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Francisella tularensis is a highly virulent, intracellular pathogen that causes the
disease tularaemia. Francisella species contain a cluster of genes referred to as the
Francisella pathogenicity island (FPI). Several genes contained in the FPI encode
proteins needed for the intracellular growth and virulence of Francisella tularensis.
Pathogenicity determinant protein A (PdpA), encoded by the pdpA gene, is located within
the FPI and has been associated with the virulence of Francisella species.

The experiments outlined in this dissertation examine the properties of PdpA
protein expression and localization as well as the phenotypes of non-polar F. novicida
pdpA mutants. Monoclonal antibody detection of PdpA showed that it is a soluble
protein that is upregulated in iron-limiting conditions and undetectable in an mglA or
mgIB mutant background. Deletion of pdpA resulted in a strain that was highly
attenuated for virulence in chicken embryos and mice.

The ApdpA strain was capable of a small amount of intracellular replication but,
unlike wild-type F. novicida, remained associated with the lysosomal marker LAMP-1,

suggesting that PdpA is necessary for progression from the early phagosome phase of



infection. Infection of macrophages with the ApdpA mutant generated a host-cell mMRNA
profile distinct from that generated by infection with wild type F. novicida. The
transcriptional response of the host macrophage indicates that PdpA functions directly or
indirectly to suppress macrophage ability to signal via growth factors, cytokines and
adhesion ligands.

Experiments were designed to mutagenize a putative F-box domain within the
amino terminus of PdpA. Deletion of amino acids 112-227 created a strain which was
impaired in intracellular replication and exhibited severely reduced virulence. However,
alanine mutagenesis of key conserved leucine residues required for the interaction of F-
box domains with host proteins had no observed effect on bacterial growth in
macrophages and did not affect virulence in chicken embryos or mice.

Mono and polyubiquitinated proteins associated with both the wild type F.
novicida and ApdpA bacterial strains early during the infection of J774A.1 macrophages.
After 1 hour of infection the wild type strain developed a more intimate association with
mono and polyubiquitinated proteins whereas the ApdpA strain did not. Inhibition of the
host cell proteasome during infection did not affect the intracellular growth of wild type
F. novicida.

PdpA research concludes by examining the secretion patterns of F. novicida.
PdpA was not detected as a surface exposed protein using biotinylation whereas IglA,
IgIB and IgIC were found to be surface exposed in both wild type and ApdpA
backgrounds. These observations suggest that PdpA is not involved in the assembly or
function of the Francisella secretion system. FLAG tagged PdpA protein could not be

detected in the TCA precipitated supernatant of broth grown cultures or in the



immunoprecipitated cytosol of infected macrophages suggesting that PdpA is not a

secreted protein.
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Chapter 1: Introduction

There are a wide variety of pathogens which humans and animals must defend
themselves against in the environment. These pathogens have adapted a variety of
strategies to not only survive but thrive within the host environment. A clever example
of this adaptation is the intracellular pathogen. Bacteria such as Shigella flexneri,
Salmonella enterica, and Escherichia coli have evolved mechanisms to actively invade a
range of target cells and alter the host cell environment to allow for replication and
spread to new host cells (6, 156, 169, 247, 346, 355, 411). Other bacteria such as
Legionella pneumophila, Mycobacterium sp., and Francisella tularensis gain entry via
the phagocytic action of target host immune cells (8, 83, 117, 324, 326, 343, 357, 375,
386, 389). These types of intracellular pathogens require a variety of mechanisms which
they must use to either alter the maturation of the phagosome or survive within its harsh
environment, all while attempting to subvert the host cell’s immune response.
Determining the mechanisms in which intracellular bacteria achieve these actions is

exceedingly difficult and as such much is not yet understood.

1.1 Francisella tularensis
1.1.1 History

Francisella tularensis is a gram negative, facultative, intracellular bacterium and
the causative agent of the zoonotic disease tularemia. The bacterium was originally
isolated in Tulare County, California in 1911 where there was an endemic rodent

infection (235). Research conducted by Edward Francis led to the conclusion that F.



tularensis was the common cause of a variety of human illnesses including rabbit fever,
tick fever and deer fly fever (134). The diseases were then recognized as tularemia with
the first official case occurring in Ohio in 1914 (403).

There are many regions endemic to Francisella scattered throughout the Northern
hemisphere (275, 365). Outbreaks of tularemia have occurred throughout Sweden, Japan,
the former USSR and Martha’s Vineyard during this and the last century (118, 125, 304,
369). Tularemia has been described as a war-related pathogen due to its high incidence in
relation to regions during war (143, 191, 344). This relationship is likely due to poor
sanitary conditions and increased contact with infected rodent populations.

Beginning in the 1940’s Japan, the United States and the USSR focused efforts on
research and testing of weapons containing F. tularensis because of its high infectivity,
disease severity and ease of aerosolization (110, 281). Rumoured use of weaponized
Francisella, particularly during World War 11, remains unsubstantiated (9, 143). The
recent research shift in battling bioterrorism threats has resulted in a significant increase
in understanding the virulence mechanisms of F. tularensis as well as in the development

of tools essential for further study of the bacterium and its intracellular lifestyle.

1.1.2 F. tularensis subspecies

There are four subspecies of F. tularensis including subsp. tularensis, holarctica,
mediasiatica, and novicida (129). Subspecies tularensis and holarctica are responsible
for the majority of human illness, however F.t. novicida causes severe illness in mice
which is similar to human tularemia and is often used a research surrogate for F.t.

tularensis (122). There is some debate among researchers as to whether F.t. novicida



should be considered a separate species of Francisella. DNA hybridization studies and
16S ribosomal RNA comparisons strongly support the classification of a F.t. novicida
subspecies (21, 129, 178). F.t. novicida rarely causes disease in humans; individuals that
do acquire an infection are usually immunocompromised (81, 122, 178).

Francisella infects a wide variety of hosts, including mammals, insects,
arthropods and protozoa. F.t. tularensis is primarily found in North America and is most
often isolated from ticks, deerflies, lagomorphs and rodents (281, 326). It is the most
virulent of the four subspecies; contact with as few as 10 c.f.u. can cause disease (328,
329). F.t. holarctica causes the majority of human illness and is found throughout the
Northern Hemisphere (281). This subspecies is less virulent than F.t. tularensis and
causes milder forms of tularemia (272, 274). It can commonly be found in hares, semi-
aquatic rodents and mosquitoes and seems to have a strong association with water (155,
326). This may be due to the fact that protozoa can act as Francisella reservoirs or be the
result of association with mosquito breeding grounds (1, 324).

There is an attenuated live vaccine strain (LVS) derived from F.t. holarctica
which is commonly used in the study of Francisella. This strain was created via multiple
passages on peptone cysteine plates followed by repeated inoculation of mice (116). This
strain has yet to be licensed as a vaccine against F. tularensis infection due to a lack of
knowledge concerning the source of its attenuation, phenotype variation in vaccine lots,
and residual virulence issues (280, 320). However, some of these issues have recently
been resolved and may permit the licensing of LV'S for human vaccination (280, 287,

310, 318).



1.1.3 Disease and treatment

The symptoms of tularemia are flu-like, including fever, chills, headache, and
nausea. These non-specific symptoms can often cause misdiagnosis with other forms of
febrile illness (363). The disease can be acquired through multiple routes of infection
which result in varying disease manifestations. The presentation of disease is also greatly
influenced by the dose a person is exposed to and the strain to which they are exposed
(122, 344, 363). The most common disease manifestation is referred to as
ulceroglandular tularemia. This form of tularemia results from direct contact of the
bacterium with an open wound or mucous membrane; or via vector-borne transmission,
commonly by ticks and mosquitoes (270, 364). There is usually an ulcer at the site of
infection which can persist for several months but often goes unnoticed. The bacteria
disseminate via the lymphatic system and regional lymph nodes become quite enlarged,
resembling the classic bubos of bubonic plague. The bacteria then travel to tissues
throughout the body including the spleen, liver and lungs. This form of the disease is
rarely fatal, even without proper treatment the mortality rate is 5- 6% when infected with
F.t. tularensis and 0.5% when infected with F.t. holarctica (122, 273).

Typhoidal tularemia, caused by F.t. tularensis, represents roughly 10% of
tularemia cases and indicates severe disease without an obvious route of infection.
Typhoidal tularemia does not present an ulcer or swelling of the lymph nodes but instead
takes the form of a deadly septicaemia which if left untreated has a mortality rate of 30-
60%. The most likely transmission route of these infections is via the respiratory route

(363).



The most severe form of the disease, respiratory tularemia, results from the
inhalation of contaminated aerosols. This is commonly acquired by farmers and
landscape workers and is how one would acquire tularemia as a consequence of
biological warfare. Inhalation of F.t. tularensis results in high fever, chills and nausea
which is sometimes accompanied by delirium and pulse-temperature dissociation (102,
362, 363). Symptoms associated with pneumonia may present themselves; however,
these symptoms can also result as a complication of any form of tularemia (363). The
inhalation of F.t. holarctica results in a much less fulminant disease with pneumonic
symptoms rarely occurring (344, 362).

One of the biggest problems in treating tularemia is the rapid progression of the
disease. Treatment must be administered quickly, even before diagnosis has been
confirmed, in order to prevent the development of severe illness. F. tularensis responds
well to treatment with bacteriocidal aminoglycosides (26, 188, 331). During the peak of
tularemia outbreaks in the 1940’s the treatment of choice was streptomycin. Its
introduction reduced the mortality rate of tularemia to 3% (124). Toxicity and
hypersensitivity issues associated with streptomycin have rendered the drug virtually
obsolete in treatment, however it is the most effective antibiotic for the treatment of
tularemia related meningitis (363). In severe cases of tularemia, gentamicin is now the
administered drug of choice (124, 172, 363). Tetracyclines such as doxycycline are quite
effective against Francisella species and have lower toxicity than aminoglycosides;
however their bacteriostatic effects risk disease relapse (124, 330, 363). Doxycycline is
currently used for prophylactic treatment of tularemia. Since F. tularensis is not a part of

normal human microflora and is not spread by person to person contact it seems unlikely



that it is a risk for developing antibiotic resistance (363). Though, this does not account

for the genetic engineering of antibiotic resistant strains for use in bioterrorism.

1.1.4 Intracellular lifestyle

F. tularensis has the ability to enter and replicate within a variety of cell types
from many different species, including insect cells (302, 322, 396). The bacterium has
been found to infect non-phagocytic cells such alveolar epithelial cells (166) and
hepatocytes (96) as well as phagocytic cells such as neutrophils (234) and dendritic cells
(96). However, it is believed that macrophages serve as Francisella’s primary replicative
niche.

Bacterial pathogen uptake classically fits into one of three categories:
conventional phagocytosis, coiling phagocytosis, or ruffling macropinocytosis (83). The
uptake of Francisella appears to occur via a unique process which has been termed
looping phagocytosis (see Figure 1) (85). In this process the bacterium is surrounded by
asymmetric pseudopod loops which do not maintain close contact with the bacterial
surface. Experiments performed by Clemens et al. demonstrate that looping phagocytosis
is triggered by preformed surface carbohydrate molecules, likely lipopolysaccharide

(LPS) or capsular material (85).



Figure 1. Phagocytic uptake of Francisella. Panels A-C show the progressive looping
phagocytosis of F.t. tularensis by human monocyte-derived macrophages. Size bars
indicate 1um. The conventional phagocytosis of M. tuberculosis (D), coiling
phagocytosis of L. pneumophila (E), and macropinocytosis of S. flexneri (F) are shown in

comparison. Adapted from Clemens, D. L., and M. A. Horwitz 2007.

There are a variety of receptors on the surface of macrophages which recognize
particular pathogen-associated molecular patterns; consequent binding of these ligands
stimulates the uptake of foreign particles, including bacterial pathogens. In some cases
the recognized ligands are host-derived opsonins, such as complement, that coat the

surface of the pathogen (340). The complement receptor pathway, particularly



complement receptor 3 (CR3) and C3 complement, is vital in the uptake of F. tularensis.
Infection of human macrophages using heat inactivated or C3-deficient serum results in
negligible uptake of Francisella (83, 85). The exploitation of this receptor pathway is
common among pathogens as this form of entry prevents the oxidative burst. There also
appears to be some role in uptake involving the mannose and scavenger receptors (293,
337). These receptors recognize patterns found directly on the surface of bacteria such as
those found on LPS and lipoproteins (340). Alone, these receptors seem to play minor
roles and likely function to enhance uptake via the CR3 mediated process.

Once the bacterium is taken up via the spacious loops of phagocytosis it resides
within a large vacuole which shrinks dramatically as it moves away from the surface of
the macrophage (85). The phagosome quickly acquires markers whose distinct patterns
identify sequential interaction with compartments of the endosomal-lysosomal pathway
(see Figure 2). Early endosomal makers EEA-1 (early endosomal antigen-1) and Rab5
localize with the phagosomal membrane approximately 15 minutes after bacterial uptake
(87, 327). The kinetics of acquisition and loss of these markers is similar for vacuoles
containing live or dead F. tularensis, implying that the bacterium does not actively alter
phagosome maturation at the early endosomal stage (87). There are marked differences
in the amounts of late endosomal/lysosomal markers acquired by phagosomes containing
live Francisella. These include lowered levels of CD63, Rab7, lysosomal-associated
membrane protein 1 and 2 (LAMP-1 and LAMP-2) and no detectable levels of cathepsin
D or fluorescent dextran (87, 327). There is some debate as to whether the phagosome
acquires the lysosomal vATPase pump and becomes acidified (76, 86, 323). These

discrepancies are likely due to differences in experimental procedures and timing. Thus,



Francisella is either able to prevent phagosomal-lysosomal fusion or actively triggers
escape from the phagosome quickly following acidification via the vATPase proton
pump, but before uniting with the lysosome. Uptake of heat-killed F. tularensis results in
fusion of the phagosome with the lysosome and subsequent degradation of the bacterium
(87).

Francisella is able to actively break down the phagosomal membrane and escape
into the host cell cytosol approximately 1-4 hours post-infection. This timing varies
based on the bacterial strain being used and the cell type being infected (71, 87, 150, 325,
327). The mechanism of membrane breakdown is not well understood. The acid
phosphatase proteins AcpA, B and C seem to play a role in F.t. novicida infection as
mutants with knockouts of these genes were delayed in phagosomal escape (251).
However, deletion of these genes in F.t. tularensis Schu4 had no such effect. Despite the
deletion of acpA,B,C and a resulting 95% reduction in acid phosphatase activity, there
was no observed defect in phagosomal escape in murine or human macrophages (75).
Once free in the cytosol Francisella replicates to large numbers, using up available

nutrients and compromising the host cells viability.
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Figure 2. Maturation of the Francisella containing phagosome. Early phagosome
maturation patterns are similar for live and dead F. tularensis. Differences are seen in
late phagosomal development with live F. tularensis containing phagosomes acquiring
reduced levels of Rab7, CD63 and LAMPs 1 and 2. Live F. tularensis containing
phagosomes do not acquire lysosomal proteins such as mature cathepsin D and the
bacterium actively degrades the phagosomal membrane. Once free in the host cell
cytosol the bacteria begin replication. Phagosomes containing dead F. tularensis mature
and fuse with lysosomes, becoming acidified and acquiring lysosomal proteins including

mature cathepsin D.
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This infection leads to subsequent host cell death via both apoptosis and necrosis
(180, 206-208). Release of cytochrome ¢ and change in mitochondrial potential, coupled
with the activation of caspases 9 and 3, indicate activation of apoptosis via the intrinsic
pathway rather than the extrinsic death receptor-mediated pathway (208). This activation
is dependent on the phosphorylation of p42/p44 MAPK (mitogen-activated protein
kinase) and the inhibition of p38 MAPK activity (180, 366). Induction of cellular
apoptosis is detected throughout infection with LVS, accompanied by the start of cellular
necrosis approximately 30 hours post-infection (180). Apoptotic events are first detected
12-18 hours after infection, approximately 6-12 hours following the start of bacterial
replication. Bacterial killing via ciprofloxacin 12 hours post-infection prevents the
activation of apoptosis, indicating that bacterial replication is required for the activation
(207). This is also corroborated by the fact that infection with deletion mutants defective
for phagosomal escape and replication also fail to activate the apoptotic pathway (42,
226, 327). Itis likely that activation of apoptosis is induced by the bacterium as this
event permits escape from a nutrient depleted host cell without the consequence of
inflammation, thus allowing for the infection of new host cells (343). However, the
necrosis observed later during infection may be a defensive reaction initiated in response
to signalling from other infected cells.

In experiments studying mouse bone marrow derived macrophages infected with
LVS, Checroun et al. observed the bacteria within double-membrane vacuoles ~20 hours
post-infection (71). These vacuoles had fused with secondary lysosomes and were
acidified as they acquired endocytosed fluorescent dextran and Lysotracker red. They

determined that these vacuoles were endoplasmic reticulum (ER) derived
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autophagosomes and may serve as a host cell defence mechanism. However, this
observation only seems to hold true for mouse derived cells as there is minimal evidence

of this phenomenon in human macrophages (83, 85).

1.1.5 Host response to infection
1.1.5.1 Lipopolysaccharide

There are more than 10 Toll-like receptors (TLRs) located on the surface of
immune cells. These proteins recognize particular ligands, including those found on
bacterial pathogens, and after binding induce appropriate immune signalling responses.
In order to prevent the host cell from controlling the infection, pathogens must find ways
to prevent downstream signalling caused by interaction with these receptors. The most
obvious target for recognition of gram-negative bacteria is LPS. The molecules coat the
bacterial surface, representing a likely target for immune cell recognition and response.
The lipid A portion of LPS is the only component recognized by the innate immune
system (160, 377). Human recognition of lipid A classically occurs via TLR4 interaction
(160, 244, 250). This activation is coupled by association with myeloid differentiation
primary response gene 88 protein (MyD88) and IRAK (IL-1 receptor-associated kinase)
which in turn results in the activation of nuclear factor kappa B (NFxB) and subsequent
transcription of a vast array of inflammatory genes. These include the synthesis and
secretion of cytokines and chemokines as well as inducing the destruction of bacteria
within membrane-bound vacuoles. The structure and immunostimulatory effect of LPS
varies between bacterial species. The LPS of Francisella is unique and exhibits minimal

endotoxic properties (15, 165, 321). The decreased stimulatory effects are likely due to
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the lack of free phosphates and hypo-acylation of the lipid A molecule which may be the
reason that Francisella LPS does not stimulate the activation of TLR4 or any other TLR
(29, 89, 290, 393, 400). The structure and subsequent lack of LPS immunostimulatory
activity is an important virulence factor for F. tularensis as several LPS mutants are
attenuated in mouse infection models. The LPS structure of F.t. novicida differs from the
more virulent subspecies taking on a more active form which stimulates several
macrophage and monocyte cell lines to secrete pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-a), interleukin-12 (IL-12) and interleukin-1p (IL-1pB) (142,
197, 283). However this stimulation occurs with much less activity than that of E. coli

LPS (197).

1.1.5.2 Immune response

The host response to infection involves both innate and adaptive immunity. In the
past these were commonly seen as two separate processes, with only adaptive immunity
resulting in pathogen-specific recognition and immunity. It is now quite clear that the
interaction between elements of the innate and adaptive immune response is complex,
dynamic, and constantly evolving. Understanding the immune response to Francisella
infection is quite complicated particularly because researchers have used a variety of
infective strains and host cells or animals to extrapolate vast amounts of information.

Gene and protein expression level analysis of LVS infected mice revealed a
profound inflammatory response (152, 153, 356). As this activity is not caused by LPS
mediated activation of TLR4, researchers were interested in identifying other possible

TLR’s involved in recognizing Francisella. Several researchers, including Cole et al.,
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found that the activation of F. tularensis infected cells involves Toll-like receptor 2
signalling (89, 92, 194, 217). Certain Francisella lipoproteins activate the TLR2/TLR1
heterodimer and other as of yet unidentified proteins activate the TLR2/TLR6
heterodimer (371). This activation is not dependent on LPS but rather on new bacterial
synthesis as formalin killed or chloramphenicol treated LVS failed to elicita TLR2
response (92). TLR2 signalling can occur from within the phagosome and infection with
a Francisella mutant defective for phagosomal escape significantly increases the
expression of certain proinflammatory genes (90, 91). However, studies revealed that
TLR2 KO mice are able to control certain types of LVS infection as well as WT mice
whereas MyD88 knockout mice are extremely sensitive to infection with LV'S (93).
MyD88 functions as an adaptor protein for TLR2, -4, -5, -7 and -9 and is necessary for
the activation of NFkB. Taken together it seems likely that multiple TLR’s or TLR
combinations are responsible for the recognition of Francisella and subsequent signalling
via MyD88.

Early production of proinflammatory and Th1-type cytokines such as interferon-
gamma (IFN-y) and TNF- a is vital for control of primary Francisella infection (356).
Treatment of mice with neutralizing antibodies to either of these cytokines at the time of
infection with a sublethal dose of F. tularensis LVS resulted in rapid death (120, 121,
213). Both TNF-a and IL-12 contribute to control of infection due to their ability to
increase IFN-y production and thus nitric oxide (NO) production. It is well documented
that LVS infected murine macrophages use reactive nitrogen species including NO and

peroxynitrite to kill the invading bacteria (130-132, 219).
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The macrophage response to Francisella infection relies heavily on data from
LVS infection. There is some variation in responses seen depending on the type of
macrophage infected and the methodologies employed. It is widely known that both
human and murine macrophages support the growth of F. tularensis. However, there is a
profound proinflammatory response from human leukocytes and very little from murine
leukocytes (41, 367). The reason for this difference in response is unknown but may
contribute to the avirulence of the LVS strain in the human host.

Humans naturally infected with F. tularensis, develop specific IgM, 1gG, and IgA
serum antibodies within 2 weeks of infection; antibody production peaks roughly 1-2
months after infection can be detected up to 11 years later (201). Passive transfer of
antibody has been shown to have a minimal effect on the outcome of infection (11, 114,
372). B cells do not seem to play a crucial role in control and clearance of Francisella
infection as B cell knockout (BKO) mice follow a very similar course of LVS infection
compared to intact mice (73, 119).

Protective immunity to Francisella infection relies quite heavily on T cell
mediated immunity. Mice lacking mature T cells and given a primary intradermal LVS
infection can control bacterial growth for only a few weeks. These T cell deficient mice
eventually surrender to devastating bacterial organ burdens within a month of infection
(120, 121, 409). Chen and colleagues found that mice given a low-dose Schu4 aerosol
infection displayed evidence of thymic atrophy and depletion of CD4+CD8+ thymocytes
(72). This implies that Francisella may inhibit T cell development or possibly export
from the thymus. CD4+, CD8+, and an unusual CD4-CD8—-NK1.1— double negative

(DN) T cell population play important roles in the clearing of secondary lethal LVS



16

infections in mice. These cell populations can efficiently control LVS intramacrophage
growth in vitro, producing cytokines such as IFN-y and TNF-a. These populations can
also individually mediate survival of a primary sublethal LVS infection. However the
CD4-CD8—-NK1.1- double negative T cells cannot clear a primary intradermal LVS
infection. Mice with only these T cells developed a chronic LVS infection. Mice lacking
either CD4+ or CD8+ T cells (but not both) are able to clear a primary intradermal LVS
infection. Mice vaccinated with LVS intranasally require both CD4+ and CD8+ T cells
for survival of a secondary respiratory challenge with F.t. tularensis; depletion of either
individual T cell type abrogated protection. Thus it is clear that T cell responses to F.
tularensis infection can vary depending on the route of infection. In human infection,
both CD4+ and CD8+ T cell responses are long lived, with considerable levels of
proliferation and IFN-y production. It seems that humans elicit a higher frequency of
CD4+ T cell responses than CD8+ responses. The role of IFN-y appears to be
significantly less in secondary infections as opposed to primary infections. TNF-o was
the primary arbitrator of the IFN-y-independent control of LVS growth. It can thus be

concluded that T cells have other means of controlling and clearing LV'S infection.

1.1.6 Pathogenicity islands

Pathogenic bacterial species can drastically alter their virulence properties upon
the acquisition or loss of genetic loci (139). The gain of new genetic material can occur
from a variety of horizontal gene transfer events. These include conjugation,

transduction via bacteriophages and transformation (139, 334). Processes such as these
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are key factors in the creation of pathogenicity islands thus driving the evolution and
adaptation of bacterial pathogens (see Figure 3).

The term pathogenicity island (PAI) was coined by Hacker et al. while studying
uropathogenic Escherichia coli (162). This term is currently used to describe genomic
regions present in pathogenic species which are not present in non-pathogenic strains of
closely-related or similar species. PAI’s contain large blocks of genes that contribute to
the virulence of the bacterium such as secretion systems, toxins, and adherence or
invasion factors. These regions are characterized by having a guanine-cytosine (GC)
content which differs from that of the core genome and are often flanked by tRNA genes,
insertion and direct repeat sequences (139, 334). tRNA genes have sequence identity with
bacteriophage attachment sites and thus serve as target integration sites (305). Direct
repeat sequences are approximately 20 base pair (bp) DNA segments which have nearly
perfect sequence repetition. These sequences are homologous to phage attachment sites
and are likely duplicated during the integration of mobile genetic elements. Insertion
sequences are also sites capable of mediating the integration of mobile genetic elements.
However, direct repeats and insertion sequences are frequently recognized by enzymes
which excise these genetic elements and can be responsible for PAI instability (163).
PAT’s also commonly contain mobility factors such as transposases, integrases and phage
genes which are commonly responsible for recombination events (139). This
combination of elements leads to the spontaneous deletion of PAI’s in organisms such as
Helicobacter pylori and Yersinia spp. (139, 163). These deletion events are not common
in every species harbouring a PAI as those of Salmonella and intestinal E. coli seem to be

permanently integrated within their respective chromosomes (139).
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Figure 3. Horizontal gene transfer resulting in the creation of pathogenicity islands.
A gene cluster is obtained by a bacterium, through a horizontal gene transfer event, such
as transduction from a bacteriophage (1). Following uptake (2), recombination (3) results
in the acquired genetic element integrating into the chromosome (4). If genes responsible
for mobility of the genetic element are lost the cluster becomes a stably integrated PAI
within the chromosome (5). Positive selection will favour the PAI containing variant if
the genes encoded within the PAI confer an advantage to the organism. As a result the
frequency of the PAI containing variant will eventually increase in the population (6).
Genetic rearrangements or new gene acquisitions will likely enhance additional
evolvement of the PAI. The modified PAI can then be recombined with the
environmental gene pool and possibly be transferred to a new microorganism (7).
Adapted from Gal-Mor, O. and B.B. Finlay 2006.
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There are several methods used to detect PAI’s in bacterial genomes. As
previously mentioned there is commonly a difference in the GC content as well as
abnormal dinucleotide bias and codon usage (139, 334). This method of screening is
very effective but can miss ancient gene transfer or events of gene transfer between
species with similar genetic make-ups. Another method which has proven quite
successful is to search for genes involved in horizontal gene transfer as mentioned above
or genes which are similar to those of distant species. tRNA gene screening has
identified genomic islands in Salmonella, Shigella and E. coli (168, 279). A more
intensive approach would be to search for unique regions based on direct genome
comparison of closely related species.

The acquisition of secretion systems through horizontal gene transfer has been an
important factor in pathogen adaptation (334). Since most pathogen’s virulence factors
have to interact with host cells in order to cause disease the pathogen must then also
possess a means of exporting those virulence factors. There are many examples of
acquisition of type I, 111, IV, V and VI secretion systems as well as their substrates in
PAT’s (334, 37). The most classic examples of which are the type Il secretion systems
(T3SS) encoded by the SPI-1 and SPI-2 pathogenicity islands of Salmonella enterica and
the type IV secretion system (T4SS) encoded by the cagPALI of H. pylori (68, 334). Type
Il secretion systems (T2SS) are only known to be coded for in the core genome of
bacteria, however there are several examples of their substrate proteins being encoded on
PAI’s (352).

Like most virulence genes, the genes within PAI’s must be tightly regulated and

usually respond to stimulation by environmental signals. These signals may include
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oxygen level, iron level, pH or bacterial growth phase (169, 334). Control of expression
is usually due to a collective regulatory network consisting of regulators contained within

the PAI, within other PAI’s or within the core genome of the bacterium (334).

1.1.7 The Francisella pathogenicity island

The Francisella pathogenicity island (FP1) was first discovered by Nano et al. in
2004 (263). This discovery was made after transposon mutagenesis revealed 2 loci, iglA
and iglC, within the iglABCD (for intramacrophage growth locus ABCD) operon were
necessary for intramacrophage growth (154). Subsequent bioinformatic analysis of this
region revealed the existence of an approximately 30kb pathogenicity island (see Figure
4) (263). The FPI consists of 2 operons; one containing 6 open reading frames (ORFs)
including those coding for the Igl proteins, and the second containing 12 ORF’s including
pdpA,B and C (for pathogenicity determinant protein ABC). The designation of these
gene clusters as 2 large operons is speculative as there have not been any studies which
analyze the RNA transcripts in detail; thus the operon organization of the FP1 may be
more complex. The FPI has many of the classic hallmarks of a pathogenicity island. The
pdpA operon was found to have a GC content of 26.6%; this is 6% lower than the already
unusually low GC content of the remaining Francisella genome. The igl operon also has
a lower GC content than the core genome being at 31%. Only the Plasmodium species
and low GC Gram-positive bacteria have GC contents in this range (262). There are also
transposase genes and inverted repeats flanking the pathogenicity island which may

provide the capacity for further island mobility (263).
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Figure 4. Diagrammatic representation of the Francisella Pathogenicity Island. The
30kb PAI contains 2 predicted operons; the first comprising genes pdpA-pdpE and the
second consisting of genes anmK-iglD. Black arrows indicate that genes have clear
orthologues within type VI secretion systems while striped arrows specify genes with
distantly related T6SS orthologues. Adapted from de Bruin et al., unpublished data.

There are some differences in the FP1 depending on the Francisella subspecies.
F.t. novicida only contains one copy of the FP1 whereas F.t. holarctica and F.t. tularensis
contain two copies. For this reason random mutagenesis of Schu4 and LVS strains
frequently fail to identify FPI related virulence genes (195, 299). Early studies using F.t.
novicida U112 identified several FPI genes associated with virulence and likely
accelerated our understanding of the FPI’s role in pathogenesis (154, 368). The majority
of the FPI is highly conserved between subspecies and strains with one exception. The
region upstream of iglA which contains the anmK and pdpD genes varies significantly
between the more virulent North American strains of Francisella and strains found
throughout the Northern Hemisphere (221, 262, 263). F.t. novicida contains intact copies
of both genes, whereas F.t. tularensis Schu4 contains an anmK gene which is broken into

three ORF’s and a pdpD gene with a 150bp truncation. The anmK and most of the pdpD
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gene are completely absent from F.t. holarctica strains LVS and OSU18 (262, 263).
Experiments performed using F.t. novicida were able to demonstrate that pdpD deletion
mutants were attenuated for virulence within chicken embryo and mouse infections but
maintained a wild type intramacrophage growth phenotype (221). Deletion of the anmK
gene had a minimal effect on virulence in a chicken embryo infection. Differences in this
region of the FPI may account for some of the difference in virulence seen between
Francisella subspecies. The remaining proteins encoded by the FPI have very similar
amino acid sequences when compared between subspecies and strains. The PdpA protein,
for example, is identical in copies of the FPI within a specific strain. There are only 4
amino acid changes between the Ft. tularensis and F.t. holarctica strains, and these
conservative changes should not affect the proteins secondary structure (see Figure 5).
There are a higher number of amino acid differences between F.t novicida and the other
subspecies. This is not surprising considering that F.t novicida is considered the oldest
subspecies in evolutionary terms; however, most amino acid differences are once again
conserved changes (262).

Several FPI1 gene products have been shown to be required in the intracellular
growth of F. tularensis however the function of these proteins has yet to be determined
(154, 226, 263, 368). Recent evidence indicates that many of the FPI proteins may
compose a unique secretion system which will be discussed in detail later in the chapter.

An important issue regarding studies involving Francisella is the polarity of the
mutants being characterized. As more tools have become available in the study of the
FPI proteins it has become clear that many insertion mutants created have had negative

effects on downstream gene and protein expression (76, 104, 226). As such previous



conclusions concerning FPI protein roles in bacterial virulence must be carefully

scrutinized.
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Figure 5. Amino acid conservation of PdpA. The amino acid alignment of PdpA from a

variety of different Francisella species, subspecies, and strains. Most of the differences
are attributed to those seen in F. novicida U112. The alignment was performed using
ClustalW (http://www.ebi.ac.uk/clustalw/) and configured for printing using ESPrint
(http://espript.ibcp.fr/ESPript/ESPript/). Adapted from Nano, F.E. & C. Schmerk 2007.
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1.1.8 Regulation of the FPI

The differential expression of FPI genes and their products has been observed in
response to several environmental stimuli. Broth grown LVS exposed to hydrogen
peroxide responded with increased expression of the IgIC protein (151, 378). Iron
limitation experiments performed by Deng et al. demonstrated that low iron conditions
induced the threefold upregulation of nearly all FPI genes. However, mass spectrometry
analysis of proteins upregulated in low iron conditions failed to detect many of these FPI
proteins (214). These conditions reflect those that the bacteria would encounter during a
macrophage infection, a situation in which the activation of virulence gene expression is
vital.

Several regulatory proteins have been found to influence the expression of FPI
genes. The most prominent of these proteins is the global regulator MglA (macrophage
growth locus) which shows similarity to the SspA (stringent starvation protein) protein of
E. coli (30, 70). In E. coli, SspA is an RNA polymerase (RNAP)-associated protein
which regulates a particular subset of genes in response to stress (184, 406). An early
study by Baron and Nano revealed that mglA and mgIB were required for the
intramacrophage growth of Francisella (30). RT-PCR analysis of an mglA mutant
revealed greatly reduced expression levels of FPI genes pdpD, iglA, iglC, igID, and pdpA
(210) and microarray analysis has found that all FPI genes are affected by the absence of
mglA (51). Charity and colleagues have determined that MglA interacts with an MglA-
like protein, annotated SspA. These proteins associate with RNA polymerase in an SspA
dependent manner and this association is required for the positive regulation of a variety

of stress and virulence genes, including iglA, iglC and pdpA (70). Recent work by Charity
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et al. also found that the MglA-SspA RNAP complex is controlled by the alarmone
guanosine-tetraphosphate (ppGpp) and putative DNA binding protein PigR. Together
ppGpp and PigR act as a regulatory checkpoint for this complex, being influenced by
environmental and nutritional cues (69). Other transcriptional regulators of the FPI, such
as migR and pmrA, have been identified however little is understood about their modes of

action (58, 252).

1.1.9 The Francisella secretion system

Many gram-negative intracellular pathogens possess secretion systems,
commonly T3SS or T4SS, which they use to secrete virulence factors outside of the
bacterium or directly into a host cell. Bioinformatic analysis of the Francisella genome
failed to detect any type Il or IV secretion systems which are commonly responsible for
exporting virulence factors (209). The FPI contains several genes which are required for
virulence and it is likely that some of these gene products need to be secreted outside the
bacterium to perform their function. Bioinformatic analysis revealed that some of the
proteins coded within the FPI show similarities to components of the newly discovered
type VI secretion system (T6SS) (104). To date, little is known about the T6SS but
comparative genomic analysis has revealed their existence within over 90 bacterial
species, including Edwardsiella tarda, Pseudomonas aeruginosa, and Vibrio cholerae
(255, 297, 414).

The current hallmark for identifying a T6SS is the presence of gene clusters
which contain homologues of the IcmF, DotU, IglA and IgIB proteins (37). Confirming

that a T6SS is functional in a given species is demonstrated through the secretion of an
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Hcp-like protein into culture supernatants. This Hcp-like protein secretion is dependent
on the lcmF protein (231, 255, 297, 332, 358, 414). F. tularensis contains homologues of
IcmF, DotU, IglA, and IgIB; however the Francisella FPI is considered an outlier in type
VI secretion (37, 47, 104). This is because many of the proteins within the FPI lack
sequence similarity to proteins in other T6SSs and because Francisella does not code for
an Hcp protein or ClpV, the only known energy source of T6S (37, 47).

It is believed that Francisella contains an analogue of the secreted Hcp protein
referred to as IglC (de Bruin et al., unpublished data). The iglC gene is the most
extensively studied within the FPI due to its high levels of expression during intracellular
growth (151). Deletion of iglC results in the inability of the bacterium to escape the
phagosome and replicate intracellularly (218). Although IgIC does not appear to share
structural similarity with Hcp proteins, their genetic location and secretion patterns
indicate that they may share similar functions (103). Hcp proteins are predicted to form
tubular structures that span the bacterial membrane and through which transport proteins
(28, 255, 298). These structures are thought to be related to the tail tubes of
bacteriophages which act as a tunnel through which viral genetic material is transported
into the bacterial cell (202). The current assay for demonstrating that the Francisella
T6SS is functional is the secretion of IgIC (221). As IgIC is predicted to be a structural
component of the secretion system this serves as a surrogate assay until appropriate
secreted effectors can be identified (de Bruin et al., unpublished data).

Experiments performed by de Bruin et al. determined that 9 of the FPI genes,
pdpB (icmF), iglABFGHI, vgrG and dotU, are required for the secretion of IgIC and

together form the current predicted model for this secretion system (unpublished data)
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(see Figure 6). As in other T6SSs, several of these proteins showed similarities to
components of the bacteriophage tail spike apparatus. The pdpCDE and igIDE genes are
not required for IglC secretion and may represent candidate effector proteins delivered by
the FPI encoded secretion system. Despite the fact that the Francisella secretion system
is not considered similar enough to other T6SSs there is no doubt that they share a strong
resemblance. This likeness may be the result of a mixture of divergent and convergent
evolution through multiple bacteriophage element acquisition events (de Bruin et al.,

unpublished data).
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Figure 6. The Francisella secretion system. This is a predicted model of the secretion
system which has been based on protein solubility studies as well as demonstrated
protein-protein interactions. Predicted protein roles have also been based on similarity
with orthologues in type IV and type VI secretion systems. The IglAB proteins are
predicted to form a structure similar to the contracting outer sheath of a bacteriophage
puncturing device. IgIC is thought to form a tube within the predicted outer sheath
through which secreted effector proteins are transported. Adapted from de Bruin et al.,
unpublished data.
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1.2 Bacterial manipulation of phagosome maturation

The elimination of invading bacteria from host cells is primarily accomplished by
the process of phagocytosis, or more accurately the process of phagosome maturation.
Pathogens have developed a wide variety of methods to manipulate and altogether avoid
this defence mechanism. These methods fit into one of three broad strategies:

1) Arresting normal phagosome maturation

i) Escape from the phagosome into the host cell cytosol

i) Remodelling the phagosomal membrane to create a unique non-

phagosomal membrane structure

Many bacterial pathogens are able to utilize these strategies to not only survive within

host cells but thrive in them, often with deadly consequences to the host (340).

1.2.1 Phagosome maturation

Under normal circumstances macrophages engulf foreign particles, including
bacteria. The bacteria are taken up into the newly formed phagosome which undergoes a
series of maturation events to become a phagolysosome and kill the invading organism
(7, 33, 376). These developmental steps are crucial as newly formed phagosomes are
fairly inert and cannot digest their microbial contents. The engulfment process can
involve the action of a variety of proteins including protein kinases, phosphatases,
GTPases and mediators of membrane fusion and fission (205, 215, 223). The proteins
involved in engulfment and the subsequent signalling cascades activated will depend on
the receptor-ligand pair utilized (10). TLR2 and TLR4 do not act as phagocytic receptors

per se but appear to be important in guiding the phagosome maturation path. Involvement
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of these receptors directs the microbial load in a path of phagocytosis which will activate
an inflammatory immune response and be primed for antigen presentation (38). Such a
response would not be desired when digesting “self” particles, as in the process of
removing apoptotic cells. Thus not all phagosomes will mature in exactly the same way
however there is a basic path of development.

The first maturation step involves interaction with early/sorting endosomes. The
early phagosomes are only mildly acidic with a pH of 6.1-6.5 and do not possess much
hydrolytic activity. As the name suggests, sorting endosomes discern whether
endocytosed material will be recycled or undergo degradation (158, 257). The Rab5
GTPase is a vital regulator of early endosome dynamics. In their active form the Rab
GTPases are able to bind to membranous organelles and then bind cytosolic effector
proteins which act to further the maturation of the endosome or phagosome (157, 381).
Rab5 functions in endosomal motility as well as the fusion of the sorting endosome with
endocytic vesicles (350). Many effector molecules responsible for these Rab5 mediated
events have not been determined. The best characterized of these effectors is the
p150/h\VVPS34 complex. The p150 component of the complex is a serine-threonine kinase
regulatory subunit. hVSP34 is a class 11 phosphoinositide 3-kinase (P13K) which is
responsible for the formation of phosphatidylinositol-3-phosphate [PI(3)P] (285, 382,
394). PI(3)P binds to effector proteins, keeping them bound to the cytosolic face of the
sorting endosome membrane (192, 248, 408). EEA-1 is an important effector held on the
endosomal surface by PI(3)P. Dimers of this protein are responsible for tethering sorting
endosomes with other endocytic compartments (61, 62, 211). EEA-1 also interacts with

SNARE (soluble NSF attachment protein receptor) molecule syntaxin-13 which catalyses
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membrane fusion and the ATPase NSF which disassembles SNAREpin complexes after
their function has been completed (220, 233, 245, 360). Like EEA-1, hepatocyte growth
factor-regulated tyrosine kinase substrate (Hrs) also interacts with PI1(3)P and possesses a
protein domain which allows interaction with ubiquitinated proteins. Hrs is thought to be
required for the segregation of cargo and the initiation of membrane budding (392).
Inhibition of Rab5 or any of these effector proteins prevents the maturation of sorting
endosomes and subsequent traffic to lysosomes (56, 77, 78, 233, 392). Upon interaction
with early endosomes, newly formed phagosomes acquire Rab5, PI(3)P, EEA-1, Hrs and
syntaxin-13 (12, 95, 123, 339, 391, 392). Inhibition of any of these proteins prior to
phagocytosis completely halts phagosome maturation (95, 135, 256, 391, 392).

Despite the fact that phagosomes undergo repeated fusion steps with
endomembrane vesicles, there is little perceptible increase in the membrane surface area
and it encases the internalized particle snugly. This is likely due to the simultaneous
fission events occurring which recycle molecules to the plasma membrane and facilitate
cargo retrieval by the endosomes and trans-Golgi network (46, 349). Also, when
components of the phagosomal membrane need to be degraded they are ubiquitinated and
associate with the endosomal-sorting complex (ESCRT) which is required for transport to
the proteasome (128, 212).

The early phagosome quickly loses markers associated with sorting endosomes
and begins acquiring markers correlated with late endosomes. Late phagosomes are more
acidic than early phagosomes having a pH between 5.5 and 6.0 and contain many mature
proteases (340). Trafficking to late endosomes can occur via lysosomal component

containing vesicles from the Golgi or multivesicular bodies from sorting endosomes
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(158). Factors regulating late endosome and phagosome dynamics are not well
understood. It was originally thought that Rab7 regulated the traffic from early to late
endosomes though it is now thought to regulate late endosome to lysosome traffic (57,
127). The release of Rab5 and recruitment of Rab7 appears to be a simultaneous
exchange which has been termed Rab conversion, however the mechanism of this action
in phagosome maturation is not yet understood (307). The Rab7 effector, Rab7-
interacting lysosomal protein (RILP), supports the movement of late endosomes and
lysosomes on microtubules (189). The transition from early phagosome to late
phagosome is marked by the acquisition of several proteins including Rab7, RILP, the
mannose-6-phosphate receptor (M6PR), LAMP-1 and LAMP-2 (158, 257). To date the
function of LAMPs 1 and 2 have not been determined. The glycoproteins may be
involved in recruiting Rab7 to the phagosome as Lmp1-/-, Lmp2-/- null mouse
phagosomes are arrested at a Rab5 positive early endosomal stage (181).

Maturation of the phagosome concludes with fusion to lysosomes to create a
phagolysosomal compartment. Lysosomes are quite acidic (pH 4.5-5.5) and contain a
large amount of mature proteases to degrade targeted components trafficked to the
lysosome. There are no clear markers that exclusively identify lysosomes and they are
usually identified using pulse-chase experiments with fluid phase markers such as
dextran (340). However phagolysosomes are commonly identified by their reduction
and/or loss of late endosomal markers such as the M6PR and enrichment of LAMP
proteins, mature cathepsins, and vATPases which acidify the phagosomal compartment
(46, 82, 112, 389). Inhibition of Rab7 and RILP prevents the fusion of late phagosomes

with lysosomes (64, 171, 189). RILP is responsible for moving the phagosome from the
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cell edge to the perinuclear area, an essential step in lysosomal fusion. Rab7 and RILP
are not the only essential factors involved in the process of phagolysosomal fusion; Pl 3-
kinase antagonists prevent phagosome maturation yet the late phagosome still acquires
Rab7 and RILP (64, 171, 189). Cathepsin acid proteases only become active once the
phagosome reaches a sufficiently low pH (216). Once the correct pH environment exists
the cathepsins can degrade proteins into peptides in order for them to be loaded onto class
I or I MHC (major histocompatibility complex) molecules. Cathepsin D has a role not
only in degrading phagosomal contents but also in activating MHC Class Il proteins,
which is crucial for peptide loading (55, 301). Once the phagolysosome has fully
matured most microbial contents are efficiently degraded in the highly acidic and

oxidizing environment (167, 361).

1.2.2 Arresting phagosome maturation

Intracellular bacteria such as S. enterica Typhimurium and M. tuberculosis have
the ability to halt the maturation of the phagosome to prevent exposure to deadly
components of the lysosome environment.

S. typhimurium has two type 111 secretion systems required for virulence which
are encoded within two pathogenicity islands (SPI-1 and SPI-2) (169). SPI-1 delivers
proteins required for invasion into non-phagocytic cells. These factors induce ruffling of
the host cell membrane which results in uptake of the bacterium into a Salmonella
containing vacuole (SCV) (133). Once in the SCV a different set of proteins are
expressed by SPI1-2 and secreted into the host cell cytosol. The expression of these

proteins only occurs after invasion as a response to environmental cues such as reduced
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Ca**and Mg?* concentrations and low pH (108, 141). These effector proteins are
required for the intracellular survival of Salmonella and many of them are likely involved
in altering the maturation of the SCV (79, 176, 269). There is now evidence that some
translocated effectors of SPI-1 also play a role in these SCV maturation steps and are not
just involved in bacteria-mediated invasion (48, 88, 354, 401). The SCV acquires all of
the early phagosomal markers, including Rab5, EEA-1 and PI(3)P (355). The vacuole
then progresses to what appears to be a late endosome, gaining LAMP-1 and Rab7 (140).
The SCV can continue to mature and fuse with lysosomes as indicated by the acquisition
of vVATPase, cathepsin D and experiments using lysosomes loaded with the fluid-phase
marker rhodamine dextran, however this does not occur with all SCVs (53, 99, 242, 341).
The vacuole environment triggers the expression of SCV altering proteins which create a
specialized vacuole conducive to bacterial survival. Although the SCV appears to be
undergoing a fairly normal process of phagosome maturation, there are several
differences observed in experiments by Smith et al. (347). The AinvA/inv strain of S.
typhimurium lacks the SPI-1 T3SS and is degraded in the phagolysosome. Comparison
of the SCV Rab acquisition and retention patterns between this and wild type strains
revealed important distinctions. The wild type SCV acquires and retains very high levels
of Rab5 which are never obtained by the mutant SCV. This acquisition is likely due to
the action of S. typhimurium SPI-1 effector SopB. SopB is an inositol phosphate
phosphatase capable of dephosphorylating many inositol polyphosphates and
phospholipids (268, 415). This protein performs a variety of functions during infection
and seems to be responsible for recruiting Rab5 to the SCV which in turn increases the

amount of PI(3)P present as well (227). SopB is also involved in recruiting sorting nexin
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protein 1 (SNX1), a host phosphoinositide-binding protein, to the SCV. SNX1 removes
MG6PR containing membrane, preventing the delivery of lysosomal hydrolases (59).
There are other examples of such events as Rab11 and syntaxin 13 recruitment resulted in
recycling of factors important in the acquisition of LAMP-1 (346). As such it seems that
Salmonella is able to effectively recruit recycling factors to the SCV to remodel this
compartment. There are also many Rabs which are actively excluded from the wild type
SCV, including those that promote phagosome-lysosome fusion (347). The majority of
effectors and /or mechanisms involved in these processes remain unknown.

Another mechanism utilized by Salmonella is the alteration of cholesterol content
mediated by SselJ, a glycerolphospholipid-cholesterol acyltransferase (271). SseJ
localizes to the SCV and esterifies cholesterol, increasing lipid droplets in host cells (264,
271). This is a novel strategy which effectively interferes with host cell trafficking.

The wild type SCV acquires Rab7 and RILP more quickly than SPI-1 mutant
SCVs (347). These proteins are needed to move the SCV along microtubules to the
perinuclear region, in close proximity to the Golgi network (159, 170, 230). Salmonella
induced filaments (Sifs) are formed along the microtubule scaffold which are Rab7
dependent but do not require RILP (170). Actin based myosins have also been
implicated in the positioning of SCV’s during infection, revealing a coordinated tug of
war between actin and microtubules in the positioning of the SCV; however the benefit of
this system to S. typhimurium is not yet understood (27, 401). This complex series of
modifications to phagosome maturation results in the formation of a vacuole which
sustains large amounts of bacterial replication and is a vital process in Salmonella

virulence (27).
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Mycobacteria do not invade cells like Salmonella; instead they are ingested by
professional phagocytes. Once engulfed, M. tuberculosis and M. leprae are able to
modify phagosome maturation and avoid the host immune response often resulting in an
infection that can last years (340). The path of phagosome maturation in response to
Mycobacterial infection varies depending on the entry receptor used. If the complement
or scavenger receptors are utilized the phagosome maturation is stalled and the bacteria
survive (117, 333); however if the bacteria are opsonized by antibody and taken up via Fc
receptors the phagosome matures normally and Mycobacteria are killed (23, 24).

Early endosomal marker Rab5 is quickly acquired by the Mycobacterium
containing phagosome however late endosomal markers Rab7 and LAMP-1 are never
acquired, even days after infection (389). This suggests that the maturation of
Mycobacterium containing phagosomes is arrested at an early phagosome state. Closer
analysis of the early phagosome revealed that although some PI(3)P was present on the
membrane, its tethered effector proteins EEA1 and Hrs were not (135, 392). This
represents a likely reason for the stall in phagosome maturation as EEAL and Hrs are
crucial in this process. Vergne et al. discovered that lipoarabinomannan (LAM) released
from the bacterial cell wall inhibits the production of PI(3)P. This is accomplished by
LAM s ability to inhibit Ca®* fluxes. Ca’"is necessary for the recruitment of the PI3K
hVPS34 complex and subsequent PI(3)P production on the phagosomal membrane (385).
M. tuberculosis goes one step further and also secretes a lipid phosphatase, SapM, which
is able to dephosphorylate PI1(3)P on the phagosomal membrane surface (317, 386). The
action of these two proteins is able to effectively prevent the formation of new PI(3)P and

remove any that does happen to be produced, thus halting phagosome maturation.
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1.2.3 Escape from the phagosome

Like F. tularensis, several bacterial pathogens utilize a strategy which allows
them to escape the phagosome and reside within the host cell cytosol. Many of these
bacteria, including Shigella flexneri, Listeria monocytogenes, and Rickettsia species,
polymerize actin following escape, allowing them to easily travel throughout the cytosol
and invade new cells. As described previously, Francisella has a unique survival
strategy following phagosome escape which does not involve actin polymerization.
Although very little is known about the mechanisms that Francisella uses to escape the
phagosome, several escape strategies have been revealed in other bacteria.

S. flexneri invades epithelial cells much like S. typhimurium does however upon
internalization Shigella quickly degrades the phagosome membrane. S. flexneri has a
30kb locus within a large virulence plasmid which is homologous to SPI-1 of S.
typhimurium (6). The T3SS encoded in this locus is required for the secretion of effector
proteins IpaB and IpaC, which are able to interact with and destabilize lipid membranes
(105, 106). These proteins are required for phagosomal escape but their mechanism of
action is not fully understood (31, 241, 282, 419). There is some evidence that IpaB and
IpaC may interact with the proteins IpaA and IpgD to form a pore within lipid
membranes (106). IpaD has also been shown to be important in regulating the secretion
of the Ipa proteins and the insertion of IpaB and IpaC into the host cell membrane (292).

All species of Rickettsia are able to invade host cells and quickly escape the
phagosome prior to phagolysosomal fusion (126, 164, 370, 398). Sequencing of

Rickettsial genomes revealed the presence of several genes with the potential to disrupt
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the phagosomal membrane, including tylC and pld (17, 236). TylC was found to have
haemolysin activity and Pld exhibits phospholipase D activity (300, 306). Due to the
inability to create knockout mutants in Rickettsia, Whitworth et al. introduced tylC and
pld into S. typhimurium and found that these transformants were now able to break down
the phagosomal membrane and escape into the host cell cytosol. Pld seems to play the
predominant role in escape as nearly 100% of these Salmonella transformants were able
to break down the vacuolar membrane whereas only 20% of TylC transformants were
able to (404).

L. monocytogenes has the best characterized phagosomal escape mechanism
among intracellular bacteria. The causative agent of listeriosis can enter a variety of host
cell types by inducing uptake or via phagocytosis (383). Once the bacterium escapes the
phagosome it can replicate to large bacterial numbers within the cytosol; this membrane
disruption depends on the combined activities of phosholipases C (PLCs) and
listeriolysin O (LLO) (63, 138, 193, 295, 335, 348). LLO is a member of the largest
family of pore forming toxins, the pore-forming cholesterol-dependent cytolysins. These
toxins are usually made by extracellular pathogens such as Clostridium perfringens and
Streptococcus pyogenes (335). Toxin monomers homo-oligomerize to form pre-pore
complexes which insert themselves into membrane bilayers (101, 144, 145, 374).
Formation of the large pore is dependent on the presence of cholesterol (144, 186).

L. monocytogenes escape is dependent on the acidification of the phagosomal
compartment; the acidified phagosome reaches a pH of approximately 5.9 before
membrane integrity is disrupted (32). Studies suggest that this is not due to differences in

LLO activity at varying pH levels but rather the acidification inducing the synthesis and
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release of LLO and other proteins, including phosphatidylcholine-specific phospholipase-
C (PC-PLC) (148, 229). Due to the required combined actions of the PLC proteins and
LLO in membrane degradation it cannot simply be assumed that the pore formed by LLO
results in the destruction of the phagosomal membrane. Currently, the most accepted
model of action is that LLO is able to slow the maturation of the phagosome, preventing
phagolysosome fusion and allowing the PLC proteins to perform their functions (74, 175,
335). Prior to rupture the L. monocytogenes containing phagosome is Rab5 and LAMP-1
negative but Rab7 positive (175). It is thought that this stall at the late endosomal stage is
mediated by LLO disruption of proton and calcium gradients required for phagosomal
maturation (175, 342). This model of LLO action is also supported by the work of Cheng
et al. When host cell components required for the fusion of late endosomes and
lysosomes were knocked down LLO was not needed for phagosomal escape but the PLC

proteins remained essential (74).

1.2.4 Creation of unique membrane structures

Rather than prevent phagosome maturation or disrupt the membrane to escape
into the cytosol, some pathogens choose to alter the phagosomal membrane structure to
create unique organelles which provide a safe haven for the bacterium to replicate (see
Figure 7).

L. pneumophila causes Legionnaires disease in humans but is normally a
protozoan parasite (44). Once taken up by professional phagocytes L. pneumophila
quickly alters the normal path of phagosomal maturation and does not acquire Rab7 or

LAMP-1 at early time points (84, 190, 313). Instead of maturing into a late phagosome
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the Legionella containing vacuole (LCV) acquires components of the endoplasmic
reticulum (ER) through the actions of secreted bacterial virulence factors. The secretion
of these effector proteins is accomplished by Legionella’s Dot/Icm dependent T4SS
(309). If the transmembrane protein DotA is absent, rendering the secretion system
inoperable, the LCV follows normal maturation patterns and fuses with lysosomes (313).
ER derived secretory vesicles are recruited and fuse to the LCV through the action of the
bacterial effector proteins DrrA and RalF. DrrA binds to the LCV in a
phosphatidylinositol-4-phosphate [P1(4)P] dependent manner and displaces the inhibitor
of Rabl (49, 182, 224). The protein then acts as a nucleotide exchange factor and
activates Rab1 which is required for the ER derived vesicle fusion (225, 259). Rabl is
normally involved in regulating the targeting and fusion of ER-derived vesicles with the
Golgi complex (128). The L. pneumophila effector LidA acts with DrrA to enhance
Rabl recruitment to the LCV but is not essential in this process (225). When Rabl
activity is no longer required the T4SS effector LepB deactivates the GTPase by
promoting GTP hydrolysis (182). Another host GTPase, ARF-1 (ADP-ribosylation
factor 1), which is involved in ER vesicle trafficking is recruited to the LCV. The
bacterial effector RalF acts as an ARF-1 specific nucleotide exchange factor thus
regulating its activity and promoting the fusion of ER derived vesicles to the LCV (260).
Eventually the recruited ER vesicles fuse to form a large, ribosome studded vacuole
surrounding the bacterium (375). L. pneumophila mutants deficient in DrrA or RalF can
still survive within macrophages and thus the bacterium likely possesses redundant
mechanisms responsible for LCV formation which have not yet been identified (128,

260). There are more than 80 T4SS dependent proteins which have been linked to the
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infective process, many of which contain motifs found in eukaryotic proteins (8, 183,
284). Itis likely that Legionella manipulates a wide range of host cell pathways to
facilitate intracellular growth and virulence.

The maturation of the LCV resembles host cell autophagy, a process whereby the
ER engulfs cytoplasmic materials and degrades them once the autophagosome acquires
LAMP-1, lysosomal hydrolases and the proton ATPase (13, 359). Indeed after the ER
surrounds L. pneumophila the LCV begins to acidify slightly but does not possess all
characteristics of mature autophagosomes. The mature LCV acquires limited amounts of
degradative enzymes and the presence of ribosomes in the LCV membrane is not a
characteristic of autophagy (359). There is some argument as to whether the LCV must
be acidified in order for the bacteria to replicate but it is quite apparent that interaction
with the ER is vital in the L. pneumophila infective process (128, 357, 405). Itis
currently unknown whether the pathogen induces autophagy upon infection or whether
this is a host cell defensive response due to the recognition of a faulty phagosome.

Coxiella burnetti is an obligate intracellular pathogen with two distinct
developmental lifecycles. Phase 1 Coxiella is an infectious small cell form and Phase 2
Coxiella is a large cell form which can replicate intracellularly (397). Phase 1 Coxiella
induces phagocytosis through interaction with the leukocyte response integrin (aV3)
(65). The signalling cascade induced via this interaction is unique to phase 1 Coxiella as
phase 2 Coxiella fails to elicit the same response, even upon engagement of aV3 (238).
The newly formed phagosome appears to follow normal maturation patterns but fusion
with the lysosome is slowed by the bacterium (174, 311). This is due to the recruitment of

autophagosome markers such as monodansylcadaverine and microtubule-associated
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proteinl light chain 3 (LC3)(34). Interaction with the autophagosome pathway is thought
to be important in slowing lysosomal fusion to allow time for the bacterium to transition
to its replicative phase 2 form (161). The inhibition of early autophagic processes via the
addition of wortmannin and 3-methyladenine prevented the formation of Coxiella
vacuoles (34).

The mature Coxiella phagolysosome acquires acid phosphatase, cathepsin D,
LAMPs 1 and 2, and becomes highly acidified by vATPase (pH 4.8) (174, 232). This
environment would be considered inhospitable to most bacteria yet C. burnetti thrives in
it, unable to replicate intracellularly without acidification of the vacuole (174). In order
to protect the bacterial chromosome from reactive oxygen species present in the lysosome
Coxiella induces an SOS DNA repair system (243). There must be several other bacterial
effectors responsible for Coxiella’s successful adaptation to this environment however
they have not been identified. It is likely that the T4SS encoded by the pathogen is

responsible for the secretion of important effector proteins (128, 284).
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Figure 7. Alteration of phagosome maturation by bacterial pathogens. Normally,
particles or microorganisms are engulfed within a phagosome which matures to an early
endosome-like stage. The early endosome is loaded with Rab5, containing EEA-1 and
other Rab5 effectors that identify the site of vesicle binding during fusion. The M.
tuberculosis phagosome lacks Rab5 effectors that are required for future endosomal
fusion and does not fuse with late endosomes. The L. pneumophila containing
phagosome quickly diverges from the normal endocytic maturation pathway, interacting
with ER derived components to become a ribosome studded ER derived vacuole.
Foreign particle and other bacteria containing phagosomes mature to a late endosome that
acquires Rab7, Lamps, and the M6PR. The vesicle becomes acidified via acquisition of
the ATPase proton pump and fuses to lysosomes. Note that the S. typhimurium late
endosome-like phagosome lacks the M6PR late endosomal marker. In most cases the
SCV maturation arrests at a late endosome-like stage but will occasionally mature and
fuse with lysosomes. L. monocytogenes escapes the late phagosome via the action of
phospholipases (PLC) and listeriolysin O (LLO). Foreign particles and microorganisms
which cannot subvert the normal phagocytic pathway will fuse with lysosomes and be

degraded.
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1.3 Bacterial pathogens and ubiquitination

Pathogens must alter many host cell defences in order to successfully replicate
within the host and cause disease. The uptake of microbes and subsequent process of
phagocytosis is accompanied by the activation of a wide variety of signalling cascades
which trigger an immune response. Ubiquitin mediated protein modification and
degradation is essential in the host immune response to infection and bacteria have
evolved a number of mechanisms to interfere with and subvert these ubiquitin pathways

(19, 315, 351).

1.3.1 The many roles of ubiquitin

Ubiquitination is a post translational modification that controls several aspects of
cellular metabolism, including transcriptional regulation, signal transduction, cell cycle
progression and pathogen immune response (196, 345). Ubiquitin (Ub) is a highly
conserved 76 amino acid protein (149). Ubiquitination involves the addition of Ub
monomers to target proteins or to Ub itself to create poly-Ub chains (see figure 8). This
ubiquitination can result in changes in the localization or activity of the target protein or
signal for its degradation. The covalent addition of Ub occurs at the e-amino group of
lysine residues and is accomplished via the action of at least three enzymes: an Ub-
activating (E1) enzyme, an Ub-conjugating (E2) enzyme and an Ub ligase (E3) (288).
The E1 enzyme activates the C-terminus of Ub in an ATP-dependent manner and then
directs the Ub to the active site of the E2 enzyme. The E2 Ub-conjugating enzyme
interacts with one of two types of E3 ligases, HECT (homologous-to-the-E6-AP-

carboxyl-terminus) and RING (really-interesting-new-gene) or U-box ubiquitin ligases.
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The E3 ligases catalyze the bonding of activated Ub to its target protein (19, 315, 351)
(see figure 8). HECT-type E3s directly bind to ubiquitin before adding it to the substrate
whereas RING-type E3s bridge E2 enzymes carrying activated Ub to the target protein,
without being covalently bonded to the Ub itself (22). The RING-type E3 ligases can act
alone or as part of multiprotein complexes such as the SCF complex (Skp, Cullin, F-box
containing complex). In the SCF complex the E3 ligase acts as the catalytic subunit with
help from the adaptor protein cullin and an F-box protein which is responsible for binding
the specific target protein (22, 288).

The fate of ubiquitinated proteins depends on the E2 and E3 ligases acting upon it
as well as the length of the Ub chain and type of linkages occurring within it. If the Ub
chain is 4 residues or more linked via lysine 48 (K48) the protein is targeted for
degradation via the 26S proteasome (291, 373). The proteasome unfolds the protein and
digests it into smaller peptides (3-20 residues) which can be further degraded by
downstream aminopeptidases (294, 345). Polyubiquitin chains linked through K63
regulate a variety of processes including DNA repair, endocytosis, cellular signalling and
vesicular trafficking. Monoubiquitination directs subcellular protein localization,
recruitment of Ub-binding proteins and endocytosis. Though prokaryotes contain
homologues and probable ancestors to components of the 26S proteasome and E1 and E2
ligases they do not perform the process of ubiquitination (40, 185).

An important function of the Ub system involves the host cell response to
invading pathogens. Activation of TLRs recruits adapter proteins and activates E3
ligases such as TNF receptor associated factor-6 (TRAF-6). TRAF-6 subsequently

ubiquitinates the NFkB essential modulator (NEMO) protein which induces a kinase
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signalling cascade. The inhibitor of NF«B (IkB) is then ubiquitinated and degraded by
the proteasome. Once this occurs the active NFkB protein is able to enter the nucleus and
activate the transcription of a variety of immune response genes (36, 351).

The process of ubiquitination is reversible and accomplished by deubiquitinating
enzymes (DUBs). DUBs are usually cysteine proteases and only take on their active
conformation upon binding to Ub which prevents non-specific protease activity (265).
These enzymes function in recycling Ub, proofreading Ub conjugates, processing Ub
precursors and removing inhibitory Ub chains from target substrates (14, 265). The
importance of ubiquitination and deubiquitination in cellular function make the pathway
a desirable target of bacterial pathogens and as such it is no surprise that many have

distinct mechanisms by which they interfere with this process.
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Figure 8. The eukaryotic ubiquitination pathway. E1 ligase enzymes activate
ubiquitin in an ATP-dependent manner. Ubiquitin is then directed to an E2 ligase
enzyme. E3 ligases transfer ubiquitin using one of two methods: (1) The E2 ligase
enzyme transfers ubiquitin to the E3, and then to the substrate (2) The E3 ligase acts as an
adaptor binding to E2 ligases and substrates separately. The E3 then aids in the direct
transfer of Ub from the E2 enzyme to the substrate. Ub chains of at least four molecules
linked via lysine 48 (K48) of Ub direct the modified protein to the 26S proteasome to be
degraded. Proteins which are polyubiquitinated via K63-linkage are involved in
regulating a multitude of cellular processes. Ubiquitin molecules can be removed from
modified proteins by deubiquitinating enzymes (DUBSs). These enzymes are important in
proofreading Ub protein conjugates and removing Ub from modified proteins when
necessary. Adapted from Rytkonen, A., and D. W. Holden 2007.
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1.3.2 Bacterial interference with ubiquitination involved in host immune response

Protein posttranslational modifications (PTMSs) regulate a range of cellular
signalling pathways, including the innate immune response. Phosphorylation and
ubiquitination are important PTMs that bacteria can target in a variety of ways to dampen
the host immune response to infection.

There are three Yersinia species that cause disease in humans. These pathogens
encode a T3SS which secretes various effector proteins called Yops (Yersinia outer
proteins). One of these effector proteins, YopJ, is an important inhibitor of the host
macrophage inflammatory response and inducer of apoptosis (249, 258, 416). When
macrophages are infected with a Y. pseudotuberculosis strain that contains a mutated
Yop] there is a build up of ubiquitinated IkBa in the macrophage cytosol. This led
researchers to discover that YopJ is able to cleave both K48 and K63 linked poly-Ub-
chains and thus prevent the destruction or activation of multiple Ub-conjugated proteins
including TRAF6 and IkBa (416). Failure to ubiquitinate IxBa prevents the activation
of NF«B and the multitude of signalling cascades that follow. This versatile protein can
even remove the monoubiquitin linked to IkappaB kinase beta (IKKf), a regulator of
IxBa activity, which is required for NFkB activation (66). YopJ has also been found to
have acetyltransferase activity. This acetyltransferase activity is able to prevent
signalling via MAPK (mitogen-activated protein kinase) kinases such as MAPKKG® (39,
249, 258). This type of action may allow YopJ to prevent the phosphorylation of proteins
such as IKKp, further preventing the activation of NFkB (258). This interference with
MAPK and NF«B signalling pathways prevents the expression of pro-inflammatory

cytokines I1L-8 and TNF-a and activates apoptosis (97, 246, 254, 277, 410, 417). There
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are homologues of YopJ expressed in a variety of pathogens including Salmonella
(AvrA), Xanthomonas (AvrBst) and Ralstonia (PopP1) indicating that this is a very
effective strategy in manipulating host defences (276).

The S. flexneri effector OspG is also able to regulate the activation of NFkB by
interfering with the degradation of IxkBa (198). Instead of actively removing Ub, OspG
binds to UbcHS5, the E2 Ub-conjugating ligase responsible for adding Ub to IkBa,
inhibiting its function. OspG displays kinase activity which results in its
autophosphorylation however it is not known how this activity is involved in the proteins
function in inhibiting E2 ligase activity. Because OspG can bind to several E2 ligase
enzymes it is likely that the effector plays a role in interfering with several host cell
pathways (19, 198).

Plant pathogens such as Pseudomonas syringae also manipulate ubiquitination in
order to alter host immune responses. The T3SS effector HopML1 is able to suppress the
plant cell wall-associated defence by mediating the proteasome-dependent degradation of
AtMIN7, an important protein involved in vesicle trafficking via the activation of Ras-
like GTPases (107, 240, 267). Vesicle trafficking has proved to be a significant factor in
plant immunity (35, 94, 107, 173). HopM1 does not seem to have any ligase activity of
its own and researchers suggest that it may act as an adaptor protein which mediates the

detection of AtMIN7 by the plant ubiquitin proteasome system (267).

1.3.3 Bacterial effector proteins modified by ubiquitination
The ubiquitin proteasome system acts to degrade proteins that are no longer

required by the host cell. This system is also used by bacteria for the same purpose.



50

There are several examples of T3/4SS effector proteins that are destroyed by the
proteasome when they are no longer needed by the bacterium. This technique can be
used to prevent excessive damage to the host cell which is needed for bacterial
colonization or allow short lived activation or alteration of specific host cell pathways.
The S. typhimurium T3SS effectors SopE and SptP are able to alter the actin
cytoskeleton in opposing ways. SopE is able to activate Rac-1 (Ras-related C3 botulinum
toxin substrate 1) and Cdc42 (cell division control protein 42), two Rho GTPases
involved in the reorganization of the cytoskeleton. This change in the actin cytoskeleton
enables the uptake of S. typhimurium into target epithelial cells. The effector protein
SptP is a GTPase-activating protein that can deactivate Rac-1 and Cdc42 (136). This
deactivation occurs several hours after infection and causes the actin cytoskeleton to
return to its normal form. In order to effectively infect the host cell the activity of these
proteins must be sequentially regulated. Kubori and colleagues found that that although
equal amounts of these effectors were secreted early during infection SopE levels quickly
decreased. The diminishing levels of SopE were due to its polyubiquitination and
subsequent degradation via the host cell proteasome. SptP was also found to be degraded
via the proteasome but with much slower degradation kinetics. The rate of degradation
was found to be mediated by the effectors secretion and translocation domains; swapping
the secretion and translocation domains of SptP with those of SopE resulted in the rapid
degradation of SptP. Conversely, if SopE was secreted using the domains of SptP the
protein remained in the host cell much longer, continually altering the actin cytoskeleton

(203).
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S. typhimurium secretes two more effectors which are regulated by host cell
ubiquitination, SopA and SopB. SopB, whose role in SCV maturation was previously
discussed, is monoubiquitinated and degraded within the host cell. As
monoubiquitination does not target proteins for degradation by the proteasome, Marcus et
al. speculate that the modification of SopB acts to downregulate its activity, possibly by
targeting SopB for lysosomal degradation (228). The T3SS effector SopA is involved in
inducing intestinal inflammation. It is ubiquitinated by the membrane-anchored E3 ligase
HsRMAZ1 and then degraded by the proteasome (412). Although Salmonella primarily
replicates within SCVs there are some bacteria which escape into the cytosol of epithelial
cells where they are able to replicate at a significantly faster rate than in the SCV (52, 54,
289). It is currently unknown whether this escape is beneficial to Salmonella
pathogenesis. Researchers hypothesize that SopA activity is responsible for bacterial
escape from the SCV as sopA mutants escape the SCV less frequently than wild type S.
typhimurium. This SopA mediated escape from the SCV is HSRMAL dependent (412).
SopA appears to play a multifunctional role in infection and also displays HECT-type E3
Ub ligase activity (413). This activity does not appear to play a role in escape from the
SCV but instead seems to be implicated in the transepithelial movement of
polymorphonuclear neutrophils (PMNSs). Recruitment of these cells is an important
factor in the development of Salmonella-induced enteritis. The target proteins
ubiquitinated by SopA have not yet been identified but may play a part in the recruitment
of PMNs (413).

Yersinia seems to have adopted a similar strategy to Salmonella with regards to

regulating rearrangements of the actin cytoskeleton for the benefit of the pathogen.
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However, Yersinia is acting instead to prevent bacterial uptake via phagocytosis as this
results in the death of the pathogen. YopE of Y. pseudotuberculosis provokes the
depolymerization of actin filaments through the inhibition of Rho GTPases (390, 395).
This activity also prevents host cells from forming membrane pores which facilitate cell
death thus allowing for extended host colonization (390). During infection with Y.
enterocolitica YopE is polyubiquitinated on lysine K75 and degraded by the proteasome
(314). It is not yet known whether this action is done for the benefit of the host or the
bacterium. Removal of YopE may allow other T3SS effectors, such as YopT and YopO,
to modify the actin cytoskeleton (115, 314). However, the degradation products of YopE

may also provide a useful antigen source to help the host fight infection (314, 384).

1.3.4 Bacterial mimicry of host proteins involved in ubiquitination

The mimicry of host proteins is a useful virulence strategy which can be brought
about primarily by two mechanisms, convergent evolution and horizontal gene transfer
(113, 351, 353). In cases of convergent evolution the production of a new effector
protein with structural characteristics similar to a host protein results in a functional
mimic. In these instances there is no primary sequence similarity between the two
proteins and similarities are often seen once the crystal structures are solved. Horizontal
gene transfer events result in the pathogen maintaining and altering acquired eukaryotic
genetic material. In this case a eukaryotic gene is transferred and incorporated into the
genome of a bacterium and successfully expressed under the control of a prokaryotic
promoter. If the newly acquired gene confers an advantage in virulence to the organism

the mimicking variant will be selected for within the bacterial population (351).
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AvrPtoB is a well characterized structural mimic found in the plant pathogen P.
syringae pv. tomato DC3000 (187, 199, 353). The N-terminus of AvrPtoB induces plant
hypersensitive response (HR) mediated cell death and the C-terminus controls cell death
suppression (3). AvrPtoB is able to suppress HR mediated cell death in plants that do not
possess a Pto resistance gene; the Pto gene confers gene-for-gene resistance to
Pseudomonas syringae pv. tomato (199, 353). The C-terminus of AvrPtoB functions as a
RING type E3 Ub ligase and can autoubiquitinate (2, 187). Interference with the proteins
autoubiquitination or recruitment of E2 Ub enzymes ablates the suppression of host cell
death and renders the pathogen avirulent. AvrPtoB target host cell proteins have not been
identified but would likely be those responsible for inducing HR mediated host cell death
(2, 187). AvrPtoB does not contain any primary sequence homology to eukaryotic E3 Ub
ligases; similarities were only found at a structural level indicating that this protein
function has likely evolved through convergent evolution (187).

The remaining proteins being discussed in this section are likely the result of
horizontal gene transfer as they share obvious sequence homology with their eukaryotic
counterparts. Agrobacterium tumefaciens is a plant pathogen which causes crown gall
disease and utilizes its T4SS in a very unique way. Not only does the T4SS secrete
effector proteins into the plant cell, but it also transfers single stranded transfer DNA (T-
DNA) into the cell which is inserted into the host genome (19, 146, 388). The T4SS
effector VirF is required for virulence and is the first prokaryotic protein found to contain
an F-box domain (179, 239, 336). As previously mentioned, F-box proteins function as
part of the SCF type E3 Ub ligase complex, recruiting the protein which will be targeted

for proteasome destruction (111). F-box proteins normally interact with Skpl (S-phase
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kinase-associated protein 1) within the SCF complex; VirF is able to interact with yeast
Skpl homologues via its conserved F-box domain (336). The host protein VIP1 (VirE2-
interacting protein 1) is targeted for degradation by VirF and this results in the indirect
destruction of the T4SS effector protein VirE2, likely because VIP1 directly interacts
with VirE2 (380). VIirE2 is secreted into the host cell independently of the T-DNA and
then binds to the DNA to protect it from degradation and assist its nuclear uptake (4, 67,
312, 387, 418). VIP1 may function as an adaptor between VirE2 and karyopherin-a, a
protein which aids in nuclear import upon recognition of a protein’s nuclear localization
signal (80). Tzfira et al. have hypothesized that VirF promotes nuclear-proteasome
dependent degradation of Vipl and thus VirE2 since the two proteins interact. This may
facilitate the uncoating of the T-DNA prior to its integration into the host cell genome
(380). Plant cell proteins involved in host defence have been identified as possible
targets for ubiquitination by VirF but these interactions have not yet been confirmed (19).
Ralstonia solanacearum is another plant pathogen which is able to cause bacterial
wilt in a variety of hosts (100, 147, 316). This bacterium secretes effectors via its T3SS;
these effectors include a family of seven F-box containing proteins (18). Each of these
proteins also contains a leucine rich repeat domain which contains a conserved GAXALA
motif and as such these effectors are called GALA proteins. The GALA proteins can
interact with a large number of yeast Skpl homologues and appear to have redundant
functions as no one GALA protein is required for virulence in Arabidopsis or tomato
plants (18, 100, 137, 308). Only deletion of all 7 GALA proteins significantly reduced R.
solanacearum virulence in tomato and Arabidopsis (18). However, deletion of only the

GALAT7 gene drastically reduced the virulence of this pathogen in Medicago truncatula.
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The wild type phenotype was restored by a full length GALA7 gene but not one where
the GALAY F-box domain had been deleted (18). The proteins ubiquitinated by the
GALA proteins have not been discovered, so it not known if the targets are host proteins
or bacterial T3SS effectors.

The discoveries concerning bacterial pathogens and their interaction with the
eukaryotic ubiquitin proteasome pathway have revealed a vast array of methods which
pathogens can use to manipulate host processes. Concurrently, the studies performed
leave a large amount of information still to be exposed. Furthermore, genome
sequencing is significantly adding to the number of candidate bacterial genes which may

be involved in manipulating ubiquitin related pathways (19, 351).

1.4 Research objectives and dissertation outline

Though most genes within the Francisella pathogenicity island are required for the
intracellular growth and/or virulence of the pathogen, very little is known regarding the
function and mode of action of these gene products. As well, most Francisella studies to
date have been performed using polar transposon or allelic replacement mutants which
can mask the true phenotype of FPI mutants.

The purpose of this dissertation is to characterize the expression and localization of
the pdpA gene product as well as study the effects of non-polar pdpA deletion and
mutagensis on the intracellular growth and virulence of F. novicida. These efforts are
made to ultimately determine the function of Francisella’s PdpA protein.

The introductory chapter discussed the current knowledge of Francisella

tularensis, including its history, disease pathology, and intracellular lifestyle. The
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intracellular lifestyle of other bacterial pathogens was also examined with a focus on
pathogen modulation and exploitation of the phagocytic pathway and host cell
ubiquitination machinery. Chapter 2 will characterize the expression and subcellular
localization of PdpA and describes the creation of a non-polar ApdpA mutant and its
effect on Francisella virulence. The intracellular growth and LAMP-1 association of the
ApdpA mutant is studied in chapter 3. This chapter also examines the host cell nRNA
response to infection with wild type F. novicida and the ApdpA strain. The fourth chapter
studies the mutagensis of a putative conserved F-box domain within PdpA and the
resulting effects on the mutant strains intracellular growth and virulence. Chapter 4 also
describes experiments performed to ascertain whether the PdpA protein is secreted into
the host cell as well as detect possible interacting proteins. Conclusions and future

studies will be discussed in the fifth chapter.
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Chapter 2. Characterization of the pathogenicity island protein

PdpA and its role in the virulence of Francisella novicida.
(Microbiology (2009), 155, 1489-1497.)

Crystal L. Schmerk,* Barry N. Duplantis,' Diana Wang,* Robert D. Burke,’
Alicia Y. Chou,? Karen L. Elkins,? Jagjit S. Ludu® and Francis E. Nano!
Department of Biochemistry and Microbiology, University of Victoria, Victoria, BC, Canada
“Center for Biologics Evaluation and Research, Food and Drug Administration, Rockville, MD, USA

2.1 Introduction

Francisella tularensis is a Category A bioterrorism threat and is the causative
agent of the zoonotic disease tularaemia. The closely related bacterium Francisella
novicida is unable to cause disease in healthy individuals; however, it causes a disease in
mice that is very similar to human tularaemia and, as such, is a useful tool for studying
Francisella virulence factors. Both F. tularensis and F. novicida grow vigorously in
macrophages, with a life cycle that includes transient localization in a phagosome
followed by growth in the host-cell cytosol (20, 87, 130, 150, 296). Little information is
available concerning the function of virulence factors that contribute to F. tularensis
infection. Many of the genes that have been shown to be necessary for intracellular
growth and virulence are located within the recently discovered Francisella pathogenicity
island (see Figure 9) (262, 263). The FPI is about 28 kb in length and contains 16-19
genes, depending on the biotype and strain. Recent bioinformatics analysis indicates that
several genes within the FPI encode products that are homologues of components of type
VI secretion systems (T6SSs) (104, 221). F. novicida contains one copy of the FPI
whereas F. tularensis strains that have been examined contain two copies of the genomic

island (262).
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Disruptions of a number of genes within the FP1 have been shown to severely
reduce intracellular bacterial growth (104, 150, 154, 206, 210, 263, 327, 368, 402).
However, in most cases the phenotype of mutants could not be unequivocally
demonstrated to be the result of the inactivation of a specific gene, since polarity effects
were not studied nor genetic complementation performed. It is probable that most FPI
genes contribute to intracellular growth and virulence, and deletion mutagenesis and
complementation studies have provided strong evidence that iglA and iglC, two of the
genes in the anmK-iglD operon (see Figure 9) are absolutely required for
intramacrophage growth.

Regulation of FPI gene expression has been linked to several factors. MglA is the
best studied of the Francisella global regulators (30, 51, 70). Studies of gene regulation
in Francisella have revealed that FPI-encoded mRNA species are depressed in an mglA
mutant. The MglA protein has been shown to bind RNA polymerase complexes, but its
direct role in affecting mRNA levels of FPI genes has not yet been established. Low iron
concentrations also increase the level of MRNA for several FPI-encoded mRNA transcripts
(109). Mass spectroscopy analysis has shown that IglA, IgIB, IglIC, IgID and PdpB are all
increased in low-iron conditions (109, 214). Immunoblot analysis has shown that both
iron concentration and MglA play a role in IglA expression. It is clear that other
regulatory proteins, such as FevR, SspA and PmrA, also affect expression of FPI genes
(50, 70, 252).

The pdpA gene is 2.46 kb in size, representing one of the largest ORFs in the FPI
(262). A gene replacement in pdpA was made as part of the initial characterization of the

FPI, and the resulting mutant was unable to grow in macrophages and was avirulent in
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mice (263). We now know that the replacement mutant had polar effects on downstream
genes, resulting in decreased expression of PdpB and increased attenuation in chicken
embryos (this chapter). It is likely that the in trans complementing plasmid recreated the
intact operon by integration into the chromosome. In this chapter we examine the
expression and characteristics of the PdpA protein as well as the phenotype of a non-

polar deletion mutant of pdpA.
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Figure 9. Deletion of pdpA. (a) The pdpA gene is the first cistron in a low-G+C operon
of the Francisella pathogenicity island (FPI). A newly revised nomenclature is used to
show the two convergent operons in the FPI. (b) Primers that amplify regions within the
pdpA gene were used to screen wild-type (WT) F. novicida, the ApdpA mutant and the in
cis complement ApdpA/SKX:: pdpA. (c) The exact nucleotides removed to create the A
pdpA mutant are shown. The in-frame deletion preserves the last 21 nucleotides of pdpA,
which contain the ribosome-binding site (shown in italics) of the downstream gene pdpB.
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2.2 Materials and Methods
2.2.1 Bacterial strains and growth conditions

The bacterial strains and plasmids used in this study are listed in Table 1.
Escherichia coli strains were grown using Luria Bertani (LB) broth or agar supplemented
with 250 pg ampicillin ml-1, 30 pg kanamycin ml-1 or 100 pg erythromycin ml-1, as
required. F. novicida and F. tularensis strains were grown using trypticase soy agar or
broth supplemented with 0.1 % (w/v) cysteine (TSAC, TSBC). When necessary, 30 ug
erythromycin ml-1 or 15 pg kanamycin ml-1 was added. For negative selection in
deletion mutagenesis experiments, sucrose was added to TSAC to a final concentration of

10 % (w/v).

2.2.2 Mutagenesis and complementation

To create the pdpA deletion mutant strain the upstream and downstream regions
flanking the pdpA gene were joined using fusion overlap PCR and the resulting amplicon
was cloned into pWSK29 to create pWSK29:: ApdpA. The last 22 bp of pdpA were left to
preserve the ribosome-binding site of pdpB (see Figure 9). The insert from pWSK29:: A
pdpA was excised using Xhol, ligated to the Xhol-Xhol sacB-EmR cassette from pJL-ES-
X, and the ligation reaction was used to transform F. novicida JLO. The integration and
excision of the sacB-EmF cassette was used to create a markerless deletion of the pdpA
gene as previously described (221). The F. novicida JLO strain was used as the wild-type
strain in order to maintain an isogenic background for mutants and complemented strains,
as the integrating plasmid used for complementation inserts at the non-essential locus

FTN_1390 that is deleted in the JLO strain. The ApdpA mutant was complemented using
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the kanamycin integration vector pJL-SKX (222) that inserts into the chromosome via a
double crossover recombination event. The full-length pdpA gene and the promoter
region, 522 bp upstream of pdpA, were ligated to pJL-SKX. The vector was then
linearized and used to transform the pdpA deletion mutants, creating in cis
complementation strains. The sequence of the genomic regions in the pdpA deletions has
been deposited with GenBank and assigned the number EU810409. The sequences of the

primers used in all the genetic constructs will be made available upon request.

2.2.3 SDS-PAGE and immunoblotting

All SDS-PAGE was carried out using standard techniques. The Bradford (Bio-
Rad) protein assay was used to determine sample protein concentration and normalize the
amount of protein loaded in each lane. Once separated, the proteins were transferred to
an Immobilon-FL PVDF membrane (Millipore) and then blocked in 5 % skim milk in
PBS, pH 7.4. Mouse monoclonal antibody against PdpA was added at a 1:2000 dilution,
whereas mouse monoclonal antibodies against PdpB and IgIB were used at a 1:4000
dilution. Rabbit polyclonal antibody against MgIB was used at a 1:5000 dilution. Bound
antibody was detected using IRDye800-conjugated goat anti-mouse or IRDye800-
conjugated goat anti-rabbit antibody (Rockland Immunochemicals) and visualized, and
the integrated intensity of fluorescence quantified, using the LiCor Odyssey imaging
software version 2.1. The anti-PdpA monoclonal antibody was produced by immunizing
mice with recombinant C-terminal portion (aa 405-783) of PdpA expressed from pET28a.
The anti-PdpB and anti-1gIB antibodies were also produced by immunizing mice with
recombinant protein expressed from pET28a. The mouse anti-PdpA hybridoma

developed in this research, and the hybridomas producing anti-IgIB and anti-PdpB, have
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been deposited with the American Type Culture Collection's Biodefence and Emerging

Infections Resources program.

2.2.4 lron-limitation studies

F. novicida strains were grown overnight in TSBC at 37 °C without shaking. Then
3 ml of overnight culture was added to 30 ml fresh TSBC and allowed to grow for 1 h at
37 °C while shaking at 200 r.p.m. After 1 hthe cultures were split into three flasks. One
flask was left untreated and deferoxamine mesylate salt (Desferal) was added to the other
two flasks to a final concentration of 1 mM. FeSO,4 (1 mM) was also added to one of the
Desferal-containing flasks. Bacterial cultures were grown for a further 2 h. Cells were
harvested by centrifugation at 1000 g for 15 min and resuspended in PBS, pH 7.4,
containing protease inhibitors (Sigma). Cell suspensions were sonicated with five 30 s

pulses and then prepared for SDS-PAGE and Western blotting as described above.

2.2.5 Subcellular fractionation of F. novicida

F. novicida U112 was added to J774A.1 macrophages at an m.o.i. of 1000:1
(bacterium to macrophage). Infected monolayers were incubated for 1 h at 37 °C, 5 %
CO; in complete Dulbecco's Modified Eagle Medium (cDMEM) supplemented with 10 %
(v/v) fetal bovine serum (FBS) and 4 mM L-glutamine. Macrophages were washed five
times in sterile PBS (Invitrogen) and fresh growth medium was added. The infection was
allowed to progress for 18 h, at which point the macrophages were lysed by adding
deoxycholic acid to a final concentration of 0.1 % (w/v). Bacteria were separated from
the macrophage lysate by centrifugation at 2000 g for 15 min. The bacterial pellet was

resuspended in PBS and sonicated to lyse cells. Anyunbroken cells were removed by
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centrifugation at 10 000 g for 10 min. A sample was taken at this point as the total
protein fraction. The cell lysate was ultracentrifuged at 100 000 g, 4 °C (Beckman
ultramicrocentrifuge TLA-100.3) for 2 h to pellet the membranes. The supernatant
representing the soluble proteins was removed and ultracentrifuged once more for 30 min
at 100 000 g, 4 °C to minimize membrane protein contamination. The pellet representing
the membrane-associated proteins was washed once in PBS and ultracentrifuged once
more for 30 min at 100 000 g, 4 °C. The membrane-associated protein pellet was then
treated with 1 % (w/v) sodium lauroyl sarcosinate (Sarkosyl) and left at room temperature
for 30 min. The inner membrane (Sarkosyl-soluble) and outer membrane (Sarkosyl-
insoluble) fractions were separated by ultracentrifugation at 100 000 g at 4 °C for 2 h.
The fractions were then processed for SDS-PAGE and immunoblotting as described
above. To estimate the amount of inner-membrane protein associated with each fraction,
the NADH oxidase activity was determined using the method described by Osborn et al.
(278). Fraction purity was determined by comparing relative enzyme activity per

milligram of protein per fraction.

2.2.6 Chicken embryo infections

Fertilized White Leghorn chicken embryos were incubated for 7 days prior to
infection. After incubation, embryos were infected with the appropriate strains of F.
novicida in a range of doses as described by Nix et al. (266). After infection, embryo
death was monitored over a period of 6 days; the results of one inoculating dose are

presented.
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2.2.7 Mouse infections

For in vivo infections, 6- to 8-week-old male specific-pathogen-free BALB/cByJ
mice were purchased from the Jackson Laboratory. Animalswere housed in sterile
micro-isolator cages in a barrier environment at the Center for Biologics Evaluation and
Research. Mice were fed autoclaved food and water ad libitum, and all experiments were
performed under Institutional Animal Care and Use Committee guidelines. Mice were
given 0.1 ml of appropriately diluted bacteria intradermally at the base of the tail; actual
doses of inoculated bacteria were simultaneously determined by plate count. All
materials used in animals, including bacteria, were diluted in PBS (BioWhittaker)

containing <0.01 ng endotoxin ml™.

2.2.8 Graphing and statistics

The Prism GraphPad v4.03 software was used to create graphs and determine
statistical values. For comparison of different survival curves the log-rank test was used
to generate P-values.

Table 1. Bacterial strains and plasmids used in the deletion of pdpA, the creation of
its complement and the characterization of the PdpA protein.

Strain or plasmid Characteristics Source or
reference
Strains
U112 Wild-type F. novicida ATCC
15482
JLO U112 with deletion in FTN_1390, where SKX (222)

vector inserts; identical growth and virulence
with respect to U112

GB2 U112 with point mutation in global virulence  (30)
regulator, mglA

GB6 U112, mgIB : : mTn10Km® (30)

SC92 U112, O-antigen gene : : Em® (98)

F. tularensis subsp. Live vaccine strain, type B biotype ATCC
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holarctica LVS 29684
F. tularensis subsp. Attenuated type A biotype strain ATCC 6223
tularensis B38
ApdpA JLO with a deletion of pdpA This study
ApdpA/SKX::pdpA ApdpA complemented with the integrating This study
pJL-SKX : : pdpA construct
ApdpA-LPS ApdpA, O-antigen gene : : Em® from SC92 This study
NZ9 U112, pdpA : : EmF gene replacement mutant. ~ Laboratory
strain
ApdpA/SKX::pdpA- ApdpA/SKX : : pdpA, O-antigen gene : : Em®  This study
LPS from SC92
E. coli DH5 F supE44 A(lacZYA-argF)U169 (#80lacZA Invitrogen
M15) hsdR17 (" ™x) recAl endAl gyrA96
thi-1 relAl A
E. coli BL21 (DE3) B F dcm ompT hsdS (" ™s) gal A(DE3) Stratagene
pLysS [pLysS Cm']
Plasmids
pWSK29 Low-copy cloning vector, Ap' (399)
pJL-SKX PWSK29 with integrating SKX cassette, Km',  (222)
Amp'
pJL-ES-X pWSK?29 containing an ermCsacB cassette (222)
with flanking Xhol restriction sites
pWSK29:: ApdpA A clone containing the fused flanking regions  This study
of pdpA,; used to create the F. novicida ApdpA
mutant
pJL-SKX:: pdpA An integrating complementation construct This study
containing the full pdpA gene and its predicted
promoter region (522 bp upstream of pdpA
start)
PET 28a Expression vector with 6xHis and T7 tags Invitrogen
pET 28a:: pdpA-C Clone expressing amino acids 405-783 of This study

PdpA with a carboxyterminal 6xHis tag. Used
to create the monoclonal antibody against
PdpA

2.3  Results
2.3.1 Detection of PdpA with monoclonal antibody
The pdpA gene is the first in an AT-rich, 12-cistron operon in the FPI (Figure 9); it

is 2463 bp in length, and encodes a predicted 820 aa (95 kDa) protein. The deduced
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protein shows greater than 97 % amino acid identity across all sequenced strains of
Francisella. The PdpA protein lacks a sec-associated signal peptide, and does not show
significant similarity to other proteins by standard BLASTP analysis. However, iterated
BLAST analysis (PSI-BLAST) suggests the presence of a eukaryotic F-box motif, which
is often found in ubiquitin—ligase complex-associated proteins. Analysis of PdpA using
HHpredict software also detects several protein domains associated with the ubiquitin-

proteasome pathway.

Although we previously used a genetic approach to demonstrate that PdpA plays a
role in virulence, there has been no biochemical evidence demonstrating the expression of
PdpA. To detect the product of the pdpA gene we developed a monoclonal antibody
against a recombinant fragment of PdpA, and used it in Western immunoblots of F.
novicida and F. tularensis extracts. As can be seen in Figure 10(a), the PdpA band in F.
novicida often runs as a distorted band of relative molecular mass of approximately 90. In
the F. tularensis subsp. holarctica strain LVS or the F. tularensis subsp. tularensis strain
B38 the PdpA band migrates as a tight band at a relative molecular mass of
approximately 82. F. novicida has an O-antigen structure and banding pattern that is
different from that found in F. tularensis strains and this may account for the distortion of

the PdpA band that occurs in F. novicida but not in F. tularensis extracts.

To add confidence that the reactive band seen in immunoblots was truly PdpA, we
created a deletion mutant that eliminated codons 1-813 of pdpA (Figure 9 b,c); the last
seven codons were not deleted in order to preserve the ribosome-binding site of pdpB.

The deletion mutation was verified by PCR analysis (Figure 9b) and by sequencing of the
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genomic region of the ApdpA mutant. We also complemented the ApdpA mutation by
inserting pdpA and the region encompassing 522 bp upstream of pdpA into an integrating
vector, pJL-SKX, which inserts into the chromosome at approximately 507 kb from the
pdpA locus. As mentioned, we reasoned that the distortion of the PdpA band was due to
its co-migration with several LPS bands that are present in F. novicida but not in F.
tularensis at the approximate relative molecular mass where PdpA is found. Hence, we
also introduced a genetic lesion that diminishes the amount of O-antigen produced in F.
novicida into the ApdpA mutant and the ApdpA/SKX::pdpA complemented strains.
Immunoblot analysis of the resulting O-antigen-defective strains (Figure 10b) showed
that PdpA is not made in the ApdpA strain but is made in the wild-type and the
complemented strain (both with O-antigen mutations). These results also show that the
reduction in the amount of O-antigen results in PdpA migrating as a sharper band. In
order to ascertain if the ApdpA lesion affected expression of genes downstream of pdpA,
we assessed the expression levels of PdpB, which is encoded by the cistron immediately
downstream of pdpA. As Figure 10(b) shows, the level of PdpB was essentially identical
in the wild-type, the ApdpA and the ApdpA/SKX::pdpA strains. We also assessed the
expression of PdpA and PdpB in ApdpA and ApdpA/SKX::pdpA strains that had the wild-
type form of the O-antigen and found essentially identical results as in Figure 10(b)
except that the PdpA band was usually distorted (data not shown). Unlike the markerless
pdpA mutant constructed in this study, the pdpA::Em® allelic replacement mutant, NZ9,

demonstrated marked polarity effects on PdpB (Figure 10c).
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Figure 10. Detection and subcellular localization of PdpA in Francisella. (a)
Reactivity of anti-PdpA monoclonal antibody with cell extracts of F. novicida and two F.
tularensis subspecies. The O-antigen in F. novicida is thought to cause aberrant
migration of PdpA. The migration of an 83 kDa molecular mass marker is shown on the
right. (b) Effect of deletion of pdpA and mutation of O-antigen gene. An O-antigen
mutation from the previously described mutant SC92 (‘WT-LPS’) was transferred to the
ApdpA mutant and the complemented strain ApdpA/SKX::pdpA, and Western blots with
anti-PdpA and anti-PdpB monoclonal antibodies are shown. For the top part of (b) the
number at the right indicates actual migration of a molecular mass marker, and for the
bottom part, the number indicates a calculated relative molecular mass. (c) A Western
blot using anti-PdpB antibody shows that the pdpA::Em® gene replacement mutant NZ9
expresses greatly reduced levels of PdpB compared to wild-type. (d) Bacteria isolated
from a J774A.1 macrophage infection were fractionated to separate soluble and

membrane-associated proteins. PdpA was found to localize with the soluble proteins, as
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was the transcriptional regulator MglB. PdpB localized to the Sarkosyl-soluble protein
fraction, indicating its association with the inner membrane of F. novicida. NADH
oxidase activity was determined in each fraction as a measure of the relative amount of
inner-membrane protein. The number to the right of the top panel of (d) represents the
actual migration of the molecular mass marker, whereas the numbers in the two bottom
panels represent calculated relative molecular masses. The amount of sample loaded in
each lane was normalized by protein content. Results are representative of duplicate

experiments.

2.3.2 Solubility of PdpA

Some of the genes in the FPI encode homologues of components of T6SSs, and
have been shown to be membrane associated. To test the possible role of PdpA as a
membrane-bound component of a possible T6SS, we analysed the localization of PdpA in
F. novicida cells that had infected macrophages. We reasoned that the localization of
PdpA during an infection would provide information that might suggest a function. The
data presented in Figure 10(d) show that PdpA localizes to the soluble bacterial fraction,
and co-localizes with the gene regulatory protein MgIB. We had previously shown that
PdpB localizes to the inner membrane in broth-grown cells (221), and it localized to the
same fraction in macrophage-grown cells (Figure 10d). Outer-membrane proteins Tul4
and FopA were only detected inthe Sarkosyl-insoluble fraction using anti-F. novicida
antibody (data not shown). Similar results were obtained when we analysed the
localization of PdpA in broth-grown F. novicida (data not shown), with the majority of

PdpA localizing to the soluble fraction.

We previously showed that inactivation of FPI genes iglA, dotU and pdpB, which are

homologues of canonical components of T6SSs, abolished transport of IglC to the outer
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membrane (221). We found that 1gIC transport in the ApdpA background was unaffected
(discussed in chapter 4), suggesting that PdpA does not play a role in T6SS-mediated
secretion. However, these results should be regarded cautiously, since we have so little
information about possible T6SS-mediated secretion in general, and especially in
Francisella. Attempts to detect PdpA in the macrophage cytosol were unproductive

(discussed in chapter 4).

2.3.3 PdpA levels affected by mglAB background and iron concentration

Previous work has shown that FPI mRNA expression is depressed when MglA is
absent and is increased by low iron concentration (51, 70, 109, 210), but none of these
studies examined protein expression levels. In order to assess the effect of these factors
on PdpA protein expression, we examined protein production by immunoblot analysis.
The expression of PdpA was much reduced in both mglA (GB2) and mgIB (GB6) genetic
backgrounds as compared to expression in the wild-type strain of F. novicida (Figure
11a). A similar effect was seen on the expression of PdpB and IgIB in the mglA and mgIB
backgrounds (Figure 11a). Addition of the chelator Desferal to cultures of F. novicida
resulted inan increase in PdpA expression in F. novicida (Figure 11b), presumably due to
the reduction in the amount of available iron. IgIB, IglC and PdpB expression responded
to the addition of Desferal essentially the same as did PdpA (Figure 11b). The effect of
the chelator on protein expression was reversed by the addition of 1 mM FeSO,, which
resulted in PdpA, PdpB, IgIB and IgIC levels that were below those found in untreated
cultures (Figure 11b). Expression levels of a cross-reactive control protein remained

constant regardless of the addition of chelator or excess iron. The levels of PdpB, IgIB



and 1gIC in the ApdpA strain responded essentially identically to chelator or iron

conditions as in the wild-type F. novicida strain (data not shown).
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Figure 11. Regulation of PdpA expression by iron and transcriptional regulators.
(@) Levels of PdpA, PdpB and IgIB protein expression were determined in mglA and
mglB mutant backgrounds. (b) Expression of these proteins, as well as IglC, was also
determined in varying iron conditions. The relative level of fluorescence signal
generated by reactivity of anti-PdpA, anti-PdpB, anti-1gIB, or anti-IglC monoclonal
antibodies, calculated as described in Methods, is indicated. The amount of sample
loaded to the wells of each polyacrylamide gel was normalized by protein content. The
reactivity of a non-specific, cross-reactive protein band is shown in the bottom panel.

Results are representative of experiments performed in triplicate.
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2.3.4 Virulence properties of the ApdpA mutant

Our previous work and the studies of others suggest that PdpA plays a role in
virulence. However, these previous studies were unable to measure expression of
proteins encoded by genes downstream of pdpA or failed to carry out genetic
complementation; most studies failed to carry out either of these controls. Hence, we felt
it was important to test the virulence of a ApdpA mutant that lacked translational polarity
and could be complemented with a single copy of pdpA. We first performed a series of
infections with different inoculating doses in chicken embryos and followed these with
smaller experimental infections of mice. The data presented in Figure 12 show that, at
the inoculating dose of 10 c.f.u., wild-type F. novicida killed 100 % of the chicken
embryos by day 4 post-infection. In contrast, the ApdpA strain failed to kill 50 % of the
embryos by 6 days after the start of the infection. Complementation of the ApdpA
mutation with a single copy of wild-type pdpA resulted in a strain, ApdpA/SKX:: pdpA,
that was equally virulent as the wild-type strain in the chicken embryo infection assay.
Similar results were found in mouse infection experiments. Infection with 10° wild-type
F. novicida killed 5/5 BALB/cByJ male mice but infection of 10 mice with 10" ApdpA
failed to kill any mice (experiment performed by A. Chou and K. Elkins). As we have
shown before (221), infections of chicken embryos with F. novicida mutants are largely
predictive of the outcome of infection of mice with the same mutants. However, mice

appear to be considerably more resistant to killing, especially by attenuated F. novicida.
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Figure 12. Attenuation of the ApdpA mutant in chicken embryos. Seven-day-old
chicken embryos were infected with 10° c.f.u. of wild-type (WT) (a), ApdpA (b) and A
pdpA/SKX : : pdpA (c) strains of F. novicida. Time to death of the embryos was
monitored over a period of 6 days. All experiments were done at three separate
inoculating doses, and the experiments included at least seven embryos per infective dose
per strain; the survival curves presented are representative of three separate trials. The
statistical difference between the WT and ApdpA strain survival curve was measured by
the log-rank test and yielded a P-value of <0.001. The P-value for a comparison of A
pdpA vs ApdpA/SKX : : pdpA was <0.001.

2.4 Discussion

Recent study of F. tularensis has yielded surprisingly little advancement
concerning the characterization and function of virulence-associated proteins. Although
many virulence factors have been discovered, particularly within the FPI, several of these
proteins have proven to be very difficult to study due to toxicity issues and low
expression levels. This research represents the first examples of PdpA protein
characterization and has investigated the virulence of a non-polar, markerless, in-frame,

pdpA deletion mutant.
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Immediately downstream of pdpA lies the pdpB gene, and the pdpB ribosome-
binding site overlaps the 3' end of pdpA. This tight translational coupling of pdpA and
pdpB, and between most other adjacent FPI genes, is consistent with mRNA expression
studies that indicate that FPI genes are controlled by the same global regulators, including
MglA, SspA, PmrA and FevR, or by the same environmental cues, such as low iron
concentration (50, 51, 70, 109, 214, 252). Data presented in this work on the effect of
MglA and iron concentration on expression of PdpA and other FPI-encoded proteins
provide evidence that expression extends to the protein level. The MgIB protein has been
presumed to be involved in expression, and in this work we provided evidence supporting
this idea, as PdpA, PdpB and IgIB expression was virtually undetectable in an mglB
mutant background.

It is also apparent that the allelic replacement of pdpA has polar effects on
expression of the downstream gene pdpB, as there is considerably less PdpB protein
present in strain NZ9 (ApdpA::EmF). This polarity may account for the increased
attenuation of NZ9 in chicken embryos compared to ApdpA (data not shown).

One central biological question regarding the FPI-encoded proteins involves their
possible role in secretion or as effector proteins that interact with host-cell components.
Using macrophage-grown F. novicida we found PdpA in the bacterial cytoplasm.
Although macrophage-grown F. novicida cells are more difficult to analyse than broth-
grown cells, we reasoned that they would provide better evidence of the biologically
relevant localization of PdpA than analysis of broth-grown F. novicida. Localization of
PdpA to the bacterial cytoplasm may lead one to believe that the protein is not a

component of the T6SS, as most proteins involved in assembling a secretion apparatus
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are membrane associated. However, this is not always the case; T6SS proteins have been
shown to localize to both membrane and cytoplasmic fractions so our results have to be
interpreted carefully (407). As a soluble protein, PdpA may function as a chaperone
component of the T6SS or may be a secreted effector protein. We believe that PdpA
might be a secreted effector protein as it does not appear to play a role in secretion as
defined by our recently described criteria (221), yet its absence profoundly decreases
virulence in both chicken embryos and adult mice. Also, the deduced PdpA amino acid
sequence shows low-level similarities to fragments of multiple proteins involved in the
eukaryotic ubiquitin-proteasome pathway, and such molecular mimicry has been
observed in virulence effectors of other intracellular pathogens (19). One of the motifs
that we identified is a possible F-box motif in the N-terminal region of PdpA. In
eukaryotic cells F-box-containing proteins are involved in protein—protein interactions,
most commonly in proteins in the ubiquitin—ligase complex (200). Inspection of the Pfam

tree of F-box proteins (PF00646; http://pfam.sanger.ac.uk/family?acc=PF00646) reveals

several prokaryotic F-box-containing proteins, and F-box regions have been shown to be
important in two bacterial plant pathogens (18, 380). Attempts to express domains that
showed similarity to those found in ubiquitin—ligase complexes have been unsuccessful
due to apparent toxicity involved in expressing PdpA protein domains, particularly those
located within the amino terminus of the protein. Although we believe PdpA is a secreted
effector protein, the current tools and methodologies available have been unable to
confirm this. Clearly, extensive analysis of PdpA will be required to surmise its function

in virulence. The next chapter reports studies on the intracellular growth phenotype of the


http://pfam.sanger.ac.uk/family?acc=PF00646

ApdpA mutant and the effect of the mutation on the macrophage gene expression

response to F. novicida infection.
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Chapter 3: A Francisella novicida pdpA mutant exhibits limited
intracellular replication and remains associated with the lysosomal

marker LAMP-1
(Microbiology (2009), 155, 1498-1504.)

Crystal L. Schmerk,* Barry N. Duplantis,* Perry L. Howard"? and Francis E. Nano®
'Department of Biochemistry and Microbiology, University of Victoria, Victoria, BC, Canada
“Department of Biology, University of Victoria, Victoria, BC, Canada

3.1 Introduction

Francisella tularensis is a facultative intracellular pathogen that is able to grow in
a number of cell types, and is often found in infected tissues within cells of the monocytic
cell lineage (20, 45, 96, 122, 166). Invitro studies have shown that F. tularensis subverts
the normal endocytic pathway of host macrophages and grows rapidly within these cells
(325). Approximately 20 min after macrophage engulfment, the Francisella-containing
phagosome acquires the early endosomal markers EEA-1 and Rab5 (87). The phagosome
subsequently gains late endosomal markers such as Rab7, CD63, LAMP-1 and LAMP-2
(87, 325). This late endosome-like compartment acquires the proton vacuolar ATPase
pump and becomes transiently acidified but does not associate with lysosomal markers,
such as cathepsin D (87, 323, 325). Francisella is thus able to prevent phagosomal—
lysosomal fusion, and within 4 h of uptake actively breaks down the phagosomal
membrane in order to escape into the host-cell cytosol and replicate. The infective
process eventually leads to host-cell death, whereby the bacteria are freed to infect
neighbouring cells.

All Francisella species contain at least one copy of a gene cluster known as the
Francisella pathogenicity island (FPI). A number of genes, particularly within the FPI,

have been shown necessary for phagosomal escape and intracellular replication; however,
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most of these studies have not investigated the nature of the gene products nor provided
any evidence to support a mechanism of action of the gene products (42, 104, 263, 323,
327). Studies of mutants of Francisella novicida that have knockouts of genes encoding
phosphatases suggest that one or more of them play a role in phagosome membrane
degradation. Since the acid phosphatase, AcpA, also has lipase activity, it may play an
important role in degrading the membrane (251, 253, 303).

Microarray analysis has recently been employed in a variety of ways to study
Francisella infection. The majority of these studies have used microarray technology to
profile the transcriptional response of Francisella-infected immune cells (16, 60, 286).
Some have used the microarray-based studies to identify virulence genes (402) or study
the control of virulence gene expression by regulators such as pmrA, mglA and sspA (70,
252, 319). Microarray analysis has not hitherto been used to profile the change in host-
cell responses to Francisella strains with mutations in virulence genes.

The pdpA gene is one of the largest in the FPI and is located at the beginning of a
putative operon containing the pdpB, vgrG and dotU genes. A previously described gene
replacement mutant in the pdpA gene of F. novicida exhibited impaired intracellular
replication and avirulence in mice; however, the substitution of the erythromycin
resistance (Em") cassette for pdpA has since been shown to have polarity effects on genes
downstream of pdpA (previous chapter). Because many of these downstream genes affect
intracellular growth, it is possible that the altered intracellular growth phenotype of the A
pdpA::Em® mutant was due to the suppressed expression of multiple FP1-encoded
proteins. In the previous chapter we describe a non-polar, F. novicida, pdpA deletion

mutant and show that it is highly attenuated for virulence. In this chapter we examine the
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intracellular growth phenotype of the ApdpA mutant, and the effect of the deletion of

pdpA on macrophage gene expression response to F. novicida infection.

3.2  Materials and Methods
3.2.1 Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 2. F. novicida strains
were grown using trypticase soy agar or broth supplemented with 0.1 % (w/v) cysteine
(TSAC, TSBC). When necessary, 15 pg kanamycin ml™ was added to the growth

medium.

3.2.2 Intracellular growth assays

Bone marrow cells were isolated from the femurs of male BALB/c mice and seeded
in 96-well cell culture plates at a density of 3x10° cells per well. Cells were incubated for
1 week in complete Dulbecco’'s Modified Eagle Medium (cDMEM) supplemented with 10
% fetal bovine serum, 2 mM -glutamine, 1 % MEM nonessential amino acids, 10 mM
HEPES buffer solution and 10 % conditioned L929 cell supernatant. After 7 days the
macrophages were infected with F. novicida strains at an m.o.i. of 50:1 (bacteria:
macrophage). The monolayers were incubated at 37 °C, 5 % CO,, for 1 h to allow uptake
of the bacteria and then washed five times using sterile PBS. Infected macrophages were
lysed with 0.1 % (w/v) deoxycholic acid at0, 24 and 48 h post-infection. Lysates were
serially diluted in PBS containing 0.1 % (w/v) gelatin and plated on TSAC for
enumeration. Experiments using the J774A.1 murine macrophage cell line were carried

out in a manner similar to those used for bone marrow-derived macrophages (BMDM).
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Cells were seeded in 96-well cell culture plates at a density of 5x10* cells per well and
allowed to adhere overnight. F. novicida strains were added to the wells at an m.o.i. of
50:1 and the infection was carried out as described above. Infected macrophages were

lysed with 0.1 % deoxycholic acid at 0, 24 and 48 h post-infection.

3.2.3 Real-time PCR assays

J774A.1 murine macrophage infections were performed as described above, except
that infections were performed in 25 cm?tissue culture flasks. mRNA was isolated from
the macrophage cell line 12 h after infection using PureLink Micro-to-Midi total RNA
purification system (Invitrogen) according to the manufacturer's protocols. Quantitative
real-time (QRT-PCR) data were generated using the RT? Profiler PCR array mouse Signal
Transduction PathwayFinder (SuperArray Bioscience). gqRT-PCR was performed with
1.5 pg total RNA according to the manufacturer's protocol using the Stratagene MX4000

thermocycler.

3.2.4 Immunofluorescence and LAMP-1 association

J774A.1 macrophages were seeded on 22 mm glass coverslips in 6-well tissue
culture plates at a density of 1x10° cells per well and allowed to adhere overnight. Cells
were chilled on ice for 5 min and bacteria were added to each well atan m.o.i. of 500:1,
after which the cells were chilled for an additional 10 min. Cells were immediately
warmed ina 37 °C water bath for 3 min to synchronize bacterial uptake and then
incubated at 37 °C, 5 % CO, for an additional 20 min. Wells were washed five times in
PBS and fresh medium was added. At the appropriate time points the coverslips were

removed and rinsed in PBS. The coverslips were then treated with 2 % (w/v)
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paraformaldehyde, 1 % (w/v) sucrose, PBS for 20 min at room temperature followed by
immersion in ice-cold methanol for 10 min at —20 °C. Coverslips were placed in blocking
solution containing 5 % lamb serum for 30 min. Rabbit polyclonal anti-F. novicida (261)
and rat monoclonal anti-LAMP-1 (DSHB, University of lowa) antibodies were incubated
with the coverslips overnight at 4 °C at a dilution of 1:1000. Coverslips were then
washed three times with PBS and incubated for 2 h with goat anti-rabbit Alexafluor568
and goat anti-rat Alexafluor488 secondary antibodies (Molecular Probes) at a dilution of
1:1500. The coverslips were incubated for 5 min with Hoescht 33258 (Molecular Probes)
to label the DNA. Cells were imaged with a Leica DMIREZ inverted fluorescent
microscope using a 100x oil immersion lens. Using Openlab 5.1 software, multiple-
channel Z stacks were captured and deconvoluted in order to score macrophage LAMP-1

association with the bacterial strains.

3.2.5 Graphing and statistics

The Prism GraphPad v4.03 software was used to generate graphs and to calculate
the appropriate statistical values, including standard deviation, standard error of the mean
and P-values. For P-values the Student t-test or two-way ANOVA were used where

appropriate.



82

Table 2. Bacterial strains used to study the intracellular growth phenotype of the
pdpA mutant and host cell signalling pathways altered by infection with F. novicida.

Strain Characteristics Reference
U112 Wild-type F. novicida ATCC
15482
JLO U112 with deletion in FTN_1390, where SKX vector (222)
inserts; identical growth and virulence with respect to
U112
GB2 U112 with point mutation in global virulence regulator, (30)
mglA
ApdpA JLO with a deletion of pdpA This study
ApdpA/SKX::  ApdpA complemented with the integrating pJL-SKX:: This study
pdpA pdpA construct
AiglC JLO with a deletion of igIC (104)
3.3 Results

3.3.1 Intracellular growth of pdpA mutants

Our previous work had shown that a gene replacement mutation in pdpA resulted in

a strain defective for intramacrophage growth (263). We have since learned that this and

other replacement mutations generated polarity effects; hence we examined the phenotype

of the newly created ApdpA strain (discussed in the previous chapter), which has a non-

polar deletion mutation. Infection of the ApdpA mutant in mouse BMDM resulted in

limited growth that showed an initial increase in F. novicida numbers followed by a

decline in numbers (Figure 13a). Macrophages infected with the ApdpA mutant appeared

healthy throughout the infection, displaying no signs of cytotoxicity or cell-rounding.

Genetic complementation, but not a mock complementation (data not shown) with the

pJL-SKX vector, restored nearly complete growth in the macrophages (Figure 13a). Very
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similar results were observed when J774A.1 macrophages were infected with the ApdpA
mutant and its genetic complement (Figure 13b). While statistical analysis showed that
the growth of the ApdpA mutant is clearly different from both the wild-type strain and
from the complemented strain, this analysis also showed that the growth of the wild-type
and complemented strains was different, indicating that the wild-type phenotype was not
fully restored by genetic complementation. The influence of an exogenous promoter in

the pJL-SKX::pdpA vector may account for these differences.
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Figure 13. Intracellular growth of ApdpA mutants. The ApdpA mutant was able to
replicate in BMDM (a) and J774A.1 cells (b) within the first 24 h of infection. Bacterial
numbers decreased after 48 h and macrophages exhibited no signs of cytotoxicity.
Complementation of the ApdpA deletion restored the wild-type (WT) growth phenotype.
The AmglA mutant was included as a control as it is unable to replicate within
macrophages. All data points in both panels are representative of three replicates and
each experiment was performed in triplicate. Two-way ANOVA was used to calculate
the significance of the differences in the growth curves between pairs of strains. For
BMDM: WT vs ApdpA, P<0.001; WT vs ApdpA/SKX::pdpA, P=0.0261; and for ApdpA
vs ApdpA/SKX::pdpA, P=0.0028. For J774A.1 macrophages: WT vs ApdpA, P=<0.001;
WT vs ApdpA/SKX::pdpA, P=0.006; and for ApdpA vs ApdpA/SKX::pdpA, P=<0.001.

3.3.2 LAMP-1 association of the pdpA mutant

There is now a substantial body of literature that documents the escape of
Francisella from LAMP-1-laden phagosomal vesicles, and the failure of some FPI
mutants to escape at wild-type levels. In order to evaluate the intracellular trafficking of

the ApdpA mutant, we infected mouse macrophage-like cell line J774A.1 cells, and
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examined the co-localization of LAMP-1 with wild-type F. novicida, the ApdpA mutant,
and a AiglC mutant. F. tularensisand F. novicida mutants in iglC have been shown by
others to be defective for phagosome escape (42, 218, 327). Our experimental results
using deconvoluting fluorescence microscopy showed a clear separation of wild-type F.
novicida and LAMP-1 localization at 12 h post-infection (Figure 14a—c). In contrast, the
ApdpA mutant (Figure 14d—f) and the AiglC mutant (Figure 14g—i) showed close
association of F. novicida and LAMP-1 localization. A close examination of the
micrographs revealed that individual cells of ApdpA (Figure 14d—f) and AigIC (Figure
14g-1) were surrounded by a LAMP-1-laden structure that took the shape of the bacterial
cells. However, this was not seen in the images of wild-type F. novicida (Figure 14a—c).
Genetic complementation with pJL-SKX : : pdpA restored LAMP-1 association to wild-
type levels (data not shown). The clear association of ApdpA cells within a LAMP-1-
loaded structure continued even after 19 hinfection (Figure 15a—c). A quantitative
analysis of F. novicida-LAMP-1 association showed that less than 10 % of the wild-type
F. novicida was LAMP-1 associated 12 h post-infection while 92 % of ApdpA and 74 %

of the AiglC strain were LAMP-1 associated (Figure 16).
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Figure 14. The ApdpA mutant replicates in macrophages but remains LAMP-1
associated. J774A.1 macrophages adhered to glass coverslips were infected with F.
novicida U112 (a—c), ApdpA (d-f), or AiglC (g-i) at an m.o.i. of 500:1. The colours in
merged panels a, d and g correspond to Hoechst DNA (blue), anti-LAMP-1 (green), and
anti-F. novicida (red). Panels b, e and h represent staining with anti-F. novicida
antibody, and panels c, f and i represent staining with anti-LAMP-1. The arrowheads

indicate areas of LAMP-1 staining that correspond to bacterial location.
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Figure 15. The ApdpA mutant remains LAMP-1 associated late in infection. The
association of ApdpA with LAMP-1 continues after 19 h infection (a). This localization
is clearly seen in the corresponding enlarged images of the boxed region stained with

only anti-F. novicida (b) or anti-LAMP-1 (c).
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Figure 16. Association of F. novicida mutants with LAMP-1. Bacterial association
with LAMP-1 was scored at 12 h post-infection by counting a minimum of 100 F.
novicida cells for each strain. The Student's t-test was used to examine the significance
of the differences between strains of the LAMP-1 positive or negative F. novicida cells
and some of these P-values are shown on the graph. The P-values for wild-type (WT) F.
novicida vs the AiglC strain are (LAMP-1 positive), 0.0001; and (LAMP-1 negative),

0.0024. The experiment was performed in triplicate.

3.3.3 Effect of the deletion of pdpA on host-cell mMRNA responses

As an approach to discern a possible role of PpdA in host-cell processes, we
compared the effect of infection of macrophages with wild-type and the ApdpA deletion
strain on host-cell mMRNA levels of selected signalling pathways. A summary from a
representative set of experiments of the mRNA levels that were affected is shown in

Table 3. Each of the columns showing the fold changes represents the results of separate
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experiments in which the mRNA levels were measured from sets of macrophage cultures
subjected to two different infections or an infection and a mock infection. In addition, all
experimental runs were duplicated. When the mRNA levels following infection with the
ApdpA strain are compared to those following infection with the wild-type strain there are
28 mRNA species that are elevated and four that are depressed (Table 3, column 3) at
least twofold. Importantly, the experimental fold differences seen for infections with the
ApdpA vs the wild-type strain (column 3) are reflected by a comparison between the
results of a wild-type infection vs uninfected macrophages (column 5) and the results of
the MRNA levels measured in ApdpA infections vs uninfected macrophages (column 7).
Of the 32 RNAs shown in Table 3, thirteen encode ligands, five encode receptors, six
encode pathway components and eight encode effector molecules. Of the ten most

strongly upregulated messages, eight are transcripts from ligand-encoding genes.

Table 3. Changes in mRNA levels of J744 macrophage-like cells following infection
with F. novicida strains

MmRNA  Corresponding ApdpA Wild-type ApdpA infection
protein infection vs infection vs vs uninfected

wild-type uninfected J774A.1
infection J774A.1
Fold P- Fold P-value Fold P-value
change value change change

Lep Leptin 454  <0.001 041 0.282 184.82 <0.001

Igfbp3 Insulin-like 387 <0.001 2.03 0.142 786.88 0.001

growth factor-
binding protein
3

Wntl Wingless- 305 <0.001 0.57 0.607 17437 <0.001
related MMTV
integration site 1

Ccl20 Chemokine (C- 303 <0.001 147 0.285 446.34 <0.001
C) ligand 20
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Whnt2

Bircla

Csf2

Fgf4

Lefl

Cypl9al

Sele

Tmepai

Hhip
Wispl
Hk2
Fasl

Cxcll

lgfbp4

Lta
I12ra

I11a
Ccndl
Mdm2

Wingless- 191
related MMTV
integration site 1
Bacloviral | AP 115
repeat-

containing 1

Colony 110
stimulating

factor 2

Fibroblast 82
growth factor 4
Lymphoid 76
enhancer

binding factorl
Cytochrome 68
P450, family 19,
subfamily a,

polypeptide 1

Selectin, 50
endothelian cell
Transmembrane, 45
prostate

androgen-

induced RNA
Hedgehog- 21
interacting

protein

WNT inducible 8.8*
pathway protein

1

Hexokinase 0.11
Fas (TNF super 8.5
family receptor)
Chemokine (C- 7.5
x-C) ligand 1
Insulin-like 6.8
growth factor-

binding protein

4

Lymphotoxin A 6.3
Interleukin 2 6.1
receptor «

Interleukin le 4.9
Cyclin D1 3.7
Transformed 0.3

mouse 3T3 cell

<0.001

<0.001

<0.001

0.014

<0.001

0.02

<0.001

0.04

<0.001

0.001*

<0.001

0.08

<0.001

0.004

<0.001
0.002

0.035
<0.001
0.002

1.65

2.79

5.91

1.30

1.86

1.48

2.9

4.21

6.06*

1.01

0.7

1.62

0.08*

0.81
0.72

2.73
0.28
3.22

0.397

0.213

0.033

0.702

N/A

0.334

0.580

0.215

0.033

0.011*

0.9817

0.767

0.341

0.0013*

0.489
0.613

0.0211
0.002
0.0088

315.17

82.25

648.07

105.86

75.90

126.06

74.54

131.23

86.70

19.62

0.12

591

12.18

0.56*

5.11*
4.40*

13.38
1.02*
0.97

<0.001

0.0167

<0.001

0.0095

<0.001

0.0084

<0.001

0.007

<0.001

0.0348

0.0015

0.0092

0.002

0.058*

<0.001*
0.044*

0.001
0.093*
0.901
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Tert

Trp53

Nos2

Ikbkb
FasN
[l4ra
Tfrc
Nab2

Cdk2

double minute 2
Telomerase
reverse
transcriptase
Transformation-
related protein
53

Nitric oxide
synthase 2
inducible,
macrophage
Inhibitor of
kappaB kinase S
Fatty acid
synthase
Interleukin 4
receptor «
Transferrin
receptor
Ngfi-A-binding
protein

Cyclin-
dependent
kinase 2

3.3

3.2

0.31

2.8

0.38

2.54

24

2.3

2.1

<0.001

<0.001

0.002

0.004

0.16

0.002

<0.001

<0.001

<0.001

0.58*

0.54

11.3*

0.79*

0.23

0.52*

0.82*

0.81*

0.45*

0.053*

0.019

<0.001*

0.252*

0.028

0.026*

0.047*

1.38*

0.001

1.92

1.72

3.49*

2.24*

0.09

1.32*

19.3*

1.85*

0.98

0.008

0.021

0.004*

0.009*

0.001

0.22*

0.026*

0.001*

0.877

*Indicates that a value represents the mean of four samples rather than five in an

experimental run.

Experimental results presented in Table 3 contributed by B. N. Duplantis.
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3.4  Discussion

Like many intracellular pathogens, the ability of F. tularensis to interfere with the
endocytic pathway of its host cell is vital in the pathogen's ability to cause disease.
Although itis clear that infecting bacteria are able to break down the phagocytic
membrane prior to lysosomal fusion, it is not clear what virulence factors are responsible
for this process. It is apparent that many of the FPI-encoded proteins are required for
Francisella intracellular growth and virulence, although some of the pathogenicity island
proteins are required only for the latter (221). There is also substantial bioinformatic and
biochemical evidence that the FPI encodes proteins that make up a type VI secretion
apparatus or a macromolecular structure related to the type V1 secretion system (37, 104,
221). Although we and others have adopted the hypothesis that an FPI-encoded secretion
system is responsible for transport of virulence factors that modulate host-cell functions,
there is, at present, little evidence for this model, and no experimental results that
precisely define the role of any FPI-encoded protein.

This study represents the first detailed analysis of a non-polar pdpA deletion
mutant and the role of PdpA in intracellular growth. Although the ApdpA mutant is able
to replicate, albeit minimally, in both BMDM and J774A.1 macrophages, this replication
ceases after 24 h and bacterial burdens begin to decrease. This growth phenotype differs
from that of a previously studied polar allelic replacement mutant that was completely
impaired in its ability to replicate within macrophages (263). Recent work by Chong et
al. reveals that polarity effects are also observed in the AigIC::Em mutant, with levels of
IgID expression being drastically reduced in this strain (76). These authors suggest that

such observations require the re-evaluation of conclusions drawn from previous studies
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using the AiglC::Em mutant. This agrees with our findings regarding the ApdpA::Em
mutant and emphasizes the importance of creating non-polar mutants for analysis,
especially in the FPI, where the full expression of several transcriptionally linked genes
appears to be required for intracellular growth. Statistical analysis indicated that genetic
complementation of the pdpA deletion did not fully restore intracellular growth to wild-
type levels. The incomplete complementation may have resulted from the recombinant
pdpA gene being located at an ectopic location within the chromosome, leading to subtle
alterations in pdpA expression.

Other researchers have shown that mutation of some FPI genes leads to
Francisella strains that fail to escape the phagosome (42, 218, 327). Like this work,
these studies are attempts to surmise the function of different FPI-encoded proteins by
examining the intramacrophage phenotype of Francisella strains with lesions in FPI
genes. The deletion mutant of pdpA made in this work behaves similarly to mutants in
iglC and iglID, in that all the mutants are impaired in their intracellular replication and
have an increased association with the LAMP-1 lysosomal marker at time points when
wild-type Francisella has escaped the phagosome (42). Since the FPI appears to encode
a T6SS, the current challenge is to decipher which FPI genes are needed for secretion and
which, if any, encode secreted effector proteins that interact with host-cell components.
We do not believe that PdpA is a structural component of the T6SS because the protein
does not seem to play a part in the secretion of 1gIC (discussed further in next chapter)
(221), and bioinformatic analysis fails to show any similarity of PdpA with known T6SS

components in other bacteria.
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Without knowing the nature of PdpA, and whether its mode of action has a direct
or indirect effect on host-cell function, it is difficult to attribute a biological response
directly to its expression. Nevertheless, our comparison of host-cell MRNA responses to
infection by wild-type F. novicida and to the ApdpA mutant may contribute to the
development of hypotheses about the role of PdpA and its interaction with host-cell
components. Our examination of the levels of selected host-cell transcripts shows that the
absence of PdpA in F. novicida results in significantly different host-cell responses to
infection compared to an infection with wild-type F. novicida. That the absence of PdpA
results in higher levels of mMRNA for genes encoding ligands suggests that one of PdpA's
functions is to suppress macrophage ability to signal via growth factors, cytokines and
adhesion ligands. Our inference from these limited data is that PdpA plays a role in
suppressing the infected macrophage's ability to recruit and stimulate other immune cells.
It is still unclear whether these effects on host cell signalling are a direct or indirect result
of PdpA’s absence. Thus, these results can only be considered as clues to the role of
PdpA in the intracellular parasitism by F. novicida, and considerably more work is

needed to define the role and mode of action of PdpA.
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Chapter 4: Efforts in determining the function of PdpA
(unpublished data)

4.1 Introduction

Intracellular pathogens have developed many strategies to avoid host cell defenses
and cause disease. One tactic employed by pathogens is to mimic host cell proteins in
order to interfere with normal host processes or hijack these host processes for their own
means (113, 353). The Agrobacterium tumefaciens protein VirF contains an F-box
domain (336, 380). In eukaryotes this conserved domain is approximately 45 amino
acids in length and is found at the amino terminus of F-box proteins. The F-box domain
mediates interaction with Skpl, a component of the SCF ubiquitin ligase complex (200).
This complex is one of several E3 ubiquitin ligases which are responsible for labelling
proteins with ubiquitin. The resulting ubiquitination results in either the activation of a
range of signalling cascades or degradation of the target protein via the 26S proteasome
(19, 315). The carboxy terminus of F-box proteins contains a domain which interacts
with proteins which are targets for ubiquitination via the SCF complex (200). VirF of the
plant pathogen A. tumefaciens mimics eukaryotic F-box proteins and is able to interact
with plant homologues of the yeast Skp1l protein (336). The VirF-containing SCF
complex is responsible for the targeted degradation of Agrobacterium proteins VirE2 and
VIP1 when they are no longer required by the pathogen (380). There are many proteins
encoded within sequenced bacterial genomes that are predicted to contain F-box
domains; however few of these predicted proteins have been studied (18, 336).

Intracellular pathogens secrete a variety of effector proteins into the host cell

environment. Several of these secreted effectors have been shown to play important roles
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in modulating a variety of host cell responses including the prevention of NFxB
activation and the alteration of phagosome maturation or stability (19, 128, 315, 340).
Numerous bacterial effector proteins including, YopJ and OspG, specifically interfere
with host cell ubiquitin-proteasome related pathways (198, 258, 416). Ubiquitination
plays an important role in regulating membrane protein trafficking and is involved in
endosomal maturation and signalling (5, 43, 177). Surprisingly little is known about the
role of ubiquitination in phagosomal maturation and signalling. Work by Lee et al.
suggests that ubiquitination and a functional proteasome are required for receptor
elimination from phagosome membranes but they do not appear to play a role in
phagosomal fusion events (212). To date, no bacterial protein has been found to prevent
phagosomal maturation or disrupt the integrity of the phagosome by interfering with
ubiquitin related pathways.

Francisella tularensis is a facultative intracellular pathogen whose disease
mechanisms are poorly understood. The Francisella pathogenicity island was discovered
in 2004 and contains many genes which are required for the intracellular growth and
virulence of the bacterium (262, 263). Several proteins within the FPI, including
IglA,B,C, PdpB and DotU, have been recognized as components of a recently identified
type VI secretion system (104, 221). Further research is needed to identify all of the
proteins involved in this secretion system, including which proteins are the effectors
transported by this secretion apparatus. As discussed in the previous chapters, the PdpA
protein is encoded for within the FPI and is needed for F. tularensis to cause disease. An
in depth analysis discussed in chapter 3 revealed that a ApdpA mutant remains LAMP-1

associated during macrophage infections, indicating that the mutant is unable to escape



97

the phagosome and replicate within the host cell cytosol. In this chapter we further study
the function of PdpA through targeted mutagenesis, immunofluorescence microscopy and

Francisella secretion assays.

4.2 Materials and Methods
4.2.1 Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 4. F. novicida strains
were grown using trypticase soy agar or broth supplemented with 0.1 % (w/v) cysteine.

When necessary, 15 pg kanamycin ml™ was added to the growth medium.

4.2.2 Mutagenesis and complementation

The pdpA A112-227 mutant strain was created using the technique described in
chapter 2. The pdpA A112-227 mutant was complemented with a full length pdpA gene
using the kanamycin integration vector pJL-SKX which was also described in section
2.2.2. The alanine mutants were created using a megaprimer based mutagenesis
approach as described by Tyagi and Duggleby (379). Primers were designed which
would change specific amino acids within PdpA, replacing them with alanine residues
(see figure 15). The alanine mutant amplicons were cloned into pWSK29 to create
PWSK29::pdpAsia1s122_ a121a122, PWSK29::pdpA 1271139 s A127A139, aN
PWSK29::pdpAkiezrisa at62a164- The inserts were excised using Xhol, ligated to the
Xhol-Xhol sacB-EmR cassette from pJL-ES-X, and the ligation reaction was used to
transform F. novicida JLO as described in section 2.2.2. The sequences of the primers

used to create these genetic constructs will be made available upon request.
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4.2.3 Expression of FLAG-epitope tagged FPI proteins in F. novicida

The pdpA and pdpE genes were PCR amplified and ligated into pKH3, a pFNTLP
derivative with a 3X FLAG insert (Hueffer et al., unpublished data). Constructs were
transformed into F. novicida U112 and strains were analyzed by Western immunoblotting

for production of FLAG-tagged proteins of the expected size.

4.2.4 Intracellular growth assays

Bone marrow derived macrophages and J774A.1 macrophages were infected as
described in section 3.2.2. NIH 3T3 fibroblasts were infected in a similar manner to the
macrophage infections. Cells were seeded in 24-well cell culture plates at a density of
5x10* cells per well and allowed to adhere overnight. F. novicida strains were added to
the wells at an m.o.i. of 500:1 and the infection was carried out as described above.
Infected fibroblasts were lysed with 0.1 % deoxycholic acid at 0, 24 and 48 h post-

infection.

4.25 Chicken embryo infections

Fertilized White Leghorn chicken embryos were infected with the appropriate F. novicida
strains as described in section 2.2.6. After infection, embryo death was monitored over a

period of 6 days; the results of one inoculating dose are presented.
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4.2.6 NIH 3T3 fibroblast immunofluorescence

NIH 3T3 fibroblasts were seeded on 22 mm glass coverslips in 6-well tissue
culture plates at a density of 6x10° cells per well and allowed to adhere overnight. The
infection was carried out as described in section 3.2.4 with the exception that bacteria
were added to each well atan m.o.i. of 1000:1. The coverslips were then fixed and

prepared for immunofluorescence imaging as described in section 3.2.4.

4.2.7 Ubiquitin localization immunofluorescence

J774A.1 macrophages were seeded on 22 mm glass coverslips in 6-well tissue
culture plates at a density of 1x10° cells per well and allowed to adhere overnight. Cells
were infected with the appropriate Francisella strains as described in section 3.2.4. The
coverslips were fixed in 2 % (w/v) paraformaldehyde, 1 % (w/v) sucrose, PBS for 20 min
at room temperature followed by permeabilization in 0.5% Triton X-100 for 10 min at
room temperature. Coverslips were blocked in PBS containing 5 % lamb serum for
30 minutes. Rabbit polyclonal anti-F. novicida (261) and mouse monoclonal anti-
ubiquitin FK2 (Enzo Life Sciences) antibodies were incubated with the coverslips for 1
hour at a dilution of 1:1000. Coverslips were then washed three times with PBS and
incubated for 2 h with goat anti-rabbit Alexafluor568 and goat anti-mouse Alexafluor488
secondary antibodies (Molecular Probes) at a dilution of 1:1500 and 1:2000, respectively.
The coverslips were incubated for 5 min with Hoescht 33258 (Molecular Probes) to label
the DNA. Cells were imaged with a Leica DMIREZ inverted fluorescent microscope

using a 100x oil immersion lens. Using Openlab 5.1 software, multiple-channel Z stacks
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were captured and deconvoluted to observe bacterial association with ubiquitinated

proteins.

4.2.8 Western immunoblot analysis

SDS-PAGE and Western blotting was performed according to standard
techniques as described in section 2.2.3. Membranes were stained with Nigrosin to
ensure equal sample loading. Rabbit anti-IglA (263), mouse anti-IglB, mouse anti-IglC,
and mouse anti-PdpA antibodies were used at dilutions of 1:4,000, and mouse anti-FLAG
M2 (Sigma) was used at 1:10,000. Bound antibody was detected using IRDye800-
conjugated goat anti-mouse or IRDye800-conjugated goat anti-rabbit antibody (Rockland
Immunochemicals) and visualized using the LiCor Odyssey imaging software version

2.1.

4.2.9 Biotinylation of Francisella outer membrane proteins

The biotinylation of surface-exposed proteins was performed using the EZ-Link
sulfo-NHS-LC-LC-biotin (Pierce) labelling agent. Plate-grown F. novicida strains were
suspended and washed three times in cold PBS. After washing the bacterial pellet was
resuspended in 1ml of PBS after which 2501 of a 15mg ml™ solution of sulfo-NHS-LC-
LC-biotin was added. Cells were incubated with the biotin solution for 30 minutes at
room temperature, pelleted at 8,000 x g, and washed in 1 ml of biotinylation salt solution
(50 mM Tris, 300 mM NacCl, pH 7.5). Bacteria were washed in ice cold PBS,
resuspended in 50 ul of PBS and then lysed by adding 500 ul of B-PERII (Pierce). The

lysate was centrifuged at 15,200 x g for 1 minute and the supernatant was transferred to a
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new 1.5-ml tube containing 200 pl of Ultralink-immobilized NeutrAvidin beads (Pierce).
Tubes were gently rocked for 30 minutes at room temperature and the NeutrAvidin beads
(along with any biotin conjugated proteins) were washed in Tris-buffered saline. Protein
was recovered by resuspending the pelleted NeutrAvidin beads in SDS-PAGE sample
buffer and boiling at 90°C for 10 minutes. The heated mixture was gently pelleted to
remove NeutrAvidin beads, and 25 pl of supernatant was separated using standard

Western immunoblot analysis as described above.

4.2.10 Immunoprecipitation of secreted Francisella protein from broth grown
culture

F. novicida cultures (20ml) grown overnight were centrifuged at 10,000 rpm for
15 minutes at 4°C and supernatants were passed through a 0.45 pM filter. Ice cold TCA
was added to the supernatant to a final concentration of 10% and left on ice for 90
minutes. The TCA treated proteins were pelleted by centrifugation at 11,000 rpm for 45
minutes at 4°C. The pellet was washed twice in ice cold acetone and air dried. The dried
pellet was resuspended in 50 ul of 67 mM Tris, pH 6.8. The protein sample was then

analyzed using standard Western immunoblotting techniques.

4.2.11 Immunoprecipitation of secreted Francisella protein from infected
macrophages

J774A.1 cells were seeded in 75cm? tissue culture flasks and infected with
appropriate F. novicida strains in a manner similar to the intracellular growth assays

described in section 3.2.2. After 4 hours of infection the macrophages were washed and
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scraped into PBS and then pelleted in preparation for lysis. Cells were resuspended in 1
ml of ice cold homogenization buffer (250 mM sucrose, 3 mM imidazole (pH 7.4), 0.5
mM EDTA and protease inhibitor) and broken by repeat passage through a 27 * gauge
needle on ice. The sample was centrifuged at 8000 rpm, 10 min, 4°C to remove bacteria,
unbroken macrophages and debris. The soluble supernatant containing macrophage
proteins and any secreted F. novicida proteins was subjected to FLAG-
immunoprecipitation according to the manufacturer’s instructions (Sigma). Bacterial
pellets from the infection were examined by Western immunoblotting with anti-FLAG
M2 antibody (Sigma) to make certain that each sample contained a similar amount of

bacteria.

4.2.12 Graphing and statistics

The Prism GraphPad v4.03 software was used to generate graphs and to calculate
the appropriate statistical values, including standard deviation, standard error of the mean
and P-values. For P-values the log-rank test or two-way ANOVA were used where

appropriate.

Table 4. Bacterial strains and plasmids used in creating targeted deletions within
pdpA and in studying PdpA function and Francisella secretion.

Strain Characteristics Reference
U112 Wild-type F. novicida ATCC 15482
JLO U112 with deletion in FTN_1390, where SKX (222)

vector inserts; identical growth and virulence
with respect to U112

AmglA U112 with point mutation in global virulence (30)
regulator, mglA
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ApdpA
ApdpA/SKX::pdpA

pdpAAl112-227
pdpAAll2-
227/1SKX::pdpA
PdpAsi21s122 , A121A122

PAPAL1271139_, A127A139

PAPAki62r164_, Al62A164

KM14S

JLO/pJL-SKX::anmK-
pdpD

ApdpA/pJL-
SKX::anmK-pdpD
ApdpA/pdpA-FLAG

ApdpE/pdpE-FLAG

ApdpE

Plasmids
pWSK29
pJL-SKX

pJL-ES-X

PWSK29:: pdpAAll2-
227

pJL-SKX:: pdpA

pWSK29::

JLO with a deletion of pdpA

ApdpA complemented with the integrating
pJL-SKX::pdpA construct

JLO with an in-frame deletion of aa 112-227  This study
pdpAA112-227 complemented with the This study
integrating pJL-SKX::pdpA construct

JLO with serine 121 and 122 of PdpA mutated This study
to alanine residues

JLO with leucine 127 and 139 of PdpA
mutated to alanine residues

JLO with lysine 162 and arginine 164 of PdpA This study
mutated to alanine residues

This study
This study

This study

KM14, valAB duplication resolved, serum (237)

sensitive mutant

JLO complemented with the integrating pJL- (221)

SKX::anmK-pdpD construct

ApdpA complemented with the integrating This study

pJL-SKX::anmK-pdpD construct

ApdpA complemented with pKH3::pdpA- This study

FLAG

ApdpE complemented with pKH3::pdpE- de Bruin et al.,

FLAG unpublished
data

JLO with a deletion of pdpA de Bruin et al.,

unpublished

data

Low-copy cloning vector, Ap' (399)

pWSK29 with integrating SKX cassette, Km',  (222)

Amp'

pPWSK29 containing an ermCsacB cassette (222)

with flanking Xhol restriction sites

A clone containing the fused flanking regions This study
of pdpA aa 112-227; used to create the F.
novicida pdpAAl12-227

An integrating complementation construct
containing the full pdpA gene and its predicted
promoter region (522 bp upstream of pdpA
start)

A clone containing the pdpA gene which has

This study

This study




104

PdpAsizisizo  A121a122  been altered to mutagenize Ser 121 and Ser
122 to Ala; used to create the F. novicida

PAPAs1215122 \A121A122
pPWSK29:: A clone containing the pdpA gene which has  This study
PAPAL127L130 ,A127A130  Deen altered to mutagenize Leu 127 and Leu
139 to Ala; used to create the F. novicida
pdpAL127L139AA127A139

pWSK29:: A clone containing the pdpA gene which has  This study
pdpAK162R1649A162A164 been altered to mutagenize Lys 162 and Arg
164 to Ala; used to create the F. novicida
pdpAK162R164_\A162A164

pKH3::pdpA-FLAG A clone containing the pdpA gene in-frame Hueffer et al.,
with a 3XFLAG epitope; used to create the F. unpublished
novicida ApdpA/pdpA-FLAG data

pKH3::pdpE-FLAG A clone containing the pdpE gene in-frame Hueffer et al.,
with a 3XFLAG epitope; used to create the F. unpublished
novicida ApdpE/pdpE-FLAG data

pJL-SKX::anmK-pdpD An integrating construct which overexpresses (221)
the pdpD gene; used to create the F. novicida
ApdpA/pJL-SKX::anmK-pdpD

4.3 Results
4.3.1 Intracellular growth and virulence of a pdpAA112-227 mutant

The traditional methods of expressing and isolating soluble protein for structural
and functional analysis have been unsuccessful in studying PdpA. For this reason we
must utilize bioinformatic tools such as BLASTP and HHpred analysis to provide clues
to the possible function of PdpA. PdpA shows no significant similarity to any other
protein of known function; however the amino terminus of PdpA shares weak homology
with several domains found in proteins involved in ubiquitination. The most intriguing
similarity PdpA shared was with the eukaryotic F-box domain (see Figure 17). This
domain is found in F-box proteins which are recruited as part of the SCF ubiquitin ligase

complex. The amino terminus of the protein contains the F-box domain which interacts
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with Skpl of the SCF complex. The carboxy terminus contains a domain which interacts
with various target proteins. Thus the F-box protein brings target proteins to the SCF
ubiquitin ligase complex for ubiquitination (200). Deletion of the F-box domain ablates
interaction with Skpl thus preventing ubiquitination of the F-box target protein (18, 25,

200, 336).
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Figure 17. PdpA F-box alignment and mutagenesis. Diagrammatic representation of
the pdpA gene and a partial in-frame deletion. The deleted region encodes a stretch of
amino acids (121-197) that show similarity to eukaryotic F-box domains, which are
highly degenerate. The symbols show the location of alanine codon substitutions in the
three double mutants (two alanine changes for each mutant). Mutated leucine residues
127 and 139 are highly conserved residues essential for F-box protein interactions. H1,

H2 and H3 indicate the three alpha helical regions found in F-box domains.

To determine if PdpA contains a functioning F-box domain we deleted amino

acids 112-227; the region surrounding the predicted F-box domain (Figure 17). This
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deletion was confirmed via PCR analysis and DNA sequencing. Amounts of PdpB
protein were also assessed to ensure there were no polarity effects on downstream genes
(data not shown). The intracellular growth phenotype of the pdpAA112-227 mutant was
assayed in J774A.1murine macrophage-like cells and BMDM’s. The growth phenotype
was very similar to that of the ApdpA mutant described in chapter 3 (Figure 18a,b).
There was restricted growth of the mutant strain with an initial increase followed by a
marked decrease in bacterial numbers. Macrophages infected with the pdpAA112-227
mutant appeared healthy throughout the infection, displaying no signs of cytotoxicity or

cell-rounding. Genetic complementation restored intramacrophage growth (Figure 18a,b).

The pdpAA112-227 mutant was also used to infect NIH 3T3 fibroblasts to
determine if pdpA mutants behaved similarly in non-leukocyte derived cell lines (Figure
18c). There was no discernable growth of the pdpAA112-227 mutant within NIH 3T3
cells throughout 48 hours of infection. The pdpAA112-227 infected fibroblasts appeared
healthy and showed no signs of cytotoxicity. Genetic complementation restored wild type
intracellular growth (Figure 18c). The mglA mutant was again used as a negative control
for intracellular growth as it cannot replicate within macrophages but is able to survive at
steady state levels. Interestingly, the mglA mutant could not survive within the fibroblasts

and dropped to barely detectable levels (Figure 18c).
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Figure 18. The pdpAA112-227 mutant is unable to sustain growth in macrophages
and NIH-3T3 fibroblasts. (a) One week old bone marrow derived macrophages were
infected with wild type F. novicida and the pdpAA112-227 mutant. After 24 hours of
infection the pdpAA112-227 mutant was no longer able to replicate within the host cell.
Wild type F. novicida completely decimated the macrophage population within 24 hours
whereas cells infected with the pdpAA112-227 mutant remained healthy for the entire
course of the experiment. (b) A similar pattern was observed when J774A.1
macrophages were infected in the same manner. (c) NIH-3T3 fibroblasts were infected
with wild type F. novicida and the pdpAA112-227 mutant. The PdpA mutant was unable
to replicate maintaining time zero bacterial burdens during the course of the 48 hour
experiment. All data points in (a-c) are representative of three replicates and each
experiment was performed in triplicate. Two-way ANOVA was used to calculate the
significance of the differences in the growth curves between pairs of strains. For
BMDM: WT vs pdpAA112-227, P<0.00l and for pdpAA112-227 vs pdpAA112-
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227/SKX::pdpA, P=<0.001. For J774A.1 macrophages: WT vs pdpAA112-227,
P=0.0013 and for pdpAA112-227 vs pdpAA112-227/SKX::pdpA, P=<0.0001. For NIH
3T3 fibroblasts: WT vs pdpAA112-227, P=0.0006 and for pdpAA112-227 vs pdpAA112-
227/SKX::pdpA, P=0.0005.

To further investigate the growth of F. novicida within NIH 3T3 fibroblasts we
studied the association of pdpAA112-227 with LAMP-1 during infection. Very few
observed fibroblasts were infected with the F. novicida strains. Fibroblasts infected with
WT F. novicida harboured large bacterial numbers after 19 hours of infection (Figure 19
a-d). The WT bacteria did not co-localize with LAMP-1 at any time point during
infection (Figure 19 a-d and data not shown). Fibroblasts infected with pdpAA112-227
mutant contained small clusters of bacteria which did not replicate throughout infection
(Figure 19 e). Similar to WT the pdpAA112-227 mutant did not localize with LAMP-1 at

any time point during infection (Figure 19 e and data not shown).
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Figure 19. Intracellular growth and LAMP-1 association of pdpA A112-227 mutant
NIH3T3 fibroblasts. Fibroblasts were infected with wild type (A-D) and pdpAA112-227
(E) strains of F. novicida (red). After 24 hours, infected NIH-3T3 cells are completely
filled with the wild type strain (D) while the pdpAA112-227 mutant strain is unable to
replicate (E). There is no detectable association of the wild type or PdpA mutant

bacterium with LAMP-1 (green). The experiment was performed in duplicate.
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The virulence of the pdpAA112-227 mutant was tested using the chicken embryo
infection. Using an inoculum of 10 c.f.u. all WT embryos were killed within 5 days of
infection. An equal dose of pdpAA112-227 failed to kill a single embryo. Similar results

were observed using an inoculum of 10° c.f.u. (data not shown).

100 1
(a) (b)
754 754
S 50- T 50
= z
» bt
251 w7 254 ApdpA112-227
2.34%10° 1.7X10°
c ] n ] L] G T L] L] L] L] |

0 1 2 3

o
2
[=1]
o
—
[ ]
[+ ]
=9
o
-}

Time (days)

75

50+

Survival (%)

259 ApdpA112-227/SKX - pdp

172x10°

(=]
-
[y~
[X]
.
(4]
o -

Time (days)

Figure 20. Attenuation of the pdpA A112-227 mutant in chicken embryos. Chicken
embryos were infected with wild type F. novicida or the pdpAA112-227 strain. An
inoculum of 10° c.f.u. resulted in death of all 7 wild type infected embryos within 3 days.
The same inoculum of the pdpAA112-227 mutant resulted in 0 embryo deaths. Wild type
phenotype was restored via PdpA in cis complementation. The statistical difference
between the WT and ApdpA 112-227 strain survival curve was measured by the log-rank

test and yielded a P-value of <0.001. The P-value for a comparison of ApdpA 112-227 vs
ApdpA 112-227/SKX::pdpA was <0.001.
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4.3.2 Alanine mutagenesis of the predicted PdpA F-box domain

The deletion of amino acids 112-227 within PdpA may alter the structure of the
protein and inhibit its function in a manner that is not attributed to the presence of an F-
box domain. The study of eukaryotic F-box proteins and prokaryotic mimics of F-box
proteins found that interaction with Skp1 is dependent on 3 key conserved amino acids.
Previous studies show that mutation of conserved leucine and proline residues results in
either decreased or complete loss of binding of the F-box protein to Skpl (Figure 17) (25,
204, 336). To more accurately ascertain if PdpA contains an F-box domain, several
alanine replacement mutants were created. The pdpALi271139_, a127a130 Strain contains
mutations in both conserved functional leucine residues (Figure 17). The PdpA proline
residue at position 128 was not mutated as this mutation may cause a major structural
change which would inhibit protein function, though not necessarily be due to the
presence of an F-box domain. Strains pdpAsizisizz ja121a122 a3Nd PAPAkiearies  A162A164
have mutations within highly conserved F-box amino acid residues which are not
associated with protein function.

J774A.1 macrophages were infected with the alanine replacement mutant strains
to ascertain their intracellular growth phenotypes. All three mutant strains grew within

the macrophages and were indistinguishable from wild type F. novicida (Figure 21a-c).
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Figure 21. Intracellular growth of pdpA alanine mutants in J774A.1 macrophages.
Key leucine residues required in the function of F-box domains were mutated within
PdpA (b). Mutations were also made in residues which are not thought to be required for
the function of the domain (a,c). Macrophage infection with these PdpA alanine mutant
strains resulted in an intracellular growth phenotype which was indistinguishable from
WT F. novicida in all instances (a-c). All data points in (a-c) are representative of three
replicates and each experiment was performed in triplicate. There was no statistically
significant difference between the intracellular growth of wild type and any alanine
mutant strain. WT vs pdpAsi2isizo,at21a122, P=0.4163; WT Vs pdpALi271139 , A127A139,
P=0.9487; and for WT vs pdpAxiezri64_,At62a164, P=0.4397.
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The virulence of the alanine replacement mutants was assessed using the chicken
embryo infection assay. Infection with 10° c.f.u. of the alanine mutant strains or WT F.
novicida resulted in the death of 100% of the embryos within 3 days of infection (Figure
22). There was no statistically significant difference between embryo infection with the
alanine mutant strains and WT. Similar results were observed when virulence was tested
in BALB/cByJ mice, with the alanine mutant strains behaving similarly to wild type F.

novicida (K. Elkins, personal communication).
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Figure 22. Attenuation of the pdpA alanine mutants in chicken embryos. Fertilized
one week old chicken embryos were infected with 10° c.f.u. of WT (a) or one of three
PdpA alanine mutant strains (b-d). All embryos died within 3 days of infection. The
experiment was performed in duplicate. The statistical difference between the WT and

alanine mutant strain survival curves was not significant as measured by the log-rank test.
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WT vs pdpAsiaisi22_at21a122, P=0.6634; WT vs pdpALi271139 ,a127a130, P=0.967; and for
WT vs pdpAciezries ,ai62a164, P=0.967.

4.3.3 Ubiquitin association with ApdpA containing phagosomes

There are several ubiquitin-proteasome linked domain homologies found within
PdpA using HHpred software. Ubiquitination and a functional proteasome are required
for several phagosome maturation events (212). Because PdpA is required for F.
novicida to escape the macrophage phagosome we studied the differences in
ubiquitinated protein association between WT and ApdpA containing phagosomes. After
20 minutes of macrophage infection there was no discernable difference between
ubiquitination patterns surrounding WT and ApdpA strains (data not shown). Both strains
were closely associated with ubiquitinated proteins and many bacteria were surrounded
by a ubiquitin laden structure similar to that observed with the LAMP-1 association
described in section 3.3.2. After 1 hour of infection there was a noticeable difference in
the ubiquitin staining of both strains (Figure 23). The ApdpA mutant showed decreased
association with ubiquitinated proteins (Figure 23 d-f) whereas the WT strain stained
much more intimately with the ubiquitin antibody (Figure 23 a-c). It should be noted that
the ubiquitin antibody used (FK2) recognizes only mono and polyubiquitinated proteins,

not free ubiquitin.
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Figure 23. The association of the ApdpA mutant with mono and polyubiquitinated
proteins. (a-c) Wild type F. novicida associates closely with the FK2 anti-ubiquitin
antibody 1 hour after J774A.1 macrophage infection. (d-f) ApdpA shows very limited
association with ubiquitinated proteins after 1 hour of infection. The colours in merged
panels a and d correspond to Hoechst DNA (blue), anti-Ub (green), and anti-F. novicida
(red). The arrowheads indicate areas of ubiquitin staining that correspond to bacterial

location. The experiment was performed in duplicate.
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To discern the importance of proteasome function during Francisella infection
J774A.1 macrophages were treated with the proteasome inhibitor MG132 prior to and
during initial infection with F. novicida strains. Intracellular growth of the bacteria was
compared between MG132 treated and mock-treated macrophages. Wild type F.
novicida growth was nearly identical between treated and untreated cells (data not
shown). There was a slight difference in ApdpA growth between MG132 treated and
untreated cells. The ApdpA mutant grew more poorly after 24 hours of infection in
MG132 treated cells (data not shown); however this defect was also observed in the
growth of an attenuated serum sensitive mutant strain implying that the growth defect is

not PdpA specific.

4.3.4 Biotinylation of surface exposed Francisella proteins

The Francisella FPI has recently proved to encode a unique type V1 secretion
system. To date, no Francisella protein has been confirmed as an effector protein
translocated via this T6SS. The assay currently used to ascertain whether a protein is
involved in secretion is the localization of IglC to the outer membrane. If the secretion
system is operational IglC localizes to the outer membrane of Francisella. However, if
proteins involved in assembling the secretion apparatus, such as PdpB or DotU, are
absent IglC fails to localize to the outer membrane (221). The IglA and IgIB proteins
have also been found to localize to the outer membrane but in a non-T6SS dependent
manner (221). Biotinylation of surface exposed proteins was compared as performed by
Ludu et al., this time using the JLO/pJL-SKX::anmK-pdpD and ApdpA/pJL-SKX::anmK-
pdpD strains (221). PdpA was not detected as a biotinylated surface exposed protein

(Figure 24). IglA,B, and C were all detected as biotinylated surface exposed proteins,
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even in a ApdpA/pJL-SKX::anmK-pdpD background (Figure 24). Bacterial pellets of
each strain were also probed with the antibodies to ensure the desired proteins were being

expressed (data not shown).
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Figure 24. Biotinylation of surface exposed proteins in wild type and ApdpA
backgrounds. Reactivity of biotinylated surface exposed proteins with anti-PdpA,
PdpB, 1gIB, IgIC, and IglA monoclonal antibodies. The right hand panel represents
proteins surface exposed in a ApdpA background. Results are representative of those

performed in duplicate.
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4.3.5 Precipitation of secreted Francisella proteins

The creation of FLAG tagged FPI proteins allowed for the use of more sensitive
assays to detect protein secretion. The secreted protein 1gIC has been detected in the
supernatant of broth grown F. novicida using TCA precipitation and Western
immunoblotting (de Bruin et al., unpublished data). The TCA precipitated supernatants of
WT F. novicida, ApdpA/ pdpA-FLAG broth grown cultures were probed using antibodies
against 1gIC, and the 3XFLAG epitope. pdpA-FLAG is able to restore the wild type
intramacrophage growth phenotype to a ApdpA mutant and as such ApdpA/ pdpA-FLAG
IS an appropriate complement strain (data not shown).The IgIC protein was detected in
the supernatant of both strains (Figure 25). PdpA-FLAG was not detected in the
supernatant of broth grown ApdpA/ pdpA-FLAG (Figure 25). Bacterial pellets of each
strain were also probed with the antibodies to ensure the desired proteins were being

expressed.
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Figure 25. Detection of Francisella proteins secreted into the supernatant of broth
grown culture. Immunoblot of PdpA-FLAG and IgIC in broth grown cultures and in the
TCA precipitated supernatant of the broth grown cultures. IglC was probed as a positive

control for secreted protein. Results are representative of those performed in duplicate.

To determine if PdpA is secreted during a macrophage infection, J774A.1
macrophages were infected with wild type or ApdpA/ pdpA-FLAG strains for four hours.
Proteins present in the macrophage cytosol were immunoprecipitated using a-FLAG
conjugated beads. Bound proteins were analyzed by SDS-PAGE and Western blotting.
The PdpA-FLAG protein was not detected among the proteins isolated from the
macrophage cytosol but was clearly being expressed by the bacterium (Figure 26a).
Bacterial pellets isolated from the infection were also analyzed via Western blot to
confirm expression of the target FLAG tagged protein. The FPI protein PdpE has been
detected in the cytosol of infected macrophages using both immunoprecipitation and

immunofluorescence techniques (de Bruin et al., unpublished data). Infection with



ApdpE/pdpE-FLAG resulted in easily detectable amounts of PdpE-FLAG within the

macrophage cytosol (Figure 26b).
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Figure 26. PdpA-FLAG is not secreted into the macrophage cytosol during
infection. Western blot of proteins immunoprecipitated from the cytosol of J774A.1
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macrophages using a-FLAG antibody conjugated agarose beads. (a) Shows that though

PdpA-FLAG is being expressed in the bacterial pellet it cannot be detected in the

macrophage cytosol. (b) Demonstrates that PApE-FLAG is secreted into the host cell
cytosol. No FLAG tagged proteins of the appropriate size were detected in ApdpA or
ApdpE backgrounds (data not shown). Results are representative of those performed

triplicate.

in
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4.4 Discussion

Bacterial pathogens are constantly evolving, acquiring new tools with which to
manipulate their host and establish a replicative niche. In many cases bacteria are able to
utilize host cell processes for their own gain. This host cell hijacking often occurs by
using protein mimicry which can arise through convergent evolution or horizontal gene
transfer (113, 351, 353). Many bacterial protein mimics are involved in manipulating
host cell ubiquitination pathways (19, 315, 351). This interference commonly acts to
prevent the activation of NFxB, an important transcription factor which regulates many
genes, including those involved in innate and adaptive immunity (198, 351, 416). In
some cases bacterial proteins utilize host cell ubiquitination to target secreted effector
proteins for degradation when they are no longer required in the infective process (203,
314, 412). The best characterized example of this type of manipulation is the F-box
protein VirF of A. tumefaciens. Though the F-box domain is normally found in
eukaryotic proteins, VirF contains an F-box domain which acts to target secreted effector
proteins for ubiquitination and subsequent degradation via the host cell’s 26S proteasome
(336, 380).

The Francisella protein PdpA has proved to be very difficult to study using
traditional methods of cloning and isolation of soluble protein. Despite exhausting
classical methods of studying novel proteins there were no clues concerning the possible
function of PdpA. Bioinformatic analysis of PdpA using both BLASTP and HHpred
found several homologies to protein domains involved in the ubiquitin proteasome
pathway. The best characterized domain found in these searches was the F-box domain.

Amino acid residues required for interaction with Skpl, the interactive partner of F-box
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proteins have been identified in both eukaryotic F-box domains and the prokaryotic F-
box domain mimic VirF (25, 336, 338). Complete deletion of the predicted F-box
domain in PdpA resulted in a mutant strain which displayed similar intracellular growth
and virulence characteristics with a ApdpA mutant. Upon the creation of a monoclonal
antibody against PdpA, immunoblot analysis of the pdpAA112-227 strain failed to detect
the truncated protein. It is likely that this mutant protein was unstable and degraded by
the bacterium essentially resulting in the creation of a ApdpA deletion mutant.

The WT F. novicida and pdpAA112-227 infection of NIH 3T3 fibroblasts
revealed a unique growth phenotype of Francisella within non-monocytic cells. Though
the pdpAA112-227 mutant was unable to replicate within these cells, there was no
association of either strain of the bacterium with LAMP-1 as is seen during a macrophage
infection. This phenomenon has also been observed during F. novicida infection of
epithelial cells (J.A.Guttman, personal communication). Because these cell lines are not
involved in immune defence there may be a unique pathway in which Francisella travels
within these cells.

Alanine mutagenesis was performed to determine if conserved F-box domain
residues were important in the function of PdpA during infection. According to previous
studies the conserved leucine-proline pair at positions 8 and 9 in the F-box consensus
sequence and the leucine at position 20 are key residues involved in interaction with Skpl
(25, 338). Alanine mutagenesis of the Leu 8 Pro 9 pair or the Leu 20 residue of the F-
box domain of Cdc4, a yeast F-box protein, resulted in severely reduced or complete loss
of Skpl binding (25). Schrammeijer et al. made a similar observation while studying

VirF. When the leucine and proline residues were mutated to alanine VirF was no longer
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able to bind to Skp1 (336). The crystal structure of human Skp1l interacting with the F-
box protein Skp2 shows that Leu 8, Pro 9 and Leu 20 all make direct contact with Skpl
(338). Because proline mutation can cause major structural changes in the protein only
the conserved leucine residues of PdpA were mutated. The pdpAyi271139_, 1274139,
PAPAsi21s122 s A121A122 aNd PAPAKisariea_, At624164 StTAINS behaved exactly like WT F.
novicida when grown in J774A.1 macrophages. The strains were also as virulent as WT
in a chicken embryo and mouse infection. These results suggest that PdpA does not
contain a functional F-box domain and that Ser 121, Ser 122, Leu 127, Leu 139, Lys 162,
and Arg 164 are not required for the function of PdpA in Francisella intracellular growth
and virulence.

Studying the role of ubiquitination in the maturation of the Francisella containing
phagosome was accomplished using immunofluorescence. Approximately 20 minutes
after the initial uptake of both WT and ApdpA strains there was a ring like structure laden
with both mono and polyubiquitinated proteins surrounding many individual bacteria of
both strains. This is similar to the LAMP-1 laden structure discussed in chapter 3 and
likely represents the phagosomal membrane. The WT strain exhibited a new ubiquitin
association pattern 1 hour post infection. The majority of the WT bacteria stained very
closely with the FK2 antibody, indicating that surface exposed bacterial proteins were
being ubiquitinated or perhaps ubiquitinated host proteins were associating with the
bacterium. At this point during infection WT F. novicida will have begun phagosomal
escape and be exposed to the host cell cytosol. Experiments performed by Perrin et al.
found that S. typhimurium cells that escape the SCV become heavily associated with

ubiquitinated proteins in the host cytosol (289). They also found that WT L.
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monocytogenes did not associate with ubiquitinated proteins within the cytosol however
when the bacterium was unable to utilize its actin based motility it became heavily
associated with ubiquitinated proteins (289). This observation implies that pathogens
which are able to utilize actin based motility can avoid recognition by the ubiquitin
system. At this point it is not clear what role ubiquitin labelling plays in pathogen
recognition by the host cell. After 1 hour of infection the ApdpA mutant exhibited
decreased association with ubiquitinated proteins. This decrease may be indicative of the
state of the ApdpA containing phagosome as ubiquitination patterns will likely vary at
different stages during phagosome maturation. At this time point the majority of WT
bacteria will have already begun degrading the phagosome membrane to escape into the
cytosol whereas the ApdpA strain will continue to reside within a LAMP-1 laden
phagosomal compartment. More work is needed to determine whether the ApdpA
containing phagosome continues to mature and fuse with the lysosome and whether this
fusion results in the degradation of the bacterium.

Because the proteasome is involved in the degradation of polyubiquitinated
proteins (315) and maturation of the phagosome (43, 212) we wanted to observe the
effects of inhibiting proteasome activity during the maturation of the Francisella
containing phagosome. Previous studies involving the inhibition of the macrophage
proteasome during an S. typhimurium infection resulted in the destabilization of the SCV
and increased the levels of bacterial replication in the cytosol 4 fold (289). However, this
effect was not observed when S. typhimurium was used to infect epithelial cells, once
again highlighting differences in the infection of non-monocytic cell lines. If PdpA is

directly involved in some aspect of ubiquitination or phagosome maturation this
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proteasome inhibition may substitute for the actions of the PdpA protein and rescue the
intracellular growth phenotype of this strain. However, inhibition of the proteasome did
not rescue the ApdpA mutant and instead slightly reduced the intracellular growth of the
strain. The negative control serum sensitive mutant, KM14S, was affected in a similar
manner to ApdpA and implies that this growth inhibition is not specific to the presence or
absence of PdpA. Intracellular growth of WT F. novicida was not affected by
proteasome inhibition and does not appear to play a dominant role in the maturation of
the Francisella containing phagosome.

The deletion of PdpA prevents the escape of F. novicida from the phagosome and
results in a strain which remains LAMP-1 associated even after 19 hours of infection.
PdpA may be an effector protein which directly acts to disrupt the phagosomal
membrane. To do so the protein would have to be surface exposed or secreted into the
host cell, likely via the FP1 encoded T6SS. In order to determine whether PdpA is a
component of the T6SS or an effector protein transported via this system several
experiments were performed. The current assay used to assess the function of the T6SS
in Francisella is the localization of 1gIC to the bacterium’s outer membrane (221). To
determine which proteins were exposed on the outer membrane of WT and ApdpA strains
of F. novicida the exposed proteins were biotinylated and isolated using NeutrAvidin
beads. PdpA was not detected on the surface of the bacterium while IglA, B and C were.
IglA and I1gIB have been shown to localize to the outer surface of the bacterium but this
localization is not dependent on the presence of genes essential for type VI secretion
(221). IgIC fails to localize to the bacterial surface if genes essential for secretion, such

as pdpB and dotU, are absent (221). The absence of PdpA does not affect the localization
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of IglC to the surface of F. novicida and as such does not play an obvious role in the
T6SS. However, very little is known about this newly identified system and current
assays may not be sufficient in determining whether or not a protein is involved in the
assembly and/or function of the Francisella secretion system.

Because PdpA does not appear to be involved in type VI secretion but is vital in
phagosomal escape, the protein may be a secreted effector protein. The IgIC protein can
be isolated from broth grown F. novicida supernatants (de Bruin et al., unpublished data).
IglC and PdpE can also be detected in the cytosol of infected macrophages (de Bruin et
al., unpublished data). In an effort to determine if PdpA is a secreted protein both TCA
precipitated browth grown culture supernatants and infected macrophage cytosol
proteins were analyzed via Western immunoblot analysis. PdpA-FLAG could not be
detected in the supernatants of broth grown pdpA-FLAG expressing F. novicida cultures.
The 1gIC protein was easily detected in the supernatants of both pdpA-FLAG and ApdpA
strains, again demonstrating that PdpA is not required for the secretion of IgIC. The
PdpA-FLAG expressing strains were used because the M2 a-FLAG antibody is much
more sensitive than the a-PdpA monoclonal antibody. The cytosol of pdpA-FLAG and
pdpE-FLAG infected macrophages were analyzed via immunoblotting using a-FLAG
antibody. PdpE-FLAG was easily identified within the macrophage cytosol whereas the
PdpA-FLAG protein could not be detected. These results must be interpreted carefully as
the timing of the infection during experiments and the limits of detection may hinder the
identification of PdpA as a secreted protein. This combination of experiments
demonstrates that PdpA cannot be detected as a surface exposed or secreted protein.

PdpA may be a structural component or accessory protein involved in the function of the
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T6SS which cannot be identified using our current assays. Further work is needed to
characterize the system’s structure and effector proteins transported by this newly

discovered secretion system.
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Chapter 5: Conclusions and future studies

Though several virulence factors have been identified in Francisella tularensis,
very few have a well defined role in intracellular growth or a characterized functional
mechanism. The FPI contains many genes which encode proteins that are essential in the
intracellular growth and virulence of F. tularensis. A large portion of these genes are
now thought to be involved in the assembly and structure of a T6SS required to export
effector proteins outside of the bacterium (de Bruin et al., unpublished data). The
remaining proteins encoded within the FPI are believed to be effector proteins
translocated by the Francisella secretion system, though their function remains unknown.

This dissertation focussed on the characterization of the FPI protein PdpA and its
role in the intracellular growth and virulence of F. novicida. Several FPI proteins are
expressed in very low amounts, making them difficult to detect using many experimental
methods. Deng et al. were unable to detect PdpA as a protein upregulated in low iron
conditions despite their gRT-PCR analysis indicating a 2.6 fold increase in pdpA gene
expression (109). Studies performed by Lenco and colleagues were only able to detect
FPI proteins which are normally expressed at high levels (IglA,B and C) in cell extracts
of LVS cells grown in iron-limiting media (214). The production of a mouse monoclonal
antibody allowed us to confirm that PdpA levels are indeed upregulated in low iron
conditions and that protein expression is dependent on the presence of the transcriptional
regulators mglA and mgIB. Many previous studies may have failed to detect PdpA based
purely on expression levels being lower than the detection limits, a major hurdle in

studying this protein.
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The study of pdpA through deletion mutagenesis has provided a great deal of
insight into the gene’s function. Deletion of the entire pdpA gene severely attenuates
Francisella virulence in chicken embryos and mice. Closer analysis of the intracellular
growth phenotype of ApdpA found that the strain remains LAMP-1 associated even after
19 hours of infection. Thus the ApdpA mutant cannot escape the phagosome and is
severely impaired for intracellular replication. The ApdpA 112-227 strain is unable to
replicate not only in macrophages, but also in fibroblast cells, indicating that the gene is
not needed solely for replication in monocyte derived cells. Analysis of the host cell
MRNA expression levels indicates that the absence of PdpA results in an increased
expression of genes encoding ligands, suggesting that PdpA plays a role in suppressing
the infected macrophage's ability to recruit and stimulate uninfected immune cells.
However because the ApdpA mutant is unable to escape the phagosome and replicate
intracellularly this mRNA expression profile may not be unique to a ApdpA mutant.
Other mutants that fail to escape the phagosome, such as the AmglA or AiglC strains, may
produce similar mMRNA expression profiles which are a result of the bacterium’s inability
to replicate intracellularly, thus activating macrophage signalling pathways.

Bioinformatics analysis indicated that PdpA may contain an F-box domain or be
utilizing host cell ubiquitin-proteasome machinery in other ways during infection.
Targeted alanine mutagenesis coupled with intramacrophage growth and virulence assays
demonstrated that PdpA does not contain a functional F-box domain. Ubiquitin
immunofluorescence and proteasome inhibition assays were also unable to provide useful
insight into the function of PdpA despite revealing important characteristics concerning

the maturation of Francisella containing phagosomes.
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In spite of the importance of pdpA during intracellular growth, it has yet to be
established whether the protein functions as a secreted effector or perhaps as a functional
component of the T6SS. Current lack of knowledge concerning the newly discovered
Francisella secretion system makes it difficult to discern if PdpA plays a role in
secretion. Based on the current assay of IglC localization to the outer membrane of
Francisella it would appear that PdpA is not a component of type VI secretion.
However, all experiments performed to date have failed to detect PdpA as a secreted
effector protein. The relatively low amounts of PdpA produced, coupled with the lack of
information concerning type VI secretion make it very difficult to accurately define the
exact role of PdpA in Francisella infection. It can only be concluded that PdpA plays an
essential role in phagosomal escape and thus the intracellular replication and virulence of
Francisella species.

Future research concerning the function of PdpA will focus on further
characterizing the behaviour of pdpA mutants rather than direct studies of the protein. A
great deal of experiments have been performed in an effort to express and isolate
recombinant protein in a variety of hosts; all of these experiments have failed as the
protein is difficult to clone and incredibly insoluble when expressed in a host other than
Francisella.

A great deal of knowledge can be gained by studying the Francisella containing
phagosome in more detail. Comparisons can be made between the differences in timing
and acquisition of phagosomal markers by wild type F. novicida, ApdpA, and other

mutants defective in phagosomal escape. These differences may provide insight into the
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exact role of certain FPI proteins, especially PdpA, as well as offer a better understanding
of Francisella’s interaction with the host cell.

The controlled expression of pdpA using a Tet repressor-based system could also
be useful in determining exactly when PdpA is needed throughout intracellular growth.
PdpA may perform multiple functions, not only those involved in phagosomal escape.
Tools are currently being developed which would allow us to co-infect macrophages with
fluorescently tagged wild type and ApdpA strains. Analyzing these infections using
immunofluorescence microscopy could help determine if proteins expressed by a wild
type F. novicida can rescue the ApdpA mutant, allowing it to escape the phagosome and
replicate intracellularly.

Whether PdpA is part of Francisella’s T6SS or is a secreted effector protein
remains unclear. However, the creation of more effective tools and techniques to study
FP1 proteins as well as increasing knowledge about type VI secretion will help to more
clearly define the function of PdpA, a protein essential to the intracellular growth and

virulence of Francisella tularensis.
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