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ABSTRACT 

Characterization of the Type VI Secretion System in Enterobacter cloacae 

by 

Sonya Lisa Donato 

Bacteria live in complex communities and must compete with their neighbors 

for resources. They have therefore evolved multiple different competition systems in 

order to improve their fitness in dense, complex environments. The type VI secretion 

system (T6SS) is a Gram-negative weapon used to inhibit the growth of neighboring 

cells. It does this by delivering toxic effector proteins directly into neighbors using a 

speargun-like apparatus. A spear-shaped protein complex is propelled out of the 

T6SS-expressing cell, and this spear punctures a neighboring cell to deliver its toxic 

payload. Toxic effector proteins are bound either covalently or non-covalently to this 

secreted complex, and these toxins can target both periplasmic or cytoplasmic 

substrates, as well as membranes. Kin protect themselves from these effectors by 

expressing cognate immunity proteins to block effector activity. 

This thesis explores several aspects of the T6SS in Enterobacter cloacae ATCC 

13047. In Chapter 1, I provide a general introduction to the T6SS and covers topics 

such as the structure and assembly of the apparatus, regulation of T6SS loci and 

effectors, and effector diversity. I then describe the genetics of the T6SS in E. cloacae 

and explore what effectors are deployed in this system in Chapter 2. In Chapter 3, I 

focus on one particular effector deployed by this system, the type VI secretion system 

lipase effector, Tle, and investigate its intriguing reliance on its cognate immunity 

protein, Tli, for toxicity. Next, Chapter 4 discusses the role of rearrangement hotspot 



ix 
 

(Rhs) proteins in the assembly of the T6SS apparatus. Chapter 5 then looks at the 

role of the Rhs accessory protein effector-associated gene with Rhs (EagR). Finally, I 

summarize my findings and discuss open questions in the field in Chapter 6. 
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Chapter 1: Introduction 

Bacteria are found in a variety of diverse habitats across the planet, and in 

many of these environmental niches resources are limited. As a consequence, 

bacteria have evolved a variety of competition systems used to inhibit the growth of 

other cells in order to acquire additional space or nutrients. One such competition 

system, found in Gram-negative bacteria, is the type VI secretion system (T6SS), 

discovered in Vibrio cholerae in 2006 (1, 2). The T6SS can be used for both intra- 

and inter-species competition against other Gram-negative cells or even eukaryotic 

organisms (2-6).  

The dysbiosis, or imbalance of microorganisms, in human microbiomes has 

been implicated in wide-ranging human diseases such as obesity, chronic fatigue 

syndrome, inflammatory bowel disease, and even cancer (7-13). Therefore, a proper 

understanding of the bacterial interactions that take place in the human host has 

wide-ranging health implications. Moreover, the T6SS has been directly implicated 

in bacterial pathogenesis of humans and other vertebrates (14-20).  Additionally, 

many phytobacteria possess T6SSs, and T6SS activity has been implicated in plant 

virulence for multiple plant pathogens (21-24). Therefore, a firm grasp of the 

molecular basis of the T6SS may inspire new treatment or preventative care 

approaches to animal or plant diseases. 

This introduction will provide a review of the genetic and molecular basis of 

the T6SS across different Gram-negative species. First, I will discuss the structure 

and mechanism of the T6SS apparatus. Next, I review the kinds of protein cargo 

known to be secreted by this apparatus, as well as how these cargo are first loaded 
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onto the apparatus. I then explore the acquisition of T6SS loci and effector-immunity 

gene pairs, and discuss the modularity of T6SS factors.  Finally, I discuss the known 

regulatory signals involved in T6SS activation or repression. 

 

Structure of the T6SS apparatus 

The T6SS consists of a large, speargun-like apparatus that ejects protein 

toxins directly into neighboring cells. Understanding of this apparatus was 

developed via its structural and functional homology to contractile bacteriophage 

tails (4, 25, 26, 27).  Thus far, 14 core components of the apparatus have been 

identified: nomenclature of these components can vary between research groups and 

the bacterial species under investigation, but a common naming scheme recognizes 

type VI secretion proteins A-M (TssA-M) as 13 of the core T6SS elements, as well as 

an additional 14th component, PAAR (proline-alanine-alanine-arginine), that is 

described as an essential component of the T6SS in at least some organisms (28, 29). 

Figure 1.1 presents a schematic summary of the T6SS apparatus. 

The apparatus assembles at the cell membrane (Figure 1.1A) and is anchored 

to the membranes and cell wall through 3 proteins: TssJ, TssL, and TssM (30-35).  

Attached to this membrane anchor is an assembly platform, referred to as the 

baseplate complex, composed of 4 proteins: TssE, TssF, TssG, and TssK (36, 37).  A 

contractile sheath, composed of TssB and TssC, is attached to this baseplate, and this 

sheath is capped by TssA (39, 40, 41, 43).  The TssEFGK baseplate complex is 

thought to coordinate the contraction of the TssBC sheath (42; Zachary Ruhe, Hayes 

lab, unpublished). The sheath surrounds a hollow filament composed of TssD, which 
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is more commonly referred to as hemolysin-coregulated protein (Hcp).  Hcp forms 

hexameric rings that stack to form a long, hollow tube (25, 43, 44, 45). The Hcp tube 

connects to the membrane-puncturing spike complex, composed of TssI and PAAR. 

TssI is more commonly referred to as valine-glycine repeat protein G (VgrG). VgrG 

forms a trimer that binds a single PAAR polypeptide, and together this tube and 

spike complex makes up the secreted “spear” complex that is propelled out of the cell 

following contraction of the sheath (Figure 1.1B) (25, 28).  Finally, the ATPase TssH, 

more commonly referred to as caseino-lytic protease (virulent strain) (ClpV), 

disassembles the TssBC sheath after use in order to allow for successive assembly of 

a new apparatus using recycled components (46, 47). It is worth noting that ClpV is 

not absolutely required for T6SS activity if there is sufficient cell growth and de novo 

synthesis of sheath components (48, 49). 

 

Assembly and firing of the T6SS apparatus 

The order of assembly of the T6SS apparatus (Figure 1.1A) can be broadly 

inferred from protein-protein interaction data and live-imaging microscopy. First, 

the membrane-spanning complex, composed of TssJLM, assembles at the 

membrane. TssJ seeds formation of the membrane-complex at the outer-membrane, 

sequentially recruiting TssM and TssL into the eventual 1.7-megadalton complex 

that has five-fold symmetry of each of its 3 components (51). TssM extends into the 

periplasm and binds both TssJ and the peptidoglycan cell wall to anchor this 

complex to the membrane (52). TssL spans the inner-membrane, but the bulk of the 

protein resides in the cytoplasm; TssL may be involved in both stabilization of the 
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membrane-spanning complex, as well as subsequent apparatus assembly in the 

cytoplasm (53-55). 

Following assembly of the membrane-spanning complex, the baseplate 

complex must next assemble and properly dock onto the membrane complex (Figure 

1.1A). Brunet et. al. have prepared the most comprehensive analysis of T6SS 

apparatus assembly (36). They demonstrate that the baseplate components TssF and 

TssG interact and stabilize each other in the absence of other T6SS factors, 

suggesting baseplate assembly can initiate independent of the rest of the apparatus. 

Subsequently, the baseplate appears to be recruited to the cell envelope via 

association with TssM. Hcp assembly is dependent on formation of the baseplate and 

VgrG-spike complex, and sheath assembly is dependent on Hcp assembly.  

Thus, Brunet et. al. propose that the membrane-spanning complex initiates 

T6SS assembly, and subsequently recruits and promotes full baseplate assembly. The 

partial baseplate complex TssFG can be seeded in the cell cytoplasm, and is then 

recruited to the membrane-spanning complex, likely through contacts between TssK 

and TssM. Once the full baseplate has docked onto the membrane-complex, 

polymerization of the Hcp tube and subsequent TssBC sheath polymerization around 

Hcp can occur. Figure 1.1A presents this model of the assembly of the T6SS 

apparatus. At this time it is unclear when the VgrG-PAAR spike complex assembles 

onto the apparatus: does is assemble before, concomitant with, or after baseplate 

assembly? This thesis seeks to give insight on that question in Chapter 4. 

The TssBC sheath polymerizes in about one minute to a length spanning 

approximately the full width of the cell (39, 48). The sheath will then contract, where 
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rings of sheath proteins sequentially rotate to form a wider, more compact structure 

that spans roughly half of its original length (48). This contraction, or firing event, is 

believed to occur in less than 5 ms (48). Subsequently, ClpV-dependent sheath 

disassembly is thought to take 10s of seconds (39, 48). This T6SS duty-cycle is 

presented in Figure 1.1B.  

Basler (50) calculates that the amount of energy released during T6SS 

contraction could be approximately 18,000 kcal mol−1, or the equivalent of 1,600 

molecules of ATP hydrolyzed. This amount of energy is thought to be enough to 

physically puncture the target cell membrane in the absence of any specific lipid-

disrupting structure, allowing for fewer evolutionary constraints on the structure of 

these translocated proteins. There is currently no evidence that the T6SS-dependent 

puncturing of cell membranes induces cell toxicity independent from effector activity 

(50). This is in contrast to R-type pyocins, which puncture the bacterial cell via 

another contractile injection system, but leaves a stable tube inserted in the cell 

membrane that allows for ion leakage and eventual cell death (78-80). 

 There is some contention about whether the T6SS apparatus can puncture all 

the way through to the Gram-negative bacterial cytoplasm, or whether effectors are 

only delivered into the periplasm. Reports studying the T6SS in V. cholerae suggest 

that the VgrG-PAAR spike complex does get delivered into the target cell cytoplasm, 

and that periplasmic-acting effectors can encode periplasmic-trafficking-signals to 

facilitate transport back to the periplasm (76, 77). However, the majority of T6SS 

toxins appear to be periplasmic-acting, not cytoplasmic-acting, (see next section, 

entitled “T6SS effector activities”), and heterologous expression of many of these 
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periplasmic-acting T6SS toxins in laboratory Escherichia coli requires the addition 

of a periplasmic-trafficking sequence for intoxication, suggesting they must be 

delivered directly to the periplasm in order for activity to occur (59, 65, 87). 

Additionally, the majority of identified cytoplasmic-acting toxins have putative N-

terminal transmembrane domains that may be present to facilitate translocation 

from the target cell periplasm across the inner-membrane (67, 69, 71, 73, 74). 

Finally, it has been demonstrated that T4 bacteriophage contractile tails do not 

penetrate through the inner-membrane (181). Taken together, the preferred model of 

T6SS delivery is that it does not pierce through to the cytoplasm. 

 

T6SS effector activities 

There are a variety of cargo proteins secreted by the T6SS. While the majority 

of identified cargo function as effectors to induce toxicity in target cells, some 

bacteria use the T6SS to secrete metal-acquisition proteins in order to promote 

metal uptake (56-58). However, this appears to be a more recent evolutionary 

function of this secretion system; it is largely accepted that the T6SS evolved to 

deliver toxic effectors into target cells. The first T6SS effector discovered cross-links 

actin in eukaryotic targets to impair the cell’s cytoskeleton (3, 4). Since then, other 

families of anti-eukaryotic factors have been discovered (52, 53,  141). However, the 

focus of this thesis is on anti-bacterial toxins. These anti-bacterial toxins are 

consistently found encoded in effector-immunity gene pairs, where the downstream-

encoded immunity protein blocks the activity of the toxin. 
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 The first inter-bacterial toxin discovered degrades the Gram-negative 

bacterial cell wall (59). Following that discovery, many other cell-wall degrading 

enzymes have been identified as toxic T6SS effectors (60-62). Of particular relevance 

to my thesis work, the T6SS amidase effector (Tae) in Enterobacter cloacae is 

described as a toxic effector in Chapter 2, and is predicted to hydrolyze cell-wall 

peptide crosslinks at γ-D-glutamyl-mDAP DL-bonds (60). 

Additionally, many membrane-disrupting effectors have been identified. A 

diverse group of T6SS (phospho)lipase effector (Tle) proteins have been reported, 

and have varying catalytic activities (63-65). Chapter 3 will focuses on one such Tle 

effector found in E. cloacae, and explores its unique reliance on its cognate 

immunity for proper activation and delivery. Intriguingly, because phospholipid 

bilayers are a shared hallmark of both bacterial and eukaryotic membranes, these Tle 

toxins can be used to inhibit both bacterial and eukaryotic targets (65). Effectors 

with membrane pore-forming-activity have also been reported, whose activities 

result in increased cell permeability and dissipation of the proton-motive force (66). 

In Chapter 2 I discuss one such putative pore-forming effector in E. cloacae, named 

T6SS effector protein 1 (Tep1). 

A variety of T6SS effectors target nucleic acids. For example, T6SS-dependent 

DNases have been discovered in Dickeya dadantii, Agrobacterium tumefaciens, 

Serratia marcescens, Shiga toxin-producing E. coli, and Pseudomonas aeruginosa 

(67, 68, 69, 95, 186). Additionally, P.  aeruginosa type VI secretion effector 2 (Tse2) 

is predicted to have RNase activity (70). E. cloacae’s RhsB has also been shown to 
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have DNase activity (71). A T6SS nuclease used to inhibit eukaryotic cells has not 

been discovered to date, although the possibility does exist. 

Notably, the majority of these confirmed DNases are all encoded in Rhs 

proteins (67, 69, 71). It is currently unclear if Rhs proteins do indeed have a 

propensity for encoding nucleases over other toxins, and what the biological 

significance of such a correlation would be. Interestingly, Rhs proteins are predicted 

to form a hollow, shell-like structure that encapsulates the toxin domain (72). Rhs 

proteins may therefore represent a specialized translocation system for nucleases or 

other cytoplasmic-acting effectors.  The role of E. cloacae’s Rhs proteins in the T6SS 

is the central theme of Chapter 4. 

More recently, the Mougous lab has identified 2 novel T6SS anti-bacterial 

effector activities. In 2015, they published that P. aeruginosa’s Tse6 is an NAD(P)+ 

glycohydrolase that breaks down the essential metabolite NAD(P)+ into nicotinamide 

and ADP-ribose (73). NAD(P)+ is an essential metabolite across all forms of life, so it 

remains to be seen whether any bacteria deploy a similar T6SS effector to intoxicate 

eukaryotes or even archaea. Additionally, their lab published in 2018 that Serratia 

proteamaculans deploys an ADP-ribosylating toxin that modifies the essential 

bacterial cell-division protein FtsZ (74). FtsZ is also found in chloroplasts, 

mitochondria, and archaea, and may represent another substrate that could be 

targeted by T6SS effectors in order to theoretically inhibit a broad range of 

organisms. 

However, many T6SS-dependent effectors have unknown functions with no 

readily predictable activities. Of note, E. cloacae’s RhsA effector, discussed at length 
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in Chapters 4 and 5, has no known function (71, 81). This implies the diversity of 

T6SS effectors has not yet been fully realized, and suggests novel cellular substrates 

exist. 

 

Mechanism of T6SS effector delivery 

In the previous section, T6SS effectors were grouped together based on their 

activities. However, these effectors can also be categorized based on their 

mechanism of assembly onto the T6SS apparatus. The first T6SS effector discovered 

is encoded at the C-terminal end of VgrG (4). Since that discovery, numerous other 

VgrG-fusion effectors have been characterized (62, 64, 82, 83). These so-called 

“evolved” VgrGs represent a class of effectors where the toxin is covalently linked to 

a structural component of the secretion complex. Similarly, “evolved” Hcp and PAAR 

proteins also exist (28, 69, 81, 84, 85, 86, 93, 186). E. cloacae’s RhsA and RhsB 

effectors, explored in Chapters 4 and 5 of this thesis, both encode PAAR domains, for 

example. Given that these structural components are required for the T6SS, this 

category of covalently-linked effectors may represent a mechanism to prevent 

wasteful secretion of assemblies lacking effectors.  

In addition to covalently-linked effectors, many effectors have been shown to 

interact with the Hcp or VgrG structural components directly. For example, some 

effectors have been shown to bind directly to VgrG (64, 87). Curiously, one example 

of this interaction involves the effector binding to the C-terminal transthyretin‐like 

(TTR) extension domain of VgrG (87). This is an example of an “evolved” VgrG that 

encodes an adaptor domain, rather than an effector domain. Similarly, many PAAR 
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proteins have been bio-informatically identified that possess this TTR adaptor 

domain (28). Other effectors have been shown to directly interact with Hcp instead 

(19, 88). Notably, Hcp forms a hollow tube, and effectors have been shown to situate 

within the lumen of this tube (88). In Chapter 2, I describe experiments that reveal  

E. cloacae’s Tae protein interacts directly with Hcp. 

Other effectors are known to interact indirectly with VgrG. For example, V. 

cholerae’s lipase effector TseL uses its upstream accessory gene as an adaptor to 

mediate the interaction between TseL and VgrG; this phenomenon appears to be a 

genetically conserved mechanism that is distributed throughout Proteobacteria (89, 

90). Another example of an adaptor-dependent toxin assembly is the A. tumefaciens 

DNase toxin Tde1, which uses a different adaptor to bind to VgrG (97). In many 

cases, while an effector interaction to VgrG has not yet been experimentally 

demonstrated, the interaction can be inferred through genetic interactions. For 

example, some effectors have a genetic dependency on a specific VgrG paralog for 

secretion, suggesting a molecular interaction between effector and VgrG (81, 86). 

There also appears to be a strong genetic association with Tle effectors and VgrG, 

again suggesting some molecular interaction between Tle and VgrG (63). Chapter 3 

addresses this point with E. cloacae’s Tle protein. The N-terminal domain of the 

VgrG trimer forms a hollow cup that is wide enough to accommodate small proteins; 

it is therefore plausible that Tle and other small effectors could be loaded onto the N-

terminus of VgrG (92). 

While the majority of cytoplasmic-acting T6SS effectors with confirmed 

substrates are covalently linked to a PAAR domain, the known exceptions are the 2 
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DNases in A. tumefaciens, which are genetically linked to VgrG, and the DNase in 

STEC004 E. coli, which is covalently linked to Hcp (68, 95). As discussed previously, 

cytoplasmic-acting toxins may require additional translocation mechanisms to get 

past the target cell inner-membrane; it may therefore be significant that the majority 

of these cytoplasmic-acting toxins are loaded onto the VgrG-PAAR membrane-

puncturing spike complex. For example, it is possible that the association with the 

spike complex promotes effector delivery as proximal to the inner-membrane as 

possible. 

While the unadorned spike complex forms a sharp tip that is thought to 

promote membrane puncturing, this is seemingly contradicted by the fact that many 

effectors are predicted to simply hang off the sharp PAAR tip (28). Indeed, Rhs 

proteins, which often encode PAAR domains, form structures around ~4 nm wide, 

which is approximately half the width of the Hcp tube itself (1, 72).  It is currently 

unclear where these VgrG-encoding or PAAR-encoding effectors sit on or in the 

apparatus during either assembly or delivery.  

 

T6SS acquisition and modularity 

Given the diversity of effector assembly onto the T6SS apparatus, it appears as 

though bacteria can deploy an arsenal of multiple toxins in a single T6SS firing 

event. Given that most of the T6SS-expressing strains studied encode multiple 

effectors, this brings into question how and why these bacteria evolved multiple 

effectors. In many cases, horizontal gene transfer appears to facilitate effector 

acquisition. For example, highly related effector-immunity gene pairs can appear 
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across different species and genera while “skipping” more closely-related kin (60, 63, 

98). More directly, some T6SS effector-immunity modules are encoded on known 

horizontally-transferred genomic islands (99, 100). A recent report suggests V. 

cholerae will replace old effectors with new, horizontally-transferred, effector-

immunity gene pairs while retaining the old immunity, allowing the recombinant 

strain to deploy new toxins while maintaining immunity against its old toxins (101). 

There is even evidence that entire T6SS loci can be acquired via horizontal gene 

transfer (102, 103). This is perhaps not surprising in light of the fact that many 

bacteria carry multiple T6SS loci, with the highest known number being 6 T6SS loci 

in Yersinia pestis and Burkholderia pseudomallei (21). 

In addition to acquiring complete genes via horizontal gene transfer, T6SS 

effectors can also be internally diversified via more modular mechanisms. For 

example, the covalently-linked effectors, described in the previous section of this 

chapter, represent examples of polymorphic toxins, where the N-terminal structural 

domain (e. g. PAAR) often stays conserved while the C-terminal toxin domain is 

variable. In order words, nature has evolved examples of modular effector swapping 

between these “evolved” structural proteins. One example of this is with E. cloacae’s 

RhsA protein, which shares strong sequence identity with Rhs proteins from other 

genera, but which encodes a different C-terminal toxin domain compared to related 

Rhs alleles (Figure 1.2). Chapter 5 addresses the results of engineering different Rhs 

toxins onto E. cloacae’s RhsA in order to create viable chimeric proteins. An 

engineered chimeric VgrG has also been shown to successfully intoxicate its parental 

strain by replacing the original effector domain with one from a different species 

(77).  
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Additionally, many of these “evolved” structural proteins have associated 

orphan effector-immunity pairs, encoded downstream of the full-length gene, which 

are believed to be capable of recombining onto the full-length gene in order to deploy 

different effectors (93-95). In a broader context, some T6SS toxins are closely related 

to toxins deployed via other growth inhibition systems, such as CDI or colicins (93, 

95, 96, Figure 5.8B). Therefore, many T6SS toxins can be interchanged between 

different T6SS structural components, and can even be interchanged by different 

toxin translocation systems entirely. 

Another means of diversifying the T6SS is through the use of redundant 

components to make new combinations of pre-existing factors. For example, many 

bacteria encode multiple Hcp, VgrG, or PAAR alleles, even though only one of each is 

required for T6SS activity. While these paralogs are often redundant for supporting 

T6SS activity, they frequently represent distinct effector export pathways. For 

example, A. tumefaciens can use either VgrG1 or VgrG2 for T6SS activity, but 

secretion of its DNase effectors Tde1 or Tde2 is dependent on their specific cognate 

VgrG (97). A similar story occurs with P. aeruginosa’s Tse5 and Tse6 effectors, and 

with E. cloacae’s RhsA and RhsB effectors (81). Notably, E. cloacae’s RhsA and RhsB 

proteins also encode PAAR, and either can support T6SS activity if its cognate VgrG 

is also expressed (Chapter 4). S. marcescens uses 2 different VgrGs and 3 different 

PAARs for T6SS activity; while only one of each is sufficient for T6SS activity, PAAR1 

specifically utilizes VgrG1, whereas both PAAR-encoding Rhs1 and Rhs2 must utilize 

VgrG2 (29). Altogether, this shows that while there is a common theme of bacteria 

expressing redundant T6SS factors, these bacteria will utilize their different T6SS 

assemblies to specify which toxins get secreted. While the experiments described 
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above were performed under laboratory conditions, it is important to remember that 

bacteria might regulate expression of these different assemblies under different 

growth conditions in order to control which effectors are secreted at a given time in 

natural environments.  

 

T6SS regulation 

The T6SS is prevalent across diverse Gram-negative bacteria, and as such, the 

regulatory mechanisms governing T6SS expression can vary widely between species 

and strains. Many bacteria will respond to environmental cues in order to 

transcriptionally control T6SS gene expression. For example, pathogens that utilize 

the T6SS against eukaryotic cells have been observed to upregulate T6SS expression 

when provided with signals promoting infection of a host. These signals include 

quorum-sensing cell density signals, iron limitation, phagocytosis, and other signals 

of host contact (38, 75, 91, 104-109). Other external signals, not necessarily related 

to eukaryotic infection, include biofilm development and changes in temperature, 

pH, or salinity (110-114). 

The molecular mechanism of T6SS regulation has arguably been most 

comprehensively studied in P. aeruginosa’s bacterial-targeting H1-T6SS locus. 

Interestingly, this locus is stringently controlled through 2 layers of regulation. One 

layer involves the Gac/Rsm pathway, where the sensor kinase RetS represses the 

Gac/Rsm pathway and therefore H1-T6SS expression (1, 115, 116). P. aeruginosa 

retS mutants therefore have upregulated T6SS activity and have been commonly 

used as a model system to study the T6SS. The Gac/Rsm pathway is a global 

regulatory pathway that is known to induce expression of antibiotics and virulence 
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factors (117, 118).  This pathway has recently been described as a danger-sensing 

pathway in P. aeruginosa, as it is activated by the lysis of neighboring P. aeruginosa 

cells in order to turn on these various offensive systems, including the T6SS (119). 

A second layer of regulation involves the post-translational threonine 

phosphorylation pathway (TPP), in which the H1-T6SS-encoded kinase PpkA and 

phosphatase PppA oppose each other to differentially activate or inactivate the T6SS 

scaffolding protein Fha (120). TPP regulation controls rapid changes to protein 

localization and induces T6SS apparatus assembly, and appears to allow cells to 

spatially control T6SS firing (121). Membrane perturbation has been proposed as a 

trigger for TPP activation due to the intriguing observation that P. aeruginosa 

appears to deploy its T6SS as a counter-attack against inter-bacterial T6SS activity or 

even conjugation (47, 121, 122). However, those studies were carried out in a retS 

mutant background, and a counter-argument has more recently been proposed that 

this counter-attack phenomenon, also called T6SS dueling, is dependent on the 

Gac/Rsm pathway, rather than TPP-dependent activation of H1-T6SS (119). As such, 

the trigger for TPP is currently unclear. 

A number of bacteria do not appear to need any activating signal in order for 

T6SS activity to occur. Many strains have been shown to utilize constitutively active 

T6SSs when grown under typical laboratory conditions, including the E. cloacae 

strain under investigation in this thesis (2, 16, 19, 81, 109, 123-125). There is a 

current trend in the literature that these organisms with constitutively active T6SSs 

inhibit other bacteria, rather than eukaryotes (126). However, the evolutionary and 

ecological implications governing regulated versus constitutive T6SS loci have yet to 

be properly explored. 
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Thesis overview 

The type VI secretion system is a widespread bacterial growth-inhibition 

system, but most of the seminal work describing this system has been performed in 

Pseudomonas aeruginosa and Vibrio cholerae. This thesis seeks to introduce 

Enterobacter cloacae (ECL) as a new model organism in which to study the T6SS. 

Chapter 2 introduces basic information about the 2 T6SS loci in ECL and the 4 

known effectors it deploys, then explores other T6SS-associated effectors not 

deployed by ECL under laboratory conditions. Additionally, Chapter 2 seeks to 

investigate why ECL encodes 2 T6SS loci but 5 separate hcp alleles. Chapter 3 

discusses a collaborative work-in-progress project regarding ECL’s lipase toxin. This 

toxin is unique in that delivery of this toxic effector requires its downstream 

immunity protein. This is the first known example of a bacterial effector that 

requires its immunity for activation. In Chapter 4, I explore the impact of Rhs 

proteins on ECL’s T6SS. Notably, I find Rhs is required for T6SS activity in ECL 

because it stabilizes the β-spike of trimeric VgrG. Moreover, our findings suggest Rhs 

promotes VgrG trimerization prior to docking with the T6SS baseplate. Chapter 5 

next addresses the role of the Rhs chaperone protein, effector-associated gene with 

Rhs (EagR). I show that EagR is required for Rhs and T6SS activity in ECL. 

Furthermore, Chapter 5 explores the proteolytic cleavage event of the polymorphic 

RhsA toxin and its subsequent retention within the Rhs β-encapsulation structure. 

Finally, Chapter 6 concludes with a summary of my findings and a review of some of 

the remaining questions left in the field. 

 

 



17 
 

         

Figure 1.1. Schematic of the type VI secretion system (T6SS). (A) Schematic 
of the T6SS apparatus assembly. Boxed components represent the protein factors 
secreted by the apparatus. (B) Schematic of the T6SS duty-cycle. Figures are 
reproduced with permission from Zachary Ruhe (unpublished). 
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Figure 1.2. Enterobacter cloacae’s RhsA is an example of a T6SS effector 
with a polymorphic toxin domain. Multiple sequence alignment of Rhs proteins 
from different bacterial genera. While the bulk of the primary sequence is conserved, 
the C-terminal toxin domain is polymorphic in nature. ECL=Enterobacter cloacae, 
A3780=Kosakonia radicincitans, B1H58=Pantoea alhagi, CTU=Cronobacter 
turicensis. 
 



19 
 

Chapter 2: T6SS activity in E. cloacae is mediated by the T6SS-1 locus 

 

Note: other members of the Hayes lab participated on this project. Former graduate 

student Christina Beck and former undergraduate Ian Singleton contributed to the 

work presented in Figure 2.2.  Ian also contributed to the work presented in Figure 

2.10. Former undergraduate Jensen Abascal was largely responsible for the work 

presented in Figure 2.9. All above participants also helped with plasmid construction 

for this work. Former rotation student Shane Nourizadeh contributed to plasmid 

construction for the work presented in Figure 2.4. Fellow graduate student Steven 

Jensen contributed to the work presented in Figure 2.8B. 
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Abstract 

 Enterobacter cloacae ATCC 13047 effectively outcompetes many 

enterobacterial species during co-culture on solid media. This competitive fitness 

advantage depends on the type VI secretion system-1 (T6SS-1) locus, which is 

constitutively expressed under laboratory conditions. It was previously determined 

that RhsA and RhsB proteins, which carry C-terminal toxin domains, are potent 

T6SS-dependent toxins deployed by E. cloacae. Here, I examine 10 additional 

predicted E. cloacae effector proteins to determine whether they are secreted via 

T6SS-1. In addition to the 2 Rhs proteins, murein-amidase and phospholipase 

toxins, encoded within T6SS-1, are also used to inhibit target bacteria. In contrast, 

other predicted effectors encoded in operons with hemolysin co-regulated proteins 

(Hcp) do not appear to be delivered. Moreover, additional PAAR-domain containing 

toxins are also not deployed under laboratory conditions. Deletion of hcp3 (which is 

the only hcp gene within the T6SS-1 locus) abrogates all T6SS activity, suggesting it 

is the only hcp paralog utilized under laboratory conditions. However, I have 

determined that at least 2 of the other Hcp-linked predicted effectors still encode 

toxic proteins. Bioinformatic analyses suggest these other effectors may be employed 

by the inactive T6SS-2 locus.  
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Introduction 

Enterobacter cloacae is a Gram-negative opportunistic pathogen that can 

infect a variety of human tissues and organs. In 2003, Enterobacter species were 

found to be one of the primary causes of nosocomial Gram-negative pneumonial and 

surgical site infections in the United States (127). While Enterobacter species are 

diverse and widespread in nature, E. cloacae and E. hormaechei are the species most 

commonly associated with human isolates (128). In particular, the E. cloacae species 

has been observed to be multi-drug-resistant, and worryingly, multiple E. cloacae 

isolates have recently emerged that are resistant to the “last resort” carbapenem 

antibiotic family (129, 130). As such, E. cloacae is the type strain for this genus, and 

E.  cloacae subsp. cloacae ATCC 13047 is the type strain for this species. E. cloacae 

ATCC 13047 (hereafter simply referred to as E. cloacae) was originally isolated from 

human cerebrospinal fluid in 1890 (131). This isolate is nevertheless classified as a 

BSL-1 organism, and is a convenient model system for the Enterobacteriaceae. In 

particular, it is a genetically tractable organism that has been fully sequenced, and 

(as this thesis work demonstrates) it is amenable to genetic and molecular biology 

techniques tailored for Escherichia coli. In this thesis, I present E. cloacae as a 

model system to study the molecular biology of the type VI secretion system (T6SS). 

 The Hayes lab has previously shown that E. cloacae deploys a constitutive 

T6SS system that is capable of inhibiting E. coli on solid media. (81, 132, 133). 

Subsequent work has demonstrated that E. cloacae is also able to inhibit a variety of 

Gram-negative bacteria, including Enterobacter aerogenes, Salmonella enterica, 

Serratia marcescens, Alcaligenes faecalis, and Citrobacter freundii (71). Here, I 
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show that this inter-bacterial inhibition ability is mediated by the T6SS-1 locus, 

which deploys 4 identified effectors. I next demonstrate that other, unidentified, 

factors must contribute to the inhibition of E. coli. Using a candidate-based 

approach, I tested 8 putative T6SS effector-immunity gene pairs for their 

involvement in bacterial inhibition. While none of the 8 tested effectors appear to be 

toxins deployed by the T6SS-1 apparatus, I did validate that 2 of these gene pairs 

function as bona-fide effector-immunity pairs. Finally, I investigate the possibility 

that many of these other putative effectors maybe be deployed via the T6SS-2 

apparatus, which is not active under laboratory conditions. 

 

Results 

Enterobacter cloacae ATCC 13047 deploys 4 known effectors via T6SS-1 

It has previously been demonstrated that E. cloacae inhibits multiple species 

of bacteria on solid media under laboratory conditions using the T6SS (71). E. 

cloacae encodes 2 distinct T6SS loci, T6SS-1 and T6SS-2 (Figure 2.1A and 2.1C). 

T6SS-1 encodes a cluster of core T6SS genes, as well as a variable set of effectors and 

accessory ORFs. Re-arrangement hotspot protein A (RhsA) is encoded at the end of 

T6SS-1, followed by a cluster of putative orphan immunity genes. T6SS-2 encodes 

many of the same core T6SS genes, although the homologs between the 2 loci are 

genetically distinct from one another. T6SS-2 lacks any rhs genes, though a second 

rhs gene, rhsB, is encoded outside either T6SS locus (Figure 2.1B). The RhsB protein 

has been shown to have a toxic C-terminal domain that functions as an anti-bacterial 
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DNase; however, the function of the RhsA C-terminal toxin domain has not been 

determined (71.)  

Both Rhs proteins in E. cloacae are toxic to susceptible E. cloacae target cells 

lacking the Rhs immunity (ΔrhsI cells), and both these Rhs proteins are deployed via 

T6SS-1 (81). Here I show that only T6SS-1 mediates interspecies killing of E. coli 

under laboratory conditions: deletion of tssM in T6SS-1 (tssM1) abrogates inhibition, 

whereas deletion of tssM in T6SS-2 (tssM2) does not (Figure 2.2A). Additionally, I 

identify 2 other T6SS effectors deployed in E. cloacae: a putative class 4 amidase 

effector, Tae4 (Figure 2.2B), and a putative lipase effector, Tle (Figure 2.2C), both 

encoded within T6SS-1 (Figure 2.1A). For all 4 identified effectors, E. cloacae 

susceptible targets (i.e. E. cloacae strains with a deletion of the respective effector-

immunity gene pair) can be protected from the toxin through plasmid-borne 

expression of the cognate immunity gene. These results demonstrate that 4 effectors 

have been identified as toxic cargo deployed by the E. cloacae T6SS-1 apparatus, and 

that intra-species inhibition of susceptible target strains can be blocked through the 

expression of the cognate immunity gene. 

 

E. cloacae deploys additional unidentified effector(s) using T6SS-1; candidate-

based experiments did not identify any new effectors 

Intra-species competitions with targets lacking a particular effector-immunity 

pair allow for the study of individual effector activities at a time. However, E. cloacae 

can deliver multiple effectors with each firing of the T6SS apparatus. While 
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individually each of the 4 plasmid-borne immunities were able to protect the 

susceptible E. cloacae target cells, E. coli, lacking all of E. cloacae’s immunity genes, 

cannot be protected from these effectors through plasmid-borne expression of the 

immunity genes. E. cloacae inhibitors lacking 2 of the known effectors (E. cloacae 

Δtae4 ΔrhsA or Δtae4 ΔrhsB mutants) are still able to inhibit E. coli targets carrying 

tli and rhsI (Figure 2.3A). This suggests either additional, unidentified, effectors 

exist in the E. cloacae genome and are deployed under laboratory conditions, or that 

the T6SS apparatus itself somehow has toxic activity against E. coli. Across over a 

decade of T6SS literature the latter model has never been described or noticed in any 

T6SS-expressing bacteria; this suggests there are likely additional effectors yet to be 

identified in E. cloacae. However, even though at least 4 unique effectors (and likely 

more) are deployed via T6SS-1, co-deletion of both E. cloacae rhs effectors abrogated 

E. coli inhibition, even though the inhibitor strain still expressed Tle and Tae4 

(Figure 2.3A). This result is discussed more thoroughly in Chapter 4. 

 I next investigated 8 other putative effector-immunity gene-pairs as possible 

toxic effectors deployed by T6SS-1. These 8 effectors were chosen due to their genetic 

association with known T6SS elements. The effectors investigated in this study are 

presented in Table 2.1. Upon analysis of the E. cloacae genome, 4 additional hcp 

genes are found encoded outside either of the T6SS loci. Interestingly, all 5 hcps are 

encoded immediately adjacent to 2 hypothetical proteins. These were considered as 

potential effector-immunity pairs, and were named type VI effector proteins (Tep1-5) 

and type VI immunity proteins (Tip1-5), respectively. Tep3, associated with Hcp3, is 

encoded within T6SS-1 and has been previously designated as Tae4 (Figure 2.2B). 

Thus, 4 candidate effectors were chosen based on genetic linkage to hcp genes. 
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Additionally, a search of the E. cloacae genome reveals additional PAAR-

containing genes not encoded in either of the T6SS loci. ECL_02217 and 

ECL_04194, both PAAR-containing proteins with a C-terminal extension, share 

sequence similarity, and their downstream open-reading-frames are also similar 

(Figure 2.3C and 2.3D). The C-terminal extensions are annotated as S-type pyocins, 

which are known DNase toxins. I considered these C-terminal extensions to be the 

same potential effector and therefore acknowledged the possibility of these putative 

immunities cross-protecting against the non-cognate, but highly similar, effector. A 

third PAAR-containing gene with a C-terminal extension, ECL_03144, was also  

identified; intriguingly, it is encoded upstream of RhsB, though transcribed in the 

opposite direction as RhsB. This C-terminal extension was previously annotated as 

homologous to a known pore-forming toxin but that annotation has since been 

removed; as of the writing of this document the C-terminus is currently not 

annotated. 

Finally, a pair of hypothetical proteins is encoded within T6SS-1, and were 

considered as a possible effector-immunity gene pair. When this investigation was 

started this putative effector, ECL_01556, was annotated as a putative Cas9 

nuclease; however, that annotation has since been removed and is now annotated as 

homologous to a known T6SS immunity protein in Pseudomonas aeruginosa. I 

nevertheless include ECL_01556 in this analysis. 

For all 8 candidate effector-immunity pairs, deletion strains of both putative 

effector and downstream immunity were generated and competed against both wild-

type E. cloacae and a T6SS-null mutant (ΔtssM1). A quadruple-deletion mutant of 
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ECL_02217, ECL_04194, and their respective immunities was generated to negate 

the possibility of immunity cross-protection. In all cases, the deletion strains do not 

suffer any T6SS-dependent fitness defect against parental strain inhibitors (Figure 

2.3B). This suggests none of the 8 candidates tested are effectors deployed by E. 

cloacae under laboratory conditions. 

 

Each of E. cloacae’s hcp genes are genetically linked to putative effector-immunity 

gene pairs 

Of the hcp-linked effectors, only tae4, associated with hcp3 and encoded 

within T6SS-1, is deployed under laboratory conditions (Figure 2.2B and 2.3B). Next, 

I investigated whether these other hcp-linked putative effectors encode actual toxic 

proteins. The activity of a toxin is dependent on its ability to interact with its 

substrate; accordingly, these putative toxins must be expressed in the correct cellular 

compartment in order to assess any toxic effect. Periplasmically-acting T6SS 

effectors do not need to encode signal sequences in order to reach the periplasm of 

target cells because the T6SS apparatus is able to deliver effectors directly to the 

periplasm. However, the cognate immunity proteins for these toxins must be 

trafficked to the correct compartment in the inhibitor cell, so bioinformatic analyses 

of immunity genes can reveal the likely compartment a toxin functions in. 

Transmembrane prediction analyses were performed using the TMHMM and 

TMPred servers, and signal sequence analyses were performed with the SignalP-5.0 

and Signal-BLAST servers (134-137). 
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Bioinformatic analysis reveals that Tip1 is strongly predicted to encode at 

least 1 transmembrane helix, suggesting its cognate effector Tep1 acts in the 

periplasm of cells. Similarly, Tip2 is strongly predicted to encode at least 1 

transmembrane helix, suggesting Tep2 is also periplasmically-acting. Tae4 is 

predicted to be a class 4 murein amidase, and is therefore expected to be 

periplasmically-acting. Investigation by another group confirms this to be the case 

(138). Consistent with this finding, the Tai4 immunity is found to encode a signal 

sequence. Neither Tip4 nor Tip5 are found to encode signal sequences. Tip4 was 

predicted by the TMPred server to have 1 transmembrane helix, whereas the 

TMHMM server did not predict Tip4 to be a transmembrane protein. Thus, Tep4 is 

only weakly predicted to be periplasmically-acting. In contrast, Tip5 was not 

predicted to be a transmembrane protein by either server, suggesting it is 

cytoplasmically-acting. 

 

Validation of E. cloacae’s hcp-linked putative effectors and immunities 

 In order to validate whether these putative effectors are indeed toxic, I cloned 

the putative hcp-linked effectors both with and without a (co-translational dsbA) 

signal sequence in order to test the ability of these genes to produce products toxic to 

E. coli in either the cytosol or periplasm. I did not test tep4 due to the presence of an 

internal restriction endonuclease cut site within the gene. Somewhat surprisingly, 

given the bioinformatic predictions, I find that Tep1 is toxic to E. coli when 

expressed in the cytosol (Figure 2.4A). Attempts to clone Tep1 with a signal sequence 

were only viable when the cells already expressed the cognate immunity, Tip1. 
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Expression of periplasmically-expressed Tep1 is also toxic to E. coli, even when Tip1 

is present (Figure 2.4A). Tip1 is encoded on a separate plasmid under the lac 

promoter, and simultaneous induction of ss-Tep1 and Tip1 is still toxic (Figure 2.4A, 

IPTG sample). Thus, tep1 does encode a toxic effector protein that is toxic in both the 

cytosol and periplasm, but is more toxic when expressed in the periplasm.  

Next, I tested whether Tep2 is toxic to E. coli. I find that Tep2 is not toxic in 

either the cytosol or the periplasm (Figure 2.4B). Tae4, the predicted murein 

amidase, is confirmed to be toxic in the periplasm but not in the cytosol (Figure 

2.4C). Finally, Tep5 is shown to be toxic in the periplasm but not in the cytosol 

(Figure 2.4D). This was surprising given that the bioinformatic analyses predicted 

the putative immunity, Tip5, would not traffic to the periplasm.  

After tep1, tae4, and tep5 were confirmed to encode genuine toxins, I next 

investigated the possible function of these toxins. Tae4 is strongly predicted to have 

amidase activity, but bioinformatic analyses were unsuccessful in predicting the 

function of Tep1 and Tep5. Because both Tep1 and Tep5 appear to function in the 

periplasm, periplasmic substrates like the cell wall or lipid membranes are likely 

targets of these toxins. Another possible activity is the formation of membrane pores 

that dissipate the cell’s proton-motive force (pmf). Loss of pmf can be easily assayed 

with an ethidium bromide (EtBr) efflux experiment: EtBr will readily permeate 

bacteria and stain internal nucleic acids, but E. coli normally exports the EtBr back 

out through the use pmf-dependent efflux pumps; retention of the EtBr stain is 

therefore an indicator of loss of pmf.  
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I induced expression of ss-Tep1, ss-Tep5, and control constructs in E. coli, 

then stained live cultures with EtBr. After multiple washes, un-intoxicated E. coli do 

not retain the EtBr stain, indicating pmf is not disrupted in the control strain (Figure 

2.5). Conversely, intoxication with the known pmf-dissipating toxin CdiA-CTEC93 

leads to high retention of EtBr (179, 180). I find that intoxication with ss-Tep1 

similarly disrupts EtBr efflux. However, neither intoxication with ss-Tep5, nor with 

the predicted cell-wall-degrading toxin YbfO, appears to significantly disrupt pmf 

(Figure 2.5). Taken together, this suggests that Tep1 functions to dissipate pmf; the 

activity of Tep5 still remains unknown. 

Given that tep1, tae4, and tep5 are confirmed to encode genuine toxins, I next 

tested whether the downstream putative immunity will protect against activity of the 

cognate toxin. I find that with all 3 toxins, the downstream putative immunity does 

indeed function to protect cells against the cognate toxin (Figure 2.6). This confirms 

the hypothesis that these hcp-linked gene pairs encode functional effector-immunity 

gene pairs. 

I next wished to investigate whether the plasmid-expressed Teps were still 

toxic to wild-type E. cloacae, given that this parental strain encodes all the immunity 

genes in question. While Tep1 and Tep5 do not appear to be deployed by T6SS-1 

under laboratory conditions, it still remains to be seen whether these effectors and 

immunities are even expressed in the cell under laboratory conditions. Somewhat 

surprisingly, cytoplasmically-expressed Tep1 is not very toxic to E. cloacae (Figure 

2.7A), as compared to the toxicity seen with this same construct in E. coli (Figure 

2.4A). This lower amount of inhibition does not appear to be dependent on 
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expression of chromosomally-encoded tip1, as a deletion strain of Δtep1 Δtip1 

expressing Tep1 has more robust growth than Tep1-expressing E. coli (Figure 2.8). 

This may suggest that this pmf-dissipating toxin has a diminished ability to integrate 

into the E. cloacae inner-membrane, as least from the cytoplasmic leaflet. This 

species-dependent difference in cytoplasmic inhibition may suggest that there are 

host factors that facilitate Tep1 activity or membrane integration, and that these 

factors differ between E. cloacae and E. coli. In contrast, I find that Tep1 is very toxic 

to E. cloacae when expressed from the periplasm (Figure 2.7B), which is consistent 

with the previous findings in E. coli (Figure 2.4A). 

Tep2 was not toxic to E. coli (Figure 2.4B), but it is possible E. coli lacks the 

correct substrate for this toxin, therefore; I also tested whether periplasmically-

expressed Tep2 is toxic to E. cloacae. Again, I find Tep2 is non-toxic (Figure 2.7C). 

Tae4, which is naturally deployed by E. cloacae, is not toxic to E. cloacae, 

presumably due to constitutive expression of the cognate Tai4 immunity (Figure 

2.7D). Finally, periplasmically-expressed Tep5 is toxic to E. cloacae (Figure 2.7E). 

Together, these data suggest that not only is Tae4 the only effector deployed by E. 

cloacae under laboratory conditions, but that these other hcp-linked effectors and 

immunities are likely not even expressed under laboratory conditions. 

 

Only Hcp3 has specificity to T6SS-1-encoded factors 

Some T6SS system effectors have been shown to interact directly with Hcp, 

and are stabilized by this interaction (88). Thus, I sought to test the ability for the 



31 
 

T6SS-1-encoded Tae4 to interact with any of the 5 Hcps in E. cloacae. Plasmid-borne 

Hcp-H6 constructs were co-expressed with plasmid-borne-FLAG-Tae4 in E. coli, and 

Ni-NTA affinity purification was performed to test which, if any, of the Hcps Tae4 

will stably interact with. I find that Tae4 is only able to stably associate with its 

cognate Hcp3, which is the only Hcp encoded within the T6SS-1 locus (Figure 2.9). 

Next, I asked which Hcps support T6SS-1 activity. I individually deleted each hcp in 

the genome to test which, if any, Hcp is required for T6SS activity. I find that only 

hcp3, encoded within T6SS-1, is required for T6SS activity under laboratory 

conditions (Figure 2.10A). It is very plausible that the hcp-linked immunity genes 

outside T6SS-1 are not expressed under laboratory conditions (Figure 2.7); therefore, 

it is plausible that these other hcp genes are not expressed either. Thus, I forced on 

the expression of these hcps on plasmids, and asked which hcps will complement a 

hcp3 deletion. I find that again, only Hcp3 supports T6SS activity under laboratory 

conditions (Figure 2.10B). This suggests that there is binding specificity between the 

T6SS-1 apparatus and Hcp3, and that the other Hcps cannot assemble onto the 

T6SS-1 apparatus. 

Given that these Hcps and their linked effector-immunity pairs, encoded 

outside T6SS-1, do not appear to be used by T6SS-1, it seems likely that these other 

Hcps might be specific to the T6SS-2 apparatus. However, T6SS-2 confers no 

competitive advantage to E. cloacae under laboratory conditions (Figure 2.2A). 

Notably, the T6SS-2 locus does not encode its own hcp gene. Genetic analyses to the 

related bacterium Enterobacter hormaechei show a similar T6SS-2 locus to that of 

E. cloacae’s. I acquired 2 E. hormaechei strains: a mouse intestinal isolate donated 
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from the lab of Naohiro Inohara, termed isolate NI1077, and an ATCC strain, 

isolated from human sputum, termed ATCC 49162. 

 Interestingly, both strains of E. hormaechei encode a hcp gene in its T6SS-2 

locus, and multiple sequence alignment analyses reveal that both E. hormaechei 

T6SS-2 Hcps share strong sequence similarity. Moreover, the E. cloacae Hcps 

encoded outside T6SS-1 also have strong sequence similarity to the T6SS-2 Hcps 

(Figure 2.11A). Pairwise sequence alignment reveals that E. cloacae’s Hcp3, encoded 

within T6SS-1, is most dissimilar to the other Hcps under investigation, with 

sequence identity ranging from 16% (against Hcp1) to 22% (against Hcp2 and Hcp4) 

(Figure 2.11B). Conversely, the other E. cloacae Hcps are more similar to each other, 

and to the E. hormaechei Hcps, with sequence identity ranging from 46% (Hcp1 

against Hcp4) to 71% (Hcp2 against E. hormaechei Hcps) (Figure 2.11B). Together, 

this suggests these unused Hcps in E. cloacae might be specific to the T6SS-2 

apparatus, and cannot therefore complement a hcp3 deletion. 

 

E. hormaechei’s T6SS-2 is not active under laboratory conditions 

I have previously shown that E. cloacae’s T6SS-2 locus is not active under 

laboratory conditions (Figure 2.2A). Multiple sequence alignment analyses 

demonstrate that E. cloacae’s T6SS-2 contains multiple genetic lesions. In addition 

to lacking any hcp gene, as mentioned previously, the locus also contains truncations 

of multiple structural components. TssF2 has an N-terminal truncation compared to 

the TssF2 proteins in E. hormaechei (Figure 2.12A). The T6SS-2 PAAR protein in E. 
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hormaechei has a large C-terminal extension, likely encoding an effector, but E. 

cloacae’s T6SS-2 PAAR protein is truncated from the C-terminal end (Figure 2.12B). 

It still remains possible E. cloacae’s truncated PAAR is only missing the effector 

domain, and could still support PAAR function given no other genetic lesions of the 

T6SS-2 locus. But additionally, the disassembly ATPase ClpV is truncated at the N-

terminus (Figure 2.12C), and the structural component VgrG is pseudogenic (Figure 

2.12D). Given these multiple genetic issues, it is likely that E. cloacae’s T6SS-2 locus 

is un-useable and no amount of induction or regulatory control would produce a 

competitive advantage from T6SS-2. 

Both strains of E. hormaechei under investigation, NI1077 and ATCC 49162, 

appear to have intact T6SS-2 loci. Thus, I sought to test whether T6SS-2 is active 

under laboratory conditions in E. hormaechei. Inter-species competition 

experiments against E. coli reveal all competitive advantage comes from T6SS-1 

under laboratory conditions in both strains (Figure 2.13A). Additionally, Hcp 

secretion of E. hormaechei NI1077 was monitored by Coomassie stain of cell 

supernatants. The results suggest that if Hcp is at all secreted from T6SS-2, it is 

secreted at levels below the detection limit of this experiment (Figure 2.13B). Thus, 

the T6SS-2 loci in both E. hormaechei strains tested are not active under laboratory 

conditions. It remains to be seen whether T6SS-2 genes are at all expressed in the 

cell under laboratory conditions, and whether altering growth conditions can induce 

T6SS-2 expression in E. hormaechei and activate a competitive advantage from this 

locus. 
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Discussion 

The work presented here demonstrates that E. cloacae is a feasable model 

system to study the T6SS. Here, I find that E. cloacae deploys 4 different toxic 

effectors via T6SS-1. Two of these effectors are Rhs proteins, both of which contain a 

PAAR domain and are therefore predicted to directly interact with VgrG to help form 

the membrane-puncturing spike of the apparatus (28; see also Figure 1.1A). The Rhs 

C-terminally-encoded toxins are therefore fused to the apparatus via the N-terminal 

PAAR domain. In contrast, Tae and Tle are small effectors that do not contribute to 

the structure of the T6SS apparatus. I  find that Tae is genetically linked to Hcp3 and 

interacts with Hcp3 in the absence of other T6SS factors. This supports the model 

that Tae resides in the Hcp lumen during T6SS biogenesis (88). While the work 

presented in this chapter does not explore the mechanism of Tle recruitment to the 

T6SS apparatus, the work presented in Chapter 3 suggests Tle interacts with the N-

terminal region of VgrG. 

My findings also suggest that E. cloacae deploys other T6SS effectors yet to be 

identified. Using a candidate-based approach, 8 putative T6SS effector-immunity 

gene pairs were tested, but all failed to elicit in vivo T6SS inhibition. However, after 

testing 3 of the 8 putative effectors for toxic activity, I find that 2 out of 3 tested do 

represent bona-fide effector-immunity gene pairs. It remains to be seen why these 

validated toxins, Tep1 and Tep5, as well as the other candidate effectors, are not 

deployed by E. cloacae under laboratory conditions. One explanation is that these 

genes are simply not expressed under laboratory conditions, and may be regulated 
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via environmental signals not provided by the culture conditions used. Another 

explanation is that these effectors have specificity to the T6SS-2 locus. 

While E. cloacae clearly encodes 2 distinct T6SS loci, I find that only T6SS-1 is 

used. Consistent with this finding, further analysis revealed that the T6SS-2 locus 

contains multiple genetic mutations that would likely abrogate function of multiple 

structural components of the apparatus. Bioinformatic analyses suggest that at least 

some of the candidate effectors are likely to have specificity to the T6SS-2-encoded 

apparatus.  

E. cloacae encodes 5 unique hcp alleles, with hcp3 encoded within T6SS-1. 

Strikingly, T6SS-2 does not encode hcp at all. Upon analysis of 2 distinct strains of 

the related bacteria E. hormaechei, both encoding closely related and seemingly 

intact T6SS-2 loci, I find that the T6SS-2 hcp alleles in E. hormaechei have strong 

sequence similarity to the 4 hcp alleles encoded outside E. cloacae’s T6SS-1 locus 

(i.e. hcp1, hcp2, hcp4, and hcp5). All 5 hcp alleles are encoded immediately adjacent 

to either confirmed (tep1, tae, tep5) or candidate (tep2, tep4) effector-immunity gene 

pairs.  

Taken together, these data would suggest Tep1, Tep2, Tep4, and Tep5 are 

effectors that evolved to be deployed via T6SS-2. The additional finding that only 

Hcp3 supports T6SS-1 activity strengthens the hypothesis that these other Hcps, and 

their cognate effector-immunity pairs, are specific to T6SS-2. It remains to be seen 

whether these other Hcps could be used by E. hormaechei’s T6SS-2, and what the 

biological significance of having multiple hcp alleles, all specific to the same T6SS 

apparatus, would be. Given that all the hcps are genetically associated with their own 
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particular effector-immunity pair, this could be a method for differential regulation 

and subsequent selective effector deployment to tailor the toxic payload to particular 

external signals whilst maintaining the same foundational T6SS apparatus. 

It is currently unclear why E. hormaechei has 2 T6SS loci but only expresses 1, 

or why E. cloacae lost functionality of its T6SS-2 locus. The presence of putative 

effectors with putative immunity genes suggests T6SS-2 would have anti-bacterial 

rather than anti-eukaryotic function; therefore, tight regulation of T6SS-2 would not 

seem to be necessary. Given that the regulation of T6SS-2 is currently unknown, this 

question will likely persist until it is understood what conditions turn on T6SS-2. 

And if the multiple hcp-linked effectors described above do indeed utilize the T6SS-2 

apparatus, then T6SS-2 activity would likely be very finely modulated and adjusted. 

Another remaining question in the T6SS field is the significance of gene 

position for T6SS effectors. While many effectors are encoded within their respective 

T6SS locus, there is clearly precedent for effectors encoded elsewhere in the genome. 

For example, E. cloacae’s RhsB is not encoded within or next to either the T6SS-1 or 

T6SS-2 locus, yet it is the most potent effector deployed by T6SS-1. Given that these 

externally-encoded effectors must necessarily be transcribed by a different promoter 

than the T6SS locus, these effectors may be regulated differently than the T6SS 

locus. A simple explanation for RhsB’s potency may be that it is simply expressed at 

higher levels than the T6SS-1 encoded effectors. The external location of these 

effectors may also be an indication that these effectors were acquired via horizontal 

gene transfer. 
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The existence of externally-encoded effectors complicates bioinformatic 

identification of new T6SS cargo. While secretome proteomics approaches have been 

successful in the past in identifying T6SS substrates, these experiments have often 

failed to identify known effectors (5, 81, 69, 139). Whether this is because some 

effectors are not deployed under conditions amenable to secretome preparation, or 

simply that these effectors are not secreted at high enough levels to reach the 

detection limit, it is clear that bioinformatic approaches have been a very important 

complement to secretome approaches. A different proteomics approach has been 

successfully utilized by the Mougous lab in order to detect effectors stabilized 

through interaction with Hcp: they compared cellular proteomes of hcp+ versus hcp- 

strains to identify effectors enriched in the hcp+ strain (81). Given that E. cloacae 

appears to deploy at least one additional effector as yet un-identified, the Mougous 

lab graciously performed this Hcp-dependent cellular proteomics approach with E. 

cloacae; unfortunately, this experiment failed to generate any reasonable candidates 

(data not shown). Thus far, no one has published a similar cellular proteomics  

approach for identification of VgrG- or PAAR-stabilized effectors; this seems like a 

logical follow-up to the Hcp proteomics assay. 

Another remaining fundamental question about T6SSs is the basic value of 

deploying multiple effectors through a single apparatus, rather than a single, potent 

toxin. The number of effectors deployed by any given T6SS apparatus varies from 

system to system, so there is no set “rule” regarding the breadth of the toxic payload: 

for example, the entero‐aggregative E. coli (EAEC) T6SS-1 locus appears to deploy 

only a single effector, whereas E. cloacae’s T6SS-1 deploys at least 4, and P. 
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aeruginosa has 7 identified effectors deployed via H1-T6SS (81, 87, 186). Moreover, 

there does not appear to be overlap in the function of  E. cloacae’s effectors, nor in P. 

aeruginosa’s. One reason for deploying such a wide arsenal may be to prepare for 

any change in environmental conditions that would influence the efficacy of a given 

toxin. For example, a recent report demonstrates that some P. aeruginosa effectors 

are affected by temperature, pH, salinity, or oxygen levels (140). A simpler 

explanation may simply be to maximize the chances of inhibiting neighboring cells 

and to prevent the evolution of a resistant population. 

 

Materials and Methods 

Bacterial growth and conditions 

Bacteria were cultured in shaking lysogeny broth (LB) or on LB-agar at 37°C 

unless indicated otherwise. Bacteria were supplemented with antibiotics at the 

following concentrations: 150 μg/mL ampicillin (Amp), 66 μg/mL chloramphenicol 

(Cm), 50 μg/mL kanamycin (Kan), 100 μg/mL spectinomycin (Spc), 200 ug/ml 

rifampicin (Rif), 25 μg/mL tetracycline (Tet), and 100 ug/mL trimethoprim (Tp). 

 

Strain construction 

All bacterial strains, plasmids, and oligonucleotides used in this study are 

listed in Tables 2.2, 2.3, and 2.4. Gene‐deletion constructs for E. cloacae were 

generated using overlap-extension PCR (OE-PCR) or via the plasmids pKAN or 
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pSPM as described previously (67, 142, 143). Briefly, OE-PCR constructs were made 

with upstream and downstream homology PCR fragments overlapped to the 

CH2952/CH2953 PCR product amplified from either pKAN or pSPM. pKAN or 

pSPM plasmid constructs were generated by restriction cloning PCR fragments from 

upstream and downstream of the target gene into pKAN or pSPM to flank the 

antibiotic‐resistance cassette. Restriction enzymes used are specified in the 

oligonucleotide names listed in Table 2.4. 

Resulting constructs were PCR-amplified, DpnI-digested to remove 

methylated template DNA, then directly electroporated into E. cloacae cells 

expressing phage λ-Red recombinase proteins as described (144). Transformants 

were selected on LB-agar supplemented with either Kan or Spc. All chromosomal 

deletions were confirmed by whole‐cell PCR analysis. Kan or Spc casettes were cured 

as necessary via pCP20 (145). 

Gene deletions for E. hormaechei were introduced via allele-exchange (146). 

Deletion constructs were generated via either OE-PCR or restriction cloning, then 

the deletion constructs were restriction cloned using SacI/KpnI into the pRE118-

derivative pRE118-pheS*. The resulting plasmid was then transformed into MFDpir 

donors and mated into E.  hormaechei recipients (147). Integrants were selected on 

LB-agar supplemented with kanamycin, then 3 rounds of chloro-phenylalanine 

counter-selection was performed on 1x M9 minimal media supplemented with .5% 

glucose and 10 mM d/l-p-chlorophenylalanine. Clones were screened for Kan-

sensitivity, and Kan-sensitive clones were screened via whole‐cell PCR analysis. 
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Plasmid construction 

All plasmids and oligonucleotides used in this study are listed in Tables 2.3 

and 2.4. All PCR products were purified, digested with the restriction 

enzymes indicated in the oligonucleotide names (Table 2.4), and ligated to a vector 

treated with the same enzymes. Plasmids were confirmed by DNA sequencing 

(University of California, Berkeley). Plasmid transformations were performed by 

making strains TSS competent (148). Constructs were cloned directly into the final 

vector in one cloning step, with exceptions or complications described below. 

 For generation of DsbA(ss)-Tep constructs, PCR products were cloned into 

pCH10626 using NcoI/HindIII in order to fuse the signal sequence to the gene. All 5 

Hcp-His6 constructs were initially restriction cloned into pET21P using NcoI/XhoI 

or into pET21P-K using KpnI/XhoI, then all 5 constructs were subsequently 

subcloned into pET24db using XbaI/XhoI. For generation of pKAN or pSPM 

constructs, upstream and downstream homology regions were sequentially 

restriction cloned into either pKAN or pSPM, or the construct was made via OE-PCR 

then cloned into pKAN/pSPM using SacI/KpnI. For immunity deletion constructs, 

the upstream homology region used was the same region used for the cognate 

effector deletion construct. For tep1, tep2, and tep5 deletion constructs, the 

downstream reverse oligonucleotide used was the same oligonucleotide used for the 

downstream reverse cognate immunity deletion. 

 For generation of pCH13252, the deletion construct was initially cloned into 

pSPM as described above, then the resulting construct was subcloned into pDL6480 

using SacI/KpnI. For generation of pCH14675, the deletion construct was initially 
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cloned into pBluescript II SK+ in the same manner described for pKAN/pSPM 

constructs, then the resulting construct was subcloned into pDL6480 using 

SacI/KpnI. 

 

Competitions 

Enterobacter strains were used as inhibitor cells during LB-agar co-cultures 

against either E. cloacae derivatives or X90 E. coli targets. Cells were grown in LB-

medium to log phase, then collected by centrifugation and resuspended in 1x M9 

salts. Inhibitors and targets were mixed 1:1 at OD 17 (200 uL total volume), then 100 

ul of the mixture was spread on LB-agar without antibiotics and incubated at 37°C 

for 4 h. Culture aliquots were taken at the beginning of the co-culture and after 4 h to 

quantify viable inhibitor and target cells as colony forming units (CFU). After 4 h, co-

cultures were harvested in 1.5 mL of 1x M9 salts. For competitions with plasmid-

expressed Hcp, inhibitors were grown in LB-medium supplemented with 0.4% L-

arabinose and Tet. Co-cultures were then performed as above on LB-agar 

supplemented with 0.4% L-arabinose. 

For all competitions, cell suspensions were serially diluted into 1x M9 salts 

and plated onto LB-agar supplemented with appropriate antibiotics to separately 

enumerate inhibitor and target cells. Competitive indices were calculated as the ratio 

of inhibitor to target CFUs at 4 h divided by the initial inhibitor to target CFU ratio. 
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Growth curves  

Plasmid-bearing strains were plated on LB-agar supplemented with 0.4% 

glucose and appropriate antibiotics. The following day, strains were inoculated off 

plates into LB-medium supplemented with 0.4% glucose and appropriate antibiotics 

and grown to log phase, then collected by centrifugation and resuspended in 1x M9 

salts. Cells were then diluted to an OD600 of .05 in fresh LB-medium supplemented 

with appropriate antibiotics and either 0.4% L-arabinose or 0.4% glucose (as 

indicated). Cell growth was monitored by measuring the OD600 every 30 min for 5 h. 

 

Tae4 pulldown assay 

E. coli strains were grown in LB-medium supplemented with Amp and Kan to 

log phase and protein expression was induced with 1.5 mM Isopropyl-beta-D-

thiogalactoside (IPTG) for 1.5 h. Cells were then collected by centrifugation and 

resuspended in extraction buffer [20 mM sodium phosphate (pH 7.0), 150 mM NaCl, 

0.05% Triton X-100]. Each cell suspension was broken by 2 passages through a 

French press, then insoluble debris was removed via centrifugation at 23,000 xg for 

10 min at 4°C. The clarified lysate was added to Ni2+-NTA agarose resin and 

incubated on a rotisserie for 1 h at 4°C. Following incubation, the beads were washed 

extensively in wash buffer [20 mM sodium phosphate (pH 7.0), 500 mM NaCl, 

0.05% Triton X-100, 50 mM imidazole], then eluted in elution buffer [8M urea, 

10 mM Tris-HCl (pH 8.0), 300 mM NaCl, 250 mM imidazole]. 
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Samples were analyzed by SDS-PAGE on Tris-tricine 10% polyacrylamide gels 

run at 110 V (constant) for 1 h. For visualization of Hcp, gels were stained with 

Coomassie brilliant blue dye. For visualization of Tae4-FLAG, gels were soaked for 

10 min in transfer buffer [25 mM Tris, 192 mM glycine (pH 8.6), 20% methanol], 

then electroblotted to nitrocellulose membranes using a semi-dry transfer apparatus 

at 17 V (constant) for 30 min. Membranes were blocked with 4% non-fat milk in PBS 

for 30 min at room temperature, then incubated with primary antibody in 0.1% non-

fat milk in PBS overnight at 4°C. Mouse anti-FLAG (Sigma) was used at a 1:25,000 

dilution. Blots were incubated with 680LT-conjugated goat anti-mouse IgG 

(1:125,000 dilution, LICOR) in PBS, then visualized with a LI-COR Odyssey infrared 

imager. 

 

Hcp secretion assay 

E. hormaechei strains were cultured in LB-medium overnight. The following 

day, cells were collected by centrifugation at 3,000 xg for 5 min, then culture 

supernatants were re-spun to further remove cellular contamination. Supernatants 

were precipitated in cold ethanol at a final ethanol concentration of 75%. Samples 

were left at -80°C overnight, then proteins were collected by centrifugation at 

21,000 xg for 15 min at 4°C. Precipitates were washed once with 75% cold ethanol, 

then air-dried pellets were dissolved in urea-lysis buffer [50% urea, 150 mM NaCl, 

20 mM Tris-HCl (pH 8.0)]. Samples were analyzed by SDS-PAGE on Tris-tricine 7% 

polyacrylamide gels run at 110 V (constant) for 50 min, then stained with Coomassie 

brilliant blue dye. 
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Ethidium bromide efflux assay 

E. coli strains were cultured in LB-medium supplemented with 0.4% glucose 

and Tp or Tet to log phase, then collected by centrifugation and resuspended to the 

same density in pre-warmed LB-medium supplemented with 0.4% L-arabinose and 

Tp or Tet. Samples were induced at 37°C for 1 h, then collected by centrifugation and 

washed once in 1x M9 salts. Cells were then resuspended to an OD600 of 0.2 in 1x M9 

salts supplemented with 25 uM ethidium bromide, then incubated at 37°C for 2 min. 

Samples were washed twice with 1x M9 salts at 37°C, and were then wet-mounted for 

visualization by fluorescent microscopy. 

 

Bioinformatic analyses 

Transmembrane prediction analyses were performed using the TMHMM and 

TMPred servers, and signal sequence analyses were performed with the SignalP-5.0 

and Signal-BLAST servers (134, 135, 136, 137). Protein sequences were aligned using 

Clustal Omega (149). Protein alignments were rendered with BoxShade 

(https://embnet.vital-it.ch/software/BOX_form.html). Pairwise comparison values 

were calculated using the SIAS pairwise alignment server 

(http://imed.med.ucm.es/Tools/sias.html).  
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Figure 2.1. T6SS and Rhs loci in E. cloacae ATCC 13047. T6SS factors are 
colored yellow, predicted or confirmed effectors are colored red, and predicted or 
confirmed immunities are colored green. Faded colors indicate genetic lesions in the 
gene. (A) The T6SS-1 locus. (B) The RhsB locus. (C) The T6SS-2 locus.  
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Figure 2.2. The T6SS-1 locus deploys multiple effectors. E. cloacae inhibitor 
cells were incubated at a 1:1 ratio with target cells. Cells were quantified as colony-
forming units (CFUs) at the beginning of the co-culture and after 4 h. Competitive 
indices were calculated as the ratio of inhibitor to target CFUs at the end of the 
competition normalized to the starting ratio. Data represent the average and 
standard error of the mean for three independent experiments. (A) Indicated E. 
cloacae inhibitors versus E. coli. (B) and (C) Indicated E. cloacae inhibitors versus 
indicated E. cloacae targets carrying plasmid constructs. WT=wild-type, EV=empty 
vector.  
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Figure 2.3. The T6SS-1 competitive advantage extends beyond the 4 
effectors identified so far. (A) E. cloacae inhibitors were incubated at a 1:1 ratio 
against E. coli targets carrying the indicated plasmid constructs for 4 hours. Data 
represent the average and standard error of the mean for three independent 
experiments.  (B) Indicated E. cloacae inhibitors were incubated at a 1:1 ratio against 
indicated E. cloacae targets for 4 hours. Data represent the average and standard 
error of the mean for three independent experiments. (C) Multiple sequence 
alignment of 2 putative E. cloacae effectors, ECL_04194 and ECL_02217, and (D) 
their putative cognate immunities. 
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Table 2.1. Summary of effectors tested in this study. 

Gene Name Predicted activity T6SS 
association 

ECL_01567 RhsAa ? (cytoplasmic) Within T6SS-1, 
contains PAAR 

ECL_03140 RhsBa DNaseb Contains PAAR 
ECL_01553 Tlea Lipase Within T6SS-1 
ECL_01541 Tae4a Murein amidase Within T6SS-1, 

adjacent to hcp3 
ECL_00033 Tep1 pmf-dissipating toxinb Adjacent to hcp1 
ECL_01377 Tep2 ? (periplasmic) Adjacent to hcp2 
ECL_02155 Tep4 ? Adjacent to hcp4 
ECL_03984 Tep5 ? (periplasmic) Adjacent to hcp5 
ECL_02217 Pyocin S DNase Contains PAAR 
ECL_04194 Pyocin S DNase Contains PAAR 
ECL_03144 TcdA/TcdB pore-

forming domain 
pmf-dissipating toxin Contains PAAR 

ECL_01566 Hypothetical Nuclease Within T6SS-1 
 

aeffector is deployed under laboratory conditions 

bactivity of the toxin has been experimentally confirmed  
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Figure 2.4. Hcp-linked effectors are toxic to E. coli. Cell densities as 
measured by OD600 over time. Intracellular expression of indicated constructs was 
induced with 0.4% L-arabinose at 0 h in E. coli. (A) The ss-tep1 plasmid could not be 
separated from the separately-encoded tip1 plasmid, and as a consequence all ss-tep1 
experiments contain plasmid-expressed Tip1. tip1 over-expression was induced with 
.5 mM IPTG at 0 h in the sample indicated (IPTG). Tep1 inhibits E. coli from both 
the cytosol and periplasm. (B) Tep2 does not inhibit E. coli. (C) Tae4 inhibits E. coli 
from the periplasm. (D) Tep5 inhibits E. coli from the periplasm. ss=signal sequence, 
trxA=thioredoxin A, a non-toxic control. 
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Figure 2.5. Tep1 prevents ethidium bromide efflux in E. coli, suggesting 
it is a pmf-dissipating toxin. Wet-mounted fluorescence microscopy of 
ethidium-bromide-treated E. coli expressing the indicated plasmid constructs. 
Outside panels are fluorescent images indicating ethidium bromide retention. Inside 
panels are brightfield images indicating cell density. CdiA-CTEC93 is a known pmf-
dissipating toxin. YbfO is a predicted cell-wall-degrading toxin. EV=empty vector, 
ss=signal sequence.  
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Figure 2.6. Expression of immunity proteins block the toxicity of the 
Hcp-linked effectors in E. coli. Cell densities as measured by OD600 over time. 
Intracellular expression of indicated toxin was induced (ara) or repressed (glu) at 0 h 
in E. coli. Immunities were expressed on a separate plasmid without induction. (A) 
Tip1 protects against cytoplasmically-expressed Tep1.  (B) Tai4 protects against 
periplasmically-expressed Tae4. (C) Tip5 protects against periplasmically-expressed 
Tep5. EV=empty vector, ss=signal sequence, glu=0.4% D-glucose, ara=0.4% L-
arabinose. 
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Figure 2.7. Hcp-linked immunities encoded outside T6SS-1 do not appear 
to be expressed in E. cloacae. Cell densities as measured by OD600 over time. 
Intracellular expression of indicated toxin was induced (ara) or repressed (glu) at 0 h 
in E. cloacae. (A) Chromosomal tip1 does not protect against cytoplasmically-
expressed Tep1. (B) Chromosomal tip1 does not protect against periplasmically-
expressed Tep1, even when given an additional plasmid copy of tip1. (C) 
Periplasmically-expressed Tep2 is not toxic to E. cloacae. (D) Native expression of 
chromosomal tai4 is able to protect against periplasmically-expressed Tae4. (E) 
Chromosomal tip5 does not protect against periplasmically-expressed Tep5. 
WT=wild-type, EV=empty vector, ss=signal sequence, trxA=thioredoxin A, a non-
toxic control, glu=0.4% D-glucose, ara=0.4% L-arabinose. 
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Figure 2.8. Chromosomal tip1 does not appear to protect E. cloacae from 
Tep1 inhibition. Cell densities as measured by OD600 over time. (A) 
Chromosomal tip1 does not appear to provide much, if any, protection against 
cytoplasmically-expressed Tep1. However, the Δtep1 Δtip1 strain suffers a growth 
defect, complicating analyses dependent on growth rate. The growth defect is likely 
further impaired by plasmid burden. Intracellular expression of indicated toxin was 
induced (ara) or repressed (glu) at 0 h in E. cloacae. (B) Parental E. cloacae grows 
faster than the Δtep1 Δtip1 mutant. Strains were grown in the absence of antibiotic or 
supplemented sugar. WT=wild-type, EV=empty vector, glu=0.4% D-glucose, 
ara=0.4% L-arabinose. 
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Figure 2.9. Tae4 interacts with only its cognate Hcp. Co-expression of the 
indicated Hcp-His6 construct (or empty vector) and FLAG-Tae4 construct (or empty 
vector) in E. coli. Cells were lysed and subjected to Ni-NTA pulldown. Input (lysate) 
and bound (purification) fractions were analyzed via SDS-PAGE, Coomassie 
staining, and α-FLAG immunoblot.  
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Figure 2.10. The T6SS-1 apparatus requires Hcp3. Indicated E. cloacae 
inhibitors were incubated at a 1:1 ratio with E. coli target cells for 4 hours. Data 
represent the average and standard error of the mean for three independent 
experiments. (A) Hcp3 is the only Hcp required for T6S under laboratory conditions.  
(B) Indicated E. cloacae inhibitors carrying plasmid-expressed Hcp versus E. coli 
targets. Hcp3 is the only Hcp that supports T6S under laboratory conditions. 
WT=wild-type, EV=empty vector. 
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Figure 2.11. The Hcp proteins encoded outside T6SS-1 are related to the 
ancestral T6SS-2 Hcp protein. (A) Multiple sequence alignment of all 5 Hcp 
proteins in E. cloacae (ECL) and Hcp proteins encoded in T6SS-2 of 2 different 
strains of E. hormaechei (Eh). Protein sequences were aligned using Clustal Omega 
and rendered in BoxShade. (B) Pairwise comparison values of the sequence identity 
of the 7 indicated Hcp proteins. Comparisons were calculated using the SIAS 
pairwise alignment server. 
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Figure 2.12. There are multiple genetic lesions in the E. cloacae T6SS-2 
locus. (A) Multiple sequence alignment of E. cloacae TssF2 to TssF2 from 2 
different E. hormaechei strains. (B) Multiple sequence alignment of the E. cloacae 
T6SS-2 PAAR protein to the T6SS-2 PAAR protein from 2 different E. hormaechei 
strains. (C) Multiple sequence alignment of E. cloacae ClpV2 to ClpV2 from 2 
different E. hormaechei strains. (D) The VgrG in E. cloacae T6SS-2 (VgrG3) is 
pseudogenic. The indicated red codon encodes a stop codon. ECL=E. cloacae, Eh=E. 
hormaechei. 
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Figure 2.13. The E. hormaechei T6SS-2 apparatus is not active under 
laboratory conditions. (A) The T6SS-2 locus in both E. hormaechei strains does 
not contribute to significant inhibition of targets under laboratory conditions. 
Indicated E. hormaechei (Eh) inhibitors were incubated at a 1:1 ratio with E. coli 
target cells for 4 hours. Data represent the average and standard error of the mean 
for three independent experiments. (B) The T6SS-1 locus from E. hormaechei 
NI1077 contributes to most or all Hcp secretion observed by the strain. Culture 
supernatants from indicated E. hormaechei NI1077 strains were ethanol-
precipitated and analyzed via SDS-PAGE and Coomassie staining. Hcp has a 
predicted molecular weight of ~19 kDa. WT=wild-type.  
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Table 2.2. Bacterial strains used in this study. 
 

Strain Descriptiona Reference 

X90 
E. coli F´ lacIq lac´ pro´/ara ∆(lac-pro) nal1 
argE(amb) rifr thi-1, RifR 

150 

E. cloacae ATCC 
13047 

Type strain (ECL), AmpR 

American 
Type 

Culture 
Collection 

CH8163 ECL rifr, AmpR RifR 132 
CH11196 ECL ∆tssM1::kan, AmpR KanR 81 
CH12037 ECL ∆tssM2::kan, AmpR KanR This study 
CH12038 ECL ∆tssM1 ∆tssM2::kan, AmpR KanR This study 
CH11202 ECL ∆tae4::spc, AmpR SpecR This study 
CH11204 ECL ∆tae4 ∆tai4::kan, AmpR KanR This study 
CH11205 ECL ∆tae4 ∆tai4, AmpR  This study 
CH11876 ECL ∆tle::kan, AmpR KanR This study 
CH11895 ECL ∆tle ∆tli::spc, AmpR SpecR This study 
CH11178 ECL ∆rhsA::kan, AmpR KanR 81 
CH11179 ECL ∆rhsA, AmpR 81 
CH15044 ECL ΔrhsA Δtae4::spc, AmpR SpecR This study 
CH11186 ECL ΔrhsB::kan, AmpR KanR 81 
CH11733 ECL ∆rhsB, AmpR This study 
CH15045 ECL ΔrhsB Δtae4::spc, AmpR SpecR This study 
CH11748 ECL ∆rhsB ∆rhsA::kan, AmpR KanR This study 
CH12493 ECL ∆tep1::kan, AmpR KanR This study 
CH12498 ECL ∆tep1, AmpR  This study 
CH12500 ECL ∆tep1 ∆tip1::kan, AmpR KanR This study 
CH11665 ECL ∆tep2::kan, AmpR KanR This study 
CH11670 ECL ∆tep2, AmpR This study 
CH11699 ECL ∆tep2 ∆tip2::kan, AmpR KanR This study 
CH11208 ECL ∆tep4::spc, AmpR SpecR This study 
CH11212 ECL ∆tep4 ∆tip4::kan, AmpR KanR This study 
CH11644 ECL ∆tep5::kan, AmpR KanR This study 
CH11675 ECL ∆tep5, AmpR This study 
CH11700 ECL ∆tep5 ∆tip5::kan, AmpR KanR This study 
CH11715 ECL ∆02217::kan, AmpR KanR This study 
CH11731 ECL ∆02217 ∆02217imm::spc, AmpR SpecR This study 
CH11740 ECL ∆02217 ∆02217imm, AmpR This study 

CH11901 
ECL ∆02217 ∆02217imm ∆04194::kan, AmpR 
KanR 

This study 

CH11922 ECL ∆02217 ∆02217imm ∆04194, AmpR This study 

CH11943 
ECL ∆02217 ∆02217imm ∆04194 
∆04194imm::kan, AmpR KanR 

This study 

CH11716 ECL ∆03144::kan, AmpR KanR This study 
CH1347 ECL ∆03144, AmpR This study 
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CH11902 ECL ∆03144 ∆03145::kan, AmpR KanR This study 
CH11714 ECL ∆01556::kan, AmpR KanR This study 
CH11807 ECL ∆01556, AmpR  This study 
CH11830 ECL ∆01556 ∆01557::kan, AmpR KanR This study 

CH6247 X90 (DE3) ∆rna ∆slyD, RifR 
Fernando 

Garza-
Sánchez 

CH11472 ECL ∆hcp1::kan, AmpR KanR This study 
CH11652 ECL ∆hcp2::kan, AmpR KanR This study 
CH11199 ECL ∆hcp3::spc, AmpR SpecR This study 
CH11653 ECL ∆hcp4::kan, AmpR KanR This study 
CH11654 ECL ∆hcp5::kan, AmpR KanR This study 

MFDpir 
MG1655 RP4-2-Tc::[∆Mu1::aac(3)IV-∆aphA-
∆nic35-∆Mu2::zeo] dapA::(erm-pir) ∆recA, 
AprR ZeoR ErmR 

147 

NI1077 E. hormaechei NI1077 151 
CH13867 E. hormaechei NI1077 ∆tssM1 This study 
CH13279 E. hormaechei NI1077 ∆tssM2::spc, SpecR This study 

CH13868 
E. hormaechei NI1077 ∆tssM2::spc ∆tssM1, 
SpecR 

This study 

E. hormaechei 
ATCC 49162 

Type strain 

American 
Type 

Culture 
Collection 

CH14728 
 

E. hormaechei ATCC 49162 ∆hcp (T6SS1) This study 

 

aAbbreviations: AmpR, ampicillin-resistant; KanR, kanamycin-resistant; RifR, 
rifampicin-resistant; SpecR, spectinomycin-resistant; AprR, aprimycin-resistant; 
ErmR, erythromycin-resistant; ZeoR, zeocin-resistant 
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Table 2.3. Plasmids used in this study. 
 

Number Descriptiona Reference 
 pZS21, KanR 152 
 pCH450, TetR 153 
 pCH450kpn, TetR 71 
 pTrc99aCm, CmR 71 
 pKOBEG, CmR 144 
 pCP20, AmpR, CmR 145 
 pET21P (cloning vector), AmpR 154 
 pBluescript II SK+ (cloning vector), AmpR Stratagene 

pCH12220 
pET21P-K::wapA(M1-T504) (cloning vector), 
AmpR 

Fernando 
Garza-

Sánchez 

pCH1272 pET24db::relE (cloning vector), KanR Dan Bolon 

pCH11207 pZS21::tai4, KanR This study 
pCH14299 pCH450kpn::tli, TetR This study 
pCH12799 pZS21::rhsIA, KanR 81 
pCH11138 pTrc99aKX::rhsIB, CmR 81 
pCH10524 pSCbadB2, TpR 155 
pCH12550 pSCbadB2::tep1, TpR This study 
pCH12835 pSCbadB2::dsbA(ss)-tep1, TpR This study 
pCH11465 pTrc99a::tip1, CmR This study 
pCH12551 pSCbadB2::tep2, TpR This study 
pCH12572 pSCbadB2::dsbA(ss)-tep2, TpR This study 
pCH11466 pTrc99a::tip2, CmR This study 
pCH12552 pSCbadB2::tae4, TpR This study 
pCH12573 pSCbadB2::dsbA(ss)-tae4, TpR This study 
pCH12553 pSCbadB2::tep5, TpR This study 
pCH12574 pSCbadB2::dsbA(ss)-tep5, TpR This study 
pCH11467 pTrc99a::tip5, CmR This study 

pCH10626 pSCbadB2::dsbA(ss)-trxA, TpR 
Fernando 

Garza-
Sánchez 

pCH12101 pCH450::cdiA-CTEC93, TetR 
Zachary 

Ruhe 

pCH10610 pSCbadB2::dsbA(ss)-ybfO, TpR 
Fernando 

Garza-
Sánchez 

pCH1280 pFG21b, AmpR 156 
pCH13253 pFG21b::FLAG-tep3, AmpR This study 
pCH13662 pET24db::hcp1-His6, KanR This study 
pCH13663 pET24db::hcp2-His6, KanR This study 
pCH13613 pET24db::hcp3-His6, KanR This study 
pCH13521 pET24db::hcp4-His6, KanR This study 
pCH13614 pET24db::hcp5-His6, KanR This study 
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pCH11917 pCH450kpn::hcp1, TetR This study 
pCH12737 pCH450kpn::hcp2, TetR This study 
pCH11201 pCH450::hcp3, TetR This study 
pCH11918 pCH450kpn::hcp4, TetR This study 
pCH12057 pCH450::hcp5, TetR This study 

pCH70 pKAN, KanR, AmpR 143 
pCH9384 pSPM, SpecR, AmpR 67 

pCH11050 
pKAN::ΔECL_01536 (tssM1 deletion), KanR, 
AmpR 

81 

pCH12056 
pKAN::ΔECL_01813 (tssM2 deletion), KanR, 
AmpR 

This study 

pCH11270 pKAN:: ΔECL_01543 (tai4 deletion), KanR, AmpR This study 
pCH11848 pKAN:: ΔECL_01553 (tle deletion), KanR, AmpR This study 
Not saved pSPM:: ΔECL_01554 (tli deletion), SpecR, AmpR This study 
pCH10958 pKAN::ΔECL_01567 (rhsA deletion), KanR, AmpR 81 

pCH11044 
pKAN::ΔECL_03140 (rhsB deletion), KanR, 
AmpR  

81 

pCH11462 
pKAN:: ΔECL_00031 (tep1 deletion), KanR, 
AmpR 

This study 

pCH11460 
pKAN:: ΔECL_00032 (tip1 deletion), KanR, 
AmpR 

This study 

pCH11637 
pKAN:: ΔECL_tep2 (ORF not annotated), KanR, 
AmpR 

This study 

pCH11490 
pKAN:: ΔECL_tip2 (ORF not annotated), KanR, 
AmpR 

This study 

pCH11272 pKAN:: ΔECL_02156 (tip4 deletion), KanR, AmpR This study 

pCH11638 
pKAN:: ΔECL_tep5 (ORF not annotated), KanR, 
AmpR 

This study 

pCH11461 
pKAN:: ΔECL_03985 (tip5 deletion), KanR, 
AmpR 

This study 

pCH11849 pKAN::ΔECL_02217, KanR, AmpR This study 

pCH11859 
pSpm:: ΔECL_02217imm (ORF not annotated), 
SpecR, AmpR 

This study 

pCH11873 pKAN::ΔECL_04194, KanR, AmpR This study 

pCH11874 
pKAN::ΔECL_04194imm (ORF not annotated), 
KanR, AmpR 

This study 

pCH11871 pKAN::ΔECL_03144, KanR, AmpR This study 
pCH11872 pKAN::ΔECL_03145, KanR, AmpR This study 
pCH11869 pKAN::ΔECL_01566, KanR, AmpR This study 
pCH11870 pKAN::ΔECL_01567, KanR, AmpR This study 

pCH11453 
pKAN::ΔECL_00033 (hcp1 deletion), KanR, 
AmpR 

This study 

pCH11454 pKAN::ΔECL_01377 (hcp2 deletion), KanR, AmpR This study 
pCH11455 pKAN::ΔECL_02155 (hcp4 deletion), KanR, AmpR This study 

pCH11456 
pKAN::ΔECL_03984 (hcp5 deletion), KanR, 
AmpR 

This study 
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pDL6480 pRE118-pheS*, KanR David Low 
pCH13372 pRE118-pheS*::ΔtssM1 (NI1077), KanR This study 

pCH13252 
pRE118-pheS*::ΔtssM2::spc (NI1077), KanR, 
SpecR 

This study 

pCH14675 pRE118-pheS*::Δhcp(T6SS1) (ATCC 49162), KanR This study 
 

aAbbreviations: AmpR, ampicillin-resistant; CmR, chloramphenicol-resistant; KanR, 
kanamycin-resistance; TetR, tetracycline-resistant; SpecR, spectinomycin-resistant; 
TpR, trimethoprim-resistant 
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Table 2.4. Oligonucleotides used in this study. 
 

Number Namea Sequenceb Reference 

CH2952 pKAN-OE-for 5' - CCG CTC TAG AAC TAG TGG  This study 

CH2953 pKAN-OE-rev 5' - GTC GAC GGT ATC GAT AAG 
C  

This study 

CH2792 Tai4-Eco-for 5' - TTT GAA TTC TTC TGG AGC 
CTG AAA TGA AAA AG  

This study 

CH2793 Tai4-Bam-rev 5' - TTT GGA TCC CTA CTT TGA 
GGA TTT GAG TGG  

This study 

CH3418 Tli-Kpn-for 5' - GAG GGT ACC ATG AAA TCG 
TTC TTA TCA GGC 

This study 

CH3419 Tli-Xho-rev 5' - ATA CTC GAG CTA TTT AAC 
CGG AGT TGG TG 

This study 

CH3776 Tep1-Nco-for 5' - ACG CCA TGG AAG CAT CTG 
ATT ACT TGA AGA TGA AG 

This study 

CH3777 Tep1-Hind-rev 5' - AAT AAG CTT CAG ACT CTT 
AAA CAT GCT ATT TAT CC 

This study 

CH3123 Tip1-Kpn-for  5' – ATA GGT ACC ATG TTT AAG 
AGT CTG CTA TCC A 

This study 

CH3124 Tip1-Xho-rev 5' – TTA CTC GAG TCA ATC GTA 
CTT ATC AAA GCG 

This study 

CH3778 Tep2-Nco-for 5' - GAC CCA TGG TCC GTT GCT 
ATT TTC ATA TGA ATA ATG 

This study 

CH3779 Tep2-Hind-
rev 

5' - ACT AAG CTT ACG GGT TTC 
ATC AGT AGA CC 

This study 

CH3125 Tip2-Kpn-for 5' – GGT GGT ACC ATG AAA CCC 
GTT CAC TCA G 

This study 

CH3126 Tip2-Xho-rev 5' – ATG CTC GAG TCA ATA TCT 
CTT TGT TCG TAC GAT G 

This study 

CH3780 Tae4-Nco-for 5' - ACA CCA TGG CTC ATA TGC 
GTC CTG CTT TTG 

This study 

CH3781 Tae4-Hind-rev 5' - AGA AAG CTT GCA ATG GCT 
TTT TCA TTT CAG G 

This study 
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CH3782 Tep5-Nco-for 5' - TGT CCA TGG ATA CCG TCG 
AGG CGC 

This study 

CH3783 Tep5-Hind-
rev 

5' - AGC AAG CTT CTC TTG TTC 
AGT TAC CAT ATC CG 

This study 

CH3127 Tip5-Kpn-for 5' – AGA GGT ACC ATG GTA ACT 
GAA CAA GAG GTT T 

This study 

CH3128 Tip5-Xho-rev 5' – TCC CTC GAG TTA ATC ATA 
TAA CCA TCT TCC CGC 

This study 

CH3995 FLAG-Tep3-
Spe-for 

5’ – AGA ACT AGT ATG TCT CAT 
ATG CGT CC 

This study 

CH3544 Hcp1-Kpn-for 5' - TTT GGT ACC ATG TCA AAT 
CCG GCT TAT TTG  

This study 

CH3999 Hcp1-H6-
Xho-rev 

5’ – CAC CTC GAG GTA TGT TGC 
TCG CTC AT 

This study 

CH3546 Hcp2-Kpn-for 5' - TTT GGT ACC ATG GCT ATA 
CCC GCA TAT C  

This study 

CH4000 Hcp2-H6-
Xho-rev 

5’ – AAC CTC GAG TCT GTC TGC 
CCA AGA ATC 

This study 

CH3020 Hcp3-Nco-for 5' - ATA CCA TGG CTA TTG ATA 
TGT TTC  

This study 

CH3022 Hcp3-H6-
Xho-rev 

5' - CTA CTC GAG TGC TTC TTT 
GTT TTC TTT G  

This study 

CH2962 Hcp4-Kpn-for 5' - GAG GGT ACC ATG GCA ATT 
CCT GTA TAT CTT TTC  

This study 

CH4001 Hcp4-H6-
Xho-rev 

5’ - GCA CTC GAG ACG CTCT GCC 
CAG 

This study 

CH3651 Hcp5-Nco-for 5' - TTT CCA TGG CTG TAC CGG 
TCC  

This study 

CH4002 Hcp5-H6-
Xho-rev 

5’ – TGC CTC GAG AAC CGT AG 
CTC GCT C 

This study 

CH3545 Hcp1-Xho-rev 5' - TTT CTC GAG TTT AGT ATG 
TTG CTC GCT C  

This study 

CH3547 Hcp2-Xho-rev 5' - TTT CTC GAG ATC ATC TGT 
CTG CCC AAG  

This study 
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CH3021 Hcp3- Xho-
rev 

5' - TTT CTC GAG CAC TAC TAT 
TAT GCT TCT TTG  

This study 

CH3548 Hcp4- Xho-
rev 

5' - TTT CTC GAG AAT TAA CGC 
TCT GCC CAG  

This study 

CH3652 Hcp5- Xho-rev 5' - TTT CTC GAG GCA CTT CAA 
ACC GTA GC  

This study 

CH2897 TssM1-KO-Sac 5'- TTT GAG CTC GAA ATC GAC 

GCC GGT CTG 

81 

CH2898 TssM1-KO-
Bam 

5'- TTT GGA TCC TTT CCT TGC 

GGC AAT CCG 

81 

CH2899 TssM1-KO-
Eco 

5'- TTT GAA TTC CAA  GGA CAG 

CCG TAT GAC 

81 

CH2900 TssM1-KO-
Kpn 

5'- TTT GGT ACC GAA TCG ACA 

TCA GCA TCT C 

81 

CH2976 TssM2-KO-
Sac 

5' - TTT GAG CTC GGC AAC CGC 
CTG ACA C  

This study 

CH2977 TssM2-KO-
OE-rev 

5' - CCA CTA GTT CTA GAG CGG 
CTT CCG TAG TCT TCG GTG C   

This study 

CH2978 TssM2-KO-
OE-for 

5' - GCT TAT CGA TAC CGT CGA 
CGG ACA GTA CGG AAA GCA G  

This study 

CH2979 TssM2-KO-
Kpn 

5' - TTT GGT ACC GCC GAG CCA 
TTC  

This study 

CH2964 Tae4-KO-Sac 5' - GGG GAG CTC CCC AGC CAG 
GTA ATA TG  

This study 

CH2965 Tae4-KO-OE-
rev 

5' - CCA CTA GTT CTA GAG CGG 
CTT GTT TCT CCT TGA AAA G  

This study 

CH2966 Tae4-KO-OE-
for 

5' - GCT TAT CGA TAC CGT CGA 
CAC CTT CTG GAG CCT GAA ATG  

This study 

CH2967 Tae4-KO-OE-
rev 

5' - TCT GAT AAT GAC CAG GCT 
CGG TAC C  

This study 

CH2968 Tai4-KO-OE-
for 

5' - GCT TAT CGA TAC CGT CGA 
CTA GTA AAG ATG AAA TCG GC  

This study 
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CH2969 Tai4-KO-Kpn 5' - ATA GGT ACC GTC ACT TCG 
ATG CGG  

This study 

CH3373 Tle-KO-Sac 5' - CAA GAG CTC CGG GAT GGT 
TGC C  

This study 

CH3374 Tle-KO-Bam 5' - ATT GGA TCC GTC CTG TTA 
CCA GTC  

This study 

CH3375 Tle-KO-Xho 5' - AGG CTC GAG ACA TTT CAA 
TTA TTA GG  

This study 

CH3376 Tle-KO-Kpn 5' - AAC GGT ACC TGG CGA TAA 
ACC CGC  

This study 

CH3377 Tli-KO-Xho 5' - CCA ACT CGA GTT AAA TAG 
GAA ACG  

This study 

CH3378 Tli-KO-Kpn 5' - CCA GGT ACC AAA GTG CTG 
TGT GC  

This study 

CH2818 RhsA-KO-Sac 5' - TTT GAG CTC ATA CAC CCT 

CCA GGA AGG 

81 

CH2819 RhsA-KO-
Bam 

5' - TTT GGA TCC GCC TTA CAC 

ATT CCG GTT G 

81 

CH2820 RhsA-KO-Eco 5' - GAA GAA TTC TGG CAA GAG 

GAT TAC TTA ATG 

81 

CH2821 RhsA-KO-Kpn 5' - TTT GGT ACC CAT CAT TAG 

TAA TGC AAA G 

81 

CH2905 RhsB-KO-Sac 5'- TTT GAG CTC ACC CGC TCA 

ATG TCA GAA C 

81 

CH2906 RhsB-KO-Bam 5'- TTT GGA TCC CCC TGG TGT 

TAA TGG TGG 

81 

CH2907 RhsB-KO-Eco 5'- TTT GAA TTC CAA TGA ATA 

TGC TGA ATG TGA G 

81 

CH2908 RhsB-KO-Kpn 5'- TTT GGT ACC ACT TCG TCA 
TTA TCA TCT GC 

81 

CH3129 Tep1-KO-Sac 5' – GTT GAG CTC CTG ACG GCA 
CCAC C 

This study 
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CH3130 Tep1-KO-Bam 5' – AGA GGA TCC CAT AAC GTA 
TCC ATA CTG TTT TTA TGG 

This study 

CH3131 Tep1-KO-Eco 5' – GAT GAA TTC GCT ATC TAT 
AAC GAC TTA AAG GAT AAA TAG 

This study 

CH3132 Tip1-KO-Eco 5' – ATT GAA TTC GCT TTG ATA 
AGT ACG ATT GAG TTT TA 

This study 

CH3133 Tip1-KO-Kpn 5' – AAA GGT ACC AGG GAT CAC 
GTT TTA GTA TGT TG 

This study 

CH3134 Tep2-KO-Sac 5' – ACA GAG CTC TCA AAC TCA 
CTG AAA AGG AGC 

This study 

CH3135 Tep2-KO-Bam 5' – GCA GGA TCC CAT CTG TCT 
GCC CAA GAA TC 

This study 

CH3136 Tep2-KO-Eco 5' – GCA GAA TTC AGG TCT ACT 
GAT GAA ACC C 

This study 

CH3137 Tip2-KO-Eco 5' – AAC GAA TTC ATA TTG ATT 
AGC GCA TTG TGA AAG 

This study 

CH3138 Tip2-KO-Xho 5' – ATC CTC GAG TGC AAA AAA 
TAA CGT TGA CTC ATC 

This study 

CH2970 Tep4-KO-Sac 5' - CAC GAG CTC GGT AGA TGT 
TCA TGA TC  

This study 

CH2971 Tep4-KO-OE-
rev 

5' - CCA CTA GTT CTA GAG CGG 
AAT TAA CGC TCT GCC CAG C  

This study 

CH2972 Tep4-KO-OE-
for 

5' - GCT TAT CGA TAC CGT CGA 
CGG TTT TTA ACT GGC GAG TC  

This study 

CH2973 Tep4-KO-Kpn 5' - CCC GGT ACC TAG CGT TGA 
TGA TCA G  

This study 

CH2974 Tip4-KO-OE-
for 

5' - GCT TAT CGA TAC CGT CGA 
CTC ATA AAC GCT ATT TAC CG 

This study 

CH2975 Tip4-KO-Kpn 5' - CCA CCG GTA CCG ACA GCG 
CAA GG  

This study 

CH3139 Tep5-KO-Sac 5' – TTA GAG CTC GTC ATA TGA 
CAG TTT CCA TTA AGT G 

This study 

CH3140 Tep5-KO-Bam 5' – GAC GGA TCC CAT ACA CAC 
CTT CAT AGC CAT T 

This study 
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CH3141 Tep5-KO-Eco 5' – CAT GAA TTC GAC CGG ATA 
TGG TAA CTG AAC 

This study 

CH3142 Tip5-KO-Eco 5' – TGG GAA TTC GAT TAA TAA 
GGA GGA AAA TGA TGG C 

This study 

CH3143 Tip5-KO-Xho 5' – CAC CTC GAG CCG TAG CTC 
GCT CAT TC 

This study 

CH3385 02217-KO-Sac 5' - CAA GAG CTC GCG TGA GCA 
TGC GAC  

This study 

CH3386 02217-KO-
Bam 

5' - TTA GGA TCC GGT AAT TAG 
TAA ATT G  

This study 

CH3387 02217-KO-
Xho 

5' - TAA CTC GAG AAG CGG GGC 
TGT ACA AAT G  

This study 

CH3388 02217-KO-
Kpn 

5' - TTG AGA ATG GTA CCA GAA 
AAG CCC  

This study 

CH3389 02217imm-
KO-Xho 

5' - CTT CTC GAG TAT AAT TCT 
CAA TTC TC 

This study 

CH3390 02217imm-
KO-Kpn 

5' - GGT CGG TAC CGC ACT CTG 
AAG CGC  

This study 

CH3432 04194-KO-Sac 5' - GCC GAG CTC CCG CCG CAA 
CTG C 

This study 

CH3433 04194-KO-
Bam 

5' - GTT GGA TCC CAG CGG GTG 
AAC AAC AAC 

This study 

CH3434 04194-KO-Eco 5' - TAC GAA TTC TGA CAG TGA 
ATG TTG AAG CG 

This study 

CH3435 04194-KO-
Kpn 

5' - TAT GGT ACC CTG CAA AAA 
GCC CCT ACC 

This study 

CH3436 04194imm-
KO-Eco 

5' - GCA GAA TTC GTA GTG TTC 
AAT ATA AGC CCC G 

This study 

CH3437 04194imm-
KO-Kpn 

5' - TCC GGT ACC CTG GAA CTG 
AAG CAG GC 

This study 

CH3391 03144-KO-Sac 5' - GGT GAG CTC CGC ATA TGT 
GTT TAA GG  

This study 

CH3392 03144-KO-
Bam 

5' - CAT GGA TCC CTC TAC TTT 
ATA TGG  

This study 



70 
 

CH3393 03144-KO-Eco 5' - AGA GAA TTC ATG AGG TTG 
TTA AAT AA  

This study 

CH3394 03144-KO-
Kpn 

5' - TCC GGT ACC TTT GCT TAA 
AGG G  

This study 

CH3395 03145-KO-Eco 5' - CAA GAA TTC AGG AAA AAA 
TTG ATT TTA  

This study 

CH3396 03145-KO-
Kpn 

5' - TTA GGT ACC TCG ATC CTT 
GCC G  

This study 

CH3379 01556-KO-Sac 5' - ACC GAG CTC TGG CTA ATC 
AGC GAA TG  

This study 

CH3380 01556-KO-
Bam 

5' - ACT GGA TCC CTC ATT TAA 
TCG ATT CG  

This study 

CH3381 01556-KO-Eco 5' - GAA GAA TTC CCT GAC GAG 
TTT TGA G  

This study 

CH3382 01556-KO-
Kpn 

5' - CAA GGT ACC GTC TGC TTA 
ATT TCG  

This study 

CH3383 01557-KO-Eco 5' - ATC GAA TTC AAG CAG ACG 
GTG AC  

This study 

CH3384 01557-KO-
Kpn 

5' - TGC GGT ACC GTC TGC CCC 
TGG 

This study 

CH3107 Hcp1-KO-Sac 5' – CAG GAG CTC TAG CGA TAG 
CAT GGA CG 

This study 

CH3108 Hcp1-KO-OE-
rev 

5' – CCA CTA GTT CTA GAG CGG 
CGGATT TGA CAT ACA AAC TCC 

This study 

CH3109 Hcp1-KO-Eco 5' – ATG GAA TTC CAA CAT ACT 
AAA ACG TGA TCC C 

This study 

CH3110 Hcp1-KO-Kpn 5' – AGC GGT ACC ACC CGC TCC 
CTG C 

This study 

CH3111 Hcp2-KO-Sac 5' – CAT GAG CTC CCT CTT CCC 
TCG CCT C 

This study 

CH3112 Hcp2-KO-
Bam 

5' – GGG GGA TCC CAT TCT GAA 
AGC TCC TTT TCA G 

This study 

CH3113 Hcp2-KO-Eco 5' – ATT GAA TTC CAG ACA GAT 
GAT CCG TTG C 

This study 
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CH3114 Hcp2-KO-Kpn 5' – AGA GGT ACC CTG AGT GAA 
CGG GTT TCA TC 

This study 

CH2982 Hcp3-KO-Sac 5' - TTT GAG CTC CCA GGT GCA 
GGA GAT TC  

This study 

CH2981 Hcp3-KO-OE-
rev 

5' - CCA CTA GTT CTA GAG CGG 
CTA CTC TTC GTC GAT GAA C  

This study 

CH2980 Hcp3-KO-OE-
for 

5' - GCT TAT CGA TAC CGT CGA 
CGT AGT GGG TCC GAA AGG G  

This study 

CH2983 Hcp3-KO-Kpn 5' - AAA GGT ACC TTC CAG AGT 
GTT ACA TGC  

This study 

CH3115 Hcp4-KO-Sac 5' – CAC GAG CTC TTC CTG ATT 
TCC GCT GC 

This study 

CH3116 Hcp4-KO-
Bam 

5' – AGG GGA TCC CAT AGT CTA 
CTC ATC ATC CAT GT 

This study 

CH3117 Hcp4-KO-Eco 5' – TAG GAA TTC AGA GCG TTA 
ATT ATG CGT ACT C 

This study 

CH3118 Hcp4-KO-Kpn 5' -  CAT GGT ACC CTG CAG GTT 
TTC ATA CAC G 

This study 

CH3119 Hcp5-KO-Sac 5' – CTG GAG CTC GCA TTG CCA 
CTT TAA AAC CTA AG 

This study 

CH3120 Hcp5-KO-Bam 5' – CGG GGA TCC CAT CAT TTT 
CCT CCT TAT TAA TCA TAT AAC 

This study 

CH3121 Hcp5-KO-Eco 5' – AGC GAA TTC CGG TTT GAA 
GTG CAA CAA AC 

This study 

CH3122 Hcp5-KO-Kpn 5' – GCG GGT ACC CGT GAA AAA 
CAT CAA GGT CAC 

This study 

CH4114 NI1077-tssM1-
KO-Sac 

5' - GAA GAG CTC ATT CAG CAG 
CCC GC 

This study 

CH4145 NI1077-tssM1-
KO-OE-rev 

5' - GGC TGT CCT TGC GGC CTT 
AGT TTC CTT GCG G 

This study 

CH4146 NI1077-tssM1-
KO-OE-for 

5' - CCG CAA GGA CAG CCG This study 

CH4115 NI1077-tssM1-
KO-Kpn 

5' - GTT GGT ACC AGC TTT CG This study 
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aAbbreviations: OE=overlap-extension, Bam=BamHI, Eco=EcoRI, Hind=HindIII, 
Kpn=KpnI, Nco=NcoI, Sac=SacI, Spe=SpeI, Xho=XhoI 

 

bRestriction endonuclease sites are underlined 

CH4005 NI1077-
tssM2-KO-Sac 

5' - TTG GAG CTC ACT CTT CCT 
GTT GAA TAT GGT G  

This study 

CH4106 NI1077-
tssM2-KO-
OE-rev 

5' - AAG GTA GCT TCA CGG A This study 

CH4107 NI1077-
tssM2-KO-
OE-for 

5' - TCC GTG AAG CTA CCT TCG 
AAT AAT GGA CAC TTT ACA G 

This study 

CH4108 NI1077-
tssM2-KO-
Kpn 

5' - AAA GGT ACC ACC GCA TCC 
ATG CCA  

This study 

CH4414 ATCC49162-
Hcp-T6SS1- 
KO-Sac 

5' - TGG GAG CTC TGA CCG TTT 
CCC TGC 

This study 

CH4415 ATCC49162-
Hcp-T6SS1- 
KO-Bam 

5' - CTC TTC GTG GAT CCA CAA 
TAT TGC TTT CG 

This study 

CH4416 ATCC49162-
Hcp-T6SS1- 
KO-Eco 

5' - AAA GAA TTC TAA CAG AAG 
TGG GCC CG 

This study 

CH4417 ATCC49162-
Hcp-T6SS1- 
KO-Kpn 

5' - GCC GGT ACC GCT AAA GAT 
AAT AAT ACC TTG 

This study 
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Chapter 3: The effector Tle requires its cognate immunity for delivery in 

E. cloacae 

 

Note: this project is a collaborative work in progress, and other members of the 

Hayes lab participated on this project. Fellow graduate student Steven Jensen is 

responsible for the work presented in Figure 3.3B and 3.3C, and additionally helped 

with strain and plasmid construction. Former graduate student Christina Beck is 

responsible for the work presented in Figure 3.4A, and additionally helped with 

strain and plasmid construction. Research associate Zachary Ruhe started this 

project, and contributed greatly to project ideas; he also helped with strain and 

plasmid construction. 
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Abstract 

 Here, I investigate a number of molecular and biochemical questions 

pertaining to the biogenesis and delivery of Enterobacter cloacae’s T6SS lipase 

effector (Tle). I demonstrate that the cognate T6SS lipase immunity (Tli) protein 

promotes increased abundance of Tle. Moreover, Tli is required for Tle-dependent 

intoxication of neighboring cells in co-culture assays. Further experiments also 

demonstrate Tle assembles onto the T6SS apparatus, independent of Tli, via 

interaction with VgrG; however, subsequent secretion of Tle is Tli-dependent. In-gel 

mobility-shift assays suggest that Tle undergoes a Tli-dependent biochemical change 

that persists under denaturing conditions. While the nature of this change is 

currently unknown, this “converted” Tle protein is more soluble than its 

“unconverted” form. The converted Tle protein exhibits enzymatic activity, and 

preliminary data suggest only the converted form of Tle is secreted. Together, the 

data suggest Tli functions as a Tle-activator. This represents the first report of an 

immunity gene also functioning as an essential activation element for its cognate 

effector. 
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Introduction 

The phospholipid membrane of cells is a conserved hallmark of life on Earth, 

and represents a key barrier that compartmentalizes the cell away from outside 

forces. It is also a common target of viruses and antagonistic organisms that seek to 

enter, or otherwise introduce proteins, into the cell. The Gram-negative bacterial 

type VI secretion system (T6SS) has been shown to deploy lipases that degrade the 

membranes of both prokaryotic and eukaryotic organisms (63, 64, 65, 189). These 

lipases are often encoded adjacent to vgrG elements, which may suggest that these 

lipases are likely to assemble onto the T6SS apparatus via interaction with VgrG (63, 

190, 191). Indeed, many lipases have been shown to interact with VgrG either directly 

or through adaptor proteins (64, 87, 89, 90, 192).  

 In Chapter 2, I presented data suggesting Enterobacter cloacae deploys a 

putative T6SS lipase effector (Tle), and that Tle-dependent intoxication of target 

cells can be blocked by expression of the cognate T6SS lipsase immunity (Tli) protein 

(Figure 2.2C). During the investigation of the biogenesis and delivery of this Tle 

effector, I noticed a remarkable dependency on Tli for Tle-mediated intoxication of 

target cells. In this chapter, I present key findings that suggest this Tli immunity 

protein also behaves as an activator of Tle.  Tli is required secretion of Tle via the 

T6SS. Additionally, Tle undergoes a Tli-dependent biochemical change that results 

in an increase in gel-mobility on SDS-PAGE. I believe this Tli-dependent 

biochemical change is necessary for the biogenesis of functional Tle. 
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Results 

Tli is an essential collaborator with Tle 

During the validation of a polyclonal E. cloacae Tli antibody, I found that this 

antibody does not detect Tli in Δtli strains, as expected (Figure 3.1A). However, I also 

noticed the antibody cross-reacts to a protein migrating significantly above Tli 

during SDS-PAGE. Curiously, this protein disappears when either Tle or Tli is 

deleted, suggesting it is not simply a β-ME-resistant Tli multimer, but is somehow 

dependent on Tle as well. This cross-reacting protein migrates around the expected 

size of Tle, so I reasoned the Tli antibody may be cross-reacting to Tle. To test this, I 

fused a FLAG epitope onto Tle and heterologously expressed this FLAG-Tle 

construct in laboratory Escherichia coli K-12 in the presence or absence of Tli 

(Figure 3.1B). I find that the Tle protein appears to co-label with both the FLAG and 

Tli antibodies, suggesting the Tli antibody does recognize Tle.  

Additionally, co-expression of FLAG-Tle with Tli appears to promote 

increased abundance of Tle, consistent with the disappearance of the putative Tle 

band in E. cloacae Δtli cells observed in Figure 3.1A.  Surprisingly, co-expression of 

FLAG-Tle with Tli promotes the formation of a faster-migrating species of Tle. The 

formation of this lower band, hereafter referred to as Tlelower, is the cause of the 

observed increase in Tle abundance, especially when Tle is being detected with the 

Tli antibody. These findings are also observed when FLAG-Tle is expressed in E. 

cloacae. 
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Next, I investigated whether these Tli-dependent changes to Tle are 

physiologically relevant. I deleted tli in inhibitor cells and asked whether this strain 

could still inhibit E. cloacae Δtle Δtli targets. Remarkably, I find that Tli is required 

for Tle-dependent intoxication of target cells (Figure 3.2). Complementation of tli in 

trans is sufficient to rescue this phenotype, indicating I did not simply introduce a 

polar mutation on the upstream tle effector.  

 

Tli promotes the formation of a more soluble Tle species 

I next interrogated what biochemical changes are associated with Tlelower. 

Given that I first observed the formation of Tlelower using an N-terminal FLAG 

epitope fusion for detection, I reasoned that a truncation to the C-terminal end of Tle 

could explain the observed increase in gel mobility. Therefore, I generated a new Tle-

FLAG construct with the epitope positioned at the C-terminal end of Tle. 

Interestingly, in the absence of Tli, this construct is more readily detected via 

immunoblot than the N-terminal FLAG-Tle construct counterpart (Figure 3.1B and 

3.3A). This may suggest that the addition of the FLAG epitope to the C-terminal end 

of Tle may promote increased stability and/or solubility to the protein. When co-

expressed with Tli, I find that Tle-FLAG also forms a doublet that co-labels with both 

FLAG and Tli antibodies (Figure 3.3A). This suggests both the N- and C-termini are 

still present on Tlelower, and that the increase in gel-mobility is due to a different, 

currently unexplained, biochemical change. However, the observed stoichiometry 

between Tleupper and Tlelower does not appear to be consistent when comparing the 

results of the FLAG antibody versus Tli antibody. This may suggest that Tlelower has 
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decreased FLAG-reactivity to the C-terminally-positioned FLAG epitope, potentially 

implicating the C-terminal region of Tle in this Tli-dependent biochemical change. 

While I have established that Tli is required for in vivo Tle-dependent 

intoxication of susceptible target cells (Figure 3.2), this does not address whether 

Tlelower is the active form of Tle. Thus, I next set out to purify both forms of Tle in 

order to assay for in vitro catalytic activity. To do so, I co-expressed His6-Tle and Tli 

in E. coli, then Ni-affinity purified Tle under urea-denaturing conditions in order to 

remove Tli. Purified Tle was then dialyzed in water in order to remove denaturants. 

Notably, a lot of precipitate formed during dialysis, suggesting I purified insoluble 

protein. I therefore re-solubilized this post-dialysis precipitate in urea for SDS-PAGE 

analysis. I find that while both forms of Tle can be successfully purified under 

denaturing conditions, Tlelower is significantly more soluble than the unconverted 

form (Figure 3.3B). Further attempts to solubilize Tleupper have been largely 

unsuccessful (data not shown). This finding is consistent with Tlelower being the 

active form of Tle.  

Next, I tested whether the soluble Tlelower species still retains catalytic activity. 

I find that Tlelower can successfully hydrolyze polysorbate 20, indicating this species 

of Tle retains esterase activity in vitro (Figure 3.3C). Furthermore, Tle activity can be 

blocked by co-incubating with purified Tli-H6, consistent with its role as the cognate 

immunity to Tle. However, it is still unclear whether Tleupper retains catalytic activity 

given the lack of success at solubilizing it. 
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Tli is required for secretion of Tle 

I next investigated whether Tli is required for assembly of Tle onto the T6SS 

apparatus. As the T6SS secreted complex consists of 3 structural proteins – Hcp, 

VgrG, and PAAR – I reasoned that Tle must interact with at least 1 of these 3 

proteins. E. cloacae utilizes 1 Hcp protein (Hcp3), 2 VgrG proteins (VgrG1 and 

VgrG2) and 2 PAAR proteins (RhsA and RhsB) (Figure 2.1). Co-culture experiments 

suggest Tle has no genetic specificity for either VgrG1 or VgrG2, and again no 

specificity for either PAAR-containing protein RhsA or RhsB. (Figure 3.4A). In 

Chapter 4, I present data that the 2 VgrG proteins are redundant for each other in 

supporting T6SS activity, as are the 2 Rhs proteins. While the 2 Rhs proteins are 

highly divergent in primary sequence (Figure 3.4B), the 2 VgrG proteins are highly 

conserved and only differ in their C-terminal PAAR-binding domains (Figure 3.4C). 

Therefore, I reasoned Tle is likely to either interact with the N-terminal VgrG 

domains, or with Hcp3.  

To test this, I heterologously co-expressed Tle-FLAG with either VgrG2-His6 

or Hcp3-His6 in E. coli, in the presence or absence of Tli. I find that both forms of 

Tle interact with VgrG2, but neither interact with Hcp3, suggesting that Tle, like 

other lipases, is assembled onto the T6SS spike complex via interaction with VgrG 

(Figure 3.5A). Additionally, I find that Tli is not required for Tle assembly onto VgrG, 

suggesting the interaction between Tle and VgrG2 is direct. Next, I tested whether E. 

cloacae could successfully secrete FLAG-Tle in the absence of Tli: I find that Tli is 

required for secretion of Tle (Figure 3.5B). Additionally, only the Tlelower species 

appears to be secreted, again suggesting it is the functional form of Tle.  
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Discussion 

The work presented here demonstrates a novel phenomenon whereby an 

antibacterial effector is dependent on its cognate immunity for delivery. I find that E. 

cloacae Tli functions as a chaperone to solubilize Tle, and that Tli is required for 

T6SS-dependent secretion of Tle.  Curiously, Tle undergoes a Tli-dependent 

biochemical change that results in a faster-migrating protein on SDS-PAGE (termed 

Tlelower). This distinct species of Tle is more soluble than its original form, and 

retains catalytic activity. Moreover, Tlelower appears to be the secreted form of Tle. 

Taken together, this suggests Tli functions as an activator of Tle, in addition to its 

canonical role as an immunity protein. 

These findings represent the first report of an immunity gene also functioning 

as an essential activation element for its cognate effector. Other known T6SS lipases 

do not appear to be dependent on their cognate immunities for in vivo activity. For 

example, the Pseudomonas aeruginosa Tle5 effector does not require its cognate 

Tli5 for intoxication of neighbors (63). Additionally, a transposon-mutagenesis 

screen was utilized by Mekalanos and colleagues to identify novel immunity genes, 

such as the Vibrio cholerae T6SS lipase immunity TsiL: they identified new 

immunities by finding genetic loci that were essential for survival in T6SS+ V. 

cholerae cells but dispensable in T6SS- mutants (64). By using this approach, their 

data suggest that delivery of the lipase TseL is not dependent on its immunity. 

 Notably, a number of Tle effectors are encoded next to 2 or more tandem 

copies of tli (63, 65, 87). For example, Dickeya dadantii 3937 encodes a predicted 

Tle effector that is followed by 2 very similar proteins (67). These putative immunity 
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proteins are 78% identical, and diverge mostly at their N-terminal putative 

lipoprotein signal sequences (Figure 3.6A). Similarly, Burkholderia thailandensis 

E264 encodes a functional Tle that is preceded by 2 immunity genes (63). These Tli 

proteins are 56% identical, and also diverge significantly in their putative lipoprotein 

signal sequences (Figure 3.6B). Across all species, I expect that Tli must be exported 

to the cell periplasm in order to prevent auto-inhibition, but my findings suggest that 

a cytoplasmic pool of E. cloacae Tli also likely exists that converts Tle into its active 

form prior to secretion. An enticing model to explain these combined findings is that 

D. dadantii and B. thailandensis utilize different tli alleles to differentially localize 

these proteins either cytoplasmically or periplasmically. In contrast, E. cloacae only 

encodes a singular tli allele, but it encodes 4 distinct ATG codons in its first 24 

codons, suggesting alternate translation start sites might be exploited in order to 

produce different localization pools of Tli (Figure 3.6C). 

 Currently, the biochemical nature of the Tli-dependent change to Tle is not 

understood. Given the increase in mobility on SDS-PAGE, a reasonable conjecture 

would be that Tle undergoes a truncation event, leading to a smaller species of 

protein. However, analysis of both N-terminal-FLAG-tagged and C-terminal-FLAG-

tagged Tle constructs suggest both termini are present on Tlelower. It is possible, 

though seemingly unlikely, that an internal deletion event could occur in order to 

produce Tlelower. Another explanation may be that Tlelower is either folded or 

circularized, resulting in a smaller Stokes radius and faster mobility. Additionally, it 

is possible that the addition of a modifying group on Tle, such as phosphates, could 

sufficiently increase the charge density of the Tle to promote faster migration on 

SDS-PAGE. It is also unclear why Tle cross-reacts so readily with the anti-Tli 
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antibody. I will likely not know whether this antibody affinity is biologically relevant 

or not until the nature of the biochemical change to Tle is elucidated. 

 

Materials and Methods 

Bacterial growth and conditions 

Bacteria were cultured in shaking lysogeny broth (LB) or on LB-agar at 37°C. 

Bacteria were supplemented with antibiotics at the following concentrations: 

150 μg/mL ampicillin (Amp), 15 ug/mL gentamycin (Gent), 50 μg/mL kanamycin 

(Kan), 100 μg/mL spectinomycin (Spc), 200 ug/ml rifampicin (Rif), 25 μg/mL 

tetracycline (Tet), and 100 ug/ml trimethoprim (Tp). 

 

Strain construction 

All bacterial strains, plasmids, and oligonucleotides used in this study are 

listed in Tables 3.1, 3.2, and 3.3. Gene‐deletion constructs for E. cloacae were 

generated using overlap-extension PCR (OE-PCR) or via the plasmids pKAN or 

pSPM as described previously (67, 142, 143). Briefly, OE-PCR constructs were made 

with upstream and downstream homology PCR fragments overlapped to the 

CH2952/CH2953 PCR product amplified from either pKAN or pSPM. pKAN or 

pSPM plasmid constructs were generated by restriction cloning PCR fragments from 

upstream and downstream of the target gene into pKAN or pSPM to flank the 

antibiotic‐resistance cassette. Restriction enzymes used are specified in the 

oligonucleotide names listed in Table 3.3. 
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Resulting constructs were PCR-amplified, DpnI-digested to remove 

methylated template DNA, then directly electroporated into E. cloacae cells 

expressing phage λ-Red recombinase proteins as described (144). Transformants 

were selected on LB-agar supplemented with either Kan or Spc. All chromosomal 

deletions were confirmed by whole‐cell PCR analysis. Kan markers were cured as 

necessary via pCP20 (145). 

For construction of attTn7::tli and attTn7::(∆ss)tli mutants, MFDpir cells 

containing either plasmid pCH14683 or pCH14685, and MFDpir cells carrying the 

helper plasmid pTNS2, were bi-parentally mated with the respective recipient strain 

(194). Integrants were selected on LB-agar supplemented with Gent. 

 

Plasmid construction 

All plasmids and oligonucleotides used in this study are listed in supplemental 

Tables 3.2 and 3.3. All PCR products were purified, digested with the restriction 

enzymes indicated in the oligonucleotide names (Table 3.3), and ligated to a vector 

treated with the same enzymes. Plasmids were confirmed by DNA sequencing 

(University of California, Berkeley). Plasmid transformations were performed by 

making strains TSS competent (148). Constructs were cloned directly into the final 

vector, with exceptions or complications described below.  

To generate pCH11631 (pTrc99a::hcp3-His6), hcp3 was PCR-amplified off E. 

cloacae using CH3020/CH3022 and restriction cloned with NcoI/XhoI into 

pCH6478. To generate pCH14981 (pTrc99a::vgrG2-His6), the VgrG2-VSV fusion 
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construct was PCR-amplified off CH12884 (see Chapter 4 methods) using 

CH4452/CH4453 and restriction cloned using EcoRI/XhoI into pCH3257 to 

generate pCH14231. Next, the VSV tag was swapped to a His6 tag by moving the 

EcoRI/SpeI restriction dropout from pCH14231 into pCH6672 to generate pCH2254. 

Finally, the EcoRI/XhoI restriction dropout from pCH2254 was moved into pTrc99a 

to generate pCH14981. 

 

Competitions 

Indicated E. cloacae strains were used as inhibitor cells on LB-agar co-

cultures against indicated E. cloacae targets. Cells were grown in LB-medium 

(supplemented with appropriate antibiotics when plasmid-bearing) to log phase, 

then collected by centrifugation and resuspended in 1x M9 salts. Inhibitors and 

targets were mixed 1:1 at OD 17 each (200 uL total volume), then 100 uL of the 

mixture was spread on LB-agar without antibiotics and incubated at 37°C for 3 or 4 h 

(as indicated). Culture aliquots were taken at the beginning and end of the co-culture 

to quantify viable inhibitor and target cells as colony forming units. At the end of co-

cultures, cells were harvested in 1.5 mL of 1x M9 salts. For competitions with 

plasmid-induced proteins, inhibitors were grown in LB-medium supplemented with 

0.4% L-arabinose and Tet. Co-cultures were then performed as above on LB-agar 

supplemented with 0.4% L-arabinose. 

For all competitions, cell suspensions were serially diluted into 1x M9 salts 

and plated onto LB-agar supplemented with appropriate antibiotics to separately 
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enumerate inhibitor and target cells. Competitive indices were calculated as the ratio 

of inhibitor to target cells at 3 or 4 h divided by the initial inhibitor to target cell 

ratio. 

 

Immunoblots 

Cell cultures were grown to log phase in LB-medium supplemented with 

appropriate antibiotics, and additionally 0.4% L-arabinose when indicated, then 

collected by centrifugation at 3,000 xg for 5 min. Cell pellets were then resuspended 

in urea-lysis buffer [50% urea, 150 mM NaCl, 20 mM Tris-HCl (pH 8.0)] and 

subjected to a freeze-thaw cycle to extract proteins. Samples were analyzed by SDS-

PAGE on Tris-tricine polyacrylamide gels run at 110 V (constant). The 

polyacrylamide concentration for experiments in Figure 3.5 was 7%; for all other 

immunoblots, the gels were made at a 10% polyacrylamide concentration. All gels 

were run for 1 hr 15 min, with the exception of Figure 3.1A, which was run for 1 h 50 

min. 

Gels were soaked for 10 min in 25 mM Tris, 192 mM glycine (pH 8.6), 20% 

methanol, then electroblotted to nitrocellulose (Figure 3.1A) or low-fluorescence 

PVDF (all other immunoblot experiments) membranes using a semi-dry transfer 

apparatus at 17 V (constant) for 30 min. Membranes were then blocked with 4% 

non-fat milk in PBS for 30 min at room temperature, and incubated with primary 

antibodies in 0.1% non-fat milk in PBS overnight at 4°C. Rabbit polyclonal antisera 

(Cocalico Biologicals, Stevens, PA) to Tli-His6 was used at a 1:5,000 dilution and 
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mouse anti-FLAG (Sigma) was used at a 25,000 dilution. Blots were incubated with 

800CW-conjugated goat anti-rabbit IgG (1:125,000 dilution, LICOR) or 680LT-

conjugated goat anti-mouse IgG (1:125,000 dilution, LICOR) in PBS. Immunoblots 

were visualized with a LI-COR Odyssey infrared imager. 

 

Ni2+-affinity purifications 

For Tle interaction experiments (Figure 3.5A), E. coli K12 strain CH2016 

carrying indicated plasmids were grown to log phase in LB-medium supplemented 

with appropriate antibiotics, then protein expression was induced with 0.4% L-

arabinose for 2 h. Cells were collected by centrifugation and resuspended in binding 

buffer [20 mM sodium phosphate (pH 7.0), 150 mM NaCl, 30 mM imidazole, 0.05% 

Triton X-100]. Each cell suspension was broken by 2 passages through a French 

press, then insoluble debris was removed via centrifugation at 23,000 xg for 10 min 

at 4°C. The clarified lysate was added to Ni2+-NTA agarose resin (Thermo Fisher 

Scientific) and incubated on a rotisserie for 1 h at 4°C. Following incubation, the 

beads were washed extensively in binding buffer, then eluted in binding buffer 

supplemented with 20 mM EDTA. Samples were analyzed by SDS-PAGE and 

immunoblot, as described above. 

For purification of His6-Tle for in vitro esterase analysis, E. coli K12 strain 

CH2016 carrying pET21P::His6-tle and pCH450::(∆ss)tli was grown to log phase in 

medium supplemented with Amp and Tet, then tli expression was induced with 0.4% 

L-arabinose for 1.5 h and tle expression was induced with 1.5 mM Isopropyl-beta-D-
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thiogalactoside (IPTG) for 30 min. Cells were collected by centrifugation and 

resuspended in purification buffer [20 mM sodium phosphate (pH 7.0), 150 mM 

NaCl, 30 mM imidazole]. Each cell suspension was broken by 2 passages through a 

French press, then insoluble debris was removed via centrifugation at 23,000 xg for 

10 min at 4°C. The clarified lysate was added to Ni2+-NTA agarose resin (Thermo 

Fisher Scientific) and incubated on a rotisserie for 1.5 h at 4°C. Following incubation, 

the beads were washed extensively in guanidine wash buffer (6M guanidine, 20 mM 

imidazole), then eluted in urea-lysis buffer supplemented with 25 mM EDTA. 

Proteins were subsequently dialyzed in water overnight at 4°C. Soluble Tle was 

subsequently used in the in vitro esterase assay described below. Dialysis precipitate 

was resuspended in urea-lysis buffer. Samples were analyzed by SDS-PAGE on 10% 

Tris-tricine polyacrylamide gels run at 110 V (constant) for 2 h, then stained with 

Coomassie brilliant blue dye.  

For purification of (∆ss)Tli-His6 for in vitro esterase analysis, E. coli K12 

strain CH2016 carrying pET21P::(∆ss)tli-His6 was grown to log phase in medium 

supplemented with Amp, then expression was induced with 1.5 mM IPTG for 1 h. 

Cells were collected by centrifugation and resuspended in purification buffer. Each 

cell suspension was broken by 2 passages through a French press, then insoluble 

debris was removed via centrifugation at 23,000 xg for 10 min at 4°C. The clarified 

lysate was added to Ni2+-NTA agarose resin (Thermo Fisher Scientific) and 

incubated on a rotisserie for 1 h at 4°C. Following incubation, the beads were washed 

extensively in purification buffer, then eluted and dialyzed as described for His6-Tle. 
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The purification of (∆ss)Tli-His6 was validated by SDS-PAGE and Coomassie 

brilliant blue dye staining. 

 

Esterase assay 

60 nM His-Tle was incubated in reaction buffer [20 mM Tris-HCl (pH 7.5), 

100 mM NaCl, 3 mM CaCl, 2% polysorbate 20] and incubated on a rotisserie at 

ambient temperature for 2.5 h. 200 nM Tli-His6 was added as indicated. Samples 

were assayed for optical density (550 nm) at indicated time points. 

 

Tle secretion assay 

E. cloacae strains were grown in LB-medium supplemented with Tet and 

grown to log phase, then Tle and Tli expression was induced with 0.4% L-arabinose 

for 1.5 h. Cells were collected by centrifugation at 3,000 xg for 5 min, then cell pellets 

were washed once in 1x M9 salts, then resuspended in urea-lysis buffer and 

subjected to a freeze-thaw cycle to extract proteins for SDS-PAGE and immunoblot 

analysis (described above). Culture supernatants were re-spun to further remove 

cellular contamination, then filter-sterilized. Supernatant samples were then 

incubated with 0.2% sodium deoxycholate for 20 min at ambient temperature, then 

treated with 4% TCA and incubated at 4°C for 1 h. Protein precipitates were collected 

by centrifugation and washed twice with -20°C acetone, then resuspended in urea-

lysis buffer and analyzed via SDS-PAGE and immunoblot, as described above. 
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Bioinformatic analyses 

Signal sequence analyses were performed with the SignalP-5.0 server (136). 

Protein sequences were aligned using Clustal Omega (149). Protein alignments were 

rendered with BoxShade (https://embnet.vital-it.ch/software/BOX_form.html). 

Pairwise comparison values were calculated using the SIAS pairwise alignment 

server (http://imed.med.ucm.es/Tools/sias.html).  
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Figure 3.1. Tli promotes increased abundance of its cognate Tle effector. 
(A) Cell lysates of indicated E. cloacae mutants were analyzed via SDS-PAGE and α-
Tli immunoblot. L-arabinose-inducible tli alleles were complemented via attTn7 
integration. Induced strains were grown in media supplemented with 0.4% L-
arabinose. WT=wild-type. (B) Cell lysates carrying the indicated plasmid constructs 
were analyzed via SDS-PAGE and dual α-FLAG (red) α-Tli (green) immunoblot. All 
strains were induced with 0.4% L-arabinose for 30 min prior to analysis. Tle has a 
predicted molecular weight of 52 kDa, and Tli (including its signal sequence) has a 
predicted molecular weight of 28 kDa. 
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Figure 3.2. Tli is essential for in vivo Tle function. Indicated E. cloacae 
inhibitors were incubated at a 1:1 ratio with E. cloacae Δtle Δtli targets for 3 hours. 
Cells were quantified as colony-forming units (CFUs) at the beginning of the co-
culture and after 3 h. Competitive indices were calculated as the ratio of inhibitor to 
target CFUs at the end of the competition normalized to the starting ratio. Data 
represent the average and standard error of the mean for three independent 
experiments. WT=wild-type. 
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Figure 3.3. Tli promotes the formation of a distinct Tle species. (A) Cell 
lysates of E. coli carrying the indicated plasmid constructs were analyzed via SDS-
PAGE and dual α-FLAG (red) α-Tli (green) immunoblot. Tle has a predicted 
molecular weight of 52 kDa, and Tli (including its signal sequence) has a predicted 
molecular weight of 28 kDa. WT=wild-type, ss=signal sequence. (B) E. coli 
expressing plasmid-borne Tli and His6-Tle were lysed and subjected to Ni-NTA 
purification under urea denaturing conditions. Bound proteins were released off the 
resin and subsequently dialyzed in water. Indicated protein fractions were analyzed 
via SDS-PAGE and Coomassie staining. (C) Soluble Tlelower, derived from (B), was 
subjected to an in vitro esterase assay in the presence and absence of purified Tli. 
Optical density550 measures the hydrolysis of polysorbate 20 substrate. 
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Figure 3.4. Tle lacks genetic specificity to functionally-redundant T6SS 
factors. (A) Indicated E. cloacae inhibitors were incubated at a 1:1 ratio with E. 
cloacae Δtle Δtli targets for 4 hours. Cells were quantified as colony-forming units 
(CFUs) at the beginning of the co-culture and after 4 h. Data represent the average 
and standard error of the mean for three independent experiments. WT=wild-type. 
(B) Multiple sequence alignment of E. cloacae PAAR-containing RhsA and RhsB 
proteins. (C) Multiple sequence alignment of E. cloacae VgrG1 and VgrG2 proteins. 
Protein sequences were aligned using Clustal Omega and rendered in BoxShade. 
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Figure 3.5. Tli is required for secretion of Tle. (A) E. coli expressing indicated 
plasmid constructs were lysed and subjected to Ni-NTA purification. Protein 
fractions were analyzed via SDS-PAGE and dual α-FLAG (red) and α-Tli (green) 
immunoblot. Tle has a predicted molecular weight of 52 kDa, and Tli (including its 
signal sequence) has a predicted molecular weight of 28 kDa. (B) Indicated E. 
cloacae strains expressing FLAG-Tle were cultured, then cell lysates (C) and TCA-
precipitated culture supernatants (S) were analyzed via SDS-PAGE and dual α-FLAG 
(red) and α-Tli (green) immunoblot. Tli was complemented to strains either on a 
plasmid, or as a chromosomal integration (attTn7::tli). 
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Figure 3.6. Tli proteins might be expressed both periplasmically and 
cytoplasmically. (A) Multiple sequence alignment of D. dadantii 3937 (Dda) Tli1 
(Dda3937_00830) and Tli2 (Dda3937_00829) proteins. The predicted lipoprotein 
signal sequence is underlined in red. (B) Multiple sequence alignment of B. 
thailandensis E264 (Bth) Tli1 (BTH_I2700) and Tli2 (BTH_I2699) proteins. The 
predicted lipoprotein signal sequence is underlined in red. Protein sequences were 
aligned using Clustal Omega and rendered in BoxShade. (C) Diagram of the E. 
cloacae tli sequence (5’ end). The predicted lipoprotein signal sequence is 
highlighted in red. Start codons are highlighted in green. Signal sequence analyses 
were performed with Signal-P.     
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Table 3.1. Bacterial strains used in this study. 
 
Strain Descriptiona Reference 

X90 
E. coli F´ lacIq lac´ pro´/ara ∆(lac-pro) nal1 
argE(amb) rifr thi-1, RifR 

150 

E. cloacae 
ATCC 
13047 

Type strain (ECL), AmpR 

American 
Type 
Culture 
Collection 

MFDpir 
MG1655 RP4-2-Tc::[∆Mu1::aac(3)IV-∆aphA-
∆nic35-∆Mu2::zeo] dapA::(erm-pir) ∆recA, AprR 
ZeoR ErmR 

147 

CH2016 X90 (DE3) ∆rna ∆slyD::kan, RifR KanR 156 
CH11196 ECL ∆tssM1::kan, AmpR KanR 81 
CH11876 ECL ∆tle::kan, AmpR KanR This study 
CH14442 ECL ∆tle, AmpR  This study 
CH14587 ECL ∆tli::kan, AmpR KanR This study 
CH14588 ECL ∆tli, AmpR This study 
CH14777 ECL ∆tli attTn7::tli, AmpR GentR This study 
CH14779 ECL ∆tli attTn7::(∆ss)tli, AmpR GentR This study 
CH11895 ECL ∆tle ∆tli::spc, AmpR SpecR This study 
CH14665 ECL ∆tle ∆tli::spc attTn7::tli, AmpR SpecR This study 
CH12037 ECL ∆tssM2::kan, AmpR KanR This study 
CH12384 ECL ΔvgrG1::kan, AmpR KanR This study 
CH11436 ECL ΔvgrG2::kan, AmpR KanR This study 
CH12582 ECL ΔvgrG2, AmpR This study 
CH12414 ECL ΔvgrG2 ∆vgrG1::kan, AmpR KanR This study 
CH11178 ECL ∆rhsA::kan, AmpR KanR 81 
CH11186 ECL ΔrhsB::kan, AmpR KanR 81 
CH11748 ECL ∆rhsB ∆rhsA::kan, AmpR KanR This study 
CH12884 ECL vgrG2-VSV::kan, AmpR KanR This study 

 

aAbbreviations: AmpR, ampicillin-resistant; KanR, kanamycin-resistant; RifR, 
rifampicin-resistant; SpecR, spectinomycin-resistant; GentR, gentamycin-resistant; 
AprR, aprimycin-resistant; ErmR, erythromycin-resistant; ZeoR, zeocin-resistant 
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Table 3.2. Plasmids used in this study. 
 
Number Descriptiona Reference 
 pCH450, TetR 153 
 pCH450kpn, TetR 71 

 pTrc99a, AmpR 
GE 
Healthcare  

 pET21P, AmpR Novagen 
 pKOBEG, CmR 144 
 pCP20, AmpR, CmR 145 
pCH7204 pSH21::arfA (cloning vector), AmpR 193 

pCH6478 
pTrc99a::cdiA(CT3)-cdiI-His6EC3937 (cloning 
vector), AmpR 

93 

pCH6672 pCH450::cdiI2-His6EC93 (cloning vector), TetR 
Zachary 
Ruhe 

pCH10524 pSCbadB2, TpR 155 
pCH70 pKAN, KanR, AmpR 143 
pCH9384 pSPM, SpecR, AmpR 67 
pCH11050 pKAN::ΔECL_01536 (tssM1 deletion), KanR, AmpR 81 
pCH10958 pKAN::ΔECL_01567 (rhsA deletion), KanR, AmpR 81 
pCH11044 pKAN::ΔECL_03140 (rhsB deletion), KanR, AmpR  81 

 
pET21P::tli-His6, AmpR (for generation of Tli 
antiserum) 

Zachary 
Ruhe 

pCH14385 pCH450::FLAG-tle, TetR This study 
pCH2525 pCH450::FLAG-tle-tli, TetR This study 

pCH14790 pCH450::tle-FLAG, TetR This study 
pCH11935 pCH450::tli, TetR This study 
pCH12112 pCH450::(Δss)tli, TetR This study 
pCH2199 pSH21::his6-tle, AmpR This study 
pCH14623 pET21P::( Δss)tli-His6, AmpR   This study 
pCH14231 pCH450::vgrG2-VSV (cloning vector), TetR This study 
pCH2254 pCH450::vgrG2-His6 (cloning vector), TetR This study 
pCH14981 pTrc99a::vgrG2-His6, AmpR This study 
pCH11631 pTrc99a::hcp3-His6, AmpR This study 
pCH15077 pSCbadB2::tle-FLAG, TpR This study 
pCH11848 pKAN:: ΔECL_01553 (tle deletion), KanR, AmpR This study 

Not saved 
pSPM:: ΔECL_01553-01554 (tle-tli deletion), 
SpecR, AmpR 

This study 

 pKAN:: ΔECL_01554 (tli deletion), KanR, AmpR 
Zachary 
Ruhe 

pCH12056 pKAN::ΔECL_01813 (tssM2 deletion), KanR, AmpR This study 

pCH12370 
pKAN::ΔECL_01558 (vgrG1 deletion), KanR, 
AmpR  

This study 

pCH11502 
pKAN::ΔECL_01561 (vgrG2 deletion), KanR, 
AmpR 

This study 
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 pTNS2, AmpR 194 

pCH14683 pUC18R6K::mini-Tn7(Gm)::tli, GentR, AmpR 
Zachary 
Ruhe 

pCH14685 pUC18R6K::mini-Tn7(Gm)::(∆ss)tli, GentR, AmpR 
Zachary 
Ruhe 

 

aAbbreviations: AmpR, ampicillin-resistant; CmR, chloramphenicol-resistant; GentR, 
gentamycin-resistant; KanR, kanamycin-resistant; TetR, tetracycline-resistant; SpecR, 
spectinomycin-resistant 
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Table 3.3. Oligonucleotides used in this study. 
 
Number Namea Sequenceb Reference 

CH4469 Tle-Eco-for 5' - AGG GAA TTC CGA ATG TAC 

AAC ATA AAA TTT GTC 

This study 

ZR248 Tle-Xho-rev 5' - TTT CTC GAG CTG ATA AGA 

ACG ATT TCA TGC ACG 

This study 

CH4537 FLAG-Tle-
Eco-for 

5'- TTT GAA TTC CGA ATG GAT 

TAT AAA GAT GAT GAT GAC AAA 

ATG TAC AAC ATA AAA TTT GTC 

This study 

CH4538 Tle-FLAG-
Xho-rev 

5'- TTT CTC GAG CTA CTT GTC 

ATC ATC ATC TTT ATA ATC TGC 

ACG ACT CCT AAT AAT TGA AAT 

This study 

CH3418 Tli-Kpn-for 5' - GAG GGT ACC ATG AAA TCG 
TTC TTA TCA GGC 

This study 

CH3719 Tli(M24)-
Kpn-for 

5' - AAA GGT ACC ATG GAT TTA 

AAA CCA G 

This study 

CH3419 Tli-Xho-rev 5' - ATA CTC GAG CTA TTT AAC 
CGG AGT TGG TG 

This study 

CH4703 Tle-Spe-for 5'- TTT ACT AGT ATG TAC AAC 

ATA AAA TTT GTC TAT CTT TTC 

AG 

This study 

ZR246 Tli-H6-Xho-
rev 

5' - TTT CTC GAG CTA GTG GTG 

GTG GTG GTG GTG TTT AAC 

CGG AGT TGG TGG C 

This study 

CH3020 Hcp3-Nco-for 5' - ATA CCA TGG CTA TTG ATA 
TGT TTC  

This study 

CH3022 Hcp3-His6-
Xho-rev 

5' - CTA CTC GAG TGC TTC TTT 
GTT TTC TTT G  

This study 

CH2897 TssM1-KO-Sac 5'- TTT GAG CTC GAA ATC GAC 

GCC GGT CTG 

81 

CH2898 TssM1-KO-
Bam 

5'- TTT GGA TCC TTT CCT TGC 

GGC AAT CCG 

81 
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CH2899 TssM1-KO-
Eco 

5'- TTT GAA TTC CAA  GGA CAG 

CCG TAT GAC 

81 

CH2900 TssM1-KO-
Kpn 

5'- TTT GGT ACC GAA TCG ACA 

TCA GCA TCT C 

81 

CH2976 TssM2-KO-
Sac 

5' - TTT GAG CTC GGC AAC CGC 
CTG ACA C  

This study 

CH2977 TssM2-KO-
OE-rev 

5' - CCA CTA GTT CTA GAG CGG 
CTT CCG TAG TCT TCG GTG C   

This study 

CH2978 TssM2-KO-
OE-for 

5' - GCT TAT CGA TAC CGT CGA 
CGG ACA GTA CGG AAA GCA G  

This study 

CH2979 TssM2-KO-
Kpn 

5' - TTT GGT ACC GCC GAG CCA 
TTC  

This study 

CH2952 pKAN-OE-for 5' - CCG CTC TAG AAC TAG TGG  This study 

CH2953 pKAN-OE-rev 5' - GTC GAC GGT ATC GAT AAG 
C  

This study 

CH2818 RhsA-KO-Sac 5' - TTT GAG CTC ATA CAC CCT 

CCA GGA AGG 

81 

CH2819 RhsA-KO-
Bam 

5' - TTT GGA TCC GCC TTA CAC 

ATT CCG GTT G 

81 

CH2820 RhsA-KO-Eco 5' - GAA GAA TTC TGG CAA GAG 

GAT TAC TTA ATG 

81 

CH2821 RhsA-KO-Kpn 5' - TTT GGT ACC CAT CAT TAG 

TAA TGC AAA G 

81 

CH2905 RhsB-KO-Sac 5'- TTT GAG CTC ACC CGC TCA 

ATG TCA GAA C 

81 

CH2906 RhsB-KO-Bam 5'- TTT GGA TCC CCC TGG TGT 

TAA TGG TGG 

81 

CH2907 RhsB-KO-Eco 5'- TTT GAA TTC CAA TGA ATA 

TGC TGA ATG TGA G 

81 

CH2908 RhsB-KO-Kpn 5'- TTT GGT ACC ACT TCG TCA 
TTA TCA TCT GC 

81 
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CH3040 VgrG1-KO-Sac 5' – GTT GAG CTC GTT ATG GAT 

GTC ATT TTG TCA ATC 

81 

CH3041 VgrG1-KO-
Bam 

5' – AAT GGA TCC GAG CAT AAT 

CGT TAT TCC GTA ATG 

81 

CH3042 VgrG1-KO-Eco 5' – AAG GAA TTC AAT AAG TAA 

ACG TAA TTA GAA AC 

81 

CH3043 VgrG1-KO-
Kpn 

5' – CTT GGT ACC AGC AAA AGT 

TCG ATT TAT TCA AC 

81 

CH3195 Vgrg2-KO-Sac 5' - TTT GAG CTC CCC TTG CTA 

CGG CCA AAC  

81 

CH3196 Vgrg2-KO-
Bam 

5' - TTT GGA TCC TCG TTA TTC 

CAC TAT GGG C  

81 

CH3197 Vgrg2-KO-
Xho 

5' - TTT CTC GAG GCT GGA GCG 

GTG CTT G  

81 

CH3198 Vgrg2-KO-
Kpn 

5' - TTT GGT ACC CGA GTC CAG 

ACA ATC AGG  

81 

CH3937 Vgrg2(T401)-
Sac 

5' - ACA CGA GCT CCT GCT GGG 

TG - 3'  

This study 

CH3945 VgrG2-VSV-
rev 

5' - CAA GAC GAT TCA TTT CAA 

TAT CAG TAT AAC TAG TAT CAC 

CCT TGG TCG TGA ATT TCG C 

This study 

CH3946 VSV-Not-rev 5' - TTT GCG GCC GCA TCC TTA 

TTT GCC AAG ACG ATT CAT TTC 

AAT ATC AGT AT 

This study 

CH3373 Tle-KO-Sac 5' - CAA GAG CTC CGG GAT GGT 
TGC C  

This study 

CH3374 Tle-KO-Bam 5' - ATT GGA TCC GTC CTG TTA 
CCA GTC  

This study 

CH3375 Tle-KO-Xho 5' - AGG CTC GAG ACA TTT CAA 
TTA TTA GG  

This study 

CH3376 Tle-KO-Kpn 5' - AAC GGT ACC TGG CGA TAA 
ACC CGC  

This study 
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aAbbreviations: OE=overlap-extension, Bam=BamHI, Eco=EcoRI,  Kpn=KpnI, 
Nco=NcoI, Not=NotI, Sac=SacI, Spe=SpeI, Xho=XhoI 

 

bRestriction endonuclease sites are underlined. 

 

CH3377 Tli-KO-Xho 5' - CCA ACT CGA GTT AAA TAG 
GAA ACG  

This study 

CH3378 Tli-KO-Kpn 5' - CCA GGT ACC AAA GTG CTG 
TGT GC  

This study 

CH3020 Hcp3-Nco-for 5' - ATA CCA TGG CTA TTG ATA 

TGT TTC  

This study 

CH3022 Hcp3-Xho-rev 5' - CTA CTC GAG TGC TTC TTT 

GTT TTC TTT G 

This study 

CH4452 VgrG2-Eco-for 5' - ATA GAA TTC ATG CTC AAC 

CGA ATT ACC  

This study 

CH4453 VSV-Xho-rev 5' - TGC CTC GAG ATC CTT ATT 

TGC CAA GAC G 

This study 
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Chapter 4: Formation of the VgrG β-spike is dependent on Rhs in E. 

cloacae  

 

Note: other members of the Hayes lab participated on this project. Former graduate 

student Christina Beck and former undergraduate Ian Singleton contributed to the 

work presented in Figure 4.1. Christina also contributed to the work presented in 

Figure 4.3, and additionally helped with plasmid and strain construction for this 

work. Research associate Zachary Ruhe helped with strain construction and methods 

for Figure 4.7. 
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Abstract 

 Here, I examine the roles of two effector proteins, RhsA and RhsB, in 

Enterobacter cloacae ATCC 13047 T6SS activity. The Hayes lab has previously 

shown that these proteins carry toxic C-terminal domains, which are delivered via 

the T6SS into target cells, where they function as toxic effector molecules. RhsA and 

RhsB also contain N-terminal PAAR domains, which have been shown to play an 

essential structural role in the T6SS apparatus. I find that at least one Rhs protein is 

required to support T6SS activity in E. cloacae. However, truncated Rhs proteins 

containing PAAR domains are not sufficient to restore T6SS activity to ∆rhsA ∆rhsB 

mutants. By contrast, truncated Rhs proteins that lack only the C-terminal toxin 

domain are sufficient to restore T6SS activity. Additionally, I demonstrate that Rhs is 

required to stabilize the β-spike of trimeric VgrG.  Rhs-VgrG3 complexes are 

resistant to boiling in SDS, and are readily detected as high-mass complexes by 

immunoblotting. Rhs-VgrG3 complexes form in E. cloacae mutants carrying 

deletions of essential T6SS structural genes (∆tssM, ∆tssF and ∆hcp), as well as in 

T6SS-negative Escherichia coli K-12 strains. These latter observations suggest that 

Rhs promotes VgrG trimerization prior to docking with the T6SS baseplate at the 

cytoplasmic membrane. I propose that full-length Rhs proteins provide a chaperone 

function that is distinct from that previously described for small PAAR domain 

proteins. 
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Introduction 

Rearrangement hotspot (Rhs) and Rhs-like proteins are a group of 

widespread polymorphic toxins in bacteria (see Chapter 1). Beyond the Gram-

negative type VI secretion system (T6SS), these proteins have also been associated 

with other toxin export systems such as the Gram-negative Photorhabdus virulence 

cassette pathway, the Gram-negative Photorhabdus/Yersinia insecticidal ABC toxin 

complex, the Gram-positive type VII secretion system, and the widespread PrsW-

peptidase-dependent export system (96). Additionally, some Rhs toxins are either 

self-sufficient for export, or are not currently associated with known export 

pathways. For example, the rice pathogen Xanthomonas oryzae Rhs protein XadM 

has been shown to be a surface-associated adhesin that is important for plant 

attachment, biofilm formation, and ultimately plant virulence (160).  Furthermore, 

the Rhs-like WapA protein in Bacillus subtilis is a cell-wall associated protein that is 

used to inhibit neighboring susceptible cells (67). 

 Rhs elements were first described in 1979 as large DNA sequence repeats that 

were originally thought to promote chromosomal duplication in Escherichia coli K-

12 (161, 162). E. coli K-12 encodes 4 full-length Rhs proteins, all of which have 

conserved sequence up to the polymorphic C-terminal region, and which therefore 

contribute to genetic recombination events (163, 164). In 1995, Hill and colleagues 

demonstrated that the C-terminal region of E. coli RhsA had toxic activity; this was 

the first hint that Rhs proteins are polymorphic toxin delivery systems (165). After 

the discovery of the T6SS, it was later recognized that Rhs proteins are often 

genetically linked to T6SSs, and in 2011 it was finally proposed that the function of 
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Rhs proteins is to encode toxins that mediate in inter-bacterial growth inhibition 

(93). However, E. coli K-12 does not encode a T6SS; therefore, the role of Rhs in this 

strain remains unclear. 

The T6SS PAAR domain has been described as a critical component of the 

T6SS apparatus, as it interacts with the VgrG trimer to help form the membrane-

puncturing “spike” of the secreted complex (28). Many Rhs proteins encode a PAAR-

repeat domain in the N-terminal region of the protein, and it has been estimated that 

around 10-15% of all PAAR-encoding proteins are Rhs proteins (28). This supports a 

model where not only can the Rhs toxin be deployed via the T6SS, but that Rhs also 

contributes to the overall structure of the T6SS apparatus.  

In Chapter 2 I established that the T6SS-1 locus of Enterobacter cloacae 

ATCC 13047 mediates all inter-bacterial inhibition (Figure 2.2A), and identified 4 

effectors deployed as cargo of this locus (Table 2.1). However, deletion of the 2 rhs 

effectors abrogated inter-bacterial inhibition, even though 2 other effectors 

remained intact in the strain (Figure 2.3A). This suggests Rhs is a required 

component of the E. cloacae T6SS, and given that no other PAAR domain is encoded 

within the T6SS-1 locus, it is likely that T6SS-1 requires Rhs for its PAAR domain. 

Here, I find that the Rhs PAAR domain is insufficient to support T6SS activity in this 

organism, suggesting Rhs plays an additional role in the structure or assembly of the 

T6SS apparatus. I then demonstrate that Rhs functions as a chaperone for VgrG, and 

is therefore critical to both the assembly and the structure of the spike complex. 
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Results 

Rhs is required for T6SS in E. cloacae 

Initial data suggested that rhs is required for T6SS activity in E. cloacae 

(Figure 2.3A). I further explored this finding by testing the effects of individual rhs 

deletions, as well as deletion combinations of vgrG and rhs. I find that while 

individual deletions of rhs leave E. cloacae competent for inter-bacterial inhibition, 

the co-deletion of both rhs genes phenocopies known T6SS- mutations (tssM- and 

vgrG-) (Figure 4.1A). This suggests rhs is not only used as an effector for inhibition, 

but is also required for T6SS activity overall. To confirm that this was indeed the 

case, I analyzed culture supernatants and found the ΔrhsA ΔrhsB mutant fails to 

secrete Hcp, indicating a defect in secretion itself (Figure 4.1B).  

Both RhsA and RhsB encode PAAR domains near the N-terminus of each 

protein, and PAAR domains have previously been shown to interact with the C-

terminus of VgrG (28). Moreover, PAAR domains have been demonstrated as a 

required component of the T6SS in Vibrio cholerae, Acinetobacter baylyi, and 

Serratia marcescens (28, 29). In both competition and secretion assays, I find a 

genetic interaction exists between E. cloacae’s RhsA and VgrG2, and between RhsB 

and VgrG1. The ΔrhsA ΔvgrG1 mutant has abrogated T6SS activity, as does the 

ΔrhsB ΔvgrG2 mutant: this suggests RhsA and VgrG2 work together to create one 

functional T6SS apparatus, while RhsB and VgrG1 work together to create a 

different, functional apparatus. Co-deletion of rhsA with its non-cognate vgrG1 

therefore breaks both assembly pathways, and similarly does the co-deletion of rhsB 

with its non-cognate vgrG2 (Figure 4.1).  



108 
 

The Rhs β-encapsulation structure and core domains promote T6SS activity 

I then tested whether Rhs proteins are required for T6SS activity simply 

because they provide the PAAR domain for the apparatus. I find that over-expressing 

the PAAR domain of RhsA is insufficient for rescuing inter-bacterial inhibition 

activity in the ΔrhsA ΔrhsB mutant, whereas over-expressing the full RhsA protein is 

successful in restoring inhibition activity (Figure 4.2A and 4.2B). This suggests Rhs 

is providing more than just the PAAR domain in order to support T6SS activity. It is 

also worth noting that co-induction of the upstream accessory protein effector-

associated gene with Rhs (EagR) is required for the successful RhsA 

complementation phenotype, even though the native chromosomal eagRA is 

unaltered in the ΔrhsA ΔrhsB mutant (Figure 4.2B). In other words, over-expression 

of RhsA compared to EagRA acted as a dominant-negative on the system. I then 

determined that the relative stoichiometry of EagRA to RhsA is important, as the 

same strain can successfully inhibit E. coli when plasmid-encoded RhsA is not 

induced (Figure 4.2C). Together, this suggests EagR and Rhs work together to 

support T6SS activity, but that EagR cannot be under-expressed relative to Rhs 

expression levels. The role of EagR will be further explored in Chapter 5. 

Next, I investigated what domains of Rhs are required for T6SS activity, given 

the N-terminal PAAR-containing domain was insufficient at promoting T6SS 

activity. Rhs proteins contain Rhs-repeat motifs that are predicted to form a hollow 

shell-like structure that encapsulates the C-terminal toxin domain; moreover, this 

shell-like structure is plugged on one end by the Rhs “core” domain, which is 

responsible for catalytically cleaving the C-terminal toxin domain off of the protein 
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(72). I introduced stop-codons at multiple positions in both rhsA and rhsB to test 

whether the β-encapsulation shell and core domains promote T6SS activity. 

I find that for both RhsA and RhsB, the PAAR domain is again insufficient at 

promoting T6SS activity: neither the RhsA1-250 nor the RhsB1-206 constructs, both of 

which end after the PAAR domain, support inter-bacterial inhibition or Hcp 

secretion (Figure 3.3A, 3.3B, and 3.3C). Truncating Rhs within the β-encapsulation 

structure of both RhsA (RhsA1-966) and RhsB (RhsB1-857) also failed to promote T6SS 

activity. Truncating RhsB just before the Rhs core domain (RhsB1-1161) provided a 

very limited amount of T6SS activity (most observable in Figure 3.3B), whereas 

keeping the RhsB core domain intact and deleting only the toxin domain (RhsB1-1277) 

retained T6SS activity comparable to that of full-length RhsB. This suggests that the 

Rhs β-encapsulation domain and core domain are important for promoting T6SS 

activity.  

Rather than truncating the entire core domain of RhsA, I engineered a more 

narrowly truncated RhsA ending before the very C-terminus of the core domain 

(RhsA1-1323), removing residues of the core domain required for proteolytic cleavage 

of the toxin domain (72, Chapter 5). This mutant demonstrated a significant amount 

of T6SS activity, again suggesting the Rhs core domain is important for promoting 

T6SS activity. Furthermore, truncating only the toxin domain of RhsA (RhsA1-1330) 

provided more inhibition and Hcp secretion than the RhsA1-1323 mutant (Figure 3.3B 

and 3.3C). Taken together, these data suggest the Rhs β-encapsulation domain and 

the Rhs core domain are involved in promoting T6SS activity. Given that the core 

domain helps plug one end of the β-encapsulation domain, both domains may be 
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considered part of the same structural domain of Rhs and act together to facilitate 

T6SS activity. 

While all of the 8 tested truncation mutants were designed to still express the 

PAAR domain, it is a formal possibility that not all of the Rhs mutant proteins are 

stable, and therefore fail to support T6SS activity simply because insufficient Rhs 

protein is available to the cell. To test this hypothesis, I developed an antibody 

against RhsA82-467 to visualize protein expression. This antibody does not cross-react 

against RhsB, but unfortunately does not detect endogenous levels of RhsA with ease 

(data not shown), suggesting RhsA is expressed in the cell at low levels. Therefore, I 

assayed RhsA levels via a purification strategy: EagRA-His6 was expressed in the 

RhsA-truncation-mutant strains to assess these RhsA mutants for both stability and 

successful interaction with a known binding partner (the binding site for EagR is 

located at the Rhs N-terminus and is further explored in Chapter 5). I find that only 

the RhsA1-966 mutant fails to make a stable protein capable of pulldown via EagRA 

(Figure 4.3D). Given the RhsA1-966 mutation disrupts the β-encapsulation domain, it 

is not surprising this construct does not make a stable protein. However, the other 3 

RhsA truncations are stable and associate with EagRA, and therefore lend confidence 

to the interpretation that the PAAR domain is insufficient in supporting T6SS 

activity. 
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Rhs promotes VgrG spike formation 

RhsA is believed to interact with VgrG2 via its PAAR domain. Therefore, I 

next tested whether the 4 RhsA truncation constructs do indeed interact with VgrG2. 

I fused a vesicular stomatitis virus glycoprotein-G (VSV-G) epitope to the C-terminus 

of the native vgrG2 locus in E. cloacae and assayed for RhsA interaction via α-VSV 

immuno-precipitation. Addition of the VSV epitope does not reduce functionality of 

VgrG2 (Figure 4.4A). To my surprise, the PAAR-domain-alone truncation construct 

RhsA1-250 does not co-purify with VgrG2-VSV, although wild-type RhsA, RhsA1-1323, 

and RhsA1-1330 all successfully co-purifies (Figure 4.4B). RhsA1-1323 appears to co-

purify less readily than RhsA1-1330 and wild-type RhsA, which is consistent with the 

diminished T6SS activity observed with this mutant (Figure 4.3B and 4.3C). 

Moreover, I noticed the presence of high-mass complexes purified from the 

wild-type, RhsA1-1323, and RhsA1-1330 mutant strains, but not the RhsA1-250 strain. 

These complexes resist dissociation even when boiled in SDS load dye, and co-label 

with both α-VgrG2-VSV and α-RhsA antibodies (Figure 4.4B). It has previously been 

reported that the T4 bacteriophage protein gp5, which is homologous to the VgrG C-

terminal β-spike structure, is resistant to both thermal and chemical denaturation 

(166). My data therefore suggest Rhs is required for T6SS activity because it helps 

form this SDS- and boiling-resistant trimeric VgrG spike complex. However, these 

stable VgrG-complexes all co-label with α-RhsA antibody, suggesting the stable 

complex also contains Rhs. Moreover, the slowest-migrating band in my immuno-

precipitation runs above the 245 kDa molecular weight marker: the size of this 

complex is consistent with the mass of 3 VgrG monomers (each 73 kDa) associated 
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with 1 Rhs protein (148 kDa without the toxin domain). The known VgrG-PAAR 

structure contains VgrG3:PAAR1 stoichiometry (28), thus, it is probable that the 

RhsA1-250 mutant is insufficient for promoting proper VgrG-trimerization and 

therefore fails to form stable interaction with VgG monomer, leading to a lack of co-

purification in this assay. Additionally, plasmid-expressed EagRA-RhsA successfully 

complements the ΔrhsA mutation in this assay, while constructs that do not contain 

the β-encapsulation domain nor core domain do not complement ΔrhsA (Figure 

4.4C). Together, these data suggest that Rhs functions to promote the formation of a 

highly-stable VgrG-Rhs complex, and that this stable form is likely the functional 

form of the membrane-puncturing T6SS spike complex.  

I next investigated if other T6SS factors, especially those reported to interact 

directly with VgrG, namely tssF and hcp (36, 167), are necessary for the formation of 

this stable VgrG complex. Deletion of tssM, tssF, and hcp all phenocopy wild-type for 

stable VgrG-complex formation, whereas deletion of eagRA and rhsA phenocopy 

each other and impair VgrG-complex formation (Figure 4.5A). TssF and Hcp are 

believed to interact with the N-terminus of VgrG (36, 167), whereas PAAR interacts 

with the C-terminus of VgrG: my data therefore suggests RhsA (and its partner 

EagRA) facilitate specifically the C-terminal trimerization of VgrG2, and that the 

VgrG C-terminal β-spike structure is what is resistant to heat and chemical 

perturbation. Additionally, the wild-type levels of VgrG trimerization observed in the 

ΔtssF mutant suggest VgrG trimerization occurs prior to association with the 

baseplate complex. 
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There is some discrepancy in the amount of VgrG2 spike complex observed in 

ΔrhsA strains. In Figure 4.4B, all strains used are in a ΔrhsB background, and no 

spike complex is detected in the rhs- strain. In contrast, the strains used in Figure 

4.5A all express RhsB, and have detectable, if low, levels of the VgrG2 spike complex, 

even in a ΔrhsA background. This suggests RhsB may facilitate low levels of non-

cognate VgrG2 trimerization. It has previously been shown that RhsB and VgrG1 

work together to form 1 spike complex assembly, while RhsA and VgrG2 work 

together to form a different complex (81, Figure 4.1). It is possible RhsB may support 

low levels of VgrG2 trimerization, but at an insufficient level to support T6SS activity 

(as detected via growth inhibition or secretion assays).  

Another explanation may be that VgrG is forming hetero-trimers, which is 

believed to occur in V. cholerae and Pseudomonas aeruginosa (4, 188). The hetero-

trimer would have a very similar mass to the VgrG2 homo-trimer; therefore, VgrG 

hetero-trimers would have the same appearance as homo-trimers in this assay. RhsB 

may therefore be interacting with VgrG1 to support VgrG hetero-trimerization, as 

opposed to interacting directly with VgrG2. To test this hypothesis, I performed the 

same pulldown assay with a ΔvgrG1 ΔrhsA strain: I find that RhsB still supports 

non-cognate VgrG2 trimerization, even in the absence of VgrG1 (Figure 4.5B). While 

this does not rule out the possibility of VgrG hetero-trimers forming in E. cloacae, 

these data suggest RhsB is capable of promoting non-cognate VgrG2 trimerization, 

though at levels apparently below physiological significance. 

Next, I tested whether RhsA is capable of promoting VgrG trimerization in a 

T6SS-negative Escherichia coli K-12 strain. VgrG2-VSV does not form significant 



114 
 

amounts of the SDS- and boiling-resistant high-mass complex in E. coli until both 

RhsA and EagRA are also co-expressed (Figure 4.6). It is worth noting that there does 

appear to be a slight amount of stable VgrG-Rhs complex when RhsA and VgrG2-

VSV were expressed without EagRA, but more of this complex is observed when 

EagRA is also added. Moreover, low levels of an additional high-mass complex can be 

observed above the major high-mass band; this is more evident when the samples 

are not boiled prior to SDS-PAGE analysis. In the absence of boiling, a high-mass 

VgrG-containing complex, migrating above the major band, can be observed even 

when VgrG2 is expressed without either RhsA or EagRA; however, the appearance of 

this band is significantly reduced when samples are boiled. This suggests that VgrG 

is capable of mis-oligomerization, perhaps as a hexamer rather than a trimer, but 

that this complex is boiling-sensitive, unlike the major high-mass complex. 

 

Rhs is important, but not essential, for T6SS sheath assembly 

I then investigated T6SS assembly dynamics using a TssB-GFP fusion 

construct to test whether deletion of rhs affects sheath assembly. TssB-GFP 

polymers can be readily seen via fluorescent microscopy, and time-lapse imaging 

allows us to visualize sheath assembly, contraction, and disassembly duty cycles. I 

find that co-deletion of rhsA and rhsB drastically reduces the overall number of 

TssB-GFP foci and firing events, but that there are still rare firing events observed 

(Figure 4.7). In contrast, the co-deletion of vgrG1 and vgrG2 does not support 

detectable sheath assembly: no TssB-GFP foci were ever observed. This is also true of 

the tssM deletion, suggesting both TssM and VgrG are absolutely required for sheath 
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assembly, whereas Rhs strongly promotes sheath assembly but is not fully essential 

for the process.  

This exposes a seeming contradiction in the data, where rhs- cells are neither 

able to inhibit neighboring target cells nor able to secrete Hcp (Figure 4.1), but do 

appear to undergo occasional firing of the apparatus. It is currently unclear whether 

the firing cycles observed in rhs- cells are productive, functional secretion events and 

are simply too rare to promote observable levels of inhibition or secretion, or if the 

resulting apparatus of rhs- cells is somehow structurally defective. As discussed 

previously, VgrG appears to be capable of mis-oligomerization; it is possible a mis-

formed VgrG complex may form in the absence of rhs, and allows for subsequent 

assembly of the apparatus but does not successfully allow full T6SS activity.  

Together, my data suggests both the Rhs β-encapsulation domain and core 

domain promote the VgrG C-terminal-trimerization event, but live-imaging 

microscopy reveals Rhs is not essential for T6SS sheath assembly. It is possible that 

the VgrG C-terminal-trimerization event is a difficult folding event that must 

nevertheless occur for T6SS apparatus assembly and subsequent secretion and 

inhibition phenomena, and that Rhs serves as a chaperone to increase the rate of 

successful VgrG trimerization. It is worth noting that I have never successfully 

detected endogenously expressed VgrG-VSV in cell lysates; this suggests VgrG is 

expressed at low levels in E. cloacae, and may even be the rate-limiting step of T6SS 

assembly in this organism. I therefore investigated whether over-expression of 

VgrG2-VSV could bypass the need for the RhsA chaperone entirely. Unfortunately, 

VgrG2-VSV over-expression resulted in growth-defective cells, and morphological 
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defects can be observed via light microscopy (Figure 4.8A). Nevertheless, attempts to 

rescue the ΔrhsA ΔrhsB mutant’s T6SS-null phenotype were somewhat successful: 

over-expression of VgrG2-VSV in these cells leads to mildly elevated levels of Hcp 

secretion compared to over-expression of the same construct in ΔtssF cells  (Figure 

4.8B). This is consistent with the hypothesis that proper VgrG-trimerization is 

kinetically limiting and that Rhs increases the rate of successful trimerization. 

 

Discussion 

The work presented here demonstrates Rhs is required for the T6SS in E. 

cloacae, and that it functions as a chaperone for VgrG. I find that the Rhs PAAR 

domain is insufficient to support T6SS activity; instead, the Rhs β-encapsulation 

structure and core domains are required to promote T6SS activity. My findings 

suggest Rhs stabilizes the C-terminal β-spike of trimeric VgrG, and that VgrG 

trimerization occurs prior to docking with the T6SS baseplate. Together, this 

presents a new model for T6SS assembly, and describes a novel function for Rhs 

proteins. 

There is some controversy in the field about the function of the PAAR domain. 

It was originally described as an essential component of the T6SS in V. cholerae and 

Acinetobacter baylyi, but those data demonstrate only an attenuation of T6SS 

activity in V. cholerae PAAR mutants (28). The authors additionally describe that the 

function of the PAAR domain is to sharpen the tip of the spike complex, presumably 

to promote membrane-puncturing activity. However, more recent crystal structures 
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and electron micrographs of the P. aeruginosa spike complex reveal that the PAAR-

containing Tse6 effector hangs off this sharp tip such that the effector cargo may in 

fact occlude the tip of the spike complex (73, 176). Moreover, some T6SSs do not 

appear to require a PAAR protein at all (19, 167). Additionally, Leiman and 

colleagues have revealed to us in private communications that T4 phage has reduced, 

but not fully abolished, virulence when the PAAR homolog gp5.4 is deleted. 

My work proposes a novel function of full-length Rhs proteins that is distinct 

from that previously described for small PAAR domain proteins: I find that Rhs 

functions as a chaperone for VgrG trimerization. It is unlikely that the PAAR domain 

is sufficient for chaperoning VgrG, as the data presented in this chapter support a 

model where the Rhs β-encapsulation structure is necessary for this chaperone 

activity. Additionally, the published V. cholerae PAAR-VgrG2 complex crystal 

structure was generated by creating a hybrid T4 phage gp5-VgrG2 protein and co-

expressing this with V. cholerae PAAR (28). Given this strategy for purification, it is 

highly likely the group initially tried co-expressing the V. cholerae PAAR and full-

length VgrG2, but were unsuccessful at purifying full-length VgrG trimers. This 

would suggest V. cholerae VgrG2 also requires a chaperone, and that PAAR does not 

fulfill this responsibility. 

While I find that the E. cloacae T6SS requires Rhs to chaperone VgrG, it is 

worth noting that not all organisms with functional T6SSs encode Rhs proteins, 

including the above mentioned V. cholerae. This raises the question of whether this 

requirement for a VgrG chaperone is universal or not. There is only 1 published 

structure of a full-length VgrG trimer, and that is the P. aeruginosa VgrG1 structure 
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(92). In this publication, Spínola-Amilibia et. al. successfully purified the VgrG 

trimer when it was heterologously expressed in E. coli, suggesting that P. aeruginosa 

VgrG1 does not require a chaperone. In contrast, the V. cholerae VgrG2 trimer 

mentioned above appears to require a chaperone (28). In this publication, Leiman 

and colleagues noted “solubility” issues with the majority of tested VgrGs, and 

instead utilized their chimeric approach to generate “VgrG” trimers by grafting the V. 

cholerae VgrG2 C-terminus to the T4 phage homolog gp5, which does readily 

trimerize without a chaperone (28, 166, 168). This suggests that V. cholerae VgrG2, 

and likely other VgrGs tested but not described in their publication, do require a 

chaperone for trimerization, and that what was described as a “solubility” defect was 

actually a stability defect. Given that V. cholerae does not encode rhs, if this 

organism does require a VgrG chaperone, then that function must be carried out by 

either a novel protein or via a known protein with undiscovered additional function. 

It is currently unclear why P. aeruginosa VgrG1 and T4 gp5 will successfully 

trimerize on their own, whereas E. cloacae and V. cholerae VgrGs will not. It has 

been previously noted that while a number of viral proteins have been found to 

contain triple-stranded β-helical regions, the T4 gp5 helix (homologous to the VgrG 

C-terminus) is distinct in that it is capable of readily self-folding, and is also noted to 

be both the longest and most regular of these viral structures (166). The gp5 trimer is 

composed of helical strands interdigitated in a highly consistent ABC-ABC-ABC… 

pattern (169). In contrast, the P. aeruginosa VgrG1 β-helix is significantly shorter, 

and has a less regular strand pattern of AB-CCC-ABC-ABC-AB-CCC (92). Now that a 

stable E. cloacae spike complex can be readily formed in E. coli, an important future 
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experiment would be to purify this complex and solve its structure in order to 

determine how similar the E. cloacae VgrG trimer is to that of P. aeruginosa’s. 

It possible that these less stable VgrG trimers take on more complicated folds, 

and that these complexes only become stable upon complete and successful folding. 

For example, the Salmonella typhimurium phage P22 has a triple-stranded β-helical 

spike complex that undergoes a multi-step folding pathway, and while native 

complexes are found to be both thermostable and resistant to detergent, 

intermediate or off-pathway complexes possess reduced stability profiles (170-173). 

In dramatic contrast to these previously described β-helical structures, the spike 

complex of the broad-range ϕ92 phage and the partial E. coli O157 VgrG1 C-terminal 

complex both form a β-prism structure composed of anti-parallel β-sheets, with each 

monomer contributing one face of the triangular prism (174, 175). This suggests 

significant variation exists in the structure of these membrane-puncturing spike 

complexes in nature, and leads to potential variation in the folding efficiency of these 

structures.  

Another explanation for the necessity of a VgrG chaperone in E. cloacae is 

that E. cloacae appears to express VgrG at very low levels. This is supported by the 

fact that I have not been successful at detecting endogenously expressed VgrG in this 

organism. While not conclusive, the experiments performed in Figure 4.8 suggest 

that increasing the concentration of VgrG monomer in the cell facilitates VgrG 

trimerization and bypasses the need for a VgrG chaperone. Taken together, both 

VgrG expression levels and structure may contribute to the need for a chaperone. 
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Materials and Methods 

Bacterial growth and conditions 

Bacteria were cultured in shaking lysogeny broth (LB) or on LB-agar at 37°C. 

Bacteria were supplemented with antibiotics at the following concentrations: 

150 μg/mL ampicillin (Amp), 66 μg/mL chloramphenicol (Cm), 50 μg/mL 

kanamycin (Kan), 100 μg/mL spectinomycin (Spc), 200 ug/ml rifampicin (Rif), and 

25 μg/mL tetracycline (Tet). 

 

Strain construction 

All bacterial strains, plasmids, and oligonucleotides used in this study are 

listed in Tables 4.1, 4.2, and 4.3. Gene‐deletion constructs for E. cloacae were 

generated using overlap-extension PCR (OE-PCR) or via the plasmids pKAN or 

pSPM as described previously (67, 142, 143). Briefly, OE-PCR constructs were made 

with upstream and downstream homology PCR fragments overlapped to the 

CH2952/CH2953 PCR product amplified from either pKAN or pSPM. pKAN or 

pSPM plasmid constructs were generated by restriction cloning PCR fragments from 

upstream and downstream of the target gene into pKAN or pSPM to flank the 

antibiotic‐resistance cassette. Restriction enzymes used are specified in the 

oligonucleotide names listed in Table 4.3. 

Resulting constructs were PCR-amplified, DpnI-digested to remove 

methylated template DNA, then directly electroporated into E. cloacae cells 
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expressing phage λ-Red recombinase proteins as described (144). Transformants 

were selected on LB-agar supplemented with either Kan or Spc. All chromosomal 

deletions were confirmed by whole‐cell PCR analysis. Kan or Spc markers were cured 

as necessary via pCP20 (145). 

The gene deletion for eagRA (ECL_01566) was introduced via the allele-

exchange plasmid pRE118 (146). Briefly, the deletion construct was generated with 

pKAN, then the Kan marker was deleted via SpeI/EcoRI restriction digest and 

subsequently endfilled with T4 polymerase. This markerless deletion construct was 

then restriction cloned into pRE118 using SacI/KpnI. The resulting plasmid was then 

transformed into the MFDpir strain and mated into CH14452 recipients (147). 

Integrants were selected on LB-agar supplemented with Kan, then 3 rounds of 

chloro-phenylalanine counter-selection was performed on 1x M9 minimal media 

supplemented with 0.5% glucose and 10 mM d/l-p-chlorophenylalanine. Clones 

were screened for Kan-sensitivity, and Kan-sensitive clones were screened via 

whole‐cell PCR analysis. 

 

Plasmid construction 

All plasmids and oligonucleotides used in this study are listed in Tables 4.2 

and 4.3. All PCR products were purified, digested with the restriction 

enzymes indicated in the oligonucleotide names (Table 4.3), and ligated to a vector 

treated with the same enzymes. Plasmids were confirmed by DNA sequencing 

(University of California, Berkeley). Plasmid transformations were performed by 
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making strains TSS competent (148). Constructs were cloned directly into the final 

vector, with exceptions or complications described below. 

 For generation of most rhsA and rhsB chromosomal truncation constructs, 

the upstream region of homology was cloned using SacI/BamI into pCH10958 for 

rhsA constructs and pCH11044 for rhsB constructs. For the rhsB(E1161stop) and 

rhsB(Q1277stop) truncations, the downstream region of homology was PCR-

amplified with CH2907/CH2834 and cloned into pKAN using EcoRI/XhoI. The 

rhsB(E1161stop) upstream region of homology was PCR-amplified with 

CH3234/CH3235 and cloned into the previous plasmid using SacI/BamI. The 

rhsB(Q1277stop) upstream region of homology was PCR-amplified with 

CH3234/CH3831 and cloned into the earlier plasmid using SacI/NotI.  

 For generation of chromosomal vgrG2-VSV, the upstream region of homology 

was PCR-amplified with CH3937/CH3945, then this piece was re-amplified using 

CH3937/CH3946 to complete the VSV tag. This PCR was then cloned into pCH11502 

using SacI/NotI. To make the pSPM version of this construct, the NotI/EcoRI 

dropout from pSPM was cloned into pCH11502. Plasmid-expressed VgrG2-VSV was 

PCR-amplified off of the resulting chromosomal vgrG2-VSV strain using 

CH4452/CH4453. 

For generation of rhA and eagRA-rhsA constructs, constructs were piecewise 

assembled with either the CH3914/CH4325 PCR or CH4400/CH4325 PCR cloned 

into pCH450 using EcoRI/NcoI, then the CH4326/CH4327 PCR was added using 

NcoI/KpnI, and finally the CH4328/CH4329 PCR was added using KpnI/SbfI. 
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Competitions 

E. cloacae strains were used as inhibitor cells on LB-agar co-cultures against 

X90 E. coli targets. Cells were grown in LB-medium (supplemented with appropriate 

antibiotics when plasmid-bearing) to log phase, then collected by centrifugation and 

resuspended in 1x M9 salts. Inhibitors and targets were mixed 1:1 at OD 17 each (200 

uL total volume), then 100 uL of the mixture was spread on LB-agar without 

antibiotics and incubated at 37°C for 3 or 4 h (as indicated). Culture aliquots were 

taken at the beginning and end of the co-culture to quantify viable inhibitor and 

target cells as colony forming units. At the end of the co-culture, cells were harvested 

in 1.5 mL of 1x M9 salts. For competitions with plasmid-induced proteins, inhibitors 

were grown in LB-medium supplemented with 0.4% L-arabinose and Tet unless 

indicated otherwise. Co-cultures were then performed as above on LB-agar 

supplemented with 0.4% L-arabinose. 

For all competitions, cell suspensions were serially diluted into 1x M9 salts 

and plated onto LB-agar supplemented with appropriate antibiotics to separately 

enumerate inhibitor and target cells. Competitive indices were calculated as the ratio 

of inhibitor to target cells at 3 or 4 h divided by the initial inhibitor to target cell 

ratio. 

 

Hcp secretion assay 

E. cloacae strains were cultured to log phase, then collected by centrifugation 

at 3,000 xg for 5 min. Cell pellets were washed once in 1x M9 salts, then 
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resuspended in urea-lysis buffer [50% urea, 150 mM NaCl, 20 mM Tris-HCl (pH 

8.0)] and subjected to a freeze-thaw cycle to extract proteins for SDS-PAGE and 

immunoblotting. Culture supernatants were re-spun to further remove cellular 

contamination. Supernatants were precipitated in cold ethanol at a final ethanol 

concentration of 75%. Samples were left at -80 °C overnight, then proteins were 

collected by centrifugation at 21,000 xg for 15 min at 4°C. Precipitates were washed 

once with 75% cold ethanol, then air-dried pellets were dissolved in urea-lysis buffer. 

Samples were analyzed by SDS-PAGE on Tris-tricine 10% polyacrylamide gels run at 

110 V (constant) for 1 h, then gels were soaked for 10 min in 25 mM Tris, 192 mM 

glycine (pH 8.6), 20% methanol. Gels were then electroblotted to nitrocellulose 

membranes using a semi-dry transfer apparatus at 17 V (constant) for 30 min. 

Membranes were subsequently blocked and imaged as described below. 

 

Ni2+-affinity pulldown 

E. cloacae strains carrying pTrc(CmR)::eagRA-His6 were grown to log phase 

in LB-medium supplemented with Cm and protein expression was induced with 1 

mM isopropyl-beta-D-thiogalactoside (IPTG) for 30 min. Cells were then collected 

by centrifugation and resuspended in binding buffer [20 mM Tris-HCl (pH 7.5), 

500 mM NaCl, 40 mM imidazole, 2% glycerol, 1% Triton X-100]. Each cell 

suspension was broken by 2 passages through a French press, then insoluble debris 

was removed via centrifugation at 23,000xg for 10 min at 4°C. The clarified lysate 

was added to Ni2+-NTA agarose resin (Thermo Fisher Scientific) and incubated on a 
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rotisserie for 1 h at 4°C. Following incubation, the beads were washed extensively in 

binding buffer, then eluted in binding buffer supplemented with 250 mM imidazole. 

Samples were analyzed by SDS-PAGE on Tris-tricine 7% polyacrylamide gels 

run at 110 V (constant) for 1 h. Gels were soaked for 10 min in 25 mM Tris, 192 mM 

glycine (pH 8.6), 20% methanol, then electroblotted to low-fluorescence PVDF 

membranes using a semi-dry transfer apparatus at 17 V (constant) for 30 min. 

Membranes were subsequently blocked and imaged as described below. 

 

Co-immunoprecipitation pulldown 

E. cloacae strains were grown to log phage in LB-medium supplemented with 

.4% L-arabinose. Cells were then collected by centrifugation and resuspended in co-

immunoprecipitation buffer [20 mM Tris-HCl (pH 7.5), 2% glycerol, 150 mM NaCl, 

1% Triton X-100]. Each cell suspension was broken by 2 passages through a French 

press, then insoluble debris was removed via centrifugation at 23,000xg for 10 min 

at 4°C. The clarified lysate was added to anti-VSV-G agarose beads (Sigma) and 

incubated on a rotisserie for 1 h at 4°C. Following incubation, the beads were washed 

extensively in co-immunoprecipitation buffer, then eluted by boiling the beads in 

SDS-PAGE sample-loading buffer for 5 min. 

Samples were analyzed by SDS-PAGE on Tris-tricine 7% polyacrylamide gels 

run at 110 V (constant) for either 1 h (Figure 4.4B) or 2.5 h (Figure 4.4C and 4.5). 

Gels were soaked for 10 min in 25 mM Tris, 192 mM glycine (pH 8.6), 10% 

methanol, then electroblotted to low-fluorescence PVDF membranes using a semi-
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dry transfer apparatus at 17 V (constant) for 1 h. Membranes were subsequently 

blocked and imaged as described below. 

 

Immunoblots 

For immunoblotting of E. coli lysates, cultures were initially grown in LB-

medium supplemented with 0.04% L-arabinose, then cultured to log phase and 

collected by centrifugation at 3,000 xg for 5 min. Cell pellets were then resuspended 

in urea-lysis buffer and subjected to a freeze-thaw cycle to extract proteins. Samples 

were analyzed by SDS-PAGE on Tris-tricine 7% polyacrylamide gels run at 110 V 

(constant) for 2.5 h. Gels were soaked for 10 min in 25 mM Tris, 192 mM glycine (pH 

8.6), 10% methanol, then electroblotted to low-fluorescence PVDF membranes using 

a semi-dry transfer apparatus at 17 V (constant) for 1 h.  

For all immunoblots, membranes were blocked with 4% non-fat milk in PBS 

for 30 min at ambient temperature, and incubated with primary antibodies in 0.1% 

non-fat milk in PBS overnight at 4°C. Rabbit polyclonal antisera (Cocalico 

Biologicals, Stevens, PA) to Hcp3-His6 was used at a 1:10,000 dilution and antisera 

to RhsA82-467-H6 was used at a 1:5,000 dilution. Mouse anti-VSV-G (Sigma) was 

used at a 150,000 dilution. Blots were incubated with 800CW-conjugated goat anti-

rabbit IgG (1:125,000 dilution, LICOR) or 680LT-conjugated goat anti-mouse IgG 

(1:125,000 dilution, LICOR) in PBS. Immunoblots were visualized with a LI-COR 

Odyssey infrared imager. 
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Microscopy 

E. cloacae strains were cultured from a colony into 0.5x LB-medium to log 

phase. Cells were then concentrated by centrifugation and spotted onto a thin pad of 

1% agarose in 1x M9 minimal media and covered with a glass coverslip. Timelapse 

GFP-fluorescence microscopy was performed with frames taken every 5 seconds for 

2.5 min per field of view, followed by a brightfield image once the timelapse was 

completed. ImageJ was used for all image analysis and manipulations. 
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Figure 4.1. Rhs is required for T6SS activity. Rhs is required for T6SS activity, 
and there is a genetic interaction between RhsA and VgrG2, and between RhsB and 
VgrG1. (A) Indicated E. cloacae inhibitors were incubated at a 1:1 ratio with E. coli 
targets for 4 hours. Cells were quantified as colony-forming units (CFUs) at the 
beginning of the co-culture and after 4 h. Competitive indices were calculated as the 
ratio of inhibitor to target CFUs at the end of the competition normalized to the 
starting ratio. Data represent the average and standard error of the mean for three 
independent experiments. (B) Cell lysates and supernatants of indicated strains were 
analyzed via SDS-PAGE and α-Hcp3 immunoblot. 
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Figure 4.2. PAAR is insufficient to complement the Rhs deletion. (A) 
Schematic of RhsA with the predicted protein structure of the indicated region. 
Structure prediction was performed with the Phyre2 server (182). (B) E. cloacae 
ΔrhsB (first column) or ΔrhsA ΔrhsB (all other columns) inhibitors carrying the 
indicated plasmid constructs were induced and incubated at a 1:1 ratio with E. coli 
targets for 3 hours on inducing media. Data represent the average and standard 
error of the mean for three independent experiments. (C) Indicated E. cloacae 
inhibitors were incubated at a 1:1 ratio with E. coli targets for 3 hours without 
induction of the plasmid at any point. Data represent the average and standard error 
of the mean for three independent experiments. Construct 230 contains RhsA 
residues 1-230, and construct 467 contains RhsA residues 1-467. A + indicates the 
full-length gene is present. When present, eagRA is encoded in cis upstream of rhsA. 
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Figure 4.3. The Rhs β-encapsulation structure promotes T6SS activity. 
(A) Schematic of RhsA and RhsB. The labeled numbers indicate the location of 
introduced truncation mutants in the subsequent experiments. (B) Cell lysates and 
supernatants of indicated strains were analyzed via SDS-PAGE and α-Hcp3 
immunoblot. (C) Indicated E. cloacae inhibitors were incubated at a 1:1 ratio with E. 
coli targets for 4 hours. Data represent the average and standard error of the mean 
for three independent experiments. (D) EagRA-His6 was induced off a plasmid in the 
indicated E. cloacae strains (all in a ΔrhsB background), then cells were lysed and 
subjected to Ni-NTA pulldown. The bound fractions were analyzed via SDS-PAGE 
and α-RhsA immunoblot.  



132 
 

     

 

 

Figure 4.4. Rhs promotes VgrG spike formation in E. cloacae. (A) 
Indicated E. cloacae inhibitors were incubated at a 1:1 ratio with E. coli targets for 3 
hours. Data represent the average and standard error of the mean for three 
independent experiments. (B) Lysates of the indicated E. cloacae strains (all in a 
ΔrhsB background) were subjected to α-VSV immunoprecipitation. The bound 
fractions were subsequently analyzed via SDS-PAGE and dual α-VSV (red) α-RhsA 
(green) immunoblot. Labeled Rhs numbers indicate the position of truncation. 
VgrG2-VSV has a predicted molecular weight of 73 kDa, and RhsAΔCT has a predicted 
molecular weight of 148 kDa. (C) Indicated E. cloacae ΔrhsB strains were grown in 
plasmid-inducing media, then subjected to α-VSV immunoprecipitation. The bound 
fractions were subsequently analyzed via SDS-PAGE and α-VSV immunoblot. 
Construct 230 contains RhsA residues 1-230, and construct 467 contains RhsA 
residues 1-467; both contain full-length eagRA encoded in cis. A + indicates full-
length rhsA is present. 
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Figure 4.5. VgrG spike formation in not dependent on other T6SS 
apparatus sub-complexes, but does require Rhs. (A) and (B) Lysates of the 
indicated E. cloacae strains were subjected to α-VSV immunoprecipitation. The 
bound fractions were subsequently analyzed via SDS-PAGE and dual α-VSV (red) α-
RhsA (green) immunoblot. 

 

 

 

 



134 
 

 

 

Figure 4.6. EagR and Rhs are sufficient to support VgrG spike formation 
when heterologously expressed in E. coli. E. coli expressing the indicated 
plasmid constructs were lysed and analyzed via SDS-PAGE and dual α-VSV (red) α-
RhsA (green) immunoblot. Samples were differentially heat-treated with boiling or 
kept at ambient temperature as indicated. The right greysale images show the top of 
the immunoblot for each indicated antibody channel in isolation. The arrow 
indicates a  
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Figure 4.7. Rhs promotes TssBC sheath assembly. Indicated E. cloacae TssB-
GFP fusion strains were analyzed via timelapse GFP-fluorescence microscopy. (A) 
Timelapse depiction of elongation-contraction-dissassembly cycles in indicated 
strains. Time-lapses are representative for observed firing cycles in each strain. 
Scale-bar is 2 μm and applies to all images in the panel. (B) Single frame images 
depicting the representative amount of TssB-GFP foci formed in the indicated 
strains. Scale-bar is 5 μm. (C) Quantification of observed firing cycles in the 
indicated strains. Data from >900 cells per strain represent the average and 
standard error of the mean for three independent experiments. WT=wild-type, 
ND=none detected. 
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Figure 4.8. VgrG over-expression may bypass the need for Rhs. (A) tssB-
GFP E. cloacae strains carrying the indicated plasmids were grown in inducing 
media, then subsequently imaged via light microscopy. VgrG2-overexpressing cells 
have morphological defects and inclusion bodies. Scale-bar is 2 μm. (B) Indicated E. 
cloacae strains were grown in inducing media, then cell lysates and supernatants 
were analyzed via SDS-PAGE and α-Hcp3 immunoblot.  
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Table 4.1. Bacterial strains used in this study. 
 

Strain Descriptiona Reference 

X90 
E. coli F´ lacIq lac´ pro´/ara ∆(lac-pro) nal1 
argE(amb) rifr thi-1, RifR 

150 

E. cloacae 
ATCC 
13047 

Type strain (ECL), AmpR 

American 
Type 

Culture 
Collection 

MFDpir 
MG1655 RP4-2-Tc::[∆Mu1::aac(3)IV-∆aphA-
∆nic35-∆Mu2::zeo] dapA::(erm-pir) ∆recA, AprR 
ZeoR ErmR 

147 

CH2016 X90 (DE3) ∆rna ∆slyD::kan, RifR KanR 156 
CH11196 ECL ∆tssM1::kan, AmpR KanR 81 
CH11178 ECL ∆rhsA::kan, AmpR KanR 81 
CH11179 ECL ∆rhsA, AmpR 81 
CH11186 ECL ΔrhsB::kan, AmpR KanR 81 
CH11733 ECL ∆rhsB, AmpR This study 
CH11199 ECL ∆hcp3::spc, AmpR SpecR This study 
CH11748 ECL ∆rhsB ∆rhsA::kan, AmpR KanR This study 
CH11903 ECL ∆rhsB ∆rhsA, AmpR  This study 
CH11436 ECL ΔvgrG2::kan, AmpR KanR This study 
CH12582 ECL ΔvgrG2, AmpR This study 
CH12414 ECL ΔvgrG2 ∆vgrG1::kan, AmpR KanR This study 
CH12415 ECL ΔrhsA ∆vgrG1::kan, AmpR KanR This study 
CH12416 ECL ΔrhsA ∆vgrG2::kan, AmpR KanR This study 
CH12384 ECL ΔvgrG1::kan, AmpR KanR This study 
CH12385 ECL ΔrhsB ∆vgrG1::kan, AmpR KanR This study 
CH12386 ECL ΔrhsB ∆vgrG2::kan, AmpR KanR This study 
CH11530 ECL ∆rhsA rhsB(L206stop)::kan, AmpR KanR This study 
CH11642 ECL ∆rhsA rhsB(S857stop)::kan, AmpR KanR This study 
CH11531 ECL ∆rhsA rhsB(E1161stop)::kan, AmpR KanR This study 
CH12486 ECL ∆rhsA rhsB(Q1277stop)::kan, AmpR KanR This study 
CH12497 ECL ∆rhsB rhsA(G250stop)::kan, AmpR KanR This study 
CH12226 ECL ∆rhsB rhsA(G966stop)::kan, AmpR KanR This study 
CH11749 ECL ∆rhsB rhsA(I1323stop)::kan, AmpR KanR This study 
CH12492 ECL ∆rhsB rhsA(Q1330stop)::kan, AmpR KanR This study 
CH12482 ECL tssB1-sfGFP::kan, AmpR KanR This study 
CH12483 ECL tssB1-sfGFP, AmpR This study 
CH12485 ECL tssB1-sfGFP ∆rhsA::kan, AmpR KanR This study 
CH12555 ECL tssB1-sfGFP ∆rhsA, AmpR This study 
CH12594 ECL tssB1-sfGFP ∆rhsA ∆rhsB::kan, AmpR KanR This study 
CH12561 ECL tssB1-sfGFP ∆tssM1::kan, AmpR KanR This study 
CH12562 ECL tssB1-sfGFP ∆vgrG1::spc, AmpR SpecR This study 

CH12564 
ECL tssB1-sfGFP ∆vgrG1::spc ∆vgrG2::kan, AmpR 
KanR SpecR 

This study 
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CH13104 
ECL ∆rhsB::kan vgrG2-VSV::spc, AmpR KanR 
SpecR 

This study 

CH13105 
ECL ∆rhsB rhsA(G250stop)::kan vgrG2-VSV::spc, 
AmpR KanR SpecR 

This study 

CH13106 
ECL ∆rhsB rhsA(G966stop)::kan vgrG2-VSV::spc, 
AmpR KanR SpecR 

This study 

CH13107 
ECL ∆rhsB rhsA(I1323stop)::kan vgrG2-
VSV::spc, AmpR KanR SpecR 

This study 

CH13108 
ECL ∆rhsB rhsA(Q1330stop)::kan vgrG2-
VSV::spc, AmpR KanR SpecR 

This study 

CH13109 
ECL ∆rhsB ∆rhsA::kan vgrG2-VSV::spc, AmpR 
KanR SpecR 

This study 

CH12884 ECL vgrG2-VSV::kan, AmpR KanR This study 
CH14452 ECL vgrG2-VSV, AmpR  This study 

CH13230 
ECL ∆tssM1::kan vgrG2-VSV::spc, AmpR KanR 
SpecR 

This study 

ZR274 ECL ∆tssF1::kan, AmpR KanR 
Zachary 

Ruhe 

CH13754 
ECL ∆tssF1::kan vgrG2-VSV::spc, AmpR KanR 
SpecR 

This study 

CH14730 ECL vgrG2-VSV ∆hcp3::spc, AmpR SpecR This study 
CH14738 ECL vgrG2-VSV ∆eagRA, AmpR This study 

CH13286 
ECL ∆rhsA::kan vgrG2-VSV::spc, AmpR KanR 
SpecR 

This study 

CH4875 ECL ∆vgrG1, AmpR This study 
CH4927 ECL ∆vgrG1 vgrG2-VSV::spc, AmpR SpecR This study 
CH4924 ECL ∆rhsA ∆vgrG1, AmpR  This study 
CH4934 ECL ∆rhsA ∆vgrG1 vgrG2-VSV::spc, AmpR SpecR This study 

 

aAbbreviations: AmpR, ampicillin-resistant; KanR, kanamycin-resistant; RifR, 
rifampicin-resistant; SpecR, spectinomycin-resistant; AprR, aprimycin-resistant; 
ErmR, erythromycin-resistant; ZeoR, zeocin-resistant 
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Table 4.2. Plasmids used in this study. 
 
Number Descriptiona Reference 
 pCH450, TetR 153 
 pCH450kpn, TetR 71 
 pTrc99aCm, CmR 71 
 pBAD24, AmpR 157 
 pKOBEG, CmR 144 
 pCP20, AmpR, CmR 145 
 pET21P, AmpR Novagen 

pCH11163 
pET21P::hcp3-his6, AmpR (for generation of Hcp3 
antiserum) 

This study 

pCH11463 
pET21P::rhsA(82-467)-his6, AmpR (for generation 
of RhsA antiserum) 

This study 

pCH13524 pCH450kpn::eagRA-rhsA(G230stop), TetR This study 
pCH13631 pCH450kpn:: eagRA-rhsA(A467stop), TetR This study 
pCH12766 pCH450kpn::rhsA(G230stop), TetR This study 
pCH12767 pCH450kpn:: rhsA(A467stop), TetR This study 
pCH13938 pTrc99a::eagRA-His6, CmR This study 
pCH14397 pBAD24::vgrG2-VSV, AmpR This study 
pCH13568 pCH450kpn:: eagRA, TetR This study 
pCH14190 pCH450:: rhsA-rhsIA, TetR This study 
pCH14152 pCH450:: eagRA-rhsA-rhsIA, TetR This study 
pCH14231 pCH450::vgrG2-VSV, TetR This study 
pCH70 pKAN, KanR, AmpR 143 
pCH9384 pSPM, SpecR, AmpR 67 
pCH11050 pKAN::ΔECL_01536 (tssM1 deletion), KanR, AmpR 81 
pCH10958 pKAN::ΔECL_01567 (rhsA deletion), KanR, AmpR 81 
pCH11044 pKAN::ΔECL_03140 (rhsB deletion), KanR, AmpR 81 

pCH11502 
pKAN::ΔECL_01561 (vgrG2 deletion), KanR, 
AmpR 

This study 

pCH12370 
pKAN::ΔECL_01558 (vgrG1 deletion), KanR, 
AmpR  

This study 

pCH11459 
pSPM::ΔECL_01558 (vgrG1 deletion), SpecR, 
AmpR 

This study 

pCH11632 
pKAN::ECL_03140(L206stop) [rhsB truncation], 
KanR, AmpR 

This study 

pCH11635 
pKAN::ECL_03140(S957stop) [rhsB truncation], 
KanR, AmpR 

This study 

pCH11633 
pKAN::ECL_03140(E1161stop) [rhsB truncation], 
KanR, AmpR  

This study 

pCH12437 
pKAN::ECL_03140(Q1277stop) [rhsB truncation], 
KanR, AmpR  

This study 

pCH11981 
pKAN::ECL_01567(G250stop) [rhsA truncation], 
KanR, AmpR 

This study 

pCH12003 pKAN::ECL_01567(G966stop) [rhsA truncation], This study 
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KanR, AmpR 

pCH11635 
pKAN::ECL_01567(I1323stop) [rhsA truncation], 
KanR, AmpR 

This study 

pCH12291 
pKAN::ECL_01567(Q1330stop) [rhsA truncation], 
KanR, AmpR 

This study 

pCH12509 
pKAN::ECL_01539-sfGFP (tssB1-GFP fusion), 
KanR, AmpR 

Zachary 
Ruhe 

pCH13002 
pSPM::ECL_01561-VSV (vgrG2-VSV fusion), 
SpecR, AmpR 

This study 

pCH12883 
pKAN::ECL_01561-VSV (vgrG2-VSV fusion), 
KanR, AmpR 

This study 

pCH12318 
pKAN::ΔECL_01566 (eagRA deletion), KanR, 
AmpR 

This study 

pDL6480 pRE118-pheS*, KanR David Low 
pCH14625 pRE118-pheS*::∆eagRA, KanR This study 

 

aAbbreviations: AmpR, ampicillin-resistant; CmR, chloramphenicol-resistant; KanR, 
kanamycin-resistant; TetR, tetracycline-resistant; SpecR, spectinomycin-resistant 
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Table 4.3. Oligonucleotides used in this study. 
 

Number Namea Sequenceb Reference 

CH3020 Hcp3-Nco-for 5' - ATA CCA TGG CTA TTG ATA 

TGT TTC  

This study 

CH3022 Hcp3-Xho-rev 5' - CTA CTC GAG TGC TTC TTT 

GTT TTC TTT G 

This study 

CH2960 RhsA(V82)-

Nco-for 

5' - TGG CCA TGG TTA CTG ACG 

ATA TCA G  

This study 

CH2879 RhsA(A467)-
Spe-rev 

5' - AAA ACT AGT GGC AGC GGT 

TAC GCG CTG TGG 

This study 

CH4190 EagRA-Kpn-
for 

5'- AGT GGT ACC ATG AAA TAC 

ACC CTC CAG G 

This study 

CH2911 EagRA-Xho-
rev 

5'- TCA CTC GAG CCT TAC ACA 
TTC CGG 

This study 

CH2877 EagRA-H6-
Spe-rev 

5' - CAT ACT AGT CAC ATT CCG 
GTT GTC GTT AAG C 

This study 

CH2878 RhsA-Kpn-for 5' - GTG GGT ACC ATG AGC GAT 

AAC AAC GCG GCC 

This study 

CH3555 RhsA(G230sto
p)-Xho-rev 

5' - CAG CTC GAG TTA GCC GAT 

GAT CAC ATT CG 

This study 

CH3687 RhsA(A467sto
p)-Xho-rev 

5' - AAA CTC GAG TTA GGC AGC 

GGT TAC GCG 

This study 

CH4452 VgrG2-Eco-for 5' - ATA GAA TTC ATG CTC AAC 

CGA ATT ACC  

This study 

CH4453 VSV-Xho-rev 5' - TGC CTC GAG ATC CTT ATT 

TGC CAA GAC G 

This study 

CH3914 RhsA-Eco-for 5' - TTT GAA TTC GGC ATG AGC 

GAT AAC AAC  

This study 

CH4325 RhsA-
Nco(int)-rev 

5' - AGG CCA TGG TCG TTA TAG This study 
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CH4326 RhsA-
Nco(int)-for 

5' - CGA CCA TGG CCT GAT GG This study 

CH4327 RhsA-
Kpn(int)-rev 

5' - CAG CGG TAC CAG CTG AAC This study 

CH4328 RhsA-
Kpn(int)-for 

5' - TTC AGC TGG TAC CGC TGG  This study 

CH4329 RhsIA-Sbf-rev 5' - ACC CTC GAG CCT GCA GGT 

GTG GTC GAA CAT TAA CAT ATT 

AAA TCG 

This study 

CH4400 EagRA-Eco-
for 

5' - AGT GAA TTC ATG AAA TAC 

ACC CTC CAG G 

This study 

CH2818 RhsA-KO-Sac 5' - TTT GAG CTC ATA CAC CCT 

CCA GGA AGG 

81 

CH2819 RhsA-KO-
Bam 

5' - TTT GGA TCC GCC TTA CAC 

ATT CCG GTT G 

81 

CH2820 RhsA-KO-Eco 5' - GAA GAA TTC TGG CAA GAG 

GAT TAC TTA ATG 

81 

CH2821 RhsA-KO-Kpn 5' - TTT GGT ACC CAT CAT TAG 

TAA TGC AAA G 

81 

CH2905 RhsB-KO-Sac 5'- TTT GAG CTC ACC CGC TCA 

ATG TCA GAA C 

81 

CH2906 RhsB-KO-Bam 5'- TTT GGA TCC CCC TGG TGT 

TAA TGG TGG 

81 

CH2907 RhsB-KO-Eco 5'- TTT GAA TTC CAA TGA ATA 

TGC TGA ATG TGA G 

81 

CH2908 RhsB-KO-Kpn 5'- TTT GGT ACC ACT TCG TCA 
TTA TCA TCT GC 

81 

CH2897 TssM1-KO-Sac 5'- TTT GAG CTC GAA ATC GAC 

GCC GGT CTG 

81 

CH2898 TssM1-KO-
Bam 

5'- TTT GGA TCC TTT CCT TGC 

GGC AAT CCG 

81 
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CH2899 TssM1-KO-
Eco 

5'- TTT GAA TTC CAA  GGA CAG 

CCG TAT GAC 

81 

CH2900 TssM1-KO-
Kpn 

5'- TTT GGT ACC GAA TCG ACA 

TCA GCA TCT C 

81 

CH2982 Hcp3-KO-Sac 5' - TTT GAG CTC CCA GGT GCA 

GGA GAT TC  

This study 

CH2981 Hcp3-KO-OE-
rev 

5' - CCA CTA GTT CTA GAG CGG 

CTA CTC TTC GTC GAT GAA C  

This study 

CH2980 Hcp3-KO-OE-
for 

5' - GCT TAT CGA TAC CGT CGA 

CGT AGT GGG TCC GAA AGG G  

This study 

CH2983 Hcp3-KO-Kpn 5' - AAA GGT ACC TTC CAG AGT 

GTT ACA TGC  

This study 

CH2952 pKAN-OE-for 5' - CCG CTC TAG AAC TAG TGG  This study 

CH2953 pKAN-OE-rev 5' - GTC GAC GGT ATC GAT AAG 

C  

This study 

CH3040 VgrG1-KO-Sac 5' – GTT GAG CTC GTT ATG GAT 

GTC ATT TTG TCA ATC 

81 

CH3041 VgrG1-KO-
Bam 

5' – AAT GGA TCC GAG CAT AAT 

CGT TAT TCC GTA ATG 

81 

CH3042 VgrG1-KO-Eco 5' – AAG GAA TTC AAT AAG TAA 

ACG TAA TTA GAA AC 

81 

CH3043 VgrG1-KO-
Kpn 

5' – CTT GGT ACC AGC AAA AGT 

TCG ATT TAT TCA AC 

81 

CH3195 Vgrg2-KO-Sac 5' - TTT GAG CTC CCC TTG CTA 

CGG CCA AAC  

81 

CH3196 Vgrg2-KO-
Bam 

5' - TTT GGA TCC TCG TTA TTC 

CAC TAT GGG C  

81 

CH3197 Vgrg2-KO-
Xho 

5' - TTT CTC GAG GCT GGA GCG 

GTG CTT G  

81 

CH3198 Vgrg2-KO- 5' - TTT GGT ACC CGA GTC CAG 81 
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Kpn ACA ATC AGG  

CH3232 RhsB(L206sto
p)-Sac 

5' - GCC GAG CTC GGC GCA TCC 

TGC CTT GGC  

This study 

CH3233 RhsB(L206sto
p)-Bam 

5' - CAG GGA TCC TGC CCA GCT 

ACT TAG AGA GCG C  

This study 

CH3318 RhsB(S957sto
p)-Sac 

5' - TTT GAG CTC TGC TGA GTG 

CCG TGA TC  

This study 

CH3319 RhsB(S957sto
p)-Bam 

5' - TTT GGA TCC ACT AGC TTT 

CGA TAC CCA GCG C  

This study 

CH3234 RhsB(E1161sto
p)-Sac 

5' - TAC GAG CTC GAA GGG CGT 

CTG CTG AAG C  

This study 

CH3235 RhsB(E1161sto
p)-Bam 

5' - TGT GGA TCC AGT AAA TCT 

AAC CGC TGC TCT GG  

This study 

CH3831 RhsB(Q1277st
op)-Not 

5' - AAC GCG GCC GCT TAC GCG 

GAG AGT CCC CAC 

This study 

CH2834 RhsIB-Xho-rev TTT CTC GAG GTA TCC TAG CCA 

TAA AAA TAA TC  

81 

CH3558 RhsA(G250sto
p)-Sac 

5' - GCG GAG CTC CTA ACC TGG 

CGG GTG 

This study 

CH3559 RhsA(G250sto
p)-Bam 

5' - GAG GGA TCC TTA CCC CAG 

TGC CAG C 

This study 

CH3560 RhsA(G966sto
p)-Sac 

5' - GGT GAG CTC CCG CTG GGA 

CAG C 

This study 

CH3561 RhsA(G966sto
p)-Bam 

5' - GCT GGA TCC TTA CCC GCT 

GCC GTA G 

This study 

CH3316 RhsA(I1323sto
p)-Sac 

5' - TTT GAG CTC ACA GAA GTG 

ATC AGC CAG  

This study 

CH3317 RhsA(I1323sto
p)-Bam 

5' - TTT GGA TCC CTA TAT TCG 

GGT TAG ACT ATT AGC  

This study 

CH3699 RhsA(Q1330st 5' - TAA GAG CTC GCG GGA AGA This study 
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aAbbreviations: OE=overlap-extension, Bam=BamHI, Eco=EcoRI, Hind=HindIII, 
Kpn=KpnI, Nco=NcoI, Not=NotI, Sac=SacI, Sbf=SbfI, Spe=SpeI, Xho=XhoI 

 

bRestriction endonuclease sites are underlined. 

 

 

op)-Sac ACG GG 

CH3698 RhsA(Q1330st
op)-Bam 

5' - AAC GGA TCC TTA TTT TAA 

TCC CAG AGG GTC  

This study 

CH3937 Vgrg2(T401)-
Sac 

5' - ACA CGA GCT CCT GCT GGG 

TG - 3'  

This study 

CH3945 VgrG2-VSV-
rev 

5' - CAA GAC GAT TCA TTT CAA 

TAT CAG TAT AAC TAG TAT CAC 

CCT TGG TCG TGA ATT TCG C 

This study 

CH3946 VSV-Not-rev 5' - TTT GCG GCC GCA TCC TTA 

TTT GCC AAG ACG ATT CAT TTC 

AAT ATC AGT AT 

This study 

CH2901 EagRA-KO-
Sac 

5'- TTT GAG CTC ATG CTC CGC 

TGC GTT ATA 

This study 

CH2902 EagRA-KO-
Spe 

5'- TTT ACT AGT CGT GTT ATC 

CTG CCA GGC 

This study 

CH3775 EagRA-KO-
Eco 

5' - GAT GAA TTC TAC TCT CTC 

GGC ACT CAG 

This study 

CH2904 EagRA-KO-
Kpn 

5'- TTT GGT ACC CAG AGA GCA 

ACA TGC CGG 

This study 
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Chapter 5: EagR is required for Rhs-dependent T6SS activity but not for 

Rhs-CT processing. 

 

Note: former graduate student in the Hayes lab, Christina Beck, helped with strain 

construction for this work.  

 

Abstract 

 Here, I examine the roles of two chaperone proteins, EagRA and EagRB, in 

Enterobacter cloacae ATCC 13047 T6SS activity. Effector-associated gene with Rhs, 

EagR, is encoded upstream of its cognate rhs gene. In the previous chapter, I showed 

that at least one Rhs protein is required to support T6SS activity in E. cloacae.  Here, 

I show that EagR is required for activity of its cognate Rhs protein, and therefore at 

least one EagR protein is also required to support T6SS activity. Additionally, I show 

that a mutant Rhs that no longer binds to EagR can no longer support T6SS activity. 

However, cleavage of the Rhs C-terminal toxin (CT) domain occurs independently of 

EagR or any other T6SS factors. This cleavage event is required for CT delivery, but 

not for overall Rhs-mediated T6SS activity. I additionally show the processed CT 

polypeptide remains associated with the remaining EagR-Rhs complex, suggesting 

this CT-domain is sequestered within the Rhs β-encapsulation structure. 
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Introduction 

A number of type VI secretion system (T6SS) effectors have been reported to 

require other T6SS-associated proteins for proper assembly onto the T6SS 

apparatus. Moreover, many of these effectors are stabilized by the interaction with 

these T6SS factors. I have previously discussed how some small effectors are known 

to interact directly with the T6SS structural component Hcp, and have also been 

shown to be stabilized via this interaction (see Chapter 1; 81, 88). In this manner, 

Hcp can serve as both a structural component of the T6SS apparatus, as well as an 

effector chaperone. However, in many cases, stabilization or assembly of T6SS 

effectors is dependent on accessory proteins. Three such families of effector 

accessory proteins are described in the literature: the DUF4123 family, the DUF2169 

family, and the DUF1795 family. It is likely other such families exist but have yet to 

be identified. 

The DUF4123 family of effector accessory proteins was first discovered in 

Vibrio cholerae, and has been found to serve as VgrG-adaptors (89, 90, 97). This 

family of proteins, named T6SS adaptor proteins (Tap), has been shown to be 

required for the interaction between the effector TseL and VgrG-1 in V. cholerae 

(90). Moreover, Tap-1 is required specifically for TseL delivery, but not overall T6SS 

activity (89, 90). Tap-encoding genes have been identified across Proteobacteria, and 

have even been used as a predictor to find new T6SS effectors (89, 90). Recently, a 

DUF4123 family of chaperone protein has been shown to facilitate the delivery of the 

Pseudomonas aeruginosa effector TseT; interestingly, this chaperone recruits TseT 

to PAAR, not VgrG, but is not required for the TseT-PAAR interaction (188). 
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Additionally, a Tap adaptor is also found in Agrobacterium tumefaciens, and has 

been shown to be essential for the loading of the A. tumefaciens effector Tde1 onto 

the C-terminal extension of A. tumefaciens VgrG1 (97). 

A. tumefaciens also utilizes a second family of effector accessory proteins, 

known as the DUF2169 family. These proteins were shown to serve as both a 

chaperone and as a predicted VgrG-adaptor for the A. tumefaciens Tde2 effector (68, 

97). This accessory protein has genetic specificity to the C-terminal extension of A. 

tumefaciens VgrG2, and is both essential and specific for Tde2 delivery (97). 

DUF2169 genes are associated with vgrG and tde alleles across Proteobacteria, 

including in Burkholderia and Vibrio species, indicating this is likely a conserved 

pathway of effector delivery (97). Interestingly, this Tde2 effector has a putative 

PAAR domain, so the observed “adaptor” function of DUF2169 is curious since 

PAAR is expected to be the VgrG-interaction domain of Tde2. Instead, DUF2169 may 

serve as a chaperone for the PAAR domain of its effector, and may therefore be 

required to promote the direct interaction between VgrG and effector. 

Finally, the DUF1795 accessory family, now named effector-associated gene 

(eag), has been shown to have chaperone activity for its cognate effectors (69, 73). 

Eag proteins are frequently encoded upstream of rhs alleles across a variety of 

Proteobacteria, and were in fact originally named effector-associated gene with Rhs 

(EagR). EagR was originally demonstrated to help stabilize Rhs in Serratia 

marcescens, and was also shown to be essential for the delivery of its cognate Rhs 

effector (69). Similarly, the P. aeruginosa effector Tse6 also requires its upstream 

EagT6 for stability (73). Moreover, Mougous and colleagues have recently 
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demonstrated that EagT6 is required for loading Tse6 onto VgrG1 in P. aeruginosa 

(176). They also show that EagT6 interacts with the hydrophobic N-terminus of Tse6, 

which is predicted to form transmembrane domains, and that the presence of these 

transmembrane domains destabilizes Tse6 in the absence of EagT6 (176). Currently, 

all described Eag-dependent effectors encode PAAR domains; however, it is 

currently unclear whether this correlation is functionally significant. In this chapter, 

I postulate that Eag accessory proteins may serve as PAAR-folding chaperones, and 

that the correlation between Eag and PAAR-encoding effectors would therefore be 

functionally relevant. 

 As discussed in Chapter 4, Rhs proteins are predicted to form a shell-like β-

encapsulation structure that surrounds the polymorphic C-terminally-encoded toxin. 

In this manner, Rhs proteins themselves may serve as a chaperone or translocation 

system for their C-terminal toxins. In this chapter, I explore the role of EagR 

proteins in Enterobacter cloacae, and also address questions pertaining to the Rhs 

toxin domain. I demonstrate that EagR is required for Rhs activity in E. cloacae. I 

also show that Rhs undergoes auto-proteolytic C-terminal processing of its toxin 

domain, but that this cleavage event is not dependent on EagR. 

 

Results 

EagR is required for Rhs activity 

Chapter 4 presented data suggesting EagR interacts directly with Rhs in order 

to promote Rhs activity (Figure 4.3D). To test if EagR is required for Rhs activity, I 
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deleted eagRA and eagRB and analyzed the resulting phenotypes of those deletions. I 

find that deletion of eagRA abrogates rhsA-mediated inter-bacterial inhibition, and 

that this phenotype can be rescued with eagRA complemented in trans (Figure 5.1A). 

However, eagRB is not successful at complementing the eagRA deletion, suggesting 

eagR only works with its cognate downstream rhs allele. Moreover, the deletion of 

eagRB does not impair rhsA-mediated inhibition, again suggesting eagR supports 

activity of its cognate rhs. The same experiments were done to analyze rhsB-

mediated inhibition, and similarly, I find that EagRB supports RhsB activity but not 

RhsA activity (Figure 5.1B). 

Next, I asked whether EagR is required to support the overall T6SS-

promoting activity of Rhs rather than specific Rhs-mediated toxicity via the Rhs C-

terminal toxin domain.  I find that co-deletion of eagRA and eagRB phenocopies 

known T6SS- mutants, suggesting EagR is required for T6SS activity in E. cloacae 

(Figure 5.2). Eag proteins are predicted to bind to the N-terminus of their 

downstream effectors (73, 176); therefore, I next investigated whether deletion of 

RhsA’s putative EagRA-binding-site would abrogate EagRA binding and overall RhsA 

activity. I find that deletion of RhsA residues 1-82 leads to a protein that no longer 

stably interacts with EagRA (Figure 5.3A). I also observe that the rhsAΔ1-82 mutation 

abrogates RhsA-mediated T6SS activity in growth inhibition assays, and additionally 

does not promote the formation of the stable VgrG2 trimer (Figure 5.3B and 5.3C). 

Curiously, the migration rate of the RhsAΔ1-82 protein mimics that of the wild-type 

RhsA protein (Figure 5.3A and 5.3C). It has been reported that hydrophobic proteins 

tend to migrate faster in SDS-PAGE assays than their mass predicts; this is likely 
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because hydrophobic proteins have greater affinity for SDS. Thus, the hydrophobic 

RhsA1-82 region (Figure 5.4A) may cause the full-length RhsA protein to run faster 

than its mass predicts, and may match the migration rate of the RhsAΔ1-82 protein 

due to this biochemical difference. 

While it is clear that EagR is required for Rhs activity, the actual mechanism 

of EagR function is unknown. EagRA binds the N-terminus of RhsA, and this binding 

site is hydrophobic and is predicted to form 2 transmembrane domains (Figure 5.4A 

and 5.4B). One possible model for EagR function is to sequester these putative trans-

membrane domains of Rhs during T6SS apparatus assembly, which occurs in the 

cytoplasm of inhibitor cells. This keeps Rhs stable and soluble, and allows Rhs to be 

loaded onto the apparatus, after which EagR may dissociate from the complex. After 

the T6SS apparatus fires, the Rhs effector is delivered into the target cell periplasm, 

and the putative transmembrane domains are now accessible and free to associate 

with the target cell inner-membrane. Finally, the association with the Rhs N-

terminus to the inner-membrane may allow for Rhs translocation across the target 

cell inner-membrane, via some unknown mechanism, in order to deliver its toxic C-

terminal domain into the target cell cytoplasm.  

If this model is correct, I would predict that periplasmically-expressed EagR 

in target cells could block Rhs toxin translocation into the cytoplasm and thereby 

protect target cells from inhibition. I tested this by fusing either a Sec-dependent 

dsbA signal-sequence (data not shown) or a Tat-dependent sufI signal-sequence 

(Figure 5.4C) to eagRA and eagRB and asked whether these constructs would protect 

E. cloacae targets susceptible to either the RhsA or RhsB toxin. Unfortunately, 
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neither eagRA nor eagRB successfully protected susceptible cells from Rhs 

intoxication (Figure 5.4C). It is currently unclear whether the model is simply 

incorrect, or if limitations in this assay, such as EagR stability and/or folding in the 

periplasm,  lead to this failure to block periplasmic Rhs before it translocated into 

the cytoplasm. 

 

Rhs undergoes auto-proteolytic C-terminal processing of its toxin domain 

The Rhs β-encapsulation structure is believed to encapsulate the C-terminal 

toxin domain of Rhs, and this toxin domain is predicted to be proteolytically cleaved 

off the rest of the protein by the upstream Rhs core domain (72). To test this 

hypothesis, I fused a FLAG epitope to the very C-terminus of RhsA and asked 

whether C-terminal processing occurs. I find that the C-terminus of RhsA does 

indeed get cleaved, as evidenced by the presence of a smaller, FLAG-labeled, 

polypeptide in RhsA-FLAG-expressing cell lysates (Figure 5.5A). Moreover, this 

processing event occurs in a T6SS-negative Escherichia coli K-12 strain and is not 

dependent on eagRA, suggesting either RhsA is auto-proteolytic, or utilizes 

conserved, non-T6SS-related, proteases.  

Next, I investigated whether the RhsA core domain is involved in the catalysis 

of the RhsA C-terminal cleavage event. Three putative active site residues in the 

yenC Rhs protein from Yersinia entomophaga have been tested and confirmed as 

critical for C-terminal cleavage in that system (72). Therefore, I introduced a 

homologous active site mutation, D1323A, into RhsA and found that this mutation 
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no longer supports C-terminal processing (Figure 5.5B). This is consistent with the 

model that RhsA is auto-proteolytic. Additionally, I find that EagRA-mediated 

purification of RhsA successfully pulls down both the major Rhs protein as well as 

the cleaved C-terminal domain; this suggests this C-terminal domain is still 

associated with the rest of the EagRA-RhsA complex even though it exists as a 

separate polypeptide. This observation is consistent with the model that the C-

terminal toxin domain resides within the Rhs β-encapsulation structure. 

I next investigated the significance of the RhsA C-terminal processing event to 

RhsA function. Unfortunately, the addition of the FLAG epitope to the RhsA C-

terminus severely attenuates RhsA activity and additionally leads to growth-

defective cells (Figure 5.3B and 5.6). Therefore, I introduced the D1323A mutation to 

a different RhsA construct that does not contain the FLAG epitope. I find that 

RhsAD1323A migrates slower than the wild-type construct, consistent with the 

conclusion that D1323 is critical for the RhsA C-terminal cleavage event (Figure 

5.7A). Next, I tested culture supernatants to assess if RhsAD1323A still supports T6SS 

activity: I find that the RhsAD1323A mutant still secretes Hcp at levels comparable to 

wild-type RhsA, suggesting Rhs toxin cleavage is not required for overall T6SS 

activity (Figure 5.7B). Additionally, inter-bacterial competition experiments 

demonstrate that while cleavage of the RhsA toxin does not affect overall T6SS 

activity, as assayed by growth inhibition of E. coli targets, it is however required for 

inhibition mediated specifically by the RhsA toxin, as assayed by growth inhibition of 

E. cloacae ΔrhsA ΔrhsIA target cells (Figure 5.7C). 
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Chimeric Rhs supports inhibition of parental E. cloacae 

Given that the Rhs C-terminus undergoes proteolysis such that the toxin 

domain exists as a separate polypeptide from the rest of the protein, I decided to 

investigate whether Rhs toxin domains are modular and can be swapped between 

rhs alleles. I find that fusion of the E. coli KTE20 Rhs C-terminal domain onto E. 

cloacae RhsA creates a viable chimeric effector that can inhibit parental E. cloacae; 

these susceptible E. cloacae targets can be protected by expressing the cognate 

KTE20 rhsI (Figure 5.8A). This suggests a lack of specificity between the Rhs toxin 

domain and the β-encapsulation structure. The KTE20 Rhs toxin-immunity pair is 

homologous to a known CDI tRNase toxin-immunity pair from E. coli EC869 (Figure 

5.8B and 5.8C), whereas the E. cloacae RhsA toxin has unknown function but is also 

cytoplasmically toxic (71, 178). While many Rhs toxins are cytoplasmically active, 

there are a few that are predicted to be periplasmically-active instead (211). This may 

suggest that different Rhs proteins utilize different translocation mechanisms to 

deliver their toxic payload to different compartments of target cells.  

Therefore, I next investigated whether the periplasmically-active ybfO orphan 

Rhs toxin from E. coli K-12 could be deployed by E. cloacae RhsA. I find that while 

the chimeric RhsA-ybfOC (ybfC is the cognate immunity gene) construct supports 

inhibition of E. coli, it does not support inhibition of parental E. cloacae (Figure 

5.9A). This suggests the chimera creates a viable Rhs protein capable of supporting 

overall T6SS activity, but that the chimera does not successfully deliver the YbfO 

toxin. ybfO is confirmed to encode a toxic product that is active in the periplasm of  

both E. coli and E. cloacae (Figure 5.9B); however, the chimeric RhsA-ybfO 
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construct does not support auto-proteolytic cleavage of its toxin domain (Figure 

5.9C). Analysis of the native ybfO proteolytic motif implicates the natural P1324S 

mutation as a possible source of this lack of cleavage (Figure 5.9D). It is currently 

unclear whether periplasmic-acting Rhs toxins also require cleavage of the toxin 

domain for inhibition, or if this cleavage event is required only for toxin 

translocation into the cytoplasm of target cells.  

 

Discussion 

The work presented here demonstrates EagR is required for Rhs activity in E. 

cloacae. I find that EagR is both essential and specific for delivery of its cognate Rhs 

effector. Co-deletion of rhs abolishes T6SS activity in E. cloacae, as does the similar 

co-deletion of eagR. Moreover, I find that EagRA interacts with the hydrophobic N-

terminus of RhsA, and that this interaction is required for RhsA-dependent VgrG2 

trimerization. I also show that the RhsA C-terminal toxin domain is auto-

proteolytically cleaved off the rest of the RhsA protein independent of EagR. This 

processing event is required for successful delivery of the RhsA toxin in target cells, 

but is not required for overall RhsA-dependent T6SS activity. Finally, I demonstrate 

that chimeric Rhs effectors can be generated that are capable of inhibiting the 

parental strain, suggesting a lack of specificity between the Rhs β-encapsulation 

structure and its toxic cargo. Taken together, this work sheds light into the 

mechanisms of EagR and Rhs activity. 
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 A number of questions still remain regarding the function and physiology of 

both EagR and Rhs proteins. It is clear that EagR is required for Rhs activity, yet it is 

not understood what function EagR truly serves. Mougous and colleagues have 

recently demonstrated that the Eag-dependent P. aeruginosa Tse6 effector interacts 

directly with P. aeruginosa VgrG1, and that this VgrG1-Tse6 complex spontaneously 

translocates across liposome membranes (176). Unfortunately, it could not be 

determined whether the putative transmembrane domains (TMDs) of Tse6 are 

required for this translocation event because deletion of the TMDs abrogated its 

ability to stably interact with VgrG, even though this ΔTMD mutant is more stable 

than the wild-type Tse6 protein (176.)  

If the sole function of Eag is to stabilize the hydrophobic putative TMDs of 

cargo effectors, then it is unclear why the stable Tse6ΔTMD protein is not sufficient for 

stable interaction with VgrG. E. cloacae RhsA is unfortunately naturally expressed at 

low levels in the cell and cannot be readily detected unless purified or over-expressed 

(Chapter 4). However, the plasmid-expressed wild-type RhsA construct does not 

stably interact with VgrG2 unless EagRA is co-expressed, even though this over-

expressed RhsA is readily detected in cell lysates (Figure 4.6). Additionally, over-

expression of the RhsAΔ1-82 mutant also fails to stably interact with VgrG, even in the 

presence of EagRA (Figure 5.3C); this again suggests that stabilization of the 

effector’s hydrophobic N-terminus is not the sole function of EagRA.  

It is possible that Eag proteins also help fold the PAAR domain of their 

respective effectors in order to facilitate the interaction between effector and VgrG. 

In support of this hypothesis, I have noticed that the RhsA PAAR domain encodes a 
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hydrophobic predicted α-helix not found in other solved PAAR structures (data not 

shown). Further bioinformatic analysis suggests the overall hydrophobicity profiles 

of PAAR domains in Eag-dependent effectors may be distinct from those of Eag-

independent effectors. For example, the PAAR domains of known Eag-dependent 

effectors appear to have hydrophilic character that is interspersed with spikes of 

hydrophobicity (Figure 5.10A). In contrast, the PAAR domain of the Eag-

independent P. aeruginosa Rhs effector Tse5, as well as that of the Eag-independent 

E. coli EDL933 RhsA effector, has little-to-no hydrophilic character (Figure 5.10B). 

Taken together, these data suggest that Eag may be also be involved in the folding of 

these uniquely irregular PAAR domains, consistent with the observation that Eag is 

required for the interaction between its cargo and VgrG. 

An outstanding question in the field is the overall purpose and significance of 

encapsulating toxins in the Rhs β-shell structure. Busby et. al. were the first to 

propose that these toxins are enclosed within the Rhs shell-like structure (72). Their 

report describes the Yersinia entomophaga insecticidal ABC toxin complex, where 

only the C protein is Rhs-like. Interestingly, in this system the B and C proteins 

assemble into a heterodimer in order to form the hollow β-encapsulation structure. 

Their small-angle X-ray scattering data suggests the B-C complex forms a solid 

spheroid structure, whereas the structure is hollow when the C-terminal domain of 

the C protein is deleted.  

 I have demonstrated that the cleaved RhsA C-terminal toxin domain stays 

associated with the remaining EagRA-RhsA complex (Figure 5.5B), corroborating 

their model of the toxin domain residing within the shell. I have additionally found 
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that the RhsA-KTE20 chimera is a functional effector (Figure 5.8A), suggesting little 

specificity exists between the RhsA shell and toxin domain. Indeed, the E. cloacae 

RhsA primary sequence can be largely conserved in other organisms; however, these 

other rhs alleles possess differing C-terminal toxin domains (Figure 1.2). This 

suggests the Rhs shell structure is a general encapsulation device for a variety of 

toxins. While the RhsA-YbfO chimera failed to deliver its toxic YbfO payload to 

target cells (Figure 5.9A), this toxin is periplasmic-acting while both the RhsA and 

KTE20 toxins are cytoplasmic-acting. However, the RhsA-YbfO chimera also fails to 

cleave its toxin domain (Figure 5.9C), and sequence analysis reveals the catalytic 

DPxGL motif is mutated in the ybfO gene to DSxGL (Figure 5.9D). While I have 

demonstrated that cleavage of the E. cloacae RhsA toxin is required for inhibition of 

targets via this toxin (Figure 5.7C), it is possible that periplasmically-acting Rhs 

toxins do not require cleavage of the toxin domain for inhibition. Given that it is not 

yet understood why the RhsA toxin cleavage event is necessary for inhibition, it 

remains to be seen whether the lack of a proper cleavage motif in ybfO is 

physiologically relevant, or if this simply represents a loss-of-function mutation in 

the gene.  

 It is currently unclear whether the Rhs encapsulation device serves simply 

as a protective barrier for the toxin, or if there are other physiological considerations 

driving the evolution of this structure. One explanation for the significance of the 

Rhs encapsulation structure is that it may serve as a chaperone to help fold the toxin 

domain. It has been noted that the P. aeruginosa Tse6 effector, which is Eag-

dependent but does not form any encapsulation domain, can readily refold in vitro 
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(73). In contrast, attempts to refold and elicit in vitro activity of the DNase toxin 

domain of E. cloacae RhsB were unsuccessful (data not shown). This is an indication 

that perhaps Rhs-encoded toxins do not readily unfold and refold. 

 The translocation mechanism of Rhs proteins and Tse6 across the inner-

membrane is currently unclear, but Mougous and colleagues suggest Tse6 is 

delivered into the periplasm via the T6SS system, and then is somehow subsequently 

threaded through the inner-membrane in an unfolded state (176). Additionally, 

ongoing research into the translocation of CDI toxins suggests CDI toxins also 

translocate across the inner-membrane in an unfolded state (Gregory Ekberg, Hayes 

lab, unpublished). Therefore, both the Rhs encapsulation device and the toxin 

domain may be translocated across the target cell inner-membrane in an unfolded 

state, after which the shell structure spontaneously refolds and facilitates toxin 

folding post-translocation. 

 It is also possible that the Rhs β-encapsulation structure is capable of 

translocating across or inserting into the target cell inner-membrane in a folded 

state.  The spheroid Rhs β-structure is somewhat reminiscent of outer-membrane β-

barrel proteins, and spontaneous insertion of the N-terminal putative 

transmembrane domain into the inner-membrane may facilitate subsequent 

insertion of the β-shell structure into the membrane. In this scenario, Rhs proteins 

could potentially deliver a pre-folded toxic payload into the cytosol, bypassing the 

need to unfold and refold the toxin domain entirely. In conjunction with the 

observation that the toxin domains of Rhs proteins are rarely found to be 
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periplasmic-acting, Rhs proteins may therefore have evolved as a method of 

translocating folded proteins across membranes.   

   

Materials and Methods 

Bacterial growth and conditions 

Bacteria were cultured in shaking lysogeny broth (LB) or on LB-agar at 37°C. 

Bacteria were supplemented with antibiotics at the following concentrations: 

150 μg/mL ampicillin (Amp), 66 μg/mL chloramphenicol (Cm), 50 μg/mL 

kanamycin (Kan), 100 μg/mL spectinomycin (Spc), 200 ug/ml rifampicin (Rif), 

25 μg/mL tetracycline (Tet), and 100 ug/ml trimethoprim (Tp). 

 

Strain construction 

All bacterial strains, plasmids, and oligonucleotides used in this study are 

listed in Tables 5.1, 5.2, and 5.3. Gene‐deletion constructs for E. cloacae were 

generated using overlap-extension PCR (OE-PCR) or via the plasmids pKAN or 

pSPM as described previously (67, 142, 143). Briefly, OE-PCR constructs were made 

with upstream and downstream homology PCR fragments overlapped to the 

CH2952/CH2953 PCR product amplified from either pKAN or pSPM. pKAN or 

pSPM plasmid constructs were generated by restriction cloning PCR fragments from 

upstream and downstream of the target gene into pKAN or pSPM to flank the 
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antibiotic‐resistance cassette. Restriction enzymes used are specified in the 

oligonucleotide names listed in Table 5.3. 

Resulting constructs were PCR-amplified, DpnI-digested to remove 

methylated template DNA, then directly electroporated into E. cloacae cells 

expressing phage λ-Red recombinase proteins as described (144). Transformants 

were selected on LB-agar supplemented with either Kan or Spc. All chromosomal 

deletions were confirmed by whole‐cell PCR analysis. Kan markers were cured as 

necessary via pCP20 (145). 

 

Plasmid construction 

All plasmids and oligonucleotides used in this study are listed in Tables 5.2 

and 5.3. All PCR products were purified, digested with the restriction 

enzymes indicated in the oligonucleotide names (Table 5.3), and ligated to a vector 

treated with the same enzymes. Plasmids were confirmed by DNA sequencing 

(University of California, Berkeley). Plasmid transformations were performed by 

making strains TSS competent (148). Constructs were cloned directly into the final 

vector, with exceptions or complications described below. 

Generation of pBAD24::vgrG2-VSV, pCH450::rhsA-rhsIA, and  

pCH450::eagRA-rhsA-rhsIA is described in Chapter 4. For generation of 

pCH450::rhsA-FLAG and pCH450::eagRA-rhsA-FLAG, PCR CH4328/CH4629 was 

cloned with KpnI/SbfI into pCH450::rhsA-rhsIA and pCH450::eagRA-rhsA-rhsIA. 
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For generation of pCH450::rhsA83-1462-FLAG, PCR CH4719/CH4325 was cloned with 

EcoRI/NcoI into pCH450::rhsA-FLAG.  

For generation of pCH450::rhsAR1321S-FLAG and pCH450::eagRA-rhsAR1321S-

FLAG, PCR CH4328/CH4631 was cloned with KpnI/SbfI into  pCH450::rhsA-rhsIA 

and pCH450::eagRA-rhsA-rhsIA, then PCR CH4632/CH4629 was cloned into these 

intermediate plasmids with SpeI/SbfI. For generation of pCH450::eagRA-rhsAR1321S-

rhsIA, PCR CH4632/CH3636 was cloned into  pCH450::eagRA-rhsAR1321S-FLAG 

using SpeI/XhoI. 

For generation of pCH450::rhsAR1321S,D1323A-FLAG and pCH450::eagRA-

rhsAR1321S,D1323A-FLAG, PCR CH4898/CH4629 was cloned with SpeI/SbfI into 

pCH450::rhsAR1321S-FLAG and pCH450::eagRA-rhsAR1321S-FLAG. For generation of 

pCH450::eagRA-rhsAR1321S,D1323A-rhsIA, pCH450::eagRA-rhsAR1321S-KTE20, and 

pCH450::eagRA-rhsAR1321S-ybfOC, PCRs CH4898/CH3636, CH4880/CH4881, and 

CH4878/CH4879, respectively, were cloned with SpeI/XhoI into pCH450::eagRA-

rhsAR1321S-FLAG. The ybfOC PCR was amplified from X90 template. The DNA 

template for the KTE20 Rhs-CT and RhsI alleles was custom synthesized by 

Integrated DNA Technologies.  

For generation of pSCbadB2 constructs, PCR CH4756/CH4757 was cloned 

with NcoI/HindIII into pCH10524 to create pSCbadB2::eagRA, and into pCH10626 

to create pSCbadB2::(dsbA)ss-eagRA. PCR CH4758/CH4759 was cloned with 

NcoI/HindIII into pCH10626 to create pSCbadB2::(dsbA)ss-eagRB. For generation 

of pSCbadB2::(sufI)ss-eagRA and pSCbadB2::(sufI)ss-eagRB, PCR CH4900/CH4901 

was cloned into the earlier (dsbA)ss-eagR constructs  using BamHI/NcoI. 
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Competitions 

E. cloacae strains were used as inhibitor cells on LB-agar co-cultures against 

either E. cloacae derivatives or X90 E. coli targets. Cells were grown in LB-medium 

(supplemented with appropriate antibiotics when plasmid-bearing) to log phase, 

then collected by centrifugation and resuspended in 1x M9 salts. Inhibitors and 

targets were mixed 1:1 at OD 17 each (200 uL total volume), then 100 ul of the 

mixture was spread on LB-agar without antibiotics and incubated at 37°C for 3 or 4 h 

(as indicated). Culture aliquots were taken at the beginning and end of the co-culture 

to quantify viable inhibitor and target cells as colony forming units. After co-culture, 

cells were harvested in 1.5 mL of 1x M9 salts. For competitions with plasmid-induced 

proteins, inhibitors were grown in LB-medium supplemented with 0.4% L-arabinose 

and Tet. Co-cultures were then performed as above on LB-agar supplemented with 

0.4% L-arabinose. 

For all competitions, cell suspensions were serially diluted into 1x M9 salts 

and plated onto LB-agar supplemented with appropriate antibiotics to separately 

enumerate inhibitor and target cells. Competitive indices were calculated as the ratio 

of inhibitor to target cells at 3 or 4 h divided by the initial inhibitor to target cell 

ratio. 

 

Hcp secretion assays 

E. cloacae strains were cultured in LB-medium (supplemented with 

antibiotics and 0.4% L-arabinose when appropriate) to log phase, then collected by 
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centrifugation at 3,000 xg for 5 min. Cell pellets were washed once in 1x M9 salts, 

then resuspended in urea-lysis buffer [50% urea, 150 mM NaCl, 20 mM Tris-HCl 

(pH 8.0)] and subjected to a freeze-thaw cycle to extract proteins for SDS-PAGE and 

immunoblotting. Culture supernatants were re-spun to further remove cellular 

contamination. Supernatants were precipitated in cold ethanol at a final ethanol 

concentration of 75%. Samples were left at -80 °C overnight, then proteins were 

collected by centrifugation at 21,000 xg for 15 min at 4°C. Precipitates were washed 

once with 75% cold ethanol, then air-dried pellets were dissolved in urea-lysis buffer. 

Samples were analyzed by SDS-PAGE on Tris-tricine 10% polyacrylamide gels run at 

110 V (constant) for 1 h, then gels were soaked for 10 min in 25 mM Tris, 192 mM 

glycine (pH 8.6), 20% methanol. Gels were then electroblotted to nitrocellulose 

membranes using a semi-dry transfer apparatus at 17 V (constant) for 30 min. 

Membranes were subsequently blocked and imaged as described below. 

 

Ni2+-affinity pulldowns 

E. coli strains were grown in LB-medium supplemented with Amp and Tet to 

log phase and protein expression was induced with 0.4% L-arabinose and 0.5 mM 

Isopropyl-beta-D-thiogalactoside (IPTG) for 1 h. Cells were then collected by 

centrifugation and resuspended in binding buffer [20 mM sodium phosphate (pH 

7.0), 150 mM NaCl, 30 mM imidazole, 0.05% Triton X-100]. Each cell suspension 

was broken by 2 passages through a French press, then insoluble debris was 

removed via centrifugation at 23,000 xg for 10 min at 4°C. The clarified lysate was 

added to Ni2+-NTA agarose resin and incubated on a rotisserie for 1 h at 4°C. 
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Following incubation, the beads were washed extensively in binding buffer, then 

RhsA was eluted off the beads in urea-lysis buffer. 

For Figure 5.3A, samples were analyzed by SDS-PAGE on Tris-tricine 7% 

polyacrylamide gels run at 110 V (constant) for 1 h. Gels were soaked for 10 min in 

25 mM Tris, 192 mM glycine (pH 8.6), 20% methanol, then electroblotted to 

nitrocellulose membranes. For Figure 5.5B, samples were analyzed by SDS-PAGE on 

Tris-tricine 10% polyacrylamide gels run at 100 V (constant) for 80 min. Gels were 

soaked for 10 min in 25 mM Tris, 192 mM glycine (pH 8.6), 20% methanol, then 

electroblotted to low-fluorescence PVDF membranes. Transfers were performed 

using a semi-dry transfer apparatus at 17 V (constant) for 30 min. Membranes were 

subsequently blocked and imaged as described below.  

 

Immunoblots 

For immunoblotting of E. cloacae or E. coli lysates, cultures were initially 

grown in media supplemented with appropriate antibiotics and .04% L-arabinose, 

then cultured to log phase and collected by centrifugation at 3,000 xg for 5 min. Cell 

pellets were then resuspended in urea-lysis buffer and subjected to a freeze-thaw 

cycle to extract proteins. For Figure 5.3C, samples were analyzed by SDS-PAGE on 

Tris-tricine 7% polyacrylamide gels run at 110 V (constant) for 2.5 h. Gels were 

soaked for 10 min in 25 mM Tris, 192 mM glycine (pH 8.6), 10% methanol, then 

electroblotted to low-fluorescence PVDF membranes using a semi-dry transfer 

apparatus at 17 V (constant) for 1 h. For Figure 5.5A, samples were analyzed by SDS-
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PAGE on Tris-tricine 10% polyacrylamide gels run at 110 V (constant) for 1 h. Gels 

were soaked for 10 min in 25 mM Tris, 192 mM glycine (pH 8.6), 20% methanol, 

then electroblotted to low-fluorescence PVDF membranes using a semi-dry transfer 

apparatus at 17 V (constant) for 30 min. 

For all immunoblots, membranes were blocked with 4% non-fat milk in PBS 

for 30 min at room temperature, and incubated with primary antibodies in 0.1% 

non-fat milk in PBS overnight at 4°C. Rabbit polyclonal antisera (Cocalico 

Biologicals, Stevens, PA) to Hcp3-His6 was used at a 1:10,000 dilution and antisera 

to RhsA82-467-H6 was used at a 1:5,000 dilution. Mouse anti-VSV-G (Sigma) was 

used at a 150,000 dilution, and mouse anti-FLAG (Sigma) was used at a 25,000 

dilution. Blots were incubated with 800CW-conjugated goat anti-rabbit IgG 

(1:125,000 dilution, LICOR) or 680LT-conjugated goat anti-mouse IgG (1:125,000 

dilution, LICOR) in PBS. Immunoblots were visualized with a LI-COR Odyssey 

infrared imager. 

 

Transformation assays 

Plasmids were transformed into TSS-competent E. cloacae ΔtssM1 and recovered in 

LB-medium for 75 min, then collected by centrifugation at 3,000 xg for 5 min. Cell 

pellets were subsequently resuspended in 120 ul of LB-medium, and 50 ul of each 

sample was plated to LB-agar supplemented with Tet and either 0.4% glucose or 

0.4% L-arabinose. 
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Growth curves 

Plasmid-bearing strains were plated on LB-agar supplemented with 0.4% 

glucose and appropriate antibiotics. The following day, strains were inoculated off 

plates into LB-medium supplemented with 0.4% glucose and appropriate antibiotics 

and grown to log phase, then collected by centrifugation and resuspended in 1x M9 

salts. Cells were then diluted to an OD600 of .05 in fresh LB-medium supplemented 

with appropriate antibiotics and 0.4% L-arabinose. Cell growth was monitored by 

measuring the OD600 every 30 min for 5 h. 

 

Bioinformatic analyses 

Transmembrane prediction analyses were performed using the TMHMM 

server, and hydrophobicity analyses were performed with the ExPASy ProtScale 

server (134, 158). Protein sequences were aligned using Clustal Omega (149). Protein 

alignments were rendered with BoxShade (https://embnet.vital-

it.ch/software/BOX_form.html). 
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Figure 5.1. Rhs requires its upstream EagR for toxin delivery. Indicated E. 
cloacae inhibitors were incubated at a 1:1 ratio with indicated E. cloacae targets for 3 
hours. Cells were quantified as colony-forming units (CFUs) at the beginning of the 
co-culture and after 3 h. Competitive indices were calculated as the ratio of inhibitor 
to target CFUs at the end of the competition normalized to the starting ratio. Data 
represent the average and standard error of the mean for three independent 
experiments. (A) EagRA, but not EagRB, is required for delivery of the RhsA toxin. 
(B) EagRB, but not EagRA, is required for delivery of the RhsB toxin. WT=wild-type, 
EV=empty vector. 
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Figure 5.2. The EagR- mutant phenocopies known T6SS-null mutations. 
(A) Indicated E. cloacae inhibitors were incubated at a 1:1 ratio with E. coli targets 
for 3 hours. Data represent the average and standard error of the mean for three 
independent experiments. (B) Cell lysates and supernatants of indicated strains were 
analyzed via SDS-PAGE and α-Hcp3 immunoblot. WT=wild-type, EV=empty vector. 
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Figure 5.3. EagRA binds the N-terminal domain of RhsA in order to 

support RhsA activity. (A) Co-expression of EagRA-His6 (or empty vector) and 

indicated RhsA-FLAG constructs (or empty vector) in E. coli. Cells were lysed and 

subjected to Ni-NTA pulldown. Input (lysate) and bound (purification) fractions 

were analyzed via SDS-PAGE and α-RhsA immunoblot. (B) Indicated E. cloacae 

inhibitors were incubated (without induction) at a 1:1 ratio with E. coli targets for 3 

hours. Data represent the average and standard error of the mean for three 

independent experiments. (C) E. coli expressing plasmid-borne VgrG2-VSV and the 

indicated plasmid constructs were lysed and analyzed via SDS-PAGE and dual α-VSV 

(red) α-RhsA (green) immunoblot.  
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Figure 5.4. Periplasmic EagR does not protect targets from Rhs toxins. 
(A) Kyte and Doolittle hydrophobicity analysis of RhsA. (B) TMHMM  
transmembrane prediction analysis of RhsA. (C) Wild-type E. cloacae inhibitors 
were incubated at a 1:1 ratio with indicated E. cloacae targets for 3 hours. Data 
represent the average and standard error of the mean for three independent 
experiments. WT=wild-type, EV=empty vector, ss=signal sequence (from E. coli 
dsbA for the ss-trxA construct, or from E. cloacae sufI for the eagR constructs), 
trxA=thioredoxin A, a non-toxic control. 
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Figure 5.5. RhsA C-terminal cleavage occurs independent of other T6SS 
factors, but the cleaved domain remains associated with the EagRA-RhsA 
complex. (A) E. coli expressing the indicated plasmid-borne genes were analyzed 
via SDS-PAGE and dual α-FLAG (red) α-RhsA (green) immunoblot. (B) Co-
expression of EagRA-His6 (or empty vector) and indicated RhsA-FLAG constructs 
(or empty vector) in E. coli. Cells were lysed and subjected to Ni-NTA pulldown. 
Input (lysate) and bound (purification) fractions were analyzed via SDS-PAGE and 
dual α-FLAG (red) α-RhsA (green) immunoblot. The R1321S mutation was used for 
introducing the D1323A mutation via restriction cloning. 
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Figure 5.6. Addition of a C-terminal FLAG tag to RhsA interferes with 

RhsA function. (A) Indicated E. cloacae inhibitors were incubated at a 1:1 ratio 

with indicated targets for 4 hours. Data represent the average and standard error of 

the mean for two independent experiments. (B) E. cloacae ΔtssM1 was transformed 

with the indicated plasmids and selected on LB-tetracycline-agar plates 

supplemented with either glucose or arabinose, as indicated. EV=empty vector. 
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Figure 5.7. RhsA residue D1323 is required for C-terminal cleavage. 
RhsA’= R1321S mutation, used for introducing the D1323A mutation via restriction 
cloning. (A) Indicated plasmid constructs were induced in the indicated cell 
backgrounds, then cell lysates were analyzed via SDS-PAGE and α-RhsA 
immunoblot. (B) Indicated plasmid constructs were induced in E. cloacae ΔrhsA 
ΔrhsB, then cell lysates and supernatants were analyzed via SDS-PAGE and α-Hcp3 
immunoblot. (C) Indicated E. cloacae inhibitors were incubated at a 1:1 ratio with 
indicated targets for 4 hours. Data represent the average and standard error of the 
mean for three independent experiments.  
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Figure 5.8. Chimeric RhsA supports inhibition of the parental E. cloacae 
strain. (A) Indicated E. cloacae inhibitors were incubated at a 1:1 ratio with the 
indicated target strains for 3 hours. Data represent the average and standard error of 
the mean for three independent experiments. EV=empty vector, RhsA’= R1321S 
mutation, used for introducing the C-terminal (CT) fusion via restriction cloning. (B) 
Multiple sequence alignment of the KTE20 Rhs CT toxin to the EC869 CdiA-CT1. 
CdiA-CTs are known to encode 2 distinct domains: the N-terminal domain is for 
toxin translocation, and the C-terminal domain encodes the toxin (159). (B) Multiple 
sequence alignment of the KTE20 RhsI to EC869 CdiI. 
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Figure 5.9. Fusion of a periplasmic-acting toxin to RhsA does not support 

inhibition of the parental E. cloacae strain. (A) Indicated E. cloacae inhibitors 

were incubated at a 1:1 ratio with the indicated target strains for 3 hours. Data 

represent the average and standard error of the mean for three independent 

experiments. (B) Cell densities as measured by OD600 over time. Intracellular 

expression of indicated constructs was induced with 0.4% L-arabinose at 0 h. 

ss=signal sequence (from E. coli dsbA), trxA=thioredoxin A, a non-toxic control. (C) 

Indicated plasmid constructs were induced in the indicated cell backgrounds, then 

cell lysates were analyzed via SDS-PAGE and α-RhsA immunoblot. (D) Multiple 

sequence alignment of indicated protein sequences at the site of mutagenesis. 

EV=empty vector, RhsA’= R1321S mutation, used for introducing the C-terminal 

fusion or the D1323A mutation via restriction cloning. 
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Figure 5.10. PAAR domains of Eag-dependent effectors have unique 

hydrophobicity profiles. Kyte and Doolittle hydrophobicity analyses of indicated 

proteins. PAAR domains are indicated with a red line. (A) Hydrophobicity analyses 

of known Eag-dependent effectors. (B) Hydrophobicity analyses of Eag-independent 

effectors.                         
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Table 5.1. Bacterial strains used in this study. 
 
Strain Descriptiona Reference 

X90 
E. coli F´ lacIq lac´ pro´/ara ∆(lac-pro) nal1 
argE(amb) rifr thi-1, RifR 

150 

E. cloacae 
ATCC 
13047 

Type strain (ECL), AmpR 

American 
Type 
Culture 
Collection 

CH8163 ECL, AmpR RifR 132 
CH2016 X90 (DE3) ∆rna ∆slyD::kan, RifR KanR 156 
CH11196 ECL ∆tssM1::kan, AmpR KanR 81 
CH11178 ECL ∆rhsA::kan, AmpR KanR 81 
CH11179 ECL ∆rhsA, AmpR 81 
CH11186 ECL ΔrhsB::kan, AmpR KanR 81 
CH11181 ECL ∆rhsA ∆rhsIA::kan, AmpR KanR 81 
CH11185 ECL ∆rhsA ∆rhsIA, AmpR RifR 81 
CH11188 ECL ∆rhsB ∆rhsIB::spc, AmpR SpecR 81 
CH11223 ECL ∆rhsB ∆rhsIB::spc, AmpR SpecR RifR 81 
CH11733 ECL ∆rhsB, AmpR This study 
CH11748 ECL ∆rhsB ∆rhsA::kan, AmpR KanR This study 
CH11903 ECL ∆rhsB ∆rhsA, AmpR  This study 
CH12688 ECL ΔeagRA::kan, AmpR KanR This study 
CH11906 ECL ΔeagRB::kan, AmpR KanR This study 
CH11924 ECL ΔeagRB, AmpR  This study 
CH12689 ECL ΔeagRA ΔeagRB::kan, AmpR KanR This study 

 

aAbbreviations: AmpR, ampicillin-resistant; KanR, kanamycin-resistant; RifR, 
rifampicin-resistant; SpecR, spectinomycin-resistant 
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Table 5.2. Plasmids used in this study. 
 
Number Descriptiona Reference 
 pCH450, TetR 153 
 pCH450kpn, TetR 71 

 pTrc99a, AmpR 
GE 
Healthcare  

 pTrc99a, CmR 71 
 pKOBEG, CmR 144 
 pCP20, AmpR, CmR 145 
pCH10524 pSCbadB2, TpR 155 
 pET21P, AmpR Novagen 
pCH70 pKAN, KanR, AmpR 143 
pCH11050 pKAN::ΔECL_01536 (tssM1 deletion), KanR, AmpR 81 
pCH10958 pKAN::ΔECL_01567 (rhsA deletion), KanR, AmpR 81 
pCH11044 pKAN::ΔECL_03140 (rhsB deletion), KanR, AmpR 81 

pCH12318 
pKAN::ΔECL_01566 (eagRA deletion), KanR, 
AmpR 

This study 

pCH11921 pKAN::ΔECL_03141 (eagRB deletion), KanR, AmpR This study 

pCH11163 
pET21P::hcp3-his6, AmpR (for generation of Hcp3 
antiserum) 

This study 

pCH11463 
pET21P::rhsA(82-467)-his6, AmpR (for generation 
of RhsA antiserum) 

This study 

pCH13568 pCH450::eagRA, TetR This study 
pCH12033 pCH450kpn::eagRB, TetR This study 
pCH13504 pTrc99a::eagRA-His6, AmpR This study 
pCH14669 pCH450::rhsA-FLAG, TetR This study 
pCH14942 pCH450::rhsA83-1462-FLAG, TetR This study 
pCH14397 pBAD24::vgrG2-VSV, AmpR This study 
pCH14864 pSCbadB2::eagRA, TpR This study 
pCH14679 pCH450::eagRA-rhsA-FLAG, TetR This study 
pCH14640 pCH450::eagRA-rhsA-rhsIA, TetR This study 
pCH14639 pCH450::rhsA-rhsIA, TetR This study 
pCH4565 pCH450::rhsAR1321S-FLAG, TetR This study 
pCH15181 pCH450::eagRA-rhsAR1321S-FLAG, TetR This study 
pCH4566 pCH450::rhsAR1321S, D1323A-FLAG, TetR This study 
pCH15202 pCH450::eagRA-rhsAR1321S, D1323A-FLAG, TetR This study 
pCH15046 pCH450::eagRA-rhsAR1321S-rhsIA, TetR This study 
pCH15105 pCH450::eagRA-rhsAR1321S, D1323A-rhsIA, TetR This study 
pCH15086 pCH450::eagRA-rhsAR1321S-KTE20, TetR This study 
pCH15287 pTrc99a::rhsIKTE20, CmR This study 
pCH15257 pCH450::eagRA-rhsAR1321S-ybfOC, TetR This study 

pCH10626 pSCbadB2::(dsbA)ss-trxA, TpR 
Fernando 
Garza-
Sánchez 
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pCH14919 pSCbadB2::(dsbA)ss-eagRA, TpR This study 
pCH14920 pSCbadB2::(dsbA)ss-eagRB, TpR This study 
pCH15107 pSCbadB2::(sufI)ss-eagRA, TpR This study 
pCH15136 pSCbadB2::(sufI)ss-eagRB, TpR This study 

pCH10610 pSCbadB2::(dsbA)ss-ybfO, TpR 
Fernando 
Garza-
Sánchez 

 

aAbbreviations: AmpR, ampicillin-resistant; KanR, kanamycin-resistant; TetR, 
tetracycline-resistant; RifR, rifampicin-resistant; TpR, trimethoprim-resistant 
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Table 5.3. Oligonucleotides used in this study. 
 
Number Namea Sequenceb Reference 

CH2901 EagRA-KO-Sac 5'- TTT GAG CTC ATG CTC CGC 

TGC GTT ATA  

This study 

CH2902 EagRA-KO-
Spe 

5'- TTT ACT AGT CGT GTT ATC 

CTG CCA GGC  

This study 

CH3775 EagRA-KO-
Eco 

5' - GAT GAA TTC TAC TCT CTC 

GGC ACT CAG 

This study 

CH2904 EagRA-KO-
Kpn 

5'- TTT GGT ACC CAG AGA GCA 

ACA TGC CGG  

This study 

CH3471 EagRB-KO-Sac 5' - AAT GAG CTC ACT TTA TAT 

GGA AAT AAT CC 

This study 

CH3472 EagRB-KO-
Bam 

5' - AAA GGA TCC CAT TCC TTC 

ATT AAA CAG GCA C 

This study 

CH3473 EagRB-KO-
Eco 

5' - CTT GAA TTC CCA CCA TTA 

ACA CCA GGG 

This study 

CH3474 EagRB-KO-
Kpn 

5' - ATC GGT ACC GAT GAA GAC 

GTT GTC CGA G 

This study 

CH3020 Hcp3-Nco-for 5' - ATA CCA TGG CTA TTG ATA 

TGT TTC  

This study 

CH3022 Hcp3-Xho-rev 5' - CTA CTC GAG TGC TTC TTT 

GTT TTC TTT G 

This study 

CH2960 RhsA(V82)-

Nco-for 

5' - TGG CCA TGG TTA CTG ACG 

ATA TCA G  

This study 

CH2879 RhsA(A467)-
Spe-rev 

5' - AAA ACT AGT GGC AGC GGT 

TAC GCG CTG TGG 

This study 

CH4190 EagRA-Kpn-
for 

5'- AGT GGT ACC ATG AAA TAC 

ACC CTC CAG G  

This study 

CH2911 EagRA-Xho-
rev 

5'- TCA CTC GAG CCT TAC ACA 

TTC CGG  

This study 
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CH2886 EagRB-Kpn-
for 

5'- AAT GGT ACC ATG ATC GCT 

TTT CCT GAG GG 

This study 

CH2887 EagRB-Xho-
rev 

5'- ATC CCT CGA GTT AAT GGT 

GGA AGC G  

This study 

CH2877 EagRA-H6-
Spe-rev 

5' - CAT ACT AGT CAC ATT CCG 

GTT GTC GTT AAG C  

This study 

CH3914 RhsA-Eco-for 5' - TTT GAA TTC GGC ATG AGC 

GAT AAC AAC  

This study 

CH4325 RhsA-
Nco(int)-rev 

5' - AGG CCA TGG TCG TTA TAG This study 

CH4326 RhsA-
Nco(int)-for 

5' - CGA CCA TGG CCT GAT GG This study 

CH4327 RhsA-
Kpn(int)-rev 

5' - CAG CGG TAC CAG CTG AAC This study 

CH4328 RhsA-
Kpn(int)-for 

5' - TTC AGC TGG TAC CGC TGG  This study 

CH4629 rhsA-FLAG-
Xho-Sbf-rev 

5' - GGT CCT GCA GGC TCG AGT 

TAT TTG TCA TCA TCG TCC TTG 

TAG TCA GTA ATC CTC TTG CCA 

This study 

CH4719 RhsA-T83-
Eco-for 

5' - TTT GAA TTC ACC ATG ACT 

GAC GAT ATC AGT AAT ATC GCG 

G 

This study 

CH4400 EagRA-Eco-for 5' - AGT GAA TTC ATG AAA TAC 

ACC CTC CAG G 

This study 

CH4452 VgrG2-Eco-for 5' - ATA GAA TTC ATG CTC AAC 

CGA ATT ACC  

This study 

CH4453 VSV-Xho-rev 5' - TGC CTC GAG ATC CTT ATT 

TGC CAA GAC G 

This study 

CH4756 EagRA-Nco-for 5' - CAC CCA TGG AAT ACA CCC 

TCC AGG AAG G 

This study 

CH4757 EagRA-Hind-
rev 

5' - TGT AAG CTT TCA TGC CTT 

ACA CAT TCC G 

This study 



 

183 
 

CH4329 RhsIA-Sbf-rev 5' - ACC CTC GAG CCT GCA GGT 

GTG GTC GAA CAT TAA CAT ATT 

AAA TCG 

This study 

CH4631 RhsA-R1321S-
Spe-Xho-Sbf-
rev 

5' - GGT CCT GCA GGC TCG AGG 

GTC TAT ACT AGT TAG ACT ATT 

AGC ACC 

This study 

CH4632 RhsA-R1321S-
Spe-for 

5' - AGT CTA ACT AGT ATA GAC 

CCT CTG GG 

This study 

CH3636 RhsIA-Xho-rev 5' - GTG CTC GAG CAT TAA CAT 

ATT AAA TCG 

This study 

CH4898 RhsA-
D1323A-Spe-
for 

5' - CTA ACT AGT ATA GCC CCT 

CTG GGA TTA AAA C 

This study 

CH4880 KTE20-RhsA-
CT-Spe-for 

5' - TTG ACT AGT ATT GAT CCG 

TGG GGA CTC 

This study 

CH4881 KTE20-RhsI-
Xho-rev 

5' - TTT CTC GAG CTA CTT AAA 

CAA CTT CAG AAT ATC 

This study 

CH4899 KTE20- RhsI-
Kpn-for 

5' - TCT GGT ACC ATG ACG ATT 

ATG CTT ACA TTA G 

This study 

CH4878 YbfO-Spe-for 5' - GTT ACT AGT ATA GAT TCA 

ATG GGA CTG GCA 

This study 

CH4879 YbfC-Xho-rev 5' - TTT CTC GAG TTA TTT CTC 

TTC ACT  ACG AAT TAG TTC 

This study 

CH4758 EagRB-Nco-for 5' - AAG CCA TGG TCG CTT TTC 

CTG AGG GC 

This study 

CH4759 EagRB-Hind-
rev 

5' - TAA AAG CTT TCC CTG GTG 

TTA ATG GTG G 

This study 

CH4900 SufI-
promoter/ss-
Bam-for 

5' - TGT GGA TCC CCT TTT TCG 

GCC 

This study 

CH4901 SufI-
promoter/ss-
Nco-rev 

5' - AAA CCA TGG CGG CGC TGG 

CTG TCA 

This study 
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aAbbreviations: Bam=BamHI, Eco=EcoRI, Hind=HindIII, Kpn=KpnI, Nco=NcoI, 
Sac=SacI, Sbf=SbfI, Spe=SpeI, Xho=XhoI 

 

bRestriction endonuclease sites are underlined. 
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Chapter 6: Concluding Remarks  

Prokaryotic organisms are ubiquitous, and are essential to many of the 

planet’s chemical processes. While plants are responsible for approximately 80% of 

Earth’s biomass, bacteria are the next major contributors (~15% of the planet’s 

biomass), followed by fungi contributing ~2%, and archaea ~1% (183). Given the size 

difference between individual plants versus individual bacteria, this finding 

demonstrates the abundance of bacteria on the planet. Indeed, estimates suggest 

there are ~1030 prokaryotic organisms globally (184). Bacteria are also the lynchpin 

of the Nitrogen cycle: they are the primary nitrifiers on the planet, and are therefore 

essential for the majority of life on Earth (185).  

Bacteria exist in dense and complex microbial communities, and as such have 

evolved numerous growth-inhibition systems in order to out-compete neighbors. 

The bacterial type VI secretion system (T6SS) represents one such competition 

system (1, 2). First described in 2006, a significant body of work has since elaborated 

on the function, mechanism, diversity, regulation, and physiological significance of 

this apparatus. However, it is clear we do not fully understand the T6SS nor fully 

appreciate its role in nature (see Chapter 1). 

In my thesis work, I primarily explored the genetic and molecular 

underpinnings of the T6SS in Enterobacter cloacae. Chapter 2 presented E. cloacae 

as a model system for genetic and molecular research about the T6SS, and described 

the known effectors deployed in this organism. I also demonstrated that while E. 

cloacae encodes two T6SS loci, the second locus has numerous genetic lesions in it 

that render it nonfunctional. Nevertheless, there is compelling evidence that E. 

cloacae encodes multiple effectors specific to this nonfunctional T6SS-2 locus. While 
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these effectors do not appear to serve any current function to the cell without an 

intact, functional, T6SS-2 locus, a number of questions still remain regarding the 

molecular specificity between structural T6SS components and the effectors they 

deploy.  

There are 5 distinct hcp alleles in the E. cloacae genome, and all are 

associated with predicted effector-immunity gene pairs (Chapter 2). I was able to 

confirm that 3 of these 5 gene pairs do function as bona-fide effector-immunity 

pairs, and also that one of these effectors specifically binds its cognate Hcp, but not 

to the other 4 Hcps. Notably, this particular Hcp protein, Hcp3, was found to be 

genetically less similar to the other 4 Hcps; it is also the only Hcp protein that 

supports T6SS-1 activity. I surmise that the other 4 Hcps may all interact specifically 

with T6SS-2-encoded components.  However, I have yet to test this, nor have I 

shown whether the other 4 Hcp-associated effectors also bind specifically to their 

cognate Hcp. It is also unclear what purpose there is in having 5 distinct hcp alleles 

in the genome when there are only 2 T6SS loci in the genome. 

Chapter 2 also presented data suggesting E. cloacae deploys additional, 

currently unidentified, effectors. Without full knowledge of which effectors are being 

deployed, multiple questions still remain about the exact nature of its inter-bacterial 

inhibition activity, such as if all effectors inhibit various species and genera of 

bacteria equally. It is also not understood if these effectors behave synergistically 

with one another, or why the cell bothers to deploy multiple unique toxins in the first 

place. Given that E. cloacae appears to encode multiple T6SS-associated effectors 

that are encoded outside either T6SS locus, it remains to be seen whether these 

external effectors are controlled via different regulatory mechanisms than the T6SS 
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loci themselves. While the T6SS-1 locus appears to be constitutively active under 

laboratory conditions, the ancestral T6SS-2, found intact in E. hormaechei, appears 

to be suppressed under laboratory conditions. It is currently unclear what signals 

would promote expression of this locus, and what significance this regulation has 

physiologically. For example, it is possible that the T6SS-2-deployed effectors are 

most potent under specific environmental conditions, and are deployed only under 

those conditions. Alternately, the T6SS-2-deployed effectors might be favored when 

E. hormaechei encounters a particular taxon of bacteria, and that this co-occurrence 

only naturally occurs in specific environments. 

In Chapter 3, I characterized E. cl0acae’s putative T6SS lipase effector (Tle) 

protein, and described its peculiar dependency on its cognate T6SS lipase immunity 

(Tli) protein. I demonstrated that Tli promotes increased abundance of Tle, and is 

required for secretion of Tle and ultimately delivery of Tle into neighboring cells. 

Curiously, Tli promotes the formation of a distinct Tle variant that migrates faster 

than its Tli-independent form; this mobility change is observed even under reducing 

and denaturing conditions, suggesting this change to mobility represents a stable, 

potentially irreversible, biochemical change. Notably, this “converted” form of Tle is 

more soluble than the “unconverted” form, and in vitro experiments confirm the 

converted form retains esterase activity. Taken together, my data suggest Tli 

promotes biochemical modification of Tle, and this modification is required for 

delivery of Tle. 

Many questions still remain regarding this Tle conversion phenomenon. 

Firstly, it is not understood what modification is occurring. Preliminary mass 

spectrometry data indicate the converted form of Tle is actually larger than the 
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unconverted form (data not shown), despite migrating faster on SDS-PAGE. This 

may indicate that phosphorylation or other forms of negative charge are being added 

to the protein, resulting in greater charge density and therefore greater mobility on 

SDS-PAGE.  Alternately, increasing the hydrophobicity of a protein also results in 

increased mobility, presumably because the added hydrophobicity increases affinity 

to SDS, leading to an increase in charge density (177, 187). It is appealing to believe 

that addition of a hydrophobic modifier, perhaps a fatty acid group, onto a lipase 

toxin may help it interact with its membrane substrate. However, an increase in 

hydrophobicity would not explain why the unconverted form of Tle is largely 

insoluble while the converted form is significantly more soluble. Given that 

unconverted Tle is insoluble, it is difficult to address whether this form of Tle retains 

enzymatic activity. As such, I cannot currently conclude whether or not the 

conversion phenomenon represents a biochemical activation of the enzyme. 

My data suggest that both forms of Tle associate with VgrG in a Tli-dependent 

fashion, but not Hcp. These experiments were performed in Escherichia coli K-12, 

which lacks any T6SS. As a result, I conclude that Tle requires Tli, but no other 

chaperone or adaptor, for assembly onto the T6SS apparatus, and that it associates 

directly with VgrG. Interestingly, it appears as though E. cloacae only secretes the 

converted form of Tle, even though both variants are capable of VgrG interaction in 

the heterologous E. coli system. Future work will hopefully elucidate where on VgrG 

Tle binds, and why only the converted form of Tle appears to be secreted. Given that 

Tle appears to have genetic association to the N-terminal region of VgrG, an 

attractive model for Tle binding is that it resides inside the hollow N-terminal “cup” 

of the VgrG trimer (92). 
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In Chapter 4, I presented data that demonstrate how E. cloacae’s Rhs proteins 

behave as VgrG-chaperones and thereby facilitate T6SS assembly. E. cloacae 

expresses 2 Rhs distinct proteins, and at least one is required to support T6SS 

activity. The N-terminal PAAR domain is insufficient in supporting this activity; 

instead, the Rhs β-encapsulation and core domains are also required for stable 

interaction with VgrG and ultimately T6SS activity. Moreover, I have shown that Rhs 

stabilizes the C-terminal β-spike of trimeric VgrG, independent of other T6SS factors 

also known to interact with VgrG. This suggests VgrG trimerization occurs prior to 

docking with the T6SS baseplate. 

 At this stage, I have not yet untangled whether this VgrG-chaperone function 

of Rhs is independent of the PAAR domain or not. The PAAR domain is the known 

VgrG-binding domain for Rhs, yet expression of PAAR alone is insufficient to 

support co-purification of VgrG-PAAR. It is worth noting that VgrG has been shown 

to bind to PAAR with VgrG3:PAAR1 stoichiometry (28); this may suggest that the 

inability of PAAR alone to stabilize the trimeric VgrG β-spike leads to a VgrG 

molecule incapable of stable interaction with PAAR. If this is true, it may indicate 

that non-trimeric or mis-folded trimeric VgrG has only a weak or transient binding 

to Rhs through the PAAR domain. Alternately, it is possible that VgrG interacts with 

the Rhs β-encapsulation domain directly to first form a stable trimer, thereby 

facilitating subsequent interaction to Rhs through PAAR. 

 My data also suggest that while Rhs is required for T6SS activity, as assayed 

by growth inhibition or Hcp secretion, it is not absolutely essential for at least some 

T6SS sheath assembly and subsequent contraction events. I observed that the 

incidence of sheath contractions in rhs- mutants was around 4% of the incidence in 
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wild-type cells. It is currently unclear if these infrequent sheath assembly and 

contraction events are still viable firing events that simply fall below the limit of 

detection of my growth inhibition and secretion assays, or if the sheath contractions 

observed in rhs- cells are not able to support proper secretion for some reason. It is 

worth noting that I and others have observed non-canonical sheath “contraction” 

events where the sheath “contracts” to the distal membrane opposite of the site of 

T6SS assembly (195). I posit that these “bidirectional contraction” events, while 

counted in the assay, are not functional firing events and instead likely represent the 

sheath breaking, not contracting. Preliminary results indicate this “bidirectional 

contraction” phenotype occurs at a greater frequency in rhs- mutants than in wild-

type (data not shown); however, given the low incidence of observed contraction 

events in rhs- cells, I therefore have a small sample size of rhs- contraction events to 

study. Additionally, I and others also observe instances where the sheath polymer 

extends to reach the distal membrane, then “bends” and elongates slightly more 

before contracting (195). Again, I preliminarily observe this more frequently in rhs- 

mutants than in wild-type cells (data not shown). It is unclear if these “bent” 

assemblies would have the same functionality as the canonical straight assemblies. 

 Additionally, I have presented evidence that Rhs is acting as a chaperone in 

order to increase the rate of proper VgrG folding, but that VgrG will occasionally 

reach the properly folded form on its own given a high enough monomer 

concentration. I demonstrated that over-expression of VgrG in E. coli leads to slight 

accumulation of a stable VgrG complex even in the absence of Rhs. Moreover, over-

expression of VgrG in E. cloacae preliminarily appears to promote Hcp secretion 

even in the absence of Rhs. However, VgrG also appears to sometimes mis-
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oligomerize and form a high-mass complex that, unlike the stable trimeric form, is 

sensitive to denaturation via boiling. It is possible these mis-folded complexes are 

sufficient to support T6SS sheath assembly in rhs- mutants expressing native levels 

of VgrG, but that these mis-folded complexes cannot ultimately support T6SS-

mediated growth inhibition or Hcp secretion in the absence of Rhs. 

In Chapter 5, I investigated the role of Eag proteins and how they facilitate the 

function of their cognate effectors. Eag proteins are encoded upstream of certain 

T6SS effectors, and have previously been shown to be required for growth inhibition 

via the cognate effector (69, 73). I demonstrated that each of E. cloacae’s Rhs 

proteins requires its cognate EagR for function, and subsequently at least one EagR 

protein is required to support T6SS activity in E. cloacae. Additionally, I confirmed 

that EagRA directly binds the N-terminus of RhsA, and that deletion of this binding-

site on RhsA ablates RhsA function. The only Rhs function that was found to be Eag-

independent was the cleavage of the C-terminal Rhs toxin domain. I found that this 

cleavage event is required for delivery (or activation) of the toxin, but does not affect 

overall Rhs-mediated T6SS activity. Furthermore, the cleaved toxin remains 

associated with the remaining EagR-Rhs complex, consistent with the model that the 

toxin remains sequestered inside the Rhs-β-encapsulation structure. 

Known Eag-binding sites are hydrophobic in nature, and the interaction 

between Eag and its effector can be broken through the addition of detergent, even 

though the effector still maintains interaction with its cognate immunity under these 

conditions (73, 176). Eag proteins are categorized in the DcrB Pfam, which is named 

after the periplasmic E. coli protein DcrB that is thought to be involved in the 

formation of membrane channels during development of bacteriophage C1 (196, 
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197). While the majority of DcrB Pfam entries are simply annotated as hypothetical 

proteins, many are annotated as protein chaperones or cell-envelope-associated 

proteins (198). Manually searching the Pfam list for hypothetical DcrB-homologs 

that are encoded upstream of putative effector-immunity gene pairs, I identified 100 

putative Eag-associated T6SS effectors widespread across Gram-negative bacteria 

(data not shown). In all but 2 cases, the downstream effector was an Rhs protein. 

However, in all cases, the putative effector protein contained an N-terminal 

extension, followed by a PAAR domain and C-terminal extension. This follows the 

observed architecture of known Eag-dependent effectors: the N-terminal extension 

is likely a hydrophobic Eag-binding site, and the C-terminal extension is likely an 

effector domain.  

I propose that Eag-dependent T6SS effectors evolved to require membrane 

association, likely for integration into or translocation across a membrane. Eag 

proteins then act as a chaperone for the effector in order to shield the putative 

transmembrane domains when integration or translocation of the effector is not 

desired. However, no one has yet demonstrated that Eag-dependent effectors are 

able to integrate into or translocate across a membrane using their putative 

transmembrane domains because the assembly of these effectors onto the T6SS 

apparatus requires Eag. Currently, it is not understood why these effectors require 

Eag for assembly. Given the genetic association to PAAR-containing effectors, Eag 

proteins may also be involved in the proper folding of the PAAR domain in order to 

facilitate interaction with VgrG. 

It is also unclear why cleavage of Rhs toxins off the remaining polypeptide is 

needed in order for growth inhibition via that toxin to occur, nor why the toxin is 
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predicted to be encapsulated within the Rhs shell structure. The structures of the 

Rhs-family proteins YenC2 in Yersinia entomophaga and TcC in Photorhabdus 

luminescens were demonstrated to form very similar β-encapsulation structures 

despite only 56% sequence identity, and both are thought to encapsulate the cleaved 

C-terminal toxin domain of the protein (72, 199). Additionally, eukaryotic teneurin 

proteins are genetically similar to bacterial Rhs proteins, and are known to be 

transmembrane proteins that mediate adhesion between animal cells at neural 

synapses (200-202). Recently, the structure of the extracellular domains of teneurins 

Ten2 from chicken and Ten3 from mouse were solved (203). The Rhs-like domain of 

these proteins form a β-encapsulation structure remarkably similar to the bacterial 

structures described previously. However, this shell structure only encapsulates a 

~100-residue linker domain that threads through the shell and out in order to expose 

the teneurin C-terminal domain on the outside of the shell structure. While this C-

terminal domain is predicted to undergo a proteolytic processing event, the cleavage 

site is significantly further down in teneurins than in bacterial Rhs proteins (203, 

204); moreover, it is unclear why teneurins bother to fold such an elaborate shell 

structure only to encapsulate a linker domain. 

 The bacterial Rhs shell structure may simply serve as a sequestration device to 

physically prevent the toxin from interacting with its cognate immunity during 

biogenesis. While numerous other bacterial toxins do not require such sequestration 

prior to delivery, it is possible that Rhs toxins might have greater affinity for their 

immunities than other toxins and thus require physical separation from their 

immunities prior to delivery. Once delivered, the toxin may then separate from the 

shell in order to interact with substrate. The Y. entomophaga Rhs-family-protein 



194 
 

YenC2 has been shown to stably associate with its cleaved toxin domain at neutral 

pH, but the toxin dissociates from the shell under acidic conditions (72). YenC2 is 

one subunit of a much larger insecticidal toxin complex that is believed to first enter 

the host cell via endocytosis; upon acidification in the endosome, the complex inserts 

into the endosomal membrane and the YenC2 toxin domain translocates through a 

channel formed by the rest of the complex (205). Given that the Gram-negative 

periplasm is acidified by the proton gradient formed via the electron transport chain, 

T6SS-deployed Rhs toxins may similarly be released from the encapsulation 

structure once delivered into the target cell periplasm. 

 However, if Rhs toxins dissociate from the shell in the periplasm, then 

cytoplasmic toxins must still cross the target cell inner-membrane via an unknown 

mechanism. Additionally, this model does not explain why many T6SS-dependent 

Rhs proteins encode putative transmembrane domains. Perhaps a more attractive 

model of Rhs toxin delivery is that the entire Rhs β-encapsulation structure can 

integrate into or translocate across the inner-membrane. The N-terminus of Rhs 

may first integrate into the inner-membrane via its N-terminal putative 

transmembrane domain, leading to fusion of the shell structure into the membrane 

and resulting in an arrangement vaguely reminiscent of β-barrel membrane proteins. 

The shell structure may or may not fully translocate across the membrane into the 

cytosol, and the encapsulated toxin domain is released from the shell structure via an 

unknown trigger. 

This thesis has focused on addressing genetic and molecular considerations 

regarding the T6SS, but does not address the broader significance of how the T6SS 

impacts ecology and human health. Recent studies have started to elucidate the 
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ecological impact of T6SS-wielding bacteria in their respective microbiomes. For 

example, it has been estimated that about a quarter of the bacteria in the human 

intestinal microbiome encode T6SSs (206). In 2016, Wexler et al. demonstrated that 

T6SS activity occurs throughout the murine large intestine, and calculated that over 

1 billion T6SS-firing events occur per minute per gram of colonic contents (207). The 

colonization of T6SS-wielding commensal bacteria in murine intestines has also 

been shown to block the colonization of invading pathogenic strains (208). Thus, not 

only does the T6SS play an important role in bacterial ecology, it also suggests that 

T6SS-wielding commensal bacteria could be utilized as a probiotic strategy to 

prevent bacterial infection. However, these studies were performed in mice with 

simplified microbiomes; currently, it is unclear if these results will fully translate to 

human health. 

However, T6SSs are found in both commensal and pathogenic bacteria. For 

example, Sana et al. have demonstrated that pathogenic Salmonella enterica serovar 

Typhimurium will colonize mice and kill commensal Klebsiella oxytoca inside the 

host; both the killing of commensals and the overall colonization by S. Typhimurium 

is dependent on its T6SS (209). This finding opens new avenues in animal medicine: 

one could specifically design vaccines against known pathogenic T6SSs in order to 

combat bacterial infections. Recently, this approach was tested in chickens to 

prevent infection by Campylobacter jejuni: Mallick and colleagues immunized 

chickens with purified recombinant Hcp from C. jejuni, then challenged the birds 

with the bacteria and found a significant reduction in the cecal load of C. jejuni 

compared to the control (210). However, any potential biomedical approaches to 

combat T6SS-wielding bacteria may also target beneficial resident bacteria as well. 
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Ultimately, any biomedical approaches involving the T6SS will require an 

understanding of the molecular mechanisms of toxin activity and delivery, and an 

understanding of how T6SSs alter the composition of bacterial microbiomes. 
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