properties of proteins/enzymes. In 2018, the 

Nobel prize in chemistry for directed evolution highlighted once again the importance of 

this technique for different applications (Bornscheuer et al., 2019). 

To achieve successful directed protein evolution, the following steps should be performed: 

-  A library generation method that generates unbiased diversity within the gene of 

interest.  
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-  A selection strategy to ensure that the desired mutations are maintained in the 

population.  

-  A recombination strategy to combine different mutations and gain further 

improvements. 

The KISS (Keep it simple and smart) principle was introduced by Schwaneberg and 

coworkers, and covers the design of different steps that lead to a successful protein evolution 

experiment (Wong et al., 2006). The basic requisites for a successful evolution are listed 

below: 

- Adequate number of mutations in the gene of interest.  

- Functional expression of the target protein in a lab-suitable host strain  

- Reliable screening system to select the best performing-variants 

- The use of computational tools to predict the effects of mutations on protein structure 

and function can be beneficial as well. In particular for designing the library and 

selecting the best-performing variants (Wong et al., 2006, Packer and Liu, 2015).  

To sum up, directed evolution involves the generation of a library of mutants, screens for 

the desired trait, and optimization of the mutant. Once the optimized mutant has been 

identified, it can be tested in vivo to confirm its improved performance. Once the desired 

trait has been identified, the mutant can be characterized and further optimized. This can be 

achieved by applying additional mutagenesis methods by directed evolution and/or rational 

design. Usually, the directed evolution procedure is performed in iterative cycles of mutant 

library generation and screening, until the desired improvement is obtained (Packer and Liu, 

2015).  

Error-prone PCR (epPCR) is one of the most successfully applied techniques to introduce 

mutations in the gene of interest. epPCR is simple, robust, and adaptable (Wong et al., 2004). 

This technique is based on inaccurate polymerization of the gene of interest. It can be done 

either by using a low-fidelity DNA polymerase, increasing the concentration of Mn2+ in the 

PCR reaction buffer, by using unbalanced dNTPs (Wong et al., 2006). Despite the 

advantages of using epPCR for library generation, there are some limitations to using this 

method as well. First of all, epPCR is not completely random, due the degeneracy of genetic 

codes. Secondly, the biased mutational spectra of DNA polymerases are also a limiting 

factor (Vanhercke et al., 2005). Finally, reports show that epPCR is unable to identify around 

70% of the beneficial positions of a protein (Yang et al., 2017).  
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To address the latter issue, Schawneberg and coworkers developed a novel library generation 

strategy, named casting error-prone PCR (cepPCR). In this strategy, the gene of interest is 

divided into smaller fragments, but only one fragment is subjected to library generation and 

screening each time. In the end, all identified positions related to each fragment are 

recombined to gain further improvements (Yang et al., 2017).  

Another successful method for library generation is site saturation mutagenesis, which 

usually is applied to already identify beneficial positions (either determined by epPCR or 

cepPCR method). This allows researchers to generate complete diversity for each position, 

resulting in further exploration of the sequence. SSM generates substitutions that might be 

never generated via other library generation methods, such as epPCR (Wong et al., 2004). 

Methods like DNA shuffling (Stemmer, 1994) and StEP PCR (Zhao and Zha, 2006) are 

among other recombination methods that cause accumulation of beneficial positions in a 

way that enhances the desired property of the target protein.  

The KnowVolution strategy, published in 2015, is a protein engineering approach that 

integrates directed evolution and computational analysis to maximize improvements while 

minimizing experimental efforts (Cheng et al., 2015). It consists of four phases: phase I 

involves identifying beneficial positions through random mutagenesis and screening; phase 

II involves subjecting potentially beneficial positions to site-saturation mutagenesis to 

explore full diversity and eliminate non-contributing positions. Phase III involves a 

computationally assisted analysis of beneficial amino acid substitutions, grouping those that 

might interact with each other and those that are independent. This analysis helps identify 

further beneficial amino acid positions. In the final phase, clustered or interacting positions 

are recombined to yield final variants with optimized performance (Islam et al., 2018). 
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Aims of the thesis  

The HlyA T1SS from E. coli is the best-studied type 1 secretion system in terms of structure and 

secretion mechanism (Kanonenberg et al., 2018). The simple structure and easy plasmid-based 

expression make it attractive candidate for different applications (Burdette et al., 2018). Since 

the 1990s, many studies have explored this system for secreting a wide range of proteins 

originated from both prokaryotic and eukaryotic cells (Pourhassan et al., 2021, Koronakis et al., 

1989, Nicaud et al., 1986, Schwarz et al., 2012). These studies mainly focused on two main 

areas: production of heterologous proteins and production of antigens for vaccination.  

The ability of the HlyA T1SS to correctly folding of proteins, even those with disulfide bounds, 

is an important feature of the HlyA T1SS that makes it a favorable system for biotechnological 

applications (Schwarz et al., 2012, Ruano-Gallego et al., 2019). Large-scale secretion using the 

HlyA T1SS has already demonstrated the potential of the system for commercial uses (Ihling et 

al., 2019). The successful application of the system in producing peptides as active 

pharmaceutical ingredients highlighted the importance of further developing the system 

(Nguyen et al., 2021).  

Although many heterologous proteins have been successfully secreted using the HlyA T1SS, the 

exploitation of the system is still facing two challenges: not all heterologous proteins can be 

secreted through the system, and many proteins can be secreted only in a low secretion titer 

(Khosa et al., 2018, Burdette et al., 2018, Kanonenberg et al., 2018, Pourhassan et al., 2021). To 

overcome these challenge, further optimization of the system is necessary. However, efforts 

towards improving the secretion efficiency of the HlyA T1SS have been limited.  

The overall aim of the thesis was to enhance the secretion efficiency of the HlyA T1SS. To 

achieve this, the following objectives were set: 1) To increase secretion efficiency through 

directed evolution of the enhancer fragment, the ABC transporter HlyB, and the membrane 

fusion protein HlyD. 2) To evaluate the potential for further improvement by investigating 

the impact of the terminator region of the system. 3) Recently, it was discovered that the 

number of TolC proteins remains constant even with overexpression of HlyB and HlyD 

(Beer et al., 2022). This raised the question of whether the number of TolC is a limiting 

factor for secretion through the HlyA T1SS. Thus, this became another objective of the study 

to be addressed.  

A deeper understanding of the system could contribute to increase the secretion efficiency. 

To achieve this objective, a functional study was conducted on the interaction between the 
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substrate HlyA and HlyB. The aim was to map areas the regions on the HlyB NBD that are 

involved substrate binding.
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Abstract 

Secretion of proteins into the extracellular space has great advantages for the production of 

recombinant proteins. Type 1 secretion systems (T1SS) are attractive candidates to be 

optimized for biotechnological applications, as they have a relatively simple architecture 

compared to other classes of secretion systems. In this study, we report a KnowVolution 

campaign on improving the secretion efficiency of the hemolysin A type 1 secretion system 

(HlyA T1SS) from Escherichia coli. After the screening of around 5760 variants in four 

KnowVolution phases, an enhanced HlyB variant containing four substitutions 

(T36L/F216W/S290C/V421I) was obtained with an up to 2.5-fold improved secretion for 

two hydrolases, a lipase and a cutinase. This study represents a step forward to advance 

protein secretion using a T1SS to make E. coli more competitive for its applications in 

industrial biotechnology. 

 

Key words: Protein secretion, KnowVolution, Gram-negative bacteria, protein engineering, 

directed evolution, bacterial secretion system 
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Introduction 

Secretion of proteins is important for recombinant protein production as it can lead to protein 

production in high quality and yield, while at same time reducing the production costs 

(Kleiner‐Grote et al., 2018). Protein secretion in Gram-negative bacteria, such as 

Escherichia coli, often results in low titers. This limitation is of particular concern and 

reduces the general utilities of biotechnological hosts, such as E. coli, as secreting hosts 

(Kleiner‐Grote et al., 2018, Burdette et al., 2018).  

To enhance the secretion efficiency of different classes of secretion systems, different 

approaches have been applied. For instance, this approaches include modification of 

secretion signal (Freudl, 2018), transferring the secretion system to a more efficient secretion 

host (Eom et al., 2014), modification of genetical elements such as enhancer fragment 

(Pourhassan et al., 2022a). In addition to these approaches, protein engineering has proved 

to be a powerful tool for tailoring protein properties (Wong et al., 2006, Pramanik et al., 

2021). Until now, different secretion systems have been subjected to various engineering 

approaches, but these efforts have commonly had little success due to the complexity of the 

secretion systems (Burdette et al., 2018). 

Among different secretion systems of Gram-negative bacteria, type 1 secretion systems 

(T1SS) have relatively simple architecture, and this makes them attractive targets to be 

optimized (Burdette et al., 2018). T1SS translocates proteins in an unfolded state across both 

membranes of Gram-negative bacteria in a single step. Subsequently, proteins fold in their 

functional state in the extracellular space (Holland et al., 2016).  

The T1SS paradigm is the hemolysin A type 1 secretion system (HlyA T1SS). The HlyA 

T1SS machinery consists of three membrane proteins: the ABC transporter HlyB, the 

membrane fusion protein HlyD, and the outer membrane protein TolC. TolC is recruited 

upon an interaction between the substrate (HlyA) and the inner-membrane complex. Then, 

these membrane proteins form a tunnel-channel redirecting HlyA from the cytosol to the 

extracellular space (Holland et al., 2016, Pourhassan et al., 2021).  

Recently, the single particle cryo-EM structure of HlyB/HlyD complex revealed that a trimer 

of HlyB dimers, each associated with two molecules of HlyD (per HlyB dimer), forms the 

inner membrane of the system complex (Zhao et al., 2022).  

HlyB is an ATP-binding cassette (ABC) transporter that powers the secretion of HlyA by 

hydrolyzing ATP. HlyB has a domain organization consists of a transmembrane domain 

(TMD) composed of six transmembrane helices (TMH), a hydrophilic cytoplasmic 
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nucleotide-binding domain (NBD), and an N-terminal cytosolic domain called the C39-

peptidase like domain (CLD) (Schmitt et al., 2003, Lecher et al., 2012). In addition to its 

ATPase activity, NBD has a supplementary function. Specifically, it interacts with HlyA 

prior to secretion, which is proposed to represent the substrate recognition step (Benabdelhak 

et al., 2003, Pourhassan et al., 2022b). Based on a series of pull-down assays, Lecher et al. 

suggested that the CLD is involved in positioning HlyA into the secretion pathway, 

indicating a chaperone-like activity for this domain (Lecher et al., 2012).  

HlyD is a membrane fusion protein that interacts with HlyB and TolC to stabilize and seal 

the tunnel-channel of HlyA T1SS (Holland et al., 2016). In terms of topology, HlyD has an 

N-terminal cytosolic domain (60 residues) that follows by a single transmembrane helix (20 

residues), and a large periplasmic region (Schtilein et al., 1992). Less is known about HlyD 

compared to other membrane proteins of the system. 

Within various protein engineering strategies, KnowVolution is a general applicable protein 

engineering strategy to improve protein properties (Cheng et al., 2015). KnowVolution 

combines directed evolution and computational analysis in order to maximize improvements 

with a minimal experimental effort. A KnowVolution campaign is divided into four phases: 

I) Identification; II) Determination; III) Computational analysis; IV) Recombination 

(Pramanik et al., 2021, Yang et al., 2015). KnowVolution has been reported for the 

successful engineering of e.g. the ligase PigC (Brands et al., 2021), laccases (Novoa et al., 

2019), aryl sulfotransferases (Islam et al., 2018), and polymer-binding peptides (Rübsam et 

al., 2018).  

HlyA1 or HlyAc, a 23-kDa C-terminal fragment of HlyA containing the secretion signal 

plus three GG repeats, is a carrier for the secretion of heterologous proteins (Pourhassan et 

al., 2021). While it has been successful in secreting various proteins, its potential as a 

universal secretion platform is limited by low secretion titers. Improving the efficiency of 

HlyA T1SS for recombinant proteins remains a challenge (Khosa et al., 2018).  

To optimize the secretion efficiency of the system, we recently worked on the HlyA enhancer 

fragment and have achieved great success, which promoted us to a further improvement of 

the system (Pourhassan et al., 2022a). In the current study, we report a two-round based 

KnowVolution campaigns on the inner membrane complex of HlyA T1SS (HlyB and HlyD) 

to achieve further improved HlyA T1SS secretion. The KnowVolution on HlyB yielded a 

variant with four beneficial substitutions that increased the secretion efficiency of lipase for 
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2.5-folds. In addition, the general applicability of the approach was also investigated with a 

cutinase as a second model system.  
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Results  

Overall, two KnowVolution campaigns were employed on the HlyA T1SS of E. coli, which 

resulted in an increased secretion. The first part of the results section describes the four 

phases of the KnowVolution campaign on HlyB. Next, we explain the results of the secretion 

experiments using the improved variant in shaking flasks. Then, we report the data on the 

use of the novel HlyB for the secretion of another targeted hydrolase, a cutinase. Encouraged 

by these results, we also conducted a KnowVolution campaign on HlyD to further improve 

the secretion efficiency (see the final results section).  

 

KnowVolution of HlyB toward increasing secretion efficiency  

To identify amino acid positions of the HlyB transporter that increase the secretion 

efficiency of HlyA T1SS, a KnowVolution campaign, in 4 phases was conducted (see 

Figure 1):  

Phase I (Identification): In the first phase of KnowVolution campaign on HlyB, beneficial 

positions of the hlyB gene were identified through a random mutagenesis approach known 

as casting error-prone PCR (cepPCR) according to the published protocol (Yang et al., 

2017). In cepPCR approach, the gene of interest is divided into smaller fragments, and 

subsequently, fragments were subjected to epPCR individually. To generate a library on 

HlyB using cepPCR approach the gene of hlyB was divided into six fragments (F1B: 275 bp, 

F2B: 251 bp, F3B: 283 bp, F4B: 256 bp, F5B:279 bp, F6B: 291 bp). The region of hlyB gene 

encoding the NBD was excluded. Excluding the region of the hlyB gene that encodes the 

NBD was expected to reduce the number of inactive clones in the resulting library, as this 

region contains highly conserved motifs that are essential for transporter function.  

Random mutagenesis libraries of those six fragments were generated using a low-fidelity 

DNA polymerase in buffer conditions with different MnCl2 concentrations (ranging from 

0.1 to 0.9 mM). The mutation frequency was adjusted by altering the MnCl2 concentration 

to obtain libraries with an inactive ratio of 40-50%. The inactive ratio of libraries was 

determined via prescreening clones on tributyrin agar plates, as active clones were able to 

generate halos because of the secreted lipase-HlyA1, which was used as model substrate. 

The mutation load of libraries was in the range of 3.6 to 5.18 mutations per fragment (on 

average almost 15 mutations per kbp).  

In the first phase, ~ 4576 clones were screened in a 96-well MTP format using the para-

nitrophenyl- butyrate (pNPB) assay to identify E. coli clones that secrete the lipase with 
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higher titers. The promising variants were rescreenind four times, and those with increased 

secretion levels were sent for sequencing. Despite generating and screening of a larger 

library for the fifth fragment, we did not identified any beneficial position. Upon aligning 

the sequence of the promising variants, it was observed that twelve positions were repeatedly 

mutated, which were considered as “potential beneficial positions”. These positions include: 

Thr 36, Ser 71, Val 108, Leu 164, Phe 216, Glu 226, Ser 272, Ser 290, Ile 407, Val 421, Phe 

434, and Asn 465. 

 

 

Figure 1: An overview of the HlyB KnowVolution campaign aimed at increasing the secretion efficiency of 

the HlyA T1SS. In phase I, the hlyB gene underwent random mutagenesis, resulting in the identification of 12 

potential beneficial positions. In phase II, all 12 positions were subjected to site saturation mutagenesis. n phase 

III, the computer-assisted recombination (CompassR) strategy was used to select substitutions for 

recombination based on the HlyB homology model. Finally, in phase IV, recombination was performed 

resulting in a variant harboring four substitutions (T36L, F216W, S290C, V421I). This variant showed a 2.5-

fold improvement in secretion efficiency compared to the wildtype. 

 

Phase II (Determination): To obtain the full diversity of those 12 identified positions, 

individual site-saturation mutagenesis were performed on each position to identify variants 

with increased secretion levels. A total of 96 variants were screened for each position to 

ensure that all possible amino acids were represented. The promising variants were 

rescreened four times and the truly improved ones were sent for sequencing. Table 1 
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summarizes the substitutions that exhibited higher secretion efficiency compared to the 

wildtype.  

Table 1: Sequence analysis of saturated positions in HlyB variants  

Positions  Substitutions with improved secretion of 

targeted lipases 

Compatible substitutions suggested by 

CompassR 

Position 1: T36 Ile*, Leu, Ala Ile and Leu 

Position 2: S71 Phe*, Pro Pro and Phe  

Position 3: V108 - - 

Position 4: L164 Met, Cys, Thr* - 

Position 5: F216 Ala, Trp, Met* Met and Trp 

Position 6: E226 Ala, Met, Val* Met and Val 

Position 7: S272 Ala*, Val Ala 

Position 8: S290 Cys Cys 

Position 9: I407 Asp, Leu* - 

Position 10: V421 Ile  Ile 

Position 11: F434 Cys, Tyr, a silent mutation*  Tyr 

Position 12: N465 Lys*, Cys, Leu Leu  

Amino acids highlighted in bold showed higher secretion efficiency compared to other substitutions.  

 

Phase III (Selection): No three-dimensional structure of HlyB was available during the 

experimental phase of the study. Therefore, we created a homology model based on the 

crystal structure of the ABC transporter PCAT1 (Lin et al., 2015) to performed the 

calculations. However, a single particle cryo-EM structure of HlyB/HlyD was recently 

published (Zhao et al., 2022). A comparison between the homology model and the structure 

used for visualization of the identified beneficial positions (Figure 2 and 3) is provided in 

the Materials and Method section.  
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Figure 2: An illustration of the potential beneficial positions in the three-dimensional structure of HlyB 

wildtype (PDB: 7SGR). HlyB dimer is in cyan and green. a) Ile49 of HlyD is among the residues involved in 

the interaction with the positively charged region of the CLD. b) F434 of HlyB is located in close proximity 

of the amphipathic helix of HlyD. The amphipathic helix is oriented parallel to the membrane. c) Residue S71 

is located in the protomer-protomer interface. The figure was generated using the PyMol software 

(www.pymol.org). 

 

To investigate whether the identified beneficial positions exhibit cooperative effects, we 

explored the recombination of these residues. However, recombining multiple beneficial 

positions is a major challenge in protein engineering, as it often leads to variants with 

reduced or even no activity after recombining three or four substitutions.  

(Liebeton et al., 2000). To address this challenge, we employed a computer-assisted 

recombination (CompassR) strategy, which has been previously validated for improving the 

performance of the BSLA lipase (Cui et al., 2020). The CompassR strategy relies on the 

calculation of the relative free energy of folding (ΔΔGfold) of different substitutions, and 

enables the selection of substitutions that can be combined for improved protein function. 

Table 2 summarizes the calculated ΔΔGfold values for HlyB substitutions. Based on the 

CompassR selection criteria (ΔΔGfold < 0.36), we identified nine beneficial substitutions 

(Table 1) that were recombined in phase IV. 
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Figure 3: An illustration of the potential beneficial positions in the three-dimensional structure of the HlyB 

wildtype (PDB: 7SGR). a) carton representation of HlyB dimer (cyan and green) associated with two HlyD 

molecules (light brown and red), with the yellow surface mapping the HlyA-interaction region on the CLD 

(Lecher et al., 2012). The magenta color highlights residue 108, which is located within this interaction region. 

b) An illustration of the identified beneficial positions determined in the current study as black dots. The 

positions suggested by Holand et al. involved in oligomer formation are underlined (Holland et al., 2016), and 

the positions at the opening of HlyB suggested by Zhao et al. (Zhao et al., 2022) are highlighted by an asterisk. 

The figure was generated using PyMol software (www.pymol.org). 
 

 

Phase IV (Recombination): Recombination between selected substitutions from phase III 

was accomplished through an overlap extension PCR according to a published protocol 

(Hilgarth and Lanigan, 2020). The resulting library of recombinant variants estimated to 

have 1500 different combinations. Variants showing higher secretion levels of lipase were 

isolated and rescreened four times. The screening of the recombinant library yielded a 

variant, termed as 15-H7, with an improvement of around 2.5-folds in the secretion of lipase-

HlyA1 (Figure 4a). This variant contained 4 substitutions: T36L, F216W, S290C, and 

V421I.  

 

 

 

 

 

 

 



Chapter IV  2 Publication 

 95 

Table 2: The ΔΔGfold of substitutions and their effect on HlyB. The selected substitutions based on the 

CompassR criteria (ΔΔGfold<0.36) are highlighted in green. The larger the ΔΔGfold negative values, the higher 

the stability.  

 

 

Substitution ΔΔGfold (kcal/mol)  Effect of the substitution 

T36A 0.68 Slightly destabilizing  

T36I -4.54 Stabilizing 

T36L -2.47 Stabilizing 

S71P -0.89 Stabilizing 

S71F -3.62 Stabilizing 

L164M 1.55 Slightly destabilizing  

L164C 3.67 highly destabilizing 

L164T 3.95 highly destabilizing 

F216A 0.82 Slightly destabilizing  

F216M -1.68 Stabilizing 

E226A 1.24 Slightly destabilizing  

E226M -2.31 Stabilizing 

E226V 0.12 neutral effect 

S272A -0.35 neutral effect 

S272V 0.6 Slightly destabilizing  

S290C -2.03 Stabilizing 

I407D 4.21 highly destabilizing  

I407L 0.6 Slightly destabilizing  

V421I -1.84 Stabilizing 

F434C 2.54 highly destabilizing 

F434Y 0.01 neutral effect 

N465K 0.56 Slightly destabilizing  

N465C 1.16 Slightly destabilizing  

N465L -0.95 Stabilizing 

 

Comparing the secretion level of HlyB wildtype and 15-H7 variant 

A test secretion experiment was conducted in 100 mL Erlenmeyer flasks to compare the 

secretion levels of the 15-H7 variant (the best variant obtained from the HlyB KnowVolution 

campaign) and the wildtype. The unconcentrated supernatant of both cultures was analyzed 

by SDS-PAGE (Figure 4). Prior to loading on the SDS-PAGE, the samples were normalized 

based on OD600 of the cultures. A semi-quantification of the SDS-PAGE gel using the 

ImageJ software (Collins, 2007) confirmed approximately a 2.5-fold increase in the 

secretion efficiency of the 15-H7 variant of compared to the wildtype at one hour after 

induction. However, the improvement decreased to 1.5-fold after the second hour due to 
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aggregate formation, as evident from the formation of white foam in the supernatant of the 

15-H7 culture (Figure 4b).  

   

 

Figure 4: Secretion of lipase-HlyA1 through the HlyA T1SS. a) SDS-PAGE of the unconcentrated supernatant 

of wildtype and the 15-H7 variant secreting lipase-HlyA1. b) Semi quantification of SDS-PAGE gel via the 

ImageJ software 44. Ratio of the improvements of 15-H7 variant compared to the wildtype. The error bars are 

based on three independent replicates with the error bars reporting S.D. The molecular weight of the marker 

proteins is given on the left (kDa). xh., x hours after induction.  

 

In addition, the supernatant samples collected every hour after induction were used to 

perform the pNPB assay to determine lipase activity. The initial activities were measured 

spectrophotometrically at 410 nm. The pNPB assay results confirmed the SDS-PAGE 

analysis and showed that the secretion level of 15-H7 was higher than the wildtype (Figure 

5a, b). The improvement in secretion was higher in the early hours after induction, with the 

amount of soluble enzyme in the 15-H7 culture being 2.5-fold higher than in the wildtype 

during the first hour after induction. However, the amount of secreted Lipase-HlyA1 in the 

15-H7 culture reached a concentration that promoted aggregation, visible as white particles.  
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Figure 5: Enhanced secretion of lipaase-HlyA1 by the 15-H7 variant. a) Activity of the lipase-HlyA1 in the 

supernatant of the culture dedicated to either the “15-H7” or wildtype HlyB using the pNPB assay. b) Ratio of 

improved lipase activity of the wildtype and the improved variants using the pNPB assay. The reported values 

and calculated error bars are based on at least three independent replicates.  

 

The level of expression of HlyB (Figure 6a) and HlyD (Figure 6b) was analyzed by Western 

blotting for E. coli cells having either the wildtype or the 15-H7 variants. This analysis 

performed in three biological replicates, and confirmed that HlyB and HlyD were expressed 

at comparable levels in both variants. Thus, the improved secretion efficiency of the 15-H7 

variant cannot be attributed to a higher expression of the HlyA secretion system apparatus.

 

Figure 6: Western blot analysis of E. coli cells secreting lipaase-HlyA1 through the HlyA T1SS. a) Western 

blot of HlyB and b) Western blot of HlyD using polyclonal antibodies against HlyB and HlyD, respectively. 

The blots indicate that both membrane proteins were expressed for both variants at comparable levels. The 

molecular weight of the marker proteins is given on the left; xh: cell pellets of culture, where x denotes the 

number of hours after induction. 

 

 

To determine the amount of secreted lipase-HlyA1 in the 15-H7 culture, a serial dilution of 

purified HlyA with known concentration was prepared and a calibration curve was 

generated. The concentration of secreted lipase-HlyA1 in the supernatant was quantified to 

approximately 400 mg per liter. The amount of lipase-HlyA1 (wet weight) collected in the 

white particles was estimated to 5 mg from 25 mL culture (200 mg/L).  

 

Improved secretion of cutinase-HlyA1 through HlyA T1SS  

We were eager to see if the 15-H7 HlyB variant could promote the secretion of a different 

target protein rather than lipase. To do this, a fusion gene encoding the cutinase protein from 
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Fusarium solani pisi was cloned instead of the lipase gene in the plasmid harboring the 15-

H7 HlyB variant. The test expression was conducted for wildtype and 15-H7 variant, and 

the supernatant of the cultures was analyzed via Western blotting. This results showed that 

the secretion of cutinase-HlyA1 in the presence of the 15-H7 HlyB variant was 2.5-fold 

higher than the wildtype one. This observation demonstrated that the novel HlyB is capable 

of enhancing the secretion of another target protein, cutinase-HlyA1 (Figure S1).  

 

KnowVolution of HlyD toward increasing secretion efficiency  

Following the success in improving HlyB secretion efficiency, we applied the 

KnowVolution strategy to HlyD in an attempt to further enhance the secretion efficiency of 

the HlyA T1SS system. The KnowVolution strategy for directed evolution of HlyD was the 

same as already explained for HlyB.  

In the Identification step (Phase I), we identified three potential beneficial positions located 

in the cytoplasmic domain of HlyD: Met6, Ile49, Val69. However, despite screening site-

saturation libraries for these positions, no promising variant was found.  

We attempted to regenerate the mutation libraries on fragments 1-2 to cover more beneficial 

variants, but still no positions were determined. This led us to conclude that either HlyD may 

require multiple substitutions simultaneously for better secretion or that the wild-type HlyD 

represents the best naturally evolved variant for interactions with HlyB and TolC, which 

cannot be further optimized through protein engineering approaches. 
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Discussion  

Secretion, as a strategy of recombinant protein production, could offers several advantages 

such as increased stability and solubility of the target protein, as well as a significant 

reduction in the production costs due to simplified downstream processes (Kleiner‐Grote et 

al., 2018, Burdette et al., 2018).  

Note almost one-third of all FDA-approved recombinant proteins are produced by E. coli 

(Puetz and Wurm, 2019, Sharma and Chaudhuri, 2017), but to our knowledge, there is no 

example of usage of E. coli as a secretion host in industrial scales. Despite the benefits of 

using E. coli in large-scale protein production, the low secretion levels have posed a 

challenge. To address this issue, researchers have attempted to engineer different secretion 

systems of E. coli, but with little success so far (Pourhassan et al., 2021, Burdette et al., 

2018).  

T1SS have a relatively simple architecture among other secretion systems of Gram-negative 

bacteria (Costa et al., 2015), making this class of secretion systems attractive targets for 

engineering efforts. The best achieved secretion titer for T1SS in different Gram-negative 

bacteria has been reported for metalloprotease secreted by TliDEF, a T1SS from 

Pseudomonas Fluorescens, with a yield of 789 mg/mL (Burdette et al., 2018, Pourhassan et 

al., 2021).  

Previously, we reported on a successful improvement of the secretion efficiency of the HlyA 

T1SS through a KnowVolution approach on the HlyA enhancer fragment, as well as 

including a terminator region. Our previous work resulted in a secretion level of 

approximately 180 mg/L for soluble lipase-HlyA1. Additionally, the white particles in a 

small culture volume of only 25 mL had a high protein content estimated to be above 1.5 mg 

of lipase-HlyA1.  

In the current work, we applied KnowVolution strategy on the inner membrane complex of 

the system to further optimize secretion of target proteins, resulting in significant 

improvements in secretion efficiency. Our T1SS system achieved now more than 400 mg/L 

soluble lipase plus around 5 mg in form of aggregated enzyme in a culture volume of only 

25 mL through a KnowVolution strategy. This indicates that putting more efforts on the 

HlyA system is worth and could address the current drawbacks of using them, as there might 

be still room for improvement in efficiency of the HlyA system. 

In contrast to previous KnowVolution campaigns that used epPCR or SeSAM (Ji et al., 2020) 

for diversity generation, we employed a cepPCR method (Yang et al., 2017) that enables us 
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to adjust mutation frequencies to small peptide stretches. This approach led to the 

identification of several beneficial amino acid positions within the cepPCR library for HlyB, 

with 12 positions distributed in the CLD and TMD. Furthermore, the CompassR strategy 

(Cui et al., 2020) was performed in the phase III of the HlyB KnowVolution compaign. The 

best variant after all four phases contained four mutations: T36L/F216W/S290C,/V421I.  

During the KnowVolution campaign, three positions (T36, S71, and V108) were identified 

located in the CLD, which is the domain that interacts with HlyA before secretion (Lecher 

et al., 2012). Recently, Zhao et al. showed that an interaction between HlyD and the CLD is 

essential for secretion. They also defined the main interface between the three protomer, 

which is a projection between the cytosolic domain of HlyD, residues 35-50, with a 

positively charged surface of the CLD. Interestingly, one of the positions we identified as 

potentially beneficial for HlyD, Il49, is located within this region of HlyD. In addition, 

another identified possible beneficial of HlyD, V69, is involved in making contact with 

TM1/2 of HlyB. However, site saturation of these positions did not result in any improved 

variants.  

One potential position of HlyB, S71, is located in the inter-protomer interface in close 

proximity to the residues involved in the HlyD/CLD interaction. In the work by Zhao et al., 

the S71C mutation was tested and led to the conclusion that oligomerization between HlyB 

and HlyD occurs in the native environment, which is a prerequisite for secretion (Zhao et 

al., 2022).  

Previous reports have indicated that the central part of the CLD interaction site is composed 

of hydrophobic residues, and upon interaction with substrate, chemical shifts were observed 

in the first α-helix and β-sheets number 3 to 5 of the CLD (Lecher et al., 2012). Notably, the 

identified potential beneficial position V108 is located within the β-sheet 5 of the CLD.  

Experiments conducted by Holland laboratory using cross-linking reported that two HlyB 

mutants, E256K and S279L, were unable to form oligomers with HlyD (Holland et al., 

2016). In the work by Zhao et al., residues R256, F323, and A327 were identified as being 

located at the lateral opening of the protomer involved in HlyA translocation. Furthermore, 

they identified several positions of HlyB that were in close proximity to the substrate eGFP-

HlyA1, including positions 256, 263, 319, 323, 327, and 422 (Zhao et al., 2022).  

Our suggested possible beneficial positions of HlyB, including F216, E226, S272, and S290, 

appear to be in the vicinity of the substrate interaction region of the TMD of HlyB. 
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Especially, V421, which was identified as a beneficial positions in the current study, is 

located within the translocation pathway (Zhao et al., 2022).  

Interestingly, the potential beneficial position I407 is located in the periplasmic loop P3 

which is between TMHs 5 and 6. This loop with a size of 8 residues in HlyB is conserved in 

a wide variety of ABC transporters. A site saturation mutagenesis study on the residues of 

this loop demonstrated that at least four residues of this loop are essential for secretion, as 

for instance, I401T and D404G mutants showed only 20% of hemolytic activity and a double 

mutant, S402P and D404K, showed no hemolytic activity at all (Holland et al., 2016).  

Structural analysis shows that our beneficial position, F434, is located exactly at a location 

in which the amphipathic helix of HlyD (residues 9-24) contacts the elbow helix of HlyB 

(Zhao et al., 2022).  

The KnowVolution campaign in HlyD did not identify any single residue for improving the 

secretion efficiency of HlyA T1SS. This is consistent with two previous directed evolution 

studies on HlyA T1SS, which also did not identify any improved mutants harboring HlyD 

mutations (Sugamata and Shiba, 2005, Low et al., 2010). One possible explanation for this 

is that only 60 residues of HlyD are located in the cytosol, limiting its direct contact with the 

substrate to these residues. The rest of the protein is either located in the membrane (20 

residues) or in the periplasmic space (approximately 400 residues). Another possibility is 

that HlyD is already optimized by evolution and is in its best functional state. 

 

Conclusion  

 

This study demonstrated that the secretion efficiency of the HlyA T1SS can be improved 

further by the engineering its ABC transporter HlyB. E. coli cells harboring the novel HlyB 

variant showed a secretion level of 400 mg/L of soluble lipase-HlyA1, plus 5 mg estimated 

to be in the form of enzyme oligomers in the supernatant of only 25 mL of culture. The 

applied evolutionary approach of this study can be generally applied to other section systems 

to improve the secretion performance of bacterial secretion systems. An improved secretion 

system opens up an avenue for the usage of Gram-negative bacteria such as E. coli as a 

secreting host for industrial protein production.  
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Experimental Section 

Material  

All chemicals used in this study were purchased from Sigma-Aldrich, Roche Diagnostics 

GmbH, and Applichem GmbH if not stated otherwise. Enzymes were purchased from New 

England Biolabs (England), Promega GmbH (Germany), SeSam-Biotech GmbH 

(Germany). All oligonucleotides were purchased from either Eurofins MWG Operon or 

GeneScript. The commercial available kits NucleoSpin plasmid miniprep kit, and PCR 

clean-up kit were purchased from Macherey Nagel (Düren, Germany). Gibson assembly 

master mix was purchased from New England Biolabs (England). DNA sequencing was 

performed by Microsynth Seqlab (Göttingen, Germany). 

 

Generation of hlyB and hlyD casting error-prone PCR mutant library 

For cloning and library generation E. coli BL21-Gold (DE3) was used. Oligonucleotides 

used in this work are listed in Table 1S. Plasmid pK184_EF(Best)-lipA-hlyA1-Ter-hlyBD 

(Pourhassan et al., 2022a) was used as the backbone vector for the library generation. Note 

that the gene encoding the TolC protein is endogenous, and the genes encoding HlyB and 

HlyD are plasmid-based. The abbreviations in the name of the plasmid stand for: EF for 

enhancer fragment, lipA for lipase gene from Serratia marcescens, hly for hemolysin, and 

Ter for a terminator region. The lac promoter of plasmid pK184 is inducible with isopropyl 

β-D-1-thiogalactopyranoside (IPTG). This plasmid contains a kanamycin resistance gene.  

Casting error-prone PCR (cepPCR) was used for generation of random mutagenesis libraries 

for HlyB and HlyD according to the published cepPCR protocol (Yang et al., 2017). 

Accordingly, the hlyB gene from E. coli UTI89, except of the region encoding for the NBD, 

was divided into six fragments, listed in Table 1S.  

The hlyD gene from E. coli UTI89 was divided into six fragments, listed in Table 1S. For 

each fragment a primer set, forward and reverse, was designed (Table 1S) and employed for 

amplification of the fragment via epPCR. 

The parameters and reaction conditions of cepPCR (50 µL) were as follows: 1X ThermoPol 

buffer, 0.2 mM dNTP mix, 400 pM of each primer, 10U polymutarase polymerase, 60 ng 

DNA template, 0.1-0.9 mM MnCl2. The PCR was performed as: 94°C for 2min (1 cycle), 

94°C for 30 s, primer melting temperature (Tm) for 30 s, 68°C for 1 min (for 30 cycles), and 

68°C for 10 min (1 cycle). To obtain mutations of the first amino acids of each fragment, the 

forward primers annealed upstream of reverse primer of the previous fragment. PCR 



Chapter IV  2 Publication 

 103 

products were checked on agarose gel and purified with the PCR clean-up kit according to 

the instructions of the manufacturer.  

For cloning of the individual mutant fragments into plasmid pK184_ EF(Best)-lipA-hlyA1-

Ter-hlyBD either the megawhop PCR or Gibson assembly was used, with the following 

details:  

For each individual fragment, nine mutant libraries applying different MnCl2 concentrations 

(0.1 mM to 0.9 mM) were generated. The inactive ratio of libraries were determined by 

prescreening on tributyrin agar plates (trypton 10 g/L, yeast extract 5 g/L, NaCl 10 g/L, agar 

15 g/L, gum arabic 1.5 g/L, tributyrin 15 g/L, kanamycin 50 g/mL). The condition of library 

generation for each fragment was adjusted to obtain libraries with an inactive ratio of 40-

50%. To construct the entire vector, the amplified fragment containing mutations was used 

as either megaprimer for megawhop PCR or insert for Gibson assembly.  

The megawhop PCR was performed based on the published protocol (Miyazaki, 2011). The 

megawhop PCR products were digested with DpnI (20U, 37°C, overnight) and purified 

using the PCR clean-up kit.  

For Gibson assembly cloning, the vector template lacking the related fragment was amplified 

using a high-fidelity polymerase, Q5 polymerase. The PCR mixture (50 μL) contained 50 

ng of template plasmid, 1×Q5 standard reaction buffer, 0.2 mM dNTP mix, 200 pM of each 

primer, and 1 U Q5 DNA polymerase. Subsequently, the epPCR product of the related 

fragments and the PCR product of the backbone vector were digested with DpnI enzyme 

(overnight, at 37°C) to remove any undigested wildtype vector. The PCR products were 

purified using a PCR clean-up kit. The whole plasmid construction of the epPCR product 

and the linear plasmid was performed via Gibson assembly according to the instructions of 

the manufacturer. 

Subsequently, 2 μL of the assembled product of Gibson assembly reaction or the megawhop 

PCR product was transformed into chemically competent cells of E. coli BL21-Gold (DE3). 

The transformed cells were cultured directly on tributyrin LB agar plates containing 

kanamycin 50 μg/mL. Ten single cell clones of each library were picked and sent for 

sequencing. For each fragment, single active clones were picked up and cultured in 96-well 

plates (PS-F-bottom, Sarstedt, Germany).  

  

Site saturation mutation of potential beneficial positions  
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Site-saturation mutagenesis of potential beneficial positions was performed by two-steps 

PCR based on the published protocol (Wang and Malcolm, 1999). The primers having 

degenerative nucleotides used for site-saturation mutagenesis are listed in Table 2S. The 

PCR reaction was performed in two steps. In the first step, two separate reactions in separate 

tubes were performed; one tube containing the forward primer and the another one 

containing the reverse primer. In the second step, both tubes were mixed and amplification 

was continued.  

The PCR mixture (50 L) of the first step contained 50 ng backbone plasmid, 1X Q5 

standard reaction buffer, 0.2 mM dNTP mix, 200 pM of either forward or reverse primer, 1 

U Q5 DNA polymerase. The PCR was performed as: 98°C for 2 min (1 cycle); 98°C for 20 

s, Tm for 20 s, 72°C for 8 min (for 3 cycles), and 72°C for 10 min (1 cycle). After mixing 

two tubes, another PCR reaction was performed as: 98°C for 2 min (1 cycle); 98°C for 20 s, 

primer melting temperature (Tm) for 20 s, 72°C for 8 min (for 15 cycles), and 72°C for 10 

min (1 cycle). The PCR products were checked on the agarose gel, and subsequently were 

subjected to DpnI digestion (20U, 37°C, overnight). DNA purification of the PCR products 

was performed using PCR purification kit. Purified PCR products were transformed directly 

into chemically competent E. coli BL21 Gold (DE3) for expression and screening.  

 

Recombination of compatible substitutions experimentally  

The recombination library of the HlyB was generated using an overlap extension PCR 

method based on the published protocol (Hilgarth and Lanigan, 2020). Two oligonucleotides 

of the hlyB gene with 6 and 7 substitutions were synthesized by GenScript. Both synthesized 

oligonucleotides, the hlyB wildtype gene, plus the plasmids with improved positions were 

used as templates for the overlap extension PCR. Subsequently, the HlyB overlap extension 

library was cloned into the pK184 plasmid using Gibson assembly method and transformed 

into E. coli BL21 Gold (DE3) chemical competent cells.  

 

Cultivation and expression of libraries in 96-well plates  

For each library, single active clones were picked and placed in 150 µL LBkan medium in 

96-well plates (PS-F-bottom, Sarstedt, Germany) along with four wildtype clones and four 

empty vector clones as positive and negative controls, respectively. Active clones were 

identified by generating halo on the tributyrin-agar plates. The cultures were incubated 

overnight (24 hours, 37°C, 900 rpm, and 80% humidity) in a 96-well MTP shaker (SI505 
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MTP shaker incubator, Avantor). Then, 50 μL of glycerol 50% (w/w) were added to each 

wells and the plates, named as master plates, were stored at -80°C for further experiments. 

For expression, each master plate was sub-cultured into a new 96-well MTP plate containing 

150 µL LBkan medium and cultivated (24 hours, 37°C, 900 rpm, and 80% humidity). The 

cultures were used to inoculate new 96-well MTP plates containing 150 µL LBkan medium 

and cultivated for 3 to 4 hours (37°C, 900 rpm, and 80% humidity). Subsequently, main 

cultures were induced with 1 mM of IPTG and 5 mM CaCl2. The cultures were further 

cultivated for 16 hours (37°C, 900rpm, and 80% humidity) in 96-well MTP shaker incubator. 

Afterwards, the MTPs were centrifuged (4°C, 20 min, 3500 rpm) and supernatants were 

harvested and used for the further investigation. 

 

Colorimetric screening system  

The screening of the libraries with the p-nitrophenyl butyrate (pNPB) assay was performed 

as previously reported in 96-well MTPs (Pourhassan et al., 2022a). Screening of the 

recombinant library via lipase colorimetric assay proved to be a challenging task as the 

amount of lipase in the supernatant of clones was high and reached the saturation level of 

the assay. To solve this issue, the supernatant was further diluted in the assay reaction buffer 

(20 fold dilution) and the incubation time before inducing the cultures was reduced to 3 

hours. 

 

Computational method to analyze stability 

The structure of HlyB was constructed based on the structure of PCAT1 (PDB: 4RY2) (Lin 

et al., 2015) with TopModel tool (Mulnaes et al., 2020). The homology model of HlyB was 

used for the computational analysis. For visualization the HlyB /HlyD structure (PDB: 

7SGR) driven from Cryo-EM from Zhao et al. work was used (Zhao et al., 2022). The 

monomers of the HlyB model superimposed with a RMSD of 3.3 Å (558 Cα atoms) and 3.6 

Å (558 Cα atoms), respectively, on the monomers of the inward facing conformation of 

HlyB (Zhao et al., 2022). These differences are due to a different orientation of TMD and 

NBD in the model compared to the single particle structure. Superimposition of the isolated 

TMDs revealed a RMSD of 1.8 Å (311 Cα atoms) and 1.3 Å (273 Cα atoms). The crystal 

structures of the isolated NBD of HlyB in the apo form (1MT0 (Schmitt et al., 2003)) and 

the ATP / Mg2+ bound state (1XEF (Zaitseva et al., 2005a)) superimposed with RMSD 
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values of 0.7 Å (191 Cα atoms, 1MT0) and 1.2 Å (449 Cα atoms, 1XEF), respectively (Lin 

et al., 2015). 

The ΔΔGfold (ΔΔGfold= ΔΔGfold,Sub- ΔΔGfold,WT) values of individual substitutions were 

computed using FoldX method version 3b5.1 (Guerois et al., 2002), in YASARA structure 

version as described previously (Van Durme et al., 2011, Cui et al., 2020). Default FoldX 

parameters were used (temperature 298 K; ionic strength 0.05 m; pH 7) to generate the 

substitutions. Mutate residues commands of FoldX was used to compute the ΔΔGfold values 

of substitutions. PyMOL molecular Graphics System, Version 1.8.6.0 Enhanced for Mac OS 

X (DeLano, 2002) was used for visualization. 
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Supporting information  

Table S1: Primers used for epPCR amplification of fragments.  

Fragments  Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

F1B (275 bp) GCCACATAAGATTGCTATTTTTT

TG 

CCATCCTCTCTCCAGACTAATG 

F2B (251 bp) TCTGGAGAGAGGATGGACGTC AACAAGGGTTTCAATAAATATTCTC 

F3B (283 bp) GAATATTTATTGAAACCCTTGTT

GTG 

CGACTCTCAAAATAAGAGATCGG 

F4B (256 bp) CTCTTATTTTGAGAGTCGTCGTG CCGTGAAAACTTATCATCAAGGC 

F5B (279 bp) TGATGATAAGTTTTCACGGAATG

CG 

GCAATTAACTGACCAATCGATAAA

TCC 

F6B (291 bp) CTGGTTATTTCCGGGGATTTATC

G 

CCCCTGCTTAATACTGAGATTG 

F1D (279 bp) CAGTTACAGTCAGACTAACAG TTCCACCTGACCTAAAAC 

F2D (260 bp) GGTTTCTGGTTATTGCTG AATTCAATTGACCTGCTC 

F3D (289 bp) CGGTATCAAATTCTGAGCAG CCTGTTTATGCAATAAACTCC 

F4D (290 bp) GGTTGAAAAAAGCCGTCTG AAGCCTGTTGACGCTCTTC 

F5D (280 bp) GCATTGAGTTATTAACTCTGGAG CCCACCAGATAACCATATC 

F6D (287 bp) CCTTTCCTTACACCCGATATG CCGGCCGCTCTAGATTAC 

 

Table S2: Primers used for site-saturation at potential beneficial positions  

Beneficial 

positions 

Forward primer  Reverse primer  

 

SSM of potential beneficial positions of HlyB  

Ter 36  CATAGATTTGACNNKGACGG CCGTCMNNGTCAAATCTATG 

Ser 71 GATTAAACTTTATTNNKCTGCCCG CGGGCAGMNNAATAAAGTTTAATC 

Val 108  GAAATCCCCGTNNKCTCGAACAG CTGTTCGAGMNNACGGGGATTTC 

Leu 164  GTCTGTTTTTNNKCAATTATTTG CAAATAATTGMNNAAAAACAGAC 

Phe 216  GAACTTACATTNNKGCACATAGT

ACAAG 

CTTGTACTATGTGCMNNAATGTAAG

TTC 

Glu 226  GATTGATGTTNNKTTGGGTG CACCCAAMNNAACATCAATC 

Ser 272  GACAGGCATTAACANNKGTTCTG CAGAACMNNTGTTAATGCCTGTC 

Ser 290  GTGGTATTACNNKCCAAAG CTTTGGMNNGTAATACCAC 

Ile 407  GATTTATCGNNKGGTCAGTTAATT

G 

CAATTAACTGACCMNNCGATAAATC 

Val 421  GCTGGTCAGATTNNKGCACCG CGGTGCMNNAATCTGACCAGC 

Phe 434  GCACAAATCTGGCAGGATNNKCA

GCAG 

CTGCTGMNNATCCTGCCAGATTTGT

GC 

Asn 465  GGAAATTNNKGGTGATATCACTTT

TCG 

 

CGAAAAGTGATATCACCMNNAATTT

CC 

SSM of potential beneficial positions of HlyD  

Met 6 CATGGTTANNKGGGTTCAG CTGAACCCMNNTAACCATG 

Ile 49  GGAATTANNKGAAACGCCG CGGCGTTTCMNNTAATTCC 
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Val 69  GTTTCTGNNKATTGCTGTC GACAGCAATMNNCAGAAAC 

 

Table S3: Internal-atomic distance between 12 beneficial positions of the HlyB wildtype measured by 

YASARA. The distance values were reported with Å unit.   

 
 

T36 S71 V108 L164 F216 E226 S272 S290 I407 V421 F434 N465 

T36 0 26.3  27.6  53.1  40.9  30.1  40.2   63.0 70.9 49.3 29.2  37.5 

S71 
 

0 18.2  62.1  54.5  48.1  46.2  62.1 72.7 52.8 36.3 59.4 

V108 
  

0 52.3  46.2  44.1  38.5 50.6 59.4 40.5 27.7 65.0 

L164 
   

0 14.5  29.4  16.5 24.3 26.7 16.4 26.2 72.6 

F216 
    

0 15.5  15.0 36.4 39.4 22.6 19.1  58.5 

E226 
     

0 22.8 48.3 54.1 31.0 20.8 43.2 

S272 
      

0  26.4  34.6 15.4 12.3 64.1 

S290 
       

0  13.1 15.5 34.2 90.3 

I407 
        

0 21.7 42.3 96.9 

V421 
         

0 20.6 76.5 

F434 
          

0 57.7 

N465 
           

0 

 

 

 

 

 

Table S4: ΔΔGfold (kcal/mol) values of amino acid substitutions on the twelve beneficial positions of the HlyB 

calculated using FoldX method.  
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Figure S1. Improved secretion of cutinase-HlyA1 by the 15-H7 variant. a) Western blot analysis of 

supernatant fractions from the 15-H7 variant the wildtype cultures. The molecular weight of the marker 

proteins is given on the left; xh: cell pellets of culture, where x denotes the number of hours after induction. 

This experiment performed in triplicate.   

 

HlyD KnowVolution 

 Phase I (Identification): In the first phase, beneficial positions of HlyD were identified 

through the cepPCR as already explained above for the HlyB. Based on the cepPCR 

approcah, the gene of hlyD was divided into six fragments (F1D: 279 bp, F2D: 260 bp, F3D: 

289 bp, F4D: 290 bp, F5D:280 bp, F6D: 287 bp). All steps of library generation and screening 

were performed as already explained for the HlyB protein.  

For each fragment, a library with a size of 786 was generated. Subsequently, the libraries 

were screened in a 96-well MTP format using the pNPB screening to identify clones with 

higher secreted lipase-HlyA1. None of the fragments, except of the first fragment, showed 

promising variants. The promising variants of the first fragment were sent for sequencing. 

Alignment of the sequence of this promising variants identified three potential beneficial 

positions, listed as: Met6, Ile49, Phe69.  

Phase II (determination): To obtain full diversity on the identified beneficial positions, the 

two beneficial positions were subjected to individual site-saturation mutagenesis. In this step 

no promising variant were found after screening of the site-saturation libraries for none of 

the identified positions. To be sure about the outcome of the KnowVolution of HlyD, a new 

libraries were generated on the fragments 1-2. But still no positions were found.  
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Graphical Abstract 

 

Isolated through the application of KnowVolution, a novel mutant of HlyB promotes the 

secretion efficiency of the HlyA T1SS of E. coli up to 2.5-fold for two hydrolases, a lipase 

and a cutinase. HlyB is an ABC transporter that plays the central role in the HlyA T1SS.  
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2.5 Chapter V: TolC overexpression impairs the hemolysin secretion  
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Abstract  

Secretion has advantages for recombinant protein production. Many secretion systems 

secrete heterologous proteins only in low titers if at all. This limits the applications of 

secretion systems in biotechnological applications and especially on industrial scales. 

Herein, we investigated if the limiting factor of secretion efficiency of the hemolysin A type 

1 secretion system (HlyA T1SS) is the amount of TolC in the membrane.  

HlyA T1SS of Escherichia coli is a paradigm of the type 1 secretion systems. This group of 

secretion systems of Gram-negative bacteria translocate a substrates across both membranes 

through a continuous tunnel-channel in one step. The tunnel of HlyA T1SS consists of the 

ATP binding cassette transporter HlyB, the membrane fusion protein HlyD, and the outer 

membrane protein TolC.  

Recently, it was determined that overexpression of HlyBD did not influence on the amount 

of TolC. Herein, we observed that TolC overexpression rather reduces the secretion level of 

the HlyA T1SS. 

 

 

Keywords:  

Protein secretion, Gram-negative bacteria, bacterial secretion systems, TolC 

overexpression, secretion efficiency, the Hly secretion system.  
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Introduction  

Secretion has great advantages for recombinant protein production. Secretion could result in 

a production of proteins in a higher quality and higher stability, meanwhile with a reduction 

in production costs because of a simplified downstream processes in compared to other 

production strategies (Kleiner‐Grote et al., 2018, Burdette et al., 2018).  

Gram-negative bacteria have evolved at least seven different secretion systems to translocate 

a wide variety of substrates across their membranes (Costa et al., 2015). So far, six out of 

seven Gram-negative bacterial secretion systems have been applied for the secretion of 

heterologous proteins, listed as T1SS, T2SS, T3SS, T4SS, T5SS, and T8SS (Burdette et al., 

2018). Secretion titers of these systems for heterologous proteins are in most of the cases 

very low that limits their utilities in biotechnological applications (Khosa et al., 2018). To 

address this issue different approaches have been employed on different secretion systems 

e.g. secretion signal engineering (Freudl, 2018), KnowVolution of secretion system 

components (Pourhassan et al., 2022a), overexpression of a particular protein involved in a 

secretion system (Perez-Perez et al., 1994).  

Herein, we focus on hemolysin A type 1 secretion system to answer this question if the 

overexpression of the outer membrane protein TolC could improve further the secretion titer 

of this system.  

HlyA T1SS is one of the most prominent and probably the best studied T1SS (Holland et 

al., 2016). The relatively simple architecture of the HlyA T1SS makes it an interesting 

candidate for the further studies to improve its secretion efficiency. It has been elucidated 

that the secretion pathway of HlyA T1SS from Escherichia coli consists of three membrane 

proteins, listed as the ATP-binding cassette (ABC) transporter HlyB, the membrane fusion 

protein HlyD, and the outer membrane protein TolC (Holland et al., 2016, Balakrishnan et 

al., 2001).  

Upon a specific interaction between the inner-membrane complex, consisting of HlyB and 

HlyD, TolC is recruited. Then, all three proteins form a tunnel-channel redirecting the 

substrate in one step from the cytosol to the extracellular space. After secretion, TolC 

dissociates from the complex, while HlyD and HlyB remain associated (Holland et al., 

2016)Balakrishnan et al., 2001).  

The substrate of this system is HlyA, a pore-forming toxin, that lyses cell membranes of, for 

examples, human erythrocytes (Noegel et al., 1979). HlyA has a size of 110 kDa and belongs 

to the RTX (repeats-in-toxins) family, a superfamily of proteins secreted by Gram-negative 
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bacteria harboring a number of conserved glycine- and aspartate-rich sequence 

(GGxGxDxUx, while U refers to a large hydrophobic amino acid and x could be any amino 

acids) (Spitz et al., 2019). The secretion signal of HlyA along with three conserved Glycine-

rich motifs, termed HlyA1, is known as an interesting carrier for the secretion of the 

heterologous proteins (Nicaud et al., 1986).  

HlyB resides in a dimeric state in the inner-membrane. HlyB provides the energy of the 

transport by ATP hydrolysis. Analysis on the HlyB structure shows the presence a 

transmembrane domain (TMD) consists of six transmembrane helixes, a nucleotide-binding 

domain (NBD), and a C39-peptidase-like domain (CLD) per monomer (Kanonenberg et al., 

2018). The CLD presents around 40% of homology to the C39 peptidase (a cysteine 

protease), but without any peptidase activity. Researchers have reported a chaperon like 

activity for the CLD based on a series of conducted pull-down assays (Lecher et al., 2012).  

HlyD resides in the inner-membrane. First a trimeric state was suggested for this protein 

(Balakrishnan et al., 2001), but later based on the structure of other membrane fusion 

proteins a hexametric state for this protein was suggested to be more valid (Pourhassan et 

al., 2021, Holland et al., 2016). HlyD harbor a short cytosolic domain with a size of 60 

residues. This cytosolic domain continues with a single helix transmembrane domain and 

then a very long periplasmic domain (Pimenta et al., 1999, Pimenta et al., 2005).  

Later on, it was found that the OM protein TolC is also engaged in HlyA T1SS machinery 

(Thanabalu et al., 1998). Beside that, TolC evolves in the tripartite drug efflux complexes of 

E. coli including AcrAB/TolC (Du et al., 2014) and MacAB/TolC (Fitzpatrick et al., 2017).  

The crystal structure of TolC was solved representing a homotrimeric state for this protein 

forming the exit route with a length of 140 Å in the periplasmic space and with a maximum 

diameter of 20 Å (Koronakis et al., 1997). The restricted diameter of TolC determines the 

allowed transit structure to an α-helix. Obviously, HlyA remains unfolded during the 

secretion and folds only when it is in the extracellular space. TolC forms a 12-stranded β-

barrel in the OM, thought to be continually opened to the extracellular space, and a 12-α-

helical helices with a length of 100 Å into the periplasmic space (Anderson et al., 2000, Jo 

et al., 2019, Koronakis et al., 1997).  

Using a stalled Hly system, the number of active Hly system in E. coli BL21 (DE3) under 

the overexpression of HlyA, HlyB, and HlyD was estimated to be 4500 copies (Lenders et 

al., 2016). Only recently, the endogenous amount of TolC in E. coli BL21 (DE3)-BD 

quantified under two conditions of stalled system and actively secreting system (Beer et al., 
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2022). Beer et al. reported that under both tested conditions, the number of trimeric TolC 

remains constant and around approximately 4500 trimeric TolC. Furthermore, Beer et al. 

also determined the number of active Hly system in E. coli strain UTI89 as well as number 

of TolC. Interestingly, they reported that although the number of active Hly secretion system 

in UTI89 is only 800, but still the number of TolC trimer is around 4500 (Beer et al., 2022).   

What is not yet clear is that whether the amount of TolC is the limiting factor of secretion 

through the Hly system. To address this question, the current study attempts to investigate 

the influence of TolC overexpression on the secretion efficiency of the Hly secretion system.  
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Materials and Methods 

Materials 

Chemicals used in this study were purchased from Sigma-Aldrich, Roche Diagnostics 

GmbH, or Applichem GmbH if not stated otherwise. Enzymes were purchased from New 

England biolabs.  

Plasmids used in this study  

For the overexpression studies E. coli BL21 (DE3) were used. Plasmid pK184_ EF-lipA-

hlyA1BD (Pourhassan et al., 2022a) was used for the expression of Hly system apparatus as 

well as the expression of the lipase fuse to HlyA1. The pK184 plasmid is inducible with 

isopropyl β-D-1-thiogalactopyranoside (IPTG) under the Plac and has kanamycin resistant. 

To overexpress TolC protein, plasmid pET28_tolC was used. This plasmid contains an 

ampicillin resistant gene. The TolC gene of this plasmid is under the control of the T7 

promoter.  

 

Expression and secretion experiments in shaker flasks  

E. coli BL21 (DE3) chemically competent cells were transformed with pK184 or/and 

pET28_tolC plasmids and grown on the tributyrin Lysogeny broth (LB) agar plates (Trypton 

10 g/L, Yeast extract 15 g/L, NaCl 5 g/L, Agar 15 g/L, Gum arabic 1.5 g/L, Tributyrin 15 

g/L, Kanamycin 50 g/mL or/and ampicillin). The halo around single cell colons on the 

tributyrin agar plate showed the successful secretion of lipase. Single active cell colons were 

used to prepare pre-cultures (37°C and 180 rpm). The overnight pre-culture was used to 

inoculate 25 ml of 2YT (Trypton 16 g/L, Yeast extract 10 g/L, NaCl 5 g/L) medium 

supplemented with proper antibiotics to an OD600 of 0.1 in 100 mM Erlenmeyer shaking 

flask. The culture was cultivated (37°C and 180 rpm) before the culture was inducted at 

OD600 of 0.4 to 0.6 with 1 mM IPTG and 5 mM CaCl2. The supernatant of the culture 

harvested after 0, 2, 4, and 6 hours after induction. The cell free supernatant harvested by 

centrifugation of the culture and used for further analysis, either for SDS-PAGE or pNPB 

lipase assay. The semi-quantifications of SDS-PAGE was performed using ImageJ software 

(Image Processing and Analysis in Java). 

 

Colorimetric pNPB lipase assay 

The lipase assay applied in the current study is based on the published protocol of p-

Nitrophenyl butyrate (pNPB) assay (Pourhassan et al., 2022a). In the presence of lipase the 
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pNPB substrate is converted to p-nitrophenolate which is detectable spectrophotometrically 

at 410 nm. After having the cell free supernatant of the cultures, 10 μl of cell free supernatant 

was diluted in 90 µL of TEA buffer (50 mM, pH 7.4) into a 96-well MTP (PS-F-bottom, 

Sarstedt, Germany). The substrate solution was prepared freshly as 0.5 mM pNPB solved in 

10% v/v of acetonitrile and diluted in TEA buffer (50 mM, pH 7.4). Upon supplementing 

100 μL of freshly prepared substrate solution to the supernatant mixture in a final reaction 

volume of 200 μL the reaction was started. The amount of released p-nitrophenolate was 

recorded by measuring A410nm (at 30°C) over 8 min with a kinetics interval of 20 seconds on 

a microtiter plate reader (Tecan infinite® M200 Pro Austria GmbH, Männedorf, 

Switzerland). The rate of conversion of pNPB to p-nitrophenolate was calculated for each 

reaction and used to compare the secretion level of different cultures.   

 

Membrane isolation  

A two-step centrifugation procedure was applied for membrane isolation based on a 

previously published protocol (Kanonenberg et al., 2019a). Cell pellet was resuspended in 

phosphate buffer (50 mM, pH 8) supplemented with DNAase and protease inhibitor. Then, 

cells were lysed by passing at-least three times through a cell disruptor (Microfluidizer M-

110L, Microfluidics) at 1.5 kbar. Subsequently, cell lysate was centrifuged by low-spin 

centrifugation (18000 g, 30 min, at 4°C) to remove undisrupted cells and cell debris. Then, 

supernatant of low-spin centrifugation was applied to an ultra-centrifugation (150000 g, 90 

min, at 4°C) to pellet the membranes. Membranes were homogenized in phosphate buffer 

and applied on western blot for the further analysis.  
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Results 

TolC overexpression impairs the secretion level of HlyA T1SS 

The first set of experiments aimed to address the question if overexpression of TolC 

improves the secretion efficiency through HlyA T1SS. To compare the secretion level of the 

substrate (a lipase from Serratia marcescens fused to HlyA1) under condition of either 

endogenous or overexpressed TolC, the following strains were cloned.  

Chemically competent E. coli BL21 (DE3) cells were transformed with plasmid pK184_ 

EF-lipA-hlyA1BD. This strain was termed “TolC endogenous” strain. Also, chemically 

competent E. coli BL21 (DE3) cells were co-transformed with two plasmids of pK184_ EF-

lipA-hlyA1BD and pET28_tolC. The expression of tolC gene of the pET28_tolC was under 

control of T7 promoter. This strain was termed “TolC overexpression” strain. The expression 

of TolC was under the strong T7 promoter of pET28_tolC plasmid, plus the expression of 

TolC was express continuously endogenous.  

The amount of secreted lipase was determined either through lipase related assays such as 

tributyrin agar plate or p-Nitrophenyl butyrate (pNPB) assay or through SDS-PAGE 

analysis.  

Tributyrin agar plate : After introducing the plasmids into E. coli BL21(DE3), cell were 

grown on tributyrin agar plate. The diameter of halos formed around colons represents the 

amount of secreted lipase. As seen in Figure 1a-c, the halos around single clones harboring 

plasmid pET28_tolC were smaller in sizes (in average of 2.1 mm) in compared to halos 

around cells having only plasmid pK184_ EF-lipA-hlyA1BD (in average of 3.4 mm). Based 

on this observation, the amount of secreted lipase was lower in TolC overexpression strain. 

Cell clones harboring single plasmid pK184_hlyBD used as negative clones.  

 

 

Figure 1: Secretion of lipase-HlyA1 through the HlyA T1SS. The amount of secreted lipase was detected on 

tributyrin agar plates. The size of halos around cells harboring the plasmids a) pK184_ EF-lipA-hlyA1BD and 

b) pK184_ EF-lipA-hlyA1BD plus pET28_tolC, c) pK184_hlyBD. Arrows show the halo around colons. 
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SDS-PAGE analysis : Additionally, test expression of clones secreting lipase-HlyA1 was 

performed in shaking flasks and the supernatant of the cultures were employed directly on 

the SDS-PAGE. A significant reduction in the amount of secretion observed because of TolC 

overexpression (Figure 2a). The Western blot analysis confirmed that all expressed Lipase-

HlyA1 in the cytosol of TolC endogenous strain was secreted as no signal for HlyA protein 

was detected in the cytosol of E. coli cells (Figure 2b). A strong band at around 60 kDa and 

some bands related to degraded products were observed in the cytosol of TolC 

overexpression strain (Figure 2b).  

 

Figure 2: Secretion of Lipase-HlyA1 through the HlyA T1SS. a) SDS-PAGE analysis of supernatant 

(unconcentrated) of cultures of TolC overexpression strain and TolC endogenous strain. b) Western blot 

analysis of E. coli cells demonstrated that there was no HlyA in the cytosol of TolC endogenous strain, but for 

TolC overexpression strain a very strong band around 60 kDa and some degradation bands could be detected.  

 

p-Nitrophenyl butyrate (pNPB) assay: This assay determined the lipase activity through 

hydrolysis of pNPB to butyric acid and p-nitrophenolate. The latter one is a yellow substrate 

and its production can be continuously monitored at 410 nm. The pNPB assay performed in 

96-well microtiter plates based on the published protocol (Pourhassan et al., 2022a). Herein, 

the amount of the secreted lipase was monitored by employing the supernatant of the cultures 

grown overnight into the assay reaction buffer. The results of this assay confirmed that under 

condition of TolC overexpression, the amount of Lipase-HlyA1 was significantly reduced 

by around 3-folds (Figure 3). 
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Figure 3: Reduced secretion of Lipase-HlyA1 by overexpression of TolC. a) Activity of the Lipase-HlyA1 in 

the supernatant of the cultures using the pNPB assay b) Rate of lipase activity dedicated to either the “TolC 

overexpression strain” or “TolC endogenous strain“. The reported absorbance at 410 nm and the error bars 

correspond to average values of three replicates. The control is the absorbance of the buffer and substrate 

without addition of culture supernatant.  

 

 

Analyzing if the overexpression led to an increased TolC in the membrane 

To test if the cloned strain for the overexpression of TolC harboring two plasmids of pK184_ 

EF-lipA-hlyA1-hlyBD and pET28_tolC does indeed express higher amount of TolC in the 

membrane, the amount of TolC in the membrane of two strains ‘TolC overexpression’ and 

‘TolC endogenous’ was compared. To this end, first both strains were cultivated in shaking 

flasks in the exact same condition and membrane isolation were performed from E. coli cells. 

Samples from cell pellets were taken at different timepoints after induction and analyzed via 

western blot (Figure 4a). A drastic increase of the TolC was observed for the ‘TolC 

overexpression’ strain already at zero time of induction, note that the pET28 plasmid is a 

leaky plasmid. At three and 6 hours after induction, a band at around 150 kDa was observed 

on Western blot which represents the trimeric form of TolC, clearly indicating that the 

overexpression of TolC was successful. In other word, in the strain ‘TolC overexpression’ 

the amount of trimeric and monomeric TolC was significantly higher in compared to the 

membrane of ‘TolC endogenous’ strain (Figure 4a and b).  
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Figure 4: Western blot analysis of a) E. coli cells and b) isolated membrane demonstrated that the expression level of TolC was higher for 

cells having the pET28_tolC plasmid. ES. refers to endogenous strain and OS. refers to overexpression strain. The band around 55 kDa belongs to 

TolC protein.   
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Discussion  

Secretion in comparison to cytosolic expression brings benefits to the production of 

heterologous proteins as it results in production of proteins with higher quality but at reduced 

costs (Pourhassan et al., 2021). Higher stability and quality of the target protein, reduced 

risk of cytosolic proteases, simplified downstream processes are advantages of protein 

secretion. Albeit these great advantages, the potential uses of secretion has been limited in 

laboratories and especially on industrial scales (Kleiner‐Grote et al., 2018, Burdette et al., 

2018). This can be seen in case of E. coli, which is the most preferred producer host in 

laboratories and used many times in industrial production, but there is no example of using 

this bacteria as a secretory host at industrial applications (Kleiner‐Grote et al., 2018, Burdette 

et al., 2018). The main reason of this limitation is the low titers of secretion. In this regard, 

the secretion system of E. coli have been continuously subjected to engineering to gain 

further improvements (Pourhassan et al., 2021).  

One of the secretion systems of E. coli is the HlyA T1SS which is interesting to be 

engineered because of its relatively simple structure. Substrates are transported through the 

dedicated channel of T1SSs in an unfolded state in one step from cytosol to the extracellular 

space and fold out of the cell upon secretion. Its secretion pathway consists of the ABC 

transporter HlyB, the membrane fusion protein HlyD, and the outer membrane protein TolC 

(Holland et al., 2016).  

To improve the secretion efficiency of HlyA T1SS, different approaches have been applied, 

for instance: a) directed evolution of Hly apparatus (Sugamata and Shiba, 2005, Low et al., 

2010), b) engineering on the enhancer fragment of this system (Khosa et al., 2018), c) 

KnowVolution of the enhancer fragment, HlyB, and HlyD (Pourhassan et al., 2022a).  

It has been reported that number of overexpressed HlyA T1SS in E. coli BL21(DE3)-BD is 

around 4500 copies under the conditions of HlyB and HlyD overexpression (Lenders et al., 

2016). Only recently, Beer et al. quantified the endogenous amount of TolC present in 

BL21(DE3)-BD. Based on their observation, the amount of trimeric TolC is also around 

4500 either in actively secreting cells or cells harboring stalled system (Beer et al., 2022). 

This match arose a question if the number of active HlyA T1SS in E. coli cells is limited by 

the amount of TolC. To address this question, this study attempts to investigate the influence 

of TolC overexpression on the secretion efficiency of the Hly secretion system.  
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Herein, to improve further the system, we overexpressed the outer membrane TolC via 

plasmid based expression to see if this overexpression leads to further improvements of 

secretion titer of the HlyA T1SS.  

Based on our observation, the plasmid based overexpression led to an increased level of 

TolC in the membrane of E. coli, but this overexpression indeed led to decrease secretion 

efficiency of the system.   

It is possible that TolC overexpression exceeds the capacity of the membrane for this outer 

membrane protein, leading to intracellular TolC accumulation. Therefore, inclusion body 

formation and disturbance of the exciting balance between proteins involved in the system 

might occur. For this reason, an increase in expression of all three membrane protein at same 

levels might be a better approach for increasing the secretion yield of the system.     

As it mentioned earlier, the secretion efficiency of the Hly system is not high enough for its 

application in industrial purposes. Investigating and improving the secretion yield of 

heterologous proteins using HlyA1 is a continuing concern for biotechnological purposes.  
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3   Discussion  

3.1 Toward secretion of recombinant proteins  

For recombinant protein production, secretion has advantages compared to the intracellular 

expression:  

- Simplified purification: Secreted proteins from culture medium can be easily isolated 

using filtration, reducing the complexity of downstream processes.  

- Higher stability of the target protein: As the protein content in the extracellular space 

is lower, secreted proteins are often more stable than those inside cells.  

- Better folding: Due to the lower protein content of the culture medium, proteins fold 

better outside of the cell and therefore improve their functions. 

- Increased yield: Secretion allows for high-level expression of the target protein.  

- Lower cost: Secretion can simplify and lower the costs of downstream process 

(Kleiner‐Grote et al., 2018, Azam et al., 2016).  

In the outset, it should be acknowledged that not always the secretion offers benefits for 

recombinant protein production. The yield of secretion for some recombinant proteins can 

be low, especially when compared to bacterial expression system. Furthermore, secreting 

some recombinant proteins can be a complex process, requiring the use of a specific 

expression vector, host, and an optimized culture condition. Purification of secreted 

recombinant proteins can be challenging when they secrete at low concentration in the 

culture supernatant. All of these challenges can lead to a high cost of production.  

Strategies such as improvement of gene expression rates, using an efficient secretion signal, 

co-expressing associated proteins such as chaperones, deleting native proteases of the host 

cell, and further mutagenesis and breeding can be applied to address the problems of a 

secretion process and exploit secretion systems (Schmidt, 2004). 

E. coli is the most preferred host for recombinant protein production on laboratory scales 

and one of the most convenient on industrial scales for recombinant protein production 

(Rosano and Ceccarelli, 2014). It is a well-characterized bacterium, and its genetic 

manipulation is convenient due to many available tools and assays (Owczarek et al., 2019). 

Furthermore, E. coli has a fast growth rate and can quickly reach a high cell density in an 

appropriate culture condition (Sharma and Chaudhuri, 2017).  
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Secretion can be consider as a solution to tackle the problems of extracellular expression, 

such as toxicity of the target protein or degradation by the cytosolic proteases (Wingfield, 

2015). Importantly, low secretion titers of recombinant proteins by E. coli are a particular 

concern and impede the utilization of this bacterium as a secretion host on large scales. To 

our best knowledge, there is no example of using E. coli as a secretion host on industrial 

scales, as its secretion titers for recombinant proteins are in range of mg/L (Burdette et al., 

2018, Pourhassan et al., 2021).  

Bacillus subtilis, a Gram-positive bacterium, is commonly used for the secretion of proteins 

on an industrial scale. B. subtilis is used to secrete technical enzymes such as lipases, 

proteases and amylases with product yields up to 20 g/L of supernatant. However, the yields 

of secretion of heterologous proteins by Bacillus species are often very low (Freudl, 2018, 

Pohl and Harwood, 2010). The genetically modified eukaryotic CHO cell lines is also used 

for the secretion of recombinant proteins on a large scale, such as the production of 

recombinant therapeutic monoclonal antibodies with a product yield of 5 g/L (5 grams per 

liter of serum free media) (Zhou et al., 2018).  

Several manufacturers, such as Lonza at Slough (UK), can produce therapeutic monoclonal 

antibodies using CHO cell lines at a scale of 25,000 L and produce 120 kg of antibody per 

week per run (www.lonza.com) (Galbraith et al., 2006). Early example of research on the 

production of monoclonal antibodies using eukaryotic cell lines report yields of around 100 

mg/L. After years of research and efforts into eukaryotic secretion systems, yields of 10 g/L 

for these cell lines have been achieved (Kunert and Reinhart, 2016). This supports the idea 

that putting more efforts into bacterial secretion system may also lead to such success.  

Some of the efforts on engineering of E. coli secretion systems can be summarized as bellow:  

- Engineering the Sec-dependent pathway to improve the efficiency of protein 

secretion (Lee and Jeong, 2013).  

- Using chaperon proteins, such as DnaK and GroEL, have been shown to improve the 

folding and stability of recombinant proteins, resulting in improved secretion 

efficiency (de Marco et al., 2007).  

- By optimizing signal peptides, researchers have been able to improve secretion 

efficiency (Shi et al., 2021).  

- Designing expression vector containing strong promoters (Beshay et al., 2007) or 

enhancer fragments (Khosa et al., 2018) have been also used for an improved 

secretion efficiency.  
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- Optimizing the growth medium also has been consider for an improved secretion 

efficiency (Huang et al., 2016).  

3.2 Biotechnological applications of T1SS  

The relatively simple architecture of T1SS made them attractive candidates for 

biotechnological applications. The introduction of T1SS into a non-native host is rather 

simple, as it only requires three components of the secretion apparatus plus substrate to be 

transferred and overexpressed via plasmid (Burdette et al., 2018). Researchers have made 

significant progress in utilizing T1SS for biotechnology applications. One such application 

is the secretion of enzymes for biocatalysts. Additionally, T1SS has also been studied for its 

potential use in the production of vaccines and therapeutic proteins. However, two issues 

have limited the exploitation of T1SS in biotechnological applications, including a low titer 

of secretion and the possibility of successful secretion of a heterologous protein (Pourhassan 

et al., 2021).  

 A low secretion titer of T1SS is still a matter. 

A list of heterologous proteins secreted by T1SS was provided in chapter 2.1 of this thesis, 

along with their achieved secretion titers. Except for one case study, all secreted proteins 

showed a secretion titer of under 10 mg/L. Accordingly, researchers have tried to improve 

the secretion titer of T1SS with different approaches listed as:  

- Engineering genetically elements (Khosa et al., 2018) (Pourhassan et al., 2022a),  

- Transferring secretion system to non-native secretion hosts (Eom et al., 2014), 

- Engineering the secretion apparatus (Sugamata and Shiba, 2005) (Low et al., 2010),  

- Improving culture conditions (Eom et al., 2006).  

Despite these efforts and their achieved successes, these efforts have not met the required 

concentration for the use on industrial scales due to the fact that the basic secretion of T1SS 

is generally very low. Nevertheless, large-scale secretion of T1SS has been tried reaching 

the secretion yield of 540 mg/L (Ihling et al., 2019). Ihling et al. reported on the scaling-up 

production of HlyA1 using a defined mineral medium and in a stirred tank bioreactor. The 

major advantage of their work was that there was no contamination with proteins and 

compounds from complex media (Ihling et al., 2019). This work indicated the applicability 

of the HlyA T1SS on an industrial scale, although the titer of the secretion needs to be further 

improved. 
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Nguyen and colleagues have opened up possibilities in using T1SS for producing peptides 

as active pharmaceutical ingredients. Their efforts resulted in an efficient and affordable 

method for high-titer expression of peptides and small proteins at levels of up to 2 g/L. In 

their work, they used the HlyA T1SS secretion signal as a tag, promoting expression of 

peptides and small proteins in the form of inclusion bodies. They named this system 

“Numaswitch”. The main advantages of using “Numaswitch” include high-titer expression, 

fewer steps for peptide isolation, prevention of proteolytic aggregation, and protection of the 

host from cytotoxicity. Using “Numaswitch”, they were able to successfully produce over 2 

g/L of Teriparatide, with a reported titer 20-fold higher than other peptide production 

strategies (Nguyen et al., 2021). 

 Not all heterologous proteins can be secreted by T1SS. 

It is important to note that not all heterologous proteins can be successfully secreted through 

T1SS. According to a study by Bakkes et al. (2010), the folding rate of a heterologous protein 

plays a crucial role in determining its ability to be secreted (Bakkes et al., 2010). This theory 

was supported by two additional studies on maltose-binding protein (MalE) (Bakkes et al., 

2010) and the intestinal fatty acid-binding protein (IFABP) (Schwarz et al., 2012). The data 

suggests that fast-folding proteins cannot be secreted through the HlyA T1SS channel, likely 

due to the fact that the folded proteins block the secretion apparatus within the cytosol. There 

is no available computational method for accurately determining the folding rate of a protein, 

therefore it is not so far possible to predict successful secretion beforehand.  

Only recently, Ahn’s group developed a tool to predict the secretion possibility of fused 

proteins through the ABC transporter. They proposed that the presence of a cationic 

supercharged region within the target protein hinders secretion. They also suggested that 

mutations resulting in the neutralization of the supercharged cationic regions rescues the 

secretion. They generalized their finding to all ABC transporters and mentioned that their 

work significantly makes progress in secretion through ABC transporters (Byun et al., 2022). 

However, their finding were not consistent with our observations of the secreted proteins 

from HlyA T1SS. When we used their provided tool, the result was somewhat 

counterintuitive as none of our already secreted proteins followed their provided rule of 

secretion. So, their provided predicting tool on the secretion through ABC transporters is 

inconsistent on what we have already observed on the HlyA T1SS.  
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3.3 Directed evolution of T1SS 

So far, only a few studies paid attention to the engineering of this system to improve it 

secretion efficiency. This might be due to the lack of a comprehensive understanding of the 

mechanism and structure of the system. With the recent report of the cryo-EM structure of 

the HlyA T1SS (Zhao et al., 2022), it is expected that the engineering and improvement of 

this system will become much easier, leading to even more biotechnological applications in 

the future. 

Directed protein evolution is one of the engineering approaches that has been employed by 

different groups to achieve enhanced secretion efficiency of T1SS listed in Table 3-1. This 

is a versatile method for engineering proteins without the need for knowledge of the target 

protein's molecular structure. To use directed evolution on a specific protein, two steps must 

be completed: creating a diverse set of mutants and then selecting the best among them 

(Wong et al., 2006).  

 

Table 3-1: A list of conducted directed evolution on T1SS 

Organism  Subject  Method Folds of 

Improvement 

  

Reference  

E. coli TliDEF system from 

P. fluorescence 

 

epPCR 3.2-fold  (Eom et al., 2005) 

E. coli HlyA T1SS epPCR Up to 27 fold  (Sugamata and 

Shiba, 2005) 

 

E. coli HlyA T1SS epPCR Up to 2-fold  (Low et al., 2010) 

 

E. coli Enhancer fragment 

of the HlyA T1SS   

KnowVolution plus 

including a 

terminator region 

 

5-folds (Pourhassan et al., 

2022a) 

E. coli The inner membrane 

complex of the HlyA 

T1SS 

KnowVolution 2.5-folds  Chapter 2.4 of the 

current thesis 

 

 Methods of generating diversity  

epPCR is considered a popular and powerful tool for generating diverse mutant libraries in 

laboratories. This is because epPCR is a fast, robust, versatile, and user-friendly method that 

offers many advantages over other methods that have been developed so far. The key 

benefits of epPCR include its ability to quickly generate large numbers of mutants, its ability 
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to work with a wide range of templates, and its ease of use, which makes it a popular choice 

(Wong et al., 2004).  

But epPCR has its limitations, and this method is not completely random which is attributed 

to the degeneracy of genetic codes as well as the strong mutational bias of polymerases 

(Cline and Hogrefe, 2000). A solution to the latter is applying a site saturation mutagenesis 

approach on the identified beneficial positions determined by epPCR (Wong et al., 2004). 

In addition, research shows that epPCR is unable to determine around 70% of beneficial 

positions of a target protein. Because applying an epPCR with highly mutational load 

increases the risk of inactivation of a large number of populations. In other side, reducing 

the mutational load do not allow to identify some of the beneficial positions. Casting epPCR 

(cepPCR) can further increase the number of beneficial positions of a target protein (Yang 

et al., 2017).  

The directed evolution method already applied on T1SS (Table 3.1) is limited to epPCR. 

However, the directed evolution methods employed in different courses of this thesis 

(chapter 2.2, and chapter 2.3) are the superior strategies, cepPCR and KnowVolution 

strategy, which usually leads to the identification of further beneficial positions.   

 Screening system  

Screening system is the heart of every directed evolution experiment (Wong et al., 2006). 

Advances in high-throughput technology fuel the progresses of directed evolution. 

Screening system are based on the linkage between phenotype and a genotype of the target 

protein. High throughput screening depends on optical properties such as color (Islam et al., 

2018), turbidity (Moore and Arnold, 1996), fluorescent (Peck et al., 2011), and luminescent 

(Choi et al., 2013). It should be considered that many biomolecules targeted for directed 

evolution experiments have no directly observable properties. In this regard, a reporter with 

an observable phenotype is required, or alternatively the target can be associated with a 

known enzyme in a parallel reaction (Packer and Liu, 2015).  

For having a reliable and high-throughput system (HTS), steps such as filtration for removal 

of cell debris should be avoided. A valuable screening system should be reproducible, 

reliable, and allow a high-throughput screening at an affordable price. To establish a protocol 

for an activity-based screening system, some parameters should be taken into account, 

including: the growth and expression conditions, limiting the amount of evaporation from 

multi-titer plates during different steps, and improving the activity of the target protein 

(Wong et al., 2006, Packer and Liu, 2015, Bornscheuer et al., 2019).  
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A pre-screening to eliminate inactive clones increases the chances of success. It is also 

important to consider doing a re-screening or double re-screening to avoid selecting false 

positives. Research has shown that iterative round of screening of a few thousands clones 

yielded a higher preferable improvement than screening of twenty or fifty thousand clones 

(Wong et al., 2006, Packer and Liu, 2015, Bornscheuer et al., 2019). 

In all three conducted directed evolutions on T1SS, mentioned above, the screening of 

libraries were performed on the solid phase agar plates. These studies have been limited to 

tedious and low-throughput assays such as screening based on agar plate assays. This work, 

for the first time, applied a high-throughput screening assay for directed evolution of T1SS. 

The applied colorimetric assay, which was based on lipase assay, was designed to measure 

the amount of release lipase into the supernatant.  

3.4 Cross communication between the HlyA T1SS components  

A deeper understanding of the HlyA T1SS secretion mechanism can help researchers to 

increase the secretion efficiency of this system. Further study of the system’s components is 

necessary to gain detailed knowledge of the secretion mechanism. Investigating interactions 

between the protein components can also enhance understanding of the system.  

HlyA is a long polypeptide with 1024 amino acids residues, and has a molecular weight of 

110 kDa. It remains unfolded inside of the cytosol waiting to be secreted (Lenders et al., 

2016). According to research by Lender et al., the secretion of HlyA is C-directional, 

meaning that the entire polypeptide should be completely translated before it can be secreted 

(Lenders et al., 2015). It is still enigmatic how this polypeptide is kept protected from 

cytosolic proteases, as no known chaperon is involved in this system. However, the CLD 

domain of HlyB have been suggested to have a chaperon-like activity. This hypothesis is 

supported by an interaction between the substrate and the CLD. Interestingly, this interaction 

only occurs with unfolded HlyA and within the GG-repeats, as revealed in series of in vitro 

pull-down experiments. Structural information from NMR and the pull-down assays was 

used to map the interaction region of the CLD for HlyA (Lecher et al., 2012).  

One of the earliest identified interactions between HlyA T1SS components was discovered 

by the work of Thanabalu et al. in 1998 through a series of in vivo cross-linking experiments. 

They reported that the formation of the IM complex is independent of the presence of HlyA 

and TolC. Both proteins of the IM complex, HlyB and HlyD, bind to HlyA independent of 

each other. Based on their report, TolC is recruited to form the channel only when HlyA is 
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engaged with the IM complex. Their data also supported that conformational changes of all 

three proteins during HlyA translocation occur, indicating a dynamic secretion process. 

After secretion, TolC is dissociated from the channel (Thanabalu et al., 1998).  

Thanabalu et al. also found that a HlyB mutant lacking its ATP hydrolysis can still form a 

complex with HlyD, but cannot transport the substrate as it became trapped inside the 

channel. Furthermore, they observed that masking the C-terminus of HlyD blocks secretion, 

but the protein still is oligomerized within the complex (Thanabalu et al., 1998).  

In 2003, Benabdelhak et al. specified the interaction between HlyB and HlyA to the NBD 

of HlyB. This interaction is suggested to be involved in the substrate recognition step and to 

take place in the secretin signal of HlyA. Since HlyA2 lacking the C-terminal 57 residues 

does not interact with the HlyB NBD. They also found that the interaction between HlyA 

and HlyB NBD is highly dependent on the presence of nucleotides, either ATP or ADP 

(Benabdelhak et al., 2003).  

During one of the courses of this work, the main focus was placed on the identification of 

residues of HlyB NBD that are involved in the interaction with HlyA (Pourhassan et al., 

2022b). Recent studies provided evidence that a secondary structure, an AH covering 

residues 970-987, plays a crucial role in recognizing HlyA and is crucial for secretion. In 

general, AHs are defined as helixes having hydrophobic and polar residues between two 

faces. It was supposed that the interaction between HlyB NBD and HlyA takes place within 

the AH of the C-terminal HlyA. Then, locations on HlyB NBD with hydrophobic features 

were searched. In silico experiments suggested for two regions on HlyB NBD as putative 

binding pockets, and these were characterized through mutagenesis experiments and 

biochemical assays, which further supported their roles in the interaction (Pourhassan et al., 

2022b).  

In addition to identifying the putative binding pockets, the study also reported that both 

pockets show changes upon ATP binding. This finding supports previous research that ATP 

binding accelerates the dissociation of HlyB and HlyA. It is known that secretion of HlyA 

is fueled by ATP hydrolysis and the PMF (Koronakis et al., 1991), but it is still not clear at 

which steps of the secretion process these energy sources are used.   

The researcher observed that HlyD interacts with HlyA even in the absence of HlyB and 

TolC (Thanabalu et al., 1998). The deletion of the 45 N-terminal residues of HlyD blocks 

secretion, as the truncated version was unable to bind to the substrate, but it can still insert 

into the membrane and form complex with HlyB. The presence of an “AH” and a “charged 
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box” in the N-terminal of HlyD were found to play the central role of the cytoplasmic domain 

of HlyD. The deletion of the AH impaired the secretion, but substrate engagement and TolC 

recruitment still occurred. The charged box was shown to be necessary for interaction with 

HlyA and the subsequent recruitment of TolC (Balakrishnan et al., 2001). Subsequently, 

Pimenta et al. provided evidence supporting the idea that HlyD has effects on folding of 

HlyA (Pimenta et al., 2005).  

An outstanding feature of HlyD is its integrity in the HlyA T1SS as a membrane fusion 

protein. It is assumed that the interaction between HlyD and TolC provides a seal channel 

spanning both membranes and the periplasmic space (Pimenta et al., 2005). A periplasmic 

region of HlyD, residues 127-170 with 47% homology to a TolC region, was found to be 

essential for secretion, but the specific function of this region is not known yet (Schülein et 

al., 1994). It was suggested that the α-helical tip region of HlyD interacts with TolC, and 

this region has an important role in the secretion (Kim et al., 2016). More studies is required 

to characterize the interaction between HlyD and TolC.  

Letoffe et al. (1994) prior to all these studies demonstrated that the secretion of three T1SS 

substrates (metalloprotease B and C from Erwinia chrysanthemi and HasA from Serratia 

marcescens) requires an ordered association between the substrates and all three T1SS 

component proteins. They found that the first interaction is between the substrates and the 

cognate ABC transporter, which promotes the second interaction between the two inner 

membrane proteins. Finally, interaction between MFP and OMP completes the ordered 

process of secretion (Letoffe et al., 1994).   

It is now well understood that the oligomerization between HlyB and HlyD is one of the 

earliest prerequisites of the secretion process. Six HlyD and three HlyB dimers associate to 

form of the inner membrane complex. The translocation pathway is built of a HlyB dimer, 

and HlyA is translocated through this pathway. However, only one of the HlyB dimers 

contributes to the formation the translocation pathway, while all three dimers are able to 

Hydrolyze ATP (Zhao et al., 2022).  

The cryo-EM structure of the IM complex of the HlyA T1SS revealed more contacts between 

the components of the system. For instance, all six HlyD of the complex are located at the 

peripheral of the three protomers. It was also represented from the data that the AH of the 

HlyD CD locates close to the cytoplasmic membrane, having hydrophobic contacts with 

HlyB (Zhao et al., 2022).  
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Importantly, the interface between neighboring protomers is located in the cytoplasm and is 

composed of residues 35-50 of HlyD, which create two small helix structures. The acidic 

residues of these helices interact with a positively charged surface on the CLD of HlyB. The 

residues involved in oligomerization at the inter-protomer interface from both inner 

membranes are highly conserved, this concludes that the hetero-dodecamer complex (of the 

inner membrane component) is a common properties of T1SSs (Zhao et al., 2022).  

3.5 The C-terminus of HlyA, a region with multi functions  

A) The C-terminus of HlyA is involved in various stages of the secretion process by 

interacting with the HlyA T1SS machinery. This includes interaction with the HlyB CLD 

within the RTX domains (Lecher et al., 2012), interaction with the HlyB NBD, which is 

limited to the AH of HlyA (Pourhassan et al., 2022b). Additionally, it interacts with the CD 

of HlyD (Thanabalu et al., 1998).  

It is not yet clear if these interactions occur in a stepwise or simultaneous manner. However, 

in silico analysis suggests that simultaneous interactions of the CLD and NBD with HlyA is 

possible, as the distance between the CLD and the putative binding pockets of NBD can be 

bridged with the RTX and the AH domains of HlyA (Pourhassan et al., 2022b).  

B) Being a secretion carrier is the next remarkable feature of the C-terminus of HlyA. As 

the C-terminus of HlyA contains information required for secretion, it can be used for 

redirecting heterologous proteins into the milieu. This was first described in 1985 by Gray 

et al. who observed that the deletion of the last C-terminal 27 residues of HlyA abolishes 

secretion (Gray et al., 1986). The secretion signal for HlyA was found to be located within 

the 50-60 C-terminal residues of HlyA. However, a fragment of the C-terminus, with a 

weight of 23 KDa and harboring at least 3 RTX domains, known as HlyA1 lead to a more 

efficient secretion (Koronakis et al., 1989) (Jarchau et al., 1994) (Nicaud et al., 1986). The 

biotechnological application of the HlyA T1SS is attributed to this fragment, which is 

explained in chapter 2.1. 

C) Representing a secondary structure within the C-terminus of HlyA is a recent 

characterized feature of the C-terminus of HlyA. The C-terminus of HlyA has been recently 

characterized as having a secondary structure playing the role of secretion signal. Spitz et 

al. confirmed the long-held speculation that this structure is involved in the secretion signal 

of HlyA. They found that an amphipathic alpha-helix between residues 975 and 987 is 
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necessary for secretion, and that the presence of an aromatic residue, F990, in close 

proximity to this helix is also important for secretion (Spitz et al., 2022).  

D) Importantly, the C-terminus of HlyA has role in the folding of the substrate. This feature 

was dedicated to the RTX domain of HlyA (Bumba et al., 2016). The RTX binds to Ca2+ 

ions with an affinity of (KD) approximately 100 µM. The Ca2+ concentration in the cytosol 

is around 300 nM, while this concentration is around 2 mM in the extracellular space. 

Obviously, RTX domain promotes the folding in the extracellular space (Spitz et al., 2022, 

Thomas et al., 2014a). This folding was suggested to be the driving force for pulling out the 

RTX substrates through the translocation pathway in a ratchet-like motion. The primary 

folding most probably prevents the back sliding of the substrate inside of the channel 

(Bumba et al., 2016). However, some other studies suggest that rather conformational 

changes due to ATP hydrolysis is the main driving force for T1SS (Rempel et al., 2019, 

Stefan et al., 2020).   

E) Last but not least, the C-terminus of HlyA acts as a molecular ruler. It was found that 

there is a consensus length between the GG-repeat and the AH of heterologous proteins 

secreted by the HlyA T1SS. This consensus length covers 130 residues, and shortening this 

distance by 30 or 50 residues reduces significantly the amount of secretion. 
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