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Abstract 

The type III secretion system (T3SS) is utilized by many Gram-negative bacteria to promote survival in a 

variety of symbiotic or pathogenic relationships. Many pathogenic bacteria use their T3SS, commonly 

called the injectisome, to translocate bacterial effector proteins to manipulate host cells and promote 

infection. The injectisome consists of a membrane-spanning nanosyringe that translocates effector 

proteins from the bacterial cytosol into the host cytoplasm. Using Yersinia enterocolitica as a model 

organism, we characterized the post-secretion events (deactivation, reactivation, and re-initiation of 

division following secretion) and explored secretion regulation prior to and during activation. Our results 

show that Y. enterocolitica can quickly adapt to different environmental conditions, allowing rapid 

deactivation of secretion and when re-introduced into a secreting environment, the bacteria immediately 

reactivate the T3SS. Notably, Y. enterocolitica survives secretion and can reestablish growth and division. 

We also established cell culture-based infection assays to test controlled protein translocation by the T3SS 

and demonstrated that the cognate chaperone is vital for exporting complex non-native proteins into host 

cells. The effector chaperones don’t appear to directly interact with the injectisome, but are essential in 

establishing efficient effector export. Furthermore, we show that Yersinia appears to prepare a small pool 

of pre-synthesized effectors that is ready to be exported once secretion is activated. Lastly, we found that 

the gatekeepers, which controls the activation or inhibition of effector secretion, are localized throughout 

the cytosol, suggesting Y. enterocolitica utilizes a different mechanism to govern secretion than E. coli. 

The data shows that events during and after secretion are highly regulated, utilizing a variety of 

mechanisms to sense and adapt to the environment and promote swift and decisive secretion to bolster 

survival during infection. 
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Zusammenfassung 

Das Typ-III-Sekretionssystem (T3SS) wird von vielen gramnegativen Bakterien genutzt, um das Überleben 

in einer Vielzahl von symbiotischen Beziehungen zu fördern. Viele pathogene Bakterien nutzen ihr T3SS, 

allgemein als Injektisom bezeichnet, zur Translokation bakterieller Effektorproteine, um Wirtszellen zu 

manipulieren und die Infektion zu fördern. Das Injektisom besteht aus einer membranüberspannenden 

Nanospritze, die Effektorproteine aus dem bakteriellen Cytosol in das Zytoplasma des Wirts transloziert. 

Unter Verwendung von Yersinia enterocolitica als Modellorganismus haben wir die Ereignisse nach der 

Sekretion (Deaktivierung, Reaktivierung und erneute Teilungsinitiation nach der Sekretion) charakterisiert 

und die Sekretionsregulation vor und während der Aktivierung untersucht. Unsere Ergebnisse zeigen, dass 

sich Y. enterocolitica schnell an unterschiedliche Umweltbedingungen anpassen kann, was eine schnelle 

Deaktivierung der Sekretion ermöglicht. Wenn das Bakterium wieder in eine sekretierende Umgebung 

gebracht wird, reaktiviert es das T3SS sofort. Bemerkenswert ist, dass Y. enterocolitica die Sekretion 

überlebt und Wachstum und Teilung wiederherstellen kann. Darüberhinaus etablichte etablierte ich 

zellkulturbasierte Infektionsassays, um die kontrollierte Proteintranslokation durch das T3SS zu testen 

Diese Experimente zeigten, dass das kognate Chaperon für den Export komplexer nicht-nativer Proteine 

in die Wirtszellen entscheidend ist. Die Effektor-Chaperone scheinen nicht direkt mit dem Injektisom zu 

interagieren, sind aber essentiell, um einen effizienten Effektor-Export zu ermöglichen. Darüber hinaus 

zeigen wir, dass Yersinia einen kleinen Pool von vorsynthetisierten Effektoren vorbereit, der exportiert 

werden kann, sobald die Sekretion aktiviert wird. Schließlich haben wir festgestellt, dass Gatekeeper 

Proteine, der die Aktivierung oder Hemmung der Effektorsekretion steuert, im gesamten Zytosol 

lokalisiert sind, was darauf hindeutet, dass Y. enterocolitica einen anderen Mechanismus zur Steuerung 

der Sekretion verwendet als E. coli. Unsere Daten zeigen, dass die Vorgänge während und nach der 

Sekretion hochgradig reguliert sind und eine Vielzahl von Mechanismen benutzt wird, um die Umgebung 

zu erkennen und sich an sie anzupassen Dies erlaubt eine schnelle und effiziente Sekretion, um das 

Überleben der Bakterien während der Infektion zu sichern. 
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1. Introduction 

Bacteria have evolved a variety of mechanisms to survive in different environments and interactions 

with eukaryotic organisms. Through evolution bacteria have developed complex machinery like the 

bacterial flagellum, which facilitates chemotaxis, and the injectisome, which translocates proteins 

from the bacteria into host cells. These apparatuses play a vital role in bacterial survival and although 

the flagella and injectisome differ in structure, they share the common protein export machinery 

called the type III secretion system (T3SS). The T3SS is highly conserved and essential for the function 

of both the flagellum and injectisome. The flagellum allows for bacterial motility in a variety of 

environments (McCarter et al, 1988; Kearns, 2010; Altegoer et al, 2014) and aids in attachment to 

surfaces (McCarter et al, 1988; La Ragione et al, 2003; Robertson et al, 2003; Friedlander et al, 2013, 

2015); whereas the injectisome is used to translocate effector proteins into the host cytoplasm. The 

T3SS allows the export of extracellular components of the flagellar filament and injectisome (Cornelis, 

2006; Galán & Wolf-Watz, 2006; Diepold & Armitage, 2015; Shaulov et al, 2017). Although the T3SS is 

an essential component in both the flagellum and injectisome systems, from this point forward we 

will use T3SS in reference to the injectisome and not the flagellum. 

  Structure of the T3SS injectisome 

The injectisome consists of a membrane-spanning nanosyringe that translocates effector proteins 

from the bacteria into eukaryotic host cells. The injectisome is utilized by Gram-negative pathogens 

to manipulate host cells, ultimately allowing the bacteria to successfully disseminate throughout the 

host. Pathogens like Salmonella, Shigella, Escherichia coli, Yersinia and Pseudomonas utilize the T3SS 

for successful infection (Coburn et al, 2007). As shown in Figure 1, the injectisome can be divided into 

four distinct sections: the needle, the membrane rings, the export apparatus and the cytosolic 

components.  
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Figure 1: Overview of the type III secretion system.  
The left side of injectisome is divided into four major components: the needle, the membrane rings, export apparatus and 
cytosolic complex. On the right, component names are given in common Sct and Yersinia specific (Ysc) nomenclature 
(Hueck, 1998; Wagner & Diepold, 2020). OM, outer bacterial membrane; IM, inner bacterial membrane. (Wimmi et al, 
2019)  

The needle bridges the bacterial cytosol and host cytoplasm by creating a pore in the host plasma 

membrane, which allows the translocation of bacterial effector proteins into the host (Håkansson et 

al, 1996; Nauth et al, 2018; Park et al, 2018). The needle is composed of SctF subunits that form an 

extracellular tube (Hoiczyk & Blobel, 2001) and SctI acts as an adapter between the export apparatus 

and the needle (Torres-Vargas et al, 2019). Needle length is determined by the “ruler protein”, SctP 

(Journet et al, 2003). SctP measures the length of the needle by interaction with the base and the 

growing end of the needle (Agrain et al, 2005; Botteaux et al, 2008). Once at desired length, it is 

thought that SctP interacts with SctU to cease needle extension (Botteaux et al, 2008; Feria et al, 

2012). At the distal end of the needle is the needle tip, that consists of SctA, which senses host cell 

contact (Deane et al, 2006). The membrane rings anchor the injectisome into the peptidoglycan and 

inner and outer membranes of the bacteria. The rings are composed of SctC, the outer membrane 

ring, as well as SctD and SctJ, which make up the inner membrane ring (Marlovits et al, 2004). The 

export apparatus (SctV), which is located within the inner membrane rings, facilitates the transition of 

effectors from the cytosol into the injectisome and without the export apparatus substrate export is 

inhibited or significantly reduced (Sukhan et al, 2001; Wagner et al, 2010). The components that make 
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up the export apparatus consist of the auto-protease SctU, and the inner membrane channel proteins 

SctR, SctS, SctT (Deng et al, 2017). The cytosolic components, commonly called the “sorting platform” 

(Lara-Tejero et al, 2011), are a dynamic set of proteins that interchange between the cytosol and the 

injectisome (Diepold et al, 2015, 2017), which may facilitate the attachment of chaperone-effector 

complexes prior to export (Spaeth et al, 2009; Lara-Tejero et al, 2011). It has been found that the 

cytosolic components in Salmonella actually aid in establishing a secretion hierarchy (Lara-Tejero et 

al, 2011), however, this has not been established in all organisms. The cytosolic components consist 

of SctN, SctQ, SctL, SctK and SctO. SctN is an ATPase, which is used to disengage the chaperone from 

the effector and unfold the effector prior to export (Akeda & Galán, 2005). SctQ, SctL and SctK form a 

pod-like complex and act as the sorting platform (Lara-Tejero et al, 2011), whereas SctO links SctN to 

SctV (Hu et al, 2015, 2017).  

  Function of the injectisome in T3SS-utilizing organisms  

Many bacteria utilize the T3SS to promote survival in a variety of symbiotic and pathogenic 

relationships and the system is strongly conserved among Gram-negative bacteria (Hueck, 1998). For 

example, Rhizobia bacteria establish a mutualistic relationship with plants via the T3SS to promote 

survival in soil environments. On the other hand, pathogens like Salmonella, Shigella and 

Pseudomonas utilize their T3SS to manipulate the host immune system and promote infection. The 

T3SS is ultimately used to manipulate host cell behavior, which promotes bacterial survival. 

Rhizobia are soil bacteria that belong to the Azorhizobium, Bradyrhizobium and Rhizobium genera 

(Viprey et al, 1998). These bacteria are able to create a symbiosis with legumes. This relationship 

allows for the legumes to utilize fixed nitrogen from the bacteria and the bacteria to receive nutrients 

from the legumes (Nelson & Sadowsky, 2015). The host plant initiates symbiosis by releasing 

flavonoids in the soil. The rhizobia sense the flavonoids and this allows the activation of nod factor 

production (Spaink et al, 1989). The bacteria can enter the legume through cracks in the lateral root 

(D’haeze et al, 2003), stem, or enter through curling of the root hair, which results from nod factor 

recognition (Esseling et al, 2003). The effectors are potentially used to promote nodule formation, 

suppress the plant immune response during invasion and manipulate the autoregulation of nodulation 

controlled by the plant (Macho & Zipfel, 2015).  

Salmonella enterica is a gastro-intestinal pathogen that uses the T3SS to invade and colonize the host. 

Individuals become infected through the consumption of contaminated food and the bacteria travel 

to the small intestine (Giannella, 1996). Salmonella utilizes two T3SSs encoded on the Salmonella 

Pathogenicity Island (SPI) 1 and 2 (Van Der Heijden & Finlay, 2012). First the SPI-1 system is used to 
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invade host cells and elicit an inflammatory response. This enables the bacteria to invade immune and 

epithelial cells (Lou et al, 2019). Then the SPI-2 system is utilized to escape the Salmonella containing 

vacuole to allow for intracellular replication (Figueira & Holden, 2012). Both injectisomes are 

expressed heterogeneously among the population, resulting in two subpopulations (Sturm et al, 2011; 

Rundell et al, 2016). The SPI-1 active cells are used to invade epithelial and immune cells, thus inducing 

an inflammatory response, which removes competition in the intestinal lumen (Stecher et al, 2007; 

Müller et al, 2009; Knodler et al, 2010; Behnsen et al, 2014). Once competition is removed from the 

intestine, SPI-1 inactive bacteria are able to colonize the intestine (Diard et al, 2013). Together these 

subpopulations work together by using division of labor and bet-hedging strategies to promote 

successful infection (Weigel & Dersch, 2018; Davis & Isberg, 2019).  

Shigella flexneri is an intracellular gastro-intestinal pathogen that utilizes a multistep infection process 

with the help of their T3SS. When Shigella is ingested, the bacteria travel to the large intestine where 

they cross the epithelial barrier via the M (microfold) cells and into the Peyer’s patches (Wassef et al, 

1989; Perdomo et al, 1994b). The bacteria will then encounter macrophages, where they are able to 

escape the vacuolar membrane and enter the macrophage cytoplasm. Within the macrophage 

cytoplasm, Shigella exports effector proteins that induce apoptosis (Zychlinsky et al, 1994; Schroeder 

et al, 2007). The bacteria that are able to escape the macrophage can then invade the basolateral side 

of the epithelial cell with the aid of the injectisome (Perdomo et al, 1994b). Shigella is ultimately able 

to invade neighboring epithelial cells by inducing actin polymerization (Bernardini et al, 1989) and 

stress fibers (Vasselon et al, 1991) within the host cell, allowing further dissemination throughout the 

host. Additionally, the recruitment of immune cells and subsequent permeability of the epithelial layer 

results in further invasion of bacteria (Perdomo et al, 1994a, 1994b). The T3SS enables Shigella to 

invade host cells (High et al, 1992; Du et al, 2016), replicate within epithelial cells (Sansonetti et al, 

1986) and control immune responses during invasion (Ashida et al, 2015). 

Pseudomonas aeruginosa is an opportunistic pathogen that is capable of colonizing a variety of 

locations within the host (wounds, respiratory tract, bloodstream and urinary tract) (Bodey et al, 

1983). P. aeruginosa utilizes the T3SS to manipulate the host and promote infection by killing host 

cells and compromising epithelial integrity (Hauser, 2009). Specifically, the T3SS effectors modify the 

actin cytoskeleton (Cowell et al, 2005), inhibit phagocytosis (Frithz-Lindsten et al, 1997; Rocha et al, 

2003) and induce cell death (Finck-Barbanç et al, 1997; Pederson & Barbieri, 1998). Although the T3SS 

promotes virulence within the host, the T3SS is not homogenously expressed and the T3SS-inactive 

subpopulation can benefit from the T3SS-active population during infection (Czechowska et al, 2014). 
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  Yersinia enterocolitica as a pathogen and model organism 

Yersinia enterocolitica is a Gram-negative, gastrointestinal pathogen closely related to 

Y. pseudotuberculosis and Y. pestis. Y. enterocolitica has a coccobacillus morphology and at 

temperatures below 28°C, is motile and peritrichous. However, at 37°C the bacterium has very few or 

no flagella resulting in poor motility (Bottone & Mollaret, 1977). Y. enterocolitica is commonly found 

in both wild and domesticated animals and is transmitted to humans through undercooked or raw 

food, as well as contaminated water (Bottone, 1997; Rosner et al, 2010; Råsbäck et al, 2018). 

Symptoms of a Y. enterocolitica infection (yersiniosis) consist of diarrhea, vomiting, fever and 

abdominal pain. Although most infections are self-limiting (Bottone, 1997) and do not require 

antibiotic intervention, severe infections can be treated with beta-lactam, third-generation 

cephalosporin and fluoroquinolone antibiotics (Gayraud et al, 1993; Jiménez-Valera et al, 1998; 

Fàbrega & Vila, 2012). 

Y. enterocolitica is a gastrointestinal pathogen that invades the small intestine by using the T3SS to 

manipulate host epithelial and immune cells. Once Yersinia is ingested by the host, the temperature 

shift from the environment to the host (temperature of 37°C) results in assembly of the injectisome 

and expression of effectors, which are, however, not exported yet (Kupferberg & Higuchi, 1958). 

Yersinia pass through the gastrointestinal tract until reaching the small intestine, where the bacteria 

are able to enter the lymphatic system through M cells. Once the bacteria breach the intestinal 

epithelium, they begin replication in the Peyer’s patches  (Grutzkau et al, 1990) and will disseminate 

into the mesenteric lymph nodes (Fredriksson-Ahomaa et al, 2006) and in severe cases, result in 

systemic infections (Bottone, 1999).  

When Yersinia comes into contact with immune cells, the bacteria significantly upregulate the 

expression and export of effectors (Cornelis et al, 1987; Pettersson et al, 1996; Wiley et al, 2007), as 

well as a 2-fold increase in injectisome components (Kudryashev et al, 2015). Attachment to host cells 

is facilitated by the binding of invasins (inv) and adhesions (ail) (Fredriksson-Ahomaa et al, 2006; 

Bottone, 1999) and this close contact is essential for the T3SS to create a pore. The pore is formed by 

the SctE and SctB (YopB and YopD) translocators, which establish a bridge between the bacterial 

cytosol and host cytoplasm (Håkansson et al, 1993, 1996; Neyt & Cornelis, 1999). The role of the 

effectors is to dampen the initial immune responses, which allows Yersinia to combat phagocytic cells 

long enough for infection to occur. Specifically, the effectors modify the host actin cytoskeleton 

preventing phagocytosis, controlling immune cell death, inhibiting inflammatory responses and 

pyroptosis (Grosdent et al, 2002; Philip et al, 2016). 
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In the lab, two strain backgrounds of Yersinia enterocolitica are used, HOPEMTasd and MRS40. 

MRS40 is derived from the wild-type (WT) strain that secretes all effectors and is classified as biosafety 

level 2. HOPEMTasd lacks the main virulence effectors (YopH, O, P, E, M, and T) and is auxotrophic 

for diaminopimelic acid (amino acid required for cell wall production) for survival and is classified as 

biosafety level 1.  

  Function of the effectors during infection in Y. enterocolitica 

Effector proteins are used to modify host cell behavior, as shown in Figure 2, dampening the immune 

response and promoting dissemination throughout the host (Cornelis, 2006; Galán, 2009). Yersinia 

translocates YopH, O, P, E, M, T and Q (Yersinia outer protein) into the host cytoplasm. These effectors 

can be categorized by their function and target proteins: modify actin cytoskeleton – YopH, YopO, 

YopE and YopT (Grosdent et al, 2002); inhibition of cytokine and inflammatory responses – YopO, 

YopE, YopM, YopT and YopQ; induction of apoptosis – YopP (Philip et al, 2016); translocation 

regulation – SctW (YopN) and YopQ (Bamyaci et al, 2018). 
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 Figure 2: Function of effector proteins within an immune cell. 
YopT modifies the actin cytoskeleton to prevent phagocytosis. YopP obstructs NF- KB and activates caspase 8 pathways, 

which initiates caspase 1 pathways and apoptosis. YopM, in the presence of YopQ, suppresses caspase 1 from initiating 

pyroptosis. YopE modifies the actin cytoskeleton, preventing phagocytosis, and suppresses caspase 1. YopO alters the 

actin cytoskeleton, prohibiting phagocytosis. YopH prohibits cytokine production and changes the focal adhesions, which 

prevents phagocytosis. 

YopH is a protein-tyrosine phosphatase and is one of the first effectors translocated into the host. 

Specifically, YopH dephosphorylates focal adhesion complexes, which prevents phagocytosis (Bliska 

et al, 1991; Adkins et al, 2007) and inhibits cytokine responses to stop recruitment of immune cells 

(Philip et al, 2016). YopO is a serine/threonine protein kinase which modifies the actin cytoskeleton, 

inhibiting phagocytosis (Lee et al, 2015). YopT is described as a cytotoxin that targets Rho family 

GTPases, specifically RhoA (Zumbihl et al, 1999; Aepfelbacher et al, 2003), which interacts with the 

actin cytoskeleton (Shao et al, 2002, 2003; Navarro et al, 2005). YopP inhibits MAPK (mitogen-

activating protein kinases) (Ruckdeschel et al, 1997a; Orth et al, 1999) and NF-KB (Ruckdeschel et al, 

1998; Orth et al, 2000) pathways, as well as inducing apoptosis of immune cells (Monack et al, 1997; 

Mills et al, 1997; Erfurth et al, 2004). YopE is a cytotoxin (Rosqvist et al, 1990) and interacts with Rac 

proteins which halts phagocytosis (Andor et al, 2001), and induces apoptosis in immune cells 

(Ruckdeschel et al, 1997b). YopM, in the presence of YopQ, inhibits caspase 1 pathways which 

prevents inflammasome activation (Chung et al, 2014; Larock & Cookson, 2012). YopQ regulates the 

translocation rate of effectors during translocation (Garcia et al, 2006; Thorslund et al, 2011; Dewoody 
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et al, 2011). SctW holds both a regulatory and virulence role functioning as a gatekeeper, which 

prevents premature secretion activation, yop expression when secretion is inactivated, and is required 

for translocation of YopH and YopE (Forsberg et al, 1991; Cheng et al, 2001; Bamyaci et al, 2018, 2019). 

  Assembly of the T3SS 

The assembly of the T3SS occurs in four distinct steps: assembly of the basal body and export 

apparatus; assembly of the cytosolic components; assembly of the inner rod and needle; and assembly 

of the tip and translocon. Two methods have been described for the assembly of the T3SS and this 

mainly stems around the insertion of the membrane rings, resulting in the inside-out method utilized 

by Salmonella (Wagner et al, 2010) or the outside-in used by Yersinia (Diepold et al, 2010, 2011).  The 

inside-out method consists of the formation of the basal body and export apparatus within the inner 

membrane, beginning first with the assembly of the inner ring anchors, export apparatus and lastly 

the outer membrane ring (secretin, SctC). The outside-in model begins with anchoring the secretin 

protein in the outer membrane. The assembly of the inner membrane ring and the export apparatus 

occurs independently, although SctJ can bind to the export apparatus in the absence of SctC (Diepold 

et al, 2010, 2011). The formation of the inner rod and needle requires the export apparatus (Wagner 

et al, 2010) and the cytosolic components (Diepold et al, 2010). Once assembled, the injectisomes are 

able to export the tip and translocon, which allows translocation of effector proteins. 

  Yersinia virulence plasmid  

All three pathogenic strains of Yersinia encode their T3SS on a virulence plasmid ranging from 66 to 

72 kb in size (Gemski et al, 1980b, 1980a; Ben-Gurion & Shafferman, 1981; Ferber & Brubaker, 1981; 

Portnoy et al, 1984). Although the organization of the virulence plasmids differs between Y. pestis, Y. 

pseudotuberculosis and Y. enterocolitica, the genes that encode the T3SS components are conserved 

and highly similar (Hu et al, 1998). The T3SS genes can be categorized into machinery components 

(yscB-L, yscN-U and lcrD) and transcription and secretion regulation (lcrR, lcrGVH, virF, sctW and 

yscM1) (Hueck, 1998). Although the T3SS machinery is conserved, the distribution and location of the 

Yops on the pYV varies among the pathogenic species of Yersinia (Hu et al, 1998).   

The Yersinia virulence plasmid (pYV) for Y. enterocolitica is shown in Figure 3. Expression of the T3SS 

is controlled by temperature and when the bacteria is exposed to 37°C, VirF is expressed and binds to 

multiple regions of the pYV, specifically: yscA-L, lcrGVH, yopE (Wattiau & Cornelis, 1994) and yopH (de 

Rouvroit et al, 1992). Although VirF is involved in the activation of the expression of the T3SS 

apparatus, it does not directly control the expression of the yop genes (de Rouvroit et al, 1992). yop 

expression is controlled  by YscM1 (Michiels et al, 1991) and YscM2 (Stainier & Cornelis, 1997) via a 
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negative-feedback loop (Stainier & Cornelis, 1997). These proteins act in a concentration-dependent 

manner. In non-secreting conditions (high level of environmental calcium; no host contact), YscM1 

and YscM2 are present in high concentration thus repressing the expression of the yop genes 

(Rimpilainen et al, 1992; Allaoui et al, 1994; Stainier & Cornelis, 1997). However, in secreting 

conditions (low level of environmental calcium; host cell contact), YscM1 and YscM2 are exported and 

this decrease in protein concentration allows for upregulation of the yop genes (Pettersson et al, 1996; 

Stainier & Cornelis, 1997). 

  

Figure 3: Genetic map of the pYVe227 virulence plasmid for Y. enterocolitica W22703. 
Y. enterocolitica virulence plasmid that is closely related to MRS40 (pYVe40), which has been primarily throughout this 

study. Genes are organized by color to distinguish the part of the injectisome they encode for. Green – genes that encode 

the Ysc apparatus components. Light blue – genes that encode the translocators, Dark blue – genes that encode virulence 

effector proteins. Red – genes that encode effector chaperones. Brown – gene that encodes adhesin. Gray – genes that 

encodes arsenate resistance. Orange – genes that are involved in gene expression regulation. Taken from Iriarte & 

Cornelis, 1999. 

  Regulation of the T3SS in Y. enterocolitica 

1.7.1 Thermoregulation of the injectisome  

T3SS components are regulated on several levels and use different environmental cues to control 

regulation of injectisome assembly and effector expression. Injectisome assembly is controlled by 

temperature, specifically from the environment and host. In environmental conditions (temperatures 

below 30°C), Yersinia are motile and peritrichous (Bottone & Mollaret, 1977) and are not expressing 
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the injectisome. However, when the bacteria transition into the host, they begin to express and 

assemble the injectisome. This regulation is controlled by two mechanisms on transcriptional and 

translational levels, as shown in Figure 4. At environmental temperatures (25°C), the yscW-lcrF operon 

is partially repressed by YmoA homodimers and YmoA-N-HS heterodimers (Nieto et al, 2002) and lcrF 

mRNA that is transcribed is fully repressed by a two-stem-loop found on the 5’ end (RNA thermometer, 

RNAT) that prevents the ribosome from translating (Böhme et al, 2012). However, when the bacteria 

are shifted to 37°C, YmoA is degraded by ClpP and Lon proteases, allowing full transcription of the 

operon (Jackson et al, 2004). Additionally, the two-stem-loop is melted at 37°C, resulting in efficient 

translation of LcrF (VirF in Y. enterocolitica) (Böhme et al, 2012). LcrF/VirF is the transcriptional 

activator for expression of the T3SS proteins on the pYV (Skurnik & Toivanen, 1992; Wattiau et al, 

1994). 

 

Figure 4: Thermo-regulation of LcrF (homologue to VirF in Y. enterocolitica) by YmoA and RNAT. 
(A) At 25°C, the ycsW-lcrF operon is partially repressed by YmoA homodimers and YmoA-H-NS heterodimers, preventing 

transcription. Translation is fully prepressed by the RNAT, a two-stem-loop structure in the mRNA found on the lcrF mRNA. 

(B) At 37°C, YmoA homodimers and YmoA-N-HS heterodimers are cleaved by ClpP and Lon proteases allowing full 

transcription of the lcrF operon. The RNAT in the lcrF mRNA is melted at higher temperatures, allowing translation of LcrF, 

which activates transcription of the pYV. Based on De Nisco et al (2018). 

1.7.2 Counter-regulation of motility and virulence  

Temperature not only regulates the injectisomes, but also the flagella. Expression of these two 

systems is counter-regulated in Y. enterocolitica. In environmental conditions (temperatures below 

30°C), the expression of the flagella is upregulated allowing the bacteria to be motile. However, in 
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host conditions (37°C), the flagellum becomes downregulated and existing flagella are shed (Darland 

et al, 1974; Bottone & Mollaret, 1977; Minnich Scott A. and Rohde, 2007), and the expression of 

injectisome components is upregulated (Skurnik et al, 1984; Michiels et al, 1991; de Rouvroit et al, 

1992; Hoe & Goguen, 1993). This counter-regulation is controlled on a transcriptional level where the 

expression of the main transcription factors for the flagella (FlhDC) are active at environmental 

temperatures, but not host temperatures, and vice versa for the injectisome transcription factor 

(LcrF). This regulation corresponds to the switch from motility (in environmental conditions) to 

virulence (in host physiological conditions) (Bleves et al, 2002; Horne SM et al, 2006; Soscia et al, 

2007). This temperature control between motility may also be involved in maintaining specificity 

between both flagellar and injectisome T3SS, as well as preventing host immune responses to the 

flagella (Diepold & Armitage, 2015).  

1.7.3 Substrate specificity switches  

The T3SS is composed of three substrate classes: early substrates (rod and needle subunits), middle 

substrates (translocators) and late substrates (effector proteins). The export of these substrates 

occurs in a hierarchical manner to allow for the formation of functional injectisomes, as shown in 

Figure 5. Once the basal body is assembled, the insertion of the inner rod (SctI) and the interaction of 

the ruler protein (SctP) with the base of the needle complex is vital for the export of the needle 

subunits (Kubori et al, 2000; Kimbrough & Miller, 2000). The priming of the needle complex with the 

inner rod and the ruler protein marks the switch to early substrate export. SctP is known to control 

the length of the needle, where the C-terminus is attached to the base of the needle complex and the 

N-terminus interacts with the end of the growing needle (Agrain et al, 2005; Botteaux et al, 2008). 

SctU has also been found to interact with SctP and both are believed to bring a stop to needle growth, 

leading to the switch between early and middle substrates (Botteaux et al, 2008; Feria et al, 2012; Ho 

et al, 2017), however, this interaction in vivo remains unclear. Needle growth ceases once SctP 

interacts with the distal end of the needle, this interaction initiates the switch for export of the middle 

substrates (Shen et al, 2012). By capping the distal end of the needle with SctA, export of the middle 

substrates is inhibited, thus stopping needle growth (Poyraz et al, 2010). The needle tip consists of the 

hydrophilic protein SctA, which forms a pentamer (Broz et al, 2007). At this stage, the needle is 

prepared to make host cell contact, which will mark the switch to the late substrates. Host cell contact 

is sensed by the needle tip (Veenendaal et al, 2007; Roehrich et al, 2013; Armentrout & Rietsch, 2016) 

resulting in the release of the gatekeeper, SctW (Day & Plano, 1998; Iriarte et al, 1998; Ferracci et al, 

2005). The gatekeeper allows the export of SctB and SctE in Salmonella, Shigella, Chlamydia, and EPEC 

(Lara-Tejero et al, 2011; Cherradi et al, 2013; Archuleta & Spiller, 2014; Gaytán et al, 2018) and 

suppress effector export (Deng et al, 2004, 2005; Martinez-Argudo & Blocker, 2010; Cherradi et al, 
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2013). The translocator pore proteins (SctB and SctE) interact with the needle tip (Mueller et al, 2005; 

Broz et al, 2007; Johnson et al, 2007) and create a pore in the host plasma membrane (Håkansson et 

al, 1996; Neyt & Cornelis, 1999; Blocker et al, 1999; Goure et al, 2004; Picking et al, 2005; Nauth et al, 

2018) to allow translocation of the effector proteins (Schlumberger et al, 2005; Enninga et al, 2005; 

Mills et al, 2008; Wolters et al, 2015). 

 

Figure 5: Substrate specificity switches of the T3SS.  
The export of the early substrates allows for the formation of the needle until it has reached its specified length, which is 

determined by the ruler protein. The ruler protein then allows the switch from early to intermediate substrates, the 

needle tip proteins, through interactions with the switch protein (1). The needle tip is able to sense host contact and this 

signal is transduced through the needle to the cytosolic interface of the injectisome. This signal allows for the 

disengagement of the gatekeepers (SctW, main gatekeeper protein, and associated complex proteins) (2). Then the late 

substrates, which is made up of the effectors, are able to be translocated into the host cell (3). Based on Diepold & Wagner 

(2014). 

1.7.4 Heterogeneity in T3SS expression  

Many pathogens utilize their injectisomes to promote survival and enhance pathogenicity (Büttner, 

2012; Deng et al, 2017), but how they express their injectisomes varies among different organisms. 

Some pathogens, such as Salmonella enterica and Pseudomonas aeruginosa, heterogeneously express 

their T3SS resulting in two subpopulations to promote successful infection (Rietsch & Mekalanos, 

2006; Sturm et al, 2011; Rundell et al, 2016). Usually, heterogeneous expression allows for the survival 

of the clonal population at the expense of a subpopulation. This behavior is evident in T3SS-active 

Salmonella, which use their T3SS to infiltrate the intestinal epithelial and induce an inflammatory 

response that removes competition in the intestinal lumen (Stecher et al, 2007; Müller et al, 2009; 

Knodler et al, 2010; Behnsen et al, 2014). This allows the T3SS-inactive subpopulation to then colonize 
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the lumen. However, the T3SS-active bacteria experience growth retardation (Kupferberg & Higuchi, 

1958; Mehigh et al, 1989; Fowler & Brubaker, 1994; Sturm et al, 2011), resulting in the T3SS-inactive 

population outgrowing the T3SS-active population (Sturm et al, 2011; Diard et al, 2013; Sánchez-

Romero & Casadesús, 2018; Weigel & Dersch, 2018). Ultimately, this cooperative virulence 

demonstrates that the T3SS-active population sacrifice themselves to improve their genetic fitness 

and successful infection.  

  Growth retardation during secretion 

During secretion, T3SS-utilizing bacteria experience growth retardation (Kupferberg & Higuchi, 1958). 

This behavior is well documented and is what led to the discovery of the T3SS in Yersinia (reviewed in 

Schneewind, 2016), however, the link remains unclear on why Yersinia inhibits division during 

secretion. Several hypotheses have been suggested consisting of: metabolic burden resulting from 

biosynthesis, assembly and operation of the T3SS (Brubaker, 1983, 2005; Sturm et al, 2011; Wilharm 

& Heider, 2014; Wang et al, 2016); the leakage of amino acids or ions that are co-exported with 

effectors (Fowler & Brubaker, 1994; Fowler et al, 2009); or a combination of both. The metabolic 

burden is currently the most common explanation for why secreting bacteria are unable to grow.  

The assembly and maintenance of the T3SS is thought to be energetically taxing and may result in 

growth arrest. This transition from non-secreting to secreting conditions suggests the modification of 

metabolic pathways to support the biosynthesis related to T3SS activation (Schmid et al, 2009). YscM1 

and YscM2 are not only involved in yop regulation (Pettersson et al, 1996; Bahrani et al, 1997; Stainier 

& Cornelis, 1997), but also metabolic regulations by repressing phosphoenolpyruvate carboxylase 

(PEPC) (Schmid et al, 2009). Under non-secreting conditions, YscM1 represses PEPC activity, however, 

when secretion is activated, YscM1 is secreted and is unable to reduce PEPC activity, thus allowing 

modification of the metabolism (Schmid et al, 2009). Schmid and colleagues proposed the “load and 

shoot” model, where the T3SS requires two phases: 1) loading – biosynthesis of Yop proteins in 

preparation of immune cell attack; 2) shooting – export of the pre-synthesized pool. Under the first 

stage, PEPC activity is required to replenish amino acids for synthesis from the tricarboxylic acid cycle. 

During stage two, the bacteria are required to maintain the energy charge level and Yop production 

over general biosynthesis and population growth by reducing PEPC activity (Schmid et al, 2009). The 

effect of secretion on the bacterium was found to induce a lower energy charge than that of non-

secreting bacterium (Zahorchak et al, 1979), however, the relationship between secretion and 

metabolic burden still requires further study. 

Ion and amino acid leakage during T3SS activation has been suggested to affect bacterial propagation. 

Fowler and colleagues suggest ions leaked or co-exported through the T3SS potentially affect their 
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ability to uptake essential nutritional components, resulting in growth arrest (Fowler et al, 2009). Also, 

the addition of ions and amino acids (such as Na+, L-glutamate and L-aspartate) to the medium 

negatively affects bacterial growth and recovery in Ca2+ deficient media (Brubaker, 1967, 2005; Fowler 

& Brubaker, 1994; Fowler et al, 2009). They propose that Ca2+ alleviates Na+ sensitivity in growth media 

and the extracellular environment within the host contains high levels of Ca2+, whereas in visceral 

organs these ions are not present, thus alleviating any toxicity (Kugelmass, 1959; Fowler et al, 2009). 

This suggests that T3SS activation has a negative effect on the bacteria, however, the relationship 

between growth retardation and leakage of ions and amino acids remains unclear. 

  Translocation of T3SS effectors proteins in Y. enterocolitica 

Effectors can be exported into the supernatant/environment or directly into the host cell, in processes 

called secretion or translocation, respectively. These events can be initiated by either host cell contact 

or can be artificially induced either by calcium depletion for Yersinia (Kupferberg & Higuchi, 1958), the 

addition of Congo red dye (Parsot et al, 1995; Bahrani et al, 1997) for Shigella, or the combination of 

decreased pH and nutrient deprivation for the Salmonella SPI-2 system (Deiwick et al, 1999; Beuzón 

et al, 1999; Rappl et al, 2003; Yu et al, 2010). Within the host, the extracellular fluid was shown to 

have high levels of, whereas the intracellular environment (within the host cells) were found to have 

low calcium levels (Carafoli, 1987). As a result, Yersinia does not secrete in an environment that mimics 

the extracellular calcium levels (high calcium concentrations; non-secreting conditions), however 

secretion is activated when the bacteria are exposed to conditions that mimic the intracellular calcium 

levels (low calcium concentrations; secreting conditions) (Grosdent et al, 2002; Philip et al, 2016). 

1.9.1 Function of the gatekeepers  

Reacting to the environmental levels of calcium is essential in allowing Yersinia to precisely time 

effector export, prevent the waste of effector proteins and avoid alerting the immune system. This 

vital job is carried out by the gatekeepers. This complex in Y. enterocolitica is made up of: SctW, the 

main gatekeeper that is exported into the host cell ; two chaperones, YscB and SycN; and the inhibitory 

protein TyeA (Iriarte et al, 1998; Cheng et al, 2001; Day et al, 2003) . When low calcium levels or host 

cell contact is sensed, SctW is disengaged from the complex and is exported out of the cell, followed 

by the subsequent effectors (Ferracci et al, 2004). The cue for deactivation of the T3SS remains 

unclear, but following sufficient secretion, the gatekeeper complex needs to be reestablished to 

prevent further secretion. All components of the gatekeeper complex are essential in responding to 

the change in calcium levels and without any of these components, the bacteria constitutively secrete 

regardless of the environmental calcium levels (Ferracci et al, 2004). Two mechanisms for the 

gatekeeper complex have been considered, one describing a physical “plugging” of the cytosolic 
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interface, which prevents the export of effectors in high calcium environments (Büttner, 2012; 

Fàbrega & Vila, 2012), and the other suggesting either an order of secretion or delocalized regulation 

(Cheng et al, 2001). The gatekeepers, SepD and SctW (SepL), of pathogenic E. coli (enteropathogenic 

and enterohemorrhagic E. coli, EPEC and EHEC, respectively) have been found to be physically bound 

to the cytosolic interface of the injectisome and are essential for regulating translocation export (Deng 

et al, 2005; Portaliou et al, 2017; Gaytán et al, 2018). Unlike Yersinia, E. coli utilizes its gatekeepers to 

control the switch between translocator and effector export. The gatekeepers allow for the export of 

the translocators in high calcium environments or prior to host cell contact, however, when low 

calcium environments or host cell contact is sensed, SepD and SctW suppress the export of the 

translocators and allow effector export (Deng et al, 2005; Younis et al, 2010; Deng et al, 2015; Shaulov 

et al, 2017; Portaliou et al, 2017; Gaytán et al, 2018). Although this two-step process in exporting the 

translocators and effectors in E. coli appears to demonstrate different regulation than Yersinia, the 

Yersinia gatekeepers are vital for sensing environmental cues and establishing control for translocator 

and effector export (Cheng et al, 2001; Ferracci et al, 2004, 2005; Deng et al, 2005). Nonetheless, the 

molecular interactions of the gatekeepers and the T3SS in Yersinia remains unclear. 

1.9.2 Hierarchical export of the effectors  

While studies suggest a high degree of regulation for effector export, the exact determination and 

adaptation of the coordination of effector secretion remains unknown in Y. enterocolitica. Activation 

of secretion and translocation events are highly controlled, where the export of the effectors is 

dependent on translational and transcriptional regulation, the use of other effectors to control 

translocation rate, as well as the presence of chaperones (Mills et al, 2008, 2013; Dewoody et al, 2011; 

Berger et al, 2012). These levels of regulation are thought to establish a secretion hierarchy among 

the effectors. This may allow the bacteria to precisely control host cell behavior, specifically by 

inhibiting host cell inflammatory pathways and inducing apoptosis at specific times. Salmonella utilizes 

a sorting platform, where translocators are exported prior to the effectors. Lara-Tejero and colleagues 

suggest that recognition of chaperone-substrate complexes with the sorting platform may be 

dependent on the interaction with the chaperone itself (Lara-Tejero et al, 2011). Whereas in E. coli, 

the gatekeeper complex interacts with the injectisome to selectively export the translocators prior to 

the effectors (Deng et al, 2005; Portaliou et al, 2017; Gaytán et al, 2018).   

The chaperones have been found to play an integral role in translocation, where the chaperones keep 

the effectors partially unfolded (Stebbins & Galan, 2001), guide them to the cytosolic interface and 

ultimately increase the effector concentration prior to export (Rathinavelan et al, 2010; MacDonald 

et al, 2017). Interestingly, chaperone expression affects the export of effectors, specifically: the 
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overexpression of SycO (chaperone of YopO) reduces export of all substrates (translocators and 

effectors) (Dittmann et al, 2007); the overexpression of SycH promoted effector export of YscM1/2 

(negative regulators of yop expressions), the needle tip (SctA) and SctB/E (translocators) in non-

secreting conditions (Cambronne et al, 2000; Wulff-Strobel et al, 2002); and deletion of SycH resulted 

inhibition of YopH and YscM1 secretion (Cambronne et al, 2000). Additionally, the chaperones prevent 

mislocalization and premature degradation of the effectors prior to secretion (Wattiau et al, 1994; 

Frithz-Lindsten et al, 1995; Page & Parsot, 2002). Most effectors are co-expressed with their cognate 

chaperone (Wattiau et al, 1994; Button & Galán, 2011), and although chaperones promote more 

efficient translocation, they are not required by all effectors for export (Letzelter et al, 2006; Ernst et 

al, 2018). The chaperones bind to the effector proteins in dimers, resulting in a 2:1 chaperone to 

effector ratio (Cheng & Schneewind, 1999; Ghosh, 2004).  

In order for effectors to be exported, a signal is needed to allow the proteins to translocate through 

the injectisome. These export signals are encoded on the N-terminal region of the effector and 

currently two different export signals are known – a short signal that allows for export of proteins in 

the environment and a long signal that grants translocation into host cells (Figure 6). The short signal 

is commonly called the secretion signal, which usually consists of the first ~20 amino acids. The longer 

signal termed the translocation signal contains the first ~50 amino acids (Sory et al, 1995; Schesser et 

al, 1996; Köberle et al, 2009; Autenrieth et al, 2010) and longer sequences (containing up to 140 amino 

acids) include the chaperone binding domain (CBD) (Cornelis & Gijsegem, 2000; Boyd et al, 2000). In 

Yersinia, the effectors and heterogeneous cargo (i.e. fluorescent or non-native proteins) can be 

secreted or translocated through the injectisome without the CBD (Sory et al, 1995; Cheng et al, 1997), 

however, this is not the case for all organisms. For Salmonella, the CBD is essential for injectisome-

specific export and if the CBD is removed the proteins can then be exported through the flagellar T3SS 

(Lee & Galán, 2004). The export signals play a vital role in the export of effectors and heterogeneous 

cargo, but how these protein domains interact with the injectisome remains unclear.  
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Figure 6: Export signals of T3SS substrates. 
Export signals are located on the N-terminus of the type III secretion system effector, which allow these proteins to be 
exported through the injectisome. The secretion signal contains approximately the first 20 amino acids (a.a.) and allows 
export of cargo into the supernatant or environment. The translocation signal is composed of approximately the first 50 
amino acids, including the export signal, and allows export of cargo into host cells and the environment. The translocation 
signal containing the chaperone binding domain makes up approximately the first 140 amino acids and has the ability to 
interact with the cognate chaperone of the effector.  

1.9.3 Effector synthesis and export kinetics  

Activation of the T3SS results in the export of up to a thousand effectors per minute per bacterium 

(Schlumberger et al, 2005; Enninga et al, 2005). How the bacteria manage to export their effectors 

remains unknown and has led to many questions on how bacteria prepare prior to activation. Does 

Yersinia utilize a pre-synthesized pool of effectors and, if so, how large is this pool? Is the translation 

and export of the effectors a one- or two-step process?  

The pre-synthesized effector pool model would require a pool of effectors to be expressed prior to 

activation of the T3SS. Once export is initiated, the bacterium would deplete their intracellular pool 

and begin resynthesizing new effectors for export. Looking at the secretion rate, there would be two 

waves of effector export, with the first wave being the quick export of the pre-synthesized pool, 

followed by a decrease in secretion rate where the bacteria expresses and exports newly synthesized 

effectors (Figure 7.A). If a pre-synthesized pool is not produced, this would require rapid synthesis and 

export of effectors in order to quickly combat immune cells. In this case, the secretion rate of effectors 

would appear linear over time (Figure 7.B).  

Translational regulation is vital in providing the necessary effectors to ensure survival when combating 

immune cells. Post-translation and co-translational synthesis and export offer two potential models 

explaining how the bacteria are able to quickly express and translocate proteins into host cells. The 

co-translational model describes a one-step mechanism where effectors are directly expressed into 

the injectisome for subsequent export. If effectors would be translated and exported in this way, it 

would require ribosomes to be located near the injectisomes (Figure 7.C). The post-translational 

regulation model describes a two-step process where effectors are synthesized in the cytosol followed 

by delivery to the injectisome, potentially with the aid of chaperones. In this model, synthesis would 

be cytosolic where translation by the ribosome would occur throughout the bacterium and in addition 

to coordinated delivery of the effectors to the injectisome (Figure 7.C).  
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Figure 7: Effector export models.  
(A) Pre-synthesized effector pool model describes a pool of effectors produced prior to export activation that are quickly 

exported demonstrating a rapid export rate, followed by a decrease in secretion rate. As effector biosynthesis is initiated, 

effectors are then exported as they are produced. (B) No effector pool model describes a linear export rate of effectors, 

where effectors are synthesized and subsequently exported. (C) Co-translational effector export model demonstrates 

translation of effector mRNA, followed by the newly synthesized protein being exported. Post-translational export model 

illustrates the expression of effectors that are then protected and guided by their cognate chaperones to the injectisome 

prior to export. 

Translation and export is vital for successful infection; however, much remains to be elucidated in how 

these mechanisms are connected. Additionally, the role of the chaperones in this process and whether 

chaperones are needed more heavily at different points during secretion (Büttner, 2012; Finn et al, 

2017).  

1.9.4 Deactivation of secretion 

The cue for deactivation also remains unclear, but it is suggested that down regulation of effector 

translocation is controlled by YopQ (YopK in Y. pestis and Y. pseudotuberculosis) (Garcia et al, 2006; 

Thorslund et al, 2011; Dewoody et al, 2011). YopQ regulates the translocation rate of the effectors 

and is suggested to be one of the first proteins exported following SctW. In yopQ mutants, Yersinia is 

unable to control export resulting in increased effector translocation, however, if YopQ is 

overexpressed, the bacterium is unable to translocate YopE and YopH. It is hypothesized that as the 

concentration of YopQ increases within the host, translocation of the effector proteins slows down 
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(Holmström et al, 1997).  Although yopQ mutants demonstrate a higher translocation rate and 

cytotoxicity, these strains are attenuated by the host (Dewoody et al, 2011). Interestingly, YopQ 

interacts with the translocators and has been shown to play a role in pore size, where yopQ mutants 

create a larger pore in the host membrane (Holmström et al, 1997; Dewoody et al, 2011). As seen in 

Figure 8, two models have been described to explain how YopQ deactivates secretion: 1) signal 

transduction model – exported YopQ binds to the pore and initiates a confirmation change in the 

injectisome to inhibit secretion; 2) plug model – exported YopQ accumulates at the pore and 

mechanically prevents the effectors from entering the host cell (Dewoody et al, 2013). Effector 

proteins YopE and YopT also function to inhibit further pore formation by other injectisomes, thus 

preventing an overload of effectors in the host cell (Viboud & Bliska, 2001; Aili et al, 2008; Mejía et al, 

2008).  

 
 

Figure 8: Models of YopQ (YopK in Y. pestis and Y. pseudotuberculosis) function for deactivation of effector export.  
Signal transduction model – YopQ interacts with the pore, which results in a conformational change in the pore. The 
changes in the pore initiates structural changes in the needle, then signaling to the basal body to stop effector export. 
Plug model – YopQ binds to the pore and physically seals the pore preventing further export of effectors. Based on 
Dewoody et al (2013). 
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2. Aims 

Pathogenic bacteria utilize their injectisomes to manipulate the host immune system to promote 

infection. Over the last decades, studies have elucidated not only the intricate structure of the 

injectisome, but also the overall mechanism of how the injectisome works. In contrast, the molecular 

function and regulation of secretion, especially in relation to native infection, remains largely unclear. 

Using Y. enterocolitica as a model organism, I aimed to demonstrate the molecular mechanisms and 

regulation of the T3SS injectisome, specifically in relation to responding to different environments and 

exporting native and heterogeneous cargo during secretion. 

In this work, I characterized the mechanisms that control secretion and translocation. Effector export 

is vital, however, what happens after secretion remained unknown. I explored the adaptivity of the 

T3SS in response to different environments, especially in relation to activating and deactivating the 

system and reestablishing division following secretion using sensitive enzymatic assays, fluorescence 

microscopy and growth curve experiments. Additionally, I sought to understand the link between 

secretion and growth retardation by employing metabolomic approaches to measure the levels of 

AMP, ADP, and ATP in secreting and non-secreting cultures over time to establish if the energy levels 

within the cells are the reason secreting cultures are unable to grow. To further understand host-

pathogen interaction, I established eukaryotic cell lines within the lab to utilize infection assays and, 

in collaboration with Florian Lindner, examined the ability to utilize optogenetic systems to control 

cargo export into host cells. Lastly, I investigated the role of effector chaperones to promote secretion 

and understand how chaperone-effector complexes interact with the injectisome. 
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3. Results 

3.1  Life after secretion - Yersinia enterocolitica rapidly toggles effector 

secretion and can resume cell division in response to changing 

external conditions 

Y. enterocolitica utilizes its T3SS to counteract the immune response by preventing phagocytosis, 

inhibiting inflammatory responses, and promoting efficient dissemination throughout the host 

(Navarro et al, 2005; Cornelis, 2006; Galán, 2009; Pha & Navarro, 2016). During infection, 

Y. enterocolitica can encounter host cells and after the interaction dissociate, potentially interacting 

with other host cells. Although the initial interaction between host cells and T3SS-utilizing bacteria is 

well-described, post-secretion events remain unclear. These post-secretion events consist of 

deactivation, reestablishment of bacterial cell division, and possibly the reactivation of the T3SS. By 

understanding these events, we can gain more insight into how Y. enterocolitica is able to interact 

with its environment to promote survival and pathogenesis. Thus, we used fast and quantitative in 

vitro secretion assays to measure activation and deactivation of the T3SS, monitored cellular division 

and growth throughout these secretion events, and determined if previously secreting bacteria can 

reactivate secretion. Our results show that activation and deactivation of the T3SS occurs immediately 

in response to changes in secretion cues, and following deactivation the bacteria are able to 

reestablish division while maintaining functional T3SS that are able to be reactivated. 

This study has been peer-reviewed and published in Frontiers Microbiology on 13 September 2019. 

Milne-Davies B, Helbig C, Wimmi S, Cheng DWC, Paczia N, Diepold A. Life After Secretion-Yersinia 

enterocolitica Rapidly Toggles Effector Secretion and Can Resume Cell Division in Response to 

Changing External Conditions. Front Microbiol. 2019 Sep 13;10:2128. doi: 10.3389/fmicb.2019.02128. 

PMID: 31572334; PMCID: PMC6753693. 

3.1.1 Authors contribution 

I contributed to this published paper by conceiving the study, designing and performing experiments, 

analyzing data, and writing the paper. 

Carlos Helbig contributed by generating and analyzing microscopy images and generating strains and 

plasmids (strains and plasmids labeled with CH or pCH, respectively). 

Stephan Wimmi contributed by generating and analyzing microscopy images. 
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Dorothy W. C. Cheng contributed by generating microscopy images.   

Nicole Paczia contributed by performing mass spectrometry for measuring AXP (AMP, ADP, and ATP) 

levels and analyzing data to determine energy charge of the samples. 

Andreas Diepold contributed by conceiving the study, designing and performing experiments, 

analyzing data, and writing the paper. 

3.1.2 Expression and assembly of the Y. enterocolitica T3SS is uniform and stable 

under different conditions  

Earlier visualizations of T3SS components within Y. enterocolitica showed that most bacteria express 

the T3SS, and the injectisomes are localized in a non-random pattern of small patches visible as 

fluorescent foci at the bacterial surface (Diepold et al, 2010; Kudryashev et al, 2015; Diepold et al, 

2017). To quantify the fraction of T3SS-positive Y. enterocolitica, we analyzed how many bacteria 

within a population displayed this standard pattern of fluorescence for functional EGFP-labeled 

fusions of a T3SS inner membrane ring protein (SctD), and a cytosolic protein (SctQ) at 37°C (Figure 

9.A). Both under non-secreting conditions (presence of 5 mM Ca2+ in the medium) and secreting 

conditions (chelation of Ca2+ by addition of 5 mM EGTA), all or almost all bacteria were T3SS-positive 

(Figure 9.B and C). Even after long-term incubation under secreting conditions for three hours, the 

vast majority of bacteria (>98%) were T3SS-positive (Figure 9.D). 
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Figure 9: The type III secretion is expressed homogenously in almost all Y. enterocolitica in both secreting and non-
secreting conditions.  
(A) Schematic overview of the T3SS subcomponents (left). Positions analyzed in this study are indicated (right). (B) 
Micrographs of Y. enterocolitica ΔHOPEMTasd expressing EGFP-SctD (top panel) or EGFP-SctQ (bottom panel) from 
their native genetic locus. 3 hrs after induction of the T3SS expression (by temperature shift to 37°C) under non-
secreting conditions, bacteria were subjected to secreting conditions, and imaged. Left, EGFP fluorescence (insets show 
fluorescence intensity for one enlarged bacterium in ImageJ red-hot coloring scale); center, corresponding phase 
contrast image images; right, overlay. (C) Fraction of bacteria with standard expression and distribution of T3SS 
(multiple membrane foci) for the indicated fusion protein, 3 hrs after induction of T3SS expression under non-secreting 
conditions (empty bars) or secreting conditions (filled bars) n = 344-388. Numbers on top indicate the number of 
bacteria that do not display multiple visible T3SS, and the number of analyzed bacteria. (D) Expression of labelled T3SS 
subunits under the indicated conditions. Overlays of phase contrast (grey) and fluorescence images in the green 
channel (yellow) for Y. enterocolitica strains expressing the indicated proteins from their native genetic locus. Bacteria 
were subjected to the indicated conditions 3 hrs after induction of T3SS expression by shift to 37°C under non-secreting 
conditions. Secreting and non-secreting conditions refer to incubation in medium with addition of 5 mM EGTA or CaCl2, 
respectively. Experiment performed by Stephan Wimmi. 

 

3.1.3 Activation kinetics of the Y. enterocolitica T3SS by Ca2+ chelation  

The previous results showed that Y. enterocolitica populations almost uniformly assemble T3SS 

injectisomes. Next, we analyzed the activation and deactivation of these injectisomes in more detail, 

using an improved version of a previously published enzymatic export assay (Diepold et al, 2015), 

which measures the export of the reporter construct YopH1-17-β-lactamase (Charpentier & Oswald, 

2004; Marketon et al, 2005). Utilizing this method allows higher sensitivity for quantifying secretion 

within short time periods than the standard accumulative in vitro secretion assay (Figure 10.A). The 

updated protocol utilizes the pACYC184 plasmid rather than the pBAD plasmid, which removes β-

lactamase background caused by pBAD expression (Figure 10.B). The higher signal/noise ratio of the 

modified assay allowed us to reliably quantify secretion in intervals down to five minutes, and we 

confirmed that the enzymatic assay itself is not influenced by the used concentration of CaCl2 or EGTA 
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(Figure 10.C). We therefore were able to quantify the initiation of secretion in Y. enterocolitica within 

the first 15 minutes after Ca2+ chelation. For the reporter export assay, bacteria were grown at 37°C 

under non-secreting conditions for two hours, allowing for assembly, but not activation of the T3SS. 

Bacteria were then collected and secretion was activated by resuspension in pre-warmed secreting 

medium. For the next 15 minutes, samples were taken every five minutes, and measured for export 

of the reporter substrate into the supernatant within the following five minutes. The results of the 

reporter assay clearly show that secretion is fully active at the earliest time range after activation (0-

5 min) (Figure 10.D), suggesting that effector secretion is initiated immediately upon Ca2+ chelation. 

Notably, the level of reporter substrate secretion remained constant throughout the first hour after 

secretion was activated (Figure 10.D). 
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Figure 10: Immediate activation of the T3SS can be measured by an in vitro β-lactamase assay.  
(A) Accumulative effector secretion into the culture supernatant during a standard in vitro secretion assay using 
Y. enterocolitica MRS40. At the time points indicated (0 min = activation of T3SS secretion by resuspension of bacteria in 
secreting, see also time line at bottom), the culture supernatant 3 x 109 bacteria was removed and visualized by Coomassie 
staining of an SDS-PAGE gel. Control (far right), bacteria resuspended in non-secreting medium. (B) Quantification of β-
lactamase activity, measured by the increase in Fluorocillin florescence, in the supernatant of strains expressing the 
indicated proteins for 60 min after resuspension of bacteria in secreting medium. Y. enterocolitica ΔHOPEMTasd harboring 
an empty pACYC184 vector (vector control, light grey), pACYC184::YopH1-17-β-lactamase (black), or pACYC184::β-
lactamase (no secretion signal, grey). Error bars indicate the standard deviation of a technical triplicate of one experiment. 
**/***, p<0.01/0.001; n.s. difference not statistically significant in a two-tailed homoscedastic t-test. (C) Test for direct 
influence of the Ca2+ concentration on the β-lactamase assay. The supernatant of bacteria incubated for 10 min after 
resuspension in secreting medium (containing 5 mM EGTA) was analyzed in a standard β-lactamase assay with or without 
the addition of 10 mM Ca2+, mimicking the conditions of the β-lactamase assay for non-secreting samples, directly prior 
to the assay. Error bars indicate the standard deviation of a technical triplicate of one experiment. *, statistical significant 
difference (p=0.03 in a two-tailed homoscedastic t-test). (D) Quantification of effector export in the indicated time ranges 

after resuspension of Y. enterocolitica HOPEMTasd in secreting medium (see also time line at bottom). Red bars, β-
lactamase activity indicative of export of the reporter T3SS substrate YopH1-17-β-lactamase; green bars, non-secreting 
control; gray bars β-lactamase lacking a T3SS secretion signal under secreting conditions. Error bars indicate standard 
deviation of the averages of technical triplicates between three biological replications. *p < 0.05 vs. the YopH1-17-β-
lactamase, switching to secreting conditions, samples (red bars) in a two-tailed homoscedastic t-test. Secreting and non-
secreting (non-secr.) conditions refer to incubation in medium with addition of 5 mM EGTA or CaCl2, respectively. 
Experiments performed by Bailey Milne-Davies.  



26 
 

3.1.4 T3SS secretion activity ceases within minutes after removal of the activating 

signal  

Next, we measured if and how fast the T3SS is inactivated upon reintroduction of calcium into the 

medium. Bacteria that had been secreting for two hours were resuspended in non-secreting medium, 

and the export of the reporter substrate was measured in ten minute intervals afterwards. Already 

within the first period after calcium addition, the export of the reporter dropped significantly 

compared to the control that was left under secreting conditions (Figure 11.A). Based on the amount 

of exported reporter substrate under non-secreting conditions over time (green bars in Figure 11.A), 

deactivation is likely to occur within the first minutes after the removal of the activating signal. 

Additionally, we were interested in determining which factor, temperature or calcium concentration, 

has a greater effect on the export of different substrate classes. As a result, we analyzed the export of 

different substrate classes: an effector (YopE), the needle protein SctF, the hydrophilic translocator 

SctA (= LcrV), and the ruler protein SctP. Cultures were grown in secreting conditions and after three 

hours, the previously secreting cultures were exposed to: non-secreting conditions at 26°C or 37°C 

and secreting conditions at 26°C or 37°C. Strikingly, our results show that while export of the effector 

was strongly repressed by the addition of calcium, it was secreted in the absence of calcium, 

irrespective of the temperature, the effect of which we tested in parallel (Figure 11.B and C). Export 

of the needle, translocator, and ruler protein, in contrast, were more strongly influenced by the 

temperature than the calcium level (Figure 11.B and C). In all cases, differences in expression levels 

cannot explain the observed export phenotype (Supplementary Figure 1; Supplementary Figure 2; 

Supplementary Figure 3). 
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Figure 11: Type III secretion, but not needle formation, is stopped within short time in the absence of activating signal.  
(A) Quantification of effector export in the indicated time ranges after resuspension of Y. enterocolitica ΔHOPEMTasd in 

non-secreting medium (see also time line at bottom). Green bars, β-lactamase activity indicative of export of the reporter 

T3SS substrate YopH1−17-β-lactamase; red bars, secreting control; gray bars, β-lactamase lacking a T3SS secretion signal 

under secreting conditions. Error bars indicate standard deviation of the averages of technical triplicates between three 

biological replicates. *p < 0.05 vs. the YopH1−17-β-lactamase, switch to non-secreting conditions, sample in a two-tailed 

homoscedastic t-test; n.s., difference not statistically significant. (B) The export of different substrate classes is influenced 

differently by the temperature and the external calcium concentration. Wild-type Y. enterocolitica expressing all effectors 

(MRS40) were grown at 26°C for 1.5 hrs, and subsequently at 37°C under secreting conditions for 3 hrs. Afterwards, they 

were resuspended in different conditions, as indicated (top and time line at bottom) for another 3 hrs. Proteins secreted 

by 3 x 109 bacteria were separated on an SDS-PAGE gel and analyzed by immunoblot using antibodies against the indicated 

proteins, the effector YopE, the needle subunit SctF, the hydrophilic translocator SctA (LcrV), and the ruler protein SctP 

(n = 4, image representative). The respective analysis for bacteria directly subjected to the indicated conditions after 

incubation at 26°C, Coomassie-based analysis of all secreted proteins, and protein expression controls are displayed in 

Supplementary Figure 3.1.2. (C) Relative secretion levels of indicated virulence effectors (left) and proteins required for 

needle export (right) under the indicated conditions [see time line in (B)]. Secretion levels were quantified by 

densitometric analysis of the bands for the respective proteins in Coomassie-stained SDS-PAGE gels for YopE and YopM 

(n = 3) and immunoblots for YopE (one additional analysis), SctF, SctA (LcrV), and SctP (n = 4 in each case), and normalized 

to the respective secretion level at 37°C under secreting conditions. Error bars display the standard error of the mean; 

arrows indicate the difference between the influence of the temperature (28°C, secreting conditions) and calcium levels 

(37°C, non-secreting conditions) and the ratio of secretion under these conditions. Secreting and non-secreting (non-secr.) 

conditions refer to incubation in medium with addition of 5 mM EGTA or CaCl2, respectively. *p < 0.05, **p < 0.01, ***p 

< 0.001 in a two-tailed homoscedastic t-test; n.s., difference not statistically significant. Experiments performed by Bailey 

Milne-Davies and Andreas Diepold. 
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3.1.5 Y. enterocolitica can resume growth or engage in new secretion activity after 

secretion has ended  

Having analyzed the activation and deactivation of type III secretion by external signals, we turned our 

interest to the events after secretion. Specifically, we wanted to find out whether and when post-

secretion Y. enterocolitica can resume division and/or reinitiate secretion. To answer the first 

question, we compared the optical culture density of bacteria that had previously been secreting, and 

were then either kept under secreting conditions, or subjected to non-secreting conditions. Compared 

to the non-secreting control, secreting bacteria slow down their division (Figure 12.A and B, “first 

incubation”). Notably, previously secreting bacteria that were subjected to non-secreting conditions 

resumed division within a short time (Figure 12.A and B, “second incubation”). This phenotype is linked 

to T3SS activity, as indicated by the steady division of T3SS-negative (ΔSctD) bacteria under all tested 

conditions (Figure 12.A and B). Similar results were obtained on solid medium, where T3SS-positive 

bacteria did not divide and only slightly increased their cell volume under sustained secreting 

conditions, in contrast to T3SS-negative bacteria (Figure 12.C; Supplementary Figure 4). Under non-

secreting conditions, both populations displayed a higher rate of growth and division (Figure 12.C; 

Supplementary Figure 4). Taken together, these results indicate that individual Y. enterocolitica cells 

not only can disengage from secretion within a short time, but also quickly resume division in the 

absence of further stimulating signals. 

To determine if Y. enterocolitica can also undergo repeated cycles of secretion activation and 

deactivation, we tested the reactivation of secretion in bacteria that had been secreting for two hours, 

and where secretion was stopped afterwards by addition of CaCl2. These bacteria were incubated in 

the presence of calcium for 15 minutes at 28°C to suppress the formation of new injectisomes (Figure 

12.B), and then again subjected to secreting conditions (37°C, absence of calcium). The secretion of 

effectors started within the first five minutes after the renewed incubation under secreting conditions 

(Figure 12.D), which shows that type III secretion can be reactivated, and that this occurs within a 

similarly short time as the initial activation of secretion. 



29 
 

 
Figure 12: Bacteria can resume division, or engage in another round of secretion after deactivation of secretion.  

(A) Growth curves (optical culture density at 600 nm) of T3SS-positive Y. enterocolitica wild-type MRS40 expressing all 

virulence effectors (T3SS+, continuous lines), T3SS-negative bacteria (T3SS−, dashed lines), and Ca2+-blind constantly 

secreting bacteria (T3SS+*, dotted lines) incubated under the conditions indicated in the time line (bottom). (B) Number 

of bacterial divisions per hour during the different phases, colors as in (A). Filled bars, T3SS-positive bacteria; open bars, 

T3SS-negative bacteria. Error bars indicate the standard deviation of the averages of technical triplicates between three 

independent biological replicates. (C) Growth and division of T3SS-positive (mCherry-SctL, red) and T3SS-negative (EGFP-

SctL SctD, green) Y. enterocolitica ΔHOPEMTasd on LB-agarose pads under secreting conditions during the first 2 hrs of 

the second incubation period [see (A)]. Left, fluorescence micrographs showing growth and division of green (T3SS-

negative), but not of red (T3SS-positive) bacteria within the analysis period. Right, quantification of fraction of cell 

divisions (blue bars and axis on left side) and cell growth (increase in two-dimensional cell area on micrographs) per initial 

bacterium (box charts and single data points, right axis) for the indicated strains and conditions. Each data point 

represents a single measurement. The boxes show the median and quartiles (75th and 25th percentile). The whiskers 

extend 1.5 times the interquartile range until the furthest data point within this range. No standard deviation is displayed. 

n, number of analyzed bacteria; div, number of bacteria dividing within analysis period; gr, average growth (increase of 

cell area) within analysis period. Cell growth is statistically significantly different (p < 0.001 in a two-tailed homoscedastic 

t-test) for all pairwise comparisons of strains and conditions. (D) Quantification of effector export in the indicated time 

range after resuspension of Y. enterocolitica ΔHOPEMTasd in secreting medium after a 15 min incubation in non-secreting 

medium at 28°C (see time line at bottom). Red bar, β-lactamase activity indicative of export of the reporter T3SS substrate 

YopH1−17-β-lactamase; green bar, non-secreting control; gray bar, β-lactamase lacking a T3SS secretion signal under 

secreting conditions. Error bars indicate standard deviation of the averages of technical triplicates between three 

biological replicates. Secreting and non-secreting conditions refer to incubation in medium with addition of 5 mM EGTA 

or CaCl2, respectively. The incubation steps at 28°C (blue bars) are performed in medium with 5 mM CaCl2. *p < 0.05; ** 

p < 0.01; *** p < 0.001 in a two-tailed homoscedastic t-test; n.s., difference not statistically significant. For (A), this 

statistical analysis applies to the difference between wild-type and SctD under secreting conditions (continuous and 

dashed red lines), other time points were not statistically significantly different. Experiments performed by Bailey Milne-

Davies (A, B, and D) and Carlos Helbig (C). 
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3.1.6 Yersinia are not energetically exhausted during secretion  

Inhibition of division during secretion has been thoroughly described and actually led to the discovery 

of the T3SS (reviewed in Schneewind, 2016). Why secreting bacteria stop division remains unclear. It 

has been hypothesized that secretion requires such a large amount of energy that the bacteria deplete 

their ATP. As a result, these exhausted bacteria are unable to divide. To determine if the activation of 

effector export negatively impacts the ATP levels, we measured the AXP (AMP, ADP, and ATP) levels 

within HOPEMTasd background Y. enterocolitica to determine the adenylate energy charge 

(([ATP]+0.5[ADP]/([ATP]+[ADP]+[AMP])). The bacteria were incubated at 28°C for 1.5 hours and 

shifted to 37°C under non-secreting conditions for two hours, the bacteria were transitioned into 

secreting conditions. Samples were taken 10 minutes after activation. The energy charge shows that 

secreting cultures were not significantly decreased (Figure 13.A) and secretion of effectors remains 

constant over time (Figure 13.B; Supplementary Figure 5). Interestingly, when a secreting culture is 

then exposed to non-secreting conditions the energy levels are not higher than the continuously 

secreting cultures (Figure 13.A). These results indicate that contrary to the current hypotheses, the 

energy charge levels are not the link between secretion and inhibition of growth.  
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Figure 13: The ATP energy charge of Y. enterocolitica is not increased under non-secreting conditions within the time 
range used in the activation and deactivation experiments.  
(A) Energy charge, defined as [ATP]+0.5[ADP])/([ATP]+[ADP]+[AMP]) for activation of secretion (left, relates to Figure 

10.D) and deactivation of secretion (right, relates to Figure 11.A). Light green column, continuously non-secreting Y. 

enterocolitica ΔHOPEMTasd; dark red column, switch to secreting conditions; dark green column, switch to non-secreting 

conditions; light red column, continuously secreting conditions, at the time points indicated in the time line (bottom). 

Error bars indicate standard deviation of three biological replicates. n.s., no statistical significant difference (p=0.87 in a 

two-tailed homoscedastic t-test); **, statistical significant difference (p=0.004). (B) Measured AXP concentrations for the 

experiment shown in (A). (C) Chromatographic peak separation of ATP, ADP, and AMP. Secreting and non-secreting (non-

secr.) conditions refer to incubation in medium with addition of 5 mM EGTA or CaCl2, respectively. Experiment performed 

by Andreas Diepold. 
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3.1.7 Supplementary results 

 

Supplementary Figure 1: T3SS needles are not significantly affected by gentle resuspension of bacterial cultures.  
(A) Stability of fluorescently marked T3SS needles over several wash-resuspension cycles. To label needles extracellularly, 

we replaced a serine residue in the unstructured N-terminal region of SctF with a cysteine (SctFS5C) in a Y. enterocolitica 

MRS40 wild-type strain. Extracellular SctF was labeled covalently with a fluorescent dye, maleimide-CF633. The amount 

and intensity of fluorescent foci, representing needles or needle clusters, did not visually differ between strains that were 

centrifuged and resuspended once (the minimal number for this treatment; left), and four times (center). In contrast, a 

wild-type strain did not show any clearly discernible foci (right; corresponding transmitted light image on far right for 

detection of bacteria). (B) The strain expressing SctFS5C from the native genetic locus, used in (A), is functional for protein 

secretion. Coomassie-stained SDS-PAGE gel showing exported proteins (supernatants from 3 x 109 bacteria) in a wild-type 

strain and an otherwise identical SctFS5C strain. Experiment performed by Dorothy Cheng and Carlos Helbig. 
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Supplementary Figure 2: Protein expression and export by the T3SS in response to different external conditions.  
(A) Immunoblots using antibodies against the indicated proteins to detect protein synthesis (total cell samples from 109 

bacteria, left) and protein export (supernatants from 3 x 109 bacteria, right). Initial cultures were subjected to the 

indicated conditions (n.-s., non-secreting; secr., secreting) directly after 1.5 hrs at 28°C (0-3 hrs in the schematic below); 

shifted cultures were subjected to the indicated conditions after 3 hrs under secreting conditions at 37°C (3-6 hrs in the 

schematic below). Red lines indicate where the membrane was cut to allow incubation with different primary antibodies. 

Blue crosses indicate position of protein marker (148, 98, 64, 50, 36, 22, 16, 10 kDa from top to bottom). Expected protein 

sizes, SctP, 57.7 kDa; SctA (LcrV), 37.3 kDa; YopE, 22.9 kDa; SctF, 9.5 kDa. (B) Quantification of protein synthesis for the 

indicated proteins and conditions (see schematic below). Four independent experiments (one for YopE), performed as in 

(A), were quantified by densitometry; error bars represent standard errors of the mean. (C) Coomassie-stained SDS-PAGE 

gel of protein export (supernatants from 3 x 109 bacteria, equivalent to (A)) and tentative assignment of secreted proteins. 

Experiments performed by Bailey Milne-Davies and Andreas Diepold. 
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Supplementary Figure 3: Secretion profiles of wild-type MRS40 and the calcium-blind ΔSctW strain.  
Coomassie-stained SDS-PAGE gel showing exported proteins (supernatants from 3 x 109 bacteria) in a wild-type strain 

expressing all virulence effectors (MRS40) and an otherwise identical ΔSctW (YopN) strain. Right side, tentative 

assignment of secreted proteins (based on (Diepold et al, 2010)). n = 3, representative image. Secreting (secret.) and non-

secreting (non-secr.) conditions refer to incubation in medium with addition of 5 mM EGTA or CaCl2, respectively. 

Experiment performed by Bailey Milne-Davies. 
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Supplementary Figure 4: Growth and division of T3SS-positive and negative bacteria under secreting and non-secreting 
conditions. 
T3SS-positive bacteria (ΔHOPEMTasd mCherry-SctL) and T3SS-negative bacteria ((ΔHOPEMTasd EGFP-SctL ΔSctD) from 

liquid cultures grown under secreting conditions were collected, and mixed in equal ratio, (A) under secreting conditions 

(presence of 5 mM EGTA in the medium), or (B) under non-secreting conditions (presence of 5 mM CaCl2 in the medium). 

The mixed bacteria were immediately spotted onto pre-warmed agarose pads of the respective medium and imaged over 

time at 37°C. The images displayed were taken immediately after transfer to the agarose pad (top), and 2 hrs afterwards 

(bottom). Left, overlay of phase contrast images (grey) and fluorescence micrographs (red/green) to distinguish T3SS-

positive and negative bacteria. Right, processed images used for strain discrimination and determination of cell growth 

and divisions. Experiment performed by Carlos Helbig. 
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Supplementary Figure 5: Comparison of secretion activity at different time points used in this study.  
Quantification of effector export in the indicated 10-minute time ranges (see also time line at bottom) in wild-type (filled) 

and ΔSctW (YopN) (striped) strains in a ΔHOPEMTasd strain background. β-lactamase activity, indicative of export of the 

reporter T3SS substrate YopH1-17-β-lactamase, normalized by OD600 of culture. Red bars, under secreting conditions; green 

bars, under non-secreting conditions; grey bars, β-lactamase lacking a T3SS secretion signal under secreting conditions. 

Black boxes indicate samples shifted into new conditions. Error bars indicate standard deviation of two (ΔSctW strains) to 

four (wild-type strains) biological replicates. */**/***, p<0.05/0.01/0.001 in a two-tailed homoscedastic t-test; n.s., no 

statistical significant difference. Secreting and non-secreting conditions refer to incubation in medium with addition of 5 

mM EGTA or CaCl2, respectively. Experiment performed by Bailey Milne-Davies. 
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3.2  LITESEC-T3SS – Light-controlled protein delivery into eukaryotic cells 

with high spatial and temporal resolution 

The T3SS is a highly efficient export machine capable of responding to different environmental 

conditions and export a variety of non-native proteins into host cells. Although these studies have 

demonstrated the flexibility of the system to deliver cargo into host cells and the environment, the 

lack of controlled export has brought limitations for potential biotechnology and healthcare 

applications. The T3SS is a highly dynamic system that depends on rapid exchange of cytosolic 

components (Figure 14.A) (Diepold et al, 2010, 2015). If some components could be sequestered, 

specifically any cytosolic components, secretion could be inhibited. As a result, we devised 

optogenetic systems to control the T3SS by binding the cytosolic component, SctQ, to the membrane 

upon illumination called LITESEC-T3SS (Light-induced translocation of effectors through the 

sequestration of endogenous components of the T3SS). Two optogenetic switches, LITESEC-act and 

LITESEC-supp, were utilized to activate or suppress secretion under light conditions, respectively 

(Figure 14.B). The optogenetic interaction switches utilize a membrane-bound anchor protein and a 

bait fused to SctQ, when the anchor and bait interact cargo export is inhibited (Figure 14.C). By utilizing 

these switches, cargo export could be controlled in not only in vitro conditions, but also in vivo. 

Ultimately, the LITESEC system demonstrates the potential applications of optogenetic systems in 

bacteria for both academic and industrial settings. 

This study has been peer-reviewed and published in Nature Communications on 13 May 2020, except 

for the results pertaining to the pro-apoptotic proteins PUMA, HSVTK and p53 (including Figure 16). 

Lindner F, Milne-Davies B, Langenfeld K, Stiewe T, Diepold A. LITESEC-T3SS - Light-controlled protein 

delivery into eukaryotic cells with high spatial and temporal resolution. Nat Commun. 2020 May 

13;11(1):2381. doi: 10.1038/s41467-020-16169-w. PMID: 32404906; PMCID: PMC7221075. 
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Figure 14: Schematic of the LITESEC systems – light-controlled activation and deactivation of protein translocation by 
the type III system.  
(A) Active T3SS schematic. Major subcomplexes on the left side; dynamic cytosolic components labelled on the right side. 

Effector export by the T3SS is dependent on the interaction of the unbound bait-SctQ fusion and the T3SS. (B) Different 

states of the bait and anchor proteins in light and dark illumination conditions. The LITESEC-supp system (top), SctQ is 

fused to a small interaction switch domain SspB-Nano and binds to an iLID interaction partner fused to a transmembrane 

helix (TMH) located in the inner membrane. Under light conditions, the SctQ bait is bound to the anchor, sequestering 

the protein from the cytosol and inhibiting effector export. In dark conditions, the anchor and bait are unbound and 

effector export can be facilitated. The LITESEC-act system (bottom), the bait protein SctQ fused to small interaction switch 

Zdk1 interacts with the larger interaction partner domain LOV2 fused to a TMH located in the inner membrane. Under 

light conditions, the bait and anchor are unbound and effector export can be facilitated. In dark conditions, SctQ is 

tethered to the membrane anchor and effector export is inhibited. (C) Sequestration of the bait-SctQ fusion by the TMH-

anchor under select illumination prevents effector secretion. HM, host membrane; OM, bacterial outer membrane; IM, 

bacterial inner membrane. 

3.2.1 Author’s contribution 

Florian Lindner generated and characterized the LITESEC strains and performed a majority of 

experiments and data analysis. Data for the figures contributed in this thesis was generated by: 

Supplementary Figure 6, F. Lindner only; Figure 14, 15 and 17 and Supplementary Figure 7 and 8, F. 

Lindner and B. Milne-Davies collaboration. 



39 
 

I contributed in the establishment of the infection assays and participated in experiments and data 

analysis. Data for the figures contributed in this thesis was generated by: Supplementary Figure 6, F. 

Lindner only; Figure 14, 15 and 17 and Supplementary Figure 7 and 8, F. Lindner and B. Milne-Davies 

collaboration. 

Katja Langenfeld propagated cell lines, seeded cells prior to experiments, and established and 

participated in infection assays. 

Thorsten Stiewe provided input on methodology and reagents for apoptosis analysis. 

Andreas Diepold conceived the study and experimental design, participated in data analysis and wrote 

the manuscript. 

All authors reviewed the manuscript. 

3.2.2 Light-induced protein translocation into eukaryotic host cells  

We wanted to determine if the LITESEC system allows to control the export of non-native T3SS 

substrates and if this process is reversible by measuring the secretion kinetics of exported YopE1-53-

NanoLuc overtime. Secretion activity was quantified using a luciferase-based luminescence assay, 

which is an enzymatic assay where the NanoLuc reporter cleaves the luciferin substrate allowing the 

enzymatic activity to then be measured by luminescence in a plate reader. The secretion assay 

determined that NanoLuc secretion in LITESEC-act and -supp can be controlled by light and that this 

process is reversible (Supplementary Figure 6). 

Having found that secretion of non-native T3SS substrates can be strongly controlled by the LITESEC 

system, we utilized the LITESEC-act system to control translocation of a reporter protein, YopE1-53-β-

lactamase, into eukaryotic host cells upon illumination with blue light. Visualization of β-lactamase 

translocation into the host was facilitated by a Förster resonance energy transfer (FRET) reporter 

substrate, CCF2 (Charpentier & Oswald, 2004). Cells that had successful translocation of the reported 

protein shift from green to blue fluorescence, via the cleavage of the CCF2 within the host cell; on the 

other hand, non-infected cells maintain green fluorescence. To quantify light-dependent translocation 

of the T3SS substrate, 671-2694 host cells were analyzed per bacterial strain and condition. As 

predicted, the wild-type strain translocated YopE1-53-β-lactamase into a high fraction of host cells 

regardless of illumination conditions. The negative control (the same strain expressing β-lactamase 

without an export signal) displayed significantly lower blue fluorescence, demonstrating that 

translocation is T3SS-dependent (Figure 15.A). The LITESEC-act strain translocated the reporter 

protein in a light-dependent manner, resulting in a significantly high population of translocation-
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positive host cells in light conditions rather than dark conditions (fractions were close to positive and 

negative controls, respectively; Figure 15.B; Supplementary Figure 7). On the other hand, the LITESEC-

supp strain demonstrated the opposite phenotype (Figure 15.B; Supplementary Figure 7). No visible 

morphological changes indicating cell death were observed between incubation of host cells and T3SS-

inactive bacteria, even following extended incubation times (Supplementary Figure 8), thus showing 

no or low T3SS-independent effects of bacteria on the eukaryotic cells. Altogether, the results affirm 

that T3SS-dependent translocation of non-native proteins into eukaryotic cells can be controlled by 

external light.  

 
Figure 15: Light-dependent translocation of β-lactamase cargo into eukaryotic cells.  
(A) Fluorescence micrographs depicting cultured HEp-2 cells that were incubated with the indicated strains expressing 

either a heterologous T3SS substrate, YopE1-53-β-lactamase, or β-lactamase without a secretion signal as a negative 

control, for 1 hr. Translocation of β-lactamase is detected by cleavage of the intracellular β-lactamase substrate CCF2 

(leading to loss of FRET, and a transition from green to blue fluorescence emission). Scale bar, 50 μm. (B) Fraction of β-

lactamase-positive HEp-2 cells in (A) (blue fluorescence). 2343/2423/2226/2694 cells from 26/28/25/27 fields of view 

from three independent experiments were analyzed for the LITESEC strains under the given conditions from left to right 

(809/671/995/823 cells from 8/8/10/9 fields of view from three independent experiments for the controls). Single data 

points (percentage of positive cells per field of view) indicated by circles; error bars display the standard error of the 

mean. ***p < 0.001 in a two-tailed homoscedastic t test; n.s., difference not statistically significant (exact values from left 

to right, 6 × 10−6/2 × 10−8/0.80/0.65). Experiment performed by Bailey Milne-Davies and Florian Lindner. 
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3.2.3 Light-activated induction of apoptosis in eukaryotic cells  

We then became interested in exploring the possibilities where the LITESEC systems could be 

employed, specifically focusing on the utilization of these systems to combat disease. If the bacteria 

could be controlled to specifically export proteins into host cells, it may be possible to introduce 

proteins into the host cell and modify their behavior in a controlled way. We set out to establish light-

induced apoptosis in host cells by fusing the YopE translocation signal without (YopE1-53) and with 

(YopE1-138) the chaperone binding domain (CBD) to selected pro-apoptotic proteins. Utilizing these 

signals had proven successful in exporting fluorescent reporters into host cells (Wölke et al, 2011), 

thus we expanded this to include pro-apoptotic cargo: HSVTK (Herpes Simplex Virus – Thymidine 

kinase), PUMA, and p53. HSVTK is a suicide protein that results in not only the cell death of the infected 

cell, but also of neighboring cells by passing through gap junctions (Mesnil & Yamasaki, 2000). PUMA 

is a pro-apoptotic protein that is induced by p53, this protein binds to Bcl2 proteins resulting in the 

initiation of apoptosis by releasing other pro-apoptotic genes (Nakano & Vousden, 2001). p53 is a 

transcription factor that suppresses the tumor formation, by inducing cell death. Mutation or loss of 

p53 results in uncontrollable cell growth (Bykov et al, 2018; Stiewe & Haran, 2018). The pro-apoptotic 

cargo could be exported in a T3SS-dependent manner into the supernatant during an in vitro secretion 

assay (Figure 16). We observed that HSVTK, PUMA and p53 were exported into the supernatant. All 

pro-apoptotic cargos appear to be successfully exported, although YopE1-138-HSVTK has significant 

cleavage which may impair protein functionality. However, when using these translocation signals for 

the infection assay, no changes in cell morphology or cell death were visible in our infection plates. 

Since no phenotype could be visualized in the host cells, questions arose to why these proteins were 

unsuccessful. Our hypothesis is that the coexpression of the cognate chaperone promotes more 

efficient export of the cargo into host cells, demonstrating that for efficient translocation of functional 

proteins the chaperone is needed to be coexpressed. As a result, we used the truncated human BH3 

interacting-domain death agonist (tBID) as a T3SS substrate (YopE1-138-tBID) coexpressed with the 

cognate chaperone, SycE. This pro-apoptotic cargo has been shown to be successfully translocated 

into host cells and induce host cell death (Ittig et al, 2015).  
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Figure 16: Export of pro-apoptotic proteins in Y. enterocolitica HOPEMTasd background strains.  
Accumulative effector secretion into the culture supernatant during a standard in vitro secretion with Y. enterocolitica 

HOPEMTasd strains expressing PUMA, HSVTK, and p53 fused to YopE1-53 and YopE1-138 export signals on a pBAD 

expression plasmid. Pro-apoptotic proteins were also tagged with a flag tag for immunoblot detection. Cultures were 

induced with 0.2% arabinose and secreted for 3 hrs. Culture supernatant of 3 x 109 bacteria was removed and visualized 

by Coomassie staining on an SDS-PAGE gel (n=1). Molecular weight (MW) ladder is given below and in parentheses below 

the specified protein is the expected protein size. Both ladder and approximate size is given in kDa. Experiment performed 

by Bailey Milne-Davies. 

 The tBID cargo was then incorporated into the LITESEC strains. For controls, we utilized wild-type and 

T3SS-deficient ΔSctQ strains expressing the same pro-apoptotic plasmid. Notably, within one hour 

following infection strong HEp-2 cell death was induced, specifically in the host cells incubated with 

the LITESEC-act bacteria under light conditions, the LITESEC-supp under dark conditions, and the 

positive control (regardless of illumination conditions) (Figure 17.A and B). To confirm apoptosis 

induction in the host cells, we detected Poly (ADP-ribose) polymerase (PARP), an apoptosis marker, 

via Western blot (Figure 17.C). Additionally, we wanted to determine the spatial resolution of the 

LITESEC-act system by obstructing light access to the bacteria during infection and imaging host cells 

after infection. We observed high spatial resolution for the activation of the LITESEC-act strains where 

apoptosis was induced in illuminated areas, as well as a small (0.25 mm) intermediary area which was 

exposed to some diffracted light (Supplementary Figure 9). Ultimately, these results show specific 

translocation and induction of apoptosis of host cells by LITESEC strains under activating conditions, 

demonstrating a clear example for the potential application possibilities for the LITESEC system in both 

biotechnology and cell biology.  
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Figure 17: Light-dependent translocation of pro-apoptotic cargo into eukaryotic cells.  
(A) Micrographs depicting cultured HEp-2 cells that have been incubated with the indicated strains expressing a 

heterologous T3SS substrate, YopE1-138-tBID for 1 hr. Translocation of tBID induces apoptosis, which leads to a condensed 

star-shaped host cell morphology. Scale bar, 50 μm. (B) Visual classification of HEp-2 cells used in (C) after infection. 

1522/1914/1510/1600/2299/1218/1468/1194 cells from 17/18/17/19/14/13/14/12 fields of view from five independent 

experiments were analyzed per strain and condition (from left to right). Single data points (percentage of apoptotic cells 

per field of view) indicated by circles; error bars display the standard error of the mean among fields of view. 

*/***p < 0.05/0.001 in a two-tailed homoscedastic t test; n.s., difference not statistically significant (exact values from 

left to right, 2 × 10−25/1 × 10−15/0.40/0.038). (C) Translocation of tBID induces cleavage of poly (ADP-ribose) polymerase 

(PARP), which was monitored by Western blot analysis of HEp-2 cells used in (c). β-actin was used as a loading control. 

Left, molecular weight in kDa. Experiment performed by Bailey Milne-Davies and Florian Lindner. 
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3.2.4 Supplementary results 

 
Supplementary Figure 6: Secretion of effector proteins can be controlled by light over time. 
(A) Export of YopE1-53-NanoLuc-Flag in indicated LITESEC strains. Secretion-competent bacteria were incubated in 
inactivating, activating, and inactivating light conditions for 1 hr each, as indicated. Culture supernatant of 3 x 108 bacteria 
was analyzed by immunoblot against Flag. Left side, molecular weight in kDa. (B) Quantification of the relative secretion 
levels (normalized to the wild-type level in the third incubation interval) of the strains and conditions shown in (A) for 
export of YopE1-53-NanoLuc-Flag as determined by immunoblot analysis (bars; n=3 densitometry values from independent 
experiments, single data points shown in black dots) and immunoblot (circles, continuous lines; n=2, single data points 

shown as gray dots); bars show mean values; error bars denote standard deviation. Values for negative control (SctQ 
expressing YopE1-53-NanoLuc-Flag) were too small to display in the NanoLuc immunoblot assay (<0.001 for all time points). 
Experiment performed by Florian Lindner. 

 
 
 
 
 
 



45 
 

 
Supplementary Figure 7: Additional quantification of light-dependent translocation efficiency.  

Quantification of the fluorescence ratio of CCF2 donor fluorescence (indicative of -lactamase translocation) and FRET 

fluorescence for the infection experiment shown in Fig. 3.2.2. 2343/2423/2226/2694 cells from 26/28/25/27 fields of view 

from 3 independent experiments were analyzed for the LITESEC strains under the given conditions from left to right 

(809/671/995/823 cells from 8/8/10/9 fields of view from 3 independent experiments for the controls). Fluorescence 

ratios per single fields of view are displayed as circles; error bars display the standard error of the mean. ***, p<0.001 in 

a two-tailed homoscedastic t-test; n.s., difference not statistically significant (exact values from left to right, 6*10-7/2*10-

4/0.54/0.13. Experiment performed by Bailey Milne-Davies and Florian Lindner. 

 
 

 
Supplementary Figure 8: Host cells show no visible reaction to T3SS-inactive Y. enterocolitica.  

Left, HEp-2 cells were infected with SctQ bacteria for 1 hr at a multiplicity of infection of 100, as in Figure 15 and Figure 
17. After removal of the bacteria, cells were incubated in medium containing gentamicin for another 17 hr to detect 
possible long-term effects of the presence and contact of bacteria. Right, control incubated under the same conditions 
without bacteria. Scale bar, 50 µm. Experiment performed by Bailey Milne-Davies and Florian Lindner. 
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Supplementary Figure 9: Spatial resolution of apoptosis induction by LITESEC-act3 bacteria.  
HEp-2 cells were infected with LITESEC-act3 bacteria expressing YopE1-138-tBID, as in Fig. 3.2.4, under light conditions. In 

a part of the plate, light was blocked by an intransparent plastic inset. After infection, the region around the edge of the 

plastic sheet was imaged with and without the inset and apoptotic cells were determined by shape. (A) Light micrograph 

in the absence of the inset. Three adjacent rows of eight neighboring fields of view, using a 20x objective images each 

were stitched combined using the softWoRx 5.5 software. Fields of view, using a 20x objective (Scale bar, 0.2 mm). (B) 

Light micrograph of the same area in presence of the inset, showing the approximate area of illumination during infection, 

as well as the localization of apoptotic cells determined in (A) (red points). Bottom, areas assigned as dark (dark grey bar), 

intermediate (0.25 mm wide adjacent area, light grey bar) and light (blue bar). (C) Number of apoptotic cells per mm2 in 

each of the areas determined in (B). Experiment performed by Andreas Diepold. 
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3.3  Role of the chaperones prior and during secretion 

The T3SS chaperones play a vital role in the coordination of effector export by the T3SS. Chaperones 

have been found to prevent effector mislocalization within the bacteria and guide them to the 

cytosolic interface of the injectisome (Rathinavelan et al, 2010; MacDonald et al, 2017). Additionally, 

they keep the effectors partially unfolded which allows for more efficient translocation through the 

injectisome (Wattiau et al, 1994; Frithz-Lindsten et al, 1995; Page & Parsot, 2002) and prevent pre-

mature degradation of the effectors (Stebbins & Galan, 2001). Although it is apparent that chaperones 

hold many functions prior to export, their role in effector export remains unclear. Do the chaperones 

allow the formation of a pool of effectors around the cytosolic interface of the injectisome? Do they 

aid in establishing an order of secretion? How are the export signals involved in the export 

mechanism? By exploring the role of the export signals and effects of chaperone overexpression and 

deletion, we aim to gain more insight into their essential role in protein export. 

3.3.1 Chaperone overexpression does not affect effector export  

To dissect the multiple roles of the chaperones in preparing and protecting effectors prior to export 

we tested if the overexpression of specific chaperones affects effector secretion by either promoting 

or inhibiting export. Specifically, we hypothesized several possibilities where overexpression of the 

chaperone could: improve the export of the cognate effector, while preventing the export of other 

effectors; unbound chaperones could abolish secretion; increase export of the cognate effector; or no 

effect on effector export. To determine the effects of excess chaperones, SycD, SycE, SycH, SycT and 

SycO were overexpressed from a pBAD vector plasmid in the wild-type Yersinia (MRS40) strain, which 

encodes all effector chaperones and effectors. Using an accumulative secretion assay, we grew the 

bacteria at 28°C for 1.5 hours and then shifted the cultures to 37°C. Upon shifting, we induced the 

expression of the chaperones with 0.5% arabinose from plasmid and collected the supernatant 

following two hours of secretion.  

As shown in Figure 18.A, compared to the pBAD control there is no increase or loss of effector export 

with the overexpression of the chaperones. Since we did not see a distinct phenotype in effector 

export, we wanted to determine if this was a result of not being able to overexpress the chaperones 

to a high enough degree compared to the basal level of chaperones. Since there are no specific 

antibodies, we decided to measure the chaperone levels by mass spectrometry. Additionally, this 

method allowed for protein detection at very low levels, which may not be detected by immunoblot. 

Total cell proteome analysis was able to show that SycT, SycE, SycH, SycD and SycO were 

overexpressed approximately 14.5, 1.4, 5.5, 1.6 and 9.3-fold, respectively (Figure 18.B). However, 
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chaperone overexpression did not appear to have a negative effect on effector expression. Therefore, 

this suggests that the presence of unbound chaperones does not inhibit or increase the export of 

effectors.  

We then decided to investigate if the overexpression of the chaperones demonstrated any effects on 

effector export in non-secreting cultures. Previous studies have shown that the overexpression of 

SycH induces effector export in non-secreting conditions by interacting with YscM1/2. We therefore 

completed an accumulative secretion assay comparing non-secreting and secreting conditions. The 

cultures were induced with 0.5% arabinose and secreted for two hours prior to collection. The 

resulting secretion patterns were compared to the pBAD control and demonstrated an increased 

export when SycH, SycE and SycO were overexpressed in non-secreting conditions. Although the effect 

of SycH is known, it was surprising to see that SycE and SycO appears to result in effector export (Figure 

18.C). This could suggest that SycE and SycO, like SycH, have a regulatory role for yop expression either 

by interacting with YscM1/2 or another regulatory mechanism.  
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Figure 18: Effect of overexpressing chaperones on export of effector proteins in Y. enterocolitica MRS40 strain. 
Accumulative effector secretion into the culture supernatant during a standard in vitro secretion with pBAD derived 

plasmids containing either SycT, SycE, SycH, SycD, or SycO. Cultures were induced with 0.5% arabinose and grown in either 

secreting or non-secreting conditions. (A) Culture supernatant of 3 x 109 bacteria from secreting cultures were removed 

and visualized by Coomassie staining on an SDS-PAGE gel. Control (far left) represents negative control (for pBAD, SycT, 

SycE, SycH and SycD, n=6; including SycO, n=3). (B) Ratio of total cell spectral counts of chaperones between 

overexpressed chaperones and pBAD vector control (for pBAD, SycT, SycE, SycH and SycD, n=2; including SycO, n=1). (C) 

Culture supernatant of 3 x 109 bacteria from secreting and non-secreting cultures were removed and visualized by 

Coomassie staining on an SDS-PAGE gel. Control (far left) represents negative control (for pBAD, SycT, SycE, SycH, SycD, 

and SycO, n=1). NS, non-secreting conditions – contains 5 mM CaCl2. S, secreting conditions – contains 5 mM EGTA. 

Experiments performed by Bailey Milne-Davies.  
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3.3.2 Chaperone deletion has negative effects on substrate export  

To determine the effects of chaperone deletion on effector export, SycH and SycE were deleted from 

the pYV virulence plasmid by allelic exchange. SycH and SycE overexpression plasmids were 

transformed into the respective deletion strains to complement the chaperone deletion. We 

performed an accumulative secretion assay to determine the effects of chaperone deletion, 

complementation, and comparison to the overexpression plasmids in wild-type Y. enterocolitica 

MRS40 strains. The secretion patterns show that deletion of the chaperones does have negative 

effects, where the SycH strain is secretion deficient and the SycE strain has significantly reduced 

export of translocators and effectors when compared to the control (Supplementary Figure 10.A). 

With the addition of the respective chaperone expression plasmids we do not observe 

complementation, but rather secretion-deficient strains. Since we were unable to complement the 

deletion strains, we checked to determine if the secretion deficiency was due to the lack of functional 

injectisomes. We performed a Western blot of the total cell pellet to measure the cellular 

concentrations of SctQ, a cytosolic component of the T3SS. The Western blot demonstrated that SctQ 

is efficiently expressed in wild-type MRS40 strain background, but no or highly reduced SctQ detection 

was visible in the SycH and SycE background, respectively (Supplementary Figure 10.B). This could 

suggest the loss of the pYV during homologous recombination, a large deletion of essential T3SS 

components that occurred during recombination, or that the chaperone is heavily involved in proper 

expression of the injectisome apparatus. We then amplified SctV, which is an essential component of 

the T3SS, by PCR from extracted pYV plasmid from the strains to determine if the pYV was present. 

PCR amplification demonstrated no amplification in the SycH strains and amplification in the SycE 

strain, but very low or no amplification in the complemented strain (Supplementary Figure 10.C). 

These PCR results suggest that either the pYV was lost or there was a major deletion within the pYV 

plasmid, however, how this occurred is not clear. The efforts to delete the chaperones from the 

virulence plasmid to further determine the function of the chaperones on effector export were 

inconclusive and thus not pursued further.  

3.3.3 Establishing the role of export signals  

To explore the role of the export signals on secretion, the translocation signal (YopE1-53) and 

translocation signal containing the CBD (YopE1-138) of YopE were fused to the reporter proteins, EGFP 

and NanoLuc. For YopE1-138, we also included a construct that coexpresses the cognate chaperone SycE 

to determine if the addition to the chaperone affects secretion. These non-native cargos, EGFP and 

NanoLuc, were selected due to their different stability. Cargo stability has been shown to strongly 

affect export with more stably folded proteins being unable to be efficiently exported (Wilharm et al, 
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2004, 2007). EGFP has been shown to fold stably and even block the injectisome preventing not only 

export of the EGFP, but also other cargo (Radics et al, 2013), whereas the NanoLuc reporter has been 

shown to be easily exported out of the cell (Westerhausen et al, 2020), suggesting the reporter is less 

stably folded and thus easier to export than EGFP.  

Accumulative secretion assays were performed to determine the effect of heterogeneous cargo 

export on secretion. Sample cultures were incubated at 28°C for 1.5 hours and then shifted to 37°C 

and plasmid expression was induced. We tested the cargo export at overexpression (0.2% arabinose) 

and native (0.03% arabinose) levels to determine effects on secretion. The arabinose concentration 

for native expression levels was determined based on the levels found in the YopE1-138-EGFP 

coexpressed with the cognate chaperone, which utilizes the native promoter and is not arabinose 

inducible (Figure 19). Cultures then secreted for three hours prior to sample collection for SDS-PAGE 

Coomassie staining or Western blot.  

 

Figure 19: Induction of plasmid expression at different arabinose concentrations.  
Total cell pellet analysis of EGFP expression levels at different arabinose induction levels and samples were collected after 

3 hrs of secretion. YopE1-138-EGFP was induced at 0.02%, 0.05% 0.1% and 0.2% arabinose, expression levels were 

compared to SycE, YopE1-138-EGFP (+ SycE) expression levels (which utilize a native promoter rather than the arabinose 

promoter). EGFP control (far right) is a positive control for EGFP expression. 3 x 109 bacteria were separated on an SDS-

PAGE gel and analyzed by immunoblot using antibodies against GFP (n=1). 

 When the EGFP cargo was overexpressed, there was no visible difference in the secretion pattern 

between the control and YopE1-15-EGFP. However, YopE1-53-EGFP export was significantly reduced and 

with YopE1-138-EGFP export was even further reduced. Strikingly, the addition of SycE results in 

significant export of translocators at a levels similar to the control (Figure 20.A). Based on the 

expression levels in the total cell Western blot (Figure 20.B), the expression of YopE1-138-EGFP 

coexpressed with SycE was lower than our arabinose-inducible cargo. Overexpression of the EGFP 

cargo resulted in a decrease in overall secretion when the translocation signals increased in length 

from YopE1-53 to YopE1-138. Interestingly, the coexpression of the chaperone SycE resulted in increased 

overall secretion at a level similar to the pBAD control, but the EGFP cargo is not visible (Figure 20.A). 
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Figure 20: Secretion of overexpressed EGFP utilizing different secretion signals.  
Accumulative effector secretion assay into the culture supernatant during a native in vitro secretion utilizing 

Y. enterocolitica HOPEMTasd strain background expression EGFP cargo fused to different export signals (YopE1-15-EGFP, 

YopE1-53-EGFP, YopE1-138-EGFP, and SycE, YopE1-138-EGFP) on a pBAD vector plasmid. Secretion control (far right) 

demonstrates positive control and was utilized to demonstrate native secretion levels since cytosolic EGFP and that EGFP 

export is T3SS-dependent. Cultures were grown in secreting (S) or non-secreting (NS) conditions containing EGTA and 

CaCl2, respectively. Plasmids were induced with 0.03% or 0.2% arabinose and samples for secretion were taken at 1.5 and 

3 hr time points. (A) Cultures were induced with 0.2% arabinose and samples were taken at 1.5 and 3 hr time points. 

Culture supernatant of 3 x 109 bacteria was removed and visualized by Coomassie staining on an SDS-PAGE gel (n=3). 

YopE1-15-EGFP, YopE1-53-EGFP, YopE1-138-EGFP, and SycE, YopE1-138-EGFP were run on a differed SDS-PAGE gel than EGFP 

control samples. (B) Cultures were induced with 0.2% arabinose and samples were taken at 1.5 and 3 hr time points. Total 

cell pellet analysis of EGFP expression. 3 x 109 bacteria were separated on an SDS-PAGE gel and analyzed by immunoblot 

using antibodies against EGFP (n=3). Hr, time in hours. MW, molecular weight marker.  

Since the main focus of this study was the export of cargo with the translocation signals (with and 

without the CBD) at native induction levels, we focused the experiments on YopE1-53-EGFP, YopE1-138-

EGFP, and SycE, YopE1-138-EGFP. We measured EGFP expression and secretion levels by immunoblot 

analysis against GFP since we wanted specific detection and secreted EGFP has a similar molecular 

weight and therefore cannot be differentiated from other proteins exported by the T3SS in a 

Coomassie-stained gel. Unfortunately, the immunoblot analysis varied between experiments for 

unknown reasons, however, we were able to gather some trends from the data. YopE1-53-EGFP and 

YopE1-138-EGFP, with and without SycE, are expressed at similar levels as the cytosolic EGFP (Figure 

21.A). However, YopE1-138-EGFP coexpressed with SycE was expressed at distinctly lower levels. We 
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also measured EGFP cargo secretion and found that YopE1-53-EGFP is exported more than YopE1-138-

EGFP and the addition of SycE demonstrated even lower secretion levels (Figure 21.B). Since we could 

see that the EGFP cargo was secreted, we wanted to determine if EGFP export has a negative effect 

on overall secretion. The secretion pattern demonstrates that export of YopE1-53-EGFP and YopE1-138-

EGFP does not affect the secretion of other substrates. Interestingly, the addition of SycE appears to 

improve secretion and enhance translocator export into the supernatant (Figure 21.C).     

 

Figure 21: Secretion of EGFP at native level utilizing different secretion signals.  
Accumulative effector secretion assay into the culture supernatant during a native in vitro secretion utilizing 

Y. enterocolitica HOPEMTasd strain background expression EGFP cargo fused to different export signals (YopE1-15-EGFP, 

YopE1-53-EGFP, YopE1-138-EGFP, and SycE, YopE1-138-EGFP) on a pBAD vector plasmid. Secretion control (far right) 

demonstrates positive control and was utilized to demonstrate native secretion levels since cytosolic EGFP and that EGFP 

export is T3SS-dependent. Cultures were grown in secreting conditions with medium containing EGTA. Plasmids were 

induced with 0.03% and samples for secretion were taken at 3 hr time points. (A) Total cell pellet analysis of EGFP 

expression levels from 3 x 109 bacteria were separated on an SDS-PAGE gel and analyzed by immunoblot using antibodies 

against GFP (n=3). (B) Supernatant analysis of EGFP secretion levels from culture supernatant of 3 x 109 bacteria was 

removed and visualized by Coomassie staining on an SDS-PAGE gel (n=3). (C) Culture supernatant of 3 x 109 bacteria was 

removed and visualized by Coomassie staining on an SDS-PAGE gel (n=3). Numbers below MW (molecular weight) marker 

represent the molecular weight ladder. Numbers below the lane names represents the approximate protein size, with 

size given in kDa. 

For the less stably folded NanoLuc, longer export signals resulted in more restricted secretion. Upon 

overexpression (0.2% arabinose), we visualized efficient secretion of substrates in YopE1-15-NanoLuc. 

For YopE1-53-NanoLuc, substrate secretion was reduced and using the longer translocation signal with 

the CBD there is more significant inhibition of overall secretion. Notably, the addition of the chaperone 

abolished secretion (Figure 22.A), rather than increasing export as seen for the EGFP cargo (Figure 20 

and Figure 21).  

Since we were most interested in the effect of the different translocation signals, we focused our 

experiments on the export of these proteins under native induction levels. Using native level arabinose 

induction (0.03% arabinose), a similar secretion pattern was observed where YopE1-53-NanoLuc was 

exported more than the NanoLuc cargo including the translocation signal, CBD and coexpressed with 
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SycE – which resulted in complete inhibition of secretion (Figure 22.B). This phenotype was highly 

unexpected considering NanoLuc is expected to be the less stably folded cargo. Next, we utilized a 

luciferase assay which allowed us to quantify NanoLuc export in the supernatant and total cell pellet. 

The luciferase assay determined that within the total cell fraction (Figure 22.C), luciferase activity was 

lower for YopE1-53-NanoLuc. However, this cargo was highly exported which could account for the 

lower cytosolic levels. Cytosolic levels of YopE1-138-NanoLuc were lower than for YopE1-138-NanoLuc 

coexpressed with SycE, however this does not coincide with higher export. It is possible that the 

chaperone may prevent degradation of the YopE1-138-NanoLuc within the bacterial cytosol and this 

could be why the coexpression of SycE results in higher cellular concentration of YopE1-138-NanoLuc. 

The assay determined that YopE1-53-NanoLuc is exported distinctly more in the supernatant than 

YopE1-138-NanoLuc and the addition of SycE did not improve NanoLuc export (Figure 22.D). 
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Figure 22: Influence of secretion signals and coexpression of chaperone on the secretion of the NanoLuc report 
substrate.  
Accumulative effector secretion assay into the culture supernatant during a native in vitro secretion utilizing 

Y. enterocolitica HOPEMTasd strain background expression NanoLuc cargo fused to different export signals (YopE1-15-

NanoLuc, YopE1-53-NanoLuc, YopE1-138-NanoLuc, and SycE, YopE1-138-NanoLuc) on a pBAD vector plasmid. Secretion control 

(far right) demonstrates negative control (n=3). Cultures were grown in secreting (S) or non-secreting (NS) conditions 

containing EGTA and CaCl2, respectively. Plasmids were induced with 0.03% or 0.2% arabinose and samples for secretion 

were taken at 1.5 and/or 3 hr time points. (A) Cultures were induced with 0.2% arabinose and samples were taken at 1.5 

and 3 hr time points. Culture supernatant of 3 x 109 bacteria was removed and visualized by Coomassie staining on an 

SDS-PAGE gel (n=3). (B) Cultures were induced with 0.03% arabinose and samples were taken at the 3 hr time point. 

Culture supernatant of 3 x 109 bacteria was removed and visualized by Coomassie staining on an SDS-PAGE gel (n=3). 

(C) Quantification of NanoLuc cargo expression, samples were grown under secreting conditions following 0.03% 

arabinose induction and 3 hrs of secretion (n=3). (D) Quantification of NanoLuc cargo export into the supernatant under 

secreting conditions following 0.03% arabinose induction and 3 hrs of secretion (n=3). Once samples were collected, the 

total cell pellet was resuspended in non-secreting medium to inhibit export of NanoLuc into the supernatant. For C and 

D, green bar, YopE1-53-NanoLuc; Yellow bar, YopE1-138-NanoLuc; Pink bar, SycE, YopE1-138-NanoLuc; Purple bar, SycQ + 

YopE1-53-NanoLuc. 
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3.3.4 Supplementary results 

 

Supplementary Figure 10: Chaperone deletion and complementation in Y. enterocolitica MRS40 background strains. 

Accumulative effector secretion into the culture supernatant during a standard in vitro secretion with SycH and SycE 

mutants and wild-type MRS40 strains. Deletion mutants were transformed with a pBAD vector control and respective 

chaperone plasmids for deletion complementation. Plasmid controls in MRS40 strains were utilized to demonstrate 

overexpression does not negatively affect export. Control (far right) represents positive control (n=3). Cultures were 

induced with 0.5% arabinose and secreted for 3 hrs. (A) Culture supernatant of 3 x 109 bacteria was removed and 

visualized by Coomassie staining on an SDS-PAGE gel (n=3). (B) Total cell pellet analysis of chaperone mutants and 

controls. 3 x 109 bacteria were separated on an SDS-PAGE gel and analyzed by immunoblot using antibodies against SctQ 

(n=3). Sample order is the same as indicated by the lane titles in A. The respective analysis of the bacteria are from the 

same experiments and are subjected to the same conditions. (C) Detection of the pYV to ensure strains still contain the 

pYV. Plasmids were extracted from overnight cultures of indicated strains and used for PCR amplification of SctV, a vital 

component of the T3SS. Bands indicate amplification of the gene using gene specific primers (n=1). MW, molecular weight 

marker; LDR, ladder; bp, base pairs. 

3.3.5 Characterizing the effector pool of Yersinia  

Effector export has been shown to begin almost immediately once secretion is activated 

(Schlumberger et al, 2005; Enninga et al, 2005; Barber & Stark, 2014; Milne-Davies et al, 2019). 

Although export is well studied, it remains unclear whether Yersinia utilizes a pre-synthesized pool of 

effectors, and if effectors are exported co-translationally or post-translationally during ongoing 

secretion. Utilizing a pre-synthesized pool would require a small pool of effectors ready to be 

synthesized prior to activation and once this pool is depleted, new effector biosynthesis would allow 

effectors to be produced and subsequently exported. Co-translational export describes expression of 

the effectors directly into the injectisome for immediate export; whereas post-translational export 



57 
 

would consist of the expression of the effectors, followed by the guiding of the protein to the 

injectisome potentially with the aid of a chaperone. 

To determine if Yersinia synthesizes a pool of effectors prior to activation, we grew two cultures, either 

in non-secreting or secreting conditions (containing either Ca2+ or EGTA, respectively), at 28°C for 1.5 

hours to bring the cultures to exponential phase and then shifted the cultures to 37°C for 2.5 hours to 

induce expression and assembly of the T3SS. The cultures were then split into two and 

chloramphenicol (15 μg/ml) was added to one culture in each environment to prevent further 

biosynthesis of effectors. Following 10 minutes of chloramphenicol exposure, a baseline sample at -5 

minutes was taken for all cultures prior to activation of the non-secreting cultures (activated bacteria). 

Non-secreting cultures were activated with EGTA (10 mM) to create a low Ca2+ environment equal to 

the secreting cultures at the 0-minute time point. Samples were then taken 15, 30, 45 and 60 minutes 

afterwards and analyzed by SDS-PAGE and Coomassie staining.  

As shown in Figure 23.A, the continuously secreting bacteria exported effectors consistently over time. 

With the addition of chloramphenicol, the bands decreased over time. This demonstrates that 

biosynthesis is significantly decreased and effectors in the supernatant are likely degraded overtime. 

The activated bacteria demonstrate effector export in both conditions treated with and without 

chloramphenicol (Figure 23.B). The bacteria not treated with chloramphenicol consistently exported 

effectors over time, resulting in an increase in effector concentration, which is indicated by the darker 

bands. However, bacteria treated with chloramphenicol showed an increase in exported effectors 

between the -5 minutes’ baseline (non-secreting conditions) and 15 minutes’ post-activation (15 

minutes following the addition of EGTA to culture to induce secretion), which could be the pre-

synthesized pool. A small amount of exported effectors could be visualized in the first 15 minutes of 

secretion and over time the bands appeared to be more distinct. This slight increase over time could 

indicate that the pool is being exported over a longer time range or that biosynthesis of new effectors 

was not completely inhibited. Interestingly, in the activated bacteria we can see a distinct difference 

between bacteria treated with and without chloramphenicol, where the majority of the early export 

is dependent on effector synthesis. This emphasizes that the pool of pre-synthesized effectors is rather 

small and the bacteria rely on rapid synthesis of new effectors that need to be quickly exported once 

or while the pre-synthesized pool is depleted.  



58 
 

 

Figure 23: Pre-synthesized pool of effectors exported upon activation.  
Accumulative secretion assay of wild-type Y. enterocolitica (MRS40) secreting into culture supernatant with and without 

chloramphenicol to determine the presence of a pre-synthesized pool of effectors. Cultures were initially grown at 28°C 

for 1.5 hrs in either non-secreting or secreting conditions containing CaCl2 and EGTA, respectively. Cultures were then 

shifted to 37°C for 2.5 hrs. Each culture was split into two and chloramphenicol (15 µg/ml) was added one of the two 

cultures in each condition. After 10 min of chloramphenicol incubation, baseline samples were taken 5 min prior to 

activating secretion of non-secreting cultures. Previously non-secreting cultures were activated by the addition of 10 mM 

EGTA directly to the culture to induce secretion at the 0-min time point. Samples were then collected at 15, 30, 45 and 60 

min. (A) Continuously secreting control and (B) activated bacteria culture supernatant of 3 x 109 bacteria was removed 

and visualized by Coomassie staining on an SDS-PAGE gel (n=3). Experimental timeline can be seen below. Baseline 

samples at -5 min were taken as control for each culture.MW, molecular weight; NS/non-secr., non-secreting conditions; 

S/secr., secreting conditions; min, minutes; h, hours. 
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3.4  Role and location of the gatekeepers 

It has been established that the gatekeepers (YscB/SycN/SctW/TyeA) are responsible for reacting to 

changes in environmental calcium levels and controlling the secretion switch (Day & Plano, 1998; Day 

et al, 2003; Iriarte et al, 1998). As a result, these proteins play an essential role in controlling the 

activation and deactivation kinetics. Although we understand that these proteins have an important 

regulation function, how the gatekeepers work and their location during these events have not been 

established (Cheng et al, 2001). As a result, we fluorescently tagged YscB, SycN and TyeA to either 

EGFP or sfGFP to visualize the location of the gatekeepers in secreting and non-secreting conditions 

via fluorescent microscopy. SctW was not selected to be tagged, since SctW is exported and it is known 

that tagging exported proteins can negatively affect successful export; additionally, this protein 

interacts with other proteins at both the N- and C-terminus which could affect the complex 

functionality. 

3.4.1 Gatekeepers are functional and stable  

YscB and SycN are chaperones that bind to the N-terminus of SctW (the main gatekeeper) and TyeA is 

the calcium regulator in the complex. If any of these components are not functional, the bacterium 

permanently secretes regardless of the calcium levels. EGFP-YscB, SycN-sfGFP and TyeA-sfGFP were 

inserted into the HOPEMTasd pYV via allelic exchange. YscB was tagged at the N-terminus since the 

N-terminus doesn’t interact with SctW. For SycN and TyeA, the N-terminus of both proteins interacts 

with SctW and to avoid affecting the function, the C-terminus was tagged. Once successfully 

integrated, the functionality of the gatekeepers was tested. EGFP-SctQ, SctD, HOPEMTasd and 

SctW were included as controls: EGFP-SctQ was utilized as a GFP positive control; SctD serves as a 

T3SS-deficient control that is unable to secrete; HOPEMTasd serves as a positive secretion control; 

and SctW is a constitutively secreting control to demonstrate loss of gatekeeper function. Bacteria 

were grown in secreting and non-secreting conditions and were first incubated at 28°C for 1.5 hours. 

Following incubation, the cultures were shifted to 37°C for three hours. Samples were collected and 

the supernatant and total cell were analyzed by SDS-PAGE Coomassie staining and Western blot, 

respectively. The secretion pattern of the Coomassie stained supernatant, indicates that the 

gatekeepers are functional. If the gatekeepers were not functional, secretion would be uncontrolled 

in non-secreting conditions as depicted by SctW in Figure 24.A. Although the gatekeepers are 

functional, it appears that EGFP-YscB is slightly leaky with a darker secretion pattern than the control. 

To determine GFP stability of the fusions, the total cell samples were analyzed by Western blot against 

GFP. The results show that GFP is not significantly cleaved in the sample and the fusion proteins are 

stable (Figure 24). 
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Figure 24: Functionality and stability of gatekeepers.  

Accumulative secretion assay utilizing Y. enterocolitica HOPEMTasd strains with EGFP-YscB, SycN-sfGFP and TyeA-sfGFP 

expressed from their native locus. Cultures were grown in either secreting or non-secreting cultures and first incubated 

at 28°C for 1.5 hrs and then shifted to 37°C. Samples were taken after 3 hrs and prepared for SDS-PAGE electrophoresis. 

(A) Culture supernatant of 3 x 109 bacteria was removed and visualized by Coomassie staining on an SDS-PAGE gel. EGFP-

SctQ is utilized as a GFP control; SctD is secretion deficient and utilized as the negative control; HOPEMTasd is a native 

secretion control, demonstrating native secretion regulation; and SctW is the positive control, demonstrating 

uncontrolled secretion regardless of the calcium levels (n=3). (B) Total cell pellet analysis of EGFP stability. 3 x 109 bacteria 

were separated on an SDS-PAGE gel and analyzed by immunoblot using antibodies against EGFP. EGFP-SctQ is utilized as 

a positive GFP control (n=3). (C) Relative expression levels of gatekeeper and GFP fusions. Expression levels were 

quantified by densitometric analysis of bands from immunoblot analysis against GFP. Bands were normalized by the 

average export of SycN-sfGFP (n=3). Error bars display standard deviation of the mean. Secreting and non-secreting (non-

secr.) conditions refers to secretion conditions in medium containing EGTA or CaCl2, respectively. Experiments performed 

by Bailey Milne-Davies and Anna-Lena Koida. 
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3.4.2 The gatekeeper proteins are localized in the cytosol  

To determine the localization of the gatekeepers, we visualized the gatekeepers under secreting and 

non-secreting conditions. YscB, SycN, and TyeA were localized in the cytosol with no distinct foci at 

the membrane as seen for EGFP-SctQ in both secreting and non-secreting conditions. Since no foci 

were observed at the membrane, the gatekeepers don’t appear to directly bind to the injectisome as 

previously hypothesized. Instead, cytosolic localization demonstrates a potentially different 

mechanism which may rely on a decentralized regulation rather than physically plugging the 

injectisome (Figure 25.A). To ensure that the GFP fusions are not more stable than the native proteins, 

we measured the plug proteins via mass spectrometry, since we lack antibodies to detect these 

proteins by immunoblot. Additionally, this method provides higher sensitivity, allowing detection of 

proteins at very low levels. YscB spectral counts were distinctly lower than native levels, which may 

explain the leakiness in the accumulative secretion assay. The SycN spectral counts were slightly lower 

than native levels, whereas TyeA levels were slightly higher. Overall, the stability of the fluorescent 

fusions is unlikely to explain the cytosolic localization (Figure 25.B). Thus, it appears that the 

gatekeepers function in the cytosol and not directly, as seen in E. coli.  
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Figure 25: Gatekeepers localize in the cytosol in secreting and non-secreting conditions.  

Y. enterocolitica HOPEMTasd strains with SycN-sfGFP, TyeA-sfGFP, EGFP-YscB, and EGFP-YscQ expressed from their 

native locus. Cultures were grown in either secreting or non-secreting cultures and first incubated at 28°C for 1.5 hrs and 

then shifted to 37°C. Samples were taken after 3 hrs for analysis. (A) Micrographs of Y. enterocolitica ΔHOPEMTasd 

localization of SycN-sfGFP, TyeA-sfGFP, EGFP-YscB, EGFP-SctQ, and WT (HOPEMTasd) in secreting (upper panel) and non-

secreting (lower panel) conditions. Bacteria were visualized under 100x magnification using the green channel. 1-2 

micrographs were analyzed per strain and condition, n=234-514. (B) Proteomic analysis of the total cell measuring the 

spectral count levels of SycN, YscB, and TyeA fusions compared to native levels in fusion strains and EGFP-SctQ, SctD, 

SctW, and WT (HOPEMTasd). Native levels were averaged in each strain excluding protein fusions and protein fusion 

levels were divided by native level averages (n=1). Experiments performed by Bailey Milne-Davies and Anna-Lena Koida. 
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4. Discussion 

4.1  Life After Secretion - Yersinia enterocolitica rapidly toggles effector 

secretion and can resume cell division in response to changing 

external conditions 

Events following secretion – the deactivation of the T3SS, the recovery of division, and the possible 

future encounters with host cells – were unclear in Yersinia, regardless of their essential role in 

pathogenesis. In this project, we explored the kinetics of activation and, most interestingly, 

deactivation of secretion by external cues, as well as the potential for Y. enterocolitica to reestablish 

division and reactivate secretion afterwards. During infection, when Y. enterocolitica enters through 

the Peyer’s Patches, the bacteria may come into contact with immune cells. In these circumstances, 

activation of effector export must occur rapidly to defend the bacteria from phagocytosis and 

inflammatory responses (Grosdent et al, 2002; Navarro et al, 2005; Philip et al, 2016; Galán, 2009; Pha 

& Navarro, 2016). Fast initiation of the type III secretion has been observed in other bacteria 

(Schlumberger et al, 2005; Enninga et al, 2005; Mills et al, 2008). Following an encounter with an 

immune cell, it is conceivable that Y. enterocolitica would benefit from inhibiting effector export and 

resuming division and subsequent dissemination throughout the host (where the bacteria may face 

another immune cell encounter). To explore T3SS kinetics, specifically activation and deactivation, in 

a fast and quantitative manner, we utilized an in vitro secretion assay for the reporter substrate β-

lactamase in Y. enterocolitica fused to a short secretion signal from the native Y. enterocolitica effector 

YopH (Sory et al, 1995). Low and high calcium levels, as used in the assay, have been hypothesized to 

mimic the intracellular conditions within host cells (low calcium) and the extracellular host conditions 

(high calcium), respectively. Our results show that just like activation of secretion (Figure 10.D), 

deactivation (Figure 11.A) occurs immediately when introduced into secreting or non-secreting media, 

respectively.  

The ability to quickly respond to external stimuli suggests that Y. enterocolitica has one or several 

highly sensitive regulation mechanisms controlling secretion. How the bacteria are able to sense host 

cell contact and environmental changes, like calcium levels, remains unclear. Several studies, mostly 

performed in Shigella flexneri, suggests that host cell contact is sensed by the needle tip (Veenendaal 

et al, 2007; Roehrich et al, 2013), where the signal is then transduced by rearrangements of needle 

subunits to the cytosolic interface of the T3SS (Torruellas et al, 2005; Kenjale et al, 2005; Davis & 

Mecsas, 2006). Other external cues, such as calcium, and other T3SS inducing stimuli, such as Congo 

Red, might be sensed by the needle tip and transmitted the same way. However, the cytosolic complex 
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of the Y. enterocolitica T3SS has been observed to be influenced by external calcium levels in strains 

lacking SctD (and therefore no assembled needles), suggesting a direct mechanism to sense external 

stimuli (Diepold et al, 2017). On the other hand, a calcium-dependent interaction between SctP (ruler 

protein) and SctW (cytosolic gatekeeper) in EPEC supports a different model where effector export is 

inhibited when a constant local influx of calcium ions enters the bacterium through the T3SS (Shaulov 

et al, 2017). 

Interestingly, our deactivation experiments demonstrated that not all substrate classes are equally 

affected by concentration of calcium in the environment. The export of effectors was strongly 

suppressed by the increase in calcium levels, whereas the export of early and middle substrates – 

which are required for needle assembly – continues, although at a lower rate. In contrast, the decrease 

in temperature to 26°C, at continued low calcium levels, resulted in almost complete inhibition of 

early and middle substrate export, but allowed continued effector export (Figure 11.B and C; 

Supplementary Figure 2). Similar differential regulation between export of different substrate classes 

has been shown for P. aeruginosa (Cisz et al, 2008) and EPEC (Shaulov et al, 2017), suggesting a 

conserved mechanism among different T3SS. 

Coordinating secretion events in Y. enterocolitica is essential since unlike other pathogens, Yersinia 

homogeneously expresses the T3SS at 37°C (Figure 9) and the complete population actively secretes 

in in vitro conditions (Wiley et al, 2007). The low fraction of T3SS-negative bacteria, even following 

long term secretion and regardless of decreased replication rate of T3SS-positive bacteria, 

demonstrates the essential role of the T3SS during infection. What happens after the bacterium 

survives an encounter with an immune cell? Following effector secretion, Y. enterocolitica benefit 

from reestablishing faster division, while remaining prepared to counter another immune cell attack. 

It would appear obvious that Y. enterocolitica would be able to reinitiate replication in vivo, however, 

it has remained unresolved since in in vitro conditions all injectisomes are activated (Wiley et al, 2007), 

which may differ from native infection conditions and other possible adaptations during infection 

(Heroven & Dersch, 2014; Avican et al, 2015). We found that Y. enterocolitica can swiftly restart cell 

division when reintroduced into a non-secreting environment following previous exposure to 

secretion-inducing conditions (Figure 12.A-C). This would demonstrate that new encounters with host 

cells, specifically with immune cells, is feasible. We showed that previously secreting Y. enterocolitica 

continue to assemble new needles (Figure 11.B), and when reintroduced into secreting media from 

non-secreting media can reactivate the T3SS (Figure 12.D). Being able to reestablish secretion likely 

allows the bacteria to defend themselves during future immune cell interactions. This indicates that 

Y. enterocolitica do not combat immune cells in an altruistic manner, but rather attempt to increase 

individual fitness. 
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Other pathogens deviate from this strategy and employ their T3SS differently. The 

Salmonella Typhimurium SPI-1 T3SS is expressed in a subpopulation of the bacterium, which induces 

an inflammatory response to reduce competition of the established microbiome. As a result of the 

inflammation and the reduced growth rate of the SPI-1 positive population, the SPI-1 negative 

population is able to outgrow both the SPI-1 positive subpopulation and residential bacteria (Sturm et 

al, 2011; Weigel & Dersch, 2018). This strategy allows for cooperative virulence amongst the 

Salmonella population, which allows SPI-1 negative bacteria to colonize the small intestine and 

increases the population fitness while promoting efficient invasion of the host (Ramos-Morales, 2012).  

The link between secretion and cessation of growth and division remains unclear; however, it is 

hypothesized that this phenotype may be the result of: the leakage of ions and amino acids through 

the needle (Fowler et al, 2009; Fowler & Brubaker, 1994); the metabolomic burden impressed on the 

bacteria to maintain biosynthesis, assembly, and operation of the T3SS (Brubaker, 2005; Wilharm & 

Heider, 2014; Wang et al, 2016; Sturm et al, 2011); unknown specific regulator mechanisms; or a 

combination of different factors. Our findings show that cell division is restored within a short period 

following the inhibition of secretion, which is more compatible with a direct effect of ion leakage or 

an active regulatory mechanism. In agreement, when we explored the relationship between secretion 

and metabolic burden, we found that secreting bacteria are not energetically exhausted and the 

energy charge of activated bacteria demonstrate an energy charge that is not significantly different 

from continuously non-secreting bacteria (Figure 13.A).  

The results from this project emphasize important aspects of Y. enterocolitica’s life after secretion. 

They demonstrate the bacteria’s ability to quickly adapt to inhibit type III secretion, reestablish growth 

and division following the loss of the secretion cue, while remaining capable of fighting future immune 

attacks and disseminating throughout the host. Ultimately, it is evident that Y. enterocolitica employs 

the T3SS to promote individual fitness. 
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4.2  LITESEC-T3SS – Light-controlled protein delivery into eukaryotic cells 

with high spatial and temporal resolution 

The LITESEC systems allow for highly controlled regulation of translocation by directly sequestering an 

essential component of the T3SS, SctQ, to the bacterial membrane. By altering the dynamics of SctQ, 

secretion can be activated or inhibited by external light. My involvement in establishing human cell 

culture and infection assays allowed us to demonstrate that the LITESEC systems not only allow control 

of secretion, but more importantly, control of translocation. This method offers a unique opportunity 

to understand protein interaction within bacteria and applications for industry.  

As a proof of principle, we translocated the YopE1-53-β-lactamase reporter into HeLa cells in either light 

or dark conditions using LITESEC strains. We were able to show (Figure 15), in both the LITESEC-act 

and -supp, that the reporter was efficiently translocated into the host cells under activating conditions 

(light or dark, respectively). The level of translocation was significantly higher in active conditions than 

under inactive conditions and the negative control. To demonstrate that the LITESEC systems could 

be used to induce cell death, we translocated YopE1-138-tBID into the host cells using the LITESEC 

strains. We were able to successfully induce apoptosis of the host cells using both LITESEC strains 

under inducing conditions (Figure 17).  

The LITESEC systems is a unique tool that can be applied in a variety of fields, specifically in cell biology 

and the biomedical industry. Generally, the T3SS translocates cargo in an uncontrolled manner, thus 

making application – especially in healthcare – highly uncontrollable and subsequently unusable. By 

overcoming this obstacle, the T3SS can be employed in a controlled and specific manner. Previously, 

the T3SS was mainly controlled by inducible promoters (Song et al, 2017; Schulte et al, 2019), however, 

these methods did not specifically control activation and deactivation of the T3SS and induction of 

expression and assembly of the system is slow (Diepold et al, 2010; Song et al, 2017; Schulte et al, 

2019). These drawbacks prevent the use of inducible promoters from applying the secretion in a highly 

controlled and specific manner. However, by utilizing external light to induce or inhibit secretion, the 

T3SS can be efficiently controlled. We have demonstrated that translocation can be activated at a 

specific time and location by illuminating specific areas of interest. Also, this activation and 

deactivation of the LITESEC systems is reversible, which allows translocation to be inhibited within a 

few minutes when introduced to inactive illumination conditions. However, an important 

consideration when looking to apply the LITSEC-T3SS systems for protein translocation into eukaryotic 

cell is that the bacterial vector could initiate toxic or immunological responses (Walker et al, 2017; 

Felgner et al, 2017). During this study, we utilized Y. enterocolitica from HOPEMTasd background, 
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which lack the main virulence effectors (YopH, O, P, E, M, and T) and are auxotrophic for 

diaminopimelic acid – preventing the bacteria from replicating without the addition of this amino acid. 

We were able to show that our inactive LITESEC strains did not induce negative side effects among the 

host cells when incubated for an extended period (Supplementary Figure 8). Nonetheless, if the 

LITESEC systems are to be further applied, it would be essential to determine bacterial vectors that 

induce less immunological side effects through the engineering bacteria that with less pathogen-

associated virulence mechanisms (Bai et al, 2018; Neeld et al, 2014; Felgner et al, 2017; Walker et al, 

2017). 

Prior to utilizing YopE1-138-tBID to induce apoptosis in the host cells, we attempted to utilize other pro-

apoptotic proteins (PUMA, HSVTK and p53) to induce cell death. These proteins have been previously 

found to induce cell death, although not in this application. We fused these proteins to the YopE1-53 

and YopE1-138 and could observe successful secretion into the supernatant with these translocation 

signals (Figure 16). However, these constructs were unsuccessful in inducing host cell death. 

Unfortunately, we were unable to determine why these proteins were not inducing host cell death 

since the translocation of these proteins could not be measured in the host cell lysate by Western 

blot. Are they being successfully translocated into the host cells? Are these proteins functional? Were 

the HEp-2 host cells resistant to all pro-apoptotic protein candidates? Our hypothesis is that the 

coexpression of the cognate chaperone promotes more efficient export of the cargo into host cells, 

demonstrating that for efficient translocation of functional proteins the chaperone needs to be 

coexpressed. As a result, we utilized the YopE1-138-tBID cargo which had been previously shown to 

induce apoptosis (Ittig et al, 2015). We saw that this cargo was also coexpressed with the cognate 

chaperone, which brought the question whether the chaperone was needed to successfully 

translocate functional proteins into the host cell. Florian Lindner continued this project and was able 

to determine that coexpression of the chaperone with our pro-apoptotic proteins allowed for 

translocation and induction of cell death (results not shown). This demonstrates that chaperones 

appear to play a vital role in translocation of complex proteins, since the translocation of the β-

lactamase cargo is not dependent on coexpression of the chaperone. 
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4.3  Role of the chaperones prior and during secretion 

Although some T3SS chaperones are not required for protein export, they have been found to increase 

efficiency. To determine if the chaperones are involved in accumulation of effectors at the cytosolic 

interface of the injectisome and/or directly interact with the injectisome, we explored the effect of 

overexpression of chaperones on secretion, the role of the export signals on the export of non-native 

cargo, and the role of chaperones prior and during secretion. Our results demonstrate that effector 

chaperones play a vital role of export, specifically by preparing and improving export of effectors prior 

and during secretion, respectively. This emphasizes that the chaperones appear to be essential in 

promoting export of stable cargo. Additionally, we showed that Y. enterocolitica has a small pre-

synthesized pool of effectors which allows for quick activation of effector export. 

By overexpressing the chaperones, we aimed to discriminate between different scenarios: if the 

chaperones are involved in a secretion hierarchy, we expected to see specific export of the cognate 

effector while preventing the export of other effectors; if the chaperones directly interact with the 

injectisome, we would observe the loss or significant decrease of secretion by either the cognate 

effector or all effectors; if chaperones ensure secretion efficiency, we would see that overexpression 

would promote export of the cognate effector but not affect the export of other effectors; and if 

chaperones are not directly involved in secretion hierarchy or direct injectisome interaction, we would 

expect to see no effects on secretion. Our results observed that overexpression of the chaperones 

does not have an effect on effector export under secreting conditions, which would imply that the 

chaperones don’t facilitate a secretion hierarchy or direct interaction. This suggests that the 

chaperone’s role is linked to preparing effectors for export, but not directly interacting with the 

injectisome since “empty” chaperones do no compete with chaperone effector complexes. 

Previous studies have shown that increased expression of SycH and SycO does have effects on effector 

export, specifically by interacting with YscM1 and YscM2 (Wulff-Strobel et al, 2002; Cambronne et al, 

2004; Dittmann et al, 2007). The effects of SycH and SycO demonstrate that these chaperones are 

involved in several aspects of regulation outside the export of effectors, especially in relation to yop 

expression (Pettersson et al, 1996; Bahrani et al, 1997) and metabolism regulation (Schmid et al, 

2009). When we overexpressed SycT, SycE, SycH, SycD or SycO we did not see any changes in the 

secretion pattern compared to the control (Figure 18.A). Overexpression of SycO has been found to 

reduce effector export at high levels of induction (Dittmann et al, 2007), however, we did not visualize 

a reduction in secretion. This could be the result if we did not induce to a high enough degree. 

Interestingly, in non-secreting conditions we did visualize effector export when SycH, SycO and SycE 

were overexpressed (Figure 18.C). This phenotype has been previously observed upon overexpression 
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of SycH in non-secreting conditions (Cambronne et al, 2000; Wulff-Strobel et al, 2002), but increased 

export in SycO and SycE expressing cultures in non-secreting conditions has not been documented to 

the best of our knowledge. Since SycO and SycE have been shown to interact with YscM1 and YscM2, 

these chaperones may demonstrate behavior similar to SycH – although not to the same degree 

(Swietnicki et al, 2004; Dittmann et al, 2007). 

Seeing that overexpression of chaperones did not have significant effects on secretion, we then 

explored the effects of chaperone deletion on secretion. Deletion of SycH and SycE resulted in either 

complete inhibition or significant impairment of secretion, respectively, and complementation of the 

chaperone did not restore secretion for either mutant (Supplementary Figure 10.A). Since some of the 

deletion strains exhibit the loss of the pYV or a large deletion of essential components, further study 

could not be continued (Supplementary Figure 10.B and C). Although we could not directly study the 

effects, effector chaperone deletion of SycH and SycE have been shown to effect secretion. Deletion 

of SycH has been shown to significantly reduce effector export where SycH interacts with YscM1 and 

YscM2, allowing them to be exported with YopH (Wulff-Strobel et al, 2002). However, when deleted, 

YscM1, and YopH cannot be exported (Cambronne et al, 2000), which represses yop expression and 

thus results in reduction of export. SycE is known to stabilize YopE and without the chaperone could 

result in  reduction of YopE export (Frithz-Lindsten et al, 1995; Swietnicki et al, 2004). Although a direct 

link between SycE and YscM1 and YscM2 has not been found, it would be interesting to see if SycE is 

involved in Yop regulation – whether through interaction with YscM1 and YscM2 or other regulatory 

proteins. 

To gain insight into the effector export signals, we fused two reporters to either a secretion (YopE1-15), 

translocation (YopE1-53), or translocation signal with chaperone binding domain (YopE1-138) and studied 

their secretion. Both EGFP and NanoLuc are capable of being exported by the T3SS, however, there 

are differences in the secretion patterns when these cargos are exported. In both cases, increase in 

the length of the export signal resulted in decreased export of the translocators when the cargo was 

overexpressed (Figure 20 and Figure 22.C). At native cargo levels, EGFP does not inhibit translocator 

export like NanoLuc (Figure 21.C and Figure 22.B-C). Also, the addition of the cognate chaperone SycE 

resulted in different secretion patterns, where folded NanoLuc cargo secretion was abolished (Figure 

22.A-B) whereas in EGFP translocator export is enhanced (Figure 21.C). The reason for the different 

secretion patterns between these two proteins is unclear, especially considering that EGFP is the more 

stably folded protein compared to NanoLuc. For more stably folded cargo, could coexpression of the 

chaperone promote more controlled export of the cargo, thus allowing enhanced export for other 

substrates? In the case of less stably folded proteins, is the cognate chaperone needed less allowing 
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more efficient export of cargo with the shorter translocation signal? Is the coexpression of the 

chaperone more essential for protein export and functionality in native conditions than laboratory 

conditions, thus preventing efficient export in vitro? Although we were unable to gain further insight 

into the role of export signals, especially concerning different folding stabilities of cargo, we can gather 

that the coexpression of the chaperone does play a role, especially comparing the effects between 

secretion and translocation, as demonstrated in Chapter 3.2. The addition of the chaperone may play 

a more vital role in translocation than secretion, potentially working with other regulatory 

mechanisms that may occur upon host contact, which cannot be simulated in vitro. 

The export signals may be essential in substrate specificity for some T3SS-utilizing bacteria. In 

Y. enterocolitica, non-native cargo has been successfully secreted and translocated without the CBD 

(Sory et al, 1995; Cheng et al, 1997), however this is not the case for Salmonella where the CBD is 

essential for translocation and ensures specificity between injectisome and flagellar substrates (Lee & 

Galán, 2004). A potential reason why the CBD may not be essential is because Yersinia do not have 

flagella during infection. It is known that the injectisome and flagella are counter-regulated in Yersinia 

(Darland et al, 1974; Bottone & Mollaret, 1977; Minnich Scott A. and Rohde, 2007) and without having 

to ensure specificity between the injectisome and flagellar T3SS, this extra level of regulation may not 

be required.  

It is has been shown that not all effectors require their cognate chaperone for export and that 

chaperone-independent pathways exist (Letzelter et al, 2006; Ernst et al, 2018). Instead, the 

chaperones may play more of a role in preventing mislocalization within the bacteria than directly 

interacting with the injectisome. In the case of SycO, the chaperone binds to the membrane 

localization domain (MLD) of YopO and may prevent the effector from localizing at the bacterial 

membrane rather than being exported (Letzelter et al, 2006). YopE has also been found to have an 

MLD within the CBD (Krall et al, 2004) and without SycE, YopE is prone to aggregation by decreasing 

the protein’s solubility (Birtalan et al, 2002; Letzelter et al, 2006). Thus for MLD-utilizing effectors, the 

use of the cognate chaperone may be used to ensure solubility rather than be directly linked to 

secretion. However, even if the chaperones’ role is to prevent aggregation of effectors, they are still 

involved in improving secretion efficiency by ensuring that produced effectors are exported.   

In order for Yersinia to prepare for an interaction with an immune cell, it would be conceivable for 

them to utilize a pre-synthesized effector pool. This would allow the bacteria to quickly respond to 

attack and avoid any lag time that would be required to synthesize new effectors, as well as avoid 

phagocytosis. We found Y. enterocolitica utilizes a small pool of effectors that are exported within 15 

minutes following activation (Figure 23). The activated bacteria treated with chloramphenicol had a 
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distinctly lower level of secretion than the untreated activated bacteria, demonstrating that this pool 

is very small. If the bacteria are employing a pre-synthesized pool of effectors, during this time they 

are utilizing a post-translational export where the small pool is awaiting export and being protected 

by their chaperones to prevent premature degradation or mislocalization. Following depletion of the 

pool, it would be potentially beneficial for the bacteria to utilize co-translational export to translocate 

effectors as quickly as possible to combat an attack from an immune cell. Ultimately, our results 

suggest that Y. enterocolitica utilizes a small pool of pre-synthesized effectors that allows rapid 

activation of translocation to counter immune cell attack and promote survival during infection. 
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4.4  Role and location the gatekeepers 

Gatekeepers play an essential role in controlling activation and deactivation of the T3SS (Day & Plano, 

1998; Day et al, 2003; Iriarte et al, 1998). The overall function of the gatekeepers is well known, but 

how and where the gatekeeper complex interacts with the injectisome components and selects 

specific cargo to be exported still remains unclear. In the case of E. coli, the gatekeeper complex has 

been found to directly bind to the cytosolic interface of the injectisome and even interact with 

different chaperone-substrate complexes, allowing specific export of either the translocators or 

effectors (Deng et al, 2005; Younis et al, 2010; Deng et al, 2015; Shaulov et al, 2017; Portaliou et al, 

2017; Gaytán et al, 2018).  

 We found that the Y. enterocolitica gatekeepers exhibit cytosolic localization in both non-secreting 

and secreting conditions (Figure 25.A). Since foci were not visible at the membrane, this suggests that 

the gatekeepers do not physically block effector export, but rather utilize an affinity-based hierarchy 

(Cheng et al, 2001). Cheng and colleagues proposed a delocalized model where SctW is bound to TyeA 

in high calcium conditions, preventing SctW and subsequent effectors from being exported. However, 

when the calcium level drops, newly synthesized SctW is unable to bind to TyeA and is then guided by 

the chaperones to the injectisome where SctW can be exported (Cheng et al, 2001). In this model, 

SctW would have to be consistently expressed and TyeA would require post-translation modification 

(Cheng et al, 2001). Additionally, this model would require that SctW is the first protein to be exported, 

also suggesting a secretion hierarchy.  

Our results appear to follow this model, where the gatekeeper complex (SycN/YscB/SctW/TyeA) is 

localized in the cytosol. Under non-secreting conditions, the chaperones (SycN and TyeA) and TyeA 

(the calcium regulator) are bound to SctW, preventing export (Iriarte et al, 1998; Cheng et al, 2001; 

Day et al, 2003), and are localized in the cytosol. When TyeA reacts to the low calcium levels, the 

protein undergoes a conformational change (Ferracci et al, 2004) and disengages from SctW, thus 

allowing the chaperones to guide SctW to the injectisome for export. After SctW is exported SycN, 

YscB, and TyeA remain localized in the cytosol. The gatekeepers would then remain prepared to 

reestablish the gatekeeper complex to inhibit secretion. We showed that the gatekeepers can 

reassemble and secretion is reversible, since the bacteria are able to deactivate secretion when 

introduced into non-secreting conditions (Chapter 3.1).  

It has been established that SycN, YscB and TyeA are all essential for the complex functionality and 

without any of these components, secretion is uncontrollable regardless of secreting conditions (Day 

& Plano, 1998). Thus it is conceivable that SycN and YscB interact with SctW prior to and during 
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secretion. Prior to secretion, the chaperones keep SctW partially unfolded and during secretion they 

potentially guide and prime the protein for export by keeping the N-terminus partially unfolded. 

Without either chaperone, Day and Plano found that SctW was not exported as efficiently (Day & 

Plano, 1998), suggesting that these chaperones may improve export of SctW. If high calcium 

concentrations can be sensed, then TyeA can quickly bind to SctW and reestablish the gatekeeper 

complex. Also it has been suggested that TyeA is located intracellularly and not associated with the 

membrane (Cheng & Schneewind, 2000), which further emphasizes that Y. enterocolitica may utilize 

a delocalized and affinity-based model for the gatekeepers.  

How the gatekeepers directly interact with the injectisome, its export substrates, or other T3SS 

components remains unknown. It would be interesting to determine potential interaction partners 

between the gatekeeper and other components to visualize an interaction network that allows 

efficient regulation of effector export. Specifically, establishing if the gatekeepers interact with 

chaperone-effector complexes or components of the injectisome would allow insight into how this 

mechanism works in Yersinia. By gaining more understanding of how these proteins interact we can 

elucidate the molecular mechanisms that govern secretion.  
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5. Conclusion and Outlook 

The aim of my PhD thesis was to gain a better understanding of the molecular regulation and 

mechanisms governing effector secretion and pathogenesis of Y. enterocolitica. I explored the 

activation, deactivation, and reactivation of secretion, as well as the link between growth retardation 

and secretion. Additionally, I looked to elucidate the effects of the export signals and effector 

chaperones on secretion of different cargo, as well as determine the presence of a pre-synthesized 

pool of effectors.  

My results show that Y. enterocolitica can rapidly sense environmental cues and adapt to changing 

environments, allowing the bacteria to quickly activate, deactivate, and reactivate secretion with the 

same injectisomes. Additionally, Yersinia is able to reestablish growth and division following secretion, 

demonstrating that the T3SS can be potentially used multiple times to improve survival and 

dissemination during infection. I was able to establish infection assays within the lab that allowed us 

to apply the LITESEC-T3SS system in vivo, as well as demonstrate that chaperones play a vital role in 

the translocation of functional proteins into host cells. I also demonstrated that although chaperones 

may not directly interact with the injectisome, they do promote efficient secretion and translocation. 

Furthermore, it appears that Y. enterocolitica stores a small pool of effectors that allows rapid effector 

export once translocation is activated. Lastly, unlike E. coli, Yersinia appears to utilize a different 

mechanism to control effector export where the gatekeepers are located in the cytosol rather than 

directly interacting with the injectisome to inhibit secretion. Insight into the secretion kinetics, 

bacterial growth and division behavior, and the signals that promote effector specificity and efficient 

export allow insight into the pathogenesis of Y. enterocolitica. All these aspects of the T3SS ensure 

that effectors are exported precisely and efficiently during infection and by understanding these 

mechanisms we can gain further understanding into how to combat T3SS-utilizing pathogens. 

Regardless of the progress made during my PhD in understanding the regulation governing secretion, 

the link between growth retardation and the role of the chaperones still remains unclear. The results 

show that secreting bacteria are not energetically exhausted when compared to non-secreting 

bacteria, suggesting that metabolic burden is not the link between growth retardation and secretion. 

However, exploring the energy charge of different strains of Y. enterocolitica in secreting and non-

secreting conditions could elucidate if the metabolic burden changes over time and if the expression 

of the effectors increases the metabolic burden. On the other hand, inhibition of growth could be 

governed by an entirely different mechanism such as the loss of amino acids during secretion or a 

completely new mechanism. Additionally, the role and interaction of the chaperones prior to and 

during secretion remains unclear. Even though many studies have demonstrated the vital role 
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chaperones hold, determining their functions during secretion and translocation remains vague. 

Further studies into the metabolic burden and the function of the chaperones would give further 

insight into secretion regulation and ultimately how Y. enterocolitica coordinates precise and efficient 

secretion and translocation. 
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6. Material and methods 

6.1  Bacterial strains 

Bacterial strains and constructs used in this study are listed in Chapter 7.3. 

6.2  Genetic constructions 

E. coli Top10 was used for plasmid purification and E. coli SM10 λpir was used for allelic exchange. E. 

coli was routinely grown on Luria-Bertani (LB) agar plates and LB medium at 37°C. Ampicillin was used 

at a concentration of 200 µg/ml, to select for expression plasmids. Chloramphenicol and streptomycin 

were used to select for expression and suicide vectors at concentrations of 10 μg/ml and 50 μg/ml, 

respectively. Plasmids were created using Phu polymerase (New England Biolabs) or Taq polymerase 

(New England Biolabs). Constructs were confirmed by sequencing (Eurofin Genetics or Microsynth 

Seqlab) and homology was compared via BLAST. Oligonucleotides were utilized for genetic 

construction as listed in Chapter 7.5. 

Mutators for exchange of genes on the pYV virulence plasmid were created as previously described 

by Diepold and colleagues (2011). Mutators for modification or deletion of genes on the pYV plasmid 

were constructed by overlapping PCR using purified ADMA4098 (pYV with a SctC deletion), including 

200-250 base pair (bp) flanking regions on both sides of the modification or deletion of the gene of 

interest. For mutators containing GFP, pre-mutator vectors were produced as described above. As a 

result, GFP was inserted in frame into pre-digested pre-mutator vectors. Mutator vectors were 

transformed in chemically competent or electro-competent E. coli SM10 λpir cells. Y. enterocolitica 

mutants were generated by allelic exchange, resulting in the exchange of wild-type gene sequences 

with the mutated gene (Kaniga et al, 1991). 

Vectors utilized for protein expression in Y. enterocolitica were constructed using standard cloning 

protocols. Genes of interest were amplified by PCR. PCR fragments and vector were digested with 

specific restriction enzymes. The digested insert and vector were ligated (New England Biolabs) and 

transformed into chemically competent or electro-competent E. coli Top10 cells. Resulting clones 

were identified first with colony PCR, followed by sequencing and subsequently electroporated into 

electro-competent Y. enterocolitica. 
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6.3  Bacteria medium conditions 

E. coli cultures were grown in LB medium containing respective antibiotics at 37°C. 

Y. enterocolitica cultures were grown in brain heart infusion (BHI) medium containing nalidixic acid 

(NAL, 35 μg/ml), and diaminopimelic acid (DAP, 60 μg/ml) for ΔHOPEMTasd strains. Day cultures were 

grown in BHI supplemented with NAL, DAP where required, MgCl2 (20 mM), and glycerol (0.4% (w/v)). 

For non-secreting conditions, 5 mM CaCl2 was added to the medium, whereas for secreting conditions, 

Ca2+ was chelated by addition of 5 mM EGTA. 

6.4  Competent cell preparation 

Chemically competent E. coli were grown over night at 37°C in LB medium containing streptomycin 

(50 μg/ml) or kanamycin (50 μg/ml) for Top10 and SM10 λpir cultures, respectively. 50 ml of media 

containing LB and respective antibiotics were prepared and inoculated with 500 μl of overnight 

culture. Culture was then incubated at 37°C until the OD600 reached 0.4 to 0.65. Culture was then 

placed on ice until the centrifuge was cooled to 4°C. Culture was aliquoted into falcon tubes and 

centrifuged at 4,700 x g for 10 minutes at 4°C. Supernatant was remove and cell pellets were 

resuspended in 3 ml TSS (transformation and storage solution) buffer and aliquoted in sterile 

Eppendorf tubes. Aliquots were then snap-freezed in liquid nitrogen and stored in the -80°C freezer. 

Electro-competent E. coli and Y. enterocolitica were grown overnight at 37°C or 28°C, respectively. 

100 ml of media prepared with corresponding growth medium, antibiotics and additives (E. coli – LB 

and respective antibiotics; Y. enterocolitica – BHI media with NAL and DAP) and inoculated to an OD600 

of 0.1. Cultures were incubated at 37°C or 28°C for E. coli and Y. enterocolitica, respectively, until the 

OD600 reaches 0.45 to 0.6. Culture is then placed on ice for 30 minutes. Cultures are aliquoted into 

falcon tubes and centrifuged at 2,000 x g for 15 minutes at 4°C. Supernatant is discarded and pellet is 

resuspended in 20 ml sterile ice-cold water. Bacteria are centrifuged again at 2,000 x g for 15 minutes 

at 4°C. Supernatant is removed and pellet is resuspended in 10 ml ice-cold 10% glycerol (w/v). Bacteria 

are centrifuged again at the same settings and supernatant is remove. Pellet is then resuspended in 

400-600 μl/tube of ice-cold 10% glycerol (400 μl/tube for Y. enterocolitica). Bacteria are then aliquoted 

into Eppendorf tubes and snap-freezed in liquid nitrogen and stored in the -80°C freezer. 
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6.5  General secretion and microscopy culture preparation of 

Y. enterocolitica 

Y. enterocolitica overnight cultures were used to inoculate day culture media and were incubated at 

28°C for 1.5 hours. Cultures were either grown in secreting or non-secreting cultures, depending on 

the experiment. Secreting cultures were inoculated at an OD600 of 0.15 and non-secreting cultures 

were inoculated at an OD600 of 0.12. After incubation, cultures were shifted to 37°C. If bacteria 

contained an inducible plasmid, arabinose was added at varying concentrations (depending on the 

level of induction required) to induce plasmid expression. Induction generally occurs prior to shifting 

to 37°C. Cultures incubate at 37°C for 2-3 hours prior to collection, unless indicated otherwise. 

Samples were collected at established times depending on the needs of the experiment. 

When indicated, non-secreting cultures (containing 5 mM CaCl2) could be activated with the addition 

of 10 mM EGTA to chelate the calcium and induce secretion. 

6.6  Secretion analysis 

2 ml of culture were centrifuged (20,000 g, 2 min) and 1.8 ml of the SN was collected. SN proteins 

were precipitated using trichloroacetic acid 10% (w/v) final for 24-48 h at 4°C. Samples were 

resuspended in 1x SDS-loading buffer (v/v) and boiled at 99°C for 10 minutes. Proteins were separated 

on either commercial or homemade SDS-PAGE gels (4-20% for commercially prepared gels; 11% or 

15% gels for gels produced in house). Samples were normalized to contain the proteins secreted by 

0.4 OD units of bacteria (the equivalent of 0.4 ml culture at an OD600 of 1), unless indicated otherwise. 

Secreted proteins were stained with “Instant Blue”, Coomassie-based staining solution (Expedeon).  

6.7  Total cell analysis 

2 ml of culture were centrifuged (20,000 g, 2 min) and supernatant was removed. Samples were 

resuspended in 1x SDS-loading buffer (v/v) and boiled at 99°C for 10 minutes. Proteins were separated 

on either commercial or homemade SDS-PAGE gels (4-20% for commercially prepared gels; 11% or 

15% gels for gels produced in house). Samples were normalized to contain the proteins secreted by 

0.24 OD units of bacteria (the equivalent of 0.24 ml culture at an OD600 of 1), unless indicated 

otherwise. Total cell proteins were prepared for western blot analysis. 
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6.8  Immunoblot analysis 

For detection of specific proteins by immunoblotting, unstained gels were transferred onto 

nitrocellulose membranes by Turbo Blot (Bio-Rad) and incubated in 5% milk (w/v) (AppliChem) with 

PBS (or for anti-flag samples, PBS-T), the primary antibody was incubated for either 1 hour at RT or 

overnight at 4°C. Blots were washed with PBS and PBS-T (PBS-T only for anti-flag samples) prior to 

incubation of the secondary antibody for either 1 hour at RT or overnight at 4°C. After incubation, 

blots were washed with PBS and PBS-T (PBS-T only for anti-flag samples) prior to the addition of the 

chemiluminescent substrate (Pierce) for imaging with a CCD camera (Fuji). 

Immunoblotting was carried out using rabbit or mouse polyclonal antibodies in 5% milk and PBS (or 

2% milk and PBS-T for anti-flag antibodies). Secondary antibodies were used against rabbit or mouse 

Ig and conjugated with horseradish peroxidase at 1:10,000 dilution in 5% milk and PBS (or 2% milk and 

PBS-T). 

6.9  β-lactamase assay  

HOPEMTasd-based Y. enterocolitica cultures for β-lactamase (bla) assays were inoculated from 

overnight cultures to an optical density at 600 nm (OD600) of 0.10 (0.12 in validation experiment) in 

non-secreting BHI medium. After shaking incubation at 28°C for 1.5 hours, the culture was shifted to 

37°C to induce the yop regulon. After 2 hours (1.5 hours in the initial validation experiment) of 

incubation at 37°C, bacteria were collected (unless stated differently, bacteria were collected by 

centrifugation (2,400 g, 4 min, 37°C), and resuspended in an equal amount of fresh medium pre-

warmed to 37°C throughout the protocol), and resuspended in secreting BHI medium. Over the next 

15 minutes, the activation kinetics analysis was performed (see below). To determine the deactivation 

kinetics, cultures were incubated for 2 hours at 37°C in secreting medium and were then collected and 

resuspended in non-secreting medium. Over the next 30 minutes, the deactivation kinetics analysis 

was performed (see below). To determine the reactivation kinetics, cultures were incubated in the 

secreting medium for 2 hours at 37°C and were then collected and resuspended in non-secreting 

medium pre-warmed to 28°C. Cultures were incubated at 28°C for 15 minutes, collected and 

resuspended in secreting medium at 37°C, where the reactivation kinetics analysis was performed. 

Samples for the kinetics analysis of activation, deactivation and reactivation of secretion were treated 

as follows: after resuspension, 400-800 μl samples were removed from the culture at the indicated 

time points (0, 5, 10 minutes for activation; 0, 10, 20 minutes for deactivation; 0 minutes for 

reactivation), collected, resuspended in fresh medium as indicated and incubated in a table top 

shaking incubator at 37°C, 800 rpm for 5 minutes (activation and reactivation) or 10 minutes 
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(deactivation). After this incubation, bacteria were removed by centrifugation (16,000 g, 2 min, 20°C), 

and the supernatant was stored at room temperature until all samples of one experiment were 

collected. For each sample, 100 μl supernatant were added to a Sarstedt TC-Platte 96 well plate in 

triplicates. 10 μl/well of β-lactamase substrate solution (10 μM Nitrocefin (Merck) in phosphate 

buffered saline) were added. β-lactamase activity was quantified by the increase in absorbance at 483 

nm, caused by β-lactamase catalyzed hydrolysis of Nitrocefin, for 40 rounds of 30 seconds each at 

30°C using a Tecan Infinite 200 Pro photometer. The results are averages of β-lactamase activity, 

determined by linear regression within the linear range of the absorbance, of three independent 

experiments that were run in technical triplicates for each experiment.  

The initial validation assay was performed as described above with the following modifications: 200 

μl supernatant was added to a Sarstedt TC-Platte 96 well plate in triplicates, and 20 μl/well of β-

lactamase substrate solution (20 μM Fluorocillin Green 495/525 (Life Technologies in 0.1 M Tris-HCl 

pH 7.5) was added. β-lactamase activity was quantified by the increase in fluorescence caused by β-

lactamase catalyzed hydrolysis of the substrate, measured at 495 +/- 5 nm excitation and 525 +/- 10 

nm emission for 30 rounds every 30 seconds using a Tecan Infinite 200 Pro photometer. The result is 

the increase of fluorescence over time of one experiment that was run in a technical triplicate.  

6.10 Growth curve experiment 

MRS40-based Y. enterocolitica cultures for growth curve experiments were inoculated from overnight 

cultures to an OD600 of 0.12 in non-secreting BHI medium. After incubating at 28°C for 1.5 h, the culture 

was divided in three parts and collected (2400 g, 4 min, 37°C). The pellet was then resuspended in 

either non-secreting medium (one part) or secreting medium (two parts), both pre-warmed at 37°C, 

to induce the yop regulon. The cultures were incubated to 37°C for 2 h incubation, and collected again 

(2400 g, 4 min, 37°C). One previously secreting culture was resuspended in secreting medium and the 

second was resuspended in non-secreting medium; the previously non-secreting culture was 

resuspended in fresh non-secreting medium, all pre-warmed at 37°C. Cultures were incubated at 37°C 

for 3.5 hours. Throughout the experiment, the optical density at 600 nm wavelength (OD600) of all 

cultures was measured every 30 min in a 1:3 dilution. The number of divisions per time for each culture 

was determined using the OD600 values for -1.5 hours and 0 hours (28°C), 0 hours and 2 hours (first 

incubation), and 2 hours and 4 hours (second incubation).  
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6.11 Fluorescence microscopy – visualization of growth under secreting 

and non-secreting conditions 

HOPEMTasd-based Y. enterocolitica AD4483 (EGFP-SctL ΔSctD) and ADTM4521 (mCherry-SctL) 

cultures for microscopy were inoculated from overnight cultures to an OD600 of 0.15 in secreting 

medium. Cultures were incubated at 28°C for 1.5 hours and then shifted to 37°C for 2 hours. Next, 750 

μl of each culture were centrifuged (2,400 g, 3 min), and resuspended in 100 μl of either secreting or 

non-secreting medium for both strains. 2 μl of resuspended culture were spotted on preheated (37°C) 

agarose pads containing 1.5% (w/v) low melting agarose, LB, NAL (35 μg/ml), glycerol (0.4% (w/v)), 

MgCl2 (20mM) and either oxalate (20 mM) for secreting conditions, or CaCl2 (5 mM) for non-secreting 

conditions. Bright field images were taken every 5 minutes and fluorescence images were taken every 

20 minutes for 2 hours at 37°C with a Deltavision Spectris optical sectioning microscope (Applied 

Precision) using a 100x oil immersion objective (Olympus) with a numerical aperture of 1.40. The 

exposure time was set to 0.2 seconds, with a light intensity of 32% for bright field, 587 nm and 485 

nm excitation lights. Following image acquisition, images were deconvolved using softWoRx 5.5 

(standard “conservative” settings). Images were further processed with ImageJ-Fiji (National Institute 

of Health) using a binary mask for measuring cell growth. Red and green fluorescence was manually 

adjusted to discriminate T3SS-positive and T3SS-negative bacteria, respectively. 

6.12 Fluorescence microscopy – quantification of assembled T3SS under 

secreting and non-secreting conditions 

HOPEMTasd-based Y. enterocolitica AD4085 (EGFP-SctQ) and AD4306 (EGFP-SctD) cultures for 

microscopy were inoculated from an overnight culture to an OD600 of 0.12. Cultures were incubated 

at 28°C for 1.5 hours. After incubation, cultures were shifted to 37°C for 3 hours. Next, 400 µl of culture 

was centrifuged (2,400 g, 2 min) and concentrated in 200 µl microscopy imaging buffer (100 mM 

HEPES pH 7.2, 100 mM NaCl, 5 mM ammonium sulfate, 20 mM sodium glutamate, 10 mM MgCl2, 5 

mM K2SO4, 0.5% (w/v) casamino acids) containing DAP (60 μg/ml) and CaCl2 (5mM) or EGTA (5 mM) 

according to the imaging conditions (non-secreting or secreting). To test for possible loss of T3SS 

during extended secretion, cultures were incubated under secreting or non-secreting conditions at 

28°C for 1.5 hours, and then shifted to 37°C for 3 hours. For visualization, 2 µl of resuspended culture 

where mounted on a 1.5% (w/v) agar pad casted with the same buffer in a depression slide and 

visualized in a Deltavision Spectris Optical Sectioning Microscope (Applied Precision), equipped with a 

UApo N 100x/1.49 oil TIRF UIS2 objective (Olympus), using an Evolve EMCCD Camera (Photometrics). 

The sample was illuminated for 0.15 seconds with a 488 laser in a TIRF depth of 3440.0, except for the 
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extended secretion assay, where the exposure time was 0.3 seconds under non-TIRF conditions. The 

micrographs where then deconvolved using softWoRx 5.5 (standard “conservative” settings) and 

further processed for presentation with ImageJ-Fiji. Cells were manually counted in several fields of 

view. 

6.13 Needle Staining 

MRS40-based Y. enterocolitica CH4006 (SctFS5C) and a MRS40 wild-type control were inoculated from 

overnight cultures to an OD600 of 0.15 in secreting medium. Cultures were incubated at 28°C for 1.5 

hours and then shifted to 37°C for 2 hours. At this point, 500 μl were transferred to a 2 ml tube and 

washed with minimal medium adjusted for secreting conditions. The cells were concentrated in 100 

μl microscopy imaging buffer containing EGTA (5 mM) and CF-633 maleimide dye (Sigma-Aldrich, USA) 

(5μM) for 5 minutes. The cells were then collected and washed with microscopy imaging buffer 

containing EGTA (5 mM) once or four times, as indicated. Images were acquired as z-stacks of 11 

images with a stacking of 0.15 μm. The micrographs where then deconvolved using softWoRx 5.5 

(standard “conservative” settings) and further processed for presentation with ImageJ-Fiji. 

6.14 Measuring AXP levels in secreting and non-secreting samples 

Intracellular metabolites were extracted from the total cellular biomass of wildtype1HOPEMTasd 

cultures, used in this experiment for biosafety reasons, based on a sequential quenching–extraction 

approach. 3 ml culture aliquots were pipetted into 9 ml of 60% (v/v) cold methanol (−60°C). Cells were 

immediately pelleted by centrifugation (10 min, −10°C, 20,000 x g), and the supernatant was removed. 

Pellets were stored at −80°C until extracted. Intracellular metabolites were extracted by adding a 

volume equivalent to 300μl per 3 ml of a sample at an OD600 of 1 of both extraction fluid {50% (v/v) 

methanol, 50% (v/v) TE buffer [10 mM TRIZMA (pH 7.0), 1 mM EDTA]; −20°C} and chloroform (−20°C) 

to each cell pellet. The resulting mixture was incubated at 4°C for 2 hours on a shaking device 

(Eppendorf shaker) and centrifuged (10 min, −10°C, 20,000 x g). The upper phase of the two-phase 

system was filtered (0.22μm, PTFE, 4 mm diameter, Phenomenex) and stored at −80°C until the polar 

metabolites were analyzed. Quantification of nucleotides was performed using a LC-MS/MS. The 

chromatographic separation was performed on an Agilent Infinity II 1290 HPLC system using a 

SeQuantZIC-HILIC column (150 × 2.1 mm; 3.5μm, 100 Å, Merck, Germany) equipped with a 20 × 2.1 

mm guard column of similar specificity (Merck, Germany) at a constant flow rate of 0.4ml/min with 

mobile phase A being 20 mM ammonium acetate (Sigma-Aldrich, USA) adjusted to pH 9.2 with 

ammonium hydroxide (Honeywell, USA) and phase B being acetonitrile (Honeywell, USA). The 

injection volume was 3μl. The mobile phase profile consisted of the following steps and linear 
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gradients: 0–1 minutes from 20% B to 25% B; 1–4 minutes from 25 to 35% B; 4–5 minutes from 35 to 

80% B; 5–6 minutes constant at 80% B; 6–7 minutes from 80 to 20% B; 7–8 minutes constant at 20% 

B. An Agilent 6495 ion funnel mass spectrometer was used in negative mode with an electrospray 

ionization source and the following conditions: ESI spray voltage 3,500 V, sheath gas 350°C at 11 l/min, 

nebulizer pressure 20 psig and drying gas 225°C at 14 l/min. Compounds were identified based on 

their exact mass and retention time compared to standards. Extracted ion chromatograms of the [M-

H] - forms were integrated using MassHunter software (Agilent, Santa Clara, CA, USA). Absolute 

concentrations were calculated based on an external calibration curve. 

6.15 Luciferase assay 

HOPEMTasd Y. enterocolitica overnight cultures were utilized to inoculate 5 ml of secreting or non-

secreting medium and incubated for 1.5 hours at 27°C. Expression of NanoLuc-flag cargo was then 

induced with pBAD expression with 0.3% arabinose (w/v). The cultures incubated for 3 hours at 37°C. 

Following incubation 300 µ of sample was taken and centrifuged (16,000 x g, 2 min). The supernatant 

was extracted and put in a fresh Eppendorf tube. The total cell pellet was resuspended in minimal 

media containing (5 mM CaCl2 or 5 mM EGTA, as well as the addition of DAP in both secreting 

conditions). 5 µl of supernatant and total cell were harvested for enzymatic assay. The NanoLuc 

detection assay was performed according to the manufacturers recommendations. 

6.16 Infection assay 

HEp-2 cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) 

supplemented with 7.5% newborn calf serum(Sigma-Aldrich) in 5% CO2 at 37°C. For the β-lactamase 

translocation assay, the infection assay was adapted from (Wolters et al, 2015). HEp-2 cells were 

seeded into Nuncion Delta Surface 96-well flat plates (Thermo Scientific) at a cell density of 2.0 × 104 

cells per well. Prior to infection, 5 mM DAP was added to the medium of the seeded HEp-2 cells. Day 

cultures were inoculated from stationary overnight cultures (1:25 dilution) in BHI supplemented with 

DAP (60 μg ml−1), MgCl2 (20 mM), and glycerol (0.4% w/v). Expression of the cargo protein from the 

pBAD plasmid was induced with 0.2% arabinose (w/v), unless stated differently. The cultures were 

incubated for 90 minutes at 37°C under activating conditions (dark for LITESEC-supp/light for LITESEC-

act) to induce T3SS formation. After incubation, cultures were centrifuged for 4 minutes at 4500 × g 

and 4°C. The bacteria were resuspended in ice-cold PBS containing DAP to a density of approximately 

2.5 × 108 cfu/ml, incubated on ice in “off” conditions (light for LITESEC-supp/dark for LITESEC-act) for 

15 minutes, then added to a semi-confluent layer of HEp2-cells at a multiplicity of infection (MOI) of 

approximately 140, and incubated under blue light or dark conditions for 60 minutes at 37°C in 5% 
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CO2. Following incubation, the cell culture medium was removed and 100 μl of working solution were 

added (1:3 dilution RPMI 1640 medium without phenol red (Gibco) in PBS (Gibco) with 25 mM 

probenecid acid (Alfa Aesar) dissolved in cell culture grade dimethyl sulfoxide (DMSO) (Santa Cruz)). 

For β-lactamase translocation assays, 20 μl of CCF2-AM were added (0.12 μl solution A,1.2 μl solution 

B and 18.68 μl solution C (solutions A, B and C provided from Invitrogen CCF2-AM loading kit)). After 

5 minutes of incubation, the working solution and CCF2-AM were removed and 100 μl of fresh working 

solution was added. Plates were then incubated at 37°C in 5% CO2 for 10 minutes. Next, cells were 

fixed by addition of 100 μl of ice-cold 1% paraformaldehyde (PFA) (w/v) and incubation on ice for 10 

minutes. As a last step, the PFA solution was replaced by PBS. Fields of view were chosen in the 

differential interference contrast (DIC) channel, preventing any bias, and all fields of view were 

analyzed. Translocation of YopE1−53-β-lactamase was detected by comparing the fluorescence 

emission at 525/48 nm (FRET-based emission of uncleaved CCF2) vs. 435/48 nm (emission of cleaved 

CCF2, equivalent to substrate translocation), both at an excitation at 390/18 nm. Both channels were 

background-corrected. For the apoptosis assay, the protocol outlined in (Ittig et al, 2015) was adapted 

as follows. HEp-2 cells were seeded to a density of 1.18 × 105 cells per well into Nuncion Delta Surface 

24-well plate (Thermo Scientific). Prior to infection, DAP and 0.2% arabinose (w/v) were added to each 

well of HEp-2 cells. Bacteria were first grown at 28°C for 90 minutes and then shifted to 37°C for 120 

minutes, collected by centrifugation, and resuspended in PBS (pre-warmed to 37°C) containing 5 mM 

DAP at a density of approximately 2.5 × 108 cfu/ml. The bacteria were added to a semi-confluent layer 

of HEp2-cells at an MOI of approximately 140, and incubated under blue light or dark conditions for 

60 minutes at 37°C in 5% CO2. Following incubation, the cell culture medium was removed and 300 μl 

of RPMI 1640 medium (Gibco) containing gentamycin (100 μg/ml) was added. Cells were incubated 

for further 60 minutes at 37°C in 5% CO2 under the specified light conditions and were then imaged 

with a binocular microscope (x5 objective) or on an inverse fluorescence microscope (Deltavision Elite) 

(×20 objective). Fluorescence and cell shape of HEp-2 cells were manually classified by blinded 

observers. 

6.17 Effector pool secretion 

MRS40 wild-type Y. enterocolitica was grown overnight at 28°C. Non-secreting and secreting media 

was prepared and the overnight culture was used to inoculate the fresh media to an OD600 of 0.12 and 

0.15. Cultures were incubated at 28°C for 1.5 hours. Cultures were then shifted to 37°C for 2.5 hours. 

Following incubation, secreting and non-secreting conditions were split into two equal cultures, where 

one culture from each condition was treated with chloramphenicol (15 µg/ml). Following 10 minutes 

of chloramphenicol incubation a baseline sample was taken from all conditions (-5 minutes). At 0 



85 
 

minutes, 10 mM EGTA was added to non-secreting conditions to activate secretion. Samples from all 

conditions were taken at 15-, 30-, 45-, and 60-minute time points and processed for SDS-PAGE 

analysis. 

6.18 Fluorescence microscopy – Gatekeeper localization 

HOPEMTasd-based Y. enterocolitica AD4616 (SycN-sfGFP), AD4617 (TyeA-sfGFP), BMD4015 (EGFP-

YscB), AD4085 (EGFP-YscQ) and wild-type strains were grown overnight. Secreting and non-secreting 

cultures were inoculated to an OD600 of 0.15 and 0.12, respectively. Cultures were incubated at 28°C 

for 1.5 hours. After incubation, cultures were then shifted to 37°C for 3 hours. 200 ul of samples were 

taken and centrifuged (4,800 x g for 2 minutes) and resuspended in 100 ul minimal media containing 

DAP containing 5 mM EGTA and 5 mM CaCl2. 1.5 ul of culture is plated on 1.5% agarose patch in 

minimal medium corresponding culture conditions. 

Bright field and fluorescence images were taken with a Deltavision Spectris optical sectioning 

microscope (Applied Precision) using a 100x oil immersion objective (Olympus) with a numerical 

aperture of 1.40. The exposure time was set to 0.2 seconds, with a light intensity of 32% for bright 

field, 485 nm excitation lights. Following image acquisition, images were deconvolved using softWoRx 

5.5 (standard “conservative” settings). Images were further processed with ImageJ-Fiji (National 

Institute of Health) using a binary mask for measuring cell growth. Cells were manually counted in 

several fields of view. 

6.19 Proteomics sample preparation 

Total cell samples were collected from secretion assay, as described in Chapter 6.5. The total cell pellet 

was washed twice with ice-cold PBS. 300 µl of 2% SLS (sodium lauryl sarcosinate) solution (in 100 mM 

ammonium bicarbonate [ABC]) (v/v) was used to re-suspend the pellet and the mixture was boiled at 

99°C for 10 minutes followed by sonication (Vial Tweeter). Cell lysates were then reduced by the 

addition of 5 mM Tris (2-caboxyethyl)phosphine and incubated at 95°C for 15 min, followed by 

alkylation (10 mM iodoacetamide for 30 min at 25°C). The cell lysates were cleared by centrifugation, 

and the total protein was estimated for each sample with a Pierce bicinchoninic acid (BCA) protein 

assay kit (Thermo Fisher Scientific). The cell lysate containing 50 μg total protein was then diluted with 

100mM ammonium bicarbonate to a final detergent concentration of 0.5% and digested with 1 μg 

trypsin (Promega) overnight at 30°C. Next, SLS was removed by precipitation with 1.5% trifluoroacetic 

acid (TFA) and centrifugation. Peptides were purified using C18 microspin columns according to the 

manufacturer’s instructions (Harvard Apparatus, USA). 
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Purified peptides were dried, resuspended in 0.1% TFA, and analyzed by liquid chromatography-mass 

spectrometry (MS) carried out on a Q-Exactive Plus instrument connected to an Ultimate 3000 rapid-

separation liquid chromatography (RSLC) nano instrument and a nanospray flex ion source (all Thermo 

Scientific, Germany). Peptide separation was performed on a reverse-phase high-performance liquid 

chromatography (HPLC) column (75 μm by 42 cm) packed in-house with C18 resin (2.4 μm; Dr. Maisch 

GmbH, Germany). The peptides were first loaded onto a C18 precolumn (preconcentration set-up) and 

then eluted in backflush mode with a gradient from 98% solvent A (0.15% formic acid) and 2% solvent 

B (99.85% acetonitrile, 0.15% formic acid) to 25% solvent B over 66 min, continued from 25 to 40% of 

solvent B up to 90 min. The flow rate was set to 300 nL/min. The data acquisition mode for the initial 

label-free quantification study was set to obtain one high-resolution MS scan at a resolution of 70,000 

(m/z 200) with scanning range from 375 to 1500 m/z followed by MS/MS scans of the 10 most intense 

ions at a resolution of 17,500. To increase the efficiency of MS/MS shots, the charged state screening 

modus was adjusted to exclude unassigned and singly charged ions. The dynamic exclusion duration 

was set to 10 s. The ion accumulation time was set to 50 ms (both MS and MS/MS). The automatic 

gain control (AGC) was set to 3 × 106 for MS survey scans and 1 × 105 for MS/MS scans. 

Spectral counting-based analysis was performed using MASCOT (v2.5), executed from the Proteome 

Discoverer platform (v1.4, Thermo Scientific). The Yersinia enterocolitica protein database was 

downloaded from Uniprot. The following search parameters were used: full tryptic specificity required 

(cleavage after lysine or arginine residues); two missed cleavages allowed; carbamidomethylation (C) 

set as a fixed modification; oxidation (M) and deamidation (N,Q) set as a variable modification. The 

mass tolerance was set to 10 ppm for precursor ions and 0.02 Da for high energy-collision dissociation 

(HCD) fragment ions. The results were then imported into Scaffold (v4.6.2, Proteome Software). 

Within Scaffold, the data was adjusted to obtain a Protein FDR of 1%. The resulting data was used for 

further data extraction. 
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7. Appendix 
7.1  Abbreviations 

a.a.    Amino acid 

ABC    Ammonium bicarbonate 

ADP    Adenosine diphosphate 

AGC    Automatic gain control 

AMP    Adenosine monophosphate 

ara.    Arabinose 

ATP    Adenosine triphosphate 

a.u.     Arbitrary unit 

AXP    Adenosine X-phosphate  

BCA    Bicinchoninic acid assay 

BHI    Brain heart infusion medium 

Bla    β-lactamase 

Ca2+    Calcium ion 

CBD    Chaperone binding domain 

CCF2-AM   Cephalosporin core linking a 7-hydroxycoumarin to fluoresein 

Chlor.    Chloramphenicol 

DAP    Diaminopimelic acid 

DIC    Differential interference contrast 

DMSO    Dimethylsulfoxide 

DNA    Deoxyribonucleic acid 

E. coli    Escherichia coli 

EC    Energy charge 

EGFP    Enhanced green fluorescent protein 

EGTA    Egtazic acid 

EHEC    Enterohemorrhagic Escherichia coli 

EPEC    Enteropathogenic Escherichia coli 

HCD    High energy-collision dissociation 

HM    Host membrane 

HPLC    High performance liquid chromatography  

HSVTK    Herpes simplex virus – thymidine kinase 

IM    Inner membrane  

kb    Kilobases 
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kDa    KiloDalton  

LITESEC-act Light-induced translocation of effectors through the sequestration of 

endogenous components – activation by light 

LITESEC-supp  Light-induced translocation of effectors through the sequestration of 

endogenous components – suppression by light 

LITESEC-T3SS Light-induced translocation of effectors through the sequestration of 

endogenous components of the type III secretion 

FRET    Förster resonance energy transfer 

fwd.    Forward primer 

g    Gravitational acceleration constant 

h/hrs    Hour(s) 

LB    Luria-Bertani medium 

MAPK    Mitogen-activating protein kinases 

min     Minute(s) 

MLD    Membrane localization domain 

mRNA    Messenger ribonucleic acid 

MS ring    Membrane/supramembrane ring 

MOI    Multiplicity of infection 

MW    Molecular weight 

Na+    Sodium ion 

Nal    Nalidixic acid 

NCS    Newborn calf serum 

neg. ctrl.   Negative control 

NF-ĸB    Nuclear factor-kappa light chain enhancer of activated B cells 

n.s.    Not significant 

NS/non-secr./n.secr.  Non-secreting medium 

OD600    Optical density at 600 nm 

OM    Outer membrane 

ovrl.    Overlapping 

P. aeruginosa   Pseudomonas aeruginosa 

PAGE    Polyacrylamide gel electrophoresis 

PARP    poly (ADP-ribose) polymerase 

PBS     Phosphate buffered saline 

PBS-T    Phosphate buffered saline with Tween 
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PCR    Polymerase chain reaction 

PEPC    Phosphoenolpyruvate carboxylase 

pos. ctrl.   Positive control 

PUMA    p53 upregulated modulator of apoptosis 

pYV    Plasmid of Yersinia virulence 

rev.    Reverse primer 

RNA     Ribonucleic acid 

RNAT    Ribonucleic acid thermometer 

RPMI 1640 medium  Roswell Park Memorial Institute 1640 medium 

RSLC    Rapid separation liquid chromatography 

RT    Room temperature 

S/sec./secret.   Secreting medium 

sec    Seconds 

S. enterica   Salmonella enterica 

S. flexneri   Shigella flexneri 

SDS    Sodium dodecyl sulfate 

sfGFP    Super-folded green fluorescent protein 

SLS    Sodium lauryl sulfate 

SPI-1    Salmonella pathogenicity island 1 

SPI-2    Salmonella pathogenicity island 2 

spp.    Species 

t    Time 

T3SS    Type III secretion system 

T3SS-neg.   Type III secretion system negative 

T3SS-pos.   Type III secretion system positive 

tBID    Truncated BID 

TCA    Trichloro-acetic acid 

TFA    Trifluoroacetic acid 

TMH    Transmembrane-helix 

Tris    Tris(hydroxymethylaminomethane) 

TSS    Transformation and storage solution 

Y. enterocolitica   Yersinia enterocolitica  

Y. pestis   Yersinia pestis 

Y. pseudotuberculosis  Yersinia pseudotuberculosis 
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Yop    Yersinia outer protein 
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7.2  Software 

Genetic analysis 

Primers were designed using Primer3 (Altschul et al, 1990).  

Plasmids were designed using Serial Cloner 2.6.1 (SerialBasics). 

Sequence homology searches were completed using BLAST (Rozen & Skaletsky, 2000).  

Image processing 

Stacks of fluorescence micrographs were deconvolved using SoftWoRx 5.5 with conservative settings 

(Applied Precision, Issaquah, WA, USA). 

Image analysis and processing was completed using ImageJ (US National Institutes of Health, 

Bethesda, MS, USA). 

Densitometric analysis 

Western blot band quantification was completed using ImageJ (US National Institutes of Health, 

Bethesda, MS, USA). 

Mass spectrometry 

Proteomics mass spectrometry data was analyzed using MASCOT (v2.5, Matrix Science, London, UK), 

Uniport (Collaboration between European Bioinformatics Institute, Swiss Institute for Bioinformatics 

and Protein Information Resources), Proteome Discoverer platform (v1.4, Thermo Fisher Scientific) 

Scaffold (v4.6.2, Proteome Software, Inc., Portland, OR, USA). 

Metabolomics mass spectrometry data was analyzed using QQQ Quantitative Analysis (Agilent 

Technologies, Inc., Santa Clara, CA, USA). 
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7.3  Bacterial strains 

Table 1: Bacterial strains details 

Strain Relevant characteristics of virulence plasmid References 

MRS40 Wild-type pYV plasmid of Y. enterocolitica E40 (pYVe40) 

blaA  

(Sory et al, 1995) 

IML421asd 
(ΔHOPEMTasd) 

pYVmrs40 yopOΔ2-427 yopE21 yopHΔ1-352 yopM23 yopP23 
yopT135 Δasd 

(Kudryashev et al, 2013) 

AD4051 pYVmrs40  ΔsctD (Diepold et al, 2010) 
AD4085 pYViml421asd  egfp-sctQ (Kudryashev et al, 2013) 
AD4306 pYViml421asd  egfp-sctD (Diepold et al, 2015)  
AD4419 pYViml421asd  ΔsctQ (Diepold et al, 2015) 
AD4483 pYViml421asd  egfp-sctL ΔsctD (Diepold et al, 2017) 
AD4616 pYViml421asd sycN-sfgfp This study 
AD4617 pYViml421asd tyeA-sfgfp This study 
FL4003 pYViml421asd zdk1-SctQ, mCherry-sctL (Lindner et al, 2020) 
FL4005 pYViml421asd sspB_Nano-sctQ, mCherry-sctL (Lindner et al, 2020) 
BMD4015 pYViml421asd egfp-yscB This study 
BMD4019 pYVmrs40 ΔsycH This study 
BMD4020 pYVmrs40 ΔsycE This study 
ADMA4098 pYVmrs40 ΔsctC Diepold lab stock, 

unpublished 
ADTM4521 pYViml421asd  mCherry-sctL (Milne-Davies et al, 2019) 
BK021 pYViml421asd ΔsctW Diepold lab stock, 

unpublished 
CH4006 pYViml421asd sctFS5C (Milne-Davies et al, 2019) 
IM41 pYVmrs40 sctW45 (does not encode sctW=yopN) (Boland et al, 1996) 
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7.4  Plasmids 

Table 2: Plasmid details 

Plasmid Relevant characteristics References 

pACYC184 Expression vector New England Biolabs 
pBAD Expression vector Commercial 
pKNG101 oriR6K sacBR+ oriTRK2 strAB+ (suicide vector)  (Kaniga et al, 1991) 
pAD301 pUC19::egfp Diepold lab stock, 

unpublished 
pAD612 pKNG101::Zdk1-sctQ (Lindner et al, 2020) 
pAD626 pACYC184::yopH1-17-bla (β-lactamase from pBAD::His-B 

cloned in-frame with first 17 amino acids of Y. 
enterocolitica yopH) 

(Milne-Davies et al, 2019) 

pAD627 pACYC184::bla (Milne-Davies et al, 2019) 
pAD681 pBAD::yopH1-17-NanoLuc-flag (Lindner et al, 2020) 
pAD683 pBAD::yopE1-53-egfp This study 
pAD686 pBAD::yopE1-138-egfp This study 
pAD694 pKNG101:: ΔSycH This study 
pAD695 pKNG101:: ΔSycE This study 
pAD723 pKNG101::sycN-sfgfp This study 
pAD724 pKNG101::tyeA::sfgfp This study 
pFL118 pKNG101::SspB_Nano-sctQ (Lindner et al, 2020) 
pFL126 pACYC184::TMH-flag-(L1)- LOV2V416L (Lindner et al, 2020) 
pFL127 pACYC184::TMH-flag-(L1)- iLID (Lindner et al, 2020) 
pFL133 pBAD::yopE1-53-NanoLuc-flag (Lindner et al, 2020) 
pFL134 pBAD::yopE1-138-NanoLuc-flag This study 
pFL137 pBAD::yopE1-53-PUMA-flag This study 
pFL138 pBAD::yopE1-53-HVSTK-flag This study 
pFL139 pBAD::yopE1-53-p53-flag This study 
pFL140 pBAD::yopE1-138-PUMA-flag This study 
pFL142 pBAD::yopE1-138-p53-flag This study 
pFL144 pBAD::yopE1-138-HVSTK-flag This study 
pFL157 pBAD::sycE-yopE1-138-egfp This study 
pBMD005 pKNG101::yscB-pre-fluorescent protein This study 
pBMD011 pKNG101::sycN-pre-fluorescent protein This study 
pBMD012 pKNG101::tyeA-pre-fluorescent protein This study 
pBMD013 pKNG101::yscB-egfp This study 
pBMD028 pBAD::yopE1-53 (Lindner et al, 2020) 
pBMD029 pBAD::yopE1-138 This study 
pBMD040 pBAD::yopE1-53-bla (Lindner et al, 2020) 
pBMD043 pBAD::sycT This study 
pBMD044 pBAD::sycE This study 
pBMD045 pBAD::sycH This study 
pBMD046 pBAD::sycD This study 
pBMD055 pBAD::sycO This study 
pBMD059 pBAD:: yopE1-15 This study 
pBMD061 pBAD::yopE1-15-egfp This study 
pBMD062 pBAD::yopE1-15-NanoLuc This study 
pBMD063 pBAD::sycE-yopE1-138-NanoLuc This study 
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pADTM521 pKNG101::mCh-sctL (pamCherry and flexible linker cloned 
in-frame at the N-terminus of sctL) 

(Diepold et al, 2017) 

pCH06 pKNG101 sctFS5C (serine to cysteine point mutation of 
amino acid 5 in sctF) 

(Milne-Davies et al, 2019) 

pNL1.1 NanoLuc luciferase template Commercial  
pSi_87 pBAD::sycE-yopE1-138-tBID (Ittig et al, 2015) 
 pMA-T::HSVTK GeneArt DNA 
 pMA-RQ::PUMA-BBC2 GeneArt DNA 
 pENTR-p53-WT (Stiewe et al, 2002) 
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7.5  Oligonucleotides 

Table 3: Oligonucleotides details 

No. Sequences Features Used for 
cloning of 

Template 

AD301 GACTGGATCCAGATCTGGTGCTGGCGTGAGCAAG

GGCGAGGAG 

 

BglII and 
BamHI sites 

GFP – fwd.  pAD301 

AD302 GACTGTCGACAATTGACCTGCCCCCTTGTACAGC

TCGTCCATGC 

 

MfeI and 
SalI sites 

GFP – rev.  pAD301 

AD339 ATGCCATAGCATTTTTATCC  pBAD 
sequencing – 
fwd.  

pBAD 

AD340 GCGTTCTGATTTAATCTGTATCAGG  pBAD 
sequencing – 
rev.  

pBAD 

AD341 TATTAATTGATCTGCATCAACTTAACG  pKNG101 
sequencing – 
fwd. 

pKNG101 

AD342 GACTATACTAGTATACTCCGTCTACTGTACG  pKNG101 
sequencing – 
rev.  

pKNG101 

AD742 GACTGGGCCCGCAACCACAGGCTAAAATTATCTG 

 
ApaI site pBMD005 – 

fwd.  
pYV 
(MRS40) 

AD743 GCCCGAACCACCGAATTCGAGACCAGATCTATTT

TGCATTATTTCTCAGATGGTT 

 

MfeI site pBMD005 – 
ovrl. rev. 

pYV 
(MRS40) 

AD744 GGTCTCGAATTCGGTGGTTCGGGCGGGTCTGGTG

GCCAAAATTTACTAAAAAACTTGGCTACC 

 

BsaI site pBMD005 – 
ovrl. fwd. 

pYV 
(MRS40) 

AD745 GACTTCTAGAGCGGAAAAGCCATATTACTTAATT

CC 

 

XbaI site pBMD005 – 
rev. 

pYV 
(MRS40) 

AD746 GACTGGATCCTTGACTGATCATGAACTTATCATT

AAGCGATCTTCATCGTCAGGTATCTCGATTGGTG

CAGCACCCAGAAACGCTGGTG 

BamHI site pAD626 – 
fwd. 

pBAD 

AD747 GACTGGATCCTTGACTGATCATGCACCCAGAAAC

GCTGGTG 

BamHI site pAD627 – 
fwd.  

pBAD 

AD748 GACTGTCGACTTACCAATGCTTAATCAGTGAGG XhoI site pAD626 and 
pAD627  – 
rev. 

pBAD 

AD749 GACTGGGCCCTGGCTATTGAGAGTGAAGAGGA 

 
ApaI site pBMD011 – 

fwd.  
pYV 
(MRS40) 

AD750 AGATCTGCCACCAGACCCGCCCGAACCACCCGGC

GCAAGCACCTCTTG 

BglII site pBMD011 – 
ovrl. rev. 

pYV 
(MRS40) 

AD751 TCGGGCGGGTCTGGTGGCAGATCTCAGTCAATTG

GAGGTGCTTGCGCCGTGA 

MfeI site pBMD011 – 
ovrl. fwd. 

pYV 
(MRS40) 

AD752 GACTTCTAGACCTGTTGTCGTTTGGTTAAAGT 

 
XbaI site pBMD011 – 

rev. 
pYV 
(MRS40) 

AD753 GACTGGGCCCTCAACAAAGCGGGTCTGAAC 

 
ApaI site pBMD012 – 

fwd.  
pYV 
(MRS40) 

AD754 AGATCTGCCACCAGACCCGCCCGAACCACTACTC

AATTCTTCCTCTTCACTCTCA 

BglII site pBMD012 – 
ovrl. rev. 

pYV 
(MRS40) 

AD755 TCGGGCGGGTCTGGTGGCAGATCTCAGTCAATTG

GAGGAAGAATTGAGTGAGTTGGA 

MfeI site pBMD012 – 
ovrl. fwd. 

pYV 
(MRS40) 
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AD756 GACTTCTAGAATTATGCGACTCACGGCG 

 
XbaI site pBMD012 – 

rev. 
pYV(MRS40) 

AD876 GACTAGATCTGGAGAGGAGCCGCAGTCAGATC 

 

BglII site P53 – fwd. pENTR-p53-
WT 

AD877 GACTGTCGACGAATTCTCACTTATCATCGTCGTC

CTTGTAGTCTCCGCCACCGTCTGAGTCAGGCCCT

TCTG 

EcoRI and 
XhoI site 

P53 – rev.  pENTR-p53-
WT 

AD894 GATCTCATGAAAATATCATCATTTATTTCTACAT

CACTGC 

 

BspHI site pBMD028 
and 
pBMD059 – 
fwd. 

pYV 
(MRS40) 

AD895 GATCGAATTCGCGCAGATCTTCCGCCGGAACCCT

GAGGGCTTTCAGTGC 

EcoRI site pBMD028 – 
rev. 

pYV 
(MRS40) 

AD896 GATCCCATGGGTAAAATATCATCATTTATTTCTA

CATCACTGC 

NcoI site pBMD029 – 
fwd. 

pYV 
(MRS40) 

AD897 GATCGAATTCGCGCAGATCTTCCGCCCGTGGCGA

ACTGGTCATGATTTT 

EcoRI site pBMD029 – 
rev.  

pAD627/ 
pBMD028 

AD903 GACTGTCGACGCAAGCTTTTAAAGTTCTTTTG XhoI pFL126 – rev. pAD610 

AD904 GACTGTCGACTCAGCTAATTAAGCTTTTAAAAGT XhoI pFL127 – rev. pFL108 

AD909 AGTCGGGCCCATGACACAATTAGAGGAGCAACTG

CATAAC 

ApaI site pCH06 – fwd. pYV 
(MRS40) 

AD910 TGTAAACCCGCAGAAATTACTCATTTATTTTAGA

C 

 

 pCH06 – ovrl. 
rev. 

pYV 
(MRS40) 

AD911 AGTAATTTCTGCGGGTTTACAAAAGGGAACGATA

TC 

 pCH06 – ovrl. 
fwd. 

pYV 
(MRS40) 

AD912 AGTCTCTAGATTTCATGCTACGAACTATGGTTGA

GCTTATATTG 

XbaI site pCH06 – rev. pYV 
(MRS40) 

AD913 GCAGGAGGTCTAAAATAAATGAGTAATTTCTGC  pCH06 – test  pYV 
(MRS40) 

AD921 GACTAGATCTTTGACTGAATGGGTGGTATCAGTA

TTTGGC 

BglII site pFL126 and 
pFL127 – 
fwd. 

pAD610 
/pFL108 

AD933 GACTTCATGAACTTATCATTAAGCGATCTTCATC

GTCAGGTATCTCGATTGGTGCAGGGAGGTAGATC

TGGCGCAGGTGTCTTCACACTCGAAGATTTCGTT 

BglII site NanoLuc – 
fwd. 

pNL1.1 

AD934 GACTAAGCTTTTAGAATTCGCCTGCACCCTTATC

ATCGTCGTCCTTGTAGTCACCTCCCGCCAGAATG

CGTTCGCA 

Flag and 
BspHI site 

NanoLuc – 
rev. 

pNL1.1 

AD968 GATCCCATGGGGCAGACAACCTTCACAGAACT 

 
NcoI site pBMD043 – 

fwd. 
pYV 
(MRS40) 

AD969 GATCGAATTCTCAGATGAATAATATAGGTGATGT

CGAGTT 

EcoRI site pBMD043 – 
rev. 

pYV 
(MRS40) 

AD971 GATCCCATGGGGTATTCATTTGAACAAGCTATCA

CTCAA 

NcoI site pBMD044 – 
fwd.  

pYV 
(MRS40) 

AD972 GATCAGATCTTCAACTAAATGACCGTGGTG 

 
BglII site pBMD044 – 

rev. 
pYV 
(MRS40) 

AD974 GATCCCATGGGGCGCACTTACAGTTCATTACTTG

A 

NcoI site pBMD045 – 
fwd.  

pYV 
(MRS40) 

AD975 GATCGAATTCTTAAACCAGTAAATGAGATGATGA

AGG 

EcoRI site pBMD045 – 
rev. 

pYV 
(MRS40) 

AD977 GATCTCATGAGTCAACAAGAGACGACAGACACTC

AAGA 

BspHI site pBMD046 – 
fwd. 

pYV 
(MRS40) 

AD978 GATCGAATTCTCATGGGTTATCAACGCACTC 

 
EcoRI site pBMD046 – 

rev.  
pYV 
(MRS40) 
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AD1009 GACTGGTCTCGGGCCCGCCAGCTCAGACCTCATC

AA 

BsaI and 
ApaI sites 

pAD694 – 
fwd. 

pYV 
(MRS40) 

AD1010 GATACCGTACGTCTCCTTCCCAGATGCTACCC 

 

 pAD694 – 
ovrl. rev. 

pYV 
(MRS40) 

AD1011 TCTGGGAAGGAGACGTACGGTATCCATTAATGGG

T 

 

 pAD694 – 
ovrl. fwd. 

pYV 
(MRS40) 

AD1012 GACTGGTCTCTCTAGATCTGATTAAGTTGGCTGA

AGGACA 

BsaI and 
XbaI sites 

pAD694 – 
rev.  

pYV 
(MRS40) 

AD1013 GACTGGTCTCGGGCCCGCGCCCAGACATTTCTCC

TA 

BsaI and 
ApaI sites 

pAD695 – 
fwd. 

pYV 
(MRS40) 

AD1014 AAGGCAACAAGCATAACCAAAGCACTCTCGGCA 

 

 pAD695 – 
ovrl. rev. 

pYV 
(MRS40) 

AD1015 GAGTGCTTTGGTTATGCTTGTTGCCTTATTATAC

GGA 

 pAD695 – 
ovrl. fwd. 

pYV 
(MRS40) 

AD1016 GACTGGTCTCTCTAGACGTCGGTTACGTCCGGTT

AT 

BsaI and 
XbaI sites 

pAD695 – 
rev.  

pYV 
(MRS40) 

AD1070 TATACTCGAGTTAGAATTCGACTAGATCTTATTT

TCATGACTATTTATTCCCTTGGC 

BglII site 
with spacer 
and EcoRI 
site 

pBMD059 – 
rev. 

pYV 
(MRS40) 

AD1152 GATCTCATGATTAACACCACCTTTACTGAGCT 

 
BspHI site pBMD055 – 

fwd. 
pYV 
(MRS40) 

AD1153 GATCGAATTCATCCCCATTTAACCGATTGAGT 

 
EcoRI site pBMD055 – 

rev. 
pYV 
(MRS40) 
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7.6  Antibodies 

Table 4: Antibody details 

No. Specificity Donor organism Dilution Source 

57 anti-SctP rabbit 1:3,000 (1) 
73 anti-YopE rabbit 1:1,000 (1) 
220 anti-SctA/LcrV rabbit 1:2,000 (1) 
223 anti-SctF rabbit 1:1,000 (1) 
235 anti-SctQ Rabbit 1:1,000 (1) 
 anti-Flag rabbit 1:4,000 (2) 
 anti-GFP mouse 1:1,000 (3) 
 HRP anti-rabbit secondary antibody goat 1:5,000 (4) 
 HRP anti-rabbit secondary antibody goat 1:10,000 (5) 
 HRP anti-mouse secondary antibody sheep 1:5,000 -10,000 (6) 
 anti-cleaved PARP rabbit 1:500 (7) 
 anti-β-actin mouse 1:200 (8) 

(1) Centre d’économie rurale, Laboratoire d’hormonologie, Marloie, Belgium 

(2) Rockland, Limerick, Pennsylvania, USA 

(3) Proteintech, St. Leon-Rot, Germany 

(4) DAKO, Glostrup, Denmark 

(5) Sigma-Aldrich, Munich, Germany 

(6) Amersham, Freiburg, Germany 

(7) Cell Signaling Technology, Danvers, Massachusetts, USA 

(8) Santa Cruz, Dallas, Texas, USA 
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