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Abstract

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.
TISS 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 TISS.
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Zusammenfassung

Zusammenfassung

Typ-1-Sekretionssysteme (T1SS) sind unter gramnegativen Bakterien weit verbreitete
Transportmaschinen. Das TI1SS-Translokon umfasst einen ABC-Transporter, ein
Membranfusionsprotein (MFP) und ein &uBleres Membranprotein (OMP). Der ABC-
Transporter und das MFP bilden einen Komplex in der inneren Membran, wihrend das OMP
bei der Substraterkennung im Cytosol rekrutiert wird. Das Substrat wird dann durch das
Translokon in einem Schritt aus dem Zytosol in den extrazelluldren 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. Thre potenzielle Anwendung als
Sekretionsplattform, insbesondere im groflen Mafstab, ist jedoch immer noch durch niedrige

Sekretionstiter auf einige heterologe Proteine begrenzt.

In dieser Arbeit lag der Fokus auf dem HlyA TISS 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 fiir die
gerichtete Evolution eines T1SS (das HlyA-System). Zusdtzlich wurde gezeigt, dass die
Einbeziehung einer nativen Terminatorregion das Sekretionsniveau weiter erhoht.

Forscher haben bereits gezeigt, dass die TolC-Menge unter der Uberexpressionsbedingung
der inneren Membrankomponenten (HlyB und HlyD) konstant ist, was zu der Frage fiihrt,
ob die Menge an TolC der limitierende Faktor fiir die HlyA-Sekretion ist. Um diese Frage
zu beantworten, wurde die Sekretionseffizienz entweder unter der Bedingung des endogenen
Spiegels oder der Uberexpression des TolC-Proteins verglichen. Es konnte gezeigt werden,
dass die Uberexpression von TolC die Sekretionseffizienz beeintriichtigt.

AbschlieBend befasste sich diese Arbeit mit der Wechselwirkung zwischen der
Nukleotidbindedoméne (NBD) von HlyB und dem Substrat HlyA. Die Interaktionsregionen
auf der NBD fiir das Sekretionssignal von HlyA wurden erfasst und zwei Bindungstaschen

wurden identifiziert. Das Vorhandensein dieser beiden Bindungstaschen wurde durch In-

Vil



Zusammenfassung

silico-, In-vivo- und [In-vitro-Analysen gestiitzt. Bemerkenswerterweise wurde
vorgeschlagen, dass das Vorhandensein einer Konsensuslinge zwischen der GG-
Wiederholung und der amphiphilen Helix die Sekretionseffizienz von heterologen

Proteinen, die vom HlyA T1SS sekretiert werden, beeinflusst.
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1 Introduction

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 (Oweczarek 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
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of industrial enzymes (Puetz and Wurm, 2019). On the other hand, yeasts are simple
eukaryotic cells that perform some PTMSs, 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).

Overall  Production Scale- Product Product Contamination Purificati
Platform . up . . .

Costs time . yield quality  risk on cost

capacity

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 | high high high medium  low low
fungi
Mammalian hich hich very medium hich very hieh hich
cell culture & & low -high & ty hig &
Transgenic | very . very . . .
plants low medium high high high low high
Transgenic . . . . . .
animals high high low high high very high high
Insect cell medium medium high high medium very low medium
culture
Plantcell | odium  medium  medium high high  very low high
culture £ £ ry &
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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.

Secretion systems in Gram-negative bacteria

|

One-step secretion Two-step secretion

TISS t—— First step (through the IM) |

SecYEG pathway
Tat pathway

T3SS | Second step (through the OM) |

T4SS

T6SS

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/ Release into Complexity  Model organism Model
cleavage substrate

One-step Secretion systems

TISS  C-terminal/ culture low Pseudomonas fluorescens  TIA
No E. coli HIlyA
T3SS  N-terminal/ target cell high Salmonella enterica SptP
No S. enterica FlgM
Enteropathogenic E. coli EspA
Shigella flexneri OspB
T4SS  Diverse/ target cell high Agrobacterium tumefaciens DNA
Diverse
T6SS  Diverse/ target cell high Vibrio cholerae VerG
Yes

Two-step secretion systems

T2SS  N-terminal/ Periplasm high Pseudomonas aeruginosa Unknown
Yes and then
medium
T5SS  N-terminal/ Periplasm low E. coli Pet
Yes and then
medium
T8SS  N-terminal/ Anchoredto low E. coli CsgA
Yes the OM

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.

- TISS substrates are transported unfolded, and they fold after secretion in the
extracellular space.

- TISS 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 (Linhartova et al., 2010). The RTX domain is a site for Ca** ion binding
(Spitz et al., 2019). The binding stimulates the folding of an RTX substrate in the
extracellular space, where the Ca®* concentration is higher (almost 2 mM) than the K4 of the
RTX domain for Ca*" ions (150 uM). Accordingly, an RTX substrate stays unfolded in the
cytosol where the Ca®" concentration is only around 300 nM (Spitz et al., 2022, Pourhassan
etal., 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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Ca2+
oM
MFP OMP
PP
v ' ABC IM
ATP ADP+Pi z
Substrate
Q

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
PCATI1 (PDB: 4RY2) is shown in Figure 1-3a, representing the aforementioned domains.
PCAT]I is an ABC transporter from the Gram-positive bacterium Clostridium thermocellum.
PCATI1 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 Agquifex 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 T 1SS 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 Ca?"-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 TIiDEF 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 SP1-2)(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,

11
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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.
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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). Virl0 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.
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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. Hep is in a hexameric state and forms a tubular structure of the tail. TssB-TssC forms a
boundary around the Hep tube. b) A view of T6SS adopted from (Douzi et al., 2018).
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14 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).

SecYEG SPase SecYEG

\ SPase
\ PP
-5 ™
SecA Cytosol
f—D — ATP

Ribosome
Ribosome

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 (Briiser 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 (Berges et al., 1996, Kleiner-Grote et al., 2018).

TatB TatC SPace

cofactor

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 (£. coli) has been
performed successfully. However, this heterologous T2SS was able to secrete only its native

substrate (He et al., 1991).

GspD

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 TSSS consists of three parts, including
an N-terminal secretion signal for recognition by the Sec pathway, a passenger domain, and
a C-terminal B-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 B-barrel domain are
fused. Firstly, a substrate is transported into the periplasm via the Sec pathway. Then, the -
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
B-strands. These B-strands belong to the stacked B-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 3-
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 3-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 B-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 Ve (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).
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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).
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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 TISS is the main focus of this study, and the following sections will

describe the components of this system in more detail.

1.5.1 HIyA

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-HIyA 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 HIyA 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 HIyA T1SS, two truncated forms of HlyA have been used. HlyAl, also termed
HlyAc, has special importance, as it has been used frequently as a secretion carrier. HlyAl,
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 HlyA1l 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 HlyAl
(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
HlyAl, 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 TISS are located in the Aly 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 4/yA4 and hlyB

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

a) The promoter and the transcriptional regulator (RfaH) were indicated, and a terminator region was indicated
between the hlyA4 and hlyB genes. The tolC gene is not encoded by the iy operon. The C-terminus of the 2lyC
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 (HlyAl
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. HIyA1 lacks
three conserved GG repeats, while HlyA2 lacks three GG repeats plus the secretion signal.

1.5.2 HIlyC

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 (Sebo 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 f-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 Gen5S-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 /4/yC gene acts as an enhancer
fragment for HIyA 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 HIyA
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 HlyA
and/or HlyA2. This interaction is independent of the secretion signal, as the HlyA2, a HIyA
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).
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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. ¢) The structure of a HlyD protomer. The a-helical domain in the tip region indicated
by a blue circle. The panel ¢ 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 4/y 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 HIyA2,
indicating that this interaction is depending on the secretion signal. The presence of ATP
causes the dissociation of the NBD/HIyA 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 ®ODODPD (where @ 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 Mg?* 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).

1.54 HIlyD

HlyD belongs to the family of membrane fusion proteins and is known as the adaptor protein
of the HlyA TISS. It stabilizes the tunnel channel of the HIyA 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

HIlyD covered residues 96-361 and showed a long a-helical domain, consisting of an o-
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helical hairpin along with a lipoyl domain located in the periplasm. It is assumed that the tip
of the a-hairpin interacts with the TolC protein (Figure 1-14¢) (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 (Schiilein et al., 1994). Residues 127-170 show
47% identity with residues 233-274 from the B-barrel region of TolC, but the functionality
of this region remains unclear (Schiilein 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 HIyA in the extracellular
space, via an unknown mechanism (Pimenta et al., 2005).

Balakrishnan ef al. reported that the HlyD CD is highly conserved in T1SS. They proposed
that an interaction between the HlyD CD and HIlyA 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 B-barrel domain and a-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 (Duetal., 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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100 A

Figure 1-15: Crystal structure of TolC from E. coli (pdb: IEK7)

A) The close conformation of TolC. TolC extended 100 A into the periplasmic space and 40 A 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 A), revealed that TolC form a homotrimer into the outer membrane.
Overall, TolC has a length of 140 A, with an extension into the periplasmic space of 100 A
(Figure 1-15 a, b). TolC forms a B-barrel inside the outer membrane, consisting of 12 [3-
stranded B-sheets, and an a-helical domain that residues in the periplasmic space, consisting
of 12 a-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 A in its closed state, and
up to a maximum diameter of 22 A 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 ¢, d). The diameter of open TolC allows the
translocation of small molecules from the tripartite efflux system, or a-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 HIlyA T1SS components is plasmids-based (Khosa et al.,
2018) but TolC protein is encoded endogenously (Wandersman and Delepelaire, 1990).
HIyA 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 HIlyA 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
etal., 2019). As soon as the C-terminus exits from the tunnel channel, Ca?* 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 TISS 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 cargo Improved properties Reference
engineering

E. coli Applying an Lipase Secretion efficiency (Khosa et
enhancer fragment of the HIyA T1SS al., 2018)

Bacillus subtilis Inactivation of six B-lactamase  Quality and quantity  (Wuetal.,
extracellular and other (up to 18-fold) of the  1991)
proteases and proteins secreted proteins
setting of a novel
secretion cassette

Streptomyces Overexpression of xylanaseC Secretion efficiency (Vrancken et

lividans phage-shock protein  and GFP of the Sec- and Tat- al., 2007)
A (involved in pathways
maintenance of the
PMF)

E. coli Reducing metabolic  heterologous Secretion efficiency (Green et
burden, removal of  enzyme of T3SS Up to 24- al., 2019)
protein degradation  (cutinase) fold
system, setting of a
novel secretion
cassette

Corynebacterium  Use of a Sec signal ~ cutinase Secretion efficiency (Hemmerich

glutamicum library from of Gram-positive et al., 2016)
Bacillus subtilis bacteria

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 Mn?" 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).

35



Aims of the thesis

Aims of the thesis

The HIyA 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 TISS 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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Bacteria have evolved a diverse range of secretion systems to export different substrates across their cell enve-
lope. Although secretion of proteins into the extracellular space could offer advantages for recombinant protein
production, the low secretion titers of the secretion systems for some heterologous proteins remain a clear
drawback of their utility at commercial scales. Therefore, a potential use of most of secretion systems as pro-
duction platforms at large scales are still limited. To overcome this limitation, remarkable efforts have been made
toward improving the secretion efficiency of different bacterial secretion systems in recent years.

Here, we review the progress with respect to biotechnological applications of type I secretion system (T15S) of
Gram-negative bacteria. We will also focus on the applicability of T1SS for the secretion of heterologous proteins
as well as vaccine development. Last but not least, we explore the employed engineering strategies that have
enhanced the secretion efficiencies of T1SS. Attention is also paid to directed evolution approaches that may

offer a more versatile approach to optimize secretion efficiency of T1SS.

1. Introduction

The production of proteins is a pivotal step in their study and in their
diverse applications that was initially based on the isolation from nat-
ural resources such as animal and plant resources (Rosano et al., 2019;
Puetz and Wurm, 2019). For instance, in the 1920s insulin for diabetes
therapy was provided by isolation from pig’s pancreas (Owczarek et al.,
2019). Historically, in 1982, the production of a recombinant biophar-
maceutical, human insulin, for the first time met all the required medical
standards and quality constraints and was approved by the Food and
Drug Administration (FDA) (Johnson, 1983; Owczarek et al., 2019).
This approval is considered as a breakthrough in the introduction of a
novel technology for protein synthesis to biosciences (Owczarek et al.,
2019), Since then, recombinant protein technologies have made signif-
icant progress toward providing a variety of proteins for different ap-
plications (Owczarek et al,, 2019), and thus far the market of the
recombinant biological protein drugs has reached approximately 270
billion USD in 2019 (https://www.prnewswire.com/), representing the
vast demands on the today recombinant proteins.

For the production of recombinant proteins, a wide range of plat-
forms have been developed that originated from either prokaryotic or
eukaryotic cells, including bacteria, fungi, yeasts, insect cells, micro-
algae, mammalian cells, transgenic animals, and plants (Puetz and
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Wurm, 2019). There are limits to how efficient these production plat-
forms can be applied for a specific target protein to be produced in
optimum quality and yields yet at a reduced cost (Rosano and Ceccarelli,
2014). For instance, mammalian cells are employed for complex pro-
teins, but they grow slowly even on expensive media. In contrast, yeasts
grow faster, but the genetic instability and clonal variation are weak-
nesses of yeast platforms (Burdette et al., 2018), In principle, Escherichia
coli, a bacterial host, is often one of the first organism of choice for
producing recombinant proteins in research laboratories (Cronan, 2014)
and used in many cases in industrial scales (Huang et al., 2012). The
main reasons for this preference seem to include: (i) the short and rapid
growth cycle of this microorganism on the relatively cheap carbon re-
sources, (ii) the ability to produce a broad range of proteins in high titers
and yields, (iii) the availability of biochemical and genetical methods,
and (iv) a reduced cost of production (Jia and Jeon, 2016; Huang et al.,
2012).

Today, almost one-third of already FDA-approved recombinant
proteins - in total more than 170 unique recombinant proteins were
approved so far - are produced by E. coli, a Gram-negative bacteria,
hinting at the importance of this workhorse for recombinant protein
production (Puetz and Wurm, 2019; Sharma and Chaudhuri, 2017), A
human growth hormone, interferon-a2b, p-glucosidase, a tumor necrosis
factor, and interleukins are just a few examples of an already long list of
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recombinant proteins approved for production in E. coli (Owczarek
et al., 2019).

Despite the many and obvious benefits of using E. coli as a bacterial
host, its biotechnological application still suffers from some limitations,
for example: First, a bacteria-derived recombinant protein might be
unstable, inactive, or not properly folded due to lack of the proper
posttranslational modifications in bacteria, although a synthetic post-
translational step could overcome this weakness (Owczarek et al.,
2019). In addition, a high expression level might result in toxicity of the
target protein for the producer host (Wingfield, 2015). High expression
level of a target protein might also lead to inclusion body formation
which has been considered for a long time as a drawback of using bac-
terial hosts for protein expression (Baneyx and Mujacic, 2004)., How-
ever, there is a growing body of literature on the benefits of isolating
active proteins from inclusion body in decreased number of operational
steps and in more cost-effective approaches (for excellent reviews see
(Singhvi et al., 2020, Krauss et al., 2017) and references therein).

And last but not least, the risk of protein degradation by cytosolic
proteases, posed in general by the cytosolic expression of recombinant
proteins, should be taken into account while applying E. coli as a bac-
terial host (Baneyx and Mujacic, 2004).

Protein secretion provides solutions to overcome difficulties associ-
ated with the cytosolic expression of the recombinant proteins. Due to
the diluted total protein content outside of the cells, secretion leads to
higher solubility and stability of the target protein. Also, it results in a
reduced risk of protein degradation by cytosolic proteases (Kleiner-
Grote et al., 2018). Notably, secretion of the recombinant proteins could
be coupled with a significant reduction in the production costs owing to
simplified downstream processes (Azam et al., 2016), especially because
of no need of cell lysis and complicated refolding processes. This can be
seen in the case of long historical use of Bacillus species for producing
naturally secreted enzymes such as lipases, proteases and amylases in
high production yields- even more than 20 g/l of supernatant. However,
one should bear in mind that in contrast to the above-mentioned ex-
amples, the yields of secretion of heterologous proteins by Bacillus
species are often very low (Harwood, 1992; Pohl and Harwood, 2010;
Freudl, 2018).

All in all, at the outset, we acknowledge that the potential use of
marny secretion systems is still far away from being a potential platform
for recombinant protein production in industrial scales mostly because
of low secretion titers of those systems. In industrial scales, reaching
high production yields for secreted proteins requires large volume of
bacterial culture and concentrating culture supernatant which indeed
make the production not cost-efficient. Therefore, improving secretion
systems, especially in regard of the secretion titer, will require continued
studies. The evidence reported thus far for production of secretory
proteins by cell lines supports the idea that putting much more efforts on
secretion systems is worth and could address the current drawbacks of
using them. Supporting this view, after three decades of research on
protein production by producter cell lines, the initial production yield of
100 mg/1 monoclonal antibody has gained a yield of 10 g/1, which was
based on improving basal media, using high cell density cultures,
development of feed concentration (Kunert and Reinhart, 2016).

This review aims to provide a better understanding of biotechno-
logical applications of type 1 secretion system (T1SS). Although
reviewing different secretion systems is not the scope of this review, a
brief overview of those systems that have been already used in
biotechnological applications is provided to gain a better view of protein
secretion. For more details on those secretion systems, the reader is
directed to comprehensive reviews written recently on secretion systems
(Costa et al., 2015; Burdette et al., 2018; Anné et al., 2016).

2. Bacterial secretion systems

In the case of Gram-positive bacterial cells, the secreted protein
should be translocated across only one membrane, the plasma
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membrane, which is surrounded by a thick peptidoglycan layer (Green
and Mecsas, 2016), and in the case of Gram-negative bacteria it should
be transported across two membranes, the cytoplasmic inner membrane
(IM) and the outer membrane (OM). A peptidoglycan (murein) layer is
also located in between of two membranes (Kleiner-Grote et al., 2018).

2.1. Gram-positive bacterial cell secretion systems

Different Gram-positive bacteria such as Lactococcus lactis, Strepto-
myces lividans, Corynebacterium glutamicum, and Bacillus subtilis have
been evaluated as hosts for the secretion of recombinant proteins (Anné
et al., 2016; Freudl, 2018). Bacillus species bear great potential for the
industrial-scale production of different enzymes including lipases, pro-
teases, amylases in a product yield of up to 20 g/1, but only for their
naturally secreted proteins or proteins from close relative hosts (Freud,
2018). In many cases, not only insufficient yields but also the risk of
extracellular proteolytic degradation impose limitations for applying
Gram-positive bacteria as a secreting host. Furthermore, fewer genetic
tools, in comparison to Gram-negative bacteria, especially E. coli, are
available for handling Gram-positive bacteria (Ann¢ et al., 2016).

At least six different secretion systems have so far been identified in
Gram-positive bacteria including (i) Sec (secretion translocation
system)-pathway, (ii) twin arginine transporter (Tat)-pathway, (iii)
fimbrillin-protein exporter (FPE), (iv) flagella export apparatus (FEA),
(v) Holins, and (vi) ESAT-6/WXG100 secretion system (WSS) (Forster
and Marquis, 2012; Anné et al., 2016). Although protein translocation of
Gram-positive bacteria is not the focus of this review, a brief overview of
two translocation systems, the Sec- and Tat- pathway, that have been
commonly applied for biotechnological application is provided. The Sec-
pathway and the Tat-pathway are found in both, Gram-positive and
-negative bacteria (Green and Mecsas, 2016).

Sec-pathway: this pathway exports its cognate proteins in an
unfolded state either co-translationally or post-translationally. In the co-
translational export pathway, precursor proteins are recognized earlier
during their synthesis at ribosomes by a signal recognition particle
(SRP). Interacting SRP and its dedicated membrane receptor, called FtsY
receptor, brings the ribosome-nascent chain complex close to the
membrane. Thereafter, the complex is redirected to the transmembrane
SecYEG channel, and the remaining part of the nascent chain is syn-
thesized and exported through the channel (Fig. 1-A) (Peng et al., 2019).

In the post-translational mode, the fully synthesized precursor pro-
tein maintains in an unfolded state by interacting with cytosolic proteins
such as chaperon proteins, mainly SecB (Fig. 1-B). The precursor protein
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Fig. 1. Simplified protein export pathways by the Sec system. A) The co-
translational export mode of the Sec pathway: In this route, the ribosome
plus nascent chain (RNC) complex is recognized by the SRP. Thereafter, the
RNC-SRP complex is directed to the SRP-receptor, FtsY, in the membrane, and
then while the ribosome is close to the SecYEG channel, the RNC complex is
exported and the secretion signal is cleaved during or after transport. B) Post-
translational export mode of the Sec pathway: Sec-dependent substrates stay
associated with post-translationally interacting proteins such as common
chaperone, SecB, and handed over to the ATPase SecA. Thereafter, this complex
is redirected to the SecYEG channel while the SecDF provides a pulling force.
The secretion signal is cleaved during or after transport. All figures used in this
review were developed by Biorender (BioRender.com/).
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is then translocated through the SecYEG channel with the motor protein,
SecA powered by ATP hydrolysis (Peng et al., 2019; Freudl, 2018). Due
to the limited translocation capacity of the Sec-pathway, overexpression
of the target proteins leads often to the formation of inclusion bodies and
accordingly reduced yield of secreted protein. To avoid this problem,
overexpression of translocation-involved proteins was reported as a
solution (Kleiner-Grote et al., 2018). Furthermore, the Sec-pathway has
limitation to export proteins that fold rapidly in the cytosol (Walker
et al., 2015).

Tat-pathway: This pathway is the second major secretion route used
by many bacteria. It exports proteins across the plasma membrane using
the energy derived from the proton motive force (PMF). The exported
proteins are completely folded and in their native oligomeric state and
along with their cofactor. The Tat-pathway is capable of exporting a
wide range of substrates including relatively complex substrates.

The source of obtaining energy, PMF, as well as the secretion ca-
pacity of the Tat-pathway, which is lower than the Sec-pathway due to
the lower number of Tat translocons in the membrane, are limiting
factors for Tat-pathway dependent secretion (Fig. 2) (Kleiner-Grote
et al., 2018; Anné et al., 2016; Walker et al., 2015).

2.2, Gram-negative bacterial cell secretion systems

Extensive knowledge of the genetics of Gram-negative bacteria, as
well as the availability of many genetic tools for handling these bacteria
made them in principle more attractive for biotechnological purposes
(Anné et al., 2016). The presence of lipopolysaccharides (LPS), however,
can cause an immune response and need to be removed (Mack et al.,
2014).

The secretion systems of Gram-negative bacteria are classified into
two different classes based on the fact that the substrates either bypass
or enter the periplasmic space and are consequently named one-step and
two-steps secretion systems, respectively. Among the seven different
secretion systems identified so far, six have been applied for the secre-
tion of heterologous proteins listed as T1SS, T2SS, T3SS, T4SS, T5SS, and
T8SS (Burdette et al., 2018). Table 1 summarizes some features of these
systems.

2.2.1. Two-step secretion systems
For these two-step systems, T2SS and T5SS, substrates are exported

F
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Table 1
Comparison of the applied bacterial secretion systems for the biotechnological
applications.

Secretion Cleavage of  Release location Structural
signal the S8 complexity
One-step
system
T1SS C-terminal No Medium Low
T35S N-terminal ~ No Into a target cell High
T4S§ Diverse Diverse Intoa target cell  High
(Diverse)
Two-step
system
T28S N-terminal Yes (most Periplasm and High
cases) then medium
T58S N-terminal Partial Periplasm and Low
then medium
T8SS N-terminal No Anchored to the Low

outer membrane

first into the periplasmic space by using either the Sec- or/and Tat-
pathway, and thereafter across the outer-membrane through a dedi-
cated channel (Costa et al., 2015). Cognate substrates of the two-steps
systems have two fates, either releasing to the supernatant or display-
ing on the bacterial surface. Please note that the T2SS is the only export
route for exported Tat substrates (Nivaskumar and Francetic, 2014).

In addition to two mentioned secretion systems, some microor-
ganism, in particular pathogenic bacteria, have developed another way
of secretion which also operates in two steps but only with two invelved
proteins: a transporter protein and an exoprotein. Noted that each
transporter is dedicated to a specific exoprotein. The way of secretion is
known as two-partner-secretion (TPS) and can be found in different
bacteria such as Bordetella pertussis and Serratia marcescens for secretion
of the filamentous haemagglutinin (FHA) and Ca®’-independent he-
molysin, respectively (Jacob-Dubuisson et al., 2001). It should be
mentioned that FHA has been used as a heterologous antigen delivery
system to induce the mucosal immune response (Renauld-Mongenie
et al., 1996).

The T2SS has a complicated architecture consisting of 15 compo-
nents, the structural and biochemical features of some of these compo-
nents are still unknown (Fig. 3) (Green and Mecsas, 2016; Costa et al.,
2015). The functionalities of T2SSs in the related bacteria are nutrient
acquisition by secreting hydrolytic enzymes, toxicity, mobility, respi-
ration, and biofilm formation. Bacterial species living in extreme envi-
ronments secrete stable proteins using T2SS (Nivaskumar and Francetic,

Fig. 2. Protein export by the Tat system. Tat substrates harbor an N-terminal
secretion signal and fold beforehand in the cytosol and if required, a cofactor is
also added prior to secretion. The secretion signal is cleaved off during trans-
port through the membrane by the SPase. The TatB-TatC complex recognizes
the secretion signal. The TatA complex translocases the substrate through
the membrane.

Fig. 3. Protein export via T2SS. In the first step, proteins are exported to the
periplasmic space either by the Sec pathway or the Tat pathway. In the second
step, the substrates enter the T2SS apparatus and are exported across the
outer membrane.
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2014).

Remarkably, T2SS substrates play important roles in pathogenicity of
the harboring bacterial cells. This have been seen in many cases,
including: the protease pseudolysin, cholera toxin, and heat-labile
enterotoxin secreted by Pseudomonas aeruginosa, Vibrio cholerae, and
enterotoxigenic E. coli, respectively (Yang et al., 2015; Reichow et al.,
2010).

The T5SS exports proteins to the extracellular media preceded by
secretion through the IM via the Sec-pathway in which the proteins’ N-
terminal secretion signal is cleaved off after passing the membrane. The
substrates of this system have a unique property that, unlike other
substrates of other secretion systems, the substrate and dedicated
p-barrel domain are fused, subsequently the p-barrel inserts into the
outer membrane and forms a channel, and thereafter substrate can be
exported through it (Fig. 4). The passenger domain remains attached to
the translocation domain or is cleaved off after secretion (Van Ulsen
et al., 2014; Gawarzewski et al., 2013).

The surface display property of this system offers advantages for
applying it in live vaccine development, whole-cell biocatalysis, bio-
absorbent, biosensor development, epitope mapping, and protein li-
brary screening. The biotechnological application of this system has
received less attention because of its limitations of heterologous sub-
strates which can be included and the low secretion yields (Van Ulsen
et al., 2014).

2.2.2. One-step secretion systems

One-step secretion systems (T1SS, T3SS, T4SS, and T6SS) secrete
substrates across the bacterial envelope in one step into the extracellular
space or into a target cell.

T1SS and T3SS translocate proteins in a partially or completely
unfolded state from the cytosol to the extracellular space (T1SS) or
cytosol of the host (T3SS). Subsequently, the secreted protein can fold
properly in the supernatant even if disulfide bridges are required
(Schwarz et al., 2012a; Burdette et al., 2018).

The structure of the T3SS system, which is highly conserved among
Gram-negative bacteria, such as Salmonella, Shigella, pathogenic E. coli,
and Pseudomonas, consists of a multi-ring needle complex, inner mem-
brane complex, and a set of cytosolic proteins that provide the energy of
secretion (Costa et al., 2015)(Fig. 5- A). For a high-resolution structure
of the T3SS nanomachine, injectosome, of Salmonella see the recently

Fig. 4. Protein export via T5SS. The translocation domain and the substrate
remain fused during secretion across the inner membrane. The translocation
domain inserts in the outer membrane, then the substrate is either cleaved off
autonomously or remains attached.
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Fig. 5. Protein export via A) T3SS: the transport through T3SS occurs in one
step from bacterial cytosol to eukaryotic host cytoplasm. The secretion
sequence is located at the N-terminus of the substrate and is not cleaved off
during or after secretion. B) T4SS has ability to translocate DNA and protein
into target cells. This system contains three ATPases (VirB11, VirD4, and
VirB4). The pilus of this system consists of VirB2 and VirBS which extends to
the extracellular space.

SctR/S/T/U

published cryo-electron tomography structure (Hu et al., 2017).

T3SS shows a unique delivery behavior that makes it attractive for
many biomedical applications. The substrates of T3SS are exported
directly into a target cell by passing through the multimeric needle-like
structure of this secretion system (Bai et al., 2018). Induction of T3SS
initiated by cell-cell contact between the host and bacterial cell results in
protein delivery into the host-cytosol. However, low calcium ion con-
centration of the environment (Yersinia) (Heesemann et al., 1986) or
altering pH (Salmonella SPI-2) (Yu et al., 2010) promotes the secretion
of T3SS effectors into the surrounding environment. The mechanism of
secretion of this system has been investigated in great details, but will
not be covered in this review. Rather we refer to other excellent reviews,
for example (Bai et al., 2018; Abrusci et al., 2014).

T3SS acts as a virulence factor in many pathogenic bacteria causing
different plant or animal infections. Therefore, making use of this
secretion system in biotechnological purposes, requires an attenuation
of the bacterial pathogen. This can be achieved through extensive ge-
netic alterations. Some of the already recombinant attenuated strains for
using this system include: Salmonella typhimurium, Yersinia species, and
P. aeruginosa (Bai et al., 2018). There are many examples of applying
T3SS for a delivery of antigenic peptides and proteins into diverge target
cells for different aims, e.g. vaccination, induction of immune response,
genome editing, cancer immunotherapy, etc. (Bai et al., 2018). Although
extensive research has been carried out on T3SS, still some of the limi-
tations of using this system in biotechnology should be addressed such as
low translocation efficiencies of some foreign proteins and toxicity of the
delivery system (Burdette et al., 2018).

The ability to translocate DNA, in addition to proteins and other
macromolecules, makes the superfamily of T4SS unique among other
bacterial secretion systems (Fig. 5-B). T48Ss play an important role in
conjugation of DNA and spreading of DNA-plasmids between bacteria.
Although the conjugation is promoted by cell-to-cell contact, but there
are also examples representing that a few T4SSs import or export DNA
independent of such interactions which causes the release of macro-
molecule into the extracellular medium. The functionality of these
bacterial systems mediate pathogenicity of some microorganisms such
as Helicobacter pylori and Legionella pneumophila (Costa et al., 2021;
Costa et al., 2015).

Interestingly, while T45Ss commonly translocate their dedicated
substrate in one step from cytosol, the secretion of pertussis toxin across
T4SS present a two-step mechanism (Verma and Burns, 2007). Research
in recent years has provided a deeper insight into the functionality,
mechanism, and structure of T4SS and comprehensive reviews have
been published highlighting the recent progresses on this system (Costa
et al., 2021; Grohmann et al., 2018).
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3. Type 1 secretion system

Type 1 secretion systems are widespread in Gram-negative bacterial
cells and secrete a wide range of substrates with different size and
functionality that have different roles in bacteria ranging from nutrient
acquisition to bacterial pathogenicity (Kanonenberg et al., 2018). In
terms of structure, T1SS has a relatively simple architecture compared to
other secretion systems. T1SS spans both membranes and periplasmic
space with only three compartments listed as follows: an ATP-binding
cassette (ABC) transporter, a membrane fusion protein (MFP), and an
outer membrane protein (OMP) (Fig. 6) (Holland et al., 2016). These
proteins present a multimeric structure and all together form a trans-
membrane tunnel spanning both inner and outer membranes for trans-
porting an unfolded substrate from the cytosol to the extracellular space.
ABC transporters belong to a superfamily of membrane proteins found in
all domains of life with the ability to hydrolyze ATP providing the en-
ergy for transport; T18S is assumed to involve the PMF as the energy
source (Bumba et al., 2016; Koronakis et al., 1991), The secreted pro-
teins are transported by electrophoretic movement of negatively
charged RTX polypeptide along the gradient of negative membrane
potential (Bumba et al., 2016).

3.1. Protein charge and secretion of T1SS

Interestingly, all known natural substrates of ABC transporter have
very acidic isoelectric points (pI) taking negative charge at neutral pH
(Delepelaire, 2004). Byun et al. also reported that proteins that are
highly negatively charged in overall are secreted efficiently (Byun et al.,
2017). One obvious explanation might be the PMF, which is the elec-
trochemical gradient of protons and charges across the phospholipid
bilayer membranes. The inside negative potential of the membrane
might favor the secretion of negatively charged proteins but positively

a OMP

transporter

Fig. 6. Protein export via T1SS. The apparatus of T1SS consists of the ABC
transporter plus MFP in the inner membrane and an OMP. The export is in one
step from the cytosol to the extracellular space. The secretion signal is at the
extreme C-terminus (highlighted as an ellipse in the cartoon) of the substrate
and is not cleaved off during or after the secretion. Note that the oligomeric
state of the MFP (drawn here as a dimer) is unknown, but likely a hexamer
although experimental evidence points to a trimer (Balakrishnan et al., 2001).
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charged proteins might receive an extensive electrostatic force from the
membrane potential (Rempel et al., 2019). There are two proposed
models for ABC transporter’s mechanism. One is the Brownian ratchet
model, primarily powered by the calcium ion-dependent folding of the
p-helix of the RTX domain (Bumba et al., 2016; Kanonenberg et al.,
2018; Hepp and Maier, 2017). In the Brownian ratchet mechanism, the
free Brownian motion of the polypeptide substrate is biased toward
secretion by a mechanism that prevents backtracking of the substrate,
which is the Ca®*-dependent folding of the C-terminal secretion signal
(Bumba et al., 2016). In contrast to the Brownian ratchet mechanism, in
HlyA, after two hours of secretion, the secretion rate is independent on
the extracellular Ca®* concentration. Therefore, the Brownian ratchet
mechanism is not operational for HlyA. However, Ca>" is important for
proper folding and stability of HlyA (Lenders et al., 2016).

The transporter’s input energy, which is ATP for the T1SS, is used to
reset the transporter into the initial state whenever the transporter gets
stuck. It is noteworthy, however, that there was some evidence that
pointed against the concept of membrane potential taking a role in the
ABC transporter’s secretory mechanism, as the membrane potential was
not affecting the rate of secretion in some cases (Kanonenberg et al.,
2018). The other one is the “power stroke™ model, which forces the
substrate to move from one side of the membrane to the other via a series
of conformational changes by ATP (Rempel et al., 2019). In this model,
ATP binding, which initiates the inward-facing to outward-facing tran-
sition, is stoichiometrically coupled to substrate translocation (Stefan
et al., 2020). It is still elusive which model is correct.

3.2. Characteristics of T1SS substrates

The impressive variety of T18S substrates results not only from their
role in different bacterial functions, from nutrient acquisition to the
bacterial pathogenicity (Kanonenberg et al., 2018), but also from their
diverse sizes, for instances the hemophore HasA from S. marcescens
(Letoffe et al., 1994) with a size of only 19 kDa to the adhesion factor
LapA from Pseudomonas fluorescence with a size of 520 kDa (Boyd et al.,
2014).

Thomas et al. classified the native substrates of T18S into 6 classes
based on their functionality as follows: Heme-binding, RTX toxins,
proteases, lipases, adhesions, and S-layer proteins (Thomas et al.,
2014b). Notwithstanding such differences, T1SS substrates -exceptions
may occur- show some properties in common as follows:

1) Substrates are transported in a single-step secretion strategy from the
cytosol to the medium (Thomas et al., 2014a; Thomas et al., 2014b),
however, recent research on the giant RTX adhesin LapA of
P. fluorescens Pf0-1 introduced a distinct subgroup of T1SS. Secretion
of LapA occurs in a two-step secretion strategy since LapA first re-
mains on the cell surface via a cognate outer membrane protein and
can be released from cell surface at a later stage (Smith et al., 2018).

2) The next feature of almost all T1SS substrates is related to the
secretion signal, which is detected by the dedicated ABC transporter.
The majority of T15S-dependent substrates harbor an uncleavable C-
terminal secretion signal, which is not cleaved while or after secre-
tion. One of the stated exception for having C-terminal secretion
signal is the bacteriocin colicin V with a secretion signal at the N-
terminal end, which is cleaved during secretion although the secre-
tion is dependent on a T1SS (Holland et al., 2016).

3) T1SS substrates are secreted in an unfolded state to pass through a
narrow tunnel. One has to note that HasA protein requires a cyto-
plasmic chaperone, SecB, for its efficient secretion (Holland et al.,
2016).

4) Another common property of T1SS substrates is the presence of a
repetitive Glycine- and Aspartate-rich sequence, also known as either
nonapeptide sequence or GG repeats, upstream of the secretion
signal having the GGxGxDxUx consensus sequence in which x can be
any amino acid and U refers to a large hydrophobic amino acid. The
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presence of this sequence brings about the name of a group of T1SS
substrates called RTX (repeats in toxins) family, a superfamily of
proteins produced by Gram-negative bacteria. The RTX is a site for
the binding of Ca®* ions triggering the folding of a substrate in the
extracellular space where the Ca®* concentration is much higher
than the cytoplasm. The number of RTX repeats can be less than eight
to more than forty repeats in different proteins and exceptionally
none for HasA protein and the bacteriocin colecinV (Holland et al.,
2016; Kanonenberg et al., 2018; Linhartova et al., 2010).

A subfamily of large repetitive RTX proteins are known as
multifunctional-autoprocessing RTX (MARTX family) toxins that in-
cludes extremely large polypeptides with size of 5000 to 9000 kDa. The
members of MARTX family are encoded in chromosomal islands in
human pathogens such as Vibrio cholerae. It has been predicted that most
of MARTX members are secreted by a T1SS that consists of a hetero-
dimeric ATPase complex. For instance the MARTX from V. cholerae re-
quires the ATP hydrolysis by two ABC transporters, RtxB and RtxE
(Boardman and Fullner Satchell, 2004; Satchell, 2011).

3.3. Molecular model of the secretion through T1SS

Since the mechanism of secretion has been studied in more detail for
the Hly system rather than other type 1 secretion systems, the model of
secretion through Hly system is discussed herein. Upon interaction of
HlyA with its cognate inner membrane complex, consisting of HlyB and
HIyD, the recruitment of the outer membrane protein, TolC, occurs.
Consequently, all three membrane proteins form a channel tunnel
redirecting HlyA, C-terminus first, in an unfolded state to the exterior.
After completing one cycle of secretion, TolC leaves the complex -yet the
inner membrane complex remains assembled waiting for the next cycle
of secretion (Holland et al., 2016). First, Letoffe et al. (1996) provided
evidence suggesting that the assembly of T1SS components for the
secretion of T1SS substrates, PrtC and HasA from Erwinia chrysanthemi,
occurs within an ordered reaction, and overall secretion process is
promoted by the interaction of the substrates and their cognate ABC
transporters (Letoffe et al., 1996). Later on, Thanabalu et al. proved that
HlyB forms a complex with HlyD then assembles with TolC upon sub-
strate binding (Thanabalu et al., 1998).

To investigate the direction and rate of secretion through HlyA
secretion system, a stalled system was used. In the stalled system, the C-
terminal end of HlyA can be detected on the cell surface by using an
HlyA specific polyclonal antibody and a Cy3-fluorophore labeled sec-
ondary antibody confirming this concept that the secretion through
T1SS is directional and the C-terminus exits first from the T1SS channel
tunnel (Lenders et al., 2015). To determine the secretion rate, the
number of active HlyA secretion system in E. coli was estimated by the
application of stalled T1SS which resulted in an average number of 4554
+ 1616 active transporter per cell (Lenders et al., 2016), The rate of
secretion through T1SS is approximately 16 amino acids per second per
transporter. Pieces of evidence also were provided by Lenders et al.
showing that the secretion rate in the case of HlyA secretion system is
independent of the size of the substrate, the absolute number of GG
repeats, as well as ca®* concentration of medium (Lenders et al_, 2016).

3.4. Folding rate of protein is an important factor of secretion by T1SS

One point which should be taken into consideration while planning
for heterologous protein secretion through the T1SS is that, although,
the size of heterologous protein has no impact on the secretion effi-
ciency, the folding rate of the fused protein is the determinant index for
successful secretion. Bakkes et al. fused HlyAl to three versions of
maltose-binding protein (MalE) with different folding rates, resulting
from various mutations. As their data showed, a significant different
secretion level between the wild-type and mutant MalEs was observed.
These differences were related to the folding rate. According to Bakkes
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et al., a MalE protein with the lowest folding rate showed the strongest
secretion level compared to other MalEs (Bakkes et al., 2010). Another
example of how the folding rate affects secretion level was illustrated for
the intestinal fatty acid-binding protein (IFABP), The IFABP containing a
mutation causing slow-folding kinetics (G121V mutant) could be
secreted through T1SS when it was fused to HlyAl, although the wild-
type of this protein could not be secreted (Schwarz et al., 2012b;
Schwarz et al., 2012a). Overall, these case studies support the view that
the fast-folding rate of a substrate in the cytosol is a limiting factor for
secretion through T1SS since a fast-folded protein could block the
translocation channel and could not be secreted through it. Although, it
is apparent from the performed experiments that the cytosolic folding
rate of a protein dictates the possibility of secretion but lack of either a
laboratory assay or computational approach for determining the folding
rate of a protein does not allow any priori prediction of successful
secretion.

For those proteins for which a slow-folding version is not available, a
directed evolution approach could be an option for identifying muta-
tions that decrease the folding rate. However, these methods are time-
consuming and costly. One other suggested solution is using a destabi-
lizing domain in front of the target protein sequence. This solution was
then assayed for IFABP protein using a ddFKBP, an eukaryotic desta-
bilizer in front of IFABP gene, nevertheless, no significant correlation
was found between applying the destabilizer and the secretion efficiency
of T1SS in this study (Schwarz et al., 2012a; Schwarz et al., 2012b).

3.5. Biotechnological application of T1SS

The exploitation of a T1SS for biotechnological applications has been
taken into consideration, because of the ability of the T1SS to secrete a
wide variety of proteins as well as easy plasmid-based expression of the
T1SS components (Burdette et al., 2018). The main T18S systems that
have been developed and applied frequently for biotechnological pur-
poses are discussed below. The biotechnological application of T18S has
been focused mainly on two general areas including heterologous pro-
tein secretion and vaccine development (Kanonenberg et al., 2018) but
it will extend more to useful biologics (Nguyen et al., 2021) including
hormones, and growth factors (Chung et al., 2009). Biocatalysts using
enzymes (Jaeger et al., 1999) or whole cell biocatalysts (Son et al., 2012)
and biosensors using receptors or adhesion molecules (Barlag and
Hensel, 2015) will also be made possible using the proteins produced by
T1SS.

3.5.1. Main T1SS machineries for the biotechnological applications

Main T1SS machineries that have been applied so far to achieve
secretion of recombinant proteins are the HlyA system from E. coli
(Khosa et al., 2018; Schwarz et al., 2012a; Schwarz et al., 2012b), the
TIiDEF system from P. fluorescens (Ahn et al., 1999; Park et al., 2020;
Park et al., 2012), and the PrtDEF system of E. chrysanthemi (Ghigo and
Wandersman, 1994; Palacios et al., 2001).

3.5.1.1. TIDEF system from P. fluorescens. TliDEF was identified by Ahn
in 1999 (Ahn et al., 1999) and consists of three proteins: TLiD (ABC
transporter), TIiE (MFP), and TIiF (outer membrane factor) (Park et al.,
2020). Natively, the TIiDEF system secretes a thermostable lipase, TliA,
in a temperature range from 20 °C to 25 °C (Ahn et al., 1999), optimal
for cell growth of P. fluorescens (Park et al., 2012). A study by Eom re-
ported that the temperature-dependent secretion of P. fluorescens at
30 °C recovered by a single mutation in one of the transmembrane
domain of the TIiD (Eom et al., 2016b). P. fluorescens is classified as a
biosafety level 1 bacteria and several reliable platforms were developed
for expressing recombinant proteins in this microorganism (Retallack
et al., 2012). Another advantageous of using this bacteria is that unlike
E. coli, P. fluorescens does not produce acetate during fermentation
(Retallack et al., 2012).
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Concerning the recognition of the passenger protein by the ABC
protein, a C-terminal domain of TliA composed of roughly 103 residues
harboring 6 RTX repeats, known as LARD3, was reported to be sufficient
for an efficient secretion not only in P. fluorescens but also in E. coli (Park
et al., 2012). In another case study, the C-terminal region of another
Pseudomonas lipase, MIS38 lipase (PML) was successfully used for
redirecting the E. coli alkaline phosphatase by a heterologous T1SS in
E. coli even when the C-terminal domain was lacking all its 12 RTX re-
peats (Angkawidjaja et al., 2006).

In 2015, Ryu et al. established a new vector for P. fluorescens
encoding genes for the ABC transporter, which was applied successfully
for the secretion of GFP and alkaline phosphatase in this bacterial host
(Ryu et al., 2015). The TIiDEF system is used as an alternative for pro-
ducing bacteriotoxic proteins such as bacterial phospholipase A1, which
was previously verified to hamper the expression in other bacterial cells
(Park et al., 2020). These examples verify efforts to achieve improve-
ments of the application of the TIiDEF system for recombinant protein
production.

3.5.1.2. PrtDEF system of Erwinia chr i natively
secretes a degradative metalloprotease by a T1SS, named PrtDEF sys-
tem. It consists of two associated inner membrane proteins, PrtD and
PrtE, and one outer membrane protein, PrtF. Studies on the proteases
from E. chrysanthemi show that the secretion signal localizes to the G-
terminus and is located within the last 50 amino acids, but in the case of
PrtG protease the last 29 amino acids are recognized as the secretion
signal for efficient secretion. In addition to the secretion signal, the
presence of the RTX domain is critical for the secretion. The PrtDEF
system was employed successfully for the secretion of a subset of hybrid
eukaryotic proteins but interestingly just in the case of proteins lacking
disulfide bonds (Palacios et al., 2001; Ghigo and Wandersman, 1994).

E. chry

3.5.1.3. HIyA secretion system of E. coli. The most prominent T1SS of
uropathogenic E. coli is the HlyA secretion system, which was the first
described in 1979 (Noegel et al., 1979) and is likely the most studied
T1SS. The apparatus of this system consists of HlyB (ABC transporter),
HlyD (MFP), and TolC (outer membrane protein). The substrate of this
system is HlyA, a member of the RTX family with a size of 110 kDa (Spitz
et al., 2019) and with the ability to lyse for example erythrocytes among
other cell types (Noegel et al., 1979). The encoding genes of HlyA
secretion system, except for TolC, are located in an operon called the hly
operon where the fourth gene, encoding for HlyC, is also located. HlyC is
not essential for the secretion process, but required for activation of
HIyA by acylation of two internal lysine residues of the unfolded HlyA
prior to secretion (Khosa et al., 2018).

HlyB, the ABC transporter, resides in a dimeric state in the inner
membrane. Data on the topology of HlyB, provided mostly by co-
construction studies, shows the presence of a transmembrane domain
(TMD) composed of six hydrophobic transmembrane helix (TMHs), a
hydrophilic nucleotide-binding domain (NBD), plus a cytosolic N-ter-
minal domain, known as C39-peptidase-like domain (CLD) per monomer
(Kanonenberg et al., 2019; Thanabalu et al., 1998; Lecher et al., 2012).
Concerning the latter one, unlike other canonical ABC transporters,
HlyB contains a CLD domain that shows about 40% homology to C39
peptidase (a cysteine protease), despite no known proteolytic activity
(Lecher et al., 2012). Lecher et al. observed a specific interaction be-
tween the CLD domain and unfolded substrate notably not within its
secretion signal. This observation led to the speculation that CLD may
play a role in the positioning of HlyA into the secretion complex (Lecher
et al., 2012). The NBD not only plays an important role in providing
energy of the transport by hydrolyzing ATP but it was also proposed that
NBD takes part in one of the early steps of the secretion process by
recognition of the substrate, which occurs upon a specific interaction
between NBD and C-terminus of HlyA (Benabdelhak et al., 2003).

HlyD together with HlyB forms the IM complex of HlyA secretion
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system. Although a trimeric state for HlyD was suggested by the Kor-
onakis laboratory in 2001 (Balakrishnan et al., 2001), a hexameric state
for HlyD in the membrane was suggested later based on several lines of
evidence from other MFP analogues (Holland et al., 2016). However, the
oligomeric state of this protein is still an open question.

HlyD has a short cytoplasmic region by a size of 60 residues that
initializes the assembly of secretion complex upon interaction with HlyA
(Pimenta et al., 1999; Schtilein et al., 1992). By deletion of this cyto-
plasmic region, however, HlyD can still be inserted into the inner
membrane (Balakrishnan et al., 2001). A single o-helical domain span-
ning the inner membrane, an «-helix-periplasmic domain, plus a large
p-strand C-terminal domain comprise the other part for the MFP. Based
on data from beta-lactamase fusion as well as cellular fractionation
analysis, it revealed that HlyD has only one single transmembrane
domain (Holland et al., 2016).

The outer membrane component of the HlyA secretion system is TolC
that also evolves in 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 represents a homotrimer state that forms a
channel with a length of 140 A residing in the periplasmic space. Peri-
plasmic part of each protomer of TolC protein consists of two internal
repeats of a-hairpin forming a very long a-barrel and then all three
protomers form a 12 p-strands in the transmembrane part, and thereby
the exit route to complete the secretion (Koronakis et al., 1997; Jo et al.,
2019; Anderson et al., 2000).

A 23-kDa C-terminus fragment of HlyA, known as either HlyAl or
HlyAc can be employed for secretion purposes. This observation by
Nicaud et al., 1986 was a turning point stressing the possibility of T1SS
application for the secretion of heterologous proteins (Nicaud et al.,
1986). In 1987, Mackman reported that the E. coli HlyA secretion system
can secrete OmpF protein fused to HlyA1 highlighting HlyA T1SS as an
efficient system for protein secretion applications (Mackman et al.,
1987). Since then, this system has been used for secreting not only
different prokaryotic proteins but also proteins from eukaryotic origins
(Schwarz et al., 2012b).

3.5.2. Heterologous protein secretion

T1SS can be used as an interesting platform for the secretion of a
wide variety of proteins with different importance for industrial and
pharmaceutical applications. Up to now, several studies have reported
utilization of T1SS for expressing enzymes with industrial importance
such as cutinases (Su et al., 2012), lipases (Eom et al., 2014a), metal-
loproteases (Eom et al., 2014Db), and alkaline phosphatases (Angka-
widjaja et al., 2006).

Lipases are natural substrates of T1SS with high importance in in-
dustrial applications. Lipase family 1.3 is an important class of lipolytic
enzymes secreted natively through T1SS of so far only two genera of
bacteria, Pseudomonas and Serratia. Some of lipase family 1.3 have been
secreted successfully through a heterologous T1SS. For instance, the
lipase from Pseudomonas sp. MIS38 can be secreted through recon-
stituted T1SS from S. marcescens Sr41 in E. coli (Kwon et al., 2002). A
number of case studies on secretion of different proteins through T1SS
are listed in the Table 2.

Although, comparison of the secretion level of heterologous proteins
secreted through T1SS with of some other secretion system, e.g. 20 g/1
for Bacillus species (Pohl and Harwood, 2010) confirms a low yield of
secretion for T1SS, one should stress that an efficient high-titer expres-
sion of peptides and small proteins, more than 2 g/l, was reported only
recently by using T1SS in a cost-efficient approach (Nguyen et al., 2021).
This suggests that further optimization might be possible.

3.5.3. The potential use of T1SS for vaccine development

Secretion and screening of antibodies: There are relatively few
published studies on the usage of T1SS for antibody secretion, although
the early example on this application dates back to 1990s study of
Holland et al. for the secretion of both antibody domains, Fv and Fab
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Table 2
A list of heterologous proteins secreted by T1SS, n.r.: not reported.
Substrate Secretion Host cell Secretion Application Ref.
signal titer
Therapeutic application
Nanobodies HlyAs E. coli 0.3-1.3mg/  Sereening and easy purification of Nbs (Ruano-Gallego et al.,
1 2019)
Prostate specific antigen HiyA, Salmonella enterica serovar nr. Prevention of tumor growth in mice (Fensterle et al., 2008)
HIyA HlyA, Salmonella typhi 1-4 mg/l Live bacterial vaccine (Gentschev et al,,
2004)
C-Raf HlyA, S. enterica serovar 2-3mg/1 Cancer therapy in mice (Gentschev et al.,
2005)
Immunoglobulin VHH HlyA, E. coli ~ 2mg/l Correct protein folding and dimerization  (Fraile et al., 2004)
Human interleukin —6 HlyAs Salmonella typhimurium nr. Mice immunization against bacterial LPS (Li et al., 2003)
Helicobacter pylori antigen HlyA, E. coli ~1mg/l Generation and detection of (Spreng et al., 2000a)
immunogenic antigens
Heterologous microbial antigens HlyA, E. coli and Salmonella aroA nr. Antigen-delivery systems (Gentschev et al.,
1996)
PagC, of S. typhimurium HlyA, E. coli 0.75 mg/1 Generation and identification of (Mollenkopf et al.,
Salmonella specific antibodies 1996)
Shiga toxin B-subunit HiyA; Salmonella typhimurium nr. i pecific immune resp in (Su et al,, 1992)
mice
Industrial application
Cutinase HlyAs E. coli 1.5 mg/ml 2.5 folds higher than T25S (Su et al., 2012)
Alkaline phosphatase C-terminal of E. coli carrying the S. marcescens 10 mg/1 Secretion through a heterologous T155 (Angkawidjaja et al.,
PML lipase system 2006)
Serratia proteamaculans Cognate signal ~ P. fluorescens 789 mg/1 Secretion through a heterologous T15S (Eom et al., 2014b)
Metalloprotease
Cyclodextrin glucanotransferase HlyA, E. coli 0.58 mg/1 Optimizing secretion (Low et al., 2011)
endo-f-1, 4 mannanase From lipase E. coli 4.65 mg/1 Secretion through a heterologous T15S (Eom et al., 2016a)
(THA)
Different proteins/peptides of interest of interest
Teriparatide HIyAs E. coli >2g/1 Cost-efficient industrial production of (Nguyen et al., 2021)
peptides
Intestinal fatty acid binding protein HlyA, E. coli 1 mg/1 Secretion of eukaryotic protein (Schwarz et al.,
(IFABP) 2012a)
A major capsid protein of a fish HlyA, E. coli 0.4 mg/1 Live vaccine against viral pathogens in (Yang et al., 2008)
pathogen Fish
f-Lactamase HlyAs E. coli 5 mg/1 Secretion of mature folded protein (Chervaux et al.,
1995)
S. marcescens HasA Cognate signal  E. coli nr. Secretion through a heterologous T1SS (Letoffe et al., 1994)
Glycoprotease HlyA, E. coli nr. Suitable for use in vaccine trials (Lo et al., 1994)
kinase (Ske) from HIyA, E. coli nr. (Kern and Ceglowski,
equisimilis 1995)
Cytoplasmic protein dihydrofolate HlyAs E. coli (Nakano et al., 1992)
reductase (DHFR)
Antibody production
IgA VH and IgA VL HlyA, E. coli 0.1 mg/1 (Holland et al., 1990)
Single-chain Fv antibody HlyAs E. coli 1-2 mg/1 (Fernandez et al.,

2000)

fragments, of a murine (Mus musculus) immunoglobulin using the HlyA
secretion system (Holland et al., 1990). According to another study
performed by Ferndndez et al., the active single-chain Fv antibodies
(scFvs) secreted through the HlyA secretion system into culture super-
natant can be stored for some while or used directly in a variety of im-
munoassays without further purification steps (Fernandez et al., 2000).
It has been shown that T1SS can be applied also for the generation of
monoclonal and polyclonal antisera against specific proteins. This was
exemplified by the fusion of an outer membrane protein of Salmonella
typhimurium, PagC, to HlyAl. The secreted PagC-HlyAl was easily iso-
lated and used to generate either polyclonal or monoclonal anti-PagC
that could specifically detect Salmonella in immunological assays (Mol-
lenkopf et al., 1996).

Nanobodies are single-domain antibodies derives from the heavy-
chain-only antibodies from the serum of camelids. The production of
nanobodies has attracted significant scientific attention because of their
usage in wide variety of applications such as protein crystallography,
cell biology, diagnostics or therapy of human diseases. Successful
secretion of nanobodies is an interesting approach facilitating not only
the purification process but also providing a platform for screening of

nanobodies against a specific antigen (Ruano-Gallego et al., 2019). Only
recently, it was reported that the HlyA secretion system can be used as a
secretion platform for the secretion and screening of a large diversity of
nanobodies. The culture supernatant can be used without any further
purification in a screening system for the detection of antigen-binding
nanobodies. Interestingly, the secreted Nb-HlyAs contain the disulfide
bonds between the cysteine pairs although the reduced forms of cyste-
ines are expected in the cytoplasm of bacteria. This finding also indicates
that the nanobodies were oxidized during or after secretion by an un-
known mechanism (Ruano-Gallego et al., 2019).

Live antigen-delivery systems based on T1SS: Among different
secretion systems, the T1SS could stand as a perfect carrier for the de-
livery of antigens in different Gram-negative attenuated bacteria. T1SS
offer a very interesting area of application for antigen production and
antigen delivery in the form of live vaccines. Attenuated live vaccines
secreting a specific antigen are highly effective in the immunization of
animals and humans, because secreted antigens are accessible to the
host immune system without any need of disintegration of the bacterial
cells. Furthermore, secreting the antigen avoids the insolubility prob-
lems occurring in the reducing condition of bacterial cytosol. The early
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successful examples of in vitro functionality of Hly secretion system in
different Gram-negative vaccine microorganisms include Salmonella se-
rotypes, Shigella spp, V. cholerae, enterohaemorrhagic E. coli (EHEC),
enteroinvasive E. coli (EIEC), S. marcescens, and P. aeruginosa (Spreng
et al., 1999; Hahn and von Specht, 2003).

Various studies described the successful application of Hly secretion
system in secretion of, delivery of, and immunization against different
pathogens including bacteria (Gentschev et al., 1996; Spreng et al.,
2000a), viruses (Spreng et al.,, 2000b) and parasites (Gomez-Duarte
et al., 2001) using a carrier strain, mostly attenuated Salmonella strains
in several model animals including mice, rabbit, and cattle,

One of the most encouraging examples of vaccine development using
T1SS was reported by Gentschev et al. in 2004. This group applied
Salmonella typhi Ty21a, the only licensed live oral Salmonella vaccine for
human use, which harbored a heterologous expressed hemolysin appa-
ratus for delivering hemolysin antigen into mice on a pilot scale. All
applied conditions agreed well with the condition used for the produc-
tion of the previously approved attenuated oral vaccine against typhoid
fever, Vivotif. Stable replication of the vector, adequate episomal
expression, antigen expression even after a short stress condition, and
the immunization of applied mice model were all tested and point out
that the HlyA secretion system could be applied for the development of
an oral vaccine (Gentschev et al.,, 2004; Hotz et al., 2009; Gentschev
et al., 2007).

Suggested application of T1SS for cancer therapy: Using the features
of the HlyA secretion system, researchers have been able to develop live
vaccines for cancer therapy of animal models (Gentschev et al., 2005;
Fensterle et al., 2008). A live bacterial vaccine was developed for the
treatment of C-Raf dependent human tumors in animal model (Gen-
tschev et al., 2005). Injection of an attenuated S. enterica serovar
Typhimurium strain harboring the hemolysin apparatus secreting Raf
antigen into two mice models suffering from oncogene-induced lung
adenomas significantly reduced the C-Raf tumor growth. It revealed that
the injection of the afore mentioned live vaccine elicits specific C-Raf
antibody production and T-cell response in both animal models (Gen
tschev et al., 2005).

Another successful example of cancer immunotherapy using T1SS
was illustrated with S. enterica serovar Typhimurium aroA against
Prostate cancer. In this study, Prostate specific-antigen was secreted
through the heterologous hemolysin secretion system of the mentioned
strain. The injection of this attenuated live vaccine caused the induction
of cytotoxic CD8" T-cell response in mice having tumor cells (Fensterle
et al., 2008). The versatility of T1SS for the generation of live bacterial
vaccines for delivery antigens from bacteria, viruses, and parasites to
human cells could be seen by the given examples, however, its appli-
cation for human cells needs further investigation.

Although aforementioned case studies are attractive examples of
using T1SS for vaccine development, we are not aware of any use of this
system in biopharmaceutical industry. The therapeutic proteins not only
should have full protein functionality but also their production need to
be cost-effective to receive attention from biopharmaceutical industry
(Sanchez-Garcia et al., 2016). The limited secretion level of proteins by
T1SS on one side and all restricted constraints of the biopharmaceutical
industry on the other side resulted in a non-use of T1SS in biopharma-
ceutical drug production. However, recent research has generated hope
in application of T1SS for producing peptides as active pharmaceutical
ingredients.

Production of peptides using T1SS: Recombinant production of
peptides is costly and time consuming because of their characteristics
such as proteolytic sensitivity, aggregation and cytotoxicity. Lack of a
decisive expression platform for peptide production made the chemical
synthetics the strategy for peptides production, however, the recombi-
nant production of peptides has also attracted attentions, especially for
peptides above a certain length that cannot be easily accessed by classic
solid phase synthesis. Recently, the secretion signal of the HlyA secre-
tion system was applied as a protein tag to produce peptides and small
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proteins. By using this protein tag, the peptides expressed as inclusion
bodies. Therefore, beside the high yield of expression, the fused peptide
was protected from proteolytic aggregation. Also, the producer host was
protected from cytotoxicity feature of the peptide. Renaturation and
purification were performed in few steps and with relatively less efforts.
With this T1SS based approach, named Numaswitch, more than 2 g/1 of
Teriparatide was produced which is almost 20-folds higher yield
compared to other production strategies for peptide production (Nguyen
et al., 2021).

3.6. Applied engineering strategies for T1SS

Despite long-term studies on T1SS since its discovery in 1979, a
general platform based on T1SS for the secretion of a wide range of
recombinant proteins in reasonable titers has not been provided so far,
even though a growing body of scientific research opens up hope by
providing practical supports to overcome the limitations of this system
in particular concerning the yield of secretion. The efforts given on the
engineering of T1SS for improving secretion efficiency can be summa-
rized in four different areas, as follows: culture condition, engineering
on the molecular level, changing ABC transporters and host, and protein
directed evolution.

3.6.1. Culture condition

The impact of growth conditions on the secretion level of T1SS has
been one of the early and frequently discussed strategies to improve the
secretion efficiency of this system. The first reported case on this strat-
egy backs to 1980 when Springer and Gobbel reported that the
composition of the medium and the growth temperature are two altering
factors on the secretion level of HlyA. Also, it was observed that the
extracellular and intracellular amounts of HlyA accumulate up to the
mid-logarithmic phase (Springer and Goebel, 1980). The concept that
efficient protein secretion through T1SS proceeds only by actively
growing cells was confirmed also by Eom et al. investigating the TIiDEF
system of P. fluorescens in recombinant E. coli (Eom et al., 2006). It also
pointed out that the concentration of inducer is an influencing factor on
the secretion level probably by controlling the amount of expressed ABC
transporter and substrate (Eom et al., 2006), A statistical model devel-
oped by Low et al. showed that there is a synergistic relationship be-
tween the inducer concentration and post-induction temperature to
improve the secretion level of CGTase through Hly system of E. coli (Low
et al., 2011).

Only recently, Ihling et al. reported culturing E. coli in a defined
mineral medium to secrete HlyAl. The use of mineral medium results in
less impurities of the culture supernatant, which enhances the advan-
tages of recombinant proteins secretion of E. coli. They also scaled up the
secretion of T1SS for the first time in a stirred tank fermentation yielding
0.54 g/l HlyAl in the supernatant and showed the possibility toward
using T1SS for the industrial scales (Ihling et al., 2019).

3.6.2. Engineering on the molecular level

Genetic engineering of T1SS can be considered as a highly efficient
strategy to deal with T1SS limitations. In support of this idea, studies on
two genetically relevant elements, JUMPStart DNA sequence and anti-
termination factor element RfaH, illustrated the significant influences
of these two elements on the secretion level of hemolysin by enhancing
transcript elongation. RfaH-enhanced transcript elongation occurs after
evolving RfAH with JUMPStart sequence (for just upstream of many
polysaccharide-associated genes starts). Deletion of each of these ele-
ments causes a decrease in the secretion level (Leeds and Welch, 1997;
Leeds and Welch, 1996). Another case study on the T1SS suggests that
co-expression of HlyA with RfaH, anti-terminator regulatory factor,
leads to a high improvement of the secretion efficiency of HIyA in the
attenuated S. enterica serovar Typhi strain Ty21a (Hotz et al., 2009).

Khosa et al. determined that a genetic element on the expression
vector of HlyA increases significantly the secretion level of HlyA system.
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This element, which is a part of hlyC gene, is rich of adenosine and uracil
nucleotides and acts as an enhancer fragment. What is striking about this
enhancer fragment is that the established vector containing this
enhancer fragment enabled the secretion of some fast-folding proteins
that could not be secreted by T1SS system so far, possibly by attracting
ribosomal protein §1 which results in a faster and stronger translation of
hly mRNA (Khosa et al., 2018).

Son et al. demonstrated a further development on the genetic level
for the secretion of T1SS from P. fluorescens by deleting two genes
encoding the protease (PrtA) and lipase (TilA) of this strain. In that
study, secretion level increased by protection from degradative protease
and removal of competitive substrate lipase (Son et al., 2012).

Interestingly, Byun et al. conducted a series of the secretion experi-
ments through TIiDEF system in which the pI of the fused recombinant
protein was the focus of the study. They suggested that proteins with
acidic pI and thus negatively charge at neutral pH are exported more
efficient through TIiDEF system probably due to easy entry into the
positively charged pore of the transporter and the existing membrane
potential of the inner membrane (negative on the cytosolic side) (Byun
et al., 2017). Considering all the above-mentioned case studies, more
research should be performed on genetic modifications of T1SS to
hopefully result in further improvement of secretion titers.

3.6.3. Changing ABC transporters and host

1t has been shown by Eom et al. that the ABC transporters could have
an impact on the secretion level of target proteins. Eom et al. tested the
secretion of P. fluorescens lipase (TliA) in recombinant E. coli harboring
one of the four following ABC transporters: P. fluorescens TIiDEF,
P. aeruginosa AprDEF, Erwinia chrysanthemi PrtDEF, and S. marcescens
LipBCD. The latter one showed the highest lipase secretion in recom-
binant E. coli (Eom et al., 2014a). However, Eom et al. did not attempt to
provide an explanation. Nevertheless, these results suggest that the type
of ABC transporter should be taken into account as an influencing factor
on the secretion level. Eom et al. showed that Serratia proteamaculans
metalloprotase could be secreted in E. coli through a heterologous Tli-
DEF exporter of P. fluorescens and switching the microbial host from
E. coli to P. fluorescens resulted in a 34.8-fold increase of secretion (Eom
et al., 2014b).

3.6.4. Directed protein evolution

Due to the enormous progress of molecular biology techniques over
the past decades, directed protein evolution has become a powerful
method for protein engineering and evolving protein properties in an
artificial and practical manner (Wong et al., 2006). Until now, just a few
studies have published on direct evolution of T1SS.

The first reported case on a directed protein evolution of a T1SS was
performed on the THDEF system from P. fluorescence, secreting ther-
mostable lipase (TliA) in recombinant E. coli. Eom et al. could isolate
four mutants with the highest secretion level up to 3.2-fold increase.
Interestingly, all beneficial positions of the isolated mutants were
located in the predicted cytoplasmic region of the TliD, the ABC trans-
porter of this system. They also provided evidence showing that the
observed higher secretion level is contributed by the higher efficiency of
the ABC transporter and not due to the higher expression level of this
transporter protein. The novel ABC transporter harboring those muta-
tions did not enhance secretion level of an alternative target protein, the
protease PrtA from P. fluorescens SIK W1 (Eom et al., 2005).

The second published study on the directed evolution of a T1SS was
performed on HlyA system from E. coli. By screening two generated li-
braries of the hiyB and hiyD genes with a size of 1.5 x 10%, two mutants
were isolated to have significantly enhanced secretion level of subtilisin
by 27 and 15 folds. However, the discovered mutants showed different
secretion profiles according to different target proteins or temperatures
(Sugamata and Shiba, 2005).

The HlyA system of E. coli was subjected once again to a directed
protein evolution by Kheng et al. and resulted a 35-217% increase in
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secretion level of cyclodextrin glucanotransferase compared to the wild-
type strain. The detected beneficial positions were mostly spread over
the entire transmembrane domains of HlyB (Low et al., 2010).

All three published studies on the directed evolution of T1SS applied
error-prone PCR (epPCR) with a low mutation load for generating li-
braries. The epPCR is a simple and robust method, but one has to stress
that this method fails to generate more than 70% of the beneficial po-
sitions of the target protein(s) (Yang et al., 2017). Another weakness of
the reported studies is the possible high standard deviations of applied
screening methods since all the studies screened the mutants via agar-
plate activity assays. Research on protein evolution of T15S$ has been
mostly restricted to the traditional directed evolution strategies, and
now the strategic direct evolution of T18S is needed for significantly
enhanced secretion properties.

4. Conclusion and future outlook

T18S has been successfully applied for the secretion of a long list of
heterologous recombinant proteins, small proteins, and peptides. This
system is also able to export a range of biopharmaceutical relevant
products including antibody fragments, cytokines, hormone proteins,
growth factors and different antigens. Notably, the correct folding of
proteins containing disulfide bonds exported by T1SS in the culture
supernatant opens another encouraging property of using this secretion
system. Large-scale secretion of T1SS has started to demonstrate its
applicability for commercial scales, although the secretion yields are
still far away of what is termed industrial standard as exemplified by
lipases secreted in the 20 g / | range from Bacillus strains. However, the
described developments and properties should encourage researcher to
exploit this system, despite the fact that there is a clear need for
improving the secretion efficiency of this system. Providing a general
secretion platform based on T18S for different recombinant proteins can
address the long-standing issue in biotechnology that is protein pro-
duction in optimum quality and yield yet at reduced cost.
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Type 1 secretion systems (T1SS) have a relatively simple
architecture compared to other classes of secretion systems and
therefore, are attractive to be optimized by protein engineering.
Here, we report a KnowVolution campaign for the hemolysin
(Hly) enhancer fragment, an untranslated region upstream of
the hiyA gene, of the hemolysin T1SS of Escherichia coli to
enhance its secretion efficiency. The best performing variant of
the Hly enhancer fragment contained five nucleotide mutations
at five positions (A30U, A36U, A54G, A81U, and A116U) resulted

Introduction

Recombinant protein production at high titers in functional
form and at reduced costs has been one of the central issues in
biotechnology for decades."” Escherichia coli (E. coli) has been
continuously implemented in recombinant protein production
and is often still the preferred production host in research
laboratories™ and used in industrial scales.*” Recombinant
protein secretion is beneficial over intracellular production
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in a 2-fold increase in the secretion level of a model lipase fused
to the secretion carrier HlyAl. Computational analysis sug-
gested that altered affinity to the generated enhancer fragment
towards the S1 ribosomal protein contributes to the enhanced
secretion levels, Furthermore, we demonstrate that involving a
native terminator region along with the generated Hly
enhancer fragment increased the secretion levels of the Hly
system up to 5-fold.

strategies to meet biotechnological purposes because of
various reasons such as simplifying downstream processes,
reducing risk of cytosclic degradation, higher quality and
solubility of secreted protein, avoidance of inclusion body
formation, and reduced costs of production processes.”™"

So far, at least eight different secretion systems for Gram-
negative bacteria, including E. coli, have been elucidated that
secrete a wide range of transport-substrates.”®
secretion of recombinant proteins by five of these secretion
systems has been reported so far, but often with low titers and
for a narrow range of substrates. Attempts to achieve reason-
able secretion levels for recombinant protein secretion have
been continuously made commonly with limited success,
presumably due to the complexity of the multi-component
secretion machineries.*”!

Type 1 secretion systems (T1SS) possess a relatively simple
architecture consisting of only three membrane proteins,
providing a secretory pathway for Gram-negative bacteria to
secrete substrates in a single step and in an unfolded state."*'"
The first and probably the best studied T1S5 is the HIyA
secretion system of uropathogenic E. coli"®'? The substrate of
this system is HlyA, an enzyme of 110 kDa molecular weight
which belongs to the RTX (repeats-in-toxins) family. Members of
this family exhibit as a common feature a consensus glycine-
rich motif (GGxGxDxUx), where x can be any amino acid and U
refers to a large hydrophobic amino acid."”

The secretion signal of HlyA is located within the 50-60 C-
terminal amino acid residues."” The secretion signal of HIyA
along with three conserved glycine-rich motifs is known as
HIyA1 which has a molecular weight of 24 kDa. HIyA1 has been
employed as a carrier for secretion of heterologous proteins.
Despite a long list of successfully secreted heterologous
proteins, HlyAl is still far away from being an universal
secretion platform, due to a narrow range of possible substrates

Successful

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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as well as low yields of secretion"*"" It should be noted that
an engineered T1SS has recently been developed to allow
efficient production of peptides and small proteins."®

The HIyA secretion system forms a tripartite double-
membrane-spanning channel trough association of an inner
membrane ATP-binding cassette transporter (HlyB), a mem-
brane fusion protein (HlyD), and an outer membrane protein
(TolC)."® The next component of the HIyA system is HlyC.
Though not essential for secretion, it acylates HlyA at two
internal lysine residues (Lys564 and Lys690) prior to secretion.
This modification turns the substrate into an active toxin which
is able to lyse the membranes, for example, of human
erythrocytes,”"*

The encoding genes of the Hly system, except of the tolC
gene, are located within the hly operon (Figure 1)."% Interest-
ingly, a terminator region is located between the genes hlyA
and hlyB, and therefore, the hly operon requires an anti-
terminator factor RfaH to read through the terminator region. It
was reported that the expression of hly operon is reduced in
the absence of the RfaH factor and the expression of hlyC and
hiyA are uncoupled from hiyB and hlyD genes.”"

Recently, it was demonstrated that the presence of a 5™-
untranslated region upstream of the hlyA gene resulted in a
multiple fold enhanced secretion level of heterologous proteins
through the Hly system. This 5'-untranslated region, known as
Hly enhancer fragment, is rich in uracil and adenine bases, and
represents the C-terminal part of the hlyC gene. Interestingly,
the established vector harboring the Hly enhancer fragment
enabled secretion of fast-folding fusion proteins to HlyA1 that
could not be previously secreted™ We thus envisaged to
subject this enhancer fragment to directed evolution attempt-
ing to optimize the secretion efficiency of the Hly system. It
should be noted here that other parts of the Hly system might
also be targeted by directed evolution when attempting to
optimize this system.

Enhancer fragments, known to be involved in the trans-
lation initiation process, have an influence on the amount of
proteins translated.”*” Protein translation is initiated by
association of the ribosome to mRNA, which is considered the
rate-limiting step in protein synthesis. This step of translation is
facilitated by interaction of Shine-Dalgarno (SD)/anti-SD se-
quences as well as the S1 ribosomal protein/enhancer
fragment.” Subsequently, the ribosome should dissociate from
the initiation complex to slide over the mRNA for translating
the downstream codons. It has been demonstrated that the
presence of an enhancer fragment upstream of the SD

L hc > hyA I hiys - | hiyD
! ! |

RfaH Enhancer Terminator
fragment region

Figure 1. The E. coli hly operon. RfaH encodes the anti-terminator factor that
is required for reading through the terminator region between hiyA and hlyB
genes.

ChemBioChem 2022, e202100702 (2 of 12)

sequence causes an increased dissociation rate and destabilizes
the initiation complex.””

Until now only little attention has been paid to engineering
of the Hly secretion system that may stem from lack of an
elucidative structure and derived secretion mechanism. Di-
rected evolution may represent a promising approach to
engineer this system as it does not require any knowledge of
the molecular structures to identify protein variants with
optimized performance.”"

The KnowVolution strategy was published in 2015 as an
integrative protein engineering approach.”** It combines
directed evolution with computational analysis in order to
obtain maximized improvements with minimized experimental
efforts. A KnowVolution campaign consists of four phases:
Phase (I) beneficial positions are identified through random
mutagenesis and screening; Phase (ll) potentially beneficial
positions are subjected to site-saturation mutagenesis (SSM) in
the wildtype enzyme to explore the full natural diversity and
eliminate non-contributing positions. Sequencing of beneficial
SSM libraries generates a molecular understanding of each
amino acid exchange; Phase (lll) comprises of a computationally
assisted analysis in which beneficial amino acid substitutions
are analyzed and grouped (amino acid substitutions that might
interact with each other and independent ones). The latter
analysis enables to further identify beneficial amino acid
positions that interact with the identified ones. Clustered/
interacting positions are recombined in the final phase to yield
final variants with optimized performance. Various examples of
successful KnowVolution campaigns have been published, e.g.,
with glucose oxidases, phytases, proteases, cellulases, laccases,
aryl sulfotransferases, or polymer-binding peptides.”*3%

Here, we report on a KnowVolution campaign, according to
the published procedure® with slight modifications, to opti-
mize the 5-untranslated region of the HlyA enhancer fragment.
To this end, we have applied a high-throughput screening
system, for the first time for directed evolution of the HIyA
system, based on a lipase (Iip).[m‘ Notably, all the previously
published studies that have applied KnowVolution campaign
have dealt with catalytic or adhesion promoting proteins,
whereas in the current study an untranslated region, the Hly
enhancer fragment, was subjected to a KnowVolution cam-
paign.

Results

Secretion of lipase through the Hly secretion system using a
one-plasmid system

A plasmid containing multiple genes essential for secretion via
the Hly system was successfully constructed that included the
regions encoding for the Hly enhancer fragment (untranslated
region consisting of a 159 base pairs), the lipase fused to HIyA1,
and the proteins HlyB and HlyD. The gene encoding TolC, the
OM protein of the Hly secretion system, is endogenous and
thus not present on the plasmid. Instead of a two-plasmid
system, a one-plasmid system as constructed in this study was

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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used because it results in a lower deviation between clones
which generally should be avoided for directed evolution
studies.

The constructed plasmid was introduced into chemically
competent E. coli BL21-Gold (DE3) and the cells were grown on
tributyrin agar plates. Halo formation around single cell clones
indicated successful secretion of functional lipase-HlyA1 (Fig-
ure 2a). Cell clones harboring single plasmid either pSU2627-
EF(159bp)-lipA-hlyA1 or pK184-hlyBD did not form halos (Fig-
ure 2b and 2¢), indicating that lipase-HlyA1 secretion is depend-
ent on the Hly secretion system. Test expression of clones
secreting lipase-HlyA1 was performed in shaking flasks directly
employing the supernatant of cultures (see SDS-PAGE analysis
in Figure 2d).

Lipase-HIyAl
<

Figure 2. Secretion of lipase-HlyA1 through the Hly secretion system.
Lipolytic activity of secreted lipase-HlyA1 was analyzed on tributyrin agar
plates. Cells harboring the plasmid a) pK184_£F-lipA-hlyA1BD, b) pSU2627_
EF(159bp)-lipA-hlyA1, and c) pK184_hlyBD. d) SDS-PAGE analysis of super-
natant (unconcentrated) of clones secreting lipase-HlyA1 through the Hly
secretion system. M, marker proteins; the molecular weight of the marker
proteins is given on the left; (xh.) unconcentrated supernatant of culture,
where x denotes the number of hours after induction.

I

p-Nitrophenyl butyrate

—

MTP-based screening system for secreted lipase

Lipase activity was determined through hydrolysis of p-Nitro-
phenyl butyrate (pNPB) to butyric acid and yellow p-nitro-
phenolate (Figure 3). The production of p-nitrophenolate was
continuously monitored spectrophotometrically at 410 nm. The
pNPB-based screening system in 96-well microtiter plates was
reported previously.”*¥ Here, the amount of the secreted lipase
was monitored by determination of lipase activity in super-
natants of cultures grown for 16 h. The amount of p-nitro-
phenolate formed within 8 minutes of pNPB-lipase assay is
correlated to the amount of secreted lipase in the supernatant.

Directed evolution of the Hly enhancer fragment through the
KnowVolution strategy

Phase | (identification of beneficial positions): A random muta-
genesis library of the Hly enhancer fragment was generated
through random mutagenesis in vitro, employing error-prone
PCR and a low-fidelity DNA polymerase in a buffer with
0.9 MMMnCl, resulting in an average of 8.5 mutations per
enhancer fragment (159 bp). Hence, the calculated mutation
load was 40.28 mutations per kb. The generated library with a
size of 1408 clones was screened in a 96-well MTP format using
the pNPB screening assay to identify possible beneficial variants.
After screening of the random mutant library, rescreening of
promising variants was repeated for five times. Promising
variants showing an increased secretion level compared to the
WT clone were selected and sequenced. Alignment of the
enhancer fragment of the promising variants indicated that
those variants harbored mutations repeatedly in 5 positions,
including: +30, + 36, + 54, +81, +116.

Phase Il and Phase lll (determination and recombination): All
five positions were subjected to site saturation mutagenesis to
explore the natural full diversity. Notably, KnowVolution
campaigns have been used so far for protein evolution only,
whereas we have now used this evolution strategy to optimize
the function of a DNA sequence, which in our case is not
translated into a protein sequence. Saturation mutagenesis and
recombination of possible beneficial positions were performed
in parallel. Thereby, a library with a size of 1232 clones was
generated at these 5 positions and screened using the pNPB
screening system. The rescreening of promising variants was
performed and led to the selection of seven clones that showed
a 1.5 to 2-fold increase of secreted lipase-HlyA1 protein

e
6‘N 0
+
‘@\ P
o]
p-Nitrophenolate Butyric acid

Figure 3. Hydrolysis of the substrate pNPB by secreted lipase. The production of p-nitrophenclate was monitored spectrophotometrically at 410 nm for 8 min.

The figure was generated using the ChemDraw software.
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Figure 4. Secretion of lipase-HIyA1 through the Hly secretion system using enhancer fragment variants. a) Rate of lipase activity of the wildtype and the
improved variants. The reported values and calculated error bars are based on at least three independent replicates. b) SDS-PAGE of uncencentrated
supernatant of wildtype and the improved variants. Western blot analysis of £. coli cells demonstrated that the expression level of c) HlyB and d) HlyD were
higher for cells having the “Best” enhancer fragment in comparison to the cells having WT enhancer fragment. The pLac promoter on plasmid pK184 is known

to be leaky, therefore, HlyB and HlyD are expressed even before induction at 0 h.

compared to the WT (Figure 4a). The nuclectide mutations of
each variant in the enhancer fragment are presented in Table 1.

Next, the secretion levels of lipase-HlyA1 of the seven
improved variants and the WT clone were compared via test
expressions in 100 mL Erlenmeyer flasks. The supernatant of the
cultures (unconcentrated) was analyzed by SDS-PAGE (Fig-

Table 1. Nucleotide mutations in enhancer fragment - untranslated region
- of the improved variants.

Variants Nucleotide and mutations

WT A30, A36, A54, A81, Al16

3-He A30U, A36U, A54G, A81U, A116U
10-F1 A30G, A36A, A54G, AB1U, A116U
3-F11 A30U, A36A, A54G, A81U, A116C
6-A8 A30A, A36A, A54G, AB1U, A116U
12-E10 A30U, A36U, A54G, AB1U, A116U
3-G2 A30G, A36U, A54G, AB1G, A116A
10-B5 A30C, A36C, A54G, AB1U, A116A

ChemBioChem 2022, 202100702 (4 of 12)

ure 4b). Among the improved variants, variant 3-H6 seems to
be the best as determined by either the pNPB lipase activity
assay or test expression. The respective enhancer fragment was
termed "Best” enhancer fragment and was used for further
experiments. Furthermore, the level of secretion of HlyB
(Figure 4c) and HlyD (Figure 4d) was analyzed by western blot
for E. coli cells having either the WT or “Best” enhancer
fragment. The analysis of western blot of three biological
replicates confirmed that the expression level of both proteins
was higher in cells having “Best” enhancer fragment as
compared to cells having the WT one.

RNA folding simulation and 3D structure prediction of the
enhancer fragments

It is known that the enhancer fragment, upstream of the SD
sequence, plays an important role in promoting protein trans-
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lation via interaction with the S1 ribosomal protein, ! albeit
not being translated into a protein sequence. We have
previously reported that the HlyA enhancer fragment interacts
with the 51 ribosomal protein.?”

In order to explain the structural effects of the nucleotide
mutations of the “Best” enhancer fragment and their conse-
quences on the increased secretion level of lipase-HlyA1, the
following computational analysis was performed. First, RNA
folding simulation studies on both enhancer fragment variants
(WT and “Best”) were performed. As shown in Figure 5a, the
“Best” enhancer showed a significant conformational change
compared to WT, indicating that the introduced mutations
affected mRNA folding. The structural angle change of the
“Best” enhancer compared to WT is shown in Figure 5a.
Subsequently, the modified mRNA’s structure resulted in
changes in docking pose upon interaction between S1
ribosomal protein and the enhancer fragment (Figure 5b and
5c). The WT/S1 ribosomal protein complex had a docking score

of —7858708.37 while “Best-S1 complex showed a reduced
docking score of —6379871.3 suggesting that the binding
interactions between the “Best” enhancer and S1 is not as
strong as in the WT. Interestingly, three out of the five
determined beneficial positions were located on the interface
between ribosomal protein S1 and mRNA (i.e., positions + 30,
+ 36, +81).

Ribosomal protein $1 binds with different affinities to the
enhancer fragment variants

The above computational analysis indicated differences in
interactions of the “Best” enhancer fragment with the S1
ribosomal protein compared to the WT fragment. This observa-
tion was experimentally tested by a RNA pull-down assay. RNA
molecules of both “Best” and WT enhancer fragments were
synthesized and labeled with 3-Biotin TEG.

Best

Figure 5. RNA folding simulation and docking analysis. a) The comparison between WT and the “Best” mRNA enhancer fragments. The “Best” enhancer is
shown in green and WT enhancer is depicted in grey. The right panel shows a schematic diagram of the structural angle change of the “Best” enhancer
compared to WT. 3D model of the interaction of 51 ribosomal protein with enhancer fragment b) WT and c) the "Best” variant. The S1 ribosomal protein is
displayed as grey cartoon. The substituted nucleatides are highlighted with spheres in grey for WT and in green/orange for the “Best” enhancer. The docking

pose was obtained from the NP-dock molecular docking server.
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Next, both enhancer fragment variants were immobilized
on magnetic beads and thereafter, incubated with E. coli cell
extract. The amount of bound protein on the beads carrying
either the “Best” enhancer fragment or the WT enhancer
fragment was analyzed by SDS-PAGE (Figure 6a). The two
strong pull-down bands around 70 and 100 kDa on the SDS-gel
were cut out and the proteins were identified by liquid
chromatography-tandem mass spectrometry. The dedicated
band around 100kDa was identified as aldehyde-alcohol
dehydrogenase from E. coli, while the band around 70 kDa with
58% coverage of peptide sequences was identified as E. coli S1
ribosomal protein. The semi-quantification of SDS-PAGE using
the Imagel) indicated that in comparison to the RNA molecule
of WT enhancer fragment, about 50% less S1 ribosomal protein
was pulled down by the RNA molecule of the "Best” enhancer
fragment (Figure 6b). This data supports the interpretation of
the computational analysis suggesting that the interaction of S1
ribosomal protein with the “Best” enhancer fragment is weaker
than with the WT fragment. These findings suggest that in the
presence of the “Best” enhancer fragment, the translation of
lipase-HIyA1 might increase which leads to a higher level of
lipase secretion.

Enhanced secretion of cutinase-HIyA1

To test whether the “Best” Hly enhancer fragment could also
improve the secretion of other fusion proteins, a fusion
between the gene encoding cutinase from Fusarium solani
pisi®”
fragment. The test expression for both constructs was con-
ducted and the supernatant was used for western blot analysis
as well as pNPB hydrolysis assay. Western blot analysis of the
supernatant revealed that the “Best” enhancer fragment was
also able to promote the secretion of the cutinase-HIyA1
(Figure 7a). Furthermore, the pNPB assay confirmed more than
2-fold secretion of cutinase as compared to the WT (Figure 7b).

was constructed either with the "Best” or WT enhancer

S1 ribosomal protein -
—

This observation indicates that the “Best” enhancer frag-
ment variant increases the secretion efficiency of the Hly
secretion system not only for lipase-HlyA1 but also for the
target protein, cutinase-HIyA1.

Introduction of a terminator region between hiyA1 and hlyB
genes

Given the ability of the "Best” enhancer fragment to improve
the secretion of two tested HlyA1 fusion proteins, i.e, lipase
and cutinase, we also investigated whether employing the Hly
terminator region between hlyA1 and hlyB genes would further
improve the secretion of the Hly secretion system. Previous
studies have demonstrated that the anti-terminator factor RfaH
is required for reading through the terminator signal located
between hiyA and hiyB genes in the hly operon and increases
the transcriptional elongation as well as the steady-state level
of hly mRNA.?"

In this study, the hly terminator, a stem loop between hlyAl
and hlyB gene, was introduced on the plasmids encoding either
lipase or cutinase and along with the “Best” enhancer fragment.
The presence of the terminator resulted in enhanced secretion
of both target hydrolases. A higher level of lipase-HIyA1
secretion was achieved in the strain carrying the plasmid
containing the “Best” enhancer fragment along with the
terminator region compared to the strain having either the WT
plasmid or the “Best” plasmid only (Figure 8a). Estimation of the
amount of secreted protein by SDS-PAGE showed an increase
of more than 3.5-fold for lipase-HlyA1 with the newly
constructed plasmid. In the presence of the “Best” enhancer
fragment and terminator region, successive increase in the
amount of secreted lipase-HIyA1 in the supernatant was
observed. This increase only after four hours of induction led to
formation of enzyme oligomers (observed as white particles) in
the supernatant culture, which mostly contained lipase-HIyA1.
Based on the known concentration of purified HlyA, concen-
tration of secreted lipase-HlyAl in the supernatant was

KDa Amount of bound S1 ribosomal protein
180 150
130 z
100 é
5
70 3 100
55 5
a0 E 50
EH E
15 = 0
WT  Best
Variants

Figure 6. RNA pull-down assay. a) SDS-PAGE of eluted proteins by immobilized RNA molecules of the “Best” enhancer fragment (1), WT enhancer fragment (2),
without RNA (3) and washing flow through of washing of the beads “Best” (4), WT (5), and without RNA (6). The position of the 51 ribosomal protein is
indicated by an arrow. b) Semi quantification of SDS-PAGE via ImageJ software. The reported values and calculated error bars are based on three independent
replicates. In each replicate, the reported value of the "Best” enhancer fragment was normalized based on the value of the WT.
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Figure 7. Enhanced secretion of cutinase-HIlyA1 by the “Best” enhancer fragment. a) Western blot analysis of supernatant fractions from the “Best” enhancer
fragment (1 and 2) and the WT (3 and 4) cultures. b) Activity of the cutinase-HlyA1 in the supernatant of the culture dedicated to either the “Best” or WT
enhancer fragment using the pNPB assay. 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.
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Figure 8. Influence of the HIyA terminator on the amount of secreted
proteins. a) Secreted lipase-HlyA1; SDS-PAGE of supernatant fractions from
terminator with the “Best” enhancer fragment (1), the “Best” enhancer
fragment only (2), and the WT (3) strains; stained with Coomassie Brilliant
Blue G-250. b) Secreted cutinase-HlyA1; western blot analysis of supernatant
fractions from terminator along with the “Best” enhancer fragment (1) and
the WT (2) strains.

quantified as about 180 mg per litter (corresponding to 60 mg/
ODgg). Furthermore, the amount of lipase-HIyA1 (wet weight) in
collected white particles from 25 mL culture was estimated to
be above 1.5 mg (~60 mg/L).

In case of cutinase, Western blot analysis revealed that the
presence of the terminator region along with the “Best”
enhancer fragment secreted significantly higher amounts of
cutinase-HIyA1 in the culture medium compared to the WT
plasmid (Figure 8b). Semi quantification of the Western blot
analysis with Image) software estimated an increase of around
5-fold increase for the cutinase-HlyA1 when expressed using
the newly constructed plasmid.
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Discussion

For heterologous protein production, secretion of proteins is
beneficial compared to cytosolic expression, especially in terms
of costs and the quality of produced proteins. Secretion offers
various advantages for protein production, such as higher
solubility and stability of target protein, reduced risk of protein
degradation by cytosolic proteases, and easy purification
process.

Although, E. coli is the most preferred producer host for
research laboratories,” its potential uses as a secretory host is
limited since the expression of recombinant proteins mostly
takes place either in the cytoplasm or periplasm and if in the
supernatant, in low titers. For secreted proteins, Bacillus species
are the expression hosts of choice with a secreted product yield
of 20 g/L1*#%% In this regard, investigating the secretion of
recombinant proteins by E. coli is a continuous topic of interest
and therefore, tremendous efforts have been made to inves-
tigate further improvements in the secretion efficiencies of E.
coli to make it more competitive, as both laboratory and
industrial strain.®**'#”

Among the secretion systems of Gram-negative bacteria
including E. coli, T1SS, T2SS, T3SS, T55S, and T8SS have been
used for biotechnological purposes.” Among them, T1SS has
the most minimalistic architecture and is therefore an attractive
target for further improvements.

This study set out with the aim of improving the secretion
efficiency of the Hly secretion system of E. coli. As a member of
the T1SS, the Hly system consists of only three compartment
proteins""” that makes the plasmid-expression of this system in
the production hosts easy.” Recently, a 5-untranslated region
upstream of the hlyA gene, known as the Hly enhancer
fragment, was identified that was able to increase the secretion
level of HlyA1 fusion proteins by several folds.”” In the current
study, this Hly enhancer fragment was subjected to optimiza-
tion by directed evolution using a KnowVolution campaign.?®*"
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Noteworthy, this study is the first case study that applies a
KnowVolution campaign for evolution of an untranslated DNA
region for further improvement of the HlyA secretion system of
E. coli.

To initiate the translation in prokaryotic cells, the first and
key step is binding the ribosome to the 5-untranslated region
of mRNA, which is followed by ribosome dissociation from the
initiation complex to move to downstream codons of the
mRNA for completion of translation. It has been suggested that
the S1 ribosomal protein, the largest ribosomal protein of E. coli
with a molecular weight of 68 kDa, interacts with mRNA within
the enhancer region, upstream of the SD sequence, by an
unknown mechanism.?****¥ |n an elegant set of experiments, it
was demonstrated that the transition step from translation
initiation to elongation takes effect by both interaction of SD/
anti-SD sequences and enhancer/S1 by a negative allosteric
effect. It is notable that the ribosome dissociation from
initiation complex is the determining factor for translation
efficiency.”

Through KnowVolution campaign, two libraries with sizes of
1408 and 1232 clones, constructed by epPCR and site saturation
mutagenesis, respectively, were screened. Screening a library
size of 1000 to 2000 clones in which 40-60% of the generated
enzymes variants are still active are commonly and successfully
used in standard directed evolution campaigns* Iterative
rounds of screening of a few thousand clones have proved to
yield superior results than screening twenty to fifty thousand of
clones since the number of “new” substitutions decreases
rapidly with increased library size.*' The latter can be attributed
to the strong mutational bias of polymerases® Therefore,
superior strategies have been developed, e.g. iterative rounds
of screening of small libraries (1000-2000 clones) with varied
mutational biases, flow cytometry, and microfluidic screening
systems that enable to screen millions of variants, and
combined computational /experimental strategies which ana-
lyze and identify further beneficial positions based on the
identified ones in the initial round of directed evolution
(implemented if required in Phase Il of a KnowVolution
campaign).

All the mentioned finding are on a solid ground for enzyme
properties such as activity, organic solvent resistance, pH or
ionic liquid resistance, etc. In respect to expression/translocation
improvement no datasets are available to link potential
improvement possibilities to the screened library size. Therefore
standard conditions of screening (number of clones) have been
applied and combined in a KnowVolution campaign to identify
key residues and to generate a molecular understanding and
nature of mutations at identified key positions. In summary, the
molecular understanding will be broadened through iterative
rounds of screening of small libraries in the future, since
alternatives, such as a beneficial screening that enables to
screen millions of variants, are not available.

After screening of libraries, five beneficial positions (430,
+36, +54, +81, and +116) were identified in the Hly enhancer
fragment. Mutations at these positions boosted the secretion
levels of lipase and cutinase through the Hly system by 100 %. It
was somewhat surprising that adenine nucleotides were

ChemBioChem 2022, e202100702 (8 of 12)

present at all the five identified positions and were randomly
substituted to uracil in the best performing enhancer variant,
named as the “Best” enhancer fragment. It was already reported
that uracil nucleotides of the enhancer fragment are beneficial
for its interaction with the S1 ribosomal protein.””’ Therefore,
we reasoned that the flexibility of the interaction between S1
ribosomal protein and the enhancer fragment is increased in
the "Best” enhancer fragment. Most likely, the presence of uracil
at these positions may destabilize the initiation complex and
increase the dissociation rate between S1 and mRNA. This was
further supported by molecular docking studies and an RNA
pull-down assay.

Furthermore, the results obtained from the secretion of
cutinase from Fusarium solani pisi in the presence of the “Best”
enhancer fragment indicated that this novel enhancer fragment
is compliant with other secretory proteins in addition to lipase-
HIyA1. Notably, it is the first time that cutinase protein from
Fusarium solani pisi was tested as a secretory protein in the Hly
secretion system, while lipase had been tested before.”” It also
suggested a general applicability of the “Best” enhancer frag-
ment.

Kondo et al. six described six genetics elements of E. coli
which contribute to an increased gene expression levels and
result in higher yields of the desired protein, namely: promoter,
translation enhancer, Shine-Dalgarno sequence, spacer, encod-
ing gene, and terminator of the gene.""® Our results additionally
demonstrated that the presence of a terminator region along
with the “Best” enhancer fragment can result in further
improvement of secretion through the Hly secretion system. In
E. coli cells, the anti-terminator factor RfaH reads through
terminator regions. It was reported that RNA polymerase stops
at so-called JUMPstart (just upstream of many polysaccharide-
associated starts) sequences, where RfaH binds to RNA polymer-
ase forming a complex able to read through the terminator
region.*”

Conclusions

This study demonstrated that the secretion through the Hly
secretion system can be improved significantly by engineering
of genetic elements. E. coli cells expressing the optimized HIyA
secretion system constructed in this study showed a secretion
level of around 180 mg per liter for soluble lipase-HIyAl.
Furthermore, a high protein content of above 1.5 mg of lipase-
HIyA1 was estimated for the white particles in only 25 mL of
culture, Additionally, the one-plasmid system developed in this
study might offer an interesting alternative to two-vector
systems, which have been used so far. This would also
significantly reduce the costs of antibiotics when cells are
cultivated at larger scale.

In addition, the employed evolutionary and genetic engi-
neering strategies can generally be applied to all types of fusion
proteins if required and provide an opportunity for optimizing
the secretion titers by evolutionary approaches. Eventually, our
approach is also applicable to those secretion systems that
have been used in the past for biotechnological approaches
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such as T2SS, T35S, T55S and T8SS, to significantly improve the
E. coli secretion performance, thereby rendering E. coli a more
competitive enzyme secreting host that might challenge the
industrial applied host systems in the future.

Experimental Section

Materials

All 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,
except of polymutarase polymerase, which was provided from the
SeSaM-Biotech (Aachen, Germany). All oligonucleotides were
purchased from Eurofins MWG Operon and diluted in MilliQ-water.
The commercially available kits NucleaSpin plasmid miniprep kit
and PCR clean-up kit were purchased from Macherey Nagel
(Dueren, Germany). DNA sequencing was done at either Eurofins
MWG-Operon (Ebersberg, Germany) or Microsynth Seglab (Gottin-
gen, Germany). The Gibson assembly master mix kit as well as the
Q5 site-directed mutagenesis kit were purchased from New
England Biolabs.

Construction of a one-plasmid system for secretion

For cloning and library generation either E. coli DH5a or E. coli
BL21-Gold (DE3) were used. Plasmids and oligonucleotides used in
this work are listed in Table 2 and Table 3, respectively. For all
plasmids constructed in this study, pK184_hlyBD was used as the
backbone vector. The lac promaoter of plasmid pK184 is inducible
with isopropyl 3-D-1-thiogalactopyranoside (IPTG).

Table 2. Plasmids used in this study.

Backbone plasmid Contained genes/fragments Source
pK184 hlyBD ol
psu2726 EF* (159bp)-lipA-hlyAl &

pK184 EF-lipA-hlyA1BD this study
pK184 EF(Best)-lipA-hlyA1BD this study
pK184 EF(Best)-lipA-hlyA1-Ter-hlyBD this study
PEKEx2 NprE-cutinase &

pK184 EF-cutinase-hlyA1BD this study
pK184 EF(Best)-cutinase-hlyA1BD this study
pK184 EF(Best)-cutinase-hlyA1-TerA-hlyBD this study

The one-plasmid system for the secretion of the lipA gene from
Serratia  marcescens” was constructed as follows: plasmid
PpSU2726_hlyC(159bp)-lipase-hlyA1 was used for the PCR amplifica-
tion of EF (enhancer fragment 159bp)-lipA-hlyA1 fragment using
the primer sets P1 and P2, both containing an overhang region
towards the backbone plasmid. The backbone plasmid, pK184_
hlyBD, was linearized using the primer sets P3 and P4. Subse-
quently, both PCR products were digested with Dpnl enzyme (20 U,
37°C, overnight). Then, PCR products were purified with the PCR
clean-up kit. The EF-lipA-hlyA1 fragment was assembled into the
pK184_hlyBD vector using the Gibson assembly kit, according to
the instructions of the manufacturer. Subsequently, 2 pl of the
assembled product was transformed into chemically competent
cells of E. coli DH5a. The sequence of the constructed plasmid
pK184_EF-lipA-hlyA1BD was confirmed via plasmid sequencing.

Generation of enhancer fragment mutant library by epPCR

Random mutagenesis of the enhancer fragment, with a size of 159
base pairs, was performed via error prone PCR with a high
mutational load.* To obtain the mutations in the first nucleotides
of the enhancer fragment, the forward primer was designed to
bind behind the lac promoter but upstream of the starting
nucleotide of the enhancer fragment. The enhancer fragment was
amplified using the primer sets P9 and P10. The epPCR mixture
(50 ul) contained: 50ng of plasmid template pK184_EF-lipA-
hilyA1BD, 1x ThermoPol buffer, 0.2 mM dNTP mix, 400 pM of each
primer, 10 U Polymutarase DNA polymerase, and 0.9 mM MnCl,.

The vector template pK184_£F-lipA-hlyA1BD lacking the EF region
was amplified using a high-fidelity polymerase, Q5 polymerase, and
primer sets P11 and P12. The PCR mixture (50 pl) contained: 50 ng
of plasmid pK184_EF-lipA-hlyA1BD plasmid, 1xQ5 standard reac-
tion buffer, 0.2 mM dNTP mix, 400 pM of each primer, and 1U Q5
DNA Polymerase. Subsequently, the ep-PCR product of the
enhancer fragment and the PCR product of the backbone vector
were digested with Dpnl enzyme, overnight, at 37°C to remove any
wildtype vector. The PCR products were purified using 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 uL of the
assembled product was transformed into chemically competent
cells of E. coli BL21-Gold (DE3). The transformed cells were cultured
directly on tributyrin lysogeny broth (LB) agar plates (tryptone
10 g/L, yeast extract 15 g/L, NaCl 5 g/L, Agar 15 g/L, Gum Arabic
1.5g/L, tributyrin 15 g/L) containing kanamycin 50 ug/mL. Ten
single cell clones of epPCR library were picked and sent for
sequencing.

Table 3. Oligonucleotides used in this study.

Oligonucleotides

Sequence

P1
P2
P3
Pa
Ps
P6
p7
Pg
P9
P10
P11
P12
P13
P14

GTGAGCGGATAACAATTTGATTACGAATTCGAGC
GACTGTTTCCTGTGTGATTATGCTGATGTGGTCAG
TCACACAGGAAACAGTCATG

AATTGTTATCCGCTCACAATTC

GGAAATTCTCTTGCAARARRATG

CATTTAATTACCTCTTAACCAG
GGTTAAGAGGTAATTAAATGGCGCCTACTAGTAAC
TTTTTTGCRAGAGAATTTCCAGCAGAACCACGGAC
AATTGTGAGCGGATRACAATTTG

CTAARGATGCCCATTTAATTACC

TARATGGGCATCTTTAGCTATRAG

GTTATCCGCTCACAATTCCAC
GTGCCACATAAGATTGCTATTTTTTTGGAGTCATAATGGCGAATTCTGATTCTTG
AGCCCAGTAAGATTGCTATCATTTAAATTAATATATTATGCTGATGTGGTCAG
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Cultivation in 96-well microtiter plates

For the cultivation of mutants from libraries, single clones showing
lipase activity on tributyrin LB agar plates were cultured into 150 uL
LBy,, in 96-well MTP (Microtiter plate, PS-F-bottom, Sarstedt,
Germany). In each 96-well MTP plate, 4 wildtype clones and 4
empty vector clones were included as positive and negative clones,
respectively. The plates were incubated for 24 hours (37°C,
900 rpm, and 80% humidity) in a 96-well MTP shaker (SI505 MTP
shaker incubator, Avantor). After cultivation, 50 uL of 50% glycerol
(v/v) was added to each well and the plates, so called master plates,
were stored at —80°C until further experiments. For the expression
of lipase-HlyAl, the master plates were used to inoculate the pre-
culture in MTPs containing 150 pL LBy,, and cells were cultivated
overnight (37°C, 900 rpm, and 80% humidity). Subsequently, 2 uL
of the pre-culture were used to inoculated the main culture MTPs
(150 pL LBy,,) and the cells were grown for 3 hours (37 °C, 900 rpm,
and 80% humidity) before induction with 1 mM of IPTG and 5 mM
CaCl,. The cultures were further grown for 16 hours (37 °C, 900 rpm,
and 80% humidity) in 96-well MTP shaker incubator. Afterwards,
the MTPs were centrifuged (4°C, 20 min, 3500 rpm) and the
supernatants were harvested and used for the screening assay.

Site-saturation mutagenesis

Individual site-saturation mutagenesis at positions 30, 36, 54, 81,
and 116 of the Hly enhancer fragment was performed to obtain all
the possible mutations at these positions. Two reverse complemen-
tary oligonucleotides carrying degenerative nucleotides in all
individual positions were designed and synthesized. Annealing of
the oligos was performed according to the protocol mentioned by
Sigma-Aldrich as follows. In short, oligos were dissolved in the
annealing buffer containing 10 mM Tris pH 7.5, 50 mM NaCl, and
1 mM EDTA. Equal volumes of the equimolar oligonucleotides of
both forward and reverse oligos were mixed and heated up to
95°C for 2 min, Subsequently, the mixture was gradually cooled to
25°C over a period of 45 min. The annealed oligos were used as
mega primers in a Megawhop PCR in order to amplify the whole
plasmid. Megawhop PCR mix (100 uL) contained: 0.3 mM dNTP,
500 ng annealed oligos, 2 U Q5 polymerase, 70 ng of the plasmid
template pK184_FEF-lipA-hlyA1BD, and 1x Q5 buffer. The PCR
product was digested with Dpnl enzyme, overnight, at 37°C and
purified using PCR clean-up kit. Subsequently, 2 uL of purified
Megawhop PCR product was transformed into chemically compe-
tent cells of E. coli BL21-Gold (DE3). The transformed cells were
cultured on tributyrin LB agar plates. Single cell clones were picked
up and grown in 96-well MTP plates.

Colorimetric screening system

The substrate used in this study to detect the amount of lipase-
HIyA1 secretion was p-nitrophenyl butyrate (pNPB).*" Upon
hydrolysis by lipase, p-nitrophenolate is formed, which can be
detected spectrophotometrically at 410 nm. After cultivation and
expression of the libraries, 10 pL supernatant of each single culture
was transferred into a new 96-well MTP containing 90 plL of 50 mMm
TEA buffer (pH 7.4). The reaction was started by supplementing
100 uL of freshly prepared substrate solution containing 0.5 mM
pNPB (dissolved in 10% v/v acetonitrile) in 50 mM TEA buffer
(pH7.4) in a final reaction volume of 200 pL. The amount of
released p-nitrophenolate was recorded by measuring Ao, at
30°C for 8 min with a kinetic interval of 20 seconds in a microtiter
plate reader (Tecan infinite® M200 Pro Austria GmbH, Ménnedorf,
Switzerland). The rate of conversion of pNPB to p-nitrophenolate
(the differences of A, ., Within 8 minutes) was calculated for each
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reaction and used to identify clones with enhanced secretion of
lipase-HIlyA1 into the supernatant.

Construction of one-plasmid system for secretion

The one-plasmid system for secretion of cutinase from Fusarium
solani pisi was constructed as follows: the plasmid vector pK184_EF-
lipA-hlyA1BD was linearized, excepting the lipA gene, using the
primer sets P5 and P6. The cutinase gene from plasmid pEKEx2_
NprE-cutinase was amplified using the primer sets P7 and P8. Both
PCR products were digested with Dpnl enzyme overnight at 37°C
and purified using PCR clean-up kit. The cutinase gene was
assembled into the linearized plasmid pK184_EF-hlyA1BD via
Gibson assembly, according to the manufacture’s protocol. 2L of
the assembled reaction was transformed into E. coli DH5c
competent cells and cultured on LBy,, agar plates. Cloning of the
plasmid pK184_EF-cutinase-hlyA1BD was verified via sequence
analysis.

Plasmid pK184_EF(Best)-cutinase-hlyA1BD was constructed in similar
manner as it was already mentioned above, using plasmid pK184_
EF(Best)-lipA-hlyA1BD as template.

To insert a terminator element between the hlyA1 and hlyB genes
on the above constructed one-plasmid systems for secretion, the
sequence of this terminator element for the hly operon of
uropathogenic E. coli UTI89 was obtained from the National Center
for Biotechnology Information (NCBI). Two non-overlapping primers
P13 and P14 were designed based on the sequence of the
terminator. The plasmids pK184_EF(Best)-lipase-hlyA1BD and
pK184_EF(Best)-cutinase-hlyA1BD were used as backbone tem-
plates. The PCR amplification of the plasmids was performed using
primer sets P13 and P14. The PCR products were separately
incubated (5 min, room temperature) in the reaction buffer of the
Q5-site directed mutagenesis kit based on the manufacture’s
instruction (New England Labs, England). Subsequently, 2 L of the
resultant mixture was transformed intoc 50 pL of chemically
competent cells of E. coli DH5a. Sequencing data of single cell
clones confirmed the insertion of the terminator sequence between
the hiyA1 and hlyB gene on the plasmids. The sequencing data of
single cell clones confirmed the insertion of the terminator
sequence between hlyA1 and hlyB genes on the plasmids and
thereby, successful construction of plasmids pK184_EF(Best)-lipA-
hiyA1-Ter-hlyBD and pK184_EF(Best)-cutinase-hlyA1-Ter-hlyBD.

RNA pull-down assay

The 3'-Biotin TEG (triethylene glycol)-labeled RNA of wildtype
enhancer fragment (5-GAAUUUCAUG GAGGUAAAAU UGAUAAA-
CAG UUAGCGAAUA AAAUUUUUAA ACAAUAUCAC CACGAGUUAA
UAACUGAAGU AAAAAGAAAG-3') and the “Best” enhancer fragment
(5-GUAUUUCUUG GAGGUAAAAU UGAUAGACAG UUAGCGAAUA
AAAUUUUUAA  ACUAUAUCAC CACGAGUUAA UAACUGAAGU
AAAAAGAUAG-3') were synthesized by BioSpring (Germany). The
RNA pull-down assay was performed using the Thermo Scientific
Pierce magnetic RNA-protein pull-down kit (ThermoFisher Scientific,
US) according to the manufacturer’s instructions. Eluted proteins
from the magnetic beads were run on a SDS-PAGE. Two SDS-PAGE
bands depicting the bound proteins were extracted from the gel
and analyzed by liquid chromatography-tandem mass spectrome-
try.

Expression and secretion experiments in shaker flasks
E. coli BL21-Gold (DE3) competent cells were transformed with the

desired plasmids and grown on LB agar plates supplemented with
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50 pg/mL kanamycin. A single colony was used to prepare a pre-
culture and cultivated overnight (37°C and 180 rpm). The overnight
culture was used to inoculate 25 mL of 2YT medium supplemented
with 50 pg/mL kanamycin at an ODgg of 0.1 in 100 mL Erlenmeyer
shaking flask. The cultures were cultivated at 37°C and 180 rpm to
an ODgy, of 0.4 to 0.6. Subsequently, the expression was induced
with 1 mM IPTG and 5 mM CaCl,. The culture was harvested after
specific hours of expression by centrifugation and was analyzed
either by SDS-PAGE™ or Western blot analysis. Staining of the SDS-
gels was performed via Colloidal Coomassie G-250 Staining
protocol.™” The intensity of the protein bands on the SDS-gels were
quantified using ImageJ software (Image Processing and Analysis in
Java). To determine the amount of secreted lipase-HIyA1, a series of
purified HlyA solutions with known concentrations were also
loaded on same SDS-PAGE. The amount of secreted lipase-HIlyA1 of
the supernatant was then compared to the HIyA solution through a
calibration curve. Furthermore, to determine the amount of lipase-
HIlyA1 protein in the white particles of the 25 mL culture, those
particles were isolated after four hours of induction from the
supernatant and resuspended in water and SDS-sample buffer. The
amount of protein was estimated as mentioned for lipase-HIyA1 of
the supernatant.

Computational methods

The crystal structure of the S1 ribosomal protein (PDB ID: 6h4n,
chain Y) was taken from PDB bank (http://www.rcsb.org).”” The
online webserver SimRNA (https://genesilico.pl/SimRNAweb) was
used to construct the 3D structure of the wild-type (WT) and “Best”
enhancer fragments.®” The RNA sequence of enhancer fragments
in a version with the residues A, C, G, and U only was used in Fasta
format for the SImRNA modeling as described in the SimRNA user
manual. The number of iterations was set to 500 steps of
simulations with default parameters. After the simulation steps, 1%
of the frames with the lowest energy were selected for clustering
while the remaining frames were discarded. To compare RNA 3D
structure of both fragment variants, their predicted structures were
aligned using the RNA-align open-source algorithm (https://
zhanglab.ccmb.med.umich.edu/RNA-align).*¥

To model the plausible S1 ribosomal protein-Enhancer fragment
interaction, docking of the enhancer fragments (WT, and the “Best”)
with the S1 ribosomal protein were performed using Nucleic Acid-
Protein Dock (NPDock) web server (http://genesilico.pl/NPDock).””
Docking was carried out using the default parameters (1000 steps
of simulation, initial temperature of 15,000 K). In total, 100 best
scored models were used for clustering similar structures to obtain
the final optimized structure. RMSD cut-off of 5 A was used for
clustering.
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Investigations on the substrate
binding sites of hemolysin B, an
ABC transporter, of a type 1
secretion system

Zohreh Pourhassan N.!, Eymen Hachani!, Olivia Spitz?,
Sander H. J. Smits*? and Lutz Schmitt®*

Institute of Biochemistry, Heinrich Heine University, Dusseldorf, Germany, ?Center for Structural
Studies, Heinrich Heine University, Disseldorf, Germany

The ABC transporter hemolysin B (HlyB) is the key protein of the HlyA
secretion system, a paradigm of type 1 secretion systems (T1SS). T1SS catalyze
the one-step substrate transport across both membranes of Gram-negative
bacteria. The HlyA T1SS is composed of the ABC transporter (HlyB), the
membrane fusion protein (HlyD), and the outer membrane protein TolC. HiyA
is a member of the RTX (repeats in toxins) family harboring GG repeats that
bind Ca?* in the C-terminus upstream of the secretion signal. Beside the GG
repeats, the presence of an amphipathic helix (AH) in the C-terminus of HlyA
is essential for secretion. Here, we propose that a consensus length between
the GG repeats and the AH affects the secretion efficiency of the heterclogous
RTX secreted by the HIyA T1SS. Our in silico studies along with mutagenesis
and biochemical analysis demonstrate that there are two binding pockets in
the nucleotide binding domain of HlyB for HlyA. The distances between the
domains of HlyB implied to interact with HIyA indicated that simultaneous
binding of the substrate to both cytosolic domains of HlyB, the NBD and CLD,
is possible and required for efficient substrate secretion.

KEYWORDS
ABC transporter, protein secretion, putative binding pockets, substrate interaction,
bacterial secretion systems

Introduction

Gram-negative bacteria have evolved type 1 secretion systems (T15S) to translocate a
diverse variety of substrates, mainly virulence factors, in one step to the exterior space
(Holland et al., 2016). The substrates of T1SS are transported in an unfolded state and
classified based on their functionality, as follows: toxins, lipases, heme-binding proteins,
adhesion proteins, proteases, S-layer binding proteins, and many of unknown functions
(Linhartova et al., 2010; Thomas et al., 2014).

In terms of architecture, T1SS nanomachineries consist of three components: an ATP
binding cassette (ABC) transporter, a membrane fusion protein (MFP), and an outer
membrane protein (OMP). These three components form a continuous channel, spanning
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both, inner and outer, membrane for redirecting substrates in one
step from the cytosol to the extracellular space (Pourhassan
etal., 2021).

A common feature of T1SS substrates is the presence of a
secretion signal in the extreme C-terminus, which is not cleaved
prior, while, or after secretion (Pourhassan et al, 2021),
Additionally, these substrates harbor repetitive Glycine- and
Aspartate-rich sequences, named as either nonapeptide sequence
or GG repeats, having the consensus sequence GGxGxDxUx (x
refers to any amino acid; U refers to a large and hydrophobic
amino acid) upstream of the secretion signal (Bumba et al.,, 2016).

The GG repeats are characteristic for a group of T1SS
substrates known as RTX (repeats in toxins) family, a superfamily
of mostly toxic proteins secreted by Gram-negative bacteria. It has
been demonstrated that the RTX is a site for binding of Ca’* ions
stimulating the folding of a substrate in the extracellular space
where the Ca® concentration (around 2mM) is higher than the
Ky of the RTX (around 150 pM) to Ca®*. Obviously, substrates
remain unfolded in the cytosol where the Ca® concentration is
only around 300 nM (Bumba et al.,, 2016; Spitz et al,, 2022).

The HIyA secretion system is a paradigm of the T1SS, first
identified in an uropathogenic Escherichia coli strain (Noegel
et al., 1979). The secretion machinery of this system consists of
three membrane components, as follows: the ABC transporter
HlyB, the membrane fusion protein HlyD, and the outer
membrane TolC (Holland et al., 2016; Pourhassan et al., 2022),
Only very recently, structural information derived from single
particle cryo-EM was reported and revealed an unusual six
stoichiometry of the inner membrane components of the HlyA
T18S, HlyB, and HlyD, which form the so-called inner membrane
complex (Zhao et al., 2022). This structure revealed that a trimer
of HlyB dimers incorporated with in sum six HlyD monomers.
This complex formation of HlyB and HlyD is essential for
secretion. They also reported a novel organization of HlyB trimers
in which three perform ATP hydrolysis, but only one acts as the
protein channel for the HlyA secretion (Zhao et al., 2022).

Another protein of this system is the acyl carrier HlyC that
acylates two specific lysin residues of HlyA and converts it from
an inactive form into an active toxin. However, this
posttranslational modification is not required for secretion
(Hardie et al., 1991).

HIyA is a member of RTX family with a size of 110kDa and
has the ability to create a pore in the membrane of, for example,
human erythrocytes. The required information for the secretion
of HlyA is encoded within the last 50-60C-terminal amino acids
(Nicaud et al., 1986). A C-terminal fragment of HlyA, termed
HIlyAl, has been used frequently as a transport-carrier for
secretion of different heterologous proteins. HlyA1 consists of the
C-terminal secretion signal along with three of the six conserved
GG repeats (Pourhassan et al., 2021).

Extensive research on the T1SS substrates demonstrated that a
secondary structure might be encoded by the secretion signals, since
no significant conservation on the primary structure of the secretion
sequences was evident. In this regard, the presence of an amphipathic
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helix (AH) located between residues 973 and 987 of HlyA was
proposed (Koronakis et al., 1989), and only recently further data was
provided by Spitz et al. supporting the idea that the presence of this
AH in the C-terminus of HlyA plays an essential role in the early
steps of the secretion process (Spitz et al., 2022). In the current study,
we identified a consensus length between the AH and the GG
repeats that influences the secretion efficiency of heterologous RTX
proteins secreted by the HlyA T1SS. We observed that a reduction
in the secretion rate of HIlyA occurs by shortening this
consensus length.

It is now understood that secretion through HlyA T1SS occurs
within an ordered reaction. This reaction initiates upon interaction
of HlyA with the inner membrane complex, consisting of HlyB
and HlyD. This interaction recruits TolC protein, and only then all
these membrane proteins form a channel bypassing HlyA in one
step, the C-terminus first (Lenders et al, 2015), to the extracellular
space (Letoffe et al., 1996; Thanabalu et al., 1998).

The central protein of the HlyA T1SS is the ABC transporter
HlyB. In terms of topology, HlyB harbors six transmembrane
domains (TMD), a nucleotide-binding domain (NBD), and a
C39-peptidase-like domain (CLD) (Holland et al., 2016). Concerning
the CLD, despite 40% homology to other C39-peptidases, no protease
activity has been reported for this domain, because of a defective
catalytic site. Nevertheless, it is essential for the secretion. Importantly,
Lecher et al. reported an interaction between the CLD and the
unfolded substrate outside of the secretion signal, suggesting a
receptor or a chaperone-like activity for this domain, but the exact
function of this domain remains unclear (Lecher et al., 2012).

The NBD domain not only provides the energy of the transport
by hydrolyzing ATP (Schmitt et al., 2003; Zhao et al,, 2022), but also
interacts with HlyA prior to the secretion, revealed by surface
plasmon resonance analysis (Benabdelhak et al, 2003). This
interaction vanishes in the absence of the signal sequence of HlyA,
and is highly dependent on the presence of nucleotides either ATP
or ADP (Benabdelhak et al., 2003). Like other ABC transporters, the
ATP binding site of HlyB is highly conserved and sequence analysis
reveals the presence of three characteristic motifs, the Walker A
motif with the sequence of GXXGXGKS/T (x refers to any amino
acid), the Walker B motif with the sequence of ® ® & & D (& refers
to any hydrophobic amino acid), and the C-loop with the sequence
of LSGGQ (also called as signature motif) (Oswald et al,, 2006).

Lecher et al. already reported the substrate binding region
within the CLD by conducting structural studies and pulldown
assays (Lecher et al,, 2012). Regarding the binding sites of NBD for
HIyA no study has been conducted so far. Here, we were aiming to
address this question by performing in silico studies. Furthermore,
we analyzed the available structures of the NBD of HlyB and found
two possible interaction sites for the AH of HlyA. Our mutagenesis
and functional studies also support the presence of these two
interaction sites. In the following, these interaction sites as well as
the previously identified HlyA interaction site of the CLD were
mapped onto a model of HlyB suggesting that simultaneous
binding of the substrate to both cytosolic domains of the
transporter is necessary for efficient substrate secretion,
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Materials and methods

All chemicals used in this study were purchased from
Sigma-Aldrich, Applichem GmbH, and Roche Diagnostics
GmbH if not stated otherwise. Enzymes were purchased from
New England Biolabs, All oligonucleotides were purchased
from Eurofins MWG Operon and diluted in MilliQ-water. The
NucleoSpin plasmid miniprep kit and the Q5 site-directed
mutagenesis kit were purchased from Macherey Nagel (Dueren,
Germany) and New England Biolabs, respectively. DNA
sequencing was performed at Microsynth Seqlab (Gottingen,
Germany).

Construction of plasmids used in this
study

In this study E. coli DH5a, E. coli BL21-Gold (DE3), and
E. coli BL21 (DE3) were used for cloning, overexpression, and
purification purposes. Plasmids and oligonucleotides used in this
study are listed in Tables 1, 2, respectively.

Plasmids containing truncated variants of
HlyA were constructed as follows

Plasmid pSU2726_hlyC (159bp)-hlyA was used as the
backbone plasmid. This plasmid contains an ampicillin resistance
gene. The lac promoter of this plasmid is inducible with isopropyl
B-D-1-thiogalactopyranoside (IPTG). To delete the encoding
region of 30 and 50 residues of HlyA, plasmid pSU2726_hlyC
(159bp)-hlyA was linearized via PCR reaction using primer sets of
P9/P10and P9/P11, respectively. Subsequently, both PCR products
were incubated with the KLD (kinase-ligase-Dpnl) reaction mix of

TABLE 1 Plasmids used in this study.

Plasmids name Source
pK184_hiyBD Khosa et al. (2018)
pK184_hiyB (F518D, Y519D)-hiyD “This study
pK184_hiyB (Y477D, F518D, Y519D)-hlyD ‘This study
pK184_hiyB (V682D)-hlyD This study
pK184_hiyB (V682D, L697D, Y700D)-hiyD This study
pPSG122_His:NBD Zaitseva et al. (2004)
pPSG122_His:NBD (Y477D) This study
pPSG122_His:NBD (F518D, Y519D) This study
pPSG122_His:NBD (Y477D, F518D, Y519D) This study
pPSG122_His:NBD (V682D) This study
pPSG122_His:NBD (L697D, Y700D) This study
pPSG122_His:NBD (V682D, L697D, Y700D) This study
pSU2726_hlyC (159bp)-hiyA Khosa et al. (2018)
pSU2726_hlyC (159 bp)-hlyA (A939-968) “This study
pSU2726_hlyC (159 bp)-hlyA (A919-968) This study
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the Q5 site-directed mutagenesis kit (5min, room temperature),
according to the instructions of the manufacturer. Subsequently,
2pL of the KLD mixture was transformed into chemically
competent cells of E. coli DH5a. The sequence of the constructed
plasmids  pSU2726_hlyC  (159bp)-hilyA  (A939-968) and
pSU2726_hlyC (159bp)-hiyA (A919-968) were confirmed via
plasmid sequencing.

Mutations in hlyB gene were introduced
as follows

In general, plasmid pK184_hlyBD was used as the
backbone plasmid. The lac promoter of plasmid pK184 is
inducible with IPTG. This plasmid has a kanamycin resistance
gene. The mutations were introduced in the hlyB gene using
the Q5 site-directed mutagenesis kit, according to the
instructions of the manufacturer. First the PCR for introducing
each mutation was performed with the proper primer sets.
Then, the PCR product was incubated with the KLD mix
(5min, room temperature). Subsequently, 2 pL of the KLD
mixture was transformed into chemically competent cells of
E. coli DH5a.

In detail, to introduce the mutations concerning the putative
binding pocket inside (pbp-in), first plasmid pK184_hiyB (F518D,
Y519D)-hlyD was constructed using primer sets of P3/P4. To
introduce the third mutation of pbp-in, plasmid pK184_hlyB
(F518D, Y519D)-hlyD was amplified using primer sets of P1/P2.
The successful construction of plasmid pK184_hlyB (Y477D,
F518D, Y519D)-hlyD, containing the three mutations in the hlyB
gene, was verified via sequencing.

To introduce the mutations concerning the putative binding
pocket outside (pbp-out), first plasmid pK184_hlyB (V682)-hlyD
was constructed using primer sets of P5/P6, and then used as the
backbone plasmid for the introduction of the second and third
mutations. The PCR amplification of plasmid pK184_hlyB
(V682)-hlyD was performed using the primer sets of P7/P8. The
successful construction of plasmid pK184_hlyB (V682D, L697D,
Y700D)-hlyD, containing three mutations in the hlyB gene, was

verified via sequencing.

Mutations in the coding region of the
nucleotide-binding domain of HlyB were
introduced as follows

Plasmid pPSG122_His:NBD was used as the backbone
plasmid. The pBAD promoter of this plasmid is inducible with
L-arabinose. This plasmid has an ampicillin resistance gene. All
the mutations in the NBD were introduced as described for the
pK184_hlyBD backbone plasmid. The only exception was that
primer P2" was used instead of primer P2. Sequencing was
performed to verify the successful construction of the desired
plasmids, listed in Table 1,
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TABLE 2 Oligonucleotides used in this study.

Name Details

P1 Fp, pbp-in, Y477D

P2 Rp, pbp-in, Y477D

P> Rp, pbp-in, Y477D

P3 Fp, pbp-in, F518D, Y519D

P4 Rp, pbp-in, F518D, Y519D

P5 Fp, pbp-out, V682D

P6 Rp, pbp-out, V682D

7 Fp, pbp-out, L697D, Y700D

P8 Rp, pbp-out, L697D, Y700D

P9 Fp, deletion of 30 or 50 residues of HlyA
P10 Rp, deletion of 30 residues of HlyA
Pl Rp, deletion of 50 residues of HlyA

Fp, forward primer; Rp, reverse primer.

Expression and secretion experiments in
shaker flasks

Escherichia coli BL21 (DE3) chemically competent cells were
transformed with the desired plasmids and grown on LB agar
plates supplemented with 50 pg/mL kanamycin and/or 100 pg/
mL ampicillin.

In all of the cultures, first a mixture of transformed clones was
used to prepare a pre-culture and cultivated overnight (37°C and
180 rpm). The overnight culture was used to inoculate 25ml of
2YT (16g/1 Tryptone, 10g/l yeast extract, 5g/1 NaCl) medium
supplemented with 50pg/mL kanamycin andfor 100pg/mL
ampicillin at an ODgy of 0.1 in 100 ml Erlenmeyer shaking flask.
The cultures were cultivated at 37°C and 180rpm to an ODy, of
0.7-0.8. Subsequently, the expression was induced with 1 mM
IPTG and 5mM CaCl,. Cells were grown for 4 h and samples were
taken every hour. The samples were centrifuged (5,200 x g, 5min).
Then, supernatant and cell pellet were collected in separate
Eppendorf tubes and mixed with an amount of SDS sample buffer
to normalized the samples in the respect of the OD of cultures.
Cell growth was also monitored each hour by measuring the
ODgy. The samples were analyzed either by SDS-PAGE or Western
blot analysis. Staining of the SDS-PAGE gels was performed via
the Colloidal Coomassie G-250 Staining protocol (Dyballa and
Metzger, 2009). The intensity of the protein bands on the
SDS-PAGE gels were semi-quantified using the Image] software
(Image Processing and Analysis in Java) if necessary (Abramoff
et al., 2004).

To determine the amount of secreted target protein, a series of
purified HlyA solutions with known concentrations were also
loaded on the same SDS-PAGE. The amount of secreted target
protein in the supernatant was then compared to the HlyA
solution through a calibration line. The rate of secretion was
calculated according to the published protocol (Lenders
et al., 2016).
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Sequence

CCGGTTTCGCGATAAGCCTGACT
ATATTACGAAAAGTGATATCACCATTAATTTC
ATATTACGAAAAGTGATATCGTG
AATTCAACGTGATGATATTCCTGAAAATGGC
AATTTAGTTAATGTGCTTTTTCC
AGGGAAAATTGATGAACAGGGTAAAC
TTTTCCATGACAATAATGCG
AGTGATTTATATCAGTTACAGTCAGAC
GTAATCACTTTCCGGTTCAGAAAG
AGTCAGGGTGATCTTAATCC
GATTATCCGGCCACTTTTATC
CTCTTTTTCAAACCAGTTCCTG

The supernatants samples were mixed with SDS-sample
buffer. The pellet samples were first resuspended in resuspension
buffer (50 mM Na,HPO,, pH 8, 300 mM NaCl) and then mixed
with SDS-sample buffer. The supernatants and pellets samples
were analyzed using SDS-PAGE analysis and Western-blotting.

Expression and purification of HlyB
nucleotide-binding domain variants

Expression and purification of the NBD variants were
performed according to the published procedure (Zaitseva et al.,
2004) with slight modifications, as described below.

The NBD plasmids (WT or mutant variants) were introduced
into chemically competent E. coli BL21 (DE3) or E. coli BL21-Gold
(DE3) cells. Then, the cells were grown on LB agar plates
supplemented with 100 pg/mL ampicillin. A mixture of clones was
used to prepare a pre-culture (50 ml 2YT) and cultivated overnight
(37°C and 180 rpm). The overnight culture was used to inoculate
2L of 2YT medium supplemented with 100 pg/mL ampicillin in a
ratio of 1:100. The cultures were cultivated (37°C and 180rpm) to
an 0Dy of 0.8. The cultures were cooled down to 20°C and
cultured again to an ODy, of 1. Then, the cultures were induced
with 0.002% L-arabinose and continued to grow for 3h (20°C and
180rpm). All following steps were performed at 4°C. Cells were
harvested by centrifugation (20 min, 4,500 x g, 4°C). Cells were
resuspended in buffer A (25mM sodium phosphate, 100 mM
potassium chloride, 10mM imidazole, 20% Glycerol, pH 8)
supplemented with protease inhibitor cocktails and DNAase. Cells
were disrupted by passing three times through a cell disruptor
(Microfluidizer M-110P, Microfluidics) at 1.5 kbar. Cell debris and
undisrupted cells were removed by centrifugation (60min,
125,000 x g, 4°C). The supernatant was loaded onto a 5ml Zn**-
charged chelating HiTrap™ HP column that was already
equilibrated with buffer A. The column washed with 25ml of
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buffer A and the elution step was performed with a linear gradient
of buffer A2 (25mM sodium phosphate, 100mM potassium
chloride, 300mM imidazole, 20% glycerol, pH 8). Based on
SDS-PAGE analysis, fractions containing the HlyB NBD variants
were mixed and concentrated to a final volume of 500 pL using an
Amicon Ultra filter (15ml, MWCO = 10,000 Da Merck/Milipore).
The concentrated protein was centrifuged (10 min, 100,000 x g,
4°C) and subjected to a size-exclusion chromatography on the
Superdex 200 increased 10/300 Gl column (GE Healthcare) in
buffer B (10mM CAPS-NaOH, 20% glycerol, pH 10.4). The
purified HlyB NBD variants were concentrated using an Amicon
Ultra filter (5ml, MWCO = 10,000 Da Merck/Milipore), and used
for further analysis.

ATPase activity assays

ATPase assays were performed according to the published
procedure (Zaitseva et al., 2005b) with slight modifications. In this
assay, the amount of released free phosphate was determined via
a colorimetric assay. The concentrated purified NBD was diluted
in HEPES buffer (100mM HEPES, 20% Glycerol, pH 7) only
before starting the assay. Subsequently, 30 pL of NBD solution in
HEPES buffer was added to 10pL of 50 mM MgCl, and 10 uL of
ATP solution (to a final concentration of 0 to 6mM, pH 8). Instead
of MgCl, HEPES buffer was used in negative control samples. The
ATPase assay was started by supplementing protein solution to
the reaction.

The reaction mixture in a final volume of 50uL was
incubated for 120 min at 22° C, Then, 25 pL of sample reactions
was added to a 96 well pellet and reaction stopped by adding
175 pL of 10 mM H,SO,. The amount of released free phosphate
was monitored by adding 50 pL of staining solution (0.096%
(w/v) malachite green, 1.48% (w/v) ammonium molybdate,
0.173% (w/v) Tween-20 in 2.36 M H,SO,). The mixture was
incubated 8 min at room temperature. The amount of released
free phosphate was recorded by measuring Ay, with a micro
plate reader (iMark Microplate Reader, Bio Rad) and using
phosphate buffer as standard. Raw data were fitted using
GraphPad Prism 8 Software (GraphPad).

Secondary structure prediction

Quick2D (Zimmermann et al., 2018) and AmphipaSeeK
(Combet et al., 2000; Sapay et al., 2006) were used to predict the
secondary structures. Quick2D is used for prediction of o-, x- and
TM-helices, -strands, coiled coils, as well as disordered regions
(Zimmermann et al, 2018). AmphipaSeeK is specifically designed
to identify amphipathic helices (Sapay et al, 2006). The
AmphipaSeeK predicts a secondary structure, a membrane
topology (in-plane or not-in-plane), a score for the proposed
membrane topology, and an amphipathy score for each residue in
dependence to the neighboring residues,
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Structure prediction of HlyB

The structure of HlyB was modeled based on the structure of
PCAT1 with TopModel tool (Lin et al., 2015; Mulnaes et al., 2020).
The monomers of our HlyB model superimposed with a RMSD of
3.3 A (558 Ca atoms) and 3.6 A (558 Ca atoms), respectively, on
the monomers of the inward facing conformation of HlyB in the
structure of the HlyB / HlyD complex (Zhao et al., 2022). These
differences are due to a different orientation of TMD and NBD in
our model compared to the single particle structure.
Superimposition of the isolated TMDs revealed a RMSD of 1.8 A
(311 Ca atoms) and 1.3 A (273 Cu atoms), respectively for the
monomers of our HlyB model and the monomers of the inward
facing conformation of HlyB in the HlyB / HlyD structure. The
crystal structures of the isolated NBD of HlyB in the apo form
(IMTO; Schmitt et al., 2003) and the ATP / Mg® bound state
(1XEF; Zaitseva et al., 2005a) superimposed with RMSD values of
0.7 A (191 Cox atoms, IMT0) and 1.2 A (449 Ca atoms, 1XEF),
respectively. Due to the high structural identity between the
crystal structures of the isolated NBD and the NBD in the single
particle cryo-EM structure, we primarily used these crystal
structures for our analysis.

Illustration and visualization

We used Netwheel to visualize the amphipathic characteristics
of a helix (Mol et al., 2018). Protein and peptide structures were
processed in PyMOL (Delano, 2002; the PyMOL molecular
Graphics System, Version 1.8.6.0 Enhanced for Mac OS X). In
order to illustrate and identify hydrophobic surfaces the
YRB-script was applied in PyMOL (Hagemans et al., 2015).

Sequence alignments

Alignments were performed using Clustal Omega (Madeira
et al,, 2019). Sequences of the homologous proteins were taken
from Uniprot' or NCBI®.
Results

In silico studies on the putative HlyB
binding pockets

It was proposed that in one of the early steps of the secretion,
the secretion signal of HlyA interacts with the NBD of HlyB. Here,
it was also reported that the presence of ATP accelerates the
dissociation of this complex (Benabdelhak et al., 2003). Also, it
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was revealed that an amphipathic helix (AH) in the extreme
C-terminus of HlyA plays an essential role in the secretion (Spitz
etal., 2022). In this study, we assumed that the interaction between
HlyA and NBD takes place within this essential AH. Based on this
assumption, the binding region of the AH is expected to be a
hydrophobic site. Accordingly, in silico studies explained in the
following were performed.

It should be noted that different structures of the isolated
NBD from different stages of ATP hydrolysis cycle are available,
for instances: structures of the wild type NBD either as a
nucleotide free monomer (PDB entry IMTO0; Benabdelhak et al,,
2003), as an ADP bound monomer (PDB entry 2FF7; Zaitseva
et al,, 2005a), or as a TNP-ADP bound monomer (PDB entry
2PMK; Oswald et al., 2008). Additionally, the structures of the
dimeric forms are available for the hydrolysis-impaired mutant
E631Q with two ATP bound (PDB entry 2FGK; Zaitseva et al,,
2005a), for the hydrolytic inactive mutant H662A (activity <0.1%;
Zaitseva et al., 2005a) with two ATP bound (PDB entry 2FGJ;
Zaitseva et al., 2005a), and for the mutant H662A with two ATP
and two Mg* ions bound (PDB entry 1XEF; Zaitseva et al,
2005b). As outlined in Materials and Methods, the differences
between the crystal structures of the isolated NBD of HlyB and the
NBD of the HlyB structure in the cryo-EM structure of the HlyB
/ HlyD complex (Zhao et al., 2022) are marginal. Therefore,
we focused on the structures of the isolated NBD as different
conformations of the catalytic cycle are available.

Based on Benabdelhak et al., the interaction between HlyA
and the NBD domain occurs in the absence of ATP, or on the
other hand, the interaction occurs with the nucleotide free form
of the NBD (Benabdelhak et al., 2003). Therefore, the structure of
the nucleotide free monomer (PDB entry 1IMT0) was used to
search and identify putative hydrophobic binding pockets using
the YRB-script (Hagemans et al., 2015). Furthermore, the dimeric
ATP-bound structure (1XEF) was also analyzed to examine if the
interaction is disrupted in the presence of ATP. Note that the
positional changes of the residues can be analyzed by
superimposing both structures and calculating the RMSD value
only for the residues involved in forming the putative binding site.
By performing this, we identified two regions of high
hydrophobicity, which we called putative binding pocket inside
(pbp-in) and putative binding pocket outside (pbp-out).

The pbp-in is located closely to the dimer interface and the
ATP binding site (Figure 1A). While some residues from this
pocket are polar amino acids, they contribute to the nonpolar
character of the binding pocket with the carbon atoms of their side
chains, Furthermore, charges at the side of a binding pocket for an
AH may interact with the polar side of the AH and help its
orientation. The residues that form pbp-in are: F475, Y477, K478,
1484, T510, K513, Q516, F518, and Y519 (Figure 1C).

The pbp-in shares at least three residues with the ATP binding
site (Y477, 1484, T510): Y477, located in the A-loop (Ambudkar
etal., 2006), interacts with the adenine base, 1484 with the ribose
moiety, and T510 with the Pa of ATP (Zaitseva et al,, 2005a).
When superimposing the ATP free monomer (1MT0) with the
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ATP bound dimer (1XEF) the residues of the pbp-in show a
change in position of approximately 2 A as reflected by the RMSD
value. Both Tyr (Y477 and Y519) and both Lys (K487 and K513)
display the largest change in position. The RMSD value is 1.3 A
when compared to the ADP-bound state (2FF7).

The pbp-out is located opposite to the membrane and is
exposed to the cytosol (Figures 1B,F). It is made up by the
following residues: V675, E677, K680, V682, E683, L697, Y700,
L701 and L704 (Figure 1D). Y700, L701, and L704 point toward
the dimer interface and are involved in monomer-monomer
contacts (Zaitseva et al., 2005a) in the ATP-bound state. The
pbp-out changes less than the pbp-in upon ATP binding and
dimerization as shown by the RMSD value of 1.1 A. The difference
to the ADP-bound monomer is only 0.9 A.

Both suggested pbp’s hold the potential to be the interaction
sites of the C-terminal part of HlyA, as: (i) Both pbp’s display a
hydrophobic region that matches the length of the AH in HlyA. (ii)
They hold residues that are able to form n-x stacking interactions
with their side chains and could, therefore, act as an interaction
partner to F990 of HlyA. F990 is an essential amino acid of HlyA
for the efficient secretion as revealed by mutagenesis studies
(Chervaux and Holland, 1996). (iii) Both pbp’s are changed upon
ATP binding and dimerization, supporting the already published
observation of Benabdelhak et al. (2003).

In vivo studies on the putative HlyB
binding pockets

We applied directed mutagenesis to the proposed binding
pockets to perform in vivo studies on the putative binding pockets.
The first sets of mutagenesis experiments investigated the pbp-in.
Two different variants of HlyB were cloned by introducing
mutations at either two or three positions in the pbp-in site. One
of the mutants harbored two point-mutations, F518D and Y519D,
whereas the other one harbored three point-mutations, Y477D,
F518D, and Y519D.

Additionally, the proposed pbp-out was investigated by
mutagenesis studies. A pbp-out triple mutant was cloned that
harbored the mutations V682D, L697D, and Y700D.

The constructed plasmids harboring different variants of HlyB
protein were co-transformed into chemically competent E. coli
BL21(DE3) cells along with pSU2627_hlyC(159 bp)-hlyA plasmid.
Cell  colonies harboring plasmids pK184_hlyBD and
pSU2627_hlyC(159bp)-hlyA were used as positive controls. Test
expression of clones secreting HlyA was performed in shaking
flasks employing directly the supernatant of cultures for analysis
by SDS-PAGE. The test expression experiments were performed
with three biological replicates.

Interestingly, we observed that neither the double pbp-in
mutant (Figure 2A), triple pbp-in (Figure 2B), nor triple pbp-out
mutant (Figure 2B) were able to secrete HlyA. However, in the
same condition the positive controls were able to secrete HlyA
(Figures 2A,B).
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Transmembrane
domains

FIGURE 1

Putative binding pockets (pbp) of HlyB NBD. (A,B) The HlyB NBD monomer (LMTO) is shown in surface representation. The surface was colored
with the YRB-script (Hagemans et al,, 2015), which highlights carbon atoms that are not bound to oxygen or nitrogen in yellow, the charged
oxygens of Glu and Asp in red, the charged nitrogen of Lys and Arg in blue while all other atoms in white. The structural elements of the NBD were
labeled. The pbp’s are circled with a black dashed line. From panel A, which shows the pbp-in, to panel B, which shows the pbp-out, the
molecules have been rotated toward the reader. (C,D) The residues of pbp-in (C) and pbp-out (D) from the monomeric structure (IMT0) are
shown as stick representations. (E,F) Cartoon representation of a model of HlyB based on PCAT1 shown in green (Lin et al,, 2015). The identified
pbp's are shown as surface representation with pbp-in in red and pbp-out in orange. The yellow surface maps the HlyA-interaction region on the
CLD (Lecher et al,, 2012). Pale colers correspond to the same regions in the second monomer. The overall domains of HlyB were labeled
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The expression level of HlyB and HlyD of the different
mutants was analyzed using Western blotting demonstrating that
HIyB (Figures 2C,E) and HlyD (Figures 2D,F) were successfully
expressed in the different mutants. Thus, the lack of secretion of
the mutants observed in our test secretion experiments cannot
be attributed to the lack of the HIyA secretion system apparatus
or individual components.

In vitro studies on the putative HlyB
binding pockets

To express and purify the HlyB-NBD mutants, a construct
containing the C-terminal residues 467 to 707 of HlyB was
overexpressed and purified according to the published protocol
(Zaitseva et al., 2004). The expression and purification of
wildtype HlyB-NBD, double-pbp-in mutant, and triple-pbp-in
mutant were performed in high yield and purity (Figure 3). Gel
shifting, which is uncorrelated migration with formula
molecular weight of a protein on SDS-PAGE, was observed for
the purified mutated NBDs (Figure 3). Amino acid substitutions
can cause mobility changes during electrophoresis on
SDS-PAGE. To date, several studies have investigated the
correlation between the mobility changes and biochemical
features of proteins, but still this relationship has to
be explained (Rath et al., 2009; Shi et al., 2012). Shi et al. (2012)
observed that net charge of a protein, binding ability to
SDS-molecules are factors which affect protein migration on
the SDS-PAGE.

Although, different expression strains and different expression
conditions were tested, the purification of the pbp-out mutant was
not successful.

ATPase activity of the HlyB
nucleotide-binding domain mutants

Isolated NBD variants were subsequently used to characterize
the ATPase activity of each NBD. ATPase activity of the
HIlyB-NBD mutants was measured by a colorimetric assay based
on the amount of released inorganic phosphate from the
ATP hydrolysis.

The ATPase activity of the NBD pbp-in triple mutant was
completely abolished (range of ATP concentrations 0 to 6 mM).

The maximum velocity (V,.) of 253.8nmol/mg.min was
determined for the wild type NBD under the conditions of the
assay. The V,,,, of the NBD pbp-in double mutant was reduced
two-fold in comparison to the wild type and determined to
be 133.4nmol/mg.min (Table 3; Figure 4). Despite of ATPase
activity of the NBD pbp-in double mutant, no secretion was
observed for this mutant.

Note that the double and triple mutants of pbp-in differ in one
residue (Y477), but the double mutant still is able to hydrolyze
ATP, nevertheless, these mutations led to the lack of secretion. The
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kinetic parameters of the different ATPase activity are summarized
in Table 3.

Y477 is a residue of the A-loop, which coordinates the adenine
ring. Interestingly, Pdr5, the ABC transporter involved in
pleiotropic resistance from baker’s yeast, have no aromatic A-loop
residue but still able to hydrolyses ATP with high efficiency
(Raschka et al., 2022).

Investigations on the HlyB
C39-peptidase-like domain

It is now understood that the CLD domain of HlyB is essential
for secretion. Additionally, an interaction between HlyA and the
CLD domain has been confirmed (Lecher et al., 2012). It seems
that the AH at the C-terminus of HlyA has no impact on this
interaction which was revealed by pull-down assay of the isolated
CLD with unfolded/folded HlyA, HlyAl (C-terminal 217
residues), and HlyA2 (HlyA1 lacking the C-terminal 60 residues
that make up the secretion signal). Despite lacking the AH in
HIyA2, no change in the interaction between the CLD and HlyA
was observed. Instead, the interaction was disrupted when the
experiment was performed with folded versions of the substrate
(Lecher et al,, 2012). In this regard, the authors assigned the
interaction to the conserved GG repeats of the RTX domain of
HlyA, which induce folding of RTX proteins upon Ca** binding
(Baumann et al., 1993; Lecher et al., 2012).

By a combination of chemical shift experiments and
mutational studies Lecher et al. were able to map the region in the
CLD that interacts with HlyA (Figures 1E,F). Since HlyB seems to
interact with different regions of the substrate, we were interested
if a simultaneous binding would be possible.

The last C-terminal GG repeat of HlyA2 is located 122 amino
acids upstream of the AH. Assuming 3.8 A per amino acid in an
unfolded protein (Carrion-Vazquez et al, 1999; Crecca and
Roitberg, 2008), the distance between the last C-terminal GG
repeat and the AH (NBD-interaction site) is approximately
450 A. For a visualization of these distances see Figure 5.

In order to measure the distances between the pbp's of the
NBD and the interaction site on the CLD the structure of full-
length HlyB is needed. However, the HlyB structure became
available only recently and we modeled it based on another ABC
transporters, PCAT1 (Lin et al,, 2015; Figures 1E,F).

In this model the outmost residue of the HlyA interaction site
in the CLD is E92. The minimal distance between E92 and pbp-in
measures ~40 A and the maximal distance from E92 to pbp-in is
~64 A. The pbp-out shows a distance to E92 between 54 A and
68 A, respectively. Based on these calculations, HlyA can easily
bridge these distances and simultaneous binding of the substrate
HIyA to the CLD and NBD of HlyB is possible. In the recently
published structure of the HlyB / HlyD complex (Zhao et al.,
2022) only one of the three HlyB dimers is transport competent.
Furthermore, only one of the two CLDs is visible in the electron
density of the transport competent dimer. Here, the distance
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FIGURE 2
Secretion of proHlyA through the HiyA T1SS, in which HlyB harbors mutation. (A) SDS-PAGE analysis of the supernatant (unconcentrated) of
clones secreting HlyA, in which HlyB is the wild type (control) or contains double mutations in pbp-in. (B) SDS-PAGE analysis of the supernatant
(unconcentrated) of clones secreting HlyA, in which HlyB is the wild type (control), triple mutations in the pbp-in, or triple mutations in the pbp-
out. Western blotting of E. coli cells (whole cells) demonstrated that (C,E) HlyB and (D,F) HlyD were expressed for all three mutants at levels
comparable to the control cells. M, marker proteins; the molecular weight of the marker proteins is given on the left; xh, unconcentrated
supernatant of culture, where x denotes the number of hours after induction.

between E92 and pbp-in is approximately 60 A, while the distance
to pbp-out is with slight increased, approximately 75 A. This also
supports our conclusion that HlyA can bridge this distance and
that the proposed simultaneous binding is indeed possible.

If multiple interaction sites on HlyB are occupied
simultaneously by one substrate molecule, this would result in a
strictly ordered substrate arrangement, which could confer
specificity between substrate and transport machinery. The
interaction between substrate and the secretion machinery has
also essential impact on inducing the assembly of the translocation
channel (Thanabalu et al., 1998; Zhao et al,, 2022).

The transport components HlyB and HlyD can also secrete
heterologously expressed RTX toxins such as FrpA from
N. meningitidis and HlyIA from A. pleuropneumoniae serotype 1
(Gygi et al, 1990; Thompson and Sparling, 1993). Both are

predicted to have an AH in their C-terminus and a GG repeat can

be found 122 residues (FrpA) and 121 residues (HIyIA) upstream
of this AH.

Investigations on the conserved distance
between the predicted amphipathic helix
domain and the GG-repeat of HlyA

The secretion signal of HlyA is located in the C-terminal 60
residues (Holland et al., 2016). Interestingly, heterologous
substrates that can be secreted by HlyBD show AHs in their
C-terminal secretion signal when analyzed with the prediction
tool AmphipaSeeK. Furthermore, these heterologous substrates
display the same distance between the predicted AH and the
GG-repeat of the RTX domain as HlyA (Table 4). A linker of a
conserved length between the two interaction sites further
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FIGURE3

Purification of HlyB NBD mutants. SDS-PAGE of purified HlyB
NBD of wild type (1), double-pbp-in (2), and (3) triple-pbp-in (3)
M, marker proteins, the molecular weight of the marker proteins
is given on the left.

TABLE 3 Summary of the kinetic parameters of HlyB NBD wild type
and the mutated variants.

Kinetic WT NBD Pbp-in-

parameters double
Michaelis- Vi (nmol/mg.min) 253.8+7.6 133.4£79
Menten kinetic K, (mM) 0.65 + 0.06 073 +0.12
Hill equation h 1.66 + 0.154 237+0.2

Ko (1/min) 0.49 + 0.026 0.5+ 0.018

strengthens the theory that the RTX domain and the secretion
signal interact simultaneously with the ABC transporter, which
might be important for the correct orientation of the substrate.
Additionally, an aromatic residue (F990) close to the AH was
shown to be important for HlyA secretion and a Phe residue close
to the predicted AHs can be found in the heterologous substrates
as well (Table 4).

The following mutagenesis experiments were performed to
modify the length between the two docking sites, AH and GG
repeats. Two different truncated versions of HlyA were cloned by
deleting either 30 or 50 residues of the 130 residues that are
encoded between the AH and the GG-repeats of HlyA. For the
30-residues-truncated HIyA, residues from 939 to 968 were
deleted, and for the 50-residues-truncated HlyA, residues from
919 to 968 were deleted. The predicted AH domain is located
between residues 975 to 987. The strain containing the plasmid
encoding full-length HIlyA was used as the control strain.
Expression experiments of clones secreting wild type HlyA and
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both truncated variants of HlyA were performed in shaking flasks
employing directly the supernatant of cultures for analysis by
SDS-PAGE. The analysis confirmed that the secretion efficiency of
both truncated HIyA variants were strongly reduced compared to
the wild type HlyA (Figure 6A). The secretion rates of two HlyA
variants were quantified according to the published protocol
(Lenders et al., 2016). The secretion rates for the HIyA variants
were displayed in Figure 6B indicating that the secretion rate of
wild type HIyA is almost two-fold higher than the 30-residues-
truncated HIyA variant. Additionally, the 50-residues-truncated
HIyA variant showed the lowest secretion rate compared to the
other two tested variants. Consequently, these observations
demonstrated that by shortening the distance between the
predicted AH domain and the GG-repeats of HlyA, the secretion
level of this substrate is reduced.

The expression level of HlyB and HlyD of the different variants
as well as the amount of HlyA was analyzed using Western blotting
demonstrating that HlyB (Figure 6C), HlyD (Figure 61), and pro
HIyA (Figure 6F) were expressed in comparable levels in the
different variants. Thus, the lower secretion of proHIyA observed
in our test secretion experiments cannot be attributed to the lower
amount of the secretion system apparatus or the secreted substrate.

Discussion

The ABC transporter HlyB plays a central role in the HlyA
T18S, because it not only provides the energy of the transport by
hydrolyzing ATP, but also plays a role in the early steps of the
secretion by interacting with the substrate prior to the secretion.
Previous studies have explored the relationship between HlyB and
the substrate, and reported two interactions: An interaction site
within the CLD domain (Lecher et al,, 2012) and an interaction site
within the NBD domain (Benabdelhak et al., 2003). Lecher et al.
have been able to map the binding site of the CLD for HlyA (Lecher
etal, 2012), but the binding site of the NBD for HlyA is still an open
question. Here, we aimed to address this question by performing in
silico, mutagenesis, and biochemical studies.

Recent studies demonstrated that the presence of an AH,
covering the residues 970-987, in the C-terminus of HlyA is
important for secretion. More important, this secondary structure
rather than the primary structure plays a crucial role in the
recognition of HIyA (Spitz et al.,, 2022). Furthermore, based on
studies conducted by Benabdelhak et al. (2003), the interaction
between the NBD and HlyA occurs within the C-terminus of the
substrate, most probably the signal sequence is involved in this
interaction, since HlyA2 lacking the C-terminal 57 amino acids
does not interact with the NBD. Interestingly, the formed complex
HIyB-NBD / C-terminus of HIyA dissociates when ATP is present
(Benabdelhak et al., 2003).

Putting the pieces of this puzzle together, we assumed that the
C-terminal AH is the site of HlyA that interacts with HlyB-
NBD. To identify putative binding pocket(s) in HlyB, in silico
studies were conducted and based on that, two putative binding
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two independent replicates, error bars were calculated by SEM

Kinetic measurements of the ATPase activity of HlyB NBD mutants, WT HiyB NBD (circle) and double-pbp-in (triangle). Data are from minimum

pockets were identified, pbp-in and pbp-out. Interestingly, both
binding pockets are located in hydrophobic regions with a size
capable to accommodate the C-terminal AH of HlyA. Also, there
are residues in both pockets that are able to form n-x interactions,
thus those sites could be sites for binding of F990. This residue is
in the C-terminus of HlyA, however, not part of the AH, but
proven to be essential for secretion (Chervaux and Holland, 1996;
Spitz et al., 2022). Both pockets showed changes upon ATP
binding and dimerization that could go along with published
observations (Benabdelhak et al, 2003) that ATP binding
accelerates the dissociation of HlyB and HlyA.

A set of mutagenesis experiments were conducted on these
putative binding pockets. First, for pbp-in two mutants were
cloned, one mutant with three mutated residues (Y477D, F518D,
and Y519D), and a mutant with two mutated residues (F518D,
and Y519D). Since Y477 is a part of the ATP binding site, more
precisely the A-loop, we decided for the variant with only two
mutations, as well. For the pbp-out only a variant with three
mutations was constructed (V682D, L697D, and Y700D).
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FIGURE 5

Schematic view of the HiyA and HlyA2. The distance the last C-terminal RTX and the beginning of the AH is 122 residues (122*3 8A=463.6A)

Interestingly, neither of the variants were able to secrete HlyA
anymore. It seems that HlyA cannot bind to the mutated binding
sites, therefore, no secretion occurs. To examine ATPase activity
of HlyB NBD variants, the corresponding mutants were generated,
and purifications of all HlyB NBD variants were performed.
Purification of the pbp-out NBD was not successful, although
different expression strains and expression conditions were tested.
The protein was in all cases expressed as inclusion bodies. This
might indicate misfolding of the HlyB NBD resulting from the
mutations in pbp-out.

Purification of the wild type NBD and both variants of pbp-in
were performed in high yield and quality. It was not surprising
that the pbp-in with three mutated residues showed no ATPase
activity at all, because residue 477 is a part of the ATP binding site
(A-loop) and mutation of this residue might affect the ATPase
activity of the NBD. The results obtained from the ATPase activity
experiment of pbp-in double mutations demonstrated an active
NBD, despite lack of secretion for this mutant. What stands out
from the secretion experiments and the ATPase activity assays,
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TABLE 4 A list of heterologous proteins that can be secreted by the HlyA T1SS.

RTX Host Accession  Uniprot entrylink  Position of Positionof  Distance  Aromatic Reference
protein number GG repeat AH GG-AH residue
HIyA E. coli P08715 https:/fwww.uniprot.org/ 844 974 130 F990
uniprotkb/P08715/entry
FrpA Neisseria QIKOK9 https://www.uniprot.org/ 1,125 1,257 132 F1274 Thompson and
meningitidis uniprotkb/QIKOKY/entry Sparling (1993)
FrpA Kingella kingae F58729 https://www.uniprot.org/ 600 720 120 F733 Erenburg (2022)

uniprotkb/F5577Z9/entry

MbxA Mycobacterium A7XERS https://www.uniprot.org/ 756 886 130 F901 Erenburg (2022)
bovis uniprotkb/A7XER5/entry
HlylA Actinobacillus P55128 https://www.uniprot.org/ 840 969 129 Fo87 Gygi et al. (1990)
pleuropneumoniae uniprotkb/P55128/entry
LktA Mannheimia POC083 https://www.uniprot.org/ 779 909 130 F923 Highlander et al
haemolytica uniprotkb/POC083/entry (1990)
PaxA Pseudomonas QIRCGS https://www.uniprot.org/ 845 974 129 Fo91 Kuhnert et al.
aeruginosa uniprotkb/Q9RCG8/entry (2000)
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FIGURE 6
Secretion of proHlyA variants through the HiyA T15S. (A) SDS-PAGE analysis of the supernatant (unconcentrated) of clones secreting wild type
proHIyA (control), 30-residues-truncated proHlyA (430 aa), and 50-residues-truncated proHlyA (A50 aa) through the HlyA T1SS. (B) Secretion
rates of truncated proHIyA. Error bars represent the standard deviation of at least three biological replicates. Western blot analysis of E. coli cells
demonstrated that the amounts of (C) HlyB, (D) HlyD or (E) proHlyA were expressed for cells secreting either WT proHlyA, 30-residues-
truncated proHlyA, or 50-residues-truncated proHIyA in comparable levels. M, marker proteins; the molecular weight of the marker proteins is
given on the left; x h., unconcentrated supernatant of culture, where x denotes the number of hours after induction.

the pbp-in and pbp-out are two binding sites on NBD for As discussed above, the second interaction between HlyB and
HIyA. In other word, the results of in silico, in vitro and in vivo HlyA occurs within the CLD. To assess if simultaneous HlyA binding
studies are in accordance with each other and support the to both areas, the NBD and the CLD, is possible, the distances
proposal that the NBD of HlyB harbors two pbp's in. between the domains known to interact with the C-terminal part of
Frontiers in Microbiology 12
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HlyA were determined in a model of the full-length ABC transporter
HIyB. These measurements suggest that a simultaneous binding of
the substrate to two domains of the transporter is possible.
Interestingly, heterologous substrates that can be secreted by
HIyA TISS, also show AHs in their C-terminal secretion signal
when analyzed with the prediction tool AmphipaSeeK. These
heterologous substrates display the same distance between the
predicted AH and a GG-repeat of the RTX domain as HlyA. A
linker of conserved length between the two interaction sites
further strengthens the hypothesis that the RTX domain and the
secretion signal interact simultaneously with the ABC transporter,
which might be important for the correct orientation of the
substrate. Additionally, an aromatic residue (F990) close to the
AH was shown to be important for HIyA secretion and a Phe
residue close to the predicted AHs can be found in the
heterologous substrates as well. Further mutagenesis studies
showed the importance of this consensus length, as shortening
this distance significantly reduced the rate of secretion. Albeit the
remarkable alteration of the conserved linker length (by deletion
of 30 or 50 residues), still secretion of truncated HlyA occurred

FIGURE?7

10.3389/fmicb.2022.1055032

in a reasonable titers, This clearly demonstrates that a
simultaneous binding of the two binding sites is not strictly
necessary, although it significantly affects the efficiency of
secretion and thus the amount of secreted HlyA.

Conclusion

This study demonstrated that NBD of the ABC transporter
HlyB harbors two binding sites for the substrate. The presence of
these two putative binding pockets could be validated by in silico,
in vitro, and in vivo investigations. The modeling of the HlyB
structure allowed measuring distances between the domains
known to interact with HlyAs C-terminal fragment. This
measurement indicated that simultaneous binding of the substrate
to two cytosolic domains (the CLD and the NBD) of the
transporter is possible (Figure 7).

Last but not the least, we proposed that a consensus length
between the GG repeats and the AH of the C-terminal HlyA
is required for efficient secretion. The sequence analysis

Proposed model of the interaction of HlyA with the NBD of HlyB. 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 NBDs of the transport-competent HlyB dimer are colored in orange
and light orange, respectively, while the two non-transport competent HlyB dimers are shown in gray. The identified pbp's are shown as surface
representation with pbp-in in red and pbp-out in magenta. The yellow surface maps the HlyA-interaction region of the CLD. The substrate, HlyA, is
drawn schematically as a line. The two interacting regions of HiyA are highlighted in green (secretion signal) and red (RTX domain). The arrows
emphasis the interaction regions within the NBD of HlyB. Please note that the CLD of NBD 2 was not traced in the single particle cryc EM
structure (Zhao et al, 2022). For most efficient secretion, HlyA has to interact simultaneously with both regions of the NBD. In the proposed
model, a 1:1 stoichiometry of HiyA and HlyB is assumed. However, one cannot exclude a 2:1 stoichiometry as demonstrated for PCATL

(Kieuvengngam et al., 2020)
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revealed that this consensus length is present in the
heterologous RTX proteins secreted by the HlyA T1SS, while
mutagenesis studies showed that shortening this distance
reduces the secretion efficiency.

Data availability statement

All data are avaliable upon request from the corresponding
author.

Author contributions

ZN: performing experiments and writing and editing the draft.
EH: performing experiments and editing the draft. OS: performing
experiments and writing the draft. SS: conceptualization and
revising the draft for the content. LS: supervision, conceptualization,
and revising the draft for the content. All authors contributed to the
article and approved the submitted version.

Funding

This research was funded by Deutsche Forschungsgemeinschaft
through CRC 1208 project AO1 to LS and in part by CLIB
Competence Center Biotechnology (CKB) funded by the
European Regional Development Fund ERDF (34.EFRE-0300096)

References

Abramoff, M. D., Magalhdes, P. J., and Ram, S. J. (2004). Image processing with
Image]. Biophoton. Int. 11, 36-42.

Ambudkar, 8. V, Kim, L.-W, Xia, D., and Sauna, Z. E. (2006). The A-loop, a novel
conserved aromatic acid subdomain upstream of the Walker a motif in ABC
transporters, is critical for ATP binding. FEBS Lett. 580, 1049-1055. doi: 10.1016/j.
febslet.2005.12.051

Baumann, U, Wu, S., Flaherty, K. M., and Mckay, D. B. (1993). Three-dimensional
structure of the alkaline protease of Pseudomonas aeruginosa: a two-domain protein
with a calcium binding parallel beta roll motif. EMBO . 12, 3357-3364. doi:
10.1002/j.1460-2075.1993.tb06009.x

Benabdelhak, H., Kiontke, S., Horn, C., Ernst, R., Blight, M. A., Holland, L. B.,
etal. (2003). A specific interaction between the NBD of the ABC-transporter HlyB
and a C-terminal fi of its transport sut i lysin a. J. Mol. Biol. 327,
1169-1179. doi: 10.1016/50022-2836(03)00204-3

Bumba, L., Masin, |., Macek, P, Wald, T., Motlova, L., Bibova, L., et al. (2016). Calcium-
driven folding of RTX domain -rolls ratchets translocation of RTX proteins through
type I secretion ducts. Mol. Cell 62, 47-62. doi: 10.1016/.molcel.2016.03.018

Carrion-Vazquez, M., Marszalek, P. E., Oberhauser, A. F, and Fernandez, ]. M.
(1999). Atomic force microscopy captures length phenotypes in single proteins.
Proc. Natl. Acad. Sci. 96, 11288-11292. doi: 10.1073/pnas.96.20.11288

Chervaux, C., and Holland, 1. (1996). Random and directed mutagenesis to
elucidate the functional importance of helix 11 and F-989 in the C-terminal secretion
signal of Escherichia coli hemolysin. J. Bacteriol. 178, 1232-1236. doi: 10.1128/
jb.178.4.1232-1236.1996

Combet, C., Blanchet, C., Geourjon, C., and Deleage, G. (2000). NPS@: network
protein sequence analysis. Tremds Biochem. Sci. 25, 147-150. doi: 10.1016/
S0968-0004(99)01540-6

Crecca, C. R., and Roitberg, A. E. (2008). Using distances between a-carbons to
predict protein structure. Int. J. Quantum Chem. 108, 2782-2792. doi: 10.1002/qua.21769

Frontiers in Microbiology

14

10.3389/fmicb.2022.1055032

to ZN and LS, The Center for Structural Studies was funded by the
Deutsche Forschungsgemeinschaft (DFG Grant number
417919780) to SS.

Acknowledgments

We thank all current and former members of the Institute of
Biochemistry for support and fruitful discussions. We dedicate
this manuscript to Karl-Erich Jaeger for his pioneering
contributions in the field of molecular enzyme technology.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Delano, W. L. (2002). Pymol: an open-source molecular graphics tool. CCP4
Newsl. Prot. Crystall. 40, 82-92.

Dyballa, N., and Metzger, S. (2009). Fast and sensitive colloidal coomassie G-250
staining for proteins in polyacrylamide gels. JoVE e1431. doi: 10.3791/1431

Erenburg, I. N., Hansch, S., Chacko, F. M., Hamacher, A, Wintgens, S.,
Stuhldreier, E, et al. (2022). Heterologously secreted MbxA from Moraxella bovis
induces a membrane blebbing response of the human host cell. Sei. Rep. 12:17825.
doi: 10.1038/541598-022-22480-x

Gygi, D., Nicolet, I., Frey, J., Cross, M., Koronakis, V., and Hughes, C. (1990).
Isolation of the Actinobacillus pleuropneumoniae haemolysin gene and the
activation and secretion of the prohaemolysin by the HlyC, HlyB and HlyD proteins
of Escherichia coli. Mol. Microbiol. 4, 123-128. doi: 10.1111/].1365-2958.1990.
th02021.x

Hagemans, D, Van Belzen, I. A, Moran Luengo, T, and Riidiger, 8. G. (2015). A script
to highlight hydrophobicity and charge on protein surfaces. Front. Mol. Biosci. 2:56. doi:
10.3389/fmolb.2015.00056

Hardie, K., Issartel, . P, Koronakis, E., Hughes, C., and Koronakis, V. (1991). In
vitro activation of Escherichia coli prohaemolysin to the mature membrane-targeted
toxin requires HlyC and a low molecul; ight cytosolic polypeptide. Mol.
Microbiol. 5, 1669-1679. doi: 10.1111/.1365-2958.1991.tb01914.x

Highlander, S. K., Engler, M. ], and Weinstock, G. M. (1990). Secretion and
of the P: lla haemolytica I in. J. Bacteriol. 172, 2343-2350.
doi: 10.1128/jb.172.5.2343-2350.1990

Holland, 1. B,, Peherstorfer, $., Kanonenberg, K., Lenders, M., Reimann, §., and
Schmitt, L. (2016). Type I protein secretion-deceptively simple yet with a wide range
of mechanistic variability across the family. EcoSal Plus 7, 1-46. doi: 10,1128/
ecosalplus.ESP-0019-2015

Khosa, §., Scholz, R., Schwarz, C., Trilling, M., Hengel, H., Jaeger, K.-E., et al. (2018).
An a/U-rich enhancer region is required for high-level protein secretion through the

frontiersin.org

82



Chapter III

2 Publication

Pourhassan N. et al.

hlya type i secretion system. Appl. Environ. Microbiol. 84, €01163-e01117. dei: 10.1128/
AEM.01163-17

Kieuvongngam, V., Olinares, P. D. B, Palillo, A., Oldham, M. L., Chait, B. T, and
Chen, J. (2020). Structural basis of substrate recognition by a polypeptide processing
and secretion transporter. elife 9:¢51492. doi: 10.7554/eLife.51492

Koronakis, V., Koronakis, E., and Hughes, C. (1989). Isolation and analysis of the
C-terminal signal directing export of Escherichia coli hemolysin protein across both
bacterial membranes. EMBO ]. 8, 595-605. doi: 10.1002/j.1460-2075.1989.
tb03414.x

Kuhnert, P., Heyberger-Meyer, B., Nicolet, ., and Frey, . (2000). Characterization
of PaxA and its operon: a cohemolytic RTX toxin determinant from pathogenic
Pasteurella acrogenes. Infect. Immun. 68, 6-12. doi: 10.1128/IA1.68.1.6-12.2000

Lecher, J., Schwarz, C. K., Stoldt, M., Smits, S. H., Willbold, D., and Schmitt, L.
(2012). An RTX transporter tethers its unfolded substrate during secretion via a
unique N-terminal domain. Structure 20, 1778-1787. doi: 10.1016/j.5tr.2012.08.005

Lenders, M. H,, Beer, T, Smits, §. H., and Schmitt, L. (2016). In vivo quantification
of the secretion rates of the hemolysin a type I secretion system. Sci. Rep. 6:33275.
doi: 10.1038/srep33275

Lenders, M. H., Weidtkamp-Peters, $., Kleinschrodt, D., Jaeger, K.-E., Smits, S. H.,
and Schmitt, L. (2015). Directionality of substrate translocation of the hemolysin a
type I secretion system. Sci. Rep. 5:12470. doi: 10.1038/srep12470

Letoffe, ., Delepelaire, P, and Wandersman, C. (1996). Protein secretion in gram-
negative bacteria: bly of the three of ABC protein-mediated
exporters is ordered and promoted by substrate binding. EMBO J. 15, 5804-5811.
doi: 10.1002/j.1460-2075.1996.tb00967 x

Lin, D. Y.-W,, Huang, S., and Chen, ]. (2015). Crystal structures of a polypeptide
processing and secretion transporter. Nature 523, 425-430. doi: 10.1038/
naturel4623

Linhartovd, I., Bumba, L., Magin, J., Basler, M., Osicka, R., Kamanova, |., et al.
(2010). RTX proteins: a highly diverse family secreted by a common mechanism.
FEMS Microbiol. Rev. 34, 1076-1112. doi: 10.1111/j.1574-6976.2010.00231.x

Madeira, E, Park, Y. M., Lee, J., Buso, N., Gur, T., Madhusoodanan, N., et al.
(2019). The EMBL-EBI search and sequence analysis tools APIs in 2019. Nucleic
Acids Res. 47, W636-W641. doi: 10.1093/nar/gkz268

Mol, A. R., Castro, M. S., and Fontes, W. (2018). NetWheels: a web application to
create high quality peptide helical wheel and net projections. BioRxiv 416347. doi:
10.1101/416347

Mulnaes, D., Porta, N., Clemens, R., Apanasenko, 1., Reiners, |, Gremer, L., et al.
(2020). TopModel: template-based protein structure prediction at low sequence
identity using top-down consensus and deep neural networks. . Chem. Theory
Comput. 16, 1953-1967. doi: 10.1021/acs.jctc.9b00825

Nicaud, ].-M., Mackman, N., Gray, L., and Holland, 1. (1986). The C-terminal, 23
kDa peptide of E. coli haemolysin 2001 contains all the information necessary for
its secretion by the haemolysin (Hly) export machinery. FEBS Lett. 204, 331-335.
doi: 10.1016/0014-5793(86)80838-9

Noegel, A., Rdest, U., Springer, W, and Goebel, W. (1979). Plasmid cistrons
controlling synthesis and excretion of the exotoxin o-haemolysin of Escherichia coli.
Mol. Gen. Genet. MGG 175, 343-350. doi: 10.1007/BF00397234

Oswald, C., Holland, I. B, and Schmitt, L. (2006). The motor domains of ABC-
transporters. Naunyn Schmiedeberg’s Arch. Pharmacol. 372, 385-399. doi: 10.1007/
s00210-005-0031-4

Oswald, C., Jenewein, S., Smits, S. H., Holland, . B., and Schmitt, L. (2008).
‘Water-mediated protein-fluorophore interactions modulate the affinity of an
ABC-ATPase/TNP-ADP complex. [ Struct. Biol. 162, 85-93. doi: 10.1016/j.
jsb.2007.11.006

Frontiers in Microbiology

15

10.3389/fmicb.2022.1055032

Pourhassan, N. Z., Cui, H., Khosa, S., Davari, M. D., Jaeger, K. E., Smits, S. H.,
et al. (2022). Optimized Hemolysin type 1 secretion system in Escherichia coli by
directed evolution of the Hly enhancer fragment and including a terminator region.
Chembiochem 23:¢202100702. doi: 10.1002/cbic.202100702

Pourhassan, Z., Smits, 8. H., Ahn, J. H., and Schmitt, L. (2021). Biotechnological
applications of type 1 secretion systems. Biotechnol. Adv. 53:107864. doi: 10.1016/j.
biotechadv.2021.107864

Raschka, S. L., Harris, A, Luisi, B. F, and Schmitt, L. (2022). Flipping and
other astonishing transporter dance moves in fungal drug resistance. BioEssays
44:2200035, doi: 10.1002/bies.202200035

Rath, A, Glibowicka, M., Nadeau, V. G., Chen, G, and Deber, C. M. (2009).

Detergent binding explains anomalous SDS-PAGE migration of membrane proteins.
Proc. Natl. Acad. Sci. 106, 1760-1765. doi: 10.1073/pnas.0813167106

Sapay, N., Guermeur, Y., and Deléage, G. (2006). Prediction of amphipathic in-
plane membrane anchors in monotopic proteins using a SVM classifier. BMC
Blomfunr!ahcs 7, 1-11. doi: 10.1186/1471-2105-7-255

Schmitt, L., Benabdelhak, H., Blight, M. A., Holland, 1. B., and Stubbs, M. T.
(2003). Crystal structure of the nucleotide-binding domain of the ABC-transporter
haemolysin B: identification of a variable region within ABC helical domains. . Mol.
Biol. 330, 333-342. doi: 10.1016/50022-2836(03)00592-8

Shi, Y., Mowery, R. A., Ashley, J., Hentz, M., Ramirez, A. J., Bilgicer, B., et al.
(2012). Abnormal SDS-PAGE migration of cytosolic proteins can identify domains
and mechanisms that control surfactant binding. Protein Sci. 21, 1197-1209. doi:
10.1002/pro.2107

Spitz, O, Erenburg, I N, K berg, K., Pel fer, S., Lenders, M. H.,
Reiners, J., et al. (2022). Identity determinants of the translocation signal for a type
1 secretion system. Front. Physiol. 12:2585-2598. doi: 10.3389/fphys.2021.804646

‘Thanabalu, T., Koronakis, E., Hughes, C., and Koronakis, V. (1998). Substrate-
induced assembly of a contiguous channel for protein export from E. coli: reversible
bridging of an inner-membrane translocase to an outer membrane exit pore. EMBO
J. 17, 6487-6496. doi: 10.1093/emboj/17.22.6487

‘Thomas, S., Holland, 1. B., and Schmitt, L. (2014). The type 1 secretion pathway—
the hemolysin system and beyond. Biochimica et Biophysica Acta (BBA)-molecular.
Cell Res. 1843, 1629-1641. doi: 10.1016/j.bbamcr.2013.09.017

Thompson, S. A., and Sparling, P. (1993). The RTX cytotoxin-related FrpA
protein of Neisseria meningitidis is secreted extracellularly by meningococci and
by HlyBD+ Escherichia coli. Infect. Immun. 61, 2906-2911. doi: 10.1128/
i2i.61.7.2906-2911.1993

Zaitseva, ], Holland, I. B., and Schmitt, L. (2004). The role of CAPS buffer in
expanding the crystallization space of the nucleotide-binding domain of the ABC
transporter haemolysin B from Escherichia coli. Acta Crystallogr. D Biol. Crystallogr.
60, 1076-1084. doi: 10.1107/50907444904007437

Zaitseva, ], Jenewein, S., Jumpertz, T., Holland, 1. B., and Schmitt, L. (2005a).
H662 is the linchpin of ATP hydrolysis in the nucleotide-binding domain of the
ABC transporter HlyB. EMBO J. 24, 1901-1910. doi: 10.1038/sj.emboj.7600657

Zaitseva, ], Jenewein, S., Wiedenmann, A., Benabdelhak, H., Holland, I. B., and
Schmitt, L. (2005b). Functional characterization and ATP-induced dimerization of
the isolated ABC-domain of the haemolysin B transporter. Biochemistry 44,
9680-9690. doi: 10.1021/bi0506122

Zhao, H,, Lee, ].,and Chen, J. (2022). The hemolysin a secretion system is a multi-
engine pump containing three ABC transporters. Cells 185, 3329-3340 e13. doi:
10.1016/j.cell.2022.07.017

Zimmermann, L., Stephens, A., Nam, S.-Z., Rau, D., Kiibler, ., Lozajic, M., et al.
(2018). A completely reimplemented MPI bioinformatics toolkit with a new
HHpred server at its core. J. Mol. Biol. 430, 2237-2243. doi: 10.1016/j.
jmb.2017.12.007

frontiersin.org

83



Chapter IV 2 Publication

2.4 Chapter IV: Engineering of the inner membrane complex of the HlyA
T1SS

Title: KnowVolution Campaign of the ABC Transporter Hemolysin B
Increases the Secretion through HIlyA type 1 Secretion System

Authors: Zohreh Pourhassan N., Haiyang Cui, Neele Muckhoff, Mehdi D.
Davari, Sander H. J. Smits, Ulrich Schwaneberg, and Lutz Schmitt
Submitted in: Applied Microbiology and Biotechnology

Impact factor (2023): 5.56

Own proportion of this work: 60%

84



Chapter IV 2 Publication

KnowVolution Campaign of the ABC Transporter Hemolysin
B Increases the Secretion through HIlyA type 1 Secretion
System

Zohreh Pourhassan N.2, Haiyang Cui®®®%, Neele Muckhoff*, Mehdi D. Davari¢, Sander H. J.
Smits?, Ulrich Schwaneberg®™®, and Lutz Schmitt®"

a:

Institute of Biochemistry, Heinrich Heine University, Universitétsstr. 1, 40225 Diisseldorf

b: Institute of Biotechnology, RWTH Aachen University, Worringerweg 3, 52074, Aachen
(Germany)

¢ DWI-Leibniz Institute for Interactive Materials, Forckenbeckstralle 50, 52056, Aachen
(Germany)

4 Department of Bioorganic Chemistry, Leibniz Institute of Plant Biochemistry, Weinberg
3, 06120, Halle (Germany)

Ypresent address; Carl R. Woese Institute for Genomic Biology, University of Illinois at
Urbana-Champaign, 1206 West Gregory Drive, Urbana, IL 61801 (USA)

*: to whom correspondence should be addressed
Lutz Schmitt
Phone: +49(0)211-81-10773
Email: lutz.schmitt@hhu.de

85



Chapter IV 2 Publication

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 TISS) from Escherichia coli. After the screening of around 5760 variants in four
KnowVolution phases, an enhanced HIlyB variant containing four substitutions
(T36L/F216W/S290C/V4211) 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

86



Chapter IV 2 Publication

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 (Riibsam et
al., 2018).

HlyAl 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 HIyA T1SS secretion. The KnowVolution on HlyB yielded a

variant with four beneficial substitutions that increased the secretion efficiency of lipase for

88



Chapter IV 2 Publication

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 TI1SS, 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 4lyB 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 4lyB was divided into six fragments (Fig: 275 bp,
Fog: 251 bp, Fag: 283 bp, Fas: 256 bp, Fsg:279 bp, Fer: 291 bp). The region of hlyB gene
encoding the NBD was excluded. Excluding the region of the 4lyB 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 MnCl> concentrations (ranging from
0.1 to 0.9 mM). The mutation frequency was adjusted by altering the MnCl» 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-HlyAl, 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.

T36 PS5 F216 P9 1407
12 potentially

Directed Evolution S71  P6 E226 P10 V421 beneficial
(CepECH horary (4 tvarante) V108 P7 S272 P11 F434 positions
L164 P8 S290 P12 N465

Phase I
Identification

P9: D, L 11 positions

S 7 : : determined
R Site-saturation mutagenesis 2 P10: 1 (Improvement
Determination (90 clones/ positions) . P11:C,Y, *

in a range of
P12: K,.C,L 115 to 130%)

9 positions
selected for
recombination

Phase III Visual inspection
Selection (CompassR method)

Phase IV e 2.5 folds

Recombinati Recombination ¢ T36L, F216W, 3 t
CoomTaton (Overlap extension PCR) o f $290C, V4211 lm-pm\rer-nen
] with variant

15-H7

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, V4211). 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 | Compatible substitutions suggested by
targeted lipases 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: 1407 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.

92



Chapter IV 2 Publication

Protomer 1

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) 11e49 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. ¢) 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 (AAGrou) of different substitutions, and
enables the selection of substitutions that can be combined for improved protein function.
Table 2 summarizes the calculated AAGria values for HlyB substitutions. Based on the
CompassR selection criteria (AAGria < 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 ef 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-
HlyA1l (Figure 4a). This variant contained 4 substitutions: T36L, F216W, S290C, and
V4211
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Table 2: The AAGrq of substitutions and their effect on HlyB. The selected substitutions based on the
CompassR criteria (AAGr1¢<0.36) are highlighted in green. The larger the AAGyo1a negative values, the higher

the stability.

Substitution AAGg14 (kcal/mol)  Effect of the substitution
T36A 0.68 Slightly destabilizing
T36l -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

1407D 4.21 highly destabilizing
1407L 0.6 Slightly destabilizing
V4211 -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 ODgoo 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).

a b
WT variant 15-H7 variant
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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-HlyAl. b) Semi quantification of SDS-PAGE gel via the
Image] software #/. 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-HlyAl 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-HlyA1l by the 15-H7 variant. a) Activity of the lipase-HlyAl 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 HIyA secretion system apparatus.
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Figure 6: Western blot analysis of E. coli cells secreting lipaase-HIlyA1 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-HlyATl 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-HlyAl 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-HlyAl 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-HIlyA1 (Figure S1).

KnowVolution of HlyD toward increasing secretion efficiency

Following the success in improving HIyB secretion efficiency, we applied the
KnowVolution strategy to HlyD in an attempt to further enhance the secretion efficiency of
the HIyA 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 TIIDEF, a TI1SS 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-HlyAl. 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-HIyAl.

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,/V4211.
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 HIlyD, residues 35-50, with a
positively charged surface of the CLD. Interestingly, one of the positions we identified as
potentially beneficial for HlyD, 1149, 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 a-helix and B-sheets number 3 to 5 of the CLD (Lecher et al., 2012). Notably, the
identified potential beneficial position V108 is located within the B-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 HIyA translocation. Furthermore,
they identified several positions of HlyB that were in close proximity to the substrate eGFP-
HlyAl, 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 1407 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, 1401T 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 HIlyA 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-HlyAl, 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 (Diiren, Germany). Gibson assembly
master mix was purchased from New England Biolabs (England). DNA sequencing was

performed by Microsynth Seqlab (Go6ttingen, Germany).

Generation of 4lyB 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, /ipA for lipase gene from Serratia marcescens, hly for hemolysin, and
Ter for a terminator region. The /ac promoter of plasmid pK184 is inducible with isopropyl
B-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 18.

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 pL) 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 MnCl. 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
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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-hlyAl-
Ter-hlyBD either the megawhop PCR or Gibson assembly was used, with the following
details:

For each individual fragment, nine mutant libraries applying different MnCl, 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 pg/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 Dpnl (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 pL) contained 50
ng of template plasmid, 1xQ5 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 Dpnl 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 puL 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 pg/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

103



Chapter IV 2 Publication

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 pL) 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 Dpnl 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 4lyB 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 pL 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 uL 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 pL 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 pL 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 CaCl,. 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 A (558 Ca atoms) and 3.6
A (558 Ca 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 A (311 Ca atoms) and 1.3 A (273 Ca atoms). The crystal
structures of the isolated NBD of HlyB in the apo form (1IMTO (Schmitt et al., 2003)) and
the ATP / Mg?" bound state (1XEF (Zaitseva et al., 2005a)) superimposed with RMSD
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values of 0.7 A (191 Ca atoms, IMTO) and 1.2 A (449 Ca atoms, 1XEF), respectively (Lin
etal., 2015).

The AAGfod (AAGrolae= AAGsold,su- AAGfolg,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 AAGruq 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°)

TG

GTG

CG

G

Fis (275bp) GCCACATAAGATTGCTATTTTTT

Fas (251 bp) TCTGGAGAGAGGATGGACGTC
Fis (283bp) GAATATTTATTGAAACCCTTGTT

Fus (256 bp) CTCTTATTTTGAGAGTCGTCGTG
Fss (279bp) TGATGATAAGTTTTCACGGAATG

Fes (291 bp) CTGGTTATTTCCGGGGATTTATC

Fip(279bp) CAGTTACAGTCAGACTAACAG
Fap(260bp)  GGTTTCTGGTTATTGCTG
Fip(289bp) CGGTATCAAATTCTGAGCAG
Fup(290bp)  GGTTGAAAAAAGCCGTCTG
Fsp(280 bp) GCATTGAGTTATTAACTCTGGAG
Fep (287 bp) CCTTTCCTTACACCCGATATG

CCATCCTCTCTCCAGACTAATG

AACAAGGGTTTCAATAAATATTCTC
CGACTCTCAAAATAAGAGATCGG

CCGTGAAAACTTATCATCAAGGC
GCAATTAACTGACCAATCGATAAA
TCC
CCCCTGCTTAATACTGAGATTG

TTCCACCTGACCTAAAAC
AATTCAATTGACCTGCTC
CCTGTTTATGCAATAAACTCC
AAGCCTGTTGACGCTCTTC
CCCACCAGATAACCATATC
CCGGCCGCTCTAGATTAC

Table S2: Primers used for site-saturation at potential beneficial positions

Beneficial Forward primer
positions

Reverse primer

SSM of potential beneficial positions of HlyB

Ter 36 CATAGATTTGACNNKGACGG

Ser 71 GATTAAACTTTATTNNKCTGCCCG
Val 108 GAAATCCCCGTNNKCTCGAACAG
Leu 164 GTCTGTTTTTNNKCAATTATTTG
Phe 216 GAACTTACATTNNKGCACATAGT

ACAAG
Glu 226 GATTGATGTTNNKTTGGGTG
Ser 272 GACAGGCATTAACANNKGTTCTG
Ser 290 GTGGTATTACNNKCCAAAG
Ile 407 GATTTATCGNNKGGTCAGTTAATT
G

Val 421 GCTGGTCAGATTNNKGCACCG
Phe 434 GCACAAATCTGGCAGGATNNKCA

GCAG

Asn 465 GGAAATTNNKGGTGATATCACTTT

TCG

SSM of potential beneficial positions of HlyD

Met 6 CATGGTTANNKGGGTTCAG
Ile 49 GGAATTANNKGAAACGCCG

CCGTCMNNGTCAAATCTATG
CGGGCAGMNNAATAAAGTTTAATC
CTGTTCGAGMNNACGGGGATTTC
CAAATAATTGMNNAAAAACAGAC
CTTGTACTATGTGCMNNAATGTAAG
TTC

CACCCAAMNNAACATCAATC
CAGAACMNNTGTTAATGCCTGTC
CTTTGGMNNGTAATACCAC
CAATTAACTGACCMNNCGATAAATC

CGGTGCMNNAATCTGACCAGC
CTGCTGMNNATCCTGCCAGATTTGT
GC
CGAAAAGTGATATCACCMNNAATTT
CC

CTGAACCCMNNTAACCATG
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 A unit.

T36 S71 V108 L164 F216 E226 S272 S290 1407 V421 F434 N465
T36 0 263 27.6 53.1 40.9 30.1 40.2 63.0 709 493 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 46.2 441 38.5 50.6 59.4 40.5 27.7 65.0
L164 0 14.5 294 16.5 243 26.7 16.4 26.2 72.6
F216 0 15.5 15.0 36.4 394 22.6 19.1 58.5
E226 0 22.8 48.3 54.1 31.0 20.8 432
S272 0 26.4 34.6 15.4 12.3 64.1
S290 0 13.1 15.5 34.2 90.3
1407 0 21.7 42.3 96.9
V421 0 20.6 76.5
F434 0 57.7
N465 0
6
4 g
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Table S4: AAGy,14 (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 4lyD was divided into six fragments (Fip: 279 bp, Fop: 260 bp, F3p:
289 bp, Fap: 290 bp, Fsp:280 bp, Fep: 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, [1e49, 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
KnowVolution Strategy
Secretion efficiency
Directed Site Saturation Visual of the HIyAT1SS
Evolution Mutagenesis Inspection ecombination was optimized up to
2.5 folds

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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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 (HIyA T1SS) is the amount of TolC in the membrane.

HIlyA TISS 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 TISS 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 TI1SS.

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.

HIlyA TISS 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 HIyA along with three conserved Glycine-
rich motifs, termed HlyAl, is known as an interesting carrier for the secretion of the
heterologous proteins (Nicaud et al., 1986).

HIyB resides in a dimeric state in the inner-membrane. HlyB provides the energy of the
transport by ATP hydrolysis. Analysis on the HIlyB 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 A in the periplasmic space and with a maximum
diameter of 20 A (Koronakis et al., 1997). The restricted diameter of TolC determines the
allowed transit structure to an o-helix. Obviously, HlyA remains unfolded during the
secretion and folds only when it is in the extracellular space. TolC forms a 12-stranded [3-
barrel in the OM, thought to be continually opened to the extracellular space, and a 12-a-
helical helices with a length of 100 A 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 HlyAl. The pK184 plasmid is inducible with
isopropyl B-D-1-thiogalactopyranoside (IPTG) under the P and has kanamycin resistant.
To overexpress TolC protein, plasmid pET28 folC was used. This plasmid contains an
ampicillin resistant gene. The TolC gene of this plasmid is under the control of the T

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 pg/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 ODgoo of 0.1 in 100 mM Erlenmeyer shaking
flask. The culture was cultivated (37°C and 180 rpm) before the culture was inducted at
ODeoo of 0.4 to 0.6 with 1 mM IPTG and 5 mM CaCl,. 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 ImagelJ 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 pl of cell free supernatant
was diluted in 90 puL 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 uL of freshly prepared substrate solution to the supernatant mixture in a final reaction
volume of 200 uL the reaction was started. The amount of released p-nitrophenolate was
recorded by measuring A41onm (at 30°C) over 8 min with a kinetics interval of 20 seconds on
a microtiter plate reader (Tecan infinite® M200 Pro Austria GmbH, Minnedorf,
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 HlyAl) 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 #0IC. The expression of f0l/C gene of the pET28 t0/C 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 #0lC 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 to/C 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 //yBD used as negative clones.

Figure 1: Secretion of lipase-HIyAl 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, ¢) pK184 hlyBD. Arrows show the halo around colons.
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SDS-PAGE analysis : Additionally, test expression of clones secreting lipase-HIyAl 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).
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Figure 2: Secretion of Lipase-HlyAl through the HlyA TISS. 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 (pbNPB) 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-HlyAl by overexpression of TolC. a) Activity of the Lipase-HlyAl 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 t0/C 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: Westem 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 TISS 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 HIlyA 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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3.1 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 TISS made them attractive candidates for
biotechnological applications. The introduction of TISS 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

etal., 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 ef 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 HIyA 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 HIyA TI1SS. 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 HIyA 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 Reference
Improvement

E. coli TIiDEF system from epPCR 3.2-fold (Eom et al., 2005)
P. fluorescence

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 KnowVolution plus  5-folds (Pourhassan et al.,
of the HIyA T1SS including a 2022a)

terminator region

E. coli The inner membrane  KnowVolution 2.5-folds Chapter 2.4 of the
complex of the HlyA current thesis
TISS

= 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
etal., 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 ef 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 HIyA 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 ef 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 ef 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 HIyA 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
HIlyA 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
HIyA (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 (Schiilein et
al., 1994). It was suggested that the a-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 HIlyA 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 HIyA 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 HIyA. 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 TISS is attributed to this fragment, which is
explained in chapter 2.1.

C) Representing a secondary structure within the C-terminus of HIyA 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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3 Discussion

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 Ca*"
ions with an affinity of (Kp) approximately 100 pM. The Ca** 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 HIyA 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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