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ABSTRACT 

 

Salmonella enterica serovars are Gram-negative facultative intracellular 

bacterial pathogens that infect a wide variety of animals. Salmonella 

infections are common in humans, causing usually typhoid fever and 

gastrointestinal diseases. Salmonella enterica serovar Typhimurium (S. 

Typhimurium), which is a leading cause of human gastroenteritis, has been 

extensively used to study the molecular pathogenesis of Salmonella, 

because of the availability of sophisticated genetic tools, and of suitable 

animal and tissue culture models mimicking different aspects of Salmonella 

infections.   

S. enterica subverts the function of host cells by injecting them with 

bacterial effector proteins through two distinct type III secretion systems, 

encoded in Salmonella pathogenicity island 1 (SPI-1) and SPI-2. The SPI-1 

T3SS is activated extracellularly and translocates effectors (across the host 

cell plasma membrane) that are needed for invasion of non-phagocytic cells, 

intestinal inflammation, and biogenesis of the Salmonella intracellular niche - 

the Salmonella-containing vacuole (SCV). The SPI-2 T3SS is activated 

within the SCV and translocates effectors (across the vacuolar membrane) 

that facilitate bacterial intracellular proliferation, and are needed for systemic 

infection and intestinal inflammation. 

We studied the molecular and cellular function of the Salmonella 

effector protein SteA, translocated by both the SPI-1 and the SPI-2 T3SSs. 

The amino acid sequence of SteA does not display significant similarity to 

other proteins (except SteA ortologues in S. enterica serovars). However, 

SteA was previously shown to be important for full bacterial virulence in 

mouse models of infection. In this work, we found that, in comparison to cells 

infected by wild type S. Typhimuirum, cells infected by ΔsteA mutant 

bacteria displayed less Salmonella-induced membrane tubules, an 

increased clustering of SCVs (compact microcolonies), and a higher 

frequency of morphologically abnormal SCVs containing more than one 
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bacterium. This showed that SteA participates in the control of SCV 

membrane dynamics. 

SPI-2 T3SS effectors previously described to control SCV 

membrane dynamics, namely PipB2, SifA, SopD2, SseF, SseG and SseJ, 

have been shown or suggested to interfere with the function of microtubule 

molecular motors (dynein and kinesin-1). In this work, inhibition of dynein or 

kinesin-1 activity caused a significant reduction in the frequency of 

appearance of compact microcolonies and abnormal vacuoles in cells 

infected by S. Typhimurium ΔsteA mutant bacteria. Moreover, SteA 

contributed to: (i) the characteristic scattered distribution of ΔsseF or ΔsseG 

mutant SCVs, which has been attributed to a defect in dynein recruitment to 

the bacterial vacuoles; and (ii) cell-to-cell passage of S. Typhimurium, which 

depends on recruitment of kinesin-1 by PipB2. This showed that SteA might 

contribute to the regulation of microtubule motors and this activity could be 

important to the control of SCV membrane dynamics and to allow bacterial 

spread. 

To determine the molecular function of SteA, we aimed to find its 

host cell protein targets both by biochemical pull-downs of mammalian cell 

extracts and by a yeast two-hybrid screen. Although these experiments were 

not conclusive, we found that ectopically expressed SteA localized to the 

plasma membrane (PM) of human epithelial and yeast Saccharomyces 

cerevisiae cells. Furthermore, S. Typhimurium-translocated SteA localized to 

the SCV membrane and to Salmonella-induced membrane tubules. This 

suggested that SteA could bind host cell lipids. By analyzing this, we found 

that SteA binds specifically to phosphatidylinositol 4-phosphate [PI(4)P] in 

vitro. The PM localization of ectopically expressed SteA in yeast and in 

epithelial cells was dependent on the local pool of yeast PI(4)P and on PI4 

kinases, respectively. Binding of SteA to PI(4)P and the PM localization of 

ectopically expressed SteA in eukaryotic cells were both dependent on a 

lysine residue in position 36 (K36) of the 210 amino acid-long primary 

structure of SteA. Moreover, S. Typhimurium-translocated mutant SteA
, 
with 

K36 replaced by alanine did not localize properly to the SCV membrane and 

to Salmonella-induced membrane tubules. This showed that binding of SteA 
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to PI(4)P is important for its proper subcellular localization. Furthermore, 

using the PI(4)P binding region of the Legionella pneumophila effector 

protein SidC, we showed that PI(4)P is at the SCV membrane and 

associated tubules throughout Salmonella infection of HeLa cells. 

In conclusion, this work contributed to an increased understanding of 

the molecular pathogenesis of Salmonella and added to the knowledge on 

how bacterial effector proteins interact with phosphoinositides. 
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RESUMO 

 

Os mais de 2000 serovares de Salmonella enterica são bactérias 

patogénicas intracelular facultativas, de reação de Gram negativa, que 

infetam vários animais. As infeções por Salmonella (salmoneloses) são 

comuns no Homem causando principalmente febre tifoide e doenças 

gastrointestinais. Infeções causadas por Salmonella enterica serovar 

Typhimurium (S. Typhimurium) resultam em milhões de casos de 

gastroenterite humana detetados anualmente no mundo. Para além disso, 

S. Typhimurium é muito usada para estudar a patogénese molecular de 

Salmonella porque existem métodos sofisticados para manipular 

geneticamente esta bactéria e foram, igualmente, desenvolvidos modelos 

de infeção em ratinhos e em cultura de tecidos que mimetizam vários 

aspetos das salmoneloses. 

   S. enterica injeta proteínas efetoras no citosol das células 

hospedeiras através de dois sistemas de secreção do tipo III (T3SS) 

distintos. Estas proteínas efectoras manipulam funções da célula 

hospedeira em benefício de Salmonella. O T3SS codificado na ilha de 

patogenicidade 1 de Salmonella (SPI-1 T3SS) é ativado no meio 

extracelular, injetando proteínas efetoras através da membrana plasmática 

da célula hospedeira. Estas proteínas efetoras promovem a invasão de 

células não-fagocitárias, a inflamação intestinal e a biogénese do vacúolo 

intracelular (denominado de SCV) onde a bactéria vai residir. O T3SS 

codificado na ilha de patogenicidade 2 (SPI-2 T3SS) é ativado quando a 

bactéria está no interior do vacúolo, e medeia o transporte de proteínas 

efetoras através da membrana do SCV. Estas proteínas efetoras são 

responsáveis pela multiplicação intracelular da bactéria, doença sistémica e 

inflamação intestinal. 

 Neste trabalho foi estudada a função celular e molecular de SteA, 

uma proteína efetora de Salmonella que é substrato de SPI-1 e SPI-2 T3SS. 

Embora a sequência de aminoácidos de SteA não apresente identidade 

com outras proteínas conhecidas (com exceção de ortólogos de SteA 



xiv 
 

noutros serovares de S. enterica), esta proteína efetora foi anteriormente 

descrita, em modelos de infeção em ratinhos, como sendo importante para 

a virulência da bactéria. No presente estudo, a comparação de células 

epiteliais infetadas com a bactéria S. Typhimuirum selvagem ou com com a 

bactéria mutante ΔsteA revelou que as últimas apresentaram uma menor 

formação de túbulos membranares induzidos por Salmonella, um aumento 

na frequência de SCVs agrupados (microcolónias compactas) e de SCVs 

morfologicamente anormais contendo mais do que uma bactéria. Estas 

observações mostraram que a proteína efetora SteA participa no controlo da 

dinâmica membranar do SCV. 

Para proteínas efetoras do SPI-2 T3SS, nomeadamente PipB2, 

SifA, SopD2, SseF, SseG e SseJ, anteriormente descritas como estando 

envolvidas no controlo da dinâmica membranar do SCV, foi demonstrado ou 

sugerido que interferem com a função dos motores moleculares de 

microtúbulos (dineína e cinesina-1). Neste trabalho, a inibição da atividade 

de dineína ou cinesina-1 em células infetadas pela bactéria mutante ΔsteA 

provocou uma redução significativa na frequência de aparecimento de 

microcolónias compactas e de vacúolos morfologicamente anormais. Para 

além disso, mostrou-se que a proteína efetora SteA contribui para a 

anteriormente descrita dispersão dos vacúolos contento mutantes ΔsseF ou 

ΔsseG de S. Typhimuirum, uma caraterística que tinha sido anteriormente 

atribuída a um defeito no recrutamento de dineína para o SCV. Foi, 

igualmente, observado que a proteína SteA poderá participar na passagem 

de S. Typhimurium de célula para célula, um processo que já se sabia 

depender do recrutamento de cinesina-1 pela proteína efetora PipB2. Estes 

resultados sugerem que SteA possa contribuir para a regulação dos 

motores moleculares de microtúbulos, e que esta atividade pode ser 

importante para o controlo da dinâmica membranar do SCV e para permitir 

a propagação da bactéria. 

Com o objetivo de determinar a função molecular de SteA, tentou-se 

identificar as possíveis proteínas que interagem com a proteína efetora 

recorrendo a ensaios de pull-down de extratos de células de mamífero e ao 

yeast two-hybrid. Apesar destas experiências não terem sido conclusivas, 
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foi descoberto que SteA localiza na membrana plasmática (MP) quando a 

proteína efetora é expressa ectopicamente em células epiteliais humanas 

ou em células de levedura Saccharomyces cerevisiae. Para além disso, 

quando injetado pelos T3SSs da bactéria, a proteína efetora SteA localiza-

se na membrana do SCV e em filamentos membranares induzidos por 

Salmonella. Isto sugeriu que SteA se pudesse ligar a lípidos das 

membranas celulares eucarióticas. Através de testes in vitro, mostrou-se 

que esta proteína efetora se liga especificamente a fosfatidilinositol 4-fosfato 

[PI(4)P]. Para além disso, mostrou-se que a localização na MP de SteA, 

quando a proteína é expressa ectopicamente em leveduras ou em células 

epiteliais humanas é, respetivamente, dependente da presença de PI(4)P 

na MP e das cinases que produzem PI(4)P. Observou-se que a ligação de 

SteA a PI(4)P e a localização na MP quando expresso ectopicamente em 

células eucarióticas é dependente do resíduo lisina na posição 36 (K36) da 

estrutura primária de SteA. Para além disso, a localização do SteA na 

membrana do SCV e em filamentos membranares induzidos por Salmonella 

foi afetada quando S. Typhimuirum injetou nas células hospedeiras uma 

proteína mutante de SteA onde o resíduo K36 foi substituído por uma 

alanina. Em síntese, estes resultados mostraram que a ligação de SteA a 

PI(4)P é importante para a sua localização subcelular. A construção de uma 

sonda baseada na região de ligação ao PI(4)P da proteína efetora SidC de 

Legionella pneumophila mostrou que este fosfoinositídeo está presente na 

membrana do SCV e em filamentos membranares induzidos por Salmonella 

em células infetadas. 

Em conclusão, este trabalho contribuiu para expandir os 

conhecimentos sobre a patogénese molecular de Salmonella e para 

aprofundar o conhecimento atual da interacão de fosfoinositídeos com 

proteínas efectoras de bactérias patogénicas.  
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DISSERTATION OUTLINE 
 

This Dissertation is divided in six chapters. Chapter I consists of a general 

introduction about Salmonella infections and its molecular pathogenesis. 

This includes a description of human salmonellosis and of its burden, of the 

experimental model systems used to study Salmonella-host interactions, and 

of Salmonella virulence factors with emphasis on type III secretion systems. 

In addition, the characteristics of intracellular Salmonella are briefly 

compared to those of other intracellular pathogens. 

 The results presented in Chapters II and III consist essentially of 

published material which was supplemented with relevant unpublished data. 

Chapter II describes analyses of human epithelial and mouse-like 

macrophages cultured cells infected either by wild type or SteA-deficient 

Salmonella, which allowed to indentify a cellular role of SteA (control of the 

membrane dynamics of the vacuole where Salmonella resides intracellularly) 

The content of Chapter III complements Chapter II, by suggesting an 

additional cellular role of SteA (bacterial cell-to-cell passage) and providing 

evidence that a possible mechanism of action of SteA, to regulate 

membrane dynamics of bacterial vacuoles or mediating bacterial spread, is 

through manipulation of microtubule molecular motors.  

 Chapter IV describes unpublished critical experiments aimed at 

finding host cell proteins interacting with SteA. A number of candidates were 

found but during the course of this work it was not possible to validate any of 

them 

 Chapter V includes results that are part of a manuscript in 

preparation, and addresses the targeting of SteA to host cellular 

membranes. We found that SteA binds the eukaryotic phosphoinositide 

phosphatidylinositol 4-phosphate (PI4P), and that this binding is important 

for the subcellular localization of SteA in host cells. We also found that 

PI(4)P localizes at the SCV membrane and associated tubules throughout 

infection of host cells.  

 Finally, Chapter VI consists of a general discussion about 

importance of the results obtained and on the future directions of this work. 
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AP-1 Transcription factor activator protein-1 
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Salmonella  

Salmonella species are Gram-negative, facultative anaerobic, motile, rod-

shaped bacteria belonging to the family of Enterobactericiae. Among the 

Salmonella genus, there are only two species, Salmonella enterica and S. 

bongori. In turn, S. enterica can be subdivided into six subspecies (subsp.), 

based on DNA sequence variation and specific biochemical properties: S. 

enterica subsp. enterica (subsp. I), S. enterica subsp. salamae (subsp. II), S. 

enterica subsp. arizonae (subsp. IIIa), S. enterica subsp. diarizonae (subsp. 

IIIb), S. enterica subsp. houtenae (subsp. IV), and S. enterica subsp. indica 

(subsp. VI)  (McQuiston et al., 2008). Subsp. VII has also been identified by 

multilocus enzyme electrophoresis (Boyd et al., 1996), but cannot be 

identified by unique biochemical properties, and subsp. V is now recognized 

as S. bongori (Reeves et al., 1989). 

S. enterica can also be classified on the basis of the LPS O-antigen into 

67 serogroups, and into more than 2500 serovars when strains are 

differentiated by both O and H (flagellar) surface antigens. Among them, 

more than 1500 serovars belong primarily to subsp. enterica (Fàbrega & 

Vila, 2013).  

 

Human salmonellosis 

The major clinical outcomes of human infection by S. enterica infection 

are typhoid fever and gastroenteritis. Typhoidal serovars, S. enterica serovar 

Typhi (S. Typhi) and S. enterica serovar ParaTyphi (S. ParaTyphi) are 

human-restricted and cause typhoid or paratyphoid fever. Non-typhoidal 

Salmonella serovars, such as S. enterica serovar Typhimurium (S. 

Typhimurium)  and S. enterica serovar Enteriditis (S. Enteritidis), have a 

broad host range and in humans usually cause a self-limited disease 

restricted to the intestinal tract (i.e., gastroenteritis).  

 

Typhoid   fever 

Typhoid fever is a systemic invasive illness caused exclusively by S. 

Typhi or S. ParaTyphi A, B, or C (Crump & Mintz, 2010). Clinical 
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manifestations include fever, headache, abdominal pain, transient diarrhea 

or constipation, and infection can produce fatal respiratory, hepatic, spleen, 

and/or neurological damage. Typhoid fever is usually contracted by ingestion 

of food or water contaminated by fecal or urinary carriers excreting S. Typhi. 

The incubation period is typically 7 to 14 days. Our understanding of S. 

Typhi infection, as described below, is derived from the observation of 

human clinical cases, volunteers, and especially from an animal model using 

mice and S. Typhimurium as surrogates (see below) (Everest et al., 2001).  

After entering the small bowel, S. Typhi must reach and traverse the 

intestinal mucus layer before encountering and adhering to intestinal 

epithelial cells. S. Typhi appears to prefer M cells of the Peyer’s Patches 

(PP) in the intestine epithelium to adhere and invade. Nonetheless, invasion 

of nonphagocytic enterocytes can also occur (Jones et al., 1994; Takeuchi, 

1967). At the same time, induction of secretory response in the intestinal 

epithelium initiates the recruitment and transmigration of phagocytes from 

the submucosal space to the intestinal lumen. Once crossed the intestinal 

epithelium, the bacteria can be engulfed by three different types of 

phagocytes: neutrophils, macrophages and dendritic cells. Most of the 

bacterial cells reach the mesenteric lymph nodes, via the intestinal lymph, 

most likely being transported by dendritic cells, where they start colonization 

(Niess & Reinecker, 2006). Migration of macrophages facilitates systemic 

dissemination of the bacteria via the bloodstream (transient primary 

bacteraemia) to several additional tissues, such as the spleen,  liver, and 

bone marrow, where the bacteria can multiply (Alpuche-Aranda et al., 1994; 

Ohl & Miller, 2001). The bacteria can then re-enter into the bloodstream 

(secondary bacteraemia), which marks the onset of clinical disease. The 

removal of S. Typhi from the bloodstream occurs via the liver where the 

bacteria then infect the gall bladder. This can lead to re-infection of the 

intestine and cause hemorrhages from ulcers or generalized peritonitis and 

septicemia due to perforation of the PP, the most common cause of death in 

typhoid fever (Everest et al., 2001) (Fig. 1.1). 
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Figure 1.1. Pathogenesis of S. Typhi. The main entry of S. Typhi into a human host 

is via M-cells of the gut, although epithelial cells can also be invaded and dendritic 

cells can also carry out bacteria from the lumen of the intestine (not shown). From 

there, S. Typhi bacteria reach the Peyer's patches (PP) and migrate to the 

mesenteric lymph nodes. The bacteria replicate in the mesenteric lymph nodes and 

are released into the bloodstream reaching the liver, spleen, and bone marrow (not 

shown). After multiplication in these sites, the bacteria are again released into the 

bloodstream and can re-enter the intestinal tract through the gall bladder, leading to 

extensive damage of the intestinal mucosa. Reprinted from Trends in Microbiology; 

Vol. 9; P. Everest, J.Wain, M. Roberts, G. Rook, and G. Dougan; The molecular 

mechanisms of severe typhoid fever; 316-320; 2001; with permission from Elsevier. 

 

In addition to the serious impact of acute typhoid disease, the 

chronic state has gain focus as a public health problem. Chronically infected 

individuals can intermittently shed the bacteria in their faeces and urine and 

contribute to the transmission of the pathogen (Gopinath et al., 2012). This 

occurs because S. Typhi chronically colonize the gall bladder and additional 

foci of infection can persist in the biliary tree, mesenteric lymph nodes or 
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liver (Gonzalez-Escobedo et al., 2011). This is consistent with a biofilm-

related disease because it presents resistance to antibiotic treatment and 

the bacteria can persist even after bladder resection (Gonzalez-Escobedo et 

al., 2011). 

 

Gastroenteritis 

S. Typhimurium and S. Enteritidis are the two most common non-

typhoidal Salmonella serovars associated with gastroenteritis, a self-limited 

acute infection of the intestinal tract in humans. Symptoms of the disease 

first appear after an incubation period of between 10 and 72 h after exposure 

to contaminated food or water. These include vomiting, abdominal cramps, 

nausea, fever, chills and inflammatory diarrhea. The infection is localized to 

the ileum, colon and mesenteric lymph nodes which is contained with a 

massive influx of neutrophils to the intestinal mucosa (Santos et al., 2009; 

Zhang et al., 2003). 

 

Non-typhoidal Salmonella bacteremia 

Non-typhoidal serovars, such as Typhimurium and Enteritidis, are 

also associated with an invasive bloodstream infection known as non-

typhoidal Salmonella (NTS) bacteremia. Individuals with NTS bacteremia 

present fever, but symptoms of gastroenteritis are commonly absent 

(Hohmann, 2001). This is most prevalent in young and immunocompromised 

individuals especially when secondary factors of malnutrition, malaria, 

anemia or HIV are present (Gordon, 2008; Tsolis et al., 2011). In HIV-

positive patients, bacteremia results from impaired immunity against NTS 

with the formation of excessive inhibitory antibodies for Salmonella LPS. 

This prevents antibody-mediated killing that normally occurs through 

targeting of the outer membrane proteins (MacLennan et al., 2010).  

 

Impact of human salmonellosis worldwide 

Human salmonellosis is of particular clinical relevance in both 

developed and developing countries, where Salmonellae are one of the most 
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common causes of food-borne illness and a major cause of diarrheal 

diseases, respectively. Typhoid fever causes considerable mortality 

worldwide, with estimates ranging from 216,510 to 600,000 deaths annually 

(de Jong et al., 2012; Tsolis et al., 2011). Infections with non-typhoidal 

Salmonella serovars are also a significant burden, with an estimated 93.8 

million cases worldwide and 155,000 deaths each year, with the highest 

incidence being reported from Southeast Asia 

(www.cdc.gov/Salmonella/general/index.html). Furthermore, invasive NTS 

bacteremia has emerged as a major public health issue in sub-Saharan 

Africa (Feasey et al., 2012). The risk factors mentioned above (HIV, malaria, 

malnutrion) are associated with an estimate incidence of 175 to 388 child 

NTS bacteremia per 100,000 persons per year, with an associated case 

fatality of 20-25% (Feasey et al., 2012). 

Resistance to antibiotics is a major problem among diseases caused 

by typhoidal and non-typhoidal serovars. Surveillance data from 2004 had 

shown that antimicrobial resistance among Salmonellae raised from 20-30% 

in the early 90s to 70% in some countries at the turn of the century (Chen et 

al., 2013). In the 1990s, clinical isolates studied at the CDC showed 

increasing resistance to ampicillin, chloramphenicol, and TMP-SMZ 

(trimethoprim/sulfamethoxazole), the three antibiotics that define multidrug 

resistance (MDR) in S. enterica (Hohmann, 2001). The higher rate of 

resistance was found in S. Typhimurium, one of the most widespread 

Salmonella serovars. More importantly, during the last 2 decades, multidrug-

resistant S. Typhimurium emerged in both clinical isolates from humans and 

animals (Chen et al., 2013). In the case of typhoidal serovars, the MDR 

phenotype has been present and widespread in S. Typhi and in S. 

ParaTyphi for many years, although in S. ParaTyphi at lower rates (Crump & 

Mintz, 2010). Several lines of evidence link antimicrobial resistance of 

human isolates with agricultural use of antibiotics (Hohmann, 2001). 

In Portugal, from 2000 to 2012, it was observed a decrease in the 

number of human isolates with S. enterica (Silveira et al., 2013). The major 

decay was observed for S. Enteritidis while for S. enterica serovar 4,5,12:i:-, 

a MDR serovar, the numbers have been increasing (Silveira et al., 2013). 
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This register follows the Europe tendency (Hopkins et al., 2010) and once 

again seems associated with the use of antibiotics in animal production. 

Experimental models of Salmonella infection  

The study of the interaction between Salmonella and the host has 

been based on the use of animal and tissue culture experimental models of 

infection, in the majority of the cases using S. Typhimurium as a 

representative. 

 
 Mouse models 

The most common aminal model of salmonellosis consists in the 

infection of certain mouse strains (C57BL and BALB/C) with S. Typhimurium, 

which produces a systemic disease with similarities to human typhoid fever 

(Mastroeni & Sheppard, 2004). C57BL and BALB/C mice are genetically 

susceptible to S. Typhimurium infection due to a point mutation in the 

nramp1 gene (natural resistance-associated macrophage protein one) 

(Blackwell et al., 2001; Tsolis et al., 2011). The NRAMP1 protein is divalent-

metal transporter that regulates intracellular replication of different 

pathogens and also macrophage inflammatory responses (Barton et al., 

1999). C57BL or BALB/C mice infected with S. Typhimurium show signs of 

disease between 4-8 days post oral infection, but diarrhea does not develop 

and the systemic disease is characterized by rapid bacterial multiplication in 

the liver and spleen (Santos et al., 2001). However, there are significant 

differences between serovars Typhi and Typhimurium regarding the 

virulence determinants of the strains when infecting humans and mice, 

respectively. For example, the spv operon (see below) is required for full 

mouse virulence of serovar Typhimurium but it is not present in serovar 

Typhi (Gulig & Curtiss, 1988), and  the Vi capsule antigen of S. Typhi which 

has anti-inflammatory activity (Klugman et al., 1987) is absent from S. 

Typhimurium (Parkhill et al., 2001). This shows that not all information 

obtained using the mouse model can be directly applied to improving our 

understanding of typhoid fever. 
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In addition to the mouse model of systemic salmonellosis, there are 

also mouse models of chronic infection based on strains of mice resistant to 

infection by S. Typhimurium (de Jong et al., 2012). Mice possessing the 

nramp1
+/+

 allele can carry the bacteria within macrophages in mesenteric 

lymph nodes as long as 1 year and not show any disease symptoms 

(Monack et al., 2004). This model mouse has been used to identify S. 

Typhimurium virulence factors important for chronic infections (Lawley et al., 

2006) and also to characterize the host inflammatory immune responses to 

chronic Salmonella infection (Valdez et al., 2008). Furthermore, the 

streptomycin mouse model of infection is used to study gastroenteritis 

caused by S. Typhimurium. In this model, the mice are treated with a single 

dose of streptomycin that transiently depletes the microbiota and thus 

disrupts colonization resistance. Oral infection of streptomycin-tretaed mice 

with S. Typhimurium results in a massive pathogen growth in the cecum and 

colon that elicits pronounced acute mucosal inflammation thus mimicking 

enteritis in infected humans (Barthel et al., 2003; Kaiser et al., 2012). This 

approach has a reduced cost when compared to the calf model (see below) 

and thus offers an alternative to study gastroenteritis caused by Salmonella. 

More recently, two different humanized mice models were developed 

to study S. Typhi pathogenesis directly. In one, immunodeficient mice 

engrafted with human fetal liver hematopoietic stem and progenitor cells 

showed to support S. Typhi replication and persistent infection (Song et al., 

2010). In another, nonobese diabetic mice engrafted with human 

hematopoietic stem cells showed to suffer from a lethal infection with S. 

Typhi with pathological and inflammatory cytokine responses resembling 

human typhoid fever (Libby et al., 2010). Both models should be useful to 

study S. Typhi-host interactions and to evaluate vaccine candidates (de 

Jong et al., 2012). 

The calf model 

Although cattle can be infected by many Salmonella serovars, the 

ones more frequently associated with bovine salmonellosis are serovars 
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Dublin (associated with bactereamia in humans) and Typhimurium (Costa et 

al., 2012; Zhang et al., 2003). Although both serovars cause diarrhea in 

calves, S. Dublin has a higher potential to cause systemic disease while S. 

Typhimurium causes enteritis similar to NTS-induced gastroenteritis in 

humans (Costa et al., 2012; Zhang et al., 2003). The development of a 

bovine ligated-ileal loop model provided a useful tool to study early 

pathologic changes occurring during infection and for characterization of 

virulence factors (Costa et al., 2012; Zhang et al., 2003). However, because 

the reagents are scarce and the host difficult to manipulate, this model has 

been largely replaced by the streptomycin mouse model (Santos et al., 

2001; Tsolis et al., 2011). 

 

Tissue culture models 

Hallmarks of Salmonella infection are the capacity to invade and 

replicate inside host cells. In vitro cell cultures have been widely used to 

study host-pathogen interaction especially epithelial and macrophage cells. 

The use of cultured HeLa epithelial cells has proven to yield insights into the 

molecular basis of invasion (Patel & Galán, 2006), on biogenesis of the 

Salmonella-containing vacuole (SCV) (see below) (Méresse et al., 1999), 

and on molecular and cellular mechanisms associated with the capacity of 

Salmonella to multiply within mammalian cells (Abrahams et al., 2006; 

Salcedo & Holden, 2003; Schroeder et al., 2011). Intestinal epithelial cell 

lines, Henle-407 and Caco-2, have also been used to analyze S. 

Typhimurium invasion (Mills & Finlay, 1994). RAW 264.7 and J774A.1, two 

macrophage-like cell lines, have been extensively employed to study the 

capacity of Salmonella wild type and mutant strains to multiply intracellularly 

(Cirillo et al., 1998; Gahring et al., 1990). These findings can be correlated 

with the virulence of the strain in the mouse model of infection (Fields et al., 

1986). Moreover, primary cell lines like bone marrow derived mouse 

macrophages are also a great tool to understand Salmonella-host cell 

interactions in vitro since they mimic the physiological and restrictive 

environment found in vivo (Figueira et al., 2013). Cultured dendritic cells and 
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fibroblasts infected by S. Typhimurium result in non-growing resting state 

bacteria (Cano et al., 2001; Jantsch et al., 2003). These two cell lines have 

been useful to understand the link between reduced intracellular growth and 

persistent infection (Tierrez & García-del Portillo, 2005). 

 

Salmonella virulence determinants 

Virulence of Salmonella is complex and dependent on several 

factors. However, the majority of Salmonella virulence factors are encoded 

in several pathogenicity islands (PAIs). Many of these PAIs are present in all 

S. enterica serovars, while others are specific of one or more serovars or 

strains. Many Salmonella serovars, but notably not S. Typhi or S. ParaTyphi, 

also possess a plasmid encoding virulence genes. In addition, the PhoP-

PhoQ and OmpR/EnvZ two-component systems control the expression of 

several virulence genes. Other virulence factors that will not be discussed 

here include fimbriae (some encoded in PAIs) (Wagner & Hensel, 2011; 

Wagner et al., 2014), and flagellum (although its role in virulence is unclear; 

Schmitt et al., 2001; Yang et al., 2012). 

 
Salmonella Pathogenicity Islands (SPIs) 

Salmonella pathogenicity islands (SPI) are genetic elements 

distributed over the chromosome that cluster the majority of the virulence 

genes of the bacteria. These genes normally encode determinants 

responsible for establishing specific host-bacteria interactions like host cell 

invasion and intracellular replication (Groisman & Ochman, 1997; Ochman 

et al., 1996). At the present, 21 different SPIs have been described but not 

all of them are conserved among Salmonella serovars which might confer 

host specificity (Sabbagh et al., 2010). The acquisition of pathogenicity 

islands likely occured via horizontal gene transfer, which enabled bacteria to 

gain complex virulence functions relatively quickly (Hensel, 2004). S. 

Typhimurium shares 11 pathogenicity islands with S. Typhi (SPIs-1 to 6, 9, 

11, 12, 13 and 16), four are specific of S. Typhi (SPIs-7, 15, 17 and 18), and 

only one is specific of S. Typhimurium (SPI-14) (Sabbagh et al., 2010). SPI-
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8 and SPI-10 are found in S. Typhi and in Salmonella serovars other than 

Typhimurium, and SPI-19, SPI-20, and SPI-21 are absent from both S. Typhi 

and S. Typhimurium (Sabbagh et al., 2010). 

SPI-1 and SPI-2 are the most studied SPIs. SPI-1 is approximately 

40 kb in size and is located at centisome 63 of S. Typhimurium 

chromosome. It encodes a type III secretion system (T3SS) that mediates 

the translocation of bacterial effector proteins into the host cell cytosol (see 

below). A subset of SPI-1 T3SS effector proteins mediate Salmonella 

invasion of nonphagocytic cells, a process that involves the rearrangement 

of actin cytoskeleton (Galán & Curtiss, 1989; Patel & Galán, 2005). Another 

subset of SPI-1 T3SS effector proteins is associated with intestine 

epithelium inflammation and diarrheal symptoms (Wood et al., 1998). SPI-1 

T3SS effector proteins are encoded both inside and outside of the 

pathogenicity island. Some genes coding for effector proteins located 

outside SPI-1 in S. Typhimurium are missing (sspH1 and steB) or are 

pseudogenes (sopA, sopE2 and slrP) in S. Typhi (Sabbagh et al., 2010). 

SPI-2 is a 40 kb locus inserted at centisome 30 of S. Typhimurium 

chromosome. SPI-2 can be divided in two segments, one that codes for 

genes involved in tetrathionate reduction, which enable S. Typhimurium to 

successfully compete with microbiota in the inflamed gut lumen (Winter et 

al., 2010), and one that codes for another T3SS, which is involved in 

bacterial intracellular replication and systemic infection of mice (Deiwick et 

al., 1998; Ochman et al., 1996; Shea et al., 1996). As with SPI-1 T3SS 

effectors, genes encoding SPI-2 T3SS effector proteins are encoded both 

within and outside SPI-2, and genes encoding SPI-2 T3SS effectors located 

outside SPI-2 of S. Typhimurium are either missing (sseI, sseK1, 

sseK2 and sseK3) or are pseudogenes (sopD2 and sseJ) in S. Typhi 

(Sabbagh et al., 2010). Moreover, molecular differences were observed in 

effectors SseF and SifA of S. Typhi and S. Typhimurium (Eswarappa et al., 

2008).  
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Virulence plasmid – spv operon 

The spv genes are located within a highly homologous region 

contained on a virulence plasmid found in some non-typhoidal Salmonella 

serovars (Guiney et al., 1994). The spv locus enhances mouse virulence 

and enables S. Typhimurium to cause progressive systemic infection of the 

reticuloendothelial organs in experimental animals (Gulig & Doyle, 1993; 

Libby et al., 1997). The operon comprises five genes, spvRABCD, all 

transcribed in the same direction (Gulig et al., 1992). Expression of the spv 

operon is induced by the intracellular environment of host cells and is 

dependent on both SpvR (positive transcriptional regulator) and RpoS 

(stationary phase sigma factor) (Chen et al., 1995; Wilson & Gulig, 1998). 

The virulence phenotype of spv locus requires spvR and spvBC genes 

(Roudier et al., 1992). SpvB, SpvC, and SpvD are translocated into the host 

cell cytosol via the SPI-2 T3SS (Browne et al., 2002; Figueira et al., 2013; 

Mazurkiewicz et al., 2008; Niemann et al., 2011). The C-terminal domain of 

SpvB contains ADP-ribosyltransferase activity that covalently modifies 

monomers of globular (G)-actin and prevents their polymerization into 

filamentous (F)-actin (Lesnick et al., 2001). SpvB is required for S. 

Typhimurium and S. Dublin proliferation in a subset of monocyte-derived 

human macrophages, and also necessary for the late apoptosis seen in host 

cells during S. Typhimuirum infection (Libby et al., 2000). SpvC has 

phosphothreonine lyase activity that irreversibly inactivates host cell MAP 

kinases by removal of phosphate and modification of the target threonine (Li 

et al., 2007). The function of SpvC is still unknown but might be related with 

modulation of host cell immune response  (Mazurkiewicz et al., 2008). The 

function of SpvD is also unknown, but a S. Typhimurium ΔspvD mutant is 

deficient for intracellular replication within mouse macrophages (Figueira et 

al., 2013). 

Two-component systems 

Two-component regulatory systems are used by bacteria to respond 

to changes in the environment by signal transduction. Moreover, they 

regulate the production of virulence factors at the right time, in the right place 
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and in the right amounts (Beier & Gross, 2006). Salmonella possesses 

several two-component regulatory systems but the PhoP/PhoQ is known as 

a central regulator of virulence (Kato & Groisman, 2008). The PhoP/PhoQ 

system controls the expression of more than 120 genes of which some are 

involved in the Salmonella virulence and intra-macrophage survival (Kato & 

Groisman, 2008). Null mutants of phoP or phoQ genes are severely 

attenuated in mice, unable to survive within macrophages and have 

increased susceptibility to be killed by antimicrobial peptides (Groisman, 

2001). In addition, the SPI-2-encoded SsrA/B two-component system 

regulates SPI-2 gene expression and is itself regulated by the PhoP/PhoQ 

system and by OmpR/EnvZ, another two-component system (Fass & 

Groisman, 2009). 

 

Type III Secretion Systems (T3SSs) 

T3SSs are specialized protein secretion systems present in several 

pathogenic bacteria (Troisfontaines & Cornelis, 2005). They are 

macromolecular complexes, which might have evolved from flagella (Abby & 

Rocha, 2012), specialized in injecting bacterial effector proteins into 

eukaryotic cells (Galán & Wolf-Watz, 2006). T3SSs, or injectosomes, can be 

divided schematically into three interconnected parts: (i) a basal body, 

corresponding to a transmembrane export apparatus; (ii) an extracellular 

needle or pilus; and (iii) a translocon which forms a pore in a host cell 

membrane (Cornelis, 2006). For proper T3SS functioning, additional 

elements are necessary, like chaperones that bind to, and assist, secretion 

of some, but not all, effector proteins, and an ATPase, which is associated 

with the cytosolic surface of the basal body. The ATPase has been shown to 

catalyze the dissociation of effector-chaperone complexes prior to secretion 

(Akeda & Galán, 2005). The ATPase might also energize the secretion of 

effector proteins together with the proton-motive force (Minamino & Namba, 

2008; Paul et al., 2008). 

As mentioned above, S. enterica encodes for two T3SSs, one in 

SPI-1   and   another   in   SPI-2.  These  T3SSs  play  a  pivotal  role  during  
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Figure 1.2. Salmonella pathogenesis during human infections.  After reaching 

the intestine, Salmonella employs the SPI-1 T3SS to invade intestinal cells and 

specialized M cells. The effectors secreted via this apparatus are also responsible for 

the host inflammatory responses which are marked by the release of cytokines and 

the onset of diarrhea. The SPI-2 T3SS is employed after internalization and the 

effectors translocated allow survival and intracellular replication. Infections by S. 

Typhi is characterized by bacteria systemic spread to other organs, like the spleen 

and the liver. Infections by S. Typhimurium induce a localized intestinal disease, 

gastroenteritis. Adapted from Hansen-Wester & Hensel, 2001. 

 

Salmonella infection. The SPI-1-encoded T3SS (SPI-1 T3SS) is activated 

extracellularly in response to stimuli present in the intestinal lumen and is 

essential for bacterial invasion (Galán & Curtiss, 1989) (Fig. 1.2). The SPI-1 

T3SS is also required to stimulate an inflammatory response of intestinal 

cells (Wallis & Galyov, 2000) and innate immune responses (Bruno et al., 

2009). The SPI-2-encoded T3SS (SPI-2 T3SS) is expressed intracellularly 

post-invasion and its major function is associated with bacterial replication 

within host cells (Deiwick et al., 1998; Ochman et al., 1996) (Fig. 1.2). 

However, it has been reported that the SPI-2 T3SS can be expressed prior 

to intestinal invasion by Salmonella (Brown et al., 2005), it is also important 

to promote intestinal inflammation (Haneda et al., 2012; Hapfelmeier et al., 
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2005) and to modulate host immune responses (Gallois et al., 2001; Haneda 

et al., 2012; Le Negrate et al., 2008; Vazquez-Torres & Fang, 2001). 

Although in a simplistic model SPI-1 and SPI-2 T3SS can be 

assigned different roles during bacterial infection, the boundaries between 

the two systems are actually not so well defined. For example, InvA is a 

component of the SPI-1 T3SS that allows Salmonella to enter nonphagocytic 

cells (Galán et al., 1992; Worrall et al., 2010) and cells infected with S. 

Typhimurium ∆invA mutant bacteria expressing Yersinia invasin can enter 

into non-phagocytic cells but are then unable to replicate intracellularly 

(Steele-Mortimer et al., 2002). This suggests that effectors translocated by 

the SPI-1 T3SS participate in bacterial intracellular replication (Steele-

Mortimer et al., 2002). More recently, expression of invasion-associated SPI-

1 genes were detected at later stages of infection within epithelial cells 

(Hautefort et al., 2008), and, as mentioned above, the SPI-2 T3SS can be 

expressed prior to intestinal invasion (Brown et al., 2005). Moreover, the 

SPI-1 T3SS effectors SipA, SopB, SopD and SopE2 are continuously 

synthesized at later stages of infection in colonized organs and at least 

SopB and SipA have been implicated in Salmonella intracellular replication 

(Brawn et al., 2007; Giacomodonato et al., 2007; Hernandez et al., 2004). In 

addition to this, a number of effector proteins can be secreted by both the 

SPI-1 and the SPI-2 T3SSs.  

The SPI-1 T3SS and invasion 

Invasion of non-phagocytic cells mediated by the SPI-1 T3SS is 

driven by the injection into host cells of at least five proteins: SipA, SipC, 

SopB, SopE and SopE2. SopE, SopE2 and SopB activate the host small 

Rho GTPases Rac1 and RhoG to induce actin cytoskeleton reorganization, 

membrane ruffling and bacterial internalization by a mechanism similar to 

macropinocytosis (Bakshi et al., 2000; Hardt et al., 1998; Patel & Galán, 

2006; Zhou et al., 2001). While SopE and SopE2 are potent guanine-

nucleotide exchange factors (GEFs), SopB acts indirectly on RhoG due to its 

phosphoinositide phosphatase activity (Friebel et al., 2001; Patel & Galán, 

2006; Stender et al., 2000; Zhou et al., 2001). Activation of these Rho 
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GTPases induces the activation of N-WASp and WAVE2, which leads to the 

recruitment of the Arp2/3 complex to sites of bacterial internalization and 

consequent nucleation of F-actin polymerization (Criss & Casanova, 2003; 

Shi et al., 2005; Unsworth et al., 2004) (Fig. 1.3). SopE, SopE2 and SopB 

effector proteins are essential for the invasion of epithelial cells as S. 

Typhimurium bacteria defective for these effectors cannot induce actin 

rearrangements and promote bacterial internalization (Zhou et al., 2001). 

 

Figure 1.3. Salmonella SPI-1 T3SS-triggered invasion of nonphagocytic cells. 

Invasion of nonphagocytic host cells requires translocation of effectors (coloured 

dots) through the SPI-1 T3SS. The effectors SipA and SipC directly interact with actin 

(yellow circles) and trigger actin nucleation and bundling. SopB, SopE and SopE2 act 

as Rho GTPases activators initiating a signaling cascade that drives actin 

polymerization. The concerted action of these effectors allows bacterial entry. SptP 

and AvrA are two effectors that counteract the action of SopB, SopE and SopE2. 

After entry, Salmonella is enclosed in a membrane-derived compartment known as 

Salmonella-containing vacuole (SCV). Adapted from Braun & Brumell, 2010. 

 

SipA and SipC promote bacterial engulfment by binding to actin and 

directly modulating actin dynamics. SipA enhances actin polymerization at 

the site of entry by increasing the stability of actin filaments (McGhie et al., 

2001, 2004). SipC is part of the SPI-1 T3SS translocon and is therefore 
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essential for bacteria cell entry (Kaniga et al., 1995; Scherer et al., 2000). In 

addition, SipC also seems to function as an effector by promoting actin 

nucleation and bundling in vitro (Hayward & Koronakis, 1999; McGhie et al., 

2001). SipA, SipC, SopB, SopE and SopE2 act in concert to facilitate 

bacterial uptake by directing the spatial localization and organization of actin 

foci just beneath the invading bacteria (Fig.1.3). 

Interestingly, shortly after bacterial invasion the actin cytoskeleton 

regains its normal architecture (Takeuchi, 1967). Another effector, SptP, has 

been show to participate in this reversal process. SptP is a GTPase-

activating protein (GAP) (Fu & Galán, 1998) (Fig. 1.3). SptP has therefore 

opposing activities in relation to SopE and SopE2, and the activities of at 

least SptP and SopE are temporally regulated by a mechanism dependent 

on ubiquitination and degradation in the host proteosome (Kubori & Galán, 

2003). 

After invasion of non-phagocytic cells or uptake by macrophages, 

newly internalized Salmonella resides in a membrane-bound compartment 

known as SCV (Fig. 1.3). SopB, SptP and SopE have been shown to be 

important for proper SCV maturation. As intracellular Salmonella multiplies 

within a mature SCV, the function of SopB, SptP and SopE is hence 

necessarily for bacterial intracellular replication. SopB has been shown to 

act in different ways to promote bacterial intracellular replication: (i) 

remodeling of the negative charge of the membrane of the early SCV, which 

might prevent fusion with lysosomes (Bakowski et al., 2010); (ii) function 

together with SopE in the recruitment to the early SCV of the small GTPase 

Rab5 (Mallo et al., 2008), which is important for the normal SCV maturation; 

(iii) ubiquitination of SopB promotes its removal from the plasma membrane 

to the SCV membrane, and a S. Typhimurium strain expressing a SopB 

mutant that cannot be ubiquitinated shows defects in bacterial intracellular 

replication (Patel et al., 2009). SptP has a C-terminal protein tyrosine 

phosphatase domain whose activity promotes bacterial replication in SCVs 

by specific dephosphorylation of host VCP, a AAA+ ATPase involved in 

membrane trafficking and protein degradation (Humphreys et al., 2009). As 

mentioned above, SopE localizes transiently to the early SCV and by 
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activating Rab5 can stimulate fusion between the SCV and early endosomes 

(Mukherjee et al., 2001; Vonaesch et al., 2014). 

The SPI-1 T3SS and inflammation 

Salmonella internalization of non-phagocytic cells by the activity of 

the SPI-1 T3SS also leads to the activation of pro-inflammatory signaling. 

Intriguingly, this activation is not a mere response of the host cell but is a 

result of the activity of SPI-1 T3SS effectors (Bruno et al., 2009). There is 

extensive evidence that this activity of SPI-1 T3SS effectors is critical for 

Salmonella proliferation in the gut of infected host (Lopez et al., 2012; Winter 

et al., 2010). The activity of the SopE, SopE2 and SopB on the small 

GTPase Cdc42 trigger the activation AP-1 and NF-kB (Bruno et al., 2009; 

Hobbie et al., 1997).  AP-1 and NF-kB are transcription factors critical for the 

expression of many genes that are involved in inflammatory responses 

including chemokines and adhesion molecules (Roebuck et al., 1999). 

Moreover, SipA, SopB, SopE and SopE2 are involved in the disruption of the 

structure and function of the epithelial cell tight junction, a characteristic 

feature of Salmonella induced enteritis (Boyle et al., 2006). SipA, on the 

other hand, has been shown to be both necessary and sufficient to initiate 

signal transduction cascades that lead to the directed migration of 

neutrophils into the lumen (Lee et al., 2000; Silva et al., 2004; Srikanth et al., 

2010). Additionally, SipB, another SPI-1 T3SS translocon protein that seems 

to have effector function, modulates the intestinal inflammatory response by 

activation of caspase-1 (Hersh et al., 1999).  

However, the pro-inflammatory signaling induced by SPI-1 T3SS 

effectors is also eventually down-regulated. Another SPI-1 T3SS effector, 

AvrA, inhibits NF-kB activity and pro-inflammatory cytokine secretion, 

counteracting the activity of the other SPI-1 T3SS effectors, but induces cell 

death (Collier-Hyams et al., 2002) (Fig. 1.3). The accelerated apoptosis 

results in the elimination of infected epithelial cells and prevention of 

systemic spread. This has minor consequences in contrast with the loss of 

infected macrophages which results in severe systemic disease as happen 
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with infections by S. Typhi and ParaTyphi, which do not possess an 

avrA allele (Collier-Hyams et al., 2002; Prager et al., 2000). 

 

The SPI-2 T3SS and Salmonella intracellular replication 

  The SPI-2 T3SS is required for full virulence in mice and intracellular 

replication in both cultured epithelial and macrophage cell lines (Helaine et 

al., 2010; Hensel et al., 1995; Ochman et al., 1996; Shea et al., 1996). SPI-2 

T3SS effectors carry out a large number of functions including control of 

SCV positioning in infected cells and of SCV membrane dynamics, 

manipulation of host cell signaling pathways, disruption of normal host cell 

metabolism, and modulation of host cell migration and immune responses 

(Cheminay et al., 2005; McLaughlin et al., 2009; Schlumberger & Hardt, 

2006). Expression and assembly of the SPI-2 T3SS occurs in response to 

low pH, nutrient deprivation and low magnesium and phosphate 

 concentrations (Hautefort et al., 2008; Rappl et al., 2003), which are 

conditions similar to those Salmonella faces within the SCV lumen. 

However, translocation of SPI-2 T3SS effectors across the SCV membrane 

and into the host cell cytosol only occurs when Salmonella with an 

assembled SPI-2 T3SS within the bacterial vacuole somehow senses the 

neutral pH of the cytosol (Yu et al., 2010). Different approaches have 

identified 28 proteins that can be translocated by the SPI-2 T3SS (Table 

1.1). 

Upon Salmonella entry into host cells the SCV is formed (Figs. 1.3 

and 1.4). The subsequent steps of maturation of the bacterial vacuoles have 

been mostly studied in infected HeLa cells, but it is generally believed that 

the process is very similar in infected macrophages. After SCV formation, 

the vacuole   initiates   a   physical   displacement   in  microtubules  towards  

the perinuclear/Golgi region of the cell (Fig. 1.4) (Harrison et al., 2004; 

Ramsden et al., 2007a; Salcedo & Holden, 2003). This depends on the small 

GTPase Rab7, which  associates  with  the  SCV  and  together  with  its  

effector  RILP recruits the microtubule-based motor complex dynein/dynactin  
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TABLE 1.1. Effector proteins translocated by the SPI-2 T3SS of S. 

Typhimurium. Adapted from Figueira & Holden (2012), Ramos-Morales 

(2012), and Schroeder et al. (2011). 

Effector Subcellular 

localization 

Described 

target(s) 
Proposed function(s) 

SifA Salmonella-

induced tubules 

and SCV 

membrane 

PLEKHM2/SKIP, 

Rab7 (?), RhoA, 

Rab9 

SCV membrane 

integrity and 

positioning; formation 

of Salmonella-induced 

tubules; putative 

guanine exchange 

factor 

SseF Salmonella-

induced tubules 

and SCV 

membrane 

Dynein (?), 

TIP60, Junction 

Plakoglobin 

Recruit dynein to the 

SCV (?); SCV 

positioning and motility; 

Salmonella-induced 

tubules formation; 

Microtubule bundling 

SseG Salmonella-

induced tubules 

and SCV 

membrane 

Dynein (?), 

Desmoplakin, 

Caprin-1 

Recruit dynein to the 

SCV (?); SCV 

positioning and motility; 

Salmonella-induced 

tubules formation; 

microtubule bundling 

PipB2 Salmonella-

induced tubules 

and SCV 

membrane 

Kinesin-1 Kinesin-1 linker; 

extension of 

Salmonella-induced 

tubules 

SopD2 Salmonella-

induced tubules 

and SCV 

membrane and 

late endosomes 

? Inhibits the formation of 

Salmonella-induced 

tubules; SCV stability 

and intracellular 

proliferation is rescued 

in a sifA sopD2 mutant 

SseJ Salmonella-

induced tubules 

and SCV 

membrane 

Host cell lipids, 

RhoA, RhoC 

Inhibits membrane 

disruption of sifA 

mutant; acyltranferase 

activity. 
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TABLE 1.1. Continued. 

Effector 
Subcellular 

localization 

Described 

target(s) 
Proposed function(s) 

SpvC Cytosol of 

macrophages 

MAPKs Dephosphorylation of 

MAP kinases;  

phosphothreonine lyase 

activity 

SseL Salmonella-

induced tubules; 

host cell cytosol 

IkB, OSBP Macrophage delayed 

cytotoxicity, down-

modulation of NF-kB-

dependent cytokine 

production, altered lipid 

metabolism in infected 

cells; deubiquitinase 

activity 

SspH1 Host cell 

nucleus 

PKN1 Inhibition of NF-kB-

dependent gene 

transcription; E3 ubiquitin 

ligase activity 

SspH2 Host cell 

plasma 

membrane 

Profilin Recruited to SCV-

associated F-actin 

meshwork; E3 ubiquitin 

ligase activity 

SteC Actin filaments MEK Formation of SCV-

associated F-actin 

meshwork; kinase 

activity 

SfrH/SseI Host cell 

plasma 

membrane 

TRIP6, 

IQGAP1 

Recruited to SCV-

associated F-actin 

meshwork, migration of 

infected phagocytes 

SpvB Actin filaments G-actin Inhibition of actin 

polymerization, 

macrophage cytotoxicity, 

P-body disassembly in 

infected cells; actin 

ribosyltransferase activity 
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TABLE 1.1. Continued. 

Effector 
Subcellular 

localization 

Described 

target(s) 
Proposed function(s) 

SlrP Endoplasmic 

reticulum 

Thioredoxin, 

ERdj3 

E3 ubiquitin ligase 

acitvity 

GtgE ? Rab29 Cleavage of Rab29 

accumulated on SCV; 

protease activity 

PipB Salmonella-

induced tubules 

and SCV 

membrane 

? ? 

SifB Salmonella-

induced tubules 

and SCV 

membrane 

? ? 

SseK1 Host cell cytosol ? ? 

SseK2 ? ? ? 

SseK3 ? ? ? 

GogB Host cell cytosol  Skp1, 

FBXO22 

Inhibition of IκB 

degradation and NFκB 

activation; anti-

inflammatory activity 

SteA ? ? ? 

SteB ? ? ? 

SteD ? ? ? 

SteE 

? ? ? 

SpvD ? ? ? 

GtgA ? ? ? 

CigR ? ? ? 
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to the SCV (Guignot et al., 2004; Harrison et al., 2004; Marsman et al., 

2004). The acquisition of the small Rab GTPases Rab5 and Rab11 by the 

SCV was also shown to be required for maturation of bacterial vacuoles 

(Knodler & Steele-Mortimer, 2003; Ramsden et al., 2007a; Salcedo & 

Holden, 2003; Smith et al., 2005). The centripetal displacement of the SCV 

is accompanied by its maturation that occurs through interactions with the 

endocytic pathway (Fig. 1.4). Initially, the fusion with early endosomes (EEs) 

enriches the SCV membrane in early endosome membrane markers like 

EEA-1, Rab5 and TfR (Hashim et al., 2000; Mukherjee et al., 2000; Steele-

Mortimer et al., 1999). These are replaced shortly after by late 

endosomes/lysosome membrane markers including lysosomal glycoproteins 

such as LAMPs, vacuolar ATPase, Rab7 and Rab11, which is accompanied 

by a decrease in the luminal pH of the SCV (Drecktrah et al., 2007; Garcia-

del Portillo & Finlay, 1995; Méresse et al., 1999; Rathman et al., 1996; Smith 

et al., 2005; Steele-Mortimer et al., 1999). Although the region of the cell is 

important for bacterial replication (Marsman et al., 2004; Ramsden et al., 

2007a; Salcedo & Holden, 2003), it is thought that the interaction of the SCV 

with the endocytic pathway, and also with and the secretory pathway, should 

provide nutrients and membrane  to  accommodate  bacteria  replication and 

enlargement of the bacterial vacuoles (Guignot et al., 2004; Harrison et al., 

2004; Kuhle et al., 2006; Marsman et al., 2004). 

The SCV membrane is enriched in late endosomal/lysosomal 

markers, but lysosomal hydrolases are absent from the SCV lumen (Fig. 

1.4). At first sight this suggests little or no interaction with lysosomes 

(Garcia-del Portillo & Finlay, 1995; Hang et al., 2006; Méresse et al., 1999; 

Rathman et al., 1997). However, there is strong evidence that the SCV 

interacts with lysosomes (Drecktrah et al., 2007) but that S. Typhimurium 

depletes lysosomes of hydrolases by interfering with trafficking of mannose 

6-phosphate receptors (Fig. 1.4) (McGourty et al., 2012). Together, SCV 

maturation and its displacement to the perinuclear region of the cell are 

thought to be important for bacterial intracellular replication (Ramsden et al., 

2007b).  
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Figure 1.4. Maturation of the SCV. To enter non-phagocytic cells Salmonella uses 

the SPI-1 T3SS, which injects effectors that manipulate the host cell actin 

cytoskeleton. After bacterial uptake, the bacterium is enclosed in a membrane-bound 

compartment, the Salmonella-containing vacuole (SCV). The SCV interacts with the 

endocytic pathway, transiently acquiring early endosome markers that are rapidly 

replaced by late endosome markers. Late endosome markers, such as LAMP1, are 

maintained throughout infection. SCV maturation is accompanied by migration of the 

bacterial vacuole towards the Golgi/Microtubule Organizing Centre (MTOC) region of 

the cell. The SCV traffics along microtubules powered by dynein. Once the lumenal 

environment of the SCV is adequate, the SPI-2 T3SS is assembled and effector 

proteins are translocated across the vacuolar membrane to promote bacterial 

intravacuolar replication. SPI-2 T3SS effectors frequently localize at the SCV 

membrane and to Salmonella-induced tubules that extend from the SCV along 

microtubules powered by kinesin-1, such as LAMP1-enriched SIFs. 

 

A characteristic consequence of Salmonella manipulation of host cell 

intracellular trafficking in epithelial cells is the formation of tubular 

membranous structures that extend from the SCV and reach the periphery of 

the cell (Schroeder et al., 2011). The first tubular structures to be described 

were Salmonella-induced filaments (SIFs) (Garcia-del Portillo et al., 1993). 

They are highly dynamic with continuous fusion and fission events with other 



Chapter I 

 

26 
 

endosomal and secretory compartments and display microtubule-dependent 

movements (Drecktrah et al., 2008; Krieger et al., 2014; Rajashekar et al., 

2008). SIFs are enriched in a subset of late endosomal and lysosomal 

proteins,  SPI-2  T3SS   effectors   and   SCAMP3,  a   host   protein  that   in 

uninfected cells accumulates at the TGN (Schroeder et al., 2011, Table 1.1). 

SPI-2 T3SS effectors that have been shown to be involved in formation of 

SIFs are SifA, PipB2, SopD2, SseG, SseF, SseJ and SpvB (Birmingham et 

al., 2005; Jiang et al., 2004; Knodler & Steele-Mortimer, 2005; Kuhle et al., 

2004; Ohlson et al., 2008; Stein et al., 1996).  

In addition to SIFs, cells infected with Salmonella also present 

another subset of tubules, SISTs (Salmonella-induced SCAMP3 tubules) 

and LNTs (LAMP1-negative tubules) (Mota et al., 2009; Schroeder et al., 

2010). SISTs are composed of SCAMP3 and SPI-2 T3SS  effectors,  but are 

devoid of LAMP1 (Mota et al., 2009). SPI-2 T3SS effectors described to be 

involved in their formation are SifA, PipB2, SopD2, SseF and SseG (Mota et 

al., 2009). LNTs are another type of tubular structures emanating from the 

SCV and are enriched in SPI-2 T3SS effectors, but devoid of LAMP1 and 

SCAMP3 (Schroeder et al., 2010). Their formation has been shown to 

require SifA, PipB2 and SopD2 (Schroeder et al., 2010). 

As mentioned above, in epithelial cells, the intracellular Salmonella 

niche is established at the perinuclear region of the cell. The maintenance of 

the SCV at this location requires the action of three SPI-2 T3SS effectors: 

SseF, SseG and SifA (Beuzón et al., 2000; Deiwick et al., 2006; Ramsden et 

al., 2007a; Salcedo & Holden, 2003). The effectors SseF and SseG form a 

complex predicted to recruit the microtubule molecular motor dynein to the 

SCV (Abrahams et al., 2006; Deiwick et al., 2006). The acquisition of dynein, 

in turn, is necessary for the perinuclear position of SCVs and intracellular 

bacterial replication (Abrahams et al., 2006; Guignot et al., 2004). SseF has 

been shown to bind TIP60, an host cell acetyltransferase whose activity was 

potentiated by its direct interaction with SseF (Wang et al., 2010). 

Furthermore, TIP60 was shown to be required for intracellular multiplication 

of Salmonella (Wang et al., 2010). SseF and SseG also participate in the 

formation of SIFs, possibly by inducing the development of massive bundles 
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of microtubules and by enhancing the aggregation of endosomal 

compartments (Guy et al., 2000; Kuhle et al., 2004). It is unclear how the 

described SseF binding to TIP60 is related to its activity to promote SIF 

formation, microtubule bundling, and aggregation of endosomal 

compartments. 

SifA is a SPI-2 T3SS effector with multiple functions in the control of 

the SCV membrane dynamics. In particular, ∆sifA mutant S. Typhimurium 

lose the membrane of the vacuole where they reside and are defective for 

intracellular replication in macrophages as well as in virulence in mice 

(Beuzón et al., 2000, 2002; Stein et al., 1996). Furthermore, cells infected by 

∆sifA mutant S. Typhimurium do not show SIFs (Stein et al., 1996). SifA 

localizes at the SCV and SIFs of infected HeLa cells (Brumell et al., 2002). 

Its association with the SCV membrane requires prenylation by a host cell 

geranylgeranyl transferase (Reinicke et al., 2005). At the membrane of the 

SCV, SifA interacts and recruits SKIP, also known as PLEKHM2, that in turn 

interacts with kinesin-1 (Boucrot et al., 2005). The SifA/SKIP complex 

activates kinesin-1 at the SCV which allows SIFs extension due to the 

anterograde transport of vesicles on microtubules (Boucrot et al., 2005; 

Diacovich et al., 2009; Dumont et al., 2010). The absence of either SifA or 

SKIP results in similar phenotypes in infected cells, including the extensive 

accumulation of kinesin-1 at the SCV, which has been proposed to cause 

vacuolar membrane instability (Boucrot et al., 2005). Yet, other SPI-2 T3SS 

effectors are involved in the destabilization of the SCV of the ∆sifA mutant 

bacteria – SseJ, PipB2 and SopD2 (Henry et al., 2006; Ruiz-Albert et al., 

2002; Schroeder et al., 2010). In spite of this, the exact reason of why ΔsifA 

mutant SCVs have an unstable vacuolar membrane is still unknown. 

In addition to the interaction with SKIP, SifA has also been shown to 

act upon small GTPases: it binds GDP-bound RhoA to promote host 

membrane tubulation in conjuction with SKIP and SseJ (Ohlson et al., 2008); 

it competes with the endosomal GTPase Rab9 for binding SKIP, 

antagonizing Rab9 function and allowing LAMP1 recruitment to the SCV 

(Jackson et al., 2008); interacts with Rab7 to disrupt the Rab7-RILP-dynein 

complex from the SCV favoring vacuole stability and SIFs extension 
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(Harrison et al., 2004); and through interaction with SKIP, SifA sequesters 

Rab9, which impairs the retrograde trafficking of mannose 6-phosphate 

receptors and the load of hydrolases on lysosomes and on SCVs (McGourty 

et al., 2012). 

SseJ is a glycerophospholipid:cholesterol acytransferase with the 

function of esterifying cholesterol in infected cells (Lossi et al., 2008; Nawabi 

et al., 2008). This causes depletion of cholesterol from the SCV, which in S. 

Typhimurium wild type-infected cells results in SCV membrane stability but 

in S. Typhimurium ∆sifA mutant-infected cells induces SCV membrane 

rigidity and could explain the rupture of the vacuole (Ruiz-Albert et al., 2002). 

Moreover, SseJ lipase activity is activated by the interaction with host cell 

GTPase RhoA (Christen et al., 2009). SseJ and RhoA together with SifA and 

SKIP act on the endosomal network and potentiate membrane tubulation 

(LaRock et al., 2012; Ohlson et al., 2008). However, cells infected with S. 

Typhimurium ∆sseJ mutant strain show more SIFs than wild type-infected 

cells, suggesting that SseJ act as a negative regulator of the formation of 

SIFs (Birmingham et al., 2005). SseJ also contributes to intracellular 

replication of S. Typhimurium and its function in bacteria virulence in mice is 

also connected with its interaction with RhoA (Freeman et al., 2003; LaRock 

et al., 2012; Ruiz-Albert et al., 2002). 

PipB2 recruits the microtubule molecular motor kinesin-1 to the SCV 

(Henry et al., 2006). Without PipB2, cells infected with S. Typhimurium 

present shorter SIFs, which links PipB2 to the extension of these tubules 

(Knodler & Steele-Mortimer, 2005). Inhibition of kinesin-1 activity is sufficient 

to prevent the rupture of S. Typhimurium ∆sifA mutant vacuoles, but a ∆sifA 

∆pipB2 double mutant, which do not recruit kinesin-1, still loses its vacuolar 

membrane (Guignot et al., 2004; Henry et al., 2006). This suggests that 

either i) there is still kinesin-1 at the SCV which residual activity promotes 

loss of the vacuolar membrane enclosing the double mutant, or ii) other 

motor proteins are involved, such as dynein, which drives retrograde 

movement through microtubules and whose inhibition prevents vacuole loss 

of S. Typhimurium ∆sifA mutant (Guignot et al., 2004). S. Typhimurium 
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∆pipB2 mutant is attenuated for virulence in mice but does not show a defect 

in intracellular proliferation in macrophages (Knodler et al., 2003). 

SopD2 is another SPI-2 T3SS that has been implicated in SIF 

formation, membrane trafficking and SCV membrane stability (Brumell et al., 

2003; Jiang et al., 2004; Schroeder et al., 2010). HeLa cells infected with S. 

Typhimurium ∆sopD2 mutant bacteria show impaired SIF formation (Jiang et 

al., 2004). As ectopically expressed SopD2 localizes to late endosomes and 

lysosomes (Brumell et al., 2003), this has suggested that SopD2 is 

necessary for fusion of late endosomes in SIF biogenesis (Jiang et al., 

2004). S. Typhimurium ∆spoD2 mutant bacteria are attenuated for virulence 

in mice and show a replication defect in macrophages (Jiang et al., 2004). 

Deletion of sopD2 in a S. Typhimurium ∆sifA mutant background rescues 

intracellular proliferation and increases virulence in mice of the ∆sifA mutant 

strain (Schroeder et al., 2010). S. Typhimurium ∆sifA ∆sopD2 double mutant 

strain shows increased vacuolar stability, which has been linked to the 

reduced accumulation of kinesin-1 at the SCVs (Schroeder et al., 2010). 

Moreover, cells infected with S. Typhimurium ∆sifA ∆sopD2 show different 

membrane tubular structures from SIFs and SCAMP3 tubules, the LNTs, 

which biogenesis is inhibited by SopD2 (Schroeder et al., 2010). 

Interestingly, a small proportion of ∆sifA ∆sopD2 vacuoles containing viable 

bacteria are positive for autophagic markers (Schroeder et al., 2010). The 

relevance of this finding is however unclear. 

SPI-2 T3SS effector proteins have also been shown to manipulate 

the host actin cytoskeleton, namely SteC, SspH2, SseI and SpvB (see 

above; Virulence plasmid – spv operon) (Lesnick et al., 2001; Miao et al., 

2003; Odendall et al., 2012; Poh et al., 2008). In particular, SteC mediates 

reorganization of F-actin reorganization around the SCVs as bacteria divides 

(Odendall et al., 2012; Poh et al., 2008). SteC is a serine/threonine kinase 

that activates a mitogen-activated protein kinase kinase (MEK) signaling 

pathway which in turn activates myosin light chain kinase and myosin IIB 

(Odendall et al., 2012). Myosin IIB allows the formation of a dense 

meshwork of F-actin fibers within the microcolony (Odendall et al., 2012; 

Poh et al., 2008). The F-actin meshwork seems to be important to restrain 
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bacterial growth and also virulence as S. Typhimurium ∆steC mutant 

bacteria show enhanced intracellular replication and are hypervirulent in 

mice (Odendall et al., 2012). 

Another effector that targets the SCV-associated F-actin meshwork 

is SseI. SseI interacts with the actin-crosslinking protein filamin in areas of 

active polymerization (Miao et al., 2003). SseI is also involved in host cell 

migration, although in contradictory ways. One group has showed that SseI 

interacts with the host protein TRIP6, which recruits molecules involved in 

actin polymerization and cell motility (Worley et al., 2006). However, the 

influence in cell motility is cell type specific as in a mouse macrophage cell 

line (RAW 264.7), SseI alters cell adherence while in primary mouse 

macrophages and dendritic cells it actually inhibits cell migration 

(McLaughlin et al., 2009). SseI was shown to be required for establishing 

chronic infection of Salmonella, although S. Typhimurium ∆sseI mutant 

bacteria shows no detectable virulence defect in the typhoid mouse model 

(McLaughlin et al., 2009; Ruiz-Albert et al., 2002). 

SspH2 has two host cell partners that function as actin binding 

proteins. The N-terminal of SspH2 binds to filamin and its C-terminal to 

profiling, which enhances actin polymerization (Miao et al., 2003). Purified 

SspH2 inhibits the rate of actin polymerization in vitro which suggests that it 

might counteract the effects of SteC (Miao et al., 2003). Nevertheless, the 

role of SspH2 in Salmonella pathogenesis is still unclear. 

The study of Salmonella effector proteins has been an invaluable 

tool to understand Salmonella molecular pathogenesis. However, much is 

yet to be known about the described effectors and the function and cellular 

targets of several SPI-2 T3SS effectors remain unknown (see Table 1.1). To 

better characterize Salmonella-host cell interactions, more effort is needed 

to discover functions and targets of Salmonella effector proteins. 

 

 Other intravacuolar resident bacteria 

Intracellular pathogens can preferentially reside in the cytosol of 

infected cells, typified by the cases of Shigella flexneri or Listeria 
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monocytogenes, or within membrane bound compartments, such as 

Salmonella or Mycobacterium tuberculosis (Cossart & Toledo-Arana, 

2008; Ibarra & Steele-Mortimer, 2009; Schroeder & Hilbi, 2008; Vergne 

et al., 2004). However, intravacuolar L. monocytogenes (Birmingham et 

al., 2008) and cytosolic Salmonella or M. tuberculosis (Malik-Kale et al., 

2012; van der Wel et al., 2007) are also relevant in the context of the 

infection by these bacteria. In spite of this, in general, there are much 

more intravacuolar pathogens than cytosolic pathogens, suggesting an 

easier adaptation to resist intravacuolar killing mechanisms, such as 

phagolysosomal fusion, than to avoid cytosolic killing by, e.g, autophagy 

(Kumar & Valdivia, 2009). 

Legionella pneumophila, Chlamydia spp., M. tuberculosis, Brucella 

abortus, Coxiella burnetii and S. enterica are intravacuolar bacterial 

pathogens that manipulate host cell secretory or endocytic pathway to build 

their replicative niche (Alonso & García-del Portillo, 2004; Hilbi & Haas, 

2012; Salcedo & Holden, 2005; Stein et al., 2012). As a result, bacteria-

containing vacuoles become unique organelles with characteristics of 

phagolysosome (C. burnetii), late endosomes/lysosomes (Salmonella), early 

endosomes (M. tuberculosis), endoplasmic reticulum (ER) (L. pneumophila 

and B. abortus), or devoid of any relevant feature (Chlamydia) (Kumar & 

Valdivia, 2009; van Schaik et al., 2013) (Fig. 1.5).  

During the process of vacuole maturation, both L. pneumophila and 

B. abortus avoid fusion with lysosomes. The L. pneumophila phagosomal 

compartment is sequentially surrounded by smooth vesicles, mitochondria 

and the ER, and ultimately coalesces with the last organelle (Franco et al., 

2009; Isberg et al., 2009) (Fig. 1.5). However, B. abortus vacuole is initially 

positive for endosomal markers but escapes the endosomal/lysosomal 

pathway by trafficking to the ER following the autophagic route (Alonso & 

García-del Portillo, 2004) (Fig. 1.5). Mutations that disable the Dot/Icm 

system (T4SS) in L. pneumophila results in vacuole resident bacteria that 

fuse with lysosomes and are unable to multiply intracellularly (Berger et al., 

1994; Swanson & Isberg, 1996; Wiater et al., 1998). Also in B. abortus, 

mutations in virB operon (codes for T4SS) inhibit bacteria intracellular 
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survival and has been suggested to interfere with the vacuole maturation 

(Delrue et al., 2001). However, contrary to L. pneumophila which 

translocates more than 300 effectors, few B. abortus T4SS effectors have 

been identified to date and the stage(s) of vacuole maturation controlled by 

T4SS is poorly understood (Franco et al., 2009; Isberg et al., 2009; Myeni et 

al., 2013). 

 

Figure 1.5. Interaction of bacterial pathogens vacuole with the host endocytic 

and secretory patways. L. pneumophila and B. abortus replicate in ER-derived 

vacuoles, segregating at different stages from the endocytic pathway. Early after 

invasion, L. pneumophila interacts with ER-derived vesicles. M. tuberculosis 

containing vacuole prevents fusion with mature forms of endocytic pathway vesicles, 

like late endosomes and lysosomes. Chlamydia inclusion does not interact with the 

endocytic pathway, establishing its niche near the Golgi where it intercepts exocytic 

vesicles. Moreover, the inclusion also establishes contact with the ER. S. 

Typhimurium vacuole fuses with early and late endosomes, but not with hydrolases-

containing lysosomes. Salmonella establishes a microcolony near the Golgi. The C. 

burnetii vacuole maturation occurs through the endocytic pathway where it acquires 

phagolysosomes characteristics. For details, see text. EB-Elementary body; RB- 

Reticulate body; SCV- small cell variants; LCV- large cell variants. Adapted from 

Asrat et al.,(2014), Hilbi & Haas (2012), and Salcedo & Holden (2005).  
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L. pneumophila has a bi-phasic life style, alternating between a 

replicative and a motile transmissive form (Hilbi & Haas, 2012). It has been 

proposed that the replicative phase coincides with the pathogen life inside 

the vacuole (Molofsky & Swanson, 2004). C. burnetii also alternates 

between two different developmental stages, the metabolically inactive small 

cell variant and the metabolically active large cell variant. The differentiation 

of small cell variants into large cell variants occurs after invasion and during 

acidification of the C. burnetii containing vacuole (van Schaik et al., 2013). 

Moreover, as L. pneumophila and B. abortus, C. burnetii also encodes for a 

T4SS that is essential for the bacteria intracellular replication (Beare et al., 

2011; Carey et al., 2011). To date, ~120 C. burnetti effectors are described 

but for the majority their functions remain to be elucidated including the 

participation in the vacuole maturation (van Schaik et al., 2013). The C. 

burnetii vacuole maturation follows the canonical endocytic pathway, 

acquiring early, late and lysosomal markers including hydrolases (Voth & 

Heinzen, 2007) (Fig. 1.5). 

Chlamydia spp. also adopts a bi-phasic life style. It differentiates into 

the infectious metabolically inert elementary body (EB) or the non-infectious 

replicative reticulate body (RB) inside the vacuole (Horn, 2008). This 

pathogen also prevents fusion with lysosomes (Heinzen et al., 1996; van 

Ooij et al., 1997; Taraska et al., 1996) by modifying the vacuole with the 

insertion of bacterial effector inclusion proteins (Incs) secreted by a T3SS 

(Rockey et al., 2002). In contrast to other intravacuolar bacteria, the 

Chlamydia vacuole is segregated from endomembrane trafficking pathways 

and resides in a unique compartment that nevertheless interacts with 

different host cell compartments as the Golgi, the ER and the mitochondria 

(Bastidas et al., 2013) (Fig. 1.5). 

M. tuberculosis resides in a vacuole that arrests its trafficking in the 

endocytic pathway at the early endosomal stage (Kumar & Valdivia, 2009) 

(Fig. 1.5). Inhibition of vacuole acidification is essential for the bacteria 

intracellular survival (Pethe et al., 2004). Interestingly, M. tuberculosis 

contains a different, so-called, type VII secretion systems (T7SSs; ESX1-

ESX-5) but only two of these systems are associated with virulence, ESX-1 
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and ESX-5 (Simeone et al., 2009). Effector proteins translocated by the 

ESX-1 T7SS are likely involved in mediating the arrest of M. tuberculosis 

vacuole maturation (MacGurn & Cox, 2007). 

 

 

Aims of the project 

This PhD thesis aimed at analyzing the contribution of the 

Salmonella effector SteA for the bacterial capacity to manipulate host cell 

functions. The effector protein has a predicted molecular mass of 23,6 kDa, 

and its 210-residues long amino acid sequence does not display significant 

similarity to other proteins (with the exception of SteA ortologues in other S. 

enterica serovars). ΔsteA mutant S. Typhimurium shows a virulence defect 

in a mouse models of systemic and persistent infection (Geddes et al., 2005; 

Lawley et al., 2006) however it does not present any defect in intracellular 

replication in bone-marrow mouse macrophages (Figueira et al., 2013). SteA 

is one of the 9 Salmonella effector proteins that has been described to be 

translocated by both the SPI-1 and SPI-2 T3SSs (Cardenal-Muñoz & 

Ramos-Morales, 2011; Geddes et al., 2005). In infected human epithelial 

cells, the secreted effector was localized at the TGN (Geddes et al., 2005) 

but, more recently, it was observed on Salmonella-induced tubules enriched 

in the TGN marker GalT (Van Engelenburg & Palmer, 2010). When 

ectopically expressed in epithelial cells, SteA also localizes at the TGN 

(Geddes et al., 2005). All in all, despite the information reported about ΔsteA 

S. Typhimurium mutant strain and SteA subcellular localization, the mode of 

action of this effector is still uncharacterized. 

In this work, two main topics were addressed: 1) the characterization 

of S. Typhimurium ∆steA mutant phenotypes in culture cell models of 

infection and 2) the study of the molecular mode of action of SteA, including 

the search for its host cell targets. In Chapter II, phenotypes presented by 

host cells infected with ∆steA S. Typhimurium single mutant are described. 

In Chapter III. the hypothesis that SteA can regulate microtubule motors 

was analyzed, which had been suggested by the results described in 
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Chapter II. In Chapter IV searches for SteA host cell protein target(s) using 

pull-down assays and a yeast two-hybrid screen are described. As these 

approaches were unsuccessful, the localization of ectopically expressed 

SteA in the plasma membrane of eukaryotic cells prompted us to investigate 

if this effector could bind mammalian cell membrane lipids. In Chapter V, the 

interaction between SteA and phosphatidylinositol 4-phosphate is described, 

as well as its importance for the subcellular localization of SteA. 
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Salmonella effector SteA contributes to the control of membrane dynamics 

of Salmonella-containing vacuoles. Infection and Immunity, 82(7): 2923-34. 
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ABSTRACT 

Salmonella enterica serovar Typhimurium (S. Typhimurium) virulence is 

related to its capacity to multiply intracellularly within a membrane-bound 

compartment, the Salmonella-containing vacuole (SCV), and depends on 

type III secretion systems (T3SSs) that deliver bacterial effector proteins into 

host cells. These effectors interfere with several host cell functions and a 

subset has been shown to control SCV membrane dynamics. However, the 

function of many Salmonella T3SS effectors is still unknown. In this Chapter, 

we analyzed the cellular function of the Salmonella T3SS effector SteA by 

using immunofluorescence microscopy to analyze characteristics of infected 

human epithelial and mouse macrophage cell lines. We show that, 

compared to cells infected by wild type S. Typhimurium, cells infected by 

ΔsteA mutant bacteria displayed less Salmonella-induced tubules enriched 

on LAMP1 (a late endocytic marker) or on SCAMP3 (which accumulates at 

the TGN of uninfected cells), an increased clustering of SCVs, an excessive 

accumulation of LAMP1 within clusters of bacterial vacuoles, and higher 

frequency of morphologically abnormal SCVs containing more than one 

bacterium. We also show that these ∆steA mutant phenotypes were likely 

dependent on lack of translocation of SteA across the SCV membrane from 

4 h after invasion of epithelial cells or uptake by macrophages. Overall, this 

showed that SteA participates in the control of SCV membrane dynamics. 
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INTRODUCTION 

The virulence of Salmonella enterica serovar Typhimurium (S. Typhimurium) 

is related to its ability to invade non-phagocytic cells and to replicate inside 

host cells within a membrane-bound compartment, the Salmonella-

containing vacuole (SCV) (Haraga et al., 2008). These abilities are 

associated with two distinct type III secretion systems (T3SSs), encoded by 

the Salmonella pathogenicity island 1 (SPI-1) and -2 (SPI-2), which deliver > 

40 effector proteins into host cells (Agbor & McCormick, 2011; Figueira & 

Holden, 2012; Haraga et al., 2008; Ramos-Morales, 2012). In general, the 

SPI-1 T3SS is required for invasion of non-phagocytic cells (Patel & Galán, 

2005), and enables S. Typhimurium to cross the gut barrier and promote 

intestinal inflammation (Galán & Curtiss, 1989; Layton & Galyov, 2007), 

while the SPI-2 T3SS mediates intravacuolar bacterial replication (Cirillo et 

al., 1998; Hensel et al., 1998; Ochman et al., 1996) and is necessary for 

systemic infection of mice (Cirillo et al., 1998; Hensel et al., 1998). However, 

the boundaries between the SPI-1 and SPI-2 T3SSs are not that sharply 

defined (Brawn et al., 2007; Hapfelmeier & Hardt, 2005; Hernandez et al., 

2004; Steele-Mortimer et al., 2002) and several effectors are secreted by 

both T3SSs (Agbor & McCormick, 2011; Figueira & Holden, 2012; Haraga et 

al., 2008; Ramos-Morales, 2012). 

Maturation of the SCV within host cells involves sequential 

interactions with the endocytic pathway resulting in a compartment showing 

features of late endosomes, including an acidified lumen and accumulation 

of lysosomal glycoproteins, such as LAMP1, in its membrane. However, the 

SCV is not enriched in lysosomal hydrolases (Steele-Mortimer, 2008). The 

acidified lumen of the mature SCV contributes to induce expression of the 

genes encoding the SPI-2 T3SS (Cirillo et al., 1998; Löber et al., 2006). The 

phenotypic consequences of the ensuing translocation of SPI-2 effectors 

across the SCV membrane have been characterized in different cell types, 

with emphasis in infected human epithelial HeLa cells. Notably, a subset of 

SPI-2 effectors (PipB2, SifA, SopD2, SseF, SseG, and SseJ) has been 

shown to control membrane dynamics and intracellular positioning of the 
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SCV in the Golgi region (Figueira & Holden, 2012; Ramsden et al., 2007a). 

In particular, all these effectors have been shown to be involved in the 

appearance in infected epithelial cells of LAMP1-enriched Salmonella-

induced filaments (SIFs) (Birmingham et al., 2005; Jiang et al., 2004; 

Knodler & Steele-Mortimer, 2005; Kuhle & Hensel, 2002; Stein et al., 1996). 

Most of the studies on the mode of action of PipB2, SifA, SopD2, 

SseF, SseG, or SseJ have been done using HeLa cells, which are 

immortalized cells of epithelial origin but which have an abnormal karyotype 

(Adey et al., 2013; Macville et al., 1999). However, regardless of the exact 

physiological relevance of HeLa cells as an infection model, the Salmonella-

induced tubules or the bacterial microcolonies in the Golgi region observed 

in HeLa cells infected by S. Typhimurium have provided a means to study 

the effectors involved in their appearance (Abrahams et al., 2006; Knodler & 

Steele-Mortimer, 2005; Kuhle & Hensel, 2002; Ohlson et al., 2008; Ramsden 

et al., 2007b; Salcedo & Holden, 2003; Schroeder et al., 2010). S. 

Typhimurium ΔpipB2 (Knodler et al., 2003), ΔsifA (Beuzón et al., 2000), 

ΔsopD2 (Brumell et al., 2003), ΔsseF (Hensel et al., 1998), ΔsseG (Hensel 

et al., 1998), or ΔsseJ (Ruiz-Albert et al., 2002) single mutants are all 

attenuated for virulence in the mouse model of systemic infection, and with 

the exception of S. Typhimurium ΔpipB2, each of these single mutants is 

deficient for intracellular replication in mouse macrophages (Figueira et al., 

2013). Therefore, the action of these effectors should promote bacterial 

virulence by mediating intracellular replication of Salmonella through 

subversion of host cell intracellular trafficking pathways.  

SteA is a Salmonella effector translocated by both the SPI-1 and the 

SPI-2 T3SS (Cardenal-Muñoz & Ramos-Morales, 2011; Geddes et al., 

2005). It localizes to the TGN both when the effector is ectopically expressed 

in uninfected mammalian cells or delivered by S. Typhimurium into infected 

host cells (Geddes et al., 2005). Moreover, bacterially translocated SteA 

localizes on Salmonella-induced tubules enriched in the TGN marker GalT 

but is mostly excluded from LAMP1-enriched tubules (Van Engelenburg & 

Palmer, 2010). SteA does not contribute for intracellular replication of S. 

Typhimurium in bone-marrow mouse macrophages (Figueira et al., 2013), 
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but intraperitoneally-injected ΔsteA mutant S. Typhimurium shows a 

virulence defect in a mouse model of systemic infection (Geddes et al., 

2005). When using the same inoculation route and infection model, mutants 

that cannot assemble the SPI-1 T3SS display no obvious defect (Galán & 

Curtiss, 1989). Therefore, a virulence function of SteA could be related to its 

delivery into host cells by the SPI-2 T3SS. In this Chapter, we show that 

SteA contributes to the control of SCV membrane dynamics.  
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MATERIALS AND METHODS 

Bacterial strains, growth conditions, and genetic procedures. This work 

was done using S. Typhimurium NCTC 12023 (identical to ATCC 14028s) 

and its isogenic mutant derivatives. Additional information on these bacterial 

strains is provided in Table A1 of Annexes. Escherichia coli Top10 (Life 

Technologies) was used for construction and amplification of plasmids. 

Bacteria cells were grown in LB medium (NZYtech) supplemented when 

appropriate with ampicillin (100 μg/ml) and/or kanamycin (50 μg/ml). 

Chromosomal deletion of single genes in S. Typhimurium was performed by 

using the one-step gene-disruption method described by Datsenko and 

Wanner (Datsenko & Wanner, 2000),  using plasmids pKD4, pKD46, and 

pCP20 (Table A2 of Annexes). Double S. Typhimurium mutants were 

constructed by using P22 HT105 int phage lysates of kanamycin-resistant 

single mutants to transduce antibiotic-sensitive single or double mutant 

strains (Maloy et al., 1996). All deletions were confirmed by PCR. For 

transformation, DNA was introduced into E. coli or S. Typhimurium by 

electroporation, using standard methods (Sambrook & Russel, 2001). 

 

Plasmids, DNA manipulations, and oligonucleotides. The 

plasmids and DNA oligonucleotides used in this work are detailed in Tables 

A2 and A3 of Annexes. To construct a Salmonella-expressing plasmid 

encoding SteA C-terminally tag with 2HA, a DNA fragment including steA 

and its promoter region was amplified by PCR from chromosomal DNA of S. 

Typhimurium 12023. The purified PCR product was digested with BamHI 

and EcoRI and inserted into those sites of pWSK129  (Wang & Kushner, 

1991). To construct pBAD-SteA-2HA, steA-2HA was amplified by PCR using 

pSteA-2HA DNA as template. The purified PCR product was digested with 

NcoI and HindIII and inserted into those sites of pBAD/Myc-HisA (Life 

Technologies). The accuracy of the nucleotide sequence in the inserts in the 

constructed plasmids was checked by DNA sequencing (STAB VIDA). 

These plasmids were constructed using proof-reading Phusion DNA 

polymerase (ThermoScientific), restriction enzymes (MBI Fermentas), T4 
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DNA Ligase (Life Technologies), DNA clean & concentrator
TM

-5 Kit and 

Zymoclean
TM

 Gel DNA Recovery kit (Zymo Research), and purified with 

GeneElute Plasmid Miniprep kit (Sigma), according to the instructions of the 

manufacturers. Additional PCRs were performed using DreamTaq DNA 

Polymerase (ThermoScientific), according to the instructions of the 

manufacturer and to standard methods (Sambrook & Russel, 2001). 

 

Cell culture and bacterial infections. Human epithelial HeLa cells 

(clone HtTA-1), human intestinal Caco-2 cells, and RAW 264.7 murine 

macrophage-like cells were obtained from the ECACC. HeLa or RAW 264.7 

cells were maintained in DMEM (Life Technologies) supplemented with 10% 

(v/v) FBS (Life Technologies), without antibiotics, at 37ºC in a humidified 

atmosphere with 5% (v/v) CO2. Caco-2 cells were maintained in the same 

conditions as HeLa or RAW 264.7 cell, except that the medium also 

contained Non-Essential Amino Acids (Life Technologies). Infection of HeLa, 

Caco-2, or RAW 264.7 cells with S. Typhimurium was performed essentially 

as previously described (Beuzón et al., 2000), except that for infection of 

macrophages the cells were seeded at a density of 2 x 10
5
 cells per well in 

24-well tissue culture plates and the multiplicity of infection was 2:1. When 

needed, L-arabinose was added to the cell culture medium at 0.2 % (w/v) to 

induce expression of SteA or of the red fluorescent protein DsRed (see 

below).  

 

Transient transfection of mammalian cells. HeLa cells were 

transfected with plasmid DNA by using the jetPEI reagent (Polyplus-

Transfection), as detailed by the manufacturer but using 250 ng of DNA per 

well of a 24-well tissue culture plate. Cells were transfected 2 h after 

bacterial inoculation with pLAMP1-GFP (Rajashekar et al., 2008), obtained 

from Patrice Boquet and pLAMP1-mGFP (Falcón-Pérez et al., 2005) 

obtained from Addgene, (Table A2 of Annexes). Cells were subsequently 

incubated at 37°C in 5% CO2 for the indicated time periods prior to fixation 

and antibody staining. 
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Antibodies. For immunofluorescence (IF) microscopy, goat 

polyclonal anti-Salmonella antibody CSA-1 (Kirkegaard and Perry 

Laboratories) was used at 1:200; mouse monoclonal antibody anti-LAMP1 

H4A3, developed by J. T. August and J. E. K. Hildreth, and rat monoclonal 

anti-LAMP1 1D4B, developed by J. T. August, were both obtained from 

DSHB developed under the auspices of the NICHD and maintained by 

University of Iowa, Department of Biology, Iowa City, IA 52242, and were 

used at 1:400 and 1:200, respectively; the rabbit anti-giantin antibody 

(Berkeley Antibody Company) was used at 1:600; and the rabbit anti-

SCAMP3 antibody (Guo et al., 2002) was used at 1:400. Secondary 

antibodies were obtained from Jackson Immunoresearch Laboratories 

(donkey anti-goat conjugated to cyanine 5, anti-rabbit conjugated to 

Rhodamine RedX, all used at 1:200, donkey anti-rabbit conjugated to 

cyanine 2) and from Life Technologies (goat anti-mouse AF568 used at 

1:200). 

 

IF microscopy. Cell monolayers seeded on glass coverslips were 

fixed with 4% (w/v) paraformaldehyde in PBS at room temperature for 15 

min and then washed three times in PBS. Antibodies were diluted in PBS 

containing 0.1 % (w/v) saponin and 10 % (v/v) horse serum. The cells in the 

coverslips were washed twice in PBS with 0.1% (w/v) saponin and incubated 

for 1 h with primary antibodies. The cells in the coverslips were then again 

washed twice in PBS containing 0.1 % (w/v) saponin and incubated with 

appropriate secondary antibodies for 30 min. The coverslips were mounted 

onto glass slides using Aqua-poly/Mount (PolySciences). Samples were 

analyzed using a fluorescence microscope (Leica DMRA2) or a confocal 

laser scanning microscope (LSM 510 META or LSM 710 META, Zeiss) at 

Instituto Gulbenkian da Ciência (IGC) or Centro de Doenças Crónicas 

(CEDOC), respectively. All images were obtained by confocal microscopy 

and processed using Zeiss LSM Image Browser and Adobe Photoshop. 

 



Chapter II 

 

60 
 

Live-cell imaging. HeLa cells were seeded at 2.0x10
5
 cells per dish 

in 35mm Glass Bottom Dishes (MakTeK corporation) and transfected with 

pLAMP1-GFP (Rajashekar et al., 2008) as described above. 24 h after 

transfection, the cells were infected with wt or ∆steA S. Typhimurium 

harboring a plasmid expressing the fluorescent DsRed protein (Sörensen et 

al., 2003). Prior to live-cell imaging at the indicated time point, the medium 

was changed to Opti-MEM® (Life Technologies) with 5% (v/v) FBS. We did 

not image cells displaying high levels of LAMP1-GFP, to avoid artefacts due 

to dimerization of LAMP1-GFP (Falcón-Pérez et al., 2005). The cells were 

imaged on a LSM 710 META, Zeiss (Carl Zeiss) at Imperial College, London. 

The images were recorded and processed using Volocity (Improvision). 

 

Scoring of phenotypes by microscopy. The quantification of SCV 

positioning in the Golgi region and the appearance of SIFs were done as 

previously described (Mota et al., 2009). Also as before, a bacterial 

microcolony was defined as a cluster of at least 5 SCVs showing 

overlapping fluorescence signals (Mota et al., 2009). To quantify the 

appearance of “compact microcolonies”, we defined that an infected cell 

contained such type of bacterial microcolony if all SCVs within that cell were 

clustered, i.e., the fluorescence signal of the bacteria did not reveal a single 

non-overlapping vacuole. The appearance of an excessive accumulation of 

LAMP1 within the microcolony was estimated visually. To quantify for the 

appearance of abnormal SCVs, we examined images of individual infected 

cells to identify vacuoles containing more than one bacterium. In the 

experiments where we used pLAMP1-GFP, to avoid artefacts due to 

dimerization of LAMP1-GFP (Falcón-Pérez et al., 2005), we only analyzed 

cells displaying low-to-moderate levels of LAMP1-GFP. In wt- and ΔsteA 

mutant-infected cells, we only considered cells containing 15-25 bacteria. To 

quantify SIFs, accumulation of LAMP1 within the microcolony or abnormal 

SCVs in HeLa cells infected by wt or ΔsteA mutant S. Typhimurium, we also 

only considered centrally located microcolonies. The quantification of 

SCAMP3 tubules was done as previously described (Mota et al., 2009). 



∆steA mutant phenotypes in infected mammalian cells 

 

61 
 

Intracellular growth of S. Typhimurium in RAW 264.7 cells was quantified by 

microscopy by estimating the number of bacteria inside infected cells. To 

quantify bacterial invasion by microscopy, extracellular bacteria were 

immunolabeled with green and red fluorophores and intracellular bacteria 

were only immunolabeled with a red fluorophore. In all cases, at least 50 

infected cells were scored blind in each experiment and all experiments 

were repeated at least three times. Results are reported as mean ± SEM. 

Differences between data sets were considered significant if P < 0.05 in a 

two-tailed unpaired Student’s t-test. 
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RESULTS 

S. Typhimurium ∆steA mutant is not deficient in invasion of non-

phagocytic cells or intracellular proliferation in RAW 264.7 

macrophages. To analyze the function of SteA, we first compared the ability 

of wild type (wt) and ΔsteA mutant S. Typhimurium to invade non-phagocytic 

cells and to multiply intracellularly in mouse macrophages. To analyze 

invasion, we infected human epithelial-like HeLa cells with S. Typhimurium 

wt, ΔsteA mutant or ΔinvG mutant. S. Typhimurium ΔinvG mutant bacteria 

do not assemble the SPI-1 T3SS and are defective in invasion (Kaniga et al., 

1994). We estimated the number of intracellular bacteria within HeLa cells at 

15 min p.i. by IF microscopy. While S. Typhimurium ΔinvG mutant bacteria 

were impaired in invasion, ΔsteA mutant bacteria showed the same ability to 

invade HeLa cells as the wt strain (Fig. 2.1A). We also determined the 

number of bacteria within HeLa or human intestinal epithelial Caco-2 cells at 

2h p.i. by CFUs using a gentamicin protection assay relative to the number 

of bacteria in each inoculum (Beuzón et al., 2000), and the results were 

identical to those obtained by IF microscopy (Fig. 2.1A and B). To analyze 

intracellular growth, we infected RAW 264.7 macrophages with S. 

Typhimurium wt, ΔsteA mutant or ΔssaV mutant. S. Typhimurium ΔssaV 

mutant bacteria do not assemble the SPI-2 T3SS and are known to be 

defective in intracellular growth in macrophages (Hensel et al., 1997). The 

number of Salmonella inside macrophages was estimated by IF microscopy 

at 16 h p.i. We observed similar numbers of intracellular bacteria within cells 

infected with wt or ΔsteA mutant S. Typhimurium (Fig. 2.1C). This was 

consistent with  a recent report (Figueira et al., 2013) showing that lack of 

SteA does not significantly impair the ability of Salmonella to replicate within 

mouse macrophages. As expected, infection with ΔssaV mutant S. 

Typhimurium resulted in much fewer intracellular bacteria than in cells 

infected with the wt strain (Fig. 2.1C).  
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Figure 2.1. S. Typhimurium ΔsteA mutant is not deficient for invasion of HeLa 

or Caco-2 cells and for intracellular proliferation in RAW264.7 macrophages. 

The assays were performed with the indicated strains. (A) Invasion of HeLa by S. 

Typhimurium analyzed by differential indirect IF microscopy. In each experiment, at 

least 50 fields of view were analyzed. (B) Invasion of HeLa S. Typhimurium or Caco-

2 cells analyzed by a gentamicin-protection assay. (C) Intracellular growth of S. 

Typhimurium analyzed by IF microscopy. In each experiment, 50 infected cells were 

analyzed. The bars in the graphic depict the number of cells that contain intracellular 

bacteria within the indicated intervals. In (A), (B), and (C) the values are the mean ± 

SEM (n = 3). P-values were calculated by a two-tailed unpaired Student’s t-test 

relative to wt-infected cells. 
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These results indicated that SteA does not play a major role in 

promoting S. Typhimurium invasion of non-phagocytic cells or intracellular 

growth in mouse macrophages. 

 

SteA contributes to the formation of SIFs. While the absence of a 

defect in invasion of non-phagocytic cells does not exclude a role of SteA 

during the initial stages of host cell infection by Salmonella, given that ΔsteA 

S. Typhimurium mutant show a defect in a mouse model of systemic 

infection (Geddes et al., 2005), we analyzed if SteA was involved in 

phenotypes that in Salmonella cell culture infection models have been 

associated with the SPI-2 T3SS after 4-5 h p.i. In particular, we analyzed if 

SteA was required for SCV positioning within the Golgi region (Salcedo & 

Holden, 2003), or for the appearance of SIFs in infected epithelial cells 

(Schroeder et al., 2011). For this, we infected HeLa cells with wt or ΔsteA 

mutant S. Typhimurium constitutively expressing GFP [(Valdivia & Falkow, 

1997); Table A2 of Annexes]. The cells were fixed 8 or 14 h following 

infection and immunolabeled for the Golgi with an anti-giantin antibody or for 

SIFs with an anti-LAMP1 antibody, and were then analysed by indirect IF 

microscopy. At either 8 or 14 h p.i., S. Typhimurium ΔsteA mutant SCVs 

formed microcolonies in the vicinity of the Golgi with a frequency that was 

not significantly different from wt vacuoles (data not shown; see Chapter III). 

However, there was a significant decrease in the frequency of appearance of 

SIFs in cells infected by ΔsteA mutant bacteria (13 ± 7 % and 20 ± 2 % of 

cells showing SIFs at 8 and 14 h p.i., respectively), in comparison to cells 

infected by wt S. Typhimurium (34 ± 5 % and 38 ± 3 % of infected cells 

showing SIFs at 8 and 14 h p.i., respectively) (Fig. 2.2). The SteA-dependent 

deficiency in appearance of SIFs was complemented when a plasmid 

expressing SteA-2HA was introduced in the ΔsteA mutant strain (40 ± 1 % of 

infected cells showing SIFs at 14 h p.i.) (Fig. 2.2).  
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Figure 2.2. SteA contributes to the formation of SIFs. HeLa cells were infected for 

8 or 14 h with the indicated GFP-expressing S. Typhimurium strains, fixed and 

immunostained for LAMP1. (A) Infected cells showing SIFs were counted by IF 

microscopy. Values are the mean ± SEM (n = 3). At least 50 infected cells were 

analyzed in each experiment. P-values were calculated by a two-tailed unpaired 

Student’s t-test relative to wt-infected cells for each time p.i. (B) Infected HeLa cells 

were imaged by confocal microscopy for Salmonella expressing GFP (green) and 

LAMP1 (red). nd, not determined. All scale bars, 5 μm. 

 



Chapter II 

 

66 
 

Because the appearance of SIFs has been shown to depend on 

several SPI-2 effectors (Schroeder et al., 2011), we wanted to confirm that a 

defect in their formation is not a general feature of mutants in SPI-2 effector 

genes. For this, we also infected HeLa cells with ΔsifB mutant S. 

Typhimurium expressing GFP. The sifB gene encodes a SPI-2 effector 

displaying 30% amino acid identity to SifA (Freeman et al., 2003), which is 

essential for the formation of SIFs (Schroeder et al., 2010; Stein et al., 

1996). HeLa cells infected by ΔsifB mutant S. Typhimurium for 14 h showed 

a similar frequency in the appearance of SIFs (40 ± 3%) as cells infected by 

wt bacteria (38 ± 3%) (Fig. 2.2A). Therefore, not all SPI-2 effectors are 

required for the formation of SIFs. These results showed that SteA, together 

with the SPI-2 effectors SifA (Stein et al., 1996), SseF (Kuhle & Hensel, 

2002), SseG (Kuhle & Hensel, 2002), PipB2 (Knodler & Steele-Mortimer, 

2005), and SopD2 (Schroeder et al., 2010) contributes to the formation of 

SIFs in HeLa cells infected by S. Typhimurium. 

 

SteA contributes to the formation of SCAMP3 tubules. SCAMP3 

is a protein that in uninfected cells mostly concentrates at the TGN (Castle & 

Castle, 2005) but that on infected HeLa cells is found on the SCV membrane 

and on Salmonella-induced tubules, which often do not overlap with SIFs 

(Mota et al., 2009). To test if SteA could affect the appearance of 

Salmonella-induced SCAMP3 tubules, we infected HeLa cells for 14 h with 

S. Typhimurium wt or ∆steA mutant strains expressing GFP. The cells were 

then fixed, immunolabeled for SCAMP3 and analyzed by IF microscopy. 

There was a significant decrease in the frequency of appearance of 

SCAMP3 tubules in cells infected by ΔsteA mutant bacteria (27 ± 4%) in 

comparison to cells infected by wt S. Typhimurium (63 ± 5%) (Fig. 2.3A).  

All together, these data indicated that SteA contributes to the 

appearance of SIFs and of SCAMP3 tubules.  
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Figure 2.3. SteA contributes to the formation of 

SCAMP3 tubules. HeLa cells were infected for 14 

h with the indicated S. Typhimurium strains, fixed 

and immunolabeled for Salmonella and SCAMP3. 

The percentage of cells bearing SCAMP3 tubules 

was enumerated by IF microscopy. Values are 

mean ± SEM (n=3). P-values were calculated by a 

two-tailed unpaired Student’s t-test relative to wt-

infected cells.  

 

 

ΔsteA mutant vacuoles form microcolonies showing an 

excessive accumulation of LAMP1 and that are frequently more 

compact than those formed by wt vacuoles. While comparing the 

appearance of Golgi-associated microcolonies and of SIFs in HeLa cells 

infected by wt bacteria or ΔsteA mutant S. Typhimurium, it seemed that 

microcolonies formed by ΔsteA mutant SCVs were often more compact than 

those formed by wt vacuoles (Fig. 2.4A) and showed an apparent excessive 

accumulation of LAMP1 (Fig. 2.4B). To confirm these observations, we first 

examined by IF microscopy the morphology of the bacterial microcolonies in 

HeLa cells that had been infected by wt or ΔsteA mutant S. Typhimurium 

constitutively expressing GFP for 8 or 14 h p.i. For this analysis, we defined 

an infected cell as containing a “compact microcolony” if all SCVs within  that  

cell  were clustered, i.e., if the fluorescence signal of the bacteria within that 

cell did not show a single non-overlapping vacuole. This allowed us to 

confirm that, at either 8 or 14 h p.i., ΔsteA mutant SCVs were clustered in 

compact microcolonies more frequently than wt bacterial vacuoles (Fig. 2.4A 

and 2.4C). To analyze the accumulation of LAMP1 within the microcolonies, 

we examined by IF microscopy HeLa cells that had been infected by GFP-

expressing wt or ΔsteA mutant S. Typhimurium, fixed at 8 or 14 h p.i.,  and 
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Figure 2.4. SteA 

participates in the control 

of SCVs membrane 

dynamics. HeLa cells were 

infected for 8 or 14 h with the 

indicated GFP-expressing 

strains and fixed. (A) Infected 

HeLa cells were imaged by 

confocal microscopy for 

Salmonella expressing GFP 

or (B) were immunostained 

for LAMP1 and imaged by 

confocal microscopy for 

Salmonella expressing GFP 

(green) and LAMP1 (red). 

(C) Infected cells with 

compact microcolonies were 

counted by IF microscopy. 

(D) Infected cells showing an 

apparent abnormal LAMP1 

accumulation within the 

bacterial microcolony were 

counted by IF microscopy. 

All values are the mean ± 

SEM (n = 3). At least 50 

infected cells were analyzed 

in each experiment. P-values 

were calculated by a two-

tailed unpaired Student’s t-

test relative to wt-infected 

cells at each time p.i.. All 

scale bars, 5 μm. 
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immunolabeled for LAMP1. A visual analysis of the intensity of the LAMP1 IF 

signal within the bacterial microcolonies indicated that, at either 8 or 14 h 

p.i., 40% of cells infected by ΔsteA mutant S. Typhimurium showed 

microcolonies displaying an excessive accumulation of LAMP1 while only 5-

10% of cells infected by wt bacteria showed a similar excessive 

accumulation of LAMP1 within the bacterial microcolonies (Fig. 2.4B and 

2.4D).   

 

ΔsteA mutant S. Typhimurium are enclosed in abnormal 

vacuoles. As LAMP1 is enriched on the SCV membrane, the relatively 

frequent appearance of microcolonies showing an excessive accumulation 

of LAMP1 in HeLa cells infected by ΔsteA mutant S. Typhimurium suggested 

that the vacuoles containing these mutant bacteria could be abnormal. In 

particular, from the IF microscopy analyses of LAMP1 accumulation on the 

bacterial microcolonies, it appeared that ΔsteA mutant SCVs often contained 

more than a single bacterium. In contrast, in HeLa cells or macrophages 

infected for several hours by wt S. Typhimurium each bacterium is normally 

enclosed in a single vacuole (Eswarappa et al., 2010; Guignot et al., 2004). 

To analyze this, HeLa cells were infected with wt or ΔsteA mutant S. 

Typhimurium expressing the red fluorescent protein DsRed. After 2 h, the 

cells were transfected with a plasmid encoding a fusion of LAMP1 to GFP 

(pLAMP1-GFP) and then fixed 14 h p.i. We used this approach because 

direct fluorescence microscopy of ectopically expressed LAMP1-GFP in 

Salmonella-infected HeLa cells provided a sharper delineation of the SCV 

membrane than indirect IF microscopy with a LAMP1 antibody. In the 

subsequent analysis by fluorescence microscopy, we considered as 

“abnormal SCV” a bacterial vacuole that showed defined and continuous 

LAMP1-GFP fluorescence encircling more than one bacterium. These 

experiments indicated that cells infected by ΔsteA mutant S. Typhimurium 

often displayed abnormal SCVs (51 ± 7%), while they were seldom seen in 

cells infected by wt bacteria (1 ± 1%) (Fig. 2.5A and 2.5B). Similar results 

were obtained  when  the  experiment  was  performed  using a transfection  
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Figure 2.5. SteA contributes for the normal partitioning of the bacterial vacuole 

in infected cells. (A) Hela cells were infected for 14 h with the indicated DsRed-

expressing strains, transfected with a plasmid encoding LAMP1-GFP and fixed. 

Infected HeLa cells were imaged by confocal microscopy for LAMP1-GFP (green) 

and Salmonella expressing DsRed (red). (B) HeLa or RAW 264.7 infected cells with 

“abnormal vacuoles”, apparently containing more than a single bacterium, were 

enumerated by IF microscopy. All values are the mean ± SEM (n = 3). At least 50 

infected cells were analyzed in each experiment. P-values were calculated by a two-

tailed unpaired Student’s t-test relative to wt-infected HeLa or RAW264.7 cells, 

except where indicated (comparison between ΔsteA and ΔsteA ΔinvG infected cells). 

(C) Still images from Movie S1 (wt) and Movie S2 (ΔsteA). HeLa cells were 

transfected with pLAMP1-GFP and infected for 8-12 h with wt or ΔsteA mutant S. 

Typhimurium. The images show an infected cell with SCVs containing a single 

bacterium (wt) and an infected cell showing a large vacuole containing several 

bacteria (ΔsteA). (D) RAW 264.7 macrophages were infected for 16 h with the 

indicated GFP-expressing strains, fixed and immunostained for LAMP1. Infected 

RAW264.7 macrophages were imaged by confocal microscopy for Salmonella 

expressing GFP (green) and LAMP1 (red). In the merged images, the arrows indicate 

normal vacuoles, containing a single bacterium; and the arrowheads indicate 

“abnormal vacuoles”, containing more than one bacterium. All scale bars, 5 μm. 
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vector encoding LAMP-mGFP, a non-dimerizable form of LAMP1-GFP 

(Falcón-Pérez et al., 2005) (Fig. 2.6). Therefore, the appearance of a high 

number of abnormal SCVs in cells infected by ΔsteA mutant S. Typhimurium 

is not a consequence of the potential formation of LAMP1-GFP dimers. To 

further examine this, we used time-lapse fluorescence microscopy to image 

HeLa cells transfected with pLAMP1-GFP and infected with wt or ΔsteA 

mutant S. Typhimurium expressing DsRed. The images were recorded 

during 4 h of infection, between 8 and 12 h p.i. (Fig. 2.5C, and Movies A1 

and A2, Annexes). These analyses confirmed that in infected HeLa cells 

ΔsteA mutant S. Typhimurium, but not wt Salmonella, can frequently be 

found in a vacuole containing more than one bacterium (Fig. 2.5C, and 

Movies A1 and A2, Annexes).  

To assess the properties of ΔsteA mutant vacuoles in macrophages, 

the main cell type colonized by S. Typhimurium during systemic infection of 

mice (Salcedo et al., 2001), RAW264.7 murine macrophage-like cells were 

infected for 16 h with wt or ΔsteA mutant S. Typhimurium expressing GFP. 

After fixation, the cells were immunolabeled using an antibody against 

LAMP1 and analyzed by indirect IF microscopy. This revealed that about 21 

± 4 % of RAW264.7 macrophages infected by ΔsteA mutant S. Typhimurium 

showed vacuoles that contained more than one bacterium, while only 3 ± 2 

% of macrophages infected by wt S. Typhimurium displayed abnormal 

vacuoles (Fig. 2.5B and 2.5D).  

These experiments were in agreement with previous observations 

indicating that HeLa cells or macrophages infected by wt S. Typhimurium 

normally display individual vacuoles (Eswarappa et al., 2010; Guignot et al., 

2004) and showed that these cells infected with the ΔsteA mutant often 

display abnormal vacuoles containing several bacteria. This suggests that 

the activity of SteA could contribute for fission of the vacuolar membrane as 

the bacterium divides. All together, the fluorescence microscopy analyses of 

cells infected with wt or ΔsteA mutant S. Typhimurium showed that SteA 

participates in the control of SCV membrane dynamics. 
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Figure 2.6. Analysis of Salmonella-containing vacuoles (SCVs) in HeLa cells 

expressing non-dimerizing LAMP1-mGFP. Hela cells were infected for 14 h with 

the indicated DsRed-expressing strains, transfected with a plasmid encoding LAMP1-

mGFP and fixed. (A) Values are the mean ± SEM (n = 3).  At least 50 infected cells 

were analyzed in each experiment. P-values were calculated by a two-tailed unpaired 

Student’s t-test relative to wt-infected HeLa cells. (B) Infected HeLa cells were 

imaged by confocal microscopy for LAMP1-GFP (green) and Salmonella expressing 

DsRed (red). Scale bars, 5 μm. 

 

 

Phenotypes associated with infection of HeLa cells by ΔsteA mutant S. 

Typhimurium are not due to lack of translocation of SteA during 

invasion. As SteA has been shown to be translocated by both the SPI-1 

T3SS and the SPI-2 T3SS and at early times of host cell infection (15 min to 
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2 h p.i.) (Cardenal-Muñoz & Ramos-Morales, 2011; Geddes et al., 2005), it 

was conceivable that the phenotypes in infected HeLa cells described above 

were due to lack of translocation of SteA during invasion. This could result in 

an early defect in SCV maturation that influenced the ensuing course of 

infection. To analyze this, we infected HeLa cells with wt or ΔsteA mutant S. 

Typhimurium harboring a plasmid expressing SteA-2HA under the control of 

the arabinose-inducible E. coli PBAD promoter (pBAD-SteA-2HA). The 

experiment was conducted in the absence of L-arabinose, in the continuous 

presence of L-arabinose, or upon addition of L-arabinose to the infection 

medium at 1 or 4 h p.i. (Fig. 2.7) The cells were fixed at 14 h, imunolabeled 

for Salmonella and LAMP1 and analyzed by IF microscopy for the 

appearance of SIFs and of compact microcolonies. When the experiment 

was done in the continuous presence of L-arabinose (+Ara; Fig. 2.7) or in its 

absence (-Ara; Fig. 2.7), the results were similar to those observed after 

infection with wt or ΔsteA mutant S. Typhimurium, respectively (compare 

Fig. 2.7 with Figs. 2.2 and 2.4). When SteA expression was induced by 

addition of L-arabinose to the medium at 1 or 4 h p.i., this rescued the 

defects on the appearance of SIFs and on the morphology of the 

microcolonies normally displayed by the ΔsteA mutant (Fig. 2.4). If the 

described steA-associated phenotypes were due to lack of early 

translocation of SteA (i.e., during invasion or first hours of SCV maturation), 

it would have not been possible to complement them when inducing 

expression of SteA-2HA by adding L-arabinose at 1 h or, specially, at 4 h 

after infection. These results show that the ΔsteA mutant-associated 

phenotypes observed in HeLa cells (Figs. 2.4 and 2.5) are not due to an 

early defect in SCV maturation caused by lack of translocation of SteA 

during invasion or before 4 h p.i. Instead, they suggest that the observed 

phenotypes are due to lack of translocation of SteA across the SCV 

membrane from 4 h after invasion. 
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Figure 2.7. Early translocation of SteA is not required for the control of SCV 

membrane dynamics in HeLa cells. HeLa cells were infected for 14 h with S. 

Typhimurium wt or a ΔsteA mutant strain expressing SteA in trans under the control 

of the Escherichia coli arabinose-inducible PBAD promoter (pBAD-SteA-2HA), fixed 

and immunostained for Salmonella and LAMP1. The experiment was done in the 

continuous presence of 0.2 % (v/v) L-arabinose (+Ara), in its absence (-Ara), or when 

the sugar was added to the media at the indicated time points (1 or 4 h p.i.). (A) 

Infected cells showing SIFs and compact microcolonies were counted by 

immunofluorescence microscopy. Values are the mean ± SEM (n = 3). At least 50 

infected cells were analyzed in each experiment. P-values were calculated by a two-

tailed unpaired Student’s t-test relative to the condition “+ Ara”. (B) HeLa cells were 

imaged by confocal microscopy for Salmonella (green) and LAMP1 (red). All scale 

bars, 5 μm. 
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The abnormal SCVs found in RAW264.7 macrophages infected 

by ΔsteA mutant S. Typhimurium are due to lack translocation of SteA 

by the SPI-2 T3SS. S. Typhimurium ΔinvG mutant bacteria cannot 

assemble the SPI-1 T3SS  and are severely impaired in invasion of non-

phagocytic cells (Fig. 2.1A and B) (Kaniga et al., 1994). To analyze which 

secretion system (SPI-1 T3SS or SPI-2 T3SS) is required for the control of 

SCV membrane dynamics by SteA, we compared the properties of the SCV 

in RAW264.7 macrophages infected for 16 hours by ΔinvG or ΔsteA ΔinvG 

mutant S. Typhimurium expressing GFP. After fixation, RAW264.7 cells 

infected by ΔinvG or ΔsteA ΔinvG mutant S. Typhimurium were 

immunolabeled using an antibody against LAMP1 and analyzed by indirect 

IF microscopy. Approximately 19 ± 2 % of RAW264.7 macrophages infected 

by ΔsteA ΔinvG mutant S. Typhimurium showed vacuoles that contained 

more  than  one  bacterium, while  only  6 ± 1 % of macrophages infected  by  

 

Figure 2.8. The appearance of abnormal Salmonella-containing vacuoles 

(SCVs) in RAW 264.7 macrophages is not dependent on the SPI-1 T3SS. RAW 

264.7 macrophages were infected for 16 h with the indicated GFP-expressing strains, 

fixed and immunostained for LAMP1. invG encodes for an essential component of 

the SPI-1 T3SS. Infected RAW 264.7 macrophages were imaged by confocal 

microscopy for Salmonella expressing GFP (green) and LAMP1 (red). In the merged 

images, the arrows indicate normal vacuoles, containing a single bacterium; and the 

arrowheads indicate “abnormal vacuoles”, containing more than one bacterium. 

Scale bars, 5 μm. 
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ΔinvG S. Typhimurium displayed such abnormal vacuoles (Fig. 2.5B and 

Fig. 2.8). Importantly, the numbers of RAW264.7 cells infected by ΔinvG or 

ΔsteA ΔinvG mutant S. Typhimurium displaying abnormal vacuoles were not 

significantly different (P > 0.05) from those seen in RAW264.7 cells infected 

in parallel by wt or ΔsteA mutant S. Typhimurium, respectively (Fig. 2.5B). 

These results indicate that the abnormal SCVs more frequently detected in 

macrophages infected by ΔsteA mutant S. Typhimurium than in 

macrophages infected by wt bacteria are due to lack of translocation of SteA 

by the SPI-2 T3SS. 

 

 

Deletion of steA in defined S. Typhimmurium SPI-2 T3SS single 

effector null mutant backgrounds does not affect bacterial intracellular 

multiplication. S. Typhimurium ΔsteA mutant did not show an intracellular 

multiplication defect in mouse macrophages. (Fig. 2.1C). This was 

unexpected because, with the exception of ΔpipB2 mutant S. Typhimurium, 

null mutations in genes of SPI-2 effectors that control SCV membrane 

dynamics lead to an intracellular proliferation defect  (Figueira et al., 2013). 

We thought that a possible role of SteA in intracellular multiplication of 

Salmonella could only be detectable in the context of poly-effector mutants. 

Therefore, we deleted steA in ∆sseF, ∆sseG, ∆pipB2, ∆sseJ and ∆sopD2 

null mutant backgrounds and constructed the following double mutant S. 

Typhimurium strains: ∆steA ∆sseF, ∆steA ∆sseG, ∆steA ∆pipB2, ∆steA 

∆sseJ and ∆steA ∆sopD2. The genes encoding these effectors were 

selected because they are also involved in the control of SCV membrane 

dynamics (Figueira & Holden, 2012). RAW264.7 macrophages were infected 

for 16 h with the five strains indicated above constitutively expressing GFP. 

In this assay, these mutant bacteria did not show a significant defect in 

intracellular multiplication when compared to the single null mutant 

background (Fig. 2.9).  



∆steA mutant phenotypes in infected mammalian cells 

 

77 
 

Figure 2.9. Deletion of steA in defined SPI-2 T3SS effector null mutant 

backgrounds does not alter their intracellular proliferation capacity. The 

intracellular proliferation assay was carried out with the indicated S. Typhimurium 

strains. The intracellular growth of bacteria was estimated by IF microscopy to count 

bacterial numbers within infected cells. Values are mean ± SEM (n=3). P-values were 

calculated by the Student’s t-test relative to wt-infected cells (∆ssaV and ∆steA) or 

relative to specific single null mutants strains, as indicated. 
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DISCUSSION 

In this Chapter, we show that SteA contributes to the control of the dynamics 

of the vacuolar membrane enclosing S. Typhimurium during bacterial 

intracellular replication in HeLa cells or in RAW264.7 macrophages. This 

conclusion was derived from extensive IF microscopy comparison of cells 

infected by either S. Typhimurium wt or ΔsteA mutant analyzing Salmonella-

induced tubules, SCV positioning, and morphology of the intracellular 

bacterial microcolony and vacuole. 

One of the consequences of Salmonella infection of HeLa cells that 

is dependent on SPI-2 T3SS is the formation of an extensive tubular network 

extending from the SCV membrane, enriched in SPI-2 T3SS effectors and in 

different host cell proteins (Schroeder et al., 2011). These tubules have been 

classified as SIFs if they are enriched in LAMP1; SCAMP3 tubules if they 

are enriched in SCAMP3; SISTs (Salmonella-induced SCAMP3 tubules) if 

they are enriched in SCAMP3 but are devoid of LAMP1; and LNTs (LAMP1 

negative tubules), if they are enriched in SPI-2 T3SS effectors but lack 

LAMP1 and SCAMP3 (Schroeder et al., 2011). We found that SteA is 

important for the appearance of SIFs and SCAMP3 tubules. Because 

biogenesis of these tubules has been shown to depend on microtubule 

motors, and several of the Salmonella effectors (SifA, PipB2, SseF, SseG) 

previously shown to be involved in their formation control microtubule motors 

(Abrahams et al., 2006; Dumont et al., 2010; Henry et al., 2006), these data 

suggested that SteA could also control microtubule motors. 

 We also tried to analyze if SteA was involved in the formation of 

LNTs, but the results were inconclusive (data not shown). When LNTs were 

discovered, the analysis was done using S. Typhimurium ∆sifA ∆sopD2 

mutant bacteria expressing either chromosomally encoded PipB2-2HA or 

SseJ-2HA (Schroeder et al., 2010). To analyse LNTs, we used S. 

Typhimurium ∆sifA ∆sopD2 ∆steA ∆pipB2 or ∆sifA ∆sopD2 ∆pipB2 mutant 

bacteria expressing PipB2-2HA in trans from a plasmid. In these conditions, 

SteA was not required for the appearance of LNTs. However, the expression 

of plasmid-encoded PipB2-2HA should increase the amount of PipB2-2HA in 
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infected cells and affect the biogenesis of LNTs developed, biasing our 

results. It will be necessary to use chromosomally encoded PipB2-2HA and 

re-analyze the results obtained previously.  

Other observations that relate SteA with the trafficking of host cell 

membranes were the defects in microcolony shape and the apparently 

excessive accumulation of LAMP1 within the microcolony region. Previously, 

S. Typhimurium mutants have been observed in vacuoles with an excessive 

accumulation of LAMP1 (LAMP1 inclusions), namely ∆sifA ∆sopD2 and 

∆sifA ∆sopD2 ∆pipB2 mutants (Schroeder et al., 2010). It was seen that in 

cells infected with ∆sifA ∆sopD2 mutant bacteria the SCVs accumulate less 

kinesin-1 on the membrane (Schroeder et al., 2010) and that kinesin-1 was 

almost absent in the case of ∆sifA ∆pipB2 mutant SCVs (Henry et al., 2006). 

Given these observations we can speculate that the disproportionate 

accumulation of LAMP1 in all these vacuoles containing mutant S. 

Typhimurium is a consequence of kinesin-1 mal-functioning in removing the 

excess of membrane that fuse with the SCV. 

 A particular characteristic of ΔsteA mutant vacuoles is that both in 

infected HeLa or RAW264.7 cells they appear to contain more than a single 

bacterium. This is in contrast with wt vacuoles, which even after several 

rounds of bacterial replication normally contain a single bacterium 

(Eswarappa et al., 2010; Guignot et al., 2004). This further supports the 

notion that SteA controls SCV membrane dynamics and suggests that SteA 

could be directly involved in the partitioning of the vacuolar membrane as 

bacteria divide. To confirm this will require correlative light-electron 

microscopy to obtain a detailed ultra-structural characterization of ΔsteA 

mutant vacuoles in different types of cells and at distinct times of infection. In 

previous studies, inhibition of dynein with p50-dynamitin followed by infection 

with wt S. Typhimurium led to the appearance of SCVs also apparently 

containing more than one bacterium (Guignot et al., 2004). Therefore, this is 

another observation suggesting that the function of SteA might be related to 

control of microtubule motors. 

SteA can be translocated by both the SPI-1 and SPI-2 T3SSs 

(Geddes et al., 2005). Specifically, 1 h after Salmonella invasion of 
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macrophages translocation of SteA was shown to depend on the SPI-1 

T3SS, while 8 h after bacterial uptake by macrophages translocation of SteA 

was shown to depend on the SPI-2 T3SS (Geddes et al., 2005). In a more 

recent study, it was shown that SteA could also be translocated into HeLa 

cells by the SPI-2 T3SS at early times of infection and by the SPI-1 T3SS at 

later times of infection (Cardenal-Muñoz & Ramos-Morales, 2011). These 

apparent discrepancies could be explained by whether prior to infection the 

bacteria were grown or not in conditions that promote expression of the SPI-

1 T3SS or to the use of different cells types (Hautefort et al., 2008). 

Regardless of the exact T3SS that translocates SteA at specific times of 

infection and in particular experimental conditions, we showed that the SteA-

dependent defects in SCV membrane dynamics in HeLa cells were not 

caused by lack of early translocation of the effector (before 4 h p.i.; Fig. 2.7). 

Moreover, we showed that the abnormal SCVs seen more frequently in 

RAW264.7 macrophages infected by ΔsteA mutant S. Typhimurium than in 

macrophages infected by wt bacteria were due to lack of translocation of 

SteA by the SPI-2 T3SS (Figs. 2.5 and 2.8). This indicates that SteA 

participates in the control of SCV membrane dynamics after its translocation 

across the bacterial vacuolar membrane several hours after host cell 

invasion, when the bacteria are replicating intracellularly within the 

boundaries of the vacuole. However, in agreement with previous studies 

(Cardenal-Muñoz & Ramos-Morales, 2011), using a chromosomally 

encoded SteA-3xFLAG fusion, we could detect expression and translocation 

of SteA in infected HeLa cells at 2 h p.i. (data not shown). Overall, this 

suggests that while SteA has a specific role during intravacuolar replication 

of Salmonella it should have an additional role(s), which remain(s) to be 

elucidated, at earlier times of host cell infection.          

With the exception of ΔpipB2 and ΔsteA mutants, null mutations in 

each of the other effector genes expressing proteins involved in the control 

of SCV membrane dynamics (SifA, SopD2, SseF, SseG, and SseJ) result in 

significant intracellular replication defects in mouse macrophages (Figueira 

et al., 2013). As in the case of SteA, the absence of PipB2 also results in 

detectable phenotypes in infected HeLa cells related to SCV membrane 
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dynamics such as shorter SIFs (Knodler & Steele-Mortimer, 2005). In this 

Chapter, we show that SteA was also not required for intracellular growth of 

S. Typhimurium when considering relevant effector double mutants strains 

(ΔsteA ΔpipB2, ΔsteA ΔsifA, ΔsteA ΔsseF, ΔsteA ΔsseG, ΔsteA ΔsseJ, or 

ΔsteA ΔsopD2). This is in contrast with the majority of S. Typhimurium 

mutant strains lacking individual SPI-2 effectors, which display no intra-

macrophage replication defect (Figueira et al., 2013). S. Typhimurium 

translocates at least 28 effectors across the SCV membrane (Figueira & 

Holden, 2012) and the function of only about half of these effectors is known. 

It is therefore possible that a role of SteA (or PipB2) in intracellular 

replication of Salmonella in macrophages can only be detected using 

specific poly-effector mutants, which for lack of current knowledge are not 

yet possible to rationally design. Another possibility is that the levels of 

translocation of the different effectors might vary among cell types (Núñez-

Hernández et al., 2014), resulting in detectable phenotypes in some cell 

types but not in others. Regardless of the exact explanation(s), additional 

studies are needed to understand how the function of SteA relates to the 

virulence defects displayed by ΔsteA mutant S. Typhimurium (Geddes et al., 

2005; Lawley et al., 2006). For example, future studies should focus in 

analyzing intracellular replication of mutant S. Typhimurium strains using 

fluorescence dilution (Helaine et al., 2010), which might reveal differences 

that were not detected by our IF microscopy analysis of bacterial intracellular 

growth. 

Among Salmonella effectors translocated by the SPI-2 T3SS, PipB2, 

SifA, SopD2, SseF, SseG, SseJ, and as we now show, SteA, control SCV 

membrane dynamics, i.e. maintain the integrity of the vacuolar membrane 

and/or mediate the formation of Salmonella-induced tubules, such as SIFs. 

The role of PipB2, SifA, SopD2, SseF, SseG and SseJ has been directly or 

indirectly related to manipulation of microtubule motors (dynein and kinesin-

1). In particular, kinesin-1 is recruited to the SCV by PipB2 (Henry et al., 

2006), and SseF and SseG have been described to mediate the recruitment 

of dynein to the SCV (Abrahams et al., 2006). Furthermore, recruitment 

and/or activity of kinesin-1 on the SCV is controlled by SifA (Boucrot et al., 
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2005; Dumont et al., 2010), and the function of SifA is linked to SseJ (Ruiz-

Albert et al., 2002) and SopD2 (Schroeder et al., 2010). Overall, this 

suggests that the function of SteA could also involve controlling the activity 

of a microtubule molecular motor. 
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ABSTRACT 

Salmonella enterica serovar Typhimurium (S. Typhimurium) resides 

intracellularly in a membrane-bound compartment, the Salmonella-

containing vacuole (SCV). The Salmonella Pathogenicity Island I (SPI-1)-

encoded type III secretion system (T3SS) enables injection of effectors 

across the plasma membrane of host cells, and the SPI-2 T3SS mediates 

the translocation of effectors across the SCV membrane. In the previous 

Chapter, we showed that the SPI-1 and SPI-2 effector SteA participates in 

the control of SCV membrane dynamics. The phenotypes displayed by cells 

infected by S. Typhimurium ∆steA mutant bacteria, such as high numbers of 

infected cells showing tightly clustered bacterial vacuoles (compact 

microcolonies) or significant numbers of SCVs containing more than one 

bacterium (abnormal SCVs), suggested that SteA could interfere with the 

function of microbule motors (dynein or kinesins). In this Chapter, ectopic 

expression of p50/dynamitin, which inhibits dynein function, or of the 

tetratricopeptide repeat of the cargo binding domain of kinesin light chain 2, 

which inhibits kinesin-1, caused a significant reduction in the frequency of 

∆steA infected cells showing compact microcolonies and abnormal vacuoles. 

In addition, deletion of steA in S. Typhimurium ΔsseF or ΔsseG SPI-2 

effectors mutants revealed that SteA contributes to the characteristic 

scattered distribution of ΔsseF or ΔsseG mutant SCVs in infected cells, 

which has been attributed to a defect in dynein recruitment to the SCV. Our 

data also indicated that SteA could participate in cell-to-cell passage of S. 

Typhimurium at late times of infection, a process that has been shown to 

depend on the kinesin-1-recruiting activity of the SPI-2 effector PipB2. 

Overall, these results suggested that SteA might contribute directly or 

indirectly to the regulation of microtubule motors on bacterial vacuoles, and 

that this activity could be important to the control of SCV membrane 

dynamics and to allow bacterial spread. 
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INTRODUCTION 

Salmonella enterica serovar Typhimurium (S. Typhimurium) is endowed with 

two separate T3SSs encoded on Salmonella pathogenicity island (SPI)-1 

and SPI-2 of the bacterial chromosome (Haraga et al., 2008). The SPI-1 

T3SS delivers effector proteins across the host cell plasma membrane that 

drive bacterial invasion of host cells (Patel & Galán, 2005). After 

internalization, the bacterium is enclosed in a membrane-bound 

compartment, the Salmonella-containing vacuole (SCV). In epithelial cells, 

the SCV migrates to the Golgi region while it maturates through selective 

interactions with the endocytic pathway (Steele-Mortimer, 2008). During 

SCV maturation and transport, the lumen of the SCV is acidified. This 

acidification triggers expression and assembly of the SPI-2 T3SS, which 

delivers 30 effector proteins through the SCV membrane (Cirillo et al., 

1998; Hensel et al., 1998; Ochman et al., 1996). Although the SPI-2 T3SS is 

important for intracellular replication of S. Typhimurium, only 10 SPI-2 

effectors seem to individually contribute for this process (Figueira et al., 

2013). In addition to bacterial intracellular replication, SPI-2 effectors have 

been shown to control SCV membrane dynamics (e.g., formation of 

Salmonella-induced filaments [SIFs] enriched in lysosomal glycoproteins 

such as LAMP1) and SCV positioning in the Golgi region of epithelial cells, 

and to interfere with the host cell cytoskeleton and immune responses 

(Figueira & Holden, 2012).  

Among the SPI-2 effectors that control SCV membrane dynamics 

and positioning, SifA is required for the stability of the SCV membrane 

(Beuzón et al., 2000), is essential for the appearance in infected epithelial 

cells of SIFs (Stein et al., 1996), and attenuates lysosome function by 

inhibiting trafficking of mannose 6-phosphate receptors (McGourty et al., 

2012). SifA regulates the activity of the microtubule plus-end-directed motor 

kinesin-1 on the SCV (Boucrot et al., 2005; Dumont et al., 2010), and its 

function is linked to at least PipB2 (Henry et al., 2006), SopD2 (Schroeder et 

al., 2010), and SseJ (Ohlson et al., 2008; Ruiz-Albert et al., 2002). PipB2 is 

important for kinesin-1-driven SCV membrane dynamics and centrifugal 
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extension of SIFs (Knodler & Steele-Mortimer, 2005). Moreover, at later 

stages of epithelial cell infection PipB2, along with kinesin-1 and 

microtubules, is responsible for cell-to-cell spread of Salmonella (Szeto et 

al., 2009). SseF and SseG play a central role in maintaining the position of 

SCVs within the Golgi region of infected epithelial cells (Abrahams et al., 

2006; Salcedo & Holden, 2003), and are also involved in the formation of 

SIFs (Kuhle & Hensel, 2002). An SseF-SseG protein complex might tether 

SCVs to the Golgi or contribute to a balanced activity of microtubule motors 

on the bacterial vacuoles, possibly by mediating the recruitment of the 

microtubule minus-end-directed motor dynein (Abrahams et al., 2006; 

Deiwick et al., 2006; Ramsden et al., 2007a; Salcedo & Holden, 2003).  

In Chapter II, we showed that SteA also contributes to the control 

SCV membrane dynamics (Chapter II; Domingues et al., 2014). In particular, 

S. Typhimurium ∆steA mutant bacteria lead to infected cells showing defects 

in the appearance of SIFs and of Salmonella-induced tubules enriched in 

SCAMP3, an increased clustering of SCVs, an excessive accumulation of 

LAMP1 within clusters of bacterial vacuoles, and morphologically abnormal 

SCVs containing more than one bacterium (Chapter II; Domingues et al., 

2014). These phenotypes displayed by cells infected by ∆steA mutant S. 

Typhimurium resembled others described in cells infected by null mutants in 

SPI-2 effectors involved in the control of the SCV membrane dynamics. As 

some of these SPI-2 effectors (PipB2, SifA, SseF and SseG) have been 

shown to interfere with microtubule motors (Abrahams et al., 2006; Dumont 

et al., 2010; Henry et al., 2006), this led us to hypothesize that the molecular 

function of SteA could also be related to microtubule motors.  

In this Chapter, we include data further suggesting that SteA might 

participate in the regulation of microtubule motors on bacterial vacuoles. The 

results also indicated that SteA is functionally linked to SseF and SseG and 

might participate in cell-to-cell spread at late stages of infection of epithelial 

cells.   
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MATERIALS AND METHODS 

Bacterial strains, growth conditions, and genetic procedures. This work 

was done using S. Typhimurium NCTC 12023 (identical to ATCC 14028s) 

and its isogenic mutant derivatives. Additional information on these bacterial 

strains is provided in Table A1 of Annexes. Escherichia coli Top10 (Life 

Technologies) was used for construction and amplification of plasmids. 

Bacteria cells were grown in LB medium (NZYtech) supplemented when 

appropriate with ampicillin (100 μg/ml) and/or kanamycin (50 μg/ml). 

Chromosomal deletion of single genes in S. Typhimurium was performed by 

using the one-step gene-disruption method described by Datsenko and 

Wanner (Datsenko & Wanner, 2000), using plasmids pKD4, pKD46, and 

pCP20 (Table A2 of Annexes). Double or triple S. Typhimurium mutants 

were constructed by using P22 HT105 int phage lysates of kanamycin-

resistant single mutants to transduce antibiotic-sensitive single or double 

mutant strains (Maloy et al., 1996). All deletions were confirmed by PCR. For 

transformation, DNA was introduced into E. coli or S. Typhimurium by 

electroporation using standard methods (Sambrook & Russel, 2001). 

 

Plasmids, DNA manipulations, and oligonucleotides. The 

plasmids and DNA oligonucleotides used in this work are detailed in Tables 

A2 and A3 of Annexes. These plasmids were purified with GeneElute 

Plasmid Miniprep kit (Sigma), according to the instructions of the 

manufacturers and to standard methods (Sambrook & Russel, 2001).  

 

Cell culture and bacterial infections. Human epithelial HeLa cells 

(clone HtTA-1) were obtained from ECACC. HeLa cells were maintained in 

DMEM (Life Technologies) supplemented with 10% (v/v) FBS (Life 

Technologies), without antibiotics, at 37ºC in a humidified atmosphere with 

5% (v/v) CO2. Infection of HeLa cells with S. Typhimurium was performed 

essentially as previously described (Beuzón et al., 2000). 

Immunofluorescence (IF) microscopy of infected cells was performed as 
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described in Chapter II. Permeabilization of the plasma membrane of 

infected HeLa cells was performed as described in Figueira et al. (2013). 

 

Transient transfection of mammalian cells. HeLa cells were 

transfected with jetPEI reagent (Polyplus-Transfection), as described in 

Chapter II. Cells were transfected 2 h after bacterial inoculation with 

pLAMP1-GFP (Rajashekar et al., 2008), obtained from Patrice Boquet, pHA-

TPR (Boucrot et al., 2005), obtained from Stéphane Méresse, pHA-p50 

(Jacquot et al., 2010), obtained from Serge Benichou, pEGFP-C1 

(Clontech), pEGFP-p50 (Jacquot et al., 2010), obtained from Serge 

Benichou, or pEGFP-TPR-KLC2 (Rietdorf et al., 2001), obtained from 

Michael Way (see Table A2 of Annexes). Cells were subsequently incubated 

at 37°C in 5% CO2 for the indicated time periods prior to fixation and 

antibody staining. 

 

Antibodies. For IF microscopy, goat polyclonal anti-Salmonella 

antibody CSA-1 (Kirkegaard and Perry Laboratories) was used at 1:200; 

mouse monoclonal antibody anti-LAMP1 H4A3, developed by J. T. August 

and J. E. K. Hildreth was both obtained the DSHB developed under the 

auspices of the NICHD and maintained by University of Iowa, Department of 

Biology, Iowa City, IA 52242, and were used at 1:400; the rat anti-HA 3F10 

antibody (Roche) was used at 1:200; the rabbit anti-giantin antibody 

(Berkeley Antibody Company) was used at 1:600. Secondary antibodies 

were obtained from Jackson Immunoresearch Laboratories (donkey anti-

goat conjugated to cyanine 5, anti-rat conjugated to Rhodamine RedX, anti-

rabbit conjugated to Rhodamine RedX, all used at 1:200) and from Life 

Technologies (goat anti-mouse AF568 used at 1:200). 

 

Salmonella cell-to-cell transfer assays. Cell-to-cell transfer assay 

was performed as described in (Szeto et al., 2009) with the following 

exceptions: the fluorescent label used was CellTracker Orange CMAC (Life 

Tecnhologies) and the cells were fixed at 24 h p.i. 
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Scoring of phenotypes by microscopy. The quantification of the 

appearance of “compact microcolonies”, abnormal vacuoles and 

microcolony Golgi association was done as described in Chapter II. To 

analyze the stability of the SCV membrane, LAMP1 labeling of saponin 

permeabilized cells, a bacterium was considered to be within a vacuole if it 

was completely surrounded by labeling of LAMP1 (i.e. if it was LAMP1-

positive). The stability of the SCV membrane by LAMP1 lebelling was also 

analyzed after digitonin permeabilization, as described by (Figueira et al., 

2013). In all cases, at least 50 infected cells were scored blind in each 

experiment and all experiments were repeated at least three times. Results 

are reported as mean ± standard error of the mean (SEM). Differences 

between data sets were considered significant if P < 0.05 in a two-tailed 

unpaired Student’s t-test. 
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RESULTS 

Inhibition of dynein or kinesin-1 activity suppresses defects displayed 

by ΔsteA mutant S. Typhimurium in infected HeLa cells. Intravacuolar 

multiplication of S. Typhimurium, formation of SIFs, stability of the SCV 

membrane, and SCV positioning in HeLa cells have been shown to be 

controlled by the activity of the microtubule motors dynein and kinesin-1 

(Abrahams et al., 2006; Boucrot et al., 2005; Guignot et al., 2004; Harrison 

et al., 2004; Henry et al., 2006; Kaniuk et al., 2011; Marsman et al., 2004). 

Based on this, we hypothesized that the distinct compact morphology of 

many ΔsteA mutant microcolonies could be related to a diminished activity of 

kinesin-1, or of another microtubule plus-end-directed kinesin, or to an 

increased activity of the microtubule minus-end-directed dynein. The defect 

in appearance of SIFs and the abnormal vacuoles frequently seen in cells 

infected by ΔsteA mutant S. Typhimurium  could also be  related to defective 

activity of these microtubule motors on the SCV (Drecktrah et al., 2008; 

Guignot et al., 2004; McGhie et al., 2009). To analyze this, we examined the 

activity of dynein and kinesin-1 on SteA-dependent phenotypes (compact 

microcolonies and abnormal vacuoles; ChapterII).  

To interfere with the activity of dynein or kinesin-1, we ectopically 

expressed p50/dynamitin, which inhibits dynein function (Echeverri et al., 

1996), or the tetratricopeptide repeat (TPR) of the cargo binding domain of 

kinesin light chain 2 (KLC2), which inhibits kinesin-1 (Rietdorf et al., 2001). 

HeLa cells were co-transfected with vectors expressing HA-p50/dynamitin 

(pHA-p50) and LAMP1-GFP, or HA-TPR-KLC2 (pHA-TPR) and LAMP1-

GFP, 2 h after they had been inoculated with wild type (wt) or ΔsteA mutant 

S. Typhimurium. Control infected cells were only transfected with LAMP1-

GFP. The infected cells were fixed 14 h p.i., immunolabeled with anti-

Salmonella and anti-HA antibodies and analyzed by IF microscopy for the 

presence of compact microcolonies and abnormal vacuoles (Fig. 3.1). Cells 

infected with wt S. Typhimurium and transfected with either pHA-p50 or 

pHA-TPR did not show a significant difference in the frequency of 

appearance  of   compact   microcolonies   and   abnormal  vacuoles,  when  
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Figure 3.1. Inhibition of dynein or kinesin-1 activity suppresses defects of 

ΔsteA mutant SCVs in HeLa cells. HeLa cells were infected for 14 h with wt and 

ΔsteA mutant S. Typhimurium, transfected with pLAMP1-GFP plasmid alone, 

pLAMP1-GFP and pHA-p50 plasmids, or pLAMP1-GFP and pHA-TPR plasmids, 

fixed and immunostained for Salmonella and HA. (A) Infected cells with compact 

microcolonies and “abnormal vacuoles” were counted by IF microscopy. Values are 

the mean ± SEM (n = 3). At least 50 infected cells were analyzed in each experiment. 

P-values were calculated by a two-tailed unpaired Student’s t-test. (B) HeLa cells 

were imaged by confocal microscopy for HA (red), Salmonella (blue) and LAMP1-

GFP (green). All scale bars, 5 μm. 
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compared with control infected cells (Fig. 3.1A). By contrast, in cells infected 

with ∆steA S. Typhimurium, expression of either HA-p50 or HA-TPR-KLC2 

caused a significant reduction in the frequency of cells showing compact 

microcolonies (47 ± 3% in control cells; 6 ± 3% in cells expressing HA-p50; 

and 8 ± 4% in cells expressing HA-TPR-KLC2) and abnormal vacuoles (46 ± 

3% in control cells; 22 ± 1% in cells expressing HA-p50; and 24 ± 3% in cells 

expressing HA-TPR-KLC2) (Fig. 3.1). Regarding the morphology of the 

microcolony, we obtained identical results when dynein or kinesin-1 activities 

were inhibited with GFP-tagged p50 or TPR-KLC2, respectively (Fig. 3.2).  

 
Figure 3.2. Inhibition of dynein or kinesin-1 activity affects the appearance of 

compact microcolonies formed by ΔsteA mutant SCVs in HeLa cells. HeLa cells 

were infected for 14 h with wt and ΔsteA mutant S. Typhimurium, transfected with 

pEGFP-C1 alone (pEGFP), pEGFP-p50, or pEGFP-TPR-KLC2, fixed and 

immunostained for Salmonella. Infected cells with compact microcolonies were 

counted by fluorescence microscopy. Values are the mean ± SEM (n = 3). At least 50 

infected cells were analyzed in each experiment. P-values were calculated by a two-

tailed unpaired Student’s t-test. 

 

These results indicated that kinesin-1 and dynein are directly or 

indirectly involved in the formation of the compact microcolonies and 

abnormal SCVs that characterize HeLa cells infected by ΔsteA mutant S. 
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Typhimurium. Therefore, SteA could contribute to control the activity of these 

motors on the SCV. 

 
 

SteA does not contribute for the instability of SCV membrane 

enclosing ∆sifA mutant bacteria. Kinesin-1 and dynein have been shown 

or suggested to be targets of SPI-2 effectors (Dumont et al., 2010; Freeman 

et al., 2003; Harrison et al., 2004; Henry et al., 2006; Kaniga et al., 1994; 

Kuhle & Hensel, 2002; Schroeder et al., 2010). To gain insights in to the 

mode of action of SteA, we examined the consequences of deleting steA 

from the chromosome of relevant SPI-2 effector mutants (ΔsifA, ΔsseF, and 

ΔsseG) for phenotypes associated with Salmonella infection of HeLa cells.. 

SifA is required for the stability the SCV membrane (Beuzón et al., 

2000). It has been shown that the instability of the vacuole enclosing ΔsifA 

mutant bacteria is due to the activity of other SPI-2 effectors (Beuzón et al., 

2000), namely at least SseJ and SopD2 (Ruiz-Albert et al., 2002; Schroeder 

et al., 2010). The inhibition of dynein or kinesin-1 also prevents rupture of 

the SCV membrane enclosing ΔsifA mutant bacteria (Boucrot et al., 2005; 

Guignot et al., 2004). As the ΔsifA mutant SCV accumulates kinesin-1, it 

was thought that loss of its vacuolar membrane was due to uncontrolled 

kinesin-1 activity (Boucrot et al., 2005). However, the vacuolar membrane 

surrounding S. Typhimurium ΔsifA ΔpipB2 mutant bacteria, which seemingly 

does not accumulate kinesin-1, is as unstable as that enclosing ΔsifA mutant 

bacteria (Henry et al., 2006). To explain this, it has been proposed that the 

activity of additional microtubule motors could destabilize the vacuolar 

membrane of ΔsifA ΔpipB2 mutant bacteria (Henry et al., 2006).  

We therefore analyzed the impact of the absence of SteA in the 

instability of the vacuolar membrane of ΔsifA and ΔsifA ΔpipB2 mutants. In a 

first attempt, HeLa cells were infected for 14h with wt, ΔsteA, ΔsifA, ΔsifA 

ΔsteA, ΔpipB2 ΔsifA or ΔpipB2 ΔsifA ΔsteA S. Typhimurium strains 

constitutively expressing GFP. The cells were then fixed, permeabilized with 

saponin, immunolabeled for LAMP1, and the presence of LAMP1-positive 

bacteria, as a measure of SCV membrane stability, was enumerated by IF 
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microscopy. In cells infected with wt or ΔsteA mutant S. Typhimurium all 

bacteria appear positive for LAMP1 (Fig. 3.3A and B [upper graph]). In 

contrast, and as expected, cells infected with S. Typhimurium ΔsifA or S. 

Typhimurium ΔpipB2 ΔsifA mutants showed only 45 ± 9 % and 54 ± 3%, 

respectively, of LAMP1-positive bacteria  (Fig. 3.3A and B [upper graph]). 

Although cells infected with S. Typhimurium ΔsifA ΔsteA mutant showed 

numbers of LAMP1-positive bacteria (58 ± 7%) similar to those displayed by 

cells infected with ΔsifA mutant bacteria, cells infected with the ΔpipB2 ΔsifA 

ΔsteA triple mutant showed significantly more LAMP1-positive bacteria (81 ± 

1 %) than cells infected with ΔpipB2 ΔsifA mutant bacteria (Fig. 3.3B; upper 

graph).  This suggested that SteA activity could be required for the instability 

of the vacuolar membrane surrounding ΔpipB2 ΔsifA mutant bacteria. 

To more accurately quantify the number of vacuolar and cytosolic S. 

Typhimurium in infected cells, we used digitonin to selectively permeabilize 

the plasma membrane, but not the vacuolar membrane (Figueira et al., 

2013). For this, we infected HeLa cells for 14 h with wt, ΔsteA, ΔsifA, 

∆pipB2, ΔsifA ΔsteA, ΔpipB2 ΔsifA, or ΔpipB2 ΔsifA ΔsteA S. Typhimurium 

strains expressing GFP. The cells were then fixed, their plasma membrane 

was permeabilized with digitonin, and immunostained for intracellular 

Salmonella. The presence of Salmonella-positive bacteria, revealing 

cytosolic bacteria, was then enumerated by IF microscopy. In cells infected 

with wt, ΔpipB2, or ΔsteA S. Typhimurium strains only 19 ± 2%, 10 ± 0.1%, 

and 18 ± 1%, respectively, of the bacteria were labeled with the antibody 

(Fig. 3.3B; lower graph). This indicated that the majority of the wt, ΔpipB2 

mutant, and ΔsteA mutant intracellular bacteria were enclosed in a vacuole. 

In contrast, in cells infected with ΔsifA or ΔpipB2 ΔsifA mutants strains 75 ± 

7% and 65 ± 8.7%, respectively, of the bacteria were labeled with the 

antibody (Fig. 3.3B; lower graph). This indicated that the majority of the 

ΔsifA and ΔpipB2 ΔsifA mutant intracellular bacteria were cytosolic. 

Furthermore, together with the results obtained with cells infected with wt 

and ΔsteA mutant bacteria, this also validated the use of digitonin 

permeabilization    to    enable   quantification    of    cytosolic    Salmonella. 
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Figure 3.3.  SteA does not contribute for the instability of SCV membrane 

enclosing ∆sifA mutant bacteria. HeLa cells were infected for 14h with the 

indicated GFP-expressing strains. (A and B [upper graph]) HeLa cells were fixed, 

permeabilized with saponin, immunostained for LAMP1. (A) Infected cells were 

imaged by confocal microscopy for Salmonella expressing GFP (green) and LAMP1 

(red). Scale bar, 5 μm. (B; upper grapgh) The number of LAMP1-positive bacteria 

was enumerated by IF microscopy. (B; lower graph) HeLa cells were fixed, 

permeabilized with digitonin and immunostained for Salmonella. The number of 

Salmonella-positive bacteria was enumerated by IF microscopy. Values are mean ± 

SEM (n = 3). P-values were calculated by the Student’s t-test relative to wt-infected 

cells, or to ΔsifA- or ΔpipB2 ΔsifA-infected cells, as indicated. nd, not defined. 
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However, in cells infected with ΔsifA ΔsteA or ΔpipB2 ΔsifA ΔsteA mutant 

strains the numbers of immunolabeled bacteria were 63 ± 10% and 55 ± 2% 

(Fig. 3.3B; lower graph), which was not significantly different from cells 

infected with ΔpipB2 ΔsifA mutant bacteria (Fig. 3.3B; lower graph). 

Cytosolic S. Typhimurium bacteria are rapidly killed within mouse 

macrophages (Beuzón et al., 2002). Therefore, if SteA contributes to the 

instability of the vacuolar membrane enclosing ΔsifA or ΔpipB2 ΔsifA mutant 

bacteria, it would be expected that ΔsifA ΔsteA or ΔpipB2 ΔsifA ΔsteA 

mutant strains, respectively, would grow more than the parental SteA
+
 strain 

within macrophages. To analyze this, RAW 264.7 mouse macrophage-like 

cells were infected with wt, ΔsteA, ΔsifA, ∆pipB2, ΔsifA ΔsteA, ΔpipB2 ΔsifA, 

or ΔpipB2 ΔsifA ΔsteA S. Typhimurium mutant strains expressing GFP. The 

cells were fixed 16h after uptake and the numbers of intracellular bacteria 

were enumerated by fluorescence microscopy. As previously reported 

(Geddes et al., 2005; Knodler et al., 2003), the intracellular growth within 

macrophages of wt, ΔpipB2, and ΔsteA mutant S. Typhimurium was 

apparently identical, and the intracellular growth of ΔsifA and ΔpipB2 ΔsifA 

mutant bacteria was significantly reduced when compared to wt S. 

Typhimurium (Fig. 3.4). Deletion of steA in ΔsifA and ΔpipB2 ΔsifA mutant 

strains did not result in bacterial strains with an increased capacity to grow 

within RAW 264.7 macrophages (Fig. 3.4). This suggests that ΔsteA ΔsifA 

and ΔsteA ΔpipB2 ΔsifA mutant bacteria are killed in the cytosol of 

macrophages as well as ΔsifA and ΔpipB2 ΔsifA mutants. 

The discrepancies between the analyses of vacuolar membrane 

integrity by IF microscopy are probably related with the different approaches 

used to visualize intact vacuoles surrounding the bacteria. Considering the 

results obtained with the more sensitive digitonin-permeabilization approach 

and the data of intracellular growth of S. Typhimurium mutants, these results 

indicate that SteA does not contribute for the instability of SCV membrane 

enclosing ∆sifA or ∆pipB2 ∆sifA mutant bacteria. 
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Figure 3.4. Deletion of steA does not improve the capacity of ∆sifA or ∆sifA 

∆pipB2 to grow within mouse macrophages. RAW264.7 cells were infected with 

the indicated S. Typhimurium strains for 16 h.  The cells were then fixed and the 

numbers of intracellular bacteria were estimated by fluorescence microscopy. Values 

are mean ± SEM (n = 3). P-values were calculated by the Student’s t-test relative to 

wt, ΔsifA or ∆pipB2 ∆sifA -infected cells, as indicated. 

 

 
SteA is functionally linked to the SPI-2 effectors SseF and 

SseG. In HeLa cells, from 6 h p.i., bacterial vacuoles containing S. 

Typhimurium ΔsseF or ΔsseG mutants do not usually form a microcolony at 

the Golgi region and are scattered throughout the cell (Abrahams et al., 

2006; Kuhle & Hensel, 2002; Salcedo & Holden, 2003). A mechanism by 

which SseF and SseG might control SCV positioning is by ensuring a 

balanced activity of microtubule motors on the SCV (Knodler et al., 2003; 

Kuhle & Hensel, 2002). We thought that if SteA contributes to control the 

activity of a microtubule motor, then the vacuoles of ΔsteA ΔsseF or ΔsteA 

ΔsseG double mutants would have a distinct positioning phenotype relative 

to the SCVs of the corresponding single mutants. To analyze this, we 

infected HeLa cells for 14 h with wt, ΔsteA, ΔsseF, ΔsseG, ΔsteA ΔsseF or 
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ΔsteA ΔsseG mutant S. Typhimurium constitutively expressing GFP. After 

fixation, the infected cells were immunolabeled for the Golgi with an anti-

giantin antibody and examined by indirect IF microscopy for the presence of 

a bacterial microcolony in the Golgi region and for the appearance of 

compact microcolonies. As expected, in cells infected by ΔsseF or ΔsseG 

mutants there were significantly fewer SCVs that clustered in the Golgi 

region and less compact microcolonies than in wt-infected cells (Fig. 3.5A 

and B). The SCVs of ΔsteA ΔsseF or ΔsteA ΔsseG double mutants 

displayed a Golgi-positioning defect similar to ΔsseF or ΔsseG SCVs (Fig. 

3.5A [upper graph] and B), and formed less compact microcolonies than 

ΔsteA mutant vacuoles (Fig. 3.5A; upper graph). However, importantly, they 

formed more compact microcolonies than SCVs of wt S. Typhimurium or of 

ΔsseF or ΔsseG mutants (Fig. 3.5A [lower graph] and C). When we infected 

HeLa cells with an ΔsseFG double mutant, the results were identical to 

those obtained with the single ΔsseF or ΔsseG mutants, and when we 

infected HeLa cells with a ΔsteA ΔsseFG triple mutant, the results were the 

same as those obtained with the ΔsteA ΔsseF or ΔsteA ΔsseG double 

mutants (Fig. 3.5A and B).  

To understand if the increase in the appearance of compact 

microcolonies observed in ΔsseF or ΔsseG mutant SCVs by deletion of steA 

was due to the formation of abnormal vacuoles containing more than one 

bacterium, we infected HeLa cells with wt, ΔsteA or ΔsteA ΔsseF mutant S. 

Typhimurium expressing DsRed. At 2 h p.i., the cells were transfected with 

pLAMP1-GFP and then fixed 14 h p.i. IF microscopy analysis of the infected 

cells revealed that ΔsteA ΔsseF mutant S. Typhimurium appeared to reside 

mostly in individual vacuoles (Fig. 3.6). Therefore, the  suppression  of the  

characteristic  scattered phenotype of ΔsseF or ΔsseG mutant SCVs by 

deletion of steA was not due to the formation of abnormal vacuoles at least 

in ΔsseF ΔsteA double mutants. 

These results also imply that the activity of SseF contributes for the 

appearance of abnormal vacuoles containing more than one bacterium in 

cells infected by ΔsteA mutant S. Typhimurium. 
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Figure 3.5. SteA is functionally linked to SPI-2 effectors SseF and SseG. HeLa 

cells were infected for 14 h with the indicated GFP-expressing strains, fixed and 

immunostained for the Golgi with giantin. The infected cells showing microcolonies 

associated with the Golgi (A; upper graph) or compact microcolonies (A; lower graph) 

were counted by immunofluorescence (IF) microscopy. Values are mean ± SEM (n = 

3). P-values were calculated by the Student’s t-test relative to wt-infected cells (B) 

HeLa cells were imaged by confocal microscopy for Salmonella expressing GFP 

(green) and giantin (red). Scale bar, 5 μm. 
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Figure 3.6. SseF contributes for the appearance of abnormal vacuoles in HeLa 

cells infected by ΔsteA mutant S. Typhimurium. HeLa cells were infected for 14 h 

with the indicated DsRed-expressing strains, fixed and immunostained for LAMP1. 

Infected cells with abnormal vacuoles, i.e. vacuoles apparently containing more than 

one bacterium, were counted by IF microscopy. HeLa cells were then imaged by 

confocal microscopy for LAMP1-GFP (green) and Salmonella expressing DsRed 

(red). All values are the mean ± SEM (n = 3). At least 50 infected cells were analyzed 

in each experiment. P-values were calculated by the Student’s t-test relative to wt-

infected cells. Scale bar, 5 μm. 

 

Overall, these data indicated that SteA is functionally linked to SseF and 

SseG, as its activity is required for scattering of ΔsseF or ΔsseG mutant 

vacuoles. Assuming that the scattered distribution of ΔsseF or ΔsseG 

mutant vacuoles is at least partially caused by an imbalance in activity of 

microtubule motors, the results also suggested that SteA could contribute to 

activate a microtubule plus-end-directed kinesin or to inhibit microtubule 

minus-end-directed dynein on the SCV. Each of these possible functions of 

SteA would be expected to lead to the increased clustering of ΔsteA mutant 

SCVs. As the SPI-2 effector PipB2 recruits kinesin-1 to the SCV (Henry et 

al., 2006), we thought that if SteA contributes to the activation of kinesin-1 

on the SCV then ΔpipB2 ΔsseF mutant could lead to similar phenotypes in 

infected cells as ΔsteA ΔsseF or ΔsteA ΔsseG mutants. To analyze this, we 

compared SCV positioning and the morphology of the microcolonies in HeLa 
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cells infected by ΔpipB2 ΔsseF with the corresponding single mutant, or by 

wt S. Typhimurium (Fig. 3.5). As ΔsteA mutant vacuoles, ΔpipB2 mutant 

SCVs appeared more frequently in compact microcolonies than wt SCVs 

(Fig. 3.5A; lower graph). However, the appearance of compact 

microcolonies was less frequent in cells infected by ΔpipB2 S. Typhimurium 

(20%) than in cells infected by ΔsteA S. Typhimurium (50%) (Fig. 3.5A; 

lower graph). Furthermore, unlike ΔsteA ΔsseF or ΔsteA ΔsseG vacuoles, 

the SCVs of ΔpipB2 ΔsseF showed a positioning at the Golgi region and a 

frequency of appearance of compact microcolonies that were similar to 

ΔsseF mutant SCVs (Fig. 3.5). These results suggest that if SteA contributes 

to the activity of a kinesin on the SCV, this kinesin should be different from 

kinesin-1. 

 

SteA contributes to cell-to-cell passage of S. Typhimurium. 

From 14 to 24 h p.i. of HeLa cells, the SCV suffers a displacement from the 

perinuclear region to the cell periphery (Szeto et al., 2009). This SCV 

displacement precedes cell-to-cell transfer and is dependent on PipB2 and 

kinesin-1 (Szeto et al., 2009). As SteA seems to interfere with the function of 

a molecular motor (Figs. 3.1 and 3.5), and ΔsteA or ΔpipB2 mutant SCVs 

both appear more frequently in tight clusters than wt bacterial vacules, we 

hypothesized that SteA might also be important for the displacement of the 

SCV to the cell periphery and consequent cell-to-cell transfer. To test this, 

we determined the ability of intracellular ∆steA mutant S.Typhimurium to 

infect a newly introduced population of fluorescently labeled host cells. HeLa 

cells were infected with wt, ∆steA or ∆pipB2 S. Typhimurium strains 

expressing GFP. HeLa cells fluorescently labeled with CellTracker Orange 

CMAC (Life Technologies) were seeded at 2 h p.i. onto the previously 

infected cells in a 2:1 ratio. Cells were fixed at 24 h p.i. and bacteria residing 

within Cell-Tracker Orange-labeled cells were enumerated by IF microscopy. 

For cells infected with ∆pipB2 or ∆steA mutant S. Typhimurium, the number 

of new cells infected with bacteria relative to the total number of infected 

cells was significantly less than for wt-infected cells (Fig. 3.7).  
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Figure 3.7. SteA contributes for the cell-to-cell passage of S. Typhimurium. 

HeLa cells were infected for 24 h with wt, ∆steA or ∆pipB2 mutant S. Typhimurium 

strains expressing GFP. Two hours after bacterial internalization, new uninfected 

HeLa cells labeled with CellTracker Orange CMAC (Life Technologies) were seeded 

over the previously infected cells at twice the original density. Cells were fixed, 

immunostained for LAMP1 and visualized by IF microscopy. The number of 

CellTracker Orange-labeled HeLa cells infected with LAMP1-positive bacteria of the 

indicated strains were quantified relative to the total number of LAMP1-positive 

infected cells. Values are the mean ± SEM (n = 3). At least 50 infected cells were 

analyzed in each experiment. P-values were calculated by a two-tailed unpaired 

Student's t-test. 

This result suggests that cell-to-cell transfer of Salmonella is 

dependent both on PipB2 and SteA. Considering the previous results, it is 

possible that SteA mediates cell-to-cell transfer through manipulation of a 

microtubule motor different from kinesin-1. 
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DISCUSSION 

In this Chapter, we show that control of SCV membrane dynamics 

by SteA could involve regulation of microtubule molecular motors. 

Furthermore, the data indicates that the function of SteA is linked to SseF 

and SseG and that, likewise PipB2, SteA might contribute for cell-to-cell 

transfer of S. Typhimurium.  

To analyze if SteA controls the activity of microtubule motors on the 

SCV, we first examined how phenotypes displayed in HeLa cells infected by 

ΔsteA mutant S. Typhimurium were affected by inhibition of dynein (by 

expression of p50/dynamitin) or kinesin-1 (by expression of TPR-KLC2). 

Inhibition of dynein or kinesin-1 reduced the frequency at which ΔsteA 

mutant SCVs formed compact microcolonies and contained more than one 

bacterium, implying a role of these microtubule motors in ΔsteA-dependent 

phenotypes in infected cells. However, it is counterintuitive that inhibition of a 

microtubule plus-end-directed motor would result in the appearance of less 

compact microcolonies by ΔsteA mutant S. Typhimurium. It is possible that 

inhibition of kinesin-1 has pleiotropic effects on intracellular trafficking in 

such a way that indirectly disturbs recruitment of dynein, or of other kinesins, 

to the SCV and/or the control of their activity. Furthermore, the 

consequences of the expression of p50/dynamitin or TPR-KLC2 on the 

morphology and positioning of wt SCVs that we observed were less evident 

than what has been previously reported (Abrahams et al., 2006; Guignot et 

al., 2004). This may be related to the fact that to ensure proper SCV 

maturation and migration, we only transfected the cells with the plasmids 

encoding p50/dynamitin or TPR-KLC2 after bacterial invasion and 

accumulation of bacterial vacuoles in the Golgi region had occurred [2 h 

after bacterial inoculation;(Ramsden et al., 2007a)].   

Given that our results suggested that SteA could control a 

microtubule motor, we next analyzed how the deletion of steA affected 

phenotypes in tissue cultured cells infected by particular S. Typhimurium 

mutants. SteA did not contribute for the instability of ∆sifA or ΔpipB2 ΔsifA 

mutant vacuoles. The instability of these mutant vacuoles has been 
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suggested to be due to uncontrolled activity of microtubule motors (Boucrot 

et al., 2005; Guignot et al., 2004; Henry et al., 2006). However, SteA was 

required for the scattering of ΔsseF, ΔsseG, or ΔsseF ΔsseG mutant 

vacuoles in HeLa cells (Knodler & Steele-Mortimer, 2005; Kuhle & Hensel, 

2002), which has been suggested to be due to impaired dynein recruitment 

to the SCV. In particular, ΔsteA ΔsseF or ΔsteA ΔsseG mutant SCVs were 

not as scattered as ΔsseF or ΔsseG mutant vacuoles. Surprisingly, however, 

∆steA ∆sseF or ∆steA ∆sseG SCVs were not clustered at the Golgi. A 

possible explanation is that SCV positioning is not solely controlled through 

a balanced activity of microtubule motors, in agreement with the hypothesis 

that SseF and SseG may function by directly tethering SCVs to Golgi 

components (Ramsden et al., 2007a, b). Regardless of this, assuming that 

SseF and SseG promote the recruitment of dynein to the SCV (Kuhle & 

Hensel, 2002), if SteA inhibits the activity of this motor, the reduced amounts 

of dynein that might exert its activity on ∆steA ∆sseF or ∆steA ∆sseG 

vacuoles would be compensated by the lack of SteA; if SteA contributes to 

the activity of a microtubule plus-end-directed kinesin, this would prevent 

scattering of ∆steA ∆sseF or ∆steA ∆sseG vacuoles. The effector PipB2 

recruits kinesin-1 to the SCV (Henry et al., 2006) and ΔpipB2 ΔsseF SCV 

was as scattered as ΔsseF mutant vacuoles which suggests that if SteA 

contributes to the activity of a kinesin, then it should be different from 

kinesin-1.  

At later time points of infection of HeLa cells by S. Typhimurium (>14 

h p.i.), the SCVs undergo centrifugal displacement toward the host cell 

periphery, which is followed by cell-to-cell transfer (Szeto et al., 2009). This 

is dependent upon host microtubules, active bacterial protein synthesis, a 

functional SPI-2 T3SS, PipB2, and host kinesin-1 (Kaniuk et al., 2011; Szeto 

et al., 2009). Considering that ΔpipB2 mutant SCVs, as ΔsteA bacterial 

vacuoles, were more frequently clustered in compact microcolonies than wt 

vacuoles, we tested whether SteA could also be involved in cell-to-cell 

passage. In these experiments, the ∆steA mutant showed a defect similar to 

that of ∆pipB2 mutant bacteria regarding the passage from one cell to 

another. Take into account cell-to-cell passage of Salmonella has been 
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shown to depend on kinesin-1 and that our results suggest that SteA inhibits 

a microtubule minus-end directed motor, such as dynein, or activates a 

microtubule plus-end directed different from kinesin-1, we can speculate that 

either additional microtubule motors are involved in cell-to-cell transfer of 

Salmonella or SteA can regulate different motors at distinct infection times or 

contexts.  

The results of this Chapter and of Chapter II place SteA among the 

subset of Salmonella effectors controlling SCVs membrane dynamics with 

some evidence of this being through direct or indirect manipulation of 

microtubule motors. In addition to SteA, these effectors are PipB2, SifA, 

SseF and SseG (Figueira & Holden, 2012). As mentioned before, dynein 

could be recruited to the SCV by SseF and SseG (Abrahams et al., 2006) 

and kinesin-1 is recruited to the SCV by PipB2 (Henry et al., 2006). In turn, 

SifA interacts with SKIP/PLEKHM2 (Boucrot et al., 2005), and the SifA-

SKIP/PLEKHM2 complex binds, and possibly activates, kinesin-1 on the 

SCV, leading to vesicle fission and tubulation (Boucrot et al., 2005; Dumont 

et al., 2010). In addition, the activities of the SCV membrane controlling SPI-

2 effectors SseJ, a glycerophospholipid:cholesterol acyltransferase (Lossi et 

al., 2008; Nawabi et al., 2008) and of SopD2, with unknown host cell target 

and biochemical activity, destabilize the vacuolar membrane enclosing ΔsifA 

mutant S. Typhimurium (Schroeder et al., 2010). As rupture of the vacuolar 

membrane of a ΔsifA mutant can be suppressed by inhibiting kinesin-1 or 

dynein (Boucrot et al., 2005; Guignot et al., 2004), it is possible that the 

activity of SseJ and SopD2 is also directly related to the control of these 

microtubule motors. Overall, this suggests that control of SCVs membrane 

dynamics might be defined by two groups of functionally linked effectors, 

PipB2-SifA-SopD2-SseJ and SseF-SseG-SteA.  
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ABSTRACT 

 
SteA is a type III secretion effector that controls membrane dynamics of the 

Salmonella-containing vacuole (SCV), in which Salmonella enterica resides 

and replicates within host cells. However, the host cell proteins that SteA 

might interact with are unknown. In this Chapter, we used two different 

approaches aiming to identify host cell proteins binding to SteA, In one 

approach, we expressed and purified a GST-SteA fusion protein and used it 

to pull-down proteins from mammalian cell extracts. In another approach, we 

performed a yeast two-hybrid (Y2H) screen using SteA as bait for proteins 

expressed by a commercial human cDNA library. In the GST pull-down 

assays, GST-SteA did not specifically pull down any protein from cell 

extracts of human epithelial HeLa cells or RAW264.7 mouse macrophages. 

The Y2H screen was performed with a version of SteA lacking its first 45 

amino acids (SteA∆45) because full-length SteA resulted in auto-activation of 

the reporter genes of the system. In the Y2H, SteA∆45 was capable of 

interacting with polypeptides from 27 different host cell proteins. Among 

these, we analyzed further the possible interaction of SteA with GMAP210, 

because its function is related to intracellular membrane trafficking (localizes 

at the Golgi and interacts directly with microtubules). However, ectopically 

expressed or bacterially translocated SteA did not co-localize with 

GMAP210. Furthermore, immunoprecipitation of ectopically expressed SteA 

with a C-terminal 2HA tag (SteA-2HA) could not pull-down GMAP210. This 

suggests that GMAP210 could be a false positive from the Y2H screen. 

Therefore, additional studies are needed to elucidate host cell proteins that 

might bind to SteA. 
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INTRODUCTION 

The virulence of Salmonella enterica serovar Typhimurium (S. Typhimurium) 

is related with the capacity to translocate effector proteins through Type III 

Secretion Systems (T3SSs). These effector proteins manipulate a wide 

variety of host cell processes (Agbor & McCormick, 2011; Figueira & Holden, 

2012; Haraga et al., 2008). S. Typhimurium assembles two T3SSs encoded 

in pathogenicity islands 1 and 2 (SPI-1 T3SS and SPI-2 T3SS) of the 

chromosome, respectively. SPI-1 T3SS translocates effectors through the 

host cell plasma membrane into the cytosol, where, among other functions, 

they manipulate the host cell cytoskeleton to allow bacterial invasion (Galán 

& Curtiss, 1989). After entry, the bacterium is enclosed in a membrane-

bound compartment, the Salmonella-containing vacuole (SCV). The SCV 

maturates and migrates towards the perinuclear region of the cell (Steele-

Mortimer, 2008). Once at the Golgi region, the luminal pH of the SCV drops 

which promotes SPI-2 T3SS activation and secretion of another set of 

effectors (Yu et al., 2010). Globally, these SPI-2 effectors contribute to the 

intracellular replication of the bacteria (Cirillo et al., 1998; Deiwick et al., 

1998; Garcia-del Portillo et al., 1993). 

S. Typhimurium translocates > 40 effector proteins into host cells by 

the SPI-1 and SPI-2 T3SS. While most effectors are specifically translocated 

by each of the T3SSs, a fraction of them (GtgE, PipB2, SlrP, SopD, SpvC, 

SpvD, SspH1, SteA and SteE) are substrates of both T3SSs (Ramos-

Morales, 2012). Discovery of the interaction partners of effector proteins 

often offers a lead into finding their biological function and helps to 

understand how a pathogen manipulates the host cell for its own benefit. In 

the case of S. Typhimurium, host cell protein interacting partners have been 

found for 25 effectors (Ramos-Morales, 2012; see also General Introduction, 

Chapter I).  

Amongst the Salmonella T3SS effector proteins, we recently showed 

that SteA contributes to the control of the SCV membrane dynamics 

(Chapter II; Domingues et al., 2014). Its function is linked to the SPI-2 T3SS 

effectors SseF and SseG and could involve manipulation of host cell 
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microtubule motors (Chapter III; Domingues et al., 2014). Finding the host 

cell target of this effector would be of great value to increase our 

understanding of the manipulation of host cells by Salmonella.  

The control of SCV membrane dynamics has been shown to be 

mediated by several SPI-2 T3SS effectors namely SifA, SseJ, SseF, SseG, 

PipB2 and SopD2. Among other functions, SifA activity is essential to 

maintain the stability of the SCV membrane (Beuzón et al., 2000). SifA 

interacts with a host cell protein named SKIP (Boucrot et al., 2005). In turn, 

SKIP interacts with the tetratricopeptide repeat region of kinesin-1 (Dumont 

et al., 2010). SifA also binds the small GTP-binding protein RhoA and, the 

SifA-RhoA complex, promotes host membrane tubulation (Ohlson et al., 

2008). SifA has also been suggested to interact with Rab7 to displace 

dynein from the SCV, favoring vacuole stability and tubule extension 

(Harrison et al., 2004). Binding of SifA to Rab9 has been proposed to allow 

recruitment of LAMP1 membranes to the SCV and impair lysosomal function 

(Jackson et al., 2008; McGourty et al., 2012). Furthermore, SifA is 

functionally linked to SseJ (Ruiz-Albert et al., 2002), PipB2 (Henry et al., 

2006) and SopD2 (Schroeder et al., 2010). 

SseJ is a glycerophospholipid:cholesterol acytransferase that acts 

upon the SCV membrane cholesterol (Lossi et al., 2008; Nawabi et al., 

2008). SseJ interacts with RhoA and is recruited to the endosomal network 

to promote tubulation together with SifA and SKIP (LaRock et al., 2012; 

Ohlson et al., 2008). The binding of SseJ to RhoA also promotes the activity 

of SseJ in the esterification of cholesterol and contributes to Salmonella 

virulence in mice (Christen et al., 2009; LaRock et al., 2012).  

PipB2 interacts directly with kinesin-1 and promotes its recruitment 

to the membrane of the SCV (Henry et al., 2006). A function of PipB2 is to 

allow elongation of membrane tubules emanating from the SCVs (Knodler & 

Steele-Mortimer, 2005). SopD2 is important for membrane trafficking, SCV 

membrane stability and tubulation (Brumell et al., 2003; Jiang et al., 2004; 

Schroeder et al., 2010), its host cell partners are not known yet. Finally, 

SseF and SseG seem involved in the recruitment of dynein to the SCV, 

although a direct interaction with this microtubule motor has never been 
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shown (Abrahams et al., 2006). SseF has also been shown to interact with 

TIP60 and potentiate its acetyltransferase activity which seemingly 

contributes to bacterial intracellular multiplication (Wang et al., 2010). More 

recently, new host cell targets were identified for SseF (junction plakoglobin) 

and for SseG (desmoplakin and caprin-1) but the biological significance of 

these interactions are unclear (Auweter et al., 2011). In summary, although 

several host cell targets have been identified for Salmonella effectors 

controlling SCV membrane dynamics, we are far from a clean picture of how 

Salmonella regulate this key aspect of its intracellular life. We postulate that 

the identification of SteA host cell target might help elucidating this aspect of 

Salmonella infection. 

In this Chapter, we describe experiments aimed at finding the 

target(s) of SteA by pull-down of mammalian cell extracts using GST-SteA 

and a yeast-two hybrid (Y2H) screen. While we did not succeed at finding a 

bona-fide host cell target protein of SteA, the Y2H screen identified 

candidates that remain to be further analyzed. 
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MATERIALS AND METHODS 

Bacterial strains, plasmids, culture conditions and genetic procedures. 

This work was done using S. enterica serovar Typhimurium (S. 

Typhimurium) NCTC 12023 (identical to ATCC 14028s) and its isogenic 

derivative S. Typhimurium ΔsteA mutant (Figueira et al., 2013). Escherichia 

coli Top10 (Life Technologies) was used for construction and amplification of 

plasmids. E. coli BL21 (DE3) (Life Technologies) was used for the 

expression of recombinant proteins. Bacteria cells were grown in LB medium 

(NZYtech) supplemented when appropriate with ampicillin (100 μg/ml) 

and/or kanamycin (50 μg/ml). DNA was introduced into E. coli or S. 

Typhimurium by electroporation using standard methods (Sambrook & 

Russel, 2001). 

 

Plasmids, DNA manipulations, and oligonucleotides. The 

plasmids and DNA oligonucleotides used in this work are detailed in Tables 

A2 and A3 of Annexes. To construct a plasmid encoding GST-SteA, a DNA 

fragment of steA was amplified by PCR from chromosomal DNA of S. 

Typhimurium 12023. The purified PCR product was digested with BamHI 

and XhoI and inserted into those sites of pGEX-4T-2 (GE Healthcare). To 

construct plasmids encoding parts of SteA to be used as baits for the Y2H 

screen, the relevant segments of the steA gene were amplified by PCR from 

chromosomal DNA of S. Typhimurium 12023. The purified PCR products 

were digested with NdeI and BamHI and inserted into those sites of the Y2H 

bait vector pGBKT7 (Clontech), yielding plasmids encoding full length 

(SteAFL), or truncated versions of SteA lacking the first 20, 45, or 60 amino 

acids (SteA∆20, SteA∆45, or SteA∆60, respectively) N-terminally fused with the 

GAL4 DNA binding domain and a c-Myc epitope tag (Gal4-DNA-BD-cMyc 

SteA proteins). To construct a transfection vector expressing wild type SteA 

C-terminally tagged with a 2HA tag (pEF6-SteA
WT

-2HA), a DNA fragment 

including steA and the DNA sequence encoding 2HA was amplified by PCR 

from DNA of pSteA-2HA (Chapter II) and digested with KpnI and BamHI. 

The digested fragment was ligated into those sites of pEF6/Myc-HisA (Life 

Technologies). 
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The accuracy of the nucleotide sequence in the inserts in the 

constructed plasmids was checked by DNA sequencing (STAB VIDA). The 

plasmids were constructed using proof-reading Phusion DNA polymerase 

(Finnzymes), Expand high fidelity PCR system (Roche), T4 DNA Ligase 

(Invitrogen), DNA clean & concentrator
TM

-5 Kit and Zymoclean
TM

 Gel DNA 

Recovery kit (Zymo Research), and purified with GeneElute Plasmid 

Miniprep kit (Sigma), according to the instructions of the manufacturers. 

Additional PCRs were performed using DreamTaq DNA Polymerase (MBI 

Fermentas), according to the instructions of the manufacturer and using 

standard methods (Sambrook & Russel, 2001). 

 

Recombinant protein expression and purification. E. coli 

BL21(DE3) harboring pGEX-4T-2-derived plasmids was used for 

recombinant protein expression using the auto-induction method (Studier, 

2005). The cultures were grown for 4 h at 37ºC and for an additional 24 h at 

25ºC. The bacterial cells were harvested by centrifugation at 10500 g for 15 

min at 4ºC. The cell pellet was resuspended in PBS, 0.5% (v/v) Triton X-100 

and 5 mM DTT and lysed using a French press. The cell lysates were then 

centrifuged at 10500 g for 30 min at 4ºC after which the supernatants were 

loaded onto equilibrated glutathione sepharose beads (GE Healthcare) pre-

packed in Empty Gravity Flow Columns (Bio-Rad). The column was washed 

1 time with 10-20x the volume of beads added. Then the proteins were 

eluted with 5 ml of 10 mM glutathione and the column with the beads stored 

at 4ºC, accordingly to the manufacturer’s instructions. All the procedure was 

done with the ice-cold buffer described above. In all cases, this yielded a 

significant portion of soluble fusion protein of the expected molecular mass, 

as judged by SDS-PAGE analysis. Purified proteins were dialysed using 

Snake Skin Dialysis Tubing (PierceNet) according to the manufacturer’s 

instruction 

 

Pull-down assay. Purified GST-SteA and GST were coupled to Affi-

Gel 15 (BioRad) accordingly to Lührmann et al. (2010). Briefly, after the 

purification, the proteins were dialyzed against different buffers compatible 
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with the resin. The buffer selected for GST-SteA was 0.1M NaHCO3 pH 8.6 

and for GST was 0.05M MOPS pH7.5. To the Affi-Gel 15 resin were coupled 

~0.74 mg of 2.2 mg of GST-SteA and ~2.2 mg of 2.2 mg of GST. The 

remaining active esters of the resin were blocked with 1M of ethanolamine 

pH 8.0. Afterwards, the columns were washed one time with each of the 

dialyses buffers, followed by washes with TBS (10 mM Tris pH 7.5, 150 mM 

NaCl), 0.1M glycine pH 2.4 and 150mM NaCl, and once again with TBS. 

HeLa or RAW264.7 cell lysates were then added to the resin-coupled 

proteins, and the mixture incubated for 4 h at 4ºC with rotation. To prepare 

the mammalian cells extracts, 20x 175 cm
3
 flasks with confluent HeLa cells 

or 12x 175 cm
3
 flasks with confluent RAW264.7 macrophages were 

scrapped and the cells were resuspended in DMEM and centrifuged for 5 

min at 900 g. The supernatant was discarded and the pellet resuspended in 

PBS. The cells were centrifuged again and the final pellet was frozen in 

liquid nitrogen for 5 min. The pellet was thawed on ice, resuspended in 7 ml 

of lysis buffer (0.5% Triton X-100 [v/v], 50 mM Tris pH 7.5, 100 mM NaCl) 

and left on ice for an additional hour after which the cell extract was 

centrifuged 20000 g for 20 min at 4ºC and added to the resin column. After 

incubation, the column was washed one time with lysis buffer, followed by 

two washes with TBS. Bound proteins were eluted with 0.1 M glycine pH 2.4 

and 150 mM NaCl and precipitated with 10% (v/v) TCA. The precipitated 

proteins were ressupended in SDS-PAGE loading buffer, boiled for 5 min at 

100ºC and separated by SDS-PAGE. Selected bands were analyzed by the 

Mass Spectrometry service at ITQB-UNL, Portugal.  

 

Y2H Screen. The Matchmaker Gold Yeast Two-Hybrid System kit 

(Clontech) was used for the Y2H screen of a pre-transformed HeLa cDNA 

library (Clontech) following the instructions of the manufacturer. In summary, 

the yeast Saccharomyces cerevisiae Y2HGold was transformed with 

plasmids derivatives from pGBKT7 (see Table A2 of Annexes) and mated 

with yeast strain Y187 carrying the HeLa cDNA library cloned into pGADT7. 

The two strains were mated and plated in low stringency or double dropout 

(DDO) media (SD/–Leu/–Trp) with the addition of X-α-Galactosidase (X) and 
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Aureobasidin A (A). After 3-5 days, the blue colonies grown on DDO/X/A 

media were patched into a high stringency or quadruple dropout (QDO) 

media (SD/–Ade/–His/–Leu/–Trp) supplemented with X-α-Gal and 

Aureobasidin A. The blue colonies that grew in QDO/X/A were selected for 

identification of the target protein. We analyzed 1.14x10
7
 clones, patched 

322 blue colonies and recovered 83 from high stringent media for further 

analysis. 

 

Preparation of yeast protein extracts. The preparation of protein 

extracts from yeast was done by the TCA method. Briefly, an overnight 

culture was incubated at 30°C with shaking (220–250 rpm) until the OD600 

reached 0.4-0.6. The culture was chilled on ice and centrifuged at 1000 g for 

5 min at 4°C. The cell pellet was resuspended in 50 ml of ice-cold H2O and 

centrifuged again at 1,000 g for 5 min at 4°C. The cell pellet was then 

immediately frozen and stored at -70ºC. The next day, each cell pellet was 

resuspended in 100 μl of ice-cold TCA buffer (20 mM Tris-HCl, pH 8.0, 50 

mM ammonium acetate, 2 mM EDTA) containing protease inhibitors per 7.5 

OD600 units of cells and transferred to a 1.5 ml tube containing 425-600 μm 

glass beads (Sigma) and 20% (v/v) TCA. To break the yeast cells, the cells 

pellets were subjected to vortex at room temperature for 4 periods of 1 min 

each, the tubes were placed on ice for 30 sec in between each vortexing 

step. The supernatant above the settled glass beads was transferred to a 

fresh 1.5 ml tube and the beads were washed in a 1:1 mixture of 20% (v/v) 

TCA and TCA buffer. The tubes with the washed beads were vortexed again 

for 2 times during 1 min at room temperature. The supernatant above the 

glass beads was harvested and mixed with the first supernatant. The 

proteins in the supernatant were pelleted by centrifugation at 14,000 g for 10 

min at 4°C. The pellets were resuspended in TCA-Laemmli buffer (3.5 % 

[w/v] SDS, 13.9 % [v/v] glycerol, 120 mM Tris, 8 mM EDTA, 5% [v/v] β-

mercaptoethanol) containing protease, boiled for 5 min at 100ºC and the 

proteins analyzed by immunoblotting. 
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Transient transfection of mammalian cells. HeLa cells were 

transfected with plasmid DNA by using the jetPEI reagent (Polyplus-

Transfection), as described in Chapter II). Cells were transfected for 14-24h 

with pEF-SteA
WT

-2HA and/or pEGFP-GMAP210 (see Table A2 of Annexes; 

a kind gift from Rosa M. Rios; (Ríos et al., 2004). Infected cells were 

transfected 2 h after bacterial inoculation with pEGFP-GMAP (see Table A2 

of Annexes). Cells were subsequently incubated at 37°C in 5% CO2 for the 

indicated time periods prior to fixation and antibody staining. 

 

Preparation of cell lysates, co-immunoprecipitation and 

fractionation. HeLa cells (10
4
 cells) were transfected for 24 h with plasmids 

pEF-SteAFL-2HA and/or pEGFP-GMAP210. Cells were washed in cold PBS 

and resuspended in 0.5 ml of lysis buffer (50 mM Tris-Cl, pH 8.0; 150 mM 

NaCl; 0,1% (w/v) IGEPAL CA-630; 1 mM PMSF) and left on ice for 30 min. 

The lysates were centrifuged at 20000 g for 5 min and the supernatants 

were either used for analysis in SDS-PAGE or pre-cleared with 20 μl of 

washed protein G-immobilized beads (Pierce). After an incubation period of 

2 h rotating in a cold room, the samples were centrifuged at 7000 g for 1 min 

at 4º C. The supernatants were incubated from 3 h to overnight with 2.5 

μg/ml of mouse anti-HA antibody HA-7 at 4°C (Sigma), followed by a 3-h 

incubation with 20 μl of protein G-immobilized beads (Pierce). Samples were 

then centrifuged for 1 min at 7000 g, and the pellets were resuspended in 1 

ml of Lysis buffer. The centrifugation and subsequent resuspension of the 

pellets was repeated four times. Finally, the pellets were resuspended in 20 

μl of SDS-PAGE loading buffer (Tris-HCl 0.25 M pH 6.8; SDS 10 % [w/v]; 

Glycerol 50 % [v/v]; β-mercaptoethanol 0.5 M; bromophenol blue 0.5 % 

[w/v]), subjected to SDS/PAGE (10%), and transferred onto nitrocellulose 

membranes that were blocked overnight in PBS containing 0.1% (v/v) 

Tween-20 and 5% (w/v) of dried skimmed milk. The membranes were 

subsequently probed with anti-HA or anti-GMAP210 antibodies. 

 

Immunoblotting. Immunoblot detection was done with Western 

Lightning Plus-ECL (Perkin Elmer), and a ChemiDoc XRS + system 
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(BioRad). The antibodies used were rabbit monoclonal anti-GMAP210 

(1:2000; a kind gift from Rosa M. Rios; (Rios et al., 1994) and rat 

monoclonal anti-HA (1:1000; Sigma). 

 

Immunofluorescence (IF) microscopy. This was performed as described 

in Chapter II. 
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RESULTS AND DISCUSSION 

GST-SteA did not specifically pull-down proteins from mammalian cell 

extracts. To identify host cell protein binding partners of SteA, we performed 

pull-down assays of mammalian cell extracts with purified GST-SteA, or GST 

as control. For this, we first purified GST-SteA and GST after their 

overexpression in E. coli (Fig. 4.1A). The concentration of the purified 

proteins was estimated by densitometric analysis of Coomassie-stained 

SDS-PAGE using defined amounts of BSA as reference (Fig. 4.1B).  

 
Figure 4.1. Purification of GST-SteA and GST from E. coli lysates. (A) An E. coli 

cell lysate containing recombinant GST-SteA or GST was prepared in PBS with 0.5% 

(v/v) Triton X-100 and 5 mM DTT by using a French Press. The proteins were 

purified by gravity flow using a column packed with glutathione sepharose beads (GE 

Healthcare). Samples from the purification were collected and loaded onto 12% SDS-

PAGE. TE: total extract; S: supernatant; FT: flow through; W: wash; E1-E4: elution 

fractions. (B) Protein quantification in 12% SDS-PAGE. Lanes 1-4: serial dilutions of 

bovine serum albumin (BSA) standards: lane 1: 3.75 μg; lane 2: 2.5 μg; lane 3: 1.25 

μg; lane 4: 0.625 μg; lane 5: GST-SteA before dialysis; lane 6: GST-SteA after 

dialysis against 50 mM sodium acetate buffer pH 4.0; lane 7: GST before dialysis; 

lane 8: GST after dialysis against 50 mM sodium acetate buffer pH 4.0. 

 

To perform the pull-down, we aimed to covalently crosslink the 

purified proteins to an Affi-Gel 15 resin (Bio-Rad). For this, we first tested 

different buffers for optimal stability of the proteins and coupling to the resin 
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(see Materials and Methods). Among the buffers tested, 0.1 M NaHCO3 pH 

8.6, was selected for GST-SteA and 0.05 M MOPS pH 7.5 was selected for 

GST, as these were the buffers enabling a more efficient cross linking while 

maintaining protein stability, as judged by SDS-PAGE.  

Purified GST-SteA and GST were then coupled to Affi-Gel 15 resin, 

pre-packed in two disposable columns. Following coupling, HeLa cell lysates 

were loaded onto the columns and, after incubation and washing steps, the 

proteins bound to GST-SteA or GST were eluted with glycine 0.1 mM, pH 

2.4. Samples from the last wash steps and the elution fractions were 

analyzed by SDS-PAGE, which were afterwards silver- or Coomassie-

stained (Fig. 4.3A). We identified two bands that were solely present in the 

fractions eluted from the GST-SteA column (arrows in Fig. 4.2A), but not in 

the fractions eluted from the GST column. These 2 bands were excised and 

sent to mass spectrometry for identification. However, the only protein 

identified was GST suggesting that these two bands correspond to 

proteolytic fragments of the GST-SteA protein. The same pull-down 

procedure was done with cell extracts from RAW264.7 macrophages, but 

there was no distinguishable band between the fractions eluted from GST-

SteA and GST columns (Fig. 4.2B). 

GST pull-down assays have been used successfully to identify host 

cell binding partners of Salmonella effectors. For example, F-actin as target 

of to the SPI-1 effector SipA (Zhou et al., 1999), or the AAA+ ATPase 

VCP/p97 as target of the SPI-1 effector SptP (Humphreys et al., 2009). Our 

inability to identify host cell proteins specifically binding to GST-SteA 

suggests that protein complexes might have dissociated during the 

procedure and/or that the interaction between SteA and its putative target 

proteins is only transient. Another possibility is that proteins binding to GST-

SteA were eluted in minute amounts and could not be specifically visualized 

by analysis of Coomassie- or silver-stained SDS-PAGE. Overall, the pull-

down assay needs optimization. For example, the use of a cross linking 

agent might be beneficial in the case of a transient interaction. 
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Figure 4.2. SDS-PAGE analysis of mammalian cell proteins pulled-down by 

GST-SteA. (A) 4-15% (v/v) SDS-PAGE Mini Protean TGX Precast gels loaded with 

samples from the GST-SteA pull-down assay using HeLa cells extract. The gels were 

then silver or Coomassie stained. In each wash or elution fraction, samples from GST 

(control) and GST-SteA pull-downs were ran side-by-side. The arrows indicate the 

bands that were excised and sent to mass spectrometry for identification. (B) 

Coomassie stained 12% SDS-PAGE with loaded samples from GST-SteA pull-down 

assay using RAW 264.7 macrophages cell extracts. 
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Y2H screen using SteA∆45 as bait for a human cDNA library. As 

we could not find host cell proteins specifically binding to SteA using the pull-

down assays described above, we performed a Y2H screen for that same 

purpose by using the Matchmaker Gold Yeast Two-Hybrid System 

(Clontech). We first constructed derivatives of the bait plasmid pGBKT7 

(Clontech) encoding Gal4-DNA-BD-cMyc-SteAFL, Gal4-DNA-BD-cMyc-

SteAΔ20, Gal4-DNA-BD-cMyc-SteAΔ45 or Gal4-DNA-BD-cMyc-SteAΔ65 

proteins. These plasmids were used to individually transform the S. 

cerevisiae strain Y2HGold (Clontech) and the expression of the Gal4-DNA-

BD-cMyc-SteA proteins and of a Gal4-DNA-BD-cMyc-p53 control protein, 

was analyzed by immunoblotting of yeast protein extracts using a anti-Myc 

antibody. As seen in Fig. 4.5, all forms of the protein SteA were expressed, 

although at lower levels than Gal4-cMyc-p53. Furthermore, all Gal4-DNA-

BD-cMyc-SteA proteins migrated on SDS-PAGE as expected from their 

predicted molecular mass of 46 kDa to 39 kDa.  

 
Figure 4.3. Expression of Gal4-DNA-BD-cMyc-SteAFL Gal4-DNA-BD-cMyc-

SteA∆20, Gal4-DNA-BD-cMyc-SteA∆45 and Gal4-DNA-BD-cMyc-SteA∆60 in S. 

cerevisiae Y2HGold cells. S. cerevisiae cells were transformed with derivatives of 

the bait plasmid pGBKT7 encoding SteAFL, SteA∆20, SteA∆45 or SteA∆60 fused with 

Gal4-DNA-BD and with a c-Myc tag. The strains were grown at 30ºC between 4-8 h 

after which the proteins were extracted as described in Materials and Methods. The 

proteins on each extract were separated by SDS-PAGE, electroblotted onto 

nitrocellulose membranes, and immunodetected with an anti-Myc antibody. 

 

To analyze if the Gal4-DNA-BD-cMyc-SteA proteins autonomously 

activate the reporter genes in Y2HGold in the absence of a prey protein, 
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Y2HGold cells transformed with each of the plasmids were platted into 

selective media. In these conditions, expression of Gal4-DNA-BD-cMyc-

SteAFL or Gal4-DNA-BD-cMyc-SteAΔ20 (not shown) auto-activated the 

reporter genes of the Y2H (Fig. 4.4A). However, expression of Gal4-DNA-

BD-cMyc-SteAΔ45 or Gal4-DNA-BD-cMyc-SteAΔ60 did not auto-activate the 

reporter genes (Fig. 4.4A). Therefore, we selected Gal4-DNA-BD-cMyc-

SteAΔ45 to perform the Y2H screen because it was the shortest truncated 

SteA-containing protein analyzed that was expressed and did not auto-

activate the reporter genes of the Y2H system. 

 

Figure 4.4. Yeast-two hybrid (Y2H) screen of a human cDNA library using SteA 

lacking its first 45 amino acids as bait. Blue color results from activation of the 

MEL1 gene, which encodes α-galactosidase, as a consequence of a positive protein–

protein interaction in the Y2H, white colonies indicate no interaction between bait and 

prey. (A) Test of auto-activation of the reporter genes of the Y2H system when yeast 

strains carrying derivatives of the plasmid pGBKT7 encoding SteA full-length (SteAFL) 

or SteA lacking its first 45 or 60 amino acids (SteAΔ45 or SteAΔ60, respectively) are 

mated with strains carrying the empty prey plasmid pGADT7. (B) Analysis of the 

interaction between SteAΔ45 or SteAΔ60 expressed in the bait plasmid and fragments 

of GMA210, COG1 and VPS45 expressed in prey plasmids recovered from the Y2H 

screen (clones 69, 70, 76 and 158 from the screen).  

 

To perform the Y2H screen, the bait Y2HGold strain expressing Gal4-

DNA-BD-cMyc-SteAΔ45 was mated with a S. cerevisiae strain transformed 

with a commercial cDNA human cell library. The yeast cells were first plated 
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on lower stringency conditions (see Materials and Methods), which yielded 

322 colonies potentially containing SteA binding partners. After patching 

these 322 colonies onto higher stringency conditions, 83 colonies were 

recovered. Among these 83 colonies, 43 contained in-frame fusions to the 

GAL4-activation domain encoded in the plasmid (Table 4.1). Among these, 

few colonies were found corresponding to yeast cells containing the DNA 

encoding parts of the same protein. The exceptions were zinc finger-

containing proteins, which are normally associated with transcription factors 

or nucleases (Hauschild-Quintern et al., 2013). As ectopically expressed or 

bacterially translocated SteA never showed a nuclear localization (see Fig. 

4.5 from Chapter V) those hits from the Y2H screen were considered false 

positives. A truncated version of SteA was used in the Y2H screen which 

could have limited the amount of interaction partners detected. Moreover, 

although the SteA∆45 fusion protein was expressed in good amounts in yeast 

cells, we did not assess the fold of the truncated protein, which could have 

biased the results. In spite of this, the 43 clones recovered from the Y2H 

screen also included parts of genes encoding portions of 3 proteins that 

have functions in host cell vesicular trafficking: amino acids 1702-1911/1979 

of GMAP210, amino acids 204-404 of COG1, and amino acids 434-570 of 

VPS45 (Table 4.1 and Fig. 4.4).  

GMAP210 is a long coiled-coil cis Golgi associated protein that plays a role 

in maintaining Golgi ribbon integrity and position and contributes to the 

formation of the primary cilium in relevant cells. The protein associates with 

the Golgi via its N-terminal and interacts directly with microtubules via its C-

terminal region (Cardenas et al., 2009; Infante et al., 1999; Rios et al., 

1994). COG1 is a subunit of the conserved oligomeric COG protein complex, 

which contains peripheral Golgi proteins involved in retrograde vesicular 

transport and in maintaining the normal Golgi   structure   and   function   

(Ungar et al., 2006; Vasile et al., 2006). Finally, VPS45 is a protein 

promoting bidirectional transport between endosomal and recycling 

compartments and between endosomes and the Golgi (Rahajeng et al., 

2010; Tellam et al., 1997). Among these three proteins, we selected 
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GMAP210 for further studies because it was found in two independent 

clones of the Y2H screen. 

 

TABLE 4.1. Binding partners of SteA identified in the Y2H screen. 

Protein or coding region Amino Acids 

Homo sapiens hypothetical LOC389458 
(LOC389458), non-coding RNA 

x10 

zinc finger protein 251 335-638; 335-613 
(x3); 401-671; 335-
656; 335-482 

zinc finger protein 438 transcript 5 298-438; 308-534; 
313-595; 313-574 

SET domain, bifurcated 1 (SETDB1) 1132-1290 (x2); 
1066-1300 

complement component 1, r subcomponent 631-705; 434-663 

zinc finger, CCHC domain containing 6 1-213; 2-213 

3-hydroxyisobutyrate dehydrogenase (HIBADH) 130-235 (x2) 

thyroid hormone receptor interactor 11 (TRIP11 or 
GMAP210) 

1702-1979; 1702-
1911 

roundabout, axon guidance receptor, homolog 2 217-459 (x2) 

superoxide dismutase 2, mitochondrial (SOD2) 1-222 

leucine aminopeptidase 3 (LAP3) 319-519 

APEX nuclease (apurinic/apyrimidinic endonuclease) 347-518 

component of oligomeric golgi complex 1 (COG1) 204-404 

LIM domain binding 2 (LDB2) 22-327 

secretory leucocyte peptidase inhibitor 1-132 

myeloid/lymphoid or mixed-lineage leukemia 3 2486-2796 

spermatogenesis associated 4 (SPATA4) 1-260 

CDC-like kinase 1 440-526 

poly (ADP-ribose) polymerase family, member 12 
(PARP12) 

594-701 

Ras association (RalGDS/AF-6) domain family (N-
terminal) member 9 (RASSF9) 

1-164 

nucleoporin like 2 (NUPL2) 1-150 

family with sequence similarity 47, member E 126-295 
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TABLE 4.1. Continued. 

Protein or coding region Amino Acids 

signal sequence receptor, beta (translocon-associated 

protein beta) (SSR2) 

20-183 

tachykinin, precursor 1 (TAC1) 1-129 

transmembrane protein 120A (TMEM120A) 221-322 

COP9 constitutive photomorphogenic homolog sub. 4 1-270 

vacuolar protein sorting 45 homolog (Vps 45) 434-570 

DNA-damage-inducible transcript 3 (DDIT3) 9-41 

pleckstrin homology domain containing, family A 

(phosphoinositide binding specific) member 1 

(PLEKHA1) 

out of frame (x2) 

calnexin (CANX) out of frame (x2) 

SET domain, bifurcated 1 out of frame 

regulator of G-protein signaling 17 out of frame 

Features flanking this part of subject sequence:60698 

bp at 5' side: prickle-like protein 1  820234 bp at 3' 

side: A disintegrin and metalloproteinase 

out of frame 

tachykinin, precursor 1 (TAC1) out of frame 

SIK family kinase 3 out of frame 

paired immunoglobin-like type 2 receptor beta (PILRB) out of frame 

protein associated with topoisomerase II homolog 1 

yeast 

out of frame 

glutamate receptor, metabotropic 3 out of frame 

spermatogenesis associated 22 out of frame 

Homo sapiens period homolog 3 (Drosophila) (PER3) out of frame 

glutamyl aminopeptidase (aminopeptidase A) out of frame 

DAZ associated protein 2 (DAZAP2) out of frame 

down-regulator of transcription 1, TBP-binding 

(negative cofactor 2) (DR1) 

out of frame 

transcription factor CP2 (TFCP2) out of frame 

Homo sapiens spermatogenesis associated 4 

(SPATA4) 

out of frame 

COBW domain containing 3 out of frame 

zinc finger protein 251 out of frame 

sciellin (scel) out of frame 

ankyrin repeat and SOCS box containing 9 out of frame 

lysine (K)-specific demethylase 5B out of frame 
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GMAP210 did not co-localize with SteA in HeLa cells.  The two 

clones containing DNA encoding fragments of GMAP210 recovered in the 

Y2H screen (Table 4.1) had in common DNA encoding the region between 

amino acids 1702 and 1911 of GMAP210. This corresponds to a coiled-coil 

region within GMAP210 (Cardenas et al., 2009). To analyze the possible 

interaction of SteA with GMAP210, we first compared the subcellular 

localization of ectopically expressed GMAP210 and SteA. For this, we 

transfected HeLa cells with plasmids encoding SteA-2HA or EGFP-

GMAP210, or simultaneously with both plasmids. After 24 h, the cells were 

fixed and analyzed by IF microscopy. As expected from its described 

localization at the Golgi (Rios et al., 1994), EGFP-GMAP210  localized  at  a 

 

Figure 4.5. SteA does not co-localize with GMAP210. (A) HeLa cells were 

transfected with a plasmid EGFP-GMAP210, (B) with a plasmid encoding SteA-2HA, 

or (C) co-transfected with both plamids. The cells were fixed 24 h post-transfection 

with paraformaldehyde 4% (w/v), immunolabeled for HA and imaged by confocal 

microscopy. (D) HeLa cells were infected for 14 h with S. Typhimurium ∆steA mutant 

bacteria harboring a plasmid encoding SteA-2HA and fixed with paraformaldehyde 

4% (w/v) 14 h post-invasion. After fixation, the cells were immunostained for HA 

(red), Salmonella (blue) and GMAP210 (green) and imaged by confocal microscopy. 

Scale bars, 5 μm. 
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perinuclear region of the cell (Fig. 4.5A). In contrast, SteA-2HA mostly 

localized at or near the plasma membrane (Fig. 4.5B). Accordingly, in cells 

expressing EGFP-GMAP210 and SteA-2HA the fluorescence signal of the 

two proteins did not overlap (Fig. 4.5C). We also infected HeLa cells for 14 h 

with S. Typhimurium ΔsteA mutant bacteria harboring a plasmid encoding 

SteA-2HA. After fixation, the cells were immunolabeled for Salmonella, HA 

and GMAP210. GMAP210 showed a Golgi-like localization while SteA-HA 

localized to the tubules that emanate from the SCV and to the surroundings 

of the bacteria, suggesting association with the membranes of the SCV (Fig. 

4.5D).  

The lack of obvious co-localization between ectopically expressed 

EGFP-GMAP210 and SteA-2HA, or between endogenous GMAP210 and 

bacterially translocated SteA-2HA, in HeLa cells, suggest that these proteins 

do not form a stable complex in these conditions. 

 

Immunoprecipitation of ectopically expressed SteA-2HA did not 

pull-down GMAP210. To analyze directly the possible interaction between 

SteA and GMAP210, HeLa cells were co-transfected for 24 h with plasmids 

encoding SteA-2HA and EGFP-GMAP210. The cells were then lysed and 

SteA-2HA was immunoprecipitated with an anti-HA antibody bound to 

Protein G agarose beads. Immunoblot analysis of the immunoprecipiatates 

using anti-HA and anti-GMAP210 antibodies revealed that EGFP-GMAP210 

or endogenous GMAP210 were not pulled-down by SteA-2HA (Figure 4.6). 

All together, these experiments suggest that GMAP210 might be a false 

positive from the Y2H screen.  
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Figure 4.6. SteA does not interact with GMAP210 by immunoprecipitation. HeLa 

cells were transfected for 24 h with a plasmid encoding EGFP-GMAP210 or co-

transfected with plasmids encoding EGFP-GMAP210 and SteA-2HA. The cells were 

then lysed and proteins in the supernatants (input) were immunoprecipitated with 

mouse monoclonal anti-HA antibodies bound to Protein G agarose beads (output). 

The input and output fractions were analyzed by immunoblotting with rabbit 

monoclonal anti-GMAP210 and rat monoclonal anti-HA antibodies. The bands 

corresponding to ectopically expressed EGFP-GMAP210 or SteA-2HA are indicated 

by arrows, while the bands corresponding to endogenous GMAP210 are indicated 

with a double arrow. The asterisks denote mouse immunoglobulins in the output that 

crossreact with the anti-rat HA antibody used for immunoblotting.   

 

 
 
 

 

CONCLUSIONS 

In this Chapter, we attempted to identify the host cell target of SteA to help 

understanding the function of this effector in the control of the SCV 

membrane dynamics. Overall, our approaches were not successful and 

need optimization. However, some possible binding partners related to host 

cell membrane trafficking were uncovered by the Y2H screen and are now 

candidates for further confirmations studies. 
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ABSTRACT 

SteA is a Salmonella enterica type III secretion effector that contributes to 

the control of membrane dynamics of the Salmonella-containing vacuole 

(SCV). In this Chapter, we describe that in infected HeLa cells bacterially 

translocated wild type SteA with a C-terminal 2HA tag (SteA
WT

-2HA) 

localized at the SCV membrane and to Salmonella-induced filaments (SIFs). 

In HeLa or yeast Saccharomyces cerevisiae cells, ectopically expressed wild 

type SteA fused to GFP (SteA
WT

-EGFP or GFP-SteA
WT

) or SteA
WT

-2HA 

localized at the plasma membrane (PM). In the absence of putative 

membrane-localizing motifs within SteA, we used in vitro protein-lipid binding 

assays to show that SteA can bind specifically to phosphatidylinositol-4-

phosphate [PI(4)P]. The subcellular localization of GFP-SteA
WT

 in different 

S. cerevisiae genetic backgrounds revealed that association of SteA to the 

PM relies on the pool of PI(4)P at this site. In addition, SteA
WT

-EGFP was 

displaced from the PM of HeLa cells upon pharmacological inhibition of 

mammalian PI4 kinases with PAO. Binding of SteA to PI(4)P and the PM 

localization of ectopically expressed SteA in eukaryotic cells was dependent 

on a lysine residue in position 36 (K36) of the 210 amino acids long primary 

structure of SteA. Moreover, localization at the SCV membrane and SIFs of 

C-terminally 2HA-tagged mutant SteA with K36 replaced by alanine 

(SteA
K36A

-2HA) that had been translocated into host cells by S. enterica 

serovar Typhimurium (S. Typhimurium) was not as defined as for SteA
WT

-

2HA. Using the well-characterized PI(4)P binding region of the Legionella 

pneumophila effector SidC, we showed that PI(4)P is at the SCV membrane 

and associated tubules throughout S. Typhimurium infection of HeLa cells. 

However, S. Typhimurium ΔsteA mutant expressing SteA
K36A

-2HA did not 

reveal defects in SCV membrane dynamics. Overall, this showed that SteA 

is a PI(4)P binding protein but that binding of SteA to this phosphoinositide is 

not essential for its contribution to the control of SCV membrane dynamics.  
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INTRODUCTION 

Salmonela enterica serovar Typhimurium (S. Typhimurium) virulence is 

related to its capacity to deliver >40 bacterial effector proteins into the 

cytosol and membranes of host cells through type III secretion systems 

(T3SSs) (Agbor & McCormick, 2011; Figueira & Holden, 2012; Haraga et al., 

2008). S. enterica encodes the SPI-1 and the SPI-2 T3SSs, which refers to 

the secretion machinery encoded in Salmonella Pathogenicity Island 1 and 

2, respectively. The SPI-1 T3SS mediates the delivery into host cells of 

effector proteins critical for invasion of non-phagocytic cells (Galán & Curtiss, 

1989; Patel & Galán, 2005). Within host cells, the bacterium is enclosed in a 

membrane-bound compartment, known as Salmonella-containing vacuole 

(SCV), in which the SPI-2 T3SS is activated and mediates the translocation 

of effectors contributing to bacterial intracellular replication (Cirillo et al., 

1998; Deiwick et al., 1998).  

Amongst the S. Typhimurium T3SS effector proteins, we recently 

showed that SteA contributes to the control of the SCV membrane dynamics 

(Chapter II; Domingues et al., 2014). Its function is linked to the SPI-2 T3SS 

effectors SseF and SseG and might involve manipulation of host cell 

microtubule motors (Chapter III; Domingues et al., 2014). SteA is among a 

group of S. Typhimurium effector proteins that can be translocated by both 

the SPI-1 and the SPI-2 T3SS (Cardenal-Muñoz & Ramos-Morales, 2011; 

Geddes et al., 2005). SteA does not apparently contribute for intracellular 

replication of S. Typhimurium in bone-marrow-derived mouse macrophages 

(Figueira et al., 2013). However, intraperitoneally-injected ΔsteA mutant S. 

Typhimurium shows a virulence defect in a mouse model of systemic 

infection (Geddes et al., 2005).  

Bacterial effector proteins exert their function at specific locations 

within host cells (Galán, 2009). They can have domains similar to those 

targeting eukaryotic proteins to particular compartments or suffer post-

translation modifications within host cells (Galán, 2009). In the case of 

intravacuolar bacterial pathogens, it is common that effector proteins localize 

at the membrane of their vacuoles. For example, the type IV secretion 
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system (T4SS) effectors of Legionella pneumophila anchor to the Legionella-

containing vacuole (LCV) via their lipidation or via association with 

phosphoinositides (Weber et al., 2009), and a group of Chlamydia 

trachomatis T3SS substrates have a hydrophobic motif thought to mediate 

their insertion into the bacterial vacuolar membrane (Dehoux et al., 2011). In 

the case of Salmonella, several effector proteins have been detected on the 

SCV membrane and in tubular membrane extensions of the SCV, such as 

LAMP1-enriched Salmonella-induced filaments (SIFs) (Figueira & Holden, 

2012). However, a mechanism of SCV membrane targeting is only known for 

SifA, SopB, SopE, and SopE2. SifA is targeted to the SCV membrane via 

post-translational lipid modification at its C-terminal mediated by host cell 

geranyl transferases (Figueira & Holden, 2012; Reinicke et al., 2005). 

Localization of SopB to the early SCV is dependent on its ubiquitination 

within host cells (Patel et al., 2009), while recruitment of SopE and SopE2 

requires their guanine nucleotide-exchange factor (GEF) activity for Rho 

GTPases and the N-terminal region of the effector proteins (Vonaesch et al., 

2014). In addition, the association of PipB2, SopD2, SopB, or SseJ with host 

cellular membranes depends on putative coiled-coil domains (Knodler et al., 

2011), and SseF and SseG possess three putative transmembrane helices 

(Abrahams et al., 2006). It is therefore possible that these regions of PipB2, 

SopD2, SopB, SseF, SseG and SseJ are important for their targeting to the 

SCV membrane. 

It has been reported that SteA localizes to the TGN, when the 

efector protein is ectopically expressed in uninfected mammalian cells or 

delivered by S. Typhimurium into infected host cells  (Geddes et al., 2005). 

However, in a different study, bacterially translocated SteA was shown to 

localize to Salmonella-induced tubules enriched in the TGN marker GalT 

(Van Engelenburg & Palmer, 2010). Given these apparent discrepancies, we 

started by reanalyzing the subcellular localization of SteA in host cells when 

ectopically expressed or bacterially translocated. This led us to find that 

SteA is a phosphatidylinositol-(4)-phosphate [PI(4)P] binding protein and that 

binding of SteA to PI(4)P is important for its proper localization in eukaryotic 

cell membranes, including the SCV membrane and SIFs.  
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MATERIALS AND METHODS 

 
Bacterial strains and growth conditions. This work was done using S. 

enterica serovar Typhimurium (S. Typhimurium) NCTC 12023 (identical to 

ATCC 14028s) and its isogenic derivative S. Typhimurium ΔsteA mutant 

(Figueira et al., 2013). Escherichia coli Top10 (Life Technologies) was used 

for construction and amplification of plasmids. E. coli BL21 (DE3) (Life 

Technologies) was used for the expression of recombinant proteins. Bacteria 

cells were grown in LB medium (NZYtech) supplemented when appropriate 

with ampicillin (100 μg/ml) and/or kanamycin (50 μg/ml). DNA was 

introduced into E. coli or S. Typhimurium by electroporation using standard 

methods (Sambrook & Russel, 2001). 

 

Yeast strains. This work was done using yeast Saccharomyces 

cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) and YPH499 

(MATa ade2-10 trp1-63 leu2-1 ura3-52 his3-Δ20 lys2-801) wild type (wt) 

strains. All mutants used were from the EUROSCARF/Life Technologies 

whole genome delete collection (BY4741 genetic background) except 

YES95 (pik1-63::TRP1), YFR201 (stt4Δ::HIS3 [CEN LEU2 stt4-4ts]), both in 

the YPH499 background, kindly provided by F. Roelants and J. Thorner; 

SD18-1d (MATa his3Δ leu2 rme1 ura3 trp1 mss4::HIS3MX6 [YCplac111-

MSS4]) and SD19-3a 1d (MATa his3Δ leu2 rme1 ura3 trp1 mss4::HIS3MX6 

[YCplac111-mss4-2ts]), kindly provided by S. Desrivieres and M. Hall.  

 

Yeast media and growth assays. Yeast extract peptone dextrose 

(YPD; 1% [w/v] yeast extract, 2% [w/v] peptone, 2% [w/v] glucose) broth or 

agar was the general non-selective medium used for growing S. cerevisiae 

strains. Synthetic complete medium (SC) contained 0.17% (w/v) yeast 

nitrogen base without amino acids, 0.5% (w/v) ammonium sulphate and 2% 

(w/v) glucose, and was supplemented with appropriate amino acids and 

nucleic acid bases. SC-D and SC-R or SC-G were SC with 2% (w/v) 

glucose, raffinose or galactose, respectively, as carbon sources. Galactose 

induction experiments in liquid media were performed by growing cells in 
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SC-R medium to the logarithmic growth phase, adjusting all the cultures to 

the same optical density at 600 nm (OD600) and then adding galactose to 2% 

(w/v) for 4–6 h. Yeast lithium acetate transformation was performed by 

standard methods.  

 

Plasmids, DNA manipulations, and oligonucleotides. The 

plasmids and DNA oligonucleotides used in this Chapter are detailed in 

Tables A2 and A3 of Annexes. To construct plasmid pSteA
WT

-EGFP (Table 

A2 of Annexes), a DNA fragment of steA was amplified by PCR from 

chromosomal DNA of S. Typhimurium 12023. The purified PCR product was 

digested with HindIII and BamHI and ligated into those sites of pEGFP-N1 

(Clontech). To construct pEF6-SteA
WT

-2HA (Table A2 of Annexes), a 

transfection vector expressing wild type SteA C-terminally tagged with a 

2HA, a DNA fragment including steA and the DNA sequence encoding 2HA 

was amplified by PCR from DNA of pSteA-2HA (Chapter II) and digested 

with KpnI and BamHI. The digested fragment was ligated into those sites of 

pEF6/Myc-HisA (Life Technologies). Plasmids encoding GST fusions to the 

N-termini of SteA, SseJ, or SifB were constructed by PCR amplification of 

steA, sseJ, or sifB from S. Tyhpimurium chromosomal DNA. The purified 

PCR products were digested with BamHI and XhoI and ligated into those 

sites of pGEX4T-2 (GE Healthcare).  

To construct plasmid YCpLG-SteA
WT

-GFP (Table A2 of Annexes), a 

steA-containing fragment was amplified by PCR from pSteA-2HA (Chapter 

II). The resulting PCR product was digested with BamHI and ligated into that 

site of yeast vector YCpLG (Bardwell et al., 1998). To construct plasmids 

pYES2-GFP-SteA
WT

 and pYES3-GFP-SteA
WT

 (Table A2 of Annexes), we 

first constructed pEG(KG)-SteA
WT

 and pYES3-GFP. To construct pEG(KG)-

SteA, a derivative of pEG(KG) (Mitchell et al., 1993), steA was amplified by 

PCR from pSteA-2HA (Chapter II). The resulting product was digested with 

BamHI and ligated into that site of pEG(KG). To construct pYES3-GFP, DNA 

of plasmid pYES2-GFP (Rodríguez-Escudero et al., 2005) was digested with 

HindIII and BamHI and the GFP-encoding DNA fragment was ligated into 

those sites of plasmid pYES3/CT (Life Technologies). Finally, plasmid 



Chapter V 

 

148 
 

pEG(KG)-SteA
WT

 was then digested by BamHI and the SteA-encoding DNA 

fragment was ligated into that site of pYES2-GFP or pYES3-GFP plasmids.  

To construct a plasmid encoding the PI4P-binding region of the L. 

pneumophila effector SidC (amino acids 609-776; (Ragaz et al., 2008) fused 

to GST, the appropriate region of sidC was amplified by PCR from L. 

pneumophila chromosomal DNA (a kind gift from Irina Franco). The resulting 

PCR product was digested using BamHI and SalI and ligated into those sites 

of pGEX-4T-2.   

To construct pEGFP-N1 or pGEX-4T-2-derivatives encoding mutant 

SteA proteins, site-directed mutagenesis of steA cloned in pEGFP-N1 or in 

pGEX-4T-2 was done by overlapping PCR. The resulting PCR products 

were digested by HindIII and BamHI, or BamHI and XhoI, and ligated into 

those sites of pEGFP-N1, or pGEX-4T-2, respectively. Furthermore, to 

construct a pWSK129-derivative (Wang & Kushner, 1991) encoding a SteA 

mutant protein with a replacement of K36 by alanine and with a C-terminal 

2HA (pSteA
K36A

-2HA), site-directed mutagenesis of steA was done by 

overlapping PCR using DNA from pSteA-2HA (Chapter II) as template. The 

resulting PCR product was digested with EcoRI and BamHI and ligated into 

those sites of pWSK129 (Wang & Kushner, 1991). To construct pYES3-

GFP-derivatives encoding mutant SteA proteins, DNA of pGEX-4T-2 

derivatives bearing steA mutant alleles was digested by BamHI and XhoI 

and the appropriate DNA fragments were ligated into equivalent sites of 

pYES3-GFP. 

The accuracy of the nucleotide sequence in the inserts in the 

constructed plasmids was checked by DNA sequencing. The plasmids were 

constructed using proof-reading Phusion DNA polymerase (Finnzymes), 

Expand high fidelity PCR system (Roche), restriction enzymes (MBI 

Fermentas and Roche), T4 DNA Ligase (Life Technologies and Roche), 

DNA clean & concentrator
TM

-5 Kit and Zymoclean
TM

 Gel DNA Recovery kit 

(Zymo Research), GeneClean® turbo kit (MPbio), and purified with 

GeneElute Plasmid Miniprep kit (Sigma), according to the instructions of the 

manufacturers. Additional PCRs were performed using DreamTaq DNA 
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Polymerase (MBI Fermentas), according to the instructions of the 

manufacturer and standard methods (Sambrook & Russel, 2001).  

 

Recombinant protein expression and purification. E. coli 

BL21(DE3) harboring pGEX-4T-2 or derived plasmids was used for 

expression of GST proteins using the auto-induction method (Studier, 2005). 

The bacterial cultures were incubated for 4 h at 37ºC and for an additional 

24 h at 25ºC, always with an agitation of 140 rpm. The bacterial cells were 

harvested by centrifugation at 10500 g for 15 min at 4ºC. The cell pellet was 

ressuspended in ice-cold PBS containing 0.5% (v/v) Triton X-100, 5 mM DTT 

and 1 mM PMSF (PBS-T), and lysed using a French pressure cell (18000 

lb/in
2
). All subsequent steps were carried out using ice-cold PBS-T. The cell 

lysates were then centrifuged at 10500 g for 30 min at 4ºC, after which the 

supernatants were loaded into an Empty Gravity Flow Column (Bio-Rad) 

pre-packed with equilibrated glutathione sepharose beads (GE Healthcare). 

The beads in the packed column were then washed once with 10 ml of PBS-

T. The proteins bound to beads were then eluted with 5 ml of PBS-T 

containing 10 mM glutathione.  

 

Preparation of yeast cellular extracts. Yeast cells were 

resuspended in 100 μl of ice-cold lysis buffer (50 mM Tris-HCl pH 7.5, 10% 

[v/v] glycerol, 1% [v/v] Triton X-100, 0.1% [w/v] SDS, 150 mM NaCl, 5 mM 

EDTA) supplemented with protease inhibitor cocktail (Complete Mini EDTA 

Free, Roche). Cells were mechanically lysed in a Fast Prep (FP120/BIO101 

ThermoSavant) with 1mm glass beads (Sartorius).  

 

Trypsin digestion of recombinant proteins. 30 μg of each purified 

protein (GST-SteA
WT

 and GST-SteA
K36A

) were digested with 0.6 μg of trypsin 

(Promega) (a 1:50 protease: protein ratio) in PBS-T at 37°C, as 

recommended by the manufacturer. The reaction was stopped by addition of 

Laemmli buffer (0.25M Tris-HCl pH 6.8, 10% [w/v] SDS, 0.5 M β-

mercaptoethanol, 0.5% [w/v] bromophenol blue),  followed by 5 min 

incubation at 100°C. The samples were then analyzed by SDS-PAGE. 
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Lipid blot overlay assay and lipid pull-down. Membranes spotted 

with cellular lipids and lipid-coated beads were purchased from Echelon 

Biosciences. The lipid blot overlay and the lipid pull-down assays were 

performed essentially as described by the manufacturer. The lipid blot 

overlay assays were done using a concentration of 200 nM of purified 

protein incubated with the membranes in a volume of 5 ml of PBS containing 

0.1% (v/v) Tween-20 and 4% (w/v) non-fat dry milk, at room temperature 

with gentle rocking. The wash steps were done in the same buffer without 

the milk. The bound proteins were detected with anti-GST or anti-His 

antibodies, followed by incubation with appropriate secondary antibodies 

(see below).  

For the lipid pull-down assays, S. Typhimurium was grown in SPI-1 

inducing media (1% [w/v] tryptone, 0.5% [w/v] yeast extract, and 2% [w/v] 

NaCl, pH 7.0) for 4 hours at 37°C with an agitation of 140 rpm. The bacterial 

cells were then harvested by centrifugation at 2500 g for 10 min at 4°C, 

ressuspended in ice-cold buffer composed by 10 mM Hepes pH 7.4, 150 

mM NaCl and 0.5% (v/v) IGEPALl CA-630 (buffer W) and lysed by 

sonication according to the following cycle repeated 4 times: 30 seconds of 

sonication (100 W) followed by equal time of interval on ice. Cell debris were 

removed by centrifugation at 6800 g for 15 min at 4°C and the amount of 

soluble protein was estimated using the Bradford Reagent (Bio-Rad). For 

pull-down assays, between 30-50 mg of total protein or 100 pmol of purified 

recombinant protein, were incubated for 30 min (protein extracts) or 90 min 

(purified proteins) at room temperature with 20 μl of PI-coated beads 

(Echelon Biosciences). The beads were washed five times in buffer W at 

room temperature, and the proteins were eluted by the addition of 20 μl of 

Laemmli buffer, followed by 5 min incubation at 100°C. The samples were 

then analyzed by immunoblotting. 

 

Immunoblotting. After SDS-PAGE, gels were processed for 

immunoblotting using Trans-Blot Turbo Transfer System (BioRad) and 

0.2 μm pore-size nitrocellulose membranes (BioRad or Hybond, Amersham). 

Immunoblot detection was done with horseradish peroxidase-conjugated 
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secondary antibodies (GE Healthcare and Jackson ImmunoResearch), 

Western Lightning Plus-ECL (Perkin Elmer), and a ChemiDoc XRS + system 

(BioRad) or exposure to Amersham Hyperfilm ECL (GE Healthcare), or with 

anti-rabbit IgG-IRDyeR 680 antibodies (LI-COR, Lincoln, Nebraska USA), 

and a Odyssey scanner (LI-COR Lincoln, Nebraska USA). All quantitative 

analyses were done with immunoblot images obtained using ChemiDoc 

XRS + (BioRad). 

 

Cell culture and bacterial infections. Human epithelial HeLa cells 

(clone HtTA-1) were obtained from the ECACC. HeLa cells were maintained 

in DMEM (Life Technologies) supplemented with 10% (v/v) FBS (Life 

Technologies), without antibiotics, at 37ºC in a humidified atmosphere with 

5% (v/v) CO2. Infection of HeLa cells with S. Typhimurium was performed as 

previously described (Beuzón et al., 2000). When needed, L-arabinose was 

added to the cell culture medium at 0.2 % (w/v) to induce expression of 

DsRed (see below).  

 

Reagents and drug treatments. PAO (SIGMA) stock solution at 20 

mM was made fresh in DMSO. To enable inhibition of mammalian 

phosphatidylinositol-4-phosphate kinases (PI4Ks), cells were incubated in 

the presence of 20 μM of PAO for 20 min at 37°C prior to fixation. 

 

Transient transfection of mammalian cells. HeLa cells were 

transfected with plasmid DNA by using the jetPEI reagent (Polyplus-

Transfections), as described in Chapter II. Cells were transfected for 14-24h 

with pSteA
WT

-EGFP, pSteA
3K-3A

-EGFP, pSteA
2K2R-4A

-EGFP, pSteA
K29A

-

EGFP, pSteA
K33A

-EGFP, pSteA
K36A

-EGFP, or pSidC
609-776

-EGFP (see Table 

A2 of Annexes). Infected cells were transfected 2 h after bacterial inoculation 

with pLAMP1-mGFP (see Table A2 of Annexes). Cells were subsequently 

incubated at 37°C in 5% CO2 for the indicated time periods prior to fixation. 

 

Antibodies. The following antibodies were used for immunoblotting: 

goat monoclonal anti-GST (Sicgen or Santa Cruz Biotechnology; used at 
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1:1000 or 1:5000, respectively), goat monoclonal anti-GFP (Sicgen; used at 

1:1000); mouse monoclonal anti-tubulin (clone B-5-1-2; Sigma; 1:1000); 

mouse monoclonal anti-DnaK (clone 8E2/2; Millipore; used at 1: 5000); rat 

monoclonal anti-HA (clone 3F10; Roche; used at 1:1000). For 

immunofluorescence (IF) microscopy, goat polyclonal anti-Salmonella 

antibody CSA-1 (Kirkegaard and Perry Laboratories) was used at 1:200; 

mouse monoclonal antibody anti-LAMP1 H4A3, developed by J. T. August 

and J. E. K. Hildreth was obtained from the DSHB developed under the 

auspices of the NICHD and maintained by University of Iowa, Department of 

Biology, Iowa City, IA 52242, and was used at 1:400; the rat anti-HA 3F10 

antibody (Roche) was used at 1:200; the rabbit anti-GOLGIN2A (GM130) 

antibody (Sigma-Aldrich) was used at 1:400; the mouse anti-TGN46 

antibody (Sigma-Aldrich) was used at a 1:400. Secondary antibodies were 

obtained from Jackson Immunoresearch Laboratories (donkey anti-goat 

conjugated to cyanine 5, anti-rat conjugated to Rhodamine RedX, anti-rabbit 

conjugated to Rhodamine RedX, all used at 1:200) and from Life 

Technologies (donkey anti-goat Alexa 405 and goat anti-mouse AF568, 

used at 1:200). 

 

Immunofluorescence (IF) microscopy. This was performed as 

previously described in chapter II. 

 

Live-cell imaging. Live-cell microscopy in HeLa cells was 

performed a as previously described in Chapter II. Microscopy of live yeast 

cells for GFP detection was performed in a an Eclipse TE2000U microscope 

(Nikon, Melville, NY, USA) fitted with an Orca C4742-95-12ER digital camera 

(Hamamatsu, Japan) and then processed by using HCImage System 

(Hamamatsu, Japan). Cells harboring GFP fusion vectors were cultured 

overnight in selective SC-R medium and then refreshed in the same medium 

to adjust OD600 to 0.2 at the time of adding galactose to a 2% (w/v) 

concentration. After 3-5 h at 30ºC, cells suspensions were spotted on slides 

for microscopy observation. For temperature-sensitive (ts) mutant strains, 

cells were refreshed and incubated in the presence of 2% (w/v) galactose at 
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24ºC for 4 h, then shifted to 37ºC for 2 h. For FM4-64 (Molecular probes) 

staining, the fluorochrome was added to a cell suspension in SC-G medium 

to a concentration of 40 µM and incubated for 40 min prior to observation. 

For DAPI (Sigma) staining, the molecule was added 10 min before analysis 

to a final concentration of 10 µg/ml . 

 

Scoring of phenotypes by microscopy. The quantification of the 

appearance of “compact microcolonies” and of SIFs was done as described 

in Chapter II. To quantify the number of HeLa cells showing SidC
609-776

-

EGFP around S. Typhimurium, we counted the presence of green 

fluorescence surrounding the bacteria in cells ectopically expressing SidC
609-

776
-EGFP and infected by S. Typhimurium. In all cases, at least 50 infected 

cells were scored blind in each experiment and all experiments were 

repeated at least three times. Results are reported as mean ± standard 

SEM. Differences between data sets were considered significant if P < 0.05 

in a two-tailed unpaired Student’s t-test. 
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RESULTS 

SteA co-localizes with mammalian host cell membranes after ectopic 

expression or bacterial mediated translocation. HeLa cells were 

transfected for 24 h with vectors encoding wild type SteA with C-terminal 

fusions to EGFP (SteA
WT

-EGFP) or to a 2HA tag (SteA
WT

-2HA). 

Fluorescence microscopy analysis of these cells showed SteA
WT

-EGFP or 

SteA
WT

-2HA localizing mainly at or near the plasma membrane (PM) and at 

a central/perinuclear region of the cell (Fig. 5.1A). To gather more 

information about the subcellular localization of ectopically expressed SteA, 

we analyzed by fluorescence microscopy the possible co-localization of 

SteA
WT

-EGFP with the PM and with Golgi markers of the perinuclear region 

of HeLa cells. To stain the PM, we used fluorophore-conjugated WGA, a 

lectin that labels the glycoproteins at the surface of the PM when added to 

non-permeabilized cells. Fluorescence microscopy showed that ectopically 

expressed SteA
WT

-EGFP co-localizes with the WGA-labeled PM of HeLa 

cells (Fig. 5.1B). Regarding the perinuclear accumulation of SteA
WT

-EGFP, 

we examined the possible co-localization of the fluorescent fusion protein 

with immunolabeled GM130, a cis-Golgi matrix protein, or TGN46, which 

accumulates at the TGN. However, IF microscopy did not show extensive 

co-localization of SteA
WT

-EGFP with these proteins (Fig. 5.1B).    

 To analyze the subcellular localization of translocated SteA during 

infection of host cells, we infected HeLa cells for 14 h with ∆steA mutant S. 

Typhimurium constitutively expressing GFP and harboring a plasmid 

encoding SteA
WT

-2HA. After fixation, the infected cells were incubated with 

saponin (which permeabilizes mammalian cell membranes but not bacterial 

cell membranes) and translocated SteA
WT

-2HA was immunolabeled with an 

anti-HA antibody. Indirect IF microscopy revealed that SteA
WT

-2HA often 

surrounded the fluorescent bacteria, suggesting that SteA
WT

-2HA localizes 

at the membrane of the SCV (Fig. 5.2; inset, upper panel). Moreover, we 

observed tubular structures marked with SteA
WT

-2HA that emanated from 

the region of the SCVs (Fig. 5.2; arrow, upper panel). To analyze the 

possible co-localization of translocated SteA with SIFs, HeLa cells were 
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infected by ∆steA mutant S. Typhimurium expressing SteA
WT

-2HA and 

transfected with a plasmid encoding non-dimerizable LAMP1-mGFP. 

 

Figure 5.1. SteA colocalizes with host cell membranes in transfected cells. (A) 

HeLa cells were transfected with plasmids encoding SteA
WT

-EGFP or SteA
WT

-2HA, 

fixed 24 h post-transfection, immunolabeled for HA when appropriate, and imaged by 

confocal microscopy. (B) HeLa cells were transfected with a plasmid encoding 

SteA
WT

-EGFP (green), fixed 24 h post-transfection, immunolabeled for GM130 (red) 

or TGN46 (red) or stained for glycosilated proteins at the plasma membrane with 

Alexa Fluor 555-conjugated  WGA (red), and imaged by confocal microscopy. 

 

After 14 h of infection, the cells were fixed and immunolabeled using 

anti-Salmonella and anti-HA antibodies. Then, indirect IF microscopy 

analysis revealed that HA labeling frequently co-localized with LAMP1-

mGFP (Fig. 5.2; lower panel).  
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Figure 5.2. Translocated SteA colocalizes with host cell membranes. HeLa cells 

were infected with ∆steA mutant S. Typhimurium strain harboring a plasmid encoding 

SteA
WT

-2HA, transfected 2 h p.i. with a plasmid encoding LAMP1-mGFP (blue), and 

fixed 14 h p.i. The cells were then immunostained for HA (red) and Salmonella 

(green) and imaged by confocal microscopy. All scale bars, 5 μm. 

 

In summary, in uninfected cells, SteA concentrated at the PM region 

and at an undefined perinuclear region; in infected cells, SteA localized at 

the SCV membrane and SIFs.   

 

Purified SteA binds specifically to PI(4)P. The subcellular 

localization of ectopically expressed or translocated SteA in mammalian 

cells suggested that this protein could possess a hydrophobic membrane-

localization domain, bind to particular host cell lipids, and/or interact with a 

host protein that associates with membranes. However, analysis of the 

amino acid sequence of SteA using the TMHMM server, version 2.0 (Krogh 

et al., 2001) did not reveal a transmembrane domain and thus far we have 

been unable to identify a host protein specifically binding to SteA (see 

Chapter 4). Therefore, we tested if SteA could bind host cell lipids. For this, 

purified GST-SteA
WT

 and GST (Fig. 5.3A) were overlaid onto nitrocellulose 

membrane filters spotted with different host cell lipids (Fig. 5.3B). The 

proteins that remain bound to the filters after extensive washing were 

immunodetected using anti-GST antibodies. This showed that GST-SteA 

recognized specifically PI(4)P (Fig. 5.3C), while GST alone did not bind any 

lipid (Fig. 5.3C).  
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Figure 5.3. SteA binds specifically PI(4)P in vitro using lipid strips. (A) 

Coomassie-stained 12% (v/v) SDS-PAGE with samples of purified proteins: 1-GST-

SteA
WT

; 2-GST-SifB
WT

; 3-GST-SseJ
WT

; 4-GST-SidC
609-776

; 5-GST. (B) Schematic 

representation of nitrocellulose membranes spotted with 100 pmol of all eight 

phosphoinositides and seven other cellular lipids. LPA, lysophosphatidic acid; LPC, 

lysophosphocholine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1P, 

sphingosine 1-phosphate; PA, phosphatidic acid; PS, phosphatidylserine; PI, 

phosphatidylinositol. (C) Protein-lipid overlay assay: the immobilized lipids were 

incubated with 200 nM of GST, GST-SteA
WT

, GST-SifB
WT

 or GST-SseJ
WT

. Bound 

proteins were detected by immunoblotting with an anti-GST antibody. (D) Lipid 

overlay assay with the indicated proteins (GST-SteA
WT

 and GST-SidC
609-776

). The 

nitrocellulose membrane has different concentrations of immobilized lipids (100 pmol; 

50 pmol; 25 pmol; 12.5 pmol; 6.25 pmol; 3.13 pmol; and 1.56 pmol/spot). Bounded 

proteins were detected by immunoblotting with an anti-GST antibody. 
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Several L. pneumophila T4SS effector proteins, such as SidC, 

localize to the LCV through their binding to PI4P (Hubber et al., 2014). To 

compare the ability of SteA and SidC to bind PI(4)P in vitro, we incubated 

purified GST-SteA or GST-SidC
609-776

 with
 
nitrocellulose membranes spotted 

with different amounts of phosphoinositides (PIPs) (Fig. 5.3D). This revealed 

that GST-SteA
WT

 bound specifically and significantly to as little as 6.25 pmol 

of PI(4)P, while clear binding of GST-SidC
609-776

 to PI(4)P could be detected 

for all amounts of PI(4)P spotted on the membrane (Fig. 5.3D). 

To further confirm the capacity of purified SteA to bind PI(4)P in 

vitro, we used agarose beads containing PI(4)P or agarose beads alone as 

control. Purified GST-SteA
WT

 was incubated with the agarose beads, and the 

proteins that remained bound to the beads after washing were detected by 

immunoblotting with an anti-GST antibody. This showed that GST-SteA
WT

, 

bound to the PI(4)P beads but not the control beads (Fig. 5.4A). While GST-

SteA
WT

 has a predicted molecular mass of 50 kDa, a band corresponding 

to a protein with an apparent molecular mass of ~25 kDa was also detected 

(asterisk in Fig. 5.4A). We also used PI(4)P and control beads to perform 

pull-down assays from protein extracts of S. Typhimurium ΔsteA mutant 

expressing SteA
WT

-2HA (Fig. 5.4B). After incubation of the protein extracts 

with the beads, the proteins that remained bound after washing were 

detected by immunoblotting with anti-HA antibodies. In these conditions, 

SteA
WT

-2HA was pulled-down by PI(4)P beads but not by control beads (Fig. 

5.4B). We also detected a band corresponding to a protein with an apparent 

molecular mass of 50 kDa in the protein extracts (Fig. 5.4B), which could 

represent SDS-PAGE-resistant SteA
WT

-2HA homodimers.  

In summary, these experiments showed that SteA can bind PI(4)P in 

vitro. However, its affinity for PI(4)P does not seem to be as high as that of 

the L. pneumophila effector SidC.  
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Figure 5.4. SteA binds specifically PI(4)P in vitro using lipid beads. (A) Assay 

with beads alone (control) or beads with 200 pmol of PI(4)P and purified GST-

SteA
WT

. The proteins bound to the beads were detected with an anti-GST antibody. 

Input is 10% of the amount of protein used in the assay; flow through is protein 

collected after the incubation period. (B) Pull down assay with beads alone (control) 

or beads with 200 pmol of PI(4)P. The beads were incubated with the supernatants 

of lysed bacterial cells that had been incubated in SPI-1-inducible media for 4 h. The 

bound protein was detected with anti-HA antibody. Input, amount of protein used in 

the assay; flow through, protein collected after the incubation period with the beads is 

over. 

 

SteA localizes at the PM of yeast in a PI(4)P-dependent fashion. 

In eukaryotic cells, PI(4)P is mainly localized at the PM and at the Golgi 

(D’Angelo et al, 2008). In S. cerevisae, most PI(4)P is under the control of 

two PI4Ks with distinct subcellular localizations. Pik1 localizes at the Golgi 

and accounts for 45% of the cellular PI(4)P, and Stt4 localizes at the PM and 

supports the production of 40% of PI(4)P (Fig. 5.5A).  The remaining  cellular  

PI(4)P   is   the   product  of  a  third  PI4K, Lsb6,  which  localizes  at the PM  
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Figure 5.5. Localization of SteA at the S. cerevisiae plasma membrane is PI(4)P-

dependent. (A) Schematic representation of relevant yeast S. cerevisiae 

phosphoinositide kinases and the subcellular membranes in which they function. (B) 

Fluorescence and differential contrast microscopy images showing cell morphology 

(Nomarski) and GFP-SteA
WT

 localization. S. cerevisiae YPH499 wild type (wt) strain 

expressing GFP-SteA
WT

 was grown in SC-R (-Trp) and the expression of GFP-

SteA
WT

 was induced by the addition of galactose to 2% (w/v) followed by incubation 

for 6 h. Cells were treated with the endocytic marker FM4-64 to counterstain for the 

vacuolar membrane (red) in SteA
WT

-GFP (green)-expressing cells. GFP-SteA
WT

 was 

also expressed in S. cerevisiae  YFR201 (stt4 ts) strain.  In this case, the strain was 

grown in SC-R lacking the appropriate aminoacids or uracil. Expression of GFP-

SteA
WT

 was induced by addition of 2% (w/v) galactose, followed by an incubation of 4 

h at 24 ºC, and then shifted to 37 ºC for 2h for expression of the ts mutations. (C) S. 

cerevisiae BY4741 (wt) and YES95 (∆pik1) strains expressing SteA
WT

-GFP were 

processed and analyzed as in (B, lower panel). 
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and at the yeast vacuole (D’Angelo et al., 2008). This was an attractive 

experimental model to study the importance of PI(4)P for the subcellular 

localization of SteA in eukaryotic cells because, although pik1 and stt4 

genes are essential, we could use yeast ts mutants in which most of the 

cellular PI(4)P would be either at the PM (pik1-ts mutant) or at the Golgi 

(stt4-ts mutant).  

We first expressed GFP-SteA
WT

 (GFP fused to the N-terminus of 

SteA) or SteA
WT

-GFP (GFP fused to the C-terminus of SteA) in wt yeast. 

Fluorescence microscopy revealed that both GFP-SteA
WT

 (Fig. 5.5B) or 

SteA
WT

-GFP (Fig. 5.5C) decorated the yeast PM. Furthermore, GFP-SteA
WT

 

and SteA
WT

-GFP also appeared at the yeast vacuole (Fig, 5.5B and 5.5C). In 

particular, GFP-SteA
WT

 concentrated at the vacuolar membrane, which was 

confirmed by co-staining with FM4-64 (Fig. 5.5B), and SteA
WT

-GFP 

decorated the vacuolar lumen (Fig. 5.5C). Overall this indicated that the 

association of SteA to cellular membranes, and especially to the PM, is a 

feature of this effector protein when ectopically expressed in eukaryotic cells.  

We next expressed GFP-SteA
WT

 in a S. cerevisiae stt4-ts mutant 

background and SteA
WT

-GFP in a pik1-ts mutant background. We used 

SteA
WT

-GFP and GFP-SteA
WT

 for expression in different yeast mutants to 

account for the markers available for transformation. Fluorescence 

microscopy of GFP-SteA
WT

 (Fig. 5.5B) and SteA
WT

-GFP (Fig. 5.5C) in these 

mutant backgrounds, revealed that inactivation of stt4 led to disappearance 

of the PM pool of GFP-SteA
WT

, while inactivation of pik1 did not affect the 

subcellular localization of SteA
WT

-GFP. This indicated that the localization of 

GFP-SteA
WT

 at the yeast PM is dependent on the activity of the PI4K Stt4.  

PI(4)P at the S. cerevisiae PM is the precursor of PI(4,5)P2, the 

typical yeast marker of the PM (Strahl and Thomer, 2007), synthesized in 

situ by the PI4P 5-kinase Mss4 (Fig. 5.5A). Therefore, it was conceivable 

that lack of PI(4,5)P2 at the PM, and not of PI(4)P, was the cause for the 

absence of association of GFP-SteA
WT

 with the PM in the stt4-ts mutant 

background. However, when S. cerevisiae mss4-ts mutant cells expressing 

GFP-SteA
WT

 were incubated  at the restrictive  temperature and analyzed by 

fluorescence  microscopy,  GFP-SteA
WT

 still  decorated  the  PM  (Fig. 5.6A). 
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Figure 5.6. Localization of SteA at the S. cerevisiae plasma membrane is not 

dependent of PI(4,5)P2. (A) S. cerevisiae BY4741 (wt) and SD19-3a (mms4 ts) 

strains were transformed with pYES3-GFP-SteA. The transformants were processed 

and analyzed as in (Fig. 5.5B, lower panel). (B) S. cerevisiae YPH499 cells were co-

transformed with pYES3-GFP-SteA
WT

 and YCpLG-PI3K
K802R 

(expressing kinase-

dead p110α-CAAX mutant). Cells were processed and analyzed as in Fig. 5.5B 

(lower panel). 

 

When mss4-ts mutant cells expressed the PI(4,5)P2 reporter PH(PLC)-GFP 

reporter (Stefan et al., 2002), the fluorescent protein decorated the PM when 

the cells were incubated at a non-restrictive temperature but not when the 

cells were incubated at the restrictive temperature (Fig. 5.6A). In a S. 

cerevisiae wt background, we also co-expressed GFP-SteA
WT

 and the 

mammalian class I phosphatidylinositol 3-kinase (PI3K) catalytic subunit 

p110α-CAAX, which fully depletes the PM pool of PI(4,5)P2 by turning it into 

PI(3,4,5)P3  (Rodríguez-Escudero et al., 2005). Fluorescence microscopy 
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analysis of these yeast cells indicated that this also did not impair the 

localization of GFP-SteA at the PM (Fig. 5.6B). These results are consistent 

with PI(4)P, and not PI(4,5)P2, being critical for targeting of SteA to the yeast 

PM. 

 

PM localization of SteA in mammalian cells can be abrogated 

by chemical inhibition of PI4Ks. We wondered if depleting PI(4)P in 

mammalian cells would also impair the localization of SteA
WT

-GFP at the PM 

of  HeLa  cells  (Fig. 5.1A). For this,  we  used  PAO, an  inhibitor  of  PI4Ks 

responsible for the cellular pools of PI(4)P at the PM and at the Golgi 

(Wiedemann et al., 1996). To  ensure  that incubation of cells  with PAO  can 

 
Figure 5.7. SidC

609-776
-EGFP localizes to the plasma membrane and perinuclear 

region in transfected HeLa cells. (A) HeLa cells were transfected for 24h with a 

plasmid encoding SidC
609-776

-EGFP and then fixed with 4% (w/v) paraformaldehyde. 

The cells were then stained with Alexa Fluor 555-conjugated wheat germ agglutinin 

(WGA) and imaged by confocal microscopy for SidC
609-776

 (green) and WGA (red). 

Scale bar, 5μm. (B) Protein-lipid overlay assay. Left-hand side: schematic 

representation of hydrophobic membranes spotted with 100 pmol of all eight 

phosphoinositides and seven other biological important lipids. LPA, lysophosphatidic 

acid; LPC, lysophosphocholine; PE, phosphatidylethanolamine; PC, 

phosphatidylcholine; S1P, sphingosine 1-phosphate; PA, phosphatidic acid; PS, 

phosphatidylserine; PI, phosphatidylinositol; right-hand side: immobilized lipids were 

incubated with 200 nM of His-SidC
609-776

-EGFP or GST-SteA
WT

. Bound proteins were 

detected by immunoblotting with anti-GFP or anti-GST antibodies.  
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promote the release of PI(4)P-binding proteins from the PM, we recurred 

again to SidC from L. pneumophila. Fluorescence microscopy showed that 

ectopically expressed SidC
609-776

-EGFP localized very sharply to the PM and 

also to the perinuclear/Golgi region of HeLa cells (Fig. 5.7A). Furthermore, in 

a protein-lipid overlay assay, purified SidC
609-776

-EGFP with a hexa-histidine 

tag at the N-terminus of SidC (His6-SidC
609-776

-EGFP) only bound 

significantly to PI(4)P (Fig. 5.7B). 

 

Figure 5.8. Localization of SteA at the plasma membrane of HeLa cells is 

PI(4)P-dependent. HeLa cells were transfected for 24 h with plasmids encoding 

SidC
609-776

-EGFP or SteA
WT

-EGFP and then incubated in the presence of 20 μM 

PAO or solvent control (DMSO) for 20 minutes. The cells were then fixed and imaged 

by confocal microscopy. All scale bars, 5 µm. 

 

We next transfected HeLa cells for 24 h with plasmids encoding 

SteA
WT

-EGFP or SidC
609-776

-EGFP, and then incubated the cells for 20 min 

with 20 μM of PAO or the DMSO solvent. The cells were then fixed, and 

fluorescence microscopy showed that the incubation with PAO resulted in 

the displacement of both SteA
WT

-EGFP and SidC
609-776

-EGFP from the PM 

(Fig. 5.8). In particular, in cells that had been incubated with PAO, SteA
WT

-

EGFP was spread throughout the cytosol of the cell with no specific 

accumulation at the PM or at the perinuclear region of the cell (Fig. 5.8), 

while SidC
609-776

-EGFP was only detected in the perinuclear region of the 

cell. Therefore, the localization of ectopically expressed SteA to the PM of 

HeLa cells is dependent on the activity of PI4Ks. 
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Lysine residue in position 36 (K36) of the primary structure of 

SteA is essential for the SteA-PI(4)P interaction in vitro. To understand 

how SteA binds PI(4)P, we first analyzed the amino acid sequence of the 

protein for motifs normally involved in binding to PI(4)P such as pleckstrin 

homology (PH), phox homology (PX), or phosphotyrosine binding (PTB) 

domains (Kutateladze, 2010). We could not find any of these motifs and 

searched for clusters of positively charged residues, which could promote 

non-specific recognition of negatively charged host cell lipids. We found two 

such clusters one at the N-terminal half [lysine residues in position 26 (K26), 

33 (K33) and 36 (K36)] and one at the C-terminal half [lysine residues in 

position 154 (K154) and (K156), and arginine residues in position 159 

(R159) and 161 (R161)] of 210 amino acids-long SteA, which were localized 

to two putative α-helices in the PSIPRED-derived predicted secondary 

structure of SteA (Jones, 1999) (Fig. 5.9A). To analyze the role of these 

amino acid residues in binding of SteA to PI(4)P, we used purified GST, 

GST-SteA
WT

, or mutant GST-SteA
3K-3A

 (where amino acid residues K29, K33 

and K36 were all substituted by alanines) or GST-SteA
2K2R-4A 

(where amino 

acid residues K154, K156, R159 and R161 were all substituted by alanine) 

in a protein-lipid overlay assay using nitrocellulose membranes spotted with 

different host cell lipids. This revealed that GST-SteA
2K2R-4A

 bound 

specifically to PI(4)P (Fig. 5.9B), while GST-SteA
3K-3A

 did not bind to any of 

the lipids (Fig. 5.9B). To analyze the contribution of amino acid residues 

K29, K33 and K36 for the binding of SteA to PI(4)P, we used purified GST-

SteA
K29A

, GST-SteA
K33A

, or GST-SteA
K36A

 (where amino acid residues K29, 

K33, and K36 were individually substituted by alanine) in a protein-lipid 

overlay assay. This showed that while GST-SteA
K29A

 and GST-SteA
K33A

 

could still bind specifically to PI(4)P (Fig. 5.9B),  GST-SteA
K36A

 did not bind 

to any of the lipids (Fig. 5.9B). To further assess the importance of amino 

acid residue  K36 of  SteA in  binding  to  PI(4)P, we  performed  assays  

using agarose beads containing PI(4)P or agarose beads alone as control. 

In these assays, differently from SteA
WT

-2HA, SteA
K36A

-2HA could not be 

efficiently pulled down by PI(4)P-beads from protein extracts of S. 

Typhimurium ΔsteA mutant expressing SteA
K36A

-2HA (Fig. 5.5B). 
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Figure 5.9. Residue lysine 36 of SteA is required for its binding to PI(4)P in 

vitro. (A) Predicted secondary structure of SteA (generated by the PSIPRED Protein 

Sequence Analysis Workbench (REF). Rectangle boxes represent α-helices and 

arrows represent β-sheets. The residues that were altered to alanine are pointed out 

with an arrow. (B) Protein-lipid overlay assay: 100 pmol of the immobilized lipids (see 

Fig. 2B) were incubated with 200 nM of the indicated proteins (GST-SteA
WT

, GST-

SteA
3K3A

, GST-SteA
2K2R-4A

, GST-SteA
K29A

, GST-SteA
K33A

 and GST-SteA
K36A

). Bound 

proteins were detected by immunoblotting with an anti-GST antibody. 
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Figure 5.10. Proteolytic cleavage of GST-SteA
WT

 and GST-SteA
K36A

. Purified 

GST-SteA
WT

 or GST-SteA
K36A

 (30 μg each) were incubated with 0.6 μg of trypsin (a 

1:50 protease: protein ration). Samples were taken at the indicated times the reaction 

stopped by addition of Laemmli buffer followed by an incubation of 5 min at 100ºC. 

(A) The samples were then analyzed by SDS-PAGE. (B) Densitometry analyses were 

done using Image Lab 4.0 (Bio-Rad). The graph shows the amount of full-length 

protein present at each time-point (% relative to the 0 min time-point). 

  

Purified GST-SteA
WT

 and GST-SteA
K36A

 were also subjected to 

trypsin digestion, and showed no significant differences in the rate of 

degradation (Fig. 5.10). This indicated that the overall folding of SteA was 

not affected by the K36A replacement. 
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Amino acid residue K36 of SteA is important for localization of 

ectopically expressed SteA at the PM of eukaryotic cells. We next asked 

whether the K36A replacement would affect the localization of ectopically  

expressed  SteA  in  eukaryotic  cells. To this, HeLa cells were transfected 

with plasmids encoding SteA
WT

-EGFP, SteA
3K-3A

-EGFP, SteA
2K2R-4A

-EGFP, 

SteA
K29A

-EGFP, SteA
K33A

-EGFP or SteA
K36A

-EGFP.  

 

 

Figure 5.11. Lysine 36 of SteA is required for its subcellular localization in HeLa 

cells. (A) HeLa cells were transfected for 24 h with plasmids encoding the indicated 

proteins, fixed and imaged by confocal microscopy. (B) HeLa cells were mock-

transfected or transfected with plasmids encoding EGFP, SteA
WT

-EGFP, SteA
3K-3A

-

EGFP, SteA
K29A

-EGFP, SteA
K33A

-EGFP, or SteA
K36A

-EGFP for 14 h. The cells were 

then lysed and analyzed by immunotbloting with anti-GFP and anti-tubulin antibodies. 
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After 24h of transfection, the cells were fixed and analyzed by 

fluorescence microscopy (Fig. 5.11A) or analyzed by immunoblotting with 

anti-GFP antibodies (Fig. 5.11B). The immunoblotting showed that all SteA-

EGFP proteins accumulated at similar levels, with the exception of SteA
K36A

-

EGFP that was consistently slightly less abundant (Fig. 5.11B). The 

fluorescence microscopy revealed that, unlike SteA
WT

-EGFP, ectopically 

expressed SteA
K36A

-EGFP does not localize at the PM of HeLa cells (Fig. 

5.11A). SteA
3K-3A

-EGFP, SteA
K29A

-EGFP, and SteA
K33A

-EGFP also did not 

significantly localize at the PM of HeLa cells (Fig. 5.11A), although this was 

more evident for SteA
3K-3A

- EGFP than for SteA
K29A

-EGFP or SteA
K33A

-EGFP 

(Fig. 5.11A). In contrast, SteA
2K2R-4A

-EGFP displayed a similar pattern of 

distribution in the cell as SteA
WT

-EGFP (Fig. 5.11A). Furthermore, with the 

exception of SteA
2K2R-4A

-EGFP, all mutant SteA proteins seemed to display a 

more scattered perinuclear distribution than SteA
WT

-EGFP (Fig. 5.11A). 

 

 

Figure 5.12. Lysine 36 of SteA is required for its subcellular localization in 

yeast cells. Yeast S. cerevisiae YPH499 strain transformants bearing the indicated 

versions of pYES3-GFP-SteA
WT

 were grown in SC-R (-Trp) to log-phase before 

induction with 2% (w/v) galactose and incubated for 5 h at 28 ºC before microscopy 

analysis. 
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To analyze the localization of mutant GFP-SteA proteins in yeast, S. 

cerevisiae was transformed with plasmids expressing GFP-SteA
WT

-EGFP, 

GFP-SteA
3K-3A

, GFP-SteA
2K2R-4A

, GFP-SteA
K29A

, GFP-SteA
K33A

 or GFP-

SteA
K36A

.  Fluorescence microsocopy of yeast cells also showed that, unlike 

GFP-SteA
WT

, GFP-SteA
K36A

 did not associate with the PM or with the yeast 

vacuolar membrane and instead showed a punctated pattern (Fig. 5.12).  

GFP-SteA
3K-3A

, GFP-SteA
K29A

 or GFP-SteA
K33A

 also failed to localize at the 

PM, but while GFP-SteA
K29A

 or GFP-SteA
K33A

 kept intact their vacuolar 

membrane localization, GFP-SteA
3K-3A

 behaved as GFP-SteA
K36A

 and 

showed a punctated pattern (Fig. 5.12).  

In summary, in contrast with SteA
WT

, SteA mutant proteins with a 

K36A replacement, which cannot bind PI(4)P in vitro, fail to localize at the 

PM when ectopically expressed in HeLa or yeast cells.  

 

Amino acid residue K36 of SteA is important for its proper 

localization at host cell membranes of infected cells after translocation. 

To understand if amino acid residue K36 of SteA is needed for the 

localization of the protein in infected cells, HeLa cells were infected by S. 

Typhimurium ∆steA mutant harboring a plasmid encoding SteA
WT

-2HA or by 

the same strain harboring a plasmid encoding SteA
K36A

-2HA. After 4, 8, or 

14h, the infected cells were fixed, immunolabeled for Salmonella and HA 

and visualized by indirect IF microscopy. At 4 h p.i., we were only able to 

detect translocation of SteA
WT

-2HA, but not of SteA
K36A

-2HA (Fig. 5.13). At 8 

or 14 h p.i., and similarly to previous observations (Fig. 5.2), we confirmed 

that SteA
WT

-2HA localized in the microcolony area, possibly at the SCV 

membrane, and in well-defined tubular structures emanating from the SCVs 

(Fig. 5.13). On the contrary, at 8 or 14 h p.i., SteA
K36A

-2HA was more 

scattered throughout the cell than SteA
WT

-2HA (Fig. 5.13). This was more 

evident at 14 h p.i. than at 8 h p.i. (Fig. 5.13). Furthermore, in cells infected 

by S. Typhimurium expressing SteA
K36A

-2HA, we did not find well-defined 

HA-labeled tubular structures but instead occasional continuous dots (Fig. 

5.13). 
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Figure 5.13. Lysine 36 of SteA is required for its subcellular localization after 

translocation by bacterial cells. HeLa cells were infected for 14 h with ∆steA 

mutant S.Typhimurium harboring a plasmid encoding SteA
WT

-2HA or SteA
K36A

-2HA 

and fixed. Cells were then immunostained for Salmonella (blue), HA (red) and 

LAMP1 (green) and imaged by confocal microscopy. All scale bars, 5 μm. 

 

 

To analyze this in more detail, we infected HeLa cells for 14 h with 

S. Typhimurium ∆steA mutant constitutively expressing GFP and carrying 

plasmids encoding either SteA
WT

-2HA or SteA
K36A

-2HA. After fixation, the 

cells were immunolabeled for HA and LAMP1 and visualized by indirect IF 

microscopy. We could easily observe the presence of LAMP1-labeled SIFs 

in cells infected by S. Typhimurium expressing SteA
WT

-2HA or SteA
K36A

-2HA 

(Fig. 5.14). However, the SIFs were only clearly co-labeled with HA in cells 

infected by S. Typhimurium expressing SteA
WT

-2HA (Fig. 5.14).  

These results indicate that amino acid residue K36 of SteA is 

required for the defined subcellular localization of the protein during infection 

of HeLa cells by S. Typhimurium. 
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Figure 5.14. SteA

WT
-2HA co-localize with SIFs while SteA

K36A
-2HA shows a 

more diffuse localization. HeLa cells were infected for 14 h with S. Typhimurium 

∆steA mutant constitutively expressing GFP and with plasmids encoding SteA
WT

-2HA 

or SteA
K36A

-2HA. After fixation, the cells were immunolabeled for HA (red) and 

Salmonella (blue) and imaged by confocal microscopy. 

 

 

The SCV is marked by PI(4)P throughout infection of HeLa cells 

by S. Typhimurium. We next investigated if PI(4)P was present at the SCV 

membrane during infection of HeLa cells. For this, we first transfected HeLa 

cells with the plasmid encoding SidC
609-776

-EGFP. These cells were then 

infected for 15 min, 30 min, 1, 2, 4, 6 or 8 h with wt S. Typhimurium 

expressing DsRed. At each of these time points, the infected cells were fixed 

and analyzed by fluorescence microscopy. In this analysis, SCVs were 

considered positive for PI(4)P when red fluorescent Salmonella were 

completely surrounded by green fluorescent SidC
609-776

-EGFP. At almost all 

time-points, the majority of the infected cells contained SCVs positive for 

PI(4)P (Fig. 5.15A and 5.15B). At 15 min p.i., 75 ± 2 % of cells showed 

PI(4)P-positive SCVs but this percentage decreased continuously and 

reached a minimum of 50 ± 5  % of cells showing PI(4)P-positive SCVs at 1h 

p.i. (Fig. 5.15A). The percentage of cells displaying PI(4)P-positive SCV 

raised to 65 ± 6% at 2 h p.i. and remained more or less constant at the 

subsequent time points (Fig. 5.15A). 
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Figure 5.15. The PI(4)P-binding protein SidC
609-776

-EGFP surrounds intracellular 

Salmonella in infected HeLa cells. (A) HeLa cells were transfected with a plasmid 

encoding SidC
609-776

-EGFP (green) and infected with the indicated S.Typhimurium 

strains expressing the fluorescent protein DsRed (red). At the different times p.i., the 

cells were fixed and analyzed by fluorescence microscopy. Infected cells showing 

green fluoresecence surrounding S. Typhimurium red fluorescence were enumerated 

by fluorescence microscopy. At least 50 infected cells were analyzed in each 

experiment. Values are the mean ± standard-error of the mean (n = 3). P-values 

were calculated by a two-tailed unpaired Student’s t-test. (B) HeLa cells infected and 

fixed as in (A) were imaged by confocal microscopy for Salmonella (red) and SidC
609-

776
-EGFP (green) at the indicated times after invasion. The insert images correspond 

to 4-fold zoom from the originals. (C) HeLa cells were infected DsRed-expressing wt 

or ∆steA mutant S. Typhimurium. The infected cells were transfected with a plasmid 

encoding SidC
609-776

-EGFP at 2 h p.i. and fixed with 4% (w/v) paraformaldehyde at 

14 h p.i. The cells were then immunostained for LAMP1 (blue) and imaged by 

confocal microscopy. Scale bar, 5 μm. 
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To test if SteA was needed for the accumulation of SidC
609-776

-EGFP 

around Salmonella, HeLa cells were infected for 14 h with wt or ∆steA 

mutant S. Typhimurium expressing DsRed. The cells were then fixed, 

immunolabeled for LAMP1, and analyzed by IF microscopy. The bacteria 

were surrounded by SidC
609-776

-EGFP in cells infected by both wt or ∆steA 

mutant S. Typhimurium, (Fig. 5.15C), and in both cases the SidC
609-776

-

EGFP fluorescence partially overlapped with the labeling for LAMP1 (Fig. 

5.17C). As previously described (Chapter II; Domingues et al., 2014), the 

∆steA mutant vacuoles were typically enlarged and contained more than one 

bacterium (Fig. 5.15C). 

We then used time-lapse video fluorescence microscopy to confirm 

that SidC
609-776

-EGFP surrounds S. Typhimurium during infection. For that, 

HeLa cells were transfected with the plasmid encoding SidC
609-776

-EGFP and 

infected with wt S. Typhimurium expressing DsRed. At 8 h p.i., we started 

recording images for 4 h of infection (Fig. 5.16 and Movie A3). These 

analyses confirmed that in HeLa cells infected by wt S. Typhimurium, the 

bacteria can frequently be found surrounded by SidC
609-776

-EGFP 

fluorescence (Fig. 5.16 and movie A5.1). Moreover, SidC
609-776

-EGFP also 

decorated tubules apparently emanating from the SCV (Fig. 5.16 and Movie 

A3).  

Therefore, as indicated by SidC
609-776

-EGFP fluorescence surrounding 

bacteria, PI(4)P localizes at the SCV membrane throughout S. Typhimurium 

infection of HeLa cells but this is not dependent on SteA. We therefore 

tested if mammalian PI4Ks were recruited to the SCV, but we were unable to 

detect them at bacterial vacuoles in HeLa cells transfected with plasmids 

encoding EGFP fusions of PI4K IIα, IIβ, or IIIβ and infected by S. 

Typhimurium (data not shown). We also tested if other Salmonella effector 

proteins could bind PI(4)P. We selected SifB and SseJ, which localize to the 

SCV and SIFs (Freeman et al., 2003; Ruiz-Albert et al., 2002) and do not 

possess any obvious transmembrane region. However, in a lipid overlay 

assay, neither GST-SifB nor GST-SseJ bound to PI(4)P or to any other lipid 

(Fig. 5.3C).  
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Figure 5.16. Time-lapse video microscopy. HeLa cells were transfected with a 

plasmid encoding SidC
609-776

-EGFP (green), infected with DsRed expressing wt S. 

Typhimurium and imaged by time-lapse video microscopy. Still images from Movie 

S1 showing infected cells with green fluorescence surrounding the bacteria. The 

insert images correspond to 4-fold zoom from the originals. All scale bars 5 μm. 

   

 

Expression of SteA
K36A

 can complement ∆steA mutant 

phenotypes in infected HeLa cells. We previously showed that HeLa cells 

infected by S. Typhimurium ΔsteA mutant bacteria display less SIFs and an 

increased clustering of SCVs, relative to cells infected by wt bacteria 

(Chapter II; Domingues et al., 2014). Therefore, we tested if binding of SteA 

to PI(4)P was important for the contribution of SteA to the control of SCV 

membrane dynamics. HeLa cells were infected with DsRed-expressing S. 

Typhimurium wt, ∆steA mutant, ∆steA mutant expressing SteA
WT

-2HA, or 

∆steA mutant expressing SteA
K36A

-2HA. After 14 h, the cells were fixed, 

immunolabed for LAMP1, and analyzed by IF microscopy for the presence of 

SIFs and increased clustering of SCVs (“compact microcolony”). This 

analysis revealed that expression of SteA
K36A

-2HA complemented the 

phenotypes displayed by S. Typhimurium ∆steA mutant (Fig. 5.17). This 
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shows that the SteA
K36A

 protein is functional and that binding of SteA to 

PI(4)P is apparently not essential for control of SCV membrane dynamics. 

 

Figure 5.17. Expression and translocation of SteA
K36A

 can complement ∆steA 

mutant phenotypes in HeLa cells infected by S. Typhimurium. HeLa cells were 

infected for 14 hours with the indicated S. Typhimurium strains constitutively 

expressing GFP. After fixation, cells were immunolabeled for LAMP1. (A) Infected 

cells showing compact microcolonies or SIFs were enumerated by 

immunofluorescence microscopy. At least 50 infected cells were analyzed in each 

experiment. Values are the mean ± standard-error of the mean (n = 3). P-values 

were calculated by a two-tailed unpaired Student’s t-test. (B) HeLa cells were imaged 

by confocal microscopy for Salmonella (green) and LAMP1 (red). Scale bar, 5 μm. 
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DISCUSSION 

In this Chapter, we show that SteA binds PI(4)P in vitro and that proper 

localization of SteA to cellular membranes depends on its capacity to bind to 

PI(4)P. We found that residue lysine 36 of SteA is important for the binding 

of SteA to PI(4)P and for the subcellular localization of the protein when 

ectopically expressed in eukaryotic cells and when translocated by S. 

Typhimurium in infected cells. Moreover, our findings indicated that PI(4)P is 

present at the membrane of the SCV throughout infection of HeLa cells by S. 

Typhimurium.  

The function of PIPs in eukaryotic cells is related with regulation of 

signal transduction, cytoskeleton architecture and membrane dynamics 

(Behnia & Munro, 2005; Van Haastert & Devreotes, 2004; De Matteis & 

Godi, 2004; Di Paolo & De Camilli, 2006). Moreover, different PIPs localize 

to distinct subcellular compartments and together with specific proteins 

define their identity (Behnia & Munro, 2005; Di Paolo & De Camilli, 2006). 

Many intracellular bacterial pathogens exploit PIPs and their metabolism to 

ensure survival and efficient intracellular replication (Hilbi, 2006; Pizarro-

Cerdá & Cossart, 2004). To interfere with the host PIP metabolism, 

pathogenic bacteria use different approaches such as translocation of 

effectors that will use PIPs as membrane anchors (Weber et al., 2006), or 

will metabolize PIPs to modulate their host cell levels (Niebuhr et al., 2002; 

Terebiznik et al., 2002), or will recruit PIP-effector proteins (Moorhead et al., 

2010).  

PI(4)P is the most abundant monophosphorylated PIP in cells 

(Lemmon, 2008). PI(4)P was initially described as a key PIP that controls 

membrane trafficking at the Golgi (Walch-Solimena & Novick, 1999), but 

more recently it has become clear that it has general roles in membrane 

trafficking and lipid metabolism (D’Angelo et al., 2008). The extra-Golgi 

functions of PI(4)P include the control of endosomal trafficking, signaling at 

the plasma membrane and actin dynamics, among others (De Matteis et al., 

2013). Another example of a wider role of PI(4)P in the cells is its hijacking 

by intracellular pathogens to build their replicative niches like L. pneumophila 

and hepatitis C virus (HCV) (Bishé et al., 2012a; Brombacher et al., 2009; 
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Ragaz et al., 2008). As mentioned above, PI(4)P is a constituent of the LCV 

that is used to anchor the effectors secreted by L. pneumophila (Brombacher 

et al., 2009; Hubber et al., 2014; Ragaz et al., 2008; Weber et al., 2006). 

Recently, it was found that PI4KIIIα is important to generate the pool of 

PI(4)P at the LCV while the phosphatase Sac1 metabolizes it (Hubber et al., 

2014). This strategy is useful to control the localization of the bacterial 

effectors during the biogenesis of the vacuole. In the case of HCV, PI4Ks 

are recruited to replication competent membranous web-like structures by 

virus proteins to increase the local production of PI(4)P and allow HCV 

replication (Berger et al., 2009, 2011; Reiss et al., 2011). Moreover, PI4KIIIβ 

and PI(4)P have been shown to play a role in the process of HCV secretion 

(Bishé et al., 2012b). S. Typhimurium has been known to subvert the 

metabolism of PIs through the activity of the SPI-1 T3SS effector SopB 

(Bakowski et al., 2010; Hernandez et al., 2004; Mallo et al., 2008; Terebiznik 

et al., 2002). However, it has never been described that a Salmonella 

effector binds a PIP to assist in its proper subcellular localization in host 

cells. Therefore, our results expand the current knowledge of how microbial 

pathogens exploit host cell PIPs. 

The identification of SteA as an effector that binds directly PI(4)P 

suggested that this PIP could be a constituent of the SCV membrane. 

Markers commonly used to label PI(4)P inside mammalian cells are PH 

domains from other proteins like OSBP (oxysterol-binding protein) or FAPP1 

(phosphatidylinositol-four-phosphate adaptor protein 1) (Dowler et al., 2000). 

However, when ectopically expressed in HeLa cells these markers for PI(4)P 

did not label the PM, only accumulating at the Golgi (data not shown). The 

fact that these domains interact with other Golgi-resident proteins might 

explain the preferred localization of the markers. Because of that, to confirm 

our hypothesis we constructed a new PI(4)P probe, SidC
609-776

-EGFP. This 

probe contains only the PI(4)P binding region of the T4SS effector from L. 

penumophila (Weber et al., 2006). In transfected cells this probe showed a 

defined localization at the PM and the Golgi and in infected cells the SCVs 

membranes were labeled in green from invasion to late time points. These 

observations confirmed that SidC
609-776

-EGFP is a good candidate probe for 
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the detection of PI(4)P within eukaryotic cells (Ragaz et al., 2008; Weber et 

al., 2014) and that the membrane of the SCV is enriched in PI(4)P at least 

until 12 h p.i.. 

The presence of PI(4)P at the membrane of the SCV lead us to 

hypothesize that this phospholipid might function as an anchor for the 

effectors translocated by the bacteria as it happens with L. pneumophila 

(Brombacher et al., 2009; Hubber et al., 2014; Ragaz et al., 2008; Weber et 

al., 2006). We tested if other Salmonella effector proteins could also bind 

PI(4)P besides SteA. For that, we selected SifB and SseJ. SifB is a SPI-2 

effector of unknown function, but displaying 30% amino acid identity to SifA 

(Freeman et al., 2003), and SseJ is a glycerophospholipid :cholesterol 

acyltransferase that esterifies cholesterol in infected cells (Lossi et al., 2008; 

Nawabi et al., 2008) and influences the vacuolar membrane stability and the 

formation of SIFs counteracting the function of SifA (Birmingham et al., 

2005; Ohlson et al., 2008; Ruiz-Albert et al., 2002; Schroeder et al., 2010). 

Neither effector present a possible transmembranar region although SseJ 

has a predicted coiled-coil domain that might participate in the protein 

anchorage at cell membranes (Knodler et al., 2011). Moreover, both 

effectors presented one or more clusters of positively-charged residues that 

could create an interface between the protein and the SCV membrane and 

thus bind a lipid. However, none of the effectors bound to PI(4)P or with any 

other lipid spotted onto the lipid strip in vitro. In the case of SseJ, the 

predicted coiled-coil region could be the mechanism used by this protein to 

localize at the SCV and SIFs. For SifB, the mechanism by which the protein 

associates with host cell membrane-derived compartments is still unknown. 

Nevertheless, this observation does not exclude a role for the SCV-PI(4)P in 

anchoring Salmonella effectors. Furthermore, PI(4)P at the SCV could be 

manipulated by the bacteria for it functions in anterograde membrane 

trafficking at the exit of the Golgi complex, in lipid fluxes towards the cell 

surface and in the recruitment of PI(4)P effector proteins (D’Angelo et al., 

2008). These various possibilities remain to be explored. 

The mechanism employed by S. Typhimurium effectors to anchor 

the membrane of the SCV and SIFs is largely unknown. Effectors like PipB2, 



Chapter V 

 

180 
 

SifA, SifB, SipA, SopB, SopD, SopD2, SopE, SopE2, SseF, SseG, SseJ, 

SseL, and SteC target the SCV. From those, PipB2, SifA, SifB, SopD2, 

SseF, SseG, SseJ, SseL, and SteC have also been found in SIFs. The only 

membrane anchoring mechanisms known to date are of SopB, SopE, 

SopE2, SifA, SseF, SseG and SseJ (Abrahams et al., 2006; Knodler et al., 

2011; Kuhle & Hensel, 2002; Lossi et al., 2008; Patel et al., 2009; Reinicke 

et al., 2005; Vonaesch et al., 2014) and none of this is through binding PIs. 

Therefore, we found a previously not recognized mechanism by which 

Salmonella effectors are targeted to the SCV membrane. Furthermore, it is 

possible that SteA could convert PI(4)P into other PIPs and act as an 

inhibitor or activator of host cell proteins association with the SCV. However, 

we did not tackle this question yet and these possible functions need to be 

addressed in the future.  

One of our major observations was that SteA localization at the PM 

of S. cerevisiae was dependent on the pool of PI(4)P at the PM produced by 

PI4K IIIα homologe Stt4, thereby providing evidence that SteA binds PI(4)P 

in vivo.  In HeLa cells, the localization of ectopically expressed SteA-EGFP 

was also dependent on the activity of PI4Ks. However, when mammalian 

PI4Ks were pharmaceutically inhibited 20 min prior to fixation, cells infected 

for 14 h with S. Typhimurium ∆steA harboring pSteA-2HA, we did not 

observe a delocalization of SteA-2HA from the membrane of the SCV or 

from SIFs (data not shown). One possible explanation is that PI(4)P is 

important just right after SteA translocation to anchor the protein at the 

membrane of the SCV. After that, SteA might interact with a host cell protein, 

a T3SS effector or another monomer of SteA stabilizing its interaction with 

host cell derived membranes and thus maintaining proper localization. If 

localization of SteA-PI(4)P to the SCV membrane and lipids was only 

dependent on the strength of the interaction SteA-PI(4)P binding then we 

should have seen a similar effect as the one observed in HeLa cells 

ectopically expressing SteA
WT

-EGFP when PI4Ks were inhibited.  

 We also identified an amino acid residue of SteA important for the 

interaction between SteA and PI(4)P. SteA possesses two clusters of 

positively-charged residues in two predicted α-helices, namely lysines and 
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arginines. Substitutions of amino acid residues 29, 33 and 36 all together, 

abolished binding of SteA to PI(4)P in vitro and altered the protein 

distribution when ectopically expressed in HeLa or S. cerevisiae cells. We 

found that the residue lysine 36 was necessary for the interaction SteA-

PI(4)P to occur and to the localization of SteA at the PM when ectopically 

expressed in eukaryotic cells. The residue found to promote the interaction 

between the protein and the lipid is at the N-terminal of the protein, where 

we can also find the region necessary for the translocation of the effectors 

by Salmonella. In the case of SteA, residues 1-10 are sufficient for the 

translocation of the protein by both the SPI-1 and the SPI-2 T3SSs 

(Cardenal-Muñoz & Ramos-Morales, 2011). Close to the translocation signal 

it is located the PI(4)P-binding region. This frees the C-terminal portion of 

the protein to interact with other cellular targets. This concept of a bi-

functional effector is observed in SPI-2 T3SS effector SifA as well as L. 

pneumophila effectors and we hypothesize that might happens to more 

effectors of Salmonella, including SteA. 

Previous results showed that ΔsteA mutant S. Typhimurium infected 

HeLa cells contained less SIFs, compact microcolonies, excessive 

accumulation of LAMP1 and vacuoles containing more than one bacterium 

(Chapter II; Domingues et al., 2014). However, in cells infected with ∆steA S. 

Typhimurium expressing SteA
K36A

-2HA the phenotypes observed were the 

same as in cells infected with wt S. Typhimurium which indicates that the 

interaction of SteA with PI(4)P only affects SteA localization but not its 

function relative to SCVs membrane dynamics. Given this, we suggest that 

the pool of PI(4)P present at the membrane of the SCV is anchoring SteA 

and might be an anchor for other effectors upon translocation. However, we 

do not exclude other roles for PI(4)P at the SCV during Salmonella infection 

of host cells, which need be investigated in the future. 
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Several Gram-negative bacteria use specialized protein secretion systems to 

manipulate the function of eukaryotic host cells through the injection of 

effector proteins into their cytosol and membranes. These include type III 

and type IV secretion systems (T3SS and T4SS), harbored by bacteria such 

as Brucella spp. (Myeni et al., 2013), Chlamydia spp. (Dai & Li, 2014), 

Coxiella burnetii (McDonough et al., 2012), enteropathogenic and 

enterohemorrhagic Escherichia coli (EPEC and EHEC, respectively) (Wong 

et al., 2011), Legionella pneumophila (Segal et al., 2005), Pseudomonas 

aeruginosa (Galle et al., 2012), Salmonella enterica (Moest & Méresse, 

2013), Shigella flexneri (Schroeder & Hilbi, 2008), or Yersinia spp. (Plano & 

Schesser, 2013). Many effectors proteins from these and other bacteria 

have been characterized and they have been shown to interfere with host 

cell functions such as cytoskeleton organization, vesicular transport, and cell 

signaling involved in inflammatory responses, among others. Although the 

cohort of effector proteins varies among bacterial species, and is related to 

the peculiarities of the infection mechanism of each pathogen, among T3SS 

effectors some families can be distinguished such as effectors with guanine-

nucleotide exchange (GEF) and GTPase-activating protein (GAP) activity, 

effectors that interfere with ubiquitination or with phosphoinositides, protein 

kinases and phosphatases, or actin-binding proteins (Dean, 2011; Galán, 

2009). 

Besides the well characterized T3SSs and T4SSs, almost 100 

bacterial species possess a T6SS, including the human pathogens S. 

enterica and P. aeruginosa and the plant pathogen Rhizobium 

leguminosarum (Filloux et al., 2008). Very few T6SS effectors have been 

characterized, but they can be divided in two groups: effectors that are 

targeted to eukaryotic cells and manipulate host cellular functions, and 

toxins injected into other competing bacteria to kill them (Filloux, 2013). 

Furthermore, some Gram-positive bacteria such as Mycobacterium 

tuberculosis or Staphylococcus aureus also deliver effector proteins into the 

host cell cytosol through a different secretion apparatus, the ESX-1 system, 

sometimes referred to as type VII secretion system (T7SS) (Abdallah et al., 

2007). In M. tuberculosis this system has been shown to suppress pro-
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inflammatory responses, to induce host cell necrosis or apoptosis, and to 

promote rupture of the phagosome membrane, among other functions 

(Simeone et al., 2009, 2012). 

There is considerable interest in the study of bacterial effector 

proteins because their molecular and cellular functions often provide insights 

both into fundamental aspects of host-pathogen interactions and into the 

basic biology of eukaryotic cells. In spite of the wealth of knowledge on the 

function of bacterial effectors gathered in the last 20 years, there are 

hundreds of known or putative effector proteins of which our knowledge is 

virtually non-existent. Furthermore, because effector proteins of one 

particular bacterial pathogen often work in concert with each other, a 

comprehensive understanding of the molecular pathogenesis of a particular 

bacterium harboring these secretion systems can only be achieved once we 

know the function of all their effector proteins. In this study, we focused our 

analyses on the molecular and cellular function of the Salmonella effector 

protein SteA.    

   

Roles of SteA at a subcellular level 

S. enterica uses Salmonella pathogenicity island 1 (SPI-1) and SPI-

2 T3SSs to inject > 40 effector proteins into host cells and thereby efficiently 

evade the host immune system and create an intracellular replicative niche, 

the Salmonella-containing vacuole (SCV). While the function of many 

Salmonella effectors has been studied, for many, such as SteA, their role is 

still unknown (Ramos-Morales, 2012).  

SteA can be secreted by both the SPI-1 and SPI-2 T3SSs 

(Cardenal-Muñoz & Ramos-Morales, 2011; Geddes et al., 2005), and is 

important for Salmonella virulence (Geddes et al., 2005; Lawley et al., 2006). 

Apart from this, at the time this work started, nothing was known about the 

cellular role(s) of SteA. Because the amino acid sequence of SteA does not 

provide clues on its function, we started by using immunofluorescence (IF) 

microscopy to study the contribution of SteA to the manipulation of host cell 

functions in well established tissue culture models of Salmonella infection. 

By comparison to cells infected by wild type (wt) S. enterica serovar 
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Typhimurium (S. Typhimurium), mammalian cells infected with ∆steA mutant 

bacteria showed less tubular structures, a higher frequency of tightly 

clustered SCVs (compact microcolonies), an excessive accumulation of 

LAMP1 within the microcolony, and aberrant vacuoles containing more than 

one bacterium inside (Chapter II; Domingues et al., 2014). These 

observations, led us to conclude that SteA participates in the control of SCV 

membrane dynamics. We then brought these analyses further and provided 

evidence that SteA function could be related to manipulation of host cell 

microtubule motors (dynein and kinesin-1) and is linked to the SPI-2 T3SS 

effectors SseF and SseG (Chapter III; Domingues et al., 2014). Furthermore, 

we showed SteA might contribute to promote cell-to-cell spread of 

Salmonella (Chapter III) similarly to what has been previously described for 

the SPI-2 T3SS effector PipB2 (Szeto et al., 2009).  

Having found a cellular role of SteA, we aimed to determine its 

molecular mode of action. A critical aspect in the understanding of the 

function of a bacterial effector is the identification of its host cell binding 

partners. We have conducted biochemical and genetic screens to find host 

cell proteins binding to SteA, but these experiments were not conclusive 

(Chapter IV). However, because SteA localizes to the plasma membrane of 

eukaryotic cells upon ectopic expression (Chapter V), we thought that it 

could bind host cell lipids. This led us to discover that SteA binds the 

eukaryotic phosphoinositide phosphatidylinositol 4-phosphate [PI(4)P], and 

that binding of SteA to PI(4)P is important for its proper subcellular 

localization in eukaryotic cells (Chapter V). We could not relate binding of 

SteA to PI(4)P as crucial for its role in controlling SCV membrane dynamics, 

suggesting that either the assays performed were not sensitive enough or 

the PI(4)P-binding activity of SteA could be related to additional, yet to be 

revealed, cellular roles of this effector protein.  

 

Control of SCV membrane dynamics by Salmonella effectors 

Control of SCV membrane dynamics has been shown to involve the 

SPI-2 T3SS effectors SifA, PipB2, SopD2, SseF, SseG, and SseJ (Figueira 

& Holden, 2012). We now show that SteA also belongs to this group of 
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Salmonella effectors (Chapter II; Domingues et al., 2014). To a great extent, 

all Salmonella effectors involved in this activity are required for the 

appearance in infected epithelial cells of dramatic membrane tubules 

extending from the SCV membrane (Schroeder et al., 2011). While the 

physiological significance of these tubules is unclear, their appearance is a 

manifestation of the activity of Salmonella effectors on host cell intracellular 

vesicular trafficking and is a useful readout to understand the mechanisms 

by which these effectors control membrane dynamics of the bacterial 

vacuoles. The activity of all the SPI-2 T3SS efectors previously known to 

control SCV membrane dynamics and tubulation has been directly or 

indirectly related to the recruitment/manipulation of microtubule molecular 

motors kinesin-1 and dynein (Figueira & Holden, 2012), and we now provide 

evidence that the same should also apply to SteA (Chapter III; Domingues et 

al., 2014). Based on this, we propose a model to describe how Salmonella 

effectors control SCV membrane dynamics and tubulation (Fig. 6.1).  

The migration of the SCV to the Golgi region, between invasion and 

4 h post-invasion (p.i.), is dependent on Rab7/RILP-mediated recruitment of 

dynein (Harrison et al., 2004; Marsman et al., 2004). Once the 

perinuclear/Golgi region of the cell is reached, the SCV is maintained in that 

region through the activity of the effectors SseF and SseG, which also seem 

to contribute for acquisition of dynein by the SCV (Abrahams et al., 2006; 

Deiwick et al., 2006; Ramsden et al., 2007; Salcedo & Holden, 2003) (Fig. 

6.1). At the same time, the translocated effector PipB2 recruits directly 

kinesin-1 to the SCV, by binding to kinesin light chain (Henry et al., 2006). 

Kinesin-1 is also retained at the SCV by the effector SopD2, via an unknown 

mechanism (Schroeder et al., 2010) (Fig. 6.1). SifA in complex with its host 

cell binding partner SKIP/PLEKHM2 is essential for anterograde transport of 

vesicles enriched in kinesin-1, due to the interaction of SKIP/PLEKHM2 with 

this plus-end-directed microtubule molecular motor (Boucrot et al., 2005; 

Dumont et al., 2010). In the wt SCV, the anterograde movement of 

membrane vesicles derived from bacterial vacuoles results in the initial step 

of the formation of LAMP1-enriched Salmonella-induced filaments (SIFs) 

(Dumont et al., 2010) (Fig. 6.1A). Moreover, possibly by uncoupling 
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RILP/dynein from Rab7 at the membrane of the SIFs, SifA contributes for 

the extension of the tubules (Harrison et al., 2004). The centrifugal extension 

of SIFs is also dependent on PipB2, as cells infected by S. Typhimurium 

∆pipB2 mutant bacteria showed shortened tubules (Knodler & Steele-

Mortimer, 2005). SseF and SseG induce the formation of a massive bundling 

of microtubules, which could serve as a scaffold for membrane tubulation 

(Kuhle et al., 2004). SseF and SseG also promote aggregation of endosomal 

compartments, which could also constitute a source of membranes for SIFs 

(Kuhle & Hensel, 2002; Kuhle et al., 2004) (Fig. 6.1A). SopD2 might recruit 

membrane to promote SIF biogenesis by localizing to late endosomes and 

targeting those compartments to the tubules  (Brumell et al., 2003) (Fig. 

6.1A). The data on how SseJ contributes to SIFs formation is contradictory. 

In one hand, the small GTPase RhoA, activated by SifA, binds SseJ and 

activates its lipase activity (Christen et al., 2009; Ohlson et al., 2008). It has 

been proposed that this activity of SseJ alters the membrane composition of 

the SCV, and that this promotes the formation of endosomal tubules (Ohlson 

et al., 2008).  On  the  other  hand,  cells infected with S. Typhimurium ∆sseJ   

Figure 6.1. Models for control of SCV membrane dynamics and tubulation by 

Salmonella effectors.  Intracellular S. Typhimurium translocates a set of effector 

proteins across the SCV membrane. The depicted effectors (PipB2, SifA, SopD2, 

SseF, SseG, SseJ, and SteA) are known to control membrane dynamics and 

tubulation of the bacterial vacuoles and to localize to the membrane of SCVs and 

SIFs. (A) SseF/SseG complex is thought to recruit dynein to the SCV, which helps 

maintain its perinuclear localization in epithelial cells (Abrahams et al., 2006). 

Moreover, SseF and SseG have been shown to aggregate endosomal vesicles and 

thereby contribute with membranes for Salmonella-induced tubules such as SIFs 

(Kuhle & Hensel, 2002; Kuhle et al., 2004). PipB2 recruits kinesin-1 to the SCV 

(Henry et al., 2006), possibly in an inactive state (Dumont et al., 2010). SopD2 helps 

to recruit membranes for tubules such as SIFs (Brumell et al., 2003), and helps 

retaining kinesin-1 at the SCV by an unknown mechanism (Schroeder et al., 2010). 

SifA recruits the host protein SKIP/PLEKHM2 to the SCV (Boucrot et al., 2005), 

which might activate PipB2-recruited kinesin-1 (Dumont et al., 2010). Furthermore, 

SifA, through its binding to the small GTPase RhoA, activates the lipase activity of 

SseJ, which alters the lipid composition of the SCV membrane. Within this context, 

the results of this work indicate that SteA could help to activate kinesin-1 (or 

promote the recruitment and activation of another plus-end-directed microtubule 

molecular motor, for example to allow SIF formation (B), or could uncouple or inhibit 

dynein activity (C).  
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mutant  bacteria  showed  more  SIFs  than wt-infected cells, suggesting that 

SseJ acts as a negative regulator of the formation of SIFs (Birmingham et 

al., 2005). The different conclusions might reflect the different approaches 

used to study the dynamics of SIF formation. However, although the results 

seem contradictory, they are not mutually exclusive. By esterifying 

cholesterol and removing it from the SCV and SIF membranes, SseJ might 

play a dual role; it induces membrane tubulation, and also controls the pace 

at which the tubules are formed. 

 

Control of SCV membrane dynamics by SteA 

Cells infected by S. Typhimurium ∆steA mutant bacteria present 

features related to SCV membrane dynamics that have not been previously 

reported in cells infected with other Salmonella single mutants: an excessive 

accumulation of LAMP1-labelled membranes at the region of the 

microcolony and abnormal vacuoles containing more than one bacterium 

(Chapter II; Domingues et al., 2014). Because cells infected by S. 

Typhimurium ∆steA mutant bacteria also present less SIFs and a higher 

frequency of compact microcolonies than wt-infected cells (Chapter II; 

Domingues et al., 2014), this indicates that SteA plays a role in the 

microtubule plus-end-directed trafficking of membranes from the SCV. To 

accomplish this function, SteA could contribute for the recruitment and/or 

activation of a microtubule plus-end-directed molecular motor (a kinesin) or 

to the inhibition of a microtubule minus-end-directed molecular motor (such 

as cytoplasmic dynein) (Chapter III; Domingues et al., 2014) (Fig. 6.1).  

Formation of SIFs is dependent on the activity of kinesin-1 and 

dynein (Guignot et al., 2004). Given that SifA, PipB2 and SopD2 work 

together in the recruitment and regulation of kinesin-1, it is possible that in 

cells infected by S. Typhimurium ∆steA mutant bacteria those effectors are 

being inefficient in mediating trafficking of membranes. This is consistent 

with SteA promoting the recruitment and/or activation of a microtubule plus-

end-directed motor, such as kinesin-1 (Fig. 6.1B). To address SteA function 

during the formation of SIFs it would be useful to record live wt S. 

Typhimurium and ∆steA infected cells and look for differences in the 
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formation of SIFs, accumulation  of   LAMP1,  the   morphology  of   the   

microcolony  and  the  accumulation and trafficking of kinesin-1 (Blasius et 

al., 2007; Cai et al., 2007).  

As mentioned above, the effectors SseF and SseG are thought to 

recruit dynein to the SCV (Abrahams et al., 2006). The accumulation of 

dynein at the SCV should be controlled and SteA could favor inactivation of 

dynein or uncouple it from the complex SseF/SseG so that the dynein-

powered minus-end-directed movement would not exceed the plus-end-

directed force of kinesin-1 to allow SIF extension (Fig. 6.1C). To analyze 

this, first, it would be important to ascertain if SseF and/or SseG interact with 

dynein, although this would not exclude a possible role of SteA in regulating 

it. Second, to discover if SteA has the capacity to inhibit dynein movement 

on microtubules a bead-based in vitro motility assay could be performed 

(King & Schroer, 2000). Alternatively, or in addition, it could be relevant to 

visualize the motility of the molecular motor by fluorescence microscopy in 

cells infected by S. Typhimurium wt, ∆steA mutant, or other relevant mutant 

bacteria (Mazel et al., 2014). An aspect of SIF formation that was not 

addressed in this work is the bundling of microtubules near the SCVs by 

SseF and SseG (Kuhle et al., 2004). To address this question, 

immunostained tubulin in cells infected by S. Typhimurium wt or ∆steA 

mutant could be visualized by fluorescence microscopy. 

Previously, cells infected by S. Typhimurium double or triple effector 

mutant bacteria (namely, ∆sopD2 ∆sifA and ∆sopD2 ∆sifA ∆pipB2 mutants) 

were shown to cause an excessive accumulation of LAMP1 within the 

microcolony (Schroeder et al., 2010) similar to what we observed in cells 

infected by the S. Typhimurium ∆steA single mutant (Chapter II; Domingues 

et al., 2014). It was not determined how cells infected by S. Typhimurium 

∆sopD2 ∆sifA or ∆sopD2 ∆sifA ∆pipB2 lead to an accumulation of LAMP1-

labelled membranes (Schroeder et al., 2010). However, by comparison to 

∆sifA mutant SCVs, which typically accumulate large amounts of kinesin-1 

on the bacterial vacuoles (Boucrot et al., 2005), there was less kinesin-1 

surrounding the SCV of ∆sopD2 ∆sifA mutant bacteria (Schroeder et al., 

2010). This is coherent with the hypothesis that less kinesin-1 will result in 
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less centrifugal displacement of membranes that might cause an imbalance 

in the incoming and exit of membranes, promoting excessive membrane 

accumulation within the SCV. Moreover, is in accordance with some of our 

data suggesting that SteA might help recruit a microtubule plus-end-directed 

motor to the SCV.  

Schroeder and colleagues also reported that SCVs of ∆sifA ∆sseJ or 

∆sopD2 ∆sifA ∆pipB2 mutant bacteria, but not SCVs of ∆sopD2 ∆sifA mutant 

S. Typhimurium, carried more than one bacterium (Schroeder et al., 2010). 

Taking into account that deletion of pipB2 gene in a S. Typhimurium ∆sopD2 

∆sifA double-mutant background caused abnormal vacuole division, and that 

PipB2 recruits kinesin-1 to the SCV, we can speculate that kinesin-1 is 

necessary for vacuole division. Because our data indicates that SteA could 

recruit a plus-end-directed motor different from kinesin-1 (see below), this 

suggests that SteA might control the activity of kinesin-1 on the SCV that 

promotes vacuolar division or that the additional hypothetical plus-end 

directed motor recruited by SteA could also participate in vacuole division. In 

cells infected by S. Typhimurium ∆sifA ∆sseJ mutant bacteria, we can 

assume that kinesin-1 is being recruited to the SCV by PipB2 and that 

SopD2 is retaining it. Therefore, the deficiency in division of the SCV seems 

to be a consequence of altered lipid composition of the SCV membrane that 

is presumably modified by SseJ.  

Our data suggests that if SteA is recruiting a plus-end-directed 

molecular motor, then it should be different from kinesin-1 (Chapter III; 

Domingues et al., 2014), This was because S. Typhimurium ∆steA ∆sseF or 

∆pipB2 ∆sseF-infected cells show microcolonies with different morphologies. 

In fact, kinesin-1 seems not to be the only kinesin involved in the dynamics 

of the SCV membrane (Kaniuk et al., 2011). Kaniuk and colleagues, besides 

reporting the formation of another type of Salmonella-induced tubules (Arl8b-

positive tubules), show that the formation of SIFs also requires KifC1, Kif11, 

and Kif24 (Kaniuk et al., 2011). KifC1 belongs to the family of kinesin-14, 

which are motors involved in the spindle pole organization and cargo 

transport, moving towards the minus-end of microtubules like dynein (Verhey 

& Hammond, 2009). Kif11 and Kif24 belong to the family of kinesin-5 and -
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13, respectively, and both are involved in spindle pole separation and 

chromosome division in mitosis (Verhey & Hammond, 2009). Although Kif11 

and Kif24 seem less likely to function in the transport of membrane vesicles, 

KifC1 interacts with kinesin-1 and they both cause the bidirectional 

movement of vesicles due to their trafficking in opposite directions in 

microtubules (Nath et al., 2007). Nath and colleagues also showed that 

when either kinesin is inhibited, the fission of membranes is reduced, which 

indicates that the opposing forces of the kinesins are necessary for the 

membranes to divide. In fact, if KifC1 participates in the formation of SIFs, 

then it might indicate that can be recruited to the SCV. As its force is 

directed to the minus end of microtubules, just like dynein, then SteA could 

play a role in the manipulation of this molecular motor. To better understand 

the role of KifC1 in the formation of SIFs, it would be important to confirm its 

association with the SCV, to discover which effector (or other proteins) might 

promote its recruitment, to understand how kinesin-1, KifC1 and dynein 

could co-work during Salmonella infection, and to determine if KifC1 can 

play a role in bacterial vacuole division. 

In addition to a defect in the function of kinesin motor proteins, there 

is another possible explanation for the accumulation of LAMP1 on the 

microcolony region and for the deficient division of the vacuole as the 

bacteria divide in cells infected by S. Typhimurium ∆steA mutant bacteria. 

Eswarappa and colleagues have observed by confocal laser scanning 

microscopy and transmission electron microscopy that cells infected with wt 

S. Typhimurium presented only one bacterium per vacuole and that the 

division of the vacuole followed the division of the bacterium (Eswarappa et 

al., 2010). In the same report, these authors showed that Drp1 (dynamin-

related protein 1) colocalized with Salmonella in infected cells (Eswarappa et 

al., 2010). Drp1 is a protein involved in the mitochondria outer membrane 

division that occurs during mitochondria fission and is recruited by the 

molecular motor dynein (Varadi et al., 2004). Moreover, cells infected with wt 

S. Typhimurium and in which dynein has been inhibited showed enlarged 

vacuoles with several bacteria inside, which does not happen after inhibition 

of kinesin-1 activity (Eswarappa et al., 2010; Guignot et al., 2004). It is 
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possible that the mechanism of Salmonella vacuole division would take 

advantage of the recruitment of Drp1 by the already recruited dynein (via 

SseF/SseG). However, it is also possible that SteA might contribute for the 

recruitment of Drp1 or its regulation. To test this hypothesis it would be 

important to analyze a possible interaction between SteA and dynein or Drp1 

and verify where Drp1 localizes in infected cells in the presence or absence 

of SteA. However, our preliminary observations did not reveal an 

accumulation of Drp1 around the SCV in any condition (data not shown), but 

more detailed analyses are needed. For example, live-cell microscopy of the 

dynamics of these proteins in infected cells as the vacuole divides. In 

addition, and in the longer term, it will also be critical to understand how 

vacuole division is coordinated with bacterial cell division. 

In summary, the segregation of membranes for vacuole division can 

be manipulated by the activity of microtubule molecular motors (kinesins 

and/or dynein) as well as by the lipid composition of the SCV membrane. 

Regarding the effectors that contribute for this process, we can claim that 

SteA plays a major role while PipB2, SifA, SopD2 and SseJ might have 

minor contributions, because only in cells infected by S. Typhimurium double 

or triple mutants of these effectors we observe a defect in SCV division that 

can be easily detected in cells infected by a S. Typhimurium ∆steA single 

mutant alone. It remains to be analyzed in more detail if the mitochondria 

division machinery could also be involved in division of the SCV. 

 

 Salmonella cell-to-cell spread 

Our study revealed SteA as another effector with a role in the 

dynamics of the SCV membrane. However, it remains unclear how SteA 

contributes to the systemic dissemination of Salmonella (Geddes et al., 

2005), as S. Typhimurium ∆steA mutant bacteria are not deficient for 

intracellular multiplication in mouse macrophages (Figueira et al., 2013) 

(Chapter II). In a previous study, the SPI-2 T3SS effector PipB2 and the 

plus-end microtubule molecular motor kinesin-1 were shown to be involved 

in Salmonella cell-to-cell spread in cultured epithelial cells (Szeto et al., 

2009). Moreover, the small GTPase Arl8b, which is involved in cell periphery 
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distribution of endocytic compartments (Hofmann & Munro, 2006), is also 

necessary for the centrifugal displacement of the SCVs at late times p.i. and 

to bacterial cell-to-cell spread (Kaniuk et al., 2011). Our data also suggests 

that SteA participates in cell-to-cell spread of Salmonella (Chapter III). It is 

possible that the centrifugal displacement of the SCVs observed in cells 

infected with ∆steA mutant strain is related with the defects observed in the 

vacuole partitioning (Chapter II; Domingues et al., 2014). Although these 

observations were made in cultured HeLa cells, one can speculate that the 

same could be happening in enterocytes. Although Salmonella preferentially 

uses M cells as the gate of entry, the enterocytes are also invaded and used 

by the pathogen to move into the lamina propria (Reis et al., 2003; Santos et 

al., 2002). Recently, it was discovered that the transepithelial traffic of 

Salmonella to the basal side of enterocytes is dependent on the SPI-2 T3SS 

(Müller et al., 2012). Moreover, the authors of this study hypothesized that 

microtubules might play a role in this mechanism of bacterial dissemination 

(Müller et al., 2012). As we propose that the contribution of SteA to the 

control of SCV membrane dynamics might be associated to the manipulation 

of a microtubule molecular motor, we can speculate that SteA might be 

implicated in traffic of Salmonella through and out of the enterocytes. It will 

be a challenge to understand the role of SteA in the cell-to-cell spread in the 

context of systemic infections. 

 

Host subcellular targeting by bacterial effectors 

After translocation to the cytosol by the specialized protein secretion 

systems, the effectors need to find their final destinations like the membrane 

of pathogen-containing vacuoles and host cell organelles. Pathogens like S. 

enterica, L. pneumophila, S. flexneri, EPEC and EHEC, Chlamydia spp. and 

Pseudomonas spp., among others, secrete effectors that are modified post-

translationally, code for signal sequences, manipulate host cell machinery, 

target host cell lipids or possess transmembrane regions to be efficiently 

targeted and anchored (Hicks & Galán, 2013). The S. enterica effector SifA 

and AnkB from L. pneumophila are targeted to the bacterial vacuole 

membrane via a post-translational lipid modification (prenylation) (Price et 
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al., 2010; Reinicke et al., 2005). Pseudomonas spp. effectors AvrB, 

AvrRpm1, HopF2, HopZ, AvrPphB, ORF4 and AvrPto, S. flexineri IpaH1 and 

IpaH4.5 and S. enterica SspH2 and SseI are all targeted to host PM also via 

post-translational lipid modification (Dowen et al., 2009; Hicks et al., 2011; 

Lewis et al., 2008; Nimchuk et al., 2000; Robert-Seilaniantz et al., 2006; de 

Vries et al., 2006). A mitochondrial target pre-sequence is used by the Map 

effector from EPEC/EHEC and by multiple family effectors from 

Pseudomonas spp. (Guttman et al., 2002; Papatheodorou et al., 2006). The 

S. enterica effector SopB takes advantage of the host cell ubiquitination 

machinery for SCV membrane targeting (Knodler et al., 2009; Patel et al., 

2009).  

L. pneumophila, Pseudomonas spp., and as we now show, S. 

enterica, take advantage of the diversification of host cell phosphoinositides 

to associate some of their effectors to host cellular membranes (Hicks & 

Galán, 2013). In the case of L. pneumophila, SidC, SdcA and SidM target 

PI(4)P, SetA, LpnE and LtpD target PI(3)P, while LidA target both to 

associate with the Legionella-containing vacuole (see Table 6.1) 

(Brombacher et al., 2009; Harding et al., 2013; Jank et al., 2012; Ragaz et 

al., 2008; Weber et al., 2006). Effector ExoU from Pseudomonas spp. binds 

to PI(4,5)P2 to associate with the plasma membrane (Gendrin et al., 2012), 

but it also has phospholipase activity towards that phosphoinositide (Sato & 

Frank, 2014). Furthermore, Salmonella SteA binds PI(4)P to associate 

properly with the SCV membrane and associated tubules (Chapter V).  

At last, S. enterica effectors SseF and SseG are anchored to SCV 

and SIFs membranes due to putative transmembrane helices, while PipB2, 

SopD2 and SseJ have predicted coiled-coil domains that are necessary but 

not sufficient for membrane targeting (Abrahams et al., 2006; Knodler et al., 

2011). In Chlamydia spp. Inc proteins possess a bilobed hydrophobic 

domain that should serve to anchor the proteins at the inclusion membrane 

(Bannantine et al., 2000).  

All in all, bacterial pathogens use different mechanisms to target 

their effectors. However, for only a small fraction of the secreted effectors we 

know how they target different cell compartments. Further studies will be 
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needed to discover how S. Typhimurium translocated effectors direct their 

subcellular location, but we anticipate that, similarly to the case of Legionella 

(Weber et al., 2006), other Salmonella effector might exploit PI(4)P to 

localize at the SCV membrane. 

 

Bacterial effector proteins that bind to or subvert 

phosphoinosites 

 Phosphoinositides play several roles in mammalian intracellular 

functions like calcium signaling (Hille et al., 2014), membrane trafficking 

(Posor et al., 2014), actin cytoskeleton remodeling (Saarikangas et al., 

2010), Golgi vesicular trafficking (Mayinger, 2011) and nuclear functions 

(Shah et al., 2013). Localized phosphatidylinositol kinases and 

phosphatases confers each organelle or compartments its unique identity by 

generating a different phosphoinositide composition in different membranes 

(Weber et al., 2009). Pathogenic bacteria have evolved different approaches 

to take advantage of the host cell phosphoinositides (Table 6.1) including 

using them as membrane sites for secreted effectors, metabolizing them by 

secreting enzymes and interfering with phosphoinositide metabolism by 

activating, inactivating or recruiting relevant host cell enzymes (Weber et al., 

2009). Moreover, subverting host cell phosphoinositides helps the bacteria 

to mask and hide its niche from the host cell surveillance system and fusion 

with lysosomes (Weber et al., 2009). 

 Bacterial uptake by non-phagocytic host cells can occur via a 

“trigger” or “zipper” mechanisms as it happens in S. flexneri, L. pneumophila 

and S. enterica, or Yersinia spp. and L. monocytogenes, respectively (Hilbi, 

2006). S. enterica invasion causes alterations in the host  cell  cytoskeleton 

resulting in membrane ruffles (Patel & Galán, 2006). These ruffles are 

enriched in PI(4,5)P2 that is rapidly metabolized by SopB, which destabilizes 

cytoskeleton-membrane interactions and allows membrane fission at the 

sites  of  invagination (Terebiznik et al., 2002). S. flexneri SopB homologous 

effector IpgD dephosphorylates PI(4,5)P2 at the plasma membrane, which 

causes   membrane   blebbing   and   actin   filament   remodeling  rendering 

bacterial uptake (Niebuhr et al., 2002). VPA0450 from Vibrio 
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TABLE 6.1. Bacterial effectors that bind to or subvert host cell phosphoinositides (PIPs). Adapted from Ham et al. (2011); 

Pizarro-Cerdá & Cossart (2004); Pizarro-Cerdá et al. (2014), and Weber et al. (2009). 

Bacteria Effector Activity Target PIP Function 

S. flexneri IpgD Phosphatase 
PI(3,4,5)P3, PI(3,4)P2, 
PI(4,5)P2 

Hydrolyzes PIPs in vitro; invasion 

V. parahaemolyticus 
VPA0450 Phosphatase PI(4,5)P2 Cell lysis 

VopR Anchor PI(4,5)P2 Unknown 

EPEC Tir Scaffold PI(3,4,5)P3 Pedestal formation 

M. tuberculosis 

SapM Phosphatase PI(3)P Arrest phagosome maturation 

MptpB Phosphatase 
PI(3,5)P2, PI(3)P, 
PI(4)P, 
PI(5)P 

Hydrolyzes PIs in vitro, possibly 
functions like SapM 

 SetA Anchor PI(3)P Vesicle traffic 

L. pneumophila 

SidC Anchor PI(4)P Binds PI(4)P, recruits ER-derived 
vesicles SdcA Anchor PI(4)P 

SidF Phosphatase PI(3,4,5)P3, PI(3,4)P2 
PI(4)P production to allow effectors 
anchorage 

SidM Anchor PI(4)P Binds PI(4)P, Rab1 GEF 

SidP Phosphatase PI(3,5)P2, PI(3)P Hydrolyzes PIPs in vitro 

LidA Anchor PI(3)P, PI(4)P Binds PI(3)P and PI(4)P, assists SidM  

LpnE Anchor PI(3)P Binds PI(3)P, Invasion 
 LptD Anchor PI(3)P Binds PI(3)P, replication 
L. monocytogenes LipA Phosphatase PI(3,5)P2, PI(3)P, PI(5)P Hydrolyses PIPs in vitro, virulence 

S. Typhimurium SopB Phosphatase PI(4,5)P2 
Hydrolyzes PIPs in vitro, invasion, SCV 
maturation 

P. aeruginosa ExoU 
Anchor, 
Phopholipase 

PI(4,5)P2 Binds and hydrolyzes PI(4,5)P2, cell lysis 
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 parahaemolyticus also causes membrane blebbing by converting  PI(4,5)P2 

into PI(4)P (Broberg et al., 2010). However, instead of promoting cell 

invasion, VPA0450 causes cell lysis providing nutrients for bacterial growth 

(Ham et al., 2011). Contrary to S. flexneri and S. enterica, EPEC does not 

enter the cells but still causes the rearrangement of actin leading to the 

formation of F-actin  pedestals  beneath  the  bacterial attachment site 

(Campellone, 2010). Translocated Tir recruits SH2 domain-containing 

inositol 5′-phosphatase 2 (SHIP2) that by converting PI(3,4,5)P3 into 

PI(3,4)P2 allows the activator lamellipodin to accumulate at the site of 

pedestal formation enabling its development (Smith et al., 2010). ExoU from 

P. aeruginosa anchors to the PM via binding to PI(4,5)P2 but it also 

hydrolyzes this phosphoinositide which ultimately causes cell lysis (Sato & 

Frank, 2014). 

 SopB is not only necessary for Salmonella entry into host cells 

bacterial but also plays a role in SCV maturation (Bakowski et al., 2010; 

Hernandez et al., 2004; Mallo et al., 2008; Scott et al., 2002). This effector 

indirectly recruits a PI3-kinase to the membrane of the SCV (Mallo et al., 

2008). This PI3-kinase by producing PI(3)P, in a process dependent on the 

reduction of the concentration of PI(4,5)P2, causes a reduction of the SCV 

membrane negative charge (Bakowski et al., 2010; Hernandez et al., 2004; 

Mallo et al., 2008). Ultimately, this results in inhibition of SCV-lysosome 

fusion (Bakowski et al., 2010). M. tuberculosis also employs effectors (SapM 

and MptpB) with phosphatase activity towards phosphoinositides to inhibit 

the fusion of the bacterial phagosome with late endosomes/lysosomes 

(Vergne et al., 2005). SapM dephosphorylates PI(3)P and removes it from 

the phagosome, while MptpB metabolizes PI(3,5)P2, PI(3)P, PI(4)P and 

PI(5)P at least in vitro. 

 Some L. pneumophila effectors are anchored to the membrane of 

the bacterial vacuole by binding to PI(3)P or PI(4)P. The effectors SidC and 

SdcA promote bacterial vacuole-ER fusion (Ragaz et al., 2008). SidM also 

promotes bacterial vacuole-ER fusion via Rab1 recruitment and activation to 

the membrane of the vacuole with the support of LidA (Machner & Isberg, 
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2006). LidA, in turn recruits secretory vesicles to the membrane of the 

phagosome (Brombacher et al., 2009; Derré & Isberg, 2005). The effectors 

LpnE, LptD and SetA are important for bacterial entry, intracellular 

replication and subversion of intracellular vesicle trafficking, respectively 

(Harding et al., 2013; Jank et al., 2012; Newton et al., 2007). Moreover, the 

effector SidF converts PI(3,4,5)P3 and PI(3,4)P2 into PI(4)P at the membrane 

of the vacuole which is necessary to anchor effectors (Hsu et al., 2012). 

Finally, the effector LipA participates in Legionella  virulence in the mouse 

model, besides its activity as lipid phosphatase (Kastner et al., 2011). For 

some effectors its functions are not known besides that they bind or 

metabolize phosphoinositide species, like V. parahaemolyticus VopR and L. 

pneumophila SidP, respectively (Salomon et al., 2013; Toulabi et al., 2013). 

 Phosphoinositides have clear relevance in the physiologic functions 

of human cells as their absence cause severe diseases (McCrea & De 

Camilli, 2009). It is therefore predictable that more bacterial effector proteins 

will be discovered that bind to and/or subvert phosphoinositide metabolism 

to develop their own replicative niche and control host cell functions. In the 

case of SteA, it remains to be analyzed if this effector protein somehow 

subverts phosphoinositide metabolism in addition to binding to PI(4)P. 

 

Role(s) of SteA in Salmonella infections 

SteA is translocated by both the SPI-1 and the SPI-2 T3SSs and is 

known to contribute for virulence in mouse models of infection (Geddes et 

al., 2005; Lawley et al., 2006). It was suggested that the contribution of SteA 

to Salmonella virulence might be related with bacterial passage from the 

peritoneal cavity into the spleen or with evasion of the host immune system 

(Geddes et al., 2005). Both pathways are intimately associated with the 

capacity of survival and replication of the bacteria within macrophages 

(Monack, 2013). However, SteA does not seem to contribute for intracellular 

multiplication of the bacteria [Chapter II; Figueira et al., 2013], which 

indicates that the virulence determinants of SteA must extend beyond this 

aspect. A recent study on the impact of ectopically expressed SteA in 

activation or repression of HeLa cells genes discovered that, for example, 
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genes involved in cell adhesion and migration are activated by SteA while 

genes involved in immune response processes, among others, are mainly 

repressed (Cardenal-Muñoz et al., 2014). It is known that S. Typhimurium 

influences cell adhesion and migration at least through the SPI-2 T3SS 

effector SseI (McLaughlin et al., 2009; Worley et al., 2006). If the presence 

of SteA could retard infected macrophages or dendritic cells migration 

towards other tissues, as observed for the effector SseI, then SteA would be 

contributing for evading the immune system and for the persistence of the 

infection as the host would have more difficulties in clear the bacteria from 

the system (McLaughlin et al., 2009). In fact, SteA was identified as one of 

the effectors necessary for Salmonella persistent infection (Lawley et al., 

2006), which supports this hypothesis. Another possibility would that the 

action of SteA on microtubule molecular motors that seems to facilitate cell-

to-cell spread of Salmonella could indeed be important in vivo (Chapter III). 

Finally, although this hypothesis was not directly tested in this work, we can 

speculate that SteA could facilitate bacterial systemic dissemination by 

promoting host cell death. Salmonella-induced cell apoptosis causes an 

incoming of host macrophages that will engulf the dying cell and also 

phagocyte the released bacteria (Guiney, 2005). The new infected 

macrophage provides a vehicle for bacterial dissemination. If SteA could 

participate in inducing macrophage cell death, then its absence would 

decrease the dissemination of the bacteria to other tissues and the host 

could eliminate Salmonella more efficiently which could explain the 

attenuated virulence of ΔsteA mutant S. Typhimurium in the mice models of 

infection. Nevertheless, the exact contribution of SteA to the virulence of 

Salmonella in systemic disease as well as the discrimination between SPI-1 

and SPI-2 T3SS secreted SteA needs to be assessed in future studies. 

 

Distribution of SteA proteins in S. enterica serovars 

steA gene is low in its GC content (43%), as are usually are S. 

Typhimuirum virulence associated genes acquired by horizontal gene 

transfer (Geddes et al., 2005; Wain et al., 2001). The expression of the steA 

gene is positively regulated by the two-component regulatory system 
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PhoP/PhoQ (Cardenal-Muñoz & Ramos-Morales, 2013). A PSI-BLAST 

analysis reveals that the SteA-encoding gene is present in sequenced 

genomes from 72 S. enterica subsp. enterica serovars ranging from 100 to 

78% amino acid identity.  

Among all the S. enterica subsp. enterica serovars encoding SteA, 

the amino acid residue lysine in position 36 (K36), identified as required for 

binding of SteA to PI(4)P (Chapter V), is conserved. This suggests that SteA 

proteins might employ the same mechanism to associate with the membrane 

of the SCV in cells infected by any of the serovars.  

The first 10 amino acids of SteA were shown to be sufficient for its 

secretion by SPI-1 or SPI-2 T3SS (Cardenal-Muñoz & Ramos-Morales, 

2011). Within those first 10 amino acids the only common difference among 

the majority of the serovars was in the residue in position three. The tyrosine 

(polar amino acid) in this position of the amino acid sequence of SteA from 

S. Typhimurium is substituted by histidine or arginine (positively charged) in 

some serovars, or by isoleucine, valine or leucine (hydrophobic) in other 

serovars. This is indicative that the minimum region of SteA necessary for its 

translocation is conserved. However, SteA is also present at S. enterica 

subsp. salamae (88% identity), houtenae (76% identity), indica (85%), 

arizonae (46% identity) and diarizonae (45% identity). For all of these 

subspecies, the residue K36 is conserved but the first 10 amino acids at the 

N-terminal region of the protein vary considerably. There is a report showing 

that steA is absent from the genome of two particular strains of S. enterica 

subsp. arizonae and from the genome from one of the studied strains of 

subsp. diarizonae (Desai et al., 2013; Fookes et al., 2011). Moreover, subsp. 

arizonae and diarizonae are more related among each other than with 

subsp. enterica (Desai et al., 2013). This suggests that either steA was 

acquired by horizontal gene transfer after subspecies divergence or that 

suffered from recombination events, a characteristic of S. enterica evolution 

(Didelot et al., 2011). The observation that SteA is encoded in S. enterica 

subsps. indica, salamae and houtenae might not have any significance in 

relation to host infection and disease because S. enterica subsp. enterica 

strains represent the vast majority of isolates from human and warm-blooded 



Chapter VI 

 

208 
 

animals while all the other subspecies and S. bongori are frequently more 

associated with cold-blooded animals (Nataro et al., 2011).  

Accordingly to the PSI-BLAST, S. bongori also codes a protein that, 

dependently on the strains used to align the amino acids sequences, display 

an identity percentage range from 49 to 38%. However, Fookes and 

colleagues also reported that SteA is absent from S. bongori (Fookes et al., 

2011), which was also confirmed by another study (Desai et al., 2013). 

These observations suggest that when S. enterica and S. bongori diverged, 

they have acquired different sets of virulence proteins to adapt to each 

specific hosts (Fookes et al., 2011). Whether the protein showing about 40% 

of amino acid identity to SteA predicted to be encoded by S. bongori is SteA 

or a distant ortologue is therefore unclear. The presence of a SteA-related 

protein in S. bongori would be significant because this species is known not 

to encode the SPI-2 T3SS (Fookes et al., 2011). Therefore, this putative S. 

bongori SteA-like protein could be useful in biochemical studies aiming to 

distinguish SPI-1 and SPI-2 T3SS related functions of this effector protein. 

Interestingly, the PSI-BLAST also revealed hypothetical proteins 

from Edwardsiella ictaluri and Arsenophonus showing 45% and 31% of 

amino acid similarity to S. Typhimurium SteA, respectively. E. ictaluri is a 

Gram-negative facultative intracellular bacterium of fishes, and encodes for 

a T3SS apparatus that is similar to S. enterica SPI-2 T3SS (Thune et al., 

2007). Within macrophages, the bacteria reside in a vacuole that requires 

neutralization of the pH to allow bacterial replication (Baumgartner et al., 

2014). The bacterial genus Arsenophonus corresponds to a group of insect 

intracellular symbionts. Arsenophonus nasoniae genome codes for two 

T3SS, one closely related to T3SS of Yersinia spp. and the other to SPI-1 

T3SS of S. enterica (Wilkes et al., 2010). Although the PSI-BLAST revealed 

low percentage of identity between SteA and the hypothetical proteins from 

E. ictaluris and A. nasoniae, it is possible that those proteins are 

phylogenetically related with SteA and might be present in other pathogenic 

and endosymbiotic bacteria, which would represent a specific family of 

effector proteins 
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 Final remarks 

 The work developed in this thesis revealed that the SPI-1 and SPI-2 

translocated effector SteA participates in the control of the membrane 

dynamics of the SCV possibly by manipulating host cell microtubule 

molecular motors. Moreover, SteA might be targeted to the SCV and SIFs 

via its interaction with the Golgi and plasma membrane component PI(4)P. 

The phenotypes observed in cells infected with different S. Typhimurium 

mutants also revealed a functional link between SteA and the effectors SseF 

and SseG. The results obtained open new lines of investigation to describe 

not only SteA function(s) at subcellular and organism level, but also to 

understand the mechanism underlying vacuole division, a poorly studied 

process, and the contribution of different species of phosphoinositides during 

Salmonella infection. Ultimately, the understanding of how bacterial 

virulence factors control cellular functions and its translation into organism 

responses could be important for the development of strategies that will 

allow a more efficient prevention and control of infections caused by 

Salmonella or by other similar intravacuolar pathogens. 
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TABLE A1. Salmonella enterica serovar Typhimurium strains used in this 

work. 

Strain Description
a
 Source/Reference Chapter 

12023 wild-type NCTC 
II, III 

and V 

ΔsteA ΔsteA (Km
S
) 

(Figueira et al., 

2013) 

II, III 

and V 

ΔinvG ΔinvG::km (Km
R
) This study II 

ΔssaV 
ΔssaV::aphT (Km

R
) 

(HH119) 

(Deiwick et al., 

1998) 
II 

ΔsifB ΔsifB::km (Km
R
) This study II 

ΔsseF ΔsseF::km (Km
R
) This study II and III 

ΔsseG ΔsseG::km (Km
R
) This study II and III 

ΔpipB2 ΔpipB2::km (Km
R
) (Henry et al., 2006) II and III 

ΔsifA ΔsifA::km (Km
R
) This study III 

ΔsopD2 ΔsopD2::cm (Cm
R
) 

(Figueira et al., 

2013) 
II and III 

ΔsseJ ΔsseJ::km (Km
R
) This study II and III 

∆steA ∆invG ∆steA ∆invG::km (Km
R
) This study II 

ΔsseF ΔsteA  ΔsteA
 
ΔsseF::km (Km

R
) This study II and III 

ΔsseG ΔsteA  ΔsteA
 
ΔsseG::km (Km

R
) This study II and III 

ΔpipB2 ΔsseF  
ΔsseF

 
ΔpipB2::km 

(Km
R
) 

This study II and III 

ΔsseJ ΔsteA ΔsseJ ΔsteA::km (Km
R
) This study II 

ΔsteA ΔsopD2 
ΔsteA ΔsopD2::cm 

(Cm
R
) 

This study II 

∆sifA ∆steA ∆steA ∆sifA::km (Km
R
) This study III 

∆pipB2 ∆sifA ∆pipB2 ∆sifA::km (Km
R
) This study III 

ΔpipB2 ∆sifA 

ΔsteA  

ΔsteA
 
ΔpipB2 ∆sifA::km 

(Km
R
) 

This study III 

∆pipB2 ΔsifA 

ΔsopD2  

ΔpipB2 ΔsopD2 

∆sifA::km (Km
R
) 

This study III 
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TABLE A1. Continued. 

Strain Description
a
 Source/Reference Chapter 

∆pipB2 ΔsifA 

ΔsopD2 ∆steA 

ΔsteA
 
ΔpipB2 ∆sopD2 

∆sifA::km (Km
R
) 

This study III 

a
Km

S
, sensitive to kanamycin; Km

R
, resistant to kanamycin; Cm

R
. resistant to 

chloramphenicol. 
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TABLE A2. Plasmids used in this work. 

Name Characteristics and use
a
 Source/Ref. Chapter 

pKD4 Carries a kanamycin resistance 
gene cassette. Used to construct 
the ΔinvG, ΔsifB, ΔsseF, and 
ΔsseG mutants (Km

R
)  

(Datsenko & 
Wanner, 

2000) 

II and III 

pKD46 Carries the λ Red recombinase. 
Used to construct the ΔinvG, 
ΔsifB, ΔsseF, and ΔsseG mutants 
(Amp

R
) 

(Datsenko & 
Wanner, 

2000) 

II and III 

pCP20 Carries the FLP recombinase. 
Used to excise the antibiotic 
resistance cassette in gene 
deletions made using pKD4 and 
pKD46 (Amp

R
)  

(Datsenko & 
Wanner, 

2000) 

II and III 

pFVP25.1 Carries gfpmut3A under the 
control of a constitutive promoter. 
Introduced into S. Typhimurium 
strains for fluorescence 
visualization (Amp

R
)  

(Valdivia & 
Falkow, 
1997) 

II, III 
and V 

pDsRed Carries a fluorescent-optimized 
DsRed protein under the control 
of an arabinose inducible 
promoter. Introduced into S. 
Typhimurium strains for 
fluorescence visualization (Amp

R
)  

(Sörensen et 
al., 2003) 

II, III 
and v 

pWSK129  Low-copy cloning vector (Km
R
) (Wang & 

Kushner, 
1991) 

II and V 

pSteA-2HA Derivative of  pWSK129 encoding 
SteA with a C-terminal double HA 
tag (SteA-2HA), under the control 
of the steA promoter (Km

R
) 

This study II and V 

pWSK29 Low-copy cloning vector (Amp
R
) (Wang & 

Kushner, 
1991) 

II and V 

pBAD/Myc-
His A 

pBR322-derived bacterial 
expression vectors, using the 
Escherichia coli arabinose 
inducible promoter (PBAD) (Amp

R
) 

Invitrogen II 

pGEX-4T-2  High-copy cloning vector allowing 
C-terminal GST fusions (Amp

R
) 

GE 

Healthcare 

IV and V 

pGEX-

SseJ
WT

 

Derivative of pGEX-4T-2 

encoding SseJ
WT

 fused to the C-

terminus of GST (Amp
R
) 

Mei Liu V 
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TABLE A2. Continued. 

Name Characteristics and use
a
 Source/Ref. Chapter 

pLAMP1-
GFP 

Transfection vector encoding 
human LAMP1, cloned into 
pEGFP-N1 at BamHI and XhoI 
sites. (Km

R
) 

[(Rajashekar 
et al., 2008); 
from Patrice 

Boquet] 

II and III 

pLAMP1-
mGFP 

Transfection vector enconding 
human LAMP1 fused to 
monomeric GFP (mGFP) (Km

R
) 

[(Falcón-
Pérez et al., 
2005); from 
Addgene] 

II and III 

pEGFP-C1 Transfection vector (Km
R
) Clontech V 

pHA-
p50/dynam
itin  
(pAS1B-
Dyn wt) 

Transfection vector encoding 
human p50/dynamitin, a subunit 
from the dynactin complex, with 
an N-terminal HA tag (Amp

R
) 

[(Jacquot et 
al., 2010); 
from Serge 
Benichou] 

III 

pEGFP-
p50 

Transfection vector encoding 
human p50/dynamitin fused to 
enhanced GFP (Km

R
) 

[(Jacquot et 
al., 2010); 
from Serge 
Benichou] 

III 

pHA-TPR Transfection vector encoding the 
tetratricopeptide repeat (TPR) 
motif of mouse kinesin light chain 
2 (KLC2) with an N-terminal HA 
tag (Amp

R
) 

[(Boucrot et 
al., 2005); 
from 
Stéphane 
Méresse] 

III 

pEGFP-
TPR-KLC2 

Transfection vector encoding 
mouse TPR-KLC2 fused to  
enhanced GFP (Km

R
) 

[(Rietdorf et 
al., 2001); 
from Michael 
Way] 

III 

pEF6/Myc-
HisA  
 

High-copy cloning vector 
designed for overproduction of 
recombinant proteins in 
mammalian cell lines (Amp

R
) 

Invitrogen IV and V 

pGBKT7 “Bait” plasmid for Y2H screen 
(Km

R
) 

Clontech IV 

pGADT7 
AD  

“Prey” plasmid for Y2H screen 
(Amp

R
) 

Clontech IV 

pEGFP-
GMAP210 

Derivative of pEGFP-C1 
enconding GMAP210 (Km

R
) 

 IV 

pEGFP-

PI4KIIα 

Derivative of pEGFP-C1 encoding 

phosphatidylinositol 4-kinase II α 

(Moorhead et 

al., 2010) 

V 

pEGFP-

PI4KIIβ 

Derivative of pEGFP-C1 encoding 

phosphatidylinositol 4-kinase II β 

(Moorhead et 

al., 2010) 

V 

pEGFP-

PI4KIIIβ 

Derivative of pEGFP-C1 encoding 

phosphatidylinositol 4-kinase III β 

(Jović et al., 

2012) 

V 
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TABLE A2. Continued. 

 

Name Characteristics and use
a
 Source/Ref. Chapter 

pLDD1 

(pGEX-

SteA
WT

) 

pGEX-4T-2 expressing SteA fused 

to the C-terminal of GST (Amp
R
) 

This study IV and 

V 

pLDD4 

(pEF6-

SteA
WT

-

2HA) 

pEF6/Myc-HisA expressing SteA 
with double hemagglutinin (2HA) 
tag at the C-terminus of SteA 
(Amp

R
) 

This study IV and V 

pLDD5 

(pSteAFL) 

pGBKT7 expressing SteA full-
length (Km

R
) 

This study IV 

pLDD6 

(pSteA∆60) 

Identical to pSteAFL but without 
the first 59 amino acids (Km

R
) 

This study IV 

pLDD7 
(pBAD-
SteA-2HA) 

PBAD-Myc/HisA derivative 
encoding SteA-2HA under the 
control of  PBAD  (Amp

R
) 

This study 
 

II 

pLDD8 

(pSteA∆20) 

Identical to pSteAFL but without 
the first 19 amino acids (Km

R
) 

This study IV 

pLDD9 

(pSteA∆45) 

Identical to pSteAFL but without 
the first 44 amino acids (Km

R
) 

This study IV 

pLDD29 

(pSteA
WT

-

EGFP) 

Derivative of pEGFP-N1 encoding 

SteA
WT

-GFP (Km
R
) 

This study V 

pLDD30 

(pSteA
3K-

3A
-EGFP) 

Derivative of pEGFP-N1 encoding 

SteA-EGFP with lysines 29, 33 

and 36 of SteA substituted by 

alanines (Km
R
) 

This study V 

pLDD31 

(pSteA
2K2R-

4A
-EGFP) 

SteA-EGFP with lysines 154 and 

156 and arginines 159 and 161 of 

SteA substituted by alanines 

(Km
R
) 

This study V 

pLDD32 

(pGEX-

SteA
3K-3A

) 

Derivative of pGEX-4T-2 

encoding GST-SteA with lysines 

29, 33 and 36 of SteA substituted 

by alanines (Amp
R
) 

This study V 
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TABLE A2. Continued. 

Name Characteristics and use
a
 Source/Ref. Chapter 

pLDD33 

(pGEX-

SteA
2K2R-4A

) 

Derivative of pGEX-4T-2 

encoding GST-SteA with 

lysines 154 and 156, and 

arginines 159 and 161 of 

SteA substituted by alanines 

(Amp
R
) 

This study V 

pLDD34 

(pSteA
K29A

-

EGFP) 

Derivative of pEGFP-N1 

encoding SteA-EGFP with 

lysine 29 of SteA substituted 

by alanine (Km
R
) 

This study V 

pLDD35 

(pSteA
K36A

-

EGFP) 

Derivative of pEGFP-N1 

encoding SteA-EGFP with 

lysine 36 of SteA substituted 

by alanine (Km
R
) 

This study V 

pLDD39 

(pSteA
K33A

-

EGFP) 

Derivative of pEGFP-N1 

encoding SteA-EGFP with 

lysine 33 of SteA substituted 

by alanine (Km
R
) 

This study V 

pLDD44 

(pGEX-

SteA
K29A

) 

Derivative of pGEX-4T-2 

encoding GST-SteA with 

lysine 29 of SteA substituted 

by alanine  (Amp
R
) 

This study V 

pLDD45 

(pGEX-

SteA
K36A

) 

Derivative of pGEX-4T-2 

encoding GST-SteA with 

lysine 36 of SteA substituted 

by alanine  (Amp
R
) 

This study V 

pLDD46 

(pGEX-

SteA
K33A

) 

Derivative of pGEX-4T-2 

encoding GST-SteA with 

lysine 33 of SteA substituted 

by alanine  (Amp
R
) 

This study V 

pLDD47 

(pSidC
609-776

-

EGFP) 

Derivative of pEGFP-N1 

encoding amino acids 609 

to 776 of the Legionella 

effector SidC fused to EGFP 

(Km
R
) 

This study V 
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TABLE A2. Continued. 

Name Characteristics and use
a
 Source/Ref. Chapter 

pLDD49 

(pSteA
K36A

-

2HA) 

Derivative of  pWSK129-SteA-

2HA encoding SteA with a 

substitution of lysine 36 by 

alanine 

This study V 

pLDD51 

(pGEX-

SifB
WT

) 

Derivative of pGEX-4T-2 

encoding SifB
WT

 fused to C-

terminus of GST (Amp
R
) 

This study V 

pLDD60 

(pHis6-

SidC
609-776

-

EFGP) 

Derivative of pET28b encoding 

SidC
609-776

 fused to the N-

terminus of EGFP (Km
R
) 

This study V 

pLDD62 

(pGEX-

SidC
609-776

) 

Derivative of pGEX-4T-2 

encoding amino acids 609-776 

of SidC fused to the C-

terminus of GST (Amp
R
) 

This study V 

pEG(KG) Vector to express GST fusion 

proteins in yeast (URA3) 

(Mitchell et al., 

1993) 

V 

pEG(KG)-

SteA
WT

 

Derivative of pEG(KG) 

encoding  SteA
WT

-GST (URA3) 

This study V 

YCpLG Yeast galactose-inducible 

expression vector (LEU2) 

(Bardwell et 

al., 1998) 

V 

YCpLG-

SteA
WT

-GFP 

Derivative of YCpLG encoding 

SteA
WT

  fused to the N-

terminus of GFP (LEU2) 

This study V 

pYES2 Vector for inducible expression 

of recombinant proteins in S. 

cerevisiae (URA3) 

Life 

Technologies 

V 

pYES2-GFP-

SteA
WT

 

Derivative of pYES2-GFP 

encoding  SteA
WT

  fused to the 

C-terminus of GFP (GFP- 

SteA
WT

) (URA3) 

This study V 

pYES3/CT S. cerevisiae expression 

vectors derived from the  

Life 

Technologies 

V 

pYES3-GFP Derivative of pYES3/CT 

encoding GFP 

(Rodríguez-

Escudero et 

al., 2005) 

V 

pYES3-GFP- 

SteA
WT

 

Derivative of pYES3-GFP 

encoding  SteA
WT

-GFP (TRP1) 

This study V 
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TABLE A2. Continued. 

Name Characteristics and use
a
 Source/Ref. Chapter 

pYES3-GFP-

SteA
K29A

 

Derivative of pYES3-GFP 

encoding  SteA-GFP with 

lysine 29 of SteA substituted 

by alanine  (TRP1) 

This study V 

pYES3-GFP- 

SteA
K33A

 

Derivative of pYES3-GFP 

encoding  SteA-GFP with 

lysine 33 of SteA substituted 

by alanine  (TRP1) 

This study V 

pYES3-GFP- 

SteA
K36A

 

Derivative of pYES3-GFP 

encoding  SteA-GFP with 

lysine 36 of SteA substituted 

by alanine  (TRP1) 

This study V 

pYES3-GFP-

SteA
3K-3A

 

Derivative of pYES3-GFP 

encoding SteA-GFP with 

lysines 29, 33 and 36 of SteA 

substituted by alanines fused 

to C-terminal of GFP (TRP1) 

This study V 

pYES3-GFP-

SteA
2K2R-4A

 

Derivative of  pYES3-GFP  

encoding SteA-GFP with 

lysines 154 and 156, and 

arginines 159 and 161 

substituted by alanines (TRP1) 

This study V 

YCpLG-PI3K Derivative of  YCpLG encoding 

the catalytic subunit (p110α) of 

mammalian class I 

phosphatidylinositol 3-kinase 

(Rodríguez-

Escudero et 

al., 2005) 

V 

a
Km

R
, kanamycin resistance; Amp

R
, ampicillin resistance; URA3, LEU2, TRP1, 

selection markers in yeast. 
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TABLE A3. DNA primers used in this work. 

Code Description  Sequence (5’ to 3’)
a
 

- SteA_Fw_EcoRI; used to 
construct pSteA-2HA 

ATGCGAATTCTCATTACGTTACC
TGTTATAGCC 

- SteA-2xHA_Rv_BamHI; 
used to construct pSteA-
2HA 

ATGCGGATCCTTAAGCATAATCA
GGAACATCATACGGATACGCAT
AGTCCGGCACATCATACGGATA
ATTGTCCAAATAGTTATGGTAGC 

9 Kan-k1; used to verify 
deletions in the 
chromosome of S. 
Typhimurium, made using 
plasmid pKD4 

CAGTCATAGCCGAATAGCCT 

10 Kan-kt; used to verify 
deletions in the 
chromosome of S. 
Typhimurium, made using 
plasmid pKD4 

CGGCCACAGTCGATGAATCC 

80 DeltaInvG_Fwd. Used to 
construct ΔinvG mutant 
strain 

CATATTCTTTTGGCCAGAGTGCT
GGCATGTGCCGCGCTTGGTGTA
GGCTGGAGCTGCTTCG 

81 DeltaInvG_Rv. Used to 
construct ΔinvG mutant 
strain 

ATCCAGATAAACACGAACCCATT
TCTGTAACTTATCGTCCCATATG
AATATCCTCCTTAG 

86 invG Fwd. Used to verify 
accuracy of ΔinvG mutant 
strain 

CATATTCTTTTGGCCAGAGTG 

87 invG Rv. Used to verify 
accuracy of ΔinvG mutant 
strain 

TCATTTAATTGCCTCCTGACC 

381 Kan-k2; used to verify 
deletions in the 
chromosome of S. 
Typhimurium, made using 
plasmid pKD4 

CGGTGCCCTGAATGAACTGC 

533 steA_BamHI_fw_pGEX; 

used to construct 

CGCGGATCCCCATATACATCAG

TTTCTACC 

534 steA_XhoI_rev_pGEX; 

used to construct 

CCGCTCGAGTTAATAATTGTCCA

AATAGTTATGG 

535 steA_NdeI_fw_pET28b; 

used to construct SteAFL 

in pGBKT7 

GGAATTCCATATGCCATATACAT

CAGTTTCTACC 
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TABLE A3. Continued. 

Code Description Sequence (5’ to 3’)
a
 

537 steA_EcoRI_rev_pEF6; 

used to construct 

CGCGGATCCaccatggCACCATATA

CATCAGTTTCTACC 

538 steA_KpnI_fw_pBAD; 

used to construct SteA 

in pEF6 

GATCGGTACCCCATATACATCAGT

TTCTACC 

540 steA_BamHI_rev_pEGF

P-C1; used to construct 

SteA in pGBKT7 

CGCGGATCCTTAATAATTGTCCAA

ATAGTTAATGG 

541 Delta_SifA_fwd; Used to 
construct ΔsifA mutant 
strain 

GCGCCCGCAGTTGAGATAAAAAG
GGTCGATTTAATCGTAGCTGGAG
CTGCTTC 

542 Delta_SifA_rev; Used to 
construct ΔsifA mutant 
strain 

GCCTGGCAAGAGGTTACTCAGTA
GGCAAACAGGAAGCATATGAATAT
CCTCCTTAGT 

543 Delta_SseJ_fwd; Used 
to construct ΔsseJ 
mutant strain 

AAAGCGTGTTTAATAAAGTAAGGA
GGACACTATGCCGTAGCTGGAGC
TGCTTC 

544 Delta_SseJ_rev; Used 
to construct ΔsseJ 
mutant strain 

CTCAAGGCGTACCGCAGCCGATG
GAACTTTATTCAGCATATGAATAT
CCTCCTTAGT 

545 Delta_SseG_fwd; used 
to construct ΔsseG 
mutant strain 

CCTGTTAGCCCAAATGCTCAGGTA
GGAGGGCAACGTCCTGGTAGCTG
GAGCTGCTTC 

546 Delta_SseG_rev; used 
to construct ΔsseG 
mutant strain 

GCAATGAACATCCGGTATATACCT
GAAAACGATTACTCCATATGAATA
TCCTCCTTAGT 

547 Delta_SseF_fwd; used 
to construct ΔsseF 
mutant strain 

CGAAATATGAAAATTCATATTCCG
TCAGCGGCAAGTAATATAGGTAG
CTGGAGCTGCTTC 

548 Delta_SseF_rev; used 
to construct ΔsseF 
mutant strain 

CCATTAATGCAGGTGTAGTAGCA
GATTGACAGAGCGCATATGAATAT
CCTCCTTAG 

549 Delta_SifB_fwd; used to 
construct ΔsifB mutant 
strain 

GGGCAACATGGGATAATATTTCGA
ATACCACCTATTCCAGGTAGCTGG
AGCTGCTTC 

550 Delta_SifB_rev; used to 
construct ΔsifB mutant 
strain 

GGTATTGCCAGGGGATTGTAAAT
CCATACTATTTATGGTGATATGAA
TATCCTCCTTAGT 
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TABLE A3. Continued. 

Code Description Sequence (5’ to 3’)
a
 

551 SifA_fwd; used to verify 
accuracy of ΔsifA mutant strain 

CCGATGCGCCCGCAGTTG
AG 

552 SseJ_fwd; used to verify 
accuracy of ΔsseJ mutant strain 

GCTAATTAATTATTTGCTA
AAGC 

553 SseG_fwd; used to verify 
accuracy of ΔsseG mutant strain 

CGGGGAGAACCATGAAAC
C 

554 SseF_fwd; used to verify 
accuracy of ΔsseF mutant strain 

GCTTAAATAACAGAACGAA
ATATG 

555 SifB_fwd; used to verify 
accuracy of ΔsifB mutant strain 

GGCAAACCGATGGGCAAC
ATGG 

558 steA2HA_HindIII_rev_pBAD; 
used to construct pBAD-SteA-
2HA. 

CCCAAGCTTGGCGGCCGC
TCCGCTCTAGAACTAGTG
GATCC 

625 steA_NcoI_fw_pBAD; used to 
construct pBAD-SteA-2HA. 

GATCCCATGGCAAAATTTG
AAGGAGTAGGATATG 

626 

 

pGBKT7_steAΔ60_fw; used to 

construct 

GGAATTCCATATGACGCC

TAAAGTTGCGGAGTTCTGT

GC 

629 pGBKT7_steAΔ20_fw; used to 

construct 

GGAATTCCATATGGTTGCT

GCAGGAGATTATGAAAATA

AATTATC 

630 pGBKT7_steAΔ45_fw; used to 

construct 

GGAATTCCATATGCTGGC

CTACGGATTTACGCGAGT

AATTGAAC 

631 SifA_rev; used to verify accuracy 
of ΔsifAmutant strain 

GGCATTATTGTGCCTGGC 

632 SifB_rev; used to verify accuracy 
of ΔsifB mutant strain 

GATGGTTTTGGTATTGCC 

633 
 

SseJ_rev; used to verify 
accuracy of ΔsseJ mutant strain 

GCTGTGTTTTGCTCAAGG
C 

634 sseG_rev; used to verify 
accuracy of ΔsseF mutant strain 

GCAATGAACATCCGG 

635 sseF_rev; used to verify 
accuracy of ΔsseF mutant strain 

GCATTTGGCTAACAGG 

636 PipB2_fw; used to verify 
accuracy of ΔsopD2 mutant 
strain 

GCACTGTGTTGCTGTCTC 
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Table A3. Continued. 

Code Description Sequence (5’ to 3’)
a
 

637 PipB2_rev; used to verify 
accuracy of ΔpipB2 mutant 
strains 

CAGCTACTATTCAGTAGC 

638 SopD2_fw; used to verify 
accuracy of ΔsopD2 mutant 
strains 

GGATTGGATCTTGCTTTCG 

639 SopD2_rev; used to verify 
accuracy of ΔsopD2 mutant 
strains 

GCGTACAAAAAAGGCTCC 

914 sseF_fwd2; used to verify 
accuracy of ΔsseF mutant 
strains 

GCAAATAATGGTTGATACTC 
TTATTGC 

915 sseF_rev2; used to verify 
accuracy of ΔsseF mutant 
strains 

GCCCTCCTACCTGAGCATTT
GGGC 

916 PipB2_fwd2; used to verify 
accuracy of ΔpipB2 mutant 
strains 

GGTATTCACCTTATCTCTAA
ATGC 

921 SteA∆25-45fwd; used to 

construct SteA∆25-45 in 

pEF6 and pWSK129 

Pho-

CTGGCCTACGGATTTACGC

G 

922 SteA∆25-45rev; used to 

construct SteA∆25-45 in 

pEF6 and pWSK129 

Pho-

TCCTGCAGCAACATGAGGT

AGC 

923 SteA∆46-59fwd; used to 

construct SteA∆46-59 in 

pEF6 and pWSK129 

Pho-

GTTACGCCTAAAGTTGCGG

AGTTCTGTGC 

924 SteA∆46-59rev; used to 

construct SteA∆46-59 in 

pEF6 and pWSK129 

Pho-

TCCTGCGGTAAGCACATAC

AAGATGCC 

925 SteA∆60-84fwd; used to 

construct SteA∆60-84 in 

pEF6 and pWSK129 

Pho-

GGACTGTTTACTATAGATGT

CG 
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TABLE A3. Continued. 

Code Description Sequence (5’ to 3’)
a
 

926 SteA∆60-84rev; used to 

construct SteA∆60-84 in pEF6 

and pWSK129 

Pho-

ATTACAATAATGTTCAATTACT

CG 

927 SteA∆85-95fwd; used to 

construct SteA∆85959 in 

pEF6 and pWSK129 

Pho-

GGTCGGATGTTAACATTCGAA

CAACTCTCG 

928 SteA∆85-95rev; used to 

construct SteA∆85-59 in pEF6 

and pWSK129 

Pho-

ATCACGTACAGCATCAGCAA

GG 

929 SteA∆96-109fwd; used to 

construct SteA∆96-109 in 

pEF6 and pWSK129 

Pho-

GGTAAGCCAATCGTCAGGAT

ATCG 

930 SteA∆96-109rev; used to 

construct SteA∆85959 in 

pEF6 and pWSK129 

Pho-

ATCAGAAAGCTCGACATCTAT

AGTAAACA GTCC 

931 SteA∆110-123fwd; used to 

construct SteA∆110-123 in 

pEF6 and pWSK129 

Pho-

GAGGTTGAGGGGACCTTTGA

AGAG 

932 SteA∆110-123rev2; used to 

construct SteA∆110-123 in 

pEF6 and pWSK129 

Pho-

TTCAGCTATCAGCGAGAGTT

GTTCG 

933 SteA∆124-145fwd; used to 

construct SteA∆124-145 in 

pEF6 and pWSK129 

Pho-

TACTATGATTATGATATTGAT

GAAAAATA TAAAACC 

934 SteA∆124-145rev; used to 

construct SteA∆124-145 in 

pEF6 and pWSK129 

Pho-

AACGGTATGTTCCCCATCCG 
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TABLE A3. Continued. 

Code Description  Sequence (5’ to 3’)
a
 

935 SteA∆146-167fwd; used to 

construct SteA∆146-167in pEF6 

and pWSK129 

Pho-

TTACCTCAGGCATTA

GGCGCC 

936 SteA∆146-167rev; used to 

construct SteA∆146-167 in pEF6 

and pWSK129 

Pho-

CGCTGGCGCTTCAA

AAAAGCC 

1081 steA3K-3A_overlap_fw; used to 

construct pSteA
3K-3A

-EGFP and 

pGEX-SteA
3K-3A

 

GCTGCAGGAGATTA

TGAAAATGCATTATC

AACAGCAATCATGG

CAGGCATCTTGTAT

GTGCTTACCG 

1082 steA3K-3A_overlap_rev; used to 

construct pSteA
3K-3A

-EGFP and 

pGEX-SteA
3K-3A

 

CGGTAAGCACATAC

AAGATGCCTGCCAT

GATTGCTGTTGATAA

TGCATTTTCATAATC

TCCTGCAGC 

1083 steA2K2R-4A_overlap_fw; used 

to construct pSteA
2K2R-4A

-EGFP 

and pGEX-SteA
2K2R-4A

 

CTATGATTATGATAT

TGATGAAGCATATG

CAACCGTCGCAGAG

GCAATGGCAGCATA

TAATGCCTTACC 

1084 steA2K2R-4A_overlap_rev; 

used to construct pSteA
2K2R-4A

-

EGFP and pGEX-SteA
2K2R-4A

 

GGTAAGGCATTATAT

GCTGCCATTGCCTC

TGCGACGGTTGCAT

ATGCTTCATCAATAT

CATAATCATAG 

1085 steA_HindIII_fw_pEGFP-N1; 

used to construct pSteA
WT

-

EGFP, and SteA mutant 

derivatives in pEGFP-N1 

CCCAAGCTTaccatgg

CACCATATACATCAG

TTTCTACC 

1086 steA_BamHI_rev_pEGFP-N1; 

used to construct pSteA
WT

-

EGFP, and SteA mutant 

derivatives in pEGFP-N1 

CGCGGATCCGCATA

ATTGTCCAAATAGTT

AATGG 
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TABLE A3. Continued. 

Code Description  Sequence (5’ to 3’)
a
 

1163 steAK29A_overlap_fw; 

used to construct 

pSteA
K29A

-EGFP and 

pGEX-SteA
K29A

 

GCTGCAGGAGATTATGAAAATG

CATTATCAACAAAAATCATGAAA

GGCATCTTGTATGTGCTTACCG 

1164 steAK29A_overlap_rev

; used to construct 

pSteA
K29A

-EGFP and 

pGEX-SteA
K29A

 

CGGTAAGCACATACAAGATGCC

TTTCATGATTTTTGTTGATAATGC

ATTTTCATAATCTCCTGCAGC 

1165 steAK33A_overlap_fw; 

used to construct 

pSteA
K33A

-EGFP and 

pGEX-SteA
K33A

 

GCTGCAGGAGATTATGAAAATAA

ATTATCAACAGCAATCATGAAAG

GCATCTTGTATGTGCTTACCG 

1166 steAK33A_overlap_rev

; used to construct 

pSteA
K33A

-EGFP and 

pGEX-SteA
K33A

 

CGGTAAGCACATACAAGATGCC

TTTCATGATTGCTGTTGATAATTT

ATTTTCATAATCTCCTGCAGC 

1167 steAK36A_overlap_fw; 

used to construct 

pSteA
K36A

-EGFP, 

pGEX-SteA
K36A

, and 

pSteA
K36A

-2HA 

GCTGCAGGAGATTATGAAAATAA

ATTATCAACAAAAATCATGGCAG

GCATCTTGTATGTGCTTACCG 

1168 steAK36A_overlap_rev

; used to construct 

pSteA
K36A

-EGFP, 

pGEX-SteA
K36A

, and 

pSteA
K36A

-2HA 

CGGTAAGCACATACAAGATGCC

TGCCATGATTTTTGTTGATAATTT

ATTTTCATAATCTCCTGCAGC 

steA-1 Used to construct 

pEG(KG)-SteA 

CGGGATCCATGCCATATACATCA

GTTTCT 

steA-2 Used to construct 

pEG(KG)-SteA 

CGGGATCCTTAATAATTGTCCAA

ATAGTTATG 

steA-

2GFP 

Used to construct 

YCpLG-SteA-GFP 

CGGGATCCATAATTGTCCAAATA

GTTATGG 

a
 Restriction sites are underlined; Pho stands for 5’ phosphorylated primer; Kozak 

sequences are lower cased; in primers used for site-directed mutagenesis of steA, 
the altered codons are in bold. 
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Movie Legends 

 

Movie A1. Live-cell imaging of HeLa cells were transfected with 

pLAMP1-GFP, and infected with wild-type S. Typhimurium expressing 

DsRed. The cells were imaged at about 8 h p.i. every 390 s for 187 min. The 

movie is 3 frames per second accelerated relative to real time. The infected 

cell shows SCVs all apparently containing a single bacterium. Scale bar, 5 

μm.  

 

Movie A2. Live-cell imaging of HeLa cells were transfected with 

pLAMP1-GFP, and infected with ΔsteA mutant S. Typhimurium expressing 

DsRed. The cells were imaged at about 8 h p.i. every 390 s for 187 min. The 

movie is 3 frames per second accelerated relative to real time. The infected 

cell shows an enlarged SCV with more than one bacterium inside. Scale bar, 

5 μm. 

 

Movie A3. Live-cell imaging of HeLa cells were transfected with pSidC
609-

776
-GFP, and infected with wild-type S. Typhimurium expressing DsRed. The 

cells were imaged at about 8 h p.i. every 390 s for 187 min. The movie is 3 

frames per second accelerated relative to real time. The infected cell shows 

green fluorescence surrounding the bacteria. Scale bar, 5 μm. 
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