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Introduction 

Typhoid fever which is caused by Salmonella enterica serovar Typhi, a food 

borne pathogen, is one of the major causes of human morbidity and mortality. S. 

typhimurium, which. causes a similar systemic infection in mice, serves as an 

experimental model for studying Salmonella infections (Ohl and Miller, 2001). During 

the course of infection, Salmonella invades epithelial cells and activates the production of 

inflammatory cytokines, which attract the immune cells to the site of infection (Wallis 

and Galyov, 2000). The interaction between the pathogen and an activated macrophage is 

followed by overt responses from both bacteria and the host cell. The host response to 

infection is triggered by several cellular processes such as diverse as cytoskeletal 

rearrangements, alterations in membrat}e trafficking, activation of anti-microbi.al 

mechanisms, production of pro- and anti- inflammatory cytokines and chemokines, 

activation of apoptosis and production of molecules required for efficient antigen 

presentation to the adaptive immune system. The bacteria retort to the host mechanisms 

by secretion of molecules commonly called as effector proteins through a specialized 

system known as Type III secretion system. However, on encountering non-activated 

macrophages the pathogen is internalized and survives in a specialized membrane bound 

compartment inside the macrophage. This compartment has been termed as the 

Salmonella containing vacuole (SCV) or live Salmonella containing phagosome (LSP) 

(Cotter and DiRita, 2000; Hashim et aI., 2000). Salmonella is able to survive and 

replicate in this intracellular niche in macrophages by inhibiting the maturation of the 

phagosome that contains it, into a phagolysosome (Fratti et aI., 2002) which is carried out 

by modulating the expression of various intracellular transport molecules (Hashim et aI., 

2000). 

It is well documented that the process of phagosome maturation involves 

sequential interactions of the phagosome with members of the endocytic pathway 

(Jahraus et aI., 1998; Mayorga et aI., 1991). Similar to the endocytic pathway, 

intracellular transport of the phagosome to its appropriate destination also requires a 

series of highly coordinated and specific vesicle fusion events. The process of vesicular 

fusion is regulated by small GTP binding proteins of the Rab family and various tethering 

factors in combination with soluble N-ethylmaleimide sensitive factor attachment protein 

receptor (SNARE) proteins which confer specificity in these trafficking events (Pfeffer, 
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1999; Rothman and Sollner, 1997; Scott et aI., 2003; Zerial and McBride, 2001). 

However, the exact mechanism by which intracellular pathogens like Salmonella 

modulate these transport molecules to survive within host cells is still not well 

characterized. Nonetheless, it is known that Salmonella secretes a number of bacterial 

effectors with a plethora of functions to enable efficient invasion and survival as an 

intracellular pathogen. 

Previous studies from our laboratory have demonstrated that SopE, a Salmonella 

effector protein specifically binds and recruits Rab5 from host cells on the LSP. This 

promotes the fusion of LSP with early endosomal compartments thereby inhibiting the 

maturation of LSP to phagolysosomes (Mukherjee et aI., 2000). Subsequent studies have 

shown that the recruitment of Rab5 on LSP helps the phagosome to acquire N

ethylmaleimide sensitive fusion protein (NSF), suggesting a role of SNAREs in the 

maturation of Salmonella-containing phagosomes. Consequently, we have observed that 

Salmonella recruits different SNARE molecules on the phagosomes as they mature. In 

the present study, we propose to understand the mechanisms by which Salmonella 

recruits these SNAREs on their phagosomes and the plausible role of different 

Salmonella effector proteins in this process. 

2 
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Review of literature 

Phagocytosis (Greek, phagos-eating; cytes-cells) is the process of uptake of a 

particle of large size (>0.5 ~m) from its environment by a cell. The phagocytic machinery 

has been used in different organisms for varied purposes with unicellular organisms like 

amoeba deriving nutritional benefits while higher vertebrates and mammals exploit this 

machinery to fulfill additional functions such as clearance of apoptotic cells and aversion 

of infection (Cardelli, 2001; Underhill and Ozinsky, 2002). Phagocytosis in mammals is a 

specialized feature of so-called professional phagocytic cells, i.e. neutrophils, dendritic 

cells and macrophages but is not unique to these cells (Rabinovitch, 1995). Cells like the 

retinal epithelial cells which fall in the category of paraprofessional phagocytes have 

intermediate phagocytic ability unlike the professional phagocytes (Rabinovitch, 1995). 

In mammals, phagocytosis serves as a key host defense mechanism. When a non-self 

particle such as a bacterium enters the body, professional phagocytes are chemotactically 

attracted to the site of infection. Upon interaction of the bacterium with specific receptors 

on the phagocyte, actin polymerization is induced at the site of invasion followed by 

particle internalization via an actin-based mechanism. The phagocyte envelops the 

particle by a portion of its plasma membrane which finally pinches off to form a 

phagosome. After internalization actin is shed from the phagosome and the phagosome 

matures by a series of fusion events with members of the endocytic pathway, culminating 

in the formation of the mature phagolysosome (Conner and Schmid, 2003; Haas, 2007). 

The hostile environment of this compartment leads to the destruction of the internalized 

bacterium and the regurgitated bacterial peptides are then presented on the surface of 

macrophages to elicit the adaptive immune response. 

2.1 Mechanism of phagocytosis 
Two mechanisms have been considered for particle phagocytosis, namely 

'Zipper' and 'Trigger'. The Zipper mechanism proposed by Griffin and Silverstein 

originated based on the studies of bacterial phagocytosis in erythrocytes (Griffin et aI., 

1975; Griffin and Silverstein, 1974). According to this mechanism, ingestion occurs as a 

result of continuous receptor-ligand interactions leading to formation of the phagoctyic 

cup. In contrast, the triggering process involves commencement of an all-or-none 

phagocytic response upon particle binding. This stimulates membrane ruffling at sites of 
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invagination, followed by formation of large endocytic structures, macropinosomes as 

membrane ruffles fold back against the cell surface (Racoosin and Swanson, 1989). This 

"non-zippering process" or the triggered phagocytosis has been exemplified by studies on 

S. typhimurium internalization into macrophages and epithelial cells (Takeuchi, 1967). 

2.2 Receptor mediated phagocytosis 
Due to restricted availability of predisposed phagocytic receptors and the 

propensity of pathogens to mutate, a variety of receptors are engaged in the phagocytic 

process by recognizing conserved motifs present specifically on pathogens, but absent on 

host cells. These conserved motifs called "pathogen-associated molecular patterns" 

(PAMPs) include mannans, formylated peptides and lipopolysaccharides of yeast, gram 

negative and positive bacteria and are recognized by the receptors commonly called as 

"pattern-recognition receptors" (PRRs) (Janeway, 1992). Both cellular and humoral 

immune components are involved in the recognition process. Cellular receptors that 

recognize these patterns include mannose receptor, integrins and scavenger receptors 

(Sastry and Ezekowitz, 1993; Stahl and Ezekowitz, 1998). C1q receptor and the 

transmembrane receptor, SPR210 are among the humoral recognition receptors (Epstein 

et aI., 1996; Tenner et aI., 1995). These receptors mainly mediate the specific recognition 

of cognate ligands, however the internalization is mediated via the Fc and the 

complement (C3b) receptors (Carroll, 1998; Ravetch, 1997). Similarly, a large number of 

receptors like class A scavenger receptors and class B scavenger receptor, CD36, the 

vitronectin receptor and CD14 (Devitt et aI., 1998; Platt et aI., 1996; Savill et aI., 1992) 

assist the internalization of apoptotic cells by recognizing the phosphatidylserines, 

changes in the pattern of glycosylation of cell surface proteins and surface charge on the 

ailing cells (platt et aI., 1998). 

2.2.1 Fc gamma receptor (FcyR) mediated phagocytosis 

FcyR are members of the immunoreceptor class of receptor tyrosine kinases 

which recognize the Fc region of the immunoglobin. There are two categories of the 

FcyR: one that activates the effector function and one that inhibits it. The former class 

includes the FcyRI, FcyRIIA and FcyRIII and the latter class is represented by the 
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FcyRIID (Ravetch, 1997). These receptors contain the tyrosine based activation motif 

(ITAM) within their cytoplasmic tails or in associated subunits (Ravetch, 1994). 

Clustering of the FcyR by IgG-opsonized particles induces phosphorylation of tyrosine 

within the IT AM motifs initiating a signaling cascade leading to recruitment of 

downstream effectors. The downstream effectors of the FcyR include the PI3-kinases 

required for phagosomal cup closure (Araki et aI., 1996), members ,of the RhoGTPase 

family to regulate actin polymerization (Cox et aI., 1997) and the protein kinase C (PKC) 

family of proteins (Zheleznyak and Brown, 1992). 

2.2.2 Mannose receptor mediated phagocytosis 

The mannose receptor (MR) on macrophages recognize branched mannose and 

fucose oligosaccharides as well as prototypic P AMPs with high affmity, making this 

phagocytic receptor of broad pathogen specificity (Stahl and Ezekowitz, 1998). The MR 

is a single chain receptor with a short cytoplasmic tail and an extracellular domain 

including 8 lectin-like carbohydrate-binding domains (Taylor et aI., 1990). The 

cytoplasmic tail is crucial to both the endocytic and phagocytic functions of the receptor 

(Stahl and Ezekowitz, 1998). During mannose receptor mediated phagocytosis, proteins 

such as F-actin, tal in, PKCa., MARCKS and Myosin I are recruited around the nascent 

phagosomes (Allen and Aderem, 1996b). The engagement of this receptor also leads to 

secretion of pro-inflammatory cytokines like IL-l~, IL-6, GM-CSF, TNFa., and IL-12 

(Aderem and Underhill, 1999). 

2.2.3 Scavenger receptor mediated phagocytosis 

Scavenger receptors (SR) comprise a large family of structurally diverse 

transmembrane cell surface glycoproteins which mediate direct non-opsonic phagocytosis 

of pathogenic microbes. These receptors have the ability to recognize different microbial 

structures including PAMPs, LPS, LTA, bacterial CpG DNA and yeast zymosan 

(Areschoug and Gordon, 2008; Mukhopadhyay and Gordon, 2004). More recently, there 

have been reports suggesting that various bacteria1.surface proteins serve as major ligands 

for Class A SR (Areschoug et aI., 2008; Jeannin et aI., 2005; Peiser et aI., 2006; 

Pluddemann et aI., 2009) while the Class B SR recognizes LT A and diacylated 

6 



Review oLliterature 

lipopeptide on bacteria (Roebe et aI., 2005). Some SRs also act as a co-receptor for 

TLRs, thus modulating the inflammatory response (Roebe et aI., 2005; Jeannin et aI., 

2005). As part of the phagocytic process, SRs mediate the activation of signaling 

cascades and the production of pro-inflammatory cytokines in response to specific 

receptor-ligand interaction. 

2.2.4 Complement receptor mediated phagocytosis 

Complement receptors (CR) opsonize bacteria by recognizing the complement 

proteins, C3b or C3bi. The receptor CRI is involved in particle binding while CR3 and 

CR4 are involved in internalization of the particle (Aderem and Underhill, 1999). CR 

mediated phagocytosis is a relatively passive process forming only point like contact 

areas where the particles appear to sink into the cell (Kaplan, 1977) and a variety of 

cytoskeletal factors including F-actin, vinculin, a-actinin, paxillin and phosphotyrosine

containing proteins get recruited to the areas of contact (Allen and Aderem, 1996a). 

Unlike FcyR phagocytosis, CR mediated phagocytosis does not elicit a pro-inflammatory 

response (Aderem et at, 1985; Wright and Griffin, 1985). Moreover, CR mediated 

internalization requires intact microtubules and is accompanied by the accumulation of 

vesicles beneath the forming phagosome (Allen and Aderem, 1996b). 

2.3 Macropinocytosis 
Macropinocytosis, also known as triggered phagocytosis is not a receptor-ligand 

guided mechanism. It is however, an actin driven mechanism where in membrane ruffles 

fold back and fuse with the plasma membrane to generate large endocytic vesicles called 

macropinosomes (0.2-10 Jlm in diameter) (Weed and Parsons, 2001). Although 

macropinocytosis accompanies apparently disordered membrane ruffling, it is ilikely to be 

a highly controlled and regulated process, being driven by a cascade of signaling 

molecules, cytoskeletal proteins, actin and Rho-GTPases (Conner and Schmid, 2003). 

Macropinocytosis accomplishes diverse functions including a role in directed cell 

migration (Ridley, 2001), immune surveillance (Mellman and Steinman, 2001) and 

uptake of viruses like Vaccinia and some adenoviruses (Amstutz et aI., 2008; Mercer and 

Relenius, 2008). It has also been shown that some bacteria like S. typhimurium and L. . 
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pneumophila inject toxins into host cells triggering macropinocytosis to facilitate their 

own uptake into these macropinosomes, which are conducive for their survival and 

replication (Steele-Mortimer et aI., 2000). Although the morphologies of ph ago somes and 

macropinosomes vary, the molecules that regulate the dynamics of membrane and actin 

cytoskeleton have several shared features (Swanson, 2008). 

2.4 Phagosome biogenesis and its maturation 
The classical view of phagocytosis suggested the sole involvement of the plasma 

membrane pseudopods to internalize large particles (Cohn and Steinman, 1982; Jutras 

and Desjardins, 2005). However, subsequent studies have shown that the plasma 

membrane alone is insufficient to engulf large particles, thus, phagosome formation 

requires the contribution of other intracellular membranes. Several reports confirm the 

contribution of membranes by various intracellular compartments, including the 

endoplasmic reticulum (ER), recycling endosomes (V AMP-3 containing vesicles), late 

endosomes (V AMP-7 containing vesicles) and lysosomes, to nascent phagosomes (Bajno 

et aI., 2000; Braun et aI., 2004; Gagnon et aI., 2002). 

The biochemical composition of phagosomes is modified as it 'matures" into the 

phagolysosome via sequential interactions with compartments of the endocytic pathway 

(Desjardins et aI., 1994). Shortly after their formation, phagosomes bind to microtubules 

(Goldstein et aI., 1973; Hart et aI., 1983; Pesanti and Axline, 1975) and engage in fusions 

with early endosomes followed by interactions with the late endosomes and lysosomes. 

During this process, there is continuous association and dissociation of proteins from 

different compartments. Finally, the phagosome develops lysosomal traits as it acidifies 

and accumulates different Rabs, lysosome associated membrane glycoproteins (LAMPs). 

Cathepsin D and other acid hydrolases, which efficiently degrade most of the invading 

microbes (Fig. 1 ). The mechanism of fusion has been highly debated. The 'pre-existing 

compartment model' proposed that the endocytosed material is carried between a series 

of biochemically distinct pre-existing organelles and there occurs a complete mixing of 

the fusion partners, membranes and their luminal contents (Griffiths and Gmenberg, 

1991). However, studies conducted by Desjardins on kinetics of acquisition and 

dissociation of molecules, transfer of contents and microscopical evidence demonstrating 
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Figure I: Phagosome maturation via sequential interactions with the endocytic pathwa.' , 
Adapted from Nature Revi ews Microbiology; Ronald S. Flannagan, Gabriela Cosio, 20('19 . 

engagement of phagosomes in mul tiple transient contacts led to another model, 'the kiss 

and run' hypothesis. This model proposes that lipid bi layers of the fusing organelles 

intermingle transiently and after a short mixing of contents (,kiss') , the fusion vesicle 

retracts ('run') to re-fuse wi th the target membrane (Desjardins, 199:5), Hence, fusion 

events involve mul tiple transient interactions to exchange lumina and membrane 

material while the organelles still maintain their identities, 

2.5 Regulation of phagocytosis 
The processes of phagocytosis and macrop inocytosis are driver, by a combination 

of localized cytoskeletal rearrangements . These include actin po lymerization, 

depolymerization and contraction of actin filamen t networks. The microtubules and other 

motor proteins contribute to the interactions of phagosomes with the endocytic pathway 

by driving the intravesicular fusion events, The cytoskeletal n~arrangements are 

controlled by accessory molecules, which include the small GTPases and their regulators, 

the guan ine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs). 

As phagocytosis proceeds, phagosomes mature, undergoing a series of membrane fusion 

events , For the proper flow of cargo within the cell, it is essential to maintain the 
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specificity of membrane fusion. This is regulated by small GTP binding proteins f the 

Rab family (Rothman and Soll ner, 1997; Zerial and McBride, 2001) , proteins Jf the 

Sec I p family and various tethering factors in combination with soluble N-ethylmaleimide 

sensitive factor attachment protein receptor (SNARE) proteins (Pfeffer, 1999). 

2.5.1 Cytoskeletal proteins: actin and microtubules 

The cytoskeletal proteins, actin, microtubules and their regulatory molecules have 

been implicated to playa role in phagocytosis as well as macropinocytosis. It is well 

establi shed that the actin cytoskeleton is important for the initial steps of phagocytosis 

(Greenberg et aI., 1988). Actin polymerization in phagocytosis is in tum regulated by 

accessory molecules, Arp2/3, formins and other proteins including WASP I 08, W A VE2, 

amphiphysin and coronin in concert with several myosins (Swanson, 2008). Ho\\-ever, 

evidence suggests that later transport events require microtubules as they faci litate 

interactions between phagosomes and organelles of the endocytic pathway (Goldstt:in et 

aI., 1973; Hart et aI., 1987; Hart et aI. , 1983; Pesanti and Axline, 1975). It is now well 

establi shed that the cytoplasmic dynein and kinesin motors can interact wi th membrane 

organelles indicating a role of these molecules in driving the transport events 

(Ho ll enbeck, 1989; Lacey and Haimo, 1992; Morin et aI. , 1993; Neighbors et aI. , 1988). 

2.5.2 Lipid rafts 

Phagosome maturation is also accompanied by the acquisition of sets of prOleins 

and lipids that contribute to the segregation of certain phagosome constituents in 

membrane microdomains. Lipid microdomains on phagosomes have been proposed to 

serve as platforms for the assembly and nucleation of actin (Defacque et aI., 2002) and 

for the assembly of an active NADPH oxidase complex (Shao et aI. , 2003 ; Vilhardt and 

van Deurs, 2004) which is a crucial enzyme for the microbicidal fu nction of phagosomes 

and innate immune defense against infections. 

2.5.3 Rab GTPases and their effectors 

Rab prote ins form the largest subfamily of Ras superfamily of small GTP binding 

proteins. As many as 70 members of this family have been identified in mammals. These 
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proteins are present on specific vesicle compartments and regulate the transport of cargo 

molecules within the cells (Oeneka et aI. , 2003; Zerial and McBride, 2001). The 

regulation of intracellular transport is attributed to their ability to function as molecular 

switches, oscillating between the GTP-bound 'active' and the GOP-bound 'inactive' 

form. This cycling between the two forms requires nucleotide exchange and hydrolysis 

which is regulated by the GEFs and GAPs (Seabra and Wasmeier, 2004) . 

o 

.. 
" .' 
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Figure 2: In tracellular localization of various Rab proteins 
Adapted from httn: ' wwv\ .1Imassmed.edwigp fuclIl lv/lambright 

• A 

At steady state, Rabs are localized on specific subcellular compartments in 

eukaryotic cells (Fig.2) (Pfeffer, 2001; Somsel Rodman and Wand inger-Ness, 2000). 

However, multiple Rabs have been reported to be present on a single intracellular 

compartment occupying distinct "microdomains" (Sonnichsen et aI., 2000) . For instance, 

Rab5 associates predominantly with the sorting endosomes, Rab4 and Rabll locate 

preferentially to the recycling endosomes, while Rab7 is localized to late endosornes and 

to the Iysosomes (Bucci et aI. , 2000; Somsel Rodman and Wandinger-Ness, 20( 0) (Fig. 

2). Targeting of Rabs to distinct compartments is mediated through the post-tran3lational 

modifications of these proteins by the addition of one or two prenyl groups a. the C-

I I 
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terminal cysteine residue(s) (Ciurkan et al.. 2(05). On the other hand. targeting to ~peciric 

microdomains occurs via interactions \vith their effectors and lipids present 1m the 

membrane (Pfeffer. 2003; Pfeffer and Aivazian. 20(4). 

Rab GTPases regulate intracellular trafJicking based on their sube,:llular 

localization and by interactions with effectors and lipids present in the companment. 

Rabs. in their active form. bind to soluble molecules that act as 'effectors' and tramduce 

the signal of the Rab CiTPase to dri\l; the transport mechanism. Many Rab effector', have 

been identified including Rabaptin-5. Rabex-S. Rabenosyn-S and EEA-I which let as 

effectors of the early endosomal RabS. playing important roles in recyclinr and 

endosome fusion (Horiuchi et al.. 1997; Mills et al.. 1995; Nielsen et al.. 2000; SimlJ1sen 

et al.. 199X; Stenmark et al.. 1(95) Specialized structural features of Rab efft.'ctors 

mediate cellular trafficking events. For instance. in the Rab7 effector. RILP coiletl coil 

domains have been found to recruit functional dynein-dynactin motor complexes t(l late 

endosomes thereby inhibiting their transport towards the cell periphery (Jordens c al.. 

20(1). Similarly. TIP47 is a cytosolic protein which can bind both Rab9 and M6PI{ to 

regulate LE to Golgi transport (Carrull et al.. 2001; Diaz and Pfeffer. 199X). Tarle I 

represents various Rabs and their effectors involved in di fferent transport events. 

Rab proteins control many aspects of membrane traffic including vesicle formation. 

wsicle motility along the actinilnicrutubule cytoskeleton. tethering. transport and fu.,ion 

(Ciurkan et al.. 200S; Somsel Rodman and Wandinger-Ness. 2000; Zerial and McBrde. 

200 I). There are also functional connections between Rab proteins and motors of the 

actin cytoskeleton (Pruyne et al.. IlNX: Schott el a1.. 1(99). These (iTPases ;Iso 

determine the distribution of cellular compartments by regulating the movement of 

\'esicles and organelles along cytoskeletal filaments. RabS regulates both the attachllll:nt 

of early endosomes and their motil along micrutubules (1\ielsen et al.. 19(9). Allie 

for Rab6 in microtubule-dependent tran~pon has been suggested from the disco\cry t lat 

thi~ CiTPase interacts with a kinesin-ilke protein. Rabkinesll1-6 (Echard d aL 199'';). 

which is important for inesis. Rab proteins cOl)rdinate the membrane tethering Llild 

docking via their effectors. To dri\C \ e~Jcle fusion. Rab effectors interact \\ith speci Ie 

SNARE molecules within the Rab dumain to selectively enrich the cis-SNAI·: F 
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complexes at sites of their function, a prerequisite for cognate SNAREs to pair In trans 

upon tethering (Zerial and McBride, 200 I). 
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2.5.4 SNAREs 

SNAREs comprise a large family of coiled coil proteins (Jahn and Sudhof, (999) 

which playa central role in intracellular membrane trafficking by conferring spec' ficity 

to vesicular fusion events in conjunction with Rab GTPases. Around 36 members o f this 

super family of proteins are known in mammals. Most SNAREs have a membrane

spanning region, an N-terrninal domain and a membrane proximal SNARE motif domain 
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which contains conserved heptad repeat sequences and is critical for SNARE complex 

formation (Fasshauer et al., 1998). SNARE molecules have been divided mto two groups, 

vesicu lar (v)-SNAREs on donor membranes and target (t)-SNAREs on target membranes 

(Sollner et al., 1993) based on their functionali ty; and as R-SNAREs (argi nine containing 

SNAREs) and Q-SNAREs (glutamine-containing SNAREs) depending on the conserved 

residue in the SNARE motif. The Q-SNAREs have been further sub classified into Qa, 

Qb and Qc SNAREs on the basis of their N-terminus domain (Bock et al., 200 I; 

Fasshauer et al., 1998). 

Specific members of the SNARE families are localized to distincr subcellular 

compartments (Advani et al. , 1998) to function in specific intracellular fusion steps 

(Fig.3). Examples include syntaxin 1, syntaxin 2, syntaxin 4, SNAP-23 and :~NAP-25 at 

the plasma membrane, as well as V AMP/synaptobrevi n on synaptic and neurosecretory 

vesicles, and syntaxin 5 and VAMP 4 in the Golgi apparatus (Hong, 2005). yntaxin 13 

is shown to be present on the early endosomes and mediates the trafficking Crom early 

endosomes to recycling endosomes (Prekeris et al. , 1998) whereas syntax in 8 is 

predominantly located on early endosomes and regulates trafficking between early 

compartments (Prekeris et a1. , 1999). Syntax in 7 is shown to play a major role in 

regulating trafficking fro m endosomes to Iysosomes (Ward et al., 2000). 

After completing most fu sion reactions, some SNAREs are need for the next 

fusion event and hence, are required to be returned to their donor compartments. 

Consequently, SNAREs res ide not only on the organel le for which they mediate fusion , 

but they also reside in the membranes of the organelles that are part of their recycling 

pathway. This has been exempli fied by studies on SNAREs that are involved in 

trafficking between the ER and the Golgi. These SNAREs are found in ER, Golgi and in 

the intermediate trafficking vesicles (Cao and Barlowe, 2000; Hay et al., 1998). Sp cific 

localization of SNAREs is therefore dependent on the steady state between Sl\ ARE 

biosynthesis, fusion and recycling. 

Vesicular fusion events require one member each of the Qa-, Qb-, Qc- and R

SNAREs to form functiona l hetero-ol igomeric complex held together by parallel tour

helix bundles . This brings the membranes close together and leads to changes in j'ree 

energy needed to drive membrane fusion, as detai led in the following section. For various 
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Figure 3: Intracellular localization of different SNARE molecules 
Adapted from Nature Re views; Chen and Scheller, Feb, 200 I, 
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fusion reactions, it has been demonstrated that on ly matching RlQ-SNARE combina tions 

can accomplish the fusion event, suggesting that the specificity is derived from the 

pairing process (McNew et a!. , 2000). Furthermore, the pairing process is made exclusive 

by SNAREs exhibiting multiple configurational, conformational , and oliogomeric sates 

that govern interactions only with their matching SNARE partners, auxiliary protein,;; , or 

with other SNARE domains. However, some SNAREs display flexibility in their choice 

of pal1ners th us exhib iting promiscuity. One such molecu le is syntaxin 6 which has been 

shown to fom1 several fus ion complexes with different SNAREs and is involved in 

several fusion events including post Golgi fusion and early and late endosomal fw;ion 

(Wendler and Tooze, 2001). This indicates that SNAREs are probably not the ~ ;o l e 

detem1inants of vesicle targeting specificity, but thi s view needs further research. 
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2.5.5 Regulation of vesicular fusion by Rabs and SNAREs 

Membrane trafficking events are tightly regulated by a complex interplay of 

several proteins. The first level of specificity is confelTed by Rabs which mediate 

tethering of an incoming vesicle to the COlTect target organelle. The specific topological 

pairing of cognate SNAREs ensures precision in the subsequent fusion e .. ' ent. According 

to the model of membrane fusion, a cascade of protein-protein interactions is required to 

ensure that appropriate SNARE partners are made available to each other (FigA). Firstly, 

cis -SNARE complexes, the products of previous fusion reactions that consequently 

contain both v- and t-SNAREs within the same membrane, must be dis' ssembled. This 

task is performed by the soluble co-factor SNAP (soluble NSF attachment protein), 

which specifically binds NSF (Nichols and Pelham, 1998). Binding of these proteins to 

cis-SNARE complexes is followed by NSF-dependent A TP hydrolysis that uncoils the 

core complex so that SNAREs are released from each other (Weber et al. , 1998) . 
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Figure 4: Events in vesicular iusion 
Adapted from Nature Re views; Chen and Sche ll er, Feb , 200 I . 

This is accompanied by a conformational change in the t-SNARE that pr~vents it from 

rebinding to its partner v-SNARE. The unpaired t-SNARE is further s1abilized by a 

member of the Sec I p family of proteins (Chen and Scheller, 200 I). Incoming vesicles 

initially interact with the target membrane via a specific tether molecule, w hich is unique 

to each transport event, in conjunction with the Rab proteins . Subsequently Sec I p is 
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released by an activated Rab, coaxing the t-SNARE into an open confonnation, which 

eventually engages in trans-interactions with a specific cognate v-SNARE via 

SNAREpins (Weber et aI., 1998). These interactions lead to closely apposed membranes 

resulting in membrane fusion. 

2.5.6 Signaling molecules 

During the process of phagocystosis, a cascade of signaling events are initiated 

and literature on this subject is quite vast. Some of the signaling molecules which 

regulate transport molecules like the Rab GTPases and cytoskeletal proteins such as actin 

are discussed. Phosphatidyl inositol-3 (PI-3) kinases regulate a variety of intracellular 

trafficking events that include cargo selection, vesicle fonnation, vesicle movement and 

membrane fusion (Lindmo and Stenmark, 2006). It has been reported that dissociation of 

Rab5 from membranes requires products of PBK (Vieira et aI., 2003). VPS34 has been 

implicated a role in PI(3)P synthesis, essential for phagolysosome fonnation (Vieira et 

aI., 2001). PB kinase and its effectors are also required for the phagosomal cup closure 

(Araki et aI., 1996). The other signaling molecules such as the p38 MAPK, upon 

induction, reduces recruitment of EEAl to the phagosomal membrane (Fratti et aI., 

2003a) thus, affecting phagosome maturation. Others have also reported the role of 

phospholipase D in phagosome fonnation (Corrotte et aI., 2006) and tyrosine kinase 

signaling in controlling phagosome maturation (Fang et aI., 2007). PIPKI a regulates the 

recruitment of actin modulating proteins by controlling changes in PIP2 levels 

(Coppolino et aI., 2002). Thus, signaling molecules act at different sites to regunate the 

phagocytic machinery. 

2.6 Modulation of phagosome maturation by intracellular 

pathogens 
During its course of maturation, phagosomes acquire a full arsenal of 

antimicrobial features, including the acidification of the phagosome, production of 

reactive oxygen and nitrogen species, production of antimicrobial proteins and peptides 

and an assortment of endopeptidas.es, exopeptidases and hydro lases to degra.de th~ 

invading microbes. Despite the presence of numerous host antimicrobial factors, certain 
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organisms can survive efficiently as intracellular pathogens. Some bacterial species 

interfere with engulfment while others survive by impairing the phagosomal machinery. 

These pathogens have evolved a myriad of strategies to protect them from the hostile 

environment within the cells which can be broadly categorized into four types: 

A) Arrest of phagosome maturation into the phagolysosome is the survival strategy 

adopted by Mycobacterium and Salmonella. 

B) Reprogramming the phagosome maturation pathway is characteristic of 

Legionella, Chlamydia and Brucella. 

C) Escape from the phagocytic vacuole to survive within the cytoplasm as 

exemplified by Listeria and Shigella. 

D) Surviving in the hostile phagolysosomal compartment typified by Coxiella and 

Leishmania. 

The details of survival mechanism of one representative organism from each group i.e., 

Mycobacterium, Legionella, Listeria and Coxiella are represented in the following 

sections (Fig.5). 

2.6.1 Arrest of phagosome maturation by Mycobacterium 

M tuberculosis, another facultative intracellular pathogen survives and replicates 

within macrophages by arresting phagosomal maturation to the phagolysosome (Hart et 

aI., 1987; Pethe et aI., 2004). The phagosomes containing the Mycobacteria are arrested 

at an early stage and retain early endosomal molecules such as Rab5a; however, the 

recruitment of Rab5a effectors like EEA-l and hVPS34 gets impaired (Fratti et aI., 2001; 

Fratti et aI., 2003b). This prevents the accumulation of the signaling molecule PI-3-P that 

is required for phagosome maturation. Another proposed model invokes the role of 

mycobacterial lipid glycosylated phosphatidyl inositol in inhibiting Ca2+/Calmodulin 

dependent production of PI-3-P by hVPS34 (Vergne et aI., 2003). M tuberculosis also 

produces the phophatase SapM, which specifically hydrolyses PI-3-P (Vergne et aI., 

2005). The combined effects of all these effectively depletes PI(3)P from the early 

phagosomes preventing the transition to late and phagolysosomal stages. Recently, it has 

also been observed that M tuberculosis phagosomes accumulate Rab22a on their 

membranes. This GTPase has been shown to be critical for regulation of Rab7 conversion 
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and subsequently, phagosome maturation (Roberts et aI., 2006). Thus, the phagosomal 

maturation is blocked at the step between Rab5 and Rab7 mediated trafficking (Via et aI., 

1997). It has been observed that Mycobacteria containing phagosomes retain a protein 

called TACO (homologue of Coronin) on their surface and this protein might behave like 

a rigid coat to prevent interaction with the other vesicular compartments (Ferrari et aI., 

1999). Mycobacteria have also been shown to prevent the acquisition of actin (Anes et 

aI., 2003) and Hrs, a signal needed for late endosomal targeting (Vieira et aI., 2004) on 

the phagosomal surface and this has been correlated with the impaired maturation of the 

phagosome. Moreover, the pathogen secretes ZmpA, a predicted zinc metalloprotease 

that inhibits IL-l ~ processing by host cells, as a mechanism to counteract the 

inflammatory response (Master et aI., 2008). Apart from arresting phagosome maturation, 

reports suggest the ability of the bacterium to escape from the phagosomes via the 

expression ofa novel bacterial system-ESX (van der WeI et aI., 2007). 

2.6.2 Reprogramming the phagosome maturation pathway by Legionella 

L. pnuemophilia is a facultative intracellular pathogen which can survive and 

replicate within macrophages (Bruggemann et aI., 2006). Internalized Legionella rapidly 

modulates the maturation of Legionella-containing vacuoles (LCVs) by avoiding 

interaction with the default endolysosomal pathway (Clemens et aI., 2000; Joshi et aI., 

2001). The pathogen encodes a specialized protein secretion system, T4SS, the products 

of which are essential for its survival (Robinson and Roy, 2006). T4SS effectors like 

DrrA, LidA, LepB and RalF help to recruit active Rabl and ARFI to the LCV. 

Recruitment of these GTPases on the phagosomal membrane induces fusion of LCV with 

ER-derived vesicles (Ingmundson et aI., 2007; Murata et aI., 2006; Nagai et aI., 2002). 

Additional virulence factors such as AnkX disrupt the normal microtubule-dependent 

. organeller transport of host cell (Pan et aI., 2008). Ultimately, L. pnuemophilia replilcates 

intracellularly within large, acidic vacuoles having some lysosomal properties (Sturgill

Koszycki and Swanson, 2000). The delayed entry into the acidified compartment 

probably allows the pathogen to develop resistance to the vacuolar environment. Some 

other T4SS effectors also have been implicated in Legionella pathogenesis, which have 

motifs commonly identified by eukaryotic proteins (Albert-Weissenberger et aI., 2007), 
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suggesting the potential of Legionella to manipulate additional host processes for its 

intracellular survival. 

2.6.3 Escape of Listeria from the phagosomes 

L. monocytogenes, a facultative intracellular pathogen, survives intracellularly by 

modifying the phagosomal membrane to escape into the cytoplasm. At very early stages 

post infection, the pathogen secretes cholesterol-dependent cytolysin, listeriolysin ° 
(LLO) (Beauregard et aI., 1997). Secretion of LLO, along with recruitment of Rab5 on 

the phagosomal membrane inhibits the maturation of phagosomes (Henry et aI., 2006), 

owing to a loss of luminal H+ and Ca2+ required for fusion events. LLO, together with 

phopholipase C enzymes expressed by Listeria causes the breakdown of the phagosomal 

membrane. Upon lysis of the phagosomal membrane, the pathogen escapes into the 

cytoplasm where the bacterial replication occurs. (Shaughnessy et aI., 2006; Tilney and 

Portnoy, 1989). Once inside the cytosol, the bacteria move around by seizuring the host's 

cytoskeletal machinery. The bacterial surface protein ActA, activates host Arp2/3 

complex, G-actin and V ASP family members to recruit actin (Lambrechts et aI., 2008). 

Listeria has perfected the art of surviving in the host cell cytosol and can survive even in 

the hostile environment of the macrophage cytosol, where it has to resist the microbicidal 

proteins and peptides. 

2.6.4 Survival of Coxiella in the hostile environment 

C. burnetti is an obligate intracellular pathogen with a biphasic developmental 

cycle, consisting of an infectious (phasel Coxiella) and a replicative (phase 2 Coxiella) 

(V oth and Heinzen, 2007) phase. After formation of the Coxiella phagosome, it interacts 

with the default endocytic machinery (Heinzen et aI., 1996). As the phagosome matures, 

it acquires lysosomal markers such as LAMP-I, LAMP-2, LAMP:'3, vacuolar ATPase 

and Rab7 (Beron et aI., 2002; Ghigo et aI., 2002; Heinzen et aI., 1996). However, the 

compartment is not a proper lysosome but is a bacterium modified phagolysosome having 

properties of autophagosomes. Coxiella specifically recruits the autophagic protein LC3 

to the phagosomal membrane which increases interactions of the autophagic and 

phagocytic pathways, altering phagoso.me maturation by delaying the lysosomal fusion 
4 .:0. 
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event (Gutierrez et al. , 2005 ; Romano et al. , 2007). The delay in the fusion allows the 

transition into the replicative form of the pathogen. The replicative C. burneff i resides in 

a large spacious compartment termed as RCV that contains several lysosomal proteins. It 

survives within this hosti le environment by adapting as an acidophile for certain 

metabolic activities (Hackstadt and Williams, 1981) and utilizing virulence factors 

encoded by its secretion system (T4SS) to nullify the effects of various a timicrobial 

agents which it encounters within the RCV. 

----
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Figure 5: Survival strategies of different intracellular pathogens 
Adapted from Nature Rev iews Microbiology; Ronald S. Flannagan, Gabriela Cos io, 2009. 

2.7 Salmonella pathogenesis 
Salmonella is a gram negative intracellular facultative food born e pathogens 

capable of infecting a wide range of animals. Salmonella enterica serovar typhi and 

paratyphi cause human typhoid fever while S. typhimurium causes gastroenteritis in 

humans and typhoid like fever in mice (Miller and Pegues, 2000) (Fig.6). Salmonella 

enter the host body via contaminated food and water. The bacterium has an adaptive acid

tolerance response and can survive in the acidic mi lieu of the stomach (Garcia-del 

Portillo et al. , 1993a). During the course of infection, Salmonella can im ade the non

phagocytic enterocytes of the intestinal epithelium by bacteria-mediated endxytosis, 

IH-1632( 
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Adapted from ature Reviews Microbiology; Haraga, A, Ohlson, M.B., 2008. 
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involving membrane ruffling and uptake of the bacterium in large vesicles (Francis e1. aI., 

1992). It has been observed that Salmonella preferentially adhere to the Microfold 

(M)cells of the intestinal epithelium which further transport them to lymphoid cells in the 

underlying Peyer's patches (Jones et aI., 1994; Kohbata et aI. , 1986) . After infringing the 

epithelial barrier, Salmonella can enter intestinal macrophages by inducing 

macropinocytosis, activating various virulence mechanisms for its survival in the 

microbicidal environment, intracellular replication and subsequent dissemination within 

the host macrophages (Haraga et aI., 2008). 

2.7.1 Salmonella virulence mechanism 

The pathogenicity of the organism is attributed to the presence of virulen ce gene 

clusters in localized regions of the chromosome tenned as pathogenicity islands 

(Groisman and Ochman, 1996) . These pathogenicity islands encode specialized devices 

for the delivery of virulence factors within host cells. Salmonella encode two distinct 

virulence Type III secretion systems (T3SS) within Salmonella pathogenicity islands 1 

and 2 (SPI-I and SPI-2) . The T3SS mediates the transfer of bacterial virulence proteins, 

known as effectors from the bacterial cell into the host cell cytoplasm (Hansen-Wester 

and Hensel , 200 I). T3 SS is a complex needle like injectisome which spans the bacterial 

membrane and delivers the effectors into the translocon pore within the host cellular 
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membrane. This process is aided by an ATPase located at the base of the needle ::omplex 

and Salmonella effectors, which are part of the translocon pore (Akeda and Galan, 2005; 

Kubori et al., 1998). SPI-l and SPI-2 are known to function at different times during 

infection (Hansen-Wester and Hensel , 200 I). SPJ-I encoded T3SS is active on contact 

with the host cells and delivers bacterial effectors across the plasma membran e, while 

SPI-2 system is expressed within the phagosome and translocates effectors across the 

vacoular membrane. Thus, SPI-l has been shown to be essential for the invasion process 

(Galyov et al., 1997; Watson et al., 1995), while SPI-2 plays an important role in 

bacterial survival and the establishment of disease (Cirillo et al. , 1998; Hensel et al. , 

1997). However, recent studies demonstrated the expression of SPI-2 even in earl y stages 

of S. typhimurium infection in mice (Brown et al., 2005). Several other reports also 

suggest that some of the SPI-I effectors are expressed and persist within host cells long 

after infection , thought to be contributing to functions previously attributed exclu, ive ly to 

SPI-2 effectors (Brawn et al. , 2007; Drecktrah et al. , 2005; Giacomodonato et a l. , 2007; 

Hernandez et al., 2004; Lawley et al., 2006; Steele-Mortimer et al., 2002) . Thus, the line 

demarcating the functional di fference between the two T3SS is slowly being dimi nished. 

The intracellular niche where the Salmonella resides has an acidic environment 

making it difficult for pathogen survival. However, to promote its intracellular survival, 

Salmonella adapts to this hosti le environment by bringing about changes in the acterial 

envelope components by surface modelling (Alpuche Aranda et aI. , 1992). This is 

achieved by the activation of different regulatory systems as the PhoP/PhoQ system 

(Miller et al. , 1989). The PhoQ sensor promotes resistance to antimicrobial doma ins and 

also responds to pH fluctuations by incorporating structural changes fo r efficient ~ urvival 

(Bader et aI., 2003 ; Miller et al. , 1989; Prost et al. , 2007) . 

2.7.2 Regulation of intracellular trafficking by effector proteins 

Once inside the host cells, these effectors can alter several host cellular fu nctions, 

such as cytoskeleton, membrane trafficking, signal transduction and cytokine gene 

expression to promote bacterial survival as an intracellular pathogen. Many of these 

effectors have been known to exert their function by mimicking activities of host cellular 
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proteins (Stebbins and Galan, 200 I). The functions and host cell targets of some of the 

effectors have been summarized in Table 2. 
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Table 2: Functions of different Salmonella effectors 
Adapted from Nature Reviews Microbiology; Haraga, A, Ohlson, M.B., 2008. 
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2.7.2.1 Salmonella Pathogenicity island-l 

SPI-I T3SS effectors are translocated across the host plasma membrane and are majorIy 

involved in the bacterial invasion process . Some of the effectors SopE, SopE2 and SopB 

are known to activate the host Rho GTPases cdc42, Racl and RhoG, which induces actin 

cytoskeletal rearrangements, promoting bacterial uptake (Bakshi et aI., 2000; Friebel et 

aI. , 200 I; Hardt et aI. , 1998; Patel and Galan, 2006; Stender et aI., 2000; Zhou et aI. , 

2001). Similarly, SipA and SipC also promote bacterial internalization but they do so by 

modulating actin dynamics (Hayward and Koronakis , 1999; Scherer et aI., ; '000; Zhou et 

aI. , 1999). A ll these effectors act in concert with each other to induce formati on of 

membrane ruffles, thus, encouraging bacterial uptake. The st imulation of cdc42 by SopE, 

SopE2 and SopB also triggers several signaling cascades, incl uding p38 . Erk and Jnk 

pathway, resulting in the activation of various transcription facto rs like AP-I and NF-tcl3 

(Chen et aI., I 996a; Hobbie et aI. , 1997; Patel and Galan , 2006) which direct the 

production of pro-inflammatory cytokines and the manifestation of disease symptoms. 

Another effector, SptP also acts on the host GTPases, cdc42 and Rae I; however, it 

functions as a GAP ac ting antagonistically to SopE, thus restoring actin cytoskeleton to 

maintain cellular homeostasis (Fu and Galan, 1999). SopD encoded by SPI-I T3SS has 

been reported to be expressed under SPI-2 T3SS conditions as well. It has been shown to 

persist within cells even at later stages after infection , however, the role is still not clear 

(Brumell et aI., 2003 ; Jiang et aI. , 2004). Some of the SPJ- 1 effectors an:! also part of the 

translocation assembly and help to translocate other effectors into the ho!; t cytoplasm. 

2.7.2.2 Salmonella Pathogenicity island-2 

The expression and assembly of SPI-2 encoded T3SS is induced as a result of 

sensing the phagosomal environment (C irillo et aI. , 1998; Lee et aI. , 2000) . SPJ-2 T3SS 

effectors are delivered into the phagosome and their interference with the host cellular 

processes determine the intracellular fate and the ability of the pathogen to cause 

systemic infection. Although the function of this T3SS in pathogenesis is poorly 

understood, it has been shown to be essential for virulence in a 010 se infection model 

(Cirillo et aI., 1998; Shea et aI., 1996) . It has been well estab li shed that SPI-2 induces the 

formation of long fi lamentous membrane structures commonly known as Salmonella-
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induced filaments (Sifs) (Garcia-del Portillo et al., 1993b; Knodler et aI. , 2003), which 

function to increase the size of the phagosome to accommodate bacterial replication 

during systemic infection. The fonnation of Sifs is dependent on the functions of SifA, 

SseF, SseG, SopD2 and PipB2. While, the centrifugal extension of Sifs is promoted by 

the activity of PipB2, SifA interacts with host molecule SKIP to displace kinesin fre m the 

vacoular membrane and help in tubular extensions (Jiang et aI., 2004; Knodler et aI. , 

2005; Stein et aI., 1996). While these molecules manipulate the host microtubules 

involved in Sif fonnation, there are few SPI-2 T3SS effectors which are involved in actin 

rearrangements. SspH2 and SseI are two such effectors which interact with filamin , an F

actin crosslinking protein to inh ibit actin polymerization and thus, reduce the Salm.mella-

containing phagosome associated actin (Miao et aI. , 2003). Another effector, SpvB has 

also been reported in actin inhibitory activity by ADP-ribosylating actin and promoting 

its depolymerization, which seems to be important for the intracellular lifestyle of 

Salmonella (Lesnick et aI., 200 I ; Miao et aI., 2003). The pathogen survives and re plicates 

in the intracellular niche and the bacterial effectors SseF and SseG have been implicated 

to play a role in this process. SseG is targeted to the TGN and helps to laintain 

Salmonella microcolonies in juxtanuclear, Golgi associated position , further ai d ing the 

intracellular replication of the pathogen (Deiwick et aI., 2006; Salcedo and Holden, 

2003). Salmonella survives within the host cells by altering the intracellular trafficking. 

The product of spie, a gene located within SPI-2, was reported to be an inhibitor of a 

variety of cellular trafficking events , including phagosome-lysosome fusion, phagosome

endosome fusion, normal vesicular traffi cking in the degradative path\ lay and 

endocytosis and recycling of transferrin (Uchiya et aI., 1999). The mull itude of 

alterations caused by SpiC suggests that it is an important player in S. typhimurium 

trafficking wi thin macrophages. However, the status of SpiC as an effector is being 

debated as it fonns an important part of the translocon machinery and promotes the 

translocation of many other SPJ-2 effectors (Freeman et aI., 2002; Yu et aI., 2002) . The 

SPI-2 T3SS also has an important role in preventing trafficking of the macrophage 

NADPH oxidase to the Salmonella-containing phagosome, avoiding exposure of the 

pathogen to the damaging effects of the respiratory burst (Vazq uez-Torres et aI. , 200 I) . 

Fig.7 summarizes the changes in host cells induced via the Salmonella effector proteins. 
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Figure 7: SPI- a)-I and b)-2 T3SS induced changes in host cells 
Adapted from Nature Reviews Microbiology; Haraga, A, Ohlson, M. B. , 2008. 

2.7.3 Survival of Salmonella within host macrophages 

S. typhimurium invades and survives within host epithelial cells and macrophages 

in a specialized compartment termed as the Salmonella containing vacuole (SCY) or Live 

Salmonella-containing phagosome (LSP). There have been reported differences in the 

trafficking pattern and interaction of Salmonella containing phagosomes with the host 

cellular machinery depending on the cell type as well as mode of entry of the bacteria in 

the hos t cells (Brawn et al., 2007; Dukes et aL, 2006; Giacomodonato et al., 2007; 

Lawley et al., 2006; Ly and Casanova, 2007; Steele-Mortimer, 2008). However, due to 

heterogeneous intracellular behavior of the pathogen in terms of bacteria. uptake and 

association of the SCY wi th members of the endocytic pathway wi thin host macro phages 

(Holden, 2002), studies have been limited. 

It has been documented that the pathogen survives within host macrophages by 

halting the phagosome maturation into a phagolysosome. To achieve this , live Salmonella 

modulate the expression of various Rabs (e.g. Rab5 , Rab7, Rab9 and Ra 18) on the 

phagosomes and reside in a specialized compartment that is devoid of actin, lysosomal 

enzymes and transferrin receptors but that retains Rab5 and Rab 18. They als'J selectively 

deplete Rab7 from the phagosomal membrane and therefore, inhibit their transport to the 

late endocytic compartment (Hashim et al., 2000); However the association I)f mannose-
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6-phosphate receptor (M6PR), lysobiphosphatic acid (LBP A) and the lysosomal 

hydrolase Cathepsin D with the LSP is still debated (Brumell et aI., 2001b; CueHar-Mata 

et aI., 2002; Garcia-del Portillo and Finlay, 1995; Garvis et aI., 2001; Hashim et aI., 

2000). Previous studies from our laboratory have shown that SopE, an effector protein 

from Salmonella specifically binds to host Rab5 (Mukherjee et aI., 2000) and further, 

LSP specifically recruits Rab5 and NSF on the phagosomal membrane to promote 

efficient fusion with early endosomes (Mukherjee et aI., 2001). Thus, different 

Salmonella effectors interact with and modulate the host transport molecules to their 

benefit, promoting their intracellular survival within macrophages. Though intracellular 

trafficking is regulated by Rabs, SNAREs and their interacting proteins, most of the 

studies regarding maturation of Salmonella-containing phagosomes have been restricted 

to the modulation/recruitment of Rab proteins on phagosomes by bacterial effectors. In 

the present study, we have tried to delineate the role of SNARE proteins on the 

maturation of Salmonella-containing phagosomes in macrophages and how this process is 

regulated by Salmonella effector proteins. 
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Obiectives 

Microbes are phagocytosed inside macrophages and degraded in the acidic 

environment of the lysosomes. However, several pathogens manipulate host cellular 

processes to their advantage and evade transport to the degradative compartment and 

survive as intracellular pathogens. It is now well established that Salmonella enters 

macrophages by triggering its own uptake via cytoskeletal rearrangements and 

subsequently, establishes an intracellular niche by inhibiting its transport to lysosomes. 

To this effect, Salmonella secretes several effectors into the host cytoplasm by a 

specialized secretion system. A complex interplay between a number of host and 

pathogen encoded factors is envisaged as part of Salmonella survival mechanism. 

Recent findings from our laboratory have shown that a Salmonella effector, SopE 

recruits the host transport molecule, Rab5 on the Salmonella-containing phagosomes and 

subverts targeting to the lysosomes (Mukherjee et aI., 2001). Moreover, temporal 

acquisition of another family of transport molecules, SNAREs on Salmonella-containing 

phagosomes speculated the involvement of different effectors in this process. However, 

the mechanism of recruitment of SNAREs by Salmonella on its phagosomes needs to be 

elucidated. Accordingly, studies were initiated in the present thesis to achieve the 

following objectives: 

1. Identification and characterization of Salmonella effector molecules which are 

involved in the recruitment ofSNARE(s) on phagosomes. 

2. Determination of the role of the identified effector molecule(s) in Salmonella 

trafficking in macrophages. 
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Identification of Salmonella effector 

molecules interacting with host SNAREs 
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Chapter 1 

4.1 Introduction 
Salmonella is a gram negative, facultative intracellular pathogen that survives in 

the splenic and liver macrophages of a susceptible host. It causes infection by invading 

intestinal epithelial cells and host macrophages where the bacterium resides. The invasion 

and infection processes of Salmonella are attributed to the products of virulence genes 

which are clustered in localized regions at centisome 63 of the bacterial chromosome 

(Mills et aI., 1995), commonly called as Salmonella pathogenicity islands, SPI-l and SPI-

2. Genes in these regions encode a specialized system for the delivery of virulence 

proteins into host cells termed as type III secretion system (Aderem and Underhill, 1999; 

Galyov et al., 1997; Watson et al., 1995). 

Various Salmonella effector proteins manipulate different host molecules to aid in 

its survival as an intracellular pathogen. Conventionally, SPI-l effectors (T3SS1) are 

known to regulate the invasion within epithelial cells, whereas SPI-2 effectors (T3SS2) 

aid in survival within host macrophages. For instance, T3SS1 effector SptP acts as a 

RhoGAP for Rac 1 and Cdc42 and helps to recover the host actin cytoskeleton post 

infection (Fu and Galan, 1999). On the other hand SopB and SigD, both T3SS2 

molecules induce membrane ruffling and modulate vacuolar traffic with their inositol 

phosphatase activity (Hernandez et aI., 2004; Knodler et aI., 2005). Similarly, the 

effectors SipA and SipC induce membrane ruffling by depolymerization of actin 

filaments and actin bundling (Hayward and Koronakis, 1999; Zhou et aI., 1999). SipB is 

reported to cause autophagy induced cell death of host cells (Hayward et aI., 2000; 

Hernandez et aI., 2003; Hersh et aI., 1999). Another T3SS2 effector, SpiC helps in 

intracellular survival by inhibition of phagosome-lysosome fusion (Lee et aI., 2002; 

Shotland et aI., 2003), while SifA and SSeG help in replication within macrophages 

(Beuzon et aI., 2000; Boucrot et aI., 2003; Brumell et aI., 2001a; Deiwick et aI., 2006). 

However, more recent reports have indicated that Salmonella survival within 

macrophages also involves several T3SS1 effectors, thus, diminishing the functionality 

difference between the T3SS1 and T3SS2 (Brawn et aI., 2007; Dukes et aI., 2006; 

Giacomodonato et aI., 2007; Lawley et aI., 2006). 

32 



Chapter 1 

Previously T3SS1, SopE and SopE2 were known GEFs for Rac1 and Cdc42 

(Friebel et aI., 2001; Hardt et aI., 1998) and were shown to aid infection by inducing 

membrane ruffling. In addition, studies from our laboratory have shown that SopE also 

acts as a GEF for host Rab5 and recruits it in GTP-bound form on the phagosomal 

membrane thereby inhibiting its transport to the lysosomes (Mukherjee et aI., 2001). 

Thus, a number of Salmonella effector proteins interact with/modulate host proteins to 

inhibit the phagosomal maturation process and enable the bacterium to survive within 

host macrophages. 

Like Rab GTPases, SNARE proteins playa key role in intracellular trafficking by 

driving intravesicular membrane fusion events. Several groups have recently reported the 

recruitment of certain SNARE molecules on the phagosomal membrane of different 

intracellular pathogens, including Salmonella, Mycobacterium and Chlamydia (Delevoye 

et aI., 2008; Fratti et aI., 2002; Fratti et aI., 2003b; Smith et aI., 2005). Contemporary 

studies from our laboratory suggest a temporal specificity in the acquisition of some of 

the SNARE molecules; syntax in 6, syntax in 7 and syntax in 8 by live Salmonella-

containing phagosomes during the phagosomal maturation process. Between the three, 

relatively higher amount of syntax in 6 was present on phagosomes at 90 min of 

maturation (unpublished data). 

However, it still needs to be found, how SNARE molecules are acquired by these 

Salmonella-containing phagosomes. Thus, in the present section, attempts have been 

made to identify the mechanism of recruitment of syntaxin 6 on Salmonella-containing 

phagosomes that presumably involves effector molecules from the bacteria. 

4.2 Materials 
4.2.1 Reagents and chemicals 

Unless otherwise stated, all reagents were obtained from Sigma Chemical Co. (St. 

Louis, MO). Tissue culture supplies were obtained from Griener Bio-one (Wemmel, 

Belgium) and Biological Industries, Israel. TRIzol reagent and Platinum HiFidelity Taq 

polymerase were procured from Invitrogen (Carlsbad, CA). pGEM-T easy cloning vector 

and restriction enzymes were purchased from Promega Life Science (Madison, WI). Gel 

extraction kit and Ni-NTA agarose were supplied by Qiagen (Valencia, CA). SDS-PAGE 
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markers, RPN 756 and RPN 800, glutathione sepharose, as well as ECL reagents and 

photographic HyperfilmMP were procured from Amersham Biosciences (Amersham, 

UK). Agarose gel markers were obtained from MBI Fermentas (Canada). Luria-Bertani 

(LB) broth and LB-Agar were supplied by Difco Laboratories (New Jersey, USA). 

Bradford reagent was procured from Bio~Rad Laboratories (Hercules, CA). 

Bicinchoninic acid (BCA) reagents and N-Hydroxysuccinimidobiotin (NHS-biotin) were 

obtained from Pierce Biochemicals (Rockford, IL). IFA and CFA were obtained from 

Difco (Detroit, MI, USA). All other reagents used were of analytical grade. 

4.2.2 Antibodies, vectors and recombinant proteins 

SipC plasmid was received as a kind gift from Dr. Bobby J. Cherayil of 

Massachusetts General Hospital, Charlestown, MA. Antibodies against Salmonella 

effectors (anti-SopE, anti-SopB, and anti-SipC) were kindly provided by Dr. E. E. Galyov 

from the Institute for Animal Health, Berkshire, UK. Anti-syntaxin 6 antibody was 

purchased from Synaptic Systems, Germany. 12 nm colloidal gold conjugated goat anti

mouse IgG and HRP labeled secondary antibodies were purchased from Jackson ImmwlO 

Research Laboratory, West Grove, PA. Expression vectors, pET-28a and pGEX-4T2 

were purchased from Novagen (San Diego, CA) and Amersham Biosciences (Amersham, 

UK), respectively. 

4.2.3 Bacterial strains 

The virulent wild type (WT) Salmonella typhimurium strain, SL1344 was 

obtained from Dr. Ayub Qadri of the National Institute of Immunology, New Delhi, 

India. 

4.2.4 Cells 
J774E, a mannose receptor positive murine macrophage cell line was kindly 

provided by Dr. Philip Stahl of Washington University (St. Louis, USA). 
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4.3 Methods 

4.3.1 Culture of bacterial strains 

The virulent WT S. typhimurium strain SL1344 and all E. coli strains were grown 

in LB broth containing appropriate antibiotics at 37°C with constant shaking (250 rpm). 

4.3.2 Culture of cell lines 

J774E cells were cultured in RPMI-1640 containing 10% FCS and 50 J..lg/ml 

gentamycin at 37°C in a humidified incubator with 5% CO2. The average doubling time 

of the cells is 24 hrs and the cells were sub cultured every 48 hrs by seeding 10 million 

cells in 12 ml media in tissue culture flasks with an area of 75 cm2 (T-75). 

4.3.3 Cloning of syntax in 6, 7 and 8 from J774E murine macrophage cell nne 

In order to clone syntaxin 6, 7 and 8 from J774E macrophages, RNA was 

prepared from the cell line by a standard procedure using TRIzol reagent. Briefly, J774E 

macrophages were scraped using a cell scraper from a T-75 flask. Cells were washed 

thrice with PBS at 1,000 rpm for 6 min and lysed in 1 ml of TRIzol reagent by gentle 

pipetting. To separate RNA from the protein complexes, 200 J..ll of chloroform was added 

to the tube, mixed vigorously and centrifuged at 12,000 rpm for 15 min at 4°C. A clear 

aqueous phase containing RNA obtained as the upper layer was carefully removed and 

mixed with 500 J..lI of isopropanol. Subsequently, RNA was precipitated by centrifugation 

at 12,000 rpm for 10 min. The RNA pellet obtained was washed with 500 J..lI of 70% 

ethanol, air dried and re-suspended in 50 J..lI RNase free water. 

cDNA was prepared from RNA using Reverse Transcription kit from Invitrogen 

according to the manufacturer's instructions. Briefly,2 J..lg of total RNA was mixed with 

1 J..lI of poly-( dT)2o primer, 2 J..lI of 10 mM dNTPs mix and incubated at 65°C for 5 min to 

melt any secondary structures in the RNA. Subsequently, 4 J..lI of 5X first strand synthesis 

buffer, 1 J..ll of 100 mM OTT, 1 J..lI of 'RNase-out' inhibitor and 1 J..lI of Reverse 

Transcriptase (RTase) enzyme (15 U/J..lI) were added and the mixture was incubated at 

50°C for 1 hr to facilitate synthesis of the first strand cDNA. Following this, RTase 

enzyme was heat inactivated at 85°C for 5 min and the reaction was stopped by 
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incubation at 4°C for 5 min. RNaseH (1 III of 1 VillI stock) was added to the reaction 

mixture at 37°C for 20 min to cleave any RNA associated with the cDNA hybrid. 

Finally, using specific forward and reverse primers as detailed in Table 3, full 

length syntaxin 6, syntax in 7 and syntaxin 8 were amplified from cDNA by PCR cycling 

in a Perkin Elmer Lifesciences thermo cycler for 30 cycles (denaturation at 94°C for 30 

sec, annealing at 62°C for 30 sec and extension at 68°C for 1 min) using Hifidelity Taq 

according to the manufacturer's protocol. The amplified PCR products were analyzed on 

a 0.8% agarose gel. The PCR products (~800 bp) were digested with BamHVEcoRI for 2 

hrs at 37°C and ligated into linearized pGEX-4T2 (~5 kb). The positive clones obtained 

after ligation were confirmed by restriction digestion of the plasmid with BamHVEcoRI 

and checked for the release of an appropriate size insert. The clones were sequenced 

using gene specific end to end primers and the sequences were analyzed using BLAST 

program. 

TABLE 3 

Primer Name Sequence 5'-3' Enzyme site 

Syntaxin 6 Forward GTGGATCCATGTCCATGGAGGACCCCTTC BamHI 

Syntaxin 6 Reverse GTGAATTCTCACAGCACTAGGAAGAGGAT EeaRI 

Syntaxin 7 Forward GTGGATCCATGTCTTACACTCCGGGGATT BamHI 

Syntaxin 7 Reverse GTGAATTCTCAGCCTTTCAGTCCCCATAC EeaRI 

Syntaxin 8 Forward GTGGATCCATGGCCCCGGACCCCTGG BamHl 

Syntaxin 8 Reverse GTGAATTCTCAGTTGGTTGGCCACACTGC EeaRI 

4.3.4 Expression and purification of syntaxins as GST -tagged fusion protein 

The full length syntaxin 6, 7 and 8 were cloned into the BamHIIEcoRI sites of 

pGEX-4T2 vector and transformed into E. coli BL21 cells (Stratagene, VSA) for 

expression as GST fusion proteins. E. coli BL21 cells containing the appropriate plasmid 

were grown in LB to an O.D.6oo of 0.5 and induced with 0.5 mM IPTG for 3 hrs at 37°C 

to allow expression of the recombinant syntax in fusion protein. Cells were harvested by 

centrifugation at 6,000 rpm for 20 min at 4°C, washed and re-suspended in PBS 

containing lysozyme (1 mg/ml) for 30 min on ice to lyse the cells. Subsequently, cell 

lysates were treated with DTT (1 mg/ml) and unbroken cells were lysed by sonication (10 
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sec pulses for 2 min). Lysates were clarified by centrifugation at 10,000 rpm for 15 min 

at 4°C and the resulting supernatants containing the recombinant proteins were incubated 

with glutathione sepharose for 1 hr at 4°C to facilitate binding of the GST-tagged 

syntaxin proteins to the beads. Following extensive washes with PBS, recombinant GST

tagged syntaxin proteins were eluted by 30 mM glutathione from the beads according to 

manufacturer's recommendations. 

The purified proteins were dialyzed against· PBS and analyzed by SDS-PAGE. 

Protein content in the preparations was determined using Bradford protein detection 

assay. The protein samples were re-suspended in SDS sample buffer (0.0625 M Tris, pH-

6.8, 2% SDS w/v, 10% glycerol v/v, 5% ~-mercaptoethanol v/v, and 0.001% 

bromophenol blue w/v), boiled for 10 min at 100°C, resolved on a 12% polyacrylamide 

gel and visualized by Coomassie staining. 

4.3.5 Preparation of Salmonella secreted proteins 

A single colony of Salmonella was inoculated into 5 ml of LB and grown 

overnight at 37°C with constant shaking (300 rpm). Subsequently, this seed culture was 

inoculated into 2 L of fresh LB containing 300 mM NaCI and grown for an additional 16 

hrs at 37°C with constant shaking. The high salt concentration in the medium was used to 

induce the secretion of Salmonella effector proteins into the medium (Chen et aI., 1996b). 

Subsequently, the spent medium containing Salmonella secreted proteins was separated 

from the bacterial cells by centrifugation and concentrated through a 3 kDa cut off 

filtration membrane (Amicon) at 3,000 rpm, 4°C. After concentration of the spent 

medium, protein content was estimated by BCA and the concentrated proteins were snap 

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

4.3.6 Biotinylation of Salmonella secretory proteins 
. The concentrated secretory proteins of Salmonella were biotinylated using NHS

biotin by a standard procedure (Gruenberg et ai., 1989). Briefly, 20 mg of secretory 

proteins were dissolved in 9.5 ml of 0.1 M NaHC03/Na2C03 buffer, pH 9.3 and the 

proteins were biotinylated by drop wise addition ofNHS-biotin (11.5 mg dissolved in 0.5 

ml DMSO). The mixture was incubated for 2 hrs at RT with gentle stirring. Thereafter, 
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unreacted active groups were quenched by incubating the mixture for an additional 30 

min in the presence of I ml of 0.2 M glycine. Finally, biotinylated secretory proteins 

were separated from other residual reactants by dialysis against PBS and concentrated 

using Centriprep YM 10 (Millipore, USA). The proteins were stored in small aliquots at-

80°C. Biotinylation of secretory proteins was confirmed by Western blotting using 

avidin-HRP as the probe. 

4.3.7 Identification of effector molecules from Salmonella recognized by host 

syntaxins 

To identify the effector molecules from Salmonella interacting with host 

syntaxins, GST -syntaxins were incubated in the presence of biotinylated secretory 

proteins of Salmonella. Briefly, respective GST-syntaxin (100 /lg) or GST (50 /lg) was 

immobilized on glutathione sepharose beads (100 J.lI) by incubating them at 4°C for 1 hr 

in PBS and the unbound protein was removed by washing with PBS. Subsequently, 

immobilized syntax in was incubated with biotinylated secretory proteins (5 mg) in 500 J.lI 

of PBS for 2 hrs at RT. Beads were washed with PBS to remove non-specifically bound 

proteins. In order to determine the binding of biotinylated secretory protein(s) with 

syntaxin-immobilized beads, the beads were boiled in SDS sample buffer and proteins 

were separated on a 12% SDS-gel and transferred onto nitrocellulose membrane. Finally, 

Western blot analysis was carried out with avidin-HRP to detect the presence of 

biotinylated-Salmonella protein(s) bound with syntax in molecules. Once identified, a 

similar experiment was performed with non-biotinylated secretory proteins and the ones 

interacting with the GST-syntaxins were identified by Western blot analysis using an 

array of specific antibodies against different Salmonella effector proteins. 

4.3.8 Western blotting 

Nitrocellulose membrane (0.45 /lm; Millipore, USA) and the polyacrylamide gel 

containing the resolved proteins were soaked in Tris-glycine buffer (25 mM Tris, 200 

mM glycine containing 20% methanol) for 15 min and the proteins were 

electrophoretically transferred to the nitrocellulose membrane at a constant current of 120 

rnA for 12 hrs at 4°C using a wet transfer cell (Bio-Rad, CA, USA). The efficiency of 
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protein transfer was verified by staining the membrane with Ponceau. The membrane 

containing the transferred proteins was blocked with 5% BSA in PBST (PBS containing 

0.1 % Tween-20) at room temperature for 1 hr. Thereafter, it was washed three times with 

PBST and incubated with primary antibody for 1 hr at RT. Non-specifically bound 

antibody was removed by washing the membrane thrice with PBST after which it was 

incubated with HRP conjugated secondary antibody for 1 hr at RT. Following washes, 

the blot was developed with ECL reagents according to the manufacturer's protocol and 

exposed to photographic film to capture the signals. 

4.3.9 Sub-cloning of SipC in pET28a expression vector 

Full length SipC gene was received as a kind gift from Dr. Bobby J. Cherayil in 

pBH vector. It was sub-cloned into the pET28a vector for expression as a His6_tagged 

fusion protein. SipC gene digested with BamHIIEcoRI was ligated into the same sites of 

the linearized pET28a vector. The clones obtained were screened for SipC insertion by 

restriction enzyme digestion to obtain an insert of appropriate size. 

4.3.10 Expression and purification of recombinant SipC as His6-tagged fusion 

protein 

Full length SipC was cloned into the pET28a vector for expression as a His6-

tagged fusion protein. Competent E. coli BL21 cells transformed with pET28a-SipC 

construct were grown in LB to an O.D.6oo of 0.5 and induced with 0.5 mM IPTG for 4 hrs 

at 37°C to allow expression of the recombinant SipC fusion protein. Cells were harvested 

by centrifugation at 6,000 rpm for 20 min at 4°C and the protein was purified under 

denaturing conditions using Ni-NTA agarose as per manufacturer's instructions. Briefly, 

the cell pellet was re-suspended in lysis buffer (6M GuHCI, 20 mM sodium phosphate, 

pH 7.8 and 500 mM NaCl) and incubated for 10 min to lyse the cells. Unbroken cells 

were lysed by sonication (3 pulses of 5 secs each). Subsequently, lysates were clarified 

by centrifugation at 10,000 rpm for 20 min at 4°C and the resulting supernatants were 

incubated with equilibrated Ni-NTA agarose in equilibration buffer (8 M urea, 20 mM 

sodium phosphate, pH 7.8 and 500 mM NaCl) for 30 min at RT to facilitate binding of 

the recombinant protein to the beads. Following extensive washes with wash buffer (8 M 
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urea, 20 mM sodium phosphate, pH 6.0 and 500 mM NaCl), recombinant His6-SipC was 

eluted from the beads in elution buffer (8 M urea, 20 mM sodium phosphate, pH 4.0 and 

500 mM NaCl). The eluate was diluted 1:10 in dialysis buffer (20 mM Tris-Cl, pH 8.0, 

150 mM NaCI and 2 M urea) and the purified protein was step dialyzed against this 

buffer with reducing amounts of urea from 2 M to 0 M to renature the protein. 

Protein content in the preparations was determined using Bradford protein 

detection assay and the purified proteins were analyzed by SDS-PAGE. 

4.3.11 Generation of polyclonal sera against SipC 

In order to raise polyc1onal sera against SipC, mice were immunized according to 

the standard protocol (Overkamp et aI., 1988). Briefly, adult BALB/c mice (4-6 weeks) 

were immunized subcutaneously with approximately 1 0 ~g of the purified His6-SipC 

emulsified with CF A. Subsequently, mice were injected subcutaneously with the same 

amount of antigen emulsified in IF A thrice at three week intervals. Blood samples were 

collected five days after the last booster and polyc1onal sera was separated by a standard 

method. The blood samples were incubated at 37°C for 2 hrs and subsequently, the sera 

was collected after centrifugation at 1,500 rpm for 10 min. Antibody specificity was 

determined by ELISA and Western blot analysis using purified SipC (2 ~g) protein and 

secreted proteins of Salmonella (200 ~g). 

4.3.12 Relative interaction of different syntaxins with SipC 

4.3.12.1 ELISA 

The relative interaction of different syntaxin proteins with SipC was determined 

by a modified ELISA. The recombinant syntax in 6-GST, syntax in 7-GST and syntax in 8-

GST (500 ng/well) were coated in 100 J.lI in an ELISA plate overnight at 4°C in coating 

buffer (0.1 N sodium carbonate buffer, pH 9.5). Subsequently, wells were washed thrice 

with PBST (pBS containing 0.2% Tween-20) and incubated for 2 hrs at 37°C in blocking 

buffer (PBS containing 1% BSA and 3% milk protein). Wells were washed four times 

with PBST and incubated with or without SipC (250 ng/well in Tris-Cl, pH 8.0) for 1 hr 

at 37°C to allow binding. To determine the binding of syntaxins with SipC, wells were 

incubated with SipC specific polyclonal antibody (1 :5,000 dilution) in PBS for 1 hr at 

40 



Chapter 1 

37°C. Excess antibody molecules were removed by washing the wells four times with 

PBST. Subsequently, HRP labeled anti-mouse IgG secondary antibody (1:10,000 

dilution) was added to the wells for 1 hr at 37°C, washed four times with PBST, followed 

by three washes with PBS. Finally, the HRP activity present in each well was measured 

by a standard procedure (Gruenberg et aI., 1989). In the same assay, wells were also 

coated with equimolar concentration of free GST (250 ng/well) as a negative control. 

After subtracting the background readings obtained with free GST, the HRP activity 

associated with the syntaxin-SipC complexes was expressed as the relative binding of 

SipC with the recombinant syntaxins. 

4.3.12.2 Western analysis 

To confirm the direct interaction of different syntaxin proteins with SipC, 100 ~g 

of syntaxin 6-GST, syntaxin 7-GST and syntaxin 8-GST was immobilized on glutathione 

sepharose beads by incubating the beads with the respective protein for 1 hr at 4°C in the 

presence of protease inhibitors. The unbound protein was removed by giving three 

washes with PBS. Syntaxin bound sepharose beads were blocked with 2% BSA in PBS 

for 1 hr at 4°C. After subsequent washes, the beads were incubated with or without SipC 

(2 ~g) for 2 hrs at 4°C. Finally, the beads were given three washes with PBST, followed 

by three washes with PBS. The beads were boiled in SDS buffer and the s:yntaxin-bound 

protein( s) were resolved on a 12% SDS gel. The proteins were then transferred onto a 

nitrocellulose membrane and probed with anti-SipC antibody. In the same experiment, 

free GST was also immobilized on the beads as a negative control. The relative binding 

property of SipC with various syntax ins was compared. 

4.3.12.3 Immuno-precipitation 

To confirm the SipC-syntaxin 6 interaction, immuno-precipitaion was done. 

Briefly, anti-SipC polyc1onal serum (10 ~l) was immobilized on 20 pI bed volume of 

Protein G beads at 4°C for 2 hrs. The unbound antibody was washed thrice (1,000 rpm, 1 

min) with lysis buffer (PBS containing 0.1% TxIOO). Subsequently, SipC was 

immobilized on the beads by incubating 2 mg of Salmonella secretory proteins at 4°C for 

12 hrs followed by extensive washes to remove unbound proteins. The beads were then 
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incubated with 4 mg of macrophage lysate for 8 hrs at 4°C in the presence of protease 

inhibitors. The beads were washed thrice with lysis buffer, followed by three washes with 

PBS. Finally, the beads were boiled in IX SDS non reducing sample buffer (such that the 

antibody does not reduce into its heavy and light chains of 50 kDa and 25 kDa, 

respectively), separated on a 12% SDS gel, transferred onto a nitrocellulose membrane 

and probed with anti-syntaxin 6 antibody to check for the presence of bound syntaxin 6 to 

SipC. Similar experiment was carried out with beads without SipC polyclonal sera to 

determine the nonspecific binding. 

4.3.13 Preparation of purified Salmonella-containing pbagosomes 

Phagosomes containing WT S. typhimurium, were prepared using a procedure 

described previously (Mukherjee et aI., 2000). Briefly, Salmonella (2 x 109
) were 

internalized into J774E cells (1 x 108
) for 5 min at 37°C. Finally, cells were washed with 

plain media three times (1,000 rpm for 6 min at 37°C) to remove uninternalized bacteria. 

The late phagosomes (60 min and 120 min) were prepared by incubating the infected 

cells for indicated periods of time in RPMI at 37°C. At respective periods of time (5 min, 

60 min and 120 min), Salmonella infected cells were diluted with three volumes of 

homogenization buffer (HB: 250 mM sucrose, 0.5 mMEGTA, 20 mM HEPES-KOH, pH 

7.2) and homogenized in a ball bearing homogenizer at 4°C. Homogenates were 

centrifuged at a low speed (2,000 rpm for 10 min) at 4°C to remove nuclei and unbroken 

cells (Mayorga et aI., 1991; Pitt et aI., 1992). Subsequently, phagosomes were purified 

using the protocol as described previously (Sturgill-Koszycki et aI., 1994). Briefly, 

enriched phagosomal fractions were re-suspended in 100 pI of HB containing protease 

inhibitors and layered onto a 1 ml continuous 12% sucrose gradient. Samples were 

centrifuged at 1,700 g for 45 min at 4°C and the purified phagosomes were recovered 

from the bottom of the tube. Biochemical characterization of these phagosomes was 

carried out by the standard techniques established in the lab previously (Mukherjee et aI., 

2000). 
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4.3.14 Immuno-Iabeling of SipC on Salmonella-containing pbagosomes 
SipC present on the purified Salmonella-containing phagosomes was detected by 

immunogold labeling using a negative staining technique as described previously 

(Mukherjee et aI., 2000). Briefly, phagosomes were purified and washed five times with 

ice-cold HB and sedimented by centrifugation. First, the purified phagosomes were 

adsorbed on to carbon-coated nickel grids supported by a film of glow-discharged 

formvar, and the specimens were quickly rinsed twice with HB and incubated for 30 min 

in blocking buffer (HB containing 3% skimmed milk and 0.1 % gelatin). The samples 

were then incubated for 2 hrs with anti-SipC antibody (monoclonal) diluted 1 :20 in 

blocking buffer. Subsequently, the specimens were rinsed three times (5 min each) with 

blocking buffer and incubated for 1 hr with goat anti-mouse conjugated with 12 nm 

colloidal gold at a 1 :20 dilution. After two washes, the specimens were fixed in 1 % 

glutaraldehyde in HB for 10 min. Finally, samples were sequentially washed with HB and 

distilled water, stained with 0.5% aqueous uranyl acetate for 1 min, blotted onto filter 

paper and air-dried. In the same experiment, anti-SopE antibody at a dilution of 1 :40 is 

used as a positive control. The samples were examined in a transmission electron 

microscope (JEOL 1200 EX 11). 

4.4 Results 
4.4.1 Cloning, expression and purification of syntaxin 6 from J774E murine 

macropbages 
To clone syntax in 6 from the murine macrophage cell line, gene specific end to 

end primers were designed as mentioned in the methods to amplify the appropriate 

fragment of 767 bp from 1774E cDNA by RT-PCR and analyzed on a 0.8% agarose gel 

(Fig.8a). The PCR product was digested by BamHIJEcoRI and cloned into pGEX-4T2 

vector to be expressed as a GST -tagged fusion protein. The positive clones were 

confirmed by release of an insert of appropriate size upon restriction digestion. The final 

clones were sequenced using gene specific forward and reverse primers. The obtained 

sequence was in-silico translated into the amino acid sequence and was analyzed by. 

BLAST to determine its homology with the known sequences from the database. The 
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sequence was found to be completely identical to the reported mouse sequence of 

syntaxin 6 (Fig.Rc). 
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To prepare syntaxin 6 as GST fusion protein, E. coli BL21 cells transfo n11ed with 

pGEX-4T2-syntaxin 6 construct were grown and incubated in the presence (If IPTG to 

induce the expression of the fusion protein. Subsequently, syntaxin 6-GST fusion protein 

was purified to homogeneity by affinity chromatography using glutathione sepharose 

beads; proteins were eluted and dialyzed against PBS. The SDS-PAGE analys s presented 

in Fig.8b concurred with purified syntaxin 6-GST being a 56 kDa protein. 
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4.4.2 Cloning, expression and purification of syntaxin 7 from J774E murine 

macrophages 

Similarly. gene specific end to end primers of syntax in 7 were designed and used 

to amplify a 785 bp fragment from cDNA prepared from J774E by RT-PCR. The PCR 

product was analyzed on a O.8°;() agarose gel (Fig.9a). The PCR product was digested by 

BamHI!EcoRI restriction enzymes and cloned into pGEX-4T2 vector to be expressed as a 

GST tagged fusion protein. The positive clones containing appropriate insert were 

sequenced using gene specific forward and reverse primers. The obtained sequence wa~ 

translated in-silico into amino acid sequence and the sequence was analyzed by BLAST 

It was found to be identical to the reported sequence of mouse syntaxin 7 (Fig.9c). 
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To prepare syntaxin 7 as GST fusion protein, E. coli BL21 cells transformed w:th 

pGEX-4T2-syntaxin 7 construct were grown and incubated in the presence of [PTG to 

induce the expression of fusion protein. Subsequently, syntaxin 7-GST fusion protein \\.as 

purified to homogeneity by affinity chromatography using glutathione sepharose beads; 

proteins were eluted and dia lyzed against PBS. The SDS-PAGE analysis presented in the 

Fig.9b was in concordance with purified syntax in 7-GST being a 60 kDa protein. 

4.4.3 Cloning, expression and purification of syntaxin 8 from J774E murine 

macrophages 

To clone syntaxin 8 from the murine macrophage cell line, gene specific end to 

end primers were designed to amplify the appropriate syntaxin 8 fragment using cDNA 

prepared from J774E cells by RT-PCR. The amplified fragment was found to be 7!1 bp 

when analyzed on a 0.8% agarose gel (Fig.! Oa) . 
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a) PCR amplification of syntax in 8 Lane l : I kb DNA Ladder, Lane2: PCR amplifiedfragment ofsJlntaxi '7 8 

b) Purification of syntax in 8-CST Lanel : RPN756 marker; Lane2.' Purifred .lynfaxin 8-CST 

c) CLUSTALW alignment cloned sl 'nfaxin 8 mouse synfaxin 8 (Access ion no. NP _061238.1) sequence.I' 
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The peR product was digested with BamHIIEcoRI restriction enzymes and cloned irJ o 

pGEX-4T2 vector to be expressed as a GST tagged fu sion protein. The positive clones 

were selected and sequenced using gene specific forward and reverse primers. The 

obtained sequence was translated in-silico into the amino acid sequence. BLAST analysis 

of the obtained sequence was found to be completely identical to the reported mouse 

sequence of syntaxin 8 (Fig. I Oc). 

Subsequently, E. coli BL21 cells transfo m1ed with pGEX-4T2-syntaxin 8 

construct were grown in the presence of IPTG to induce the expression of fusion prote in . 

The induced syntaxin 8-GST fusion protein was purified to homogeneity by affin ity 

chromatography using gl utathione sepharose beads. Proteins were eluted from the be-ads 

using a standard procedure. The SDS-PAGE analysis presented in the Fig.1 Ob i ~ ; in 

accordance with purified syntaxin 8-GST being a 52 kDa protein. 

4.4.4 Identification of effector molecule(s) from Salmonella interacting with 

host syntaxins 

To identify the possible effector molecule(s) from Salmonella involved in 

interacting with syntaxin 6, a GST pull down assay was performed. Syntaxin 6-GST was 

immobilized on beads and incubated in the presence of biotinylated secretory protei ns of 

Salmonella . Finally, biotinylated secretory proteins bound with immobilized synta.jn 6 

were detected by Western blot using avidin-HRP. The results presented in Fig.11 a show 

that syntaxin 6-GST specificall y interacts with a ~42 kDa effector protein from 

Salmonella . GST alone was unable to pull down any bacterial effector protein . 

In order to identi fy the ~42 kDa effector protein, a similar experiment was carried 

out using non-biotinylated Salmonella effector proteins. Effector proteins bound with 

syntaxin 6 were probed with specific antibodies against different Salmonella effector 

molecules e.g., SopE, Sipe and SopB. Our results showed that the 42 kDa prolein is 

specifically recognized by ant i-S ipe antibody but not by anti -SopE or anti ··SopB 

antibodies (Fig. I I b). A similar experiment was also carried out using immobilized 

syntaxin 7-GST and syntaxin 8-GST to identify the possible Salmonella e ffector 

protein(s) interacting with these SNAREs. Interestingly, we found that Sipe also interacts 

with host syntax in 7 and syntaxin 8 (Fig. I I c) . 
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Fig ure i i: Identification of Salmonella effector protein(s) interacting with host syntaxins 

a) Defection of effecrors interacting with .Iyntaxin 6 by Western blot analysis using avidin HRP (I. 10.(100). 

b) Identification of the -42 kDa interacting protein as Salmonella Invasion Protein C (SipC) using o. ··SipC 

(I.60).0.-SopE (1. 100) and o.-SopB (I: 100) antibodies. 

c) Western anal),sis ofpull down assay with .Iyntaxin 6-CST, svnta.xin 7-CST and syntaxin 8-CST to id.-'I1!ify 

interacting moleculesfi'om Salmonella. 

4.4.5 Expression and purification of SipC fu sion protein 

In order to further characterize the SipC-syntaxin interaction and understand its 

importance, SipC was cloned and expressed as a recombinant protein. Full-length ~ :, ipC 

gene (1.2 kb) was sub-cloned into the linearized pET28a (~5 kb) vector for expression as 

a His6- tagged fusion protein (Fig.12a). 

a) b) c) 2 

5.5 kb 

1.2 kb +- 42 k[)a 

Figure J 2: a) Cloning ofSipC in pET28a Lanel. I kb DNA ladder: Lane2: pET28a lineari:::ed with BamHIIEco RI, 

Lane3: SipC digested H'ith BamHIIEcoRI 

b) Expression of SipC (IS a recombinant His tagged protein Lane I: Un induced sample; Lane 2: Induc,·'d SipC 

c) Purification ofSipC Lanel: RPN 756; Lane 2. Purified His~.SipC 
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Finally, the His6-SipC fusion protein was purified to homogeneity by affinity 

chromatography and analyzed on a 12% SDS gel. Our results showed that the purified 

protein has a molecular weight of -42 kDa, which is the expected size for SipC (Fig.12c). 

4.5.6 Specificity of polyclonal sera generated against recombinant SipC 

Purified His6-SipC protein was used to generate polyclonal anti-serum against the 

protein in mice. The reactivity of the sera generated in different mice was checked by 

ELISA. The results in Fig.13a represent the detection of specific anti-SipC antibodies, 

post immunization. Their specificity was further confirmed by Western blot analysis 

using an enriched preparation of Salmonella effector proteins as well as purified His6 -

Sipe. Another affinity purified Salmonella effector protein SopE-GST was lIsed as a 

control. [ndeed, antibodies in the polycJonal sera could recognize the 42 k Da SipC 

protein both in the enriched preparation and in the purified His6-SipC fo rm. No 

crossreactivity to SopE-GST was observed (Fig.l3b). Hence, the serum wa';; used in 

subsequent experiments. 

11.6 b) :2 3 4 

E o.s -
;i 
e-.... 11.4 -

OJ 
u 

II .. ' -c 
'" .0 
<; 11.2 - '-42 kD a 
'" .0 11.1 -<: 

11 -

2511 11lI~ I SIKIII 

Dilution 

Figure J 3: Generation of specific antibody against SipC 

aj ELISA to check the specificity of the polyclonal sera (dark blue bars) raised lIgainst 

recombinant SipC. Light hlue bars represent pre-immune sera. 

b) Western blot to check the spec[ficit)' of the polvclonal sera using a-SipC antihodv ( l :500). 

Lanel: RPN 800, Lane 2: Purified SopE-GST (2pg): Lane 3.' Purified His~-SipC (2pg): L.ane 4: 

Salmonella secretory proteins (300pg) 
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4.4.7 Relative interaction of different Syntaxins with SipC 

As established by the GST pull down, Sipe was identified to be interacting with host 

SNARE molecules, syntaxin 6, 7 and 8. Subsequently, attempts were made to detennine 

the relative binding of Sipe with different syntax ins using direct protein-protein 

interactions. GST-syntaxins were immobilized on glutathione sephar ~se beads and 

incubated with purified His6-SipC. Unbound Sipe was washed away and the protein 

complexes were subjected to Western blot analysis using anti-S ipe antibody. GST bound 

beads were used as controls. The results presented in the Fig.14a show that syntaxin 6 

binds to Sipe with higher affinity. However, relatively less binding 0 . Sipe was also 

observed with syntaxin 7 and syntaxin 8. No interaction was detected with free GST as 

well as no signal was observed when the beads were incubated without Sipe ruling out 

any possible cross reactivity of the antibodies in the polyc1onal sera vvith the purified 

GST -syntax ins or glutathione beads. 

a) Srno S\"I' - SrnX ~rn() ~\ 0- ~wnX 
CST (;S"I" (;s"I ' CST ~I (;:-,T (;:-,T (;~T C:-,T 

-
SipC + + + 

c) 

+ 

a -SipC 

E III, 

~ liS 

b) 1.2 

C 0: _1 'Cij 
c: 0.6 
QJ 

E 0.4 - 0.2 

0 

~"Wll() 

~ I F: I t J3 (l.t • 
<: II ~- - - ----

:-" ",, (,-( ;S' I Sm" -( ;ST SmX-CST . . 

Binding Partners 

Figure 14: Relative binding ofSipC with different syntaxins 

I _I 
~r l1 - :-" 'oH 

a) Western blot sholl'ing the relative interaction ()f various .1J'n taxins \<\'ith SipC in (I direct protein interaction. 

b) Quantification of the Western blot. 

e) Determination of reI alive binding ofSipC with various sl'ntaxins bv ELISA usin}.' a-SipC (I :5, 000) antibodv. 
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These results suggest that SipC bi nding with vanous syntaxins IS specific. Further 

quantification of the Western blot revealed that syntaxin 6 binds 1.5 folds and 2.5 folds 

more SipC than syntaxin 7 and syntaxin 8, respectively (Fig.14b). These results were 

further confirmed by using a modified ELISA. The purified GST-synlaxins or free GST 

were coated in equi molar amounts in an ELISA plate, incubated with equal amounts of 

His6-SipC and the complexes forn1ed were probed with anti-SipC ant ibody followed by 

secondary antibody labeled with HRP. The HRP activity associated with the complex 

determined the relative amount of SipC bound with syntaxins. Similar to previous results, 

we found that syntaxin 6 binds re latively higher amount of SipC in comparison to 

syntaxin 7. However, binding of syntax in 8 with SipC was negligible and almost equal to 

binding with GST (Fig .14c). 

4.4.8 Binding of SipC with syntaxin 6 from macrophages 

Results presented above have demonstrated quite convincingly that at least in 

vitro, SipC specifically binds with syntaxin 6 with higher affinity. Therefore, we 

concentrated on the SipC-syntaxin 6 interaction and tried to find out its implication in the 

surv ival of Salmonella in macrophages. To test, whether the specific interaction could 

also be detected in vivo in macrophages, we carried out an immuno-pre ~ipitation using 

macrophage cell lysate. Briefly, anti-SipC antibody coated Protein G agarose beads were 

incubated with Salmonella secretory proteins to immobili ze SipC on beads. The 

immobilized SipC was incubated with macrophage lysate and finally bind ing of syntaxin 

6 with SipC was detennined by Western blot analysis using an ti-syntax in 6 antibody. 

Antibody coated beads w ithout immobil ized SipC was used as control. The appearance of 

a - 30 kDa band corresponding to syntaxin 6 in the Western blot (Fig. I 5) confirms that 

SipC could specifically pull out syntax in 6 from the pool of host proteins. 

:,l lkD :\ --.'-I ______ ~ 
" Sil)( '1IlIiil,)J\ 
.11t/IIIM,rlft, Sl·ne-tory rrlll("1I1, 

.\ L l cr()ph'I~" cc:11 h·,atc 

+ 
., 

Figure 15: Co-immunoprecipitation to confirm SipC-syntaxin 6 interaction: Western hIm prohed with 

o-.ITnlaxin 6 (I :2.500) Lane I : ImmunoprecljJitOlion using Salmonella effector proteins and macrophage 

celllnate: Lane 2: Control immunODrecif}itation. 
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The interaction is specific as absence of SipC from the beads was unable to capture 

syntaxin 6 from macrophage lysate. These results suggest that a simi lar SipC-syntaxin 6 

interaction is possibly modulating the traffick ing of Salmonella inside macrophages. 

4.4.9 Localization of SipC on Salmonella-containing phagosomes 

It is well estab li shed that Salmonella effector protein, SipC is secreted out of the 

bacteria through T3SS. However, in order to interact with host syntax ins, SipC must 

cross the phagosomal membrane and enter host cytosol or at least be present on 

Salmonella-containing phagosomal membrane. Therefore, to determine the localization 

of SipC within host cells, immuno-loca lization was done. Briefl y, live Solmonella-

containing phagosomes were purified and probed with anti-SipC antibody foll owed by a 

secondary antibody conjugated with colloidal gold particles. The experiment reveals that 

the effector protein of the pathogen was localized on the membranes of the phagosomes 

(Fig.16a). We used anti-SopE antibody as a positive control in the same experiment 

(Fig.16b) since SopE which is also present on phagosomal membrane has been reported 

to interact with host Rab5 (Mukherjee et aI. , 200]) . 

a) b) 

Figure 16: Immunolabelling of ph ago somes 

Purified phagosome.l· probed with aJ a-SipC ( I :20). and b) a-Sop£ (I :40) anlihodies fo llowed by 12 nm gold 

labeled secondary antihody (I :40). Th e proteins were visualized as small spherical black [lots. 

4.5 Discussion 
Phagosomes, during maturation undergo a series of intravesicular fusion events 

and acquire/modulate di fferent host molecules which aid in the survival of Salmonella as 

an intracellular pathogen. Salmonella has evolved a complex protein secretion system 
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tenned TT3SS to deliver bacterial effector proteins into host cells, which serve to 

modulate host cellular functions (Zhou et aI., 1999; Galan and Collmer, 1999) and 

support pathogen survival. As part of its evasion mechanism, the pathogen modulates 

host cellular functions by targeting Rab GTPases, SNARE molecules and signaling 

pathways, of which Rab GTPases and SNARE proteins are the key regulators of 

intravesicular fusion events. 

Earlier studies from the lab suggest that Salmonella containing phagosomes 

recruit Rab5 and promote fusion with early endosomes, thereby preventing their transport 

to the lysosomes (Hashim et aI., 2000; Mukherjee et aI., 2000). Subsequently~opE, a 

T3SS 1 Salmonella effector protein was identified in the lab as the mediator of this 

process (Mukherjee et aI., 2001). In addition, Salmonella-containing phagosomes have 

also been demonstrated to recruit NSF (N-ethy1ma1eimide sensitive fusion factor) on their 

phagosomes. NSF involves SNAP receptors (SNAREs) in driving the vesicular fusion 

events (Nichols and Pelham, 1998). Thus, recruitment of NSF on the phagosomes 

indicated that SNARE proteins might also playa role in the trafficking of Salmonella in 

macrophages. 

Subsequently, we and others have shown that NSF mediated SNARE function is 

also necessary for phagosome maturation (Mukherjee et aI., 2000; Nichols and Pelham, 

1998). Moreover, recent studies from our lab have shown that Salmonella-containing 

phagosomes also recruits higher amount of syntaxin 6, syntaxin 7 and syntax in 8 than 

dead Salmonella-containing phagosomes suggesting that live Salmonella driven 

processes might be responsible ,for enhanced recruitment of these syntaxins on 

phagosomes. Even though few, but there are some reports regarding the recruitment of 

host SNARE molecules on bacteria-containing phagosomes via the bacterial effector 

proteins. Zhou et al showed that Salmonella effector protein, SopB recruits host SNARE, 

V AMP-8 (Dai et aI., 2007). Similarly, IncA, a Chlamydial inclusion protein interacts 

with and recruits many host SNAREs to the Chlamydia inclusion (Delevoye et aI., 2008). 

Among the three Syntaxins, syntaxin 6 was found to be recruited on Salmonella-

containing phagosomes with higher affinity. With this background knowledge, studies 

were initiated to decipher the mechanism of recruitment of syntaxin 6 on phagosomes. 

Based on the experimental evidence as provided by pull down assays, direct protein 
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interactions and immuno-precipitation, we could identify that SPI-I effector, Salmonella 

Invasion Protein C (SipC), interacts with host syntax in 6 with higher affinity than other 

syntaxins suggesting a plausible mechanism of recruitment of syntaxin 6 on phagosomes 

(Fig.ll,14). With previous understanding regarding involvement of bacterial effectors in 

recruitment of host SNAREs on the phagosomes and the current finding, it is tempting to 

speculate that SipC might be involved in the recruitment of syntaxin 6 on the Salmonella-

containing phagosomes. Presence of SipC on the Salmonella-containing phagosomal 

membrane and immuno-precipitation of syntaxin 6 from the macrophage lysate by 

immobilized SipC (Fig.15,16) support our hypothesis of similar events happening in vivo 

which we have tried to address in the following studies. 
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5.1 Introduction 
It is well established that various Salmonella effector molecules modulate host 

proteins to their benefit to survive in the intracellular environment in macrophages as 

well as epithelial cells. Protein-protein interaction studies reported in the previous chapter 

have demonstrated that T3SS I effector of Salmonella, SipC specifically binds with host 

syntaxin 6 with high affinity. Nevertheless, the significance of SipC interaction with host 

syntaxin 6 in the maturation of Salmonella-containing phagosomes in macrophages needs 

to be elucidated. The best way to determine the function of a bacterial effector molecule 

in host cells is to delete or silence the corresponding gene in the bacteria and study the 

behavior of the mutant bacteria in the host cells. Therefore, efforts were made to delete 

sipC from Salmonella. 

Bacterial gene knock out can be generated by a number of allele replacement 

methods based on homologous recombination (Datsenko and Wanner, 2000; Hamilton et 

aI., 1989; Russell et aI., 1989; Skorupski and Taylor, 1996). Usually, a mutated construct 

containing a portion of the upstream and downstream flanking regions of the target gene 

with a selection marker is used to recombine with the bacterial genome and the knockout 

generated is selected appropriately. Here, we have used suicide vector based allelic 

exchange method by homologous recombination to generat~ sipC knockout Salmonella 

(sipC knockout). (Skorupski and Taylor, 1996). Suicide vectors typically contain an ori 

that can replicate only under specific conditions. Moreover, the vector has a positive 

selection marker, usually an antibiotic resistance gene. These two properties allow direct 

selection of the conjugants obtained after homologous recombination. In the first 

recombination event, the upstream flanking region of the gene of interest recombines 

with the complementary upstream region in the genome. In the subsequent recombination 

event, the other flanking region recombines with the complementary downstream region 

of the genome. The region containing the gene-suicide vector is excised from the genome 

upon further selection. The suicide vector used in this study, pRE112 has a sacB gene of 

Bacillus sp. (Gay et aI., 1983). SacB is a levan sucrase which polymerizes levan, a 

product of sucrose catabolism and accumulates it in the cell periplasm, which is toxic for 

the cells (Donnenberg and Kaper, 1991; Gay et aI., 1983). Hence, conjugants which get 

selected on sucrose containing media are those that have successfully lost the suicide 
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vector containing the gene to be knocked out. In the current chapter, we di scuss the 

deletion of sipC gene from Salmonella genome and characterization of the strain 

obtained. Fig.17 depicts a schematic representation of the process of generating a 

bacterial gene knockout, in the current situation, sipC deletion from Salmonella. 
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Fig ure 17: Generation of bacterial gene knockout by suicide vector based allelic exchange. 

A. Generation 0.( mutated copy. B. First recombination to generale intermediate strand 

C. Second recombination evenl bv nezalive seleClion /() eenerate knockout. 
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5.2 Materials 

5.2.1 Reagents and chemicals 

The labeled probes Phalloidin , Hoechst and the mounting reagent Prolong Gold 

antifade was procured from Molecular probes, Invitrogen. Mouse anti -actin :.mtibody was 

purchased from Calbiochem (La Jolla, CA). All the secondary antibodies labeled with 

HRP were purchased from Jackson Immunoresearch. All other reagents .lsed were of 

analytical grade and have been described previously. 

5.2.2 Vectors 

Suicide vector pRE 112 was kindl y provided by Dr. Olivia S. Mortimer of 

National Institutes of Health, Washington. Plasmid blue script (pBSK+) was purchased 

from Stratagene, La Jolla, CA. 

5.2.3 Cells 

Human epithelial carcinoma cell line, HeLa was obtained from American Type 

Culture collection (ATCC), Manassas, VA. The cell line was cultu ~ed in OM EM 

containing 10% FCS and 50 Ilg/ml gentamycin at 37°C in a humidified incubator with 

5% CO2. J774E murine macrophage cell was maintained as described pre'i iously. 

5.2.4 Bacterial strains 

E. coli strains SM I OApir and SY327Apir, required for the gener tion of bacterial 

gene knockout were kindly provided by Dr. Olivia S. Mortimer of ati '.mal Institutes of 

Hea lth, Washington. 

5.3 Methods 

5.3.1 Preparation of constructs for deleting sipC from Salmonefla genome 

In order to delete sipC from the Salmonella genome, regions I kb upstream and 

downstream of sipC containing some region of the sipC were peR amplified and 

sequentially cloned into the suicide vector pRE 112. For this targeted replacement, two 

sets of primers were designed. The first set of primers (SipB-C forward and reverse) was 
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used to amplify the region lkb upstream ofslj)C(i.e. sipB) along with ~150 bp of5' end 

of slj)c. Similarly. the second set of primers (SipC-D forward and reverse) was designed 

to amplify the region I kb downstream of sipC (i.e. sipD) containing ~ ISO bp of the :" 

end ofsipC. The primer details are as mentioned in Table 4. 

TABLE 4 

Primer Name 
I 

Sequence 5'-Y 
.--

Enzyme Site 

SirH-C Fomard GTAAGCTTA('GCCTTGCACiCiAAGGGCCi Hindlll 
--

SirB-C Re\erse GTGA TA TCCiGTCACTGAC TTTACTGCTGC EcoRV 

SirC-D Forward GTCCCGCi(j(jTGAAAGTTC'ACGTAAATCGACC Smal 

SirC-D Re\erse GTTCTACjATCjCCAGGCT1'CiATATTTGGCG Xhol 

SirC Forward GTGAATTC 'ATGTT AA TTACiTAATGTGGGAAT AAA TCCC B{lmHI 

SirC Re\erse GTGGATC 'CTTAAGCGCCiAA TATTGCCTGC 'GATAGC I EcoRI 
i ---

t· I I GGCAACGAAAGCGGGCCiACC' i -
I 
I --

DI CGGTTTCC'AGGCTGCTAC 'TTA TATCG I -
I 

Appropriate fragments were PCR amplified trom SL 1:.44 genomic DNA (PCR 

cycling conditions of denaturation at 94°(, for :'0 scc. annealing at 64°C for :'0 sec and 

ex tension at 6g c C for 60 sec were used for :'0 eye les). The upstream and downstream 

fragments. sipB-C and sijJC-D respectively. were sequentially cloned into the 

lIindIlI/EcoRV and Smal'.\'hal sites of a cloning vector pBSK+ to generate a 

pBSK +/~sijJC construct. 

The insert t;"slj)C (~2kb) was subcloned from the cloning vector. pBSK + into the 

.XlwI digested and lfindIlI partially digested suicide vector. pRE I 12 to obtain 

pRE I 12/:-..llj)C. Since the suiCide \ector can propagate only l!1 spel'ific strains. hence this 

plasmid was transformed into competent 1:. (oli SY:'27i. cells Cunfirmation of the 

successful clonc was obtai by subjectll1g the resultant clones to Ifindlll Xhal 

digestion. fhe plasmid. pRE 112 .!."..\ipC was transformed Il1to the 1:' m/i donor strain 

SM I ()f~pir for subsequent conjugation with ."'o/nu!IIe!la strain. The schematic 

representation of the clol1l!lg strategy used to generate thes...: constructs for targeted 

deletion ofslj)C IS depicted in I X, 
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Figure 18: Cloning strategl' adopted to generate constructs/or knocking out sipC 

5.3.2 Conjugation 

Salmonella SLl344 strain and the E. coli donor strain SM IOApir contain ing 

pRE 112 /l.sipC were grown in appropriate antibiotic containing media for 8 hrs at 3'°C. 

Cells from both the cultures were mixed and propagated on LB agar plates without any 

antib iotic_ Simi larly, Salmonella SLl344 and E. coli SM I OApir containing pRE 1 12 /l.\' ipC 

were also grown on the same media and used as controls . After incubation at 37°C f;)r 24 

hrs, bacterial cells were diluted in PBS and the conjugants were selected on antib iotic 

(streptomycin and chloramphenicol) containing media at 37°C. The E. coli donor st rain is 

resistant to kanamycin . At the same time, the plasmid pREI12 contains the ge e for 

chloramphenicol resistance while SLl344 is resistant to streptomycin. Subsequen Iy, the 

conjugants obtained were further selected on media containing both streptomy,.:in and 

choramphenicol while they were simultaneously screened by replica plating for the loss 

of kanamyc in resistance which indicated elimination of the donor strain. 
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Single colonies of the conjugants obtained after the first recombination event, 

pRE 112 /)'sipC -SLl344 were grown in LB for 4 hrs at 37°C and serial dilutions made in 

PBS (10- 1 and 10-3) were grown overnight at 30°C and selected on nutritional ml;:dia 

lacking sodium chloride but containing 5% sucrose and streptomycin as the selection 

marker. Cells were grown in the presence of sucrose as toxicity mediated by sucrose 

metabolites leads to the second recombination event resulting in the excision of the 

suicide vector containing the target gene from the genome. Moreover, sucrose sensit ' vity 

is highly dependent on the incubation temperature and sodium chloride concentr r tion 

(Blomfield et a!., 199 J). The colonies obtained after this round o f negative selection were 

streaked on LB containing either streptomycin or chloramphenicol to confirm the 

excision of suic ide vector containing sipC from the Salmonella genome. 

5.3.3 Confirmation of deletion of sipC from Salmonella 

The positive clones were screened for the successful deletion of sipC by PCR 

using genomic DNA as the template. The first set of PCR was carried out using sipC 

gene specific end to end primers (SipC forward and reverse). Another set of PCR was 

done using sipS forward and sipD reverse primers (U I and 0 I). The PCR produc i was 

sequenced usi ng sipC gene specific forward and reverse primers. Primer details are given 

in Table 4. 

To further confirm the deletion of sipC, the bacteria were grown in LB for ~ 6 hrs 

at 37°C and the secreted proteins in the culture supernatant were TCA precipitated. This 

involved addi tion of TCA to a final concentration of 10% and incubation a l 4°C 

overnight followed by centrifugation at 10,000 rpm for 30 min at 4°C. The pelle t thus 

obtained was washed thrice with PBS and re-suspended in SOS sample buffer. The 

proteins were separated on a 12% SOS gel and transferred onto nitrocellulose membrane. 

The membrane was probed with anti-SipC and anti -SopE (pos itive control) antibodies to 

detern1ine the presence of these proteins in the pool of secreted proteins of Salmonella in 

the generated knock out strain . 
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5.3.4 Characterization of sipC knockout Salmonella strain 

To characterize the sipC knockout Salmonella. actin bundling propel1ies of '.he 

WT and mutant Sa/monel/a werc compared by staIl1ing F -actin with fluorescent labc led 

phalloidin. Briefly. 50.000 J774E macrophages or Hela cells were plated ovemight (11 a 

coverslip under nom1al growth conditions. The cells \\ere infected with late log phase 

(O.D.wl) -0.8-0.9) GFP: WT or GFP: sipC knockout Salmonella at an MOl of 10 fllr 5 

min at :n°('. The unintemalized hacteria were remowd by washing thrice with PBS. The 

cells were fixed with 4(1<) para formaldehyde for 20 min at RT. The fixed cells ','"ere 

stained with Ax-546 phallodin (I :2000 dilution of 6.6 pM stock solution) and Hoec!:;1. a 

nuclear stain (I: 1000 dilution of 10 mg/ml) in blocking butTer (PBS containing 2(~;) BSA. 

and 0.1 % saponin. a permeabilizing agent) for 45 min at RT. The non-specifically h lund 

probe was removed by washing with PBS. The coverslips were mounted in Prolong gold 

anti fade and observed under a lSM 510 Meta con focal scanning microscope. 

The levels of actin were also checked on purified phagosomes at different qages 

of maturation. Phagosomes containing WT or ItlJC knockout bacteria were isolal cd at 

different times of maturation (5 min. 60 min and 120 min). The phagosomal potein 

content was estimated by BeA protein assay. 40 pg of the purified phagosomal pr,)teins 

were separated on a 12% SDS gel. transferred to nitrocellulose membranes and incll bated 

with anti-actin antibody. followed by HRP conjugated anti-mouse secondary antibody. 

The signal was detected by Eel and the levels of actin present on WT and Stl}C knl lckout 

Salmonella-containing phagosomes at different stages of maturation were comparcd. The 

membrane was also probed for a Salmonella structural protein. f1agellin as a iuading 

control for the experiment. 

5.4 Results 

5.4.1 Generation of constructs 

The upstream and downstream flanking regions along with small portions of Itl}C 

were peR amplified using specific primers to generate amplicons of the sizes I 107 bp 

and 1058 bp. respectiwly (Fig.19a). lipB-C \\as cloned into the lIindJIIFcoRV sites of 

the cloning \ ector. pBSK + to generate pBSK +stjn'J-C (Fig 1%). Subsequently. StIJC-/) 
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was cloned into the SmaVXba] sites of pBSK +sipB-C to generate pBSK +fu'ipC 

containing the upstream and downstream flank ing regions ofsipC (Fig.19c), 

a) 

0iiIIliIIi ..... 
• '- . 4f!1PJ, - ~' 1 I' • ~ ..... ' 
IiiIIiii> --

b) c) 

3 kb 

1. 1 kb 1 kb __ w- 2 kb 

Figure 19: aj PCR amplification o/flanking regions Lane l: 100 bp DNA Ladder: Lane2-3: PCR amplified 

sipB-C alld sipC-D, respectively using .Ipec!{tc primers. 

Generation o/pBSK+tllipC by sequential cloning 

b) Lane I: 100 bp Ladder: Lane2: pBSK + sipB-C EcoR VI Hind III digest. 

c) Lanel.IOO bp Ladder: Lane 2: pBSK +D.sipC Hind III IXhal digest. 

5.4.2 Sub-cloning of I'1sipC in to the suicide vector pRE112 

For the process of allelic exchange, the clone generated above containing the 

flanking regions of sipC, fu'ipC was sub-cloned into the suicide vector, pRE I 12. The 

I'1s'ipC insert (- 2 kb) was obtained from the cloning vector, pBSK+ by HinaTTVXhaT 

digestion and cloned into the corresponding sites of the suicide vector, pR I:: 112 to 

generate pRE 1121'1\'ipC which was propagated in E. coli SY327A strain , (Fig.20a,b) 

a) b) 
H kb 

Ii kb 

2 kb 

Figure 20: Sub-cloning 0/ tllipC into pR Ell 2 

a) Lanel : I kb Ladder: Lane2: pRE 112 Hindlll(partial)lXhal digest; Lane 3: D..I'ipC Hindlill Xba I digest 

bj Lanel : I kb Ladder: Lane 2: pRE 112 Xhal diges(. Lane 3: pREl 12 D.sipC Xbal diges( 
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5.4.3 Conjugation 

pRE 112tlsipC was propagated in E. coli SY327A strain which has the necessary 

machinery for propagation of the vector and a high transformation efficiency. However, 

this strain lacks the conjugation ability due to the absence of transfer genes for broad 

range hosts. Hence, for conjugation with Salmonella strain SLI 344, pRE I 12tlsipC was 

transformed into the E. coli donor strain SM I OApir. After the first recomb ination event 

between SLI 344 WT Salmonella and pREI12illipC SM I OApir E. coli, 97 conjugants 

were obtained on selection media containing streptomycin and chloramphen icol. SLl344 

WT Salmonella and pRE 112tlsipC SM I OApir E. coli alone were used as negative controls 

for the conjugation. As expected, the negative controls did not grow on Ihe selection 

media. The conjugants obtained were fUl1 her screened individually on both kanamycin as 

well as on streptomycin-chloramphenicol containing media. It was observed that only 10 

conjugants could specifically grow on streptomycin and chloramphenicol selection media 

and not on kanamycin containing media suggesting that only these conjugants represent 

SL 1344 containing pRE 112tlsipC that had lost the E. coli donor strain SM I OApir which 

has kanamycin as the selectable marker. Of the 10 conjugants obtained, four were 

randomly selected and dil uted in PBS. Finally, these clones were propagated on negative 

selection media (LB without sodium chloride containing sucrose and streptomycin) to 

select fo r the excision of pRE 112-s ipC. Of the many colonies obtained, 44 large colonies 

were streaked indiv idually on streptomycin and on chloramphenicol contain ing media. 

The deletion mutants which had lost pRE 112-s ipC did not grow on chloramphenicol 

containing media. II such positive clones were obtained after the second recombination 

event and these were screened fo r the deleti on of s ipC gene from Salmonella as described 

in the subsequent sections. 

5.4.4 Confirmation of deletion of sipC from Salmonella by peR and 

sequencing 

The positive clones were screened by PCR using genomic DNA as the template 

and s ipC gene specific primers (SipC-F and SipC-R). Of the positive clones obtained, 

few clones amplified a 1.2 kb region corresponding to full length sipC, suggesting that 
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300 bp 

Figure 2 J: Confirmation of sipC knockout by PCR 

b) 

Chapter 2 

+- 4 kb 

+- 3 kb 

a) Lone l : 100 lip Ladder: Lane 2-11 ,12: PCR ampli/icationfrom genomic DNA a/the conjugant.l· and 

Wild type Salmonella, ,.espective~, ' using Sil'C gene specific primers. 

b) Lane! : Ikb Ladder: Lane2-4.5: PCR amplification /i"Oln knockout clones and Wild (\'pe, respective/, ' 

using Sip8 and SipD primers 

the gene had not been knocked out. However, three clones (lanes 5, 7, 8) yielded ,10 

amplicon of - 300 bp indicating the successful delet ion of sipC gene (Fig.2l a) . Another 

round of confirmatory PCR for these clones using forward primer of sipB (U 1) and 

reverse primer of sipD (0 I) was can-ied out. As seen in Fig.21 b, the deletion mutants 

amplified a fragment of - 3.1 kb as opposed to 4.2 kb in the wild type confirming the loss 

of a region of around 900 bp in between sipB and sipD. PCR products thus obtained w :: re 

sequenced using sipC gene specific primers (SipC-F and SipC-R). The sequencing results 

confirmed the loss of a major portion of sipC (- 900 bp) from the Salmonella genome 

(Fig.22). 
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Wild Type Strain 
ATGACGCAAGTAGCA TI AGCCGTAGCGGATATACCCAAAATCCGCGCCTCGCTGAGGCGGCTInGAAGGCGTICGT AAGAACACGGACnnT A),AAGCGGCGGA TAAAG 
CTInAAAGATGTGGTGGCAACGAAAGCGGGCGACCTIAAAGCCGGAACAAAGTCCGGCGAGAGCGCTATIAATACGGTGGGTCTAAAGCCGCC1~CGGACGCCGCCCGG 
GAAAAACTCTCCAGCGAAGGGCAATIGACATIACTGCTIGGCAAGTIAATGACCCTACTGGGCGATGTnCGCTGTCTCAACTGGAGTCTCGTCTG3CGGTATGGCAGGCGA 
TGA TIGAGTCACAAAAAGAGA TGGGGA TICAGGTA TCGAAAGAA TICCAGACGGCTCTGGGAGAGGCTCAGGAGGCGACGGATCTCT A TGAAGC( AGTA TCAAAAAGACGG 
ATACCGCCAAGAGTGTnATGACGCTGCGACCAAAAAACTGACGCAGGCGCAAAATAAATIGCAATCGCTGGACCCGGCTGACCCCGGCTATGCA:;AAGCTGAAGCCGCGG 
TAGAACAGGCCGGAAAAGAAGCGACAGAGGCGAAAGAGGCCTIAGATAAGGCCACGGATGCGACGGTIAAAGCAGGCACAGACGCCAAAGCGAMGCCGAGAAAGCGGA 
TAACA TICTGACCAAA TICCAGGGAACGGCT AATGCCGCCTCTCAGAA TCAGGTnCCCAGGGTGAGCAGGATAATCTGTCAAATGTCGCCCGCCl GACT ATGCTCA TGGCC 
ATGTn A TIGAGA TIGTGGGCAAAAA TACGGAAGAAAGCCTGCAAAACGA TCTIGCGCTInCAACGCCTIGCAGGAAGGGCGTCAGGCGGAGA TCiGAAAAGAAA TCGGCT 
GAATICCAGGAAGAGACGCGCAAAGCCGAGGAAACGAACCGCATIATGGGATGTATCGGGAAAGTCCTCGGCGCGCTGCTAACCATIGTCAGCG',GTGGCCGCTGnnT 
ACCGGTGGGGCGAGTCTGGCGCTGGCTGCGGTGGGACTIGCGGTAATGGTGGCCGATGAAATIGTGAAGGCGGCGACGGGAGTGTCGTnAm:AGCAGGCGCTAAACC 
CGA TI ATGGAGCATGTGCTGAAGCCGTI AA TGGAGCTGA TIGGCAAGGCGA TI ACCAAAGCGCTGGAAGGA TI AGGCGTCGA TAAGAAAACGGCAGAGA TGGCCGGCAGC 
ATIGTIGGTGCGATIGTCGCCGCTATIGCCATGGTGGCGGTCATIGTGGTGGTCGCAGTIGTCGGGAAAGGCGCGGCGGCGAAACTGGGTAACG~GCTGAGCAAAATGAT 
GGGCGAAACGA TI AAGAAGTIGGTGCCT AACGTGCTGAAACAGTIGGCGCAAAACGGCAGCAAACTCTn ACCCAGGGGA TGCAACGT A TI ACT AI;CGGTCTGGGTAATGT 
GGGTAGCAAGATGGGCCTGCAAACGAA TGCCTI AAGTAAAGAGCTGGTAGGTAATACCCTAAA TAAAGTGGCGTIGGGCA TGGAAGTCACGAA TAI ::CGCAGCCCAGTCAGC 
CGGTGGTGTIGCCGAGGGCGTA Tn A TI AAAAA TGCCAGCGAGGCGCTIGCTGA TIn ATGCTCGCCCGTInGCCATGGATCAGA TICAGCAGTGGCTI AAACAA TCCGTA 
GAAATATnGGTGAAAACCAGAAGGTAACGGCGGAACTGCAAAAAGCCATGTCTICTGCGGTACAGCAAAATGCGGATGCTICGCGTInATICTG ::GCCAGAGTCGCGCAT 
AAAAACTGCCAAAATAAAGGGAGAAAAAT 

TCTGAAAGGTCATCTATACGCCATCATGGGTGTGA Tn AA TCGCGCTCCTGATGGCGAACTGGGGAT A T A TGCTI AA T A nCAA 
AATIATICCGCTICTCCTCATCCGGGGATCGTIGCCGAACGGCCGCAGACTCCCTCGGCGAGCGAGCACGTCGAGACTGCCGTGGTACCGTCTA[ ~ACAGAACATCGCGG 
TACAGAT ATCA TnCA TI ATCGCAGGCGGCT ACTAAAA TCCACCAGGCACAGCAGACGC~GCAGTCAACGCCACCGA TCTCTGAAGAGAATAATGA "GAGCGCACGCTGGC 
GCGCCAGCAGTIGACCAGCAGCCTGAATGCGCTGGCGAAGTCCGGCGTGTCA-:TATCCGCAGAACAAAATGAGAACCTGCGGAGCGCGTInCT(,GGCCGACGTCGGCCT 
TA Tn AGCGCnCGCCTA TGGCGCAGCCGAGAACAACCA TnCTGATGCTGAGA TnGGGA T ATGGTnCCCAAAA TA TA TCGG CGATAGGTGACA( ,CT A TCTGGGCGTn A T 
GAAAACGTIGTCGCAGTCTATACCGAnnTATCAGGCCTICAGTGATATICTnCCAAAATGGGAGGCTGGTIATIACCAGGTAAGGACGGTAATA : CGTIAAGCTAGATGTI 
ACC TCACTCAAAAA TGA Tn AAACAGTn AG TCAA T AAA TA TAA TCAAA T AAACAG T AA TACCGTIn A TnCCAGCGCAGTCAGGCAGCGGCGTI AA,1 GTAGCCACTGAAGCG 
GAAGCGAGACAGTGGCTCAGTGAA TTGAA Tn ACCGM TAGCTGCCTGAAA Tcn AT3GATCCGGTI ATG TCGTCACCGTIGATCTGACGCCA TI A( ,AAAAAATGGTICAGGA 
TA TIGA TGGTn AGGCGCGCCGGGAAAAGACTCAAAACTCGAAATGGAT AACGCCAAA T ATCAAGCCTGGCAGTCGGGTIn MAGCGCAGGAAG; .AAATATGAAAACCACA 
TI ACAGACGCTGACGCAAAAA TAT AGCAA TGCCAA TICA TIGTACGACAACCTGG TAAAAGTGCTGAGCAGT ACGAT AAGT AGCAGCCTGGAAACC' .,CCAAAAGCTICCTGC 
AAGGATAA 

sipC knockout strain 
ATGACGCAAGTAGCATIAGCCGTAGCGGATATACCCAAAATCCGCGCCTCGCTGAGGCGGCTInGAAGGCGTICGTAAGAACACGGACnnTAAAAGCGGCGGATAAAGC 
TInAAAGATGTGGTGGCAACGAAAGCGGGCGACCTIAAAGCCGGAACAAAGTCCGGCGAGAGCGCTATIAATACGGTGGGTCTAAAGCCGCCTA ::GGACGCCGCCCGGGA 
AAAACTCTCCAGCGAAGGGCAATIGACATIACTGCTIGGCAAGTIAATGACCCTACTGGGCGATGTnCGCTGTCTCAACTGGAGTCTCGTCTGGCI;GTATGGCAGGCGATGA 
TIGAGTCACAAAAAGAGATGGGGATICAGGTATCGAAAGAATICCAGACGGCTCTGGGAGAGGCTCAGGAGGCGACGGATCTCTATGAAGCCAGT , TCAAAAAGACGGATAC 
CGCCAAGAGTGTn ATGACGCTGCGACCAAAAAACTGACGCAGGCGCAAAAT AAA TIGCAATCGCTGGACCCGGCTGACCCCGGCTA TGCACAAG' ::TGAAGCCGCGGTAGAA 
CAGGCCGGAAAAGAAGCGACAGAGGCGAAAGAGGCCTIAGATAAGGCCACGGATGCGACGGTIAAAGCAGGCACAGACGCCAAAGCGAAAGCC(,AGAAAGCGGATAACATI 
CTGACCAAATICCAGGGAACGGCTAATGCCGCCTCTCAGAATCAGGTnCCCAGGGTGAGCAGGATAATCTGTCAAATGTCGCCCGCCTCACTATGCTCATGGCCATGTnAT 
TGAGA TIGTGGGCAAAAA TACGGAAGAAAGCCTGCAAAACGATCTIGCGCTInCAACGCCTIGCAGGAAGGGCGTCAGGCGGAGATGGAAAAGAAATCGGCTGAA TICCAG 
GAAGAGACGCGCAAAGCCGAGGAAACGAACCGCA TI ATGGGATGTATCGGGAAAGTCCTCGGCGCGCTGCTAACCA TIGTCAGCGTIGTGGCCG(:TGnnT ACCGGTGGG 
GCGAGTCTGGCGCTGGCTGCGGTGGGACTIGCGGTAATGGTGGCCGATGAAATIGTGAAGGCGGCGACGGGAGTGTCGTnATICAGCAGGCGCTAAACCCGATIATGGAG 
CATGTGCTGAAGCCGTIAATGGAGCTGATIGGCAAGGCGATIACCAAAGCGCTGGAAGGATIAGGCGTCGATAAGAAAACGGCAGAGATGGCCGGCAGCATIGTIGGTGCG 
ATIGTCGCCGCTATIGCCATGGTGGCGGTCATIGTGGTGGTCGCAGTIGTCGGGAAAGGCGCGGCGGCGAAACTGGGTAACGCGCTGAGCAAAArGATGGGCGAAACGATI 
AAGAAGTIGGTGCCTAACGTGCTGAAACAGTIGGCGCAAAACGGCAGCAAACTCTnACCCAGGGGATGCAACGTATIACTAGCGGTCTGGGTAATGTGGGTAGCAAGATGG 
GCCTGCAAACGAATGCCTIAAGTAAAGAGCTGGTAGGTAATACCCTAAATAAAGTGGCGTIGGGCATGGAAGTCACGAATACCGCAGCCCAGTCAG~CGGTGGTGTIGCCGA 
GGGCG T A Tn A TI AAAAA TGCCAGCGAGGCGCTIGCTGA TIn ATGCTCGCCCGTInGCCA TGGATCAGA TICAGCAGTGGCTI AAACAA TCCGTAGAAATA TnGGTGAAAA 
CCAGAAGGTAACGGCGGAACTGCAAAAAGCCATGTCTICTGCGGTACAGCAAAATGCGGATGCTICGCGTInATICTGCGCCAGAGTCGCGCATAAAAACTGCCAAAATAAA 
GGGAGAAAAAT 

TCTGAAAGGTCAT 
CTATACGCCATCATGGGTGTGA Tn AATCGCGCTCCTGA TGGCGAACTGGGGAT A TI A TGCTI AA TA TICAAAA n A TICCGCTICTCCTCA TCCGG( ,'3ATCGTIGCCGAACGG 
CCGCAGACTCCCTCGGCGAGCGAGCACGTCGAGACTGCCGTGGTACCGTCTACCACAGAACATCGCGGTACAGATATCATnCATIATCGCAGGC :,GCTACTAAAATCCACC 
AGGCACAGCAGACGCTGCAGTCAACGCCACCGATCTCTGAAGAGAATAATGACGAGCGCACGCTGGCGCGCCAGCAGTIGACCAGCAGCCTGAA '3CGCTGGCGAAGTCC 
GGCGTGTCA TI ATCCGCAGAACAAAA TGAGAACCTGCGGAGCGCGTITICTGCGCCGACG TCGGCCTT A Tn AGCGCTTCGCCT A TGGCGCAGCC<:,AGAACAACCA TnC TG 
ATGCTGAGATnGGGATATGGTnCCCAAAATATATCGGCGATAGGTGACAGCTATCTGGGCGTnATGAAAACGTTGTCGCAGTCTATACCGATTI 'TATCAGGCCTICAGTG 
AT A TTCTTTCCAAAA TGGGAGGCTGG TI A TT ACCAGG T AAGGACGG T AA TACCGTT MGCT AGATGTI ACCTCACTCAAAAATGA Tn AAACAGTn M,TCAA TAAA TAT AA TCAA 
ATAAACAGTAATACCGTInATnCCAGCGCAGTCAGGCAGCGGCGTIAAAGTAGCCACTGAAGCGGAAGCGAGACAGTGGCTCAGTGAATTGAAT ITACCGAATAGCTGCCT 
GAAATCTTATGGATCCGGTTATGTCGTCACCGTIGATCTGACGCCATTACAAAAAATGGTTCAGGATATTGATGGTnAGGCGCGCCGGGAAAAGACrCAAAACTCGAAATGGA 
T AACGCCAAA TA TCAAGCCTGGCAGTCGGGTIn AAAGCGCAGGAAGAAAATA TGAAAACCACA TI ACAGACGCTGACGCAAAAA TA T AGCAA TGCe AA TTCA TTGTACGACAA 
CCTGGTAAAAGTGCTGAGCAGTACGATAAGTAGCAGCCTGGAAACGGCCAAAAGCTICCTGCAAGGATAA 

Figure 22: Sequencing results of Wild type and sipC knockout clones 

Upper panel shows the sequencing result of the Wild 0pe clone, Lower panel shows the sequencing result a/the 

sipC knockout clone, Regions in bIlle, green and red corre,lpond to sipB, sipC and sipD respecti , 'ely, 
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5.4.5 Confirmation of knocking out of SipC from Salmonella by Western 

blotting 

SipC is secreted outside the bacterial cell by the Type III secretion system along 

wi th other secretory proteins of Salmonella. Thus, the presence of SipC in the secretory 

proteins was determined using WT and sipC knockout Salmonella strains by Western 

blotting. Analysis of the secreted proteins demonstrated that sipC knockout Salmonella 

strain was unable to secrete SipC, which was otherwise successfully secreted b. T the WT 

strain (Fig.23, upper panel). However, both the strains could efficiently se :;rete out 

another Salmonella effector, SopE (Fig.23, lower panel), illustrating that deletio of sipC 

did not alter the Type III secretion machinery. These results reconfirmed the s~lccessful 

deletion of sipC from the Salmonella genome. 

2 3 

+- 42kD a a -S ipe 

18 kDa a -SorE 

Figure 23: Protein secretion by sipC knockout Salmonella 

Lane 1 :RPN800; Lane2,3: Secreted proteins by sipC knockout and Wild type Salmonella, respec/ively using 

anti-SipC(J :500) and anti-SopE (J: 1 00) antibodies. 

5.4.6 Characterization of sipC knockout Salmonella strain 

Further studies were carried out to confirm the sipC knockout strain using previous 

knowledge regarding the role of SipC mediated polymerization of actin in epithel ial cells . 

Accordingly, J774E macrophages were infected with WT or sipC knockout Salmonella 

followed by phalloidin staining to label F-actin and look at the actin bundling a ility of 

both the bacterial strains. It was observed that infection of macrophages with WT 

Salmonella leads to the bundling of actin at the site of infection. In contrast, no such 

bundling of actin at the site of infection was observed when infection was ca ·ied out 

with sipC knockout Salmonella and actin was found to be distributed evenly throughout 

the cell boundary as observed in uninfected control cells (Fig.24a). This indica ted that 
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Sipe is involved in actin bundling and that sipC knockout Salmonella lose this property. 

These observations were not just restricted to macrophages. Our results in Fig.24b 

confinn the loss of actin bundling by sipC knockout Salmonella in epithelial cells as well. 

These results are in accordance with previous reports where sipC knockout Salm(lnella 

failed to induce bundling of actin at the site of infection in the epithelial cells (Hayward 

and Koronakis, 1999). Thus, our results in macrophages and epithelia l cells further 

confinned the generation of sipC knockout Salmonella in the present investigation. 

a) 

L'ninfcctcu 

\\ 'ilu ' l ___ pc 

JipC Kn()CK()ut 

b) 
Uninfectecl 

\VlId Type 

.ripC knockout 

Figure 24: Actin bundling as visualized by phalloidin staining at sites of bacterial infection in 

a) J774£ macrophage,I' and b) Hela cells. Last panel shoH's the enlarged region. 
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To understand the role of SipC in the recruitment of ac tin during the maturation of 

Salmonella-containing phagosomes in macrophages, Western blot an alysis was carried 

out with anti-actin antibody using purified phagosomes containing WT or sipC knockout 

Salmonella. The Western blot and its quantification presented in Fig.25 shows that the 

levels of actin drop by nearly 50% as the WT Salmonella-containing p agosomes mature 

towards a late compartment. In contrast, nearly 80% lesser amounts o f" actin were found 

on sipC knockout Salmonella-containing phagosomes even at early t ime of maturation 

which further dropped as the phagosomes mature. Presence of equal levels of flagellin, a 

Salmonella structural protein, on all the phagosomes demonstrated the equal loading and 

was used as an internal loading control. Furthermore, flagellin Ie" els were used to 

normalize the levels of actin for quantification. Both immunofluorescence and Western 

blots results are in concordance with each other and implicate a ro le of SipC in the 

bacterial invasion process and probably phagosome maturation. 

\\ 'i1d type sipe knockout 

.5' 60' 120' .5' 60' 120' 

Actin 

Flagellin 

12() 

11111 

.f' HII 

'" c: (,)) 
" ] 

411 

20 

II L 
1211 

Figure 25: Actin recruitm ent on phagosomes: 

Levels of actin in phagosomes containing WT or sipC knockout Salmonel/a at d{[ler:'nt maturation stages. 

Western blot probed hy a-actin (I :50(0) and a~f1agel/in (I: I 000) antihodie,,. Graph sholl'S the 

quantification of the Western hlot ajier normali::ing with flagel/in I'alues. Black ha "s represent lVildtype; 

Green bars represent sip C "nod.ollt 
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5.5 Discussion 
Previously, we had observed that host SNARE molecule, syntaxin 6 is 

specifically recruited on live Salmonella-containing phagosomes as they mature inside 

macrophages indicating the involvement of some bacterial effector for binding with host 

syntaxins. Consequently, our initial studies reported in the previous chapter have 

established that Salmonella T3SS1 effector, SipC interacts with this SNARE. These 

findings led us to speculate a role of SipC in the recruitment of syntaxin 6 on live 

Salmonella-containing phagosomes. To verify this experimentally, a Salmonella strain 

with the sipC gene knocked out was successfully generated by homologous 

recombination. PCR amplification of the ORF (Fig.21) along with DNA sequencing of 
I 

the region (Fig.22) has shown the successful deletion of sipC in the knockout strain. This 

has been further validated by the observatipn that the knockout strain is unable to 

synthesize and secrete SipC from the cells as demonstrated by Western blot of the 

secreted proteins (Fig.23). We also observed that the mutant strain obtained can secrete 

other T3SS effectors efficiently suggesting the specific deletion of sipC from the genome 

as well as indicating that the TTSS has not been affected by this deletion. 

Previous studies have shown that SipC is involved in actin bundling and 

membrane ruffling at sites of bacterial infection (Hayward and Koronakis, 1999). It has 

also been reported in epithelial cells that SipC acts in concert with another T3SS 1 

effector, SipA and downstream cellular effectors of Rho GTPases to initiate and localize 

this actin rearrangement associated with membrane ruffling (Collazo and Galan, 1997). 

In the same study, authors have reported that sipC knockout Salmonella failed to carry 

out the actin rearrangement and assembly. Further studies have shown that F-actin and 

microtubules organize in a meshwork outside the Salmonella phagosomes (Galan, 2001; 

Guignot et aI., 2004) and this organization is coordinated by some of the T3SS1 and 

T3SS2 effectors. In concordance with the results of Hayward et ai, we also observed that 

sipC knockout Salmonella strain generated in the present investigation loses its property 

of actin bundling at sites of bacterial infection not only in macro)Jhages but also in 

epithelial cells. Thus, our results indicate that SipC possibly plays a similar role as 

observed in epithelial cells when it is phagocytosed within host macrophages. Moreover, 

we have found that the levels of actin are considerably lower in sipC knockout 
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Salmonella-containing phagosomes. Hence, both in vitro and ex vivo data unequivocally 

prove that sipC gene is specifically deleted from Salmonella genome in the sipC 

knockout strain generated in the present investigation. Subsequent studies are carried out 

using this mutant strain to determine the role of SipC in the modulation of intracellular 

trafficking of Salmonella in macrophages. 
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Chapter 3 -
6.1 Introduction 

Salmonella, after entry into macrophages reside in a specialized compartment 

known as live Salmonella containing phagosome (Hashim et aI., 2000). As these 

phagosomes mature, they undergo a series of sequential vesicular fusion events with 

various compartments of the endocytic and the secretory pathway, resulting in continuous 

association and dissociation of different transport molecules on the maturing phagosome. 

The process of intravesicular fusion is highly specific and regulated by members of the 

Rab GTPase and SNARE family of proteins. Several pathogens target host Rabs and 

SNAREs and modulate these molecules for their own benefit to enable efficient 

intracellular survival. This modulation of different transport molecules on the maturing 

phagosomes is carried out by several effector proteins which are secreted by the pathogen 

into the host cytoplasm. It has been previously reported that live Salmonella, as part of its 

survival mechanism, modulate the expression of various Rabs (e.g. Rab5, Rab7, Rab9, 

and Rabl8) on the phagosomes within host cells (Hashim et aI., 2000); and Salm"onella 

effector, SopE is involved in the recruitment of Rab5 on the phagosomal membrane 

(Mukherjee et aI., 2001). 

In the previous chapters, we could establish that SipC, a T3SS1 Salmonella effector 

protein specifically interacts with host syntax in 6 implicating a plausible role of SipC in 

the modulating this transport molecule and hence, contributing to phagosome maturation. 

Syntaxin 6 is an important SNARE regulating intracellular trafficking at" the TGN 

(Watson and Pessin, 2000). It can interact with several endocytic SNAREs to become 

part of different fusion/SNARE complexes and thus, aids in driving many vesicular 

fusion events (Wendler and Tooze, 2001). To understand the role of SipC in the process 

of phagosome maturation, we knocked out the gene from the Salmonella genome. In the 

current section, we have tried to decipher the physiological significance of SipC in the 

maturation of Salmonella-containing phagosomes by comparing the trafficking of WT 

and sipC knockout Salmonella in macrophages. 
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6.2 Materials 
6.2.1 Antibodies and vectors 

Salmonella expression vectors, pFPV25.l and pIZ1590 for constitutive expression 

of GFP and RFP were kindly provided by Dr. Raphael Valdivia (Duke Centre for 

microbial pathogenesis, Durham, NC) and Dr. Fransisco Ramos-Morales (Universidad de 

Sevilla, Spain). LAMP-l GFP was a kind gift from Dr. Alberto Luini of Consorzio 

Mario, Negrusid, Italy. pBAD24 vector for over expression in Salmonella was kindly 

provided by Dr. A. Surolia of National Institute of Immunology. 

Antibodies against mammalian Rab7 and LBPA were a kind gift from Dr. J. 

Gruenberg (EMBL, Heidelberg, Germany). Antibodies against mammalian Rab5 and 

EEA-l were provided by Dr. A. Wandinger-Ness (University of New Mexico, 

Albuquerque, NM) and Dr. Marino Zerial (Max Planck Institute of Molecular Cell 

Biology and Genetics, Dresden). Commercial antibodies against various markers, 

GM130, Vtilb, LAMP-l and syntaxin 6 were purchased from BD Biosciences (Bedford, 

MA). Antibodies against Cathepsin D and Rab6 were obtained from Neuromics and 

Santa Cruz, respectively. Polyclonal sera against the Salmonella protein, flagellin was 

purchased from Difco. All the secondary antibodies labeled with HRP were purchased 

from Jackson Immunoresearch. All the labeled probes including Texas red labeled 

Dextran, LysoTracker Red, Hoechst, fluorescent tagged secondary antibodies along with 

the mounting reagent Prolong Gold antifade were procured from Molecular probes, 

Invitrogen. 

6.2.2 Cells 

RAW 264.7, a murine macrophage cell line was obtained from American Type 

.Culture collection (ATCC), Manassas, VA. The cell line was cultured in RPMI-1640 

containing 10% FCS and 50 Jlg/ml gentamycin at 37°C in a humidified incubator with 

5% CO2• The average doubling time of the cells is 20 hrs and the cells were sub cultured 

every 48 hrs. J774E murine macrophage cell was maintained as described previously .. 
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6.3 Methods 

To understand the role of SipC in phagosome maturation, we compared the 

trafficking of WT or sipC knockout Salmonella in macrophages by in viiro and ex vivo 

approaches. The trafficking pattern of the bacteria inside host cells was analyzed by the 

acquisition of different transport related molecules on the phagosomes by direct and 

indirect immunofluorescence as well as by Western blot analysis of purified phagosomes 

at different stages of their maturation in macrophages. 

6.3.1 Over expression of GFP and RFP in Salmonella strains 

Salmonella constitutively expressing GFP or RFP were prepared for efficient 

visualization in the immunofluorescence experiments. To achieve this, WT as well as 

sipC knockout Salmonella were electroporated with plasmids, pFPV25.1 or plZ1590 for 

GFP and RFP expression, respectively. Briefly, Salmonellae were propagated in 10 ml of 

LB till they reached log phase (O.D.600 of 0.5-0.6). The log phase cells were washed 

thrice with chilled water at 4°C (6,000 rpm for 6 min) to remove the salts contained in the 

medium. The bacterial cells thus obtained were re-suspended in 50 J.lI of chilled water and 

used for a single transformation. The electrocompetent Salmonellae were transformed 

with 1 J.lg of DNA using manufacturer's preset protocols for bacterial cells in a 2 mm gap 

cuvette in Biorad gene Pulser (Voltage- 2.5 kV, Capacitance-25 F, Resistance-200 :0). 

After electroporation, the bacterial cells were allowed to recover for 1 hr at 37°C in 1 ml 

LB and subsequently the positive clones were selected on appropriate antibiotic 

containing media. The transformed bacteria were checked for GFP or RFP expression 

under a fluorescence microscope. 

6.3.2 Trafficking of WT and sipC knockout Salmonella inside macropbages 

6.3.2.1 Direct immunofluorescence 

Briefly, 50,000 J774E macrophages were plated on a cover slip overnight: under 

normal growth conditions. The cells were infected with late log phase (O.D.6oo of 0.8-0.9) 

GFP: WT or GFP: sipC knockout bacteria at a MOl of 10 for 5 min at 37°C in plain 

RPMI containing Texas Red labeled dextran (MW 70,000). Following infection, 

uninternalized bacteria and dextran were removed by washing thrice with PBS. 
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Subsequently, both bacteria and dextran were allowed to traffic within the cells for 

indicated periods of time at 37°C (5 min, 30 min, 90 min and 120 min). The transport 

was stopped by fixing the cells at specific time points in 4% para formaldehyde for 20 

min at RT. The fixed cells on the cover slips were mounted in Prolong gold antifade and 

observed under a LSM 510 Meta confocal scanning microscope. To follow the 

intracellular trafficking of WT or sipC knockout Salmonella towards the lysosomes, 

respective bacteria were internalized into macrophages for 5 min, washed and chased for 

additional 2 hrs at 37°C in the presence of LysoTracker Red (5 fJM) in RPM!. To 

characterize the trafficking pattern of the bacteria within host cells, approximately 100 

bacteria were scored for co-localization at each time point with the labeled probes 

mentioned above. 

6.3.2.2 Indirect Immunofluorescence 

As mentioned above, 50,000 J774E macrophages were infected with GFP: WT or 

GFP: sipC knockout bacteria at a MOl of 10 for 5 min at 37°C. After internalization, 

respective bacteria were chased inside cells for varying periods of time (5 min, 30 min, 

90 min and 120 min). Subsequently, infected cells were washed and fixed with 4% para 

formaldehyde for 20 min at RT. The fixed cells were blocked for 1 hr in blocking buffer 

(PBS containing 2% BSA and 0.1 % saponin, a permeabilization agent) at RT. These cells 

were then incubated with appropriately diluted primary antibody against different 

proteins like Rab5, LBPA, syntaxin 6, GM130 and LAMP-l in blocking buffer for 1 hr at 

RT. The non-specifically bound antibody was removed by washing thrice with PBS. 

Following the binding of primary antibody, the cells were probed with specific Alexa 

conjugated secondary antibody (1 : 1,000) and counter stained with a nuclear dye, Hoechst 

(1: 1 ,000). Fixed cells on the cover slips were mounted in Prolong gold antifade and 

observed under a LSM 510 Meta confocal scanning microscope. Percentage co

localization of bacteria . with different transport molecules/organelles was calculated by 

analyzing approximately 100 bacteria under each condition. 
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6.3.3 Detection of transport related proteins on WT and sipC knockout 

Salmonella-containing phagosomes at different stages of maturatiolll 

Phagosomes containing WT or sipC knockout Salmonella were isolated and 

purified at different stages of maturation (5 min, 60 min and 120 min) as described 

previously. To detect the presence of host proteins on purified phagosomes, 40 J.1g of the 

purified phagosomal proteins were resolved by 12% SDS-PAGE and transferred onto 

nitrocellulose membrane. The membrane was probed with specific antibodies against 

various transport molecules including Rab5, Cathepsin D, syntaxin 6, Rab6, EEA-l, 

Vtilb, LAMP-l and a Salmonella structural protein, flagellin, which was used as the 

loading control. This was followed by addition of corresponding HRP conjugated 

secondary antibodies and the signal obtained after ECL detection was quantified using 

ImageJ software. The values obtained were nonnalized against the corresponding values 

for control and the recruitment of different transport proteins on the Salmonella-

containing phagosomes was analyzed. 

6.3.4 Over expression of LAMP-l GFP in macrophages 

LAMP-l GFP was transiently over expressed in RAW 264.7 macrophage cells by 

electroporation. The cells were grown to 80% confluency and harvested. lOx 1 06 cells 

were washed with plain RPMI (100 g for 10 min at RT) and re-suspended in. 400 J.lI of 

RPM!. 20 J.lg of purified LAMP-l GFP plasmid was added to this cell suspension in a 4 

mm gap cuvette. After gentle mixing of the contents, the DNA was transfected into the 

cells at 300 V, 975 J.lFD by Biorad Gene Pulser. After electroporation, the cells were 

allowed to recover at RT for 5 min. Following this, the goblet of dead cells was removed 

and the tranfectants were re-suspended in RPMI 1640 containing 10% FCS and plated on 

cover slips. The media was replaced after 6 hrs and the cells were checked for over 

expression after 20 hrs under a fluorescence micro~cope. 

6.3.5 LAMP-l transport from Golgi derived vesicles 

Intracellular transport of molecules can be synchronized m Golgi by a 

temperature stress at 15°C (Trucco et aI., 2004). LAMP-l was synchronized in the Golgi 

and its transport from the Golgi was studied as described below. LAMP-l was over 
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expressed in the RA W264. 7 cells and incubated for 20 hrs at 37°C. LAMP-l GFP over 

expressing cells were incubated at 15°C for 20 min to synchronize LAMP-l at Golgi, 

followed by a chase at 37°C for another 30 min to allow vesicle budding from the Golgi. 

To confirm the transport block, cells were fixed at different time points and stained with 

Golgi specific GM130 antibody, followed by Alexa-546 labeled anti-mouse secondary 

antibody to be visualized by indirect immunofluorescence as described previously. The 

samples were analyzed for co-localization of LAMP-l with GM130 to confirm the 

synchronization of LAMP-l at Golgi. 

6.3.6 Determination of the recruitment of LAMP-Ion Salmonella-containing 

phagosomes 

To monitor the acquisition of LAMP-l by WT or sipC knockout Salmonella-

containing phagosomes from Golgi derived vesicles, LAMP-l GFP was over expressed 

in macrophages. 18 hrs aft~r transfection, these cells were infected with RFP: WT or 

RFP: sipC knockout Salmonella for 5 min at 37°C. After infection, unintemalized 

bacteria were removed by washing with plain RPM! and the infected cells were incubated 

at 37°C for 2 hrs to allow bacterial transport towards the appropriate late compartments 

inside the cells. Subsequently, cells were shifted to 15°C for 20 min to synchronize 

LAMP-I in Golgi. Finally, the cells were incubated at 37°C upto 40 min to allow 

budding of LAMP-l containing vesicles from Golgi. At different times after vesicle 

budding, the cells were fixed in 4% para formaldehyde and mounted as described 

previously. Cells were observed under a LSM 510 Meta confocal scanning microscope. 

Percentage co-localization of Salmonella-containing phagosomes with Golgi derived 

vesicles was calculated by analyzing nearly 100 cells, which were both transfected as 

well infected, under each condition. 

6.3.7 Complementation of sipC in sipC knockout Salmonella strain 

To unequivocally prove the role of SipC, sipC was complemented in the sipC 

knockout Salmonella strain to assess the gain of function by this protein. For 

complementation, sipC was cloned into an arabinose inducible Salmonella expression 

vector, pBAD24. sipC was PCR amplified using gene specific forward and reverse 
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primers (Table 5) from Salmonella genomic DNA and this product was cloned into the 

HindIIVEcoRI sites of the vector, pBAD24. The positive clones were checked for insert 

release of 1.2 kb by HindIIVEcoRI digestion. Purified DNA of the positive clone was 

transformed in the sipC knockout Salmonella cells by electroporation as described in 

section 6.3.1 to generate sipC knock-in Salmonella. 

TABLES 
Primer Name Sequence 5'-3' Enzyme site 

SipC Forward GTGAATTCATGTTAATTAGTAATGTGGGAATAAATCCC BamHI 

SipC Reverse GTAAGCTTTTAAGCGCGAATATTGCCTGCGATAGC Hindi II 

The secretion of SipC was induced in the sipC knock-in Salmonella strain under 

different conditions, with varying arabinose concentrations and time periods. After the 

culture was induced and grown to late log phase (OD6oo of 0.8-0.9), the secreted proteins 

were TCA precipitated as described previously. The secretion of SipC by sipC knock-in 

Salmonella was checked in 200 ~g of the TCA precipitated secretory protein preparation 

on a Western blot probed with anti-SipC antibody. The secreted proteins from WT and 

sipC knockout Salmonella were used as controls in the experiment. 

6.4 Results 
6.4.1 Comparative trafficking of WT and sipC knockout Salmonella in the 

endocytic route 
It is well established that as the phagosome matures, it interacts with various 

endocytic compartments, leading to a continuous association/dissociation of molecules on 

the phagocytic compartment. Thus, attempts were made to determine the interactions of 

WT and sipC knockout Salmonella-containing phagosomes with different endocytic 

compartments. To achieve this, GFP over expressing bacteria were chased within cells 

labeled with markers for specific compartments. Interaction 
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of the phagosomes with different compartments was characterized by calculating 

percentage co-localization. 

Initially, the interaction of WT or sipC knockout Salmonella-containing 

phagosomes with the endocytic cargo was studied using a fluid phase probe, dextran 

labeled with Texas red. The results presented in Fig.26 depict that nearly 40% of both th e 

WT and sipC knockout Salmonella-containing phagosomes co-localize with the 

endocytic cargo at early stages of entry inside the cell (5 min). However, as the 

phagosome matures with time (120 min), the percentage of bacteria co-localizing with 

dextran drops to a mere 20%. 
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Figure 26: Interaction 0/ WT or sipC knockout Salmonella-containing phagosomes with endocytic cargo, 

a) Wild Type Salmonella: b) sipC knockout Salmonella; Last panel shows the enlarged region 

c) Graph shows the percentage o/ bacteria co-localizing with dextran, n=lOO. 

Black bars represent wi/dtype; Green bars represent sipC knockout. 
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Following this. studies \\ere carried out h) characterize the interactions bet ,\een 

.\,'a!mof!e!!Ll-contall1ing phagosomes and different lI1traccllular compartments. Raj) is 

known to be associated with early endosomal compartments. Initial experiments were 

performed to determine the reer'Jltment of Rab:'l on WT or si/)C knockout Sahn()llcl!u-

containing phagosomes. The results presented 111 Flg.27 illustrate that both WT (Fi.27a) 

and sipC knockout (Fig.27b) S'olm(}ncl!o-contallling ph ago somes recruIt Rab5 w'. hin 5 

min of bacterial internalll:ation and retain this molecule even as the phagosome nntured 

to 120 min. 
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Figure 2 7: Recruitment of early endosomal marker, RabS on WT or sipC knockout Salmonella-

containing phagosomes. 

a) Wildtype Salmonella; b) sipC knockout Salmonella; Last panel shows the enlarged region. 

These results along with previous observations (Hashim et aI., 2000) indicated that 

though Salmonella resides in a specialized compartment at later stages of their maturation 

in macrophages but it sti ll retains some characteristics of the earl y compart ment. During 

endocytosis as well as phagocytosis, cargo is transported from the early compartment to 

the lysosomes via a late endocytic compartment. Thus, we analyzed the association of a 

late endocytic marker, Lysobiphosphatic acid (LBPA), with WT or sipC knockout 

Salmonella-containing phagosomes at later stages (90 and 120 min after internalization) 

of their maturation in macrophages. The immunofluorescence data demonstrates that 

around 70%-80% of WT Salmonella co-localize with LBPA positive compartments at 

these time points (Fig.28a,c). No dev iation in the recruitment of LBPA was observed 

with sipC knockout Salmonella-containing phagosomes (Fig.28b,c). These results 

indicate that both WT and sipC knockout Salmonella-containing phagosomes undergo 

fusion with and acquire molecules from the late endocytic compartments on their 

respective phagosomes. 
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Figure 28: Acquisition of LBPA on WT or sipC knockout Salmonella-containing phagosomes. 

a) Wild Type Salmonel/a; b) sipC knockout Salmonel/a; Last panel shows the enlarged regio /l. 

c) Graph shows the percentage a/bacteria co-localizing with LBPA, n=lOO. 

Black bars represent wildtype; Green bars represent sipC knockout. 
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The endocytic pathway fi nally culminates into an acidic compartment, the 

lysosome, where the internalized cargo is degraded. It is well established that WT 

Salmonella avert targeting to the Iysosomes by avoiding phagosome-lysosome fusi on. 

Accordingly, studies were carried out to determine whether deletion of sipC from 

Salmonella facil itated its targeting to the lysosomes. To examine this, sipC knockout 

Salmonella were chased inside macrophages for 120 min and the intracellular lysosomes 

were stained with LysoTracker Red. No apparent co-localization of sipC knoc 'out 

bacteria with LysoTracker Red was observed indicating that like WT Salmonella , the 

mutant bacteria also prevented its transport to the lysosomes to survive within host cells 

(Fig.29a,b) . 
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Figure 29: Transport of WT or sipC knockout Salmonella to the lysosomes. 

aJ Immunofluorescence showing co-localization of wild type and sipC knockout Salmonella with lysosome:; . 

Last panel shows the enlarged region. b) Graph shows the percentage of bacteria co-/f.lcalizing with 

LysoTracker red, n=lOO. Black bars represent wildtype; Green bars represent .\ipC kflocko /l/ . 
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Taken together, our results demonstrated that both WT and sipC knockout 

Salmonella retained the early endosomal marker, Rab5 on their phagosomes, fo llowed by 

acquisition of LBP A from the late endocytic compartments. However, both WT as well 

as sipC knockout Salmonella prevented their transport to the Iysosomes. Thus. suggesting 

that SipC plays no role in altering the endocytic pathway in macrophages. In order to 

validate these observations, WT or sipC knockout Salmonella-containing phagosomes 

were purified at different stages of their maturation and these were analyzed for the 

presence of host compartment specific molecules by Western blotting. The results show 

that Rab5 is recruited by both WT and sipC knockout Salmonella on their phagosomes at 

early stages and retained even as the phagosome matures (Fig.30, upper panel) which is 

in accordance with the immunofluorescence data presented above . To detemline targeting 

to Iysosomes, the presence of mature Cathepsin D on the phagosomes was analyzed . 

Cathepsin D is an acid hydrolase which after synthesis is transported through various 

endocytic compartments where it gets differentially cleaved depending on the acidity of 

the compartment. Finally, the mature protein is found in the Iysosomes thus, serving as a 

lysosomal marker. The Western blot (Fig.30, middle panel) result~, reveal that 

phagosomes containing WT or sipC knockout Salmonella, even at later ~ , tages of their 

maturation do not acquire the terminally cleaved form of Cathepsin (-17 kDa) 

suggesting the inhibition of transport of these bacteria to the lysosomal corr.partment. 
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Figure 30: Recruitment of different endocytic molecules on WT or sipC knockout Salmonella-containing 

phagosomes at different stages of maturation. 

Western hlot probed with a-Rah5 (l: 5,000), a-Cathepsin D (/: 500) and a-j1age/lin (/ . 1,000) antibodies. 
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A Salmonella structural protein, flagellin was used as the loading control for the 

Western blots. Similar levels of this molecule rule out experimental error due to unequal 

loading (Fig.30, Lower panel) . 

6.4.2 Comparative trafficking of WT and sipC knockout Salmonella towards 

Golgi 

The results presented in the preceding section suggested thr t Salmonella-

containing phagosomes initially foll owed the endocytic pathway, but ultimately 

segregated from the endocytic route and homed into a specialized compartment. Previous 

studies have shown that the pathogen resides in the vicinity of the Golgi, which is 

conducive for bacterial replication (Deiwick et aI., 2006) . Thus, ex vivo studies were 

carried out to follow the movement of WT and mutant bacteria towards the Golgi which 

was Labeled with GM 130. In contrast to WT Salmonella (Fig.3 ! a) , the sipC knockout 

Salmonella (Fig.3! b) failed to reach the juxtanucIear Golgi location . This altered 

trafficking was confirmed further by quantification. Bacteria residing with in a di stance of 

1 )..lm from the Golgi were considered to be in the vicinity of the organelle. 
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Figure 31: Trafficking on WT or sipC knockout Salmonella towards Golgi. 

a) Wild Type Salmonella; b) sipC knockout Salmonella; Last panel shows the enlar,,~ed region. 

c) Graph shows the percentage of bacteria in vicinity ofGolgi, n=l OO. 

Black bars represent wildtype; Green hars represent \ipC /..1l0C/..O Ill 
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We observed that nearly 65% of the bacteria trafficked towards the Golgi within 30 min 

of internalization and resided there even at later time points (120 min). On the other hand, 

only 30% of sipC knockout Salmonella moved towards the Golgi even after 120 min of 

internalization inside cells (Fig.31 c). These results clearly suggest that sipC knockout 

Salmonella do not move towards the Golgi, indicating a plausible role of this protein in 

targeting the bacteria towards this region . 

6.4.3 Understanding the role of SipC in the maturation of Salmonella

containing phagosomes 

The results presented In the previous section clearly demonstrated that Sipe is 

involved in the targeting of Salmonella near the Golgi compartment. In the following 

section, we have tried to understand the mechanism of Salmonella trafficking towards 

Golgi. Th is has been achieved by comparing the levels of different TGN associated Rabs. 

SNAREs and other interacting molecules on the phagosomes containing WT or sipC 

knockout Salmonella. 

The Western blot analysis of purified phagosomes containing WT or sip (~ 

knockout Salmonella shows that WT Salmonella recruit syntaxin 6 on their phagosomes 

as they mature from 5 min to 60 mi n. However, the levels of syntax in 6 dropped as the 

phagosomes matured further (Fig.32a). Interestingly, a completely different profile was 

observed for sipC knockout Salmonella-contain ing phagosomes, which had considerably 

lower amounts of syntaxin 6 at 60 min of phagosome maturation . However by 120 min, 

these bacteria could recruit higher amounts of syntaxin 6 on their phagosomes (Fig.3::a). 

Quantification of the blots suggested that WT Salmonella had two-fold more syntaxin 6 

than s IjJC knockout Salmonella-containing phagosomes at 60 min of maturat 'on. 

However, as the WT Salmonella-containing phagosomes matured further, they lost up to 

40% of the recruited syntaxin 6, whereas phagosomes containing sipC knoc 'out 

Salmonella could recruit around 30% more syntax in 6 in a temporal manner (Fig.32b 'J. 

Similarly, the differences in the acquisition of Rab6, another TGN re lated 

molecule, was also observed. WT Salmonella-containing phagosomes could recruit Rab6 

at the early onset of phagosome maturation and similar levels were retained on the mature 

phagosomes (Fig.32a). Though sipC knockout Sa/monella could recruit similar amo ,mts 
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Figure 32: Acquisition 0/ TGN associated transport molecules on WT or sipC knockout Salmonella-

containing phagosomes, 

a) Western blot probed with a-syntaxin 6(1 :2,500), a-Rab6 (1 :500), a-EEA-l (1 :500). a- Vtil b (1 : 1 000) and 

a-jlage//in (1 : 1.000) antibodies ; Graphs show the quantification a/the Western blots after normaliz ing with 

jlage//in values. b) Syntaxin 6; c) Rab6; d) EEA-l; e) Vtil b. 

Black bars represent wildtype; Green bars represent sipC knockout 
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of Rab6 at early stages of phagosome maturation as WT bacteria, they were unable to 

retain these levels as the phagosomes matured in time (120 mi;l). As the sipC knockout 

Salmonella-containing phagosomes matured to 60 min, there was a 40% drop in the 

levels of Rab6 . Further maturation of the phagosomes led to as significant as a 70% 

reduction in the levels of Rab6 (Fig.32c) . 

In addition, our results showed that acquisition of both EEA-l and Vti I b was 

affected by deletion of sipC from Salmonella (Fig.32a). There was no significant change 

in the recruitment of EEA-l and Vti 1 b on WT Salmonella-containmg phagosomes during 

their maturation . However, a significant time dependent drop (approximately 50% ) in the 

levels of EEA-l (Fig.32d) and a marginal reduction (nearly 30% ) .in the levels of Vti I b 

(Fig.32e) was observed in sipC knockout Salmonella-containing phagosomes. As before, 

flagellin was used as loading con trol (Fig.32a). Taken together, these results indicate that 

the function of SipC is required for recruiting and retaining 1hese host transport 

molecules on Salmonella-containing phagosomes. 

Previous studies from our lab have shown that as the Salmonella-containing 

phagosomes mature, they acquire LAMP-I , a lysosomal membrane protein, without 

being targeted to the lysosomes (Hashim et aI., 2000). It has been eS1abiished by earlier 

studies that LAMP- I, though predominantly present on the late endosomes/lysosomes, is 

ubiquitously distributed in various endocytic compartments. This is ecause, LAMP-l 

after synthesis in the ER and maturation in the TGN, traffi cks to the late 

endosomalllysosomal compartment via the early endosome (Cook et aI., 2004). Thus, it 

was tempting to speculate that Salmonella-contain ing phagosomes mi iSht be recruiting 

LAMP- l from the Golgi while they are in close vicinity of this compartment. Thus, we 

proposed to compare the association of LAMP-l with WT and sipC knockout 

Salmonella-containing phagosomes. 

Western blot analysis of purified phagosomes at different stage~ of maturation 

shows that WT Salmonella recruit LAM P- l both at early and late ~ tages of their 

maturation (Fig.33a). In the same experiment, it was also observed that .,·ipC knockout 

Salmonella initially obtained LAMP-I on their phagosomes, but failed to retain thi s 

molecule on their phagosomes as efficientl y as WT Salmonella, with nearly a 50% drop 
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10 the levels at 120 min of maturation (Fig.33b). As earlier, flagellin was used as an 

internal loading control. 
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Figure 33: Recruitment of LA M P-I on WT or sipC knockout Salm onella-containing phagosomes. 

a) Western blot probed with a-LA MP- / (1 :2,000) and a-flagellin (1. 1, 000) antibodies; 

b) Graph shows the quantification of the Western blot ajier normalizing withflagelhn values. 

Black bars represent wildtype; Green bars represent sli'C k llOchOllt 

These findings were further confirmed by immunofluorescence studies which 

illustrated that within 30 min after the pathogen had trafficked inside the cell , nearly 80% 

of the phagosomes containing WT or sipC knockout Salmonella could recruit LAMP-I 

(Fig.34a,b). However, only 40% of sipC knockout bacteria could retai n this molecule on 

the mature phagosomes (Fig.34c) as opposed to nearly 70% of WT bacteria retaining 

LAMP- I on their phagosomes temporally. This data highlights the inability of sipC 

knockout Salmonella to retain LAMP-Ion its phagosomes at later stag ~s of maturation. 
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Figure 34: Recruitment of LAMP- I on WT or sipC knockout Salmonella-containing phagosomes. 

a) WT Salmonel/a; b) sipC knockout Salmonel/a. Last panel shows enlarged region. 

c) Graph shows the percentage co-localization of bacteria with LAMP-I , n= 1 00. 

Black bars represent wildtype; Green bars represent sipC 1. 110('/;0111 

These results supported our previous proposi tion that Salmonella-containing early 

phagosomes possibly recruit LAMP-l through fusion with some LAMP-I containing 

vesicles present either in the early or late endocytic compartments. Significant reduction 

in the level of LAMP-Ion sipC knockout Salmonella-containing mature phagos mes 

indicated that sipC knockout Salmonella was unable to recrui t LAMP-l possibly from 

Golgi derived vesicles as they are not targeted to a near Golgi location. This is reinbrced 

by the fact that sipC knockout Salmonella-containing phagosomes are unab le to 

efficiently recruit Rab6 and syntaxin 6, the molecules required for fusion with Golgi 

derived vesicles. 

6.4.4 Role of SipC in the recruitment of LAMP-l from Goigi 

To understand the mechanism of LAMP- I recruitment on Salmonella-containing 

phagosomes, LAMP-l was synchronized in Golgi, followed by analyzing the fusi on of 

Golgi derived vesicles containing LAMP-l with WT or sipC knockout Salmoflella-

containing phagosomes. 
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To fo llow the transport of LAMP- l containing vesicles from Golgi, conditions 

were standardized for synchronization of this molecule in Golgi. LAMP-l GFP was 

transiently over expressed in RA W 264.7 macrophages by electroporation and 20 hrs post 

transfection, fluorescent punctuate structures could be seen throughout the cell (Fig.35a), 

a profile similar to that as observed previously by indirect immunofluorescence using 

specific antibody against LAMP-I. Subsequently, attempts were made to synchronize the 

transport of this molecule in Golgi by a temperature shock. For the same, 2 :) hrs after 

transfection, over expressing cells were shifted to 15°C for 20 min and we could achieve 

partial co-localization of LAMP-l with Golgi labeled by GM 130 (Fig.35b). Complete co

localization was observed after shifting the cells back to 37°C for 20 min (Fig.35c). 

Budding of LAMP-l containing vesicles from the Golgi was detected when the cells 

were incubated at 37°C for another 10 min (Fig.35d). 

a) 

b) 

c) 

d) 

Figure 35: Synchronization of LAMP-I transport in Golgi. Immuno-stained with the ( iolgi marker 

GM130, LAMP-/ GFP over expressing cells were .Iy nchronized by exposure to different temperatures/or 

varying times intervals in the / ollio wing sequence - a) 37°e. 20 hrs; b) 15°e. 20 min; c) .17°C, 20 min; 

d) Snpashot 10 min post synchronization .. 
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Subsequently, cells with synchronized LAMP- I in the Golgi compartment were used to 

study the recruitment of LAMP-l from the Golgi derived ves icles by Salmonella-

containing phagosomes. 

After synchronizing the transport, interaction between Golgi derived vesicles 

containing LAMP-I and Salmonella-containing phagosomes was studied. To achieve 

this, RAW 264.7 macrophages were transfected with plasmid LAMP-I GFP and 

incubated at 37°C for 18 hrs for the expression of LAMP-l GFP fusion protein (green). 

Subsequently, cells were infected with S. typhimurium WT or sipC knockout expressing 

RFP (red) and the bacteria were allowed to chase inside cells for 2 hrs at 37°C. The 

infected cells were then given a temperature shock to synchronizE: LAMP-l in Golgi. 

Finally, cells were incubated for indicated periods of time at 37°C 10 allow the budding 

of LAMP-l containing Golgi derived vesicles . At different intervals, cells were fixed and 

co-localization of LAMP-I GFP containing compartments with RFP expressing WT or 

sipC knockout Salmonella was determined. Our results illustrate that initially (20 mins of 

incubation at 37°C) LAMP-I is predominantly restricted in the Golgi and both WT and 

sipC knockout Salmonella are segregated from this molecule. Interest ingly, LAMP-I was 

found to be associated with WT Salmonella nearly after 40 min of incubation at 37°C 

(Fig.36a) suggesting the fusion of LAMP-I containing Golgi derived vesicles with WT 

Salmonella-contain ing phagosomes. 

a) 

20 min 

30 min 

40 min 

96 



Chapter 3 

b) 

20 min 

30 min 

40 min 

c) .2 70 

'" !>O , 
lj 
5 ~o , 
0 
); ' 0 

, 
:::; 

JO 

~ 

I 8 10 

'"' d: o · 
10 40 

Time(min) 

Figure 36: Interaction of Golgi derived vesicles containing LAMP-I with WT or sipC knockout 

Salmonella-containing phagosomes. 

a) Wild Type Salmonella; b) sipC knockout Salmonella. Last panel shows enlarged image. 

c) Graph showing percentage co-localization of Salmonella-containing phagosome,I' with Golgi derived 

vesicles containing LAMP- i . Black bars represent wi/dtype; Green bars represent .';pC Jl flOCk o lif 

contrast, no co-localization of LAMP-l with sipC knockout Salmonella-containing 

phagosomes was observed after 40 min of incubation at 37°C (Fig. 36b). Further 

quanti fi cation of at least 100 bacteria under each condition revealed that nearly 60% WT 

Salmonella could co-localize with LAMP-I containing Golgi derived vesicles as opposed 

to only 30% sipC knockout Salmonella co-localizing with these vesic les (Fig.36c), 

illustrating that Salmonella-containing phagosomes recruit LAMP- I from Golgi through 

a SipC mediated process. 
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6.4.5 Complementation of sipC in the sipC knockout Salmonella 

In order to validate the observed role of SipC on the maturation of Salmonella-

containing phagosomes in macrophages, sipC was complemented in sipC knockout 

Salmonella strain. Subsequently, the content of purified phagosomes containing sipC 

knock-in Salmonella was analyzed to determine the gain of function. 

To generate sipC knock- in Salmonella, sipC was cloned into pBAD24, an 

arabinose inducible Salmonella expression vector. Full length sipC (1.2 kb) was cloned 

into EcoRVHindIII sites of pBAD24 (4.5 kb) (Fig.37a) . The gel profi le in Fig.37b shows 

the confirmation of the positive clone by release of a 1.2 kb insert upon restriction 

digestion. pBAD24-sipC, thus obtained , was over expressed in the sioC knockout strain 

by electroporation as elaborated in the methods section to generate sipC knock-in 

Salmonella. To attain similar level s of SipC secretion in sipC knock-in strain like WT 

Salmonella, different conditions of induction, including varying arabinose concentrations 

and induction times were tried. The Western blot presented in Fig. ~, 7c shows that the 

expressIOn .. 
~..., 
S ....., . ........ 
fIIiIiiI - ----

c) 
2 3 4 5 

Figure 37: Cloning and expression of S ipC in arabinose inducible Salmonell expression vector, 

pBAD24 to generate sipC knock-in Salmonella. 

a) Lane I : J kb DNA ladder, Lane2: pBAD24 EcoRlIHindlll digested; Lane 3: PCR amplified sipC 

b) Lane /: J kb DNA ladder; Lane2. pBAD24-sipC EcoRlIHindlll digested 

c) Western blot probed with a-SipC (/:500) antibody demonstrating induction and e.lpression of SipC in 

sipC knock-in Salmonella. Lane J-RPN 800; Lane 2-secretory proteins of sipC knockout; Lane 3-secretory 

proteins of Wild Type t; Lane 4- secretory proteins of sipC knock-in (0.0005 % Arabillose, 2hrs ); Lane5-

secretory proteins of sipC knock- in (O.OO J%Arabinose, 30 min). 
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of SipC (-42 kDa) was induced by arabinose addition and the levels were comparable to 

WT Salmonella when the culture was induced with 0.0005% arabinose for 2 hrs while the 

bacteria reached late log phase (O.D.600 of 0.8-0.9). 

6.4.6 Restoration of function in sipC knock-in Salmonella 

In order to confirm the role of SipC, phagosomes were prepared usmg sipC 

knock-in or sipC knockout Salmonella at different stages of their maturation in 

macrophages and the recruitment of some vital host molecules like Rab6 and LAMP-l 

was compared. The Western blots presented in Fig.38 show that both Rab6 and LAMP- l 

are recruited and retained by sipC knock-in Salmonella-containing phagosomes in a 

a) sipC knock-in 
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LAMP -1 
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Figure 38: Recruitment of transport molecules on sipC knockout or sipC knock-in Salmonella-

containing phagosomes. a) Western blots probed with a.-LAMP-i(J :i ,OOO) , a.-Rab6 (/:5 00.1 and a. jlageJ/in 

(/: i ,000) antibodies. Graphs showing the quantification of the Western blots after n,.lrmalizing with 

jlagel/in values b) Rab6 c) LAMP- i . Brown bars represent sipC knock-ill ; Green bars represent sipC 

kllockout 
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temporal fashion almost similar to that observed with WT Salmonella-containing 

phagosomes. sipC knockout Salmonella-containing phagosomes were used as a control to 

highlight this gain of function by sipC complementation in mutant bacteria. These results 

further reinforce the observations presented in the preceding sections that SipC is 

involved in the recruitment of different transport molecules on the maturing phagosomes. 

6.S Discussion 
Intracellular trafficking of phagosomes depends on vesicular membrane 

composition as well as intravesicular content (Desjardins et aI., 1994; Garcia-del Portillo 

and Finlay, 1995) and involves dynamic modulations of the phagosomal membrane 

brought about by fusion with other endocytic vesicles and recruitment of various transport 

proteins. Membrane fusion events are highly co-ordinated and are regulated by a complex 

interplay of Rab GTPases and SNARE proteins (Pfeffer, 1999; Rothman and Sollner, 

1997; Schimmoller et aI., 1998; Zerial and McBride, 2001). 

Intracellular pathogens during the course of evolution have learnt to modulate the 

recruitment of these proteins on phagosomes for their survival by avoiding or inducing 

specific interactions of phagosomes with other intracellular compartments (Uchiya et aI., 

1999; Via et aI., 1997). The ability to modulate host cellular machinery is attributed to the 

evolution of a complex protein secretion system termed TTSS which deliver bacterial 

effector proteins into host cells (Galan, 2001; Zhou et aI., 1999). Previously, we have 

reported that live Salmonella-containing phagosomes modulate the expression of different 

Rabs for their benefit to persist in a low acidity compartment lacking active Ilysosomal 

enzymes (Hashim et aI., 2000). Among the different Rabs, we have observed that Rab5 is 

recruited on the phagosomal membrane by participation of Salmonella effector molecule, 

SopE (Mukherjee et aI., 2001) in this process. . 

We have also observed a temporal acquisition of different SNAREs on the 

maturing phagosomes. Particularly, the levels of syntaxin6, syntaxin 7 and syntaxin 8 

were found to be comparatively more on maturing Salmonella-containing phagosomes 

(unpublished data). The employment of various syntaxins on the phagosomal membrane 

by Salmonella could possibly be controlled by some of its effectors. In the previous 

chapters, we could identify SipC, a SPI-l T3SS effector, specifically interacting with host 

100 



;§Iii!!_ .. iih 
Charzter 3 

syntaxin 6. The presence of SipC on the phagosomal membrane implicated its possible 

function in the recruitment of syntaxin 6 during phagosome maturation. To address the 

functionality of SipC in this process, we have generated a mutant Salmonella strain with 

the sipC gene knocked out. In the present chapter, we have tried to decipher the role of 

SipC in phagosome maturation by studying the behavioral differences of the or sipC 

knockout Salmonella in terms of intracellular trafficking and attainment of different 

transport molecules on its phagosomes. 

The uptake of endocytic cargo inside cells takes place via receptor mediated 

endocytosis as well as fluid phase endocytosis while S. typhimurium enters macrophages 

through macropinocytosis (Conner and Schmid, 2003). Following the intracellular 

trafficking of the bacteria and the endocytic cargo, we observed that immediately after 

internalization into the host cell, the pathogen may follow the route commonly used by 

the endocytic cargo or traverse through an altogether different pathway. However, it is 

clear that the path of maturing phagosomes and the endocytic cargo segregate early on, 

suggesting that there aren't a significant number of ph ago somes fusing with the incoming 

traffic (Fig.26). This pattern was observed for both WT and or sipC knockout Salmonella. 

After phagocytic uptake, the bacterium resides in a specialized compartment 

which interacts with different endocytic compartments as it trafficks within the cdl We 

compared the ability of WT or sipC knockout Salmonella-containing phagosomes to 

interact with early and late· endocytic compartments which has been extrapolated by 

analyzing their ability to recruit specific endocytic markers. Phagosomes during 

maturation first interact with early compartments of the endocytic pathway, the early 

endosomes, and Rab5 is a universally known marker for this compartment (Somsel 

Rodman and Wandinger-Ness, 2000). Our results suggest that both WT and sipC 

knockout Salmonella recruit Rab5 on their phagosomes at early onset and retain this 

marker significantly even after 120 min of internalization inside cells (Fig.27, 30). After 

interaction with early compartments, the phagosome propels further and interacts with 

other members of the endocytic pathway. We observed that both WT and sipC knockout 

Salmonella travel to the late endocytic compartments and obtain LBP A from them at later 

time points (Fig.28). 
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Particles phagocytosed inside macrophages are ultimately transported to the 

lysosome and degraded by the acid hydro lases present in this compartment. It is well 

established that Salmonella bypass this mechanism of transport to the lysosomes and 

survive within the host cells. To determine whether the mutant bacteria also bypass 

lysosomal targeting, we measured their co-localization with labeled lysosomes and 

assessed the levels of the mature form of Cathepsin D on purified phagosomes. Cathepsin 

D is an acid hydrolase synthesized in the TGN as a molecule of 51 kDa which then 

cleaves into a 48 kDa molecule as it is transported to the early endosomes. The molecule 

matures further by proteolytic cleavage into a 31 kDa molecule and ultimately a 17 kDa 

mature form chiefly present in the lysosomes (Gieselmann et aI., 1983). The fmdings 

from these experiments show that like WT Salmonella, the mutant strain also evades 

transport to the lysosomes (Fig.29), confirmed by the fact that both WT and sipC 

knockout Salmonella do not co-localize with LysoTracker Red and the phagosomes even 

after maturation do not acquire the terminally cleaved form of Cathepsin D (Fig.30), 

which is otherwise predominant on late phagosomes (60 min and 120 min) containing an 

inert probe or a dead bacterium destined to be degraded in the lysosomes (Hashim et aI., 

2000). From the above mentioned observations, it is evident that both sipC knockout and 

WT Salmonella travel to the late compartments but escape transport to the lysosomes. 

After examining interactions of sipC knockout and WT Salmonella with the 

endocytic pathway, we tracked the movement of bacteria towards Golgi. It has been well 

established that WT Salmonella-containing phagosomes finally reside in a juxtanuclear, 

Golgi associated localization which serves as the intracellular replicative niche for the 

pathogen. Targeting to this location is attributed to the Salmonella effectors, SseG, SseF 

and SifA (Abrahams et aI., 2006; Salcedo and Holden, 2003). Interestingly, we found that 

. the sipC knockout Salmonella fails to be targeted towards the Golgi (Fig.31). To 

understand the possible mechanism of altered trafficking of sipC knockout Salmonella, 

we analyzed the content of some of the TGN related Rabs and SNAREs on the 

phagosomes. From the in vitro characterization of WT and sipC knockout Salmonella-

containing phagosomes, we observed a differential pattern in the employment of various 

TGN related markers, particularly a defect in the recruitment of syntaxin 6 and Rab6. 
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Syntaxin 6 is a Qc SNARE which has been implicated to function in several 

trafficking pathways. This molecule primarily localizes to the TGN, regulating 

intracellular trafficking from TGN to the endocytic pathway and vice versa. However, 

this molecule is also found on endosomes and is known to associate in vivo with a variety 

of SNAREs including VAMP 7 , VAMP 8, VAMP 2 and syntaxin 7. Thus, it is involved 

in diverse cellular processes like homotypic fusion of immature secretory granules as 

well as in regulating early and late fusion events by changing its SNARE binding 

specificities (Bock et ai., 1997; Steegmaier et ai., 1999; Wade et ai., 2001). We analyzed 

the levels of syntax in 6 on the maturing phagosomes and have shown that WT 

Salmonella-containing phagosomes acquire syntax in 6 as the phagosomes mature to 60 

min which is consistent with previous lab observations. However, the levels dropped as 

the phagosomes matured further. This dissociation of syntaxin 6 from the phagosomal 

membrane could be due to the interaction of the maturing phagosome with other 

intracellular compartments. Interestingly, sipC knockout Salmonella do not recruit 

syntaxin 6 efficiently on their phagosomes within 60 min of maturation (Fig.32a,b). This 

correlates well with our initial proposition that SipC interacts with and aids in the 

recruitment of syntaxin 6 on the phagosomes. However, as the phagosome matured with 

time, even the mutant bacteria could recruit some more molecules of syntaxin 6. This was 

surprising because we have found that SipC is involved in the recruitment of syntaxin 6 

on the phagosomal membrane. Thus, it remains unclear as to how mature phagosomes 

(120 min) recruit syntaxin 6 in the absence of SipC. A possible reason for this 

observation could be that Salmonella secretes some other effector protein in higher 

amounts to compensate for/mimic the role of SipC in phagosome maturation. However, 

the prospect of involvement of other effector proteins in this process still needs to be 

explored. 

Rab6 is a TGN associated protein involved in regulating transport events at the 

TGN (Martinez et ai., 1994; Opdam et ai., 2000). It has also been reported that Rab6 

interacts with a molecular motor protein, Rabkinesin-6 to mediate microtubule dependent 

transport at the Golgi network (Echard et ai., 1998). On analyzing the levels of Rab6, we 

found that WT Salmonella-containing phagosomes could recruit Rab6 at the early onset 

of phagosome formation probably by dynamic interactions with members of the 
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endocytic pathway and retain this protein even as the phagosome matures. We know that 

the maturing phagosome is targeted towards the Golgi, thus Rab6 present on the mature 

phagosomes must have been obtained via interactions with the secretory pathway. 

Remarkably, sipC knockout Salmonella-containing phagosomes showed similar amounts 

of Rab6 as compared to WT phagosomes at early time points, but the levels dropped 

significantly in a time dependent manner (Fig.32a,c). This can be explained by the fact 

that sipC knockout Salmonella-containing phagosomes interact efficiently with members 

of the endocytic pathway to attain Rab6 on early phagosomes. However, sipC knockout 

Salmonella-containing phagosomes fail to move near Golgi even at later stages, and thus 

are unable to recruit Rab6 from the vesicles originating from TGN. Thus, the inability of 

sipC knockout Salmonella to traffic towards Golgi and the altered recruitment of syntaxin 

6 and Rab6 on the maturing phagosomes led us to speculate that this could lead to a 

defect in acquiring host transport molecules from the TGN. 

Since the recruitment of the SNARE molecule, syntaxin 6 was altered on sipC 

knockout Salmonella-containing phagosomes, we assessed the status of syntaxin 6 

interacting molecules such as EEA-l and Vtilb, a syntaxin 6 associated fusion complex 

partner on the maturing phagosomes. EEA-I is a Rab5 effector molecule, which has been 

shown to be interacting with syntax in 6 and co-localizes with syntaxin 6 present on the 

endosomal structures. This molecule has a common binding motif for both Rab5 and 

syntaxin 6 which possibly mediates the recruitment of syntaxin 6 on the maturing 

phagosome by dissociation of Rab5. The EEA-I-syntaxin 6 interaction could mediate 

tethering of a post Golgi vesicle to endosomes (Simonsen et aI., 1999). Our findings 

indicate that EEA-l is recruited on to the phagosomal membrane at early stages of 

maturation and is retained on the compartment with a marginal drop in the levels at later 

stages. The association of EEA-l with thephagosomes can be attributed to the presence 

of Rab5 on the mature phagosomes which helps to recruit this effector. Interestingly, or 

sipC knockout Salmonella-containing phagosomes lose up to 50% EEA-l ill a temporal 

manner (Fig.32a,d). This dissociation ofEEA-l from the mature phagosomes could be a 

possible reason for lesser amounts of syntaxin 6 on the sipC knockout Salmonella-

containing phagosomes. 
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Vtilb, a Qb SNARE takes part in the fonnation ofa fusion complex with syntaxin 

6. This complex has been reported to be involved in the exocytic transport of TNFa 

containing post Golgi vesicles (Murray et aI., 2005). Our results suggested that the levels 

of Vti1b are similar initially but decrease on the maturing phagosomes containing sipC 

knockout Salmonella (Fig.32a,e). Vti1b is also known to be part of another endosomal 

fusion complex involving syntaxin 7, syntaxin 8 and V AMP-8, regulating the endosomal 

transport (Wade et aI., 2001). Thus, significant levels of Vti 1 b on the early phagosomes 

could be attributed to its role in this fusion complex driving the intracellular trafficking 

event. However, the dissociation of Vti 1 b from the mature sipC knockout Salmonella-· 

containing phagosomes could be due to the reduced availability of the other fusion 

partner, syntax in 6, resulting in inefficient recruitment of this molecule on the mature 

phagosomes. Thus, we find an impaired recruitment of syntaxin 6, Rab6, EEA-1 and 

V ti 1 b in the absence of SipC, implicating some defect in the fusion machinery regulating 

the transport at TGN. 

LAMP-1 is a known marker for late endosomes and lysosomes. However, it is 

well demonstrated that LAMP-I, after initial synthesis in the ER, moves towards early 

endosomal compartments and the plasma membrane via TGN using the secretary 

pathway and is finally trafficked to the lysosomes (Cook et aI., 2004). It has also been 

reported that the presence of different LAMP molecules on Salmonella-containing 

phagosomes helps to stabilize the phagosomal compartment (Chakraborty et aI., 1994; 

Roark and Haldar, 2008). Our findings of reduced interactions of sipC knockout 

Salmonella-containing phagosomes with TGN associated trafficking molecules like 

Rab6, syntaxin 6 and Vti1b suggest that there might be a defect in acquisition of transport 

molecules like LAMP-1 by these phagosomes from the TGN. Thus, we analyzed the 

status of LAMP-1 recruitment by the mutant Salmonella on its phagosomes. We observe 

that both WT and sipC knockout Salmonella could recruit LAMP-Ion their phagosomes 

initially, obtained by interactions with the early endosomes. In accordance with previous 

lab reports, we also observed that WT Salmonella-containing phagosomes could retain 

LAMP-Ion the maturing phagosomes. At the same time, sipC knockout Salmonella-

containing mature phagosomes could not attain substantial levels of LAMP-1 (Fig.33,34), 

possibly due to crippled interactions with members of the secretory pathway. These 
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results validate our hypothesis of impaired fusion of LAMP-I containing vesicles from 

TGN with the phagosomes in the absence of SipC. 

In order to delineate the role of SipC In the recruitment of LAMP-Ion 

Salmonella-containing phagosomes by fusion with the LAMP-I containing vesicles 

derived from TGN, initially we over expressed and synchronized LAMP-I in Golgi. 

Subsequently, we allowed the LAMP-I containing vesicles to bud from the Golgi and 

finally looked for this molecule on Salmonella-containing phagosomes. Our results show 

that WT Salmonella-containing phagosomes co-localize with LAMP-I, 20 min post 

vesicle budding from Golgi, indicating the fusion of Salmonella-containing phagosomes 

with LAMP-I containing vesicles. In contrast, sipC knockout Salmonella failed to fuse 

with LAMP-I containing vesicles from Golgi (Fig.36). The role of SipC in this process is . 
further confirmed by complementing sipC in the sipC knockout strain and our results 

have shown that sipC knock-in strain behaves similar to the WT strain and efficiently 

recruits transport molecules like Rab6 and LAMP-I (Fig.38). 

The interactions of the WT and sipC knockout Salmonella-containing 

phagosomes with different intracellular compartments were examined in this chapter. 

Taken together, these results unequivocally prove that Salmonella-containing 

phagosomes acquire LAMP-l by fusion with LAMP-l containing vesicles derived from 

the Golgi through SipC mediated recruitment of syntaxin 6 and Rab6. 
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The intracellular pathogen Salmonella, during its course of infection, invades the 

intestinal epithelial cells and macrophages of the spleen and liver, where the bacterium 

resides and replicates (Richter-Dahlfors et aI., 1997). Survival within macrophages is an 

essential part of Salmonella pathogenesis since mutants lacking this ability have been 

shown to be avirulent (Fields et aI., 1986). Studies over the years have led to the conclusion 

that Salmonella survives in an intracellular niche inside macrophages by inhibiting its 

transport to the lysosomes (Buchmeier and Heffron, 1991). Though, several groups have 

tried to elucidate the mechanism of inhibition of transport, it has still not been fully 

comprehended., However, a general consensus has developed on the role of certain effector 

molecules secreted by Salmonella that modulate the host cellular processes, accomplishing 

pathogen survival in macrophages. 

Previous studies from our lab have identified one such Salmonella effector protein, 

SopE. It has been shown to recruit one of the regulators of host intracellular transport, 

Rab5, onto the phagosomal membrane and promote fusion of thephagosomes with early 

endosomes, subverting the compartment from being targeted to lysosomes (Hashim et aI., 

2000; MukheIjee et aI., 2000). Recent data from the lab has shown a temporal acquisition 

of host SNARE molecules during the maturation of Salmonella-containing phagosomes. 

Based on the premise that SNARE recruitment must have been brought about by some 

bacterial effectors, the present study aimed at identifying them and determining their role in 

bacterial survival inside macrophages. 

Initially, three different molecules from a subclass of host SNARE proteins, 

namely, syntaxin 6, syntax in 7 and syntaxin 8, were cloned and expressed as GST-tagged 

fusion proteins. Subsequently, these fusion proteins were used as baits to pull down 

effector molecules from Salmonella and characterize them. Our results demonstrate that 

SipC, a SPI-l effector protein of Salmonella, specifically interacts with host syntaxin 6. 

This interaction was confirmed in vitro by Western blotting using recombinant proteins as 

well as in vivo by immunoprecipitation where Salmonella SipC could specitkally pull out 

syntax in 6 from macrophage lysate. Thereafter, the presence of SipC on the phagosomes 

implicated its role in regulating the host molecules and thus, contributing to the 

phagosomal maturation process. To decipher the physiological role(s) of SipC, we deleted 

this molecule from the Salmonella genome. 
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Interactions of Salmonella-containing phagosomes with various intracellular 

compartments were then compared between WT as well as sipC knockout bacteria. 

However, no significant differences were found; the mutant bacteria were still able to 

interact efficiently with members of the host endocytic pathway. This has been illustrated 

by the observations that sipC knockout Salmonella obtained early endosomal markers such 

as Rab5, followed by subsequent dissociation of these molecules and acquisition of LBPA 

from the late endosomes in a similar fashion as WT Salmonella. This clearly indicates that 

SipC does not modulate the endocytic pathway to the bacteria's advantage. On the other 

hand, we were able to confirm that the loss of SipC did not lead to targeting of the bacteria 

to the lysosomes and hence, the mutants could survive efficiently within host macrophages. 

Syntax in 6 is a TON associated SNARE molecule, involved in regulating transport 

at this compartment. Considering that SipC interacts specifically with host syntaxin 6, we 

postulated that SipC might be involved in regulating interactions of the phagosomes with 

intracellular compartments of the secretory pathway. Interestingly, we observed that 

deletion of sipC leads to altered intracellular trafficking and the bacterium is not targeted to 

a juxtanuclear Oolgi localization which, under normal circumstances, serves as its 

replicative niche (Salcedo and Holden, 2003). To explore this further, we compared the 

recruitment of different TON related transport molecules on the maturing phagosomes and 

observed a differential association of many of these molecules with WT and sipC knockout 

Salmonella-containing phagosomes by Western blotting. The mutant Salmonella are unable 

to recruit syntax in 6 and Rab6 on to the mature phagosomes. Moreover, the recruitment of 

Vtilb, a syntaxin 6 fusion complex partn~r as well as EEA-l, a syntaxin 6 interacting 

molecule, was also hampered. Taken together these results confirmed the previous 

observation that there was no defect in interactions of Salmonella-containing phagosomes 

with members of the host endocytic machinery. On the other hand, it was the TON 

associated transport molecules whose acquisition was crippled only on mature phagosomes, 

implicating the inability of sipC knockout Salmonella-containing phagosomes to interact 

efficiently with members of the secretory pathway. 

Finally, we were able to restore the recruitment of host transport molecules with a 

. sipC knock-in Salmonella. By regaining the function with a 'knock-in' phenotype, we have 

established beyond doubt that this bacterial effector protein is responsible for recruitment 
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of molecules from TGN. In other words, SipC mediated processes might be essential to 

import molecules on to the phagosomes from the secretory pathway. These observations 

led us to speculate that the transport of host molecules via this pathway might be hampered. 

So, efforts were made to monitor the transport of some host molecules from this 

compartment. 

It has been shown that LAMP-I, after being synthesized in the ER, moves towards 

the early endosomal compartment and plasma membrane via TGN before being trafficked 

to the lysosomes (Cook et aI., 2004). It has also been suggested that LAMP proteins are 

involved in the stabilization of the phagosomal compartment (Chakraborty et aI., 1994; 

Roark and Haldar, 2008) and maturing phagosomes acquire LAMP-1 (Hashim et aI., 2000), 

possibly by interaction with the secretory pathway. Hence, we chose this molecule as a 

marker for intracellular transport via TGN. Initial experiments examined the recruitment of 

LAMP-Ion maturing phagosomes containing either the WT or sipC knockout Salmonella. 

The results obtained show that the mutant bacteria could acquire LAMP-I efficiently on 

early phagosomes. However, it failed to recruit this molecule on the mature phagosomes. 

This reaffirmed that SipC modulated the components of secretory pathway to help establish 

the bacterial intracellular niche. We validated this proposition by monitoring intravesicular 

fusion between LAMP-1 containing Golgi derived vesicles and Salmonella-containing 

phagosomes by microscopy. It turned out that whereas· the two compartments could 

efficiently fuse in case of the WT bacteria, phagosomes containing the sipC knockout 

Salmonella were unable to fuse and acquire LAMP-I. 

In conclusion, our results have shown that SipC is required for the trafficking of 

Salmonella near the Golgi in macrophages. Previously, SipC has been implicated in 

modulation of host actin cytoskeleton in concert with other T3SS1 effectOFs (Hayward and 

Koronakis, 1999). It has also been established that the fmal niche where Salmonella 

replicates is near Golgi and this has been attributed to the Salmonella effectors SseF, SseG 

and SifA. These proteins mediate the precise positioning of the phagosomes by 

differentially modulating the recruitment of microtubule motor proteins (Abrahams et aI., 

2006; Salcedo and Holden, 2003). However, in this work, we have identified another 

Salmonella effector, SipC, that is involved in the targeting of Salmonella-containing 

phagosomes towards Golgi, which might be a consequence of a similar modulation of host 
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Summary 

cytoskeleton. Finally, we have addressed the significance of Salmonella homing near Golgi 

and shown for the first time that SipC mediated processes recruit syntaxin 6 and Rab6 0 

obtain LAMP-Ion Salmonella-containing phagosomes which might stabilize this 

specialized intracellular compartment in macrophages (Fig.39). 
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Figure 39: Schematic of SipC mediated subversion of host transport machinery for effi( ient survival of 

Salmonella within macrophages. 
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Appendix A 

Vector maps of plasmids used in the study 

A. GST-tagged expression vector, pGEX-4T2 

pGEX~4T~2 (27-4581-01) 
Thrombin 

ILeu Val PIQ Am..!GJY. Serlpro G1Y. lie Pro ('111. Ser Thr Arg Ala Ala Ala Ser 
eTG GTT COG CGl GSA TCC CeA GGA ATT cee G(;G TCG ACT CGA GCG GCC GCA TCG TGA 

" 8amH I ' 'EcoR I t' Sma I' : Sail 1 ' Xho I '-I r~ot I ' Srop codon 

B. His6-tagged expression vector, pET-28a 
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c. Plasmid blue script (pBSK+) 

pBluescript SK (+/-) Multiple Cloning Site Region 
(sequence shown 601-826) 

Apa I Hinc II 
fcoOl091 Ace! 

I T7 Promoter • ~pn I y,a II ~o I fa' I 

TTGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCCTCGAGGTCGACGGT ... 
M 13 -20 primCf birding sitl 17 primer binding site .. KS primer binding sitc ... 

asp 106 I Not I 
110 I ~ind III ~coR V ~coR I j" I ~ma I ~amH I ~pe I ~a I I ~a9 I ~stX I fac II ~ac I 

... ATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGfATCCACTAGTTCTAGAGCGGCCGCCACCGCGGTGGAGCTCCA ... 
.. ](S"f,imer binding site SK primer binding site 

i4I T3 Promoter i .B-sal a.frasmenl
j 

... GCTTTTGTTCCCTTTAGTGAGGGTTAATTTCGAGCTTGGCGTAATCATGGTCATAGCTGTTTCC 
~ T3 primer binding site 'M13 Reverse primer binding site 

ampicillin ~ 

D. Suicide vector, pRE112 

- jfl (+) ori 

pBluescript SK + 
3.0 kb 

pUC ori l 

Kpn I 
MCS 
'-'Sac I 

Lp lac 
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E. Salmonella expression vector, pBAD24 

pUlllorI 

A.IClUJ) 

DtJORI 

nI(» 

Ik4J(2192) 
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Appendix B 

Antibiotic selection of different bacterial strains, vectors and plasmids used in the 
study 

, .- ..• '"H . .- _ ... . J. ~P" __ _ .:. ~ -.. ~ ' .. ~ 

" - ,. . - .... ~ - - ~ .... -.. -

I 
Bacterial strain/Construct 

:/ 
Antibiotic (concentration) 

- - - .. _- .. - _a. ; 

I. SL)314 ~ab!1Onepa ..JI 
--

Str~p!oll1y~in (l00 pg/ml)_ .--.- -. - - ' ... -- --- ..- j 

1 sipC ~ocko.ut~almo,!:el'E_._ JStreptomyc;~n. (100 JIg/m) __ • , 
- .- --.- .. ... - _ .. .._. 

: 1 sipC_ knoc~~ir~ Sa!1rlf!.n.eJ!q .. :1 Streptomycin (100 JIg/ml) and Amplicillin (100 JIg/ml) 
-'---~--.-~-' _.- .. - ... ~. -.-.---."~~. "._._--- ' .. -

~ LpGE_~=4T2clones .. 'I Atnplicilli~ (l00 JIg/mt) 
--

~ l.pET~~a.-SipC . 1 .Kanamyc~!1 (50 JIg/ml) .. .. -' .' -.' 

~ [ p:s~!<: _ .. " .. .. .. 'I Amplicillin (100 JIg/ml) ______ . ___ ---l 
. - - "--' " ~. - -- -....... 

lpREl12 ·1. Chlo~~!1:1e.~t:I?-i~o.l. (30. Jlg/~D I 
.. 

~- -- - -----~ ---' 

1 SMlOt-pir E. coli 1 Kanatp.)'cin (50 llg/ml) I , 
.- .. " .- -

1 pFPV25.l 1 Amplicillin (l00 JIg/ml) 
--, 

.. - ~- - .- - - - . - .1 

: 1 piZ159O . :1 Arrt.pl~cilli~ (~~q p~~!) _____ -_ .. ,._' _. ._, _ .. __ .. ___ ... _ .. _______ J 
:JL~~~!qFP . J Kanal!ly.~in./~gpg/ml) . I 

i _ .. .. -.--. - ____ . _____ .. _____ -----J 

tLpBAD24 .. - ___ .. J .~mpl_ic_i!lin (1~0 }!g/ml) 
. - .. -- j 
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Appendix C 

Antibodies used in various experiments 
..., h"".C. ~~...:. ••• _~_. 

;~I._ .. ~ibO~~ J .. Dilut~on j _ C~~~~~._ ... _.L~;;::;. ' 
~I. 11.1 .. __ A"i<:li.~. _ j 1:25,000:1. _~!~a _ .. J .. _.-...... . 
" I . III _ ~p.<;. '" -I } :60 I _Gifted J Mou~~ .... . 
'I 11 'I SopE " 1:100 1 Gif!.ed ___ J_~~u.~e .. . 
: I 11 I SopB I 1: 100 I Gi!!ed.. .1. }vlo.u~~ ... J 

:1 14a I SipC 1 1:5001 Labg~n~rate~ .. .:I .. Mo~se'-, 
: I. _ .. 1~~ ... : I.. .. ~ip~ . I 1 :5000 1 La~ g~~e!~t~~ _ .. 1 .. ¥_~l!~e __ J 
~ '-- _J~.. -I Syntax~n 6 1 1 :500 l~ynap!i.coSyst~I!l~.I __ .~~~~it. _~ 
I 16a J SipC t .. .I :20 L (J~fted 0 ••• •• j _0 Mous~ , 

:1 16bl SopE 1 1:20 1 Qifted._ .. j_._~~~~~_ .. -
'1 251 Actin J 1=.50001 Q~~~ge~~ .. 'p. J. Mouse; 
I 271 Rab5 I 1:501 .BD.!3~_s~e~£~~J Mouse I 
I 3_Q. J .. _~ab_5. . J .!~5Q.OQ . .1. .. 0. Gifted --.:1 Mous~ 

~I. 28 .1._~B~~ . J p~O ~L .. . qifted JI Mouse I 
rl 30 .. JI CathepsinD L L5~J> __ t~_ ~~~_JL_~--.J 
::I.~}~'- _F~ge!li~_ j 1:500:1 DIFCO II Rabbit I 
II 31 1I GM130 _~L 1:200 ,I BD Biosciences II Mous~ 
td_~2--.JO~~ip~_JI 1:200o .JL BDBiosciences II Mouse I 
Ii 1_ 3~ ....11_ Ra~6 -J1 __ !:250 JI SantaCruz II Rabb~ 
'I 32 ~L Vtilb Ii 1:1000 :1 BD Biosciences II Mouse I 
1:1 32 II EEA-l j 1:25~1 Gifted II Rabbit I 
III 33 II L~~-.LJI 1:2000 JI BD Biosciences ~[ Mou~ 
1:1 ~4 _~I LM1?-=.LJ1 1:200 II BD Biosciences JI Mou~ 

All secondary antibodies were used at 1: 10,000 unless specified separately in text. 
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