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Abstract
Listeria monocytogenesis causes food-borne disease leading to meningitis or abortion.
A critical aspect of Listeria virulence is the ability of the pathogen to spread between
mammalian cells using an F-actin-dependent motility process. During cell-cell spread,
Listeria is propelled through the host cytoplasm by bacterial-induced actin ‘comet tails’.
Contact of motile bacteria with the host plasma membrane leads to the formation of pathogencontaining membrane extensions or ‘protrusions’, which are then engulfed by neighbouring
cells. It has been demonstrated in previously published work that the Listeria protein InlC
promotes the formation of protrusions by binding as well as inhibiting a human cytoplasmic
adaptor protein called Tuba. Apart from Tuba, the human trafficking protein Sec31A also
controls Listeria spread. This project is motivated by the hypothesis that human Tuba and
Sec31A might cooperate to control Listeria spread by forming a complex in human cells. To
test this hypothesis, experiments were performed to determine if Tuba and Sec31A interact
and/or co-localize in vivo. Using co-precipitation assays, it was found that a purified Src
Homology 3 (SH3) domain from Tuba associates with Sec31A. Interestingly, the Listeria
InlC protein binds to the same SH3 domain in Tuba and displaces Sec31A from this domain.
However, attempts to verify interaction between endogenous Tuba and Sec31A in coimmunoprecipitation experiments were unsuccessful. Confocal microscopy analysis was
performed to determine the subcellular localization of endogenous Tuba and Sec31A.
Depending on the antibodies used, Tuba localized pre-dominantly either to the Golgi
apparatus or near cell-cell junctions. Sec31A localized in vesicular structures thought to be
endoplasmic reticulum exit sites. Experiments with one of the anti-Tuba antibodies indicated
that ~ 10% of the total cellular pool of Tuba co-localizes with Sec31A. However, when two
other Tuba antibodies were used little or no co-localization between Tuba and Sec31A was
detected. Altogether, the results from this project indicate that host Tuba and Sec31A have the
potential to interact and suggest that the Listeria InlC protein might control spreading by
disrupting Tuba/Sec31A complexes. However, firm conclusions cannot be presently made
because of the inability to detect Tuba and Sec31A interaction by co-immunoprecipitation and
variable data on co-localization of Tuba and Sec31A. Future experiments should focus on
immunoprecipation approaches capable of detecting complexes of low affinity and/or
abundance, and confirming specificity of Tuba antibodies.
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Chapter I- Introduction
1. Listeria monocy togenes and listeriosis
Listeria monocytogenes (Lm), a Gram-positive, facultative aerobe can cause food-born
illnesses leading to gastroenteritis as well as systemic infections resulting in meningitis or
abortion (88, 123). Lm is one of the most deadly of bacterial food-born pathogens. In New
Zealand or in the United States, the incidence of human listeriosis (disease caused by Lm) is
approximately 0.6 or 0.7 cases per 100,000 populations, respectively (98, 130). However, the
mortality rate of diagnosed listeriosis cases is ~13-20% in these two nations (98, 130), making
Lm responsible for ~19-54% of deaths caused by food-borne disease in the United States or in
New Zealand. It is noteworthy that, in the United States, other important agents of food-borne
deaths such as Salmonella spp. (28% of deaths) or Toxoplasma gondii (24% of deaths) have
incidences of disease that are 80-1000 fold greater than listeriosis (98). This emphasises the
high mortality rate of Lm compared to other food-borne bacteria.
Listeriosis is most commonly initiated in humans by consumption of contaminated
food (99, 100). The natural reservoirs of Lm are soil and water, where the pathogen acts as a
saprophyte, using decaying vegetation as a food source (41). The host for Lm varies from
humans to a wide range of species, including cattle, pigs, sheep, birds and fish (123). Foods
most frequently implicated in outbreaks of Lm are soft cheese, dairy products, deli meat
(smoked meat, sausage, raw ham) and salad (16, 99). Lm can contaminate foods by transfer
from infected cattle after slaughter or from the skin or clothes of food processing plant
workers. For example, a serious Lm outbreak in 2008 causing 22 deaths in Toronto Canada
was found to be due to contamination of cold cut deli meats introduced at a food processing
plant (20). The bacteria are thought to have been introduced into the plant by workers, and
insufficient chemical sterilization of the food processing machinery led to contamination of
meats during packaging. In addition, Lm can contaminate the surface of insufficiently washed
vegetables or fruit after harvest. A recent serious outbreak occurred in a melon farm in
Colorado in the USA, resulting in 25 deaths (18). An important factor that allows the presence
of high levels of Lm in food is the bacterium’s ability to grow efficiently at low temperatures
associated with refrigeration (19, 99). Hence, food initially contaminated with Lm can
eventually acquire high bacterial titres if stored at 4˚C for prolonged periods.
The clinical symptoms of listeriosis range from mild gastroenteritis to severe local
central nervous system (CNS) infections or abortions (99, 115). Listeriosis has a long
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incubation period (up to 30 days) and may present non-specific symptoms, thus leading to
under-diagnosis (115). In non-invasive listeriosis, thought to occur mainly in people with
healthy immune systems, the bacteria often remains within the digestive tract, causing mild
symptoms lasting only a few days and requiring only supportive care (77). Invasive listeriosis
can result in CNS infections, chiefly meningitis, and has a 20-30% mortality rate. In the
general population, the incidence of disease is low, with 1 case reported per 100,000
populations in Europe or the USA (123). However, immunocompromised individuals have
about two fold increased rate of developing meningitis due to Lm infection compared to
healthy individuals (109, 123). Examples of immunocompromising conditions that lead to
increased

incidences

of

listeriosis

include

HIV

infection,

advanced

age,

or

immunosuppressive therapy for organ transplants (88, 115). Exposure of pregnant woman to
Lm can lead to the pathogen penetrating the fetal-placental barrier to infect the fetus (2). This
type of infection results in neonatal listeriosis, which is usually asymptomatic for the mother
but almost always leads to abortion or severe conditions for newborn infants, including
respiratory distress or jaundice (1, 53, 88)
Treatment of invasive listeriosis usually involves intravenous delivery of high-doses of
antimicrobials for a minimum of two weeks (53, 88). Ampicillin is mainly given to
individuals diagnosed with listeriosis, and gentamicin is often added for patients over 50 years
of age or individuals with more severe symptoms, such as cardiovascular or respiratory
distress. It is common for invasive listeriosis to go unnoticed until CNS symptoms develop,
resulting in the testing of cerebrospinal fluid for bacteria. At this stage, antibiotic treatment is
often too late to prevent death (115).
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2. Infection of animal hosts and the role of the immune system in
clearing infection
Studies with small animal models, chiefly mice and guinea pigs, have led to the
following picture of Lm infection. After being consumed with contaminated food, Lm is
engulfed by intestinal epithelial cells (66, 123, 129). Bacteria then access the blood and lymph
nodes, resulting in infection of the liver and spleen (123). Early during liver infection, most
bacteria are killed by resident macrophages called Kupffer cells. However, the ~10% of
bacteria that survive later infect hepatocytes. After hepatocyte infection, neutrophils infiltrate
the liver and kill infected hepatocytes generally at 5-7 days post infection. In addition to
neutrophils, T cells also play an essential role in promoting bacterial clearance during primary
infection (46, 73). Following the initial bacterial infection is the massive apoptosis of nonpathogen-specific T cells (CD4+ T cells) as well as lymphocytes (natural killer cells), at the
infected site (73, 80). In response to Lm infection, activated natural killer cells (NK) release
interferon gamma (IFN-ɣ) and subsequently activate macrophages (31, 120). Thus,
macrophages kill Lm through reactive oxygen species (superoxide radical) and regulate the
spread of infection. Furthermore, Tip (TNF/iNOS-producing) dendritic cells produce NO
(nitric oxide), which kills bacteria (86). The activation of dendritic cells also stimulates type I
CD4+ T-cells to differentiate and produce more IFN- as well as Interleukin 2 (IL-2) that leads
to direct clearance of Lm by macrophages and CD8+ T cells (80, 121).
Beside a role in innate immunity, CD4+ and CD8+ T cells also provide long-term
protective immunity from bacterial infection (80). In this case, however, the role of CD8+ T
cells is more substantial during memory response, which promotes adaptive immunity.
During the early stages of immune response, many T-cells were destroyed and generate a
large amount of bacterial antigens that undergo cross-presentation to CD8+ T cells (cytotosis
T cell). Consequently, two populations of CD8+ T cells, which recognize antigen from MHC
class Ia molecule (MHC-I) or MHC class Ib molecule (H2-M3), are activated (55, 104). H2M3 restricted T cells function mainly during initial infection and help to clear the pathogen as
well as enhance IFN-γ production. In contrast, after re-infection with Lm, memory CD8+T
cells (MHC-I restricted T cells) respond rapidly and clear the bacteria from infected tissue in
4 to 5 days.
In healthy animals (and presumably humans), Lm that crossed the intestinal barrier
will eventually be eliminated either in the intestine or other organs (liver and spleen), thereby
preventing CNS infections (123). However, in immunocompromised people, the elderly, or
patients undergoing immunosuppressive therapy, CNS infections can occur in the form of
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meningitis. How the CNS is infected is still unclear. Meningitis could involve infection of
choroid plexus epithelial cells in the brain ventricles. These cells form part of the blood-brain
barrier that separates the blood stream from the CSF (89, 102). More rarely, listeriosis results
in infection of brain tissue, which could be due to infection of brain endothelial cells (42).
In the case of a pregnant woman, Lm can cause fetal/placental infection by infecting
trophoblast tissues, which compose outer cell layer covering the embryo as well as provide
nutrients (1, 101).
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3. The intracellular life cycle of Listeria monocy togenes
Listeriosis requires bacterial infection of human cells. Such infection allows bacteria to
multiply and spread within host tissues and also to cross tissue-specific barriers, including the
intestinal barrier, blood-brain barrier, and feto-placental barrier.
Lm infects human cells through a complex process that involves microbial
internalization into the host cell, replication within the host cytosol, intracellular bacterial
motility, and spread from the initially infected host cell to surrounding cells. The intracellular
life cycle of Lm is depicted in Figure 1, and is described in further detail below. Note that this
project is focused on the process of bacterial protrusion formation during cell-to-cell
spreading (step E).
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Figure 1. Intracellular life cycle of Listeria monocytogenes.
Adapted from (85). (A) Internalization of Listeria monocytogenes (Lm) into host cells is mediated by interaction
between the bacterial surface proteins InlA or InlB with their host receptors E-cadherin or Met, respectively. (B) Lm
secreted enzymes LLO, PlcA, and PlcB mediate bacterial escape from the host phagosome. (C) Replication in the
cytoplasm is promoted by the Lm proteins Hpt and LpIA1. (D) Intracellular movement is stimulated by the Lm surface
protein ActA which recruits and activates the host Arp2/3 complex, resulting in actin polymerization at one of the
bacterial poles. F-actin filaments are organized into ‘comet-tail’ structures that produce bacterial motility in the host
cytosol. (E) Motile bacteria contact the host plasma membrane, producing membrane projections (‘protrusions’). (F)
Bacterial protrusions are internalized by neighbouring human cells.(G) Secondary phagosomes containing a double
membrane are lysed by the secreted Lm enzymes LLO, PlcA, and PlcB to allow the escape of bacteria into the
cytoplasm of the newly infected cell.
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A. Bacterial entry
The first step in the intracellular life cycle of Lm is the internalization (‘entry’) of
bacteria into the host human cell. Lm has the ability to actively induce its internalization into
several cell types, including intestinal epithelial cells, hepatocytes, endothelial cells, and
trophoblast cells (66, 123, 129). Infection of these cell types is known to contribute to disease
in animal models. The invasive property of Lm depends on the bacterial surface proteins
Internalin (InlA) and InlB (30, 35). Both InlA and InlB have N-terminal leucine-rich repeat
(LRR) domains with a “hook-like” structure that binds a cognate human receptor (58, 59, 72,
106). The C-terminus of InlA is covalently linked to the bacterial peptidoglycan through the
action of a bacterial enzyme called Sortase A (9). In contrast, InlB is non-covalently bound to
Lm lipoteichoic acid in the plasma membrane’s outer leaflet, and can be released from the cell
wall to interact with host cell receptors (8, 54). It was demonstrated with animal models that
InlA has a role in bacterial traversal of the intestinal cell barrier (66, 129). InlB is not
involved in crossing of the intestinal epithelium but is instead required for efficient infection
of hepatocytes and colonization of the liver in mice (56, 123). Both InlA and InlB play
measurable roles in infection of the placenta (26).
InlA and InlB mediate bacterial internalization through different pathways mediated by
interaction with distinct human surface receptors. The host receptor that interacts with InlA is
E-cadherin (72), a trans-membrane protein with an essential role in establishing and
maintaining cell–cell adherens junctions in the intestinal epithelium and other tissues (43).
Five extracellular cadherin domains (EC1-EC5), a trans-membrane region and a cytoplasmic
domain combine to form E-cadherin. The first extracellular domain (EC1) of E-cadherin is the
specific binding site for LRR motif of InlA (25). The human protein β-catenin interacts
directly with the cytoplasmic domain of E-cadherin and is important for InlA-mediated Lm
uptake (25). Although the detailed mechanism of entry is unclear, the interaction of InlA with
EC1 stimulates the direct binding of β-catenin and recruitment of the F-actin binding protein
α-catenin to E-cadherin (65, 85). Then downstream signals are initiated and phosphorylation
of cortactin by Src kinase leads to the activation of Arp2/3 complex for actin nucleation at the
sites of Lm entry. Actin cytoskeletal rearrangement remodels the host plasma membrane,
resulting in engulfment of bacteria. Other host molecules that promote Lm entry are
ARHGAP10, Myosin VIIA and vezatin (111-113). ARHGAP10 interacts with α-catenin to
promote actin recruitment, while Myosin VIIA acts directly on F-actin to mediate attachment
of actin filaments to the host plasma membrane via vezatin.
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The Lm protein InlB mediates Lm entry by binding to the extracellular domain of a
human receptor tyrosine kinase called Met (106). The binding of bacterial InlB to host Met
results in phosphorylation of two ‘docking site tyrosine’ in the receptors cytoplasmic tail (3).
The phosphorylated tyrosines recruit SH2 domain-carrying signal proteins to activate
downstream pathways controlling bacterial entry. To date, host signalling proteins known to
be important for Lm entry are the adaptor proteins Gab1 and CrkII, type IA Phosphoinositide3 (PI-3) kinase, GTPase Rac1, the E3 ubiquitin ligase Cbl and the actin regulatory protein
WAVE (27, 49, 50, 106, 114). It is likely that Gab1 and CrkII work together to recruit as well
as stimulate PI-3 kinase at the cytoplasmic tail of Met. After activation, PI-3 kinase produces
the lipid second messenger phosphatidylinositol 3, 4, 5-trisphosphate (PIP3), which binds to
the pleckstrin homology (PH) domains of various signalling proteins, which subsequently
promote rearrangements of the actin cytoskeleton. These actin cytoskeletal changes lead to
remodelling of the host cell surface and bacterial engulfment. It was proposed that, similar to
InlA-mediated entry, the human Arp2/3 complex might be required for actin polymerization
during InlB-dependent entry (8, 10). The GTPase Rac and actin nucleation-promoting factor
N-WASP/WAVE mediate the activation of Arp2/3 complex (8). It should be noted that, in
addition to actin, the host clathrin-dependent endocytic machinery also plays an essential role
in InlB-mediated internalization (11, 124). Phosphorylation of Cbl by Met leads to
ubiquitination of the cytoplasmic domain of the receptor and clathrin recruitment at bacterial
adhesion site. Importantly, clathrin recruitment is required for F-actin polymerization during
bacterial entry (11), indicating that clathrin acts upstream to promote host cytoskeletal
rearrangements.
B. Phagosomal escape
After Lm entry into the host cell, the pathogen resides in a phagosome, a vacuole
formed by the host membrane. Phagosomes containing non-pathogenic microbes eventually
fuse with digestive cellular organelles called lysosomes. This process allows acid-dependent
enzymes to digest the contents of the mature phagolysosome, resulting in microbial death (57).
However, Lm can lyse and escape from the phagosome through its secreted pore-forming
toxin, Listeriosin O (LLO) (123). LLO is a member of pore-forming cholesterol-dependent
cytolysin (CDC) and is vital for promoting Lm replication (37, 103). LLO activity is pH
dependent, having optimal activity at a pH of 5.5 characteristic of partly mature phagosomes.
The transcription of the LLO encoding gene hly is dependent on PrfA, a major transcriptional
regulator of Lm. This PrfA dependency ensures the repression of LLO until the bacteria enter
the cytoplasm of the host cell (103). Lm also secretes two phospholipase C (PLC) enzymes,
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PlcA, and PlcB, which contribute to escape from the phagosome (123). Similarly to LLO,
PlcA and PlcB have optimum activity at low vacuolar pH (123). These enzymes work in
synchrony to cleave the polar head group of the phospholipids (in the membrane) to release
diaglycerol as well as water-soluble phosphate ester. In this way, these enzymes aid in the
hydrolysis of mammalian membranes (110). PlcA has a quantitatively smaller role than PlcB
in virulence, which is detected mainly in the absence of functional PlcB (110). In addition to
these Lm proteins, it was recently reported that Lm escape from the primary phagosome is
promoted by excision of a phage (92). The mechanism by which phage excision is thought to
contribute to phagosome escape involves assembly of a bacterial pseudopilus. This structure
could possibly perforate the membrane or transport unknown bacterial proteins that aid in
phagosome lysis.
C. Cytosolic replication
A period of rapid multiplication is followed after escape from the phagosome. How
Lm uses the mammalian cell cytosol as a replication niche is not fully understood. Two
bacterial proteins, Hpt and lipoate protein ligase (LplA1), are reported to be important for
intracellular growth of the pathogen (22, 75). Hpt is a hexose phosphate transporter, which
allows for utilization of hexose phosphates from the host cytosol (22). LplA1 is a sub-unit of
pyruvate dehydrogenase, which uses host-derived lipoic acid to catalyse conversion of
pyruvate to acetyl-coenzyme A (75). Together with Hpt, LplA1 may promote growth of Lm
by enhancing uptake of host glucose-1-phosphate and the subsequent catabolism of this sugar
through the glycolytic pathway.
D. Actin-based motility
The movement of Lm in infected cells is achieved by hijacking the host cell actin
polymerization machinery (40). Actin-based motility (ABM) is characterized by the
formation of tails of filamentous (F) actin that resemble ‘comets’. Polymerization of actin
filaments at one of the poles of rod-shaped Lm generates a propulsive force that pushes
bacteria forward in the host cytoplasm. The velocity of motility averages 10–15 µm/min, but
can be as fast as 36 µm/min in some cell types (64). Eventually, Lm reaches the host cell
membrane to form a finger-like ‘protrusion’ that are taken up by neighbouring cells (95, 117,
118).
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(i). Pathways of actin polymerization
One of the most abundant proteins in eukaryotic cells, actin is an ATP-binding protein
that exists in two forms, monomers (G-actin), or polymers called filaments (F-actin) (33). The
process of actin filament assembly from monomers is called polymerization. Within each
filament, monomers are arranged head to tail, resulting in filaments having a defined polarity,
with a plus (barbed) end and the minus (pointed) end. Polymerization starts by addition of a
monomer of actin complexed with ATP onto a filament’s plus end. New actin-ATP molecules
are added continually to the plus end and over time ATP is hydrolyzed to ADP. Actin
monomers complexed with ADP dissociate from the minus end of the filament. The steady
state process of addition of actin-ADP to the plus end and dissociation of actin-ADP from the
minus end is called ‘treadmilling’ (24).
The creation of new actin filaments from actin monomers is known as actin
‘nucleation’ (15). Nucleation involves the coming together of actin trimers to form the
beginning (or ‘nucleus’) of a new actin filament. These new filaments can either form on the
sides of existing actin filaments or in the absence of existing filaments (15, 87). Spontaneous
nucleation is kinetically unfavourable and is the rate-limiting step in polymerization (87, 105).
Thus, to overcome this hurdle, the cells employ factors, termed nucleating factors, that
directly nucleate actin.
The best characterized cellular factors directly involved in nucleation include the
Arp2/3 complex, formins and WH2 domain-containing proteins. Formins and WH2 domain
proteins induce the formation of long polarized unbranched actin filaments. In contrast, the
Arp2/3 complex mediates the formation of branched actin structures. Since the Arp2/3
complex is involved in Lm-induced actin polymerization (8, 10, 40), this actin polymerization
machinery is discussed in further detail below.
The Arp2/3 complex is an evolutionarily conserved structure present in virtually all
eukaryotic species (15, 38). This complex is composed of two actin related proteins (Arps)
Arp2 and Arp3, and five other polypeptides subunits (Arpc1 to Arpc5). Arp2 and Arp3 are
structurally similar to monomeric actin and promote the assembly of a new actin filament on
the side of an existing filament, forming a Y-branch shaped filament. The Arp2 and Arp3
subunits of the complex are thought to mimic an actin dimer, serving as a template for
addition of new actin monomers (15).
The Arp2/3 complex has little actin nucleation activity on its own, and requires
additional factors for nucleation. A class of cellular proteins called nucleation-promoting
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factors (NPFs) is required for the Arp2/3 complex’s activation. The best studied NPFs are NWASP and other members of the Wiskott–Aldrich syndrome protein (WASP) family (4, 12,
74). N-WASP contains an N-terminal WASP homology (WH1) domain, a highly basic region
(BR), a GTPase/Cdc42/Rac binding domain (GBD motif), a proline rich region and a Cterminal region termed ‘VCA’. The VCA region is highly conserved between WASP family
members and contains verprolin (V), cofilin-like (C) and acidic (A) sequences (74).
N-WASP activity is regulated through auto inhibition mediated by binding of its GBD
motif and VCA regions. Interaction of the basic region and GBD with the lipid PIP2
(phosphatidylinositol 4,5-bis phosphate) or the small GTPase Cdc42, relieves auto inhibition
and activates N-WASP (74). N-WASP can also be activated by binding of its proline rich
region to SH3 domains in signalling proteins such as Grb2 or cortactin (63, 74, 78). When
activated, the VCA region in N-WASP induces a conformational change in Arp2 and Arp3,
thereby activating the Arp2/3 complex and triggering the nucleation process (15, 74). NWASP has a central role in many processes involving actin cytoskeletal rearrangements,
including cellular migration, phagocytosis and maintenance of membrane structure.
(ii). Role of the bacterial surface protein ActA in intracellular motility of Listeria
monocytogenes
Actin assembly at the Lm surface is mediated by the ActA protein (13, 60). A bacterial
mutant deleted for the ActA gene is unable to produce F-actin comet tails, fails to spread in
cultured cells, and is severely compromised for virulence in a mouse model (60). Moreover,
ActA is sufficient for motility in the absence of other bacterial factors, as demonstrated by the
observation that ActA-coated latex beads polymerize actin and undergo actin-based motility
in cell extracts (14, 40). The ActA gene is under control of the Lm transcription factor PrfA
and is up regulated 200-fold when the bacteria escapes into the cytoplasm of the host cell
(107). ActA consist of a C-terminal region that anchors the protein to the Lm plasma
membrane, an acidic N-terminal domain and a central proline rich domain.
At the molecular level, ActA functions as a nucleation promoting factor for the Arp2/3
complex. During Lm motility, the N-terminal portion of the ActA protein binds directly to
both the Arp2/3 complex and G-Actin. Interestingly, the N-terminal domain has amino acid
similarity to the C and A regions of the VCA domain of N-WASP. In addition, ActA has an
actin monomer binding region that acts similarly to the V region of N-WASP. Thus, bacterial
ActA could be considered as a structural and functional mimic of eukaryotic N-WASP.
However, ActA is not subject to much of the same regulation as N-WASP (12, 128). The
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central proline-rich region of ActA serves as binding sites for the host vasodilator-stimulated
phospho-protein (VASP). This interaction plays an important role in Lm motility by
enhancing the rate of active polymerization through recruiting the actin monomer binding
protein, profilin. Profilin recruitment by the central domain in ActA results in faster bacterial
movement (36).
E. Protrusion formation
The force from actin polymerization allows Lm to propel through the cytoplasm and
eventually spread to neighbouring cells. Bacteria in an infected host cell push against the host
plasma membrane to induce ‘finger-like’ projections, with the bacterial particle at the tip
pushing into the adjacent cell. These structures are referred as bacterial ‘protrusions’.
Protrusions are engulfed by adjacent host cells (95).
The mechanism underlying protrusion formation is not fully understood. However,
studies suggest that cross-linking of the Lm comet tail to the host plasma membrane,
mediated by the human protein ezrin, might impart rigidity and help bacteria-containing
protrusions extend into adjacent cells (90). Ezrin is a member of the Ezrin-Radixin-Moesin
(ERM) protein family, and has the ability to link F-actin to the plasma membrane. Depletion
of ERM proteins by RNA interference (RNAi) results in a significant decrease in protrusion
frequency, indicating an essential role for ERM proteins in protrusion formation (90).
Depletion of ERM protein also changes the morphology of the few protrusions that do form,
resulting in wider and more flaccid structures (90). These findings are consistent with the idea
that ezrin and perhaps other ERM proteins confer rigidity to protrusions by crosslinking the
Lm F-actin comet tail to the host plasma membrane.
Apart from ezrin, two other host proteins are known to control Lm protrusion
formation. These are N-WASP and the cytoplasmic adaptor protein Tuba (94). Tuba and NWASP are targeted by the Lm virulence factor InlC in order to promote protrusion formation.
The role of bacterial InlC and human Tuba and N-WASP will be discussed in detail in section
3 below.
F. Internalization of protrusions
The process whereby a cell engulfs a protrusion extending from a neighbouring cell
has been termed ‘paracytophagy’ (95). Virtually nothing is understood about the molecular
mechanism of this process. The only host factor demonstrated thus far to be involved in
internalization of Lm protrusions is the kinase CSNK1A1 (Casein Kinase-1-Alpha-1) (23).
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Depletion of CSNK1A1 by RNAi prevents conversion of protrusions to double membranous
vacuoles. Knowledge of the host or bacterial substrates of CSNK1A1 that act to promote
protrusion engulfment should provide important clues as the molecular mechanism of
protrusion uptake. At present, these substrates remain to be identified.
G. Bacterial escape from the secondary vacuole
After protrusion formation, bacteria are introduced into the neighbouring cell inside a
double-membranous vacuole. This vacuole consists of both membranes from the donor and
recipient host cells (95). The same bacterial enzymes (LLO, PlcA, PlcB) that mediate escape
from the phagosome also promote destruction of the double membranous vacuole. Thus, Lm
is released into new host cell, replication occurs, and the bacterial life cycle repeats itself.
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4. InlC a bacterial factor that promotes protrusion formation and
cell-cell spread
A. InlC structure and function
The pathogenesis of Lm, as outlined in section 2, depends on a variety of factors to
manipulate host cell proteins or membranes. Extensive studies on the molecular mechanisms
of virulence of Lm have been carried out for decades with the goal of identifying and
characterizing new bacterial virulence factors (8, 51, 66, 123, 129). One bacterial virulence
factor whose molecular function has recently been characterized is the Leucine-rich-repeat
(LRR) protein Internalin C (InlC).
InlC was discovered by searching for new Lm genes that are regulated by the master
virulence gene transcription factor PrfA. Thus, InlC was first described as an uncharacterized
30 kDa secreted protein present in both Lm culture supernatants and in infected host cells (28,
32). Like the Lm proteins InlA and InlB, InlC has an LRR domain that forms an extended
bent (hook-like) structure (77). However, InlC lacks a membrane anchor sequence and is
entirely secreted. Studies with a mouse model indicate that InlC is needed for full virulence
(32, 39, 67). In addition, the InlC gene is present in pathogenic species of Listeria (L.
monocytogenes and L. invanovii), whereas it is absent from the non-pathogenic species, such
as L. innocua, L. welshimer, and L. seeligeri (48, 119).
The first proposed function of InlC was in enhancing InlA-mediated bacterial
internalization (5). Lm expressing InlA alone in Caco-2 cells have a lower internalization
efficiency compared to bacteria expressing both InlC and InlA. These results provided
evidence that InlC has a minor extracellular function in promoting bacterial entry into host
cells.
Interestingly, the transcription level of inlC increases by a factor of about 10 fold when
bacteria are inside human cells (21). The fact that InlC expression is greatly upregulated
inside host cells suggested that the major function of InlC might be intracellular.
B. InlC promotes protrusion formation by inhibiting host Tuba protein
In recent work, InlC was found to be essential for efficient protrusion formation during
cell to cell spread (94). Using the human enterocyte cell line Caco-2 BBE1 grown to a
polarized state in transwell plates, it was shown that a Lm mutant deleted for the InlC gene
(∆inlC) spreads less efficiently than wild-type Lm. InlC promotes cell-cell spread by acting
after F-actin comet tail formation to enhance the formation of protrusions.
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InlC enhances bacterial protrusion formation by binding and inhibiting a cytoplasmic
human scaffolding protein called Tuba. Tuba was identified as a host receptor for InlC using a
yeast two-hybrid screen (94). Importantly, depletion of Tuba through RNA interference
(RNAi) results in restoration of normal spreading efficiency of the ∆inlC mutant strain (94)
(see also Fig. 2A). These findings indicate that Tuba inhibits bacterial protrusion formation in
the absence of InlC. By producing InlC, Lm relieves Tuba-mediated inhibition of protrusion
production.
Tuba is a scaffolding protein with multiple functional domains, which have the
potential to control actin polymerization and membrane trafficking (96). Tuba contains a Dbl
homology (DH) domain that activates the human GTPase Cdc42, a Bin/Amphiphysin/Rvs
(Bar) domain, with potential to bind lipids and six Src Homology 3 (SH3) domains (96).
Dynamin I, a GTPase required for clathrin-dependent endocytosis, binds to the first four SH3
domains (named SH3 1-4 domains) (96), while the ligand for SH35 is unknown. The NPF NWASP interacts with the last SH3 domain (SH36) of Tuba (62, 96).
The Lm protein InlC binds to the C-terminal SH36 domain of Tuba, the same domain
that interacts with host N-WASP. Biochemical experiments indicate that InlC displaces NWASP from the Tuba SH36 domain (94). In addition, depletion of N-WASP through RNAi
restores normal protrusion formation to the ∆inlC mutant. Taken together, these findings
indicate that InlC promotes protrusion formation by Lm by disrupting complexes comprised
of host Tuba and N-WASP.
Additional experiments showed that InlC appears to promote Lm spread by altering the
structure of host cell-cell junctions (94). InlC expression results in normally linear junctions
becoming slack, suggesting a decrease in cortical tension at these junctions. It was concluded
that InlC might promote spreading by enhancing the ability of motile bacteria to deform the
plasma membrane into protrusions.
Importantly, recent data with mice indicates that inlC mutants of Lm are defective in
cell-cell spread in vivo (67). A bacterial strain deleted for the inlC gene (∆inlC) is less
virulent than wild-type Lm and compromised for spreading in the liver. Furthermore, an Lm
strain that produces a mutant InlC protein (InlC.K173A), which is impaired in binding to
Tuba, has reduced virulence and is also defective in spreading in liver. Based on these results,
InlC/Tuba interaction appears to be needed for virulence in animals.
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Figure 2. Role of host Tuba, N-WASP, and Sec13A proteins in Lm protrusion formation.
A. Depletion of human Tuba or N-WASP restores normal protrusion formation to bacteria lacking InlC. This
published data was obtained by T. Rajabian and co-workers (94). Caco-2 BBE1 cells were treated either with
control non-targeting siRNA or with siRNAs directed against host Tuba or N-WASP proteins, and then
infected with wild-type (wt) Lm or with a mutant strain deleted for the inlC gene (∆inlC). (i). Depletion of
Tuba or N-WASP was confirmed by Western blotting (ii). The effects of these siRNAs on protrusion
formation during Lm spread were also determined. In control conditions, a Lm mutant deleted for the inlC gene
(∆inlC) is partly defective in protrusion formation. Depletion of Tuba or N-WASP restores normal protrusion
formation to the ∆inlC mutant strain. Data is mean relative protrusion formation +/- SD from 3 experiments *,
Statistical analysis revealed significant differences (P<0.05) relative to control siRNA treated cells infected
with wild-type Lm.

B. Depletion of human Sec31A restores normal protrusion formation to bacteria lacking InlC. The data were
obtained by Dr. A. Gianfelice in the Ireton laboratory. Caco-2 BBE1 cells were either mock transfected in the
absence of siRNA or transfected with control non-targeting siRNA, or with siRNA directed against Sec31A.
Cells were then infected with wild-type or ∆inlC strains of Lm. In part (i), Sec31A depletion was confirmed by
Western blotting. In part (ii), the effect of Sec31A depletion of Lm protrusion formation is shown. Mean
relative protrusion formation +/- SEM values are from three 3 independent experiments is presented. *,
Statistical analysis revealed significant differences (P<0.05) relative to control siRNA treated cells infected
with wild-type Lm.
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5. InlC impairs the host immune response by inhibiting activation
of NFκB
In a recent report, it was shown that InlC is capable of associtating with IKKα, a
subunit of the IκB kinase complex (39). In this way, InlC inhibits phosphorylation and
degradation of IκB. As a result, the translocation of NFκB to the nucleus and activation of
NFκB-regulated genes is impaired. NFκB is a major transcription factor that promotes
expression of pro-inflammatory cytokines. Consequently, by interacting with IKKα, InlC
dampens the host innate immune response against Lm.
Interestingly, InlC seems to affect NFκB independently of Tuba (67). Lm expressing a
mutant InlC protein (InlC.K173A) defective in binding host Tuba is unaffected in its ability to
inhibit NFκB. Given the role of InC-Tuba interaction in cell to cell spreading, it can be
assumed that InlC-IKKα interaction is not required for this process.

6. Role of human Sec31A in Listeria monocy togenes protrusion
formation
Apart from Tuba and NFκB, InlC may have other human ligands. In unpublished work,
affinity chromatography followed by Mass Spectrometry was used to identify the human
protein Sec31A as an InlC-interacting protein (93). The source of Sec31A in these studies was
lysates from the human cell line Hela.
Sec31A is one of the two mammalian homologues of the yeast Sec31 protein (44, 45).
The molecular structure of Sec31A consists of an N-terminal β-propeller, two α-solenoid
domains, and a proline rich region between α-solenoid domains (34). Sec31A is a component
of the COPII coat, a multi-protein complex that facilitates vesicle budding from the
endoplasmic reticulum (ER) and subsequent anterograde transport between the ER and Gogi
apparatus (45). Sec31A protein forms a complex with other COPII components, including
Sec13 and Sec23, to assemble scaffold structures aiding vesicular budding.
Unpublished data from the Ireton laboratory showed that Sec31A controls Lm
protrusion formation in the human enterocyte cell line Caco-2 BBE1. Specifically, RNAimediated depletion of Sec31A restores protrusion formation to ∆inlC mutant bacteria (Fig.
2B). Importantly, the phenotype caused by Sec31A depletion is identical to that caused by
Tuba depletion. These results led to the hypothesis that Tuba and Sec31A may collaborate to
regulate Lm spread.
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7. Overall goal and specific aims
The overall goal of this project was to obtain biochemical and microscopy-based data to help
understand how Tuba and Sec31A might act together to control spread of Listeria. The
specific aims were to (1) to use GST protein precipitation and co-immunoprecipitation
approaches to determine if Tuba and Sec31A interact and (2) employ confocal microscopy to
assess if Tuba and Sec31A co-localize in human cells. Collectively, the results, described in
chapter III indicate that host Sec31A and Tuba may control Lm spread by forming a complex
that is disrupted by the bacterial protein InlC.
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Chapter II- Material and methods
1. Mammalian cell lines
The human epithelial cell line Hela (ATTC CCL-2) was grown in Dulbecco’s modified
Eagle’s medium (DMEM) with 4.5 g/L and 2 nM glutamine (11995-065; Invitrogen),
supplemented with 10% fetal bovine serum (Invitrogen). Cell growth was carried out in 75
cm2 tissue culture flasks at 37°C in 5% CO2. The passage number of Hela cells used in all
experiments was between 30 and 48.
The human enterocyte cell line Caco-2 BBE1 (ATTC CRL-2012) was grown in
DMEM with 4.5 g/L glucose, 2 mM glutamine, 10% FBS, and 10µg/ml human transferrin.
Routine grown of Caco-2 BBE1 cells was performed in 75 cm2 tissue culture flasks at 37°C in
5% CO2. For immunofluorescence experiments, Caco-2 BBE1 were grown in 6 well plates on
transwell permeable supports (Costar, 0.4 µM pore size) for approximately 4 days prior to
fixation. The passage number of Caco-2 BBE1 cells used in all experiments was between 16
and 20.

2. Antibodies and inhibitors
Commercially available primary polyclonal antibodies used were anti-Sec31A (A302336A, Bethyl labs), rabbit anti-HA (Santa Cruz, Y-11, sc-805) and anti-Tuba 575 (A303074A, Bethyl labs). Polyclonal antibodies directed against recombinant full-length InlC, the
first four SH3 domains (SH31-4) of human Tuba, or the last SH3 domain (SH36) of Tuba
were raised in rabbits, and affinity purified using the original antigen by T. Rajabian (94) [see
Bibliography]. Affinity purified rabbit polyclonal antibodies directed against the last 180
amino acids of human Sec31A were a gift of Prof. W. Hong (Institute of Molecular and Cell
Biology , Singapore). Monoclonal antibodies employed were anti-HA (Covance, MMS-101P),
and mouse anti-GM130 (BD labs, 610822) Rabbit anti-mouse or donkey anti-rabbit secondary
antibodies coupled to horseradish peroxidase (HRPO) used in Western blotting were from
Jackson Immunolabs (111-035-144). Fluorescently labelled phalloidin or secondary
antibodies coupled to Alexa488, Alexa647, or Alexa555 used in immunofluorescence
labelling were from Invitrogen. Normal rabbit IgG (sc-2027) used as a negative control for
immunoprecipitation experiments was from Santa Cruz Biotechnology.
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Brefeldin A (BFA) was purchased from Sigma Aldrich (B7651- formula C16H24O4). It
is a fungal metabolite, which disrupts the structure and function of the Golgi apparatus. A
stock solution (10 mg/ml) were prepared in DMSO and stored at -20°C.

3. Plasmids
pGEX-derived plasmids allowing expression of GST alone, GST fused to amino
terminus of wild-type InlC (GST-InlCwt), GST fused to the SH36 domain of human Tuba
(GST-SH36), or GST fused to the last 180 amino acids of human Sec31A (GSTSec31A.C180) have all been previously described (94, 116). The pGex-Sec31A.C180
construct was a gift of Dr. W. Hong (Institute of Molecular and Cell Biology, Singapore). The
various pGex-derived plasmids were harboured in the E. coli strains HB101, Top10, or XL10
Gold.
A pET28a (Novagen) -based plasmid allowing expression of recombinant wild-type
InlB containing an amino-terminal 6 x histidine tag (pET-28a) was previously described (51).
E. coli strain BL21 DE3 containing this plasmid was used to express the tagged InlB protein.
A mammalian expression plasmid expressing human Sec31A fused to enhanced Green
Fluorescence Protein (EGFP) was a gift of Dr. W. Hong (76).
Plasmids encoding HA-tagged with full length Tuba, “mini” Tuba,’mini’Tuba with
deleted SH36 domain or SH36 domain only were made using human Tuba cDNA (96) as a
template. These plasmids were constructed by Tina Rajabian and Balramakrishna Gavicherla,
former members of the Ireton laboratory The E. coli strain XL10 gold was used to harbour
these plasmids.

4. Plasmid DNA purification
A Plasmid Midi kit (100) from Qiagen (12145) was used to purify the plasmid DNA
according to the manufacturer’s protocol.

5. Transfection
Transfection of human cells with plasmid DNA. About 1 x 105 Caco-2 BBE1 cells
were seeded in the top chamber of each well of 6 well-transwell plates. On the next day, each
well of cells was transfected with 2.5µg of EGFP-Sec31A or/and HA-construct plasmid
DNAs using 4 µl of Lipofectamine 2000 (Invitrogen). OPTIMEM (Life Technologies) with
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10% FBS was used as medium during the transfection process. On the following day, cells
were washed with PBS and fresh media (DMEM, 8.25% FBS, 10 µg/ml transferrin) was
added. Cells were incubated at 37°C for 48 h before processing for immunofluorescence
microscopy

6. Protein expression and purification
a. GST fusion proteins
(i). Protein purification
E. coli strains containing the pGEX-derived plasmids described above were grown in
LB (Luria-Bertani) broth with 100 µg/ml ampicillin at 37°C with shaking until an OD value
of 0.5 was reached. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final
concentration of 0.5 mM and cultures were incubated at 37°C with shaking for another 3 h.
Bacterial cultures were centrifuged at 4oC for 10 min, the pellet was washed once with icecold HBS (25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA), and then resuspended in
1/20th volume of cold lysis buffer [25 mM HEPES pH 7.5, 120 mM NaCl, 10% glycerol,
2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 10 µg/ml each of aprotinin
and leupeptin. Pellets were lysed by sonication on ice for 3 × 15 s using output of a Sonics Vibracell Sonifier. Lysates were centrifuged at 15000 rpm for 30 min at 4°C, the supernatants
were collected, and Triton X-100 (T8532; Sigma) was added to a final concentration of 0.5%.
A total of 20 ml of lysate (corresponding to 400 ml of starting bacterial culture) was incubated
with 0.6 ml of 50% slurry of glutathione sepharose 4B beads (SE-75184; GE Healthcare) on a
rotating wheel for 1 h at 4°C. Beads were washed six times with cold lysis buffer with 0.5%
Triton X-100, resuspended in 0.50 ml of the same buffer and stored at -80°C until use.
Samples of collected proteins were loaded on 12% SDS-polyacrylamide gels and stained with
Coomassie blue for verification of proteins sizes, purity, and estimation of protein
concentrations.
(ii). Removing InlC from GST tagged InlC
The GST tag present on purified GST-InlC protein is designed so that it can be
removed by digestion with the protease thrombin. To remove the tag, purified GST-InlC
protein coupled to glutathione beads was washed once with phosphate buffered saline (PBS),
centrifuged and then approximately 200 micrograms of protein was incubated with 1 NIH
(National Institutes of Health) unit of thrombin (T7513; Sigma-Aldrich) in ~ 100 µl of PBS.
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The protein sample with thrombin was incubated with rotation for about 18 h at room
temperature. The next day, samples were centrifuged twice at 7000 rpm for 3 min, in order to
pellet beads coupled to GST-InlC. The supernatant containing InlC protein with GST
removed was collected. The pellet was expected to contain beads bound to undigested GSTInlC, GST with InlC removed, and also a small amount of non-specifically bound InlC. The
pellet was washed 3 times with 200 µl of PBS and supernatants were collected after each
wash, in order to maximize recovery of any non-specifically bound InlC with GST removed.
Then thrombin was removed from supernatants preparations by incubation with an agarose
resin coupled to the protease inhibitor p-aminobenzamidine (Sigma, A7155) for 30 min. Final
centrifugations allowed purified InlC to be separated from the thrombin inhibitor and
collected as supernatants, stored at -80°C.
12% SDS-polyacrylamide gels were loaded with samples corresponding to the pellet
and supernatant obtained after thrombin digestion and stained with Coomassie blue for
verification of protein sizes as well as purity. Another sample of the final supernatant (5µl)
was used for determining proteins concentration with the BCA (Bicinchoninic Acid) kit
(Sigma, BCA1-1KT).
b. Purification of InlB
Briefly, the E. coli strain expressing 6 x histidine tagged InlB protein was grown in LB
with kanamycin (30 µg/ml) at 37°C with shaking to an OD of ~0.4, followed by an addition
of 0.5 mM IPTG and growth at 37°C for another 3 h. Then the bacteria were harvested by
centrifugation, resuspended in binding buffer (5 nM imidazole, 0.5 M NaCl , 50 mM HEPES
pH 7.9, 1 mM PMSF), and lysed with a French press. Centrifugation was performed at 10000
rpm for 20 min at 4°C. and the supernatant was used to purify the tagged protein by nickel
affinity chromatography, according to manufacturer’s protocol (Novagen). Purification was
done using gravity flow. After elution with 60 mM, 100 mM and 200 mM imidazole,
fractions were examined for purity by migration on 12% SDS-PAGE gels and staining with
Coomasie blue. Fractions containing InlB were exchanged into a buffer containing 50 mM
HEPES (pH 7.9) and 0.2 M NaCl by passage over a PD-10 column (Amersham Pharmacia
Biotech). Since the protein was not sufficiently pure after the nickel column, it was further
purified by ion exchange chromatography using a HiTrap SP column (Amersham Pharmacia
Biotech). The protein was loaded using a syringe onto the column in buffer containing 50 mM
HEPES (pH 7.9), 0.2 M NaCl and eluted by 55 ml of a continuous salt gradient containing 0.2
to 1.0 M NaCl. Samples of eluted-factions (10 µl) were loaded on 12% SDS-polyacrylamide
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gel and stained with Coomassie blue for verification of protein sizes as well as purity. The
purest fractions were combined and protein concentration was determined using a BCA kit.
An example of protein purity is shown in Figure 3C. Purified protein was aliquoted and stored
at -80°C.

7. GST fusion protein precipitation, immunoprecipitation, and
Western blotting
a. GST fusion protein precipitation (pull down)
2 x 106 Hela cells or Caco-2 BBE1 cells were seeded in 75 cm2 flasks and grown for
approximately 40 h (Hela) or 60 h (Caco-2 BBE1). Cells were then washed with ice cold PBS
and solubilized in ice cold lysis buffer (25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1%Triton,
1mM EDTA, 20 mM NaF, 1 mM vanadate, 1mM PMSF, 10 µg/ml each of aprotinin and
leupepeptin) at 4°C for ~30 min. The wash buffer had the same composition as the lysis
buffer but differed in concentrations of Triton X-100 (0.2%) and NaF (10 mM). After
solubilisation, cells were scraped and centrifuged to remove insoluble material. Lysates were
pre-cleared by adding ~30 µg of GST protein and incubating for 45 min on a rotating wheel at
4°C. 50 µl of a slurry of glutathione Sepharose beads (Sepharose beads) complexed with 30
µg of the GST fusion protein of interest was added to 1 ml of cell lysate and incubated on the
rotating wheel at 4°C for 2 h. GST fusion proteins and glutathione sepharose were
precipitated by centrifugation, washed twice in lysis buffer, and washed once in wash buffer.
The final pellets were denatured by the addition of 4 x sample buffer (40% glycerol, 8% SDS,
240 mM Tris pH 7, 0.04 % bromophenol blue) supplemented with 2.5 % 2-mercaptoethanol
and boiling for 5 min. Samples were stored at −80°C.
b. Competition experiments
2x 106 Caco-2 BBE1 cells were seeded in 75 cm2 flasks and grown for approximately
60 h. The lysis buffer used was 25 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, 1
mM EDTA, 10mM NaF, 1mM vanadate, 1mM PMSF and 10 µg/ml each of aprotinin as well
as leupeptin. The procedures of cell solubilisation and lysate preclearance were the same as
described for the co-precipitation experiments. Purified InlC protein with the GST tag
removed was added to 0.8 ml lysates at final concentrations ranging from 0.3 to 16.7 µM. The
final volume for each reaction was adjusted to 1.3 ml with lysis buffer. Purified InlB was used
at a final concentration of 16.7 µM. Incubation of proteins with lysate was performed on a
rotating wheel for 30 min at 4°C. Thereafter, 50 µl of glutathione sepharose beads complexed
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with ~10 µg of GST-SH36 or GST alone was incubated with samples on the rotating wheel
for another 2 h at 4oC. After centrifugation, the precipitates were washed twice in lysis buffer,
twice in wash buffer and denatured by the addition of (SDS-PAGE) sample buffer with 2.5%
2-mercaptoethanol and boiling for 5 min. Samples were stored at −80°C.
c. Immunoprecipitation
2 x 106 of Caco-2 BBE1 cells were seeded in 75 cm2 flasks and grown for
approximately 60 h. Cell solubilisation and lysate preclearance were done as described for the
GST protein precipitation experiments except that ~30 µl of protein A/G agarose beads (Santa
Cruz Biotechnology), instead of glutathione sepharose beads, were used for preclearance.
Both the lysis and wash buffers had 25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1mM PMSF and
10µg/ml each of aprotinin as well as leupeptin. The lysis buffer also had 1% triton X-100
while the wash buffer contained 0.2% Triton. In order to immunoprecipitate Sec31A or Tuba,
1 ml of ice-cold lysate was incubated with 8 µg of anti-Sec31A antibodies or 5 µg of antiSH35 Tuba antibodies. As controls, 1 ml of lysate was incubated with 8 or 5 µg of or normal
rabbit IgG as a negative control . Samples were placed on a wheel for 3 h at 4°C, and then 30
µl of protein A/G agarose beads was added and incubated for another 1h at 4°C. After
centrifugation, the precipitates were washed twice in lysis buffer, once in wash buffer and
denatured by the addition of SDS-PAGE sample buffer with 2.5 % 2-mercaptoethanol and
boiling for 5 min. Samples were stored at −80°C.
d. Western blotting
For most precipitation experiments, samples were separated on SDS-polyacrylamide
(7.5%) gels and transferred to polyvinylidene difluoride (PVDF) or nitrocellulose membranes.
Ponceau Red staining was performed to verify successful transfer of proteins. Membranes
were then blocked with TBST (15 mM Tris pH 7.5, 150 mM NaCl and 0.1% Tween 20) in
5% milk, incubated with appropriate primary antibodies for 1h following by washing with
TBST and incubation with secondary anti-rabbit secondary antibodies coupled to horse radish
peroxidase (HRPO) for 1 h. Detection of signals was performed with ECL or ECL Plus
chemiluminescence substrates (Pierce, Thermo Fisher Scientific; #32132). Image acquisition
was performed with a Molecular Imager gel Doc XR System.
Primary antibodies were used at dilutions of 1:300 (anti SH36 and anti Sec31A from
W. Hong), 1:20 (anti SH31-4), 1:1000 (anti Tuba and anti Sec31A from Bethyl labs), or 1:500
(anti InlC ).
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For competition experiments, the same membranes were stripped with mild stripping
buffer (1.5% glycine, 0.1% SDS, 1% Tween 20, pH 2.2) and re-probed with anti-InlC
antibodies for verification of binding of InlC to GST-SH36.
For immunoprecipitation experiments, samples were transferred to PVDF membranes.
Then, the same membranes were stripped with mild stripping buffer (1.5% Glycine, 0.1%
SDS, 1% Tween 20, final pH 2.2) and re-probed with the same antibodies used for
precipitation, for verification of successful precipitation.

8. Immunofluorescence analysis
2 x 105 Caco-2 BBE1 cells were seeded in each well of 6 well transwell plates and
grown for ~4 days prior to fixation. Some samples involved the use of an EGFP-Sec31A or
HA-tagged Tuba constructs. Transfections with plasmid DNA were carried out as described
in section 5. On the fourth day, cells were washed with PBS and fixed in PBS with 3.0%
paraformaldehyde. In some experiments, cells were treated with brefeldin A (BFA) (50µg/ml)
on the fourth day for 4 h before fixation. Filters containing cell monolayers were washed with
PBS and incubated in PBS with NH4Cl (50 mM) to quench unreacted paraformaldehyde. The
cells were then permeabilized in PBS containing 0.4% Triton X-100 for 10 min at room
temperature. Primary antibodies labelling was performed by incubation of the filters with
antibodies in PBS containing 0.5% Bovine Serum Albumin (BSA) for 1 h. Antibody dilutions
used were 1:200 (anti Sec31A from W. Hong), 1:20 (anti Tuba-SH36 and anti-Sec31A from
Bethyl labs), 1:10 (anti Tuba-SH31-4), 1:50 (anti-HA), 1:100 (anti-GM130). Anti Tuba 575
was used at a final concentration of 0.5 mg/ml. After incubation with primary antibodies,
samples were washed three times in PBS and incubated with secondary antibodies in 0.5%
BSA for another hour. The secondary antibodies were anti rabbit or mouse conjugated to
Alexa 488, (1:300 dilution). Some samples were labelled for filamentous actin using
phalloidin coupled to Alexa Fluor 555 (1:50 dilution). DABCO (Polyvinyl alcohol medium
(Fluka-10981) was used for mounting samples.
Images were acquired with a Zeiss LSM 710 confocal microscope equipped with diode
(405-nm), multiline argon (458-, 488-, and 514-nm), helium-neon 1 (543-nm), and heliumneon 2 (633-nm) lasers using a 63x objective. Fields of view were randomly selected and
images of optical sections 1 micron in thickness were captured. Optical sections started just
above the host cell and ended below the cell. In general, each Caco-2 BBE1 cell sample
generated 5-6 optical sections for image capturing.
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9. Co-localization quantitative analysis
Individual optical sections were used for co-localization analysis. Quantitative analysis
of co-localized pixels was done using the ‘Manders coefficient’ plug-in for Image J (version
1.46r)

available

from

the

Wright

Cell

Imaging

facility

(http://www.uhnresearch.ca/facilities/wcif/fdownload.html). Prior to analysis, thresholds of
images were adjusted to 120 to reduce non-specific background.
For generation of images displaying co-localized pixels, the ‘colocalization’ plug-in
from

the

Research

Services

Branch

of

NIH

(http://rsbweb.nih.gov/ij/plugins/colocalization.html) was used. A threshold of 120 was
employed.

10. Statistical analysis
Statistical analysis was performed using Prism (version 6.0a; GraphPad Software).
When comparing data from three or more conditions, ANOVA was performed. The TukeyKramer test was used as post-test to determine which conditions had values that were
significantly different from the others. P values of 0.05 or lower were considered significant.

11. Sequence alignments
Alignment of protein sequences of Sec31A and Tuba or Tuba related proteins were
performed using ClustalX (version 2.1) (http://www.clustal.org/clustal2/).
Amino acid sequences of human Sec31A, Tuba, or Tuba-related proteins were
acquired from the National Center for Biotechnology Information (NCBI) in FASTA format.
The files were loaded into ClustalX and alignment was carried out using the ‘complete
alignment’ command with the ‘multiple alignment mode’ setting. The results were converted
to a single pdf file via the “Write alignments as Postscript” command.
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Chapter III - Results
1. The Listeria monocy togenes protein InlC associates with
Sec31A from the human cell line Hela
Published data indicate that the secreted bacterial protein InlC is needed for efficient
protrusion formation and cell-cell spread of Lm in the polarized enterocyte cell line Caco-2
BBE1 (94). InlC promotes bacterial spread by binding to the human cytoplasmic protein Tuba.
In addition to interacting with Tuba, preliminary data indicate that InlC also associates with
the human protein Sec31A (93). The interaction of InlC with Sec31A was detected by Mass
Spectrometry analysis of human proteins present in precipitates prepared with an InlC GST
fusion protein.
The initial goals of this project were to confirm the previously observed association
between InlC and host Sec31A, and to characterise the relationship between human Sec31A
and Tuba. To address the first goal, Western blotting was used to detect interaction of InlC
and Tuba. Lysates of Hela cells were incubated with purified GST-InlC or GST alone as a
negative control. Then the GST fusion proteins were precipitated and washed. The presence
of Sec31A in precipitates was detected by Western blotting. The purified proteins used are
shown in Figure 3A, lanes 1-4. The results of the Western blotting experiment are in Figure
4A (lanes 1, 3). Sec31A from Hela cells was found to associate (co-precipitate) with GSTInlC, but not with GST alone. These results therefore verified the association of InlC and
Sec31A from Hela cells, originally detected by Mass Spectrometry (93).
In the previous studies involving Mass Spectrometry, Hela cells were used because
these cells grow rapidly, making it easy to obtain sufficient amounts of lysate to allow
detection of interacting human proteins. However, Hela cells are not a suitable model for Lm
spreading studies, since this cell line does not develop physiologically relevant cell-cell
junctions and the bacterial protein InlC has no role in spreading in this cell line (93). Hence,
the human enterocyte cell line Caco-2 BBE1 has been used for studies of InlC-mediated
spreading of Lm (94). It was therefore important to confirm that InlC associates with Sec31A
from Caco-2 BBE1 cells. Thus, co-precipitation studies using Caco-2 BBE1 cell lysates were
performed with purified GST-InlC or GST alone. Surprisingly, the results indicated that
Sec31A from Caco-2 BBE1 cells was only weakly detected by Western blotting of GST-InlC
precipitates (Fig. 4B, parts i and ii, lanes 1 and 3). Detection of Sec31A from this cell line
required long exposure using a chemiluminescence-based imaging system (Fig. 4B, part ii,
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lanes 1 and 3), while Sec31A from Hela cells was detected in much shorter exposures (Fig.
4A, lanes 1 and 3). The results in Figure 4 indicate that Sec31A from Caco-2 BBE1 cells
associates less efficiently with GST-InlC compared to Sec31A from Hela cells. For the sake
of brevity, Sec31A from Caco-2 BBE1 or Hela cells will be referred to as ‘Sec31A-C’ or
Sec31A-H’, respectively. Potential explanations for the different abilities of Sec31A-C or
Sec31A-H to interact with InlC will be provided in chapter IV.
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Figure 3. Purified proteins used in this work. Protein samples were loaded on 12 % SDS polyacrylamide gels,
migrated, and stained with Coomassie Blue. ‘mW’ indicates molecular weight markers.
A.

GST, GST-InlC, or GST-SH36 proteins. Protein amounts loaded were 1.8 µg (lane 1), 9 µg (lane 2), 1.6
µg (lane 3), 8 µg (lane 4), and 1.8 µg (lane 5).

B.

Proteolytic removal of the GST tag from GST-InlC. Lanes 1 and 2 contain 2 and 10 µg of purified GSTInlC protein, respectively. Lane 3 contains InlC protein remaining bound to glutathione beads after
digestion with thrombin. The top band of ~ 60 kDa represents undigested GST-InlC, the middle ~ 35 kDa
band is InlC with GST removed, and the bottom ~28 kDa protein is GST. Lane 4 contains 1.4 µg of InlC
with the GST tag removed that was released from glutathione beads upon thrombin digestion.

C.

InlB protein. 1.5 µg of purified protein was loaded.
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Figure 4. Sec31A can associate with InlC and the Tuba SH36 domain
Association of Sec31A from HeLa cells (A) or Caco-2 BBE1 cells (B). GST, GST-InlC or GST-SH36 was
used to co-precipitate proteins from solubilized Hela cell extracts. Human Sec31A was detected by
immunoblotting. Total cell lysates and mock precipitations with GST alone were used as positive and
negative controls, respectively. Sec31A proteins (~130 kDa) were detected by Western blotting. Ponceau Red
staining confirmed the precipitation of GST-InlC (~60 kDa), GST-SH36 (~37 kDa) or GST (~30 kDa). Part
B has two panels, (i) and (ii). In (i), anti-Sec31A Western blots were performed using a short exposure, which
allowed detection of Sec31A in GST-SH36 precipitates, but not in GST-InlC precipitates. In part (ii), a
longer exposure was used, resulting in detection of a weak Sec31A band in GST-InlC precipitates.
It should be noted Western blots of GST-SH36 precipitates from HeLa or Caco-2 BBE1 cells gave a doublet
of ~ 130 kDa, suggesting that two Sec31A isoforms or a covalently modified form of a Sec31A isoform may
be present. Interestingly, GST-InlC precipitate from HeLa cells indicated the presence of three isoforms of
Sec31A or covalently modified forms. All experiments were performed more than three times.
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2. Sec31A from the human cell lines Hela or Caco-2 BBE1
associates with the C-terminal SH3 domain of Tuba
As mentioned in the introduction, unpublished data from the Ireton laboratory indicate
that Sec31A-C controls protrusion formation of Lm. The weak association of InlC and
Sec31A-C with InlC suggested that the role of Sec31-C in spreading probably does not
involve interaction with InlC. Therefore Sec31A-C was examined for its association with the
human protein Tuba, which has an established role in Lm spread (94). For these studies, a
GST fusion protein containing the C-terminal SH3 domain of Tuba (SH36) was used. The
Tuba SH36 domain has a binding site for InlC (94). Interestingly, co-precipitation
experiments indicated that Sec31A-C and Sec31-H each associated with GST-SH36 (Fig. 4 A,
B, lanes 2). The relative amounts of Sec31A-C in GST-SH36 or GST-InlC precipitates
indicates that Sec31A-C associates more efficiently with the Tuba SH36 domain than with
InlC.

3. Sec31A/Tuba interaction is not mediated by the last 180 amino
acids in Sec31A
The data in Figure 4 indicate that the Tuba SH36 domain associates with Sec31A from
lysates of human cells. This finding gives rise to the important question of which region in
Sec31A interacts with Tuba? Most ligands of SH3 domains use PxxP (where x is any amino
acid) sequences for binding (69). There are 16 PxxP sequences in Sec31A; raising the
possibility that one or more of these sequences might mediate interaction with the Tuba SH3
domain. Therefore an attempt was made to create plasmids encoding GST fusion constructs,
containing two overlapping regions with PxxP sequences. The Sec31A regions targeted
contained amino acids 879-1114 or 763- 1116 (see Fig. 5A). In previous work by another
laboratory, GST fusion constructs containing these two overlapping regions in Sec31A were
successfully expressed in E. coli and purified (7). Unfortunately, an initial attempt to
construct these plasmids in this project was unsuccessful. Because of time constraints, further
attempts could not be made.
Because Sec31A constructs with all PxxP sequences were not available, an experiment
was performed using an existing GST construct containing the last 180 amino acids of human
Sec31A (Sec31A.180) (Fig. 5A). This construct has 3 of the 16 PxxP sequences in full-length
Sec31A, and was a gift of Prof. W. Hong (Institute of Molecular and Cell Biology, Singapore).
The resulting Sec31A.180 protein has been successfully used to isolate a Sec31A ligand
called p125 (76, 116), indicating that the Sec31A fragment is functional. Thus, a co-
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precipitation experiment was performed to determine if human Tuba protein from Caco-2
BBE1 cell lysates associates with GST-Sec31A.180 (Fig. 5B). GST alone was used as
negative control and GST-InlC, known to interact with Tuba (94), was used as a positive
control. As expected, Tuba isoforms of ~ 150 kDa and ~ 180 kDa were present in GST-InlC
precipitates. These Tuba bands were virtually absent from GST or GST-Sec31A precipitates.
These findings suggest that Tuba does not interact with the last 180 amino acids of Sec31A.
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Figure 5. Tuba does not associate with a region containing the last 180 amino acids of Sec31A.
A. Multiple isoforms of Sec31A exist (7,34). The longest isoform is 1273 amino acids with a size of ~
133 kDa (7). This protein has two α solenoid regions, a β propeller domain, and a proline rich domain.
The beta propeller domain in Sec31A interacts with the COPII component Sec13, and the proline rich
region binds to Sec23. The short construct Sec31A.180 contains the last 180 amino acids of Sec31A
and has a size of ~20kDa
B. Lack of binding between Sec31A.180 and Tuba. Purified GST-Sec31A.180, GST or GST-InlC was
incubated with lysates from Caco-2 BBE1 cells. Human Tuba in precipitates was detected by
immunoblotting. The presence of GST-Sec31A.180 (~45 kDa), GST (~30 kDa) and GST-InlC (~60
kDa) were verified with Ponceau red staining. GST-InlC precipitates or cell lysates were used as
positive controls. GST alone was used as a negative control. The observed bands for Tuba were
~150kDa and ~180kDa. Note that Tuba was readily detected in GST-InlC precipitates, but almost
undetectable in GST-Sec31A.C180 or GST precipitates. The weak Tuba bands in GST or GSTSec31A.C180 precipitates are probably due to incomplete washing of precipitates or leakage from, the
adjacent GST-InlC lane, rather than reflective of a genuine interaction. The experiment was performed
once.
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4. Bacterial InlC displaces host Sec31A from the Tuba SH3
domain
Interestingly, the previous results (94) and the results in Figure 4 indicate that both
Sec31A and InlC associate with the Tuba SH36 domain. This SH3 domain in Tuba is small
(~60 amino acids), raising the question of whether both Sec31A and InlC can simultaneously
associate with SH36 or whether these proteins compete for binding. In order to answer this
question, an experiment was performed to determine if purified InlC could displace Sec31AC from the Tuba SH36 domain (Fig. 6). Thus, constant amounts of GST-SH36 protein and
Caco-2 BBE1 cell lysates were incubated in the absence of InlC protein or in the presence of
increasing amounts of InlC. The InlC used in this experiment had its GST tag proteolytically
removed (Fig. 3B, lane 4). After precipitation of GST-SH36 and washing of precipitates,
Sec31A-C was detected by Western blotting (Fig. 6A, upper panel). For confirmation of
binding of InlC to GST-SH36, membranes initially used for Sec31A-C blots were stripped
and InlC was detected by Western blotting (middle panel). Staining of membranes with
Ponceau S revealed the presence of ~37 kDa and ~30 kDa proteins (bottom panel), indicating
that as expected GST-SH36 and GST were successfully precipitated. The results in Figure 6A
indicate that when used at 0.3-17 µM, InlC inhibited association of Sec31A-C with the Tuba
SH36 domain.
In order to determine if this inhibition in binding was specific to InlC, the Lm protein
InlB was used to test effects on association of Sec31A-C with GST-SH36 (Fig. 6B). InlB is
structurally related to InlC, but InlC and InlB proteins control different steps in Lm infection
and bind different human receptors (94, 106). While 16.7 µM InlC caused an almost complete
inhibition in association of Sec31A-C with GST-SH36, the same molar concentration of InlB
caused a lesser inhibition (Fig. 6B). The reason for the weak inhibition by InlB is not known.
Nonetheless, the results demonstrate that InlC is more effective than InlB in impairing
binding of Sec31A. Taken together, the results in Figure 6 indicate that InlC is capable of
displacing Sec31A from the Tuba SH36 domain.
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Figure 6. Inhibition in association of Sec31A with GST-SH36 by InlC
A.

Displacement of Sec31A by increasing concentrations of InlC protein. Approximately 10 µg of GST-SH36 was
incubated with 0.8 ml of lysates from Caco-2 BBE1 cells. Purified InlC protein was either omitted (--) or added
to samples at concentrations from 0.3 to 16.7 µM. Incubations were done for 30 min, followed by precipitation of
GST fusion proteins and washing of precipitates. In the last lane, GST only was used as a negative control for the
precipitations. Sec31A in precipitates was detected by Western blotting. Binding of InlC to GST-SH36 was
confirmed by Western blotting of stripped membranes. Ponceau red staining verified the precipitation of GSTSH36 (~ 37 kDa) and GST (~ 30 kDa).

B.

InlC is more effective than InlB in displacing Sec31A from the Tuba SH36 domain. The experiment was
performed as described in A, except that 16.7 µM of InlC or InlB protein was used. A cell lysate from CaCo2BBE1 cells was loaded as a control for detection of Sec31A. All experiments were performed more than three
times.
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5. Attempt to detect interaction between Tuba and Sec31A in
human cells
The co-precipitation results in Figures 4 and 6 indicate that there is a potential for
Sec31A and Tuba to interact in cells. However, these experiments do not demonstrate an in
vivo interaction of endogenous proteins, since they involve adding large amounts of purified
GST-SH36 protein into lysates. There are several reasons why proteins that associate in coprecipitation (‘pull-down’) assays might not interact to a large extent in vivo, including lack
of co-localization, weak binding affinities, and/or participation in other mutually exclusive
interactions. In order to determine if interaction between endogenous Tuba and Sec31A can
be detected, immunoprecipitation (IP) studies were carried out using lysates from Caco-2
BBE1 cells. These experiments involved the immunoprecipitation of either Sec31A (Fig. 7A)
or Tuba (Fig. 7B), and the detection of the other protein by Western blotting. Mock
immunoprecipitations using normal rabbit immunoglobulin (IgG) were performed as negative
controls. It is worth remarking that using the anti-SH36 antibodies for IP are not the best
approach for interaction studies, since these antibodies bind to the same region in Tuba that
interacts with Sec31A. However, the antibodies were used because at the time they were the
only anti-Tuba antibodies available in sufficient quantities for co-IP studies.
When Sec31A was immunoprecipitated, weak bands of ~180 and ~150 kDa (the
expected sizes of Tuba proteins) were detected (Fig. 7A, top panel). However, the intensity of
these bands was similar to those in the rabbit IgG control, suggesting that the bands are due to
insufficient washing of precipitates and not to an interaction. When Tuba was
immunoprecipitated, no Sec31A signal was detected (Fig. 7B, top panel). Controls in which
immunoprecipitates were Western blotted using the same antibodies used for the precipitation
(Fig. 7, middle panels) confirmed that Tuba or Sec31A were indeed precipitated in these
experiments. Staining of membranes with Ponceau S revealed the ~55 kDa heavy chains of
antibodies, indicating that as expected antibodies were successfully precipitated.
In summary, the results in Figure 7 indicate that it was not possible to detect
interaction between endogenous Tuba and Sec31A with the immunoprecipitation approach
used. It could be that endogenous Tuba and Sec31A do not interact. On the other hand, it is
possible that endogenous Tuba/Sec31A complexes do exist but are of too low affinity,
stability, and/or abundance to be detected by a standard immunoprecipitation approach. Thus,
a modified immunoprecipitation approach involving the use of a cross-linking reagent to
stabilize protein-protein complexes should be used in the future. This approach will be
described in the chapter IV.
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Figure 7. Attempt to detect interaction between Tuba and Sec31A in human cells.
A. Immunoprecipitation of Sec31A. Anti Sec31A antibodies was used to immunoprecipitate Sec31A from lysates
of Caco-2 BBE1 cells. Normal rabbit IgG served as a negative control. Human Tuba (top panel) or Sec31A
(middle panel) in these precipitates were detected by immunoblotting. The presences of antibody heavy chains
(~55 kDa) were verified with Ponceau Red staining (bottom panel). Rabbit IgG and Caco-2 BBE1 total cell
lysates were use as negative and positive controls, respectively. Tuba isoforms are about 180kDa or150kDa).
Note that the weak band in the first lane (anti Sec31A) does not indicate Tuba-Sec31A interaction, since this
band is also present in the rabbit IgG mock immunoprecipitation control.
B. Immunoprecipitation of Tuba. Antibodies directed against the SH36 domain of Tuba were used to
immunoprecipitate Tuba proteins from lysates of Caco-2 BBE1 cells. A normal rabbit IgG was used as a
negative control. Immunoprecipitates were Western blotted with anti-Sec31A antibodies (top panel). To confirm
precipitation of Tuba, membranes were stripped and probed with anti-SH36 antibodies (middle panel). Ponceau
Red staining confirmed the presence of the ~ 55 kDa heavy chain of antibodies in precipitates. The cell lysate
served as a positive control for detection of Sec31A.
The experiments in A and B were performed once.
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6. Characterisation of Tuba antibodies used in immunolocalization
studies
As another approach to investigate the relationship between Tuba and Sec31A, the
subcellular

localization

of

these

proteins

in

human

cells

was

determined

by

immunofluorescence microscopy. These studies used three different affinity purified
antibodies against Tuba. The Tuba antibodies were characterised by Western blotting analysis
before performing the fluorescence microscopy work.
The regions in Tuba recognized by the three different anti-Tuba antibodies are shown
in Figure 8A. It was reported that several isoforms of human Tuba derived from alternative
mRNA splicing exist (96). In Figure 8A, the full-length Tuba protein (isoform 1) is depicted,
and regions in the protein that were used as antigens for the three anti-Tuba antibodies are
indicated. The ‘anti-SH36’ antibodies were raised against the purified carboxyl-terminal SH3
domain of full-length Tuba, and the ‘anti-SH31-4’ antibody was made using an aminoterminal region containing the first four SH3 domain of Tuba. These antibodies were
generated and purified by Tina Rajabian, a previous PhD student in the Ireton laboratory (93,
94). The “Tuba 575” antibody was from a commercial source and was raised against a peptide
corresponding to an internal fragment of Tuba (amino acids 575-675).
Western blotting was performed to determine if the various antibodies recognize Tuba
proteins in Caco-2 BBE1 cells (Figure 8B). The findings indicate that anti-SH36 antibodies
recognize proteins the expected sizes of full-length (isoform 1) Tuba (~ 180 kDa) and also of
a smaller Tuba protein that we will refer to as isoform 2 (~155 kDa). These isoforms are
depicted in Figure 8C. The Tuba-575 antibodies also detected bands at the expected sizes of
Tuba isoforms 1 and 2, while the anti-SH31-4 antibodies detected only Tuba isoform 1. In
addition to recognizing proteins the expected sizes of the two known Tuba isoforms, the antiSH36 and Tuba-575 antibodies also detected proteins of other sizes. These proteins could be
encoded by Tuba-related genes (96) (see chapter IV). In summary, the results in Figure 8
suggest that the Tuba SH31-4 antibody recognizes solely or mainly Tuba isoform 1. The antiSH36 antibodies recognize both Tuba isoforms and also a protein of ~ 70 kDa. The Tuba-575
antibodies appear to recognize both Tuba isoforms and also several other proteins.
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Figure 8. Characterisation of Tuba antibodies by Western blotting
A.

Diagram of three different Tuba antibodies and the regions in human Tuba used as antigens to generate
these antibodies. The anti SH31-4 antibodies were generated against the first four SH3 domains at Nterminus of human Tuba. Tuba 575 are commercial antibodies that were directed against a peptide
containing amino acids 575-625 of Tuba. The anti SH3-6 antibodies were raised against the SH36
domain at the C-terminus of Tuba.

B.

Western blotting of lysates from Caco2-BBE1 cells.
(i) Anti SH36 antibodies recognized 3 bands with the sizes of ~180kDa, ~150kDa and ~ 70kDa. ()
Indicates bands corresponding to known Tuba isoforms.
(ii) Tuba 575 antibodies recognized 2 bands (indicated by ) that were the expected sizes of known
Tuba isoforms (~180kDa and ~150kDa). Note that these antibodies also recognized several other
proteins, some of which could be Tuba-related proteins.
(iii) Anti SH31-4 antibodies recognize a single ~ 180 kDa band, which is the expected size of
full-length Tuba.

C.

Diagram of full length Tuba (isoform 1) and a shorter Tuba protein called isoform 2. Isoform 1 has six
SH3 domains, a Dbl homology (DH) and a Bin/Amphiphysin/Rvs (Bar) domain. The last SH3 domain,
SH36 binds both inlC and Sec31A. Other domains bind to the human ligands indicated below. There
are no reports of ligands for SH35. The second isoform of Tuba is identical to isoform 1 but lacks the
first four SH3 domains.
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7. Localization of endogenous Tuba in human cells
The main goal of these studies was to determine if Tuba and Sec31A co-localize in
human cells. Localization of Tuba was examined in fixed Caco-2 BBE1 cells using the three
different Tuba antibodies. Results with the anti-SH36 antibodies are shown in Figure 9, and
results with Tuba-575 or anti-SH31-4 antibodies are presented in Figure 10. In these
experiments, cells were also labelled for either Sec31A, the cis-Golgi protein GM130, or Factin. Sec31A localization was detected by using a plasmid expression human Sec31A fused
to enhanced Green Fluorescence Protein (EGFP). Based on previous studies, this EGFPSec31A construct has a localization pattern identical to endogenous Sec31A (76, 108).
GM130 was labelled using a monoclonal antibody, and F-actin was stained using the fungal
toxin phalloidin. A Zeiss LSM 710 laser scanning confocal microscope was used to acquire
images.
Interestingly, the pattern of Tuba labelling and degree of co-labelling with Sec31A,
GM130, or F-actin depended on the specific Tuba antibodies used. In general, the anti-SH36
antibody provided a labelling consistent with localization at the Golgi apparatus, whereas the
other two Tuba antibodies labelled mainly cell borders. Results are described in detail below.
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Figure 9. Labelling of Caco-2 BBE1 cells with the anti-SH36 Tuba antibody.
(A) Caco-2 BBE1 cells in transwells were transfected with EGFP-Sec31A (middle row) or left
untransfected (remaining rows) and grown for ~ 5 days, followed by processing for immunofluorescence
microscopy. Samples were examined with Laser Scanning Confocal Microscopy. Representative images are
shown. Tuba is coloured in red (first column), whereas EGFP-Sec31A, GM130 or filamentous (F)-actin are in
green (second column). The third column contains the merged images of Tuba and EGFP-Sec31A, GM130, or Factin. The last column displays co-localized points from the merged image obtained using the colocalization plugin of Image J software. The experiment was done twice (B) Caco-2 BBE1 cells were treated with 50 µg/ml BFA
for ~5 h before processing for immunofluorescence microscopy. Note that the BFA disrupted the ribbon-like
localization normally obtained with Tuba or GM130 antibodies, and reduced the degree of colocalization compared
to in (A). The scale bars represent 5 µm in (A) and 2µm in (B). The experiment was performed once.
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Figure 10. Labelling of Caco-2 BBE1 cells with anti-Tuba-575 and SH31-4 antibodies.
(A) Labelling with anti Tuba-575 antibodies. Cells were transfected with EGFP-Sec31A (third row) or left untransfected, and grown for ~ 5 days, followed by processing for immunofluorescence microscopy with Tuba-575
antibodies. Samples were examined with laser scanning confocal microscopy. Representative images are shown. Tuba
is in red (first column), while EGFP-Sec31A, GM130 or F-actin is in green (second column). The third column
contains merged images. The last column shows co-localized points. (B) Labelling with anti-SH31-4 antibodies.
Note that the localization pattern obtained with anti-Tuba antibodies in A and B is mainly at cell borders. The scale
bars represent 5 µm. Antibodies for Sec31A were from Bethyl labs (method). The experiments in A and B were done
twice.
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Figure 11: Quantification and statistical analysis of immunolocalization studies
A.

The percentage of anti-SH36 –positive pixels that overlapped with GM130-positive or EGFPSec31A –positive pixels. See the Methods section for details on quantification of co-localization.
Data are mean ± standard deviations from 5 to 6 data sets (fields of view). (*) indicates P< 0.05
(significant) relative to all other four columns. Note that the apparent difference in co-localization
of SH36 and EGFP-Sec31A in control and BFA treated cells is not statistically significant.

B.

The percentage of anti-Tuba 575 positive pixels that overlapped with GM130 or F-actin –positive
pixels. The data are mean ± standard deviations of 5 to 6 data sets. (*) indicates P< 0.05
(significant) relative to the first column (GM130).

C.

The percentage of anti-SH31-4 positive pixels that overlapped with GM130 or F-actin positive
pixels. . The data are mean ± standard deviations of 5 to 6 data sets. (*) indicates P< 0.05
(significant) relative to the first column (GM130).
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A. Anti-SH36 antibodies
When antibodies directed against the last SH3 domain of Tuba were used, the
localization pattern obtained was mainly of “ribbon” like structures (Fig. 9A, top panels). This
pattern is characteristic of the Golgi apparatus (91, 127). Indeed, labelling with the SH36
antibody showed partial co-localization with the cis-Golgi protein GM130. Quantitative
analysis of the images was performed using the “Manders coefficient” plug-in of Image J
software (see chapter II). Using this method, approximately 25% of pixels labelled with antiSH36 were found to overlap with GM130 pixels. This finding is consistent with previously
reported data, which detected Tuba at the Golgi in a manner that partly overlapped with
GM130 (61, 96).
According to expectation based on the previous studies for other cell lines (76, 108),
EGFP-Sec31A was in punctate structures in Caco-2 BBE1 cells (Fig. 9A, middle panels).
These structures are thought to be ER exit sites (108). Compared to the GM130 results, there
was less extensive co-localization detected with anti-SH36 antibodies and EGFP-Sec31A.
Quantitative analysis indicated that approximately 10% of the pixels representing Tuba
overlapped with Sec31A pixels.
There was a small degree of co-localization of pixels labelled with anti-SH36
antibodies and phalloidin, a fungal toxin used to stain filamentous actin (Fig. 9A, bottom
panels). Quantitative analysis indicated that approximately 8% of the pixels labelled with
anti-SH36 overlapped with actin pixels. Moreover, statistical analysis showed that the degree
of co-localization between anti-SH36 and GM130 labelling was significantly greater than that
between anti-SH36 and EGFP-Sec31A or actin labelling (Fig. 11A).
The apparent Golgi localization detected with anti-SH36 antibodies was investigated
further using the fungal toxin brefeldin A (BFA). BFA treatment results in fragmentation of
the Golgi, converting the Golgi ribbon to smaller vesicles (126). This effect disrupts
trafficking between Golgi and endoplasmic reticulum (ER) and relocates some Golgi
components to the ER (126). As expected and as previously reported (52), BFA treatment
disrupted the ribbon-like labelling pattern of GM130 (Fig. 9B, top panel). Interestingly, BFA
also altered the ribbon-like labelling normally obtained with anti-SH36 antibodies.
Quantitative analysis of images indicates that BFA reduced co-localization between Tuba and
GM130 from about 25% to 6% (Fig. 11A). This difference in co-localization frequencies of
GM130 and anti-SH36 labelling due to BFA was statistically significant. Although BFA also
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appeared to reduce co-localization between anti-SH36 labelling and Sec31A from ~10% to
~5%, this difference was not statistically significant.
Taken together, the findings with BFA in Figures 9A and 11A support the idea that
anti-SH36 antibodies detect a Golgi protein. Although a small degree of co-localization
occurred between Sec31A and anti-SH36 labelling, it is presently unclear if this colocalization reflects a genuine presence of two proteins in the same subcellular compartment
or is rather due to chance.
B. Anti-SH31-4 and Tuba-575 antibodies
The localization pattern obtained with the remaining two anti-Tuba antibodies was
primarily at cell borders. (Figure 10A,B). 28% or 30% of pixels labelled with anti-Tuba 575
or anti-SH31-4 antibodies, respectively, overlapped with F-actin (Fig. 10A,B second row; Fig.
11B,C). This cell border localization is consistent with previous reports that Tuba localizes to
cell junctions in Caco-2 BBE1 cells (78) and is also consistent with findings that Tuba
regulates junction structure (78, 94). Little co-localization (4% of pixels) was observed when
the two Tuba antibodies were used in combination with GM130 (Fig. 10A,B, first row; Fig.
11B,C).
An attempt was made to perform co-localization studies with Tuba antibodies and
EGFP-Sec31A. Unfortunately, in these experiments Caco-2 BBE1 cells did not grow properly
and were sub-confluent when taken for labelling. In addition, only the anti-Tuba -575
antibodies could be used to label cells, since affinity purified anti-SH31-4 antibodies had been
completely used up in previous experiments. Therefore, it is important to recognize that these
experiments are not ideal and should be repeated in the future with fully confluent cells and
both anti-Tuba antibodies. Interestingly, the Tuba 575 antibodies labelled both cell borders
and intracellular vesicles in sub-confluent Caco-2 BBE1 cells and some co-localization was
observed between Tuba labelling and EGFP-Sec31A. Quantitative analysis of images
indicated that approximately 18% of pixels corresponding to Tuba overlapped with EGFPSec31A pixels.
Taken together, the results in Figures 9 and 10 indicate that antibodies that target
different domains in Tuba gave different labelling patterns. The different labelling patterns
(Golgi versus cell borders) could be due to recognition of different Tuba isoforms and/or
recognition of Tuba-related proteins.
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8. Localization of tagged ectopically expressed Tuba proteins
If the different labelling patterns observed with the different anti-Tuba antibodies are
due to recognition of different Tuba isoforms (all encoded by the same gene) then it might be
possible to reproduce these localization data using epitope-tagged constructs containing fulllength human Tuba cDNA or a truncated cDNA resembling Tuba isoform 2 (Fig. 8C). Tina
Rajabian and Balramakrishna Gavicherla, former members of the Ireton laboratory, had
previously made constructs of HA-tagged full-length Tuba and also of Tuba deleted for an Nterminal region containing the first four SH3 domains (Fig. 12). This latter construct, called
‘mini-Tuba’, is similar but not identical to the Tuba isoform 2 thought to be expressed in
Caco-2 BBE1 cells (compare mini-Tuba in Fig. 12 with isoform 2 in Fig. 8C).
Caco-2 BBE1 cells were transfected with the two different HA-tagged Tuba constructs
and localization of the tagged constructs was examined in conjunction with EGFP-Sec31A,
GM130, or F-actin. Surprisingly and in contrast to the situation observed with the three antiTuba antibodies, the localization pattern of HA-Tuba full-length or HA-mini-Tuba was
neither “ribbon like” or at cell borders (Fig. 13 and 14A). The two tagged Tuba proteins also
failed to co-localize extensively with Sec31A. Quantitative analysis of images is presented in
Figure 15. Overlap of HA-positive pixels with pixels positive for GM130, F-actin, or EGFPSec31A was ~10% or less. It is interesting to note that HA full-length or mini Tuba localized
mainly in large punctate structures (Figs 13 and 14A). Since two other HA-tagged Tuba
constructs were available, these constructs were also examined for localization in Caco-2
BBE1 cells. The constructs were HA-mini-Tuba deleted for its C-terminal SH36 domain, and
HA fused to the SH36 domain alone (Fig. 12). These HA-tagged constructs gave punctate
patterns that were essentially indistinguishable from those produced by tagged full-length or
mini-Tuba (Fig. 14B, C).
The fact that all of Tuba constructs in Figure 12 exhibit similar labelling patterns is
puzzling and suggests two possibilities. First, it is formally possible that the localization of
each of these tagged constructs reflects the true localization of one or more Tuba isoforms. In
this scenario, the punctate structures observed could indicate localization of Tuba to enlarged
vesicles. However, this possibility seems unlikely since deletion of neither the N-terminal
region nor the C-terminal SH36 domain affects punctate localization, and yet the SH36
domain alone has a punctate localization. Another possibility is that the punctate localization
of these constructs is an artefact caused by overexpression of the tagged Tuba protein.
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Figure 12. Epitope-tagged Tuba constructs
Each Tuba cDNA construct was modified to contain an amino-terminal HA tag. The constructs used for
immunofluorescence microscopy studies were full-length human Tuba, Tuba deleted for an amino-terminal region
containing the first four SH3 domains (‘mini-Tuba’), mini-Tuba deleted for the last SH3 domain (mini-Tuba∆SH36),
and the last SH3 domain of Tuba alone (SH36).
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Figure 13: Localization of HA-tagged ectopically expressed full-length human Tuba.
Caco-2 BBE1 cells transfected with HA-Tuba full length (first row) were fixed, permeabilized, and
labelled with antibodies recognizing the HA tag and GM130 (top panels), Sec31A (middle panels) or
with fluorescently labelled phalloidin which detects F-actin. Representative images are shown. The last
column displays colocalized points derived from the merged images. Note that HA-Tuba did not
localize to “ribbon like” structures or cell borders. The scale bars represent 5 µm. The experiment was
performed twice.
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Figure 14: Localization of various HA-tagged Tuba deletion constructs.
Caco-2 BBE1 cells transfected with HA tagged mini-Tuba (A), SH36 alone (B), or mini-Tuba deleted for SH36
(C) (first row) were fixed, permeabilized, and labelled with antibodies recognizing the HA tag and GM130 (top
panels), Sec31A (second panels). Representative images are shown. The last column displays colocalized points
derived from the merged images. The scale bars represent 5 µm. The experiments were performed twice.
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Figure 15: Quantification of co-localization of HA-tagged Tuba proteins with Sec31A or GM130.
Data are mean ± standard deviations from 5 to 6 data sets. None of the values displayed differ from each other
in a statistically significant fashion.
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Chapter IV - Discussion
Three main findings were emerged from this work, which helped to investigate the
relationship between human Sec31A and Tuba. Firstly, both InlC and human Sec31A can
associate with the same SH3 domain in human Tuba. This association occurs with Sec31A
from both Hela and Caco-2 BBE1 cell lines. Secondly, InlC has the potential to compete with
Sec31A for association with the Tuba-SH36 domain. Lastly, immunofluorescence microscopy
studies indicate Tuba may be present in the Golgi apparatus and/or at cell junctions in Caco-2
BBE1 cells. Given the fact that antibodies recognizing different regions in Tuba yield
different localization patterns, it is possible that different Tuba isoforms are present in distinct
subcellular locations.
In sections 1 to 3 below, key results to support the above three conclusions are
discussed. In addition, unresolved issues deserving of future investigation are covered. In
section 4, possible explanations for the finding that the Lm protein InlC associates with
Sec31A from Hela cells, but not with Sec31A from Caco-2 BBE1 cells, are provided. Lastly,
a model for how host Sec31A and Tuba might act together to control Lm spreading is
presented in section 5.

1. Association of Sec31A with Tuba
A. Co-precipitation experiments
Sec31A from Caco-2 BBE1 or Hela cells was readily detected in GST-SH36
precipitates, indicating that Sec31A and Tuba have the potential to form complexes in human
cells. It is presently unclear if Sec31A directly interacts with the Tuba SH36 domain, or
whether this interaction is indirect and occurs through an intermediary human protein. This
important question can be resolved in future work by performing binding experiments with
purified Sec31A and Tuba-SH36. Full-length Sec31A has been successfully purified after
expression in insect cells (6), and fragments containing the proline rich region of Sec31A (see
Fig. 5A) have been purified after expression in E. coli (34). In future work it will be important
to purify Sec31A by one or both of these methods and test the ability of this protein to bind
Tuba-SH36 in co-precipitation experiments or with more quantitative methods such as
isothermal titration calorimetry (68) or surface plasmon resonance (81).
Given that both Sec31A and N-WASP associate with the Tuba SH36 domain, it also
will be important to investigate whether Sec31A indirectly associates with Tuba-SH36 via N-
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WASP. It is known that N-WASP binds directly to the Tuba-SH36 domain (94, 96). If Tuba
indirectly interacts with SH36 by binding to N-WASP then two key results can be predicted.
First N-WASP and Sec31A should directly interact, which could be tested in binding
experiments using purified proteins. Second, removal of N-WASP in human cells should
prevent the association of Sec31A and Tuba-SH36 normally detected in co-precipitation
experiments. N-WASP can be effectively removed from human cells through RNA
interference (RNAi) (94). In the future it will be important to determine if RNAi-mediated
depletion of N-WASP abolishes co-precipitation of Sec31A with the Tuba-SH36 domain.
B. Co-immunprecipitation experiments
In this project, it was not possible to detect association between endogenous Tuba and
Sec31A with the immunoprecipitation approach used. These results may indicate that
endogenous Tuba and Sec31A do not interact. On the other hand, Tuba/Sec31A complexes
could exist and the failure to detect these complexes by co-immunoprecipitation could be due
to any number of reasons including inappropriate choice of antibodies, low affinity of the
Tuba/Sec31A complex and/or the presence of alternative Tuba complexes that decrease the
likelihood of detecting Tuba/Sec31A complexes. In the future, it will be important to use
modified immunoprecipitation approaches to try to detect Tuba/Sec31A interaction. These
modified approaches are described in section (i) to (iii) below.
(i).The use of appropriate antibodies
Based on the data obtained in this thesis, the binding site of Sec31A to Tuba is in the
SH36 domain on Tuba. In the co-immunoprecipitation experiments antibodies recognizing
SH36 were used to precipitate Tuba because at the time these were the only antibodies
available in sufficient quantity for these studies. However, using anti-SH36 antibodies has the
substantial drawback of possibly disrupting any Tuba/Sec31A interaction that might occur in
cells, since the antibodies and Sec31A both bind the Tuba SH36 domain. Hence, in the future,
it will be important to use different Tuba antibodies (such as anti-SH31-4, anti-575) that
recognize regions in Tuba apart from SH36 to try to detect Tuba/Sec31A interaction.
(ii). Stabilizing weak interactions through the use of cross-linkers
It is possible that the binding affinity between Tuba and Sec31A was too weak to
permit

detection

by

co-immunoprecipitation.

It

has

been

suggested

that

co-

immunoprecipitation might not be effective in detecting interactions with affinities in the
micromolar range and/or interactions that have high off rates (84, 125). The latter is true
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because co-immunpreciptation involves several washing steps at the end to remove unbound
material. However, such washing also greatly dilutes any complexes that may exist and may
stimulate complex disassociation if the off rate is high. As a result, complexes can be lost
during the washing steps. In addition, it was reported that the use of high stringency buffer
(with 1% Triton X-100) during washing (such as was used in this thesis work) can stimulate
the disassociation of protein complexes (29, 71, 79). A possible solution to avoid losing
complexes due to washing is the use of homo-bifunctional cross-linkers. Chemical
crosslinking of human proteins with dithiobissuccinimidyl pro-pionate (DSP) or 3,3'dithiobissulphosuccinimidyl pro-pionate (DTSSP) have allowed detection of unstable
complexes in pH or high stringency washing conditions that can otherwise disrupt complexes
(29, 79). Note that, unlike DTSSP, DSP or a similar reagent DSS (disuccinimidylsuberate) are
membrane permeable, allowing for intracellular crosslinking. Thus DSP and/or DSS may be
more useful for future co-immunoprecipitation experiments, as protein cross-linking could be
attempted before and/or after lysing the cells. As a result, these reagents have the potential to
covalently link Tuba and Sec31A (if complexes exist) and may allow detection through coimmunoprecipitation.
(iii). Removing alternative Tuba binding partners that may interfere with Sec31A
association.
Since N-WASP and Sec31A both associate with the Tuba SH36 domain, it is possible
that Tuba/N-WASP complexes interfere with the detection of Tuba/Sec31A complexes, if the
latter are present at much lower concentrations level than the former. It is worth noting that
Tuba-SH36 binds other human proteins than N-WASP and Sec31A, including Mena, CR16,
and WIRE (96). These proteins also could diminish Sec31A association and make it more
difficult to detect Tuba/Sec31A complexes. Thus, in future work it will be important to
deplete N-WASP, Mena, CR16 or WIRE from human cells using RNAi and then determine if
Tuba/Sec31A complexes can be detected through co-immunoprecipitation.
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2. Competition between InlC and Sec31A
Previous genetic data indicate that host Tuba, N-WASP and Sec31A control Lm
protrusion formation (Fig. 2). Importantly, the spreading phenotypes caused by RNAimediated depletion of each of these three human proteins are virtually identical, suggesting
that Tuba, N-WASP, and Sec31A may act on the same pathway to control bacterial spread.
The genetic data can be interpreted as meaning that Tuba, N-WASP, and Sec31A inhibit Lm
protrusion formation in the absence of InlC. Thus, bacteria that produce InlC (i.e. wild-type
Lm) can relieve the antagonism of spreading normally caused by these three human proteins.
Biochemical data obtained in this MSc work provide a possible explanation for how
InlC inhibits Tuba and Sec31A function. Experiments using purified InlC and Sec31A from
Caco-2 BBE1 cell lysates indicate that InlC has the ability to displace Sec31A from the Tuba
SH36 domain (Fig. 6). These data suggest that Tuba/Sec31A complexes that may exist in
cells could be disrupted by InlC (Fig. 16, 17).
It is interesting that two Tuba interacting proteins, Sec31A and N-WASP, each interact
with the Tuba-SH36 domain and each control Lm protrusion formation. Since the Tuba-SH36
domain is fairly small (about 60 amino acids), it will be important to determine in future work
whether Sec31A and N-WASP associate with different sites on Tuba-SH36 or whether
Sec31A is indirectly recruited to Tuba via N-WASP. This latter point was also discussed
above in section 1.
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Figure 16: Alignment of Sec31A proteins
(A). The amino acid sequences of full length human Sec31A (third sequence; indicated by an arrow) and various

Sec31A isoforms were acquired from NCBI (National Center of Biotechnology Information), which were aligned
with clustalX software. Areas of mismatch or deletion between sequences are indicated with red circles. These areas
are amino acids 504 -545 and 873- 990. Sequences are numbed (in red) according to the table in B.
(B). Information on the Sec31A isoforms aligned in part A. The length of the proteins in amino acids and NCBI gene ID
numbers are given. Human Sec31A is in line 3.
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3. Localization of Tuba to the Golgi and/or cell-cell junctions
Immunofluorescence microscopy results with Tuba antibodies that recognize distinct
protein domains raise the possibility that different Tuba isoforms might localize to different
locations in Caco-2 BBE1 cells. Specifically, results with anti-antibodies that recognize the Cterminal SH3 domain (SH36) of Tuba suggested localization mainly to the Golgi. A small
degree (~10%) of co-localization between Sec31A and Tuba was also suggested by
experiments with these antibodies. In contrast to the situation observed with anti-SH36
antibodies, experiments with antibodies raised against the N-terminus of Tuba (anti-SH31-4)
or a central region in Tuba (anti-575) yielded labelling consistent with localization of Tuba to
cell borders. These results could possibly reflect the presence of full-length Tuba (see Fig. 8A,
C) at cell borders and Tuba isoform 2 (Fig. 8C) at the Golgi. However, before making such a
conclusion it is important to know if the proteins labelled are genuine Tuba isoforms or
whether some of the localization patterns observed are due to recognition of Tuba related
proteins by the anti-Tuba antibodies.
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Figure 17: Tuba and Tuba-related proteins.
Diagram shows full length Tuba (isoform 1) with six SH3 domains, a Dbl homology (DH) and a
Bin/Amphiphysin/Rvs (Bar) domain. Tuba isoforms derived from alternative splicing are indicated below as
isoforms 2-4. Tuba 2 and Tuba 3 are Tuba related proteins encoded by genes distinct from the Tuba gene.
These diagrams were made based on Tuba, Tuba 2 or Tuba3 mRNA sequences acquired from NCBI. In
addition, amino acid sequence alignment with clustal X was performed to help identify as well as verify
domains in Tuba 2 and Tuba 3, compared to Tuba.
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In order to begin to address this issue, the National Center for Biotechnology (NCBI)
website (http://www.ncbi.nlm.nih.gov/) was used to obtain amino acid sequence data for the
various splicing isoforms encoded by the Tuba gene. The NCBI database was also searched
for amino acid sequence information on Tuba related proteins encoded by Tuba 2 or Tuba 3
genes. The various Tuba isoforms or Tuba-related proteins and their functional domains are
depicted in Figure 17. The results indicated that all Tuba or Tuba-related proteins contain a
BAR domain, and two C-terminal SH3 domains- SH35 and SH36. With the exception of the
Tuba-related protein Tuba 2, the Tuba isoforms or Tuba-related proteins each contain a Dbl
Homology (DH) domain. Only the full-length Tuba isoform 1 contains four N-terminal SH3
domains, although isoform 4 has one of these SH3 domains.
Note that the anti-SH36 Tuba antibodies used in immunlocalization studies recognize
all Tuba isoforms and Tuba-related proteins. Due to 98.2% amino acid similarity as well as
amino acid identity between the SH36 domains in Tuba 2 and full length Tuba. In addition,
the SH36 domain of Tuba also has 58.6% amino acid similarity and 46.6% amino acid
identity with the SH36 domains in Tuba 3. Indeed, Western blotting results in Figure 8B
indicate that these antibodies recognized not only ~180 kDa and ~150 kDa proteins, the
expected size of Tuba isoforms 1 and 2, but also a 70-80 kDa protein that could be Tuba
isoform 4 or the Tuba-related protein Tuba 3. Importantly, RNAi experiments using siRNA
targeting the 3’ end of Tuba mRNA result in depletion of the ~180 kDa and ~150 kDa
proteins (94), but not the 70-80 kDa protein (T. Rajabian and K. Ireton, unpublished results).
These findings suggest that the 70-80 kDa protein could be Tuba 3. It is therefore unclear if
the Golgi labelling obtained with the anti-SH36 antibodies is due to one or more of the four
Tuba isoforms or the Tuba-related protein Tuba 3. In the future, this question should be
answered by designing siRNAs that deplete only Tuba isoforms or only Tuba 3 protein. It
would then be determined if depletion of Tuba proteins or Tuba 3 resulted in the
disappearance of Golgi labelling.
Based on the immunogen used to generate anti 575 antibodies (Fig. 8A), in principle
these antibodies should recognize only Tuba isoforms 1-3 (Fig. 17). However, Western
blotting results indicate at least 7 proteins recognized by this antibody (Fig. 8B). In contrast,
only one protein is recognized by anti SH31-4 antibodies in Western blot (Fig. 8B). This ~180
kDa protein is the expected size of full-length Tuba (Fig. 17), which is logical since the antiSH31-4 antibody was raised against an amino-terminal domain present only in full-length
Tuba isoform 1 (Figs. 8A, 10B). The specificity of the anti-SH31-4 antibody in Western blots
suggests that the cell border labelling obtained with this antibody (Fig. 10B) may indicate a

P a g e | 59
genuine localization of full-length Tuba to cell junctions. Such cell junction localization of
Tuba has been reported in cells overexpressing epitope tagged full-length Tuba (78). However,
to be certain that this cell border labelling is Tuba isoform 1, in future work siRNAs that
deplete this Tuba protein should be designed and used to demonstrate that cell border
labelling disappears upon Tuba isoform 1 depletion.
Another approach that would be useful in testing the specificity of the various antiTuba antibodies is to use Zinc finger technology (Zinc finger nucleases) to generate a Tubaknock out cell line derived from Caco-2 BBE1 cells. A commercially available kit, called
CompoZr Knockout ZFNs (Sigma-Aldrich) could be used to inactivate the Tuba gene using a
zinc finger-based approach. Zinc-finger nucleases (ZFNs) are artificial restriction enzymes
generated by fusing a zinc finger DNA-binding domain to a DNA-cleavage domain (17, 122).
The DNA-binding domains contain a heterologous zinc-finger protein (ZFP), which
specifically binds to the designated target sequence. In contrast, the cleavage domain is nonspecific and generated from the type II restriction endonuclease FokI, which requires
dimerization for its DNA binding-dependent endonuclease activity. Thus, a pair of ZFNs is
designed to bind to the target DNA sequence with precise sequence specificity, spacing and
orientation to facilitate dimerization as well as subsequent DNA cleavage (122). As a result, a
site-specific double strand DNA break (DSB) is generated in the target gene that consequently
is repaired via non-homologous end joining (NHEJ). Repair typically leads to mutation of the
target gene sequence, resulting in inactivation of the gene. The kit from Sigma-Aldrich uses a
Zinc finger protein designed to specifically recognize and cleave a designated target gene
sequence, resulting in NHEJ-mediated repair and gene disruption. A Tuba knockout cell line
made through a Zinc finger knockout approach would be an excellent tool to investigate
specificity of anti-Tuba antibodies, provided that the Tuba gene were inactivated near its 5’
end, resulting in total loss of Tuba proteins. The presence of residual truncated Tuba proteins
could obviously complicate interpretation of immunofluorescence results.
It is noteworthy that about 10% overlap was observed between EGFP-Sec31A and
Tuba anti-SH36 labelling (Fig. 9A, Fig. 11A). At this stage, it is unclear if this small degree
of apparent co-localization is significant. In the future it would be interesting to make EGFP
constructs expressing various fragments of Sec31A. If some of these fragments give ~10%
co-localization with Tuba anti-SH36 and others show a much lesser degree of co-localization,
then such results would suggest that the ~10% co-localization observed between EGFPSec31A (full-length) and Tuba anti-SH36 is not an artefact due to non-specific background,
and may be biologically relevant.
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It is also worth commenting on the fact that some co-localization was observed with
Tuba – anti 575 antibodies and Sec31A in cells that were not fully confluent (Fig. 10A, third
row). In future work it will be important to follow up this observation and determine if the
growth state of Caco-2 BBE1 cells affects the degree of co-localization between Tuba and
Sec31A. This could be done by growing Caco-2 BBE1 cells to different levels of confluence
and performing confocal microscopy analysis to detect Tuba and Sec31A. Interestingly, work
with polarized mammalian cells indicates that only a small subset of cells in a monolayer is
initially infected by Lm (82, 83). The human cells that are infected are thought to be newly
developed and have immature adherens junctions. It is possible that such cells physiologically
resemble subconfluent cells such as those in Figure 10A (third row). If so, then the cells that
are uniquely susceptible to Lm infection might have Tuba/Sec31 complexes that are able to
control Lm spread, whereas surrounding human cells that are not susceptible to bacterial
infection may not have such complexes.
Another approach that will be important to take in future work is live imaging studies
to follow the localization of Tuba and Sec31A in real time. It is possible that Tuba and
Sec31A interact for only a short period during the lifetime of any given Tuba molecule. For
example, perhaps Tuba moves from the ER to the Golgi and the plasma membrane, but
spends only a short amount of this time at the ER. If so, then live imaging using fluorescently
labelled Tuba and Sec31A with Tuba under the control of an inducible promoter involving
tetracycline or its derivatives might allow detection of Tuba/Sec31A association at the ER.
Since over-expressed epitope tagged Tuba proteins gave punctate localization that may be
artificial, it will be important to use a system that can allow low-level expression of Tuba.
This could possibly be achieved by constructing cell lines stably expressing EGFP-Tuba and
identifying clones with low levels of expression. The use of low concentrations of inducer
might also produce the necessary low level of EGFP-Tuba expression.
InlC competes with Sec31A for the interaction site on Tuba-SH36 (Results, section 4,
Fig. 6). These in vitro biochemical results, in combination with the genetic studies shown in
Figure 2 in the introduction section, suggest that in infected human cells InlC might displace
Sec31 from Tuba. This idea could be possibly tested in the future using co-localization and/or
co-immunoprecipitation approaches. Specifically, ~10% co-localization is observed between
EGFP-Sec31A and Tuba anti SH36 (Fig. 9A, Fig. 11A), which might be verified to be
biologically relevant. If InlC interferes with Sec31A/Tuba complex to promote spreading,
then the co-localization frequency between Sec31A and Tuba should drop significantly in
cells infected with wild-type Listeria, compared to in uninfected cells. In cells infected with
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ΔinlC mutant bacteria, the co-localization would be expected to be unaffected. Furthermore, if
the interaction between endogenous Sec31A and Tuba can be confirmed by coimmunoprecipitation approaches and InlC displaces Sec31A from Tuba in human cells, then
displacement should be detected as a reduction in the degree of co-immunoprecipitation of
Sec31A and Tuba in cells infected with wild-type Listeria, when compared to uninfected cells
or cells infected with ΔinlC mutant bacteria.
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4. Interaction between InlC and Sec31A from Hela cells
A. Possible explanation for the ability of InlC to interact with Sec31A from
Hela cells but not with Sec31A from Caco-2 BBE1 cells
Sec31A was originally identified as a potential ligand of the Lm protein InlC in an
approach that involved identification of InlC-interacting proteins from Hela cells through
Mass Spectrometry (94). In the current MSc project, Sec31A from Hela cells (Sec31A-H) was
confirmed to interact with InlC. However, it was surprisingly found that Sec31A from Caco-2
BBE1 cells (Sec31A-C) only weakly associates with InlC. It is worth noting that the same
Sec31A antibody was used for detection for binding studies involving both cell lines. These
results therefore suggest that human Sec31A-C and Sec31A-H may have differences in amino
acid sequence, which affect their ability to associate with InlC.
Different isoforms of Sec31A are known to exist. These isoforms are thought to arise
from alternative mRNA splicing. In principle, the differences in amino acid sequences in
some of the Sec31A isoforms could account for the varying abilities of Sec31A-H and
Sec31A-C to interact with InlC, provided that different isoforms are expressed in Hela and
Caco-2 BBE1 cells. In order to easily visualize amino acid differences between distinct
Sec31A isoforms, the amino acid sequences of all known isoforms were aligned using Clustal
X software (version 2.1). In Figure 16, the part of the multi-sequence alignment that identifies
amino acid differences is shown. Note that there are two regions that are present in some, but
not all, Sec31A isoforms. Interestingly, the region defined by amino acids 504-545 could
possibly account for the different abilities of Sec31A-H and Sec31A-C to bind InlC.
Unpublished data from the Ireton laboratory indicates that a Sec31A antibody obtained from
the company Becton Dickenson (catalogue number 612350) recognizes Sec31A-H but not
Sec31A-C. Interestingly, the antigen used to produce this antibody was a fragment containing
amino acids 522-719 of human Sec31A. These findings suggest that Caco-2 BBE1 cells
might express one of the first two Sec31A isoforms displayed in the alignment in Figure 16.
In the future, it will be important to directly test this idea by determining the amino acid
sequences of Sec31A-C and Sec31A-H. This can be accomplished by isolating Sec31A
proteins from Caco-2 BBE1 and Hela cells through co-precipitation with GST-SH36, and
then determining the amino acid sequences of these proteins using Mass Spectrometry.
In this study, two anti-Sec31A antibodies were used that recognized both Sec31A-C
and Sec31A-H. One of these antibodies (a gift of Dr. W. Hong, ICMB Singapore) was raised
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against the last 180 amino acids of human Sec31A and the other antibody (obtained from
Bethyl labs, Catalogue number A302-336A) was made against a fragment containing amino
acids 775-825 of Sec31A. The multi-sequence alignment with Clustal X indicates that the
peptides used to generate each of these Sec31A antibodies are 100% conserved among all
Sec31A isoforms (Fig. 16 and data not shown).
Taken together, the results obtained from the co-precipitation experiments with InlC
and Sec31A-C or Sec31H and the multi-sequence alignment suggest that Caco-2 BBE1 cells
might express an isoform of Sec31A that binds poorly to the Lm protein InlC. This weak
binding could be due to the absence of amino acids 504-545 that are present in full-length
Sec31A. If true, then the implication is that residues in the 504-545 peptides play a critical
role in association of InlC with Sec31A.
B. Biological relevance of InlC/Sec31A interaction
Caco-2 BBE1 cells are an appropriate model for Lm spread, as these cells can be
grown in a polarized state and resemble true intestinal epithelial cells in having tight junctions,
adherens junctions and defined apical as well as basolateral domains (47, 97). The Lm protein
InlC and host proteins Sec31A, Tuba and N-WASP all have roles in spreading in Caco-2
BBE1 cells (94). In contrast, Hela cells do not polarize or develop physiologically relevant
cell-cell junctions. Interestingly, InlC does not play any measurable role in cell-cell spread in
Hela cells (93). Roles of Tuba, N-WASP, and Sec31A have not been tested in Hela cells, but
it is expected they would have no function since results with wild type and ∆inlC mutant Lm
indicate that these proteins affect only InlC-mediated but not InlC-independent spread in
Caco-2 BBE1 cells.
Since InlC is not involved in spreading in Hela cells, what then could be the biological
role of InlC/Sec31A interaction in these cells? As Sec31A mediates ER-Golgi transport (70),
it is possible that InlC interacts with Sec31A and inhibits or enhances such transport in Hela
cells. This idea could be tested in future work using established protein trafficking assays
involving the viral protein VSVG (vesicular stomatitis virus G) or secreted alkaline
phosphatase (SEAP) (30, 94). How any effect of InlC on ER-Golgi transport would affect the
Lm life cycle or other aspects of bacterial pathogenesis is presently unclear.
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5. Model for how Tuba and Sec31A might act together to control
Listeria monocy togenes protrusion formation
As mentioned in the introduction (section 3, 5) and briefly discussed above (section 2),
there is genetic evidence that the role of Sec31A in Lm spread resembles the role of Tuba and
N-WASP. Furthermore, InlC can also disrupt Tuba/N-WASP complex (94). Work from this
Msc. thesis indicates that Tuba and Sec31A have the potential to interact and InlC can
displace Sec31A from Tuba. Collectively, these results support the idea that Tuba, Sec31A
and N-WASP may act together to inhibit spreading of bacteria that lack InlC. By producing
InlC, wild type Lm relieves this inhibition.
In Figure 18, two possible models for Tuba, N-WASP and Sec31A act to control Lm
spreading are proposed. These models would be strengthened by data showing that
endogenous Tuba and Sec31A co-localize and interact. So a focus of future work should be to
obtain more convincing evidence for interaction of endogenous Tuba and Sec31A in human
cells. Nevertheless the available results support the models depicted in Figure 18.
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Figure 18: Tuba, N-WASP, Sec31A and Listeria spread
(A). Model 1: In this model, Sec31A is indirectly recruited to Tuba through N-WASP. According to the model, in
the absence of InlC, a complex comprised of human Tuba, N-WASP, and Sec31A inhibits Listeria protrusion
formation through a mechanism that may involve promotion of ER-Golgi transport. Such transport ultimately
affects the structure of cell-cell junctions, making these junctions linear which is thought to reflect plasma
membrane tension that limits bacterial protrusion formation. In the case of wild-type Listeria that express InlC,
this bacterial protein, displaces the binding of N-WASP and Sec31A complex from the Tuba SH36 domain and
subsequently allows the spreading of Listeria.
(B). Model 2: In this model, Sec31A and N-WASP each directly interact with Tuba. According to the model, in
the absence of InlC, Sec31A and N-WASP function control host cell-cell junctions and limit Listeria protrusion
formation through different mechanisms, each of which is needed to inhibit bacterial spread. However, in the
presence of InlC, N-WASP and Sec31are displaced from Tuba, resulting in relief of Tuba-mediated inhibition in
bacterial protrusion formation.
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In summary, each of the models propose that human Tuba and Sec31A control ERGolgi trafficking and this process somehow inhibits protrusion formation by bacteria that lack
InlC. ER-Golgi transport might limit bacterial spread by delivering one or more host proteins
to cell junctions that then inhibit generation of membrane tension, thereby inhibit protrusion
formation. Particularly, in the first model (part A), host N-WASP also is involved in
recruitment of Sec31A to Tuba and also promotes ER-Golgi transport. On the other hand, in
the second model (part B), Sec31A and N-WASP bind separately to Tuba and these two Tuba
ligands control cell junctions as well as bacterial spread through different physiological
processes. Ultimately, in both models, Lm expressing InlC disrupts complexes of Sec31A
and/or N-WASP with Tuba, resulting in inhibition in Tuba function and efficient bacterial
spread.

6. Significance
The major findings in this work are that Tuba and Sec31A have the potential to interact, and
that InlC can disrupt Tuba/N-WASP complexes. These results provide important information
on the molecular mechanism of cell-to-cell spread of Listeria. Apart from Listeria, other
microbial pathogens, such as Shigella flexneri, Rickettsia spp.and Burkholdia pseudomallei
use F-actin-dependent motility to spread (40). How each of these pathogens forms protrusions
during spreading is poorly understood. Our work with the role of Tuba and Sec31A in Listeria
protrusion formation may inspire future studies to assess the functions of Sec31A or other
COPII components in spread of Shigella, Rickettsia, or Burkholdia. Finally, the finding that
Sec31A can associate with Tuba is novel and raises the possibility that Tuba may control ERGolgi trafficking. Therefore, our findings have the potential to contribute to a better
understanding of fundamental aspects of mammalian cell biology.

P a g e | 67

Bibliography
1.

Abram M, Schlüter D, Vuckovic D, Waber B, Doric M, Deckert M. Effects of pregnancyassociated Listeria monocytogenes infection: necrotizing hepatitis due to impaired maternal
immune

response

and

significantly

increased

abortion

rate.

Virchows

Arch.

2002;441(4):368-79. Epub 2002 Jul 27.
2.

Bakardjiev AI, Stacy BA, Fisher SJ, Portnoy DA. Listeriosis in the pregnant guinea pig: a
model of vertical transmission. Infect Immun. 2004;72(1):489-97.

3.

Basar T, Shen Y, Ireton K. Redundant Roles for Met Docking Site Tyrosines and the Gab1
Pleckstrin Homology Domain in InlB-mediated entry of Listeria monocytogenes. Infect
Immun. 2005;73(4):2061-74.

4.

Benachenhou N, Massy I, Vacher J. Characterization and expression analyses of the mouse
Wiskott-Aldrich syndrome protein (WASP) family member Wave1/Scar. 2002; 290(12):131-40.

5.

Bergmann B, Raffelsbauer D, Kuhn M, Goetz M, Hom S, Goebel W. InlA- but not InlBmediated internalization of Listeria monocytogenes by non-phagocytic mammalian cells
needs the support of other internalins. Mol Microbiol. 2002;43(3):557-70.

6.

Bi X, Corpina RA, Goldberg J. Structure of the Sec23/24–Sar1 pre-budding complex of the
COPII vesicle coat. Nature. 2002;419:271-7.

7.

Bi X, Mancias JD, Goldberg J. Insights into COPII Coat Nucleation from the Structure of
Sec23-Sar1 Complexed with the Active Fragment of Sec31. Cell. 2007;13(5):635–45.

8.

Bierne H, Cossart P. InlB, a surface protein of Listeria monocytogenes that behaves as an
invasin and a growth factor. J Cell Sci. 2002;115:3357-67.

9.

Bierne H, Mazmanian SK, Trost M, Pucciarelli MG, Liu G, Dehoux P, et al. Inactivation of
the srtA gene in Listeria monocytogenes inhibits anchoring of surface proteins and affects
virulence. Mol Microbiol. 2002;43(4):869-81.

10.

Bierne H, Miki H, Innocenti M, Scita G, Gertler FB, Takenawa T, et al. WASP-related
proteins, Abi1 and Ena/VASP are required for Listeria invasion induced by the Met
receptor. J Cell Sci. April 1, 2005;118:1537-47.

11.

Bonazzi M, Vasudevan L, Mallet A, Sachse M, Sartori A, Prevost M-C, et al. Clathrin
phosphorylation is required for actin recruitment at sites of bacterial adhesion and
internalization. J Cell Biol. 2011;195(3):525-36.

12.

Boujemaa-Paterski R, Gouin E, Hansen G, Samarin S, Clainche CL, Didry D, et al. Listeria
protein ActA mimics WASP Family proteins: It activates filament barbed end Branching
by Arp2/3 complex. Biochemistry. 2001;40(38):11390–404.

P a g e | 68
13.

Brundage RA, Smith GA, Camilli A, Theriot JA, Portnoy DA. Expression and
phosphorylation of the Listeria monocytogenes ActA protein in mammalian cells. PNAS.
1993;90(24):11890-4.

14.

Cameron LA, Footer MJ, Oudenaarden Av, Theriot JA. Motility of ActA protein-coated
microspheres driven by actin polymerization. Proc Natl Acad Sci U S A. 1999;96(9):490813.

15.

Campellone KG, Welch MD. A nucleator arms race: cellular control of actin assembly.
Nature Reviews Molecular Cell Biology. 2010;11(1):237-25.

16.

Cartwright EJ, Jackson KA, Johnson SD, Graves LM, Silk BJ, Mahon BE. Listeriosis
outbreaks and associated food vehicles, United States, 1998–2008. Emerg Infect Dis.
2013;19(1):1-9.

17.

Cathomen T, Joung JK. Zinc-finger nucleases: the next generation emerges. Mol Ther .
2008;16(7):1200-7. Epub 2008 Jun 10.

18.

Centers-for-Disease-Control-and-Prevention. Multistate outbreak of listeriosis associated
with Jensen Farms cantaloupe--United States, August-September 2011. MMWR Morb
Mortal Wkly Rep. 2011;60(39):1357-8.

19.

Chan YC, Wiedmann M. Physiology and genetics of Listeria monocytogenes survival and
growth at cold temperatures. Crit Rev Food Sci Nutr. 2009;49(3):237-53.

20.

Charlebois S, Horan H. Institutional and relational determinants in high- and mediumextent food product crises: the inner perspective of a public health crisis. Int J Environ
Health Res 2. 2010;20(4):299-312.

21.

Chatterjee SS, Hossain H, Otten S, Kuenne C, Kuchmina K, Machata S, et al. Intracellular
gene expression profile of Listeria monocytogenes. Infect Immun. 2006;74(2):1323-38.

22.

Chico-Calero I, Suárez M, González-Zorn B, Scortti M, Slaghuis J, Goebel W, et al. Hpt, a
bacterial homolog of the microsomal glucose- 6-phosphate translocase, mediates rapid
intracellular proliferation in Listeria. Proc Natl Acad Sci U S A. 2002;99(1):431–6.

23.

Chong R, Squires R, Swiss R, Agaisse H. RNAi screen reveals host cell kinases specifically
involved in Listeria monocytogenes spread from cell to cell. PLoS One. 2011;6(8):e23399.

24.

Clainche CL, Carlier M-F. Regulation of Actin Assembly Associated With Protrusion and
Adhesion in Cell Migration. Physiol Rev. 2008;88(2):489-513.

25.

Cossart P, Pizarro-Cerdá J, Lecuit M. Invasion of mammalian cells by Listeria
monocytogenes: functional mimicry to subvert cellular functions. Trends Cell Biol.
2003;13(1):23-31.

26.

Disson O, Grayo S, Huillet E, Nikitas G, Langa-Vives F, Dussurget O, et al. Conjugated
action of two species-specific invasion proteins for fetoplacental listeriosis. Nature. 23
October 2008;455:1114-8.

P a g e | 69
27.

Dokainish H, Gavicherla B, Shen Y, Ireton K. The carboxyl-terminal SH3 domain of the
mammalian adaptor CrkII promotes internalization of Listeria monocytogenes through
activation of host phosphoinositide 3-kinase. Cell Microbiol. 2007;9(10):2497-516.

28.

Domann E, Zechel S, Lingnau A, Hain T, Darji A, Nichterlein T, et al. Identification and
characterization of a novel PrfA-regulated gene in Listeria monocytogenes whose product,
IrpA, is highly homologous to internalin proteins, which contain leucine-rich repeats. Infect
Immun. 1997 January ;65(1):101-9. .

29.

Dorahy DJ, Berndt MC, Burns GF. Capture by chemical crosslinkers provides evidence that
integrin alpha IIb beta 3 forms a complex with protein tyrosine kinases in intact platelets.
Biochem J. 1995;309(2):481-90.

30.

Dramsi S, Biswas I, Maguin E, Braun L, Mastroeni P, Cossart1 P. Entry of Listeria
monocytogenes into hepatocytes requires expression of InIB, a surface protein of the
internalin multigene family. Mol Microbiol. 1995;16(2):251-61.

31.

Dunn PL, North RJ. Early gamma interferon production by natural killer cells is important
in defense against murine listeriosis. Infect Immun. September 1991;59(9 ):2892-900.

32.

Engelbrecht F, Chun S-K, Ochs C, Hess J, Lottspeich F, Goebel W, et al. A new PrfAregulated gene of Listeria monocytogenes encoding a small, secreted protein which belongs
to the family of internalins. Mol Microbiol. 1996;21(4):823-37.

33.

Ent Fvd, Amos LA, Löwe J. Prokaryotic origin of the actin cytoskeleton. Nature.
2001;413(6851):39-44.

34.

Fath S, Mancias JD, Bi X, Goldberg J. Structure and Organization of Coat Proteins in the
COPII Cage. Cell. 2007; 129(7):1325-36.

35.

Gaillard JL, Jaubert F, Berche P. The inlAB locus mediates the entry of Listeria
monocytogenes into hepatocytes in vivo. JEM. 1996;183(2):359-69

36.

Geese M, Loureiro JJ, Bear JE, Wehland J, Gertler FB, Sechi AS. Contribution of
Ena/VASP Proteins to Intracellular Motility of Listeria requires phosphorylation and
Proline-rich core but not F-Actin binding or multimerization. Mol Biol Cell.
2002;13(7):2383-96.

37.

Glomski IJ, Decatur AL, Portnoy DA. Listeria monocytogenes mutants that fail to
compartmentalize Listerolysin O activity are cytotoxic, avirulent, and unable to Evade host
extracellular defenses. Infect Immun. 2003;71(12):6754-65.

38.

Goley ED, Welch MD. The ARP2/3 complex: an actin nucleator comes of age. Nature
Reviews Molecular Cell Biology. 2006;7:713-26.

39.

Gouin E, Adib-Conquy M, Balestrino D, Nahori MA, Villiers V, Colland F, et al. The
Listeria monocytogenes InlC protein interferes with innate immune responses by targeting
the IkB kinase subunit IKKα. Proc Natl Acad Sci USA. 2010; 107(40):17333-38

P a g e | 70
40.

Gouin E, Welch MD, Cossart P. Actin-based motility of intracellular pathogens. Curr Opin
Microbiol. 2005;8(1):35-45.

41.

Gray MJ, Freitag NE, Boor KJ. How the bacterial pathogen Listeria monocytogenes
mediates the switch from environmental Dr. Jekyll to pathogenic Mr. Hyde. Infect Immun.
2006;75(5):2505-12.

42.

Greiffenberg L, Goebel W, Kim KS, Weiglein I, Bubert A, Engelbrecht F, et al. Interaction
of Listeria monocytogenes with human brain microvascular endothelial cells: InlBdependent invasion, long-Term intracellular growth and spread from macrophages to
endothelial cells. Infect Immun. 1998 November;66(11):5260-67.

43.

Gumbiner BM. Regulation of cadherin-mediated adhesion in morphogenesis. Nat Rev Mol
Cell Biol. 2005 6(8):622-34.

44.

Gurkan C, Balch WE. Recombinant production in baculovirus-infected insect cells and
purification of the mammalian Sec13/Sec31 complex. Methods Enzymol. 2005;404:58-66.

45.

Gürkan C, Stagg SM, LaPointe P, Balch WE. The COPII cage: unifying principles of
vesicle coat assembly. Nat Rev Mol Cell Biol. 2006;7(10):727-38.

46.

Hamada S, Umemura M, Shiono T, Tanaka K, Yahagi A, Begum MD, et al. IL-17A
produced by γδ T cells plays a critical role in innate immunity against Listeria
monocytogenes infection in the liver. The Journal of Immunology. 2008;181(5):3456-63

47.

Hidalgo IJ, Raub TJ, Borchardt RT. Characterization of the human colon carcinoma cell
line (Caco-2) as a model system for intestinal epithelial permeability. Gastroenterology.
1989;96(3):736-49.

48.

Hof H, Hefner P. Pathogenicity of Listeria monocytogenes in comparison to other Listeria
species. Infection. 1988;16(2):S141-S4.

49.

Ireton K. Entry of the bacterial pathogen Listeria monocytogenes into mammalian cells.
Cell Microbiol. 2007;9(6):1365-75.

50.

Ireton K, Payrastre B, Chap H, Ogawa W, Sakaue H, Kasuga M, et al. A role for
phosphoinositide 3-kinase in bacterial invasion. Science. 1996;274(5288):780-82.

51.

Ireton K, Payrastre B, Cossart P. The Listeria monocytogenes protein InlB is an agonist of
mammalian phosphoinositide 3-Kinase. J Biol Chem. 1999;274(24):17025-032.

52.

Ito Y, Uemura T, Shoda K, Fujimoto M, Ueda T, Nakanoa A. cis-Golgi proteins accumulate
near the ER exit sites and act as the scaffold for Golgi regeneration after brefeldin A
treatment in tobacco BY-2 cells. Mol Biol Cell. 2012;23(16):3203–14.

53.

Janakiraman V. Listeriosis in pregnancy: diagnosis, treatment, and prevention. Rev Obstet
Gynecol. 2008;1(14):179-85.

54.

Jonquières R, Bierne H, Fiedler F, Gounon P, Cossart P. Interaction between the protein
InlB of Listeria monocytogenes and lipoteichoic acid: a novel mechanism of protein

P a g e | 71
association

at the surface

of Gram-positive

bacteria. Molecular

Microbiology.

1999;34(5):902–14.
55.

Kerksiek KM, Busch DH, Pilip IM, Allen SE, Pamer EG. H2–M3-restricted T cells in
bacterial infection: rapid primary but diminished memory responses. J Exp Med.
1999;190:195–204

56.

Khelef N, Lecuit M, Bierne H, Cossart P. Species specificity of the Listeria monocytogenes
InlB protein. Cellular Microbiology. 2006;8(3):457–70.

57.

Kinchen JM, Ravichandran KS. Phagosome maturation: going through the acid test. Nat
Rev Mol Cell Biol. 2008;9(10):781–95.

58.

Kobe B, Deisenhofer J. The leucine-rich repeat: a versatile binding motif. Trends Biochem
Sci. 1994;19(10):415-21.

59.

Kobe B, Kajava AV. The leucine-rich repeat as a protein recognition motif. Curr Opin
Struct Biol. 2001;11(6):725-32.

60.

Kocks C, Gouin E, Tabouret M, Berche P, Ohayon H, Cossart P. L. monocytogenes-induced
actin assembly requires the actA gene product, a surface protein. Cell. 1992;68(3):521-31.

61.

Kodani A, Kristensen I, Huang L, Sutterlin C. GM130-dependent control of Cdc42 activity
at the Golgi regulates centrosome organization. Mol Biol of the Cell. 2009;20:1192-200.

62.

Kovacs EM, Verma S, Thomas SG, Yap AS. Tuba and N-WASP function cooperatively to
position the central lumen during epithelial cyst morphogenesis. Cell Adh Migr.
2011;5(4):344-50. Epub 2011 Jul 1.

63.

Kowalski JR, Egile C, Gil S, Snapper SB, Li R, Thomas SM. Cortactin regulates cell
migration through activation of N-WASP. J Cell Sci. January 1, 2005;118:79-87.

64.

Lambrechts A, Gevaert K, Cossart P, Vandekerckhove J, Troys MV. Listeria comet tails:
the actin-based motility machinery at work. Trends Cell Biol. 2008;18(5):220-7. Epub 2008
Apr 7.

65.

Lecuit M, Hurme R, Pizarro-Cerda J, Ohayon H, Geiger B, Cossart P. A role for α-and βcatenins in bacterial uptake. Proc Natl Acad Sci U S A. 2000;97(18):10008-13.

66.

Lecuit M, Vandormael-Pournin S, Lefort J, Huerre M, Gounon P, Dupuy C, et al. A
transgenic model for Listeriosis: Role of Internalin in crossing the intestinal barrier. Science
June 2001;292(5522 ):1722-5

67.

Leung N, Gianfelice A, Gray-Owen SD, Ireton K. Impact of the Listeria monocytogenes
protein InlC on infection in mice. Infect Immun. 2013;81(4):1334-40.

68.

Lewis EA, Murphy KP. Isothermal titration calorimetry. Methods in Molecular Biology.
2005;305:1-15.

P a g e | 72
69.

Li SS-C. Specificity and versatility of SH3 and other proline-recognition domains:
structural

basis

and

implications

for

cellular

signal

transduction.

Biochem

J.

2005;390(3):641–53.
70.

Lord C, Ferro-Novick S, Miller EA. The highly conserved COPII coat complex sorts cargo
from the endoplasmic reticulum and targets it to the Golgi. Cold Spring Harb Perspect Biol.
2013;5(2):pii: a013367.

71.

McCrea PD, Gumbiner BM. Purification of a 92 kDa cytoplasmic protein tightly associated
with the cell-cell adhesion molecule E-cadherin (uvomorulin). Characterization and
extractability of the protein complex from the cell cytostructure. J Biol Chem.
1991;266(7):4514-20.

72.

Mengaud J, Lecuit M, Lebrun M, Nato F, Mazie JC, Cossart P. Antibodies to the leucinerich repeat region of internalin block entry of Listeria monocytogenes into cells expressing
E-cadherin. Infect Immun 1996;64(12):5430–3.

73.

Merrick JC, Edelson BT, Bhardwaj V, Swanson PE, Unanue ER. Lymphocyte apoptosis
during early phase of Listeria infection in mice. Am J Pathol. 1997;151(3):785–92.

74.

Miki H, Takenawa T. Regulation of actin dynamics by WASP family proteins. J Biochem.
2003;134(3):309-13.

75.

O'Riordan M, Moors MA, Portnoy DA. Listeria intracellular growth and virulence require
host-derived lipoic acid. Science. 2003;302(5644 ):462-4

76.

Ong YS, Tang BL, Loo LS, Hong W. p125A exists as part of the mammalian Sec13/Sec31
COPII subcomplex to facilitate ER-Golgi transport. J Cell Biol. 2010;190(3):331-45. Epub
2010 Aug 2.

77.

Ooi ST, Lorber B. Gastroenteritis due to Listeria monocytogenes. Clin Infect Dis.
2005;40(9):1327-32.

78.

Otani T, Ichii T, Aono S, Takeichi M. Cdc42 GEF Tuba regulates the junctional
configuration of simple epithelial cells. JCB. 2006;175(1):135-46

79.

Ozawa M, Baribault H, Kemler R. The cytoplasmic domain of the cell adhesion molecule
uvomorulin associates with three independent proteins structurally related in different
species. EMBO J. 1989;8(6):1711–7.

80.

Pamer EG. Immune responses to Listeria monocytogenes. Nat Rev Immu. October
2004;4:812-23

81.

Pattnaik P. Surface plasmon resonance. App Biochem Biotechnol. 2005;126(2):79-92.

82.

Pentecost M, Kumaran J, Ghosh P, Amieva MR. Listeria monocytogenes internalin B
activates junctional endocytosis to accelerate intestinal invasion. PLoS Pathog.
2010;13(6):e1000900.

P a g e | 73
83.

Pentecost M, Otto G, Theriot JA, Amieva MR. Listeria monocytogenes invades the
epithelial junctions at sites of cell extrusion. PLoS Pathog. 2006;2(1):e3. Epub 2006 Jan 27.

84.

Phizicky EM, Fields S. Protein-protein interactions: methods for detection and analysis.
Microbiol Mol Biol Rev. 1995;59(1):94-123.

85.

Pizarro-Cerdá J, Cossart P. Listeria monocytogenes membrane trafficking and lifestyle: The
exception or the rule? Annu Rev Cell Dev Biol. 2009;25:649-70.

86.

Plitas G, Chaudhr UI, Kingham TP, Raab JR, DeMatteo2 RP. TNF/iNOS-Producing
dendritic cells mediate innate immune defense against bacterial infection. The Jour. of
Immu. 2007;178(7):4411-6.

87.

Pollard TD, Borisy GG. Cellular motility driven by assembly and disassembly of actin
filaments. Cell. 2003 112(4):453-65.

88.

Posfay-Barbe KM, Wald ER. Listeriosis. Semin Fetal Neonatal Med. 2009;14(4):228-33.

89.

Prats N, Briones V, Blanco MM, Altimira J, Ramos JA, Domínguez L, et al. Choroiditis
and meningitis in experimental murine infection with Listeria monocytogenes. Eur J Clin
Microbiol Infect Dis. 1992;11(8):744-7

90.

Pust S, Morrison H, Wehland J, Sechi AS, Herrlich P. Listeria monocytogenes exploits
ERM protein functions to efficiently spread from cell to cell. EMBO J. 2005;24:1287 - 300

91.

Puthenveedu MA, Bachert C, Puri1 S, Lanni F, Linstedt AD. GM130 and GRASP65dependent lateral cisternal fusion allows uniform Golgi-enzyme distribution. Nat Cell Biol.
2006;8:238 - 48.

92.

Rabinovich L, Sigal N, Borovok I, Nir-Paz R, Herskovits AA. Prophage excision activates
Listeria competence genes that promote phagosomal escape and virulence. Cell. 2012;
150(4):792–802.

93.

Rajabian T. Molecular and cellular function of the Listeria monocytogenes virulence factor
InlC: Degree of Doctor of Philosophy. Department of Molecular Genetics. University of
Toronto; 2010. Available from: http://hdl.handle.net/1807/19075.

94.

Rajabian T, Gavicherla B, Heisig M, Müller-Altrock S, Goebel W, Gray-Owen SD, et al.
The bacterial virulence factor InlC perturbs apical cell junctions and promotes cell-to-cell
spread of Listeria. Nat Cell Biol. 2009;11:1212 - 8.

95.

Robbins JR, Barth AI, Marquis H, Hostos ELd, Nelson WJ, Theriota JA. Listeria
monocytogenes exploits normal host cell processes to spread from cell to cell. J Cell Biol
1999;146(6):1333-50.

96.

Salazar MA, Kwiatkowski AV, Pellegrini L, Cestra G, Butler MH, Rossman KL, et al.
Tuba, a novel protein containing bin/amphiphysin/Rvs and Dbl homology domains, links
dynamin to regulation of the actin cytoskeleton. J Biol Chem. 2003;278(49):49031-43.
Epub 2003 Sep 22.

P a g e | 74
97.

Sambuy Y, Angelis ID, Ranaldi G, Scarino ML, Stammati A, Zucco F. The Caco-2 cell line
as a model of the intestinal barrier: influence of cell and culture-related factors on Caco-2
cell functional characteristics. Cell Biol Toxicol. 2005;21(1):1-26.

98.

Scallan E, Hoekstra RM, Angulo FJ, Tauxe RV, Widdowson M-A, Roy SL, et al.
Foodborne illness acquired in the United States—Major Pathogens. Emerg Infect Dis.
2011;17(1):7-15.

99.

Schlech-3rd WF. Foodborne listeriosis. Clin Infect Dis. 2000;31(3):770-5.

100. Schlech-3rd WF, Lavigne PM, Bortolussi RA, Allen AC, Haldane EV, Wort AJ, et al.
Epidemic listeriosis--evidence for transmission by food. N Engl J Med. 1983;208(4):203-6.
101. Schlüter D, Buck C, Reiter S, T TM, Hof H, Deckert-Schlüter M. Immune reactions to
Listeria monocytogenes in the brain. Immunobiology. 1999 201(2):188-95.
102. Schlüter D, Chahoud S, Lassmann H, Schumann A, Hof H, Deckert-Schlüter M.
Intracerebral

targets

and

immunomodulation

of

murine

Listeria

monocytogenes

meningoencephalitis. J Neuropathol Exp Neurol 1996;55(1):14-24.
103. Schnupf P, Portnoy DA. Listeriolysin O: a phagosome-specific lysin. Microbes Infect.
2007;9(10):1176–87.
104. Seaman MS, Wang CR, Forman J. MHC class Ib-restricted CTL provide protection against
primary and secondary Listeria monocytogenes infection. J Immunol. 2000;165:5192–201
105. Sept D, McCammon JA. Thermodynamics and kinetics of actin filament nucleation. Cell.
August 2001;81(2):667–74.
106. Shen Y, Naujokas M, Park M, Ireton K. InIB-dependent internalization of Listeria is
mediated by the Met receptor tyrosine kinase. Cell. 2000;103(3):501-10.
107. Shetron-Rama LM, Marquis H, Bouwer HGA, Freitag NE. Intracellular induction of
Listeria monocytogenes actA expression. Infect Immun. 2002;70(3):1087-96.
108. Shibata H, Inuzuka T, Yoshida H, Sugiura H, Wada I, Maki M. The ALG-2 binding site in
Sec31A influences the retention kinetics of Sec31A at the endoplasmic reticulum exit sites
as revealed by live-cell time-lapse imaging. Biosci Biotechnol Biochem. 2010;74(9):181926.
109. Siegman-Igra Y, Levin R, Weinberger M, Golan Y, Schwartz D, Samra Z, et al. Listeria
monocytogenes infection in Israel and review of cases worldwide. Emerg Infect Dis.
2002;8(3):305-10.
110. Smith GA, Marquis H, Jones S, Johnston NC, Portnoy DA, Goldfine H. The two distinct
phospholipases C of Listeria monocytogenes have overlapping roles in escape from a
vacuole and cell-to-cell spread. Infect Immun. 1995;63(11):4231–7.

P a g e | 75
111. Sousa S, Cabanes D, Archambaud C, Colland F, Lemichez E, M P, et al. ARHGAP10 is
necessary for alpha-catenin recruitment at adherens junctions and for Listeria invasion. Nat
Cell Biol. 2005;7(10):954-60.
112. Sousa S, Cabanes D, Bougnères L, Lecuit M, Sansonetti P, Tran-Van-Nhieu G, et al. Src,
cortactin and Arp2/3 complex are required for E-cadherin-mediated internalization of
Listeria into cells. Cell Micro. 2007;9(11): 2629–43.
113. Sousa S, Cabanes D, El-Amraoui A, Petit C, Lecuit1 M, Cossart1 P. Unconventional
myosin VIIa and vezatin, two proteins crucial for Listeria entry into epithelial cells. J Cell
Sci. April 15, 2004;117:2121-30.
114. Sun H, Shen Y, Dokainish H, Holgado-Madruga M, Wong A, Ireton K. Host adaptor
proteins Gab1 and CrkII promote InlB-dependent entry of Listeria monocytogenes. Cell
Microbiol. 2005;7(3):443-57.
115. Swaminathan B, Gerner-Smidt P. The epidemiology of human listeriosis. Microbes Infect
2007;9(10):1236-43.
116. Tang BL, Zhang T, Low DYH, Wong ET, Horstmann H, Hong W. Mammalian
homologues of yeast Sec31p. An ubiquitously expressed form is localized to endoplasmic
reticulum (ER) exit sites and is essential for ER-Golgi transport. J Biol Chem.
2000;275(18):13597-604.
117. Tilney LG, DeRosier DJ, Tilney MS. How Listeria exploits host cell actin to form its
own cytoskeleton. I. Formation of a Tail and How That Tail Might Be Involved in
Movement. J Cell Biol. 1992;118(1):71–81.
118. Tilney LG, Portnoy DA. Actin filaments and the growth, movement, and spread of the
intracellular bacterial parasite, Listeria monocytogenes. J Cell Biol 1989;109(4):1597-608.
119. Trost M, Wehmhöner D, Kärst U, Dieterich G, Wehland J, Jänsch L. Comparative
proteome analysis of secretory proteins from pathogenic and nonpathogenic Listeria species.
Proteomics. 2005;5(6):1544-57.
120. Unanue ER. Inter-relationship among macrophages, natural killer cells and neutrophils in
early stages of Listeria resistance. Curr Opin Immunol. 1997;9(1):35–43.
121. Unanue ER. Studies in listeriosis show the strong symbiosis between the innate cellular
system and the T-cell response. Immunological Reviews. August 1997;158(1):11–25.
122. Urnov FD, Miller JC, Lee Y-L, Beausejour CM, Rock JM, Augustus S, et al. Highly
efficient endogenous human gene correction using designed zinc-finger nucleases. Nature.
2005;7042(1):646-51. Epub 2005 Apr 3.
123. Vázquez-Boland JA, Kuhn M, Berche P, Chakraborty T, Domínguez-Bernal G, Goebel W,
et al. Listeria pathogenesis and molecular virulence determinants. Clin Microbiol Rev.
2001;14(3):584-640.

P a g e | 76
124. Veiga E, Cossart P. Listeria hijacks the clathrin-dependent endocytic machinery to invade
mammalian cells. Nat Cell Biol. 2005;7(9):894-900. Epub Epub 2005 Aug 21.
125. Velyvis A, Vaynberg J, Yang Y, Vinogradova O, Zhang Y, Wu C, et al. Structural and
functional insights into PINCH LIM4 domain−mediated integrin signaling. Nat Struct Biol.
2003;10:558 - 64.
126. Ward TH, Polishchuk RS, Caplan S, Hirschberg K, Lippincott-Schwartz J. Maintenance of
Golgi structure and function depends on the integrity of ER export. J Cell Biol.
2001;155(4):557–70.
127. Wei J-H, Seemann J. Unraveling the Golgi Ribbon. Traffic. 2010;11(11):1391–400.
128. Welch MD, Rosenblatt J, Skoble J, Portnoy DA, Mitchison TJ. Interaction of Human
Arp2/3 complex and the Listeria monocytogenes ActA protein in actin filament nucleation.
Science 1998;281(5373 ):105-08
129. Wollert T, Pasche B, Rochon M, Deppenmeier S, Heuvel Jvd, Gruber AD, et al. Extending
the host range of Listeria monocytogenes by rational protein design. Cell. 2007;129(5):891–
902.
130. Notifiable and Other Diseases in New Zealand: Annual Report 2001 to 2012. Porirua, New
Zealand: The Institute of Environmental Science and Research Ltd. (ESR) May 2001 to
2013.

