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Abstract

Repeats in Toxins (RTX) proteins are a large family of proteins secreted by many Gram-
negative bacteria and are defined by a conserved Ca?* binding domain. The name of the protein
family originates from a repetition of characteristic glycine-rich sequences that coordinate
calcium ions and the fact that the first described members were pore-forming toxins. However,
members of the RTX protein family not only mediate pathogenicity but are also involved in
other aspects of interaction of bacteria with the environment such as adhesion or biofilm
formation. Secretion occurs via dedicated type I secretion systems (T1SS) in a one-step
mechanism across the inner and the outer membrane of the Gram-negative bacterium.
Hemolysin A (HlyA), a pore-forming toxin secreted by uropathogenic Escherichia coli (E. coli)
is not only the first identified RTX protein but also considered a prototype of RTX proteins and
type I secretion. Its secretion system consists of the ATP-binding cassette (ABC) transporter
hemolysin B, the membrane fusion protein hemolysin D and the outer membrane protein TolC,
which when assembled span both membranes of E. coli. However, the activity of HlyA beyond
pore formation remains elusive as it is known to manipulate host cells functions in various
ways. In this thesis, poorly characterized or putative RTX proteins were selected on the basis
of a bioinformatic approach for structural and functional characterization. Two candidates,
FrpA from the human pathogen Kingella kingae and MbxA from the bovine pathogen
Moraxella bovis, were secreted by the HlyA T1SS when expressed in E. coli BL21(DE3). This
demonstrates that the HlyA system can serve as an efficient platform for the production of
heterologous RTX proteins. Moreover, MbxA was heterologously activated through post-
translational acylation, catalyzed by the co-expressed E. coli acyltransferase hemolysin C.
Subsequently, purification protocols for FrpA and MbxA were developed. Initial structural
investigations including small-angle X-ray scattering (SAXS) and cryogenic electron
microscopy revealed that HlyA, FrpA and MbxA share a flexible and elongated conformation
which is potentially a characteristic of RTX proteins. SAXS analysis yielded a three-
dimensional ab initio model for HlyA and FrpA in solution. Mass spectrometry and functional
studies confirmed that MbxA is a pore-forming toxin that strictly relies on post-translational
acylation of internal lysine residues for cytotoxic activity. It was demonstrated that MbxA is a
species- and cell type-unspecific protein. MbxA displayed not only hemolysis but was shown
to induce membrane lesions in human epithelial cells and T cells. Half maximal cytotoxicity of
MDbxA against human cells was measured at low nanomolar concentrations. Furthermore, live
cell imaging showed an immediate MbxA-induced permeabilization of epithelial cells that lead
to rearrangements of the cell membrane resulting in characteristic membrane blebbing.
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Zusammenfassung

Repeats in Toxins (RTX)-Proteine stellen eine umfassende Proteinfamilie dar, deren Proteine
von vielen Gram-negativen Bakterien sekretiert werden und durch die Anwesenheit einer
konservierten Ca?>*-Bindedoméne definiert sind. Der Name der Proteinfamilie leitet sich von
charakteristischen, sich wiederholenden Glycin-reichen Sequenzen ab, die Calcium-Ionen
koordinieren und der Tatsache, dass es sich bei den ersten beschriebenen Vertretern um Poren-
bildende Toxine handelte. RTX-Proteine sind allerdings nicht nur fiir die Pathogenitit
mafgeblich, sondern auch an der Interaktion der Bakterien mit ihrer Umwelt zum Beispiel im
Rahmen der Adhision oder Biofilm-Bildung beteiligt. Die Sekretion verliuft {iber spezialisierte
Typ I Sekretionssysteme (T1SS) in einem Ein-Schritt-Mechanismus {iber die innere und die
dullere Membran Gram-negativer Bakterien. Hemolysin A (HlyA), ein Poren-bildendes Protein
sekretiert von uropathogenen Escherichia coli (E. coli) war nicht nur das erste identifizierte
RTX-Protein, sondern wird auch als Prototyp der RTX-Proteine und Typ I Sekretion betrachtet.
Das Sekretionssystem besteht aus dem A TP-binding cassette (ABC)-Transporter Hemolysin B,
dem Membranfusionsprotein Hemolysin D und dem dufleren Membranprotein TolC, welche
im assemblierten Zustand beide Membranen von E. coli iiberspannen. Jenseits der
Porenbildung bleibt die Aktivitit von HIyA aber unklar, da bekannt ist, dass HIyA
Wirtszellfunktionen auf unterschiedlichen Wegen manipulieren kann.

In dieser Dissertation wurden bisher wenig charakterisierte oder putative RTX-Proteine
basierend auf einem bioinformatischen Ansatz fiir eine strukturelle und funktionelle
Charakterisierung ausgesucht. Zwei Kandidaten, FrpA aus dem Humanpathogen
Kingella kingae und MbxA aus dem bovinen Pathogen Moraxella bovis, wurden iiber das HlyA
T1SS sekretiert, wenn sie mit diesem in E. coli BL21(DE3) exprimiert wurden. Das zeigt, dass
das HlyA Sekretionssystem als effiziente Plattform fiir die Produktion von heterologen RTX-
Proteine genutzt werden kann. Dariiber hinaus wurde MbxA mittels posttranslationaler
Acylierung, katalysiert durch die co-exprimierte E. coli Acyltransferase Hemolysin C,
heterolog aktiviert. AnschlieBend wurden Protokolle zur Reinigung von FrpA und MbxA
entwickelt. Initiale Strukturuntersuchungen, unter anderem mittels Kleinwinkel-
rontgenstreuung (SAXS) und Kryoelektronenmikroskopie, zeigten, dass HlyA, FrpA und
MbxA eine flexible und léngliche Konformation gemeinsam haben, welche potentiell ein
Charakteristikum von RTX-Proteinen darstellt. Die SAXS-Analyse lieferte dreidimensionale
ab initio Modelle von HlyA und FrpA. Massenspektrometrie und funktionelle Studien zeigten,
dass MbxA ein Poren-bildendes Toxin ist, dessen zytotoxische Aktivitdt streng von der

posttranslationalen Acylierung interner Lysinreste abhéngt. Es wurde demonstriert, dass MbxA
\Y



ein Spezies- und Zielzell-unabhéngiges Protein ist. MbxA wirkt nicht nur hamolytisch sondern
verursacht auch Membranldsionen in menschlichen Epithelzellen und T-Zellen. Die halb-
maximale Zytotoxizitdt von MbxA gegeniiber menschlichen Zellen wurde bei niedrigen
nanomolaren Konzentrationen gemessen. Des Weiteren wurde mithilfe von Live cell imaging
gezeigt, dass die durch MbxA induzierte Permeabilisierung von Epithelzellen zu
Umstrukturierungen der Zellmembran fiihrt, die in der Bildung von charakteristischen

Membranblidschen resultiert.
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1. Introduction

1. Introduction

1.1 Protein secretion in bacteria

Bacteria transport numerous proteins across the membrane that separates their cytosol from the
extracellular environment. This transport process is known as protein secretion. Secreted
proteins interfere with the environment of the bacterium in different ways and aid survival by
means of defense, adhesion and pathogenicity. Therefore various secretion machineries have
evolved to translocate proteins across the cell envelope. Compared to Gram-positive bacteria
where secretion is mediated across the cytoplasmic membrane, in Gram-negative bacteria
additionally a second membrane, the outer membrane, needs to be traversed [1, 2]. In Gram-
negative bacteria secreted proteins either cross the inner and the outer membrane in a two-step
process with a periplasmic intermediate or are transported in a single step by secretion systems
that span both membranes bridging the periplasm [3]. Six main types of secretion machineries
with different architecture and secretion mechanisms found in Gram-negative bacteria were
accordingly named type I-VI secretion systems (T1SS — T6SS) (Fig. 1). Type Il and type V rely
on substrates that were transported across the inner membrane into the periplasm by the Sec
system or by the Twin-arginine translocation (Tat) pathway. Type I, II1, IV and type VI function
without a periplasmic intermediate and secrete their substrates in a single step. Among these
double-membrane spanning systems, type III, IV and VI are even able to cross a third
membrane, the membrane of a host cell, and release effector proteins into it [1]. Numerous
secreted peptides and proteins target either bacterial or eukaryotic cells. An example from the
group of bacteriocins, secreted to kill competing bacteria, is Colicin V. This peptide antibiotic
is secreted via a T1SS by some E. coli strains and permeabilizes the membrane of other related,
sensitive E. coli strains [4, 5]. On the other hand, many proteins that are secreted by pathogenic
bacteria are virulence factors and play a major role in infection and colonization of the host.
For example the cholera toxin from Vibrio cholerae (V. cholerae) and the related heat-labile
enterotoxin of enterotoxigenic E. coli are toxins secreted via T2SS and after translocation of a
subunit into the host cell upregulate the adenylate cyclase [6-8]. Utilizing two T3SS the
pathogen Salmonella enterica is able to inject dozens of different effector proteins directly into
the cytosol of host cells [9]. However, pore-forming toxins that disrupt host cell membranes are
considered to be the largest group of virulence factors [10, 11]. A prominent example is the

pore-forming toxin hemolysin A from uropathogenic E. coli (UPEC) [12]. Further details on



1. Introduction

T1SS will be provided in section 1.2.2.3. Here the hemolysin A T1SS will be discussed in
detail.

Host membrane

Extracellular space

I

- Y Y
I ’|
L
Cytosol Tat Sec
T1SS T3SS T4SS T6SS T2SS T5SS

Figure 1: Schematic view of the six main secretion systems found in Gram-negative
bacteria. The secretion systems that facilitate transport in a single step across the inner and the
outer membrane of the bacterium are shown in blue. T3SS, T4SS and T6SS additionally cross
the membranes of host cells to release their substrates. T2SS and T5SS (yellow) mediate
secretion across the outer membrane after the substrates are transported into the periplasm via
the Sec pathway or in the case of T2SS alternatively via the Tat pathway (green). The simplified
figure is based on [1] and [2]. IM: inner membrane, OM: outer membrane, PP: periplasm.

1.2 The Repeats in Toxins protein family

Proteins of the Repeats in Toxins (RTX) family are secreted by various Gram-negative bacteria
into their environment via T1SS. This large protein family is named after its characteristic
glycine-rich repeats, the GG-repeats, with the common sequence GG-x-G-x-D-x-U-x, in which
x stands for any amino acid and U for a large, hydrophobic residue [13-15].

A hemolytically active, pore-forming virulence factor secreted by UPEC, later named
hemolysin A (HlyA), was the first RTX protein to be discovered [16, 17]. The identification of
the GG-repeats and the elucidation of the single-step secretion process across both the inner
and the outer membrane made HlyA the paradigm of RTX proteins [18-20]. Subsequently other

pore-forming toxins of other pathogens with hemolytic or leukotoxic activity such as MmxA
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1. Introduction

from Morganella morganii [21], LtxA from Aggregatibacter (Actinobacillus)
actinomycetemcomitans (A. actinomycetemcomitans) [22] or LktA from Mannheimia
(Pasteurella) haemolytica (M. haemolytica) [23] were identified. As an exception among the
pore-forming RTX cytotoxins the toxin CyaA secreted by Bordetella pertussis (B. pertussis)
harbors not only a pore-forming hemolysin domain but also an adenylate cyclase domain that
is translocated into host cell cytosol where it upregulates cAMP levels (Fig. 2) [24, 25]. Besides
this class of pore-forming RTX toxins several other functionalities of other members of the
RTX family are known. Another group of virulence factors are the large multifunctional-
autoprocessing RTX (MARTX) toxins which consist of multiple effector domains with
different activities (Fig. 2) [26]. The first identified member was MARTXvc from V. cholerae,
a protein of 4546 amino acid residues, that undergoes autocatalytic cleavage and translocates
its cytotoxic domains into the host cytosol [27-29]. A different group of large, multidomain
proteins are the RTX adhesins involved in biofilm formation [30]. Members are for example
SiilE from Salmonella enterica that promotes adhesion to host cells [31], LapA from
Pseudomonas fluorescens (P. fluorescens) [32] or an ice-binding protein of 1.5 MDa that is
produced by Marinomonas primoryensis (M. primoryensis) [33]. Interestingly, these proteins
are not fully secreted but are anchored to the secretion system and released by accessory factors,
modulating adherence to other cells and surfaces [34-36] (Fig. 2). Smaller members of the RTX
protein family are for examples secreted enzymes such as the alkaline protease of
Pseudomonas aeruginosa (P. aeruginosa) [14] or the serralysin protease and lipase LipA from
Serratia marcescens (S. marcescens) [37, 38]. The function of other RTX proteins is unknown
including the iron-regulated Frp proteins from Neisseria meningitidis (N. meningitidis) [39]. In
one of the RTX proteins, FrpA, a self-processing module was discovered that leads to
autocatalytic splicing. Subsequently, the resulting fragment of FrpC can covalently cross-link
to lysine residues of other proteins [40]. This protein trans splicing-like activity and the affinity
of FrpC for an outer membrane lipoprotein potentially indicate that it is involved in adhesion
of the pathogen to host cells [41]. While the functions of different subgroups of RTX toxins
vary widely RTX proteins share several characteristics apart of their defining GG-repeats. The
variable N-terminal part harbors the different activities whereas the more conserved C-terminus
contains the RTX domain formed by a varying number of GG-repeats and a secretion signal
[15]. This secretion signal is crucial for the recognition by the designated T1SS and is not
cleaved [42]. Located at the extreme C-terminus, the secretion signal does not have a conserved
sequence but presumably mediates recognition via a secondary structure element [43]. Other

common traits of RTX proteins are a low isoelectric point of 4 to 5 and rare occurrence of
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cysteine residues [44]. However, the most prominent common attribute is the formation of
calcium binding motifs by the GG-repeats which control the folding of RTX proteins [14, 45,
46].

HIyA

Pore-forming domain  RTX domain

CyaA

AC domain Pore-forming domain RTX domain

RTX adhesin

Retenti_on Extender region Ligand bi|_'1ding RTX domain
domain domain
MARTX
Glycine-rich repeats Effector domains RTX domain

Figure 2: Schematic representation of exemplary classes of RTX proteins. All RTX
proteins share a C-terminal secretion signal (light blue) and the characteristic C-terminal RTX
domain (yellow). The number of GG-repeats varies in different RTX proteins. As a member of
the group of pore-forming RTX proteins, HlyA has a N-terminal pore-forming domain. CyaA
from B. pertussis harbors not only a pore-forming domain but also a N-terminally located
adenylate cyclase (AC) domain that is translocated into host cells. RTX adhesins such as LapA
of P. fluorescens carry a long extender region that consists of a large number of repetitive
motifs. The number and sequence of this repeats varies in different adhesins. Between the
extender domain and the RTX repeats a ligand binding domain is found. The N-terminal
retention domain tethers the protein to its secretion systems [30, 35]. Additionally to the C-
terminal RTX domain MARTX harbor glycine-rich repeats that are located at the N-terminus
and have a sequence that differs from the C-terminal GG-repeats. Members of the MARTX
subfamily carry different effector domains which are translocated into the host cell [26]. The
different RTX proteins are not drawn to scale and the number of repeated domains is exemplary.

1.2.1 The calcium ion-dependent folding of RTX proteins

The number of GG-repeats in RTX proteins ranges from single digit numbers to over 40 but
does not strictly correlate with the size of the protein [15]. HlyA from E. coli, a 1024 amino
acid residue protein, harbors six conserved GGxGxDxUx repeats and including less conserved
motifs a total of 13 GG-repeats [44]. The GG-repeats form a calcium ion binding motif by

coordinating a Ca%" ion between the first glycine residue and the aspartate residue. In this wa
g gly p y
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the GG-repeats build turns alternating with B-strand with one calcium ion each between two
turns. This results in the characteristic parallel B-roll structure of the RTX domain that was first
observed in the crystal structure of the alkaline protease from P. aeruginosa (Fig. 3) [14]. In
agreement, it was shown that the activity of E. coli HlyA depends on calcium ion binding and
that HlyA binds Ca** ions with a Kp of approximately 0.1 mM [47]. Binding of calcium ions
does not only dictate the folding of the RTX domain but influences the folding of the complete
protein, as shown for HlyA and the alkaline protease [45, 48]. The Ca?" ion dependent folding
of RTX proteins is inherently coupled to the secretion process. In bacteria, regulation
mechanisms keep the cytosolic Ca?" ion levels at high nanomolar concentrations which is in
consequence not sufficient for binding to the RTX domain [49, 50]. Thus, prior to secretion
RTX proteins remain in an intrinsically disordered state. This allows secretion of the large,
unfolded substrates via the tripartite T1SS. In the extracellular environment, upon Ca** ion
binding, the transition from a loose, disordered state to a functional, compact conformation

occurs [46, 48, 51].

Figure 3: Crystal structure of the alkaline protease from P. aeruginosa (PDB entry 1KAP)
[14]. The protease domain is shown in blue and the RTX domain is shown in orange. The
characteristic B-roll structure where calcium ions, shown as grey spheres, are coordinated
between the turns of the GG-repeats is highlighted with a black box and shown magnified on
the right.
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1.2.2 Hemolysin A, a RTX toxin from uropathogenic E. coli

The pore-forming RTX toxin HIyA is produced by large number of UPEC strains, which are
the leading cause of urinary tract infections [52, 53]. While the protein was named after its
hemolytic activity, it is not only active against erythrocytes but also cytotoxic to a variety of
different cell types of different species including monocytes, granulocytes, lymphocytes,
endothelial and epithelial cells [12, 54-58]. The activity of HlyA is not only restricted to a pore-

forming lytic mode of action but is also associated with a variety of other cellular effects.

1.2.2.1 Pore-forming activity of HlyA

The most prominent function of HlyA is the lysis of host cells, especially erythrocytes.
Hemolysis occurs through insertion of HIyA into the erythrocyte membrane and formation of a
small hydrophilic transmembrane pore that leads to cell swelling and finally lysis. Across this
membrane lesion a potassium ion efflux and calcium ion influx were observed [54]. Using
osmotic protectants Bhakdi ef al. estimated further that the HlyA pore has a size of 3 nm [54].
Pore formation was likewise observed in vitro in lipid bilayer experiments [59-61]. HlyA is
suggested to adsorb reversibly to the membrane before an irreversible insertion into the
membrane occurs [62]. Nonetheless, the insertion of HlyA does not strictly lead to lysis [63].
The domain required for membrane binding and pore formation is localized in the N-terminal
part of HlyA [64, 65], but also the C-terminal RTX domain shows interaction with membranes
[66]. Still, the stoichiometry and structure of the HlyA pore is unknown as different studies
reported both monomeric and oligomeric states involved in membrane permeabilization [59,

60, 67].
1.2.2.2 Non-lytic activity of HIyA

Early on HlyA has been shown to evoke effects in cells treated with low, sublytic concentrations
of the toxin [12, 57, 58]. Especially granulocytes appeared to be more susceptible to HlyA than
other cell types exhibiting different metabolic responses [12, 68]. Furthermore, the presence of
the B, integrin LFA-1 expressed in leukocytes increased sensitivity of cells towards HIyA
indicating that it represents a receptor for HlyA [69-71]. In different experimental set ups HIlyA
induced different cell death types such as apoptosis, necrosis and pyroptosis [56, 72-74]. The
HlyA-mediated inhibition of the anti-apoptotic regulator Akt in bladder epithelial cell

underlines its potential to manipulate host cell signaling, reduce inflammatory responses and
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activate cell death pathways [75]. Moreover, UPEC expressing HlyA induce degradation of
host proteins involved in signaling and adhesion. This may promote the exfoliation of bladder
epithelial cells and aid the dissemination of the pathogen in the host tissue [76]. Another study
reported that HlyA induces Ca®* oscillations in rat renal epithelial cells which lead to the
production of cytokines and a pro-inflammatory response [77]. In macrophages, the K* efflux
caused by HlyA-induced pore formation was shown to be likewise associated with a pro-
inflammatory response but also with mitochondrial damage resulting in cell death [78]. Further,
Murthy et al. reported that UPEC-mediated macrophage killing is tightly bound to HlyA levels
and that macrophage cell death is accompanied by inflammasome activation, underlining the

potential of HIyA to subvert the host immune response [79].

1.2.2.3 The HlyA secretion system

The dedicated T1SS required for the secretion of HIyA is built of three components that span
the inner and outer membrane of E. coli [80]. Two of the transporter components, the ATP
binding cassette (ABC) transporter hemolysin B (HlyB) and the membrane fusion protein
hemolysin D (HlyD) are encoded together with the 4/y4 gene in an operon and are located in
the inner membrane [81-84]. The third component, the outer membrane protein (OMP) TolC,
is accordingly localized in the outer membrane and encoded separately in the genome of E. coli

[85].

The ABC-transporter HlyB

The inner membrane localized ABC-transporter HlyB energizes the transport of HlyA by
hydrolysis of ATP [86, 87]. As a member of the ABC transporter family HlyB has two
nucleotide binding domains (NBDs) facing the cytosol and two transmembrane domains
(TMDs) spanning the inner membrane (Fig. 4) [83, 88, 89]. HlyB functions as a dimer, in which
one monomer comprises one NBD and one TMD [89-92]. Therefore HlyB is sometimes
referred to as a “half-size transporter” [93]. For HlyB, the structure of the NBDs but not of the
complete transporter has been solved [90, 94]. The TMDs of ABC-transporters often span the
membrane with six transmembrane helices, accordingly for HlyB six but alternatively also eight
transmembrane helices were predicted [83, 95]. In contrast to the TMDs that build a pathway
for the substrate transport across the membrane and vary among the ABC-transporter family,

the NBDs are highly conserved to facilitate binding of ATP and hydrolysis [96, 97]. In HlyB,
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ATP induces the dimerization of the two NBDs which then enclose two ATP binding sites
between them [90]. The additional coordination of Mg?* ions allows to catalyze the subsequent
hydrolysis of ATP, which is the “power stroke” of HlyB for conformational changes and the
translocation of the substrate [92]. As the substrate HIyA is a large protein of 1024 amino acids
it remains unclear if other factors such as the proton motive force contribute to the energy
required for secretion [98, 99]. The NBDs of HlyB not only energize the translocation process
but are also thought to be involved in recognition of the C-terminus of the substrate HlyA [100].
Another domain of HlyB that was shown to interact with HIyA is the N-terminal, cytoplasmic
C39-like domain (CLD) [101]. Named after the homologous C39 peptidase domain found in
bacteriocin transporting ABC transporters, the CLD lacks the conserved cysteine required for
peptidase activity [101, 102]. Instead of proteolytic cleavage this domain stabilizes the substrate
HlyA and presumably protects it from aggregation [101].

Figure 4: Homology model of HlyB. The structure of HlyB was modelled with Phyre2 [103]
based on the crystal structure of the bacteriocin transporting ABC transporter PCAT1 from
Clostridium thermocellum (PDB entry 4RY2). It is shown as a dimer anchored in the inner
membrane (IM), schematically presented in gray. The TMDs of both monomers are colored in
blue, the CLDs in red and the cytosolic NBDs are shown in orange.

The membrane fusion protein HlyD

The second component of the HlyA secretion system localized in the inner membrane is HlyD,

a protein from the family of membrane fusion proteins. It connects the inner membrane

8



1. Introduction

transporter HlyB with the OMP TolC stabilizing the passage across the periplasm and is
therefore sometimes referred to as an “adaptor protein” [104]. The first 59 N-terminal amino
acids of the 478 residue protein are predicted to reach into the cytoplasm while an adjacent
transmembrane helix anchors HlyD in the inner membrane. The remaining part of HlyD is
predicted to form the large periplasmic domain of the protein [105]. A crystal structure of a
fragment of this soluble, periplasmic domain covering residue 96-361 was solved and showed
an elongated o-helical domain consisting of three o-helices that form a a-helical hairpin
structure together with a lipoyl domain (Fig. 5) [106]. The tip of the a-hairpin structure
presumably mediates the interaction with TolC [106, 107]. Even in the absence of HlyA, HlyD
and the ABC transporter HlyB form the so called inner membrane complex [108]. Cross-linking
studies showed that HlyD forms a trimer [108], but more recently solved structures of for
example a homologous membrane fusion protein in a multidrug efflux system suggests that
HlyD likewise forms hexamers [106, 109]. HlyD not only interacts with the transporter
components HlyB and TolC but also with HlyA. The N-terminal, cytosolic domain of HlyD is
involved in binding of the substrate and is crucial for the further engagement of TolC for a
successful formation of the T1SS [110]. At the same time, the periplasmic domain is suggested
to seal the translocation channel and is essential for the transport of HlyA in a secretion and

folding competent state [111].
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Figure 5: Schematic representation of HlyD including the crystal structure of a
periplasmic fragment of HlyD (PDB entry 5C21). Only the structure of a fragment of the
periplasmic domain (residue 96-361) containing a coiled coil a-helical domain and lipoyl
domain is solved [106]. A monomer of HlyD is shown anchored in the inner membrane with a
predicted transmembrane region. Furthermore, a short N-terminal domain located in the
cytoplasm is predicted [105].
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The outer membrane protein TolC

The OMP TolC completes the HlyA T1SS as it forms a pore in the outer membrane through
which HIyA is released into the extracellular environment. However, TolC is also part of other
tripartite efflux machineries such as the AcrAB-TolC multidrug efflux pump [109]. TolC is a
trimer that forms an open B-barrel in the outer membrane and an a-helical domain with a length
of 100 A that reaches into the periplasm. The 12 a-helices of the trimer build an o-helical barrel,
resulting in a tunnel-like overall structure (Fig. 6) [112]. In the crystal structure of TolC
described by Koronakis et al. [112], the periplasmic opening was closed with a diameter of
3.9 A in contrast to the open B-barrel anchored in the outer membrane, which has an inner
diameter of approximately 20 A. TolC opens the periplasmic entrance presumably through an
iris-like motion of the coiled coils that narrow the periplasmic opening to allow substrate
transport [113, 114]. The inner diameter of the TolC channel of approximately 20 A is
indicative of the secretion mechanism of T1SS as it can only support the passage of unfolded

proteins [112].

Extracellular
space

oM

Periplasm

Figure 6: Crystal structure of TolC (PDB entry 1EK9). TolC forms a trimer and is anchored
in the outer membrane with an open B-barrel pore. An o-helical barrel reaches into the
periplasm. Each monomer forming the tunnel is highlighted in one colour, yellow, grey and
cyan. On the right a top view looking from the extracellular space into the B-barrel exit of TolC
is shown. The pore is open while the a-helices narrow the periplasmic entrance of TolC [112].
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The secretion mechanism of HlyA

In the cytosol of E. coli HlyA remains in an unfolded conformation which is the prerequisite
for the secretion via its TI1SS [112, 115]. The unfolded substrate is not stabilized by the
chaperone SecB and no other chaperone involved in secretion of HlyA could be identified [80,
115]. For the secretion the last 50-60 C-terminal amino acid residues of HlyA harboring the
secretion signal are essential [19, 20]. HlyA interacts with HlyB as well as HlyD and only after
HlyA binds to the inner membrane components TolC is recruited [ 108]. Therefore the assembly
of the full HIyA TI1SS is induced by the successful interaction with substrate, which leads to
conformational changes in the secretion system [108, 110]. HlyA passes the HlyBD-TolC
translocation channel with the C-terminus first [116]. In consequence, the C-terminus and the
adjacent RTX domain reach the extracellular space first. In contrast to the bacterial cytosol
where Ca?" ion concentrations are kept below the Kp of the GG-repeats of 0.1 mM, the
concentration in the extracellular environment is sufficient for binding of Ca?" ions to the RTX
domain [47, 49, 51]. This Ca*" binding induces the folding of the secreted protein which at the
same time would hinder the moving of the folded molecule back into the confined translocation
pore [47, 48, 99]. After secretion is completed, TolC was shown to dissociate from the inner
membrane complex (Fig. 7) [108]. The HlyA T1SS secretes its substrate with a secretion rate
of 16 amino acid residues per transporter and minute, but it is not known how much ATP is
required per secretion cycle [117]. Thus the driving force of secretion is not fully understood.
Not only ATP hydrolysis is required already from the start of the secretion process [117], but
also the proton motive force (PMF) was shown to be essential in the early stages of transport
[98]. The binding of Ca?* is discussed as a further driving force that pulls RTX proteins into
the extracellular space, but in the case of HIlyA in contrast to CyaA [118] the secretion is
independent of the Ca?* concentrations [117]. The concentration gradient for the substrate
between the cytosol and the extracellular environment combined with the generally low pl of
RTX proteins that results in an overall negative charge could further contribute to energizing

the secretion [44, 99].
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Figure 7: Postulated secretion mechanism of HlyA [99]. The ABC-transporter HlyB (blue),
and the MFP HlyD (red) are located in the inner membrane and form the inner membrane
complex. In the assembled complex, HlyD is suggested to form a hexamer but for simplicity
HlyD is shown as a dimer [106]. In the cytosol, HlyA, indicated in black, remains unfolded due
to low calcium ion concentrations (grey spheres) in the bacterial cytosol. Only upon interaction
of HlyA with the inner membrane complex, TolC, shown in yellow and located in the outer
membrane, is recruited to the complex. Binding and subsequent hydrolysis of ATP by HlyB
leads to conformational changes in the transporter and energizes the transport of HlyA. The
stoichiometry of ATP hydrolysis per secretion cycle is currently unknown. The C-terminus of
HlyA reaches the extracellular space first and subsequently calcium ions bind to the GG-repeats
exposed to the Ca**-rich extracellular environment. This induces folding of the RTX domain
and further of the complete protein. The secreted substrate is released into the extracellular
space and TolC disengages from the inner membrane complex. Figure based on [99]. OM: outer
membrane, IM: inner mebrane.

1.2.2.4 Activation of HlyA by Acylation

Like other members of the subgroup of pore-forming RTX toxins HlyA requires a post-
translational modification to display its cytotoxic activity [119-123]. The cytosolic
acyltransferase hemolysin C (HlyC) needed for the conversion of the protoxin into the active,
acylated HlyA is encoded in the HlyA operon upstream of the Aily4 gene [119]. Before
secretion, HlyC catalyzes the amide-linked acylation of the lysine residues K564 and K690
with fatty acids delivered by an acyl carrier protein (Fig. 8) [120, 124]. Specifically, HlyC
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prefers Ci4 fatty acids for activation but also other fatty acids such as Cis,Cis and Ci7 were
reported depending on the study [125, 126]. The acylation of both acylation sites was shown to
be essential for activation of proHlyA, but recently Osickova et al. suggested that acylation of
K690 is sufficient [124, 126]. Only the acylated HIyA exerts lytic activity but unactivated
proHIyA was still able to bind to lipid bilayers [127] and form pores in lipid bilayers, albeit the
efficiency of pore formation was lower [128]. The acylation of HIyA is suggested to mediate
an irreversible insertion into membranes and to be involved in oligomerization of HIyA that
further induces lysis [129, 130]. What exact role the acylation status of HlyA plays in the
mechanism of cytotoxicity remains unclear, but for CyaA the fatty acids convey effective

binding to the host cell receptor [131, 132].

. . . . Secretion
Membrane interaction domain RTX domain sequence
1 238 410 K564 K690 1024

Figure 8: Schematic view of the domain organization of HlyA. The C-terminal part of HlyA
carries the RTX domain consisting of six conserved GG-repeats and the secretion sequence
comprising the last 50-60 amino acids. Two lysine residues, K564 and K690, are post-
translationally acylated and mediate the cytotoxic activity of HlyA. Further a N-terminal
hydrophobic domain is required for the pore-forming activity of HlyA [64].

The acyltransferase HlyC

Pore-forming RTX toxins are expressed together with a dedicated acyltransferase necessary for
activation of the protoxin. Besides HlyC that post-translationally modifies HlyA several
specialized acyltransferases have been shown to activate corresponding RTX proteins such as
CyaC from B. pertussis or RtxC from K. kingae [122, 133]. The N-acylation of the g-amino
group of internal conserved lysine residues requires the acyl carrier protein as fatty acid donor
[120, 124]. This acylation mechanism is unique among other acyltransferases [134, 135]. HlyC,
is a 19.9 kDa cytosolic protein that is active in dimeric form [136]. It recognizes two acylation
domains of approximately 50-80 amino acids that contain the conserved lysine residue of HlyA
independently from each other [137]. While mutational studies on HlyA lead to the conclusion
that the acylation of both sites is required for the cytotoxicity [124], the affinity of HlyC for the
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first acylation site was reported to be 4-fold higher than for the second acylation site of HlyA
[137]. The structure of HlyC is not solved but a crystal structure of a homologue of HlyC, the
acyltransferase ApxC from Actinobacillus pleuropneumoniae (A. pleuropneumoniae) showed
that the so called toxin-activating acyltransferases constitute a subgroup of the GenS-like N-
acetyl transferase enzyme family [135]. Therefore it was proposed that ApxC and its
homologues form a ternary complex with the acyl carrier protein and the substrate protoxin that
allows specific fatty acylation [135]. Like HlyC, ApxC forms a dimer in solution in which each
monomers is suggested to harbor a substrate-binding grove with an active site (Fig. 9) [135].
HlyC was shown to tolerate a few non-native RTX proteins as substrates for acylation including
ApxIA from A. pleuropneumoniae [138]. From cross-combination of the RTX proteins HIyA,
RtxA and CyaA with the acyltransferases HlyC, RtxC and CyaC, Osickova et al. concluded
that the choice of fatty acids for modification and whether one or both acylation site are

modified depends on the acyltransferase [126].

Active :
Site

Figure 9: Structure of the ApxC dimer shown in a surface representation [135]. The
monomers are highlighted in pink and green, the postulated active site in the binding grove of
each monomer is coloured in yellow and highlighted with a blue circle. This figure is taken and
modified from [135].
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1.2.3 MbxA, a RTX toxin from Moraxella bovis

Moraxella bovis (M. bovis) is a Gram-negative bacterium and the cause of the infectious bovine
keratoconjunctivitis (IBK) [139]. IBK is a highly contagious disease, occurring worldwide and
is considered to be the most prevalent ocular disease of cattle. Symptoms include ocular
discharge, edema and corneal ulceration, severe cases can lead to blindness [140]. The
pathogenicity of M. bovis is linked to two major virulence factors, a pilin protein for adhesion
and a secreted hemolysin that is only found in hemolytic strains [141-143]. The role of this
hemolysin in pathogenicity was deducted from the cytotoxic effects of M. bovis culture
supernatants on bovine neutrophils, erythrocytes and corneal epithelial cells [144-147].
M. bovis cultures showed cytotoxicity towards bovine but not human neutrophils which
potentially stemmed from a specificity of the toxin [146]. Due to the reactivity of HIyA
antibodies against it, the hemolysin was early on thought to be a member of the RTX protein
family [148]. Identification of the gene, named mbxA4, proved that the cytotoxin harbors
GG repeats and indeed is a RTX protein [149]. MbxA is encoded in a classic RTX operon
containing all genes necessary for activation and secretion of a pore-forming RTX toxin.
Upstream of the mbxA gene the putative acyltransferase MbxC is encoded whereas the
transporter components MbxB and MbxD are located in 3 direction. Downstream of the RTX
operon an ORF homologous to the t0/C gene is localized [143]. This genomic organization is
an exception as typically the OMP gene is not associated with the 7£x locus such as in the case
of HlyA (Fig. 10) [15, 85]. MbxA shares a sequence identity of 42% with the prototype RTX
protein HlyA while the activating components MbxC and HlyC are closer relatives with a
homology of 55.9%. Comparing the secretion system components of MbxA and HIlyA, the
ABC transporter MbxB shares the highest sequence identity with HlyB of 67.2%. The putative
MFP MbxD is less conserved, with a sequence identity of 40.8% shared with HlyD [143, 150].
The hemolytic activity of MbxA on bovine erythrocytes was reported to be Ca>* dependent and
based on pore formation that leads to K* ion efflux, a subsequent colloid osmotic swelling and
cell lysis. Using osmotic protection studies the size of the pore was estimated to be 0.9 nm
[147]. Lytic activity of MbxA was also observed in neutrophils leading to a release of enzymes

which in context of infection could aggravate tissue damage [ 144].
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UPEC

— hlyC hlyA hlyB hlyD

Moraxella bovis

— mbxC mbxA mbxB mbxD

Figure 10: Genetic organization of the RTX operons of UPEC and M. bovis. The RTX
proteins HlyA and MbxA are encoded in a RTX operon. Upstream of the RTX toxin gene an
activating acyltransferase, HlyC or MbxC, are encoded. In both operons the inner membrane
components of the T1SS, in E. coli HlyB and HlyD and in M. bovis accordingly MbxB and
MbxD are encoded downstream of the toxin. In contrast to E. coli where the outer membrane
protein TolC is encoded elsewhere in the genome, in M. bovis an open reading frame of a
homologue of the 70l/C gene is located downstream of mbxD.
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Numerous members of the RTX protein family, characterized by Ca?* binding GG-repeats, are
major virulence factors of different Gram-negative pathogens. The first to be identified and one
of the best characterized RTX proteins is the pore-forming toxin HlyA from UPEC [16]. As a
virulence factor, HlyA influences the course of urinary tract infections, which are considered
one of the most frequent bacterial infections [73, 79, 151]. Despite being studied for four
decades the structure and mechanism of pore formation of HlyA are still unknown and the effect
on host cells not fully uncovered. A common characteristic of RTX protein is the secretion into
the extracellular environment via T1SS [15]. The secretion system of HIyA consists of the
ABC-transporter HlyB, the membrane fusion protein HlyD and the OMP TolC [81, 85]. It
facilitates the one-step secretion of HlyA across both the inner and the outer membranes of
E. coli and has been shown to be suitable for secretion of heterologous proteins [20, 115, 152,
153]. In light of the rapidly growing prevalence of antibiotic resistance in human and animal
pathogens, virulence factors gain importance as powerful targets for novel anti-virulence
therapies against bacterial infections [154]. Development of anti-virulence strategies relies on
the accessibility and thorough understand of virulence factors. A the same time the increasing
number of sequenced bacterial genomes allows the identification of yet uncharacterized RTX
proteins based on the defining presence of the GG-repeats. This way, in 2010 1024 putative
RTX proteins in 251 bacterial species have been identified with a bioinformatic approach [15].
The first aim of this thesis was to identify novel or not fully characterized RTX proteins of
different pathogens as potential heterologous substrates for the HIyA secretion system (Tab. 1).
The utilization of the HIyA T1SS as a surrogate secretion system opens the possibility to create
an efficient production platform for novel RTX proteins. This further allows to avoid the
isolation of the toxins directly from the pathogens. Subsequently, the second aim was to gain
new structural insights into selected RTX proteins because very few examples of structures of
RTX proteins, such as the crystal structure of RTX proteases and lipases, are available [14,
155]. As an essential prerequisite for structural studies purification protocols were developed
for chosen RTX proteins. Here, small-angle X-ray scattering (SAXS) and cryogenic electron
microscopy (cryo-EM) were applied to study HlyA and other RTX proteins. The third aim of
the thesis was to characterize the interaction of RTX proteins with host cells. Studies on the
membrane damaging activity were carried out with the RTX protein MbxA from M. bovis

[149].
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Length Number of HIyA HlyB rtx locus
Organism Annotated protein (amino Identitiy [ldentity GenBank Protein ID
. GG repeats structure
acids) (%) (%)
Acinetobacter |Putative Ig domain- | agq |39 43 26 / WP_002134769.1
baumannii containing protein
Aeromonas | Calcium binding 517 7 43 65 rxABD ENY71443.1
diversa hemolysin
Type | secretion target
, . EHM54655.1,
S:/rv ‘:’f:nafter um Soié?nffxéﬁ ;ei:eat' 1228 |14 19 70 rxABD EHM54654.1,
ining EHM54683.1*
protein
Hemolysin RtxA 956 6 43 72 tolC-rtxCA- EGK07793.1
) . Ig-like domain- 113 |4 31 72 / WP_071461640.1
Kingella kingae |containing protein —
:;?’;‘Aregu'ated protein 1264 4 28 72 froAfrpA2fpC  |EGK08641.1
Bibersteinia | & ikotoxin LktA 955 6 42 82 IktCABD AAG40310.1
trehalosi
Moraxella bovis |RTX toxin MbxA 927 5 42 67 mbxCABD-tolC |AAK84651.1

Table 1: Selected RTX proteins annotated in genomes of Gram-negative bacteria.
Annotated proteins chosen within the scope of this thesis are listed with the predicted length of
the protein and the number of identified conserved GG repeats. The sequence identity of the
RTX proteins shared with HlyA from E. coli and the sequence identity of a corresponding
ABC transporter identified in the genome of the chosen bacteria shared with HlyB from E. coli
are given in %. In the case that related genes are found encoded in proximity to the rtx gene,
the locus structure is given. The GenBank protein ID of the selected protein is listed [156]. In
Cardiobacterium valvarum three putative RTX protein are annotated but sequencing carried
out in this thesis revealed that one fused r#x gene comprising the three putative genes is present.
Therefore the three separate protein IDs found in the GenBank database are marked with an *.
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One sentence summary: An overview of type I secretion systems of Gram-negative bacteria and a summary of the recent developments is provided.

Editor: Lily Karamanou

ABSTRACT

Type I secretion systems are widespread in Gram-negative bacteria and mediate the one-step translocation of a large
variety of proteins serving for diverse purposes, including nutrient acquisition or bacterial virulence. Common to most
substrates of type I secretion systems is the presence of a C-terminal secretion sequence that is not cleaved during or after
translocation. Furthermore, these protein secretion nanomachineries are always composed of an ABC transporter, a
membrane fusion protein, both located in the inner bacterial membrane, and a protein of the outer membrane. These three
membrane proteins transiently form a ‘tunnel channel’ across the periplasmic space in the presence of the substrate. Here
we summarize the recent findings with respect to structure, function and application of type I secretion systems.

Keywords: protein secretion; ABC transporter; secretion sequence; RTX toxin

INTRODUCTION

Bacteria have a need for secreting a variety of proteins and other
molecules to the extracellular space, for nutrient acquisition
(e.g. iron-scavenger proteins), biofilm formation (adhesins) or
host invasion (virulence factors, e.g. exotoxins).

Secretory pathways have been of major research interest over
the past decades and depending on the definition applied, a
minimum of 15 different secretion systems has been identified
so far in Gram-negative bacteria (reviewed in Costa et al. 2015).
Here, the outer membrane imposes an additional problem as se-
creted macromolecules have to cross a second, the outer mem-
brane. These secretion systems are capable of exporting a di-
verse range of small molecules, DNA and proteins to the extra-
cellular space or even directly into the cytosol of a target cell.
They vary greatly in composition and molecular mechanism,
but can be easily divided into two major subgroups based on
the presence or absence of a periplasmic transport intermedi-
ate during the secretion process.

Type I, 1l and IV secretion systems are double-membrane-
spanning export machineries where the substrate is secreted in

one step from the cytosol to the extracellular space (type I). The
latter two are even capable of delivering their substrate directly
into the cytosol of the target cell, thus traversing three mem-
branes (Fig. 1). Obviously, all these secretion systems require a
‘tunnel channel’-like architecture, composed of a minimum of
3 but up to more than 10 membrane-localized proteins (Fig. 1).
For further information, the reader is referred to Economou and
Dalbey (2014) and Costa et al. (2015) for a review series covering
the details of most bacterial secretion systems.

This review highlights the recent advances in research con-
cerning specifically type I secretion systems (T1SS), setting the
focus mainly on new structural insights that have been ob-
tained over the last years. T1SS are often referred to as the most
‘simple’ representative considering that they are composed
of only three membrane proteins (also see Delepelaire 2004,
Kanonenberg, Schwarz and Schmitt 2013; Thomas, Holland and
Schmitt 2014; Holland et al. 2016 for various aspects of T1SS).

Many Gram-negative pathogens make use of T1SS to secrete
a great variety of virulence factors. The discovery of the first
T1SS substrate dates back to as far as 1979 when the Goebel
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Figure 1. Cartoon of secretion systems from Gram-negative bacteria that translocate their substrates in one step across two (T1SS) or three membranes (T35S and T4SS).
OM: outer membrane, PP: periplasm, IM: inner membrane, OMP: cuter membrane protein, MFP: membrane fusion protein, ABC: ABC transporter. Proteins forming the

T3SS and T4SS and their putative location are indicated.

laboratory identified hemolysin A (HlyA), named after its ability
to lyse erythrocytes from uropathogenic Escherichia coli strains
(Noegel et al. 1979). Subsequently, the nucleotide sequence of
HIlyA was determined (Felmlee, Pellett and Welch 1985). Addi-
tional studies from the laboratories of Koronakis, Holland and
Goebel (Mackman and Holland 1984; Mackman et al. 1985a,b,
1987; Gray et al. 1986, 1989; Felmlee and Welch 1988; Koronakis,
Koronakis and Hughes 1989; Gentschev, Hess and Goebel 1990;
Chervaux et al. 1995) demonstrated that secretion of HlyA oc-
curred without any periplasmic intermediate and was Sec inde-
pendent. Moreover, HlyA carried a C-terminal secretion signal
indicating an unknown secretion mechanism.

The analysis of the sequence of the hly operon (Felmlee,
Pellett and Welch 1985) revealed the presence of two additional
membrane proteins and a third component in addition to the
substrate HlyA. The third component, HlyC, turned out to be
essential for the activation of HlyA, but not for secretion per
se (Nicaud et al. 1985). HlyC was shown to act as a cytosolic
acyltransferase acylating two internal lysine residues of the un-
folded HlyA prior to secretion. This required equimolar amounts
of the acyl carrier protein (Issartel, Koronakis and Hughes 1991;
Stanley, Koronakis and Hughes 1991; Stanley et al. 1994, 1999;
Thomas, Smits and Schmitt 2014). Only recently, the crystal
structure of an HlyC homolog was reported (Greene et al. 2015)
that will open up new approaches to understand the function of
this unusual acyltransferase at the molecular level.

HIyD, one of the membrane proteins encoded by the hly
operon, belongs to the family of bacterial membrane fusion pro-
teins (MFPs) (Symmons, Marshall and Bavro 2015) that is unique
to Gram-negative bacteria. The second membrane protein, HlyB,
is a member of the ABC transporter family (Davidson et al. 2008),
which is found in all kingdoms of life. Since HlyB and HlyD were
localized to the inner membrane (Mackman et al. 1985a,b; Wang
et al. 1991; Pimenta et al. 1999), the lack of periplasmic inter-
mediates raised an obvious question—How does HlyA reach the
extracellular space? This issue was addressed by the Wander-
sman group, who identified TolC, a ubiquitous and polyvalent
outer membrane protein, as the missing, third component of
the HlyA-T1SS (Wandersman and Delepelaire 1990). A complex
of the two inner membrane proteins and TolC form the ‘tunnel

channel’ that allows the one-step secretion of HlyA. Apart from
T1SS, TolC is involved in the extrusion of toxic components (Ko-
ronakis, Eswaran and Hughes 2004), for example by being part of
tripartite drug efflux systems such as the AcrA-AcrB/TolC com-
plex (Du et al. 2014).

In other T1SS, more than one transport substrate (Letoffe,
Delepelaire and Wandersman 1990) or the TolC homolog (Letoffe,
Ghigo and Wandersman 1994) can be encoded in the operon.
Thus, there are no strict requirements on the genetic level for
the operon organization of T1SS, but several lines of evidence
suggest that a minimal unit composed of the gene coding for the
transport substrate, the ABC transporter and the MFP is present
in all operons. In addition, some degree of promiscuity with re-
spect to the transported substrate exists, since the Hly system of
E. coli was successfully used to secrete, for example, CyaA from
Bordatella pertussis (Masure et al. 1990; Sebo and Ladant 1993),
FrpA from Neisseria meningitis (Thompson and Sparling 1993) or
PaxA from Pasteurella aerogenes (Kuhnert et al. 2000).

T1SS SUBSTRATES

For the vast majority of T1SS substrates, all the information nec-
essary and sufficient for secretion is encoded in the extreme
C-terminus, which is not cleaved during or after translocation.
This was recognized early on (Gray et al. 1986) and was one of
the first indications that HlyA was secreted independently of the
Sec system. However, a small group of substrates (class II mi-
crocins) contain an N-terminal propeptide, which is cleaved by
a C39 peptidase domain on the ABC transporter prior to secre-
tion (Hwang, Zhong and Tai 1997).

The actual secretion signal of the Hly system was shown to
be confined to the last 50 to 60 most extreme C-terminal amino
acids (Koronakis, Koronakis and Hughes 1989) but its size and
nature varies from system to system. The reader is referred to
a review (Holland et al. 2016), which summarizes our current
knowledge on T1SS secretion signals, still leaving many unan-
swered questions that need to be addressed in future research.

Upstream to the secretion sequence of HlyA, aspartate and
glycine-rich nonapeptide repeats were identified (Welch 1991).
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Figure 2. A zoom into the g-roll motif of an alkaline protease (Baumann et al. 1993). Ca?* ions and the Ca?* binding region are shown as blue spheres and in cartoon

representation, respectively.

These have the consensus sequence GGXGXDXUX (where X can
be any amino acid and U is a large hydrophobic amino acid) and
the term ‘GG repeats’ or ‘repeats-in-toxins’ (RTX) was coined by
Rod Welch. These repeats form the hallmark of an entire family
of proteins including lipases, proteases, adhesins, S-layer pro-
teins or toxins (reviewed by Linhartova et al. 2010).

Structural studies on the T1SS-secreted alkaline protease
from Pseudomonas aeruginosa (Baumann et al. 1993) and other
substrates (Baumann et al. 1993; Izadi-Pruneyre et al. 1999; Meier
et al. 2007; Griessl et al. 2013) revealed that the coordination of
one Ca?* by two RTX motifs via the side chains of the aspartate
residues and the backbone of the first two glycine residues cre-
ates a so-called g-roll or g-helix motif (Fig. 2).

RTX substrates of T1SS bind Ca?* ions in the high micromo-
lar range, for example ~500 M for CyaA from Bordetella pertus-
sis (Chenal et al. 2009; Sotomayor Perez et al. 2015) or ~150 uM
for HlyA from E. coli (Ostolaza, Soloaga and Goni 1995; Sanchez-
Magraner et al. 2007; Thomas et al. 2014). This binding induces
folding of the entire RTX protein. As the concentration of free
Ca?* jons in the bacterial cytosol is in the high nanomolar range
(Jones et al. 1999), RTX proteins remain unfolded until they reach
the extracellular space, where Ca”* concentrations of up to 10
mM result in immediate binding and protein folding.

The N-terminal moiety of T1SS substrates encodes for func-
tionality, i.e. lipolytic, hemolytic, proteolytic, adhesive or any
other activity. A recent data mining approach of 840 bacte-
rial genome sequences (Linhartova et al. 2010) identified ~1000
RTX proteins, being extremely variable in size (up to 900 kDa,
Hinsa et al. 2003) and function, but conforming to the general
arrangement of T1SS substrates, functional domain/RTX do-
main/secretion sequence. The number of RTX domains in an in-
dividual RTX-protein scales to some extent with the molecular
weight (Linhartova et al. 2010), but the presence of these charac-
teristic motifs is ubiquitous and highlights their functional im-
portance.

The iron siderophore HasA from Serratia marcescens repre-
sents an exception (Letoffe, Ghigo and Wandersman 1994). With
a size of 19 kDa it is the smallest substrate of a T15S identified so
far and interestingly lacks the entire RTX domain, but contains
a C-terminal secretion sequence (Izadi-Pruneyre et al. 1999). In-
terestingly, it is the only T1SS substrate known which requires
a chaperone, SecB, for secretion (Sapriel, Wandersman and
Delepelaire 2002; Bakkes et al. 2010).

FUNCTIONAL INSIGHTS

Early on, Koronakis and coworkers (Thanabalu et al. 1998;
Balakrishnan, Hughes and Koronakis 2001) demonstrated for the
HlyA T1SS that upon interaction of the substrate with the in-
ner membrane proteins (HlyB and HlyD), TolC is recruited and
a ‘channel tunnel’ is formed through which HlyA is secreted at
the cost of ATP hydrolysis. After substrate translocation is com-
pleted, TolC disassembles from the complex, leaving HlyB and
HlyD as a stable complex in the inner membrane, ready to start
another round of substrate secretion.

Deletion studies proved that the cytosolic domain of HlyD
(residues 1-60) forms the hub from which assembly of the
secretion complex is initiated (Balakrishnan, Hughes and
Koronakis 2001). Complementary data were provided by in vitro
surface plasmon resonance experiments demonstrating that
the isolated nucleotide-binding domain (NBD) of the ABC trans-
porter also interacts with the substrate (Benabdelhak et al
2003). Interestingly, this interaction was strictly limited to the
C-terminal secretion signal.

Indirect (Kenny, Haigh and Holland 1991; Debarbieux and
Wandersman 2001) and direct evidence (Bakkes et al. 2010)
demonstrated that substrates of T1SS are translocated in an un-
folded state. In an elegant set of experiments, Wandersman and
colleagues observed that the presence of folded HasA actually
inhibited the secretion of newly synthesized HasA (Debarbieux
and Wandersman 2001). Subsequently, they addressed the un-
derlying principles of this cis inhibition (Cescau, Debarbieux and
‘Wandersman 2007) and surprisingly, the results of this study
demonstrated that the interaction of unfolded HasA with the in-
ner membrane complex also occurs outside the region encoding
the secretion sequence, identifying a second, non-overlapping
binding site. This interaction resulted in stable recruitment of
the outer membrane protein TolC, which could be reversed by
adding in cis the isolated secretion sequence. This pointed to-
ward an intermolecular activity that triggered complex dissoci-
ation (Cescau, Debarbieux and Wandersman 2007).

All structural and functional data obtained for ABC trans-
porters so far indicate that the transport mechanism used by
these primary active transporters to shuttle their substrates
from one side of the membrane to the other follows the ‘al-
ternating two site access model’ for membrane transporters
(Jardetzky 1966). However, the unfolded state and the mere
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physical length (up to 9000 amino acids) of substrates of T1SS
make it impossible to apply this generally accepted mechanism
also for ABC transporters involved in T1SS. Although some re-
search has been carried out on this issue, there is still very lit-
tle understanding of the mechanism of secretion through the
transenvelope channel.

In contrast to the canonical organization of ABC transporters,
HlyB harbors an additional N-terminal domain, a cytosolic ap-
pendix (Kanonenberg, Schwarz and Schmitt 2013). Based on the
primary structure of HlyB, the first ~130 amino acids belong
to the family of C39 peptidases, a subfamily of the papain su-
perfamily of cysteine proteases (Havarstein, Diep and Nes 1995;
Wu and Tai 2004). These peptidases are unique to ABC trans-
porters and are only found in bacteriocin exporters (Havarstein,
Diep and Nes 1995). In principle, the protein family of bacteri-
ocins is limited to Gram-positive bacteria, but a few members
can also be found in Gram-negative strains, e.g. Colicin V in E.
coli. Using a type I secretion apparatus but retaining the typi-
cal N-terminally cleaved propeptide, these peptides form a small
yet unique group amongst type I substrates (Hwang, Zhong and
Tai 1997).

However, in many T1SS ABC transporters such as HlyB the
catalytically active cysteine residue is replaced by a tyrosine, re-
sulting in a corrupted catalytic triad. Lecher et al. (2012) therefore
established the term ‘C39 peptidase-like domain’ (CLD). NMR
studies revealed an identical tertiary structure compared to C39
peptidase domains (Ishii et al. 2010). A conserved interaction of
the histidine residue in the corrupted active center with a tryp-
tophan residue was discovered, which is now commonly used
to distinguish C39 peptidase domains from CLDs (Lecher et al.
2012; Kanonenberg, Schwarz and Schmitt 2013). In a set of in
vitro functional and structural studies, Lecher et al. (2012) con-
firmed binding of unfolded substrate to the isolated CLD that
was independent of the secretion signal. The substrate-binding
site was mapped by chemical perturbation experiments and re-
sults were subsequently confirmed by mutational studies. These
results suggest that the CLD acts as a receptor that grabs un-
folded HlyA and positions it for subsequent translocation. It re-
mains speculative whether the CLD also plays a role in prevent-
ing folding and degradation of the substrate in the cytosol and
further studies are needed to establish its precise function and
mechanism of action.

Within the field of study, the question of directionality of
type 1 secretion has long been under debate. The concept of
stalling the HlyA T1SS by using substrate N-terminally fused to
fast folding enhanced green fluorescent protein (eGFP) (Evdoki-
mov et al. 2006) finally answered this question (Lenders et al.
2015). Folded eGFP in the cytosol served as a ‘plug’ while the C-
terminal moiety inserted into the channel tunnel and protruded
partially into the extracellular space, where it prevented back-
sliding by adopting its tertiary structure. A combination of flu-
orescence and super-resolution microscopy exploiting the aut-
ofluorescence of eGFP in the cytosol and immunofluorescence-
based methods to detect the secreted C-terminus of the sub-
strate demonstrated that the secretion sequence appears first
on the external surface of the cell envelope.

QUANTITATIVE ANALYSIS

The concept of stalling a T1SS (as described in section ‘Func-
tional insights’) not only offered the possibility to address the di-
rectionality of transport but was also exploited to determine the
secretion rate of the HlyA T1SS (Lenders et al. 2016). Importantly,

the fluorescence of Cy3-labeled antibody was first employed to
quantify the total number of active HlyA T1SS translocons per
cell. Interestingly, the derived number was in good agreement
with the absolute number of HlyB dimers present in the mem-
brane, as determined by quantitative western blot analysis, us-
ing a standard of purified HlyB (Reimann et al. 2016) of known
concentrations. By experimentally quantifying the amount of
secreted substrate, the secretion rate of the HlyA T1SS was deter-
mined to be 16 amino acids per transporter per second. Thus, it
requires 90 s to secrete one complete HlyA molecule. This rate is
roughly 10-fold lower than the rate of SecA-dependent protein
translocation across the inner membrane, which operates at a
calculated rate of ~152-228 amino acids per second per trans-
porter (Schiebel et al. 1991; Uchida, Mori and Mizushima 1995).
Intriguingly, the rate of HlyA secretion is very similar to the rate
of bacterial protein synthesis at the ribosome, which was calcu-
lated to be 10-20 amino acids per second (Young and Bremer
1976). Whether this similarity is of any relevance and results
from some sort of connection still has to be addressed experi-
mentally.

In earlier studies, the proton motive force (pmf) was iden-
tified as being essential for substrate secretion (Koronakis,
Hughes and Koronakis 1991). In our hands, however, an influ-
ence of the pmf on the secretion rate was not observed (un-
published data), supporting recent results on CyaA, an exotoxin
from B. pertussis (Bumba et al. 2016), whose secretion is also
independent from the pmf. This seminal study also demon-
strated a clear influence of the extracellular Ca?* concentra-
tion on the secretion efficiency. Thus, the presence of Ca?* ac-
celerated CyaA secretion by generating intramolecular Brown-
ian ratchets. In other words, this process is passive but involves
ratcheted translocation events. Nevertheless, these data do not
support the hypothesis that the binding of Ca?* ions to the RTX
domains represents a driving force of prime importance for se-
cretion (Chenal et al. 2009; Thomas et al. 2014). This is in strik-
ing contrast to the secretion of HlyA (Lenders et al. 2016), where
changes in the Ca?* concentration in the medium or even the
complete absence of Ca?* did not influence the secretion rate,
which remained at 16 amino acids per transporter per second.
However, one has to stress that Ca?" is crucial for the function-
ality of HlyA and that in the absence of Ca?* the pore-forming
activity was abolished (Lenders et al. 2016). These findings sug-
gest a certain variety in the molecular mechanism of secretion
amongst different T1SS, which may be influenced by the size
of the substrate or the arrangement of the RTX domains. Thus,
it is suggested that a Brownian ratchet mechanism combined
with a pulling force is operational in CyaA (Bumba et al. 2016),
but absent in HIyA (Lenders et al. 2016) and further experiments
especially involving other T1SS are required to settle this issue.

STRUCTURAL INSIGHTS

Structural elucidation, together with functional characteriza-
tion, is a powerful tool to investigate the transport mechanisms
of membrane proteins. The very first structural information of
a T1SS component was derived from two-dimensional crystals
of the outer membrane protein TolC from E. coli. Even at a reso-
lution of 12 A, apart from the trimeric g-barrel nature, the pres-
ence of a novel periplasmic domain became evident (Koronakis
et al. 1997). Only a few years later, solving the crystal structure
of TolC at 2.1 A revealed the novel fold of this funnel-like do-
main (Koronakis et al. 2000). This is composed out of 12 «-helices
that protrude 100 A into the periplasmic space. Including the
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Figure 3. Cartoon representation of AaPrtD (Morgan, Acheson and Zimmer 2017). Monomers are shown in green and cyan. The bound nucleotides are shown in stick
representation. The kinked helices 3 and 6 (TMH3 and TMHS6) are highlighted for one monomer (left zoom-in). The right zoom-in highlights the coupling helix 1.

Figure 4. Zoom into the nucleotide-binding site of AaPrtD (Morgan, Acheson and
Zimmer 2017) formed by both NBDs colored in green and cyan. ADP is shown
in stick representation, the co-factor Mg?* as magenta sphere. The conserved
motifs interacting with the bound ADP molecule are labeled and highlighted in
stick representation. Interactions are visualized by dashed, yellow lines.

12-stranded g-barrel (3 per monomer) the total length of the pro-
tein adds up to 140 A. The structure was interpreted to represent
a closed state as the inner diameter of the water-filled g-barrel
of 20 A narrows to only 3.9 A at the periplasmic gate of TolC.

Based on this structural information, alanine mutations
were placed within the region of the periplasmic gate in or-
der to disrupt the closed state of TolC. Conductivity measure-
ments in black lipid membranes led to a model, in which an
‘iris-like’ opening of the inner helices opens the periplasmic gate
and therefore allows substrate translocation (Andersen et al.
2002a,b). Later on, this model was confirmed by structural in-
formation (Bavro et al. 2008; Pei et al. 2011).

Starting in 2003, a series of crystal structures paired with
functional analysis on the NBD of the ABC transporter HlyB was

published (Benabdelhak et al. 2003, 2005; Schmitt et al. 2003;
Zaitseva et al. 2005a, 2006). These studies offered valuable
insights into the motor domain of a T1SS and its de-
tailed molecular mechanism of ATP hydrolysis (Zaitseva et al.
2005b,c; Hanekop et al. 2006; Oswald, Holland and Schmitt
2006).

Additional insights into the structure of T1SS were obtained
only recently, when the crystal structure of the ABC transporter
of a putative T1SS from the hyperthermophilic Gram-negative
bacterium Aquifex aeolicus (AaPrtD) was published. It shares a se-
quence identity of 40% with PrtD from Dickeya dadantii, but nei-
ther the substrate nor the MFP homolog of AaPrtD was identi-
fied (Morgan, Acheson and Zimmer 2017). The structure of the
homodimer was determined at a resolution of 3.15 A and re-
flected the ADP/Mg?*-bound state (Fig. 3). The presence of six
transmembrane helices (TMH) per monomer and the canonical
fold of the NBDs is typical for ABC transporters. Interestingly, the
arrangement of the NBDs in the ADP-bound state seems to rep-
resent the occluded state (Morgan, Acheson and Zimmer 2017),
which contradicts the accepted view that ATP binding induces
dimerization of the two NBDs (Locher 2004, 2016; Oswald, Hol-
land and Schmitt 2006).

The ADP molecule is coordinated by residues of the Walker
A motif and the glutamine residue of the Q-loop, and also by
the serine residue of the C-loop of the opposing NBD resulting
in dimerization (Fig. 4). However, a similar architecture has been
observed in the crystal structure of Sav1866 from Staphylococcus
aureus (Dawson and Locher 2006) raising the question of how
this architecture fits into the well-established view that only ATP
induces formation of the NBD dimer.

The architecture of the TMHs of AaPrtD is distinct from that
of other ABC export systems. Generally, ABC transporters con-
tain two coupling helices (CH1 and CH2), which interact with
the NBDs. In AaPrtD, the interaction conferred by CH1 is taken
over by TMH2, which extends into a loop region that continues
without any secondary structure into TMH3.
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Figure 5. Crystal structure of a soluble fragment of HlyD from E. coli (Kim et al.
2016) that highlights the coiled-coil interaction of the helices. The lipoyl domain
is colored in red and blue. N- and C-termini are indicated.

Furthermore, TMH3 and TMH6 are kinked at the approxi-
mate position of the lipid head groups, splitting TMHS6 into two
and TMH3 into three separate helices—a novel architecture—not
been observed before (Morgan, Acheson and Zimmer 2017), nei-
ther in the bacteriocin transporter McjD (Choudhury et al. 2014)
nor in the peptide transporter TAP 1/2 (Oldham, Grigorieff and
Chen 2016). The kinks create a restriction within the putative
substrate channel. The fact that residues lining this restriction
are stabilized by interactions with conserved amino acids em-
phasizes their functional importance. Although the functional-
ity of AaPrtD has not been demonstrated yet and the identity of
the MFP and the transport substrate remain elusive, the struc-
ture provided the first glimpse of a T1SS ABC transporter and
presents a platform to design new and exciting experiments.

Proteins from the family of MFPs are not only an indispensi-
ble part of T1SS but have also been intensively studied in the
context of bacterial tripartite drug efflux pumps, such as the
AcrB-AcrA-TolC system (Du et al. 2014) or the MacA-MacB-TolC
system (Fitzpatrick et al. 2017). Until 2016, structural informa-
tion was limited to MFPs involved in drug efflux (for a recent
review, see Symmons, Marshall and Bavro 2015), while for T1SS
MFPs only recently has some limited structural information be-
came available (Kim et al. 2016). In 2016, the crystal structure of a
soluble fragment of HlyD, comprising the «-helical domain and
lipoyl domain, was published (Kim et al. 2016). However, the con-
struct used for structure determination lacked not only the first
95 N-terminal amino acids, including the cytoplasmic domain
(residues 1-59) and the single TMH of HlyD (residues 60-80), but
also the last 106 C-terminal residues (residues 373-478), corre-
sponding to the entire membrane proximal domain (Fig. 5).

In contrast to the majority of structurally described MFPs that
contain two a-helices, the unusually long (115 A) a-helical do-
main of HlyD is built out of three helices, of which helix 3 in-

teracts in an anti-parallel coiled-coil fashion with helix 1 and 2.
Based on structural comparison with AcrA (Kim et al. 2010) and
sequence conservation analysis, a model was proposed, where
the «-helical tip located between helix 2 and 3 forms the in-
teraction site with TolC (Kim et al. 2016). Only recently, in 2017,
the crystal structure of the «-helical domain and the lipoyl do-
main of LipC, the MFP of the lipase secretion system from Seratia
marcescens, was reported (Murata et al. 2017). Interestingly, the
a-helical domain also contained three helices, which might be a
common feature of T1SS MFPs.

The AcrA-AcrB-TolC (Du et al. 2014) and the MacA-MacB-TolC
(Fitzpatrick et al. 2017) structures revealed a hexameric arrange-
ment of the corresponding MFPs. Contradictory findings pro-
vided by cross-linking studies in E. coli suggest a trimeric state of
HlyD as the functional unit (Thanabalu et al. 1998). Even though
in principle a hexameric state seems more likely and is also sup-
ported by a model (Kim et al. 2016) based on the available crystal
structure of MacA (Yum et al. 2009), the oligomeric state of T1SS
MEFPs is still under debate and the subject is still in need of fur-
ther investigation.

BIOTECHNOLOGICAL APPLICATIONS

By achieving the secretion of fusion proteins in high amounts
into the extracellular medium, large-scale purification can be
significantly simplified, which reflects an attractive approach for
biotechnological applications.

The relatively simple nature of T1SS and the C-terminal se-
cretion signal raised interest in their use in biotechnological ap-
plications. Two main areas became the focus of intensive re-
search: heterologous protein secretion, in general (Blight and
Holland 1994) and antigen production for vaccination (Sebo et al.
1999; Spreng et al. 1999).

Here, we will only focus on the applicability of T1SS for the
secretion of heterologous proteins. Based on the T1SS of TliA, a
thermostable lipase from P. fluorescence (Park et al. 2012), a ver-
satile secretion system was engineered (Ryu et al. 2015). The C-
terminal secretion signal of TliA was fused either to GFP or al-
kaline phosphatase, and both proteins were secreted into the
medium. The hydrophobic nature of the secretion signal even al-
lowed subsequent purification via hydrophobic interaction chro-
matography. Secretion of fusion proteins was further enhanced
by engineering a negative net charge by introducing aspartate
clusters in the fusion proteins of interest (Byun et al. 2017). These
constructs go hand in hand with the direction of the membrane
potential, which is positive on the surface of bacteria. This favors
the translocation of negatively charged proteins since the direc-
tionality of the potential acts electrophoretically (Cao, Kuhn and
Dalbey 1995).

The other T1SS that has been extensively studied for the pur-
pose of heterologous protein secretion is the HlyA T1SS from E.
coli. With the identification of HlyA1 (Nicaud et al. 1986), a 23
kDa, C-terminal fragment of HlyA encouraging the secretion se-
quence and three of six RTX domains, research efforts were in-
tensified to exploit the system for the secretion of heterclogous
proteins. The studies of Debarbieux and Wandersman (2001) and
Bakkes et al. (2010) stressed the importance of folding rates in the
successful secretion of fusion proteins. Remarkably, the natural
folding rate of a protein fused to HlyA1 decreased dramatically,
which increased the range of possible fusion partners and in-
creased the yields of the proteins of interest (Bakkes et al. 2010).

Only recently, a new expression vector was established
that impressively improved secretion efficiencies of various
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fusion proteins (Khosa et al. 2018). Here, a 5'-untranslated re-
gion (UTR) was identified that increased the amount of secreted
HlyA1 several-fold and that, most surprisingly, does contain nu-
cleotides belonging to the coding sequence of HlyC. The region
was mapped to an area enriched in adenosine- and uracil nu-
cleotides, located ~36 base pairs upstream from the start codon
of HlyA1. Nevertheless, the most striking result to emerge from
this data in terms of biotechnological application is that besides
boosting the secretion efficiency of HlyA1, the vector enabled
the secretion of fast-folding fusion proteins that could not be se-
creted until then (Khosa et al. 2018). This is likely due to the fact
that this 5'-UTR is recognized by ribosomal protein S1 and tar-
geted to the ribosome for faster and more efficient translation.
Certainly, these findings could open up new avenues for the ex-
ploitation of T1SS and highlights their potential biotechnologi-
cal and pharmaceutical value. Furthermore, they emphasize the
necessity not to limit biotechnological engineering to the mere
coding sequence of a protein.

OUTLOOK

Since its discovery nearly 40 years ago, T1SS have been the sub-
ject of numerous fruitful studies and the basic outline of the
secretion process is by now well established. However, much
uncertainty still exists about the detailed mechanism of trans-
port. Ongoing, exciting research should address, for example,
additional structural information, the stoichiometry of the T1SS
complexes, the nature of the secretion signal and biochemical
insights into recognition and processing of the substrate.
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ABSTRACT Type | secretion systems (T1SS) are widespread

in Gram-negative bacteria, especially in pathogenic bacteria,
and they secrete adhesins, iron-scavenger proteins, lipases,
proteases, or pore-forming toxins in the unfolded state in

one step across two membranes without any periplasmic
intermediate into the extracellular space. The substrates of
T1SS are in general characterized by a C-terminal secretion
sequence and nonapeptide repeats, so-called GG repeats,
located N terminal to the secretion sequence. These GG repeats
bind Ca®* ions in the extracellular space, which triggers folding
of the entire protein. Here we summarize our current knowledge
of how Gram-negative bacteria secrete these substrates, which
can possess a molecular mass of up to 1,500 kDa. We also
describe recent findings that demonstrate that the absence of
periplasmic intermediates, the "classic” mode of action, does
not hold true for all T1SS and that we are beginning to realize
modifications of a common theme.

INTRODUCTION

Gram-negative bacteria are equipped with at least seven
dedicated secretion systems that mediate the export of
proteins beyond the outer membrane (1, 2). These are
called type 1 to 6 and type 9 secretion systems (T1SS to
T6SS and T9SS). Among those, T3SS, T4SS, and T6SS
are even capable of delivering their cargo directly into
the cytosol of the host cell. In this minireview, we place
the major emphasis on the hemolysin A (HlyA) secretion
system in Escherichia coli. This is by far the most studied
and illustrates very well the largely conserved, essential
features of T1SS. Interestingly, however, an important
mechanistic variation in the translocation of some of the
unusually extended giant RTX proteins—adhesins—was
discovered recently (3) and is also discussed.

and Microbiology, University of Paris-Sud, Orsay, France

T1SS substrates are usually defined by the presence of
several blocks of nonapeptide-binding sequences with
the consensus GGxGxDxUx (4, 5), where x can be any
amino acid and U is a large hydrophobic amino acid. The
exceptions are the SiiE-like adhesins (Fig. 1) (6). These
nonapeptides gave rise to the abbreviation RTX (repeats
in toxins), the name for the family. These motifs, also
called GG repeats, specifically bind Ca* (see below) and
are implicated in posttranslocation folding. The RTX
domain (Fig. 1) is located N terminal to the secretion
signal at the extreme C terminus.

Like T1SS substrates, the very large and widespread
group of peptide bacteriocins in Gram-negative bacteria
(7-9) also require an ABC transporter, a membrane fu-
sion protein (MFP), and an outer membrane (OM) pro-
tein for secretion. However, these antimicrobials lack
RTX repeats, have a cleavable N-terminal secretion se-
quence instead of the “classical” C-terminal signal, and

Received: 20 August 2018, Accepted: 15 January 2019,

Published: 8 March 2019

Editors: Maria Sandkvist, Department of Microbiology and
Immunology, University of Michigan, Ann Arbor, Michigan;

Eric Cascales, CNRS Aix-Marseille Université, Mediterranean Institute
of Microbiology, Marseille, France; Peter J. Christie, Department of
Microbiology and Molecular Genetics, McGovern Medical School,
Houston, Texas

Citation: Spitz O, Erenburg IN, Beer T, Kanonenberg K, Holland IB,
Schmitt L. 2019. Type | secretion systems—one mechanism for all?
Microbiol Spectrum 7(2):PSIB-0003-2018. doi:10.1128/
microbiolspec.PSIB-0003-2018.

Correspondence: Lutz Schmitt, lutz.schmitt@hhu.de
© 2019 American Society for Microbiology. All rights reserved.

ASMscience.org/MicrobiolSpectrum

31



3. Publications

Spitz et al.

N (] e HiyA-like
RTX domain
o (s CyaA-like
RTX domain
NCTIIRC ] | M- MARTX
RTX domain* RTX domain
RERTR O ) ¢ LapAdlike
RTX domain
IO < SiiE-like

FIGURE 1 Architecture of substrates of T1SS. The primary structure of a canonical sub-
strate of a T1SS is shown as white cylinder with the N and C termini labeled by “N" and "C,"
respectively. The secretion sequence (approximately 50 to 100 amino acids depending on
the substrate) at the C terminus is in red, the GG repeats forming the classic RTX domain
are in blue (six GG repeats as in the case of HlyA have been chosen as an example), and
the functional, N-terminal domain is in brown. However, the number and types of ar-
chitectures of this functional domain have increased in recent years. HlyA-like proteins
contain only one domain with dedicated activity (pore-forming activity in the case of HlyA),
while, for example, CyaA-like proteins contain two domains, which possess an adenylate
cyclase (light brown) and a pore-forming (brown) activity in the case of CyaA. A third class
are MARTX proteins (exemplified here by a MARTX protein from V. cholerae). The effector
domains (yellow and separated by black vertical lines) that are autocatalytically excised after
secretion are flanked by an N-terminal RTX-like domain (marked as RTX domain*) and a C-
terminal RTX domain. The C-terminal domain corresponds to the canonical sequence,
while the conserved aspartate is missing in the N-terminal one. Another architecture is
present in LapA-like adhesins (or bacterial transglutaminase-like cysteine proteinases) that
contain multiple, different domains. In the case of LapA, two different colors indicate two
different domains. However, the number of different domains is not restricted to two.
Additionally, the double-alanine motif in the N termini of LapA-like RTX adhesins is not
shown. Finally, SiiE-like adhesins contain multiple identical domains, such as the 53 copies
of the Blg domain in the case of SiiE (6, 71). The vertical blue line indicates that the GG
repeats are integrated within the Ig-like domains and do not form a separate RTX domain.
Please note that the drawing of the functional domains is not to scale.

have a quite distinctive translocation mechanism (10, 11):
alternating access rather than extrusion through an OM
“tunnel.” In view of these properties, we decided not to
include them in this minireview. The interested reader is
directed to references 7 to 11.

The first molecular identification of a T1SS, the secre-
tion machinery of the pore-forming toxin HIyA from
E. coli (12), was made in the 1980s and 1990s (13-13)
with the demonstration that two inner membrane pro-
teins, an ABC transporter and an MFP, encoded together
with the toxin in the same operon were required for se-
cretion. A fourth gene in the 4ly operon encoded an ac-
yltransferase, HlyC (16), catalyzing the posttranslational
modification of two internal lysine residues (17-19). This

modification, with fatty acids ranging from Cy4to Cy7 in
length, requires acyl carrier protein (20) and is essential
for HIyA to form a pore in the host membrane. Thus,
only the acylated, toxic form of hemolysin should be
called HlyA, while the nonacylated form should correctly
be called pro-HlyA. Such acylation conferring toxicity is
observed not only in HlyA but also in other hemolysins,
leukotoxins, and cytolysins that are members of the RTX
family (4). The recently published crystal structure of a
homologue of the E. coli HlyC (21) allows a more de-
tailed understanding of how acylation is installed. No-
tably, however, acylation is not required for secretion
into the extracellular space. On the other hand, the pro-
teins encoded in the bly operon are not sufficient for
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secretion of (pro-)HlyA. The OM component of the trans-
locon is TolC. The TolC protein is encoded elsewhere in
the chromosome and was first described for a related
T1SS by Wandersman and Delepelaire (22).

Equally important, the work by the laboratories of
Koronakis, Holland, and Goebel demonstrated that sub-
strate secretion by the T1SS is a one-step process, i.e.,
directly from the cytosol into the extracellular space with-
out any periplasmic intermediate. Furthermore, these
data established that the entire process was Sec inde-
pendent, relying on a novel C-terminal secretion signal
(5, 23-31).

However, the view that T1SS is mediated by the one-
step translocation of proteins has been challenged. Re-
cently, so-called periplasmic intermediates for a proposed
two-step secretion process were described for the ad-
hesins LapA and IBA (3). The exciting results identified a
“retention module” (RM) at the N terminus that an-
chors the adhesion to the cell surface by stalling further
translocation. This leaves a stalled short stub in the peri-
plasm, apparently stuck in TolC, and a fully translocated,
functional adhesin in the extracellular space. When con-
ditions change, for example, in the case of LapA, to
conditions unfavorable for biofilm formation, proteoly-
sis removes the RM and releases the adhesin. Therefore,
the secretion of the adhesin, as the authors described it,
occurs in two steps. Our interpretation is that this is an
exciting and important variation of the T1SS but that
translocation is still effectively one step, and therefore,
we prefer to call the adhesin-TolC-RM complex a pseu-
doperiplasmic intermediate.

Here we summarize our current knowledge of the mo-
lecular processes that underlie the T1SS and focus on the
molecular events that result in secretion of substrates that
harbor a C-terminal secretion sequence.

THE SUBSTRATES OF THE T1SS

The N-terminal domain of an RTX protein like HlyA
contains one functional domain, the HlyA pore-forming
toxin. CyaA from Bordetella pertussis (32) harbors an
HlyA-like toxin but also an adenylate cyclase that, fol-
lowing translocation into the cytosol of a host cell, ma-
nipulates cAMP levels. More complex architectures are
present in MARTX (multifunctional autoprocessing re-
peats in toxins), LapA, and SiiE-like proteins. MARTX
proteins are of enormous size (approximately 500 to 900
kDa). This protein family is encoded in a chromosomal
island in human pathogens such as Vibrio cholerae (33,
34). The extreme N-terminal part of these proteins is
composed of an RTX-like domain that, however, lacks

T1S5—One Mechanism for All?

the conserved aspartate residue that normally coordinates
the Ca®* ion. Spaced between this domain and the RTX
domain near the C terminus are effector proteins that are
autoprocessed, posttranslocationally, to release a cocktail
of different effectors into a host cell (35). However, little is
still known about the mechanism of secretion of MARTX
proteins. The RTX adhesins, LapA from Pseudomonas
fluorescens, and SiiE, the RTX-like protein from Salmo-
nella, are even larger, reaching up to 1.5 MDa (3, 36, 37).
In LapA (3, 38), the functional domain contains a vary-
ing number of domains that mediate adhesin functions.
Strikingly, the SiiE-like adhesins deviate from the ca-
nonical architecture of RTX proteins, particularly with
respect to calcium binding (39). Ca®* binding sites are
distributed virtually throughout the entire molecule,
which is composed of 53 bacterial immunoglobulin-like
(Blg) domains constituting the functional domain—the
adhesin (Fig. 1). Ca** type I sites (three aspartate res-
idues) fulfill the role of RTX repeats in secretion and are
positioned at all the interfaces between two Blg domains
(6). On the other hand, the translocon is composed of the
familiar tripartite complex; translocation depends on a
C-terminal secretion sequence (40) inferred to be ex-
truded first (39).

A C-terminal secretion signal remains as a signature
characteristic of RTX substrates. Signals appear to be
conserved only within groups of related proteins, with
no evidence of widespread conservation as far as we are
aware. For the hemolysin group, competitive hypotheses
have postulated a specific linear code, a structural code,
or a combination of the two, but the question remains
unresolved (see the extensive discussion in reference 41).

RTX Motifs and Ca®* Promote Extracellular
Folding of Substrates
A bioinformational approach based on the presence of the
GG repeats revealed more than 1,000 putative RTX pro-
teins in approximately 250 bacterial species (4). Since that
study was published in 2010, the number of putative
RTX proteins is necessarily much larger today, given the
enormous number of genomes now sequenced. However,
only the compilation of Linhartova et al. (4) is currently
available. The number of identified RTX repeats ranged
from below 10 to more than 40, with a slight tendency of
the number of repeats to correlate with molecular weight.
Additionally, more than 90% of the putative RTX pro-
teins displayed an isoelectric point below 5.0, suggesting
that electrophoretic mobility (42) might be important for
the secretion process.

Structural studies of the alkaline protease from Pseu-
domonas aeruginosa (43) and other substrates of the
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T1SS (6, 44, 45) confirmed that the nonapeptide repeats
bind Ca** ions. Two GG repeats coordinate one Ca>* ion
by interaction of the side chain of the aspartate residue
and the carbonyl oxygens of the amino acids forming the
repeat. This architecture creates a right-handed, so-called
B-roll motif (Fig. 2). Functional in vitro studies demon-
strated that Ca®* ions are a strict requirement for folding.
In other words, in the absence of Ca** ions, substrates,
such as HlyA from E. coli (46-49) or CyaA from Bor-
detella pertussis (50-52), remain unfolded or in a molten
globular state (53). Subsequent studies revealed that the
dissociation constant of Ca>* ions from the RTX domain
is in the high micromolar range. The concentration of free
Ca®* ions in the bacterial cytosol is strictly regulated and
remains in the high nanomolar range (100 to 300 nM in
E. coli) (54). Secretion of RTX proteins therefore pre-
sumably occurs in the unfolded state. This hypothesis
was indeed experimentally verified by the fusion of malt-
ose binding protein to a C-terminal fragment of HlyA
that only harbored the secretion signal and three of the
six GG repeats (55). Given that the extracellular con-

FIGURE 2 Structure of GG repeats of alkaline protease (PDB
entry 1KAP) from P. aeruginosa in its Ca®*-bound state, re-
sulting in the classic B-roll motif. (A) The five Ca®* ions are
shown as blue spheres. For simplicity, only the first three GG
repeats are shown in ball-and-stick representation. The carbon
atoms of GG repeat one are in gray, the carbon atoms of the
second GG repeat in green, and the ones of the third repeat
in yellow. The interactions of repeat one with the bound Ca®*
jion are indicated by gray dashed lines, and the interaction of
the third repeat with the bound Ca®* ions is in yellow. As it
is evident, one Ca®* ion is coordinated by repeat n and repeat
n + 2. (B) RTX domain of alkaline protease from P. aeruginosa
in cartoon representation. The orientation is identical to that in
panel A, and the gray and yellow dashed lines indicate the
interactions

centration of Ca®* ions is normally in the millimolar
range (54), this suggests that RTX repeats immediately
bind Ca®* upon exit from the bacterium. Elegant iz vitro
studies with CyaA have also demonstrated that binding
of Ca®* ions to the RTX domain induces immediate
folding of the entire protein (46-48), suggesting that Ca**
ions act as a chemical foldase.

CURRENT WORKING MODEL FOR CLASSIC
T1SS

The process of secreting a substrate by a T1SS starts at the
ribosome. However, only after the extreme C terminus
of the substrate containing the secretion signal (Fig. 1),
around 50 to 100 amino acids, has been synthesized will
secretion be initiated, since all information necessary and
sufficient for secretion is encoded in the secretion signal.
Bearing in mind that the sizes of T1SS proteins range
from 20 kDa up to 1,500 kDa, two obvious questions
arise: why do substrates of T1SS not aggregate and pre-
cipitate prior to secretion, and why are these proteins not
immediately degraded by cytosolic proteases? Unfortu-
nately, we do not yet have answers to these important
questions.

In the second step, the unfolded substrate interacts
with both of the two membrane proteins of the inner
membrane, the ABC transporter and the MFP (56, 57).
Based on cross-linking studies with the HlyA system,
these two proteins were shown to form a stable complex
in the inner membrane, a dimer of the ABC transporter
and a trimer of the MFP (57). However, the remarkable
similarity of the T1SS translocon to tripartite drug ef-
flux pumps, such as the AcrB-AcrA-TolC system from
E. coli, in which there is a 2:6 stoichiometry (ABC:MFP)
(58), makes it most likely that the T1SS MFP is also a
hexamer. Nevertheless, further research should be un-
dertaken to resolve this obvious discrepancy. Deletion
studies by the Koronakis laboratory showed that the cy-
toplasmic domain of the MFP is required to recruit the
OM component, TolC in the case of the HlyA machin-
ery (56). However, the engagement occurred only in the
presence of the substrate, indicating that docking of HlyA
with the inner membrane complex transmits a signal to
the periplasmic domain of HlyD that results in the for-
mation of a transient HlyB-HlyD-TolC complex, a so-
called “channel-tunnel” bridging the entire distance from
the cytosol to the extracellular space across the periplasm
and two membranes. The timing of these events also
explains why deletion or inactivation of one of the three
translocon components completely abolishes secretion
without the appearance of a periplasmic intermediate.
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Finally, biophysical studies with the isolated nucleotide
binding domain of HlyB, the ABC transporter of the
HIyA secretion machinery, demonstrated an interaction
with the substrate in the low micromolar range that re-
quired the secretion signal (59).

As soon as the outer membrane protein is engaged and
a continuous channel tunnel has formed, the substrate
enters the translocation pathway (Fig. 3A). For HIyA,
it was experimentally demonstrated that secretion is di-
rectional, with the C terminus extended first onto the cell
surface (60). Furthermore, the entire process proceeds
with a secretion rate of 16 amino acids per transporter
per second (61). At this stage, Ca®* ions must bind to the

T1SS—One Mechanism for All?

RTX motifs and induce folding as soon as the substrate
appears at the cell surface (Fig. 3A). This should prevent
backsliding of the entire protein. Interestingly, reducing
the external Ca®* concentration below the dissociation
constant of the ion from the RTX motif did not reduce
the secretion rate in the HlyA system (61). This clearly
demonstrates that the secretion rate is independent of
Ca®* and that Ca**-induced folding does not represent a
driving force for secretion. A seemingly different scenario
was observed for the much larger adenylate cyclase toxin
(CyaA) from B. pertussis (62). A Ca’* concentration of
2 mM in the media accelerated the efficiency of secretion.
However, even when the Ca?* concentration was reduced

FIGURE 3 Schematic summary of the classic T1SS-mediated substrate secretion (A) and the
recently discovered secretion mechanism for some RTX adhesins in which secretion stalls
just before completion, creating a so-called two-step process with a pseudoperiplasmic
intermediate (B). The ABC transporter and the MFP are shown in blue and green, respec-
tively, and the OM protein is in maroon. (A) The unfolded substrate is secreted with its C
terminus first. At the cell surface, Ca®* ions (blue spheres) bind to the GG repeats and induce
folding, which results in formation of the B-roll (indicated in cartoon representation). (B) In
the case of adhesins such as IBA or LapA, the N-terminal domain starts folding prior to or
during secretion, which plugs the translocon (indicated by the light brown polygon) and
tethers the entire substrate at the cell surface within the OM component of the translocon of
the T1SS. The brown cubes and distorted ellipse represent folded domains of the substrate.
This scheme clearly demonstrates that the classic T1SS disassembles only after the entire
substrate is translocated, while in two-step T1SS disassembly earlier, e.g, when the N-
terminal plug domain has not passed the OM. For further details, see the text. IM, inner
membrane; NBD, nuclectide binding domain; TMD, transmembrane domain.
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to 0.1 mM (which does not allow folding of CyaA), 50%
of produced CyaA still reached the cell surface. These
differences might be due to the diverging sizes of the
two RTX proteins or details of the architecture of the
RTX domain. Thus, further experimental approaches
and analysis of additional T1SS substrates are required to
completely understand the molecular mechanisms of se-
cretion, the influence of Ca®* jon folding and secretion (if
any), and the molecular signals that regulate substrate
translocation across two membranes in one step for this
group of classic T1SS substrates.

RTX ADHESINS—NEW KIDS ON THE BLOCK

RTX proteins include not only toxins but also lipases,
S-layer proteins, MARTX, and adhesins, which are ex-
tremely large in size. Recently, the structure of an ice-
binding adhesin (IBA) of the marine Gram-negative
bacterium Marinomonas primoryensis (molecular mass,
1.5 MDa) was determined and the putative mechanism
of translocation modeled (37). IBA contains the hall-
marks of substrates of a T1SS, an RTX domain and a
C-terminal secretion sequence. N terminal to the RTX
domain, three additional domains are located, namely,
peptide-, sugar-, and ice-binding domains. While inter-
actions of the peptide- and sugar-binding domains with
surface receptors of other microorganisms allow for-
mation of mixed aggregates of microorganisms, the ice-
binding domain anchors M. primoryensis to ice in seas,
lakes, or rivers. Surprisingly, and in contrast to the clas-
sical RTX proteins described earlier that are directly se-
creted into the extracellular space, IBA is translocated
but then retained on the cell surface (Fig. 3B). Guo et al.
(37) identified a conserved region (homologous to RM
in LapA described above) at the extreme N terminus of
IBA that they proposed could plug the channel-tunnel
of the T1SS. Based on their structural analysis, Guo et al.
proposed that this N-terminal region forms two domains:
a proximal sequence that folds and a distal region that
is sufficiently unfolded to traverse the TolC homologue
into the outer membrane. This prevents further trans-
location and retains the adhesin at the cell surface. In
2018, exciting new data concerning the LapA adhesin
from Pseudomonas fluorescens (3; for a summary, see
reference 38) provided direct experimental evidence for
this model in a comprehensive multidisciplinary study.
The 160-residue RM was shown to be essential to tether
the adhesin to the translocator and thus to the cell sur-
face (Fig. 3B). Moreover, the RM consists of two do-
mains, folded and unfolded, with the former specifically
cleaved by a dedicated protease, LapG, to release the

adhesin. In another exciting twist, LapG is normally
inactivated by binding to its membrane receptor, LapD.
Binding is controlled by ¢-di-GMP to favor binding un-
der conditions suitable for biofilm formation (63). Fi-
nally, we note that both of these studies (for IBA and
LapA) confirm the directionality of translocation, C ter-
minal first, for T1SS secretion.

Finally, it must be stressed that while IBA and LapA
are anchored to the surface by stalling translocation,
other strategies are used to retain adhesins at the cell
surface. SiiE from Salmonella enterica contains a putative
coiled-coil motif that facilitates immobilization of the
entire protein on the surface of the cell envelope, which is
controlled by SiiA and SiiB (36). Thus, continued efforts
are needed to see whether additional mechanisms and
modifications of the classic T1SS exist that are used by
Gram-negative bacteria to cope with the demands of
their ecological niches.

SUMMARY AND OUTLOOK

An enormous amount of data on T1SS has been gath-
ered since the discovery of the first system. The amount
of available structural information on the components of
the translocon machinery is increasing constantly. These
components include the OM protein TolC (64), a closely
related homologue of HlyC (21), isolated domains of the
ABC transporter HlyB (65-67) and other ABC trans-
porters (68), a soluble fragment of the MFP HlyD (69),
and an entire structure of an ABC transporter (70) of a
putative T1SS with unknown substrate from Agquifex
aeolicus. This article is unable to cover all aspects of type
I secretion; however, it provides a broad summary of the
accumulating data on functional aspects of the secretion
process. The review does not engage with the possibili-
ties of the T1SS in biotechnological applications (for a
recent summary, see reference 41) that go well beyond
basic research and would allow large-scale protein pro-
duction and isolation via protein secretion.

However, we are still some distance from a systematic
understanding of the T1SS since the nature of molecular
signals and intramolecular communication within this
nanomachinery remains unclear. In summary, there are
still many open questions that have to be addressed and
many more fascinating variations and novel insights to
be discovered for the T1SS in Gram-negative bacteria.
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Abstract

Many proteins of the Repeats in Toxins (RTX) protein family are toxins of Gram-negative
pathogens including hemolysin A (HlyA) of uropathogenic E. coli. RTX proteins are secreted
via Type I secretion systems (T1SS) and adopt their native conformation in the Ca**-rich
extracellular environment. Here we employed the E. coli HlyA T1SS as a heterologous system
for the RTX toxin MbxA from the bovine pathogen Moraxella bovis. In E. coli the HlyA system
successfully activates MbxA by acylation and secretes the precursor proMbxA and active
MbxA allowing purification of both species. The activating E. coli acyltransferase HlyC
recognizes the acylation sites in MbxA, but unexpectedly resulting in a different acylation
pattern as for its native substrate HlyA. HlyC-activated MbxA shows species-independent
activity including toxicity against human lymphocytes and epithelial cells. Using live cell
imaging we show an immediate MbxA-mediated permeabilization and a rapidly developing

blebbing of the plasma membrane in epithelial cells.

Introduction

In light of a growing frequency of antibiotic resistance observed in human pathogens,
characterization of virulence factors is a key factor for the development of novel anti-virulence
strategies against bacterial infections. Targeting bacterial toxins is a promising approach for
future therapeutics that need to be tailored to specific pathogens and pathogenicity factors [1,
2]. The characterization of toxins relies on their accessibility and therefore requires an efficient
bacterial production platform.

Proteins of the Repeats in Toxins (RTX) family are secreted into the extracellular space by a
large number of Gram-negative bacteria employing type 1 secretion systems (T1SS). The
growing number of sequenced bacterial genomes revealed novel members of this RTX family
[3]. Many RTX proteins are virulence factors of important pathogens such as the toxins CyaA
from Bordetella pertussis or hemolysin A (HlyA) from uropathogenic E. coli (UPEC). RTX
proteins are characterized by glycine-rich nonapeptide repeats with the consensus sequence
GGxGxDxU (x - any amino acid, U - large hydrophobic amino acid,) the so-called GG repeats
[3, 4]. Repetitions of this repeat close to the C-terminus form the RTX domain [5], while the
variability of the N-terminus between different RTX proteins allows diverse functions (for a

review see [3]).
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The hemolysin (Hly) secretion system is specific for its sole substrate HlyA and often
considered a prototype of T1SS. Transport of HlyA occurs in a one-step mechanism across both
membranes of the Gram-negative bacterium [6-8]. It is mediated by two inner membrane
components, the ATP-binding cassette (ABC) transporter hemolysin B (HlyB) and the
membrane fusion protein hemolysin D (HlyD), together with the outer membrane protein TolC
[9-12]. A C-terminal, non-cleavable secretion sequence of 50-60 amino acids conveys specific
interaction with the inner membrane components (Fig. 1) [6-8, 13]. Prior to and during
transport, HlyA remains unfolded and only achieves its native conformation upon secretion into
the extracellular fluid, where binding of Ca?* ions to the RTX domain induces folding of the
protein [5, 14-16]. Although RTX proteins lack a conserved secretion sequence the HIyA
secretion system was shown to tolerate some non-native RTX toxins as substrates such as for
example CyaA from Bordetella pertussis, FrpA from Neisseria meningitidis, PaxA from
Pasteurella aerogenes or LktA from Mannheimia haemolytica [17-20]. However, the secretion
of these non-native RTX protein was not quantified or demonstrated to be efficient.
Furthermore, different experiments showed that the HlyA TI1SS is able to secrete fusion
proteins. The exchange of the HIyA secretion sequence with the C-terminus of LktA still
facilitates secretion of HlyA [21]. At the same time non-related, but slow-folding protein
carrying the HlyA secretion sequence are recognized and transported [14].

HlyA belongs to the classic pore-forming RTX toxins and is active against a variety of cells
including erythrocytes, leukocytes, epithelial and endothelial cells of different species [22-24].
For the cytotoxic activity, but not for secretion, a post-translational fatty acid acylation of two
internal lysine residues, catalyzed by the intracellular acyltransferase HlyC, is required (Fig. 1)
[25, 26]. Despite being studied for decades the mechanism of pore formation by RTX toxins
remains elusive.

The RTX hemolysin MbxA shares a sequence identity of 42% with HlyA and is a key factor in
the pathogenicity of Moraxella bovis (M. bovis) [27, 28]. This animal pathogen is the cause of
the most prevalent ocular disease in cattle, the infectious bovine keratoconjunctivitis (IBK) [29,
30]. Studies with supernatants of pathogenic M. bovis cultures revealed a cytotoxicity against
bovine neutrophils, erythrocytes and corneal epithelial cells attributed to a possibly secreted
cytotoxin [31-34]. A classic RTX operon that comprises MbxA together with the putative
acyltransferase MbxC along with the transporter components MbxB and MbxD was later found
to be present only in pathogenic, hemolytic M. bovis strains but not in non-hemolytic strains.
In contrast to the 4/y4 operon in UPEC, a TolC homologue is encoded downstream of the mbx

operon [12, 35]. With a length of 927 amino acids MbxA is approximately 10% smaller than
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HlyA. Like in HIlyA, sequence alignment and topology predictions revealed two potential
acylation sites as well as an ambiguous membrane interaction domain at the N-terminal part of
MbxA [27, 36, 37], while the GG repeats are located closer to the C-terminus of MbxA.
Altogether MbxA has a putative domain organization that is typical for pore-forming RTX
toxins (Fig. 1).

Here we established a complete surrogate T1SS in an E. coli lab strain by a combination of the
UPEC HIyA TI1SS with the heterologous substrate MbxA that secretes active MbxA or its
precursor proMbxA. Based on this result, we developed a purification procedure for both MbxA
species from the supernatant of secreting E. coli cells. Recombinant MbxA was efficiently
activated by HlyC, but with an unexpected and different acylation pattern as HlyA. In contrast
to the previously shown activity against bovine and ovine cells, we further observed that MbxA
displays a target species-independent cytotoxic activity against human epithelial cells and
leukocytes. Using live cell imaging, we finally demonstrate a rapid and distinct membrane

blebbing phenotype in human epithelial cells in response to permeabilization by MbxA.

MbxA 927 aa
: 363 ?;83 K536 K660
HIyA 1024 aa
N C
238 410 K564 K690

hydrophobic domain
Il transmembrane helix

GG repeats (GGxGxDxUx)
I secretion sequence

Figure 1: Schematic view of the primary structure of MbxA and HIlyA. Five conserved
GG repeats with the consensus sequence GGxGxDxUx are present in MbxA (yellow boxes),
while HlyA carries six conserved GG repeats (yellow boxes). They form the Ca** binding RTX
domain. As a RTX protein, HIyA characteristically possesses a C-terminal secretion signal of
approximately 60 amino acids [6, 8, 13], which is shown in blue. For MbxA the length of the
secretion sequence is unknown. In the N-terminal part of HlyA, a hydrophobic domain is
involved in pore formation and marked in red [36]. Depending on the prediction algorithm for
MBDbxA either a single membrane spanning helix is predicted from residue 363 to 383 (dark red
box) with an additional reentrant helix at residue 215 or a set of transmembrane helices forming
an ambiguous hydrophobic domain from residue 210 to 383 or even from residue 120 to 383
(dashed line) are predicted [37]. The position of the acylated lysine residues K564 and K690 of
HlyA and the homologous residues predicted to become acylated in MbxA, K536 and K660,
are indicated.
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Material and Methods

Sequence alignment and topology prediction
Alignment was carried out using EMBOSS Needle pairwise sequence alignment [38]. For the
prediction of membrane spanning regions the Constrained Consensus TOPology prediction

server (CCTOP) was used [37].

Cloning of the mbxA gene

The mbxA gene (Uniprot Q93GI2) was amplified from M. bovis DSM 6328 genomic DNA with
the primer pair mbxA-for 5'-AACCTTTTCTAACACAACGAGGAGAGAC-3" and mbxA-rev
5'-AAATCACTAAACACTTGGAGCCAAAATTC-3" and cloned into the pJET1.2 vector
(Thermo Scientific). Subsequently the mbxA gene was cloned into the pSU2726 hlyA vector
[39] replacing the hly4 gene. An N-terminal Hises-Tag site was introduced, resulting in plasmid
pSU-6H-mbxA. To produce acylated MbxA, 6 H-mbxA was cloned into the pSU-hlyC-6H/hlyA
plasmid [40] replacing the hlyA gene. To restore the hly4 enhancer region [41] the Hiss-Tag of
hlyC was deleted, creating pSU-AlyC/6 H-mbxA. In this vector, both genes, hlyC and mbxA, are

under the control of one LacZ promoter [40].

Expression and secretion of proMbxA and MbxA

Secretion of MbxA in E. coli BL21(DE3) was facilitated by co-expression of the transporter
components HlyB and HlyD of the E. coli UIT89 HlyA system. For expression of recombinant
proMbxA, ten 300 ml flasks containing 50 ml LB with 100 pg/ml ampicillin and 30 pg/ml
kanamycin per flask were inoculated with an E. coli BL21(DE3) overnight culture harboring
plasmids pK184-AlyBD [14] and pSU 6H-mbxA to an ODsoo of 0.05. The culture was grown at
37°C and 180 rpm until ODggo reached 0.4-0.6. Subsequently, the culture was supplemented
with 10 mM CaCl; and expression was induced with 1 mM IPTG. After 5 h of expression at
37°C and 180 rpm the cells were removed by centrifugation at 13500 g for 45 min. The
supernatant was filtered with a 0.45 pm filter and stored on ice for purification.

For the secretion of active MbxA, E. coli BL21(DE3) transformed with the plasmids pK184-
hlyBD and pSU-hlyC/6H-mbxA were grown in 2 L. LB medium with 100 pg/ml ampicillin and
30 pg/ml kanamycin in baffled 5 L flasks at 37°C and 160 rpm and induced at the same
conditions as pSU-6H-mbxA. Secreted MbxA accumulated in the foam of the culture. After 5 h
of expression the foam was collected and centrifuged at 4000 g for 10 min. The condensed foam

was solubilized in solubilization buffer (6 M urea, 100 mM NaCl, 50 mM TRIS pH 8.0) by
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stirring at room temperature overnight. Aggregate was collected by centrifugation at 160.000 g

for 30 min and the solubilized protein stored at -80°C.

Purification of MbxA

Solubilized MbxA was refolded by dropwise dilution from 6 M to 400 mM urea with IMAC
buffer (50 mM Tris pH 7.8, 400 mM NaCl, 10 mM CaCly) with constant stirring at room
temperature. All subsequent steps were performed at 4°C. Refolded MbxA was loaded on a
5 ml Ni** loaded HiTrap IMAC HP column (GE Healthcare) and eluted with a linear 0-75 mM
histidine gradient with elution buffer (50 mM Tris pH 7.8, 400 mM NaCl, 10 mM CaCly,
75 mM histidine). Elution fractions containing MbxA were pooled and concentrated with
Amicon Ultra-15 Centrifugal Filter Units (50 kDa NMWL, Merck Millipore). Histidine was
removed with a PD10 desalting column (GE Healthcare) at room temperature and the protein
eluted with cold IMAC buffer. Activity of MbxA was tested on Columbia agar with 5% sheep
blood (Oxoid).

Purification of proMbxA

The culture supernatant containing proMbxA was concentrated with Amicon Ultra-15
Centrifugal Filter Units (50 kDa NMWL, Merck Millipore) to 1/10 of the starting volume and
loaded on a 5 ml Ni?* HiTrap IMAC HP column (GE Healthcare). A linear 0-75 mM histidine
gradient with elution buffer was used to elute proMbxA. Elution fractions containing proMbxA
were pooled and concentrated. Histidine was removed with a PD10 desalting column (GE

Healthcare) and the protein eluted with IMAC buffer.

Size Exclusion Chromatography (SEC) and Multi Angle Light Scattering (MALS)

For SEC, proMbxA or MbxA containing IMAC fractions were pooled, concentrated to 0.5 ml
and after centrifugation at 21,700 g for 20 min directly applied to a Superose 6 Increase 10/300
GL column (GE Healthcare) in SEC buffer (50 mM TRIS pH 7.8, 100 mM NaCl, 10 mM
CaCl,). The chromatography was performed on an AKTA Purifier system (GE Healthcare).
proMbxA peaks resulting from the SEC were pooled separately and stored with 20% glycerol
at -80°C. A subsequent SEC-MALS analysis was carried out to investigate the oligomeric state
of the proMbxA species. The separated species were concentrated to 1.3- 2.5 mg/ml and 200 pl
of each were applied to a Superose 6 Increase 10/300 GL column (GE Healthcare) equilibrated
with SEC buffer and connected to a miniDAWN TREOS I triple-angle light scattering detector
(Wyatt Technologies) and an Optilab T-rEX differential refractive index detector (Wyatt
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Technologies). The set up was performed using an Agilent 1260 HPLC system with a flowrate
of 0.6 ml/min and the data was analyzed with the ASTRA 7.1.2.5 software (Wyatt

Technologies).

Expression and purification of proHlyA and HlyA

proHIyA was expressed in E. coli BL21(DE3) carrying pSU2726-hlyA [39] without transporter
components to produce inclusion bodies. 2 L of 2xYT medium with 100 pg/ml ampicillin in
baffled 5 L flasks were inoculated with an overnight culture to ODsoo 0.1 and incubated at 37°C
and 160 rpm. At ODgoo 0. 6 expression was induced with 1 mM IPTG and expression continued
for 4 h at 37°C and 160 rpm. Afterwards cells were collected by centrifugation for 15 min at
13900 g and inclusion bodies purified according to [42]. proHIyA solubilized in 6 M urea was
refolded by dropwise dilution to 400 mM urea with 100 mM HEPES pH 8.0, 250 mM NacCl,
10 mM CacCl,. The refolded protein was concentrated with Amicon Ultra-15 Centrifugal Filter
Units (100 kDa NMWL, Merck Millipore) and remaining urea removed with a PD10 desalting
column (GE Healthcare). The eluted protein was concentrated and applied to a Superose 6
Increase 10/300 GL column (GE Healthcare) in the same buffer.

Active HlyA was purified from secreting E. coli BL21(DE3) harboring pK184-4/yBD and pSU-
6H-hlyC/hlyA. 2 L 2xYT medium with 100 pg/ml ampicillin and 30 pg/ml kanamycin in baffled
5 L flasks were inoculated with an overnight culture to ODsoo 0.1 and grown at 37°C and
160 rpm. At ODsoo 0.4-0.6 the culture was supplemented with 10 mM CaCl, and expression
induced with 1 mM IPTG. After 4 h of expression the foam of the culture was collected, HlyA
solubilized in 6 M urea and refolded by dropwise dilution as described for MbxA. Refolded
HlyA was concentrated (Amicon Ultra-15 Centrifugal Filter Units, 100 kDa NMWL, Merck

Millipore) and remaining urea removed with a PD10 desalting column (GE Healthcare).

MS analysis

MbxA, proMbxA as well as HlyA and proHIyA were separated in a polyacrylamide gel, stained
with Coomassie Brilliant Blue (CBB), the corresponding bands of the proteins were cut out
from the gel and processed for mass spectrometric analysis as described [43]. Briefly, proteins
were reduced with dithiothreitol, alkylated with iodoacetamide and digested with trypsin.
Resulting peptides were separated during a 1 h gradient on C18 material using an Ultimate3000
rapid separation liquid chromatography system (Thermo Fisher Scientific) and subsequently
injected in an online coupled QExactive plus mass spectrometer (Thermo Fisher Scientific) via

a nano-electrospray interface (described in [43]). Briefly, survey scans were recorded at a
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resolution of 70,000 and subsequently up to 10 precursors were selected by the build-in
quadrupole, fragmented via higher energy collisional dissociation and analyzed at a resolution
of 17,500.

Recorded spectra were further analyzed by MaxQuant version 1.6.10.43 (MPI for
Biochemistry, Planegg, Germany) using standard parameters if not stated otherwise. Searches
for MbxA were carried out in a dataset containing 2734 Moraxella bovis sequences as well as
an entry for MbxA. For HlyA, a data set was used containing 4156 E. coli BL21(DE3)
sequences and an additional entry for HlyA. Carbamidomethylation at cysteines was considered
as fixed and methionine oxidation, n-terminal acetylation and acylation with Ci2, Ci3, Ci4, Cis,
Ci6, Ci17 and Cig chains at lysines as variable modifications. In a second search, additionally the
hydroxylated variants of the acyl chains were considered. The minimal peptide length was set
to five, and two variable modifications were allowed per peptide. Identified proteins and

peptides were reported at a false discovery rate of 1%.

Cell culture

Human epithelial cells, HEp-2 (epithelial larynx carcinoma, ATCC-CCL-23) were routinely
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Thermo Fisher) and human
T lymphocytes, Jurkat J16 (Adult lymphoblastic leukemia ACC-282, DSMZ) were cultured in
RPMI-1640 (Thermo Fisher) at 37°C under 5% CO». Both media were supplemented with 10%
fetal calf serum (FCS), 100 U/ml penicillin, 100 pg/ml streptomycin and 10 mM HEPES.

Lactate dehydrogenase (LDH) release assay

To monitor the cytotoxicity of MbxA the release of cytosolic LDH was measured as an indicator
of membrane damage using the LDH Cytox Assay Kit (Biolegend).

For HEp-2 cells, 10,000 cells per well were seeded in a 96 well plate and grown over night.
Prior to the assay, the medium was exchanged to DMEM supplemented with 5% FCS. For
Jurkat cells, 100 pl with a density of 6x10° cells/ml in RPMI with 5% FCS were seeded in 96
well plates and for both cell lines all following incubations were carried out in the appropriate
cell culture medium supplemented with 5% FCS. HEp-2 cells and Jurkat cells were incubated
with a serial dilution of MbxA in DMEM respectively RPMI for 1 h at 37°C under 5% CO..
To assess if preincubation with proMbxA influences MbxA cytotoxicity purified proMbxA was
added to the HEp-2 cells together with fresh DMEM and incubated for 30 min at 37°C under
5% CO; before addition of the serial dilution of MbxA. For Jurkat cells proMbxA was added

to the cell suspension immediately before seeding and the cells were likewise incubated for
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30 min at 37°C under 5% CO- before before the addition of MbxA. To monitor the basal release
and activity of LDH, HEp-2 and Jurkat cells were incubated with cell culture medium with
IMAC buffer (basal LDH). Plates were centrifuged (3 min, 1000 g) and supernatants of HEp-2
and Jurkat cells were collected. For the quantification of the LDH release, the assay was carried
out according to manufacturer’s manual (Biolegend) and absorbance measured at 490 nm. The
assay was conducted in biological and technical triplicates. For the calculation of the
cytotoxicity absorbance of the background control was subtracted from all other values and the
average absorption of triplicates was calculated. The relative cytotoxicity was normalized to
the maximal LDH release (maximal absorption after MbxA treatment, Max Abs (MbxA
treated)) of each experiment and calculated with the following equation:

Equation 1.

Cytotoxicity (%) — Abs (MbxA treated) — Abs (basal LDH ) % 100
YEOLOXICUY A7) = Max Abs (MbxA treated) — Abs (basal LDH)

The concentration of the half-maximal effect of MbxA (cytotoxic dose 50, CDso) was calculated
from three biological replicates with GraphPad Prism 7 with the following equation:
Equation 2.

100
1+ 10log(CD50—conc(MbxA))xHill slope

Cytotoxicity (%) =

Live cell imaging

HEp-2 cells were cultivated and passaged in DMEM (Pan Biotech) supplemented with 10%
FCS, MEM vitamins, non-essential amino acids, amphotericin B (2.5 pg/ml) and gentamicin
(50 pg/ml) (all Thermo Fisher Scientific). One day prior to use, HEp-2 cells were seeded in
2 ml DMEM in 35 mm p-Dish 1,5H glass bottom dishes and grown overnight at 37 °C under
5 % COa. Prior to live cell imaging, cells were washed with DMEM supplemented with 20 mM
HEPES as live cell medium (Pan Biotech, Germany) and preincubated with 5 pg/ml Wheat
Germ Agglutinin conjugated with Alexa Fluor 488 (WGA-488, Thermo Fisher Scientific) for
10 min at 37 °C. Subsequently, HEp-2 cells were washed twice with live cell buffer and
incubated with 1 ml live cell medium with 3.3 nM propidium iodide (PI). Live cell imaging
was started after 5 frames, when 1 ml of live cell medium with different concentrations of
MbxA (250 nM, 30 nM, 10 nM) or 250 nM of proMbxA were added (resulting in 1.65 nM final

concentration of PI during imaging).
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Widefield fluorescence imaging was applied at a Nikon Ti-E microscope system (Nikon
instruments) equipped with an Apo LWD 40x WI AS DIC N2 water immersion objective lens
with a numerical aperture of 1.15, a C-HGFIE (Precentered Fiber Illuminator, Nikon) as
excitation light source for epifluorescence and a Hamamatsu Orca Flash 4.0 (Hamamatsu
Photonics) sSCMOS camera. To visualize membranous structures with WGA-AF488 a GFP-HQ
filter set (Ex 470/40, DM 495, Em 525/50) was utilized. For visualization of PI staining we
used a TXRed HYQ filterset (Ex 560/40, DM 595, Em 630/60). Exposure time for the green
channel was set to 100 ms and for the red channel to 600 ms, respectively. An additional DIC
channel was acquired at 100 ms exposure time, using a standard Halogen lamp (100 W) for
illumination. During image acquisition a hardware based autofocusing system, the Nikon
Perfect Focus System, was used to keep the cells in focus. Linear contrast enhancement for

microscopy images was set to the same intensity levels in all figures.

Results

MDbxA is secreted and activated by the HIyA system

To produce MbxA employing the HlyA secretion system in E. coli BL21(DE3), the mbxA4 gene
was introduced into the pSU2726 vector originally used for HIyA expression and secretion
resulting in the plasmid pSU-6H-mbxA. The HlyA T1SS inner membrane components HlyB
and HlyD were expressed from the pK184-hlyBD vector, while TolC is chromosomally
encoded [14]. In a two-plasmid-system comprised of pK184-hlyBD together with pSU-6H-
mbxA or pSU-hlyC/6H-mbxA, mbxA could either be expressed only in the presence of the
transporter components or additionally in the presence of the activating acyltransferase HlyC
as a complete T1SS. E. coli BL21(DE3) that carry both, pK184-hlyBD and pSU-hlyC/6H-
mbxA, showed hemolytic activity when grown on sheep blood agar, while in the absence of
HlyC no halo formation occurred. Colonies harboring only pSU-klyC/6H-mbxA did not cause
hemolysis, which showed that release of cytosolic, activated MbxA from cell lysis did not
occur. This indicates that the secretion of active MbxA was indeed mediated by heterologous
E. coli HlyBD-TolC (Fig. 2). The IPTG-induced expression of HlyBD together with MbxA
only or MbxA with HlyC in liquid cultures lead to an accumulation of an approximately
100 kDa protein, proMbxA or MbxA, respectively, in the medium (Fig. 3). In the absence of
the HlyC protein, secretion levels of proMbxA were higher during 5 h of expression. While
proMbxA was stable in the supernatant, MbxA tended to accumulate in the foam floating on

the medium.
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HIyBD, HIyBD, HIyC HIyC,
proMbxA MbxA MbxA

Figure 2: E. coli BL21(DE3) grown on Columbia agar with 5% sheep blood harboring the
plasmids pK184-hlyBD with pSU-6H-mbxA (1), pK184-hlyBD with pSU-hlyC/6 H-mbxA (1) or
pSU-hlyC/6H-mbxA alone (III). Halo formation around colonies that expressed MbxA and
HlyC together with the transporter components HlyBD (II) and absence of hemolysis around
colonies that express only MbxA and HlyC (III) indicates functional secretion of active and

acylated MbxA. Thus MbxA is not released from E. coli without additional expression of the
Hly secretion system.
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Figure 3: Heterologous secretion of proMbxA and MbxA via the HlyBD system. The
Coomassie Brilliant Blue (CBB) SDS-PAGE of culture supernatants of E. coli BL21(DE3) co-
expressing HlyBD and MbxA or HlyBD, HlyC and MbxA show accumulation of proMbxA or
MbxA during a period of 0-5 h of expression (indicated by the numbers above the gel) after

induction with IPTG. Molecular weight markers in kDa are shown in lanes I and II. An arrow
indicates proMbxA and MbxA.

Purification of proMbxA and MbxA from the supernatants of E. coli cultures

From the E. coli BL21(DE3) pK184-hlyBD, pSU-6H-mbxA system approximately 6 mg/L of
precursor protein proMbxA was recovered from the supernatant using Ni** affinity
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chromatography. A subsequent size exclusion chromatography (SEC) and SDS-PAGE analysis
revealed that two separable species of proMbxA were present (Fig. 4). Determination of the
molecular weight (MW) by multi angle light scattering (MALS) analysis confirmed that the
first peak with an experimentally determined molecular weight (MW) of 201.5 + 1.1 kDa
corresponded to proMbxA dimers (theoretical MW 201.2 kDa). The second peak contained
monomeric MbxA as the determined MW of 93.9 + 0.3 kDa fitted to the theoretical mass of
100.6 kDa (Fig. 5). Activated MbxA, that was solubilized with 6 M urea from the foam of the
expression culture and was afterwards refolded in the presence of Ca?*, was equally purified
via IMAC and subsequent SEC. MbxA eluted from the Superose 6 Increase column earlier
(elution volume 13.6 ml) and in a broader peak than the proMbxA dimer (elution volume
14.9 ml), which indicates the presence of a higher oligomeric species of MbxA, probably
including MbxA dimers and a small fraction of monomers (elution volume 17.1 ml) (Fig. 4).

CBB staining confirmed the purity of proMbxA and MbxA already after IMAC (Fig. 4b).
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Figure 4: (a) SEC of samples of MbxA (dashed line) and proMbxA (solid line), respectively,
applied to a Superose 6 Increase 6/30 column (GE Healtcare). The absorbance at 280 nm of the
elution profile of proMbxA is plotted on the left Y axis, the elution profile of MbxA on the
right Y axis. proMbxA eluted in two separate peaks, marked 1 and 2 in the chromatogram.

(b) CBB stained SDS-PAGE gels of MbxA and proMbxA obtained from IMAC purification
and used for SEC (left panel). proMbxA is separated in two species, peak 1 and peak 2, during
SEC and evaluated by SDS PAGE (right panel). Molecular weight markers in kDa are shown
in lanes I and II.
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Figure 5: MALS coupled to SEC analysis of the two proMbxA species separated via SEC. The
calculated molecular weight (MW) of 201.5 + 1.1 kDa of the first peak (blue) corresponds to a
dimer of MbxA (theoretical MW (6H-MbxA),= 201.2 kDa). The molecular weight of
93.9+ 0.3 kDa of the second peak (black) confirms a monomeric species of proMbxA
(theoretical MW 6H-MbxA= 100.6 kDa).

Active MbxA is cross-acylated by HlyC at two conserved acylation sites

Besides HlyA, several other pore-forming RTX toxins are known to require a post-translational
acylation at two or, as in the example of CyaA, at least one conserved internal lysine residue to
confer toxic activity [26, 44-48]. For HIyA acylation of both acylation sites was shown to be
required for toxicity [26]. The amide linked fatty-acylation is facilitated by an acyltransferase
encoded upstream of the RTX gene and an acyl carrier protein [49]. The presence of the mbxC
gene in the M. bovis operon indicates that MbxA is, when expressed, likely acylated [27]. The
lysine residues K536 and K660 of MbxA correspond to the acylation sites at K564 and K690
of HlyA (Fig. S1) [26, 27]. The areas around the two acylation sites, residues H516-G566 and
K640-Q680, share a sequence identity of approximately 46% with those of HlyA. This identity
is comparable to the overall identity of both proteins. To analyze the acylation status of
proMbxA and MbxA co-expressed with HlyC, we used mass spectrometry. Whereas no
acylation was detected for proMbxA, MbxA peptides containing acylated lysines were
identified at the predicted sites, K536 and K660, respectively. No peptide with non-acylated
K536 or K660 was detected in the acylated MbxA variant. A myristoylation (Ci4 acylation) as
well as hydroxy myristoylations (C14-OH*) were determined for all three detected peptides that
covered the first acylation site K536 (ERLTNGKYSYINK, LTNGKYSYINK and
LTNGKYSYINKLK) (Tab S1) (Considering that the mass shift attributed to hydroxy

acylations could potentially originate from tyrosine oxidation hydroxy variants are marked with
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an * (Fig. 6, Tab. S1)). Each of those peptides were identified by more than one fragment
spectrum recorded by the mass spectrometer resulting in a total of 24 informative spectra for
Ci14 modification with additional five informative spectra for Ci14-OH* modifications of these
three peptides. Those peptide spectrum matches (PSM) can be used as semi-quantitative
measure for the occurrence of peptides and peptide modifications. The peptide
LTNGKYSYINK was additionally found to be modified with Ci3, Cis and Cis acylations as
well as a Ci» hydroxy acylation. These modifications with Ci3, Cis, Cis and Ci2-OH* fatty acids
are probably less frequent as they were detected only with 2,4, 1 and 1 PSM, respectively. The
second acylation site, K660, was only found to be acylated with Ci4 fatty acids (Fig. 6a). As no
other fatty-acylated lysine residues were observed, we conclude that modification of MbxA
with the non-native acyltransferase HlyC, here referred to as cross-acylation, targets only the
conserved acylation sites (Tab. S1).

To test whether in the E. coli BL21(DE3) background HlyC confers the same modifications to
MbxA as to HlyA, proHlyA and HlyA were analyzed for their acylation status. For HIyA,
peptides acylated at both known acylation sites could be identified [26] (Tab. S1). At K564
peptides modified with Ci4 acylation and C14-OH* acylation contributed both with 2 PSM. The
second acylation site, K690, was predominantly found acylated with Ci4 fatty acids (48 PSM)
but also hydroxy acylated with Ci4-OH* modifications (8 PSM). In contrast to the second
acylation site of MbxA also less frequent modifications, namely Ci2, Ci3 and Cis acylations
were detected at the K690 acylation site of HlyA with 1, 2 and 1 PSM, respectively.
Additionally, unmodified peptides containing K564 and K690 were detected for HlyA (5 and
7 PSM, respectively) (Fig. 6b). Nevertheless, we assume that the vast majority of HlyA proteins
are acylated as in proHlyA no acylated peptides were determined, but unmodified peptide
variants including K564 and K690 with 114 and 68 PSM, respectively. The E. coli BL21(DE3)
pK184 hlyBD system without co-expression of HlyC secretes approximately 2-3 times more
proHlyA than proMbxA which may be due to a generally higher expression of proHlyA. Taking
in consideration that likewise in the presence of HlyC the proHlyA levels in the E. coli cytosol
are probably higher than proMbxA levels it is likely that the relative acylation efficiency is
lower for HlyA. This could explain the proportion of unmodified K564 and K690 fragments
(Fig. 6b). Interestingly, the ratio of acylation of the two sites is invers. While in MbxA the first
site is more efficiently acylated, the second site showed a more efficient acylation in HlyA,
although the same acyltransferase catalyzed the reaction. The presence of peptides resulting

from cleavage directly after the less frequently detected second acylation site of MbxA and the
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first acylation site of HlyA further indicates that these sites were not fully acylated as a

modification would have masked the cleavage site (Tab. S1).
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Figure 6: MS analysis of MbxA acylation (a) and HIyA acylation (b). MbxA and HIyA were
in vivo acylated by co-expressing HlyC [40]. For both acylation sites in MbxA and HlyA, K536
and K660 or K564 and K690 respectively, all detected acyl modifications ranging from Ci» to
Ci¢ fatty acids including hydroxy fatty acids are shown with the according number of recorded
PSM. Mass shifts contributing to hydroxy fatty acids could possibly alternatively originate from
the oxidation of tyrosine residues in the peptide fragment and PSM of supposed hydroxy
acylations are therefore marked (*). For proMbxA and proHlyA expressed in the absence of
HlyC, only unmodified peptides were detected. Acyl modifications were detected only in
peptides covering the predicted lysine residues K536 and K660 of MbxA. The PSM of Ci4
modified sequences suggest that the predominant modification is myristoylation.

The analysis of the in vivo acylation of HlyA by HlyC confirms the acylation of the K564 and
K690 acylation sites. Similar to MbxA, Ci4 and Ci14-OH* acylations account for the majority
of PSM of acyl modified peptides in HIyA.

MbDbxA is cytotoxic to human epithelial cells and T cells

After acylated MbxA displayed hemolytic activity on sheep blood agar, human epithelial cells
(HEp-2) and human T cells (Jurkat) were tested for their susceptibility to MbxA with a lactate
dehydrogenase (LDH) release assay. Leakage of cytosolic LDH from treated cells into the
supernatant serves as an indicator for membrane damage and subsequent cell death. HEp-2 cells
and Jurkat cells were incubated with a serial dilution of purified MbxA of 1000 — 0 nM or
500 — 0 nM, respectively, for 1 h. Both cells lines were susceptible to MbxA-induced
membrane damage and showed a sigmoidal dose-response curve with increasing MbxA

concentrations (Fig. 7). The half maximal effect (cytotoxic dose 50, CDso) of MbxA against
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HEp-2 cells occurred at a concentration of 28.1 £ 4.7 nM. For Jurkat cells 50% cytotoxicity
were reached at a slightly lower concentration of MbxA resulting in a CDso of 17.7 + 3.9 nM.
proMbxA displayed no cytotoxic effect after 1 h. The calculation of the CDso values was
performed under the assumption that the entire pool of MbxA is active. Thus, the values
reported likely correspond to CDso values which are too high. This demonstrates that MbxA is
toxic to both epithelial and T cells in a similar concentration range, but strictly requires

activation by acylation to confer membrane-damaging activity.
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Figure 7: MbxA is cytotoxic to human epithelial cells (HEp-2, ®) and human T cells
(Jurkat, m), respectively. The cytotoxicity mediated by MbxA-induced membrane damage was
measured using an LDH release assay. LDH release into the supernatant was measured after
1 h of incubation with MbxA. The cytotoxicity was calculated from the maximal LDH release
reached in each measurement. For the CDso determination the MbxA cytotoxicity was plotted
against the MbxA concentration and fitted with GraphPad Prism 7 according to equation 2 (see
materials and methods). For simplicity, measurements with proMbxA were not included as no
LDH release, even at concentrations of 1 uM, was detected.

proMbxA cannot protect human cells from MbxA-induced membrane damage

As proMbxA did not display any cytotoxicity against epithelial cells or T cells we further
proceeded to assess if proMbxA can protect any potential Mbx A binding sites on the surface of
human cells. Preincubation with 250 nM of proMbxA for 30 min before addition of a serial
dilution of active MbxA to HEp-2 cells and Jurkat had no effect on the dose-response curve
and the CDso value compared to MbxA alone (Fig. 8). The presence of proMbxA did not
decrease the sensitivity of any of the two cell lines. This indicates that proMbxA cannot bind

to a putative receptor and fails to prevent the subsequent interaction of MbxA with the cells.
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Also, an unspecific shielding can be excluded as a comparison of the calculated surface area
covered by all proMbxA molecules with the calculated surface area of the treated HEp-2 cells

indicated that the amount of proMbxA is sufficient to cover the entire cell surface.
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Figure 8: proMbxA does not protect epithelial cells (HEp-2) from MbxA induced membrane
damage. Preincubation with 250 nM of proMbxA resulted in a nearly identical dose-response
curve to MbxA (blue) compared to treatment with MbxA alone (black). proMbxA was not
cytotoxic (orange). The cytotoxicity mediated by MbxA induced membrane damage was
measured using an LDH release assay. LDH release into the supernatant was measured after
1 h of incubation with MbxA. The cytotoxicity was calculated from the maximal LDH release
reached in each measurement. For the CDso determination the MbxA cytotoxicity was plotted
against the MbxA concentration and fitted with GraphPad Prism 7 according to equation 2 (see
material and methods).

MbxA induces membrane permeabilization and membrane blebbing in HEp-2 cells

To study the MbxA-induced membrane damage in more detail, we turned to live cell imaging
to investigate if changes in the membrane morphology of HEp-2 cells occur. HEp-2 cells were
treated with 250 nM of MbxA or proMbxA and images were taken every 10 s over a total time
course of 20 min. To visualize changes of the membrane morphology, we applied Wheat Germ
Agglutinin conjugated with Alexa Fluor 488 (WGA-488) as a plasma membrane marker. In
parallel, propidium iodide (PI) fluorescence was measured to monitor possible permeabilization
of the cells. Upon addition of 250 nM MbxA the HEp-2 cell plasma membrane showed changes
already during the first minute by forming bulges. These bulges grew until they appeared as
spherical bleb-like shapes approximately 4 min after MbxA addition. During 20 min of live-

cell imaging the membrane blebs grew in size but remained stable in position and large blebs
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did not retract or visibly fuse with other membrane bulges (Fig. S3). Typical blebs reached a
size of approximately 10 pum. WGA-488-positive labeling at the spherical protrusions
underlined that protrusions were formed by the HEp-2 plasma membrane (Fig. 9). During
measurements, the WGA-488 signal of membrane blebs appeared less intense than the original
plasma membrane. A possible explanation is a dilution-like effect of WGA-488 labeled
glycoconjugates on the expanded membrane. While the membrane is expanding due to blebbing
the concentration of glycoconjugates stays the same resulting in much less glycoconjugates per
surface area than before. Since glycoconjugates tend to form a network-like structure on the
cell surface known as glycocalyx, which is the target of WGA-488 [50], and may be associated
with the cortical cytoskeleton [51], a rapid diffusion-like behavior of the WGA-488 signal to
the bleb membrane is rather unlikely. Furthermore, the weaker stained membrane blebs
observed here are consistent with previously observed staining [52].

The MbxA-induced permeabilization was visualized by influx and accumulation of PI in the
nuclei. The initially low intensity of the PI signal in the cytoplasm appeared with a delay
compared to membrane blebbing. Plotting the increase of PI fluorescence against the incubation
time though revealed an almost linear increase of intensity (Fig. 10). This implies that HEp-2
cells were almost immediately permeable for PI after contact with MbxA and PI influx
remained during the entire imaging period. Subsequently, we challenged HEp-2 cells with
30 nM of MbxA, a concentration around the CDso determined by the LDH release assay and
10 nM, a concentration that resulted in minimal effects (Fig. 7). For these concentrations, a
prolonged imaging time of 90 min was applied (Fig. S4 and S5). HEp-2 cells treated with 30 nM
of MbxA showed a delayed development of the blebbing phenotype, but after 5 min membrane
bulges were visible. After 20 min the membrane blebs reached a similar size as in the treatment
with 250 nM and continued to expand during 90 min of imaging (Fig. S5). The mean intensity
of PI increased continuously during the incubation, but less steep than compared to 250 nM of
MbxA (Fig. 7). In the case of 10 nM MbxA, smaller membrane bulges were visible only after
20 min going in hand with a small slope of PI fluorescence increase. After an incubation time
of 90 min small bulges as well as large blebs of approximately 10 pum were visible, but the
frequency of large spherical blebs compared to treatment with 250 nM or 30 nM was lower. At
the end of 90 min of imaging nuclei showed a significant PI staining (Fig. S5). Incubation of
HEp-2 cells with proMbxA did not show any visible changes in the membrane morphology
over a period of 20 min. Additionally, no increase in PI signal intensity was detected indicating

preserved plasma membrane integrity.
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Figure 9: Live cell imaging of MbxA-induced membrane damage in HEp-2 cells. HEp-2 cells
were treated with 250 nM MbxA (first and second row) or 250 nM proMbxA (third and fourth
row) for 20 min. DIC images display the overall cell morphology. Membranes were stained
with WGA-488 and membrane permeability was monitored with PI shown as merged images
in the second and fourth row. proMbxA did not induce membrane damage while Mbx A induced
formation of spherical membrane protrusions and permeabilization, highlighted by the white
boxes in the middle row and shown in the insets in the right row, indicated with arrows
(Scalebar 10 um).
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Figure 10: MbxA-induced permeabilization of HEp-2 cells. The relative mean intensity
(arbitrary intensity A.L.) of the PI fluorescence was plotted against the time (min) of live cell
imaging. Three concentrations of MbxA (250 nM, 30 nM, 10 nM) and 250 nM of proMbxA

were tested. One representative measurement of two experiments is shown.

Discussion

MDxA is a cytotoxin of the bovine pathogen M. bovis and belongs to the RTX protein family
[27]. As an RTX toxin, MbxA is characterized by five conserved Ca?* binding repeats that form
the RTX domain and is likely secreted via a cognate T1SS. The necessary tripartite secretion
system assumed to secrete MbxA is encoded with an activating acyltransferase and the toxin
gene on a pathogenicity island in the M. bovis genome [53]. The presence of an intact RTX
operon and cytotoxicity of M. bovis culture supernatant allows the conclusion that the Mbx
secretion system is functional [31, 34, 35].

Here we employed the secretion system of HlyA from the uropathogenic E. coli strain UTIS89,
considered a prototype of RTX proteins, to secrete MbxA, creating a heterologous T1SS with
components from two species in E. coli BL21(DE3). In our recombinant secretion system the
inner membrane components HlyB and HlyD successfully recognize and interact with the
secretion signal of MbxA. The C-terminal secretion signals of RTX proteins do not harbor a
conserved sequence identifiable by sequence analysis, but are likely recognized by a secondary
structure element, presumably an amphipathic helix motif [54]. This suggest that MbxA carries

this required information likewise in its C-terminus as it is efficiently transported by the HlyA
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system. As a putative pore-forming toxin of the RTX family MbxA requires a post-translational
activation by acylation of two internal lysine residues. Therefore, we completed the
recombinant secretion system by expression of E. coli UTI89 HlyC instead of the putative
M. bovis acyltransferase MbxC resulting in hemolytically active E. coli BL21(DE3) strain (Fig.
2). Both, acylated MbxA and the precursor proMbxA, although in higher amounts, were
secreted and facilitated purification from culture supernatants (Fig. 3). This difference in
secretion efficiency is similar to proHlyA which is more efficiently secreted than HlyA [16].
Our SEC analysis revealed that for proMbxA a dimer and a monomer are present, while MbxA
forms higher oligomeric species, which presumably include dimers (Fig. 4). Similarly, proHlyA
forms dimers when purified, but active HlyA is prone to aggregation [16]. On the contrary, for
proCyaA acylation favors formation of the active, monomeric CyaA species [55]. Mass
spectrometric analysis of cross-acylated MbxA demonstrated that HlyC acylates the predicted
lysine residues, K536 and K660, that are homologues to the two acylation sites of HlyA (K564,
K690) [26, 27]. HlyC displays a preference for myristic acid as the number of PSM for Ci4
modified peptides exceeds PSM of Ci3, Ci5 or Cis acylated peptides of the first acylation site
with 24 PSM compared to 2, 5 or 1 PSM respectively. Additionally potential Ci2-OH* and Ci4-
OH* hydroxy acylations were detected at the first acylation site with 2 and 1 PSM respectively.
The second acylation site is only found to be myristoylated (Fig. 6). We observed a similar
preference for myristoylation and a similar variety of fatty acids utilized for modification of
HlyA including Ci2, Ci3, Cis, C14-OH* and Cie acyl chains. In contrast to MbxA, where the
first acylation site is modified with different fatty acids, in the case of HlyA wvariable
modifications are detected at the second acylation site. The first lysine residue, K564, is only
modified with either Ci4 or C14-OH* fatty acids. Previous studies already showed that HIyA is
predominantly myristoylated but reported a substantial percentage of Cis and C17 modifications
of up to 32% [56], which we did not observe. Another recent study underlined the preference
of HlyC for Ci4 and Ci14-OH fatty acids and reported that the acylation pattern and choice of
acylation sites is inherent to the acyltransferase [57]. At the same time, our study shows that
the acylation is not solely controlled by the acyltransferase as we observed that HlyC acylates
the first acylation site with a variety of fatty acids in MbxA, while for HlyA more variation of
the modification is found at the second site. Interestingly, in this report mono-acylation of the
second acylation site was also observed for the active species, while our study and the study of
Stanley et al. [26] demonstrated that the double acylated version represents the active species.
Assuming that the relative efficiency of acylation partially depends on the amount of the RTX

protein present in the bacterial cytosol prior to secretion, the unmodified fragments of HlyA
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detected in our system reflect its higher expression levels compared to MbxA. A very high level
expression of the RTX protein that results in inclusion body formation as given in the study of
Osickova et al. [57] may explain the incomplete modification of the first acylation site. The
present acyltransferase possibly does not achieve full acylation of the RTX protein pool.
Altogether, the HlyA system can successfully replace the complete T1SS of another RTX
substrate and facilitate its recombinant activation and secretion in E. coli.

In contrast to previous studies focusing on the activity of MbxA against bovine cells [31-33,
58] we demonstrated cytotoxicity of MbxA outside of its known target species. Besides the
hemolytic activity towards sheep erythrocytes, MbxA exhibited cytotoxic activity against
human epithelial cells (HEp-2) and human T cells (Jurkat) as we demonstrated using an LDH
release assay (Fig. 7). proMbxA did no induce any LDH release indicating that acylation of
MbxA was strictly required for its cytotoxicity. Additionally preincubation with unmodified
proMbxA was not able to block interaction of MbxA with epithelial cells and T cells or hamper
MbxA-induced membrane damage (Fig. 8). This suggest that without the fatty acid-acylation
proMbxA cannot successfully bind potential receptors or surface structures on the human cells.
For an efficient interaction MbxA depends on the acylation. This confirms that MbxA as a
representative of RTX pore-forming toxins relies on post-translational acylation. The necessity
of acylation for cytotoxicity was previously shown for different RTX toxins and is linked to
oligomerization, irreversible insertion into the membrane or an effective binding to a host cell
receptor [26, 46-48, 59-61]. At the same time acylation is not required for binding to and
insertion into membranes or pore-formation [39, 62, 63].

The cytotoxicity of MbxA, a toxin from a bovine pathogen, against human epithelial cell or
leukocytes was, with a CDso value of 28.1 £4.7 nM or 17.7 £ 3.9 nM (Fig. 7), similar to the
activity reported for RTX toxins of human pathogens underlining that its activity is not confined
to specific structures of bovine cells. HlyA for example is active at CDso values ranging from
approximately 0.2 nM to 30 nM depending on the cell line [64]. The pore-forming activity of
MbxA was described for bovine erythrocytes, in which MbxA induces leakage of K*, cell
swelling and finally lysis by forming pores of an estimated size of 0.9 nm [34]. We performed
live cell imaging of HEp-2 cells challenged with MbxA and observed a distinct change in the
membrane morphology. Besides permeabilization of the membrane, spherical membrane
protrusions were induced by MbxA at concentrations ranging from 10 nM to 250 nM, but
importantly not by proMbxA (Fig. 9). The formation of these protrusions was reminiscent of
membrane blebbing, a phenomenon that is a part of apoptosis and necrosis [65, 66], but is also

observed in healthy cells during cell division, spreading and migration [67-69]. Membrane
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blebs form either when an increased intracellular pressure leads to tearing of the membrane
from the cytoskeleton or when the actin cortex itself breaks and the excess membrane
subsequently inflates [70-72]. The lesions induced by MbxA probably might lead to an increase
in the cell pressure by influx of medium which than leads to inflation of the excess membrane
forming the bleb-like structure. In contrast to blebbing in healthy cells, the blebs observed in
this study did not retract and were stable during an imaging time of 90 min (Fig. S5). The nearly
linear increase of PI fluorescence upon MbxA treatment was steeper if higher toxin
concentrations were applied (Fig. 10). This indicates that the cell membrane is immediately
permeabilized after contact with MbxA and the number of pores and possibly also the size of
the pores increases with increasing toxin concentrations.

Although membrane blebbing is a hallmark of the execution phase of apoptosis, cell shrinkage
and chromatin condensation of the nucleus are observed first. Additionally, the membrane
remains intact while membrane blebs form [73, 74]. In apoptotic cells, membrane blebbing ends
approximately after an hour leading to fragmentation by formation of apoptotic bodies [75], a
process we did not observe in HEp-2 cells. In our case, blebbing is rather an immediate
consequence of MbxA-induced damage compared to a programmed process, in which apoptosis
is first activated through an apoptotic pathway before changes in the membrane morphology
occur. Opposing to a programmed cell death, necrosis involves swelling of the cell and blebbing
occurs later than in apoptosis, presumably caused by influx of water and ions [66, 76].
Cholesterol-dependent cytolysins (CDCs), a family of pore-forming toxins, were shown to
induce a passive and rapid membrane blebbing in human cells in response to permeabilization.
This is not only a sign of membrane damage, but can act as a protection mechanism after
membrane permeabilization. The blebbing traps injured regions and thereby reduces efflux of
cytosol or even promotes removal of the toxin by shedding of the blebs [77-79]. Regardless of
the origin of the blebbing phenotype induced by MbxA, several RTX toxins are reported to
induce variants of programmed cell death. For example, LktA from Mannheimia haemolytica,
CyaA and enterohemorrhagic E. coli hemolysin induce apoptosis [80-82], while other studies
link HlyA to programmed necrosis, induction of pyroptosis or induction of host cell proteolysis
[83-85]. This indicates that MbxA probably harbors underlying cytotoxic functions targeting
its host cell.

In summary, we demonstrated that the M. bovis cytotoxin MbxA is secreted and acylated by
the UPEC HlyA system in an E. coli lab strain, which allowed purification of proMbxA and
MbxA from E. coli culture supernatants. E. coli UTI89 HlyC efficiently acylated MbxA at the
two predicted lysine residues with predominantly Ci4 fatty acids. The acylation of MbxA is
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necessary for activity against sheep RBC, human epithelial and human T cells as proMbxA did
not exert any cytotoxicity. The cytotoxicity studies showed that MbxA is not species- or cell
type-specific and active against human cells in a nanomolar range. Live cell imaging revealed
an immediate permeabilization and membrane blebbing upon contact with MbxA probably due

to its pore-forming activity.
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Figure S1: Sequence alignment of the acylation sites of HIyA sites at lysine residues K564 and
K690, which are highlighted in bold. The homologous residues K536 and K660 predicted to be
acylated in MbxA are likewise shown in bold.
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Figure S2: Exemplary MS spectra of the peptides that cover the first, K536, and second
acylation site, K660, of MbxA (A) and of the two acylation sites K564 and K690 of HlyA (B)
modified with Ci4 or C14-OH* acylation.
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Figure S3: Live cell imaging of HEp-2 cell treated with 250 nM MbxA over a duration of 20
min. MbxA-induced membrane damage is shown after 0 min, 5 min, 10 min and 20 min of
treatment with MbxA. DIC images display the overall cell morphology (first row). Membranes
were stained with WGA-488 (second row) and membrane permeability was monitored with PI
(third row). Growth of spherical membrane protrusions and permeabilization are highlighted
by the white boxes in the second and third row and shown in the insets in the right row as a
merge of WGA-488 and PI fluorescence.
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Figure S4: Live cell imaging of HEp-2 cell treated with 250 nM, 30 nM or 10 nM of MbxA
over a duration of 20 min. HEp-2 cells exposed to 250 nM of MbxA are shown after 0 min and
after 20 min of incubation (first and second row). HEp-2 cells treated with 30 nM and 10 nM
are shown after 20 min. Membranes were stained with WGA-488 (second row) and membrane
permeability was monitored with PI (third row). Growth of spherical membrane protrusions
and permeabilization are highlighted by the white boxes in the second and third row and shown
in the insets in the right row as a merge of WGA-488 and PI fluorescence.
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Figure S5: Live cell imaging of HEp-2 cell treated with 10 nM (first and second panel) or
30 nM of MbxA (third and fourth panel) over a duration of 90 min. HEp-2 cells are shown after
0 min and 90 min of incubation. Membranes were stained with WGA-488 (second row) and
membrane permeability was monitored with PI (third row). Growth of spherical membrane
protrusions and permeabilization are highlighted by the white boxes in the second and third row
and shown in the insets in the right row as a merge of WGA-488 and PI fluorescence.
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Table S1: MS analysis of MbxA (A) and HIyA (B) acylation. Mbx A was in vivo cross-acylated
by co-expressing HlyC. Modified peptides are listed with their detected fatty acid and hydroxy
fatty acid modifications (Ci2-Cis) and the corresponding number of peptide spectrum matches.
The acylated lysine residues are shown in bold in row ‘Sequence’. Furthermore, the charge
states are given with which the respective peptides were detected in the mass spectrometer as
well as the score from search engine MaxQuant.

For MbxA acyl modifications were detected only in peptides covering the predicted lysine
residues K536 and K660, respectively. Only a low number of PSM were detected for K536 and
no K660 lysine containing peptides in proMbxA. This is probably due to a higher specific
cleavage of the respective peptides resulting in quite small fragments which have not been
considered in the search. Detected fragments resulting from cleavage directly behind a putative
acylation site are thus marked with **. Here, the cleavage behind K536 and K660 might not be
masked by acylation of the respective residues. The analysis of the in vivo acylation of HIyA
by HlyC confirms the acylation of the K564 and K690 acylation sites.

A

Protein | Sequence Site Modifications Charges | Score | PSM
ERLTNGKYSYINK K536 C14 2 209.19 |5
ERLTNGKYSYINK K536 C14 - OH* 2 103.22 |2
ERLTNGKYSYINK K536 c15 3 61.423 |1
LTNGKYSYINK K536 C12 -OH* 2 50.909 |1
LTNGKYSYINK K536 c13 2 93.649 |2
LTNGKYSYINK K536 C14 2 150.66 |17
LTNGKYSYINK K536 C14 - OH* 2 63.159 |1

MbxA LTNGKYSYINK K536 c15 2 139.98 |4
LTNGKYSYINK K536 C16 2 56.258 |1
LTNGKYSYINKLK K536 C14 2 146.11 |2
LTNGKYSYINKLK K536 C14 - OH* 2;3 69.815 |2
VGKRTETIQYR K660 C14 3 69.721 |1
RTETIQYRDYELR** K660 Unmodified 2;3;4 80.522 |9
TETIQYRDYELR** K660 Unmodified 2,34 168.94 |79
TETIQYRDYELRK** K660 Unmodified 2,34 145.46 |37
LTNGKYSYINKLK K536 Unmodified 2;3;4 299.29
YSYINKLKFGR** K536 Unmodified 2.4 92.439

proMbxA | RTETIQYRDYELR** K660 Unmodified 2;3;4 155.48 |33
TETIQYRDYELR** K660 Unmodified 2,34 240.8 |84
TETIQYRDYELRK** K660 Unmodified 2;3;4 170.89 |36
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B

Protein | Sequence Site Modifications Charges | Score | PSM
QSGKYEYITELLVK K564 C14 2 92.19 1
QSGKYEYITELLVK K564 C14 - OH* 2 74.611 |1
QSGKYEYITELLVK K564 Unmodified 3 83.633 |4
RQSGKYEYITELLVK K564 C14 3 90.754 |1
RQSGKYEYITELLVK K564 C14 - OH* 3 93.909 |1
RQSGKYEYITELLVK K564 Unmodified 3 71.545 |1
YEYITELLVK** K564 Unmodified 2 84.615 |4
EQEVSVGKR K690 C12 2 49.813 |1

HiyA EQEVSVGKR K690 C14 2,3 190.08 |3
EQEVSVGKR K690 C14 - OH* 2 159.04 |3
VLQEVVKEQEVSVGKR K690 C13 3 76.85 |2
VLQEVVKEQEVSVGKR K690 C14 2;3 314.04 |45
VLQEVVKEQEVSVGKR K690 C14 - OH* 2;3 17311 |5
VLQEVVKEQEVSVGKR K690 C16 3 97.836 |1
VLQEVVKEQEVSVGKR K690 Unmodified 2 75.479 |2
VLGGDVKVLQEVVKEQEVSVGK | K690 Unmodified 3 19.975 |1
VLQEVVKEQEVSVGK K690 Unmodified 2,3 126.83 |4
QSGKYEYITELLVK K564 Unmodified 2;3 287.76 | 36
RQSGKYEYITELLVK K564 Unmodified 2;3 158.11 |32
YEYITELLVK** K564 Unmodified 2 98.033 |24

proHIlyA | EQEVSVGKRTEK K690 Unmodified 2,3 122.51 |4
VLGGDVKVLQEVVKEQEVSVGK | K690 Unmodified 2;3;4 24113 |5
VLQEVVKEQEVSVGK K690 Unmodified 2,3 283.47 |69
VLQEVVKEQEVSVGKR K690 Unmodified 2,34 334.04 |36
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Abstract

Repeats in Toxins (RTX) proteins constitute a large protein family that is characterized by
conserved glycine-rich repeats that form calcium ion binding domains. They are expressed by
Gram-negative bacteria and secreted via Type 1 secretion systems (T1SS) directly from the
cytosol into the extracellular space. As a prerequisite for secretion, RTX proteins remain
unfolded in the cytosol and adopt their native conformation after secretion mediated by calcium
ion binding. Many members of the RTX family are virulence factors of pathogens such as the
prototypical pore-forming toxin hemolysin A (HlyA) from uropathogenic E. coli. Here we
report the heterologous secretion of the RTX proteins MbxA from Moraxella bovis and FrpA
from Kingella kingae via the E. coli HlyA secretion system and purification of both proteins.
Further structural investigations on HlyA, MbxA and FrpA including single particle cryogenic
electron microscopy (cryo-EM) and small-angle X-ray scattering (SAXS) underline the

flexibility of these proteins in solution and a common elongated conformation.

Introduction

In Gram-negative bacteria type I secretion system (T1SS) span the inner and the outer
membrane and facilitate the transport of proteins into their extracellular environment. The
substrates of T1SS have conserved calcium ion binding repeats which lead to the name Repeats
in Toxins (RTX) proteins for this protein family. These Ca*" binding nonapeptide repeats share
the glycine-rich consensus sequence GGxGxDxUx (x stands for any amino acid, U for a large
hydrophobic amino acid) and are therefore referred to as GG-repeats [1, 2]. The first identified
RTX protein was the hemolytic virulence factor hemolysin A (HlyA) secreted by uropathogenic
E. coli [3, 4]. Due to extensive research both on HIyA and its secretion system it soon become
a prototype for RTX toxins and T1SS. Several other early identified members of the RTX
family were, like HIyA, toxins of Gram-negative pathogens such as CyaA from
Bordetella pertussis [S] or LktA from Mannheimia haemolytica [6]. Besides the classic RTX
cytotoxins, the RTX family involves a variety of proteins of different length and functions
including proteases [7] and lipases [8] or large multidomain proteins such as the
multifunctional-autoprocessing RTX toxins (MARTX) [9, 10] and biofilm-associated adhesins
of up to 1.5 MDa [11, 12]. The functional diversity is encoded in the N-terminal part of the
protein whereas the GG-repeats are more frequent closer to the C-terminus, which is therefore

called the RTX domain [2]. The secretion of RTX toxins via a designated tripartite T1SS in a
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single-step process across both membranes of the Gram-negative bacterium has been studied
in detail for the prototypical E. coli HIyA secretion system [13-16]. An ATP-binding cassette
(ABC) transporter, called hemolysin B (HlyB) energizes the transport by hydrolyzing ATP [17,
18]. It is localized in the inner membrane together with the membrane fusion protein HlyD,
forming the so-called inner membrane complex [19, 20]. The C-terminus of HIyA carries a non-
cleavable secretion signal sequence [21]. Interaction of the C-terminus of HlyA with the inner
membrane complex leads to engagement of TolC, an outer membrane protein, that connects the
inner membrane components to the outer membrane and allows direct secretion into the
extracellular space [20, 22]. The substrate HlyA remains unfolded before and during the
secretion process in which the C-terminus reaches the extracellular space first [23, 24]. In the
bacterial cytosol calcium ion concentrations are tightly regulated at nanomolar concentrations
[25, 26], while the higher concentration found in the extracellular space leads to binding of
Ca?*, which induces folding of the RTX domain and subsequently of the complete protein [7,
27, 28]. The cytotoxic activity of pore-forming RTX proteins such as HlyA additionally
requires a fatty acid-acylation at two conserved lysine residues [29]. This post-translational
modification is mediated by an cytosolic acyltransferase prior to secretion [30, 31]. A
homologue of HlyA, the pore-forming RTX toxin MbxA is produced by the bovine pathogen
Moraxella bovis (M. bovis) involved in ocular infection [32, 33]. Like HIyA, it is encoded in
an operon together with a corresponding activating acyltransferase and transporter components
[34]. The human pathogen Kingella kingae (K. kingae) secretes a homologous, pore-forming
protein, RtxA, as well [35], but also additionally a putative, iron-regulated RTX protein of
unknown function, called FrpA, is annotated in the genome. This protein shares 40% sequence
identity with a fragment of the iron-regulated protein FrpC from Neisseria meningitidis, which
undergoes protein trans-splicing and interacts with a lipoprotein [36, 37]. FrpC is potentially
involved in the adhesion of the pathogen to host cells [37]. However, FrpA from K. kingae does
not harbor the full self-processing module that mediates protein trans-splicing in FrpC [36].
While HlyA and MbxA share a similar predicted domain organization typical for pore-forming
RTX proteins, FrpA only harbors the characteristic GG-repeats (Fig. 1) Here, we show that
MbxA and FrpA function as heterologous substrates of the HlyA T1SS and can be purified
from a heterologous E. coli BL21(DE3) system. Further we present structural insights into
HlyA, MbxA and FrpA from single particle cryogenic electron microscopy (cryo-EM) and
small angle X-ray scattering (SAXS) studies.
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A HIyA: 1024 aa (110 kDa)
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B MbxA: 927 aa (99 kDa)
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299 322

Figure 1: Schematic representation of the RTX proteins HlyA, MbxA and FrpA. The number
of'amino acid residues and the molecular weight is indicated for the native protein without tags.
A) HIyA is considered the prototype of cytolytic RTX toxins. Its characteristic domain
organization harbors a C-terminal secretion signal (blue) followed by the Ca?*-binding RTX
domain that consists of six conserved GG-repeats (yellow). For the activation of the toxin, two
internal lysine residues, K564 and K690, marked in black, undergo covalent fatty-acylation. In
the N-terminus a membrane interaction domain is predicted (green). B) MbxA has five GG-
repeats located in the C-terminal part of the protein (yellow) likewise forming the RTX domain
and two acylation sites (black). Similar to HlyA, for MbxA a hydrophobic domain for
membrane interaction is predicted to be localized the N-terminus (green) including a
transmembrane helix (red). Due to different prediction algorithms the length of this membrane
spanning region is not clearly defined. The length of the secretion sequence is likewise not
known. C) FrpA from K. kingae is homologous to a central fragment (residue 577-1429) of the
1829 amino acid long FrpC protein from Neisseria meningitidis. FrpA does not harbor potential
acylation sites that are homologous to HlyA. A transmembrane segment is predicted at residue
299 to 322 for FrpA (red) [38].The putative secretion signal is highlighted in blue. Figure
modified from Chapter 3.3.

Materials and Methods

Expression and purification of secreted proHlyA and proHlyA from inclusion bodies

Pore-forming cytotoxins of the RTX protein family require a post translational acylation at
internal lysine residues for activation. In this study A/y4 was expressed without the activating
acyltransferase HlyC and therefore produced as the inactive precursor proHlyA. proHIyA can
be isolated from culture supernatants after secretion or expressed without the transporter
components HlyB and HlyD which leads to intracellular accumulation of proHlyA and

formation of inclusion bodies [39].
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For secretion E. coli BL21(DE3) was transformed with the two plasmids pK184-hlyBD [23]
and pSU2726-hly4 [41]. An overnight culture was used to inoculate 150 ml 2xYT
supplemented with ampicillin (100 pg/ml) and kanamycin (30 pg/ml) in a baffled 300 ml flask
to an ODgoo of 0.05. The culture was incubated at 37°C and 180 rpm shaking until an OD600
of 0.4-06. The expression of proHlyA was then induced with 1 mM IPTG and the medium was
additionally supplemented with 10 mM CaCl,. After a continuous expression of 4 h at 37°C
and 180 rpm the cells were removed by centrifugation for 20 min at 4000 g. The supernatant
containing HlyA was stored at -20°C. For purification 450 ml supernatant were thawed on ice
and afterwards centrifuged for 30 min at 200,000 g and 4°C. Subsequently, the supernatant was
filtered with a 0.45 pum filter and concentrated to 5 ml with Amicon Ultra-15 Centrifugal Filter
Units (100 kDa NMWL, Merck Millipore). After centrifugation for 30 min at 100,000 g and
4°C the protein was applied to a Superdex200 16/600 HiLoad column (GE Healthcare) in
50 mM TRIS pH 7.4, 500 mM NaCl and 10 mM CacCl; and a flowrate of 0.5 ml/min.

Using E. coli BL21(DE3) harboring only pSU2726-hlyA proHlyA expressed in absence of the
HlyB and HlyD formed inclusion bodies. 2 L 2xYT medium with 100 pg/ml ampicillin in
baffled 5 L flasks were inoculated with an overnight culture to an ODego of 0.1. The culture was
incubated at 37°C and 160 rpm until it reached an ODgoo of 0.4-0.6 and was then induced with
1 mM IPTG. proHlyA was expressed for 4 h at the same conditions and cells were afterwards
collected by centrifugation for 15 min at 13,900 g and 4°C. The proHlyA inclusion bodies were
then purified according to Kanonenberg ef al. 2019 [40]. The resulting proHlyA was solubilized
in 6 M urea and was drop-wise diluted to 400 mM urea with refolding buffer (100 mM HEPES
pH 8.0, 250 mM NaCl, 10 mM CaCl,). After refolding the protein was again concentrated with
Amicon Ultra-15 Centrifugal Filter Units (100 kDa NMWL, Merck Millipore). To remove the
remaining urea proHlyA was applied to a PD10 desalting column (GE Healthcare) and
concentrated for a subsequent SEC. Aggregated protein was collected by centrifugation
(20 min, 20,700 g, 4°C) and applied to a Superose 6 10/300 GL column (GE Healthcare) in the
same buffer. The column was equilibrated with refolding buffer and the SEC run at a flowrate

of 0.5 ml/min.

Cloning of the fipA and mbxA genes

In the K. kingae ATCC 23330/ DSM 7536 genome the frpA gene is annotated as a partial, iron-
regulated protein (GenBank EGK08641.1). Due to an incomplete sequencing of the genomic
fragment an unknown portion of the C-terminus of FrpA is missing and the predicted protein

sequence starts with an asparagine residue. Therefore a larger fragment including the potential
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C-terminus was amplified from the K. kingae genome with the primer pair frpA for
5’AGATTTTACGCAAAACATTACAG 3’ and frpA rev 5S’TGTTATTTTAGGATGATA-
ATTATGAGTC 3" and cloned into a pJET1.2 vector (Thermo Scientific). This allowed
sequencing of the upstream region of the putative fip4 gene. The first ATG codon localized
upstream of the annotated region was assigned as the putative start codon resulting in the
additional 5’sequence 5-ATGGGCGATGTAGAATTTGCTAGCAACAGTTTGTATAG-3’
and a total gene length of 2322 bp. Therefore the presumably completed fipA gene was
amplified with the primer pair pSU-frpA for CTGGTTAAG-
AGGTAATTAAATGGGCGATGTAGAATTTG and pSU-frpA rev  GATTGCTATCA-
TTTAAATTAATATATTACAGGTTATTTGCAGCG including the restored 5’sequence and
inserted into the pSU2726-hlyA vector via Gibson assembly [41] replacing the AlyA gene.
Subsequently an N-terminal Hiss-tag was added to the fipA gene resulting in the plasmid
pSU2726-6H-frpA.

To generate a MbxA (Uniprot Q93GI2) expression vector the mbxA gene was amplified from
the M. bovis DSM 6328 genome via PCR using the primer pair mbxA for 5'-
AACCTTTTCTAACACAACGAGGAGAGAC-3’ and mbxA rev 5'-
AAATCACTAAACACTTGGAGCCAAAATTC-3". As for frpA, after subsequent cloning of
the mbxA gene into the pJET1.2 vector, mbxA was introduced into the pSU2726 vector using
Gibson assembly. The plasmid was likewise completed with the addition of an N-terminal Hiss-

tag to the mbxA gene.

Expression and purification of FrpA

E. coli BL21(DE3) were transformed with pSU2726-6H-fipA and an overnight culture was
grown in 100 ml 2xYT medium with 100 pg/ml ampicillin at 37°C with 180 rpm shaking. 2 L
of 2xYT medium supplemented with ampicillin in a 5 L baffled flasks were inoculated with E.
coli BL21(DE3) pSU2726-frpA to a starting ODgoo of 0.1. The culture was incubated at 37°C
with 160 rpm shaking until it reached ODgo0=0.6. The expression was then induced by addition
of 1 mM IPTG. For the duration of the expression the temperature was reduced to 25°C and the
culture was incubated for 3.5 h at 160 rpm shaking. Afterwards cells were harvested by
centrifugation for 20 min at 14,000 g and 4°C and stored at -80°C.

For purification, the E. coli BL21(DE2) pSU2726-fipA cells were thawed on ice and
resuspended in resuspension buffer (50 mM Hepes pH 8, 400 mM NacCl, 10% glycerol). For
lysis the resuspended cells were passed through a high-pressure cell disruptor (Microfluidizer

M-110L, Microfluidics) at 1500 bar for three times. To remove cell debris, the lysate was
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centrifuged for 40 minutes at 200,000 g and 4°C. After addition of 20 mM imidazole the lysate
was loaded on a Ni**-loaded ion affinity chromatography (IMAC) column (5 ml HiTrap
Chelating HP, GE Healthcare). The column was washed with IMAC buffer (50 mM Hepes pH
8, 400 mM NaCl, 20 mM imidazole) and the protein was eluted with a linear gradient of 0-
400 mM imidazole with elution buffer (50 mM HEPES pH 8, 400 mM NaCl, 400 mM
imidazole) in 100 min or a step-wise elution with 25%, 50% and 100% elution buffer. For a
subsequent SEC, fractions containing FrpA were pooled and concentrated to 8-10 mg/ml with
an Amicon Ultra-15 Centrifugal Filter Units (50 kDa NMWL, Merck Millipore). Aggregated
protein was removed by centrifugation for 30 min at 20,700 g and 4°C. Depending on the final
volume of the sample FrpA was applied to a Superose 6 10/300 GL column (GE Healthcare)
or a Superdex200 16/600 HiLoad column (GE Healthcare) equilibrated in SEC buffer (50 mM
HEPES pH 8, 400 mM NaCl, 10 mM CacCl,) with a flow rate of 0.5 ml/min.

Expression and purification of proMbxA

Like HlyA, mbxA was expressed in the absence of an acyltransferase as an inactive precursor.
To facilitate secretion of proMbxA it was expressed together with the E. coli hemolysin
secretion system. For this heterologous secretion, E. coli BL21(DE3) were transformed with
the two plasmids pK184-AlyBD and pSU2726-6H-mbxA. Harboring both plasmids, an
overnight culture was used for inoculation of ten to twelve 300 ml flasks with 50 ml LB medium
supplemented with ampicillin (100 pg/ml) and kanamycin (30 pg/ml) to an ODesgo of 0.1. The
culture was incubated at 37°C and 180 rpm shaking. At an ODsoo of 0.4-0.6, expression was
induced by addition of 1 mM IPTG and 10 mM CacCl; and incubation was continued for 5 h at
37°C and 180 rpm. After the expression, cells were removed by centrifugation for 45 min at
13,500 g and 4°C and the supernatant was filtered with a 0.45 um filter. For purification 500-
700 ml of supernatant stored on ice were concentrated to a tenth of the starting volume using
Amicon Ultra-15 Centrifugal Filter Units (50 kDa NMWL, Merck Millipore). The concentrated
supernatant was loaded on a Ni** loaded IMAC column (5 ml HiTrap IMAC HP, GE
Healthcare) and after washing with IMAC buffer (50 mM TRIS pH 7.8, 400 mM NaCl, 10 mM
CaCl,) eluted with elution buffer (50 mM TRIS pH 7.8, 400 mM NacCl, 10 mM CaCl,, 75 mM
histidine) with a linear 0-75 mM histidine gradient. Fractions containing proMbxA were
pooled, concentrated and centrifuged for 20 min at 20,700 g at 4°C to collect aggregate. The
protein was then applied to a Superose 6 Increase 10/300 GL column (GE Healthcare) in SEC
buffer (50 mM TRIS pH 7.8, 100 mM NaCl, 10 mM CaClz) and eluted at a flowrate of

0.5 ml/min.
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Circular dichroism (CD) spectroscopy

FrpA purified from the E. coli BL21(DE3) cytosol and secreted FrpA were tested for their
secondary structure content using CD spectroscopy at a concentration of 10 uM. A CD
spectrum from 198 nm to 300 nm was recorded at room temperature with a Jasco J715

spectropolarimeter (JASCO) (Bachelor thesis Nicole Jasny).

Cryogenic electron microscopy (cryo-EM)

Cryo-EM specimen preparation and data collection was carried out at the Department of
Biochemistry, University of Cambridge, Cambridge, UK in the laboratory of Prof. Ben Luisi.
cryoEM data and images were provided by Dr. Miao Ma. proHlyA was refolded from inclusion
bodies and freshly purified via SEC before grid preparation. proMbxA was separated into a
monomer and dimer sample via SEC and after storage at -80°C, aggregate was collected by
centrifugation at 4°C. For proHlyA, QUANTIFOIL Holey Carbon (Quantifoil Micro Tools
GmbH), UltrAuFoil Holey Gold (Quantifoil Micro Tools GmbH) and PEGylated UntrAuFoil
grids were tested. The PEGylated gold grids were prepared according to [42]. For proMbxA
QUANTIFOIL Holey Carbon and UltrAuFoil Holey Gold (Quantifoil Micro Tools GmbH)
were tested. proHlyA was used for specimen preparation at a concentration of 0.2 mg/ml or
0.05 mg/ml and proMbxA at 0.2-0.7 mg/ml combined with varying CaCl, concentrations (1-
10 mM). Grids were prepared and glow discharged with a Vitrobot IV (FEI) before 3 pl of
proHlyA or proMbxA were applied to the grids with varying blotting time and force as
described in Du et al. 2014 [43]. Screening of the grids was carried out with a Talos Arctica
200 kV transmission electron microscope (TEM) (Thermo Scientific). Data collection was
performed with the best grids, UltrAuFoil Holey Gold grid for proHlyA and QUANTIFOIL
Holey Carbon for proMbxA, with a Titan/Krios TEM (Fei, ThermoFisher Scientific) or a Talos
Arctica 200 kV TEM (ThermoFisher Scientific), respectively (Tab. 1). Data processing was
carried out with RELION-3.0 software [44, 45], motion correction and estimation of the

contrast transfer function parameters with Getf [46] as described in [42].
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Table 1: Cryo-EM data collection parameters for proHlyA and proMbxA

Protein proHIyA proMbxA
Microscope Titan Krios Talos Arctica
Detector Falcon 3 counting | Falcon 3 counting
Nominal Magnification, kx 120 120

Pixel Size, A per pixel 0.66 0.89

Gun Lens/ Spot Size 4/8 4/9

Dose electrons/A%/sec 1.17 0.66

Dose electrons/pixel/sec 0.51 0.52

Exposure, sec 60 60

Total Dose, electrons/A* 70.2 39.6

Number of Fractions 70 30

Defocus Range -14.7 -1.5,-1.8,-2.1,-2.4,-2.7
Autofocus (i.e. every hole) every 10 um every 8 uM

Drift Measurement none none

Delay after stage shift, sec 10 20

Delay after image shift, sec 5 10

Exposures per hole 1 1

Objective Aperture 100 100

C2 aperture 50 50

Small-angle X-ray scattering (SAXS)

Directly prior to SAXS data collection, proHlyA and FrpA were subjected to another SEC to
ensure homogeneity of the protein. Therefore samples were applied to a Superose 6 Increase
10/300 GL column (GE Healthcare) at a flowrate of 0.5 ml/min in the according SEC buffers.
The SAXS experiments were conducted at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France) at beamline BM29 [47, 48]. All measurements and analysis were carried out
according to [49]. A fixed sample to detector (PILATUS 1 M detector, Dectris) distance of
2.867 m was set for all measurements. With this set up, the achievable s-range was 0.025 - 5
nm™'. The SAXS sample cell was coupled to an on-line SEC (Superose 6 Increase 10/300, GE
Healthcare) to allow direct measurement of the eluting protein. For all samples, secreted HIyA,
refolded HlyA and FrpA, a 100 pl sample with a concentration of 7.8 mg/ml, 8 mg/ml and
10.9 mg/ml, respectively, was applied at a flow rate of 0.5 ml/min and at 10°C. During the
online-SEC-SAXS experiments frames were collected with a exposure time of 2 s. Comparison

of the frames allowed to omit possible radiation damage. Data processing and analysis was
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based on the SAXS data analysis software suite ATSAS (Version 3.0.2) [50, 51], online
available on the EMBL website (https://www.embl-hamburg.de/biosaxs/software.html). The
programs CHROMIXS and PRIMUS were used for primary data reduction [52, 53]. Further
using PRIMUS, the radius of gyration (R,) and the forward scattering 1(0) were determined
based on the Guinier approximation [54]. With the program GNOM the pair-distributed
function p(r) was determined and used for estimation of the maximum particle dimension Dmax
[55]. Further, DAMMIF was used for the calculation of low resolution ab initio models [56]
and DAMAVER and SUPCOMB were used for averaging and superimposition [57, 58]. For
calibration, the data was scaled against the absolute intensity of water. For the calculation of
the molecular weight of the proteins the MoW?2 server and the Volume of correlation (V) was

used [59, 60].

Results

Secretion and purification of proHlyA, FrpA and proMbxA

RTX proteins are secreted by Gram-negative bacteria into their environment via cognate T1SS.
Here, the RTX proteins FrpA from K. kingae and MbxA from M. bovis were expressed in
E. coli BL21(DE3). Implementing a two-plasmid system, FrpA or MbxA were combined with
the hemolysin T1SS to test whether it can act as a surrogate secretion system for heterologous
RTX protein. Expression of pSU-6H-fipA or pSU-6H-mbxA together with pK184-4lyBD
encoding the transporter components in E. coli BL21(DE3) resulted in accumulation of a single
protein species, FrpA or proMbxA, respectively. In contrast to MbxA, which has two acylation
sites for post-translational activation homologous to HlyA, FrpA does not harbor these sites. It
is not known whether FrpA requires a post-translational modification for its activity. As the
activating acyltranferases MbxC was not co-expressed this recombinant system secreted the
precursor proMbxA. The CBB stained SDS-PAGE showed that even before induction with
IPTG detectable amounts of FrpA were secreted, while secreted proMbxA appeared in the
supernatant 1 h after induction. Both FrpA and proMbxA accumulated in the supernatant during
the expression period of 5 h, but the secretion levels were lower compared to the native
substrate, proHlyA (Fig. 2). The higher concentration of proHIyA could either stem from a
more efficient recognition and secretion via the T1SS or from generally higher expression

levels.
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Figure 2: Secretion of proMbxA, FrpA and proHlyA via the hemolysin T1SS. proMbxA, FrpA
and proHlyA were co-expressed with the transporter components HlyB and HlyD. The
secretion into the culture supernatants was analyzed with CBB stained SDS-PAGE. For
proMbxA and FrpA non-concentrated supernatant samples were collected during 5 h of
expression (A and B). The non-concentrated supernatant of a proHIyA secreting culture is
shown after 3 h of expression (C).

proHlyA carries a C-terminal secretion signal in its last 50-60 amino acids that facilitates
interaction with the inner membrane components and is crucial for secretion [13, 15, 16].
Heterologous secretion of proMbxA and FrpA mediated by HlyB and HlyD implies that these
RTX proteins possess the information sufficient for successful interaction with the hemolysin
translocon. Alignment of the last 60 C-terminal residues of FrpA and MbxA with the HlyA
secretion signal did not show an unambiguously conserved sequence (Fig. 3). Earlier studies
suggested that the secretion of HIyA is mediated by secondary structure motifs including an
amphipathic helix with a linker, located in the extreme C-terminus [61, 62]. Computational
prediction of amphipathic helices in the putative secretion signals of FrpA and MbxA revealed
three possible amphipathic helices alternating with short linker sequences (Fig. 4.). The
predicted middle helix of MbxA and FrpA with 14 or 18 residues respectively could potentially
substitute for the first amphipathic helix of HlyA that mediates recognition and secretion [62].
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HlyA ———————————— STYGSODNLNPLINEISKIISAAGNFDVKEERSAASLLOLSGNASDFSYGRNSITLTASA 60

MbxA ----QELKKLADENKSQKLSASDIASSLNKLVGSMALFGTANSVSSNALQPITQPT-QGILAPSV-—————— 60

FrpA GIIPRRIETIQTHD-GSHLD----VSAVQKLVQAMASFAPETGSGLGVLEQMKEYS-QQVFAANNL-————— 60
- « ke . * * - - -

Figure 3: Sequence alignment [63] of the last 60 C-terminal amino acids of proHIlyA, MbxA
and FrpA. Identical residues are marked with “*”, strongly similar residues with “:”” and weakly
similar residues with “.”. The three RTX protein do not share a highly conserved primary
sequence in their extreme C-terminus. This suggests that the information necessary for the
recognition by the transport complex and the secretion is mediated by secondary structure
elements.

N 10 20 30 40 50 60

I I I I I I
HiyA  STYGSQDNLNPLINEISKIISAAGNFDVKEERSAASLLQLSGNASDFSYGRNSITLTASA

10 20 30 40 50 60

| | | I I |
FrpA  GIIPRRIETIQTHDGSHLDVSAVQKLVQAMASFAPETGSGLGVLEQMKEYSQQVFAANNL

10 20 30 40 50 60

MbxA  QELKKLADENKSQKLSASDIASSLNKLVGSMALFGTANSVSSNALQPITQPTQGILAPSY

Figure 4: Prediction of amphipatic helices in the secretion signal of HlyA and the putative
secretion signals of MbxA and FrpA [64]. According to the C-terminal secretion signal of
proHIyA, the C-terminal fragment of the same length was assumed to mediate secretion of FrpA
and MbxA. Residues predicted to form amphipathic helices are highlighted in red.

The heterologous expression of proHIyA in E. coli BL21(DE3) offers two possible purification
routes. Expressed without its secretion system, proHlyA remains in the cytosol leading to the
formation of inclusion bodies, while secreted proHlyA accumulates as an almost pure protein
in the culture supernatant. This allows to compare if the structure of proHIyA that was refolded
from inclusion bodies adopts the same structure as its secreted counterpart. Secreted proHIyA
was isolated from the concentrated culture supernatants directly via SEC and the collected
protein applied to a second SEC (Fig. 5 A and B) [39]. proHlyA derived from inclusion bodies
was solubilized and refolded in the presence of 10 mM Ca?* according to Kanonenberg ef al.

[40], before it was subjected to a SEC (Fig. 5C).
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Figure 5: Purification of secreted proHlyA and proHIlyA refolded from inclusion bodies. The
protein fractions were analyzed with CBB-stained SDS-PAGE which are shown in insets for
each protein peak. A) Culture supernatants of E. coli BL21(DE3) secreting proHIyA were
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concentrated and applied to a Superdex 200 16/60 for a SEC. Secreted proHIyA eluted in peak
1 separated from the elution of the culture media components (*)[39]. B) To evaluate the
homogeneity of the secreted protein, peak 1 was pooled and applied to a Superose 6 Increase
10/300 GL column for a second SEC. The purity of the protein was demonstrated via CBB
stained SDS-PAGE. C) Alternatively, proHlyA was expressed without its secretion system
resulting in formation of inclusion bodies [40]. The refolded protein was subjected to a SEC on
a Superose 6 Increase 10/300 GL column.

The heterologous secretion of His-tagged proMbxA mediated by the hemolysin secretion
system allowed isolation of proMbxA from the E. coli culture supernatant via IMAC. proMbxA
eluted from the Ni** loaded IMAC column was applied to a Superose 6 Increase 10/300 GL
column for a subsequent SEC, which separated two distinct proMbxA species (Fig. 6). Multi
angle light scattering (MALS) confirmed that the two species were a dimer, eluting at 15 ml

and a monomer population of proMbxA, eluting at 17 ml.
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Figure 6: Purification of proMbxA via IMAC and subsequent SEC. A) Concentrated
E. coli BL21(DE23) supernatant containing His-tagged proMbxA was loaded on a Ni*?* IMAC
column. With a linear histidine gradient almost pure proMbxA (peak 1) was separated from
non-protein impurities (*) and eluted in peak 1. The purity of the pooled elution fractions was
demonstrated with a CBB stained SDS-PAGE. B) SEC with a Superose 6 Increase 10/300 GL
column separated proMbxA dimers (peak 2) and proMbxA monomers (peak 3). Purity of the
fractions of both the dimer and monomer peak are shown in the CBB stained SDS-PAGE.

In contrast to proMbxA, FrpA was purified directly from the cytosol omitting the heterologous
secretion. FrpA that was expressed in E. coli BL21(DE3) without transporter components,

unlike HlyA, did not form inclusion bodies but remained soluble in the cytosol. It was first
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isolated from the cytosolic fraction using IMAC and then applied to a Superose 6 Increase
10/300 GL column for SEC. FrpA eluted from the SEC column at a elution volume of 15.6 ml

in an almost homogenous peak (Fig. 7).
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Figure 7: Exemplary purification of FrpA via IMAC and subsequent SEC. FrpA was expressed
in E. coli BL21(DE3) without a secretion system and purified from the cytosol. A) The
cytosolic fraction was loaded on Ni** IMAC column and FrpA was eluted with imidazole.
Proteins present in the loaded cytosolic fraction (a), in the first elution step with 115 mM (1),
the second with 240 mM (II) and the third with 400 mM imidazole (IIT) were analyzed via CBB
stained SDS-PAGE. B) For SEC, fractions containing FrpA were pooled and applied to a
Superose 6 column. FrpA eluted in a nearly homogenous peak and its purity was checked vis
SDS-PAGE and Western Blot with an anti-penta-His antibody. Aggregated protein eluted with
the void volume (Vo) of the column.

As FrpA could not only be purified from the cytosol but also as a secreted protein from the
E. coli culture supernatant, CD spectroscopy was used to evaluate whether both protein variants
have a similar content of secondary structure and thus adopt the same conformation (Fig. 8).
The CD spectra of secreted and cytosolic FrpA were nearly identical showing a negative
maximum in ellipticity at approximately 210 nm to 220 nm indicating the presence of a-helices
and B-sheets [65]. Proteins that did not undergo secretion still adopted a similar proportion of

secondary structure.

94



3. Publications

40—
5 ;
9 20 ,
=
£
@ \

0 L ]

% 200 250 300
:'E:'. 20— ! wavelength (nm)
©

-40-

Figure 8: Circular dichroism spectra of cytosolic FrpA (black) and secreted FrpA (blue). The
ellipticity is shown in mdeg plotted against the wavelength in nm. The protein concentration
for both cytosolic and secreted FrpA was 10 uM.

Single particle cryo-EM studies of proHIlyA and proMbxA

Single particle cryo-EM allows the determination of three dimensional structures of proteins
and protein complexes at near atomic resolution in near native conditions. Protein samples are
embedded on EM-grids in amorphous ice by rapid freezing [66]. Due to the high flexibility of
proHIyA attempts to obtain high resolution structures from X-ray crystallography have not been
not successful thus far [67]. To overcome the bottleneck of crystallization, cryo-EM was
performed on proHlyA and proMbxA in collaborations with Prof. Ben Luisi, Department of
Biochemistry, University of Cambridge, Cambridge, UK. Refolded proHlyA from inclusion
bodies was used for specimen preparation at a concentration of 0.2 mg/ml or 0.05 mg/ml with
1 mM oder 10 mM of CaCl,. Three different grid types, UltraFoil gold grids (UltrAuFoil Holey
Gold grid R0.6/1.0, 300 mesh, PEGylated UltraFoil gold grids and QUANTIFOIL Holey
Carbon (Quantifoil Micro Tools GmbH) with different hole sizes and blotting times were tested.
0.2 mgl/ml proHlyA with 1 mM CaCl; on a UltrAuFoil grid was chosen for further data
collection on a Titan Krios transmission electron microscope (TEM) (Fei, ThermoFisher
Scientific) (Fig. 9A). Using a template based auto-picking procedure 17949 particles were
picked and used for 2D classification (Fig. 9B). After several rounds of 2D classification good
classes were selected as a template for a second auto-picking of particles. With this template
based auto-picking 181418 particles were picked for 2D classification. 2D class averaging
showed different elongated particles (Fig. 10). For reconstruction of the 3D structure 11 class
averages with 9927 particles were chosen, but the quality of the classes did not allow

reconstruction of a 3D model.
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Figure 9: A) Micrograph of 0.2 mg/ml proHIyA on a UltrAuFoil grid. B) Motion corrected
micrograph with exemplary auto-picked proHlyA particles circled in blue, purple and green.
Images were provided by Dr. Miao Ma.

Figure 10: 2D class averages of proHIlyA particles. 11 classes with a total of 9927 particles,
highlighted in red, were chosen for an initial 3D model. Image provided by Dr. Miao Ma.

For proMbxA, samples of the monomer and of the dimer species separated by SEC were used
for cryo-EM specimen preparation at a concentration of 0.7 mg/ml to 0.2 mg/ml with 3.25 mM
to 10 mM of CaCl,. The grid screening was performed on a Talos Actrica 200 kV cryo-TEM
(ThermoFisher scientific). On the tested grids (QUANTIFOIL Holey Carbon or UltrAuFoil
Holey Gold, both 300-mesh R1.2/1.3, Quantifoil Micro Tools GmbH) proMbxA behaved

96



3. Publications

similarly to proHlyA and no major differences between the monomer and dimer sample was

observed (Fig. 11).

Figure 11: Exemplary, enlarged micrographs of a proMbxA dimer preparation at 0.2 mg/ml

(A) and of a proMbxA monomer preparation at 0.35 mg/ml (B) on a QUANTIFOIL Holey
Carbon 1.2/1.3 grid. Images provided by Dr. Miao Ma.

The MbxA dimer specimen with a concentration of 0.2 mg/ml and 10 mM CaCl; on a
QUANTIFOIL Holey Carbon 1.2/1.3 grid was chosen for further data collection on a Talos
Actrica 200 kV cryo-TEM (ThermoFisher Scientific). 937 particles were manually picked as a
template for 2D classification. Similar to HlyA, the resulting 2D class averages showed
elongated but also dot-like particles. Nevertheless, the particles were too heterogenous and the

quality of the resulting 2D class averages was too low to continue with a 3D model (Fig. 12)
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Figure 12: A) Motion corrected micrograph of 0.2 mg/ml proMbxA on a QUANTIFOIL Holey
Carbon grid. B) Class averages of manually picked particles of proMbxA. Images provided by
Dr. Miao Ma.

Small angle X-ray scattering (SAXS) studies of proHIyA and FrpA

SAXS allows to obtain structural information such as the shape and the oligomeric state from
proteins in solution. For proHlyA and FrpA SEC-SAXS data was collected at the BioSAXS
Beamline at the ESFR, Grenoble, France. From the resulting scattering curve ab initio models
were calculated with the program DAMMIF [56] (Fig. 13). The resulting volumetric envelopes
for secreted proHIyA and refolded proHlyA show both a similar elongated shape with a kink in
the middle. The calculated molecular weight ranges from 165.53 kDa to 183.46 kDa for
secreted proHIyA and from 167.71 to 215.49 kDa for refolded proHlyA (Tab. 1). As the
monomeric molecular weight of proHlyA is 110.46 kDa this suggest that the scattering fractions
contained dimers with a portion of monomers. The larger molecular weight calculated for
refolded proHIyA suggest that the fraction of dimers is higher in this species. Nevertheless the
overlay of both proHlyA variants shows that the ab initio models are similar suggesting that
both variants adopt a similar structure (Fig. 14 B). In contrast to HlyA, the calculated molecular
weight of FrpA was between 88.20 — 88.75 kDa. This fits with the theoretical monomeric
weight of 85.69 kDa, meaning FrpA is a monomer in solution (Tab. 1).
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Figure 13: SEC-SAXS analysis of refolded proHIyA (A), secreted proHIyA (B) and FrpA (C).
The average intensity recorded during SEC-SAXS is shown in the left row with the fractions
chosen for the extraction of the scattering curve and calculation of the ab initio model
highlighted in grey. The scattering curve is shown in the middle row in black with the
theoretical scattering curve calculated with DAMMIF shown in red [56]. The resulting
volumetric envelopes of refolded proHIlyA, secreted proHlyA and FrpA are shown in the right
TOW.

A homology prediction of the three dimensional structure of HlyA from its sequence using
Phyre2 [68] gives only a model for the C-terminus (Fig. 14 A). The resulting model includes
as expected for the RTX domain B-roll motifs and short a-helices. As this structure is too small
to be docked into the experimentally obtained volumetric envelopes, we used a model from the
MbxA sequence as predicted by Phyre2 [68]. The predicted MbxA structure contains again B3-
roll motifs and an elongated a-helical part. This structure does not fit unambiguously into the
ab initio model but fills approximately half of its volume, suggesting that the size of a HlyA
dimer would go together with the calculated envelope (Fig. 14 C). At the same time docking of
the ab initio model of FrpA into the ab initio model of refolded HlyA shows a similarly twisted
elongated shape and could possibly illustrate the position of a HlyA monomer (Fig.14 D). The

Phyre2 predicted homology model of FrpA however contains again B-roll motifs but is not
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elongated and does not fit with the volumetric envelope calculate for FrpA (Fig. 14 E). This
indicates that FrpA in solution adopts a more flexible conformation. Both for monomeric FrpA
and dimeric proHIlyA the volumetric envelopes obtained from the SAXS data have stretched
shapes with multiple bends. This could possibly represent a common, flexible conformation

that RTX protein adopt in solution.

. Il

1 608 1024

Figure 14: A) A homology model of the C-terminus of HlyA was predicted using Phyre2 [68].
The modelled residues (608-1024) are indicated with a green box in the schematic
representation of proHlyA. The N-terminal membrane interaction domain is highlighted in red
[69], the GG-repeats in yellow and the secretion signal in blue. B) The volumetric envelope of
refolded proHlyA (red) and secreted proHlyA (cyan) are shown as an overlay. C) As no
homology prediction of the full-length HlyA protein is calculated with Phyre2 the predicted
full length model of monomeric MbxA is shown in the volumetric envelope of refolded
proHlyA. D) The ab initio model of the FrpA monomer (blue) is docked into the ab intitio
model of refolded proHlyA (red). E) A Phyre2 predicted model of FrpA is shown docked into
the volumetric envelope calculated for FrpA.
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Table 2: Overall SAXS data for proHlyA, secreted and refolded and for FrpA.

Beamline

BM29, ESRF Grenoble [47, 48]

Data collection parameters

Detector PILATUS I M
Detector distance (m) 2.867

Beam size (um x pm) 700 x 700
Wavelength (nm) 0.099

Sample environment

Quartz glass capillary, 1 mm o

s range (nm™)* 0.025-5.0
Temperature (K) 277
Exposure time per frame (s) 1

roHlyA roHIyA, FrpA
Sample SecretZd fefoled "
Mode of measurement online SEC-SAXS
Protein concentration (mg/ml) 7.8 8.0 10.9
SEC column Superose 6 Increase 10/300
Injection volume (pul) 110
Structural parameters
1(0) from P(r) 92.55 97.36 85.28
Ry (real-space from P(r)) (nm) 6.42 7.01 5.17
1(0) from Guinier fit 90.84 95.91 84.81
s-range for Guinier fit (nm™) 0.13-0.21 0.08 -0.19 0.08 —0.24
Ry (from Guinier fit) (nm) 6.08 6.65 5.02
Drax (nm) 20.60 23.60 17.12
POROD volume estimate (nm?) 293.53 344.78 142.19
Molecular mass (kDa)
From 1(0) n.a. n.a. n.a.
From MoW?2 [12] 165.53 167.71 88.20
From V¢ [13] 171.58 195.50 88.79
From POROD 183.46 215.49 88.87
From sequence 110.46 110.46 85.81
Structure Evaluation
Ambimeter score 2.805 2.560 2.718
DAMMIF fit %2 0.702 1.151 1.102
Software
ATSAS Software Version [4] 3.0.2

Primary data reduction

CHROMIXS [52]/ PRIMUS [53]

Data processing

GNOM [55]

ADb initio modelling

DAMMIF [56]

Averaging & superimposing

DAMAVER [58]/ SUPCOMB [57]

Structure evaluation

AMBIMETER [70]

Model visualization

PyMOL [71]

is = 4msin(0)/A, 260 — scattering angle, A — Xray-wavelength, n.a. not applicable
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Discussion

RTX proteins are characterized by conserved Ca?*-binding repeats, referred to as GG-repeats
and are secreted via T1SS [1, 2]. Before secretion, in the bacterial cytosol and during the
transport through the secretion system, RTX proteins remain unfolded [23, 72]. The folding of
the protein is induced when it reaches the extracellular space by subsequent binding of calcium
ions to the GG-repeats [7, 27, 39, 73]. The structure of the RTX domain, a characteristic 3-roll
motif, is formed by binding of calcium ions between the turns of two GGXGXDXUX repeats,
coordinated by the glycine and aspartate residues [7]. This motif is known from crystal
structures of for example the alkaline protease of Pseudomonas aeruginosa [7] or the secreted
lipase LipA from Serratia marecescens [74]. For cytolytic RTX proteins such as HlyA the three
dimensional protein structure still has not been solved. In this study a heterologous secretion
approach, single particle cryo-EM and SAXS were implemented to assess structural aspects of
the RTX proteins HlyA from E. coli, MbxA from M. bovis and FrpA from K. kingae. While
HlyA and MbxA are both classic pore-forming RTX cytotoxins [33, 75, 76] the function of
FrpA is unknown. It is homologous to two Neisseria meningitidis iron-regulated proteins. The
homologues are FrpA and its paralogue the self-processing protein FrpC that interacts with a
lipoprotein, but FrpA from K. kingae presumably lacks a self-processing domain [37, 77, 78].

In a E. coli BL21(DE3) system expressing the hemolysin T1SS components HlyB and HlyD
from plasmid pK184-hlyBD [23] together with chromosomally encoded TolC both, proMbxA
and FrpA, were secreted (Fig. 2). As this heterologous system lacked an activating
acyltransferase, MbxA was not acylated, but secreted as the inactive precursor proMbxA. In
contrast to pore-forming RTX toxins such as HlyA and MbxA which require acylation at two
lysine residues [29], in FrpA these conserved acylation sites were not identified. It is thus not
clear if FrpA requires any kind of post-translational acylation for its activity. Nevertheless, the
ability of the UPEC hemolysin system to recognize and secrete proMbxA and FrpA mean that
these RTX toxins from different species remain in a secretion competent state in the E. coli
cytosol and further successfully interact with the T1SS. Interestingly, a few other RTX protein
previously have been reported to be secretable via HlyBD including the FrpA protein from
Neisseria ~ meningitidis, —CyaA  from  Bordetella pertussis  and  LktA  from
Mannheimia haemolytica [79-81]. The last 50-60 C-terminal amino acids of HlyA have been
identified as a non-cleavable secretion signal that interacts with the inner membrane
components HlyB and HlyD [13, 15, 21]. As no common, conserved primary sequence is
identifiable in the C-termini of RTX proteins a secondary structure motif is suggested to

mediate interaction with the translocon [82] (Fig. 3). In HlyA, a helix-linker-helix motif was
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shown [61], of which the first of two short amphipathic helices is essential for secretion [62].
With a computational approach three helices connected with short linkers located in the C-
terminus were predicted for MbxA and FrpA (Fig. 4). This potential helix-linker motifs could
substitute for the recognition motif of HlyA and facilitate heterologous secretion. As HlyA has
yet eluded crystallization single particle cryo-EM was the next method of choice for structure
determination. Single particle cryo-EM has rapidly gained importance as it yields high
resolution structures of dynamic proteins not suitable for crystallization and tolerates more
conformational heterogeneity [66]. proHlyA, refolded from inclusion bodies (Fig. 5) as well as
proMbxA, purified from E. coli secretion supernatants (Fig. 6) were used for cryo-EM
specimen preparation with various grids and conditions. proMbxA was beforehand separated
in a dimeric and a monomeric species via SEC (Fig. 6B), which were then separately used for
grid preparation. For both, proHlyA and proMbxA, the grids were screened for optimal cryo-
EM specimen. On the grids suitable for data collection proHlyA and proMbxA behaved
similarly and micrographs of both proteins showed prolonged particles (Fig. 9 and 11).
Interestingly dimeric and monomeric proMbxA samples did not yield distinguishable different
particles on the screened grids (Fig. 11). Data collection and resulting 2D class averages of the
picked proHlyA particles showed prolonged particles, partially with broader domains located
on one side (Fig. 10). The 2D classification of proMbxA resulted similarly in prolonged, string-
like or dot-like particles (Fig. 12). The quality of the 2D classification was not sufficient for a
successful reconstruction of a 3D structure. proHlyA and proMbxA both tend to aggregate
during grid preparation and form particles that are too heterogenous for structural analysis. To
overcome this problem an optimization of the sample and grid preparation conditions as well
as biochemical stabilization such as addition of suitable surfactants or alternatively an analysis
of the RTX protein as part of a stalled T1SS yielding larger particles could be considered [24,
83, 84]. A method of structure determination that is applicable to proteins in solution is SAXS.
Here, for proHlyA and FrpA SAXS analysis was used to assess the shape and size of these RTX
proteins (Fig. 13). Depending on the computation the molecular weight calculated from
scattering of refolded proHlyA and of secreted proHIyA was 165.53 kDa to 183.46 kDa or
167.71 to 215.49 kDa, respectively. Previously, proHlyA was shown to form dimers in solution
[85]. The masses obtained from SAXS data do not reach the theoretical molecular weight of a
dimer of 220 kDa but still indicate that a population of predominantly dimeric molecules is
present. Overlay of the ab initio models of the two proHlyA species shows that both are similar
in shape (Fig. 14 B). Secreted proHlyA appears shorter but both have an twisted, elongated and

nearly S-shaped conformation. This shape is formed by two proHlyA monomers but the
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arrangement of the monomers cannot be deduced from the volumetric envelope. Nevertheless
the SAXS analysis suggests that proHlyA that is refolded with a Ca?*-containing buffer adopts
a conformation that is very close to the conformation of secreted proHlyA. Using the protein
structure prediction server Phyre2 to build a 3D model of HlyA from its sequence resulted in a
model of the C-terminus that covers residue 608-1024 [68]. This model contains the B-roll
structure typical for the RTX-domain but fails to predict the N-terminal part of HlyA (Fig.
14 A). This fragment is too short to dock it into the volumetric envelope. Instead a model was
predicted from the sequence of MbxA, which shares 42% sequence identity with HlyA. This
model contained the expected C-terminal 3-roll motif and had an elongated N-terminal domain
consisting of a-helices and unstructured loops. This theoretical model is still not able to
concisely illustrate the potential position of a proHlyA monomer in the volumetric envelope
(Fig. 14 C). With a molecular weight of 88 kDa the FrpA protein is 20% smaller than HlyA.
When expressed without the HlyA T1SS the intracellular FrpA does not form inclusion bodies.
This suggests that the FrpA is intrinsically stable enough to remain in the E. coli cytosol in a
soluble state. The CD spectrum of this cytosolic FrpA, isolated from lysed cells and of secreted
FrpA is nearly identical which indicates that both adopt a very similar conformation or at least
have the same proportion of secondary structure (Fig. 8). It is possible that in directly isolated
FrpA the calcium ions present in the buffers during purification induce folding that is close to
the conformation that is achieved upon secretion, comparable to the Ca?>*-dependent refolding
of proHIyA [39]. A more detailed understanding of the FrpA structure was likewise obtained
from SAXS analysis. The scattering data of FrpA revealed that it is, in contrast to proHIyA, a
monomer and the calculated ab initio model showed an elongated, bend shape (Fig. 13).
Comparison of this volumetric envelope with a homology model computed from the sequence
of FrpA that is more globular indicates that the conformation of soluble FrpA is more relaxed
and flexible (Fig 14 E). The volumetric envelope of FrpA can be docked into the proHlyA
ab initio model and occupies approximately half of the volume therefore potentially illustrating
the position of an actual proHlyA monomer (Fig. 14 B). Both the low resolution structure
obtained for proHIyA and FrpA revealed prolonged and somehow twisted conformation. This
flexible and relaxed, elongated structure could be a common characteristic of secreted RTX
proteins in solution. Using among others methods SAXS analysis, the transition of the 701
residue long RTX domain of CyaA from Bordetella pertussis from an intrinsically disordered
protein before secretion to a folded, more compact functional structure in the presence of Ca?*
was shown [28]. Another study presented a similarly elongated and bend SAXS-derived low
resolution structure of the RTX domain of CyaA comprising five RTX blocks in Ca?" bound
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state [86]. The intrinsically disordered RTX domain itself is suggested to stabilize the unfolded
protein in the low Ca?* environment of the bacterial cytosol [72]. This is presumably also
applicable to the here presented RTX proteins FrpA, MbxA and HIlyA and explains their
stability. Nonetheless, currently the elucidation of the structure of a full length RTX proteins
remains challenging as the analyzed examples HlyA, MbxA and FrpA keep an inherent degree
of flexibility even in presence of calcium ions. Taken together single particle cryo-EM and
SAXS both suggest that proHlyA as well proMbxA and FrpA have an elongated and relaxed
conformation resulting in structural heterogeneity. This presumably represents a characteristic
of not only closely related RTX proteins of the group of cytotoxins such as HlyA and MbxA
but also of FrpA, a protein with a different function and different distribution of GG repeats.
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4. Discussion

This thesis focused on the structural and functional characterization of selected RTX proteins.
Members of the RTX protein family vary tremendously in their function, as this protein family
comprises for example toxins, enzymes and adhesins, but they share the characteristic calcium
ion-binding RTX domain [15]. Moreover, all RTX proteins are extracellular proteins that rely
on secretion via T1SS. The prime example of RTX proteins is HlyA secreted by UPEC [17].
Studies on the HlyA secretion system contributed profoundly to the understanding of the
mechanism of T1SS [104].

The first aim of this thesis was the identification of RTX proteins that act as heterologous
substrates for the E. coli HlyA secretion systems. For successful candidates the heterologous
expression in E. coli was optimized and further purification protocols were developed. The
isolation of pure proteins is a principal requirement for biochemical and structural studies,
which represent the second aim of this thesis and are addressed in chapter 3.4. For the third
aim, the investigation of the effects of RTX proteins on host cells, the RTX protein MbxA from
M. bovis was chosen. The characterization of MbxA and its cytotoxic activity are presented in
chapter 3.3. A view on the current state of the research on T1SS is presented in chapter 3.1 and

3.2

4.1 The hemolysin T1SS as a production platform for RTX proteins

The presence of the GG repeats allows to easily identify putative substrates of T1SS in
sequenced genomes of bacteria [15]. This provides the opportunity to characterize novel RTX
proteins and find suitable candidates for structural determination. The heterologous expression
of RTX proteins in E. coli offers the strong advantage to circumvent cultivation of pathogenic
bacteria, as many RTX proteins are virulence factors. E. coli is not only an efficient host for the
production of recombinant proteins [157], but furthermore offers the opportunity to exploit the
HlyA TI1SS for the secretion of novel RTX proteins. The HlyA T1SS has early on been
considered as a useful biotechnological tool for the secretion of heterologous proteins because
it simplifies the isolation of the recombinant protein [152, 153]. As E. coli laboratory strains do
not secrete other proteins, only the target protein is extruded into the culture medium [153].
The fusion of the C-terminal secretion sequence of HlyA to proteins of interest was shown to
direct the heterologous substrate to the T1SS and mediate secretion [153]. Mutational studies
on the maltose binding protein additionally showed that slow folding kinetics of the target
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protein are essential for a successful transport via the HlyA secretion system [115]. At the same
time the HlyA T1SS was shown to secrete several heterologous RTX proteins without the need
for a fusion to the C-terminus of HlyA. Examples of non-native RTX substrates of the HlyA
secretion system are CyaA from B. pertussis, FrpA from N. meningitidis and LktA from
M. haemolytica [158-160]. The initial aim of this thesis was to identify further RTX proteins
that can be secreted via a heterologously expressed HIyA secretion system in an
E. coli BL21(DE3) background. To establish a recombinant T1SS in E. coli BL21(DE3) the
inner membrane components HlyB and HlyD were expressed from a plasmid. As TolC is
chromosomally encoded in E. coli BL21(DE3) only an additional plasmid carrying the RTX
protein of interest was required to complete the secretion system [115]. This two-plasmid based
system was shown to efficiently secrete two RTX proteins of other species, MbxA from
M. bovis and FrpA from K. kingae (Chapter 3.4). MbxA is, as well as HIlyA, a pore-forming
toxin and therefore requires the post-translational acylation carried out by a specific
acyltransferase to display cytotoxic activity [124, 143]. Therefore we additionally introduced
the AlyC gene to complete the HlyA secretion with the UPEC acyltransferase. Interestingly, the
UPEC T1SS including the activating acyltransferase HlyC acted as a fully functional surrogate
secretion system for MbxA (Fig. 11). proMbxA was succefully converted into hemolytically
active MbxA and secreted into the extracellular space. The secretion of both variants laid the
basis for the development of a purification method for proMbxA and MbxA. Both the protoxin
and the active protein can be isolated from the culture supernatant and purified via immobilized
metal ion affinity chromatography (Chapter 3.3). Consequently, the efficient secretion of
proMbxA confirms that like in the case of HlyA the acylation is not required for the secretion
process [119].

In contrast to HlyA and MbxA, FrpA is presumably not a pore-forming toxin and no
homologous acylation sites were identified. Furthermore, FrpA is homologous to a fragment of
the iron-regulated protein FrpC from N. meningitidis that potentially mediates adhesion to host
cells [41]. Even though HlyA and FrpA are less closely related and share a relatively low
sequence identify of 28%, FrpA is recognized by the HlyA T1SS. This underlines that the C-
terminal secretion signal of RTX proteins possess common characteristics that allow productive
interaction with the inner membrane components of a non-native secretion system. For
example, the secretion sequence of HlyA can be replaced with the C-terminus of LktA from
M. haemolytica and the resulting fusion protein is still secreted by the HlyA system [161]. As
no conserved consensus sequence is found in the secretion signals, secondary structure

elements, presumably a linker-helix motif are postulated to mediate recognition [43, 162, 163].
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Altogether this thesis demonstrates two further examples of non-native RTX proteins, MbxA
and FrpA, that are efficiently secreted via the HlyA T1SS. This underlines that in contrast to
unrelated heterologous proteins, members of the RTX family do not necessary need to be fused
to the HIyA secretion signal but can be recognized with their native C-terminus. Consequently,
the HlyA secretion system is an advantageous tool for the production and subsequent
purification of uncharacterized RTX proteins.

Other studies rely on the purification of RTX proteins from inclusion bodies as RTX proteins
that are expressed in E. coli without a secretion system tend to aggregate in the cytosol [164].
Thus, the presented two-plasmid system is a tool to avoid the aggregation of the heterologous

RTX protein and preserves their native secretion competent state.
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Figure 11: Schematic view of the HlyA secretion system combined with MbxA as a
substrate. HlyB (blue) and HlyD (dark red) expressed in E. coli BI21(DE3) recognize and
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secrete the heterologous substrate MbxA. Interaction of HlyB and HlyD with the substrate
induces interaction with the OMP TolC (yellow, PDB entry 1EK9) that completes the T1SS.
The activating acyltransferase HlyC (green) mediates heterologous acylation of Mbx A with the
acyl carrier protein (ACP, dark green) as a donor of predominantly Ci4 fatty acids. Acylation is
necessary for the activity of MbxA but not for secretion. Without co-expression of HlyC the
system secretes the non-acylated precursor proMbxA. MbxA (black) is secreted in a unfolded
state and adopts its native conformation upon binding of Ca?* (indicated as grey spheres) in the
extracellular space. The hemolytic activity of secreted MbxA leads to halo formation around
E. coli BL21(DE3) colonies grown on blood agar. proMbxA does not induce hemolysis (shown
on the left). The structural models of MbxA and HlyB are predicted using Phyre2 [103]. IM:
inner membrane, PP: periplasm, OM: outer membrane.

4.2 Structural insights into HlyA, FrpA and MbxA

HlyA, the first identified RTX protein, has up to now eluded crystallization and no crystal
structure of a pore-forming RTX toxin is available. The characteristic 3-roll structure that the
RTX domain adopts upon coordination of calcium is known from the crystal structure of the
alkaline protease from Pseudomonas aeruginosa [14].

Apart from the solved structures of RTX enzymes such as the aforementioned alkaline protease,
the metalloprotease PrtC from Erwinia chrysanthemi or the S. marescens lipase LipA, structural
information on other RTX proteins is scarce [14, 155, 165]. Available structures of for example
fragments of the RTX domain of CyaA from B. pertussis and fragments of the ice-binding
protein from M. primoryensis similarly reveal Ca** binding B-helical domains [118, 166, 167].
In this thesis, single particle cryo-EM and SAXS were applied to study the structure of the RTX
proteins HIlyA, MbxA and FrpA. As HlyA was shown to be intrinsically too flexible for
crystallization [168], both methods, SAXS and cryo-EM, open the opportunity for structure
determination in near-native conditions. In the recent years cryo-EM underwent a “resolution
revolution” and gained importance as a method that facilitates the three-dimensional
determination of protein structures in near-atomic resolution [169]. A major advantage of cryo-
EM is that data is collected in a near-native state from different conformations and therefore
allows the analysis of dynamic proteins [170]. In chapter 3.4, instead of HlyA and MbxA, the
unmodified variants proHIyA and proMbxA were analyzed as the acylated proteins have a
higher tendency for aggregation [171]. The analysis of the cryo-specimen of both proHIyA and
proMbxA revealed 2D class averages of prolonged particles. Both proteins yielded particles
that were too heterogenous to allow a successful reconstruction of a three-dimensional model

from the obtained 2D classification. For future attempts the flexibility of proHlyA and
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proMbxA needs to be reduced in order to produce more homogenous particles. The specimen
preparation could be optimized for example by addition of detergents, as used for membrane
proteins, which can stabilize proteins and improve the quality of cryo-EM specimen [172, 173].
In contrast to cryo-EM, SAXS offers the possibility to collect structural data directly from
proteins in solution. From the scattering curve of the protein not only structural parameters such
as the radius of gyration and the molecular weight can be determined, but also a three
dimensional ab initio model can be calculated [174]. SAXS is also applicable for the study of
dynamic, intrinsically disordered proteins [174, 175]. In chapter 3.4 three dimensional models
of FrpA and two variants of proHlyA are presented. The purification protocol established for
FrpA in chapter 3.4 is based on an expression in E. coli BL21(DE3) without a secretion system.
Interestingly, FrpA did not aggregate in the cytosol but remained soluble. Comparison of the
CD spectra of FrpA isolated from the cytosol and of secreted FrpA indicated that both have
adopted a similar conformation. In contrast to FrpA, proHlyA forms inclusion bodies when it
is trapped in the E. coli cytosol. This allowed us to compare the structure of proHlyA refolded
from inclusion bodies and of secreted proHlyA isolated from the culture supernatant. Both
variants formed predominantly dimers and the ab initio models of both variants revealed a
similar elongated and kinked shape. This underlines that the Ca** dependent in vitro folding of
proHIyA that has been reported in previous studies [48] leads to a very similar conformation as
the in vivo folding dependent on the secretion process. The elongated 3D model of proHIyA
obtained from scattering data also confirms the particles observed in the cryo-EM specimen. In
contrast to proHlyA, FrpA is monomeric in solution but interestingly the calculated 3D model
shows a comparably shaped, elongated and twisted particle. Taken together, cryo-EM and
SAXS analysis demonstrate that proHlyA, proMbxA and FrpA adopt a flexible and elongated
conformation that is presumably an inherent characteristic of RTX proteins in solution.

The relaxed conformation that allows a high degree of flexibility is potentially closely
connected to the underlying functions of RTX proteins. RTX proteins generally undergo a
transition from a secretion competent, unfolded state to a more compact, folded state that is
induced by Ca** binding upon secretion [46, 51]. Pore-forming toxins such as HlyA and MbxA
are thought to need a further transition from a soluble state to a more hydrophobic conformation
that allows membrane interaction [176]. The requirement to undergo such a conformational
rearrangement potentially explains the inherent flexibility of RTX proteins observed in this
study. Altogether, this thesis presents the first cryo-EM images of HlyA and MbxA, as well as
the SAXS-derived 3D models of HlyA and FrpA, which contribute to the understanding of the

structure of RTX proteins.
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4.3 Heterologous activation of MbxA from M. bovis by the E. coli
acyltransferase HlyC

The cytotoxic activity of pore-forming RTX toxins requires the post-translational fatty-
acylation of conserved lysine residues [122, 124, 134, 177]. Therefore pore-forming RTX
toxins are expressed together with a specialized toxin-activating acyltransferase which
catalyzes the unique acylation [119, 135]. This modification happens in the cytosol and relies
on the acyl carrier protein as a fatty acid donor [120].

In chapter 3.3, we complemented the two species secretion system consisting of the HlyA
secretion components and the Moraxella bovis RTX toxin MbxA with the E. coli
acyltransferase HlyC. With this heterologous combined T1SS E. coli BL21(DE3) secreted
mature, hemolytically active MbxA. This demonstrated that HlyC not only recognizes its native
substrate HIyA [119], but also mediates the acylation of the heterologous substrate MbxA.
Subsequent mass spectrometry analysis confirmed that only the two previously predicted lysine
residues K536 and K660, that are homologous to the acylation sites K564 and K690 of HIyA,
are acylated [124, 149]. The first acylation sites of MbxA and HlyA share the short consensus
sequence GKY while the second acylation sites are more conserved harboring the identical
sequence VGKRTE (Fig. 12).

Previously, Lim et al. [125] showed that HlyC preferentially utilizes saturated Ci4 fatty acids
(myristoylation) for the in vivo acylation of HlyA but approximately a third of the modifications
constitutes of Cis and Ci7 fatty acids. In our system, HlyC similarly showed a preference for
Ci14 fatty acids but at the same time Ci3,Cisand Cis fatty, as well as potential Ci2 hydroxy (Ci2-
OH) fatty acylation were observed at the first acylation site. However, all mass shifts attributed
to hydroxy acylations could potentially stem from tyrosine oxidation of the peptide fragments.
The second acylation site was only found to be myristoylated. We also analyzed the native
substrate HlyA, produced in the same E. coli BL21(DE3) background and likewise confirmed
that myristoylation is the predominant modification. Interestingly, also potential hydroxy-
myristoylations (Ci14-OH) were detected at both acylation sites. In contrast to MbxA, the more
diverse acylation including Ci2, Ci3 and Ci6 was observed at the second acylation site of HlyA,
while only two modification types, Ci4 and potential C14-OH acylation, were found at the first
acylation site of HIyA.

Moreover, the MS analysis indicated that in MbxA the first acylation site is more efficiently
acylated than the second one and in HlyA, vice versa, the second site more efficiently than the

first. This implies that the acyltransferase HlyC modifies two different RTX proteins with a
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different acylation pattern and a different preference for the acylation sites (Fig. 12). Osickova
et al similarly reported that HlyC utilizes mostly Ci4 fatty acids for HlyA activation but that
Ci14-OH, Ci2, Ci2-OH, Cis as well unsaturated Cis modifications occur [126]. The authors
combined the acyltransferases HlyC from E. coli, RtxC from K. kingae and CyaC from
B. pertussis with each of the RTX toxins HlyA, RtxA and CyaA and showed that the
acyltransferases acylated not only the corresponding native substrate but also the other two
heterologous RTX proteins. Remarkably, the choice of utilized fatty acids was inherent to the
acyltransferase. Combinations of the acyltransferases with a non-native substrate revealed that
the second acylation site is preferred and almost no modification of the first acylation site is
mediated, further suggesting that the acylation pattern is dependent on the acyltransferase [126].
In contrast, our findings underline that the activity of HlyC towards a non-native substrate, in
our system MbxA, is not confined to the second acylation site. The inverse HlyC-mediated
acylation pattern at the two acylation sites of the heterologous substrate MbxA and the native
substrate HlyA presented in chapter 3.3 suggests that the acylation pattern is not solely
influenced by the acyltransferase but also determined by the RTX protein.
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Figure 12: HlyC-mediated acylation of MbxA and HlyA. A) Myristoylation of the e-amino
group of a lysine residue. B) The two conserved acylation sites of MbxA and HlyA, K536 and
K660 or K564 and K690, respectively are indicated in black in the schematic view of the
primary structure together with the acylation pattern at each site. Fatty acid modification were
analyzed with mass spectrometry and are indicated with their corresponding carbon chain
length ranging from Ci2 to Ci¢ fatty acids. Each detected fatty acid is given with the
corresponding number of peptide spectrum matches (PSM) which are a semi-quantitative
measure for the occurrence of peptides and peptide modifications. Potential hydroxy-fatty acid
modification are marked with a * as all mass shifts attributed to hydroxy acylations could
potentially stem from tyrosine oxidation of the peptide fragments. The putative membrane
interaction domains of MbxA and HIlyA are indicated in grey, the GG-repeats are indicated in
yellow and the secretion sequences are indicated in blue.
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4.4 The activity of MbxA is acylation-dependent

The acylation of proHIyA converts the nontoxic precursor into the lytic, mature RTX protein
[124, 134]. However, it is not clear what exact role the fatty acid modifications play in the
cytotoxic function as the precursor proHIyA was nevertheless shown to bind to membranes and
exhibit pore-formation [127, 128]. After HlyC-acylated MbxA was shown to lyse sheep
erythrocytes the activity of MbxA was further tested on human cells grown in cell culture. The
membrane-damaging activity was assessed based on the release of cytosolic lactate
dehydrogenase from MbxA-treated cells. Purified MbxA was cytotoxic against human
epithelial cells and human T cells, while proMbxA did not induce any membrane damage,
demonstrating that the acylation is strictly required for the membrane damaging activity of
MbxA. Live cell imaging of epithelial cells likewise showed that only mature MbxA leads to
permeabilization of the cells and to morphological changes in the membrane. This dependence
on the acylation is in line with studies on other cytotoxic RTX proteins along with HlyA such
as RtxA from K. kingae [122, 124]. Interestingly, RtxA is only cytotoxic when modified with
Ci4 fatty acids while CyaA requires an acylation with Ci¢ fatty acids to exert activity. HlyA on
the other hand retains activity when modified with both types of fatty acids. This suggests that
the acylation shapes the function of RTX proteins and that therefore the dedicated toxin-
activating acyltransferases are adapted to the selection of specific fatty acids [126]. The
combination of HlyC and MbxA presented in chapter 3.3 resulted in a mature RTX protein that
displays membrane-damaging activity against different cell types and different species.
Therefore the choice of fatty acids and the HlyC-mediated recognition of the acylation sites of
MDbxA is suitable to elicit the activity of the pore-forming toxin without the modification
machinery of M. bovis. LktA from M. haemolytica is another example for a RTX protein that
is activated by HlyC. Remarkably, both wild type LktA and HlyC-activated LktA show the
same specificity towards ruminant leukocytes [178]. This might indicate that the activity of
recombinant HlyC-activated MbxA reflects the wild-typic activity of MbxA and that MbxA is
inherently a cell type-unspecific RTX toxin.

Incubation of human cells with high concentrations of proMbxA before treatment with active
MbxA demonstrated that the precursor fails to protect human cells from MbxA-induced
membrane damage. This implies that non-acylated proMbxA is unable to block potential
receptors of MbxA on the host cell or to reduce unspecific binding to the membrane (Chapter
3.3). Similarly, proHlyA was reported to bind to red blood cells but no competition between
proHIyA and HlyA was observed [179]. Mature HlyA is suggested to displace the precursor

121



4. Discussion

from the membrane [179], which is possibly also true for the binding of proMbxA and MbxA
to epithelial cells. The fatty acids presumably contribute to the irreversibility of the insertion of
HlyA into host cell membranes [129]. Another suggested explanation is that the fatty acids of
RTX proteins mediate oligomerization that is presumably required for pore formation [130,
180]. Moreover, the acylation could contribute to receptor-recognition as, in the case of CyaA,
the acylation was shown to promote an effective binding to its receptor, the amB» integrin [131,

132].

4.5 MbxA is a species- and cell type-unspecific pore-forming toxin

In this thesis it was demonstrated that Mbx A, a toxin from a bovine pathogen, exhibits a species-
and target cell-independent membrane-damaging activity. Purified MbxA killed not only sheep
erythrocytes but also human epithelial cells (HEp2) and T cells (Jurkat) (Chapter 3.3) (Fig. 13).
Earlier studies with M. bovis cultures and culture supernatants showed a cytotoxicity against
bovine neutrophils, erythrocytes and corneal epithelial cells attributed to the secreted toxin that
was later identified as MbxA [144-147, 149]. The activity of MbxA outside its target species is
comparable to the wide-range toxicity reported for HlyA targeting erythrocytes, leukocytes,
epithelial and endothelial cells of different species [12, 54-58].

Different cell types are not equally sensitive towards HIyA as various studies reported toxic
effects mediated by sublytic concentrations of HlyA. This is possibly explained by a receptor-
independent toxicity as seen in a wide range of cell types or even as pore formation in lipid
bilayers and a receptor-mediated toxicity at sublytic concentrations [12, 57, 59, 60, 69, 71, 181].
In contrast to studies that suggest that HIyA binding is completely independent of a receptor
[182, 183] other studies report that the lymphocyte function associated antigen 1 (LFA-1), a
heterodimeric B, integrin present on leukocytes, represents the receptor of HlyA and other RTX
proteins [69]. Transfection of cell lines with the two B integrin genes CD11a and CDI18
increased the sensitivity towards HIlyA and LtxA from A. actinomycetemcomitans [69]. For
HlyA, LtxA as well as LktA the receptor has been further narrowed down to the B, integrin
subunit (CD18), rendering leukocytes susceptible to the RTX toxins [71, 184, 185]. Moreover,
the glycosylation of B integrins was reported to be necessary for the recognition by HlyA, LxtA
and CyaA [70].

A measure for the susceptibly of different cell types towards RTX toxins is the concentration

of the protein at which the half-maximal toxicity, the cytotoxic dose 50 (CDso), is reached. We
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determined that MbxA induces membrane damage and subsequently cell death in human
epithelial cells and T cells at low nanomolar concentrations with a CDso of 28.1 = 4.7 nM and
17.7 £ 3.9 nM, respectively. For HlyA depending on the cell line a CDso of approximately
0.2 nM -30 nM was reported [71]. B2 integrin expressing cells e. g. T cells are up to 100-fold
more sensitive than cell lines devoid of B, integrin B subunit expression [71]. The presented
CDso of MbxA for human T cells and epithelial cells is therefore very similar to the CDso of
HlyA reported for human epithelial cells. This indicates a mechanism of membrane
permeabilization that is independent of human B, integrin recognition [71]. At this stage we
cannot distinguish between a receptor-dependent and -independent action of MbxA. However,

the activity of MbxA is not confined to specific structures of bovine cells.

4.6 Potential receptors involved in MbxA activity

Historically pore-forming RTX toxins were divided into non-specific wide-range cytotoxic
hemolysins such as HlyA and specific leukotoxins that target only leukocytes such as LktA
from M. haemolytica [13]. Accordingly MbxA would fit in the first category of unspecific
hemolysins. As B; integrins on leukocytes act as a receptor for unspecific proteins such as HlyA
as well, this could mean that all RTX toxins are more or less specific leukotoxins that kill
leukocytes at low concentrations [15]. Consequently in the context of infection, unspecific RTX
toxins would at higher concentrations contribute to further local tissue damage by additionally
killing other cell types [71]. Even though human T cells did not display an increased sensitivity
towards MbxA compared to epithelial cells, this dual mechanism could still be applicable to
MbxA as well. The bovine B; integrin subunit CD18 is sufficient as a receptor for the leukotoxin
LktA from M. haemolytica that is species and target specific for ruminant leukocytes [185,
186]. It is possible that this bovine integrin acts as a receptor for MbxA as well (Fig. 13). In
line with this interpretation, Kagonyera et al. [146] reported that M. bovis cultures display
cytotoxicity against bovine but not human neutrophils. This could indeed be explained by a
higher susceptibility of the bovine immune cells towards MbxA due to the presence of a specific
receptor.

Apart from B, integrins other target structures facilitating the activity of RTX proteins have
been discussed. HlyA was shown to bind glycophorin, a membrane protein found in
erythrocytes, at sublytic concentrations and the presence of glycophorin increased the

sensitivity of lipid vesicles towards HlyA [187]. As MbxA is a potent hemolysin, glycophorin
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could act as a binding partner on erythrocytes as well (Fig. 13). Another discussed recognition
motif for RTX toxins is cholesterol (Fig. 13). HlyA, LxtA and RtxA were shown to bind
cholesterol in target cells as well as artificial membranes [122, 130, 188, 189]. Cholesterol is
suggested to mediate insertion and induce the oligomerization of HlyA in the host membrane
[188]. The depletion of cholesterol as well as blocking of cholesterol results in a reduced
permeabilization of the membrane [188-190]. The interaction with cholesterol is suggested to
be mediated by cholesterol recognition/amino acid consensus (CRAC) sites found in HlyA,
LtxA and RtxA [122, 188, 189]. In HlyA, seven putative CRAC sequences and 13 inverse
binding motifs, called CARC, were identified [188]. MbxA could potentially likewise rely on
interaction with cholesterol for membrane insertion as we identified seven putative variants of
the CRAC motif with the consensus sequence L/V-Xi.5-Y-Xi.5-R/K (in which x is a sequence
of one to five residues of any amino acid) and 18 inverted CARC motifs with the consensus

sequence R/K-Xi.5-Y/F-X1.5-L/V (Tab. 2) [191, 192].
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Table 2: Putative cholesterol recognition CRAC and CARC motifs identified in the
sequence of MbxA. The motifs were identified with ScanProsite [193]. The presence of such
motifs alone does not necessary correspond to a cholesterol binding site [194].

Predicted cholesterol recognition motifs
CRAC CARC
Localization Sequence Localization Sequence
22 — 31 LAIPKDYDPQK | 202-213 | KLQNLNFSKTNL
27-37 LKNLYLAIPK 240 - 252 | KVAAGFELSNQV
326 — 332 LLAEYQR 258 - 269 | KAISSYVLAQRV
532 -542 | LTNGKYSYINK | 317 -327 | RKFGYDGDHLL
611 -615 VFYSK 387 - 394 KQAMFESV
641 - 653 |VARGDIYHEVVKR| 417 - 427 KGYDSRYAAYL
824 - 831 LQNYQSNK 422 - 431 RYAAYLANNL

475 - 487 | KAYADAFEDGKKV
511 - 522 KTQALHFTSPLL
531 - 543 | RLTNGKYSYINKL
542 - 548 KLKFGRV

561 - 567 KLDFSKV

615 - 624 KDGGFGNITV
643 - 651 RGDIYHEVV
661 - 672 RTETIQYRDYEL

668 - 675 RDYELRKV
673 - 685 |RKVGYGYQSTDNL
817 - 824 RWYITSNL
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Figure 13: Membrane damaging activity of MbxA and potential interaction partners in
different cell types. MbxA (blue) was shown to permeabilize epithelial cells (A), leukocytes
(B) and erythrocytes (C). Pore formation leads to efflux of cytosolic and influx of extracellular
components. The oligomeric state of MbxA during pore formation is not known and is here
depicted as a oligomeric pore for simplicity. Apart from pore formation, MbxA may influence
host cell signaling at sublytic concentrations as well. Similar to other RTX proteins MbxA could
potentially bind to cholesterol (red) present in the membrane of host cells. B> integrins
containing the B subunit CD18 (green) expressed by leukocytes represent another potential
receptor for MbxA. In erythrocytes MbxA induces efflux of K™ before cell swelling and
subsequent lysis occur [147]. As glycophorin (yellow), found in erythrocyte membranes, was
shown to function as a receptor for HlyA [187], it could potentially mediate recognition by
MbxA. The SAXS-derived model of HlyA was used to visualize MbxA. The figure is partially
based on [195].
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4.7 MbxA-induced membrane damage leads to morphological changes in

epithelial cells

The MbxA-induced lysis of sheep erythrocytes and the release of cytosolic enzymes from
Mbxa-treated human cell culture evidently demonstrated a membrane-damaging activity. Live
cell imaging of HEp2 cells challenged with purified MbxA additionally revealed that epithelial
cells undergo a distinct change in membrane morphology upon permeabilization by the RTX
protein. In chapter 3.3 we demonstrate that MbxA immediately creates lesions in the membrane
of epithelial cells visualized by the influx of propidium iodide. Moreover, in the course of less
than five minutes the membrane responds to the impaired membrane integrity with the
formation of blebs. Membrane blebbing occurs usually due to an increased intracellular
pressure that results in tearing of the membrane from the cytoskeleton or due to direct rupture
of the actin cortex. As a results the excess membrane inflates forming bulges [196-198].
Blebbing also occurs without an influx of water in healthy, intact cells where blebs are usually
transient and subsequently regress [196, 199]. The membrane bulges induced by MbxA on the
other hand were stable during an imaging time of 90 min. Additionally, the increase of
propidium iodide signal in the nuclei during the imaging time suggested that the cells remained
permeabilized allowing a continuous influx of extracellular medium. The frequency and size of
the protrusions increased with the applied MbxA concentration as well, indicating that the
number and potentially the size of the pores is concentration dependent. Upon injury of the
membrane integrity blebbing was shown to play a role in the prevention of lysis of the damaged
cell [200]. Blebbing occurs in human embryonic kidney cells and various other cell types as a
response to influx of extracellular Ca?* through permeabilization by the pore-forming toxin
streptolysin O, a cholesterol-dependent cytolysin (CDC) from Streptococcus pyogenes. The
blebs trap damaged membrane areas preventing efflux of cytosol and further increase of the
Ca®* concentration [200]. A similar protective mechanism could underlie the blebbing
phenomenon induced by MbxA. For HlyA another protective mechanism associated with
membrane rearrangements was reported. Sublytic concentrations of HlyA were shown to
induce shedding of microvesicles from erythrocytes which potentially aid removal of the toxin
from the membrane [201].

Usually blebbing is associated with cell death as it is a defining feature of the execution phase
of apoptosis [202, 203]. However, apoptosis requires the activation of cell death pathways and
blebbing is typically preceded by cell shrinkage and chromatin condensation. Moreover, during

apoptosis the membrane typically remains intact and blebbing finally results in apoptotic bodies
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[203-205]. At the same time blebbing is also typical for necrosis, but compared to apoptosis
blebbing develops at later stages of the necrotic process shortly before the lysis of the cell [206].
A large, 501 kDa MARTX toxin from Vibrio vulnificus is associated with pore formation,
cytoskeletal rearrangements and membrane blebbing, resulting in necrotic cell death [207, 208].
Necrosis is often induced by membrane injury and necrotic blebbing follows after an increase
in cell volume due to the influx of water and ions [209]. In contrast to apoptotic blebs, necrotic
blebs expand continuously and do not retract which is similar to the MbxA-induced blebbing
[206]. Nevertheless, taking in consideration that the blebbing occurs very rapidly after
permeabilization by MbxA, it is not unambiguously consistent with the characteristic blebbing
observed during apoptotic or necrotic cell death. It is more similar to the membrane blebbing
that is induced by another member of the CDC family, the pore-forming toxin vaginolysin. This
CDC triggers the rapid formation of membrane protrusions in epithelial cells in the course of
minutes. Blebs that have a size of 10 um or larger, a size that was likewise reached after Mbx A-
mediated permeabilization, are reported to be stable for hours and are not directly associated
with cell death [210]. Randis ef al. [210] further demonstrated that syblytic concentrations of
CDCs are sufficient to cause blebs and that blebbing depends on pore formation. The authors
suggest that membrane blebbing may represent a conserved response of epithelial cells to
membrane damage induced by pore-forming toxins [210].

However, HlyA and other RTX proteins were shown to induce different cell death pathways.
HlyA for example is associated with apoptosis, necrosis as well as pyroptosis [56, 72-74]. The
various effects of HlyA on signaling of host cells include Ca?* oscillations, inhibition of anti-
apoptotic regulators, mitochondrial damage or inflammasome activation and depend on the cell
type [74, 75, 77-79]. Therefore the question arises which intracellular effects apart from pore
formation and membrane blebbing are evoked by MbxA. Addressing the signaling of host cells
in particular in response to sublytic concentrations of MbxA will aid the understanding of the

mechanism of toxicity of RTX proteins.
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