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ABSTRACT 

Francisella tularensis, a Gram-negative coccobacillus, is an extremely virulent intracellular 

pathogen. Infection of humans with this pathogen results in tularemia, a life-threatening 

disease. An approximately 35 kb region found in the F. tularensis genome exhibits many 

features of a pathogenicity island. This region has a lower G+C content than the average 

G+C content of the F. tularensis genome, and is surrounded by transposable elements. 

Results from both a previous study and our present study demonstrated that at least four 

genes located on the Francisella pathogenicity island (FPI) are required for virulence. This 

represents the first description of a pathogenicity island in F. tularensis. The FPI-encoded 

proteins, however, have no significant similarities to any known bacterial proteins. 

Therefore, we believe that the FPI genes may encode a cluster of novel virulence factors, 

although the mechanism and their characteristics remain to be determined. 
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Chapter 1 Introduction 

Numerous bacteria live in or on a healthy human body. They are referred to as 

commensal bacteria and normally do not cause disease. On the other hand, bacteria that can 

cause disease are defined as pathogens. Intracellular pathogens, one of the most successful 

pathogen classes, have evolved sophisticated strategies to survive inside host cells. 

Intracellular pathogens usually enter host cells through phagocytosis by both professional 

and non-professional phagocytes. Once inside, these pathogens are able to easily escape 

from the surveillance of the host immune system, and establish a suitable replication niche 

through modification of the normal host biological process. 

Francisella tularensis, a facultative intracellular pathogen, can cause disease in humans 

with as few as 10 cells. Because of its high infectivity and lethality, F. tularensis was 

developed as a biological weapon by the Soviet Union during the Cold War, and has 

recently raised concerns as a potential bioterrorist agent. It is therefore extremely important 

to study and understand this microorganism in order to protect public health and defend 

against possible biological terrorism. 

1.1 The genus Francisella 

1.1.1 Background 

Francisella tularensis is the etiological agent of a zoonotic disease, tularemia [801. 

This pathogen was first isolated in 191 1 from an outbreak of a plague-like disease in 



ground squirrels in Tulare County, California, and was initially named Bacterium 

tularensis [71]. Since the first discovery of tularemia, many cases in humans, mammals, 

birds, amphibians and even invertebrates have been reported across North America, Russia, 

and Japan (Figure 1.1) [55] [83] [go]. The bacterium was later named Francisella 

tularensis in honor of the American pathologist, Edward Francis, who performed essential 

studies on this microorganism and the resulting disease [80]. 

Francisella is a member of the y-subclass of Proteobacteria, and includes the two 

species, Francisella tularensis and Francisella philomiragia [34]. The latter, formerly 

called Yersinia philomiragia, was renamed according to its 16s rRNA sequence, and is 

only found to associate with immunocompromised individuals and/or those with a near- 

drowning experience [34]. In the first half of the 2oth Century, it was noticed that North 

American strains of F. tularensis were more virulent than strains isolated from other places 

despite identical antigenicity [80]. Based on differences in virulence, glycerol fermentation 

ability and citrulline ureidase activity, F. tularensis is further divided into the following 

two biotypes: type A biovar (also known as F. tularensis subsp. tularensis) and type B 

biovar (also known as F. tularensis subsp. holarctica) [80]. The highly virulent A biovar is 

found exclusively in North America, whereas the less virulent B biovar is found throughout 

the entire northern hemisphere [79]. In contrast to type B biovar, type A biovar is able to 

ferment glycerol and produces a citrulline ureidase. Francisella novicida is now considered 

a subspecies of F. tularensis on the basis of 16s rRNA sequence and deoxyribonucleic acid 

(DNA) hybridization studies [34]. F. tularensis subsp. novicida, however, is only highly 

virulent in mice, and is not in otherwise healthy humans. 



1.1.2 Morphology and growth 

Francisella tularensis is a Gram-negative coccobacillus that appears bipolar-staining 

under a light microscopy [79]. At exponential growth phase, F. tularensis subsp. tularensis 

is about 0.2 pm X 0.2-0.7 pm; F. tularensis subsp. novicida is normally 0.7 pm X 1.7 p n  

[79]. F. tularensis cells, however, usually are highly pleomorphic when collected from the 

stationary growth phase [79]. Considerable evidence has shown that F. tularensis is 

covered with a capsule, although it is difficult to observe by light- or electron-microscopy 

because the capsule is easy to dislodge during the preparation procedure [54]. Neither pili 

nor flagella have ever been observed on F. tularensis cells [54]. 

F. tularensis is an obligate aerobe able to grow on many different types of nutrient-rich 

media supplied with cysteine [80]. These media include cysteine heart agar with 5% 

defribrinated rabbit or horse blood, trypticase soy broth/agar (TSBfA) with 0.1 % cysteinc, 

peptone cysteine agar [80], Chamberlain's medium [18], and modified Mueller-Hinton 

broth [8]. On agar containing blood, F. tularensis colonies are smooth, gray and viscous 

[80]. F. tularensis has an optimal growth temperature of 37OC, and colonies appear in 2-4 

days; colonies of the subspecies novicida appear within one day [80]. F. novicida and F. 

philomiragia can be cultivated without the addition of cysteine, but will grow faster when it 

is present [80]. Both forms of Francisella also grow well at 28 OC [32]. 

1.1.3 Pathology and transmission 

Although more than 250 animal species such as cats, dogs, sheep, squirrels, and birds 

can act as natural reservoirs, wild rabbits, ticks, and mosquitoes are the major vectors for 

the transmission of tularemia to humans [55]. The pathogen is also capable of surviving for 

weeks or even months in animal corpses. In North America most cases of tularemia 



traditionally occurred after rabbit hunting or preparation of the wild meat, and the disease is 

often referred to as "rabbit fever" [80]. Tularemia in the western United States is 

commonly associated with tick bites, and is known as "deer fly fever" [80]. 

This acute, febrile, zoonotic disease manifests several forms in humans, largely 

dependent on the route of entry into the body [80]. The most common form, ulcero- 

glandular tularemia can result from the bite of a bacteria-carrying arthropod or through a 

break in the skin when handling infected wild meat [80]. A skin lesion usually develops at 

the site of infection within 3-5 days after initial exposure, followed by swelling of local 

lymph nodes, fever, headache, chill, nausea, and muscle ache [80]. The ulcero-glandular 

form of tularemia is rarely fatal if treated [80]. The ocular-glandular form of tularemia, 

where the infection initiates at the conjunctiva, is a variation of the ulcero-glandular 

tularemia [80]. It is usually caused by rubbing eyes after handling infected material, and is 

characterized by nodules and ulcers on the conjunctiva [go]. 

In the absence of proper treatment, the ulcero-glandular tularemia can develop into a 

septicemia. Ingestion (causing gastrointestinal tularemia) or inhalation (causing pneumonic 

tularemia) of F. tularensis can also lead to septicemia resulting in systemic infection and 

damage of multiple organs [80]. This type of tularemia, named typhoidal tularemia, is 

extremely dangerous, and in the absence of treatment can have a mortality rate of 30 to 

60% [80]. Surprisingly, tularemia rarely passes from one person directly to another even 

though it is highly infectious in other circumstances. 

1.1.4 Biochemical properties 

As a Gram-negative bacterium, Francisella tularensis is surrounded by an inner 

membrane (or cytoplasmic membrane), a thin layer of peptidoglycan and an outer 



membrane (Figure 1.2). A lipid-rich capsule is also present [54]. Typical fatty acids of 

Gram-negative bacteria include saturated and monoenoic straight-chain acids with one or 

several hydroxy fatty acids. F. tularensis contains a large amount of saturated and 

monoenoic long-chained acids (C20-C26), which are relatively unusual among bacteria. It 

also has three rare hydroxy fatty acids: 2-hydroxy-decanoate, 3-hydroxy-octadecanoate, 

and 3-hydroxy-hexadecanoate [60]. Since the fatty acid composition of Francisella genus 

is distinguishable from all other Gram-negative bacteria, it can be used as a helpful 

taxonomic tool. 

Dry cells of F. tularensis contain 21% lipid, the two major components of which are 

phosphatidylethanolamine (PE; 76%) and phosphatidylglycerol (PG; 24%) [3]. The 

phospholipids PE and PG are located mainly in the inner membrane, and only small 

amounts of hydroxy fatty acids are found in them [3]. This suggests that the hydroxy fatty 

acids are associated with cell structures other than the inner membrane, most likely the 

lipid A portion of the lipopolysccharide (LPS) and the capsule [3]. 

The LPS of F. tularensis is the smooth type with a repetitive 0-side chain. Although 

the LPS reacts with the sera of tularemia-vaccinated individuals - among which IgM is the 

main reactive antibody - it does not trigger lymphocyte multiplication from tularemja 

vaccinees [90]. This indicates that the LPS of F. tularensis does not act as a stimulus or a 

mitogen to lymphocytes [90]. Furthermore, the LPS is not able to induce interleukin-1 and 

only can induce low levels of tumor necrosis factor [90]. Hence, unlike LPS from other 

Gram-negative bacteria, the LPS from F. tularensis exhibits very little endotoxic activity 

[901- 



1.1.5 Intracellular growth 

Intracellular pathogens have developed diverse strategies to survive in the harsh 

environment of host cells (Figure 1.3). After entering host cells, some intracellular 

pathogens, such as Shigella and Listeria, escape from bacterium-containing vesicles into 

the cytoplasm of the host cell to avoid fusion with lysosomes [40]. Some pathogens, such 

as Coxiella burnetii, survive inside the phagolysosomes and have developed a requirement 

for the highly acidic environment to aid their metabolism [49]. The majority of intracellular 

pathogens can prevent the bacterium-containing vesicles from fusing with lysosomes. Such 

bacteria include Mycobacterium spp. [27] and Francisella spp. [5]. Francisella tularensis, 

a facultative intracellular pathogen, can not only replicate inside host cells but can also 

replicate in complex media in vitro [74]. Growth of F. tularensis has been detected in both 

professional phagocytes - macrophages and monocytes - and non-professional phagocytes, 

such as HeLa cells [5] [93] (Figure 1.4). The evidence that neither lysed nor fixed 

macrophages support F. tularensis growth in vitro further confirms that the replication of 

bacteria is associated with live cells and not any growth factor secreted by macrophages 

W'I. 

Macrophages play an essential role in protecting the host against infectious agents. 

During an infection, their main function is to engulf pathogens, limit infection, and 

eventually destroy the pathogens through respiratory burst and secretion of a variety of 

cytokines that induce the killing activity of many effector cells in the host immune system. 

They are involved in the establishment of specific immunity as well. Macrophages ingest 

bacteria and other particles usually through phagocytosis or endocytosis, both of which 

result from the movement of microfilaments. Uptake of Francisella, however, does not 



require the mobilization of microfilaments; macrophages that were treated with 

cytochalasin B, a microfilament inhibitor, were still able to phagocytize Francisella [35]. 

After internalization, bacteria-laden endosomes become acidified. Using the live 

vaccine strain (LVS) as a model, Anthony et a1 found that Fraacisella grows in a 

membrane-enclosed vacuole that rarely fuses with the lysosome [5]. Multiplication of 

Francisella, on the other hand, does require an acidic compartment [36]. This was 

confirmed by treating macrophages with chloroquine, NH4C1, or ouabain, all of which 

increase the intracellular pH of macrophages, prior to the infection of LVS [36]. 

Replication of LVS was inhibited within the pretreated macrophages and restored after 

washing away those reagents [36]. Many metabolic pathways demand an acidic 

environment, including the iron transport system [14]. Iron is carefully guarded by the host 

in forms of transferrin, lactoferrin, hemoglobin, and hemopexin [14]. Transferrin enters the 

endocytic vacuole through the transferrin receptor and only releases ferric iron when the 

vacuole is acidified [25]. It was observed that the addition of ferric PPi a transfen-in- 

independent iron, was able to restore the replication of LVS in macrophages treated with 

NH4C1 [36]. Therefore, acidification of bacteria-containing vacuoles is critical for the 

intracellular growth of Francisella due to the conditional availability of iron at the acidic 

environment [36]. The mechanism used by Francisella to prevent phagosome fusion with 

lysosomes is still unsolved. Moreover, Francisella does not induce respiratory burst after 

the uptake by macrophages, and it produces a catalase that removes Hz02 produced by 

macrophages [35]. 

F. tularensis replicates much faster in inflammatory macrophages than in resident 

macrophages even though the inflammatory macrophages have higher enzyme activity, 



oxidative capacity and killing ability [37]. It seems that Francisella is able to exploit 

inflammatory events, probably due to the increased metabolic activity of inflammatory 

cells [37]. On the other hand, F. tularensis is susceptible to killing by polymorphonuclear 

leukocytes (PMNs), the first cells that arrive at an infection site [98]. PMNs are, however, 

unable to phagocytize F. tularensis in the absence of immune serum [86]. At high 

concentrations, both immune and nonimmune serum support phagocytosis; at lower 

concentrations only immune serum supports phagocytosis [86]. As long as the bacteria are 

phagocytized in the presence of immune serum, effective killing always follows [86). 

Francisella has obviously evolved mechanisms to escape from host innate defense 

mechanisms, although the specifics are unknown. 

Treatment of mouse or human inflammatory and resident macrophages with interferon 

gamma (IFN-)I) renders these cells capable of killing intracellular Francisella [37]. 

Inflammatory macrophages require less IFN-)I than resident macrophages to achieve the 

same level of killing activity [37]. Nitric oxide (NO) is thought to be responsible for the 

antimicrobial activity induced by IFN-y since an inhibitor of NO completely abolishes this 

activity 1371. Nitric oxide sequesters free iron by forming a complex with it, inhibiting the 

activities of iron-dependent enzymes that are involved in many crucial biological processes, 

such as DNA synthesis [67]. This is also supported by the observation that Francisella can 

survive in IFN-y-activated macrophages if a large amount of iron is supplied continually 

[35]. Furthermore, IFN-y can induce the anti-Francisella activity of monocytes by 

restricting the availability of iron: the addition of iron-saturated transferrin also reverses 

IFN- y -induced killing [35]. 



Conlan and North observed that F. tularensis can multiply in hepatocytes [19]. Sixteen 

hours after infection of mice with a sublethal dose of F. tularensis, the bacteria were found 

growing extensively inside Kupffer cells and inside the vacuoles of hepatocytes [19]. By 48 

hours, many infected Kupffer cells and hepatocytes had lysed, and bacteria were released 

into hepatic sinusoids [19]. When the accumulation of leukocytes was inhibited by 

administration of a monoclonal antibody against the complement receptor, the replication 

of bacteria became unlimited and mice died quickly from a sublethal dose of F. tularensis 

[19]. Investigators believe that lysis of infected hepatocytes by leukocytes is a self-defense 

strategy to avoid the spread of the infection [19]. 

1.1.6 Immune response 

A Francisella infection induces both innate and adaptive immune responses in the host 

as in many other infections. The host immune responses during an infection with I;. 

tularensis have been investigated in mice using the attenuated strain, LVS. 

A model of infection that uses an intradermal infection of mice with LVS results in a 

prolonged time-course of disease. Using this model Elkins and co-workers showed that 

innate immunity plays an important role in limiting Francisella infection. In an experiment 

with n d n u  mice (deficient in T lymphocytes) and scid mice (deficient in all lymphocytes?, 

all mice were able to survive 20-30 days before they were overwhelmed by the 

disseminated infection [29]. Nevertheless, when n d n u  mice and scid mice were treated 

with antibodies against IFN-)I or tumor necrosis factor alpha (TNF-a) before the infection, 

their survival time was decreased to only a week, illustrating that both IFN-y and TNF-w. 

are essential for initial control of the infection [29]. Gamma interferon knockout mice are 

extremely susceptible to LVS infection indicating that IFlV-y is absolutely necessary for 



early survival [30]. Interleukin 12 (IL-12) mRNA was also found to be expressed during 

the early phase of the LVS infection [42]. IL-12 has been thought to be important recently 

because it, together with TNF-a, activates natural killer (NK) cells to produce IFN-y in a T- 

cell-independent manner [99]. This is essential in limiting bacteria in the initial stage of 

infection before T lymphocytes are activated. Moreover, IL-12 and IFN-y direct the 

differentiation of naYve T lymphocytes to T h l  lymphocytes, which in turn produce more 

IFN-y 1571. 

Neutrophils are also crucial for controlling the primary infection of LVS [94]. Deletion 

of neutrophils by treating mice with granulocyte-specific monoclonal antibodies causes 

mice to die even from an initial sublethal dose of LVS given intravenously or intradermally 

[94]. A study of liver infection in mice suggests that the mechanism used by neutrophils 

does not involve direct ingestion or killing of bacteria, rather neutrophils probably lyse the 

infected hepatocytes so that bacteria cannot replicate unlimitedly [19]. Another important 

function of neutrophils is secretion of TNF-a [28]. NK cells are also believed to play a role 

in defense against Francisella infection due to their ability to produce IL-12 and IFN-y, 

although this has not been well studied [28]. 

Similar to other intracellular pathogen infections, antibodies do not provide sufficient 

protection against Francisella [88]. The passive transfer of LVS-specific antibodies 

provides the recipients with only limited protection [88]. B lymphocytes, however, are 

indispensable during secondary challenge with LVS [24]. Culkin et a1 observed that, in 

contrast to normal BALBIcByJ mice, scid mice lacking both B lymphocytes and T 

lymphocytes were unable to survive in a lethal challenge: all infected mice expired three 

days after receiving a sublethal dose [24]. Early protective immunity could be constituted 



in scid mice through transfer of B lymphocytes or spleen cells from ndnu  mice composed 

primarily of B lymphocytes: transfer of specific antibodies did not provide protective 

immunity [24]. Thus B lymphocytes may provide protection by secretion of cytokines, 

including IL-12 and TNF-a, or by antigen presentation, even though the exact mechanism 

is still to be determined [24]. 

Cell-mediated immunity always provides primary protection against infection with an 

intracellular microorganism. Although control of the initial stage of Francisella infection is 

T-cell-independent, final clearance of bacteria and long-term protection are mainly T-cell- 

dependent [20] [29] [30]. Mice that were treated with monoclonal antibodies specific to 

either CD4' or CD8' T lymphocytes were able to control and resolve both primary and 

secondary LVS infection, indicating that either T cell subset can render enough protection 

to the host [20]. Mice depleted of both CD4' and CD8' T lymphocytes were surprisingly 

still capable of controlling the primary infection to some extent, although they could not 

clear the bacteria completely [20]. If both CD4' and CD8' T lymphocytes are depleted 

before the reinfection, but after the primary infection, the mice are still able to resolve the 

reinfection only at a slower rate [20]. As a result, investigators believe that in addition to 

CD4' and CD8' T lymphocytes, other cell populations such as NK cells and CD4- CD8- T 

lymphocytes may also contribute to the protection against LVS [20]. The mechanism used 

by T lymphocytes to control Francisella infection is not quite clear. Although T 

lymphocytes secrete IFN-y, it seems to be less important during late primary infection and 

secondary infection 1691. The ability of immune mice to control the LVS reinfection was 

not affected by treatment with anti-IFN-y antibodies [69], and was only reduced when mice 

were challenged with a large inoculation dose [95]. 



In summary, the innate immune response, including secretion of cytokines, IFN-)I, IL- 

12 and TNF-a, the accumulation of neutrophils, and the activation of NK cells and 

macrophages, renders hosts capable of controlling and limiting bacteria during the early 

stage of Francisella infection. Acquired immunity, on the other hand, recruits 13 

lymphocytes, T lymphocytes, and some undefined cell populations to provide hosts with 

long-term protection. 

1.2 Pathogenicity islands 

1.2.1 Common features 

With the development of sequencing technology, increasing numbers of microbial 

genome sequences are becoming available to researchers for analytical and comparative 

studies. One of the most noticeable findings is that many microbial genomes contain two 

types of sequences, core sequences that encode house keeping proteins, such as enzymes 

for essential metabolism and ribosomal proteins, with relatively low mutation rate, and 

sequences that are acquired by horizontal gene transfer, whose codon usage and G+C 

content are usually different from the rest of the genome 1521. These latter regions are 

defined as genomic islands, and often contribute to pathogenesis, antibiotic resistance, 

symbiosis, acquisition of limited metabolites, or other adaptations [47]. The genomic island 

can thus be called a pathogenicity island (PAI), a resistance island, a symbiosis island, or a 

metabolic island [47]. 

It has been known for some time that virulence factors associated with pathogenesis 

can be encoded on plasmids, such as the virulence plasmids in Yersinia [81] and 

Salmonella [45], on bacteriophages, such as the cholera toxin of Vibrio cholerae [102], or 



on transposons, such as the heat-stable enterotoxin of Escherichia coli [97]. Virulence 

factors located in gene clusters on the chromosome, considered PAIs, were first discovered 

in uropathogenic Escherichia coli (UPEC) [13]. Since then many Gram-negative and 

Gram-positive pathogens (and even some non-pathogens) have been found to possess PAIs 

on their chromosome, such as Yersinia [84], Salmonella [2], Francisella [this study], and 

Listeria [43]. The PAIs in non-pathogens are usually associated with metabolic functions, 

such as antibiotic resistance in Staphylococcus aureus, or sucrose uptake in Salmonellu 

senftenberg [52]. 

Although PAIs carry out different functions in different microorganisms, they share 

some common or highly conserved features [46] (Figure 1.5). PAIs encode one or more 

(often many) virulence factors associated with pathogenesis in pathogens. PAIs in non- 

pathogenic bacteria, on the other hand, might encode proteins required for survival in harsh 

environments. PAIs present in pathogenic strains are typically absent in non-pathogenic 

strains of the same or closely related species. Codon usage and G+C content in PAIs often 

differ from the rest of the genome, suggesting that these genes are obtained via horizontal 

gene transfer. PAIs are relatively large regions, ranging from 10 kb to 200 kb. Small 

virulence-associated regions (1-10 kb) are named pathogenicity islets. PAIs usually carry 

pseudogenes or functional genes that encode mobility factors such as insertion sequence 

(IS) elements, transposases, integrases, or phage genes, and are often flanked by small 

direct repeats, which are probably formed when the foreign DNA integrates into the host 

genome by recombination. PAIs are also often associated with transfer RNA (tRNA) genes, 

which tend to be the integration site for foreign DNA. Some PAIs are unstable and can be 

deleted from the host genome at the direct repeats or IS elements. For example, the PA1 of 



Yersinia pseudotuberculosis can even move from one tRNA site to another [15]. Other 

PAIs, however, appear quite stable, such as those in Salmonella and E. coli [52]. 

1.2.2 PAI-encoded virulence factors 

Pathogenicity islands carry genes that encode a variety of virulence-associated factors, 

from toxins or adherence factors to complicated secretion systems. The following are some 

well-studied virulence factors located on PAIs. 

Adherence factors 

Adherence factors mediate the attachment of microorganisms to receptors on 

eukaryotic host cells. The pap gene or prs gene of UPEC encodes an adhesin called P 

fimbria, which binds to the D-galactose-a-I-4-D-galactose-specific receptor on 

uroepithelial cells [12]. In addition to P fimbria, the sfa gene of UPEC encodes S fimbria 

that binds to the sialic acid receptors on both uroepithelial cells and brain cells [48]. The 

eae gene on PAIs of enterohemorrhagic and enteropathogenic E. coli (EHEC and EPEC 

respectively) encodes another adherence factor, called intimin [38]. An intimin receptor, 

named Tir protein, and a type I11 secretion system are located on the same PA1 [38]. 

Intimin mediates attachment by binding to Tir protein, which is initially transported from 

the bacterium to the host cell by the type 111 secretion system [38]. Furthermore, the toxin- 

coregulated pilus (TCP) of V. cholerae is encoded by tcp gene on the Vibrio PA1 [64]. TCP 

contributes to the colonization on epithelial cells by mediating interbacterial adherence [64]. 

Toxins 

The a-hemolysin of UPEC encoded by the hlyA gene is a classic example of a pore- 

forming toxin on a PAI, and is colocalized with the P fimbrial gene [12]. This toxin, 

secreted via a type I secretion system, is capable of lysing erythrocytes by integrating itself 



into the cell membrane [12]. Another pore-forming toxin, the listeriolysin 0 of Listerirr 

momcytogenes is encoded by a PAI-like region, termed the PrfA virulence gene cluster 

[21]. Listeriolysin 0 not only lyses erythrocytes and other eukaryotic cells, but also helps 

to release L. monocytogenes into the cytoplasm by lysing the bacterium-containing 

vacuoles [2 11. 

Many PAI-encoded proteins have enzyme activities that are involved in pathogenicity. 

For instance, the same PrfA virulence gene cluster of L. monocytogenes also carries a 

metalloprotease gene, mpl, and two phospholipase genes, plcA and plcB [43]. 

Enterotoxigenic Bacteroides fragilis is able to secret fragilysin, a metalloprotease, which 

stimulates chloride secretion and therefore causes fluid accumulation in ileum [82]. The she 

PA1 of Shigella JZexneri encodes two proteases, Pic that has mucinase and hemagglutinin 

activities, and SigA that causes intestinal fluid accumulation. An enterotoxin ShETl is also 

encoded on the same PA1 [I]. Along with pap and hlyA, a gene that encodes cytotoxic 

necrotizing factor 1, which is able to modify a host GTPase, is also located on the PA1 of 

UPEC [12]. 

Secretion systems 

Five secretion systems, designated as type I though type V, have been discovered in 

Gram-negative bacteria. These secretion systems are responsible for the transport of 

various virulence factors from bacteria into host cells. All five types of secretion systems 

can be found on PAIs, but type I11 and IV systems are more common. 

A type I11 secretion system consists of 15-20 proteins highly conserved among 

different pathogens, and is believed to act as a syringe to inject virulence factors into the 

cytoplasm of host cells (reviewed in [58]). Many Gram-negative pathogens contain a type 



I11 secretion system, including Yersinia, EPEC, EHEC, Salmonella, and Shigella [58]. The 

proteins YscC of Yersinia, EscC of EPECIEHEC, InvG of S. typhimurium, and MxiD of S. 

flexneri are all involved in channel formation in the outer membrane of bacteria [58]. The 

proteins LcrD of Yersinia, EscV of EPEC/EHEC, InvA of S. typhimurium, and MxiA of S. 

flexneri are involved in channel formation in the inner membrane [%I. The proteins YscN 

of Yersinia, EscN of EPECEHEC, InvC of S. typhimurium, and Spa47 of S. jlexneri are 

ATPases, which energize the assembly of the secretion system and the transport of 

virulence factors [58]. Most PAIs that encode a type 111 secretion system also carry genes 

that encode the secreted proteins and their cognate chaperones [58]. Some secreted proteins, 

however, are not encoded on PAIs, such as the SopE protein of Salmonella, which is 

encoded on a temperate bacteriophage [76]. Some PAIs also encode regulators for type 111 

secretion systems [58]. 

Type IV secretion systems are found in a variety of pathogens, such as Agrobacterium 

tumefaciens, Helicobacter pylori, Bordetalla pertussis, Legionella pneumophila, and 

Brucella spp. (reviewed in [16]). The type IV secretion system of A. tumefaciens is 

encoded on a plasmid and represents a prototype of the type IV system. It includes several 

channel forming proteins named VirB6, 7, 8, 9, 10, a pilus polymerized by VirB2, and 

three ATPases, VirB4, 11 and VirD4. The Cag PA1 of H. pylori also encodes a type IV 

secretion system, and many of its genes are homologous to counterparts found in A. 

turnefaciens [6]. One of the secreted proteins is CagA, which induces cellular changes of 

host cells [6]. 

Iron acquisition systems 



Iron is essential for the growth of bacteria, and they have evolved two main strategies 

to acquire iron from hosts [14]. One is to utilize the host iron-binding proteins directly [14]. 

The other is to secrete siderophores, low-molecular-weight iron chelators [14]. Two 

siderophore systems, aerobactin and yersiniabactin (Ybt), are known to be encoded on 

PAIs. Aerobactin, encoded by the iut gene, is located on PA1 2 of Shigella (SHI-2), and is a 

hydroxamate iron uptake system [ lo l l .  It was also described on the virulence plasmid 

pColV of E. coli [ lol l .  The Ybt system has been found to occupy the high-pathogenicity 

island (HPI) of pathogenic Yersinia spp. [84], and Shiga toxin-producing E. coli [65]. 

Almost all HPIs are composed of highly conserved Ybt-encoding genes and some 

additional genes specific to certain pathotypes or species [65]. 

Other virulence-associated factors 

Some PAIs render the bacteria capable of invading andlor modifying activities of host 

cells. Salmonella has five PAIs - SPI-1 through SPI-5. SPI-1 encodes proteins responsible 

for macrophage apoptosis and epithelial cell invasion [2]. SPI-2 is needed for intracellular 

replication, while SPI-3 and SPI-4 contribute to intracellular survival [2]. The products of 

SPI-5 cause inflammation and intestinal fluid accumulation [2]. The sac4 gene product of 

N. gonorrhoeae [72] and the Pic protein of S. flexneri provide serum resistance ability [I]. 

Described above are only some of the major or well-studied functions of PAI-encoded 

proteins. With the expansion of the microbial genome database, more PAIs and PAI-like 

structures will be discovered, making it likely that more of their functions will be 

uncovered in the future. 

1.2.3 The role of tRNA genes 



Previous studies have shown that the majority of PAIs (about 75%) are associated with 

tRNA genes. These genes usually overlap the direct repeats or IS elements that flank the 

PAIs [46]. Overlapping sequences are usually 15-25 base pairs (bp) at the 3' ends of the 

tRNA genes [56]. 

UPEC strain 536 possesses two PAIs. PAI-I overlaps 16 nucleotides at the 3' end of the 

selC gene that encodes selenocysteine-specific tRNA [13]. PAI-I1 has an 18-nucleotide- 

overlap with the 3' end of the leuX gene that encodes leucine-specific tRNA [13]. The PAIs 

of S. jZexneri and S. enterica, and the locus of the enterocyte effacement PA1 of EPEC, also 

overlap part of the selC gene, a hot spot for PA1 insertion [77] [ l l ]  [31]. Two 

phenylalanine-specific tRNA genes, pheV and pheU, are also commonly found associated 

with PAIs [I] [12]. The ssrA gene that encodes small regulatory RNA is another target 

locus [56]. 

It has been suggested that the integration loci of PAIs are either non-essential tRNA 

genes (e.g. selC), tRNA genes with multiple copies (e.g. pheV and pheU), or wobbling 

sequences (e.g. leuX) because deletion of unstable PAIs may truncate the 3' end of tRNA 

genes and cause mutations [47]. Many investigators also suggest that the foreign DNA 

choose their integration sites according to their codon usage [47]. The PAI-I1 of UPEC 

strain 356 contains a large amount of leuX-specific codons immediately adjacent to the 

leuX tRNA. The codons are rare throughout the rest of the genome [47]. In other words, 

PAIs will choose the tRNA genes that favor their own codon usage. 

1.2.4 Mobility factors of PAIs 

PAIs usually carry genes that encode diverse mobility factors, such as IS elements, 

transposons, and integrases, each of which contributes to the formation, mobility, and 



deletion of PAIs. Numerous PAIs encode proteins that show homology to integrases of P4 

bacteriophages and retronphage $73. Integrases that are closely related to P4 integrase 

have also been found on the PAI-IV of UPEC, the PA1 of enteroaggregative E. coli, and the 

HPI of Yersinia, all of which show intact function [92] [15]. In contrast, integrases on the 

PAI-I1 of UPEC and the PA1 of E. coli K-12 appear to be defective because of premature 

stop codons [47]. Homologues of the $73 integrase are present on the SHI-2 of Shigella, 

and the PAI-I of UPEC [lol l .  Many IS elements and transposons are also located on PAls. 

For example, the SHI-2 of S. flexneri, which encodes the aerobactin iron transport system, 

contains several IS elements - ISl,  IS2, IS3, IS600, and IS629 [ lol l .  

It is assumed that PAI-encoded integrases are able to recognize conserved CCA 

sequences and motifs at the 3' end of tRNA genes, which consequently help the integration 

of foreign DNA into a host genome [56]. The deletion of PAIs may occur in some 

pathogens during their adaptation to different environments [13] [15]. Throughout the 

deletion process, these integrases can recognize the 16-20 bp direct repeats that flank the 

PA1 regions /47]. Not all PAI-encoded mobility factors, however, are responsible for the 

original formation of the PAIs. Some of them seem to be integrated into the PAIs after the 

original formation event, but do play an important role in their ensuing mobility [85].  

1.2.5 The regulation of PAIs 

There are two categories of PA1 regulatory proteins, the AraC protein family and the 

two-component response regulators [47]. These regulatory proteins are encoded either 

internally or externally of PAIs. In addition to their ability to regulate PA1 genes, some of 

them are also able to regulate genes outside PAIs [47]. 



One of the most-studied PA1 regulators is ToxT, an AraC family transcriptional 

activator located on the VPI of V. cholerae [53]. The protein, ToxT, positively regulates the 

expression of ctxAB and tcpA (cholera toxin and the toxin-coregulated pilus genes), even 

though ctxAB are located outside the VPI [96]. Moreover, the transcription of toxT itself is 

activated by two inner membrane proteins, TcpP and ToxP, which are encoded internally 

and externally of the VPI respectively [23]. 

Another example is the regulatory system of the Salmonella SPI-1. The protein HilA, 

encoded within SPI-1, is a transcriptional activator of the OmpR/ToxR family, and is 

required for the expression of all genes in SPI-1 [7]. Secreted invasion proteins, encoded by 

sip genes, are regulated by HilA through InvF; InvF is a member of the AraC family of 

transcriptional activators and also located within SPI-1 [63]. Two other AraC family 

regulators on the same pathogenicity island, HilC and HilD, are able to derepress the 

expression of the hilA gene [91]. Outside the SPI-1, the SirA response protein of a two- 

component regulatory system positively regulates HilA [62]. A different two component 

system, PhoP-PhoQ, is a negative regulator of HilA [75]. 

1.2.6 The occurrence of PAIs 

PAIs have been described in a variety of human, animal and plant pathogens, and 

even some nonpathogens. It is generally believed that bacterial PAIs are acquired via 

horizontal gene transfer, accompanied by gene rearrangements and point mutations [47]. 

The driving force for the occurrence of PAIs is still unclear. Most researchers suggest that 

the need to adapt to restrictive environments, for both survival and replication, represents 

the selective force for this evolutionary event [47]. The purpose of these pathogens is not to 



intentionally destroy their host, but to interact with the host in a way that is beneficial for 

the bacterial species. 

1.3 Research objectives and thesis outline 

The present study intends to determine whether a putative Francisella pathog~niciiy 

island (FPI) truly represents a functional pathogenicity island through characterization of 

FPI genes, and examination of the possible roles of these genes in Francisella intracellular 

growth. In the introductory chapter, the general knowledge of the Francisella genus, 

Francisella intracellular growth and the pathogenicity island is described. In chapter 2, 

sequencing of the FPI, and subsequent analyses performed on the sequence will be 

carefully addressed. In chapter 3, the mutagenesis of two FPI genes, pdpA and pdpD will 

be described. The effect of these mutants was examined both in vitro and in vivu. 

Conclusions and future work will be discussed in chapter 4. 



Figure 1.1 The endemic region of Francisella tularensis [32]. 

Shaded regions represent endemic regions, including North America, Russia, and Japan. 



Figure 1.2 A schematic model of the Gram-negative bacterial inner membrane and 

cell wall. 

The inner membrane (cytoplasmic membrane) contains mostly phospholipids. The cell wall 

includes a thin layer of peptidoglycan and an outer membrane. The outer membrane is 

composed of phospholipids, lipoproteins, surface proteins and LPS. The LPS consists of 

lipid A and 0 polysaccharide (the figure is taken from 

http://www.catcc.md.us/courses/bio 14 lllecauide/unit l/~rostruct/ulfig 1Ob.html). 
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Figure 1.3 Strategies that intracellular pathogens use to survive within host cells. 

After entering a host cell, some intracellular pathogens escape from bacterium-containing 

vacuoles into the cytoplasm of the host cell, some are able to survive inside the 

phagolysosomes, and others can prevent the bacterium-containing vacuoles from fusing 

with lysosomes. 



Figure 1.4 Transmission electron microscopy analysis of macrophages infected with 

Francisella tularensis [5]. 

F. tularensis subsp. novicida (A) or F. tularensis LVS ( B )  cells (*) were observed within 

phagocytic vesicles. 
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Figure 1.5 A schematic model of a bacterial pathogenicity island [47]. 

The thin bold line represents the core genome. DR, direct repeats indicated by arrows; int, 

integrase gene; vir, virulence-associated genes; mob (Amob), mobility gene (pseudo- 

mobility gene). 



Chapter 2 The sequencing and analysis of a 
putative Francisella pathogenicity 
island 

2.1 Introduction 

Francisella tularensis is a highly virulent intracellular pathogen, but little is known 

about its mechanisms of pathogenesis. Our laboratory has been using F. tularensis subsp. 

novicida as a model system to study Francisella, and it was chosen for several reasons. 

Firstly, it is not infectious for immunocompetent humans, but maintains virulence in mice. 

Secondly, F. tularensis subsp. novicida and F. tularensis subsp. tularensis are very similar 

at the molecular level, exhibiting 78 to 94% homology between the two subspecies based 

on DNA hybridization studies [89]. Thirdly, F. tularensis subsp. novicida is less fastidious 

and easier to manipulate genetically than F. tularensis subsp. tularensis. Under the optimal 

growth temperature of 37"C, F. tularensis subsp. novicida forms visible colonies in about 

sixteen hours, which is almost three times faster than F. tularensis subsp. tularensis. 

Fourthly, F. tularensis subsp. novicida can be transformed with both linear and circular 

DNA through a chemical transformation similar to the procedure used for E. coli. Fifthly, 

because F. tularensis subsp. novicida has a high recombination activity, it is relatively easy 

to make gene deletions or replacements in F. tularensis subsp. novicida. 



In a previous study, our laboratory constructed five transposon mutants, which 

displayed significant decrease in intracellular growth in mouse macrophages [44]. Two of 

these mutants, CG62 and CG116 were determined to have a transposon insertion in iglA 

and iglC respectively, both of which belong to a putative operon composed of four genes, 

iglABCD (for &racellular growth locus) [44]. The homologue of iglC in F. tularensis 

subsp. holarctica encodes a 23-kDa protein and is of particular interest because it is 

predominately induced during macrophage infection [41]. Analysis of the regions flanking 

the insertions on the available F. tularensis subsp. tularensis Schu4 sequence 

(htt~://artedi.ebc.uu.se/Proiects/FranciseIla/) revealed a structure resembling a possible 

Francisella pathogenicity island (FPI) (Figure 2.1). This approximately 35 kb region has an 

average G+C content of 31%. A large 17.7 kb portion of the FPI has a G+C content of 

26.6%, much lower than the 33.2% G+C content of the F. tularensis subsp. tularensis 

genome. Furthermore, putative transposases and inverted repeats associated with IS 

elements were found at both ends of the region. Since our research has been based on F. 

tularensis subsp. novicida, where the sequence of this region is not yet available, it was 

necessary to sequence the possible FPI in subspecies novicida in order to further investigate 

whether this region truly represents a pathogenicity island. 

2.2 Materials and methods 

Bacterial strains and plasmids 

All Francisella strains were obtained from the American Type Culture Collection 

(ATCC). U112 is the type strain of F. tularensis subsp. novicida (ATCC 15482). Schu4 is a 

fully virulent F. tularensis subsp. tularensis strain, and was the genome used in the initial 

DNA sequence analysis (DNA was supplied by Dr. Karl E. Klose, University of Texas 



Health Sciences Center, San Antonio, TX, USA). The DNA sequence reported in this work, 

however, is from the U112 strain. F. tularensis live vaccine strain (LVS) is the type strain 

for F. tularensis subsp. holarctica (type B biovar, ATCC 29684). B38, the type strain for 

the highly virulent F. tularensis subsp. tularensis (type A biovar, ATCC 6223) has lost 

virulence through laboratory cultivation. BCl ,  BC2, BC6, and BC7 are clinical type B 

isolates. Their chromosome DNA was used to perform PCR amplification (DNA was 

supplied by Dr. Gwen Stephens B.C. Centre for Disease Control, Vancouver, B.C. Canada). 

Escherichia coli DH5a was used as the host strain for all cloning procedures and was 

cultured in LB broth supplied with 250 pglml sodium ampicillin (Ap) or 30 pglml 

kanamycin (Km) as needed. The low-copy-number plasmid, pWSK29 [I031 carries an 

ampicillin resistant gene, a lac2 a-peptide gene, and a multiple cloning site (MCS), and 

was used as the vector in several cloning experiments. Two additional plasmids, pVIC301, 

which carries the region iglA through pdpC, and pVIC304, which carries pdpA and part of 

pdpB gene, were constructed in this study. All bacterial strains and plasmids involved in  

this study are summarized in Table 2.1. 

Cloning bank construction 

F. tularensis subsp. novicida chromosome DNA was partially digested with Tsp509 I 

(NEB) that recognizes the tetranucleotide sequence, AATT. Since the Francisella 

chromosome has a 67% A+T content, this enzyme cleaves the Francisella chromosome at 

a high frequency. The resulting digestion was run on a 0.8% agarose gel in TAE buffer, and 

fragments of 5-10 kb were purified from the gel using Perfectprep Gel Cleanup kit 

(Eppendorf). The pWSK29 plasmid DNA was prepared with Plasmid Maxi kit (QIAGEN) 

followed by digestion with EcoR I (NEB). The Francisella chromosome DNA fragments 



were ligated with EcoR I digested pWSK29, and transformed into E. coli DH5a competent 

cells (Invitrogen) using the standard electroporation method. Recombinants were selected 

on LB agar plates containing 250 pglml Ap, 1 mM isopropyl-P-D-thiogalactopyranoside 

(IPTG), and 40 pglml 5-bromo-4-chloro-3-indolyl-p-ID-galactoside (X-gal). White colonies 

were screened by PCR to determine if they contained inserted regions of interest. 

Primer design and Polymerase Chain Reaction (PCR) 

All primers were designed based on the F. tularensis Schu4 genome sequence due to 

the high similarity between F. tularensis subsp. novicida and F. tularensis subsp. tularensis. 

A sequencing strategy was designed so that adjacent amplicons would have enough overlap 

(Table 2.2). PCR was performed in a total reaction volume of 50 p.1. Each reaction 

contained 34.5 pl of nuclease-free water, 1 x PCR ThermoPol buffer (NEB) containing 2 

mM MgS04, 10 mM KCl, 10 mM (NH&S04, and 20 mM Tris-HC1, 0.1 mM mixed dNTP 

(Invitrogen), 0.5 pM each forward and reverse primers (QIAGEN), 0.1 ng of template 

DNA, and 2.5 U of DNA polymerase comprised of Taq DNA polymerase (NEB) and 

Native Pfu DNA polymerase (Stratagene) in a 30:l ratio, designed to increase the accuracy 

of the reactions. PCR reactions were performed under the following conditions: initial 

DNA denaturation at 94 OC for 5 minutes; 32 cycles of 30 seconds of denaturation at 94 "C 

(40 seconds for pdpC-or@ amplicon), 30 seconds of annealing at 52 OC (40 seconds for for 

pdpC-or- amplicon), and 40 seconds of extension at 72 OC (1 minute for for pdpC-or- 

amplicon); final extension of PCR products at 72 OC for 10 minute. Reactions were then 

kept at 4 OC. 

Sequencing and sequence assembly 



PCR products were purified by PCR purification kit (QIAGEN) to remove excess 

primers and dNTP (Figure 2.2). Plasmid DNA from recombinants that carry regions of 

interest in the cloning bank was purified by Plasmid Mini kit (QIAGEN). Sequencing was 

done by the CMMT DNA Sequencing Core Facility at the University of British Columbia. 

Sequence assembly was performed using the LaserGene (DNASTAR) suite of programs. 

Sequence analysis 

Open reading frames (ORFs) were detected by ORF Finder of NCBI site 

(htt~:llwww.ncbi.nlm.nih.~ov/~orf/~orf.html). Comparison of FPI sequences to protein or 

nucleic acid data bases was done using on-line BLAST (http:Ncbr-rbc.nrc-cnrc.~c.ca/blast/). 

Protein alignments and hydrophobicity analyses were performed using Vector NTI 

Advance 9.0 software. Protein secondary structures were predicted by online secondary 

structure prediction program, PHD (http://npsa-pbilibcp. frlcgi-bin/ 

npsa automat.pl?pa~e=/NPSA/npsa phd.htm1). Other sequence analyses were performed 

using DNASTAR programs. 

2.3 Results 

2.3.1 The sequencing of the putative FPI 

We sequenced about 30 kb of the FPI, including the iglABCD operon, orfl-9, and 

pdpABCD genes (for ~athogenicity determinant  rotei ins) (Figure 2.1). At least two of the 

pathogenicity determinant proteins, pdpA and pdpD, are essential for intracellular growth. 

Their analysis will be described in detail in the next chapter. Two clones from the cloning 

bank, pVIC304 and pVIC301, were used as templates for many of the sequencing reactions. 

Sequencing results showed that pVIC304 contains pdpA and part of the pdpB gene; and 



pVIC301 contains regions from iglA through most of pdpC (Figure 2.3). The pdpD gene, 

the region between iglD and pdpC, the region between pdpC and pdpB, and the rest of 

pdpB were sequenced via PCR using custom primers (Figure 2.3). The sequences were 

assembled and submitted to GeneBank (accession number AY293579). 

2.3.2 Analysis of the putative FPI 

Comparison of the putative FPI sequence in F. tularensis subsp. tularensis Schu4 to 

that of F. tularensis subsp. novicida U112 obtained from this study revealed a nucleotide 

identity of 97%, and an identical organization of ORFs between the two strains. Analysis of 

the region from pdpA to pdpD was based on sequence data obtained from U112 during the 

course of this study. Analysis of other regions on the FPI was based on Schu4 sequence 

data. 

Two IS elements associated with inverted repeats, containing the putative F. tularensis 

transposase genes trzpAB were present at both ends of the FPI (Figure 2.1). There are 21 

ORFs encompassed by these IS elements. From right to left, there are three genes, fdnA, 

rrlH and rrsH. The fdnA gene encodes the A-subunit of formate dehydrogenase; rrlH and 

rrsH encode 23s ribosomal RNA and 16s ribosomal RNA (rRNA) respectively. Two 

large ORFs, pdpA and pdpB lie at the left of rrsH. The deduced protein PdpA displays 20% 

identity to a hypothetical protein from Plasmodium falciparum with an E value of 3e-9 

(GeneBank accession number CAD5 1572); PdpB displays 21 % identity to another 

hypothetical Plasmodium protein with an E value of 3e-18 (GeneBank accession number 

AAN35975). When pdpA and pdpB are artificially joined together, the deduced protein 

presents 22% identity to part of a 235 kDa rhoptry protein from P. yoelii (GeneBank 

accession number EAAl6521). Downstream of pdpB are nine relatively short ORFs named 



orfl-9 (with o r -  downstream of pdpC), eight of which are less than 800 bp, and show 

approximately 20% identity to Plasmodium proteins at the deduced amino acid level. It is 

unknown whether they represent functional genes. The protein PdpC, encoded by the gene 

between o r -  and o@, displays 18% identity to the normocyte-binding protein 1 from P. 

falciparum with an E value of 9e-8 (GeneBank accession number AAL38220). The 

deduced protein PdpD also shows 18% identity to the same 235 kDa rhoptry protein from P. 

yoelii with an E value of 4e-9. Between pdpC and pdpD, lies the iglABCD operon. Two of 

these genes, iglA and iglB, exhibit about 30% identity at the amino acid level to ImpB (E 

value=2e-12) and ImpC (E value=4e-57) from Rhizobium leguminosarum respectively 

(GeneBank accession number AF361470). The protein IglC is dominantly induced during 

macrophage infection of F. tularerzsis (GeneBank accession number Y 0886 1) [4 11. IglD 

exhibits no significant similarity to any protein in the database. Upstream of pdpD, p m d  

encodes a protein that is about 40% identical to conserved domains found in putative 

molecular chaperones; the most closely related is the vdcC gene of Bacillus anthracis. 

Some characteristics of the pdp genes and igl genes are summarized in Table 2.3. Protein 

alignments and comparison of hydropobicity and secondary structure between Pdp proteins 

and their homologues are illustrated in Appendices. 

One important characteristic of a pathogenicity island is the different G+C content 

from the rest of the genome. The F. tularensis genome has an overall G+C content of 

33.2%. The putative FPI generally has a lower G+C content even though some regions in 

the FPI may vary slightly. The region from the end of iglD to 204 bp to the right pdpA (bp 

7,963-25,635 in GeneBank AY293579) has a G+C content of 26.6%. The region from the 

beginning of pdpD to the end of iglD (bp 194-7,962 in GeneBank AY293579) has a G+C 



content of 30.8%. The region encoding 16s and 23s rRNA has a much higher G+C content 

of 49%. The varying G+C content of this region allows the rRNA sequence to adapt to the 

optimum growth temperature of the bacterium 1781. 

2.3.3 Comparison of FPIs in type A and type B biovar 

Francisella type B biovar is less virulent than type A biovar, and deaths from type B 

biovar are extremely rare. Since we were interested in whether any difference in FPI exists 

between the two biovars, we compared the FPIs in type A and type B biovar strains by 

analyzing the sequence in the following three strains: LVS, an attenuated form of a Russian 

type B strain; Schu4, a type A strain; and U112 which served as a positive control. 

Comparison of the pdpD sequence in U112 with that in Schu4 showed that the U112 f o m  

of pdpD has 150 additional base pairs, 144 bp of which were found in a continuous stretch 

between bp 1,668 and bp 1,811 in GeneBank AY293.579. The sequence of the LVS 

genome recently became available, and allowed us to demonstrate that LVS has two copies 

of FPI (the sequence data were produced by the BBRP Sequencing Group at Lawrence 

Livermore National Laboratory and can be obtained from fttp://bbr~.llnl.pov/pub/cbnp/F- 

tularensis/F.tularensis.html). The LVS genome is about 1,900 kb; the two FPIs, FPI-I and 

FPI-2 lie approximately 994 kb apart. Analysis of FPIs in LVS revealed that the majority of 

pdpD is absent in both FPIs of LVS; only 249 bp at the end of pdpD was detected. 

Furthermore, neither the fdnA gene nor the two transposase genes were detected at the right 

end of FPI-2 in LVS. Aside from those two exceptions, the two FPIs are identical. 

This finding was confirmed by applying PCR to four different strains, U112, LVS, 

Schu4, and B38 - an avirulent type A strain. Primer sets corresponding to the internal 

regions of pdpA, pdpB, pdpC, iglC-D and three different regions of pdpD, and a primer set 



encompassing iglD to pdpD were used (Table 2.4). The amplification products from pdpA, 

pdpB, pdpC and iglC-D showed identical sizes on the agarose gel, whereas the three 

amplicons of pdpD presented surprising differences (Figure 2.4). All pdpD amplicons were 

completely lacking in LVS, and the pdpD-2 amplicon was 144 bp bigger in U112 (280 bp) 

than in Schu4 and B38 (136 bp). A long range PCR spanning pdpD through iglD was 

performed on U112 and LVS (performed in Dr. K.E. Hose's laboratory) (Figure 2.4). The 

resulting amplification product was approximately 4Kb bigger in U112 (9,932 bp) than in 

LVS (5,665 bp). The presence of the iglABCD operon in LVS was also tested (Figure 2.4). 

Use of LVS template DNA generated products that corresponded to the full lengths of iglA 

(555 bp), iglB (1,545 bp), iglC (636 bp) and iglD (1,197 bp) (Figure 2.4). The question of 

whether the absence of pdpD is a general feature of type B biovar strains or specific to LVS 

still remained, however, because LVS is an attenuated type B strain. To address this 

question we examined four type B biovar clinical isolates using the primer sets described 

above (Figure 2.5). PCR amplification of three regions of pdpD suggested that this gene is 

either missing from the clinical isolates or present, but with significantly different 

nucleotide sequences. PCR amplification of other regions close to pdpD indicated that 

FPIs from clinical isolates are very similar to those found in B38, LVS, and U112. 

To elucidate the locations of FPIs in Schu4 and LVS, a BLAST search was performed 

on the three genes immediately adjacent to the FPIs. In Schu4, the three genes upstream of 

the FPI encode homologues to the pyruvate kinase of Coxiella burnetii with 53% identity, 

the fructose-bisphosphate aldolase of Pseudomonas stutzeri with 82% identity, and the 

trehalase of Coxiella burnetii with 43% identity. The first gene downstream of the FPI is 

groEL, which encodes a 60 kDa chaperonin in F. tularensis. The gene to the right of groEL 



shows 45% identity at the deduced amino acid level to an uncharacterized protein 

conserved in many bacteria. Downstream of this gene is another Francisella IS element. In 

LVS, homologues of the three gene products immediately upstream of FPI-1 are the 

putative channel transporter of Yersinia pestis with 45% identity, the thermostable 

carboxypeptidase 1 of Fusobacterium nucleatum with 47% identity, and the P subunit of 

tryptophan synthase from Vibrio parahaemolyticus with 85% identity. The first gene 

product downstream of FPI- 1 shows 35% identity to 

isopropylmalate/homocitrate/citramalate synthases. The second gene encodes a protein 

having 41% identity to NEQ190, a branched-chain amino acid aminotransferase from 

Nanoarchaeum equitans. Further downstream is a gene with 58% identity at the deduced 

amino acid level to a pyr-vate phosphate dikinase from Clostridium thermocellum. The 

arrangement and homology of genes immediately upstream of FPI-2 are similar to that of 

Schu4. At the right side of LVS FPI-2, however, are three genes that encode protein 

homologues to a choloylglycine hydrolase with 36% identity, a probable tRNA 

modification GTPase with 52% identity, and a putative SpoU-family rRNA methylase of 

Yersinia pestis with 47% identity. 

2.4 Discussion 

In this study, we discovered a possible Francisella pathogenicity island of 

approximately 35 Kb. DNA sequence analysis indicated that the majority of this region has 

a lower G+C content than the rest of the F. tularensis genome, even though the region that 

encodes 16s and 23s rRNA exhibits a higher G+C content. The G+C content of ribosomal 

RNA, but not the G+C content of bacterial genome, correlates with the growth temperature 

of a bacterium [78]. Thus the regions that correspond to ribosomal RNA may have 



significantly different G+C content from the rest of the genome in order to adapt the 

optimal growth temperature. Analysis also showed that there are transposable elements 

surrounding this region. Although such transposable element associated with a short- 

sequence tandem repeat occurs frequently in Francisella 1611, duplication of the FPI in 

LVS suggests this region is actually mobile and the transposable element retains its 

function. In addition, iglA and iglC, are also located in this possible FPI. These genes were 

previously shown to contribute to intramacrophage growth and virulence [44]. The data 

presented here strongly suggests that the region we discovered represents a pathogenicity 

island. 

A pathogenicity island is usually acquired by a bacterium via horizontal gene transfer 

[46]. Horizontal gene transfer, also known as lateral gene transfer, is a process that results 

in the transfer of genetic information from one species to another [87]. The recipient 

therefore obtains novel genes which often result in new phenotypes [87]. Given that the FPI 

has a lower G+C content than the overall G+C content of the F. tularensis genome, this FPI 

was probably acquired from a microorganism that has a low G+C content. The deduced 

amino acid sequences of many genes in the FPI exhibit similarity to proteins from P. 

falciparum and P. yoelii, which have a G+C content of 19.4% [39] and 22% [17] 

respectively. Artificially joined protein PdpAB and PdpD particularly exhibit weak identity 

to the 235 kDa rhoptry protein from P. yoelii. Rhoptry proteins are a family of proteins 

secreted by a rhoptry, an organelle of protozoan parasites [50]. A study by Hakansson et a1 

revealed that rhoptry proteins integrate into the membrane of parasitophorous vacuoles and 

also form small vesicles associated with vacuoles [50]. It is thought that rhoptry proteins 

help with formation of parasite-containing vacuoles and modification of the vacuolar 



membrane so that the vacuoles will not fuse with lysosomes [50]. Anthony et a1 also 

observed small vesicles within Francisella-containing vacuoles; however, the properties of 

those small vesicles remain unclear [5]. 

The above observations raise the possibility that the FPI may have been acquired from 

a protozoan. We, however, do not have any significant evidence to support this possibility. 

Although there are many examples of transmission of genetic information from bacteria to 

protozoa [66] [33], there has not been any clear example of protozoan genes transmitted to 

bacteria. It is therefore difficult to predict the possible protozoan genetic signature in a 

bacterial genome. The deduced proteins, PdpA, PdpB, PdpC and PdpD show similarity to 

many proteins from Plasmodium. The identical amino acids, however, mostly have AT rich 

codons, such as leucine, isoleucine, lysine, and asparagines (see Appendices). 

Hydrophobicity analysis of Pdp proteins indicated that they have repetitive hydrophobic 

and hydrophilic regions (see Appendices). In contrast to Pdp proteins, the Plasmodium 

proteins or part of the Plasmodium proteins exhibiting the most similarities to the Pdp 

proteins are rather hydrophilic. Secondary structure prediction illustrated that Pdp proteins 

consist of repetitive a-helix, extended strand, and random coil (see Appendices). The 

arrangement of these structures in their homologues, however, is relatively different except 

for the homologue of PdpA. These analyses suggested that the similarities may be an 

artifact of the biased amino acid sequences encoded by the low G+C content of the region. 

Further studies are needed to clarify the question. 

Different strains of F. tularensis exhibit different virulence levels. Type A strains have 

an approximate 10% mortality in untreated human cases, but infections with the type B 

strains are rarely fatal [26]. From previous studies, no virulence factor that is present 



exclusively in type A strains has been identified to account for the higher mortality. In this 

study, however, we found that the pdpD gene is absent in type B strains after comparing 

the FPIs from several type A and type B strains. Furthermore, F. tularensis subsp. novicida, 

which is avirulent to immunocompetent humans, has a slightly altered pdpD gene 

compared to that of the type A strain. Based on these results, we believe that the presence 

or absence of the pdpD gene may partially account for the difference of virulence among 

strains. 

As we expected, the region we sequenced in the U112 strain is about 97% identical to 

the corresponding region of the Schu4 strain, and the gene arrangement is alike as well. 

Therefore, the knowledge gained from F. tularensis subsp. novicida will be mostly 

transferable to F. tularerzsis subsp. tularensis. 



Table 2.1 

Bacterial strains and plasmids 

Franckella tularensis 

Strains Relevant characteristics SourceReference 

U112 Wild type: F. tularensis subsp. novicida ATCC 15482 

DNA supplied by 
Schu4 Wild type: F. tularensis subsp. tularensis, type A Dr. K.E. Klose, 

biovar. UTHSC 

B38 Avirulent F. tularensis, type A biovar ATCC 6223 

LVS Live Vaccine Strain, F. holarctica, type B biovar ATCC 29684 

NZ304-2 Mutant: U112::TnMax2Em in pdpA gene This study 

NZ9 Mutant: U112::Em cassette that replaced pdpA gene This study 

JL12 Mutant: U112::Em cassette that replaced pdpD gene This study 

BCl Clinical type B isolate 

BC2 Clinical type B isolate 

BC6 Clinical type B isolate 

BC7 Clinical type B isolate 

Escherichiu coli 

DNA supplied by 
Dr. G .  Stephens, 
B.C. C.D.C 

Strains Relevant characteristics Source/Reference 

DH5a Host strain for all the plasmids used in this study Maniatis, T. et a1 

El31 Host strain for TnMax2 Haas, R. et a1 



Plasmids 

Name 

pWSK29 

pDSK519 

pVIC301 

pVIC3 11 

pVIC304 

P V I C ~  14 

Relevant characteristics SourceIReference 

Ampicillin-resistant ( A ~ ~ )  low-copy-number vector, Wang, R.F. et al. carrying the l a c 2  gene 
Kanamycin-resistant ( ~ m ~ )  broad-host-range vector, Keen, N.T. et aL 
carrying the l a c 2  gene 

pWSK29::iglA-pdpC region This study 

pDSK5 19::iglA-pdpC region 

pWS K29::pdpA gene 

This study 

This study 

This studv 



Table 2.2 

Primer sets used in sequencing the putative PPI 

Gene Primer Sequence *Start *End Amplicon 
Tm position position size (bp) 

orfll-lL 

orf11-1R 

orf 1 1 -2L 

orfl l-2R 

orfl l-3L 

orfl l-N3R 

orf 1 1 -4L 

P ~ P D  
or f 1 1 -4R 

orfl 1-SNL 

orfl1-5NR 

orfl l-6L 

orf 1 1-6R 

orfl l-7L 

orfl l-7R 

orf15-1L 

orf15-1R 
iglD 

orf 15-2L 

orf 15-2R 

5'-TTG CAG TAT TGG GCA ATG AA 56.3 -8' 11 

5'-ATT AGC TGC TGC CGA GAT GT 60.4 664 645 

5'-CAA GTG CTT GGT GGT GGT AA 

5'-TGA TGT TIT GAC CTG AAT 
TAG TGG 
5'-TGA GAA AAA TGG TGA GGG 
TCT T 
5'-CTC TGC TAA AGA AGA ATT 
TTG TGA T 
5'-CTC AGC AGG ATT TTG ATT 
TGG 
5'-TTA CAC CTC CAG CAT TTT 
TGC 
5'-CAG CAA AAG CTG ATG CTA 
AAG A 
5'-AAA AAC CTC TAA CAA GCC 
CAT C 

5'-TCC TGG CTT TGA TIT TGA GC 58.35 2908 2927 

5'-AAA TCT TGT TCA TCA AAC 
GCA AT 
5'-CGT CAG TCA GAG TAC GAG 
ATG G 
5'-TTT TGC ATC CAC AGA TCT 
TCC 

58.66 4152 4132 

5'-TTG CGC AGC TAG CAC AGA 60.4 6688 
TA 

6707 

5'-TCT GCG AAC TTC AAT TCT 
CTT TC 

59.2 7391 7369 

5'-GCT TCA AGA TCT TAT GCG 58.94 7318 
TCA A 

7339 

5'-GGC CCC TCC TCA TTA TGA AA 60.4 8008 7989 

5'-GCC ATC AGC TAT ACG ITC 62.57 
GAG 

803 1 
I S L  

5'-TGA CAT A7T AAA TAA ACC 55.49 8742 
AGA ATT TCA 

8716 



P ~ P C -  
orfl7J-L 5'-CGG GAA TIT TTG CCA CTA AC 58.35 1 1970 11989 

5'-TCC ATC AGA ATC AAA GCA 55.22 14170 14149 220 1 
or@ oorfl7J-R A 

orfl-7 M3L 5'-CCA CCT CTG AGG ATG TIT CA 60.4 1347 1 13490 

5'-TCC ATC AGA ATC AAA GCA 55.22 4195 14174 725 
M3R 

AAA A 
5'-CAA CTT 7TC 7TG ATT CTG 

Gap-1L CAT TTG 57.73 14065 14088 

5'-GGC GTT CCT 7TA GGA CTG 60.61 14529 14509 
465 

Gap-lR TIT 

M4L 5'-TTT 'ITG CTT TGA 7TC TGA 
TGG A 

55.22 14149 14170 

5'-AGG GAA AAG TCA GCA AGC 58.35 14896 14877 
748 

M4R AA 
5'-AAC ATA 7TC ACC GCC ATC 57.08 14791 14812 

Gap-2L 

5'-GCT CCT ACA AGA TGT TGA 62.77 15289 15267 
499 

Gap-2R GAT GG 
5'-TTG CTT GCT GAC TTT TCC 
CTA 
5'-TTT TAA TCG CAG CAC ACA 
ATC T 
5'-TCA ACA TCT TGT AGG AGC 
ATT GA 

5'-CAC CTC ATT TGC TTC GAT GA 

5'-AAA GAT TGT GTG CTG CGA TT 

5'-TGG 'ITA CTA TAT TCC GCC 
TCA G 
5'-TGT GGC AAA GCT AGG ATC 
TI'C 
5'-TCC AGC AAA CCC TAC AAT 
GA 
5'-CTA TAC CAC CCG GAG CAA 
AC 
5'-AAA CAT AAG AAT GCC GCT 
GA 

5'-TTA ATT TGT GCT CCC G'IT GA 

5'-AAA ACC TTA ACC TCA AAT 
GAC CA 

5'-AGC GGC ATT CTT ATG TIT GG 

5'-TCG CTG ACG TCA CTA CAA GC 

5'-TTT TCT GAG GGC TTA GCT 
TGT 



MlOR 
5'-TGA GTG CAT CAC TAA CGT 59.44 18738 
AAT CAA 

Ml l L  
5'-GGT CAG ATT ATA GAT GTC 59.66 8641 
AGC TIT T 

Ml  lR  
5'-TGC CTT GTA TIT TAT ACT TCC 57.73 19462 
TGA 

M12L 5'-TCG TAG TGC AGC CTT TTG AA 58.35 19223 

M12R 5'-TGG AAT TCA CTT GAG TCA 57.08 19954 
ACA A 

M13L 5'-TCT CCT TGT TlT TGC CAT CC 58.35 19703 
PdPB 

M13R 
5'-AAA CTA TCG CCA TAC AAG 59.2 20412 
ATG CT 

M14L 5'-CAT 7TG 7TG CAG CCG AGT TA 58.35 20271 

M14R 
5'-AGA ACC CGA CTT TAT GAT 58.94 1017 
TGC T 

 h he position is indicated by base pair corresponding to the sequence submitted to 
GeneBank. 

t This primer starts eight base pairs outside the sequence submitted to GeneBank. 



Figure 2.1 Gene organization and G+C content of the Francisella pathogenicity island 

(FPI). 

The graph at the top shows the fractional G+C content of the 300 kb region of the F. 

tularensis subsp tularensis (strain Schu4) chromosome that encompasses the franc is ell^^ 

pathogenicity island. The lower graph shows the G+C content of the FPI. The ORFs (black 

thick arrows and arrowheads) from pdpD to pdpA are derived from the DNA sequence of F. 

tularensis subsp. novicida strain U112, determined in this work (GenBank accession No. 

AY293579). The remaining ORFs (gray thick arrows and arrowheads) and sequence data 

are derived from the F. tularnesis subsp. tularensis Schu4 sequence. The small opposing 

arrows indicate the approximate positions of 14 base pair inverted repeats that have 

previously been shown to be associated with tnpAB. Vertical arrows labeled "CG62" and 

"CG116" indicate the location of the transposon insertions that originally indicated a 



cluster of virulence-associated genes. The arrow labeled "NZ304-2" indicates the location 

of the insertion that gave rise to the mutant NZ304-2. The extent of the F. tularensis DNA 

insert in the complementing plasmid pVIC314 is indicated by the thick line. The plasmid 

pVIC3 11, carrying the region from iglA to pdpC, served as a control in later experiments. 



Table 2.3 

Characteristics of putative virulence factors in Francisella pathogenicity island 

Length Molecular 
Length Deduced of Theoretical Possible Gene of gene weight 

E 
protein protein 

W a )  PI homologue value tbp) ( a 4  
Hypothetical 

2463 PdpA 

3282 PdpB 

3657 PdpC 

3738 PdpD 

555 IglA 

1545 IglB 

636 IglC 

1197 IglD 

protein 
(Plasmodium 

3e-09 

falciparum) 
Hypothetical 

protein 3e- 18 
(Plasmodium 
fulcipurum) 
Normocyte- 

binding protein 1 
(Plasmodium 

9e-08 

falciparum) 
235 kDa rhoptry 

protein 
(Plasmodium 

4e-09 

yoelii) 
ImpB 

(Rhizobium 2e-12 
leguminosarum) 

1mpC 
(Rhizobiurn 4e-57 

leguminosarum) 



Figure 2.2 A gel image of PCR amplicons used as templates for DNA sequence 

reaction. 

Excess primers and dNTP were removed using PCR purification kit (QIAGEN). 



Position (bp) 

Figure 2.3 A map showing the position of PCR amplicons and clone inserts used as 

templates for DNA sequence reaction. 

The position is indicated by base pair corresponding to the sequence submitted to 

GeneBank. The two long lines with markers represent insertions in the cloning bank. The 

relatively short lines represent PCR amplification products. FPI genes are indicated by 

arrows and arrowheads at the top of the map. 



Primer sets usel 

Table 2.4 

d in comparison of Francisella type A and type B biovars 

Gene 

P ~ P A  

P ~ P B  

P ~ P C  

P ~ P D  

P ~ P D -  
iglD 

iglA 

iglB 

iglC 

Primer Sequence Amplicon size 
@PI 

pdpA-F 

pdpA-R 

pdpB -F 

pdpB-R 

pdpC-F 

pdpC-R 

pdpD- 1 F 

pdpD- 1 R 

pdpD-2F 

pdpD-2R 

pdpD-3F 

pdpD-3R 

L A-F 

L A-R 

igl A-F 

iglA-R 

iglB -F 

iglB-R 

iglC-F 

iglC-R 

5'-TGC TTT TAG TGG GTC ATG GA 

5'-CTA CGG CAT AAA TGG CTG GT 

5'-TTA GGT ACC GCC TTG CTC TTC TAA 
GTT GA 
5'-ATA CTC GAG GCT AGC AAT GTC ATC 
AAA GG 

5'-TGC CTG AGT CAT TGC TTG AT 

5'-TTG CCT CAA CAA CTG CTT TG 

5'-CAA GTG CTT GGT GGT GGT AA 

5'-TGA TGT TTG ACC TGA ATT AGT GG 

5'-TGG GTT ATT CAA TGG CTC AG 

5'-TCT TGC ACA GCT CCA AGA GT 

5'-TCC TGG CTT TGA 'ITT TGA GC 

5'-AAA TCT TGT TCA TCA AAC GCA AT 

5'-TAA AAT TGC ACA GCA GAT AAG AGC 

5'-CGT ATA GCT GAT GGC TGG GCC 

5'-CTC GAG GGC G T I  GTT AAG GTA ACT 
TGC 
5'-CTC GAG CAA CTT CTG TAG ATC CCC 
CAA A 

5'-CTC GAG CTC TTG TGA TGC TGC TGA 
GTC T 
5'-CTC GAG TCG CCA CTT GTT ACC TGT 
TG 

5'-CTC GAG TTT GAA GGA ATG AAT ACT 
ACA ATG A 
5'-CTC GAG CCA TCT TCC CAA TAA ATC 
CTT 

307 

1569 

305 

720 

280 (U 1 12) 
136 (Schu4) 

678 

9932 (U112) 
5665 (LVS) 

567 

1557 

648 



iglD-F 
5'-CTC GAG GCG CAG CTA GCA CAG ATA 

iglD 
AA 
5'-CTC GAG GCT GGG CTA TCC CTC A l T  

1209 
iglD-R 

AT 

iglCD-F 5'-TTG CGC AGC TAG CAC AGA TA 
igl C- D 704 

iglCD-R 5'-TCT GCG AAC TTC AAT TCT CTT TC 

orf5-F 5'-AGT GTA ATG GAG CCC AAC CA 
oCf5 420 

orf5-R 5'-GGT l T G  CCA AAG CAG ATG AT 



LVS 

z e & ~ $ j  
.Po .Po .Po -,% 

Figure 2.4 PCR amplification of FPI segments. 

Panel A. Primers were used to amplify internal fragments of pdpA, pdpB, pdpC, pdpD, and 

the junction between iglC and iglD. The resulting PCR products are shown, and provide 

evidence that the amplified regions in pdpA, pdpB, pdpC and iglC-D are very similar in all 

F. tularensis strains tested. The three arnplicons of different pdpD regions, pdpD-1 

(codons 123-356), pdpD-2 (codons 468-560 in U112, codons 468-512 in Schu4)' and 

pdpD-3 (codons 906-1131) demonstrate that the pdpD gene is absent or substantially 

different in sequence between LVS and the form found in strains U112, Schu4 and B38. 

The different sizes of the pdpD-2 amplicon in U112 and Schu4m38 c o n f m  the difference 

in DNA sequence. Panel B. Long-range PCR encompassing pdpD to iglD (performed in 

Dr. K.E. Klose's laboratory). Primers were used to amplify a region of approximately 10 



kb in strain U112. The product in the LVS reaction is approximately 6 kb. Panel C. Right 

to left, PCR products using primers for $A, iglB, iglG and iglD indicate that the igl operon 

is present in LVS (performed by another member of our laboratory, Karen Cheung). MW 

markers are as in Panel B. 



Figure 2.5 PCR analysis of F. tularensis type B clinical isolates. 

The amplification was done using primers corresponding to three regions of the pdpD gene 

as well as surrounding areas of the chromosome. The o f l  locus is 4 kb to the left of pdpD. 

These results show that pdpD is absent or substantially different in type B clinical isolates 

as compared to the form found in type A strains or the novicida biotype. 



Chapter 3 pdpA and pdpD are required for 
macrophage infection of 
Francisella both in vivo and in vitro 

3.1 Introduction 

We determined that the FPI region possesses mobile elements in addition to a lower 

G+C content than the rest of the genome. The most significant characteristic of a 

pathogenicity island is the presence of a cluster of genes that encode virulence factors. The 

iglABCD operon, which has been proven to contribute to intracellular growth, is located 

inside the FPI [44]. Mutation in iglA or iglC results in decreased intramacrophage growth 

[44]. As a whole, however, little is known about virulence genes in Francisella. No type 11, 

type 111, or type IV secretion systems that might play a role in virulence have been 

identified. Since Francisella is an intracellular pathogen the ability to grow within host 

cells, especially within macrophages, contributes to its pathogenicity. Many of the 

virulence factors are likely proteins that help the bacterium invade host cells, and survive 

and replicate inside them. Hence, it is logical to test FPI genes for their roles in 

intramacrophage growth. 

A few studies from our laboratory have provided some information on factors needed 

for intramacrophage growth. Several mutants exhibited obvious impaired intracellular 

growth and increased sensitivity to serum, including a mutant in the homologue of minD, 



which is involved in septum formation during cell division, a mutant in valA, which 

possibly encodes an ABC transporter required for transport of LPS, and a mutant defective 

in LPS biosynthesis [4] [73] [22]. Furthermore, the mglAB operon has been shown to be 

essential for intramacrophage growth of Francisella [9]. MglAB has high similarity to 

SspAB, which regulates the expression of various proteins under nutritional stress in E. coli 

[9]. Transposon insertion in either of these two genes produces a phenotype defective in 

intracellular growth [9]. Other gene products that are involved in intracellular growth 

include homologues of an alanine racemase, PurF (required for purine biosynthesis), and a 

heat-shock protease, ClpB [44]. 

In this study, we demonstrate that mutations in Francisella pdpA and pdpD 

dramatically reduce both intramacrophage growth capabilities and virulence in mice. This 

confirms that the putative pathogenicity island structure truly represents a Francisellu 

pathogenicity island. 

3.2 Materials and methods 

Bacterial strains and plasmids 

U112, the type strain of F. tularensis subsp. novicida was used for all genetic 

manipulation and infection assays. Strain NZ304-2 and NZ9 are U112 mutants created for 

use in this study. Escherichia coli E131, the host strain of TnMax2, was used in transposon 

mutagenesis. E. coli DH5a was used as the host strain for all cloning procedures and was 

cultured in LB broth supplied with either 250 pglml sodium ampicillin (Ap) or 30 pglml 

kanamycin (Km). The plasmid pDSK519 was used to construct other plasmids for 

complementation to mutant strains. The plasmids pVIC304 and pVIC314 both carry pdpA 



and part of the pdpB gene. The insertion region that includes iglA through pdpC was 

subcloned from pVIC301 to pDSK519, generating pVIC311 (Table 2.1). 

Polymerase Chain Reaction (PCR) 

PCR was performed in a total volume of 50 p1. Each reaction contained 34.5 p1 of 

nuclease-free water, 1 x PCR ThermoPol buffer (NEB) containing 2 mM MgS04, 10 mM 

KCl, 10 mM (NH4)2S04, and 20 mM Tris-HC1, 0.1 mM mixed dNTP (Invitrogen), 0.5 pM 

each forward and reverse primers (QIAGEN), 0.1 ng of template DNA, and 2.5 U of Tay 

DNA polymerase (NEB). Primers that were designed and used in this study are listed i n  

Table 3.1. 

DNA manipulations 

All DNA manipulations, including purification, digestion with restriction 

endonucleases, ligations, and gel electrophoresis, were performed according to methods 

described in Molecular Cloning [70]. 

Transposon mutagenesis 

Chemical competent cells of E l 3  1 carrying TnMax2 were prepared using the procedure 

for DHSa [59]. Target plasmid pVIC304 DNA was then transformed into El31 harboring 

TnMax2 by standard chemical transformation. Transformants were selected for the 

antibiotic resistance of the transposon (erythromycin 300 pglml) and the marker of the 

target plasmid (ampicillin 250 pg/ml). All of the transformants were pooled together and 

grown up in LB broth containing 300 pglml of erythromycin, 250 pg/ml of ampicillin, and 

100 pM IPTG at 30 OC for 16-18 hours. Total plasmid DNA was harvested from the 

induced culture by an alkaline lysis method. The resulting plasmid DNA was subsequently 



transformed into U112. Transformants were selected on TSA plates containing 0.1% of 

cysteine (SIGMA) and 30 pg/ml of erythromycin. 

Chemical transformation of F. tularensis subsp. novicida 

Wild type or mutant strains of Francisella novicida were grown in Chamberlain's 

media [18] until cells reached the exponential phase of growth. Cells were then gently spun 

down and resuspended in Francisella transformation buffer (FTB) [ 1001. Plasmid DNA or 

linear DNA up to 100 p1 was added into cells. The mixture was incubated at 37 OC with 

slow shaking (100 RPM) for 1 hour. An additional 1 ml of Chamberlain's media was added 

to the mixture, which was then incubated at 37 OC for 2-4 hours with vigorous shaking (200 

RPM). Transformants were selected on TSAICys plates with the appropriate antibiotic for 

24-48 hours. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

Samples of bacteria were mixed with a sample buffer containing 62.5 mM Tris (pH 

6.8), 1% SDS, 5% P-mercaptoethanol, and 10% glycerol, and boiled at 100 OC for 5 

minutes. Chromosomal DNA in the samples was sheared by using syringes after boiling. 

 PAGE^@ Gold precast 4-12% Tris-Glycine gels (BMA, ME, USA) were subjected to 

eletrophoresis at 200 V for about 1 hour, and fixed in fixative (50% ethanol, 3% ortho 

phosphoric acid) overnight. Gels were washed three times, 30 minutes each, in distilled 

water, and then equilibrated in Neuhoff's solution (16% ammonium sulphate, 25% 

methanol, 5% ortho phosphoric acid) for 1 hour. Finally, coomassieTM Brilliant Blue G- 

250 (SERVA Electrophoresis) was added to Neuhoff s solution to stain gels for 1-3 days. 

Macrophage infection assay 



Macrophages were infected with wild type U112 or mutants by our collaborator, Dr. 

Karen L. Elkins at the Center for Biologics Evaluation and Research, FDA, USA. The 

procedure basically involved bone marrow cells obtained from the femurs of healthy 

BALBIcByJ male mice that were cultivated in 24-well cell culture plates at 2xl0~cells/well 

(Costar, Corning, NY, USA) for one week in complete Dulbecco7s Modified Eagle 

Medium (cDMEM) containing L929 supernatants. Macrophages were then infected with F. 

tularensis strains at a multiplicity of infection (MOI) of 1:20 (bacterium-to-macrophage 

ratio). Monolayers were incubated for 2 h in cDMEM, washed, and incubated at 37OC in  

5% COz. No gentamicin was added to monolayers because Francisella tularensis subsp. 

novicida strain is extremely sensitive to this treatment. It has also been demonstrated that 

macrophages do not support F. tularensis extracellular growth in standard DMEM. To 

determine bacterial uptake and replication, infected macrophages were lysed at specific 

time points with sterile distilled water for 3 minutes, diluted immediately in PBS, and 

plated on Mueller Hinton agar plates containing the appropriate antibiotics. The plates 

were incubated for 24-48 hours at 37OC in 5% C 0 2  and colonies were counted. 

Animal care and mouse infections. 

Mouse infections were also performed by Dr. Karen L. Elkins7 lab. Six-to-eight week- 

old male specific-pathogen-free BALBIcByJ mice were purchased from the Jackson 

Laboratory (Bar Harbor, ME, USA). Animals were housed in sterile microisolator cages in 

a barrier environment at the Center for Biologics Evaluation and Research. Mice were fed 

autoclaved food and water a d  libitum, and all experiments were performed under 

Institutional Animal Care and Use Committee guidelines. Mice were infected with the 

indicated number of bacteria intradermally at the base of the tail. 



Results 

3.3.1 Isolation and macrophage infection of pdpA mutants 

In order to further investigate the function of genes located within the putative FPI, 

transposon mutagenesis was first performed on the pdpA gene. Transposon mutants in the 

pdpA gene were identified by screening transformants by PCR using the primer set, 28LA 

and 28RA, which amplify the entire pdpA gene. Because the transposon is approximately 

1.5 kb, the amplicon of a pdpA mutant is 1.5 kb bigger than a mutant of other genes. Ten of 

the transformants contained the transposon in the pdpA gene, and were named NZ304-1 to 

NZ304-10 (Figure 3.1). SDS-PAGE was performed on the whole cell lysates from the ten 

mutant strains. In contrast to wild type U112 strain and the other mutants, mutant NZ304-2 

is lacking a high molecular weight band of 400 M>a (Figure 3.2). DNA sequence analysis 

showed that the insertion of TnMax2 is at codon 401 of pdpA (821 codons) in strain 

NZ304-2. This strain was chosen for further study. 

The in vitro study of macrophage infection indicated that the intracellular bacteria of 

wild type U112 and R4, an unmapped random transposon mutant of U112, increased about 

3 logs by three days after infection. Mutant NZ304-2, however, failed to grow in 

macrophages (Figure 3.3). The same pattern was observed in mice infected intradermally. 

Approximately 2x10~ (about 50 LD5") of U112 or R4 were lethal for BALBIcByJ male 

mice (Figure 3.4). No mice survived more than 4 days post-infection of the wild type, and 

only 20% of mice survived after 4 days of R4 infection. In contrast, all mice survived 

infection with 2x10~ mutant NZ304-2, 2 logs more bacteria. Thus, pdpA is likely required 

for growth in macrophages and virulence in mice. 



During the course of this work, our collaborators discovered that mini-transposor~ 

insertions including TnMax2 in Francisella are unstable. We therefore sought to create a 

stable pdpA mutant using a recombinant DNA approach. A pdpA gene replacement 

experiment was performed, where pdpA was replaced by an erythromycin cassette (Figure 

3.5). Approximately 3 Kb regions flanking both sides of the pdpA gene were initially 

amplified by PCR using pdpB-WR and gcR-UR primer sets. Each primer set has a No1 I 

site at their ends close to pdpA, and a Kpn I site at the opposite ends. An erythromycin 

cassette was also amplified using EmNotF/R primers with Not I sites at both ends. Three 

different PCR products were ligated together in a 1:l: 1 ratio. The ligation mixture was 

transformed directly into wild type U112, and transformants were selected for 

erythromycin resistance. Several transformants contained the erythromycin cassette and 

were lacking the pdpA gene; one of them, NZ9, was chosen for further study (Figure 3.6). 

Both in vitro macrophage infection and in vivo mouse infection were performed with 

mutant NZ9. The mutant had no signs of intramacrophage growth and was completely 

avirulent in mice (performed in Dr. K. Elkins' laboratory, data not shown). 

3.3.2 Complementation of mutant 304-2 and NZ9 

In order to introduce a functional copy of the pdpA gene into the mutant, a plasmid 

needed to be constructed that carried the appropriate antibiotic resistance marker and could 

replicate in F. tularensis. To accomplish this, a BamHl fragment from pVIC304, containing 

the intact pdpA gene, was subcloned into a kanamycin resistant vector, pDSK519. The 

resulting plasmid, named pVIC314, was then transformed into mutant NZ304-2 (performed 

in Dr. Karen L. Elkins' laboratory). As a negative control plasmid pVIC311, a pDSK519 

vector carrying the region from iglA to pdpC, was also transformed into NZ304-2. In vitro 



macrophage infection indicated that intramacrophage growth was restored when pdpA gene 

was reintroduced into NZ304-2 by the complementing plasmid, pVIC314. Furthermore, no 

mice survived from an infection with 2x10~  NZ304-2 when pVIC314 was present. In 

contrast, NZ304-2 with pVIC311 was unable to grow in macrophages, and was not virulent 

to infected mice. 

NZ9 was also complemented by transformation with pVIC314. The resulting 

transformants were selected for kanamycin resistance. The presence of the pdpA gene in  

one transformant, NZ9-6, was confirmed by PCR amplification using primer sets 

corresponding to three different regions of pdpA (Figure 3.7). 

3.3.3 Construction of gene replacement vector for pdpA 

The two 3 Kb flanking regions of pdpA mentioned above were initially cloned into 

pCR2.1-TOP0 vector (Invitrogen), followed by restriction enzyme digestion with both Not 

I and Kpn I. The resulting Kpn I-Not I fragment and Not I-Kpn I fragment were purified 

from an agarose gel using a combination of electroelution and purification through DEAE 

paper. Such treatments increase the efficiency of cloning. The two fragments were 

subcloned into the Kpn I site of pWSK129 in a unique direction (Kpn I-Not I- Kpn I). A 

Not I negative pWSK29 was constructed by treatment of Not I cut pWSK29 with T4 DNA 

polymerase followed by ligation of the blunt end DNA. The Kpn 1 fragment, including the 

two flanking regions of pdpA with a Not I site in the middle, was later subcloned from 

p WSK129 into the Not I negative p WSK29 to create a gene replacement vector for pdpA - 

pNZ29 (Figure 3.8). 

3.3.4 Construction of apdpD mutant and analysis of its phenotype 



The discovery that the pdpD gene sequence varies between Francisella tularensis 

subsp. tularensis and subsp. novicida, and is completely absent in LVS suggested to us that 

pdpD is an important virulence gene. The gene replacement of pdpD was performed by 

another member of our lab, Jagjit S. Ludu, using the same method used for pdpA. Briefly, 

the two flanking regions of pdpD were amplified by PCR using pdpDL-FIR and 

pdpDR-F/R primer sets, and ligated to an erythromycin cassette amplified using 

EmXhoFIR primers. The linear DNA was transformed directly into wild type U112. The 

resulting transformants were selected for erythromycin resistance; one of them was named 

JL12 and chosen for further studies. Macrophage infection and mouse infection of JL12 

showed that it failed to grow in macrophages and was not harmful to mice (data not shown). 

3.3.5 Analysis of a high molecular weight protein band that is absent 

from some FPI mutants 

The deduced products of the pdp gene family are all high molecular weight proteins. 

We therefore used SDS-PAGE gels that were designed to optimally separate high 

molecular weight proteins in the hope that we could find changes in the profiles of our 

mutants. We found that one band at about 400 kDa was absent from two of our mutant 

strains, NZ304-2 and CG116 (Figure 3.9). Q-TOF mass spectrometry was performed on 

this high molecular weight band both at the University of Victoria and at the University of 

Washington. Two short peptides were identified, having the sequences VTVVALDSAGQR 

(Figure 3.10) and QALLAAEAVAYGNK (Figure 3.1 1). Because the U112 genome was 

not available, we searched the Schu4 genome instead. The protein containing the two 

peptides was found and designated FspA (Francisella surface-located protein). The Schu4 

form of FspA has 662 amino acids and is about 72 KDa. BLAST search revealed no 



significant homologues of FspA in the GeneBank database. PSI-BLAST analysis of FspA 

showed weak similarities to many surface-exposed proteins in bacteria. 

3.4 Discussion 

The virulence factors of many intracellular pathogens are encoded in their 

pathogenicity islands, such as the type IV secretion system of Brucella or Legionella [16], 

and the type I11 secretion system of Yersinia, Salmonella, or Shigella [58]. No virulence 

plasmid, phage, or type IIIIIV secretion system has been observed in Francisella. The 

deduced proteins encoded by the FPI genes show no definitive similarity to any known 

prokaryotic virulence proteins. Thus they probably represent novel factors required for 

virulence and intracellular growth. 

According to both in vitro and in vivo studies, we demonstrated that pdpA and pdpD 

encode proteins that are involved in intramacrophage growth and virulence. Interrupting or 

replacing the two genes with an antibiotic cassette reduces the ability of the bacterium to 

grow in macrophages and to cause disease in mice. These results further confirmed that the 

35 Kb region we discovered truly represents a functional pathogenicity island. The exact 

functions of the two proteins, however, are still unknown. 

It has been elucidated that transcription of iglA, iglC, iglD, pdpA, and pdpD is 

positively regulated by MglA, a homologue of SspA from E. coli [68]. SspA regulates gene 

transcription in stationary-phase by interacting with the RNA polymerase holoenzyme [51], 

Thus these FPI genes probably function coordinately to produce a virulent phenotype in I=. 

tularensis. Deduced proteins, IglA and IglB are weak homologues to ImpB and ImpC from 

Rhizobium leguminosarum respectively. In this species, impB and impC belong to the imp 

operon, which was suggested to be a secretion system with features of both type I11 and 



type IV [lo]. The protein IglC was found in the cytoplasm of F. tularensis in a previous 

study [41]. A reasonable hypothesis is that the protein products of iglABCD play a direct 

role in secretion, or an indirect role as chaperones, in the secretion of PdpA, PdpB, PdpC, 

PdpD and perhaps other proteins. 

The protein FspA is the only protein that has been identified in the high molecular 

weight band. We are uncertain, however, of whether that band also contains small amounts 

of other proteins. The high molecular weight band is likely either a homo-multimer of 

FspA or a hetero-multimer of FspA with other proteins. We believe FspA may be a 

surface-located protein because PSI-BLAST of FspA from Schu4 revealed it has weak 

similarity with cell surface proteins from many bacteria. This, together with our 

hypothetical model mentioned above, gives us a reasonable explanation why the high 

molecular weight band is absent in some of our mutants but not in the others. In mutant 

CG116, where iglA is interrupted, the band is absent because iglA is thought to be part of a 

secretion system. If the secretion system is damaged FspA and other proteins will not be 

exported. Mutant CG62 carrying a transposon insertion in iglC, however, still has the band. 

We believe that the IglC protein found in the cytoplasm of F. tularensis probably serves as 

a chaperone. It is unlikely that a defective chaperone would impair the entire secretion 

system. In mutant NZ9 or JL12, the pdpA or pdpD is completely replaced by an 

erythromycin cassette. The high molecular weight band is present in both mutants because 

PdpA and PdpD are thought to be two of the proteins also secreted by the putative secretion 

system. An absence of the two proteins may not affect the secretion and assembly of the 

FspA multimer. The transposon mutant NZ304-2, however, lacks the high molecular 

weight band. Although NZ304-2 carries a transposon insertion in pdpA, we suppose that 



the mutant continues to produce truncated PdpA protein. The truncated PdpA protein may 

fold improperly thus blocking the secretion system, resulting in a failure to secret FspA and 

other proteins. Although the function of FspA is yet to be determined, an fspA mutant was 

found unable to grow in macrophages and unable to cause disease in mice (Baron, Elkins 

and Nano unpublished data). It is unclear, however, whether FspA is a virulence factor per  

se, or whether a mutant FspA affects the function of other virulence factors. 

The pdpA replacement vector, pNZ29, makes the mutation of pdpA more convenient. 

Any gene that we want to use as a replacement for pdpA can be easily amplified with Not I 

sites at both ends via PCR. The amplicon can be then cloned into the unique Not I site 

surrounded by pdpB and rrsH&rrlH sequences in pNZ29 followed by the transformation 

into the U112 strain. A double crossover event will occur due to the allelic exchange 

between the pdpB and rrsH&rrlH sequences and their counterpart on the chromosome. As 

a result, the pdpA gene on the chromosome will be replaced by the gene cloned in pNZ29. 



Table 3.1 

Primers used in PCR amplification of FPI genes for cloning and mutagenesis 
experiments 

Gene Primer Sequence Tm 

28LA 5'-GCC AAG T I T  GCT TGT GAA AT 58.4 

28RA 5'-CTC GAG TGG TCT TTG AGG CAG ATT TIT 64.6 

28IPL 5'-TGC TTT TAG TGG GTC ATG GA 60.4 

P ~ P A  28IPR 5'-CTA CGG CAT AAA TGG CTG GT 66 

BN28L 
5'-CTC GAG AAG CCA TTC TCA TCC ATA CTC 64.6 
AA 

BN28R 
5'-CTC GAG TGT CTC GCT ATC ACT TGT TTG 67.5 
G 

new28R 5'-CTC GAG TGC TIT TAG TGG GTC ATG GA 66.2 

5'-TCA CCG TTG GTA CCT TGC AGC CGA GTT 70.87 pdpB-L ACT ATC 

5'-ATA TGC GGC CGC TGC CAT ATC AAC 
pdpB-R AAA GAA A 67.29 

5'-ACT CTC GAG TIT AGT GGG TCA TGG AAT 
TG 

5'-ATA TGC GGC CGC TGT CGC CAT 7TA TAA 68.49 
CTT CA 
5'-AGC ACC TGG TAC CAT CCT CGC CAC TAA 
AAG TA 

PromoterA-R 5'- CAC TCA TCA CAC AAC GCA AG 58.87 

5'-CTC GAG CAA TGA TCT GGG TIT AAA TIT 64.63 P ~ P ~ ~ - ~  AGC 
iglA-iglB 

pdpDR-R 5'-GGT ACC GCC ATT TCT AAA GGG GTT GG 67.75 

pdpDL-F 5'-GGT ACC TGG GTT ATT TIT GCT GCT GA 64.59 

pdpDL-R 
5'-CTC GAG GAT CCA TAC TTA CTA CTC TTA 68.01 
CAA GTA AAC C 



EmNotF 
5'-GCG GCC GCT GAA TCG TTA ATA AGC 
AAA ATT C 

EmNotR 
5'-GCG GCC GCT TAA GGG ATG CAG TIT 
ATG C 

Del-Em-L 5'-TGG AAA TTA TCG TGA TCA ACA AG 57.42 
Erythromycin 

Del-Em-R 5'-CAA AAC GCT CAT TGG CAT TAC 58.66 

EmNotF 
5'-GCG GCC GCG GGT TAT AAT GAA CGA 
GAA AA 

68.87 

EmNotR 
5'-GCG GCC GCA ACA AGT TAA GGG GAT 
GCA GT 

70.47 



Transposon - T 7  

Figure 3.1 Agarose gel analysis of pdpA transposon mutants. 

Panel A. Transposon mutants in the pdpA gene were identified by screening transformants 

by PCR using primers that amplify the entire pdpA gene. Ten of the transformants contain 

the hafwposon, about 1.5 kb, and were named NZ304-1 to NZ304-10. Panel B. A map 

indicating the region amplified by PCR. The gray arrow represents the pdpA gene; the 

triangle represents the transposon insertion; primers are indicated by small black arrows. 



Figure 3.2 SDS-PAGE analysis of mutants NZ304-1 to 10. 

SDS-PAGE analysis was performed on the whole cell lysates of the ten mutants, NZ304-1 

to 10. The mutant NZ304-2 is lacking the high molecular weight band in contrast to the 

wild type and other mutants. 



Figure 3.3 Growth of F. novicida pdpA mutant and control strains in mouse 

macrophages. 

Bone marrow-derived macrophages were infected with U112 or mutants and samples were 

lysed every 24 hours to determine the number of viable bacteria as determined by colony 

forming units on agar medium. Squares (a) represent the growth of wild type F. tularensir 

subsp. novicida (U112); inverted triangles (v), control U112 strain with a random 

transposon insertion not affecting intracellular growth; triangles (A),  mutant NZ304-2; 

diamonds (*) represent mutant NZ304-2 with complementing plasmid pVIC314; and 

circles ( ), mutant NZ304-2 with plasmid pVIC3 1 1, which should not complement the 

genetic defect. (performed in Dr. K.L. Elkins' laboratory) 



Figure 3.4 Infection of mice with F. novicida pdpA mutant and control strains. 

Squares (a) represent the survival of mice following infection with wild type F. tularemis 

subsp. novicida (U112); inverted triangles ( 7 )  - infection with control U112 strain with a 

random transposon insertion not affecting intracellular growth; triangles (A) - infection 

with mutant NZ304-2; diamonds (+) - infection with mutant NZ304-2 with 

complementing plasmid pVIC314; and circles (a  ) - infection with mutant NZ304-2 with 

plasmid pVIC311, which should not complement the genetic defect. (performed in Dr. K.L. 

Elkins' laboratory) 
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Figure 3.5 A schematic chart indicating the generation of NZ9. 

An erythromycin cassette was ligated with the flanking regions of the pdpA gene, and the 

linear DNA was then transformed into U112. Due to the allelic exchange, pdpA was 

replaced by the erythromycin cassette. 



Erythromycin cassette t - PromoterA-R 
Del-Em-R 

Figure 3.6 Agarose gel analyses of NZ9. 

Panel A. In order to demonstrate the present of an Em cassette and its orientation, a primer 

downstream of pdpA (pdpB800R-L) and a primer upstream of pdpA (PromoterA-R) were 

paired with two primers on opposite strands of the Em cassette (Del-Em-L and Del-Em-R) 

respectively to perform four different PCR reactions. Primer set pdpB800R-L and 

Del-Em-L was used in lane 1; primer set pdpB800R-L and Del-Em-R was used in lane 2; 

primer set PromoterA-R and Del-Em-L was used in lane 3; primer set PromoterA-R and 

Del-Em-R was used in lane 4. The bands in lane 2 and 3 indicate that the erythromycin 

cassette is present in NZ9, and its orientation is opposite to the original orientation of pdpA. 



The internal primers of pdpA, 28IPLlR were used in lane 5 to confirm the absence of 

pdpA gene in NZ9. Weak bands in lane 1 and 4 of U112 and lane 4 and 5 of NZ9 were 

most likely caused by non-specific reactions. Panel B. Primer set pdpB800R-L and 

PromoterA-R were used to indicate the amplicon is smaller in NZ9 than in U112 because 

of the replacement of pdpA by Em cassette. Panel C. A map indicating regions amplified by 

PCR. Primers are indicated by small black arrows. The gray arrow represents the pdpA 

gene in U112 or the Em cassette in NZ9 



Figure 3.7 Gel images indicating the successful complementation of NZ9. 

Panel A. Three primer sets that corresponded to different regions of pdpA were used to 

demonstrate the presence of the pdpA gene in the complementing strain NZ9-6. 28IP-UR 

were used in gel 1; BN28UR were used in gel 2; 28LA and new28R were used in gel 3. 

Panel B. A map indicating regions amplified by PCR. Primers are indicated by small black 

arrows. The gray arrow represents the pdpA gene. 



Kpn I 

Figure 3.8 Map of the pdpA gene replacement vector, pNZ29. 

The Not I site of pWSK29 was removed. The flanking regions of the pdpA gene were 

cloned into the Kplz I site in MCS. The resulting plasmid, pNZ29, has a unique Not I site in 

the middle of the two pdpA flanking regions. 



Figure 3.9 SDS-PAGE analyses showing the high molecular weight band (HMWB). 

The HMWB is about 400 kDa and is present in wild type U112, a random transposon 

mutant (R4), the transposon mutant of iglC (CG62), the gene replacement mutant of pdpA 

(NZ9) and pdpD (JL12). It is absent in the transposon mutant of iglA (CG116) and pdpA 

(NZ3 04-2). 



+TOF Produd (608.3): 23 W scans from Nano H M  608.33 u&wiff 
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mslms spectrum of +2 peptide: VTWALDSAGQR 

Max. 403.0 counts. 

Figure 3.10 Q-TOF MS result of the high molecular weight band (1). 

A short peptide was identified, having 12 amino acids, VTVVALDSAGQR. 



Max. 523.0 m k .  

Ms/ms spectrum of +2 peptide: QALLAAEAVAYGNK 

Figure 3.11 Q-TOF MS result of the high molecular weight band (2). 

Another short peptide was also identified, having 14 amino acids, QALLAAEAVAYGNK. 



Chapter 4 Conclusions and future research 

Conclusions 

Francisella tularensis causes tularemia, a serious disease in humans, and has been used 

to develop bioweapons in several countries. Research into pathogenesis-related virulence 

factors has been hindered by the extreme infectivity of this bacterium. To date, there is n o  

safe and effective vaccine. We have used the model F. tularensis subsp. novicida to 

advance the understanding of Francisella virulence properties. 

Our focus for this study was the putative pathogenicity island we discovered. The 

major part of the FPI was sequenced and contains 17 ORFs. Four ORFs greater than 2 Kh 

were designated pdpABCD. Four smaller ORFs that are clearly organized in an operon 

were designated iglABCD. Additional nine small ORFs were named orfl through orjY 

because we were not certain if they were functional genes. Among these 17 ORFs, iglA and 

iglC had been previously established as virulence factors. In this study, we utilized 

transposon mutagenesis and gene replacement techniques to further demonstrate that pd~jA 

and pdpD also contribute to virulence. Because the putative FPI also has an unusual G+C 

content and is surrounded by F. tularensis transposases, we confirmed that the putative FPI 

does fall under the term "pathogenicity island". 

According to DNA sequence analysis in LVS (type B strain), Schu4 (type A strain), 

and U112, we observed that the pdpD gene is slightly different between Schu4 and U112, 



and absent in LVS. In addition, we proved thatpdpD is absent or has significantly different 

sequences in four other type B clinical isolates. Given that type B strains have a lower 

virulence than type A strains, and the U112 strain is only virulent in mice, we believe that 

the presence, or the absence of sequence identity of the pdpD gene may partially account 

for the varied virulence among the strains. 

Since the products of the pdp genes and the igl genes, with the exception of iglAB, 

exhibit no significant similarities to known-function proteins from any bacterium, these 

genes may represent a cluster of novel virulence factors. The homology of IglAB to some 

secretion systems suggests that a secretion system may be composed of IglABCD, and 

responsible for the secretion of PdpABCD and other proteins. Another possible virulence 

factor, FspA, is probably also exported by this secretion system, forming a multimer alone 

or with other proteins at the bacterial surface. 

4.2 Future research 

In order to test our hypotheses, we would like to perform mutagenesis on other genes 

located on the Francisella pathogenicity island to determine their roles in virulence. 

Developing antibodies against PI-encoded proteins will help us to study protein-protein 

interactions, reveal the locations of these proteins, and determine their exact functions 

during macrophage infection. More experiments will also be performed on the fspA gene to 

clarify its function and location. Under feasible circumstances, we would like to switch our 

focus to highly virulent type A strains, to study the virulence factors in these strains, and 

eventually look for good vaccine candidates. 
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Appendices 

Protein alignment of PdpA with a hypothetical protein from Plasmodium falciparum. 

Yellow shading indicates identical amino acids; green shading indicates conserved amino 

acids that contribute in a similar fashion to protein secondary structure. 
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Hydrophobicity analyses of PdpA and the hypothetical protein from Plasmdium 

fakiparum. 
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Secondary structure prediction of PdpA and the hypothetical protein from Plasmodium 

falciparum. Long blue bar represents a-helix; medium red bar represents extended strand; 

short purple bar represents random coil. 

PdpA 

Hypothetical protein 



Protein alignment of PdpB with a hypothetical protein from Plasmodiwn falciparurn. 

Yellow shading indicates identical amino acids; green shading indicates conserved amino 

acids that contribute in a similar fashion to protein secondary structure. 
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Hydrophobicity analyses of PdpB and the hypothetical protein from Plasmodium 

falciparum. 

PdpB 

Hypothetical protein (aa 145 1-2600) 



Secondary structure prediction of PdpB and the hypothetical protein from Plasmodium 

falciparum. Long blue bar represents a-helix; medium red bar represents extended strand; 

short purple bar represents random coil. 

PdpB 

Hypothetical protein (aa 1451-2600) 



Protein alignment of PdpC with normocyte-binding protein 1 from Plasmodium falciparum. 

Yellow shading indicates identical amino acids; green shading indicates conserved amino 

acids that contribute in a similar fashion to protein secondary structure. 
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Hydrophobicity analyses of PdpC and the normocyte-binding protein 1 from Plasmodium 

falciparum. 

PdpC 

Normocyte-binding protein (aa 379-1706) 



Secondary structure prediction of PdpC and the normocyte-binding protein 1 from 

Plmmodiurn falciparurn. Long blue bar represents a-helix; medium red bar represents 

extended strand; short purple bar represents random coil. 

PdpC 

Normocyte-binding protein (aa 379- 1706) 



Protein alignment of PdpD with 235 kDa rhoptry protein from Plasmodium yoelli. Yellow 

shading indicates identical amino acids; green shading indicates conserved amino acids that 

contribute in a similar fashion to protein secondary structure. 
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Hydropobicity analyses of PdpD and the 235 kDa rhoptry protein from Plasmodium yoelli. 

PdpD 

235 kDa rhoptry protein (aa 282-1604) 



Secondary structure prediction of PdpD and the 235 kDa rhoptry protein from Plasmodim 

yoelli. Long blue bar represents a-helix; medium red bar represents extended strand; short 

purple bar represents random coil. 
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