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ABSTRACT

Mechanisms of Rickettsia parkeri invasion of host cells and early actin-based motility
by
Shawna Reed

Doctor of Philosophy in Microbiology
University of California, Berkeley

Professor Matthew D. Welch, Chair

Rickettsiae are obligate intracellular pathogens that are transmitted to humans by
arthropod vectors and cause diseases such as spotted fever and typhus. Spotted fever group
(SFQG) Rickettsia hijack the host actin cytoskeleton to invade, move within, and spread between
eukaryotic host cells during their obligate intracellular life cycle. Rickettsia express two bacterial
proteins that can activate actin polymerization: RickA activates the host actin-nucleating Arp2/3
complex while Sca2 directly nucleates actin filaments. In this thesis, I aimed to resolve which
host proteins were required for invasion and intracellular motility, and to determine how the
bacterial proteins RickA and Sca2 contribute to these processes.

Although rickettsiae require the host cell actin cytoskeleton for invasion, the cytoskeletal
proteins that mediate this process have not been completely described. To identify the host
factors important during cell invasion by Rickettsia parkeri, a member of the SFG, I performed
an RNAI screen targeting 105 proteins in Drosophila melanogaster S2R+ cells. The screen
identified 34 proteins important for invasion, including a signal transduction pathway involving
Abl tyrosine kinase, the RhoGEF Vav, the GTPases Racl, Rac2, and Cdc42, the WAVE
nucleation promoting factor (NPF) complex and the Arp2/3 complex. In mammalian cells,
including HMEC-1 endothelial cells, the natural targets of R. parkeri, the Arp2/3 complex was
also crucial for invasion, while requirements for WAVE?2 as well as Rho GTPases depended on
the particular cell type. I propose that R. parkeri invades S2R+ arthropod cells through a primary
pathway leading to actin nucleation, whereas invasion of mammalian endothelial cells occurs via
redundant pathways that may involve the activity of host and bacterial proteins. Our results
reveal a key role for the WAVE and Arp2/3 complexes, as well as a higher degree of variation
than previously appreciated in actin nucleation pathways activated during Rickettsia invasion.

Most pathogens undergo actin-based motility during a single phase of their life cycle,
using the force of actin “tails” to push into neighboring cells without accessing the extracellular
milieu. In contrast, I found that R. parkeri undergo two phases of motility, early and late, during
the infectious cycle. Early actin tails are formed between 15 and 60 minutes after infection, have
a distinctive short and curved appearance, are decorated with Arp2/3 complex proteins Arp3 and
ARPCS, and are associated with polar localization of the Rickettsia Arp2/3 NPF, RickA. Late
actin tails, as previously described (Haglund et al. 2010, Serio et al. 2010) are long, composed of



helical bundles of actin, and associated with polar localization of the Rickettsia formin-like actin
nucleator, Sca2. Early motility is Arp2/3-dependent and is significantly slower, and less efficient
when compared to late motility. Finally, isolation of R. parkeri strains with transposon insertions
in either the rickA or sca2 genes revealed that RickA is required for robust early actin tail
formation, while Sca2 is required for late actin tail formation and efficient cell-to-cell spread.
Thus, Rickettsia appear to be unique in their ability to promote two temporally and
mechanistically distinct phases of actin-based motility during infection. Continued investigation
of invasion and actin-based motility may shed light on the pathogenesis of Rickettsia, the
function of actin in the host cell, and the purpose of actin tail formation during intracellular
infection.
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CHAPTER 1

Introduction



Biology of the genus Rickettsia

Rickettsiae are Gram-negative alpha-proteobacteria with an obligate intracellular growth
requirement. These bacteria infect both arthropod and mammalian hosts, and virulent species
cause spotted fever or typhus diseases when transmitted to humans through the bite of an
infected tick, flea, or mite. Bacteria infect capillary and microvascular endothelial cells in small
blood vessels of the mammalian host, eventually spreading systemically to multiple organ
systems. Lysis of infected cells, along with immune responses of the host, cause vascular
leakage, loss of blood volume, edema, organ dysfunction, and (for the spotted-fever group) a
characteristic eschar and/or petechial rash (Walker et al., 2008; Paddock et al., 2008).

Rickettsia species are highly adapted to growth within the eukaryotic host cell cytosol —
with small genomes ranging from 1 to 2Mb (http://www.patricbrc.org/; Gillespie et al., 2011),
specialized metabolism to scavenge ATP, UTP, NAD, proline, and other metabolites from the
host, and a range of cytotoxicity from highly pathogenic to nearly endosymbiotic (Hackstadt,
1996; Winkler, 1990). Indeed, the genus is closely related to the insect endosymbionts
Wolbachia and to the ancestors of mitochondria (Brindefalk et al., 2011; Georgiades et al., 2011;
Hackstadt, 1996; Thrash ef al., 2011). Presumably because of their highly adapted lifestyle,
attempts to cultivate Rickettsia outside of cultured host cells or embryonated chicken embryos
have failed (Hackstadt, 1996; Winkler, 1990).

Species in the genus Rickettsia are classified by both genetic relationship and disease
etiology (Figure 1) (Azad et al., 1998; Gillespie et al., 2008; Weinert ef al., 2009). Species of the
Ancestral Group (AG, R. belii, R. canadensis) are generally non-pathogenic for mammals
(Breitschwerdt et al., 1995) have multiple arthropod hosts, and tend to be less cytotoxic in tissue
culture (Philip et al., 1983). Species of the Typhus Group (TG) are transmitted by fleas (R.
prowazekii) or human body lice (R. typhi), and are highly pathogenic, spreading from cell to cell
in tissue culture only after lysing the infected host cells. Species of the Spotted Fever Group
(SFG, R. rickettsii, R. conorii, R. parkeri) are transmitted by various species of ticks, range from
moderately to severely cytotoxic and pathogenic, and spread from cell to cell in vitro by
polymerizing actin “tails” on their surface. Finally, Transitional Group species (TRG, R. felis, R.
australis, R. akari) lay phylogenetically between ancestral and spotted-fever group. R. felis is
transmitted by cat fleas and causes rare disease in humans (Parola, 2011), while R. akari is
transmitted by mites and causes rickettsiapox, but few details are known of the pathogenicity and
intracellular growth phenotype of TRG species (Azad et al., 1998).

Interestingly, host species specificity, cytotoxicity, amenability to culture, intracellular
growth and actin tail phenotypes, and disease severity all appear to be related between Rickettsia
species (Gillespie et al., 2008; Hackstadt, 1996; Kaplan, 1996). Less pathogenic species (e.g.
AG/TRG) are generally found in only one species of insect host, are difficult to culture, and
rarely cause human disease. More pathogenic species, such as R. typhi and R. rickettsii, are found
in one preferred insect vector (Xenopsylla flea and Dermacentor tick, respectively) but can be
transmitted by others, grow in a wide variety of cultured cells, are highly cytotoxic, and cause
severe human disease. Finally, moderately pathogenic species (R. parkeri, R. africae, R. felis) are
generally restricted to one or a few vector species, grow in a variety of cells with variable
phenotype, are moderately to highly cytotoxic and cause moderate human disease. Rickettsia
generally have preferred vector species but do not co-evolve with their arthropod hosts, and host
switching appears to be related to pathogenicity within groups (Weinert et al., 2009).
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Figure 1.1 Phylogram of selected Rickettsia species, with group name (Gillespie ef al., 2008;
Weinert et al., 2009), and major arthropod vector (Azad et al., 1998; Kaplan, 1996) indicated.
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www.patricbre.org (Gillespie et al., 2011).



Despite a basic understanding of replication kinetics, disease etiology (Hackstadt, 1996;
Kaplan, 1996; Walker et al., 2008), metabolism (Winkler, 1990), and many newly sequenced
Rickettsia genomes (Gillespie et al., 2008; Weinert et al., 2009), the molecular details of the
intracellular life cycle remain unclear. Understanding the molecular interactions between
Rickettsia and their host cells may reveal how cells are initially infected, as well as how and
when cytotoxic effects occur. Moreover, such an understanding may reveal new information
about host cell biology. In particular, studying the locally generated and exaggerated activation
of cytoskeletal rearrangements by bacteria and viruses informs our understanding of how the
host cell regulates these complex processes (Haglund ef al., 2011). In addition, symptoms of
rickettsial disease arise from vasculitis and capillary damage of unknown etiology (Walker,
1989), but may be caused by lysis of host cells during heavy infection and cell-to-cell spread.
Nevertheless, the processes of invasion, spread and host cell lysis remain poorly understood.
Using a combination of biochemical and genetic tools to interrogate the bacterium and the host
cell, I have worked to elucidate the mechanism of both pathogen invasion and early intracellular
actin tail formation by the moderately pathogenic SFG species Rickettsia parkeri.

Actin filament nucleation

The eukaryotic actin cytoskeleton is a dynamic network responsible for maintaining cell
shape, adhesion, movement, division, and intracellular trafficking. Actin in the host cell exists in
monomeric (G-actin) and filamentous (F-actin) forms. Nucleation of a filament begins when
three actin monomers come together, favoring association of additional monomers with the fast
growing (barbed or (+) end) of the filament over the slower growing (pointed or (-) end).
Polymerization of F-actin occurs primarily at the barbed end and is controlled by proteins that
nucleate new actin filaments, or elongate, sever, bundle, and cap existing filaments. Nucleation
of filaments is a critical step. Although a pool of G-actin exists in the cytosol, spontaneous
nucleation is not a favorable reaction. Instead, actin-nucleating proteins, in three functional
classes, bring together three or more actin monomers to begin a filament in a regulated manner
(Firat-Karalar et al., 2011).

The first class of nucleator to be discovered was the Arp2/3 complex (Goley et al., 2006),
a multiprotein complex that binds to the side of existing filaments. The Arp2 and Arp3 subunits
of the complex mimic the structure of actin itself, forming the nucleus for a new filament that
emerges from the existing filament at a characteristic 70° angle. The second class of nucleator,
typified by Spire, is termed “tandem-monomer-binding” — with three or more adjacent monomer-
binding motifs (WH2) bringing together actin to form a nucleus in varying arrangements (Firat-
Karalar et al., 2011). A third class of nucleators are the formin family proteins, such as mDia and
Bnllp, which contain an FH2 domain that recruits two actin monomers to form a nucleus, and an
FH1 domain which delivers profilin-bound actin monomers to the growing filament (Firat-
Karalar et al., 2011). In uninfected cells, the polymerization of actin filaments after nucleation
provides the force for extension of lamellipodia and filopodia from the plasma membrane and for
the movement and remodeling of intracellular membrane-bound organelles such as membrane
tubules, vesicles, and recycling endosomes (Firat-Karalar et al., 2011). Intracellular bacterial
pathogens, including Rickettsia, harness actin during host cell invasion and again for actin-based
motility within the cytosol by mimicking or activating all three pathways of actin nucleation
(Haglund et al., 2011).



Rickettsia invasion of host cells

The first step in the life cycle of an intracellular pathogen is inducing its uptake into a
host cell. Rickettsia invade non-phagocytic endothelial cells in the mammalian host. As with
other intracellular pathogens, invasion may occur when host surface receptors bind to bacterial
invasins, bacterial secretion systems inject proteins to activate host membrane extension, or a
combination of both pathways (Cossart et al., 2004). Receptor-mediated “zipper” invasion
occurs when a pathogen binds to a protein on the cell surface, activating downstream actin
polymerization pathways to induce localized actin polymerization and membrane extension
around the bacterium. “Zipper” invasion is typified by Yersinia, for which the Invasin protein
binds to b-integrin on the cell surface and activates Racl, N-WASP, and the Arp2/3 complex
(Cossart et al., 2004).

Injection-mediated “trigger” invasion occurs when pathogens use needle-like Type III
(T3SS) or Type IV secretion systems (T4SS) to transduce bacterial proteins directly into the host
cytosol, activating actin nucleating pathways and inducing dramatic, localized membrane
ruffling. Salmonella invades by a classic “trigger” pathway, using the Spil T3SS to inject several
effector proteins in an orchestrated sequence. SopE and SopE?2 first activate Racl and Cdc42
upstream of N-WASP and Arp2/3, then SopB initiates Rho-Myosin Il mediated actin assembly
(Hénisch et al., 2011), followed by SipC and SipE directly nucleating actin filaments, and finally
SptP deactivates the Rho GTPases to tune down actin assembly after macropinocytosis has
engulfed the bacteria (SptP) (Cossart ef al., 2004; Haglund et al., 2011).

Rickettsia, as obligate intracellular pathogens, must invade host cells in order to replicate.
Surprisingly, the molecular mechanisms of Rickettsia invasion, including whether invasion
occurs via “zipper”, “trigger” or hybrid pathways, are not fully understood. For SFG Rickettsia
species, a large protein family of outer-membrane autotransporters, termed Surface cell antigens
(Sca), seem to mediate both adhesion and invasion. rOmpA (Sca0) and Scal contribute to
adherence (Li et al., 1998), while Sca2 and rOmpB (Sca5) contribute to invasion of host cells
(Cardwell et al., 2009; Chan et al., 2009; Uchiyama et al., 2006). While Rickettsia genomes
encode a P-type rvh Type IV secretion system, it is unclear whether it functions for protein
secretion and/or in conjugative DNA transfer, and whether secreted proteins may contribute to
invasion or pathogenesis (Gillespie et al., 2009). In addition, a host binding partner (Ku70) has
only been described for one rickettsial adhesin/invasin (rOmpB). What are the host factors
required for actin-dependent invasion by Rickettsia? Are the pathways used for invading insect
cells, endothelial cells, and other cultured cell lines identical? Does R. parkeri invade cells using
the same pathway(s) as R. conorii and R. rickettsii? In Chapter 2 of this thesis, I present a
comprehensive analysis of host proteins and pathways contributing to R. parkeri invasion in
Drosophila cells as well as mammalian epithelial (COS-7) and endothelial (HMEC-1) cells.

Escape from the vacuole and intracellular growth

After invasion of host cells, a bacterium remains enclosed in a vacuole derived from the
host cell membrane. Many intracellular pathogens remain inside this vacuole (e.g. Chlamydia,
Salmonella, Coxiella), while others escape only after phagosomes acidify (e.g. Listeria,
Shigella). In contrast, Rickettsia appear free in the host cell cytosol only 5-15 min post-infection
(Teysseire et al., 1995), before acidification is likely to occur, and the mechanism of vacuole
escape is poorly understood. Four Rickettsia enzymes that are candidates for vacuolar lysis have



been described: phospholipase A2 (PLA2), phospholipase D (PLD), hemolysin A (tlyA) and
hemolysin C (tlyC). Inhibition of PLA2 reduces cell invasion (Silverman et al., 1992) and
plaque formation by R. rickettsii (Walker et al., 1983), implicating this enzyme in the processes
of invasion and/or vacuole escape. PLA2 homologs are also encoded in the R. #yphi, R.
prowazekii, R. massiliae, and R. bellii genomes, and the enzyme was found in the host cell
cytoplasmic fraction during R. #yphi infection (Rahman et al., 2010), suggesting that PLA2 may
play a role during infection of cells by diverse Rickettsia. However, the mechanism of PLA2
secretion into the host cell and its specific function during infection is not well understood.

The PLD gene is also widely distributed in all SFG and TG species studied (Renesto et
al.,2003). R. prowazekii express PLD within 30 min of infection, when vacuole escape would
occur, and expression of PLD in Salmonella enterica typhimurium allows this normally vacuole-
bound pathogen to escape into the host cytosol (Whitworth ez al., 2005). However, directed
knockout of the pld gene in R. prowazekii did not result in a defect in phagosomal escape or
intracellular growth (Driskell ef al., 2009). Interestingly, when introduced into guinea pigs, the
Apld mutant was attenuated for virulence and induced protective immunity to wild-type R.
prowazekii.

Lastly, Rickettsia possess two genes encoding hemolysins, t/y4 and ¢t/yC. While tlyA
remains uncharacterized, TlyC expression is sufficient to confer hemolytic activity on non-
hemolytic E. coli or Proteus mirabilis (Radulovic et al., 1999), and to enhance S. typhimurium
escape from the phagosome, although to a lesser extent than PLD (Whitworth ef al., 2005).
Taken together, these data suggest that PLD functions in virulence, but redundant factors
including TlyC and possibly PLA2 or TlyA may contribute to phagosomal escape (Welch et al.,
2012b). Despite the presence of four candidate enzymes, a lack of genetic tools has hampered
complete investigations of their activity during Rickettsia escape from the internalization
vacuole.

Following escape from the phagosome, all Rickettsia species replicate freely in the host
cell cytosol. The growth kinetics, mechanism of cell-to-cell spread, and affect on the host cell
vary between the pathogenic SFG and TG species of Rickettsia. For the TG species R.
prowazekii, exponential growth initiates immediately and continues for 36-48 h, with a doubling
time of about 9 h (Wisseman et al., 1975). Replication continues until bacteria completely fill
the host cell cytosol, and lysis occurs between 96-120 h post-infection (Silverman et al., 1980).
The ultrastructure of the host cell remained mostly unchanged during infection, with limited
swelling and disruption of mitochondria along with some dissociation of ribosomes from the
rough endoplasmic reticulum (RER). Overall, growth of TG species seems to occur with each
individual cell acting as a culture vessel, with cell-to-cell spread occurring only via host cell
lysis.

The SFG species R. rickettsii also initiates replication immediately, with approximately
10-12 h doubling time (Wisseman et al., 1976). However, R. rickettsii begin to spread to other
host cells beginning at 10 h post infection and spreads throughout host cells in culture within 48-
72 h. Despite a maximum number of bacteria/cell between 30-50 (Wisseman et al., 1976),
changes in host cell ultrastructure are more apparent during SFG infection (Silverman et al.,
1979; Walker et al., 1977, Walker et al., 1980). At 48 h post-infection, the RER and nuclear
membrane become dilated, and after 72 h bacteria are observed within the RER, nuclear
envelope, and nucleus. From 72-96 h membrane-bound organelles begin to change, with a less
distinct Golgi apparatus, swollen mitochondria, and increasing ER dilation. After 120 h, host
cells lose plasma membrane integrity and begin to lyse. While the exact mechanism of host cell



damage is unclear, dilation of the ER, ribosome disassociation, and mitochondrial swelling are
signs of cytoplasmic membrane damage, ATP depletion, or oxidative stress. These changes
could be caused by increasing bacterial growth depleting ATP (Silverman et al., 1979),
enzymatic targeting of membranes by bacterial enzymes, or by host cell response to infection
causing a buildup of oxygen radicals (Silverman, 1984). Overall, growth of SFG species appears
to occur with the host cell acting as a chemostat, where continuous exit allows cell-to-cell spread
and growth of low numbers of bacteria in each cell.

Rickettsia actin-based motility

The movement of Rickettsia within the host cytosol was first observed in by Schaechter
in 1957 using phase contrast timelapse microscopy. However, the nature of Rickettsia motility
was not understood until nearly forty years later, when both R. conorii and R. rickettsii were
observed to associate with host F-actin (Teysseire et al., 1992) (Heinzen et al., 1993). These
actin comet tails are similar to those formed by intracellular Shigella flexneri and Listeria
monocytogenes, which harness the force of host actin polymerization to move within the cytosol
(Bernardini et al., 1989) (Tilney et al., 1992).

For Shigella and Listeria, actin-based motility depends on the activation of the host actin
nucleating Arp2/3 complex (Haglund et al., 2011). The Arp2/3 complex is activated by a family
of proteins called Nucleation Promoting Factors (NPFs). WASP and N-WASp are the
prototypical NPFs, with a variable N-terminus and a C-terminus consisting of a central proline-
rich region (P) that interacts with the G-actin binding protein profilin, one or two G-actin binding
WH2 motifs (W), and a C-terminal central and acidic region (CA) that binds to Arp2/3
(Campellone et al., 2010). Listeria express an NPF-like protein, ActA, on their surface, and use
Arp2/3 to nucleate a branched actin network and form an actin tail (Welch et al., 1998). In
contrast, Shigella express IcsA, an activator of host N-WASp, accomplishing the same goal
(Skoble et al., 2000). Both Listeria and Shigella actin tails are composed of branched actin
networks characteristic of Arp2/3 nucleated filaments (Gouin ef al., 1999).

Rickettsia actin tails are longer than those of Listeria and Shigella and are composed of
helical bundles of actin filaments (Goldberg, 2001; Gouin et al., 1999). Rickettsia species
express two proteins with similarity to host actin nucleators, RickA and Sca2, which could
activate actin-based motility. RickA was identified as a possible Arp2/3 NPF by the presence of
a C-terminal WCA domain, but is not homologous to Listeria ActA and is thought to have
evolved independently. RickA acts in vitro as an NPF, activating the Arp2/3 complex to
nucleate branched actin networks (Jeng et al., 2004). Initially, RickA was thought to be present
only in virulent SFG Rickettsia that undergo actin-based motility, including R. rickettsii, R.
conorii and R. parkeri, and was proposed to mediate Arp2/3-dependent intracellular motility
(Gouin et al., 2004; Jeng et al., 2004).

However, a recent expansion of genomic information about the Rickettsiae indicates that
the rickA gene is widespread in both virulent and avirulent species, although it is absent in the
typhus group (Table 1). Interestingly, R. typhi lacks RickA but still forms short actin tails
(Heinzen et al., 1993; Teysseire et al., 1992), while R. peacockii lacks RickA, has a deletion in
Sca2 (see below), and forms no actin tails (Baldridge et al., 2004). In addition, Rickettsia actin
tails are formed from linear rather than branched actin filaments (Gouin et al., 1999; Van Kirk et
al., 2000), and although one report indicated that expression of an Arp2/3 sequestering WCA
domain reduced actin tail formation (Gouin et al., 2004), others indicated that there was no effect



(Heinzen, 2003), and that Arp2/3 was absent from the actin tail (Gouin ef al., 1999; Heinzen,
2003; Serio et al., 2010). Therefore, the proposed role for RickA and the Arp2/3 complex during
Rickettsia actin-based motility was called into question.

Biochemical and genetic evidence points to the Rickettsia Sca2 protein, rather than
RickA, as the key activator of actin-based motility. Sca2 is an outer-membrane autotransporter
protein localized to the bacterial pole, like Shigella IcsA (Goldberg et al., 1993; Haglund et al.,
2010). Unlike RickA, Sca2 nucleates linear, unbranched actin filaments in vitro, similar to those
in Rickettsia actin tails, and biochemically mimics formin family proteins (Haglund et al., 2010).
In addition, R. rickettsii with a transposon insertion in the sca2 gene are unable to make actin
tails, have a defect in cell-cell spread, and are less virulent in a guinea pig model of infection
(Kleba et al., 2010). The profilin-dependent nucleation function of Sca2 (Haglund et al., 2010)
explains why R. parkeri actin-based motility was found to depend on profilin but not Arp2/3
complex in Drosophila cells (Serio et al., 2010). Finally, Sca2 is widely distributed throughout
the genus Rickettsia: species with divergent N-terminal passenger domains form unusual actin
tails (R. typhi), while those with partial or complete deletions of the passenger domain (R.
peacockii, R. canada, R. prowazekii) do not form actin tails (Table 1). Therefore, Sca2 is the
major activator of actin-based motility leading to cell-cell spread of Rickettsia species, and is the
first example of a formin-like protein activating motility of an intracellular pathogen (Haglund et
al., 2010).

Why would Rickettsia species evolve two actin nucleators? What is the functional role of
RickA during invasion and actin-based motility of Rickettsia? If RickA and Sca2 are both
virulence factors, why are both proteins widespread throughout the genus in both virulent and
avirulent species (Table 1)? In chapter 3 of this thesis, I describe a role for RickA in an unusual,
temporally limited form of actin-based motility occurring immediately after invasion of host
cells, and compare early (RickA-mediated) and late (Sca2-mediated) motility. A complete
understanding of the function, regulation, and contribution of each protein to virulence will
inform our understanding of the evolution of the Rickettsiae as well as the general role of actin-
based motility during infection by intracellular pathogens.
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Table 1. Rickettsia species, RickA and Sca2 genes, and virulence and actin tail phenotypes.
RickA and Sca2 genes were downloaded from the genomes of the species and strains indicated
(GenBank). Virulence phenotypes from (Hackstadt, 1996; Kaplan, 1996). RickA and Sca2 genes
were aligned with R. rickettsii Sheila Smith genes using a BLOSUM alignment (Generous) and
percent amino acid identity to either the full-length protein or functional domain is indicated.
Actin tail phenotypes are from (Baldridge et al., 2004; Gouin et al., 1999; Heinzen et al., 1993;
Ogata et al., 2005; Serio et al., 2010; Teysseire et al., 1992) and our unpublished data.
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CHAPTER 2

Rickettsia parkeri invasion of diverse host cells involves an Arp2/3 complex, WAVE complex
and Rho-family GTPase-dependent pathway.

Note: The information presented in this chapter was included in the publication: Reed S.C., Serio
A.W., Welch M.D. (2012). Rickettsia parkeri invasion of diverse host cells involves Arp2/3

complex, WAVE/Abi complex, and Rho-family GTPase-dependent pathways. Cellular
Microbiology, 14: 529-545
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INTRODUCTION

Rickettsiae are Gram-negative, obligate intracellular alpha-proteobacteria that infect both
mammalian and arthropod hosts. The spotted fever group (SFG) of Rickettsia includes Rickettsia
parkeri, an emerging cause of mild-to-moderate spotted fever disease in North and South
America (Paddock et al., 2004). Infection of endothelial cells by Rickettsia parkeri and related
SFG species such as Rickettsia rickettsii and Rickettsia conorii results in systemic disease
including vascular damage, edema, a characteristic petechial rash, and a necrotic eschar at the
inoculation site (Walker et al., 2008).

To gain access to non-phagocytic host cells, rickettsiae must induce their own uptake. For
other bacterial pathogens, invasion generally occurs either when bacterial surface proteins bind
host cell surface receptors and activate local extension of the host membrane, or when secretion-
system mediated injection of bacterial effector proteins induces membrane ruffling and actin
polymerization (Cossart et al., 2004). While Rickettsia genomes encode a type IV secretion
system (T4SS) as well as a number of proteins with eukaryotic-specific sequence motifs that
could function as effectors (Gillespie et al., 2009), no effectors have been demonstrated to date.
However, a number of Rickettsia outer membrane proteins contribute to bacterial adherence and
invasion. Both the R. rickettsii surface protein rOmpA and the R. conorii surface protein Scal
contribute to adherence (Li et al., 1998; Riley et al., 2010) while the R. conorii and Rickettsia
Jjaponica tOmpB and R. conorii Sca2 proteins are functionally important for bacterial entry and
their expression in E. coli is sufficient to allow invasion of host cells (Cardwell et al., 2009;
Chan et al., 2009; Uchiyama et al., 2006). Unfortunately, a lack of robust genetic tools for
Rickettsia species has hindered analysis of how the T4SS, secreted effectors, and outer
membrane proteins might cooperate to mediate host cell invasion.

In addition to bacterial proteins, Rickettsia invasion requires the activation of host
signaling pathways upstream of actin polymerization. The only known receptor for Rickettsia
entry is the DNA-dependent protein kinase subunit Ku70, which binds to R. conorii rOmpB
(Chan et al., 2009; Martinez et al., 2005). Downstream of receptor engagement, R. conorii
invasion of mammalian cells requires host protein tyrosine kinases, results in the accumulation of
tyrosine-phosphorylated proteins around invading bacteria, and also requires phosphoinositide 3-
kinase activity (Martinez et al., 2004). In addition, the Rho family GTPase Cdc42 was implicated
in invasion (Martinez et al., 2004).

Actin polymerization during invasion could be initiated by formin-family proteins,
tandem monomer-binding nucleators, or nucleation promoting factors (NPFs) that act in
conjunction with the Arp2/3 complex (Campellone et al., 2010). Based on experiments
implicating Cdc42, it was proposed that the host NPF N-WASP was important for R. conorii
invasion (Martinez et al., 2004). Indeed, the Arp3 subunit of the Arp2/3 complex was observed
around invading bacteria and expression of an Arp2/3-activating WCA domain from WAVEI
(also known as WASF1 or Scarl) inhibited R. conorii invasion (Martinez et al., 2004). However,
a direct role for the Arp2/3 complex has not been demonstrated via depletion or inhibition
studies. In addition, it is unclear which NPF proteins act during Rickettsia entry, whether
additional bacteria or host actin nucleators may be involved, and whether invasion by diverse
Rickettsia species or of physiologically relevant host cell types utilize the same or different
pathways.

To achieve a comprehensive understanding of the host cytoskeletal proteins important for
Rickettsia invasion, we investigated the invasion of multiple cultured cell lines by the SFG
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species Rickettsia parkeri, which is genetically similar to R. rickettsii and R. conorii (Ralph et
al., 1990), displays a similar ability to invade cells and form actin tails (Serio et al., 2010), but is
less pathogenic and is not a select agent (Paddock et al., 2008). We performed a targeted RNAi-
based screen in Drosophila S2R+ cells to identify a core group of host cytoskeletal proteins
required for this process. We identified 21 proteins including Rho-family GTPases, and the
WAVE and Arp2/3 complexes, which played a key role in invasion. During invasion of
mammalian cells, including a human endothelial cell line, the requirement for WAVE family
proteins and Rho family GTPases was not as stringent as in Drosophila cells, but the Arp2/3
complex was critical. Overall, these results suggest a pathway activating actin nucleation around
invading rickettsiae and demonstrate that the molecular requirements for invasion vary
depending on host cell type.

RESULTS

R. parkeri invasion of Drosophila and mammalian cells is rapid and depends on viable
bacteria and host actin

Invasion of host cells by Rickettsia has been reported to occur within 5 min to 2 h post-
infection (Martinez et al., 2004; Teysseire et al., 1995; Walker et al., 1978; Walker, 1984). To
determine the kinetics of R. parkeri invasion, we infected immortalized human microvascular
endothelial cells (HMEC-1), African green monkey kidney-derived cells (COS-7), and adherent
Drosophila embryo-derived hemocyte-like cells (S2R+) with R. parkeri and determined the
percentage of internalized bacteria at various times post-infection by differential fluorescence
staining of internal and external bacteria (Figure 2.1A). In all cell types examined, internalization
plateaued between 30-60 min post-infection and was >50% complete by 15 min. Based on the
rapid speed of invasion, subsequent experiments were conducted using 15 min infection times.

We next sought to determine whether rapid invasion of S2R+ and HMEC-1 cells was due
to generalized phagocytosis by these cells. We compared internalization of live R. parkeri versus
heat-treated or formaldehyde-fixed bacteria, non-invasive E. coli (commercial strain XL-10), and
the invasive Listeria monocytogenes strain 10403S (Agaisse et al., 2005; Greiffenberg et al.,
1998) (Figure 2.1B,C). In S2R+ cells, live R. parkeri were internalized more than two-fold more
efficiently than nonviable or other bacteria (Figure 2.1B; Appendix 1). In HMEC-1 cells, live R.
parkeri were internalized at least three-fold more efficiently than nonviable or other bacteria
(Figure 2.1C). Therefore, under these experimental conditions, invasion of host cells occurs
through an active, R. parkeri-specific process.

We also confirmed that R. parkeri invasion requires host actin polymerization and
tyrosine kinase activity, as is the case for R. conorii (Chan et al., 2009; Martinez et al., 2004).
Using Lifeact-mCherry as a marker for F-actin, we observed actin accumulation around invading
R. parkeri in S2R+, HMEC-1, and COS-7 cells (Figure 2.1D, Movies 2.1-2.2 and data not
shown). The actin depolymerizing agent latrunculin A reduced R. parkeri invasion of both S2R+
and HMEC-1 cells by 3.5 and 5.7-fold, respectively, while the microtubule-disrupting drug
nocodazole did not significantly alter invasion (Figure 2.1E,F; Appendix 1; Figure 2.2). In
addition, invasion of HMEC-1 cells depended on
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Figure 2.1. R. parkeri invade cells quickly in a process dependent on viable bacteria and
host actin. (A) Percent of cell-associated R. parkeri that were internalized by S2R+ (triangles),
HMEC-1 (squares) or COS-7 (circles) cells at various times post-infection (n=3). (B) Percent
internalization by S2R+ cells infected for 15 min with live R. parkeri, heat-killed R. parkeri (HK
R.p.), E. coli XL-10 Gold (E. coli), or L. monocytogenes 10403S (Listeria). (C) Percent
internalization by HMEC-1 infected for 15 min with live R. parkeri, or formaldehyde-fixed R.
parkeri (Fixed R.p.), L. monocytogenes, or E. coli. Note: live R.p. in panel C were incubated at



RT while samples were fixed (D) Maximum intensity projection of a deconvolved image of
COS-7 cells transfected with pLifeact-mCherry (lower left, red in merge) and infected 48 h later
with GFP-expressing R. parkeri (GFP, top left, green in merge) for 15 min. Extracellular bacteria
were stained with anti-Rickettsia antibody without permeabilization (upper right, blue in merge).
Open arrowheads; partially internalized bacteria, closed arrowheads; fully internalized
bacterium. (E) Internalization by S2R+ cells infected for 15 min with R. parkeri and untreated
(Control) or treated for 30 min prior to infection with 4 pM latrunculin A (Lat A). (F)
Internalization by HMEC-1 cells after 15 min infection; cells were either pretreated with 1%
DMSO alone, or treated 30 minutes before infection with 4 uM latrunculin A (LatA), 20 uM
nocodazole (Noc) or 250 uM genistein (Gen) in 1% DMSO. For all panels: graphs plot the mean
percent internalization for at least three independent experiments. Error bars indicate SEM (A),
SD (B-D); * p<0.05, ** p<0.01, *** p<0.001 versus mean of control (R. parkeri or DMSO) by
unpaired t-test.
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Figure 2.2 — R. parkeri adherence to and invasion of host cells does not require
microtubules, Myosin II, N-WASP or a single tyrosine kinase family.

(A) Percent internalization and (B) average bacteria per host cell after 15 mins of infection by R.
parkeri in S2R+ (white bars) COS-7 (light grey bars) and HMEC-1 cells (dark grey bars); cells
were either pretreated with 1% DMSO alone, or treated 30 min before infection with drugs
diluted to the indicated concentrations in 1% DMSO. Data are the mean of two (S2R+) or three
(COS-7 and HMEC) independent experiments and were normalized with the average of DMSO-
treated control cells set as 100%. (a) indicates a treatment not performed for a particular cell
type, (b) indicates that data were normalized to control values not shown in histogram.
Abbreviations: LatA, latrunculin A; CytoD, cytochalasin D, Error bars, SEM, * p<0.05,
*#p<0.01 *** p<0.001, raw data compared versus matched DMSO controls by unpaired t-test.
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tyrosine kinase activity, as genistein significantly reduced internalization (Figure 2.1E).
Treatment with latrunculin A and genistein also reduced the total number of bacteria associated
with host cells (Figure 2.2B). Treatment of S2R+, HMEC-1 and COS-7 cells with specific
inhibitors of Abl (nilotinib), Src/Abl-family (dasatinib), Src/LCK/FYN-family (PP2), and
phosphatidylinositol 3-kinases (wortmannin) had little or no effect on invasion or binding,
suggesting that entry does not depend on one specific tyrosine kinase signaling pathway (Figure
2.2A-B). Overall, these results demonstrate that R. parkeri, like R. conorii, rapidly invade a
variety of cell types in a manner dependent on host actin polymerization and tyrosine kinase
activity.

RNAi screening identifies 21 proteins important for R. parkeri invasion of S2R+ cells

Because of the essential role of actin in R. parkeri invasion, we sought to determine
which host proteins direct actin polymerization during this process. To this end, we carried out a
screen for invasion using S2R+ cells, which are highly amenable to RNAi-mediated gene
silencing and have been used previously to find host factors important for R. parkeri motility as
well as L. monocytogenes, Chlamydia trachomatis, Pseudomonas aeruginosa, and Candida
albicans host cell invasion (Agaisse et al., 2005; Elwell et al., 2008; Pielage et al., 2008;
Stroschein-Stevenson et al., 2005; Serio et al., 2010). We targeted 105 genes encoding proteins
that regulate, modify, or comprise the actin cytoskeleton, drawing from a list previously screened
for involvement in R. parkeri actin tail formation (Serio et al., 2010) and Drosophila
lamellipodia formation (Rogers et al., 2003). S2R+ cells were treated with dsSRNA for 4 d,
infected with R. parkeri for 15 min, fixed and differentially stained for intracellular and
extracellular bacteria (Figure 2.3A). We confirmed protein depletion for a subset of targets
(Figure 2.3B) and consistently observed changes in cell shape and actin organization that served
as a visual confirmation of successful RNA interference during each experiment (Rogers et al.,
2003; Zallen et al., 2002).

Twenty-one proteins were identified as having potential functions in R. parkeri invasion
of host cells based on a statistically significant (p<0.01 by students t-test) decrease in the
percentage of internalized bacteria compared to untreated control cells (Table 2.1). When data
were normalized to matched control cells for each day’s experiments, differences remained
statistically significant (Table 2.1, Appendix 1).

The 21 proteins could be segregated into five functional classes, including: (1) small G proteins
and G protein exchange or activating factors; (2) Arp2/3 complex subunits, NPFs and NPF-
binding proteins; (3) phagocytosis-associated myosin motors and adapters; (4) membrane-
cytoskeleton linking proteins; and (5) actin filament organizing, bundling and severing proteins.

Individual proteins identified in the screen included Racl and Rac2, suggesting an
involvement of Rho-family GTPases in R. parkeri invasion (silencing Racl/Rac2 or Rac1/Cdc42
in combination also decreased entry; Table 2.1, Figure 2.3C). Downstream of Rac1 and Rac2,
RNAI targeting of the Rac effector and Arp2/3 complex NPF WAVE (Drosophila SCAR) as
well as subunits of the WAVE complex (Abi, Sra-1, Kette), decreased R. parkeri invasion to
levels similar to invasion of heat-killed bacteria (Table 2.1, Figure 2.1B, Figure 2.3D). Depletion
of subunits of the Arp2/3 complex (ARP2, ARP3, ARPC1, ARPC2, ARPC4, and ARPC5) also
significantly reduced invasion (Table 2.1, Figure 2.3D). Targeting of WASP, a second Arp2/3
complex NPF, did not significantly reduce internalization (Appendix 1), although targeting of the
WASP- interacting protein WIP did inhibit internalization (Table 2.1, Figure 2.3D).
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Figure 2.3 RNAI screening in S2R+ cells reveals that Rac, the WAVE complex and the
Arp2/3 complex are important for R. parkeri invasion. (A) Schematic representation of the
RNAI screening approach. All genes targeted are listed in Dataset S1. (B) Western blot of S2R+
cell lysates after RNAI targeting the indicated proteins for 4 d. (C-E) Subset of the S2R+ RNAi
screening results represented as relative % internalization after targeting (C) Rho-family
GTPases alone or in combination, (D) the NPFs WAVE/Scar or WASP and their complex
subunits, or (E) Arp2/3 complex subunits. Results are normalized to the mean of 2-3 untreated
control coverslips for each day’s experiment, corresponding to column 5 of Table 2.1. Data
represent at least three independent experiments. Error bars represent SD; ** p<0.01, ***
p<0.001 versus untreated controls by unpaired Student’s t-test.
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Table 2.1 Proteins implicated in Rickettsia invasion of S2R+ cells by RNAIi screening

Functional group

Rho family GTPase

Actin filament nucleator

Actin nucleation promoting factor

WAVE complex member, regulator

WASP binding, regulator

Myosin motor protein

Endocytic / phagocytic adapter

Membrane-cytoskeleton linker

Actin filament bundling/organizing

Actin monomer dynamics

*Percent of R. parkeri internalized 15 mins after infection in cells treated with dsSRNA targeting

Protein implicated in

invasion

untreated control cells

Racl

Rac2

Racl + Cdc42
Racl + Rac2
ARP2

ARP3

ARPCI (p41)
ARPC2 (p34)
ARPC4 (p20)
ARPCS (pl6)
WAVE (SCAR)
Abi

Kette HEM-protein
Sra-1

WIP verprolin
Myosin IA
Myosin I (zipper)
HiplR

MIM homolog
Myoblast city
a-actinin
Fimbrin

Cofilin (twinstar)

Internalization®
(%)

54+10
37+17
37+8
3445
39+18
29£9
3449
3316
30+£9
3612
25£6
186
17+10
31+£9
35+6
38+ 16
28+ 12
33+6
35+7
33+8
38+4
34+ 14
38+6
40+ 12

p-value”

0.0021
0.002
0.0003
0.0031
<0.0001
0.0002
0.0013
<0.0001
0.001
<0.0001
<0.0001
<0.0001
<0.0001
0.0027
0.005
<0.0001
0.0002
0.0005
0.0001
0.0089
0.0004
0.0078
0.0088

Normalized
internalization®

1+0.09
0.84 £0.5
0.77 £0.09
0.68+0.11
0.84 £ 0.46
0.59+0.15
0.67 +£0.07
0.66 +0.25
0.63 +0.21
0.61+0.22
0.5+0.04
0.38+0.08
0.34+0.18
0.57+0.24
0.55+0.07
0.78 £ 0.34
0.62 +0.37
0.72+0.27
0.74+0.17
0.69 +0.21
0.87+0.11
0.71+£0.19
0.86 =0.05
0.8 +£0.09

Hit shared with other

screensd

4,5,7,10
3,4,5,10
2,39

2,3,4,6,9

2,3
1,2,3,4,5,6,7,8,10
2,3,4,5,10
1,4,5,6,7,8,9,10
1,2,3,4,5,7,8
1,7,8

1,4,6,7

10

1

10

9

7
7,8,10
7,10
1,7,10

the indicated protein(s). The data presented are the mean = SD of at least three independent

experiments. "Determined by pairwise comparison with the untreated control using the Student’s

t-test. p<0.01 was considered statistically significant. “Data were adjusted with the mean
percent internalization of matched untreated control cells (duplicate samples) for each day’s
experiment set as 1 (100%). ‘RNAi targeting this protein was also found to 'reduce lamella
formation (Rogers et al., 2003); *Listeria monocytogenes and/or *Mycobacterium fortuitum
infection (Agaisse et al., 2005); *Candida albicans, ’E. coli or °latex bead phagocytosis
(Stroschein-Stevenson et al., 2005); 7Chlamyah‘a trachomatis infection (Elwell et al., 2008);

¥ Pseudomonas aeruginosa internalization (Pielage et al., 2008); *Rickettsia parkeri infection, or

"R, parkeri actin tail formation (Serio et al., 2010).
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Other targets for which RNAi reduced internalization included the myosin motors
Myosin 1A and Myosin II, the actin organizing proteins a-actinin and fimbrin, the severing
protein cofilin, the membrane-cytoskeleton linker proteins MIM homolog and Myoblast city, and
the endocytic/phagocytic adapter protein HiplR (Table 2.1). In contrast, notable proteins not
implicated in internalization included a seventh Arp2/3 complex subunit (ARPC3), three other
WAVE-interacting proteins (Drk, HSPC300, Nck), four other Arp2/3 complex regulators
(Coronin, Cortactin, Dcarmil, POD-1), six formin actin nucleation and elongation proteins, and
the Spire tandem monomer-binding actin nucleator (Appendix 1). Overall, our targeted screen
implicated numerous cytoskeletal proteins in actin assembly during R. parkeri invasion of
Drosophila S2R+ cells, and identified a specific actin nucleation pathway involving Rac
proteins, the WAVE/Abi NPF complex, and the Arp2/3 complex.

Mammalian Rho-family GTPases are recruited to invading R. parkeri and are important for
entry

We hypothesized that the proteins implicated in R. parkeri invasion of Drosophila cells
might also be utilized during invasion of mammalian cells. To test this, we employed two
mammalian cell types, COS-7 and HMEC-1 (Ades ef al., 1992), the latter of which are
endothelial cells derived from the tissue naturally infected by Rickettsia species (Walker et al.,
2008). Given the importance of Rho GTPase signaling for R. parkeri invasion in S2R+ cells, and
the previously-implied role for Cdc42 in R. conorii invasion of Vero cells (Martinez et al.,
2004), we sought to define the requirement for Rho-family GTPases in mammalian cell invasion.

We first tested whether active GTPases were recruited to sites of invasion. HMEC-1 cells
were transfected with a plasmid expressing either eGFP-Racl, eGFP-Cdc42 (Subauste ef al.,
2000) or the p21-binding domain (PBD) of p21-activated kinase (PAK) fused to mCherry
(PAK1-PBD-mCherry), a marker for active (GTP-bound) Racl and Cdc42 (Chenette ef al.,
2006; Srinivasan et al., 2003;). Both eGFP-Racl and eGFP-Cdc42 proteins, but not eGFP-RhoA,
were observed around invading, actin-associated R. parkeri (Figure 2.4A-B, data not shown).
Immunolocalization of Racl and Cdc42 was inconclusive due to nonspecific binding of
antibodies to bacteria (data not shown). In addition, PAK1-PBD-mCherry was robustly recruited
to sites of bacterial invasion 5-15 min after infection (Figure 2.4A, 2.4C), and could be imaged
by time-lapse microscopy while invasion was progressing (Movies 2.3, 2.4). The marker was
found around bacteria both with and without associated actin, suggesting that recruitment occurs
before actin polymerization begins.

To evaluate the function of Rho GTPases during entry, HMEC-1 and COS-7 cells were
transfected with siRNAs targeting Racl, Rac2, or Cdc42 alone or in combination, infected with
R. parkeri, and the percentage of internalized bacteria was measured. Gene silencing was
confirmed for Racl and Cdc42 by immunoblotting (Figure 2.4D, Figure 2.5A-B). We were
unable to detect significant levels of Rac2 in HMEC-1 cells by either immunoblotting or RT-
PCR, suggesting it may not be expressed at appreciable levels in this cell type (Figure 2.4D, data
not shown).
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Figure 2.4. Rho-family GTPases are recruited to invading R. parkeri in mammalian cells
and are important for invasion. (A) R. parkeri (left, blue in merge) are surrounded by eGFP-
Racl or PAK1-PBD-mCherry (middle, red in merge) and actin (right, green in merge) in HMEC-
1 cells at 10 min post-infection. Open arrowheads, Rickettsia associated with PAK1-PBD alone;
filled arrowheads, Rickettsia surrounded by actin and eGFP-Racl or PAK1-PBD. (B) Percentage
of Rickettsia associated with GFP, eGFP-Racl, eGFP-Cdc42 and actin 10 min post-infection.
Pink bars, mean association with marker; light green bars, mean association with both GFP-



marker and actin. (C) Percentage of Rickettsia associated with mCherry, PAK1-PBD-mCherry,
and actin as in panel (B). (D) Western blots of HMEC-1 cell lysates 48 h post-transfection with
the indicated siRNAs, corresponding to one experiment represented in (E). COS-7 cell Western
blots are shown in Fig S2A. (E) Relative percent internalization at 15 min post-infection with R.
parkeri in either HMEC-1 (solid bars) or COS-7 cells (hashed bars), normalized to nonspecific-
RNA treated cells. (F) Relative percentage internalization in COS-7 cells from 0-60 min post-
infection with R. parkeri, normalized to 15 min nonspecific-RNA treated cells. (G) Percentage of
Rickettsia associated with PAK1-PBD-mCherry and actin after cotransfection with indicated
siRNAs, as in (C), with corresponding Western blots. Abbreviations: NS1, nonspecific control
siRNA 1; NS2, nonspecific control siRNA 2; R1 + R2, Racl and Rac2. Error bars, SEM (B-C,
F-G) and SD (E). * p<0.05, ** p<0.01, *** p<0.001 versus indicated control by unpaired
Student’s t-test (E-F) or ANOVA with Bonferroni’s post-test (B,C,G). (B-C, F-G) are the mean
of two independent experiments performed in duplicate. (E) are the mean of at least three
independent experiments performed in duplicate.
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Figure 2.5 —Invasion of COS-7 cells does not require Cortactin or Abi.

(A) Western blots of lysates from cells treated with the indicated siRNAs and collected in
parallel during one experiment represented in Figure 3E. (B) Western blots of lysates from cells
treated with the indicated siRNAs and collected in parallel during one experiment represented in
Figure 3F (C) Western blots of lysates from cells treated with the indicated siRNAs and
collected in parallel during one experiment represented in Figure 4B and in panel (E) of this
figure. (D) Western blots of lysates from cells treated with the indicated siRNAs and collected
in parallel during one experiment represented in panel (E) of this figure. (E) Relative percentage
internalization at 15 min post infection with R. parkeri in COS-7 cells. Data represent the
average of at least three independent and were normalized with nonspecific-RNA transfected
COS-7 cells set as 100%. Abbreviations: NS1, nonspecific control RNA 1; NS2, nonspecific
control RNA 2; W1, W2, W3, WAVEIL, WAVE2, WAVE3 respectively; NW, N-WASP; CTTN,
Cortactin; *=p<0.05, **=p<0.01 indicate values significantly different from indicated controls by
unpaired t-test.
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In HMEC-1 cells, siRNA targeting Cdc42 alone or Racl and Rac2 in combination caused
a significant decrease in invasion compared to control-siRNA transfected cells (Figure 2.4E).
Co-transfection of siRNAs with PAK1-PBD-mCherry revealed that recruitment of PAK1-PBD,
and PAK1-PBD together with actin, were significantly reduced (p<0.05) after Racl and Cdc42
codepletion, to levels similar to mCherry-only controls (Figure 2.4C, 2.4G). In COS-7 cells,
knockdown of Racl, Cdc42, or both GTPases resulted in a significant reduction in invasion
(Figure 2.4E) at 15 min, and this decrease persisted through 30-60 min post-infection (Figure
2.4F). The overall requirement for Racl and Cdc42 was generally independent of an effect on
bacterial binding to cells, as siRNA treatments had little or no effect on binding (Figure 2.6A-B).
Thus, Rho-family GTPases play a role during R. parkeri invasion of mammalian host cells, while
the specific requirements for Racl and Cdc42 vary between cell types.

WAVE, but not N-WASP, is the NPF important for optimal R. parkeri invasion of
mammalian cells

Downstream of Rho-family GTPases, R. parkeri invasion of Drosophila cells required
the NPF WAVE and its binding partner Abi, but not the NPF WASP (Figure 2.3D). There are
three mammalian isoforms of WAVE, and two isoforms of WASP: WAVEI] and WAVE3 are
expressed in brain and hematopoietic cells, whereas WAVE?2 is expressed ubiquitously, while
WASP is expressed in hematopoietic cells and N-WASP is ubiquitous (Campellone et al., 2010).
We first sought to determine which of these NPF proteins were expressed in the mammalian cell
lines used for our experiments. Immunoblotting of extracts from various mammalian cell lines
revealed that WAVE2, WAVE3 and N-WASP were abundant in HMEC-1 and COS-7 cells
whereas WAVE1 and WASP were not expressed at detectable levels (Figure 2.7). Neither
immunolocalization of N-WASP and WAVE2, nor expression of GFP or mCherry-fused N-
WASP, WAVE2, WHAMM, WASH, and JMY, indicated specific colocalization of NPF
proteins with invading R. parkeri (data not shown).

To examine the functional importance of NPF proteins during R. parkeri invasion,
WAVE2, WAVE3, and N-WASP were targeted by RNAi in both HMEC-1 and COS-7 cells and
bacterial internalization and binding were measured. Protein depletion was confirmed by
immunoblotting (Figure 2.8A, Figure 2.5B). RNAI targeting of WAVEs had little to no effect on
bacterial binding, and targeting of N-WASP increased binding in Cos7 cells (Figure 2.6).
Silencing of WAVE2 resulted in an approximately 20% decrease of invasion in COS-7 cells, but
had no significant effect in HMEC-1 cells. However, in both HMEC-1 and COS-7 cells,
silencing WAVE?2 in combination with WAVE3 or N-WASP caused a 20-25% decrease of
invasion. Knockdown of N-WASP alone had no discernable affect on entry in either cell type
(Figure 2.8B). We also treated HMEC-1 cells with wiskostatin, a specific inhibitor of N-WASP
(Peterson et al., 2001) and saw no significant change in invasion efficiency or bacterial
association (Figure 2.2). Therefore, WAVE?2 appears to be consistently important for invasion,
and WAVE3 or N-WASP may functionally replace WAVE?2 if present, especially in HMEC-1
cells.

To further examine the role of WAVE2 in R. parkeri invasion of HMEC-1 cells, we
tested whether expression of full-length WAVE?2 or truncation derivatives might inhibit the
process. HMEC-1 cells were transfected with plasmids expressing either the full-length WAVE2
protein (mChWAVE?2), or the N-terminal (mChW2AWCA) or C-terminal (mChW2WCA)
domains fused to mCherry, and invasion efficiency and binding were quantified in cells visibly

28



g -, 3 o,
9 Oss|: &x& = %
* R LMY %, K% \Q\vvmv
%, % &, Y
~+— NN, 4, %
SN w %, %
ENNYe, 7 % 9,
IOEO_s o %7
SN+, @M
. i SN © %,
' — %///////////% &o@ I Y Y &o@
" A_ew.:ooho &.__8\%208 ) A_EH_SB c\e,v.__8\m_._@58

< m

29

**p<0.01, raw data

* p<0.05,

Figure 2.6 — Relative changes in R. parkeri adherence to host cells following siRNA

treatment. Percentage of bacteria associated with each host cell, relative to NS1 RNAi

treatment, in (A) COS-7 cells, hashed bars or (B) HMEC-1 cells, black bars. Data are the mean

of three independent experiments unless otherwise indicated and were normalized with the
-test.

average of NS1-treated control cells set as 100%. Error bars, SEM,
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Figure 2.7 - WAVE and WASP family protein expression in various mammalian cell lines.
Western blots of cell lysates from pig brain extract, human platelet extract, HeLa, HMEC-1,
COS-7, and Vero cells. (A) Expression of WAVE1, WAVE2, and WAVES3 in various cell lines.
Arrowhead indicates WAVE3-specific band. WAVEI] is expressed only in brain extract. (B)
Expression of N-WASP and WASP in various cell lines. WASP is expressed only in platelets.
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Figure 2.8. Depletion, overexpression or genetic deletion of WAVE2 reduces R. parkeri
invasion of mammalian cells. (A) Western blots of HMEC-1 cell lysates 48 h post-transfection
with the indicated siRNAs, corresponding to one experiment represented in (C). COS-7 Western
blots are shown in Figure S2B. (B) Relative percent internalization at 15 min post-infection with
R. parkeri following RNAI of the indicated targets in HMEC-1 (solid bars) or COS-7 cells
(hashed bars). (C) Relative percent internalization at 15 min post-infection with R. parkeri in
HMEC-1 cells visibly expressing the indicated proteins. (D) Western blots of cell lysates
collected from FLC cells showing a lack of expression of N-WASP (top) or WAVE2 (bottom).
(E) Relative percent internalization at 2 h post-infection with R. parkeri in FLC cells with a
genetic deletion of WAVE2 or N-WASP. Data represent the mean of at least three independent
experiments and were normalized using (B) nonspecific-RNA transfected HMEC-1 cells, (C)
mCherry-expressing HMEC-1 cells, or (D) sibling control cells for each deletion line.
Abbreviations: NS1, nonspecific control RNA 1; NS2, nonspecific control RNA 2; W2,
WAVE2; NW, N-WASP; W3, WAVE3. Error bars indicate SD. * p<0.05, ** p<0.01, ***
p<0.001 versus indicated control values by unpaired t-test.
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expressing fusion proteins. Expression of either the full-length WAVE2 protein or the C-
terminal WCA domain reduced invasion of R. parkeri by 50-60% compared with mCherry alone
(Figure 2.8C). Interestingly, expression of the WAVE2 N-terminus also reduced invasion by
25% (Figure 2.8C). Binding was not significantly affected by expression of any WAVE
derivatives (Figure 2.9A). The dominant negative effect of full-length WAVE2 expression on
Rickettsia invasion was previously assumed to be due to excess C-terminal WCA domain
inhibiting the Arp2/3 complex (Machesky ef al., 1998; Magdalena et al., 2003). Our results
indicate that inhibition may also involve the N-terminal domain of WAVE binding to and
disrupting upstream interacting proteins such as Racl (Miki et al., 1998), Abi, or HSPC300 (Shi
et al., 2005).

To definitively clarify the roles of WAVE2 or N-WASP during R. parkeri invasion of
mammalian cells, we measured invasion in mouse embryonic fibroblast-like cell lines (FLC)
genetically deficient in each protein. FLC cells deficient for WAVE2 (Yan ef al., 2003) or N-
WASP (Snapper et al., 2001), along with matched control cells, were infected with R. parkeri for
2 h and bacterial internalization and binding were quantified. Absence of NPF expression was
confirmed by immunoblotting (Figure 2.8D). WAVE2 knockout cell lines had 40% fewer
internalized bacteria than control cells, while there was no significant difference between N-
WASP-deleted cell lines and controls (Figure 2.8E). Genetic deletion of WAVE2 or N-WASP
did not significantly affect bacterial binding (Figure 2.9B). Therefore, similar to HMEC-1 cells,
WAVE?2 is important during invasion of murine fibroblasts and N-WASP is dispensable.
Overall, these results suggest that N-WASP is not crucial for R. parkeri entry, and that WAVE?2
is important, with the extent of the requirement depending on the cell type being infected.

The host Arp2/3 complex is recruited by R. parkeri and is required for invasion

The results of our RNAi screen in S2R+ cells, along with the involvement of Racl and
the WAVE family proteins in mammalian cells, strongly suggested a role for the Arp2/3
complex during invasion of mammalian cells by R. parkeri. Indeed, we observed robust
localization of Arp3 protein around R. parkeri invading HMEC-1 cells (Figure 2.10A) and COS-
7 cells (Figure 2.11) at 5-15 min post-infection. On average, Arp2/3 complex was associated
with a higher proportion of invading Rickettsia than was actin (Figure 2.10B), suggesting that the
Arp2/3 complex is recruited before F-actin is polymerized around entering bacteria.

To investigate the functional importance of the Arp2/3 complex during bacterial invasion,
HMEC-1 and COS-7 cells were transfected with two siRNAs targeting the Arp3 and ARPC4
subunits, which were previously shown to deplete the entire complex (Campellone et al., 2008),
or with control siRNAs, and silencing was confirmed using immunoblotting (Figure 2.10C,
Figure 2.5B). Fifteen min after invasion, an average of 45% fewer intracellular bacteria were
observed in Arp3/ARPC4-depleted cells (Figure 2.10D) while bacterial binding was unaffected
(Figure 2.6). This invasion defect persisted through 30-60 min post-infection in COS-7 cells
(Figure 2.4F). To further confirm the requirement for Arp2/3 complex activity, HMEC-1 or
COS-7 cells were treated for 30 min with either a specific chemical inhibitor of the Arp2/3
complex, CK-548 (Nolen et al., 2009), or with DMSO as a control, and were infected with R.
parkeri in the presence of the inhibitor. Chemical inhibition of the Arp2/3 complex resulted in
approximately 55% fewer intracellular bacteria (Figure 2.10D) and decreased bacterial binding
(Figure 2.2B).
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Figure 2.9 — Binding of R. parkeri to host cells is not affected by absence or overexpression
of WAVE2. (A) Percentage of bacteria associated with each host cell, relative to mCherry
control, in HMEC cells transfected with plasmids expressing the indicated proteins. (B)
Percentage of bacteria associated with each host cell, relative to sibling control cells, in MEF-L
cells genetically lacking WAVE2 or NWASP. Data are the mean of three independent

experiments and were normalized with the average of control cells set as 100%. Error bars, SEM.
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Figure 2.10. The Arp2/3 complex is recruited to invading R. parkeri and is required for
efficient invasion. (A) Bacteria (left, stained with DAPI, blue in merge) are surrounded by
Arp3 (middle, anti-Arp3 immunofluorescence, red in merge) and actin (right, anti-RFP
immunofluorescence of Lifeact-mCherry, green in merge). Open arrowheads indicate R. parkeri
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associated with Arp3 protein only, filled arrowheads indicate R. parkeri surrounded by both actin
and Arp3. (B) Percentage of Rickettsia associated with Arp3 and actin. Pink, mean association
with Arp3; dark green, mean association with actin; light green, subset of cells associated with
both Arp3 and actin. For (A-B), HMEC-1 cells were transfected with pLifeact-mCherry for 48 h
before infection and fixed 10 min post-infection. (C) Western blots of HMEC-1 and COS-7 cell
lysates at 48 h post-transfection with the indicated siRNAs, corresponding to one experiment
represented in (D). (D) Relative percent internalization at 15 min post-infection with R. parkeri
in either HMEC-1 (solid bars) or COS-7 (hashed bars) cells. (E) Relative percent internalization
at 15 min post-infection with R. parkeri within HMEC-1 or COS-7 cells treated for 30 min prior
to infection with either 1% DMSO or 100 uM CK548. (D-E) are the mean of at least three
independent experiments and were normalized with nonspecific-RNA transfected cells (D) or
DMSO-treated COS-7 cells (E) set as 100%. Abbreviations: NS1, nonspecific control RNA 1;
NS2, nonspecific control RNA 2; ** p<0.01, *** p<0.001, versus indicated control values by
unpaired Student’s t-test.
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Figure 2.11 — Arp3 is recruited surrounding bacteria invading COS-7 cells.

(A) COS-7 cells infected for 7 min with R. parkeri, fixed and stained with anti-Rickettsia
antibody to visualize bacteria (left, blue in merge), and anti-Arp3 antibody (center, green in
merge). Open arrowheads indicate bacteria associated with Arp3 protein.
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The inhibition of entry in cells after Arp2/3 complex inactivation or depletion indicates that the
complex is a major nucleator of F-actin around entering Rickettsia in mammalian cells.

DISCUSSION

As an obligate intracellular pathogen, Rickettsia parkeri must invade host cells to survive.
Here, we identify core host factors responsible for actin polymerization during invasion of both
arthropod and mammalian cells. During invasion, actin is nucleated primarily by the Arp2/3
complex, which is likely activated by a WAVE-dependent and WASP/N-WASP-independent
pathway that is in turn controlled by the Rho-family GTPases Rac and Cdc42. Our results reveal
differences between actin regulation in arthropod versus mammalian cells due to either different
levels of redundancy in the core pathway or to the existence of alternative pathways for
polymerizing actin.

We began with an RNAi-based screen in Drosophila S2R+ cells that focused on
identifying which of ~100 proteins previously shown to be important for actin polymerization,
organization and regulation (Rogers et al., 2003) played a role in R. parkeri invasion. Our results
identified 21 proteins, which include an actin nucleating complex and its regulators, as well as
actin organizing and binding proteins likely to contribute to actin network stability (Figure 2.12).
A subset of these 21 proteins was also identified in a previous screen for cytoskeletal proteins
involved in Rickettsia actin tail formation and infection (Serio et al., 2010), indicating that
defects in invasion may perturb later steps in the Rickettsia life cycle. One question that arises
from our work is, what upstream signaling pathways regulate actin cytoskeletal proteins during
invasion? Multiple Rickettsia outer-membrane autotransporter proteins mediate adherence to
host cells and bind to receptors including Ku70 (Chan et al., 2009; Martinez et al., 2005;
silencing Ku70 caused a modest but significant defect in invasion of S2R+ cells; Appendix 1).
Downstream of receptor engagement, a general inhibitor of tyrosine kinase activity blocks
Rickettsia invasion of Drosophila and mammalian cells (Martinez et al., 2004; this study), but
our results did not implicate any individual tyrosine kinases. This suggests that multiple tyrosine
kinase signaling pathways converge to activate Rho-family GTPases during Rickettsia invasion
of host cells.

R. parkeri invasion of both Drosophila and mammalian cells was sensitive to depletion of
the Rho GTPases Rac or Cdc42, or the combined depletion of both.

Cdc42 was initially thought to activate WASP-dependent filopodia extension while Rac1 and
Rac?2 activate WAVE-dependent lamellipodia formation (Hall, 1998; Miki et al., 1998), but more
recent findings indicate that both GTPases can contribute to lamellipodia formation in
Drosophila (Rogers et al., 2003) and mammalian cells (Kurokawa et al., 2004). Moreover, Racl,
Rac2 and/or Cdc42 have been previously identified as important for the invasion of S2R+ cells
by several pathogens in RNAI screens (Agaisse et al., 2005; Elwell et al., 2008; Serio et al.,
2010; Stroschein-Stevenson et al., 2005). Only Cdc42 was previously implicated in a R. conorii
invasion of Vero cells (Martinez et al., 2004), in a study making use of dominant-negative Rho
GTPase mutants.

Because expression of mutant proteins may cause more severe phenotypes than
knockdown of the same proteins (Pertz, 2010) and may inhibit GEFs for both GTPases (Ladwein
et al., 2008; Pertz, 2010; Rabiet et al., 2002), an RNAi approach provides a clearer picture of
specific GTPase requirements for Rickettsia invasion. Interestingly, we observed a varying
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phenotype after RNAI targeting Racl, Rac2 and Cdc42, depending on the cell line. Thus, during
R. parkeri invasion of host cells, we propose a model where the Rho GTPases cooperatively
promote actin polymerization, with Cdc42 and Racl playing parallel roles (Figure 2.12). We also
observed a strong inhibition of R. parkeri invasion after RNA1 silencing of WAVE and WAVE-
interacting proteins in Drosophila S2R+ cells, whereas depletion of WASP had no discernible
effect. WAVE and Abil were shown to be required for both lamellipodia and filopodia
formation and were identified in all previous RNAi-based screens for pathogen invasion in S2R+
cells (Table 2.1), while WASP is important for only P. aeruginosa invasion (Pielage et al., 2008)
and is not required for the formation of cellular protrusions (Biyasheva et al., 2004; Rogers et al.,
2003). We conclude that WAVE is required for actin-dependent cell surface remodeling in S2R+
cells, especially during the invasion of intracellular pathogens including R. parkeri (Figure 2.12).

We found that R. parkeri invasion of a variety of mammalian cell lines was reduced when
WAVE2 was depleted, overexpressed or genetically deleted. On the other hand, our data do not
support the previously suggested role for N-WASP (Martinez et al., 2004), nor do they support a
role for other host NPFs. Thus, of the many host NPF proteins, only WAVE is important for R.
parkeri invasion of cell lines from diverse species (Figure 2.12). WAVE2 and WAVE3 have
been previously implicated in lamellipodia formation, cell migration, and the invasion of
mammalian cells by Chlamydia and Salmonella, indicating that their function in membrane
remodeling and pathogen invasion is conserved (Carabeo ef al., 2007; Shi et al., 2005; Yamazaki
et al., 2003). Interestingly, the combined depletion of WAVE2 and WAVE3 or WAVE2 and N-
WASP caused a more modest decrease in R. parkeri invasion in HMEC-1 or COS-7 cells than
that observed after WAVE depletion in S2R+ cells, suggesting that other host or bacterial
proteins may provide an additional degree of redundancy in mammalian cells.

Downstream of the WAVE complex, our results clearly indicate that depletion,
inhibition, or sequestration of the Arp2/3 complex strongly inhibits R. parkeri invasion of both
Drosophila and mammalian cells, implying that upstream pathways that stimulate actin
nucleation converge on the Arp2/3 complex. This is consistent with our observation that invasion
of S2R+ cells was not significantly affected by RNAI silencing of other actin nucleators.
Although a recent report demonstrated that Salmonella enterica Typhimurium invades cells via
both Arp2/3- and Rho/Myosin II-mediated pathways (Hénisch et al., 2011), and we observed
reduced invasion of Drosophila cells after Myosin II depletion, treatment of Drosophila and
mammalian cells with the Myosin II inhibitor blebbistatin had no effect on invasion, suggesting
that R. parkeri invasion can occur independently of Myosin II. Invasion of S2R+ cells by L.
monocytogenes, Candida albicans, E. coli, C. trachomatis, and P. aeruginosa is also reduced by
knockdown of Arp2/3 complex subunits (Agaisse et al., 2005; Elwell et al., 2008; Pielage et al.,
2008; Stroschein-Stevenson et al., 2005). Likewise, the Arp2/3 complex is important for
invasion of non-phagocytic mammalian cells by Yersinia pseudotuberculosis, L. monocytogenes,
S. enterica Typhimurium and C. trachomatis (Alrutz et al., 2001; Carabeo et al., 2007; Hybiske
et al., 2007; Sousa et al., 2007; Unsworth et al., 2004). Thus Rickettsia, like other pathogens,
primarily utilize Arp2/3-dependent actin nucleation during invasion of host cells.

The robust nature of invasion in mammalian cells following knockdown or inhibition
of individual Arp2/3 complex activators suggests that Arp2/3 is activated via redundant
pathways. Depletion of multiple Rho family GTPases or NPFs also caused a more modest
inhibition of invasion compared with depletion or inhibition of the Arp2/3 complex. Thus it is
likely that Arp2/3 activation occurs independently of WAVE and Racl. Another host NPF
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protein could activate Arp2/3, although our results do not support this notion. A second
possibility is that a bacterial protein directly activates the Arp2/3 complex during invasion. SFG
Rickettsia possess an Arp2/3 activating protein, RickA (Gouin et al., 2004; Jeng et al., 2004),
that is a candidate for promoting actin assembly during invasion (Figure 2.12). However, it
remains to be determined whether RickA is secreted into the host cell during this process.

Integrating our data from Drosophila and mammalian cells with previously published
research suggests a model for the initiation of actin assembly during Rickettsia invasion (Figure
2.12). Receptor binding by Rickettsia proteins initiates activation of host protein tyrosine
kinases, leading to Cdc42 activation and Rac-dependent activation of WAVE, which may act in
parallel with other NPFs to activate Arp2/3. Finally, the Arp2/3 complex acts as the major
nucleator of actin filaments during Rickettsia invasion of host cells. Our work provides a
framework for further exploration of the host factors required for invasion of host cells by
rickettsiae. It will be interesting to determine whether the molecular pathways identified in
Drosophila cells are also critical for infection of cells in Rickettsia vectors such as ticks and
fleas. The robust nature of Rickettsia invasion is probably due to a combination of redundant host
pathways available for actin polymerization and the action of multiple bacterial proteins on these
pathways, a common strategy of intracellular pathogens to ensure efficient uptake by a host cell.
Future work will define the relative contribution of bacterial and host proteins to actin assembly
during invasion.

MATERIALS AND METHODS

Antibodies

Antibodies were obtained from the following sources (in parentheses): mouse anti-Dm-
profilin (developed by L. Cooley at Yale School of Medicine, maintained by the Developmental
Studies Hybridoma Bank [DSHB] at the University of lowa); rat anti-Dm-Arp3 (L. Cooley;
Hudson et al., 2002); guinea pig anti-Dm-SCAR (J. Zallen, Sloan-Kettering Institute; Zallen et
al., 2002); anti-Dm-WASP (G. Borisy, Northwestern University Medical School; Biyasheva et
al., 2004), mouse anti-GAPDH (Ambion); mouse anti-tubulin (developed by M. Klymkowsky at
the University of Colorado, Boulder, maintained by the DSHB); mouse anti-RFP ab65856
(Abcam); rabbit anti-Arp3 (Welch et al., 1997a); rabbit anti-ARPC2(p34) (Welch et al., 1997b);
rabbit anti-WAVE2 (T. Takenawa, University of Tokyo; Yamazaki ef al., 2003); goat anti-
WAVEI (5¢-10390) and rabbit anti-WAVE2 (sc-33548) (Santa Cruz Biotechnology); rabbit anti-
WAVES3 (09-145) (Millipore); guinea pig anti-N-WASP (Duleh et al., 2010); mouse anti-Rac1
(ARCO03) and anti-Cdc42 (ACDO03) (Cytoskeleton), rabbit anti-Rac2 (sc-96) (Santa Cruz
Biotechnology); mouse anti-Rickettsia M14-13 and rabbit anti-Rickettsia R4668 and 17205 (T.
Hackstadt, NIH/NIAID Rocky Mountain Laboratories; Anacker et al., 1987; Policastro et al.,
1997); rabbit polyclonal anti-Listeria O antibody (BD Biosciences); horseradish peroxidase
conjugated anti-mouse, rabbit and guinea pig secondary antibodies for immunoblotting (GE
Healthcare); AlexaFluor 488-, 568-, and AMCA-conjugated anti-rabbit and anti-mouse
secondary antibodies for immunofluorescence (Invitrogen Molecular Probes). Abbreviation: Dm,
Drosophila melanogaster.
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Plasmids

To generate the plasmid pLifeact-mCherry, the eGFP-encoding region of a Lifeact-GFP
expression plasmid derived from pEGFP-N1 (Clontech) (Serio et al., 2010) was removed and
replaced with PCR-amplified DNA encoding mCherry, resulting in a plasmid expressing the
Lifeact peptide (Riedl et al., 2008) fused to the N-terminus of mCherry. The plasmid pmCherry
was constructed similarly by replacing eGFP in the vector pPEGFP-C1 (Clontech). For WAVE2
expression plasmids, DNA encoding full-length Mus musculus WAVE2 (amino acids M1-D497),
the WAVE2 WCA region (amino acids T423-D497), or WAVE2AWCA (amino acids M1-L429)
were excised from GFP-fusion expression plasmids (K. Campellone, University of California,
Berkeley) and cloned into the Kpnl and Xbal sites of pmCherry. The eGFP-Rac1 plasmid
(Subauste et al., 2000; Addgene plasmid 12980) was a gift from G. Bokoch via addgene.org.
The PAK1-PBD-mCherry expression plasmid, with Homo sapiens PAK1 amino acids N65-S149
fused to mCherry, was a gift from O. Weiner (University of California, San Francisco).
Rickettsia insertional mutagenesis plasmid PMW 1650 was a gift from D. Wood (University of
South Alabama; Liu et al., 2007).

Bacterial strains, growth and purification

Rickettsia parkeri Portsmouth strain was a gift from C. Paddock (Centers for Disease
Control and Prevention, Atlanta). Listeria monocytogenes strain 10403S was a gift from D.
Portnoy (University of California, Berkeley). E. coli strain XL-10 Gold was from Stratagene.

GFP-expressing R. parkeri clonal strain GFPyy-3 was generated by electroporating R.
parkeri suspended in 100 ul 250 mM sucrose with 20 pg of plasmid PMW1650 at 2.5 kV, 200
ohms, 25 puF, for 5 ms using a Gene Pulser Xcell (Bio-Rad). Bacteria were immediately
suspended in 500 pl Brain Heart Infusion (BHI) media (Difco), and used to infect a 25 cm” flask
of Vero cells. Cells were grown overnight at 34°C, 5% CO, in DMEM with 2% FBS, and after
24 h media was replaced with media containing 200 ng/ml rifampicin (Sigma). After 6 d, plaques
were visible in the cell monolayer. The resulting polyclonal stock was collected, amplified and
plaque purified to yield a clonal strain. The insertion site of the transposon cassette was
determined essentially as described previously (Liu et al., 2007). Briefly, genomic DNA from R.
parkeri was digested with HindlIIl, the restriction enzyme was heat-inactivated, and the DNA
fragments were self-ligated. E. coli were transformed with the resulting plasmids, and selected
for resistance to 100 pg/ml rifampicin. The insertion sites were sequenced using primers 5°-
CGCCACCTCTGACTTGAGCGTCG and 5’-CCATATGAAAACACTCCAAAAAAC and
found to be in a position corresponding to nucleotides 13,843-13,846 of the R. rickettsii Sheila
Smith strain (Ellison et al., 2008) in the gene encoding hypothetical protein A1G_00085.

For all other procedures, R. parkeri was propagated in Vero cells grown at 33°C with 5%
CO,, purified by Renografin density gradient centrifugation as described previously (Hackstadt
et al., 1992), and stored at -80° C. For same-day purification of GFP-expressing R. parkeri,
infected monolayers of Vero cells were scraped from culture flasks, pelleted by centrifugation,
resuspended in K-36 buffer (0.05 M KH,POy4, 0.05 M K;HPOy4, 0.1 M KCI, 0.015 M NacCl, pH 7)
and dounced to release intracellular R. parkeri. Cell suspensions were centrifuged to remove
nuclei and cell debris, and aliquots from the supernatant were centrifuged at 16000 g for 5 min to
pellet R. parkeri, then resuspended in the appropriate culture medium and added to cells for
infection and visualization. L. monocytogenes was grown in liquid Brain Heart Infusion (BHI;
Difco) at 37°C without agitation. E. coli strain XL.-10 Gold was grown in Luria Broth (LB) at
37°C with agitation.
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Cell growth and bacterial infection

Drosophila S2R" cells were a gift from R. Tjian (University of California, Berkeley), and
were grown at 28°C in M3 Shields and Sang media (Sigma), supplemented with 0.5 g/l KHCOs,
1 g/L yeast extract (Biotech Sources LLC), 2.5 g/L. meat peptone extract (Merck) and 10% FBS
(Invitrogen). African green monkey kidney fibroblast cells (COS-7) and epithelial cells (Vero)
were from the University of California, Berkeley tissue culture facility, and were grown at 37°C
with 5% CO, in DMEM (Invitrogen) with 2-10% FBS (JR Scientific). Mouse embryonic
fibroblast-like cells with genetic deletions of WAVE2 (Yan et al., 2003) or N-WASP (Snapper et
al., 2001) and matched control cells were a gift from S. Snapper (Harvard Medical School). The
human microvascular endothelial cell line HMEC-1 (Ades ef al., 1992) was obtained via material
transfer agreement from the Centers for Disease Control, Biological Products Branch, and was
grown at 37°C with 5% CO,in MCDB 131 (Invitrogen) with 10% FBS (Hyclone), 2 mM L-
Glutamine (Gibco), 10 ng/mL Epidermal Growth Factor (BD Biosciences), and 1 pg/mL
Hydrocortisone (Sigma).

To measure invasion, bacterial infections were carried out as follows: cells were seeded
onto glass coverslips in 24-well plates 4 d (S2R+ cells) or 24 h (mammalian cells) prior to
infection. For most experiments, culture medium was removed and replaced with 0.5 mL ice-
cold growth media, and bacteria were added to each well (R. parkeri at a final MOI of 1-5 or
~5x10° pfu/well, L. monocytogenes and E. coli at an MOI of 5-10). Infected cells were then
centrifuged at 200 g for 5 min at 4°C, followed by addition of 0.5 mL of 37°C media per well.
Cells were incubated at 28°C (S2R+) or 37°C (HMEC-1, COS-7) for the remainder of infection
times. For drug treatments, colocalization and live-cell imaging, infections were carried out in
culture medium at 37°C or 28°C (S2R+) without replacement and centrifuge steps were at room
temperature. Drugs were diluted in culture medium in 1% DMSO for a final concentration of 250
UM genistein (Sigma), 4 uM latrunculin A, 20 uM nocodazole, 100 uM CK-666 (all three from
EMD Chemicals), 100 pM CK-548 (CK-0993548, from Cytokinetics), 200 nM wortmannin, 250
nM dasatinib, 500 nM nilotinib (all three from LC Laboratories), 1 uM PP2, 5 uM wiskostatin,
and 1uM AAL-993 (all three from Biomol International) and cells were treated with drugs for 30
min prior to infection.

RNA synthesis and RNAi screening

Primers for PCR amplification of target genes from Drosophila genomic DNA were
derived from those published by Rogers et al. (Rogers et al., 2003) or from the Drosophila RNAi
Screening Center (http://flyrnai.org), and amplification and reverse transcription were performed
as described previously (Serio ef al., 2010). For RNAi screening, monolayers of S2R+ cells on
12-mm coverslips were treated with dSRNA at a final concentration of 20 pg/ml for 4 d, and then
infected with R. parkeri for 15 min to allow for invasion, as described above. Cells were fixed
and processed for the fluorescence internalization assay, as described below. The number of
intracellular and extracellular bacteria was counted in at least 5 fields of view, with >200 bacteria
counted on each coverslip. At least three replicates of RNAi1 and infection were performed for
each individual target or control. The percent internalization was calculated and the value for
each target was compared pairwise with the untreated control by the Student’s t-test using Prism
v5.0 (Graphpad Software). For normalized data, the mean of three no-RNA control coverslips for
each day’s experiment was set as 1.0 and other data was transformed relative to the mean.
Differences were considered to be significant if p <0.01.
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Immunoblotting and immunofluorescence staining

For immunoblotting, cells were lysed in RIPA buffer (50 mM Tris pH 7.6, 150 mM
NaCl, I mM EDTA, 1% Triton X-100, 0.1% SDS plus 10 mg/ml of aprotinin, leupeptin,
pepstatin, and chymostatin, and 1 mM PMSF) or in Laemmli sample buffer. Equal molar
amounts of protein were separated by SDS-PAGE and transferred to nitrocellulose. Membranes
were blocked with 5% milk in phosphate buffered saline (PBS), probed with primary followed
by secondary antibodies, and visualized with ECL detection reagents (GE Healthcare). For
detection of Racl, Rac2 and Cdc42, proteins were separated using 4-20% TGX polyacrylamide
gels and blotted to Immun-blot PVDF membranes (both from Bio-Rad). Membranes were dried
completely before blocking and probing with primary and secondary antibodies as described
above.

For immunofluorescence staining, cells were fixed with 2.5% formaldehyde in PBS at
room temperature for 15 min or using —20°C Cytoskelfix (Cytoskeleton) for 5 min. Antibodies
were diluted in PBS with 2% bovine serum albumin (BSA) (anti-Arp3 and anti-RFP, 1:100; anti-
Rickettsia 14-13, 1:200) and antibody staining steps were carried out at room temperature using
standard procedures. For anti-Arp3 staining, coverslips were blocked in PBS + 2% BSA + 2%
dry milk for 30 min prior to staining.

For fluorescence internalization assays, coverslips were incubated with primary
antibodies against bacteria followed by AMCA or Alexa 488-conjugated secondary antibodies.
Cells were permeabilized in PBS with 0.5% Triton X-100 for 5 min, rinsed, and again incubated
with primary antibodies against R. parkeri or Listeria followed by Alexa 568-conjugated
secondary antibodies, or E. coli were stained using DAPI. To visualize actin, 4 U/ul of Alexa
488 or 568-conjugated phalloidin (Invitrogen) was included with the secondary antibody.
Coverslips were mounted with Prolong Gold anti-fade (Invitrogen) and stored at 4°C.

Transfection and RNAi in mammalian cells

For expression of mCherry/GFP-tagged proteins, 50-250 ng of plasmid DNA was
transiently transfected into cells using Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s instructions. For gene silencing, siRNAs (Ambion) were transfected at a final
concentration of 50 nM (COS-7 cells) or 20 nM (HMEC-1 cells) using Lipofectamine-RNAi-
MAX (Invitrogen), according to the manufacturer’s instructions. At 24 h post-transfection, cells
were reseeded from 6-well culture plates to 24-well plates containing glass coverslips and
parallel 6-well plates for protein lysate collection. At 48 h post-transfection, cells were infected
with R. parkeri and processed for immunofluorescence microscopy, and uninfected cell lysates
were collected for immunoblotting, as described above. For RNA/DNA cotransfections, siRNAs
were transfected with RNAIMAX, and siRNA and plasmid DNA were transfected 24h later with
Lipofectamine 2000. Cells were reseeded at 48h and infections were carried out at 72h post-
transfection. For RN Ai-internalization assays, the number of intracellular and extracellular
bacteria were counted in at least 5 fields of view, with >200 bacteria counted on each of 2-3
coverslips. An average of ~1000 (301-2562) Rickettsia per experiment were scored for protein
recruitment in >20 cells from 2-3 coverslips.

Imaging
Images were captured using an Olympus IX71 microscope equipped with a 100X (1.35
NA) PlanApo objective lens and a Photometrics CoolSNAP HQ camera. Fixed and live-cell
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images were captured in the TIFF 16-bit format using MetaMorph software (Molecular Devices)
or Micro-Manager Software (http://www.micro-manager.org). Following image acquisition,
Adobe Photoshop was used to convert to 8-bit images, brightness/contrast levels were adjusted,
and images were cropped. For Listeria and E. coli internalization assays, WAVE-fusion
internalization assays and colocalization quantitation, images were imported into ImageJ and
counted using the Cell Counter plugin (http://rsbweb.nih.gov/ij/plugins/cell-counter.html). For
live-cell experiments, cells were plated on glass-bottomed 24-well culture dishes (MatTek) and
transfected with Lifeact-mCherry or PAK1-PBD-mCherry plasmids 48 h before infection with
freshly prepared GFP-expressing R. parkeri at room temperature. Movies were assembled and
adjusted using ImageJ and Adobe Photoshop. Deconvolution images were taken using an
Applied Precision DeltaVision 4 Spectris microscope with a 100X (1.4 NA) PlanApo objective
equipped with a Photometrics CH350 CCD camera. Images were captured using Soft WoRx
v3.3.6 software (Applied Precision), deconvolved with Huygens Professional v3.1.0p0 software
(Scientific Volume Imaging), and processed using Imaris (Bitplane).
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CHAPTER THREE

RickA and Sca? independently activate temporally and mechanistically distinct phases of
Rickettsia actin-based motility.
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INTRODUCTION

Actin-based motility is a strategy used by many intracellular pathogens to move within
the host cell cytosol and into adjacent cells (Haglund et al., 2011). In addition to mediating cell-
to-cell spread, emerging evidence suggests that actin-based motility can allow pathogens such as
Listeria monocytogenes and Shigella flexneri to evade septin and ubiquitin recruitment and
subsequent targeting by host autophagy pathways, including innate immune sensing of
intracellular bacteria (Mostowy et al., 2012). Rickettsia species are Gram-negative, obligate
intracellular pathogens that undergo actin-based motility. They polymerize characteristic long
actin tails composed of helical bundles of linear, unbranched filaments (Gouin et al., 1999;
Heinzen et al., 1993; Serio et al., 2010), in contrast to actin tails formed by Listeria and Shigella,
which consist of branched filament networks nucleated by the host Arp2/3 complex (Haglund et
al., 2011). Rickettsia actin-based motility also requires profilin and fimbrin (T-plastin), which are
dispensable for Listeria motility, while capping protein and ADF/cofilin are essential for proper
actin tail morphology and motility in both species (Serio et al., 2010).

Recently, the differences in actin structure between Listeria and Rickettsia were
explained by the discovery and characterization of the Rickettsia Sca2 protein. In both R.
parkeri and R. rickettsii, the Sca2 autotransporter protein acts as a mimic of host formin-family
actin nucleators. Sca2 is localized to the bacterial outer membrane, often at the actin-tail
associated pole (Haglund et al., 2010) Biochemically, Sca2 directly nucleates linear actin
filaments and enables filament elongation in a profilin-dependent manner (Haglund et al., 2010).
A critical role for Sca2 during Rickettsia motility is bolstered by two observations: first, profilin
depletion causes aberrant motility in both insect and mammalian cells (Serio et al., 2010), and
second, a mutation in the sca? gene eliminates long actin tail formation and causes a defect in
cell-cell spread and virulence (Kleba et al., 2010). Sca2 also mediates adherence to and invasion
of host cells by R. conorii, in a function that is separable from its actin nucleation activity
(Cardwell et al., 2009; Cardwell et al., 2012).

Interestingly, another Rickettsia protein, RickA, was initially proposed to mediate actin-
based motility. RickA is an Arp2/3 complex nucleation-promoting factor (NPF) that is sufficient
to activate nucleation of branched actin filament networks by Arp2/3 in vitro (Jeng et al., 2004).
Biochemically, RickA functions similarly to the Listeria surface protein ActA, and to host NPFs
such as N-WASP, which is recruited to the Shigella surface (Haglund et al., 2011). However,
the role of RickA in actin-based motility remained unclear. For example, there were conflicting
reports as to whether the Arp2/3 complex was localized to Rickettsia actin tails and functionally
important for motility (Gouin et al., 2004) or was absent from actin tails (Gouin et al., 1999;
Serio et al., 2010; Van Kirk et al., 2000) and dispensable for motility (Balraj et al., 2008;
Harlander et al., 2003; Heinzen, 2003; Serio et al., 2010). RickA might function cooperatively
with Sca2 under certain circumstances, or mediate the initial association of actin with Rickettsia
or the initiation of actin-based motility. Alternatively, RickA might function in another step of
the bacterial life cycle, such as Arp2/3 complex-dependent invasion of host cells (Chapter 2;
Reed et al., 2012), a process that occurs within the initial 5-30 min of infection (Figure 2.1;
Martinez et al., 2004; Reed et al., 2012; Teysseire et al., 1995).

Actin-based motility of R. rickettsii, R. conorii, and R. parkeri has been reported to occur
primarily after 24 h of infection (Gouin et al., 1999; Heinzen et al., 1993; Serio et al., 2010),
with a single report of rare actin tail formation at 30 min post-infection (Heinzen et al., 1993).
While investigating actin association immediately following invasion, we observed distinctive
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short, curved actin tails formed by R. parkeri during the first hour of host cell infection. Here, we
report that these early actin tails are temporally restricted to early infection, and that early
motility has distinct parameters when compared to previously characterized, Sca2-dependant late
actin-based motility. In addition, we find that early actin-based motility of R. parkeri requires
both the host Arp2/3 complex and the bacterial NPF RickA. This is the first example of a
bacterium using two distinct, temporally regulated mechanisms of actin-based motility. This
work raises important questions about the evolution of actin-based motility in the genus
Rickettsia, and the function of motility at different times during the bacterial life cycle and for
purposes other than cell-to-cell spread.

RESULTS
Rickettsia parkeri actin-based motility is distinct during early infection

In a previous report, we investigated the host cytoskeletal proteins required for R. parkeri
invasion of various tissue culture cell lines (Chapter 2; Reed ef al., 2012). While studying
invasion, we observed distinctive shorter, curved actin tails associated with R. parkeri 15-30 min
after infection of host cells including HMEC-1, COS7, and Drosophila S2R+ cells (Figure 3.1A
and data not shown). R. parkeri is rarely associated with actin from 1 h -12 h post-infection,
while distinctive longer, helical actin tails become common 24 h — 48 h post-infection (Figure
3.1B-D and data not shown). Quantification of actin tails associated with R. parkeri at various
times after synchronous infection of HMEC-1 cells indicated that curved actin tails were
exclusively associated with early infection, while longer actin tails (>2 bacterial body lengths)
did not appear with any frequency until 24-48 h post-infection (Figure 3.1D). Live-cell confocal
microscopy of HMEC-1 cells transfected with lifeact-GFP and infected with R. parkeri
expressing codon-optimized mCherry (Welch et al., 2012a) revealed that early actin-based
motility was irregular (Figure 3.1E) compared to the directionally-persistent motility at 24-48 h
post-infection (Serio ef al., 2010). Thus, the appearance and frequency of R. parkeri actin tails
varies during the infectious cycle in a temporally regulated manner.

Because the parameters of movement appeared distinct, we used confocal spinning-disc
microscopy to image multiple cells either transfected with a lifeact-GFP actin marker and
infected with mCherry-expressing R. parkeri or stably expressing lifeact-mCherry and infected
with GFP-expressing L. monocytogenes (Shen et al., 2005). It was immediately apparent that R.
parkeri moved in more curved paths through the host cytosol during early infection (Figure
3.2A, upper panel) than during late infection (Figure 3.2A, lower panel). Bacterial movement
was tracked for multiple cells infected for either 15-60 min or 48 h with R. parkeri or for 9-11 h
with Listeria. Maximum intensity projections of all tracks in representative cells infected with R.
parkeri for 24 min (blue box) and 48 h (red box) are shown in Figure 3.2B.

We compared the speed of R. parkeri early and late actin-based motility in HMEC-1 cells
(Figure 3.2C) and found that early motility (25 £ 8 um/min) was significantly slower both than
late motility (24 + 7 um/min) and Listeria motility (22 = 10 um/min). While previous reports
have indicated that Rickettsia movement is slower than that of Listeria (Goldberg, 2001), we
found that in HMEC-1 cells, as in COS7 cells (Serio et al., 2010), the rate of R. parkeri late
motility is not significantly different than that of Listeria. As we observed microscopically
(Figure 3.1A, E; Figure 3.2A), the length of actin tails produced by R. parkeri during early
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Figure 3.1 — Rickettsia parkeri forms short, curved actin tails during early infection. (A-C)
HMEC-1 cells fixed 30 min (A), 2 h (B), or 48 h (C) after a synchronized infection. (D) HMEC-
1 cells were infected with R. parkeri for the indicated times, fixed, and the percent of bacteria
associated with each type of actin structure was counted: blue, curved actin tails; yellow, actin
tails <2 bacteria lengths; red, actin tails >2 bacteria lengths. Results are the average from three
independent experiments performed in duplicate. (A-D) Red, anti-Rickettsia antibody; green,
actin stained with Alexa 488-phalloidin. (E) Still confocal image of a live cell, showing
mCherry-expressing R. parkeri (red) actively moving at 17 min after infection of HMEC-1 cells
transfected with LifeAct-GFP (green). Scale bars, 10um.
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intervals from Movie 3.2 (upper panels) and Movie 3.3 (lower panels), in HMEC-1 cells
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transfected with lifeact-GFP (green) and infected with mCherry-expressing R. parkeri. Scale
bars, 2 wm. (B) Maximum intensity projections of all movement tracks from R. parkeri in cells
infected for 24 min (left, Movie 3.2) or 48 h (right, Movie 3.3). (C-G) parameters of movement
for R. parkeri early motility (blue circles), R. parkeri late motility (red squares), and L.
monocytogenes actin-based motility (black triangles). Multiple cells imaged on at least three
separate occasions, with tracking and speed data trimmed to single 60 s intervals for each
bacterium. (C) Average speed of each bacterium over 60 s. (D) Average actin tail length per
bacterium over same interval as in (C). (E) Relationship between average speed and actin tail
length for each bacterium, with best-fit linear regression. (F) Average efficiency of movement,
calculated by dividing the net x-y displacement by the total path distance over 60 s for each
individual bacterium. (G) Path straightness for each bacterium, calculated by averaging cosines
of the change in tangent angle between adjacent track segments (A8) over 60 s of movement.
Statistical representations: (C-D); mean + SD, *** p<0.001 by ANOVA with Bonferroni’s
multiple comparison; (D) all means are significantly different from one another. (F-G); median +
interquartile range, *** p<0.001, ** p<0.01 by Kruskal-Wallis test with Dunn’s multiple
comparison.
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movement (mean 2 £ 1 um, range, 0.5-5 pm) are significantly shorter than during late movement
(mean 6 £ 2 um, range, 2-12 um; Figure 3.2D). In addition, Rickettsia actin tails are significantly
shorter (for early) or longer (for late) than Listeria tails (mean 4 + 2 um, range, 1-10 pm)
produced under similar conditions (Figure 3.2D).

To further examine the quantitative differences between early and late actin-based
motility, we explored the relationship between speed and actin tail length. Previous reports have
shown that a linear correlation (R > 0.96) exists between speed and actin tail length for
individual Listeria (Theriot et al., 1992), but not for R. parkeri motility at 24-48 h post-infection
(R* =0.02) (Serio et al., 2010). We found a similar, weak correlation between tail length and
speed during R. parkeri late motility (R* = 0.30, Figure 3.2E, red squares). However, there was a
much stronger linear correlation (R* = 0.69) between tail length and speed for early motility
(Figure 3.2E, blue circles). Interestingly, the correlation was similar to that observed for Listeria
motility under these conditions (R* =0.78, figure 3.2E, lower panel).

Finally, we quantified the observed differences in path curvature during early and late
Rickettsia motility and compared them to Listeria motility using two mathematical parameters.
First, we calculated the persistence and efficiency of movement by dividing the x-y displacement
for each track by the total distance moved by each bacterium over 60 s (Figure 3.2F). We found
that the movements of both R. parkeri at 15-60 min post-infection, as well as of Listeria, were
significantly less efficient than R. parkeri late actin-based movements (medians: early = 0.60,
late = 0.85, Listeria = 0.62, p < 0.05 by Kruskal-Wallis test with Dunn’s multiple comparison).
As a geometric measure of path curvature, we also calculated the cosine of the change in tangent
angle between adjacent path segments (cos[AB]) averaged over 60 s for each bacterium (Figure
3.2G). We found that movement paths during early motility were significantly more curved than
during late motility (medians: early = 0.77, late = 0.89, p < 0.05 by Kruskal-Wallis test with
Dunn’s multiple comparison). However, Listeria motility showed a broad curvature range and
was not significantly different than either type of Rickettsia motility by this measurement
(median = 0.81). Thus, early actin-based movement of R. parkeri is slow and associated with
distinct actin tails, with geometric parameters of movement more similar to Listeria motility than
to R. parkeri late actin-based motility.

Early actin-based motility is Arp2/3-dependent and is associated with RickA

We hypothesized that the differences in temporal regulation and quality of movement
during early and late actin-based motility results from the action of different bacterial or host
actin nucleators. Late motility has been shown to depend on the Rickettsia protein Sca2, which
is localized to the actin-tail associated pole (Haglund et al., 2010; Kleba et al., 2010). In
Shigella and Listeria, mediators of actin-based motility (IcsA and ActA, respectively) are also
localized to the bacterial pole (Goldberg, 2001). Previously, RickA has been reported to localize
throughout the bacterial outer membrane without a polar concentration (Gouin ef al., 2004).
When we visualized RickA localization in HMEC-1 cells fixed 30 min post-infection with R.
parkeri, we found that bacteria with early actin tails did have polar concentrations of RickA
protein (Figure 3.3A). In contrast, when HMEC-1 cells were imaged after 48 h of infection,
RickA was present mostly in the bacterial cytoplasm, while Sca2 was localized to the actin-
associated pole (Figure 3.3B and data not shown).
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Figure 3.3 — RickA and the Arp2/3 complex localize to early, but not to late, Rickettsia actin
tails. (A) HMEC-1 cells infected with R. parkeri for 30 min. Actin stained with 488-phalloidin
(green), RickA with anti-RickA antibody (red), and bacterial/host DNA stained with DAPI
(blue). Arrows indicate bacteria with early actin tails and polar RickA staining. Box, bacterium
magnified on right. (B) HMEC-1 cells infected with FLAG-RickA expressing R. parkeri for 48
h. Actin stained with 488-phalloidin (green), RickA with anti-FLAG M2 antibody (red), and
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Sca2 with anti-Sca2 antibody (blue). (C) HMEC-1 cell transfected with Lifeact-mCherry (green)
and eGFP-ARPCS (red) and infected with R. parkeri for 48 h, confocal micrograph of a live cell.
(D) HMEC-1 cell infected with R. parkeri for 30 min and fixed. Cells transfected with GFP-
ARPCS (red) actin stained with 568-phalloidin (green), and DNA stained with DAPI (blue). (E)
HMEC-1 cell infected with FLAG-RickA expressing R. parkeri for 30 min and fixed with
Cytoskelfix. RickA visualized with anti-FLAG M2 antibody (green), Arp3 with anti-Arp3C
antibody (red), and DNA with DAPI (blue). Scale bars, Sum for all panels.

57



Should RickA activate the Arp2/3 complex during early motility, Arp3 and other
complex proteins should localize throughout the actin tail as they do in Listeria (Welch et al.,
1997b) and Shigella (Gouin et al., 1999) actin tails. In contrast, while Arp3 has been reported at
the R. conorii bacterial surface during actin-based motility (Gouin ef al., 2004), complex
members do not localize to late Rickettsia actin tails (Gouin ef al., 1999; Heinzen, 2003; Serio et
al.,2010). In HMEC-1 cells infected with R. parkeri for 30 min, GFP-ARPCS strongly co-
localized with early actin tails (Figure 3.3D). In addition, we observed both polar RickA
(visualized with anti-FLAG antibody) and strong Arp3 staining consistent with early tails in
HMEC-1 cells infected with FLAG-RickA R. parkeri for 30 min (Figure 3.3D). In agreement
with previous reports, we found that neither Arp3 nor GFP-ARPCS (p16), a member of the
Arp2/3 complex, localize to late R. parkeri actin tails (Figure 3.3C and data not shown).
Therefore, unlike late Rickettsia tails, early actin tails are associated with Arp2/3 complex-rich
actin networks and polar RickA protein.

The differential localization of RickA and Arp2/3 during early actin-based motility, along
with the similarities between early and Listeria movement, led us to hypothesize that early actin
tails were nucleated by the Arp2/3 complex rather than by Rickettsia Sca2. Late actin-based
motility of R. parkeri has previously shown to be unaffected or modestly inhibited by depletion
of Arp2/3 complex subunits (Serio et al., 2010). Depletion of Arp2/3 complex using RNA
interference inhibits and delays invasion (Figure 2.4, 2.10; Reed et al., 2012), which would
confound analysis of actin tails occurring at 30 min post-infection. We utilized fast acting
chemical inhibitors of the Arp2/3 complex (Nolen et al., 2009) to interfere with Arp2/3 function
during early and late R. parkeri motility. These inhibitors block Arp2/3-dependent Listeria
motility (Nolen et al., 2009), but would not be expected to influence Sca2-mediated nucleation
of late actin tails.

We infected HMEC-1 and COS7 cells for 15 min to allow most invasion to occur (Figure
2.1; Reed et al., 2012), then added media containing inactive control (CK312) or Arp2/3
inhibitor (CK869) at a final concentration of 100 uM, and fixed after 30 total min of infection. R.
parkeri early actin tails were reduced by 88% (HMEC-1) or 73% (COS-7) relative to DMSO-
treated controls after treatment with CK869 (Figure 3.4A-B). The difference between control and
treated cells was more dramatic inHMEC-1 cells, since R. parkeri form 2-3 fold more early tails
in this cell type (Figure 3.4A). Therefore, formation of early actin tails requires Arp2/3 complex
activity.

We also investigated whether late actin tail polymerization or formation required Arp2/3
complex activity. We utilized COS7 cells to examine late Rickettsia tail formation, as they
remained adherent during long-term treatment with the Arp2/3 inhibitor. We infected COS7
cells for 48 h with R. parkeri, exchanging culture media at 24, 32, 40, and 48 h post-infection
with medium containing 100 uM inactive control (CK312) or Arp2/3 inhibitor (CK869) in 1%
DMSO. Cells were fixed 30 min after the final treatment. When actin tail formation was
quantified, we found that there was no change in the average percent of bacteria associated with
actin tails after 24 h of Arp2/3 inhibition (Figure 3.4C). We also treated COS7 cells infected for
48 h for only 30 min before fixation. For this treatment, we found modest decrease in actin tail
formation after both CK312 and CK869 treatment compared to the DMSO-treated control
(Figure 3.4D, DMSO mean 13.65 + 3.44% with tails). Nevertheless, there was no difference
between treatment with the inactive control (CK312, mean 9 + 1.4%) or the Arp2/3 inhibitor
(CK869, mean 9 + 2.4%), indicating that the effect was nonspecific.
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Figure 3.4 — Arp2/3 complex activity is required for early, but not late, Rickettsia actin-
based motility. (A) HMEC-1 cells or (B) COS7 cells infected with R. parkeri for 15 min to
allow invasion, then treated with 1% DMSO or 100 uM inactive control (CK312) or Arp2/3
inhibitor (CK869) for 15 min, then fixed. (C) COS7 cells infected with R. parkeri for 24 h, then
treated with 1% DMSO or 100uM CK312 or CK869, with fresh media exchanged (including
inhibitors) at 32 h, 40 h, and 48 h. Cells were fixed 30 min after final treatment. (D) COS7 cells
infected with R. parkeri for 48 h, then treated with 1% DMSO or 100uM CK312 or CK869 for
30 min before fixation. (A-D) All cells were stained with 488-phalloidin and anti-Rickettsia
antibody, 5 random fields of view were imaged, and percent of bacteria associated with any actin
tail were counted. Results represent the mean = SD of three independent experiments performed
in duplicate, * p<0.05, ** p<0.01, *** p<0.001 mean varies significantly from DMSO control by
student’s t-test.
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In conclusion, we have found that unlike late Rickettsia actin-based motility, early R. parkeri
motility depends on actin tails nucleated by the host Arp2/3 complex and associated with polar
localization of the Arp2/3 activator, RickA.

RickA is required for early actin tail formation.

To conclusively demonstrate that RickA and Sca2 act independently during the two
phases of Rickettsia actin-based motility, we needed to generate strains of R. parkeri lacking
each protein. Unfortunately, the obligate intracellular nature of Rickettsia has hampered
development of robust genetic tools for these bacteria. Our attempts at using homologous
recombination (Driskell et al., 2009) to delete the rick4 and sca2 genes have thus far been
unsuccessful. However, a mariner-based Himarl transposition system has been used
successfully for limited transposon mutagenesis and for expression of fluorescent proteins in R.
parkeri (Liu et al., 2007; Welch et al., 2012a). Recently, a strain of R. rickettsii with a
transposon insertion in the sca2 gene was isolated, and this strain is unable to form actin tails at
48 h post-infection, and forms small plaques in tissue culture cells, indicating a defect in cell-to-
cell spread (Kleba et al., 2010). In addition, multiple experiments using the same mariner
transposon (plasmid PMW1650) resulted in semi-random transposition events, at a rate of
approximately 1.1 x 107, throughout the R. rickettsii and R. prowazekii genomes (Clark et al.,
2011).

We utilized methods similar to Clark and colleagues to isolate strains with insertions in
the rickA and sca2 genes using PMW 1650, a transposon cassette encoding both rifampicin-
resistance and GFPyy. We electroporated R. parkeri with PMW 1650, immediately plaque
purifying to select for resistant clonal populations, followed by semi-random PCR to determine
insertion sites of the transposon in each clone. After identification of insertion sites, strains were
expanded, plaque purified again to ensure clonality, resequenced, and assayed for GFP, RickA
and Sca2 protein expression.

We isolated R. parkeri strains with insertions in both sca2 (strain Sp2, sca2::himarl,
insertion at bp 112315) and rickA (strain Sp34, rickA::himarl, insertion at bp 888003) (Figure
3.5A). Given the monocistronic nature of the sca2 and rickA genetic loci, these insertions are
unlikely to have polar effects (Figure 3.5A). Both strains Sp2 and Sp34, as well as a previously
generated control strain (GFP3) with an insertion in an unrelated protein (Reed et al., 2012),
express the GFPyy protein to similar levels (Figure 3.5B, lower panel of blot). Strain Sp34
lacked any detectable RickA expression by either Western blot or immuno-fluorescence
microscopy (Figure 3.5B and data not shown). Strain Sp2 expressed a 50 kD polypeptide,
consistent with a predicted 480 amino acid Sca2 passenger domain fragment translated before
the insertion site (Figure 3.5A, 3.5B). This fragment lacks the predicted proline-rich and WH2
(actin-binding) domains, as well as the autotransporter domain responsible for delivering Sca2 to
the bacterial outer membrane (Haglund et al., 2010; Kleba et al., 2010). This 50 kD polypeptide
reacted with a Sca2-specific antibody by Western blot (Figure 3.5B, asterisk) and appeared
periplasmic by immunofluorescence microscopy (data not shown).

Based on our previous results, we hypothesized that R. parkeri strains lacking functional
Sca2 and RickA proteins would have defects in late and early actin-based motility, respectively.
The sca2::himarl strain formed plaques in cultured Vero cells which were significantly smaller
(area, 0.60 = 0.36 um?) than those formed by wild-type (0.95 = 0.63 um?), control rifampicin-
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Figure 3.5 — RickA is required for early actin tail formation, but dispensable for late tail
formation and cell-cell spread. (A) Schematic of sca2 and rickA genes in the R. parkeri
genome. Locations of himarl[GFPyy-Rif'] transposon insertions in strains Sp2 and Sp34 are
indicated with yellow arrowheads along with genomic position. (B) Western Blot showing
RickA, Sca2, and GFP expression in wild-type R. parkeri, an unrelated Himar1 insertion line
(GFP3), Sp34 (rickA::himarl), and Sp2 (sca2::himarl) strains. OmpA Rickettsia outer-
membrane protein is used as a loading control. Note the truncated Sca2 fragment (asterisk)
expressed in sca2::himarl strain. (C) Plaque assay stained 5 d post-infection with neutral red
(upper panels) and quantification of plaque area (lower panel) for each strain. Results represent



mean = SEM of two independent experiments. *** p<0.001, mean varies significantly from wt
R. parkeri by student’s t-test. (D-E) HMEC-1 cells were infected with various strains for 48 h
(D) or 30 min (E), fixed and stained with 488-phalloidin and anti-Rickettsia antibody. 5 random
fields of view were imaged for each duplicate coverslip, and percent of bacteria associated with
any actin tail were counted. (E), right panel: representative images from samples infected for 30
min.
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resistant (GFP3, 1.13 = 0.77 um?) and the rickA::himarl strain (0.97 =0.84 um?, Figure 3.5C).
These data indicate that Sca2 is required for efficient cell-to-cell spread, and agree with the
small-plaque phenotype previously observed for a sca2::himarl strain of R. rickettsii (Kleba et
al., 2010).

If RickA and Sca2 acted independently to mediate each phase of motility, we would
expect strain Sp34 to have few early actin tails, while strain Sp2 would lack late actin tails.
Indeed, when we infected HMEC-1 cells with each strain of R. parkeri and fixed cells 30 min
post-infection, we found that wild-type and sca2::himarl strains formed similar numbers of actin
tails, while the rickA::himarl strain formed almost no actin tails (0.25% with tails, Figure 3.5E).
The GFP3 strain had a modest reduction in actin tail formation, possibly due to viability of the
stock used for this experiment. When we infected HMEC-1 cells with each of the four strains for
48 h, we observed a dramatic lack of actin tail association in the sca2::himarl strain (0.07% with
actin tails), while there was no difference in actin tail formation between wild-type, GFP3, and
rickA::himarl strains (Figure 3.5D).

Taken together, these results indicate that RickA is required only for early actin-based
motility, while Sca2 is required for late actin-based motility leading to cell-cell spread of R.
parkeri. The lack of a defect in late actin tail formation by the rickA4::himarl mutant strain,
combined with our results after long-term inhibition of the Arp2/3 complex, indicate that RickA
is dispensable for late actin-based motility of R. parkeri. Similarly, the absence of a defect in
early actin tail formation by the sca2::himarl mutant indicates that Sca2 is dispensable for this
process. Thus, the two phases of Rickettsia motility occur by mechanistically independent
pathways.

DISCUSSION

Actin-based motility is a feature that has evolved independently in multiple intracellular
parasites, including spotted-fever group Rickettsia species. Understanding how pathogens such
as Rickettsia polymerize and organize actin to enable motility will enhance our understanding of
bacterial pathogenesis as well as the complex regulation of actin function in the host cell
(Haglund et al., 2011). Here we report is the first observation of two entirely distinct
mechanisms of actin-based motility by the same pathogen, and raise new questions about the
regulation and function of actin-based motility for R. parkeri as well as for other pathogens.

We found that the parameters of movement vary for the same bacterium, depending on
the type of actin network being produced. While previous reports found that Rickettsia move
more slowly in Vero cells than do Listeria and Shigella (Goldberg, 2001), we observe R. parkeri
and Listeria moving at similar speeds in both COS7 (Serio et al., 2010) and HMEC-1 cell lines.
Our measurements of Rickettsia late motility and of Listeria motility are faster than some
previously reported speeds (Goldberg, 2001; Lacayo et al., 2004), which may be related to cell
type-specific factors, or imaging at ~37°C rather than ~25°C (Serio et al., 2010). Variations in
Listeria and Rickettsia motility have been reported to occur between cell types, because of
interference from mitochondria or other cellular structures, or because of changes in the
availability of profilin and other proteins important for motility (Goldberg, 2001; Lacayo et al.,
2004; Serio et al., 2010). We conclude that HMEC-1 cells are more amenable to both Rickettsia
and Listeria motility than other cell types, due to either a lack of interference from microtubules
and mitochondria, an increased availability of actin and related proteins, or both.
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Previously, RickA and Sca2 were proposed to act cooperatively to nucleate Rickettsia
actin tails (Haglund et al., 2010; Kleba et al., 2010). In this work, we report multiple lines of
evidence indicating that each protein acts independently to nucleate actin at different times in
infection. First, there is a clear temporal separation between early and late motility (Figure 3.1).
In addition, the insensitivity of Sca2-nucleated late motility to extended Arp2/3 inhibition
(Figure 3.4) and the complete separability of rick4 and sca2 mutant phenotypes (Figure 3.5)
indicate that each type of motility is independent. Therefore, we conclude that early tails are
nucleated by the combined action of RickA and Arp2/3 complex, while late tails are nucleated
only by Sca2.

Interestingly, we found that early R. parkeri motility, nucleated by RickA, was
significantly slower than late motility, nucleated by Sca2. This result was somewhat unexpected,
given that RickA and Arp2/3 are more efficient nucleators of actin filaments in vitro than is Sca2
(Haglund et al., 2010; Jeng et al., 2004). The difference in speed is probably not due to a defect
in Arp2/3-mediated nucleation in HMEC-1 cells, since Listeria motility is not significantly
slower than R. parkeri Sca2-dependent motility. Rather, we propose that this difference may be
due to an intrinsic difference in the nucleation or elongation of actin filaments in early actin tails.

Sca2 is an outer-membrane autotransporter, like Shigella IcsA, and is predicted to be
stably tethered to the outer surface of the bacterium (Goldberg ef al., 1995). On the other hand,
while RickA has been reported to localize to the bacterial surface (Gouin et al., 2004), it is not
predicted to be secreted by the Sec, Tat, or autotransporter pathways. Nevertheless, the protein
must be secreted into the host cytosol in order to potentiate motility. Indeed, Rickettsia genomes,
including that of R. parkeri, encode an rvh type IV secretion system (T4SS), and the C-terminus
of RickA indicates that it may be secreted through this pathway (Gillespie et al., 2009;
Vellaiswamy et al., 2011; our unpublished observations). One intriguing hypothesis for the
reduced motility rate of R. parkeri during early movement is that secretion of an Arp2/3
activating protein is less efficient at mediating actin nucleation/elongation or at generating force
at the surface of the bacterium. Further studies of rickA and sca2 mutant strains of Rickettsia
may illuminate the differences in force generation and network stability between linear and
branched networks moving the same particle.

The expression, localization, or activity of RickA and Sca2 proteins must be tightly
regulated by R. parkeri to maintain the separation of actin tail phenotypes. If RickA is secreted,
regulation of the T4SS could determine its ability to nucleate short actin tails. Likewise,
regulation of Sca2 autotransporter activity, incorporation into the outer membrane, or unipolar
localization could regulate its activity as has been observed for IcsA and ActA (Gouin et al.,
2005; Robbins et al., 2001). Finally, regulated proteolysis of both proteins could serve to tightly
regulate their expression. We are beginning careful analyses of gene transcription, protein
abundance, and subcellular localization of each protein to address this question.

The primary function of actin-based motility is proposed to be the promotion of spread
between host cells while avoiding the extracellular milieu and recognition by complement and
phagocytes. However, growing evidence indicates that actin-based motility may potentiate
evasion of cellular autophagy pathways by enabling escape from damaged phagolysosomes,
evading ubiquitination and outrunning septin “caging” (Mostowy et al., 2012). Intriguingly,
Rickettsia do not recruit septin cages late in infection, while early colocalization with septins has
not been examined (Mostowy et al., 2010). One possibility is that RickA-driven motility evolved
to evade autophagy, while Sca2-driven motility functions in cell-cell spread (Figure 3.5; Kleba et
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al., 2010). Rickettsia would be the first pathogens to have evolved separable forms of motility to
carry out both functions during the infectious cycle.

An alternate possibility is that RickA-driven motility functions in cell-cell spread, but in a
manner more similar to virus actin-based movement. Both vaccinia virus (through ‘surfing”) and
Baculovirus (through Arp2/3 mediated motility) have been reported to use actin-based motility to
move from cell to cell before replication, thus increasing the chances of a successful infection
(Doceul et al., 2010; Ohkawa et al., 2010). Because SFG Rickettsia do not divide until 10 h after
infection, any spread resulting from early motility would have to be pre-replicative (Wisseman et
al., 1976). On the other hand, Sca2-mediated motility does not occur with any frequency until
after 1-3 cycles of replication have occurred. This change from pre-replicative, RickA-driven
motility to actively dividing, Sca2-driven motility suggests that Rickettsia may undergo
previously unappreciated phenotypic switching, as do Chlamydia and Legionella, between
infectious and replicative forms.

Overall, we have described the evolution of a heretofore unknown, bimodal separation of
actin-based motility in an intracellular pathogen. The separability of each type of motility in R.
parkeri will allow us to address important questions about the different functions of actin based
motility during intracellular infection. In addition, the generation of two types of actin networks
by the same pathogen will allow a comparison of the biophysical properties of Arp2/3- and
formin-nucleated actin networks and their roles in intracellular motility. Further exploration of
each type of motility in other species of Rickettsia will illuminate the evolutionary function of
actin-based motility in both pathogenic and avirulent organisms.

MATERIALS AND METHODS

Antibodies

Antibodies were obtained from the following sources: mouse anti-FLAG M2 monoclonal
antibody (Sigma-Aldrich); rabbit anti-Arp3 (Welch et al., 1997a); rabbit anti-GFP (Firat-Karalar
et al., 2011); rabbit anti-RickA (Jeng et al., 2004); rabbit anti-Sca2 (Haglund et al., 2010);
mouse anti-Rickettsia OmpA M13-3, and mouse anti-Rickettsia M14-13 (Anacker et al., 1987)
(T. Hackstadt, NIH/NIAID Rocky Mountain Laboratories; rabbit polyclonal anti-Listeria O
antibody (BD Biosciences); horseradish peroxidase conjugated anti-mouse and rabbit secondary
antibodies for immunoblotting (GE Healthcare); AlexaFluor 488-, and 568-conjugated anti-
rabbit and anti-mouse secondary antibodies for immunofluorescence (Invitrogen Molecular
Probes).

Plasmids

To generate the plasmid pGFP-ARPCS, the Homo sapiens ARPC5 (p16) cDNA was
PCR-amplified with HindIII and Xbal restriction sites and ligated into a modified pEGFP-C1
vector (Clontech), resulting in a plasmid expressing eGFP fused to the N-terminus of ARPCS.
The Lifeact (Riedl et al., 2008) expression plasmids were pLifeact-GFP (Serio ef al., 2010) and
pLifeact-mCherry (Reed et al., 2012). Rickettsia insertional mutagenesis plasmid PMW1650 was
a gift from D. Wood (University of South Alabama; (Liu ef al., 2007). To generate the plasmid
pCLIP2B-Lifeact-mCherry, the Lifeact-mCherry ORF was PCR-amplified with Xhol and Pacl
restriction sites and ligated into plasmid pCLIP2B, a murine moloney leukemia virus that is
derived from pCLIP3 (Lamason et al., 2010) with expression driven by a CMV-derived Chicken



B-actin promoter. pCLIP2B and the packaging vectors pCMV-VSVg and pCL-SIN-Ampho were
gifts from J. Pomerantz (Johns Hopkins University).

Bacterial strains, growth and purification

R. parkeri Portsmouth strain was a gift from C. Paddock (Centers for Disease Control and
Prevention). GFP-expressing R. parkeri clonal strain GFPyy-3 (Reed ef al., 2012) and codon-
optimized mCherry-expressing R. parkeri clonal strains mCherry-1 and 3XmCherry-2 (Welch et
al., 2012a) were previously described. Listeria monocytogenes strain 10403S and GFP-
expressing L. monocytogenes (Shen et al., 2005) were a gift from D. Portnoy (University of
California, Berkeley).

R. parkeri strains were propagated in Vero cells grown at 33°C with 5% CO,, and
purified by density gradient centrifugation as described previously (Hackstadt et al., 1992), with
the exception that MD-76R (Merry X-Ray) was substituted for Renografin, and stored at -80° C.
For 30 min infections with GFP- or mCherry-expressing R. parkeri, infected monolayers of Vero
cells were scraped from culture flasks, pelleted by centrifugation, resuspended in K-36 buffer
(0.05 M KH,POy4, 0.05 M K;HPO4, 0.1 M KCI, 0.015 M NacCl, pH 7) and lysed using a dounce
or syringe to release intracellular R. parkeri. Cell suspensions were centrifuged to remove nuclei
and cell debris, and aliquots from the supernatant were centrifuged at 16000 g for 5 min to pellet
R. parkeri, then resuspended in the appropriate culture medium and added to cells for infection
and visualization. Alternately, supernatant from heavily infected Vero cells was used to directly
infect HMEC-1 cells. L. monocytogenes was grown in liquid Brain Heart Infusion (BHI; Difco)
at 37°C without agitation.

Isolation and characterization of R. parkeri with transposon insertions

Strains Sp2 (sca2::himarl) and Sp34 (rickA::himarl) were generated in separate
experiments by harvesting a 75 cm” flask of Vero cells infected with R. parkeri, purifying
through a syringe, washing in 250 mM sucrose, and electroporating with 1 pg of plasmid
PMW1650 at 2.5 kV, 200 ohms, 25 pF, for 5 ms using a Gene Pulser Xcell (Bio-Rad). Bacteria
were immediately suspended in 1.4-2.4 pl Brain Heart Infusion (BHI) media (Difco), and used to
infect a 6-well plates of confluent Vero cells with an overlay of DMEM with 2% FBS and 0.5%
agarose. Cells were grown overnight at 34°C, 5% CO,, and after 20 h an additional overlay
containing 500 ng/ml rifampicin was added for a final concentration of 200 ng/ml rifampicin
(Sigma). Selection with 200 ng/ml rifampicin was continued for all subsequent growth. After 6-8
d, plaques were visible in the cell monolayer. Plaques were isolated and expanded in individual
wells of Vero cells growing in 6-well plates. Once cells were heavily infected, each well was
collected, R. parkeri isolated via syringe lysis and stored in 100 pul BHI at -80C. For sequencing
of insertion sites, 1-2 pl of each strain was boiled and used in semi-random nested PCR.
Reaction #1 used primers:
Ex Tnl 5’-CACCAATTGCTAAATTAGCTTTAGTTCC-3’ or
ExTn2 5’-GTGAGCTATGAGAAAGCGCCACGC-3’ with
Univl 5’-GCTAGCGGCCGCACTAGTCGANNNNNNNNNNCTTCT-3’
and reaction #2 used primers:
InTnl 5’-GCTAGCGGCCGCGGTCCTTGTACTTGTTTATAATTATCATGAG-3’ or InTn2
5’-GCTAGCGGCCGCCCTGGTATCTTTATAGTCCTGTCGG-3’ with
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Univ2 5’-GCTAGCGGCCGCACTAGTCGA-3’. The PCR products were cleaned using column
purification or ExoSAP-IT (Affymetrix), and insertion sites were sequenced using primers
SR095 5°’-CGCCACCTCTGACTTGAGCGTCG-3’ and SR096
5’-CCATATGAAAACACTCCAAAAAAC-3’. Following sequencing, strains were expanded
and re-plaque purified as in (Clark ef al., 2011) and re-sequenced. Genomic locations were
determined using BLAST to search for the sequence adjacent to the transposon insertion in the R.
parkeri strain Portsmouth genome (GenBank/NCBI accession NC 017044.1).

Cell growth and transfections

African green monkey kidney fibroblast cells (COS-7) and epithelial cells (Vero) were
from the University of California, Berkeley, tissue culture facility, and were grown at 37°C with
5% CO, in DMEM (Invitrogen) with 2-10% FBS (JR Scientific, Gibco). The human
microvascular endothelial cell line HMEC-1 (Ades et al., 1992) was obtained via material
transfer agreement from the Centers for Disease Control, Biological Products Branch, and was
grown at 37°C with 5% CO, in MCDB 131 (Invitrogen) with 10% FBS (Hyclone), 2 mM L-
Glutamine (Gibco), 10 ng/mL Epidermal Growth Factor (BD Biosciences), and 1 pg/mL
Hydrocortisone (Sigma).

For expression of mCherry/GFP-tagged proteins, 250-500 ng of plasmid DNA was
transiently transfected into HMEC-1 cells using Lipofectamine 2000 (Invitrogen), according to
the manufacturer’s instructions. 24 h later, cells were infected with R. parkeri mCherry-1 or
3XmCherry-2. Imaging or fixation was at 48-72 h post-transfection. A polyclonal HMEC-1 cell
line stably expressing mCherry-Lifeact was generated by retroviral transduction using pCLIP2B-
mCherry Lifeact, pPCMV-VSVg, and pCL-SIN-Ampho to package virus in HEK293T cells,
essentially as described in (Lamason et al., 2010), selected using 2.5 ug/ml Puromycin (EMD
Millipore), and sorted for strong expression using Cytopeia INFLUX Sorter (UC Berkeley Flow
Cytometry Facility).

Bacterial infections

Plaque assays were performed as described in (Cory et al., 1974). For plaque size
measurements, wells were overlaid 5 d after infection with PBS + 0.5% agarose + 2% Neutral
Red (Sigma) for a final concentration of 1% Neutral Red, incubated overnight and imaged using
an Alphalnnotech Alphalmager EP (ProteinSimple). Plaque area was manually measured using
Imagel.

Rickettsia infections were carried out as follows: HMEC-1 cells were seeded either onto
glass coverslips in 24-well plates, or to 24-well, 6-well, or 3 cm” glass-bottom dishes (MatTek)
at about 50% cell density. Cells were infected with ~1.5x10° pfu/well for 48 h, ~3x10° pfu/well
for 24 h or with ~6x10° pfu/well R. parkeri for less than 24 h. For infection times from 0 min — 2
h, R. parkeri were added directly to culture medium, plates were centrifuged at 200 g for 5 min
at 22-25°C and incubated at 37°C for the remainder of infection times. L. monocytogenes
infections of HMEC-1 cells were conducted at an MOI of about 100 as follows: overnight
Listeria-GFP cultures were diluted 1:40 in HMEC-1 growth medium and incubated at 37°C for
15 min, then added to culture dishes and incubated for 1 h at 37°C with 5% CO,, after which
extracellular Listeria were rinsed off with PBS, and cells were maintained in HMEC growth
medium containing 10 ug/ml gentamicin for the remainder of infections.

For drug treatments, CK-312 or CK-869 (EMD Chemicals) were diluted in culture
medium in 1% DMSO for a final concentration of 100 uM, warmed to 37°C and used to replace

67



medium at the indicated times post-infection; for 30 min inhibition, drugs were prepared at 2X
concentration and added directly to infected cells. After infections were complete, cells were
imaged using live-cell microscopy or fixed and processed for immunofluorescence as described
below.

Immunoblotting and immunofluorescence staining

For immunoblotting, bacteria purified by density gradient centrifugation or syringe lysis
were diluted in Laemmli lysis/sample buffer and boiled at 95°C for 10 min. Equal molar
amounts of protein were separated by SDS-PAGE and transferred to nitrocellulose. Membranes
were blocked with 5% milk in phosphate buffered saline (PBS), probed with primary followed
by secondary antibodies, and visualized with ECL detection reagents (GE Healthcare).

For immunofluorescence staining, cells were fixed with 2.5% formaldehyde in PBS at
room temperature for 15 min or using —20°C Cytoskelfix (Cytoskeleton) for 5 min. Cells were
permeabilized in PBS with 0.5% Triton X-100 and 1 mg/ml lysozyme (Sigma-Aldrich) for 5
min. Antibodies were diluted in PBS with 2% bovine serum albumin (BSA) and antibody
staining steps were carried out at room temperature using standard procedures. For anti-Arp3
staining, coverslips were blocked in PBS + 2% BSA + 2% dry milk for 30 min prior to staining.
To visualize actin, 4 U/ul of Alexa 488 or 568-conjugated phalloidin (Invitrogen) was included
with the secondary antibody. DNA was stained with DAPI (Invitrogen) included with secondary
antibody. Coverslips were mounted with Prolong Gold anti-fade (Invitrogen), sealed, and stored
at 4°C.

Imaging and analysis

Confocal images of live and fixed cells were captured using a Nikon Ti Eclipse (Melville,
NY) equipped with a Yokogawa CSU-XI spinning confocal disc (Tokyo, Japan), a 100X (1.4
NA) Plan Apo objective and a Clara Interline CCD camera (Andor, Belfast, Northern Ireland).
Wide-field images were captured using an Olympus [X71 microscope equipped with a 100X
(1.35 NA) PlanApo objective lens and a Photometrics CoolSNAP HQ camera (Figures 3.2 B,E),
or a Nikon Ti Eclipse equipped with a 100X or 60X (1.49 NA) TIRF objective and an Andor
Clara Interline CCD camera (Figures 3.1A-C, 3.3A, 3.5E).

Fixed and live-cell images were captured in the TIFF 16-bit format using MetaMorph
software (Molecular Devices) or Micro-Manager Software (http://www.micro-manager.org) and
then processed to 8 bit files, cropped and adjusted for brightness/contrast using ImageJ and
Adobe Photoshop. Movies were assembled and adjusted using ImagelJ, bacterial motility was
tracked using the Manual Tracking plugin (http://rsbweb.nih.gov/ij/plugins/track/track.html), and
actin tails were measured using the Segmented Line function for each of 12 frames (60 s) per
bacterium. Only tracks where a bacterium moved in the plane of focus for at least 60 s were kept,
and for all analyses each track was cropped to 60 s. 50-100 bacteria were tracked and measured
from cells infected on at least three separate occasions.

For quantification of actin tails, five semi-random fields of view were chosen for each of
two coverslips using only bacterial staining for focus/centering, images were imported into
Imagel, bacteria were counted using the Threshold function, and the Cell Counter plugin
(http://rsbweb.nih.gov/ij/plugins/cell-counter.html) was used to correct manual counting of
bacteria and quantify actin tail association. For actin tail quantification, an average of 300-500
bacteria and 20-30 host cells were counted per experimental sample (range: 76-2140 bacteria).
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Images of mutant R. parkeri strains were collected, processed and analyzed by a blinded
observer.

Average cosines of the change in tangent angle between adjacent track segments (AQ)
were calculated using Matlab (Mathworks) to analyze the x-y coordinates of each track, code
available on request. Average efficiency of movement was calculated by dividing the net x-y
displacement by the total path distance over 60 s for each individual bacterium. All data were
analyzed using Prism v5.0 (Graphpad Software) and groups were either compared pairwise by
Student’s t-test, using a one-way ANOVA with Bonferroni’s multiple comparison or by Kruskal-
Wallis test with Dunn’s multiple comparison. Differences with p-values < 0.05 were designated
statistically significant.
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CHAPTER FOUR

Future Directions
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The research described in this thesis, including the elucidation of a major R. parkeri
invasion pathway, as well as the discovery of bimodal Rickettsia actin-based motility
mechanisms, raises a number of important questions worthy of future research. Our enhanced
understanding of Rickettsia invasion opens the door to examining other cellular receptors and
bacterial factors that could activate host pathways during this process. In addition, intriguing
preliminary results suggest that RickA may potentiate host cell invasion as well as early actin tail
formation. A role for RickA during early motility, and possibly invasion, brings this protein back
to the forefront of Rickettsia pathogenesis. The clear separation between early and late modes of
movement raises important questions about the regulation of Rickettsia gene expression
throughout the intracellular life cycle and the function of each type of motility. Finally, an
examination of the cellular requirements and biophysical properties of two distinct actin
networks may shed light on the function of actin in the host cell and the evolution of actin-based
motility in the Rickettsiae.

Does RickA contribute to Rickettsia invasion?

Although R. parkeri invasion occurs through a Racl, WAVE, and Arp2/3 dependant
pathway, as described in Chapter 2, the requirement for Arp2/3 complex is much more stringent
than the requirement for host NPFs that activate the complex. We hypothesize that RickA might
enhance invasion by activating the Arp2/3 complex (Figure 2.10). Preliminary evidence
suggests that RickA may be secreted into the host cell during invasion to target the Arp2/3
complex. For example, wide-field microscopy reveals that bacteria associated with actin ‘clouds’
during invasion (at 15-30 min post-infection) also have a ‘halo’ of punctate RickA staining
(Figure 4.1A). RickA also co-localizes with Arp3 around these bacteria (Figure 4.1B). In
contrast, bacteria without actin association have RickA concentrated in the their cytosol (Figure
4.1A). When deconvolution microscopy is used to resolve RickA localization, the protein
appears in puncta surrounding the bacterium, clearly in a distinct compartment from GFP in the
bacterial cytosol (Figure 4.1C).

These data suggest that RickA might be secreted into the host cell, probably through the
Rickettsia Type IV Secretion System (T4SS). Two lines of evidence suggest that RickA may be a
T4SS effector protein. First, the C-terminus of T4SS substrates has a characteristic pattern of
positively charged amino acid residues with a hydrophobic residue at position -3/4 (Burstein et
al., 2009). Indeed, the RickA C-terminal 20 amino acids match this pattern well (Figure 4.2A).
Second, we have constructed a R. parkeri secretion reporter strain stably expressing a TEM1-
RickA (B-lactamase) fusion protein, which successfully cleaves the lactam-containing substrate
CCF4-AM only 30 min post-infection (Figure 4.2B). Work is underway to construct alternate
reporter strains using a GSK-phosphorylation tag as well as control strains for both TEM1 and
GSK assays, including RickA fusion proteins lacking the C-terminal signal, which would likely
be defective in secretion (Torruellas Garcia ef al., 2006). If RickA were secreted, it would be the
first example of a Rickettsia TASS substrate, as well as the first example of an Arp2/3 NPF
secreted to potentiate invasion. If RickA acts during invasion, we would expect the
rickA::himarl mutant strain to show reduced and delayed invasion of HMEC-1 cells, as
observed upon Arp2/3 complex depletion in COS7 and HMEC-1 cells (Figure 2.4, 2.10).
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Figure 4.1 — RickA localization during invasion of host cells.

(A) HMEC-1 cells infected with R. parkeri for 30 min and fixed with Cytoskelfix. Bacteria
stained with DAPI (blue), anti-RickA antibody (green) and anti-RFP antibody to visualize the
Lifeact-mCherry marker (red). Closed arrowheads, bacteria with punctate/extracellular RickA;
open arrowhead, bacterium with cytoplasmic RickA. (B) HMEC-1 cell infected with FLAG-
RickA R. parkeri for 30 min and fixed with Cytoskelfix. Staining with anti-FLAG M2 antibody
(RickA, green), anti-Arp3C antibody (red), DAPI (blue). (C) HMEC-1 cells infected with GFP3-
R. parkeri for 30 min, fixed with formaldehyde, and stained with anti-RickA antibody (red) and
anti-Rickettsia antibody (blue). Scale bars, 5 wm for (A-B), 1 um for (C). (A-B) Sample
preparation, antibodies, and widefield microscopy methods as described in Chapter 3. (C)
Deconvolution image captured with an Applied Precision DeltaVision 4 Spectris microscope
with a 100X objective, deconvolved with Huygens Professional (Scientific Volume Imaging),
and processed using Imaris (Bitplane).
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Figure 4.2 — RickA is secreted into host cells during invasion and early motility.

(A) C-terminal 20 amino acids of putative T4SS substrate RickA (R. parkeri) aligned with C-
terminal sequences from bona fide T4SS substrates RalF (Legionella pneumophila), CagA
(Helicobacter pylori), and VirE2 (Agrobacterium tumefaciens). Selected amino acid
characteristics noted by yellow (positively charged), red (aliphatic), green (hydrophobic), and
blue (negatively charged) colors. Position from C-terminus of protein indicated above alignment.
(B) Widefield microscopy of HMEC-1 cells infected with TEM1-RickA or FLAG-RickA R.
parkeri for 24 h, and loaded with CCF4-AM substrate using LIVEBLAzer-FRET B/G loading
kit (Invitrogen) according to manufacturer’s instructions. Blue cells contain cleaved CCF4-AM
substrate while green cells contain uncleaved substrate. (C) HMEC-1 cells plated into 96-well
black, clear-bottom tissue culture plates, loaded with CCF4-AM for 90 min, infected with R.
parkeri and incubated at 34°C for 30 min before reading light emission at 460 nm (blue) and 530
nm (green) using an Infinite F200 Pro plate reader (Tecan).
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Regardless of the role of RickA, R. parkeri invasion is not fully understood. Despite the
fact that the outer membrane autotransporter proteins rOmpA, Scal, rOmpB, and Sca2 have been
implicated during attachment and invasion, only one host receptor, Ku70, has been identified
(Cardwell et al., 2009; Chan et al., 2009; Li et al., 1998; Martinez et al., 2005; Riley et al.,
2010). One explanation for the high level of redundancy observed during R. parkeri invasion is
that multiple host pathways could be activated (Chapter 2). Future discoveries of host receptors
or molecules that associate with invasion/adhesion factors other than rOmpB might illuminate
the nature of these pathways. Interestingly, RNAi experiments in Drosophila S2R+ cells
identified one such pathway. Depletion of RhoA, Drosophila Rho Kinase, and Myosin II caused
a modest decrease in R. parkeri invasion (Table 2.1, Appendix 1 and data not shown). An
identical pathway was recently shown to potentiate stress fiber contractility, acting in parallel to
Arp2/3-mediated actin nucleation, during Sa/monella enterica Typhimurium invasion of
epithelial cells (Hanisch et al., 2011). Residual R. parkeri invasion after Arp2/3 complex
inhibition (Figure 2.10) suggests that this or other secondary pathways may contribute to actin
nucleation during invasion. The complexity of bacterial invasion makes this a fertile area for
future research.

How are RickA and Sca? regulated?

In order to potentiate temporally and mechanistically distinct forms of actin-based
motility, RickA and Sca?2 activity must be tightly regulated by R. parkeri. Knowledge of the
regulation of each protein is critical to understanding the biology of Rickettsia actin-based
motility. Interestingly, we have noted that the ability of R. parkeri to efficiently invade host cells
and produce early actin tails depends on the time when bacteria are collected for infections.
Preparations of frozen or fresh R. parkeri are generally collected from Vero cells at 5-7 d post-
infection, when cells are heavily infected and pulling away from the substrate, and free Rickettsia
are abundant in the culture medium (see Materials and Methods for Chapter 2 and Chapter 3).
When experiments were attempted using R. parkeri collected at 3-4 d post-infection, even from
heavily infected cells, invasion and early actin tail formation appeared to be inhibited (data not
shown). These data are intriguing, because they suggest that Rickettsia may be either infectious
(and competent for invasion) or replicative (and competent for cell-cell spread) at different
stages of the life cycle. Chlamydia, also an intracellular pathogen, transitions from an infectious,
electron-dense Elementary Body (EB) form to a replicative, electron-lucent Reticulate Body
(RB), then back to the EB form in response to nutrient and ATP depletion (Wyrick, 2010). As
mentioned in Chapter 1, host cells infected with SFG Rickettsia show signs of ATP depletion and
nutrient stress 4-7 d after infection.

As a first step to understanding their regulation, transcriptional analysis of rickA and sca2
gene expression over a timecourse of infection (5 min to 48 or 72 h post-infection) using
quantitative reverse-transcription and PCR will illuminate whether each gene is expressed during
early or late actin-based motility. Transcriptional studies could easily be adapted to examine
other putative effectors, or components of the T4SS, which might be co-regulated with RickA. In
addition, RickA and Sca2-specific antibodies (Figure 3.5B) allow bulk protein abundance to be
determined over the course of infection. As an alternate approach to population-level analyses, a
recently developed Rickettsia plasmid (pRAM; Burkhardt et al., 2011) would allow construction
of reporter strains with the rickA or sca2 promoter regions upstream of a GFP variant with a
short half-life (Longo et al., 2006). These single-cell reporter strains could allow assessment of
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the transcriptional state of individual bacteria before and during actin-based motility and
invasion. Importantly, a previous study of R. rickettsii transcription under various conditions
found almost no transcriptional variation (Ellison et al., 2009), and Rickettsia genomes encode
only two sigma factors (6”° and 0°*) and a handful of two-component systems, and no predicted
transcriptional repressors (McLeod et al., 2004). Therefore, regulation of rickA and sca? may
not occur at the level of transcription initiation, confounding transcriptional analyses.

Protein activity and localization may represent an alternate strategy for regulation, and
indeed, preliminary experiments indicate that the localization of RickA and Sca2 varies during
the Rickettsia life cycle. Specifically, Sca2 localization is often unipolar during late motility but
bipolar during invasion and early motility. RickA localization is variable, with cytoplasmic,
periplasmic/outer membrane, punctate extracellular, and polar localizations all present to
different degrees during infection (Figure 3.3, Figure 4.1, Figure 4.3, data not shown). A careful
single-cell analysis of bacterial association with actin, along with Sca2 and RickA localization
patterns, may reveal that localization is as important as transcript or protein abundance in
controlling actin-based motility. In Chlamydiae, the Type III Secretion System and invasion-
associated early effector proteins are transcribed late during infection, during the RB-to-EB
transition, to ensure that bacteria are competent to invade as soon as they encounter a host cell
(AbdelRahman et al., 2005). If RickA were regulated in a similar fashion, we would expect to
see greater protein abundance before and during invasion and early motility, consistent with a
strong cytosolic ‘payload’ of RickA observed in some bacteria (Figure 4.1, open arrowhead).
Transcription of rickA might occur at later stages (72 h or more) of infection. Alternately,
regulated proteolysis or functional inhibition of RickA and Sca2 could modulate their abundance
and activity throughout the life cycle. We plan to first undertake transcriptional and single-cell
localization experiments to illuminate the general regulation of RickA and Sca2 activity,
informing future experiments in this vein.

Functions of RickA-mediated actin-based motility

The generation of R. parkeri strains lacking functional RickA and Sca2 proteins (Figure
3.5) expands our ability to examine the function of each protein, as well as of each type of actin-
based motility, in infection. However, the expression of a Sca2 fragment (Figure 3.5B)
confounds some analyses. An essential next step is to generate clean deletions of each gene using
homologous recombination (Driskell e al., 2009). In addition, both our existing rick4 and sca?2
insertional mutants, as well as any deletion strains, must be complemented with a functional
copy of the deleted gene to conclusively demonstrate that a lack of early or late actin tail
formation derives from a lack of RickA or Sca2. These experiments will be accomplished by
using recently developed Rickettsia pRAM plasmids (Burkhardt et al., 2011) modified to express
a second selectable marker (Spectinomycin resistance) as well as the rickA4 or sca2 loci, and used
to transform RickA/Sca2 deletion strains.

An important question is whether RickA and Sca2 are virulence factors in the context of
a mammalian or tick infection by R. parkeri. We are beginning a collaboration to use a recently
developed C3H/HelJ mice mouse model of R. parkeri eschar-associated rickettsiosis (Grasperge
et al., 2012) to test for a virulence phenotype in each strain. When used to infect guinea pigs, the
R. rickettsii sca2::himarl insertion mutant does not cause fever but induces a robust immune
response (Kleba ef al., 2010). We expect that the sca2::himarl strain of R. parkeri will have a
similar phenotype in mice, causing an inflammatory leukogram but likely with reduced vasculitis
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and edema when compared to wild-type R. parkeri (Grasperge et al., 2012). The infectious
phenotype of a rickA mutant in mice will allow us to generate new hypotheses about the function
of RickA-mediated invasion and early actin tail formation during the Rickettsia life cycle.

In order to understand the function of early actin-based motility, we require a more
complete picture of the cytoskeletal structures that are produced during this process. While a
dependence on Arp2/3 complex and RickA suggests that actin filaments form a branched
network in early tails, conclusive demonstration of network structure requires transmission
electron microscopy and/or myosin S1 decoration (Gouin et al., 1999). At this time, preliminary
data from super resolution microscopy has revealed a more diffuse actin network in early R.
parkeri tails along with the expected linear, bundled actin network in late R. parkeri tails (Figure
4.3A,B). We will also examine the localization of cytoskeletal regulators such as cofilin, fascin,
fimbrin, moesin, and profilin, which are differentially recruited or required between Listeria
motility and Rickettsia late motility (Gouin et al., 1999; Serio et al., 2010). We expect that R.
parkeri early motility will share many features with Listeria ActA-mediated motility, and that
cellular factors may contribute to the slower movement and shorter tail lengths of R. parkeri
early motility.

One possibility, raised in Chapter 3, is that both early and late Rickettsia actin-based
motility could contribute to cell-to-cell spread. Pre-replication spread could assist Rickettsia in
establishing a stable infection, as proposed for viruses such as vaccinia and baculovirus (Doceul
et al., 2010; Ohkawa et al., 2010). Plaque assays suggest that Sca2 is the major contributor to
cell-cell spread in a monolayer (Figure 3.5), but our preliminary data indicates that R. parkeri
lacking RickA may form smaller infectious foci after only 24-48 h (data not shown). In addition,
we have observed cellular protrusions forming after only 30 min of infection (Figure 4.3C),
suggesting that some cell-cell spread may take place during early motility. We will continue to
actively investigate early cell-cell spread associated with RickA-mediated motility.

Recent evidence points to another intriguing hypothesis regarding early Rickettsia actin-
based motility. As mentioned in Chapter 3, actin-based motility appears to help bacteria outrun
or interfere with host ubiquitin, septin, and autophagosome (e.g. LC3) recruitment aimed at
containing cytosolic pathogens (Mostowy et al., 2012). While Shigella appear to constitutively
recruit septins, requiring motility to escape septin ‘caging’, Listeria recruit septins less robustly,
and Mycobacterium marinum only recruits autophagy markers at the onset of motility (Mostowy
et al., 2010; Mostowy et al., 2012). Rickettsia have not been observed to recruit septins or any
autophagy markers, such as Atg5 or LC3, to the actin tail (Mostowy et al., 2010). Interestingly, a
Listeria Aact4 mutant is ubiquitylated and recruits autophagosomes, suggesting that ActA
protects against autophagy (Campoy et al., 2009). On the other hand, Shigella IcsA binds to
Atg5 to recruit LC3 and other autophagy markers, while IcsB prevents this recruitment (Ogawa
et al., 2005). Therefore, proteins that activate actin-based motility (e.g. ActA, IcsA) may either
enhance or inhibit autophagic recognition.

R. parkeri might use early, RickA-mediated actin-based motility to evade autophagic
recognition, or might switch to Sca2-mediated motility to avoid recognition of RickA. It seems
more likely that early motility could help Rickettsia species evade autophagy, because damaged
phagocytic membranes would be proximal to the bacterium during invasion and vacuole escape,
immediately before actin-based motility begins. A careful analysis of the rick4 and sca? mutant
strains of R. parkeri in a variety of cell types should reveal whether and when Rickettsia are
evading cytosolic recognition pathways via actin-based motility. We speculate that rick4 mutant
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Figure 4.3. Actin network structure and protrusion formation during early motility

(A) Structured illumination microscopy of HMEC-1 cells infected with R. parkeri for 30 min (A)
or 48 h (B), and stained with phalloidin (actin, green), anti-RickA (pink), and anti-Sca2 (blue)
antibodies. Images collected using 100X objective on an ELYRA S.1 superresolution
microscope (Carl Zeiss) at the UC Berkeley Biological Imaging Facility and processed using
Imaris. (C) Widefield microscopy of protrusions formed by R. parkeri in HMEC cells infected
for 30 min and treated with DMSO, images from experiments represented in Figure 3.4A. Red,
anti-Rickettsia antibody, Green, phalloidin staining of actin. (A-C) Scale bars, 5 um.
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strains may have reduced survival in some cell types, such as macrophages, where autophagic
pathways are basally induced.

The work presented in this thesis will bolster future investigations of other Rickettsia
species, especially those with divergent rick4 and sca2 genes (Table 1.1). In addition, our
improved understanding of Rickettsia actin-based motility, along with a comparison of early and
late motility to the movement of other pathogens, will continue to shed light on actin nucleation
and regulation — a critical process for all eukaryotic cells. Continued investigation of R. parkeri
interaction with the host cell actin cytoskeleton will illuminate not only our understanding of
Rickettsia biology, but also the general principles of microbial pathogenesis and cell biology.
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APPENDIX 1

Supplementary Dataset for Chapter 2
Full results of S2R+ cell RNAi screening
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Appendix 1. RNAi screen results for Chapter 2

%

Gene / CG Functional int lized p-value  pormalized % p-value
control number Grou tnterna 1.ze internalization lized
P bacteria normalize
Untreated cells
(MO RNAi) + R memmee e 7R 1 J— L T —
parkeri
Untreated cells +
Rp, fixedat ~ —mmmem- negative control 19+9 <0.0001 0.36 £0.18 <0.0001
time=0
Untreated cells +
) 75731, (S —— negative control 15+5 <0.0001 0.33+£0.13 <0.0001
latrunculin A
Untreated cells +
56C Heat-killed ~  ------- negative control 23+8 <0.0001 048 +0.1 <0.0001
R. parkeri
Untreated cells +
Listeria = —---mm- negative control 24+ 5 <0.0001 0.41 +0.05 <0.0001
monocytogenes
szriztl?i(f_l}%-i- ------- negative control 5+6 <0.0001 0.09 + 0.09 <0.0001
Abi CGo7ag  WAVE complex 17410  <0.0001 034018  <0.0001
Abl CG4032 Kinase 42 +10 0.0431 0.86 £ 0.06 0.0068
ADF/cofilin ~ CG6873 ACE};;;;I;;’;““ 51+13 0.5961 0.99+0.16 0.7844
Aipl CG10724 ACQ;;;;‘;;’;“‘ 47+9 0.2366 1.06 + 0.09 0.2799
a-actinin  CG4376 | AEMEARN 3414 0.0004 071019  <0.0001
a-actinin3 G893, MRS 5147 0.5532  0.85+0.12 0.0056
Anillin CG2092 | Actinfilament 57+4 0.6946 0.98 +0.06 0.6766
binding / cytokinesis
Arp2/3 Actin il
complex CG7558 ctin Hrament 3449 0.0002 0.67 + 0.07 <0.0001
AR%?, nucleator
Arp2/3 Actin il
complex CG9901 ctin Hrament 29+9 <0.0001 0.59 +0.15 <0.0001
ARI;Q nucleator
Arp2/3 Actin il
complex CG8978 ctin Hrament 33+16 0.0013 0.66 + 0.25 <0.0001
ARII’)C | nucleator
Arp2/3 Actin il
complex CG10954 ctin Hrament 3049 <0.0001 0.63 +0.21 <0.0001
ARIPCZ nucleator
Arp2/3 Actin il
complex CG4560 ctin Hament 51+8 0.5061 1.05+0.19 0.3124
ARII’)C?: nucleator
Arp2/3 Actin il
complex CG5972 o et 36+ 12 0.001 0.614£0.22  <0.0001
ARPC4
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Arp2/3

Actin filament

igg)g; CGY881 o 2546 <0.0001 0.5+ 0.04 <0.0001
Band 4.1 Membrane-
FERM.Ike  CO34347 e nker 42+9 0.019 0.95 +0.14 0.2692
Basket (c-Jun
N-terminal CG5680 Kinase 56+7 0.7782 097+0.17 0.6022
kinase)
R Membrane-
Byblistery  ~50379  cytoskeleton linker/ 49 + 14 0.397 0.97 £0.15 0.5125
tensin focal adhesions
Actin monomer
CAP1 CG5061 dynamics / filament 40+ 4 0.0211 1.02+0.3 0.708
binding
. Actin monomer
Capping CG17158  dynamics / filament 41412 0.0142 0.87+0.18 0.0088
protein_(beta) bindine
: Actin filament
Cappucino  CG3399 cleaton 51+22 0.6488 0.93+0.33 0.2241
Cdc42 CG12530 Rho family GTPases 48 + 8 0.2047 1.02 +£0.05 0.7433
Citron kinase CG10522 Kinase 39+ 12 0.0156 0.8+0.11 0.0003
Cofilin Actin monomer
(winstary  C04254 dynamion 40+ 12 0.0088 0.8 = 0.09 <0.0001
Membrane-
Coracle CGII949 e et 62+5 02264 0.94+0.06 0.2558
Coronin CGo446 P23 complex 53+15 0.7956 1.03+0.2 0.6399
regulator
. Arp2/3 complex
Cortactin ~ CG3637 oo 4315 0.0669  0.87+0.18 0.0144
Cyclin-dep 50703 Kinase 5922 04054 1.05+0.09 0.3399
kinase 5
Dab Adapter / WASP
(disabled)  CG9095 D eulator 66+ 5 0.0506  1.09%0.13 0.1033
Membrane-
Dah CG6157 cytoskeleton linker / 55+12 0.858 1.17+£0.08 0.0003
cortical furrow
Dcarmil CG1399 Arp2/3 complex 52417 0.7566 0.89 4 0.12 0.0301
regulator
. Actin filament
Diaphanous  CG1768 tin Hlame 54+ 14 0.9939  0.93+0.06 0.1633
DLAR CG10443 Tyrosine phosphatase 59+9 0.4422 1.05+0.29 0.3746
Drebrin-like ~ CG10083 . fctn fament 62+ 17 0.2443 1.05 + 0.08 0.3076
inding / endocytosis
Drk CG6033 Adapter/ WAVE 44+9 0.0863 0.96 + 0.04 0.4541
complex subunit
DROK CG9774 Kinase 30+3 0.0138 0.88 +0.14 0.0272
. Membrane-
E-cadherin = 1375 (ioskeleton linker / 5949 0.4101 0.96 +0.11 0.3906
(shotgun) cell-cell junctions
Actin monomer
Enabled (Ena) CG15112 dynamics / filament 57+£13 0.7007 0.98 +£0.17 0.6929

binding
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Actin filament

Fascin CG1536 bundling/organizing 56+ 16 0.7845 0.98 £0.24 0.7512
Filamin CG3937 , Actn flament 57+ 4 0.6544  0.93+0.11 0.1922
undling/organizing
. . Actin filament
Fimbrin CG8649 bundling/organizing 38+ 6 0.0078 0.86 £0.05 0.0055
Actin filament
Forked CG5424 bundling/organizing 49+ 7 0.3574 0.8+0.12 0.0002
Formin/DIA- Actin filament
like CG14622 nucleator 59+8 0.4736 0.95+0.07 0.3161
Form 3 CG33556 Actin filament 45+ 12 0.1229 0.92+0.11 0.1347
nucleator
Formin FRL Actin filament
group CG32138 nucleator 44 £21 0.1143 0.87 £0.31 0.037
Formin Actin filament
FHOD3 group CG32030 nucleator 46 £ 8 0.1612 0.96 +0.08 0.3847
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endocytic /
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Actin filament
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Kette HEM- (55937 WAVE complex 3149 <0.0001  057+024  <0.0001
protein subunit
Mammalian receptor
Ku70 CG5247 for R. conorii entry 42 +£16 0.0263 0.83+£0.16 0.0005
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giant larvae CG2671 cytoskeleton linker 56+2 0.7352 1.01 £0.08 0.9133
Lim kinase CG1848 Actin binding kinase 61 +12 0.3031 0.99 +0.15 0.882
Merlin CG14228 Membrane- 48+ 15 0.2916 0.81+0.11 0.0005
cytoskeleton linker
MIM Membrane-
homolog CG33558 cytoskeleton linker 33+8 0.0001 0.69 £0.21 <0.0001
. Membrane-
Moesin CG10701 cytoskeleton linker 40+ 4 0.0183 0.83+0.16 0.0015
ML (rac-like) CG5588 Rho family GTPases 48 +4 0.3279 1.1+0.15 0.0725
Mushroom .
.. CG18582 Kinase 62 +8 0.1905 1.01 £0.05 0.8091
bodies tiny
Membrane-
Myoblast city  CG10379  cytoskeleton linker / 38+4 0.0089 0.87+0.11 0.011
focal adhesions
Myosin [A  CG7438 Myosin / 28+ 12 <0.0001 0.62+0.37 <0.0001

phagocytosis
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Myosin IB CGI155 Myosin 48+ 9 0.306 0.85+0.06 0.0032
Myosin Il 515995 Myosin /. 336 00002 0.72+027  <0.0001
(zipper) phagocytosis
Myosin V CG2146 Myosin 47+9 0.216 1.01 £0.09 0.9136
Myosin VI CG5695 Myosin 54+ 16 0.9636 1.19£0.18 0.0006
Myosin VII CG7595 Myosin 51+11 0.5934 0.82 £0.09 0.0006
Myosin VI 6976 Myosin 67+3 00342 1.09+0.12 0.0901
(28B)
Myosin XV CG2174 Myosin 66 +4 0.0567 1.08 £0.14 0.1529
Myosin XVIII .
(PDZ-myosin) CG10218 Myosin 47+ 10 0.2597 1.06 £0.17 0.2461
Myo)s(lgng CG10595 Myosin 6710 0.0471 1.11 £ 0.09 0.0312
Nek CG3727  Adwpler WAVE 5412 0.8843  0.89+0.13 0.0178
complex subunit
Membrane-
Nullo CG14426 cytoskeleton linker / 57+5 0.64 0.93 +0.09 0.1032
basal junctions
Ovarian tumor ~ CG12743 "t emer = 55410 0.8567  0.93+0.16 0.12
Pak1 kinase CG10295 Kinase 55+8 0.8561 0.96 £0.19 0.4252
PKN CG2049 Rho, Racl kinase 61+8 0.2083 1.02+£0.17 0.6535
POD- CGaszy A3 complex 46+ 15 0.1467  0.88+0.09 0.0083
1/coronin regulator
Pp2A CG17291 Phosphatase 52+8 0.6327 0.87+0.13 0.0055
. Actin monomer
Profilin CG9553 dynamics 45+5 0.0668 0.87+£0.1 0.0055
Membrane-
Pten CG5671 cytoskeleton linker / 52+ 14 0.713 0.87+0.18 0.0148
ring canals
. Actin monomer
Quail CG6433 dynamics 60+ 7 0.2158 1.03 £0.06 0.4976
Rab5s CG3664 Rab family GTPase 53+ 14 0.7785 0.91+£0.22 0.0734
Racl CG2248 Rho family GTPases 37+17 0.0021 0.84+0.5 0.0237
Rac2 CG8556 Rho family GTPases 37+8 0.002 0.77 £0.09 <0.0001
RacGAP50C CG13345 GAP for Rac GTPase 65+ 14 0.0532 1.12+0.06 0.0116
Rhol CG8416 Rho family GTPases 43+ 4 0.0277 0.89+0.11 0.0142
RhoBTB CG5701 Rho family GTPases 60+2 0.2575 1.01 £0.02 0.8836
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RhoL CG9366 Rho family GTPases 44 +7 0.0612 0.76 £0.12 <0.0001
Rhophilin CG8497 Rho GTPase effector 56+ 6 0.7812 0.93+£0.12 0.1205
Slingshot CG6238 Phosphatase of cofilin 44 + 15 0.1039 0.96+0.18 0.4078

. Actin filament
Spire CG10076 nucleator 50+9 0.4491 0.91+£0.13 0.0394
WAVE complex
Sra-1 CG4931 subunit 35+ 6 0.0027 0.55+0.07 <0.0001
Taf110 CG5444 DNA binding, 3947 0.0124 0.81 +0.09 0.0005
cytokinesis
Membrane-
Talin CG6831 cytoskeleton linker / 48 + 15 0.2377 095+0.17 0.2818
cell-cell junctions
Trio (GEF) CG18214  GEF for Rho GTPases 48 +9 0.2236 0.91+0.17 0.0593
Actin monomer
Tropomodulin  CG1539 dynamics / filament 57+12 0.5516 0.98 + 0.09 0.5323
binding
. Actin monomer
Tropomyosinl CG4898 dynamics 52+9 0.6681 0.86 = 0.09 0.0028
Tropomyosin2 ~ CG4843 Acg;;gggg;nef 43+13 0.0451 0.72+0.19 <0.0001
Twinfillin CG3172 Acgn moromer 53+8 0.8331 0.89 +0.15 0.0325
ynamics
Vav CG7893 GEF for Racl GTPase 41+ 6 0.0319 0.69 £0.16 <0.0001
ciqe 1. Actin monomer
Villin-like CG33232 dynamics 60+ 6 0.3213 1.01 £0.04 0.8604
Membrane-
Vinculin CG3299 cytoskeleton linker / 41 +£17 0.0379 0.76 £0.17 <0.0001
focal adhesions
WASP CGls20 AR Nuceaton 49 16 03635  0.99+0.16 0.8127
romoting Factor
WAVE Arp2/3 Nucleation
(SCAR) CG4636 Promoting Factor 18+ 6 <0.0001 0.38 £ 0.08 <0.0001
. WASP binding,
WIP verprolin  CG13503 regulation 38+ 16 0.005 0.78 £ 0.34 0.0003
Racl + Cdcd2 Cc(ézlzz‘g; Rho family GTPases 34+ 5 0.0003  0.68+0.11  <0.0001
Racl + Rac2 CCGGz;;‘? " RhofamilyGTeases 39+ 18 00031 0.84+046 0.0162

Column A, common gene name. Column B, FlyBase gene annotation symbol. Column C, type of control or protein
function. Column D, raw percentage of internalized R. parkeri expressed as mean + standard deviation, n>3 biological
replicates. Column E, p-value based on a pairwise comparison of the raw percentages of internalized bacteria for RNAi
treated cells versus untreated control cells using the Student’s t-test, with p<0.05 considered statistically significant.
Column F, percentage of internalized R. parkeri normalized to the mean value for untreated control cells (n=2) in the
same day's experiment, expressed as mean =+ standard deviation. Column F, p-value based on a pairwise comparison of
the normalized percentages of internalized bacteria for RNAI treated cells versus normalized untreated control cells
using the Student’s t-test, with p<0.05 considered statistically significant. Red signifies those targets for which values
were significantly reduced compared with controls, while green signifies those targets for which values were
significantly increased when compared with controls. Functional classification derived from: http://www.ihop-net.org;
http://flybase.org; Siripala and Welch 2007, Cell 128:626; Siripala and Welch 2007 Cell 128:1014
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APPENDIX 2

Welch Lab’s Favorite Carrot Cake
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Shawna’s Carrot-Ginger Cake
Adapted from: Lagasse E., Gigi’s Carrot Cake, (2002). Food Network (USA)
http://www.foodnetwork.com/recipes/emeril-lagasse/gigis-carrot-cake-recipe/index.html

Ingredients

Cake:

3 sticks (1 % cups) Organic Valley Cultured unsalted butter, softened
1 cup white sugar

% cup brown sugar

1 % cups all-purpose flour

Y% cup white whole wheat flour

2 teaspoons baking soda

2 teaspoons ground cinnamon

2 teaspoon ground ginger

V8 teaspoon freshly grated nutmeg

pinch allspice

pinch cloves

1 teaspoon salt

4 large eggs (preferably organic)

1 teaspoon pure vanilla extract

3-4 cups grated carrots

1.5 inch piece fresh ginger, peeled and grated with carrots
1 cup chopped toasted pecans (or walnuts)

Cream Cheese Icing:

16 ounces (2 packages) Philadelphia cream cheese, softened

1 2 sticks (12 Tb) Organic Valley Cultured Sweet Cream Butter, softened
1 (1-pound) box confectioners' sugar

1 teaspoon pure vanilla extract

pinch dried ginger

pinch cinnamon

Instructions

Soften butter and cream cheese at room temperature for up to three hours.
Preheat the oven to 350 degrees F.

Butter, or use cake spray (oil+flour), to coat 2 (9-inch) cake pans, and line with circles of
parchment paper. Grate carrots and ginger using a food processor. You may use pre-grated
carrots, but should then blend up to 4 of them in food processor or blender to soften, as they tend
to be dry. Chop nuts and toast them on a cookie sheet in the oven for 5-8 minutes until fragrant
but not burnt. Remove from cookie sheet so they don’t burn.
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In a mixing bowl or stand mixer, cream the butter (mix until fluffy). Add the brown and white
sugar, and beat until fluffy and well incorporated. In a sifter over a medium bowl or on a piece of
parchment, combine the flours, baking soda, spices, and salt, and mix well.

Add the vanilla extract, then a part of the flour mixture to the butter/sugar in the mixing bowl,
alternating with each egg, beating well after the addition of each and finishing with the dry
ingredients. Add the grated carrots and ginger and beat on medium speed until carrots start to
break down and are well incorporated, about 2 minutes. Batter may look slightly curdled — that’s
fine. Add the nuts and mix or fold in to combine. Divide between 2 cake pans and smooth top of
each cake. Bake in oven until cake slightly springs back and a toothpick inserted into the middle
comes out clean, 35 to 40 minutes. Remove from the oven and let rest in the cake pans for 10
minutes. Invert onto wire racks and remove cake pans, leaving parchment on cakes as they cool.
Cakes may cool overnight, covered with a kitchen towel, and will stay moist. Cake layers can be
wrapped well and frozen for up to two months.

For the Icing: In a large bowl, beat together the cream cheese and butter until light and fluffy.
Add powdered sugar gradually, beating constantly. Add the vanilla and spices and taste for
sweetness and texture. Adjust with more cream cheese or icing if needed.

When cake layers are completely cool, remove parchment sheets. Place 1 cake layer on a cake
plate or stand. Spread the top with cream cheese frosting and sprinkle on nuts or ginger, if
desired. Top with a second layer. Spread the icing on top and sides of the cake.

Serves 10-14 people.

Variations

- Flour may be 2 cups all-purpose, or up to 1 cup whole wheat plus 1 cup all-purpose

- For a gluten-free flour cake, simply substitute any GF flour mix for the 2 ¢ flour and mix
for an extra 3-5 minutes before adding carrots to build structure.

- Vegetable oil may be substituted for the butter for a less tasty, but dairy-free cake.

- Ifyou don’t have fresh ginger, increase dried ginger (powder) to 1 tsp

- Toasted pecans or candied ginger pieces can be added to icing or between cake layers

- Proportions of cream cheese and sugar may be modified in icing to taste. If icing is too
thin, add more sugar; too sweet, add more cream cheese or softened butter 1 Tb at a time.
1 package of low fat (Neufchatel) cream cheese may be substituted for half of the full-fat.

- Recipe can be baked in muffin or cupcake tins; make % of the icing recipe and bake 20-
30 min.
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