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ABSTRACT 

Legionella pneumophila is an opportunistic intracellular pathogen which can be 

found to infected human alveolar macrophages to cause a severe form of pneumonia 

known as Legionnaires’ disease. Under normal conditions bacterial pathogens are 

cleared from the body through engulfment by professional phagocytic cells such as 

macrophages, neutrophils and dendritic cells, however Legionella has evolved to 

manipulate these cells to form a plasma membrane derived intracellular replicative 

compartment. This is accomplished through secretion of 300+ bacterial effector proteins 

into the host cytosol through a specialized dot/icm type 4 secretion system. These 

effector proteins target a wide range of host process to prevent fusion with lysosome 

and allow efficient intracellular replication through nutrient acquisition and dampening 

of host immune processes. One strategy Legionella employs to avoid fusion with 

lysosomes is to target regulators of vesicular trafficking. Understanding how Legionella 

modulates these host pathways is of critical importance for identifying the mechanisms 

intracellular pathogens employ for survival.  

Rab GTPases are small proteins responsible for the coordination of vesicular 

trafficking and by targeting these proteins through post-translational modification 

Legionella recruits vesicle trafficked between the endoplasmic reticulum and the 

Golgi apparatus. However, the interaction with Rab GTPases regulating endocytic 

recycling has not been thoroughly explored.  Endocytic recycling is a critical cellular 

process responsible for the recycling of the plasma membrane along with any 

receptors or molecules embedded in the membrane. 
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In chapter 2, I pursue identification the role of endocytic recycling associated 

Rab GTPases Rab4, Rab11 and Rab35 during infection. I determined that distinct 

endocytic recycling Rab GTPases such Rab4 and Rab11are localized to LCV during 

early infection while Rab35 is prevented from localizing to the LCV indicating that 

within the recycling pathways specific Rabs are recruited based on their effect on 

intracellular replication. Using purified Rab4 and Rab11 incubated with Legionella 

cell lysate, I was able to identify several candidate effectors that may interact (directly 

or indirectly) with these endocytic recycling Rab GTPases. 

In chapter 3, I examined the impact of the specific effector AnkX on vesicular 

trafficking and particularly the recycling of transferrin. AnkX was previously shown 

to post-translationally modify host substrates through phosphocholination enzymatic 

activity. Fluorescence and electron microscopy showed that AnkX localized at the 

plasma membrane as well endosome and tubules. To identify which endocytic 

recycling pathway was targeted by AnkX I performed a co-localization experiment 

that identified AnkX as localizing to Rab35 positive endosomes within the host cell. 

Additionally, a defect in avoidance of phagosome maturation through acquisition of 

the late endosomal marker LAMP2 was observed in host cells infected with mutant 

strains lacking AnkX.  In addition to effects on phagosomal maturation I observed a 

defect in endocytic recycling of transferrin during early infection that requires the 

phosphocholination activity of AnkX.  

In chapter 4 of this dissertation, I examined the interaction of another effector 

protein, SdeC, with Rab11 dependent endocytic recycling.  SdeC belongs to a family 

of effectors known as the SidE family that catalyze the ubiquitination of host targets 

independent of the normal host ubiquitination machinery. I identified SdeC in a pull-
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down of Rab11 with Legionella effectors and then pursued a better understanding of 

the impact if SdeC on the localization of Rab11 during infection. Intriguingly I not 

only saw a disruption of Rab11 localization but also observed the localization of 

Rab11 endogenous effector Rab11-FIP1a (FIP1) appears to be clustered toward the 

microtubule organizing center indicating a possible defect in vesicular trafficking. To 

elucidate the mechanisms of this effect we performed pull-down of Rab11 that 

indicates SdeC is preventing the interaction between Rab11 and Rab11-FIP1a. 
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Chapter 1 

THE RECYCLING ENDOSOMES AND BACTERIAL PATHOGENS 

Adapted from Allgood, Samual C., and M. Ramona Neunuebel. “The recycling 

endosome and bacterial pathogens.” Cellular Microbiology 20.7 (2018): e12857. 

 

Membrane trafficking is fundamentally important for the normal function of 

mammalian cells, mediating essential processes such as nutrient uptake, immunity, 

cell migration, adhesion, and division. Proteins integrated at the plasma membrane 

allow cells to sense and respond to changes in their extracellular environment. These 

proteins frequently travel into the cell through endocytosis, ushering in nutrients and 

relaying extracellular information through intracellular signaling cascades. Upon 

internalization through a range of endocytic mechanisms, much of the protein cargo 

converges at early endosomes, which then undergo homotypic fusion (Grant & 

Donaldson, 2009). At this stage, cargo is segregated into microdomains and chartered 

to specific membrane trafficking routes. Cargoes can be returned back to the plasma 

membrane via recycling endocytosis, routed towards the trans-Golgi network (TGN) 

via retrograde traffic, or packaged in intraluminal vesicles of late 

endosomes/multivesicular bodies that ultimately fuse with lysosomes leading to cargo 

degradation (Figure 1).  

The directionality of the membrane traffic and cargo sorting relies on the 

precise spatiotemporal regulation of endosomal identity. Endosomal compartments 

have unique molecular identities that can rapidly shift to ensure the flow of membrane 
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traffic. The molecular identity of endosomes is largely regulated by the differential 

recruitment and activation of Rab GTPases (hereafter Rabs), a class of (>60) proteins 

that belongs to the Ras superfamily of small GTPases (Pereira-Leal & Seabra, 2001; 

Pfeffer, 2013; Seabra, Mules, & Hume, 2002). Rabs act as molecular switches 

alternating between two conformations: active when GTP-bound and inactive when 

GDP-bound. The nucleotide binding state of Rabs is regulated by guanine exchange 

factors (GEFs), which facilitate the swapping of GDP with GTP, and by GTPase 

activating proteins (GAPs), which stimulate the GTP hydrolysis activity of Rabs 

(Stenmark, 2009). Dedicated sets of GEFs and GAPs tightly regulate the activation 

status of each Rab. Active Rabs interact with downstream effectors involved in cargo 

selection, vesicle movement, and membrane fusion (Zhen & Stenmark, 2015). For 

example, Rab5 localization to early/sorting endosomes is critical for progression 

through the endocytic/phagocytic pathway, regulating homotypic fusion as well as 

fusion of early endosomes with the early phagosomes, whereas Rab7 regulates fusion 

of late endosomes with the phagosomes driving their maturation into a 

phagolysosomal compartment (Scott, Botelho, & Grinstein, 2003). An emerging 

concept in endocytic maturation is the role of Rab cascades to progressively change 

the identity of endosomes. In this paradigm, an upstream Rab (e.g., Rab5) recruits the 

GEF that activates the subsequent Rab (e.g., Rab7), which then co-opts a GAP that 

inactivates the upstream Rab (Pfeffer, 2013). 

Endocytic recycling of cargoes involves membrane compartments known as 

recycling endosomes, which mediate the return of cargo back to the plasma 

membrane. Recycling endosomes differ in terms of the cargoes they carry, their 

molecular identity, and their itinerary to the plasma membrane. Two major pathways 
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recycle cargo back to the plasma membrane: the so-called slow and fast pathways. As 

implied by the terminology, the two pathways differ kinetically, and this is largely due 

to the cargo's itinerary through the endocytic recycling system (Hopkins & 

Trowbridge, 1983). The “fast” recycling pathway returns cargo back to the plasma 

membrane directly from early endosomes, whereas, in the “slow” recycling route, 

membrane tubules carry the cargo to a perinuclear location known as the endocytic 

recycling compartment (ERC; Grant & Donaldson, 2009; Ren et al., 1998). Often 

localized near the microtubule-organizing center, the ERC is composed of tubular and 

vesicular membrane compartments and gives rise to recycling endosomes destined for 

the plasma membrane. The two endocytic recycling pathways are regulated by distinct 

sets of Rabs. We will briefly highlight several recycling Rabs that are emerging as 

common targets of bacterial pathogens: Rab4, Rab11, Rab14, and Rab35. 

Rab4 and Rab35 have been identified as major regulators of the fast recycling 

pathway (Chaineau, Ioannou, & McPherson, 2013; Choudhury, Sharma, Marks, & 

Pagano, 2004; van der Sluijs et al., 1992). Both Rabs influence iron levels by 

regulating recycling of the transferrin receptor (TfR), which binds transferrin to 

mediate cellular uptake of iron (Grant & Donaldson, 2009). In addition, important 

immune molecules such as the T-cell receptor and Major Histocompatibility Complex 

I and II (MHC-I and MHC-II) are recycled back to the cell surface through Rab35-

dependent pathways (Allaire et al., 2010; Patino-Lopez et al., 2008; Walseng, Bakke, 

& Roche, 2008). Furthermore, Rab35 is a key regulator of phagosome maturation, a 

process by which microbial cargo is degraded through progressive fusions of the 

phagosome with early endosomes, late endosomes, and ultimately with lysosomes 

(Egami, Fukuda, & Araki, 2011; Verma & Datta, 2017). Rab14 is involved in 
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controlling Golgi-to-endosome transport and endosome-phagosome fusion (Junutula et 

al., 2004; Kyei et al., 2006). More recent evidence shows that Rab14 defines an 

intermediate recycling compartment that functions after Rab4/Rab5 but before Rab11 

and regulates recycling of the transmembrane protease ADAM10 back to the cell 

surface (Linford et al., 2012). 

The “slow” recycling pathway is thought to be mediated primarily through 

Rab11a, which localises to tubular endosomes, the ERC, and the TGN compartment 

(Grant & Donaldson, 2009; Ullrich, Reinsch, Urbe, Zerial, & Parton, 1996). Rab11a 

mediates transport of molecules from sorting endosomes to the ERC (Horgan, 

Hanscom, Jolly, Futter, & McCaffrey, 2010) and regulates the TGN-to-ERC or TGN-

to-plasma membrane traffic (Chen, Feng, Chen, & Wandinger-Ness, 1998). Rab11a 

controls recycling of a wide range of cell surface proteins including the TfR, ion 

channels, junctional proteins, integrins, and immune receptors (Campa & Hirsch, 

2017). Through interactions with adaptor proteins, Rab11a couples with various motor 

proteins that provide the mechanical force to move vesicles along microtubules or 

actin filaments (Welz, Wellbourne-Wood, & Kerkhoff, 2014). Ultimately, Rab11a 

influences a variety of cellular processes including cytokinesis, phagocytosis, cell 

migration, immunological synapse, and primary cilia formation. 

It is important to note that the membrane trafficking circuits regulated by these 

Rabs are not entirely isolated from each other, often crossing paths at intermediate 

hybrid vesicles (Linford et al., 2012; Sonnichsen, De Renzis, Nielsen, Rietdorf, & 

Zerial, 2000). Thus, cargo returning to the plasma membrane may not all follow a 

simple linear transport pathway. As such, the precise number of distinct pathways and 

the manner in which these pathways intersect is not completely understood. 
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Targeting of Rabs is a well-established strategy that bacterial pathogens use to 

exploit specific membrane trafficking routes (Pizarro-Cerda, Kuhbacher, & Cossart, 

2014). Bacterial effector proteins translocated by specialised secretion systems into the 

host cell can selectively target and manipulate the activity of Rabs (Brumell & 

Scidmore, 2007; Cossart & Roy, 2010; Sherwood & Roy, 2013; Stein, Muller, & 

Wandinger-Ness, 2012). Fluorescence microscopy of infected host cells transiently 

overproducing fluorescently tagged Rabs has been the approach most broadly used to 

determine whether Rabs associate with bacteria-containing vacuoles. Higher-

resolution imaging is typically needed to discern whether membrane compartments 

marked by a particular Rab fuse with the vacuolar membrane or merely accumulate in 

the vicinity of the vacuole. As detailed in the next section, overproduction of wild-type 

and mutant forms of Rabs, locked in either the active (GTP-bound) or inactive (GDP-

bound) state, has been widely applied to determine the extent to which the activity 

status of a particular Rab impacts bacterial survival or vacuolar properties such as 

expansion or association with host membrane compartments. RNAi screens have been 

useful in identifying Rabs important for bacterial growth; however, these data must be 

interpreted with caution because Rabs are involved in a myriad of cellular functions 

and they often regulate membrane traffic through Rab cascades (Pfeffer, 2013). 

Targeting of recycling Rabs by bacterial pathogens leads to a salient question: Is 

endocytic recycling affected during infection? Although this has not yet been 

addressed for all the pathogens reviewed here, current knowledge suggests that 

endocytic recycling is generally affected during infection. The TfR is widely used as a 

marker for recycling endosomes, and its binding partner, transferrin, is commonly 

used to track endocytic recycling (Mayle, Le, & Kamei, 2012). Using methods based 
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on recycling of transferrin, it was determined that recycling endocytosis is inhibited in 

human macrophage-like cells infected with Legionella pneumophila (Allgood et al., 

2017) and human epithelial cells infected with Shigella flexneri (Mounier et al., 2012), 

whereas Coxiella burnetti (not reviewed here) did not affect transferrin recycling 

despite transferrin-positive vesicles accumulating close to its vacuole (Larson & 

Heinzen, 2017). Because the TfR is recycled through both the “slow” and “fast” 

recycling pathways, the extent to which each pathway is impacted during infection can 

instead be determined by quantifying the recycling rate of plasma membrane proteins 

known to be recycled predominantly through one of the two pathways. In this review, 

we will focus on how various bacterial pathogens including Chlamydia pneumoniae, 

Chlamydia trachomatis, S. flexneri, Salmonella enterica serovar Typhimurium, 

uropathogenic Escherichia coli, and Legionella target Rabs that are known to regulate 

endocytic recycling. 
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Figure 1 Schematic of endosomal traffic and Rab GTPases present on 

different membrane compartments. Cargo is internalised into vesicles 

that undergo homotypic fusion giving rise to early/sorting endosomes 

(SE), where distinct cargoes are then segregated into microdomains. 

Subsequently, tubular recycling endosomes (RE) carry the sorted cargo 

back to the plasma membrane. Rab4 and Rab35 regulate fast recycling 

from these sorting hubs through recycling endosomes back to the plasma 

membrane. Alternatively, cargo can be routed to the endocytic recycling 

compartment (ERC) from where it can be recycled back to the plasma 

membrane through Rab11-positive tubular recycling endosomes. Other 

endosomes move segregated cargoes from sorting endosomes towards the 

trans-Golgi network through retrograde traffic or towards late endosome 

to ultimately be degraded by fusion with lysosomes 
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Chlamydia 

Chlamydia spp. are obligate intracellular pathogens that cause a wide range of 

diseases. Here, we focus on two important human pathogens leading to distinct 

pathologies, C. pneumoniae and C. trachomatis. C. pneumoniae causes acute 

respiratory tract infections, and it has been linked to chronic diseases such as arthritis, 

atherosclerosis, and asthma (Elwell, Mirrashidi, & Engel, 2016). C. trachomatis is a 

major cause of preventable blindness in underdeveloped parts of the world (Hu et al., 

2013) and the most prevalent cause for sexually transmitted infection (Elwell et al., 

2016), leading to pelvic inflammatory disease, ectopic pregnancies, or sterility in 

women. 

The developmental cycle of both C. pneumoniae and C. trachomatis includes 

two morphologically and functionally distinct forms known as the elementary body 

(EB) and reticulate body (RB; Figure 2a). The infectious EB form, resistant to the 

harsh conditions of the extracellular environment, adheres to epithelial cells and 

promotes invasion by injecting the host with preformed effector proteins that induce 

cytoskeletal rearrangements. Hours following uptake into the plasma membrane-

derived compartment known as the inclusion, EBs differentiate into the non-

infectious, replicative RB form. Over the next 2–3 days, RBs continue to replicate and 

then differentiate back into EBs before exiting the host through lysis or extrusion. 

During infection, C. trachomatis and C. pneumoniae remodel the inclusion membrane 

by secreting effector proteins into the host via a type III secretion system (T3SS). 

Recent insight into how the membrane of the inclusion is modified to avoid 

endolysosomal maturation suggests that Chlamydiae actively alter the cytosolic façade 
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of the inclusion membrane to resemble that of recycling endosomes (Molleken & 

Hegemann, 2017). This study analyzed the localization of Rabs at the inclusion 

membrane in C. pneumoniae-infected Hep-2 cells transiently overproducing GFP-

tagged versions of Rabs. Focusing on early infection, by 15 min, C. pneumoniae-

containing inclusions had acquired Rab4, Rab5, Rab7, Rab11, and Rab14 (Figure 2a). 

However, Rab4 and Rab7 were removed by 60 min, whereas Rab11 and Rab14 were 

retained on the inclusion. Thus, based on its Rab composition, it would seem that the 

inclusion shifts from initially resembling early/sorting endosomes to later resembling 

recycling endosomes. Although Rab4 was absent from the inclusion at 30 minutes 

post-infection, it was recruited later during infection, suggesting that it plays roles at 

different stages of infection (Cortes, Rzomp, Tvinnereim, Scidmore, & Wizel, 2007). 

However, the mechanism responsible for recruiting Rab4 to the inclusion and the 

functional significance of Rab4 during C. pneumoniae requires further study. An 

important event occurring early during infection is the relocation of the inclusion from 

the cell periphery to a perinuclear region. This is believed to be mediated by 

association of the inclusion with Fip2, a Rab11/Rab14 adaptor protein, typically 

involved in intracellular transport of cargo within the endocytic recycling system 

(Baetz et al., 2013; Cullis, Philip, Baleja, & Feig, 2002). Rab11 and Rab14 recruit 

Fip2 to the nascent inclusion, which in turn binds to the actin motor protein Myosin 

Vb; Fip2 or MyoVb depletion caused deficient internalization and infectivity (Figure 

2a; Molleken et al., 2017). At later stages of infection, Rab11 recruitment to the 

inclusion is mediated by Cpn0585 (Cortes et al., 2007), but it is unclear whether this 

inclusion protein is responsible for early recruitment of Rab11. In host cells 

overproducing Rab11 locked in the inactive GDP-bound state, internalization and 
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infectivity were dramatically reduced compared with cells overproducing Rab11 

locked in the active GTP-bound state (Molleken et al., 2017). It remains to be 

determined if targeting Rab11-positive endosomes allows C. pneumoniae to gain 

access to host cellular resources carried by these compartments. 

The inclusion formed by the closely related C. trachomatis also associates with 

recycling Rabs (Figure 2a). Pioneering work showed that C. trachomatis-containing 

inclusions in HeLa 229 cells are positive for Rab4, Rab11, and Rab14 at 18-hours 

post-infection (Rzomp, Moorhead, & Scidmore, 2006). Rab4 and Rab11 associated 

with the inclusion within the first 2-hours post-infection (Rejman Lipinski et al., 

2009), suggesting that they might play a role in remodeling the inclusion at the start of 

infection to prevent trafficking through endocytic maturation pathways. A combined 

approach, including a yeast two-hybrid screen, pull-down, and colocalization 

experiments, demonstrated that the inclusion protein CT229 is responsible for 

recruiting Rab4 (Rzomp et al., 2006). CT229 (CpoS) also associates with several other 

Rabs including Rab35 (Mirrashidi et al., 2015; Sixt et al., 2017), although the 

biological relevance of the interaction between CT229 and Rab35 is unknown, and it 

remains to be determined whether Rab35 is indeed recruited to the inclusion. Notably, 

disruption of CT229 compromises the integrity of the inclusion membrane leading to 

the early release of bacteria into the host cytosol and resulting in host cell death 

suggesting that CT229 plays an important role in the stability of the inclusion and 

prevention of host cell death (Sixt et al., 2017; Weber et al., 2017). 

Though it is unclear how Rab11 is recruited to the C. trachomatis-containing 

inclusion, it was found to interact with the adaptor protein Fip2, which also localises 

on the inclusion (Leiva, Capmany, & Damiani, 2013). This interaction appeared to 
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stimulate recruitment of Rab14, similar to C. pneumonia infection. The purpose of this 

interaction has not yet been elucidated, although it could be that, analogous to C. 

pneumoniae, the Fip2 interaction with Rab11 and Rab14 facilitates movement along 

the host cytoskeleton. Rab11 and Rab14 may be involved in chlamydial inclusion 

development because individually depleting them led to formation of a smaller 

inclusion or to delayed enlargement of the inclusion. This is believed to be caused by 

deficient delivery of sphingolipids to the inclusion membrane (Capmany and Damiani, 

2010; Rejman Lipinski et al., 2009). This idea is supported by data showing that 

Rab14-positive vesicles carry the sphingolipid precursor ceramide. Fluorescence 

microscopy revealed that BODIPY-TR ceramide vesicles colocalising with Rab14 

were found within the inclusion in the proximity of bacteria (Capmany and Damiani, 

2010). Rab4, Rab11, and Rab14 regulate recycling of the TfR, but it is unknown 

whether Chlamydiae manipulate these Rabs to obtain iron. By electron microscopy, 

TfR-positive tubular recycling endosomes were observed in intimate contact with the 

inclusion, but they did not seem to fuse with the inclusion membrane (Al-Younes, 

Rudel, & Meyer, 1999; Ouellette et al., 2010; Scidmore, Fischer, & Hackstadt, 2003). 

These observations support the notion that association of the inclusion with recycling 

endosomes does not necessarily lead to fusion of the inclusion membrane with these 

compartments. Notably, a screen for low-molecular weight inhibitors of Chlamydia 

growth revealed that FR179254 diminishes the formation of Rab4/11 hybrid vesicles 

that carry transferrin, thereby causing a delay in the slow transferrin recycling pathway 

(Ouellette et al., 2010). Unexpectedly, growth inhibition caused by this compound was 

relieved upon removal of the transferrin-containing fraction of the serum. 

Overproducing dominant negative mutants of Rab4 and Rab11 inhibited transferrin 
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recycling and led to accumulation of transferrin-positive vesicles around the inclusion 

and ultimately resulted in impaired chlamydial growth (Ouellette et al., 2010). These 

data are consistent with the idea that overaccumulation of transferrin-containing 

endosomes at the inclusion may be deleterious for the development of C. trachomatis 

and that interactions with this trafficking pathway need to be closely regulated to 

ensure proper development. 

Overall, these studies demonstrate that the Chlamydia inclusion associates with 

recycling endosomes, but much remains to be learned about the biological relevance 

of this association and the molecular mechanisms that mediate their recruitment to the 

inclusion. Current evidence suggests that Rab11-positive recycling endosomes do not 

fuse with the inclusion membrane (Ouellette & Carabeo, 2010), but they remain in 

proximity to the inclusion and seem to be important for moving the inclusion along 

microtubules. This observation is intriguing, yet how this is physically accomplished 

if Rab11-vesicles do not fuse with the inclusion has not been determined. A recent 

study demonstrated that Rab11a-containing endosomes are tethered to the ERC by 

contiguous “membrane bridges” (Xie et al., 2016). We could envision that perhaps 

Rab11-positive endosomes connect with the inclusion membrane in a similar way, 

enveloping the inclusion in a “mantle” of recycling endosomes that allows the 

inclusion to interface with the host cytoskeleton. Future super-resolution microscopy 

studies could readily address this hypothesis. Recycling endosomes shuttle a range of 

molecules between the plasma membrane and intracellular organelles, including 

receptors for nutrient acquisition and innate immune signaling. Beyond sphingolipid 

acquisition, it remains to be established whether Chlamydiae target recycling Rabs to 

obtain nutrients or manipulate innate immune signaling pathways. 
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Shigella 

The facultative intracellular bacterium S. flexneri, the causative agent of 

dysentery, invades epithelial cells of the human colon. Upon contact with the host cell, 

S. flexneri swiftly injects a number of effector proteins through a T3SS. These 

effectors promote major rearrangements of actin and the plasma membrane driving the 

formation of a vacuole that initially houses the pathogen. The vacuole ruptures within 

minutes of infection releasing bacteria into the nutrient-rich cytosol where they 

replicate and then spread cell to cell (Ray et al., 2010; Sansonetti, 2001). Because 

vacuolar escape occurs so quickly after entry, the events that lead up to it have been 

challenging to study in detail. A high-content siRNA screen for host proteins involved 

in Shigella uptake and vacuolar rupture identified Rab11 as a key player in the 

unfolding of early events (Mellouk et al., 2014). Immunofluorescence staining 

revealed that Rab11-positive compartments abundantly accumulate at the invasion site 

and Rab11 recruitment depends on the Shigella effector IpgD, a 

phosphatidylinositol(4,5)bisphosphate (PI(4,5)P2) phosphatase that generates PI(5)P 

(Mellouk et al., 2014). In the absence of IpgD, actin structures assemble around 

vacuoles leading to delayed vacuolar rupture (Figure 2b). A similar phenotype 

occurred in cells infected with a mutant strain encoding a catalytically inactive IpgD 

or Rab11-depleted cells. Large-volume correlative light electron microscopy and 

dynamic microscopy revealed that the Rab11-positive compartments accumulating at 

the invasion site are large endocytic structures known as macropinosomes and that 

shortly before vacuolar rupture, macropinosomes are found in direct contact with the 

bacteria-containing vacuole (Figure 2b; Weiner et al., 2016). Formation of Rab11-
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positive compartments was also stimulated by IpaB, which localizes at the tip of the 

T3SS and directly binds cholesterol (Mounier et al., 2012). Fluorescence microscopy 

of S. flexneri-infected epithelial cells transiently producing GFP-tagged Rabs showed 

that IpaB induced formation of Rab11-positive tubules when S. flexneri reached the 

replicative stage (Mounier et al., 2012). This resulted in drastic impairment of traffic 

of E-cadherin, a core intercellular junction component crucial for epithelial barrier 

integrity. This striking phenotype suggests that IpaB could also disrupt Rab11-

dependent traffic of other cell surface receptors or secreted proteins. Because both 

IpaB and IpaD lead to accumulation of Rab11-positive compartments, one question 

that needs to be addressed is whether IpaB and IpaD work together to manipulate 

Rab11-dependent pathways. 

In conclusion, although most intravacuolar pathogens exploit Rab11-dependent 

events to support vacuole biogenesis, Shigella does just the opposite, manipulating 

Rab11 to destabilize the vacuole. Precisely how Rab11-positive vesicles stimulate 

vacuolar rupture is unclear, but it may involve Rab11 interaction with the exocyst, an 

octameric protein complex involved in the tethering of secretory vesicles to the plasma 

membrane (Lopez-Montero & Enninga, 2016). 

Salmonella 

A major cause of gastroenteritis in humans, S. enterica serovar Typhimurium 

is a facultative intracellular pathogen that infects a variety of cell types including 

epithelial cells and macrophages using two distinct T3SS. Upon entry into the host 

cell, the bacteria settle into a Salmonella-containing vacuole (SCV) that matures into a 

late endosome-like compartment but does not fuse with lysosomes (LaRock, 

Chaudhary, & Miller, 2015). The SCV interacts with several components of the 
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recycling endocytosis pathway. In Salmonella-infected HeLa cells transiently 

producing GFP-tagged Rab constructs, Rab4 localized transiently to the SCV within 

the first hour of infection, whereas the number of Rab11-positive vacuoles gradually 

increased until about 60-minutes post-infection (Figure 2c; Smith, Cirulis, Casanova, 

Scidmore, & Brumell, 2005). During infection, Rab11 regulated recycling of the cell 

adhesion receptor CD44 but not the immune molecule MHC-I, from the SCV back to 

the cell surface (Smith et al., 2005), despite previous studies reporting that MHC-I 

recycling is partly controlled by Rab11 (Smith et al., 2005; Weigert, Yeung, Li, & 

Donaldson, 2004). Moreover, ectopic expression of constitutively inactive Rab11 

inhibited maturation of the SCV. This effect was only partial, however, and did not 

disrupt replication, suggesting that redundant pathways regulate the endocytic 

recycling events associated with phagosome maturation. A screen for fluorescently 

tagged Rabs associated with SCVs during infection of HeLa cells demonstrated that 

Salmonella effectors selectively and dynamically alter the Rab composition of the 

vacuolar membrane (Smith et al., 2007). Notably, the SCV abundantly accumulated 

Rabs associated with early, late, and recycling endosomes (Rab5a, Rab5b, Rab5c, 

Rab7a, Rab11a, and Rab11b; Smith et al., 2007). Meanwhile, a translocation-deficient 

mutant, unable to inject effectors into the host cell and consequently targeted for 

degradation through phagosome maturation, accumulated a distinct set of Rabs 

including Rab8b, Rab13, Rab23, Rab32, and Rab35 (Figure 2c). Strikingly, with the 

exception of Rab32, all of these Rabs have been implicated in regulating recycling 

endocytosis. The Salmonella effector SopB contributes to regulating association of 

Rab35 with the SCV (Bakowski et al., 2010). SopB reduces the levels of PI(4,5)P2 

and phosphatidylserine on the SCV membrane through its phosphoinositide 
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phosphatase activity, altering the electrostatic surface charge of nascent SCVs (Figure 

2c). This change is thought to prevent binding of Rab35, which had been previously 

shown to directly bind negatively charged phosphoinositides (Heo et al., 2006). 

Furthermore, Kobayashi, Etoh, Ohbayashi, and Fukuda (2014) proposed that Rab35 

functions as a master Rab that promotes recruitment of other Rabs (including Rab8 

and Rab13) to recycling endosomes through recruitment of MICAL-L1, a protein that 

interacts with multiple Rabs. Localization of these Rabs on SCVs occupied by 

translocation-deficient mutants is consistent with the hypothesis that these particular 

Rabs are not only regulators of recycling endocytosis but are also involved in 

phagosome maturation. Thus, although recycling Rabs have been shown to be 

selectively recruited to the SCV membrane, the biological relevance of these 

interactions is not understood and merits further study. Drawing on knowledge about 

the importance of these pathways for other bacterial pathogens, association with 

Rab11-positive endosomes, for instance, could be of nutritional benefit potentially 

providing the SCV with access to host resources such as iron or sphingolipids. 

Uropathogenic E. coli 

The uropathogenic E. coli (UPEC) is frequently the cause of recurrent urinary 

tract infections. Though mostly extracellular, UPEC can also persist intracellularly. 

The pathogen penetrates bladder epithelial cells (BEC) by forming intracellular 

bacterial communities and quiescent intracellular reservoirs, both being sources of 

recurrent and persistent infections that can often evade the host immune response 

(Hunstad & Justice, 2010). Following internalisation, UPEC are retained in a vacuole 

that at late time points after mouse infections (>2 weeks) display late endosome 

characteristics including the presence of LAMP-1, but absence of the lysosomal 
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protein Cathepsin D (Mysorekar & Hultgren, 2006), and this phenotype was 

recapitulated in an in vitro cell culture infection system (Dikshit et al., 2015). 

Depletion of Rab35 in cultured BEC led to accumulation of lysosomal markers on the 

UPEC vacuole and resulted in decreased survival of UPEC. Fluorescence microscopy 

of BEC cells overproducing GFP-tagged Rab GTPases and infected with UPEC 

revealed that throughout infection, a gradually increasing percentage of UCVs 

accumulated Rab35, consistent with the idea that Rab35 contributes to the intracellular 

persistence of UPEC. Rab35 is a key regulator of TfR recycling, and TfR is located on 

the UPEC vacuole (Figure 2d). UPEC seems to utilise the Rab35-dependent traffic of 

TfR to gain access to the host's supply of iron in addition to its own iron acquisition 

system (Dikshit et al., 2015). This notion is supported by observations that UPEC 

survival is dramatically reduced in Rab35 or TfR depleted cells and bacterial growth 

could not be rescued by iron supplementation. In addition to associating with Rab35, 

the UPEC vacuole also associates with Rab11a, which has been linked to the 

intriguing ability of BEC cells to expel UPEC without disrupting cell viability (Bishop 

et al., 2007). A recent study demonstrated that UPEC extrusion through the plasma 

membrane, known to be triggered by the pattern recognition receptor, Toll-like 

receptor 4, is accomplished through a mechanism that involves Rab11a and Rab27b 

(Miao et al., 2017). Remarkably, this mechanism of bacterial clearance seems to 

simultaneously involve the motor proteins dynein and myosin. On one hand, Rab11a 

recruits Rab11FIP3 and the microtubule motor protein dynein, and on the other hand, 

Rab27b interacts with MyoRIP and actin-associated motor myosin VIIa (Figure 2d). 

Rab11a and Rab27b are recruited and activated by the exocyst complex components 

SEC6/SEC15, which in turn interacts with Toll-like receptor 4 present on the UPEC 
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vacuole. It is unclear whether this mechanism is simply a host defense strategy or 

whether this is a UPEC-driven strategy to infect neighboring cells. 

Leigonella 

The facultative intracellular bacterium Legionella is an opportunistic human 

pathogen that causes a severe type of pneumonia known as Legionnaires' disease. In 

the lung, Legionella infects cells of the innate immune system including macrophages 

and neutrophils. Bacteria internalized by these professional phagocytes remodel the 

nascent phagosome into a replicative niche (So, Mattheis, Tate, Frankel, & Schroeder, 

2015). Recruitment of vesicles derived from the endoplasmic reticulum is a hallmark 

of vacuolar remodeling, and it begins occurring within minutes of infection onset 

(Swanson & Isberg, 1995). The Legionella-containing vacuole (LCV) avoids 

phagosomal maturation and fusion with lysosomes; however, the mechanism behind 

this process is not well understood. The prevailing view is that Legionella manipulates 

host membrane traffic to support vacuole biogenesis and maintenance (Ham, 

Sreelatha, & Orth, 2011; Hilbi, Weber, & Finsel, 2011; Spano & Galan, 2017). 

Though more is known about how Legionella effectors exploit endoplasmic-

reticulum-to-Golgi traffic, how other membrane trafficking pathways might be 

manipulated is less clear. In a recent study using a pulse-chase approach, transferrin 

recycling was found to be drastically diminished in U937 macrophages infected with 

wild-type Legionella but not in those infected with a translocation-deficient mutant 

(Allgood et al., 2017). This is consistent with the notion that Leigonella disrupts one 

or more host endocytic recycling pathway because TfR is recycled through both the 

“fast” and “slow” recycling pathways. Although it is not yet known precisely which 

pathway is disrupted, this phenotype was largely attributed to the effector protein 
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AnkX because the inhibitory effect on recycling was significantly relieved when 

macrophages were infected with the ΔankX mutant. AnkX had been previously shown 

to directly modify Rab35 by covalent addition of a phosphocholine moiety (Mukherjee 

et al., 2011). Phosphocholinated GDP-bound Rab35 no longer interacts with its 

cognate GEF, Connecdenn, persisting in an inactive state (Figure 2e). Thus, it would 

be expected that during infection, the Rab35 pool accessed by AnkX remains locked 

in an inactive GDP-bound conformation, which presumably contributes to inhibition 

of transferrin recycling. In support of this notion, transferrin recycling was inhibited in 

macrophages infected with the ΔankX mutant complemented with wild-type AnkX but 

not when complemented with the catalytically inactive AnkXH229A (Allgood et al., 

2017). This directly links post-translational modification of host proteins to an 

inhibitory effect on recycling endocytosis, but it is unclear if this effect was mediated 

by targeting other recycling Rabs in addition to Rab35. 

Proteomic studies of intact LCVs isolated from RAW264.7 murine 

macrophages revealed the presence of a number of Rabs including several associated 

with recycling endocytosis (Bruckert & Abu Kwaik, 2015; Schmolders et al., 2017). A 

recent study compared the proteome of LCVs from macrophages infected with either 

wild type or a pentuple deletion mutant, a strain lacking five gene clusters covering 

31% of the Legionella effector proteins (O'Connor, Adepoju, Boyd, & Isberg, 2011), 

which replicates within macrophages, but not within amoebae, their natural host. In 

this study, Rab11a was identified in the proteome of LCVs regardless of the presence 

of a full complement of effectors. This was also the case for LCVs purified from the 

amoeba, Dictyostelium discoideum. According to a previous study, Rab11a was still 

part of the LCV proteome at 4-hours post-infection in RAW264.7 macrophages 
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(Bruckert & Abu Kwaik, 2015). Notably, Rab11a was ubiquitinated in a manner that 

depended on the activity of the effector AnkB (Bruckert & Abu Kwaik, 2015), 

although it is unclear whether Rab11a is a direct substrate of AnkB. Rab14 was 

present on LCVs of wild type, the Δpentuple mutant, and the ΔankB mutant. The fact 

that Rab11a and Rab14 have been consistently found on LCVs during infection of 

macrophages or amoebae points to a conserved function of these Rabs in vacuole 

biogenesis. Depletion of Rab11a led to defective intracellular growth, whereas 

depletion of Rab14 did not cause a significant growth phenotype (Hoffmann et al., 

2014). However, the precise function of Rab11 and Rab14 and the mechanisms 

responsible for their recruitment to the LCV remain to be determined. Rab4a was also 

found to associate with the LCV when ectopically expressed in host cells, but Rab4a 

knockdown did not affect intracellular growth (Hoffmann et al., 2014). 

Notably, both the Δpentuple mutant and the ΔankB mutant, but not the wild-

type LCVs, were positive for Rab35 at 1 and 4 hr, respectively. This suggests that host 

protein ubiquitination is important for controlling association of Rab35 with the LCV. 

It is also possible that one of the effectors missing in the Δpentuple mutant is 

responsible for inhibiting binding of Rab35 to the LCV. We could then speculate that 

Rab35 is involved in the early stages of phagosome maturation, as reported in other 

systems (Verma & Datta, 2017). 

Though proteomic studies are a rich and valuable resource for understanding 

how Legionella alters the protein composition of the vacuole, this approach provides 

only a snapshot of the LCV’s protein content. Deciphering the roles of Rab11a, 

Rab14, and Rab35 in vacuole biogenesis and maintenance necessitates a better 

temporal resolution of the dynamics of these Rabs on the LCV. Further study is 
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needed to clarify how these Rabs are recruited to the LCV, how Legionella 

distinguishes different pathways of recycling endocytosis, and why Legionella inhibits 

recycling endocytosis. 

Mammalian cells rely on an intricate and highly dynamic network of 

membrane trafficking pathways to perform essential functions. Within this tapestry of 

trafficking routes, the function and movement of vesicles are defined in large part by 

the Rabs present on their membrane. Intracellular bacterial pathogens access specific 

trafficking routes by selectively targeting Rabs, but how precisely they impact 

intracellular traffic is only beginning to be understood. Regulated by multiple Rabs, 

recycling endocytosis mediates the transport of membrane proteins back to the plasma 

membrane. Secreted bacterial effectors target several recycling related Rabs, and, in 

this review, we have highlighted how particular intracellular bacterial pathogens 

manipulate one or more of these Rabs. Currently, there is strong evidence in support 

of selective recruitment of endocytic recycling Rabs to the vacuole of bacterial 

pathogens described here. However, much remains to be understood about how Rabs 

are recruited to vacuole and what is the functional role of these interactions. 

Nevertheless, based on present knowledge of interactions between intracellular 

bacterial pathogens and endocytic recycling regulators, several clear parallels emerge 

among pathogens. First, Rab11 is a prominent target, common to almost all pathogens 

reviewed here, highlighting its key role in normal function of mammalian cells. The 

multifunctional nature of Rab11 seems to translate into a number of benefits for 

bacterial pathogens that manipulate it, including entry and exit from the host cell, 

vacuole biogenesis or rupture, acquisition of nutrients, and evasion of immune 

detection, depending on the particular needs of the pathogen. A second common trend 
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observed is the transient recruitment of Rab4 early during infection and an ensuing, 

more persistent wave of Rab11. This sequential recruitment suggests the presence of a 

common mechanism potentially involving endogenous or bacterial regulatory proteins 

that activate or deactivate Rabs in a specific order. Third, vacuoles of degradation-

destined Salmonella and Legionella mutants both acquire Rab35 as well as Rab8 and 

Rab13. Previous studies showed that Rab35 promotes recruitment of Rab8 and Rab13 

to recycling endosomes through MICAL-L1, an endogenous protein that serves as a 

scaffold. This further strengthens the possibility that Rab cascades regulating 

endogenous membrane traffic are recapitulated on the membranes of bacteria-baring 

vacuoles. An alternative explanation for the recruitment of these Rabs could be that 

the electrostatic charge of the vacuolar membrane is altered in a way that allows 

recruitment of Rabs with polybasic clusters (Heo et al., 2006). Finally, because Rab35 

is a key regulator of recycling endocytosis and it has recently been demonstrated to 

play a major role in phagosome maturation, pathogens could exploit it to both gain 

access to host resources and prevent their degradation. How bacterial pathogens 

distinguish between recycling endocytosis pathways that are functionally distinct is a 

central question that is far from being well understood and addressing this question in 

more depth will bring important insights into mechanisms of intracellular survival of 

bacterial pathogens.  
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Figure 2 Bacterial pathogens selectively target endocytic recycling Rabs.A. C. 

pneumoniae and C. trachomatis—upon uptake into the host cell, the 

infectious elementary body (EB) of C. pneumoniae forms the inclusion 

body. The early inclusion body associates with Rab4, Rab11, and Rab14 

through unknown mechanisms. Subsequently, EBs differentiate into the 

non-infectious replicative bodies (RB). At this later stage, the inclusion is 

associated with Rab11 through direct interaction with the C. pneumoniae 

inclusion protein Cpn0508. As a result, the Rab11 adaptor proteins 

Rab11FIP2 (FIP2) is recruited leading to recruitment of Rab14 to the 

inclusion body and interaction with the actin motor protein Myosin Vb. 

The developmental cycle of infection of C. trachomatis is similar to C. 

pneumoniae. Rab4 is recruited to the early inclusion by the C. 

trachomatis inclusion protein CT229. The Rab11-FIP2-Rab14 complex 

is also recruited to the inclusion body, but it is unclear if it facilitates 

interactions with the cytoskeleton. B. S. flexneri—the nascent vacuole 

containing S. flexneri associates with Rab11-positive macropinosomes. 

Recruitment of macropinosomes is critical for vacuolar rupture and 

escape of S. flexneri into the cytosol. The effector protein IpgD, a 

PI(4,5)P2 phosphatase, is responsible for recruitment of Rab11-positive 

macropinosomes to the invasion site. In the absence of IpgD, Rab11-

positive macropinosomes are not recruited, and instead, the vacuole 

becomes enclosed in an actin cage. S. flexneri effector IpaB is thought to 

directly bind cholesterol to induce formation of Rab11-positive 

compartments, whereas the bacterium enters a replicative state. C. S. 

enterica serovar Typhimurium replicates within the Salmonella-

containing vacuole (SCV). The SCV matures to resemble a late 

endosome but does not fuse with lysosomes. The SCV interacts with 

endocytic recycling pathways through the early recruitment of Rab4 and 

Rab11. The cell adhesion molecule CD44 is recycled from the SCV back 

to the plasma membrane through a Rab11-dependent pathway. The 

effector SopB, a PI(4,5)P2 phosphatase, prevents Rab35 recruitment to 

the SCV by modifying the SCV's surface charge. (d) Uropathogenic 

Escherichia coli (UPEC) can reside within a vacuole that colocalises with 

Rab35 and the transferrin receptors, a major transporter of iron within the 

host cell. UPEC is also capable of being expelled from the cell without 

damage to the bacterium or the host. TLR4 present on the vacuole 

interacts with Sec6 and Sec15, which recruit Rab11a and Rab27b to the 

UPEC-containing vacuole. Rab11a can then bind its adaptor protein 

Rab11FIP3 (FIP3) to recruit the actin motor protein Myosin VIIa, 

whereas Rab27b recruits the microtubule motor protein dynein through 

its adaptor protein MyRIP. (e) L. pneumophila—the Legionella-

containing vacuole (LCV) associates with Rab4a, Rab11a, and Rab14 

through an unknown mechanism. The effector protein AnkX 
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phosphocholinates Rab35 preventing activation by the cognate GEF, 

Connecdenn, and thereby inhibiting Rab35 activation. A mutant of L. 

pneumophila missing five of its genomic islands encoding effector 

proteins (∆pentuple) still recruited Rab4a, Rab11a, and Rab14 and did 

not prevent Rab35 recruitment 
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Chapter 2 

DETERMINING THE ROLE OF ENDOCYTIC RECYCLING ASSOCIATED 

RAB GTPASES 

Introduction 

Intracellular pathogens have developed an arsenal of mechanisms to ensure the 

ability to replicate and acquire nutrients within the host cell (Casadavall, 2008). One 

way to accomplish this is through manipulation of host membrane trafficking (Asrat, 

2014). Secretion of effector proteins through a specialized translocation system allows 

intracellular pathogens to directly modify host regulators of vesicular trafficking 

(Cascales, 2003). A common target of bacterial effectors is a family of small GTPases 

known as Rabs which act as molecular switches within the cell to guide endosomes 

and vesicles to a particular location in the cell through movement along the 

cytoskeleton (Stein, 2012; Galan, 2018). By controlling vesicular trafficking pathways 

some intracellular bacteria are able to form a replicative-permissive vacuole in the 

host cytosol and prevent fusion with detrimental compartments such as lysosomes and 

phagosomes (Asrat, 2014). 

One well studied example of Rab manipulation is Legionella pneumophila 

secretion of several effectors to regulate the recruitment of Rab1 positive vesicles. 

These effectors function sequentially to regulate recruitment of Rab1 spatially and 

temporally to the LCV by 1 hour post infection (Muller, 2010). The effector SidM 

catalyze the addition of adenosine monophosphate (AMP) to GTP bound Rab1 on the 

surface of the LCV during early infection; later the effector SidD removes this post-

translational modification allowing a third Legionella effector, LepB, access to Rab1 

(Goody, 2011; Ingmundson, 2007; Neunuebel, 2011). LepB functions to deactivate 

Rab1 on the surface of the LCV through a domain which shares resemblance to 
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eukaryotic GAPs (Ingmundson, 2007). Rab1 controls the movement of vesicles 

between the ER and Golgi and by fusing with these host membranes the LCV 

resembles the rough ER during early infection (Allan, 2000; Kagan, 2004). 

Additionally, fusing with cellular compartments allows Legionella to avoid host 

immune responses that could restrict intracellular replication. Thus, it is important to 

determine the timing of Rab GTPase recruitment and localization of these Rab 

GTPases to specific subcellular compartments during infection.  

To what extent the repertoire of host RabGTPases are manipulated by 

Legionella effectors remains an active area of research. A subset of the vesicular 

trafficking pathway that could be targeted are endocytic recycling pathways 

(Maxfield, 2004). As Rab GTPases coordinate the movement and subcellular 

localization of endosomes they are responsible for critical cellular processes such as 

immunity, nutrient transport, and hormone secretion (Grant, 2009). One subset of 

these Rab GTPases which regulated endocytic recycling could be possible targets 

during infection. Currently there are thought to be two distinct recycling pathways in 

the cell, a ‘fast’ recycling pathway and a ‘slow’ recycling pathway. The ‘fast’ 

recycling pathway has been shown to be regulated by the GTPases Rab4 and Rab35 

while the ‘slow’ recycling pathway is primarily regulated by Rab11 (Grant, 2009). 

Through this work I aim to determine the localization of these Rab GTPases during 

infection and determine if these Rabs are recruited to the LCV. Identifying possible 

targets of Legionella effectors that modulate endocytic recycling regulators could 

ultimately facilitate the design of new therapies against intracellular bacterial pathogen 

that are needed. 
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Materials and Methods 

Protein purification 

BL21(DE3) strains harboring pGEX6P-GST-Rab11, pGEX6P-GST-Rab4 and 

pGEX6P-GST-Rab35 were grown at 37°C to optical density (600 nm) of about 0.6 

and subsequently protein expression was induced with 0.5 mM isopropyl-β-

dithiogalactopyranoside (IPTG). Cultures were then grown overnight at 25°C. Cells 

expressing GST tagged Rabs were collected and lysed in (PBS-MM) (1XPBS + 1mM 

MgCl2 + 1 mM β-mercaptoethanol) using the LV10 microfluidizer (Microfluidics). 

For purification of GST and GST-tagged proteins, glutathione sepharose 4b resin (GE 

Healthcare) was equilibrated with PBS-MM before incubation for 2 hours with 

prepared lysate at 4°C. Resin was then washed with PBS-MM for 30-, 15-, and 5-

minute incubations at 4°C. Bound proteins were then eluted from the resin by 

incubation with PBS-MM containing 50 mM Tris-HCl and 10 mM reduced 

glutathione, pH 8.0 and analyzed for purity via SDS-PAGE.  

Quantification of Rab-positive LCVs  

U937 monocytes were differentiated through addition of 12 ng/ml TPA for 24 

hours, differentiated macrophages were challenged with Legionella strains at a 

multiplicity of infection (MOI) of 50 and spun at 200 × g for 5 minutes and then 

incubated at 37°C. At 15 minutes, 30 minutes, 1 hour and 2 hours post-infection cells 

were washed three times with PBS and fixed in 4% paraformaldehyde for 20 minutes. 

To distinguish extra- and intracellular bacteria a two-step immunostaining procedure 

was performed. Without macrophage permeabilization, Legionella was detected with 

an anti-Legionella rat primary antibody (1:3,000) followed by Cascade Blue-

conjugated Goat anti-Rat IgG antibody (1:1,000). Cells were then permeabilized with 
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ice-cold methanol for 20 s and internalized bacteria were detected anti-Legionella rat 

primary (1:3,000) and Texas Red-conjugated Goat α-Rat IgG (1:1,000). For detection 

of Rab-positive LCVs, infected U937 cells were immunostained with anti-Rab4, 

Rab11 and Rab35 -rabbit primary antibody’s (1:150) washed three times with PBS 

and then incubated with Alexa 488-rabbit secondary antibody (1:1,000). Coverslips 

were mounted using ProLong Diamond anti-fade reagent (ThermoFisher Scientific). 

The percentage of Rab-positive LCVs was determined by scoring 50 cells per 

coverslip with three replicates for each specific condition. The unpaired two-sided 

Student's t-test was performed with a p-value cut off of < 0.05 to determine where 

there was a statistically significant difference in localization to the LCV. 

Infection of mammalian cells 

 Legionella strains were grown in AYE liquid media or on CYE solid media 

and maintained as described. The pJB1806-ankX and pJB1806-ankXH229A vectors were 

transformed into the Lp01ΔankX strain to complement the deletion strain with 

catalytically active or inactive AnkX, respectively. Bacterial growth media was 

supplemented with 25 μg/ml chloramphenicol to maintain pJB1806 vectors in the 

Lp01ΔankX strain and 1 mM IPTG was added to the medium to induce gene 

expression. Chinese Hamster Ovary (CHO) FcγRII tissue culture cells were 

maintained in DMEM medium supplemented with 2 mM L-glutamine and 10% FBS 

and incubated in 5% CO2 at 37°C. CHO cells were grown in DMEM medium 

supplemented with 2 mM L-glutamine supplemented with 10% FBS. U937 cells were 

grown in RPMI 1640 medium supplemented with 10% FBS and were differentiated by 

supplementing the medium with 10 ng/ml 12-O -tetradecanoylphorbol-13-acetate 

(TPA) for 16 hours. 
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Results 

Determining the subcellular localization of Rab4 and Rab11 during the early 

stage of host infection 

To determine if Rab localization was altered during infection, I performed a 

time-course experiment in which CHO FcγRII cells were first transfected with 

plasmids encoding either GFP-Rab4 or GFP-Rab1 and subsequently infected with 

wild-type Legionella or a dotA mutant which is unable to translocate effector protein 

from Legionella into the host cytosol. The expression of the FcγRII receptor on the 

surface of the CHO cells allows for the uptake of Legionella pneumophila which have 

been opsonized with anti-legionella antibody. Cells were infected for 2, 4, 8 or 12 

hours and were then immunostained to distinguish intracellular from extracellular 

Legionella.  

Regulators of endocytic recycling localize to small endosomes that are 

trafficked back to the plasma membrane from either the Endocytic Recycling 

compartment (ERC) in the case of Rab11 or in the periphery of the plasma membrane 

in Rab4 regulated recycling. At 2, 4 and 8 hours post infection Rab11 localization 

seems to be similar to that in untransfected cells, with the ERC largely intact with 

small vesicle in the periphery of the cytosol (Figure 3). Notably at around 12 hours 

post infection the central cluster of Rab11 corresponding to the ERC appears 

fragmented and dispersed through the cell with an overall reduction of cytosolic 

localization. Rab4 localization remained mostly unchanged throughout the course of 

infection, though it is possible the interaction with Rab4 occurs prior to 2 hours post 

infection or later than 12 hours (data not shown).  
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Figure 3 Subcellular localization of Rab11 during infection. Representative 

images of infected host cells. CHO-FcyRII cells were transfected with a 

plasmid expressing GFP-Rab11 and subsequently infected with Lp01 

WT at an MOI of 30 for either 2, 4 or 8 hours. Following infection cells 

were fixed, permeabilized and stained for Legionella using Hoechst stain. 

Scale bars are equal to 10 μm.  
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Determining the extent of Rab recruitment to the LCV during infection 

In addition to determining the subcellular localization of endocytic recycling 

associated Rab GTPases, I also asked whether these GTPases are recruited to the LCV 

and if so, when does that occur during infection. Macrophages were infected with 

wild-type Legionella, dotA mutant, and an ankX deletion mutant. As remodeling of the 

LCV begins within minutes of Legionella entry into the host cell, infected cells were 

sampled at 15, 30, 60 and 120 minutes post infection. Following infection, cells were 

fixed, permeabilized and immunostained with antibodies for Legionella pneumophila 

and either Rab1 and Rab4 (Figure 4). The ankX deletion mutant strain was used as 

this effector was previously shown to interact with and post-translationally modify the 

Rab GTPases, Rab1 and Rab35, with a phosphocholine group covalently added to 

serine in the Switch II region (Mukherjee, 2011). The Switch II region of the Rab 

GTPase is critical for activation of the Rab by host GEFs, or deactivation by host 

GAPs which in turn can greatly impact localization (Ernst, 2020). 

To determine the percentage of LCVs positive for Rab4 and Rab11, individual 

LCVs were scored for co-localization with each of the Rabs. Vacuoles were scored as 

positive if part or all of the LCV overlapped with signal from Rab4 or Rab11. I 

observed that the number of Rab11-positive LCVs peaked at 1 hour post infection in 

the wild-type and ankX mutant, but not in the dotA mutant indicating the secretion of 

effector proteins influences the recruitment and that AnkX does not influence 

localization of Rab11. Rab4 localization to the LCV also peaked at 1 hour post-

infection, however, only about 35% of LCVs were positive for Rab4 compared to 

around 80% for Rab1 (Figure 4). As with Rab11, the effector AnkX did not influence 

Rab4 recruitment to the LCV. These observations support the notion that Legionella 

manipulates the trafficking of endocytic recycling associated Rab GTPases. 
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Figure 4 Kinetics of Rab1 and Rab4 recruitment during early infection. 

Representative images of infected U937 macrophages at 1 hour post 

infection. U937 macrophages were infected with Lp01 WT, Lp01 dotA 

and Lp01 ankX at an MOI of 30. Infections were stopped through 

fixation in 4% PFA at 5, 15, 30, 60, 120 and 240 minutes post infection 

and immunostained with anti-Legionella and anti-Rab1 or Rab4 

antibodies and fluorescent secondaries. Recruitment to the LCV was 

quantified for 50 LCVs at each time point during infection.  

Purification of Rab GTPases involved in Endocytic Recycling 

While AnkX had previously been identified to target host Rab GTPases I then 

asked which Legionella effectors interact with host Rab GTPases. To accomplish this, 

I designed a pull-down assay using purified Rab11 covalently attached to epoxy 

groups on magnetic beads incubated with Legionella cell lysate. The first step in the 

process was expressing and purifying the individual Rab GTPases, Rab4, Rab11 and 

Rab35. Constructs encoding GST-Rab4, GST-Rab11 and GST-Rab35 were 

transformed in BL21(DE3) strains for protein expression. Expression was induced 

with IPTG and cells were grown overnight and lysed using a microfluidizer. GST-

Rabs were incubated with Glutathione Sepharose beads which bind to the GST epitope 

tag. Non-specific binding was reduced through washes with PBS and the target protein 
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was eluted from the beads through addition of glutathione to the column in order to 

release the Rabs from the Sepharose beads. To analyze samples for purity and 

degradation the bead, washes, and elution were ran on SDS-PAGE Gel. GST-Rab35 

required addition of 100 mM NaCl to fully elute from the glutathione Sepharose 

beads. (Figure 5c) GST-Rab4 and GST-Rab11 were successfully purified using 

standard 10 Mm NaCl in the elution buffer with all non-specific binding removed 

during the PBS washes. (Figure 5a,b) Purified Rab4, Rab11 and Rab35 were desalted 

using Zeba columns and prepared to be used in pull-down assays to determine 

interacting effectors.  

 

 

Figure 5 Rab11-GST and Rab4-GST were successfully purified for pull-down 

assay.  Strains carrying pGEX -4T1-Rab11-GST (A) or pGEX-6P1-

Rab4-GST insert were grown overnight and induced with 1 mM IPTG. 

Cells were lysed using a microfluidizer and proteins were purified with 

Glutathione Sepharose beads. SDS-PAGE was performed using protein 

eluted with 10 mM glutathione.  
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Identification of Legionella effectors that interact with Rab4 and Rab11, two 

GTPases that regulate endocytic recycling  

To determine whether Legionella effectors directly target endocytic recycling 

associated Rab GTPases, I designed a pull-down assay using purified Rabs. GST-

Rab4, GST-Rab11 and GST-Rab35 and GST were covalently attached to M270 Epoxy 

Dynabeads (ThermoFisher) in the presence of ammonium sulfate.   

Legionella cell lysate was generated from five separate Legionella cultures that 

were between exponential and post-stationary growth phases (OD600nm of 1.0-5.0), 

normalized for cell count and combined in order to capture the majority of effector 

proteins expressed throughout Legionella growth stages.  

Beads coated with GST-Rabs were incubated with Legionella cell lysate for 2 

hours and were then washed to remove any non-specific interaction. Interacting 

proteins were eluted from the beads through boiling in SDS loading dye and ran on an 

SDS-PAGE and silver stained to observe efficiency of washes and purity of elution. In 

addition, a western blot staining for a known interactor of Rab1, LidA, was performed 

as a positive control. I observed that LidA also appeared to interact with Rab4 through 

the pull-down assay. LidA had previously been shown to interact with other Rab 

GTPases with high binding affinity in order to stabilize interactions with other effector 

proteins, thus it has been referred to as ‘meta-effector’ (Schoebel, 2011) (Figure 6a). 

To identify possible interaction candidates of the Rab GTPases, I analyzed the 

SDS-PAGE gel and identified protein (bands) that were pulled down with the GST-

Rab beads and not the GST alone beads. Bands were excised from the gel and 

prepared for mass spectrometry (MS) through trypsin digestion and reduction with 

iodoacetamide. Using the Thermo Q-Exactive Orbitrap MS/MS, peptide fragments 

were aligned with a FASTA database of all known Legionella effectors (Figure 6b). 
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MS results identified peptide fragment of SdeA and SdeC as binding to Rab11. 

The family of effector protein known as the SidE family consist of four paralogs, 

namely SdeA, SdeB, SdeC and SdeD, which at the time had been identified as 

ubiquitin ligases. Notably, SdeA had been shown to catalyze the ubiquitination of 

Rab1, Rab6 and Rab33b independent of the normal ubiquitination machinery. The 

possibility that SidE family regulates the function of Rab11 through direct or indirect 

ubiquitination provided an intriguing mechanism to explore.  

 

Figure 6 Pull-down assay using purified Rab GTPases to identify effectors 

that interact with Endocytic Recycling A. LidA binds to Rab4 and 

Rab11. Proteins bound to either Rab1, Rab11 or GST were eluted from 

beads by boiling. LidA binding with Rab1 serves as a positive control. 

Image shows resulting western blot (incubated with GST or LidA 

primary antibody and mouse secondary antibody). B. Legionella effectors 

identified through Rab4 and Rab11 pulldown. Samples were further 

analyzed using SDS-PAGE followed by Silver Staining to identify 

protein bound in low concentration. (<1 ng) Samples were excised from 

the gel and proteins were identified using mass spectrometry.  
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Effect of Rab35 overexpression on intracellular replication of Legionella 

Previous studies have shown that Rab11 and Rab4 do not have a significant 

impact on intracellular replication when knocked down in RAW 264.7 macrophages 

but the impact of silencing the ‘fast’ endocytic recycling regulator Rab35 was not 

performed. To investigate the effect of Rab35 on intracellular replication I used a 

fluorescence-based plate-reader assay in which CHO FcγRII cells were transfected 

with either GFP-Rab35 wild-type, GFP-Rab35Q170A a constitutively active mutant or 

GFP alone as negative control and subsequently infected with wild-type Legionella 

ectopically expressing mCherry from a constitutively active promoter. The course of 

infection was recorded over a 24-hour time frame to observe at least one full cycle of 

infection. Wild-type Rab35 had a negligible impact on intracellular replication 

showing a slight decrease in replication during early infection compared to GFP alone 

(Appendix 1). While no significant change in replication was observed in the growth 

assay, Rab35 could still be targeted at different stages of infection, additionally any 

disruption of Rab35 may be specific to the mechanism of uptake of bacteria. The CHO 

FcγRII cell relies on the opsonization of bacteria and binding to complement receptors 

to uptake Legionella whereas macrophages may engulf bacteria through different 

mechanism where Rab35 may play a more important role (Bredius, 1994). 

In addition to quantifying intracellular replication, we aimed to quantify the 

recruitment of Rab35 to the LCV during early infection. A time course infection was 

setup in which CHO- FcγRII cells were transfected with GFP-Rab35 wild-type, GFP-

Rab35Q170A a constitutive active mutant, or GFP-Rab35S222N a dominant negative 

mutant and immunostained for Legionella at 30- and 60-minutes post-infection. 

Notably we observed a higher recruitment of Rab35 to LCVs infected with the dotA 

strain, compared to cells infected with wild type indicating Legionella may be actively 



 38 

preventing its recruitment (Figure 7a,b). The GFP-Rab35Q170A transfected cells 

showed higher recruitment as well indicating that active Rab35 may be unintentionally 

brought to the LCV. A representative image shows Rab35 tight localization to the 

LCV during early stages of uptake (Figure 7b). Rab35S22N dominant negative mutant 

was not seen to localize to the LCV under any conditions indicating that inactive 

Rab35 likely does not play a role during infection. As several Legionella effectors 

have been shown to deactivate Rab GTPases and even remove them from the surface 

of the LCV, Legionella may be employing mechanisms to prevent the activation of 

Rab35 which will be explored in the next chapter of this dissertation.  
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Figure 7 Rab35 is predominantely recruited to the LCV in translocation 

deficient mutant. A. CHO FcγRII cells were transfected with GFP-

Rab35, GFP-Rab35Q170L or GFP-Rab35S222N and 18 hours post 

transfection were infected with either Lp01 WT or Lp01 dotA strains of 

Legionella pneumophila at an MOI of 30 for either 30 or 60 minutes. 

Cell were fixed and immunostained with anti-Legionella antibody and 

visualized using fluorescent microscopy. 100 individual LCVs were 

quantified for Rab 35 recruitment in each condition at each time point.  B. 

Representative images of CHO cell infected with Lp01 dotA at 30 

minutes post infection showing recruitment of Rab35 to the site of 

bacterial internalization. Inset shows zoom region of cell.  

P
e
rc

e
n
t 

R
e

c
ru

it
m

e
n
t

GFP-Rab35 Lp01 ∆dotA

Merge

A.

B.



 40 

 

Discussion  

The main goal of our examination of host cell endocytic recycling pathways 

was to determine if these pathways are manipulated during Legionella pneumophila 

infection. Endocytic recycling is critical for the transport and repair of critical cellular 

components. A fibroblast cell is estimated to internalize at least 2% of its plasma 

membrane into endosomes per minute (Scheff, 1999; Maxfield, 2004). Additionally, 

trafficking provides a means by which a cell can rapidly and specifically modulate the 

expression of proteins on the plasma membrane (Grant, 2009). Through manipulation 

of these pathways, pathogens can avoid lysosome-mediated degradation by creating a 

‘disguised’ vacuole within the cell (Tan et al., 2011). My results indicated that Rab4 

and Rab35 ‘fast’ recycling in addition to Rab11 ‘slow’ recycling are being disrupted 

during infection. 

We first aimed to determine if the localization of Rab4 or Rab11 recycling 

endosomes is changed during early infection. We were able to see that around 35% of 

LCVs localized with Rab4 in the wild type strain but not in those infected with the 

translocation deficient mutant ∆dotA. These data therefore indicate an active 

recruitment process through secretion of Legionella effectors. Rab4 localization to the 

LCV resembles that of Rab1 with high recruitment during early infection and removal 

by 2 hours post infection. This raises the possibility that the same effector controlling 

the activation and recruitment of Rab1 may be involved with Rab4. For instance, 

LidA, a Legionella effector known to bind Rab1, was also able to bind Rab 4. It is 

possible that LidA, and perhaps other effectors, participate in recruiting Rab4 to the 

LCV early during infection (Figure 4). 
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Before I began this work, no Legionella effector proteins had been known to 

interact with the endocytic recycling system. Previous research confirmed that Rab4 

and Rab11 are recruited in an effector dependent manner suggesting that perhaps 

specific effectors bind or modify host regulators of endocytic recycling. (Urwlyer, 

2009) To determine the specific effectors that interact with Rab4 and Rab11, I 

successfully overexpressed and purified these proteins (Figure 5) and carried out a 

pull-down assay using Legionella cell lysate (Figure 6). LidA was identified as 

binding interactor through both western blot and mass spectrometry for Rab4. LidA 

function has previously been studied in relation to Rab1 where it acts as 

‘supereffector’ so called due to its ability to bind Rab1 with higher binding affinity 

than any of the known host Rab1-binding proteins.  Binding of LidA to Rab1 

interferes with the inactivation or covalent modification of Rab1 by other Legionella 

effectors. Thus, LidA may act as a stabilizing factor in a multi-protein complex 

(Neunuebel, 2012). 

The Legionella effector SdeC was identified as binding to Rab11 through mass 

spectrometry analysis of excised bands following the pull-down of Rab11. The 

Legionella effector SdeC belongs to a family of ubiquitin ligases that have been 

known to target Rab1, Rab6 and Rab33. The intriguing interaction of SdeC and Rab11 

is further explored in Chapter 4 of this dissertation.  
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Chapter 3 

LEGIONELLA EFFECTOR ANKX DISRUPTS HOST CELL ENDOCYTIC 

RECYCLING IN A PHOSPHOCHOLINATION-DEPENDENT MANNER 

Adapted from Allgood, Samual C., et al. “Legionella effector AnkX disrupts 

host cell endocytic recycling in a phosphocholination-dependent manner.” Frontiers in 

Cellular and Infection Microbiology 7 (2017): 397. 

Introduction 

Legionella pneumophila (strain Philadelphia-1, hereafter Legionella) is a 

Gram-negative, facultative intracellular bacterium that is regarded as an important 

cause of hospital- and community-acquired pneumonia (CDC, 2011; Viasus et al., 

2013). In nature, Legionella proliferates within protozoa; however, human infection 

can occur following inhalation of contaminated aerosolized water droplets (Horwitz 

and Silverstein, 1980; Segal and Shuman, 1999). In the lung, alveolar macrophages 

engulf Legionella by phagocytosis, but are unable to degrade it through the usual 

process of phagosome maturation, which entails the sequential fusion of the 

phagosome with endocytic compartments and ultimately with the lysosome (Clemens 

et al., 2000). Instead, Legionella remains enclosed in a plasma membrane-derived 

compartment known as the Legionella-containing vacuole (LCV) that undergoes 

drastic remodeling into a compartment resembling the endoplasmic reticulum (Tilney 

et al., 2001). This process is dependent on the Dot/Icm specialized type IV secretion 

system (T4SS) that translocates over 300 bacterial effector proteins into the host 

cytosol (Berger and Isberg, 1993; Segal and Shuman, 1999; Luo and Isberg, 2004; 

Segal, 2013). Because of functional redundancy among Legionella effectors 

(O'Connor et al., 2011), the molecular strategies important for Legionella’s escape 
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from phagolysosomal maturation are not yet well-understood. AnkX was first 

identified as one of several Legionella effector proteins that harbor ankyrin repeats 

(Pan et al., 2008). Mainly found in eukaryotes and some intracellular pathogens, 

ankyrin repeats are commonly involved in protein-protein interactions (Li et al., 

2006), although for AnkX, whether these interactions involve any host components is 

unknown. The Legionella ΔankX mutant is impaired in its ability to escape phagosome 

maturation, and more than 50% of the LCVs in ΔankX–infected macrophage fuse with 

the lysosomal marker LAMP-1 (Pan et al., 2008). This is a dramatic effect considering 

that functional redundancy among Legionella effectors often masks phenotypes caused 

by the deletion of single genes. Although, existing data indicate that AnkX prevents 

microtubule-dependent vesicular transport (Pan et al., 2008), the precise mechanism 

through which AnkX inhibits LCV fusion with lysosomes has not yet been defined. 

A subsequent study revealed that AnkX contains an N-terminal FIC domain 

(filamentation induced by cAMP; Roy and Mukherjee, 2009). The FIC domain is 

found in proteins from bacteria to humans and it typically catalyzes adenylylation or 

phosphocholination (Worby et al., 2009; Yarbrough et al., 2009; Mukherjee et al., 

2011). AnkX’s FIC domain catalyzes phosphocholination, which is the covalent 

addition of a phosphocholine moiety to a serine or a threonine residue of Rab GTPases 

(Mukherjee et al., 2011). Rab GTPases are small GTPases that function as molecular 

switches alternating between an active GTP-bound form and an inactive GDP-bound 

form (Stenmark, 2009). These proteins play central roles in defining the identity of 

membrane compartments and controlling membrane trafficking (Zerial and McBride, 

2001). Growing evidence suggests that Legionella effector proteins tap into the host's 

membrane transport network by manipulating the activity of Rab GTPases either 



 44 

through mimicry of host regulatory proteins that control the nucleotide-bound state of 

Rab GTPases or by post-translational modification (Stein et al., 2012; Sherwood and 

Roy, 2013). 

Rab1, a key regulator of ER-to-Golgi traffic, is recruited to the LCV early 

during infection, and multiple effectors are at work during infection to tightly control 

Rab1 activity (Machner and Isberg, 2006, 2007; Brombacher et al., 2009; Neunuebel 

et al., 2011, 2012; Tan and Luo, 2011; Mihai Gazdag et al., 2013; Mousnier et al., 

2014). AnkX phosphocholinates inactive (GDP-bound) Rab1 which prevents its 

activation by guanine exchange factors (GEF) as well as its membrane extraction by 

the guanine dissociation inhibitor (GDI; Goody et al., 2012). In addition to Rab1, 

AnkX also phosphocholinates Rab35 and renders it unable to interact with 

Connecdenn, a protein that activates Rab35 by functioning as a GEF (Mukherjee et al., 

2011). Despite these important biochemical observations, the biological functions of 

Rab GTPase phosphocholination have not yet been determined. In RAW 264.7 murine 

macrophages phosphocholination of Rab1 did not contribute to recruitment or 

retention of Rab1 on the LCV in this system (Hardiman and Roy, 2014). However, it 

is not yet known why AnkX targets Rab35 during infection. 

Rab35 shares extensive sequence homology with Rab1; however, these Rab 

GTPases regulate distinct membrane transport pathways (Chua et al., 2010). Rab35 

controls endocytic recycling of cargo between the plasma membrane and early 

endosomes (Klinkert and Echard, 2016) and has been implicated in phagosome 

maturation in both mammalian (Egami et al., 2011) and protozoan cells (Verma and 

Datta, 2017). An increasing number of bacterial pathogens have been reported to 

target endocytic recycling to promote their intracellular survival, including 
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enterohemorrhagic (Furniss et al., 2016), uropathogenic  (Dikshit et al., 2015), 

Coxiella (Larson and Heinzen, 2017), and Chlamydia (Ouellette and Carabeo, 2010; 

Larson and Heinzen, 2017). Given the known cellular functions of Rab35, we 

hypothesized that by targeting Rab35, AnkX would interfere with both endocytic 

recycling and phagosome maturation. Here, we demonstrate that Legionella disrupts 

endocytic recycling during macrophage infection. Moreover, we show that AnkX 

plays a significant role in disrupting endocytic recycling, and we reveal that its 

phosphocholination activity is critical for this function. We also found that in the 

absence of its phosphocholination activity, AnkX was unable to efficiently prevent 

acquisition of lysosomal markers on the LCV. We conjecture that AnkX interferes 

with phagosome maturation by disrupting endocytic recycling. 

Materials and Methods 

Confocal microscopy 

Constructs were transiently transfected into CHO FcyRII cells for 16-20 hours 

with using Lipofectamine 3000 transfection reagent (ThermoFisher Scientific). 

Briefly, CHO cells were seeded in a 24 well plate and each well was treated with 100 

µl OptiMEM containing 0.5 μg of DNA, 1 μl of p3000 transfection reagent and 0.75 

μl of Lipofectamine 3000. Cells were fixed in PBS with 4% paraformaldehyde for 20 

minutes at room temperature and coverslips were mounted using ProLong diamond 

anti-fade mountant (ThermoFisher Scientific). Confocal imaging was performed on 

Zeiss LSM 710 or 780 laser-scanning confocal microscope using a 63× Plan-

Apochromat objective lens (numerical aperture of 1.4) and operated with ZEN 

software (Carl Zeiss, Inc). 
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Transmission electron microscopy and immunogold labelling 

COS-1 cells transiently producing GFP-AnkX were washed briefly with PBS 

and fixed overnight with 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1 M 

sodium cacodylate buffer pH 7.4 at 4°C. Cells were then washed with 0.1 M sodium 

cacodylate buffer pH 7.4, scraped, and pelleted. The cell pellet was enrobed with 4% 

low melting point agarose and cut into small 1–2 mm3 cubes. The cells were washed 

with 0.1 M sodium cacodylate buffer pH 7.4, dehydrated in an ascending ethanol 

series and infiltrated with LR White resin. Samples were embedded in gelatin capsules 

and polymerized by UV at 4°C for 2 days. The samples were sectioned on a Reichert-

Jung Ultracut E ultramicrotome, and 60–70 nm thick sections were collected onto 

formvar/carbon coated 200 mesh nickel grids. Immunogold Labeling—Samples were 

blocked with 0.05 M glycine for 15 minutes and Aurion goat blocking solution for 30 

minutes before being incubated on drops of anti-GFP antibody diluted to 2.8 μg/ml in 

Aurion 0.1% BSA-c 7.4 for 1 h. Control grids were incubated on drops of ChromePure 

rabbit IgG (Jackson ImmunoResearch, Cat No. 011-000-003) diluted to 2.8 μg/ml in 

Aurion 0.1% BSA-c 7.4. Grids were washed on six drops of Aurion 0.1% BSA-c and 

incubated on drops of Aurion goat anti-rabbit IgG conjugated to 10 nm gold diluted 

1:20 in Aurion 0.1% BSA-c for 2 h. Grids were washed on six drops of Aurion 0.1% 

BSA-c, 3 drops of PBS, fixed on drops of 2% glutaraldehyde in PBS, and then washed 

on five drops of Nanopure water. The grids were then post-stained with 2% uranyl 

acetate in 50% methanol and Reynolds' lead citrate. The samples were examined with 

a ZEISS Libra 120 transmission electron microscope operating at 120 kV, and images 

were acquired with a Gatan Ultrascan 1000 CCD camera. 
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Detection and quantification of Rab GTPase recruitment to the LCV 

CHO-FcyRII were challenged with Legionella strains at a multiplicity of 

infection (MOI) of 30 and spun at 200 × g for 5 minutes and then incubated at 37°C. 

At 2 h post-infection cells were washed three times with PBS and fixed in 4% 

paraformaldehyde for 20 minutes. To distinguish extra- and intracellular bacteria a 

two-step immunostaining procedure was performed. Without macrophage 

permeablization, Legionella was detected with an anti-Legionella rat primary antibody 

(1:3,000) followed by Cascade Blue-conjugated Goat anti-Rat IgG antibody (1:1,000). 

Cells were then permeabilized with ice-cold methanol for 20 s and internalized 

bacteria were detected anti-Legionella rat primary (1:3,000) and Texas Red-

conjugated Goat α-Rat IgG (1:1,000). For detection of Rab-positive LCVs, infected 

U937 cells were immunostained with anti-Rab4, Rab11 and Rab35 -rabbit primary 

antibody (1:150) washed three times with PBS and fluorescently labeled with Alexa 

488-rabbit secondary antibody (1:1,000). Coverslips were mounted using ProLong 

Diamond anti-fade reagent (ThermoFisher Scientific). The percentage of Rab-positive 

LCVs was determined by scoring 50 cells per coverslip with three replicates for each 

specific condition. The unpaired two-sided Student’s t-test was performed with a p-

value cut off of < 0.05 to determine where there was a statistically significant 

difference in localization to the LCV. 

Transferrin uptake assay 

To determine efficiency of recycling, U937 cells were grown on glass 

coverslips in a 24-well plate and following differentiation into macrophages cells were 

infected with Legionella strains Lp01, Lp01ΔdotA, Lp01ΔankX, Lp01ΔankX 

harboring pJB1806-ankX, and Lp01ΔankX harboring pJB1806-ankXH229A at an MOI 
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of 50 for 1 h. Infected macrophages were then allowed to uptake fluorescently labeled 

human transferrin (Tf-Alexa-488; ThermoFisher Scientific) at 5 μg/ml in RPMI for 1 

h. Cells were fixed to measure the fluorescence intensity after the pulse step. Cells 

were then immunostained to identify infected cells and visualized by confocal 

microscopy as described above. All parameters for imaging remained consistent 

throughout the experiment. Using ImageJ-FIJI software the mean fluorescence 

intensity of Tf-Alexa-488 in 50 infected cells from three replicates for each condition 

was measured. To account for variation in cell size, the mean fluorescence intensity 

was determined by normalizing each cell's fluorescence intensity to the total area of 

the cell. A one-way ANOVA was performed with a p < 0.01 to determine if any 

strains showed a significant difference in recycling. Post-Hoc Tukey-Kramer test was 

performed with a p-value cut off of < 0.01 in order to identify which pairs of infected 

cells were significantly different from each other 

Transferrin recycling assay 

To determine efficiency of recycling, U937 cells were grown on glass 

coverslips in a 24-well plate and following differentiation into macrophages cells were 

infected with Legionella strains Lp01, Lp01ΔdotA, Lp01ΔankX, Lp01ΔankX 

harboring pJB1806-ankX, and Lp01ΔankX harboring pJB1806-ankXH229A at an MOI of 

50 for 1 h. Infected macrophages were then allowed to uptake fluorescently labeled 

human transferrin (Tf-Alexa-488; ThermoFisher Scientific) at 5 μg/ml in RPMI for 1 

h. Cells were either fixed to measure the fluorescence intensity after the pulse step or 

they were washed with PBS containing unlabeled human transferrin (100 μg/ml) three 

times and then incubated further with unlabeled transferrin at 100 μg/ml in RPMI for 

30 minutes. Cells were fixed and immunostained to identify infected cells and 
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visualized by confocal microscopy as described above. All parameters for imaging 

remained consistent throughout the experiment. Using ImageJ-FIJI software the mean 

fluorescence intensity of Tf-Alexa-488 in 50 infected cells from three replicates for 

each condition was measured. To account for variation in cell size, the mean 

fluorescence intensity was determined by normalizing each cell's fluorescence 

intensity to the total area of the cell. A one-way ANOVA was performed with a p < 

0.01 to determine if any strains showed a significant difference in recycling. Post-Hoc 

Tukey-Kramer test was performed with a p-value cut off of < 0.01 in order to identify 

which pairs of infected cells were significantly different from each other. 

Results 

AnkX localizes to the plasma membrane and peripheral endosomes 

A previous study reported that AnkX was distributed in a punctate pattern 

when produced ectopically in mammalian cells (Pan et al., 2008). Immunostaining 

with an early endosome marker showed that GFP tagged AnkX did not co-localize 

with early endosomes (Mukherjee et al., 2011). We hypothesized that AnkX’s cellular 

destination may be, at least in part, determined by the localization of its enzymatic 

substrates, Rab1 and Rab35. However, AnkX did not localize at the Golgi where Rab1 

is predominantly found (Mukherjee et al., 2011), and we reasoned that perhaps AnkX 

is co-opted at cellular locations where Rab35 is present, namely the plasma membrane 

and endosomes. We fused AnkX to an N-terminal GFP tag and analyzed its 

subcellular localization within transiently transfected COS-1 cells using immunogold 

transmission electron microscopy. We determined that GFP-AnkX was associated 

with the plasma membrane, nascent endosomes, and tubular compartments at the 
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periphery of the cell, reminiscent of the subcellular localization of recycling 

endosomes (Figure 8). These membrane compartments shuttle cellular components to 

the plasma membrane and commonly assume a tubular morphology (van Ijzendoorn, 

2006). 

 

Figure 8 AnkX localizes to the plasma membrane, nascent endosomes, and 

tubular compartments A. Respresentative images show COS-1 cells 

that have been transfected with mCherry AnkX and incubated with 

fluorescently tagged wheat germ agglutinin which binds to the plasma 

membrane. Co-localization can be observed along the plasma membrane. 

B. Representative TEM images showing immunogold localization of 

GFP-AnkX in COS-1 cells. Fixed cells were stained with a polyclonal 

rabbit anti-GFP antibody. Areas highlighted by rectangles (dashed line) 

on the top panels are magnified in the bottom panels. Arrows indicate 

immunogold labeled GFP-AnkX localized to endosomes (E), plasma 

membrane (PM), or tubules (T). Scale bar is 100 nm. 
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AnkX targets Rab35-positive compartments 

AnkX’s localization at the plasma membrane and its ability to 

phosphocholinate Rab35 suggested that AnkX could target Rab35-positive recycling 

endosomes. To determine whether AnkX associates with these endosomes, we 

transiently co-transfected HeLa cells with a plasmid encoding GFP-Rab35 and a 

plasmid encoding either mCherry-AnkX or mCherry as a control. By confocal 

microscopy, we observed that the GFP-Rab35 signal was present in the cytosol, 

membrane compartments, the plasma membrane, and in some cells the nucleus 

(Figure 9); nuclear localization of GFP-Rab35 has previously been observed, but this 

is believed to be caused by nuclear translocation of GFP alone (Kouranti et al., 2006). 

In agreement with our electron microscopy data, mCherry-AnkX was found to be 

present at the plasma membrane and on intracellular membrane compartments. When 

the two proteins were co-produced they co-localized on vacuolar compartments that 

resembled enlarged endosomes. Similar structures were observed in cells producing 

GFP-Rab35 in the absence of AnkX (Figure 10). 
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Figure 9 AnkX co-localizes with Rab35 and MHC-I, a Rab35-dependent 

cargo. A. Confocal images of HeLa cells co-transfected with plasmids 

encoding mCherry and GFP-Rab35 or plasmids encoding mCherry-

AnkX and GFP-Rab35. Insets show magnified view of an area of 

interest. Bottom panel insets highlight an area where fluorescent signal 

from the two proteins co-occurred on intracellular vacuolar 

compartments.  B. HeLa cells ectopically producing mCherry or 

mCherry-AnkX were allowed to internalize monoclonal fluorescently 

labeled MHC-I antibodies for 30 minutes, followed by an acid wash. 

Bottom panel insets highlight the compartments where mCherry-AnkX 

co-occurred with internalized MHC-I. 

Rab35 regulates recycling of protein cargo between the plasma membrane and 

endosomes, and therefore, we next sought to determine whether AnkX targets Rab35-

positive recycling endosomes. The major histocompatibility Class I (MHC-I) enters 

cells through clathrin-independent endocytosis and then either returns back to the 

plasma membrane via recycling tubules or is degraded by lysosomes (Caplan et al., 

2002). Loss of Rab35 activity has been shown to inhibit MHC-I recycling, indicating 

that its recycling back to the plasma membrane is, at least in part, dependent on Rab35 

(Allaire et al., 2010). To determine whether AnkX targets recycling tubules that are 

carrying MHC-I, we performed an antibody uptake assay, whereby HeLa cells 

producing mCherry or mCherry-AnkX were incubated with MHC-I antibody 

conjugated with Alexa 488 fluorophore to mark endosomes that internalize MHC-I. 

Using confocal microscopy, we observed that mCherry-AnkX co-localized extensively 

with MHC-I at the plasma membrane and on tubular compartments (Figure 9b) These 

results support the hypothesis that AnkX targets Rab35-positive recycling endosomes 

in human cells. 
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AnkX disrupts endocytic recycling during macrophage infection 

A series of biochemical approaches have shown that phosphocholination 

prevents activation of Rab35. Therefore, we hypothesized that during infection AnkX 

would have the same effect, and thus disrupt the normal dynamics of recycling 

endosomes. To determine whether AnkX affects endocytic recycling during 

macrophage infection, we performed a transferrin-recycling assay. Transferrin is 

routinely used as a marker for endocytic recycling; it remains bound to its receptor 

throughout the recycling pathway and is released outside the cell upon returning to the 

cell surface (Mellman, 1996). U937 macrophages were infected with Lp01, 

Lp01ΔdotA, Lp01ΔankX, Lp01ΔankX complemented with a plasmid carrying wild-

type ankX, or Lp01ΔankX complemented with a plasmid carrying ankXH229A, a point 

mutant in the catalytic motif of the FIC domain that renders the protein catalytically 

inactive (Mukherjee et al., 2011). At 1 h post-infection, macrophages were subjected 

to a pulse-chase sequence with fluorescently labeled transferrin followed by 

incubation with unlabeled transferrin (Figure 10). After the pulse step, U937 cells 

retained comparable levels of transferrin regardless of which Legionella strain they 

were infected with (Figure 11). We then quantified the amount of fluorescently 

labeled transferrin remaining after a 30-minute chase with unlabeled transferrin 

(Figure 10b). Macrophages infected with Lp01 displayed the highest level of 

fluorescence, indicating increased retention of transferrin within these cells. This 

result supports the idea that endocytic recycling of transferrin was blocked at an early 

stage of infection. In contrast, macrophages infected with the Lp01ΔdotA 

translocation-deficient mutant showed the lowest fluorescence signal among the five 

conditions, indicating that endocytic recycling of transferrin was robust in the absence 

of translocated Legionella effectors. Macrophages infected with the Lp01ΔankX strain 
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displayed levels of fluorescence that were significantly lower than those of cells 

infected with Lp01, and, thus, in the absence of AnkX, labeled transferrin along with 

its receptor were recycled back to the plasma membrane. We also noted that, although 

significantly reduced in Lp01ΔankX-infected cells, the amount of labeled transferrin 

was 1.6 times higher than that detected in macrophages infected with the Lp01ΔdotA 

mutant (Figure 10b). When macrophages were infected with the ankX complemented 

Lp01ΔankX strain, retention of labeled transferrin increased to a level similar to that of 

the Lp01-infected cells. Notably, macrophage infection with the Lp01ΔankX 

ectopically producing the catalytically inactive AnkXH229A resulted in diminished 

retention of labeled transferrin compared to macrophages infected with the 

Lp01ΔankX strain producing active AnkX (Figure 10b). This change was not 

attributable to a difference in the production of AnkX or AnkXH229A within the 

Lp01ΔankX background since we verified that the two proteins were produced at 

comparable levels prior to macrophage infection (Appendix 2). Based on these results 

we concluded that the phosphocholination activity of AnkX was responsible for 

disruption of endocytic recycling. Notably, transferrin was not present at the LCV, 

consistent with previous findings that this compartment lacks transferrin (Joshi et al., 

2001). 
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Figure 10 Legionella blocks host endocytic recycling and prevents 

accumulation of lysosomal markers on the LCV in a 

phosphocholination-dependent manner. A. Representative images of 

human transferrin-Alexa 488 fluorescent signal in U937 cells infected 

with Legionella strains as labeled. At 1 h post-infection, U937 cells were 

incubated with transferrin-Alexa 488 for 60 minutes, then washed and 

incubated with unlabeled transferrin for 30 minutes. Cells were fixed and 

immunostained with anti-Legionella antibodies and visualized by 

confocal microscopy; scale bar, 5μm. B. The graph displays the amount 

of fluorescence retained by infected U937 cells. The mean and standard 

error of the mean from three independent experiments are indicated for 

each condition. Statistical significance was determined by one-way 

ANOVA followed by Tukey Kramer post-hoc test. The asterisks denote a 

p < 0.001.  
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Figure 11 U937 cells infected with different Legionella strains have similar 

levels of internalized transferrin. At 1 hour post-infection, U937 cells 

were incubated with transferrin-Alexa 488 for 60 minutes, then briefly 

washed with PBS, fixed, immunostained with anti-Legionella antibodies, 

and visualized by confocal microscopy. The graph displays the amount of 

fluorescence retained by infected U937 cells. The mean and standard 

error of the mean from three independent experiments are indicated for 

each condition. Statistical significance was determined by one-way 

ANOVA followed by Tukey Kramer post hoc test. 

 

Phosphocholination activity of AnkX is required for avoidance of phagosome 

maturation 

The Lp01ΔankX mutant has previously been shown to be impaired in its ability 

to escape phagosome maturation early following macrophage infection (Pan et al., 

2008). Our results above indicated that the phosphocholination activity of AnkX is 

important for exerting its biological function. Therefore, we hypothesized that 

phosphocholination could play a key role in the avoidance of phagolysosome 
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maturation. To test this hypothesis, we infected U937 macrophages with Lp01, 

Lp01ΔdotA, Lp01ΔankX, Lp01ΔankX complemented with a plasmid carrying wild-

type ankX, and Lp01ΔankX complemented with a plasmid carrying ankXH229A. At 2 h 

post-infection, macrophages were fixed, immunostained with an antibody against the 

lysosomal marker LAMP-2, and quantified with regard to the number of LAMP-2 

positive LCVs. U937 cells infected with wild-type displayed 18(±5)% of LAMP-2 

positive vacuoles, whereas cells infected with Lp01ΔdotA and Lp01ΔankX displayed 

77.3(±9)% and 63(±4.3)% LAMP-2 positive vacuoles, respectively (Figure 12). These 

results are in agreement with findings reported by Pan et al. (2008). In addition, we 

showed that when macrophages were infected with the Lp01ΔankX strain 

complemented producing AnkX the percentage of LAMP-2 positive LCVs decreased 

to 31.6(±6)%. In contrast, infection with the Lp01ΔankX strain complemented with 

catalytically inactive AnkXH229A did not rescue the phenotype and showed that 

70.6(±7.3)% LCVs were LAMP-2 positive, similar to the percentage observed in cells 

infected with the Lp01ΔankX or the Lp01ΔdotA strains. Therefore, we concluded that 

AnkX’s phosphocholination activity plays a critical role in avoidance of phagosome 

maturation. 
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Figure 12 Quantification of LAMP-2 positive LCVs in U937 cells infected with 

various strains of Legionella. Bar graph displays the percentage of 

LVCs that were LAMP-2 positive at 2 h post-infection. Statistical 

significance was determined using the Student's t-test with a p-value cut 

off of < 0.05. The asterisks denote a p < 0.001. Quantification of LAMP-

2 positive LCVs in U937 cells infected with various strains 

of Legionella. Bar graph displays the percentage of LVCs that were 

LAMP-2 positive at 2 h post-infection. Statistical significance was 

determined using the Student's t-test with a p-value cut off of < 0.05. The 

asterisks denote a p < 0.001. 

Discussion 

In eukaryotic cells, membrane transport plays essential roles in regulating 

signaling, metabolism, immunity, and interactions with the extracellular environment, 

and therefore, it is a major target for intracellular pathogens. Legionella manipulates 

the host’s membrane transport system by delivering effector proteins that hijack Rab 

GTPases, a large class of small GTPases (over 60 in humans) performing essential 

roles in membrane trafficking (Stenmark, 2009). Delineating membrane transport 
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pathways crucial for Legionella survival is complicated by the functional redundancy 

among Legionella effectors, and usually deletion of individual Legionella genes 

encoding effectors that target Rab GTPases does not markedly affect bacterial survival 

(O'Connor et al., 2011). Despite this hurdle, a previous study showed that deletion of 

ankX alone significantly increased fusion of LCVs with lysosomes revealing that 

AnkX plays an important role in safeguarding the LCV from phagosome maturation 

(Pan et al., 2008). However, the mechanistic details of how AnkX is involved in this 

process are not precisely understood. Here we narrow in on the biological 

consequences of AnkX activity during macrophage infection and demonstrate that 

AnkX disrupts endocytic recycling and phagolysosome biogenesis in a 

phosphocholination-dependent manner. 

The Legionella effector AnkX functions as a phosphocholine transferase, and 

of the six Rab GTPases previously tested, Rab1 and Rab35 were efficiently 

phosphocholinated by AnkX (Mukherjee et al., 2011). Although the biochemical 

details of Rab1 and Rab35 phosphocholination are well-understood, the biological 

consequences of Rab1 and Rab35 phosphocholination remain elusive. Rab1 is heavily 

recruited to the LCV early during infection (Kagan et al., 2004), however AnkX is not 

required for this process (Hardiman and Roy, 2014). The importance of Rab35 

manipulation by Legionella effectors has not yet been explored. Rab35 regulates a 

number of cellular processes including endocytic recycling and cytokinesis, exosome 

release, phagocytosis, cell migration, immunological synapse formation and neurite 

outgrowth (Klinkert and Echard, 2016). Because it is involved in shuttling protein 

cargo between the plasma membrane and early endosomes through recycling 

endosomes, Rab35 localizes predominantly at the plasma membrane and on tubular 
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recycling endosomes (Chua et al., 2010). Using electron microscopy, we found that 

GFP-tagged AnkX had a localization pattern similar to that of Rab35 (Figure1). 

Moreover, in HeLa cells mCherry-AnkX co-localized with GFP-Rab35 on vacuolar 

compartments (Figure4A). These compartments could be enlarged early, sorting, or 

recycling endosomes, where Rab35 is known to localize. Alternatively, they may be 

similar to vacuolar compartments that have been observed to form as a consequence of 

Rab35 inactivation (Kouranti et al., 2006). If this were the case the formation of these 

Rab35-positive vacuoles would likely be a consequence of AnkX’s inhibitory effect 

on Rab35 activity. However, other indirect effects cannot be excluded until 

confirmation by experiments using mCherry-AnkXH229A. 

We next asked whether association of AnkX with the plasma membrane was 

due to its interaction with Rab35. We addressed this question by determining the 

subcellular localization of mCherry-tagged AnkX fragments in mammalian cells in 

relation to the plasma membrane. Surprisingly, we found that the N-terminal AnkX 

fragment containing the FIC domain did not associate with the plasma membrane, 

indicating that targeting of Rab35 is not sufficient to stably recruit AnkX to the plasma 

membrane. However, mCherry-AnkX1-490 can still localize to intracellular vesicles. 

A potential explanation for this observation is that AnkX’s substrate specificity is 

more relaxed allowing other Rab GTPases to be modified, and perhaps the C-terminal 

region required for binding the plasma membrane limits AnkX’s activity to specific 

compartments. Further insight into AnkX’s substrate preference could clarify this 

issue. 

The AnkX491-949 fragment contained the elements necessary to mediate 

plasma membrane binding. We showed that this fragment was also able to bind PI(3)P 
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and PI(4)P although it is not yet clear if phosphoinositide binding alone is sufficient to 

mediate association with the plasma membrane. Furthermore, binding of multiple 

phosphoinositide species may suggest that AnkX has functional roles at several stages 

of infection since Legionella actively changes the phosphoinositide composition of the 

LCV (Weber et al., 2014). Within seconds following uptake of Legionella by 

amoebae, the early phagosome membrane displays PI(3,4,5)P, immediately followed 

by a rise in PI(3)P levels. Subsequently, the vacuolar membrane gradually loses these 

lipids and by 2 h post-infection becomes enriched in PI(4)P. PI(3)P- and PI(4)P-

binding regions of Legionella effectors are thought to mediate anchoring to the LCV 

(Weber et al., 2006; Hilbi et al., 2011); they may also function in conjunction with 

Rab GTPase binding domains as a two-pronged mechanism to specifically target 

membrane compartments. The precise region of AnkX that recognizes PI(3)P and 

PI(4)P remains to be identified. Intriguingly, the AnkX688-949 fragment was present 

at both the plasma membrane and on endosomes, whereas the AnkX721-949 fragment 

missing just one ankyrin repeat lost its membrane localization. It is possible, therefore, 

that this ankyrin repeat or other elements in this region mediates the binding. We 

hypothesize that a multifactorial mechanism regulates AnkX interaction with the 

plasma membrane, wherein both Rab35 and phosphoinositide binding are both 

important, but an additional component may be necessary to stabilize the interaction. 

In COS-7 cells, a Rab35 siRNA knockdown causes enlargement of early 

endosomes (Allaire et al., 2010), and, intriguingly, heterologous production of AnkX 

in mammalian cells results in a similar phenotype (Mukherjee et al., 2011). Given 

AnkX’s co-localization with Rab35 (Figure 9) and its known inhibitory effect on 

Rab35 activity in vitro, we reasoned that AnkX would disrupt pathways regulated by 
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this Rab GTPase. Rab35 has been implicated in the recycling of various cargo proteins 

back to the plasma membrane including the MHC-I, MHC-II, and the T-cell receptor 

(Patino-Lopez et al., 2008; Walseng et al., 2008; Allaire et al., 2010). Our MHC-I 

internalization and recycling assay showed that AnkX co-occurred with MHC-I, 

supporting the notion that AnkX targets Rab35-dependent endocytic recycling (Figure 

4b). MHC-I is involved in presenting intracellular antigens to cytotoxic T cells such 

that cells infected with intracellular pathogens can be eliminated (Mantegazza et al., 

2013). It is plausible that Legionella disrupts recycling of these receptors in order to 

modulate host immune responses during infection to prevent the death of its host cell. 

In light of these findings, we hypothesized that AnkX manipulates endocytic 

recycling during infection of macrophages by targeting Rab35. Our data showed that, 

indeed, endocytic recycling of transferrin, a widely used marker for this transport 

pathway, is blocked early during macrophage infection (Figures 5a,b). The inhibitory 

effect was dependent on Legionella effectors since infection with a translocation-

deficient mutant did not disrupt transferrin recycling. Infection with the Lp01 ΔankX 

mutant showed a sharp decrease in accumulation of transferrin-positive vesicles, 

indicating that AnkX is largely responsible for disruption of endocytic recycling. This 

phenotype was reversed when the mutant was complemented with ectopically 

expressed ankX, but not when it was complemented with ankXH229A. The necessity 

of an enzymatically active AnkX highlighted the key role of phosphocholination in 

disruption of transferrin recycling. Importantly, this result implies that 

phosphocholination of Rab35, and perhaps other host proteins, leads to disruption of 

endocytic recycling. Notably, the absence of AnkX did not abrogate Legionella's 
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ability to block endocytic recycling. This observation supports the idea that other 

Legionella effectors may also interfere with endocytic recycling. 

Targeting of endocytic recycling appears to be a common strategy for 

intracellular pathogens. For example, uropathogenic E. coli (UPEC) has been 

proposed to manipulate endosomal recycling and degradative lysosomal fusion by 

modulating Rab35 to survive within bladder epithelial cells (Dikshit et al., 2015), and 

enterohemorrhagic E. coli (EHEC) modulates Rab35 recycling by secretion of the 

effector protein EspG in order to prevent maturation of recycling endosomes during 

infection (Furniss et al., 2016). More recently, a high-content imaging study showed 

that transferrin uptake gradually increased throughout infection of HeLa cells with 

Coxiella burnetii or Chlamydia trachomatis suggesting that bacterial infection 

expanded the endosomal system to increase capacity for endocytic material (Larson 

and Heinzen, 2017). The Shigella effector protein, IpgD, is responsible for recruiting 

Rab11-positive vesicles to the invasion site to assist in the rupture of the Shigella-

containing vacuole, a step required for bacterial escape into the cytosol (Mellouk et 

al., 2014). 

An important question is why Legionella would manipulate transferrin 

recycling during infection. It is unlikely that the pathogen is attempting to transport 

iron to the LCV as Legionella genetically encodes and translocates its own iron-

sequestering pathway, which has been shown to be important for infection (Joshi et 

al., 2001; Chatfield et al., 2012; Isaac et al., 2015). Instead, we propose that Legionella 

effectors target Rab35 to counteract phagosome maturation. Upon phagocytosis into 

macrophages, Legionella immediately prevents phagosome maturation, avoiding 

fusion of early endosomes with the LCV. Rab35 is involved in formation of the 
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phagocytic cup in macrophages (Egami et al., 2011). Silencing of Rab35 by RNA 

interference drastically reduced the rate of FcγR-mediated phagocytosis in 

macrophages, revealing that Rab35 is involved in the early stage of phagocytosis. 

Notably, in Entamoeba histolytica, an intestinal protozoan parasite, Rab35 is not only 

required for phagocytic cup formation, but also for biogenesis of phagolysosomal 

compartments (Verma and Datta, 2017). In light of these results, we hypothesized that 

similar to UPEC, Legionella manipulates Rab35 to subvert both endosomal recycling 

and degradative lysosomal fusion. Therefore, we anticipated that AnkX’s 

phosphocholination activity would be crucial for its previously established ability to 

prevent fusion of lysosomes with the LCV. Our results confirmed that in the absence 

of AnkX, Legionella cannot efficiently escape phagosome maturation (Figure 5C). 

Moreover, we showed that phosphocholination played a critical role in Legionella's 

ability to escape phagosome maturation. Given that amoebae are the natural host of 

Legionella, targeting of Rab35 to modulate phagosome maturation would be a 

desirable benefit for the bacterium. In human cells, where Rab35 regulates recycling 

of proteins involved in innate immunity, targeting of Rab35 by Legionella could offer 

an added benefit for the bacterium, and perhaps facilitate evasion of immune 

surveillance. 

In conclusion, our data indicate that Legionella effectors inhibit endocytic 

recycling at the early stage of infection, and that the phosphocholination activity of 

AnkX plays a significant role in targeting this membrane transport pathway. Overall, 

our study reveals the biological relevance of AnkX-catalyzed phosphocholination 

during infection of human macrophages and provides new insight into subversion of 

membrane transport pathways by Legionella effectors. A complete perspective of how 
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Legionella effectors target endocytic recycling merits further investigation and 

promises to reveal important details about survival of Legionella and other 

intracellular pathogens. 

 

 

 



 67 

Chapter 4 

SIDE FAMILY OF LEGIONELLA EFFECTORS AFFECT RAB11-

DEPENDENT VESICULAR TRAFFICKING PATHWAYS 

Introduction 

Legionella pneumophila secretes over 320 T4SS effector proteins during 

infection to form a replication-permissive vacuole that avoids degradation by host 

immune response pathways (Hubber and Roy, 2010). As described in chapter 1, 

manipulation of the endocytic recycling system appears to be a common strategy 

among intracellular pathogens to avoid degradation by host cells (Allgood, 2018; 

Yong, 2021). As I described chapter 3, Legionella disrupts endocytic recycling in a 

Dot/Icm T4SS dependent manner partially dependent on the effector AnkX. As the 

defect in recycling is not entirely alleviated in the AnkX mutant strains there remains 

the possibility that additional effectors may interact with host recycling systems. As 

other intracellular pathogens are known to target these Rab GTPases during infection 

identifying effectors that interact is of high importance. In Chapter 2, I described that 

through our previously described pull-down assay using purified Rab GTPases 

incubated with we identified several Legionella pneumophila effectors that interact 

with endocytic recycling Rab GTPases. One main candidate, SdeC, was identified 

through pulldown assays as interacting with Rab11. SdeC belongs to the family of 

SidE effectors which consist of four paralogs, SdeA, SdeB, SdeC and SdeD/SidE. 

Members of the SidE family were first identified as a T4SS translocated effectors that 

localized to the bacterial poles during early infection (Bardill, 2005). While most 

single effector deletion mutants show no discernible intracellular growth defects when 

several effectors are deleted in combination it prevents functional redundancy within 

the Legionella genome to observe otherwise obscured phenotypes (Park, 2020). When 
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all members of the SidE family were deleted a defect in intracellular replication was 

observed in Acanthamoeba castellani in addition to a defect of ER recruitment to the 

LCV vacuole in human cell lines, indicating a critical function for this family of 

proteins (Bardill, 2005; Kotewicz, 2017). All members of the SidE family harbor a 

similar catalytic activity and share three common domains, a deubiquitinase (DUB) 

domain, a mono ADP-ribosyltransferase (mART) domain, and a phosphodiesterase 

(PDE) domain (Sheedlo, 2015; Qui, 2016; Havey, 2015). These domains are required 

for the SidE family members to use NAD+ to mediate phosphoribosyl-linked 

ubiquitination of serine residues in host proteins (Bhogaraju, 2015). 

 The host targets of these proteins have not yet been comprehensively 

identified, but thus far it is known that several Rab GTPases serve as SidE substrates 

including Rab1, Rab6, Rab30 and Rab33 (Qui, 2016). Rab1 shares high sequence 

homology with Rab35 (54%) and Rab11 (52.9%) raising the possibility that the SidE 

family could be modifying additional Rab GTPases at different points during infection 

(Fukuda, 2003). SidE phosphoribosyl ubiquitination also target of host factors such as 

the host factor RTN-4 a reticulon protein family member required to induce the 

formation and stabilization of the ER (Kotewicz, 2017). SdeC was shown to modulate 

tubular endoplasmic reticulum rearrangement around the LCV through ubiquitination 

of those host RTN-4 factors (Kotewicz, 2017).  

In this chapter I will detail experiments aimed at elucidating the role of SidE 

family member SdeC and its interaction with Rab11 related recycling pathways. I will 

determine if SdeC effects the trafficking of Rab11 positive recycling endosome during 

infection and if the enzymatic activity of SdeC is required for any disruption. 

Understanding the full scope of how the SidE interaction and functions during 
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infection will allow us to better understand critical aspects needed for the growth of 

intracellular pathogens.  

 

Materials and Methods 

GFP-Trap pull-down 

HEK293T cells were seeded in 10 cm dishes and co-transfected with plasmids 

encoding GFP, GFP-Rab11, and/or mCherry-SdeC with 10.5 μg each plasmid DNA, 

42 μL P3000, and 33 μL lipofectamine reagent in 1 mL OPTI-MEM for about 16 

hours. Cells were harvested and lysed in lysis buffer provided in the kit and spun for 

10 minutes at 15,000×g at 4°C. Lysates were incubated with pre-equilibrated GFP-

Trap beads (Chromotek) for 1 hour at 4°C. Beads were washed with provided 

dilution/wash buffer and bound proteins were eluted via boiling in 2X Laemmli buffer 

for 10 minutes. Transfected cell lysates (input) and eluted proteins were separated via 

SDS-PAGE and transferred to a PVDF membrane for western blot analysis. Proteins 

were detected with primary antibodies: anti-mCherry (1:1000) and anti-GFP 

conjugated to HRP (1:10,000). (Abcam, ab190584) Secondary anti-rabbit conjugated 

to HRP was utilized at 1:20,000 with anti-mCherry. Blots were strips re-probed with 

anti-FIP1a antibody at a 1:250 dilution and anti-HRP secondary at 1:1000 dilution.  

Co-localization studies through ectopic expression of SdeC with RAB11 and FIP1 

HT1080 cells were seeded on coverslips in a 24-well plate 24 hours prior to 

transfection. For co-transfection with plasmid listed in Table 2, cells were incubated 

with 0.5 μg each plasmid DNA, 2 μL P3000, 1 μL lipofectamine reagent in 50 μL 
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Opti-MEM for about 16 hours. For cells treated with wortmannin, wortmannin was 

added to wells at a total concentration of 1 μM for 1 hour at 37°C. Cells were then 

fixed in 4% paraformaldehyde in PBS for 20 minutes at room temperature and 

mounted with ProLong Diamond Antifade mountant (Invitrogen). For transfection and 

subsequent immunostaining experiments, HeLa cells were seeded as stated above and 

transfected with 0.5 μg plasmid DNA, 1 μL P3000, and 1 μL lipofectamine reagent in 

50 μL OPTI-MEM for about 16 hours. Transfected cells were then fixed in 4% 

paraformaldehyde. Coverslips were mounted as above. Confocal imaging was 

performed on Zeiss LSM 880 laser scanning confocal microscope using a 63× Plan-

Apochromat objective lens (numerical aperture of 1.4) and operated with ZEN 

software (Carl Zeiss, Inc). 

Host cell infection and immunostaining  

HT1080 cells were challenged with Legionella strains at a multiplicity of 

infection (MOI) of 30 and spun at 200 × g for 5 minutes and then incubated at 37°C. 

At 12 h post-infection cells were washed three times with PBS and fixed in 4% 

paraformaldehyde for 20 minutes. To distinguish extra- and intracellular bacteria a 

two-step immunostaining procedure was performed. Without cell permeabilization, 

Legionella was detected with an anti-Legionella rat primary antibody (1:3,000) 

followed by Cascade Blue-conjugated Goat anti-Rat IgG antibody (1:1,000). Cells 

were then permeabilized with ice-cold methanol for 20 s and immunostained for either 

FIP1a or Rab11 at 1:250 or 1:200 respectively. 
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Results 

Effect of SdeC on ubiquitination of Rab11 

As the SidE family of proteins catalyzes ubiquitination of host substrate, we 

were interested in determining if Rab11 was a target of SdeC as suggested by its 

ability to bind Rab11 in the pull-down assay carried out in Chapter X. To determine 

this HEK293T cells were transfected with constructs expressing GFP-Rab11 and 

mCherry-SdeC or mCherry alone as a negative control. GFP-Rab11 was then isolated 

from cell lysate using GFP-Trap beads which bind the GFP tag of the proteins. A 

western blot against Rab11 was run to determine if there was a visible shift in 

molecular weight corresponding to addition of ubiquitin by SdeC (Figure 13). We did 

not observe a shift in molecular weight indicating that Rab11 may not be a direct 

target of SdeC but possibly another family member could compensate for this during 

infection. Additionally, SdeC ubiquitination of Rab11 may target it for degradation by 

the proteosome.  
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Figure 13 Rab11 is not directly ubiquitinated by SdeC in vitro. HEK293T cells 

were transfected with a combination of GFP-Rab11, mCherry-SdeC and 

HA-Ub in order to determine if Rab11 is ubiquitinated by SdeC. 

Following transfection cell lysates were ran on SDS-PAGE gel and 

Western blot was perform with anti-Rab11 and anti-HA antibodies in 

order to determine shift in molecular weight corresponding to addition of 

Ub to Rab11.  

Determining the sub-cellular localization of SdeC and Rab11 

To first understand how the SidE family may impact endocytic recycling we 

set out to better understand their sub-cellular localization. Using the Gateway cloning 

system, we generated expression vectors encoding GFP or mCherry-tagged SdeA, 

SdeB, and SdeC, and verified each plasmid by sequencing. CHO FcγRII cells 

transiently transfected with each construct were imaged using confocal microscopy 

(Appendix 1). The localization pattern observed was similar among the three SidE 

family proteins with fluorescent signal appearing on large clusters of vesicles in the 

peri-nuclear region within the cell and to the plasma membrane in a low percentage of 

cells. Additionally, a fraction of the protein was dispersed in the cytosol. The peri-

nuclear localization of the SidE family resembles the tubular network of the endocytic 

recycling system. (Grant, 2009) 

We next asked whether the SidE family may be interacting with host endocytic 

recycling pathways. We began addressing this question by first assessing the 

subcellular localization of the endocytic recycling regulator Rab11 in transiently 

transfected cells and during host infection. As in previous studies, Rab11a localizes to 

the endocytic recycling compartment (ERC)/recycling endosome and trans-Golgi 

network compartment to control the vesicle trafficking through and from these 

compartments and can be observed in fluorescence micrographs as larger puncta 
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closer to the microtubule organizing center, marker the ERC (Wilchke, 2000; Prekeris, 

2000). Rab11a also localizes to smaller vesicles that are trafficked back towards the 

plasma membrane. Additionally, Rab11 interacts with Sec15 subunit of the exocyst 

complex to initiate the docking of vesicles at the plasma membrane to initiate the final 

steps of delivery (Wu, 2005). 

To first identify the sub-cellular localization of Rab11 and SdeC, CHO cells 

were co-transfected with plasmids expressing mCherry-SdeC and GFP-Rab11, or the 

catalytically inactive SdeCE859A mutant and mCherry alone as a negative control. The 

mutation of glutamate 859 to alanine which is found in the mART domain of SdeC 

rendering the protein unable to ADP-Ribosylate Ubiquitin, the first stage of ubiquitin 

ligation to host substrates. Using confocal microscopy, cells were visualized to 

determine whether Rab11’s localization was altered in the presence of SdeC. 

Observed fluorescence signal for GFP-Rab11 in control cells co-producing mCherry, 

showed small puncta clustered at a peri-nuclear position, resembling the Endocytic 

Recycling Compartment (ERC) (Figure 14). Small puncta could also be visualized in 

the peripheral areas of the cell suggesting movement of vesicles back to the plasma 

membrane following the recycling process. However, in the presence of mCherry-

SdeC the localization of GFP-Rab11 appeared to be altered with larger puncta 

observed both peri-nuclear and in the periphery of the cell. The larger puncta could 

indicate a delay in recycling with cargo trapped in the ERC and other recycling 

endosomes which is seen a Rab11 positive vesicles being enriched in the peri-nuclear 

region. In these transfected cells mCherry-SdeC was also observed in the peri-nuclear 

region around Rab11 positive-vesicles and on other puncta throughout the cell. These 

observations corroborate previously published data on the localization of the SidE 



 74 

family of proteins (Bardill, 2005; Jeong, 2015). Notably, mCherry-SdeCE859A 

localization was more biased toward cytosolic signal and decreased localization to 

vesicles within the cell suggesting that the enzymatic activity of the SidE family may 

be important for target recognition and proper localization.  

We next asked whether SidE family proteins affect localization of Rab11 

during host infection. CHO cells were transfected with GFP-Rab11 and subsequently 

infected with Lp01 WT, Lp01 ∆dotA, and Lp01 ∆sidE mutant strains. At several time 

points post-infection (2.5, 4, 8 and 12 hours), infected host cells were fixed and 

immunostained using anti-Legionella antibody (Figure 15, Appendix 4). 

During early infection, at the 2.5 hour time point, the localization of Rab11 did 

not differ among uninfected host cells or cells infected with Lp01, Lp01 ∆dotA and 

Lp01 ∆sidE strains with Rab11 localization appearing perinuclear with small vesicle 

spread through the periphery of the cell (Figure 15) However, starting at 4 hours post 

infection and peaking at 12 post-infection, GFP-Rab11 appeared clustered in larger 

puncta in host cells infected with wild type or ∆sidE strains, and this pattern of 

localization was not observed in uninfected cells (Figure 15). This disrupted 

localization pattern contrasted with that observed in host cells infected with the 

translocation deficient, ∆dotA strain in which localization appears similar to 

uninfected cells. The observations that Rab11 localization was disrupted during host 

infection even in the absence of SidE could be explained by the presence of one or 

more Legionella effectors that share functional redundancy. 
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Figure 14 GFP-Rab11 localization is disrupted by mCherry-SdeC but not 

mCherry-SdeCE859A.  Representative images of transfected cells. HT-

1080 cells were transfected constructs expressing GFP-Rab11 and either 

mCherry-SdeC, mCherry-SdeCE859A or mCherry. Confocal micrographs 

depict maximum intensity projections. Scale bars are equal to 5 μm.   
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Figure 15 GFP-Rab11 localization is disrupted during late infection.  

Representative images of infected cells. HT-1080 cells were transfected 

constructs expressing GFP-Rab11 subsequently infected with Lp01 WT, 

Lp01 dotA-, or Lp01 sidE-. Co-transfected cells were imaged using Zeiss 

880 confocal microscope and depict maximum intensity projections. 

Scale bars are equal to 10 μm.   

Effect of SdeC on interaction of Rab11 with FIP1 

While some of our previous evidence suggested that Rab11 may be post-

translationally modified through phosphor-ribosyl ubiquitin linkage we asked whether 

known endogenous Rab11 effectors could serve as targets/substrates of the SidE 

family. One Rab11 effector known to regulate endocytic recycling is Rab11-FIP1a. 

FIP1a couples Rab11-bound vesicles and dynein molecular motors, helping associate 

this complex with microtubules and thereby participating in guiding vesicular 

trafficking within the cell (Schafer, 2016). Previous studies have identified 
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manipulation of vesicular trafficking to be critically important for the intracellular 

lifestyle of Legionella (Goody, 2013; Ge, 2011). Thus, we were interested in 

determining if Rab11 binding to FIP1a was affected by the presence of SdeC. 

To identify if there was any defect in Rab11 binding FIP1a in presence of 

SdeC, HEK293T cells were transfected with GFP-Rab11 and either mCherry, 

mCherry-SdeC or the catalytically inactive mutant SdeCE859A.  Cells were lysed and 

Rab11 was isolated using GFP-Trap magnetic agarose beads which bind to the GFP 

epitope tag. Proteins bound to GFP-Rab11 were separated by SDS-PAGE gel and 

transferred to a PVDF membrane which was probed for the presence of FIP1a. Cells 

co-transfected with GFP-Rab11 and mCherry-SdeC but not mCherry or mCherry-

SdeCE859A showed decreased binding to Rab11(Figure 16). This indicates that 

ubiquitination by SdeC is influencing this interaction; this may, in turn, alter vesicular 

trafficking by preventing proper movement back to the plasma membrane.  
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Figure 16 SdeC disrupts the interaction of Rab11-FIP1A with Rab11 during 

infection. A. Schematic of FIP1a interaction with Rab11, MyoVb and 

actin filaments. B.HEK293t cells were transfected with a combination of 

either GFP-Rab11 and mCherry SdeC. Following transfection cells were 

gathered and lysed using a chemical cell lysis buffer. Lysate was further 

incubated with GFP-trap beads which bind to the GFP-tagged of GFP-

Rab11. Following pull-down of Rab11 elution was run on SDS page and 

western blot was performed with anti-Rab11-FIP1a antibody. 

Effect of SdeC on the localization of FIP1a 

Given the observation that Rab11 localization is disrupted when SdeC is 

ectopically expressed (Figure 14,15) we examined if the localization of the Rab11 

effector FIP1a is also disrupted by SdeC. Previous studies have shown that when 
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FIP1a is mutated in a putative 14-3-3 binding site its sub-cellular localization has been 

shown to drastically change. FIP1a normally localizes to small vesicles and tubular 

networks within the cell whereas FIP1aT197A was dramatically redistributed into a 

condensed tubular signal in the perinuclear region of cells (Sakai, 2019). In addition, 

FIP1a has been observed to move along in extended tubular structures and in vesicles 

throughout the cell while the FIP1aT197A mutant showed no movement and remained 

in a few large collapsed membranous cisternae (Schafer, 2016; Sakai, 2019). 

As ubiquitination of either Rab11 or FIP1a may impact their interaction with 

each other we were interested in determining whether SdeC has a similar effect as the 

T197A FIPa mutant. CHO cells were co-transfected with plasmids encoding GFP-

FIP1a and mCherry-SdeC or the mCherry alone as a negative control and visualized 

using confocal microscopy. In transfected cells expressing mCherry alone, FIP1a 

appeared as expected, with perinuclear localization on what is assumed to be the ERC 

as well as small puncta throughout the periphery of the cell. In transfected cells 

expressing mCherry-SdeC the localization pattern of FIP1a appeared to be disrupted, 

similar to our changes of Rab11 localization observed in cells expressing SdeC 

(Figure 17). The localization pattern also appeared like that of the FIP1a T197A 

mutant showing large clustered puncta instead of dispersed small vesicles. (Sakai, 

2019) 

As with Rab11, we were also interested in determining the sub-cellular 

localization of FIP1a during infection. As we previously identified the 8-12 post 

infection time point as the strongest phenotype for Rab11 disruption we infected cells 

for 8 and 12 hours with Lp01 WT, Lp01 ∆dotA, and Lpo1 ∆sidE strains. Following 
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infection, host cells were fixed, permeabilized and immunostained using anti-FIP1a 

and anti-Legionella antibodies.  

In host cells infected with Lp01 strain at both 8 and 12 hours post infection 

FIP1a appeared to be more clustered into larger puncta in the perinuclear region of the 

cell then compared to the ∆dotA strain where it localizes to small vesicles. Notably in 

the SidE deletion strain some clustering was seen but FIP1a appears to be more 

localized to the cytosol of the cell (Figure 18). These results indicated that while the 

SidE family is required for the clustering of FIP1a positive vesicles within the cell, in 

its absence other effector proteins may still act on the recycling system to disrupt 

localization or trafficking.  
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Figure 17 GFP-FIP1a localization is disrupted by mCherry-SdeC and partially 

by mCherry-SdeCE859A.  HT-1080 cells were transfected constructs 

expressing GFP-Rab and either mCherry-SdeC, mCherry-SdeCE859A or 

mCherry. Co-transfected cells were imaged using Zeiss 880 confocal 

microscope and depict maximum intensity projections. Scale bars are 

equal to 5 μm.   
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Figure 18 FIP1a localization is disrupted during infection.  HT-1080 cells were 

infected with Lp01 WT, Lp01 dotA, or Lp01 SidE strains for 8 hours. 

Following infection cell were fixed, permeabilized and immunostained 

with anti-FIP1a antibody. Infected cells were identified and were imaged 

using Zeiss 880 confocal microscope and depict maximum intensity 

projections. Scale bars are equal to 10 μm.   
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Effect of SdeC on transferrin recycling and uptake 

The interaction of Rab11 with FIP1a is important for efficient recycling of the 

plasma membrane along with associated transmembrane proteins (Kessler, 2000). As 

previously demonstrated with the effector AnkX, we can use the transferrin receptor to 

design a recycling cell-based assay to determine if there is any delay in recycling or 

uptake of transferrin which binds to the transferrin receptor while it is internalized 

(Takahasi, 2012). As FIP1a mediates the interaction between Rab11 and the motor 

protein MYO5 we hypothesized that recycling may also be disrupted (Sakai, 2019). 

U937 macrophages were infected with Lp01 WT, Lp01 ∆dotA and Lp01 ∆sidE 

and assayed at final time point of 2.5 hours post infection. Cells were fixed and stain 

with anti-Legionella antibody to determine which cells were infected. Recycling of 

transferrin was measure by the retention of fluorescent transferrin after a 30-minute 

chase period of unlabeled transferrin. Cell infected with Lp01 WT strain of Legionella 

showed a significantly higher retention of transferrin compared to the Lp01 ∆dotA as 

expected and previously identified in chapter 3. Notably, cells infected with the Lp01 

∆sidE strain showed similar levels of transferrin retention as the Lp01 WT strain 

indicating that the SidE family itself does not directly inhibit the recycling of 

transferrin during recycling (Figure 19). It is possible that the time point during 

infection in which the SidE family proteins act on the recycling system is later during 

infection than when we tested and further test could elucidate if SidE does disrupt 

recycling at any point during infection.  



 84 

 

 

Figure 19 Endocytic recycling disruption during early infection is not 

dependent on the SidE family. A. Representative images of human 

transferrin-Alexa 488 fluorescent signal in U937 cells infected with 

Legionella strains as labeled. At 1 h post-infection, U937 cells were 

incubated with transferrin-Alexa 488 for 60 minute, then washed and 

incubated with unlabeled transferrin for 30 minute. Cells were fixed and 

immunostained with anti-Legionella antibodies and visualized by 

confocal microscopy; scale bar, 5μm. B. The graph displays the amount 

of fluorescence retained by infected U937 cells. The mean and standard 

error of the mean from three independent experiments are indicated for 

each condition. C. At 1 hour post-infection, U937 cells were incubated 

with transferrin-Alexa 488 for 60 minutes, then briefly washed with PBS, 

fixed, immunostained with anti-Legionella antibodies, and visualized by 

confocal microscopy to determine uptake of transferrin. The graph 

displays the amount of fluorescence retained by infected U937 cells. The 

mean and standard error of the mean from three independent experiments 

are indicated for each condition.  
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Effect of SdeC on alpha-tubulin sub-cellular organization 

As identified in Schafer et al 2016 the mutation of FIP1a leads to a dominant 

negative effect on the organization of microtubules (Schafer, 2016). In the FIP1a point 

mutant α-tubulin was observed to reorganize it localization to the periphery of the cell 

instead of being evenly dispersed. Gamma-tubulin localization was not studied in this 

article but based upon our localization data SdeC localizes to the peri-nuclear regions 

near where gamma-tubulin is found as we had previously seen a phenotype which 

resembled the FIP1a mutant in the organization of Rab11 and FIP1 itself during 

infection we wanted to determine if α-tubulin and γ-tubulin were disrupted during 

infection. 

HT-1080 cells were infected with Lp01 WT, Lp01 ∆dotA and Lp01 ∆sidE 

strains of Legionella for 12 hour and immunostaining for either gamma tubulin or α-

tubulin. Gamma tubulin can be observed in uninfected cells as a peri-nuclear puncta 

corresponding to the site of the microtubule organizing center. α-tubulin can be 

observed in cells at a large branching network of tubules that extend throughout the 

cell. In all strains tested we observed no change in the localization or absence of the 

MTOC indicating there was no significant effect on the organization of gamma 

tubulin. (Data not shown) When observing α-tubulin in cells infected with Lp01 WT 

and Lp01 ∆sidE strains alpha-tubulin is seen branching around the LCV and extending 

out towards the periphery of the cell compared to infection the translocation deficient 

mutant with showed no changes in organization compared to uninfected cells (Figure 

20). While α-tubulin appeared to localize more toward the periphery of the cell we 

were unable to quantify this due to concern the phenotype may be due to cytoasolic 

compaction from the large size of the LCV during late infection which take up most 

intracellular space.  
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Figure 20 Alpha tubulin re-arrangement is not dependent on the SidE family. 

Representative images of HT-1080 cells infected with Lp01 WT or Lp01 

∆sidE at an MOI of 30 for 12 hours. Following infections cells were 

fixed and permeabilized and immunostained with anti-Alpha-Tubulin 

antibody and Alexa-fluor-488 secondary. LCV was stained using 

Hoechst. Cells were imaged using Zeiss 880 confocal microscope and 

depict maximum intensity projection. Scale bars are equal to 10 μm.   
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Overall, the results from this work show that SdeC impacts the binding of the 

effector Rab11-FIP1A to the recycling small GTPase, Rab11, and this could indicate a 

manner in which Legionella affects recycling during infection. A pull-down assay of a 
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one of SdeC’s main catalytic contributions during infection is to use a noncanonical 

α-α-Tubulin

α-α-Tubulin

Hoescht

Hoescht

Merge

Merge

Lp01 WT

Lp01 ∆sidE



 87 

mechanism of ubiquitination to target and redirect host cell signaling (Xu and Xue, 

2019). The SidE family of effector proteins ubiquitinates its substrates, which include 

small Rab GTPases important for vesicular trafficking. 

mCherry-SdeC localized near GFP-Rab11, but there was little overlap between 

the two signals (Figure 15). In the presence of mCherry SdeC, GFP-Rab11 positive 

puncta were more condensed in the perinuclear region than cells transfected with 

GFP-Rab11 alone. To test localization of Rab11 during infection, CHO cells were 

transfected with GFP-Rab11 then infected with either the wild type strain of 

Legionella, Lp01, or the icm/dot deletion strain, Lp01∆dotA. SdeC is translocated into 

the host cell through Leigonella’s Icm/dot secretion system (Luo and Isberg, 2004; 

Bradil et al., 2005). Therefore, during infection with Lp01∆dotA, GFP-Rab11 should 

show normal localization on puncta mostly localized around the microtubule 

organizing center and some scattered through the cell near the plasma membrane, due 

to the lack of SdeC translocation into the cytosol. When the transfected CHO cells 

were infected with Lp01, the GFP-Rab11 localized on distinct puncta and its 

localization was condensed in the perinuclear area, whereas cells infected with 

Lp01∆dotA, the GFP-Rab11 seemed to be more cytosolic, and puncta were more 

dispersed (Figure 14, 15). 

The current working hypothesis is that the Legionella effector protein, SdeC, 

interferes with the slow endocytic recycling pathway by ubiquitinating Rab11 or 

Rab11-FIP1a. The results from the GFP-trap pull down support this new hypothesis 

by indicating that SdeC disrupts Rab11-FIP1a association with Rab11. In this 

experiment, there was a drastic decrease in the amount of Rab11-FIP1a precipitated by 

Rab11 when mCherry-SdeC was present compared to the amount observed in its 
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absence. This suggests that mCherry-SdeC blocks this interaction (Figure 16). To 

determine if this was the case, the localization of GFP-FIP1A with respect to 

mCherry-SdeC was visualized using fluorescent microscopy. During co-transfection, 

GFP-Rab11-FIP1A localization is more clustered in the perinuclear region compared 

to cells singly transfected with GFP-Rab11-FIP1A. There was some co-localization 

between the mCherry-SdeC and the GFP-Rab11-FIP1A puncta (Figure 17). 

Quantification of this localization pattern shows that the number of cells expressing 

large, clumped puncta increased during co-transfection with plasmids encoding 

mCherry-SdeC and GFP-Rab11-FIP1a (Figure 17,18). 

A defect in GFP-Rab11-FIP1 localization in CHO cells can be seen as early as 

2.5 hours after infection and this defect intensifies 8-10 hours post infection (Figure 

18). The progression of the defect may be a result of either continuous action of SdeC 

or other members of the SidE family. mCherry-SdeCE859A only partially disrupts the 

localization of Rab11-FIP1A. One possible explanation for this is that since SidE 

family proteins are normally secreted through the Dot/Icm system of Legionella, the 

endocytic recycling pathways are not modulated when produced ectopically. A normal 

functioning endocytic system can mark the bacteria for lysosomal degradation. 

(Blander, 2004) 

To determine if the change in distribution of GFP-Rab11-FIP1 puncta and 

decrease in Rab11-FIP1A interaction with Rab11 were results of ubiquitination by 

SdeC, a catalytically inactive mutant of mCherry-SdeC was generated. Site-directed 

mutagenesis was used to mutate the glutamate to alanine at position 859 in the mART 

domain, which interacts with the AHL domain to form a chamber for the reduction of 

NAD+ (Kalayil et. Al., 2018), of SdeC. After the sequence identity was confirmed 
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through genetic sequencing, the plasmids were used for both transfections and 

infections. CHO cells co-transfected with GFP-Rab11-FIP1 and mCherry-SdeCE859A, 

the localization of GFP-Rab11-FIP1 positive vesicles was less clustered and more 

dispersed throughout the cell than in cells co-transfected with plasmids encoding GFP-

Rab11-FIP1A and mCherry-SdeC (Figure 12).  

While the mCherry-SdeCE859A mutation seemed to be effective in restoring 

Rab11-FIP1A’s normal localization and binding affinity to Rab11, future mutations to 

both the PDE and mART domain may allow us to observe changes in Rab11 and 

FIP1a localization otherwise missed When the catalytic histidine, in the PDE domain, 

is mutated to an alanine, SdeCH416A a reduction in PR-mediated ubiquitination of the 

host protein RTN was observed.  Individually, the SdeCE859 and SdeCH416A mutants 

were able to retain some PR-ubiquitination activity. Kotewicz et al. (2017) predicted 

this was the case because these mutations were able to utilize endogenous host cell 

enzymes. The importance of the collaboration between the NP and ART domains was 

also noticed by Kalayil et al. (2018) when determining how the molecular architecture 

of SdeC’s different domains contribute to its catalytic activity (Kotewicz et al., 2017; 

Kalayil et al., 2018.) This should abolish the catalytic activity of SdeC, so Rab11-

FIP1A should have normal localization and binding affinity to Rab11. Since Rab11-

FIP1A is essential for transferrin recycling (Schafer et al., 2016), the double mutant 

may also rescue some of the defect seen in transferrin recycling during Legionella 

infection.  

It is possible that Legionella may not directly interact with recycling proteins 

at all. Ubiquitin ligases are needed by the host to fully complete the endocytic 

recycling pathway and they may be potential targets for Legionella effectors. (Sakai et 
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al. 2019) sought to determine the function of the RFFL E3 ubiquitin ligase in 

endocytic recycling. This group found RFFL directly ubiquitinates the Rab11 effectors 

MICALL1, EHD1, and class I Rab11-FIPs which include Rab11-FIP1. All these 

effectors are used in transferrin receptor recycling (Sakai et al., 2019). The 

catalytically inactive form of RFFL disrupted the localization of the endosome 

recycling compartments (ERC) so that they were condensed in the peri-nuclear region 

instead of dispersed throughout the cell as normally observed. This observation 

highlights the importance of the Rab11-FIP1a dynamic in regulating recycling and 

presents an opportunity for modulation by the SidE family.  

In conclusion, in this study I present evidence that the Rab11 effector, Rab11-

FIP1 is targeted by SdeC to prevent interaction with Rab11. Rab11-FIP1’s localization 

in the cell and binding affinity to Rab11 is changed in the presence of SdeC. A 

mutation in SdeC’s mART domain, SdeCE859A, seems to resolve some of the defect 

caused by wild type SdeC. As oberserved in this study, both direct and indirect 

bacterial modifications contribute to Legionellas ability to hijack the host cell. This 

finding is significant because observing how Legionella modulates host protein 

effectors may open up a new approach to studying and unveiling the underlying 

mechanisms of bacterial infection. 
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Chapter 5 

CONCLUSIONS 

 The research presented in this dissertation focuses on the interaction of the 

intracellular pathogen L. pneumophila with the host cell’s endocytic recycling system. 

Overall, based on prior research in other intracellular pathogens as referenced in 

chapter 1 many strategies have evolved to target the endocytic recycling system. 

(Figure 2). In chapter 2, we identified the role the endocytic recycling associated Rab 

GTPase Rab4, Rab11 and Rab35 during infection in terms of recruitment to the 

Legionella containing vacuole (LCV) and also observed the effect of overexpression 

of distinct Rab GTPases during infection on intracellular replication. To further 

determine which effector interreact with these host Rab GTPases I was successful in 

purifying these Rab GTPases to perform pull-down assays. Through the pull-down 

assay using Rab GTPases as bait protein, we identified effectors LidA and SdeC as 

binding to Rab4 and Rab11 respectively.  

 In Chapter 3, we focus on the role of a specific effector protein AnkX which 

phosphocholinates host Rab GTPases to control the activation through binding of Rab 

GEFs. We showed that AnkX localizes to the plasma membrane and tubular structures 

within the cell through immunogold transmission electron microscopy. To further 

narrow down the cellular compartment we performed co-transfections and antibody 

uptake assays to determine whether AnkX binds to recycling compartments marked by 

Rab35 and MHC-I. (Figure 8,9) As previous studies had shown Legionella avoids 

phagosomal maturation by preventing fusion with late endosomes, I confirmed the 

role of AnkX in avoidance of phagosome maturation through prevent the recruitment 

of LAMP-2, at late endosomal marker. The highlight of this research was determining 
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that the phosphocholination activity of AnkX is required for a disruption of transferrin 

recycling during early infection.  

To determine additional Legionella effector proteins that may target recycling 

during infection, I tested whether our candidate proteins from the Rab GTPases pull-

down had an effect on endocytic recycling, we further explored the function of the 

SidE family of effectors in chapter 4.  As we had identified the binding of SdeC to 

purified Rab11 through mass spectrometry the first step was to determine the effect on 

‘slow’ endocytic recycling related pathways (Figure 6). Using co-transfection and 

infection-based assays I determined that SdeC disturbs the proper localization of 

Rab11 positive vesicle in addition to the Rab11 effector Rab11-FIP1a. While we were 

unable to confirm that Rab11 was directly ubiquitinated by SdeC during infection we 

did identify a defect in binding of Rab11 to its endogenous effector Rab11-FIP1a in 

cells expressing SdeC. This result indicated a mechanism by which SdeC may disrupt 

recycling. A recycling assay was performed using a mutant of the SidE family to 

determine if this interaction could result in the delayed recycling of transferrin. 

Despite not observing a delay in recycling our time point used was during the first 2.5 

hours of infection as we had previously seen a defect in early infection, however 

infection results indicate that SdeC may be acting later during infection. This finding 

highlights the many strategies Legionella employs to disrupt normal trafficking of host 

recycling pathways. By disrupting or delaying normal endocytic recycling Legionella 

could prevent the proper cell signaling, nutrient transport and immune functions of 

host cells in order to efficiently replicate.  
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Manipulation of host membranes by bacterial pathogens 

A distinct mechanism of survival of many intracellular bacterial pathogens is 

to modify or manipulate host endocytic and secretory trafficking mechanisms. 

Legionella secretes over 300 effector proteins into the host cytosol during infection 

with many of these targeting distinct steps of trafficking (Gomez-Valero, 2019). For 

example, Legionella manipulation of trafficking to and from the endoplasmic 

reticulum has been shown to be regulated in many stages. Early during infection Rab1, 

which regulates trafficking between the ER and Golgi, is activated and then 

AMPylated by the effector SidM (Murata, 2006; Ingmundson, 2007; Muller, 2010). 

This activity results in Rab1 activation and retention on the membrane and is unable to 

be accessed by host GAPs and GEFs. Later during infection Rab1 is de-AMPylated by 

the effector SidD and then acted upon by the effector LepB which has enzymatic 

activity to catalyze the hydrolysis and GTP and inactivation of Rab1 (Tan, 2011; 

Neunuebel, Chen et al., 2011). In addition to modifying Rab1 to impact the function of 

the ER, Legionella effector SdeA has also been shown to ubiquitinate the host protein 

reticulon 4 (Rtn4) to control tubular ER dynamics, resulting in tubule rearrangements 

(Kotekwicz, 2017). 

In this dissertation I was able to show that the tubular endocytic recycling 

compartment is disrupted during infection and that a distinct subset of Rab GTPases 

are recruited to the LCV surface with recruitment of Rab4 and Rab11 positive vesicles 

while Rab35 positive vesicle were kept away. Rab35 has been previously identified to 

localize to phagosomes shortly after endocytosis which suggests Legionella may be 

avoiding phagosome maturation (Egami, 2011). Rab35 recruitment to the LCV has 

only been observed in one other strain in which the effector AnkB had been deleted, 

resulting in a severe growth defect. These data indicate Rab35 recruitment may be 
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harmful for establishment and stability of the LCV (Al-Khodor, 2008). This 

interesting dynamic highlights the difference in intracellular compartments that may 

be favorable for fusing with during infection. Rab35 is not the only example of a Rab 

GTPase being prevented from recruitment to the LCV, both Rab7 and Rab9 have been 

shown to localize with translocation deficient strains of Legionella indicating failure to 

avoid fusion with late endosomes also prevents replication (Urwyler, 2009).  

Manipulation of host Rab GTPases and vesicular trafficking during infection 

Rab proteins regulate vesicle budding, transport, tethering, and fusion of 

transport vesicles as they move within the cell. (Cai et al., 2007). Rab proteins cycle 

between an inactive GDP-bound or active GTP-bound state. Binding of GTP induces a 

conformational change in the switch exposing protein-protein interaction regions 

necessary for binding of Rab effector proteins. The nucleotide-bound state of Rab 

proteins is determined by guanine nucleotide exchange factors (GEFs) that activate 

Rabs by promoting GDP to GTP exchange and GTPase activating proteins (GAPs) 

that inactivate Rabs by catalyzing the hydrolysis of GTP (Hutagalung and Novick, 

2011). 

Legionella interaction with Rab GTPases has been identified in a surprisingly 

large number of secreted effectors. As previously described Rab1 is targeted by the 

effectors SidM, LidA, SidD and LepB in a temporal and spatially regulated manner to 

recruit vesicle trafficked between the ER and Golgi to remodel the LCV and prevent 

phagosome maturation. The effector VipD binds to the early endosome regulator 

Rab5, using its hydrolytic phospholipase A1 activity which causes the removal of the 

lipid phosphatidylinositol 3-phosphate (Gaspar, 2014). Without this lipid, early 

endosomes can no longer function properly and Legionella is protected from possible 
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deleterious effects of fusing with early endosomes. A screen using purified LCVs in 

cells transfected with fluorescently-tagged Rab GTPases showed recruitment of a wide 

range of Rab GTPases to the LCV surface including Rab1, Rab2, Rab4, Rab5, Rab10, 

Rab11, Rab18, Rab21 or Rab32 in wild type bacteria. When these cells were infected 

with type 4 secretion system mutant all these Rab except for Rab5, Rab7 and Rab9 

were no longer found on the LCV surface indicating the active recruitment through 

activity of effector proteins. This strict control of Rab GTPase function by effectors 

highlights the evolutionary selection pressure of host vesicular trafficking routes 

(Urwyler, 2009). 

In this dissertation I present experimental results demonstrating that the 

effector AnkX phosphocholinates Rab35 during infection to disrupt proper recycling 

of Transferrin during infection, which is a defect in vesicular trafficking. The 

endocytic recycling pathways may be disturbed for a several reasons; prevent of 

proper host receptor signaling, acquisition of nutrient and membrane for growth of the 

LCV or to avoid fusion with lysosomes. The major-histocompatibility complex 1 is an 

important immune molecule recycled through Rab35 dependent pathways, MHC-1 

function is to display intracellular proteins to cytotoxic T cells, thus marking infected 

cells for degradation (Montealegre, 2019). By avoiding proper trafficking of this 

molecule Legionella could disrupt the host immune cells from properly clearing the 

infection. As Legionella replicates within the cell the LCV also needs to expand in 

size, by the end of infection most of the intracellular space is taken up by the LCV 

demonstrating the need for membrane acquisition during this time. By disrupting 

recycling of vesicles to the plasma membrane Legionella could re-route vesicles to the 

LCV to expand in size. Additionally, Legionella may interact with this recycling 
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systems to avoid phagosome maturation and fusion with lysosomes as Rab35 has been 

implicated in the early stages of phagosome formation.  

While the focus of this dissertation has been on the main Rab GTPase 

regulators of endocytic recycling additional Rab GTPases have been shown to be 

involved in recycling. Both Rab8 and Rab22a have been found to function within the 

recycling pathway to efficiency route distinct cargo to such as cholesterol (Linder, 

2007). While the role of these Rabs has not been well characterized during infection, 

Rab8 has been identified on the surface of the LCV (Urwyler, 2009). Notably the 

effector VipD which is thought to primarily target Rab5 can also act to inhibit Rab22a 

activation (Ku, 2012). Further research in determining why specific recycling Rab 

GTPases are recruited would be beneficial in determining the specific condition in 

intracellular pathogens thrive.  

Disruption of Rab11-FIP1 interaction 

 Rab11-family interacting proteins or FIPs constitute an evolutionarily 

conserved protein family that act as effector molecules for multiple Rab and Arf 

GTPases. Rab11 FIPs were initially characterized by their ability to bind Rab11 via a 

common Rab11 binding domain (Hales, 2001; Jin, 2006). By interacting with FIPs, 

Rab11 can form complexes with distinct motor proteins, which enable bidirectional 

transport along microtubule tracks, as well as actin-filament-dependent transport. The 

first studied Rab11 motor protein interaction was observed with FIP2 mediating 

binding of Rab11 to the MyoVb motor protein to guide the recycling of AMPA 

receptor within the cell (Hales, 2002; Wang, 2008). In this dissertation we focused on 

the association of FIP1a with Rab11 during infection as it has been directly associated 

with the movement of recycling endosomes. FIP1a has previously been shown to 
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associated with Rab11 through its Rab11 binding domain and facilitate interaction 

with the motor protein MYOVb motor protein as well. As previously stated, in cells in 

which a point mutation of Threonine-197 to an Alanine in Rab11-FIP1a was expressed 

caused a dramatic dominant negative phenotype in which Rab11 and Rab11-FIP1a 

become clustered in the perinuclear region of the cell and caused a defect in transferrin 

recycling as well as disrupting the localization of endosomal proteins (Sakai et al., 

2019). 

In our research we observed a similar phenotype to that of the FIP1a point 

mutant during infection with Rab11 along with endogenous FIP1a becoming condense 

in the perinuclear region which we failed to see in the translocation deficient mutant. 

In cells expressing SdeC we also were able to recapitulate this phenotype raising the 

possibility that SdeC may be disrupting the interaction between FIP1a and Rab11 

(Figure 14,15,17,18). To determine this biochemically we performed a pull-down 

assay to determine whether in the presence of SdeC Rab11 is no longer pulling down 

FIP1a. While we were unable to observe a defect in the recycling of transferrin in host 

cells infected with the ∆sidE strain, this could be due to other effector proteins 

providing functional redundancy as we had previous seen with AnkX inhibition of 

recycling during early infection. (Allgood and Romero, 2016). 

FIPs are also seen be targeted by other intracellular pathogens in order to 

establish replication permissive compartments. Chlamydia species recruit both Rab11 

and Rab11-FIP2 to the inclusion membrane during infections which Uropathogenic E. 

coli has been observed to recruit Rab11 and FIP3 to the plasma membrane (Mölleken, 

2017; Miao 2017). In Legionella, the only previous study that examined the role of 

FIP1a in strains mutated for the effector SdhA, and effector known to be required for 
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the stability of the LCV. This study showed that knocking down Rab11-FIP1 prevents 

instability in the SdhA mutant strain and during infection FIP1 localized to the LCV at 

higher percentages compared to the wild type strain (Anand, 2020). The results 

indicated that these downstream recycling components may interfere with the stability 

of the LCV. As seen in our results (Figure 17) FIP1a does not localize to the LCV 

during late infection further supporting the idea that incorporation of FIP1a into the 

LCV may lead to vacuole destabilization.  

 Disruption of the recycling system may provide and advantage for the 

growth of intracellular pathogens. Rab11 function is not only important for recycling 

of plasma membrane but also critical for several cellular membrane remodeling events 

such as delivery of membrane to the cleavage furrow during cell division, formation of 

cilia and trafficking of integrin and adhesion proteins to the cell surface (Maxfield, 

2009; Grant, 2009). Proper functioning of Rab11 is critical for many important 

cellular processes and disrupting its function may lead to increased infectivity of 

intracellular pathogens. Further research into determining the effect of infection on 

endocytic recycling rate across a wide range of intracellular pathogen would allow us 

to determine the extent pathogens have evolved to manipulate this critical but often 

missed pathway.  
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Table 1 Strains and Plasmids Used 

Strain or plasmid Relevant Features Source or 

Reference 

E. coli strains 

2T1 F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 araΔ139 Δ(ara-

leu)7697 galU galK rpsL 

(StrR) endA1 nupG fhuA::IS2 

ThermoFisher 

Scientific 

GC5 F− ϕ80lacZΔM15 Δ(lacZYA-argF)U169 recA1 

endA1 hsdR17(rK− mK+) phoA supE44 thi-1 

gyrA96 relA1λ−tonA 

ThermoFisher 

Scientific 

BL21 (DE3) F−ompT hsdSB(rB − mB − ) gal dcm(DE3) ThermoFisher 

Scientific 

L. pneumophila strains 

Lp01 Philadelphia-1, serogroup 1, salt sensitive, 

restriction deficient; Smr 

Fields et al., 

2002  

 
Lp01 ΔdotA Philadelphia-1, serogroup 1, salt sensitive, 

restriction deficient, lacking dotA; Smr 

Fields et al., 

1977  

 
Lp01 Δankx Philadelphia-1, serogroup 1, salt sensitive, 

restriction deficient, lacking ankX ;Smr  

Craig Roy 

Lp01 Δankx+ pJB1806-

AnkX 

Philadelphia-1, serogroup 1, salt sensitive, 

restriction deficient, lacking ankX carrying 

pJB1806-AnkX; Smr 

This Study 

Lp01 ΔankX+ pJB1806-

AnkXH227A 

Philadelphia-1, serogroup 1, salt sensitive, 

restriction deficient, lacking ankX carrying 

pJB1806-AnkXH227A; Smr 

This study 

Lp01 ΔsidE Philadelphia-1, serogroup 1, salt sensitive, 

restriction deficient, lacking sidE 

J. Vogel 

Lp02 Philadelphia-1, serogroup 1, salt sensitive, 

restriction deficient, Thy- 

This study 

PLASMIDS 
  

Bacterial expression 

vectors 

pDONR221  Gateway entry vector; Kanr ThermoFis 

her 

pJB1806-AnkX Encoding AnkX, Cmr, Ampr Craig Roy 
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pJB1806-AnkXH227A Encoding AnkX, point mutant (H227A), Cmr, Ampr This Study 

pON-mCherry Encode mCherry, Cmr Addgene 

#84821 

 

pGEX-6P-1-GST-Rab4 Encodes GST-tagged Rab4 (human), Ampr Machner lab, 

NIH 

pGEX-4T-1-GST-

Rab11 

Encodes GST-tagged Rab11 (human), Ampr Machner lab, 

NIH 

pGEX-6P-1-GST-Rab35 Encodes GST-tagged Rab35 (human), Ampr Machner lab, 

NIH 

Mammalian 

Expression vectors 

  

362-pCS- mCherry-

DEST 
Encodes mCherry; Camr , Ampr  Addgene # 

13075  

 

362-pCS-mCherry-

AnkX 
Encodes mCherry-AnkX; Camr , Ampr  Rebecca Noll 

362-pCS- mCherry-

SdeA 
Encodes mCherry-SdeA; Camr , Ampr  This Study 

362-pCS- mCherry-

SdeB 
Encodes mCherry-SdeB; Camr , Ampr  This Study 

362-pCS- mCherry-

SdeC 
Encodes mCherry-SdeC; Camr , Ampr  Colleen Pike 

362-pCS- mCherry-

SdeD 
Encodes mCherry-SdeD; Camr , Ampr  This Study 

pEGFP-C1-DEST 

 
Encodes GFP, Kanr  

 

 

pEGFP-C1-SdeA 

 
Encodes GFP-SdeA, Kanr  

 

This Study 

pEGFP-C1-SdeB 

 
Encodes GFP-SdeB, Kanr  

 

This Study 

pEGFP-C1-SdeC 

 
Encodes GFP-SdeC, Kanr  

 

This Study 

pEGFP-C1-SdeD 

 
Encodes GFP-SdeD, Kanr  This Study 
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pEGFP-C1- 

cRAB1 
Encodes GFP-tagged RAB1(human), Kanr  

 

Bonifacino 

lab, NIH  

 

pEGFP-C1- 

cRAB11 
Encodes GFP-tagged RAB11(human), Kanr  

 

Bonifacino 

lab, NIH  

 

pEGFP-C1- 

cRAB35 
Encodes GFP-tagged RAB35(human), Kanr  

 

Bonifacino , 

NIH  

 

pEGFP-C1- 

cRAB35Q170L 

Encodes GFP-tagged RAB35(human) point mutant 

(Q170L), Kanr  

 

This Study 

pEGFP-C1- 

cRAB35S22N 

Encodes GFP-tagged RAB35(human) point mutant 

(S22N), Kanr  

 

This Study 

pCMV6-AC-GFP-FIP1a Encode GFP-tagged FIP1a (human), Ampr Origene 

#PS100010 

pRK5-HA- Ubiquitin-

WT  

 

Encodes HA-tagged UBIQUITIN C(human), Ampr  

 

Addgene  
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Appendix A 

EXTENDED DATA 

 

Figure 21 Overexpression of Rab35 WT or CA leads to slight decrease in 

intracellular replication. CHO-FcRII cells were transfected with either 

GFP, GFP-Rab35 or GFP-Rab35Q170L(Rab35-CA) for 18 hours and 

subsequently infected with Lp01 WT carrying pON-mCherry at an MOI 

of 30 for 24 hours. Intracellular replication was measured by recording 

increase of mCherry fluorescence signal over the 24-hour period using 

Bio-Sys fluorescent plate reader.  
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Figure 22 Levels of AnkX produced by complemented Lp01∆ankX strains. 

AnkX levels in Legionella strains Lp01, ∆ankX, ∆ankX complemented 

with pJB1806-ankX or pJB1806-ankXH229A was analyzed via western 

blot. Lysates (2.56×108 cells) were prepared by boiling for 10 minutes in 

30 μl 1X  Laemmli buffer and then cleared by centrifugation at 11,000×g 

for 1 minute. The lysates were then run alongside 3 μg of purified His-

AnkX on a 12% SDS-PAGE gel and transferred to a PVDF membrane. 

ICDH was used as a loading control. 
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Figure 23 Construction of GFP and mCherry Tagged SidE expression 

plasmids. SdeA, SdeB and SdeC were amplified by PCR and using 

Gateway cloning inserted into either a GFP or mCherry expression vector 

to visualize in mammalian cell using fluorescence microscopy. CHO 

cells were transfected with GFP-SdeA, GFP-SdeB, GFP-SdeC, mCherry-

SdeA, mCherry-SdeB or mCherry-SdeC. Fluorescent micrographs show 

representative images of transfected cells. Scale bars are equal to 10 μm. 
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