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The transcription factors MglA and SspA of the highly virulent bacterium
Francisella tularensis form a heterodimer complex and interact with the RNA
polymerase and other transcription factors. These protein-protein interactions regulate
the expression of hundreds of genes that are essential for the pathogen’s virulence and
survival within host cells. In order to evade the host defense mechanisms, F. tularensis
needs to sense signals from the environment and respond accordingly by differentially
expressing the appropriate genes. However, limited information is available on the
environmental cues that trigger the regulatory network mediated by MglA and SspA.
In this study, a fluorescence-based screening assay comprising 1152 small
molecules was used to uncover quinacrine hydrochloride as a thermal stabilizing
compound of purified MglA and SspA proteins from F. tularensis SCHU S4. The effect
of the small molecule was analyzed in vivo using a bacterial two-hybrid system. The
results obtained showed that quinacrine modified the interaction between MglA and
SspA. In addition, in F. tularensis subsp. novicida, quinacrine affected the
intramacrophage survival capabilities via a decrease in the transcription of the
Francisella pathogenicity island genes. Structure-guided site-directed mutagenesis
18

experiments indicated that quinacrine makes contact with the amino acid residues
tyrosine 63 of MglA and lysine 97 of SspA, both located in the “cleft region” of the
interacting surface.
It was determined that inorganic polyphosphate (polyP) functions as a biological
effector molecule that stabilizes the interaction of the MglA and SspA complex. A
biophysical characterization determined that polyP binds with high affinity (KD = 300 nM)
to the MglA/SspA complex in the “cleft region” of the heterodimer. Moreover, the
interactions between the MglA/SspA complex and the transcription factor FevR (PigR)
were significantly impaired when the intracellular polyP concentrations were reduced as
determined in the bridge and two-hybrid systems. Taken together, this study describes
the identification and use of a chemical as a probe to understand the mechanisms
involved in the interplay between intracellular ligands and transcriptional regulators. The
molecular probe could be, in the future, further engineered for its use as therapeutics
against Francisella infections.
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CHAPTER 1
INTRODUCTION
Francisella tularensis
Francisella tularensis is a Gram-negative cocobacillus, capsulated, facultative
intracellular pathogen, and the causative agent of tularemia. Francisella is the only
genus within the family Francisellacease and is a member of the γ subclass of
proteobacteria. The organism most closely related to Francisella is the arthropod
endosymbiont Wolbachia persica (Forsman et al., 1994). The 16S rRNA sequence
suggests that it is distantly related to the human pathogens Coxiella burnetii and
Legionella pneumophila (Larsson et al., 2005). There are four subspecies of F.
tularensis. They include subsp. tularensis, holarctica, mediasiatica, and novicida. They
share 95-98% identity at the 16S rRNA nucleotide level. (Forsman et al., 1994,
Svensson et al., 2005, Champion et al., 2009). The subspecies tularensis (F. tularensis)
and holarctica (F. holarctica) are responsible for the majority of human illnesses;
however, F. tularensis is the most virulent (Saslaw & Carlisle, 1961). Most research into
the biology of F. tularensis has been conducted using an attenuated strain of F.
holarctica, called the live vaccine strain (LVS), which is attenuated in humans but
retains virulence in mice. F. tularensis subsp. novicida (F. novicida) is also an avirulent
strain in humans but causes severe illness in mice, similar to the human tularemia. Due
to lower biocontaiment requirements for F. novicida, this subspecie is often used as a
research surrogate for F. tularensis (Baron & Nano, 1998, Brotcke & Monack, 2008,
McRae et al., 2010).
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History and Potential as a Biological Weapon
In 1911, an outbreak of a plague-like disease mainly affecting ground squirrels
occurred in Tulare County, California, USA (McCoy & Chapin, 1912). Research
conducted by Edward Francis led to the conclusion that the Bacterium tularensis (now
F. tularensis) was the common cause of the outbreak in the ground squirrels and a
variety of human illnesses including rabbit fever, tick fever and deer fly fever (Francis,
1925). The diseases were subsequently recognized as tularemia with the first official
case occurring in Ohio in 1914 (Wherry & Lamb, 1914). In the 1930’s and 1940’s the
tularemia’s epidemic potential became apparent when waterborne outbreaks occurred
in Europe and the former Soviet Union (Karpoff & Antonoff, 1936, Silchenko, 1957),
while epizootic and laboratory-associated cases occurred in the United States (Jellison
& Kohls, 1955, Lake & Francis, 1922).
Before World War II, Japan, France, Germany, the Soviet Union, and Great Britain
had active biological weapons programs. The United States began its biological
weapons developments in the 1940s, which was terminated by an executive order in
1970 (Christopher et al., 1997). Nevertheless, the Soviet Union continued its efforts until
the 1990s, resulting in production of F. tularensis strains engineered to be resistant to
antibiotics and vaccines (Alibek, 1999). The Centers for Disease Control and Prevention
(CDC) classifies F. tularensis as a category A bioterrorism agent because of its extreme
virulence, low infectious dose, ease of aerosol dissemination, and capacity to cause
severe illness and death.
Epidemiology
Francisella has a broad host and habitat distribution. It can infect mammals,
insects, arthropods and protozoa, and it can be recovered from contaminated water,
21

soil, and vegetation (Mörner, 1992, Berdal et al., 2000, Abd et al., 2003, Keim et al.,
2007). F. tularensis is primarily found in North America and it is most often isolated from
ticks, deerflies, lagomorphs and rodents (Hopla, 1955, Boyce, 1975). It is the most
virulent of the four subspecies. It has been determined that contact with as few as 10
colony forming units (CFU) via the respiratory route can cause disease, and if left
untreated, 30 to 60% of the infections can be fatal (Saslaw et al., 1961a, Dienst, 1963,
Gurycová, 1998). F. holarctica causes the majority of human illness and is found
throughout the Northern Hemisphere (Ohara et al., 1991, Tärnvik et al., 1996). This
subspecies is less virulent than F. tularensis (the median lethal dose (LD50) < 103 CFU)
and causes milder forms of tularemia (Olsufiev et al., 1959, Eigelsbach et al., 1962). It
can commonly be found in hares, semi-aquatic rodents and mosquitoes, and seems to
have a strong association with water (Eliasson et al., 2002, Willke et al., 2009). F.
tularensis subsp. mediasiatica (F. mediasiatica) is found in central Asia and is rarely
associated with human disease (McLendon et al., 2006). F. novicida is found in North
America and recently in Australia. (Whipp et al., 2003). It is avirulent in humans, except
in immunocompromised individuals (Hollis et al., 1989, Clarridge et al., 1996). The
reason behind this attenuation in humans is unclear, given its similar trafficking and
replication mechanisms to F. tularensis and F. holarctica.
Tularemia is more common in the months of June through September (Dennis et
al., 2001). Bites from infected ticks or deer flies usually occur in the summer months,
but illness due to animal handling and hunting can occur at any time of the year
(Dennis, 1998). In the United States, approximately 126 cases of tularemia are reported
each year, most commonly in Arkansas, Missouri, Oklahoma, and Massachusetts
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(Kugeler et al., 2009). The most recent incident in the United States occurred on
Martha’s Vineyard in 2000 (Massachusetts) and involved 15 patients with one fatality.
They developed primarily pulmonary tularemia (Feldman et al., 2003). In Europe, most
reported tularemia cases are from northern and central countries, particularly Finland
and Sweden. The disease in many of these countries occurs in localized rural regions.
The outbreaks are associated with arthropod and water-borne transmissions (Tärnvik et
al., 1996). Today, the worldwide occurrence of human tularemia is likely underestimated
due to the generic nature of the disease symptoms.
Intracellular Life Cycle
Francisella has the ability to enter and replicate within a variety of cell types.
These include non-phagocytic cells such as alveolar epithelial cells and hepatocytes, as
well as phagocytic cells such as neutrophils and dendritic cells (Conlan & North, 1992,
McCaffrey & Allen, 2006). However, it is believed that macrophages serve as
Francisella’s primary replicative niche (Hall et al., 2007) .The uptake of Francisella
appears to occur via phagocytosis using a unique mechanism involving the formation of
asymmetric pseudopod loops (Figure 1-1). This process has been termed looping
phagocytosis (Clemens et al., 2005). The uptake is dependent on complement receptor
3 (CR3) and the complement factor C3 (Clemens & Horwitz, 2007). The use of this
receptor pathway is common among pathogens as this form of entry prevents the
oxidative burst. Other receptors involved are the mannose and scavenger receptors
(Pierini, 2006, Schulert & Allen, 2006). Following internalization into host cells,
Francisella resides within a vacuole named Francisella containing phagosome (FCP)
(Clemens et al., 2005). The FCP matures to an early endosome that acquires the early
endosomal antigen 1 (EEA1) marker followed by the late endosomal markers LAMP1
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(lysosomal-associated membrane protein 1), LAMP2, CD63 and the Rab7 GTPase
within 15-30 min after the bacterial uptake (Clemens et al., 2004, Santic et al., 2005b).
The FCP fails to acquire the acid hydrolase cathepsin D and does not fuse with
lysosomes. As a result, the bacterium actively degrades the phagosomal membrane by
hydrolysis of the surrounding lipids bilayers (Clemens et al., 2004). There is some
debate as to whether the phagosome acquires the lysosomal vacuolar ATPase pump
and becomes acidified (Chong et al., 2008, Santic et al., 2008, Clemens et al., 2009).
Thus, Francisella is either able to prevent phagosomal-lysosomal fusion or is able to
trigger escape from the phagosome quickly following acidification via a vacuolar
ATPase proton pump, but before fusing with the lysosome. Once free in the cytosol
Francisella replicates extensively, using available nutrients and triggering host cell
death. This process releases bacterial cells that can re-infect nearby host cells (Santic
et al., 2007, Wehrly et al., 2009). Francisella has also been shown to reenter the
endocytic pathway via autophagy and reside in vesicles named Francisella-containing
vacuoles (FCV) at ≥ 24 hours post-infection prior to host cell death (Checroun et al.,
2006). A model of the Francisella intracellular cycle is shown in Figure 1-1.
Vaccination against Tularemia
The live vaccine strain (LVS) derived from F. holarctica was selected via multiple
passages on peptone cysteine plates followed by repeated inoculation of mice (Tigertt,
1962). The US Food and Drug Administration (FDA) approved this strain as an
investigational new drug for evaluation. The US Army tested its use as a vaccine on
human volunteers in the late 1950’s. The immunized subjects were challenged with F.
tularensis SCHU S4. It was reported that the F. holarctica LVS vaccine was protective
against a high dose (1,000 CFU) of bacteria delivered subcutaneously and against a
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low dose (10 to 100 CFU) of bacteria in the aerosol form (Saslaw et al., 1961a, Saslaw
et al., 1961b). However, when F. tularensis SCHU S4 was administered at a high dose
(1,000 CFU) in the aerosol form (dose necessary to confer immunity), a subset of
volunteers developed tularemia (Hornick & Eigelsbach, 1966). Consequently, the FDA
denied the license of the F. holarctica LVS vaccine due to the unknown level of
attenuation, residual virulence following vaccination, and variability within vaccine lots
(Sandström, 1994). The efforts toward developing vaccines against tularemia have
continued throughout the years (Pechous et al., 2009). However, these candidate
vaccines offer limited protection and variable effectiveness.
Francisella Response to Host Defenses
In order to evade the host defense mechanisms, intracellular pathogens need to
sense signals from the surrounding environments and respond accordingly by inducing
the appropriate set of genes. Some of the environmental cues that Francisella
encounters during macrophage infection are oxidative stress, limited iron availability and
nutritional starvation.
Oxidative stress
Some of the early responses of the host’s innate immune system to microbial
invaders are the production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) (Fang, 2004). These anions are essential for bacterial killing and to
amplify inflammatory responses (Nauseef, 2007). Pathogens that survive inside
phagocytes have developed methods to avoid or inhibit ROS production. For example,
Francisella is able to inhibit the host’s cell defense mechanism by preventing NADPH
oxidase assembly on a forming phagosome (McCaffrey & Allen, 2006, Mohapatra et al.,
2010). A similar mechanism has been observed in Legionella pneumophila (L.
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pneumophila) and Coxiella burnetii (Harada et al., 2007, Siemsen et al., 2009). The host
NADPH oxidase complex is a multi-component enzyme that catalyzes the conversion of
molecular oxygen into superoxide anions. The NADPH oxidase protein complex consist
of several phox subunits; the cytosolic p40, p47, and p67 in addition to p22 and gp91,
which localize to the membrane (Vignais, 2002). A type of Rho-GTPase, called Rac,
also associates with the complex and mediates NADPH oxidase activity (Petry et al.,
2010). NADPH oxidase induction requires the translocation of phosphorylated p40, p47,
and p67 phox proteins from the cytoplasm to the phagosomal membrane (Appelberg,
2007).
Experimental data have shown that F. tularensis, F. novicida, and F. holarctica
LVS prevent NADPH oxidase assembly during intracellular infection. Specifically, the
recruitment of the phox proteins p40, p47, and p67 to the phagosome were prevented,
thus attenuating the oxidative burst mechanism utilized by neutrophils. The mechanism
by which Francisella species inhibits NADPH assembly is thought to involve the acid
phosphatases AcpA, AcpB and AcpC, and the histidine acid phosphatase (Hap) by
dephosphorylation of the phox proteins (McCaffrey & Allen, 2006, Mohapatra et al.,
2010, McCaffrey et al., 2010). The combined deletion of the phosphatases and inhibiton
of AcpA and AcpB resulted in reduction of phosphatase activity and virulence
(Mohapatra et al., 2008, McRae et al., 2010).
Moreover, Francisella responds to oxidative stress conditions by up-regulating the
expression of general stress and specific oxidative stress response genes. The
identified proteins include the general stress proteins: HtpG, ClpP, ClpX, the Lon
protease, DnaJ, DnaK, GroEL, GroES, ClpB, and Hsp (Ericsson et al., 1994, Lenco et
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al., 2005, Wehrly et al., 2009). The oxidative stress response proteins included NADPH
quinone reductase, Dyp-type peroxidase, deaminase (HemC), glutaredoxin (GrxA),
peroxiredoxin, superoxide dismutases (SodC and SodB), and methionine sulfoxide
reductases (MsrA and MsrB) (Bakshi et al., 2006, Guina et al., 2007, Wehrly et al.,
2009).
Iron acquisition
Iron is an essential nutrient that plays a role in many vital microbial cellular
processes and metabolic pathways. Its acquisition is viewed as an important virulence
trait for many bacterial pathogens since the availability of iron in the host cell is limited
(Skaar, 2010). To overcome the iron-restricted environment, pathogens can quickly
adapt to this environmental cue by triggering expression of not only the iron acquisition
machinery but also virulence determinants (Skaar, 2010). Gram-negative bacteria
sense low levels of free iron through the ferric uptake regulator (Fur). Fur acts as a
transcriptional repressor by forming a complex with ferrous iron and binding to the Fur
box located upstream the iron-regulated genes. Under iron limiting conditions, these
genes are expressed and lead to the acquisition of iron (Payne, 1993). Francisella
species encode for an iron acquisition operon (fsl for Francisella Siderophore Locus or
fig for Francisella Iron Genes) involved in the synthesis and secretion of a rhizoferrinlike siderophore, which chelates extracellular ferric iron (Sullivan et al., 2006). This
operon is located downstream of a fur gene homolog and a canonical Fur-binding site,
suggesting that it is subjected to Fur-mediated regulation in response to iron (Sullivan et
al., 2006, Kiss et al., 2008, Ramakrishnan et al., 2008). In addition, this operon was
induced under iron-restricted conditions in a Fur-dependent manner. Microarray and
proteomic analysis in F. holarctica LVS confirmed that approximately 80 genes are
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differentially expressed under iron limiting conditions (Deng et al., 2006, Lenco et al.,
2007). Similar results were obtained during cytosolic replication of F. tularensis SCHU
S4 in macrophages (Wehrly et al., 2009).
The Francisella Pathogenicity Island
Random transposon mutagenesis and microarray-based studies have identified a
number of genes required for Francisella to survive intracellularly and to replicate within
the host (Qin & Mann, 2006, Tempel et al., 2006, Maier et al., 2007, Weiss et al., 2007).
The fact that all these mutants are defective for intracellular growth and unable to cause
disease highlighted the importance of these genes in the intracellular survival of this
pathogen. Despite the progress in identifying virulence determinants, the biological role
of many of these genes has not been determined yet.
The Francisella pathogenicity island (FPI) was first identified in 2004 (Nano et al.,
2004) using transposon mutagenesis. Two loci encoding for the genes iglB and iglC
were shown to reduce the ability of F. novicida to grow in macrophages (Gray et al.,
2002). Subsequent bioinformatic analysis of this region revealed the existence of an
approximately 33 kb region with the characteristics of a pathogenicity island (Nano et
al., 2004, Larsson et al., 2005) (see Figure 1-2). The FPI consists of 16-19 open reading
frames (ORFs) arranged into two major transcriptional units, one containing 6-7 ORFs
including those coding for the Intracellular Growth Locus (igl) proteins, and the second
containing 12 ORFs including the Pathogenicity Determinant Proteins (pdp). This
operon has a G+C content of 30.6%, in contrast to the average 33% G+C content for
the Francisella chromosome, which is indicative of horizontal gene transfer (Nano et al.,
2004). Interestingly, the FPI is found in duplicate in F. tularensis, F. holarctica, and, F.
mediasiatica, but it is present as a single copy in F. novicida (Nano et al., 2004, Larsson
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et al., 2009). The majority of the FPI genes are highly conserved between subspecies,
although there are differences in the genes present in region upstream of iglA, which
contains the anmK and pdpD genes (Figure 1-2). The F. novicida FPI differs from the F.
holarctica in having anmK and pdpD. The F. tularensis FPI has pdpD and two different
sized anmK genes.
A large number of studies have identified the FPI as the key player in Francisella’s
ability to survive and replicate inside the host cell. All these studies have shown that
these genes are essential for Francisella virulence both in macrophage cell lines and in
mouse models (Gray et al., 2002, Twine et al., 2005, Nano et al., 2004, Brotcke et al.,
2006, de Bruin et al., 2007, Santic et al., 2007). The proposed function of some of the
FPI genes is summarized on Table 1-1. The type VI secretion system (T6SS) is broadly
distributed amog Gram-negative bacteria. This system is used to transport effector
proteins to the cytosol of infected host cells (Pukatzki et al., 2009). Recent evidence
indicates that many of the FPI proteins share homology with type VI secretion system
(T6SS) described in Vibrio cholerae (V. cholerae) and Pseudomonas aeruginosa (P.
aeruginosa). In these gene clusters, the products of icmF, clpV, and dotU genes are
required for the secretion of Hcp and VgrG into the culture supernatants (Mougous et
al., 2006, Pukatzki et al., 2006). F. tularensis contains homologues of all these, which
are described below. The AnmK and PdpD proteins are required for virulence in animal
infections performed with F. novicida but not for intracellular growth (Weiss et al., 2007,
Ahlund et al., 2010). AnmK shows high sequence identity to COG2377 (HSP70
chaperone) (Nano & Schmerk, 2007) while PdpD localizes in the outer membrane,
similarly to homologues of T6SS. More importantly, IglA, IglB, PdpB, and DotU are
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required to localize PdpD to the outer membrane (Ludu et al., 2008). The IglA and IglB
are homologues to VipA and VipB from V. cholerae and form tubular structures
predicted to be involved in effector protein secretion (de Bruin et al., 2007, Bönemann et
al., 2009). IglC is well characterized. It plays an important role modulating biogenesis of
the phagosome to avoid lysosomal fusion, mediates escape of the bacteria into the host
cytosol, and is involved in induction of apoptosis in J774 cells (Lindgren et al., 2004,
Santic et al., 2005a, Santic et al., 2005b, Bönquist et al., 2008). Less information is
available on the IglD protein. Studies in ΔiglD strains suggest that iglD is important for
phagosomal escape (Bönquist et al., 2008). PdpE localizes to the outer membrane,
however, it has no direct role in the phagosomal escape, intramacrophage replication,
or virulence of the F. holarctica LVS (Bröms et al., 2011). PdpE is a putative Hcp
homolg, yet still there is no evidence that this protein is secreted (Barker et al., 2009). In
the F. holarctica LVS, ΔiglI and ΔiglG mutant strains exhibited delayed phagosomal
escape, delayed activation of the inflammasome, and virulence attenuation in mice. The
localization of IglI and IglG is different. While IglI is found primarily in the inner
membrane (but also present in both the outer membrane and the cytosol), IglG was
found only in the outer membrane (Bröms et al., 2011). DotU (Defective in Organelle
Trafficking protein U) from F. tularensis exhibits homology to a member of COG3455,
an outer membrane protein. DotU homologues often display a periplasmic OmpA-like
domain that contains a peptidoglycan-binding motif, suggesting that they are linked to
the outer membrane via the cell wall (Ma et al., 2009). DotU interacts with IcmF to
maintain the stability of the membrane embedded components that form the structure
spanning the inner membrane and outer membrane of the T6SS secretion system
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(Bönemann et al., 2010). IglF is required for virulence in mice and is the ClpV homolog.
ClpV is the energizing component of T6SS essential for T6SS in P. aeruginosa
(Bönemann et al., 2009). However, IglF does not possess the characteristic Walker A
and B boxes involved in the ATPase activity indicating that it may not be functional
(Mougous et al., 2006, Barker et al., 2009). VgrG is secreted into culture supernatants
and macrophages without the requirements of any other genes in the FPI. It is also
required for phagosomal escape (Barker et al., 2009). PdpB [Intracellular Multiplication
protein F (IcmF) homolog] is required for replication in the host cell cytosol (Tempel et
al., 2006). Typically, the IcmF protein is localized in the inner membrane and contain a
Walker A box (Zheng & Leung, 2007). Although PdpB is localized in the inner
membrane, it is missing the Walker A motif (Ludu et al., 2008). The PdpA protein is
required for phagosomal escape and has been shown to be soluble and up-regulated in
iron-limiting conditions. It is predicted to be a secreted effector protein (Schmerk et al.,
2009). PdpC, IglJ, IglH, and IglE are required for virulence in mice but their direct role in
virulence in not clear (Weiss et al., 2007).
Despite the fact that the Francisella secretion system is not considered similar
enough to other T6SSs, there is no doubt that it shares a strong resemblance at the
amino acid level. This suggests that the proteins encoded within the FPI may not
function in an identical fashion to those within the T6SS of V. cholerae and P.
aeruginosa. F. tularensis may have evolved these T6SS homologues to facilitate
secretion of effector proteins in a related, but not identical manner, which may be
adapted to its location within the host phagosomal compartment.
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Regulation of the Virulence Genes
Most research on regulation of virulence determinants in F. tularensis has been
performed on the FPI genes (Gray et al., 2002, Nano et al., 2004, Santic et al., 2005b,
Brotcke et al., 2006, Weiss et al., 2007, de Bruin et al., 2007, Santic et al., 2007,
Bönquist et al., 2008, Ludu et al., 2008, Schmerk et al., 2009). The regulation of the FPI
and other virulence genes is controlled at the transcriptional and post-transcriptional
levels.
Post-transcriptionally, bacterial small non-coding RNAs (sRNA) carry out both
positive and negative regulation of gene expression by pairing with messenger RNAs
(mRNAs). This mode of regulation often requires the RNA chaperone Hfq (host factor
for bacteriophage Qβ replication) (Papenfort & Vogel, 2010). Hfq is a post-trancriptional
regulator that facilitates RNA-RNA interactions between sRNA and their mRNA targets
(Møller et al., 2002). Hfq-dependent sRNAs usually act on trans-encoded target mRNAs
to repress translation and promote mRNA degradation (Storz et al., 2004). Hfq is an
important regulator of gene expression in a number of bacterial pathogens including
Yersinia pseudotuberculosis, Neisseria meningitidis, and Salmonella enterica (S.
enterica) (Sittka et al., 2007, Schiano et al., 2010, Mellin et al., 2010). Mutation of hfq in
the F. holarctica LVS and F. novicida strains resulted in pleiotropic effects including
sensitivity to elevated salt concentration, detergents, high temperature, pH, peroxide
stressors, early entry into stationary phase, decreased virulence in mice, slight growth
defect in macrophages and biofilm formation (Meibom et al., 2009, Chambers & Bender,
2011). Microarray analysis of the mutant strain revealed the defective expression of 104
genes, including the entire FPI. A recent study identified several sRNA expressed in the
F. holarctica LVS using in silico and experimental assays. These included members of
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structural and housekeeping RNAs and others unique to Francisella that share no
sequence similarity or conserved genomic context with any previously annotated
regulatory transcripts (Postic et al., 2010). Hfq negatively regulates only a subset of
genes in the FPI (pdpD to iglJ) (Meibom et al., 2009).
The regulation at the level of transcriptional initiation in Francisella is a complex
mechanism that involves a cascade of at least five transcription factors (MglA, SspA,
FevR (PigR), PmrA and MigR), and a unique RNAP. All these components work in
concert to regulate a myriad of genes including the FPI.
Francisella tularensis RNA polymerase
The process of transcription is performed by a complex of proteins that form the
RNA polymerase (RNAP) holoenzyme. In most bacteria, the RNAP consists of two
identical α subunits, two large subunits called β and β’, the ω subunit, and the σ factor
(Larsson et al., 2005). The binding of RNAP to DNA requires the recognition of specific
sequences in the promoter region by the σ factor. In addition, the affinity of RNAP
binding to the promoter can be enhanced by sequences upstream of the promoter
called UP (upstream) elements to which the carboxyl terminus of the α subunit binds.
The Francisella RNAP is unique, as it contains two distinct forms of the α subunit. Two
separate genes (rpoA1 and rpoA2) encode for these proteins and both are incorporated
into the holoenzyme. The two subunits are only 32% identical at the amino acid level.
This difference suggests that the subunits could potentially have different mechanisms
for promoter recognition, dimer formation, and interaction with transcriptional regulators.
The RNAP recognizes different types of promoters on the basis of which type of σ
factor is present in the enzyme. This allows the cell to respond to a range of
environmental conditions and regulate the expression of specific sets of genes. Unlike
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other Gram-negative bacteria like Escherichia coli (E. coli) that have at least six σ
factors, Francisella species encode only two σ factors, the housekeeping σ70 and one
stress related σ32 (Grall et al., 2009). The fact that the Francisella RNAP differs to other
bacterial RNAPs could have a significant impact on the control of expression of
virulence genes.
Transcriptional regulators
Baron and Nano (1998) isolated a spontaneous F. novicida mutant in a screen for
suppressors of acid phosphatases. The mutant showed altered colony morphology on
plates containing a chromogenic phosphatase substrate, which suggested that the
strain was a spontaneous phosphatase mutant. Further studies demonstrated that the
mutant strain was not able to replicate in macrophages, and the mutated locus was
identified by complementation and named mglAB, for macrophage growth locus AB
(Baron & Nano, 1998).
The mglA and mglB genes form an operon that encodes for proteins that exhibit
homology to sspA and sspB from E. coli and Haemophilus species. Whole
transcriptome analysis using microarrays have characterized MglA as a global
transcriptional regulator. It is responsible for the regulation of more than 100 genes,
including the entire FPI, with the majority being positively regulated (Brotcke et al.,
2006). It has also been determined that the mglA transcript is highly up-regulated upon
infection of macrophages (Brotcke et al., 2006). The deletion of either mglA or mglB
genes attenuates the growth of Francisella inside macrophages rendering them unable
to escape from the phagosome (Baron & Nano, 1998, Lauriano et al., 2004, Santic et
al., 2005b, Brotcke et al., 2006, Vonkavaara et al., 2008). It was proposed that the
disruption of mglA attenuates virulence by modifying the expression of the FPI genes. In
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fact, the FPI genes pdpD, iglA, iglC, iglD, and pdpA are reduced in a mglA mutant
(Lauriano et al., 2004). Other genes in the MglA regulon include those important in
general metabolism, general stress response, oxidative and nitrosative stress, genetic
and environmental processing, macrophage cytotoxicity, and many of hypothetical
genes with no known or characterized homologs (Brotcke et al., 2006). MglB is a
homolog to SspB, its exact function is still undetermined but, it is also important in
Francisella virulence (Baron & Nano, 1998).
The Francisella genome encodes for a second protein that exhibits homology to
MglA, annotated as SspA. MglA and SspA are members of the SspA protein family
(Baron & Nano, 1998). In E. coli SspA is a transcription factor involved in the regulation
of genes for stringent starvation responses (Williams et al., 1994b). Unlike other
pathogens where SspA is functional as a homodimer, the functional unit in Francisella is
a MglA/SspA heterodimer (Charity et al., 2007). The complex makes direct contact with
the RNAP and the association of MglA to RNAP occurs in a SspA dependent manner
(Charity et al., 2007). Global gene expression studies using F. holarctica LVS ΔmglA
and ΔsspA strains indicated that they regulate the same set of genes, including the FPI
(Charity et al., 2007).
FevR (Francisella Effector of Virulence Regulation), also known as the
Pathogenicity Island Gene Regulator (PigR) is a putative DNA binding transcription
factor of the FPI. It was identified in F. novicida during a screen of genes requiring MglA
and SspA for their expression (Brotcke & Monack, 2008). The FevR (PigR) protein has
weak homology to the MerR family of transcription factors. The sequence identity is
restricted to a putative helix-turn-helix DNA binding domain, however, the C-terminal
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metal binding domain that usually modulates MerR function is not present in FevR
(PigR) (Brown et al., 2003). It has not been demonstrated that FevR (PigR) can bind to
any specific DNA sequence (Brotcke & Monack, 2008). FevR (PigR) is essential for
intramacrophage replication and virulence in the mouse model. F. holarctica LVS and F.
novicida strains deficient in the transcription factor [ΔfevR (pigR)] remained within the
phagosome and were not able to inhibit the activity of the NADPH oxidase (Buchan et
al., 2009, Charity et al., 2009, Brotcke & Monack, 2008). FevR (PigR) is a positive
regulator of the MglA/SspA-regulated genes, however, FevR (PigR) alone is not
sufficient to induce the MglA/SspA regulon (Brotcke & Monack, 2008, Charity et al.,
2009). MglA and SspA positively regulate the transcripts level of fevR (pigR) (Brotcke et
al., 2006, Charity et al., 2007), while the transcript levels of mglA or sspA were
unaffected in a ΔfevR (pigR) strain. Moreover, FevR (PigR) has been shown to
physically interact with the MglA/SspA complex (Charity et al., 2009).
The Macrophage Intracellular Growth Regulator (MigR) has been identified as a
transcriptional activator of iglB in the F. holarctica LVS (Buchan et al., 2009). A ΔmigR
strain is defective in growth and intracellular trafficking in macrophages. However, these
phenotypes were not reproduced in the F. tularensis SCHU S4 strain (Buchan et al.,
2009). MigR positively regulates fevR (pigR), the operons iglABCD (in the FPI) and
fslABCD (for iron acquisition) (Buchan et al., 2009). MigR shares some similarity with
acyl coenzyme A ligases and contains a conserved AMP-binding domain. Proteins with
this domain are commonly involved in fatty acid modification (Klein et al., 1971). For
example, in E. coli the product of the fadD gene (FACS: fatty acyl CoA
synthetase/coenzyme A ligase), a MigR homolog modifies specific fatty acids, allowing
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them to interact with DNA binding proteins (DiRusso et al., 1999, Dirusso & Black,
2004). Interestingly MigR lacks a DNA binding domain, which questions its role as a
transcriptional regulator. It still remains unclear if the regulatory function of MigR is due
to direct binding to DNA or indirectly through the modulation of the transcriptional
regulator FevR (PigR).
PmrA and KdpD are the members of a two-component system (TCS). In these
regulatory systems, the membrane-bound sensor kinase (KdpD) is autophosphorylated
at a conserved histidine residue in response to an environmental signal. The
cytoplasmic response regulator (PmrA) is then phosphorylated at a conserved aspartate
residue by the sensor kinase. As a consequence, the phosphorylated response
regulator binds to the promoter region of several genes causing activation of
transcription (Beier & Gross, 2006). Usually the genes that encode for TCS are
clustered and expressed as a single transcriptional unit; however, Francisella species
have no complete paired TCS in their genome (Larsson et al., 2005). PmrA was first
described as an orphan response regulator that shares homology with the S. enterica
serovar Typhimurium response regulator PmrA (Mohapatra et al., 2007). In S. enterica,
PmrA-PmrB are involved in the induction of genes that mediate LPS modification and
AMP polymyxin B resistance (Kraus & Peschel, 2006). The F. novicida ΔpmrA strain is
attenuated for virulence in mice, is unable to escape from phagosomes in macrophages
and is more sensitive to antimicrobial peptides (Mohapatra et al., 2007). DNA
microarrays carried out with this mutant strain indicated that PmrA positively regulates
its own transcription as well as the expression of 65 genes, including those in the FPI
(Mohapatra et al., 2007, Sammons-Jackson et al., 2008). PmrA is phosphorylated at
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aspartate 51 by the sensor kinase KdpD, and once phosphorylated it efficiently binds to
the pmrA and pdpD operons (Bell et al., 2010). Microarray analysis of F. novicida
ΔkdpD strain confirmed that kdpD modulates the same group of genes identified for
PmrA (Bell et al., 2010). The environmental signals that are required for KdpD and
PmrA activation remain to be identified. Importantly, co-immunoprecipitation
experiments revealed that PmrA physically interacts with the MglA/SspA complex,
suggesting that the three proteins are part of the same protein complex that regulates
gene expression (Bell et al., 2010). PmrA does not affect the transcript levels of mglA or
sspA, but it positively regulates the levels of the fevR (pigR) transcripts (Mohapatra et
al., 2007).
SspA Family of Transcription Regulators
The first step in gene expression is the transcription initiation event, a process
catalyzed by RNAP at specific DNA sequences (promoter region) (deHaseth et al.,
1998). An important mean by which gene expression can be controlled is through the
regulation of transcription initiation. This modulation can be accomplished through the
binding of proteins called transcription factors (TFs). In general, negative regulators bind
to the promoter, interfering directly with RNAP; in contrast, positive regulators in most
cases bind to the promoter’s upstream region, helping to recruit the polymerase and
start transcription (Collado-Vides et al., 1991, Madan Babu & Teichmann, 2003). TFs
are classified in several families based on sequence identity. In most cases TFs can be
divided in two domains, which allow them to function as regulatory switches. Classically,
one domain functions as an effector binding domain, which in many cases is a
metabolite that conducts the environmental information (Martínez-Antonio et al., 2006).
The other domain directly interacts with a target DNA sequence. In bacteria, the helix38

turn-helix domain is the most common fold found (Seshasayee et al., 2006). However,
there are families of TFs that do not contain a typical DNA binding domain; instead, they
regulate gene expression through protein-protein interactions with RNAP. This is the
case of the CarD protein of Mycobacterium tuberculosis (M. tuberculosis) and the
members of the Stringent Starvation Protein A (SspA) family (Ishihama & Saitoh, 1979,
Stallings et al., 2009).
The SspA proteins are part of the glutathione S-transferase (GST)-C-SspA family
(conserved domain accession #: cd03186) within the GST-C-terminal domain
superfamily (cluster ID #: cl02776). The GST superfamily is a large, diverse group of
cytosolic dimeric proteins involved in the detoxification process of xenobiotics. These
proteins catalyze the nucleophilic addition of the sulfur atom of glutathione to the
electrophilic groups of a large variety of hydrophobic molecules, making them less
reactive. These molecules include organic halides, epoxides, unsaturated carbonyls,
arene oxides, nitrate esters, and thiocyanates (Mannervik & Danielson, 1988, Coles &
Ketterer, 1990). GST also catalyzes the GSH-dependent reduction of organic
hydroperoxidases and biosynthesis of prostaglandins and leukotrienes (Jensson et al.,
1986). The GST fold contains an N-terminal thioredoxin-fold domain and a C-terminal
alpha helical domain. GSH binds to the N-terminal domain while the hydrophobic
substrate occupies a pocket in the C-terminal domain (Dirr et al., 1994, Nishida et al.,
1998). Different classes of GSTs have been identified, which display varying substrate
specificities (Sheehan et al., 2001). Some GST family members contain the GST fold
but lack GST activity. These include the hematopoietic prostaglandin D synthase, the
cephalod major lens protein S-crystallin, the prion protein Ure2p, and the stringent
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starvation protein A (SspA) (Kanaoka et al., 1997, Chuang et al., 1999, Umland et al.,
2001, Hansen et al., 2005a).
The E. coli SspA protein was originally identified as a protein whose expression
was increased during stationary phase (Reeh et al., 1976) as well as during starvation
for carbon, amino acid, nitrogen and phosphate (Williams et al., 1994b). In addition, this
protein was identified in purifications of the RNAP. This direct interaction indicated that
SspA may function as a σ factor-like component of a form of RNAP expressed during
the transition from exponential to stationary-phase growth (Ishihama & Saitoh, 1979,
Williams et al., 1994a). The sspA gene is the first of two genes in the sspAB operon.
Inactivation of sspA interferes with expression of sspB. Additionally, this mutation alters
the expression of at least 11 genes and showed less viability than the wild-type during
prolonged starvation or extended stationary phase (Williams et al., 1994b).
Mechanism of SspA-mediated Gene Regulation
E. coli is able to change gene expression as a consequence of cells entering in
stationary phase or to respond rapidly to environmental stresses including nutrient
limitation and decrease in pH (Hengge-Aronis, 1996). The histone-like nucleoid
structuring (H-NS) protein is a global regulator of many genes involved in oxidative and
osmotic stress, cold shock, motility, and acid tolerance (Atlung & Ingmer, 1997,
Hommais et al., 2001). H-NS acts as a repressor by affecting the topology of the DNA
upon binding (Hulton et al., 1990). One of the many genes modulated by H-NS is rpoS,
which encodes the σs subunit of RNAP (Barth et al., 1995). The σs is an alternative
sigma factor that recognizes the promoter of genes expressed during stationary phase
and/or osmotic and acid stress responses in E. coli (Hengge-Aronis, 1993). H-NS
mediated repression of rpoS is one of the mechanisms that control the expression of σs
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(Barth et al., 1995). SspA, on the contrary, inhibits the stationary phase accumulation of
H-NS, resulting in the expression of acid stress and nutrient starvation responses
including those in the σs regulon. In summary, SspA and H-NS have antagonic roles in
controlling acid resistance and other stress responses associated with stationary phase
(Hansen et al., 2005b). Another function attributed to SspA is the activation of
expression of the late genes of the bacteriophage P1. The initiation of transcription from
the P1 late genes promoters requires E. coli σ70, SspA and the phage-encoded activator
Lpa (late promoter activator) (Hansen et al., 2003).
The SspB protein was discovered during a purification of the E. coli ClpXP
protease associated to ribosomes. During the purification, the wash of partially purified
ribosomes was higher in protease activity (by ten times or more) than ribosomes without
SspB. The stimulatory factor was purified and sequencing identified the protein as SspB
(Levchenko et al., 2000). Further studies determined that SspB functions as a
specificity-enhancing factor that recognizes ssrA-tagged proteins and directs them to
the ClpXP protease but not to other proteases (Levchenko et al., 2000). The sspB gene
is encoded downstream of sspA in an operon arrangement. The sspAB operon is
induced during limited nutrition conditions (Williams et al., 1994b). Therefore, SspB may
function during nutrient starvation, where ribosome stalling is likely to increase resulting
in a decrease in protein synthesis. Under these conditions the ssrA-tagging machinery
is activated, which adds an 11-residue peptide to the carboxyl terminus of the nascent
polypeptide (Gottesman et al., 1997). As a consequence, SspB enhances recognition of
the ssrA-tagged substrates by the ClpXP protease for degradation (Kim et al., 2000).
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SspA Orthologs in Pathogenic Bacteria
SspA orthologs are found in a wide range of bacteria including animal, plant and
insect pathogens, with the majority being present in human pathogens (Hansen et al.,
2005b). SspA is highly conserved in more than 50 Gram-negative bacteria. Besides the
characterization performed in E. coli’s SspA protein, functional studies have only been
performed in a few of these orthologs. These include Yersinia pestis, (Y. pestis), V.
cholerae, P. aeruginosa, Neisseria gonorrhoeae (N. gonorrhoeae) and all subspecies of
F. tularensis. They display 28 to 83% identity at the amino acid level (Figure 1-3).
The first indication that SspA is associated with the regulation of expression of
virulence factors was observed in N. gonorrhoeae. In this organism the RegF protein,
which is 42% identical to the E. coli SspA, was found to act as a negative regulator of
pilE transcription (De Reuse & Taha, 1997). PilE protein, a type IV pilin, is the major
subunit of the N. gonorrhoeae pilus. The pilus is an essential virulence factor during
gonococcal infection, expressed only during certain environmental conditions (Taha et
al., 1991). The Y. pestis SspA is 83% identical to E. coli SspA and functions as a
positive and negative regulator of the expression of invasin and flagellin, respectively
(Badger & Miller, 1998). The expression of these virulence determinants are highly
influenced by growth phase and temperature, which change during different infection
stages (Pepe et al., 1994). The V. cholerae SspA (VC0576) shares 72% identity to E.
coli SspA. In a large-scale signature-tagged mutagenesis screen it was found to be
essential in colonization in a mouse model and acid tolerance (Merrell et al., 2002).
Additionally, Y. pestis, V. cholerae and P. aeruginosa (53% identical to E. coli SspA)
expressed in trans in an E. coli sspA mutant strain were able to restore acid resistance
in the mutant strain. These results indicated that these orthologs are functional in E. coli
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(Hansen et al., 2005a). In F. tularensis two SspA orthologs are encoded in the genome
(Larsson et al., 2005). One of them is annotated as MglA and the second is annotated
as SspA. They share 31% and 32% identity to E. coli SspA, respectively. Interestingly,
the gene encoding MglA is part of the mglAB operon similar to the SspA arrangement
found in other pathogens. F. tularensis SspA does not have the same operon
arrangement as shown in Figure 1-4. MglA and SspA are global regulators of the genes
encoded in FPI, which are required for virulence and intramacrophage survival.
Effector molecules
The binding ability of many transcriptional regulators to its cognate DNA sequence
is modulated by the binding of small molecules called effectors. These small molecules
act by modifying the structural conformation of the TFs or by affecting the oligomeric
status of the protein. Many cellular metabolites have been identified as effector
molecules in bacteria. For example, during catabolite repression, where the preferred
carbon source is not present in sufficient amounts for optimum growth, the second
messenger cyclic AMP (cAMP) binds to the transcription factor CAP (catabolite gene
activator protein) or CRP (cAMP receptor protein) allowing it to bind to the promoter
region of the operons under its control (de Crombrugghe et al., 1984, Ihssen & Egli,
2005, Polit et al., 2003). This regulatory system allows for activation of genes encoding
the enzymes necessary for the transport and metabolism of less favorable carbon
sources present in the medium (Busby & Ebright, 1999, Gosset et al., 2004, Zheng et
al., 2004).
Additionally, Guanosine tetraphosphate (ppGpp) is a mediator of the regulatory
system involved in adaptation under nutrient starvation and stress conditions (Srivatsan
& Wang, 2008). During amino acid starvation, the binding of uncharged tRNA to the
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ribosome stalls protein synthesis, which results in the activation of the ribosomeassociated RelA (ppGpp synthase) protein. RelA synthesizes guanosine
pentaphosphate ((p)ppGpp), which is subsequently converted to ppGpp. (Balsalobre,
2011) This alarmone binds to the secondary channel of RNAP to regulate transcription
of genes involved in amino acid metabolism, ribosomal RNA (rRNA) and transfer RNA
(tRNA) genes (Artsimovitch et al., 2004, Srivatsan & Wang, 2008). In addition, the DksA
protein augment ppGpp regulatory signals through binding to RNAP (Perederina et al.,
2004).The degradation of ppGpp is mediated by SpoT, which is a bifunctional enzyme
and can also synthesize ppGpp. SpoT is thought to respond to conditions of fatty acid,
carbon, and iron limitation (Seyfzadeh et al., 1993, Vinella et al., 2005).
ppGpp plays an important role in the virulence in many pathogenic bacteria,
including M. tuberculosis, L. pneumophila, V. cholerae, S. enterica, and in the
enterohaemorrhagic E. coli (Primm et al., 2000, Hammer & Swanson, 1999, Haralalka
et al., 2003, Thompson et al., 2006, Nakanishi et al., 2006). Francisella species contain
both relA and spoT genes. The inactivation of the relA gene in F. tularensis SCHU S4
resulted in impaired replication in macrophages and attenuation of mice virulence (Dean
et al., 2009). In the F. holarctica LVS ΔrelA ΔspoT strain a similar phenotype was
observed (Charity et al., 2009). Furthermore, microarray analysis of this mutant strain
showed that the genes regulated by ppGpp overlap with those modulated by the
MglA/SspA complex. However, ppGpp does not affect the association of MglA and
SspA with RNAP, neither their transcript levels. Conversely, ppGpp positively regulates
fevR (pigR) expression (Charity et al., 2009). These findings suggested that FevR
(PigR) and the MglA/SspA complex function in parallel to regulate the expression of

44

virulence genes and that ppGpp might be necessary for the optimal FevR (PigR) activity
(Charity et al., 2009). However, the direct interaction between ppGpp and any
transcriptional regulator of Francisella has yet to be experimentally proved.
The regulation of virulence genes in Francisella is unique in that it involves a
number of proteins (MglA, SspA, FevR (PigR), MigR, PmrA, KdpD, Hfq) that cooperate
to control their expression. A proposed model for the regulation of the FPI genes is
depictured in Figure 1-5. KdpD is activated by an unknown environmental signal, which
in turn phosphorylates PmrA at aspartate 51. PmrA binds to the promoter recruiting free
or RNAP bound MglA/SspA complex to initiate FPI transcription. Additionally, PmrA
binding may help in the assembly of the MglA/SspA/FevR (PigR) complex, which
directly interacts with RNAP. During stress and starvation conditions FevR (PigR) can
associate with the MglA/SspA complex before or after it makes contact with the RNAP
to activate FPI genes expression. However, fevR (pigR) expression requires the
presence of MglA, SspA, MigR, PmrA, and ppGpp in order to efficiently be activated. At
an unknown signal, the Hfq repressor specifically inhibits the expression of a subset of
genes (pdpA to iglJ) in the FPI by binding to the putative promoter upstream pdpA
(Bröms et al., 2010).
In summary, although the main players of this regulatory circuitry have been
identified, the identification of small molecules that modulate these complex interactions
is an important gap from the mechanistic point of view.
Project Rationale and Design
After the anthrax attack in 2001, the increase in research against battling
bioterrorism threats resulted in the identification of several virulence traits in Francisella
tularensis. It was determined that this intracellular pathogen differentially expressed
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hundreds of genes, which are required for intracellular survival during the infection
cycle. However, scarce information is available on the environmental conditions that
trigger the response. In F. tularensis, the main components of regulation at the level of
transcription initiation are the heterodimer formed by the transcription factors MglA and
SspA and its interactions with the RNA polymerase and other DNA binding transcription
factors [FevR (PigR) or PmrA].
Because complex interactions between proteins can be frequently modified by
metabolites, we hypothesized that the MglA/SspA complex can bind small molecules
that modify the interaction between the heterodimer and the RNA polymerase and/or
DNA binding transcription factors [such as FevR (PigR)]. The purpose of this study was
to analyze the protein-protein interactions between the F. tularensis transcriptional
regulators and to identify effector metabolites that modify them.
The first goal of this project was to identify compounds that bind to the
transcription factors. Therefore, a fluorescence-based screening assay comprising of
1152 small molecules was used with the purified MglA, SspA and the MglA/SspA
complex. An in vivo bacterial two-hybrid system was used to study the effect of the
chemicals on protein-protein interaction. A structural model of the MglA/SspA
heterodimer was constructed and used to study the protein-protein interaction surface
as well as binding of the small molecule. The identified small molecule was used as a
chemical probe to identify specific amino acids in the cleft region formed between MglA
and SspA that mediate these interactions.
Since the disruption of interactions between MglA and SspA may lead to impaired
pathogenicity, the effect of the small molecules on intramacrophage survival was tested
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in a murine macrophage cell line. F. tularensis subspecies novicida strain U112 was
used as research surrogate for subsp. tularensis in the experiments presented. F.
novicida is an avirulent strain in humans but causes severe illness in mice, similar to the
human tularemia.
The second goal of this project was to identify intracellular metabolites or
environmental signals that modified the interactions within the MglA/SspA complex or to
other transcription factors. To this end, the two-hybrid and bridge-hybrid systems were
tested using reporter strains with different genetic backgrounds. Several thermoanalytical, spectroscopy and chromatography techniques were employed to
characterize the changes of the MglA/SspA complex upon the binding of the effector
metabolite.
This work was designed to determine the mechanisms involved in the interplay
between intracellular ligands and transcriptional regulators. Using a molecular probe to
understand these specific interactions is significant since chemicals with similar
scaffolds might be synthesized for use as therapeutics. Moreover, a similar approach
can be used for other pathogenic bacteria that have similar regulation mechanism of
pathogenicity determinants.
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Table 1-1. Summary of the FPI genes and their proposed functions
F. tularensis SCHU S4
F. novicida U112 Gene Names
Proposed Functions
Locus 1
Locus 2
Locus 1
pdpA
FTT1699
FTT1344
FTN1309
Phagosome escape
pdpB/icmF
FTT1700
FTT1345
FTN1310
Cytosol replication
iglE
FTT1701
FTT1346
FTN1311
Unknown
vgrG
FTT1702
FTT1347
FTN1312
Phagosome escape
iglF/clpV
FTT1703
FTT1348
FTN1313
Unknown
iglG
FTT1704
FTT1349
FTN1314
Phagosome
escape,
inflammasome inactivation
iglH
FTT1705
FTT1350
FTN1315
Unknown
dotU
FTT1706
FTT1351
FTN1316
Unknown
iglI
FTT1707
FTT1352
FTN1317
Phagosome
escape,
inflammasome inactivation
iglJ
FTT1708
FTT1353
FTN1318
Unknown
pdpC
FTT1709
FTT1354
FTN1319
Unknown
pdpE/hcp
FTT1710
FTT1355
FTN1320
Unknown
FTT1711
FTT1712

FTT1356
FTT1357

FTN1321
FTN1322

iglD
iglC

FTT1713
FTT1714
FTT1715
FTT1716

FTT1358
FTT1359
FTT1360
FTT1361

FTN1323
FTN1324
FTN1325
FTN1326

iglB
iglA
pdpD
anmK

Reference
(Schmerk et al., 2009)
(Tempel et al., 2006)
(Weiss et al., 2007)
(Barker et al., 2009)
(Barker et al., 2009)
(Bröms et al., 2011)
(Weiss et al., 2007)
(Weiss et al., 2007)
(Bröms et al., 2011)

(Weiss et al., 2007)
(Weiss et al., 2007)
(Barker et al., 2009, Bröms
et al., 2011)
(Bönquist et al., 2008)
Phagosome escape
Avoid lysosomal fusion, (Lindgren et al., 2004, Santic
phagosome
escape, et al., 2005a, Santic et al.,
2005b, Bönquist et al., 2008)
apoptosis induction
(de Bruin et al., 2007)
Effector protein secretion
Unknown
Unknown
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(Ludu et al., 2008)
(Ahlund et al., 2010, Weiss
et al., 2007)

Figure 1-1. Model of the Francisella intracellular cycle. Francisella is phagocytized into
macrophages through looping phagocytosis into a phagosome (FCP). The
FCP then acquires early (EE) and late (LA) endosomal markers and does not
fuse with lysosomes (Lys). Then, bacteria exit the phagosomal compartment
and replicate in the host cell cytosol. Prior to cell lysis, Francisella reenters a
vacuole (FCV) via autophagy. Figure as originally published in Chong A and
Celli J (2010) The Francisella intracellular life cycle: toward molecular
mechanisms of intracellular survival and proliferation. Front Microbiol 1: 138.
doi: 10.3389/fmicb.2010.00138.
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Figure 1-2. Organization of the Francisella pathogenicity island. Schematic
representation of the FPI of F. tularensis SCHU S4, F. holarctica LVS and F.
novicida U112. The F. tularensis SCHU S4 FPI contains two anmK genes in
comparison to F. novicida U112, which has only one. In the F. holarctica LVS
FPI, both the anmK and pdpD genes are missing. Figure adapted from
original publication in Bröms JE, Sjöstedt A and Lavander M (2010) The role
of the Francisella tularensis pathogenicity island in type VI secretion,
intracellular survival, and modulation of host cell signaling. Front Microbiol 1:
136. doi: 10.3389/fmicb.2010.00136.
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Figure 1-3. Multiple sequence alignment of selected SspA orthologs. Residues
conserved in all sequences (*), with a conserved substitution (:), or with a
semi-conserved substitution (·). Abbreviations: Ec, E. coli; Yp, Y. pestis; Vc,
V. cholerae; Pa, P. aeruginosa; Ng, N. gonorrhoeae; F. tularensis SspA; FtM,
F. tularensis MglA.
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Figure 1-4. Genomic context of SspA orthologs. The genomic arrangement around the
F. tularensis mglAB operon is similar to the E. coli and Y. pestis sspAB
operon, as they contain the rplM and rpsI genes encoded upstream. The F.
tularensis sspA gene is not arranged as the sspA genes from the other
species.
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Figure 1-5. Model for regulation of the Francisella pathogenicity island genes. An
unknown environmental signal in sensed by KdpD kinase, which activates the
response regulator PmrA by phosphorylation. PmrA activates gene
expression by binding with the MglA/SspA/RNAP complex. FevR (PigR) is
activated or upregulated by MglA, SspA, PmrA, MigR, and ppGpp. Then,
FevR (PigR) makes contact with free or RNAP bound MglA/SspA complex to
initiate transcription of the FPI genes. On the contrary, Hfq represses the
genes pdpA to iglJ. Genes regulated by PmrA only include (shown in this
figure): pmrA: DNA-binding response regulator; lepB: signal peptidase I; rnc:
ribonuclease III; truB: tRNA pseudouridine synthase B, and rnr: ribonuclease
R. Figure adapted from original publication in Bröms JE, Sjöstedt A and
Lavander M (2010) The role of the Francisella tularensis pathogenicity island
in type VI secretion, intracellular survival, and modulation of host cell
signaling. Front Microbiol 1: 136. doi: 10.3389/fmicb.2010.00136.
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CHAPTER 2
IDENTIFICATION OF SMALL MOLECULES THAT BIND MGLA AND SSPA
Background
Transcriptional control is a key factor in the regulation of virulence gene
expression in nearly all known bacterial pathogens. Although many mechanisms of such
regulation are known, the major level of control is initiation of transcription, where
transcription factors interact with RNAP to modulate its accessibility to specific gene
promoters. Members of the SspA family are transcription regulators that interact with
RNAP, to modulate the expression of genes required for both pathogenesis and survival
during stationary phase-induced stress (Reeh et al., 1976, Ishihama & Saitoh, 1979,
Williams et al., 1991). Many pathogens encode for proteins orthologous to SspA,
including Y. pestis, N. gonorrhoeae, F. tularensis and V. cholerae (Badger & Miller,
1998, De Reuse & Taha, 1997, Larsson et al., 2005, Merrell et al., 2002). In F.
tularensis, however, a unique mechanism of interaction occurs, where two SspA protein
members (annotated as SspA and MglA) form a heterodimer complex and bind to
RNAP to alter the expression of 100 genes (Brotcke et al., 2006, Charity et al., 2007).
Furthermore, additional transcriptional factors make contact with the MglA/SspA/RNAP
complex to alter gene expression and promote pathogenesis. These include the
putative DNA binding protein FevR (PigR) and the response regulator PmrA (Charity et
al., 2009, Brotcke & Monack, 2008, Bell et al., 2010). These protein-protein interactions
positively regulate the expression of genes clustered in the Francisella pathogenicity
island (FPI), which are required for virulence and intracellular growth (Brotcke et al.,
2006, Baron & Nano, 1998, Lauriano et al., 2004, Barker et al., 2009). Currently, there
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is a lack of knowledge regarding the molecular details and signal molecules involved in
the modulation of these interactions.
F. tularensis is a Category A bioterrorism threat and is the causative agent of a
rare but severe zoonotic disease known as tularemia (Oyston & Griffiths, 2009,
McLendon et al., 2006). F. tularensis is remarkable in that it is both highly infectious and
capable of infecting a very broad array of animal species (Santic et al., 2010, Ellis et al.,
2002, Pechous et al., 2009). Inhalation of F. tularensis subspecies tularensis, the most
virulent subspecies, results in the pneumonic form of tularemia, a fulminating disease in
humans. Currently, tularemia can be treated with antibiotics such as streptomycin and
gentamicin (Dennis et al., 2001). The identification of new therapeutics, however, is very
significant since Francisella can easily be genetically modified and therefore its
sensitivity to known antibiotics could be compromised (McRae et al., 2010, Brocklehurst
et al., 1999, Tyeryar & Lawton, 1969).
The manipulation of protein-protein interactions as targets for therapeutics is a
new and expanding field of research (Wells & McClendon, 2007, Nishimura et al., 2010,
Tran et al., 2010, Workman & Collins, 2010). In this regard, the Francisella MglA/SspA
complex is a very attractive system that offers at least three usable interactions: i) with
each other, ii) with the RNAP, and iii) with the DNA binding transcription factors FevR
(PigR) and PmrA. Each of these interactions could potentially be manipulated by the
action of small molecules and influence the ability of MglA or SspA to interact with the
RNAP or transcription factors that recognize their specific promoters.
In this chapter, the identification and characterization of a small molecule that
specifically modifies the interaction between MglA and SspA is described. The
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experiments provide biochemical and genetic evidence showing that the small molecule
makes contact with specific amino acid residues located in the interface between MglA
and SspA. The conformational change induced upon binding of the small molecule
affected the ability of F. novicida to induce transcription of the FPI genes and therefore,
survival within macrophages was attenuated.
Results and Discussion
Identification of Small Molecules that Modify MglA and SspA Thermal Stability
A small molecule screening was performed to identify small molecules that may
modify the MglA/SspA heterodimer interactions. Differential scanning fluorometry (DSF)
was used to screen purified MglA and SspA proteins. The principle of this screening
technique is that favorable protein-ligand interactions can be detected by following the
kinetics of protein unfolding in presence or absence of a specific ligand. A strong
protein-ligand interaction is evidenced by an increase in thermal stability, which could
be translated into a change in the functionality of the protein in vivo (Lorca et al., 2007,
Pagliai et al., 2010). The Prestwick Chemical Library® was selected as source of
chemicals since it offers a manageable size (1152 compounds), it is FDA-approved (for
use in humans) and offers chemical structure diversity (Vedadi et al., 2006, Pagliai et
al., 2010).
The mglA and sspA genes from F. tularensis SCHU S4 were cloned and
overexpressed, and the proteins were purified (Figure 2-1). The F. tularensis SspA (FtSspA) was obtained at very low concentrations (0.09 mg ml-1) when expressed
individually, while it could be co-purified at high concentrations in the presence of the F.
tularensis MglA (Ft-MglA). In order to screen the proteins individually, the SspA from E.
coli (Ec-SspA) was tested and purified at high concentrations (0.72 mg ml-1). Based on
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these results, the Ec-SspA and Ft-MglA were chosen to test the effect of the small
molecules on each protein.
The midpoint transitions were determined to be 48.7°C for Ft-MglA, and 42.4°C for
Ec-SspA. The compounds that induced a shift in the midpoint transition temperature
(expressed as ΔTm) of the proteins by more than 2.0 ºC were considered hits. Using
this technique, compounds that interacted with Ft-MglA (13 chemicals) and Ec-SspA (10
chemicals) were identified (for a complete list see Table 2-1). Proparacaine
hydrochloride and retinoic acid were identified as the strongest thermo-stabilizing
compounds for Ft-MglA with a ΔTm of 24.5 ± 4.4 ºC and 24.5 ± 3.9 ºC, respectively.
Additional compounds inducing significant stabilization of Ft-MglA included pamoic acid
(20.4 ± 2.9 ºC), flumequine (17.9 ± 2.4 ºC), and ursolic acid (16.3 ± 3.2 °C). The
strongest thermo-stabilizing compound for SspA was benzbromarone with a ΔTm of
30.0 ± 1.6 ºC. Additional compounds inducing significant stabilization of SspA included
benzethonium chloride (25.9 ± 5.2 °C), meclofenamic acid (22.9 ± 3.8 ºC), and
quinacrine dihydrochloride (15.2 ± 1.7 ºC). Because the Ec-SspA and Ft-MglA share
31% sequence identity, it was expected that some chemicals would bind both proteins.
Indeed, four chemicals (benzethonium chloride, proparacaine hydrochloride, retinoic
acid and quinacrine dihydrochloride) all with strong thermal stabilization effect,
overlapped between the two proteins. These results obtained were confirmed by
analyzing the dose dependency using increasing concentrations (0-1 mM) of each
chemical. The compounds that overlapped between Ft-MglA and Ft-SspA were
validated using a co-purified preparation of F. tularensis MglA and SspA proteins (FtMglA/Ft-SspA). The formation of the complex was verified by size exclusion
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chromatography. The chromatograms on Figure 2-2 display the expected molecular
weight of the Ft-MglA/Ft-SspA complex (54.9 kDa). The Tm was established at 53.8 ºC
for the complex. Quinacrine dihydrochloride (QN) had the major effect on the Tm and it
was observed that the Tm for the proteins (Ft-MglA, Ec-SspA, and Ft-MglA/Ft-SspA
complex) increased proportionally to the concentration of quinacrine present as shown
in Figure 2-3.
Effect of Selected Compounds in the MglA/SspA Interaction
The thermal stability observed from the binding of small molecules in vitro might
result from interactions with the chemicals at locations that may or may not be
functionally relevant. To identify the molecules that specifically modify the heterodimer
interface, an in vivo assay using an E. coli two-hybrid system modified from Charity et
al. (2007) was used. The plasmid pBR-GP-ω was used to create the fusion of the F.
tularensis SCHU S4 mglA gene to the ω subunit of the RNAP, while plasmid pACTRAP-Zif was used to fuse the F. tularensis SCHU S4 sspA gene to the Zif protein. The
reporter strain AW23 was constructed by deleting the E. coli sspA homolog in the
FW102 strain (Nickels, 2009), to avoid unspecific interactions, and conjugated with the
KDZif1ΔZ strain (Charity et al., 2007).
The interaction of MglA and SspA stimulated transcription of the β-galactosidase
reporter gene as previously described (Charity et al., 2007). Figure 2-4 shows the
increase of β-galactosidase activity only when both proteins are present and not when
the plasmids contain one or none of the fusion proteins. Seventeen compounds were
individually tested on the MglA/SspA interaction at concentrations ranging from 0.05 μM
to 250 μM, depending on the minimal inhibitory concentration (MIC) determined in E.
coli (Table 2-2). Upon addition of the ligands, a decrease in the β-galactosidase activity
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would indicate that the compound affected the interaction between the MglA and SspA
proteins. Most of the compounds that were originally identified by screening individual
proteins, failed to modify the interaction between the Ft-MglA and Ft-SspA.
Diethylcarbamazine citrate and haloperidol had a mild effect and were found to
decrease the β-galactosidase activity by 19.3 ± 7.2% and 18.0 ± 3.2%, respectively.
Interestingly, three out of the four compounds that interacted with both Ft-MglA and EcSspA in vitro, also resulted in decreased interactions between Ft-MglA and Ft-SspA (βgalactosidase activity decreased between 18.9 ± 4.8% and 61.0 ± 1.4%). Since
quinacrine was the small molecule with the strongest effect (61.0 ± 1.4% decrease) on
the interaction between Ft-MglA and Ft-SspA (Figure 2-5) (P<0.05), further in vitro
characterizations were performed using this chemical.
Biological Relevance of Quinacrine
A set of bioassays was performed to validate the biological relevance of quinacrine
as a tool to modify the heterodimer interface of the MglA/SspA complex. F. tularensis
subspecie novicida (F. novicida) was used as the model strain to establish a proof of
principle. To determine if quinacrine affected the growth/survival of Francisella, growth
inhibition assays were performed in liquid culture in the presence of the selected
chemical compound. F. novicida was able to grow with concentrations up to 250 µM,
albeit at slower rate (Figure 2-6). The doubling time of the microorganism was not
affected with 25 μM, and this concentration was therefore used for the subsequent
studies. Subsequently, the modifications in the MglA/SspA complex induced by
quinacrine were evaluated by measuring the expression of genes controlled by the
MglA/SspA complex. RNA was isolated from exponential phase cells of F. novicida
grown in the absence and presence of 25 μM quinacrine. The expression of iglA, iglD,
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pdpA, and pdpD in the FPI was measured by quantitative RT-PCR (qRT-PCR). The
expression of rspD and uvrD was used as the internal control and negative control,
respectively, since the latter is not under MglA/SspA regulation (Brotcke et al., 2006).
Under these conditions, a decrease in the expression of the FPI genes iglA, iglD, pdpA
and pdpD was observed (2.1; 1.5; 2.2 and 5 fold, respectively) with P<0.01 for iglA and
iglD and P<0.0005 for pdpA and pdpD (Figure 2-7).
During infection, MglA and SspA directly regulate the capability of F. novicida to
activate the genes required to enter and survive within the host phagocytic cells
(Mohapatra et al., 2008). The effect of quinacrine on the ability of F. novicida to survive
within a macrophage cell line (RAW 264.7) was evaluated using increasing
concentrations of the chemical (up to 25 μM). At these concentrations, macrophages
were confirmed to remain viable by vital staining with trypan blue. The ability of F.
novicida to survive within macrophages was first studied by adding quinacrine to the
macrophages 2 h post-infection (and kept throughout the experiment). At 25 μM
quinacrine, a 2.6-log decrease in viability was observed after 8 h of treatment (Figure 28A). Pre-treating the macrophages with the same concentration of quinacrine for 30 min
prior to infection also resulted in a decrease in viable cells. This effect proved to be
dose dependent as shown by a corresponding decrease in F. novicida (CFU/ml) with
increasing concentrations of quinacrine (Figure 2-8B). Concentrations between 15 μM
and 20 μM showed only a 1.2-log decrease in viability. At lower concentrations,
bacterial counts were similar to those seen in the control group. The combination of
treatments (pre and post-infection) resulted in the absence of viable F. novicida cells
within macrophages following 8 h of incubation, as shown in Figure 2-9 (P<0.05). These
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findings suggest that the presence of quinacrine impairs the ability of F. novicida to
survive within RAW 264.7 cells.
Collectively, these results indicate that chemicals (such as quinacrine), that modify
the MglA/SspA heterodimer interface, may act to modulate further interactions with
other transcription factors [such as PmrA or FevR (PigR)] or the RNAP, affecting
virulence gene expression in vivo.
Quinacrine has been used as an anti-malarial agent in humans (Talisuna et al.,
2004), in vitro as an anti-prion agent (Korth et al., 2001), and as a neutralizing agent for
Bacillus anthracis (B. anthracis) (Comer et al., 2006). At the molecular level, quinacrine
has been reported to affect or disrupt protein-protein interactions in the anti-apoptotic
member Bcl-xl (Orzáez et al., 2009). Quinacrine was shown to specifically bind in the
hydrophobic grove, competing with the regulatory peptide BH3 (Petros et al., 2006,
Orzáez et al., 2009). As a desired result, apoptosis was induced in cancer cells.
Quinacrine Induced Structural Modifications in the MglA/SspA Complex
The decrease in β-galactosidase activity observed in the in vivo two-hybrid system
upon the addition of quinacrine may result from disruption of the heterodimer or
structural modifications of the dimer interface. To determine the effect of the small
molecule on the heterodimer complex, the oligomeric state was determined by size
exclusion chromatography in both the presence and absence of quinacrine. Ft-MglA
was used as a control, which elutes as a monomer under the same experimental
conditions (Figure 2-2). A similar profile of monomers and dimers was observed for FtMglA/Ft-SspA in the chromatograms (Figure 2-10) under both conditions, indicating that
the interaction with quinacrine does not affect the oligomeric state of the complex.
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The thermal unfolding properties of the Ft-MglA/Ft-SspA complex were then
established, in both the presence and absence of quinacrine, using differential scanning
calorimetry (DSC). The calorimetric scans (Figure 2-11) showed that the proteins
undergo a typical two-state endothermic unfolding transition in solution. The lower
transition peak has a transition midpoint temperature (Tm) of 35.7 ºC, while the higher
transition peak has a Tm of 54.2 ºC. The lower and higher transition temperatures were
assigned Tm1 and Tm2, respectively. In the presence of quinacrine, the MglA/SspA
complex displayed a positive shift in the thermogram (Figure 2-11). At 10 μM
quinacrine, Tm1 was 40.6 ºC and Tm2 was 57.7 ºC, whereas at 100 μM, Tm1 was 59.7
ºC and Tm2 was 69.3 ºC. These results indicate that quinacrine binds to the complex as
evidenced by an increase in the thermal stability of the MglA/SspA complex.
To monitor the structural/conformational changes that the protein undergoes
during quinacrine binding, circular dichroism (CD) measurements were performed.
Negative bands of α-helical structures occur typically at 208 and 222 nm, and the bands
observed for the Ft-MglA/Ft-SspA complex at ~208 and ~220 nm are indicative of a high
helical content (Figure 2-12). These results are in agreement with the predicted α-helix
content of the cleft region in the modeled Ft-MglA/Ft-SspA structure (See below, Figure
2-14B). A secondary structure conformational change was induced by the addition of
quinacrine, at concentrations as low as 1 nM. In summary, the results of these analyses
reveal that quinacrine binds to the MglA/SspA complex, affecting the α-helix content of
the heterodimer.
The direct binding of quinacrine was tested in vitro by isothermal titration
calorimetry (ITC). It was determined that quinacrine binds with a low affinity (KD = 847.5
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± 0.05 µM) (Figure 2-13). The chemical structure of quinacrine is composed of a tricycle
acridine scaffold with a side chain extending from the middle ring. Because of the low
affinity determined further engineering based on the quinacrine chemical scaffold would
be required for its use as a therapeutic agent.
Identification of Critical Residues Involved in Ft-MglA/Ft-SspA-Quinacrine
Interaction
To determine the specificity and location of quinacrine binding, a structural model
of the F. tularensis MglA/SspA complex was constructed. The model was built using
SWISS MODEL (Arnold et al., 2006). SWISS MODEL is an online structure homologybased modeling server, which allows users to predict the structure of a protein with the
simple input of the amino acid sequence. The quality of the modeling is estimated by
the E-value, QMEAN Z-Score, and QMEANscore4 (Benkert et al., 2011). The E-value is
a parameter that describes the number of hits that are expected to be found in a protein
by chance when searching the database. The lower the E-value, the more structurally
significant the hit is. The QMEAN Z-Score measures the absolute quality of a model. A
strongly negative value indicates a model of low quality. The QMEANscore4 represents
the probability that the input protein matches the predicted model. The value ranges
between 0 and 1, where the probability of matching is higher as the value approaches to
1. Using the SWISS MODEL automated template search, the amino acid sequences of
F. tularensis SCHU S4 MglA (GI# 56708335) and SspA (GI# 56707600) were used as
the input proteins and their structure was modeled. Both MglA and SspA were predicted
to be similar to the SspA protein from Y. pestis (PDB: 1YY7) (Hansen et al., 2005a).
The F. tularensis SspA and MglA share a 32% and 28% identity with Y. pestis SspA,
respectively, at the amino acid level. Table 2-3 summarizes the results obtained from
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the SWISS MODEL structure prediction. The E-value obtained for SspA (1.40x-45 was
lower than for MglA (1.20x-32). Generally, E-values between x-10 and x-50 indicate that
the structures are closely related with the same or similar domain. The QMEAN Z-Score
and QMEANscore4 were similar in both cases. The QMEAN Z-Score for MglA was 2.92 and for SspA was -2.75. This number is not a very strong negative value, indicating
that the predicted models have good quality. The QMEANscore4 for MglA and SspA
were 0.57 and 0.58, respectively. These values are mid-range from the QMEANscore4
(0 to1), which gives a 57% and 58% probability that MglA and SspA protein structures
macth the predicted models.
The predicted structure of the MglA/SspA complex showed a similar overall folding
to the Y. pestis SspA (Figure 2-14). As predicted from the linear sequence, the Y. pestis
SspA protein adopts the glutathione S-transferase (GST) fold. The GST enzymes are, in
general, functional as dimers, where each subunit is composed of two domains, a small
N-terminal 3-layer αβα sandwich and a large C-terminal up-down helix bundle (Hansen
et al., 2005a). Functional studies performed in Y. pestis SspA protein suggested that it
does not have GST activity (Hansen et al., 2005a). According to amino acid sequence
alignments, the lack of GST activity is due to a replacement of the catalytic residue
cysteine10 in E. coli with phenylalanine21 in Y. pestis (Hansen et al., 2005a). In
Francisella, the SspA and MglA proteins have a tyrosine residue in place of the
functional cysteine in the linear sequence alignment. The modeled structure of the
MglA/SspA complex from F. tularensis shown in Figure 2-14 was compared to three
other SspA protein structures available in the Protein Data Bank (PDB). The structural
alignment to Pseudomonas putida (P. putida) (3MDK), Pseudomonas fluorescens (P.
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fluorescens) (3LYP) and Haemophilus influenzae (H. influenzae) (3LYK) showed that
their structures are very similar (Figure 2-15). These observations validate the predicted
F. tularensis MglA/SspA complex structure.
Functional studies with E. coli SspA (83% identical to Y. pestis SspA) have shown
that the “surface exposed region” is involved in transcriptional activation, probably
through interactions with RNAP (Figure 2-16) (Hansen et al., 2005a). In the homolog
Ure2p (Umland et al., 2001), these residues are not conserved, but the formation of a
“cleft” between the two monomers has been suggested as the dimer interface site
(Umland et al., 2001). Based on in silico analyses, we performed site-directed
mutagenesis on various residues located within the interaction surface (cleft) between
the monomers. As a guide, we used a molecule of citric acid present in the Y. pestis
SspA structure and residues within 6 Ǻ were selected. Figure 2-17 illustrates the model
of the MglA/SspA complex structure superimposed with the citric acid molecule found in
the dimer interface of the Y. pestis SspA structure. The dimer interface region is formed
by residues N51, Y63 and R64 from MglA, and residues D96, K97 and E101 from SspA
(Figure 2-17).
To assess the importance of these amino acids, each was mutated to alanine in
the pBR-mglA-ω or the pACTR-sspA-Zif plasmids, and the effect of the mutations was
then tested in vivo in the two-hybrid system, in the absence of small molecules. As a
control, a residue that is not located in the heterodimer interface, K101 of MglA, was
included. Interestingly, all mutations located in the heterodimer interface resulted in
lower protein-protein interactions in the absence of quinacrine, as evidenced by a
decrease in levels of β-galactosidase activity (between 800 and 1900 arbitrary units,
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Figure 2-18). On the other hand, the MglA K101A mutant behaved as the wild type
protein (2193 ± 156 arbitrary units). The effect of quinacrine in the MglA/SspA
interaction was then assessed in all mutants. As expected, the MglA K101A mutant
showed a similar decrease (63.5%) in the β-galactosidase activity (801 ± 73 arbitrary
units) as previously observed with the wild type protein (Figure 2-19) (P<0.05). The
mutants MglA-N51A, MglA-R64A, SspA-K97A, SspA-D96A and SspA-E101A showed
different degrees of effects, ranging from a 59.1% to 98.7% reduction in the βgalactosidase activity (P<0.05) (Figure 2-18A and 2-18B). The mutations on SspA-K97A
and MglA-Y63A showed the smallest changes, with a reduction in enzymatic activity of
41.1% and 28.2% (P>0.05), respectively. These results indicate that in the heterodimer
interface, MglA-Y63 and SspA-K97 are the two primary residues involved in the
interaction with quinacrine.
The specific effect of quinacrine on the complex was tested on the FtMglAY63A/Ft-SspA mutant by DSC. The scans performed using the Ft-MglAY63A/FtSspA complex showed that unfolding occurred in two events, similar to the wild type
complex. However, no significant changes in either Tm1 or Tm2 were detected after
incubation with quinacrine (Figure 2-20A). Resulting Tm1 values were 32.7 ºC, 32.4 ºC
and 32.7 ºC for 0, 10 μM and 100 μM quinacrine, respectively, while the Tm2 values
obtained were 51.8 ºC, 53.4 ºC and 52.1 ºC, for 0, 10 μM and 100 μM quinacrine,
respectively. On gel filtration experiments, the Ft-MglAY63A/Ft-SspA complex showed a
profile of monomers and dimers similar to the Ft-MglA/Ft-SspA complex indicating that
mutation of Y63 in Ft-MglA or addition of quinacrine does not affect the oligomeric state
of this complex (Figure 2-20B).
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Summary
In the present work, a fluorescence-based thermal screening assay of 1152 small
molecules uncovered a small molecule (quinacrine) that binds in the F. tularensis
MglA/SspA heterodimer interface. In vivo studies performed in an E. coli two-hybrid
system demonstrated that quinacrine affects the MglA/SspA interaction, shown by the
decrease on β-galactosidase activity. Since Francisella tularensis is capable of growing
inside macrophages, and the biological relevance of quinacrine was assayed on the
ability of this Gram-negative bacterium to survive within macrophages. Quinacrine was
able to impair F. novicida intramacrophage survival, possibly by affecting the expression
of FPI genes.
To determine the specific residues involved in the binding to quinacrine, a model
of the tertiary structure of the SspA/MglA complex was built. The predicted structure
confirmed a similar GST-fold as found in the Y. pestis SspA homolog. Subsequently,
site directed mutagenesis was performed in the heterodimer interface, where several
residues were identified that affected the binding of quinacrine. Mutations to residues
Y63 in MglA, and K97 in SspA had the greatest effect on the binding of quinacrine, as
determined in the two-hybrid system. These results indicate that these residues mediate
the interactions of quinacrine with the MglA/SspA complex.
The elution profiles obtained from size exclusion chromatography revealed that in
the presence of quinacrine MglA/SspA is still a dimer, suggesting that quinacrine may
act through modifications of the conformation of the complex. This hypothesis was
tested performing CD scans where the α-helices content of the proteins were modified.
These results are in agreement with the high content of predicted α-helices within the
dimer interface region of the modeled MglA/SspA structure. Furthermore, DSC
67

experiments confirmed the binding of quinacrine to the MglA/SspA complex albeit with
low affinity as determined by ITC.
The location of quinacrine binding was defined in the heterodimer interface by sitedirected mutagenesis. Mutation of MglA Y63 residue to alanine resulted in unaltered
transition temperature in the presence of quinacrine during DSC experiments. In
addition, the oligomeric state of the MglAY63A/SspA complex was similar to the wild
type complex, suggesting that this mutation does not alter dimer formation but impairs
quinacrine binding.
In summary, although the determined binding affinity for quinacrine was low, the
results of these analyses reveal that quinacrine binds to the MglA/SspA complex,
mediating a conformational change. The evidence that quinacrine is involved in specific
interactions with the MglA/SspA complex, indicates that quinacrine can be used as a
molecular probe to uncover effector metabolites in Francisella tularensis. The putative
use of quinacrine as a therapeutic agent for the treatment of tularemia however, would
require further chemical engineering to improve the affinity for the MglA/SspA complex.
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Table 2-1. Effect of small molecules on the thermal stability of MglA or SspA
ΔTm (ºC)1
Chemical
Structure
Ft-MglA
Arecoline hydrobromide
2.8 ± 0.1

Carbamazepine

3.1 ± 1.0

Diethylcarbamazine citrate

2.1 ± 0.1

Flumequine

17.9 ± 2.4

Haloperidol

4.6 ± 1.7

Nabumetone

13.8 ± 0.1

Pamoic acid

20.4 ± 2.9

Theophylline monohydrate

2.3 ± 0.1

Ursolic acid

16.3 ± 3.2

The thermal stabilization of each protein was evaluated using fluorometry with an average of 40
µM of ligand.
1
ΔTm was calculated as the difference in the transition temperature between the proteins in the
absence (MglA = 48.7 ºC) and presence of a given chemical. The results were averaged from
duplicates.
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Table 2-1. Continued
Chemical
Ft-SspA
Benzbromarone

Structure

ΔTm (ºC)1
30.0 ± 1.6

Captopril

9.2 ± 1.9

Dipyrone

8.9 ± 1.5

Harmalol hydrochloride

16.6 ± 2.6

Meclofenamic acid

22.9 ± 4.1

Tolfenamic acid

11.6 ± 2.7

Ft-MglA and Ec-SspA
Benzethonium chloride

Ft-MglA
8.5 ± 1.7

Ec-SspA
25.9 ± 5.2

Proparacaine hydrochloride

24.5 ± 4.4

27.9 ± 4.3

Quinacrine dihydrochloride

2.1 ± 0.9

15.2 ± 1.7

Retinoic acid

24.5 ± 3.9

23.3 ± 3.2

The thermal stabilization of each protein was evaluated using fluorometry with an average of 40
µM of ligand.
1
∆Tm was calculated as the difference in the transition temperature between the proteins in the
absence (MglA = 48.7 ºC; SspA = 42.4 ºC) and presence of a given chemical. The results were
averaged from duplicates.
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Table 2-2. Effect of small molecules on protein-protein interaction
β-galactosidase
Chemical
Structure
Activity (%)2
Ft-MglA
Arecoline hydrobromide
7.8 ± 0.9

E. coli MIC
(mM)
0.1

Carbamazepine

Not tested

Not tested

Diethylcarbamazine citrate

19.3 ± 7.2

1.0

Flumequine

12.0 ± 4.2

0.1

Haloperidol

18.0 ± 3.2

0.1

Nabumetone

17.1 ± 4.7

1.0

Pamoic acid

15.5 ± 4.0

0.25

Theophylline monohydrate

6.5 ± 2.1

0.1

Ursolic acid

16.5 ± 1.2

1.0

The chemicals were tested in vivo using the two-hybrid system at concentrations between 0.05250 µM.
2
β-galactosidase activity (arbitrary units) as a result of pBR-mglA-ω and pACTR-sspA-Zif
interaction is expressed as the decrease in the activity in the presence of the chemicals,
compared to the control without chemicals after 180 min. The assay was performed three times,
each in duplicates.
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Table 2-2. Continued
β-galactosidase
Activity (%)2

E. coli MIC
(mM)

Ft-SspA
Benzbromarone

5.8 ± 1.4

1.0

Captopril

16.2 ± 3.0

1.0

Dipyrone

10.3 ± 3.4

1.0

Harmalol hydrochloride

Not tested

Not tested

Meclofenamic acid

13.2 ± 3.8

1.0

Tolfenamic acid

7.7 ± 1.7

1.0

Ft-MglA and Ec-SspA
Benzethonium chloride

18.9 ± 4.8

0.05

Proparacaine hydrochloride

9.8 ± 2.2

0.5

Quinacrine dihydrochloride

61.0 ± 1.4

0.2

Retinoic acid

31.0 ± 1.6

0.5

Chemical

Structure

The chemicals were tested in vivo using the two-hybrid system at concentrations between 0.05- 250 µM.
2
β-galactosidase activity (arbitrary units) as a result of pBR-mglA-ω and pACTR-sspA-Zif interaction is
expressed as the decrease in the activity in the presence of the chemicals, compared to the control
without chemicals after 180 min. The assay was performed three times, each in duplicates.
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Table 2-3. Structural prediction of the F. tularensis MglA/SspA complex
Input
Peptide

PDB
match1
1yy7A

MglA
(2.02 Å)
1yy7B
SspA
(2.02 Å)

Organism Annotation

Sequence
Identity (%)

E-value

QMEAN
Z-score

QMEAN
score4

Yersinia
pestis

Stringent
starvation
protein A

28

1.20x-32

-2.92

0.57

Yersinia
pestis

Stringent
starvation
protein A

32

1.40x-45

-2.75

0.58

1

The automated template search was used.
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Figure 2-1. Purified transcription factors on SDS-PAGE. The proteins were purified
using nickel affinity chromatography. Lane 1: EZrun molecular weight marker
(Fisher Scientific). Lane 2: Ft-MglA (predicted molecular weight (MW): 24.5
kDa). Lane 3: Ft-SspA (predicted MW: 25.5 kDa). Lane 4: Ec-SspA (predicted
MW: 25.5 kDa). Lane 5: Ft-MglA/Ft-SspA.
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54.9 kDa
26.3 kDa

26.3 kDa

Figure 2-2. Determination of the molecular weight of the Ft-MglA/Ft-SspA complex. The
size exclusion chromatograms were used to determine the molecular weight
of the Ft-MglA/Ft-SspA complex (blue line) and the Ft-MglA monomer (green
line). The inset shows a close-up of the Ft-MglA monomer elution profile. The
assay was carried out using a Superose 12 10/300 GL column in a
Pharmacia FPLC system according to the protocol described in materials and
methods. The molecular weights for the Ft-MglA/Ft-SspA complex and FtMglA monomer were determined to be 54.9 kDa and 26.3 kDa, respectively.
The molecular weight of the eluted proteins was determined using a standard
curve constructed based on the retention time of the molecular weight
standards, fitted by linear regression as described in materials and methods.

75

Figure 2-3. Quinacrine increases the thermal stability of MglA and SspA. Melting curves
of purified (A) Ft-MglA (B) Ec-SspA and (C) Ft-MglA/Ft-SspA complex in
absence or presence of increasing concentrations of quinacrine (125, 250 or
500 μM). Purified proteins (20 μM) were subjected to gradually increasing
temperatures in the presence of the fluorophore SYPRO Orange.
Fluorescence intensities were plotted against temperature and the transition
curves were fitted using the Boltzmann equation.
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Figure 2-4. Transcriptional activation of the lacZ gene upon interaction of the Ft-MglA
and Ft-SspA fusion proteins. Different combinations of empty vectors and
fused proteins were transformed in the E. coli reporter strain AW23 (ΔsspA)
and the β-galactosidase activity was determined as described in material and
methods. The plasmid constructs tested were: pBR-GP-ω+pACTR-AP-Zif
(red square: W+Zif), pBR-mglA-ω+pACTR-sspA-Zif (green circle: MglAW+SspA-Zif), pBR-mglA-ω+pACTR-AP-Zif (orange diamond: MglA-W+Zif),
pBR-GP-ω+pACTR-sspA-Zif (blue triangle: W+SspA-Zif). The βgalactosidase activity (expressed in arbitrary units, AU) was determined as
described in material and methods.
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Figure 2-5. Quinacrine modifies the Ft-MglA/Ft-SspA interaction. The plasmids
constructs pBR-mglA-ω and pACTR-sspA-Zif were transformed in the E. coli
reporter strain AW23. Cells were grown in presence (open square) or
absence (closed squares) of 100 μM quinacrine and assayed for βgalactosidase activity (expressed in Arbitrary units, AU). The basal AU was
determined from assays performed with the empty plasmids (pACTR-AP-Zif
and pBR-GP-ω) (Figure 2-4). For ease of presentation, the basal AU has
already been subtracted from pBR-mglA-ω and pACTR-sspA-Zif activity. *
indicates significant difference (P<0.05) between activity measured in the
presence and absence of quinacrine.
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Figure 2-6. Effect of increasing concentrations of quinacrine on the growth of F.
novicida. The bacterial cells were inoculated in modified TSB containing
increasing concentrations of quinacrine ranging from 10 µM to 250 µM in
duplicates and grown for 24 hours. The OD600 was recorded and the minimal
inhibitory concentration (MIC) was determined.
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Figure 2-7. The addition of quinacrine decreased the mRNA levels of the FPI genes.
The transcript levels of iglA, iglD, pdpA, and pdpD were determined in F.
novicida grown in modified tryptic broth media in presence (grey bars) or
absence (dark grey bars) of 25 μM quinacrine to exponential phase. The
amplification values obtained were corrected for those obtained using rpsD as
internal control. The values obtained with quinacrine are relative to the ones
obtained without quinacrine.*P<0.01; **P<0.0005 indicates significant
differences between relative expression of cells treated and not treated with
quinacrine. ºP>0.05 indicates no significant difference.
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Figure 2-8. The intramacrophage survival of F. novicida is impaired at high quinacrine
concentrations. (A) Infected macrophages were incubated in the presence
and absence of quinacrine. Macrophages were lysed at different time points
and colonies were enumerated on CHOC II plates. Symbols: 0 µM quinacrine
(orange square), 5 μM (red circle), 10 μM (purple triangle), 15 μM (pink down
triangle), 20 μM (green diamond), and 25 μM (blue left triangle). (B) Pretreatment of macrophages with quinacrine. Macrophages were treated with
increasing concentrations of quinacrine for 30 min prior F. novicida infection.
Cells were plated in CHOC II plates immediately after infection.
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Figure 2-9. Quinacrine decreases F. novicida intramacrophage survival. RAW264.7
macrophages were infected at a MOI of ~ 15. Cells were lysed at time 0 (dark
grey bars), 4 (grey bars), and 8 (light grey bars) hours post infection. Where
indicated, 25 μM quinacrine (QN) was added to the macrophages after
bacterial infection and kept throughout the experiment. For the pre-treatment,
macrophages were incubated with 25 μM quinacrine 30 min prior to infection.
The assay was performed in duplicates in three different experiments. * No
colonies observed. ** indicates significant difference (P<0.0005) between the
No Pre-T (time 8 hr) and No Pre-T+QN (time 8 hr) groups. # indicates
significant difference (P<0.0001) between the No Pre-T (time 0 hr) and Pre-T
(time 0 hr) groups. º indicates significant difference (P<0.05) between the PreT (time 0 and 8 hr) and Pre-T+QN (time 8 hr) groups.
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56.8 kDa

Figure 2-10. Quinacrine does not interfere with MglA/SspA dimer formation. Size
exclusion chromatogram of Ft-MglA/Ft-SspA complex in the absence (black
line) and presence of 10 μM (blue line) and 100 μM (red line) quinacrine.
Proteins were separated using a prepacked Superose 12 10/300 GL gel
filtration column. The molecular weight of the eluted proteins was determined
using a standard curve constructed based on retention time of the molecular
weight standards, fitted by linear regression as described in materials and
methods.
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Figure 2-11. Quinacrine increases the midpoint transition temperature of the
MglA/SspA complex. DSC scans of the Ft-MglA/Ft-SspA complex. The effect
of quinacrine on the thermal profile of the MglA/SspA complex was
determined in the absence (black line) and presence of 10 μM (blue line) and
100 μM (red line) of quinacrine.
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Figure 2-12. Quinacrine induces conformational changes in the MglA/SspA complex.
Circular Dichroism (CD) spectra of the Ft-MglA/Ft-SspA complex. The CD
spectra were acquired using 10 μM of protein with 0 μM (black line), 0.001 μM
(orange line), 0.1 μM (green line) and 100 μM (red line) quinacrine in 10 mM
Tris (pH 8.0), 150 mM NaCl. The data was collected at 10 ºC.
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Figure 2-13. Quinacrine binds with low affinity to the MglA/SspA complex. Isothermal
titration calorimetric (ITC) data for the binding of quinacrine to the Ft-MglA/FtSspA complex. Measurement of heat changes (upper panel) and integrated
peak areas (lower panel) of a series of 10 μl injections of 200 μM quinacrine,
into a 18.9 μM protein solution, prepared in 10 mM Tris (pH 8.0), 150 mM
NaCl. Experiments were carried out at 20 °C.
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Figure 2-14. Representation of the Y. pestis SspA and the F. tularensis MglA/SspA
complex structures. A) Ribbon diagram showing the Y. pestis SspA (PDB:
1YY7) dimer. B) Ribbon diagram of the predicted MglA/SspA complex. C)
Superposition of Y. pestis SspA dimer, F. tularensis MglA monomer and F.
tularensis SspA monomer. The in silico modeling was performed using
SWISS MODEL workspace. The structure of SspA from Y. pestis (green) was
used as the template to model MglA (pink) and SspA (blue). The predicted
structure was analyzed using PyMol.

87

A

C

B

D

Figure 2-15. Structural comparison of SspA proteins. The proteins illustrated display
similar dimer conformation. A) Ribbon diagram of the predicted F. tularensis
MglA/SspA complex (MglA colored in pink, SspA colored in blue). B) Ribbon
diagram of P. putida SspA dimer (colored in orange) (PDB: 3MDK). C) Ribbon
diagram of P. fluorescens SspA dimer (colored in purple) (PDB: 3LYP). D)
Ribbon diagram of H. influenzae SspA dimer (colored in teal) (PDB: 3LYK).
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Figure 2-16. Illustration of the dimer interface and surface exposed region of the
MglA/SspA complex. A) Ribbon diagram and B) surface representation of the
Ft-MglA/Ft-SspA complex structure. The citric acid molecule (colored in
green) is located within the dimer interface. MglA and SspA are shown in pink
and blue, respectively.

89

Y63
D96
R64
N51

K97

Cit
E101

A

D96 Y63
R64

K97

N51
E101

Cit

B
Figure 2-17. Detail of the amino acids located in the dimer interface of the modeled F.
tularensis MglA/SspA complex. A) Close-up view of the MglA/SspA interface
residues (shown as sticks) from MglA (yellow) and SspA (orange) within a 6 Ǻ
distance from the citric acid molecule (cit, green) found in the Y. pestis SspA
(PDB 1YY7). B) Surface representation of the MglA/SspA complex structure
displaying the location and interaction of the interface residues (shown as
spheres). MglA residues are colored in yellow, SspA residues are colored in
orange, and the citric acid (cit) is shown in green).
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Figure 2-18. Identification of critical amino acids for protein-ligand interaction. A)
Residues mutated in MglA: N51 (green triangle), Y63 (orange diamond), and
R64 (blue circle). B) Residues mutated in SspA: D96 (purple triangle), K97
(black diamond), E101 (red circle). The β-galactosidase activity levels
(expressed as Arbitrary units) from cells carrying the pBR- mglA-ω and
pACTR-sspA-Zif with the shown mutations in either mglA or sspA in the
absence (closed symbols) or presence (open symbols) of 100 μM quinacrine
(QN). β-galactosidase activity was determined as described in materials and
methods. The basal AU was determined from assays performed with the
empty plasmids (pACTR-AP-Zif and pBR-GP-ω) (Figure 2-4). For ease of
presentation, the basal AU has already been subtracted from pBR-mglA-ω
and pACTR-sspA-Zif. * indicates significant difference (P<0.05) and **
indicates no significant difference (P>0.05) between activity measured in the
presence and absence of quinacrine.
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Figure 2-19. Quinacrine does not bind the K101 residue of MglA. The transcriptional
activation of the lacZ reporter mediated by the interaction of Ft-MglA and FtSspA is impaired in the presence of quinacrine in both the wild type (WTblack square) and the MglAK101A (blue circle) proteins. The plasmid
constructs pBR-mglA-ω and pACTR-sspA-Zif were transformed in the E. coli
reporter strain AW23. Cells were grown in presence (open square) or
absence (closed square) of 100 μM quinacrine and assayed for βgalactosidase activity (expressed in Arbitrary units, AU). The basal AU was
determined from assays performed with the empty plasmids (pACTR-AP-Zif
and pBR-GP-ω) (Figure 2-4). For ease of presentation, the basal AU has
already been subtracted from pBR-mglA-ω and pACTR-sspA-Zif. * indicates
significant difference (P<0.05) between activity measured in the presence and
absence of quinacrine.
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Figure 2-20. MglA Y63 is required for quinacrine binding. A) DSC scans of the FtMglAY63A/Ft-SspA complex. The effect of quinacrine on the thermal profile of
the MglAY63A/SspA complex was determined in the absence (black line) and
presence of 10 μM (blue line) and 100 μM (red line) of quinacrine. B) Size
exclusion chromatogram of Ft -MglAY63A/Ft-SspA complex in the absence
(black line) and presence of 10 μM (blue line) and 100 μM (red line)
quinacrine. Proteins were separated using a prepacked Superose 12 10/300
GL gel filtration column. The molecular weight of the eluted proteins was
determined using a standard curve constructed based on retention time of the
molecular weight standards, fitted by linear regression as described in
materials and methods.
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CHAPTER 3
INORGANIC POLYPHOSPHATE IS THE EFFECTOR MOLECULE THAT MEDIATES
THE MGLA AND SSPA INTERACTION
Background
Upon entry into host cell tissues pathogenic bacteria have to evade the attack
launched by the immune system, which is directed to eliminate invaders via the
oxidative burst. Microorganisms must also cope with unfavorable environmental
conditions such as quick changes in pH and limited amount of essential nutrients. To
adapt to these conditions pathogens alter their metabolism and induce expression of
virulence genes that promote survival. The modulation of such expression is mostly
mediated by global transcriptional regulators. The activity of many transcriptional
regulators is modulated by the amount of the alarmone ppGpp and the linear polymer
inorganic polyphosphate (polyP), thus coupling pathogenesis to environmental
conditions in the host (Nakanishi et al., 2006, Yang et al., 2010).
PolyP is a linear polymer of variable length raging from ten to hundreds of
orthophosphate residues linked by high-energy phosphoanhydride bonds (Kulaev &
Vagabov, 1983). Most organisms encode in their genome both polyphosphate kinase 1
(PPK1) and PPK2. A few exceptions occur where they have only PPK1 or PPK2 (Zhang
et al., 2002). PPK is the enzyme responsible for the synthesis of polyP. The intracellular
level of polyP is controlled by the activity of the polyphosphatase (PPX) (Kuroda et al.,
1997). The regulatory roles of polyP in the ability to respond and resist environmental
stresses have been extensively studied in E. coli (Ault-Riché et al., 1998, SchurigBriccio et al., 2009, Crooke et al., 1994). PolyP is required for the activation of the rpoS
gene. In E. coli the sigma factor σS or RpoS specifically induces ~50 genes during the
transition to stationary phase and under diverse stress conditions (Shiba et al., 1997).
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Similar results have been reported in the intracellular pathogens Shigella flexneri (S.
flexneri) and S. enterica (Kim et al., 2002). In these microorganisms, RpoS positively
regulates the expression of proteins required to alleviate oxidative stress such as
superoxide dismutase, peroxidases and catalases during host invasion (Schellhorn et
al., 1998, Patten et al., 2004).
Another molecule that plays an important role during nutritional stress is the
alarmone ppGpp. In Y. pestis, ppGpp induces the expression of at least three effectors
that are injected in the host through the type IIII secretion system (T3SS): YopE, YopH
and LcrV. These effectos have been shown to disrupt the host cell cytoskeleton, to
facilitate the resistance to phagocytosis (Sory & Cornelis, 1994, Persson et al., 1995), to
trigger interleukin 10 (IL-10) release suppressing the pro-inflammatory cytokines tumor
necrosis factor alpha (TNF-α) and interferon gamma (IFN-γ) (Nakajima & Brubaker,
1993). Similarly, after phagocytosis, S. enterica serovar Typhimurium activates the
PhoP response regulator, which in turn induces the expression of the DNA binding
SylA. Then, ppGpp interacts with SylA, inducing expression of the genes encoded in the
Salmonella Pathogenicity Island 2 (SPI2) (Shi et al., 2004, Zhao et al., 2008).
In F. tularensis, the importance of ppGpp and polyP in virulence has been
documented. The inactivation of the relA gene in F. tularensis SCHU S4 revealed that
the lack of ppGpp decreased the intramacrophage replication and the virulence in mice
was attenuated (Dean et al., 2009). At the transcriptional level, Charity et al. (2009)
were first to establish a link between the presence of ppGpp and the ability of the
MglA/SspA complex to interact with FevR (PigR) to control the expression of
pathogenicity determinants. The authors showed that ppGpp does not affect the mRNA
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levels of MglA or SspA, nor does it affect the interaction of the MglA/SspA complex with
the RNAP. It did, however, promote the interaction between the MglA/SspA complex
and FevR (PigR), as ppGpp is required for FevR (PigR) activation (Charity et al., 2009).
The gene encoding for polyphosphate kinase (ppk) was identified in a screening of
F. novicida proteins that were highly expressed in macrophages but not when grown in
vitro (Richards et al., 2008). Mutation in the ppk gene in both F. novicida and F.
tularensis rendered these strains defective for intracellular survival and virulence in mice
(Richards et al., 2008). As a result, polyP is thought to play an important role in
Francisella pathogenesis, but the mechanism is still unknown.
In this chapter, the effect of ppGpp and polyP as signal molecules on the
interaction between MglA and SspA was studied. The experiments provide in vivo and
in vitro evidence of the effector molecule that mediates the interaction of MglA and
SspA, which in turn affects the interaction of the complex with other transcription
factors. These protein-protein interactions are required for the intracellular survival and
virulence of Francisella species. In addition, quinacrine hydrochloride was used as a
chemical probe to determine that the metabolite binds in the cleft region of the dimer
interface of the MglA/SspA complex.
Results and Discussion
In vivo Analysis of ppGpp on the Interaction between MglA and SspA
Charity et al. (2009) proposed that ppGpp could control expression of MglA/SspA
regulated genes by promoting the interaction of FevR (PigR) with the MglA/SspA
complex. However, in their experiments using a F. holarctica LVS ΔrelA ΔspoT mutant
strain, no effects were observed on the association between the MglA/SspA complex
and RNAP. Therefore, it was hypothesized that ppGpp action on gene regulation might
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be related to the interaction surface directly between MglA and SspA. To test if ppGpp
influences the interaction between MglA and SspA, a new reporter strain for the twohybrid system was constructed. The relA and spoT genes were deleted in the AW18
strain (ΔsspA) and the resulting strain (AW20) was conjugated with the strain KDZifΔZ,
to obtain the reporter strain AW24 (ΔsspA ΔrelA ΔspoT). The deletion of relA and spoT
genes in E. coli results in complete disappearance of ppGpp production (Xiao et al.,
1991). The plasmids pBR-mglA-ω and pACTR-sspA-Zif as well as the respective
controls were then co-transformed in the AW24 strain. The interaction of Ft-MglA and
Ft-SspA was determined by following β-galactosidase activity. The β-galactosidase
activities from the control strains are shown in Figure 3-1B, the basal arbitrary units
obtained by testing the interaction with empty plasmids (pBR-GP-ω and pACTR-AP-Zif)
were subtracted from those with pBR-mglA-ω and pACTR-sspA-Zif. Figure 3-1A shows
that the levels of β-galactosidase increased from 2419 ± 156 arbitrary units in the wild
type strain (AW23) to 26384 ± 53 arbitrary units in the AW24 reporter strain after 300
minutes of induction (P<0.0005). These results suggest that the levels of ppGpp may
directly or indirectly act to modulate the physical interaction of MglA and SspA.
In E.coli, ppGppº strains exhibit a relaxed phenotype continuing stable RNA
synthesis even after exhaustion of amino acids (Stent & Brenner, 1961). Other
phenotypes include no growth on minimal media without amino acid supplementation,
filament formation, decreased survival, virulence, and biofilm formation, decreased
expression of σS-dependent genes, decreased σ32 and σ54 function, and increased
mistranslation during amino acid starvation (Cashel et al., 1996, Xiao et al., 1991,
Nyström, 2004, Balzer & McLean, 2002, Kvint et al., 2000, Kvint et al., 2003, Sze &
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Shingler, 1999, Traxler et al., 2008). Since strains that lose the ability to synthetize
ppGpp show many pleiotropic effects, it was hypothesized that in the AW24 strain, a
physiologically relevant metabolite that mediates the SspA/MglA interaction is upregulated under these conditions.
Determination of Polyphosphate (PolyP) as Mediator of the MglA and SspA
Interaction
Many research groups have indicated the essential role that polyP plays on stress
responses and stationary phase survival (Rao et al., 1998, Li et al., 2007, SchurigBriccio et al., 2009). In F. tularensis, polyP is required for intracellular growth and
virulence (Richards et al., 2008). Therefore, we hypothesized that the higher βgalactosidase activity observed in the AW24 strain (ΔsspA ΔrelA ΔspoT) was directly
related to higher intracellular concentrations of polyP. To test this hypothesis, an E. coli
strain with a deletion in the ppKppX operon was constructed since in E. coli, polyP is
produced by the activity of polyphosphate kinase (PPK) (Kuroda et al., 1997). The
ppKppX operon was deleted in the AW18 strain (ΔsspA), resulting in strain AW21,
which was then conjugated with the strain KDZifΔZ, to obtain the strain AW26 (ΔsspA
ΔppKppX). The plasmids pBR-mglA-ω and pACTR-sspA-Zif as well as the respective
controls were then co-transformed in the AW26 reporter strain. The intracellular
concentrations of polyP were confirmed using DAPI fluorescence. The polyP
concentrations determined were 97.3 ± 3.7 μg/ml in strain AW23, while only 61.3 ± 4.1
μg/ml were quantified in AW26. The effect of polyP on the interaction of Ft-MglA and FtSspA was then followed by β-galactosidase activity. It was observed that in strain
AW26, Ft-MglA and Ft-SspA were not able to interact, as evidenced by the reduction of
β-galactosidase activity (Figure 3-2) (P<0.005). Since higher β-galactosidase activity

98

was observed in the ppGpp deficient strain (AW24), the level of polyP was determined.
As expected, polyP was found at higher concentrations (130.3 ± 5.6 μg/ml) than in the
AW23 reporter strain. These results suggest that in vivo, high concentrations of polyP
are necessary to stabilize the interaction between Ft-MglA and Ft-SspA.
Polyphosphate Binds with High Affinity to the MglA/SspA Complex
To determine the effect of polyP on the heterodimer, the oligomeric state was
determined by gel filtration. A similar profile of dimers was observed in the
chromatograms (Figure 3-3) in both the absence and presence (100 μM) of polyP,
indicating that further addition of polyP does not affect the dimeric state of the complex.
These results may also indicate that during co-expression of Ft-MglA and Ft-SspA, the
polyP concentrations are sufficient for the formation of stable heterodimers.
The thermal unfolding properties of the Ft-MglA/Ft-SspA complex in the presence
of polyP was then established by DSC. The calorimetric scans (Figure 3-4) showed that
in the presence of 100 μM polyP, the Ft-MglA/Ft-SspA complex displayed a shift in the
transition midpoint temperature from 54.2 ˚C (no polyP) to 66.4 ˚C. These results
indicate that polyP binds the Ft-MglA/Ft-SspA complex and stabilizes the interaction of
the heterodimer.
To determine if conformational changes occur in the Ft-MglA/Ft-SspA complex
upon polyP binding, CD measurements were performed. In the presence of 100 µM
polyP, a conformational change in the α-helix content was observed. The changes were
visualized as a shift in the bands at ~208 and ~220 nm in the CD spectra (Figure 3-5).
The direct binding of polyP was tested in vitro by isothermal titration calorimetry
(ITC). It was determined that polyP binds with high affinity (KD= 0.36 ±0.03 μM) to the
Ft-MglA/Ft-SspA complex (Figure 3-6). The binding of polyP was an exergonic reaction
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(ΔG= -4482.2 kcal/mol) driven by favorable entropy changes (TΔS= 4512.2 kcal/mol)
and unfavorable enthalpy changes (ΔH= 29.7 kcal/mol). Other phosphate compounds
such as NaPO4, pyrophosphate or triphosphate did not bind to the Ft-MglA/Ft-SspA
complex (data not shown).
To determine if the cleft region (where quinacrine binds) is the place for polyP
binding, DSC, ITC and gel filtration experiments were performed using the FtMglAY63A/Ft-SspA complex. PolyP did not modify the thermal stability of the FtMglAY63A/Ft-SspA complex and neither the heat changes in the ITC (data not shown),
nor the oligomeric state (Figure 3-7). Taken together, these in vitro experiments suggest
that polyP is an intracellular metabolite that modulates the Ft-MglA/Ft-SspA complex
interactions by binding in the cleft region of the heterodimer interface.
Effect of PolyP on the interaction between MglA/SspA and FevR (PigR)
The putative DNA binding transcription factor FevR (PigR) was identified in F.
novicida during a screen of genes requiring MglA and SspA for their expression
(Brotcke & Monack, 2008). FevR (PigR) physically interacts with the MglA/SspA
complex and regulates the same set of genes (Charity et al., 2009). However, FevR
(PigR) alone is not sufficient to induce the MglA/SspA regulon (Brotcke & Monack,
2008, Charity et al., 2009). This transcription factor is essential for intramacrophage
replication and virulence in the mouse model (Buchan et al., 2009, Charity et al., 2009,
Brotcke & Monack, 2008). Thus, FevR (PigR) works in parallel with the MglA/SspA
complex to activate virulence gene expression.
To study the effect of polyP in the presence of FevR (PigR), an E. coli bridgehybrid system, obtained from Charity et al. (2009) was used. In this system, the sspA
gene from F. holarctica LVS is provided in a replicative plasmid (pCL-sspA), while the
100

pigR gene of F. holarctica LVS is fused to the Zif protein (pACTR-pigR-Zif), and the
mglA gene of F. tularensis SCHU S4 is fused to the ω subunit of the RNAP (pBR-mglAω). The plasmids were co-transformed into the AW23, AW24 and AW26 reporter strains
and the protein-protein interactions were determined in vivo by following the βgalactosidase activity. No problems were anticipated in the use of heterologous proteins
since the MglA, SspA, and PigR proteins from F. tularensis SCHU S4 and F. holarctica
LVS share a 100%, 99% and 100% identity, respectively, at the amino acid level.
As described by Charity et al (2009), the interaction of PigR with the MglA/SspA
complex stimulated the transcription of the β-galactosidase reporter gene (Figure 3-8).
In the AW23 strain, the β-galactosidase activity after 300 min was measured to be 1068
± 17 arbitrary units, while in the AW26 strain the β-galactosidase activity was only 141 ±
77 arbitrary units (Figure 3-9) (P<0.001). The AW24 strain showed a higher βgalactosidase activity of 1299 ± 37 arbitrary units (Figure 3-9) (P>0.05). In summary, a
similar trend to the interaction between MglA and SspA was obtained. These results
indicate that FevR (PigR) can interact with the MglA/SspA complex only when polyP is
available to stabilize the interaction between the MglA/SspA heterodimer.
The putative DNA binding transcription factor FevR (PigR) shows homology to the
large and diverse MerR family of transcription regulators. Members of this family are
mainly activators in response to metal ions. They show sequence similarity at the Nterminal helix-turn-helix DNA binding region and at the C-terminal effector binding
regions that are specific to the effector molecule. Some examples are MerR, ZntR,
SoxR, CueR, PbrR, PmtR, CadR and ZccR (Summers, 1992, Brocklehurst et al., 1999,
Stoyanov et al., 2001, Borremans et al., 2001, Noll et al., 1998, Lee et al., 2001, Solioz
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& Vulpe, 1996). Other members of the family that are larger in size are BltR, BmrR and
Mta that are involved in induction of drug efflux systems (Pomposiello & Demple, 2001,
Ahmed et al., 1994, Ahmed et al., 1995, Baranova et al., 1999). SoxR is the only MerR
member described that functions as a sensor of oxidative stress (Hidalgo et al., 1995).
Recently, NmlR (Neisseria MerR-like Regulator) from N. gonorrhoeae was shown to
have a different arrangement of cysteine (Kidd et al., 2005). In E. coli, the sensing
domain of SoxR is made of C119, C122, C124 and C130, while in NmlR the sensing
domain is made of C40, C54, C71 and C95 (Hidalgo et al., 1995, Kidd et al., 2005).
NmlR regulates four genes (including itself): adhC (glutathione-dependent formaldehyde
dehydrogenase), trxB (thioredoxin reductase), and copA (P-type ATPase). The
predicted function of the NmlR regulon is to defend the bacterial cell against carbonyl
and nitrosative stresses (Kidd et al., 2005, Staab et al., 2008, McEwan et al., 2011). In
Streptococcus pneumonia, NmlR is involved in response to carbonyl stress and
modulation of hydrogen peroxide production. Although it is not known how NmlR is
activated it is suggested that conserved cysteine residues may be involved in thiolbased signaling (Potter et al., 2010).
FevR (PigR) contains four cysteine residues, C19, C28, C83 and C97, arranged in
a similar manner as NmlR, although these proteins do not share sequence identity
(Figure 3-10). Based on these observations, it was hypothesized that FevR (PigR) is
involved in the sensing of reactive oxygen and nitric oxide species through the redox
state of the cysteine residues. The modifications of these residues would modify further
interactions of FevR (PigR) with the MglA/SspA/polyP complex to induce gene
expression and survive inside the macrophages.
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Summary
In this chapter, through in vivo and in vitro experimentation, it was shown that
inorganic polyphosphate is an effector molecule that mediates the interaction between
MglA and SspA. The effect of the alarmone ppGpp on the MglA/SspA complex was
studied and it was determined that its effect may be indirect, possibly through the
modulation of polyP levels. The use of the two-hybrid and bridge-hybrid systems
confirmed that polyP is required for the interaction of MglA and SspA. A reporter strain
with a deletion in the ppKppX operon resulted in decreased β-galactosidase activity
(86.8%) in the bridge-hybrid system. These findings indicate that the stability of
interactions of the MglA/SspA heretoduplex allow further contact with other transcription
factors such as FevR (PigR). The results obtained here are supported and explain at
the molecular level a previous report by Richards et al. (2008). Their studies revealed
that mutations in the FTN1472/FTT1564, a region encoding for a putative polyP kinase
(PPK2), resulted in impaired intracellular growth and virulence. This phenotype was
correlated with lower intracellular polyP concentrations (Richards et al., 2008).
PolyP binds to the MglA/SspA complex with high affinity (KD= 300 nM). This KD
value is comparable to enzymes that bind polyP with a very low Km, such as the polyP
glucokinase (Km =2.9 to 5 μM) (Clark et al., 1986). The affinity values obtained for the
MglA/SspA complex are biologically relevant, since the concentrations of polyP required
for stress survival in E. coli are as low as 0.1 mM (Rao & Kornberg, 1999). The polyP
accumulated during stationary phase, however, can reach as high as 50 mM (Wood &
Clark, 1988).
PolyP as a signal molecule has been extensively studied in E. coli (Brown &
Kornberg, 2008, Rao & Kornberg, 1999). The direct binding of polyP to proteins,
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however, was only observed in a few cases, such as the Lon protease in E.coli (Nomura
et al., 2004) and σ80 from Helicobacter pylori (H. pylori) (Yang et al., 2010). In this study,
it was also determined that the binding of polyP is located within the heterodimer
interface of the MglA/SspA complex at specific amino acid residues such as Y63 in
MglA. DSC and ITC experiments using the MglAY63A/SspA complex showed impaired
polyP binding. In contrast, in H. pylori σ80 polyP binds in a patch of lysines (19 residues
over 59 residues) (Yang et al., 2010). The analysis of the MglA/SspA complex interface
surface area revealed several positively charged and hydrophobic residues although,
their relevance in polyP was not pursued in this study. Also of relevance, is that the
oligomeric form of the MglA/SspA heterodimer was not modified by the presence of the
large polyP polymer, which can vary in size from 3 to over 1,000 phosphate residues
(Ault-Riché et al., 1998).
Furthermore, PolyP may play an important role during Francisella’s intracellular life
cycle. Once it is internalized by the host cell, F. tularensis resides within the Francisella
containing phagosome, where nutrients are limited (Clemens et al., 2005).
Nevertheless, F. tularensis is capable of surviving under this condition. PolyP stabilizes
the MglA/SspA complex and allows the interaction with DNA binding transcription
factors and therefore activation of genes required for uptake of nutrients, metabolism
and phagosome membrane degradation. Then, Francisella can replicate in the host cell
cytosol and continue its infectious intracellular cycle.
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Figure 3-1. The absence of ppGpp increases the interaction between MglA and SspA.
A) β-galactosidase was determined in the E. coli reporter strains AW23
(ΔsspA, square) and AW24 (ΔsspA ΔrelA ΔspoT, circle) carrying the pBRmglA-ω and pACTR-sspA-Zif. The basal level enzyme activity has been
substracted. * indicates significant difference (P<0.0005) between activity
measured in the AW23 and AW24 strains. B) Different combinations of empty
vectors and fused proteins were transformed in the E. coli reporter strain
AW24. The plasmid constructs tested were: pBR-GP-ω+pACTR-AP-Zif (red
square: W+Zif), pBR-mglA-ω+pACTR-sspA-Zif (green circle: MglA-W+SspAZif), pBR-mglA-ω+pACTR-AP-Zif (orange diamond: MglA-W+Zif), pBR-GPω+pACTR-sspA-Zif (blue triangle: W+SspA-Zif). The β-galactosidase activity
(expressed in arbitrary units, AU) was determined as described in material
and methods.
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Figure 3-2. PolyP stabilized the MglA and SspA interaction. A) Assays were performed
with cells of the E. coli reporter strains AW23 (ΔsspA, square) and AW26
(ΔsspA ΔppKppX, triangle) carrying the pBR-mglA-ω and pACTR-sspA-Zif.
The basal level enzyme activity has been substracted. * indicates significant
difference (P<0.005) between activity measured in the AW23 and AW26
strains. B) Different combinations of empty vectors and fused proteins were
transformed in the E. coli reporter strain AW26. The plasmid constructs tested
were: pBR-GP-ω+pACTR-AP-Zif (red square: W+Zif), pBR-mglA-ω+pACTRsspA-Zif (green circle: MglA-W+SspA-Zif), pBR-mglA-ω+pACTR-AP-Zif
(orange diamond: MglA-W+Zif), pBR-GP-ω+pACTR-sspA-Zif (blue triangle:
W+SspA-Zif). The β-galactosidase activity (expressed in arbitrary units, AU)
was determined as described in material and methods.

106

56.8 kDa

Figure 3-3. PolyP does not affect the dimer state of the MglA/SspA complex.
Chromatogram of the Ft-MglA/Ft-SspA complex in the absence (black line)
and presence of 10 μM (blueline) and 100 μM (red line) polyP. The molecular
weight was determined from a standard curve as described in materials and
methods. 100 µl protein samples in 10 mM Tris (pH 8), 500 mM NaCl were
injected onto a prepacked Superose 12 10/300 GL gel filtration column after
incubation with polyP.
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Figure 3-4. PolyP binds to the MglA/SspA complex. The effect of polyP on the thermal
unfolding of the Ft-MglA/Ft-SspA complex was determined by DSC in
absence and presence of 100 μM polyP. DSC experiments were performed in
10 mM phosphate (pH 7.9), 500 mM NaCl in the absence (black line) or with
100 μM of polyP (red line).
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Figure 3-5. PolyP induces structural modifications on the MglA/SspA complex. The
Circular Dichroism (CD) spectra of the Ft-MglA/Ft-SspA complex indicated a
change of the α-helices content upon polyP binding. The CD spectra were
acquired using 9.6 μM protein samples, with 0 μM (black line) or in presence
of 100 μM (red line) polyP in 10 mM Tris (pH 8.0), 150 mM NaCl. The data
was collected at 10 ºC.
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Figure 3-6. PolyP binds to the MglA/SspA complex with high affinity. ITC data for the
binding of polyP to the Ft-MglA/Ft-SspA complex. Measurement of heat
changes (upper panel) and integrated peak areas (lower panel) of a series of
5 μl injections of 100 μM polyP, into a 16.7 μM (MglA/SspA) protein solution,
prepared in 10 mM Tris (pH 8.0), 150 mM NaCl. Experiments were carried out
at 20 °C.
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Figure 3-7. The change in the MglAY63 residue to alanine does not affect the dimer
state of the MglA/SspA complex. Chromatogram of the Ft-MglAY63A/Ft-SspA
complex in the absence (black line) and presence of 100 μM (red line) polyP.
The molecular weight was determined from a standard curve as described in
materials and methods. 100 µl protein samples in 10 mM Tris (pH 8), 500 mM
NaCl were injected onto a prepacked Superose 12 10/300 GL gel filtration
column after incubation with polyP.
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Figure 3-8. Transcriptional activation of lacZ mediated by the interaction between PigR
with the MglA/SspA complex. Different combinations of empty vectors and
fused proteins were transformed in the E. coli reporter strains: A) AW23
(ΔsspA), B) AW26 (ΔsspA ΔppKppX), and C) AW24 (ΔsspA ΔrelA ΔspoT).
The plasmid constructs tested were: pBR-GP-ω+pACTR-AP-Zif+pCL-sspA
(red square: W+Zif+SspA), pBR-mglA-ω+pACTR-pigR-Zif+pCL-sspA (green
circle: MglA-W+PigR-Zif+SspA), pBR-mglA-ω+pACTR-AP-Zif+pCL-sspA
(orange diamond: MglA-W+Zif+SspA), pBR-GP-ω+pACTR-pigR-Zif+pCLsspA (blue triangle: W+PigR-Zif+SspA). The β-galactosidase activity
(expressed in arbitrary units, AU) was determined as described in material
and methods.
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Figure 3-9. In absence of polyP, the interaction between FevR (PigR), MglA and SspA
is impaired. Assays were performed with cells of the E. coli reporter strains
AW23 (ΔsspA, square), AW24 (ΔsspA ΔrelA ΔspoT, circle) and AW26
(ΔsspA ΔppKppX, triangle) carrying the pBR-mglA-ω+pACTR-pigR-Zif+ pCLsspA. The β-galactosidase activity (expressed in arbitrary units, AU) was
determined as described in material and methods. The basal level enzyme
activity has been substracted. * indicates significant difference (P<0.001)
between activity measured in the AW23 and AW26 strains. ** indicates
nosignificant difference (P>0.05) between activity measured in the AW23 and
AW24 strains.
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Figure 3-10. Multiple sequence alignment of FevR (PigR) with two members of MerR
family of transcriptional regulators. Residues conserved in all sequences (*),
with a conserved substitution (:), or with a semi-conserved substitution (·).
Abbreviations: Ec-SoxR, E. coli SoxR; Ng-NmlR, N. gonorrhoeae NmlR; FtFevR, F. tularensis FevR (PigR). Arrows represent cysteine residues as
follows: blue: Ec-SoxR C119, C122, C124, C130; red: Ng-NmlR C40, C54,
C71, C95; black: Ft-FevR C19, C29, C83, C97.
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CHAPTER 4
MATERIALS AND METHODS
Chemicals, Bacterial Strains, and Culture Conditions
Chemicals
All analytical grade chemicals, antibiotics, RPMI-1640 media, 10% fetal bovine
serum solution, and desalted oligonucleotides (primers) were purchased from SigmaAldrich (St. Louis, MO, USA). Chemicals for buffers preparation and culture medium,
reagents, and EZrunTM Protein Marker were purchased from Fisher Scientific (Atlanta,
GA, USA). Tryptic soy broth (TSB) and cysteine heart agar were purchased from Difco
Laboratories (Detroit, MI, USA). The 1% hemoglobin solution was purchased from BD
Diagnostics (Sparks, MD, USA). Restriction enzymes, T4 DNA ligase, Quick-Load® Taq
2X Master Mix DNA polymerase, LongAmp® Taq 2X Master Mix DNA polymerase,
Quick Load® 100 bp molecular weight standards, Quick Load® 1 kb molecular weight
standards, and deoxyribonucleotide triphosphates (dNTPs) were purchased from New
England Biolabs (Ipswich, MA, USA). QuikChange® site-directed mutagenesis kit was
purchased from Stratagene Agilent Technologies (La Jolla, CA, USA). In-FusionTM DryDown Mix was purchased from Clontech (Mountain View, CA, USA). QIAGEN Plasmid
Mini Kit, QIAquick PCR Purification Kit, and nickel-nitroacetic acid resin (Ni-NTA
Superflow) were purchased from QIAGEN (Valencia, CA, USA). RiboPureTM Bacteria kit
was purchased from Ambion (Austin, TX, USA). SuperscriptTM first-strand synthesis kit
and Platinum SYBR Green qPCR SuperMix were purchased from InvitrogenTM
(Carlslab, CA, USA). Molecular biology assays were performed using ultra-pure water
(Synergy® UV Millipore Water Purification System).

115

Bacterial Strains and Growth Conditions
The bacterial strains used for cloning, protein purification, two-hybrid system, and
bridge-hybrid system are summarized in Tables 4-1, 4-2, 4-3 and 4-4. The E. coli
Library Efficiency® DH5αTM, and E. coli BL21-Star(DE3) strains were purchased from
Invitrogen. The E. coli BL21-Rosetta(DE3) strain was purchased from Novagen
(Gibbstown, NJ, USA). E. coli XL1-Blue and JM109 strains were purchased from
Stratagene Agilent Technologies. E. coli FW102 strain was kindly provided by Dr.Bryce
Nickels (The State University of New Jersey). E. coli strain KDZif∆Z was kindly provided
by Dr. Simon Dove (Harvard University). The strain used to purify the E. coli His-SspA
(SspA-ASKA) was obtained from the ASKA library (Kitagawa, 2005). Strains DH5α,
XL1-Blue and JM109 were used to propagate the plasmids for protein purification, point
mutations and two-hybrid system, respectively. BL21-Star(DE3) strain was used for
protein over-expression and subsequent protein purification of individual cloned
proteins, while the BL21-Rosetta(DE3) strain was used when proteins were coexpressed. The FW102 strain was used to delete the sspA gene. The KDZif∆Z strain
was used as the donor of the F’ episome. E. coli strains AW23, AW24, and AW26 were
used as the reporter strains for the bacterial two-hybrid experiments (See DNA
procedures for detailed construction of these strains).
Wild-type E. coli strains were routinely grown in Luria-Bertani mediun (LB) at 37 ºC
with agitation at 250 rpm. For protein purification of N-terminally labeled His6-tagged
proteins, E. coli strains carrying recombinant plasmid(s) were freshly inoculated from
glycerol stocks kept at -80 ºC into 15 ml LB medium. The medium was supplemented
with ampicillin 100 µg ml-1 for clones in the p15TV-L vector; streptomycin 50 µg ml-1 for
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clones in the pCDF-1b plasmid; both ampicillin 100 µg ml-1 and streptomycin 50 µg ml-1
for co-expression of clones in the p15TV-L and pCDF-1b vectors; and chloramphenicol
12.5 µg ml-1 for the SspA clone from the ASKA Library. The cells were grown for 16
hours at 37 ºC, 250 rpm. Then, the cells were sub-cultured (0.5% by volume) into 2 L of
LB medium and grown 30 ºC, 250 rpm. When the optical density at 600 nm (OD600) of
the culture reached 0.5, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to the
final concentration of 1 mM to induce expression of the recombinant proteins. The
induction was carried out for 16 hours at 17 ºC, 250 rpm. The cells were harvested by
centrifugation and the cell mass was immediately used for protein purification or stored
at -80 ºC until purification.
To assay the β-galactosidase activity in the two-hybrid and bridge-hybrid systems,
the reporter strains carrying recombinant plasmids were freshly inoculated from -80 ºC
glycerol stocks into 5 ml of LB medium. The medium was supplemented with ampicillin
100 µg ml-1, kanamycin 50 µg ml-1, and tetracycline 10 µg ml-1 for the two-hybrid
system, and ampicillin 100 µg ml-1, kanamycin 50 µg ml-1, tetracycline 10 µg ml-1, and
spectinomycin 100 µg ml-1, for the bridge-hybrid system (See Tables 4-2 and 4-3 for
details of each strain). The cells were grown for 16 hours at 37 ºC, 250 rpm. Then, the
cells were sub-cultured (to a final OD600 of 0.025) into 15 ml of LB medium and grown
37 ºC, 250 rpm for 2 hours. Lactose was added to a final concentration of 0.5 mM to
induce expression of the recombinant proteins and assayed for β-galactosidase activity
every 30 minutes.
To test the toxicity of small molecules, the two-hybrid system reporter strains were
freshly inoculated from glycerol stocks kept at -80 ºC into 5 ml of LB medium. The
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medium was supplemented with kanamycin 50 µg ml-1and the cells were grown for 16
hours at 37 ºC, 250 rpm. Then, the cells were sub-cultured (to a final OD600 of 0.05) into
5 ml of LB medium containing increasing concentrations of chemicals ranging from 0.01
mM to 1 mM in duplicates. The cells were grown at 37 ºC, 250 rpm for 8 hours. The
OD600 was measured and the minimal inhibitory concentration (MIC) was determined.
Growth conditions of F. novicida strains
F. tularensis subsp. novicida strain U112 (F. novicida) was provided by Dr. Gunn
(The Ohio State University). All manipulations with F. novicida were performed in a
class II biological safety laboratory. F. novicida was routinely grown on modified tryptic
soy broth (TSB) supplemented with 135 µg ml-1 ferric pyrophosphate and 0.1% cysteine
hydrochloride at 37 ºC with aeration. For colony forming unit (CFU) enumeration,
cysteine heart agar medium supplemented with 1% hemoglobin solution (chocolate II
agar plates-CHOC II) was used. To activate F. novicida cells from the glycerol stocks
kept at -80 ºC, a CHOC II plate was streaked with cells and grown at 37 ºC for 16 hours.
A single colony was isolated and grown on 5 ml of modified TSB at 37 ºC with aeration
(200 rpm) for 16 hours and then used for different experiments. To test the toxicity of
quinacrine dihydrochloride (QN) in F. novicida cells, the cells were sub-cultured into 5
ml of modified TSB to an OD600 of 0.05 and different concentrations of quinacrine were
added (from 10 µM to 250 µM) in duplicates and grown for 24 hours. OD600 readings
were taken and the MIC was determined.
For RNA extractions, F. novicida cells were grown from the -80 ºC glycerol stock
and sub-cultured into 5 ml of modified TSB to an OD600 of 0.05 containing 25 µM QN in
duplicates. When the cells reached an OD600 of 0.3 (exponential phase), the cells were
harvested by centrifugation and the cell mass was used to extract RNA.
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For CFU enumeration, F. novicida cells were inoculated into 25 ml of modified
TSB to an OD600 of 0.05 and grown for 8 hours. OD600 readings were taken every hour
and 100 µl aliquots were serially diluted and plated onto CHOC II plates. Plates were
incubated for 24 hours at 37 ºC prior colony counting. CFU/ml were calculated using the
following equation:
CFU/ml = Colony Number / (Vol) (Dilution Factor)

Equation 4-1

Vol is the volume of cells plated in ml.
For macrophage infection, F. novicida cells were grown, sub-cultured into 5 ml of
modified TSB to an OD600 of 0.05 and incubated for 3 hours. The cells were harvested
by centrifugation and the cell mass was resuspended in 1X phosphate saline buffer
(PBS) to an OD600 of 1.0 (5.2x9 CFU/ml). The cell suspension was use for the
macrophage experiments.
Preparation of Competent Cells
Chemically competent cells. The following procedure was used to prepare
competent E. coli DH5α, BL21 (Star and Rosetta). FW102, JM109, XL1-Blue, AW23,
AW24, and AW26 cells. A single colony was isolated from a LB agar plate
supplemented with 10 mM MgCl and inoculated into 5 ml of TyM broth (2% trypteine,
0.5% yeast extract, 0.58% NaCl, 0.2% MgCl) and incubated for 2 hours at 37 ºC, 250
rpm. The cells were then inoculated into 300 ml TyM broth and incubated 37 ºC, 250
rpm until OD600 reached 0.5. The cell mass was collected through centrifugation at 3000
rpm (1600 x g) for 12 min at 4 ºC. The cells were resuspended in 120 ml of TfbI buffer
(100 mM KCL, 50 mM MnCl2, 10 mM CaCl2, 30 mM potassium acetate, 15% glycerol,
pH 5.8). The resuspended cells were incubated on ice for 90 min. Then, the cell mass
was collected by centrifugation at 3000 rpm (1600 xg) for 8 min at 4 ºC. The cells were
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resuspended in 12 ml of TfbII (10 mM MOPS. 10 mM KCl, 75 mM CaCl2, 15% glycerol,
pH 7) and stored at -80 ºC in 100 µl aliquots until further needed.
Electrocompetent cells. The cells were grown in LB medium until they reached an
OD600 of 0.5-0.6. A 1 ml aliquot was washed four times using ultra pure chilled water.
The pellet was resuspended in 100 µl of the same water and used immediately for
transformation.
DNA Procedures
E. coli Transformation
Heat shock transformation was started by thawing 50 µl of chemically competent
cells (stored at -80 ºC) on ice for 10 minutes along with the plasmids. Recombinant
plasmids (1-2 µl) were mixed with the competent cells. The mixture was incubated on
ice for 15 min, followed by 5 min in the 37 ºC water bath, and 2 min on ice. Then, 950 µl
of LB medium was added to the mixture and incubated for one hour at 37 ºC. Cells were
plated on LB agar plate supplemented with the required antibiotic to select for the
plasmids used.
For electro-transformation, the plasmids or PCR products (1-2 µl) were mixed with
30 µl of cells. Transformation by electroporation was performed using a Gene Pulser
Xcell (Bio-Rad, Hercules, CA, USA). The pulse controller was set at 200 ohms,
capacitance at 250 microfarads, and voltage at 25 kV. After the pulse 970 µl of LB
medium was immediately added to the mixture and incubated for one hour at 37 ºC.
Cells were plated as previously described.
Cloning of mglA and sspA Genes for Protein Purification
The mglA and sspA genes of F. tularensis SCHU S4 were amplified by PCR using
genomic DNA provided by Dr. Tara Wherly (Rocky Mountain Labs/NIAID/NIH). The
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DNA amplification was done using Taq 2X master mix DNA polymerase. DNA
amplification by PCR was performed using a MyCyclerTM Personal Thermal Cycler (BioRad).
Two plasmids were used for protein overexpression, p15TV-L and pCDF-1b.
Plasmid p15TV-L (Figure 4-1) contains the bla (ampicillin resistance) gene, which
serves as a selectable marker. Using this vector, only recombinant clones should be
obtained since it contains the sacB gene, which encodes levansucrase. This enzyme
catalyzes hydrolysis of sucrose and synthesis of levans. In E. coli, expression of sacB in
the presence of sucrose is lethal. Thus, the growth of E. coli transformed with p15TV-L
will be inhibited when grown in LB medium supplemented with 5% sucrose. Additionally,
ligation independent cloning (LIC) sequences are located on the flanking regions of the
sacB gene.
Primers with the complementary LIC sequence at the 5’ end were used during the
amplification of the genes of interest. The cloning of the PCR fragments into p15TV-L
plasmid was done by recombination in the LIC sequence using In-FusionTM Dry-Down
Mix (Clontech, Mountain View, CA, USA) (Pagliai et al., 2010). Each infusion pellet was
resuspended in 8.5 µl of p15TV-L plasmid (75 ng µl-1). Then, 0.5 µl (~ 1 µg µl-1) of PCR
fragment was mixed with 2 µl of the plasmid suspension to initiate DNA recombination.
The mixture was incubated at room temperature for 30 min. After the transformation
using chemically competent cells, LB agar plates containing 5% sucrose and 100 µg ml1

ampicillin were used for positive selection. The cloned gene resulted in the fusion of a

His6-tag at the N-terminus followed by a TEV protease cleavage site. Transcription of
the cloned gene was induced with IPTG.
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The plasmid pCDF-1b (Figure 4-2) contains the aadA (streptomycin resistance)
gene, which serves as a selectable marker. Additionally, pCDF-1b carries the CloDF13
origin of replication, which makes it compatible for co-expression with the p15TV-L
(ColE1 replicon) for purification of protein complexes. The multiple cloning sites (MCS)
provide a variety of restriction sites that can be used to obtain a His6-tagged protein at
the N-terminus followed by an enterokinase (EK) cleavage site. Primers with BamHI and
NotI restriction site at 5’ end were used to amplify by PCR the sspA gene of F.
tularensis SHU S4. The primers used are listed in Table 4-5. The insert and plasmid
were prepared by restriction digestion in separate reactions by adding 46 µl of insert (71
ng µl-1) or plasmid (38 ng µl-1), 6 µl of 10X BSA, 6 µl of 10X NEB Buffer 3 and 1 µl of
each enzyme, BamHI (20 units µl-1) and NotI (10 units µl-1). The plasmid reaction was
incubated at 37 ºC for 2 hours, while the insert reaction was incubated for 3 hours. After
incubation, each reaction was confirmed cut by DNA electrophoresis and purified using
QIAquick PCR Purification Kit (QIAGEN). The PCR fragment was then ligated to the
pCDF-1b vector using the T4 DNA ligase in the following reaction: 9 µl of insert (42 ng
µl-1), 3 µl of plasmid (25 ng µl-1), 2 µl of T4 ligase buffer and 1 µl of T4 DNA ligase were
mixed and incubated at 16 ºC for 16 hours. The ligation reaction was transformed by
heat shock into competent E. coli DH5α cells and plated in LB agar containing 50 µg ml1

streptomycin.
Colony PCR was used to screen for recombinant clones in both p15TV-L and

pCDF-1b plasmids. Colonies (5-10) were resuspended in 50 µl of sterile water and 7.5
µl of the cell suspension was used in a PCR reaction containing Taq 2X master mix
DNA polymerase and T7 primers (Table 4-5). Colonies with the correct fragment size
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were grown overnight for plasmid extraction using the QIAGEN Plasmid Mini Kit. The
sequences of the clones were confirmed by sequencing using T7 universal primers
(DNA Lab, Arizona State University). The plasmids with the correct inserts were further
transformed into the protein expression strains as follows: the p15TV-mglA and p15TVsspA plasmids were introduced into E. coli BL21-Star cells. The E.coli BL21-Rosetta
strain was used to transform the pCDF-sspA plasmid and co-transform the p15TV-mglA
and pCDF-sspA plasmids. E. coli BL21-Rosetta cells were used in this case since it is
streptomycin sensitive. The strains and plasmids used are summarized in Table 4-1.
Bacterial Two-Hybrid System
The system described here is based on the findings that any strong interaction
between two proteins can induce transcription of a reporter gebne in E. coli provided
that one protein is tethered to the DNA by a DNA-binding domain and the other is
tethered to a subunit of the RNA polymerase (RNAP) (Dove & Hochschild, 2004). The
plasmid pBR-GP-ω directs the synthesis of the Ga11P-ω fusion protein, confers
ampicillin resistance, and carries a ColE1 origin of replication. This plasmid can be used
to create fusions to the N-terminus of the ω subunit of E. coli RNAP. Fusions are made
through a small linker made of three alanine residues specified in part by the NotI
restriction site. In the plasmid pACTR-AP-Zif the zinc finger DNA-binding domain of the
murine Zif268 protein (Zif) is present, it confers tetracycline resistance, and harbors the
p15A origin of replication. This plasmid is used to create fusions to the N-terminus of the
Zif protein through a nine amino acid linker (Ala-Ala-Ala-Pro-Arg-Val-Arg-Thr-Gly)
specified in part by the NotI restriction site. Both plasmids have the IPTG inducible
promoter lacUV5 that drives the expression of the fusion proteins (Charity et al., 2007).
Both plasmids were kindly provided by Dr. Dove (Harvard University).
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Primers with the NdeI and NotI restriction sites at the 5’ end were used to amplify
the mglA and sspA genes of F. tularensis SCHU S4 from the genomic DNA. The
primers used are listed in Table 4-6. The plasmids and inserts were prepared by
restriction digestion in separate reactions by adding 47 µl of insert (84 ng µl-1) or
plasmid (37 ng µl-1), 6 µl of 10X BSA, 6 µl of 10X NEB Buffer 3 and 1 µl of NotI (10 units
µl-1). The plasmid reaction was incubated at 37 ºC for 2 hours, while the insert reaction
was incubated for 3 hours. After incubation, each reaction was purified using QIAquick
PCR Purification Kit (QIAGEN). A second reaction was carried out that included 53 µl of
insert (47 ng µl-1) or plasmid (25 ng µl-1), 6 µl of 10X NEB Buffer 4 and 1 µl of NdeI (20
units µl-1). The reactions were incubated for their respective times at 37 ºC and purified.
Cloning of the PCR fragments into the plasmids was done by ligation as previously
described. As a result, the mglA gene was fused to the ω subunit of the RNAP in the
pBR-GP-ω plasmid, while the sspA gene was fused to the Zif protein in the pACTR-APZif plasmid. Because the plasmids used here contain the lacUV5 promoter, they were
propagated in strains that contain lacIq. Then, recombinant clones were transformed by
heat shock in chemically competent E. coli JM109 cells and plated in LB agar containing
ampicillin 100 µg ml-1 or tetracycline 10 µg ml-1. Recombinant plasmids were screened
by colony PCR and confirmed by sequencing. The plasmids with the correct clone were
co-transformed into the different reporter strains for detection of protein-protein
interactions in vivo (Figure 4-3). Refer to Table 4-2 for a complete list of the strains
transformed and plasmid combinations used, including the respective controls.
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Bacterial Bridge-Hybrid System
Similarly to the two-hybrid system previously described, the bridge-hybrid system
was used to detect protein-protein interactions. In this system, one protein is fused to
the ω subunit of E. coli RNAP, a second protein is fused to the Zif protein, and a third
protein is expressed from a replicating modified pCL1920 plasmid (Charity et al., 2009).
Plasmids pCL-sspA (from strain F. holarctica LVS) and pACTR-pigR-Zif (F. holarctica
LVS) were provided by Dr. Simon Dove (Harvard University). Plasmid pCL-sspA confers
resistance to spectinomycin, harbors the pSC101 origin of replication, and the lacUV5
promoter. The addition of IPTG induces the synthesis of F. holarctica LVS SspA protein.
In the plasmid pACTR-pigR-Zif (from strain F. holarctica LVS), the pigR gene is fused to
the Zif protein. The pBR-mglA-ω plasmid is the same one used for the two-hybrid
system and it direct synthesis of F. tularensis SCHU S4 MglA protein fused to the ω
subunit. In this system, SspA interacts with MglA fused to ω to form a heterodimer
complex. The transcription of the reporter gene is induced when the PigR-Zif fusion
makes contact with the MglA/SspA complex (Figure 4-4). The plasmids were cotransformed into the different reporter strains for detection of protein-protein interactions
in vivo. Table 4-3 summarizes the strains that were transformed with the bridge-hybrid
system plasmids.
Construction of Reporter Strains for the Bacterial Hybrid Systems
Generation of the sspA, relA, spoT, and ppK and ppX knockout mutants
Since E. coli encodes a copy of the sspA gene in its chromosome, the reporter
strain KDZif1ΔZ, obtained from Dr. Simon Dove’s laboratory (Charity et al., 2007) was
modified by deleting the sspA gene to avoid unspecific interactions. The E. coli FW102
strain was used to delete the sspA, resulting in the AW18 strain (ΔsspA). This strain
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was used to delete the relA gene to obtain AW19 (ΔsspA ΔrelA), which was then used
to delete the spoT gene, resulting in the AW20 strain (ΔsspA ΔrelA ΔspoT). To
construct the AW21 strain, AW18 (ΔsspA) was used to disrupt the ppKppX operon,
resulting in the AW21 strain (ΔsspA ΔppKppX).
The deletion mutants of E. coli genes were generated by the method described by
Datsenko and Wanner (2000). Descriptions of the plasmids and strains used in this
protocol are summarized in Table 4-4. The kanamycin cassette was amplified by PCR
from the pKD4 plasmid by using specific primers for the sspA, relA and spoT genes,
and the ppKppX operon (Table 4-6). These primers included 50 bp homology extension
and 20 bp priming sequences for the pKD4 plasmid. The PCR products were treated
with DpnI, purified and used to transform (by electroporation) the following E. coli strains
containing the pKD46 plasmid: FW102 (for sspA), AW18 (for relA and ppKppX), and
AW19 (for spoT). The pKD46 plasmid expresses the λ Red system under the control of
an arabinose inducible promoter, and it has temperature sensitive origin of replication
(over 30 ºC). Electrocompetent cells were prepared as described earlier, with the
exception that they were grown at 30 Cº on LB medium containing 1 mM arabinose to
induce the λ Red recombination proteins. The purified PCR fragments were combined
with competent cells, pulsed and 0.9 ml of SOC media was added. The cells were
incubated at 37 ºC for 2 hours. Cells were plated on LB agar plates containing 25 µg ml1

kanamycin. The insertion of the recombinant cassette was confirmed by colony PCR

using a set of primers complementary to a region upstream and downstream of each
target gene (Table 4-6). The plasmid pKD46 was eliminated during the incubation of the
cells at 37 ºC. The mutagenesis process was completed by removing the kanamycin
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cassette using the helper plasmid, pCP20. This plasmid shows temperature-sensitive
origin of replication (over 30 ºC) and encodes the flippase recombination enzyme (FLP).
The pCP20 plasmid was used to transform (by electroporation) the mutant strains.
Ampicillin resistant clones were selected from LB agar plates grown at 30 ºC overnight.
A few colonies were grown on LB medium nonselectively at 43 ºC for 5 hours, after
which they streaked on LB plates for isolation and grown overnight at the same
temperature. The colonies were tested for loss of kanamycin and ampicillin resistance
on liquid medium. All the mutations were confirmed by PCR with specific primers
complementary to a region upstream and downstream of each mutated gene (Table 46).
Genetic transfer of the F’ episome by conjugation
The reporter strain KDZif1ΔZ harbors an F’ episome containing the kanamycin
resistance gene, and the lac promoter derivative placZif1-61, driving expression of a
linked lacZ reporter gene (Charity et al., 2007). KDZif1ΔZ was used as donor for
conjugation of the recombinant F’ episome into the strains AW18, AW20 and AW21
resulting in the reporter strains AW23, AW24 and AW26, respectively. The conjugation
procedures were modified from previously described by Whipple (1998) as follows: The
recipient strain was inoculated on LB medium supplemented with 100 µg ml-1
streptomycin and the donor strain was inoculated on LB medium supplemented with
100 µg ml-1 kanamycin. Both were grown at 37 ºC, 250 rpm for 16 hours. The strains
were sub-cultured (1% by volume) into 5 ml of LB medium without supplementation of
antibiotics. The recipient strain was grown at 37 ºC, 250 rpm for 3 hours, while the
donor strain was grown at 37 ºC without shaking for 3 hours. Then, 1 ml of each culture
were mixed together and incubated at 37 ºC without shaking for 30 min. The cells were
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serially diluted and 100 µl was plated onto LB agar plates supplemented with 100 µg ml1

streptomycin and 50 µg ml-1 kanamycin. Only cells that acquired the F’ episome will

grow in the presence of these antibiotics. Colony PCR was used to confirm the
chromosomal inactivation of the sspA, relA, spoT genes and the ppKppX operon in the
conjugated strains. Primers annealing to regions outside each target gene were used to
amplify the small fragment of the mutated gene. The primers used are listed in Table 46. The strains AW23, AW24, and AW26 were used as the reporters and transformed
with the plasmids for the bacterial two-hybrid and bridge-hybrid systems experiments as
summarized in Tables 4-2 and 4-3.
Site-Directed Mutagenesis
The p15TV-mglA, pBR-mglA-ω, and pACTR-sspA-Zif clones were used as the
wild-type plasmids for site directed mutagenesis experiments. The 39-nucleotide long
complementary primers containing the desired mutation were used to introduce
individual mutations. The primers used are listed in Table 4-7. The amino acids selected
for mutagenesis were replaced by alanine due to its small, simple chemical structure
(alanine scanning). The inert alanine methyl functional group would not introduce further
interactions within the protein. The mutants were constructed by PCR using the
PfuTurbo DNA polymerase contained in the QuikChange® site-directed mutagenesis kit
(Stratagene Agilent Technologies) according to the manufacturer’s protocol. The PCR
amplified plasmids were then treated with 10 units of DpnI restriction enzyme at 37 ºC
for 1 hour (twice) to digest the methylated wild-type plasmid template. The recombinant
plasmids were transformed into E. coli XL1-Blue cells. The incorporation of the desired
mutation was confirmed by DNA sequencing (DNA, Lab, Arizona State University).
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DNA Gel Electrophoresis
DNA was separated by gel electrophoresis using 1% weight to volume (w / v)
agarose gel in 1X TAE electrophoresis buffer [40 mM tris(hydroxymethyl)aminomethane
(Tris) acetate pH 8.5, 2 mM ethylenediaminetetraacetic acid (EDTA)]. Gels images were
captured using ImageQuant 400 imaging system (GE Healthcare, Sweden) after
staining with 0.5 µg ml-1 ethidium bromide.
Protein Procedures
Protein Purification and Quantification
The collected cells mass was resuspended in 30 ml of binding buffer (5 mM
imidazole, 500 mM NaCl, 50 mM Tris pH 8.0, 5% glycerol). The cell suspension was
treated with the protease inhibitor phenylmethylsulfonyl fluoride (PMSF) to a final
concentration of 1 mM and then disrupted by French Press at a pressure of 10000 psi.
The cell free extract was collected by centrifugation at 4 ºC, 17500 rpm for 25 min. The
soluble His6-tagged proteins were purified by affinity chromatography at 25 ºC as
follows: the Ni-NTA column was first washed with 30 ml of ultra-pure water to remove
any unbound nickel ions. It was then pre-equilibrated with 30 ml of binding buffer. The
cell free extract was applied to the column. During this step, the His6-tagged proteins
were bound to nickel ions that were immobilized by NTA. The resin was washed with 30
ml of binding buffer. Then, 200 ml of wash buffer (15 mM imidazole, 500 mM NaCl, 50
mM Tris pH 8.0, 5% glycerol), which contains a higher concentration of imidazole, was
used remove unspecific proteins that were bound to the resin. Imidazole is a
competitive molecule that displaces the nickel ions bound to His6-tagged protein. The
His6-tagged proteins were eluted using 15 ml elution buffer (250 mM imidazole, 500 mM
NaCl, 50 mM Tris pH 8.0, 5% glycerol). The purified proteins were dialyzed at 4 ºC for
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16 hours. The dialysis buffer was composed of 50 mM Tris pH 8.0, 500 mM NaCl, and
2.5% glycerol. After dialysis, protein concentration was quantified using Bradford
reagent (Bradford, 1976). The calibration of Bradford reagent was done using bovine
serum albumin as a standard. Absorbance at 595 nm (A595) was determined using
UV01700 PharmaSpec UC-VIS Spectrophotometer (Shimadzu, Portland, Oregon, US).
The proteins were aliquoted, flash frozen and preserved at -80 ºC until needed.
Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
SDS-PAGE was used to determine the purity of proteins after purification. The
gels prepared as follows. The running gel contained: 12.5% 30/8% (w/v) acrylamide/bisacrylamide, 0.37 M Tris-HCL pH 8.8, 0.1% (w/v) SDS, 0.05% (w/v) ammonium
persulfate (APS), 0.2% (v/v) tetramethylethylenediamine (TEMED). The stacking gel
contained: 4% 30/8% (w/v) acrylamide/bis-acrylamide, 0.20 M Tris-HCL pH 6.8, 0.2%
(w/v) SDS, 0.1% (w/v) APS, 0.2% (v/v) TEMED. Proteins samples were mixed with 1X
loading dye (6X = 100 mM Tris-HCL pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 10%
(v/v) β-mercaptoethanol (βME), 0.6 mg ml-1 bromophenol blue). The samples were
boiled at 95 ºC for 5 min prior loading to the gel. Electrophoresis was performed at 120
V for 65-70 min in buffer composed of 25 mM Tris buffer, 192 mM glycine, and 0.1%
SDS. Gels were stained with Coomassie Blue (PhastGel Blue R-350) for two hours and
destained for 5 hours in destaining solution (50% water, 40% ethanol, 10% acetic acid).
Images were captured using HP Scanjet G3010 Scanner (Hewlett-Packard).
Small Molecules Screening by Differential Scanning Fluorometry (DSF)
An iCycler, IQ device (Bio-Rad) was used to monitor the unfolding of the proteins
by the increase in fluorescence of the fluorophore SYPRO Orange (Invitrogen). Before
performing the screening of the chemical library, the thermal melting conditions were
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established to determine the protein concentration required to generate a signal.
Purified F. tularensis MglA, E. coli SspA, and F. tularensis MglA/SspA complex proteins
were screened against The Prestwick Chemical Library® of 1152 compounds
(Prestwick Chemical, France) at a final concentration of 20 µg ml-1. The MglA and E.
coli SspA protein samples were prepared in 100 mM Hepes pH 7.5, 150 mM NaCl
buffer, while the MglA/SspA complex was prepared in 50 mM Tris pH 8.0, 150 mM
NaCl. The proteins were thawed from -80 ºC and 25 µl (20 µM) was added to each well
containing the chemical compound. The reactions were carried out (in duplicate) in 96well microplates (Bio-Rad) and heated from 25 to 80 ºC at the rate of 1 ºC m-1.
Fluorescence intensities were plotted against temperature for each sample and
transition curves were fitted with the Boltzmann equation using Origin 8 software
(Northampton, MA, USA). The midpoint of each transition curve was calculated and
compared to the midpoint calculated for the reference sample. If the difference between
them was greater than 2.0 ºC, the corresponding compound was considered to be a
“hit” and the experiment was repeated to confirm the effect in a dose-dependent manner
with concentrations raging from 1 to 0.003 mM.
Determination of Protein Oligomeric State using Size Exclusion Chromatography
The native molecular weight of the studied proteins was determined by size
exclusion chromatography. These studies were performed in collaboration with Chris
Gardner from Dr. Lorca Lab. The assays were performed in a LCC 501 Plus FPLC
System (Pharmacia Biotech, Piscataway, NJ, USA) with a prepacked Superose 12
10/300 GL column (GE Healthcare). Filtration was carried out at 4 °C, using a flow rate
of 0.5 ml min-1. The eluted proteins were monitored continuously for absorbance at 280
nm using a UV-M II monitor. Data was analyzed using FPLCdirectorTM (Pharmacia
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Biotech). The mobile phase was composed of 10 mM Tris pH 8.0 and 500 mM NaCl.
The protein samples (100 µl) consisted of 20 µM of MglA, 24 µM MglA/SspA or 30 µM
MglAY63A/SspA complexes. Where indicated, 10 and 100 µM quinacrine or 100 µM
polyphosphate (polyP) prepared in 10 mM Tris pH 8.0, 500 mM NaCl were incubated
with the proteins samples for 30 minutes on ice prior injection onto the column.
The molecular weight of the eluted proteins was determined using a standard
curve constructed based on retention time of the molecular weight standard, fitted by
linear regression. Immunoglobin G (150 kDa), BSA (66 kDa), albumin (45 kDa),
trypsinogen (24 kDa), cytochrome C (12.4 kDa), and vitamin B12 (1.36 kDa) were used
as molecular weight standards. Blue dextran 2000 was used to determine the void
volume of the column.
Thermal Unfolding Properties of the MglA/SspA Complex using Differential
Scanning Calorimetry (DSC)
DSC studies were performed in collaboration with Chris Gardner from Dr. Lorca
Lab. DSC measurements were carried using a MicroCal VP-DSC differential scanning
microcalorimeter (MicroCal LLC, Northampton, MA). The proteins samples (16.7 µM
MglA/SspA and 22.0 µM MglAY63A/SspA complexes) were thawed from -80 ºC and
extensively re-dialyzed against a buffer with 10 mM phosphate pH 7.9, 500 mM NaCl.
Quinacrine and polyphosphate solutions were prepared in dialysis buffer. Prior to
loading, all samples were degassed for 30 min at 4 ºC using a ThermoVac degassing
station (MicroCal). Fresh dialysis buffer was used in the reference cell. Samples treated
with quinacrine (10 or 100 µM) or polyphosphate (100 µ M) were incubated at 4 ºC for
30 min, prior to DSC analysis. Quinacrine or polyphosphate were also added to the
reference buffer at equal concentrations. A scan rate of 45 ºC h-1 was used for all
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experiments, with constant pressure (25 psi) applied to both cells throughout each run.
Buffer scans, recorded in the presence or absence of quinacrine or polyphosphate were
subtracted from the corresponding thermograms before analysis. Data was analyzed
using the Origin software supplied by the manufacturer (MicroCal). Curves were fit to
the data using the non-two-state transition model.
Analysis of Protein Secondary Structure by Circular Dichroism (CD)
CD studies were performed in collaboration with Chris Gardner from Dr. Lorca
Lab. The UV CD spectra (180-300 nm) were recorded on a Circular Dichroism
Spectrometer Model 400 (Biomedical, Inc. Lakewood, NJ) with 0.1 cm quartz cuvette at
10 ºC.The MglA/SspA protein complex sample was thawed from -80 ºC and re-dialyzed
against 10 mM Tris pH 8.0, 150 mM NaCl during 16 hours. After dialysis, samples were
adjusted to 9.6 µM in the same buffer. Samples treated with quinacrine (0.001, 0.1 or
100 µM) or polyphosphate (100 µM) were incubated at 4 ºC for 30 min, prior to analysis.
A 1 mm path length cell was used for the measurement, and parameters were set as
follows: bandwidth, 1 nm; step resolution, 1 nm; scan speed, 50 nm min-1; response
time, 1 s. Each spectrum was obtained from an average of 10 scans. Spectra were
recorded every 9 min after equilibration. All spectra were corrected by subtracting buffer
(with or without corresponding quinacrine or polyphosphate concentrations). The final
spectra was expressed in molar ellipticity (ME) using the following equation:
ME = θ / 10nCl

Equation 4-2

θ is the signal acquired, n is the number of residues, C is the molar concentration of
protein, and l is the path-length of the cuvette.

133

Binding of Small Molecules using Isothermal Titration Calorimetry (ITC)
ITC studies were performed in collaboration with Chris Gardner from Dr. Lorca
Lab. ITC measurements were performed on a VP-Microcalorimeter (MicroCal,
Northampton, MA, USA) at 18 ºC or 20 ºC. The protein samples (16.7 µM or 18.9 μM
MglA/SspA and 22.0 µM MglAY63A/SspA complexes) were thawed from -80 ºC and
thoroughly re-dialyzed against 10 mM Tris pH 8.0, 150 mM NaCl during 16 hours.
Solutions of quinacrine and polyphosphate were directly prepared in dialysis buffer.
Each titration involved a series of 10 µl injections of quinacrine (2 mM) or 5 µl injections
of polyphosphate (100 µM) into the protein solution. The mean enthalpies measured
from injection of the ligand into the buffer were subtracted from raw titration data before
data analysis with ORIGIN software (MicroCal). Titration curves were fitted by a
nonlinear least squares method to a function for the binding of a ligand to a
macromolecule (Wiseman et al., 1989). From the curve thus fitted, the parameters ∆H
(reaction enthalpy), KA (binding constant, KA = 1/KD), and n (reaction stoichiometry)
were determined. From the values of KA and ∆H, the changes in free energy (∆G) and
in entropy (∆S) were calculated with the equation:
ΔG = -RT lnKA = ΔH - TΔS

Equation 4-3

R is the universal molar gas constant and T is the absolute temperature
Francisella novicida Experiments
RNA Isolation and Quantitative RT-PCR
F. novicida cells were grown in the presence (25 µM) and absence of quinacrine
and the cells mass was harvested by centrifugation at 8000 rpm for 5 min. Total RNA
was isolated using RiboPureTM Bacteria kit (Ambion) in accordance with the
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manufacturer's protocol. RNA concentration was measured using a ND-1000
Spectrophotometer nanodrop (ThermoScientific, DE, USA). RNA was normalized to 2.7
µg. cDNAs were synthesized with the SuperscriptTM first-strand synthesis kit (Invitrogen)
in accordance with the manufacturer's recommended protocol and stored at -80 °C until
needed.
Quantitative RT-PCR (qRT-PCR) was carried out in the iCycler, IQ device (BioRad) using Platinum SYBR Green qPCR SuperMix for iCycler (Invitrogen) in
accordance with the manufacturer's recommended protocol. Internal primers for the
genes of interest were designed to measure the transcript levels as listed in Table 4-8.
The genes encoded inside the FPI (iglA, iglD, pdpA and pdpD) and genes not regulated
by the MglA/SspA transcriptional regulators (gyrA) were then quantified. The rpsD gene
was used as the internal control.
Intracellular Growth Assays
Macrophage cell line growth conditions
The mouse macrophage cell line RAW264.7 was kindly provided by Dr. Kima
(University of Florida). This cell line was used since Francisella infects primarily
phagocytes in the host. Cells were routinely cultured in RPMI 1640 medium
complemented with 10% heat-inactivated fetal bovine serum and 1%
streptomycin/penicillin solution (Sigma). The cells were maintained at 37 °C in a
humidified incubator containing 5% CO2 in 75-cm2 tissue culture flasks (Cellstar Brand,
VWR, West Chester, PA, USA) and sub-cultured every 2 to 3 days. Before sub-culturing
the monolayer was examined under an IN200A trinocular inverted microscope
(American Scope, Irvine, CA, USA) for homogeneity, cell morphology, and
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contamination. Subcultures were prepared by removing the culture medium from the
flask with a sterile Pasteur pipette to eliminate dislodged (death) cells. Then, 2 ml of
pre-warmed complete medium was added to the monolayer, and scrapped to detach
cells. The culture was checked in the microscope to verify the detachment from the
surface. 1 ml of cell suspension was drawn and added to a new flask containing 9 ml of
complete medium. The flask was placed in the CO2 incubator at 37 ºC.
The viability of the macrophages was determined by Trypan blue staining as
follows: 50 µl of cells suspension was mixed with 50 µl of 0.4% of trypan blue dye and
incubated at 25 ºC for 10 min. 10 µl was then placed in each side of the hemacytometer
slide grid (Hausser Scientific, Horsham, PA, USA). The cells that were able to release
the dye shown as clear were counted under a BX41 Compound light microscope
(Olympus, Center Valley, PA, USA). The number of cells was calculated using the
following equation:
CFU/ml = [(N / 4) / (Dilution Factor)(104)]

Equation 4-4

N is the total number of cells.
To test the toxicity of quinacrine in the macrophage cell line, cells were harvested
from a 75-cm2 tissue culture flask and 2.5 X 105 cells/well were plated in 1 ml of medium
in three 24-well flat bottom tissue culture plates (Costar Brand) and allowed to adhere
for 24 hours. Then, the medium was replaced with fresh medium containing quinacrine
with concentrations raging from 0.5 to 100 µM. Each concentration was done in
triplicate. Plates were incubated for 0, 4 and 8 hours and the number of viable cells was
estimated by Trypan blue staining as previously described.
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Infection assays
RAW 264.7 macrophages were seeded into 24-well flat bottom tissue culture
plates at 2.5 X 105 cells/well in complete medium. The plates were incubated at 37 °C,
in a 5% CO2 atmosphere for 24 hours. F. novicida was grown for 3 hours in 5 ml of
modified TSB at 37 ºC with aeration. The cells were harvested by centrifugation and the
cell mass was resuspended in 1X PBS to an OD600 of 1.0 (~ 109 CFU / ml). Monolayers
were infected with F. novicida at a multiplicity of infection (MOI) of 15:1. The plates were
centrifuged at 800 X g for 15 min to facilitate infection and incubated for 2 h at 37 ºC.
After two hours of infection, monolayers were washed and treated with fresh media
containing gentamicin (50 μg ml-1) for 30 min to remove extracellular bacteria. Cells
were washed twice with 1X PBS and replenished with fresh media containing
gentamicin (10 μg ml-1). The assay was divided into 4 groups (three wells per group): 1)
Pre-treatment: macrophages were pre-treated with 25 µM quinacrine for 30 min prior to
infection. 2) Pre-treatment + QN: macrophages were both pre-treated with 25 µM
quinacrine for 30 min prior to infection and 25 µM quinacrine after infection and kept
through the rest of the experiment. 3) No pre-treatment: quinacrine was not added
during the experiment. 4) No pre-treatment + QN: 25 µM quinacrine was only added
after infection. The cells were incubated for 0, 4, and 8 hours after infection and lysed
with 0.01% sodium deoxycholate in 1X PBS. The lysates were serially diluted and
plated onto CHOC II plates for determination of viable counts. Plates were incubated at
37 °C for 24 hours prior to colony counting. Experiments were performed in triplicate.
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Enzymatic Assays
β-galactosidase Activity
The reporter strains carrying the two-hybrid or the bridge-hybrid plasmids were
inoculated in 15 ml of LB medium and grown 37 ºC, 250 rpm for 2 hours. Then, lactose
(0.5 mM) was added to induce expression of the recombinant proteins. Samples were
drawn every 30 min for 300 min and the OD600 was measured. For β-galactosidase
activity, at each time point, 40 µl of cell culture was permeabilized with 6 µl of 0.15%
SDS, 6 µl of 1.5% chloroform, and 448 µl of Z-buffer (60 mM Na2HPO4⋅7H2O, 40 mM
NaH2PO4⋅H2O, 10 mM KCl, 1 mM MgSO4, 50 mM βME). Then, 100 µl of permeabilized
cells was added to 200 µl of Z-buffer with 6 µl of the substrate in a 96-well microplate
(Costar Brand) and placed immediately in the plate reader. β-galactosidase activity was
assayed by following the catalytic hydrolysis of the chlorophenol red- β -Dgalactopyranoside (CRPG) substrate. The absorbance at 570 nm was read
continuously every 30 seconds for 10 min at 37 ºC using a Synergy HT 96-well plate
reader (Bio-Tek Instruments Inc., Winooski, VT, USA). Assays were performed in
duplicates at least three times. β-galactosidase activity is expressed in arbitrary units
(AU), and it was calculated using the following equation:
Arbitrary Units = [m / (OD600)(Vol)] x 1000

Equation 4-5

m is the slope of the linear curve, OD600 is the optical density at 600 nm of the culture,
and Vol is the volume of cells used in the assay in ml (accounted for cell dilutions).
Polyphosphate Measurements
Polyphosphate (polyP) was quantified using DAPI (4’,6-diamidino-2-phenylindole)
as previously described (Schurig-Briccio et al., 2009). PolyP concentration was
measured from strains AW23, AW24, and AW26. One ml of cell culture was taken
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during late exponential phase and harvested by centrifugation. The cell mass was
washed twice with 100 mM Tris HCl pH 7.5 buffer and diluted to an OD600 of 0.02. DAPI
was added to a final concentration of 10 μM to 300 µl of cell suspension. After
incubation at 37 ºC with agitation for 5 min, the samples were loaded to a 96-well
fluorescence plate (ThermoScientific), and the DAPI fluorescence spectra (excitation,
420 nm; emission, 445 nm) was recorded in a Synergy HT 96-well plate reader (Bio-Tek
Instruments Inc). The fluorescence was normalized to the optical density of the cells. A
standard curve using sodium polyphosphate was used to calculate the concentration of
polyP in the cell samples.
Bioinformatics
Sequence Analysis
All DNA and amino acid sequences were retrieved from the National Center for
Biotechnology Information (NCBI) Database. The SspA homologs were identified by
BLASTP search (Altschul et al., 1997). Multiple sequence alignments were performed
using CLUSTAL X2 (Larkin et al., 2007). Accession number, locus tag, and gene
identification numbers used for the figures are listed below.
Gene identification numbers for Figure 1-3 (Multiple sequence alignment of
selected SspA orthologs) are as follows: Ec: E. coli, stringent starvation protein A, GI#
85676022; Yp: Y. pestis, stringent starvation protein A, GI# 61680863; Vc: V. cholerae,
stringent starvation protein A GI# 15640598; Pa: P. aeruginosa, stringent starvation
protein A, GI# 15599624; Ng: N. gonorrhoeae, regulator of pilE expression, GI#
59802427; FtS: F. tularensis SCHU S4, stringent starvation protein A, GI# 56707600;
FtM: F. tularensis SCHU S4, macrophage growth locus A, GI# 56708335.
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Accession number, locus tag and gene symbol for Figure 1-4 (Genomic context of
SspA orthologs) are as follows: E. coli: AP_003773, rplM; AP_003772, rpsI;
AP_003771, sspA; AP_003770, sspB; AP_003769, dcuD. Y. pestis: NP_667477,
y0134, rplM; NP_667476, y0133, rpsI; NP_667475, y0132, sspA; NP_667474, y0131
sspB; NP_667473, y0130. V. cholerae: NP_230226, VC0575; NP_230227, VC0576
sspA; NP_230228, VC0577, sspB; NP_230229, VC0578. P. aeruginosa: NP_253119,
PA4429; NP_253118, PA4428, sspA; NP_253117, PA4427, sspB; NP_253116,
PA4426. N. gonorrhoeae: YP_209138, NGO2128, YP_209139, NGO2130, sspA;
YP_209140, NGO2131, sspB; YP_209141, NGO2132. F. tularensis SCHU S4:
YP_170229, FTT1273, rplM; YP_170230, FTT1274, rpsI; YP_170231, FTT1275, mglA;
YP_170232, FTT1276, mglB; YP_170233, FTT1277c; YP_169494, FTT0456c;
YP_169495, FTT0457, yccK; YP_169496, FTT0458, sspA; YP_169497, FTT0459,
sohB; YP_169498, FTT0460, holB; YP_169499, FTT0461, yhbY; YP_169500,
FTT0462, hemB; YP_169501, FTT0463, yibK; YP_169502, FTT0464, ansB.
Gene identification numbers for Figure 2-15 (Structural comparison of SspA
proteins) are as follows: F. tularensis SCHU S4, stringent starvation protein A, GI#
56707600; F. tularensis SCHU S4, macrophage growth locus A, GI# 56708335; P.
putida, stringent starvation protein A, GI# 26988055; P. fluorescens, stringent starvation
protein A, GI# 70732400; H. influenza, stringent starvation protein A, GI# 345430263.
Gene identification numbers for Figure 3-10 (Multiple sequence alignment of FevR
(PigR) with two members of MerR family of transcriptional regulators) are as follows:
Ec-SoxR: E. coli, superoxide response protein, GI# 61923; Ng-NmlR: N. gonorrhoeae,
Neisseria merR-like regulator, GI# 59801030; Ft-FevR: F. tularensis SCHU S4,
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Francisella Effector of Virulence Regulation, also known as the Pathogenicity Island
Gene Regulator (PigR), GI# 56707532.
Structure Modeling and Analysis
In silico modeling was performed using SWISS MODEL workspace automated
template search (Arnold et al., 2006). The structure of SspA from Y. pestis (PDB 1YY7)
(Hansen et al., 2005a) was used as the template to build a model of MglA and SspA
structure from F. tularensis SCHU S4. All the structures were analyzed and images
were generated using PyMol (DeLano, 2002).
Statistical Analysis
Statistical analysis for significant differences was performed according to the t-test
for unpaired data or by the nonparametric one way ANOVA. Differences with P<0.05
and lower were considered significant. Data was analyzed by GraphPad Prism
(GraphPad Software, San Diego, USA).
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Table 4-1. Strains and plasmids used for protein purification and site-directed mutagenesis
Strains
Genotype / Description
E. coli
F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK-, mK+) phoA
DH5α
supE44 λ– thi-1 gyrA96 relA1
F- ompT hsdSB(rB-, mB-) gal dcm rne131 (DE3); Strr
BL21-Star(DE3)
F- ompT hsdSB(rB- mB-) gal dcm (DE3) pRARE
BL21-Rosetta(DE3)
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZΔM15
XL1-Blue
Tn10 (Tetr)]
BL21-Star(DE3) carrying p15TV-6XHis-mglA; Ampr
Ft-MglA
BL21-Star(DE3) carrying p15TV-6XHis-sspA; Ampr
Ft-SspA
BL21-Rosetta(DE3) carrying compatible vectors p15TV-6XHis-mglA and
Ft-MglA/SspA
pCDF-6XHis-sspA; Ampr Strr
BL21-Rosetta(DE3) carrying compatible vectors p15TV-6XHis-mglAY63A
Ft-MglAY63A/SspA
and pCDF-6XHis-sspA; Ampr Strr
E. coli K-12, strain W3110 carrying pCA24N-sspA; Cmr
Ec-SspA
Plasmids
p15TV-L
p15TV-mglA
p15TV-mglAY63A
p15TV-sspA
pCDF-1b
pCDF-sspA

T7 promoter driven expression, LIC sequence for DNA recombination
cloning, N-terminal 6X His fusion tag followed by a TEV cleavage site; Ampr
p15TV-L carrying mglA gene from F. tularensis SCHU S4
p15TV-mglA with MglA Y63 → A
p15TV-L carrying sspA gene from F. tularensis SCHU S4
T7 promoter driven expression, N-terminal 6X His fusion tag followed by a EK
cleavage site; Strr
pCDF-1b carrying sspA gene from F. tularensis SCHU S4

Source or Reference
Invitrogen
Invitrogen
Novagen
Stratagene
This work
This work
This work
This work
(Kitagawa, 2005)

(Guthrie et al., 2007)
This work
This work
This work
Novagen
This work

Ampr: ampicillin resistance. Strr: streptomycin resistance. Cmr: chloramphenicol resistant. TEV: tobacco etch virus. EK: enterokinase
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Table 4-2. Strains and plasmids used for the two-hybrid system
Strains
Genotype / Description
E. coli
e14-(McrA-) recA1 endA1 gyrA96 thi-1 hsdR17 (rK- mK+) supE44 relA1 Δ(lacJM109
proAB) [F´ traD36 proAB lacIqZΔM15]
F’lacproA+,B+(lacIq lacPL8)/araD(gpt-lac)5 ΔsspA; Strr, Kmr
AW23
AW23-1
AW23 carrying pBR-mglA-ω and pACTR-sspA-Zif
AW23-2
AW23 carrying pBR-GP-ω and pACTR-AP-Zif
AW23-3
AW23 carrying pBR-mglA-ω and pACTR-AP-Zif
AW23-4
AW23 carrying pBR-GP-ω and pACTR-mglA-Zif
AW23-5
AW23 carrying pBR-sspA-ω and pACTR-AP-Zif
AW23-6
AW23 carrying pBR-GP-ω and pACTR-sspA-Zif
AW23-7
AW23 carrying pBR-mglAN51A-ω and pACTR-sspA-Zif
AW23-8
AW23 carrying pBR-mglAY63A-ω and pACTR-sspA-Zif
AW23-9
AW23 carrying pBR-mglAR64A-ω and pACTR-sspA-Zif
AW23-10
AW23 carrying pBR-mglA-K101A-ω and pACTR-sspA-Zif
AW23-11
AW23 carrying pBR-mglA-ω and pACTR-sspAD96A-Zif
AW23-12
AW23 carrying pBR-mglA-ω and pACTR-sspAK97A-Zif
AW23-13
AW23 carrying pBR-mglA-ω and pACTR-sspAE101A-Zif
F’lacproA+,B+(lacIq lacPL8)/araD(gpt-lac)5 ΔsspA ΔrelA ΔspoT; Strr, Kmr
AW24
AW24-1
AW24 carrying pBR-mglA-ω and pACTR-sspA-Zif
AW24-2
AW24 carrying pBR-GP-ω and pACTR-AP-Zif
AW24-3
AW24 carrying pBR-mglA-ω and pACTR-AP-Zif
AW24-4
AW24 carrying pBR-GP-ω and pACTR-sspA-Zif
F’lacproA+,B+(lacIq lacPL8)/araD(gpt-lac)5 ΔsspA ΔppKppX; Strr, Kmr
AW26
AW26-1
AW26 carrying pBR-mglA-ω and pACTR-sspA-Zif
AW26-2
AW26 carrying pBR-GP-ω and pACTR-AP-Zif
Strr: streptomycin resistance. Kmr: kanamycin resistance.
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Source or Reference
Stratagene
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Table 4-2. Continued
Strains
AW26-3
AW26-4
Plasmids
pBR-GP-ω
pBR-mglA-ω
pBR-mglAN51A-ω
pBR-mglAY63A-ω
pBR-mglAR64A-ω
pBR-mglAK101A-ω
pACTR-AP-Zif
pACTR-sspA-Zif
pACTR-sspAD96A-Zif
pACTR-sspAK97A-Zif
pACTR-sspAE101A-Zif

Genotype / Description
AW26 carrying pBR-mglA-ω and pACTR-AP-Zif
AW26 carrying pBR-GP-ω and pACTR-sspA-Zif

Plasmid used to create fusions to the N-terminus of the ω subunit of E. coli
RNA polymerase; Ampr
pBRGP-ω carrying mglA gene from F. tularensis SCHU S4 at NdeI and NotI
sites
pBR-mglA-ω with MglA N51 → A
pBR-mglA-ω with MglA Y63 → A
pBR-mglA-ω with MglA R64 → A
pBR-mglA-ω with MglA K101 → A
Plasmid used to create fusions to the N-terminus of the Zif protein; Tetr
pACTR-AP-Zif carrying sspA gene from F. tularensis SCHU S4 at NdeI and
NotI sites
pACTR-sspA-Zif with SspA D96 → A
pACTR-sspA-Zif with SspA K97 → A
pACTR-sspA-Zif with SspA E101 → A

Ampr: ampicillin resistance. Tetr: tetracycline resistance.
Amino acid abbreviations: N: asparagine, Y: tyrosine, R: arginine, K: lysine, D:aspartic acid, E: glutamic acid.
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Source or Reference
This work
This Work

(Charity et al., 2007)
This work
This work
This work
This work
This work
(Charity et al., 2007)
This work
This work
This work
This work

Table 4-3. Strains and plasmids used for the bridge-hybrid system
Strains
Genotype / Description
E. coli
e14-(McrA-) recA1 endA1 gyrA96 thi-1 hsdR17 (rK- mK+) supE44 relA1 Δ(lacJM109
proAB) [F´ traD36 proAB lacIqZΔM15]
F’lacproA+,B+(lacIq lacPL8)/araD(gpt-lac)5 ΔsspA; Strr, Kmr
AW23
AW23-14
AW23 carrying pBR-mglA-ω, pACTR-PigR-Zif and pCL-sspA
AW23-15
AW23 carrying pBR-GP-ω, pACTR-AP-Zif and pCL-sspA
AW23-16
AW23 carrying pBR-mglA-ω, pACTR-AP-Zif and pCL-sspA
AW23-17
AW23 carrying pBR-GP-ω, pACTR-pigR-Zif and pCL-sspA
F’lacproA+,B+(lacIq lacPL8)/araD(gpt-lac)5 ΔsspA ΔppKppX; Strr, Kmr
AW26
AW26-5
AW26 carrying pBR-mglA-ω, pACTR-PigR-Zif and pCL-sspA
AW26-6
AW26 carrying pBR-GP-ω, pACTR-AP-Zif and pCL-sspA
AW26-7
AW26 carrying pBR-mglA-ω, pACTR-AP-Zif and pCL-sspA
AW26-8
AW26 carrying pBR-GP-ω, pACTR-pigR-Zif and pCL-sspA
Plasmids
pBR-GP-ω
pBR-mglA-ω
pACTR-AP-Zif
pACTR-pigR-Zif
pCL-sspA
r

Source or Reference
Stratagene
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Plasmid used to create fusions to the N-terminus of the ω subunit of E. coli
RNA polymerase; Ampr
pBRGP-ω carrying mglA gene from F. tularensis SCHU S4 at NdeI and NotI
sites
Plasmid used to create fusions to the N-terminus of the Zif protein; Tetr
pACTR-AP-Zif carrying pigR gene from F. holarctica LVS at NdeI and NotI
sites
Modified pCL1920 carrying sspA gene from F. holarctica LVS; Specr

(Charity et al., 2007)

r

r

r

r

This work
(Charity et al., 2007)
(Charity et al., 2009)
(Charity et al., 2009)

Str : streptomycin resistance. Km : kanamycin resistance. Amp : ampicillin resistance. Tet : tetracycline resistance. Spec : spectinomycin
resistance
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Table 4-4. Strains and plasmids used for construction of the bacterial hybrid systems reporter strains
Strains
Genotype / Description
E. coli
[F-/araD(gpt-lac)5 (rpsl::Str )]; Strr
FW102
AW18
[F-/araD(gpt-lac)5 (rpsl::Str ) ∆sspA]; Strr
AW19
[F-/araD(gpt-lac)5 (rpsl::Str ) ∆sspA ∆relA]; Strr
AW20
[F-/araD(gpt-lac)5 (rpsl::Str ) ∆sspA ∆relA ∆spoT]; Strr
AW21
[F-/araD(gpt-lac)5 (rpsl::Str ) ∆sspA ∆ppKppX]; Strr
[F’lacproA+,B+(lacIq lacPL8)/araD(gpt-lac)5 (DspoS3::cat )]; Kmr
KDZif∆Z
AW23
AW18 conjugated with KDZif∆Z; Strr, Kmr
AW24
AW20 conjugated with KDZif∆Z; Strr, Kmr
AW26
AW21 conjugated with KDZif∆Z; Strr, Kmr
Plasmids
pKD46
pKD4
pCP20

λ red expression vector, thermosensitive-30 ºC; Ampr
Plasmid used as the source of the kanamycin resistance marker; Kmr
Helper plasmid, FLP recombinase, thermosensitive-30 ºC; Ampr, Cmr

Strr: streptomycin resistance. Kmr: kanamycin resistance. Ampr: ampicillin resistance. Cmr: chloramphenicol resistant.

146

Source or Reference
(Nickels, 2009)
This work
This work
This work
This work
(Charity et al., 2007)
This work
This work
This work

(Datsenko & Wanner,
2000)

Table 4-5. Primes used for protein purification
Primer Names
Sequences (5’→3’)
mglA p15TV-L
TTGTATTTCCAGGGCATGCTTTTATACACAAAAAAAGATGATATCTATAGC
Forward
mglA p15TV-L
CAAGCTTCGTCATCATTAAGCTCCTTTTGCTTTGATAG
Reverse
sspA p15TV-L
TTGTATTTCCAGGGCATGATGAAAGTTACATTATATACAACG
Forward
sspA p15TV-L
CAAGCTTCGTCATCACTATCTGAGTTCTTAGAGTTTTGAG
Reverse
sspA pCDF-1b
CCGGATCCCATGATGAAAGTTACATTATATACAACG
BamHI-Forward
sspA pCDF-1b
GCGGCCGCATTATCTATGAGTTCTTAGAGTTTTGAG
BamHI-Reverse
T7 Forward
TTAATACGACTCACTATAGGG
T7 Reverse
GCTAGTTATTGCTCCAGCGG
LIC sequences for DNA recombination are underlined.
Restriction sites are in italic with boldface.
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Description
Generate coding region mglA
using template genomic DNA
of F. tularensis SCHU S4
Generate coding region sspA
using template genomic DNA
of F. tularensis SCHU S4
Generate coding region sspA
using template genomic DNA
of F. tularensis SCHU S4
Confirm gene insertion in
p15TV-L and pCDF-1b
plasmids and sequencing

Table 4-6. Primes used for the hybrid system cloning and reporter strains construction
Prime Names
Sequences (5’→3’)
mglA NdeI
GGAATTCCATATGATGCTTTTATACACAAAAAAAGATG
Forward
mglA NotI
TATATGCGGCCGCAGCTCCTTTTGCTTTGATAG
Reverse
sspA NdeI
GGAATTCCATATGATGATGATGAAAGTTACATTATATACAACG
Forward
sspA NotI
TATATGCGGCCGCTCTATGAGTTCTTAGAGTTTTG
Reverse
mglA Forward
CAAAGCCCTGATTTGGATGA
sspA Forward
sspA-Kan
Forward
sspA-Kan
Reverse
relA-Kan
Forward
relA-Kan
Reverse
spoT-Kan
Forward
spoT-Kan
Reverse
ppKppX-Kan
Forward
ppKppX-Kan
Reverse

GATCAAATTCGCAAACACAG
TTAACTCCGGCCCAGACGCATTTCACGTTCTGCTTCAGTTAAAGAAGCAA
GTGTAGGCTGGAGCTGCTTCG
ATGGCTGTCGCTGCCAACAAACGTTCGGTAATGACGCTGTTTTCCGGTCC
CATATGAATATCCTCCTTAG
ATGGTTGCGGTAAGAAGTGCACATATCAATAAGGCTGGTGAATTTGATCC
GTGTAGGCTGGAGCTGCTTCG
CTAACTCCCGTGCAACCGACGCGCGTCGATAACATCCGGCACCTGGTTGA
CATATGAATATCCTCCTTAG
TTGTATCTGTTTGAAAGCCTGAATCAACTGATTCAAACCTACCTGCCGGA
GTGTAGGCTGGAGCTGCTTCG
TTAATTTCGGTTTCGGGTGACTTTAATCACGTCTGGCATCACGCGGATTT
CATATGAATATCCTCCTTAG
ATGGGTCAGGAAAAGCTATACATCGAAAAAGAGCTCAGTTGGTTATCGTT
GTGTAGGCTGGAGCTGCTTCG
TTAAGCGGCGATTTCTGGTGTACTTTCTTCTTCAATTTTCAACCGCCAGC
CATATGAATATCCTCCTTAG

Restriction sites are in italic with boldface.
Priming sites are underlined with boldface.
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Description
Generate coding region mglA
using template genomic DNA
of F. tularensis SCHU S4
Generate coding region sspA
using template genomic DNA
of F. tularensis SCHU S4
To sequence gene fusions in
pBR-GP-ω and pACTR-AP-Zif
Generate kanamycin cassette
from pKD4 plasmid to delete
sspA
Generate kanamycin cassette
from pKD4 plasmid to delete
relA
Generate kanamycin cassette
from pKD4 plasmid to delete
spoT
Generate kanamycin cassette
from pKD4 plasmid to delete
ppKppX

Table 4-6. Continued
Primer Names Sequences (5’→3’)
sspA-Ver
CAACTTCTGACTGGCCACCT
Forward
sspA-Ver
GCGCATATTCCATAGGAACC
Reverse
relA-Ver
GAATCGATGGTACTTTTCTC
Forward
relA-Ver
CATAACCCTTTCCTCAAACC
Reverse
spoT-Ver
GCAAGAGCAGGAAGCCGCTG
Forward
spoT-Ver
CTCCATGCAGACGGTCAGATC
Reverse
ppKppX-Ver
AATATTGCTCGCCATAATATC
Forward
ppKppX-Ver
ACCCATTCGCGAAAGTGCCTG
Reverse

Description
Verify kanamycin cassette
was removed from deleted
sspA gene
Verify kanamycin cassette
was removed from deleted
relA gene
Verify kanamycin cassette
was removed from deleted
spoT gene
Verify kanamycin cassette
was removed from deleted
sppKppX operon
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Table 4-7. Primers used for site directed mutagenesis
Primer Names
Sequences (5’→3’)
MglA-N51A Forward
ATTACACCTAATGGTGCTATACCTACGCTTAGC
MglA-N51A Reverse

GCTAAGCGTAGGTATAGCACCATTAGGTGTAAT

MglA-Y63A Forward

GATGATTTTGCAGTGGCTAGGCTTAGTGTGATT

Description
Generate mutation in the asparagine
residue at position 51 to alanine using
pBR-mglA-ω as template

MglA-R64A Reverse

Generate mutation in the tyrosine
residue at position 63 to alanine using
AATCACACTAAGCCTAGCCACTGCAAAATCATC
p15TV-mglA and pBR-mglA-ω as
templates
GATGATTTTGCAGTGTATGCGCTTAGTGTGATTATAGAA Generate mutation in the arginine
residue at position 64 to alanine using
TTCTATAATCACACTAAGCGCATACACTGCAAAATCATC pBR-mglA-ω as template

MglA-K101A Forward

TTAGAATATGTTAATGCAACGTTTCTGCAAAAT

MglA-K101A Reverse

ATTTTGCAGAAACGTTGCATTAACATATTCTAA

SspA-D96A Forward
SspA-D96A Reverse

AAGATACGCTTATCGCTTGCTAAAATTGATAATGAGTGG Generate mutation in the aspartic acid
residue at position 96 to alanine using
CCACTCATTATCAATTTTAGCAAGCGATAAGCGTATCTT pACTR-sspA-Zif as template

SspA-K97A Forward

CGCTTATCGCTTGATGCAATTGATAATGAGTGG

SspA-K97A Reverse

CCACTCATTATCAATTGCATCAAGCGATAAGCG

SspA-E101A Forward

GATAAAATTGATAATGCGTGGTATCCAGTATTA

SspA-E101A Reverse

TAATACTGGATACCACGCATTATCAATTTTATC

MglA-Y63A Reverse
MglA-R64A Forward

Mutation sites are boldface.
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Generate mutation in the lysine residue
at position 101 to alanine using pBRmglA-ω as template

Generate mutation in the lysine residue
at position 97 to alanine using pACTRsspA-Zif as template
Generate mutation in the glutamic acid
residue at position 101 to alanine using
pACTR-sspA-Zif as template

Table 4-8. Primers used for qRT-PCR
Primer Names
Sequences (5’→3’)
iglA Forward
AATGTCCTTAGCAAACGATGC
iglA Reverse

CTTTTGATTTTGAGGCACCA

iglD Forward

GCCCTATTAGATTCCGCAAA

iglD Reverse

GAGGGCGATTAGTACCAGAAA

pdpA Forward

CAACCCGTTTTATAGCCATTG

pdpA Reverse

GGATGGTTTGTGCTTAGTCCA

pdpD Forward

ATCTGCCCCAACACTACCAG

pdpD Reverse

GCTCAGCAGGATTTTGATTTG

rpsD Forward

TGTCGAAGCTAGCAGAAGAAA

rpsD Reverse

GCCAGCTTTTACTTGAGCAGA

uvrD Forward

ACCGCCATAAATCCGATATG

uvrD Reverse

CAGCAGCTGAAGATGGTGAA
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Description
Measure transcript
levels of the F.
novicida iglA gene
Measure transcript
levels of the F.
novicida iglD gene
Measure transcript
levels of the F.
novicida pdpA
gene
Measure transcript
levels of the F.
novicida pdpD
gene
Measure transcript
levels of the F.
novicida rpsD gene
Measure transcript
levels of the F.
novicida uvrD gene

Figure 4-1. p15TV-L expression vector map.
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Figure 4-2. pCDF-1b expression vector map. © EMD Chemicals Inc., an Affiliate of
Merck KGaA, Darmstadt, Germany. Reprinted with permission.
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Figure 4-3. Schematic representation of the two-hybrid system used to study proteinprotein interactions. (A) Plasmid pBRGP-ω was used to create the fusion of
the F. tularensis SCHU S4 mglA gene to the ω subunit of the RNAP; plasmid
pACTR-AP-Zif was used to fuse the sspA gene to the zinc finger DNA binding
protein of the murine Zif268 protein (Zif). Compatible vectors were introduced
into the E. coli reporter strains (AW23, AW24, AW26) carrying the test
promoter-lacZ fusion on an F’ episome. (B) Contact between the fused
proteins activates transcription from the test promoter, driving expression of
lacZ, which can be detected by measuring β-galactosidase activity.
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Figure 4-4. Schematic representation of the bridge-hybrid system used to study proteinprotein interactions. (A) Plasmid pBR-mglA-ω harbors the F. tularensis SCHU
S4 mglA gene fused to the ω subunit of the RNAP, plasmid pACTR-pigR-Zif
harbors the F. holarctica LVS pigR gene fused to the murine Zif268 protein
(Zif), and plasmid pCL-sspA harbors the F. holarctica LVS sspA gene.
Compatible vectors were introduced into the E. coli reporter strains (AW23,
AW24, AW26) carrying the test promoter-lacZ fusion on an F’ episome. (B)
Contact between the fused proteins activates transcription from the test
promoter, driving expression of lacZ, which can be detected by measuring βgalactosidase activity.
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CHAPTER 5
SUMMARY AND CONCLUSION
In Francisella tularensis, the expression of genes involved in pathogenesis is
regulated by the global transcriptional regulators MglA and SspA, two proteins that do
not bind to the DNA directly (Brotcke et al., 2006). This mechanism is unique in the
sense that MglA/SspA interaction is only found in the Francisella genus. These proteins
modulate transcription by first interacting with the RNA polymerase as a heterodimer
and then to DNA binding transcription factors FevR (PigR), or to the response regulator
PmrA to form a major transcriptional complex (Charity et al., 2007, Charity et al., 2009,
Bell et al., 2010). Limited information is available regarding the events and conditions
that promote these protein-protein interactions. The elucidation of the “environmental”
conditions that modulate these interactions is significant since the formation of this
complex is a critical step in the expression of hundreds of genes including those
required to support Francisella intramacrophage survival.
This dissertation focused on the identification of molecules that modulate the
interaction between MglA and SspA. A thermo-melting screening assay was used to
identify potential ligands with purified MglA, SspA and MglA/SspA complex against a
library of small molecules. Quinacrine was identified as the best hit molecule that
decreased the F. tularensis MglA/SspA interaction in a bacterial two-hybrid system.
These results were confirmed in vivo, and showed that quinacrine decreased the
expression of virulence determinants, as well as the F. novicida intramacrophage
survival. A structure-guided site directed mutagenesis approach was taken to elucidate
the relevant amino acids that mediate the interaction of the MglA/SspA complex with
quinacrine. These studies demonstrated that tyrosine 63 of MglA and lysine 97 of SspA,
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located in the cleft region, play an important role in the interaction of these two proteins
with quinacrine.
Once the cleft region within the MglA/SspA complex was identified as a potential
place where the interaction with small molecules occurs, it was hypothesized that
biological molecules that modulate the MglA/SspA interactions bind there as well. The
second part of this work was directed to identify those thus far hypothetical biological
ligands. Since polyP and ppGpp have been shown to play a role in Francisella
pathogenesis, their involvement as signal molecules was studied. The results obtained
in the two-hybrid system indicated that polyP and not ppGpp mediate the interaction
between MglA and SspA. The absence of polyP impairs the interaction of the
heterodimer in the two-hybrid system used. In addition, it was determined that polyP
binds to the MglA/SspA complex with high affinity (Kd = 300 nM) within the heterodimer
interface. Moreover, the effect of polyP on the interaction of the MglA/SspA complex
with FevR (PigR) was determined in vivo using a bridge-hybrid system. It was found that
polyP is also required for interactions of the transcription factor FevR with the
MglA/SspA complex.
In summary, this work describes the identification and biochemical
characterization of a chemical probe (quinacrine), and the biological effector molecule
(polyP) that modulate the interaction of the global transcriptional regulators MglA and
SspA of F. tularensis. The molecules identified could be used in the future to direct the
rational design of new antimicrobials for the treatment of tularemia.
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