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Abstract

1. Abstract

1.1.Abstract

Yersinia enterocolitica employs a type three secretion system (TTSS; injectisome) in order to translocate
effector proteins into host cells. The effectors (Yersinia outer proteins, Yops H,0,P,E,M,T and Q)
manipulate host cell functions to support the infection strategy of the bacteria. Extensive research
elucidated the function and structure of the TTSS and to a lesser extent of the associated translocation
pore. The two pore proteins (YopB, YopD) are translocated themselves by the TTSS and then form a
heterodimeric pore complex in the host cell membrane that acts as an entry gate for the bacterial
effectors. Until now, a real time visualization of translocation pore formation or effector protein
translocation in host cells by an active TTSS has been very challenging. Several approaches have been
developed in this regard but most displayed critical limitations such as incompatibility with live cell
imaging, insufficient resolution and sensitivity or disturbance of protein and TTSS function.

In this study different approaches for visualizing pore- and effector proteins of Y. enterocolitica
injectisomes in action were investigated. Tagging of the effectors YopH, YopM and YopE with the self-
labeling enzymes Halo, SNAP and CLIP showed a strong inhibitory effect on overall Yop secretion and
translocation. In comparison, a split-GFP approach for tagging YopE allowed the visualization of YopE
translocation into Hela cells and primary human macrophages. However, tagging of the pore proteins
YopB and YopD with the smaller part of split-GFP did not produce satisfactory results. Finally, by employing
a CRISPR-Casl12a assisted recombination approach a small peptide tag (ALFA-tag) was inserted into a
region of the YopD protein that is thought to lie extracellularly when Yop is integrated in the translocation
pore. In a cell infection assay using Y. enterocolitica expressing ALFA-tagged YopD and an extracellularly
applied fluorophore-labeled nanobody, the nanobody allowed live cell imaging of nascent and seemingly
fully functional translocation pores. Thus, this assay allowed for the first time the visualization of
injectisomes while forming translocation pores during cell infection. Onset of pore formation occurred
directly after uptake of the bacteria into a PI(4,5)P2-enriched prevacuole. After maturation of the bacteria-
containing prevacuole into a phagosome, damaging of the phagosomal membrane by the bacterial pores
could be visualized with help of the marker protein GFP-galectin-3. Altogether this work allowed for the

first time to visualize in real time the formation of TTSS translocation pores.
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1.2.Zusammenfassung

Yersinia enterocolitica verwendet ein Typ-3-Sekretionssystem (TTSS; Injektisom), um Effektorproteine in
Wirtszellen zu translozieren. Die Effektoren (Yersinia outer proteins, Yops H,0,P,E,M,T und Q)
manipulieren Funktionen der Wirtszelle, um die Infektionsstrategie des Bakteriums zu unterstiitzen.
Umfangreiche Forschungsarbeiten haben die Funktion und Struktur des TTSS und in geringerem MaRe der
angehefteten Translokationspore untersucht. Die beiden Porenproteine (YopB, YopD) werden durch das
TTSS selbst transloziert und bilden dann einen heterodimeren Porenkomplex in der Wirtszellmembran als
der als Eintrittspforte fur die bakteriellen Effektoren dient. Bisher war die Echtzeit-Visualisierung der
Porenbildung bzw. der Effektorprotein-Translokation in Wirtszellen nur schwer moglich. Es wurden
mehrere Ansatze entwickelt, die meisten zeigten jedoch kritische Einschrankungen wie Inkompatibilitat
mit der Bildgebung in lebenden Zellen, unzureichende Auflésung und Empfindlichkeit oder Stérung der
Protein- und TTSS-Funktionen.

In dieser Studie wurden verschiedene Ansatze zur Visualisierung von Poren- und Effektorproteinen von
Y. enterocolitica Injektisomen untersucht. Die Markierung der Effektoren YopH, YopM und YopE mit den
selbstmarkierenden Enzymen Halo, SNAP und CLIP zeigte eine starke hemmende Wirkung auf die gesamte
Yop-Sekretion und -Translokation. Im Vergleich dazu erlaubte ein Split-GFP-Ansatz zur Markierung von
YopE die Visualisierung der YopE-Translokation in HelLa-Zellen und primdren menschlichen Makrophagen.
Die Markierung der Porenproteine YopB und YopD mit dem kleineren Teil des Split-GFP erwies sich jedoch
als ungeeignet. SchlieRlich wurde mit Hilfe eines CRISPR-Cas12a-assistierten Rekombinationsansatzes ein
kleiner Peptid-Tag (ALFA-Tag) an einer Stelle von YopD eingefiigt, die vermutlich im extrazelluldren Teil
des Proteins liegt, wenn dieses eine Translokationspore in der Wirtszellmembran gebildet hat. In einem
Zellinfektionsversuch mit Y. enterocolitica, das ALFA-gekoppelte YopD exprimiert und einem extrazellular
applizierten  Fluorophor-markierten  Nanokorper, konnten naszierende und funktionelle
Translokationsporen sichtbar gemacht werden. Damit ermoglichte dieser Assay zum ersten Mal die Live-
Bildgebung von Injektisomen bei der Bildung von Translokationsporen wahrend einer Zellinfektion. Der
Beginn der Porenbildung erfolgte direkt nach der Aufnahme der Bakterien in eine PI(4,5)P2-angereicherte
Pra-Vakuole. Nach Reifung der bakterienhaltigen Prd-Vakuole zu einem Phagosom konnte mit Hilfe des
Markerproteins GFP-Galectin-3 eine Schadigung der Phagosomenmembran durch die bakteriellen Poren
sichtbar gemacht werden. Insgesamt ermoglichte diese Arbeit zum ersten Mal die Echtzeit-Visualisierung

der Bildung von TTSS-Translokationsporen wahrend der Wirtszellinfektion.
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2. Introduction

2.1.Pathogenic Yersinia

The genus Yersinia belongs to the family of Yersiniaceae and comprises 18 different species of which only
three are pathogenic to humans: Yersinia pestis, Yersinia pseudotuberculosis and Yersinia enterocolitica
(Adeolu et al. 2016; McNally et al. 2016). Y. pestis causes bubonic, septicemic and pneumonic plague and
was first isolated from human tissue in independent studies by Alexandre Yersin and Shibasaburo Kitasato
in 1894 in Hongkong (Treille and Yersin 1894; Kitasato 1894; Bibel and Chen 1976). The enteropathogenic
bacteria Y. pseudotuberculosis and Y. enterocolitica are transferred through contaminated food and water
and cause gastrointestinal diseases (Carniel 2002). While Y. pseudotuberculosis is primarily found on
carrots and lettuce Y. enterocolitica infections often originate from contaminated pork meat (Jalava et al.
2006; Bottone 1997; Grahek-Ogden et al. 2007). Enteropathogenic Yersinia are the third most common
cause of gastroenteritis in Europe after Campylobacter and Salmonella (Rosner et al. 2010; van Pelt et al.
2003; McNally et al. 2016). The gastrointestinal symptoms resulting from an Yersinia infection are termed
yersiniosis. The majority of recorded cases is caused by Y. enterocolitica while only a small number of
yersiniosis cases are due to Y. pseudotuberculosis. The infection is usually self-limiting and rarely leads to
systemic infections or sepsis.

An infection with Y. pestis leads to the bubonic or pneumonic plague which if untreated is fatal in 50 —60%
or 100% respectively (Grof3 2006). Although the disease is no acute threat anymore, as it can be treated
with antibiotics, several plague cases are recorded each year (Cornelis 2002a). The plague is a zoonotic
disease with rodents as hosts and fleas as carriers (Madigan and Martinko 2009). The bite of the rat flea
can transmit the disease to humans, although today infections usually arise from contact to infected or
dead rodents. The bacteria can enter through skin injuries from where they colonize the lymphatic tissue
which causes swelling. Via the blood circulation the infection can spread to inner organs (Kayser et al.
2001). When the lungs are infected the disease is fatal within 1-3 days and a transmission of the disease
from human to human via droplet infection is possible (Cornelis 2002b).

Although Y. pseudotuberculosis and Y. pestis have different pathogenesis and routes of infection, studies
of the genomes have shown they are closely related. All three pathogenic Yersinia species have a common
ancestor from which Y. enterocolitica split off about 200 million years ago. Y. pestis developed from
Y. pseudotuberculosis between 1 500 — 20 000 years ago (Achtman et al. 1999). This process involved the

loss and gain of genes and the rearrangement of the genome (Wren 2003; Achtman et al. 1999).
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All pathogenic Yersinia share a tropism for lymphatic tissue and are able to resist the innate immune
response of the host (Cornelis and Wolf-Watz 1997). Their virulence factors are both encoded on the
chromosome as well as on plasmids. The 70 kb virulence plasmid termed pYV (plasmid of Yersinia
virulence) can be found in all three pathogenic Yersinia species and encodes proteins of the type three
secretion system (TTSS) and the effector proteins called Yops (Yersinia outer proteins). The TTSS enables
the translocation of effector proteins from bacteria to the cytosol of the host cell where they prevent
phagocytosis and suppress the innate immune response (Viboud and Bliska 2005; Pha and Navarro 2016).
Y. pestis possesses two additional plasmids which enable the development from a gastrointestinal
pathogen to a blood-borne pathogen transmitted by a vector. The plasmid pFra/pMT1 (100 — 110 kb)
encodes the F1 capsular protein and the Yersinia murine toxin (Ymt), which is a phospholipase D and allows
the survival in the flea gut (Hu et al. 1998; Brubaker 1991). This plasmid shows a recent ancestry to
Salmonella enterica serovar Typhimurium, an exclusively human pathogen (Prentice et al. 2001). The other
plasmid pPst/pPCP1 (9.5 kb) enables the dissemination via the subcutaneous route through the

plasminogen activator Pla.
2.2.Characteristics of enteropathogenic Yersinia

2.2.1. Classification

Yersinia are Gram negative pleomorphic rods and belong to the family of Yersiniacea (Adeolu et al. 2016).
The ubiquitous pathogens have a facultative anaerobe metabolism, are catalase positive, oxidase negative,
ferment glucose and do not form endospores under starvation conditions (Fredriksson-Ahomaa 2007).
Yersinia spp. can multiply at a wide temperature range between 0 —40°C although optimal conditions for
growth are 24 — 27°C. Studies have shown that Yersinia form peritrichous flagella at 22 — 30°C (Kapatral
and Minnich 1995; Bleves et al. 2002; Freund et al. 2008).

Yersinia enterocolitica can be divided into 6 biovars (1A, 1B, 2-5) by different biochemical reactions and is
further differentiated in 50 serotypes through antigenic variations in cell wall lipopolysaccharides
(Wauters et al. 1971; Aleksi¢ and Bockemihl 1984). This highly heterogenic species is characterized by
their different geographical spread, ecological niches and pathogenic characteristics. The only apathogenic
biovar is 1A which does not possess a virulence plasmid (Bottone 1999). The most common isolates from
humans are serotypes 0:3, 0:8 and 0:9 while bioserovar 4/0:3 is the most dominant yersiniosis agent in
Europe and North America (Pavlidis et al. 2019). However, especially severe cases are caused by bioserovar
1B/0:8, which is endemic to North America with travel-associated cases found in Europe (Wren 2003). The
highly pathogenic phenotype of this bioserovar is conveyed by a cluster of genes termed high

pathogenicity island (HPI) encoding for an iron-acquisition system (Carniel et al. 1996). This system allows
4
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bacteria to absorb and utilize iron mediated by iron-chelating compounds promoting their ability to grow

under iron-limiting conditions in host tissues (Carniel 1999).

2.2.2. Yersiniosis

Y. enterocolitica mediated yersiniosis is one of the most common notifiable bacterial zoonoses in the
European Union after campylobacteriosis and salmonellosis (Bottone 1997). Yersiniosis caused by
Y. enterocolitica makes up 99% of cases while only a few cases are down to Y. pseudotuberculosis
infections (ECDC 2019). Y. enterocolitica is mostly harbored by mammals including wildlife and farm
animals. Thus, yersiniosis is mainly transmitted through uptake of pork and pork products, unpasteurized
milk or contaminated water (Shayegani et al. 1981; Carniel et al. 2006). In rare cases yersiniosis was caused
by blood transfusions (Jacobs et al. 1989; Strobel et al. 2000). An inoculum of at least 10° organisms is
necessary to cause the disease (Schaake et al. 2014).

The clinical picture of infection depends on the age and physical condition of the patient or on the
pathogenic properties of the infecting strain. Generally, symptoms develop 4-7 days after exposure lasting
for 1 — 3 weeks, are usually self-limiting and do not require antibiotic treatment (Rosner et al. 2012; CDC
2016). They involve abdominal pain and a mild fever which in young children is usually accompanied by
diarrhea. The cause of these symptoms is a gastrointestinal infection including enteritis, terminal ileitis or
mesenteric lymphadenitis (Gurry 1974; Puylaert 1986; Galindo et al. 2011). Infections occasionally lead to
extraintestinal complications such as reactive arthritis or erythema nodosum post-infection (Lugmani and
Dawes 1986; Rosner et al. 2013). In immunocompromised patients or individuals with states of iron
overload such as hemolytic anemia the infection can develop into septicemia resulting in an overall fatality
rate for yersiniosis of 0.08% (Bottone 1997; ECDC 2019). Generally, small children under 4 years show
much higher infection rates compared to adults. Yersiniosis presents throughout the year and is most
common in Europe with about 7000 confirmed cases a year, the majority of which occurring in Germany
(Galindo et al. 2011; ECDC 2019). Although this can be due to frequency and method of diagnosis, more
accurate reporting or prevalence of Yersinia in animal reservoirs, the source could also be the higher

consumption of meat in Germany including uncooked pork meat (Rosner et al. 2010).

2.2.3. Pathogenesis and route of infection

Infection with Y. enterocolitica occurs through the fecal-oral route through uptake into the gastrointestinal
tract. The pathogen can protect itself against the acidic stomach environment through the production of
urease, which hydrolyses urea producing carbonic acid and ammonia resulting in an increased pH level
(Koning-Ward and Robins-Browne 1995; Gripenberg-Lerche et al. 2000; Bhagat and Virdi 2009). In the

intestine Yersinia have to passage the gastrointestinal mucus and before mainly interacting with the follicle
5
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associated epithelium (FAE) of the ileum covering Peyer’s patches which are accumulated lymphoid
follicles and form a part of the gut associated lymphoid tissue (Autenrieth and Firsching 1996; Autenrieth
et al. 1996). The expression of the invasin and ail proteins facilitates the attachment and invasion of M-
cells (microfold cells) overlaying Peyer’s patches (Hanski et al. 1989; Griitzkau et al. 1990; Pepe and Miller
1993; Felek and Krukonis 2008). Invasin binding to integrin receptors induces restructuring of the actin
cytoskeleton enabling uptake of Yersinia (Pepe and Miller 1993). Mouse experiments have shown
destruction of Peyer’s patches an FAE after 5-7 days (Autenrieth and Firsching 1996). Through
translocation of antiphagocytic effector proteins Yersinia manipulate the hosts immune response and
allow extracellular survival and replication in the lymphatic tissue. Additionally, they are known to form
microcolonies resistant against phagocytosis from macrophages and neutrophils (Cornelis et al. 1998;
Viboud and Bliska 2005; Aepfelbacher et al. 2007). From the Peyer’s patches Yersinia spread to mesenterial
lymph nodes via blood and lymphatics and can further disseminate to inner organs such as liver and spleen

(Pepe and Miller 1993; Pepe et al. 1995; Cornelis and Wolf-Watz 1997; Trilzsch et al. 2007).
2.3.Virulence strategies of pathogenic Yersinia

2.3.1. Chromosomal and plasmid-encoded virulence factors

Pathogenicity of Y. enterocolitica requires both chromosomal and plasmid encoded genes promoting
bacterial survival in the host (Atkinson and Williams 2016). The expression is regulated by environmental
signals such as temperature which is the main expression regulator. Lower temperatures between 25 —
28°C mostly promote expression of chromosomal genes while a shift to 37°C in the mammalian host
induces expression of plasmid encoded genes (Cornelis et al. 1987; Rouvroit et al. 1992).

The chromosomal factors mediate mainly the bacterial survival during early infection stages and facilitate
the invasion of the pathogen into the host cells (Straley and Perry 1995). Adhesion and bacterial uptake
necessary for passage of intestinal epithelial cells is mediated by adhesins which are bacterial outer
membrane proteins covering the surface of the bacterium (Grosdent et al. 2002). The adhesion protein
invasin is the major bacterial factor binding to B-integrin initiating a signaling cascade resulting in actin
polymerization enabling bacterial uptake into the host cell. Invasins are highly expressed at lower
temperatures (25 — 28°C) while their expression is limited at higher temperatures (Simonet and Falkow
1992). Another factor mediating adhesion is the chromosome-encoded Ail (attachment invasion locus)
which is expressed at 30 — 37°C (Miller and Falkow 1988; Miller et al. 1990). Ail mediates bacterial invasion
and confers resistance to complement killing (Bliska and Falkow 1992; Pierson and Falkow 1993).
Expression of surface virulence markers such as invasin are regulated by Hfg chaperone influencing

transcription of regulator RovA which induces invA expression (Kakoschke et al. 2016). The Yersinia
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chromosome also encodes for the heat-stable enterotoxin Yst (Yersinia stable toxin) which is possibly an
endogenous activator of intestinal guanylate cyclase inducing diarrhea (Pai and Mors 1978; Delor and
Cornelis 1992). Only the highly infectious Y. enterocolitica biotype 1B possesses the HPl mediating iron
capture from the host environment (Carniel et al. 1996; Carniel 1999). The development of flagella on the
bacterial surface encoded by flagellin genes fleABC is transcribed at 25°C but not 37°C and is relevant for
establishing contact to the target cell (Kapatral and Minnich 1995; Young et al. 2000).

While chromosomal factors mediate attachment and invasion, plasmid factors establish and sustain
infection. The virulence plasmid of Y. enterocolitica called pYV (plasmid of Yersinia virulence) is a 70 kb
plasmid encoding for TTSS proteins Ysc (Yersinia secretion) and Yop (Yersinia outer proteins) and adhesin
YadA (Yersinia adhesin A). These proteins are essential for pathogenicity and are regulated by temperature
and calcium presence (Horne and Priiss 2006). The virulence regulon transcriptional activator VirF is
expressed at 37°C and suppressed by YmoA encoded on the chromosome (Cornelis et al. 1991; Rouvroit
et al. 1992; Bancerz-Kisiel et al. 2018). Ysc proteins mainly form the basal body and the needle complex of
the injectisome, while the tip complex and translocon are formed by LcrV, YopB and YopD (Cornelis 2002a).
The injectisome is required for Yop effector protein translocation into the host cell suppressing the host
innate immune response (Cornelis 2002b; Viboud and Bliska 2005; Pujol and Bliska 2005). YadA is a
plasmid-encoded adhesin expressed at 37°C which forms a fibrillar matrix on the bacterial surface
(Mihlenkamp et al. 2015). It mediates the indirect binding to integrins on host cells through proteins of
the extracellular matrix (Deuschle et al. 2016).

Interestingly, in Y. pseudotuberculosis an increase in virulence plasmids number was detected under
infection conditions (Wang et al. 2016). However, only the synergy of both chromosomal as well as plasmid

encoded virulence factors allows the full extent of Yersinia pathogenicity.

2.3.2. The type three secretion system

The type three secretion system is a bacterial nanomachine used for the injection of effector proteins from
Gram-negative bacteria into host cells and is therefore called injectisome. It was first described in Yersinia
in 1994 by Rosqvist and colleagues (Rosqvist et al. 1994). Although seven different secretion systems have
been defined, TTSS has the widest prevalence among bacterial species and is the best researched in
comparison (Tseng et al. 2009; Costa et al. 2015; Green and Mecsas 2016). The TTSS displays a high
conservation between bacteria of different species. Generally, three different versions can be
distinguished including the Ysc injectisome in Yersinia, Pseudomonas and Aeromonas, the Inv-Mxi
injectisome in Chlamydia, Salmonella SPI-1 and Shigella and the Ssa-Esc injectisome in E. coli and

Salmonella SPI-2 (Cornelis and van Gijsegem 2000; Troisfontaines and Cornelis 2005; Mota et al. 2005;
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Cornelis 2006; Diepold and Armitage 2015). Interestingly, some species possess more than one injectisome
variant. Yersinia biovar 1B for example has a chromosomally encoded Ysa TTSS with an unidentified role
in addition to its Ysc injectisome (Young and Young 2002; Foultier et al. 2003). For better comparability a
unified Sct (secretion and cellular translocation) nomenclature for components of the TTSS from different
bacteria strains was developed (Hueck 1998; Deng et al. 2017; Dos Santos et al. 2020). This nomenclature
is used in Figure 1 showing the general structure of TTSS and a translation to the Yersinia Ysc nomenclature
is supplied in the figure legend below.

The injectisome is evolutionarily related to the flagellum with which it shares structural and functional
similarities (Diepold and Armitage 2015). It is a multiprotein structure of about 6 Mda with 20 subunits
formed during the infection process (Zilkenat et al. 2016). Its major components are sorting platform, basal
body, needle, tip complex and translocon. The basal body spans the inner and outer bacterial membrane
with protein rings while the needle with its tip complex connects bacterium and host cell and the
translocon is inserted into the hosts plasma membrane. Scaffolding proteins form the outer part of the
basal body with YscC creating a ring structure in the outer bacterial membrane reaching into the periplasm
and YscJ and YscD creating a ring in the inner bacterial membrane (Koster et al. 1997; Hodgkinson et al.
2009; Diepold et al. 2010; Ross and Plano 2011). The export apparatus on the inside of the basal body is
assembled by YscR, YscS, YscT, YscU and YscV (Wagner et al. 2010). YscQ constitutes the cytoplasmic ring
(c-ring) and YscL and YscK together the sorting platform at the cytosolic side of the TTSS responsible for
recruitment of chaperone substrate complexes regulating order of export (Lara-Tejero et al. 2011). YscN
forms the ATPase complex and similar to YscQ, YscL and YscK is a cytosolic component which can be both
bound to the injectisome as well as free in the bacterial cytoplasm (Lara-Tejero et al. 2011; Diepold et al.
2015; Diepold et al. 2017; Zhang et al. 2017). Yscl allows the transport of proteins through the inner
membrane (inner rod) while YscF polymerises to a helical needle complex (Hoiczyk and Blobel 2001;
Marlovits et al. 2004; Marlovits et al. 2006; Hu et al. 2018; Miletic et al. 2019). The length of the needle
depends on the species and its surface proteins and can vary between 30 and 80 nm (Kubori et al. 1998;
Blocker et al. 2001; Hoiczyk and Blobel 2001; Poyraz et al. 2010; Cordes et al. 2003; Marlovits et al. 2006;
Miletic et al. 2019). In Y. pestis the needle has a length of approximately 41 nm and in Y. enterocolitica of
58 nm (Journet et al. 2003). The proximal end of the needle is equipped with the tip complex comprised
of the hydrophilic translocator LcrV (low calcium response protein V) forming a pentameric platform for
the assembly of the pore by the hydrophobic translocators YopB (42 kDa) and YopD (33 kDa) in the host
plasma membrane (Hakansson et al. 1996; Blocker et al. 1999; Neyt and Cornelis 1999; Warawa et al.
1999; Mueller et al. 2005; Broz et al. 2007; Mueller et al. 2008). The complex is predicted to be

hexadecameric with alternating hydrophobic translocators (Romano et al. 2016). All three translocators
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and their chaperones (SycB and LcrG) are encoded on the same operon IcrGVHyopBD (Bergman et al. 1991;
Hakansson et al. 1993; Mattei et al. 2011).

The genes encoding for the TTSS are expressed at 37°C at millimolar calcium concentrations (Straley et al.
1993). These conditions represent cell contact as the cytoplasm has lower calcium concentrations than the
extracellular environment (Kim et al. 2005). The increased TTSS gene expression, decreased bacterial
growth and secretion of effector proteins upon calcium depletion in vitro has been termed low calcium
response (LCR) (Brubaker and Surgalla 1964; Straley and Bowmer 1986; Michiels et al. 1990; Straley et al.
1993; Fowler and Brubaker 1994; Fowler et al. 2009). Secretion and translocation of Yops in vivo is induced
by cell contact. Secretion of components is highly regulated on different levels and its correct order is
important for pathogenicity (Dewoody et al. 2013). The insertion of inner and outer membrane rings of
the basal body into bacterial membranes requires the Sec pathway and is therefore called Sec dependent
phase (Deng et al. 2017). It is characterized by cleavable amino-terminal secretion signals on the ring
components (Kubori et al. 2000; Kimbrough and Miller 2000). In TTSS phase the ATPase complex localizes
to export apparatus and C-Ring allowing secretion of early substrates for the formation of the inner rod
and needle, the translocators as middle substrates and the effector proteins as late substrates (Dewoody
et al. 2013; Dos Santos et al. 2020). Export of components of the injectisome, translocators and effector
proteins is regulated by binding of chaperones in the bacterial cytoplasm (chaperone class 3, 2, 1
respectively) (Wattiau et al. 1994; Neyt and Cornelis 1999; Foultier et al. 2003; Akeda and Galan 2005).
Proteins have to be released from their chaperone and unfolded by the hexamer ATPase YscN for
translocation through the needle (Akeda and Galan 2005; Sorg et al. 2006; Roblin et al. 2015). Export is
driven by proton motive force similar to the flagellar movement (Blair 2003; Wilharm et al. 2004). YscL has
been shown to act as a negative regulator of YscN (Minamino and MacNab 2000; Blaylock et al. 2006). As
both needle and pore have a small diameter (2 — 3 and 2 — 4 nm, respectively), protein unfolding is crucial
for translocation (Blocker et al. 2001; Kubori et al. 1998; Hoiczyk and Blobel 2001; Journet et al. 2003). The
translocators are secreted irrespective of cell contact upon proteolytic cleavage of YscU through
interaction with YscP after needle formation (Edqvist et al. 2003; Lavander et al. 2003; Sorg et al. 2006;
Riordan and Schneewind 2008). Cell contact is required for secretion of the effector proteins as late stage
Yops. Without cell contact in the presence of calcium the secretion is blocked by a “calcium plug” of YopN-
TyeA-YscB-SycN (Day and Plano 1998; Ferracci et al. 2005; Joseph and Plano 2013). In an environment

lacking calcium or during cell contact YopN is released removing the plug (Dewoody et al. 2013).
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Figure 1 Structure of type three secretion system. For comparability between different strains the unified
nomenclature Sct (secretion and cellular translocation (Hueck 1998)) for different TTSS components followed by a
specific suffix is used. From top to bottom (protein in Y. enterocolitica): translocators SctB/E (YopB/D) forming the
translocation pore and SctA (LcrV) the tip complex at the proximal end of a SctF needle (YscF), the outer bacterial
membrane is spanned by a SctC membrane ring (YscC), the inner bacterial membrane spanned by SctD/Sct)
membrane rings (YscD/Yscl), the Sctl inner rod (Yscl) connects the needle with the export apparatus which is formed
by SctR, SctT, SctU, SctS, SctV (YscR, YscS, YscT, YscU and YscV), the SctQ C-ring (YscQ) is connected to the SctN ATPase
complex with the stator SctL (YscN, YscL) and the SctW gatekeeper (YopN). This figure is adapted from (Dos Santos
et al. 2020).

2.3.3. Effector proteins

Yersinia possesses six effector proteins YopE, YopH, YopM, YopT, YopO and YopP which directly interact
with host proteins upon translocation (Cornelis 2002b; Fahlgren et al. 2009; Bliska et al. 2013; Pha and

Navarro 2016). These effectors imitate cellular proteins such as kinases, phosphatases or proteases to
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inhibit phagocytosis by manipulating the actin cytoskeletal structures and to downregulate
proinflammatory responses (Pha and Navarro 2016). YopH, YopE, YopT and YopO are involved in
influencing phagocytosis by manipulating the cytoskeleton. With the exception of YopH, this is mediated
by direct interaction with Rho-GTPases (Barbieri et al. 2002; Grosdent et al. 2002; Aepfelbacher 2004). The
effectors YopM, YopP and YopH modulate the inflammatory response (Cornelis 2002b). Similarly, the
potential seventh effector YopQ known to regulate translocation by interacting with translocators, has
later been shown to prevent activation of the inflammasome (Bliska et al. 2013). Together, the action of
these Yops contributes to Yersinia resisting phagocytosis and evading the host immune response
promoting bacterial survival and enabling extracellular proliferation.

As a potent protein tyrosine phosphatase YopH (50 kDa) has a strong antiphagocytic function and thereby
promotes bacterial survival (Guan and Dixon 1990; Zhang et al. 1992; Andersson et al. 1996). The catalytic
domain of YopH is located at the C-terminus and resembles eukaryotic phosphatases (Zhang 1995; Phan
et al. 2003; Sun et al. 2003). It dephosphorylates adaptor proteins involved in formation of focal adhesion
points including Crk associated tyrosine kinase substrate (p130%), focal adhesion kinase (FAK), Paxillin,
Fyn-binding protein (FyB) and SKAP-HOM (Andersson et al. 1996; Persson et al. 1997; Aepfelbacher 2004;
Viboud and Bliska 2005). This function inhibits phagocytosis by disruption of actin structures necessary for
the uptake of bacteria (Evdokimov et al. 2002; Andersson et al. 1996). The signaling cascade induced by
invasin mediated binding of B1-integrin receptors is blocked by YopH which counteracts recognition by the
host (Aepfelbacher et al. 2007). Bacterial survival is further supported through inhibition of calcium
signaling in neutrophils mediating degranulation of immune cells (Persson et al. 1999; Andersson et al.
1999). YopH has further been shown to prevent T-cell activation and production of cytokine CC chemokine
ligand 2 produced by macrophages inhibiting proliferation of lymphocytes and recruitment of
macrophages (Yao et al. 1999; Sauvonnet et al. 2002).

Leucine-rich protein YopM is a major conveyor of Yersinia virulence and is found in the cytosol and nucleus
of the host cell (Leung et al. 1990; Skrzypek et al. 1998; Benabdillah et al. 2004). YopM is less conserved
between Yersinia species compared to other Yops caused by the varying numbers of leucine-rich-repeats
resulting in range of molecular weights (Y. pestis 41.6 kDa, Y. enterocolitica 56.9 kDa) (Boland et al. 1998;
Cornelis et al. 1998). Although no enzymatic activity could be detected for YopM, it still proved important
for the establishment of infection (Leung et al. 1990; Hofling et al. 2015). The immunosuppressive effect
of YopM is mediated by its binding to host cell kinases such as the serine/threonine kinases RSK1 (p90
ribosomal S6 kinase 1; MAPKAP-K1) and PKN2 (protein kinase N2; protein kinase C related kinase2/PRK2)
resulting in their activation (McDonald et al. 2003; Hentschke et al. 2010). YopM is probably transported

into the nucleus by vesicle-associated transport (Skrzypek et al. 1998; Benabdillah et al. 2004). In the
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nucleus YopM influences IL-10 transcription through phosphorylation of RSK and its export is regulated by
interaction with DEAD-box helicase 3 (DDX3) (Berneking et al. 2016). In addition, it also reduces
transcription of several other proinflammatory cytokines through an unknown mechanism (Kerschen et
al. 2004; McPhee et al. 2010; Berneking et al. 2016). Interestingly, YopM has been shown to act as an
caspase-1 inhibitor blocking the formation of the mature inflammasome promoting Yersinia survival
(LaRock and Cookson 2012).

YopE (23 kDa) is a GTPase-activating effector protein which facilitates the hydrolysis of GTP to GDP with
its conserved arginine finger domain mimicking the host GTPase activating protein (GAP) (Black and Bliska
2000). Binding of YopE to the plasma membrane and unidentified perinuclear compartments is mediated
by a membrane localization domain (MLD) containing a hydrophobic leucine-rich motif (Krall et al. 2004;
Zhang and Barbieri 2005; Isaksson et al. 2009; Auerbuch et al. 2009). While in vivo YopE enables
inactivation of Racl and RhoA, an additional inhibitory effect on CDC42 was detected in vitro (Black and
Bliska 2000; Andor et al. 2001). The YopE mediated GAP activity causes disruption of the actin cytoskeleton
resulting in reduced phagocytosis (Andor et al. 2001). An additional function of YopE is the negative
regulation of pore formation and translocation (Aili et al. 2006; Viboud et al. 2006; Mejia et al. 2008;
Isaksson et al. 2009; Gaus et al. 2011; Aepfelbacher et al. 2011). Especially in YopE deletion mutants an
uncontrolled effector expression and a strong hypertranslocation was detected under infection conditions
(Aili et al. 2008; Gaus et al. 2011; Wolters et al. 2013). As no direct interaction of YopE with the translocon
was detected, the effect is thought to be indirectly mediated by the manipulation of the cytoskeleton
(Dewoody et al. 2013).

The cysteine protease YopT (35.5 kDa) mediates the release of Rho GTPases from membranes by cleaving
off the C-terminus resulting in their inactivation (Black and Bliska 2000; Shao et al. 2003; Wang et al. 2014;
Chung et al. 2016). This causes disruption of actin filaments and induces cytotoxicity (Iriarte and Cornelis
1998). The formation of actin cups during bacterial uptake is affected as well as the assembly of focal
adhesion structures required for pseudopodia formation and migration of macrophages (Aepfelbacher
2004; Shao et al. 2003). In contrast to YopE, YopT does not inactivate Racl or Cdc42 in vivo but prefers
RhoA (Aepfelbacher et al. 2003).

YopO (Yersinia protein kinase A (YpkA) in Y. pestis and Y. pseudotuberculosis; 81.7 kDa) is a multi-domain
protein which possesses an N-terminal serine/threonine kinase module and a C-terminal GTPase
interaction domain (Galyov et al. 1993; Prehna et al. 2006). Both domains mediate the inactivation of the
Rho GTPases RhoA and Racl affecting the actin cytoskeleton (Groves et al. 2008). YopO remains inactive
while inside the bacterium and is activated by binding of globular actin upon translocation into the host

cell (Galyov et al. 1993; Trasak et al. 2007). Cellular factors for actin polymerization required for
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phagocytosis are recruited by YopO bound to actin and are inactivated by phosphorylation (Lee et al.
2015).

YopP (Yopl in Y. pseudotuberculosis and Y. pestis; 32.5 kDa) functions as a serine/threonine/lysine
acetyltransferase reducing the host inflammatory response (Paquette et al. 2012; Mittal et al. 2006;
Mukherjee et al. 2006). It inhibits proinflammatory signaling by preventing NFkB and mitogen-activated
protein (MAP) kinase signaling cascades (Orth et al. 2000; Zhou et al. 2005; Mittal et al. 2006; Mukherjee
et al. 2006; Sweet et al. 2007). The inhibition of the MAP kinase pathway in macrophages induces apoptosis
through suppression of proinflammatory cytokines (Palmer et al. 1998; Schesser et al. 1998; Orth et al.
2000; Zhang et al. 2005). YopP has also been shown to inhibit caspase-1 in macrophages preventing innate
immune response (Schoberle et al. 2016). Interestingly, YopP appears conserved in many animal and plant
pathogens showing the importance of its role in infection (Ma et al. 2006; Ma and Ma 2016; Lewis et al.
2011).

YopQ (YopK in Y. pseudotuberculosis and Y. pestis, 21 kDa) is a strong negative regulator of translocation.
YopQ/K mutants are characterized by an accelerated cytotoxic response in cell culture infection
experiments due to increased delivery of the remaining effector proteins (Holmstrom et al. 1997). It was
shown that in Y. pestis YopK exerts its negative effect on Yop translocation from inside the target cell
through binding of YopK to the translocon component YopD (Dewoody et al. 2011). Importantly, in mouse
infection experiments YopQ/K mutants were essentially avirulent, showing severe colonization and
dissemination defects (Straley and Cibull 1989; Holmstrom et al. 1995a, 1995b). YopK additionally displays
a downregulation of caspase-1 activation and IL-1f secretion preventing inflammasome activation similar

to YopM (Brodsky et al. 2010).

2.3.4. Regulation of translocation

Several bacterial and host cellular factors have been shown to be involved in regulation of Yop
translocation. While the inhibitory effect on translocation of YopQ is possibly mediated through its
interaction with YopD, effectors YopE, YopT and YopO reduce translocation through their manipulation
and inactivation of Rho GTPase activity. The Rho GTP-binding protein activation by the toxins cytotoxic
necrotizing factor-Y (CNF-Y) of Y. pseudotuberculosis and CNF-1 of E. coli was shown to significantly
increase effector translocation (Wolters et al. 2013). CNF-Y displayed a preference for RhoA, while CNF-1
was reported to activate RhoA, Racl and CDC42 both in cell cultures and in cells (Hoffmann et al. 2004).
Interestingly, CNF-1 mediated deamination of Rac resulted in a permanent activation as it renders it
resistant towards inactivation by GAPs (Schmidt et al. 1997; Flatau et al. 1997). The increased translocation

due to activation of Rho GTPases was also seen in cells expressing constitutively active Racl (Aili et al.
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2008; Wolters et al. 2013; Aepfelbacher and Wolters 2017). In addition, constitutively active Rac1 induced

a significant increase in translocon forming bacteria (Nauth et al. 2018).
2.4.Pathogen-host cell interaction

2.4.1. Interaction of host cell factors with Yersinia containing compartments

During bacterial invasion, many host proteins regulate the uptake, internalization and clearance of the
pathogen. The bacterium in turn uses effector proteins to influence cellular functions to their own
advantage allowing bacterial survival and proliferation. During phagocytosis cellular receptors bind
bacterial surface proteins which induces actin rearrangements allowing the cell to form protrusions
engulfing the bacterium. Phospholipids in the cellular membrane, such as phosphoinositide 4,5
bisphosphate (PI(4,5)P2) and phosphoinositide 3,4,5 trisphosphate (PI(3,4,5)P3), have been shown to play
a role in regulation of actin filament assembly (Hilpeld et al. 2004). There are seven different
phosphoinositides, all serving as minor components on the cytosolic side of eukaryotic cell membranes
and derive from phosphoinositols with an inositol ring phosphorylated by different kinases on the three,
four and five hydroxyl groups (Di Paolo and Camilli 2006). Phosphoinositols are synthesized in the
endoplasmic reticulum (ER) and transported to the plasma membrane where they serve as a signal
molecules or second messengers regulated by phosphorylation and dephosphorylation. PI(4,5)P2 is mainly
produced by phosphorylation of PI(4)P by type | PIP kinases and less through phosphorylation of PI(5)P by
type Il PIP kinases as little PI(5)P is present in cells (Ma et al. 1998; Rameh et al. 1997; Roth 2004). PI(4,5)P2
is either generated in the Golgi and transported to the plasma membrane or is directly produced there
and has been shown to accumulate at sites of bacterial uptake (Odorizzi et al. 2000). A strong accumulation
of P1(4,5)P2 has also been observed at the Yersinia containing vacuole (Wong and Isberg 2003; Sarantis et
al. 2012; Bahnan et al. 2015). Yersinia are internalized by binding of invasin to B1-integrins which induces
Rac1 activation and type | phosphatidylinositol 4-phosphate 5-kinase (PIP(5)Kla) recruitment. PIP(5)Kla is
activated by Arf6é and phosphorylates P1(4)P to PI(4,5)P2 (Isberg and Leong 1990; Alrutz et al. 2001; Wong
and Isberg 2003; Brown et al. 2001). PI(4,5)P2 has a variety of ways promoting actin assembly. Nucleation
of actin networks is mediated through the interaction of PI(4,5)P2 with small GTPases such as Cdc42
binding of N-WASP activating the ARP2/3 complex (Pollard and Borisy 2003; Rohatgi et al. 2000). In
addition, Cdc42 and PI(4,5)P2 together recruit other N-WASP activating proteins (Ho et al. 2004). P1(4,5)P2
also mediates the dissociation of capping proteins gelsolin and CapZ as well as the binding to profilin
preventing it from forming complexes with actin monomers (Saarikangas et al. 2010; Pollard and Borisy
2003). Actin polymerization is further facilitated by PI(4,5)P2 binding of adaptor proteins connecting

membrane and actin cytoskeleton (Di Paolo et al. 2002; Ling et al. 2002). As PI(4,5)P2 is required for actin
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polymerization, its catabolism is necessary for shedding of the actin cup and complete internalization of
the bacterium into the cell (Botelho et al. 2004; Cheng et al. 2015). PI(4,5)P2 is hydrolyzed by
phospholipases such as phospholipase C (PLC) or phospholipase A2 (PLA2). Alternatively, phosphorylation
by class | phosphoinositide (3) kinases (PI(3)K) to PI(3,4,5)P3 further depletes PI(4,5)P2 levels at the plasma
membrane (Botelho et al. 2000; Clarke 2003). While PLC seems to play a minor role in PI(4,5)P2 depletion
during bacterial entry, PI(3)K mediated fusion of Rab5 vesicles containing lipid phosphatases ORCL and
Inpp5b with the Yersinia containing prevacuole is required for membrane fission and internalization of the
bacterium (Sarantis et al. 2012). PI(3,4,5)P3 accumulation at the phagocytic cup seems to be required for
its closure and disappears after sealing of the vacuole (Cox et al. 1999; Cox et al. 2001; Marshall et al. 2001;
Cao et al. 2004).

For imaging of PI1(4,5)P2, pleckstrin homology (PH) domain of PLC&1 tagged with GFP (PLC61-PH-GFP) has
been employed as the PH domain binds PI(4,5)P2 with high affinity (Garcia et al. 1995; Balla and Varnai
2009). The PI(4,5)P2-rich compartment encompassing Yersinia during bacterial uptake has been termed
prevacuole (Wong and Isberg 2003; Sarantis et al. 2012; Bahnan et al. 2015). It is further characterized by
a connection to the extracellular milieu (Wong and Isberg 2003). This connection enables access of small
molecules such as pHrodo, Gentamicin or pH-neutralizing reagents but not antibodies (Bahnan et al. 2015).
Effector proteins in the host cell mediate the antiphagocytic effect of Yersinia. The manipulation of the
cytoskeleton is facilitated by effector proteins YopH, YopE, YopT and YopO mainly through the interaction
with Rho-GTPases (Grosdent et al. 2002; Barbieri et al. 2002; Aepfelbacher 2004). Many pathogens are
known whose effector proteins directly influence PI(4,5)P2 levels to invade the cell and guarantee survival
in a pathogen-containing vacuole. For this purpose, some bacteria deliver phosphoinositide phosphatases
into host cell cytoplasm. For example, the effector protein IpgD of Shigella flexneri serves as an inositol 4-
phosphatase enabling dephosphorylation of PI(4,5)P2 into PI(5)P (Niebuhr et al. 2002). This facilitates the
internalization of the pathogen allowing subsequent lysis of the phagosomal membrane and multiplication
in the cytosol. Similarly, SopB from Salmonella Dublin functions as an inositol phosphate polyphosphatase
(Norris et al. 1998). In Salmonella Typhimurium infected cells SopB mediated clearing of PI(4,5)P2 to
reduce membrane rigidity and induce fission of the invaginating membranes (Terebiznik et al. 2002). SopB
is possibly required for the formation of Salmonella containing vacuoles. Although its activity could not be
characterized, BopB from Burholderia pseudomallei shares a phosphatase motif with SopB (Ungewickell
et al. 2005). Conversely, PI(3)P is the target of lipid phosphatase SapM secreted from Mycobacterium
tuberculosis impeding fusion of phagosome and late endosome and suspending PI(3)P mediated

phagosome maturation (Vergne et al. 2005).
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Another factor of the host cell interacting with Yersinia containing vacuoles (YCV) is galectin-3 (Feeley et
al. 2017; Zwack et al. 2017). This protein belongs to the galectin family of B-galactoside-binding proteins
which include 15 galectins found in mammals containing a carbohydrate-recognition domain (CRD) (Liu
and Rabinovich 2005; Rabinovich and Toscano 2009). They are further classified into three groups: (1)
prototype galectins with one CRD which can form homodimers; (2) tandem-repeat-type galectins with two
CRDs; (3) chimeric galectins containing an N-terminal domain mediating protein oligomerization and a C-
terminal CRD. Galectin-3 is the only chimeric galectin and is mainly found in the cytoplasm, nuclei and
mitochondria (Davidson et al. 2002; Yu et al. 2002). Despite lacking a sequence for secretion by the classical
pathway over the ER, secretion of galectin-3 has been observed (Cummings and Liu 2009). Here it binds
carbohydrates presented on glycoproteins or glycolipids on the cell surface inducing multimerization
which influences cellular events such as cell migration or receptor endocytosis (Cerliani et al. 2017).
Extracellular galectin-3 has also been shown to play a role as a chemoattractant for immune cells during
bacterial infections (Nieminen et al. 2008; Sano et al. 2000). It can also directly bind with both its N- and
C-terminus to LPS of extracellular pathogens (Mey et al. 1996). Glycans usually reside on the cell surface
or in the lumen of vacuoles but not on the cytosolic side of membranes. Through membrane rupture
glycans become exposed to the cytosol and can be bound by galectin-3 (Boyle and Randow 2013). Vacuole
rupture induced by Shigella flexneri and Listeria monocytogenes invading the cytosol was detected by
galectin-3 binding to exposed N-acetyllactosamine (Paz et al. 2010). Galectin-3 has therefore been used as
a marker for membrane damage induced by intracellular pathogens. It also has been shown to be a
regulator of inflammation directly impacting infection (Baum et al. 2014; Vasta 2009; Liu et al. 2012).
Galectin-3 was shown to recruit guanylate-binding proteins (GBP) to Legionella and Yersinia containing
vacuoles which resulted in ubiquitination (Feeley et al. 2017). GBPs belong to a family of GTPases which
are induced by interferon-gamma and are linked to intracellular defense mechanisms (Tripal et al. 2007).
Studies in Y. pseudotuberculosis have shown that YopB and YopD direct galectin-3 to Yersinia containing
vacuoles inducing recruitment of GBPs (Feeley et al. 2017; Zwack et al. 2017). GBP recruitment also
activates the caspase-11 pathway resulting in plasma membrane pores through gasdermin D cleavage
inducing potassium efflux and subsequent NLRP3 inflammasome activation (Baker et al. 2015; Schmid-
Burgk et al. 2015; Riihl and Broz 2015). This can lead to the destruction of the intracellular bacterium and

reduce overall infection load in vivo.
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2.5.Protein tagging for fluorescence microscopy

2.5.1. Challenges and solutions for visualizing translocated bacterial proteins

To analyze the function of bacterial translocators and their effector proteins, time resolved detection is an
important source of information. Systems enabling reliable, specific detection in fixed and live cells
without interfering with the protein function are required. However, many approaches display limitations
preventing a proper spatio-temporal resolution of protein translocation. Methods for the detection of
translocated effector proteins can be classified into resolution on cell population level (e.g. Digitonin lysis),
single cell level (e.g. B-lactamase) or subcellular level (e.g. immunofluorescence). Antibodies against the
native protein or an epitope tag allow effector protein localization within the host cell but are generally
not suitable for live imaging (Lee and Schneewind 1999; Nauth et al. 2018). GFP tagging proved unsuitable
for analysis of secretion or translocation of effector proteins as it prevents secretion (Akeda and Galan
2005). Several other approaches have been tested for the visualization of bacterial proteins including self-
labeling enzyme tags, fluorescent complementation of split fluorophores or artificially designed epitope
tags in combination with specific nanobodies (van Engelenburg and Palmer 2010; Liss et al. 2015; Young
et al. 2017; Gotzke et al. 2019). The application of these approaches and their constraints for visualization

of effector proteins are reviewed below.

2.5.2. Detection in cell lysates or entire host cell

Due to the difficulty to precisely differentiate between intrabacterial and translocated effector protein,
tags only detectable in the host cell were of interest. Some reporter systems facilitating this requirement
involve tag phosphorylation inside the host cell and its subsequent detection using phosphospecific
antibodies. One example is the ELK tag which is derived from the eukaryotic transcription factor Elk-1 fused
to the simian virus 40 (SV40) large tumor antigen nuclear localization sequence (NLS) (Day et al. 2003). The
35 residue ELK tag was used to label parts of YopN and YopE of Y. pestis, YopE in Y. pseudotuberculosis and
several effectors in Salmonella enterica (Day et al. 2003; Day and Lee 2003; Rosenzweig et al. 2005; Garcia
et al. 2006). Because fusion to the ELK tag impeded translocation, the glycogen synthase kinase (GSK) tag
was tested which is similarly phosphorylatable and is comprised of merely 13 residues. It was shown that
GSK tagging enabled detection of translocated effectors in Y. pestis infected Hela cells (Garcia et al. 2006).
Other methods tested involved the fusion of effector proteins to enzymes which allowed detection
through their activity in the host cell. For instance, the adenylate cyclase A (CyA) from Bordetella pertussis
was fused to effector proteins which induces conversion of adenosine triphosphate (ATP) to 3',5'-cyclic

AMP (cAMP) and pyrophosphate in the host cell which could be quantitated by ELISA. Accordingly, the N-
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terminus of YopE was fused to adenylate cyclase A and detected in the cytosol of the host cell (Sory and
Cornelis 1994). The translocation of the fusion protein was possible despite the considerable molecular
weight of 200 kDa for CyA (398 aa fusion protein) (Bellalou et al. 1990). This method served to identify the
minimal N-terminal sequence necessary for secretion of YopE and YopH (Sory et al. 1995).

A different mechanism allows detection of proteins fused to the bacteriophage P1 Cre site-specific
recombinase which catalyzes the excision or inversion between two 34 bp sequences called loxP. This
excision of another reporter gene and a transcriptional stop signal induces expression of GFP or luciferase
encoded outside the loxP sites. Thus, translocation of an N-terminal SopE fragment from Sa/monella fused
to the Cre recombinase was detected in the host cell (Briones et al. 2006). This approach also enabled
detection of VirB secreted over a type four secretion system from Agrobacterium tumefacines (Vergunst
et al. 2005).

A widely applied principle is tagging with B-lactamase (bla), which cleaves coumarin cephalosporin
fluorescein (CCF2AM) inducing a fluorescence shift from green to blue in the host cell (Zlokarnik et al.
1998). In this manner, EHEC and EPEC effector proteins Cif, Tir, Map and EspF fused to B-lactamase were
used for identification of the N-terminal sequence necessary for secretion and translocation (Charpentier
and Oswald 2004). Following these first experiments, immune cell targeting by YopM from Y. pestis and
YopE from Y. enterocolitica was identified with the B-lactamase tag (Marketon et al. 2005; Kdberle et al.
2009), while cell specific targeting of YopE-bla and YopH-bla was analyzed in Y. pseudotuberculosis (Durand
et al. 2010). In addition, YopH-bla and YoplJ-bla translocation was shown to originate specifically from
macrophage phagosomes (Zhang et al. 2011). An increased translocation was shown for both a YopE
deletion mutant in Y. enterocolitica as well as for treatment with cytotoxic necrotizing factor-Y using YopE-
bla (Viboud and Bliska 2001; Viboud and Bliska 2005; Viboud et al. 2006; Aili et al. 2006; Aili et al. 2008;
Mejia et al. 2008; Wolters et al. 2013; Wolters et al. 2015).

Although enzyme tagging of effector proteins has been shown to enable general detection of translocation
in the host cell, enzyme reactions are difficult to quantify, are delayed by enzyme kinetics and give limited
information about the location of the protein. Besides, CyA, ELK and GSK tags rely on cell lysates which
only provide information about the whole cell population at specific time points. While Cre and -
lactamase tagged to effector proteins induce fluorescent signals when translocated, these are freely

distributed within the host cell and deliver no detailed information about protein localization.
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2.5.3. Tags enabling protein localization in the host cell

2.5.3.1. Imaging limited to fixed samples

Antibodies against Yops have been applied widely and resulted in a considerable gain of knowledge
(Rosquvist et al. 1994; Lee and Schneewind 1999; Nauth et al. 2018). For example, antibodies enabled
visualization of assembled injectisomes including the translocon and the needle complex and their
localization in the PI(4,5)P2 enriched prevacuole membrane (Nauth et al. 2018). However, there are no
commercial antibodies against Yops available, their self-production is cumbersome and the resulting
antibodies are of varying quality. In general, immunostainings only provide snapshots of complex dynamic
processes as they are unsuitable for live imaging. This limits the ability to analyze time resolved processes.
Conventional epitope tags such as FLAG, HA, myc or poly-Histidine tag might allow translocation due to
their small size and lack of complex folding (8 — 10 amino acids, 1.1 — 1.4 kDa, 2.2 — 2.8 nm), but generally
do not allow detection of proteins in live cells as they require binding by antibodies to be visualized (Porath
et al. 1975; Wilson et al. 1984; Evan et al. 1985; Hochuli et al. 1987; Hopp et al. 1988). Additionally, the
morphology and protein localization can be affected by the required fixation and permeabilization.
Nevertheless, C-terminal FLAG tags allowed localization of SopE, SopE2, SopB and SptP of Salmonella
enterica in infected cells (Cain et al. 2004). The same method was applied to reveal a cooperative function
for SipA-FLAG, SifA-HA and PipB2-HA in later studies (Brawn et al. 2007). A repeat of 3xFLAG was used for
labeling PipB2 showing accumulation at the Salmonella containing compartment and associated tubules

(van Engelenburg and Palmer 2010).

2.5.3.2. Protein tags compatible with live cell imaging

Previous studies have shown that conventional bulky fluorescent protein tags are unsuitable for
visualization of effector protein translocation during infection. In translocation studies with SptP, an
effector protein of Salmonella enterica serovar Typhimurium, it was shown that unfolding in an ATPase
dependent manner is essential for secretion (Akeda and Galan 2005). When tagged with GFP the effector
was not secreted while tagging with the thermodynamically less stable PhoA (alkaline phosphatase)
allowed secretion. Apparently the high thermodynamic stability of folded GFP prevents unfolding by
ATPases (Penna et al. 2004; Jackson et al. 2006; Pitman et al. 2015). This was further validated using
electron microscopy of Salmonella which showed with the N-terminus of SptP3-GFP outside the tip
complex of the TTSS but the GFP stuck at the basal body of the injectisome (Radics et al. 2014). Similarly,
translocator IpaB of Shigella flexneri fused to a knot forming protein was shown to be stuck in the needle
channel (Dohlich et al. 2014). Besides issues with unfolding, fusion to GFP can result in misfolding of

bacterial proteins as demonstrated for randomly selected proteins from Pyrobaculum aerophilum
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expressed in E. coli (Waldo et al. 1999). As translocation of GFP tagged effector proteins into the host cell
has proven unsuccessful, GFP tagged effector proteins were expressed directly in the host to identify
where they would accumulate. A localization to the Golgi has been revealed in studies analysing GFP or
mCherry tagged YopE expressed in HUVECs (Roppenser et al. 2009). However, ectopic expression likely
leads to unphysiological effector protein levels, localization and function. This was illustrated by expression
of GFP tagged effector protein PipB2 from Salmonella SPI12 accumulating at the cell periphery compared
to translocated PipB2 localizing to the tubular network (van Engelenburg and Palmer 2010). Despite the
numerous applications of GFP revolutionizing the possibilities of microscopy, GFP-tagging does not seem
the right approach for analysis of translocated effector proteins.

An alternative offer GFP-tagged chaperones binding their native effector proteins. The specific interaction
of the effector protein and its cognate chaperone is utilized for protein detection by ectopically expressing
the GFP-tagged chaperone in the host cell where it binds the translocated effector protein. The resulting
accumulation of GFP signal should allow detection of the effector protein. However, so far it could only be
applied for the strongly accumulating SipA from Salmonella and its chaperone InvB (Schlumberger et al.
2005). For other more diffusely localized effectors detection was not successful due to the high
background signal such as shown for SopE. Furthermore, this approach is only applicable for effectors that
have a chaperone, which is not always the case.

Another tool applied in recent years to study effector translocation is the light, oxygen and voltage-
sensing (LOV) domain from Arabidopsis thaliana, which binds flavin mononucleotides in the host cell
resulting in green fluorescence. In comparison to GFP it has several advantages including the size (10 kDa),
the stability in different environments, a rapid maturation and the suitability for super resolution and
electron microscopy (Buckley et al. 2015; Shu et al. 2011). Since its discovery it has been optimised
regarding brightness, fluorophore stability, recovery after bleaching, expression rate and codon selection
resulting in the phiLOV2.1 tag (Gawthorne et al. 2016). The phiLOV tag enabled visualization of IpaB from
Shigella and real-time translocation of Tir from E. coli during infection (Gawthorne et al. 2016). Moreover,
it allowed quantification of caspase-3 activation by SipA (Mcintosh et al. 2017) as well as its cleavage of
SifA-phiLOV in Salmonella infected cells (Patel et al. 2019). Recently, phiLOV was applied for the
visualization of VirE2 from Agrobacterium tumefaciens (Roushan et al. 2018). The major drawback of
phiLOV2.1 is the low fluorescence intensity, which is threefold lower than GFP and therefore requires a
strongly translocated effector translocated and a localized accumulation in the cell. Additionally, as the
tag already fluoresces in the bacterium it can be difficult to differentiate between intrabacterial and

translocated effector signal.
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Translocated effector proteins have been successfully imaged using a tetracysteine hairpin loop (4Cys).
The fluorescein based biarsenical dye (FIAsH) becomes fluorescent upon binding the 4Cys tag thereby
allowing tracking of effector proteins from the bacterium into the host cell (Hoffmann et al. 2010). The tag
and the FIAsH dye provide the advantage of a relatively small size compared to other labeling approaches
(12 aa 4Cys tag; 0.7 kDa FIAsH dye). Thus, it was possible to label 4Cys-tagged S. flexneri effectors IpaB and
IpaC intrabacterially with the FIAsH compound before their translocation (Enninga et al. 2005). The same
approach was used for effector proteins SopE and SptP from Sa/monella (van Engelenburg and Palmer
2008). Here the signal was increased by using 3x4Cys resulting in a stronger signal suitable for live imaging
experiments. However, the general signal quality using FIAsH staining of 4Cys is relatively poor and the
dye itself has a cytotoxic effect limiting the time for live imaging (Gaietta et al. 2002). These disadvantages
prevented the technique from becoming more broadly applied.

As previous attempts for fluorescent labeling of bacterial proteins have demonstrated limited suitability
for advanced microscopy, alternative tags were investigated. One category are self-labeling enzymes
including the Halo-, SNAP- and CLIP-tag, which covalently bind to synthetic ligands available coupled to a
variety of labels (Los et al. 2005; Keppler et al. 2003; Gautier et al. 2008). They display a high specificity to
their ligand and the irreversible attachment occurs rapidly both in live and fixed cell samples. The tags are
suited for expression in eukaryotic and prokaryotic cells. The Halo-tag is a mutated 34 kDa haloalkane
dehalogenase from Rhodococcus rhodochrous which covalently binds primary alkylhalides ligands (Encell
et al. 2012). The SNAP-tag is derived from the 20 kDa human repair protein O°®-alkylguanine-DNA-
alkyltransferase and reacts irreversibly with O%-benzylguanine derivatives while the CLIP-tag is a O
alkylcytosine-DNA-alkyltransferase mutated from the SNAP-tag and binds O%-benzylcytosine derivatives
(Keppler et al. 2003; Gautier et al. 2008). The specific ligands can be labeled with fluorophores or affinity
tags allowing imaging and localization of cellular proteins as well as their purification. The red fluorescent
rhodamine derivate tetramethylrhodamine (TMR; 555 nm excitation, 585 nm emission; 430 Da; 636 Da
with ligand) coupled to a ligand enables super resolution microscopy as well as transmission electron
microscopy (Liss et al. 2015). TMR photooxidizes diaminobenzidine to an osmiophilic polymer visible on
TEM sections. In addition, TMR tagged ligands show no cytotoxicity and permeate both eukaryotic cells as
well as bacteria making it suitable for live imaging and single molecular tracking (Los et al. 2005; Perkovic
et al. 2014; Barlag et al. 2016; Banaz et al. 2019). The self-labeling enzymes have found broad application
in eukaryotic cells including imaging of proteins in the cytoplasm, nucleus, mitochondrial matrix and
endoplasmic reticulum (Singh et al. 2013; Grimm et al. 2015; Stagge et al. 2013; Raina et al. 2014). The
suitability of self-labeling enzyme tags in bacteria has been established on both intra- and extrabacterial

proteins. The SNAP-tag has been used to visualize the protease Clp in fixed E. coli (Landgraf et al. 2012)
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while the cytoplasmic ClpP and the periplasmic DsbA have been live imaged as fusions with the Halo-tag
(Ke et al. 2016). The Halo-tag has been employed for microarrays to investigate protein-protein
interactions of the TTSS in Y. pestis (Peterson and Kwon 2012). Dual color super resolution imaging has
been performed on Halo and SNAP fusion proteins for interaction analysis between chemotaxis response
regulator CheY and its phosphatase CheZ (Wille et al. 2015) and for different proteins of Salmonella
enterica including subunits of the TTSS (Barlag et al. 2016). Intensive comparisons of conventional
photoactivatable fluorophore tags with the Halo-tag for single molecular tracking has been performed for
MukB, a structural maintenance of chromosomes protein and DNA polymerase | in E. coli, with overall
positive results for the self-labeling enzyme tag (Banaz et al. 2019). The application of self-labeling enzyme
tags for secreted bacterial proteins has been demonstrated for imaging of Salmonella effector proteins
including live cell imaging, super resolution microscopy and single-molecular tracking (Goser et al. 2019).
They also investigated YopM from Y. enterocolitica with Halo, SNAP and CLIP tag but visualization proved
more challenging although some signal was detected.

The principle of fluorophore complementation has been applied broadly to investigate protein interaction
or protein transport (Kodama and Hu 2012; Romei and Boxer 2019). It is based on separate expression of
parts of fluorescent proteins and their subsequent complementation restoring fluorescence (Figure 2B).
For GFP this system is widely established and has been used to analyze protein interaction in vitro or in
vivo both in prokaryotic and eukaryotic cells (Avilov and Aleksandrova 2018; Pedelacq and Cabantous
2019). The GFP molecule has a barrel shape made up of 11 B-strands. For split-GFP complementation -
strands 1-10 (GFP1-10) are expressed separate from the 11" B-strand (GFP11 or split-GFP) and can be
fused to proteins of interest (Cabantous et al. 2005). Both parts are not fluorescent on their own but able
to self-ligate when in close proximity and restore fluorescence. GFP11 is comprised of just 16 amino acid
residues offering advantages compared to tagging with conventional GFP fluorophores comprised of 238
amino acids (Prasher et al. 1992; Cabantous et al. 2005). Due to its small size GFP11 can avoid misfolding
or functional interference occurring for proteins tagged with GFP (Waldo et al. 1999). Its properties have
been proven suitable for tagging of effector proteins translocated via a variety of secretion systems of
different species into both mammalian and plant cells in fixed and live samples. The successful application
of split-GFP for visualization of effector protein translocation through type three secretion systems has
been demonstrated with effector proteins PipB2, SteA and SteC from Salmonella enterica labeled with
GFP11 (van Engelenburg and Palmer 2010). While all three effectors generally accumulated at tubules on
Salmonella-containing vacuoles in Hela cells, PipB2 colocalized additionally with endo- and exocytic
markers, SteA with Golgi markers and SteC with actin. Later studies showed Salmonella effector proteins

SseF, SseG, and SIrP tagged with split-GFP in live imaging experiments accumulating in different
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compartments when infecting macrophages, Hela cells or RAW cell lines (Young et al. 2017). Infection
with Chlamydia trachomatis expressing GFP11 tagged proteins allowed their localization in the GFP1-10
expressing Hela cells (Wang et al. 2018b). It revealed effector protein IncA localization to both the
inclusion membrane and in the inclusion lumen while CTO05 was only detected at the inclusion membrane
and CT694 at the plasma membrane. Deubiquitinases CT867 and CT868 were enriched at the inclusion
membrane however CT867 later localized to the plasma membrane. When analysing plant pathology of
Arabidopsis infected with Pseudomonas syringae, split-GFP tagged effectors AvrB and AvrRps4 were
visualized in specific subcellular localizations with GFP1-10 targeted to these organelles (Park et al. 2017
Lee et al. 2018). However, employing the split-GFP system for visualization of effector translocation is not
limited to type three secretion systems. For example, the delivery of VirE2, an effector protein of
Agrobacterium tumefaciens, via the type four secretion system into plant cells was shown using a leaf-
infiltration assay (Li et al. 2014b) and the same approach enabled examination of VirE2 trafficking along
the ER and actin network (Yang et al. 2017). Besides, Listeria monocytogenes secreting InlC over the Sec
pathway into the host was visualized using both red and green split-fluorescent proteins and a signal
accumulation over time could be observed in primary bone-marrow-derived macrophages (Batan et al.
2018). Even protein export of Hsp40 co-chaperone PFE55 of Plasmodium falciparum, a unicellular
protozoan parasite of humans, into erythrocytes was imaged live by GFP11 labeling (Kilzer et al. 2013).
Together these studies demonstrate that split-GFP is a versatile marker for protein secretion over different
pathways during infection enabling the visualization of effector protein dynamics, their localization within
the host cell as well as their accumulation after infection.

In recent years the application of nanobodies has expanded from biotechnological uses to diagnostic and
therapeutic advances. Nanobodies are a new class of antibodies found in different camelid species
including llamas and alpacas (Muyldermans 2013). They lack the light chains of antibodies and have only
a single fragment-antigen-binding (Fab) domain called variable heavy domain of heavy chain antibodies
(VHH) or nanobody (Hamers-Casterman et al. 1993). Nanobodies are ten times smaller than IgG antibodies
with a molecular weight of 15 kDa compared to 150 kDa (see Figure 2), can be expressed in bacteria and
are very stable in a wide range of conditions. When labeled with fluorophores nanobodies can be used for
immunofluorescent imaging (Rothbauer et al. 2006). The combination with epitope tagging allows use of
the same nanobody for different proteins of interest with a strong affinity increasing the versatility of the
application.

A novel candidate is the ALFA-tag, a rationally designed 15 residue epitope tag derived from an artificial
peptide which was shown to form a stable a-helix in solution (Petukhov et al. 2009; Gotzke et al. 2019). A

specific anti-ALFA nanobody was developed with a low picomolar affinity towards the tag which can be
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labeled with fluorophores or enzymes for detection in Western blot, be mounted on solid surfaces or
beads and be expressed in living cells. Labeling with the ALFA-tag appears functional in different positions
of proteins in prokaryotic and eukaryotic cells and allowed immunostaining of different cellular proteins
such as Tom70, Vimentin, or a transmembrane domain in fixed cells (Gotzke et al. 2019). The staining
proved suitable for super resolution microscopy, as demonstrated with ALFA-Vimentin and expression of
fluorescently tagged nanobody enabled visualization of ALFA-Vimentin in living cells. In Western blots
ALFA-Vimentin could be detected in cell lysates using labeled nanobody and a FLAG-HA-myc-ALFA-tagged
maltose-binding protein expressed in E. coli was used to illustrate to higher sensitivity of ALFA detection
compared to the established epitope tags. ALFA tagged GFP from eukaryotic and prokaryotic lysates was
pulled down using nanotag labeled beads. This study demonstrated the broad range of application for the
ALFA-tag with its anti-ALFA nanobody. Due to the novelty of the tag and its nanobody the published
research is limited. The only published application generated switchable nanobodies using the anti-ALFA
nanobody as an example (Farrants et al. 2020). They inserted a circularly permutated bacterial
dihydrofolate reductase (cpDHFR) close to the complementary-determining region 2 (CDR2) of the
nanobody mediating affinity towards their target. Addition of NADPH or DHFR inhibitors resulted in the
inhibition of nanobody binding further expanding the applicability of the ALFA-tag. Overall, these results
indicate the ALFA-tag to be an interesting candidate for labeling of bacterial proteins.

A comparison of the size and structural differences of probes for protein visualization relevant in this study

is displayed in Figure 2 compared to GFP for orientation.
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Figure 2 A structure and size comparison of conventional and advanced visualization approaches. A: Different
probes for imaging of proteins. GFP, SNAP-tag, ALFA-tag and its nanobody (ALFA-tag in red) and IgG antibody are
shown to the same scale. Figure is adapted from (Sahl et al. 2017). Structures were obtained from the Protein Data
Bank (PDB). PDB entries: 5dty (green fluorescent protein, GFP), 3kzy (SNAP-tag), ligt (I1gG), 6i2g (ALFA-tag binding
nanobody (NbALFA) bound to ALFA-tag peptide). B: Detection of target proteins using split-GFP
recomplementation. The target protein is labeled with the 11t B-strand of GFP. A fluorescent signal is induced upon
restoration of the GFP barrel complex. Figure is adapted from (Knapp et al. 2017).

2.5.4. Selection of tag position for Yersinia outer proteins

The position of a tag on a protein of interest requires careful consideration to prevent interference with
protein function. Yersinia outer proteins are generally tagged at the C-terminus. Although Yops do not
share a consensus sequence at the N-terminus, its presence appears necessary for secretion (Michiels and
Cornelis 1991). Mutation experiments have led to the theory that the secretion signal depends rather on
physical or chemical properties than on the sequence of amino acids, although specific proof is still needed

(Amer et al. 2011). The length of the secretion signal has been widely discussed and varies between
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studies. Early studies showed that the first 48, 78 and 98 residues of YopH, YopQ and YopE respectively
are required for secretion (Michiels and Cornelis 1991). Later, 15 N-terminal residues for YopE and 17 for
YopH proved to be sufficient for protein secretion but the first 50 and 71, respectively, were necessary for
translocation into the host cell (Sory et al. 1995). A short signal of 7-15 residues was confirmed by further
studies for YopE in Y. pseudotuberculosis (Schesser et al. 1996; Anderson and Schneewind 1997; Lloyd et
al. 2001). In addition, amino acids 15-100 of YopE showed to serve as a second independent secretion
signal when bound to its chaperone SycE in Y. enterocolitica (Woestyn et al. 1996; Cheng et al. 1997).
Generally, it has to be considered that detectable secretion does not necessarily imply successful
translocation (Sory et al. 1995). Due to the importance of the N-terminal secretion signal, tagging is
generally conducted at the C-terminus of effector proteins not relevant for secretion or translocation.
The tagging of the translocators YopB and YopD is more complex compared to effector protein tagging as
they are a membrane-associated part of the tightly packed TTSS machinery which is indispensable for
effector delivery into the host cell. Therefore, insertion of a tag should not disrupt any functional domains
of the translocator proteins and should not affect their structure allowing formation of a functional TTSS.
The knowledge of functional domains or the structure of pore proteins YopB and YopD is limited.
Nevertheless, several functional domains shared by both translocators have been discovered including the
N-terminal secretion signal (Amer et al. 2011), hydrophobic transmembrane domains (Tardy et al. 1999)
and interaction sites with their chaperone SycD (Neyt and Cornelis 1999) as well as each other while YopD
additionally possesses a binding site to the tip complex protein LcrV (Tengel et al. 2002). Moreover, the
IcrGVHyopBD operon encoding for both YopB and YopD is highly conserved in many bacterial pathogens
allowing predictions about their properties (Mattei et al. 2011). For instance, pcrGVHpopBD from
P. aeruginosa was able to complement deletion of its homologue IcrGVHyopBD in Y. pseudotuberculosis
(Broms et al. 2003). It is therefore possible to transfer functional and structural information available for
homologous translocator proteins PopB and PopD to the translocators in Y. enterocolitica (Frithz-Lindsten
et al. 1998).

The secretion of YopB is assumed to be mediated by residues 2-15 (Amer et al. 2011). YopB has two
predicted, hydrophobic transmembrane domains towards the center of the protein sequence (aa 166 —
188; aa 228 — 250) and two coiled-coil domains — one before the first transmembrane domain and another
towards the C-terminus (Pallen et al. 1997; Frithz-Lindsten et al. 1998; Ryndak et al. 2005; Mattei et al.
2011). Data for PopB suggests both N- and C-terminus facing the extracellular milieu after protein insertion
into the hosts membrane following translocation (Discola et al. 2014; Armentrout and Rietsch 2016).

Interestingly, the transmembrane domains and the loop in between display a strong sequence identity
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between species indicating a significant functional importance for this region (Blocker et al. 1999; McGhie
et al. 2002; Hume et al. 2003; Ryndak et al. 2005; Schroeder and Hilbi 2007).

The secretion of YopD relies on an intact N-terminus with the first 5 residues sufficient for low level YopD-
secretion while the first 10-15 residues are necessary for efficient secretion (Amer et al. 2011). YopD has
a single predicted transmembrane domain (Mattei et al. 2011), a putative C-terminal coiled-coil domain
(Pallen et al. 1997) and an a-helical amphipathic domain (Hakansson et al. 1993). The transmembrane
domain is predicted to span amino acids 128-149, with the N-terminus towards the cytosol and the C-
terminus towards the extracellular matrix. The coiled-coil domain from residues 248-277 displayed no
functional role while the amphipathic domain encompassing residues 278-292 revealed to be vital for the
formation of YopD-oligomers and the binding of LcrV (Costa et al. 2010). Together with residues 53-149,
the amphipathic domain is responsible for binding of SycD the cognate chaperone of YopB and YopD
(Francis et al. 2000). Also, a conserved six amino acid sequence for the chaperone binding domain of
different translocators has been identified in Shigella, Salmonella and Yersinia (Lunelli et al. 2009). The
interaction with the chaperone SycD is mediated by the chaperone binding domain between residues 50-
55 of YopB and 58-63 YopD in Y. enterocolitica (Lunelli et al. 2009). This binding motive and its similarity
to the interaction between PopD and its chaperone PcrH in Pseudomonas as well as IpaB to its chaperone
IpgC in Shigella was confirmed for YopD and SycD in Y. enterocolitica through structural analysis (Schreiner
and Niemann 2012). The C-terminus of YopD likely faces the extracellular milieu as shown in studies of
PopD (Armentrout and Rietsch 2016). Additionally, hybrid experiments with YopD/PopD and YopB/PopB
showed an interaction site between PopD (aa 228-245) and PopB (aa 274-297) located in the C-terminal
half of the proteins in the extracellular milieu (Armentrout and Rietsch 2016). The final selection of the tag
position on the translocators is determined by functional domains and accessibility to potential binding

partners of the tag mediating fluorescence.

2.5.5. CRISPR-Cas12a assisted recombination

For direct insertion of tags into bacterial genomes or plasmids different approaches have been applied.
Homologous recombination has been a popular tool for genetic manipulation although it has a limited
efficiency and usually relies on the insertion of a resistance cassette or requires intensive screening to
identify positive clones (Yu et al. 2000; Sharan et al. 2009; Thomason et al. 2014). In recent years the
CRISPR-Cas system (clustered regularly interspaced short palindromic repeats - CRISPR associated protein)
has become widely used for gene editing both in eukaryotes (Adli 2018) as well as prokaryotes (Yao et al.
2018). It originates from an antiviral defense mechanism of prokaryotes allowing the organisms to detect

and cleave bacteriophage DNA (Pourcel et al. 2005; Mojica et al. 2005; Bolotin et al. 2005). Parts of viral
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DNA are collected and inserted into the bacterial CRISPR locus in form of protospacers. These protospacer
sequences are found in phage DNA next to 2-6 bp long protospacer adjacent motives (PAM) and are
recognized by Cas endonucleases (Mojica et al. 2009; Zetsche et al. 2015). For binding of protospacers the
Cas endonuclease uses CRISPR RNA (crRNA) homologous to the target sequence generated from the
bacterial CRISPR sequence. There are several different Cas proteins each recognizing a specific PAM not
present in the bacterial CRISPR array allowing the differentiation between bacterial and foreign DNA. The
Cas9 (CRISPR-associated protein 9) endonuclease from Streptococcus pyogenes has been the first to be
employed for genome engineering (Jinek et al. 2012; Gasiunas et al. 2012) and has since been applied for

basic biological research, development of biotechnology products, and treatment of diseases.
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Figure 3 Casl2a-crRNA in complex with its dsDNA target. The Casl2a endonuclease from Francisella novicida
recognises a T-rich PAM (TTN). The 5’ end of the crRNA displays a pseudoknot structure (nucleotides -18 — 0) followed
by the guide segment. This 20 bp guide segment binds to the target strand. The figure is adapted from (Swarts et al.
2017).

The Cas12a (previously named Cpfl) originates from Francisella novicida and is a smaller endonuclease
inducing staggered ended cuts 18/23 base pairs downstream of a T-rich PAM (after 18" base on the non-
target strand; after 23™ base on target strand) while cutting with Cas9 results in blunt DNA ends 3 base
pairs upstream of a G-rich PAM (Zetsche et al. 2015). For cutting of foreign DNA sequences Cas12a requires
only a crRNA while Cas9 additionally needs a transactivating crRNA (tracrRNA) involved in crRNA
maturation. The crRNA for Cas12a consists of a 19 bp pseudoknot structure 5’ of the 20 bp guide segment
(Figure 3) (Zetsche et al. 2015; Yamano et al. 2016; Li et al. 2017). The bilobed Cas12a protein binds the
pseudoknot and processes its own crRNA before recognizing the specific PAM (TTN 5’-3’; N = either A, C,
T or G) next to the target sequence (Swarts et al. 2017). The target DNA strands are separated and the
crRNA binds its complementary strand. A conformational change induces the staggered-ended DNA
cleavage distal from the recognition site. The specificity of this process can be used for genetic
modifications including deletion of genes, insertion of DNA sequences encoding for fluorophores or affinity

tags or introducing point mutations changing protein activity. These modifications are mediated by repair
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mechanisms for double-strand breaks. In eukaryotes both non-homologous end joining (NHEJ) or
homology directed repair (HDR) are involved (Koonin et al. 2017; Mitsunobu et al. 2017), while most
prokaryotes only employ HDR, which has been proven to be more precise (Bowater and Doherty 2006;
Tian et al. 2017; Selle and Barrangou 2015).

Both Cas9 and Casl2a systems have been used for genome editing in prokaryotes including E. coli,
Cyanobacteria, Streptomyces, Clostridium and Corynebacterium (Yao et al. 2018). In pathogenic bacteria
such as Staphylococcus aureus (Gu et al. 2018; Chen et al. 2017; Dong et al. 2017), Mycobacterium
tuberculosis (Choudhary et al. 2015; Rock et al. 2017; Singh et al. 2016), Pseudomonas aeruginosa (Tan et
al. 2018) and Klebsiella pneumoniae (Wang et al. 2018a) Cas9 has been used for genetic modifications. In
addition, CRISPR interference (CRISPRi) has been established as a tool for protein knockdown through
small guide RNAs allowing a catalytically dead Cas9 to bind to target DNA sterically hindering RNA
polymerases access preventing transcription of the target gene (Larson et al. 2013; Qi et al. 2013; Hawkins
et al. 2015; Plagens et al. 2015). This method has been used for reversible gene silencing of proteins both
in the genome as well as on the virulence plasmid of Y. pestis (Wang et al. 2019).

Recently, recombineering approaches facilitating genome editing using homologous recombination were
combined in prokaryotes with CRISPR-Cas mediated DNA cleavage allowing selection for recombinant
clones (Oh and van Pijkeren 2014). The efficiency of introducing modifications has been significantly
increased by combining CRISPR-Cas9 with the lambda red recombinase system (Jiang et al. 2013; Jiang et
al. 2015; Pyne et al. 2015; Li et al. 2015; Liang et al. 2017). The lambda red system comprises the phage
recombination genes gam, exo and beta (Yu et al. 2000). The polypeptide Gam prevents digestion of linear
DNA by nucleases, the exonuclease Exo digests dsDNA to produce a linear ssDNA oligo and the Beta binds
ssDNA and promotes its annealing to a complementary target (Sharan et al. 2009). In the presence of DNA
fragments with sequences homologous to the target sequence these properties can be used to delete,
insert or exchange DNA. For deletions the DNA fragment needs to be homologous to the sequences
framing the DNA to be deleted while insertions require homologous arms to both sides of the insert site
with the insert in the middle.

The red recombinase together with endonuclease Cas9 showed high efficiency in inducing allelic exchange,
single or multiple gene deletions and insertions in E. coli (Jiang et al. 2013; Jiang et al. 2015). The combined
system further enabled deletions up to 19.4 kb and insertions up to 3 kb in E. coli (Pyne et al. 2015). It was
also used for metabolic engineering in E. coli optimizing the production of B-carotene and isopropanol (Li
et al. 2015; Liang et al. 2017). Subsequently, Cas12a-assisted recombineering was shown to successfully
generate point mutations, deletions, insertions, and replacements in E. coli, Mycobacterium smegmatis

and Y. pestis (Yan et al. 2017). Two point mutations were introduced into the chromosome of Y. pestis
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while an arginine to alanine mutation was performed on the native pMT1 plasmid and effective curation
of the pMT1 plasmid was achieved. This study demonstrated that CRISPR-Cas12a-assisted recombineering

is a useful method for modification of both chromosome and native plasmid in Y. pestis.
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3. Aims

A broad range of Gram-negative bacteria use a protein delivery machine for the translocation of effector
proteins into host cells (Galan and Waksman 2018). For pathogenic bacteria the majority of machines are
type three, four or six secretion systems. In Y. enterocolitica the TTSS-mediated translocation of effector
proteins has been shown to be a requirement for its virulence (Bélin et al. 1982; Brubaker 1991; Viboud
and Bliska 2005). For a detailed understanding of bacterial pathogenicity, it is crucial to elucidate how
effector proteins manipulate target cell functions. Knowledge about these processes can be advanced
through the analysis of translocation dynamics, subcellular distribution of effector proteins as well as their
interaction with host cell factors. Although the tools for imaging of translocated effector proteins are
abundant, many display limitations (O'Boyle et al. 2018). For instance the use of antibodies allows direct
detection of translocated effector proteins or introduced epitope tags, but their application is restricted
to fixed samples (Rosqvist et al. 1994; Mounier et al. 1997; Cain et al. 2004; Nauth et al. 2018). Fluorescent
proteins, which are generally well applicable for live cell imaging, affect protein translocation as they
prevent the unfolding required for subsequent translocation into the target host cell (Akeda and Galan
2005; Radics et al. 2014). Self-labeling enzyme tags have provided promising results for advanced
microscopy (Liss et al. 2015), while fluorescent complementation has become a widely applied tool
specifically for visualizing effector proteins in the host cell. A novel approach is the labeling of proteins
with a small artificial epitope called ALFA-tag which can be stained with fluorophore labeled nanobodies
(Gotzke et al. 2019). These systems are tested and compared in the present thesis.
In addition, the common approach for expression of tagged versions of effector proteinsis the introduction
of artificial vectors (Sory and Cornelis 1994; Marketon et al. 2005; Kéberle et al. 2009; Wolters et al. 2013;
Goser et al. 2019). However, these vectors result in an unphysiological overexpression of the protein.
Although direct insertion of a tag into the virulence plasmid using homologous recombination in Yersinia
results in native expression, it involves an elaborate process of recombinant selection with a low success
rate. Therefore, a new approach for genetic recombineering needed to be established in Y. enterocolitica
enabling adaptable, rapid and reliable insertion of protein tags into the virulence plasmid.
The following aims are center of the present thesis:
e Identification of a versatile tag suitable for fluorescent microscopy of fixed and live samples visualizing

> effector protein translocation and localization in the host cell.

» pore formation and its interaction with host cell factors.
e Establishment of CRISPR-Casl2a assisted recombineering for editing of the virulence plasmid of

Y. enterocolitica.
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e Determination of the onset and cellular compartment of pore formation during cell infection.

e Analysis of the role of translocon insertion for vacuolar membrane damage.
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4. Results
Table 1 Overview of experimental results using tagged Yersinia outer proteins
Protein analysis Microscopy
Protein . . - . .
. Released proteins Translocation | Cytotoxicity ~Fixed samples  Live samples
expression
Method: WB Coomassie WB WB light confocal spinning disc/
microscope imaging confocal
control | WA-314/ WA-314/ WA-314/ WA-314/ WA-314
AYopH AYopH AYopH AYopH
AYopH+YopH-Halo ++ -- -- v -- intrabact. signal n.d.
AYopH+YopH-SNAP + -- - v -- intrabact. signal n.d.
AYopH+YopH-CLIP + -- - v -- intrabact. signal n.d.
control || pTTSS+YopH  pTTSS+YopH pTTSS+YopH pTTSS+YopH
pTTSS+YopH-Halo - --- --- 0 n.d. intrabact. signal n.d.
pTTSS+YopH-SNAP - --- -- v n.d. intrabact. signal intrabact. signal
pTTSS+YopH-CLIP -- --- -- v n.d. intrabact. signal  intrabact. signal
control WA-314 WA-314
AYopM+YopM-Halo n.d. --- n.d. n.d. n.d. intrabact. signal n.d.
AYopM+YopM-SNAP n.d. --- n.d. n.d. n.d. intrabact. signal n.d.
AYopM+YopM-CLIP n.d. --- n.d. n.d. n.d. intrabact. signal n.d.
control pTTSS+YopM pTTSS+YopM
pTTSS+YopM-Halo n.d. --- n.d. n.d. n.d. intrabact. signal n.d.
pTTSS+YopM-SNAP n.d. --- n.d. n.d. n.d. intrabact. signal n.d.
pTTSS+YopM-CLIP n.d. --- n.d. n.d. n.d. intrabact. signal n.d.
control WA-314/ WA-314/
WA-314 WA-314 AYopE AYopE
AYopE+YopE-Halo n.d. 0 0 n.d. -- intrabact. signal intrabact. signal
AYopE+YopE-SNAP n.d. - “e. n.d. -- intrabact. signal n.d.
AYopE+YopE-CLIP n.d. - --- n.d. -- intrabact. signal n.d.
control pTTSS+YopE pTTSS+YopE pTTSS+YopE
pTTSS+YopE-Halo n.d. - 0 n.d. n.d. n.d. n.d.
pTTSS+YopE-SNAP n.d. - 0 n.d. n.d. intrabact. signal n.d.
pTTSS+YopE-CLIP n.d. - 0 n.d. n.d. intrabact. signal n.d.
control WA-314/ WA-314/ AE
AYopE+YopE AYopE+YopE
AYopE+YopE-GFP11 n.d. ---/ = --- ) -- n.d. - cytosolic signal n.d.
control pTTSS+YopE pTTSS+YopE
pTTSS+YopE-GFP11 n.d. ++ ++4 n.d. n.d. cytosolic signal cytosolic signal
control pTTSS pTTSS pTTSS
pTTSS YopD-GFP11 n.d. = = n.d. n.d. unspecific signal  unspecific signal
pTTSS YopB-GFP11 n.d. = - n.d. n.d. unspecific signal n.d.
control WA-314 WA-314 WA-314 WA-314 WA-314
WA-314 YopD-GFP11 n.d. - - - - - - - unspecific signal n.d.
WA-314 YopB-GFP11 n.d. = = = = unspecific signal n.d.
control WA-314 WA-314 WA-314 WA-314 WA-314
WA-314 YopD-ALFA n.d. = = = = specific signal specific signal
Table legend: +++  strongincrease compared to control
++ moderate increase compared to control
+ small increase compared to control
= same as control
- small decrease compared to control
-- moderate decrease compared to control
--- strong decrease compared to control
0 no signal
v signal detected
n.d. no data
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4.1.Tagging of effector proteins with Halo, SNAP, CLIP or split-GFP

In order to establish a method that allows for imaging of translocated effector proteins, different tags were
fused to Yersinia effector proteins and validated regarding their suitability for this specific application. Self-
labeling enzyme (Halo, SNAP, CLIP) and split-GFP tags were coupled to effector proteins YopE, YopH and
YopM on existing pACYC184 (CMR) vectors encoding for the effector proteins under control of their native
promoters and in case of YopE and YopH also their respective chaperones SycE and SycH (Triilzsch et al.
2003). As the N-terminus of Yops contains the secretion signal required for recognition by the TTSS, all
effector proteins were tagged at their C-terminus (Michiels and Cornelis 1991; Sory et al. 1995; Schesser
et al. 1996; Anderson and Schneewind 1997; Lloyd et al. 2001). Halo, SNAP and CLIP were additionally
labeled with an HA-tag for detection in immunoblots. The newly constructed plasmids were introduced
into Yersinia WA-314 carrying pYV with deletions of YopE, YopH or YopM (called
WA-314AYopE/AYopH/AYopM, respectively) to recomplement the deleted Yop or WA-C carrying a plasmid
encoding only for the TTSS (WA-C pTTSS) resulting in strains secreting only the tagged Yop (Table 1).
Staining of Halo, SNAP or CLIP tagged Yops, is conducted by fluorophore coupled ligands that permeate
both eukaryotic plasma membranes as well as the cell wall of Gram-negative bacteria. For the split-GFP
approach a non-fluorescent, truncated form of GFP (GFP1-10) is expressed in host cells. Translocated

GFP11-tagged Yops are then detected by recomplementation of GFP1-10.

Figure 4 Schematic of the strains expressing Halo,

r;:apé \ SNAP, CLIP, and split-GFP tagged effector Yops.
(\‘ Cm?/ WA-314AYopE/AYopH/AYopM containing  the
Yersinia virulence plasmid (pYV) or WA-C pTTSS were
: transformed with the pACYC184 bacterial expression
WA-3 14AYOp H/M/E o v——— plasmid containing the taged Yops.
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4.1.1. Halo, SNAP and CLIP tags affect the secretion and translocation of effector proteins
and thereby reduce cytotoxicity

It is well established that heterologous proteins fused to TTSS substrates may be resistant to TTSS
mediated unfolding and get trapped in the secretion path (Akeda and Galan 2005). Blockage of the
secretion path by heterologous substrates may also prevent subsequent secretion of natural substrates.
Therefore, the new fusion constructs had to be thoroughly validated. The strains carrying the YopH fusion
constructs were analyzed regarding protein expression, secretion, translocation into Hela cells and
cytotoxicity.

To analyze the expression of YopH tagged with Halo, SNAP or CLIP, lysates of bacteria grown at 37°C were
analyzed by Western blot with anti-YopH and anti-HA antibodies. YopH is a 51 kDa protein, the Halo, SNAP
and CLIP tag add 33 kDa, 20 kDa and 20 kDa, respectively. All samples revealed bands corresponding to
the expected molecular weight and several degradation bands. In the AYopH background Halo, SNAP and
CLIP fusions of YopH encoded on pACYC184 were expressed at higher levels compared to native YopH
encoded on pYV in WAP (Figure 5A). In the pTTSS background expression of the tagged YopH constructs
was compared to wildtype YopH encoded on pACYC184. In this case the levels of native and tagged YopH
appeared similar and at increased levels compared to native YopH expressed from pYV, indicating that
expression is generally increased from pACYC184.

To analyze whether Halo, SNAP and CLIP affect TTSS substrate secretion, the low calcium response was
induced. This response triggers secretion of Yops into the supernatant, when Yersinia are placed at 37°C
and calcium is depleted from the growth medium (Brubaker and Surgalla 1964; Michiels et al. 1990; Straley
et al. 1993). The released proteins were precipitated from the medium and analyzed by SDS gel. One gel
was stained with Coomassie to visualize all secreted proteins and the other was blotted on a PVDF
membrane for staining with YopH and HA antibodies. Yop secretion was readily detectable by Coomassie
(Figure 5B; Yops as indicated by the labels). Native YopH related to a clear band running at the expected
molecular weight of 51 kDa, which was not present in the AYopH mutant. For the tagged versions of YopH
no clear bands were detectable at the expected molecular weight (expected position marked by black
asterisks). Further, it was apparent that the secretion levels for the untagged Yops in the AYopH mutant
expressing YopH-Halo/SNAP/CLIP were decreased compared to the wild type and in the pTTSS strains with
tagged YopH no bands were discernible. In immunoblots probed with YopH antibody less YopH secretion
was observed in the AYopH mutants complemented with tagged YopH compared to the wild type control.
The same could be seen for the pTTSS strain with tagged compared to untagged YopH. Probing the blot
with HA antibody confirmed that YopH-Halo secretion was the lowest both in complemented AYopH and

pTTSS. Besides, more YopH-SNAP and YopH-CLIP were secreted in the pTTSS compared to the AYopH
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expressing these proteins. Together these results suggest that the effectors coupled to self-labeling
enzyme tags are not efficiently secreted and apparently also partly block the secretion path for export of

natural substrates.
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Figure 5 Effect of tagging YopH with Halo, SNAP and CLIP on expression, secretion, cytotoxicity and translocation.
(A) Comparison of untagged and tagged YopH expression in different Yersinia strains. Overnight Yersinia cultures
were diluted 1:20 and placed at 37°C for 1.5 h. The same number of bacteria for each strain was lyzed and analysed
with Western blot for their YopH content using YopH antibody in the upper panel and HA antibody in the lower panel.
(B) Released proteins from different Yersinia strains expressing tagged YopH under calcium depletion conditions.
Proteins from the supernatant of bacterial cultures under calcium depletion conditions were analysed on a
Coomassie stained gel (left) for their overall protein secretion properties and in Western blot (right) for their YopH
content using YopH antibody in the upper panel and HA antibody in the lower panel. Black asterisks indicate the
expected position of YopH bands in the Coomassie gel. The dashed line around the pTTSS+YopH-Halo lane in the
Western blot indicates an increased exposure time. (C) Cytotoxic effect of different Yersinia strains expressing
tagged YopH on Hela cells. Hela cells were infected for 1 h with WA-314, AYopH, AYopH+YopH-Halo, AYopH+YopH-
SNAP and AYopH+YopH-CLIP at an MOI of 50. Samples were imaged with the light microscope and compared to
uninfected cells. Scale bar: 20 um. (D) Translocation of tagged YopH using digitonin extraction. Hela cells were
infected for 1 h at an MOI of 50 with different Yersinia strains expressing Halo, SNAP or CLIP tagged YopH. Hela cells
were lyzed with digitonin and the complete resulting supernatants (upper panel) and 10% of each cell pellet (lower
panel) were analysed with Western blot for HA labeled tags.

To further assess the functionality of the strains, cytotoxicity was tested by observing the phenotype of
infected Hela cells by phase contrast light microscopy. While uninfected cells were spread out, cells
infected with the wild type were uniformly rounded after 1 hour of infection due to the cytotoxic effect of
translocated effector proteins (Figure 5C). Cells infected with AYopH also lead to rounding. This phenotype
was clearly attenuated when infected with AYopH carrying the Halo, SNAP or CLIP tagged fusions of YopH
again indicating blockage of the secretion path for export of native Yops.

To quantify the amount of translocated YopH, cells were lysed with digitonin after one hour of infection.
Digitonin lyses eukaryotic cells but not bacteria, which allows separation by centrifugation of the
cytoplasmic fraction containing membrane integrated and soluble Yops in the host cells from a pellet
containing insoluble cell components and bacteria (Nordfelth and Wolf-Watz 2001). When comparing the
amount of tagged YopH in the pellet and the supernatant by immunoblot with an HA antibody, very little
tagged YopH was detected in the digitonin soluble fraction, while a much stronger signal was detected in
the pellet fraction (Figure 5D). Halo tagged YopH appears to be translocated in even lower levels compared
to SNAP and CLIP tagged YopH.

Table 1 gives an overview of the conducted experiments and results with all strains used in this study. It
also summarizes the results for the analyses of the Halo, SNAP and CLIP tagged YopM and YopE strains.
The performed experiments show similar results as seen in the strains expressing tagged YopH. Overall, it
can be stated that although effector proteins tagged with either Halo, SNAP or CLIP are expressed in
sufficient amounts the secretion and translocation of both tagged and untagged Yops is impaired by this

approach.

38



Results

4.1.2. YopE, YopH and YopM can be visualized with Halo, SNAP and CLIP tags within the
bacterium but not in the cytosol of the host cell

To get an idea of the distribution of translocated YopH in the infected host cell a YopH antibody was used
for immunofluorescence staining. Hela cells transfected with myc-RaclQ61L to increase overall
translocation (Wolters et al. 2013) were infected with WA-314, AYopH and pTTSS+YopH. The AYopH
mutant was used as a negative control to assess the background signal created by the YopH or secondary
antibody staining. In WA-314 infected cells no signal above background could be detected in the host
(Figure 6A). A YopH signal from the host cell was only detectable in cells infected with the pTTSS strain
expressing YopH from pACYC184 with signal intensity increasing at higher MOls. The immunofluorescence
staining of YopH revealed a rather homogeneous cytosolic distribution of YopH in the host cell.

In Hela cells transfected with myc-Rac1Q61L and infected with pTTSS+YopH-Halo a strong YopH-Halo
signal is detectable within bacteria after staining with TMR-Halo substrate, but no signal can be found in
the cytosol of the host cell (Figure 6B). The same distribution was observed in cells infected with strains
expressing SNAP or CLIP tagged YopH or Halo tagged YopM. No cytosolic but an intrabacterial signal was
confirmed for SNAP and CLIP-tagged YopM expressed in the pTTSS as well as Halo, SNAP and CLIP tagged
YopH, YopM and YopE introduced into the deletion mutants AYopH, AYopM and AYopE, respectively (data
not shown; see overview in Table 1). Altogether these results indicate a strongly impaired translocation of
Halo, SNAP or CLIP tagged effector proteins irrespective of tag, Yop or strain used and demonstrate
incompatibility of these tags with TTSS mediated protein transport in Y. enterocolitica.

In fixed samples of cells infected with strains overexpressing Halo, SNAP or CLIP tagged effector proteins
the intrabacterial signals showed different levels of fluorescence intensity. Live imaging of selected
mutants was used to determine whether a decrease or loss of signal could be observed during cell
infection, which could indicate the depletion of the intrabacterial pools of tagged YopH due to secretion
of the protein. When examining myc-Rac1Q61L transfected Hela cells infected with SNAP-Cell TMR-Star
pre-stained pTTSS+YopH-SNAP a signal could be observed concentrated at the poles of the bacteria, which
did not change in intensity over time (Figure 6C). The same observation was made in pTTSS+YopH-CLIP
and AYopE+YopE-Halo infected cells (data not shown; see Table 1). This confirms the impaired Yop

translocation observed in fixed samples (Figure 6B) and immunoblots of translocated proteins (Figure 5D).
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Figure 6 Comparison of effector protein visualization using antibody staining and self-labeling enzyme tags. (A)
YopH staining with anti-YopH antibody in infected cells. Hela cells transfected with myc-Rac1Q61L were infected
with WA-314, AYopH and pTTSS+YopH (from left to right) for 90 min at an MOI of 20 and an MOI of 40 for the last
panel. Cells were stained with anti-YopH antibody (white in upper panel, red in lower panel), AlexaFluor633 phalloidin
(displayed in green) and DAPI. Upper panels show the anti-YopH antibody stain and lower panels the overviews with
phalloidin and DAPI stain. Scale bars: 10 um (YopH antibody stain and overviews). (B) Comparison of different self-
labeling enzymes tagged to YopH and YopM. Hela cells transfected with myc-Rac1Q61L were infected with
pTTSS+YopH-Halo, pTTSS+YopH-SNAP, pTTSS+YopH-CLIP and pTTSS+YopM-Halo (from left to right) for 90 min at an
MOI of 20. Cells were stained with HaloTag TMR Ligand, SNAP-Cell TMR-Star or CLIP-Cell TMR-Star as indicated
(555 nm, white in upper panel, red in lower panel), AlexaFluor633 phalloidin (displayed in green) and DAPI. The upper
panels show the TMR Ligand stain alone and the lower panels the overviews with phalloidin and DAPI stain. Boxed
regions in the upper panels are depicted as enlargements at the lower right corner of each image. Scale bars: 10 um
(TMR substrate stain and overviews) and 2 um (enlargements). (C) Live imaging of pTTSS+YopH-SNAP infection.
Hela cells transfected with myc-Rac1Q61L were infected with SNAP-Cell TMR-Star pre-stained pTTSS+YopH-SNAP for
1 h atan MOI of 20. The cells were imaged under the spinning disk microscope and every 30 sec a z-stack of 15 images
was taken with an interval of 0.5 um between each slice. The z-stacks for each time point were combined to one
image using maximum intensity projection and one image every 5 min is shown to generate an overview of
fluorescence intensity over time. The dashed line shows the outline of the cell. Scale bar: 5 um.

4.1.3. Split-GFP inserted between two proteins (MRFP-GFP11-Rab5) can induce a signal in
GFP1-10 transfected cells

As Halo, SNAP and CLIP tags appeared inapplicable for analysis of TTSS substrates, split-GFP was tested as
an alternative tool to monitor effector translocation. To confirm the functionality of the split-GFP system
in our hands, GFP11 was inserted between RFP and Rab5 on an mRFP-N1 (Kan®) vector and co-transfected
with GFP1-10/BFP into Hela cells. The cells were fixed 24 h after transfection and imaged with the confocal
microscope. The transfected cells could be identified by the BFP signal (vector: pMax_GFP1-
10_IRES_NLS_tagBFP). A clear complemented GFP (GFP.mp) signal colocalized with the RFP signal
indicating a successful complementation of split-GFP inserted into the RFP/Rab5 fusion protein and
GFP1-10 expressed in the cytosol (Figure 7). When cells were not expressing GFP1-10 no GFP signal was

detectable showing that GFP11 alone is not fluorescent.
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Figure 7 Complementation of GFP11 labeled mRFP-Rab5 and GFP1-10 as proof of principle. Hela cells were
transfected with mRFP-GFP11-Rab5 and GFP1-10/BFP (right) for 24 h. Cells not transfected with GFP1-10/BFP serve
as a negative control for GFP complementation (left). Confocal microscopy of the RFP, GFPcomp and BFP channels are

shown as indicated. Scale bars: 5 um (left and right).

4.1.4. Tagging YopE with split-GFP reveals limited effect on effector secretion

The split-GFP approach appeared a possible alternative to the tagging of effector proteins with self-
labeling enzymes due to its small size and successful application for tagging effector proteins in Salmonella
(van Engelenburg and Palmer 2008, 2010). YopE C-terminally tagged with the 11* B-strand of GFP (GFP11)
should restore fluorescence when complemented with GFP1-10 expressed in the host cell if efficiently
translocated. To test secretion properties of YopE tagged with split-GFP in AYopE and pTTSS, the strains
were cultured in low calcium medium and the protein from the supernatant was analyzed in Coomassie
stained SDS gels and Western blot. In comparison to the wild type overall protein release in AYopE+YopE-
GFP11 was affected (Figure 8). The YopE band was the largest band in secreted proteins of the wild type
in Coomassie gels compared to the other Yops (white asterisk for YopE band). This band was faintly
discernible in the AYopE mutants complemented with split-GFP tagged YopE. A stronger YopE-GFP11 band
was visible in the pTTSS+YopE-GFP11. These observations were confirmed in the Western blot probed with
YopE antibody. A strong YopE secretion was visible in the wild type with much less secreted YopE in
AYopE+YopE-GFP11 but a considerable amount in pTTSS+YopE-GFP11. Together this shows that GFP11
tagged YopE can be secreted although the analysis indicates a general effect of unphysiological expression

of tagged effector proteins on overall secretion.
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Figure 8 Effect of split-GFP tagging YopE on protein secretion from Yersinia strains compared to the wild type.
Proteins from the supernatant of bacterial cultures under calcium depletion conditions were analyzed on a
Coomassie stained SDS gel (left) for their overall protein secretion properties and in Western blot (right) for their
YopE content using YopE antibody. White asterisks indicate the expected position of YopE bands in the Coomassie
stained gel.

4.1.5. YopE-GFP11 can be visualized in the cytosol of the host cell transfected with GFP1-10
Although YopE secretion in strains overexpressing YopE-GFP11 was below wild type level, these strains
were used for imaging experiments of GFP1-10 transfected cells to determine whether GFP reconstitution
could be observed. When Hela cells co-transfected with myc-Rac1Q61L and GFP1-10/BFP were infected
for 4 h with AYopE+YopE-GFP11, a strong fluorescent GFP signal was visible in the host cell (Figure 9A).
Only background signal could be seen in cells transfected with myc-Rac1Q61L and GFP1-10 and infected
with AYopE or in cells not transfected with GFP1-10 and infected with AYopE+YopE-GFP11. This again
demonstrates that GFP11 and GFP1-10 alone are not fluorescent.

As an alternative to Racl induced increase in translocation CNF-1 treatment has been shown to increase
translocation in Yersinia enterocolitica through the activation of Rho GTPases in eukaryotic cells (Wolters
et al. 2013). When Rho GTPases were activated with CNF-1 2 h before infection of GFP1-10 transfected
cells with AYopE+YopE-GFP11 or pTTSS+YopE-GFP11, a substantial GFP signal was detectable for both
strains (Figure 9B). These results indicate that split-GFP could be a useful tool for visualization of

translocated effectors.
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Figure 9 YopE-GFP11 visualization in the cytosol of the host. (A) YopE-GFP11 membrane localization in myc-
Rac1Q61L transfected cells. Hela cells transfected with myc-Rac1Q61L and GFP1-10/BFP were infected with AYopE
(as a negative control, first panel) and AYopE+YopE-GFP11 for 4 h at an MOI of 20. As an additional negative control
cells not transfected with GFP1-10 are shown in the middle panel. Samples were stained with DAPI. Upper panels
show the GFPwmp-channel and lower panels overviews with DAPI stain. Scale bar: 10 um. (B) YopE-GFP11 localization
in CNF-1 treated cells. Hela cells transfected with GFP1-10/BFP and treated with 1 pg/ml CNF-1 for 2 h pre-infection
were infected with AYopE+YopE-GFP11 (left) and pTTSS+YopE-GFP11 (right) for 2 h at an MOI of 25 and 200 as
indicated. Upper panels show the GFPcomp-channel and lower panels superimposed images of GFPcomp and BFP-
channels as a transfection control. Scale bar: 10 um. (C) YopE-GFP11 visualization in primary human macrophages.
Primary human macrophages transfected with GFP1-10/BFP were infected with AYopE+YopE-GFP11 (upper panel)
and pTTSS+YopE-GFP11 (lower panel) for 4 h at an MOI of 100. Cells were stained with AlexaFluor568 phalloidin
(displayed in red). The panels show actin signal, GFPcomp-channel, BFP-channel and a merge of all channels (from left
to right). Scale bar: 10 um.

The YopE-GFP11 strains allowing effector translocation in Helas cells were tested in primary human
macrophages, a more physiological target cell for TTSS mediated effector translocation during Yersinia
infection. When primary human macrophages were transfected with GFP1-10 and infected with
AYopE+YopE-GFP11 and pTTSS+YopE-GFP11 for 4 h, a diffuse perinuclear signal and a signal colocalizing
with the F-actin staining was detectable (Figure 9C). The signal in the pTTSS+YopE-GFP11 infected cells was
considerably brighter compared to the complemented deletion mutant. This observation agrees with the
stronger YopE band in immunoblots of secreted YopE-GFP11 protein in the pTTSS strain (Figure 8). In
addition, the fluorescent GFP signal appears significantly brighter compared to Helas infected with
pTTSS+YopE-GFP11 (Figure 9A-B), which indicates an overall high level of translocation in macrophages.
Altogether these findings confirm split-GFP as a useful tool for visualizing effector protein translocation

during Yersinia infection.

4.1.6. A GFP signal is detectable in live imaging experiments after infection with
pTTSS+YopE-GFP11

The suitability of the split-GFP system was tested in live samples as it proved functional in fixed cells. For
this, Hela cells treated with CNF-1, transfected with GFP1-10 and infected with pTTSS+YopE-GFP11 were
observed live with a confocal microscope. A detectable GFP signal appeared 40-50 min after infection
which continued to increase in the perinuclear region over time (Figure 10). These results show that split-

GFP can be used for live cell imaging of YopE translocation.
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Figure 10 GFP complementation after pTTSS+YopE-GFP11 infection in live imaging. Hela cells transfected with
GFP1-10/BFP and treated with 1 ug/ml CNF-1 for 2 h pre-infection were infected with pTTSS+YopE-GFP11) at an MOI
of 200. Cells were imaged with the confocal microscope. Every 2 min one image was acquired and one image every
10 min is shown starting at 44 min to generate an overview of fluorescence increase over time. Scale bar: 10 um.

4.2.Tagging of pore proteins

Due to the predicted transmembrane topology of the translocators YopB and YopD and the presence of
several functionally important domains such as the N-terminal secretion signal and chaperone or tip
complex interaction sites, the insertion site for tags into the translocators must be well considered. GFP11
was inserted between amino acids 50-51 of YopD located after the N-terminal secretion signal and directly
before a SycD interaction site. For YopB the predicted intracellular loop was targeted for insertion of split-
GFP (aa 216-217). These sites were selected as they are expected to be located inside the target cell to
enable interaction with GFP1-10 expressed within the cytosol of the host cell. The predicted orientation
of C- and N-terminus in relation to the plasma membrane is based on a genetic study of the homologous
translocator proteins PopD and PopB in Pseudomonas aeruginosa (Armentrout and Rietsch 2016; Discola
et al. 2014). The ALFA-tag was inserted into a position of YopD which faces the extracellular side when the
protein is inserted into the plasma membrane, so it could be bound by extracellular added nanobody. The
insertion between amino acids 194 and 195 is based on deletion experiments in Y. pseudotuberculosis
(Olsson et al. 2004) and personal communication with Tomas Edgren.

Figure 11 Tag insertion positions for YopB and YopD in the host cell membrane.

YopD  YopB ) . . : .
The graph is derived from predicted membrane orientations of PopB/D

N (Armentrout and Rietsch 2016). The green stars indicate insertion positions

N for GFP11 on the intracellular side and the red star indicates the insertion
site for the ALFA-tag on the extracellular side.

extracellular
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4.2.1. CRISPR-Cas12ais a useful tool for insertion of small DNA fragments into the virulence
plasmid of Yersinia enterocolitica

As passage of Yops tagged with GFP11 through the injectisome needle proved successful, split-GFP was
evaluated also for tagging of YopB and YopD. However, YopB and YopD are encoded on the large and
complex lcrGVHyopBD translocon operon (Bergman et al. 1991). Cloning of a single gene of this operon
into an expression vector would likely result in unphysiological protein expression levels. Therefore,
CRISPR-Cas12a assisted recombineering was applied to introduce GFP11 directly into the native virulence
plasmid of Yersinia in order to support physiological protein expression and function.

Coupling a CRISPR-Cas system with recombineering was shown to be a simple and efficient tool for genome
editing in bacteria (Yan et al. 2017). By combining the CRISPR-Casl2a system with lambda Red
recombineering, highly efficient genome editing was demonstrated in Yersinia pestis, using single-
stranded DNA (ssDNA-oligonucleotides) or double-stranded DNA (dsDNA) generated by PCR as templates
for homologous recombination (Zhao and Sun 2018). As the method was newly introduced in our
laboratory during this study both approaches (ssDNA oligonucleotides and dsDNA generated by PCR) were
evaluated in parallel for the insertion of GFP11 into the translocators. To this end, double-stranded DNAs
with 500 bp homologous arms to both sides of the insert site and split-GFP in the middle framed by two
different linkers were generated by overlap extension PCR. In addition, single stranded oligos with 50 bp
homologous arms on each side of split-GFP and its linkers were designed and ordered.

Casl2a-Kan and Cas12a-Spt encoding Cas12a and the lambda red recombinase were introduced in the
pTTSS and WA-314, respectively. Afterwards, the specific crRNA plasmids in combination with either the
ssDNA-oligonucleotide or dsDNA PCR product were transformed into the strains. The bacterial suspensions
were then streaked on LB plates selecting for bacteria containing an intact pTTSS or pYV as well as for the
Casl12a plasmid and the crRNA plasmid. The resulting colonies were tested by colony-PCR for presence of
the insertion of GFP11.

The resulting Table 2 shows the success rate of each approach. For the pTTSS the insertion of GFP11 into
YopD with the dsDNA PCR product was the most efficient (53%), followed by inserting GFP11 into YopB
with the dsDNA PCR product (25%). The ssDNA oligonucleotide did not work for insertion with YopD and
very limited with YopB (4%). While inserting split-GFP into YopD with the dsDNA PCR product was highly
efficient (70%), the insertion with the ssDNA oligonucleotide did not work. For inserting split-GFP into YopB
on the virulence plasmid both dsDNA PCR product and ssDNA oligonucleotide worked well with the latter
even showing a higher success rate (50%) compared to the dsDNA PCR product (20%). Overall, the success
rate was fivefold higher when using the 500 bp dsDNA PCR product compared to 50 bp ssDNA

oligonucleotide (52.1% average vs. 10.8%). In general, it could be shown that small DNA fragments can be
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efficiently inserted into the virulence plasmid (or plasmids derived from it e.g. pTTSS) of Yersinia using the

CRISPR-Cas12a assisted recombineering approach.

Table 2 Efficiency of CRISPR-Cas12a assisted recombineering in Y. enterocolitica

. . insert total positive colony PCR
strain target protein .
vehicle colony count total number percentage
HDR 40 21 53%
YopD .
oligo 13 0 0%
TTSS
P HDR 8 2 25%
YopB )
oligo 27 1 4%
HDR 20 14 70%
YopD .
oligo 20 0 0%
WA-314
HDR 5 1 20%
YopB .
oligo 14 7 50%

4.2.2. YopB remains functional after split-GFP insertion while YopD function is affected

Yersinia strains with GFP11 inserted into YopB and YopD were analyzed regarding secretion properties,
cytotoxicity, translocation and pore formation. Overall Yop secretion levels of WA-314 YopB-GFP11 were
equal to those of the wild type as demonstrated by Coomassie staining of precipitated released proteins
(Figure 12A). This was confirmed in Western blots when probing specifically for YopB and YopD in the
released proteins. In contrast, in WA-314 YopD-GFP11 overall Yop secretion was reduced and less YopD
was detected by immunoblot compared to the wild type, while the amount of secreted YopB was not
reduced. For testing the cytotoxicity of the split-GFP mutants, Hela cells were infected for 1 h with an MOI
of 100. While cells infected with the wild type and WA-314 YopB-GFP11 showed similar cytotoxicity,
WA-314 YopD-GFP11 infected cells did not show rounding, indicating a decreased overall Yop translocation
(Figure 12 B). Infected cells were lysed with digitonin and the supernatant containing the translocated Yop
fraction was probed for YopH as an indicator for a functional pore. Less YopH could be detected with YopD-
GFP11 while YopB-GFP11 enabled YopH translocation comparable to the wild type (Figure 12 C). The
formation of pores during infection was analyzed using Hela cells transfected with myc-Rac1Q61L,
infected for 1 h and stained separately with YopD and YopB antibody (Figure 12 D). The wild type displayed
YopD and YopB as spots surrounding the bacterial surface as observed previously (Nauth et al. 2018).
Although some spot-like YopB signal could be seen in cells infected with WA-314 YopD-GFP11, the YopD
signal looked much fainter and more evenly distributed. WA-314 YopB-GFP11 showed the wild type-like
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spots both in YopD and YopB staining. The results for the analyses performed for pTTSS YopD-GFP11 and
pTTSS YopB-GFP11 are summarized in Table 1.

Overall, these results demonstrated that the insertion of GFP11 between amino acids 216-217 of YopB
does not interfere with major aspects of TTSS function, while GFP11 inserted between amino acids 50-51

of YopD impairs T3SS function in different assays.
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Flgure 12 Effect of GFP11 insertion in YopD and YopB on expression, secretion, cytotoxicity, translocation and
immunofluorescence staining. (A) Released proteins from WA-314 expressing YopD-GFP11 and YopB-GFP11.
Proteins from the supernatant of bacterial cultures under calcium depletion conditions were analyzed on a
Coomassie stained gel (left) for their overall protein secretion properties and in Western blot (right) for their YopD
(upper panel) and YopB (lower panel) content using specific antibodies. Red and yellow asterisks indicate the
expected position of the YopD and YopB bands, respectively. WA-314 serves as a positive control and WA-314ABDV
as a negative control. (B) Cytotoxic effect of WA-314 expressing YopD and YopB with GFP11 insertion. Hela cells
were infected for 1 h with WA-314, WA-314 YopD-GFP11 and WA-314 YopB-GFP11 at an MOI of 100. Cells were
imaged with the light microscope. Scale bar: 20 um. (C) Comparison of effector protein translocation after digitonin
extraction. Hela cells were infected for 1 h at an MOI of 100 with WA-314, WA-314 YopD-GFP11 and WA-314 YopB-
GFP11. Cells were lysed with digitonin and resulting supernatants (upper panel) were analyzed with Western blot for
YopH. YopH serves as marker for effector translocation and actin serves as host cell loading control. (D) YopD and
YopB antibody stain in YopD-GFP11 and YopB-GFP11l mutant strains compared to the wild type. Hela cells
transfected with myc-Rac1Q61L were infected with WA-314, WA-314 YopD-GFP11 and WA-314 YopB-GFP11 (from
upper to lower panel) for 1 h at an MOI of 30. Cells were stained with anti-YopD antibody (left) and anti-YopB
antibody (right) both displayed in green and combined with DAPI. Boxed regions are depicted as enlargements of the
antibody signal in the lower left corner of each overview image. Enlargements show representative images of stained
bacteria. Scale bars: 10 um (overviews) and 2 um (enlargements).
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4.2.3. No fluorescent signal is detectable with split-GFP tagged YopB/D during infection of
GFP1-10 expressing cells

The functional analysis of split-GFP tagged translocators revealed issues with the function of tagged YopD,
while the tagged YopB was functional in all control experiments. Still, the ability of both mutants to
reconstitute GFP1-10 and induce GFP fluorescence was assessed. When WA-314 YopB-GFP11 and WA-314
YopD-GFP11 were used to infect cells transfected with GFP1-10 for 1 h, no GFP signal was detectable in
the host cell apart from some background signal also present in wild type infected control samples (Figure
13 ). The same result was shown for the pTTSS strains expressing YopD or YopB tagged with GFP11 (data
summarized in Table 1). It appears that although split-GFP enables imaging of effector proteins and YopB

is functional after GFP11 insertion, it does not allow for visualization of translocon components.

WA-314 YopD-GFP11 YopB-GFP11

Figure 13 Lack of GFP signal at split-GFP tagged pore proteins. Hela cells transfected with GFP1-10/BFP were
infected with WA-314, WA-314 YopD-GFP11 and WA-314 YopB-GFP11 (from left to right) for 1 h at an MOI of 30.
Upper panel show the GFP signal for each condition and lower panel show BFP signal of transfected cells. Scale bars:

10 pm.

4.2.4. YopD is functional with the ALFA-tag inserted between amino acids 194 and 195

The split-GFP approach was not expedient for visualizing pore proteins of Yersinia translocons even though
the secretion and translocation of the GFP11-tagged effectors and translocators seemed not to be
generally hindered. Therefore, we rationalized that small peptide or epitope tags might be an alternative
option for visualizing the translocation pore. The ALFA-tag is a short artificially designed peptide tag of 13
amino acids. ALFA-tagged proteins can be detected by high-affinity binding of available anti-ALFA
nanobodies labeled with different fluorophores (Gotzke et al. 2019). Due to its small size and simple alpha
helical structure the ALFA-tag was considered a promising candidate. The small size of the tag also
rendered it a suitable for CRISPR-Cas12a mediated insertion into the virulence plasmid. The ALFA-tag was

successfully inserted into YopD between amino acids 194 and 195 predicted to be on the extracellular part
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of the pore complex. To assess if insertion of ALFA into YopD alters the functionality of the protein, the
YopD-ALFA mutant was analyzed regarding its secretion and translocation properties as well as its
cytotoxic effect and protein interaction. When examining the overall secretion by Coomassie staining as
well as probing Western blots of secreted proteins for YopD and YopB no difference was found in WA-314
YopD-ALFA compared to the wild type (Figure 14 A). Digitonin lysis experiments revealed normal effector
Yop translocation (Figure 14 B), which was confirmed also in light microscopy images showing regular
cytotoxicity comparable to wild type (Figure 14 C). As YopD and YopB are supposed to physically interact
in the pore complex, binding of YopD-ALFA to YopB was tested in a pulldown experiment. For this, beads
functionalized with anti-ALFA nanobody were loaded with lysates of infected Hela cells to precipitate
YopD-ALFA and potential interaction partners from the membrane inserted pore complexes. In one
condition the Hela cells were treated with CNF-1 to increase the overall translocation rate. The lysates of
infected cells before and after incubation with the beads as well as the pull down fraction were tested by
immunoblot for their YopB and YopD content (Figure 14 D). ALFA-tagged YopD was readily detectable in
pull downs of WA-314 YopD-ALFA infected cells with increased signal intensity in the CNF-1 treated cells,
while lysate samples before and after incubation with beads exhibited only unspecific background signal.
YopB could be detected in lysates before and after incubation with the ALFA-beads with increased signal
intensity in the CNF-1 treated cells. Importantly, YopB could also be detected in the pull down fraction of
CNF-1 treated cells indicating an intact interaction of ALFA-tagged YopD and YopB.

In summary, ALFA insertion into YopD seems not to interfere with YopD protein function.
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Figure 14 Effect of ALFA-tag insertion in YopD on expression, secretion, translocation, cytotoxicity and protein
interaction. (A) Released proteins from WA-314 expressing YopD-ALFA. Proteins from the supernatant of bacterial
cultures under calcium depletion conditions were analyzed on a Coomassie stained SDS gel (left) for their overall
protein secretion properties and in Western blot (right) for their YopB (upper panel) and YopD (lower panel) content
using specific antibodies. Black asterisks indicate the expected position of the YopD bands in the SDS gel. WA-314
serves as a control. (B) Comparison of effector protein translocation after digitonin extraction. Hela cells were
infected for 1 h at an MOI of 100 with WA-314 and WA-314 YopD-ALFA. Cells were lyzed with digitonin and resulting
supernatants were analyzed with Western blot for YopH. (C) Cytotoxic effect of WA-314 expressing YopD with ALFA
insertion. Hela cells were infected for 1 h with WA-314 and WA-314 YopD-ALFA at an MOI of 100. The cells were
imaged with the light microscope. Scale bar: 20 pum. (D) Pull down experiment of YopD-ALFA and YopB from cell
lysates of WA-314 YopD-ALFA infected cells. Hela cells were infected for 1 h with WA-314 and WA-314 YopD-ALFA
at an MOI of 100. In addition, Helas pre-treated with 1 pg/ml CNF-1 for 2 h were infected with WA-314 YopD-ALFA.
Cells were lysed using digitonin and beads functionalized with anti-ALFA nanobody were used to isolate YopD-ALFA
and its interaction partners. The Western blot shows cell lysates before (L = lysate) and after (SN = supernatant)
incubation with the beads and pull-down eluates compared in the three different conditions stained with anti-YopD
and anti-YopB antibody.

4.2.5. YopD in translocons can be visualized using the ALFA-tag and staining with
nanobodies

To test the staining of ALFA-tagged YopD with anti-ALFA nanobody in fluorescence microscopy, Hela cells
transfected with myc-Rac1Q61L were infected for 1 h with WA-314 YopD-ALFA. The cells were fixed and
stained overnight with the anti-ALFA nanobody (FluoTag-X2 anti-ALFA, Abberior® Star 580; NbALFA-
Ab580) without prior permeabilization. Permeabilization was generally omitted for translocon staining
with the nanobody because preliminary investigations indicated that standard permeabilization with 0.1 %
Triton X-100 lead to partial staining of intrabacterial YopD, which is evidently not intended in our attempt
of specifically visualizing the translocon.

First, for evaluation of specificity, the nanobody stain of YopD-ALFA was compared to the established
antibody stain of YopD after permeabilization. The fluorescent signal of the ALFA nanobody stain revealed
the same spotty pattern as seen in the YopD antibody staining (Figure 15 A). Additionally, all bacteria with
a nanobody stained pore also had a YopD antibody signal showing a high degree of colocalization,
confirming the specificity of the nanobody stain. The same results were seen with the ALFA nanobody stain
in combination with a YopB antibody stain after permeabilization, demonstrating the presence of YopB
together with YopD-ALFA at the translocon. Interestingly, some bacteria displayed an antibody signal but
lacked a nanobody signal, indicating that some of the translocation pores are formed in a compartment
not accessible by the nanobody without prior permeabilization. It was previously shown that Yersinia
enters an intermediate host cell compartment, called prevacuole, where formation of the translocation

pore is triggered. This compartment is characterized by a narrow connection to the extracellular space,
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which allows smaller proteins like streptavidin with an approximate size of 50 kDa to enter (Sarantis et al.
2012; Nauth et al. 2018). Accordingly, the nanobody with just 15 kDa is apparently able to enter the
prevacuole and stain the translocon but cannot stain translocons associated with entirely internalized
bacteria.

Subsequently, to further confirm the localization of the nanobody stained, translocon forming bacteria in
the prevacuole, the nanobody staining of YopD-ALFA was combined with an antibody inside-outside
staining using anti-O8 antibodies. This experiment revealed nanobody signal only on bacteria inaccessible
to outside staining by anti-O8 antibodies (Figure 15 B), indicating that the nanobody stained bacteria most
likely reside in the prevacuole compartment.

Preliminary investigations indicated that the bacteria are permeabilized by 0.1 % Triton X-100 to become
accessible by the ALFA-nanobody for staining of intrabacterial proteins. This finding lead us to the idea
that it should be possible to distinguish the intra- and extrabacterial pool of YopD-ALFA by nanobody-
based inside-outside staining of the bacteria. To test this, cells infected with WA-314 YopD-ALFA were
stained with NbALFA-Ab580 before permeabilization and NbALFA-Ab635P after permeabilizing both
bacterial and host cell membranes and using 0.05% Triton X-100 in the staining solution. With this
approach the signal of extrabacterial translocons could be clearly distinguished from the intrabacterial
pool of YopD-ALFA. While all bacteria showed an intrabacterial signal of YopD-ALFA that appeared to
increase towards the periphery of the cell, only a subset of the bacteria showed the characteristic pore
staining. Interestingly, bacteria displaying pores appeared to have a stronger intrabacterial YopD signal
indicating increased YopD expression in these bacteria. In summary, these findings clearly demonstrate

that the ALFA-tag is a suitable tool for visualizing the translocon in fixed Hela cells.
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Figure 15 Immunofluorescence staining of YopD-ALFA with the anti-ALFA nanobody in infected cells. (A) Pore
protein visualization using ALFA tagged YopD compared to YopD and YopB antibody staining. Hela cells transfected
with myc-Rac1Q61L were infected with WA-314 YopD-ALFA for 1 h at an MOI of 10. Cells were stained with anti-ALFA
nanobody (aALFA nb; displayed in red) before permeabilization, with YopD (left) and YopB antibody (right) after
permeabilization (displayed in green), AlexaFluor633 phalloidin (displayed in magenta) and DAPI. The upper panels
show the nanobody stain, the middle panels the YopD and YopB antibody stain and the lower panels the
superimposed overview images. Boxed regions in the images are depicted enlarged at the lower right corner of each
image. Enlargements in the superimposed images only show an overlay of nanobody and antibody channel. Scale
bars: 5 um (overviews) and 2 um (enlargements). (B) Localization of YopD-ALFA signal before permeabilization of
the host cell. Experimental conditions as in (A). Cells were stained with anti-ALFA nanobody (displayed in red) and
LPS antibody (displayed in green) before permeabilization and with LPS (displayed in white) and AlexaFluor633
phalloidin (displayed in magenta) after permeabilization. Upper panels show the extrabacterial nanobody stain,
middle panels the LPS outside signal and lower panels the superimposed overview images. Boxed regions in the
images are depicted enlarged at the lower right corner of each image. Enlargements in the superimposed images
only show overlays of nanobody, outside and total LPS signals. Scale bars: 5 um (overviews) and 2 um (enlargements).
(C) Localization of YopD-ALFA signal before and after bacterial permeabilization. Experimental conditions as in (A).
Cells were stained with NbALFA-Ab580 (displayed in red) before permeabilization, anti-ALFA nanobody NbALFA-
Ab635P (displayed in green) after permeabilization and AlexaFluor633 phalloidin (displayed in magenta) and DAPI.
Upper panels show the extrabacterial nanobody stain, middle panels the intrabacterial YopD-ALFA signal and lower
panels the superimposed overview images. Boxed regions in the images are depicted enlarged at the lower right
corner of each image. Enlargements in the superimposed images only show overlays of the extra- and intrabacterial
nanobody signal. Scale bars: 5 um (overviews) and 2 um (enlargements).
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4.2.6. Pore formation can be visualized with YopD-ALFA during live imaging

The excellent results of YopD-ALFA stainings with the fluorescently labeled nanobody in fixed but not
permeabilized cells lead us to pursue the adoption of this approach for live cell imaging of pores formed
by bacteria in the prevacuole. For this, Hela cells transfected with myc-Rac1Q61L and GFP-Lifeact were
infected with WA-314 YopD-ALFA. The GFP-Lifeact signal showing the actin cytoskeleton of the cell served
as a guide visualizing the entry and outline of cell-associated bacteria (Figure 16 ). NbALFA-580 was diluted
1:300 in cell culture medium which resulted in very low background signal. The images shown are
representative of several videos acquired. As observed previously, only some bacteria developed pores
(Nauth et al. 2018). When focusing on a specific pair of bacteria, a rapid increase of ALFA nanobody signal
was observed. Pores formed right after disappearance of an actin cup surrounding the bacterium - likely
indicating the time point of entry of the bacteria into the prevacuole. The signal increased over the first
15 min and disappeared about 30 min after first signal detection. However, pore formation did not always
occur instantly after entry and some pore signals took longer to disappear while other signals remained
on the bacteria until the end of acquisition. The video shows both the live formation of Yersinia translocons
as well as their following disappearance. These results demonstrate that the established method is a useful

tool for live imaging of pore formation.

Lifeact 4 Lifeact 00:40

00:55 . 01:00

Figure 16 Live imaging of pore formation using nanobody staining for ALFA tagged YopD. Hela cells transfected
with myc-Rac1Q61L and GFP-Lifeact were infected with WA-314 YopD-ALFA at an MOI of 20 and stained with
NbALFA-Ab580 diluted in cell culture medium. Cells were imaged with the spinning disk microscope and every minute
one z-stack of 15 slices was taken with an interval of 0.5 um between each slice. The left panel shows a representative
overview image from 00:55 h with Lifeact as a marker for F-actin showing the outline of the cell. Stacks for each time
point were combined to one image using maximum intensity projection and one image every 5 min is shown (right)
starting at 35 min to generate an overview of fluorescence YopD-ALFA signal over time. Dashed lines indicate the
outline of the bacteria of interest, dashed arrow indicates actin cup. The boxed region in the overview image shows
the area of the video depicted in still frames to the right. Scale bars: 10 um (overview) and 2 pum (still frames).
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4.2.7. Translocon formation is preceded by enrichment of PI(4,5)P2 in the host membrane
enclosing the bacteria

Previous studies have shown that the PI(4,5)P2 sensor PLCS-PH is enriched in the prevacuole membrane.
Further, the scission of the prevacuole to form a sealed vacuole was shown to coincide with PI(4,5)P2
hydrolysis. Hence, loss of PI(4,5)2 indicates the completion of the Yersinia entry process (Sarantis et al.
2012; Bahnan et al. 2015). The presence of PI(4,5)P2 enriched membranes around the majority of pore
forming bacteria has been demonstrated so far only in fixed cells and as a result lacks information about
the dynamics of this relationship (Nauth et al. 2018). Therefore, we aimed at analyzing the precise time
point of pore formation in relation to the appearance of PI(4,5)P2 in the membranes enveloping the
bacteria. For live imaging myc-Rac1Q61L and PLCS-PH-GFP transfected Hela cells were infected with
WA-314 YopD-ALFA. The anti-ALFA nanobody was added directly to the culture medium during infection.
By this approach a total of 45 events of pore formation were recorded. In all cases the PLC6-PH-GFP signal
appeared either before or virtually at the same time point as pores were formed (Figure 17A). On average
the PLCS-PH-GFP signal appeared 3.8 min (+SD of 4.6) before pore formation (Figure 17B). Interestingly,
after insertion of the translocon the PLC6-PH-GFP signal was frequently observed to disappear and
reappear around the bacteria (Figure 17A). The underlying mechanisms of this observation are not
understood. It could be speculated that this phenomenon represents incomplete scission of Yersinia
containing prevacuoles related to the antiphagocytic action of translocated Yops. Overall, these results
clearly show that pore formation is initiated only after uptake of the bacteria into the PI(4,5)2 enriched

prevacuole.
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Figure 17 Analysis of signal appearance of PLCS-PH prior to YopD-ALFA detection. (A) PLCS-PH signal appears with
or before YopD-signal. Hela cells transfected with myc-Rac1Q61L and PLC&-PH-GFP were infected with WA-314
YopD-ALFA at an MOI of 20 and stained with NbALFA-Ab580 diluted in cell culture medium. Cells were imaged with
the spinning disk microscope and every minute one z-stack of 15 slices was taken with an interval of 0.5 um between
each slice. Stacks for each time point were combined to one image using maximum intensity projection and one
image every 4 min is shown starting at 40 min. Arrows indicate the appearance of PLC6-PH-GFP and dashed lines
show the outline of the bacteria when no GFP signal is present. Scale bar: 2 um. (B) Dot plot of PLCS-PH and YopD-
ALFA signal appearance at single bacteria. Based on live imaging experiments performed as in (A) calculations of
time passing between the appearance of the different signals. Each dot represents one measurement in relation to
YopD-signal appearance (set to 0 min; red cross), bars represent mean +SD of n = 45 bacteria for PLC6-PH-GFP (3
different experiments, 13 different cells; +SD 4.6).

4.2.8. Galectin-3 recruitment to translocon induced membrane damage

Galectin-3 is a cytosolic carbohydrate-binding protein, which was recently characterized as a sensor of
endosomal membrane rupture (Paz et al. 2010). It was shown previously that galectin-3 is recruited to
pathogen-containing vacuoles (PCV) in a TTSS dependent manner, pointing towards a role for the
translocator proteins in inducing membrane damage (Feeley et al. 2017; Zwack et al. 2017). To test
whether pore formation during Yersinia infection eventually leads to disruption of the vacuolar
membranes and subsequent recruitment of galectin-3, GFP-galectin-3 was co-transfected with myc-

RaclQ61L into Hela cells. After infecting the cells with WA-314 YopD-ALFA for 1h, fixation and staining
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with NbALFA-Ab580 without permeabilization, four different populations of bacteria were regularly
identified (Figure 18A): Bacteria with pore signal (1), bacteria with GFP-galectin-3 signal (3), bacteria with
both signals (2) and bacteria without any signal (4). These results indicate that apparently membrane
damage is induced in a subset of bacteria containing compartments but allow no clear conclusion if GFP-
galectin-3 recruitment is directly related to pore formation. However, it must be considered, that in fixed
cells the nanobody only stains pores formed by bacteria which still reside in the prevacuole, but pores on
bacteria that already proceeded into a sealed vacuole will not be detected. Also, it could be expected that
membrane damage happens with some delay after insertion of the translocon. Therefore, live imaging of
pore formation appeared as a promising tool to resolve these issues. Hence, Hela cells expressing myc-
Rac1Q61L and GFP-galectin-3 were infected with WA-314 YopD-ALFA and used for live imaging by adding
NbALFA-Ab580 to the medium. By this approach a total of 21 events of GFP-galectin-3 recruitment to
bacteria containing compartments were recorded. Importantly GFP-galectin-3 recruitment was preceded
by pore formation in all recorded events (see representative movie in still frames in Figure 18B). GFP-
galectin-3 appeared on average 13.6 min (*SD of 7.3) after formation of a detectable translocon (Figure
18C). In conclusion, these results suggest that formation of the translocon in the host membrane induces
membrane damage revealed by the presence of GFP-galectin-3, although this hypothesis requires further

research.
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Figure 18 Analysis of galectin-3 signal appearance relative to YopD-ALFA detection. (A) Galectin-3 signal in relation
to YopD-ALFA positive bacteria in fixed samples. Hela cells transfected with myc-Rac1Q61L and GFP-galectin-3 were
infected with WA-314 YopD-ALFA for 1 h at an MOI of 20. Cells were stained with NbALFA-Ab580 (displayed in red),
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AlexaFluor633 phalloidin (displayed in magenta) and DAPI. The upper panels show the overview images. The left
image shows the nanobody stain together with galectin-3 signal and the right image phalloidin and DAPI signal in
addition. Boxed regions in the upper panels are shown enlarged below. The enlargements show four different
bacteria populations (labeled 1, 2, 3, 4) with overlays of nanobody and galectin-3 signal (additional DAPI in image 4).
Scale bars: 10 um (overviews) and 5 um (enlargements). (B) Pore dependent appearance of galectin-3 signal at
bacteria during infection. Hela cells transfected with myc-Rac1Q61L and GFP-galectin-3 were infected with WA-314
YopD-ALFA at an MOI of 20 and stained with NbALFA-Ab580 diluted in cell culture medium. Cells were imaged with
the spinning disk microscope and every minute one z-stack of 15 slices was taken with an interval of 0.5 um. The z-
stacks for each time point were combined to one image using maximum intensity projection and one image every 5
min is representatively shown starting at 15 min showing the appearance of stained YopD-ALFA pores before
galectin-3 signal. Dashed lines show the outline of the bacterium when no GFP signal is present. Scale bar: 2 um. (C)
Dot plot of YopD-ALFA and galectin-3 signal appearance at single bacteria. Based on live imaging experiments
performed as in (B) calculations of time passing between the appearance of the different signals. Each dot represents
one measurement in relation to YopD-signal appearance (set to 0 min; red cross), bars represent mean +SD of n =21
for galectin-3 (3 different cells; +SD 7.3).
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5. Discussion

The TTSS is a complex bacterial nanomachine enabling control of the host’s immune response through
translocation of effector proteins. It has been found in several pathogenic bacteria and extensive research
has been performed to elucidate its function to the molecular level (Cornelis and van Gijsegem 2000; Mota
et al. 2005; Troisfontaines and Cornelis 2005; Cornelis 2006; Diepold and Armitage 2015). Nevertheless,
due to its complex structure and specific environment it has been a challenge to investigate the molecular
machinery and effector proteins involved. Studies using antibodies offer snapshots of complex processes
with limited temporal resolution (Nauth et al. 2018). However, conventional methods of tagging effector
proteins with fluorophores such as GFP have been unsuccessful as proteins have to be unfolded for
passage through the needle, which is prevented by the thermostability of the fluorescent proteins (Akeda
and Galdn 2005; Radics et al. 2014; Dohlich et al. 2014). Additionally, proteins of the injectisome are highly
structured and tightly packed which can be disrupted by tagging in an unsuitable location. To allow live
imaging of pore formation and effector translocation during cell infection, tags including self-labeling
enzymes, split fluorescent protein and an artificial epitope tag were tested, and their application will be

discussed in the following.

5.1.Halo, SNAP and CLIP tags are incompatible for translocation through the needle
of the injectisome

Overall, visualization of Yersinia outer proteins with functional tags in their physiological environment
poses a multitude of challenges. Despite many proposed approaches to the task, the majority resulted in
limited success. So far translocation of effector proteins has been widely observed using Western blots of
lysed host cells which provide information about general translocation at specific time points but do not
offer spatial information and have a limited sensitivity (Abrahams et al. 2006; Kubori and Galan 2003).
Others have used enzymatic labels which result in indirect signals in the host cell and lack spatial resolution
(Sory and Cornelis 1994; Marketon et al. 2005; Garcia et al. 2006). Unfortunately, the conventional labeling
of effectors with fluorescent proteins has been shown to hinder the secretion processes (Akeda and Galan
2005). Therefore, we tested self-labeling enzymes Halo, SNAP and CLIP which can be fused to a protein of
interest and can be visualized by covalently binding a ligand coupled to a small fluorophore (Los et al. 2005;
Keppler et al. 2003; Gautier et al. 2008). When fused to YopM, YopH and YopE and stained with a TMR
labeled ligand, a strong intrabacterial signal was seen (Figure 6). The ability of visualizing the intrabacterial
Yop pool is in accordance with other studies analyzing intrabacterial protein movement or protein
interaction in live bacteria using self-labeling enzymes (Landgraf et al. 2012; Ke et al. 2016). The staining

61



Discussion

showed low background signal due to the high specificity towards their ligand and enabled live imaging of
intrabacterial Yops. However, the signal detected after staining of YopH-, YopM- and YopE-fusion proteins
was limited to bacteria and not detectable in the cytosol of the host cell. Even during live imaging
experiments no signal depletion was visible in single bacteria during infection which could have served as
an indirect indication of protein translocation (Figure 6C). The limited overall secretion and low
translocation detected in Western blots despite an increased expression (Figure 5) supported the
conclusion that the tagging with self-labeling enzymes prevents Yop transport through the TTSS. This was
further supported by the decreased cytotoxic effect compared to controls indicating a lack of effector
proteins delivered to the cells. It is likely that Halo, SNAP or CLIP tags cannot be unfolded blocking the
injectisome like a plug impairing overall translocation of all Yops as seen for GFP tagged effector protein
SptP from Salmonella (Radics et al. 2014). As impaired secretion and translocation was observed regardless
of which Yop was tagged or which tag was used it appears to be a general issue of incompatibility between
self-labeling enzymes and the TTSS in Y. enterocolitica.

Studies with Halo, SNAP and CLIP tagged effector proteins in Salmonella enterica showed successful
translocation and visualization within the host cell (Goser et al. 2019). YopM tagged with Halo, SNAP and
CLIP was also investigated but performed poorly in comparison. Interestingly, tagged effector proteins
from Salmonella pathogenicity island 2 (SPI2) translocated better than proteins from Salmonella
pathogenicity island 1 (SPI1). Effectors encoded on SPI1 are required for bacterial uptake into the host cell
while proteins from SPI2 are synthesized upon arrival in the phagosome (LaRock et al. 2015). Proteins of
the SPI1 as well as the Yersinia outer proteins are expressed before cell contact and are subsequently
translocated upon establishment of a connection. As SPI2 proteins are immediately delivered after
expression without storage, there might be a different underlying mechanism of secretion involved
allowing delivery of Halo, SNAP and CLIP tagged effectors. It is possible that prestored proteins are at a
different level of protein folding compared to proteins which are instantly translocated after expression.

Further investigations would be required to resolve this question.

5.2.GFP11 is a useful tag for visualizing effector translocation but not pore formation

The split-GFP system is based on the separate expression of GFP1-10 and GFP11 and its ability to self-
complement when in close proximity. It has become a useful tool in recent years allowing analysis of
protein interaction, transport and location in in vitro experiments as well as in eukaryotic cells and bacteria
(Avilov and Aleksandrova 2018; Pedelacq and Cabantous 2019). Due to the small size of GFP11 it has been

used by several groups and in different organisms to visualize effector proteins translocated into host cells
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through type three and type four secretion systems (van Engelenburg and Palmer 2010; Young et al. 2017;
Wang et al. 2018b; Park et al. 2017; Li et al. 2014b; Yang et al. 2017).

In this study split-GFP has allowed visualization of Y. enterocolitica effector translocation into Hela cells
and primary human macrophages (Figure 9A-C). YopE was chosen as it is secreted in the largest amount
compared to other Yops (Straley and Cibull 1989; Lee et al. 1998). However, Hela cells required an artificial
increase of translocation through transfection with constitutively active Racl or treatment with CNF-1 to
gain a detectable GFP signal. In contrast, infected primary human macrophages did not require any
manipulation to allow for visualization of translocated YopE (Figure 9C). Possibly, this is connected to the
previously observed higher percentage of bacteria displaying a pore in macrophages compared to Hela
cells resulting in increased translocation of effector proteins (Nauth et al. 2018).

YopE tagged with split-GFP has been shown to induce a fluorescent signal 40-50 min after infection in live
imaging experiments with Hela cells (Figure 10). However, it provides limited information about the
beginning of YopE translocation as YopE can only be detected when the GFP11 tag and GFP1-10 expressed
in the host cell restore GFP fluorescence and enough signal is generated to pass the detection threshold.
This depends on the speed of translocation, the strain used, the time GFP11 and GFP1-10 take to
complement, the number of GFP molecules necessary for signal detection, the level of infection, and the
amount of GFP1-10 expressed in the host cell.

The higher fluorescence intensity in primary human macrophages infected with pTTSS+YopE-GFP11
compared to the YopE mutant expressing YopE-GFP11 could be explained by the presence of other Yops
which have to be expressed and secreted while the pTTSS only expresses the machinery necessary for
translocation. Besides, YopK, which is known to downregulate overall translocation limiting the possible
fluorescence intensity, is not present in the pTTSS (Aili et al. 2008).

It is likely that YopE is present at very early stages of infection as phagocytosis is a rapid process and can
only be prevented by immediate translocation of anti-phagocytic effector proteins. Accordingly, previous
studies showed the cytotoxic effect of YopE in form of cell rounding 15 min after infection caused by the
inactivation of GTPases involved in the polymerization of actin causing disruption of the cytoskeleton
(Straley and Cibull 1989; Rosqvist et al. 1991; Black and Bliska 2000; Pawel-Rammingen et al. 2000; Aili et
al. 2006). This shows that a considerable amount of YopE would be present at this time point. Other anti-
phagocytic Yops are translocated immediately after cell contact. Specifically, YopH-mediated
dephosphorylation was detected within 30 s after onset of infection and subsequently found at focal
adhesion points in host cells (Andersson et al. 1996; Andersson et al. 1999; Pettersson et al. 1999). In
addition, YopH was detectable in Western blot after only 15 min of infection (Wolters et al. 2013). Using

YopH(1-17) tagged with B-lactamase showed secretion within the first 5 min upon calcium depletion from
63



Discussion

the medium (Milne-Davies et al. 2019). Overall, these studies indicate YopE presence in the host cell
significantly before its detection using GFP complementation.

The kinetics of reassociation of GFP11 and GFP1-10 in vitro are estimated to range between 15-30 min
(Rodrigues and Enninga 2010; Avilov and Aleksandrova 2018). However, in vitro experiments have been
performed at room temperature and experiments in live cells could result in faster self-assembly.
However, no data have been published on the specific kinetics of GFP fluorescence restoration in live cells.
In infection experiments using split-GFP for effector visualization, the time until detection varies greatly.
For instance, the Salmonella effector protein PipB2 labeled with split-GFP induced fluorescence earliest
4 h post infection, while PipB2 was detectable in WB after 2 h post infection (van Engelenburg and Palmer
2010; Young et al. 2017). Split-GFP labeled effectors AvrB and AvrRps4 from Pseudomonas syringae were
detected 3 and 6 hours post infection, respectively, in specific subcellular localizations of Arabidopsis (Park
et al. 2017). An even longer time frame was found for the detection of the effector protein VirE2 in
Agrobacterium tumefaciens. A fluorescent signal was induced 32 h after infiltration into the leaf tissues of
transgenic tobacco (Yang et al. 2017).

GFP detection relies not only on fluorophore restoration but also on the amount of GFP molecules
necessary for visualization. Analyses of protein abundance in Saccharomyces cerevisiae revealed that
1400 GFP molecules per cell allowed reliable detection above cellular autofluorescence using flow
cytometry and confocal live microscopy (Ho et al. 2018), although this number could be lower for proteins
accumulating in a specific location. Nevertheless, the delay of YopE-GFP11 translocation and detection can
be explained by the kinetics of GFP reassociation and the number of GFP molecules necessary for
detection.

The GFP11 labeling of pore proteins YopB and YopD did not result in a detectable fluorescence signal
(Figure 13). Possibly, split-GFP is prevented from complementing with GFP1-10 as it is either not
translocated properly, not correctly inserted into the hosts membrane or sterically inaccessible due to
protein folding or interaction with other proteins. Otherwise, the amount of complemented GFP present
could be insufficient to generate a GFP signal above the background level. For GFP11 inserted into YopD,
lack of GFP detection is likely caused by functional impairment of YopD seen in control experiments (Figure
12). Presumably, no functional pore is formed preventing contact of GFP11 to GFP1-10. As YopB tagging
with GFP11 results in unaffected secretion and translocation of other Yops is comparable to the wild type
under infection conditions (Figure 12), a functional problem seems unlikely in this case. However,
inaccessibility and a signal below detection threshold could be the cause.

In general, a disadvantage of the split-GFP approach is that both pathogen and host require genetic

modification, which limits the application to transfectable cells and poses the danger of interference with
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native function of the cell or the pathogen. Additionally, complemented GFP is not as bright as GFP
requiring more molecules before detection is possible. There are several options to optimize imaging
quality of GFP11 tagged Yops during infection. Firstly, the generation of stable cell lines expressing GFP1-10
might improve the probability to image fluorescent complementation of GFP11 tagged Yops. In addition,
the use of superfolder GFP, which has improved properties since the discovery in Aequorea victoria in
regard to brightness, and the precision and speed in which it folds, could enhance signal detection
(Pédelacq et al. 2006). Another interesting approach has been the use of nanobodies against GFP inducing
conformational changes which increase the fluorescence intensity of the molecule. These enhancer
nanobodies allow the fourfold fluorescent enhancement of split-GFP and even the 1.5-fold increase in
fluorescence of recombinantly purified eGFP (Kirchhofer et al. 2010). The co-expression of anti-GFP
nanobody resulted in a 5-8-fold fluorescent enhancement for split-GFP (Koraichi et al. 2018). However,
this approach requires additional treatment or transfection of cells. Other groups have tested repeated
GFP11 tags to increase signal intensity. These tandem arrangements of 3x, 4x, or 7xGFP11 resulted in
proportional increase in fluorescence tested for the Salmonella effector protein SteA and B-tubulin
(Kamiyama et al. 2016; Young et al. 2017). The latest attempt to increase the speed of self-association and
fluorescence intensity of split-GFP was the use of GFP1-10 pre-maturation (Lundqvist et al. 2019).
Recombinantly expressed GFP1-10 was pre-folded by the interaction with GFP11 coated beads which later
increased fluorescent complementation 150-fold and reduced the amount of GFP1-10 necessary for
detection of fluorescence above the background signal. Despite the impressive increase, this approach
involves an additional elaborate assay and GFP1-10 would have to be added to the medium of the cells
instead of expression in the cell requiring a change of GFP11 insertion site to an extracellular position.
Overall, despite successful application of split-GFP for the visualization of translocated YopE, fluorescent

complementation appears to be unsuitable for detection of translocon formation.

5.3.CRISPR-Cas12a is a highly efficient tool for inserting small DNA fragments into
the virulence plasmid of Yersinia enterocolitica

In our hands, CRISPR-Cas12a assisted recombineering achieved efficient insertion of small DNA sequences
into the virulence plasmid of Y. enterocolitica. The method offers a variety of advantages and prospects
for future research. By combining basic research methods such as PCR and electroporation of bacteria,
which are inexpensive, fast and reliable, a positive result was realized with an efficiency of about 30%. Due
tothe 5’-TTN-3’ PAM of Cas12a insertion sites can be chosen flexibly as many such sequences are available

enabling effortless crRNA design.
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The direct insertion of tags into genes encoded on the pYV in Yersinia allows for physiological regulation
of gene expression. Increased effector protein expression as observed for example using the pACYC184
encoded effectors may result in increased translocation and interfere with Yersinia pathogenicity. A tight
regulation of Yop translocation during infection was shown to be necessary for the inhibition of key innate
defense mechanisms to prevent the detection of bacteria by the host. For example YopK and YopE
downregulate Yop translocation (Aili et al. 2008). A limited amount of YopD in the host cell prevents
inflammasome activation which is induced through YopD hypertranslocation (Brodsky et al. 2010). YopE
and YopT activate the pyrin inflammasome while YopM inactivates pyrin by binding to protein kinase C-
related kinases (PRKs) which induces phosphorylation and inactivation (Chung et al. 2016). Therefore, the
absence or hypertranslocation of a Yop affects other Yops and interferes with overall Yersinia
pathogenicity implicating the importance of a correct level of expression and translocation.

Conventional homologous recombination is an effective way to manipulate bacterial genomes but usually
relies on the insertion of a resistance cassette for selection of recombinants. To cure resistance genes site-
specific recombinases or resolvases can be used although they cause chromosomal scaring (Datsenko and
Wanner 2000; Malaga et al. 2003; Song and Niederweis 2007; Shenkerman et al. 2014). The plasmids used
for CRISPR-Cas12a assisted recombineering encoding Cas12a, lambda red recombinase and the crRNA can
be easily cured from the strains due to their sucrose and heat sensitivity. No additional resistance cassette
must be inserted into pYV as selection is based on the activity of Casl2a cutting the virulence plasmid
which conveys kanamycin resistance preventing growth on kanamycin containing LB plates. However, it is
possible for bacteria to evade this through spontaneous point mutations or partial deletions of the PAM
or protospacer sequence region. This could account for colonies present on LB plates containing
kanamycin but lacking an insert.

The length of homology arms seemed relevant to the level of effective insertion of split-GFP into YopB and
YopD genes on pYV. The insertion using 500 bp homology arms compared to 50 bp homology arms was
five times more successful (Table 2). Although it must be considered that the longer homology arms were
PCR-generated and therefore double stranded while the shorter homology arms were single stranded
which could affect the outcome. For both the ssDNA oligo as well as the dsDNA PCR product 700 ng were
used which results in 1 pmol of 1090 bp dsDNA and about 11 pmol of 190 bp ssDNA. Besides, the shorter
synthesized oligos were probably purer compared to the PCR fragments isolated from agarose gels. These
differences must be taken into account when looking at the efficiency comparison of both DNA fragments.
However, as a larger number of purer DNA was used for the synthesized oligos, this should increase the
insertion efficiency. Possibly, this explains the merely fivefold higher efficiency when using the tenfold

longer homology arms. The effect of longer homology arms was shown in previous studies. For example,
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gene replacements in the chromosome of E. coli were performed using Cas12a and double stranded PCR
products with 45 and 500 bp homology arms (Yan et al. 2017). With the 45 bp homology arms only 0.4%
were positive while 59% with 500 bp homology arms showing homology arm length positively correlates
with successful recombination. The relevance of homology arm length was also shown for Cas9 in
Clostridium cellulolyticum inserting antisense RNA for gene repression (Xu et al. 2017).

As only inserts of a similar size were used in this study (GFP11: 87 bp; ALFA: 84 bp), it is not possible to say
whether insert size affects recombination efficiency as demonstrated in other studies. Insertions in the
chromosome of M. smegmatis were more likely to occur with decreased insert size (Yan et al. 2017). The
same study showed a decreased efficiency with increased deletion size and additionally a relevance of
homology arm length (79 bp homology arms: 418 bp deletion 17.4%, 1000 bp deletion 8.2%; 59 bp
homology arms: 1000 bp deletion 0%). The importance of insert size and homology arm length for
recombination was also shown in eukaryotic cells using Cas9 (Li et al. 2014a). Interestingly, in Y. pestis, E.
coli and M. smegmatis targeting of the lagging strand showed a higher efficiency than targeting of the
leading strand, which moves in the same direction as the helicase during replication (Yan et al. 2017).
Overall, CRISPR Casl12a assisted recombineering is a precise, cost- and time-efficient tool for bacterial
genome editing enabling native expression of tagged proteins but is dependent on insert and homology

arm size.

5.4 Varying effect of tag insertion in different sites on protein function of
translocators YopB and YopD

Tag insertion into proteins always poses a risk as disruption of protein sequence can affect their structure
and function or lead to obstruction of interaction sites. If structural information through analysis of
crystallography data is available and interaction sites with other proteins are clearly defined, these issues
can be avoided through precise selection of insertion sites. In the case of YopB and YopD the information
available is limited to knowledge about N-terminal secretion signals, predicted transmembrane domains,
chaperone and translocator interaction sites, and YopD binding to the tip complex. This information
formed the basis for the selection of insertion sites. For GFP11 insertion into YopD the secretion signal
within the first 10-15 residues was considered as well as amino acids 53-149 essential for SycD binding
(Lunelli et al. 2009). Besides, regions including the transmembrane domain (aa 128-149) and the
amphipathic domain (aa 278-292) were avoided (Mattei et al. 2011; Costa et al. 2010). As only the N-
terminal side of YopD is predicted to face the cytosol when inserted into the host membrane, GFP11 was
inserted after amino acid 50 before the SycD interaction domain. Although expression and secretion of
this construct appeared functional, the pore forming function of YopD seemed impaired. This was evident
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as YopD and YopB antibody staining did not result in spots on the bacterial surface under infection
conditions and less translocation was observed resulting in reduced cytotoxicity (Figure 12 ). As deletion
mutants of sequences adjacent to the selected insert site in YopD in Y. pseudotuberculosis impaired SycD
binding, secretion and translocation, the issues with GFP11 insertion were predictable (Olsson et al. 2004).
However, no better site could be identified based on the present information.

Insertion of the ALFA-tag between amino acids 194 and 195 of YopD was chosen as it is predicted to face
the extracellular milieu when inserted into the plasma membrane of the host and avoided the interaction
sites with LcrV and YopB (Costa et al. 2010; Armentrout and Rietsch 2016). The insertion resulted in an
overall functional protein, acting as the wild type in secretion, translocation and cytotoxicity (Figure 14 ).
This is in accordance with data of Y. pseudotuberculosis YopD deletion mutants indicating the selected
region of limited functional relevance (Olsson et al. 2004). The study demonstrated that deletion of amino
acids 174-198 allowed efficient secretion, translocation and cytotoxicity.

For the insertion of GFP11 into YopB a site between the transmembrane domains (aa 166-188; aa 228-
250) was chosen as it is supposed to face the intracellular milieu when YopB is inserted into the host
membrane (Mattei et al. 2011). GFP11 insertion between amino acids 216 and 217 of YopB allowed normal
secretion, translocation and pore formation (Figure 12 ) indicating that no functional domain was
disrupted at the selected site. This finding was in a way surprising as the high degree of conservation of

this region between different species suggested an important functional role (Mattei et al. 2011).

5.5.The ALFA-tag allows visualization of both intrabacterial YopD as well as YopD as
part of the TTSS pore

Tagging YopD with the artificial epitope tag ALFA in a position which faces the extracellular side of the
translocon allows visualization of the pore during Yersinia infection using fluorescently labeled
nanobodies. The staining pattern strongly resembles the pattern observed when using YopD antibody and
colocalizes with both YopD and YopB antibody when applied to the same sample (Figure 15). Compared
to antibodies it offers the advantage that the nanobody is small enough to enter the prevacuole in fixed
cells. Besides, it enables staining of intrabacterial YopD using only mild permeabilization with 0.1% Triton
X-100 compared to 2% SDS treatment necessary for staining intrabacterial protein with antibodies (Nauth
et al. 2018). The observation that mainly bacteria with a bright intrabacterial YopD pool display pores on
their surface points to the existence of different subpopulations among Yersinia. Either some Yersinia are
programmed to express more YopD resulting in pore formation on their surface or the pore formation and
translocation itself induces a positive feedback loop increasing YopD expression. Why some bacteria
display translocons while others stay inactive remains an intriguing topic for future research.
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Due to its specificity and high affinity the nanobody stain displays little to no background signal even
without washing steps. This enables imaging of live pore formation during infection by adding anti-ALFA
nanobody to the medium. During live imaging the nanobody can enter the prevacuole encompassing
Yersinia, it can stain the pore when it is formed and is subsequently transported into the host cell allowing
visualization of live intracellular pores and their ensuing degradation (Figure 16). This allows the analysis
of pore formation dynamics in combination with fluorescently labeled marker proteins.

In general, the anti-ALFA nanobody stain is highly suited for super resolution microscopy due to its specific
binding and small size (Gotzke et al. 2019). Nanobodies with about 15 kDa are already 10 times smaller
than an antibody and 20-30 times smaller than a primary-secondary antibody complex (Sahl et al. 2017).
With a decreased distance between epitope and label a much higher resolution is reached. Although
multiple polyclonal secondary antibodies increase the signal intensity this impairs resolution as the
fluorophore is displaced from the target. This was shown in comparisons of nanobody and antibody stains
using tightly packed microtubules. When comparing nanobody to a staining of primary and secondary
antibody complex the fluorophore displacement was reduced about 11 times (Ries et al. 2012). When the
nanobody signal was compared to a fluorescently labeled primary antibody the displacement was still 5
times lower (Mikhaylova et al. 2015). If the ALFA tag would be applied for effector proteins, fixed samples
of infected cells would need to be carefully permeabilized as to allow staining of the tag but prevent
intrabacterial stainings. Another option would be to use an anti-ALFA nanobody fused to a fluorophore
expressed in the host cell. The fusion of mScarlet-128 to the ALFA nanobody allowed the visualization of
ALFA-vimentin with limited background signal in COS-7 cells (Gotzke et al. 2019). Another possibility would
be using the ALFA tag for multicolor imaging in combination with another epitope tag. A likely candidate
would be the BC2 or SPOT-tag which has been developed during a search for a beta-catenin nanobody and
has a similar size (12 aa, 1.4 kDa, 3.3 nm) (Traenkle et al. 2015; Braun et al. 2016). Although the anti-BC2
nanobody has been shown to possess a lower affinity compared to the anti-ALFA nanobody, it has proven
to be suitable for super resolution microscopy and single-particle tracking in live Hela cells (Virant et al.
2018). Therefore, the SPOT-tag could be combined with the ALFA-tag to analyze pore formation in
combination with parts of the TTSS machinery or effector proteins during live imaging or super resolution
microscopy. Overall, the ALFA-tag has proven to be highly suitable for visualization of pore formation and

poses a variety of interesting opportunities for future research.

5.6. PI(4,5)P2 presence precedes pore formation

During bacterial uptake a rapid recruitment of PI(4,5)P2 to membranes enclosing the bacteria was

observed by live imaging using PLC61-PH-GFP as a marker. A subset of bacteria in this compartment was
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shown to form translocation pores shortly after accumulation of PI(4,5)P2 (Figure 17). P1(4,5)P2 is known
to accumulate at sites of bacterial uptake due to activation of PIP(5)Ks by Rac and Arf6é (Wong and Isberg
2003). Actin-remodeling proteins are recruited by PI(4,5)P2 facilitating membrane extension and
engulfment of the bacterium (Pollard and Borisy 2003; Ho et al. 2004; Saarikangas et al. 2010). The
hydrolysis of PI(4,5)P2 is a requirement for vacuolar fission and internalization of the bacterium (Botelho
et al. 2000; Sarantis et al. 2012). One important factor likely influencing PI(4,5)P2 accumulation at the
Yersinia containing compartment in our experimental setup is the overexpression of constitutively active
Racl in Hela cells (Figure 17) inducing P1(4,5)P2 synthesis through the recruitment of PIP(5)Kia (Wong and
Isberg 2003). The activity of Racl has been demonstrated to increase the number of bacteria taken up into
the prevacuole and as a result to stimulate pore formation and translocation in Hela cells (Nauth et al.
2018).

Although, PI(4,5)P2 accumulation always precedes pore formation during Yersinia uptake into the host
cell, there is no evidence showing that enrichment of PI(4,5)P2 itself is the trigger for pore formation. This
is illustrated by the finding that a relevant subset of bacteria residing in a PI(4,5)P2 enriched prevacuole
seems not to form translocons. Interestingly, the translocon is often formed by groups of adjacent
bacteria. This finding might point towards an additional stimulus present in only a subset of PI(4,5)P2
enriched compartments triggering pore formation. Thus, the identification of this stimulus should be
investigated in future studies.

Another interesting observation was the repeated disappearance and re-appearance of the PLC61-PH-GFP
signal around the bacteria. This flickering PLC&1-PH-GFP signal has not been described in the literature and
might be related to the onset of effector protein translocation into the host cell, mediating the
antiphagocytic effect of Yersinia. It could well be imagined that manipulation of the actin cytoskeleton
facilitated by the effector proteins YopH, YopE, YopT and YopO might hinder the vacuolar fission and
completion of internalization (Grosdent et al. 2002; Barbieri et al. 2002; Aepfelbacher 2004). On the other
hand overexpression of constitutively active Racl alone could play a role in this phenotype because as
mentioned above active Racl is known to be involved in the recruitment of PIP(5)K. This mechanism might

also counteract the required depletion of PI(4,5)P2 for vacuolar fission.

5.7.Pore formation rapidly induces membrane damage

Live imaging of pore formation and galectin-3 recruitment to Yersinia containing compartments showed
that galectin-3 was only recruited to bacteria displaying a YopD pore signal (Figure 18B). Conversely, not
all bacteria developing a translocon recruited galectin-3 during the covered time span of the live imaging

experiments. Nonetheless, pore formation seems to be a prerequisite for galectin-3 enrichment.
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Interestingly, galectin-3 recruitment was not limited to fully internalized compartments but could also be
detected on putative prevacuoles. This was concluded from the observation that galectin-3 enrichment
was detectable on compartments that stained positive for pores by nanobody in unpermeabilized fixed
samples (Figure 18A), indicating the presence of a conduit to the extracellular space.

Galectin-3 binds B-galactosides which are mainly present on the cell surface or in the lumen of vacuoles
and are accessible only through membrane damage. Recruitment of galectin-3 to membranes disrupted
by intracellular pathogens has previously been observed on Y. pseudotuberculosis containing vacuoles
(Feeley et al. 2017). Additionally, galectin-3 accumulation has been detected on a number of intracellular
pathogen-containing compartments including Shigella and Salmonella possessing TTSS but also on
bacteria using alternative secretion approaches such as the T4SS in Coxiella and Legionella or the Sec
pathway in Listeria (Dupont et al. 2009; Paz et al. 2010; Thurston et al. 2012; Mansilla Pareja et al. 2017;
Feeley et al. 2017). Galectin-3 binding to damaged bacterial vacuoles has been connected to reduction of
bacterial load in infected cells through its recruitment of GBPs inducing autophagy (Baker et al. 2015;
Schmid-Burgk et al. 2015; Riihl and Broz 2015; Feeley et al. 2017).

Hela cells infected with Y. enterocolitica WA-314 YopD-ALFA recruit galectin-3 about 14 minutes after
pores were formed under hypertranslocating conditions (Figure 18B). The presence of constitutively active
Racl results in a higher number of bacteria displaying pores and in an increased level of effector protein
translocation which could affect membrane damage (Nauth et al. 2018). The specific mechanism by which
Yersinia disrupts the membrane structure has not been uncovered so far. Previously shown infection
studies with Y. pseudotuberculosis revealed damage at YopD-containing compartments (Zwack et al.
2017). This could be either due to the insertion of pore proteins into the membrane or indirectly through
a cellular response to pore formation or translocated effector proteins. Studies with Y. pseudotuberculosis
showed that no effector proteins were necessary for galectin-3 recruitment which indicates that the
membrane damage is caused by the translocator proteins alone (Zwack et al. 2017). Although in infection
studies using Yersinia lacking the virulence plasmid, galectin-3 was recruited as well but only very late and
to a rather low degree (Valencia Lopez et al. 2019). Notably, several studies have shown that the needle is
directly connected to the translocon and forms a sealed connection between the bacterium and the host
cell preventing exchange with the extracellular milieu (Hu et al. 2018; Nans et al. 2015). This tight
connection does not appear to allow for galectins to access B-galactosides on the insides of vacuolar
membranes. Nevertheless, pore formation of Yersinia seems to directly or indirectly induce membrane
damage. However, the exact mechanism of how YopB and YopD cause disruption of membrane structures

remains elusive.
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6. Material and methods

6.1.Materials
6.1.1. Devices
Table 3 Devices
Device Manufacturer
Accu-Jet Accu-jet pro, Brand, Wertheim, Germany

Agarose gel electrophoresis
Blotting chamber

Cell counting chamber

Cell incubator

Centrifuges

Clean bench

Developer for X-ray films
Electroporator
Electrophoresis

Film cassette

Freezer

Freezing containers
Incubator shaker
Magnetic stirrer
NanoDrop® ND-1000

pH meter
Photometer
Pipettes

Power supply unit

Refrigerator

Agarose gel chamber: Roth, Karlsruhe; Germany

OWL HEP-1, Thermo Fisher Scientific, Waltham, USA
Neubauer-Zellzahlkammer, Hartenstein, Wiirzburg, Germany
CB Series, Binder, Tuttlingen, Germany

Sorvall RC-5B, Thermo Fisher Scientific, Waltham, USA;
5417R and 5810R, Eppendorf, Hamburg, Germany;

biofuge pico, Heraeus instruments, Hanau, Germany;

Sigma 3-18K, Sigma-Aldrich, St. Louis, Missouri, USA

Sarstedt MC 6 Centrifuge, Niimbrecht, Germany

Strip rotor MC 6 — 0.2 ml, 2 x 8f, Sarstedt, Nimbrecht, Germany
Hera Safe, Thermo Fisher Scientific, Waltham, USA

Curix 60, Agfa, Mortsel, Belgium

Gene Pulser Il electroporator with Puls controller Plus, Biorad
Mini-Protean I, Biorad, Munich, Germany

Hartenstein, Wirzburg, Germany

-80°C: HERA freezer, Heraeus, Kendro Laboratory, Hanau, Germany
-20 °C: comfort, Liebherr-International AG, Bulle, Switzerland
Cryo freezing containers, Nalgene Scientific, Rockford, USA
Certomat BS-1, Sartorius, Gottingen, Germany

RCT-Basic, IKA-Labortechnik, Staufen, Germany

Peqlab, Erlangen, Germany

Seven easy, Mettler-Toledo, Giessen, Germany

Ultrospec 3000 pro, Amersham/GE Healtcare Europe, Munich, Germany
2,10, 100, 200, 1000 pl, Research Plus, Eppendorf, Hamburg, Germany
Power Pac 2000, BioRad, Munich, Germany

4-8°C, Liebherr Premium, Liebherr-International AG, Bulle, Switzerland
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SDS-PAGE electrophoresis
cell

Scanner

Sonifier
Thermocycler
Thermoblock
Transilluminator

UV-Transilluminator and
Detector

Vortex
Water bath
Weighing scales

SDS-PAGE: Mini-Protean Il Biorad, Munich, Germany

CanoScan 4400F, Canon, Amsterdam, Niederlande

Digital Sonifier 250-D, Branson, Danbury, USA

Thermocycler peqStar, Peglab, Erlangen, Germany

DRI-Block DB3 Techne, Bibby Scientific Limited, Staffordshire, UK
Vilber Lourmat, ETX, Eberhardzell, Germany

ChemiDoc XRS, Biorad, Hercules, Californien, USA

REAX Topo, Heidolph Instruments, Schwabach, Germany
GFL Typ 1013, GFL, Burgwedel, Germany

440-47N, Kern, Balingen-Frommern, Germany

6.1.2. Microscopes

Table 4 Technical data for the Laser-Scanning-microscope (Leica TCS SP8 X)

Laser-Scanning microscope

Product, manufacturer

Microscope
Objectives
Detectors

Laser lines (nm)

Filters for fluorescence

UV-lamp
Halogen lamp
Further features

Software

Leica DMI8, Leica, Wetzlar, Germany
63x HC PL APO Oil CS2; NA: 1.40; WD (mm): 0.14
2x HyD, 2x PMT, 1x Trans-PMT

White light laser, pulsed (WLL): 470-670; Diode: 405; Multi-Ar: 458 /
476 / 488 / 496 / 514; DPSS: 561; HeNe: 594 / 633

Filtersystem (em.-color, dye): excitation | beamsplitter | emission

L5 ET (green; AF488, GFP):
BP 480/40 | FP 505 | em. BP 527/30

A (blue; DAPI):
BP 340-380 | FP | LP 425

| 3 (green; AF488, GFP):
BP 450-490 | FP | LP 515

N 2.1 (red; AF568, mCherry):
BP 515-560 | FP | LP 590

EL 6000 120W (LQHXP 120 LEJ)
100w, 12V
Piezo Focus drive: SuperZ Galvo type H

Leica LAS X SP8
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Table 5 Technical data for the spinning disk microscope (Visitron SD-TIRF)

Laser-Scanning microscope

Product, manufacturer

Microscope

Objectives

Cameras

Laser lines (nm)

Spinning Disk unit

Emission filters spinning disk (for
laser-related fluorescence)

Dichroic in spinning disk unit

Dichroic for dual camera mode

Fluorescence filters in microscope
stand

UV-lamp

Transmitted light lamp
Incubation unit

Piezo focus drive
Motorized XY stage
Auto-focus

Actively damped optical table

Nikon Eclipse TiE, Nikon, Tokio, Japan

60x Apo TIRF (corr.) Oil

NA: 1.49

WD (mm): 0.13 (CS: 0.10-0.22 @ 23 or 37 °C)

2x evolve-EM 512 (back-illuminated EM-CCD, 16um pixel-size)
Solid-state: 405 / 445 / 488 / 515 / 561 / 640
Yokogawa CSU W-1 in dual-camera configuration
Camera 1:

DAPI, ET460 (W50)

CFP ET470 (W24)

GFP, ET525 (W50)

Camera 2:

YFP ET535 (W30)

mCherry, ET609 (W54)

CY5 ET700 (W75)

405/488/561/640 (used with the respective channels)
445/515/640 (used for 445, 515 and 640 channels)
561LP

514LP

Filtersystem (em.-color, dye): excitation | beamsplitter |
emission

DAPI (blue; DAPI):
BP 325-375 | DM 400 | BP 435-485

GFP (green; AF488, GFP):
BP 450-490 | DM 495 | BP 500-550

TxRed (red; AF568, mCherry):
BP 540-580 | DM 585 | BP 593-668

SOLA-SM Light Engines, white light LED, 380-680nm
precisExcite, High-Power 525nm LED

okolab bold line

Ludl NanoPrecision PiezoZ, 350um travel range
Ludl BioPrecision2

Nikon PerfectFocus system

Newport
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Software

VisiView (Visitron Systems, Puchheim, Germany)

6.1.3. Disposables

Table 6 Disposables

Item

Company

Bottle-top sterile filter units

Cell culture dishes
Coverslips
Cryo tubes

Dialysis cassettes

Disposable inoculation loop
Disposable syringes

Electroporation cuvettes with
1 mm Electrode gap

Glass Pasteur pipettes
Glutathione Sepharose 4B
Multi-well-plates

Object slides

Parafilm

Pipette tips

Polypropylen columns

Precision coverslips

PVDF-membrane

Reaction tubes

Scalpel

Serologic pipettes
Syringe filters
Whatman paper
X-ray film

Steritop Filter Units 0.22 um, Merck Millipore, Darmstadt,
Germany

100 mm, Sarstedt, Niimbrecht, Germany
Round, 12 mm diameter, No 1, Hartenstein, Wiirzburg, Germany
1.6 ml, Sarstedt, Nimbrecht, Germany

Slide-A-Lyzer G2 Dialysis Cassettes, Thermo Fisher Scientific,
Waltham, USA

10 pl, Sarstedt, Nimbrecht, Germany
Sterile, 2 ml, 5 ml, 10 ml, 20 ml, B. Braun, Melsungen, Germany

PeglLab Biotechnologie GmbH; Erlangen, Germany

230 mm, Heinz Herenz Medizinalbedarf, Hamburg, Germany
GE Healthcare, Uppsala, Sweden

6-/24-Well, Sarstedt, Nimbrecht, Germany

76x26 mm, Karl Hecht, Sondheim, Germany

M Bemis, Pechiney Plastic Packaging, Neenah, USA

Sterile filter tips, Biosphere 10, 200, 1000 pl, Sarstedt,
Nimbrecht, Germany

5 ml, Qiagen, Hilden, Germany

Round, 12 mm diameter, No 1.5, with precision thickness,
Hartenstein, Wiirzburg, Germany

Immobilion-P, 0.45 um pore size, Millipore, Billerica, USA
Sterile 15 ml/50 ml, Sarstedt, Nimbrecht, Germany

0.2 ml, Biozym Scientific, Hessisch Odendorf, Germany

0.5 ml; 1.5 ml; 2 ml, Sarstedt, Nimbrecht, Germany

Sterile, B. Braun, Melsungen, Germany

Sterile 2, 5, 10, 25 ml, Sarstedt, Nimbrecht, Germany

SFCA 0.2 um, Thermo Scientific/Nalgene, Rockford, Illinois, USA
190 g/m?, BioRad, Munich, Germany

Super RX, Fuji Medical X-ray films, Fujiflm, Tokyo, Japan
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Table 7 Kits, enzymes, reagents

Kits, enzymes, reagents

Manufacturer

16% paraformaldehyde

Accutase, Enzyme Cell Detachment Medium
ALFA Selector ST slurry

BioRad Protein Assay

CD 14 Microbeads, human

Complete Protease Inhibitor

Digitonin

dNTPs 10 mM Mix

EZ-Link Sulfo-NHS-SS-Biotin

FastDigest® restriction enzymes
GoTag® G2 polymerase

Isopropyl B-D-1-thiogalactopyranoside (IPTG)
NucleoBond® Xtra Maxi EF

NucleoSpin® Gel and PCR Clean-up
Neon transfection system

Opti-MEM™ | Reduced Serum Medium
PageRuler Prestained Protein Ladder
Phenylmethylsulfonylfluid (PMSF)
Phusion™ high-fidelity DNA polymerase
Phosphate buffered saline

Plasmid miniprep kit | (C-Line)

ProLong Diamond

Proteinase K

Rapid DNA Ligation Kit

SuperSignal West Femto/ Pico detection
Trypsin 0.05%, 0.53 mM EDTA

Trypsin 0.05%, 0.53 mM EDTA x 4Na with
phenol red

TurboFect Transfection Reagent

Electron Microscopy Science, Hatfield, USA
eBioscience, San Diego,Califiornia, USA
NanoTag Biotechnologies, Gottingen, Germany
BioRad, Munich, Germany

MACS, Milteny Biotec GmbH, Bergisch Gladbach,
Germany

Sigma-Aldrich, St. Louis, USA

Sigma-Aldrich, St. Louis, USA

Invitrogen, Life Technologies, Carlsbad, USA
Thermo Fisher Scientific, Waltham, USA
Fermentas, St. Leon-Rot, Germany
Promega, Madison, Wisconsin, USA
Sigma-Aldrich, St. Louis, USA
Macherey-Nagel, Diiren, Germany
Macherey-Nagel, Diiren, Germany
Invitrogen, Life Technologies, Carlsbad, USA
Gibco, Carlsbad, Californien, USA

Thermo Fisher Scientific, Waltham, USA
Roth, Karlsruhe, Germany

Thermo Fisher Scientific, Waltham, USA
Sigma-Aldrich, St. Louis, Missouri, USA
Peglab, Erlangen, Germany

Thermo Fisher Scientific, Waltham, USA
Roche, Mannheim, Germany

Thermo Fisher Scientific, Waltham, USA
Thermo Fisher Scientific, Waltham, USA
Invitrogen, Life Technologies, Carlsbad, USA
Invitrogen, Life Technologies, Carlsbad, USA

Thermo Fisher Scientific, Waltham, USA
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6.1.4. Buffers and reagents
Chemicals were obtained from Amersham/GE Healthcare, Munich (Germany), BD Biosciences, Heidelberg
(Germany), Biozyme, Oldendorf (Germany), Dianova, Hamburg (Germany), Fermentas, St. Leon-Rot

(Germany), Invitrogen/Life Technologies, Carlsbad (USA), Merck, Darmstadt (Germany), PAA, Pasching

(Austria), PromoCell, Heidelberg (Germany), Roche, Mannheim (Germany), Roth, Karlsruhe (Germany) and

Sigma-Aldrich, St. Louis (USA). Buffers were autoclaved for 20 min at 121 °C and 1.4 bar or sterile filtered.

Table 8 Buffer composition

Buffers

Concentration

Components

Permeabilization buffer for
immunofluorescence

Digitonin-lysis-buffer

0.1% (v/v)

0.5 % (w/V)

Triton X-100

Digitonin in 1xPBS

Elution buffer 30 mM Glutathione
50 mM Tris pH 8.8
PBS (10x) 137 mM NaCl
2.7 mM KCINa,
144g HPO,
2.3 mM KH2PO4
SDS-PAGE/Western Blot
4x Lammli (sample buffer for SDS-PAGE) 240 mM Tris pH 6.8
8% (w/v) SDS
40% (w/v) Glycerol
5% (v/v) B-mercaptoethanol
0.04% (w/v) Bromphenol blue
Resolving buffer 1.5M Tris-HCI pH 8.8
0.1% (w/v) SDS
Stacking buffer 0.5M Tris-HCl pH 6.8
0.1% (w/v) SDS
SDS-PAGE running buffer 25 mM Tris
190 mM Glycine
0.1% (w/v) SDS
Transfer buffer 150 mM Tris
25 mM Glycine
20% (v/v) Methanol
TBS-T 1x TBS
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Coomassie staining solution

Coomassie destain solution

Electrophoresis

TAE(50x) pH 7.4

0.1% (v/v)
0.1% (w/v)
25% (w/v)
10% (w/v)

25% (w/v)

10% (w/v)

40 mM
10 mM

Tween20

Coomassie Brilliant Blue R-250
Methanol

Acetic acid

ddH,0

Methanol

Acetic acid

ddH,0

Tris-Acetate pH 8.3
EDTA
ddH,0

6.1.5. Antibodies

The antibodies used for immunofluorescence staining were diluted in 3% BSA (bovine serum albumin in

1xPBS). The antibodies used for Western Blot were diluted in 5% milk powder in TBS-T. The anti-YopE, anti-

YopH and anti-YopM rabbit polyclonal sera were a gift from Jirgen Heesemann (Max von Pettenkofer-

Institute, Miinchen, Germany) (Heesemann and Laufs 1983; Jacobi et al. 1998).

Table 9 Primary antibodies

Antigen Species Dilution Dilution Origin
IF WB
Actin (monoclonal) Mouse - 1:10000 Millipore, Schwalbach, Germany
Calnexin (polyclonal) Rabbit - 1:2000 Enzo, Lorrach, Germany
Myc-tag Rabbit 1:200 1:1000 Cell Signaling, Cambridge, UK
Y. enterocoliticaO:8 Rabbit 1:50 - Sifin, Berlin, Germany
YopH Rabbit - 1:5000 Serum
YopB (1-168) Rabbit 1:50 1:1000 Serum
YopB (1-168) Rat 1:50 1:1000 Serum
YopD (150-287) Rabbit 1:50 1:1000 Serum
YopE (polyclonal) Rabbit - 1:1000 Serum
YopH (polyclonal) Rabbit - 1:1000 Serum
YopM (polyclonal) Rabbit - 1:1000 Serum
anti-HA (monoclonal) Rat - 1:1000 Santa Cruz, Dallas, Texas, USA
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Table 10 Secondary antibodies

Secondary antibody Dilution in 3% BSA Manufacturer
AlexaFluor-488 chicken anti-rabbit IgG 1:200 Invitrogen
AlexaFluor-488 goat anti-rat IgG 1:200 Invitrogen
AlexaFluor-568 goat anti-rabbit I1gG 1:200 Invitrogen
AlexaFluor-568 goat anti-rat IgG 1:200 Invitrogen
AlexaFluor-568 donkey anti-mouse IgG 1:200 Invitrogen
AlexaFluor-594 chicken anti-rat IgG 1:200 Invitrogen
AlexaFluor-647 goat anti-rabbit 1:200 Invitrogen
Abberior donkey anti-rabbit Star580 1:200 Abberior
Abberior goat anti-rabbit IgG Star635P 1:200 Abberior
Abberior goat anti-rabbit IgG Star 1:200 Abberior
Abberior goat anti-rat IgG Star 1:200 Abberior
rabbit anti-Biotin 1gG 1:10 000 Rockland

Western Blot: HRP-conjugated secondary antibodies

sheep anti-mouse IgG 1: 50 000 GE Healthcare
donkey anti-rabbit IgG 1: 50 000 GE Healthcare
goat anti-rat I1gG 1: 50 000 GE Healthcare

6.1.6. Nanobodies, dyes and labeling substrates

Table 11 Nanobodies, dyes and labeling substrates

Name Target Fluorophore Dilution IF  Origin

Labeling substrates

HaloTag TMR Ligand  Halo-tag  Tetramethylrhodamine 1:500 Promega, Madison,
Wisconsin, USA
SNAP-Cell TMR-Star ~ SNAP-tag  Tetramethylrhodamine 1:500 New England Biolabs,
Massachusetts, USA
CLIP-Cell TMR-Star CLIP-tag Tetramethylrhodamine 1:500 New England Biolabs,
Massachusetts, USA
Nanobody
FluoTag-X2 anti-ALFA ALFA-tag  Abberior® Star 580, 1:500 NanoTag Biotechnologies,
635P Gottingen, Germany
Dyes
Phalloidin F-Actin AlexaFluor-488, 568, 1:200 Invitrogen, Carlsbad, USA
647
300 nM DAPI DNA 405 1:5000 Invitrogen, Carlsbad, USA
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6.1.7. Growth media and additives

Media were sterilized by autoclaving for 20 min, 121°C, and 1.4 bar. Supplements, which could not be
autoclaved, were sterile filtered.

Table 12 Growth media for the cultivation of Y. enterocolitica

Medium Concentration Component
LB (Luria-Bertani)-Medium, pH 7.5 10 g/ Tryptone
(Roth, Karlsruhe, Germany) 5g/l Yeast extract
10 g/l NacCl
LB (Luria-Bertani)-Agar, pH 7.0 10 g/l Tryptone
(Roth, Karlsruhe, Germany) 5g/l Yeast extract
10 g/l NacCl
15 g/l Agar

Table 13 Antibiotics and additives for the cultivation and selection of Y. enterocolitica

Antibiotic Dissolved in  Final concentration Manufacturer

Nalidixic acid 1 M NaOH 100 pg/ml Sigma-Aldrich, St. Louis, USA
Kanamycin ddH,0 50 pg/ml Sigma-Aldrich, St. Louis, USA
Spectinomycin ddH,0 50 pg/ml Sigma-Aldrich, St. Louis, USA
Chloramphenicol 10% EtOH 20 pg/mi Roth, Karlsruhe, Germany

Table 14 Growth media for the cultivation of eukaryotic cells

Medium Concentration Component Manufacturer
Dulbeco’s Modified Eagle Medium Gibco, Carlsbad,
(DMEM) California, USA
10% (v/v) Fetal calf serum Gibco, Carlsbad,
California, USA
RPMI Medium 1640 Gibco, Carlsbad,
California, USA
20% (v/v) Autologous serum
1% (v/v) Penicillin/Streptomycin  Gibco, Carlsbad,

California, USA
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6.1.8. Plasmids

Table 15 Expression plasmids

Plasmid

Vector

Origin

myc-RaclQ61L

pYopE/SycE
pYopM-Halo

pYopM-CLIP

pYopM-SNAP

pYopH-Halo
pYopH-CLIP
pYopH-SNAP
pYopE-Halo
pYopE-CLIP
PYOPE-SNAP
pMax-GFP1-10-
IRES-NLS-mTagBFP2

SteAprom_SteA
GFP11_R3_ACYC177
MRFP-GFP11-Rab5
pYopE-GFP11
pKD46-Casl2a_Kan

pKD46-Casl2a_Amp

pKD46-Casl2a_Spt

pRK5-myc, constitutively
active Racl

pACYC184; CmR®
pACYC184; CmR®

pACYC184; CmR®

pACYC184; CmR®

pACYC184; Cm®

pACYC184; Cm®

pACYC184; CmR®

pACYC184; CmR®

pACYC184; CmF

pACYC184; Cm®

blue nuclear marker (NLS-mTagBFP2)
inserted downstream of GFP1-10;

separated by internal ribosomal entry
site (IRES)

SteA promotor and steA gene tagged
with GFP11 on pACYC177 (AmpF)

mRFP-N1; Kan®
pACYC184; CmR

temperature-sensitive replicon;
encoding for the recombination genes
gam, bet, and exo, as well as Cas12a;
curation by incubation at 42°C (Kan®)

temperature-sensitive replicon;
encoding for the recombination genes
gam, bet, and exo, as well as Cas12a;
curation by incubation at 42°C (AmpF)

temperature-sensitive replicon;
encoding for the recombination genes
gam, bet, and exo, as well as Cas12a;
curation by incubation at 42°C (Sptf)

Pontus Aspenstrom, Uppsala,
Sweden (Aspenstrom et al. 2004)
(Trulzsch et al. 2003)

Michael Hensel, Osnabriick, Germany
(Goser et al. 2019)

Michael Hensel, Osnabriick, Germany
(Goser et al. 2019)

Michael Hensel, Osnabriick, Germany
(Goser et al. 2019)

Michael Hensel, Osnabriick, Germany
Michael Hensel, Osnabriick, Germany
Michael Hensel, Osnabriick, Germany
This study
This study
This study

Amy Palmer, Denver, USA (Young et
al. 2017)

Amy Palmer, Denver, USA (Young et
al. 2017)

This study
This study

Yi-Cheng Sun, Beijing, China (Zhao
and Sun 2018)

Yi-Cheng Sun, Beijing, China (Zhao
and Sun 2018)

This study
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pAC-crRNA_Kan

pAC-crRNA_Cm

pEGFP-galectin-3

PLC61-PH-GFP

Encoding pre-crRNA cassettes, the sacB
gene (sucrose sensitivity) and the gfp
gene as a selection marker (flanked by
Bpml and Bsal restriction enzyme sites)
Encoding pre-crRNA cassettes, the sacB
gene (sucrose sensitivity) and the gfp
gene as a selection marker (flanked by
Bpml and Bsal restriction enzyme sites)

pEGFP-C1; Kanf

pPEGFP-N1, plasma membrane marker,
PI1(4,5)P2 indicator; Kan®

Yi-Cheng Sun, Beijing, China (Zhao
and Sun 2018)

Yi-Cheng Sun, Beijing, China (Zhao
and Sun 2018)

Addgene #73080 (Maejima et al.
2013)

Tamas Balla, National Institutes of
Health, Bethesda, USA (Balla and
Varnai 2009)

GST-CNF-1 CNF-1 cloned into the bacterial (Essler et al. 2003)
expression vector pGEX-4T-1 at the C-
terminus of GST; AmpF
6.1.9. Primer

Table 16 Primer and sequences

Name Sequence 5’-3’
pYopE-Halo
YopE fwd TTGACAGCTTATCATCGATATGATATTGCTGGCACCAC

CCGCAGAGCCCATCAATGACAGTAATTGATGC

YopE rev (+Halo overlap)
Halo fwd (+YopE overlap)
Halo rev

pYopE-SNAP

pACYC184-YopE/SycE fwd
(+Smal)

pACYC184-YopE/SycE rev
(+Hindlll)

SNAP fwd (+Hindlll)
SNAP rev (+Smal)
pYopE-CLIP

CLIP fwd (+HindIll)
CLIP rev (+Smal)

pYopE-GFP11
GFP11 fwd (+Hindlll)

GTCATTGATGGGCTCTGCGGCGTCTGCG
GTGATAAACTACCGCATTAATTAAGCGTAGTCTGGGACGTCGTATGG

GTTAGACCCGGGTTAATGCGGTAGTTTATC

AGAGCCAAGCTTCATCAATGACAGTAATTG

TTGATGAAGCTTGGCTCTGCGGCGTCTGCG
CATTAACCCGGGTCTAACCCAGCCCAGGCT

TTGATGAAGCTTGGCTCTGCGGCGTCTGCG
CATTAACCCGGGTTAAGCGTAGTCTGGGAC

TCAGATAAGCTTGGGAGTAGTGGTGGTAGT
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GFP11 rev (+Smal)

MRFP-GFP11-Rab5
GFP11 Rab5 oligo fwd

GFP11 Rab5 oligo rev

pKD46-Cas12a-Spt
Cas12a-Spt® fwd

Cas12a-Sptf rev

crRNA oligos

YopD-crRNA oligo fwd
YopD-crRNA oligo rev
YopB-crRNA oligo fwd
YopB-crRNA oligo rev
YopD-Xcell-crRNA oligo fwd
YopD-Xcell-crRNA oligo rev

HDR primers
YopD-HDR primers
YopD HomA fwd
YopD-GFP11 HomA rev

YopD-GFP11 HomB fwd

YopD HomB rev
YopD-GFP11 50 bp HDR

YopB-HDR primers
YopB HomA fwd

AATTCGCCCGGGTCATGTAATCCCAGCAGCATT

TCAGATCTCGAGGGGAGTAGTGGTGGTAGTAGCGGGCGTGACCACATGG
TCCTTCATGAGTATGTAAATGCTGCTGGGATTACAGGTGGCGGCAAATTC
AAGCTTCGAATT

AATTCGAAGCTTGAATTTGCCGCCACCTGTAATCCCAGCAGCATTTACATA
CTCATGAAGGACCATGTGGTCACGCCCGCTACTACCACCACTACTCCCCTC
GAGATCTGA

TTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTG
AAGCTTTATGCTTGTAAACCGTTTT

TACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCG
GGCGTCGGCTTGAACGAATT

TAGATTGACCGAGATAAGCTTGCCTCGCTA
AGACTAGCGAGGCAAGCTTATCTCGGTCAA
TAGATCCTCTTGGGATATCAGGCCATCTTC
AGACGAAGATGGCCTGATATCCCAAGAGGA
TAGATCATATTCTCCCGATATCCTC
AGACGAGGATATCGGGAGAATATGA

AATTCTTTATCCAATAATGCC

CATATGGTACTGCATGAATATGTGAACGCGGCGGGCATTACCGGTGGCG
GCAAATTCAGCTTATCTCGGTCACAGGTGCC

CACATATTCATGCAGTACCATATGATCACGTCCGCTACTACCACCACTACT
TCCTGCCTCGCTACTCTTTATTGCTT

CGGTGACTAAATTAGGGGGCA

ATTCCCTGACTCGGTTTGATCAATTCAGGCACCTGTGACCGAGATAAGCT
GAATTTGCCGCCACCGGTAATGCCCGCCGCGTTCACATATTCATGCAGTAC
CATATGATCACGTCCGCTACTACCACCACTACTTCCTGCCTCGCTACTCTTT
ATTGCTTGTGCTTCATGACGGGTGTCTTCTGTTT

TACAGCTCCCTGCACCACTAG
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YopB-GFP11 HomA rev

YopB-GFP11 HomB fwd

YopB HomB rev
YopB-GFP11 50bp HDR

YopB-ALFA HDR primers
YopB-ALFA HomA rev

YopB-ALFA HomB fwd

YopD-Xcell HDR primers
YopD-Xcell HomA fwd

YopD-Xcell-ALFA HomA rev

YopD-Xcell-ALFA HomB fwd

YopD-Xcell HomB rev

GTTCACATATTCATGCAGTACCATATGATCACGTCCGCTACTACCACCACT
ACTTCCCAGGCCATCTTCCGCCGCTTGTT

ATGGTACTGCATGAATATGTGAACGCGGCGGGCATTACCGGTGGCGGCA
AATTCATATCCCAAGAGGCAATGCA

ATCTGGAAAATCAGTTCCATC

TCAATCGCAGTGAGTATCGGCCCTAATACTTGCATTGCCTCTTGGGATATG
AATTTGCCGCCACCGGTAATGCCCGCCGCGTTCACATATTCATGCAGTACC
ATATGATCACGTCCGCTACTACCACCACTACTTCCCAGGCCATCTTCCGCC
GCTTGTTTCACAGCCATATTCGCCATCCCAATTA

CGTTTGGAAGAGGAACTGAGACGCCGCTTAACTGAACCAGGCGGAGGTG
GATCTATATCCCAAGAGGCAATGCA

GCGTCTCAGTTCCTCTTCCAAACGGCTCGGGCCACCAGACCCGCCCGAAC
CACCCAGGCCATCTTCCGCCGCTTGTT

TATTATCCTAACTTATTATTTTTAATTTAATAATAAAAGCCCTGGATTACCA
TTAGTTAA

TTGGAAGAGGAACTGAGACGCCGCTTAACTGAACCAGGCGGAGGTGGAT
CTATCGGGAGAATATGGAAACCAGA

GCGGCGTCTCAGTTCCTCTTCCAAACGGCTCGGGCCACCAGACCCGCCCG
AACCACCATCCTCTCTGCTTACCGCTTTAT

AAAGCGGTGAGGTTAAAAAAA

Colony PCR primers binding close to the insert site

YopD fwd
YopD rev
YopB fwd
YopB rev
YopD-Xcell fwd
YopD-Xcell rev

CTGGCTTTTACTCAGTAATGC
ATCACTACAGAGACAGTCGGG
CTACAGTCAATGCGACTTCAA
AATGATGATTGCCTCAGGCGT
TGGCTTTTGAGTCGGTCA
ATATTGCTGGCCGCGATC

Sequencing primers binding outside the homology arms

YopD fwd
YopD rev
YopB fwd
YopB rev

CGTTGCGGCATTAAACGCATT
GTTGCCCAAATTTCGACAGGC
GGGGTCTGCCGGCCAAATTAT
AGACCCAACAAGTCGCGGGAG
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YopD-Xcell fwd
YopD-Xcell rev

crRNA sequencing primer

CAACAACCGGTAACTGTC
CAGCCCAATTATCACGAC

TGTTTGACAGCTTATCATCGA

6.1.10. Yersinia strains and eukaryotic cells

Table 17 Yersinia enterocolitica strains

Strain Features Reference
WA-314 Wild type strain carrying the virulence (Heesemann and
plasmid pYV; serogroup 08; kanamycin Laufs 1983;
resistance cassette (KanF) Oellerich et al.
2007)
WA-C pYV-cured derivative of WA-314 (Heesemann and
Laufs 1983)
WA-C(pTTSS) WA-C harboring pTTSS encoding the TTSS (Heesemann and

WA-314AYopE

WA-314AYopH

WA-314AYopM

WA-314AYopE(pYopE)

WA-314AYopH(pYopH)

WA-314AYopM(pYopM)

WA-C(pTTSS+pYopE)

secretion/translocation apparatus of WA-
314 but no Yop effector genes; Spt®

WA-C harboring pYVAyopE; Kan®

WA-C harboring pYVAyopH; Kan®

WA-C harboring pYVAyopM; Kan®

WA-C harboring pYVAyopE; Kan®;
complemented with YopE in pACYC184;
CMR

WA-C harboring pYVAyopH; KanF;
complemented with YopH in pACYC184;
CMR

WA-C harboring pYVAyopM,; Kan®;
complemented with YopM in pACYC184;
CMR

WA-C harboring pTTSS; Spt";
complemented with YopE in pACYC184;
CMR

Laufs 1983;
Trilzsch et al.
2003)

(Trilzsch et al.
2004)

(Wiedmaier et al.
2008)

(Trilzsch et al.
2004)

This study

(Trilzsch et al.
2004)

(Trilzsch et al.
2004)

(Trilzsch et al.
2003)
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WA-C(pTTSS+pYopH)

WA-C(pTTSS+pYopM)

WA-314AYopE(pYopE-Halo)

WA-314AYopE(pYopE-CLIP)

WA-314AYopE(pYopE-SNAP)

WA-314AYopE(pYopE-GFP11)

WA-314AYopH(pYopH-Halo)

WA-314AYopH(pYopH-CLIP)

WA-314AYopH(pYopH-SNAP)

WA-314AYopM(pYopM-Halo)

WA-314AYopM(pYopM-CLIP)

WA-314AYopM(pYopM-SNAP)

WA-C(pTTSS+pYopE-Halo)

WA-C harboring pTTSS; SptF;
complemented with YopH in pACYC184;
CMR

WA-C harboring pTTSS; SptF;
complemented with YopM in pACYC184;
CMR

WA-C harboring pYVAyopE; Kan¥;
complemented with YopE-Halo-HA in
pACYC184; CMR

WA-C harboring pYVAyopE; Kan®;
complemented with YopE-CLIP-HA in
pACYC184; CMR

WA-C harboring pYVAyopE; KanF;
complemented with YopE-SNAP in
pACYC184; CMR

WA-C harboring pYVAyopE; Kan®;
complemented with YopE-GFP11 in
pACYC184; CMR

WA-C harboring pYVAyopH; Kan®;
complemented with YopH-Halo-HA in
pACYC184; CMR

WA-C harboring pYVAyopH; KanF;
complemented with YopH-CLIP-HA in
pACYC184; CMR

WA-C harboring pYVAyopH; Kan®;
complemented with YopH-SNAP-HA in
pACYC184; CMR

WA-C harboring pYVAyopM,; Kan®;
complemented with YopM-Halo-HA in
pACYC184; CMR

WA-C harboring pYVAyopM,; Kan®;
complemented with YopM-CLIP-HA in
pACYC184; CMF

WA-C harboring pYVAyopM,; Kan®;
complemented with YopM-SNAP-HA in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopE-Halo-HA in
pACYC184; CMR

(Trilzsch et al.
2003)

(Triilzsch et al.

2003)

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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WA-C(pTTSS+pYopE-CLIP)

WA-C(pTTSS+pYopE-SNAP)

WA-C(pTTSS+pYopE-GFP11)

WA-C(pTTSS+pYopH-Halo)

WA-C(pTTSS+pYopH-CLIP)

WA-C(pTTSS+pYopH-SNAP)

WA-C(pTTSS+pYopM-Halo)

WA-C(pTTSS+pYopM-CLIP)

WA-C(pTTSS+pYopM-SNAP)

WA-C(pTTSS YopD-GFP11)

WA-C(pTTSS YopB-GFP11)

WA-314 YopD-GFP11

WA-314 YopB-GFP11

WA-C harboring pTTSS; SptF;
complemented with YopE-CLIP-HA in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopE-SNAP in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopE-GFP11 in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopH-Halo-HA in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopH-CLIP-HA in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopH-SNAP-HA in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopM-Halo-HA in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopM-CLIP-HA in
pACYC184; CMR

WA-C harboring pTTSS; SptF;
complemented with YopM-SNAP-HA in
pACYC184; CMR

WA-C harboring pTTSS; Spt®; with GFP11
inserted between amino acid 50-51
WA-C harboring pTTSS; Spt®; with GFP11

inserted between amino acid 216-217

Wild type strain carrying the virulence
plasmid pYV (Kan®) with GFP11 inserted
between amino acid 50-51

Wild type strain carrying the virulence
plasmid pYV (Kan®) with GFP11 inserted
between amino acid 216-217

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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WA-314 YopD-ALFA Wild type strain carrying the virulence This study
plasmid pYV (Kan®) with ALFA inserted
between amino acid 194-195

Table 18 Eukaryotic cells

Name Features Origin

Hela human cervical carcinoma cell line ACC# 57, DSMZ-Deutsche Sammlung
von Mikroorganismen und Zellkulturen
GmbH, Braunschweig, Germany

Primary human Isolated peripheral blood Weekly isolation from buffy-coats

macrophages monocytes, differentiated to supplied by Frank Bentzien, Institut fiir

macrophages through addition of
growth factors within 6-8 days

Transfusionsmedizin,
Universitatklinikum Hamburg-
Eppendorf, Hamburg, Germany

6.1.11. Data processing

Table 19 Software

Software Manufacturer

Fijiversion 1.51n/Image) Bethesda, USA

88



Material and methods

6.2.Methods
All experiments performed in this study were done in safety level 2 (S2) laboratories.

6.2.1. Microbiological methods

6.2.1.1. Cultivation and strain maintenance of Yersinia enterocolitica

The Yersinia enterocolitica strains used in this study were cultivated from frozen stocks at 27°C for 24-48
hours on Luria Bertani (LB) plates containing the specific antibiotics and could be stored at 4°C for up to 4
weeks. Liquid bacteria culture in the exponential growth phase was mixed in equal proportions with 40%
glycerolin LB medium and frozen at -80°C for long term storage. For experiments, bacteria were inoculated
from either LB plates in 3 ml LB medium in test tubes with suitable antibiotics added and were grown

overnight at 27°C in a shaker incubator.

6.2.1.2. Released protein assay

The released protein assay is used to analyze Yop secretion to the culture medium, which is induced by
depletion of calcium. This is achieved by adding EGTA to the medium which chelates calcium inducing the
low-calcium response in Yersinia. Yersinia overnight cultures were diluted 1:20 in 40 ml LB medium and
placed at 37°C for 1.5 h. The ODgoo Was measured before addition of 15 nM MgCl, 5 nM EGTA und 0.2%
glucose. A further 3 hincubation at 37°C allowed secretion of proteins to the medium which was separated
from the bacteria by centrifugation (10 min, 5000 x g, 4°C). For fluorescence staining of bacteria under
secretion conditions the bacterial pellet was resuspended in ice-cold 1xPBS and some drops placed on a
coverslip. The droplets were incubated at room temperature for 10 min before removing the liquid and
fixing the sample with 4% paraformaldehyde (PFA) for 5-10 min at room temperature. The coverslips were
washed twice with 1xPBS and were stained as described in section 6.2.5.1.

The supernatant was sterile filtered to avoid contamination with bacteria from the pellet and 10%
trichloroacetic acid (TCA) was added for protein precipitation. After a 4 h incubation at 4°C or an overnight
incubation at -20°C the supernatant was centrifuged (1 h, 20 000 x g, 4°C) and the resulting pellet scraped
in 1.5 ml ice-cold acetone and transferred to a 2 ml reaction tube. After centrifugation (10 min, 10 000 x g,
4°C) the acetone supernatant was discarded and the tube placed under the fume hood for evaporation of
the remaining liquid. The protein pellet was resuspended in 100 ul 1xSDS sample buffer, incubated at 95°C
for 5-10 min and stored at -20°C. The measurement of ODego after the 37°C incubation was used to

normalize the volume of sample loaded on the SDS gel.
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6.2.1.3. Yersinia infection

For infection experiments Yersinia overnight cultures were diluted 1:20 and grown at 37°Cfor 1.5 hin a
shaker incubator to induce expression of the virulence plasmid. The bacteria were pelleted by
centrifugation (10 min, 5000 x g, 4°C) and the pellet was resuspended in 4 ml ice-cold 1xPBS. The ODeoo
was set to 3.6 and depending on the experiment further adjusted to a lower ODeggo (0.36 or 0.72). Cell
culture medium containing antibiotics was replaced by antibiotic free medium at least 2 hours before
infection. The number of bacteria used for infection was adjusted depending on the area of the culture
dish seeded with cells and the multiplicity of infection (MOI) intended for the experiment. The cell culture
dishes were spun down (1 min, 200 x g, RT) to synchronize the beginning of infection before being placed
into the 37°C incubator with 5% CO,. The duration of infection varied between experiments. The infected
cells were washed twice with 1xPBS to remove unattached bacteria. Afterwards the cells were fixed with
4% PFA for immunofluorescence staining or harvested for translocation assays (see section 6.2.5.1 or

6.2.4.3, respectively).

6.2.1.4. Preparation and transformation of chemically competent bacteria

To introduce plasmids into E. coli Topl0 for cloning or plasmid production, bacteria where made
chemically competent. This was achieved by washing the bacteria with calcium chloride promoting the
binding of plasmid DNA to lipopolysaccharides (LPS) on the bacterial surface. The negatively charged DNA
and the negatively charged LPS interacts with the positively charged calcium chloride while the applied
heat shock strongly depolymerizes the membrane potential allowing the entry of the DNA into the cell.
For this, bacteria were grown overnight at 37°C. The overnight culture was diluted 1:100 in 100 ml LB
medium and grown until ODggo of 0.6-0.8. The bacteria were pelleted by centrifugation (10 min, 5000 x g,
4°C) and resuspended in 100 ml ice-cold 50 mM CaCl,. The suspension was incubated for 10 min at 4°C
before further centrifugation (10 min, 5000 x g, 4°C). The resulting pellet was resuspended in 50 ml ice-
cold CaCl, and incubated on ice for 2 h. After centrifugation (10 min, 5000 x g, 4°C) bacteria were
resuspended in 4 ml ice-cold CaCl, with 15% glycerol. Aliquots of 50-100 pl were flash frozen in liquid
nitrogen and stored at -80°C. For introducing plasmids, the aliquots were thawed on ice and incubated
with 1 ug DNA for 30 min. The tubes were placed at 42°C for 1 min and on ice for 2 min before incubation
at 37°C for 1.5 h in a shaker incubator. Afterwards 200 pl bacterial suspension was plated on LB plates
containing the specific antibiotics. For ligation experiments the bacterial suspension was centrifuged (2

min, 10 000 x g, RT), the pellet resuspended in 150 ul and completely plated on LB plates.
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6.2.1.5. Preparation and transformation of electrocompetent bacteria

For introduction of artificial plasmids into bacteria, which do not allow chemical transformation, electrical
pulses can be used to create holes in the bacterial membrane. To avoid short circuits, all salts must be
removed from the bacterial suspension. Overnight cultures of the specific strain were diluted 1:10 in 100
ml LB medium and grown to ODggo of 0.8 at 27°C in a shaker incubator. The bacteria were pelleted by
centrifugation (10 min, 5000 x g, 4°C) and washed thrice in 40 ml ice-cold sterile ddH,0 (centrifugation:
5 min, 5000 x g, 4°C). In the last washing step, the pellet was washed with 10 ml 10% glycerol. After further
centrifugation, all liquid was removed from the resulting pellet before resuspension in 200 pl 10% glycerol
which was aliquoted in 35 pl in pre-chilled reaction tubes. For normal transformation of single plasmids,
storage at -80°C was possible after freezing the aliquots in liquid nitrogen. However, when performing the
CRISPR-Cas assisted recombination experiments the aliquots were immediately used to increase
transformation efficiency.

Before electroporation the bacteria were thawed on ice and 10-1000 ng salt-free DNA was added. The
mixture was transferred to a pre-chilled electroporation cuvette with 1 mm electrode gap. The cuvettes
were carefully dried on the outside to avoid short circuits and directly placed into the BioRad Gene Pulser I
(Elektroporator, BioRad, Germany) for electroporation at 100 Q (low range), 50 uF and 1.8 kV. Immediately
after electroporation 1 ml LB medium was added and the suspension transferred to a 1.5 ml reaction tube.
The tubes were placed in a shaking heat block at 850 rpm and 27°C for 2 h to allow recovery of the
electroporated bacteria. Afterwards 250 pl of the bacterial suspension was plated on selective LB plates
containing the specific antibiotics. For CRISPR-Cas experiments the bacteria were pelleted by

centrifugation (2 min, 10 000 x g, RT) and resuspended in 150 ul LB medium before plating.

6.2.2. Cell culture

All cell culture experiments were performed at clean benches under sterile conditions.

6.2.2.1. Cultivation of eukaryotic cells

The Hela cells used for the majority of experiments were cultivated in DMEM (Dulbeco’s Modified Eagle
Medium, Gibco, USA) supplemented with 10% (v/v) FCS (Gibco, USA) in a humidified incubator at 37°C and
5% CO,. The cells were passaged when becoming fully confluent. For this, cells growing in 10 cm dishes
were washed with 5 ml sterile 1xPBS and 1 ml 0.05% Trypsin was added for 5 min at 37°C to detach cells
from the dish. The cells were resuspended in pre-warmed DMEM and their density was determined using
a counting chamber. The suspension was diluted either for further cultivation in 10 cm dishes or for
seeding on coverslips or in live imaging dishes for microscopy experiments (approximately

2.5-3.5x10%cells/cm?).
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6.2.2.2. Cryoconservation and reactivation of eukaryotic cell lines

For cryoconservation, Hela cells were resuspended in 1.5 ml FCS with 10% (v/v) DMSO preventing the
formation of crystals damaging the cells. The suspension was transferred to a cryo-tube which was placed
in an isopropanol filled cryocontainer (Nalgene Scientific, USA). The container was frozen overnight
at -80°C and the tubes transferred to the liquid nitrogen storage containers.

For reactivation Hela cells were thawed and immediately resuspended in pre-warmed cell culture
medium. Centrifugation (5 min, 200 x g, RT) allowed the removal of DMSO used for cryo conservation. The
cells were resuspended in 10 ml cell culture medium and transferred to a cell culture dish for further

cultivation.

6.2.2.3. Transfection of Hela cells

Hela cells were transfected using Turbofect (Thermo Fisher Scientific, USA) as a transfection reagent. For
each 24-well 0.5 pg DNA for myc-Rac1Q61L or 1 ug for other plasmids was diluted in 100 ul Opti-MEM
(Gibco, USA) and mixed with 2 pl Turbofect. After 20 min incubation at room temperature, the solution
was added dropwise to Hela cells seeded on coverslips and incubated at 37°C and 5% CO, for 16 h. At least
2 h before infection the medium was replaced to prevent the transfection reagent interfering with

infection or affecting immunofluorescence staining.

6.2.2.4. CNF-1 treatment of Hela cells

Cytotoxin necrotizing factor 1 (CNF-1) is a toxin produced by some E. coli strains which deamidates a
glutamine residue resulting in the permanent activation of Rho GTPases such as Rho, Rac and Cdc42 in
eukaryotic cells. CNF-1 treatment has been shown to increase translocation in Yersinia enterocolitica
(Wolters et al. 2013). Recombinantly expressed and purified GST-tagged CNF-1 can be aliquoted and
stored at -80°C (see below 6.2.4.2) for long term storage. For cell treatment, the protein was thawed on

ice and diluted to 1 pg/ml in DMEM with 10% FCS and added to the cells 2 h before infection.

6.2.2.5. Isolation and cultivation of primary human macrophages

Human peripheral blood monocytes were isolated from buffy coats as described by Kopp and colleagues
(Kopp et al. 2006). They were cultivated in RPMI Medium 1640 (Gibco, USA) supplemented with 20%
human serum, penicillin and streptomycin. The growth factors from the human serum allow the
differentiation of the monocytes to macrophages within 6 days. For detaching macrophages from the dish,
they were washed with 1xPBS and incubated at 37°C and 5% CO; for 30 min. The cells were carefully
scraped and resuspended in RPMI. The cell density was determined using a counting chamber and 1x10°

cells were seeded on a coverslip for microscopy experiments.
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6.2.2.6. Transfection of primary human macrophages

For transfection of primary human macrophages an electrical pulse was applied to induce temporary
pores in the cell membrane allowing the uptake of DNA. For each transfection 1x10° cells were washed
with 1xPBS and resuspended in R-buffer supplied by the Neon transfection system (Invitrogen, USA). For
the expression of GFP1-10/BFP 5 ug plasmid DNA was added. Two pulses of 1000 V were applied for 40
ms with the Neon electroporation device (Invitrogen, USA) as indicated by the manufacturer. The
suspension was immediately resuspended in pre-warmed RPMI and 1x10° cells were seeded on coverslips.
After 1 h RPMI with 20% human serum, penicillin and streptomycin was added. Before infection the

medium had to be changed to antibiotic-free medium for at least 2 h.

6.2.3. Molecular biology techniques
6.2.3.1. Isolation of plasmid DNA

Plasmid isolations were performed using the Plasmid miniprep kit | (C-Line, Peglab, Germany) and 10 ml
E. coli Top10 overnight culture following the manufacturer’s instructions. For cloning experiments or the
transfection of mammalian cells, larger amounts of DNA were necessary. These were acquired using the
NucleoBond® Xtra Maxi EF kit (Macherey-Nagel, Germany) according to the protocol supplied by the

manufacturer. All DNA was stored at -20°C.

6.2.3.2. Determination of DNA concentration

To determine the concentration of dsDNA in solution, the absorption at 260 nm was measured using the
NanoDrop® ND-1000 spectrophotometer with the ND-1000 V 3.1.0 software (PeglLab, Germany).
Following the manufacturer’s instructions, the samples were measured against a blank containing ddH-0.
By looking at the ratio of absorption OD2g0/OD,so the solution was tested for contamination with protein

or phenol. Values between 1.8 and 2 show the lowest level of contaminants.

6.2.3.3. Polymerase chain reaction

The PCR allows the amplification of DNA fragments. Phusion® polymerase (Thermo Fisher Scientific, USA)
was used for cloning experiments due to the higher proof-reading capacity, while GoTaq G2 polymerase
(Promega, USA) was used for colony PCR. All primers used were ordered from Eurofins (Munich, Germany).
The PCR was performed following the manufacturer’s instructions. The following tables show the general
set ups and thermocycler programs used. The annealing temperatures depend on the primer length and
composition while the elongation time depends on the length of the DNA fragment and the polymerase

used.
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The pYVO:8 plasmid DNA isolated from Yersinia enterocolitica WA-314 was used as a template for cloning
experiments. It was isolated by resuspending a colony in ddH,0, incubating it at 95°C for 10 min and
centrifuging it at 10 000 x g for 2 min at 4°C. The supernatant containing the DNA was transferred to a
reaction tube and stored at -20°C.

For cloning experiments the PCR products were run on an agarose gel (0.8-2% depending on the fragment

size) to check whether they have the appropriate size. The band with the correct size was cut from the gel

and purified as described in section 6.2.3.5.

Table 20 Phusion PCR reaction mix

Component Volume Final concentration
DNA template variable <250 ng
5x Phusion HF Buffer 10l 1x
Forward primer 2.5 ul 0.5 uM
Reverse primer 2.5 ul 0.5 um
10 mM dNTPs 1l 200 uM
Phusion® DNA polymerase 0.5 ul 1.0u
DMSO 1.5 pl 3%
ddH,0 Add up to 50 pl
Table 21 Phusion thermocycler program
Step Temperature Time Cycles
1. Initial denaturation 98°C 30s 1
2. Denaturation 98°C 10s
3. Annealing 40-72°C 30s 30-35
4. Extension 72°C 30 s/kb DNA
5. Final elongation 72°C 10 min 1
6. Storage 8°C forever 1

Table 22 GoTaq G2 PCR reaction mix

Component

Final volume

Final concentration

DNA template variable < 0.1 pg/ul

5x Green GoTagq reaction buffer 2 ul 1x (1.5 mM MgCl,)
Forward primer 0.5 ul 0.5 uM

Reverse primer 0.5 ul 0.5 uMm

10 mM dNTPs 0.2 ul 0.2 mM
GoTaq® G2 DNA polymerase (5 u/pl) 0.05 ul 1.25u
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ddH,0 Add up to 10 pl <0.5 pg/ 50 pl

Table 23 GoTaq G2 thermocycler program

Step Temperature Time Cycles
1. Initial denaturation 95°C 5 min 1

2. Denaturation 95°C 30s

3. Annealing 40-72°C 30s 30-35
4. Extension 72°C 45-60 s/kb DNA

5. Final elongation 72°C 10 min 1

6. Storage 8°C forever 1

6.2.3.4. Restriction enzyme digest

Restriction endonucleases recognize specific, short nucleotide sequences where they cleave the sugar-
phosphate backbone of dsDNA creating different ends for each enzyme. For inserting DNA fragments into
vectors, both vector and insert containing the same restriction sites were digested with the specific
enzymes. The digested DNA was separated on agarose gels from which the bands of interest were purified
(see sections 6.2.3.5). All restriction enzymes used in this study were FastDigest® enzymes (Fermentas,
Germany) and were used according to the manufacturer’s instruction. All digestions were performed at

37°C and the enzymes inactivated at 65 or 80°C.

Table 24 Restriction enzyme digest

Component Plasmid DNA Unpurified PCR product
Water, nuclease free 15 pl 17 ul

10X FastDigest® Green buffer 2 ul 2 ul

DNA uptolpug upto 0.2 ug
FastDigest® enzyme 1l 1l

Total volume 20 ul 30 ul

6.2.3.5. Agarose gel electrophoresis

To determine the amount as well as the approximate length of a DNA sample, it can be horizontally
separated on a native agarose gel. DNA has a negative charge due to their phosphate groups. When an
electric field is applied the DNA moves through the gel towards the cathode. The speed depends on the
size and conformation of the DNA as well on the percentage of agarose and the applied voltage. The

percentage of 0.8 -2% agarose (w/v) was chosen depending on the expected DNA size. The agarose was
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solved in 1xTAE buffer and RedSAFE (Intron Biotechnology, Korea) was added according to the
manufacturer’s protocol. The GeneRuler 1 kb Plus DNA Ladder (Thermo Fisher Scientific, USA) was used to
determine the size of the DNA fragments. The samples were mixed with Orange DNA loading dye (6x,
Fermentas, USA) before loading them on a gel unless the buffer of the sample already contained a loading
dye (colony PCR, restriction digest). A voltage of 8 V/cm was applied for 45 min to 1 h before visualizing
the DNA by UV-light on a Transilluminator (BioRad, Germany). For colony PCR, an image of the DNA bands
illuminated by UV light was acquired for selecting the right colony. For cloning experiments, the DNA bands
of the correct size were cut from the gel and purified using the NucleoSpin® Gel and PCR Clean-up Kit

(Macherey-Nagel, Germany).

6.2.3.6. Ligation

During ligation phosphodiester bonds are formed between the digested ends of vector and insert DNA.
This occurs between compatible DNA ends resulting from digests with the same restriction enzyme.
Digested and purified vector and insert were combined in a molecular ratio of 1:3 — 1:5 for most
experiments and 1:20 for crRNA ligation. The T4 DNA ligase from the Rapid DNA Ligation Kit (Thermo Fisher
Scientific, USA) was used for all ligations. The ligation was set up as described in the manufacturer’s
protocol (see Table 25) and incubated for 30 min at room temperature before using it for transformation

in E. coli Top10.

Table 25 Ligation

Component Volume/amount

Linearised vector 50-100 ng

DNA insert (molecular ratio to vector of 1:3 — 1:5)
5x Rapid Ligation Buffer 2 ul

T4 DNA Ligase, 5u/pul 1 ul

ddH,0 Add ddH;0 to total volume of 20 pl

6.2.3.7. Generation of expression vectors and CRISPR vectors and fragments used in this study
Eukaryotic expression

The mRFP-GFP11-Rab5 plasmid was created by inserting GFP11 with linkers on both sides into the mRFP-

Rab5 plasmid between the fluorophore and the protein. For this, GFP11 Rab5 oligo fwd and GFP11 Rab5
oligo rev ordered from Eurofins were annealed (as performed for the crRNA oligos in section 6.2.3.8). The
oligos contain GFP11 (RDHMVLHEYVNAAGIT) with flexible linkers at both sides (linker A: GSSGGSSG; linker
B: GGGKF) and lack the start and stop codon. At the ends are restriction sites (Xhol and Hindlll) compatible

to the restriction sites between mRFP (Xhol) and Rab5 (HindlIl). Both plasmid and annealed oligos were
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digested, run on an agarose gel and purified before ligation. After transformation a colony containing the
correct plasmid was identified using colony PCR and sequencing. All primers used are listed in Table 16.
Bacterial expression

The pYopE-Halo plasmid was generated by digesting the empty pACYC184 vector with Hindlll and
amplifying YopE, its chaperone SycE and their promotor region (YopE/SycE) from the pYV plasmid and
Halo_HA from the YopM-Halo plasmid. The primers introduced overlaps of the YopE/SycE fragment to the
vector and the Halo tag and overlaps of the Halo tag fragment to YopE/SycE and the vector. The ligation
of vector and fragments was achieved by combining all parts in a Phusion PCR as described in Table 21
using circular polymerase extension cloning with an annealing temperature of 58°C and 3 min extension
time (Quan and Tian 2011). The overlaps of the inserts with each other and with the vector serve as primers
which anneal to each other and allow ligation of the inserts into the vector.

The plasmids pYopE-CLIP and well as pYopE-SNAP and pYopE-GFP11 were generated using restriction
enzymes. The pACYC184-YopE/SycE plasmid (Trilzsch et al. 2003) was amplified with primers introducing
a Hindlll restriction site and removing the stop codon at the C-terminus of YopE and adding a Smal
restriction site at the beginning of the plasmid linearizing it. The inserts CLIP, SNAP and GFP11 were
amplified from template vectors with primers adding the Hindlll restriction site to the N-terminus and the
Smal restriction site to the C-terminus. The template vectors were pYopH-CLIP, pYopH-SNAP and
SteAprom_SteA_GFP11_R3_ACYC177 (Young et al. 2017). Both Halo and CLIP have a human influenza
hemagglutinin (HA) tag (YPYDVPDYA). The tag enables the detection, isolation and purification of a protein
of interest. GFP11 has a flexible linker (GSSGGSSG) at its N-terminus and a stop codon at the C-terminus.
All primers used are listed in Table 16.

CRISPR vectors and fragments

The pKD46-Cpfl_Spt plasmid was created by using the pKD46-Cas12a_Amp plasmid and replacing the
ampicillin resistance cassette with the spectinomycin resistance cassette from the pTTSS plasmid. The
spectinomycin resistance cassette was amplified from the pTTSS using primers with short (50/51 bp)
homology sequences to the pKD46-Casl2a_Amp. Topl0 E. coli were transformed with pKD46-
Cas12a_Amp using the heat shock protocol without the 42°C incubation due to the heat-sensitivity of the
plasmid and were plated on LB plates containing ampicillin (see section 6.2.1.4). An overnight culture was
prepared from this plate and the bacteria made electrocompetent as described in section 6.2.1.5. The
expression of the red recombinase was induced by adding arabinose to a final concentration of 0.2% when
the culture reached an ODggo of 0.2. the electrocompetent bacteria were aliquoted and the spectinomycin

PCR product was introduced by electroporation. The bacteria suspension was plated on LB plates
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containing spectinomycin. A resulting clone was picked and used for a plasmid purification as described in
section 6.2.3.1. All primers used are listed in Table 16.

The crRNAs used for targeting insertion sites in YopB and YopD sequences were designed based on the
20 bp protospacer following the 3’-end of a PAM (5’-TTN-3’). It is important that the insert site disrupts
either a PAM itself or the protospacer sequence proximal to the PAM. Two complementary
oligonucleotides with the protospacer sequence were designed with Eco31L overhangs at the 5’- and 3’-
ends and ordered from Eurofins (all sequences can be found in Table 16). For annealing 22.5 pl of each
oligonucleotide (100 pmol/ul in ddH,0) and 5 pl of annealing buffer were mixed in 1.5 ml reaction tubes,
placed in boiling water of at least 95°C and left in the water until it reaches room temperature. The original
pAC-crRNA plasmid contains a chromo-red fluorescent GFP-like reporter gene (from Echinopora
forskaliana) flanked by Eco31L restriction sites resulting in light pink colonies when transformed into
bacteria (Gurskaya et al. 2001). It serves as a negative control indicating no crRNA has been inserted
instead of the reporter gene. The plasmid was digested by Eco31L (see Table 24) for 15 min at 37°C,
inactivated for 5 min at 65°C and run on a 0.8% agarose gel to separate the cut plasmid from the uncut
plasmid. The cut plasmid was extracted from the gel using the NucleoSpin® Gel and PCR Clean-up kit
(Macherey-Nagel, Germany). The annealed crRNA oligonucleotides were ligated into the cut vector using
T4 DNA ligase from the Rapid DNA Ligation Kit (Thermo Fisher Scientific, USA). For this, 45 ng of digested
vector was mixed with the annealed oligonucleotide at a molar ratio of 1:20, 4 ul of 5x Rapid Ligation
Buffer and 1 pl T4 DNA ligase were added and filled up with ddH,O to a total volume of 20 pl. The reaction
was incubated at room temperature for 30 min. Afterwards 5-10 pl of the ligation products were
transformed into chemically competent E. coli Top10 by heat shock (see section 6.2.1.4). The suspension
was resuspended in 1 ml of LB medium and incubated for 1.5 h at 37°C and 850 rpm. The bacteria were
pelleted by centrifugation (2 min, 10 000 x g, RT) and resuspended in 150 ul LB medium before plating on
LB plates containing chloramphenicol. The plates were incubated overnight at 37°C and three resulting
colonies were picked for sequencing. For this, the colonies were inoculated in 10 ml LB medium containing
chloramphenicol and placed in a shaker incubator overnight at 37°C. The plasmid DNA was isolated with a
Plasmid miniprep kit | (C-Line, Peqglab, Germany) and send for sequencing. Glycerol stocks were made of
correctly sequenced colonies.

The HDR fragments used for insertion of GFP11 or the ALFA-tag were either a ssDNA oligo with short
homology arms or a double-stranded PCR product with long homology arms (Figure 19 ). GFP11 was
inserted between amino acids 50-51 of YopD and 216-217 of YopB and the ALFA-tag between amino acids
194-195 of YopD. The homology arms were designed based on the 50/500 bp 3’ and 5’ of the insertion

site. GFP11 (16 aa: RDHMVLHEYVNAAGIT) and ALFA (15 aa: PSRLEEELRRRLTEP) were flanked by flexible
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linkers at both sides (linker A: GSSGGSSG; linker B: GGGKF) and lacked the start and stop codon (GFP11
with linkers: 87 bp; ALFA with linkers: 84 bp). The single-stranded HDR fragment used in this study had 50
bp homology arms framing the insert sequence homologous to the sequence around the insert site and
could be ordered from Eurofins (Munich Germany). Alternatively, one 500 bp homology arm (HomA) was
amplified from the virulence plasmid with the reverse primer including part of the insert. The other
homology arm (HomB) was amplified with a forward primer including the remaining part of the insert with
an overlap to the previous reverse primer. Both arms were fused together in a PCR using the outer primers
(HomA fwd and HomB rev) and the overlapping regions serving as additional primers. This procedure can
only be performed with inserts below 100 bp due to the limited length of primers for the PCR. For larger
inserts the insert must be separately amplified with overlaps to HomA and HomB. All primers for the HDR
fragment amplification as well as single stranded oligo sequences with short homology arms can be found

in Table 16 (all primers or oligos used for insertion are labeled with Xcell).

500 bp & @0 500 bp
Double stranded fomology arm A S Lomologyam®
]
HDR fragment —————r e ——— A————
(Homology Directed Repair) primer .. mmmmmEmEsE= >
Single stranded 50 bp & & 50 bp
Ingle strande homology arm A \\ki* ta .\\E‘* homology arm B
synthesized oligo — —

Figure 19 Comparison of double stranded HDR fragment and single stranded oligo for insertion of a tag into YopB
and YopD. The double stranded HDR fragment has 500 bp homology arms and is generated by PCR using
overlapping primers to generate the insert. The single stranded synthesized oligo has 50 bp homology
arms and is entirely ordered.

6.2.3.8. CRISPR-Cas12a-assisted recombineering

The CRISPR-Cas protocol used in this study is based on a protocol published in Yersinia Pestis Protocols
(Zhao and Sun 2018) and the related paper (Yan et al. 2017). Here, the bacteriophage lambda red system
allowing homologous recombination was combined with the Cas12a-mediated double strand cleavage at
a specific target sequence. We used this genome editing tool for the insertion of GFP11 and the ALFA-tag
into the virulence plasmid of Yersinia enterocolitica.

For this, WA-314 was transformed with the temperature-sensitive pKD46-Cas12a plasmid which encodes
for the lambda red system with an arabinose-inducible promoter, the endonuclease Casl2a and a

spectinomycin resistance gene. The lambda red system includes the phage recombination genes gam, exo
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and beta which prevent digestion of linear DNA, digest dsDNA to produce a linear ssDNA oligo and protect
this ssDNA promoting its annealing to a complementary target. This allows the insertion of an introduced
single- or double-stranded DNA fragment into the virulence plasmid via homologous recombination. The
DNA fragment used is called homology directed repair (HDR) fragment. Cas12a proteins bind specific PAM
sites in the DNA and induce cleavage through a conformational change caused by binding of crRNAs
homologous to the target protospacer. The insertion of a DNA fragment alters the PAM or protospacer
sequence recognised by the crRNA-Cas12a complex. Sequences where no insertion occurred are cleaved.
The virulence plasmid in Yersinia WA-314 used in this study confers kanamycin resistance. Only bacteria
survive in the presence of kanamycin where the PAM or protospacer has been changed by insertion of a
DNA fragment preventing cleavage of the plasmid. The HDR fragments used were either a ssDNA oligo
with 50 bp homology arms or a double-stranded PCR product with 500 bp homology arms. For the
insertion of GFP11 both approaches were compared while the ALFA-tag was inserted using the double-
stranded PCR product with long homology arms. The crRNA is encoded on the pAC-crRNA plasmid which
also contains a chloramphenicol resistance cassette and the sacB gene conferring sucrose sensitivity. The
crRNA and HDR fragments were generated as described in section 6.2.3.7.

Both crRNA and the HDR were transformed into the WA-314 containing the Cas12a plasmid. For this, the
WA-314+pKD46-Casl2a was made electrocompetent as described in section 6.2.1.5. At ODgoo of 0.2 L-
arabinose was added to a final concentration of 0.2% to induce the expression of the lambda red
recombinase. The bacterial suspension was aliquoted on ice and 350 ng crRNA and 700 ng HDR fragment
was electroporated into the WA-314+pKD46-Cas12a. After recovery at 27°C for 2 h, the bacteria were
pelleted by centrifugation (2 min, 10 000 x g, RT) and resuspended in 150 pl LB medium. The suspension
was plated on LB plates containing spectinomycin, chloramphenicol and kanamycin for the pKD46-Cas12,
the crRNA and the pYV plasmid respectively. The plates were incubated at 27°C for 2 days before checking
the resulting colonies for the insert. Each colony was streaked on an LB plate containing spectinomycin,
chloramphenicol and kanamycin labeled with a numbered grid. Part of each colony was dissolved in 10 pl
ddH,0 in a PCR tube, incubated at 95°C for 10 min in a thermocycler and spun down for 5 min in a tabletop
centrifuge. The supernatant was used as a template for a colony PCR as described in section 6.2.3.3. Colony
PCR primers binding on each side close to the insert site were used. The samples were run on a 2% agarose
gel and compared to the wild-type control. Three positive colonies were selected and the sequencing
primers binding outside the homology arms used to amplify a larger fragment for sequencing. A colony
with a positive sequencing result was streaked on an LB plate containing 5% sucrose and kanamycin to
cure the crRNA plasmid from the strain. The resulting colonies were checked for the crRNA-plasmid by

streaking them on an LB plate with a numbered grid containing nalidixic acid and kanamycin and on an LB
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plate with a numbered grid containing nalidixic acid, kanamycin and chloramphenicol. One colony not
growing on the LB plate containing chloramphenicol was streaked on an LB plate containing nalidixic acid
and kanamycin, wrapped in parafilm and a glove, sealed with tape and placed in a 42°C incubator for 3
days. One of the resulting colonies was streaked on an LB plate containing nalidixic acid and kanamycin.
Colonies from this plate were checked for the pKD46-Cas12a plasmid by streaking them on an LB plate
with a numbered grid containing nalidixic acid and kanamycin and on an LB plate with a numbered grid
containing nalidixic acid, kanamycin and spectinomycin. A colony not growing on the LB plate containing

spectinomycin was used for further experiments and a glycerol stock was prepared.

6.2.3.9. DNA sequencing

For sequencing of targets on the virulence plasmid, the region of interest was amplified using primers,
while artificial plasmids were entirely isolated using Plasmid miniprep kit | (C-Line, Peglab, Germany).
Sequencing was performed by Seglab (Gottingen, Gemany). The PCR products or plasmids were mixed
with the suitable primer according to the sample requirements of the company and send for sequencing.
The results were compared to sequences in databases (NCBI-database, www.ncbi.nlm.nih.gov) or in CLC

Genomics Workbench (CLC bio; Denmark).

6.2.4. Proteinbiochemical methods

6.2.4.1. Affinity purification of antibodies from serum

The primary antibodies against YopB and YopD used in this study were produced and tested for specificity
by Franziska Huschka (Huschka 2017). Serum containing the specific antibodies was obtained through the
repeated injection of purified protein into laboratory animals. The sera were run over affinity columns
coated with the native immobilized antigen for purification.

Further purification steps were necessary to prepare antibodies for immunofluorescence. Secreted
proteins from WA-314 (as described in section 6.2.1.2) were separated on an SDS-polyacrylamide gel and
blotted on a PVDF membrane. The membrane was stained with Coomassie for 1 min before a brief washing
step with destain buffer. The specific bands of YopB or YopD were cut from the membrane, completely
destained using methanol and washed thrice with TBS-T (1xTBS with 0.1% Tween20). After blocking of
unspecific binding sites with 5% (w/v) milk powder in TBS-T, the stripes were washed again and cut into
smaller pieces. The serum was diluted 1:3 in 1xPBS and incubated with the membrane pieces in 2 ml
reaction tubes overnight at 4°C on a rotator. On the following day the serum was removed, sterile filtered
and stored at -20°C for further use. The membrane pieces were washed thrice with TBS-T and were

thoroughly vortexed with 100-200 ul 0.1 M glycine-HCL (pH 2.5). The pH was immediately neutralized using
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5.5 ul 1 M Tris-Base. BSA (2% final concentration) and glycerol (50% final concentration) were added to

the antibody solution for stabilization during cryo conservation.

6.2.4.2. Protein expression and purification

For the purification of CNF-1 the protein was expressed in E. coli tagged with glutathione-S-transferase
(GST). GST has a high affinity for glutathione (GSH) and can be used for purification of proteins in
combination with GSH coupled beads.

GST-CNF-1 in the expression vector pGEX-4T-1 was transformed into the protease-deficient E. coli strain
BL21-Al. For the overnight culture 50 ml LB medium with ampicillin was used to grow BL21-Al+GST-CNF-1
at 37°C in a shaker incubator. On the following day the culture was diluted 1:20 in 1000 m| LB medium
with ampicillin and grown until an ODggo of 0.5-0.7. Protein expression was induced by adding 400 ul 1 M
IPTG and the culture was further incubated for 4 h at 37°C. Bacteria were pelleted by centrifugation
(15 min, 6000 x g, 4°C) and were stored at -20°C.

Polypropylene columns (Qiagen, Germany) were prepared by adding 1 ml GSH-bead slurry and washing it
twice with 10 ml ice-cold 1xPBS. The pellet was resuspended in 5 ml 0.1 mM PMSF and sonicated 10x10 s
with an amplitude of 43% (Digital Sonifier 250-D, Branson, USA). Cell debris was removed by centrifugation
(30 min, 20 000 x g, 4°C) and the supernatant transferred to the columns. The columns were rotated for
1 h at 4°C before being washed four times with 10 ml 1xPBS. The GST fusion proteins were eluted by
incubation for 1 h with 500 pl elution buffer at 4°C and an additional overnight incubation with 500 pl
elution buffer at 4°C. At each step a sample was taken and analyzed with SDS-PAGE and Coomassie
staining. To remove surplus GSH, the eluted protein was dialyzed against 1xPBS. The protein was
transferred to a Slide-A-Lyzer cassette (Thermo Fisher Scientific, USA) and placed under stirring in 3 L pre-
cooled 1xPBS overnight at 4°C. The next day the protein was extracted from the cassette and the protein
concentration measured using Bradford reagent (as described in section 6.2.4.5). The protein was

aliquoted, flash frozen in liquid nitrogen and stored at -80°C.

6.2.4.3. Translocation assay
The effector proteins translocated into the host cell during infection with Yersinia were analyzed using the
translocation assay. For this, 3x10° Hela cells were seeded in 6-well plates and overnight cultures of the
Yersinia strains of interest were prepared. The next day Yersinia were prepared for infection as described
in section 6.2.1.3 and the cells infected with an MOI of 100 for 1 h. The wells were carefully washed with
ice-cold 1xPBS before adding 60 ul of proteinase K solution (500 pg/ml in 1xPBS) to cleave extracellular
effector proteins. The solution was removed after 30 s and the protease activity was blocked after 20 min
by adding 60 pl PMSF (phenylmethylsulfonyl fluoride, 4 mM in 1xPBS). The eukaryotic cells were lysed by
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adding 60 pl 0.5% (w/v) digitonin in 1xPBS. A cell scraper was used to detach the cells from the dish. The
solution was transferred to a 1.5 ml reaction tube and incubated at room temperature for 20 min with
vortexing every 10 min. Afterwards the cytosolic fraction was separated from the cell membranes and
bacteria, which are not lysed by digitonin, by centrifugation (10 000 x g, 4°C, 10 min). The supernatant was
transferred to a 1.5 ml reaction tube and the protein concentration determined as described in section
6.2.4.5. The sample was mixed 3:1 with sample buffer and boiled for 5 min at 95°C before storage at -20°C.

The samples were analyzed using SDS-polyacrylamide gel electrophoresis and Western blot.

6.2.4.4. Pull down assay

To test the protein properties of YopD-ALFA, beads labeled with anti-ALFA nanobody were used to pull
interaction partners from cell lysates. For this, 90 ul ALFA Selector ST slurry (30 pl per condition; NanoTag
Biotechnologies, Germany) were washed with 1 ml 1xPBS containing 1x complete mini protease inhibitor
(1 tablet in 50 ml 1xPBS). After centrifugation (1000 x g, 4°C, 2 min) the beads were resuspended in 600 pl
0.5% digitonin in 1xPBS containing protease inhibitor. This solution was split in 200 ul aliquots per
condition in 1.5 ml reaction tubes. For each condition two 10 cm dishes were used, each with 3x10° Hela
cells and infected with WA-314 YopD-ALFA and WA-314 as a control for 1h with an MOI of 100. Another 2
dishes were treated with 1 pg/ml CNF-1 for 2 h before infection with WA-314 YopD-ALFA. The infected
cells were washed once with 1xPBS before adding 750 pl 0.5% digitonin in 1xPBS containing protease
inhibitor. The cells were scraped from the dish and transferred to 1.5 ml reaction tubes. After
centrifugation (14 000 x g, 4°C, 10 min) a sample of 60 pl was taken and the remaining supernatant was
transferred to the prepared beads. The lysate was incubated with the beads for 1.5 h at 4°C on a rotor to
allow the nanobody to bind the ALFA-tag. The solution was centrifuged (1000 x g, 4°C, 2 min) and a 60 pl
sample taken before discarding the remaining supernatant. The beads were resuspended in 1 ml 1xPBS
containing protease inhibitor and transferred to a fresh 1.5 ml reaction tube where they were washed
three times with 1 ml 1xPBS containing protease inhibitor. The remaining beads as well as supernatant
samples were resuspended in 60 pl and 20 pl 4xSDS sample buffer, respectively and incubated for 7 min

at 95°C. All samples were analyzed by immunoblot for their protein content.

6.2.4.5. Determination of protein concentration

The concentration of solubilized protein was determined by using Bradford reagent from the BioRad
Protein-Assay-Kit (BioRad, Germany). The Bradford reagent was diluted 1:5 in ddH,0. To 1 ml diluted
reagent 2 ul sample was added and vortexed. After 10 min the absorbance at 595 nm was measured in a
photometer against a blank value. A standard curve based on different BSA concentrations (1-20 pg/ml)

was used to calculate the protein concentration of each sample.
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6.2.4.6. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The separation of proteins based on their molecular weight in an electric field using denaturing sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) is an analytical procedure developed by
Lammli (Laemmli 1970). Chemically inert acrylamide-bisacrylamide gels were prepared based on Table 26.
The samples were incubated at 95°C for 5 min with SDS-PAGE loading buffer, which denatures the protein
and covers it with a strong negative charge. This negative charge allows proteins to move towards the
anode and separation is achieved because smaller proteins travel faster through the molecular net formed
by acrylamide. The gel combines a short stacking gel (4% acrylamide, Tris HCL pH 6.8) with a larger
resolving gel (7-17% acrylamide, Tris HCL pH 8.8). The gels were placed in the SDS-PAGE electrophoresis
cell (Biorad, Germany) filled with SDS-PAGE running buffer. The samples were loaded into the wells of the
stacking gel and run at 80 V for 30 min allowing the proteins to focus at the edge to the resolving gel.

Afterwards a current of 150 V was applied until the desired separation in the resolving gel was reached.

Table 26 Composition of a 10% acrylamide SDS-PAGE mini gel

Component/buffer 10 % Resolving gel 4 % Stacking gel
ddH,0 42 ml 1.55 ml
Resolving Buffer pH 8.8 2.5 ml -

Stacking Buffer pH 6.8 - 625
Acrylamide 30% 33 ml 325

APS (10 mg/ml) 50 12.5
TEMED 5 25

6.2.4.7. Coomassie staining of SDS-polyacrylamide gels

Proteins separated by SDS-PAGE can be fixed and visualized using the Coomassie staining solution. For
this, the stacking gel was discarded and the resolving gel was incubated with the Coomassie staining
solution for 1 h on a shaker. Afterwards the gel was destained by incubating in Coomassie destain solution.
The solution was exchanged several times until the protein bands were clearly visible. For documentation

gels were scanned. The composition of all buffers can be found in Table 8.

6.2.4.8. Western blot analysis

Semidry protein blot systems were used to transfer proteins separated by SDS-PAGE to a polyvinylidene
difluoride (PVDF) membrane (Immobilion-P, Millipore, Germany). The PVDF membrane was activated by
a brief incubation in 100% methanol. Three filter papers (Whatman, Hartenstein, Germany) soaked in

transfer buffer were placed on the cathode of the blotting chamber (OWL HEP-1, Thermo Fisher Scientific,
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USA) and the SDS-PAGE gel was placed on top followed by the PVDF membrane. Another stack of three
filter papers soaked in transfer buffer was placed on the stack before closing the blotting apparatus with
the anode lid. A constant amperage of 1.2 mA/cm? was applied for 70 min allowing the transfer of proteins
to the PVDF membrane. To block free protein-binding domains the membrane was incubated with 5% milk
solution (5% (w/v) milk powder in TBS-T) for 1 h on a shaker. Afterwards primary antibody diluted in 5%
milk solution was added either for 1 h at room temperature or overnight at 4°C. The membrane was
washed thrice with TBS-T for 10 min before adding secondary antibody coupled to horseradish peroxidase
(HRP) diluted in 5% milk solution for 45 min at room temperature. The membranes were washed again
four times with TBS-T for 10 min to remove all unbound secondary antibody. Depending on the signal
intensity expected either SuperSignal West Pico or SuperSignal West Femto Maximum (Thermo Fisher
Scientific, USA) was used to detect the antibody signal. These solutions were used according to the
manufacturer’s instructions and allow the oxidization of luminol in the presence of HRP and peroxide. The
resulting chemiluminescent signal was detected using X-ray films (Super RX, Fuji medical X-ray film, Japan)
and developed in the Curix 60 (Agfa, Belgium). The films were scanned for documentation. All antibodies

and their dilutions used can be found in Table 9 and Table 10.

6.2.5. Microscopy

6.2.5.1. Immunofluorescence staining

Hela cells or primary human macrophages seeded on coverslips were infected with Yersinia as described
in section 6.2.1.3. After infection for the required time the cells were washed thrice with 1xPBS, fixed with
4% PFA in 1xPBS for 5-10 min and washed again thrice with 1xPBS. Permeabilization was achieved using
0.1% Triton X-100 for 15 min. To avoid unspecific binding, the cells were blocked with 3% BSA in 1xPBS for
1 h before incubation with primary antibody diluted in 3% BSA for 1 h. Unbound antibody was removed
by washing with 1xPBS three times. The fluorophore coupled secondary antibodies were also diluted in
3% BSA and added to the coverslips for 45 min. After washing three times with 1xPBS the coverslips were
mounted on microscope slides using Prolong Diamond (Thermo Fisher Scientific, USA). The slides were
incubated in the dark at room temperature for the mounting medium to set and were kept at 4°C for long
term storage.

To determine whether bacteria are on the outside or the inside of cells, a staining step was added before
permeabilization. Directly after fixation the cells were blocked with 3% BSA and incubated with an LPS
antibody. This was followed by a specific secondary antibody before the cells were permeabilized and the
steps were repeated using a secondary antibody with a different wavelength to distinguish between

bacteria accessible before permeabilization and after permeabilization.
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All PBS used for immunofluorescence staining was bought from Sigma-Aldrich (USA) and all antibodies and

their dilutions can be found in Table 9 and Table 10.

6.2.5.2. Substrate staining (Halo/SNAP/CLIP/ALFA)

The same staining protocol was used for the fluorescent substrates of the Halo, SNAP and CLIP-tag. The
substrates HaloTag TMR Ligand, SNAP-Cell TMR-Star and CLIP-Cell TMR-Star (New England Biolabs, USA)
were diluted in DMSO to a working dilution of 500 uM which was further diluted 1:1000 with DMEM with
10% FCS to a final concentration of 500 nM. Hela cells were infected with the different Yersinia strains
containing additional plasmids of YopH/YopM/YopE tagged with either Halo, SNAP or CLIP (as described in
section 6.2.1.3). After 45 min of infection the medium was removed and 200 pl of DMEM containing 500
nM substrate was added and incubated at 37°C and 5% CO, for another 15 min. Afterwards the cells were
washed five times with cell culture medium and once with 1xPBS before fixation with 4% PFA for 5-10 min.
The following steps including additional immunofluorescence staining were performed as described in
section 6.2.5.1.

For live imaging bacteria had to be stained before infection. The bacteria were prepared as described in
section 6.2.1.1 but set to an OD of 3.6 in 200 ul LB medium. After centrifugation (5000 x g, 5 min, RT) the
bacterial pellet was resuspended in 200 pl LB medium containing 500 nM substrate. The solution was
incubated at 37°C for 15 min, centrifuged (5000 x g, 5 min, 4°C) and resuspended in 1 ml ice-cold 1xPBS.
An incubation step on ice for 5 min was followed by another centrifugation (5000 x g, 5 min, 4°C) and
another 5 min incubation on ice. The bacteria were pelleted by centrifugation (5000 x g, 5 min, 4°C) and
resuspended in 200 pl 1xPBS. This bacterial suspension was used to infect Hela cells seeded in MatTek
dishes for live imaging. The dishes were placed in an incubation chamber of the Visitron SD-TRIF (Nikon
Eclipse TiE, Nikon, Japan) providing a temperature of 37°C and 5% CO..

The FluoTag-X2 anti-ALFA nanobody in either Abberior® Star 580 or 635P (NanoTag Biotechnologies,
Germany) was diluted 1:500 in 3% BSA. The cells infected with WA-314 YopD-ALFA were treated as for
immunofluorescence staining including the blocking step with 3% BSA (in some experiments excluding the
permeabilization step). The cells were incubated with the nanobody solution either at room temperature
for 1-2 h or overnight at 4°C before washing for four times with 1xPBS. For staining of intrabacterial YopD-
ALFA the nanobody was diluted in 0.05% Triton X-100 in 3% BSA and incubated overnight at 4°C. Additional
immunofluorescence staining was performed afterwards as described in section 6.2.5.1.

For live imaging the cells were seeded in 8-well dishes and placed in the prewarmed chamber supplied
with 5% CO; of the Visitron SD-TIRF. The nanobody was diluted 1:300 in 200 ul DMEM with 10 % FCS and

mixed with the WA-314 YopD-ALFA. The number of bacteria was chosen according to the intended MOIL.
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The medium was removed from the cells and the 200 pl medium containing nanobody and bacteria was

added. The imaging process was started immediately.

6.2.5.3. Confocal microscopy

The microscopy samples were observed using the laser scanning microscope Leica TCS SP8 with a 63x oil

immersion objective (NA 1.4) and the LAS X SP8 software (Leica Microsystems, Germany).

6.2.5.4. Live cell imaging
Some live imaging was performed using the laser scanning microscope Leica TCS SP8 under the same set
up as described in section 6.2.5.3 or the spinning disc microscope Visitron SD-TRIF (Nikon Eclipse TiE,

Nikon, Japan) with a 60x oil immersion objective (NA 1.49) and the VisiView software (Visitron Systems,

Germany).
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and others (lat.: et alteri”)

148



Abbreviations

EtOH
Fab
F-actin
FAE
FAK
FCS
Flag
FIAsH
fwd
FyB

G

g

)
GAP

GBP
GDP
GEF
GFP
GFP11
GFP1-10
GST
GTP

h

HA
HDR
Hom
HPI
HRP

Ig

IL
Inpp5b
IPTG
Kan
kDa
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M
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MAP
MAPK
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mg
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immunofluorescence
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liter
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low calcium response

low calcium response protein V
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lipopolysaccharide
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molar

milliampere
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nM
nm
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PAGE
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PBS
PCR
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pH

PH
PhoA
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PI(4)P
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pmol
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PP
PRK
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pYV
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Rac
rev
RFP
RhoA
RNA
rpm
RSK
RT

millimolar

millimeter

multiplicity of infection

messenger-RNA

millisecond

nicotinamide adenine dinucleotide phosphate
nanobody
nanobody against the ALFA-tag

nuclear factor 'kappa-light-chainenhancer' of activated B-cells
nanogram

non-homologous end joining
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nanomolar

nanometer

neural Wiskott-Aldrich syndrome protein
optical density
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Crk-associated substrate

polyacrylamide gel electrophoresis
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polymerase chain reaction
paraformaldehyde

power of /potential for hydrogen
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Pseudomonas outer protein
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Yersinia virulence plasmid
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SDS-PAGE
RSK1
sfGFP
SKAP-HOM
SPI

Spt
SRE
ssDNA
sv40

T

T4SS
TAE
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TEMED
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transmission electron microscopy
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ultraviolet

volt

volume per volume
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weight per volume
Western blot
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anti-
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