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Abstract

Vibrio cholerae is the Gram-negative bacterium responsible for the
diarrheal disease cholera. In addition to the well-characterized virulence factors —
cholera toxin and the toxin co-regulated pilus — used by this organism to cause
watery diarrhea, V. cholerae uses the type VI secretion system (T6SS) to mediate
host-pathogen and inter-bacterial interactions. The T6SS is the most-recently
described mechanism by which Gram-negative bacteria export toxins across their
cell envelope. This macromolecular structure assembles in the cytoplasm and
consists of an outer sheath and inner tube. The inner tube is thought to be capped
with three or more proteins possessing both structural and toxic functions. Upon
contraction of the outer sheath, the inner tube and cap are ejected out of the

bacterium and into neighboring prokaryotic or eukaryotic cells.

| discovered VasX — a T6SS toxin required for V. cholerae virulence
toward the host model Dictyostelium discoideum and for Killing Gram-negative
bacteria. My Ph.D. work showed that VasX associates with structural T6SS
proteins and has homology to pore-forming colicins. Secretion of VasX depends
on certain structural T6SS proteins and VasW — a proposed VasX chaperone
protein encoded upstream of vasX. Upon insertion into the cytoplasmic
membrane of target cells, VasX disrupts the integrity of the membrane leading to
a loss of the cell’s membrane potential, permeability to propidium iodide, and
lysis of the cell in the presence of detergent. Thus, | propose that VasX acts
similar to pore-forming colicins by insertion into the cytoplasmic membrane

followed by pore-formation, ultimately leading to the death of the target cell.



The VasX immunity protein TsiV2 mediates protection from an oncoming
VasX attack generated by neighboring sister cells. TsiV2 localizes to the bacterial
membrane and generates protection against VasX even when TsiV2 is present in
the cell at low protein levels. Expression of tsiV2 is influenced by a dual
regulatory mechanism where one promoter is located upstream of the TsiV2-
encoding operon and another promoter is located within the upstream gene (i.e.
vasX). This dual regulation ensures tsiV2 is constitutively expressed at basal
levels when expression of other T6SS genes is turned off, mediating protection
against T6SS attack from kin bacteria. Taken together, this thesis characterizes
the function of a T6SS toxin and the mechanism by which V. cholerae protects

itself from being killed by sister cells.
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CHAPTER 1

Introduction



1. General Introduction

1.1 Vibrio cholerae and Disease

Vibrio cholerae, a Gram-negative, curved rod bacterium, is the causative
agent of the diarrheal disease cholera. This bacterium was first identified by
Filipo Pacini in 1854 [1, 2] and was subsequently grown in pure culture and
further characterized by Robert Koch in 1883 [2]. V. cholerae is an aquatic
organism that commonly lives in biofilms in association with zooplankton in
estuaries or brackish waters [3], but can also exist as a free-living planktonic
organism. A single, sheathed, polar flagellum provides V. cholerae with motility

for swimming in its natural habitat and for colonizing the human intestine [4-8].

V. cholerae can exist in a conditionally viable state (referred to as
“conditionally viable environmental cells” or CVEC) in the environment that is
associated with suboptimal sodium chloride concentrations and nutrient
deprivation [9, 10]. Bacteria living in this semi-dormant state are found in both
rod and coccoid morphology and are associated in clumps [9, 10]. These cells are
capable of reverting to an infectious form when grown in rich medium or when
inoculated into rabbit ileal loops [10]. Culturing of O1 V. cholerae from water
samples using routine laboratory techniques indicates significantly lower levels of
the pathogen are present than the concentration required to cause cholera. The
formation of CVECs that are revived only under specific conditions likely
accounts for this underrepresentation of O1 V. cholerae in water samples [10].

Furthermore, it is believed that these CVECs serve as a reservoir for V. cholerae



between cholera outbreaks and allow the bacteria to survive under suboptimal

conditions.

Over 200 serogroups of V. cholerae have been identified based on
different lipopolysaccharide (LPS) O-antigens on the bacterial surface [11, 12]
and exposure to bacteriophages has undoubtedly shaped the evolution of the
cholera bacterium. Not only are the two major virulence factors utilized by V.
cholerae of phage origin, but vibriophages are thought to dramatically influence
the genetic diversity of the species and the seasonality, severity, and duration, of
cholera outbreaks [13-16]. V. cholerae is also known to undergo phase variation
to alter the presentation of its O-antigen presumably to avoid predation by
bacteriophages and the host immune system [17]. Furthermore, rough V. cholerae
strains lacking an O-antigen are frequently isolated from convalescent cholera
patients supporting the idea that altering or repressing presentation of the O-

antigen may serve as a mechanism of immune system evasion [18, 19].

These ~200 serogroups can be divided into two classes — 01/0139 and
non-O1/non-0139 — based on the potential for V. cholerae to cause large-scale
cholera outbreaks. Strains belonging to the O1 and 0139 serogroup are known to
utilize cholera toxin (CT) and the toxin co-regulated pilus (TCP) as their critical
virulence factors [20-25]. Although CT is known to be responsible for the
voluminous watery diarrhea associated with cholera, pandemic strains in which
the genes encoding CT were deleted still caused mild diarrhea in humans
indicating that CT is not the sole virulence factor utilized by V. cholerae

(discussed in subsequent chapters) [26, 27]. Furthermore, some non-O1/non-0139
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serogroup strains possess the genes for TCP and CT; however these strains
produce much less CT compared to their O1 serogroup strain counterparts likely

due to differences in regulation [28-32].

The O1 serogroup can be further subdivided into two biotypes: classical
and ElI Tor. The difference between these biotypes is based on specific
phenotypes such as hemolysis of sheep blood, agglutination of chicken
erythrocytes, Voges-Proskauer reaction, susceptibility to polymyxin B, and
sensitivity to certain phages [33, 34]. Classical strains also produce more cholera
toxin than those belonging to the El Tor biotype [35]. In addition to these
phenotypic differences, classical and El Tor strains can be differentiated based on
genotypic polymorphisms as well. Classical and El Tor biotypes are known to
possess different alleles for ctxB (which encodes the B subunit of CT). However,
the emergence of El Tor biotype strains that possess classical cholera toxin — so-
called “hybrid strains” — impedes the simplicity of genotypic classification [36-
39]. Both classical and El Tor biotypes can also be further grouped into three
distinct serotypes — Ogawa, Inaba, and Hikojima (very rare) —based on variations
(termed antigens A, B, and C) in their LPS O1-antigen [33, 40, 41]. The Ogawa
serotype possesses A, B, and a small amount of C antigen. Strains of the Inaba
serotype express A and C antigens, and those of the Hikojima express all three of
A, B, and C [42]. The B and C antigens differ by the presence or absence,
respectively, of a methyl group on the terminal sugar of the O-antigen [43]. The

A antigen is a combination of the core and O-antigen polysaccharides [44].



The first five cholera pandemics occurred between 1817 and 1896 and it is
believed that all five pandemics were caused by the classical biotype. In 1854, a
physician named John Snow (with the assistance of Reverend Henry Whitehead)
identified the source of a cholera outbreak in the London neighborhood of Soho to
a communal water pump [45]. However, Snow was unable to observe or isolate
the causative agent in water samples [45] — this feat was achieved by the Italian
scientist Filippo Pacini in the same year [1, 2]. In 1883, Robert Koch became the
first person to propagate V. cholerae in pure culture. Because V. cholerae was not
identified as the causative agent of cholera until 1854, it is impossible to
determine whether the classical biotype was, indeed, responsible for the first 5
cholera pandemics; however, this is presumed to be the case. The sixth cholera

pandemic was caused the classical biotype, and lasted from 1899-1923.

The current seventh pandemic began in 1961in Indonesia and is associated
with the EI Tor biotype. Interestingly, prior to the 7" pandemic, EI Tor strains
were only associated with sporadic diarrheal outbreaks [2] and the precise reason
behind the disappearance of classical strains is unknown. It was demonstrated,
however, that EIl Tor strains differ from classical strains in their by-products
resulting from carbohydrate metabolism. Classical biotype strains exhibited a
drop in medium pH and reduced viability as a result of acidic by-products [46].
El Tor biotype strains produced a neutral end product, thereby increasing its
fitness compared to classical strains [46]. This difference in carbohydrate
metabolism may account for the out-competition observed resulting in the EI Tor

biotype strains causing the current cholera pandemic.



The 0139 serogroup gained recognition in 1992-1993 during an epidemic
of cholera caused by a strain that failed to agglutinate with O1 antiserum.
Horizontal gene transfer between an O1 El Tor serogroup strain and a non-O1
serogroup strain is the purported mechanism by which the O139 serogroup
emerged [47]. Strains belonging to the 0139 serogroup were responsible for a
cholera epidemic associated with rapid spread and severe disease [48-52], but this

outbreak failed to result in an outbreak of pandemic proportion.

Non-O1/non-0139 serogroup strains can also cause human illness and
have been isolated from wound, ear, cerebral spinal fluid, urinary tract, and
intestinal infections [53-56]. Small-scale cholera-like outbreaks have been
attributed to infection with non-O1/non-0139 serogroup strains and this disease
occurs in the absence of TCP and CT. Because these strains cause illness in the
absence of the canonical virulence factors associated with cholera, they utilize

other virulence factors that are poorly understood, or have yet to be identified.

The recent cholera outbreak in Haiti was largely reported to be caused by a
V. cholerae O1 El Tor isolate [57, 58]. In contrast, one report indicates stool
samples collected at the beginning of the epidemic contain a mixture of V.
cholerae O1 and non-O1/non-0139 strains [59]. Hasan et al. suggest that the
presence of non-O1/non-0139 serogroup strains serve as a reservoir for genetic
diversity [59]; however it is also possible that in addition to serving as a genetic
reservoir, these strains also contributed to disease among Haitians who

experienced cholera-like symptoms during this outbreak.



Humans become infected with V. cholerae upon ingestion of contaminated
food or water. Because V. cholerae is sensitive to the low pH of the stomach, a
high infectious dose (~10%-10" organisms) is required for cholera to manifest
[60]. Those that naturally produce less stomach acid, or are prescribed antacid
medication are at a higher risk for contracting cholera because less bacteria (~10*
organisms) are needed to cause disease [61]. In general terms, malnutrition is not
thought to increase the risk for contracting cholera; however deficiency in vitamin
A increases the probability of V. cholerae infection [62]. Persons with O-type
blood group antigens are less likely to contract cholera, but the molecular reason
for this is not known [63]. It is thought that V. cholerae survives passage through
the acidic stomach due to its close-knit association in biofilms [64]. Upon
colonization of the small intestine, V. cholerae produces CT [65] which results in
disruption of the ion balance in intestinal epithelial cells (see section 1.2.1)
resulting in water efflux from the cells and into the intestinal lumen. Large
volumes of watery diarrhea, also referred to as “rice-water stools”, are the
hallmark of the disease cholera; however, vomiting also commonly occurs [66].
Persons infected with toxigenic V. cholerae can lose up to 20 liters of fluids per
day and shed hypervirulent V. cholerae at a concentration up to 10° bacteria per

milliliter in their stool [61, 67].



Prevention and Treatment of Cholera

The disease cholera manifests itself after ingestion of contaminated food
or water and as a consequence, disease prevention is especially difficult in
countries that lack proper water sanitation. Due to its association with
zooplankton and its ability to form biofilms on aquatic particulate matter, V.
cholerae infection rates can be reduced by filtering drinking water with
cheesecloth which removes large particulate matter [68]. After infection with V.
cholerae, one is naturally immune to re-infection by the same serogroup strain for
approximately three years [69-71]. Two cholera vaccines (Dukoral and
MORCVAX) are currently available that provide >50% protection for up to two
years[72]. Although clinical trial data was accrued in areas where cholera is
endemic, the vaccines are also marketed toward tourists to avoid contracting
cholera while visiting foreign countries. Both vaccines are administered orally
and contain Killed whole V. cholerae bacteria, and persons that receive the
vaccines reduce their risk of death from cholera by 50% [73, 74]. The vibriocidal
immune response is generated largely against LPS [75, 76] and antibodies against
CT do not elicit protective immunity [70]. There are several reasons accounting
for the difficulties involved in developing an effective cholera vaccine including
the short-lived memory B-cell response to LPS and a lack of understanding as to

which antibody isotype provides the greatest protection [77-79].

The most crucial treatment for cholera patients is replacement of fluids
and electrolytes; however, provision of clean drinking water or intravenous fluid

replacement is problematic in developing countries, making it difficult to replace



the fluids lost from diarrhea and vomiting. Although infection with V. cholerae is
self-limiting, cholera is a disease associated with high morbidity and mortality
rates. Each year there are ~3-5 million cases of cholera resulting in 100,000-
120,000 deaths (due to dehydration and shock) [80]. However, the actual number
of cholera cases is presumed to be grossly underestimated due to poor record-
keeping, those who do not seek medical intervention, and the lack of proper
reporting by developing countries to avoid financial burdens due to loss of

tourism.

Antibiotic treatment in combination with oral rehydration therapy can
lessen the symptoms, and hasten recovery of cholera patients but is also more
costly and warrants added consideration for the possibility of selecting for
antibiotic resistant V. cholerae strains [81-84]. Quinolones (target DNA gyrase)
and tetracyclines (inhibiting translation) are the most common antibiotics used to
treat cholera infection [85, 86]; however, due to increasing antibiotic resistant
strains, the use of antibiotics has been restricted for treatment of patients suffering
from severe dehydration [84-86]. W.ith all factors considered, ingestion of V.
cholerae induces a vicious cycle of infection, dissemination, and re-infection in

areas lacking proper hygiene, water sanitation, and access to medical care.



1.2 Virulence factors of V. cholerae
1.2.1 Cholera toxin and the toxin co-regulated pilus

The disease cholera manifests itself as a result of the secretion of CT — an
A:Bs toxin that disrupts the electrolyte balance within intestinal epithelial cells.
Following ingestion of V. cholerae (via contaminated food or water), the bacteria
traverse the stomach and colonize the small intestine. It is believed that the
existence of environmental V. cholerae in biofilms provides protection for the
bacteria during passage through the acidic conditions in the stomach [87]. Once
in the small intestine, production of TCP facilitates interactions between V.
cholerae cells resulting in microcolony formation [21, 88-90]. Although TCP is
not required for colonization of the intestinal epithelium, it is an important
virulence factor for V. cholerae during human infection and in the infant mouse
model [20, 21]. The gene encoding the major pilin subunit tcpA is encoded, along
with numerous other genes required for TCP biogenesis and regulation, within a
~41.2 kb genetic locus referred to as the Vibrio pathogenicity island (\VPI) [20, 21,
91-97]. Also located within the VPI is toxT which encodes a transcriptional
regulator required for expression of V. cholerae virulence genes such as those
encoding TCP and CT [97]. The VPI is thought to have bacteriophage origins
because it possesses integrase and transposase genes and is flanked by att sites
[91]. However, Faruque and colleagues were unable to detect production of VVPI
phage particles in 46 TCP™ V. cholerae strains grown in conditions known to

induce phage particle production [98]. Interestingly, TCP, which is encoded
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within VPI, serves as the receptor for the lysogenic, filamentous bacteriophage

CTXeo.

Genomic DNA from CTX¢ consists of two distinct regions: the RS2
region and the core. CTXe DNA integrates at specific sites in the V. cholerae
chromosome mediated by genes in the RS2 region [99] while the core possesses
the genes ctxA and ctxB encoding the two subunits of CT. The core region also
encodes the accessory cholera enterotoxin (Ace) and the zonula occludens toxin
(Zot) [99]. Along with accessory roles in virulence, these two toxins are also
important for the production of extracellular CTX¢ particles[16]. Once integrated
into the V. cholerae chromosome, CT becomes part of the ToxT regulon and

expression of CT is upregulated when inside the host.

CT is secreted via the type Il secretion system (T2SS, discussed in section
1.3) and the B portion binds GM; gangliosides on intestinal epithelial cells [100,
101]. Following endocytosis of the holotoxin, CT undergoes retrograde transport
to the endoplasmic reticulum where the reduction of a di-sulfide linkage results in
the release CT-A; [102]. CT-Ay, which carries out the enzymatic function of CT,
is retrieved from the endoplasmic reticulum and escapes degradation by the
degradasome thereby accessing the cytoplasm [103-107]. Association of CT-A;
with host ADP-ribosylation factor exposes the active site of CT-A; leading to
ADP-ribosylation of Gas [103-105]. This modification locks Gos in an active
conformation resulting in exacerbated production of the second messenger cyclic
adenosine monophosphate (CAMP) and increased activation of cytosolic protein

kinase A (PKA). Phosphorylation of the cystic fibrosis transmembrane
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conductance regulator (CFTR) by PKA results in ATP-mediated efflux of ions
and secretion of water, out of the intestinal epithelial cells accounting for the large

volumes of diarrhea associated with the disease cholera [108].

1.2.2 Quorum Sensing

Quorum sensing (QS) is a mechanism of bacterial communication via
small diffusible chemical signals called autoinducers [109, 110]. The ability to
communicate with one another provides single-celled organisms a means to
coordinate gene expression and act similar to multicellular organisms. QS has
been characterized in detail in the organisms Pseudomonas aeruginosa [111-118],
Staphylococcus aureus [119-123], and Vibrio harveyi [124-131]. In these three
cases, an increasing cell population results in a higher local concentration of
autoinducer in the surrounding vicinity. Once autoinducer concentrations reach a
certain threshold, the organisms coordinately increase expression of specific
genes: virulence genes in the case of P. aeruginosa [113, 118, 132-136] and S.
aureus [121, 137-139], and luciferase genes in the case of V. harveyi [110, 126-

128, 130, 131, 140].

V. cholerae also uses QS as a communication mechanism to regulate
expression of virulence genes; however, the QS regulatory circuit of this organism
acts opposite to that of P. aeruginosa and S. aureus as virulence genes are down-
regulated at high cell density. V. cholerae produces and responds to two

autoinducers (CAI-1 and Al-2) using parallel QS circuits [124, 141-143]. At low
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cell density, the autoinducer sensors, CgsS and LuxPQ, autophosphorylate and act
as kinases resulting in phosphorylation of LuxO — an activator of the alternate
sigma factor, o>* [110, 124, 126, 127, 130, 144]. Phosphorylated (active) LuxO
triggers a regulatory cascade that signals through the master regulator HapR,
resulting in increased expression of genes belonging to the ToxT regulon and

genes involved in biofilm production [130, 144-147].

At high cell density, an increase in autoinducer concentration reverses the
LuxO-mediated regulatory cascade. LuxPQ and CgsS act as phosphatases,
removing the phosphate from (inactivating) LuxO [142, 148] resulting in
decreased expression of biofilm and virulence genes. It is believed that V.
cholerae uses the small intestine of the human host to facilitate growth to high
numbers after which the organism is flushed out of the intestine via the
voluminous watery diarrhea [149]. After being purged from the body, V. cholerae
exhibits a hyperinfectious phenotype (for at least 5 hours) associated with
increased motility, increased expression of genes responsible for nutrient

acquisition, and decreased expression of chemotaxis genes [150].

Thus at low cell density, expression of biofilm genes helps the organism to
maintain colonization of the small intestine while virulence factors are
coordinately expressed. Once the bacteria reach high titers in the intestine,
biofilm and virulence genes are shut off allowing detachment from the intestinal
epithelium and exit from the host. After being purged from the host, V. cholerae

returns to its natural environment from where it can repeat its infectious cycle.
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1.2.3 Additional virulence factors of V. cholerae

In addition to the well-characterized virulence factors CT and TCP, V.
cholerae has an armament of other virulence factors at its disposal, some of which
are strain specific. The zinc-metalloprotease, HapA, degrades host proteins such
as mucin and disrupts tight junctions between epithelial cells [151-154]. The
majority of V. cholerae isolates produce the V. cholerae cytolysin — a pore-
forming toxin encoded by hlyA that causes a wealth of toxic effects toward host
cells including apoptosis, autophagy, necrosis, and cell lysis [155-164]. The
repeats-in-toxin A (RtxA) protein was also predicted to act as a pore-forming
toxin; however, RtxA has since been shown to cause host cell-rounding resulting
from covalent cross-linking of actin monomers into higher molecular weight
structures [165, 166]. Infection of polarized epithelial cells with RtxA" V.
cholerae results in perturbation of tight junctions, which could foster
dissemination of the bacterium beyond the epithelial surface [167]. RtxA is
secreted by an atypical type | secretion system (T1SS, described further in section
1.3) [168]. Interestingly, HIyA, RtxA, and HapA all contribute to persistent V.
cholerae infection in the mouse intestine — a phenotype that occurs independently

of CT or TCP[169].

As mentioned earlier, the core region of CTX¢@ encodes CtxA, ctxB, ace,
and zot. Ace is an integral membrane protein that increases host cell ion

permeability and Ace-mediated fluid accumulation was observed using the rabbit
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ileal loop model [34, 170, 171]. Zot causes disruption of intestinal epithelial cells
tight junctions and was implicated in causing mild diarrhea associated with a

potential vaccine strain of V. cholerae lacking ctxA and ctxB [172].

V. cholerae are also known to use secretion systems (summarized in detail
in section 1.3) to modulate host-pathogen interactions. The strain AM-19226
(039 serogroup) utilizes the type 111 secretion system (T3SS) to cause intestinal
damage in a rabbit infection model via translocation of at least four effector
proteins into host cells[173-175]. Furthermore, the type VI secretion system
(T6SS) is a recently described mechanism by which V. cholerae injects effector
proteins into both eukaryotic and prokaryotic cells. This system will be described

in detail in later sections.

1.3 Bacterial Secretion Systems

To date, six secretion systems (T1SS-T6SS) have been described in Gram-
negative bacteria (Figure 1-1). A seventh secretion system was recently identified
in Gram-positive Mycobacterial species (Figure 1-1). In general, all secretion
systems share the ability to transport proteins across the bacterial cell envelope.
However, secretion systems also differ from each other in their mechanism of
secretion, the proteins they use to construct the secretion apparatus, and whether
they release their substrates into the extracellular milieu or directly inject proteins

into target cells. The ability to transport proteins is especially important for
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bacterial pathogens to export or inject proteins that have toxic effects toward host

cells.

1.3.1 The general secretory pathway and the twin arginine translocation

pathway

Both the general secretory (Sec) pathway and the twin arginine
translocation (TAT) pathway involve transporting proteins across the bacterial
cytoplasmic membrane and are active in both Gram-positive and Gram-negative
organisms. In the case of Gram-positive bacteria, Sec- and TAT-translocated
proteins are exposed on the bacterial surface, or are proteolytically cleaved and
released into the extracellular environment [176]. For Gram-negative bacteria, the
Sec and TAT pathways locate proteins to the periplasm. Proteins destined for Sec
translocation possess an N-terminal hydrophobic signal sequence (typically 5-30
amino acids long) that targets the protein to the cytoplasmic Sec translocation
machinery that transports the protein across the membrane in an unfolded state
[177]. Sec signal peptides display considerable diversity in length and sequence;
however the structural and physiochemical functions are well-conserved [178,

179].

Proteins targeted to the TAT translocation machinery also possess an N-
terminal signal sequence; however, the TAT signal sequence is rich in basic
amino acids and contains two arginine residues (S/TRRXFLK) [180]. The TAT

system transports folded proteins across the cytoplasmic membrane [180]. For
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both the Sec and TAT systems, the N-terminal signal sequences can be cleaved as

the proteins traverse the cytoplasmic membrane.

1.3.2 Sec- and TAT-dependent protein secretion mechanisms

The T2SS and T5SS are secretory mechanisms used exclusively by Gram-
negative bacteria and both systems depend on protein translocation into the
periplasm by either the Sec or TAT pathway. Once in the periplasm, proteins can
be transported across the outer membrane using the T2SS translocation apparatus
for which at least 12 additional proteins are involved[181]. Importantly, V.
cholerae uses the T2SS to secrete CT and chitinase, and a T2SS mutant is

defective in biofilm formation [182-186].

The T5SS is also referred to as the “auto-transporter” system because
proteins mediate their own secretion across the outer membrane. Once proteins
have been translocated across the inner membrane by the Sec or TAT system, the
C-terminus of the protein folds into a B-barrel structure and inserts into the outer
membrane forming a pore through which the remainder of the protein can be
transported[187-189]. From there, the protein can remain tethered to the outer
membrane or can be cleaved and released into the extracellular environment [187-
189]. The T5SS is also involved in a form of microbial competition called
contact-dependent growth inhibition (CDI) which will be discussed further in

section 1.4.2.
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1.3.3 Sec- and TAT-independent protein secretion mechanisms

The T1SS, T3SS, T4SS, T6SS, and T7SSs all possess the ability to
transport proteins across the cell envelope in a Sec- and/or TAT-independent
manner. The T1SS is used by Gram-negative bacteria to transport proteins from
the cytoplasm to the extracellular environment, by-passing the periplasm. This
system uses an inner membrane ATP-binding cassette (ABC) transporter to
provide the energy for translocation. A membrane fusion protein bridges the
cytoplasmic membrane and an outer membrane pore complex, providing a
translocation channel that bypasses the periplasm to the extracellular milieu [190,

191].

The T7SS is responsible for secretion of at least two small proteins —
ESAT-6 and CFP-10 — from Mycobacterium tuberculosis [192]. Both proteins
are important for the virulence of this bacterium [192]; however it remains
unclear exactly how these proteins are secreted across the Mycobacterial waxy

cell wall.

The T3SS, T4SS, and T6SS are all proposed to form a molecular needle
on the bacterial surface called the injectosome that is used to deliver bacterial
toxins directly into the host or target cell [193-196]. T3SS injectosome structural
proteins share similarity with flagellar apparatus proteins [195]. Two well-
characterized T3SS belong to Yersinia pestis and Salmonella enterica serovar
Typhimurium where both organisms use the T3SS to inject effector (toxin)

proteins into host cells [197].
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The T4SS injectosome proteins are homologous to bacterial conjugation
machinery proteins and fittingly, this secretion system is known to transport both
proteins and DNA [191, 198]. The stomach pathogen Helicobacter pylori injects
the effector protein CagA into gastric epithelial cells using its T4SS[199],
whereas Agrobacterium tumefaciens uses its T4SS to inject a protein-DNA

complex into plant cells [200-202].

The T6SS is the most recently described mechanism by which Gram-
negative bacteria inject proteins into target cells. In 2000, Das and colleagues
observed up-regulation of the gene VCA0120 when the V. cholerae O1 EIl Tor
strain N16961 was used to infect rabbit ileal loops [203]. VCAO0120 is similar to
icmF, the gene product of which is imperative for the T4SS of Legionella
pneumophila [204-206]. Bioinformatic analyses identified a highly-conserved
gene cluster in Gram-negative bacteria, all of which encoded this icmF
homologue [207]. This cluster was referred to as the lcmF-associated
homologous protein (IAHP) gene cluster until it was demonstrated that this gene
cluster encodes a secretion apparatus that mediates toxicity toward the amoeboid
host model Dictyostelium discoideum [194, 207]. Following this discovery, the

IAHP cluster was designated the T6SS.

T6SS structural proteins share similarity with the tip of the T4
bacteriophage tail spike [208, 209] and thus, it is not surprising that bacteria use
the T6SS to inject toxins into neighboring bacteria [210-221]. Interestingly, the
T6SS also mediates virulence towards phagocytic eukaryotic cells like J774

murine macrophages or the amoeba D. discoideum [193, 194, 209, 213, 222-229].
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The T6SS is a diverse mechanism that can target both eukaryotes and prokaryotes

and will be discussed in detail in Chapters 3-6.

Target cell
membrane

Mycomembrane

PP \

M TAT

TI1SS T28S TSSS T38S T4SS T6SS T788

Figure 1-1. Schematic representation of the seven bacterial secretion systems
described to date. OM; outer membrane, PP; periplasm, IM; inner membrane.

1.4 Microbial competition
1.4.1 Bacteriocins

Bacteriocins are peptides or proteins ranging in size from ~4-80 kDa that
are produced and released by one bacterium for the purpose of killing closely
related bacterial species [230, 231]. Several bacteriocins have been identified
including colicins (produced by E. coli), pyocins (P. aeruginosa) [232], cloacins
(Enterobacter cloacae) [233-235], marcescins (Serratia marcescens) [236],
vibriocins (V. cholerae) [237-239] and megacins (Bacillus megaterium) [240].
This section will focus on colicin mechanisms of action because colicins are the

most well-characterized type of bacteriocin.
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Colicins have diverse mechanisms by which they exert their toxic effects
including degradation of DNA and RNA [241-247], inhibition of murein synthesis
[248], and pore-formation in the cytoplasmic membrane of the target cell [249-
252]. Colicins are released into the extracellular environment and upon binding
their target cell gain access to their cellular targets via sophisticated entry
mechanisms. Importantly, colicin-mediated toxicity does not depend on cell-to-
cell contact between the producing and target bacteria. Colicin production is
triggered when the cell encounters a stress and activates the SOS response [253-
255] as described in more detail below. This induces expression of the colicin-
encoding operon including both the colicin itself and the colicin lysis protein
(encoded downstream) [256-263].  The colicin lysis protein results in
“quasilysis”, and ultimately, death of the producer cell and release of colicins into

the extracellular milieu [264-266]

The first step in colicin import into target cells is binding to an outer
membrane protein on the cell surface by the central region of the colicin molecule
[267-269]. The outer membrane protein bound varies depending on the colicin.
For instance, colicins A and E1 bind BtuB (involved in vitamin B;, transport),
colicin K binds Tsx (nucleoside transporter), and colicin U binds OmpA [231].
The presence of the outer membrane protein on the target cell is what determines
specificity and susceptibility to certain colicins [270]. Translocation of the colicin
across the cell envelope is mediated by the N-terminal domain and the enzymatic

activity is carried out by the C-terminal domain [235, 271-276].
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The presence of immunity proteins protects colicin-producing cells from
suicide or auto-toxicity. DNase and RNase colicins are bound by their cognate
immunity protein in the cytoplasm of the producing cell, and following secretion.
Dissociation of the immunity protein only occurs after the colicin has bound the
outer membrane receptor on its target cell [277-280]; however, the exact
mechanism of dissociation remains unclear. On the other hand, immunity
proteins to pore-forming colicins localize to the inner membrane where they either

act as a plug, or prevent pore formation from occurring [231, 281].

Genes encoding colicins and their immunity proteins are organized in a
conserved manner. All colicins are regulated via an SOS promoter that is
repressed by the LexA protein [282-287]. Upon encountering a cellular stress
such as UV radiation or chemical exposure, induction of the SOS response results
in activation of RecA and cleavage of LexA leading to expression of colicin-
encoding operons [287, 288]. Why colicin-encoding operons are regulated by the
cell SOS response still remains unclear. For nuclease colicins, the immunity
protein is encoded by a small gene located immediately downstream from (or
even overlapping with) the stop codon of the toxin gene [241, 256, 258, 283, 289-
292]. Importantly, transcription of nuclease colicin immunity genes is dually
regulated with one promoter located upstream of the operon containing the colicin
and immunity genes (polycistronic) and another promoter encoded within the
toxin gene that strictly regulates expression of the immunity gene (monocistronic)
[278, 282, 285, 293-297]. Pore-forming colicin genes are also regulated by the

SOS response; however, the immunity gene for these colicins is canonically
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located on the opposite strand of DNA in the inter-genic region between the
colicin and lysis genes [231]. These immunity genes also have their own
promoter ensuring that low-level expression of the immunity protein is
maintained within the producer cell at all times in order to protect against

autotoxicity[285].

The genetic organization and function of colicin and immunity genes is
similar to that of bacterial toxin/anti-toxin (TA) systems. The significant
difference between colicin/immunity and toxin/anti-toxin systems is that colicins
are released into the environment to bind and Kill target cells, whereas TA
systems mediate killing from within the producing bacterium [298]. Furthermore,
the genetic organization of TA cassettes is (generally speaking) opposite of
colicin/immunity genes where the anti-toxin gene precedes that of the toxin [298,
299]. Three types of TA systems have been characterized; in each case, the toxin
is a protein, but the anti-toxin can either be RNA (type I and Il1) or a protein (type
I1). TA systems are ubiquitous in nature and have been identified in the
chromosome of nearly all free-living bacteria and archaea [300]. Initially, TA
systems were described as plasmid-borne entities that ensured daughter cells each
received a copy of the plasmid during bacterial growth and were thus referred to
as “plasmid addiction systems” [301]. Both the toxin and anti-toxin are
constitutively expressed within the cell and form a complex that inhibits the
toxin’s activity. Upon duplication, daughter cells receive the toxin/anti-toxin
protein complex; however, if one of the cells fails to inherit the plasmid then no

further anti-toxin can be produced. The anti-toxin is degraded at a higher rate than
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the toxin and therefore, the daughter cell lacking the TA-encoding plasmid will
release the toxin from this complex resulting in cell suicide [298, 302-304] .
Chromosomally-encoded TA systems have also been identified and it has been
suggested these function as a bacterial programmed cell death mechanism [298,

305].

1.4.2 Contact-dependent growth inhibition

Bacteria are commonly found in nature as part of complex microbial
mixtures where communication via QS allows for cooperative behaviors. In stark
contrast to this harmonious existence, bacteria must also compete for space and
nutrients. It is thus not surprising that bacteria have evolved mechanisms not only
to cooperate, but also to out-compete bacterial neighbors. CDI was first described
in an E. coli strain (EC93) isolated from rat feces and involves delivery of an
outer membrane-bound toxin from the producer cell to a receptor on the target cell
surface [306-315]. CDI gene clusters include three genes: cdiB, cdiA, and cdil.
Together, CdiA and CdiB compose a two-partner secretion system (i.e. T5SS)
where CdiB forms a B-barrel in the outer membrane through which the toxin CdiA
is exported [306]. After translocation across the outer membrane, CdiA remains
tethered to the producing cell. Upon interacting with its receptor on the target
cell, BamA (a conserved outer membrane protein), the C-terminus of CdiA is
cleaved and traverses the cell envelope to its cellular target [314, 316]. Similar to
colicins, the CdiA producer cell is protected against autotoxicity and killing by

sister cells due to the presence of the immunity protein Cdil [306, 307].

24



CDI is not restricted to E. coli EC93, but is present in numerous Gram-
negative bacteria including plant, animal, and human pathogens [315]. CdiA is a
protein with a polymorphic C-terminus. This diversity provides different CdiA
proteins with the ability to target different cellular components [307, 314, 315].
The immunity protein Cdil also exhibits great diversity in different CDI* bacteria
which is not surprising given that the immunity protein specifically inhibits the
function of CdiA [307, 311, 312]. For example, CdiA from UPEC E. coli EC93
causes metabolic down-regulation of E. coli K-12 via pore-formation in the inner
membrane [307]. Alternately, CdiA from UPEC E. coli 536 has tRNase activity
and CdiA from the plant pathogen Dickeya dadantii 3937 possesses DNase

activity [315].

Bioinformatic analyses suggested that CDI systems share similar features
with “rearrangement hot spots” or Rhs elements [312, 317]. Rhs elements were
initially described as repetitive DNA sequences resulting in genetic duplications
[318]. Multiple Rhs elements can be found within the E. coli K-12 genome and
are predicted to be the result of unequal recombination events between different
Rhs elements [318]. Similar to CDI, Rhs loci encode a large protein followed by
a small ORF that could represent a toxin/immunity pair. Indeed, two Rhs loci in
the D. dadantii 3937 genome were shown to mediate growth inhibition of
competitor cells [317]. Interestingly, Rhs-mediated growth inhibition by D.
dadantii 3937 was dependent on a functional T6SS implying that the Rhs toxin

was secreted in a T6SS-dependent manner [317].
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Interestingly, the C-termini of Rhs toxins are polymorphic and share
similar enzymatic activity to CdiA proteins and orphan cdiA/cdil gene clusters
have been located throughout the genome of CDI* bacteria [312, 317].
Furthermore, VgrG proteins (belonging to the T6SS) that possess C-terminal
enzymatic activity also share similar features with Rhs elements [319]. Taken
together, it seems that Rhs elements provide a basic mechanism for creating
heterologous populations of enzymatic C-termini. Intra- and inter-bacterial
recombination of Rhs C-termini could result in a diverse array of bacterial toxins

that can be targeted for export from the cell by both CDI and the T6SS.

1.4.3 Self/non-self recognition

Proteus mirabilis is a Gram-negative, rod-shaped bacterium that is present
in water and soil, and also as part of the normal human intestinal flora. This
organism can also cause urinary tract infections in humans leading to the
formation of bladder and/or kidney stones [320-322]. P. mirabilis exhibits
swarming motility when grown on a semi-solid surface such as an agar plate. The
ability to swarm is characterized by differentiation of the bacterium into an
elongated, hyper-flagellated cell referred to as a “swarmer cell” [323-326]. When
swarms consisting of two different P. mirabilis strains approach each other, a
visible line or boundary is formed between the two encroaching swarms [323-
326]. On the other hand, when two swarms of the same strain approach each

other, boundaries do not form and the two swarms merge together [324, 327].
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Although P. mirabilis is known to produce bacteriocins called proticines,
proticine production is not the sole determinant that mediates boundary formation
[325]. This was demonstrated using four individual strains of P. mirabilis that do
not produce, and are not sensitive to, proticines. These strains maintained the
ability to form boundaries with each other suggesting that other factors are
involved in boundary formation [325, 328]. Boundary formation is based on the
ability of P. mirabilis strains to differentiate between “self” and “non-self” and
this is mediated by a set of proteins termed Ids for identity of self [326, 329].
Three ids genes — idsA, idsB, and idsD — share similarity with the T6SS genes
hcp, vgrG, and vasX (Appendix Figure 9-1 and [326]). The ids gene cluster is
transcribed as an operon and has a similar genetic organization as the T6SS gene
cluster encoding VgrG-2, Hcp-2, and VasX (Appendix Figure 9-1 and [326,
329]). The VasX homologue, IdsD (Dr. B. Hazes, unpublished observation),
was identified as a crucial determinant of self/non-self recognition [326]. When
idsD is deleted, the wild-type P. mirabilis parent strain no longer recognizes the
idsD mutant as “self” [326]. It is currently unclear how the Ids proteins mediate
boundary formation, however, enlarged and rounded cells have been observed in
the vicinity of the swarm boundary [323, 327]. Given the similarity between
crucial Ids and T6SS proteins, it is feasible that P. mirabilis swarms engage in
T6SS-like inter-bacterial interactions resulting in bacterial Kkilling and boundary

formation.
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1.5  The type VI secretion system

The T6SS is the most recently described mechanism by which Gram-
negative bacteria export proteins across their cell envelope. This secretion system
is encoded by a diverse array of proteobacteria including numerous plant, animal,
and human pathogens [216, 330-332]. Similar to the T3SS and T4SS, the T6SS is
presumed to form a molecular syringe on the bacterial surface that punctures, and
delivers toxins into, target cells. T6SS gene clusters encode at least 20 ORFs and
a single bacterium has been found to encode up to six complete T6SS gene
clusters. T6SS gene clusters from select Gram-negative bacteria are presented in

Figure 1-2.
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Figure 1-2. Schematic representation of T6SS gene clusters in select Gram-
negative bacteria.  Highlighted genes are indicated by the colour scheme
presented in the legend.

1.5.1 T6SS-mediated killing of eukaryotes

The T6SS was initially described as a protein secretion apparatus used to
target eukaryotes [193, 194]. Toxic phenotypes were observed upon infection of
murine macrophages and the social amoeba D. discoideum with V. cholerae [193,
194, 209, 222-224, 333] and antibodies against T6SS proteins from cystic fibrosis
patient sputum samples suggested P. aeruginosa uses the T6SS in chronic lung

infections [193]. The ability to target eukaryotic cells using the T6SS has since
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been demonstrated for a wealth of Gram-negative T6SS" bacteria including
Burkholderia cenocepacia, Burkholderia mallei, Burkholderia pseudomallei,
Edwardsiella tarda, Edwardsiella ictaluri, Francisella tularensis and novicida,
Salmonella Typhimurium and Gallinarum, A. hydrophila, and Helicobacter

hepaticus [224-229, 334-348].

One recurring theme in T6SS-mediated toxicity toward eukaryotes is the
specific targeting of phagocytic cells like macrophages or D. discoideum. Ma et
al. elegantly demonstrated that inhibition of phagocytosis using cytochalasin D
prevented V. cholerae T6SS-mediated toxicity in J774 murine macrophages [222].
Furthermore, when non-phagocytic Chinese hamster ovary cells (which are
normally resistant to T6SS-mediated effects) were engineered to induce
opsonophagocytosis of V. cholerae, they became susceptible to killing by V.
cholerae in a T6SS-dependent manner [222]. Other examples of phagocyte-
specific phenotypes include actin rearrangements in ANA-1 murine macrophages
by B. cenocepacia, increased intracellular replication and survival of B. mallei in
RAW264.7 murine macrophages [226], formation of multinucleated giant cells by
B. pseudomallei in RAW264.7 macrophages [225], survival of S. Gallinarum
within murine and avian macrophage cell lines [349], and phagosomal escape and
intracellular growth of Francisella species [345, 350, 351]. The reason for the
T6SS utilization specifically following uptake by phagocytic cells is currently
unclear; however, it has been demonstrated that acidic conditions, and other
changes concomitant with the environment inside the phagolysosome induce

T6SS-gene expression in certain bacterial species [334, 336, 352, 353]. This
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implies that the conditions within the phagosome allow T6SS™ bacteria to sense

the host environment and up-regulate virulence factors accordingly.

1.5.2 The T6SS and microbial competition

The structural proteins that comprise the T6SS needle complex share
homology with the tail spike of the T4 bacteriophage [208, 209]. Thus, it is not
surprising that bacteria use the T6SS for inter-bacterial competition [211-214,
217, 354]. Characterization of the T6SS bacterial killing mechanism is still in its
infancy; however both V. cholerae and P. aeruginosa secrete toxins that degrade
the peptidoglycan of the target cell [210, 215]. Cell wall degradation appears to
be a common theme in T6SS-mediated bacterial killing, as genes encoding similar

toxins are found in -, 8-, and Y'-proteobacteria [216].

Lipase proteins are another common T6SS bacteria-targeting effector
[216, 221, 332, 355] whose function has been demonstrated in B. thailandensis, V.
cholerae, and P. aeruginosa [332]. In the case of P. aeruginosa, the lipase toxin
(T1e57) converts phosphatidylethanolamine (PE) into phosphatidic acid (PA)
within the target cell inner membrane [332]. Although it is not clear at this time
what specific toxic effect the conversion of PA confers, the authors also
demonstrated that lipase toxins render target bacterial cells more permeable to

propidium iodide (P1) and thus perturb the inner membrane [332].

Interestingly, some T6SS™ bacteria are able to target both prokaryotes and
eukaryotes. V. cholerae strain V52 possesses one T6SS gene cluster encoding
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both prokaryotic and eukaryotic toxins and it has been demonstrated that this
strain kills D. discoideum, murine macrophages, and a variety of Gram-negative
bacteria [194, 209, 211, 223]. Furthermore, some bacterial genomes contain
multiple evolutionarily distinct T6SS gene clusters including P. aeruginosa, B.
thailandensis, B. mallei, and B. pseudomallei [213, 225, 226, 356-358]. In the
case of B. thailandensis it was demonstrated that one of the T6SS clusters
specifically targets eukaryotes, while another targets prokaryotes[213]. Figure 1-
3 provides a summary of the different mechanisms used by bacteria to mediate

microbial competition.

32



Merged Poa bt N
Swarms : "
Wild- Wild- Aot :
Wild-  Wild- M . .
type type (e T L
swarm swarm Colicin- Resistant
swarm swarm producing cell Target
(quasilysis) cell
. N .
Colicin- Target H A
—_— producing cell i A
Boundary "l i 4 : i
Wild- Wild- P,
! 1
type type . N
swarm swarm - A

O
o

Figure 1-3. Different mechanisms utilized for microbial competition. (A) Swarms
of P. mirabilis consist of elongated, hyperflagellated swarmer cells (circle inset).
“Self/non-self” recognition by P. mirabilis results in boundary formation between
two swarms (lower panel) when the genes encoding for “identity of self” (ids) are
mutated. Two encroaching swarms of the wild-type strain recognize each other as
“self” and do not form boundaries (top panel). (B) Colicins (red triangles) are
produced following a cell stress event. Concomitant production of the colicin
lysis protein results in “quasilysis” and permeates the producer cell resulting in
colicin release into the extracellular medium. Neighboring cells that produce the
colicin immunity protein (yellow half-moon) are protected while nearby cells that
do not produce the immunity protein are susceptible to colicin-mediated killing.
(C) “Toxin on a stick” model where the CDI" E. coli (green) delivers the toxin
(red circle) to the target cell (blue). (D) The T6SS is a macromolecular machine
produced in the cytoplasm of the T6SS™ cell. The VipA/VipB sheath (purple)
surrounds the Hcp tube (light blue) which is capped with VgrG proteins (yellow,
blue, red triangles) and associates with T6SS toxins (green). The Hcp tube is
ejected from the cell delivering the VgrGs and other toxins into the target
bacterial cell (blue).
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1.5.3 Formation of the T6SS molecular syringe — structural T6SS proteins

The structural proteins that comprise the T6SS needle complex share
homology with the tail spike of the T4 bacteriophage [208, 209]. W.ithin the
bacterial cytoplasm, the T6SS assembles as long dynamic structures composed of
VipA and VipB proteins. The VipA/B complex forms a contractile sheath that
surrounds an inner tube composed of Hcp proteins. Hcp monomers (~18 kDa)
interact to form hexameric rings that can stack on top of one another forming a
tube [193]. The Hcp tube has an outer diameter of 85 A and an internal diameter
of 40 A [208]. It is hypothesized that the Hcp tube (surrounded by the VipA/B
sheath) is capped with a trimer consisting of VgrG proteins located in the bacterial

envelope[220].

Upon contraction of the VipA/B sheath, the Hcp tube capped with VgrGs
is believed to be ejected from the cell to puncture into target cells [208, 218-220].
At this time, the formation of the T6SS syringe on the bacterial surface has not
been visualized; however, the hallmark of a functional T6SS is the secretion of
Hcp into culture supernatants [193, 194, 224, 229, 359, 360]. This protein is
likely sloughed from the needle complex resulting in its presence in culture
supernatants. When the T6SS was first described, it was believed that the Hcp
tube formed a conduit through which proteins were translocated into host cells;
however, this has yet to be demonstrated. Therefore it is currently unclear
whether T6SS effector proteins actually traverse the T6SS needle complex, or are

ejected from the cell by physical association with the tip of the needle.
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Finally, two proteins provide the energy for protein secretion and for
disassembly of the secretion apparatus. The IcmF-like inner membrane protein,
VasK, provides the energy to translocate proteins across the cytoplasmic
membrane [361] and the AAA+ ATPase protein ClpV disassembles the sheath
complex following contraction [362]. Importantly, strains lacking vasK are

unable to secrete T6SS proteins and are used routinely as a T6SS-negative strain.

1.5.4 Toxins of the T6SS

Although it is known that a diverse array of bacteria utilize the T6SS to
target prokaryotes and eukaryotes, only a few of the proteins mediating the toxic
effects have been identified and/or characterized. In P. aeruginosa, three toxins
have been identified: type six exported 1-3 (Tsel-3) [214, 215]. The molecular
function of Tse2 is not known; however, cytoplasmic production of this protein in
both prokaryotes and eukaryotes results in toxicity [214]. Tsel and Tse3 on the
other hand are specific to bacteria as they degrade the peptidoglycan acting as an
amidase and a muramidase, respectively [215]. P. aeruginosa producing any of
Tsel-3 is protected against its own toxins by the presence of anti-toxins or
immunity proteins specific to each of the toxins [214, 215]. In each case, the
immunity gene is located directly downstream of the gene encoding the toxin
which is analogous to the genetic organization of certain colicins, and the CDI

system.
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Reports of other T6SS toxins are scarce. The plant pathogen Rhizobium
leguminosarum, was shown to transport the small ribose-binding protein RbsB in
a T6SS-dependent manner; but what advantage this confers to R. leguminosarum
is unclear [363]. The fish pathogen E. tarda uses its T6SS to secrete a small
protein called EvpP that has no conserved domains and no characterized
homologous proteins [228, 229, 335]. EvpP is crucial for virulence of E. tarda
toward blue gourami fish; however, the exact function of EvpP has not been

elucidated [229].

VorG-1, VgrG-3, VasX, and TseL are T6SS toxins utilized by V. cholerae
to mediate bacterial-host and inter-bacterial interactions [209, 210, 221-223, 332,

333, 355] and these toxins will be described in detail in the following section.

1.6 The V. cholerae T6SS

All sequenced strains of V. cholerae encode the T6SS implying that this
system has been selected for throughout evolution. The T6SS genes in this
organism are dispersed among three different areas of the V. cholerae
chromosome (Figure 1-4) with two copies of hcp (hcp-1 and hcp-2), and three
vgrGs (vgrG-1, vgrG-2, and vgrG-3) [194]. The Hcp proteins have identical
amino acid sequences and are functionally redundant [194]. On the other hand,
VgrG proteins have unique sequences and cannot complement one another [209].
All three VgrGs share a similar N-terminal core but have varied C-termini.

VgrG-1 contains a C-terminal actin cross-linking domain, whereas VgrG-3 has a
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C-terminal peptidoglycan degrading domain [208-210, 222, 333]. VgrG-2 does

not possess a C-terminal extension and solely consists of the core [208, 209].

hep-1 vgrG-1 tsel  tsiV]

VCl4... 15 16 17 18 19

hep-2 vgrG-2 vasW  vasX  tsiV2

VCA00... 17 18 19 20 21
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VCAQ... 107 108109110 111 112 113 114 115 116 117 118 119 120 121 122 123 124

Figure 1-4. Schematic representation of the V. cholerae T6SS gene clusters.
Genes encoding proteins with characterized functions are denoted in red, toxins
are shown in purple, and immunity protein genes are green. Genes encoding
T6SS proteins yet to be characterized are black.

1.6.1 Regulation of the V. cholerae T6SS

The regulatory mechanisms governing T6SS gene expression in V.
cholerae are complex and are influenced by numerous regulatory pathways. To
further complicate the subject, T6SS regulation varies between different V.
cholerae strains. The O1 serogroup strains C6706 and N16961 both possess a full
complement of T6SS genes; however, they are not known to express these genes
under laboratory conditions. Fittingly, they also do not kill other bacteria, D.
discoideum, or murine macrophages. T6SS genes of the strains A1552, AJ3 and
AJ5 (O1 El Tor) are expressed in response to QS signals (i.e. at high cell density)

[364]. Furthermore, the strains A1552, E7946, and 93Ag49 produce and secrete
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Hcp when grown at 22 °C (as opposed to 37 °C) or when exposed to high salt
concentrations [365] implying T6SS genes are expressed in these strains in
conditions mimicking their natural habitat rather than during host infection.
Interestingly, growing C6706 using these same conditions fails to induce Hcp
production [365] and therefore, QS, low temperature, and high salinity are not

universal T6SS activation cues that can be applied to all O1 V. cholerae strains.

C6706 is capable of expressing T6SS genes however, as evidenced by up-
regulation of T6SS genes during colonization of the mouse small intestine [366]
and the ability of C6706 to engage in T6SS-mediated bacterial Killing in the
presence of mucin (Dr. V. Bachmann, unpublished observation). Furthermore,
production and secretion of Hcp can also be stimulated in-vitro via mutation of
the QS regulator LuxO (i.e. mimicking high cell density conditions), and the
global type six regulator A (TsrA) [367]. Although the cues inducing expression
of T6SS genes in this strain are not fully understood at this time, the T6SS is

functional and likely plays an important role during the lifecycle of C6706.

The V. cholerae O37 serogroup strain V52 was the causative agent of a
cholera-like outbreak in Sudan in 1968 [368]. This strain possesses a
constitutively-active T6SS when grown under standard laboratory conditions as
evidenced by its ability to secrete Hcp into culture supernatants [194].
Furthermore, V52 uses its T6SS to kill murine macrophages, D. discoideum, and

other Gram-negative bacteria [194, 209, 211].
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V52 with its constitutive T6SS is not an anomaly, as V. cholerae isolates
from the Rio Grande (RGVC strains) also constantly produce Hcp[369]. The
reason behind the differences in regulation between V52 and the RGVC isolates
compared to the O1 serogroup strains N16961, C6706, and A1552 is not clear.
However, polymorphisms in the T6SS transcriptional activator VasH do not
account for these differences [369, 370]. VasH is an activator of the alternate
sigma factor, o°* (RpoN) that binds promoters upstream of the two auxiliary T6SS
gene clusters [370-372], making it the most downstream regulator of the T6SS
regulatory cascade. There is debate in the literature as to whether VasH and
RpoN regulate genes belonging to the large T6SS gene cluster. Bernard et al.,
determined that VVasH/RpoN positively regulates the large cluster (and the two
satellite gene clusters) in V. cholerae strain 0395 [371] while Dong et al.,
observed that VasH/RpoN regulates only the two auxiliary T6SS gene clusters in
V. cholerae V52 [372]. Nevertheless, VasH is an important T6SS regulator for V.
cholerae even though different strains respond to a variety of extracellular signals

leading to expression of T6SS genes.

1.6.2 V. cholerae and targeting eukaryotes

V. cholerae V52 deploys VgrG-1, VasX, and TseL using its T6SS to
mediate virulence toward eukaryotic hosts [209, 221-223, 332, 333]. Following
phagocytosis, V52 uses its T6SS to inject VgrG-1 into the cytoplasm of murine
macrophages resulting in cell-rounding and eventually death [194, 209, 222]. As

mentioned previously, VgrG-1 contains a C-terminal actin cross-linking domain
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which catalyzes covalent attachment of host G-actin monomers to one another
[209, 222]. V. cholerae causes inflammation and cross-links host cell actin in the
intestine of infant mice [333] and causes macrophage cell-rounding [209].
Furthermore, a vgrG-1 mutant of V52 is avirulent toward D. discoideum [373]
presumably due to the inability to cross-link amoeboid actin; however this has not

been experimentally demonstrated.

TseL is a phospholipase that disrupts phospholipid vesicles in-vitro[332]
and is important for T6SS-mediated virulence as V. cholerae V52 lacking tseL is
attenuated toward D. discoideum [221].  Presumably, TseL disrupts the
cytoplasmic membrane of its target cells by cleaving phospholipids resulting in

membrane instability.

VasX is another V. cholerae T6SS toxin and similar to TseL it appears to
target the cytoplasmic membrane of host cells [223]. V52 lacking vasX is also
attenuated in its virulence toward D. discoideum. VasX was the focus of my
Ph.D. research and therefore, this toxin will be discussed in detail in the

remaining chapters of this thesis.

1.6.3 V. cholerae and targeting prokaryotes

V. cholerae uses its T6SS to mediate inter-bacterial interactions resulting
in the death of target cells [210, 211, 369, 370]. T6SS-mediated killing of other
bacteria seems to be limited to Gram-negative organisms as V52 was unable to
Kill a panel of Gram-positive bacteria including S. aureus, Enterococcus fecaelis,
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and Listeria monocytogenes (Appendix Figure 9-2 and [211]). Bacterial killing is
an active process (i.e. heat-killed V. cholerae do not engage in killing) and occurs
in a contact-dependent manner (Appendix Figure 9-3 and [211]). Interestingly,
bacterial killing only occurs when the “predator” and “prey” bacteria are
incubated together on an agar plate — that is, killing does not occur when the two
bacteria are mixed in liquid culture[211]. A similar observation was made for

bacterial competition involving P. aeruginosa [214].

We noted that V. cholerae V52 does not kill the V. cholerae O1 serogroup
strains C6706, N16961, or 0395 [211]. As mentioned previously, all of these
strains encode T6SS genes but do not produce T6SS proteins under standard
laboratory conditions [364, 365, 370]. Interestingly, RGVC isolates that
constitutively produce T6SS proteins (refer to section 1.6.1) can kill E. coli, V52,
and other non- V. cholerae environmental bacteria isolated from the Rio Grande
(Appendix Figure 9-4 and [369]). This implies that these RGVC strains could use
the T6SS for environmental fitness in their natural habitat and that the T6SS may
provide a selective growth advantage in this setting. Furthermore, V52 uses its
constitutively active T6SS to kill all RGVC isolates [369]. This T6SS bacterial
killing has been termed “dueling” and time-lapse fluorescence microscopy has
been used to visualize the VipA/VipB sheath contraction and (presumed) firing of

the T6SS needle complex into neighboring bacterial cells [218-220].

Three toxins that mediate T6SS bacterial killing by V. cholerae have been
identified: TseL, VgrG-3, and VasX. The phospholipase TseL is a versatile toxin

with the ability to target both prokaryotes and eukaryotes [221, 332]. Russell et
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al., determined that exposure to TseL alters the phospholipid composition of the
target bacterium; however the specific effect this has on the bacterium is not yet
understood[332]. VgrG-3 has both structural (see section 1.5.3) and toxin activity
and acts by degrading the peptidoglycan of target cells [209, 210, 221]. Finally,
VasX shares similarity with pore-forming colicins and disrupts the inner
membrane of target bacteria, the mechanism for which will be discussed in detail

in later chapters.

V. cholerae mediates T6SS-dependent Killing of bacterial competitors
using the three toxins described above; however some bacterial strains are
resistant to killing by V52 such as V. cholerae N16961, 0395, and C6706.
Conversely, RGVC isolates are killed by V52. The mechanism behind this
selective Vibrio-Vibrio killing involves specific toxin/immunity compatibility

groups (D. Unterweger, submitted).

V. cholerae uses three toxins with unique mechanisms to Kkill other
bacteria: TseL, VgrG-3, and VasX [210, 221, 332, 355]. Directly downstream of
each toxin gene is a gene encoding the corresponding anti-toxin or immunity
protein (Figure 1-4) that serves to protect V. cholerae from an attack by sister
cells (D. Unterweger, unpublished observation and [374]). Each immunity
protein specifically inhibits its cognate toxin (D. Unterweger, unpublished

observation and [221]).

There appears to be diversity in the type of toxin/immunity pairs used by

different V. cholerae strains which accounts for the ability of V52 to kill RGVCs,
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and the inability of V52 to kill C6706 and N16961. That is, V52 has the same
toxin/immunity sets as C6706 and N16961 and the immunity proteins provide
C6706 and N16961 with protection against V52 toxins. RGVC isolates, on the
other hand, utilize different toxins and immunity proteins and are therefore not
protected against the toxins used by V52 (D. Unterweger, unpublished
observation). Diversity in T6SS toxin/immunity pairs sets the stage for bacterial

dueling and allows for inter- and intra-species bacterial competition.
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1.7 Hypothesis and Aims

V. cholerae causes the devastating diarrheal disease cholera which is a
major global health burden to this day. The cholera bacterium normally inhabits
brackish water where it lives in mixed microbial populations. Following
ingestion of the bacterium, V. cholerae colonizes the small intestine where it
encounters the host microbiota and infiltrating host immune cells. Regardless of
its environment, V. cholerae must compete for space and nutrients and we
therefore hypothesize that the V. cholerae T6SS plays a role in the human disease
cholera [375]. Our lab seeks to understand what role the V. cholerae T6SS plays
in inter-bacterial and host-pathogen interactions with the ultimate goal of
developing ways to inhibit or disable the T6SS for the betterment of human
health. Recently, it was proposed that developing antimicrobial therapies that
disable virulence factors rather than kill the bacterium would result in less
selective pressure on the organism [376]. Ultimately, this would lead to a reduced
frequency of resistance to these antimicrobial agents because the drugs do not kill
the bacteria. The T6SS is one such virulence factor that could be targeted for
development of novel antimicrobial therapies. Given that the T6SS mediates
Killing of macrophages and other bacteria we believe that V. cholerae uses its
T6SS to establish infection in the human small intestine. Although a drug that
disables V. cholerae of its T6SS would not prevent the index case of a cholera
outbreak, such as drug could help reduce subsequent transmission of the organism
by preventing intestinal colonization of people within a community and/or

household.
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At the outset of my graduate work, the focus of T6SS research involved
the interaction of T6SS™ bacteria and their host (eukaryotic) cell. The T6SS is a
dynamic structure that forms in the bacterial cytoplasm consisting of an Hcp tube
surrounded by a VipA/VipB sheath [193, 208, 218-220, 362]. Contraction of the
sheath supposedly results in the ejection of the Hcp tube (capped with a VgrG
trimer) out of the bacterium and into the target cell [208, 218-220]. |
hypothesized that V. cholerae uses its T6SS needle complex to puncture host cells
for the delivery of effector proteins through the Hcp tube and into the host
cytoplasm. Using a proteomics approach, | identified the protein VasX which is
secreted by V52 in a T6SS-dependent manner. The remainder of my Ph.D. thesis
research focused on characterization of VasX, and proteins involved in VasX-
mediated toxicity. The data chapters are organized by the questions addressed,

and are as follows:

Chapter 1:  What protein(s) are secreted by the T6SS?

| hypothesized that V. cholerae uses its T6SS to secrete effector proteins into
host cells. To identify novel T6SS secreted proteins, | analyzed the protein
composition of culture filtrates (in the presence or absence of the T6SS regulator
VasH) by mass spectrometry and this led to the identification of VasX. To gain a
better understanding of how VasX might function in the context of the T6SS, I

carried out a series of biochemical and bioinformatic analyses.
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Chapter 2:  Is VasX required for V. cholerae virulence toward eukaryotes?

| hypothesized that VasX is important for T6SS-mediated virulence toward
host cells. To test this, I analyzed virulence of V52AvasX toward both D.
discoideum and murine macrophages. To gain a better understanding of the
mechanism by which VasX acts, | tested the ability of VasX to bind membrane

lipids using two independent techniques.

Chapter 3:  Is VasX important for V. cholerae T6SS-mediated killing of

bacteria?

To determine whether VasX is important for V52 T6SS-mediated bacterial
killing, V52AvasX was used as the predator strain in a variety of bacterial killing
assays. To determine the mechanism by which VasX kills bacteria I fused vasX to
the sequence encoding the Sec signal peptide to target VasX to the periplasm.
Cells expressing this fusion were used to determine toxicity of VasX to the
producer cell, and whether VasX disrupts the membrane potential by perturbing

the inner membrane.

Chapter 4:  How does V. cholerae protect itself against VasX auto-toxicity?

| hypothesized that V52 produces an immunity protein that counteracts the
toxic effects of VasX. To determine whether the small gene directly downstream
of vasX, tsiV2, encodes the VasX immunity protein, tsiV2 was deleted in the
pandemic O1 strain C6706 which has a repressed T6SS under laboratory
conditions. This mutant was tested for its sensitivity to V52 in a bacterial killing
assay against V52. Subcellular localization experiments were performed to
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determine where TsiV2 localizes within the bacterium. Promoter fusion
experiments were performed to resolve the anomaly that C6706 is immune to
VasX toxicity despite a lack of T6SS (i.e. tsiV2) gene expression. To determine
whether VasX and TsiV2 interact, the two purified proteins were used for cross-

linking studies and far western blotting.

Chapter 5:  What role does VVasW play in the V. cholerae T6SS?

Directly upstream of vasX on the V52 chromosome is the gene vasw.
Because this protein is encoded within the gene cluster that encodes the important
T6SS proteins Hep-2, VgrG-2 and VasX, | hypothesized VasW is important for
T6SS-mediated virulence. To gain insight into the role of VasW in the T6SS,
V52AvasW virulence was assessed using the D. discoideum plaque assay and the
bacterial Killing assay. The secretion profile of V52AvasW was analyzed to
determine whether this mutant strain retained the ability to secrete Hcp and VasX

into culture supernatants.

The results of my study have revealed that VVasX is an important toxin used by
V52 to kill both eukaryotes and prokaryotes and has contributed to our knowledge
of the versatility of the T6SS. VasX is the first T6SS toxin characterized that acts
similar to pore-forming colicins and disrupts the inner membrane of target cells —
a toxic mechanism (reliant on VVasW) that is inhibited by its cognate immunity

protein TsiV2.
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CHAPTER 2

Identification and biochemical characterization of VasX

Portions of this chapter have been published as:

Miyata, S.T., Kitaoka, M., Brooks, T.M., McAuley, S.B., and Pukatzki, S. (2011)
Vibrio cholerae Requires the Type VI Secretion System Virulence Factor VasX to
Kill Dictyostelium discoideum. Infection and Immunity, 779(7):2941-9.

The experiment described in section 2.2.3 (qQRT-PCR) was conducted by Maya
Kitaoka.
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2. Identification and biochemical characterization of VVasX

2.1 Introduction

Secretion systems provide bacteria a means to transport proteins across
their cell envelope. To date, seven unique secretion systems have been described
in both Gram-positive and Gram-negative bacterial species. The T6SS is the most
recently described secretion system for Gram-negative bacteria. This system is
thought to resemble the T3SS and T4SS with the production of a molecular
syringe protruding from the bacterial envelope for the purpose of injecting

effector proteins into target cells.

V. cholerae V52 is a clinical isolate that belongs to the O37 serogroup.
This strain has a constitutively-active T6SS under laboratory conditions and is
known to secrete Hcp and VgrG proteins into culture supernatants [194, 209].
Neither VgrG nor Hcp possess canonical signal peptides. Hcp and VgrG are
proposed structural proteins of the T6SS syringe apparatus and are crucial for
secretion of other T6SS-associated proteins. Purified Hcp forms hexamers that
stack on top of each other to form a tube-like structure in-vitro[193] that is
believed to form the conduit through which T6SS secreted proteins are
translocated. The VgrG proteins (VgrG-1, VgrG-2, and VgrG-3) interact to form
an SDS-resistant, heat-sensitive multimeric complex that can be visualized as a
high molecular weight protein band by western blotting [194, 209, 357]. This
VorG complex is believed to sit atop the Hcp tube and serve as the T6SS

puncturing device [209]. The three VgrG proteins share a similar “core” but differ
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with regards to their C-termini. VgrG-1 possesses a C-terminal actin cross-
linking domain that causes cell rounding in murine macrophages [194, 209, 222,
223]. VgrG-2 consists solely of the VgrG core and does not have a C-terminal
extension; however, the function of this protein cannot be complemented by
VgrG-1 or VgrG-3, and VgrG-2 is imperative for secretion of Hcp [194, 2009,
223]. The C-terminus of VVgrG-3 has peptidoglycan degrading capabilities and is

used by V52 to compromise the cell wall of microbial competitors [210, 374].

Two other proteins that are crucial for T6SS function are VasK and VasH.
VasK is an inner membrane protein that provides the energy for translocation of
T6SS proteins across the bacterial cell envelope. Importantly, vasK is crucial for
the formation of the T6SS needle complex and thus V52AvasK is the equivalent
of a T6SS-null strain. VasH is a transcriptional regulator that activates the
alternate sigma factor, o> to drive transcription of T6SS genes. Conflicting
reports attest to the ability of VasH to regulate the large and auxiliary T6SS gene
clusters in V. cholerae [371, 377]. Using electromobility shift assays and f-
glucuronidase fusions as a reporter of transcriptional activity, Bernard et al.
determined that VasH/RpoN regulates the large T6SS gene cluster, as well as the
small auxiliary clusters which encode T6SS secreted proteins in V. cholerae
0395[371]. Contradictory to this, RNA-seq, ChlP-seq and gPCR data indicate
that in strain V52, RpoN strictly regulates the smaller hcp-encoding clusters and
not the large T6SS cluster[372]. Regardless of these contradictory data, VasH is
known to regulate transcription of the two T6SS satellite gene clusters encoding

Hcp-1 and VgrG-1, and Hcp-2 and VgrG-2[370-372, 378]. As such, a vasH
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mutant is similar to a vasK mutant because it is unable to produce a functional
T6SS apparatus due to the lack of Hep and VgrG production [194, 370].

Secretion systems such as the T3SS, T4SS, and T6SS produce molecular
syringes used to puncture, and deliver effector proteins into the target cell. My
goal was to identify V. cholerae T6SS effector protein(s) by taking advantage of
the T6SS regulator VasH. | hypothesized that over-expression of vasH would
result in the over production and secretion of T6SS effector proteins into culture

supernatants.

2.2  Results
2.2.1 Overexpression of vasH and identification of VasX.

My initial goal was to identify T6SS effector proteins; those that are
translocated through the injectosome and into host cells to alter host cell function.
Given that wild-type V52 constitutively expresses T6SS genes [194], the presence
of host cells is not required to trigger secretion of T6SS proteins. Therefore, it
was possible to analyze the V52 secretome by identifying proteins present in

bacterial culture supernatants.

To identify T6SS-dependent secreted proteins, | took advantage of VasH,;
a T6SS transcriptional regulator and activator of > [194, 370, 371, 379]. The
vasH gene was cloned into pBAD24 downstream of an arabinose-inducible
promoter (pBAD24-vasH) and the plasmid was transformed into V52AvasH.
V52AvasH/pBAD24-vasH was grown in the presence and absence of arabinose
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and the protein content of culture supernatants of the two strains was compared.
To visualize total protein content, the supernatant samples were subjected to SDS-
PAGE followed by silver staining. | observed multiple bands that were present
under vasH-inducing conditions but absent under non-inducing conditions (Figure
2-1). Knowing that V52AvasH alone does not secrete Hcp [194], restoration of
Hcp secretion upon vasH induction indicated proper complementation. To
identify other proteins present strictly when vasH was over-expressed, both
arabinose induced and non-induced lanes were excised and subjected to liquid
chromatography/mass spectrometry (LC-MS/MS) analysis. Among other proteins
(Table 2-1), mass spectrometry identified a protein encoded by VCA0020 in
supernatants of VVasH-producing bacteria that was not present in supernatants of
bacteria lacking vasH. The VCA0020 gene product corresponded to a ~120 kD

protein that we subsequently named VasX.
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V52AvasH/pBAD24-vasH
Arabinose

VasX

— 120kD

Figure 2-1. V52AvasH/pBAD24-vasH secretes VasX into culture supernatants
strictly under inducing conditions. Silver-stained SDS-PAGE comparing
supernatants of V. cholerae V52AvasH/pBAD24-vasH grown under inducing (+
arabinose) or non-inducing (- arabinose) conditions. Black boxes highlight
proteins present under inducing conditions but absent under non-inducing
conditions. Proteins from each lane were excised and identified by LC-MS/MS
analysis.
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Table 2-1. Proteins identified by mass spectrometry as present in culture

Protei
Designati

VerG-2

VerG-3

VCA0020

Hcep
Putative porin
(VC1854)

Heme transport
portein (HutA)

supernatant strictly when vasH expression was induced.

Organism

¥, cholerae N16961

V. Cholerae V52

113 ¥. cholerae N16961

V. cholerae RC385

¥, cholerae N16961

122
19 ¥. cholerae N16961
40 V. cholerae N16961
78 ¥, cholerae N16961

Peptide sequences Accession

identified

gi 15641427

YEVQLASR
EFCVQYR
FVIEITNAK
ESDIDFLHR
GFGTSATPELR
TQAEVSEVQLK
SAQGDALFMLTK
VSNLTAEQMVDEK
TVPNELQSYLPK
HTLYFSDASDSLSK
YKDDVNGAAFSQIR
FDLQEHLDPAMNR
YSNGNEQSSCWVR
DFDGLIENDHTTVIR
LAAEEGLVYSFVHEAGK
TYHATNTPPYTLPEHK
TETHQGEGFNELSFEDQAGK
YEVQLASR gi 121727991
EFCVQYR
ESDIDFLHR
TQAEVSEVQLK
VSNLTAEQMVDK
GPAPVCEVCEEAK
LDCSSEIGGSLQQK
HTLYFSDASDSLSK
YKDDVNGAAFSQIR
FDLQEHLDPAMNR
YSNGNEQSSCWVR
DFDGLIENDHTTVIR
LAAEEGLVYSFVHEAGK
TYHATNTPPYTLPEHK
TETHQGEGFNELSFEDQAGK

EFCVQYR

SDEPLLLAGVR

SSPSWWSDLK

EFFSGLNPATK
VDGLEDESLVVR

DGOVVQQINGIVR
EFNVVWQDIASR
GFEGQESLSDSVWR
DIAYQQPNYEHFDAPGR

gi 15600894

EFCVQYR
FVIEITNAK
ESDIDFLHR

GFGTSATPELR
TQAEVSEVQLK
SAQGDALFMLTK
VSNLTAEQMVDK
TVPNELQSYLPK
HTLYFSDASDSLSK
FDLQEHLDPAMNR
YSNGNEQSSCWVR
DFDGLIENDHTTVIR
LAAEEGLVYSFVHEAGK
TYHATNTPPYTLPEHK

GQTIGLQITR
DNSFIDEVR
GGTPSLLANLR
DTCTPSLPVEK
VAQYPSWNPFK
WSIEDNQPVYR
LPAQPAYYQPQR
EAVTPILINEQQGK
WIEPAQSSFGALQK
AGELDLQSAEANDIATR
YAFDVYDDQGQALHPLPK
FIVALNK
QENFFITK
AVPLLYNALSSGEK
ITWDHVNAGTSGSDDWR
LENASIVDIHCEMPHCQDPAK

VDSANNFGIGAR
SDAGTVDFYGQLR
YGTLSDALHDSQVEK
FLEDKDPTIGSGSSR

LFAQISQGFR
TFSESIALANK
SGDLESLVAYTR
NNVIFYIPNASEK

gi 116216447

£i 15600791

gi 116217197

gi 15641856

2i|15601335

54



VasX is encoded on the V. cholerae small chromosome and is part of a
T6SS operon encoding two essential T6SS genes, hcp-2 and vgrG-2 (VCAO0017
and VCAO0018, respectively) (Figure 2-2). NCBI denotes VasX as a hypothetical
protein and BLASTP analysis revealed that VasX homologs are present in Gram-
negative bacteria such as Pseudomonas syringae (25% identity, 43% similarity),
Photobacterium damselea (28% identity, 45% similarity), and Aeromonas
hydrophila (33% identity, 50% similarity). PSI-BLAST analysis also indicated
homology to the protein I1dsD from P. mirabilis (12% identity, 26% similarity)
(Dr. B. Hazes, personal communcation). The hypothetical, uncharacterized genes
VCAO0019 (vasW), VCA0021 (tsiV2), and VCA0022 also belong to the VasX-

encoding operon.

VCA0017  VCA0018 VCA0019 VCA0020 VCA0021
hep vgrG-2 vasw vasX tsiV2  VCA0022

o%-hinding site

Figure 2-2. Schematic representation of the VasX-encoding gene cluster. vasX is
located in a T6SS satellite gene cluster along with hcp-2 (VCA0017), vgrG-2
(VCAO0018), vasW (VCAO0019), tsiv2 (VCA0021), and VCA0022. VasH is an
activator of the alternate sigma factor ¢°* that acts at a promoter located upstream
of hcp-2. IHF; integration host factor, UAS; upstream activation sequence.
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2.2.2 VasX production depends on the o>*-dependent transcriptional activator

VasH

Our finding that VasX was present exclusively in supernatants of VasH-
producing V. cholerae (Figure 2-1) suggests that VVasH regulates the production of
VasX. This hypothesis is supported by our observation that VasX cannot be
detected in V52AvasH culture supernatants by western blotting with VasX
antiserum, and that VasX levels are significantly reduced in pellet fractions
(Figure 2-3). Importantly, DnaK, a cytoplasmic heat-shock protein [380] was
present only in bacterial pellet samples, indicating that the bacteria were intact,
and thus VasX is actively secreted and not released by cell lysis.

To investigate the relationship between VasH and the physically linked
genes hcp-2 and vasX (Figure 2-2), we used western blotting with polyclonal
antibodies to detect Hcp and VasX in the complemented vasH-deletion mutant.
No Hcp and significantly reduced levels of VasX could be detected in pellets or
concentrated supernatants when vasH was not expressed; however, upon
induction of vasH expression, Hcp and VasX production within the cell and
secretion into culture supernatants was restored (Figure 2-3). These data indicate
that VVasH plays an integral role in regulating both Hcp and VasX, supporting our
hypothesis that hcp-2, vgrG-2, and vasX belong to the same T6SS regulon.

To determine if the difference in protein levels was due to VasH-induced
transcript levels, we used semi-quantitative real-time PCR (qQRT-PCR) to measure
the vasX transcript levels in the complemented V52AvasH strain grown under

inducing (+ arabinose) and non-inducing (-arabinose) conditions relative to the

56



transcription of the outer membrane protein OmpW. It was previously
demonstrated that the presence of arabinose does not affect the expression of
OmpW [381]. When vasH expression was induced with arabinose, vasX-
transcript levels increased ~10-fold (Figure 2-3). We propose that VasH acts
directly at the promoter located immediately upstream of the T6SS satellite cluster

encoding Hep-2, VgrG-2, and VasX in V. cholerae V52.
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Figure 2-3. VasX production depends on the T6SS regulator VasH. (A) Western
blot demonstrating that trans expression of vasH restores production of both Hcp
and VasX. Pellet and supernatant fractions were prepared from mid-logarithmic
cultures and subjected to SDS-PAGE followed by western blotting with VasX,
Hcp, and DnaK (lysis and loading control) primary antibodies. (B) VasH
regulates the expression of vasX. V52AvasH carrying pBAD24-vasH to allow
arabinose-controlled complementation was grown to mid-logarithmic phase in the
presence or absence of arabinose. VasX transcript levels were determined by
gRT-PCR using the gene encoding the V. cholerae outer membrane protein
OmpW (ompW) as an internal control. Error bars indicate the standard deviation.
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2.2.3 VasX secretion depends on the T6SS proteins Hep, VasK, and VgrG-2

As a secreted protein that is dependent on the T6SS regulator VasH for
expression, | hypothesized that VasX is a protein secreted by the T6SS.
Therefore, | tested whether T6SS structural proteins were required for VasX
secretion. To test this, | employed the T6SS deletion mutants V52Ahcpl,2 (which
lacks both chromosomal copies of hcp), V52AvgrG-1, V52AvgrG-2, V52AvgrG-
3, and V52AvasK[194]. VasX was secreted by wild-type V52, V52AvgrG-1, and
V52AvgrG-3, but not by V52AvasK, V52Ahcpl,2, or V52AvgrG-2 (Figure 2-4).
Furthermore, VasX and Hcp were dependent on the same T6SS proteins for
secretion from the bacterial cell (Figure 2-4). VgrG-2 was the only one of the
three VgrG proteins absolutely required for secretion of both Hcp and VasX
(Figure 2-4). The absence of VVasX in culture supernatants was not due to a failure
to produce VasX within the cell as VasX was present in bacterial pellet samples
of all T6SS mutants tested (with the exception of the in-frame deletion mutant
V52AvasX) (Figure 2-4). Deletion of vasX did not affect secretion of Hcp (Figure
2-4) and thus, VasX does not appear necessary for the formation of the T6SS

structural apparatus.
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Supernatants Pellet

V52 AvasX AvasK  Ahep AvgrG-1AvgrG-2 AvgrG-3 V52

VasX — - 120-kD
DnaK— —70-kD
Hep— —25kD

Pellets

V52 AvasX AvasK  Ahep AvgrG-1AvgrG-2AvgrG-3
VasX_Il‘* AP, — —— 120-kD

Figure 2-4. Secretion of VasX is T6SS dependent. Western blot of VVasX and Hcp
from culture supernatants and bacterial pellets. Supernatant and pellet fractions
were harvested from mid-logarithmic cultures and subjected to western blotting
using the indicated antibody types (listed to the left of the blot). Molecular masses
are shown to the right of both blots. Blotting for the cytoplasmic protein DnaK
serves as a loading and lysis control.

2.2.4 Bioinformatics and Secondary structure prediction of VasX

The SignalP server predicted that vasX does not encode a canonical
secretion signal peptide and interestingly, the subcellular localization prediction
tool PSORTD suggested that VasX localizes to the cytoplasmic membrane. The
hidden Markov model homology search program HHpred[382] identified an N-
terminal pleckstrin homology (PH) domain (E = 0.5, P = 5E-5) and a C-terminal
colicin-like domain (E = 0.5, P = 3E-5) (Figure 2-5). Although the E-values
identified by HHpred are large, further protein structure prediction of the
candidate PH domain (amino acids 73-166) in VasX by the Phyre server[383,
384] also indicated a canonical PH domain structure consisting of a stretch of

100-200 amino acids containing two B-sheets followed by an a-helix[385]. Since

60



PH domain-containing proteins are frequently involved in signal transduction in
eukaryotic cells, these predicted structural features in VasX raise the possibility
that it may engage in molecular mimicry by utilizing its PH domain to attach itself

to host cell structures such as biological membranes.

The bioinformatics programs TMHMM, Phobius, and SOSUI were used to
provide further predictions of VasX secondary structure. TMHMM and Phobius
both predicted the presence of three transmembrane domains (Figure 2-5 and
Table 2-2) with the N-terminal portion of VasX outside of the cell (i.e. in the
periplasm) and the C-terminus facing the cytoplasm.  SOSUI suggested that
VasX contains 5 transmembrane helices (Table 2-2). A summary of the
transmembrane regions predicted by these programs is presented in Table 2-2.
These bioinformatics predictions suggest that VasX is a membrane protein which

| further investigated using subcellular fractionation experiments.
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Table 2-2. Bioinformatic predictions for VasX. The indicated programs were
used to predict the topology within the cell membrane, and the number of
transmembrane domains possessed by VasX. Full length VasX is 1085 residues.
TM; transmembrane.

Prediction Program Number of TM Coordinates (amino
Domains Predicted acids) of Predicted TM
Domains

TMHMM 3 757-779
860-882
886-908

SOSUI 5 713-735
758-780
807-829
847-869
884-906

Phobius 3 808-826
846-885
886-908

C-terminus
1086

N-terminus
1

Pleckstrin homology 808 Colicin-like region/

domain transmembrane domains

Figure 2-5. Schematic representation of VasX based on bioinformatic analyses
indicating VasX possesses an N-terminal PH domain (blue cylinder) and a C-
terminal colicin-like domain with 3 transmembrane domains (green cylinders).
Numbers indicate corresponding amino acid residues.
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2.2.5 VasX localizes to the bacterial membrane

Bioinformatic analyses suggested that VasX localizes to the bacterial inner
membrane. To investigate the localization of VasX and Hcp within the
bacterium, | performed subcellular fractionation experiments. V52 was
transformed with the p-lactamase-encoding plasmid pBAD24 for subcellular
fractionation experiments to use B-lactamase as a periplasmic control. Other
fractionation controls included DnaK (cytoplasm) and OmpU (membrane). |
observed that Hcp localizes to all cellular compartments, whereas VasX localizes
specifically to the cytoplasmic and membrane fractions (Figure 2-6). It should be
noted that Hcp is present in the periplasm at high abundance, while VasX cannot
be detected in this compartment (Figure 2-6). Therefore, VasX either is present in
the periplasm transiently and at very low levels, or VasX employs a strategy to

by-pass the periplasm en-route out of the cell.

63



Figure 2-6. VasX localizes to the bacterial membrane. V52/pBAD24 was grown
to mid-logarithmic phase and subjected to subcellular fractionation. Various
fractions (whole cell [WC], permeabilized V52 [PERM], membrane [M],
periplasm [PP], and cytosol [CY]) were separated by SDS-PAGE followed by
western blotting with VasX, Hcp, OmpU (membrane control), DnaK (cytosol
control), and B-lactamase (Bla; periplasm control) primary antibodies.

According to my subcellular fractionation data, VasX is abundant in the
membrane fraction; however, it was not clear from this experiment whether VasX
localized to the inner or outer membrane. Bioinformatic analysis using PSORTb
suggested that VasX is an inner membrane protein (see section 2.2.2). To confirm
this prediction, V52 and V52AvasK were grown in liquid culture and the total
membrane fraction was isolated. Since VasX is a secreted protein, | included the
strain V52AvasK which is incapable of VasX secretion (Figure 2-4). By using
this control, 1 wanted to determine whether VasX localizes to the cytoplasmic
membrane following synthesis in the cytosol, or whether VasX was first secreted

by V52 following which it could insert into the neighboring cell membrane. Total
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membranes were subjected to sucrose gradient fractionation to separate the inner
and outer membranes. Fractions were collected and a portion of each fraction was
subjected to NADH oxidase activity to distinguish inner and outer membrane
fractions. The remainder of each fraction was boiled with 4x protein sample
buffer, and subjected to SDS-PAGE followed by western blotting. OmpU and
EpsL (an inner membrane protein of the T2SS [386]) antibodies were used to
detect the outer and inner membrane fractions, respectively. VasX was visualized
using a-VasX antibody. The resulting western blot indicated that in both V52 and
V52AvasK, VasX is concentrated in the same sucrose fractions as EpsL (Figure 2-
7). NADH oxidase activity was also highest in the same fractions EpsL. This
suggests that VasX localizes to the bacterial inner membrane after synthesis in the

cytoplasm.
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Figure 2-7. VasX localizes to the bacterial inner membrane. V52 (A) and
V52AvasK (B) total membranes were isolated and subjected to sucrose gradient
fractionation. Samples were collected in 200 pL aliquots and subjected to western
blotting with EpsL (inner membrane), OmpU (outer membrane), and VasX
primary antibodies. The NADH oxidase activity of the corresponding fractions is
plotted above the western blot.
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2.2.6 VasX interacts with T6SS structural proteins VgrG-1, VgrG-2 and Hcp-2

Given that VasX is encoded within a T6SS operon and depends on
structural T6SS components for export out of the bacterial cell (Figure 2-4), 1
wondered whether VasX physically interacts with other T6SS proteins. To test
this, 6xHistidine tags were fused to the C-termini of VVgrG-1, VgrG-2, and Hcp-2
and the fusions were cloned into pBAD24 (pBAD24-vgrG-1::6xHis, pBAD24-
vgrG-2::6xHis, pBAD24-hcp-2::6xHis). Empty vector pBAD24 was used as a
negative control. Plasmids were transformed into V52 and the strains were grown
in selective LB in the presence of 0.1% arabinose to induce expression from the
Peap promoter. 6xHis-tagged proteins were pulled down using Ni** NTA resin
and subjected to western blotting using o-VasX and a-6xHis antibody. The
resulting immunoblots indicated that VVasX indeed interacts with VgrG-1, VgrG-2,
and Hcp-2 and this interaction was not observed in the empty vector negative

control samples (Figure 2-8).

67



V52AvgrG-1

pBAD24 pBAD24-
vgrG-1::6xHis

VasX »

e (Vng-l) ‘ -

V52AvgrG-2

pBAD24 pBAD24-
vgrG-2::6xHis

v wp

6xHis (VgrG-2) mp

V52Ahep-1,2

pBAD24 pBAD24-
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Figure 2-8. VasX interacts with T6SS structural proteins. Cells producing 6xHis-
tagged VgrG-1(A), VgrG-2 (B), or Hcp-2 (C) were lysed and 6xHis-tagged
proteins were pulled down using Ni** NTA resin. Cells harboring the empty
vector pBAD24 served as a negative control. Pull-down samples were subjected
to western blotting with VasX and 6xHis primary antibodies.
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2.2.7 VasX forms a large protein complex

During analysis of culture supernatants from various T6SS mutants by
SDS-PAGE and silver staining | noticed the presence of a high molecular weight
protein band present in V52 culture supernatants but absent from supernatants of
V52AvasK and V52AvasX (Figure 2-9). This band is also dependent on the T6SS
requlator VasH as the band appears in culture supernatants of
V52AvasH/pBAD24-vasH in the presence, but not the absence, of arabinose
(Figure 2-9). | hypothesized that this band was a protein multimer that contained
VasX (either as one protein in a multi-protein complex, or as a homo-multimer)

which | henceforth refer to as the VasX large protein complex (LPCx)

V52AvasH/pBAD24-vasH

V52 V52 V52 Not
AvasK AvasX Induced Induced

LPCx (>250 kDa) mmp

VasX (120 kDa) mmp

Figure 2-9. VasX is part of a LPCx. Concentrated supernatant samples from the
strains noted at the top of figure were subjected to SDS-PAGE followed by silver
staining to visualize secreted proteins. Black boxes indicate the presence/absence
of monomeric VasX (120 kDa) and the LPCx (>250 kDa).
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Previous studies have demonstrated the presence of multimeric T6SS
protein complexes present in the bacterial membrane that are heat-sensitive [357,
387]. Therefore, I resuspended V52 pellet samples in SDS protein sample buffer
and boiled, or did not boil the sample. The samples were subjected to SDS-PAGE
followed by western blotting using a-VasX antibody. | observed the presence of a
high molecular weight band present in non-boiled samples (>250 kDa) but this
band disappeared in the boiled samples (Figure 2-10). Therefore, V52 produces a
LPCx that is heat-sensitive but SDS-resistant. Because this complex is recognized
by the VasX antibody, VasX is either a component of the complex, or the

complex is a VasX homo-multimer.

Bacterial secretion systems are multi-protein complexes that protrude from
the bacterial cell envelope. Because | previously observed that VasX interacts
with T6SS structural proteins, | hypothesized that formation of the VasX-
containing LPCx would require other T6SS structural components such as VgrG-
2, Hep-1, Hep-2, or VasK. To test this, | prepared boiled and non-boiled whole
cell lysate samples using V52, V52AvasK, V52AvgrG-2, and V52Ahcp-1,2.
Following western blotting with VasX antibody | observed the LPCx in all non-
boiled protein samples (Figure 2-10). Therefore T6SS structural proteins VgrG-1,
VorG-2, VgrG-3, VasK, and Hcp-1,2 are not required for the formation of the
protein oligomer. This means that the LPCx is composed strictly of VasX, or

contains other proteins (T6SS-related, or unrelated) that have yet to be identified.

To determine whether the VasX LPCx can form in a T6SS™ bacterium, |

over-expressed vasX in the E. coli strain DH50 which does not possess T6SS
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genes. Boiled and non-boiled pellet samples were subjected to SDS-PAGE
followed by western blotting with VasX primary antibody. | observed the
presence of the VasX LPCx in DHSa (Figure 2-10) suggesting that no other

Vibrio-specific, or T6SS, proteins complex with VasX to form the LPCx.

A
V52 V52AvasX V52Ahcepl,2 V52AvgrG2 VS52AvasK
Boiled - + - + - + - + -
LPCx wmp
Monomeric VasX mmp
B.

DHS5a/pBAD24-vasX

Not boiled Boiled

VasX LPCx >250 kDa

Monomeric VasX 120 kDa

Figure 2-10. The VasX LPCx is present in V. cholerae T6SS mutants and DH5a.
(A and B) Bacterial pellet samples from the indicated strains were boiled, or not
boiled, in protein sample buffer were subjected to SDS-PAGE followed by
western blotting with VasX primary antibody. The strain DH50/pBAD24-vasX
was grown in the presence of 0.1% arabinose to induce expression from the Pgap

promoter.



To identify what other proteins (if any) are part of this complex,
V52AvasX/pBAD24-vasX::6xHis was used for over-expression of 6xHis-tagged
vasX and | pulled down the LPCx using Ni?* NTA resin. As a negative control,
the cell lysate of V52AvasX/pBAD24 was also subjected to pull-down using Ni?*
NTA resin. Isolation of the LPCx was confirmed by SDS-PAGE followed by
coomassie staining. The LPCx band was excised from the gel, as well as the
corresponding molecular weight gel fragment from the negative control sample
and both were submitted for protein identification by LC-MS/MS analysis.
Identified proteins that were unique to the sample where VasX::6xHis was
produced are presented in Table 2-3. The majority of peptides identified
corresponded to VasX (Table 2-3). Two peptides were matched to the cAMP
regulatory protein (VC2614).  This data suggests that VasX either associates
with itself forming a homo-multimer, or forms a complex with the cAMP

regulatory protein.

Table 2-3. Proteins identified by mass spectrometry following Ni** NTA pull-
down of the VasX LPCx.

Protein Mass Organism Peptide sequences identified | Accession
Designation (kDa)

VasX ¥ cholerae N16961 LLLVESLVR gi 15600791
GGTPSLLANLR
QPLIGIIPVR
AITEYCATAK
EEAVLQHNPK
EAVTPILINEQQGK
WIEPAQSSFGALQK
AGELDLQSAEANDIATR
LGQLLSSELPMMLTLK
TGQTNDAQNPASACPFK
IDWSDDEANKPTHER
KLGQLLSSELPMMLILK
WADLDNFLVEHYTELK
ESWQAVMELLFPYQNQPK
LNAILQEMNDALELKPGNVSPK

CAMP-regulatory 235 V. cholerae N16961 VGDLAFLDVTGR gi 15642609
protein QLIQVNPDILMR

72



Multimerization of protein toxins has been shown to occur in the
membrane [159, 357, 387-389]. Thus, | hypothesized that VasX inserts into the
inner membrane from the cytoplasm and forms the LPCx. To test this, | isolated
total bacterial membranes from V52. Boiled and non-boiled membrane samples
were analyzed for the LPCx by western blotting with VVasX antibody. In the non-
boiled membrane sample, VasX was present strictly in the LPCx form (Figure 2-
11). In the boiled samples, only monomeric VasX was observed. This suggests
that when VasX localizes to the inner membrane it is present exclusively as the

LPCx.

Bioinformatics analysis predicted that VasX contains C-terminal
transmembrane domains which likely mediate its association with the inner
membrane and thus, LPCx formation. | hypothesized that the C-terminus of
VasX would be sufficient to form LPCxs. To test this | created FLAG-tagged
versions of VasX: full length (amino acids 1-1085), and truncated forms
corresponding to amino acids 1-218, 1-542, 76-542, 167-700, and 543-1085.
These specific fragments were chosen based on the TMHMM and HHpred
bioinformatics output. Region 1-218 contains the putative N-terminal PH
domain, 1-542 is the N-terminal half of the protein, 76-542 contains the PH
domain and the remaining N-terminal half of VasX. Section 167-700 lacks the
PH domain and predicted transmembrane segments, and region 543-1085 is the
C-terminal half of the protein which includes the transmembrane domains.

Bacterial pellet samples were harvested and boiled or not boiled in sample buffer.

73



Samples were subjected to SDS-PAGE followed by western blotting with anti-
FLAG primary antibody. | observed LPCx formation using VasX 1-1085, 167-
700, and 543-1085 but not with 1-218, 1-542, or 76-542 (Figure 2-11). This
suggests that only the fragments containing the putative transmembrane domains

are capable of forming LPCxs.
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Pleckstrin homology 808 Colicin-like region/

domain transmembrane domains V52 Membranes

1-1085 Not Boiled  Boiled

1-218 NN

e VasX LPCx mp
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167-700 L] Monomeric VasX ‘
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C.
VasX  1-1085 1-218 1-542 76-542 167-700 543-1085
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Figure 2-11. The VasX LPCx forms in cell membranes and is mediated by the C-
terminal half of the protein. (A) Schematic representation of the vasX truncation
mutants used in this experiment. Amino acid residues are indicated by the
numbers to the left of each truncation. (B) VasX is present exclusively as the
LPCx in the membrane fraction. Cell membranes were isolated and boiled or not
boiled with protein sample buffer. Samples were subjected to SDS-PAGE
followed by western blotting with VasX primary antibody. (C) Pellet samples
were prepared using V52AvasX expressing full length vasX or FLAG-tagged
truncated forms of vasX and boiled or not boiled in protein sample buffer.
Samples were subjected to SDS-PAGE followed by western blotting with FLAG
primary antibody. The amino acid residues corresponding to the VVasX constructs
are indicated at the top of the figure. Red boxes denote LPCxs and yellow boxes
indicate bands corresponding to the expected monomeric molecular weight of the
protein. The molecular weight is indicated at the left of the blot.
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2.3 Discussion

Using its constitutively active T6SS, V52 secretes the structural proteins
Hcp and VgrG into culture supernatants and the secretion of Hcp is the hallmark
of a functional T6SS [193, 194]. The secretion of putative effector proteins by the
T6SS has been seldom described. In an attempt to identify unique substrates of
the V. cholerae T6SS, we took advantage of the T6SS transcriptional regulator
VasH. Along with RpoN (¢, VasH activates transcription of the two T6SS
satellite gene clusters in V. cholerae [370-372, 378]. Using a proteomics
approach, I identified a ~120 kDa protein that | named VasX (Figure 2-1). VasX
is encoded within a T6SS satellite gene cluster and vasX expression is regulated
by the T6SS transcriptional activator VasH (Figure 2-3) suggesting that this

protein is involved in T6SS function.

The inner tube of the T6SS secretory apparatus is predicted to be
comprised of an Hcp tube that is capped with a VVgrG-1/2/3 trimer [208]. The
VgrG trimer does not have a pore through which putative effectors can pass [208].
And thus, if T6SS effector proteins are indeed translocated through the Hcp tube,
removal of the VgrG cap must precede secretion of effectors. Using Ni?* NTA
resin to pull down 6xHis-tagged VgrG-1, VgrG-2, and Hcp-2 from crude bacterial
lysates, | demonstrated that VasX interacts with all three of these structural
proteins (Figure 2-8), although I cannot conclude from this experiment that these
interactions were direct. Hcp and VgrG-2 were previously shown to be co-
dependent for secretion, and deletion of either gene in V52 abrogated virulence

toward D. discoideum [194]. Interestingly, secretion of VasX was also dependent
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on Hcp and VgrG-2 (as well as VasK) and VasX and Hcp share the same
secretion requirements (Figure 2-4). Taken together, these data suggest that VasX
may be part of the T6SS structural apparatus, or VasX could be a T6SS effector
protein that associates with structural proteins en route out of the bacterium
(rather than traversing the Hcp tube). Structural analysis of a P. aeruginosa T6SS
effector supports the idea that T6SS effectors are not translocated through the Hcp
tube because the two toxins analyzed are too large to traverse the tube and would
require significant molecular rearrangements to their native structures [390].
Importantly, Figure 2-4 provides evidence refuting the idea that VasX is a
structural T6SS protein because V52AvasX secretes Hcp and therefore is not
required for the proper formation of the T6SS needle complex. Therefore, based
on these data | propose that VasX is a T6SS effector protein that is delivered into

host cells.

Bioinformatics and secondary structure predictions suggested that VasX
possesses an N-terminal PH domain; a domain typically found in eukaryotic and
not prokaryotic cells [391]. PH domains are canonically associated with binding
phosphoinositides on the inner leaflet of the eukaryotic cell membrane where they
alter cell signaling events [392, 393]. The V52 T6SS mediates virulence toward
both murine macrophages and D. discoideum purportedly by injection of effector
proteins into the host cytoplasm following uptake into phagocytic vesicles [194,
209, 222]. Given that VasX depends on T6SS structural proteins for secretion

(Figure 2-4), we predicted that VasX is injected into the host cytoplasm along
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with VgrG-1 (actin cross-linking) where it could bind phosphoinositides and

disrupt cell signaling events.

Bioinformatics analyses suggested that VVasX localizes to the cytoplasmic
membrane and has three (or five) C-terminal transmembrane domains (Figure 2-5
and Table 2-2). Using subcellular fractionation I observed that VasX is present in
the bacterial cytoplasm and inner membrane but not the periplasm (Figures 2-6
and 2-7) whereas Hcp was observed in each fraction. This suggests that VasX by-
passes the periplasm during transit out of the bacterium, or is present transiently at
levels undetectable by western blotting. One possibility is that VasX is
translocated through the Hcp tube spanning the inner membrane, periplasm, and

outer membrane which would prevent VasX exposure to the periplasmic space.

Sucrose gradient separation of inner and outer bacterial membranes
suggested that VasX does, in fact, localize to the inner membrane and this occurs
in both wild-type V52 and V52AvasK (Figure 2-7). It is contradictory that VasX
was identified as a secreted protein, yet VasX is also a membrane-localized
protein. Thus, VasX has amphipathic properties allowing it to be present as a
soluble and membrane-bound entity. Interestingly, the ability to exist in both
water-soluble and membrane-bound forms has been described previously for
pore-forming colicins [231, 394] and coincidentally, HHpred predicted that VasX

possesses a C-terminal colicin-like domain.

It was reported that some T6SS proteins in B. cenocepacia and P.

aeruginosa form high molecular weight protein complexes [357, 387]. These
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multi-protein complexes are SDS-resistant but heat-sensitive [357, 387]. |
observed that VasX also formed an SDS-resistant, heat-sensitive LPCXx via its C-
terminus (Figures 2-9, 2-10, 2-11). Surprisingly, this complex formed in the
absence of the crucial T6SS proteins VasK, VgrG-2, and Hcp-1,2 and in the
T6SS  bacterium DHS5a, implying that the LPCx did not represent an aggregation
of T6SS structural proteins for assembly of the needle complex. Following
purification and analysis of the LPCx protein content via mass spectrometry, a
large proportion of the identified peptides corresponded to VasX (Table 2-3)
suggesting that the LPCx is a VasX homo-multimer. However, two peptides from
the cAMP regulatory protein were also identified, implying this protein may
associate with VasX to form the LPCx. 1 do not believe this to be the case for
several reasons discussed here: Formation of the LPCx in E. coli DH5a indicates
that other Vibrio proteins are not part of the LPCx (but I cannot rule out the
possibility that a cAMP regulatory protein of DHS5a can be substituted in this
case). In a previous, unrelated VasX::6xHis nickel pull-down experiment, mass
spectrometry analysis identified this CAMP regulatory protein in both samples
containing VasX::6xHis and in the empty vector negative control and thus, not
identifying the cAMP regulatory protein in the negative control may be an
anomaly of this particular experiment. Furthermore, mutation of the gene
encoding the cAMP regulatory protein does not impede T6SS-mediated killing by
V. cholerae (Dr. V. Bachmann, unpublished observation), and | have observed

that purified, recombinant VasX forms high molecular weight complexes in
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solution (Section 5.2.10, Figure 5-16). For the reasons discussed here | postulate

that the LPCx is composed strictly of VasX.

Multimerization of proteins in cell membranes has commonly been
described for pore-forming toxins [159, 389, 395]; however, multimerization of
pore-forming toxins generally occurs following secretion, once the proteins have
inserted into their target cell. Conversely, VasX forms LPCxs in the membrane of
the producing cell. Interestingly, the LPCx is also present in culture supernatants

implying that VasX is secreted in this multimeric form.

Taken together, the data presented in this chapter present the identification
and biochemical characterization of VasX. VasX is a secreted protein with
amphipathic characteristics encoded within a satellite T6SS gene cluster that is
regulated by the o™ activator VasH. Based on the data presented in this chapter, |
provide a model whereby VasX is a T6SS effector protein that localizes to the
inner membrane and forms a LPCx. This LPCx interacts with VVgrG proteins in
the membrane during formation of the T6SS injectosome in the bacterial
cytoplasm. Because Hcp is thought to be ensheathed with VipA/VipB proteins |
propose that the interaction of VasX and Hcp is indirect and is mediated via the
VgrG cap atop the Hcp tube. Upon contraction of the VipA/VipB sheath, VasX
along with the VgrG protein cap and the Hcp tube are expelled from the cell and
injected into the cytoplasm of host cells. | hypothesize that VasX is not
translocated through the Hcp tube but rather is ejected from the cell as part of the
tip of the T6SS needle complex. Once introduced into the host cytoplasm, the PH

domain localizes VasX to the inner leaflet of the host membrane and disrupts cell
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signalling. Figure 2-12 is a model summarizing the characteristics described for

VasX thus far.
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Figure 2-12. Proposed model for VasX export from the bacterial cell. VasX is
produced in the cytoplasm and localizes to the inner membrane following which it
self-associates forming the LPCx (left panel). The T6SS needle complex forms
with the VgrG trimer cap associating with VVasX, Hcp, and the VipA/VipB sheath
(centre panel). Following contraction of the outer sheath, the inner Hcp tube,
VorG cap, and VasX LPCx are ejected from the cell and into the target cell (right
panel). Ejection of the T6SS needle complex results in sloughing of VasX and
Hcp into the extracellular space. OM; outer membrane, PG; peptidoglycan, IM;

inner membrane.
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CHAPTER 3

VasX is required for Vibrio cholerae virulence toward Dictyostelium

discoideum

Portions of this chapter have been published as:

Miyata, S.T., Kitaoka, M., Brooks, T.M., McAuley, S.B., and Pukatzki, S. (2011)
Vibrio cholerae Requires the Type VI Secretion System Virulence Factor VasX to
Kill Dictyostelium discoideum. Infection and Immunity, 779(7):2941-9.

The experiment described in Figure 3-6 was conducted by Steven McAuley.
The data for Figures 3-7 and 3-8 were supplied by Teresa Brooks.

Purification of recombinant VasX and VasX(1-200) was performed by Teresa
Brooks.
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3. VasX is required for V. cholerae virulence toward D. discoideum

3.1 Introduction

The V. cholerae T6SS was first identified based on the ability of V52 to
avoid predation by the social amoeba D. discoideum [194]. A transposon library
of V52 was used to screen for mutants that became susceptible to predation by D.
discoideum and this led to the identification of the crucial T6SS components
VasH, VasK, Hcp, and VgrG [194]. The use of D. discoideum as a host model
has proven useful for the identification of virulence factors [194, 224, 355, 373];
however, the specific mechanism by which V52 kills D. discoideum using its
T6SS has not been elucidated. The interaction of V52 and D. discoideum was
characterized by means of a plaque assay. Here, V52 was mixed with D.
discoideum and plated on nutrient agar [396] which is able to support the growth
of bacteria but not the amoebae. To survive, amoebae must prey on the bacteria
resulting in plague formation in the bacterial lawn. However, V. cholerae strains
expressing a functional T6SS, such as V52, are virulent towards amoebae and can
resist predation, thus preventing plaque formation [194]. Importantly, T6SS-
mediated virulence toward D. discoideum is an active process that results in a loss

of viable amoebae rather than the inability of D. discoideum to feed on VV52[194].

VgrG-1 is an important T6SS protein that has a C-terminal actin cross-
linking domain (ACD) [194, 209, 222]. This protein is crucial for V52 virulence
towards phagocytic eukaryotic cells such as D. discoideum and RAW 264.7

murine macrophages [194, 209, 222]. VgrG-1 causes cell-rounding mediated by
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the cross-linking of monomeric G actin in the host cell cytoplasm[209, 222].
Presumably, VgrG-1 mediates actin cross-linking in D. discoideum as well given
that V52AvgrG-1 is avirulent in the plaque assay [194]. The polymerization of
host actin molecules can be visualized by western blotting with a-actin antibody
where a laddering effect is observed when actin is cross-linked [209, 222]. Ma
and colleagues demonstrated that phagocytosis is required for VgrG-1
translocation into the host cytosol and subsequent actin cross-linking[222].
Importantly, T6SS-mediated virulence by V52 has only been documented for
professional phagocytes [194] and whether V52 translocates proteins other than

VgrG-1 into the host cytoplasm remains undetermined.

In the following set of experiments | characterized the role of VasX in the
context of T6SS-mediated Killing of the eukaryotes D. discoideum and RAW
264.7 murine macrophages. Bioinformatics analysis suggested the presence of an
N-terminal PH domain within VasX (section 2.2.2). Canonically, PH domains are
present in eukaryotic, not prokaryotic, proteins and are involved in signal
transduction. The secondary structure of typical PH domains consists of two -
sheets, followed by an a-helix that contains a conserved tryptophan residue [385,
397, 398]. Based on these secondary structure predictions, we hypothesized that
VasX engages in molecular mimicry by utilizing its PH domain to attach itself to

host cell structures such as biological membranes.
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3.2 Results

3.2.1 VasX is required for V52 virulence toward D. discoideum

To test whether VasX is important for T6SS-mediated virulence toward
eukaryotes, | created a vasX deletion strain (V52AvasX) and complemented the
mutation in-trans by expressing vasX from the Pgap promoter in the plasmid
pBAD24 [399] (V52AvasX/pBAD24-vasX). To ensure VasX was produced and
secreted in this strain, V52AvasX/pBAD24-vasX was grown in selective LB broth
in the presence or absence of arabinose. Bacterial pellet and supernatant fractions
were subjected to SDS-PAGE and western blotting with VasX antibody
demonstrated that VasX was expressed and secreted by this strain under inducing
conditions (Figure 3-1). It appears that over-expression of VasX does not result
in larger amounts of secretion into culture supernatants as the amount of secreted

VasX was similar for wild-type V52 and V52 over-expressing VasX (Figure 3-1).
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Figure 3-1. Episomal expression of vasX restores secretion of VasX to wild-type
levels. Bacterial pellet and supernatants samples were harvested from mid-
logarithmic cultures and subjected to SDS-PAGE followed by western blotting
with VasX and DnaK primary antibody. (A) Episomal expression of vasX
restores production and secretion in V52AvasX. DnaK is a cytoplasmic protein
that serves as a loading and lysis control. (B) Over-expression of vasX does not
result in increased secretion into culture supernatants. Molecular weights are
shown to the right of each blot. P; pellet sample, S; supernatant sample.

86



V52AvasX/pBAD24-vasX was then used in a plaque assay to determine
whether VasX is important for virulence toward the amoeboid host model D.
discoideum [373, 400, 401]. No plaques were observed on plates with wild-type
V52; however, plaques developed after a four-day incubation with V52AvasX,
V52AvasK, and V52AvgrG-1 (Figure 3-2). The number of plaques in a lawn of
V52AvasX was significantly fewer than in lawns of V52AvasK and V52AvgrG-1
(P-value < 0.001). V52AvgrG-1 exhibited a stronger plaque phenotype than
V52AvasX; however, both VasX and VgrG-1 contribute to T6SS-mediated

virulence towards D. discoideum (Figure 3-2).
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Figure 3-2. V52AvasX virulence is attenuated towards D. discoideum. Bacterial
cultures of the strains indicated on the x-axis were mixed D. discoideum amoebae
and spread onto SM/5 nutrient agar plates. Following 4-day incubation, plaques
were photographed (A) and quantified (B). *** = p <0.001, ** = p <0.01. Error
bars indicate the standard deviation.
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Previously it was determined that VgrG-1 is imperative for V52 virulence
toward D. discoideum [194]. To determine if VgrG-1 and VasX act
synergistically, we created a vgrGl/vasX double-knockout strain (V52AvgrG-
1AvasX) and tested its plaque assay phenotype. The number of plaques in a lawn
of V52AvgrG-1AvasX are not significantly different from those in a lawn of
V52AvgrG-1 but do differ significantly compared to V52AvasX (Figure 3-2).
Therefore, although VasX is important for T6SS-mediated virulence towards D.

discoideum, VasX and VgrG-1 do not appear to have additive toxic effects.

To confirm that VasX was responsible for the plaque-forming phenotype,
plaque assays were carried out with V52AvasX/pBAD24-vasX under inducing
(0.1% arabinose) and non-inducing (absence of arabinose) conditions. Plaques
developed when vasX was not expressed; however, no plaques developed under
inducing conditions (Figure 3-3). Transformation of V52AvasX with pBAD24
(plasmid control) did not affect the plaque phenotype in the absence or presence
of arabinose. Taken together, these complementation experiments confirm that
the attenuated virulence of the vasX mutant was due to the removal of vasX and
not to another variable such as an effect on downstream genes (polarity),

indicating a role for VasX in T6SS-mediated virulence towards D. discoideum.
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Figure 3-3. Episomal expression of vasX restores virulence of V52AvasX toward
D. discoideum. V52vasX/pBAD24-vasX and the plasmid control
(V52vasX/pBAD24) were mixed with amoebae, spread and spread on nutrient
agar (with or without 0.1% arabinose), and incubated for 4 days at 22°C to allow
for plaque formation.

3.2.2 The PH Domain is important for VasX-mediated virulence

PH domain-containing proteins are associated with modifying cell
signaling events in eukaryotes. Therefore, | hypothesized that VasX, following
T6SS-dependent delivery into the cytoplasm of the host cell, disrupts cell
signaling cascades by binding phosphoinositides via its putative PH domain. |
created a mutant form of vasX that lacks the PH domain-encoding region (Figure
3-4) and used this strain (V52APHDomain) in a plaque assay. | observed that
V52 lacking the PH domain was attenuated in its virulence toward D. discoideum
(Figure 3-4) and that this could be complemented by expression of full-length
vasX in-trans (Figure 3-4). This implies that the PH domain region is an

important factor for VasX-mediated killing of amoebae.
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Figure 3-4. The PH domain is crucial for VasX-mediated virulence. (A)
Schematic representation of VasX and the mutated form lacking the PH domain.
The B-sheets and a-helix predicted by HHpred are shown in red and green,
respectively. (B) Plaque assay demonstrating deletion of the PH domain renders
V52 attenuated in its virulence toward D. discoideum. The indicated bacterial
strains were mixed with D. discoideum and spread onto nutrient agar plates (+/-
arabinose to induce expression from the Pgap promoter). The formation of
plaques in the bacterial lawn indicates the amoebae preyed upon the bacteria.

Eukaryotic PH domains share a conserved tryptophan residue within the a-
helical region which, when mutated, reduces the protein’s ability to interact with
phosphoinositides [402]. VasX contains two tryptophan residues, Trypl44 and

Tryp146, within the predicted PH domain a-helix. Therefore, | performed site-
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directed mutagenesis using the plasmid pBAD24-vasX and (independently)
substituted Trypl44 and Trypl46 for alanine.  The plasmids pBAD24-
vasX(W144A)::FLAG and pBAD24-vasX(W146A)::FLAG were each
transformed  into  V52AvasX  creating  strains  V52AvasX/pBAD24-
vasX(W144A)::FLAG and V52AvasX/pBAD24-vasX(W146A)::FLAG. These
strains were used in a plaque assay to determine if the mutant forms of VasX
could complement the vasX deficiency. | observed that both vasX mutants were
able to complement V52AvasX virulence toward D. discoideum (Figure 3-5) to
the same extent as expressing wild-type vasX in-trans. Therefore, mutation of the
tryptophan residues within the putative PH domain does not alter the toxic activity

of VasX.
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Figure 3-5. Quantification of plaques in lawns of V52 with site-directed
mutagenesis of the PH domain in VasX. V52AvasX harboring plasmids with
wild-type vasX, or the vasX site-directed mutants was mixed with D. discoideum
and incubated on a nutrient agar plate under inducing (+arabinose) or non-
inducing (- arabinose) conditions. The number of plaques formed in the bacterial
lawn was quantified. Error bars indicate the standard deviation.

3.2.3 VasX is not required for V52 actin cross-linking

In addition to its virulent phenotype toward D. discoideum, V. cholerae
uses its T6SS to crosslink actin in RAW 264.7 macrophages [209, 222, 333].
Actin crosslinking is achieved by the VgrG-1 protein; a large protein possessing a

C-terminal actin cross-linking domain that is translocated into host cells via the
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T6SS [209, 222, 333]. To test whether VVasX was required for VgrG-1-mediated
cross-linking of host cell actin, murine RAW 264.7 macrophages were infected
with wild-type V52, V52Ahcpl,2, V52AvasK, V52AvgrG-1, or V52AvasX for 2
hours. Following infection, cells were collected, lysed and resolved by SDS-
PAGE followed by western blotting using a-actin antibody. Actin crosslinking
was visualized by a “laddering” effect of actin bands as monomeric units of G-
actin are covalently attached to one another forming higher molecular weight
structures [209]. We observed that wild-type V52 and V52AvasX strains were
capable of crosslinking RAW 264.7 cell actin (Figure 3-6). Thus, deletion of vasX
did not affect the assembly or the enzymatic function of the T6SS physical

translocon complex.

7) \
\% |8 G &
o\ oS Al L0S
@ & @ q‘>”>\%q‘>¢b\
250-kD — .
130-kD — e < }Cross-tl.mked
actin
SAD—| - ——
72-kD —
55-kD — .
Monomeric
S o —— ,...} actin

Figure 3-6. VasX is not required for T6SS-mediated cross-linking of murine
macrophage actin. RAW 264.7 macrophages were infected with the strains
indicated at the top of the figure. Cell lysates were subjected to SDS-PAGE
followed by western blotting using actin primary antibody. Molecular mass
markers are shown to the left of the blot. The hcp deletion strain V52Ahcp-1,2 has
both chromosomal copies of hcp deleted.
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3.2.4 VasX is a lipid-binding protein

PH domain-containing proteins have canonically been characterized as
lipid-binding proteins. More specifically, PH domains bind phosphoinositides on
the inner leaflet of the eukaryotic cell membrane and alter many cellular processes
[392, 393]. Because VasX contains an N-terminal PH-like domain, we wanted to
test whether VasX binds lipids. We performed far-western blots using
nitrocellulose membranes spotted with a variety of membrane lipids (Figure 3-7).
Lipid-bound membranes were probed with purified VasX to determine its ability
to interact with cell membrane phospholipids. We noted that VVasX interacts with
membrane phospholipids that bear a phosphorylated head group and carry two
acyl chains, namely phosphatidic acid (PA) and each of the phosphatidylinositol
phosphates (PIP). However, VasX does not bind phosphatidylinositol (PIns),
phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylcholine
(PC), lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC) or
sphingosine-1-phosphate (S1P). We also tested whether the first 200 residues of
VasX, which encode the putative PH domain, retained the ability to bind
membrane lipids. VasX(1-200) exhibited the same lipid-binding pattern as full-
length VasX (Figure 3-7). The positive control represents purified protein (either

full length or truncated VasX) spotted directly onto the membrane.

We previously determined that V. cholerae uses its T6SS to kill other
bacteria [211]. Because VasX is a T6SS toxin that binds eukaryotic lipids, we
wanted to test whether VasX could bind bacterial LPS. Purified E. coli LPS

(Sigma-Aldrich) was spotted onto a PIP strip at the same concentration as each of
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the membrane lipids on the strip (100 pmol). Full-length VasX retained the
ability to bind PA and each PIP (Figure 3-7); however, VasX did not bind to

bacterial LPS.
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Figure 3-7. VasX binds phosphoinositides but not LPS. (A) Schematic
representation of the various biological membrane lipids present on PIP Strips,
including PA, PI, PIP, PS, PE, PC, LPA, LPC, and S1P. (B, C, and D) Purified
full-length VasX or a truncated version consisting of residues 1 to 200 (containing
the PH domain) was used to probe PIP Strips for lipid binding. Bound protein was
detected using His primary antibody. The positive control (+) included purified
VasX spotted directly onto the PIP Strip membrane. In panel D, E. coli LPS was
spotted in place of the positive control on the PIP Strip.

To determine whether these interactions also occurred in aqueous solution,
multilamellar vesicles (MLV) of PA, LPA and a natural mixture of bovine total
liver lipids extracts (TLE, which does not contain a significant amount of PA or
PIPs according to the composition indicated by the manufacturer — Avanti Polar

Lipids) were prepared in PBS and mixed with purified full-length VasX, VasX(1-

200) or BSA (negative control). These large lipid vesicles, and any associated
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proteins, can be pelleted by centrifugation, creating total, pellet, and supernatant
fractions for SDS-PAGE analysis. We observed that VasX was found in the
pellet (lipid pull-down) fractions when mixed with PA, but not when mixed with
TLE, LPA or PBS (Figure 3-8). Similarly, the truncated version of VasX,
containing the predicted PH domain showed the same pattern of lipid-binding as
full-length VasX in MLV experiments (Figure 3-8). As expected, BSA was not
pulled down with any of the membrane lipids tested. These results suggest that

VasX interacts with phosphorylated membrane lipids via its PH domain.
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Figure 3-8. MLV pulldown of purified recombinant VasX and the N-terminal
fragment of VasX(1-200). Full-length VasX, VasX(1-200), and BSA (nhegative
control) were mixed with MLV of TLE, PA, LPA, or PBS (as a technical control)
and divided into total (T), pellet (P), and supernatant (S) fractions by
centrifugation. The partitioning of protein into each fraction was visualized by
SDS-PAGE and Coomassie blue staining.

3.2.5 VasX is not translocated into the cytoplasm of host cells
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To test whether VasX is injected directly into the cytosol of infected host
cells, 1 fused vasX to the DNA sequence encoding the N-terminal enzymatic
portion of the Bordetella pertussis adenylate cyclase toxin CyaA. Similar fusions
have been used extensively to demonstrate translocation of effector molecules
into the cytosol of infected cells [403-406]. CyaA converts adenosine
triphosphate (ATP) into CAMP only in the presence of calmodulin (CaM) which
is found strictly in the cytosol of eukaryotic cells (and not within prokaryotic
cells). Therefore, if VasX::CyaA is translocated into the cytosol, a significant

increase in intracellular cAMP will result.

The vasX::cyaA fusion was introduced into pBAD24 under the control of
an arabinose-inducible promoter and was transformed into both V52AvasX
(creating the strain V52AvasX/pBAD24-vasX:.cyaA) and the T6SS-null mutant
V52AvasXAvasK (creating strain V52AvasXAvasK/pBAD?24-vasX::.cyaA). To
test expression and T6SS-dependent secretion of these fusions,
V52AvasX/pBAD24-vasX:.cyaA and V52AvasXAvasK/pBAD24-vasX::.cyaA
were grown to late logarithmic phase in the presence or absence of arabinose.
Cell pellet and supernatant fractions were collected and analyzed by western blot
with CyaA antibodies. The vasX::cyaA fusion is expressed in both strains, and
the VasX::CyaA fusion is secreted from the bacterial cell in a T6SS-dependent
manner (Figure 3-9). Importantly, plaque assays with D. discoideum indicated
that expression and secretion of VasX::CyaA complemented the vasX deletion

(Figure 3-9).
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Figure 3-9. VasX:CyaA is secreted in a T6SS-dependent manner and
complements V52AvasX. (A) Pellet and supernatant samples were harvested
from mid-logarithmic cultures of the strains indicated. Samples were subjected to
SDS-PAGE followed by western blotting with a-CyaA primary antibody. (B)
V52AvasX/pBAD24-vasX::cyaA was mixed with D. discoideum and spread onto
nutrient agar (+/- arabinose). Plaque formation in the bacterial lawn indicates the
amoebae were able to prey on the bacteria.
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| then tested the ability of V52AvasX/pBAD24-vasX:.cyaA and
V52AvasXAvasK/pBAD?24-vasX::cyaA lysates to catalyze cAMP production in
the absence of host cells to ensure this fusion protein produced functional CyaA.
V52AvasX/pBAD24-vasX::.cyaA and V52AvasXAvasK/pBAD24-vasX::cyaA
lysates were incubated in the presence/absence of ATP and CaM and the cCAMP
levels were analyzed using the same method as for infected macrophages. |
observed that VasX::CyaA possesses functional adenylate cyclase activity
because both V52AvasX/pBAD24-vasX::icyaA and V52AvasXAvasK/pBAD24-
vasX::cyaA lysate samples were able to catalyze the production of CAMP in the

presence of ATP and CaM (Figure 3-10).
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Figure 3-10. VasX::CyaA is a functional fusion capable of stimulating cAMP
production. The bacterial strains listed on the x-axis were grown in the presence
or absence of arabinose to induce expression of vasX::cyaA. Bacterial cell lysates
were incubated in the presence or absence of ATP and CaM and the cAMP levels
were assayed using the cAMP EIA Kit (New East Biosciences). Error bars
indicate the standard deviation.
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Knowing that the VasX::CyaA fusion protein is expressed and secreted
and that it complements the vasX deletion mutant, | then tested whether
expression of this fusion protein caused an increase in D. discoideum cAMP
levels. Upon infecting D. discoideum in liquid culture with V52AvasX/pBAD24-
vasX::cyaA or V52AvasXAvasK/pBAD?24-vasX::cyaA under inducing or non-
inducing conditions, we did not observe an increase in intracellular cAMP levels
in cells infected with either of the two strains (Figure 3-11). This indicates that

the vasX::cyaA fusion is not present at abundant levels in the cytoplasm of the

amoebae.
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Figure 3-11. VasX::CyaA does not stimulate cAMP production upon infection of
D. discoideum. The bacterial strains listed on the x-axis were used to infect D.
discoideum grown in liquid culture in the presence or absence of arabinose. Cell
lysates were harvested following a 1.5-hour infection and assayed for cAMP
concentration using the cAMP EIA Kit (New East Biosciences). Error bars
indicate the standard deviation. S1-S5; cAMP standards provided with the cAMP
EIA kit.
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| then tested whether VasX::CyaA could cause increased cAMP levels
within the cytosol of RAW 264.7 murine macrophages. As a positive control, |
used Enteropathogenic E. coli (EPEC) strain E2348/69 transformed with
pACYC184-espF::cyaA. EspF is an EPEC effector protein that is translocated
into host cells via the T3SS [406]. Following macrophage infection, the
intracellular cAMP levels increased approximately 250-fold when infected with
this EPEC/pACYC184-espF:.cyaA (Figure 3-12). However, when macrophages
were infected with EPEC containing the empty vector, CAMP levels did not
increase (Figure 3-12). Upon infecting RAW 264.7 macrophages with
V52AvasX/pBAD24-vasX::.cyaA or V52AvasXAvasK/pBAD?24-vasX::cyaA under
inducing or non-inducing conditions, we did not observe an increase in
intracellular cAMP levels in cells infected with either of the two strains,
indicating that the vasX::cyaA fusion is not present at abundant levels in the
cytoplasm of host cells (Figure 3-12). Taken together these data indicate that
VasX::CyaA does not gain access to the host cell cytoplasm following infection

of D. discoideum or murine macrophages.
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Figure 3-12. VasX::CyaA does not stimulate cAMP production upon infection of
murine macrophages. The bacterial strains listed on the x-axis were used to infect
RAW 264.7 macrophages in the presence or absence of arabinose. Cell lysates
were assayed for CAMP concentration using the cAMP EIA Kit (New East
Biosciences). Error bars indicate the standard deviation.

3.2.6 VasX does not cleave phosphate from phosphoinositides

VasX binding to phosphoinositides (Figure 3-7) is mediated by the N-
terminal 200 residues containing the putative PH domain. Some proteins that
bind phosphoinositides act as phosphatidylinositol phosphatases which can result
in membrane blebbing and destabilization [407-410] and | therefore set out to
determine whether VasX can cleave phosphate from PIPs. | used the Malachite

Green Phosphatase Assay (Caymen Chemical) to determine whether VasX, or
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more specifically the PH domain, can cleave phosphoinositides. This colorimetric
assay measures the amount of inorganic phosphate bound to malachite green
molybdate under acidic conditions and can be measured by reading the ODgyo.
Purified, recombinant VasX or VasX(1-200) was incubated by itself, or in
combination with phosphatidylinositol(4,5)bisphosphate (P1(4,5)P;) — a lipid to
which VasX binds (Figure 3-7). | observed that the incubation of VasX alone
resulted in the same amount of free inorganic phosphate as VasX mixed with
P1(4,5)P, (Figure 3-13). Similarly, VasX(1-200) mixed with PI(4,5)P, had a
similar amount of inorganic phosphate release compared to VasX(1-200) alone
(Figure 3-13). Incubation of PI(4,5)P, alone had the highest amount of free
inorganic phosphate (~0.3 nmol phosphate per 50 pL) compared to other
experimental samples (Figure 3-13). Therefore, incubation with VasX or

VasX(1-200) does not result in the cleavage of phosphate from P1(4,5)P..
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Figure 3-13. VasX does not cleave phosphate from phosphoinositides. Purified,
recombinant VasX or VasX(1-200) were incubated in the presence or absence of
P1(4,5)P,. The resulting concentration of free inorganic phosphate was measured
using the Malachite Green Phosphatase Assay (Caymen Chemical) and plotted.
S1-S6; experimental standards containing decreasing concentrations of inorganic
phosphate.

3.3 Discussion

The data presented in this chapter identified VasX as a virulence
determinant for V52 against D. discoideum (Figures 3-2 and 3-3) and
demonstrated VasX’s lipid-binding ability (Figures 3-7 and 3-8). Because inositol
phosphates are rarely found in bacteria [391], we initially postulated that the PH
domain of VasX has a role in binding to host membrane lipids. Indeed, we found
that VasX and a truncated version of VasX consisting of residues 1-200

(encompassing the putative PH domain) bind to membrane lipids, including
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various phosphatidylinositol phosphates and phosphatidic acid using two
independent methods (Figures 3-7 and 3-8). The mechanism behind the
specificity of lipids bound by VasX (e.g. VasX bind phosphatidic acid but not
lysophosphatidic acid) remains unclear; however, interference with host cell
phosphoinositide metabolism and signaling by pathogenic bacteria is not
uncommon and has been previously demonstrated for other enteric bacterial
pathogens [410-412]. Based on the results of the malachite green phosphatase
assay, it does not appear that cleavage of phosphoinositides is the mechanism by
which VasX acts (Figure 3-13).

Results of my plaque assays with D. discoideum indicated that VasX is
required for virulence toward amoebae. Restoration of the virulent phenotype
was observed upon expression of vasX in-trans confirming that attenuation of
V52AvasX toward amoebae is not due to a polar mutation (Figure 3-3).
Interestingly, the number of plaques that formed in V52AvasX lawns was
significantly less than the number of plaques that developed in lawns of
V52AvasK, V52AvgrG-1, and V52AvgrG-1AvasX. The smaller number of
plaques formed by V52AvasX could suggest that VgrG-1 is a more potent
amoeboid toxin than VasX. Even though VgrG-1 was dispensable for VasX
secretion in-vitro (Figure 2-4) and VasX is not required for the actin cross-linking
activity of VgrG-1, both VgrG-1 and VasX are required for virulence toward
amoebae (Figure 3-2). Since V52AvgrG-1 and V52AvgrG-1AvasX have a more

severe plague-forming phenotype than V52AvasX, | conclude that V52AvgrG-1
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has a dominant plaque phenotype and VasX and VgrG-1 do not appear to act
synergistically.

Deletion of the VasX PH domain also resulted in plagque formation in the
V52APHDomain bacterial lawn similar to the phenotype observed with
V52AvasX bacterial lawns suggesting that the PH domain is crucial for VasX
function. It is also possible that deletion of the PH domain resulted in a mutant
version of VasX that was unable to fold and function properly producing a similar
phenotype than that observed. In an attempt to circumvent this improper folding
possibility, | performed site-directed mutagenesis on two individual tryptophan
residues within the putative PH domain a-helix region (W144 and W146) as
tryptophan residues within PH domains a-helices are crucial for PH domain
function [398, 413]. Mutation of tryptophan residue 144 or 146 to alanine did not
affect the toxicity of VasX in the D. discoideum plaque assay (Figure 3-5)
suggesting that neither tryptophan residue is crucial for VasX-mediated virulence.
These data suggest that the secondary structure prediction for VVasX is incorrect or
that the N-terminus of VasX appears similar to a PH domain but functions in a
unigue manner.

Although VasX is important for virulence toward D. discoideum, VasX is
not required for VgrG-1 to gain access to the host cytoplasm as V52AvasX was
able to cross-link macrophage actin to the same extent as wild-type V52 (Figure
3-6). It is possible that the actin cross-linking phenotype is too dominant of an
effect to witness small decreases in virulence mediated by VasX and therefore we

still entertained the possibility that VasX was an effector protein translocated into
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the host cell cytoplasm. By fusing vasX to cyaA we tested whether VasX was
translocated into the cytoplasm of both D. discoideum and murine macrophages.
Although VasX::CyaA was secreted (Figure 3-9), functional (Figure 3-10), and
could complement virulence of V52AvasX in a plaque assay (Figure 3-9), this
fusion protein failed to elicit an increase in the cytosolic CAMP levels in D.
discoideum and macrophage infection assays (Figures 3-1 and 3-12). This implies
that VasX::CyaA was not introduced into the host cytoplasm. | propose the
following scenario to explain why VasX — a secreted protein that is not introduced
into the host cytoplasm — is important for virulence toward D. discoideum but not
macrophages.

| previously presented data indicating that VasX possesses C-terminal
trans-membrane domains and localizes to the bacterial inner membrane (Figures
2-5 and 2-7). Furthermore, the N-terminus of VasX possesses a putative PH
domain which we demonstrated mediates binding to membrane lipids. Generally
speaking, PH domains are found in proteins associated with the membrane, but
possess no catalytic activity themselves. It was proposed that these domains serve
to tether proteins to the membrane surface [414, 415]. Therefore, both the N- and
C-termini of VasX may target the protein to the membrane.

It has been established that phagocytic uptake is required for T6SS-
mediated virulence toward macrophages [222]; however, this has not been
determined in the case of D. discoideum. It is also currently unclear whether
VgrG-1 cross-links actin during V52 infection of D. discoideum. It is possible

that T6SS-mediated virulence toward amoebae, at least in the case of VVasX, could
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result from the T6SS puncturing across the cytoplasmic membrane from the
extracellular milieu. According to the model presented in Figure 2-12, VasX is
ejected from the bacterium in association with the T6SS needle complex and into
the target cell. Rather than being introduced into the cytoplasm of the host cell,
VasX may become tethered to the outer leaflet of the host plasma membrane via
the PH-like domain and then insert into the host membrane via its transmembrane
domains. This model is supported by my data that VasX::CyaA is secreted but
does not increase cytoplasmic cCAMP levels because the fusion protein is not
introduced into the cytoplasm of host cells, but rather is delivered to the
membrane with its topology such that CyaA does not reach the cytoplasm.
Because secondary structure predictions suggested VasX is similar to pore-
forming colicins, | propose that VasX toxicity is caused by disruption of the
membrane integrity of D. discoideum.

In the case of macrophages, | hypothesize that phagocytic uptake of the
bacteria allows for the T6SS needle complex to puncture the phagosomal
membrane delivering VgrG-1 into the cytoplasm where it cross-links host actin.
Puncturing of the phagosomal membrane by the T6SS needle complex results in
VasX insertion into the membrane of the phagosome and therefore does not
perturb cytoplasmic membrane integrity. This model is summarized in Figure 3-

14.
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Figure 3-14. Model summarizing proposed mechanism by which VasX is
required for virulence toward D. discoideum but not murine macrophages. (A) V.
cholerae is phagocytosed by a macrophage and translocates the T6SS secretory
complex through the phagosome membrane. VasX is deposited into the
phagosomal membrane and forms a pore. VgrG-1 reaches the macrophage
cytoplasm where it cross-links host actin. (B) V. cholerae punctures D.
discoideum without being phagocytosed. VasX is deposited into the cytoplasmic
membrane and forms a pore through which ions can leak from the cell resulting in
death of the amoeba. It is currently unknown whether VgrG-1 cross-links actin
during infection of D. discoideum.
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CHAPTER 4

VasX is a bacterial toxin that targets the inner membrane of prey cells

The data for Figures 4-1B and 4-2 was provided by Daniel Unterweger.

The data for Figure 4-11 was provided by Teresa Brooks.

Flow cytometry in Figure 4-8 was performed by Dr. Karen Poon (University of
Calgary).
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4, VasX is a bacterial toxin that disrupts the inner membrane of target

cells

4.1 Introduction

During their lifecycle, bacteria are often found in complex communities
where they interact with their sister cells, other bacterial strains, protozoan
predators/hosts and higher eukaryotes. In some cases, such as with biofilm
formation and QS, bacteria work together and can function like a multi-cellular
organism to achieve a specific goal [149, 416, 417]. On the other hand, bacteria
can also compete with neighboring cells for living space or nutrient acquisition
purposes [231, 315, 418, 419]. Inter-bacterial interactions can occur in the
environment or during host colonization as evidenced by V. cholerae. V. cholerae
typically lives in biofilms formed on crustaceans such as copepods in its natural
aquatic reservoir [420]. Upon human infection, V. cholerae encounter another set
of microbial competitors, the resident intestinal microbiota, as it colonizes the
small intestine. Therefore, the ability to compete with microbial neighbors likely
provides an advantage for the bacterium in establishing and maintaining its

ecological niche.

Three notable strategies employed by bacteria to fend off microbial
competitors include the production of bacteriocins (reviewed in [231]), CDI [306-
308, 311, 312, 314-316], and the T6SS [211, 212, 214, 218, 219, 374, 421]. Each
mechanism involves the use of toxins and immunity proteins to confer toxicity

toward their target bacteria. Bacteriocins are small proteins produced by one
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bacterium for the purpose of killing closely-related bacterial species. Colicins are
a well-characterized type of bacteriocin and are produced by E. coli species.
[230]. The mechanisms by which colicins exert their toxic function are diverse
and include pore-formation in the target cell’s inner membrane, DNase and RNase
activity, and inhibition of murein synthesis [243-245, 247, 248, 279, 422-425)].
Pore-forming colicins are produced in the cytoplasm and then released, or
secreted, into the extracellular milieu. Upon binding the outer membrane of the
target cell, these colicins traverse the outer membrane and insert into the inner
membrane resulting in formation of a voltage-dependent ion channel [250, 422,
423]. This pore-formation destroys the cell’s membrane potential and leads to
cell death [249, 272, 423, 426, 427]. The producer cell does not experience
autotoxicity due to the production of pore-forming colicins themselves because
these types of colicins can only insert when presented to the cell from the
periplasmic face. This insertion specificity is presumed to be due to the
orientation of the membrane potential [231, 422, 428, 429]. The potential
generated across physiological membranes results in a negative charge inside the
cell and a positive charge outside the cell and the insertion of proteins that form
voltage-dependent ion channels require a cis-positive charge to be activated [428,
429]. Therefore, insertion of pore-forming colicin molecules is only toxic to cells

when presented from the outside (periplasmic face) of the cell.

The T6SS of V. cholerae, P. aeruginosa, C. rodentium, Acinetobacter
baumannii, B. thailandensis, and S. marcescens all have reported antibacterial

activity [211-215, 217, 354, 369]. We previously reported that V. cholerae V52
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uses its constitutively-active T6SS to target other Gram-negative bacteria
including E. coli, C. rodentium, S. enterica, and environmental V. cholerae
isolates (Appendix Figure 9-5 and [211, 369]). We also observed that certain V.
cholerae strains such as C6706, N16961, and O395 were resistant to killing by
V52 [211]. Using a C6706 transposon library [430], we identified three putative
T6SS-encoded toxin/immunity systems in V. cholerae: VCA0123 and VCA0124
(vgrG-3 and tsiV3, respectively), VC1418 and VC1419 (tseL and tsiV1,
respectively), and VCA0020 and VCAO0021 (vasX and tsiV2, respectively).
Importantly, an in-frame deletion of tsiV2 in C6706 renders this strain susceptible
to killing by V52 (to be discussed in detail in chapter 5). We demonstrated that
VgrG-3 is a bacterial toxin that degrades peptidoglycan of its target cell and the
enzymatic activity of VgrG-3 can be inhibited by its cognate anti-toxin, or
immunity protein, TsiV3 [210]. TseL is a putative class 111 lipase and is crucial
for V52 to Kkill target bacteria [374]. Given that the C-terminus of VasX shares
similarity with pore-forming colicins and that vasX is located directly upstream of
its putative immunity protein-encoding gene tsiV2, | hypothesized that VasX is a

V. cholerae T6SS toxin that targets prokaryotes.

4.2 Results

4.2.1 VasX is sufficient, but not required for V52 to kill E. coli

| have previously demonstrated that V. cholerae V52 kills other Gram-

negative bacteria like E. coli [211]. This Killing occurs in a T6SS-dependent
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manner as a V52 vasK deletion mutant fails to kill bacteria and this phenotype can
be complemented by expressing vasK in-trans [211]. Therefore, we wondered
whether VasX is important for T6SS-mediated killing of E. coli. To test this, we
performed a Killing assay using V52, V52AvaskK, and V52AvasX/pBAD24-vasX
predator and E. coli as prey. V52AvasX retained the ability to kill E. coli to the
same extent as wild-type V52 (Figure 4-1). Thus, we concluded that VasX is not
required for V52 to kill E. coli. We hypothesized that VVasX was not required for
V52 to kill E. coli because the other two T6SS bacterial toxins VgrG-3 and TseL
are able to mask the absence of VasX. To test whether VasX is important for
Killing E. coli in the absence of VgrG-3 and TseL, we performed a killing assay
with V52AvgrG-3AtseL predator. We observed that this strain was still able to
reduce the number of viable E. coli by ~1-log compared to V52AvasK or

V52AvgrG-3AtseLAvasX which lacks all three T6SS toxin genes (Figure 4-1).

We noted that the triple toxin mutant V52AvgrG-3AtseLAvasX is unable to
kill E. coli (Figure 4-1). This lack of Kkilling could occur because the strain lacks
all three T6SS toxins, or because the strain fails to properly assemble the T6SS
needle apparatus. To determine whether each of the mutants used in Figure 4-1
produced a functional T6SS complex, we tested whether these strains secreted
Hcp into culture supernatants. We observed that the triple toxin mutant was
incapable of secreting Hcp, whereas each of the individual toxin mutants secreted
Hcp (Figure 4-2). The double toxin mutants V52AvgrG-3AvasX does not secrete
Hcp, whereas V52AvgrG-3AtseL and V52AtseLAvasX secrete Hcp albeit at

reduced levels compared to wild-type V52 (Figure 4-2, discussed further in
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Chapter 6). A similar finding was reported in an independent study, further
confirming these results [221]. Taken together, these data suggest VasX is
sufficient to Kkill E. coli when it is the sole toxin utilized by V52, but VgrG-3 and
TseL can compensate for the lack of vasX toxicity in V52AvasX. Furthermore,
the VgrG-3, TseL, and VasX appear to function as both toxins and structural

proteins important for formation of the T6SS injectosome.
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Figure 4-1. VasX is a T6SS bacterial toxin that acts in concert with TseL and
VorG-3. (A and B) Results of a bacterial killing assay showing surviving
CFU/mL of rifampicin-resistant E. coli MG1655 prey following exposure to
rifampicin-sensitive predator (listed on the x-axis). Arabinose was used to induce
expression from the Pgap promoter where indicated. Error bars indicate the
standard deviation.
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Figure 4-2. V52 toxin mutants have varied abilities to secrete Hcp. Cell pellet and
supernatant samples were collected from mid-logarithmic cultures and subjected
to SDS-PAGE followed by western blotting with a-Hep and a-DnaK (loading and
lysis control) antibodies.

4.2.2 VasX is required for maximal killing of Vibrio parahaemolyticus, Vibrio

fischeri, and Vibrio alginolyticus, but not Vibrio mimicus.

Because bacteriocins specifically target closely related bacterial species,
we decided to test whether VasX was required for killing other Vibrio species
such as V. parahaemolyticus, V. fischeri, and V. alginolyticus. Using a bacterial
Killing assay, we observed that when exposed to V52, there was a ~4-5 log
reduction in surviving prey (for all prey strains tested) compared to prey exposed

to V52AvaskK predator. Isogenic deletion of vasX rendered V52 attenuated toward
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three of the four Vibrio species tested, namely V. fischeri, V. alginolyticus, and V.
parahaemolyticus (Figure 4-3). In the susceptible strains, deletion of vasX did not
completely abrogate the ability to kill these strains (Figure 4-3). Expressing vasX
in V52AvasX (V52AvasX/pBAD24-vasX) restored the killing phenotype to levels
comparable to wild-type V52. These results suggest that VVasX is important for

V52 to kill other Vibrio species, but not V. mimicus.
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Figure 4-3. VasX is required for V52 to Kill other Vibrio species. Results of a
bacterial killing assay showing surviving CFU/mL of rifampicin-resistant V.
fischeri (A), V. alginolyticus (B), V. parahaemolyticus (C), and V. mimicus (D)
prey following exposure to rifampicin-sensitive predator (listed on the x-axis).
Arabinose was used to induce expression from the Pgap promoter where indicated
(induced/not induced). Error bars indicate the standard deviation.
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4.2.3 V52 uses VasX, TseL, and VgrG-3 to kill V. parahaemolyticus

| observed that VasX is important for V52 to kill V. parahaemolyticus
(Figure 4-3); however, V52AvasX is not completely attenuated toward V.
parahaemolyticus like the T6SS-null strain V52AvasK. | hypothesized that the
other two bacterial toxins utilized by V52, TseL and VgrG-3, were responsible for
the intermediate killing of V. parahaemolyticus that occurred using V52AvasX
predator. To test this, | performed a killing assay using V. parahaemolyticus prey
and a variety of V52 toxin mutants as predator. As previously observed,
V52AvasX has an intermediate ability to kill V. parahaemolyticus compared to
wild-type V52 and V52AvasK. V52AvgrG-3 had a similar Kkilling ability
compared to V52AvasX whereas V52AtseL killed V. parahaemolyticus to the
same extent as V52 (Figure 4-4). A V52 double mutant lacking both vasX and
vgrG-3 was completely attenuated toward V. parahaemolyticus as was the triple
toxin mutant V52AvasXAvgrG-3AtseL (Figure 4-4). As noted earlier, the triple
toxin mutant lacks the ability to secrete Hcp into culture supernatants (Figure 4-2)
and therefore we cannot conclude whether this lack of killing is due to the lack of
toxins, or to the lack of Hcp secretion. Finally, using V52AvasXAtseL or
V52AvgrG-3AtseL predator resulted in an increased number of surviving V.
parahaemolyticus compared to either of the corresponding V52 single mutants

(Figure 4-4).

Since V. parahaemolyticus encodes two T6SSs [431], | also selected for
surviving predator cells following the 4-hour incubation to determine whether V.

parahaemolyticus was reciprocally killing VV52. 1 did not observe a decrease in
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the number of surviving V52 following incubation with V. parahaemolyticus
(Figure 4-4). Therefore, although V. parahaemolyticus is T6SS", it does not Kkill

V52 using these experimental conditions.
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Figure 4-4. V. cholerae V52 uses TseL, VasX, and VgrG-3 to kill V.
parahaemolyticus. Results of a bacterial Killing assay showing surviving
CFU/mL of V. parahaemolyticus and the predator strains listed on the x-axis
following a 4-hour co-incubation. White bars indicate surviving V52 derivative
and black bars indicate surviving V. parahaemolyticus. Error bars indicate the
standard deviation.
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4.2.4 Truncated forms of VasX cannot complement V52AvasX in a bacterial

Killing assay

We previously determined that the N-terminus of VasX (residues 1-200)
binds lipids via its putative PH domain (Figures 3-7 and 3-8) and the C-terminus
is involved in LPCx formation and membrane localization (Figure 2-11)
presumably via its trans-membrane domains (Figure 2-5). Given that the C-
terminus contains the colicin-like region, | asked whether the C-terminus alone
was sufficient to mediate bacterial Killing. The vasX truncation mutants
consisting of residues 1-542 (N-terminal half) and 543-1085 (C-terminal half)
were used to test whether the truncations could complement V52AvasX in a
Killing assay against V. parahaemolyticus prey. Expression of vasX(1-542) or
vasX(543-1085) in V52AvasX did not restore the ability to Kkill V.
parahaemolyticus (Figure 4-5). Thus, the C-terminal half of VasX is not

sufficient to mediate the Killing ability of VasX.
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Figure 4-5. Truncated versions of VasX cannot complement the killing ability of
V52AvasX. Surviving CFU/mL of V. parahaemolyticus prey were recovered
following co-incubation with the strains listed on the x-axis. Arabinose was used
to induce expression from the Pgap promoter where indicated. Error bars indicate
the standard deviation.

4.2.5 Targeting VasX to the Periplasm is Toxic

Voltage-dependent pore-forming colicins are not toxic to the producing
cell because cytoplasmic localization of the protein does not allow for insertion
into the inner membrane due to the orientation of the trans-membrane potential
[432]. Previously it has been demonstrated that targeting a pore-forming colicin
to the periplasm results in auto-toxicity [422]. When presented to the cell from
the periplasmic face, colicins then can insert into the inner membrane and form a
pore that dissipates the membrane potential [422, 432]. Given that VVasX is found
in the cytoplasm, but not the periplasm, of mid-logarithmic wild-type V. cholerae

V52 (Figure 2-6 and [223]) we decided to test whether targeting VasX to the
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periplasm would result in autotoxicity. First, as a proof-of-principle | tested
whether episomal expression of vasX was toxic to C6706AtsiV2. C6706AtsiV2 is
susceptible to VasX-mediated killing because it lacks the gene encoding the VasX
immunity protein, tsiV2. The role of TsiV2 will be discussed in detail in chapter
5. | performed a growth curve over 8 hours using C6706AtsiV2 harboring
pBAD24-vasX or the empty vector control and grew the strains under inducing
and non-inducing conditions. At the 7 hour time point, a bacterial lysate sample
was collected from each strain for western blot analysis. | observed that each
strain grew equally well in the presence or absence of arabinose (Figure 4-6).
Western blot analysis confirmed that VVasX was indeed expressed where expected
(Figure 4-6). This indicated that episomal expression of vasX was not toxic to
C6706AtsIV2.

| then fused vasX the DNA sequence encoding the Sec signal peptide in
the plasmid pBAD24 (pBAD24-LS::vasX) and was introduced into C6706AtsiV2.
This strain (C6706AtsiV2/pBAD24-LS::vasX) was routinely grown in LB
containing 0.2% glucose to prevent leaky expression from the Pgap promoter in
the case that LS::vasX was highly toxic to the producer cell.  When
C6706AtsiV2/pBAD24-LS::vasX was grown in the presence of 0.1% arabinose
(no glucose), the bacteria increased in numbers up until the 2 hour time point, and
then begin to die (Figure 4-6). The decrease in surviving CFU/mL plateaued
when the cells reached their starting concentration. This phenotype was not
observed in C6706AtsiV2/pBAD24-LS::vasX grown in the presence of 0.2%

glucose (Figure 4-6). Furthermore, autotoxicity was not observed with the empty
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vector control (LS) or C6706AtsiV2 producing VasX lacking the Sec signal
peptide (ie. non-periplasmic). An additional control for this experiment was
C6706AtsiV2 harboring pBAD24-LS::core. This plasmid results in production of
the Sec signal peptide fused to the core of the VgrG-3 protein (lacking the
peptidoglycan binding domain) and serves as a negative control demonstrating
that in general, exporting proteins to the periplasm is not toxic to these cells
(Figure 4-6). Thus, similar to colicins, targeting VasX to the periplasm is toxic to

the producing cell.
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Figure 4-6. Production of LS::vasX, but not VasX, results in auto-toxicity. (A)
Growth curve of C6706AtsiV2 harboring pBAD24 (empty vector) or pBAD24-
vasX. Arabinose was included where indicated (i.e. inducing conditions) to drive
expression from the Pgap promoter. ODgg readings were taken every hour. Error
bars indicate the standard deviation. (B) A whole cell lysate sample from each
strain in (A) was taken at the 7 hour time point and used for western blotting
analysis with a-VasX and a-DnaK (loading control) antibodies. (C) Liquid
cultures of C6706AtsiV2 harboring the plasmids indicated were grown for 8
hours. Samples were harvested at O, 2, 4, 6, and 8 hours and the recovered
CFU/mL were enumerated. Arabinose and glucose were added where indicated
for induction, and repression (respectively), of the Pgap promoter. Error bars
indicate the standard deviation.
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4.2.6 SDS Sensitivity Assay

Knowing that periplasmic localization of VasX resulted in autotoxicity, |
hypothesized that VasX disrupts the integrity of the inner membrane of target
cells. Pore-forming colicins have been shown to insert into the inner membrane
of target cells thereby compromising the integrity of the bacterial membrane and
dissipating the membrane potential. To determine whether expression of
LS::vasX compromised the inner membrane of the producing cell, I performed an
SDS lysis assay [422]. Bacterial strains were grown under inducing conditions
and then incubated in the presence or absence of SDS. Disruption of the bacterial
inner membrane results in increased susceptibility to lysis in the presence of SDS
[422] and | observed that expression of LS::vasX resulted in a significant increase
in sensitivity of C6706AtsiV2 toward SDS compared to the control strains (Figure
4-7). Therefore, production of VasX targeted to the periplasm results in

disruption of the inner membrane of the producer cell.
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Figure 4-7. SDS sensitivity assay. Bacterial cultures of the strains indicated were
grown under inducing conditions followed by the addition of SDS or water
(diluent). Ratios were calculated based on ODgg readings for the SDS and H,O
samples and plotted. LS::vasX; vasX fused to a sequence encoding the Sec signal
peptide. LS; empty vector, VasX; vasX lacking periplasmic signal sequence,
LS::core; vgrG-3 core sequence fused to a sequence encoding the Sec signal
peptide. ***= p < 0.001, **= p < 0.005 relative to LS::vasX. P-values were
calculated using the Student’s one-tailed paired T-test. Error bars indicate the
standard deviation.

4.2.7 VasX dissipates the membrane potential in target cells

Knowing that periplasmic VasX compromises the integrity of the inner
membrane | subsequently hypothesized that this disruption of the inner membrane
depleted the cell’s membrane potential. To test this, | used the BacLight Bacterial
Membrane Potential Kit (Molecular Probes). For this experiment, the fluorescent

dye 3,3-Diethyloxacarbocyanine, iodide (DIOC,(3)) is used to stain all cells
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green. If the cell is healthy and possesses a membrane potential, the dye
accumulates within the cell and shifts towards red emission. Stained cells are
analyzed by flow cytometry using Texas Red and FITC filters and the red/green
ratio is indicative of the strength of the membrane potential in analyzed cells. The
chemical carbonyl cyanide m-chlorophenyl hydrazone (CCCP), which uncouples
the proton gradient, serves as a positive control for dissipation of membrane
potential.

Upon analysis using flow cytometry, | observed that
C6706AtsiV2/pBAD24-LS::vasX exhibited a lower red fluorescence compared to
C6706AtsiV2 expressing wild-type VasX (pBAD24-vasX), LS::core (pBAD24-
LS::core), or the empty vector control (LS) (Figure 4-8). When CCCP was added
to C6706AtsiV2/pBAD24-vasX, C6706AtsiV2/pBAD24-LS, or
C6706AtsiV2/pBAD24-LS::core, the red fluorescence intensity decreased to
levels comparable to C6706AtsiV2/pBAD24-LS::vasX (Figure 4-8). This implies
that LS::vasX disrupts the membrane potential to the same extent as CCCP. From
this data, the red/green ratios for all cells were calculated and plotted (Figure 4-8).
According to these data, the membrane potential for cells expressing LS::vasX is
significantly reduced compared to controls. Furthermore, LS::vasX uncouples the
proton gradient to the same extent as the positive control CCCP. Taken together
these data indicate that VVasX, when targeted to the periplasm of the producer cell,
compromises the integrity of the inner membrane and dissipates the membrane
potential. We thus conclude that VasX is a bacterial toxin that targets the inner

membrane of prey cells
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Figure 4-8. Periplasmic VasX dissipates the membrane potential of target cells.
(A) VasX dissipates cell membrane potential. Overnight cultures of the strains
indicated were were stained using the dye DiOC,(3) and analyzed by flow
cytometry for a change in red emission. CCCP is a chemical that uncouples the
proton gradient and was used as a positive control for dissipation of membrane
potential in this experiment. (B) Quantification of flow cytometry data. Based on
the data presented in (A), red/green fluorescence ratios were calculated for each
condition and plotted. Error bars indicate standard deviation. ***=p < 0.001, **=
p < 0.005 relative to LS::vasX (induced, -CCCP). P-values were calculated using
the Student’s one-tailed, paired T-test.
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4.2.8 Periplasmic VasX does not result in cell lysis

Thus far, the data presented suggest that VasX targets the inner membrane
of prey bacteria (Figures 4-7 and 4-8). However, it remained unclear whether
disruption of the inner membrane resulted in lysis of the bacterium. To test
whether VasX membrane disruption results in lysis of the cell | tested whether
expression of LS::vasX resulted in contamination of culture supernatants with the
cytoplasmic heat-shock protein DnaK [380]. C6706AtsiV2 harboring pBAD24-
LS::vasX, pBAD24-vasX, pBAD24-LS::core, or pBAD24-LS empty vector, were
grown in the presence or absence of arabinose until mid-logarithmic phase.
Culture supernatants were concentrated and subjected to SDS-PAGE followed by
western blotting with o-DnaK antibody. The whole cell lysate of
C6706AtsiV2/pBAD24-LS::VasX was included on the gels as a positive control
for the DnaK western blot. DnaK was not present in any of the supernatant
samples tested but was present in the whole cell lysate (Figure 4-9). This
indicates that expression of LS::VasX does not result in lysis of the producing

bacterium.
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Figure 4-9. Expression of LS::vasX in C6706AtsiV2 does not cause cell lysis.
Pellet and supernatant samples were harvest from mid-logarithmic cultures of the
indicated strains. Samples were subjected to SDS-PAGE followed by western
blotting with a-DnaK primary antibody. WCL; whole cell lysate positive control.

4.2.9 Cells expressing periplasmic VasX are permeable to propidium iodide

Propidium iodide (PI) is an intercalating agent bound to a fluorescent
molecule that binds DNA. Normally, Pl is used to assess bacterial cell viability
because it is membrane impermeant and does not penetrate healthy cells.
However, in the case of dead cells, or those with damaged membranes, Pl enters
the cell and binds DNA. In previous sections | provided evidence that VasX
disrupts the bacterial inner membrane (Figure 4-7 and 4-8) but does not result in
cell lysis (Figure 4-9). Based on these data | propose that VasX permeabilizes the
inner membrane in a manner that does not result in cell lysis. | hypothesized that
cells expressing LS::VVasX would be permeable to Pl because they have damaged
membranes. C6706AtsiV2 harboring pPBAD24-LS::vasX or pBAD24-vasX were
grown in liquid culture until mid-logarithmic phase and then incubated with PI.
As a positive control for Pl uptake, both strains were killed by incubation in

ethanol following incubation with P1. Cells were analyzed by flow cytometry to
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assess the permeability of these cells on a population level. | observed that cells
producing LS::vasX had ~30% greater uptake of PI compared to those producing

VasX (Figure 4-10).
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Figure 4-10. Cells producing LS::vasX become permeable to PI. C6706AtsiV2
harboring pBAD24-vasX (VasX) or pBAD24-LS::vasX (LS::vasX) was grown in
the presence of arabinose to induce expression from the Pgap promoter and
stained with Pl. Cells were analyzed by flow cytometry to determine the
percentage of cells that became permeable to Pl as a result of membrane damage.
Ethanol-killed cells (VasX + EtOH and LS::vasX + EtOH) were used as a positive
control for Pl permeability. The P2 population represents cells with intact
membranes whereas the P3 population indicates cells that are permeable to PI.
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4.2.10 Recombinant VasX causes leakage of carboxyfluorescein from lipid

vesicles

My data thus far indicate that when VasX is targeted to the periplasm of
the producing cell, these cells are more susceptible to lysis by SDS and their
membrane potential is disrupted. Furthermore, the cells do not lyse but are
permeable to PI. To further confirm our hypothesis that VasX is a membrane-
disrupting protein, we tested whether purified, recombinant VasX could disrupt
unilammelar vesicles composed of E. coli polar lipids. Large unilammelar
vesicles (LUVs) encapsulating carboxyfluorescein (CF) were purchased from
Avanti Polar Lipids. At high concentrations (such as inside LUVSs), the
fluorescence of CF is self-quenching; however, leakage of CF into the solvent

upon LUV disruption results in an increase in fluorescence.

VasX, buffer alone, BSA, Triton X-100, or purified, recombinant TsiV3
(VgrG-3 immunity protein) were added to CF-encapsulating LUVs (CF-LUVS)
and the relative fluorescence units (RFUs) were measured. LUV disruption by
0.1% triton X-100 was used as a control for maximal fluorescence. We observed
that addition of VasX to CF-LUVs resulted in a significant increase in
fluorescence compared to buffer alone, or addition of BSA, or purified,
recombinant TsiV3 (negative controls) (Figure 4-11). TsiV3 is predicted to act in
the periplasm to protect against peptidoglycan degradation and therefore, was not
expected to perturb LUVs. These data indicate that VVasX is able to disrupt LUVs

to the extent that the encapsulated CF was released into the external environment.
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This lends credence to our hypothesis that VasX acts similar to pore-forming

colicins that target the inner membrane of their prey bacteria.
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Figure 4-11. VasX disrupts large unilamellar vesicles resulting in the release of
carboxyfluorescein. The substrates listed on the x-axis were mixed with CF-
encapsulating LUVs followed by measurement of the fluorescence intensity. The
detergent Triton X-100 is a positive control for LUV disruption and this sample
was used as the value for maximal fluorescence. Buffer alone, purified,
recombinant TsiV3, and BSA constitute negative controls. Error bars indicate the
standard deviation. *** denotes p <0.001 relative to BSA control.

4.2.11 Addition of purified, recombinant VasX and TseL to E. coli does not

result in cell lysis.

Russell et al. recently determined that the phospholipase Tle5 produced by
P. aeruginosa causes a shift in target cell membrane phospholipid composition
[332]. Specifically, an increase in PA and a decrease in PE was observed upon

exposure to Tle5 [332]. Using two different methodologies, | observed that VasX

135



binds phosphatidic acid (Figures 3-7 and 3-8). Although I do not question that
VasX and TseL (the V. cholerae lipase) can function as independent toxins, I
entertained the hypothesis that TseL-mediated concentration of phosphatidic acid
in the V. cholerae membrane can increase the efficiency of VasX insertion into
the inner membrane. To test this, 1 added purified, recombinant VasX and/or
TseL to E. coli cells in the presence and absence of polymyxin B to permeabilize
the E. coli outer membrane. The ODsgg at t=0 and t=5 minutes was used to
calculate the percent lysis. This technique was previously used to determine that
the peptidoglycan-binding domain (PBD) of VgrG-3 caused cell lysis (via

peptidoglycan degradation) [210].

| observed ~20% lysis in the presence of polymyxin B alone which was
also observed by Brooks et al. [210] . Unexpectedly, addition of VasX and TseL
individually or in combination +/- polymyxin B did not result in a greater amount
of lysis compared to polymyxin B alone (Figure 4-12). It is thus not possible to

determine whether TseL exacerbates the effects of VasX.

As mentioned previously, VgrG-3 causes lysis of E. coli via peptidoglycan
degradation [210, 221]. | hypothesized that TseL and VasX did not cause lysis of
E. coli because they could not cross the cell wall and that, at least in this
experimental set-up, that VVgrG-3 is required to degrade peptidoglycan prior to
TseL and VasX reaching their cellular target — the inner membrane. To test this |
added purified, recombinant VasX and/or TseL and/or PBD in the presence or
absence of polymyxin B. | observed that in the presence of polymyxin B, PBD

caused ~35% lysis and the same amount of lysis was observed when polymyxin
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B, VasX, TseL, and PBD were added together (Figure 4-12). This indicates that
PBD is capable of lysing E. coli when the outer membrane is permeabilized;
however, addition of the other two toxins, VasX and TseL, does not result in
increased lysis. Therefore, it appears that VasX and TseL are incapable of

exerting their toxic effects when added exogenously.
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Figure 4-12. Addition of purified, recombinant VasX and TseL to E. coli does not
result in cell lysis. (A) VasX and TseL were incubated with E. coli in the
presence or absence of polymyxin B to permeabilize the outer membrane. The
percent lysis was determined by measuring the ODgo at t=0 and t=5 minutes. (B)
VasX, TseL, and PBD were incubated with E. coli in the presence or absence of
polymyxin B. The percent lysis was calculated and plotted. Error bars for both
(A) and (B) indicate the standard deviation. PBD; peptidoglycan-binding domain
of VgrG-3.
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4.3 Discussion

The data presented in this chapter indicate that VasX not only has a role in
T6SS-mediated virulence toward D. discoideum but is used to kill bacteria as
well. We previously showed that V. cholerae V52 uses its T6SS to kill E. coli
[211]; however, in-frame deletion of vasX did not alter the ability of V52 to kill E.
coli (Figure 4-1). A similar conclusion was reached by Dong et al. such that
VasX is sufficient but not required for V52 to kill E. coli [221]. Because V52
encodes two other bacterial toxins (VgrG-3 and TselL), we created V52AvgrG-
3AtseL in which VasX is presumably the only functional T6SS bacterial toxin.
Using this strain as the predator in a Killing assay against E. coli showed that
V52AvgrG-3AtseL was still able to reduce the number of surviving E. coli by ~
10-fold. This implies that VasX alone is sufficient to kill E. coli but the Killing
phenotype is drastically increased in the presence of VgrG-3 and Tsel.
Furthermore, because V52AvasX Kills E. coli to the same extent as wild-type V52,
the presence of TseL and VgrG-3 can compensate for the absence of vasX and

together are highly toxic to prey bacteria (Figure 4-1).

Interestingly, when other Vibrio species such as V. parahaemolyticus, V.
fischeri, and V. alginolyticus were used as prey, VasX has a much stronger
phenotype (Figure 4-3). However, V52AvasX is not completely attenuated like
the T6SS-null mutant V52AvasK and this discrepancy is attributed to the activity
of VgrG-3 and/or TseL (Figure 4-4). In this case, VasX was a more effective
toxin against V. parahaemolyticus and C6706, but less effective for killing E. coli.

The specific reason behind this phenomenon remains to be determined, but could
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be due to a number of factors including the requirement for specific receptors on
target cells, varying degrees of susceptibility to T6SS effectors, the

presence/absence of T6SS immunity proteins, or a combination of these factors.

Figure 4-2 indicated that deleting certain combinations of T6SS toxin-
encoding genes results in a lowered ability to secrete Hep (V52AvasXAtseL or
V52AtseLAvgrG-3), or a complete lack thereof (V52AvasXAvgrG-3, or
V52AvasXAvgrG-3AtseL). It appears that these toxins are required for the
production of a functional secretion complex and when all three toxins are
missing, ejection of the Hcp tube does not occur. This type of “checkpoint”
system has also been described for the ordered assembly of the bacterial flagella
[433] and may have a role in the translocation of T3SS effector proteins [434].
Therefore, VasX, VgrG-3, and TseL serve as T6SS toxins but also have a

structural role in T6SS ejection.

Previously, VasX was reported to have homology to colicins (Figure 2-5
and [355]): secreted proteins that are toxic against closely-related bacterial species
[230]. The mechanism of colicin killing can range from nuclease activity, to
inhibition of murein synthesis, to pore-formation in the target cell inner
membrane resulting in dissipation of membrane potential [241-252]. In some
cases, colicin insertion into the membrane results in formation of a LPCx [425].
Although the C-terminus of VasX contains the colicin-like region and is capable
of forming a LPCx, it is not sufficient for bacterial killing (Figure 4-5). This
implies that the N-terminus of VasX plays a crucial role in VasX-mediated

toxicity. The N-terminal half of the protein could be required for secretion of
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VasX, interactions with structural T6SS proteins, or tethering VasX to the target
cell membrane. Of note, multiple attempts to determine if any of the VasX
truncation mutants were secreted failed to produce consistent results.

The mechanism by which colicins are delivered likely differs from
delivery of T6SS toxins into target cells. T6SS-dependent bacterial killing is a
contact-dependent phenotype [211], whereas colicins themselves possess
sophisticated, cell contact-independent, mechanisms to gain entry into target cells
[269, 435-437]. Indeed, exogenously added VasX and TseL were unable elicit
toxic activity toward E. coli and the PBD requires permeabilization of the E. coli
outer membrane to cause significant bacterial lysis (Figure 4-12). Chou et al. also
suggested that in order to effectively intoxicate target bacteria, the toxins require
delivery by the T6SS secretory apparatus to reach an effective concentration at
their cellular target [390]. Thus, | propose that in order to Kkill other bacteria, the
V. cholerae T6SS toxins must be injected into the target cell.

Cytoplasmic production of pore-forming colicins does not result in
toxicity because pore-formation can only occur when the colicin is presented to
the cell from the periplasmic face [231, 422, 432]. This is presumed to be due to
the orientation of the transmembrane potential [231, 432]. We observed that
episomal expression of VasX (lacking the Sec leader sequence) was not toxic to
V52 (Figure 3-1) or C6706AtsiV2 (Figure 4-6) implying that production of this
protein does not Kill the producing cell. Therefore, we designed a system
whereby VasX is targeted to the periplasm of the producing cell by fusing VasX

to a Sec signal peptide (LS::vasX). Production of LS::vasX in C6706AtsiV2 was
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toxic to the producing cells but did not cause complete cellular lysis (Figures 4-6
and 4-9). LS::vasX production imparted a disruption in the inner membrane as
indicated by the results of the SDS assay, membrane potential analysis, CF release
from LUVs, and permeability to PI (Figures 4-6, 4-7, 4-8, 4-10, and 4-11). That
cells producing LS::vasX become permeable to Pl but do not release DnaK
implies that LS::vasX forms pores in the inner membrane large enough to permit
influx of PI (~0.7 kDa) but small enough to prevent efflux of DnaK (~70 kDa).
Taken together, these data suggest that VasX forms pores in the inner membrane
of target cells capable of dissipating the membrane potential and halting cellular
respiration. Further to this, my subcellular fractionation data presented in Chapter
2 demonstrated that VasX is a secreted protein that is present in the cytoplasm,
and membrane fractions of V52; however, VasX is not present (to detectable
levels) in the periplasmic fraction (Figure 2-6). It appears that VasX either by-
passes the periplasm, or is present transiently in small quantities en-route out of
the cell, as its presence in the periplasm could be auto-toxic.

Because T6SS-mediated bacterial Killing is a contact-dependent phenotype
[211], I propose a model where VasX is injected into the periplasm of target cells
along with T6SS structural proteins and other putative toxins. From there, VasX
can insert into the inner membrane and disrupt the target cell’s membrane
potential. Importantly, both prokaryotes and eukaryotes possess a cytoplasmic
membrane and | postulate that this commonality is the reason behind the
promiscuity of VasX Killing. In the case of D. discoideum, | propose that pore-

formation in the cytoplasmic membrane is responsible for the VasX-mediated
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phenotype observed with this eukaryotic host. Targeting the membrane (or
peptidoglycan) as opposed to a single protein/receptor is an evolutionarily
advantageous mechanism employed by bacterial toxins since developing
resistance to this toxic mechanism would prove challenging for target cells. A

model for VasX function as a prokaryotic toxin is presented in Figure 4-13.
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Figure 4-13. Model of VasX-mediated toxicity toward Gram-negative bacteria.
(A) VasX accumulates in the inner membrane of the predator cell as a LPCx and
associates with VgrG proteins ate the tip of the secretory apparatus (left panel).
The T6SS needle is ejected from the predator cell where proteins are sloughed
into the extracellular milieu (centre panel). The injectosome punctures the
prey/target cell delivering VasX (and other T6SS toxins) to its cellular target, the
inner membrane. (B). The VasX LPCx forms a pore in the prey cell inner
membrane that is permeable to Pl but does not allow passage of large molecules
such as the cytoplasmic protein DnaK. Perturbation of the inner membrane by

VasX pores leads to dissipation of the membrane potential and ultimately death of
the target cell.
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CHAPTER 5

TsiV2 is the VasX immunity protein

The experiments described in Figure 5-6 and 5-14B were conducted by Daniel
Unterweger.

The data presented in Figure 5-21, and purified, recombinant VasX::6xHis and
TsiV2::6xHis were provided by Teresa Brooks.

Figure 5-14A was provided by Dr. Karlene Lynch.
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5. TsiV2 is the VasX immunity protein

51 Introduction

Bacteria that produce toxins targeted toward other closely related species
must have a means to protect themselves from self-intoxication or being killed by
neighboring sister cells. Immunity is mediated by the presence of anti-toxins or
immunity proteins that counteract the function of their cognate toxins [210, 215,
216, 221, 246, 278, 279, 293, 298-300, 305, 307, 312, 315, 423, 432, 438, 439].
Genes encoding immunity proteins are typically located immediately downstream
from (or even overlapping with) the stop codon of the toxin gene [241, 256, 258,

283, 289-292] and are subject to a unique regulatory mechanism.

Constitutive, low-level expression of immunity protein-encoding genes is
important for bacteriocin-producing cells to protect against autotoxicity [285].
Commonly, transcription of the immunity protein-encoding gene is dually
regulated with one promoter located upstream of the operon containing the toxin
and immunity protein-encoding gene (polycistronic) and another promoter
encoded within the toxin gene that strictly regulates expression the immunity gene

(monocistronic) [278, 282, 285, 293-297].

In the case of pore-forming colicins, immunity proteins localize to the
inner membrane where they counteract the toxic effects of the incoming colicin
molecule. It is speculated that immunity proteins for pore-forming colicins either
block pore-formation from occurring, or plug the ion channel created by the

colicin, thereby preventing cell death [231, 423, 432].
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As mentioned in Chapter 4, we and others identified three putative
toxin/immunity systems used by V. cholerae to kill other bacteria (Miyata et al.,
submitted and [374]). In-frame deletion of tsiV1, tsiV2, or tsiV3 in V. cholerae
C6706 rendered this T6SS-silent strain susceptible to killing by V52 (Miyata et
al., submitted and [221]. We also demonstrated that TsiV3 specifically inhibits
the peptidoglycan degrading ability of VgrG-3 [210]. Given that VasX is a
bacterial toxin and tsiV2 is encoded directly downstream of vasX, | hypothesized
that VasX and TsiV2 are a toxin/immunity pair. The following experiments were

aimed at characterizing TsiV2 as the VasX immunity protein.

5.2 Results

5.2.1 TsiV2 is the VasX immunity protein

Encoded directly downstream of vasX on the V52 chromosome is the gene
VCAO0021 which was named type six secretion immunity gene in Vibrio 2 (tsiV2)
[221]. Given that colicins are genetically organized with the immunity gene
directly downstream from the colicin gene, we hypothesized that tsiV2 encodes
the VasX immunity protein. To test this, we took advantage of the V. cholerae
strain C6706 which possesses a full complement of T6SS genes and is immune to
Killing by V52 [211]. Importantly, C6706 does not activate its T6SS under
standard laboratory conditions [365, 370, 375] which made it possible to create in
in-frame tsiV2 deletion mutant (C6706AtsiV2) without C6706 engaging in

sororicide. When challenged against V52 in a killing assay, C6706AtsiV2 was
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Killed by V52 but not by V52AvasK or V52AvasX (Figure 5-1). This data
suggests that TsiV2 is required for C6706 immunity to V52, and that VasX is

involved in this killing phenotype.
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[—]

Predator

Figure 5-1. TsiV2 is the VasX immunity protein. Predator bacteria (listed on the
x-axis) were mixed with C6706AtsiV2 and surviving rifampicin-resistant prey
bacteria were enumerated. Arabinose was included to induce expression from the
Psap promoter (inducing conditions) where indicated. Error bars indicate the
standard deviation.

5.2.2 Complementation of C6706AtsiV2

For complementation, tsiV2 was cloned downstream of an arabinose-
inducible promoter in the vector pPBAD24 with a C-terminal FLAG tag (pBAD24-
tsiV2::FLAG) and transformed into C6706AtsiV2. This  strain,

C6706AtsiV2/pBAD24-tsiV2::FLAG was used as prey in a killing assay with V52

148



predator on plain LB plates, or LB plates containing arabinose (to induce
expression from the Pgap promoter) or glucose. Addition of glucose is known to
tightly repress expression from the Pgap promoter [399, 440]. | observed that
C6706AtsiV2/pBAD24-tsiV2::FLAG was protected from Kkilling by V52
regardless of the presence of arabinose or glucose (Figure 5-2). As expected,
wild-type C6706 remained immune, and the empty vector control remained
sensitive to Killing under all three conditions (Figure 5-2).  Furthermore, the
T6SS-null predator strain, V52AvaskK, did not kill any of the C6706AtsiV2 prey
strains tested (Figure 5-2). | also noted that under inducing conditions, the number
of surviving C6706AtsiV2/pBAD24-tsiV2::FLAG was less than the same strain

exposed to non-inducing conditions (indicated by the arrows in Figure 5-2).

Because | observed protection mediated by pBAD24-tsiV2::FLAG under
all three conditions tested, I performed a western blot using cell lysates from
killing spots consisting of V52AvasK predator and C6706AtsiV2/pBADA4-
tsiV2::FLAG prey from the three different agar plates tested. Here, | wanted to
determine whether expression of TsiV2::FLAG was only detectable in the
presence of arabinose. As shown in Figure 5-2, TsiV2::FLAG was only detected
in cells incubated on LB plates containing arabinose. DnaK was used as a loading
control and was present in each of the samples tested implying that bacteria were
present in each sample. Therefore, even by repressing transcription from the Pgap
promoter (i.e. in the presence of glucose) pBAD24-tsiV2::FLAG was protective
against killing by VV52. Taken together, these data indicate that although we can

complement C6706AtsiV2 immunity by providing tsiV2 in-trans, expression of
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the gene encoding the immunity protein is slightly toxic to the producer cell and
very small amounts of TsiV2 are sufficient to be protective. It is also possible

that the protective mechanism of tsiV2 could be DNA-, and not protein-mediated.
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Figure 5-2. Episomal expression of tsiV2 restores immunity to C6706AtsiV2,
Surviving prey bacteria listed on the x-axis were recovered following co-
incubation with the predator strain V52 (A) or V52AvasK (B). Arabinose or
glucose was used to induce or repress expression from the Pgap promoter,
respectively, where indicated. Error bars indicate the standard deviation. (C)
Bacterial lysate samples were harvested from killing spots in (B) and used for
western blotting with FLAG and DnaK (loading control) antibodies. Molecular
weights are indicated to the right of the blot.

5.2.3 Low amounts of TsiV2 provide protection against VasX
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To investigate whether the protective phenotype of tsiV2 could be DNA-
mediated, | took advantage of two plasmids | had previously constructed. The
gene tsiV2 was cloned into pJET1.2/blunt (Thermo Fisher) which contains a T7
promoter that is not active in V. cholerae [441]. The first vector consisted of full-
length tsiV2 fused to a C-terminal FLAG tag (pJET-tsiV2::FLAG) and the second
construct was tsiV2 lacking a start codon fused to a C-terminal 6xHis tag (pJET-

tSiV2(AATG)::6xHis).

pJET1.2/blunt is a blunt-ended vector and therefore blunt PCR products
can be ligated into pJET1.2/blunt in a forward or reverse orientation. Restriction
analysis and sequencing of pJET-tsiV2::FLAG and pJET-tsiV2(AATG)::6xHis
indicated that both tsiV2::FLAG and tsiV2(4ATG)::6xHis were in the reverse
orientation relative to the T7 promoter. Therefore, not only should the T7
promoter be silent in V. cholerae, but the genes were cloned in the reverse
orientation. Both of these plasmids were transformed into C6706AtsiV2 and |
hypothesized that neither vector would be protective when this strain was

challenged with V52 predator.

I performed killing assays using V52 or V52AvasK predator and
C6706AtsiV2 harboring pBAD24 (empty vector), pBAD24-tsiV2::FLAG, pJET-
tsiV2::FLAG, or pJET-tsiV2(AATG)::6xHis as prey. As | observed previously,
pBAD24 alone was not protective for C6706AtsiV2 whereas pBAD24-
tsiV2::FLAG was protective (Figure 5-2 and 5-3). Interestingly, pJET-
tsiV2::FLAG was also able to protect C6706AtsiV2 from V52 whereas pJET-

tsiV2(AATG)::6xHis was not protective against V52 (Figure 5-3). Therefore,
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even when cloned in the reverse orientation downstream of a T7 promoter, tsiV2
can mediate protection for C6706AtsiV2 and protection does not occur when the
gene lacks a start codon. This implies that TsiVV2 protection is protein-mediated

at low expression levels.
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Figure 5-3. pJET-tsiV2::FLAG protects C6706AtsiV2 from Killing by V52.
Survival of rifampicin-resistant prey (listed on the x-axis) was determined by
enumerating the CFU following exposure to the indicated rifampicin-sensitive
predator (legend). Error bars indicate the standard deviation.

To further confirm the results in Figure 5-3, we performed site-directed
mutagenesis on tsiV2 to change residues 14, 127, and 164 of TsiV2 to stop
codons. The plasmid pBAD24-tsiV2::FLAG was used as the backbone for
mutagenesis  creating  plasmids  pBAD24-tsiV2::FLAG*14, pBAD24-
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tsiV2::FLAG*127, and pBAD24-tsiV2::FLAG*164. These plasmids were
transformed into C6706AtsiV2 and were challenged in a killing assay with V52 or
V52AvasK predator. While all strains exposed to V52AvasK survived as
expected, all tsiV2 site-directed mutants lost their immunity to V52 (Figure 5-4).
Thus, immunity provided by tsiV2 is not DNA-mediated and we therefore
conclude that tsiV2 must be translated into a (full length) protein to provide

immunity to V52 killing.
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Figure 5-4. Site-directed mutants of tsiV2 fail to protect C6706AtsiV2 when
challenged with V52. Survival of rifampicin-resistant prey (listed on the x-axis)
was determined by enumerating CFU/mL following exposure to the indicated
rifampicin-sensitive predator (legend). Error bars indicate the standard deviation.

5.2.4 Over-expression of TsiV2 is toxic

| noted in Figure 5-2 that expression of TsiV2::FLAG in C6706AtsiV2
resulted in less CFU/mL recovered compared to the same strain grown in the

absence of arabinose or the presence of glucose. | hypothesized this is because
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over-expression of tsiV2 is toxic to the producer cell. | performed a time course
to determine the CFU/mL of C6706AtsiV2/pBAD24 (empty vector) and
C6706AtsiV2/pBAD24-tsiV2::FLAG grown in the presence of arabinose over an
8-hour period. | observed that both strains grew until three hours post sub-
inoculation; however, the recoverable CFU/mL steadily decreased thereafter for
cells expressing TsiV2::FLAG eventually reaching a similar concentration to that
of the starting inoculation (Figure 5-5). C6706AtsiV2 harboring pBAD24 empty
vector did not endure this decrease in surviving CFU/mL (Figure 5-5). Therefore,

over-expression of TsiV2::FLAG is toxic to C6706AtsiV2.
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Figure 5-5. Over-expression of TsiV2::FLAG is toxic. Liquid bacterial cultures
of the strains indicated on the x-axis were used to perform a growth curve.
Samples were taken at t=0 and every hour thereafter and the recovered CFU/mL
were enumerated. Error bars indicate the standard deviation.

5.2.5 TsiV2 is protective in V. parahaemolyticus but not E. coli

In Figures 4-1 and 4-3, | showed that VVasX is important for V52 to kill E.
coli (when V52 lacks tseL and vgrG-3) and other Vibrio species including V.
parahaemolyticus. E. coli MG1655 does not encode a T6SS gene cluster;
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however, V. parahaemolyticus encodes two T6SS gene clusters [431, 442], yet is
susceptible to killing by V52. Given that TsiV2 is the VasX immunity protein, |
wanted to determine whether episomal expression of tsiV2 in both E. coli and V.

parahaemolyticus would provide protection against V52 killing.

First, pPBAD24-tsiV2::FLAG was transformed into E. coli MG1655 and
this strain (MG1655/pBAD24-tsiV2::FLAG) was used as prey in a Killing assay
with V52 or V52AvasK predator. | observed that episomal expression of tsiV2 in
MG1655 was not protective against V52 (Figure 5-6). As expected, the T6SS-null
predator strain V52AvasK was unable to kill MG1655. Since V52AvasX is able to
kill MG1655 to the same extent as wild-type V52 (Figure 4-1), we then decided to
test whether episomal expression of tsiV2 could protect MG1655 challenged with
V52AtseLAvgrG-3 predator with VasX as the only bacterial T6SS toxin. Again,
we observed that production of TsiV2 in MG1655 could not provide immunity

even when VasX was the only toxin utilized by V52AtseLAvgrG-3 (Figure 5-6).

To ensure that tsiV2::FLAG was expressed in this assay (and still failed to
provide protection), a sample of the bacterial mixture of V52AvasK and
MG1655/pBAD24-tsiV2::FLAG and the empty vector control were taken
following the 4-hour incubation with or without arabinose. This particular sample
was chosen because it was the only bacterial combination that did not result in E.
coli being killed. Samples were boiled in protein sample buffer and subjected to
SDS-PAGE followed by western blotting with DnaK (loading control) and FLAG
primary antibodies. | observed a FLAG-reactive band only in the sample

MG1655/pBAD24-tsiV2::FLAG in the presence of arabinose (Figure 5-6). No
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FLAG-reactive band was present in the absence of arabinose, or for either
condition for the empty vector control (Figure 5-6). This indicates that

TsiV2::FLAG was produced under the conditions tested.
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Figure 5-6. TsiV2 does not protect E. coli MG1655 from killing by V52. (A and
B) CFU/mL of surviving prey (listed on the x-axis) were enumerated following
exposure to the V. cholerae predator strains listed in the figure legend. Arabinose
was included in all conditions tested in (A) and where indicated in (B) to induce
expression from the Pgap promoter. Error bars indicate the standard deviation.
(C) A sample from the bacterial mixture of V52AvasK and MG1655/pBAD24-
tsiV2::FLAG from (B) was boiled in sample buffer and subjected to SDS-PAGE
followed by western blotting using DnaK (loading control) and FLAG primary
antibodies.
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To test whether episomal expression of tsiV2 was protective for V.
parahaemolyticus, pBAD33 (empty vector) and pBAD33-tsiV2::6xHis were
mated into V. parahaemolyticus creating V. parahaemolyticus/pBAD33 and V.
parahaemolyticus/pBAD33-tsiV2::6xHis, respectively. The vector pBAD33
(chloramphenicol®) was used in this experiment because V. parahaemolyticus is
inherently resistant to ampicillin which is the selectable marker used for pBAD24.
V. parahaemolyticus/pBAD33-tsiV2::6xHis was then used as prey in a killing
assay against V52 or V52AvasK predator. We observed a significant increase in
surviving V. parahaemolyticus/pBAD33-tsiV2::6xHis compared to the empty
vector control (Figure 5-7). Importantly, production of TsiV2::6xHis from
pBAD33 was not able to provide complete protection in V. parahaemolyticus.
This is likely due to the presence of the other two V. cholerae toxins, TseL and

VgrG-3, for which V. parahaemolyticus was not provided the immunity gene.
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Figure 5-7. Episomal expression of tsiV2 in V. parahaemolyticus results in
significant protection from Killing by V52. Survival of rifampicin-resistant V.
parahaemolyticus harboring either pBAD33 empty vector or pBAD33-
tsiV2::6xHis was determined by enumerating the CFU following exposure to the
indicated rifampicin-sensitive predator (listed in the legend) in the presence of
arabinose. Error bars indicate the standard deviation. ** = p < 0.005 relative to
empty vector control (vs. V52). The P-value was calculated using the Student’s
one-tailed, paired T-test.

5.2.6 Bioinformatic analysis of TsiV2

BLASTp analysis indicated that TsiV2 lacks identifiable conserved
domains. Aside from other V. cholerae strains, TsiV2 homologues were detected

in V. mimicus (85% identity, e-value 2x10™*

), Vibrio anguillarum (79% identity,
e-value 4x10™%), V. fischeri (33% identity, e-value 7x10°°), A. hydrophila (47%

identitiy, e-value 3x10™), and Aliivibrio salmonicida (37% identity, e-value

160



7x10°%). The most significant predictions using the secondary structure
prediction software HHPred included an outer membrane insertion C-terminal
signal (e-value 2x10?%°) and an LPXTG-motif cell wall anchor domain (e-value
7.9x10™). PSORTD predicted that TsiV2 localizes to the cytoplasmic membrane.
TMHMM, SOSUI, and Phobius predicted that TsiV2 has three transmembrane
domains; however, the results predicted by Phobius and TMHMM are opposite
with respect to the topology of TsiV2 in the cytoplasmic membrane. A summary

of transmembrane domain predictions is presented in Table 5-1.

Table 5-1. Summary of transmembrane (TM) regions predicted for TsiV2. The
bioinformatics programs used (indicated in the left column) each suggest that
TsiV2 is a membrane protein with three TM regions.

Prediction Program Number of TM Coordinates (amino
Domains Predicted acids) of Predicted TM
Domains

TMHMM 3 39-61
66-85
117-139

SOSUI 3 37-59
66-87
125-147

Phobius 3 36-54
66-84
118-151

5.2.7 Subcellular localization of TsiV2

The PSORTb bioinformatic analysis program suggested that TsiV2
localizes to the inner membrane (section 5.2.6). To determine where TsiV2

localizes within the cell, C6706AtsiV2/pBAD24-tsiV2::FLAG (grown under
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inducing conditions) was subjected to subcellular fractionation. Whole cell
lysates, permeabilized cells, periplasmic, cytoplasmic, and membrane fractions
were analyzed by western blotting with DnaK (cytoplasm), OmpU (membrane),
B-lactamase (periplasm), and FLAG (TsiV2) antibodies. | observed that
TsiV2::FLAG is present in the whole cell lysate, permeabilized cells, cytoplasm,
and membrane but not the periplasm (Figure 5-8).  Although there is
contamination of the periplasm fraction with the membrane protein OmpU, the

fact that TsiV2 is absent from this fraction suggests that this data is still reliable.

B-lactamase

FLAG (TsiV2)

DnaK

OmpU

Figure 5-8. TsiV2 is present in the cytoplasm and membrane.
C6706AtsiV2/pBAD24-tsiV2::FLAG was grown to late logarithmic phase and
subjected to subcellular fractionation. Various fractions were separated by SDS-
PAGE followed by western blotting with VasX, OmpU (membrane control),
DnaK (cytosol control), and p-lactamase (Bla; periplasm control) primary
antibodies.
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To determine whether TsiV2 localizes to the bacterial inner or outer
membrane, | performed sucrose-gradient fractionation of the total membrane
fraction. Samples were assayed for NADH oxidase activity (indicative of the
inner membrane) and then subjected to western blotting with OmpU (outer
membrane), EpsL (inner membrane), and FLAG (TsiV2) primary antibodies. The
resulting blot indicated that both EpsL and TsiV2 are present in fractions 8 and 9
and OmpU is most abundant in fraction 11. EpsL, OmpU, and TsiV2::FLAG
were all detected in the whole cell lysate sample. The results of the NADH
oxidase assay indicated that fractions 8 and 9 had NADH oxidase activity which
corresponds to the presence of EpsL in the western blot. Taken together these

data suggest that TsiV2 localizes to the inner membrane.
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Figure 5-9. TsiV2 localizes to the inner membrane. C6706AtsiV2/pBAD24-
tsiV2::FLAG total membranes were isolated and subjected sucrose-gradient
fractionation to separate inner and outer membranes. Samples were subjected to
western blotting with EpsL (inner membrane), OmpU (outer membrane), and
FLAG (TsiV2) primary antibodies. NADH oxidase activity is plotted in the lower
panel (values calculated relative to fraction 1). The red box indicates the inner
membrane fractions and the orange box indicates the outer membrane. WCL,;
whole cell lysate sample.

5.2.8 TsiV2 is under a dual regulatory mechanism

C6706 does not have an active T6SS under laboratory conditions (i.e. no
expression of VasX or Hcp), yet is resistant to killing by V52 and we therefore
wondered how immunity was maintained in the absence of T6SS gene expression.
| hypothesized that the immunity gene tsiV2 is subject to a dual regulatory
mechanism.  We and others previously identified a promoter which drives

expression of the vasX/tsiV2-containing gene cluster that is located in the 400
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base pairs upstream of hcp-2 [370-372]. The T6SS regulator VasH and the
alternate sigma factor > have been shown to work at this promoter driving
expression of hcp-2, vgrG-2, and vasX [370, 371]; however this promoter is not
active in C6706 as evidenced by a lack of Hcp expression under standard
laboratory conditions [365]. | hypothesized that there exists a promoter within
vasX capable of driving transcription (in a VasH-independent manner) of the
downstream gene tsiV2 independently from the rest of the genes within the tsivV2
gene cluster (Figure 5-10). This hypothesis provides a logical explanation as to

why wild-type C6706 is immune to killing by VV52.

VasH/RpoN

—>
— VasH-independent

hep-2 vgrG-2 vasW vasX tsil’2

Figure 5-10. Schematic representation of the vasX-encoding gene cluster
indicating the location of the two promoters involved in dual regulation of tsiV2.
The first promoter is located upstream of hcp-2 and transcription from this
promoter is dependent on VasH. The second putative promoter is located within
vasX and drives expression solely of tsiV2 in a VasH-independent manner.

To test this, I made transcriptional fusions of full-length vasX, or different
vasX truncations (nucleotides 1-1345, 1575-3258, and 2208-3258) to promoterless
lacZ in the plasmid pAH6. The hcp-2 promoter region (Pnep, basepairs -1 to -400)
was also fused to lacZ as a control. Plasmids were transformed into V52,
V52AvasH, and C6706, and [-galactosidase assays were performed to determine
the level of LacZ production within the cells.

165



In V52 (constitutive expression of T6SS genes via the promoter upstream
of hcp-2), | observed a significant amount of LacZ production with Ppcp, full
length vasX, vasX(1575-3258), and vasX(2208-3258) compared to the empty
vector control (Figure 5-11). V52AvasH which is unable to initiate transcription
via the hcp-2 promoter produced significant LacZ levels with full length vasX,
vasX(1575-3258), and vasX(2208-3258) but not with Phe, nor vasX(1-1345)
(Figure 5-11). In C6706, similar to V52AvasH, we observed significant LacZ
production from full length vasX, vasX(1575-3258), and vasX(2208-3258) but not
with Prep, Or vasX(1-1345) (Figure 5-11). These data suggest a promoter exists
within the 3’ end of vasX that can drive low-level expression (compared to Phcp)
of tsiV2 independently of VVasH. Further to the data presented here, | also showed
that internal promoters for the other two V52 immunity protein-encoding genes
(tsiV1 and tsiV3) are encoded within their cognate toxin genes tseL and vgrG-3,

respectively (Appendix Figure 9-6).

166



B 1575-3258 V52
180 * k%
B 2208-3258 2 1a0
=
| 4-1345 " }éﬁ
I 1 ull length E 60 ¥ FEE e
20
) 0 T
o S o) ) D
&
S > A N
S & $Q°’ &
V& @
< R
C. D
123 V52AvasH 180
P %gg 'E igg C6706
= £ 120
3 80 s 1
é 60 *dw dede g =
S 4 ' = S % xx R
e owm B W 23--3-\!.\
$ 2 $ DN D
m"@ ‘2“& ﬂ‘# \l@ ":éb “5\3:@ & Q‘&Q ® x"’sb bﬂ": ; 4
d @‘ ﬂ%’ Q%’ d @I 8«6 mQ
< & F & ¢

Figure 5-11. Expression of tsiV2 is controlled by a dual regulatory mechanism.

(A) Schematic representation of the vasX fragments cloned upstream of lacZ in
plasmid pAH6. (B, C, and D) Overnight cultures of the strains indicated at the top
of the graph harboring plasmids indicated on the x-axis were used to assay for the
production of B-galactosidase. Miller units are a function of LacZ production
combined with optical density of the starting culture and incubation time. Error
bars indicate the standard deviation. ***= p < 0.001, **= p < 0.005, *= p < 0.01
relative to the empty vector control. P-values were calculated based on the

Student’s one-tailed, paired T-Test.
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To determine whether the internal vasX promoter was functional in V.
cholerae strains other than V52 and C6706, the plasmids pAH6 (empty vector)
and pAH6-vasX(2208-3258) were transformed into the V. cholerae strains C6709
(O1 El Tor), NIH41 (O1 Classical), 0395 (O1 Classical), MAK757 (Pre-7th
pandemic O1 El Tor), and N16961 (O1 El Tor) each of which was mutated to
possess a non-functional chromosomal lacZ (as described in the Materials &
Methods). The plasmid pAHG6-vasX(2208-3258) was chosen for this experiment
because it contains the most 3’ fragment of vasX that results in increased lacZ
transcription according to the data presented in Figure 5-11. The amount of B-
galactosidase produced by each strain was assayed and indicates the level of lacZ
expression driven by the 3° 1050 nucleotides of vasX. | observed that pAH6-
vasX(2208-3258) resulted in significantly more [-galactosidase production
compared to the empty vector control in the strains C6709, NIH41, MAK757, and
N16961 but not O395 (Figure 5-12). This data indicates that the 3’ end of vasX

possesses promoter activity that is functional in a variety of V. cholerae strains.
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Figure 5-12. The 3° 1050 nucleotides of vasX drive expression of lacZ in V.
cholerae O1 strains C6709, NIH41, MAK757, and N16961. Overnight cultures
of the strains indicated on the x-axis harboring plasmids indicated in the legend
were used to assay for the production of B-galactosidase. Miller units are a
function of LacZ production combined with optical density of the starting culture
and incubation time. n.s; no significant difference. Error bars indicate the
standard deviation. ***= p < 0.005, **= p < 0.01, *= p < 0.05 relative to the
empty vector control. P-values were calculated based on the Student’s one-tailed,
paired T-Test.

To further confirm the presence of a promoter within vasX, | performed
two independent Kkilling assays. First, | challenged V52 predator against
rifampicin-resistant V52, V52AvasH, V52AvasX, V52AvasXAvasH, or MG1655
(control) prey. | hypothesized that V52 lacking both vasH and vasX would be
unable to produce TsiV2 and would therefore become susceptible to killing by

wild-type V52. When exposed to V52, MG1655 endured a ~4 log reduction in
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surviving bacteria compared to the T6SS-null strain V52AvasK (Figure 5-13).
V52 and V52AvasH maintained immunity to killing by wild-type V52; however,
there were fewer surviving V52AvasX compared to both V52 and V52AvasH and
a further reduction in surviving prey was observed when V52AvasHAvasX was
exposed to wild-type V52 (Figure 5-13). This implies that the strain V52AvasH

maintains basal expression of tsiV2 to prevent VasX-mediated toxicity.

In the second assay, | created an in-frame C6706 vasX mutant and used
this strain as prey in a killing assay with V52 predator. In this strain, the putative
tsiV2 promoter is deleted and this would render C6706AvasX susceptible to
killing by V52. When challenged with wild-type V52, C6706AvasX (with empty
vector pBAD24) was killed (Figure 5-13). Episomal expression of vasX was
unable to restore immunity to killing by V52 because expression from pBAD24
does not restore promoter function to drive expression of tsiV2 on the C6706
chromosome (Figure 5-13). On the other hand, expression of tsiV2::FLAG from
pBAD24 prevented V52 from killing C6706AvasX (Figure 5-13). Taken together,
these data indicate that the promoter within vasX can drive transcription of tsiV2
and expression of tsiV2 from the vasX internal promoter occurs in a VasH-

independent manner.
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Figure 5-13. VasX contains a promoter to drive expression of tsiV2. (A and B)
Survival of rifampicin-resistant prey listed on the x-axis was determined by
enumerating the CFU following exposure to the indicated rifampicin-sensitive
predator (listed in the legend). The assay in (B) was performed in the presence of
arabinose to induce expression from the Pgap promoter. Error bars indicate the
standard deviation.
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5.2.9 Internal vasX promoter prediction

In an attempt to map the location of the internal vasX promoter, we used
the Neural Network Promoter Prediction Software (0.95 cut-off) and identified 5
putative promoters within vasX that could drive transcription of tsivV2 (Figure 5-
14). Of note, one of the predicted promoters with the highest confidence scores
spans nucleotides 3191-3236 which is toward the 3’ end of vasX. This region was
subsequently used to perform an alignment among different V. cholerae strains to
determine whether the putative promoter region was conserved. We observed that
this region was 100% conserved among the V. cholerae strains used for the

alignment (Figure 5-14).
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Predicted promoter region
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FTTGTAGGAAAAGGTTAA
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ETTGTAGGAAAAGGTTARA
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CTTGTAGGAAAAGGTTAA
FTTGTAGGAAAAGGTTAR
FTTGTAGGAAARAGGTTAA
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FTTGTAGGAAAAGGTTAA
FTTGTAGGAAAAGGTTAA
FTTGTAGGAAARAGGTTAA
CTTGTAGGAAAAGGTTAA
FTTGTAGGAAAAGGTTAA
FTTGTAGGAAAAGGTTAA

Figure 5-14. Putative vasX internal promoter predictions.
predictions within vasX determined by the Neural Network Promoter Prediction
Software. The nucleotides encoding the putative promoter are indicated by the
coordinates on the left, followed by the statistical probability. The predicted
transcriptional start site is noted in the larger font. (B) The putative promoter
region closest to the 3’ end of vasX (3191-3236) was used as the basis for an
alignment comparing the same region among a variety of V. cholerae strains. The
black box indicates the predicted promoter region. Strains used for the alignment
are noted on the left.
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5.2.10 Physical interaction between VasX and TsiV2

To prevent VasX from disrupting the bacterial inner membrane, |
hypothesized that TsiV2 physically interacts with VasX in the inner membrane of
prey bacteria. | previously demonstrated that episomal expression of tsiV2
restores immunity to VasX in C6706AtsiV2 in a killing assay (Figure 5-2). If
TsiV2 and VasX interact in the prey cell inner membrane, then this must occur in
the course of the Kkilling assay. | performed a Kkilling assay where
V52AvasX/pBAD24-vasX::FLAG and C6706AtsiV2/pBAD33-tsiV2::6xHis (and
their respective empty vector controls) were mixed and incubated for 4 hours on
an LB plate. In a standard killing assay, 2 spots of bacterial mixture are placed
onto the LB agar plate; however in this assay, 15 spots were used such that my
crude lysates would contain a higher protein concentration for nickel pull-down.
The bacterial spots were harvested and cell lysates were incubated with Ni** NTA
resin to pull out 6xHis-tagged TsiV2, as well as any proteins strongly associated
with TsiV2. Protein samples were boiled and subjected to SDS-PAGE followed
by western blotting using a-FLAG and a-6xHis primary antibodies. | observed
that while TsiV2::6xHis was pulled out of solution using the nickel resin,
VasX::FLAG was pulled out of solution in the presence and absence of
TsiV2::6xHis (Figure 5-15). This implies that VasX is pelleting out of solution
on its own and therefore | cannot conclude whether TsiV2 and VasX interact from
these results. 1 also noted the presence of a ~70 kDa band that reacted with 6xHis

antibody in the samples where tsiV2::6xHis was expressed (Figure 5-15).
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Figure 5-15. Pulldown of TsiV2::6xHis. V52AvasX/pBAD24-vasX::FLAG or
V52AvasX/pBAD24 were mixed with C6706AtsiV2/pBAD33-tsiV2::6xHis or
C6706AtsiV2/pBAD33 and incubated on an agar plate. Cell lysates were mixed
with Ni** NTA resin to pull down 6xHis-tagged TsiV2 and protein samples were
subjected to SDS-PAGE followed by western blotting using a-FLAG (VasX) and
a-6xHis (TsiV2) antibodies.

Next | tried mixing purified recombinant VasX::6xHis and TsiV2::6xHis
in the presence of the cross-linker dithiobis (succinimidyl) propionate (DSP).
DSP is an amine-reactive cross-linker that forms amide bonds between primary
amines in lysine residues. Cross-linking between proteins can be cleaved by
boiling the samples in the presence of B-mercaptoethanol (BME). VasX and
TsiV2 were mixed at an equal mass ratio in the presence or absence of DSP. All
samples were boiled in SDS sample buffer with or without PME, subjected to

SDS-PAGE, and stained with Coomassie Blue. When VasX alone was incubated
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in the presence of DSP, | observed a high molecular weight complex that was
incapable of migrating through the SDS-PAGE separating gel (Figure 5-16).
Upon boiling this sample in the presence of BME, | saw the appearance of 4 bands
including one corresponding to the expected molecular weight of monomeric
VasX (~120 kDa), two smaller bands at ~70 kDa and the high molecular weight
band at the top of the separating gel (Figure 5-16). In the absence of DSP, VasX
still formed the high molecular weight complex; however, this band disappeared
upon boiling in sample buffer containing BME (Figure 5-16). Therefore, VasX
forms the high molecular weight complex in solution regardless of the presence of
DSP.

When TsiV2 was incubated in the presence of DSP, | observed the
formation of a high molecular weight complex that failed to migrate through the
SDS-PAGE separating gel (Figure 5-16) similar to VasX. When boiled in the
presence of BME, a single band at ~70 kDa was present (Figure 5-16) similar to
that observed in Figure 5-15. In the absence of DSP and BME, TsiV2 bands were
present at ~70 and ~100 kDa; however this was reduced to one band at ~70 kDa
upon boiling with BME-containing buffer. Monomeric TsiV2 is ~30 kDa and
therefore, TsiV2 also forms a stable high molecular weight complex when left in
solution.

When TsiV2 and VasX were mixed together in solution with DSP, | again
witnessed the formation of a high molecular weight complex that failed to migrate
through the SDS-PAGE separating gel. When this mixture was boiled in the

presence of BME, | observed bands corresponding to the molecular weight of each
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band seen with VVasX and TsiV2 alone as well as a band corresponding to the size
of monomeric TsiV2 (~30 kDa) (Figure 5-16). In the absence of DSP, | observed
bands corresponding to every band from both the VasX and TsiV2 alone samples
including the high molecular weight complex (Figure 5-16). Upon boiling with
BME" buffer, these bands were reduced to the same protein bands observed for
VasX and TsiV2 alone samples (-DSP, +BME).

Based on my observation of the high molecular weight complexes formed
by both TsiV2 and VasX, | decided to repeat this experiment and subject the
samples to 7.5% SDS-PAGE to determine whether the complexes could migrate
through the lower percentage acrylamide gel (Figure 5-16). In the presence of
DSP, | observed the presence of high molecular weight complexes that were
unable to migrate through the separating gel (Figure 5-16). Taken together, these
data indicate that VasX and TsiV2 individually can multimerize resulting in the
formation of large complexes that cannot be resolved by SDS-PAGE.
Furthermore, TsiV2 forms a ~60 kDa complex that is stable even after boiling in
sample buffer containing BME. Due to the presence of the protein complexes
formed by both TsiV2 and VasX independently, it was not possible to deduce

whether the two purified proteins interacted in solution.
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Figure 5-16. VasX and TsiV2 form LPCxs in solution. Purified, recombinant
VasX and TsiV2 were mixed at an equal mass ratio in the presence (A and C) or
absence (B and D) of the cross-linker DSP. Samples were boiled in sample buffer
+/- BME and were subjected to 12% SDS-PAGE (A and B) or 7.5% SDS-PAGE
(C and D) followed by staining with Coomassie Blue.
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In my final attempt to determine whether VasX and TsiV2 physically
interact, | performed far dot blots where TsiV2 was immobilized on a
nitrocellulose membrane (1,000 ng, 100 ng, and 10 ng) and purified, recombinant
VasX was used as the bait protein. Purified VasX and TsiV3 (VgrG-3 immunity
protein) were spotted directly onto the membrane as positive and negative
controls, respectively.  Membranes were incubated overnight in various
concentrations of bait protein (0, 2.5, 5, 7.5, 10 ug-mL™) followed by incubation
in a-VasX primary antibody, and o-rabbit-HRP secondary antibody. The VasX
positive control spot was detected under all conditions tested, whereas TsiV3 was
never detected (Figure 5-17). The spot corresponding to 1,000 ng of TsiV2 was
detected; however, it was also detected on the membrane incubated with no VasX
bait protein (Figure 5-17). Therefore, nitrocellulose-bound TsiV2 binds in a non-
specific manner to either a-VasX or a-rabbit-HRP. Therefore it was not possible
from these results to determine whether VasX and TsiV2 interact using far dot

blot analysis.
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Figure 5-17. Far dot blot analysis using immobilized TsiV2 and VasX bait
protein. (A) Schematic representation of proteins TsiV2, TsiV3, and VasX
spotted onto nitrocellulose membrane for far dot blotting. (B) Far dot blots with
TsiV2, TsiV3 (negative control), and VasX (positive control) spotted onto
nitrocellulose membranes. The bait protein (purified, recombinant VasX) was
diluted at the concentrations noted to the right of the blots and incubated with the
nitrocellulose membranes. Bound protein was detected using a-VasX primary
antibody and anti-rabbit-HRP secondary antibody.
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5.2.11 TsiV2 forms a LPCx
| observed the presence of a TsiV2 LPCx in Figures 5-15 and 5-16. To

confirm that the formation of the LPCx occurred in-vivo, | grew V52/pBAD24-
tsiV2::6xHis and V52/pBAD24 under inducing conditions and whole cell lysate
samples were boiled in protein sample buffer. Upon western blot analysis using
a-6xHis primary antibody, | again observed monomeric TsiVV2 (~30 kDa) and the
presence of a LPCx (~70 kDa) strictly in samples expressing tsiV2::6xHis (Figure
5-18). Neither band was present in the empty vector control lane. Interestingly,
these samples had been boiled, implying that the TsiV2 LPCx does not dissociate

at high temperatures in the presence of SDS and PME.

To confirm LPCx formation was not an artifact mediated by the 6xHis tag,
I grew the strains C6706AtsiV2/pBAD24 and C6706AtsiV2/pBAD24-
tsiV2::FLAG under inducing conditions. Boiled and non-boiled whole cell lysate
samples were prepared and subjected to western blot analysis using a-FLAG M,
primary antibody. Again, | observed the presence of monomeric TsiV2 (~30 kDa)
and the formation of a TsiV2 LPCx (~70 kDa); however a stronger LPCx band
was present in the boiled sample containing TsiV2::FLAG compared to the non-
boiled sample (Figure 5-18). Neither band was present in the empty vector
control lanes indicating that the LPCx band did not occur due to cross-reactivity
of the antibody. Taken together, these data suggest that boiling samples
containing TsiV2 induces the formation of a stable complex with itself, or in

combination with other unidentified proteins.

181



V52

ﬁLbu’ S
nh %P%._-,@& g

70 kDa— TsiV2 LPCx
25 kDa Monomeric TsiV2
o-6xHis (TsiV2)
B.
C6706AtsiV2
pBAD24 pBAD24-
tsiV2::FLAG
Boiled - + - +
70 kDa —
TsiV2 LPCx
Monomeric TsiV2
25 kDa—

0-FLAG (TsiV2)

Figure 5-18. TsiV2 forms a LPCx. The strains C6706AtsiV2/pBAD24-
tsiV2::FLAG  or  C6706AtsiV2/[pBAD24  (empty  vector) (A) or
C6706AtsiV2/pBAD24-tsiV2::6xHis and C6706AtsiV2/pBAD24 (empty vector)
(B) were grown under inducing conditions and boiled and non-boiled bacterial
pellet samples were subjected to SDS-PAGE followed by western blotting with o-
FLAG M3 (A) or a-6xHis (B) primary antibody.

182



5.2.12 Trans-expression of TsiV2::FLAG does not protect against periplasmic

VasX

In Figure 5-2, I demonstrated that episomal expression of TsiV2 can
protect C6706AtsiV2 from an oncoming attack by V52 even though over-
expression of TsiV2 is slightly toxic. 1 also devised a system (described in section
4.2.5) where targeting VasX to the periplasm (LS::vasX) is toxic to the producing
cell (Figure 4-6). | hypothesized that expression of tsiV2 in C6706AtsiV2
concomitantly expressing LS::vasX would be protective against periplasmic
VasX. To test this, | generated the strain C6706AtsiV2/pBAD24-
LS::vasX+pBAD33-tsiV2::6xHis.  pBAD24 (amp®) and pBAD33 (chlor®)
possess different origins of replication and can therefore be maintained within the

same bacterial cell.

This strain was grown in the presence of arabinose (inducing conditions
for both pBAD24 and pBAD33) and recovered the surviving CFU every 2 hours
over a period of 8 hours. For C6706AtsiV2/pBAD24-LS::vasX+pBAD33-
tsiV2::6xHis, the number of recovered cells increased up until the 4-hour time
point; however, at the 6- and 8-hour time points | observed a drop in surviving
CFU/mL (Figure 5-19). Strains expressing either tsiV2 or LS::vasX alone also
increased in recovered CFU/mL until the 4-hour time point, followed by a drop in
recoverable cells (Figure 5-19) which was also observed previously (Figures 4-6,
and 5-5). C6706AtsiV2 harboring either pBAD24 or pBAD33 empty vector did

not experience a drop in recovered CFU over the 8-hour time period. Taken
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together, these results indicate that expression of TsiV2 does not protect

C6706AtsiV2 from periplasmic VasX.
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Figure 5-19. Episomal expression of tsiV2 is not protective against periplasmic
VasX. Overnight cultures of the strains indicated on the x-axis were grown for 8
hours under inducing conditions. At 0, 2, 4, 6, and 8 hours, a sample was taken
from each strain and the CFU were recovered and enumerated.

In Figure 5-3, | demonstrated that pJET-tsiV2::6xHis was protective
against VasX-mediated toxicity even though pJET1.2 has a promoter that is
inactive in V52 and tsiV2 is cloned in the reverse orientation. The results

presented in Figures 5-5 and 5-19 suggest that over-expression of tsiV2 is toxic
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and it cannot protect against periplasmic VasX. | hypothesized that only very
small amounts of TsiV2 are required to protect against periplasmic VasX. To test
this, 1 transformed C6706AtsiV2 with both pJET-tsiV2::6xHis and pBAD33-
LS::vasX and performed an 8-hour time course where CFU were recovered every
2 hours. pJET1.2 (ampF) and pBAD24 have the same origin of replication and so
they cannot be maintained within the same cell. pJETL1.2 containing super-folded
GFP (sfGFP) was used as a negative control since pJET1.2 empty vector is toxic
to cells (due to the design of the blunt-ended cloning vector). When grown in the
presence of arabinose (to induce expression from pBAD33), C6706AtsiV2
harboring pBAD33-LS::vasX, pBAD33-LS::vasX+pJET-GFP, and pBAD33-
LS::vasX+pJET-tsiV2::6xHis all decreased in the number of recoverable CFU/mL
over an 8-hour time period (Figure 5-20) whereas C6706AtsiV2 harboring control
plasmids increased in cell density over the 8-hour period. Therefore, providing
pJET-tsiV2::6xHis, which does not result in over-expression of tsiV2, is not

protective against periplasmic VasX.
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Figure 5-20. pJET-tsiV2::6xHis is not protective against periplasmic VasX.
Overnight cultures of the strains indicated on the x-axis were grown for 8 hours at
and samples were harvested at 0, 2, 4, 6, and 8 hours. CFUs from each sample
were recovered and enumerated.

5.2.13 Co-incubation of TsiV2 and VasX does not prevent leakage of

carboxyfluorescein from large unilammelar vesicles

In section 4.2.10 | presented data indicating that purified, recombinant
VasX could disrupt CF-LUVs resulting in the release of CF from liposomes
(Figure 4-11). Knowing that TsiV2 is the VasX immunity protein, | hypothesized
that when mixed with TsiV2 in solution, VasX would become inactivated and
therefore unable to disturb LUV integrity. To test this, purified recombinant
VasX and TsiV2 were added independently, or mixed together and were

incubated with CF-LUVs similar to the experiment presented in section 4.2.10.
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The detergent Triton X-100 was used as a positive control for LUV disruption.
Negative controls included buffer alone, BSA, and purified, recombinant TsiV3.
Similar to Figure 4-11, | observed that Triton X-100 and VasX cause significant
release of CF into solution compared to BSA, buffer alone, and TsiV3 controls
(Figure 5-21). Interestingly, the addition of TsiV2 alone, and TsiV2 in
combination with VasX, also caused a significant amount of CF release from
LUVs indicating that these proteins were capable of disrupting the liposome

integrity (Figure 5-21)
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Figure 5-21. Co-incubation of TsiV2 and VasX does not prevent leakage
of carboxyfluorescein from large unilamellar vesicles. The substrates listed on
the x-axis were mixed with CF-encapsulating LUVs followed by measurement of
the fluorescence intensity. The detergent Triton X-100 is a positive control for
LUV disruption and this sample was used as the value for maximal fluorescence.
Buffer alone, purified, recombinant TsiV3, and BSA constitute negative controls.
Error bars indicate the standard deviation. *** denotes p <0.001 relative to BSA
control.
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5.3 Discussion

By screening a C6706 T6SS transposon library for susceptibility to V52
Killing, we determined V. cholerae encodes T6SS immunity proteins that
specifically protect against their cognate T6SS toxin (i.e. VasX, VgrG-3, or TseL)
(D. Unterweger, unpublished observation). More specifically, we identified TsiV2
as the immunity protein that specifically protects against the toxic effects of VasX
(Figure 5-1). In the context of the T6SS, the production of immunity proteins is
necessary to protect cells against an oncoming attack by neighboring T6SS*
bacteria. This is in contrast to colicins where the immunity proteins protect
against both self-intoxication and against colicins produced by sister cells.

Interestingly, episomal expression of tsiv2 in V. parahaemolyticus
provided significant protection against killing by V52 (Figure 5-7). On the other
hand, episomal expression of tsiV2 in E. coli did not provide protection against
T6SS-mediated killing even when VasX was the only bacterial toxin employed
(Figure 5-6). Importantly, V. parahaemolyticus is T6SS" but does not encode
homologues of VasX or TsiV2 according to BLASTn and BLASTp analysis. E.
coli MG1655 also does not encode homologues of VasX and TsiV2. Therefore, |
postulate that even though this strain encodes T6SS gene clusters, putative V.
parahaemolyticus immunity proteins are not cross-protective against V52 toxins.
Furthermore, | suggest TsiV2 provides protection in V. parahaemolyticus, but not
in E. coli because TsiV2 requires other T6SS proteins or co-factors for proper
function and/or localization within the prey cell that are encoded by V.

parahaemolyticus but not E. coli.
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The gene encoding the VasX immunity protein, tsiV2, is located directly
downstream of vasX (in both V52 and C6706) and | determined that a promoter
(Pvasx) exists within the 3” 1050 nucleotides of vasX that can drive expression of
lacZ in V52, V52AvasH, C6706, C6709, NIH41, N16961, and MAK757, (Figures
5-11, 5-12, and 5-14). Promoter prediction analysis suggested the presence of a
promoter within nucleotides 3191-3236 of vasX and an alignment of vasX among
other V. cholerae strains suggested this region is highly conserved (Figure 5-14)
and that the promoter is recognized in a variety of V. cholerae strains.

By fusing vasX and the hcp-2 promoter to lacZ, | demonstrated that the
amount of B-galactosidase production driven by Pyasx is much lower than that
driven by Prep (Figure 5-11). As expected, expression of lacZ was significantly
reduced from P in both V52AvasH and C6706, which do not engage in VasH-
mediated transcription of the vasX-encoding operon. Expression driven by Pyasx
implies that C6706 expresses this immunity gene at low levels under laboratory
conditions independent from the remaining T6SS genes to mediate protection
against a T6SS-onslaught by bacterial neighbors. This was demonstrated
experimentally by showing that deletion of vasX and vasH renders V52
susceptible to killing by wild-type V52 because the double mutant is unable to
drive transcription of tsiV2 from either promoter. Furthermore, deletion of vasX
in C6706 rendered this strain susceptible to killing by V52 because it lacks VasH-
mediated transcription, and the putative promoter encoded within vasX. Taken
together, I conclude that tsiV2 is under the control of a dual regulatory mechanism

that ensures basal expression under all conditions. | speculate that maintaining
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constitutive expression of immunity genes independently from other T6SS genes
provides the bacterium with a fitness advantage in the event it engages in T6SS
dueling with another T6SS™ bacterium.

Inall TA and colicin systems, the presence of an immunity protein or anti-
toxin prevents auto-intoxication and/or sororicide. Commonly, the immunity
protein is encoded directly adjacent to the colicin/toxin gene or in some cases
within a distinct operon on the opposite strand of DNA [231, 443, 444]. The
genetic organization of vasX and tsiV2 is in accordance with the chromosomal
organization of colicin genes where the colicin/immunity gene-containing operon
is regulated by a promoter upstream of the colicin gene; however, a second
promoter exists within the colicin gene that specifically drives low-level
expression of the immunity gene to protect against auto-toxicity [278, 282, 293,
294]. Interestingly, with regards to colicin genetics, this dual regulatory
mechanism is common for nuclease colicins, and not pore-forming colicins [241,
257, 258, 283, 289-292, 438]. Typically, the immunity proteins of pore-forming
colicins are encoded within a separate operon and on the opposite strand of DNA
[231, 443, 444]. Therefore, VasX and TsiV2 do not fall within the canonical
genetic organization for a membrane-targeting toxin/immunity system.

Constitutive low-level expression of immunity proteins is common with
regards to colicin biology [231, 285] and it is currently unclear how such a small
amount of protein can be protective against incoming colicin molecules. Along
these lines, | observed that expression of tsiV2 need not be induced to protect

C6706AtsiV2 from attack by V52 (Figure 5-2) and incredibly, that tsiV2 was
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protective when cloned into the plasmid pJET1.2/blunt which should not result in
tsiV2 expression (Figure 5-3). However, mutated forms of tsivV2 (with premature
stop codons, or lacking a start codon) failed to protect C6706AtsiV2 implying that
tsiV2 must undergo transcription and translation into a protein in order to be
protective. Contrary to these results, | also observed that over-expression of tsiV2
is toxic to the producing cell (Figure 5-5). Because TsiV2 localizes to the inner
membrane (Figure 5-9) and forms a LPCx (Figures 5-15, 5-16, and 5-18), |
speculate that over-expression of this protein results in the formation of large
TsiV2 complexes that insert into, and disrupt the inner membrane resulting in the
reduction of surviving bacteria. This idea is supported by the results presented in
Figure 5-21 where purified, recombinant TsiV2 was capable of disrupting LUVs
resulting in CF release. This would also account for the toxicity observed when
LS::vasX and TsiV2 are over-produced within the same cell. Simultaneous over-
production of two proteins that disrupt the inner membrane would act as a double-
edged sword and logically, this would result in auto-toxicity. Obviously,
production of TsiV2 must be strictly regulated in order to create a fine balance of
TsiV2 within the cell: enough to provide protection against incoming VasX but

not enough to induce membrane damage and auto-toxicity.

Attempting to protect C6706AtsiV2 from periplasmic VasX using pJET-
tsiV2::6xHis also failed and | propose this resulted from the over-production of
LS::vasX. Exporting a large amount of toxin to the periplasm could easily
overwhelm the producer cell and present it with too many toxic molecules to

counteract. Therefore | propose that T6SS-mediated killing by V52 results in less
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VasX being injected into the inner membrane of the target cell compared to over-

production of periplasmic VasX.

Although | was unable to demonstrate a direct interaction between VasX
and TsiV2 (Figures 5-16, 5-17, and 5-18), | observed that TsiV2 localizes to the
inner membrane (Figure 5-9), and that VasX disrupts the inner membrane of its
target cells (Figures 4-7, 4-8, and 4-10). Therefore, it is likely that TsiV2
mediates its immunity function by interacting with VasX in the inner membrane.
The pore-forming colicin Colicin A and its immunity protein have previously
been shown to interact in the inner membrane of target bacteria [432]. The exact
mechanism by which immunity proteins to pore-forming colicins prevent toxicity
is unknown; however, it has been postulated that they either insert into the colicin
pore in the inner membrane acting like a molecular plug, or bind the colicin and

prevent pore formation from occurring in the first place.

The immunity protein for colicin A has been shown to form a dimer [445].
| propose that TsiV2 also forms a dimer based on the ~70 kDa LPCx observed in
Figures 5-15, 5-16, and 5-18 which is approximately double the size of
monomeric TsiV2. TsiV2 is capable of forming higher molecular weight
complexes when mixed in solution in the presence of DSP and these complexes
dissociate into the ~70 kDa form of the protein upon boiling in sample buffer
containing BME. In Figure 5-18B, | observed the presence of a strong ~70 kDa
band in boiled samples containing TsiV2::FLAG and a much fainter band in
samples that were not boiled. In this case, | purport that boiling the samples

resulted in reduction of TsiV2 protein complexes to the stable 70 kDa complex
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resulting in a strong band on the western blot. In the case of the non-boiled
samples, | believe that the TsiV2 protein complexes were too large to migrate
through the SDS gel stacking region and were therefore not detected by western
blotting. Overall, these results indicate that the 70 kDa LPCx is a very stable
protein complex that resists the reducing and denaturing abilities of PME and

SDS.

Based on the results presented in this section, | propose that TsiV2
localizes to the inner membrane and forms a dimer. Upon injection of the T6SS
injectosome into the periplasmic space, VasX inserts into the inner membrane of
the target cell where it interacts with the TsiV2 LPCx which prevents VasX-
mediated disruption of the inner membrane. A model summarizing this proposed

model is presented in Figure 5-22.
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Figure 5-22. Model summarizing the proposed model by which TsiV2 inhibits
VasX toxicity. (A) The target cell produces low levels of TsiV2 to protect against
VasX toxicity. The cell is injected by the T6SS secretory apparatus from a
neighboring bacterium and VasX is delivered to the inner membrane of the target
cell. The TsiV2 LPCx in the inner membrane interacts with VasX and prevents
membrane disruption. (B) Over-production of TsiV2 results in formation of very
large TsiV2 LPCxs in the inner membrane and perturbs the membrane integrity.
(C) Over-production of LS::vasX results in excess VasX insertion in the
producing cell’s inner membrane leading to dissipation of the membrane
potential. (D) Over-production of both TsiV2 and LS::vasX results in auto-
toxicity due to disruption of the inner membrane by both proteins. Arrows
indicate pores through which ions can leak out of the cell. IM; inner membrane,
OM; outer membrane, PG; peptidoglycan.
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CHAPTER 6

VasW is an accessory component for VasX-mediated killing

The data for Figures 6-2 and 6-3 was provided by Sydney Rudko.
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6. VasW is an accessory component for VasX-mediated killing

6.1 Introduction

V. cholerae V52 uses its T6SS to kill both prokaryotic and eukaryotic cells
[194, 211, 218, 219]. Some toxins produced by V52, such as VgrG-3 with its
peptidoglycan degrading capabilities, appear to strictly target prokaryotes.
Conversely, some toxins are targeted more specifically toward eukaryotes (i.e.
VgrG-1 and its actin cross-linking domain). On the other hand, VasX has dual

capabilities and is important for killing both prokaryotes and eukaryotes.

VasX is encoded within a T6SS satellite gene cluster that also encodes
hcp-2, vgrG-2, vasw, and tsiV2. With the exception of VasW, | have presented
evidence that each of the proteins encoded within this gene cluster are involved in
VasX-mediated toxicity. | demonstrated that VgrG-2 and Hcp are crucial for
VasX secretion (Figure 2-4) and that VasX physically interacts with both of these
proteins (Figure 2-8). Chapter 5 was dedicated to characterizing TsiV2 as the
VasX immunity protein. Given that vasW is located directly upstream of vasX, |
asked whether VasW was important for VasX-mediated toxicity toward

eukaryotes and prokaryotes.

According to bioinformatics analysis of various V. cholerae strains, the
gene located directly upstream of a T6SS toxin, the gene for the toxin itself, and
the gene encoding the corresponding immunity proteins are organized in genetic

“modules” that are always found together (D. Unterweger, unpublished
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observation). For example, vasW, vasX, and tsiV2 are one such module found in
the V. cholerae chromosome and any V. cholerae strain that encodes VasX also
encodes VasW and TsiV2 (D. Unterweger, unpublished observation). These
modules have a significantly lower G-C content than the flanking DNA regions
suggesting that entire modules may be exchanged via horizontal gene transfer.
Furthermore, the modular organization of T6SS toxin and immunity protein genes
provides a plausible explanation as to why some V. cholerae strains Kill other V.
cholerae strains [369] but others, such as C6706, are resistant [211]. That is, if
two neighboring bacteria encode the same T6SS module, they possess the same
toxin and immunity protein genes and will therefore not kill one another. On the
other hand, if two neighboring bacteria harbor different T6SS modules then they
will engage in T6SS-mediated competition because they are not immune to the

toxin utilized by the neighboring strain (D. Unterweger, unpublished observation).

VasW, VasX, and TsiV2 are all encoded within a T6SS module on the V.
cholerae small chromosome. In V. cholerae strains where vasX is replaced by a
different gene, vasW also differs (D. Unterweger, unpublished observation) and
this led me to postulate that VasW is an accessory protein, or chaperone, for
VasX. Here | present evidence that VasW is important for T6SS-mediated Killing
of D. discoideum and Gram-negative bacteria. The data suggests that VVasW is an
accessory protein that is necessary for the proper localization and/or function of

VasX.
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6.2 Results

6.2.1 Bioinformatics analysis of VaswW

BLASTp analysis determined that VasW is a conserved hypothetical
protein containing the domain of unknown function, DUF4123. No characterized
homologues were identified. The subcellular localization prediction tool PSORTDb
failed to identify a specific cellular compartment to which VasW is likely
targeted. Analysis of the VasW amino acid sequence by TMHMM, SOSUI, and
Phobius did not identify any trans-membrane helices, and analysis using SignalP
suggested that VasW does not possess a canonical secretion signal peptide.
HHPred indicated secondary structure similarity between VasW and a sortase
localization domain. Taken together, the bioinformatics analysis for VaswW was
largely inconclusive and indicates that VVasW is an uncharacterized protein with
no characterized, conserved domains or predicted function with respect to the

T6SS.

6.2.2 VasW is required for virulence toward D. discoideum

| previously demonstrated that VVasX is required for V52 virulence toward
the amoeboid host model D. discoideum (Figure 3-2). Because vasW is located
directly upstream of vasX, | wondered whether VasW also played a role in the
Killing of D. discoideum. To test this, | created a V52 vasW deletion strain
(V52AvasW). In addition, vasW::FLAG was cloned into pBAD24 to allow for
arabinose-inducible expression of vasW (pBAD24-vasW::FLAG). The virulence
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of V52AvasW and V52AvasW/pBAD24-vasW::FLAG toward amoebae was
assessed using the D. discoideum plaque assay. No plaques developed in a lawn of
wild-type V52; however, the lawn of the T6SS-null strain V52AvasK had ~200
plaques. As observed previously (Figure 3-2), V52AvasX was attenuated in its
virulence toward D. discoideum but not to the extent of V52AvasK (Figure 6-1).
Interestingly, V52AvasW was also attenuated in its virulence toward D.
discoideum and the number of plaques in the lawn of V52AvasW was more
similar to that of V52AvasX compared to V52AvasK (Figure 6-1). Virulence of
V52AvasW was restored upon expression of vasW in-trans (in the presence of
arabinose) indicating that deletion of vasw did not result in a polar mutation
(Figure 6-1). This data suggests that VasW is important for V52 to kill D.

discoideum.
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Figure 6-1. VasW is important for V52 virulence towards D. discoideum.
Cultures of the strains indicated on the x-axis were mixed with D. discoideum
amoebae and spread onto SM/5 nutrient agar plates (+/- arabinose). Plaques
resulting in the bacterial lawn indicate zones of clearing where the bacteria have
been preyed upon. Error bars indicate the standard deviation.

6.2.3 VasW is required for T6SS-mediated bacterial killing

Given that VasW is important for V52 to kill D. discoideum, we wondered
whether VasW was also involved in T6SS-mediated Killing of E. coli. Killing
assays were performed using V52AvasW predator and E. coli prey. | observed
that wild-type V52, V52AvasX, and V52AvasW retained the ability to kill E. coli;
however, the T6SS-null mutant V52AvasK did not (Figure 6-2). Therefore,

similar to VasX, VasW is not required for V52 to kill E. coli.
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Figure 6-2. VasW is not required for V52 to kill E. coli. Survival of rifampicin-
resistant E. coli was determined by measuring CFU following exposure to the
indicated rifampicin-sensitive predator listed on the x-axis. Arabinose was
included to induce expression from the Pgap promoter where indicated (inducing
conditions). Error bars indicate the standard deviation.

| previously demonstrated that V. parahaemolyticus was susceptible to
Killing by V52 in a VasX-dependent manner and that the other two T6SS toxins
TseL and VgrG-3 did not mask the VasX Kkilling phenotype when using V.
parahaemolyticus as prey (Figure 4-3). Given my hypothesis that VaswW is an
accessory to VasX-mediated toxicity, we therefore decided to test the ability of
V52AvasW to Kkill V. parahaemolyticus. As expected, co-incubation of V.
parahaemolyticus with V52 resulted in a large (~6-log) reduction in surviving
prey whereas the T6SS-null strain V52AvasK was unable to kill V.
parahaemolyticus (Figure 6-3). As observed previously, episomal expression of
vasX provided V52AvasX the ability to kill V. parahaemolyticus (Figures 4-3 and

6-3). | observed that V52AvasW is attenuated in its ability to Kkill V.
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parahaemolyticus and this can be complemented by expressing vasW in-trans

(Figure 6-3). Interestingly, over-expressing vasX in V52AvasW was unable to

complement for the lack of vasw (Figure 6-3).
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Figure 6-3. VasW is required for V52 to kill V. parahaemolyticus. Survival of
rifampicin-resistant V. parahaemolyticus was determined by measuring CFU
following exposure to the indicated rifampicin-sensitive predator listed on the x-
axis. Arabinose was included to induce expression from the Pgap promoter where
indicated (i.e. inducing conditions). Error bars indicate the standard deviation.
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To determine whether VasW is important specifically for VasX-mediated
bacterial Killing, | performed a killing assay using V52AvasW/pBAD24-
vasW::FLAG predator and C67006AtsiV2 prey. We previously determined that
TsiV2 specifically inhibits VasX toxicity (Figures 5-1 and 5-2). Thus, if
V52AvasW is unable to kill C6706AtsiV2, this explicitly implicates VasW as a
factor in VasX toxicity. | observed that V52 and V52AvasK controls behaved as
expected and V52AvasX/pBAD24-vasX killed C6706AtsiV2 under inducing
conditions (Figure 6-4). Under non-inducing conditions, V52AvasW/pBAD?24-
vasW::FLAG was attenuated towards C6706AtsiV2 whereas in the presence of
arabinose, the killing phenotype was restored to the same levels as wild-type V52
(Figure 6-4). Therefore, mutation of vasW affects the ability of VVasX to function
and/or localize properly in V52 as V52AvasW is attenuated in its Killing against

C67006AtsIV2.
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Figure 6-4. VasW is required for V52 to kill C6706AtsiV2. Survival of
rifampicin-resistant C6706AtsiV2 was determined by measuring CFU following
exposure to the indicated rifampicin-sensitive predator listed on the x-axis.
Arabinose was included to induce expression from the Pgap promoter where
indicated (i.e. inducing conditions). Error bars indicate the standard deviation.

6.2.4 Analysis of the V52AvasW secretion profile

Since VasW is an important protein for the proper functioning of the V.
cholerae T6SS, we wondered what effect deletion of vasw had on the mutant
bacterium’s secretion profile. Secretion of Hcp is the hallmark of a functional

T6SS apparatus and therefore 1 wondered whether V52AvasW was capable of
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secreting Hcp into culture supernatants. Furthermore, we and others previously
observed that V52AvgrG-3AvasX lacks Hcp secretion (Figure 6-5 and [374]).
Given that VasW is imperative for VasX to function, I wondered whether
V52AvgrG-3AvasW lacks Hcp secretion similar to V52AvgrG-3AvasX. Bacterial
pellet and supernatant samples were subjected to western blotting using a-Hcp
and a-DnaK (loading and lysis control) antibodies. As expected, V52, V52AvasX,
and V52AvgrG-3 produced and secreted Hcp, while Hcp was present in the pellet
of V52AvasK but was not secreted (Figure 6-5). Similar to V52AvgrG-3 and
V52AvasX, V52AvasW retained the ability to secrete Hcp (Figure 6-5). On the
other hand, although V52AvgrG-3AvasW produced Hcp, this strain was unable to

export Hep into culture supernatants (Figure 6-5).

Pellets

Supernatants

Figure 6-5. V52AvgrG-3 with deletions in vaswW or vasX does not secrete Hcp.
Overnight bacterial cultures were grown to mid-logarithmic phase in the presence

205



of arabinose (to induce expression from the Pgap promoter). Bacterial pellet and
supernatant samples were subjected to western blotting with a-Hcp and a-DnaK
(loading and lysis control) antibodies.

Since | hypothesized that VVasW is an accessory protein for proper VasX
function/localization, I also wondered whether V52AvasW was able to secrete
VasX. Bacterial pellet and supernatant samples (grown in the presence of
arabinose) were subjected to western blotting with a-VasX and a-DnaK (loading
and lysis control) antibodies. VasX is present in the cell pellet of all strains
analyzed but was only secreted by V52 (containing empty vector pBAD24),
V52AvasX/pBAD24-vasX, and V52AvasW/pBAD?24-vasW::FLAG (Figure 6-6).
V52AvasK and V52AvasW (both containing empty vector pBAD24) failed to
secrete VasX into culture supernatants (Figure 6-6). Therefore, VasW is
imperative for VasX secretion and this defect can be complemented by expressing

vasW in-trans.
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Figure 6-6. V52AvgrG-3AvasW does not secrete VasX. Overnight bacterial
cultures were grown to mid-logarithmic phase. Bacterial pellet and supernatant
samples were subjected to SDS-PAGE followed by western blotting with a-VasX
antibody and a-DnaK (loading and lysis control) antibodies.

6.2.5 VasW is not required for formation of the VasX LPCx

VasX depends on VasW for secretion which likely accounts for the similar
phenotypes observed between V52AvasX and V52AvasW in the bacterial Killing
assay and D. discoideum plaque assay. | previously demonstrated that VasX is
present strictly in the forms of a LPCx in the V52 membrane (Figure 2-11).
Because | propose that VVasW acts as a chaperone to VasX, I tested whether Vasw
is required for formation of the VasX LPCx. Non-boiled V52, V52AvasX, and
V52AvasW lysate samples were subjected to SDS-PAGE followed by western
blotting with a-VasX primary antibody. As expected, VasX was present in both
monomeric form and as the LPCx in V52 lysates, but not in V52AvasX (Figure 6-
7). V52AvasW produced both monomeric VasX and the VasX LPCx (Figure 6-

7). Therefore, VasW is not required for formation of the VasX LPCx.
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Figure 6-7. VasW is not required for formation of the VasX LPCx. Bacterial
cultures were grown to mid-logarithmic phase and pellet samples were
resuspended in protein sample buffer, but not boiled. Samples were subjected to
SDS-PAGE followed by western blotting with a-VasX primary antibody.

6.3 Discussion

Directly upstream of vasX is the gene vasW which encodes a previously
uncharacterized protein. Here, we demonstrated that VasW is important for
VasX-mediated killing of amoebae and bacteria. According to bioinformatic
analysis of the V. cholerae T6SS gene clusters, vasW and vasX are always
encoded together (D. Unterweger, Unpublished) and we therefore hypothesized
that the two gene products work together to mediate VasX toxicity. In accordance
with this hypothesis, | observed that V52AvasW exhibits the same phenotype as
V52AvasX when used as predator in the bacterial killing assay (Figures 6-2, 6-3,
and 6-4), and when challenged with D. discoideum in the plaque assay (Figure 6-
1). Furthermore, we demonstrated that both V52AvgrG-3AvasW and V52AvgrG-
3AvasX are unable to secrete Hcp into culture supernatants (Figure 6-5) which
lends additional support to the idea that deletion of vasW results in similar
phenotypes compared to deletion of vasX in V52. Taken together, these data
indicated that deletion of vasW likely interferes with VasX toxicity. Importantly,
we observed that V52AvasW had a reduced ability to kill C6706AtsiV2 and that
this phenotype could be complemented by expression of vasW in-trans.  This

result confirmed that deletion of vasW abrogates the toxic effects of VasX
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because TsiV2 specifically inhibits VasX-mediated bacterial killing (Figures 5-1
and 5-2, and [221]).

Interestingly, episomal expression of vasX did not restore the Killing
ability of V52AvasW indicating that the vasw mutation did not result in polar
effects on vasX, and that even when over-produced, VasX is non-toxic toward
target cells in the absence of vaswW (Figures 6-3 and 6-4). Western blotting for
Hcp and VasX indicated that V52AvasW retained the ability to secrete Hcp and
produce the VasX LPCx, but does not secrete VasX (Figures 6-6 and 6-7). This
implies that VasW is not required for proper formation of the T6SS injectosome
(similar to VasX) or for multimerization of VasX in the bacterial membrane;
however, VasW is crucial for exporting VasX out of the cell.

The data presented in this chapter lead me to propose a model whereby
VasW acts as a chaperone and is responsible for localizing VasX to the T6SS
secretory apparatus. The use of accessory proteins in bacterial toxin secretion has
been previously documented for B. pertussis and A. tumefaciens. Pertussis toxin
is a major virulence factor produced by B. pertussis that is exported into the
periplasm via the general secretory pathway. Once in the periplasm, pertussis
toxin relies on the accessory protein PtIC for secretion across the outer membrane
[446]. In A. tumefaciens, the VirB operon encodes 11 proteins, 10 of which are
essential for T4SS-mediated virulence [447]. The accessory protein VirB4 is
essential for the proper localization of other VirB proteins to the inner and outer

membranes [447].
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In the case of the T6SS, | propose that VasW bridges the interaction
between the VasX membrane-associated LPCx and the tip of the secretion
apparatus consisting of VgrG proteins. In V52AvasW, the VasX LPCx is unable
to localize to the T6SS injectosome. The absence of VasX association with the
secretory apparatus does not impair VipA/VipB contraction and ejection of the
VgrG/Hcp tube from the cell. Hcp and VgrG proteins sloughed from the
secretion apparatus result in the presence of these proteins in culture supernatants
and VasX-independent T6SS toxicity toward prey cells (mediated by TseL and
VgrG-3). Figure 6-8 summarizes the proposed model for the role of Vasw in

VasX-mediated toxicity.
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Figure 6-8. Proposed model where VVasW bridges the interaction between VasX
and the T6SS secretory apparatus. (A) VasW interacts with the VasX LPCx in the
inner membrane of the T6SS™ cell and brings the LPCx into contact with the
VgrG cap of the T6SS needle complex. After VasX is associated with the T6SS
injectosome, VasW dissociates and the VipA/VipB outer sheath contracts. The
Hcp inner tube capped with the VgrG/VasX protein complex is ejected from the
cell resulting in sloughing of VasX, Hcp, and VgrG proteins into culture
supernatants. (B) In the absence of VasW, the VasX LPCx fails to interact with
the VrgG trimer. Contraction of the VipA/VipB sheath ejects the Hcp/VgrG tube
from the cell but VasX remains in the inner membrane.

CHAPTER 7
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General discussion

7. General Discussion
7.1  Benefits conferred to V. cholerae by the T6SS

The T6SS is used by a variety of Gram-negative bacteria to target
eukaryotes and/or prokaryotes. Initially, the T6SS was described as a virulence
mechanism used by bacteria to target host cells; however, advances in the field
have identified this secretion system as a mechanism also used to mediate
bacterial killing. In some T6SS™ bacteria such as E. tarda and B. mallei, the T6SS
has been described solely as a killing mechanism targeting host cells [226-229].
On the other hand, S. marcescens and A. baumannii use their T6SS to kill other

bacteria [212, 217]. B. thailandensis possesses five T6SS gene clusters, one of
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which is known to target eukaryotes and another targets prokaryotes (the function
of the other three is currently unclear, but bioinformatics analysis suggests they
likely target prokaryotes) [213]. V. cholerae is unique in that it possesses one
T6SS gene set, the products of which can target both eukaryotes and prokaryotes.
This ability likely confers a significant evolutionary advantage to this organism
both in its natural environment and during infection of the human host. As a
marine organism, V. cholerae is constantly exposed to a variety of other
microorganisms with which it competes for space and nutrients. The T6SS is one
way by which V. cholerae could out-compete microbial neighbors to foster its

own survival under conditions of low nutrient availability.

Bacteriocins represent one field of inter-bacterial interactions that has been
extensively studied involving the secretion of toxic peptides for the purpose of
Killing closely-related microorganisms. However, the majority of this research
was carried out in the 1970s-1990s and has since tapered off. Interest in studying
inter-bacterial interactions has been revived in recent years with the observation
that the T6SS is used as a bacterial Killing machine. Future studies on the T6SS
could lead to manipulation of the inherent toxin/immunity systems resulting in

sororicide and self-elimination from a given niche.

When humans ingest food or water contaminated with V. cholerae, the
bacteria enter the small intestine where they encounter the host microbiota and
invading cells of the immune system. Here, the T6SS could be used to establish
infection by killing members of the resident microflora and by warding off

professional phagocytes. In either case, the presence of immunity proteins
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protects V. cholerae from eliminating itself in the environment or during host

infection due to sororicide.

The majority of the data presented here involve VasX — one of the four
T6SS toxins used by V. cholerae to mediate killing of eukaryotes and prokaryotes.
V. cholerae possesses an arsenal of toxins that target different cell types and
different cellular compartments of the same cell. For instance, VgrG-3 degrades
peptidoglycan in the bacterial cell wall causing lysis whereas VVgrG-1 cross-links
host cell actin. At this time we cannot rule out the possibility that VgrG-1 has a
dual function targeting the actin homologue, MreB, in prokaryotes; however the
fact that vgrG-1 is not followed by an immunity protein-encoding gene (D.
Unterweger, unpublished observation) supports the idea that VgrG-1 does not
target bacteria. Both TseL and VasX are toxic toward both prokaryotes and
eukaryotes and both act at the cytoplasmic membrane carrying out different toxic
functions. VasX is the first T6SS toxin described that disrupts the integrity of the
cytoplasmic membrane, possibly via pore-formation. T6SS toxins target cellular
structures that are important for survival — the actin cytoskeleton, peptidoglycan
cell wall, and cytoplasmic membrane. These targets, as opposed to a single
protein/receptor, provide an evolutionarily advantageous mechanism employed by
bacterial toxins since developing resistance to this toxic mechanism would prove
challenging for target cells. It is likely that in both the environment and during

host infection the T6SS provides a fitness advantage for T6SS™ bacteria.
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7.2 VasX:summary and future studies

The data presented here largely pertain to the characterization of VasX — a
secreted protein encoded within an auxiliary T6SS gene cluster in V. cholerae. |
have presented experimental data suggesting that VasX is a T6SS toxin used to
mediate virulence toward D. discoideum (Chapter 3) and killing of Gram-negative
bacteria (Chapter 4). With regards to VasX-mediated toxicity toward eukaryotic
cells, it remains unclear why VasX is important for virulence toward D.
discoideum and not macrophages. The first step to understanding this paradox
would be to determine whether phagocytosis is required for V. cholerae T6SS-
mediated virulence toward D. discoideum. This could be achieved by infecting D.
discoideum with V52 in the presence of the phagocytosis inhibitor cytochalasin D
and enumerating the surviving cells following infection. Gentamicin protection
assays could also help determine whether V. cholerae is indeed phagocytosed by

D. discoideum.

To ascertain whether VasX acts from the exterior (as proposed in Figure
3-14), D. discoideum could be incubated with purified, recombinant VasX
followed by enumeration of cells with damaged membranes using Pl and flow
cytometry. Furthermore, expressing vasX from a eukaryotic expression vector
within D. discoideum and subsequently measuring toxicity would help rectify
whether VasX acts from the exterior or interior of the host cell. Multiple lines of
evidence (Chapter 4) indicate that VasX acts as a bacterial toxin that targets the
cytoplasmic membrane of target bacteria. Because VasX has the ability to target

both prokaryotes and eukaryotes, it is likely that both targets share a common
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target upon which VasX acts. Prokaryotes and eukaryotes both have cytoplasmic
membranes.  Since VasX must be presented to target bacteria from the
periplasmic space in order to be toxic, | propose that VasX also acts from the
exterior of D. discoideum where it can insert into and disrupt the integrity of the

cytoplasmic membrane resulting in toxicity.

It is clear that VasX possesses the ability to disrupt the cytoplasmic
membrane of target cells. VasX inserts into MLVs (Figure 3-8), is able to elicit
release of CF from LUVs (Figure 4-11) and makes the target cell more permeable
to PI (Figure 4-10); however it does not cause complete lysis of cells as DnaK is
not released by cells producing LS::vasX (Figure 4-9). Based on these
observations | propose that VasX forms pores in the inner membrane of target
cells thereby dissipating the cell’s energy reserves and eventually causing cell

death.

Pore-formation by VasX could be demonstrated by monitoring the flow of
ions across a lipid bi-layer in-vitro using a potassium electrode. | propose that
addition of purified, recombinant VasX to planar lipid bi-layers would result in
the flow of ions between the two solutions; however, larger molecules would not
be able to traverse the VasX pores. The result of this experiment would determine
whether VasX forms pores large enough to permit ion flow but too small to allow
passage of larger molecules. Atomic force microscopy could also be used to

physically visualize the pores formed in the inner membrane of target cells.
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It also remains unclear how exactly VasX is secreted from the producing
cell. When I first identified VasX, | proposed that it traversed the inner tube of
the T6SS needle complex en route out of the producing bacterium. Three other
T6SS toxins have been identified (TseL, VgrG-3, and VgrG-1): all of which are
large proteins (i.e. > 70 kDa) and are secreted into culture supernatants [209, 210,
221, 319]. It seems unlikely that all V. cholerae T6SS toxins independently
traverse the tube created by Hcp hexamers, especially given that the VgrG
proteins at the tip of the Hcp tube form a cap that lacks a pore through which
T6SS toxins could be secreted. Secretion through the Hcp tube would require
significant rearrangements to the proteins’ secondary structures and would
therefore be energetically unfavorable for the cell. Thus, | propose that the T6SS
toxins TseL and VasX associate with the T6SS structural components Hcp and
VorG and are ejected from the bacterium upon contraction of the VipA/VipB
outer sheath. This contrasts with the translocation of effector molecules mediated
by the T3SS whereby effectors are translocated through the secretion machinery

and into host cells [448-450].

7.3  TsiV2: summary and future studies

TsiV2 is a protein that specifically inhibits the toxic effects mediated by
VasX. Providing tsiV2 in-trans was able to elicit protection against VasX in V.
parahaemolyticus (Figure 5-7) and C6706AtsiV2 (Figure 5-2) even when

expression of the gene was not induced. However, site-directed mutagenesis
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studies (Figure 5-4) introducing premature stop codons in tsiV2 resulted in the
inability to protect against an oncoming T6SS attack. It would be interesting to
determine how, exactly, such small amounts of TsiV2 are capable of protecting

bacteria against VasX-mediated toxicity.

To address this, one could determine where TsiV2 localizes within the
cell. Subcellular fractionation indicated that TsiV2 localized to the bacterial inner
membrane (Figure 5-9); however these studies could not determine whether
TsiV2 clustered in one area of the membrane (such is the case with lipid rafts), or
if small amounts of TsiV2 were evenly distributed around the inner membrane.
Immunofluorescence microscopy using antibodies to TsiV2, or immunogold
labeling of TsiV2 followed by transmission electron microscopy, could determine
the spatial distribution of TsiV2 within the bacterial cell. The result of this
experiment would provide insight not only into the mechanism behind TsiV2

immunity but also the physiological dynamics involved in a T6SS attack.

If TsiV2 is clustered in foci within the membrane, this would suggest that
the V. cholerae T6SS injects the secretory apparatus at a specific site into the
target cell. For example, this site could be defined by a receptor present on the
bacterial membrane to which the T6SS injectosome is targeted. On the other
hand, if TsiV2 is distributed evenly throughout the inner membrane, this would
suggest that the cell is protected against a T6SS attack regardless of the point of

entry of the attacking cell.
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Constitutive expression of tsiV2 is maintained by the promoter located
within the 3> 1050 nucleotides of vasX (Figures 5-11, 5-12, and 5-143). |
speculate that maintaining constitutive expression of immunity genes
independently from other T6SS genes provides the bacterium with a fitness
advantage in the event it engages in T6SS dueling with another T6SS™ bacterium
either in its natural environment or upon encountering the gut microbiota within
the human host. Confirming the promoter prediction presented in Figure 5-14
could be accomplished by cloning the ~65 basepair fragment of vasX upstream of
a reporter gene such as lacZ and determining the transcriptional start site could be

achieved using 5’ rapid amplification of cDNA ends (5 RACE).

Despite numerous attempts, | was unable to determine whether VasX and
TsiV2 physically interact. One would assume, based on the data presented in
Chapter 5, that the two proteins must interact in order for TsiV2 to inhibit the
toxic effects of VasX. If VasX forms a pore in the inner membrane, it is likely
that TsiV2 binds VasX and plugs the VasX pore, or TsiV2 binds VasX in the
membrane and prevents pore formation from occurring. Further experiments
could be performed to test whether TsiVV2 and VasX interact, including a bacterial
two-hybrid approach, fluorescence resonance energy transfer (FRET), or split

GFP.

7.4  VasW: summary and future studies
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The data presented in Chapter 6 suggests that VasW acts as an accessory
protein involved in VasX-mediated toxicity. VasW is required for secretion of
VasX and therefore, | proposed a model whereby VasW mediates the interaction
between VasX and the T6SS secretory apparatus. To confirm this model, nickel
pull-downs, co-immunoprecipitations, or a bacterial two-hybrid approach
involving VasW and VasX should be performed to determine whether the two
proteins physically interact. These same experiments could also be used to
determine whether VasX still interacts with Hcp and VgrG proteins in
V52AvasW, or in combination with mass spectrometry, these techniques could

identify other interacting partners of VasW (either T6SS-related or unrelated).

Bioinformatics analysis of VasW failed to provide clues indicating where
VasW localized within the bacterium. As a VasX chaperone, | hypothesize that
VasW is present in the cytoplasm and membrane fractions. Analysis of culture
supernatants by western blotting would indicate whether VasW is a secreted
protein and subcellular fractionation experiments would delineate where VasW
localizes within the cell and could provide insight into the molecular mechanism

by which VasW affects secretion of VasX.

7.5  Overall summary of conclusions

The data presented herein describes a mechanism by which V. cholerae
mediates competition between other bacteria and host cells. | identified the

protein VasX and determined its toxic mechanism involves disruption of the
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cytoplasmic membrane of target bacteria. V. cholerae likely uses VasX, and the
other two T6SS bacterial toxins, VgrG-3 and TseL, during microbial competition
that arises in the bacterium’s marine environment, and/or during host infection
when it encounters bacteria belonging to the host microflora. V. cholerae avoids
killing off its kin by employing an immunity protein that inhibits the action of its
cognate toxin. TsiV2 is a membrane protein that protects V. cholerae specifically
against VasX toxicity. | also identified the protein VasW which is imperative for
VasX secretion via the T6SS. It is likely that VaswW mediates the interaction
between VasX and proteins of the T6SS structural apparatus such as Hcp and
VgrGs. Taken together, this work has contributed to our understanding of the
structural assembly, and the toxic and immunity mechanisms of the T6SS utilized

by V. cholerae to mediate both host-pathogen and inter-bacterial interactions.
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CHAPTER 8

Materials and methods
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Strains and Culture Conditions

The bacterial strains and plasmids used in these studies are presented in
Table 8-1 and Table 8-2, respectively. Unless otherwise stated, all bacterial
strains were grown in Luria-Bertani (LB) broth at 37 °C with shaking. E. coli
strains DHSa Apir and SM10 Apir were used for cloning and mating of suicide
vectors, respectively. ToplO E. coli was used for all other cloning purposes.
Antibiotic concentrations used for bacterial selection were 100 pg-mL™
ampicillin, 100 pg-mL™ streptomycin, 50 pg-mL™* kanamycin, 50 pg-mL™
rifampicin, and 10 pg-mL™ chloramphenicol. V. parahaemolyticus and V.
alginolyticus were grown in LB containing 3% NaCl at 37°C. V. fischeri was

grown in GVM medium at room temperature.

D. discoideum AX3 were purchased from the Dicty Stock Center
(Northwestern University, IL, U.S.A) and were grown in shaking liquid culture

(150 rpm) in HL/5 medium (Table 8-6 and [396]) at 22°C.

Murine RAW 264.7 macrophages, a gift from Dr. Hanne Ostergaard
(University of Alberta), were maintained at 37 °C in a 5% CO, atmosphere in
Eagle’s minimum essential media (Sigma-Aldrich) supplemented with 10% fetal
bovine serum, 4 mM L-glutamine, 1 mM sodium pyruvate, 100 units-mL™

penicillin, and 100 ug-mL™ streptomycin (Sigma-Aldrich).
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Western Blotting

The acrylamide concentration used for SDS-PAGE was 10% unless
otherwise noted. SDS-PAGE was performed at 200 volts in Laemmli running
buffer (Table 8-6) and transferred to BioRad 0.45 um nitrocellulose membrane
using the BioRad Mini Protean Il wet transfer apparatus or the Amersham
Biosciences TE 77 semi-dry transfer apparatus. Membranes were blocked for 30-
60 minutes in TBS-T containing 5% or 2.5% skim milk powder. Primary
antibodies were diluted in 5% or 2.5% milk/TBS-T to the concentrations noted in
Table 8-5 and were incubated for at least one hour with shaking. Membranes
were then washed 3x 5 minutes in TBS-T. HRP-conjugated secondary antibodies
were diluted in 5% milk/TBS-T to the concentrations noted in Table 8-5 and were
incubated for 30-60 minutes with shaking. Membranes were washed 3x 5 minutes
in TBS-T and bound protein was detected using the SuperSignalWest Pico
Chemiluminescent Substrate (Thermo Fisher) according to the manufacturer’s
instructions and Fuji X-Ray film. Film was developed using a Kodak M35A X-

OMAT Processor.

Subcellular Fractionation

Bacterial strains were grown to ODggo ~0.8-1.0 in 200mL LB (in the
presence of 0.1% arabinose where appropriate) and pelleted by centrifugation at
3,000 x g for 20 minutes. The pellet was resuspended in LB with 1 mg-mL™
polymyxin B and incubated at room temperature for 20 minutes to release

periplasmic contents. Permeabilized V52 (lacking periplasmic content) were
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pelleted at 3,000 x g for 20 minutes at room temperature. The resulting
supernatant was collected as the periplasmic fraction. Permeabilized V52 was
washed with 5 mL LB and pelleted at 3,000 x g for 20 minutes at room
temperature. The pellet was resuspended in 4 mL PBS and passed twice through
a French pressure cell at 8000 psi. Unbroken cells were pelleted and the
membrane/cytosolic fraction was retained. Membrane and cytosolic fractions
were separated by centrifugation of the resulting supernatant in a Beckman L-30
Optima ultracentrifuge at 100,000 x g for 30 minutes at 4°C in a SW55Ti
swinging bucket rotor. Membranes were washed once in 5 mL PBS and pelleted
at 100,000xg for 30 minutes at 4°C in a SW55Ti rotor. Protein concentrations of
all fractions were determined using the Pierce BCA protein assay. 12 ug of

protein was loaded per well on SDS-PAGE for western blot analysis.

Inner and Outer Membrane Fractionation

The indicated bacterial strains were grown to ODgy ~ 0.8-1.0 (in the
presence of 0.1% arabinose where appropriate) and pelleted by centrifugation at
3,000 x g for 20 minutes. The pellet was resuspended in 4 mL PBS and passed
twice through a French pressure cell at 8000 psi. Unbroken cells were pelleted
and cell membranes were harvested by centrifugation in a Beckman L-30 Optima
ultracentrifuge at 100,000 x g for 30 minutes at 4 °C in a SW55Ti swinging
bucket rotor. The membrane pellet was resuspended in 200 uL PBS and further

purified by loading the membranes on top of a discontinuous sucrose gradient
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consisting of 4 mL 50% sucrose placed on top of 2mL 75% sucrose. The visible
membrane fraction was isolated using a 1 mL syringe and 26.5 gage needle
punctured into the side of the ultracentrifuge tube. The purified membrane
fraction was diluted in PBS such that the sucrose concentration was less than 20%
and was then loaded onto a discontinuous sucrose gradient consisting of 32, 35,
38, 41, 44, 47, 50, 53, and 56% sucrose cushioned by 0.6 mL of 75% sucrose.
Ultracentrifugation was performed at 325,000 rpm for 40 hours at 4 °C in a
Beckman L-30 Optima ultracentrifuge. The membranes were collected using a
syringe by puncturing the side of the tube every ~500 UL to collect fractions from

top to bottom.

Assay for NADH Oxidase activity

Samples resulting from sucrose gradient fractionation were mixed 1:10 in
assay buffer (50 mM Tris HCI pH 7.5, 0.12 mM NADH (Roche Applied Science),
0.2 mM DTT) and incubated for 20 minutes at room temperature. NADH oxidase
activity (indicative of the inner membrane fraction) was recorded as the drop in
OD340 read by an XMark microplate spectrophotometer (BioRad). Arbitrary units
were determined using the following equation (1- (sample OD340 — blank OD340)).
NADH oxidase values for TsiV2 inner and outer membrane fractionation were

calculated with activity of Fraction 1 set to zero.
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Mass Spectrometry, Bioinformatic Analysis, Statistical Analysis, and DNA

Sequencing and Analysis

Liquid Chromatography/Mass Spectrometry (LC-MS/MS) analysis was
performed at the University of Alberta Mass Spectrometry Facility (Department
of Chemistry). In-gel proteins were reduced with 4 mM dithiothreitol and
carbidomethylated with 10 mM iodoacetamide followed by tryptic digestion
overnight with 0.06 pg-pL™ modified bovine trypsin (Promega, Madison, WI) at
30°C. Peptides were subjected to LC-MS/MS analysis on a NanoAcquity Ultra
Performance Liquid Chromatography System (Waters, Milford, MA) coupled
with a Q-TOF Premier mass spectrometer (Waters, Milford, MA). Obtained
MS/MS data were analyzed by PEAKS proteomic software (Bioinformatics

Solutions Inc., Waterloo, Ontario, Canada).

Secondary structure prediction was performed using the HHpred server
[382] and the Phyre server [383, 384]. Bioinformatic prediction of protein
subcellular localization was performed using PSORTDb
(http://www.psort.org/psortb/).  The number and position of transmembrane
helices for VasX and TsiV2 were predicted using TMHMM
(http://www.cbs.dtu.dk/servicess TMHMMY/), Phobius (http://phobius.sbc.su.se/)
and SOSUI (http://bp.nuap.nagoya-u.ac.jp/sosui/sosui_submit.html).
Bioinformatics analyses were also performed using BLASTp, psiBLAST, and
BLASTn (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The presence or absence of
signal peptides was predicted using SignalP

(http://www.cbs.dtu.dk/services/SignalP/).
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DNA sequencing was performed by Eurofins MWG Operon (Huntsville,
Alabama) or The Applied Genomics Centre (University of Alberta). All
nucleotide sequence analyses and alignments were performed using Clone

Manager Suite Software (version 6.0).

Statistical significance for experimental data was determined using the
Tukey’s multiple comparison test (95% confidence interval) or the Student’s one-

tailed, paired T-test (95% confidence interval) (as indicated in the figure legends).

RAW 264.7 Macrophage Infections and Actin Crosslinking

Murine RAW 264.7 macrophages were seeded into 24-well tissue culture
plates at a density of 1 x 10° cells per well 18 hours prior to infection. Two hours
prior to infection, the penicillin/streptomycin-containing medium was aspirated
and the cells were washed twice in pre-warmed PBS. Macrophages were then
incubated for two hours in antibiotic-free medium. Cells were infected with V52
and the given T6SS mutants at a multiplicity of infection (MOI) of 10 for two
hours at 37°C. Cells were harvested, supernatants were aspirated, and cells were
resuspended in 50 pL of SDS protein sample buffer and boiled for 10 minutes. 10

uL of each sample was analyzed by western blot using actin primary antiserum.
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Expression Plasmid Construction

Plasmid minipreps were performed using Qiagen or Thermo Fisher
miniprep kits according to the manufacturer’s instructions. DNA gel extraction
was performed using Qiagen or Thermo Fisher Gel Extraction Kits according the

manufacturer’s instructions.

The primers used for expression plasmid construction are presented in
Table 8-3. The polymerase chain reaction (PCR) was used to amplify
chromosomal or plasmid DNA for cloning into the appropriate expression vector
(noted in Table 8-2). PCR was performed using Accuprime Pfx (Invitrogen),
Platinum Pfx (Invitrogen), or Phusion High Fidelity DNA Polymerase (Thermo
Fisher Scientific) and the resulting PCR product was cloned into the TOPO-TA
vector pCR2.1 (Invitrogen) or the blunt cloning vector pJET1.2/blunt (Thermo
Fisher Scientific) and transformed into Topl0 E. coli competent cells. Prior to
cloning into the TOPO-TA vector, the PCR product was incubated with 1 pL
TopTag DNA polymerase (Qiagen) for 10 minutes at 72 °C to add adenine
overhangs. The cloned fragments were excised using the appropriate restriction
enzymes (noted in Table 8-3), subcloned into the appropriate expression vector

and transformed into Topl10 E. coli (Invitrogen).

The periplasmic expression vector pBAD24-LS was constructed by
inserting the N-terminal signal sequence of E. coli thioredoxin downstream of the
AraC promoter of pPBAD24. The VasX and VgrG3core (residues 1-726) genes

were cloned in-frame with this secretion signal using Xbal and Hindlll, and Pstl
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and Xbal restriction sites, respectively. The resulting constructs were transformed

into Top10 E. coli (Invitrogen) for expression analysis.

Plasmid pBAD24-tsiV2::FLAG was created using the Gateway
recombination system. The LR recombination site, including the ccdB negative
selection sequence, was amplified out of pPBAD-DEST-49 using the primers listed
in Table 8-3 (forward primer adds a Kpnl site, reverse primer adds a stop codon,
Xbal site and FLAG epitope tag sequence. The PCR product was digested with
Xbal and Kpnl and ligated into the corresponding sites of pBAD24 to create
pBAD24gw::FLAG. The Gateway recombination reaction between pDONR221-
tsiV2 (Harvard Institute of Proteomics) and pBAD24gw::FLAG was performed
according to the manufacturer’s protocol (Invitrogen; Carlsbad, CA) . The

resulting plasmid, pBAD24-tsiV2::FLAG, was transformed into Top10 E. coli.

Gene Knockout Constructs

In-frame deletion of T6SS genes was performed as described by Metcalf et
al. [451]. Primers used to create the knockout construct are presented in Table 8-
4. PCR products resulting from primer combinations A/B and C/D were stitched
together by overlapping PCR. The resulting knockout construct was cloned into
TOPO-TA (Invitrogen) or pJET1.2/blunt (Thermo Fisher Scientific) vectors.
Prior to cloning into the TOPO-TA vector, the PCR product was incubated with 1
UL TopTag DNA polymerase (Qiagen) for 10 minutes at 72 °C to add adenine

overhangs. The knockout fragment was excised from the cloning vector by
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digestion with BamHI, cloned into the suicide plasmid pWM91 [451] and

transformed into E. coli DHS5a Apir followed by E. coli SM10 Apir.

Bacterial Transformations and Matings

Plasmids were transformed into electrocompetent E. coli Topl0 using a
BioRad Gene Pulser set to 200 ohms, 2.5 kVolts, and 25 YFD capacity.
Chemically competent Top10 cells were mixed with plasmid DNA and incubated
for 30 minutes on ice followed by heat shock at 40 °C for 30 seconds.
Transformed cells were recovered for 30-60 minutes at 37 °C with shaking in

S.0.C medium.

A tri-parental mating technique was used to introduce pBAD33-
tsiV2::6xHis into V. parahaemolyticus RIMD2210633.  Topl0/pBAD33-
tsiV2::6xHis (Cm®), V. parahaemolyticus (Rif®), and DH5a/pRK2013 (helper
plasmid containing tra and mob genes) were mixed at a 1:1:1 ratio and spotted
onto a non-selective LB(3% NaCl) plate for 6 hours at 37 °C. The spot was
harvested into 1 mL LB (3% NaCl) and pelleted at 13,000 rpm for 5 minutes.
Cells were resuspended in 100 pL LB(3% NaCl) and plated onto thiosulfate-
citrate-bile salts-sucrose (TCBS) agar plates (BD Biosciences) containing
rifampicin and chloramphenicol to select for V. parahaemolyticus/pBAD33-
tsiV2::6xHis. Plates were incubated overnight at 37 °C. Resulting colonies were

re-streaked onto TCBS rif*° chlor' to exclude false positive transformants.
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Gene Knockouts

SM10 Apir E. coli (donor) harboring pWM91 containing the specific gene
knockout construct was mixed at a 1:1 ratio with V. cholerae recipient cells
(10%:10% and centrifuged to pellet cells. The bacterial mixture was resuspended
in 50 pL LB broth and spotted onto a pre-warmed LB agar plate and incubated for
5 hours at 37 °C. Mating spots were harvested and resuspended in 1mL LB broth.
Five serial dilutions were prepared in LB broth and 200 pL of each dilution was
spread onto an LB agar plate containing ampicillin and streptomycin. Resulting
colonies were restreaked onto LB agar containing ampicillin and streptomycin.
Two transconjugant colonies were picked and inoculated into LB containing
streptomycin and grown with shaking at 37 °C for 5 hours. Four serial dilutions
were prepared and 200 pL of each dilution was spread onto an LB plate
containing streptomycin and 6% sucrose (w/v). Plates were incubated at room
temperature for 2 days to select for bacteria that had excised the suicide vector
backbone.  Any resulting colonies that retained ampicillin resistance were
discarded and ampicillin sensitive colonies were screened by PCR to determine

which isolates contained the gene knockout.

Site-directed Mutagenesis of vasX and tsiV2

Amino acid substitutions were introduced into vasX and tsiV2 using the
QuickChange Il XL Site-directed Mutagenesis Kit (Stratagene) according to the

manufacturer’s instructions. Plasmids pBAD24-vasX and pBAD24-tsiV2::FLAG
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were used as templates in each mutagenesis reaction (PCR reaction) with a primer
containing the desired nucleotide substitution. Primers used to introduce point
mutations are included in Table 8-4. A PCR-amplified plasmid containing the
mutation was transformed into XL-Gold E. coli cells. Each mutation was
confirmed by sequencing at The Applied Genomics Centre (TAGC) at the

University of Alberta.

Bacterial Pellet Sample Preparation and Protein Secretion Profiles

Overnight cultures of bacteria were diluted 1:100 in 3 mL LB (containing
the appropriate antibiotics) and grown to an ODgg ~ 0.8. 200 uL pellet samples
were harvested by centrifugation at 13,000 rpm for 3 min and were resuspended
in 1 x SDS protein sample buffer and boiled for 10 min. The volume of SDS
protein sample buffer used to resuspend pellet samples was calculated using the
equation ((OD*culture volume)/2). For supernatant samples, bacterial cells were
pelleted and the supernatant was filter-sterilized through Millipore 0.22 pum low
protein-binding polyvinylidine fluoride (PVDF) syringe filters. Supernatant
proteins were precipitated with 20% trichloroacetic acid (TCA) for 15 min at 4 °C
and washed twice with acetone to remove residual TCA. Proteins were
resuspended in 50 pL of 1 x SDS protein sample buffer and boiled for 10 min.

Bacterial pellet fractions were resuspended in 1 x SDS-protein lysis buffer and

233



boiled for 10 minutes. Samples were then subjected to SDS-PAGE (10%

acrylamide) and analyzed by silver staining or western blotting.

Antibodies

A list of primary and secondary antibodies along with their dilution factors
are presented in Table 8-5. The polyclonal antibody against VasX was generated
by New England Peptide Inc. (Gardner, MA). A synthetic peptide, comprising
amino acids 271-VAKRTKAIGDETQQHKMQMAELTRT-295 of VasX was
prepared and conjugated to keyhole limpet hemocyanin. The conjugated peptide
was injected into rabbits (New Zealand White), boosted twice, then tested on
crude cell extracts from V. cholerae strain V52 by western blotting to ensure

antibody specificity.

Dictyostelium discoideum Plaque Assays

Mid-logarithmic D. discoideum cells (10*-10° cells-mL™) were diluted in
SorC medium [396] to 10 cells-mL™, 100uL was mixed with 100pL overnight
culture of Klebsiella pneumoniae and spread on an SM/5 agar plate [396]. Where
applicable, arabinose was added to a final concentration of 0.1% to induce
expression from the Pgap promoter. The plates were incubated for four days at 22
°C. Pictures of plaques were generated using a Kodak Gel Logic 200 Imaging

System and Kodak 1D v3.6 software.
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Cloning, Expression and Purification of Recombinant VasX

The full-length vasX gene was cloned from a Gateway entry vector
(Harvard Institute of Proteomics, Clone ID: VcCDO00020120) into the pET-
DEST42 expression vector in-frame with a C-terminal V5 and 6xHis fusion for
IPTG-inducible high-level expression. The resulting plasmid, pET-DEST42-vasX
was transformed into E. coli BL21 Star (DE3) (Invitrogen) which encodes the T7
RNA polymerase required for expression from the T7 promoter. The E. coli BL21
Star (DE3)/ pET-DEST42-vasX culture was incubated at 30°C to an ODggo Of
~0.5, induced with 0.1 mM IPTG, and harvested 4 hours post-induction by
centrifugation at 5,000 x g. The N-terminal 200 residues of VasX were PCR
amplified and cloned into the pET28a vector (Novagen) using the restriction sites
Nhel and Xhol to place the fragment in-frame with an N-terminal 6xHis tag. The
construct, pET28a-PH, was transformed into E. coli BL21 Star (DE3) and grown
at 25°C to an ODggo 0f ~0.9, induced by addition of 10 uM IPTG for 16-20 hours

and harvested by centrifugation at 5,000 x g.

Bacterial pellets were resuspended in 20 mM Tris-HCI, pH 8.0, 500 mM
NaCl, 20mM imidazole supplemented with 1 mM phenylmethylsulfonyl fluoride
and lysed by three passes through a French pressure cell at 18,000 psi. Lysates
were cleared of insoluble cell debris by centrifugation at 20,000 x g and filtered
through a 0.45 um PVDF filter (Millipore). His-tagged proteins were purified
using the AKTAdesign Basic system (GE Healthcare, Piscataway, NJ) mounted

with a HisTrap FF Crude (GE Healthcare) column using an elution gradient of 20
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mM to 500 mM imidazole. The purified protein fractions were dialyzed against

PBS pH 7.4 and concentration was determined by Axgo.

Purification of TsiV2

The full-length tsiV2 gene was PCR-amplified from V52 genomic DNA
and cloned into the pBAD33 expression vector in-frame with a C-terminal 6xHis
fusion for arabinose-inducible expression. The resulting plasmid, pBAD33-
tsiV2::6xHis was transformed into E. coli Topl0. The E. coli Topl0/pBAD33-
tsiV2::6xHis culture was incubated at 37° C to an ODggo 0Of ~0.5, induced with

0.1% arabinose, and harvested after 4 hours by centrifugation at 5,000 x g.

Bacterial pellets were resuspended in 20 mM Tris-HCI, pH 8.0, 500 mM
NaCl, 20mM imidazole supplemented with Complete Protease Inhibitor Cocktail
(Roche) and lysed by three passes through a French pressure cell at 18,000 psi.
Lysates were cleared of insoluble cell debris by centrifugation at 20,000 x g and
filtered through a 0.45 um PVDF filter (Millipore). His-tagged proteins were
purified using the AKTAdesign Basic system (GE Healthcare, Piscataway, NJ)
mounted with a HisTrap FF Crude (GE Healthcare) column using an elution
gradient of 20 mM to 500 mM imidazole. Purified protein fractions were dialyzed
against 20mM HEPES, 100mM NacCl, pH 8 and the concentration was determined

by Azgo.
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PIP Strip Immunoblots

PIP Strips were purchased from Echelon Biosciences (Salt Lake City,
Utah). The strips were blocked with 3% BSA/PBS-T for 30 minutes at room
temperature and incubated with the target protein at 2 pg'mL™ in 3% BSA/PBS-T
for 1 hour at room temperature. The strips were then incubated with full-length
purified recombinant VasX, or the VasX fragment containing residues 1-200,
according to the manufacturer’s recommendations. As a positive, control
purified VasX protein was spotted directly onto the nitrocellulose membrane prior
to blocking. Purified E. coli (strain 0127:B8) LPS was purchased from Sigma-
Aldrich and was spotted onto the nitrocellulose membrane in an equimolar
amount (100 picomoles) as the various lipids. Bound proteins were detected with
mouse-a-6xHis (Clontech) primary antibody and an a-mouse 1gG-HRP secondary

antibody (Santa Cruz Biotechnology Inc.).

Multilamellar Vesicle Pull-down

Membrane lipid preparations (Avanti Polar Lipids) were transferred to
methanol-washed glass tubes, dried under a nitrogen stream, and rehydrated in
500 pL of PBS for 3 minutes at room temperature. Samples were vortexed for 3
minutes yielding a suspension of 5 mM MLV. 80 uL of purified recombinant
VasX(full-length), VasX(1-200), or BSA at a concentration of 60 pg-mL™ were
added to 20 pL of MLV, gently mixed and incubated for 5 minutes at room

temperature. 50pL of this mixture was centrifuged for 30 minutes at 13,000 x g at
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4°C to pellet MLV-protein complexes. Fractions from each sample (total, pellet
or supernatant) were mixed with 1 x SDS-protein lysis buffer, boiled and
separated by SDS-PAGE. Proteins were visualized by staining with Coomassie

Blue R-250 stain.

Large Unilammelar Vesicle Fluorescence Dequenching Assay

Large unilamellar vesicles (LUV) were prepared by Avanti Polar
Lipids (Birmingham, AL). 98 mM carboxyfluorescein was encapsulated within
180 nm vesicles composed of E. coli polar lipids in 20 mM HEPES, 150 mM
NaCl, pH 7.4. The unencapsulated fluorophore was removed by gel filtration and
the concentration of lipid was determined by UV/Vis to be 5.67 mM. When
encapsulated at greater than 50 mM, the concentration of carboxyfluorescein is
self-quenching. Leakage of the fluorophore into the solvent upon vesicle

disruption results in an increase in overall fluorescence.

Purified VasX, TsiV2, and relevant controls were diluted to 125ug-mL™ in
20 mM HEPES, 50 mM NaCl, pH 5.4, then mixed with 50 nmol LUV in a black-
framed 96-well plate (Costar No. 3603) for fluorescence measurements. The
relative fluorescence units were measured by excitation at 480 nm and emission at
520 nm in a FLUOstar OPTIMA microplate reader (BMG Labtech). Triton X-
100 (0.1%) was added to determine maximal fluorescence and the assayed values
were expressed as % maximal fluorescence. The experiment was performed three

times in duplicate.
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Bacterial Killing Assays

Bacterial strains were grown on LB agar plates (unless otherwise noted)
with appropriate antibiotics. Streptomycin-resistant  (rifampicin-sensitive)
predator and rifampicin-resistant (streptomycin-sensitive) prey were harvested
and mixed at a 10:1 ratio with volumes normalized by ODggo readings. 25 pL of
the mixed bacterial culture was spotted onto pre-warmed LB agar and incubated
at 37 °C for 4 hours. Bacterial spots were harvested and the CFU-mL™ of
surviving prey and predator were measured by serial dilution and selective growth
on agar containing rifampicin and streptomycin, respectively. Where applicable,
arabinose was added to LB plates at a final concentration of 0.1% to induce
expression from the Pgap promoter during the 4 hour incubation. Killing assays
with V. parahaemolyticus and V. alginolyticus were performed on LB containing
3% NaCl for 4 hours at 37 °C. Killing assays with V. fischeri were performed on
GVM agar at room temperature for 8 hours. Killing assays with V. communis, V.
harveyi, and P. phenolica prey were performed on %2 YTSS agar (recipe provided
in Table 8-6) for 4 hours at 30 °C.

For the contact-dependent Killing assay, predator and prey strains were
incubated at a 10:1 ratio with the addition of a sterile 0.22-um filter (Millipore).
The filter was placed either directly on the LB-agar plate or on top of the predator
cells. Prey bacteria were spotted on top of the filter. After 4 hour incubation,
cells were harvested by suspending the filter in 1 mL LB and vortexing for 10
seconds. The CFU per milliliter of surviving prey were determined by serial

dilution and growth on selective media as described above.
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Isolation of RGVC strains, V. communis, V. harveyi, and P. phenolica

Environmental bacteria were collected by submerging a Turtox tow net
(Envco, New Zealand) with a 20 mm pore-size Nitex mesh spanning a 30.48 cm
diameter mouth in estuary water for one minute. Water samples (200 mL)
collected from estuaries of the Rio Grande delta were blended with a handheld
homogenizer (PRO Scientific; Oxford, CT), and vacuum filtered through
Whatman filter paper number 3 (GE Healthcare, Little Chalfont, UK). A second
vacuum filtration was performed on the filtrate through 0.45 mM pore-size
membranes (Millipore, Bedford, MA). Filters were incubated separately in a small
volume of 0.15 M sterile NaCl for one hour shaking at room temperature. The
suspensions were plated on thiosulfate-citrate-bile salts sucrose (TCBS) agar (BD,
Franklin Lakes, NJ) and/or marine agar 2216 (BD, Franklin Lakes, NJ).
Following incubation for16 hours at 30 °C, colony forming units were isolated
and cultured in LB or %2 YTSS broth.

Primers binding to conserved 16S ribosomal gene sequences (Table 8-4)
were used to PCR-amplify the 16S ribosomal sequences from environmental
bacterial isolates. Sequencing was performed at the University of Alberta

Applied Genomics Center and species were identified using BLASTn.

Immunity Gene Internal Promoter Prediction

Promoter predictions were performed using the Neural Network Promoter
Prediction Software with a 0.95 cut-off (http://www.fruitfly.org/seq_

tools/promoter.html), PePPER  (http://pepper.molgenrug.nl/index.php/pepper-
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tools/promoter-predictie-tool), PPP (http://bioinformatics.biol.rug.nl/websoftware/
ppp/ppp_start.php), and BPROM (http://linux1.softberry.com/berry.

phtml?topic=bprom&group=programs&subgroup=gfindb).

VasX and TsiV2 High Oligomeric Complexes

Overnight bacterial cultures were diluted 1:100 in LB containing the
appropriate antibiotics and grown to ODgy ~0.8. 200 pL of culture was
centrifuged for 3 minutes at 13, 000 rpm, the supernatant was aspirated and the
pellet was resuspended in 100 pL of 1x SDS protein sample buffer which were

not subjected to boiling prior to analysis by western blotting.

p-galactosidase Assay

A 1/10 dilution of overnight liquid cultures was used to measure the
ODggo.  Cultures were diluted 1/10 in Z buffer containing 2.7% f-
mercaptoethanol. Using a Pasteur pipette, one drop of 0.1% SDS and two drops
of chloroform were added and the mixture was vortexed for 5 seconds. Tubes
were incubated in a 28 °C water bath for 10 minutes followed by addition of 200
uL ortho-Nitrophenyl-B-galactoside (ONPG) buffer (4 mg-mL™ ONPG dissolved
in Z buffer using a sonicating water bath). The length of time required for
development of a yellow color was recorded and the reaction was halted by the

addition of 500 pL 1M Na,COs3;. The OD4,o was measured for each sample using
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an XMark microplate spectrophotometer (BioRad). Reactions that failed to turn
yellow were halted after one hour. Miller units were calculated based on the
equation (OD420/(ODggo-time-volume)*10?).

Strains V52, C6706, and V52AvasH used in this assay possess their
chromosomal copy of lacZ. The strains 0395, NIH41, MAK757, C6709, and
N16961 contain a disrupted lacZ gene. Mutation of lacZ was accomplished using
the suicide vector pJL1-AlacZ. E. coli SM10Apir/pJL1 was mixed at a ~1:1 ratio
with the recipient V. cholerae strains and incubated on a pre-warmed LB agar
plate for 6 hours at 37 °C. Bacterial mixtures were harvested and resuspended in
1 mL LB and were subjected to 4 serial dilutions of which 200 pL were spread
onto selective LB agar plates. Transconjugants were re-streaked onto LB
containing ampicillin and 40 ug-mL™* 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (x-gal) to ensure disruption of lacZ resulted in white colony

formation.

CFU Recovery Time Course

Strains grown overnight were back-diluted 1:100 in selective LB broth
with 0.1% arabinose. At 0, 2, 4, 6, and 8 hours a 200 puL sample was taken and
serially diluted seven times. 10 pL of each dilution was spotted onto selective LB
plates and incubated overnight at 37 °C. The recovered CFU were enumerated

and plotted.
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SDS Lysis Assay

Overnight bacterial cultures were back-diluted 1:25 in selective LB broth
with arabinose (0.1%) and grown for 2 hours at 37 °C with shaking. 1.2 mL of
each culture was dispensed into four microfuge tubes per strain. Two of these
were treated with 100 pL 7.5 mg-mL™ SDS and the other two received 100 pL of
water (diluent) as a negative control. Microfuge tubes were placed on a nutating
shaker for 10 minutes at room temperature. Samples were placed into wells of a
96-well plate, and the ODgqo 0Of each sample was read using an XMark microplate
spectrophotometer (BioRad). ODgo readings in SDS were divided by ODggo

readings in H,O to generate the lysis ratio.

RNA Isolation and Quantitative RT-PCR

Shaking bacterial cultures were grown at 37 °C to mid-logarithmic stage in
the absence or presence of 0.1% arabinose. Total MRNA was extracted using an
RNeasy® Mini Kit (Qiagen) according to the manufacturer’s instructions. 1 pg of
RNA from each sample was subjected to DNasel (Invitrogen) treatment to remove
residual DNA, followed by a reverse transcription reaction using SuperScript™
11 Reverse Transcriptase (Invitrogen). Semi-quantitative real-time PCR was
performed with PerfeCTa™ SYBR® Green FastMix™ (Quanta). The Cr values
were determined by Mastercycler® ep realplex (Eppendorf) and the fold-change
was calculated using the 2T method [452]. Primers used for qRT-PCR are

presented in Table 8-4.
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Membrane Potential Assay and Flow Cytometry

The BacLight Bacterial Membrane Potential Kit (Molecular Probes) was
used to determine whether LS::vasX causes dissipation of the membrane
potential. Overnight cultures of the indicated strains were back-diluted 1:30 in
selective LB with arabinose (0.1%) and grown for 2 hours at 37 °C with shaking
(225 rpm). Cells were diluted to ~10° cells-mL™ in filtered PBS. CCCP
(depolarizing control) and DiOC,(3) (stain) were added (where appropriate) to
final concentrations of 5 uM and 15 pM, respectively and incubated for 30
minutes in the dark. Stained cells were analyzed using a BD LSR Il with a 488
nm laser, and PE-Texas Red (601 long pass and 616/23 band pass filters) and
FITC (502 long pass and 525/50 band pass filters) detectors. Forward and side
scatter, and fluorescence were collected with logarithmic signal
amplification. Red/green ratios were calculated based on double positive (Texas

Red and FITC) cells by collecting 50,000 events per strain tested.

Malachite Green Phosphatase Assay

The reagents for this experiment were purchased from Caymen Chemical
and were used according to the manufacturer’s recommendations. Purified,
recombinant VasX and PH domain (i.e. VasX residues 1-200) were used at a final
concentration of 50 pg-mL™. The lipid phosphatidylinositol-4,5-phosphate
(P1(4,5P) was purchased from Avanti Polar Lipids and used at a final

concentration of 25 yuM. Lipids were dried under a nitrogen stream and
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resuspended in 100 mM tris-HCI (pH 7.0) by vortexing continually for 3 min.
Proteins and P1(4,5)P were mixed at a final volume of 100 puL and incubated for
60 min at 37 °C. 10 pL of “MG acidic solution” was added to each sample and
samples were incubated for 10 min at room temperature. 30 pL of “MG blue
solution” was added to each sample and samples were incubated for 20 min at
room temperature. The ODegyo Of all wells were measured using an XMark

microplate spectrophotometer (BioRad).

cyaA Fusion to vasX

Plasmid pBAD24-vasX::cyaA was constructed to allow arabinose-
inducible expression of the vasX::cyaA fusion. The primers used to construct the
cyaA fusions are presented in Table 8-3. The enzymatic portion of the adenylate
cyclase toxin gene cyaA was PCR amplified using plasmid pACYC184-
espF::cyaA cells [403-406] as the template. The resulting PCR product was
restricted with EcoRI and Hindlll and subcloned into EcoRI/Hindlll-restricted
pBAD24. The resulting plasmid was restricted with EcoRI and Xhol to subclone
vasX as an EcoRI/Xhol fragment that was previously amplified using plasmid

clone VcCD00020120 (Harvard Institute of Proteomics) as the template.
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CAMP Assay

RAW 264.7 murine macrophages were seeded at 5x10* cells per well in a
96 well tissue culture plate 18 hours prior to infection. Mid-logarithmic D.
discoideum were diluted to ~10° cells/mL in HL5 broth. Overnight bacterial
cultures were back-diluted 1:50 in LB with the appropriate antibiotics (in the
presence or absence of 0.1% arabinose) and grown to mid-logarithmic phase.
Bacterial lysates were prepared by incubating cultures in the presence of 2
mg-mL™" lysozyme for 30 minutes on ice and sonicating (with protease inhibitor
cocktail, Fisher Scientific) using a Fisher Scientific Sonic Dismembrator (Model
500) with nine pulses for ten seconds each with an amplitude of 45%.
Macrophages were infected at an MOI of 50 for 1.5 hours in a 5% CO,
atmosphere at 37 °C. Amoebae were infected at an MOI of 50 for 1.5 hours at 22
°C. Media was aspirated and wells were washed once with pre-warmed PBS.
Cells were treated with 0.1 M hydrochloric acid for 10 minutes at room
temperature, the 96 well plate was centrifuged in a Beckman Coulter Allegra 25R
swinging bucket centrifuge at 1500 x g for 3 minutes to pellet debris. 100 pL of
sample was used to assay cCAMP levels using a CAMP EIA Kit (New East
Biosciences) according to the manufacturer’s instructions (non-acetylated

protocol for suspension cells).

Bacterial lysate samples were incubated at 37°C in a 5% CO; atmosphere
for 1.5 hours in the presence or absence of 2 mM Mg?*/ATP and 60 nM CaM.
Samples were treated with 1.5 pL concentrated hydrochloric acid for 10 minutes

at room temperature, spun for 5 minutes in swinging bucket rotor at 1000 rpm and
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100 pL was used to assay cAMP levels using the cAMP EIA Kit (NewEast
Biosciences) according to the manufacturer’s instructions (non-acetylated

protocol for suspension cells).

VasX and TsiV2 Crosslinking Experiment

Purified recombinant VasX and TsiV2 were mixed at a 1:1 mass ratio in
resuspension buffer (each at 0.1 mg-mL™) and cross-linked with 2 mM dithiobis
(succinimidyl) propionate (DSP) (Pierce). The protein/DSP mixture was
incubated for 2 hours on ice and the reaction was quenched by adding 5 pL 1M
Tris-HCI, pH 8.0. The samples were mixed with 4x SDS-PAGE sample buffer
with and without B-mercaptoethanol to cleave the cross-linker, boiled for 10
minutes and separated by either 7.5% or 12% SDS-PAGE then stained with

Coomassie Blue overnight.

Nickel Pull-downs of 6xHis-tagged Proteins

Bacterial strains were grown in 200 mL of selective LB broth in the
presence of 0.1% arabinose to an ODggo ~0.8. Cells were pelleted at 14,000 rpm
for 20 minutes and the supernatant was decanted. The bacterial pellet was
resuspended in 10 mL PBS and lysed by three passages through a French pressure
cell at 18,000 psi. Lysates were centrifuged twice at 13,000 rpm for 10 minutes to

pellet unbroken cells and insoluble matter. The soluble lysate fraction was mixed
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with 200 pL pre-equilibrated Ni** NTA resin (Qiagen) and incubated on a
nutating shaker at 4 °C for one hour. The lysate/resin mixture was centrifuged at
1,000 rpm for 5 seconds to pellet the nickel resin along with 6xHis-tagged
proteins bound to the resin and the pellet was washed 10x 5 minutes with 1mL
binding buffer to remove proteins that bound non-specifically. Proteins bound to
the nickel resin were eluted by adding of 400 pL elution buffer and incubating for
20 minutes at 4 °C on a nutating shaker. The resin was pelleted at 1,000 rpm for 5
seconds and eluted proteins in the supernatant were mixed with 4x protein sample
buffer and boiled for 10 minutes to disrupt protein-protein interactions. Protein
samples were subjected to SDS-PAGE followed by immunoblotting with the

appropriate antibodies.

Far Dot Blotting

Purified recombinant proteins were diluted to 200 pg-mL™ and three serial
dilutions were performed so that the lowest concentration achieved was 2 pg-mL’
. For TsiV2, 5 pL of each protein concentration was spotted onto nitrocellulose
membrane (BioRad) so that 1,000 ng, 100 ng and 10 ng of protein were spotted
onto the membrane. As positive and negative controls, 100 ng of purified
recombinant VasX and TsiV3, respectively, were also spotted onto the membrane.
Proteins were allowed to dry onto the membrane for 30 minutes at room

temperature. The membranes were blocked in 5% skim milk TBS-T for 1 hour at

room temperature with shaking. The bait protein (purified, recombinant VasX)
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was prepared in the following dilutions in 5% skim milk TBS-T: 0, 2.5, 5, 7.5, 10
ug-mL™.  Following blocking, membranes were incubated with bait protein
overnight at 4 °C with shaking. Membranes were washed 3x 5 minutes in TBS-T
and incubated with primary VasX antibody for 1 hour at room temperature with
shaking. Membranes were washed 3x 5 minutes in TBS-T and then incubated
with anti-rabbit-HRP secondary antibody for 1 hour at room temperature with
shaking. Membranes were washed 3x 5 minutes in TBS-T and bound protein was
detected using the SuperSignalWest Pico Chemiluminescent Substrate (Thermo

Fisher Scientific).

Flow Cytometry Analysis of Cells Incubated with Propidium lodide

Overnight bacterial cultures were diluted 1:100 in LB containing the
appropriate antibiotics in the presence of 0.1% arabinose. Cultures were grown
under inducing conditions for 2 hours at 37 °C with shaking. As a positive control
for PI staining dead cells were prepared by ethanol-treatment: 1 mL of bacterial
culture was centrifuged for 13,000 rpm for 3 minutes. The supernatant was
aspirated and the pellet was resuspended in 1 mL of 70% ethanol and incubated
for 20 minutes at room temperature. Cells were pelleted by centrifugation at
13,000 rpm for 3 minutes and the pellet was resuspended in 1 mL filtered PBS.
~10° cells (living or dead cells) were diluted into 1 mL of filtered PBS. 1.5 pL of
20 mM PI1 was added to each sample followed by incubation for 15 minutes in the

dark.
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Stained cells were analyzed using a BD LSRFortessa Cell Analyzer with a
488 nm laser, and a PE (550 long pass and 575/26 band pass filters) detector.
Forward and side scatter, and fluorescence were collected with logarithmic signal
amplification. The percentage of cells permeable to P.l. was recorded by

collecting 50,000 events per strain tested.

Lysis Assay Using rVasX and rTseL

This assay was performed as described previously [210]. Bacterial
colonies were harvested from overnight LB agar plates and resuspended to an
ODeggo ~ 1.0 in 20 mM Tris-HCI, pH 7. Aliquots of 100 pL were transferred to a
96-well plate. 5 pg of each protein was diluted to a final volume of 10 uL with 20
mM Tris-HCI buffer. 1 uL of 4 mg-mL™ polymyxin B (or 1 pL water) was added
to the protein mixtures where appropriate. The polymyxin B/protein mixtures
were added to the bacterial cultures in the 96 well plate using a multichannel
pipette (VWR) and the ODggo at 0 minutes was measured in an xMark microplate
spectrophotometer (BioRad). The plate was incubated for 5 minutes at 37 °C on a
Heidolph Titromax 1000 vibrating shaker at 900 rpm, and the ODgop was
measured again. Percent lysis was calculated as [(ODggo at 0 min - ODggo at 5

min)/ODggo at 0 min] *100%.
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Growth Curve - Cytoplasmic expression of VasX in C6706AtsiV2

An overnight culture of C6706AtsiV2/pBAD24-vasX was diluted 1:100 in
selective LB broth in the presence or absence of 0.1% arabinose to induce
expression of vasX. Strains were grown in a 96 well plate on a Heidolph
Titromax 1000 vibrating shaker at 900 rpm. ODgqo readings were taken every hour
for 8 hours using an XMark microplate spectrophotometer (BioRad). At the 7
hour time point, a cell lysate sample was collected from each sample, mixed with
SDS protein sample buffer and boiled for 10 min. The protein samples were
subjected to 10% SDS-PAGE followed by western blotting with the appropriate

antibodies.
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Table 8-1. Bacterial strains used in this study.

Strain Description Reference or
source

V. cholerae, V52 037 serogroup strain, sm" [368]

- R Isolated in
037 serogroup strain, AhapA, ArtxA, AhlyA, sm Sudan, 1968
V. cholerae, V52 mutant lacking vaskK (VCA0120), AhapA, ArtxA, AhlyA, sm [194]
V52AvasK
V. cholerae, V52 mutant lacking vasw (VCA0019), AhapA, ArtxA, AhlyA, s This study
V52AvasW
V. cholerae, V52 mutant lacking vasX (VCAQ0020), AhapA, ArtxA, AhlyA, sm" This study
V52AvasX
V. cholerae, V52 mutant lacking vasX and vasK (parent was V52AvasK), AhapA, This study
V52AvasXAvask ArtxA, AhlyA, sm"
V. cholerae, V52 mutant lacking PH domain within vasX, AhapA, ArtxA, AhlyA, This study
V52APHdomain S
V. cholerae, V52 mutant lacking vgrG-1 (VC1416), AhapA, ArtxA, AhlyA, sm [194]
V52AvgrG-1
V. cholerae, V52 mutant lacking vgrG-2 (VCA0018), AhapA, ArtxA, AhlyA, sm- [194]
V52AvgrG-2
V. cholerae, V52 mutant lacking vgrG-3 (VCA0123), AhapA, ArtxA, AhlyA, sm- [194]
V52AvgrG-3
V. cholerae, V52 mutant lacking hcp-1 (VC1415) and hep-2 (VCA0017), AhapA, [194]
R
V52Ahcpl,2 ArtxA, AhlyA, sm
V. cholerae, V52 mutant lacking vgrG-1 and vasX, AhapA, ArtxA, AhlyA, sm- This study
V52AvgrG-1AvasX
V. cholerae, V52 mutant lacking tseL (VC1418), sm This study
V52AtseL
V. cholerae, V52 mutant lacking vasX and vgrG-3, sm- This study
V524vasXAvgrG-3
V. cholerae, V52 mutant lacking vasX and tseL, sm- This study
V52AvasXAtseL
V. cholerae, V52 mutant lacking vasX, vgrG-3, and tseL, sm This study
V524vasXAvgrG-
3AtseL
V. cholerae, V52 mutant lacking vasH (VCA0117), AhapA, ArtxA, AhlyA, sm [194]
V52AvasH
V. cholerae, V52 mutant lacking vasH and vasX (parent was VV52AvasH), This study
R

V52AvasHAvasX AhapA, ArtxA, AhlyA, sm
V. cholerae, C6706 O1El Tor, sm" [430]

R R
O1El Tor,sm : Rif
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V. cholerae,
C6706AtsiV2

V. cholerae,
C6706AvasX

V. cholerae, N16961

V. cholerae, NIH41

V. cholerae, C6709

V. cholerae, 0395

V. cholerae, MAK757

V. parahaemolyticus
RIMD2210633

V. parahaemolyticus

V. alginolyticus

V. mimicus

V. fischeri, MJ1

E. coli, DH5a Apir

E. coli, SM10 Apir

E. coli, Top10

E. coli, MG1655

Enteropathogenic E.
coli, E2348/69

Klebsiella
pneumoniae

XL Gold E. coli

C6706 mutant lacking tsiV2, stvRifR
. R . R
C6706 mutant lacking vasX, sm - Rif

O1El Tor, sm', lacZ

R -

01 Classical, sm , lacZ
R -
O1El Tor,sm , lacZ

01 Classical, sm', lacZ

O1El Tor, st, lacZ

rif® ampR

rif? ampR

rif® ampR

rif?

rif?

fhuA2 D(argF-lacZ)U169 phoA ginV44 W80 D(lacZ)M15 gyrA96
recAl relAl endAl thi-1
hsdR17

KmR, thi-1, thr, leu, tonA, lacY, supE, recA::RP4-2-Tc::Mu, pir

F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 nupG

recAl araD139 A(ara-leu)7697 galE15 galK16 rpsL(StrR) endAl &

F- lambda- ilvG- rfb-50 rph-1, rif?

rif?

endAl ginV44 recAl thi-1 gyrA96 relAl lac Hte A(mcrA)183

A(McrCB-hsdSMR-mrr)173 tet” F'[proAB lacl’ZAM15 Tn10(Tet
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This study

This study

[453]
Isolated in
Bangladesh, 1975

[454]

[67]

[455]
Isolated in India,
1965

[456]
Isolated in
Indonesia, 1937

[457]

Dr. R. DeVinney,
University of
Calgary
Dr. R. DeVinney,
University of
Calgary
Dr. K. Ellison,
University of
Alberta

Fotodyne, Inc.

[458]

[459]

Invitrogen

[460]

[461]

Dr. R. Kessin,
Columbia
University

QuickChange |1
XL Site-Directed
Mutagenesis Kit



Amy Cm%] (Stratagene)

sm; streptomycin, rif; rifampicin, km; kanamycin, amp; ampicillin
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Table 8-2. Plasmids used in this study.

pBAD24

pBAD24-vasX

pBAD24-vasX::FLAG

pBAD24-vasX(1-218)::FLAG
pBAD24-vasX(1-542)::FLAG

pBAD24-vasX(76-
542)::FLAG

pBAD24-vasX(543-
1085)::FLAG

pBAD24-vasX(167-
700)::FLAG

pBAD24-tsiV2::FLAG
pBAD24-tsiV2*14
pBAD24-tsiVV2*127

pBAD24-tsiV2*164
pBAD24-LS
pBAD24-LS::vasX
pBAD24-LS::core
pBAD24-vasX::cyaA
pBAD24-vasX(W144A)
pBAD24-vasX(W146A)
pBAD24-vgrG2::6xHis
pBAD24-vgrG-1::6xHis
pBAD24-hcp-2::6xHis
pBAD24-vasW::FLAG
pBAD24-vasW::6xHis

pBAD24-vasH
pBAD24-vasK

pBAD33
pBAD33-tsiV2::6xHis

pBAD33-LS::vasX

PAHG
PAHBP,

pPAHG6-vasX

pAH6-vasX(1-1345)
pAH6-vasX(1575-3258)
pAH6-vasX(2208-3258)

PAHG6-tseL

pBAD vector, pBR322 ori, araC, AmpR

pBAD24 carrying vasX (VCAO0020) of the V. cholerae strain
V52

pBAD24 carrying vasX from V52, C-terminal FLAG tag
pBAD24 encoding amino acids 1-218 of vasX

pBAD24 encoding amino acids 1-542 of vasX

pBAD24 encoding amino acids 76-542 of vasX
pBAD24 encoding amino acids 543-1085 of vasX
pBAD24 encoding amino acids 167-700 of vasX

pBAD24 carrying tsiV2 from V52, C-terminal FLAG tag
pBAD24 carrying tsiV2 site directed mutant, residue 14>TAA
pBAD24 carrying tsiV2 site directed mutant, residue
127>TAA

pBAD24 carrying tsiV2 site directed mutant, residue
164>TAA

pBAD24 with periplasmic targeting sequence
pPBAD24-LS carrying vasX from V52

PBAD24-LS carrying vgrG-3 (VCA0123) core (lacks PBD)
pBAD24 carrying vasX fused to cyaA (adenylate cyclase)
pBAD24 carrying vasX with Trpl44->Ala

pBAD24 carrying vasX with Trpl46->Ala

pBAD24 carrying vgrG-2, C-terminal hexa-histidine tag
pBAD24 carrying vgrG-1, C-terminal hexa-histidine tag
pBAD24 carrying hcp-2, C-terminal hexa-histidine tag
pBAD24 carrying vasW, C-terminal FLAG tag

pBAD24 carrying vasW, C-terminal hexa-histidine tag
pPBAD24 carrying vasH from V. cholerae V52

pPBAD24 carrying vasK from V. cholerae V52

pBAD vector, pACYC184 ori, araC, CmR
pBAD33 carrying tsiV2, C-terminal hexa-histidine tag

pBAD33 carrying LS::vasX amplified from pBAD24-LS::vasX

pAHS vector, pACYC184 ori, Cm"

PAHG carrying hcp-2 promoter (-1 to -400)

PAHG carrying vasX from V. cholerae V52 (lacking start
codon)

PAHG carrying vasX (nucleotides 1-1345) from V52
PAHG carrying vasX (nucleotides 1575-3258) from V52
PAHSG carrying vasX (nucleotides 2208-3258) from V52

PAHG carrying tseL from V52
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This study
This study
This study

This study

This study

This study

This study
This study
This study

This study
This study
This study
[210]
This study
This study
This study
This study
This study
This study
This study
This study

[369]
[369]

[399]
This study

This study

[463]
This study

This study

This study
This study
This study

This study



PAHG-vgrG-3

pWMO1

pRK2013

pDONR221-tsiV2

pJET1.2/blunt

pJET-GFP

pJET-tsiV2::6xHis

pJET-tsiV2(ATG)::6xHis

pCR2.1-TOPO TA

pACYC184

pACYC184-espF::cyaA

pJL1-AlacZ

pPAHG6 carrying vgrG-3 from V52

oriR6K mobRP4 lacl ptac tnp mini-Tn10Km; KmR AmpR

Col E1 rep, tra’ mob+, KanR

Col E1 rep, KanR carrying tsiV2

R
Vector for cloning blunt ended PCR products, Amp

pJET1.2/blunt carrying superfolded GFP

pJET1.2/blunt carrying tsiV2 (from N16961) in reverse
orientation from the T7 promoter

pJET1.2/blunt carrying tsiV2 (from N16961) in reverse
orientation from the T7 promoter, lacking a start codon

Vector for cloning PCR products, AmpR

p15A ori, CmR

pACYC184 carrying espF (T3SS effector) fused to cyaA
(adenylate cyclase)

ori6K, mob*, Amp®
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[451]

Clontech

Harvard
Institute of
Proteomics

Thermo-
Fisher
Scientific

This study

This study

This study

Invitrogen

Dr. N.
Thomas,
Dalhousie
University

Dr. D.
Provenzano,
University of
Texas at
Brownsville



Table 8-3. Cloning primers used in this study.

Primer name

Destination

plasmid

Directio

b
Sequence

5’ vasX

3’ vasX::FLAG

3’ vasX::6xHis

3’ vasX(1-542)::FLAG

3’ vasX(1-218)::FLAG

3’ vasX(76-542)::FLAG

3’ vasX(167-700)::FLAG

5’ vasX(543-1085)::FLAG

5’ pBAD-DEST49

3’ pPBAD-DEST49::FLAG

5’ cyaA

3’cyaA

5’vasX(1-213)
3 vasX(2722-3255)

5’ vgrG-1

3’ vgrG-1::6xHis

5’ vgrG-2

3’ vgrG-2::6xHis

5’ hep-2

3’ hep-2::6xHis

5’ vasH
3’ vasH
3’ vasX (no TAA) — cyaA

5’ vasW

pBAD24
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GGTACC CATGAGTAATCCCAAT

TCTAGATTATTTATCATCATCATCTTTATAA
TCACCTTTTCCTACAACGAG

TCTAGATTAGTGGTGATGGTGATGATGACC
TTTTCCTACAACGAG

TCTAGATTATTTATCATCATCATCTTTATAA
TCCTGAATACGTTCATCCCC

TCTAGATTATTTATCATCATCATCTTTATAA
TCGCGTTCTTCACTTTTCTCTACCGG

TCTAGATTATTTATCATCATCATCTTTATAA
TCCTGAATACGTTCATCCCC

TCTAGATTATTTATCATCATCATCTTTATAA
TCCGATAGCGCGCTCAGTTTC

TCTAGATTATTTATCATCATCATCTTTATAA
TCACCTTTTCCTACAAC

GGTACC AAGTTTGTACAAAAAAGCTGAAC

TCTAGATCATTTATCATCATCATCTTTATAA
TCCACCACTTTGTACAAGAAAGCTG

GAATTCACCATGCTCGAGCAGCAATCGCAT
CAG

AAGCTTTTAGCGTTCCACTGCGCCCAGCGA

GAATTCACCATGAGTAATCCC
CTCGAGACCTTTTCCTACAAC
GAATTCACCATGGCGACATTAGCGTACAGC
GTCGACCTAGTGGTGATGGTGATGATGAGC
AATAATGCGTTG
GAATTCACCATGGCGACATTAGCGTAC

TCTAGATTAGTGGTGATGGTGATGATGATT
TCCCTTGGCCTCTTC

GAATTCCTAGCATGCCAACTCCATGTTATAT
C

AAGCTTTTAGTGGTGATGGTGATGATGCGC
TTCGATTGGCTTACG

GAATTC ACCATGAGTCAATGGCTGGCG
CTCGAG TTAACCTTTTCCTACAACGAG
AAGCTT TTAACCTTTTCCTACAACGAG

GAATTC ATGCGTTCAACAAATTCC



3’ vasW::FLAG

5’ vasK
3’ vasK
5’ vasX
3’ vasX
3’ vasX (1345)
5’ vasX (1575)
5’ vasX (2208)
5’ Phcp
3 Phcp
5’ tselL
3’ tsel
5’ vgrG-3

3’ vgrG-3

5’ vasX

3’ vasX

5’ tsiV2
3’ tsiV2::6xHis

5’ LS::vasX

3’ vasX
5’ GFP
3’ GFP
5’ tsiV2(ATG)

3’ tsiV2::6xHis

5’ tsiV2

3’ tsiV2::6xHis

5’ vasX
3’ vasX
5’ idsD

3’ idsD::myc

pAH6

pBAD24-LS

pBAD33

pJET1.2/
blunt

puUC19

TCTAGATTATTTATCATCATCATCTTTATAA
TCTCCTTGTACCTCCTGTGA

GAATTCACCATGTGGAAATTCATT
TCTAGATTAATAGAGTGTTTTAGAC
AAGCTT AGTAATCCCAATCAAGCTGCG
TCTAGATTAACCTTTTCCTACAAC
TCTAGA ACGCTTGCTGAACCTCATCT
AAGCTT TGCGACCGCAATCGCTAACT
AAGCTT CCGCTATAAGTCGCACAAT
AAGCTTGCTCTTCCCGTTTGTCGTTATATAC
TCTAGA GGCTATTTCCTTTCAATAAATC
TCTAGA GATTCATTTAATTATTGC
GTCGAC TCATCTTATTTGCACCTTG
TCTAGA GCAAGGTTACAGTTTCAATTA

TCTAGA TCATTTTATATCAACCTCCAAAC

TCTAGA AGTAATCCCAATCAAGCTGCG

AAGCTT TTAACCTTTTCCTACAAC

AAGCTT GATGTTAATTGATAAAAATGAG
TCTAGATTAGTCTTTTAATTCTTG

GGTACCAGGAGGAATTCACCATGAAAAAGA
TTTGGCTGG

TCTAGATTAACCTTTTCCTACAACGAG
GAATTC ATGCGTAAAGGCGAAGAGCT
TCTAGATCATTTGTACAGTTCATCC
CCCGGG TTAATTGATAAAAATGAGTTAG

TCTAGATTAGTGGTGATGGTGATGATGTTC
CTCTTTTAATTCTTG

AAGCTT GATGTTAATTGATAAAAATGAG

TCTAGATTAGTGGTGATGGTGATGATGTTC
CTCTTTTAATTCTTG

AAGCTTAAGTAATCCCAATCAAGCTGCG
TCTAGATTAACCTTTTCCTACAACGAG
GTCGACTACTGGAGAAGTGAATGAG

GGATCCTTATAAATCTTCTTCAGAAATTAAT
TTTTGTTCGATATTCTCACTGTTAAT

4F, forward; R, reverse, ® Restriction sites are underlined



Table 8-4. List of primers used for knockout constructs, site-directed mutagenesis,
16S sequencing, and gRT-PCR.

Primer Name Direction® Sequence®

Knockout
constructs
vasX k/o A F GGATCCCTTCTTTAGATTCTATTG
vasX k/o B R ACATTTAACCTTTTCCTACATTGGGATTACTCATCCTT
vasX k/o C F AAGGATGAGTAATCCCAATGTAGGAAAAGGTTAAATGT
vasX k/o D R GGATCCTTATTATGAATACTCTTC
tsiv2 k/io A F GGATCCAACCGATCTTGAAC
tsiv2 k/o B R TGAGCTATTCCTCTTTTAATTTATCAATTAACATTTAA
tsivV2 k/o C F TTAAATGTTAATTGATAAATTAAAAGAGGAATAGCTCA
tsivV2 k/o D R GGATCCCTTATCTACTCGTTA
vasW k/o A F GGATCCATCGGTCATGAAG
vasW k/o B R TTACTCATCCTTGTACCTCATTTGTTGAACGCATTAAT
vasW k/o C F ATTAATGCGTTCAACAAATGAGGTACAAGGATGAGTAA
vasW k/o D R GGATCCCATTCAGCGCCAC
PHdomain k/o A F GGATCCGAGATTGCTGAACAAC
PHdomain k/o B R GGCTCACTTTACGCATCACATCACGCAGTTGCCTTAAA
PHdomain k/o C F TTTAAGGCAACTGCGTGATGTGATGCGTAAAGTGAGCC
PHdomain k/o D R GGATCCGCTTGCTGAACCTC
vgrG-3 k/o A F GGATCC CCACAAGTGAGCGTGCG
vgrG-3 k/o B R TTATTCATTTTATATCAACCTGTAACCTTGCCATGCTG
vgrG-3 k/o C F CAGCATGGCAAGGTTACAGGTTGATATAAAATGAATAA
vgrG-3 k/o D R GGATCC GTAATGAAGATTTGATGAGG
tseL k/io A F GGATCC CGTTTAAACAGGCGGTGGCG
tseL k/o B R GATAACCATGATTTCACAGCAAACCTTACC
tseL k/o C F GCTGTGAAATCATGGTTATCCCCTTAGTTC
tseL k/o D R GGATCC CACCGGCATTAATTATCATCAGATACC
Site-directed
mutagenesis
PH Domain W144A F GGTTATGCGCATCAACGAGCAACGTGGCGAGTGTGTG
R CACACACTCGCCACGTTGCTCGTTGATGCGCATAACC
PH Domain W146A F GCGCATCAACGATGGACGGCACGAGTGTGTGAGCATATG
R CATATGCTCACACACTCGTGCCGTCCATCGTTGATGCGC
tsivV2*14 F GTTAAAGGTATAATTACACAG
tsiv2*127 F CGGGGATTTAATATACGGATC
tsivV2*164 F AAGAGGTTTAATTTGCTGACC
gRT-PCR
gRT-PCR - vasX F TCCTTTACCCAAAGCGGATCGACA
gRT-PCR - vasX R GCCATCACGCAGTTG CCTTAAAGT
gRT-PCR - ompW F GGACTTGCTGCTAACGTTGGCTTT
gRT-PCR - ompW R CCTGCTTTGTAGGTTGCCGTTGTT
16S Universal F AGAGTTTGATCCTGGCTCAG
R AGGGTTGCGCTCGTTG

4F, forward; R, reverse, ® Restriction sites are underlined
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Table 8-5. Antibodies used in this study.

o-VasX
a-Hep
a-6xHis

a-RNA
Polymerase

a-B-lactamase
a-FLAG M2
a-DnaK
a-OmpU

a-EpsL

a-Actin
o-Rabbit(HRP)
a-Goat(HRP)

a-Mouse(HRP)

Rabbit

Rabbit

Mouse

Mouse

Mouse
Mouse
Mouse
Goat

Rabbit

Mouse
Goat
Donkey

Goat

1:1,000 This study

1:500 [194]

1:1,000 Santa Cruz Biotechnology Inc. (Dallas, TX)

1:1,000 Neoclone (Madison, WI)

1:500 Millipore/Chemicon International (Temecula, CA)

1:1,000 Sigma Aldrich (St. Louis, MO)

1:10,000 Stressgen (Ann Arbor, M)

1:200 Santa Cruz Biotechnology Inc. (Dallas, TX)

1:20,000 Dr. M. Patrick, University of Michigan Medical
School

1:1,000 Santa Cruz Biotechnology Inc. (Dallas, TX)

1:3,000 Santa Cruz Biotechnology Inc. (Dallas, TX)

1:3,000 Santa Cruz Biotechnology Inc. (Dallas, TX)

1:3,000 Santa Cruz Biotechnology Inc. (Dallas, TX)
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Table 8-6. Recipes of reagents used in this study

Luria Bertani (LB)
broth and agar plates

S.0.C medium

3% NaCl LB broth
and agar plates

GVM nutrient broth
and agar plates

HL/5 nutrient broth

Sorensen’s Buffer
(SorC)

SM/5 agar plates

Eagle’s Minimum
Essential Medium

Laemmli running
buffer

Coomassie Blue
Stain

Coomassie Blue
Destaining Solution

Phosphate-buffered
saline

Transfer buffer

Bacterial growth medium

Recovery of transformed E. coli

Growth medium for Vibrio
parahaemolyticus and Vibrio
alginolyticus

Growth of V. fischeri

Axenic growth medium for D
discoideum

Salt solution for dilution of D.
discoideum

D. Discoideum plaque assay

Growth medium for RAW 264.7
macrophages

SDS-PAGE running buffer

Total protein staining of SDS gels

De-staining coomassie blue stained
gels to reduce background

Diluent

Transfer of proteins from
polyacrylamide gel to nitrocellulose
membrane for western blotting
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Per liter:
5 g NaCl, 10 g Tryptone, 5 g Yeast extract, (+15 g
agar)

Per Litre:
20 g tryptone, 5 g yeast extract, 2 mL 5M NaCl,
2.5mL 1M KCI, 10 mL 1M MgCIz, 10 mL 1M

MgsSO,, 20 mL 1M glucose

Per liter:
30 g NaCl, 10 g tryptone, 5 g yeast extract, (+15 g
agar)

Per 200 mL:
2 g tryptone, 1 g casamino acids, 5 g NaCl, 0.8 g
MgCIz, 0.2 gKClI (+ 3 gagar), pH 7.4

Per liter:
10 g glucose, 5 g yeast extract, 5 g proteose
peptone, 5 g thiotone peptone, 0.67 g Na,HPO,,

0.34 g KH,PO,

Per liter:

249 KH2P04, 0.29¢g NaZHPO4 1 mL 50mM
calcium chloride

pH 6.0

Per liter:
2 g glucose, 2 g bactopeptone, 0.2 g yeast extract,
0.1g MgSO "

1.9gKH,PO, 1.0 gK,HPO,, 292 gNaCl, 75 g
agar, pH 6.5

500 mL Eagle’s minimal essential medium (Sigma
Aldrich, St. Louis, MO)

50 mL Fetal bovine serum

10 mL 200 mM L-glutamine

5mL 100mM Sodium pyruvate

0.5 mL 100mg/mL streptomycin

Per liter:
3 g Tris, 14.4 g Glycine, 1 g SDS

0.25% Coomassie Brilliant Blue R-250
40% methanol
7% acetic acid

Per liter:
100 mL Glacial acetic acid, 300 mL methanol,
600 mL dH ,0

Per liter:
8gNaCl,0.2gKCl, 1.4 ¢g Na HPO,,0.24 g

KH,PO,

Per liter:
2.4 g Tris, 11.25 g Glycine, 200 mL Methanol



4x SDS protein
sample buffer

6x DNA loading dye

2+
Ni  NTA elution
buffer

Binding buffer

TAE

10% SDS-PAGE
Separating Gel

7.5% SDS-PAGE
Separating Gel

SDS-PAGE Stacking
Gel

4x Tris pH 8.8
Separating buffer

4x Tris pH 6.8
Stacking buffer

TBS-T

Skim milk TBST (2.5
or 5%)

Ponceau S

Z Buffer

Y% YTSS nutrient
broth and agar plates

Resuspension of bacterial pellet and
supernatant samples for SDS-PAGE

Preparation of DNA samples for
agarose gel anaylsis.

Elution of 6;<His-tagged proteins
bound to Ni NTA resin

2
Washing Ni " NTA resin with bound
6xHis-tagged proteins

Preparation and running of agarose
gels for DNA fragment analysis.

Protein analysis

Protein analysis

Protein analysis

SDS-PAGE separating gel

SDS-PAGE stacking gel

Western blotting wash buffer and
preparation of 5% milk-TBS-T
western blotting blocking buffer.

Blocking buffer for western blot
membranes

Visualization of total protein content
transferred to nitrocellulose
membrane

Dilutent for B-galactosidase assays

Growth of environmental isolates V.
communis, V. harveyi, and P.
phenolica
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40 % glycerol (v/v), 0.24 M Tris-HCI (pH 6.8),
8% SDS (w/v), 0.04% bromophenol blue (w/v),
5% B-mercaptoethanol (v/v)

Per 100 mL:
60 mL 100% Glycerol, 6 mL 1M Tris HCI pH 8.0,
1.2 mL 0.5M EDTA pH 8.0, 34 mL dHZO, 60 mg

Bromophenol blue

20mM Tris, 125 mM NaCl, 500 mM Imidazole,
pH 8.0

20 mM Tris, 125 mM NaCl, 20 mM Imidazole,
pH 8.0

Per liter:
4.849g Tris, 1.14 mL acetic acid, 2 mL 0.5M
EDTA (pH 8.0)

5 mL Acrylamide/Bis (29:1), 3.75 mL 4x Tris pH
8.8, 150 L 10% SDS (w/v), 6 mL dHZO, 75 uL

10% ammonium persulfate (w/v),
5 uL TEMED

3.75 mL Acrylamide/Bis (29:1), 3.75 mL 4x Tris
pH 8.8 (separating buffer), 150 pL 10% SDS
(w/v), 7.25 mL dHZO, 75 pL 10% ammonium

persulfate (w/v), 5 uL TEMED
1.3 mL Acrylamide/Bis (29:1), 2.5 mL 4x Tris pH

6.8 (stacking buffer), 100 pL 10% SDS, 6 mL
dH,O, 70 uL 10% ammonium persulfate (w/v), 7

uL TEMED

400 mL dHZO, 72.6 g Tris, pH 8.8

200 mL dH,0, 12 g Tris, pH 6.8

Per liter:
12.11 g Tris, 52 g NaCl, 5 mL Tween-20, pH 8.0

Skim milk powder to 2.5% or 5% (w/v) in TBS-T

0.4 g Ponceau S, 2 mL Glacial acetic acid, 198
mL dH,0

0.06 M Na,HPO_, 0.04M NaH,PO,, 0.01 M KCl,
0.001 M MgSO,, pH 7.0

Per litre:
2.5 g tryptone, 4 g yeast extract, 20 g sea salts
(Sigma Aldrich)



CHAPTER 9

Appendix

Portions of this chapter have been published as:

Maclintyre, D., Miyata, S.T., Kitaoka, M., and Pukatzki, S. (2010) The Vibrio
cholerae type VI secretion system displays antimicrobial properties. Proceedings
of the National Academy of Sciences U.S.A, 107(45):19520-4.

Unterweger, D., Kitaoka, M., Miyata, S.T., Bachmann, V., Brooks, T.M.,,
Moloney, J., Sosa, O., Silva, D., Duran-Gonzalez, J., Provenzano, D. and
Pukatzki, S. (2012) Constitutive type VI secretion system expression gives Vibrio
cholerae intra- and inter-specific competitive advantages. PLoS One, 7(10):
e48320.
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Figure 9-1. Alignment of P. mirabilis ids and V. cholerae VasX-encoding gene
clusters. The ids gene cluster is known to encode proteins involved in self/non-
self recognition between P. mirabilis swarms. 1dsD encodes a crucial molecular
identifier in self-recognition and shares similarity with VasX.
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Figure 9-2. V. cholerae is unable to kill Gram-positive bacteria using its T6SS.
Survival of rifampicin-resistant bacteria is shown: E. coli MG1655 (red, positive
control), E. fecaelis (green), B. subtilis (blue), L. monocytogenes (orange), and S.
aureus (grey) was determined by measuring CFU following exposure to the
indicated rifampicin-sensitive predator listed on the x-axis. Each prey was
exposed to itself, V52, and V52AvaskK.
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Figure 9-3. T6SS-mediated bacterial killing by V52 is contact-dependent.
Survival of rifampicin-resistant E. coli was determined by measuring CFU
following exposure to the indicated rifampicin-sensitive predator listed on the x-
axis with (green) or without (red) separation of predator and prey by a 0.22-pum
filter.
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Figure 9-4. Rio Grande V. cholerae kill bacterial neighbors in a T6SS-dependent
manner. Survival of rifampicin-resistant prey (listed in the legend) following
exposure to rifampicin-sensitive predator (x-axis). Arabinose was added where
indicated to induce expression from the Pgap promoter. Killing assays, growth,
and selection of prey was performed on % YTSS agar at 30 °C.
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Figure 9-5. V. cholerae uses its T6SS to kill other Gram-negative bacteria. (A)
Survival of rifampicin-resistant bacteria is shown: E. coli MG1655 (red, positive
control), S. Typhimurium (green), C. rodentium (blue) and P. aeruginosa (orange)
was determined by measuring CFU following exposure to the indicated
rifampicin-sensitive predator listed on the x-axis. Each prey was exposed to itself,
V52, and V52AvasK. (B) Survival of rifampicin-resistant bacteria is shown: E.
coli MG1655 (red, positive control), Enterohemorrhagic E coli. (EHEC, purple),
Enteropathogenic E. coli (EPEC, orange) was determined by measuring CFU
following exposure to the indicated rifampicin-sensitive predator listed on the x-
axis. Each prey was exposed to itself, V52, and V52Avask.
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Figure 9-6. Promoters are present within tseL and vgrG-3 that drive expression of
their cognate immunity protein genes. (A, B, and C) Overnight cultures of the
strains indicated at the top of the graph harboring plasmids indicated on the x-axis
were used to assay for the production of B-galactosidase. Miller units are a
function of LacZ production combined with optical density of the starting culture
and incubation time. Error bars indicate the standard deviation. ***= p < 0.001,
**=p < 0.005, *= p < 0.01 relative to the empty vector control. P-values were
calculated based on the Student’s one-tailed, paired T-Test.
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