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SUMMARY/
ZUSAMMENFASSUNG

Summary

Salmonella Typhimurium is a Gram-negative, facultative intracellular and
anaerobic bacterium with high importance as an intestinal pathogen. For
successfully colonization and persistence within the host S. Typhimurium
utilizes a set of virulence-associated secretion systems. One of these systems is
the type | secretion system (T1SS) encoded by Salmonella pathogenicity island
4 (SPI-4). SPI-4 encodes for an adhesin which is necessary to establish initial
contact between the bacteria and host cells. Subsequently, the type 3 secretion
system encoded by SPI-1 (T3SS-1) injects its effector proteins into the host cell
leading to the internalization of the bacteria.

SPI-4 harbors six genes, siiAF. SiiCDF form the canonical subunits of the T1SS,
SiiE is the only known substrate and the two accessory proteins SiiAB probably
form a proton channel. SiiE is an approximately 600 kDa large secreted
adhesion. Interestingly, there is only a temporal stable retention of SiiE at the
bacterial surface where it can exert its adhesin function. SiiAB is thought to
play an important role in the switch between secretion and stable retention
of SiiE as their deletion leads to reduced adhesion and invasion of polarized
epithelial cells while secretion is only mildly affected.The aim of this thesis
was to further characterize the role of SiiAB for SiiE-mediated adhesion and to
identify possible environmental signals for the switch between retention and
secretion of SiiE.

Invasion of polarized epithelial cells was used as a main readout to quantify
SPI-4 function. For that the “Virtual Colony Count” method was established
as an alternative analytical method and compared to the classical counting of
colony-forming units (CFUs). With this automated evaluation method it was
possible to increase the throughput of infection experiments and to minimize
errors by manual CFU counting.

SiiAB has sequence and structural homologies to MotAB and other ion-
conducting channels such as PomAB, ExbBD or TolQR, which is why a similar
function is assumed. By ratiometric pH measurements in living S. Typhimurium
cells it could be shown that overexpression of the supposed proton channel
SiiAB actually leads to a drop in intracellular pH. The mutation of a conserved
aspartate residue at position 13 of SiiA resulted in loss of proton-conducting
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function of the SiiAB complex. The same holds true for aspartate 32 of MotB, which could
confirm the hypothesis of the functionality of SiiAB.

In the present study, the methyl-accepting chemotaxis protein CheM was identified and
characterized as an interaction partner of SiiAB. It could be shown that the perception of
aspartate by CheM shifted the ratio of secreted and retained SiiE towards the retention
of the adhesin. While this effect was independent of other motility or chemotaxis
components, the transduction of this signal is probably mediated through the interaction
with SiiAB. The stimulation of CheM thus has a direct influence on the SPI-4 mediated
adhesion of the bacteria and thus represents an example of a noncanonical signal
transduction of a MCP to a virulence factor.

It remains to be clarified whether this interaction is also important in vivo for a successful
infection of Salmonella. Here, components of the mucus layer could provide the signals
for the CheM sensor molecule resulting in precise triggering of SiiE-mediated adhesion
in the enterocyte vicinity.

Zusammenfassung

Salmonella Typhimurium ist ein Gram-negatives, fakultatives intrazelluldres und
anaerobes Bakterium mit hoher Bedeutung als Darmerreger. Fiir eine erfolgreiche
Kolonisierung und Persistenz innerhalb des Wirtes verwendet S. Typhimurium eine
Reihe von Virulenz-assoziierten Sekretionssystemen. Eines dieser Systeme ist das
das von der Salmonella Pathogenitdtsinsel 4 (SPI-4) kodierte Typ 1 Sekretionssystem
(T1SS). SPI-4 kodiert fur ein Adhdsin was fir die initiale Bindung zwischen den Bakterien
und den Wirtszellen notwendig ist. AnschlieRend injiziert das von SPI-1 kodierte Typ 3
Sekretionssystem (T35S-1) seine Effektorproteine in die Wirtszelle, was zur Internalisierung
der Bakterien fuhrt.

SPI-4 umfasst sechs Gene, siiAF. SiiCDF bildet die kanonischen Untereinheiten des T1SS,
SiiE ist das einzige bekannte Substrat und die beiden akzessorischen Proteine SiiAB bilden
wahrscheinlich einen Protonenkanal. SiiE ist ein ca. 600 kDa groldes sekretiertes Adhasin.
Interessanterweise beobachtet man nur eine zeitlich begrenzte stabile Retention von SiiE
an der Bakterienoberfldche, widhrenddessen es seine Funktion als Adh&sin ausiiben kann.
Ziel dieser Arbeit war es, die Rolle von SiiAB fiir die SiiE-vermittelte Adh&dsion weiter zu
charakterisieren und mogliche Umweltsignale fiir den Wechsel zwischen Retention und
Sekretion von SiiE zu identifizieren.
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Die Invasion polarisierter Epithelzellen wurde als Hauptparameter zur Quantifizierung
der SPI-4-Funktion verwendet. Dazu wurde die ,Virtual Colony Count“ Methode als
alternatives Analyseverfahren etabliert und mit der klassischen Zghlung von Kolonie-
bildenden Einheiten (KBE) verglichen. Mit dieser automatisierten Methode war es moglich,
den Durchsatz von Infektionsexperimenten zu erhchen und gleichzeitig den Fehler durch
manuelle KBE-Zdhlung zu minimieren.

SiiAB hat Sequenz- und Strukturhomologien zu MotAB und anderen Protonenkanélen
wie PomAB, ExbBD oder TolQR, weshalb eine dhnliche Funktion angenommen wird.
Durch ratiometrische pH-Messungen in lebenden S. Typhimurium-Zellen konnte gezeigt
werden, dass eine Uberexpression des vermeintlichen Protonenkanals SiiAB tats&chlich
zu einem Abfall des intrazellularen pH-Wertes fiihrt. Die Mutation eines konservierten
Aspartatrestes an Position 13 von SiiA fiihrte zum Verlust der protonenleitenden Funktion
des SiiAB-Komplexes. Dasselbe gilt fiir Aspartat 32 von MotB, womit die Hypothese zur
Funktion von SiiAB best&tigt werden konnte.

In der vorliegenden Studie wurde das methylakzeptable Chemotaxis-Protein CheM als
InteraktionspartnervonSiiAB charakterisiert. Eskonnte gezeigt werden, dass die Detektion
von Aspartat durch CheM das Verhaltnis von sekretiertem und oberfldchenasoziiertem
SiiE in Richtung der Retention des Adhasins verschieben kann. Wahrend dieser Effekt
unabhdngig von anderen Motilitdts- oder Chemotaxiskomponenten war, wird die
Ubertragung dieses Signals wahrscheinlich durch die Interaktion mit SiiAB vermittelt. Die
Stimulation von CheM hatsomit einen direkten Einfluss auf die SPI-4-vermittelte Adhdsion
der Bakterien und stellt damit ein Beispiel fiir eine nicht-kanonische Signaltransduktion
eines MCP zu einem Virulenzfaktor dar.

Es bleibt zu klaren, ob diese Interaktion auch in vivo fiir eine erfolgreiche Salmonellen-
infektion wichtig ist. Hier konnten Komponenten der Mukusschicht die Signale fiir das
CheM-Sensormolekiil liefern, was zu einer prazisen Auslosung der SiiE-vermittelten
Adhésion in der unmittelbaren Ndhe der Enterozyten fiihren wiirde.
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INTRODUCTION

Despite intensive research into the development of antibiotics and improved hygiene
and nutrition conditions, infectious diseases remain one of the main reasons of death
(WHO, 2018). Especially in developing countries these infections are a major health
issue. The causes of these diseases are infections with pathogenic bacteria, viruses
or fungi. Therefore, a thorough understanding of virulence mechanisms as well as
pathogen-host interactions is needed to develop strategies to effectively combat these
pathogens. Numerous in vitro and in vivo model systems for different pathogens have
been established to characterize these processes. Salmonella is among the best studied
pathogenic bacteria. Due to their broad host spectrum, the large number of infections
caused, their easy handling in the laboratory and their good genetic accessibility, they are
particularly suitable as model organisms. Sophisticated mechanisms enable Salmonella
spp. to overcome the numerous physical and chemical barriers within the host, bypass
the immune system and assert itself against the natural commensal microflora.

Historical perspective of Salmonella

In 1880 Salmonella (S.) enterica subsp. enterica serovar Typhi was first described by the
German scientists Karl Joseph Eberth and Robert Koch as the causative agent of Typhus
abdominalis in humans. Subsequently, in 1885, D. E. Salmon, together with his scientific
assistant Theobald Smith, identified and isolated the pathogen of porcine cholera, now
known as S. enterica subsp. enterica serovar Choleraesuis. The generic name Salmonella
was finally given in 1900 by the French bacteriologist Joseph L. Lignieres in honour of
D. E. Salmon (Brands etal, 2006).

Salmonella Taxonomy

Salmonella spp. belongs to the family of Enterobacteriaceae, which in turn is
phylogenetically classified in the class of y-proteobacteria. The genus Salmonella was
formed by the acquisition of various genomic islands, which resulted in its separation
from the joint development line with Escherichia coli (E. coli) about 140 million years ago
(Desai etal, 2013).

The genus Salmonella is divided into two species: S. enterica and S. bongori. S. bongori
includes only the former subspecies V, which normally does not lead to a symptomatic
disease. S. enterica is classified into six subspecies (enterica, salamae, arizonae,
diarizonae, houtenae and indica) with meanwhile more than 2,600 serovars (Brenner
etal, 2000; Guibourdenche etal, 2010). The systematic characterization of serovars is
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done according to the White-Kauffmann-Le Minor scheme (Kauffmann F. The bacteriology
of Enterobacteriaceae. Copenhagen, Denmark: Munksgaard; 1966) by typecasting
lipopolysaccharide antigens (O antigens) and flagella antigens (H antigens) (Brenner
etal, 2000), and in some cases capsule antigens (Vi antigen of serovars Typhi, Paratyphi
C and some strains of serovar Dublin) (Lim etal, 2009).

Salmonella pathogenesis

Salmonella is able to infect a wide range of hosts, including both humans and various
animals such as chickens, cattle and pigs. Depending on the serovar, host species and
their immune status, either a rather harmless, self-limiting gastroenteritis or a life-
threatening systemic infection is triggered. Virtually all serovars that can infect humans
and other warm-blooded animals belong to the S. enterica subspecies enterica. The
other subspecies, as well as S. bongori, preferably colonize cold-blooded animals while
infections of humans occur only sporadically (Giammanco etal, 2002).

In humans, the clinical picture can be roughly distinguished between typhoid and enteric
salmonellosis. Typhoid salmonellosis is caused by the serovars S. Typhi and S. Paratyphi
A, B and C, which are specifically adapted to humans and induce life-threatening systemic
infections with an infection dose as low as 10° bacteria. These can be accompanied
by high fever, headaches and a clouding of consciousness. In the case of paratyphoid
infection the course is generally milder (Johnson etal., 2018; Adam etal, 2004).

Enteric salmonellosis is caused by all other serovars known as non-typhoid salmonellae
(NTS). The infection dose for a clinically manifested disease in adults is significantly
higher compared to typhoid salmonellosis with >10° bacteria (Adam etal, 2004). The
disease usually progresses as a rather harmless, self-limiting gastroenteritis. With 15,919
reported cases in 2019, salmonellosis is one of the most common bacterial infectious
diseases in Germany (RKI www.survstat.rki.de). The actual number should be even higher
due to the non-detection of mild courses. The total burden of Salmonella gastroenteritis
worldwide is estimated with roughly 93.8 million cases with approximately 155,000
deaths (Majowicz etal., 2010). Only in rare cases NTS serovars were shown to trigger
systemic infections, whereby important factors are the immune status of the host and
the infection dose (Adam etal, 2004).

Salmonella infection is mainly caused by ingestion of contaminated food and to a lesser extent
by direct human-to-human transmission. The orally ingested bacteria must first overcome
the acidic milieu of the stomach. Therefore, the induction of Salmonella spp. acid tolerance
response (ATR) takes place. As a result, various proton pumps are activated and certain
proteins, known as acid shock proteins, are expressed. These proteins are involved in the
repair or inhibition of acid-related macromolecular damage (Audia etal, 2001; Foster, 1991).

After successfully passaging the stomach, Salmonella spp. meets the intestinal barrier of
the small intestine. This is formed by extracellular and cellular components, in particular
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the mucus, the cellular epithelial barrier with the lymphatic tissue associated with the
mucosa (MALT) and the gastrointestinal commensal microflora (Turner, 2009).

The small intestine is lined by mucus, consisting mainly of the gel-forming mucin MUC2.
It has only a single layer on top of the epithelium which is easily detachable (Furter et al.,
2019). Mucins are secreted by goblet cells and can interact with bacterial cell surface
polysaccharides or exposed protein structures such as flagella. It has a defensive function
by capturing pathogenic bacteria that can be subsequently eliminated by intestinal
peristalsis (Dharmani etal, 2009; Lievin-Le Moal etal, 2006). The mucus layer serves
also as a nutrient source for the intestinal microbiota as well as for pathogenic bacteria.
Therefore it is prone to degradation and must be constantly renewed. Muc2mice which
are unable to produce a mucus layer are healthy when kept under germfree conditions.
Seven weeks after colonization with a pathogen-free microbiota they develop colitis and
have a predisposition for colon cancer (Hausmann and Hardt, 2019).

The cellular epithelial barrier itself consists of the intestinal epithelial cells and an apical
connection complex, the tight junctions (TJ), which connect the epithelial cells to each
other in a continuous layer. TJ regulate the transport of ions, water and immune cells
via the paracellular route and at the same time block this path for pathogenic bacteria.
Salmonella infections specifically cause disruption of tight junction structures to increase
the permeability of this seal (Boyle etal., 2006). This facilitates the translocation of the
bacteria from the lumen to the subepithelial region (Ashida etal., 2012).

Salmonella express different fimbrial and non-fimbrial adhesins (Gerlach etal, 2007a)
in order to adhere to different cell types and thereby avoiding of being shed from the
intestine by peristalsis. After adhesion to non-phagocytic enterocytes, Salmonellae can
actively induce their uptake via endocytosis by manipulating the host cell cytoskeleton.
Alternatively, uptake takes place via so-called M-(microfold) cells. These are specialized
intestinal epithelial cells that occur exclusively in the follicle-associated epithelium
(FAE) of the Peyer plaques of MALT (Figure Il.1). Their task is to transport antigens and
microorganisms from the intestinal lumen via the epithelium to the basolateral side,
where they are taken up by immune cells such as macrophages, polymorphonuclear
leukocytes (PMN’s) and dendritic cells (DC’s) for antigen presentation and elimination
(Kraehenbuhl et al, 2000; Neutra et al,, 2001; Siebers et al,, 1996; Wolf et al,, 1984). M-cells
express glycoprotein 2 on their apical plasma membrane which acts as a ligand for the
fimbrial tip adhesin FimH, resulting in type | fimbriae-mediated Salmonella adhesion to
these cells (Hase etal., 2009).

Within the host cell, the bacterium is present in a membrane-enclosed compartment, the
so-called Salmonella-containing vacuole (SCV). The SCV represents an intracellular niche
for the pathogen in which it can escape elimination by the immune system and replicates
in some cell types, such as macrophages. In this way, Salmonella gains access to the
reticulohistiocytic system (RHS) within antigen-presenting phagocytes and, depending
on the serovar, can spread systemically throughout the entire body, especially in the
mesenteric lymph nodes (mLN), bone marrow, liver and spleen (Monack etal., 2001).
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Figure Il.1 Infection process of Salmonella spp.. Salmonella spp. has several options to overcome the intestinal epithelium.
M-cells absorb bacteria via receptor-mediated endocytosis and pass it on the basolateral side to phagocytic cells of the
immune system. However, Salmonella can also actively induce their uptake into both phagocytic and non-phagocytic
cells via self-induced macropinocytosis. Furthermore, Salmonella can be captured from the intestinal lumen by DCs via
phagocytosis. Bacteria released in the Peyer plaques are taken up by immune cells such as macrophages or neutrophilic
granulocytes. Alternatively, the bacteria can also invade enterocytes again from the basolateral side. Protected intra-
cellularly by SCV, Salmonella gains access to the RHS within antigen-presenting phagocytes and can spread locally or
systemically throughout the body. It can also induce its release in phagocytes (such as macrophages or DCs) by induction
of caspasel dependent apoptosis. Invasion of the intestinal epithelium is associated with inflammation, destruction of T},
stimulation of transepithelial migration of PMN, release of fluid into the intestinal lumen, and development of diarrhea.
Modified after Sansonetti (2004)

By activating caspasel-dependent apoptosis, Salmonella can also initiate its release
from phagocytic cells such as macrophages or DCs (Garai etal, 2012; Monack etal,
2000) and subsequently re-infect cells of the immune system or epithelial cells from the
basolateral side (Sansonetti, 2004). Part of the Salmonellae is also phagocytosed directly
via the pseudopodia of the DCs extending into the intestinal lumen (Rescigno et al, 2001).

The infection of the intestinal epithelium is associated with the disruption of tight
junctions (Bertelsen et al, 2004; Boyle et al, 2006; Finlay etal, 1990; Gerlach etal,, 2008;
Jepson etal, 2001) and, as a consequence, a transepithelial migration of PMN’s into
the intestinal lumen occurs. This results in acute inflammation and necrosis of the
uppermost layer of the small intestinal mucosa. The release of the proinflammatory
cytokines interleukin (IL-) 8 and IL1R by infected epithelial cells or macrophages is
involved in this process (McCormick etal, 1995). Injury of the intestinal epithelium is
associated with increased vascular permeability leading to outflow of extravascular
fluids from the bloodstream into the intestinal lumen, which finally causes diarrhea. The
outflow of fluids is additionally supported by the secretion of chloride into the intestinal
lumen (Konig etal., 2016).
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Salmonella is able to profit from the conditions in the inflamed gut. Salmonella is able to
utilize hydrogen derived from the present microbiota during the initial phase of infection
to establish itself in the gut (Maier etal., 2013). Some serotypes can use alternative
electron acceptors like nitrate or tetrathionate that are only present during colitis to
promote their growth by anaerobic respiration. In the non-inflamed gut the microbiota
produces butyrate, which inhibits the expression of NOS2 and therefore the synthesis of
iNOS, leading ultimately to a diminished epithelial generation of nitrate (Byndloss etal.,
2017). To exploit these favorable niches bacteria have to be motile and chemotactically
active (Rivera-Chdvez etal., 2013). Because of the diarrhea the gut is emptied and poor
of nutrients which also increases the competition of Salmonella with the commensal
microbiota. Salmonella adjusts to these conditions by utilizing mucus carbohydrates as
high-ernergy source. It could be shown that acute intestinal inflammation caused by the
bacterium leads to a reduction of the competing commensal microflora and thus has a
beneficial effect on the spread of Salmonella (Stecher etal, 2007). Infection with NTS is
normally restricted to the intestine and the mLN.

In contrast, the epithelial layer remains largely unchanged when infected with typhoid
serovars, as the inflammation is generally reduced (Raffatellu et al, 2008; Raffatellu et al,
2006; Zhang etal, 2003). Responsible for this is the Vi antigen, a polysaccharide capsule
that occurs exclusively in typhoid serovars. This Vi-capsule seems to be the reason for a
reduced invasiveness of S. Typhi towards epithelial cells (Zhao et al, 2001). It also prevents
the production of IL8 and the recognition of the pathogen by the immune system via the
toll-like receptors (TLR)4 and 5 and is involved in survival within phagocytes. This results
in a systemic infection as no immune response is activated (Wilson etal., 2010; Wilson
etal., 2007). NTS, on the other hand, are eliminated by the immune cells recruited during
massive intestinal inflammation (Raffatellu et al, 2006; Sabbagh et al, 2010).

Bacterial protein secretion systems

Salmonella and other Gram-negative bacteria have developed a considerable number of
different mechanisms for the transport of proteins across the cell membrane. Transport
systems not only are essential for pathogenesis during interaction with eukaryotic host
cells, but have also general cellular functions (Durand et al., 2009). A schematic overview
of most common secretion and translocation systems is given in Figure I1.2.

Protein transport across the outer membrane can be divided into Sec-independent and
Sec-dependent pathways. Protein transport over the inner membrane into the periplasmic
space of Gram-negative bacteria takes place via the general secretory (Sec) or the twin
arginine translocation (Tat) pathway. In a second step substrates are then secreted over
the outer membrane by the “chaperone/usher” synthesis pathway of fimbrial adhesins,
the autotransporter/type V secretion system (T5SS) pathway or the complex type Il
secretion system (T2SS) (Costa etal, 2015; Tseng et al., 2009). Sec-independent pathways
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are the type |, type Ill, type IV and type VI secretion systems (T1SS, T3SS, T4SS, T6SS). In
these cases no stable periplasmic intermediate occurs because in all four systems there
is a protein-conducting channel that spans both bacterial membranes. In the case of
T3SS, T4SS and T6SS an additional membrane of the host cell is spanned and effector
proteins are directly translocated into the host cell cytoplasm.

Salmonella infection strongly depends on the function of two T3SSs encoded by SPI-1
(T3SS-1) and SPI-2 (T3SS-2). In general, T3SS are supramolecular complexes composed
of at least 20 different subunits. From a structural and evolutionary point of view they
are closely related to the flagellum system and are found in numerous Gram-negative
bacteria such as Salmonella spp., Yersinia spp. or Shigella spp. Due to their shape and the
ability to inject proteins directly into the host cell T3SS are also referred to as molecular
needles (Cornelis, 2006).

Table 1.1 Selection of effectors secreted by T355-1 and -2

Effector  Cellular function Host-cell target

SopE* Activates Cdc42, Racl and RohG by its guanine nucleotide exchange factor (GEF) Cdc42, Racl, Rab5
activity and disrupts tight junctions

SopE2* Activates Cdc42, Racl and RohG by its GEF activity and disrupts tight junctions Cdc42, Racl

SopB* Activates Cdc42, RhoG, AktA and chloride secretion through its inositol phosphatase Unknown

activity and disrupts tight junctions

SopD* Stimulates fluid accumulation in bovine ligated loops and contributes to diarrhea in Unknown
calves and systemic disease in mice

SopD2* Contributes to sif-formation and inhibits the vesicular transport and tubule formation Unknown
that extend outward from the SCV

SopA* Stimulates PMN transmigration by HECT-like E3 ubiquitin ligase activity Unknown

AvrA* Inhibits activation of NF-kB transcription factor and apoptosis via the JNK pathway; JNK pathway

promotes intestinal epithelial cell proliferation and tumorgenesis by blocking the de-
generation of IkBa and B-catenin; activates the STAT3 signaling pathway

SipA* Decreases the critical concentration of G-actin and increases the stability of F-actin; F-actin, Tplastin,
induces PMN transepithelial migration and disrupts tight junctions; causes activation caspase-3
and release of caspase-3
SipB* Binds and activates caspase-1 and induces autophagy in macrophages; release of IL-18  Caspase-1,
cholesterol, IL-18
SipC* Nucleates and bundles actin; promotes Salmonella invasion F-actin, cytokeratin-8,
cytokeratin18
SptP* Inhibits Cdc42 and Racl by its GAP activity and MAPK signaling and IL-8 secretion Racl
through its tyrosine phosphatase activity
SifA** Induces Sif (Salmonella induced filaments) formation, maintains integrity of the SCV SKIP, Rab7
and downregulates kinesin recruitment to the SCV
Sse)** Maintains integrity of the SCV and has deacylase activity Unknown
SseF** Contributes to Sif formation and microtubule bundling, inhibit Rab1Amediated Rab1A, ACBD3

autophagy, interact with the mammalian Golgi network-associated protein ACBD3
to anchor the SCV at the Golgi network

SseG** Contributes to Sif formation and microtubule bundling, inhibit Rab1Amediated Rab1A, ACBD3
autophagy, interact with the mammalian Golgi network-associated protein ACBD3
to anchor the SCV at the Golgi network

SspH2# Inhibits the rate of action polymerization and contributes to virulence in calves Filamin, profilin

T3SS-1 secreted effectors
** T3SS-2 secreted effectors
# secreted by both T3SS
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Many effectors involved in the uptake of bacteria also have a function in later processes
such as early SCV formation, membrane transport, cell division, apoptosis and cytokine
and chemokine production or antigen presentation (summarized in Santos etal., 2009).
An overview of the function of the individual SPI effectors can be found in Velge etal.
(2012) or Haraga etal. (2008). Some of the most important effectors secreted by T355-1
and -2 are shown in Table Il.1.

Type | Secretion Systems

Type | secretion systems are widespread among Gram-negative bacteria and mediate the
transport of a wide variety of proteins from the cytoplasm across the outer membrane
into the extracellular space (Gerlach etal., 2007a).

Type | secretion systems are three partite complexes consisting of an IM (inner membrane)
ABC (ATP-binding cassette) exporter, a PAP (periplasmic adaptor protein) and a pore-
forming OMP (outer membrane protein) (Figure 2). ABC transporters minimally contain
two transmembrane (TM) domains and two nucleotide binding domains (NBDs) thatis why
ABC proteins of T1SS likely form homodimers (Smith etal., 2018). They are responsible
for substrate recognition and specificity, as well as for the energization of secretion by
ATP hydrolysis (Deleplaire et al., 2004; Moussatova etal., 2008). The PAP is anchored by
its N-terminal region in the IM, the short cytoplasmic part of which is probably involved
in substrate recognition together with the ABC protein. It probably exists as a hexamer
(Trepout etal., 2010; Xu etal., 2011; Janganan etal., 2011) and spans the periplasm with
its long C-terminal region, connecting the ABC protein with the trimeric OMP in the outer
membrane (Thomas etal, 2013).

Most type I-secreted proteins described so far have a C-terminal signal peptide, which
is usually not processed (Holland etal., 2005). Substrates of T1SS in Salmonella include
the SPI-4-encoded adhesin SiiE and the SPI19-encoded protein BapA, which is involved
in biofilm formation (Latasa etal, 2005). The translocation of type |-secreted proteins
happens in a single step without a periplasmic intermediate. Typically, T1SS substrates
bind Ca?* ions through glycine-rich repeat sequences (e.g. GGXGXDXXX). Those motifs
are thought to prevent premature folding inside the cell due to low intracellular calcium
concentrations. The higher extracellular calcium concentration drives the ratchet-like
folding process, triggered by Ca**-binding (Bumba etal., 2016). T1SS is also widespread
in other pathogenic Gram-negative bacteria. Well-known substrates are for example the
hemolysin HIyA (E.coli), the CyaA hemolysin/adenylate cyclase (Bordetella pertussis)
or the toxin RtxA (Vibrio cholerae). All three examples are RTX (repeats-in-toxin) toxins
(Thomas etal, 2013). However, proteases, phosphatases or glucanases are also secreted
via T1SSs (Delepelaire, 2004).

Another interesting example of a type I-secreted adhesion is LapA of Pseudomonas
fluorescens. LapA is an outer membrane adhesin involved in biofilm formation. Its loss
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from the bacterial surface is controlled by cyclic dimeric GMP (c-di-GMP) through an
inside-out signaling process. The IM protein LapD binds to c-di-GMP in the cytoplasm
which leads to the inhibition of the periplasmic protease LapG that targets the
N-terminus of LapA. This results in the maintenance of adhesion. In low P, conditions on
the other hand, c-di-GMP is depleted causing loss of LapA and therefore the detachment
of biofilm (Newell etal., 2011; Martinez-Gil etal., 2014). A similar secretion mechanism
has been described for a few other adhesins, e.g. for BpfA (Shewanella spp.), BrtA (B.
bronchiseptica) and RtxA (L. pneumophila) (Smith et al., 2018).

Another type I-secreted adhesin is FrhA of Vibrio cholerea. It has nine RTX repeats
and four to nine cadherin-like domains in its central portion. The function of FrhA is
similar to that of eukaryotic cadherins in mediating surface interactions. It is involved
in hemagglutination, adherence to epithelial cells, biofilm formation, and chitin binding.
Its C-terminus shares sequence similarities with BpfA, indicating a type | secretion
mechanism (Satchell, 2011).

Figure I1.2 Overview of the secretion systems in Gram-negative bacteria. See text for details. Modified after Gerlach etal.,
2007a
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1.5. Pathogenicity Islands

Considering the complex interactions of Salmonella with its host it becomes apparent
that the bacteria need multiple genes for full virulence. In Salmonella, several virulence
genes are often found clustered together in pathogenicity islands (PAI). The presence of a
set of genes distinguishes pathogenic bacteria from their non-pathogenic close relatives.
These genes are called virulence genes and contribute to an organism’s ability to cause
disease (Schmidt and Hensel, 2004). The general structure of a PAl is shown in Figure I1.3.

The majority of PAls is 10 to 200 kb in size and can constitute a relatively high proportion
of the genome. They can differ from the core genome with respect to base composition
(different G/C content) and codon usage. PAls are often adjacent to tRNA genes, which
are highly conserved between different bacterial species. They could therefore serve as
anchor points for the chromosomal recombination of foreign DNA, which was e.g. taken
up by conjugation or transduction. Transducing bacteriophages are able to transfer
bacterial DNA and associated virulence genes between different bacterial species. In
addition to tRNA genes, phage-specific integration sites also serve as anchor points for
the integration of foreign DNA into the host genome. DNA acquired by horizontal gene
transfer is often associated with mobile elements, like insertion elements (IS elements)
and flanked by direct repeats (DR) which are defined as DNA sequences of 16 to 20 bp
(up to 130 bp) with a perfect or almost perfect sequence repetition. In addition, they
act as recognition sequences for enzymes involved in the liberation of mobile elements
such as integrases or transposases. PAl often carry cryptic or functional genes encoding
for these enzymes. In this way, DR contribute to the instability of the embedded PAI. In
lysogenic bacteriophages, integrases mediate both the integration of the phage genome
into a host genome and its release, which is necessary for the entry into the lytic cycle.
However, the exact mechanism that promotes the deletion of PAl is not known yet. The
loss of a PAI results in reduced genome size, which in turn leads to a faster generation
time and thus to a growth advantage in competition with other microbes.

PAls in Salmonella are called Salmonella Pathogenicity Islands (SPI). Currently there are
22 SPIs reported but not all of them are present in every species, subspecies or serovar.
Although the function of many of them is still unclear it is thought that the acquisition
of different SPIs led to the evolution of various species and subspecies and their
diversification with respect to host specificity (Fookes etal., 2011; Gerlach etal., 2007b).

The best characterized SPIs are SPI-1 and SPI-2. Both are encoding the structural and
functional components of T3SSs, as well as for their respective effector proteins. The
T3SS-1 enables Salmonella to actively invade non-phagocytic cells and plays an important
role in the stimulation of intestinal inflammation and the induction of apoptosis of
phagocytic cells (Hapfelmeier etal., 2004; Hersh etal., 1999; Ochman etal., 1996). After
adhesion to the host cell membrane, T35S-1 translocates at least 15 effector proteins
in a coordinated sequence into the host cell (Lara-Tejero etal., 2011, McGhie etal.,
2009). The translocated effectors cause a temporary massive rearrangement of the actin
cytoskeleton resulting in the formation of membrane ruffles and the internalization of
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the bacterium via macropinocytosis (summarized in McGhie et al. 2009). The T3SS-2 on
the other hand is important for the intracellular survival of Salmonella and its systemic
infections (Gerlach etal., 2007b; Marcus etal., 2000). Currently more than 20 effector
proteins are known to be translocated via T35S-2 across the bacterial membrane into
the host cytosol. There they are mainly involved in the formation and maintenance of
the SCV and the acquisition of nutrients (Ibarra etal., 2009; Ramsden etal., 2007).

Figure 11.3 General structure of a PAL. (A) PAls are typically distinct regions of DNA found only in the genome of pathogenic
bacteria and absent in non-pathogenic strains of the same or related species. They are often inserted at specific sites
in the host genome (grey bars) adjacent to tRNA or tRNA-like genes (green bar). In a typical PAl mobile genes, such as
integrases (int), are located at the beginning of the island, near the tRNA locus or the respective attachment site. PAls
contain one or more virulence genes (V1-V4) and are mostly associated with other mobile elements such as IS elements
(IS, complete insertion element) or cryptic remainders thereof (IS,, defective insertion element). The boundaries of PAls
are frequently determined by DRs (triangles), which are utilized for insertion and deletion processes. (B) A characteristic of
PAlis a G/C content that differs from the rest of the genome. Modified after Schmidt, H. and Hensel, M. (2004)
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I.6. SPI-4

The SPI-4 was identified in 1998 in a comparative genome hybridization of the S.
Typhimurium LT2 genome with that of the E. coli K12 strain (Wong et al., 1998). It covers
a range of ~24.7 kb which is conserved among different Salmonella serovars and has
been detected in all sequenced subspecies of S. enterica and S. bongori (Figure 11.4) (Desai
etal, 2013; Edwards etal, 2002, Main-Hester et al., 2008).

First indications of a contribution of the SPI-4 to the pathogenicity of Salmonella were
provided by the experiments carried out by Morgan etal. (2004). They showed the
involvement of SPI-4 in the colonization of the intestinal epithelium in the bovine- but not
in the chicken-infection model. As a result of this observation, the six open reading frames
(ORFs) of the SPI-4 (stm425762) were renamed in siiAF (Salmonella intestinal infection)
(McClelland etal., 2001). Furthermore, SPI-4 in conjunction with SPI-1 contributes to the
development of intestinal local inflammation in oral application in the murine colitis
model (Gerlach etal., 2007d). In the same study it could be shown for the first time that
SPI-4 is essential for the adhesion to and invasion into polarized epithelial cells.

Figure I1.4 Structure of the SPI-4. SPI-4 comprises a region of ~24.7 kb that occurs in Salmonella but not in E. coli. In total,
the SPI-4 encodes six ORFs that form an operon and whose expression is regulated by a promoter upstream of siiA. SPI-4
has a mosaic-like structure with an average G/C content of 3744 % (the G/C content of the core genome is about 52 %).
While the first four genes have overlapping reading frames, siiD and siiE as well as siiE and siiF are separated by intergenic
regions. Both the separation by the intergenic regions and the different GC contents indicate an independent acquisition
of siiABCD, siiE and siiF (Gerlach etal., 2007b, Kiss etal., 2007).
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The SPI-4 genes siiA-F constitute an operon (Gerlach etal, 2007b), where the genes
siiCDF encode the components of a T1SS. SiiC is the pore-forming OMP, SiiD the PAP and
SiiF the inner membrane ABC exporter. The only known substrate is SiiE, a large, non-
fimbrial adhesin (Gerlach etal., 2007d; Morgan etal., 2007; Griess| etal., 2013; Peters
etal., 2017). In addition to the function of the T35S-1, the secretion of SiiE is essential
for the invasion of polarized intestinal epithelial cells. During the first steps of invasion
it is temporarily located on the bacterial surface and probably establishes initial contact
with the microvilli of the apical membrane (Gerlach etal., 2008). SiiE binds to host cells
in a lectinlike manner using Nacetylglucosamin and a2,3linked sialic acid-containing
structures as ligands (Wagner etal., 2014). Its activity is important for maximal bacterial
entry into polarized cells as it enables clusters of Salmonella that are close to the site of
invasion to be pulled into the membrane ruffle (Lorkowski etal., 2014).

Fattinger etal (2020) showed that the invasion of absorptive epithelial cells in the
mouse gut takes place by discreet-invasion. This process is facilitated by the adhesion of
Salmonella via SiiE and results in invasion of mainly epithelial cell neighbouring goblet-
cells.

There are also two accessory proteins encoded by siiAB which form a proton-conducting
channel in the IM and seem to play a crucial role in the regulation of SiiE secretion and
retention (Wille etal., 2014). Deletion of siiA and /or siiB results in decreased virulence
of mutants in the oral infection in the mouse model (Kiss etal., 2007) as well as in the
MDCK infection model (Wille et al., 2014).

Regulation of SPI-4 expression

The expression of SPI-4 is regulated by a promoter region upstream of siiA. Within the
promoter region, a jump-start region was identified containing an operon polarity
suppressor (ops) element (Morgan etal., 2004). Ops elements are rare sequence motifs
found in the promoter regions of large operons (Nieto etal., 1996; Bailey etal., 1997).
These elements can be bound by the antiterminator protein RfaH, which stabilizes the
elongation of long transcripts. Accordingly, the deletion of rfaH or the mutation of the
ops element in the case of SPI-4 had only a minor effect on the expression of sii4, but a
significant effect on the distal siiE. In contrast, no influence of RfaH on the expression of
siiF could be detected (Gerlach etal., 2007¢, Main-Hester etal., 2008). This observation
supported the assumption that the expression of SPI-4 results in a long transcript (siiA-F)
and a short transcriptional unit of siiF (Main-Hester et al., 2008). However, recent results
from RNA deep sequencing experiments did not provide any indication of a further
transcriptional start within the SPI-4 (Ramachandran etal., 2012).
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The firstindications for a co-regulation of the SPI-4 and SPI-1 were provided by the results
of Ahmer et al. (1999), who showed that the SPI-4 is regulated by the transcription factors
HilA and SirA analogous to SPI-1. Further work demonstrated that the deletion of sirA
leads to a significant reduction of SiiE secretion and SPI-4 mediated adhesion to polarized
epithelial cells (Gerlach etal., 2007c). With respect to the regulation of SPI-4 by HilA,
a HilA-box could be identified within the siiE locus and downstream of siiA above the SPI-4
promoter region (De Keersmaecker etal., 2005, Thijs etal., 2007). The binding of HilA
within the SPI-4 probably counteracts silencing by the nucleotide-associated protein HNS
(Main-Hester etal., 2008). It is known that HNS binds to the ATrich sequences typical
for horizontally acquired DNA which results in transcriptional silencing (Navarre etal.,
2006, Lucchini etal., 2006). Furthermore, Saini etal. (2010) recently demonstrated that
the SPI-1 encoded transcription factor SprB can bind directly to the SPI-4 promoter (P,;,)
and induce SPI-4 gene expression. In their proposed model HilA activates the expression
of SprB. SprB in turn not only induces the expression of SPI-4, but also acts as a weak
repressor of SPI-1 gene expression and establishes the molecular link between SPI-1 and
SPI-4 gene expression (Saini etal., 2010).

Figure 11.5 Regulation of SPI-4 HilA is the key regulator of SPI-1 and SPI-4. Its activity is mainly regulated at the transcrip-
tional level depending on a complex network of transcription factors and two component systems in response to certain
environmental cues. The blue arrows show the induction of gene expression, whereas the black lines with a bar at the
end indicate repression of transcription. Figure was modified according to Ellermeier etal., 2007; Main-Hester etal., 2008;
Saini etal., 2010.
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I1.6.2. Structure of SiiE

SiiE is a very large, non-fimbrial adhesin necessary for the adhesion of Salmonella to
polarized epithelial cells. It has a molecular weight of 595 kDa and is the largest protein
of the entire S. Typhimurium proteome. The structure of SiiE is highly repetitive and
consists mainly of 53 bacterial imunglobulin-like (Blg) domains. Each Blg domain
consists of about 100 amino acids (aa). The C-terminal Blg domain 53 is surrounded by
two sequence segments comprising about 50 aa (Figure 11.6). The crystal structure of
a SiiE fragment spanning Blg domains 50-52 shows two SiiE-specific Ca?* binding sites
(Figure 11.7). Due to homologies to other parts of the SiiE sequence it can be assumed
that SiiE can interact in full length with more than 100 Ca?* ions (GrieRl etal, 2013).
According to the classical characteristics of a type I-secreted protein, the secretion signal
could be localized in the second sequence segment at the C-terminus of SiiE (Gerlach etal,
2007c; Wagner etal, 2011). The N-terminus, however, is formed by a coiled-coil region
with eight heptad repeats flanked by B-sheet structures. The function of the N-terminal
region is associated with the retention and release of the adhesin on the bacterial surface
(Wagner etal, 2011). Ultrastructural analyses using electron microscopy showed that
SiiE is a linear filamentous molecule with a length of about 200 nm. The extreme length
is most likely due to the fact that SiiE must reach through the lipopolysaccharide (LPS)
layer. This could enable binding to a specific receptor on the host cell surface (Gerlach
etal, 2008).

Figure 11.6 Schematic representation of the domain structure of SiiE. SiiE is highly repetitive and consists mainly of
53 bacterial imunglobulin-like (Blg) domains. The N-terminus consists of a coiled-coil region with eight heptad repeats
flanked by B-sheet structures. The C-terminus contains undefined structural elements, like the insertion between Blg52
and Blg53. Figure modified after Wagner etal. (2011)
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Figure I1.7 Crystal structure of the Blg Domains 50-52 of SiiE (A) Ribbon model of the crystal structure, Blg50 in red, Blg51
in yellow and BIg52 in blue. Calcium ions are shown as green spheres. (B) The topology plot shows the connections be-
tween the B-sheets (arrows), preserved aspartates are highlighted in red. Source: GrieRl etal., 2013

Motility and Chemotaxis as virulence factors

Motility in combination with the ability to react upon chemical gradients (Figure 11.8),
chemotaxis for short, is one of the evolutionary oldest abilities of bacteria. Chemotaxis
enables bacteria to find new nutrient sources as well as to avoid detrimental chemicals
such as toxic metal ions. Bacteria have a broad spectrum of different specialized proteins
localized in the inner membrane, so called methyl-accepting chemotaxis proteins
(MCPs) that are able to sense certain molecules. After sensing the reaction is triggered
via a phosphorylation cascade (phosphorelay). CheA gets phosphorylated and in turn
phosphorylates the response regulator CheY. Phosphorylated CheV interacts with the
flagellar switch protein FIiM which leads to the clockwise (CW) rotation (default state)
of the flagellum and therefore to tumbling of the bacterium. Upon dephosphorylation
of CheY through CheZ the flagellar rotation is switched to counterclockwise (CCW) and
results in a smooth swimming phenotype. This enables the bacteria to move in the
direction of nutrients (attractants) and away from harmful chemicals (repellants).
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Chemotactically active bacteria are propelled by the rotation of flagella. Flagella are long
helical structures consisting of hundreds of subunits of flagellin (FIiC) and are anchored
in the bacterial cell membrane via a rotor-stator complex. There are also Salmonella
enterica subspecies (I, I, Illb and VI) that have two genes encoding for flagellin, namely
fliC and fljB, respectively (Liu etal., 2017). A schematic structure is shown in Figure I1.9.
A flagellum consists of three main parts: the basal body, the hook and the filament.
The basal body comprises of a rotary motor and a protein export apparatus which
translocates flagellar components. It consists of the rod and three coaxially mounted
rings (MS, P and L ring). The MS ring is located in the inner membrane whereas the P and
L rings are embedded in the peptidoglycan layer and outer membrane, respectively. The
rod is composed of the proximal (FIgBCF) and the distal rod (FIgG) and spans the entire
periplasmic space (Terashima etal., 2008). The so called Cring is localized on the MS ring
facing the cytoplasm. It is composed mostly of FliM and FIiN which form, together with
FliG, the switch complex. The export apparatus is located inside the MS ring structure
and is composed of six integral TM proteins (FIhAB and FIiOPQR) (Terashima et al., 2008).
The hook functions as universal joint and the filament as propeller (Duan etal., 2011).

Figure 11.8 Scheme of chemotaxis in E. coli Upon sensing certain chemicals e.g. amino acids by a MCP, CheA gets phos-
phorylated and in turn phosphorylates the response regulator CheY. CheY interacts with the flagellar switch protein
FliM which leads to the clockwise (CW) rotation of the flagellum and therefore to tumbling of the bacterium. When CheY
gets dephosphorylated by CheZ or is missing, the flagellar rotation is switched to counterclockwise (CCW) and leads to a
smooth swimming phenotype.

The rotation of the flagella is powered by the proton motive force (PMF). The stator of
the flagellum consisting of MotA and MotB anchors the complex in the peptidoglycan
layer and forms a protonconducting channel through the inner membrane (Zhu etal.,
2013). MotA consists of 4 TM domains, where domains TM1 and 2 as well as TM3 and
4 are connected in the periplasm by two short loops. MotA also has two relatively large
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cytoplasmic domains, one between TM2 and 3 and one behind TM4. Certain amino acids
of the cytoplasmic loop between TM2 and 3 interact via electrostatic interactions with
the C-terminal motility domain of FliG in the rotor, which is crucial for flagella rotation.
MotB consists of a short N-terminal domain in the cytoplasm, a TM domain and a large
periplasmic domain. There is also a peptidoglycan binding motif, which is why MotB
serves as an anchor for the MotA,B, complex (Kojima and Blair, 2004). The proton
channel is formed by the TM domain of MotB and TM3 and 4 of MotA (Braun etal, 2004).

Flagella are also involved in surface sensing and therefore in the transition from the
planktonic lifestyle to biofilm formation. It is believed that bacteria recognize surfaces by
mechanosensation which leads to different cellular processes including the expression
of adhesive structures. The downstream signaling is mediated by the second messenger
c-di-GMP (O’Toole and Wong, 2016; Hughes and Berg, 2017).

An additional function of the flagella is the adhesion of the bacteria to host cells during
the initial phase of infection (summarized in Rossez etal., 2015), which makes them an
important virulence factor. Reversible binding to host involves also additional factors
such as Fim fimbriae while irreversible docking is achieved by binding through the T355-1
(Misselwitz etal., 2010). The tight functional interaction between flagella and the T355-1
is reflected in a coregulation of gene expression via the RtsAB transcriptional factors
(Ellermeier and Slauch, 2007).

Figure 1.9 Schematic structure of the flagellum of E. coli K12. Shown are the filament and the rotor stator complex with
accessory proteins, such as MotAB, and regulators (FIgM, FIhCD...). The figure was modified after the KEGG database.
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Homology between MotAB and SiiAB

The MotAB complex forms the stator of the bacterial flagellum. It is a heterohexameric
complex with a MotA,B, stoichiometry that forms a protonconducting channel through
the inner membrane (Zhu etal., 2013; Takekawa etal., 2016). PMF-driven proton flux
through the channel powers the flagellar rotation.

Up to a dozen stator complexes are associated with one motor complex (Terashima
etal., 2017; Baker and O’Toole, 2017). There are fluctuations in torque depending on
the number of MotAB complexes leading to different rotational speeds of the flagellum
(Baker and O’Toole, 2017). The number of stator complexes depends on many external
factors e.g. the viscosities of the environment and therefore different loads the flagellum
is exposed to (Lele etal., 2013; Tipping etal., 2013).

As described in section 1.7 MotA and MotB are located in the IM with several TM domains
per molecule.

For MotB, a TM domain, a periplasmic C-terminus and a cytoplasmic N-terminus were
predicted and the same holds true for SiiA. SiiB on the other hand shows similarities
to MotA. Here three TM domains were predicted, which are connected by short links in
both, cytoplasm (TM1 and TM2) and periplasm (TM2 and TM3). A special feature of SiiB
is a relatively long C-terminus in the cytoplasm. SiiA has a highly conserved aspartate
at position 13 which corresponds to a similarly conserved Asp at MotB position 32 (Wille
etal, 2014). This conserved Asp is crucial for proton conduction of MotAB and other
proton channel complexes. In MotAB protonation and deprotonation of Asp32 leads to
conformational changes in the cytoplasmic region of MotA that interacts with FliG and
is decisive for the rotation of the flagellum (Berg, 2003). A similar function for the SiiAB
complex was shown by inactivation of SiiAB function in a SiiA[D13N] mutant (Wille etal.,
2014). The putative membrane topology of the SiiAB proton channel based on homology
to the MotAB complex is shown in Figure I1.10.

The question that arises from the possible function of SiiAB as a proton channel is the
type of activation. MotAB, for example, is only activated by assembly with the motor
complex. A domain of MotB is serving as a plug to prevent premature leaking of protons
through the channel. This plug is located in the periplasm just C-terminal from the
MotB TM. Deletion of this domain leads to a massive proton flux and acidification of
the cytoplasm which finally arrests cell growth (Hosking etal, 2006). In Salmonella it
could be shown that the proton-conductivity of a MotAB complex not incorporated in
the motor is two orders of magnitude lower than that of an incorporated and activated
channel (Morimoto etal., 2010).
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Figure 11.10 A) Possible SiiAB complex formed in the inner membrane (IM) B) Depiction of the putative SiiAB proton channel
complex. mod. from Wille etal., 2014
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Methyl-accepting Chemotaxis Proteins

Methyl-accepting chemotaxis proteins (MCPs) are receptors that allow bacteria to
react to the presence and absence of different chemicals via phosphorylation or
dephosphorylation. They are stable homodimers and consist of four domains. Certain
substances can bind to the periplasmic binding domain making it unique for each MCP.
The transmembrane domain consists of two helices and spans the IM. Furthermore, there
are one or more HAMP (histidine kinases, adenylyl cyclases, methyl-binding proteins
and phosphatases) domains and a highly conserved cytosolic C-terminal domain that
interacts with the subsequent signal transduction cascade (Falke and Hazelbauer, 2001).
Figure 11.11 schematically shows the structure of an MCP dimer. Upon ligand binding at
the periplasmic ligand binding domain these helices are shifted in a piston-like motion to
transmit the signal across the IM to the cytoplasmic helices and therefore to the HAMP
domain. All these events necessary for signaling are based on asymmetric interactions/
motions (Park etal., 2011). The HAMP domain connects the output methylation helices
that comprise part of the receptor kinase control module (Parkinson, 2010). Through
the piston-like displacement of the HAMP domain the signal is passed on to the kinase
interaction domain and the phosphorylation of the signaling cascade proteins leads to
clockwise (CW) or counterclockwise (CCW) rotation of the flagellum.

MCPs are coupled to the histidine autokinase CheA via the scaffold protein CheW. There
are two conformations of these signaling complexes, the “kinase-on” and “kinase-off”
states that are in equilibrium. Motor response is elicited by shifting this equilibrium to
one of the two states due to chemical stimuli. A higher attractant concentration provides
for more complexes in the “kinase-off” state whereas a higher repellent concentration
shifts receptors to the “kinase-on” conformation. This regulates the flux of CheA
phosphoryl groups to the response regulators CheY and CheB. Phospho-CheY binds to the
flagellar switch protein FliM, enhancing the probability of CW rotation, which leads to the
tumbling of the bacterium (Welch etal., 1993; Toker et al., 1997). The adaptation system
records chemical conditions by reversible receptor methylation at four to six glutamyl
residues in the adaptation domain. Here phospho-CheB deaminates glutamates whereas
CheR methylates them. So in the “kinase-off” conformation chemoreceptors have
high attractant affinity and low demethylation propensity (Sourjik et al., 2002; Sourjik
etal., 2004).

In Salmonella there are seven MCPs known (Table I1.2) which contribute to its virulence
by helping finding favorable niches.
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Figure 11.11 structure of a methyl-accepting chemotaxis protein consisting of two monomers (red, green). Methylation
takes place at the adaptation domain after converting of the sensed signal via conformational changes of the HAMP

domain. Modified after Falke and Hazelbauer, 2001

Table 1.2 Methyl-accepting chemotaxis proteins of Salmonella

mcp
Aer
Tsr
Trg

CheM

Tep
McpB
McpC

stimulus
redox potential
nitrate, serine

glucose, galactose, ribose
aspartate

citrate, phenol
L-cysteine

L-cysteine

source/reference
Bibikov et al., 2004
Rivera-Chdvez etal., 2016
Kondoh etal., 1979

Blat etal., 1995

Kolodziej etal., 1996
Yamamoto etal., 1993
Lazova etal., 2012
Lazova etal., 2012
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11.10. Aims of the work

The major objective of this work was to unravel the molecular mechanism of how
the giant nonfimbrial adhesin SiiE is secreted or retained on the bacterial cell surface
by the T1SS encoded on SPI-4. Previous work suggested the involvement of the two
accessory proteins SiiA and SiiB in this process, which are believed to form a proton-
conducting channel. We wanted to proof this hypothesis experimentally and understand
the functional link to the T1SS-4 and SiiE. The current working model is shown in
Figure 11.12. The activation of the SiiAB proton channel and the resulting ion flux leads
to conformational changes of SiiF, SiiD and / or SiiC, causing the retention of SiiE.
A question arising from this hypothesis is how the activity of SiiAB is controlled.

The receptor responsible for the reaction of Salmonella to aspartate, ChelM, was identified
as a potential interaction partner of SiiAB in an immunoprecipitation experiment
followed by mass spectrometry analysis. The interaction of CheM with the components
of the T15S-4 as well as the possible role as signal generator for the activity of SiiAB and
therefore the retention of SiiE should be tested in the course of this work.
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Figure 11.12 Working model Secretion and retention of SiiE through the T1SS4. Upon activation of the SiiAB proton channel
due to an unknown signal there is an influx of ions which lead to conformational changes of SiiF, SiiD and 7 or SiiC result-
ing in the retention of SiiE.
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High-Throughput Quantification of
Bacterial-Cell Interactions Using
Virtual Colony Counts

Stefanie Hoffmann'#, Steffi Walter'*, Anne-Kathrin Blume?2, Stephan Fuchs?,
Christiane Schmidt’, Annemarie Scholz'* and Roman G. Gerlach ™

" Project Group 5, Robert Koch Institute, Wernigerode, Germany, ? Department of Bioorganic Chemistry, Leibniz Institute of
Plant Biochemistry, Halle, Germany, ° Division 13: Nosocomial Pathogens and Antibiotic Resistances, Robert Koch Institute,
Wernigerode, Germany

The quantification of bacteria in cell culture infection models is of paramount importance
for the characterization of host-pathogen interactions and pathogenicity factors involved.
The standard to enumerate bacteria in these assays is plating of a dilution series on
solid agar and counting of the resulting colony forming units (CFU). In contrast, the
virtual colony count (VCC) method is a high-throughput compatible alternative with
minimized manual input. Based on the recording of quantitative growth kinetics, VCC
relates the time to reach a given absorbance threshold to the initial cell count using
a series of calibration curves. Here, we adapted the VCC method using the model
organism Salmonella enterica sv. Typhimurium (S. Typhimurium) in combination with
established cell culture-based infection models. For HelLa infections, a direct side-by-side
comparison showed a good correlation of VCC with CFU counting after plating. For
MDCK cells and RAW macrophages we found that VCC reproduced the expected
phenotypes of different S. Typhimurium mutants. Furthermore, we demonstrated the
use of VCC to test the inhibition of Salmonella invasion by the probiotic E. coli strain
Nissle 1917. Taken together, VCC provides a flexible, label-free, automation-compatible
methodology to quantify bacteria in in vitro infection assays.

Keywords: Salmonella, invasion, adhesion, intracellular replication, gentamicin protection assay, virtual colony
count, bacterial quantification, cell culture infection model

INTRODUCTION

The ability of pathogenic bacteria to interact with eukaryotic cells depends on a complex interplay
of bacteria- and host-derived factors. At the bacterial side the presence of virulence factors such as
adhesins and secretion systems significantly contributes to this interaction (Gerlach and Hensel,
2007a). Cell culture based infection models have been used with great success to identify and
characterize virulence factors important for the interaction with defined cell types. As a main
readout these analyses rely on the enumeration of bacteria bound to or internalized within
these cells. The gold standard to quantify bacteria in these assays is still plating of a dilution
series on solid agar and counting of the resulting colony forming units (CFU). This method is
laborious and inherits many manual steps making it hard to establish a standardized or automated
procedure required for high-throughput analyses. Therefore, alternative methods based on
radioactive, fluorescence, luminescence, or chromogenic labeling of bacteria have been developed
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(Acord et al., 2005; Vesterlund et al., 2005; Martens-Habbena
and Sass, 2006). Labeling is achieved through either genetic
modification or preparatory staining of the bacteria. Depending
on the bacterial species or strain such manipulations or
processing steps might not be possible or could exert
unpredictable effects on cell physiology. Furthermore, specialized
and sensitive detection equipment is required.

As a label-free alternative to CFU counting a method called
“Virtual Colony Count” (VCC) has been developed (Brewster,
2003). The principle of VCC shows many similarities to
quantitative polymerase chain reaction (QPCR). While in gPCR
assays the increase in fluorescence intensity is monitored over
time, VCC monitors quantitative growth kinetics based on
absorbance measurements. Instead of cycles required to meet
a certain fluorescence threshold (C;) in qPCR, VCC relies on
the time to reach a given absorbance threshold (T;). Correlation
of Ty to the initial cell count is achieved with the help of
a series of calibration curves (Brewster, 2003). So far, use of
VCC was limited to enumerate cells in pure bacterial cultures,
e.g., to quantify the bactericidal effect of antimicrobial peptides
(Ericksen et al., 2005; Xie et al., 2005; Zou et al., 2008; Rajabi et al.,
2012; Zhao et al., 2012; Pazgier et al., 2013), but was not applied
to infection models.

Pathogenicity of Salmonella enterica serovar Typhimurium
(S. Typhimurium) has been characterized in detail with the
help of cell culture-based infection models. In conjunction
with animal models it could be demonstrated that virulence
of S. Typhimurium is largely determined by a set of genes
encoded on genomic loci called Salmonella pathogenicity
islands (SPI) (Gerlach and Hensel, 2007b). The type three
secretion systems (T3SS) encoded by SPI-1 and SPI-2 (T3SS-
1/2) are inter alia required for trigger-like invasion of non-
phagocytic cells and intracellular survival and replication,
respectively (Fabrega and Vila, 2013). For invasive pathogens
such as S. Typhimurium, the gentamicin protection assay is
an established in vitro methodology to distinguish intracellular
from extracellular bacterial cells. While the latter ones are killed
by antibiotic treatment, intracellular organisms are protected
and survive. After subsequent lysis of host cells, bacteria
are quantified to determine the invasiveness or their ability
for intracellular replication (Devenish and Schiemann, 1981).
Here we demonstrate a workflow, including automated data
analysis, to apply VCC for bacterial quantification in gentamicin
protection assays using three different Salmonella infection
models.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions

All bacterial strains used are listed in Table 1. Salmonella mutants
are all isogenic to the wild-type strain S. Typhimurium NCTC
12023. Bacteria were grown aerated overnight (O/N) at 37°C
in LB medium without or with the addition of 50 jLg ml™!
kanamycin, where appropriate. For calibration curves, bacterial
cultures were inoculated 1:100 in fresh LB and continued to
grow aerated in a roller drum (TC-7, New Brunswick, Edison,
NJ, USA) for 2h 30 min at 37°C until an ODgyg of 1.4-1.8 was

TABLE 1 | Bacterial strains used in this study.

Relevant Source or reference

characteristic(s)

Strain

S. enterica serovar Typhimurium strains

NCTC12023 Wild type (WT) NCTC, Colindale, UK
MvP818 invC FRT (T3SS-17) Gerlach et al., 2008
WRG226 sseJ::8xFlag FRT, ssaV Lab collection
FRT (T3SS-27)
WRG238 SiiFggo7q (Walker B Lab collection
mutant, SPI-47)
WRG300 malYX::Pgyp7 |-Scel Lab collection
aph, Kan"
E. coli strain
EcNissle Nissle 1917 wild-type Bérbel Stecher, Munich

strain

reached. For invasion assays (HeLa, MDCK), bacterial cultures
were inoculated 1:31 in fresh LB and continued to grow aerated
in a roller drum for 3 h 30 min at 37°C.

Cell Culture

MDCK cells were cultured in MEM medium (Biowest, Nuaillé,
France) supplemented with 10% FCS, 2 mM Glutamax (Thermo,
Karlsruhe, Germany), non-essential amino acids (Biowest),
100 U ml~! penicillin and 100 jug ml~! streptomycin (Biowest).
For invasion assays, cells were seeded at a density of 8 x 10%
per well in 96-well plates (Cellstar #655180, Greiner Bio-One,
Germany) using the four inner rows. Cells were allowed to
differentiate for 10-11 days. The growth medium was replaced by
fresh medium every other day and was changed at least 4 h before
infection after one washing step with PBS to complete cell culture
medium without antibiotics. HeLa and RAW264.7 cells (LGC
Standards, Wesel, Germany) were cultured in DMEM medium
(high glucose, stable glutamine, sodium pyruvate) (Biowest)
supplemented with 10% FCS. HeLa and RAW264.7 were seeded
in 96-well plates (Greiner Bio-One) 24 h before infection using
the four inner rows at a density of 6 x 103 per well or 5 x 10*
per well, respectively. All cell lines were kept under a humidified
atmosphere of 5% CO; at 37°C.

Infection and Virtual Colony Count (VCC)

Assay

Overnight (RAW264.7) or sub-cultured (HeLa, MDCK) bacteria
were adjusted to an ODggp of 0.2 (~2 x 108 CFU ml™!) in
sterile PBS. Bacteria were then diluted in complete cell culture
medium without antibiotics to get the desired MOI and cells
were infected with 100 pl of bacterial suspension per well.
Infection was allowed for 25min (MDCK, HeLa) or 60 min
(RAW264.7) at 37°C. Non-adherent bacteria were removed by
one washing step with pre-warmed PBS and cells were further
incubated for 1 h with complete cell culture medium containing
100 g ml™! gentamicin to kill non-invaded, extracellular
bacteria. For infection of RAW264.7 cells two plates were infected
in parallel and cell culture medium containing 10 g ml~}
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gentamicin was used for the remainder of the experiment. After
the indicated incubation period host cells were washed twice with
PBS and lysed by the addition of 100 1 pre-warmed lysis buffer
containing 2.0% (v/v) Elugent (#324707, Merck, Darmstadt,
Germany), 0.0625% (v/v) Antifoam B emulsion (#A5757, Sigma-
Aldrich, Steinheim, Germany) in PBS for 30 min shaking at 37°C.
VCC was used to quantify intracellular bacteria. After complete
lysis the four outer rows of the 96-well plate were filled with 100
wl per well of the inoculi, 10-fold diluted in lysis buffer. Microbial
growth was initiated with the addition of 100 pl pre-warmed,
2-fold concentrated BHI medium to each well. The microtiter
plate was incubated with lid under constant shaking at 37°C
in a microplate reader (Infinite M1000, Tecan, Grodig, Austria)
and absorbance at 600 nm was measured every 5min. In case
of HeLa infections additional serial dilutions of the lysates and
inoculi were made in PBS and spot-plated on LB agar for CFU
enumeration.

Data Analysis

The complete analysis pipeline was implemented in the statistical
programming language “R” (R Core Team, 2017). A 5-parameter
log-logistic fit (formula 1) implemented in the “R” package “drc”
(Ritz et al., 2015) was applied to an analysis window of the raw
data which range was defined by a fixed first data point and the
position of the maximum slope or of the first local maximum
minus a predefined fixed number of data points.

d—c

=c+ —
ry=« (1 + eb*(xfe))f

1

Subsequently, T; was defined as intersection point between the
fitted 5-parameter log-logistic function and a line following this
formula:

y=002+c 2)

Here, ¢ represents the lower asymptote of the fitted log-
logistic function. We provide two “R” scripts (Supplementary
Data) including sample data files which share the methodology
to determine T; from growth curves and allow for further
correlation to log(CFU) on the basis of calibration curves or
calculation of VCC and invasion rates, respectively. Alternatively,
the R package “chipPCR” (Rodiger et al., 2015) was used to
analyze the raw data. With “chipPCR” a linear background
function was calculated using the “least” method from a data
window within the lag phase and subsequently subtracted from
the raw data. The normalized growth curves were fit using the
moving average (mova) function. For calculation of the time
to reach the threshold of 0.02, the intersection with a linear
regression of four data points near the threshold was used. Data
was visualized using either the “R” package “ggplot2” (Wickham,
2016) or Prism v7.03 (GraphPad Software, San Diego, CA, USA).

RESULTS

Curve Fit and Calculation of Threshold
Times (Ty)

A challenging aspect of VCC is the determination of the time
to reach a certain absorbance threshold (T¢). Previously, T was
calculated from data normalized by subtracting the first (Ericksen
et al., 2005) or the second (Rajabi et al., 2012; Zhao et al., 2012,
2013) data value from raw data or from a linear fit including five
data points around an absorbance threshold (Brewster, 2003).
In another approach growth curves with significant differences
in the baseline and maximal absorbance were background-
subtracted and similarly scaled based on the detection of their
maximum slope (Brewster, 2003). Our goal was to establish a
more reliable and empiric methodology for automatic calculation
of T; from relatively noisy data originating from host cell debris-
containing samples. For that, robust background detection and
fitting of the individual growth curves is required. We tested
two different curve fitting and normalization methods using the
statistical programming language “R” (R Core Team, 2017).

The first approach is based on the package “chipPCR”
(Rodiger et al., 2015) for “R”. Although “chipPCR” is primarily
designed for the analysis of qPCR data, we utilized it successfully
for the analysis of bacterial growth curves. ChipPCR is capable
of calculating a linear background function from a data window
within the lag phase. For the two example data sets shown in
Figure 1A data points 10-30 were used for this purpose. The
moving average (“mova”) curve fitting method was applied to the
background-subtracted raw data. The threshold times T; were
calculated based on an absorbance threshold of 0.02 which was
previously shown to be optimal for VCC (Ericksen et al., 2005).
For that the intersection points of the absorbance threshold
(Figure 1A, dashed green line) with a linear regression from four
data points (Figure 1A, blue) derived from the “chipPCR” curve
fit and surrounding Aggo = 0.02 were calculated. Subsequently,
T¢ of 10,874 s and 19,243 s (Figure 1A, dotted black lines) were
determined for the exemplary dataset.

For the second approach the “R” package “drc” (Ritz et al,
2015) was used which provides a set of model functions for dose-
response analyses. We decided to use the 5-parameter log-logistic
function included in “drc” because this model has been shown to
fit bacterial growth curves very well (Zwietering et al., 1990) and
was especially robust in background (lag phase) determination
even with noisy data which is essential for exact T; calculation
(data not shown). Unfortunately, we frequently observed low
quality fits in cases were stationary growth phase followed an
inhomogeneous trend. As a consequence, a method for automatic
determination of an analysis window only including the lag-
and the logarithmic growth phases was implemented in our
“R” script. While a fixed number of initial data points can be
excluded to account for noise due to the possible presence of
incompletely solubilized debris or air bubbles at the beginning
of the kinetic, the end of the analysis window is individually
determined for each growth curve. Depending on the analyzed
data two methods can be accessed in the script to define the
last data point to be included in the curve fit: by detecting
(i) the maximum slope or (ii) the first local maximum. After
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FIGURE 1 | Calculation of the time to reach the threshold of AAggg = 0.02 of
two example growth curves using two different curve fitting and normalization
methods. (A) The “R” package “chipPCR” was used to analyze the raw data
(gray squares and triangles). After subtraction of a background function, the
curves were fit using the moving average (mova) function (red lines). To
calculate the time to reach the threshold of 0.02 (dashed green line), the point
of intersection with a linear regression of four data points (blue) near the
threshold was used. Here, threshold times of 10,874 s and 19,243 s (dotted
black lines) were determined. (B) The same raw data sets shown in (A) were fit
to a 5-parameter log-logistic function implemented in the “R” package “drc”
(red lines). The thresholds of AAggg = 0.02 were calculated individually for
each data set (dashed green lines) by adding up 0.02 to the lower asymptotes
(dashed purple lines) of the log-logistic functions. Threshold times of 9,890 s
and 18,534 s were calculated from the intersection points (dotted black lines).
Insets: zoomed views of the data ranges showing the transition to logarithmic
growth.

the curve fit the lower asymptote of the log-logistic function
was used as individual background reference (Figure 1B, dashed
purple lines). Subsequently, an absorbance threshold of AAggo
= 0.02 was set based on these references (Figure 1B, dashed
green lines). Threshold times (T;) were calculated from the
intersection points with the fitted logistic function (Figure 1B,
dashed black lines). Using this method, T of 9,890 s and 18,534 s
were determined for the two exemplary growth curves shown in
Figure 1B, respectively.

The quality of curve fits produced by “chipPCR” was highly
depending on the careful window selection for background
calculation. Although “chipPCR” has the potential for superior
curve fitting results (see Figurel insets) it required manual

adjustments of parameters for each data set. In contrast,
the log-logistic fit based on an analysis window calculated
individually for each growth curve did not require any further
adjustments. After establishing global parameters depending on
the bacterial strain, growth medium and microplate reader used,
we found the log-logistic fitting of growth data to be more
consistent and robust for background estimation of rather noisy
data. Therefore, the log-logistic fitting methodology was used in
all further analyses.

Optimization of Host Cell Lysis

Efficient host cell lysis is of critical importance for the
turbidimetric detection of bacterial growth. In classical
gentamicin protection assays the detergent Triton X-100 is
often used for cell lysis (Small et al., 1987). We observed that
addition of Triton X-100 resulted in clumping of host cells
(data not shown) that would have required further mechanical
treatment (e.g., pipetting). These additional processing steps
should be circumvented as a source of errors and to streamline
batch processing. We found the detergent Elugent, a mixture of
alkyl glycosides and inexpensive substitute for octyl glycoside,
very effective to lyse host cells. With this detergent we were
able to obtain efficient lysis of HeLa and RAW264.7 cells at
concentrations of 0.5% (v/v) whereas for confluent MDCK cell
layers a final concentration of 2.0% (v/v) was required (data
not shown). The addition of the detergent introduced foaming
which heavily interfered with optical detection of bacterial
growth. To prevent foam formation of the lysis buffer the
silicone-based emulsion “Antifoam B” was added. We tested
different concentrations of Antifoam B and Elugent for their
potential inhibition of bacterial growth which should be visible
through a delay of Tt compared to controls. For Antifoam B,
no significant impact on bacterial growth was observed for
1:200 or higher dilutions (Supplementary Figure 1A). Elugent
concentrations of 0.125% (v/v) and above slightly attenuated
bacterial growth (Supplementary Figure 1B). To ensure efficient
lysis of all host cells a buffer containing 2.0% (v/v) Elugent in the
presence of 0.0625% (v/v; 1:1,600 dilution) Antifoam B was used
in all subsequent experiments. A control experiment revealed
no significant difference in CFU counts comparing bacteria
treated with 2% (v/v) Elugent or left untreated (Supplementary
Figure 1C).

Generation of Calibration Curves

VCC requires a set of calibration curves with known amounts of
bacteria for absolute quantification of bacterial numbers. In an
exemplary analysis a ten-fold dilution series was prepared from
logarithmically growing S. Typhimurium in lysis buffer starting
at 107 bacteria per 100 Ll down to 1073 bacteria per 100 Ll
By applying 100 pl to each well, a complete column of a 96-
well plate was used for every dilution step. After addition of
100 pl 2-fold concentrated brain-heart infusion (BHI) broth,
quantitative growth curves were recorded in a temperature-
controlled microplate reader (Supplementary Figure 2A). In
parallel, aliquots of the 10> and 10° dilutions were spotted onto
LB agar plates for CFU counting. We provide a customized
“R” script (“VCC_calibration.R,” Supplementary Data) which
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automates the calculation of T; as described above and
correlation of Ty against the logarithm of CFU counts. Growth
was detected for seven out of eight wells at a concentration of 10
bacteria/well which can be defined as the detection limit of the
method. After excluding the single data point for ~1 bacteria per
well (10°, column 8) from the data set shown in Supplementary
Figure 2A, linear regression could be calculated with a coefficient
of determination (R?) of 0.99612 (Supplementary Figure 2B).
Furthermore, the script output contains a residuals vs. fitted plot
(not shown) and additional graphical representations of T; and
the residual standard error of the non-linear fit (S) in a 96-well
plate layout (Supplementary Figure 2C) as well as graphs of the
log-logistic fit of each growth curve and a summary in text format
(data not shown). Notably, the parameters of the calibration
curves will vary depending on the bacterial strain and the
incubation conditions (medium, microplate reader, temperature,
shaking etc.) used and need to be determined individually.
Moreover, for exact calculation of bacterial numbers in cell
culture infection models the generation of separate calibration
curves in the presence of host cells is required.

Comparative Analysis of Salmonella

Invasion in HelLa Cells

HeLa cells are widely used as a well-characterized infection model
to investigate invasion of Salmonella in non-phagocytic cells.
S. enterica can trigger its own uptake in these cells with the help
of effector proteins translocated by the T3SS encoded on SPI-1
(Cain et al., 2008). Salmonella invasion of HeLa cells was used
to evaluate VCC against CFU counting on solid agar in a direct
side-by-side comparison. Besides wild-type (WT) bacteria the
invasion-deficient S. Typhimurium mutant MvP818, which lacks
the T3SS-1 ATPase InvC, was used in this infection model. For
the two quantification methods two 96-well plates with HeLa cells
were infected in parallel from the same inoculi at a multiplicity
of infection (MOI) of 100. Serial dilutions of the inoculi were
made in PBS and spotted onto LB agar plates for CFU counting.
For VCC the inoculi were diluted 1:10 in lysis buffer, stored at
4°C and warmed to 37°C 10 min before bacterial growth was
initiated with the addition of 2x BHI. After a standard gentamicin
protection assay, lysis buffer was added to liberate intracellular
bacteria from the host cells. In case of VCC, bacterial growth was
started by adding 100 ul of 2x BHI. For CFU counting serial
dilutions of the lysed host cell samples were spotted onto LB
agar plates. To calculate VCC from T; we used two different
calibration curves generated in the absence (inoculi) or in the
presence (intracellular bacteria) of HeLa cells. A customized
“R” script is provided (“VCC_invasion.R,” Supplementary Data)
where the parameters of both calibrations curves can be entered
as variables and which can automate the determination of Ty with
subsequent conversion to VCC and calculation of invasion rates
(normalized to the respective inoculi). In Figure 2A the bacterial
numbers in the inoculum and of intracellular bacteria recovered
1 h after infection are depicted. As expected, the mutant MvP818
is highly attenuated for invasion compared to WT using both
quantification methods. Although both methods yielded very
comparable results in terms of absolute numbers, VCC showed

lower variances for intracellular bacteria. There was an adequate
correlation (R = 0.9821) of both detection methods in four
independent experiments (Figure 2B). A Bland-Altman diagram
of the same data revealed an almost unbiased ~2-fold variation
from the average of both methods (Figure 2C). In conclusion,
our comparative analysis of HeLa infections showed that VCC
and the standard CFU counting produced very similar results.

Infection of Polarized MDCK Cells

For efficient invasion of polarized epithelial cells such as Madin-
Darby Canine Kidney (MDCK) cells, the functional cooperation
of two Salmonella secretion systems is required. The Salmonella
pathogenicity island 4 (SPI-4) encoded giant adhesin SiiE and
cognate type 1 secretion system (T1SS) are needed to mediate
efficient binding to the apical cell side. This intimate bacterial
contact enables subsequent invasion using the T3SS-1 (Gerlach
et al., 2008). MDCK cells were grown as a dense monolayer
and hereinafter infected with S. Typhimurium WT as well as
isogenic mutants deficient for a functional T3SS-1 (MvP818)
or a SPI-4 T1SS (WRG238) at an MOI of 25. In WRG238a
chromosomal point mutation within the Walker B box of the
ABC protein SiiF (E627Q) renders the T1SS non-functional.
While VCC of the inoculi showed equal amounts for all strains,
MvP818 and WRG238 were both attenuated for invasion. As
expected, lower counts of intracellular bacteria were observed for
MvP818 compared to the SPI-4 deficient WRG238 (Figure 3A).
From these data the invasion rate in percent of the inoculum
was calculated for each strain which confirmed our initial
observations (Figure 3B). Although confluent MDCK cell layers
are challenging to lyse our results showed that VCC can be
successfully used for bacterial quantification in infection models
based on polarized cells.

Quantification of Probiotic Activity

We speculated that VCC could be also useful to analyze co-
infection experiments when antibiotic markers are utilized to
differentiate between the individual strains. As a proof of
principle we chose to quantify probiotic activity. The probiotic
E. coli strain Nissle 1917 (EcNisl€) (Grozdanov et al., 2004) was
shown to inhibit Salmonella invasion of INT407 (Altenhoefer
et al., 2004). We wanted to test whether EcNissle can exert its
protective effect also in combination with polarized MDCK cells.
MDCK were pre-incubated for 4h with different amounts of
ENile corresponding to MOIs of 25 to 500. The numbers
of E. coli cells used for this incubation step were confirmed
by VCC (Figure 3C, orange dots). After removing unbound E.
coli, the MDCK cells were infected with a kanamycin-resistant
S. Typhimurium at an MOI of 25 as described above. Host
cells were lysed and growth of intracellular S. Typhimurium was
selectively started with addition of 2x BHI containing 50 pug ml~!
kanamycin. We did not observe growth of EcN!¢ under these
conditions (data not shown). Compared to untreated controls a
significant reduction of intracellular Salmonella was evident with
EcNissle pre-incubation at MOI of 500 (Figure 3D). The observed
dose-dependent probiotic activity of EcN®!¢ demonstrates that
VCC can be used to analyze individual bacterial strains of a
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—101.6 and 89.4%, respectively.

FIGURE 2 | Saimonella invasion of HeLa cells was used to evaluate VCC against CFU counting on solid agar in a direct side-by-side comparison. (A) Bacterial
numbers in the inoculum (magenta) and intracellular bacteria recovered after 1 h of infection (cyan) with wild-type (WT) or a T3SS-1 deficient Salmonella strain
(MvP818) at an MOI of 100 from three independent experiments done in triplicates including means and SD are depicted. Statistical analysis by Student’s ¢-test
demonstrates that mutant MvP818 is highly attenuated compared to WT using both enumeration methods. *P < 0.05 (B) Samples from four independent
experiments enumerated with both methods are shown with SD indicated separately for VCC and CFU counting. The coefficient of determination (/?2) is given for the
correlation of both methods. Dotted black lines indicate the 95% confidence interval of the linear regression (gray line). (C) The data shown in (B) were plotted in a
Bland-Altman diagram. Here, the mean of the corresponding bacterial counts determined with both methods was used as reference (0, gray line). The red dots
represent the relative difference of the CFU counts compared to VCC by calculating 100*(CFU-VCC)/average. The 95% limits of agreement (dashed black lines) are at

mixed population utilizing differences in antibiotic resistance
phenotypes.

Intracellular Replication in Macrophages

Intracellular survival and replication are key virulence
capabilities of S. Typhimurium which can be assessed in vitro
using RAW264.7 macrophages (Govoni et al., 1999). RAW264.7
cells were infected with S. Typhimurium WT and the isogenic
mutant strain WRG226 which harbors a non-functional T3SS-2
as a negative control. Effectors of the T3SS-2 are essential for
intracellular survival and replication of Salmonella (Hensel
et al., 1998; Figueira and Holden, 2012). Two 96-well plates
were infected in parallel with both strains using the MOIs as
indicated in Figure 4. Bacteria in the inoculum and intracellular
bacteria after 2h of infection were determined by VCC using

the first plate. The second plate was used for quantification
of intracellular bacteria after 24 h of infection (Figure 4A). As
intended, an increasing amount of bacteria in the inoculum
could be detected with the increase in MOI. After 2 h the amount
of intracellular bacteria increased with the MOI for WRG226
whereas uptake of WT bacteria reached a plateau with MOI of
15. After 24 h of infection, an increase of intracellular bacteria
could be observed in case of WT where the maximum total
amount was reached with an MOI of 5. In contrast, the T3SS-2
deficient strain WRG226 showed no increase in intracellular
bacteria after 24h (Figure 4A). By normalizing the 24h time
points with the 2h values, the replication capability of the
strains could be evaluated. WT bacteria exhibited a ~35-fold
replication at a MOI of 1 which decreased to ~3-fold at a MOI
of 25 (Figure 4B). In agreement with the pivotal role of T3SS-2
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FIGURE 3 | Quantification of invasion of polarized MDCK cells with VCC. (A) Bacterial numbers in the inoculum (magenta) and intracellular bacteria recovered from
MDCK infected with the indicated Salmonella strains at an MOI of 25 1 h post-infection (p.i.) (cyan) from three independent experiments done in 4-fold replicates are
depicted. (B) From the data shown in (A) the invasion rates of the strains were calculated. Both mutants showed a significantly reduced invasiveness compared to the
WT. (C) Cells were incubated for 4 h before infection using different MOls of the probiotic £. coli strain Nissle 1917 (EcNiSSI®) as indicated. The amounts of EcNissle
cells were determined for each MOI using VCC (orange dots). MDCK were subsequently infected with a kanamycin resistant S. Typhimurium WT strain (STM) at an
MOl of 25 (magenta) as described in (A). Intracellular Salmonella (cyan) were significantly reduced when cells were pre-incubated with ECNISSI® at an MOI of 500.
Means and standard deviations from one representative out of three similar experiments done in 4-fold replicates (dots) are depicted. (D) The relative invasion rates of
STM depending on the MOI of EcNissI® normalized to controls without EcNSSIe (STM), were calculated from data of three independent biological replicates. Statistical
analysis by Student'’s t-test was done by comparing to WT or individual strains as depicted: ***P < 0.001 **P < 0.01; *P < 0.05.

for intracellular replication in macrophages (Hensel et al., 1998),
WRG226 showed no net increase of bacterial cells after 24 h
(Figure 4B).

DISCUSSION

We could establish VCC as a robust method for bacterial
enumeration in three different cell culture infection models
using the bacterial pathogen S. Typhimurium. A hallmark of
Salmonella virulence is its ability for trigger-like invasion of
non-phagocytic cells through T3SS-1 activity. Although T3SS-1
independent, zipper-like invasion mechanisms are described for
S. enterica (Rosselin et al., 2011), its pivotal role is exemplified
by highly reduced numbers of intracellular bacteria in vitro

with non-functional T3SS-1 (Finlay et al, 1988; Galdn and
Curtiss, 1989). We reproduced this expected phenotype in HeLa
and MDCK cells using VCC where a T3SS-1 deficient strain
showed ~100-fold reduced invasion rates compared to WT
controls. Efficient adhesion of S. Typhimurium to MDCK and
other polarized cells is mediated by the SPI-4 encoded giant
adhesin SiiE (Gerlach et al., 2007). As a consequence, invasion
through T3SS-1 in these host cells is highly attenuated for SPI-4
deficient strains (Gerlach et al., 2008). In this regard our VCC
data showed ~30-fold less SPI-4 negative bacteria compared
to WT controls. A functional T3SS-2, however, is required to
establish a replicative niche for intracellular Salmonella (Hensel
et al, 1998; Fabrega and Vila, 2013). Its crucial role was
reproduced with VCC in RAW264.7 macrophage-like cells where
the T3SS-2 mutant showed almost no net replication after 24 h
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FIGURE 4 | Replication of Salmonella within RAW264.7 macrophages.

(A) Two 96-well plates with RAW 264.7 macrophages were infected in parallel
with the strains and MOls as indicated. In the first plate, bacteria in the
inoculum (magenta) and intracellular bacteria after 2 h post-infection (p.i.)
(cyan) were determined by VCC. The second plate was used for enumeration
of intracellular bacteria after 24 h of infection (red). Means and standard
deviations from one representative out of three similar experiments done in
4-fold replicates (dots) are depicted. (B) From the data of three independent
biological replicates the fold replication of the strains were calculated. The
maximum capacity of intracellular WT bacteria to replicate is reached after 24 h
with an MOI of 1. The T3SS-2 deficient strain WRG226 showed no net
replication (dashed gray line).

of infection. These results are in good agreement with data from
J774.1 macrophages using CFU counting (Hensel et al., 1998).
Interestingly, the maximum uptake of WT bacteria was reached
after 2h at an MOI of 15. After 24h the maximal number of
intracellular bacteria was already reached with an MOI of 5.
These results likely illustrate the limits of RAW264.7 cells in their
capacity to take up and to support growth of intracellular bacteria
under these experimental conditions.

In a further approach we tested the suitability of VCC
to analyze co-infection experiments with an antibiotic marker
to differentiate between probiotic EcNSS€ and Salmonella.
Supplementation of the growth medium with kanamycin allowed
for selective growth of S. Typhimurium while no replication of
EcNissle was observed. Although only one bacterial strain can be
quantified by VCC from one well, analysis of several replicate
wells with the addition of strain-specific antibiotics would allow
for high throughput competitive index assays (Segura et al,
2004).

Label free detection methods, such as thermography
(Salaimeh et al., 2011) rely solely on bacterial growth. Here, the

logarithmic signal amplification enables high sensitivity together
with a huge detection range. In case of VCC we could quantify
bacteria over six orders of magnitude with a detection limit of
about 10 S. Typhimurium cells per well. In a direct comparison
between CFU counting and VCC, bacterial numbers were within
a 2-fold difference from the mean of both methods. Although
this is a good correlation, it is known that quantification via
CFU on agar plates has a certain inaccuracy (Naghili et al., 2013)
In that light it is not optimal that VCC calibration curves are
correlated to actual “colony counts” using CFU counting.

With optimized protocols classical CFU counting can be
scaled up to medium-high throughput by doing serial dilutions
in 96-well plates and multichannel pipetting on solid agar (Steele-
Mortimer, 2008). With VCC similar or higher throughput is
possible with the advantage that no dilution steps are required
and data collection and analysis can be easily automated
requiring only absorbance detection equipment and a freely
available open source software. Given the benefits of VCC over
CFU counting also some limitations of the technique should be
considered. First, on agar plates differences in growth rates have
an impact on colony size, but not on actual counts. However, the
same differences very strongly affect the duration of the lag phase
thereby leading to incorrect VCCs. Mutations or environmental
changes (e.g., from intracellular to extracellular) might result in
altered growth rates of bacteria. Based on these observations it
is of utmost importance, that growth rates of test strains are
comparable to those used in calibration curves. If this cannot be
guaranteed separate calibration curves need to be recorded for
the strains in question. Second, alterations in bacterial physiology
with impact on absorbance measurements (e.g., apparent or real
cell size, light scattering or biofilm formation) will interfere
with VCC. These problems might not be easy to address but
optimizations should include review of growth conditions (e.g.,
shaking speed, plate material) and careful correlation of T; to
log(CFU) in calibration curves.

The reliable, reproducible and batch-processing compatible
calculation of T; from raw absorbance data had to be established
before VCC could be applied in infection models. This was
especially challenging because initially incomplete lysis of host
cells followed by the occurrence of debris results in relatively
noisy raw data. Improved host cell lysis and homogenization
might be achieved with alternative well geometries (Funke
et al., 2009). However, to our knowledge no cell culture treated
microtiter plates with other than round wells are available. As a
solution we established a workflow based on a curve fit to the
log-logistic distribution which is a robust and proven model of
microbial growth (Zwietering et al., 1990) and enables largely
automatic calculation of T from raw absorbance data using our
customized “R” script.

In conclusion, VCC is a label-free, automation-compatible
methodology suitable for enumeration of intracellular bacteria
in in vitro infection models. This approach should be
also coextensive with studying other types of bacterial-cell
interactions such as adhesion. VCC is flexible and can be adapted
to be used together with bacteria other than Salmonella and
any type of temperature-controlled, shaking microplate reader
after a few optimizations. With its high reproducibility and
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throughput, the method is especially qualified to foster the
further characterization of the host-pathogen interface.
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1  Supplementary Data

Two ‘R scripts are provided as supplementary data:

‘VCC_calibration.R’ - allows for correlation to log (CFU) on the basis of calibration curves, corresponding example

data set: ‘example_calibration_curves.xlsx’

‘VCC_invasion.R’ - allows for calculation of VCC and invasion rates, corresponding example data set:

‘example_invasion.txt’
2 Supplementary Figures and Tables
2.1 Supplementary Figures
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Supplementary Figure 1. The impact of different concentrations of Antifoam B and the detergent Elugent on the time to reach the threshold (T)).
(A) Equal numbers of bacteria were added to BHI medium containing 0.5x PBS and the indicated dilutions of Antifoam B. Growth curves were
fit using a 5-parameter log-logistic function in ‘R. T, was calculated and subsequently normalized to controls without Antifoam B (=100 %). No
significant influence on bacterial growth was observed for 1:200 or higher dilutions. (B) Using the same experimental setup as described in (A),
relative T, were determined for growth in medium containing different amounts of Elugent as indicated. To prevent foaming Antifoam B was
added at a concentration of 0.0625 % (1:1,600) to all samples. A slight attenuation in bacterial growth was observed for concentrations of 0.125 %
(v/v) Elugent and above. (C) An equal number (~1.2 x 10°) of bacteria was incubated with 2% (v/v) Elugent or left untreated. Subsequent CFU
counting revealed no significant detrimental effect of Elugent on CFU counts.
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Supplementary Figure 2. Calibration curve to correlate the time to reach the threshold of AA,,=0.02 (T,) to log(CFU). In (A), mean (black lines)
and SD (shaded areas) of growth curves of a dilution series of 107 to 10" CFU well* S. Typhimurium in lysis buffer/BHI done in 8-fold replicates
are shown. (B) Parallel determination of colony-forming units (CFU) on agar plates allowed for correlation with threshold times (T, dots) which
were calculated as described in the text from the data shown in (a). The coefficient of determination (R?) and the 95 % confidence interval (grey
area) is given for the linear regression (black line). (C) Schematic 96-well plate layout of the threshold times T, (upper panel) and the residual
standard errors of the nonlinear fit S (lower panel) calculated for each individual growth curve of the data set shown in (A).
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Summary

Salmonella invasion is mediated by a concerted
action of the Salmonella pathogenicity island 4 (SP14)-
encoded type one secretion system (T1SS) and the
SPI1-encoded type three secretion system (T3SS-1).
The SPl4-encoded T1SS consists of five proteins
(SiiABCDF) and secretes the giant adhesin SiiE. Here,
we investigated structure—function relationships in
SiiA, a non-canonical T1SS subunit. We show that
SiiA consists of a membrane domain, an intrinsically
disordered periplasmic linker region and a folded
globular periplasmic domain (SiiA-PD). The crystal
structure of SiiA-PD displays homology to that of
MotB and other peptidoglycan (PG)-binding domains.
SiiA-PD binds PG in vitro, albeit at an acidic pH, only.
Mutation of Arg162 impedes PG binding of SiiA and
reduces Salmonella invasion efficacy. SiiA forms a
complex with SiiB at the inner membrane (IM), and
the observed SiiA-MotB homology is paralleled by a
predicted SiiB-MotA homology. We show that, similar
to MotAB, SiiAB translocates protons across the IM.
Mutating Asp13 in SiiA impairs proton translocation.
Overall, SiiA shares numerous properties with MotB.
However, MotAB uses the proton motif force (PMF)

*For correspondence. E-mail yves.muller@fau.de; Tel. +49-9131-
8523082; Fax +49-9131-8523080.

to energize the bacterial flagellum, it remains to be
shown how usage of the PMF by SiiAB assists T1SS
function and Salmonelia invasion.

Abbreviations: Aa, amino acid; CD, circular dichroism;
IM, inner membrane; LR, linker region; MD, membrane
domain; OM, outer membrane; PEM, periplasmic region
essential for mobility; PG, peptidoglycan; PD, periplas-
mic domain; PMF, proton motive force; ppr, periplasmic
region; rmsd, root mean square deviation; RT, room tem-
perature; SPI, Salmonella pathogenicity island; T1SS,
type one secretion system; T3SS-1, type three secretion
system encoded by SPI1; T,,, melting temperatures; WT,
wild-type.

Introduction

Salmonella enterica are facultative anaerobe, Gram-
negative, pathogenic bacteria that infect a wide range of
hosts (Barlag and Hensel, 2015). Infections of humans
by typhoidal and nontyphoidal S. enterica serovars are
responsible for a pleiotropy of medical conditions includ-
ing intestinal inflammation and typhoid fever (Crump et al.,
2015; Arya et al., 2017). For successful infection of polar-
ized epithelial cells, a concerted action between the
Salmonella pathogenicity island 4 (SPI4)-encoded type
one secretion system (T1SS) and the SPI1-encoded type
three secretion system (T3SS-1) is required (Gerlach et al.,
2008; Barlag and Hensel, 2015). While the SPI4-T1SS
establishes adhesion to the apical side of polarized epithe-
lial cells by action of SiiE (Barlag and Hensel, 2015), the
T3SS-1 mediates invasion by translocating various effector
molecules (reviewed in LaRock et al., 2015). Lack of SPI4-
T1SS mediated adhesion also dramatically attenuates
invasion of polarized epithelial cells by S. enterica serovar
Typhimurium (S. Typhimurium) (Gerlach et al., 2008).

We have shown that SPI4 of S. Typhimurium harbours
the sii operon encoding six proteins, namely SiiA to SiiF
(SiiIABCDEF) (Gerlach et al., 2007). The three proteins
SiiCDF form a canonical T1SS, i.e. SiiC corresponds to
the outer membrane (OM) pore protein, SiiD to the peri-
plasmic adapter protein and SiiF to the inner membrane
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(IM) ATP-binding cassette (ABC) protein. T1SSs often
secrete only a single protein, and the substrate of the
SPl4-encoded T1SS corresponds to the largest protein
present in the Salmonella proteome, namely the 595 kDa
adhesin SiiE (Gerlach et al., 2007; Morgan et al., 2007;
Griessl et al., 2013; Peters et al., 2017). In contrast to all
previous proteins, the function of the two remaining pro-
teins SiiA and SiiB is currently only poorly understood.

It has been shown that SiiA and SiiB are integral mem-
brane proteins that form a complex within the IM (Wille
et al., 2014). Detailed experimental data highlighted that
the transmembrane regions of the SiiAB complex share
similarities in sequence and in the topological arrange-
ment of the membrane-spanning segments with a num-
ber of heteromeric ion-conducting channels, such as the
MotAB, PomAB, ExbBD and TolQR complexes (Wille et
al., 2014). A critical aspartate residue (Asp13) in SiiA has
been proposed to be located at a position homologous to
Asp33 in MotB (from S. enterica), Asp24 in PomB (from
Vibrio alginolyticus), Asp25 in ExbD and Asp23 in TolR
(both from Escherichia coli) (Braun et al., 1996; Zhou et
al., 1998; Cascales et al., 2001; Zhu et al., 2014; Wille et
al., 2014). ExbBD together with TonB transduce energy
from the proton motive force (PMF) of the IM to high-af-
finity OM ion transporters (Ollis et al., 2009). MotAB,
PomAB and TolQR are involved in coupling the PMF to
specific protein actions at the IM. Thus, MotA and MotB
(or likewise PomA and PomB) form a heteromeric com-
plex with a 4 to 2 stoichiometry at the IM and participate
in the torque generation of the flagellum of Gram-negative
bacteria (Zhu et al., 2014; Minamino and Imada, 2015).
Once activated by interaction with the C-ring of the fla-
gellum, the complex fixes the flagellum in the membrane
through the interaction of the MotB or PomB peptidogly-
can (PG)-binding domain with the PG layer (Minamino
and Imada, 2015). Torque is generated by translocating
either H* or Na* across the IM, and the above-mentioned
aspartate residues are predicted to be directly implicated
in the translocation mechanism (Zhou et al., 1998; Wille
et al., 2014). The exact function of TolR is currently less
well understood; overall, the Tol-Pal system plays a role
in assuring the integrity of the OM (Wojdyla et al., 2015).

The SiiA structure possibly matches the protein
architecture of MotB, PomB and TolR. In the 309 res-
idue-long MotB from S. Typhimurium this architecture
consists of a transmembrane helix (aa 29-50), a plug
helix (aa 53-66), and a C-terminal segment named
‘periplasmic region essential for mobility’ (PEM, aa
111-270) that also contains an OmpA-like PG-binding
domain (aa 149-269) (De Mot and Vanderleyden, 1994;
Hosking et al., 2006; Kojima et al., 2009; Minamino et
al., 2018). The PG-binding domain enables interac-
tion with the PG layer in Gram-negative bacteria. This
layer consists of a mesh-like structure made up of

glycan strands interconnected by short peptides. The
glycan strands are built from multiple molecules of
N-acetylglucosamine and N-acetylmuramic acid carbo-
hydrate molecules linked by p-1,4 glyosidic bonds. The
peptide stem is a pentapeptide made up of L-Ala-D-iso-
Glu-meso-A,pm-D-Ala-D-Ala, with iso-Glu being the
y-bonded Glu and meso-A,pm is the meso-2,6-diamino-
pimelic acid (Vollmer, 2015).

OmpA-like PG-binding domains occur in many proteins.
They harbour a PG-binding sequence motif, i.e. TD-X,,-
LS-X,-RA-X, V-X,-L, that is highly conserved in proteins
from Gram-negative bacteria involved in PG binding,
such as OmpA, MotB, PomB and PALs (PG-associated
lipoproteins) (De Mot and Vanderleyden, 1994). Atomic
insight into the structures of the OmpA-like PG-binding
domain is available from many proteins; insight into the
details of the interaction between PG-binding domains
and PG fragments is however scarce. Positive excep-
tions are the crystal structure of the PG-binding domain
of OmpA from Acinetobacter baumannii in complex with
meso-A,pm-containing PG-derived pentapeptide as well
as the NMR structure of the PG-binding domain of Pal
from Haemophilus influenza in complex with a PG pre-
cursor (Parsons et al., 2006; Park et al., 2012). Although
the individual functions of proteins containing PG-binding
domains are as diverse as forming OM pores, involved in
antibiotic and small molecules export (OmpA), or generat-
ing torque for propelling the flagellum (MotB and PomB),
they all share a common domain core fold with a p1/a1/
p2/02/p3/p4 secondary structure topology (Roujeinikova,
2008; Kojima et al., 2009).

Here, we analysed the structure and function of SiiA
from S. Typhimurium. The recombinantly produced peri-
plasmic region of SiiA (ppr-SiiA, aa 40-210) was stud-
ied using structure predictions, limited proteolysis, mass
spectrometry and circular dichroism (CD). The crystal
structure revealed that SiiA shares structural homology
with other OmpA-like PG-binding domains, among them
MotB. With the help of in vivo and in vitro PG-binding stud-
ies, we observed a pH-dependent binding of SiiA to PG
and unravelled a link between PG binding and Salmonella
invasion efficacy. We also showed that the IM-located
SiiAB complex pumps indeed protons across the mem-
brane similar to what has been observed for MotAB and
other members of the family of heteromeric ion-conduct-
ing channels, which use the PMF to generate work.

Results
Domain architecture of SiiA

Weak sequence homologies were detected between
the transmembrane regions of the SiiAB proteins and
MotAB, ExbBD and TolQR, and additional experimental
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Fig. 1. Domain structure of SiiA.

A. Limited proteolysis of ppr-SiiA (about 26 kDa) with the unspecific protease thermolysin monitored by SDS-PAGE. Limited proteolysis yields

SiiA-PD (about 12 kDa), the folded C-terminal domain of SiiA.

B. CD spectrum of ppr-SiiA (after removal of the HisTag with thrombin) and of SiiA-PD recorded at pH 7.4.

C. CD difference spectrum calculated by subtracting the spectrum of SiiA-PD from the spectrum of ppr-SiiA.

D. Schematic representation of the domain structure of SiiA, consisting of a predicted transmembrane region, an intrinsically unstructured region
and a folded periplasmic domain (SiiA-PD). The existence of the latter two has been corroborated by the experimental data presented here. In
(A), (B) and (D) ppr-SiiA data are displayed/marked with dashed lines and SiiA-PD with black continuous lines; in (D) the intrinsically disordered

region is indicated with a grey box.

data confirmed that SiiAB are integral membrane proteins
(Wille et al., 2014). However, no sequence homologies
were initially observed for the remaining regions of SiiA
and SiiB. Therefore, the sequence of SiiA was analysed
with the program XtalPred in order to gain more detailed
insight into the entire domain organization of 210 resi-
due-long SiiA, (Slabinski et al., 2007). This bioinformatics
analysis underlines that SiiA consists of a transmembrane
(TM) helix (residues 14-38) and suggests the additional
presence of a disordered and unfolded linker (aa 51-92)
and a C-terminal globular domain that extends from resi-
dues 93 to 210.

Ppr-SiiA was purified from E. coliin order to experimen-
tally validate the predicted domain architecture. When sub-
jecting purified ppr-SiiA to a limited proteolysis experiment
with the unspecific protease thermolysin then a single sta-
ble fragment of about 12 kDa is readily formed (Fig. 1A).
Such a behaviour is commonly observed for proteins
that consist of a folded globular domain from which dis-
ordered segments extend. Access of these segments by

proteases is facilitated; hence, these segments are espe-
cially prone to proteolytic degradation (see for example
(Heilingloh et al., 2017)). We named the protease-resis-
tant 12 kDa fragment: SiiA periplasmic domain (SiiA-PD).
Its composition was analysed by mass spectrometry, and
analysis of peptides obtained through tryptic digestion
reveals multiple sequence coverage for SiiA residues
104 to 206 (Fig. S1A). Please note that this analysis does
not allow for the unambiguous determination of the exact
starting and ending residue of the protease-generated
SiiA-PD fragment.

CD spectroscopy measurements were performed,
and the secondary structure composition of ppr-SiiA
and of SiiA-PD compared. The CD spectra recorded at
pH 7.4 show that both protein variants display spectra
corresponding to folded proteins with mixed secondary
structure elements (Fig. 1B). Differences in the second-
ary structure composition become apparent when calcu-
lating a difference CD spectrum in which the CD signal
of SiiA-PD is subtracted from ppr-SiiA (Fig. 1C). The
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difference spectrum corresponds to the CD spectrum of
an unfolded protein devoid of any secondary structure ele-
ments. These measurements indicate that any segments
that are not part of SiiA-PD, but present in addition in ppr-
SiiA, are likely disordered in solution. In order to investi-
gate the possibility that these segments become ordered
at slightly acidic and basic pHs, the measurements were
repeated at pH 5.8 and 8.0 (Fig. S1). When consider-
ing the secondary structure detection limits of these CD
measurements, then these experiments strongly suggest
that segments present in addition in pprSiiA remain disor-
dered within the pH 5.8 to 8.0 range. This is in line with the
observation that both protein variants display nearly iden-
tical melting temperatures (T,,) (Fig. S1, Table S1). While
SiiA-PD unfolds at 79°C at pH 7.4, the entire periplasmic
region of SiiA unfolds at 77°C showing that segments that
are present in addition in ppr-SiiA do not provide any fur-
ther stabilizing interactions in SiiA.

SiiA-PD and ppr-SiiA elute both as dimers in an analyt-
ical size exclusion chromatography run (Fig. S1B, Table
S2). Hence, the supplemental protein segments present
in ppr-SiiA do not alter the oligomerization state of ppr-
SiiA. The experiments from above show that, following the
membrane domain (SiiA-MD, aa 1-39), SiiA consists of
an unstructured periplasmic linker region (SiiA-LR) and a
dimeric periplasmic domain (SiiA-PD) (Fig. 1D).

Crystal structure of SiiA-PD

We determined the crystal structure of SiiA-PD at 1.9 A
with the MAD method using SeMet-labelled protein
(Table 1). Six molecules are present in the asymmet-
ric unit and form three identical dimers. The terminal
residues 103 and 203 are visible in all six monomers,
and up to three additional C-terminal residues visible
in some of the molecules. Absence of electron density
for residues in the loop segment that interconnects the
secondary structure elements 2 and a2 (aas 153 to
156) leads to a chain break in three monomers. When
calculating an anomalous difference density map with
phases derived from the refined structure then electron
density is observed for all methionines present in the
asymmetric unit (Table S3) thereby corroborating model
building and structure refinement.

When the six monomers of the asymmetric unit are
compared to each other then two groups of molecules can
be identified (group 1: chains A, C and E; group 2: chains
B, D and F). Molecules within each group can be pair-
wise superimposed with low rmsd values ranging from 0.2
to 0.3, whereas rmsd values around 1.0 A are obtained
when comparing molecules between groups (calculated
with Ca-atoms, only) (Table S4). The main divergences
between the two groups occur in loop regions, namely in
the loop connecting p1 to a1 and in the p2 to a2 loop.

Table 1. Crystallographic data collection, phasing and refinement
statistics.

PDB deposition code  6QVP

Data collection

Space group P1
Cell dimensions?®
a, b, c(A) 58.33, 58.36, 65.83
o, B,y (°) 93.9, 94.0, 119.00
Peak Inflection Remote®
Wavelength (A) 0.9797 0.9799 0.9184
Resolution (A) 42.0-1.9 425-1.94 425-1.9

(2.01-1.9)° (2.05-1.94) (2.01-1.90)

R eas (%) 12.0 (62.6) 9.2(58.9) 11.4 (54.4)¢
o (1) 7.1 (2.0) 8.6 (1.9) 7.5 (2.3)
CC,, (%) 99.1 (67.1) 99.5(75.1) 99.1 (72.6)
Resolution limit anom- 2.4 3.9 4.7

alous signal (A)®

Completeness (%) 95.9 (93.7) 95.5(93.6) 95.9(93.8)

Redundancy 1.7 1.7 1.7
Refinement

Resolution range (A) 19.9-1.9

No. of unique 57795
reflections

Ryorid Rires 18.6/24.6

Ramachandran (%)

Favored/outlier 97.6/0.0
Total no. of atoms 5533
No. of protein atoms 4899
No. of water atoms 619
No. of ligand atoms 15
B-factors (A)?

Protein 35.3

Water 33.9

Ligands 42.0
R.m.s deviations

Bond lengths (A) 0.013

Bond angles (°) 1.182

A single crystal was used for phasing and refinement.
The remote dataset was used for the refinement of the model.
®Values in parentheses refer to the highest resolution shell.

%Values calculated with the Friedel’s law equal false setting. Prior to
refinement, however, the Friedel pairs were merged.

°Defined as the resolution value where the correlation between
anomalous differences drops below 30% and as calculated with pro-
gram SHELXC (Sheldrick, 2010).

Each dimer is formed by one molecule from group
1 and one molecule from group 2. Low rmsd values of
around 0.2 A are obtained when comparing the dimers in
such a way that monomers belonging to the same group
are superimposed. In contrast, when monomers are
superimposed crosswise then values of around 2.6 A are
obtained. These results show that the SiiA-PD dimers are
slightly asymmetric. At the same time, this asymmetry is
highly conserved among all three dimers present in the
asymmetric unit (Table S5).

The SiiA-PD monomer structure displays a central
B-sheet, consisting of five pB-strands with mixed parallel
and antiparallel strand pairing and with a o, p1, p4, p2
and B3 strand order (Fig. 2A). On one side, the B-sheet is
flanked by two a-helices (a1 and «2). These interconnect
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Fig. 2. Crystal structure of SiiA-PD.

A. Topology plot of the SiiA-PD monomer (light blue) and dimer (light and dark blue). The red frame highlights the core domain fold observed in

OmpA-like domains consisting of $1/a1/p2/a2/33/p4 (see also Fig. 3).
B. Stereo image of a SiiA-PD monomer.

C. Ribbon representation of the SiiA-PD dimer. The two chains are coloured in light and dark blue. The N- and C-termini in (B) and (C) are
marked with black circles. [Colour figure can be viewed at wileyonlinelibrary.com]

strands B1 and B2 (helix a1) and strands p2 and 3 (a2)
(Fig. 2B). Homodimer formation is accomplished through
an antiparallel edge to edge pairing of p3 from two adja-
cent SiiA molecules and results in the formation of a
contiguous 10-stranded p-sheet (Fig. 2C). Overall, the
SiiA-PD dimer displays nearly C, point group symmetry
with the twofold symmetry axis oriented perpendicular to
the plane of the contiguous p-sheet. Next to 3, helix a2
also participates in the dimer interface and makes ample
contacts with the homologous helix a2 from the second
protomer. As shown in Fig. 2C, dimerization leads to
the formation of a molecular surface that displays four
a-helices and a surface which is composed of $-strands,
only. Each monomer buries 780 A? of its surface in the
dimer interface, and this amounts to about 12% of the
total monomer surface. Eleven hydrogen bonds and two
salt bridges are formed between the two monomers in
the dimer interface. The presence of a high number of
additional hydrophobic interactions suggests that the

SiiA-PD dimer constitutes a permanent dimer (Jones
and Thornton, 1996). These results confirm earlier data
where stable homodimer formation of full length SiiA was
demonstrated using bacterial two hybrid assays (Wille et
al., 2014). Hence, it appears highly unlikely that transient
self-association and re-dissociation events contribute to
the cellular function of SiiA in Salmonella.

SiiA-PD shares structural homology to numerous
PG-binding proteins

The monomer structure of SiiA-PD was used as a
search template to identify homologous structures with
the DALI server (Holm and Laakso, 2016). This search
revealed that SiiA shares structural homology with
numerous OmpA-like PG-binding proteins (Table 2).
Several of the identified proteins were superimposed
onto SiiA using the MatchMaker program in Chimera
(Fig. 3, Fig. S2) (Pettersen et al., 2004; Meng et al.,
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Fig. 3. SiiA shares structural homology to OmpA-like PG-binding domains. SiiA-PD (in light blue) is structurally homologous to the PG-
binding domain of A. OmpA from S. Typhimurium (PDB-ID: 5VES, orange), B. OmpA from A. baumannii (PDB-ID: 3TD5, yellow), and C. MotB
from S. Typhimurium (PDB-ID: 2ZOV, orchid), among others (Table 2, Fig. S3). N- and C-termini are marked with black circles in SiiA-PD

and with coloured circles in case of the compared proteins. Helices o1 and a2 of SiiA-PD are annotated. Panels (D), (E) and (F) depict the
secondary structure topology of the SiiA homologous proteins shown in panels (A), (B) and (C) respectively. All these proteins share an OmpA-
like fold, consisting of a common core of B1/a1/p2/a2/p3/p4 secondary structure elements (framed in red). [Colour figure can be viewed at

wileyonlinelibrary.com]

2006). All of these OmpA-like domains share a common
core of secondary structure elements with a p1/al1/p2/
o2/p3/p4 topology. Depending on the protein, additional
secondary structure elements also occur. Thus, SiiA-PD
harbours an additional strand p0 at the N-terminus (Fig.
2A). OmpA from S. Typhimurium (PDB-ID: 5VES, (Rose
et al., 2015)) and A. baumanii (PDB-ID: 3TD5) display
an additional a3 helix present between p-strands 3 and
p4 (Fig. 3). MotB from S. Typhimurium (PDB-ID: 2Z0OV)
harbors additional a0 and B0 secondary elements at
the N-terminus as well as an additional a3 helix at the
C-terminus (Fig. 3).

When comparing the dimerization modes of OmpA-like
protein domains that are homologous to SiiA-PD then it
becomes apparent that the dimerization modes of the
periplasmic domain of MotB (MotB-PD, e.g. PDB-IDs:
27ZVY, 3S02), PomB (PDB-ID: 3WPW) and OmpA from
Klebsiella pneumoniae (PDB-ID: 5NHX) are identical to
that of SiiA-PD. In these proteins, dimerization is achieved
by a juxtaposition of the a2 and p3 secondary structure
elements from the two protomers (see above). In contrast,
only monomers are observed in the crystal structures

of the structurally homologous PAL protein (e.g. PDB-
IDs: 5JIR, 5LKW and 5N2C). Interestingly, a different
dimerization mode is observed in two crystal structures
of OmpA from A. baumannii (e.g. PDB-IDs: 4G88 and,
3TD5). Here, dimer formation occurs via a juxtaposition
of strand p1. However, in PDB-entry 3TD5, a second
OmpA dimerization mode can be observed, too, which is
similar to that of SiiA-PD. It is also notable that, among
all proteins compared here, SiiA-PD shares the highest
sequence identity with OmpA (13%, Table 2). Overall, it
appears that, of the different OmpA-like domain-contain-
ing proteins, all proteins proposed to be involved in ion
translocation, e.g. MotB, PomB and SiiA, share an identi-
cal dimerization mode.

De Mot and Vanderleyden (De Mot and Vanderleyden,
1994) analysed the sequence of various OmpA-like
domains and identified a so-called PG-binding motif with the
sequence TD-X,-LS-X,-RA-X,-V-X,-L. Whereas almost all
of the proteins identified by the DALI server share most of
the amino acids present in this motif, SiiA harbours only a
very reduced PG-binding motif restricted to the sequence
L-X;-R (Fig. 4A and B). The general motif spans from the
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Table 2. SiiA homologous structures.

Protein PDB-ID Z-score Ca-rmsd (A)? Seq. -ID (%) Organism Reference

YfiB 4zhw 9.9° 2.3 (91/168) 8 P. aeruginosa (Li et al., 2015)
OmpA 5nhx 9.7 2.4 (93/344) 8 K. pneumoniae (Rose et al., 2015)
MotB 2zov 9.4 2.8 (95/309) 6 S. Typhimurium (Kojima et al., 2009)
PAL 5jir 9.3 2.7 (97/476) 12 T. pallidum (Parker et al., 2016)
TagL 5m38 9.3 2.9 (93/576) 5 E. coli (Rose et al., 2015)
PAL 5lkw 9.3 2.5 (94/170) 11 B. cenocepacia (Dennehy et al., 2017)
PomB 3wpw 9.1 2.9 (96/315) 7 V. alginolyticus (Zhu et al., 2014)
PAL 5n2c 9.1 2.4 (90/170) 11 B. cenocepacia (Capelli et al., 2017)
OmpA 4988 9.1 2.4 (94/356) 13 A. baumannii (Rose et al., 2015)
OmpA 3td5 9.1 2.3 (93/356) 13 A. baumannii (Park et al., 2012)
MotB 3s02 9.1 2.7 (95/171) 8 H. pylori (O’Neill et al., 2011)
OmpA 5ves 8.9 2.5 (92/350) 9 S. Typhimurium (Rose et al., 2015)

“Numbers in parentheses indicate the number of aligned/overall residues.

bThe proteins are ranked according to their Z-scores.

end of strand p2 to the middle of a2 in the canonical OmpA-
like domain fold (Fig. 4C). The two residues Leu163 and
Arg167 from the reduced L-X,-R motif are displayed from
the first half of helix a2 in SiiA (Fig. 4C). It is notable that,
even though only a very low sequence homology exists
between SiiA and OmpA-like domains from other proteins,
i.e. ranging from 6 to 13%, the overall structures of these
proteins remain very similar (Fig. 4D, Table 2).

SiiA-PD binds to peptidoglycan in vitro

SiiA-PD shares a high structural similarity with OmpA-
like PG-binding domains, but, at the same time, dis-
plays a poorly conserved PG-binding motif. We used a
PG pulldown assay in order to assess whether SiiA-PD
actually binds to PG isolates from S. Typhimurium. For
comparison and as a control, we also monitored binding
of MotB-PD from S. Typhimurium to PG (residues 99 to
276 of MotB, fragment identical to that in PDB-ID: 2ZVY
(Kojima et al., 2009)). The binding behaviour of the latter
has been extensively studied before (for a recent review
see (Minamino et al., 2018)).

We observe that SiiA-PD is able to bind PG, albeit in a
highly pH-dependent manner. SiiA binds to PG in a potas-
sium phosphate-based buffer at a weak acidic pH, i.e. 5.8,
whereas no binding is observed at a weak basic pH, i.e.
8.0. (Fig. 5, Fig. S3). This contrasts with the behaviour of
MotB-PD, which binds to PG at pH 5.8 and 8.0 (Fig. 5).
Upon a further division of the pH 5.8 to 8.0 interval into
smaller pH steps, it becomes apparent that SiiA-PD binds
to PG at pH 5.8 and 6.2 but not at pH 6.7, 7.2, 7.6 and
8.0 (Fig. 5D, Fig. S3). Binding of SiiA-PD to PG is fully
reversible; when transferring the PG-bound SiiA-PD sam-
ple from pH 5.8 to 8.0 then a rapid release of PG-bound
SiiA-PD into the supernatant can be observed (Fig. 5E).

In order to rule out that co-sedimentation of PG and
SiiA-PD is caused by a pH-induced denaturation and

precipitation of SiiA-PD, we investigated the stability and
solubility of SiiA-PD (and MotB-PD) at pH 5.8 and 8.0
using CD spectroscopy. At both pH values, the two pro-
teins show well-defined CD spectra (Fig. S4). In addition,
the T, values of both proteins remain unaltered at pH 5.8
and 8.0. These were measured in a CD-monitored ther-
mal unfolding experiment and correspond to 77°C and
74°C (SiiA-PD), and 63°C and 63°C (MotB-PD) at pH 5.8
and 8.0 respectively (Fig. S4, Table S1). These values
also compare well to the T, value of SiiA-PD determined
at pH 7.4 (79° C, see above).

These results show that the observed structural sim-
ilarities between SiiA-PD and MotB-PD are paralleled
by a shared function, namely the ability to bind to PG.
However, the two proteins display considerably different
pH-dependent affinity profiles.

Arg162 and Arg167 participate in PG binding

An arginine residue, structurally homologous to Arg167
from the reduced PG-binding motif of SiiA, has been
observed to directly participate in PG binding, before.
Thus, in the crystal structure of the complex formed
between the PG-binding domain of OmpA from A. bau-
mannii and a PG-derived pentapeptide, the guanidinium
group of Arg286 of OmpA directly interacts with the car-
boxylate group of the meso-A,pm moiety of the bound
PG-derived pentapeptide fragment (PDB-entry 3TD5,
(Park et al., 2012)). A highly similar interaction also occurs
in the complex formed between the PG-binding domain of
Pal and a PG precursor (Parsons et al., 2006).

We produced two different mutants, namely SiiA-R167L
and SiiA-S197E, in order to probe any participation of
Arg167 in PG binding in SiiA. The scope of the R167L
substitution was to ablate the guanidinium head group of
the amino acid and, at the same time, retain the hydro-
phobic interactions observed between the aliphatic part of
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Fig. 4. PG-binding motif of SiiA in comparison to other OmpA-like PG-binding proteins.
A. Structure-based sequence alignment of the PG-binding motif of SiiA-PD and other OmpA-like proteins. A black line (loop p2 to «2) and a grey
box (helix «2) indicate the secondary structure of the aligned segment in SiiA-PD. On the left side of the alignment are reported the names and

PDB-IDs of the aligned proteins (see also Table 2).

B. The PG-binding motif TDX10LSX2RAX2VX3L displayed as a sequence logo (Crooks et al., 2004).
C. Stereo image depicting the PG-binding motifs of various OmpA-like structures superimposed onto SiiA. Colour coding of the proteins as in
(a). Two important residues of SiiA-PD (R162 and S197) and two selected conserved residues from the PG-binding motif (L163 and R167) are

shown in a stick representation.

D. Mapping of the sequence conservation of OmpA-like PG-binding proteins onto the structure of SiiA-PD. Sequence conservation (by clustal
histogram), ranging from low and high, is color-coded by a blue to red gradient and emphasized by an enlarged cartoon tube radius. The
structure-based sequence alignment and the sequence conservation mapping was calculated with the full-length proteins listed in Table 2.

[Colour figure can be viewed at wileyonlinelibrary.com]

Arg167 and the SiiA protein core. The goal of the S197E
substitution was to shield off the guanidinium group of
Arg167 without perturbing the numerous intra-protein
interactions that Arg167 is involved in. The mutant pro-
teins display CD spectra that are indistinguishable from
WT SiiA. In comparison to the latter, they show either an
increased (R167L) or comparable (S197E) melting tem-
perature. This suggests that the two point mutations do
not negatively affect the structural integrity of SiiA-PD
(Fig. S4C and D, Table S1). In the PG-binding assay,
the two mutants share a very similar PG-binding profile.
As previously observed for WT SiiA, the variants do not
bind to PG at pH of 8.0. At the same time, they display

a reduced PG-binding ability at pH 5.8 in comparison to
WT SiiA (Fig. 5, Fig. S3). These observations strongly
hint that, similar to OmpA and Pal, Arg167 represents a
PG-binding determinant in SiiA.

We also tested the contribution of Arg162 to PG bind-
ing and produced the mutant variant SiiA-R162A. Arg162
is a non-conserved residue that is contained within the
segment that covers the extended PG-binding motif
(De Mot and Vanderleyden, 1994). Arg162 and Arg167
are both part of helix a2 with the former residue being
located closer to the dimerization interface (Figs 2C and
4C). Interestingly, an alanine substitution of Arg162 com-
pletely abolishes PG binding at pH 5.8 and, as for the
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Fig. 5. SiiA binds to PG in a pH-dependent manner.

A. and B. PG pulldown assays of MotB-PD (dot symbol), SiiA-PD (diamond), SiiA-R162A-PD (triangle pointing upwards), SiiA-R167L-PD
(triangle pointing right) and SiiA-S197E-PD (triangle pointing left) performed at pH 5.8 (A) and pH 8.0 (B). Input (IP) and pellet (P1-3) bands of
the SDS-PAGE analysis of the pulldown fractions are shown. The complete SDS-PAGE gels of these assays are depicted in Fig. S3.

C. Band intensity analyses of the pulldown experiments at pH 5.8 (left panel) and pH 8.0 (right panel). The integrated intensities of the input
bands were set to 100%. The symbols used for the different proteins are as in (A).

D. PG binding of SiiA-PD at different pH values. Band intensity analyses of PG-pulldowns at pH 5.8 (dot symbol), pH 6.25 (square), pH 6.74
(hyphen), pH 7.23 (cross), pH 7.65 (triangle) and pH 8.0 (diamond). The associated SDS-PAGE gels are depicted in Fig. S3.

E. PH-dependent dissociation of SiiA-PD from PG.

F. No pH-dependent dissociation is observed for MotB-PD. In panels (E) and (F) the P3 samples of SiiA-PD and MotB-PD from panel (A) were
washed three times with a pH 8.0 buffer. P4-6 and S4-6 indicate pellet and supernatant fractions respectively. Whereas SiiA-PD dissociates from
the PG upon washing with pH 8.0 (band S5, encircled), MotB-PD remains attached to PG after all washing steps (bands P4, P5, P6, encircled).

wild-type protein, displays no binding at pH 8.0 (Fig. 5,
Fig. S3). Thus, it appears that the substitution of Arg162
impairs PG binding more drastically than the substitution
or shielding of Arg167.To confirm that mutation of Arg162
did not impair the structural integrity of SiiA, we inves-
tigated the mutant protein with analytical SEC and CD
spectroscopy. These experiments show that dimerization
of SiiA is retained in SiiA-R162A (Fig. S1) and that SiiA-
R162A displays a CD spectrum and melting temperature
that is similar to the WT protein (Fig. S4B, Table S1).

It is possible that Arg162 contributes indirectly to PG
binding, namely through long-range electrostatic inter-
actions. Indeed, when viewing SiiA from the side from
which Arg162 is displayed then a surface patch with a

striking positive electrostatic potential becomes apparent.
In contrast to this, the opposite side displays an extended
patch of negative electrostatic potential (Fig. 6A). If the
two Arg162 residues present in the dimer are mutated
in silico to alanine then this positive patch displays a neu-
tral to negative potential in support of the possibility that
Arg162 contributes to PG binding through electrostatic
effects (Fig. 6B).

A co-isolation of either WT SiiA or mutant variant SiiA-
R162A in complex with PG directly from S. Typhimurium
further corroborates the involvement of Arg162 in PG
binding. The co-isolation experiment shows that the
amount of co-isolated SiiA-R162A is reduced by a fac-
tor of two in comparison to WT SiiA when analysed with
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Fig. 6. Changes in the electrostatic surface potential of SiiA-PD upon introduction of the R162A substitution.

A. The SiiA-PD dimer is displayed in light and dark blue.

B. In silico analysis of the R162A mutant mapped onto the SiiA-PD dimer structure shown in orange and dark yellow. In the bottom half the
electrostatic surface potential is displayed from -5 to neutral to +5 kT e with a red-white-blue color gradient. Residue R162 in panel A and in
silico mutated residue A162 in B are shown as sticks and further highlighted by a red and blue stars respectively. [Colour figure can be viewed at

wileyonlinelibrary.com]

an antibody directed against the HA-Tag contained in
either WT SiiA or the mutant variant (Fig. 7, Table S6).
At the same time, antibody staining against OmpA indi-
cates that in both co-isolated samples similar amounts
of PG material are present (Table S6). Taken together,
these results show that SiiA binds to PG with the help
of two arginine residues. Of the two arginines, Arg 162
and Arg167, Arg162 contributes more significantly to
PG binding.

A substitution of Arg162 reduces the Salmonella
invasion of polarized epithelial cells

Previous studies demonstrated that the concerted actions
of SiiE, the cognate T1SS and SiiAB are required to medi-
ate adhesion to, and invasion of polarized epithelial cells
(Gerlach et al., 2007; Gerlach et al., 2008). Mutant strains
deficient in siiA are highly attenuated in invasion of polar-
ized epithelial cells (Wille et al., 2014). We therefore set

out to investigate if the PG-binding domain of SiiA is also
important for the overall function of the SPl4-encoded
T1SS. First, a mutational analysis was performed by
C-terminal truncations or internal deletions to various
extents of the PG-binding domain. We observed that the
cellular amounts of the resulting mutant forms of SiiA
were highly reduced, thus impeding further functional
analyses (data not shown).

We investigated next whether a substitution of individ-
ual amino acids affects invasion of polarized epithelial
cells. In order to identify candidate residues, in addition to
R162A, R167L and S197E, we superimposed the struc-
ture of SiiA onto the structure of OmpA in complex with
a PG fragment (PDB-entry 3TD5, (Park et al., 2012))
and considered all SiiA residues that were located within
5 A of the OmpA-bound ligand as potential substitution
candidates.

We performed site-directed mutagenesis of siiA and
generated R120A, D159A, R162A, L163A, R167L and
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Fig. 7. Arg162 is critical for PG binding of SiiA. S. Typhimurium siiA
deletion strains harbouring plasmids for expression of WT siiA::HA
or siiA-R162A::HA were subcultured to induce expression of genes
of the SP14-T1SS. Cells were harvested, lysed by sonication

and cell wall material was isolated. PG-binding proteins were
extracted by incubation with buffer containing 2% of SDS and TCA
precipitated. Pellets of equal amounts of bacteria were separated by
SDS-PAGE and transferred onto nitrocellulose membranes.

A. SiiA was detected by anti-HA antibody.

B. The blot was stripped and reprobed for detection of OmpA by
polyclonal antiserum.

S197E variant alleles. The synthesis of WT and mutant
forms of SiiA was analysed in total cell lysates of S.
Typhimurium strains. We observed that, while the cellu-
lar amounts of SiiA mutants D159A, L163A and R167L
were highly reduced, the amounts of SiiA variants R120A,
R162A and S197E were comparable to the levels of WT
SiiA (Fig. 8A).

We compared phenotypes of a siiA deletion strains har-
bouring plasmids for the production of WT SiiA and SiiA
mutants and studied the effect of aa exchanges in SiiA on
invasion of polarized cells in an assay conducted at neu-
tral pH (Fig. 8B). SiiA-R120A and SiiA-S197E restored
invasion similar to WT SiiA. SiiA-D159A, SiiA-R162A,
SiiA-L163A and SiiA-R167L did not restore invasion and
entry levels were comparable to a strain harbouring the
empty vector. However, since the cellular amounts of
SiiA-D159A, SiiA-L163A and SiiA-R167L were highly
reduced, it is not possible to estimate the contribution of
the mutated residues to SiiA function.

In contrast, SiiA-R120A, SiiA-R162A and SiiA-S197E
levels were not decreased compared to WT SiiA. Of these
three mutants, only the mutant R162A showed reduced
invasion. Thus, we conclude that residue Arg162 is

critical for the function of SiiA, while amino acid exchanges
R120A and S197E are compatible with SiiA function. It is
interesting to note that the substitution of Arg162 leads to
both an abolishment of PG binding and a reduction of the
invasion efficacy, whereas substitution of S197E causes
only a reduction of the PG-binding affinity.

Transmembrane substitutions alter the
proton-conducting activity of SiiAB

Encouraged by the anticipated structural similarities
between SiiAB and MotAB and ExbBD, we previously
suggested that SiiAB resembles a proton-conducting
channel in the IM (Wille et al., 2014). In order to test this
proposed function of SiiAB, we established an assay that
allows assessing the impact of SiiAB onto the intracellu-
lar pH of living bacteria, as previously demonstrated for
MotAB (Nakamura et al., 2009). For that, a pH-sensing
GFP variant, namely R-pHluorin-M153R, was co-pro-
duced with either SiiAB or MotAB (Morimoto et al., 2011).
Co-production of either complexes led to a significantly
more acidic cytosolic pH, which argues for the occurrence
of a functional proton influx through both proton channels
(Fig. 8C).

Consistent with the proposed crucial role of a trans-
membrane aspartate in proton conductance (Zhou et al.,
1998; Wille et al., 2014), the acidification of the cytoplasm
was strongly impeded when either the mutant complexes
MotA-MotB-D33N or SiiA-D13N-SiiB were expressed
(Fig. 8C). At the same time, WT and mutant SiiA proteins
showed equal expression levels as detected by Western
blot (Fig. S5).

In a similar set of experiments, we measured the intra-
cellular pH of Salmonella expressing SiiAB-complexes
containing the R162A substitution in the PG-binding
domain of SiiA. Expression of SiiA-R162A-SiiB was con-
trolled again via Western blot (Fig. S5). Expression of the
mutant induced a cytosolic acidification comparable to
that observed for WT SiiAB (Fig. 8D). Thus, no distinction
can be made between the behaviour of WT SiiA and SiiA-
R162A with regard to cytosolic acidification.

Discussion

In the present study, we investigated the atomic struc-
ture and function of SiiA, a protein that forms a complex
with SiiB in the IM (Wille et al., 2014). The SiiAB complex
shares a number of properties with MotAB as well as with
other members of the family of heteromeric ion-conduct-
ing channels, such as PomAB, ExbBD and TolQR. These
latter complexes, by means of ion translocation across
the IM, generate mechanical work that translates into the
rotation of the flagellum or the uptake of nutrients at the
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Fig. 8. Mutational analysis of SiiA in vivo.

A. Effect of siiA site-directed mutagenesis (SDM) on cellular amounts of SiiA. S. Typhimurium MvP771 harbouring the empty vector or various
plasmids for the expression of siiA WT or various mutant alleles were subcultured in LB broth for 3.5 h. Equal amounts of bacterial cells as
adjusted by OD600 were harvested and protein denatured by SDS-PAGE sample buffer. Protein was separated by SDS-PAGE on 12% gels and
transferred onto nitrocellulose membranes. SiiA was detected using antibody against the HA tag. As loading control, blots were stripped and
developed using an antibody against DnaK.

B. Effect of SDM of siiA on SPI4-dependent invasion of polarized epithelial cells. The AsiiA strain MvP771 harbouring plasmids for the
expression of WT siiA, various mutant alleles, or the empty vector were subcultured for 3.5 h to induce expression of genes for adhesion to, and
invasion of polarized epithelial cells. The canine kidney epithelial cell line MDCK was grown as polarized monolayer and infected with Salmonella
at a multiplicity of infection (MOI) of 5. After incubation for 25 min, non-internalized Salmonella were removed by washing and remaining
extracellular bacteria were killed by incubation in medium containing 100 pg mi~" Gentamicin for 1 h. Cell were washed again and lysed by
addition of PBS containing 0.5% of desoxycholate. Serial dilutions of lysates were plated onto Mueller-Hinton agar to determine the number of
colony forming units. Invasion is expressed as percentage of internalized inoculum. Means and standard deviations of triplicate samples are
shown and the data are representative for three independent experiments.

C. Intracellular pH was detected using ratiometric fluorescence measurement of R-pHluorin-M153R in S. Typhimurium NCTC 12023 without
(WT) or with co-expression of SiiAB, SiiA-D13N-SiiB, MotAB or MotA-MotB-D33N as indicated. Data of four independent experiments are shown
and statistical significance was calculated against WT or between indicated data sets using paired, two-tailed Students t-test and was defined as
* for P < 0.05, ** for P < 0.01 or *** for P < 0.001.

D. Change in intracellular pH after expression of SiiAB complexes with WT SiiA, SiiA-D13N or SiiA-R162A compared to bacteria without
induction of expression. Data of five independent experiments are shown and statistical significance was calculated using unpaired, two-tailed
Students t-test defined as *** for P < 0.001.
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OM (Kojima et al., 2009; Zhu et al., 2014; Wojdyla et al.,
2015; Celia et al., 2016). The question arises whether
any structural similarities between SiiAB, and for exam-
ple, MotAB are paralleled by similarities in the regulatory
mechanisms that these proteins contribute to. If so, then
available knowledge on MotAB could help to better under-
stand how SiiAB contributes to SPI4-mediated adhesion
of Salmonella (Wille et al., 2014).

Here, we experimentally showed that indeed the archi-
tecture of SiiA closely resembles that of MotB. SiiA con-
sists of a single transmembrane domain followed by an
intrinsically disordered region and a stably folded domain
referred to as SiiA-PD. Prior work demonstrated that resi-
due Asp13 in the transmembrane region of SiiA is essen-
tial for SiiA function. Exchange of Asp13 in SiiA resulted
in a highly attenuated invasion of polarized epithelial cells.
Here, we now showed that the complex SiiAB is indeed
involved in proton translocation across the IM. However,
at the external pH value tested, i.e. pH 6.0, SiiAB was
not able to reduce the cytosolic pH to the same extent as
MotAB (Fig. 8C) (Nakamura et al., 2009). This notwith-
standing, our experiments show that mutation of Asp13
in SiiA as well as Asp33 in MotB directly imped proton
influx. Therefore, mutation of Asp13 in SiiA affects both
proton translocation and, as previously shown, invasion of
polarized epithelial cells (Wille et al., 2014). These results
strongly hint that proton translocation through SiiAB and
hence energy derived from the PMF directly contribute to
SPl4-mediated adhesion of Salmonella.

We solved the crystal structure of the stably folded
periplasmic domain of SiiA, i.e. SiiA-PD. The struc-
ture of SiiA-PD resembles the structures of PG-binding
domains from proteins present in either the IM or OM
of Gram-negative bacteria. SiiA-PD forms a homodi-
mer, and an identical dimerization mode is observed in
MotB and PomB. In contrast, the dimerization mode of
the PG-binding domain of OmpA, a protein located in the
OM, is remarkably different. The OmpA-like domain of
PAL, however, is monomeric in solution and in the crys-
tal structure (Dennehy et al., 2017). Thus, it appears that
PG-binding domains of proteins involved in ion transloca-
tion across the IM, i.e. MotB, PomB and SiiA, share the
same dimerization mode, whereas this is not the case for
proteins with other functions.

SiiA harbours a reduced PG-binding motif. Only two res-
idues, namely Leu163 and Arg167, are strictly conserved
between the motif in SiiA-PD and the motif in other OmpA-
like PG-binding domains (Fig. 4A). Here, we now showed
for the first time that SiiA binds indeed to PG in vitro in a
pH-dependent manner and that mutation or the shield-
ing-off of Arg167 leads to a reduction of its PG-binding
affinity. Moreover, mutation of additional residue Arg162,
located in close proximity to Arg167, abolished PG bind-
ing in vitro. SiiA binds to PG with high affinity only at pH

values lower than 6.5, whereas MotB that we used as a
control protein bound PG at low and high pH (pH 5.8 and
8.0). We also observed that increasing the salt concen-
tration in the SiiA buffer negatively affected PG binding
of SiiA (data not shown). It is difficult to anticipate how
the in vitro observed binding behaviour translates into the
number of PG-bound versus unbound SiiA molecules in
vivo. Free diffusion of SiiA is restricted in vivo by both the
attachment of SiiA to the membrane and its confinement
to the periplasmic space. As a result, high local apparent
concentrations prevail. Hence, the fraction of PG-bound
SiiA molecules could by high despite SiiA displaying only
a moderate PG-binding affinity under physiological condi-
tions (Kuriyan and Eisenberg, 2007).

Our experiments suggest that the segment that links the
transmembrane region of SiiA to the stably folded SiiA-PD
is intrinsically disordered. Bioinformatics analyses, limited
proteolysis experiments and difference CD spectra fail to
reveal the presence of any secondary structure elements
in this segment. This appears to be different for other
members of this family. In MotB, PomB and TolR, this seg-
ment is proposed to play an important role in regulating
both the anchoring of the PD domain to the PG layer and
in controlling the translocation of ions across the translo-
cation pore (Kojima et al., 2009; Zhu et al., 2014; Wojdyla
et al.,, 2015). In the inactive form of MotB, a so-called plug
helix, contained in the segment that interlinks the trans-
membrane region of MotB to MotB-PD, is proposed to
obstruct the proton-pore and inhibit proton translocation.
Once the MotB-binding partner MotA interacts with the
flagellum protein FIliG, a structural rearrangement occurs
that opens both the channel and induces a conformational
change in the linker segment allowing for the attachment
of MotB-PD to the PG layer. Overall, highly similar mech-
anisms have been proposed for how the linker segment
controls the PG layer attachment in MotB, PomB and TolR
(Kojima et al., 2009; Zhu et al., 2014; Wojdyla et al., 2015;
Kojima et al., 2018). In these proteins, the function of the
linker segment resembles that of a train pantograph. The
latter either sits flat on the train roof (PG-domain remain-
ing attached to the IM) or extends and connects the train
to the overhead electric line (PG-domain attached to the
PG layer).

Our present experiments fail to reveal that the segment
that interconnects the transmembrane region of SiiA
to the SiiA-PD is able to adopt different conformations.
Moreover, MotB-SiiA chimeric proteins, in which the MotB
PEM has been substituted against corresponding seg-
ments from SiiA, are not able to rescue flagellum function
in the AmotAB mutant (data not shown). Nevertheless,
the structural similarities between SiiA and MotB strongly
suggest that attachment of SiiA-PD to the PG is inter-
linked with the conductivity of the pore. If this is true, then
the 60 residue-long disordered linker segment in SiiA
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Fig. 9. Model of the SiiAB-complex and its integration into the SP14-T1SS.

A. Upon acidification of the periplasmic space SiiA-PD attaches to the PG-layer and to SiiF and the proton influx is enabled.

B. At a basic pH, SiiA-PD is not able to bind to PG and the proton influx is reduced. At present it is still not known how proton influx or possibly
any work that is generated by the influx of protons contribute to the function of the T1SS. SiiA and SiiB are shown in blue and yellow respectively.
The canonical components of the SPI14-encoded T1SS are shown in red (SiiC), light green (SiiF) and cyan (SiiD). [Colour figure can be viewed

at wileyonlinelibrary.com]

would be the prime candidate for linking these functional
sites. Moreover, the pH-dependency of the attachment of
SiiA-PD to the PG could be a contributor to the regulation
of the conductivity of the pore, a mechanism so far not
observed in MotB, PomB and TolR (Fig. 9).

It is tempting to speculate that a pH change might
provide for a general trigger signal that modulates T1SS
function, and that SiiA-PD plays an important role as a
pH sensor. Taking the oral infection route, Salmonella
survive the highly acidic pH in the stomach (pH 0 to 3)
and are exposed to a rising pH gradient within the gut
lumen reaching neutral levels in the ileum (pH 6 to 8) and
decreasing again to mildly acidic levels in the colon (pH
5.5to0 7) (Evans et al., 1988). So Salmonella are exposed
to a low pH environment in vivo before it gets neutralized
by bicarbonate-containing mucus overlaying the entero-
cytes (Atuma et al., 2001).

Nevertheless, it remains to be determined how exactly
the observed in vitro pH dependency of SiiA binding to
PG influences the mechanism of the infection process
in vivo since our current link between the in vitro and in

vivo data doesn’t appear to be fully conclusive. Thus, for
example, mutation of Arg162 in SiiA abolishes PG bind-
ing and reduces Salmonella infectivity. However, mutation
of Arg162 alters PG binding of SiiA-PD in vitro, only at
slightly acidic pH values and not at neutral pH values
where in vivo infection experiments on polarized MDCK
cells were performed. At neutral pH values, no PG binding
is observed for both wild-type SiiA and SiiA-R162A in our
in vitro experiments. Similarly, the in vivo proton conduc-
tance assays were performed at an external pH of 6.0,
and no differences in proton conductance were observed
between wild-type SiiA and SiiA-R162A. At the same time,
we observe clear differences in the PG-binding behaviour
of these two variants at pH 6.0 in vitro. Clearly, additional
experiments are needed to better reconcile these in vivo
and in vitro observations. Thus, it quite possible that the
PG-binding pH window is altered in the context of the peri-
plasmic space and in membrane-anchored full-length SiiA
in comparison to SiiA-PD used in the in vitro experiments.
A strong hint that these findings can be reconciled is pro-
vided by the results from the co-isolation experiment of
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SiiA and mutant SiiA-R162A from S. Typhimurium. These
results show that in vivo full-length wild-type SiiA and
mutant SiiA-R162A still bind to PG at pH 7.0 but that the
binding affinity of SiiA-R162A is reduced. Concomitantly,
invasion efficiency of variant SiiA-R162A is also reduced
in invasion assays conducted at the same pH.

Presently, it still remains unclear how SiiAB contrib-
utes in detail to the function of the SPI4-encoded T1SS
and ultimately invasion of epithelial cells by Salmonella.
Here and in past experiments, it is shown that SiiA medi-
ates proton translocation at the inner membrane and
PG attachment in the periplasmic space. Furthermore
it is shown that residues in SiiA involved in either pro-
ton translocation or PG attachment contribute to proper
T1SS function. Moreover, the structural and functional
similarities observed between SiiAB and MotAB strongly
suggest that SiiAB is able to ‘tap’ into the PMF. Cleary, it
remains to be shown how exactly this ‘tapping’ contributes
to Salmonella infectivity.

Experimental procedures
Protein production

For the production of ppr-SiiA, the siia gene was cloned into a
pET15b vector (Novagen, Darmstadt, Germany). The trans-
lated gene product consists of an N-terminal hexa-histidine
tag (MGSSHHHHHH) followed by a thrombin cleavage site
(SSGLVPRGSHM) and residues 40 to 210 of SiiA from S.
Typhimurium (Uniprot entry H9L4G5, (The UniProt, 2017)).
The SiiA-R162A mutant was generated using a two-stage
mutagenesis protocol (Wang and Malcolm, 1999). Two sepa-
rate 50 pl PCR mixtures, containing either the forward or the
reverse PCR primer listed, were prepared and seven PCR
cycles performed (Table S7). Subsequently, 25 pl of each
mixture were combined, additional Q5 polymerase (NEB,
Frankfurt, Germany) added and 17 additional PCR cycles
performed. Dpnl (NEB) was added, and the mixture incubated
at 37°C for 1 h prior to the transformation into XL10Gold cells
(NEB) (Table S8). The correctness of all plasmid constructs
generated in this study was confirmed by DNA sequencing.

Additional mutant variants were generated with the oli-
gonucleotides listed in Table S7 and using a protocol that
adhered to the manufacturer’s instructions of the Q5 SDM
kit (NEB). The protocol contained several modifications: the
kinase-ligase-Dpnl reaction was performed by mixing 10,
400 and 20 units of T4-polynucletotide kinase, T4-ligase and
Dpnl (all NEB) respectively. The reaction was incubated for
2 h at room temperature (RT). Five microlitre of this reaction
mixture was transformed into XL10Gold cells (NEB).

WT ppr-SiiA protein and mutant variants were produced
using freshly transformed BL21(DE3) (Novagen) cells. The
transformed cells were incubated in LB medium (Carl Roth,
Karlsruhe, Germany) supplemented with 100 ug mi~! ampicil-
lin. The cells were harvested by centrifugation, resuspended
in a sodium phosphate/imidazole buffer (20 mM sodium phos-
phate pH 7.5, 30 mM imidazole, 500 mM NaCl, EDTA-free
protease inhibitor cocktail (Roche, Mannheim, Germany))

and lysed by sonication. Cell debris was removed by cen-
trifugation at 95,000x g and 4°C for 1 h. The proteins were
purified by affinity chromatography via the hexa-histidine tag
(elution buffer: 20 mM sodium phosphate pH 7.5, 500 mM
imidazole, 500 mM NaCl) and dialysed into a 20 mM Tris-
HCI pH 7.5 buffer. The hexa-histidine tag was removed over-
night with thrombin (5 U thrombin (Sigma-Aldrich, Darmstadt,
Germany) per mg SiiA protein) resulting in a fragment cov-
ering the periplasmic part of SiiA. The cleavage reaction was
stopped by adding 5 mM AEBSF, and the protein was further
purified by size exclusion chromatography using a Superdex
75 16 600 column (GE Healthcare, Freiburg, Germany) and
a 20 mM Tris-HCI pH 7.5 buffer.

The production of seleno-methionine (SeMet)-labelled
ppr-SiiA was accomplished using the protocol of Studier
et al. (Studier, 2005). The transformed BL21(DE3) cells
were grown overnight in PAG media supplemented with
100 pg mi~! ampicillin (Studier, 2005). This preculture was
then diluted into the auto-inducing PSAM 5052 medium and
supplemented with 100 pg mI™! carbenicillin (Studier, 2005).
The cells were grown for 3.5 days at 20°C before harvest-
ing by centrifugation. SeMet-labelled SiiA protein isolation
and purification was carried out as described above, except
that the buffer used for size exclusion chromatography con-
sisted of 20 mM of Tris-HCI pH 7.5, 10 mM of EDTA and
150 mM of NaCl. The protein was stored at a concentration
of 1.0 mg mI~" at —80°C for later usage.

In order to have a positive control protein sample in the
PG-binding assay (see below), the PG-binding domain of
Salmonella MotB (aa 99-276, Uniprot entry P55892, (The
UniProt, 2017)) was produced using a similar gene construct
as for SiiA. MotB was cloned into a pET15b vector (Novagen)
resulting in a construct that contains an N-terminal His-
tag and a thrombin cleavage site. BL21(DE3) cells were
transformed with the plasmids, and the transformed cells
incubated in TB medium (Carl Roth) supplemented with
100 pg mi~" ampicillin. The cells were harvested by cen-
trifugation, resuspended in a Tris/imidazole buffer (20 mM
Tris-HCI, 20 mM imidazole, pH 7.4, 500 mM NaCl, EDTA-
free protease inhibitor cocktail) and lysed by sonication. Cell
debris was removed by centrifugation at 108,000x g and 4°C
for 1 h. MotB was purified by affinity chromatography via the
hexa-histidine tag (elution buffer: 20 mM Tris-HCI, 500 mM
Imidazole pH 7.4 and 500 mM NaCl) and subsequently dia-
lyzed against 20 mM Tris-HCI pH 8.0, 100 mM NaCl buffer.
MotB was further purified by size exclusion chromatography
(Superdex 75 16 600 column) using a 20 mM of Tris-HCI pH
8.0, 100 mM of NaCl buffer.

Proteolysis with thermolysin

In order to investigate the domain structure of ppr-SiiA and
to identify alternative SiiA fragments for crystallization trials,
we incubated a purified ppr-SiiA sample over a period of
2 days at 20°C with limited amounts of thermolysin (Hampton
Research, Aliso Viejo, USA; 1 pg thermolysin per mg SiiA).
The formation of proteolytic degradation products was moni-
tored by retrieving aliquots at fixed time intervals and analys-
ing the aliquots with SDS-PAGE.

For preparative production of WT and mutant SiiA-PD
(either SeMet-labelled or not), thermolysin was added to
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ppr-SiiA (1 pg thermolysin per mg SiiA) after the initial His-
tag affinity chromatography step in a 20 mM of Tris-HCI pH
7.5 buffer. The thermolysin-SiiA mixture was incubated for
1.5 h on ice. Proteolysis was stopped by adding 10 mM of
EDTA. The resulting protein fragment was purified using a
DEAE-sepharose column (GE Healthcare). Elution from the
column was accomplished with a linear gradient ranging from
0 to 500 mM NacCl in a buffer containing 20 mM of Tris-HCI pH
7.4 and 10 mM of EDTA. The final purification step consisted
of a size exclusion chromatography (Superdex 75 16 600 col-
umn, GE Healthcare) and using the same buffer as above but
without NaCl. SiiA-PD was then concentrated to 20 mg ml™
and stored at —80°C for later usage.

CD measurements

The secondary structure composition of the different pro-
tein variants was analysed via CD spectroscopy, using a
Jasco J-815 CD spectropolarimeter (Jasco, Gross-Umstadt,
Germany). Prior to the recording of the CD signal, the protein
variants were dialyzed against buffers consisting of 10 mM
of potassium phosphate with different pH values, namely pH
5.8, 7.4 and 8.0. All spectra were recorded in a 0.1 cm cuvette
with protein concentrations of 5 pM protein. The absorption
range was scanned from 185 to 260 nm using a step size of
0.1 nm, a data integration time of 1s, a bandwidth of 1 nm and
a scanning speed of 20 nm min~". For further analysis of the
CD signal, the mean residue ellipticity was calculated (Kelly
et al., 2005). Thermal denaturation analysis was performed
in a 1 cm cuvette with a protein concentration of 0.7 uM. The
CD signal was recorded at a single wavelength, namely at
222 nm, and the temperature increased from 20 to 100°C at
a rate of 1°C per min.

Protein crystallization and crystal structure determination

SeMet-labelled SiiA-PD was crystallized using the hanging
drop method (Rupp, 2009). The reservoir solution consisted
of 200 mM of sodium phosphate dibasic pH 8.8 + 0.1 and
20% of PEG 3350. The protein droplet was formed by mixing
2 pl of protein solution (17 mg ml~' SeMet-labelled SiiA-PD in
20 mM Tris-HCI pH 7.5, 1 mM EDTA and 15 mM NaCl) with
1 pl reservoir solution and 2 pl of perfluoropolyether cryo-oil
(Hampton research). The crystals were harvested, cryo-pro-
tected with additional perfluoropolyether cryo-oil and flash
frozen in liquid nitrogen prior to any diffraction data collection.

Diffraction data were collected on beamline BL14.1 oper-
ated by the Helmholtz-Zentrum Berlin (HZB) and BL14.2
operated by the Joint Berlin MX-Laboratory at the BESSY
Il electron storage ring (Berlin-Adlershof, Germany) (Mueller
et al., 2015). The structure of SiiA-PD was solved using
the multi-wavelength anomalous dispersion (MAD) method
(Rupp, 2009). A complete MAD dataset was collected from
a single triclinic SeMet-labelled SiiA-PD crystal at beamline
BL14.2, and the data processed with XDS and XDSAPP
(Kabsch, 2010; Sparta et al., 2016). The values of the tri-
clinic unit cell dimensions (a, b, c and «, f3, y equal to 58.3,
58.4, 65.8 (A) and 93.9, 94.0, 119.0 (°) respectively) are
very close to values that would allow for an alternative
crystal lattice assignment, namely a monoclinic C-centred

Bravais lattice with dimensions 59.2, 100.6, 65.8 (A) and
90.0, 97.8, 90.0 (°). However, an analysis of the structure
factor amplitudes of the remote dataset (used for the final
model refinement) with programs XDS and POINTLESS
revealed unambiguously the absence of a twofold rotational
symmetry (R ., ~11% in Laue group -1 versus R, ..
~37% in group 2/m) and confirmed the triclinic space group
(Table 1) (Evans, 2006; Kabsch, 2010). Data were scaled
with program XSCALE, and the localization of the selenium
sites and partial model building accomplished with program
AUTOSOL of the PHENIX software suite (Terwilliger et al.,
2009; Adams et al., 2010). Model building was completed,
and the structure refined to convergence in an iterative pro-
cess, consisting of steps of manual inspection with program
COQT, automated model rebuilding and refinement, using
program AUTOBUILD and single model refinement steps
with program PHENIX.REFINE (Terwilliger et al., 2008;
Emsley et al., 2010; Afonine et al., 2012). The triclinic crys-
tals contain six protein molecules grouped into three dimers
in the asymmetric unit. Data collection and refinement statis-
tics are summarized in Table 1.

Bioinformatics analyses

A monomeric chain of SiiA was used with the DALI
server to identify protein structures that are homologous
to SiiA (Holm and Laakso, 2016). The identified struc-
tures were ranked based on Zscores. Crystal structures
with a Z-score > 8.9 were chosen for a structure-based
sequence alignment. The structures were aligned with
the MATCHMAKER program in CHIMERA (Pettersen et
al., 2004; Meng et al., 2006). The sequence conservation
mapping was performed with the full-length proteins and
the MULTIALIGN VIEWER in CHIMERA (Pettersen et al.,
2004; Meng et al., 2006).

The electrostatic surface representation was generated
via the APBS-PDB2PQR-server version 2.1.1 with default
settings (http://nbcr-222.ucsd.edu/pdb2pqgr_2.1.1/) (Jurrus et
al., 2018). The PDB2PQR settings included the use of the
PARSE-force field (Sitkoff et al., 1994), the treatment of the
N- and C-terminus as neutral and a pH of 7.0.

Rmsd values between monomers and dimers were cal-
culated with LSQKAB (Kabsch, 1976). Changes in solvent
accessible surface areas were calculated with the PISA-
server (Krissinel and Henrick, 2007). All structure illustra-
tions were drawn with program chimera (Pettersen et al.,
2004).

Peptidoglycan (PG) isolation

The isolation of PG from S. Typhimurium was performed
according to a protocol adapted from Glauner (1988). In
short, bacteria were grown in LB medium (Carl Roth) to
mid-exponential log phase (ODg,, of 0.6-0.8). The cells
were chilled rapidly in an ice bath and harvested via centrif-
ugation. The cell pellet was resuspended in MQ-water and
added dropwise to a boiling SDS-solution (8%). The vol-
ume was adjusted with MQ to 4% SDS and further boiled
for 30 min. From now on, the solution was kept at RT. The
next day, the solution was centrifuged at 108,000x g at
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RT for 45 min. The pellet was washed with MQ-water five
times in order to remove any residual SDS. The PG pellet
was suspended in 50 mM Tris-HCI pH 7.0 and subsequently
treated with 100 pg mI~! a-amylase (Sigma-Aldrich) for 2 h
at 37°C. The solution was then supplemented with 20 mM
MgSO, and treated with 50 pg ml~' RNase A (Roche) and
10 yg ml~' DNase (Sigma-Aldrich) for additional 2 h at 37°C.
Subsequently, 10 mM CaCl, and 100 pg mi~" trypsin (Sigma-
Aldrich) were added and the mixture incubated at 37°C over-
night. The next day, 10 mM EDTA pH 7.4 were added. The
solution was supplemented with SDS to a final concentration
of 1% (v/v) and boiled for 15 min in a bain-marie. This solu-
tion was cooled down to RT and centrifuged at 108,000x g at
RT for 45 min. The pellet was washed five times to remove
any SDS traces. The isolated PG was dried in a SpeedVac
(Thermo Scientific, Osterode, Germany) and stored at —-20°C
until further usage.

Generation of siiA mutant alleles

Site-directed mutagenesis of low copy number vector p3187
harbouring siiA::HA under control of P_,, was performed
using the Q5 SDM kit according to the manufacturer instruc-
tions (NEB) (Table S9), with oligonucleotides (IDT, Munich,
Germany) listed Table S7. The resulting plasmids were con-
firmed by DNA sequencing and introduced in S. Typhimurium
strain MvP771 (AsiiA::FRT, Table S8).

PG-binding assays

For in vitro binding assays, the proteins SiiA-PD, SiiA-
R162A-PD, SiiA-R167L-PD, SiiA-S197E-PD and MotB-PD
were dialyzed against buffer A (10 mM potassium phosphate
pH 5.8) and/or buffer B (10 mM potassium phosphate 8.0).
After buffer exchange, the protein variants were centrifuged
at 16,100x g for 15 min at 4°C in order to remove any pre-
cipitate. Isolated PG from Salmonella was resuspended and
washed three times with buffer A or B. About 0.2 mg of PG
were mixed with 0.25 mg of purified protein in a 1.5 ml reac-
tion tube. This was the input sample (sample IP). This mixture
was incubated at RT for 1 h. The PG and PG-bound pro-
tein were pelleted via centrifugation at 16,100x g for 10 min
at 22°C and the supernatant collected in a separate tube.
The pellet was re-suspended in 200 pl with the respective
buffer. Unbound protein was removed from the insoluble PG
by two additional centrifugation and resuspension steps, as
described above. Samples for SDS-PAGE were taken from
the resuspended pellet (samples P1, P2, P3...) and the
supernatant (samples S1, S2, S3...) at each of the steps.
The samples were analysed via SDS-PAGE and stained with
Coomassie Blue. The band intensities were quantified with
program ImagedJ (https://imagej.nih.gov/ij/).

For analyses of PG binding in S. Typhimurium cells, assays
were performed basically as described by Mizuno (1979)
(Table S8). The S. Typhimurium siiA deletion strain MvP771
harbouring plasmids for expression of WT siiA::HA or siiA-
R162A::HA was grown overnight in LB, diluted 1:31 on LB and
subcultured for 2.5 h for induction of SPI4 genes. Bacterial
cells were harvested and resuspended in PBS, pH 7.4. Cells
were disrupted by sonication using a Branson sonifier. The

lysates were centrifuged for 60 min at 130,000x g at 4°C and
pellets were washed in PBS. Pellets were incubated in 900 pl
extraction buffer (100 mM Tris-HCI, pH 7.3, 100 mM CaCl,,
10% glycerol and 2% SDS) at 34.6°C. After centrifugation
at 130,000x g for 1 h at 34.6°C, the supernatant was recov-
ered and protein was precipitated by addition of TCA to a
final concentration of 10%. Precipitated protein was recov-
ered by centrifugation at 16,100x g for 46 min at 25°C. Pellets
were washed with acetone, dried and protein was dissolved
in SDS-PAGE sample buffer. If required, pH was neutralized
by addition of 1 M Tris-HCI, pH 10.0 and samples were dena-
tured by boiling of 5 min.

Infection of polarized epithelial cells

S. Typhimurium strains were grown over night in LB contain-
ing 50 pg mi~" carbenicillin with aeration by continuous rota-
tion in a roller drum at 37°C. Cultures were diluted 1:31 in LB
and grown for 3.5 h at the same conditions in order to induce
expression of SPI1 and SPI4 genes. Infection of the polarized
epithelial cell line MDCK was performed as described before,
and the amounts of internalized Salmonella were determined
1 h after infection (Wille et al., 2014).

Measurement of intracellular pH

Plasmids were constructed using assembly cloning of PCR
products (Gibson et al., 2009). All primers used for PCR are
listed in Table S7. For the cloning of plasmids that allow co-ex-
pression of siiAB, siiA-D13N-B or motAB with pHIuorin, pTAC-
MAT-Tag-2 (Sigma-Aldrich) was PCR-amplified with primers
pTAC-Gbs-for/rev (Table S9). As inserts, a tetracycline-in-
ducible promoter was amplified from pWRG603 with prim-
ers TetR-Gbs-for/rev (Wille et al., 2014). A codon-optimized
version of R-pHluorin-M153R was synthesized (IDT) and
amplified with primers R-pHluorin-tetR-Gbs-for/R-pHIluorin-
pTAC-Gbs-rev, and siiAB, motAB or siiA-D13N-B from S.
Typhimurium genomic DNA or pWRG648 using primer pairs
pTAC-SiiA-Gbs-for/SiiB462-tetR-Gbs-rev  or pTAC-MotA-
Gbs-for/MotB-pTAC-Gbs-rev (Morimoto et al., 2011; Wille et
al., 2014). Plasmids containing further site-specific mutations
in siiA (R162A) and motB (D33N) were generated by assem-
bly cloning using primers listed in Table S7.

Overnight cultures of strains carrying pHIuorin constructs
were reinoculated at an ODg,, of 0.15 in fresh LB broth con-
taining 50 pg mi~" carbenicillin (Carl Roth) and grown with
aeration for 3.5 h at 37°C. Expression of siiAB or motAB
together with R-pHIuorin-M153R was induced after 2 h with
10 mM IPTG and 50 ng mi~’ anhydrotetracycline hydrochlo-
ride (Sigma-Aldrich). One milliltre of the suspension was
centrifuged (8,000x g, 5 min.), washed once with 1 ml of
100 mM phosphate buffer pH 6.0 and finally resuspended in
500 pl of the same buffer. After 10-fold dilution fluorescence
was determined with excitation at 410 and 470 nm and emis-
sion at 509 nm in a black 96-well plate (Nunc Thermo Fisher,
Karlsruhe, Germany) using an Infinite M1000 plate reader
(Tecan, Mannedorf, Switzerland). The 410/470 nm excitation
ratio was used to calculate the pH based on calibration curves.
Calibration curves were generated with R-pHIuorin-M153R
expressing bacteria which were washed and resuspended in
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phosphate buffers of different pH ranging from 6.0 to 8.0. The
protonophore carbonyl cyanide m-chlorophenyl hydrazone
(CCCP, Sigma-Aldrich) was added to a final concentration
of 30 uM and samples were incubated for 30 min. at 37°C.
The ratio 410/470 nm was plotted against the pH-value and
the resulting curve was fitted using a fourparameter logistic
function (Fig. S6).

Western blot

Bacterial cells were grown and siiAB expression was induced
as described for intracellular pH measurements. An aliquot of
the bacterial suspension was centrifuged (8,000x g, 5 min.)
and the pellet was resuspended in sample buffer (Roti-Load
1; Carl Roth) to normalize the volume to equal ODg,. After
heating (95°C, 5 min.), 10 pl were loaded onto 10% poly-
acrylamide gels and separated in Tris-Tricine buffer accord-
ing to manufacturer’s instructions (ProSieve; Lonza, Basel,
Switzerland). The gels were wet blotted (Mini Trans-Blot
Cell; Bio-Rad, Munich, Germany) onto polyvinylidene flu-
oride membranes (Immobilon-P, 0.45 pm; Merck-Millipore,
Darmstadt, Germany). Membranes were probed using
anti-HA or anti-SiiA and anti-SiiB primary antibodies (as indi-
cated in the respective figures) (Wille et al., 2014) and horse-
radish peroxidase-coupled anti-rabbit secondary antibodies
(Jackson ImmunoResearch, Ely, UK). Signals were visual-
ized using a Chemi-Smart 3000 chemiluminescence sys-
tem (Vilber Lourmat, Eberhardzell, Germany). Blot images
were processed (marker overlay, tonal range, 16- to 8-bit
conversion) using Photoshop CS6 (Adobe Systems, Munich,
Germany).
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Protein T.[°C pH Figure
ppr-SiiA 76.8+04 74 S1D
SiiA-PD 76.9+0.3 58 S4A
SiiA-PD 79.1+15 74 S10
SiiA-PD 74.0+0.3 8.0 S4A
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SiiA-R167L-PD 90.4+1.8 8.0 S4C
SiiA-ST197E-PD 81.6+0.6 58 S4D
SiiA-S197E-PD 759+ 0.4 8.0 S4D
MotB-PD 63.2+0.1 58 SAE
MotB-PD 63.2+0.2 8.0 SAE

Table S2. Analytical size exclusion chromatography results

Protein MW [kDa] V,[mlL]

Dextranblue 7.856 (=V,) o
Coalbumin 75 9.2 b
Carboanhydrase 29 14 ¢
RNase A 13.7 12.9 &
Aprofein 6.5 14.9 [
opr-Si 1484 10.34

SiiA-PD 17.310 12.52

pprSiiA-R162A 44,34 1037

SiiA-R162-PD 17.07% 12.56

* The elution volumes of the protein standards are marked with the letters a, b, ¢, d and e in Fig. S1b, c).

b Apparent molecular weights (MW) calculated via a least squared fit of a trendline based upon the elution volume (V,). Formular: y=-0.189 * x
+3.609 (R*=0.999).
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Table 3. Peak assignment in the anomalous difference density map

Number Peak height (peak intensity/standard deviation) Corresponding aa®

1 18.7 MSE, E.172

2 18.1 MSE, F186

3 17.9 MSE, D.186

4 17.0 MSE, E.186

5 17.0 MSE, E.172

6 16.5 MSE, E172

7 16.0 MSE, C.148/A

8 155 MSE, B.148/A

9 154 MSE, D.148/A
10 15.0 MSE, A.148

11 13.8 MSE, F148
12 13.6 MSE, E.148
13 133 MSE, B.186
14 13.0 MSE, C.186
15 12.8 MSE, A.186
16 11.3 MSE, A.172
17 11.2 MSE, C172
18 9.5 MSE, B.172
19 6.5 MSE, B.148/8
20 58 MSE C.148/8
21 54 MSE, D.148/B

2 Residues are numbered as follows: residue, chain.residue number/alternative conformation. MSE = Seleno-methionine residue.

Table $4. C,-rmsd values between SiiA-PD monomers

SiiA_A® SiiA_B SiiA_C SiiA_D SiiA_E SiiA_F
SiiA_A - 1.0 0.1 1.0 0.2 0.9
SiiA_B - 1.0 0.2 1.0 0.2
SiiA_C - 1.0 0.1 09
SiiA_D - 1.0 03
SiiA_E - 0.9
SiiA_F

* White- and grey-shaded protein chain entries belong to group 1 and 2, respectively.
® Values calculated with program LSQKAB (Kabsch, 1976).

Table S5. C,-rmsd values obtained upon comparing SiiA-PD dimers

SiiA_AB SiiA_BA SiiA_(D SiiA_DC SiiA_EF SiiA_FE
SiiA_AB - 26" 0.2 2.6 0.2 2.6
SiiA_BA - 2.6 0.2 2.6 02
SiiA_CD - 2.6 0.3 2.6
SiiA_DC - 2.6 0.3
SiiA_EF - 27
SiiA_FE

* Values calculated with program LSQKAB (Kabsch, 1976).

® The SiiA-AB dimer is compared to the SiiA-BA dimer such that chain A is superimposed onto chain B and at the same time chain B onto
chain A. This applies accordingly to all dimer comparisons.

Table S6. Peptidoglycan co-isolation quantification

Signal intensity anti HA Signal intensity anti OmpA° Ratio SiiA/OmpA
WT SiiA 30,774 14,594 211
SiiA-R162A 13,459 14,203 0.95
Ratio WT /mut 2.29 1.02

* Antibody staining against WT OmpA was used as a control to normalize the precipitated PG amount.
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Table S7. Primers used for generation of expression constructs, site-directed mutagenesis, and pH sensors

Primer Sequence (5'->3') Usage

R162A-fwd GACATCTCTTTCTCTGACTCTCTAGCACTGGGATATGAAG Recombinant protein expression
R162A-rev GTTCATATCCCAGTGCTAGAGAGTCAGAGAAAGAGATGTC Recombinant profein expression
R167L-fwd GGGATATGAACTGGGAATTATTTTG Recombinant profein expression
R167L-rev AGTCGTAGAGAGTCAGAG Recombinant profein expression
S197E-fwd AAGTACAACGGAAAAAGCTATTATCACGAC Recombinant profein expression
S197E-rev GATGCTGCGGAGTTAACAC Recombinant protein expression
R120A-For GTATCATGGCGCGCTGAGAAGCTTTTC SO

R120A-Rev GTAATAACAAGCTCATTTTTTGTAG SOM

D159A-For CTCTTTCTCTGCCTCTCTACGAC SOM

D159A-Rev ATGTCTGCCTGAGGAATAAC SOM

R162A-For TGACTCTCTAGCACTGGGATATGAACG SDM

R162A-Rev GAGAAAGAGATGTCTGCC SOM

L163A-For CTCTCTACGAGCGGGATATGAACGG SOM

L163A-Rev TCAGAGAAAGAGATGTCTG SOM

R167L-For GGGATATGAACTGGGAATTATTTTG SOM

R167L-Rev AGTCGTAGAGAGTCAGAG SO

S197E-For AAGTACAACGGAAAAAGCTATTATCACGAC SDM

ST97E-Rev GATGCTGCGGAGTTAACAC SDM

MotB-D32N-Ghs-for

GGAAAATTGCCTACGCCAATTTTATGACGGCGATGATGGC

Infracellular pH measurements

MotB-D32N-Ghs-rev

GCCATCATCGCCGTCATAAAATTGGCGTAGGCAATTTTCC

Intracellular pH measurements

MotB-pTAC-Gbs- rev

AACCAAGATGTCGAGTTAACCACCCATCGATCACCTCGGTTCCGCTTTTG

Infracellular pH measurements

pTAC-Ghs-for (GATCTCGACGAGTGAGAGAAG Infracellular pH measurements
pTAC-Ghs-rev CATATTATATCTCCTGTGTGAAATTGTTATCC Intracellular pH measurements
pTAC-MotA-Gbs-for GATAACAATTTCACACAGGAGATATAATATGCTTATCTTATTAGGTTACCTG Intracellular pH measurements
pTAC-SiiA-Gbs- for GATAACAATTTCACACAGGAGATATAATATGGAAGACGAAAGTAATCCG Intracellular pH measurements
pWRG692-Ghs-for CCATGGATCGATAGCTGGTC Intracellular pH measurements
R-pHluorin-pTAC-Ghs-rev TGAARATCTTCTCTCACTCGTCGAGATCGTTATTATTTATACAGTTCATC Intracellular pH measurements
R-pHluorin-pTAC-Ghs-rev TGAAAATCTTCTCTCACTCGTCGAGATCGTTATTATTTATACAGTTCATC Intracellular pH measurements
R-pHluorin-tetR-Ghs-for ATAGAGAAAGATGGCAAGAGGAGGATATCATGTCTAAAGGCGAAGAACTG Intracellular pH measurements
R-pHluorin-tetR-Ghs-for ATAGAGAAAGATGGCAAGAGGAGGATATCATGTCTAAAGGCGAAGAACTG Infracellular pH measurements

SiiA-R162A-pTAC-Gbs-for

ATCTCTTTCTCTGACTCTCTAGCGCTGGGATATGAACGGGGAATTATTTTGATGAAAGAG

Intracellular pH measurements

SiiA-R162A- pTAC-Ghs-rev

CTCTTTCATCAAAATAATTCCCCGTTCATATCCCAGCGCTAGAGAGTCAGAGAAAGAGAT

Intracellular pH measurements

SiiB462-tetR-Ghs-rev

GTAACCAAGATGTCGAGTTAACCACCCATCGATTAATCTTCATTTTTTTCCTCCTTG

Intracellular pH measurements

TetR-Ghs-for

TCGATGGGTGGTTAACTCGAC

Intracellulor pH measurements

TetR-Ghs-rev

GATATCCTCCTCTTGCCATC

* SDM, site-directed mutagenesis.

Infracellular pH measurements
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Table 8. Bacterial strains used in this study

Designation relevant genotype Source/reference
Salmonella enterica serovar Typhimurium
NCTC 12023 W1 NCTC Colindale, lab collection
MvP771 Asii::FRT (Wille etal,, 2014)
MvP103 AsseC::aphl, Kan® (Medina etal,, 1999)
Escherichia coli
OneShot Mach1-TI® F-@80(lac) AM15 Alack74 hsdR(rK-mK+) ArecA1398 endA1 SignaAldiich
tonAhsdR(rK-mK+) ArecA1398 endAl tond
XL10Gold F pro& B lach A(lac)M15 zzf::Tn10 (Tet®) /fhud2A (argFacZ)U169 \EB
0 pho gnV44 ©80A (lac)M15 gyrd96 rech1relAT endA] thi-1 hsdR17
BL21(DE3) F ompl hsdS, (,m,) gol dem (DE3) Novagen
Table S9. Plasmids strains used in this study
Designation relevant genotype Source/reference
pWSK29 low copy number vector, Amp* (Rong Fu & Kushner, 1991)
p3187 Psii siid::HA in pWSK29 (Gerlach etal,, 2007)
p4d78 Psiid siilzHA R120A This study
p4479 Psiid siid::HA D159A This study
pd480 Psiid sii:HA R162A This study
pddgl Psiid siid::HA L163A This study
p4482 Psiid siilzHA R167A This study
p4483 Psiid siid::HA ST97E This study
pTAC-MAT-Tag-2 tac promoter, Amp® Sigma-Aldrich
P -SG5 00E::scfp3a ’
pWRG603 P siB-yfod, Ampt (Wille etal, 2014)
pWRG850 P ocsiiABetRP,-pHluorinM153R, Amp? This study
pWRG851 P ocsiiAD13N-B-tetRP,-pHluorinM153R, Amp? This study
pWRG855 P .emotAB-etRP...pHluori-M153R, Ampt This study
pWRG862 P motABD3I2N-tetRP,-pHluorinM153R, Amp This study
pWRG898 P ocSiAR162A-BetRP,,-pHluorinM153R, Amp? This study
pET-15B Expression vector, Amp? Novagen
pBT127 pET-158, ppr-siiA This study
pBT380 PET-15B, ppr-iAR162A This study
pBT427 pET-158, motB-PD This study
pBT444 pET-158, porsiiAR167L This study
pBT445 pET-158, pprsiiAS197E This study
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Fig. S1. Characterisation of SiiA-PD and ppr-SiiA. A. ESI mass spectrometry analysis of tryptic fragments of SiiA-PD (blue lines). Grey lines
indicate observed fragments below the quality score (false discovery rate <20 %). Red dots mark oxidized methionines. Good sequence coverage
is observed from residue Thr104 to Lys206. However, additional fragments are observed beyond this range. The analysis does not allow for the
unambiguous determination of the exact starting and ending residue of the protease-generated SiiA-PD fragment. B. Analytical size exclusion
chromatography analysis of ppr-SiiA (broken line) and SiiA-PD (black line). C. Analytical size exclusion chromatography analysis of ppr-SiiA-
R162A (broken line) and SiiA- R162A-PD (black line). In panels B and C, the labels a, b, ¢, d and e indicate the elution volumes of the protein
standards listed in Table S2. D and E display the CD spectra of SiiA-PD (black solid line) and ppr-SiiA (grey dashed line) recorded at pH 5.8 (panel
D) and pH8.0 (panel E). The insets in D and E show the difference spectrum calculated by subtracting the CD-signal of SiiA-PD from ppr-SiiA.
F shows the thermal denaturation analysis of SiiA-PD (black solid line) and ppr-SiiA (grey dashed line) recorded at pH7.4. The TM-values are
marked with vertical lines in the respective shading. The results are summarized in Table S1.
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Fig. S2. Structure comparison of SiiA-PD with various OmpA-like PG-binding domains. Structural homologues of SiiA-PD identified with the
DALI server (Holm & Laakso, 2016) (see also Table 2 in main text): SiiA-PD (light blue) in comparison to A. PAL from T. pallidum (PDB-ID: 5IJR,
(Rose etal., 2015)), B. OmpA from K. pneumoniae (PDB-ID: 5NHX), C. PAL from B. cenocepacia (PDB-ID: 5N2C), D. YifB from P. aeruginosa
(PDB-ID: 4ZHW), E. TagL from E.coli (PDB-ID: 5M38), E. MotB from H. pylori (PDB-ID: 3502), G. PAL from B. cenocepacia (PDB-ID: 5LKW),
H. PomB from V. alginolyticus (PDB-ID: 3WPW) and I. OmpA from A. baumannii (PDB-ID: 4G88).
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Fig. $3. PG binding of MotB-PD, SiiA-PD, SiiA-R162A-PD, SiiA-R167L-PD and SiiA-S197E-PD. A. PG pulldown assays performed at pH 5.8
(left side) and pH 8.0 (right side) with the different protein variants and analysed by SDS-PAGE. Input (IP), pellet (P1-3) and supernatant (S1-3)
fractions, as well as the relevant marker bands are indicated. Shown are the original electrophoretic gels from which the bands that are displayed
individually in Fig. 5 of the main text have been extracted. B. SDS-PAGE analysis of the input samples of the protein variants used in A. The
molecular weights of selected marker bands are reported on the left side of the gel. C, D and E. Binding of SiiA-PD to PG at different pH values
investigated with PG pulldown assays. The lanes are labelled as in panel A.
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Fig. S4. Structural integrity of SiiA variants and of MotB-PD probed by CD spectroscopy at various pHvalues. CD spectra of A. SiiA-PD, B.
SiiA-R162A-PD, C. SiiA-R167L-PD, D. SiiA-S197E-PD and E. MotB-PD fragments. Insets display the CD-monitored thermal denaturation of the
respective proteins. In panels A to E contiguous black lines and dashed grey lines show the proteins in 10 mM potassium phosphate-based buffers
at pH 5.8 and 8.0, respectively. F. CD spectra of SiiA-R162A-PD (black line) and ppr-SiiA-R162A (grey dashed line) recorded in 10 mM potassium
phosphate-based buffers at pH7.4. G. shows the thermal denaturation of ppr- SiiA-R162A at pH7.4. The observed melting temperatures are

summarized in Table S1 and indicated by vertical lines in all panels/insets.
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Fig. S5. Inducible expression of siiAB. S. Typhimurium NCTC 12023 WT bacteria were transformed with plasmids allowing for co-production of
SiiAB with R-pHluorin-M153R. Bacteria were subcultured with or without (-) the addition of 10mM IPTG to induce expression of the indicated
SiiAB complexes as described for intracellular pH measurements. The samples were separated in a 10% SDS polyacrylamide gel and blotted.
The proteins were detected by specific antibodies against SiiA and SiiB. WT bacteria without plasmid served as control. One Western blot from
three independent experiments with similar results is shown. M = protein marker with molecular sizes in kDa as indicated.

1.5+

Ex410/Exaro

R?=0.9667

6.0 6.5 7.0 7.5 8.0
pH

Fig. $6. Calibration curve of R-pHluorin-M153R. Defined external pH values were correlated to the ratio of pHluorin fluorescence in the presence
of 30 uM CCCP with excitation 410 nm, emission 509 nm / excitation 470 nm, emission 509 nm (Ex410/Ex470). The coefficient of determination
(R?) is supplied for the 4-parameter logistic function used to fit the data. Data shown are mean and SEM of three independent experiments.
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Abstract

Site-directed scarless mutagenesis is an essential tool of modern pathogenesis research.
We describe an optimized two-step protocol for genome editing in Salmonella enterica sero-
var Typhimurium to enable multiple sequential mutagenesis steps in a single strain. The
system is based on the A Red recombinase-catalyzed integration of a selectable antibiotics
resistance marker followed by replacement of this cassette. Markerless mutants are sel-
ected by expressing the meganuclease I-Scel which induces double-strand breaks in bacte-
ria still harboring the resistance locus. Our new dual-functional plasmid pWRG730 allows
for heat-inducible expression of the A Red recombinase and tet-inducible production of I-
Scel. Methyl-accepting chemotaxis proteins (MCP) are transmembrane chemoreceptors for
a vast set of environmental signals including amino acids, sugars, ions and oxygen. Based
on the sensory input of MCPs, chemotaxis is a key component for Salmonella virulence. To
determine the contribution of individual MCPs we sequentially deleted seven MCP genes.
The individual mutations were validated by PCR and genetic integrity of the final seven
MCP mutant WRG279 was confirmed by whole genome sequencing. The successive MCP
mutants were functionally tested in a HeLa cell infection model which revealed increased
invasion rates for non-chemotactic mutants and strains lacking the MCP CheM (Tar). The
phenotype of WRG279 was reversed with plasmid-based expression of CheM. The comple-
mented WRG279 mutant showed also partially restored chemotaxis in swarming assays on
semi-solid agar. Our optimized scarless deletion protocol enables efficient and precise
manipulation of the Salmonella genome. As demonstrated with whole genome sequencing,
multiple subsequent mutagenesis steps can be realized without the introduction of un-
wanted mutations. The sequential deletion of seven MCP genes revealed a significant role
of CheM for the interaction of S. Typhimurium with host cells which might give new insights
into mechanisms of Salmonella host cell sensing.
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Introduction

The ability for precise manipulation of bacterial genomes is of utmost importance in modern
microbiological research. Although there is a long history of manipulating bacterial genomes,
the application of phage-derived recombinases constitute a breakthrough in bacterial genetics
[1, 2]. These “recombineering” strategies jointly exploit the ability of phage Rac RecE/T or of
phage A Red recombinases to use DNA fragments of less than 40 bp as substrates for homolo-
gous recombination [3]. Direct integration of these homologous sequences within short oligo-
nucleotides is a great advantage which makes cloning of helper plasmids obsolete.

Over the years a vast number of different strategies and ever more refined protocols have
been developed with a clear trend towards “scarless” genome manipulations [4-9]. These tech-
niques are usually based on two steps starting with the integration of a selectable marker (e.g.
an antibiotic resistance gene) followed by seamless replacement of that particular marker. For
the second step efficient methods to select for loss of the marker are required. Here, accumula-
tion of toxic metabolites based on tetAR [6, 10], sucrose sensitivity utilizing the sacB gene [7,
9], rpsL-mediated streptomycin sensitivity in resistant hosts [11, 12], the CcdA/CcdB toxin-
antitoxin system [13] or I-Scel induced double-strand breaks (DSB) [4, 5, 14-17] were success-
fully used. The meganuclease I-Scel of S. cerevisiae has an unusually long recognition site of 18
bp which is statistically not present in bacterial genomes [18]. Mechanistically, the I-Scel site is
co-integrated into the genome with the antibiotic resistance cassette during the first recombi-
nation step. Expression of the I-Scel enzyme after the second step selects for successful recom-
binants. Thus the precise and independent regulated expression of A Red recombinase and
I-Scel is a prerequisite for maximum efficiency and reliability of this method. Whereas the
above mentioned methods rely on double-stranded DNA (dsDNA) as substrate for recombi-
nation, the chromosomal integration of short single-stranded DNA (ssDNA) oligonucleotides
has also been demonstrated [3]. Recombineering of ssDNA requires only the function of A
Beta/RecT ssDNA binding proteins and functions without selectable or counter-selectable
markers [19, 20]. However, methyl-directed mismatch repair reduces efficiency of the method
and thereby increasing the effort of screening for correct clones [21].

Recombineering techniques are not only limited by the efficiency of the applied systems but
also in general by the amenability of microorganisms to the Red/Rec recombinases. Alternative
approaches are explored not only to avoid this limitation but to make genome editing even
more efficient. The CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats
and its associated protein, Cas9) system promises many advantages and is tremendously suc-
cessful for editing eukaryotic genomes. Unfortunately, its application in bacteria is still limited.
Amongst other reasons this is mainly due to the lack of a non-homologous end joining mecha-
nism for DNA repair in most bacteria (reviewed in [22]). Nevertheless, successful CRISPR/
Cas9-mediated genome editing including the introduction of deletions, insertions, and point
mutations, was demonstrated when combined with A Red recombinase functions [23]. The sys-
tem was especially promoted for introducing multiple genome modifications since it does not
rely on the cyclic integration and excision of a selectable marker [24]. However, the method
requires careful design of the specific sequences for the gene-targeting protospacer adjacent
motif (PAM) in order to prevent potential off-target activity. In addition, the PAM sequence
together with the single guide RNA has to be supplied on a plasmid which needs to be cloned
and, ideally, sequence-verified for each target gene to achieve high efficiency in bacteria [8, 23,
24]. Until further optimization of CRISPR/Cas9 system for bacteria, refined scarless recombi-
neering protocols are an efficient and cost-effective tool for genome editing. Based on our previ-
ously developed method [4] we optimized the system to enhance efficiency and enable fast and
reliable sequential modifications of the Salmonella Typhimurium (STM) genome.
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We wanted to demonstrate the functionality of the optimized protocol in STM deleting
seven genes encoding for methyl-accepting chemotaxis proteins (MCPs). MCPs are sensor
molecules which respond to a variety of environmental cues including amino acids, sugars,
ions and oxygen. Receptor signaling is initiated by reversible ligand binding at the periplas-
mic domains of dimeric MCPs [25]. Upon activation the receptor-bound kinase CheA
phosphorylates the response regulator CheY. Through binding to the flagellar motor com-
plex CheY influences the direction of flagellar rotation. As a result environmental signals
perceived by MCPs control chemotactic swimming (reviewed in [26]). Salmonella expresses
homologs to the E. coli MCPs Tsr, Tar, Trg and Aer. Tsr and Tar detect the amino acids ser-
ine and aspartate, respectively [27, 28]. Although the Salmonella Tar homolog CheM shows
only 79% sequence identity with Tar of E. coli it was also demonstrated to bind and respond
to aspartate [29, 30]. Trg is responsible for the sensing of the sugars glucose, galactose and
ribose [31]. Alterations of the redox potential can be detected by Aer [32]. In contrast to
the above mentioned MCPs the chemotaxis sensors Tap, Tip, McpA, McpB and McpC are
only found in Salmonella. Tap was shown to sense citrate and phenol [33] whereas McpB/C
mediate a repellent response towards L-cystine [34]. Currently no function for McpA [35],
lacking a transmembrane domain, and Tip which is devoid of the periplasmic sensor
domain is known.

We used a thoroughly defined set of MCP mutants to investigate the impact of individual
MCPs on the ability of Salmonella to invade HeLa cells. Our infection experiments revealed an
increased invasion rate for mutants lacking CheM indicating a detrimental effect of CheM-
mediated chemotaxis in this infection model.

Results and discussion
Design and construction of system components

In our previously published system [4] the arabinose-inducible expression of the A Red recom-
binase was combined with the meganuclease I-Scel under control of the tetA promoter in plas-
mid pWRGY9 [36]. Although the system allowed for efficient generation of scarless deletions
or single nucleotide exchanges, it required curing and re-transformation of pWRG99 between
each recombination step [4]. We speculated that leaky expression of the A Red proteins from
the Pgap promoter in the absence of glucose [37] could have selected for inactive recombi-
nases. Therefore we reasoned that a differently regulated A Red expression plasmid might cir-
cumvent this problem. The pSC101-based pSIM5 harbors the phage A p; operon comprising
the genes exo, bet and gam under the control of the temperature-sensitive repressor CI857 that
enables heat-inducible expression of A Red recombinase functions [38]. Moreover, the pSIM5
plasmid allows for simple curing by its temperature-sensitive repA origin of replication. From
the functional perspective pSIM5 exhibited 10- to 60-fold higher recombination efficiency
compared to the arabinose-inducible A Red expression plasmid pKD119, which is similar to
pKD46 except for the tetracycline resistance gene [38]. The combined A Red/I-Scel expression
plasmid pWRG730 was constructed by integrating the tetracycline-inducible I-Scel expression
cassette of pPWRG99 into the highly efficient pSIM5 vector (Fig 1A).

Together with pWRG730 new FRT-free template plasmids were constructed based on
pBluescript IT SK+. Flp recombinase target (FRT) sites as present on the old template plasmid
pWRGI100 negatively interfered with DSB-based counterselection [4]. To circumvent this
problem, the kanamycin resistance cassette of pKD4 [36] was integrated in two orientations
relative to the I-Scel cleavage site thereby producing pWRG717 (Fig 1B) and pWRG832 (not
shown). To provide an alternative selection marker, a spectinomycin resistance cassette origi-
nating from pDL1098 [39] was cloned in both orientations which resulted in pWRG829 and
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Fig 1. Overview of the method. (A) Schematic representation of the functional units of plasmid pWRG730. The operon containing A
Red recombinase functions is under control of the heat-inducible phage-derived promoter p,. Expression of the I-Scel meganuclease
is controlled by a tetracycline-inducible promoter (P). A chloramphenicol resistance cassette (cat) is used for selection purposes.
Due to its temperature-sensitive origin of replication (repA;s) the plasmid can be easily cured at elevated growth temperatures. (B)
Representation of the two-step scarless deletion methodology. A kanamycin resistance cassette (aph) is amplified together with an
|-Scel cleavage site (grey triangle) from pWRG717 with two 60-mer primers each containing site-specific homology extensions at
their 5-ends (striped squares). Chromosomal integration of this first targeting construct (TC) is achieved by A Red recombinase
expression from pWRG730. The 2™ TC is also generated by PCR using chromosomal DNA as template and contains a direct fusion
of up- and downstream homology regions. After genomic integration of the 2" TC using A Red recombinase, successful recombinants
are selected by I-Scel expression from pWRG730. A detailed description of the method can be found in the main text.

doi:10.1371/journal.pone.0172630.g001
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pWRG865 (data not shown). Although all four template vectors are suitable for the introduc-
tion of deletions, heterologous DNA or nucleotide exchanges, we routinely used the template
vectors with the resistance gene in reversed orientation compared to the I-Scel cleavage site
(pWRG717, pWRG829) (Fig 1B and not shown) to minimize polar effects in the first recombi-
nation step. The vectors with the resistance cassette in same orientation to the I-Scel cleavage
site enable the simple integration of the antibiotic resistance gene in an artificial operon struc-
ture to serve as a reporter gene as described for Vibrio cholerae [39].
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Sequential deletion of MCP genes

To evaluate the functionality of the system we decided to sequentially delete all genes encoding
for known MCPs in S. Typhimurium strain NCTC 12023. The MCP genes were deleted in the
following order: aer, tcp, tsr, trg, cheM (tar), mcpC (STM14_3893) and mcpB (STM14_3817)
[35]. Each scarless deletion involved two successive recombination steps: (i) integration of a
kanamycin resistance cassette amplified from pWRG717 and (ii) replacement of that resis-
tance cassette by a PCR fragment containing the fused flanking regions of the gene to be
deleted (Fig 1B) [4]. Similar strategies have been described before but with Red recombinase
and I-Scel functionality provided on different plasmids [5] or requiring multiple rounds of
culturing in selective medium for maximum efficiency [17]. In contrast to our first approach
[4] the new plasmid pWRG730 encoding the recombinase and I-Scel meganuclease could be
maintained within the bacteria during the whole sequential gene deletion process through
selection with chloramphenicol (Cm) and keeping the cells at 30°C.

Primers ‘xy-scarless-for’ and ‘xy-scarless-rev’ were used for amplification of an I-Scel cleav-
age site together with a kanamycin resistance cassette from template vector pWRG717 to pro-
duce the 1* targeting construct (TC) for recombination. Whereas the 20 bases at the 3’ ends of
the primers were designed to bind to the template vectors, the 40 bases at each 5’ end are homol-
ogous to regions up- and downstream of ‘orfX’ and thus determine the genome integration site
(Fig 1B). Electrocompetent Salmonella with heat-induced A Red recombinase were transformed
with the 1% TC and transformants were selected on kanamycin (Km) and Cm-containing LB
agar plates. Proper integration of the I-Scel/kanamycin cassette and replacement of each MCP
gene was verified in both directions by PCR. The TC for the second recombination step was
also generated by PCR. The construct represents a fusion of upstream and downstream homol-
ogous regions of the target deletion site. The homologous upstream sequence was amplified
from wild-type (WT) chromosomal DNA as template using a short upstream-binding ‘xy-
cleanDel-for’ primer and a 60-mer ‘xy-cleanDel-rev’ primer. The downstream homology region
comprises the 40 bases of the 5’ end of ‘xy-cleanDel-rev’ (Fig 1B). This PCR-based approach to
obtain a 2! TC is much more flexible and cost-effective for introducing deletions or for site-
directed mutagenesis compared to phosphorylated oligonucleotides [4]. PCR using 60-mer
primers with 40 bases homology extensions would be also the means of choice for insertion of
heterologous DNA sequences. Alternatively, synthetic DNA with compatible terminal homol-
ogy regions can be used in the 2" recombination step hence providing maximal flexibility. This
step was selected on anhydrotetracycline (AHT) containing LB agar plates which induced I-Scel
expression from pWRG730 allowing only the growth of successful recombinants devoid of the
I-Scel site (Fig 1B).

Verification of mutants

Successful scarless deletion of each MCP gene was verified after the 2™ recombination step by
PCR using primers which bind up- and downstream of the site of deletion, respectively. Using
these primer combinations, mutant alleles should result in shorter fragments compared to the
WT situation. The theoretical fragment lengths for mutant and WT of each MCP gene are
listed in Table 1. Starting from the single deletion strain WRG246 Aaer all scarless mutants
were checked whether their MCP alleles corresponded to the expected genotype. Agarose gels
that summarize the individual allele types for each of the MCP genes of the seven sequential
deletion strains are depicted in S1 Fig. No PCR fragments were observed for the ‘aer’ locus in
the A6 (WRG277) and A7 (WRG279) strains. Since the mcpC gene is located adjacent to aer,
deletion of mcpC removed the reverse primer binding site in these mutants. All other observed
fragments were of the expected size as listed in Table 1. Fig 2A shows a direct comparison of
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Table 1. Expected fragment sizes of verification PCRs.

Locus
aer

tcp

tsr

trg

cheM (tar)
mcpC
mcpB

Forward primer
Aer-Delcheck-for2
Tcp-Delcheck-for
Tsr-Delcheck-for
Trg-Delcheck-for
CheM-Delcheck-for
McpC-Delcheck-for
McpB-Delcheck-for2

doi:10.1371/journal.pone.0172630.t001

Reverse primer Fragment WT [bp] Fragment after deletion [bp]
McpC-Delcheck-rev 2605 1370

Tcp-Delcheck-rev 2150 509

Tsr-Delcheck-rev 2203 544

Trg-Delcheck-rev 2153 530

CheM-Delcheck-rev 2555 896

McpC-Delcheck-rev 2330 768

McpB-Delcheck-rev 2414 813

the PCR products originating from WT genomic DNA or from WRG279 lacking all seven
MCP genes (A7) which confirmed the absence of the MCP genes in the A7 strain. Finally,
Sanger sequencing of the PCR fragments verified the expected nucleotide sequence of all MCP
deletion sites (data not shown).

Expression of highly efficient phage recombinases such as A Red can cause unwanted
recombination events within the chromosome [40]. This is especially evident if “scars” e.g.
from recombinases such as Flp or Cre accumulate in the genome during multi-step mutagene-
sis protocols. It has been shown that a set of mutated recombination sites provides one possible
but laborious solution to circumvent this problem [41]. There is no need for such amendments
using a scarless protocol as presented in this study. Given the mutagenic activity of extended
high-level expression of A Red recombinase [40], it is very important to strictly limit A Red
expression when multiple successive mutation steps are carried out in the same bacterial back-
ground. With the pSIM5-based Red expression plasmid pWRG730 10-15 minutes of heat
induction is sufficient for efficient recombination [42].

Despite all these precautions we could not completely exclude accumulation of mutations
in the strain WRG279. To address this, Illumina-based whole genome sequencing of our
NCTC 12023 WT laboratory strain and of the A7 MCP mutant WRG279 was carried out. The
obtained sequencing reads were mapped to the published genome sequence of STM ATCC
14028S which is isogenic with strain NCTC 12023. In contrast to NCTC 12023 WT, no se-
quencing reads of WRG279 were mapped to the deleted MCP genes (Fig 2B). Furthermore,
the coverage data of WRG279 confirmed the precise deletion sites as determined by the
homology regions of the 2" TC (not shown). The ATCC 14028S genome data was also used
as a reference to identify single nucleotide polymorphisms (SNPs). From the total 23 SNPs
identified comparing ATCC 14028S with NCTC 12023 and WRG279 (data not shown) only
two were unique for WRG279 (Table 2). One SNP resulted in a silent substitution within
STM14_2710 and was detectable in all MCP mutants (Table 2). The other SNP was located
within the putative ribosome binding site (RBS) of the yceB gene (STM14_1333) and appeared
only in the last three mutants generated (Table 2). YceB is a predicted outer membrane lipo-
protein and found to be downregulated in a resistant Salmonella strain isolated after a single
challenge with nalidixic acid. Thus, this isolate exhibited additional resistance to tetracycline
and chloramphenicol [43]. In contrast the WRG279 mutant showed minimal inhibitory con-
centrations (MICs) for both antibiotics similar to the parental NCTC 12023 WT strain in
broth dilution assays (S2 Fig). However, modulation of YceB activity beyond antibiotic resis-
tance due to altered protein levels cannot be excluded. These results argue against the yceB
RBS mutation as an adaptation to the prolonged exposure to chloramphenicol, AHT, or both.
Furthermore, both identified mutations are at chromosomal loci distantly located from the
sites of recombination which makes their emergence unlikely to be directly linked to the
recombination procedures applied. These low impact mutations might rather reflect natural
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Fig 2. Genomic characterization of the WRG279 (A7 MCP) mutant. (A) Agarose gel showing PCR fragments generated using the primers as listed in
Table 1 with either wild type (W) or WRG279 (A7) chromosomal DNA as a template. Shorter PCR products of the expected sizes confirmed gene deletion for
the seven loci in WRG279. M = DNA marker, band sizes are shown in kbp (B) Next generation sequencing coverage data of strain WRG279 (black line) and
NCTC 12023 WT (dotted gray line) is shown for the targeted MCP genes (gray rectangles) including 300 nucleotides before and after each coding sequence.
For strain WRG279 no sequencing reads were obtained for the deleted genes and thus a lack of coverage was observed at the respective nucleotide
positions of the wild type sequence.

doi:10.1371/journal.pone.0172630.9002
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Table 2. Distribution of single nucleotide polymorphisms unique for WRG279.

Strain Position* 1,208,402 RBS of yceB (STM14_1333) Position* 2,345,688 synonymous mutation within STM14_2710

NCTC 12023 WT A
WRG246 A
WRG255 A
WRG260 A
WRG264 A
WRG269 G
WRG277 G
WRG279 G

* reference: ATCC 14028S genome.

doi:10.1371/journal.pone.0172630.t002

> > > > > > >0

genomic plasticity from prolonged laboratory handling as shown recently for chronic Salmo-
nella infections [44, 45].

In summary our data highlight that the optimized system based on the dual-functional
pWRG730 in combination with the pWRG717-derived kanamycin resistance cassette allows
for fast and reliable manipulation of the Salmonella genome. This highly efficient tool is likely
applicable in other bacteria amenable for the Red recombinase system, for example E. coli [36],
Shigella spp. [46], Yersinia enterocolitica [47], Y. pestis [9], Pseudomonas aeruginosa [7] or Pan-
toea ananatis [48].

Functional characterization of the MCP deletion strains

Having confirmed the genetic integrity of the mutants we went on to functionally characterize
the strains. It has been demonstrated previously that bacterial motility is an important factor
for efficient invasion of host cells [49, 50]. Actively swimming bacteria encounter shear forces
which bring them within close proximity of the host cell surface. This “near surface swim-
ming” promotes Salmonella-cell interactions and cooperative invasion of membrane ruffles
[51]. By utilizing a cheY mutant which uncouples motility from chemotaxis [26] it was demon-
strated that directed swimming is not required for near surface swimming [51]. However, in
vivo results using streptomycin-pretreated mice underlined the importance of chemotaxis as a
major virulence function besides motility [52]. We set out to test whether the lack of multiple
MCPs influences Salmonella invasion in a HeLa-based infection model. Quantification of
intracellular bacteria was done after one hour and was normalized to STM WT (set to 1). Very
low amounts of intracellular bacteria were detected for an invC deletion mutant harboring a
non-functional SPI-1 encoded type three secretion system (T3SS-1) (Fig 3A, left panel). Our
data revealed an approximately 2-fold increased invasion rate for the cheY mutant suggesting
an inhibitory effect of chemotaxis on HeLa invasion (Fig 3A, left panel). This result is in line
with previous observations where “smooth” swimming mutants such as cheY or cheA exhibited
increased invasion capabilities in HEp-2 cells [49]. In contrast a “tumbling only” cheB mutant
was shown to have lower tissue culture invasion rates [49] presumably due to decreased near
surface swimming. Next we used the set of successive MCP deletion mutants to elucidate the
impact of specific chemotactic signaling on HeLa cell invasion. Surprisingly, we found a clear
phenotypical separation of two groups of mutants. The first group comprising mutants Al
(WRG246 Aaer) to A4 (WRG264 Aaer, Atcp, Atsr, Atrg) exhibited invasion rates very similar to
WT whereas the remaining mutants, which lack five to seven MCP genes, showed an elevated
invasion comparable to a cheY mutant (Fig 3A, left panel).
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Fig 3. Functional characterization of the WRG279 mutant. (A) HeLa cells were infected with different

STM strains and relative invasion rates compared to STM WT were calculated after one hour of infection. An
invC mutant lacking a functional T3SS-1 was used as a negative control for invasion and a motile but non-
chemotactic cheY mutant was included to evaluate the impact of directed motility. The A1 to A7 strains
represent sequential MCP deletions as follows: A1 = WRG246 Aaer, A2 = WRG255 Aaer, Atcp; A3 = WRG260
Aaer, Atep, Atsr; A = WRG264 Aaer, Atep, Atsr, Atrg; A5 = WRG269 Aaer, Atcp, Atsr, Atrg, AcheM; A6 =
WRG277 Aaer, Atep, Atsr, Atrg, AcheM, AmcpC; A7 = WRG279 Aaer, Atcp, Atsr, Atrg, AcheM, AmcpC,
AmcpB. The right panel shows the invasion rates of the A7 strain complemented with pCheM (pWRG847) or
transformed with the empty vector pWSK29 (vector). Statistical significance was calculated using a one
sample ttest against the hypothetical value 1.0 and was defined as ** for p<0.01 and *** for p < 0.001. (B)
Swarming phenotypes of different Salmonella strains as indicated on LB soft agar plates. Depicted is one
representative out of three similar experiments. The diagram in the lower right panel shows the diameter of

the swarming rings of S. Typhimurium WT and the A7 MCP mutant complemented with a CheM expression
plasmid or a vector control as described in (B). Data of three independent biological replicates including means
and standard deviations are shown. Statistical significance was calculated using a two-tailed paired Student’s ¢
test and was defined as *** for p< 0.001.

doi:10.1371/journal.pone.0172630.9003

Deletion of the cheM gene is the common feature of mutants A5 (WRG269) to A7 (WRG279).
The observed phenotypes suggested that only CheM (Tar) is responsible for chemotactic signal-
ing in the HeLa infection model supported by previous results obtained with HEp-2 cells [49].
To investigate this effect in more detail we complemented the A7 MCP strain WRG279 with the
low-copy number plasmid pCheM (pWRG847) harboring the cheM gene under control of its
natural promoter. While WRG279 transformed with the empty vector pWSK29 exhibited an ele-
vated invasion similar to the cheY mutant, invasion of WRG279 [pCheM] was significantly
decreased compared to WT (Fig 3A, right panel). We thus hypothesize that the six to eight plas-
mid copies per cell [53] led to an increased expression level of cheM which in turn fostered
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CheM-dependent chemotactic signaling with higher tumbling rates. CheM can directly sense
aspartate [29]. Aspartate is not a component of the DMEM medium but small amounts of differ-
ent amino acids are present in the FCS used during infection. The cell- and receptor density-
dependent signaling preference of Tar-Tsr receptor complexes for either aspartate or serine
could explain the apparent lack of chemotactic response from Tsr in our assays [54]. In the HeLa
infection model aspartate or other so far uncharacterized CheM ligands might be liberated from
the host cells thereby triggering a chemotactic response of Salmonella.

In a further set of experiments we wanted to characterize the MCP mutant strains in
swarming assays on soft agar plates. As expected we observed a decrease in swarming diameter
with more MCP genes deleted which reflects their increasing incapacity to perceive chemotac-
tic signals (S3 Fig). Interestingly, the mutant WRG269 expressing only the MCPs McpB and
McpC did show residual chemotactic movement whereas the successive WRG277, with mcpC
deleted, was incapable of directed motility (S3 Fig). Like for WRG277, no chemotactic swarm-
ing could be observed for mutants lacking cheY or for the non-motile flil mutant (Fig 3B). The
A7 mutant WRG279 harboring the empty vector pWSK29 was phenotypically indistinguish-
able from the cheY mutant. Because both mutants are still motile they exhibited a slightly
“blurred” inoculation site, which is most likely the result of “tumbly” swimming (Fig 3B).
Introduction of the CheM complementation plasmid pCheM in WRG279 partially restored its
chemotactic capacity (Fig 3B, lower right panel). Intriguingly, a single swarming ring could be
detected for the CheM-complemented A7 MCP mutant which diameter roughly corresponded
to the inner (CheM/Tar) ring observed for STM WT (Fig 3B). For STM WT two concentric
rings were observed in some experiments which expanded over time to the agar plate periph-
ery (Fig 3B). It has been demonstrated for E. coli that the outer ring corresponds to cells sens-
ing serine through Tsr and the inner ring is composed of bacteria which sense aspartate by Tar
[27, 28].

Our results and those of others [49] suggest that functional chemotaxis alone is disadvanta-
geous for Salmonella invasion of HeLa and HEp-2 cells in vitro. However, the in vivo environ-
ment might be far more complex with chemotaxis being an important virulence factor [52,
55]. The optimized mutagenesis protocol described in the present study enabled us to effi-
ciently generate a set of mutants lacking up to seven MCP genes. Further functional characteri-
zation of this set of MCP mutants in vitro identified CheM/Tar as the only MCP responding to
chemotactic signals in a HeLa-based infection model. Future in vivo testing of these and other
mutants, successfully generated by the developed procedure, might help to decipher the envi-
ronmental signals Salmonella responds to during natural infection.

Materials and methods
Bacterial strains and plasmids

All strains used are listed in Table 3. Bacteria were routinely grown in LB media supplemented
with 50 pg/mL carbenicillin (Cb) (Carl Roth, Mannheim, Germany), 25 ug/mL kanamycin
(Km) (Carl Roth), 10 pg/mL chloramphenicol (Cm) (Carl Roth), 50 ug/mL spectinomycin
(Sp) (Carl Roth) or 100 ng/mL anhydrotetracycline (AHT) (# 37919 Sigma-Aldrich, Schnell-
dorf, Germany) if required. Table 4 gives an overview of all the plasmids used in this study.

PCR and cloning

All primers used for cloning are listed in S1 Table. For construction of the I-Scel aph template
plasmid pWRG717, an I-Scel cleavage site was fused to the kanamycin resistance cassette of
pKD4 by PCR using primers XhoI-aph-for2 and Aph-I-Scel-KnpI-rev2. The PCR fragment was
cloned via Xhol/Kpnl in pBluescript II SK+ (Agilent Technologies, Waldbronn, Germany). For
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Table 3. Strains used in this study.

Strain Relevant characteristic(s) Source or
Reference
MvP818 NCTC 12023 AinvC FRT [56]
MvP1212 NCTC 12023 AcheY FRT [57]
MvP1213 NCTC 12023 Aflil FRT [58]
NCTC Wild type, Nal®, isogenic to ATCC 14028 NCTC, Colindale,
12023 UK
WRG244 NCTC 12023 Aaer::I-Scel aph, Km" This study
WRG246 NCTC 12023 Aaer This study
WRG247 NCTC 12023 Aaer Atcp::1-Scel aph, Km" This study
WRG255 NCTC 12023 Aaer Atcp This study
WRG259 NCTC 12023 Aaer Atcp Atsr:1-Scel aph, Km' This study
WRG260 NCTC 12023 Aaer Atcp Atsr This study
WRG263 NCTC 12023 Aaer Atcp Atsr Atrg::1-Scel aph, Km" This study
WRG264 NCTC 12023 Aaer Atcp Atsr Atrg This study
WRG266 NCTC 12023 Aaer Atcp Atsr Atrg AcheM::1-Scel aph, Km" This study
WRG269 NCTC 12023 Aaer Atcp Atsr Atrg AcheM This study
WRG276 NCTC 12023 Aaer Atcp Atsr Atrg AcheM AmcpC::1-Scel aph, Km" This study
WRG277 NCTC 12023 Aaer Atcp Atsr Atrg AcheM AmcpC This study
WRG278 NCTC 12023 Aaer Atcp Atsr Atrg AcheM AmcpC AmcpB::I-Scel aph, | This study
Km"
WRG279 NCTC 12023 Aaer Atcp Atsr Atrg AcheM AmcpC AmcpB This study

doi:10.1371/journal.pone.0172630.t003

construction of all other plasmids including the spectinomycin template plasmid pWRG829,
assembly cloning of PCR fragments was used [59]. Primers pWSK29-Gbs-for and pKD4-Gbs-
rev were used with pWRG717 as template to obtain a PCR fragment containing the vector
and the I-Scel cleavage site. A spectinomycin resistance cassette was amplified with primers
pSK-aad9-Gbs-for and pKD-aad9-Gbs-rev from plasmid pDL1098 [39] and subsequently

Table 4. Plasmids used in this study.

Plasmid | Relevant characteristic(s) Source or
Reference
pDL1098 | Temperature-sensitive mTn 10 delivery vector, Cm', Sp" [39]
pKD4 aph resistance cassette flanked by FRT sites, A Pir dependent replication, | [36]
Km', Ap"
pSIM5 temperature-sensitive replication (30°C) and Red recombinase expression | [38]
(42°C), Cm"
pWRG99 | pKD46 [36] derivative, temperature-sensitive replication (30°C), [4]

arabinose-inducible expression of Red recombinase, Tet-inducible
expression of I-Scel, Ap"

pWRG717 | pBluescript Il SK+ derivative, aph resistance cassette and I-Scel cleavage | This study
site, Km", Ap"

pWRG730 | pSIM5 [38] derivative, temperature-sensitive replication (30°C) and Red This study
recombinase expression (42°C), Tet-inducible expression of I-Scel, Cm"

pWRGB829 | pBluescript Il SK+ derivative, aad9 resistance cassette and I-Scel This study
cleavage site, Sp’, Ap"

pWRG832 | pWRG717 derivative, aph resistance cassette reversed, Km", Ap" This study

pWRG841 | Popensi:cheMin pCRI-TOPO, Km", Ap" This study

pWRG847 | pCheM; P sponsi:cheM in pWSK29, Ap" This study

pWRG865 | pWRG829 derivative, aad9 resistance cassette reversed, Sp', Ap” This study

pWSK29 | Low-copy-number vector, Ap" [53]

doi:10.1371/journal.pone.0172630.t004
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combined with the first PCR product to obtain pWRG829. In template plasmids pWRG832 and
PWRGS65 the antibiotic resistance cassettes are in reversed orientation compared to pWRG717
and pWRG829, respectively. Here, pBluescript IT SK+ was amplified with primers pWSK29-
Gbs-for and -rev. The resistance cassettes were amplified from pWRG717 and pWRG829 with
primer pairs Aph-I-Scel-pSK-Gbs-for/Aph-pSK-Gbs-rev2 and Aad9-I-Scel-pSK-Gbs-for/
Aad9-pSK-Gbs-rev, respectively. A two-fragment assembly of each of the resistance cassettes
with the vector PCR fragment led to the final plasmids. The heat-inducible Red recombinase
expression plasmid pSIMS5 [38] was linearized by PCR using primers pSIM-Gbs-for and pSIM-
Gbs-rev. The tetracycline-inducible I-Scel expression cassette was amplified with primers
pSIM-TetR-Gbs-for2 and pSIM-I-Scel-Gbs-rev using pWRG99 [4] as template. The two PCR
fragments were combined by assembly cloning resulting in plasmid pWRG730. The region con-
taining the cheM promoter and coding sequence was amplified from chromosomal DNA using
primers CheM-Delcheck-for and CheM-pWSK-Gbs-rev. The PCR fragment was blunt-cloned
in pCR II-TOPO (Thermo Fisher Scientific, Karlsruhe, Germany) resulting in plasmid pWRG841
which was subsequently digested with KpnI and Xbal. The cheM-containing fragment was gel-
purified and cloned in the similarly-digested pWSK29 to obtain pWRG847 (pCheM).

Generation of mutants

All primers used to amplify the kanamycin resistance cassette from pWRG717 and to obtain a
TC from Salmonella genomic DNA are listed in S1 Table. The desalted primers were purchased
from Integrated DNA Technologies (Munich, Germany). For amplification of the first targeting
construct forward primers consisting of the 3’ sequence 5’ ~AGGGTTTTCCCAGTCACGAC-3',
which binds to all pBluescript IT SK+ -based template vectors, and a 5” 40 bases sequence homol-
ogous to the genomic target site were used. The 60-mer reverse primers were similarly designed
with the following 3’-located sequence binding to the template vectors: 5’ ~-TGCTTCCGGCTCGT
ATGTTG-3’ . Overnight (O/N) cultures of Salmonella harboring pWRG730 were grown at
30°C in LB supplemented with 10 pg/mL chloramphenicol. O/N cultures were re-inoculated
1:100 in fresh medium and grown aerated to an ODgg 0f 0.3 to 0.5. Red recombinase expression
was induced for 12.5 minutes in a shaking water bath at 42°C [42]. After that bacteria were
immediately put on ice and electro-competent cells were prepared essentially as described before
[4]. Cells were transformed with 100-500 ng purified 1** TC using a Micropulser device (Bio-
Rad, Munich, Germany) at ‘EC2’ setting. Successful recombinants were selected on LB plates
containing chloramphenicol (plasmid pWRG730) and kanamycin (aph cassette from pWRG717
template) and kept at 30°C to preserve pWRG730. Colony-PCRs with suitable primers were rou-
tinely used to check for correct insertion of the resistance cassette within the genome in both
directions. For subsequent removal of the resistance cassette competent cells were prepared from
confirmed mutants still harbouring pWRG730 as described above. After transformation a
10-fold dilution series of the cells up to 10~* was prepared in LB and plated on LB agar contain-
ing chloramphenicol and AHT. Plates were kept O/N at 30°C and large colonies were picked
and purified again on LB agar plates containing chloramphenicol and AHT. Successful deletion
of a MCP gene was confirmed with PCR using primers binding to the flanking regions of the
gene (see Table 1) and subsequent Sanger sequencing of the PCR products (data not shown).
After going through the desired number of deletion cycles, plasmid pWRG730 was cured from
the bacteria by O/N incubation at 42°C.

Whole genome sequencing and mapping

Genomic DNA of strain NCTC 12023 wild type (WT) and the isogenic 7x MCP mutant
WRG279 was prepared from O/N cultures in LB medium using a GenElute Bacterial Genomic
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DNA kit (Sigma-Aldrich, Schnelldorf, Germany) according to manufacturer’s instructions.
One ng of genomic DNA of each strain was fragmented using the Nextera sample preparation
kit (Illumina, San Diego, CA, USA) and sequenced on a MiSeq (Illumina) machine running in
paired end mode with 300 bp read length. All raw sequence reads of BioProject PRINA355390
(http://www.ncbi.nlm.nih.gov/bioproject/) are available through SRA (http://www.ncbi.nlm.
nih.gov/sra) accessions SRR5062192 (WT) and SRR5062193 (WRG279).

Consensus sequences for the two genomes were determined utilizing a custom in-house
analysis pipeline as described earlier [60]. Briefly, MiSeq reads were mapped to the published
genome sequence of S. Typhimurium strain ATCC 14028S (accession: CP001363) by a combi-
nation of BWA-SW version 0.7.13-r1126 [61] and SAMtools 0.1.19 [62]. VarScan 2.3 [63] was
utilized for consensus calling. After mapping sequencing coverage was extracted using SAM-
tools 1.3.1 and visualized with ‘ggplot2’ [64] from ‘R’ 3.3.0 [65]. SNPs were extracted from the
NCTC 12023 WT and WRG279 genomes obtained by reference-based mapping using a cus-
tom in-house Python script. Regions containing SNPs unique for WRG279 or sites of MCP
deletion were PCR-amplified and subjected to Sanger sequencing (GATC Biotech, Cologne,
Germany) using suitable primers listed in S1 Table. Sequence data is available through BioPro-
ject PRINA355390.

Minimal inhibitory concentration assay

O/N cultures of test strains were diluted 1:100 in fresh LB and grown at 37°C to an ODgg,
between 0.5 and 0.7. After adjusting the cultures to an ODgg of 0.0002 (approximately 2 x 10
bacteria/mL) in fresh 2-fold concentrated LB, 100 pl were added to each well of a 96-well plate
containing 100 pl of increasing concentrations of chloramphenicol or tetracycline in distilled
water. The plates were incubated at 37°C in a humid chamber for 16 h and absorbance was
measured at 600 nm (Tecan Infinite M1000). The MICs were calculated using ‘R’ as described
before [66].

Cell culture and infection

HelLa cells (LGC Standards, Wesel, Germany) were grown in DMEM (Biowest, Germany) sup-
plemented with 10% FCS, sodium pyruvate and 2 mM GlutaMax (Thermo Fisher Scientific,
Karlsruhe, Germany) under humidified atmosphere with 5% CO,. Gentamicin protection
assays were essentially carried out as described previously [67]. Briefly, 5 x 10* HeLa per well
were seeded in 24-well plates (Cell-star, Greiner bio-one, Frickenhausen, Germany) 24 h prior
infection. Bacterial O/N cultures grown in LB supplemented with appropriate antibiotics were
reinoculated 1:31 in fresh medium and grown aerobically for another 3.5 h. An inoculum cor-
responding to a multiplicity of infection (MOI) of 10 was prepared in DMEM and used to
infect the HeLa cells for 25 min. After the cells were washed thrice with PBS, 500 ul of DMEM
containing 100 pg/mL gentamicin was applied to each well to kill remaining extracellular bac-
teria. After one hour of incubation the cell layers were washed again with PBS and then lysed
for 10 min with PBS containing 1% Elugent (Merck Millipore, Darmstadt, Germany) and
0,0625% Antifoam B (Sigma-Aldrich, Schnelldorf, Germany) to liberate the intracellular bacte-
ria. Serial dilutions of the inoculum and the lysates were plated on Mueller Hinton (MH) plates
to determine the colony-forming units. Based on the inoculum the percentage of invasive bac-
teria was calculated and subsequently normalized to WT.

Swarming assay

Swarming of different Salmonella strains was assessed on LB semi-solid agar plates (LB with 5
g/L NaCl, 0.5% agar). A small amount (0.2 pl) of bacterial O/N cultures was applied onto the
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center of LB soft agar plate and incubated for six hours at 37°C. The diameters of the swarm
colonies were measured and the plates were photographed.

Supporting information

S1 Fig. PCR fragments after colony PCR of sequential MCP deletion strains. Primer combi-
nations as listed in Table 1 were used. One exception was the ‘aer’ locus where primer ‘Aer-
Delcheck-rev2’ instead of ‘McpC-Delcheck-rev’ was used producing a 1087 bp fragment. Due
to deletion of the reverse primer binding site during replacement of mcpC and mcpB, no prod-
uct was observed (*) for WRG277 (6) and WRG279 (7). 1 = WRG246 Aaer; 2 = WRG255 Aaer,
Atcp; 3 = WRG260 Aaer, Atcp, Atsr; 4 = WRG264 Aaer, Atcp, Atsr, Atrg; 5 = WRG269 Aaer,
Atep, Atsr, Atrg, AcheM; 6 = WRG277 Aaer, Atcp, Atst, Atrg, AcheM, AmcpC; 7 = WRG279 Aaer,
Atcep, Atsr, Atrg, AcheM, AmcpC, AmcpB, M = DNA marker, band sizes indicated in kbp.

(TIF)

S2 Fig. Determination of the minimal inhibitory concentration (MIC). MICs for chloram-
phenicol (left) and tetracycline (right) were determined for either S. Typhimurium NCTC
12023 wild type (WT) or the isogenic mutant WRG279 lacking seven MCP genes in broth
dilution assays. Data of three independent biological replicates done in duplicates with means
and standard deviations are shown. n.s. = not significant as calculated using a two-tailed
unpaired Student’s  test.

(EPS)

S3 Fig. Swarming phenotypes of different MCP mutants. (A) Swarming phenotypes on LB
soft agar plates of different Salmonella MCP mutants as indicated. Depicted is one representa-
tive out of three similar experiments. (B) Diameters of the swarming rings with means and
standard deviations of the different Salmonella strains from (A) for three independent biologi-
cal replicates are shown. Statistical significance compared to WT was calculated using a two-
tailed paired Student’s ¢ test and was defined as * for p < 0.05 and *** for p < 0.001.

(TIF)

S1 Table. Oligonucleotides used in this study.
(XLSX)
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S1 Fig: PCR fragments after colony PCR of sequential MCP deletion strains. Primer combinations as listed in Table 1 were used. One exception
was the ‘aer’ locus where primer ‘Aer-Delcheck-rev2’ instead of ‘McpC-Delcheck-rev’ was used producing a 1087 bp fragment. Due to deletion
of the reverse primer binding site during replacement of mcpC and mcpB, no product was observed (*) for WRG277 (6) and WRG279 (7).
1=WRG246 Aaer; 2=WRG255 Aaer, Atcp; 3=WRG260 Aaer, Atcp, Atsr; 4=WRG264 Aaer, Atcp, Atsr, Atrg; 5=WRG269 Aaer, Atcp, Atsr, Atrg,
AcheM; 6=WRG277 Aaer, Atcp, Atsr, Atrg, AcheM, AmcpC; 7=WRG279 Aaer, Atcp, Atsr, Atrg, AcheM, AmcpC, AmcpB, M=DNA marker, band
sizes indicated in kbp.
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S2 Fig: Determination of the minimal inhibitory concentration (MIC). MICs for chloramphenicol (left) and tetracycline (right) were determined
for either S. Typhimurium NCTC 12023 wild type (WT) or the isogenic mutant WRG279 lacking seven MCP genes in broth dilution assays. Data
of three independent biological replicates done in duplicates with means and standard deviations are shown. n.s.=not significant as calculated

using a two-tailed unpaired Student’s ¢ test.

S3 Fig: Swarming phenotypes of different MCP mutants. (A) Swarming phenotypes on LB soft agar plates of different Salmonella MCP mutants
as indicated. Depicted is one representative out of three similar experiments. (B) Diameters of the swarming rings with means and standard
deviations of the different Salmonella strains from (A) for three independent biological replicates are shown. Statistical significance compared to

WT was calculated using a two-tailed paired Student’s t test and was defined as * for p <0.05 and *** for p <0.001.
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S1 Table: Oligonucleofides used in this study.

Designation Sequence 5'-> 3’

Aad9--ScelpSK-Ghs for TAATACGACTCACTATAGGGCGAATTGGGTACCAGTTACGCTAGGGATAACAGGGTAATATAGGCGCAACGCAATTAATGTAAG
Aad9-pSk-Gbsrev ATGACCATGATTACGCCAAGCGCGCAATTACCTATATCGCCGACATCACC

Aer-leanDelHor GCAAATTGCGATCCAGAG

Aer-leanDelrev 6G6CGGATGTCATTACCATTGCTACCTACAAATAAACTTAGATAGCGTCCTGTGCAGG

AerDelcheck-for? CCTCTCGGTTTAGTGCTTTC

Aer-Delcheck-rev? (GTGGTGGGATAATCATTGG

Aer-Scarless-for CGAAAAATTAACATCCAGATAACCTGCACAGGACGCTATCAGGGTTTTCCCAGTCACGAC

AerScarlessev 6GGCGGATGTCATTACCATTGCTACCTACAAATAAACTTATGCTTCCGGCTCGTATGTTG

Aph-+Scel-Kpnl-rev2

GCCOGTACCAGTTACGCTAGGGATAACAGGGTAATATAGAGAGCGCTTTTGAAGCTGGG

Aph-+Scel-pSK-Ghs-for

TAATACGACTCACTATAGGGCGAATTGGGTACCAGTTACGCTAGGGATAACAGGGTAATATAGCTGGGCTATCTGGACAAGGG

Aph-pSK-Gbs-rev2 ATGACCATGATTACGCCAAGCGCGCAATTACGAAGCCCAACCTTTCATAG
CheM-cleanDelor CCGCTGCGACACTGTCATTG

CheM-cleanDelrev GTTCGCAAATTAATCGATAACCGACAGCGCACGTCGATCAAAGGCACCTTCCTGATAACG
CheM-Delcheck-for (GTCGTCGGGATAGTGGTAG

CheM-Delcheck-rev AAAGCGGTCAGGTTGGTAG

CheM-pWSK-Ghs-rev ATGACCATGATTACGCCAAGCGCGCAATTATATGCGAACCAGACGAAAGG

CheM-Scarless-for

TGCCGATAACGTTGATAACTCGTTATCAGGAAGGTGCCTTAGGGTTTTCCCAGTCACGAC

CheM-Scarless-tev

GTTCGCAAATTAATCGATAACCGACAGCGCACGTCGATCATGCTTCCGGCTCGTATGTTG

McpB-cleanDelfor TAACGGTGGATAACCGTCTC

McpB-cleanDetrev GAAGGAAACCCATTCATCAGTAGACTGTGCGGGAGCCGACATGAATTTCCTTGCTGAATA
McpB-Delcheck-for? T6GG6CTATCTGGACAGATTG

McpB-Delcheck-rev GAAGGGAAGAGGCGATAGTG

MepB-Scarless-for GTCTGATGACTAATCTCTTATATTCAGCAAGGAAATTCATAGGGTTTTCCCAGTCACGAC
MepB-Scarlessev GAAGGAAACCCATTCATCAGTAGACTGTGCGGGAGCCGACTGCTTCCGGCTCGTATGTTG
McpC-cleanDekfor TCCTTCTCCCTTGTCTAC

McpC-cleanDelrev GATTGATCGCGCGGCGCTGGAAATCECCGAACTGGATTAAATTITCTCCCTGEGATTGC
MepC-Delcheck-for CGGATGCGCTCTGATAGAAG

MepC-Delcheck-rev ACTTCGGCTGGTCATTCTTG

McpC-Scarlessfor

AATCTTCCTGTATGAGGATATGCAATCCCAGGGAGAAAATAGGGTTTTCCCAGTCACGAC
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Designation Sequence 5'-> 3’

MepC-Scarlessev GATTGATCGCGCGECGCTEGAAATCGCCEAACTGGATTAATGCTTCCGGCTCGTATGTTG
pKD4-Ghs-rev CAACCTGCCATCACGAGATTTC

pSIM-Ghs-for CCGCTGTGCTTTCAGTGGATTTCG

pSIM-Ghs-rev GACAGTAAGACGGGTAAGCCTG

pSIM-Scel-Ghs-rev GGCCTTTCTGTTATCCGAAATCCACTGAAAGCACAGCGGGGTCTCCCTATAGTGAGTCG
pSIM-TetR-Ghsfor?2 CGGTATCATCAACAGGCTTACCCGTCTTACTGTCAAAGTGCCACCTGCATCG
pWSK29-Gbs-for TAATTGCGCGCTTGGCGTAATC

pWSK29-Ghsrev ACCCAATTCGCCCTATAGTG

STM14_2710-seq-for CGGTAACGTCTCTTGTTCTC

STMT4_2710-seqrrev ATTCAGGCGTCAGACATTCC

Tep-cleanDelfor TCCCGCGATATTCCTTTC

Tep-cleanDelrev GTAAAGCGCATTAACTGCACGGCAGATACTATTCTGATTAAGTGCCTAACATTCCTTATT
Tep-Delcheck-for TTTACCGGGCTATG6CTGGC

Tep-Delcheck-rev GTTGCCCTGAACCGGTAATG

Tep-Scarlessfor

ATTGATCATACCGTCTACAAAATAAGGAATGTTAGGCACTAGGGTTTTCCCAGTCACGAC

TepScarless-ev

GTAAAGCGCATTAACTGCACGGCAGATACTATTCTGATTATGCTTCCGGCTCGTATGTTG

Trg-cleanDekrev

(GCCCECEGCTAAAATAGCCCGCTGGCECEACGCTTACTAGACCETCGACTCTCTTGTAG

Trg-Delcheck-for 6GCGATAACTGATTCATCCG
Trg-Delcheck-rev AGAATGCGGAAGCCCTGTTG
Trg-Scarless-for GCGTGTTTTACGCATAAAACCTACAAGAGAGTCGACGGTCAGGGTTTTCCCAGTCACGAC
Trg-Scarless-rev (6CCCOCEGCTAAMATAGCCCGCTEGCECGACGCTTACTATGCTTCCGGCTCGTATGTTG

Tsr-cleanDelrev

ACGGTCOTCTGTAGGCCGACTGTTCACCACTACGCCCTTAGTTTTCTCTTTCCGCTAGAC

Tsr-Delcheckfor GTTCGTGTTTGAGGAGGTAG

Tsr-Delcheck-rev ACCGCACACCTTCACTCAAC

Tsr-Scarless-for AGGCCGAAAATTCTGTATCTGTCTAGCGGAAAGAGAAAACAGGGTTTTCCCAGTCACGAC
Tsr-Scarless-tev ACGGTCOTCTGTAGGCCGACTGTTCACCACTACGCCCTTATGCTTCCGGCTCGTATGTTG
Xhol-aphfor2 GAACTCGAGACTGGGCTATCTGGACAAGG

YceB-seqfor CCAATCTGGCTGACAAGGTTAG

YceB-seqrrev

(GGCGAATTATCGGAAGATG
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Abstract

Intimate cell contact and subsequent type three secretion system-dependent cell invasion are key
steps in host colonization of Salmonella. Adhesion to complex glycostructures at the apical membrane
of polarized cells is mediated by the giant adhesin SiiE. This protein is secreted by a type 1 secretion
system (T1SS) and needs to be retained at the bacterial surface to exert its adhesive function. Here,
we show that SiiE surface expression was linked to the presence of L-aspartate sensed by the
Salmonellaspecific methyl-accepting chemotaxis protein CheM. Bacteria lacking CheM were attenuated
for invasion of polarized cells, whereas increased invasion was seen with Salmonella exposed to
the nonmetabolizable aspartate analog a-methyl-D, L-aspartate (MeAsp). While components of the
chemotaxis phosphorelay or functional flagella were dispensable for the increased invasion, CheM
directly interacted with proteins associated with the SiiE T1SS arguing for a novel non-canonical
signaling mechanism. As a result, CheM attractant signaling caused a shift from secreted to surface-
retained and adhesion-competent SiiE. Thus, CheM controls the virulence function of SiiE in a precise
spatio-temporal fashion depending on the host micro-milieu.

Introduction

Many pathogenic bacteria strongly rely on their ability to get into close contact to eukaryotic
host cell surfaces. By means of different adhesins, they are able to colonize mucosal surfaces
or invade cells and establish their niches in host organisms. Salmonella enterica subsp.
enterica serovar Typhimurium (STM) is a pathogen that is capable to infect diverse hosts

and usually causes a self-limiting gastrointestinal infection. STM can invade non-phagocytic
cells by deploying a type III secretion system (T3SS) that is encoded by the Salmonella
pathogenicity island 1 (SPI-1) (1). An intimate contact between the pathogen and the host
cell is essential for the subsequent translocation of effector molecules by the SPI-1-dependent




111 Results and Publications | 101

T3SS (T3SS-1). This triggers an inflammatory host immune response, which does not only
weaken the enterocyte barrier function, but also helps STM to compete with the intestinal
microbiota (2). While the T3SS-1 itself can already mediate adhesion (3), additional adhesive
structures such as Fim fimbriae (4) or the giant non-fimbrial adhesin SiiE (5) are also critical
for bacterial attachment, depending on the type of host cell. Transcriptional co-regulation

of SPI-1 with the SiiE-encoding Salmonella pathogenicity island 4 (SPI-4) is the basis of

this functional cooperation (5, 6).

In line with previous findings on other polarized cells (7), it was recently shown that

apical invasion of intestinal epithelial cells requires SiiE (8). SiiE likely functions as a

lectin recognizing glycostructures with terminal N-acetylglucosamine (GlcNAc) and/or

a 2,3-linked sialic acid residues (9). The unique structural features of the ~175 nm long

600 kDa adhesin SiiE allow Salmonella to overcome the antiadhesive barrier function of

the transmembrane, epithelial mucin MUCI, the extracellular domain of which is heavily
decorated with O-linked glycans terminating in negatively charged sialic acids (8). SiiE
comprises 53 bacterial immunoglobulin-like (BIg) domains that show distinct Ca** binding
motifs crucial for its rigid tertiary structure (10, 11). SiiE is the only known substrate of

the SPI-4-endoced T1SS and contains a complex C-terminal secretion signal (7). Based on
similarity to other T1SS, e.g., the E. coli hemolysin system (12), secretion is likely achieved in
a single step without a periplasmic intermediate. Considering these structural features, SiiE is
thought to be permanently secreted into the extracellular space. A recent study showed that
secreted SiiE suppressed the humoral immune response against Salmonella by reducing the
number of IgG-secreting plasma cells in the bone marrow. Mechanistically, an N-terminal
region of SiiE with high similarity to laminin 1 bound to p1 integrin (CD29) on IgG* plasma
cells, thereby preventing their interaction with laminin f1*CXCL12* stromal cells which
otherwise form a survival niche for plasma cells in the bone marrow (13). However, in line
with its function as an adhesin, the protein was also found temporally retained on the surface
of Salmonella (7, 8, 14). Nonetheless, it is still unclear how the surface expression of SiiE and
hence the switch between its function as adhesin vs. immunosuppressant is regulated.

Here, we show that the presence of aspartate (Asp) promotes the surface expression of SiiE
and the adhesion of Salmonella, which turned out to be dependent on the Salmonella-specific
methyl-accepting chemotaxis protein (MCP) CheM, an ortholog of E. coli Tar/MCP-II. Using
mass spectrometry, CheM and other MCPs were identified as interaction partners of the
SPI-4 encoded SiiA and SiiB. SiiAB are associated with the T1SS and form an inner membrane
proton (H*) channel with similarities to the ExbB/TolQ and MotAB family (15, 16). Using a
set of consecutive MCP deletion mutants, we found that invasion of polarized cells by STM
was attenuated upon deletion of cheM. Binding of Asp to CheM usually triggers bacterial
chemotaxis towards the attractant gradient (17). We discovered that the addition of a non-
metabolizable aspartate analog, a-methyl-D,L-aspartate (MeAsp), elevated host cell invasion
by STM. Using mutants lacking downstream components of the chemotaxis phosphorelay

or functional flagella, we observed that neither classical chemotaxis signaling nor bacterial
motility contributed to the increased invasion. Instead, attractant-stimulation of CheM
caused a shift from secreted to surface-retained and adhesion-competent SiiE. We there-

fore suggest that aspartate acts as microenvironmental cue that elicits the SPI-4-dependent
adhesion to and invasion of polarized epithelial cells by Salmonella through a novel, non-
canonical signaling pathway of the MCP CheM via SiiAB to the SPI-4 T1SS and SiiE.
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Results
SiiAB interact with CheM

Our previous results suggested that SiiE-mediated adhesion depends on the function of the
SPI-4 T1SSassociated SiiAB proton channel (15). We set out to identify protein interaction
partners as potential regulators of SiiA and/ or SiiB. Epitope-tagged SiiA or SiiB was expressed
from low copy-number plasmids and used as bait proteins to purify complexes after cross-
linking. Composition of complexes was determined by liquid chromatography coupled

to mass spectrometry (LC-MS/MS). As expected, both bait proteins were under the top

five identified proteins (Fig 1A). Moreover, our data confirmed the previously found (15)
interaction between SiiA and SiiB, since both proteins were identified as prey while using
the other as bait. Interestingly, a set of MCPs (Aer, Trg, McpB, McpC and CheM) was
enriched in the SiiA complex while in the SiiB complex the MCP CheM was identified.
MCPs act as sensors controlling flagellar movement towards attractants and away from
repellants (18). In the following, we focused on CheM because the protein was previously
implicated to have a role in Salmonella invasion of HeLa cells (19, 20) and appears to interact
with both SiiA and SiiB. CheM is a Salmonella-specific MCP and an ortholog of E. coli Tar,
but shares only 79 % of sequence identity. Like known for Tar, the amino acid L-aspartate
functions as an attractant stimulus for CheM while Co?* and Ni** ions act as repellants (17, 21).
However, in contrast to Tar, CheM does not respond to maltose (22).

Figure 1. SPI-4 components interact with CheM. (A) Analysis of affinity purification mass spectrometry data using SiiA-
3xFlag (upper panel) or SiiB-3xFlag (lower panel) as bait proteins (magenta dots). Red dashed lines show limits of significant
enrichment (>2-fold, p<0.05). Interacting proteins within these limits are depicted in blue with SPI-4 components and MCPs
labeled. Summarized data of three independent experiments are shown. (B) Bacterial two hybrid assays evaluating the interaction
between the T18 fragment of CyaA alone (pUT18, negative control) or fused to the Cterminus of CheM (CheM-T18) with the CyaA
T25 fragment alone (pKT25, negative control) or 725 fused to the indicated SPI-4 proteins or CheM. Functional reconstitution of
CyaA activity through proteinprotein interactions resulted in blue color of the E. coli BTH101 reporter strain colonies. A positive
control (CTRL) was included based on the interaction of GCN4 leucine zippers. (C) Co-immunoprecipitation using CheM-3xFlag
(left panels) or SiiB-3xFlag (right panels) as bait proteins. A plasmid-encoded copy of cheM was expressed from its natural
promoter either without (left lane) or with (right lane) 3xFlag epitope tag. SiiA and SiiB were detected using polyclonal antibodies.
Expression of SiiAB-3xFlag from plasmid pWRG905 was induced with addition of 50 ng/mL anhydrotetracycline (AHT) or left
uninduced (left lane). While SiiA was detected with a specific antiserum, a plasmid encoding for CheM-HA was cotransformed
allowing CheM detection via HA tag. M =molecular weight marker with protein sizes in kDa.
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To confirm the interactions between SiiAB and CheM identified by MS, we performed

a bacterial twohybrid (B2H) assay which is based on the functional complementation of
Bordetella pertussis adenylate cyclase (CyaA) from T25 and T18 fragments (23). The T25
fragment was fused to SiiA, SiiB, SiiD, SiiF or to a non-functional SiiA”"*N mutant (15),
while the T18 fragment was fused to CheM. Blue colonies of the cyaA-deficient E. coli
reporter strain BTH101 (24) indicated functional CyaA protein complementation and
thus protein-protein interaction. We observed a strong interaction (dark blue colonies)
between CheM-T18 and T25 fusions of SiiA and SiiA-D13N (Fig 1B). Moreover, high
reporter activity was also observed when testing for the known dimerization of Tar/CheM
(18) with co-expression of CheM-T18 and T25-CheM or CheM-T25 (Fig 1B). Lighter
blue colonies were observed for the coexpression of CheM-T18 and SiiB-T25 or T25-SiiD
showing f-galactosidase activity comparable to that of the positive control (Fig1B).
Furthermore, we performed co-immunopecipitation (co-IP) using epitope tagged
proteins. When CheM-3xFlag was used as bait, both SiiA and SiiB

were identified as prey proteins. Vice versa, using SiiB-3xFlag as bait, SiiA and epitope-
tagged CheM-HA were detected as interaction partners (Fig 1C). Thus, using three
independent approaches, we established that CheM interacts with both SiiA and SiiB
while confirming the known SiiAB complex (15) and CheM dimerization (18).

Role of MCPs for invasion of polarized MDCK

Bacterial motility is required for efficient invasion of Salmonella into HeLa (25) and polarized
Caco-2 cells (26). In a previously published study, we further assessed the impact of chemotaxis
on invasion efficiency of non-polarized HeLa cells using sequential deletion of up to seven
MCP genes (19). We found that loss of CheY or CheM led to an increase of Salmonella
invasion (19) as observed earlier for smooth swimming mutants (20, 27). Because SPI-4
function was shown to play a role for adhesion to polarized cells only (5, 7, 8), we aimed

to investigate the role of individual MCPs on Salmonella invasion of polarized Madin-

Carby Canine Kidney (MDCK) cells. Host cells were infected with STM wild-type (WT),

a smooth swimming cheY mutant, AsiiF (non-functional SPI-4 T1SS) and MCP mutant
strains as described (19), followed by quantification of intracellular bacteria and subsequent
normalization to STM WT. Interestingly, all MCP mutants missing the cheM gene exhibited
reduced invasion in polarized MDCK cells. In contrast, elevated invasion rates were observed
for the same cheM-lacking mutants when using non-polarized HeLa cells as described before
(19) (Fig2). While a smooth swimming AcheY strain showed a 2-fold increased invasion rate
in HeLa, the mutant was significantly attenuated in MDCK arguing for a role of chemotaxis
for efficient invasion of polarized cells. In line with the known importance of SPI-4 for the
adhesion to and invasion of MDCK cells (7), very few intracellular bacteria harboring an
E627Q mutation within the Walker B motif of the SiiF ABC protein were detected (Fig2).
Thus, the type of infection model (non-polarized vs. polarized cells) determine the impact of
CheM function on STM invasion which mirrors the differences seen for SPI-4 function (7).
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Fig2. Role of MCPs for bacterial invasion. Relative invasion rates as normalized to S. Typhimurium (STM) wild-type
(WT, dotted line) after one hour of infection of indicated sequential MCP deletion strains into HeLa (blue) and MDCK (red) cells
are shown. The non-chemotactic AcheY strain and a siiF E627Q mutant with a non-functional SPI-4 were included as controls.
Data of three independent experiments done in triplicates are depicted. Statistical significance was calculated using unpaired,
two-tailed ¢test between groups or a one sample ¢ test against the hypothetical value 1 (siiF E627Q) and were defined as * for
p<0.05 and ** for p<0.01 and *** for p<0.001.

CheM attractant binding fosters Salmonella invasion of polarized cells

To characterize a possible functional link of CheM to the SPI-4-encoded T1SS, we constructed
two lowcopy-number plasmids that encode Salmonella cheM or, as a control, E. coli tar, each
modified with a C-terminal 3xFlag-tag under control of the STM cheM promoter (P,,,,).
After introducing the plasmids in a mutant lacking all seven MCP genes (A7 MCP) (19),
Western blot demonstrated similar expression of both proteins with the cytosolic protein
DnaK as loading control (Fig3A). Next, A7 MCP was transformed with the empty vector
control (pWSK29) and plasmids encoding for CheM (pCheM) or Tar (pTar) without epitope
tag and these strains were further functionally characterized in swarming assays using soft
agar plates. While the strain harboring pWSK29 did not swarm, pCheM and pTar conferred
swarming ability to the mutant. However, compared to STM WT (> 5 cm, not shown), both
plasmidcomplemented A7 MCP showed a reduced swarming distance with ~4 cm (pCheM)
and ~1 cm (pTar), respectively (Fig3B). To test more specifically the ability to respond to
CheM attractants, we performed a capillary assay as described by Adler (28) using MeAsp
(29) (Fig3C, left panel). Quantifying the bacteria within the fixed-volume capillary revealed
significantly more cells in case of the pCheMcomplemented strain, compared not only to
the vector control, but also compared to WT (Fig 3C, right panel).

We hypothesized that not the CheM protein itself, but rather CheM signaling elicited by

the binding of CheM ligands (i.e. attractants) may have an impact on SPI-4 function and
subsequently on invasion of polarized epithelial cells. Usually, attractant binding inactivates
autokinase activity of MCP-coupled CheA, thus reducing phosphoryl transfer to the response
regulators CheY and CheB. While low CheY~P results in counter-clockwise (CCW)
flagellar rotation and straight swimming, receptor methylation is high due to low CheB~P
methylesterase activity (18). Therefore, STM WT and the A7 MCP mutant containing either
the vector control, pCheM or pTar were tested for invasion of MDCK without attractant, in
the presence of 10mM MeAsp or, as a control, 10 mM of the non-metabolizable Tsr attractant
a-aminoisobutyrate (AiBu) (30, 31). While AiBu had no or, in case of STM WT, even a
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detrimental effect on invasion, addition of MeAsp elevated invasion capability of WT and
pCheM-complemented A7 MCP (Fig3D). The pCheM vector partially complemented the
invasion defect of the A7 MCP mutant in the absence of attractant or with addition of AiBu,
while the strains carrying pTar or the vector control were attenuated for invasion regardless
of attractant supplementation (Fig3D).

To verify our findings obtained with MDCK cells, we employed HT29-MTX cells (8, 32)
as an alternative infection model. In contrast to non-polarized 1-day cultures (FigS1A,
upper panel), polarized monolayers with significant amounts of mucus were formed after
21 days of culture (Fig S1A, lower panel). Similar to HeLa cells (7), Salmonella invasion of
non-polarized HT29-MTX cells required T3SS-1 but was independent of SPI-4 (Fig S1B).
Invasion of polarized HT29-MTX cells, however, was strongly dependent on an intact SPI-4
locus (Fig 3E) as observed before (8). In close accordance with the MDCK data, elevated
invasion of HT29-MTX cells was observed for WT and A7 MCP [pCheM] in the presence
of MeAsp (Fig3E). However, pCheM was able to complement the A7 MCP mutant to the
level of WT STM without attractant or with 10 mM AiBu. In contrast, low invasion rates
were observed for cells without CheM (Fig 3E).

Taken together, using two infection models based on polarized cells, we observed a
stimulating effect of the CheM ligand MeAsp on Salmonella invasion. The phenotype
was specifically dependent on the presence of CheM. No increase in invasion was seen
in strains only expressing E. coli Tar or with addition of the Tsr ligand AiBu.

Augmented invasion after CheM stimulation is independent
of motility and chemotaxis

Bacterial motility and chemotaxis towards energy sources was shown to be required for
Salmonella virulence in vivo (33-35). Because our data also suggest a promoting effect of
chemotaxis for invasion of polarized cells, we set out to characterize the role of motility

and the chemotaxis phosphorelay pathway for the observed phenotype in more detail.

We generated a non-motile mutant lacking the flagella-specific ATPase flil and employed,
besides the cheY-deficient strain, a mutant lacking the histidine autokinase CheA. Together
with MCPs and the coupling protein CheW, CheA dimers form a ternary complex that is the
minimum requirement for chemosensing (18, 36). The cheA and cheY mutations were further
combined with the A7 MCP mutant. These mutant strains were all attenuated for invasion

of MDCK. Interestingly, the non-motile Aflil and the two 8-fold mutants (A7 MCP plus
AcheA and A7 MCP plus AcheY) exhibited an even stronger phenotype with almost no
invasion detectable (Fig4A). While significantly more intracellular WT STM bacteria

were found when grown in the presence of MeAsp, the mutants responded neither to

this attractant nor to AiBu (Fig4A).
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Fig3. CheM complementation and impact of CheM signaling on invasion of polarized cells. (A) Expression of either
CheM-3xFlag or Tar-3xFlag from the CheM promoter in a S. Typhimurium (STM) strain lacking all 7 MCP genes (A7 MCP) was
detected with a Flag-specific monoclonal antibody. Equal sample loading was demonstrated by DnaK. M =molecular weight
marker with protein sizes in kDa. (B) The A7 MCP strain transformed with the empty vector pWSK29 (vector) or vectors encoding
for CheM (pCheM) or Tar (pTar) were subjected to swarming assays on soft agar plates. Mean swarming diameters + SD after
8.5h of growth are depicted for three independent experiments. Statistical significance was calculated using a one sample
t test against the hypothetical value 0 (vector control) and were defined as *** for p<0.001. (C) Principle of capillary assay.
Wild-type (WT) bacteria with functional CheM-dependent chemotaxis swim towards a gradient of a-methyl-D, L-aspartate
(MeAsp) generated by an attractant-filled capillary. No enrichment within the capillary is observed for mutants with defects
in CheM-signaling (left panel). Mean amount=+SD of STM WT or the A7 MCP with empty vector (vector) or pCheM within the
capillary after 1h. of chemotactic movement from three independent experiments are shown (right panel). One way ANOVA
with Tukey’s multiple comparison test was calculated and was defined as * for adj. p<0.05 and ** for adj. p<0.01. (D and
E) Relative invasion rates as normalized to STM WT (black dotted line) after one hour of infection of the indicated strains into
polarized MDCK (D) or HT29-MTX (E) cells are shown. The strains were either grown without (w/0) attractant or with addition of
10mM MeAsp or 10mM AiBu. A SPI-4 deficient strain (ASPI-4) was included as control for HT29-MTX. Mean + SD from three
independent experiments are depicted. Statistical significance of strains with increased invasiveness was calculated using
a one sample ¢ test against the hypothetical value 1 and were defined as * for p<0.05 and ** for p<0.01.

Motile bacteria exhibit an invasion advantage due to near surface swimming and thus
higher probability to encounter a host cell (25). To compensate for the lack of motility, we
used centrifugation to bring bacteria into close proximity to the host cells, which allows
investigating bacterial invasion following adhesion despite the absence of bacterial motility.
Under these conditions, the Aflil mutant behaved like WT with significantly increased
invasion in the presence of MeAsp (Fig4B). The invasion capability of the A7 MCP mutant
was not altered by centrifugation. While AcheA and AcheY mutants behaved similar to
WT bacteria without attractant or with AiBu, they showed vastly increased invasion rates
when MeAsp was added (Fig4B). In contrast, Salmonella with a cheA or cheY mutation
and simultaneous deletion of all MCPs (AcheA A7 MCP or AcheY A7 MCP) lost the
responsiveness to MeAsp and the ability to invade host cells. Thus, MeAsp fosters
Salmonella invasion in a CheM-dependent manner, but this process is independent

of bacterial motility and the chemotaxis phosphorelay pathway.
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Fig 4. Impact of motility and chemotaxis components on Salmonella invasion of polarized MDCK. S. Typhimurium (STM)
wild-type (WT), the non-motile Affil mutant, the A7 MCP deletion strain, the chemotaxis mutants AcheA and AcheY or strains
lacking besides cheA or cheY additionally all 7 MCPs were grown without attractant (w/0), in the presence of 10mM MeAsp or
10mM AiBu. Inoculi were added to the MDCK cells (A) or bacteria were brought in close host cell contact through centrifugation
to compensate for lack of chemotaxis or motility (B). Intracellular bacteria were quantified after one hour of infection and relative
invasion rates were calculated based on STM WT without attractant. Data of three independent experiments done in triplicates
are depicted. Statistical significance of strains with increased invasiveness was calculated using a one sample test against the
hypothetical value 1.0 and was defined as * for p<0.05 and ** for p<0.01.

CheM signaling shifts SiiE from release to retention

The experiments described above excluded a motility-related effect to be responsible for
elevated Salmonella invasion after MeAsp stimulation. Instead, the pronounced phenotype
in conjunction with polarized cells and the identification of CheM as a SiiAB interaction
partner argues for CheM as a regulator of SPI-4 dependent adhesion. Previous studies
suggested that SPI-4 adhesion capability is determined by the amount and/ or binding
strength of surface-localized SiiE (7, 14). Therefore, mechanisms regulating SiiE surface
expression might account for SPI-4 dependent adhesion.

To test whether attractant binding to CheM affects localization of SiiE, we quantified the
amounts of surface-retained and secreted SiiE adhesin after 3.5h of growth (late logarithmic
phase) with or without addition of MeAsp. Bacteria-associated SiiE was quantified in a dot
blot assay using a SiiE-specific antibody and normalization to the LPS signal. Upon addition
of MeAsp, elevated amounts of retained SiiE were detected for WT STM and the A7 MCP
mutant carrying pCheM (Fig5A). In contrast, no upregulation of surface-localized SiiE in
response to MeAsp was observed for the A7 MCP mutant harboring the empty vector or for
the AsiiE mutant which served as negative control (Fig5A). Quantification of secreted SiiE
using a specific ELISA (6) revealed an inhibitory effect of CheM attractant binding reciprocal
to SiiE surface localization. MeAsp inhibited SiiE secretion of WT and A7 MCP [pCheM] to
the level of the AsiiE control. Interestingly, compared to WT STM, almost 2-fold more SiiE
was secreted from the A7 MCP strain harboring the empty vector control (Fig5B).
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Fig5. CheM-specific attractant binding promotes SiiE surface localization. (A) Dot-blots were used to quantify surface-
localized SiiE and LPS (used for normalization) of S. Typhimurium (STM) wild-type (WT), a AsiiE mutant or the A7 MCP deletion
strain, transformed with the empty vector (vector) or pCheM. Bacteria were either grown without (w/0) or in the presence
of 10mM MeAsp. Mean data+SD of five independent experiments are shown. (B) Secreted SiiE was quantified using an
ELISA after 3.5h of growth of the strains and under the conditions as described in (A). Mean data+SD of three independent
experiments done in triplicates are shown. Statistical significance was calculated using unpaired, two-tailed f test between
groups or a one sample ttest against the hypothetical value 1.0 (WT in (B)) and was defined as ns = not significant, * for p<0.05,
**for p<0.01 and *** for p<0.001.

Our findings support a model where the interplay of CheM with the SPI-4 components SiiAB
regulates SiiE localization. Attractant binding by CheM resulted in more surface-localized
SiiE. To test whether indeed surface-retained SiiE can function as an adhesin, we combined
competitive index experiments with a screen for ligand expression using immunomagnetic
particles (SIMPLE) (37) (Fig6A). The test and reference strains harboring different antibiotic
resistance cassettes were mixed equally and an aliquot was plated on appropriate selective
media to verify the proportion of the two strains. Subsequently, a-SiiE antibodies and
magnetic protein A beads were added to the mixture. SiiE-positive bacteria were enriched
through magnetic separation of beads coated with antibodies that have bound their

antigen. Finally, the proportion of test and reference strain was determined through parallel
plating (Fig6A). Using STM WT as test strain and AsiiE as reference, we achieved ~8-fold
enrichment using this assay. As expected, there was no effect of MeAsp on enrichment of
STM WT over AsiiE (Fig6B).
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Fig6. Increase of adhesion-competent SiiE in the presence of MeAsp. (A) Principle of a modified screening with
immunomagnetic particles for ligand expression (SIMPLE) assay. (B) Enrichment of the test strains compared to the reference
strains as indicated without (w/0) or in the presence of 10 mM MeAsp was determined using the SIMPLE assay as shown in (A).
Data of three independent experiments done in triplicates are shown. Statistical significance was calculated using unpaired,
twotailed £ test between groups as indicated and was defined as ns =not significant and * for p<0.05.




11I. Results and Publications | 109

When the A7 MCP strain was used as reference, WT STM was ~3-fold enriched in
the presence of MeAsp, while no enrichment was seen without attractant (Fig 6B).
These results demonstrate that addition of MeAsp enhanced the localization of SiiE
on the surface of Salmonella in a MCP-dependent manner.

Discussion

In the present study, we identified the MCP CheM as a novel SiiAB interaction partner

and the binding of attractants to CheM as a positive regulator of SPI-4 dependent
adhesion. We found that straight swimming cheA or cheY mutants, which resemble an
attractant-bound “always oft” state of the MCPs and are incapable of phosphoryl transfer,
were attenuated for invasion in polarized cells. In contrast, straight swimming Salmonella
showed a higher probability to invade other cell types (19, 25). Recently, the Salmonella MCP
McpC was shown to promote a straight swimming phenotype that was dependent on the SPI-1
transcription factor HilD (38). When we bypassed the impact of motility and chemotaxis on
bacteria-host cell interaction by centrifugation, addition of the CheM attractant MeAsp was
still able to enhance invasion of polarized cells. This was particularly remarkable for the non-
motile Aflil strain, which by itself rules out any involvement of the “classical” chemotaxis-
motility pathway. In the absence of MeAsp, centrifugation of AcheA and AcheY mutants

led to invasion rates comparable to WT. Strikingly, in the presence of the CheM attractant,
these strains were hyperinvasive (~20-25-fold of WT). In contrast, invasion capability was
completely abolished with additional deletion of all 7 MCP genes. These observations cannot
be explained with the chemotaxis phosphorelay signaling (18). Therefore, we propose a
novel, non-canonical signal transduction from the MCP to SPI-4 encoded proteins resulting
in increased adhesion and subsequent bacterial invasion. Links between chemotaxis and
bacterial virulence functions are not unprecedented. In Pseudomonas aeruginosa, the putative
MCP encoded by PA2573 regulates genes involved in virulence and antibiotic resistance

and the soluble chemoreceptor McpB was shown to be important for virulence in several
infection models (39, 40). In Cronobacter sakazakii, a plasmid-encoded MCP was reported
to have an impact on adhesion, invasion, motility and biofilm formation (41). The MCPs Tcpl
and AcfB of Vibrio cholerae were shown to be important for infant mouse colonization (42).
For plant pathogenic bacteria such as Agrobacterium tumefaciens or Xanthomonas oryzae pv.
oryzae, many chemoattractants can also act as virulence inducers (43, 44). However, in all
these examples chemotaxis signaling is mechanistically linked to virulence through transfer
of phosphoryl groups to alternative response regulators resulting in a virulence-specific
transcriptional response (36).
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Figure 7. Proposed model how CheM could control SiiE-mediated adhesion. In the absence of attractant, CheM is in the
kinase “on” state and the SiiAB proton channel is inactive, presumably due to the periplasmic peptidoglycan (PG) binding
domain of SiiA functioning as a plug (left panel). Upon addition of CheM attractant, structural changes in the ligand binding
domain of CheM induce displacement of the periplasmic SiiA portion and subsequent association with PG. Proton flux through
SiiAB could energize structural changes in the T1SS thus retaining the N-terminal domain of SiiE within the channel (right panel).

The transduction of the CheM attractant signal is presumably based on the identified
interaction of the MCP with the SPI-4 T1SS-associated SiiAB proton channel. It is tempting
to postulate a regulation of SiiAB proton flux through direct interaction with attractant-
bound CheM (Fig7). The peptidoglycan (PG) binding domain of MotB was shown to
function as a plug sealing the proton channel. Upon association with the flagellar motor
complex, the MotB domain is shifted through PG binding and thereby enables proton flux
and energy conversion of the system (45). Similarly, the SiiA PG binding domain (16) could
be displaced from the SiiAB proton channel through interaction with attractant-bound
CheM. In orthologous E. coli Tar dimers, Asp binding induces a piston-like movement of
one alpha helix within the sensory domain. This movement is amplified in the cytosolic
HAMP domains and finally transmitted to the hairpin tip bundle controlling CheA
autokinase activity (18). In our model, the structural changes within the CheM ligand
binding domain, and perhaps other portions of the molecule, would change the molecular
interface between CheM and the SiiAB channel, thus enabling PG binding of SiiA and proton
flux. The energy harvested from the transmembrane H* gradient would then be transferred
to the SPI-4 encoded T1SS by means of an energy-rich conformation resulting in retention
of the SiiE molecule (Fig7). Such energy transfer has been described for the SiiAB homologs
ExbBD and TolQR inducing conformational changes in TonB and TolA, respectively (46, 47).
Interestingly, in vitro studies with the isolated periplasmic domain of SiiA showed a pH-
dependency of PG binding activity. SiiA PG-binding was observed at pH 5.8-6.2, but not
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between pH 6.7 and pH 8.0 (16). Here, slightly acidic pH as found in some parts of the

gut could serve as another environmental signal to regulate the adhesion capacity of SPI-4.
Alternatively, the observed pH-dependent PG binding could function as a proxy to ensure
sufficient energization by detecting periplasmic protons contributing to the proton motif
force (PMF). According to our model (Fig7), Salmonella utilizes Asp as an environmental
cue to control SiiE surface expression. Aspartate and other free amino acids are generated
from oligopeptides originating from food through the activity of peptidases at the apical

side of polarized enterocytes (48). The bulk of this amino acid liberation, and subsequent
absorption, takes place in the proximal jejunum and is usually complete at the terminal
ileum (48, 49). Although there is extensive catabolism of enteral Asp by enterocytes (50)

and gut bacteria (51), the microbiota also releases free Asp through peptide degradation (52).
Recently, Asp was found to contribute to initial murine gut colonization of STM by enabling
hydrogen/fumaratedependent anaerobic respiration. Aspartate is taken up in exchange of
succinate by the high-affinity antiporter DcuABC and converted to the alternative electron
acceptor fumarate (53). Therefore, the availability of Asp within the small intestine not only
enables bacterial expansion in competition to the intestinal microbiota, but also contributes,
amongst other environmental stimuli, to precise spatiotemporal control of bacterial adhesion
to polarized epithelial cells.

In summary, we found that the MCP CheM interacted with the SPI-4 encoded SiiAB proton
channel.

Asp was identified as an attractant of CheM that elicited a change in the localization of the
giant SPI-4encoded adhesin SiiE of Salmonella: in the absence of Asp, SiiE was primarily
secreted, whereas in the presence of Asp, SiiE was retained on the bacterial surface. Surface-
bound, but not secreted SiiE functions as an adhesin. Thus, the CheM attractant L-aspartate
acts as positive regulator of SPI-4dependent adhesion to polarized cells. Although CheM
directly interacts with the SPI-4 encoded SiiAB proton channel, the exact molecular
mechanisms of signal transductions and adhesin retention remain to be characterized.

Materials and methods
Bacterial strains and plasmids

All strains used are listed in Table S1. Bacteria were routinely grown in LB media supplemented
with 50 pug/mL carbenicillin (Cb) (Carl Roth, Mannheim, Germany), 25 pg/mL kanamycin (Km)
(Carl Roth), 10 ug/mL chloramphenicol (Cm) (Carl Roth), 50 ng/mL anhydrotetracycline
(AHT) (# 37919 SigmaAldrich, Schnelldorf, Germany), 10 mM a-aminoisobutyrate (AiBu)
(#850993 Sigma-Aldrich) or 10 mM a-methyl-D, L-aspartate (MeAsp) (#M6001 Sigma-
Aldrich), if required. For details on the construction of mutant strains and plasmids, the
reader is referred to the supplementary information. Tables S2 and S3 give an overview

of all the plasmids and primers used in this study, respectively.

Protein-protein interaction assays

Bacterial two hybrid (B2H) assays were essentially carried out as described before (15).
Briefly, E. coli reporter strain BTH101 was co-transformed with plasmids encoding

for protein fusions with the T18 and T25 fragments of Bordetella pertussis CyaA.
Transformants were spread on LB plates containing 25 ug/mL kanamycin,
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100 pg/mL carbenicillin, 100 uM IPTG (Thermo Scientific, St. Leon-Rot, Germany) and

40 pg/mL X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside; Thermo Scientific).
Plates were incubated at room temperature for 48-72 h, and blue colonies indicated protein
interaction resulting in functional CyaA-complementation.

For co-immunoprecipitation (co-IP), STM were either transformed with pWRG868
(CheM-3xFlag) or cotransformed with pWRG903 (CheM-HA) and pWRG905
(P,::siiAB-3xFlag). O/N cultures were reinoculated 1:31 into 500 mL fresh medium

and grown with aeration for 3.5h. The expression of SiiAB3xFlag was induced for 2h

with AHT. Cells were pelleted (8,000 x g, 10 min, room temperature (RT)), re-suspended
in 250 mL of pre-warmed MEM medium (Capricorn Scientific, Ebsdorfergrund, Germany)
and allowed to grow for additional 30 min. Proteins were crosslinked with addition

of 0.5 % (w/v) paraformaldehyde (#43368 Alfa Aesar, Heysham, UK). After

15 min, the reaction was quenched with 0.125M glycine. Cells were washed thrice with
ice-cold MEM medium and then stored at -20 C. Pellets were re-suspended in 10 mL

PBS supplemented with 1% n-dodecyl B-D-maltoside (# A0819, AppliChem, Darmstadt,
Germany), 1x EDTA-free halt protease inhibitor cocktail (#87785, Thermo Fisher Scientific,
Karlsruhe, Germany), 0.5 mM MgSO, and 5L TURBO DNase (Ambion).

Subsequently, cells were lysed through a French pressure cell (EmulsiFlex-C3, Avestin,
Mannheim, Germany) and debris was removed by low speed centrifugation (11,000 x g,

20 min, 4°C). The protein extract, containing either SiiB-3xFlag or CheM-3xFlag, was further
cleared by additional centrifugation (20,000 x g, 15min, 4°C). The protein concentration was
measured by BCA assay (#23225, Thermo Fisher) and similar protein amounts were used for
co-IP of all samples. Immunoprecipitation of 3xFlagtagged proteins was performed using
a-FLAG M2 affinity gel (Sigma-Aldrich) following the manufacturer ‘s recommendations.
Therefore, 100 uL of the gel suspension (50 uL of packed gel volume) were washed 3x with

1 mL of PBS and subsequently added to each sample. Protein binding was allowed over night
at 4°C. After three further washing steps, bound proteins were eluted from the beads with
addition of 50 uL reducing sample buffer (Carl Roth) and heating for 15 min to 98°C.

Western blot

Aliquots of protein samples were mixed with reducing sample buffer (Carl Roth) to a final
concentration of 1x. After heating to 98°C for 15min, 10 pL of each sample was analyzed by
SDS-PAGE electrophoresis (ProSieve, Lonza, Cologne, Germany) and subsequent Western
blot (Bio-Rad, Munich, Germany) on a polyvinylidene difluoride membrane (Thermo Fisher).
Membranes were probed with antibodies against DnaK (clone 8E2/2, Enzo Life Science,
Lorrach, Germany), SiiA, SiiB (15), HA (clone 3F10, Roche, Mannheim, Germany) or Flag
(M2, Sigma-Aldrich) and appropriate horseradish-coupled secondary antibodies (Dianova,
Hamburg, Germany).

Mass spectrometry

STM was co-transformed with pWRG416 (P,,::hilA, resulting in mild SPI-1/4 over-
expression) plus pWRG461 (siiA-3xFlag) or with pWRG416 plus pWRG462 (siiAB-3xFlag).
Protein complexes were purified with a-FLAG M2 affinity gel (Sigma-Aldrich) as described
for co-IP. After washing, bead-bound proteins were eluted twice with 450 uL of 0.1 M glycine
pH3.5 and 180 uL of 0.5 M Tris-HCI pH7.4, 1.5 M NaCl was added for neutralization.
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To precipitate the proteins, trichloracetic acid was added to a final concentration of 10 % and
the samples were incubated O/N at 4°C. After centrifugation (20,000 x g, 45 min, 4°C), the
pellets were washed twice with ice-cold acetone. The air-dried pellet was finally suspended in
100 L fresh 50 mM NH,HCO,, pH7.8. The samples were subjected to tryptic digestion and
the resulting peptide mixtures were analyzed by nano-ESI-LC-MS/MS (Thermo Scientific
LTQ Orbitrap). Proteins were identified using Mascot (Matrix Science, London, UK) based
on a custom proteome file of S. Typhimurium strain ATCC 14028s. Spectral counts were
extracted using Scaffold Viewer (Proteome Software, Portland, OR, USA) and compared to
controls (similar treated S. Typhimurium WT without 3xFlag tagged proteins) with the

‘R’ (54) package ‘apmsWAPP’ (55) applying upper quartile normalization and interquartile
range filtering. Data is summarized in Table S4.

Cell culture and infection

HT29-MTX human colonic epithelial cells (kind gift of G. Grassl, Hannover, Germany)

were cultured in DMEM medium (high glucose, stable glutamine, sodium pyruvate) (Biowest,
Nuaill¢, France) supplemented with 10 % FCS and non-essential amino acids (Biowest).

HeLa cells (ATCC CCL-2, LGC Standards, Wesel, Germany) were grown in DMEM (Biowest)
supplemented with 10 % FCS, sodium pyruvate and 2mM GlutaMax (Thermo Fisher) and
MDCK cells (subclone Pf, Department of Nephroplogy, FAU Erlangen-Niirnberg) were kept
in MEM medium (Biowest) supplemented with 10 % FCS, 2mM Glutamax (Thermo Fisher)
and non-essential amino acids (Biowest). To each medium 100 U/mL penicillin and 100 ug/
mL streptomycin (Biowest) were added. Cultures were incubated at 37°C in a humidified 5%
(v/v) CO, atmosphere. For invasion assays, HT29-MTX cells were seeded in 24-well culture
plates (#662160, Cellstar, Greiner Bio-One, Frickenhausen, Germany) at a density of 4x10*
cells per well 21 days prior infection. MDCK and HeLa cells were seeded in 96-well plates
(#655180, Greiner Bio-One) at a density of 8x10* or 6x10° per well, respectively. MDCK cells
were allowed to polarize for 10-11 days. The culture medium was changed every other day
and medium without antibiotics was used for the last medium change.

Gentamicin protection assays were essentially carried out as described previously [7]. Briefly,
bacterial overnight (O/N) cultures grown in LB supplemented with appropriate antibiotics
were re-inoculated 1:31 in fresh medium and grown aerobically for another 3.5h. An
inoculum corresponding to a multiplicity of infection (MOI) of 10 (HeLa) or 25 (MDCK,
HT29-MTX) was prepared in MEM/DMEM and used to infect the cells for 25 min. After
the cells had been washed thrice with PBS, MEM/DMEM containing 100 ug/mL gentamicin
was applied to each well to kill remaining extracellular bacteria. After 1h of incubation, the
cell layers were washed again with PBS and then lysed for 10 min with PBS containing 1 %
Elugent (Merck Millipore, Darmstadt, Germany) and 0,0625 % Antifoam B (Sigma-Aldrich,
Schnelldorf, Germany) to liberate the intracellular bacteria. Serial dilutions of the inoculum
and the lysates were plated on Mueller Hinton (MH) plates to determine the colony-forming
units. Based on the inoculum the percentage of invasive bacteria was calculated

and subsequently normalized to WT.

Swarming assay

Swarming of different Salmonella strains was assessed on semi-solid agar LB plates (LB with
5 g/L NaCl, 0.5% agar) as described before (19). Briefly, a small amount (0.2 uL) of bacterial
O/N cultures was applied onto the center of LB soft agar plate and incubated for six hours at
37°C. The diameters of the swarm colonies were measured and the plates were photographed.
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Capillary assay

Capillary assays were essentially performed as described before (28) with the following
modifications: An U-shaped dam created from a piece of modelling clay and parafilm was
mounted onto a microscopy slide. The chamber thus created was sealed with a cover slip and
filled with 500 uL of a 3.5h bacterial sub-culture. A 1 uL capillary (BLAUBRAND intraEND,
Brand, Wertheim, Germany) was heat-sealed at one end and then filled with a 100 mM
MeAsp solution. The capillary prepared in this way was immersed in the chamber for 1h at
37°C. The capillary was then rinsed, the sealed end broken off and the capillary contents was
emptied using a pipetting aid (Brand). Serial dilutions were plated and CFUs determined
ELISA Antisera were raised in rabbits against the recombinant C-terminal moiety of SiiE
(7). For detection of SiiE, culture supernatants were filter-sterilized (0.45 um syringe filters,
Corning Life Sciences, Amsterdam, Netherlands), and aliquots of 50 uL were directly applied
to 96-well Nunc MultiSorp microtiter plates (#467340 Thermo Fisher) overnight at 4°C in a
humid chamber. The plates were washed three times with 200 pL/well of PBS supplemented
with 0.05% Tween20 (PBS-Tween), and the rabbit anti-glutathione S-transferase(GST)-
SiiE-C detection antibody diluted 1:1,000 in PBS plus 10 % inactivated FCS (PBS-FCS) was
applied for 2h at RT. After five washes with PBS-Tween, 100 uL of the anti-rabbit horseradish
peroxidase-coupled secondary antibody diluted 1:2,500 in PBS-FCS was added to each well
for 30 min at RT. The wells were washed again seven times with PBS-Tween, and 50 uL of
enzyme-linked immunosorbent assay (ELISA) horseradish peroxidase substrate (#555214,
Becton Dickinson, Heidelberg, Germany) was added. After incubation in the dark at RT for
8 to 15min, the reaction was stopped by the addition of 25 pL/well 0.5M H,SO, and A,;,

was measured using a M1000 plate reader (Tecan, Minnedorf, Switzerland).

Dot Blot

Bacterial strains were diluted 1:31 in LB from O/N cultures and grown at 37°C for 3.5h.
Aliquots of 1 mL of bacterial culture were collected, cells pelleted and re-suspended in

1 mL of sterile LB. After an additional washing step with sterile LB, bacterial suspensions
were adjusted to ODgy,=1 in 500 pL of 3 % PFA in PBS. After fixation of bacterial cells for
15min at RT, cells were pelleted (10,000 x g, 5min., RT) and re-suspended in 500 uL PBS.
Five microliters of bacterial suspensions were spotted on nitrocellulose membrane pieces,
set in a black 24-well plate, which have been pre-wetted with PBS and dried again before
adding bacteria. After drying of the spots, membranes were blocked with 5% dry milk
powder and 3 % BSA in PBS/T (PBS + 0.1 % Tween20) for at least 30 min. For detection of
SiiE on the bacterial surface, antiserum against the C-terminal moiety of SiiE was diluted
1:5,000 in blocking solution and applied to the membrane. LPS was detected using antiserum
against Salmonella O-antigen (Becton Dickinson) at the same dilution. After incubation
O/N at 4°C, membranes were washed thrice with PBS/T and HRP-linked secondary anti-
body was added in a 1:50,000 dilution in PBS/T. After three additional washing steps with
PBS/T, membranes were rinsed in PBS, substrate for HRP was applied and signals were
quantified using a Tecan M 1000 plate reader in luminescence mode.
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SIMPLE Assay

A screen for ligand expression using immunomagnetic particles (SIMPLE) assay was carried
out as described by Nuccio etal. (37) with the following modifications. Salmonella strains
were sub-cultured 1:31 from O/N for 3.5h at 37°C and adjusted to ODg,=2 in fresh PB buffer
(=TN buffer (0.1 M Tris-HCl pH 7.5, 0.15M NaCl) plus 1% casein). Strains carried either
plasmid pWSK29 or derivatives to exhibit carbenicillin resistance or plasmid pWSK129

for a kanamycin resistance. The strains were mixed at a ratio of 1:1 and bacteria were then
pre-incubated with a-SiiE antibody or pre-immune serum in 650 uL PB-buffer for 1h at

RT with head-over-head rotation. Then, 100 uL of washed magnetic beads (BioMag Protein
A, Qiagen, Hilden, Germany) resuspended in 100 pL TN-buffer were added to each sample
(total volume of 750 L) and incubated for two additional hours. After three washing steps
with 750 uL TN buffer, beads were suspended in 1 mL PBS. Serial dilutions of all probes were
plated in parallel on MH plates containing carbenicillin or kanamycin, CFU were determined

and enrichment based on the competitive index and normalization to pre-immune serum

controls was calculated.
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S1 Fig. Phenotype of HT29-MTX cells. (A) Periodic acid-Schiff (PAS) staining of mucins (purple) produced by HT29-MTX after one day (non-
polarized, upper panel) and after 21 days (polarized, lower panel) of differentiation. Scale bar =20 um. (B) Relative invasion rates in non-polarized
HT29-MTX cells as normalized to S. Typhimurium WT (black dotted line) after one hour of infection with strains invC (non-functional T3SS-1),
siiF (non-functional SPI-4) and A7 MCP are depicted. Statistical significance was calculated using a one sample ¢ test against the hypothetical
value 1 and were defined as *** for p <0.001.
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Table S1. Strains used in this study.

Strain ‘ Relevant characteristic(s) Source or Reference
E. coli strains
BTH101 F, cya99, araD139, galE15, galK16, rpsL1 (Strr), hsdR2, mcrAl, marB1 [24]
Salmonella strains
MvP818 NCTC 12023 AinvC FRT [6]
MvP1212 NCTC 12023 AcheY FRT [611
MP1213 NCTC 12023 Aflil FRT [621
NCTC 12023 Wild type, NaF, isogenic to ATCC 14028 NCTC, Colindale, UK
WRG246 NCTC 12023 Ager (18]
WRG255 NCTC 12023 Aaer Atp 18
WRG260 NCTC 12023 Ader Aep Atsr ne
WRG264 NCTC 12023 Aaer Atep Atsr Atrg [18]
WRG269 NCTC 12023 Aaer Atp Atsr Atrg AcheM [18]
WRG277 NCTC 12023 Aaer Atep Atsr Atrg AcheM AmepC [18]
WRG279 NCTC 12023 Aaer Atep Atsr Atrg AcheM AmepC AmepB [18]
WRG469 NCTC 12023 AcheA This study
WRG521 NCTC 12023 Ader Atep Asr Atrg AcheM AmepC AmepB AcheY This study
WRG522 NCTC 12023 Aaer Atep Atsr Atrg AcheM AmepC AmepB Ached This study
WRG238 NCTC 12023 siiFt¢?7%, Walker B motif disruption
WRG384 Ahile This study
Table 2. Plasmids used in this study.
Plasmid Relevant characteristic(s) Source or Reference
p25:N encodes the T25 fragment (aa 1-224) of CyaA for Cerminal fusions; Km
pkD4 aph resistance cassette flanked by FRT sites, A Pir dependent replication, Km', Ap [63]
pKNT25-ZIP pKT25 derivative; leucine zipper of GCN4 fused in frame to T25 fragment; Km' (23]
pKT25 encodes the T25 fragment (aa 1-224) of Cyah; for N-ferminal fusions; Km' 23]
pUT18 T18 fragment (aa 225-399) of Cyah; for Cterminal fusions, Ap' 23]
pUTI8C-ZIP pUT18C derivative; leucine zipper of GCN4 fused in frame T18 fragment, Ap' (23]
pWRG717 pBluescript II SK+ derivative, aph resistance cassette and I-Scel cleavage site, K, Ap (18]
pWRG730 pSIM5 [64] derivative, temperature-sensitive replication (30°C) and Red recombinase expression (42°C), 18]
Tetinducible expression of I-Scel, Cm'
pWRG406 P, Hildin pBAD24, Apt
pWRGB47 pCheM; P.,,::ched in pWSK29, Ap' (18]
pWRGB68 P sz cheM-3<FLAG in pWSK29, Ap' This study
pWRG890 pTar; Py tar-3xFLAG in pWSK29, Ap This study
pWRG903 P yori:cheHHA in pWSK29, Ap' This study
pWRGI05 P,.r-siiAB-3xFLAG in pETcoco-1, Cny This study
pWSK29 Low-copy-number vector, Ap' [65]
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DISCUSSION

Virtual Colony Count

The putative proton channel SiiAB was previously shown to interact with different methyl-
accepting chemotaxis proteins. In the course of this work we wanted to address how
the deletion of one or more MCPs affects the invasion capabilities of S. Typhimurium in
in vitro cell culture-based infection assays. For this, we were strongly dependent on a
reliable bacterial enumeration method.

In case of intracellular bacteria such as Salmonella, one must quantify the proportion
of a defined inoculum that was able to gain access to intracellular compartments of the
host cell. Most commonly used for this purpose is the gentamicin protection assay first
described by Devenish and Schiemann in 1981. The gold standard to enumerate bacteria
in this assay is still the plating of a dilution series on solid agar plates and the counting
of the resulting colony forming units (CFU).

We were able to establish a method called “Virtual Colony Count” (VCC) as an alternative
enumeration analysis method for the classical, time-consuming CFU assay. It was tested
in cell culture-based infection models using three different cell types for invasion- and
intracellular replication assays. We got robust cell counts that were in good agreement
with data obtained by CFU counting (Hoffmann etal., 2018).

The expected T3SS-1 phenotype could be reproduced in HelLa and MDCK cells using the
VCCto enumerate the intracellular bacteria. For replication inside of host cells Salmonella
needs a functional T3SS-2 (Hensel etal., 1998; Fabrega and Vila, 2013). In accordance,
SPI-2 mutants displayed almost no net replication 24 h post infection when tested in
RAW264.7 macrophagelike cells using VCC-based enumeration (Hoffmann etal., 2018).

VCC is a label-free method that only depends on bacterial growth and has a very high
sensitivity because of the logarithmic signal amplification. We were able to quantify
bacteria over six orders of magnitude with a detection limit of 10 bacteria per well
(Hoffmann etal., 2018). It is not necessary to label bacteria in contrast to, for example,
the method described by Grant etal (2008) utilizing wild-type isogenic tagged strains
(WITS) and quantification via gRT-PCR or sequencing. Here strains that shall be
enumerated have to contain a barcoded sequence in their genome and an additional
DNA-extraction step is required prior analysis. Several other alternative methods for the
quantification of intracellular bacteria have been described. The In-cell Western assay
uses immunofluorescence for the quantification (Sarshar etal., 2019). This method is
highly specific and efficient, allowing for accurate quantification of differences ranging
over four orders of magnitude. It is also well suited for automation and high-throughput,
however, the availability of a specific primary antibody is the major limitation of this assay.
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In 2004, Acord etal. presented an assay using firefly luciferase for the quantification of
adhered bacteria to eukaryotic cells. There are some problems that should be taken into
account by using this method. Bacteria have to be transformed with a plasmid encoding
luciferase providing an optimal expression level. The detection limit of the luciferase-
based assay lies at ~100 bacteria, making it less sensitive than other approaches, e.g.
VCC. Martens-Habbena and Sass (2006) used the fluorescent nucleic acid stain SYBR
green | to quantify between 50,000 and 1.5 x 10® bacterial cells per ml sample. This and
similar methods would not be applicable in the context of an infection model due to the
excess of host cell DNA. Another approach to enumerate bacteria in infection models is
the use of fluorescently labeled bacteria and the subsequent analysis via flow cytometry
(Helaine etal., 2014; Claudi et al., 2014). This method is highly sensitive and offers a wide
variety of application. Disadvantages are here the high costs for the hardware as well as
the relatively time consuming sample analysis. It was also shown that the overexpression
of fluorescent proteins may negatively influences the virulence of bacteria (Knodler
etal, 2005; Mutoji and Ennis, 2012). The use of different fluorescent markers with
distinguishable spectral properties allows for simultaneous quantification of two or more
strains in one sample. In the case of VCC the analysis of different strains is only possible
in parallel analyses using different antibiotic resistances. For all the described methods
bacteria either have to be tagged, transformed or specific antibodies are needed, which
is not the case for the VCC method. The only requirement here is a separate calibration
curve for different species or mutants with different growth behavior. For the actual
enumeration analysis there is no manual step, like staining, needed. It can therefore be
easily automated using absorbance detection equipment for measurement of optical
density in a 96-well plate. Due to open source software the subsequent data analysis is
simple, reproducible and without additional costs. VCC is nearly operator independent
and well standardizable in different laboratories. Furthermore, hardware requirements
for the absorption detection in a 96-well plate are moderate.

Limitations of the VCC method that should be considered are that mutants with different
growth rates must be analyzed separately. Mutants with growth defects for example
show a prolonged lag-phase (Broach etal., 1976; Lifsics etal., 1992) and therefore
need longer times to reach the absorbance threshold compared to the respective WT
strain, even when there are the exact same numbers of bacteria per well. This would
falsify the cell counts when analyzed with the calibration curve recorded with the faster
growing WT strain. In these cases the recording of additional calibration curves would
be necessary. The method is also not suitable for dormant strains because it depends
on active bacterial growth (Kell and Young, 2000), or for obligate intracellular bacteria,
like Chlamydia trachomatis (Heinzen und Hackstadt, 1996; OOQij etal., 1997). Another
problem of this assay is the correlation of VCC calibration curves to actual colony counts
because the quantification via CFU on agar plates as a reference inherits an inaccuracy
(Naghili etal, 2013).

All in all VCC is a good alternative to speed up infection assays if strains should, for
example, be tested in various invasion environments that do not hamper with the sub-



V.2,

IV. Discussion | 125

sequent growth conditions. Because of its high accuracy, even slight differences in
invasion rates are detectable. We used the method to investigate the SPI-4 dependent
adhesion to and invasion of polarized epithelial host cells of different chemotaxis mutant
strains under varying invasion conditions in vitro.

SiiAB functions as a proton channel and
exhibits peptidoglycan-binding

SiiAB shares some properties with the MotAB proton channel (Braun etal., 2004) as
well as with other members of the family of heteromeric proton-conducting channels
such as ExbBD/TonB (Zhai etal., 2003), PomAB (Yonekura etal., 2011) or TolQR (Zhang
etal., 2011). These complexes generate mechanical work leading to the rotation of the
flagellum or energize the uptake of nutrients via the OM (Lloubes et al., 2001; Minamino
etal., 2008; Noinaj etal., 2010). Energy is harvested from the proton motive force (PMF)
through translocation of protons across the IM (Kojima etal, 2009; Wojdyla et al., 2015;
Celiaetal, 2016; Zhuetal, 2014). The question arises if the structural similarities between
SiiAB and MotAB are an indication of similar functions of these protein complexes.

It was shown that the residue D32 of MotB, D25 of ExbD, D23 of TolR and D13 of SiiA are
essential for the proper function of the respective complex (Zhou etal., 1998; Cascales
etal., 2001; Ollis etal., 2009; Wille etal, 2014) and it is thought that these negatively
charged amino acids get directly protonated during the process of proton conduction
(Braun and Blair, 2001; Zhai etal., 2003; Goemaere etal., 2007).

Results obtained in a SiiA[D13N] mutant concerning the acidification of the bacterial
cytosol as well as adhesion/ invasion of polarized cells (Wille et al,, 2014, Kirchweger et al.,
2019) give strong reason to suspect that proton translocation via SiiAB and the energy
derived from the PMF directly contribute to SPI-4 mediated adhesion of Salmonella to
polarized epithelial cells.

SiiA harbors areduced peptidoglycan-binding motif (PG) and shows the same dimerization
mode as other proteins located in the IM that are involved in ion translocation like MotB
or PomB (Roujeinikova, 2008; Kojima etal, 2009). However, the experiments gave no
hint that the linker domain which interconnects the transmembrane region of SiiA to the
PG-binding domain fulfills the same function as for example in MotB. Here, this segment
is proposed to play an important role in regulating the anchoring of the PG domain to the
PG layer and in controlling the proton translocation across the IM (Kojima etal, 2009;
Zhu etal, 2014; Wojdyla et al, 2015). Only after the linker is removed from the channel
entrance PG-binding and anchoring of the complex in the PG-layer as well as proton flux
isinitiated. The linker domain seals the proton channel until it is associated with the rotor
complex of the flagellum. One could speculate that SiiA only anchors the SiiAB complex
in the PG-layer under an acidic intracellular pH leading to the translocation of SiiE as
shown in Figure IV.1. Surprisingly, the mutation of Arg162, which leads to the inability of
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SiiA to bind PG as well as to reduced invasiveness of Salmonella, had no impact on the
proton conductance (Kirchweger etal., 2019). Our results also show that SiiAB’s function
as a proton channel is only obligate for SiiE retention not for its secretion. This might not
be the whole story as all the applied assays have some limitations. PG-binding was only
tested with a truncated SiiA protein in the absence of SiiB as well as maybe other, still
unknown, factors. The pHLuorin assay for determination of bacterial cytosolic pH highly
depends on the accuracy of the underlying standard curves which are prone to variations
of external pH and temperature (Kirchweger etal., 2019).

PG binding of MotAB is essential for anchoring of the flagellar complex within the
bacterial envelope and to transfer the generated torque to the bacterial cell (Kojima
etal., 2018). Anchoring of the flagellar motor is the final step in the assembly process
of this multiprotein complex. The rotor of the flagella motor is the first subcomplex to
get assembled. Afterwards the actual flagellum is secreted and, finally, this complex is
anchored in the PG-layer through interaction with multiple stator complexes (MotAB)
(Thormann and Paulick, 2010). Depending on the external load and ion availability there
are up to ten stator complexes per motor (Reid, 2006; Terahara etal., 2017). A T1SS on
the other hand is usually assembled after interaction of its substrate with the ABCprotein
and can freely diffuse through the IM (Masi and Wandersman, 2010). In order to act as an
adhesin and transmit the forces generated by the bacterium’s adhesion to the host cell,
anchoring of SiiE within the envelope would be a prerequisite. Given the interaction of
SiiAB with T1SS-4 components (Wille et al., 2014), the PG-binding of SiiA could therefore
fulfill an anchoring/fixation function for the whole system.

Figure V.1 Mechanism of SiiAB. The acidification of the external pH leads to the binding of SiiA to peptidoglycan and
therefore anchoring of the proton channel in the inner membrane. It also leads to the activation of proton flux along the
proton motive force gradient from the periplasm in the cytoplasm.

Interestingly, our results show a pH-dependent binding of SiiA to PG (Kirchweger etal.,
2019). The protein has only high affinity for PG at pH values lower than 6.5. One could
speculate that the acidic environment of the stomach (Ovesen etal., 1986) triggers the
SiiA binding to PG and assembly of the complex, so that Salmonella gets primed for the
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imminent invasion of host cells. Proton flux through SiiAB could then be used to energize
the conformational change of T1SS components finally resulting in the retention of SiiE
on the bacterial surface. Maybe the transition from a lower pH environment in the lumen
of the small intestine (pH5.5) to a neutral pH (7.0) in the mucoid vicinity of enterocytes
represents another signal for Salmonella to modulate its virulence factors. The pH is
neutralized by bicarbonate-containing mucus which overlays the enterocytes (Atuma
etal., 2001). One could also speculate that the transition of Salmonella to higher pH
environments would lead to detachment of SiiA from the PG-layer and therefore
inactivation of proton conduction and disassembly of the proton channel from the T1SS.

Salmonella senses external pH with the two-component system PhoPQ where the
binding of cationic peptides or acidic pH induces conformational changes in the PhoQ
periplasmic sensor domain. This leads to the activation of autophosphorylation of PhoQ
and subsequently to phosphorylation of the response regulator PhoP. As a result, stress
response genes are activated (Fang etal., 2016). So maybe a signal transduction from
PhoPQ to SiiAB via phosphorylation or direct interaction would be conceivable. Therefore,
we set out to identify possible interaction partners of SiiAB.

Signal transduction from the chemotaxis
system

Previously it had been shown that motility as well as chemotaxis are important virulence
factors in vivo (Stecher etal, 2004). We were able to identify MCPs as SiiAB interaction
partners and could verify these interactions in different assays especially between CheM
and SiiABD (Hoffmann etal., 2021).

The deletion of ChelM, the aspartate sensor, leads to decreased invasion of polarized cells
(Hoffmann etal., 2017) and addition of the CheM attractant aspartate had the opposite
effect (Hoffmann etal., 2021). In contrast to the aspartate sensor of E. coli, Tar, CheM
does not mediate taxis towards maltose, because it is not interacting with the maltose
binding protein (MBP) (Blat et al., 1995; Kolodziej et al., 1996). We think that the structural
differences that prohibit interaction with MBP could result in additional functions of
CheM instead. Biemann and Koshland (1994) showed for example that the aspartate
receptor of E. coli only binds one Asp molecule whereas the CheM of Salmonella is able of
binding two Asp molecules with different affinities. After binding of one molecule, there
are conformational changes in the receptor altering the second binding site. This might
somehow contribute to our observed phenotype. CheM shows strong protein-protein-
interactions with components of the T15S-4, mainly SiiA and SiiB, arguing for a functional
link to SPI-4 (Hoffmann etal., 2021). So far, some links from chemotaxis to virulence are
described. These mechanisms depend on the phosphorylation of alternative response
regulators, therefore altering virulence-specific transcriptional responses (Matilla etal.,
2018). In Xanthomonas oryzae pv. oryzae, a bacterial pathogen of rice, the chemoreceptor
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mcp2 is required not only for taxis towards xylem sap but also for the entry into rice as
well as for virulence (Verma et al., 2018). Pseudomonas aeruginosa synthesizes a putative
MCP, PA2573, which alters motility, virulence and antibiotic resistances when mutated
(McLaughlin etal., 2012). Campylobacter jejuni and Helicobacter pylori also strongly
depend on chemotaxis and motility for efficient colonization and invasion of their hosts
(Hendrixson and DiRita 2004; Vegge etal., 2009; Chandrashekhar etal.,, 2015; Day etal,
2016; de Vries etal.,, 2017; Rolig etal., 2012; Keilberg and Ottemann 2016; Huang etal,
2017). So far there are no indications of such a mechanism for SPI-4.

There are some putative phosphorylation sites in SiiB. The signal transduction from the
MCP to the SiiAB proton channel could therefore function via the transfer of phosphoryl
groups. However, there is no intrinsic kinase activity of MCPs known and domain
predictions of SiiB do not suggest such an activity for this protein (Wille etal, 2014)
speaking against such a mechanism. Another possibility would be the involvement of
a so far unknown kinase which should get activated upon CheM signaling and would
phosphorylate SiiB. This mechanism might be rather unlikely since no such protein was
identified in our pulldown assays, but it cannot be completely excluded.

We tested the role of CheM for SPI-4 dependent adhesion using mutants resembling
an attractant-bound, kinase “always-oft”, state of the MCP (AcheA, AcheY) (Sukomon
etal., 2016). AcheA and cheY mutants are no longer able to transfer phosphoryl
groups and show a straight-swimming phenotype. A non-flagellated (Aflil) mutant was
included as another control. These experiments showed that the elevated invasion
rates were independent of bacterial motility or chemotaxis. Bacteria had to be only
in close proximity to host cells as ensured by centrifugation (Hoffmann etal., 2021).
Under this prerequisite, the presence of MeAsp led to higher invasion rates depending
on functional CheM indicating a second role of CheM independent of the chemotaxis
phosphorelay signaling (Parkinson etal., 2015). Surprisingly, CheA as well as CheY
mutant strains displayed about 20-fold higher invasion rates compared to bacteria
grown without MeAsp (Hoffmann etal., 2021). This would rule out signaling based
on phosphoryl transfer, at least involving the ‘classical’ chemotaxis-associated
components. The phenotype could be this extremely strong because the signal from
CheM is solely transferred to the SiiAB proton channel and not “shared” with the
chemotaxis cascade. The loss of CheA/Y could possibly lead to additional binding
sites for SiiA and / or SiiB so that more complexes could be activated. Because of the
“kinase off” state of the receptor CheB, the methyl esterase, is not phosphorylated and
methyl groups added to CheM via CheR are not removed (Sourjik, 2004). This would
cause the permanent displacement of the HAMP domain of the receptor and therefore
also the activation of SiiAB. Another reason for the observed phenotype could be the
better accessibility of CheM based on the missing of CheA which is necessary for the
formation of polar clusters (Kentner etal., 2006). These clusters were described by
Hazelbauer etal in 2008. They evaluated the distribution of MCP over the bacterial
surface and proposed the arrangement of MCPs in large clusters at the cell poles. The
T1SS-4 onthe other hand is spread uniformly over the whole bacterial envelope (Gerlach
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etal., 2008; Barlag etal., 2016). Due to the missing CheA it would be conceivable that
these clusters do not form properly. There are also studies showing that MCPs are not
exclusively localized at the poles (Sourjik and Berg, 2000). To finally proof our observed
protein-protein-interactions it would be necessary to determine the (dynamic) spatial
distribution of CheM and SiiAB within the bacterial cell envelope in future experiments.

Environmental control of SiiE retention

Our data support that upon attractant binding, CheM interacts not only with the classical
chemotaxis cascade but also with SiiAB. In the presence of Asp the proportion of secreted
and retained SiiE is shifted towards the retention of the adhesin. This naturally results in
elevated adhesion to host cells and finally to increased invasion (Hoffmann etal., 2021).

The bound adhesin has to withstand high shearing forces under hydrodynamical flow
(Liu etal, 2020). Lactobacillus reuteri, inhabiting the human gastrointestinal tract,
uses a large multi-repeat cell-surface adhesin, a mucin-binding protein (MUB) for its
adhesion to mucins. The binding of the full-length MUB to mucus happens via multiple
interactions involving terminal sialylated mucin glycans (Gunning etal., 2016). Such a
mechanism would also be conceivable for Salmonella SiiE. The actual binding takes place
via either specific (ligand-binding) or unspecific (unfolding and hydrophobic binding)
forces that can be measured by atomic force microscopy (Dufréne, 2015). During the
multiple washing steps in the course of the applied SIMPLE assay, the binding of SiiE to
magnetic beads has to be very strong (Hoffmann etal., 2021). This indicates that the
retained SiiE is functional as an adhesin and able to withstand mechanical forces that
would also occur in vivo.

Unfortunately, the exact retention mechanism of SiiE remains elusive. Recently, multiple
mechanisms have been described concerning the control of type I-secreted adhesin
surface location in response to different environmental signals. For example, the
type I-secreted Pseudomonas fluorescence protein LapA is anchored within the outer
membrane in response to inorganic phosphate (Pi) (Newell etal., 2011). Low Pi leads
to depletion of second messenger c-di-GMP by the phosphodiesterase RapA. Hereupon
LapD (c-di-GMP binding protein) releases LapG, a periplasmic protease. LapG cleaves an
N-terminal retention signal off LapA, releasing the adhesin from the OMP (Newell etal.,
2011; Smith etal., 2018). A similar 2-step mechanism is described for the multi-repeat
adhesin (MRP) of Pectobacterium atrosepticum (Pérez-Mendoza etal., 2011). For the ice-
binding protein of Marinomonas primoryensis (MpIBP) there is an intrinsically folding
N-terminal domain (RIN) anchoring it within the OMP (Guo etal., 2018). However, the
release mechanism of this protein has to be revealed yet. A similar mechanism could be
envisaged for SiiE, but we have no evidence of the involvement of c-di-GMP nor for the
processing of the N-terminal domain of SiiE in vitro as described for LapA (M. Hensel,
personal communication).
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In case of SiiE a retention mechanism involving the SiiAB proton channel is very likely
(Wille 2014). Due to the binding of Asp in the periplasm and the resulting piston-like
motion of the TM helices and HAMP domain of Chel, the structural changes could alter
the binding interface to the SiiAB channel. We speculate that a displacement of SiiA PG-
binding domain could be induced. This would not only result in the activation of the
channel but also in anchoring of the complex within the IM. This could converge with the
dynamic association of SiiAB with the tripartite T1SS (Park etal., 2011). In this case, the
secretion of SiiE would be independent of the presence and function of the SiiAB complex,
which was shown by Wille etal. (2014). Based on these data, we propose that CheW
links two important virulence factors, namely chemotaxis / motility and SPI-4 dependent
adhesion. The acidification of the environment on Salmonella’s way through the body to
its preferred site of invasion could hereby lead to the assembly of the proton channel and
the actual T1SS via SiiA-mediated PG binding. This lead to a new working model shown
in Figure IV.2.
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Figure IV.2 working model. CheM is sensing the presence of its attractant aspartate and interacts on the one hand with
the flagellum via the chemotaxis cascade and on the other and directly with SiiAB. It functions therefore as a linker be-
tween motility and SPI-4 induced adherence.
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Mucus as a potential signal for CheM

The observed impact of CheM signaling on SPI-4 dependent adhesion was strongest
in mucin-producing HT29-MTX cells (Hoffmann etal., 2021). One could speculate that
mucus or some of its components are important for the CheM-SPI-4 interaction. It
would also be possible that components of the mucus function as attachment points for
Salmonella facilitating adhesion.

HT29-MTX cells produce MUC1. MUCL is a membrane-associated mucin consisting of
an O-glycosylated extracellular region, a transmembrane domain and a cytoplasmic tail
(Carrington etal.,, 2009). It is ubiquitously expressed on the apical surface of epithelial
cells and normally hinders adhesion because it forms a sterical barrier. It was shown
that SiiE is binding MUC1 enabling Salmonella to breach the epithelial mucin barrier and
invade into MUC1-expressing enterocytes from the apical site (Li etal, 2019).

However the major intestinal mucin is the gel-forming MUC2. It is heavily O-glycosylated
in the golgi. After secretion Ca%* is removed from MUC2 by the increased pH allowing the
mucin polymer to unfold into a flat net-like structure (Hansson etal., 2019).

Next to its protective function mucus also serves as an energy source for different
bacteria and is therefore permanently renewed (Dharmani etal., 2009; Lievin-Le Moal
etal., 2006). Bacteria can for example use mucus glycans as a carbon source (Ouwerkerk
etal, 2013). There are different bacterial species of the microbiota that use their
enzymatic activities to release monosaccharides attached to the mucin glycoproteins e.g.
Akkermansia muciniphila (Png etal., 2010), Bifidobacterium bifidum (Png etal, 2010;
Garrido etal, 2011) or Ruminococcus gnavus (Png etal, 2010; Crost etal, 2013). This
explains why also bacteria without enzymes necessary for cleaving these sugar linkages
can profit from mucus-derived nutrients (Arike and Hansson, 2016). Salmonella can bind
to glycostructures with terminal N-acetyl-glucosamine (GIcNAc) and/or a 2,3-linked sialic
acid in a lectin-like manner (Vimal etal, 2000; Wagner etal., 2014) and has the abhility
to release the carbohydrate using its sialidase (Hoyer et al, 1992). Maybe some of these
so produced sugars can trigger the signaling of CheM and also the resulting interaction
with SiiAB. To evaluate if by-products of the residual microbiota can function as potential
CheM signals in vivo mouse model experiments would be necessary. Here the comparison
of different mutant bacteria in different backgrounds (Muc2” mice) would be interesting.
Gagnon etal. (2013) also saw higher adhesion of Salmonella to mucin producing HT29-
MTX cells than to non- and low-mucus producing cells.

According to our results, Salmonella uses Asp as environmental signal to modulate its
secretion/retention behavior of SiiE. Asp is generated at the apical side of polarized
enterocytes due to the activity of peptidases. This mostly takes place in the jejunum
(Jahan-Mihan etal., 2011). Free Asp additionally is generated due to peptide degradation
by the microbiota (Claus etal., 2008). The proportion of Asp contained in mucins is higher
in the jejunum than in the colon (Faure etal., 2003). This coincides with Salmonella’s
preferred locus of invasion. Recently, it was shown by Nguyen et al. (2020) that Salmonella
uses Asp from the environment to synthesize fumarate. Fumarate is an electron acceptor
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and promotes Salmonella’s anaerobic respiration in the colonized gut. This is also in
favor of the hypothesis that Asp functions as signal for Salmonella invasion.

If the CheM signal is not derived from mucus or its components it would be possible that
Salmonella “sees” aspartate on its way through the body to its preferred infection site
so that the T1SS-4 gets primed for the retention of SiiE.

Another explanation for the observed phenotype could be the presence of alternative
signals of other MCPs leading to changed SiiE surface expression. So maybe the sensing
of different attractants like other amino acids, sugers or chemicals would influence the
interaction between CheM and SPI-4 due to the organization of MCPs in heterologous
clusters. Therefore the pronounced phenotype in HT29-MTX cells might be the product
of many accumulating effects.

Conclusion

In summary, we could show that CheM directly interacts with the SiiAB proton channel
and that upon attractant-binding the adhesin SiiE is mainly localized on the bacterial
surface instead of being secreted. It was shown that secreted SiiE is reducing IgG-secreting
plasma cells in the bone marrow therefore hindering an efficient humoral immune
response (Madnne etal., 2019). This shows that the secretion of SiiE is as important as its
retention for the efficient invasion of Salmonella. Therefore the switch from secretion
to retention and vice versa has to be perfectly timed. Here we saw that Asp is utilized as
environmental cue by Salmonella to determine its preferred locus of invasion which also
induces the switch from SiiE secretion to retention. However the exact mechanism by
which the signal is conferred from CheM to the T1SS-4 has yet to be characterized.
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Units

°C degree Celsius
A ampere

AS amino acids
bar bar

bp base pair

Da dalton

g gram

hours

| liter

m meter

M molar (mol/l)
min minutes

mol 6,022 x 10% particles
sek sekunds

Vv volt

Unit Prefixes

Abbreviation  Physical Term Powers of Ten
M mega 108

k kilo 103

m milli 103

H micro 10°®

n nano 10

p pico iligr ™

f femto 10
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Abbreviation Term Abbreviation Term

% (v/v) volume percent MEM minimum essential medium

% (w/v) mass fraction MFP membrane fusion protein

ABC ATP binding cassette mLN mesenteric lymph nodes

aph aminoglycoside phosphotransferase gene MOl multipicity of infection

ATP Adenosin-5" ~triphosphate M-cells Microfold-cells

ATR acid tolerance respons 0D, Optical density at a wavelength of x [nm]

att attachment ompP outer membrane protein

B2H Bacterial Two-Hybrid ops operon polarity suppressor

CAP Catabolite activator protein ORF open reading frame

DC dendritic cell PAI pathogenicity island

ddH20 double-distilled water PAP periplasmic adaptor protein

DMEM dulbecco’s modified eagle medium PBS phosphate buffered saline

DNA deoxyribonucleid acid PCA protein complementation assay

dNTP deoxynucleoside triphosphate PCR polymerase-chain-reaction

E. Escherichia PG peptidoglycan

EEA early endosome antigen PMF proton motive force

EDTA ethylenediaminetetraacetic acid PMN polymorphonuclear neutrophil

EGTA ethylene glycol-bis(2-aminoethyle- - SPI-4 promotor
ther)-N,N,N’,N"-tetraacetic acid

ELISA enzyme-linked immunosorbent assay RBS ribosomal binding site

etal. lat. etalii, and others RHS reticulohistiocytic system

FAE follicle associated epithelium RTX repeats in toxin

FRT flippase recognition target sites S. Salmonella

GEF guanine nucleotide exchange factor sif Salmonella induced filament

Hela ,Henrietta Lacks“ sii Salmonella intestinal infection

Ig immune globuli Scv Salmonella-containing vacuole

IL interleukin SPI Salmonella pathogenicity island

IM inner membrane spp. species

Int phage-encoded integrase T1SS type-| secretion system

KbE colony forming unit T2SS type -1l secretion system

Km kanamycin monosulfate T3SS type -lll secretion system

Km? kanamycin monosulfate resistent T4SS type -IV secretion system

LAMP lysosomal-associated membrane protein T5SS type -V secretion system

LB lysogeny broth T) tight junctions

log Logarithm TLR toll-like receptor

MALT mucosa-associated lymphoid tissue TMD transmembrane domain

MmcP Methyl-accepting chemotaxis protein VCC virtual colony count

MDCK Madin-Darby canine kidney WASP Wiskott-Aldrich Syndrome protein

ME Mosaic element WT wildtype

MeAsp a-methylaspartate
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