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Abstract 
 
 

Rickettsia parkeri utilizes a patatin-like phospholipase to mediate escape from host 
membranes 

 
by 
 

Gina Marie Borgo 
 

Doctor of Philosophy in Infectious Diseases and Immunity 
 

University of California, Berkeley 
 

Professor Matthew Welch, Chair 
 
 

Bacteria in the genus Rickettsia are arthropod-borne obligate intracellular microbes that 
can cause a spectrum of diseases in humans with manifestations ranging from mild to 
severe. Following invasion of host cells, Rickettsia must escape from the membrane-
bound vacuole to gain access to the cytosol, where they reside. In the cytosol, bacteria 
must avoid detection and degradation by host pathways such as autophagy. They also 
undergo actin-based motility and initiate cell-cell spread to infect new cells. Although we 
have a mechanistic understanding of invasion, actin-based motility, and cell-cell spread, 
how Rickettsia interacts with and manipulates host membranes is poorly understood. In 
particular, Rickettsia genomes encode factors predicted to interact with and mediate 
rupture of host membranes, such as phospholipases and hemolysins, but very little is 
known about how these proteins function during infection. In this dissertation, I describe 
the characterization of a conserved Rickettsia phospholipase, Pat1, to address key 
unanswered questions about the role of this membrane targeting enzyme in the 
Rickettsia intracellular life cycle and in pathogenesis. I investigated the role of Rickettsia 
Pat1 by characterizing the phenotype of a Rickettsia parkeri mutant with a transposon 
insertion in the pat1 gene. I found that Pat1 is critical Rickettsia factor for efficient 
escape from the vacuole into the cytosol, both following invasion and during cell-cell 
spread. This provides genetic evidence to support a long-held hypothesis that 
phospholipases mediate Rickettsia vacuolar escape. Pat1 is also important for 
preventing association of the bacteria with damaged membranes marked by galectin-3 
and for initial targeting by autophagy via the autophagy adapter NDP52. Pat1 is also 
important for avoiding autophagy that occurred on bacteria not associated with 
damaged membranes and involved targeting by host polyubiquitin and the autophagy 
cargo adaptor p62. Moreover, Pat1 is critical for actin-based motility and escape from 
the secondary vacuole, two processes related to cell-cell spread. Although Pat1 does 
not affect growth inside tissue culture cells, it is required for virulence in a mouse model 
of infection. Altogether, the data presented in this dissertation suggest Pat1 is important 
at multiple steps of the Rickettsia life cycle that involve manipulating host membranes. 
This work also contributes more generally to our understanding of the role of bacterial 
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patatin-like phospholipases in the host-microbe interaction. Future work on Rickettsia 
Pat1 will further define the mechanistic details of Pat1 function during infection, as well 
as how Pat1 activity is regulated, how it cooperates with other bacterial and host 
proteins to allow bacteria to efficiently access the cytosol, and what role it plays in 
animal infection.   
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Chapter 1 
 
 

Introduction 
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Rickettsia are Gram-negative, obligate intracellular bacteria that replicate in 

hematophagous arthropods, such as ticks, fleas, and body lice. Rickettsia species are 
divided into four phylogenetic groups: ancestral group (AG), typhus group (TG), 
transition group (TRG) and spotted-fever group (SFG) (1), and within these groups, 
species are surprisingly diverse in terms of lifecycle, vector manipulation, and 
pathogenicity (2-4). This chapter will focus on TG and SFG Rickettsia, because these 
two groups contain important human pathogens and have been the primary focus of 
research on Rickettsia pathogenesis. The TG group of Rickettsia includes R. prowazekii 
(causes epidemic typhus) and R. typhi (causes murine or endemic typhus), which are 
transmitted by inoculation of contaminated feces from body lice or fleas (4). R. 
prowazekii is a pathogen of historical significance (5) and continues to be a risk for 
biosecurity (6,7) as well as for populations living in crowded or unhygienic conditions (8-
11). The SFG Rickettsia include R. rickettsii (causes Rocky Mountain spotted fever) and 
R. parkeri (causes R. parkeri rickettsiosis), which are both human pathogens that are 
transmitted through the bite of an infected tick (4). Infections with SFG Rickettsia 
species are on the rise (12,13), likely due to a combination of increased awareness 
(14), climate change (15), changes in tick distribution (16-18), and increased interaction 
between ticks and humans (15). Despite the most pathogenic species of TG and SFG 
Rickettsia being identified over 100 years ago (19-22), fundamental questions about 
Rickettsia biology and virulence remain unanswered. 
 
Similarities and differences in the intracellular life cycles of Rickettsia species 

Both TG and SFG Rickettsia target endothelial cells (23-25) and macrophages 
(26,27) during human infection. The main steps of the life cycle in host cells involve 
invasion, vacuolar escape, replication, and dissemination (or spread to new cells) (2,3, 
24). Although all Rickettsia species are obligate intracellular bacteria, there are many 
similarities and differences between how TG and SFG Rickettsia interact with host cells 
(Figure 1.1)   

The Rickettsia life cycle begins with invasion of the host cell. For invasion, the 
outer membrane protein OmpB has been shown to bind host receptor Ku70, triggering a 
signaling cascade that facilitates actin polymerization at the invasion site (28,29). 
Although OmpB-dependent invasion has not been investigated in TG Rickettsia, the 
conservation of OmpB across all Rickettsia genomes (30,31) suggests a conserved 
entry mechanism.  For TG Rickettsia, a secreted protein RalF has also been identified 
as critical for invasion by enriching phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) at 
the invasion site via interaction with the GTPase Arf6 (32). OmpA is another outer 
membrane protein that was recently shown to interact with fibroblast growth factor 
receptor-1 to mediate caveolin-1-dependent invasion (33).   
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Figure 1.1 Cellular life cycle of SFG and TG Rickettsia. The intracellular life cycles of 
SFG (left) and TG (right) Rickettsia species. SFG Rickettsia (1) invade host cells, (2) 
escape from the vacuole, and (3) undergo an early phase of actin-based motility. (4a) 
Bacteria replicate in the cytosol and (4b) avoid detection by anti-bacterial autophagy. 
Later stages of infection involve (5) a second phase of actin-based motility that positions 
the bacteria at the cell periphery, (6) protrusion formation and internalization into a 
neighboring cell, and (7) escape from the secondary vacuole. In contrast, TG Rickettsia 
species may or may not undergo actin-based motility and (3a) reach high bacterial 
density during replication. (3b) Autophagy has not been studied in the context of TG 
Rickettsia and avoidance strategies are unknown. (4) Infrequent actin-based motility 
can be detected for R. typhi and (5) bacteria exit the cell by host cell lysis.  
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Following invasion, both TG and SFG Rickettsia enter into a membrane-bound 
phagosome, termed a vacuole. Escape of bacteria from the vacuole into the cytosol, 
where bacteria replicate, is an important step in infection and the subject of much of this 
thesis. This step will therefore be described in more detail below. Once bacteria escape 
into the cytosol, as obligate intracellular microbes, they require metabolic support of the 
host cell for their growth. Reconstruction of Rickettsia metabolic networks demonstrated 
similar metabolic requirements from the host cell for TG and SFG Rickettsia (34,35), 
suggesting similar metabolic parasitism of the host despite differences seen in bacterial 
density. Some of the above differences are related to truncation or absence of specific 
genes, but due to most Rickettsia proteins being uncharacterized in both TG and SFG 
species, it is unclear which bacterial factors are critical for survival of all species versus 
factors that mediate the observed differences between species. 

In addition to growth in the cytosol, SFG Rickettsia hijack the host cytoskeleton to 
undergo actin-based motility (discussed in more detail below) (36-40) and begin to 
spread to neighboring cells early in infection through a non-lytic process called cell-cell 
spread (40-42). In contrast, TG Rickettsia rarely undergo actin-based motility 
(36,37,43), grow to high density within cells, and lyse the cell to release bacteria to 
infect new cells (44,45).   
 
Genetics have aided identification of key genes important for the Rickettsia 
intracellular life cycle 

Despite DNA sequencing technology improving the ability to discover new 
Rickettsia species and sequence their genomes, understanding the molecular 
mechanisms of Rickettsia host cell manipulation has lagged in comparison with other 
model organisms due to limited availability of genetic tools. Targeted mutagenesis 
remains possible but challenging (46-48). Forward genetics strategies have shown the 
most promise for understanding how bacterial proteins interact with the host, facilitate 
infection, and contribute to virulence. Transposon mutagenesis has been executed in R. 
prowazekii (49,50), R. rickettsii (39,51), R. parkeri (52), and R. conorii (53), and mutants 
have yielded unexpected insight into both bacterial and host biology. For example, 
although actin-based motility is a strategy used by other cytosolic bacteria, forward 
genetics has revealed that R. parkeri and likely other SFG species are unique in having 
two distinct phases of actin-based motility mediated by two different actin nucleators 
(39,54). Recently, the genes involved in R. conorii O-antigen synthesis were identified 
and shown to be important for pathogenesis and to be the Rickettsia target of Weil-Felix 
serology (53). Investigation of an ompB mutant, identified by forward genetics, revealed 
that OmpB protein blocks ubiquitination of bacterial surface proteins (55). These 
examples highlight that Rickettsia is an ideal system for understanding the delicate 
balance between parasite and host and understanding Rickettsia biology can reveal 
critical details to important biological processes.   
 
Vacuolar escape is mediated by pore-forming proteins and phospholipases  

One poorly understood part of the Rickettsia life cycle, mentioned above, is 
bacterial escape from the vacuole (here called the primary vacuole) following invasion. 
For SFG Rickettsia, bacteria also need to escape from the vacuole following cell-cell 
spread (here called the secondary vacuole) (2). Vacuolar escape is critical for 



 5 

successful infection, yet the mechanisms of membrane rupture during Rickettsia 
infection have largely been unexplored. This thesis focuses on understanding the role of 
Rickettsia phospholipases in vacuolar escape and how Rickettsia uses phospholipases 
to manipulate host membranes during infection. Although genes encoding 
phospholipases are conserved in Rickettsia genomes, their function during infection 
remains enigmatic and poorly defined. Using genetics and microscopy approaches, as 
described in Chapter 2, I have characterized the contribution of a bacterial 
phospholipase from the human pathogen, R. parkeri, during infection of endothelial 
cells.  

In order to survive intracellularly, Rickettsia and other intracellular bacterial 
pathogens that grow in the cytosol, such as Listeria monocytogenes and Shigella 
flexineri, must escape from the plasma membrane-derived primary vacuole following 
host cell invasion. Escape typically occurs shortly after invasion of cells and bacteria 
can often be detected in the cytosol by 30 min post infection (mpi) (56-61). These 
kinetics suggest the factors that mediate escape are in a race against host cell 
processes to deliver bacteria to the cytosol.     

The process of escape is thought to be driven mainly by bacterial proteins that 
directly interact with the vacuolar membrane. Recent studies have revealed that 
subversion of host pathways also contributes to successful escape. For example, L. 
monocytogenes escapes the primary vacuole using a cholesterol-dependent cytolysin, 
listeriolysin O (hly/LLO), and two phospholipase C (PLC) enzymes, PlcA and PlcB (62). 
LLO is required for virulence in mouse models, (63,64), escape from the primary 
vacuole in murine cell lines (64-66), and is sufficient to mediate escape when expressed 
in the soil bacterium Bacillus subtlilis (67). LLO monomers bind cholesterol on 
membranes and oligomerize before inserting into the membrane to form a 
transmembrane pore (68), disrupting the ion gradient needed for vacuolar maturation 
(57,58,69). Interestingly, LLO can facilitate growth in a vacuole, revealing additional 
complexity to LLO as a mediator of adaptation to the intracellular niche (70-73). The 
above data suggests that LLO functions in escape by directly targeting membranes of 
the Listeria-containing vacuole and interrupting normal vacuolar trafficking to the 
lysosome.   

L. monocytogenes PlcB, a broad range PLC, plays an important role in LLO-
independent escape in human cell lines (64,73,74). PlcA, a phosphoatidylinositol (PI)-
specifc phospholipase, makes a minor contribution to primary vacuolar escape with LLO 
and PlcB (75,76). Although how these proteins lead to complete vacuolar breakdown is 
not known, the paradigm of L. monocytogenes vacuolar escape demonstrates the rapid 
action and efficient coordination of bacterial proteins that drive this process. 
 In contrast to the above example, S. flexneri escapes from the primary vacuole 
using translocators/effectors IpaB and IpaC (77-79), which are required for pore 
formation with the type 3 secretion system (T3SS) (80,81 IpaB and IpaC can form 
complexes that insert into membranes (82), and IpaD is required for IpaB/C pore 
formation (83). IpgD, a (PI(4,5)P2 phosphatase, recruits infection-associated 
macropinosomes enriched in components of recycling and exocytic pathways to the 
Shigella-containing vacuole, a process that might help move membrane remnants away 
from the bacteria (84,85). Interestingly, the S. flexneri T3SS translocon appears to be 
sufficient for cytosolic access (86), suggesting that vacuolar rupture can occur with 
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IpaB/C pore formation independent of any additional effector delivery. Although S. 
flexneri escape is similar to L. monocytogenes in that it involves pore formation and 
manipulation of trafficking, the mechanism of the bacterial proteins involved in these 
processes is distinct. Rickettsia genomes encode factors that could work analogously to 
proteins described in Shigella and Listeria escape and little is known about which 
proteins facilitate membranolytic activity during infection.  
  
Rickettsia genomes encode putative hemolysins and phospholipases predicted 
to mediate vacuolar escape  

Manipulation of host membranes is critical to intracellular adaptation. In the 
context of Rickettsia infection, phospholipids present not only a physical barrier, but also 
a potential target for modulating host cell processes. All sequenced Rickettsia genomes 
encode proteins such as hemolysins and phospholipases that are predicted to function 
in membrane manipulation (87). TlyA and TlyC are annotated as hemolysins (88). 
Hemolytic activity has been demonstrated for TG Rickettsia with heterologous 
expression of TlyC in a hemolysin-negative strain of Proteus mirabilis (89). Salmonella 
typhimurium expressing R. prowazekii TlyC are found free in the cytosol more 
frequently than WT S. typhimurium (88). Given the central role that pore-forming 
proteins play in vacuolar escape of other cytosolic bacteria, it seems likely that pore 
formation, either through TlyA/C or the type 4 secretion system, contributes to vacuolar 
escape for Rickettsia species.  

 In addition to pore-forming proteins, Rickettsia genomes encode at least two 
phospholipases (87) that are classified by the site of phospholipid cleavage (90). The 
gene encoding phospholipase D (PLD) is conserved in all Rickettsia genomes (87,88). 
PLD is expressed in both TG and SFG Rickettsia (91) and is sufficient to mediate 
vacuolar escape of S. typhimurium expressing PLD (88). The pld gene is one of the few 
that has been deleted by homologous recombination to investigate its function (47). The 
R. prowazekii pld mutant demonstrated no significant differences in vacuolar escape or 
growth inside RAW 264.7 cells, but the pld mutant was attenuated in a guinea pig model 
(47). These results confirm that additional Rickettsia proteins must facilitate vacuolar 
escape.   

Phospholipase A2 (PLA2) enzymes have also been proposed to function in 
vacuolar escape. Patatin-like (Pat) PLA2 enzyme Pat1 is encoded in all Rickettsia 
genomes, and Pat2 is encoded in TG Rickettsia genomes and a small number of SFG 
genomes (87,92). The putative PLA2 activity of Pat1 and Pat2 is based on the N-
terminal patatin-like phospholipase (PLP) domain. PLPs were first described in potatoes 
(93) and PLP domains have been identified in proteins from bacteria, fungi, plants, and 
animals (94-97). All PLPs have a Ser-Asp catalytic dyad required for enzymatic activity, 
a conserved hydrolase motif (Gly-X-Ser-X-Gly) and a Gly-rich oxyanion hole (92,98) 
and these structural features are shared with calcium-independent PLA2 (iPLA2) and 
cytosolic PLA2 (cPLA2) (96). Bacterial PLPs share many structural features with 
eukaryotic PLPs and do not share homology with other bacterial lipases (94). 
Importantly, PLPs are enriched in bacteria that are symbionts and pathogens (94), 
suggesting they are important mediators of the host-microbe interaction. 

Pat1 and Pat2 from TG Rickettsia have been demonstrated to be cytotoxic when 
expressed in yeast (99) and both proteins can be detected in the cytosol of mammalian 
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host cells during infection (99,100). Mutation of catalytic residues important for PLA2 
activity prevented cytotoxicity (99,100), indicating that PLA2 activity is required. Both 
Pat1 and Pat2 display enhanced enzymatic activity in vitro in the presence of Vero cell 
lysate or bovine liver superoxide dismutase (SOD) (99-101), consistent with these 
proteins functioning inside of host cells. Pre-treatment of bacteria with either anti-Pat1 
or anti-Pat2 antibodies reduced the number of infected cells and increased 
colocalization with endosomal/lysosomal marker lysosomal-associated membrane 
protein 1 (LAMP-1) compared to incubation with pre-immune serum (100), although the 
difference in LAMP-1 colocalization was not significant. Because antibody pre-treatment 
was used in these studies, the antibodies are likely blocking Pat1 or Pat 2 that is 
associated with the bacteria, not Pat1 or Pat2 that is secreted when bacteria are inside 
host cells. No studies that investigate Pat1 function in SFG Rickettsia have been 
published to date.  

Bacterial PLP function has, however, been investigated for other intracellular as 
well as extracellular pathogens. The PLP VipD from Legionella pneumophila targets 
mitochondrial membranes and induces the release of cytochrome C and activation of 
caspase 3 (102). VipD also interferes with endocytic trafficking by binding Rab5 and 
Rab22, but this is mediated by the C-terminal domain, not the PLP domain or lipase 
activity (103). Another PLP, ExoU from Pseudomonas aeruginosa, is a potent cytotoxin 
that has been well characterized during infection (104). Notably, ExoU homologs (~18% 
amino acid identity) are found in Rickettsia species R. prowazekii, R. typhi, R. belli, and 
R. massile (99,101). P. aeruginosa ExoU is associated with rapid cytotoxicity in cell 
culture and accelerated lung damage in animal models and patients (105-107 ExoU 
cytotoxic activity is ablated by mutation of the Ser-Asp dyad or iPLA2/cPLA2 inhibitors, 
consistent with PLP-dependent cytotoxicity (108,109). ExoU-mediated release of 
arachidonic acid can also modulate inflammation via release of eicosanoids and 
enhanced recruitment of neutrophils (110,111). These examples demonstrate the 
potential for PLPs to mediate manipulation of multiple host cell processes like 
membrane disruption, trafficking, and eicosanoid signaling.     

We are just beginning to understand bacterial PLP function, and investigations 
into the role of Rickettsia PLPs during infection have been limited. In Chapter 2 of this 
thesis, I address the function of Pat1 during R. parkeri infection of endothelial cells by 
comparing a pat1 mutant to wild type bacteria at key events in the life cycle. Studying 
how Rickettsia uses PLPs to interact with host cells will help further our understanding 
of how membrane targeting proteins facilitate adaptation to the host and can potentially 
reveal underlying mechanisms for how PLPs can facilitate both symbiosis and virulence. 
 
Host cells can sense membrane damage by invading bacteria 

The ability of host cells to recognize damage associated with an invading 
pathogen has emerged as a strategy for cells to detect intracellular pathogens. One 
type of damage caused by pathogens, particularly those that escape from vacuoles into 
the cytosol, is damage to surrounding membranes. Damage to host membranes is 
detected in part by host galectin proteins (112,113), which are b-galactoside-binding 
proteins that have been identified in both vertebrates and invertebrates (114). Galectins 
contain up to two carbohydrate recognition domains (CRD) and can be classified into 
one of three groups: prototypical galectins that have one CRD that forms homodimers; 
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chimera-type galectins that have a single CRD with an N-terminal peptide enriched with 
Gly, Tyr, and Pro; and tandem-repeat galectins that have two CRD domains connected 
by a peptide linker (114-116). Galectins localize to the cytosol, nucleus, and 
extracellular space and each galectin CRD recognizes different glycans (117). Binding 
to the disaccharide N-acetyllactosamine (LaNAc, type I and type II) is conserved, and 
specificity is determined by affinity to branching, repeating, or modified glycans (116-
119). The CRD has sites that can interact with other proteins, such as the C-terminal 
CRD of galectin-8 binding the autophagy receptor nuclear dot protein 52 (NDP52) (120). 
Thus, galectins can bind both carbohydrate ligands and protein partners. 

Galectins play an important role in responding to infection, as they can directly 
bind pathogens and sense pathogen-associated damage. For example, the CRD of 
galectin-3 can directly bind glycans on lipopolysaccharide from Klebsiella pneumoniae 
and the N-terminal tail can bind to lipid A from Salmonella Minnesota R7 (121). In 
addition to directly binding bacteria, glycans normally displayed on the outside of the 
cell and sequestered in the lumen of plasma membrane-derived vesicles (such as 
primary and secondary vacuoles) can be detected by cytosolic galectins upon damage 
to the membrane. Mycobacterium tuberculosis was the first bacterium shown to have 
galectin-3 accumulate around the bacteria-containing vacuole (122). In addition, 
galectin-3 has now been shown to mark ruptured vacuoles containing the pathogens S. 
flexneri (123, 124), L. monocytogenes (124,125), S. typhimurium (126), L. pneumophila 
(127), Streptococcus pyogenes (128), and Coxiella burnetti (129). Use of cell lines 
lacking galectin-3 ligands (124, 126) or inhibitors of N-glycan synthesis (125) have 
demonstrated the recruitment of galectin-3 to the bacteria-containing vacuole requires 
host glycans, and galectins are recruited to sites of damage on endosomes or 
lysosomes in the absence of infection (126, 127), both consistent with galectin binding 
to glycans exposed on host membranes, not bacteria. Additionally, galectin-8 can be 
recruited to damage on bacteria-containing vacuoles of S. typhimurium, S. flexneri, L. 
monocytogenes (126), C. burnetti (126), and S. pyogenes (128), and galectin-8 appears 
particularly important for controlling bacterial replication (discussed more below) (126, 
128). Although galectins were known to play a role in adaptive and innate immune 
responses to pathogens (116, 130), these studies suggest an additional function of 
specific cytosolic galectins as sentinels for endocytic and lysosomal damage. Galectins 
have thus emerged as important detectors of danger and coordinators of cellular 
responses. Because membrane damage to the bacteria-containing vacuoles is required 
for intracellular survival, it will be interesting to explore the strategies pathogens use to 
subvert targeting by galectins. 

 
 
Host cells can target bacteria and bacteria-containing vacuoles by autophagy 
(xenophagy) 

Autophagy is an intracellular degradation pathway that is critical to cell 
homeostasis (131,132). It is also an innate immune response for pathogen elimination 
(this process is also called xenophagy; here I will refer to it as autophagy) (133-135) 
During infection, bacteria can be marked with polyubiquitin (136,137). Polyubiquitin-
positive bacteria recruit autophagy receptors like p62/SQSTM1 (138,139) and NDP52 
(139,140). Autophagy receptors recruit microtubule-associated protein-1 light chain 3 
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(LC3), leading to autophagosome formation (138,140) and fusion with lysosomes (133-
135). R. parkeri uses OmpB and methylation to evade autophagy (55,141). OmpB 
blocks ubiquitination of outer membrane proteins, such as OmpA, and is required for 
evading autophagy in macrophages (55,141). Two R. parkeri protein-lysine 
methyltransferases (PKMTs) were recently shown to methylate Lys on bacterial outer 
membrane proteins, further protecting R. parkeri from polyubiquitination and targeting 
by autophagy (141,142).  Thus, intracellular pathogens must subvert autophagy to avoid 
detection and degradation by the host. 

 Components of the autophagy machinery can also be recruited to bacteria- 
containing vacuoles (113). Membrane remnants marked by galectin-3 also colocalize 
with polyubiquitin (123,143), p62, and LC3 (123), and galectin-8 directly interacts with 
NDP52 (126) and the E3 ligase parkin (128). This observation suggests that membrane 
remnants can be targeted for degradation via autophagy. Interestingly, galectin-8 
recruitment is specifically associated with an anti-bacterial response whereas galectin-3 
supports bacterial replication. In particular, by altering host glycan composition, 
recruitment of galectin-3 to vacuoles damaged during L. monocytogenes infection was 
shown to downregulate autophagy (125). In addition, higher recruitment of galectin-3 to 
S. pyogenes vacuoles protected bacteria from degradation by preventing galectin-8-
mediated recruitment of the E3 ligase parkin (128). In contrast, recent examples for C. 
burnetti and S. typhimurium suggest that recruitment of the autophagy machinery to 
repair damage on the vacuolar membranes can be beneficial by maintaining vacuolar 
integrity (129,144). It seems likely that galectins play a role in recruiting host factors for 
membrane repair in this context.   
 
Rickettsia hijacks the host cytoskeleton for actin-based motility  
 Actin-based motility is a process by which bacteria hijacking the host actin 
machinery by polymerizing actin on their surface and harnessing the force of 
polymerization to move around the cell (145). One common mechanism for actin-based 
motility is to activate the host actin-related protein Arp2/3 complex to form actin tails 
consisting of branched filaments (146). In this process, bacterial mimics of nucleation 
promoting factors (NPFs) activate the host Arp2/3 complex. Bacterial NPFs include L. 
monocytogenes ActA (147,148), B. thailandensis BimA (149), and R. parkeri RickA 
(54,150) proteins.  S. flexneri also hijacks the Arp2/3 complex using a bacterial protein 
called IcsA that recruits a host NPF, N-WASP (151). A second, distinct mechanism for 
actin-based motility is to directly polymerize actin to form actin tails consisting of 
bundled filaments. For example, BimA from other Burkholderia spp., B. mallei and B. 
psuedomallei, form actin tails by mimicking host Ena/VASP actin polymerases (152). R. 
parkeri also directly polymerizes actin using the bacterial Sca2 protein, which mimics 
host formins (54,153,154). Interestingly, although R. parkeri uses two distinct pathways 
for actin-based motility (involving RickA and Sca2), it is unclear whether these different 
mechanisms are interchangeable. It is also unclear why there is variability in which 
Rickettsia species undergo actin-based motility. 

A key role for actin-based motility is cell-cell spread (54,62,155-158), and both L. 
monocytogenes and S. flexneri use actin-based motility for propulsion into the plasma 
membrane that results in the formation of long protrusions containing bacteria (42,65, 
159,160). For L. monocytogenes, actin-based motility also plays an important role in 
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autophagy avoidance by moving bacteria away from LC3-positive membranes 
(161,162). Although the role of Sca2 in SFG Rickettsia spread has been demonstrated 
using sca2 mutants (39,54), it is unknown if the main function of RickA is also in cell-cell 
spread. SFG Rickettsia undergo actin-based motility using both RickA and Sca2 in both 
mammalian (54) and tick cells (163), but RickA was important for spread in tick cells 
(163), compared to both RickA and Sca2 being important for spread in mammalian cells 
(54). In animal models, sca2 mutants are attenuated (39,164) and impaired in 
dissemination in a mouse intradermal model (164) but not a tick model (163). These 
results suggest that the contribution of actin-based motility or actin manipulation by 
these factors may differ depending on the host or cell type. 
 
The plasma membrane is manipulated for spread and ruptured for escape from 
the secondary vacuole 

Once bacteria reach the plasma membrane, manipulation of the host 
cytoskeleton is critical for bacterial cell-cell spread, a complex, multistep process that 
involves protrusion formation/engulfment and escape from the secondary vacuole. For 
L. monocytogenes and S. flexneri, actin-based motility into the plasma membranes 
leads to formation of a long protrusion containing a bacterium with its associated actin 
tail (165-166). In contrast, R. parkeri stops actin-based motility at the cell cortex, then 
forms a short protrusion (42). In addition to actin-based motility, protrusion formation 
and resolution requires further manipulation of the cytoskeleton at cell junctions. For 
example, L. monocytogenes protrusion formation is facilitated by internalin C (InlC) 
blocking the interaction between Tuba and N-WASP at apical tight junctions, and 
interference with cortical tension could promote protrusion formation by relieving 
membrane stiffness (167). InlC also interferes with Tuba interaction with COPII proteins 
Sec31A and Sec13 (168). R. parkeri protrusion engulfment utilizes a secreted bacterial 
effector, Sca4, that binds vinculin, interfering with the normal vinculin-a-catenin 
interactions at adherens junctions (42). For S. flexneri, IpaC manipulates cell tension by 
interacting with b-catenin at the membrane (169). Together, these results demonstrate 
the two-fold contribution of cytoskeletal disruption in promoting spread (powering 
motility and modulating membrane tension), revealing that although there is a 
conserved strategy for cell-cell spread, the outcome is achieved by diverse underlying 
mechanisms that target distinct host pathways. 

Beyond cytoskeletal proteins, other host factors at the plasma membrane are 
targeted by pathogens to promote spread and protrusion engulfment. LLO can cause 
local membrane damage in protrusions, exposing the phospholipid phosphatidylserine 
to bind to TIM-4 receptors on macrophages and promoting spread by exploiting 
efferocytosis (170). S. flexneri protrusion engulfment and subsequent vacuolar escape 
requires T3SS mediated activation of tyrosine kinase signaling in the protrusion (165). 
Tyrosine kinase signaling likely activates the class II phosphatidylinositol 3-phosphate 
(PI(3)P) kinase, PIK3C2A, at the protrusion membrane, which enriches PI(3)P in the 
protrusion membrane (171). Although it is unclear what role PI(3)P enrichment plays in 
facilitating protrusion formation, these results suggest that direct manipulation of 
membrane phospholipids can facilitate spread. 

Cell-cell spread culminates with escape from a double membrane secondary 
vacuole. This escape event follows similar principles as escape from the primary 
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vacuole. L. monocytogenes utilizes the same proteins for secondary vacuole escape as 
primary escape, including LLO (172), PlcA (172), and PlcB (62,172). For S. flexneri, 
escape from the secondary vacuole involves the T3SS and translocators/effectors IpaB 
and IpaC (165,173). Escape from the secondary vacuole is facilitated by an additional 
protein, IcsB, which has been shown to have acyl-transferase activity towards 
membrane-associated proteins (174-176). These results suggest that Rickettsia might 
also use similar factors to escape from the primary and secondary vacuole.  
 
Summary 

  Rickettsia encounters host membranes at critical times throughout its life cycle. 
Phospholipases are prime candidates to facilitate the interaction between bacteria and 
membranes. The Rickettsia life cycle as described above involves targeted 
manipulation of host cell processes. What role phospholipases such as Pat1 play in the 
different steps of the life cycle is not clear. In chapter 2, I investigate the role of Pat1 
during infection by determining how loss of Pat1 affects the ability of bacteria to invade, 
escape from the vacuole, replicate, and spread. Studying how phospholipases 
contribute to intracellular adaptation, as I describe in Chapter 2, will further our 
understanding of both Rickettsia biology and the molecular mechanisms governing 
membrane manipulation in both symbiotic and parasitic relationships.    

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 12 

References 
 
(1) Gillespie JJ, Williams K, Shukla M, Snyder EE, Nordberg EK, Ceraul SM, 
Dharmanolla C, Rainey D, Soneja J, Shallom JM, Vishnubhat ND, Wattam R, 
Purkayastha A, Czar M, Crasta O, Setubal JC, Azad AF, Sobral BS. Rickettsia 
phylogenomics: unwinding the intricacies of obligate intracellular life. PLoS One. 
2008;3(4):e2018. doi: 10.1371/journal.pone.0002018.  
 
(2) McGinn J, Lamason RL. The enigmatic biology of rickettsiae: recent advances, open 
questions and outlook. Pathog Dis. 2021 Apr 9;79(4):ftab019. doi: 
10.1093/femspd/ftab019. 
 
(3) Uchiyama T. Tropism and pathogenicity of rickettsiae. Front Microbiol. 2012 Jun 
25;3:230. doi: 10.3389/fmicb.2012.00230.  
 
(4) Laukaitis HJ, Macaluso KR. Unpacking the intricacies of Rickettsia-vector 
interactions. Trends Parasitol. 2021 Aug;37(8):734-746. doi: 10.1016/j.pt.2021.05.008. 
Epub 2021 Jun 21. 
 
(5) Angelakis E, Bechah Y, Raoult D. The History of Epidemic Typhus. Microbiol Spectr. 
2016 Aug;4(4). doi: 10.1128/microbiolspec.PoH-0010-2015.  
 
(6) Lutwick, LI, Lutwick, SM. Beyond anthrax : the weaponization of infectious diseases. 
Springer. 2009  
 
(7) Azad AF. Pathogenic rickettsiae as bioterrorism agents. Clin Infect Dis. 2007 Jul 
15;45 Suppl 1:S52-5. doi: 10.1086/518147.  
 
(8) Raoult D, Roux V, Ndihokubwayo JB, Bise G, Baudon D, Marte G, Birtles R. Jail 
fever (epidemic typhus) outbreak in Burundi. Emerg Infect Dis. 1997 Jul-Sep;3(3):357-
60. doi: 10.3201/eid0303.970313.  
 
(9) A large outbreak of epidemic louse-borne typhus in Burundi. Wkly Epidemiol Rec. 
1997 May 23;72(21):152-3. English, French.  
 
(10) Umulisa I, Omolo J, Muldoon KA, Condo J, Habiyaremye F, Uwimana JM, 
Muhimpundu MA, Galgalo T, Rwunganira S, Dahourou AG, Tongren E, Koama JB, 
McQuiston J, Raghunathan PL, Massung R, Gatei W, Boer K, Nyatanyi T, Mills EJ, 
Binagwaho A. A Mixed Outbreak of Epidemic Typhus Fever and Trench Fever in a 
Youth Rehabilitation Center: Risk Factors for Illness from a Case-Control Study, 
Rwanda, 2012. Am J Trop Med Hyg. 2016 Aug 3;95(2):452-6. doi: 10.4269/ajtmh.15-
0643.  
 
(11) Raoult D, Ndihokubwayo JB, Tissot-Dupont H, Roux V, Faugere B, Abegbinni R, 
Birtles RJ. Outbreak of epidemic typhus associated with trench fever in Burundi. Lancet. 
1998 Aug 1;352(9125):353-8. doi: 10.1016/s0140-6736(97)12433-3.  



 13 

(12) Drexler NA, Dahlgren FS, Heitman KN, Massung RF, Paddock CD, Behravesh CB. 
National Surveillance of Spotted Fever Group Rickettsioses in the United States, 2008-
2012. Am J Trop Med Hyg. 2016 Jan;94(1):26-34. doi: 10.4269/ajtmh.15-0472.  
 
(13) Rosenberg R, Lindsey NP, Fischer M, Gregory CJ, Hinckley AF, Mead PS, Paz-
Bailey G, Waterman SH, Drexler NA, Kersh GJ, Hooks H, Partridge SK, Visser SN, 
Beard CB, Petersen LR. Vital Signs: Trends in Reported Vectorborne Disease Cases - 
United States and Territories, 2004-2016. MMWR Morb Mortal Wkly Rep. 2018 May 
4;67(17):496-501. doi: 10.15585/mmwr.mm6717e1.  
 
(14) Jiang J, Farris CM, Yeh KB, Richards AL. International Rickettsia Disease 
Surveillance: An Example of Cooperative Research to Increase Laboratory Capability 
and Capacity for Risk Assessment of Rickettsial Outbreaks Worldwide. Front Med 
(Lausanne). 2021 Mar 2;8:622015. doi: 10.3389/fmed.2021.622015.  
 
(15) Bouchard C, Dibernardo A, Koffi J, Wood H, Leighton PA, Lindsay LR. N Increased 
risk of tick-borne diseases with climate and environmental changes. Can Commun Dis 
Rep. 2019 Apr 4;45(4):83-89. doi: 10.14745/ccdr.v45i04a02.  
 
(16) Dahlgren FS, Paddock CD, Springer YP, Eisen RJ, Behravesh CB. Expanding 
Range of Amblyomma americanum and Simultaneous Changes in the Epidemiology of 
Spotted Fever Group Rickettsiosis in the United States. Am J Trop Med Hyg. 2016 
Jan;94(1):35-42. doi: 10.4269/ajtmh.15-0580.  
 
(17) Piotrowski M, Rymaszewska A. Expansion of Tick-Borne Rickettsioses in the 
World. Microorganisms. 2020 Nov 30;8(12):1906. doi: 
10.3390/microorganisms8121906.  
 
(18) Paddock CD, Goddard J. The Evolving Medical and Veterinary Importance of the 
Gulf Coast tick (Acari: Ixodidae). J Med Entomol. 2015 Mar;52(2):230-52. doi: 
10.1093/jme/tju022.  
 
(19) Bernardes Filho F, Avelleira JC. Henrique da Rocha Lima. An Bras Dermatol. 2015 
May-Jun;90(3):363-6. doi: 10.1590/abd1806-4841.20153945. Epub 2015 Jun 1.  
 
(20) Ricketts HT. THE STUDY OF ROCKY MOUNTAIN SPOTTED FEVER (TICK 
FEVER?) BY MEANS OF ANIMAL INOCULATIONS. A PRELIMINARY 
COMMUNICATION. Journal of the American Medical Association. 1906 Jul 7;47(1):33-
6. 
 
(21) Ricketts HT. THE TRANSMISSION OF ROCKY MOUNTAIN SPOTTED FEVER 
BY THE BITE OF THE WOOD-TICK (DERMACENTOR OCCIDENTALIS). Journal of 
the American Medical Association. 1906 Aug 4;47(5):358-. 
 
(22) Wolbach SB. Studies on Rocky Mountain spotted Fever. J Med Res. 1919 
Nov;41(1):1-198.41.  



 14 

 
(23) Walker DH, Feng HM, Ladner S, Billings AN, Zaki SR, Wear DJ, Hightower B. 
Immunohistochemical diagnosis of typhus rickettsioses using an anti-lipopolysaccharide 
monoclonal antibody. Mod Pathol. 1997 Oct;10(10):1038-42.  
 
(24) Walker DH, Ismail N. Emerging and re-emerging rickettsioses: endothelial cell 
infection and early disease events. Nat Rev Microbiol. 2008 May;6(5):375-86. doi: 
10.1038/nrmicro1866.  
 
(25) Sahni A, Fang R, Sahni SK, Walker DH. Pathogenesis of Rickettsial Diseases: 
Pathogenic and Immune Mechanisms of an Endotheliotropic Infection. Annu Rev 
Pathol. 2019 Jan 24;14:127-152. doi: 10.1146/annurev-pathmechdis-012418-012800.  
 
(26) Herrick KL, Pena SA, Yaglom HD, Layton BJ, Moors A, Loftis AD, Condit ME, 
Singleton J, Kato CY, Denison AM, Ng D, Mertins JW, Paddock CD. Rickettsia parkeri 
Rickettsiosis, Arizona, USA. Emerg Infect Dis. 2016 May;22(5):780-5. doi: 
10.3201/eid2205.151824.  
 
(27) Paddock CD, Finley RW, Wright CS, Robinson HN, Schrodt BJ, Lane CC, Ekenna 
O, Blass MA, Tamminga CL, Ohl CA, McLellan SL, Goddard J, Holman RC, Openshaw 
JJ, Sumner JW, Zaki SR, Eremeeva ME. Rickettsia parkeri rickettsiosis and its clinical 
distinction from Rocky Mountain spotted fever. Clin Infect Dis. 2008 Nov 1;47(9):1188-
96. doi: 10.1086/592254.  
 
(28) Martinez JJ, Seveau S, Veiga E, Matsuyama S, Cossart P. Ku70, a component of 
DNA-dependent protein kinase, is a mammalian receptor for Rickettsia conorii. Cell. 
2005 Dec 16;123(6):1013-23. doi: 10.1016/j.cell.2005.08.046. PMID: 16360032. 
 
(29) Chan YG, Cardwell MM, Hermanas TM, Uchiyama T, Martinez JJ. Rickettsial 
outer-membrane protein B (rOmpB) mediates bacterial invasion through Ku70 in an 
actin, c-Cbl, clathrin and caveolin 2-dependent manner. Cell Microbiol. 2009 
Apr;11(4):629-44. doi: 10.1111/j.1462-5822.2008.01279.x.  
 
(30) Blanc G, Ngwamidiba M, Ogata H, Fournier PE, Claverie JM, Raoult D. Molecular 
evolution of rickettsia surface antigens: evidence of positive selection. Mol Biol Evol. 
2005 Oct;22(10):2073-83. doi: 10.1093/molbev/msi199.  
 
(31) Sears KT, Ceraul SM, Gillespie JJ, Allen ED Jr, Popov VL, Ammerman NC, 
Rahman MS, Azad AF. Surface proteome analysis and characterization of surface cell 
antigen (Sca) or autotransporter family of Rickettsia typhi. PLoS Pathog. 
2012;8(8):e1002856. doi: 10.1371/journal.ppat.1002856.  
 
(32) Rennoll-Bankert KE, Rahman MS, Gillespie JJ, Guillotte ML, Kaur SJ, Lehman SS, 
Beier-Sexton M, Azad AF. Which Way In? The RalF Arf-GEF Orchestrates Rickettsia 
Host Cell Invasion. PLoS Pathog. 2015 Aug 20;11(8):e1005115. doi: 
10.1371/journal.ppat.1005115.  



 15 

 
(33) Sahni A, Patel J, Narra HP, Schroeder CLC, Walker DH, Sahni SK. Fibroblast 
growth factor receptor-1 mediates internalization of pathogenic spotted fever rickettsiae 
into host endothelium. PLoS One. 2017 Aug 14;12(8):e0183181. doi: 
10.1371/journal.pone.0183181.  
 
(34) Driscoll TP, Verhoeve VI, Guillotte ML, Lehman SS, Rennoll SA, Beier-Sexton M, 
Rahman MS, Azad AF, Gillespie JJ. Wholly Rickettsia! Reconstructed Metabolic Profile 
of the Quintessential Bacterial Parasite of Eukaryotic Cells. mBio. 2017 Sep 
26;8(5):e00859-17. doi: 10.1128/mBio.00859-17.  
 
(35) Ahyong V, Berdan CA, Burke TP, Nomura DK, Welch MD. A Metabolic 
Dependency for Host Isoprenoids in the Obligate Intracellular Pathogen Rickettsia 
parkeri Underlies a Sensitivity to the Statin Class of Host-Targeted Therapeutics. 
mSphere. 2019 Nov 13;4(6):e00536-19. doi: 10.1128/mSphere.00536-19. Erratum in: 
mSphere. 2019 Nov 27;4(6):  
 
(36) Heinzen RA, Hayes SF, Peacock MG, Hackstadt T. Directional actin polymerization 
associated with spotted fever group Rickettsia infection of Vero cells. Infect Immun. 
1993 May;61(5):1926-35. doi: 10.1128/iai.61.5.1926-1935.1993.  
 
(37) Teysseire N, Chiche-Portiche C, Raoult D. Intracellular movements of Rickettsia 
conorii and R. typhi based on actin polymerization. Res Microbiol. 1992 Nov-
Dec;143(9):821-9. doi: 10.1016/0923-2508(92)90069-z.  
 
(38) Gouin E, Egile C, Dehoux P, Villiers V, Adams J, Gertler F, Li R, Cossart P. The 
RickA protein of Rickettsia conorii activates the Arp2/3 complex. Nature. 2004 Jan 
29;427(6973):457-61. doi: 10.1038/nature02318.  
 
(39) Kleba B, Clark TR, Lutter EI, Ellison DW, Hackstadt T. Disruption of the Rickettsia 
rickettsii Sca2 autotransporter inhibits actin-based motility. Infect Immun. 2010 
May;78(5):2240-7. doi: 10.1128/IAI.00100-10.  
 
(40) Silverman DJ, Bond SB. Infection of human vascular endothelial cells by Rickettsia 
rickettsii. J Infect Dis. 1984 Feb;149(2):201-6. doi: 10.1093/infdis/149.2.201.  
 
(41) Wisseman CL Jr, Edlinger EA, Waddell AD, Jones MR. Infection cycle of Rickettsia 
rickettsii in chicken embryo and L-929 cells in culture. Infect Immun. 1976 
Oct;14(4):1052-64. doi: 10.1128/iai.14.4.1052-1064.1976.  
 
(42) Lamason RL, Bastounis E, Kafai NM, Serrano R, Del Álamo JC, Theriot JA, Welch 
MD. Rickettsia Sca4 Reduces Vinculin-Mediated Intercellular Tension to Promote 
Spread. Cell. 2016 Oct 20;167(3):670-683.e10. doi: 10.1016/j.cell.2016.09.023.  
 



 16 

(43) Van Kirk LS, Hayes SF, Heinzen RA. Ultrastructure of Rickettsia rickettsii actin tails 
and localization of cytoskeletal proteins. Infect Immun. 2000 Aug;68(8):4706-13. doi: 
10.1128/IAI.68.8.4706-4713.2000. 
 
(44) Silverman DJ, Wisseman CL Jr, Waddell A. In vitro studies of Rickettsia-host cell 
interactions: ultrastructural study of Rickettsia prowazekii-infected chicken embryo 
fibroblasts. Infect Immun. 1980 Aug;29(2):778-90. doi: 10.1128/iai.29.2.778-790.1980.  
 
(45) Wisseman CL Jr, Waddell AD. In vitro studies on rickettsia-host cell interactions: 
intracellular growth cycle of virulent and attenuated Rickettsia prowazeki in chicken 
embryo cells in slide chamber cultures. Infect Immun. 1975 Jun;11(6):1391-404. doi: 
10.1128/iai.11.6.1391-1401.1975.  
 
(46) Noriea NF, Clark TR, Hackstadt T. Targeted knockout of the Rickettsia rickettsii 
OmpA surface antigen does not diminish virulence in a mammalian model system. 
mBio. 2015 Mar 31;6(2):e00323-15. doi: 10.1128/mBio.00323-15.  
 
(47) Driskell LO, Yu XJ, Zhang L, Liu Y, Popov VL, Walker DH, Tucker AM, Wood DO. 
Directed mutagenesis of the Rickettsia prowazekii pld gene encoding phospholipase D. 
Infect Immun. 2009 Aug;77(8):3244-8. doi: 10.1128/IAI.00395-09.  
 
(48) Pelc RS, McClure JC, Kaur SJ, Sears KT, Rahman MS, Ceraul SM. Disrupting 
protein expression with Peptide Nucleic Acids reduces infection by obligate intracellular 
Rickettsia. PLoS One. 2015 Mar 17;10(3):e0119283. doi: 
10.1371/journal.pone.0119283.  
 
(49) Qin A, Tucker AM, Hines A, Wood DO. Transposon mutagenesis of the obligate 
intracellular pathogen Rickettsia prowazekii. Appl Environ Microbiol. 2004 
May;70(5):2816-22. doi: 10.1128/AEM.70.5.2816-2822.2004.  
 
(50) Liu ZM, Tucker AM, Driskell LO, Wood DO. Mariner-based transposon 
mutagenesis of Rickettsia prowazekii. Appl Environ Microbiol. 2007 Oct;73(20):6644-9. 
doi: 10.1128/AEM.01727-07.  
 
(51) Clark TR, Lackey AM, Kleba B, Driskell LO, Lutter EI, Martens C, Wood DO, 
Hackstadt T. Transformation frequency of a mariner-based transposon in Rickettsia 
rickettsii. J Bacteriol. 2011 Sep;193(18):4993-5. doi: 10.1128/JB.05279-11.  
 
(52) Lamason RL, Kafai NM, Welch MD. A streamlined method for transposon 
mutagenesis of Rickettsia parkeri yields numerous mutations that impact infection. 
PLoS One. 2018 May 3;13(5):e0197012. doi: 10.1371/journal.pone.0197012.  
 
(53) Kim HK, Premaratna R, Missiakas DM, Schneewind O. Rickettsia conorii O antigen 
is the target of bactericidal Weil-Felix antibodies. Proc Natl Acad Sci U S A. 2019 Sep 
24;116(39):19659-19664. doi: 10.1073/pnas.1911922116.  
 



 17 

(54) Reed SCO, Lamason RL, Risca VI, Abernathy E, Welch MD. Rickettsia actin-based 
motility occurs in distinct phases mediated by different actin nucleators. Curr Biol. 2014 
Jan 6;24(1):98-103. doi: 10.1016/j.cub.2013.11.025.  
 
(55) Engström P, Burke TP, Mitchell G, Ingabire N, Mark KG, Golovkine G, Iavarone 
AT, Rape M, Cox JS, Welch MD. Evasion of autophagy mediated by Rickettsia surface 
protein OmpB is critical for virulence. Nat Microbiol. 2019 Dec;4(12):2538-2551. doi: 
10.1038/s41564-019-0583-6.  
 
(56) Teysseire N, Boudier JA, Raoult D. Rickettsia conorii entry into Vero cells. Infect 
Immun. 1995 Jan;63(1):366-74. doi: 10.1128/iai.63.1.366-374.1995.  
 
(57) Henry R, Shaughnessy L, Loessner MJ, Alberti-Segui C, Higgins DE, Swanson JA. 
Cytolysin-dependent delay of vacuole maturation in macrophages infected with Listeria 
monocytogenes. Cell Microbiol. 2006 Jan;8(1):107-19. doi: 10.1111/j.1462-
5822.2005.00604.x.  
 
(58) Shaughnessy LM, Hoppe AD, Christensen KA, Swanson JA. Membrane 
perforations inhibit lysosome fusion by altering pH and calcium in Listeria 
monocytogenes vacuoles. Cell Microbiol. 2006 May;8(5):781-92. doi: 10.1111/j.1462-
5822.2005.00665.x.  
 
(59) Santic M, Asare R, Skrobonja I, Jones S, Abu Kwaik Y. Acquisition of the vacuolar 
ATPase proton pump and phagosome acidification are essential for escape of 
Francisella tularensis into the macrophage cytosol. Infect Immun. 2008 Jun;76(6):2671-
7. doi: 10.1128/IAI.00185-08.  
 
(60) Mellouk N, Weiner A, Aulner N, Schmitt C, Elbaum M, Shorte SL, Danckaert A, 
Enninga J. Shigella subverts the host recycling compartment to rupture its vacuole. Cell 
Host Microbe. 2014 Oct 8;16(4):517-30. doi: 10.1016/j.chom.2014.09.005.  
 
(61) Ray K, Bobard A, Danckaert A, Paz-Haftel I, Clair C, Ehsani S, Tang C, Sansonetti 
P, Tran GV, Enninga J. Tracking the dynamic interplay between bacterial and host 
factors during pathogen-induced vacuole rupture in real time. Cell Microbiol. 2010 Apr 
1;12(4):545-56. doi: 10.1111/j.1462-5822.2010.01428.x.  
 
(62) Weddle E, Agaisse H. Principles of intracellular bacterial pathogen spread from cell 
to cell. PLoS Pathog. 2018 Dec 13;14(12):e1007380. doi: 
10.1371/journal.ppat.1007380.  
 
(63) Gaillard JL, Berche P, Sansonetti P. Transposon mutagenesis as a tool to study 
the role of hemolysin in the virulence of Listeria monocytogenes. Infect Immun. 1986 
Apr;52(1):50-5. doi: 10.1128/iai.52.1.50-55.1986.  
 



 18 

(64) Portnoy DA, Jacks PS, Hinrichs DJ. Role of hemolysin for the intracellular growth of 
Listeria monocytogenes. J Exp Med. 1988 Apr 1;167(4):1459-71. doi: 
10.1084/jem.167.4.1459. 
 
(65) Tilney LG, Portnoy DA. Actin filaments and the growth, movement, and spread of 
the intracellular bacterial parasite, Listeria monocytogenes. J Cell Biol. 1989 Oct;109(4 
Pt 1):1597-608. doi: 10.1083/jcb.109.4.1597.  
 
(66) Dancz CE, Haraga A, Portnoy DA, Higgins DE. Inducible control of virulence gene 
expression in Listeria monocytogenes: temporal requirement of listeriolysin O during 
intracellular infection. J Bacteriol. 2002 Nov;184(21):5935-45. doi: 
10.1128/JB.184.21.5935-5945.2002.  
 
(67) Bielecki J, Youngman P, Connelly P, Portnoy DA. Bacillus subtilis expressing a 
haemolysin gene from Listeria monocytogenes can grow in mammalian cells. Nature. 
1990 May 10;345(6271):175-6. doi: 10.1038/345175a0.  
 
(68) Mulvihill E, van Pee K, Mari SA, Müller DJ, Yildiz Ö. Directly Observing the Lipid-
Dependent Self-Assembly and Pore-Forming Mechanism of the Cytolytic Toxin 
Listeriolysin O. Nano Lett. 2015 Oct 14;15(10):6965-73. doi: 
10.1021/acs.nanolett.5b02963.  
 
(69) Burrack LS, Harper JW, Higgins DE. Perturbation of vacuolar maturation promotes 
listeriolysin O-independent vacuolar escape during Listeria monocytogenes infection of 
human cells. Cell Microbiol. 2009 Sep;11(9):1382-98. doi: 10.1111/j.1462-
5822.2009.01338.x.  
 
(70) Birmingham CL, Canadien V, Kaniuk NA, Steinberg BE, Higgins DE, Brumell JH. 
Listeriolysin O allows Listeria monocytogenes replication in macrophage vacuoles. 
Nature. 2008 Jan 17;451(7176):350-4. doi: 10.1038/nature06479.  
 
(71) Peron-Cane C, Fernandez JC, Leblanc J, Wingertsmann L, Gautier A, Desprat N, 
Lebreton A. Fluorescent secreted bacterial effectors reveal active intravacuolar 
proliferation of Listeria monocytogenes in epithelial cells. PLoS Pathog. 2020 Oct 
12;16(10):e1009001. doi: 10.1371/journal.ppat.1009001.  
 
(72) Bierne H, Milohanic E, Kortebi M. To Be Cytosolic or Vacuolar: The Double Life 
of Listeria monocytogenes. Front Cell Infect Microbiol. 2018 May 15;8:136. doi: 
10.3389/fcimb.2018.00136.  
 
(73) Marquis H, Doshi V, Portnoy DA. The broad-range phospholipase C and a 
metalloprotease mediate listeriolysin O-independent escape of Listeria monocytogenes 
from a primary vacuole in human epithelial cells. Infect Immun. 1995 Nov;63(11):4531-
4. doi: 10.1128/iai.63.11.4531-4534.1995.  
 



 19 

(74) Gründling A, Gonzalez MD, Higgins DE. Requirement of the Listeria 
monocytogenes broad-range phospholipase PC-PLC during infection of human 
epithelial cells. J Bacteriol. 2003 Nov;185(21):6295-307. doi: 10.1128/JB.185.21.6295-
6307.2003.  
 
(75) Camilli A, Tilney LG, Portnoy DA. Dual roles of plcA in Listeria monocytogenes 
pathogenesis. Mol Microbiol. 1993 Apr;8(1):143-57. doi: 10.1111/j.1365-
2958.1993.tb01211.x.  
 
(76) Smith GA, Marquis H, Jones S, Johnston NC, Portnoy DA, Goldfine H. The two 
distinct phospholipases C of Listeria monocytogenes have overlapping roles in escape 
from a vacuole and cell-to-cell spread. Infect Immun. 1995 Nov;63(11):4231-7. doi: 
10.1128/iai.63.11.4231-4237.1995.  
 
(77) Schroeder GN, Hilbi H. Molecular pathogenesis of Shigella spp.: controlling host 
cell signaling, invasion, and death by type III secretion. Clin Microbiol Rev. 2008 
Jan;21(1):134-56. doi: 10.1128/CMR.00032-07.  
 
(78) High N, Mounier J, Prévost MC, Sansonetti PJ. IpaB of Shigella flexneri causes 
entry into epithelial cells and escape from the phagocytic vacuole. EMBO J. 1992 
May;11(5):1991-9.  
 
(79) Schuch R, Sandlin RC, Maurelli AT. A system for identifying post-invasion functions 
of invasion genes: requirements for the Mxi-Spa type III secretion pathway of Shigella 
flexneri in intercellular dissemination. Mol Microbiol. 1999 Nov;34(4):675-89. doi: 
10.1046/j.1365-2958.1999.01627.x.  
 
(80) Roehrich AD, Martinez-Argudo I, Johnson S, Blocker AJ, Veenendaal AK. The 
extreme C terminus of Shigella flexneri IpaB is required for regulation of type III 
secretion, needle tip composition, and binding. Infect Immun. 2010 Apr;78(4):1682-91. 
doi: 10.1128/IAI.00645-09.  
 
(81) Muthuramalingam M, Whittier SK, Picking WL, Picking WD. The Shigella Type III 
Secretion System: An Overview from Top to Bottom. Microorganisms. 2021 Feb 
22;9(2):451. doi: 10.3390/microorganisms9020451.  
 
(82) Blocker A, Gounon P, Larquet E, Niebuhr K, Cabiaux V, Parsot C, Sansonetti P. 
The tripartite type III secreton of Shigella flexneri inserts IpaB and IpaC into host 
membranes. J Cell Biol. 1999 Nov 1;147(3):683-93. doi: 10.1083/jcb.147.3.683.  
 
(83) Picking WL, Nishioka H, Hearn PD, Baxter MA, Harrington AT, Blocker A, Picking 
WD. IpaD of Shigella flexneri is independently required for regulation of Ipa protein 
secretion and efficient insertion of IpaB and IpaC into host membranes. Infect Immun. 
2005 Mar;73(3):1432-40. doi: 10.1128/IAI.73.3.1432-1440.2005.  
 



 20 

(84) Mellouk N, Weiner A, Aulner N, Schmitt C, Elbaum M, Shorte SL, Danckaert A, 
Enninga J. Shigella subverts the host recycling compartment to rupture its vacuole. Cell 
Host Microbe. 2014 Oct 8;16(4):517-30. doi: 10.1016/j.chom.2014.09.005. 
 
(85) Chang YY, Stévenin V, Duchateau M, Giai Gianetto Q, Hourdel V, Rodrigues CD, 
Matondo M, Reiling N, Enninga J. Shigella hijacks the exocyst to cluster 
macropinosomes for efficient vacuolar escape. PLoS Pathog. 2020 Aug 
31;16(8):e1008822. doi: 10.1371/journal.ppat.1008822.  
 
(86) Du J, Reeves AZ, Klein JA, Twedt DJ, Knodler LA, Lesser CF. The type III 
secretion system apparatus determines the intracellular niche of bacterial pathogens. 
Proc Natl Acad Sci U S A. 2016 Apr 26;113(17):4794-9. doi: 10.1073/pnas.1520699113.  
 
(87) Gillespie JJ, Kaur SJ, Rahman MS, Rennoll-Bankert K, Sears KT, Beier-Sexton M, 
Azad AF. Secretome of obligate intracellular Rickettsia. FEMS Microbiol Rev. 2015 
Jan;39(1):47-80. doi: 10.1111/1574-6976.12084.  
 
(88) Whitworth T, Popov VL, Yu XJ, Walker DH, Bouyer DH. Expression of the 
Rickettsia prowazekii pld or tlyC gene in Salmonella enterica serovar Typhimurium 
mediates phagosomal escape. Infect Immun. 2005 Oct;73(10):6668-73. doi: 
10.1128/IAI.73.10.6668-6673.2005.  
 
(89) Radulovic S, Troyer JM, Beier MS, Lau AO, Azad AF. Identification and molecular 
analysis of the gene encoding Rickettsia typhi hemolysin. Infect Immun. 1999 
Nov;67(11):6104-8. doi: 10.1128/IAI.67.11.6104-6108.1999.  
 
(90) Aloulou A, Rahier R, Arhab Y, Noiriel A, Abousalham A. Phospholipases: An 
Overview. Methods Mol Biol. 2018;1835:69-105. doi: 10.1007/978-1-4939-8672-9_3.  
 
(91) Renesto P, Dehoux P, Gouin E, Touqui L, Cossart P, Raoult D. Identification and 
characterization of a phospholipase D-superfamily gene in rickettsiae. J Infect Dis. 2003 
Nov 1;188(9):1276-83. doi: 10.1086/379080.  
 
(92) Blanc G, Renesto P, Raoult D. Phylogenic analysis of rickettsial patatin-like protein 
with conserved phospholipase A2 active sites. Ann N Y Acad Sci. 2005 Dec;1063:83-6. 
doi: 10.1196/annals.1355.012. 
 
(93) Senda K, Yoshioka H, Doke N, Kawakita K. A cytosolic phospholipase A2 from 
potato tissues appears to be patatin. Plant Cell Physiol. 1996 Apr;37(3):347-53. doi: 
10.1093/oxfordjournals.pcp.a028952.  
 
(94) Banerji S, Flieger A. Patatin-like proteins: a new family of lipolytic enzymes present 
in bacteria? Microbiology (Reading). 2004 Mar;150(Pt 3):522-525. doi: 
10.1099/mic.0.26957-0.  
 



 21 

(95) Kienesberger PC, Oberer M, Lass A, Zechner R. Mammalian patatin domain 
containing proteins: a family with diverse lipolytic activities involved in multiple biological 
functions. J Lipid Res. 2009 Apr;50 Suppl(Suppl):S63-8. doi: 10.1194/jlr.R800082-
JLR200.  
 
(96) Scherer GF, Ryu SB, Wang X, Matos AR, Heitz T. Patatin-related phospholipase A: 
nomenclature, subfamilies and functions in plants. Trends Plant Sci. 2010 
Dec;15(12):693-700. doi: 10.1016/j.tplants.2010.09.005.  
 
(97) Wilson SK, Knoll LJ. Patatin-like phospholipases in microbial infections with 
emerging roles in fatty acid metabolism and immune regulation by Apicomplexa. Mol 
Microbiol. 2018 Jan;107(1):34-46. doi: 10.1111/mmi.13871.  
 
(98) Rydel TJ, Williams JM, Krieger E, Moshiri F, Stallings WC, Brown SM, Pershing 
JC, Purcell JP, Alibhai MF. The crystal structure, mutagenesis, and activity studies 
reveal that patatin is a lipid acyl hydrolase with a Ser-Asp catalytic dyad. Biochemistry. 
2003 Jun 10;42(22):6696-708. doi: 10.1021/bi027156r.  
 
(99) Rahman MS, Ammerman NC, Sears KT, Ceraul SM, Azad AF. Functional 
characterization of a phospholipase A(2) homolog from Rickettsia typhi. J Bacteriol. 
2010 Jul;192(13):3294-303. doi: 10.1128/JB.00155-10.  
 
(100) Rahman MS, Gillespie JJ, Kaur SJ, Sears KT, Ceraul SM, Beier-Sexton M, Azad 
AF. Rickettsia typhi possesses phospholipase A2 enzymes that are involved in infection 
of host cells. PLoS Pathog. 2013;9(6):e1003399. doi: 10.1371/journal.ppat.1003399.  
 
(101) Housley NA, Winkler HH, Audia JP. The Rickettsia prowazekii ExoU homologue 
possesses phospholipase A1 (PLA1), PLA2, and lyso-PLA2 activities and can function 
in the absence of any eukaryotic cofactors in vitro. J Bacteriol. 2011 Sep;193(18):4634-
42. doi: 10.1128/JB.00141-11.  
 
(102) Zhu W, Hammad LA, Hsu F, Mao Y, Luo ZQ. Induction of caspase 3 activation by 
multiple Legionella pneumophila Dot/Icm substrates. Cell Microbiol. 2013 
Nov;15(11):1783-95. doi: 10.1111/cmi.12157.  
 
(103) Ku B, Lee KH, Park WS, Yang CS, Ge J, Lee SG, Cha SS, Shao F, Heo WD, 
Jung JU, Oh BH. VipD of Legionella pneumophila targets activated Rab5 and Rab22 to 
interfere with endosomal trafficking in macrophages. PLoS Pathog. 
2012;8(12):e1003082. doi: 10.1371/journal.ppat.1003082.  
 
(104) Sato H, Frank DW. ExoU is a potent intracellular phospholipase. Mol Microbiol. 
2004 Sep;53(5):1279-90. doi: 10.1111/j.1365-2958.2004.04194.x.  
 
(105) Finck-Barbançon V, Goranson J, Zhu L, Sawa T, Wiener-Kronish JP, Fleiszig SM, 
Wu C, Mende-Mueller L, Frank DW. ExoU expression by Pseudomonas aeruginosa 



 22 

correlates with acute cytotoxicity and epithelial injury. Mol Microbiol. 1997 
Aug;25(3):547-57. doi: 10.1046/j.1365-2958.1997.4891851.x.  
 
(106) Allewelt M, Coleman FT, Grout M, Priebe GP, Pier GB. Acquisition of expression 
of the Pseudomonas aeruginosa ExoU cytotoxin leads to increased bacterial virulence 
in a murine model of acute pneumonia and systemic spread. Infect Immun. 2000 
Jul;68(7):3998-4004. doi: 10.1128/IAI.68.7.3998-4004.2000.  
 
(107) Hauser AR, Cobb E, Bodi M, Mariscal D, Vallés J, Engel JN, Rello J. Type III 
protein secretion is associated with poor clinical outcomes in patients with ventilator-
associated pneumonia caused by Pseudomonas aeruginosa. Crit Care Med. 2002 
Mar;30(3):521-8. doi: 10.1097/00003246-200203000-00005.  
 
(108) Sato H, Frank DW, Hillard CJ, Feix JB, Pankhaniya RR, Moriyama K, Finck-
Barbançon V, Buchaklian A, Lei M, Long RM, Wiener-Kronish J, Sawa T. The 
mechanism of action of the Pseudomonas aeruginosa-encoded type III cytotoxin, ExoU. 
EMBO J. 2003 Jun 16;22(12):2959-69. doi: 10.1093/emboj/cdg290.  
 
(109) Phillips RM, Six DA, Dennis EA, Ghosh P. In vivo phospholipase activity of the 
Pseudomonas aeruginosa cytotoxin ExoU and protection of mammalian cells with 
phospholipase A2 inhibitors. J Biol Chem. 2003 Oct 17;278(42):41326-32. doi: 
10.1074/jbc.M302472200.  
 
(110) Saliba AM, Nascimento DO, Silva MC, Assis MC, Gayer CR, Raymond B, Coelho 
MG, Marques EA, Touqui L, Albano RM, Lopes UG, Paiva DD, Bozza PT, Plotkowski 
MC. Eicosanoid-mediated proinflammatory activity of Pseudomonas aeruginosa ExoU. 
Cell Microbiol. 2005 Dec;7(12):1811-22. doi: 10.1111/j.1462-5822.2005.00635.x.  
 
(111) Pazos MA, Lanter BB, Yonker LM, Eaton AD, Pirzai W, Gronert K, Bonventre JV, 
Hurley BP. Pseudomonas aeruginosa ExoU augments neutrophil transepithelial 
migration. PLoS Pathog. 2017 Aug 3;13(8):e1006548. doi: 
10.1371/journal.ppat.1006548.  
 
(112) Daussy CF, Wodrich H. "Repair Me if You Can": Membrane Damage, Response, 
and Control from the Viral Perspective. Cells. 2020 Sep 7;9(9):2042. doi: 
10.3390/cells9092042.  
 
(113) Hong MH, Weng IC, Li FY, Lin WH, Liu FT. Intracellular galectins sense 
cytosolically exposed glycans as danger and mediate cellular responses. J Biomed Sci. 
2021 Mar 4;28(1):16. doi: 10.1186/s12929-021-00713-x.  
 
(114) Kasai K, Hirabayashi J. Galectins: a family of animal lectins that decipher 
glycocodes. J Biochem. 1996 Jan;119(1):1-8. doi: 
10.1093/oxfordjournals.jbchem.a021192.  
 



 23 

(115) Cummings RD, Liu FT, Vasta GR. Galectins: chapter 33. Essentials of 
Glycobiology. 2009:469-80. 
 
(116) Rabinovich GA, Toscano MA. Turning 'sweet' on immunity: galectin-glycan 
interactions in immune tolerance and inflammation. Nat Rev Immunol. 2009 
May;9(5):338-52. doi: 10.1038/nri2536.  
 
(117) Hirabayashi J, Hashidate T, Arata Y, Nishi N, Nakamura T, Hirashima M, 
Urashima T, Oka T, Futai M, Muller WE, Yagi F, Kasai K. Oligosaccharide specificity of 
galectins: a search by frontal affinity chromatography. Biochim Biophys Acta. 2002 Sep 
19;1572(2-3):232-54. doi: 10.1016/s0304-4165(02)00311-2.  
 
(118) Stowell SR, Arthur CM, Mehta P, Slanina KA, Blixt O, Leffler H, Smith DF, 
Cummings RD. Galectin-1, -2, and -3 exhibit differential recognition of sialylated glycans 
and blood group antigens. J Biol Chem. 2008 Apr 11;283(15):10109-23. doi: 
10.1074/jbc.M709545200.  
 
(119) Patnaik SK, Potvin B, Carlsson S, Sturm D, Leffler H, Stanley P. Complex N-
glycans are the major ligands for galectin-1, -3, and -8 on Chinese hamster ovary cells. 
Glycobiology. 2006 Apr;16(4):305-17. doi: 10.1093/glycob/cwj063.  
 
(120) Kim BW, Hong SB, Kim JH, Kwon DH, Song HK. Structural basis for recognition 
of autophagic receptor NDP52 by the sugar receptor galectin-8. Nat Commun. 
2013;4:1613. doi: 10.1038/ncomms2606.  
 
(121) Mey A, Leffler H, Hmama Z, Normier G, Revillard JP. The animal lectin galectin-3 
interacts with bacterial lipopolysaccharides via two independent sites. J Immunol. 1996 
Feb 15;156(4):1572-7.  
 
(122) Beatty WL, Rhoades ER, Hsu DK, Liu FT, Russell DG. Association of a 
macrophage galactoside-binding protein with Mycobacterium-containing phagosomes. 
Cell Microbiol. 2002 Mar;4(3):167-76. doi: 10.1046/j.1462-5822.2002.00183.x.  
 
(123) Dupont N, Lacas-Gervais S, Bertout J, Paz I, Freche B, Van Nhieu GT, van der 
Goot FG, Sansonetti PJ, Lafont F. Shigella phagocytic vacuolar membrane remnants 
participate in the cellular response to pathogen invasion and are regulated by 
autophagy. Cell Host Microbe. 2009 Aug 20;6(2):137-49. doi: 
10.1016/j.chom.2009.07.005.  
 
(124) Paz I, Sachse M, Dupont N, Mounier J, Cederfur C, Enninga J, Leffler H, Poirier 
F, Prevost MC, Lafont F, Sansonetti P. Galectin-3, a marker for vacuole lysis by 
invasive pathogens. Cell Microbiol. 2010 Apr 1;12(4):530-44. doi: 10.1111/j.1462-
5822.2009.01415.x.  
 
(125) Weng IC, Chen HL, Lo TH, Lin WH, Chen HY, Hsu DK, Liu FT. Cytosolic galectin-
3 and -8 regulate antibacterial autophagy through differential recognition of host glycans 



 24 

on damaged phagosomes. Glycobiology. 2018 Jun 1;28(6):392-405. doi: 
10.1093/glycob/cwy017.  
 
(126) Thurston TL, Wandel MP, von Muhlinen N, Foeglein A, Randow F. Galectin 8 
targets damaged vesicles for autophagy to defend cells against bacterial invasion. 
Nature. 2012 Jan 15;482(7385):414-8. doi: 10.1038/nature10744.  
 
(127) Feeley EM, Pilla-Moffett DM, Zwack EE, Piro AS, Finethy R, Kolb JP, Martinez J, 
Brodsky IE, Coers J. Galectin-3 directs antimicrobial guanylate binding proteins to 
vacuoles furnished with bacterial secretion systems. Proc Natl Acad Sci U S A. 2017 
Feb 28;114(9):E1698-E1706. doi: 10.1073/pnas.1615771114.  
 
(128) Cheng YL, Wu YW, Kuo CF, Lu SL, Liu FT, Anderson R, Lin CF, Liu YL, Wang 
WY, Chen YD, Zheng PX, Wu JJ, Lin YS. Galectin-3 Inhibits Galectin-8/Parkin-
Mediated Ubiquitination of Group A Streptococcus. mBio. 2017 Jul 25;8(4):e00899-17. 
doi: 10.1128/mBio.00899-17.  
 
(129) Mansilla Pareja ME, Bongiovanni A, Lafont F, Colombo MI. Alterations of 
the Coxiella burnetii Replicative Vacuole Membrane Integrity and Interplay with the 
Autophagy Pathway. Front Cell Infect Microbiol. 2017 Apr 24;7:112. doi: 
10.3389/fcimb.2017.00112.  
 
(130) Sato S, St-Pierre C, Bhaumik P, Nieminen J. Galectins in innate immunity: dual 
functions of host soluble beta-galactoside-binding lectins as damage-associated 
molecular patterns (DAMPs) and as receptors for pathogen-associated molecular 
patterns (PAMPs). Immunol Rev. 2009 Jul;230(1):172-87. doi: 10.1111/j.1600-
065X.2009.00790.x.  
 
(131) Glick D, Barth S, Macleod KF. Autophagy: cellular and molecular mechanisms. J 
Pathol. 2010 May;221(1):3-12. doi: 10.1002/path.2697.  
 
(132) Levine B, Klionsky DJ. Development by self-digestion: molecular mechanisms and 
biological functions of autophagy. Dev Cell. 2004 Apr;6(4):463-77. doi: 10.1016/s1534-
5807(04)00099-1.  
 
(133) Sharma V, Verma S, Seranova E, Sarkar S, Kumar D. Selective Autophagy and 
Xenophagy in Infection and Disease. Front Cell Dev Biol. 2018 Nov 13;6:147. doi: 
10.3389/fcell.2018.00147.  
 
(134) Kimmey JM, Stallings CL. Bacterial Pathogens versus Autophagy: Implications for 
Therapeutic Interventions. Trends Mol Med. 2016 Dec;22(12):1060-1076. doi: 
10.1016/j.molmed.2016.10.008.  
 
(135) Huang J, Brumell JH. Bacteria-autophagy interplay: a battle for survival. Nat Rev 
Microbiol. 2014 Feb;12(2):101-14. doi: 10.1038/nrmicro3160.  
 



 25 

(136) Perrin AJ, Jiang X, Birmingham CL, So NS, Brumell JH. Recognition of bacteria in 
the cytosol of Mammalian cells by the ubiquitin system. Curr Biol. 2004 May 
4;14(9):806-11. doi: 10.1016/j.cub.2004.04.033.  
 
(137) Birmingham CL, Smith AC, Bakowski MA, Yoshimori T, Brumell JH. Autophagy 
controls Salmonella infection in response to damage to the Salmonella-containing 
vacuole. J Biol Chem. 2006 Apr 21;281(16):11374-83. doi: 10.1074/jbc.M509157200.  
 
(138) Zheng YT, Shahnazari S, Brech A, Lamark T, Johansen T, Brumell JH. The 
adaptor protein p62/SQSTM1 targets invading bacteria to the autophagy pathway. J 
Immunol. 2009 Nov 1;183(9):5909-16. doi: 10.4049/jimmunol.0900441.  
 
(139) Mostowy S, Sancho-Shimizu V, Hamon MA, Simeone R, Brosch R, Johansen T, 
Cossart P. p62 and NDP52 proteins target intracytosolic Shigella and Listeria to 
different autophagy pathways. J Biol Chem. 2011 Jul 29;286(30):26987-95. doi: 
10.1074/jbc.M111.223610.  
 
(140) Thurston TL, Ryzhakov G, Bloor S, von Muhlinen N, Randow F. The TBK1 
adaptor and autophagy receptor NDP52 restricts the proliferation of ubiquitin-coated 
bacteria. Nat Immunol. 2009 Nov;10(11):1215-21. doi: 10.1038/ni.1800.  
 
(141) Engström P, Burke TP, Tran CJ, Iavarone AT, Welch MD. Lysine methylation 
shields an intracellular pathogen from ubiquitylation and autophagy. Sci Adv. 2021 Jun 
25;7(26):eabg2517. doi: 10.1126/sciadv.abg2517.  
 
(142) Yang DCH, Abeykoon AH, Choi BE, Ching WM, Chock PB. Outer Membrane 
Protein OmpB Methylation May Mediate Bacterial Virulence. Trends Biochem Sci. 2017 
Dec;42(12):936-945. doi: 10.1016/j.tibs.2017.09.005.  
 
(143) Fujita N, Morita E, Itoh T, Tanaka A, Nakaoka M, Osada Y, Umemoto T, Saitoh T, 
Nakatogawa H, Kobayashi S, Haraguchi T, Guan JL, Iwai K, Tokunaga F, Saito K, 
Ishibashi K, Akira S, Fukuda M, Noda T, Yoshimori T. Recruitment of the autophagic 
machinery to endosomes during infection is mediated by ubiquitin. J Cell Biol. 2013 Oct 
14;203(1):115-28. doi: 10.1083/jcb.201304188.  
 
(144) Kreibich S, Emmenlauer M, Fredlund J, Rämö P, Münz C, Dehio C, Enninga J, 
Hardt WD. Autophagy Proteins Promote Repair of Endosomal Membranes Damaged by 
the Salmonella Type Three Secretion System 1. Cell Host Microbe. 2015 Nov 
11;18(5):527-37. doi: 10.1016/j.chom.2015.10.015.  
 
(145) Choe JE, Welch MD. Actin-based motility of bacterial pathogens: mechanistic 
diversity and its impact on virulence. Pathog Dis. 2016 Nov 1;74(8):ftw099. doi: 
10.1093/femspd/ftw099.  
 
(146) Welch MD, Way M. Arp2/3-mediated actin-based motility: a tail of pathogen 
abuse. Cell Host Microbe. 2013 Sep 11;14(3):242-55. doi: 10.1016/j.chom.2013.08.011.  



 26 

 
(147) Skoble J, Portnoy DA, Welch MD. Three regions within ActA promote Arp2/3 
complex-mediated actin nucleation and Listeria monocytogenes motility. J Cell Biol. 
2000 Aug 7;150(3):527-38. doi: 10.1083/jcb.150.3.527.  
 
(148) Welch MD, Rosenblatt J, Skoble J, Portnoy DA, Mitchison TJ. Interaction of 
human Arp2/3 complex and the Listeria monocytogenes ActA protein in actin filament 
nucleation. Science. 1998 Jul 3;281(5373):105-8. doi: 10.1126/science.281.5373.105.  
 
(149) Sitthidet C, Stevens JM, Field TR, Layton AN, Korbsrisate S, Stevens MP. Actin-
based motility of Burkholderia thailandensis requires a central acidic domain of BimA 
that recruits and activates the cellular Arp2/3 complex. J Bacteriol. 2010 
Oct;192(19):5249-52. doi: 10.1128/JB.00608-10.  
 
(150) Jeng RL, Goley ED, D'Alessio JA, Chaga OY, Svitkina TM, Borisy GG, Heinzen 
RA, Welch MD. A Rickettsia WASP-like protein activates the Arp2/3 complex and 
mediates actin-based motility. Cell Microbiol. 2004 Aug;6(8):761-9. doi: 10.1111/j.1462-
5822.2004.00402.x.  
 
(151) Egile C, Loisel TP, Laurent V, Li R, Pantaloni D, Sansonetti PJ, Carlier MF. 
Activation of the CDC42 effector N-WASP by the Shigella flexneri IcsA protein promotes 
actin nucleation by Arp2/3 complex and bacterial actin-based motility. J Cell Biol. 1999 
Sep 20;146(6):1319-32. doi: 10.1083/jcb.146.6.1319.  
 
(152) Benanti EL, Nguyen CM, Welch MD. Virulent Burkholderia species mimic host 
actin polymerases to drive actin-based motility. Cell. 2015 Apr 9;161(2):348-60. doi: 
10.1016/j.cell.2015.02.044.  
 
(153) Haglund CM, Choe JE, Skau CT, Kovar DR, Welch MD. Rickettsia Sca2 is a 
bacterial formin-like mediator of actin-based motility. Nat Cell Biol. 2010 
Nov;12(11):1057-63. doi: 10.1038/ncb2109.  
 
(154) Madasu Y, Suarez C, Kast DJ, Kovar DR, Dominguez R. Rickettsia Sca2 has 
evolved formin-like activity through a different molecular mechanism. Proc Natl Acad Sci 
U S A. 2013 Jul 16;110(29):E2677-86. doi: 10.1073/pnas.1307235110.  
 
(155) Bernardini ML, Mounier J, d'Hauteville H, Coquis-Rondon M, Sansonetti PJ. 
Identification of icsA, a plasmid locus of Shigella flexneri that governs bacterial intra- 
and intercellular spread through interaction with F-actin. Proc Natl Acad Sci U S A. 1989 
May;86(10):3867-71. doi: 10.1073/pnas.86.10.3867.  
 
(156) Domann E, Wehland J, Rohde M, Pistor S, Hartl M, Goebel W, Leimeister-
Wächter M, Wuenscher M, Chakraborty T. A novel bacterial virulence gene in Listeria 
monocytogenes required for host cell microfilament interaction with homology to the 
proline-rich region of vinculin. EMBO J. 1992 May;11(5):1981-90.  
 



 27 

(157) Sitthidet C, Korbsrisate S, Layton AN, Field TR, Stevens MP, Stevens JM. 
Identification of motifs of Burkholderia pseudomallei BimA required for intracellular 
motility, actin binding, and actin polymerization. J Bacteriol. 2011 Apr;193(8):1901-10. 
doi: 10.1128/JB.01455-10.  
 
(158) French CT, Toesca IJ, Wu TH, Teslaa T, Beaty SM, Wong W, Liu M, Schröder I, 
Chiou PY, Teitell MA, Miller JF. Dissection of the Burkholderia intracellular life cycle 
using a photothermal nanoblade. Proc Natl Acad Sci U S A. 2011 Jul 19;108(29):12095-
100. doi: 10.1073/pnas.1107183108.  
 
(159) Gouin E, Gantelet H, Egile C, Lasa I, Ohayon H, Villiers V, Gounon P, Sansonetti 
PJ, Cossart P. A comparative study of the actin-based motilities of the pathogenic 
bacteria Listeria monocytogenes, Shigella flexneri and Rickettsia conorii. J Cell Sci. 
1999 Jun;112 ( Pt 11):1697-708.  
 
(160) Kadurugamuwa JL, Rohde M, Wehland J, Timmis KN. Intercellular spread of 
Shigella flexneri through a monolayer mediated by membranous protrusions and 
associated with reorganization of the cytoskeletal protein vinculin. Infect Immun. 1991 
Oct;59(10):3463-71. doi: 10.1128/iai.59.10.3463-3471.1991.  
 
(161) Yoshikawa Y, Ogawa M, Hain T, Yoshida M, Fukumatsu M, Kim M, Mimuro H, 
Nakagawa I, Yanagawa T, Ishii T, Kakizuka A, Sztul E, Chakraborty T, Sasakawa C. 
Listeria monocytogenes ActA-mediated escape from autophagic recognition. Nat Cell 
Biol. 2009 Oct;11(10):1233-40. doi: 10.1038/ncb1967.  
 
(162) Cheng MI, Chen C, Engström P, Portnoy DA, Mitchell G. Actin-based motility 
allows Listeria monocytogenes to avoid autophagy in the macrophage cytosol. Cell 
Microbiol. 2018 Sep;20(9):e12854. doi: 10.1111/cmi.12854.  
 
(163) Harris EK, Jirakanwisal K, Verhoeve VI, Fongsaran C, Suwanbongkot C, Welch 
MD, Macaluso KR. Role of Sca2 and RickA in the Dissemination of Rickettsia parkeri in 
Amblyomma maculatum. Infect Immun. 2018 May 22;86(6):e00123-18. doi: 
10.1128/IAI.00123-18.  
 
(164) Burke TP, Tran CJ, Engström P, Glasner DR, Espinosa DA, Harris E, Welch MD. 
Rickettsia parkeri Sca2 promotes dissemination in an intradermal infection mouse 
model. bioRxiv, 2020.09.23.310409; doi: https://doi.org/10.1101/2020.09.23.310409 
 
(165) Kuehl CJ, Dragoi AM, Agaisse H. The Shigella flexneri type 3 secretion system is 
required for tyrosine kinase-dependent protrusion resolution, and vacuole escape during 
bacterial dissemination. PLoS One. 2014 Nov 18;9(11):e112738. doi: 
10.1371/journal.pone.0112738.  
 
(166) Lamason RL, Welch MD. Actin-based motility and cell-to-cell spread of bacterial 
pathogens. Curr Opin Microbiol. 2017 Feb;35:48-57. doi: 10.1016/j.mib.2016.11.007.  
 



 28 

(167) Rajabian T, Gavicherla B, Heisig M, Müller-Altrock S, Goebel W, Gray-Owen SD, 
Ireton K. The bacterial virulence factor InlC perturbs apical cell junctions and promotes 
cell-to-cell spread of Listeria. Nat Cell Biol. 2009 Oct;11(10):1212-8. doi: 
10.1038/ncb1964.  
 
(168) Gianfelice A, Le PH, Rigano LA, Saila S, Dowd GC, McDivitt T, Bhattacharya N, 
Hong W, Stagg SM, Ireton K. Host endoplasmic reticulum COPII proteins control cell-to-
cell spread of the bacterial pathogen Listeria monocytogenes. Cell Microbiol. 2015 
Jun;17(6):876-92. doi: 10.1111/cmi.12409.  
 
(169) Duncan-Lowey JK, Wiscovitch AL, Wood TE, Goldberg MB, Russo BC. Shigella 
flexneri Disruption of Cellular Tension Promotes Intercellular Spread. Cell Rep. 2020 
Nov 24;33(8):108409. doi: 10.1016/j.celrep.2020.108409.  
 
(170) Czuczman MA, Fattouh R, van Rijn JM, Canadien V, Osborne S, Muise AM, 
Kuchroo VK, Higgins DE, Brumell JH. Listeria monocytogenes exploits efferocytosis to 
promote cell-to-cell spread. Nature. 2014 May 8;509(7499):230-4. doi: 
10.1038/nature13168.  
 
(171) Dragoi AM, Agaisse H. The class II phosphatidylinositol 3-phosphate kinase 
PIK3C2A promotes Shigella flexneri dissemination through formation of vacuole-like 
protrusions. Infect Immun. 2015 Apr;83(4):1695-704. doi: 10.1128/IAI.03138-14.  
 
(172) Alberti-Segui C, Goeden KR, Higgins DE. Differential function of Listeria 
monocytogenes listeriolysin O and phospholipases C in vacuolar dissolution following 
cell-to-cell spread. Cell Microbiol. 2007 Jan;9(1):179-95. doi: 10.1111/j.1462-
5822.2006.00780.x.  
 
(173) Page AL, Ohayon H, Sansonetti PJ, Parsot C. The secreted IpaB and IpaC 
invasins and their cytoplasmic chaperone IpgC are required for intercellular 
dissemination of Shigella flexneri. Cell Microbiol. 1999 Sep;1(2):183-93. doi: 
10.1046/j.1462-5822.1999.00019.x.  
 
(174) Campbell-Valois FX, Sachse M, Sansonetti PJ, Parsot C. Escape of Actively 
Secreting Shigella flexneri from ATG8/LC3-Positive Vacuoles Formed during Cell-To-
Cell Spread Is Facilitated by IcsB and VirA. mBio. 2015 May 26;6(3):e02567-14. doi: 
10.1128/mBio.02567-14.  
 
(175) Weddle E, Agaisse H. Spatial, Temporal, and Functional Assessment of LC3-
Dependent Autophagy in Shigella flexneri Dissemination. Infect Immun. 2018 Jul 
23;86(8):e00134-18. doi: 10.1128/IAI.00134-18.  
 
(176) Liu W, Zhou Y, Peng T, Zhou P, Ding X, Li Z, Zhong H, Xu Y, Chen S, Hang HC, 
Shao F. Nε-fatty acylation of multiple membrane-associated proteins by Shigella IcsB 
effector to modulate host function. Nat Microbiol. 2018 Sep;3(9):996-1009. doi: 
10.1038/s41564-018-0215-6.  



 29 

 
Chapter 2 

 
 

Characterization of a pat1::tn mutant reveals multiple roles for Pat1 in the  
R. parkeri life cycle 
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Introduction 
Spotted fever group (SFG) Rickettsia are Gram-negative, obligate intracellular 

bacteria that infect tick vectors and can be transmitted by tick bites to vertebrate hosts 
(1). SFG Rickettsia that can infect humans include R. rickettsii, the causative agent of 
Rocky Mountain spotted fever, a disease characterized by high fever, neurological 
symptoms, organ failure, and occasional fatality (2–4). SFG Rickettsia also include 
species such as R. parkeri, which causes milder eschar-associated rickettsiosis 
characterized by lower fever and an eschar at the site of the tick bite yet has not been 
documented to cause fatality (3,5,6). Because R. parkeri can be studied under BSL2 
conditions, it is emerging as a model for understanding the molecular determinants of 
SFG Rickettsia pathogenicity.  

R. parkeri targets endothelial cells (7–9) as well as macrophages (5,7–11) during 
infection in humans and animal models. The intracellular life cycle of R. parkeri and 
other SFG Rickettsia begins with invasion of a host cell, followed by escape from the 
primary vacuole into the cytosol, where bacteria replicate (12,13). Bacteria then initiate 
actin-based motility and move to the plasma membrane, where they enter into 
protrusions that are engulfed into neighboring cells, necessitating another escape 
event from a double-membrane secondary vacuole into the cytosol and completing the 
life cycle (12,13). 

Other bacteria with a similar life cycle utilize pore-forming proteins and 
phospholipases to escape from the primary and/or secondary vacuole. For example, 
Listeria monocytogenes utilizes the cholesterol dependent cytolysin listeriolysin O 
(LLO) (14–19) and Shigella flexneri uses the IpaB-IpaC translocon to form pores that 
facilitate membrane rupture (20–25). L. monocytogenes also uses two phospholipase 
C enzymes, PlcA and PlcB, to escape from primary and secondary vacuoles and for 
LLO-independent escape in epithelial cells (15,26–30). It is likely that Rickettsia also 
utilizes at least one protein that can directly disrupt the vacuolar membrane to mediate 
escape. 

SFG Rickettsia genomes encode two types of phospholipase enzymes, 
phospholipase D (PLD) and up to two patatin-like phospholipase A2 (PLA2) enzymes 
(Pat1 and Pat2) (13,31–33). PLD is dispensable for escape, as a pld mutant in R. 
prowazekii showed no delay in vacuolar escape (34), even though exogenous PLD 
expression in Salmonella enterica was sufficient to facilitate escape (35). This suggests 
that other bacterial factors contribute to this process. PLA2 enzymes have been 
proposed to perform a role in escape. PLA2 activity from R. prowazekii was 
demonstrated to target host phospholipids throughout infection (36,37). Furthermore, 
pretreatment of bacteria with either a PLA2 inhibitor or anti-Pat1 or anti-Pat2 antibodies 
reduced plaque number for both R. rickettsii (38–40) and R. typhi (40,41) and increased 
colocalization of R. typhi with the lysosomal marker LAMP-1 (41). This suggests that 
Pat1 and Pat2 are important for infection and vacuolar escape prior to trafficking to the 
lysosome. Nevertheless, the precise role of phospholipases in rickettsial vacuolar 
escape remain unclear. 

Phospholipase activity and escape from the vacuole may also be important to 
enable downstream events including actin-based motility as well as avoidance of 
targeting by host damage-response and autophagy pathways. With regard to the latter 
processes, membrane damage to the bacteria-containing vacuole can expose glycans 
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internalized from the host cell surface that are recognized by host cytosolic glycan-binding 
galectin (Gal) proteins (42–47). In particular, Gal3 and Gal8 can target damaged vacuolar 
compartments during infection with cytosolic L. monocytogenes (43,44,47) and S. flexneri 
(43–45), as well during infection with bacteria that typically reside in membrane-bound 
compartments such as Legionella pneumophila (46), S. enterica (43,44), Coxiella burnetti 
(48), and Mycobacterium tuberculosis (49). Importantly, membrane remnants marked by 
Gal3 and Gal8 are also positive for polyubiquitin (45,49,50), autophagy adaptors 
p62/Sequestome 1 (SQSTM1; hereafter referred to as p62) (45,49), nuclear dot protein 
52 (NDP52)/calcium-binding and coiled-coil domain 2 (CALCOCO2; hereafter referred to 
as NDP52) (44,48), and  microtubule-associated protein 1A/1B-light chain 3 (LC3) 
(44,45,48,49). Thus, membrane rupture is important for pathogens to gain access to the 
cytosol and is also critical for host cell detection of invading pathogens that can be linked 
to other anti-bacterial processes such as autophagy. Bacteria free in the cytosol can also 
be directly targeted by autophagy through conjugation of ubiquitin to bacterial substrates 
(51–53). Polyubiquitin on the bacterial surface is linked to anti-bacterial autophagy 
through selective cargo receptors (54) such as p62 (55–57) and NDP52 (56,58,59). 
These bind both ubiquitin and LC3 (53,55,57–59), which marks nascent and mature 
autophagosomal membranes (53,60,61). Bacterial phospholipases may facilitate 
autophagy avoidance by promoting escape from damaged membranes, or through 
manipulation of phospholipids needed for autophagosome formation, such as with L. 
monocytogenes PlcA targeting of phosphatidylinositol 3-phosphate (PI(3)P) to block LC3 
lipidation (62,63). However, it remains unknown if Rickettsia utilizes phospholipases to 
evade autophagy. 
 To better understand the role of PLA2 enzymes during SFG Rickettsia infection, 
we characterized a R. parkeri mutant with a transposon insertion in the single PLA2-
encoding gene pat1. We found that Pat1 is critical throughout infection for escaping host 
membranes, avoiding targeting by autophagy, and spreading to neighboring cells. 
These results suggest that Pat1 is a key bacterial factor involved in interacting with host 
membranes and avoiding detection in host cells. 
 
Results: 
Pat1 is important for infection of host cells and contributes to virulence in mice 

To determine the role of Pat1 during infection and virulence, we used a R. parkeri 
mutant with a transposon insertion in the pat1 gene (pat1::tn) that was previously 
isolated in a screen for mutants that cause small plaque size (64). We first 
complemented the pat1::tn mutation by generating a strain (pat1::tn pat1+) that also 
contains a second transposon encoding full length pat1 plus the intergenic regions 
immediately 5’ and 3’ to the gene predicted to contain the native promoter and 
terminator (Figure 2.1A). Using an antibody we generated that recognizes R. parkeri 
Pat1 by western blotting, we observed a band at the predicted molecular weight for Pat1 
in WT bacteria, no corresponding band in the pat1::tn mutant, and a restoration of the 
band in the pat1::tn pat1+ complemented mutant. This indicates that Pat1 protein is 
absent in the mutant, suggesting it is a null mutant, and that protein expression is fully 
restored in the complemented strain (Figure 2.1B). Because the pat1::tn mutant was 
initially identified based on its small-plaque phenotype, we next compared plaques sizes 
of WT, mutant, and complemented mutant strains. Compared with WT, the pat1::tn 
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mutant showed significantly smaller plaques, and plaque size was rescued in the 
complemented mutant (Figure 2.2A; Figure 2.1C). This demonstrates that the 
observed reduction in plaque size is caused by loss of pat1. 

 To further determine if Pat1 plays a role in bacterial replication, growth curves 
measuring plaque-forming units (PFU) were performed in two cell types, African green 
monkey Vero cells and human microvascular endothelial cells (HMECs). There were no 
differences in bacterial replication kinetics for WT, pat1::tn and pat1::tn pat1+ 

complemented strains in HMECs (Figure 2.1D), or WT and pat1::tn bacteria in Vero 
cells (Figure 2.2B). These data indicate that the transposon disruption of pat1 interferes 
with some part(s) of the bacterial life cycle but not intracellular growth. 

We next examined the contribution of Pat1 to virulence in vivo using mice lacking 
the receptors for IFN-I (Ifnar1) or IFN-γ (Ifngr1) (Ifnar1-/- Ifngr1-/- mice), which succumb 
to infection with WT R. parkeri and can be used to investigate the importance of 
bacterial genes to virulence (65), T.P. Burke, C.J. Tran, P. Engstrom, D.R. Glasner, 
D.A. Espinosa, E. Harris, M.D. Welch, eLife, in press). Mice infected intravenously (i.v.) 
with WT Rickettsia at 5x106 PFU showed a rapid drop in temperature and body weight 
following infection (Figure 2.2C, D) and did not survive past day 8 (Figure 2.1E). In 
contrast, mice infected i.v. with the pat1::tn mutant maintained a steady temperature 
following infection (Figure 2.2C), showed an initial drop in weight that stabilized around 
2 weeks post infection before increasing (Figure 2.2D), and the majority survived until 
the end of the experiment (day 40) (Figure 2.1E). These results indicate that Pat1 is an 
important virulence factor in an animal model.   
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Figure 2.1 Pat1 is important for infection in cells and in mice. (A) Genomic locus of 
pat1. Triangle represents transposon insertion site with genome position. Genes 
upstream and downstream are included to show intergenic regions included for 
complementation. Nucelotide numbers indicate the position in the genome that was 
used. (B) Western blot of purified R. parkeri strains, WT, pat1::tn, and complemented 
strain (pat1::tn pat1+); RickA was used as a loading control. (C) Plaque area in Vero 
cells infected with WT, pat1::tn, and complemented strain. (D) Growth curve of WT, 
pat1::tn, and complemented strain in HMECs (n=3). (E) Survival of Ifnar-/-Ifngr-/-  mice 
infected intravenously (i.v.) with 5x106 WT or pat1::tn mutant (n=6 mice for WT, n=8 
mice for pat1::tn, data represents 2 independent experiments). Data in (C) and (D) are 
mean ± SEM; ****p<0.0001 relative to WT (one way ANOVA). Data in (E) were 
analyzed using a log-rank (Mantel-Cox) test ***p<0.001. 
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Figure 2.2 Supplemental data related to Figure 2.1, Pat1 is important for infection 
in cells and in mice. (A) Images of plaques stained with neutral red at 6 dpi. Scale bar 
10 mm. (B) Growth curve of WT and pat1::tn bacteria in Vero cells (n=3). (C) 
Temperature changes over time in i.v. infection of Ifnar-/-Ifngr-/-  mice with 5x106 WT or 
pat1::tn mutant bacteria; graphs represent data from individual mice. (D) Weight change 
over time expressed as percent change from initial weight in i.v. infection of Ifnar-/-Ifngr-/-  
mice with 5x106 WT or pat1::tn mutant bacteria. All data are mean ± SEM. Data in (B) 
were not signicantly different (unpaired t test). Data in (D) were analyzed using a two 
way ANOVA from 0 to 7 dpi.          
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Pat1 promotes efficient escape from the vacuole post-invasion 
Because R. typhi Pat1 and Pat2 had been previously implicated in membrane 

rupture (41), we sought to determine if the R. parkeri pat1::tn mutant was impaired in its 
ability to escape from the primary vacuole during infection. To evaluate the role of Pat1 
in vacuolar escape, we used transmission electron microscopy (TEM) to investigate 
whether there were host membranes around intracellular bacteria 1 h post infection 
(hpi) in HMECs. This time point was chosen because most bacteria had invaded cells 
(Figure 2.4A), and prior studies reported escape from the vacuole by 30 min post 
infection (mpi) for R. typhi (41), R. prowazekii (34), R conorii (66), L. monocytogenes 
(67) and S. flexneri (68). At this timepoint, significantly more WT bacteria were found 
free in the cytosol (74%) compared with the pat1::tn mutant (38%) (Figure 2.3A, B). 
Moreover, significantly fewer WT bacteria were found within membranes (25% in single 
membranes, 1% in double membranes) in comparison with the pat1::tn mutant (50% in 
single membranes, 12% within double membranes). This suggests that Pat1 facilitates 
escape from membranes following invasion. 

We further hypothesized that the increased localization of the pat1::tn mutant 
within membranes may impair access to the cytosol, particularly to the pool of  
actin, and would therefore interfere with actin-based motility. To test this hypothesis, we 
quantified the percentage of bacteria with actin tails at 30 mpi and 1 hpi.  Approximately 
3-4% of WT bacteria were associated with actin tails, in keeping with previous reports 
(69,70). The frequency of pat1::tn mutant association with actin tails was half that of WT 
at both time points (Figure 2.3B). These results demonstrate that failure of the pat1::tn 
mutant to escape from the vacuole can impact actin-based motility. To confirm that the 
reduced frequency of actin-based motility resulted from bacteria being trapped within 
membranes, we used hypotonic shock (alternating treatment with hypertonic and then 
hypotonic solutions) to lyse primary vacuoles (71,72) and deliver bacteria to the cytosol. 
When cells infected with WT bacteria were subjected to hypotonic shock at 5 mpi, there 
was no significant increase in the percentage of bacteria with actin tails at 30 mpi, 
suggesting that WT bacteria optimally access the cytosol following invasion (Figure 
2.3C). In contrast, hypotonic shock significantly increased the percentage of pat1::tn 
mutant bacteria with actin tails (Figure 2.3C). These results confirm that reduced 
frequency of actin-based motility in the pat1::tn mutant is due to entrapment in the 
primary vacuole.  
 
Pat1 antagonizes targeting by autophagy 
The presence of a marked fraction (12%) of pat1::tn mutant bacteria in double-
membrane compartments at 1 hpi could not be fully explained by failure to escape from 
the vacuole, suggesting the possibility that bacteria are targeted by host cell autophagy. 
Because an initial step of anti-bacterial autophagy is recognition and ubiquitylation of 
the bacterial surface (52), we first tested for bacterial association with polyubiquitin in 
infected HMECs at 0-2 hpi. Whereas fewer than 2% of WT bacteria were polyubiquitin-
positive from 0-2 hpi (Figure 2.5A, B), the percentage of polyubiquitin-positive pat1::tn 
mutant bacteria was significantly higher and increased (from about 6% at 0 hpi to about 
16% at 1 hpi), before falling slightly (Figure 2.5A, B). 
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Figure 2.3 Pat1 facilitates escape from single and double membrane 
compartments following invasion. (A) TEM images of WT and pat1::tn mutant 
bacteria in HMECs at 1 hpi. “R” indicates R. parkeri and arrowheads point to continuous 
membrane surrounding the bacteria. Scale bar 1 µm. (B) Quantification of single and 
double membrane-bound or cytosolic bacteria (WT=80 bacteria, pat1::tn=88 bacteria, 
n=3 independent experiments). Data in (B) are mean ± SEM; ***p<0.001 **p<0.01 
relative to WT (unpaired t test).   
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Figure 2.4 Supplemental data related to Figure 2.3, Pat1 facilitates escape from 
single and double membrane compartments following invasion. (A) Percent of 
bacteria internalized at 15 mpi and 45 mpi. (B) Percent of bacteria with actin tails at 30 
mpi and 1 hpi. (C) Percent of bacteria with actin in untreated cells or cells that have 
undergone hypotonic shock treatment to lyse vacuoles. All data represents n=3 
independent experiments. Data in (A) and (B) are mean ± SEM; *p<0.05 relative to WT 
(unpaired t test) and data in (C) are mean ± SEM; *p<0.01 relative to untreated (paired t 
test). 
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Complementation of the pat1::tn mutant reduced the percent of polyubiquitin-positive 
bacteria to levels seen with WT (Figure 2.6A). This suggested that Pat1 reduces 
recognition of bacteria by the host ubiquitylation machinery.   

To further examine whether polyubiquitin-positive bacteria were targeted by the 
autophagy machinery, we examined the recruitment of autophagy receptors p62 and 
NDP52, as well as the autophagosome protein LC3 at 1 hpi, the time point with the 
most polyubiquitin-positive bacteria. Compared with WT (fewer than 2% stained with 
these markers), markedly more of the pat1::tn mutant were positive for p62 (10%) and 
NDP52 (6%) (Figure 2.5C, D). Moreover, more of the pat1::tn mutant bacteria 
colocalized with LC3 at 1 and 2 hpi (Figure 2.5E). Interestingly, the increased 
recruitment of LC3 to the pat1::tn mutant preceded increased colocalization of the 
mutant with LAMP-1, a marker for late endosomal and lysosomal compartments (Figure 
2.6B, C). These results suggest that Pat1 is important for counteracting the recruitment 
of autophagy adaptors and targeting to autophagosomes and lysosomes. 

Because there is evidence that Pat1 is secreted into the host cell (41), we also 
sought to further ascertain whether Pat1 counteracts ubiquitylation and targeting by the 
autophagy machinery by acting locally on the bacterium producing the protein, and/or 
by acting at a distance on other bacteria. To test this, we co-infected HMECs with WT 
bacteria expressing 2xTagBFP and pat1::tn mutant bacteria, and quantified 
colocalization of pat1::tn bacteria with polyubiquitin, NDP52, and p62. The pat1::tn 
mutant exhibited significantly reduced colocalization with polyubiquitin and p62 (but not 
NDP52) in co-infected cells compared with cells infected with the pat1::tn mutant only 
(Figure 2.6D). These results suggest that Pat1 is secreted and can function at a 
distance to reduce bacterial targeting with polyubiquitin and p62. 
 
 
Pat1 antagonizes bacterial association with damaged membranes that recruit 
galectin-3 and NDP52 

 It remained unclear whether polyubiquitin and the autophagy machinery were 
associated with bacteria free in the cytosol or those enclosed in damaged vacuolar 
membranes. To determine whether polyubiquitin, NDP52, and p62 were present at 
damaged vacuoles at 1 hpi, we quantified the percentage of bacteria staining for 
polyubiquitin, NDP52, or p62, that also stained for Gal3 as a marker of damaged 
membranes (43). WT bacteria staining positive for polyubiquitin, p62, or NDP52 did not 
colocalize with Gal3, and only a small fraction (0.5%) of WT bacteria stained at all with 
Gal3 (Figure 2.7A-B). For the pat1::tn mutant, a significantly higher fraction of those 
staining for NDP52 (~50%) stained for Gal3 (Figure 2.7A, C). Only a small portion (5%) 
stained for p62 and none of those positive for polyubiquitin stained for Gal3) (Figure 
2.7A, C). Although significantly more pat1::tn mutant bacteria than WT stained for Gal3, 
the overall percentage (2%) remained small (Figure 2.7A, B). Interestingly, although 
the pat1::tn mutant was more frequently associated with Gal3, we observed fewer 
clusters of Gal3-positive membranes in pat1::tn mutant cells (Figure 2.8A, B), 
consistent with reduced overall membrane damage compared with cells infected with 
WT bacteria. To further confirm whether NDP52 colocalized with bacteria associated 
with damaged membranes, we tested if release from membranes by hypotonic shock 
treatment   
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Figure 2.5 Pat1 enables evasion of recognition by autophagy. (A) Images of 
polyubiquitin (polyUb; magenta) in HMECs infected with WT and pat1::tn bacteria 
(green) (asterisk denotes colocalization between bacterium and polyUb). (B) 
Percentage of polyUb-positive bacteria at the indicated time points. (C) Images of 
autophagy adaptors NDP52 (left; magenta) and p62 (right; magenta) in WT and pat1::tn 
(green) infected HMECs (*denotes colocalization between bacterium and adaptor). (D) 
Percentage of bacteria staining for NDP52 or p62 at 1 hpi. (E) Images of LC3 (magenta) 
in HMECs infected with WT and pat1::tn bacteria (green) (*denotes colocalization 
between bacterium and LC3). (F) Percentage of bacteria staining for LC3 at 1 hpi. All 
data represents n=3 independent experiments. Data in (B, D, F) are mean ± SEM; 
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***p<0.001 **p<0.01*p<0.05 relative to WT (unpaired t test). Scale bars in (A, C, E) are 
5 µm. 
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Figure 2.6 Supplemental data related to Figure 2.5, Pat1 enables evasion of 
recognition by autophagy. (A) Percent PolyUb-positive bacteria in HMECs infected 
with WT, pat1::tn, or complemented mutant at 1 hpi. (B) Images of LAMP-1 (magenta) 
in HMECs infected with WT or pat1::tn bacteria (green) at 2 hpi. Boxes indicate insets 
on right. (C) Quantification of 1 hpi (images not shown) and 2 hpi (B). (D) Percentage 
colocalization of bacteria with polyUb, NDP52, and p62 in HMECs infected with WT, 
pat1::tn mutant, or co-infected with WT and pat1::tn mutant. For co-infections, 
quantification is for pat1::tn bacteria only. All data represents n=3 independent 
experiments. Data in (A) and (D) are mean ± SEM; ***p<0.001 **p<0.01 *p<0.05 relative 
to WT (one way ANOVA). Data in (C) are mean ± SEM; *p<0.05 relative to WT 
(unpaired t test). Scale bar for B is 10 µm, inset 3 µm. 
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reduced colocalization with NDP52. Cells infected with WT and pat1::tn bacteria were 
subjected to hypotonic shock treatment at 5 mpi, and then at 30 mpi, we quantified the 
number of bacteria that colocalized with NDP52. Fewer than 1% of WT bacteria 
colocalized with NDP52 in untreated or hypotonic shock treated cells (Figure 2.7D). In 
contrast, hypotonic shock significantly reduced the percent colocalization of the pat1::tn 
mutant with NDP52 (from ~6%  in untreated cells to ~1% in treated cells) (Figure 2.7D). 
Together, these results support the conclusion that Pat1 promotes efficient escape from 
damaged vacuolar membranes and enables avoidance of targeting by NDP52. 
 
 
Pat1 facilitates actin-based motility and spread into neighboring cells late in 
infection 
 Although Pat1 was not essential for normal bacterial replication kinetics, it was 
important for normal plaque size, suggesting that Pat1 may function in cell-cell spread.  
To initially assess if Pat1 is important for spread, we used an infectious focus assay, in 
which the number of infected host cells per focus of infection is quantified at 28 hpi to 
measure spread efficiency (69,73). Compared with WT bacteria (~4.5 cells per focus), 
the pat1::tn mutant infected significantly fewer cells (~3.5 cells per focus) (Figure 2.9A, 
B). This suggested that Pat1 is important for spread. To further assess cell-cell spread, 
we carried out a “mixed cell” assay in which “primary” cells stably expressing a plasma-
membrane marker (TagRFP-T-farnesyl) were infected for 1 h, detached from the plate, 
and mixed with unlabeled “secondary” cells (Figure 2.9D). The percent of bacteria in 
the primary cell and secondary cell were quantified at 32 hpi (Figure 2.9C, D). In this 
assay, ~50% of WT bacteria were found in primary cells and 50% had spread into 
secondary cells (Figure 2.9E). In contrast, ~85% of pat1::tn mutant bacteria were in 
primary cells and only ~15% were found in secondary cells. This confirms that Pat1 is 
important for cell-cell spread. 

Because our data indicated that Pat1 facilitates cell-cell spread, we wanted to 
further investigate whether impaired spread might be due to differences in the fraction of 
bacteria undergoing actin-based motility, which is known to contribute to spread (69,70). 
We found the pat1::tn mutant formed significantly fewer actin tails compared to WT 
bacteria at 24 hpi and 48 hpi (Figure 2.9F, G), suggesting fewer bacteria initiated actin-
based motility. Complementation of the pat1::tn mutant restored the frequency of actin 
tail formation to WT levels (Figure 2.10A, B). In the mixed cell assay, which 
distinguishes between primary and secondary cells, ~6% of WT bacteria in the primary 
cell recruited actin, mostly as actin tails but also as actin “clouds” surrounding the 
bacteria, compared with ~1% of pat1::tn mutant bacteria (Figure 2.9C). Differences 
between WT and part1::tn bacteria in the secondary cell could not be discerned (Figure 
2.9C). The observed differences between WT and the pat1::tn mutant were not due to 
differences in the localization of the R. parkeri protein Sca2, which is important for actin-
based motility and cell-cell spread (69,74) (Figure 2.10D). Taken together, these results 
suggest that Pat1 is important for the frequency of bacterial actin-based motility, and 
hence bacterial spread to neighboring cells.  
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Figure 2.7 Pat1 is important for avoiding bacterial association with damaged 
membranes. Images of Gal3 (magenta) and adaptors p62 (left; cyan) and NDP52 
(right; cyan) in HMECs infected with WT or pat1::tn bacteria (green) at 1 hpi. Arrows 
indicate large Gal3 positive clusters near bacteria, asterisk indicates bacteria that are 
adaptor positive and Gal3 negative, arrowheads indicate colocalization between all 
three signals. (B) Percentage of bacteria positive for Gal3 (n=4). (C) Percent adaptor 
positive bacteria that are also positive for Gal3 (n=2 for polyUb and n=3 for p62 and 
NDP52). (D) Percent of bacteria positive for NDP52 in untreated cells or cells that 
undergo hypotonic lysis of vesicles (n=3). Data in (B) and (C) are mean ± SEM; 
**p<0.01 relative to WT (unpaired t test). Data in (D) are mean ± SEM; **p<0.01 relative 
to untreated (paired t test). Scale bar for (A) is 5 µm. 
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Figure 2.8 Supplemental data related to Figure 2.7, Pat1 is important for avoiding 
bacterial association with damaged membranes. (A) Images of Gal3 (magenta) in 
HMECs that are uninfected (UI), undergo sterile lysis of vesicles (hypotonic shock; 
PEG-sucrose), WT-infected, and pat1::tn mutant (green) infected at 1 hpi. Infected 
panels are also stained for NDP52 (cyan). Scale bar 5 µm. (B) Number of Gal3 clusters 
per cell (n=4).  Data in (B) are mean ± SEM; *p>0.01 (one way ANOVA, mulitple 
comparisons with Tukey post hoc test).   
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Pat1 is important for avoiding double membranes during cell-cell spread 
Because Pat1 plays an important role escaping the primary vacuole following 

invasion, we hypothesized that Pat1 also plays a role in escaping the secondary 
vacuole following cell-cell spread. To test this, we imaged infected HMECs by TEM at 
48 hpi and quantified the percent of intracellular bacteria free in the cytosol or within 
membranes. Significantly more pat1::tn mutant bacteria were surrounded by double 
membranes (~60%)  in comparison with WT bacteria (~25%) (Figure 2.11A, B). The 
double membranes we observed were often discontinuous, with the mutant remaining 
mostly enclosed and WT bacteria having very few surrounding membrane fragments. 
This suggests that Pat1 plays a role in escaping from membranes later in infection. 

We next sought to further distinguish whether bacteria surrounded by double 
membranes were in secondary vacuoles that result from cell-cell spread, or other 
double-membrane structures such as autophagosomes. We used the mixed cell assay 
described above, in which infected primary cells stably expressing TagRFP-T-farnesyl 
were infected for 1 h and then mixed with uninfected and unlabeled secondary cells 
(Figure 2.10D). Fewer than 1% of WT bacteria that spread from primary into secondary 
cells were colocalized with the plasma membrane marker from the primary cell (Figure 
2.11C), suggesting that these bacteria had escaped the secondary vacuole. In contrast, 
of the pat1::tn mutant bacteria that spread into secondary cells, ~12% colocalized with 
the plasma membrane marker from the primary cell (Figure 2.11C). These results 
suggest that a significant fraction of double-membrane structures seen in the TEM 
images are secondary vacuoles and confirm that Pat1 is important for escaping from 
these vacuoles.   
  To further examine whether some of the double membranes seen surrounding 
bacteria by TEM were also due to targeting by autophagy, we assessed whether 
bacteria colocalized with polyubiquitin, p62 or NDP52 at 48 hpi. Significantly more of the 
pat1::tn mutant colocalized with p62 and NDP52 than WT, although the overall 
percentages were low in all cases (Figure 2.11D). Moreover, the percentage of bacteria 
that colocalized with these markers was lower than at 1 hpi (compare with Figure 2.5B, 
D). Interestingly, polyubiquitin labeling was not significantly different between WT and 
pat1::tn mutant bacteria, suggesting p62 and NDP52 were not being recruited by 
polyubiquitin. These data demonstrate that late in infection, in addition to facilitating 
escape from the secondary vacuole, Pat1 contributes to avoidance of autophagy.   
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Figure 2.9 Pat1 is important for cell-cell spread and facilitates actin-based 
motility. (A) Images of infectious foci formed by WT or pat1::tn mutant in A549 cells at 
28 hpi (magenta, b-catenin; green, bacteria; blue, nuclei)(n= 4). Scale bar for 10 µm. (B) 
Quantification of (A). (C) Images of mixed cell assay depicted in (D) showing plasma 
membrane (A549-TRTF; magenta), F-actin (green), and bacteria (blue) (n=3). (E) 
Percent bacteria in primary and secondary cells quantified from (C). (F) Images of actin 
tails (F-actin; magenta) and bacteria (green) in HMECs (n=3). (G) Percent of bacteria 
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with actin tails at 24 hpi and 48 hpi in HMECs. Scale bar is 5 µm. All data are mean ± 
SEM; ***p<0.001 **p<0.01 *p<0.05 relative to WT (unpaired t test). 
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Figure 2.10 Supplemental data related to Figure 2.9, Pat1 is important for cell-cell 
spread and facilitates actin-based motility.  (A) Images of actin tails in the 
complemented mutant (F-actin, magenta; bacteria, green) in HMECs at 48 hpi. Scale 
bar 5 µm. (WT and pat1::tn images represented in figure 2.9F.) (B) Percentage of 
bacteria with actin tails for the indicated strains. (C) Percentage of bacteria with actin 
tails in primary and secondary cells, related to Figure 2.9C. (D) Percentage of bacteria 
with Sca2 with the indicated distributions in WT and pat1::tn mutant bacteria. All data 
represents n=3. Data in (B) are mean ± SEM; **p<0.01 relative to WT (one way 
ANOVA). Data in (C) are mean ± SEM; *p<0.05 relative to WT (unpaired t test). 
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Figure 2.11 Pat1 is important for escape from the secondary vacuole. (A) TEM 
images of WT and pat1::tn mutant bacteria in HMECs at 48 hpi. “R” indicates R. parkeri 
and arrowheads point to continuous membrane surrounding the bacteria. Scale bar 1 
µm. (B) Percentage of bacteria in double membrane compartments or in the cytosol 
(WT=120 bacteria, pat1::tn n=112 bacteria, n=3). (C) Percentage of bacteria in the 
secondary cell that colocalize with the plasma membrane from the primary cell, in mixed 
cell assays from Figure 2.9 (C) at 32 hpi (n=3). (D) Percentage of WT and pat1::tn 
mutant bacteria colocalizing with polyUb (n=3), p62 (n=4), and NDP52 (n=4) at 48 hpi in 
HMECs. All data are mean ± SEM; **p<0.01 *p<0.05 relative to WT (unpaired t test). 
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Discussion 
The ability of Rickettsia to escape and avoid host membranes meant to 

sequester bacteria from the cytosol is a critical facet of their life cycle. Here, we 
demonstrate that the R. parkeri patatin-like phospholipase Pat1 enables bacterial 
escape from host membranes throughout infection. Pat1 mediates efficient exit from 
primary vacuoles following invasion, helping R. parkeri avoid detection by host galectins 
and autophagy adaptor NDP52. Pat1 further enables cytosolic bacteria to avoid 
recruitment of polyubiquitin and autophagy adaptor p62. As infection progresses, Pat1 
facilitates spread into neighboring cells and escape from the secondary vacuole. 
Altogether, these data suggest Pat1 is important at multiple steps of the Rickettsia life 
cycle that involve manipulating host membranes. 

Our genetic data indicate that Pat1 mediates escape from both single and double 
membrane compartments in host cells. At early time points, pat1::tn mutant bacteria 
were more frequently surrounded by single membranes following invasion, likely to be 
primary vacuoles derived from the host cell plasma membrane. Consistent with a failure 
to fully escape the primary vacuole, the pat1::tn mutant also showed significantly 
reduced frequency of actin-based motility and increased trafficking to LAMP-1-positive 
compartments. We also found the pat1::tn mutant had increased localization to double 
membrane structures at later time points when bacteria are spreading to neighboring 
cells. These structures are likely to be secondary vacuoles, as only a small portion 
colocalized with autophagy adaptors p62 or NDP52. Pat1 was previously suggested as 
a candidate for escape from the vacuole due to its phospholipase activity (33,41) and 
the observation that R. typhi pre-treated with anti-Pat1 antibody (which could block 
surface-associated by not secreted Pat1) caused increased colocalization with LAMP-1 
(41). Our results provide genetic confirmation of this role. Several other bacterial 
phospholipases mediate membrane rupture (75), including L. monocytogenes PLCs 
(15,29,75,76), Clostridium perfrinogens alpha-toxin (a PLC) (75,77–79), and 
Psuedomonas aeruginosa ExoU (75,80). Similarly, lecithin:cholesterol acyltransferase 
(LCAT) enzymes from pathogenic protists, including Plasmodium berghei 
phospholipase (PbPL) (81,82) and Toxoplasma gondii TgLCAT (83), have PLA2 and 
acyl transferase activity (81,83) that facilitate break down the parasitophorous vacuole. 
Phospholipases are also used by nonenveloped viruses to breech the endosome 
(84,85), including parvovirus capsid protein VP1 which his PLA2 activity that is essential 
for capsid translocation from the endosome to the cytosol (85,86), and host PLA2 group 
XVI which is recruited by picornaviruses to endosomes for genome translocation 
(85,87). Thus, the role of Pat in vacuolar breakdown and escape represents a common 
strategy employed by many intracellular pathogens. 

Despite its importance in escaping from primary and secondary vacuoles, Pat1 is 
not important for growth in the cell lines we tested, suggesting that the pat1::tn mutant 
retains some ability to rupture vacuolar membranes and gain access to nutrients in the 
cytosol. Consistent with this notion, the pat1::tn mutant colocalizes more frequently with 
damaged membranes marked by Gal3. L. monocytogenes PLC enzymes have 
overlapping function in escape (15,26,29) and double phospholipase mutants of PlcA 
and PlcB show more severe defects in escape (15,26,29) and growth (26,62). Pat1 
must also share functional redundancy with other proteins. Based on our mechanistic 
understanding of vacuolar escape for L. monocytogenes and S. flexneri (19,76,88) and 
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the data presented here, we would expect the other Rickettsia factor(s) involved in 
escape to cause membrane damage and possibly manipulate trafficking of the vacuole. 
The Rickettsia protein TlyC, a putative hemolysin (35,89), could function analogously to 
LLO. Pat2, a second PLP, may also have an overlapping role with Pat1 in species like 
R. typhi (33,41). In addition to the membranolytic proteins, Risk-1, a phosphatidylinositol 
3-kinase, was recently reported to manipulate early trafficking events important for 
invasion, vacuolar escape, and autophagy (90). R. parkeri has multiple proteins with 
potential to synergize with Pat1 during vacuolar escape. At least one of these factors 
can damage vacuolar membranes, but Pat1 is important for efficient escape that allows 
bacteria to escape the vacuole shortly after rupture.  
 We observed that Pat1 plays a role in avoiding targeting by autophagy following 
invasion. One role of Pat1 is to enable efficient escape from damaged membrane 
remnants marked by host Gal proteins that are subsequently targeted by autophagy. 
Consistent with this, we observed that the pat1::tn mutant colocalizes more frequently 
with NDP52 and Gal3. The detection of membrane damage by Gal proteins and 
subsequent recruitment of autophagy is a potential obstacle for bacteria trying to access 
the cytosol. Interestingly, Gal3 promotes replication by suppressing autophagy during L. 
monocytogenes infection (42,47) and preventing recruitment of Gal8 and parkin during 
Group A Streptococcus infection (42,91). Our results found that WT bacteria rarely 
associated with damaged membranes, but whether differential recruitment of Gal 
proteins leads to different infection outcomes in Rickettsia remains unknown. 
Altogether, these results suggest that R. parkeri avoids association with vacuolar 
rupture through rapid escape, allowing bacteria to evade initial targeting by autophagy 
associated with membrane damage. 

Pat1 also played a role in avoiding polyubiquitylation, p62 recruitment, and 
targeting by autophagy for bacteria that were not associated with damaged membranes. 
Thus, Pat1 may augment other autophagy-avoidance mechanisms, including OmpB-
mediated shielding of bacterial surface from polyubiquitylation and lysine methylation of 
OmpB (92,93). Pat1 might function in a similar manner to PlcA from L. monocytogenes, 
which reduces PI(3)P levels to block autophagosome formation and stall autophagy 
(62,63). Both Pat1 and PlcA/B are secreted and can act at a distance, as we observed 
that a R. parkeri pat1 mutant can be rescued from targeting by autophagy by co-
infection with WT bacteria, similar the rescue of a plcA/B mutant by WT L. 
monocytogenes (63). Thus, secreted Pat1 might also target early and/or regulatory 
aspects of autophagy.  

We further found that Pat1 is important for cell-cell spread, including in late actin-
based motility and escape from the secondary vacuole (the latter is discussed above). 
The pat1::tn mutant formed fewer actin tails and exhibited reduced spread into 
neighboring cells when compared with WT, consistent with the known role for motility in 
cell-cell spread of SFG Rickettsia (69,70,74). One key contribution of Pat1 to actin-
based motility is to mediate escape from the vacuole, allowing recruitment of the host 
actin machinery to the surface of the bacteria. However, it remains possible that Pat1 
targeting of phosphoinositides (PIs) might also affect actin-based motility, as PIs 
regulate actin dynamics (94–96) by influencing the activity of actin-binding proteins 
(97,98). Moreover, Pat1 targeting of PIs at the plasma membrane could directly 
contribute to protrusion dynamics during cell-cell spread. PIs can recruit proteins 
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involved in membrane curvature, (i.e. BAR proteins), and endocytic pathways (clathrin-
mediated endocytosis) to the plasma membrane (96,99–102) and these processes have 
been shown to mediate protrusion resolution for L. monocytogenes and S. flexneri 
(103,104). Pat1-mediated local membrane damage might also promote spread, as L. 
monocytogenes LLO-mediated membrane damage in the protrusion has been shown to 
enable exploitation of efferocytosis for spread (105). Thus, Pat1 may play multiple roles 
in cell-cell spread. 

Our data demonstrate that R. parkeri Pat1 plays an important role throughout the 
intracellular life cycle. However, it remains unclear whether Pat1 primarily mediates 
membrane damage or Pat1 whether Pat1 also performs other functions during infection. 
For example, Pat1 phospholipase activity could contribute to both vacuolar breakdown 
and the release of bioactive lipids such as eicosanoids derived from arachidonic acid.  
Our data suggests Pat1 may exert both local effects on vacuolar escape and global 
effects on other processes such as autophagy and actin-based motility. Membranes are 
critical hubs of signaling and protein-protein interactions and R. parkeri, like other 
intracellular pathogens, has likely evolved diverse ways of manipulating membranes. 
Further studies of Pat1 function promise to elucidate how PLA2 enzymes facilitate 
microbial adaptation to host cells and could reveal previously unappreciated strategies 
of membrane manipulation by obligate intracellular and other pathogens.       
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Materials and methods 
Mammalian cell lines 
Mammalian cell lines were obtained from the UC Berkeley Cell Culture Facility and grown at 
37˚C and 5% CO2.  Vero cells (African green monkey kidney epithelial cells) were grown in 
DMEM with high glucose (4.5 g/L) (Gibco; 11965-092) and 2% FBS (GemCell; 100500) for 
culturing or 5% FBS for plaque assays (described below). A549 cells (human lung epithelial 
cells) were grown in DMEM (Gibco, 11965-092) with high glucose (4.5 g/L) and 10% FBS 
(ATLAS; catalog number F-0500-A).  HMEC-1 cells (human microvascular endothelial cells) 
were grown in MCDB 131 media (Sigma, M8537) supplemented with 10% FBS (HyClone; 
catalog number SH30088), 10 mM L-glutamine (Sigma, M8537), 10 ng/ml epidermal growth 
factor (Corning; catalogue number 354001), 1 ug/mL hydrocortisone (Spectrum Chemical, 
CO137), and 1.18 mg/mL sodium bicarbonate.  A549 cells stability expressing a farnesyl 
tagged TagRFP-T (A549-TRTF) to mark the plasma membrane were described previously (73) 
and were maintained in the A549 media described above. 
 
R. parkeri strains and bacterial isolation  
R. parkeri Portsmouth strain (WT) was provided by Dr. Christopher Paddock (Centers for 
Disease Control and Prevention).  The pat1::tn mutant was generated from this strain as 
described previously (64). 
 
To make the complemented pat1::tn pat1+ mutant, we first constructed the pMW1650-Spec-
pat1) complementation plasmid. Nucleotides 901,999-903,853 from R. parkeri genomic DNA 
were amplified by PCR and subcloned into pMW1650-Spec that had been linearized with PstI 
(New England Bioloabs; R3140S).  The amplified sequence contained a predicted promoter 
upstream of pat1 (determined using SoftBerry, BPROM prediction of bacterial promoters (106) 
and several predicted transcriptional terminators (determined using WebGeSTer DB) (107).  
Small scale electroporations were performed as previously described for pMW1650 (64) to 
generate Rickettsia strains containing pMW1650-Spec plasmids.  A spectinomycin overlay of 
Vero media (5% FBS) with 0.5% agarose and 50 µM spectinomycin was added to the cells.   
Individual plaques were picked, resuspended in 200 µl BHI, and expanded in Vero cells in a 
T25 flask rocked at 37˚C for 30 min. 50 µM spectinomycin was added and the flasks were 
placed at 33˚C and monitored for plaque formation.  This process of bead disruption and 
bacteria isolation was repeated in T75 flasks to generate frozen stocks (“bead preps”) for 
screening candidate plaques by PCR, plaque size, and Pat1 expression by western blot.  For 
PCR, we confirmed (1) the original transposon using primers for the rifampicin resistance 
cassette, (2) presence of new transposon using primers for spectinomycin resistance cassette, 
and (3) the presence of pat1::tn and  WT pat1.  Following screening, T175 flasks were infected 
to purify bacterial stocks (30% prep, described below). 
 
R. parkeri strains were purified by infecting confluent Vero cells in T175 flasks at an MOI of 
0.05.  Flasks were monitored for plaque formation and harvested when 70-80% of the cells in 
the flask were rounding, typically 5-7 d after infection.  Cells were scraped and pelleted at 
12,000 x g for 30 min at 4˚C.  The pelleted cells were resuspended in ice-cold K36 buffer and 
transferred to a Dounce homogenizer.  Repeated douncing of 60-80 strokes released 
intracellular bacteria and the dounced cells and bacteria were centrifuged at 200 x g for 5 min 
at 4˚C.  The supernatant containing the bacteria was overlaid on a 30% MD-76R solution and 
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centrifuged at 18,000 rpm for 30 min at 4˚C in a SW-28 rotor to further separate host cell 
components from bacteria.  Bacterial pellets were resuspended in BHI and stored at -80˚C. 
Purified bacteria are referred to as “30% preparations” below.  
 
Plaque assays and growth curves 
To determine the titer of purified bacteria, media was aspirated from Vero cells grown in 6-well 
plates and 200 µl of bacteria diluted in Vero media (10-3-10-8) were added to each well.  Plates 
were rocked at 37˚C for 30 min then overlaid with 3 ml of Vero media (5% FBS) and 0.5% 
agarose.  Plaques were counted 5-7 d post infection to determine pfu/mL. For imaging 
plaques, neutral red (Sigma, N6264) was overlaid (0.01% final concentration) with Vero media 
(2% FBS) and 0.5% agarose and imaged the next day. 
 
Growth curves were carried out following infection of HMECs or Vero cells at an MOI of 0.01 in 
24 well plates. At each time point, media was aspirated from individual wells, cells were 
washed 2X with sterile deionized water, 1 ml of sterile deionized water was added, and cells 
were lysed by repeated pipetting. Three serial dilutions of the supernatant from lysed cells in 
Vero media, totaling 1 ml each, were added in duplicate to confluent Vero cells in 12 well 
plates. Plates were spun at 300 x g for 5 min at room temperature and incubated at 33˚C 
overnight.  The next day, media was aspirated and 2 ml of Vero media (5% FBS) and 0.5% 
agarose was overlaid in each well.  Once plaques were visible, an overlay with neutral red was 
done as described above. Because of differences in timing of plaque formation for the WT and 
pat1::tn mutant strains, plaque counts for WT and complemented pat1::tn plaques were usually 
at ~5 d post infection and pat1::tn plaques were counted at ~7 d post infection.  
 
Pat1 expression and antibody generation 
The DNA sequence encoding full length Pat1 (AA 1-490; nucleotide 1-1473) was amplified 
from R. parkeri genomic DNA by PCR and subcloned into a pET1 vector containing an N-
terminal 6x His-tag, maltose binding protein (MBP) tag, and TEV cleavage site (Addgene 
plasmid 29656).  The resulting plasmid, pET-M1-6xHis-MBP-TEV-Pat1 was transformed into 
E. coli strain BL21 codon plus RIL-Camr (DE3) (UC Berkeley QB3 Macrolab).  Expression of 
6xHis-MBP-TEV-Pat1 was induced with 1 mM IPTG for 1 h at 37˚C. Bacteria were pelleted by 
spinning at 4000 rpm for 30 min at 4˚C and the pellet was resuspended in lysis buffer (50 mM 
Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM EDTA) supplemented with 1 µg/ml each leupeptin 
(MilliporeSigma; catalogue number L2884), pepstatin (MilliporeSigma; catalogue number 
P5318), and chymostatin (MilliporeSigma; catalog number E16), and 1 mM 
phenylmethylsulfonyl fluoride (PMSF, MilliporeSigma; 52332).  Bacteria were flash frozen in 
liquid nitrogen and stored at -80˚C until purification. Bacterial cultures were thawed quickly and 
kept on ice/cold for remaining purification.  Lysozyme (Sigma; catalogue number L4919)  was 
added to a final concentration of 1 mg/ml and incubated for 15 min on ice.  Bacterial pellets 
were subjected to 8 cycles of sonication at 30% power for 12 s bursts, followed by rest on ice 
for 30 s.  Lysed bacteria were spun at 13,000 rpm for 30 min at 4˚C.  The supernatant was 
passed three times over a column of 10 ml of amylose resin (New England Biolabs; catalogue 
number E8031L).  The column was washed with wash buffer (50 mM Tris-HCl, pH 8.0, 300 
mM NaCl) by passing 15 column volumes.   Bound protein was eluted by adding 2-3 column 
volumes of elution buffer (50 mM Tris-HCL, pH 8.0, 300 mM NaCl, 0.5 mM DTT, 10 mM 
maltose) to the column and collecting 500 µl fractions.  Fractions were checked for eluted 
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protein by both Bradford assay and SDS-PAGE and fractions with high concentration of protein 
and a single band at the expected molecular weight for MBP-Pat1 were pooled and 
concentrated. 
 
To generate rabbit anti-Pat1 antibodies, 1.7 mg of purified MBP-Pat1 was sent to Pocono 
Rabbit Farm and Laboratory and immunization was carried out following their 91 day custom 
antibody production protocol, then extended for an additional 6 weeks for an additional boost 
and bleed before final exsanguination.  
 
To affinity purify anti-Pat1 antibodies, full length pat1 was subcloned into the pSMT3 plasmid 
to make pSMT3-6x-His-SUMO-Pat1.  Expression of 6x-His-SUMO-Pat1 was induced as 
described above.  Pellets were resuspended in lysis buffer (20 mM Tris-HCL, pH 8.0,300 mM 
NaCl, 10 mM imidazole) supplemented with protease inhibitors PMSF and LPC as described 
above.  Bacteria were lysed as described above and supernatant was incubated with 2.0 ml of 
Ni-NTA resin and rotated for 1 hr at 4˚C.  The column was washed with wash buffer (20 mM 
Tris-HCL, pH 8, 300 mM NaCl, 30 mM imidazole) and protein was eluted from the column in 
500 µl aliquots with 2 column volumes of elution buffer (50 mM NaH2PO4, pH 8, 300mM NaCl 
250 mM imidazole).  In addition, the same protocol was followed to purify 6x-His-SUMO.   
Purified 6x-His-SUMO or 6x-His-SUMO-Pat1 were coupled to NHS-activated Sepharose 4 fast 
flow resin (GE Healthcare; catalogue number 17-0906-01) in ligand coupling buffer (200 mM 
NaHCO3, pH 8.3, 500 mM NaCl) for 2-4 h at RT.  To remove anti-SUMO antibodies, the resin 
containing 6x-His-Sumo was incubated with 10 mL anti-Pat1 serum diluted in binding buffer 
(20mM Tris-HCL, pH 7.5) and incubated with rotation for 2 h at 4˚C.  The flow through was 
collected and added to the resin containing 6x-His-SUMO-Pat1 and was incubated at 4˚C for 4 
h with rotation.  Bound antibody was eluted using 100 mM glycine, pH 2.5, into 1M Tris-HCL, 
pH 8.8, to neutralize to pH 7.5.   
 
Bacterial infections for imaging 
Infections were carried out in 24 well plates unless otherwise noted. For immunofluorescence 
microscopy, 24 well plates containing 12 mm sterile coverslips were used. HMECs were 
seeded at 2.5x105 cells/well and infected 36-48 h later.  A549 cells were seeded at 1.2x105 
cells/well and infected 24 h later. For timepoints from 0-2 hpi, an MOI of 3-5 was used for all 
cell types, and for 24-48 hpi, an MOI of 0.01-0.05 was used.  For the infectious focus assay, an 
MOI of 0.001 was used. To infect cells, a 30% preparation of R. parkeri was thawed on ice 
prior to infection and immediately diluted into fresh media on ice.  Cell media was aspirated, 
the well was washed once with 1x phosphate-buffered saline (PBS; Gibco; catalogue number 
10010049), 0.5 mL of bacteria in media was added per well and the plate was spun at 300 x g 
for 5 min at RT.  Warm media was added following centrifugation and infected cells were 
incubated at 33˚C in 5% CO2. 
 
For Gal3 imaging experiments, pmCherry-N1-Gal3 was transfected into cells 24 hours after 
seeding on to coverslips using Lipofectamine LTX (Invitrogen, catalogue number A12621). 
Plasmid and transfection reagent was added to HMEC media and incubated at 37˚C overnight. 
Next morning, the wells were washed 2x with PBS and replaced with fresh, warm HMEC 
media. Cells were visually examined to confirm 80-100% confluency and the presence of Gal3 
expressing cells. Infections were performed a few hours later. 
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The mixed cell assay was adapted from (73), A549-TRTF cells and unlabeled A549 cells were 
seeded into 12-well plates at a density of 3x105 cells/ml and grown overnight.  The following 
day, A549-TRTF cells were infected at an MOI of 5 as described above. Cells were incubated 
at 33˚C for 1 h.  Both infected A549-RFP-T-Farn cells and unlabeled A549 cells were detached 
by adding warm citric saline (135 mM KCl, 15 mM sodium citrate) and incubating for 5 min at 
37˚C. Cells were gently resuspended by pipetting up and down and adding to media, then 
pelleted.  Cells were washed twice with A549 media and resuspended in A549 media WITH 10 
µg/ml gentamycin to kill extracellular bacteria. Infected A549-TRTF and unlabeled cells were 
mixed at a ratio of 1:120, plated on coverslips in a 24 well plate, and incubated in a humidified 
secondary container at 33˚C until 32 hpi. 
 
Hypotonic shock treatment was adapted from (72).  Briefly, HMECs were infected as stated 
above and incubated for 5 min at 37˚C, at which point media was exchanged with a hypertonic 
solution (10% PEG-1000, 0.5 M sucrose in PBS) and incubated at 37˚C for 10 min.  Wells 
were washed gently once with the hypotonic solution (60% PBS), incubated in hypotonic 
solution at 37˚C for 3 min, then incubated in isotonic media (cell media) for 15 min at 37˚C.    
 
Immunofluorescence microscopy  
All coverslips were fixed for 10 min in fresh 4% paraformaldehyde (Ted Pella; catalogue 
number 18505) at room temperature.  Coverslips were washed 3x with PBS pH 7.4 and stored 
at 4˚C until staining.  All incubations were done at RT unless otherwise noted and all coverslips 
were mounted in Prolong Gold antifade (Invitrogen; catalogue number P36930) and sealed 
with nail polish after drying.   
 
Primary antibodies used to stain Rickettsia were rabbit anti-Rickettsia I7205 (1:300; (108)); gift 
from T. Hackstadt), rabbit anti-Rickettsia OmpB (1:1000; (92)), and mouse anti-Rickettsia 14-
13 (1:400; (108)); gift from T. Hackstadt).  Primary antibodies were incubated with coverslips 
for 30 min.  Coverslips were washed and the following secondary antibodies were added for 30 
min, protected from light: goat anti-rabbit Alexa 488 (1:400; Invitrogen; catalogue number 
A11008), goat anti-rabbit Alexa 404 (1:150; Invitrogen; catalogue number A31556), goat anti-
mouse Alexa 488 (1:400; Invitrogen; catalogue number A11001), goat anti-mouse Alexa 404 
(1:150; Invitrogen; catalogue number A31553).    
 
To quantify colocalization with polyubiquitin and autophagy adapters, cells were permeabilized 
with 0.5% triton-X100, washed three times with PBS. Primary antibodies were added for 30 
min -1 h at the following dilutions: mouse anti-polyubiquitin FK1 (1:250; EMD Millipore; 
catalogue number 04-262), guinea pig anti-p62 (1:500; Fitzgerald; catalogue number 20R-
PP001), mouse anti-NDP52 (1:300; Novus Biologicals; catalogue number H00010241-B01P).  
Cells were post-fixed in 100% methanol at RT for 5 min for staining with rabbit polyclonal anti-
LC3 (1:250; Novus Biologicals; catalogue number NB100-2220SS) and mouse anti-human 
Lamp1 (1:25; BD Bioscience, catalogue number 555801).  After incubation, coverslips were 
washed three times with PBS and the following secondary antibodies were added for 30 min 
and protected from the light: goat anti-mouse Alexa 568 (1:500; Invitrogen; catalogue number 
A11004), goat anti-mouse Alexa 488 (1:400; Invitrogen; catalogue number A11001),  anti-
guinea pig Alexa 568 (1:500; Invitrogen; catalogue number A11075), and anti-guinea pig Alexa 
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488 (1:400; Invitrogen; catalogue number A11073).  Coverslips were then washed three times 
with PBS.   
 
To quantify the percent of bacteria with actin tails, cells were permeabilized with 0.5% triton-
X100 for 5 min then washed three times with PBS.  Rickettsia were stained with either anti-
Rickettsia 14-13 or anti-Rickettsia I7205 as described above.  After staining for Rickettsia, 
actin was stained with phalloidin-568 (1:500; Life Technologies; catalogue number A12380). 
 
To quantify the percent of bacteria with actin tails in the mixed cell assay, cells were 
permeabilized with 0.1% triton-X100 for 5 min then washed three times with PBS.  All 
antibodies were incubated with coverslips for 30 minutes.  Rickettsia was detected with the 
primary antibody mouse anti-Rickettsia 14-13 and the secondary antibody goat anti-mouse 
Alexa 404 as described above.  After staining for Rickettsia, actin was stained with phalloidin-
488 (1:400; Life Technologies; catalogue number P3457). 
 
To quantify the number of infectious foci, cells were permeabilized with 0.05% triton-X100 for 5 
min, washed three times with PBS, and blocked with PBS containing 2% BSA for 1 h.  
Coverslips were incubated with anti-β-catenin (1:200; BD Bioscience; catalog number 610153) 
for 1 h at room temperature then washed three times with PBS, followed by incubation with 
goat anti-mouse Alexa-568 (1:500; Invitrogen; catalogue number A11004) for 30 min protected 
from the light.  Rickettsia was detected with anti-I7205 for 30 min and goat anti-rabbit Alexa 
488 as described above.  Nuclei were stained with hoechst (1:10,000; Thermo Scientific; 
catalogue number 62249) for 15 minutes. 
  
Transmission electron microscopy 
HMEC-1 cells were seeded into 6 well plates (1x106 cells per well) and grown for 36 h.  Media 
was aspirated and 2.5 ml of bacteria in media at an MOI of 5 were added.  The plates were 
spun at 300 x g for 5 min at room temperature then 2.5 ml of warm HMEC-1 media was added 
to each well and the plates were placed at 33˚C.  Time points were taken by aspirating media, 
washing the well with 1x PBS, and fixing the cells in fixative (2% paraformaldehyde, 2% 
glutaraldehyde in 0.05M cacodylate buffer, pH 7.2) for 45 min at RT.  Cells were scraped and 
pelleted in microcentrifuge tubes and stored in fresh fixative at 4˚C until embedding.  Samples 
were embedded in 2% low melt agarose and placed in 2% glutaraldehyde in 1M cacodylate 
buffer, pH 7.2 and stored at 4˚C overnight.  The next day, samples were post-fixed with 1% 
osmium tetraoxide and 1.6% potassium ferricyanide, then dehydrated in increasing 
concentrations of ice cold ethanol (70%-100% EtOH).  Samples were embedded in Epon 812 
resin (11.75g Eponate 12, 6.25g dodecenyl succinic anhydride,7g nadic methyl anhydride, 
0.375 ml of the accelerator benzyldimethylamine was added during the dehydration step) and 
stained with 2% uranyl acetate and lead citrate.  Images were captured with a FEI Tecani 12 
transmission electron microscope and analyzed manually to determine the total number of 
intracellular bacteria and their respective localizations within the cell.  
 
Mouse Studies 
Animal research was conducted under a protocol approved by the University of California, 
Berkeley Institutional Animal Care and Use Committee (IACUC) in compliance with the Animal 
Welfare Act and other federal statutes relating to animals and experiments using animals 
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(Welch lab animal use protocol AUP-2016-02-8426).  Mice were between 8 and 20 weeks old 
at the time of initial infection. Mice were selected for experiments based on their availability, 
regardless of sex.  All mice were of the C57BL/6J background and carried mutations in the 
genes encoding the receptors for IFN-I (Ifnar) and IFN-γ (Ifngr) (Ifnar-/-Ifngr-/-) (described in 
(65)), and were healthy at the time of infection.  For infections, R. parkeri was prepared by 
diluting 30% prep bacteria into 1 ml cold sterile PBS, centrifuging the bacteria at 12,000 x g for 
1 min (Eppendorf 5430 centrifuge) and resuspending in cold sterile PBS to the desired 
concentration (5 × 106 pfu/ mL for intravenous infection or 1 × 106 pfu/mL for intradermal 
infections). The bacterial suspensions were kept on ice during injections. For intravenous 
infections, the mice were exposed to a heat lamp while in their cages for approximately 5 min 
and then each mouse was moved to a mouse restrainer (Braintree, TB-150 STD). The tail was 
sterilized with 70% ethanol and 200 µl bacterial suspensions were injected using 30.5-gauge 
needles into the lateral tail vein.  For intradermal infections, mice were anaesthetized with 
2.5% isoflurane via inhalation. The right flank of each mouse was shaved with a hair trimmer 
(Braintree CLP-41590), wiped with 70% ethanol, and 50 µl of bacterial suspension in PBS was 
injected intradermally using a 30.5-gauge needle. Mice were monitored for ∼3 min until they 
were fully awake.  Body temperatures were monitored using a rodent rectal thermometer 
(BrainTree Scientific, RET-3). 
 
Statistics 
The statistical parameters and significance are reported in the figure legends. Data were 
considered to be statistically significant when P < 0.05, as determined by an unpaired 
Student’s t-test, a one-way ANOVA with either multiple comparisons or comparison to WT 
bacteria, a two-way ANOVA, or a log-rank (Mantel-Cox) test. Differences were determined to 
be statistically significant when P < 0.05.  Asterisks denote statistical significance as: *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001, compared with the indicated controls. Statistical 
analyses were performed using GraphPad PRISM v.9. 
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The results in Chapter 2 provide a foundation for understanding Pat1 function. 

Beyond these initial studies establishing that Pat1 is important throughout infection, 
there are many directions that future research can take to answer the following 
outstanding questions. Where does Pat1 function? What are Pat1’s targets in the host 
cell? How is potential cytotoxicity regulated? Is phospholipase activity required for Pat1 
function? Are there downstream effects of Pat1 hydrolytic activity? How interchangeable 
are Pat1 and Pat2 among Rickettsia species? Investigating these questions will fill in 
major gaps of knowledge for Rickettsia biology and further our understanding of 
phospholipase function during infection.   
 
Where does Pat1 function? What are Pat1’s targets in the host cell? How is 
potential cytotoxicity regulated? 

Developing more detailed models of Pat1 function will require a better 
understanding of its localization and cellular targets. One of the main functions 
proposed for Pat1 is vacuolar escape (1). Our transmission electron microscopy data 
are consistent with Pat1 playing a role in escaping host membranes. However, we still 
do not know whether Pat1 localizes to Rickettsia-containing vacuoles or if Pat1 interacts 
with host membranes during infection. 

Pat1 from R. typhi has been detected in the cytosol of infected host cells. In 
addition, immunofluorescence microscopy images show Pat1 staining consistent with 
Pat1 secretion into the cytosol (1). In preliminary studies, I examined Pat1 localization 
upon exogenous overexpression in uninfected mammalian cells. My preliminary results 
(Figure 3.1A) show localization to the cell periphery in a pattern that overlaps with a 
fluorescent plasma membrane marker. This localization is consistent with Pat1 targeting 
host cell membranes. In contrast, my preliminary results from imaging of Pat1 during 
infection have only yielded one example suggestive of Pat1 being localized within a 
membrane (Figure 3.1B). Surprisingly, Pat1 is abundant within bacteria at late 
timepoints of 72 hpi (Figure 3.1B). A similar phenotype is seen with L. monocytogenes 
PlcB, where large intracellular stores of protein are found in bacteria, but this 
localization pattern is restricted to a small portion of the bacterial population (3,4). It is 
difficult to imagine a model in which Pat1 facilitates vacuolar escape without localizing 
to the vacuolar membrane, but if Pat1 is expressed at low levels, it may be difficult to 
visualize by immunofluorescence microscopy. Because my results indicate that Pat1 
can be detected by western blotting, and prior results suggest the same for Pat1 and 
Pat2 from R. typhi (1), fractionation experiments will be a good starting point to test if 
Pat1 associates with cellular membranes.   

Our ability to complement the pat1::tn mutant will also allow us to utilize other 
approaches for detecting secreted Pat1 during infection. For example, pat1::tn can be 
complemented with genes expressing Pat1 tagged with fluorescent or other reporters, 
such as Fluorescence-Activating and absorption-Shifting Tag (FAST) or LOV (light-
oxygen-voltage) sensing domains, to detect secreted bacterial proteins, which have 
shown promise with live-cell based approaches of tracking secretion of proteins in a 
bacterial population (5-8). As an alternative, our lab has previously used a TEM-1-based  
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Figure 3.1 Localization of exogenously-expressed Pat1 in host cells (A) A549 cells 
expressing the plasma-membrane marker TagRFP-T-Farn (A549-TRTF) (red) 
transfected with GFP (top row; green) or GFP-Pat1 (second row; green). Scale bar 5 
µm. (B) Pat1 localization during infection of HMEC cells with WT R. parkeri. Top row - 
Pat1 staining (green) consistent with secretion into a membrane bound compartment at 
30 min post infection. Bottom row - Pat1 staining (green) within bacteria (red) at 72 hpi. 
Scale bar 2 µm. 
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b-lacatmase assay to demonstrate secretion (9). However, this approach does not 
reveal spatial information or variability in the population of individual bacteria.  

Another important question for understanding Pat1 function is, how is Pat1 
regulated? What role does compartmentalization (above) versus regulation 
(transcriptional, translational, or post-translational) play? Without regulation, Pat1 could 
lyse the host cell by disrupting the plasma membrane, destroying the replicative niche 
Rickettsia requires (1). Biochemical experiments demonstrate that Pat1 enzymatic 
activity is only observed in the presence of host cell lysates (1), suggesting that host 
factors may be an important regulator of PLA2 activity. For the related PLA2 ExoU from 
P. aeruginosa, the structural requirements for activation, membrane binding, 
phospholipase activity, and cytotoxicity have been investigated by biochemical and 
imaging approaches (10-12). Similar approaches could reveal regulatory mechanisms 
for Pat1. In addition, knowing how Pat1 is regulated can inform construction of mutants 
with inducible/controllable expression, a helpful tool in trying to assess function at 
different times in the life cycle.  
  
Is phospholipase activity required for Pat1 function and are there downstream 
effects of Pat1 hydrolytic activity? 
 Pat1 enzymatic activity has been demonstrated in vitro and there is compelling 
evidence to suggest that Pat1 can generate lipid second messengers. Previous studies 
detected free fatty acid released from Rickettsia infected cells, an increase in 
cyclooxygenase-2 (COX-2) expression (13,14) and prostaglandin synthesis (15,16). 
Does Pat1 mediate the above observations of PLA2 activity during infection? Is free 
fatty acid release and prostaglandin synthesis dependent on host and/or bacterial PLA2 
activity? What is the functional consequence of free fatty acid release and prostaglandin 
synthesis on infection/disease (discussed more below)? The pat1::tn mutant is an ideal 
tool to test the hypothesis that Rickettsia PLA2 activity modulates the cellular responses 
to infection through the release of lipid second messengers.   

To further understand the role of phospholipase activity, in preliminary studies I 
performed a complementation experiment in the pat1::tn mutant by introducing a pat1 
gene coding for an enzyme in which the Ser residue required for enzymatic activity is 
mutated to Ala (17,18). My preliminary results suggest that this mutant forms small 
plaques similar to the pat1::tn mutant (Figure 3.2), suggesting that phospholipase 
activity is required for Pat1 function. This mutant will need further characterization and 
will provide a useful tool for investigating which phenotypes observed in Chapter 2 
require phospholipase activity, and for future studies on the role of enzymatic activity 
during infection. 

To augment this mutagenesis approach, it will also be interesting to characterize 
Pat1-dependent phospholipase activity during infection using lipidomics approaches, 
work that is already underway. First, mass spectrometry of lipid profiles from uninfected, 
WT and pat1::tn-mutant-infected cells has the potential to reveal details regarding lipid 
dynamics in the context of infection. By comparing cells infected with WT versus the 
pat1::tn mutant, we will also be able to determine if there are changes in cellular lipids 
indicative of PLA2 activity, such as an increase in lysophospholipids and free fatty 
acids. This would suggest that Rickettsia PLA2 activity is driving changes in cellular  
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Figure 3.2 Complementation of the pat1::tn mutant with pat1 encoding an enzyme 
with a mutated active site retains a small plaque phenotype. Plaques were stained 
with neutral red at 6 d post infection. Scale bar 10 mm. 
 
 
lipids during infection. Second, the production of eicosanoids prostaglandin E2 (PGE2) 
and prostaglandin I2 (PGI2) has been demonstrated during Rickettsia infection (15,16), 
but it is unknown if Rickettsia or host PLA2 enzymes are driving the release of 
arachidonic acid for eicosanoid synthesis. R. parkeri Pat1 is the single PLA2 enzyme in 
this species, and comparison of eicosanoid production during infection with WT and 
pat1 mutants will help address the outstanding question in the field about the 
dependence of eicosanoid production on bacterial phospholipases. Notably, the P. 
aeruginosa PLA2 enzyme, ExoU, mediates eicosanoid synthesis that directly 
contributes to inflammatory responses tied to pathogenicity (18,19). Eicosanoid 
synthesis can have major impacts on immunity (21, 22), inflammation (22-25), and 
vascular function (23,25,26), and thus represents an underexplored process that may 
be impacted by Rickettsia infection and disease. The work described in this thesis 
provides new tools for answering these longstanding questions in the field. 

 
How interchangeable are Pat1 and Pat2 among Rickettsia species? 
 The pat2 gene has been lost in most Rickettsia species and evidence of pat2 
gene fragments can be found in Rickettsia genomes lacking pat2 (1,18). Due to these 
observed differences in distribution of pat1 and pat2 genes, and the divergence 
between Pat1 and Pat2 protein sequences, it has been proposed that Pat1 and Pat2 
have distinct functions during infection (1). Pat2 conservation in TG Rickettsia species is 
notable considering TG Rickettsia spread by host cell lysis. However, there is no 
evidence outside of genomic comparisons to support the hypothesis that Pat2 
influences host lysis and bacterial exit. In addition, analysis of Pat1 sequences from 
different Rickettsia species shows unexpected divergence in length and sequence in the 
C-terminal region downstream of the patatin-like phospholipase domain (1). Altogether, 
these observations suggest the role of Pat1 and Pat2 in host cells is complex and can’t 
be predicted from gene distribution or protein sequence.   
 Our ability to complement the pat1::tn mutant is a potential way to begin to 
address whether there are different biological functions associated with Pat1 or Pat2 in 

WT Pat1 Pat1 S50A

pat1::tn  complementation

pat1::tn

Figure 3.2 Complementation of the pat1::tn mutant with Pat1 lacking catalytic activity retains a 
small plaque phenotype Plaque assay stained by neutral red at 6 d post infection. Scale bar 10 mm 
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different Rickettsia species. Complementing the R. parkeri pat1::tn mutant with pat1 
genes from other species, either as full-length sequences or as chimeras, may reveal 
critical sequence determinants and structure-function relationships. For example, the 
variable region in the C-terminus of Pat1 sequences could be altering localization or 
regulation, similar to what has been seen for P. aeruginosa ExoU (10). In addition, we 
can investigate whether inserting pat2 into the pat1::tn mutant is sufficient to alter the 
exit strategy of R. parkeri from cell-cell spread to cell lysis, which would support the 
model that TG Rickettsia uses Pat2 to escape host cells. 
 Another compelling hypothesis for the diversity in Pat1 sequences is that the 
divergence represents adaptation to a variety of hosts (i.e. ticks versus mammals) or 
cell types (i.e. endothelial versus macrophages). My preliminary data has demonstrated 
restricted bacterial growth of the pat1::tn mutant in murine primary bone marrow-derived 
macrophages (BMDMs) (Figure 3.3), suggesting Pat1 may play an important role in this 
cell type.   

 
Figure 3.3 Pat1 is important for R. parkeri growth in primary murine BMDMs. 
Growth curves of WT and pat1::tn mutant bacteria from 4-96 hpi as measured by plaque 
forming units (PFU). Data are mean +/- SEM, n=3. Statistical comparisons were by an 
unpaired T-test; **p<0.01, ***p<0.001.   
 

Cell type differences in bacterial proteins involved in vacuolar escape have been 
demonstrated for L. monocytogenes. LLO is dispensable for vacuolar escape in multiple 
human cell lines (27-30). These differences are thought to be due to differences in host 
factors, such as trafficking or membrane composition (30), not the bacterial proteins. 
Because the variable region in Pat1 sequences is uncharacterized, first addressing how 
the variable region determines localization or function will be important to support the 
hypothesis that the variable region determines cell-type specific targets or expression. 
My preliminary data demonstrates the feasibility of exogenous expression of GFP-Pat1 
in mammalian cells to investigate localization (Figure 3.1). A logical next step would be 
to express truncation mutants to investigate the minimal sequences needed for plasma 
membrane localization, or to express chimeras to investigate how variable regions from 
Pat1 in other SFG Rickettsia species affect localization. Results from these experiments 
can inform construction of additional Pat1 mutants that can be further characterized 
during infection or in different cell types and hosts.   
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Long-term impact 
 Phospholipases are important mediators of the host-microbe interaction, yet their 
function in obligate intracellular pathogens remains undefined. With the development of 
genetic tools for Rickettsia, the field is now equipped to dive deeper into mechanistic 
investigations of bacterial phospholipase proteins. Studying Rickettsia PLA2 function 
will further our understanding of intracellular strategies of phospholipid manipulation for 
both symbiosis and pathogenesis. Achieving a mechanistic understanding of Pat1 
activity and its interaction with membranes could also be of practical importance in 
areas such as drug delivery into the cytosol of mammalian cells (31), industrial 
applications (oil degumming and industrial food production) (32,33), and development of 
therapeutics for inflammatory conditions (34). Continued investigation of Rickettsia 
PLA2 enzymes will contribute to our understanding of bacterial phospholipases during 
infection and more broadly to PLA2 biochemistry and function. 
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