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Bacteria alter gene expression in response to changes in their environment
through various mechanisms that include signal transduction systems. These signal
transduction systems use membrane histidine kinase with sensing domains to mediate
phosphotransfer to DNA-binding proteins that alter the level of gene expression. Such
regulators are called two-component systems (TCSs). TCSs integrate external signals
and information from stress pathways, central metabolism and other global regulators,
thus playing an important role as part of the overall regulatory network. This review will
focus on the knowledge of TCSs in the Gram-negative bacterium, Francisella tularensis,
a biothreat agent with a wide range of potential hosts and a significant ability to cause
disease. While TCSs have been well-studied in several bacterial pathogens, they have
not been well-studied in non-model organisms, such as F. tularensis and its subspecies,
whose canonical TCS content surprisingly ranges from few to none. Additionally, of
those TCS genes present, many are orphan components, including KdpDE, QseC,
QseB/PmrA, and an unnamed two-component system (FTN_1452/FTN_1453). We
discuss recent advances in this field related to the role of TCSs in Francisella physiology
and pathogenesis and compare the TCS genes present in human virulent versus.
environmental species and subspecies of Francisella.

Keywords: two-component system (TCS), Francisella, response regulator, sensor histidine kinase, QseC, QseB,
PmrA, tularemia

ROLE OF TCS IN BACTERIA

Bacteria alter their gene expression in response to changes in their environment through various
mechanisms, including signal transduction systems. These signal-transduction systems use kinases
with extracellular or periplasmic sensing domains to transfer phosphate groups to DNA-binding
molecules and alter the levels of gene expression. Bacterial signal-transduction systems are typically
simpler than the eukaryotic signal transduction systems, often involving only two proteins (a
sensing protein and a transcription factor), and thus are called Two-Component Systems (TCS)
(Stock et al., 2000; Groisman, 2016). The sensor kinase (SK; a histidine kinase) and the response
regulator (RR; a DNA binding protein) make up the two parts of two-component systems
(Figure 1).

Two-component systems are known to be involved in bacterial motility and chemotaxis,
physiological responses to osmotic changes, biofilm formation, and the regulation of virulence
in many bacteria (Stock et al., 2000; Freeman et al., 2013; Groisman, 2016). Two-component
systems can also integrate signals from stress pathways, central metabolism and other global
regulators, and thus play an important role as part of the overall regulatory network.
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FIGURE 1 | Francisella non-classical two-component system (TCS) QseC and
QseB/PmrA. The domain organization of the sensor kinase (SK) QseC as a
transmembrane protein is shown, along with its critical domains (described in
detail in Figure 3) and autophosphorylation phosphoacceptor site on
Hisitidine 259. The sensing domain is located in the periplasmic region (P),
between the inner membrane (IM) and outer membrane (OM). The signal or
ligand is shown in the periplasm as well. The response regulator (RR)
QseB/PmrA is shown as pink curved shape, along with the phosphorylated
aspartate phosphoacceptor site (P). The phosphorelay from the SK to the RR
is shown by the solid curved arrow. Dimerization of the phosphorylated
response regulator enables promoter binding. The auto-regulation of the RR
QseB/PmrA expression and the regulation of SK QseC expression along with
expression of the TCS regulon, is illustrated in the lower part of the figure, with
dotted-line arrows to the resulting proteins.

While both gram-positive and gram-negative bacteria employ
TCS to respond to external signals, this review will focus
on gram-negative bacteria, and in particular, on Francisella
tularensis. Francisella is a gamma-proteobacteria with a wide
range of potential hosts and significant ability to cause disease,
yet it has less than 2,000 genes, much less than standard model
bacterial organisms, such as E. coli. We were interested in
surveying the literature on two-component systems in this non-
model organism given the many recently sequenced genomes
of Francisella species, to further our understanding of the
bacterial physiology of this organism as well as advances in our
understanding of its virulence.

As shown in Figure 1, bacterial sensor histidine kinases
(SKs) are typically homo-dimeric transmembrane proteins whose
C-terminal tails contain a Histidine phosphotransfer domain
and an ATP binding domain. SKs are associated with the
bacterial cell membrane and in gram-negative bacteria have a
structure that typically consists of three parts: the C-terminal
and N-terminal intracellular domains, the periplasmic domain,
and the transmembrane domains. The periplasmic domain
forms a loop (sensing domain) connecting the two trans-
membrane domains in the periplasm which can be long or short.
Bacterial TCS SKs are typically histidine kinases, in contrast to
eukaryotic signal transduction kinases, which are tyrosine kinases
or serine/threonine kinases. The histidine kinase activity is
activated by signal or ligand binding, which leads to dimerization

and activation of the SK (Stock et al., 2000; Groisman, 2016).
The activated histidine kinase autophosphorylates on a critical
histidine residue in the intracellular C-terminal domain. This
phosphate is then transferred to a critical aspartate residue on
the RR by the phospho transferase activity of the SK. When the
RR is phosphorylated, it also typically dimerizes, and the active,
phosphorylated dimer can then bind to DNA in the promoter
region of a regulated gene, and act as a transcription factor to
increase or decrease expression of those genes in its regulon
(Stock et al., 2000; Groisman, 2016). Some SKs have been found
to have phosphatase activity, which is needed to reset the signal
transduction pathway.

In classical TCSs, the SKs and the RRs are co-transcribed in
an operon, in which the RR is usually the first gene and the SK
is the second gene. In non-classical TCSs, the SK and RR may
not be co-transcribed in an operon, but may still work together
to affect gene expression (Figure 1). Typically, RRs regulate their
own expression, and thus the DNA-binding motif (to which the
phosphorylated and dimeric RR binds) is often found in the
promoter region of its own gene (Prgr) in addition to the other
genes that are regulated by RRs. Furthermore, the SK expression
is typically co-regulated by the RR (Groisman, 2016).

In Gram-negative bacteria, two-component systems have
been identified that regulate critical functions, such as biofilm
formation and virulence (Pruss, 2017). The presence of the outer
membrane in gram-negative bacteria and the location of the SK
in the inner membrane means that all the ligands for the SK
must be able to penetrate into the periplasm. Signal inputs or
ligands, such as fatty-acids (e.g., diffusible signal factors [DSF])
or other small molecules are detected within the periplasmic
space by the SK sensing domain. This signal is then transmitted
across the membrane to activate the intracellular Histidine kinase
domain (Figure 1).

In some gram-negative bacteria the two-component systems
are more complex, such as the diffusible signal factor (DSF)
response system RpfCG in Xanthomonas campestris (Ryan
et al., 2015; Cai et al,, 2017). SK molecules in these systems,
such as RpfC can often have complex sensing domains,
in this case containing five trans-membrane domains (Ryan
et al, 2015). The RpfCG system in X. campestris regulates
virulence in this important plant pathogen of rice (Cai
et al., 2017). While still retaining the overall process of
a SK signaling to a DNA-binding molecule, SK domains
may be expressed in multiple molecules, such as a histidine
transfer domain that is expressed as a separate protein in
Pseudomonas aeruginosa. In this example, signal transduction
from the membrane-associated histidine kinase PA1396 to the
DNA-binding regulator PA1397 involves a separate histidine
transfer domain protein (Ryan et al, 2015). In model
organisms, such as Escherichia (E.) coli, TCS are well-studied
and there are a large number of TCS proteins; as many
as 30 histidine kinases and 32 RRs have been identified
(Pruss, 2017).

The two-component systems and their activating ligands
have not been as well-studied in non-model organisms,
such as F. tularensis. This review serves to summarize the
literature on the TCSs present in Francisella, and to explore
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what is known about their role in Francisella physiology
and pathogenesis.

THE GENUS FRANCISELLA

Bacteria within the genus Francisella are small, gram-negative
cocco-bacilli, which are found predominantly in the northern
hemisphere (Dennis et al., 2001). These organisms are commonly
identified in environmental samples (soil, mud, water), insect
vectors (ticks and mosquitoes), single-celled amoeba, fish, birds,
and mammals (where it is a facultative intracellular pathogen)
(Dennis et al., 2001; El-Etr et al., 2009; Verhoeven et al.,
2010). Thus, this organism has three elements to its lifecycle—
environmental, vector-borne, and host-associated (Figure 2).
Humans are an accidental host for this zoonotic pathogen, but it
is highly infectious to humans via aerosol, with <100 organisms
as the infectious dose via inhalation (Dennis et al., 2001). The
main species of Francisella include F. tularensis, which contains
the human pathogenic strains, F. novicida and F. philomiragia
(Zeytun et al., 2012), which are environmental strains and
not typically human pathogens, and F. noatunensis, which is a
pathogen of fish (Zerihun et al., 2011).

Tularemia (or “rabbit-fever”) is caused by F. tularensis.
Francisella can be transmitted by biting insect vectors,
direct contact or consumption of infected animal tissue or
contaminated water, or inhalation of aerosolized bacteria
(Figure 2) (Dennis et al., 2001). When acquired by humans,
tularemia patients demonstrate symptoms of high fever, myalgia,
malaise, and primary or secondary pneumonia. Due to its
high infectivity to humans via inhalation and its historical
development as a biological weapon, F. tularensis is categorized
as a Category A/Tier 1 biothreat agent (Dennis et al., 2001).
Upon necrotic examination of infected animals, such as rabbits
or squirrels caught by hunters, miliary spots on the liver along
with enlarged and infected reticuloendothelial organs (such as
the spleen) are often observed. Upon more detailed examination
of infected animals, a large number of bacteria are found within
the cells of these organs—including hepatocytes and immune
cells, such as macrophages and dendritic cells (Rasmussen et al.,
2006)—indicating the role of intracellular replication in the
disease course. Bacterial genes that are required for intracellular
replication of this organism are considered virulence factors,
and are usually associated with virulence in animal infection
models as well. Some bacterial genes may therefore be associated
with host-infection and virulence, while other genes may be
associated with the vector-borne or environmental phases of the
Francisella life-cycle.

TCS GENES PRESENT IN THE
GENUS FRANCISELLA

While there have been 30 or more paired two-component systems
identified in E. coli and other well-studied model organisms
and pathogens (Yoshida et al., 2015), very few TCS genes have
been identified in the non-model organism Francisella. The
two-component systems that are currently known in the genus

Francisella are summarized in Table 1. This table names the TCS
genes identified in the most commonly studied species within the
genus Francisella, including a human virulent strain (F. tularensis
SchuS4), the live vaccine strain (F. tularensis LVS), and two
environmental species, F. novicida and F. philomiragia (Larsson
et al,, 2005). A more extensive listing of TCS genes identified in
the genus Francisella is presented in Supplemental Table 1.

From Table 1 it can be seen that there are both paired and
orphan TCSs in Francisella species. The genomes of all strains
of Francisella examined so far contain the orphan RR QseB
(also called PmrA) and the SK QseC, discussed in detail below.
The putative potassium sensing TCS, KdpDE, is also present
and complete in the environmental strains F. novicida and F.
philomiragia. The RR KdpE is a pseudogene in F. tularensis Schu
S4 and F. tularensis LVS. A pseudogene is a gene that is related
to a functional gene but due to the accumulation of premature
stop-codons or frame-shifts is not likely to result in a functional
protein product (Champion et al., 2009). The holarctica strains
of F. tularensis, including the live vaccine strain (LVS) and
human pathogenic strain FSC200, are also missing the cognate
SK, KdpD (Figure 4). There is an unnamed and uncharacterized
RR present in F. tularensis SchuS4 (FTT_1543), F. novicida
(FTN_1452), and F. philomiragia (Fphil222), which possesses
its cognate, paired SK only in F. novicida (FIN_1453) and F.
philomiragia (Fphil221). The Francisella genome has significant
rearrangements and other genomic alterations between the
strains, and a large number of pseudogenes are found in
the human pathogenic strains, F. tularensis SchuS4, and F.
tularensis subsp. holarctica (Dempsey et al., 2006; Petrosino et al.,
2006) (Table 1).

RESPONSE REGULATOR QseB/PmrA

The RR that is present in all members of the genus Francisella
is QseB/PmrA (FTN_1465/FTT1557c) (https://www.uniprot.
org/uniprot/A0Q7W8). This 228 amino acid (25.5 kDa) protein
contains the critical aspartate residue (D51) that when modified
to 4-aspartylphosphate is important in dimerization and DNA
binding (Figure 3A). The dimerization domain is annotated
from residues 3-113. The DNA binding domain is annotated
to be from residues 147-221 (http://pfam.xfam.org/protein/
Q5NERI1,  https://www.ebi.ac.uk/interpro/protein/A0Q7W8).
The crystal structure of the RR receiver domain of this protein
has been solved to 2.49 A (PDB 5UIC) (Milton et al., 2017)
revealing new insights into this molecule and identifying
potential therapeutic interventions that target its interactions.

SENSOR KINASE QseC

The SK that is present in all organisms in the genus Francisella
is QseC (FTT_0094c), part of a putative quorum sensing two-
component system. The 475 amino acid protein (54.8 kDa)
contains two transmembrane domains flanking the periplasmic
sensor domain, and a long cytoplasmic tail containing the
Histidine kinase domain and the site of phosphorylation
H259 (Figure 3B). The two transmembrane domains are
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TABLE 1 | Representative TCS genes in Francisella species.

Response regulator

Sensor kinase

KdpE Unnamed RR QseB KdpD Unnamed SK QseC
F. tularensis SchuS4 Pseudogene (FTT1735¢) FTT1543 FTT1557¢c FTT1736¢C Pseudogene (FTT1544) FTT0094c
F. tularensis LVS* Pseudogene (FTL1876) Pseudogene FTLO552 Pseudogene Pseudogene FTL1762
F. novicida U112 FTN1714 FTN1452 FTN1465 FTN1715 FTN1453 FTN1617
F. philomiragia 25017 Fphi0890 Fphi1222 Fphi1209 Fphi0888 Fphi1221 Fphi1001

'FSC200 has similar genes and pseudogenes to LVS, not shown. Gene locus numbers are indicated (Larsson et al., 2005; Rohmer et al., 2007). Pseudogenes are highlighted in gray

and the pseudogene locus numbers are in parentheses.

annotated from residues 12-36 and from 172-195, leaving
a 136 aa periplasmic loop for the “sensing domain.” The
“HisKA” phosphoacceptor domain is from residues 249-314 (also
annotated as the dimerization domain), while the “HisATPase_c”
Kinase domain is in the c-terminal tail, from residues 363-
470 (https://www.uniprot.org/uniprot/Q5NIH6); (https://www.
ebi.ac.uk/interpro/protein/Q5NIH6).

QseB/PmrA AND QseC IN VIRULENCE
AND BACTERIAL PHYIOLOGY

TCSs regulate the expression of genes in pathogenic bacteria
involved in diverse phenotypes including stress response,
antibiotic resistance, cell growth, biofilm formation, and
virulence (Stock et al., 2000). In many bacteria deletion of genes
encoding various TCS genes results in attenuation in animal

models (Eguchi and Utsumi, 2008; Mitrophanov and Groisman,
2008). The role of QseB/PmrA in Francisella virulence has been
well-established. It has been shown that a QseB/PmrA mutant
is avirulent in the macrophage infection model as well as in the
murine infection model for F. novicida (Mohapatra et al., 2007).
Several studies demonstrated that inactivation of the unpaired
QseC and QseB/PmrA genes dramatically reduces Francisella
virulence in macrophages and in a mouse model of tularemia
(Mohapatra et al., 2007; Bell et al., 2010) (Table 2). It is not yet
known if these two genes act as a functional paired TCS, but
as the data described above suggests, the orphan SK KdpD can
also participate in a phosphorylation cascade with QseB/PmrA
(Bell et al., 2010). In F. tularensis SchuS4, expression of QseB
(FTT_1557c) is highly upregulated in serine hydroxamate treated
cells, a condition that induces active stringent response (Murch
et al., 2017). QseB/PmrA has also been shown to be required for
biofilm formation in F. novicida (Durham-Colleran et al., 2010).
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Francisella KdpD (FTT_1736c¢). This 893 (100.9 kDa) protein is a more complex sensor Histidine kinase than QseC. Unlike QseC, it has a long N-terminal domain that
is annotated to contain a KdpD domain (from residues 21-230). KdpD also is annotated to have three transmembrane domains (residues 405-435, 442-461, and
467-495), comprising DUF4118. The C-terminal hisitidine kinase domain is annotated from residues 671-890, with the HiskKA domain from residues 664-732, and
the HATPase_c domain from residues 776-890. The critical Histidine for phosphorelay is at Histidine 674 (*) (https://www.uniprot.org/uniprot/Q5NEA7, http://pfam.
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xfam.org/protein/Q5NEA7).

The mechanism by which QseB/PmrA exerts its effect on the
regulation of expression of the Francisella Pathogenicity Island
(FPI) proteins—and thus regulation of virulence—has been
studied. QseB/PmrA phosphorylation promotes its association
with MglA/SspA, and thus affects the expression of the virulence
genes on the FPI (Bell et al., 2010). Interestingly, QseB/PmrA can
be phosphorylated by the SK KdpD in this system (Bell et al,
2010), suggesting that there is some promiscuity possible between
the SKs and the target RRs. This may promote the survival of
Francisella strains that lack different members of the TCS.

The SK QseC is required for virulence in F. tularensis SchuS4
(Weiss et al., 2007; Rasko et al., 2008; Ireland et al., 2019).
Francisella QseC was shown to functionally complement a
deletion of QseC in E. coli (Rasko et al., 2008). In addition, the use
of an inhibitor of QseC, LED209, was able to significantly protect
mice from a lethal infection by F. tularensis SchuS4 (Rasko
et al,, 2008), and LED209 significantly reduced the expression
of several genes in the FPI, including igIC. These results suggest
that LED209-reduced FPI expression may be associated with
the reduced virulence (Rasko et al., 2008). The molecular target
of LED209 in the E. coli QseC has been identified to be the
allosteric modification of two lysines, and in Francisella the
analogous residue is K269 in QseC (Curtis et al., 2014), placing
it in the dimerization- phosphor-acceptor domain. Mutation of
the analogous lysine K256 to an arginine inhibited its ability to
activate expression of Enterohemorrhagic E. coli virulence genes
in E. coli QseC (Curtis et al., 2014). While these two genes are only
about 57% similar, the data in the E. coli model and the functional

substitution of Francisella QseC in E. coli suggests that they may
have a similar response to and inhibition by LED209.

As mentioned above, inactivation of QseC dramatically
reduces Francisella virulence in macrophages and in a mouse
model of tularemia (Rasko et al., 2008; Mokrievich et al., 2010).
In addition, a recent study in Fischer 344 rats demonstrated that
insertional inactivation of QseC led to a significant reduction in
the numbers of Francisella tualrensis Schu S4 in the rat spleen
(Ireland et al., 2019). Transposon-insertion mutants of QseC
in F. novicida were found to be defective for the production
of IglC (a critical virulence factor protein in the FPI) and
were avirulent in the waxworm infection model (Dean and van
Hoek, 2015), as well as being defective in biofilm formation
(Durham-Colleran et al., 2010; Dean and van Hoek, 2015). A
QseC mutant in Francisella vaccine strain 15 (similar to LVS) is
reported to have growth defects on solid media, loss of ability
to replicate in macrophages, and loss of virulence (Mokrievich
et al., 2010). It has also been reported that these QseC mutants
have altered LPS structures due to a lack of the high-molecular-
mass O-polysaccharide (Mokrievich et al., 2010). Overall, there is
significant data to suggest an important role for the sensor kinase
QseC in Francisella.

POTASSIUM REGULATORY TCS KdpDE

In many gram-negative bacteria, the TCS KdpDE plays an
important role in regulating potassium (K+) transport as
well as maintaining K+ homeostasis through its regulation of
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TABLE 2 | Francisella two-component system genes with a role in virulence.

Gene (Type/Name) Role in intra-macrophage growth

Role in murine infection

Role in other systems

Francisella tularensis SchuS4
FTT_0094c (QseC)
FTT_1543 (Unnamed RR)
FTT_1557¢ (PmrA/QseB)
FTT_1736¢ (KdpD)
Francisella holarctica LVS
FTL_0552 (PmrA/QseB)
FTL_1762 (QseC)
Francisella novicida
FTN_1452 (Unnamed RR)
FTN_1453 (Unnamed SK)
FTN_1465 (PmrA/QseB)
FTN_1617 (QseC)
(
(

Sammons-Jackson et al., 2008

Mohapatra et al., 2007; Bell et al., 2010
Dean and van Hoek, 2015
FTN_1714 (KdpE)

FTN_1715 (KdpD) Richards et al., 2008

Weiss et al., 2007

Mohapatra et al., 2007; Bell et al., 2010

Fischer 344 Rat (Ireland et al., 2019)

Upregulated under stress (Murch et al., 2017)

Weiss et al., 2007

Sammons-Jackson et al., 2008

Drosophila (Moule et al., 2010)

Drosophila (Moule et al., 2010)
Waxworm (Dean and van Hoek, 2015)

Drosphila (Moule et al., 2010); Polymyxin
resistance (Sampson et al., 2014)

the kdpFABC operon and thus expression of the potassium
transporter (Freeman et al., 2013). It has been proposed that
KdpDE TCS is also responsive to bacterial stress, quorum sensing
and other stressors of pathogens, such as phagocytosis (Freeman
et al,, 2013). In addition, the RR KdpE may be a direct regulator
of virulence factor expression through its DNA binding activity,
suggesting additional potential roles for KdpDE in virulence and
pathogenesis (Freeman et al., 2013). In E. coli, the activating
stimulus of KdpD is thought to cause an inactivation of its
phosphatase activity, leading to increased phosphorylation of
KdpE and increased transcription and expression of the high-
affinity K+ transporter (Freeman et al., 2013). Also, as mentioned
previously, KdpD was able to phosphorylate QseB/PmrA, and
regulate FPI gene expression in association with a global
regulator MglA/SspA (Bell et al., 2010).

KpdD in F. tularensis SchuS4 (FT'T_1736¢) is a more complex
Sensor Kinase than QseC. In particular, it has a longer C-
terminal domain compared to QseC, containing the “KdpD”
domain. It is a large 893 residue bacterial integral membrane
protein of 100.9 kDa, predicted to have three transmembrane
domains and a Histidine kinase domain in the c-terminal
tail (Residues 671-890) (Figure 3C) (https://www.uniprot.org/
uniprot/Q5NEA7). There is an annotated KdpD domain
from residues 21-230. The predicted phosphorylation site on
KdpD is Histidine 674 (https://www.ebi.ac.uk/interpro/protein/
Q5NEA7, http://pfam.xfam.org/protein/Q5NEA7,https://www.
uniprot.org/uniprot/Q5NEA7).

The SK KdpD is present in the environmental strains of
Francisella, as well as in F. tularensis SchuS4, the highly virulent
strain (Tables 1, 3). Francisella KpdD is often annotated as an
“osmosensitive K+ channel Histidine kinase” or “Universal stress
family protein” (Uniprot.com). Interestingly, the environmental
strains of Francisella, such as F. philomiragia and F. noatunensis
are found in brackish water and seawater, respectively (Mikalsen
et al., 2009; Propst et al., 2016), which may exert osmotic stress
on those organisms.

The TCS KdpD/KdpE, traditionally associated with potassium
transport, has been demonstrated to play a role in the virulence
and intracellular survival of many pathogenic bacteria (Freeman
et al., 2013). KdpD/KdpE homologs have been identified in the
Francisella genome; however, whether this system is responsible
for potassium transport in Francisella has not been confirmed.
Nevertheless, a mutant in either KdpD or KdpE in F. novicida
is attenuated in animal models (Weiss et al., 2007; Moule
et al, 2010; Freeman et al., 2013; Cuthbert et al., 2017).
This phenotype may be unrelated to its role in potassium
signaling, and has yet to be studied in human virulent F.
tularensis serovars. Mutants in the SK KdpD gene were found
to be attenuated following F. tularensis infection in the mouse
model (Weiss et al., 2007); and KdpDE, as well as KdpAC,
have been implicated in F. novicida infection in Drosophila
(Moule et al., 2010).

In Francisella, no studies have been performed on the
specific role of KdpDE in the regulation of potassium transport,
osmolarity, or stress response. Francisella genomes also contain
homologs of most of the components of the high-affinity
potassium transporter pump KdpFABC (Table 3), except for
the pseudogene of kdpA in SchuS4 (Alkhuder et al, 2010).
The gene encoding the small protein KdpF found in the
other genera is missing in the Francisella genomes, thus
the role of this gene and the role of the activity of this
potassium transporter remain to be studied in this organism.
The Francisella genome also encodes low-affinity potassium
transport proteins (the Trk system), which may still allow
for potassium regulation in strains that lack the Kdp system
(Alkhuder et al., 2010; Ireland et al., 2019).

Environmental strains of Francisella, such as F.
novicida and F. philomiragia, have an intact Kdp system,
suggesting that this pathway could be active in these
species since the SK-RR as well as the essential three
components KdpABC of the high-affinity K+ transporter are
present (Figure 4).
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TABLE 3 | Kdp operon in Francisella novicida U112 compared to F. tularensis SchuS4.

Locus Gene Description Presence in F. tularensis SchuS4

FTN_1714 kdpE Response regulator transcription factor Pseudogene in SchuS4 (https://www.ncbi.nlm.nih.gov/gene/3192093)
FTN_1715 kdpD Sensor Histidine kinase Present (https://www.ncbi.nlm.nih.gov/gene/3192246)

FTN_1716 kdpC Potassium-transporting ATPase C chain Present (https://www.ncbi.nlm.nih.gov/gene/3192156)

FTN_1717 kdpB Potassium-transporting ATPase B chain Present (https://www.ncbi.nlm.nih.gov/gene/3192083)

FTN_1718 kdpA Potassium-transporting ATPase subunit A Pseudogene in SchuS4 (https://www.ncbi.nlm.nih.gov/gene/3192090)

EXTERNAL AND INTERNAL SMALL
MOLECULE SIGNALING IN FRANCISELLA

The survival of microbes in various environments is dependent
on their intrinsic ability to detect and efficiently respond to
changing extracellular signals. One such intrinsic sensory system
in bacteria are the TCSs (Groisman, 2016). One of the best
studied examples of a TCS in Gram-negative bacteria is the
highly conserved is QseC/QseB system discussed above that is
reported to detect proposed autoinducer-3 molecules (Clarke
et al., 2006). Both QseC and QseB/PmrA homologs are present
in the Francisella genome, but are not located together and co-
transcribed like most TCSs. Thus, it has been proposed that QseC
and QseB/PmrA are a non-classical, non-tandemly arranged
TCS, in which each component are “orphans.” Environmental
signals that activate this system in Francisella are unknown but
are the subject of current investigation.

Bacteria also sense intracellular environmental conditions
including small molecules and metabolites. In response to
nutrient starvation and stress, some bacterial species produce
hyper-phosphorylated guanosine diphosphate and triphosphate
analogs termed (p)ppGpp. These small molecules bind to the f -
and w-subunits of RNA polymerase (RNAP) to increase affinity
of to the DNA target (Bell et al., 2010; Dalebroux and Swanson,
2012; Hauryliuk et al., 2015). (p)ppGpp regulates many bacterial
processes including protein synthesis, bacterial replication, and
acid stress response, which contributes to bacterial virulence and
persistence (Hauryliuk et al., 2015). Production of (p)ppGpp is
dependent on two bifunctional enzymes, RelA and SpoT, that
synthesize (p)ppGpp from ATP, GTP, or GDP, and degrade
(p)ppGpp to pyrophosphate and either GTP or GDP (Hauryliuk
et al, 2015). While the RelA-dependent response is most
often associated with amino acid starvation, a SpoT-dependent
response is linked with various stress signals including fatty
acid, iron, and carbon source starvation (Hauryliuk et al., 2015).
Both relA and spoT genes are present in the Francisella genome
(Larsson et al., 2005; Rohmer et al., 2007; Murch et al., 2017).
Mutants defective in (p)ppGpp increased biofilm formation,
reduced stress resistance, and are attenuated in macrophages
and in the mouse model (Dean et al, 2009; Murch et al,
2017). In some bacteria, (p)ppGpp signaling interacts with TCSs
to regulate gene expression (Nishino et al, 2005; Lamarche
et al., 2008; Rifat and Karakousis, 2014). Charity et al. (2009)
demonstrated that (p)ppGpp promotes interaction between PigR
and the MgIA-SspA complex that regulates the expression of
FPI genes. Bell et al. (2010) showed that MglA-SspA complex
also interacts with QseB/PmrA to regulate FPI gene expression.

Of note, there are conflicting data in the literature regarding to
this complex interaction, likely due to the different Francisella
subspecies and growth conditions used in these studies (Brotcke
and Monack, 2008; Bell et al., 2010; Ramsey and Dove, 2016;
Cuthbert et al., 2017).

CROSS-TALK BETWEEN TCS PROTEINS

Although it is thought that SKs of paired TCSs will typically
or preferentially phosphorylate their cognate RR, it is known
that “promiscuity” between SKs and RRs can occur, in which
they can “cross-talk” between different SKs and RRs (Yoshida
et al, 2015; Groisman, 2016). Especially for organisms with
very limited TCS genes and several orphan TCS genes, such
as is observed in Francisella, it seems likely that promiscuous
cross-phosphorylation could occur (Murch et al., 2017).

As previously mentioned, it has been demonstrated that
inactivation of the unpaired QseC and QseB/PmrA genes
dramatically reduces Francisella virulence in macrophages and in
a mouse model of tularemia (Mohapatra et al., 2007; Rasko et al.,
2008; Bell et al., 2010; Mokrievich et al., 2010) (Table 2). It has
not yet been demonstrated if these two genes act as a functional
paired TCS, and whether QseC phosphorylates QseB to alter
gene expression. The conservation of both of these genes in the
genus Francisella suggests that they are both important for this
organism. Although the quorum-sensing ligand for Francisella
QseC is not identified, by analogy to the E. coli QseC there
may be a ligand (AI-3 for E. coli) that can activate the Histidine
kinase activity of QseC (Walters and Sperandio, 2006; Kendall
et al., 2007). Also by analogy, it is expected that QseC will not
be activated in the absence of the ligand. It is interesting to note
that the “sensing domain” of Francisella QseC and E. coli QseC
differ in both length and sequence and thus may respond to
different signals.

Bell et al. demonstrated that the SK KdpD is primarily
responsible for phosphorylation of QseB/PmrA using isolated
membrane fractions and the purified RR (Bell et al, 2010).
Interestingly, in these experiments, the deletion of gseC did
not alter the phosphorylation of QseB/PmrA. It could be that
the proposed ligand for Francisella QseC was not present, and
QseC would therefore be inactive under these conditions, while
there may have been conditions resulting in KdpD activation,
enabling it to phosphorylate QseB. Such complex networks
of regulation of activation and phosphorylation would allow
for complex responses to various environmental conditions
(Weinberg et al., 2007).
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ROLE OF TCS SIGNALING IN
FRANCISELLA PATHOGENESIS: A TARGET
FOR NEW THERAPEUTICS?

Developing new antimicrobials is challenging because of how
quickly bacteria develop mechanisms of resistance. If we could
identify agents that inhibit bacterial virulence without interfering
in their growth, resistance could be slowed (Hung et al., 2005;
Cegelski et al., 2008). TCS systems are potential targets for
antimicrobial drug design since they are critical for antibiotic
resistance and for virulence regulation in many Gram-negative
bacteria (Hung et al., 2005; Cegelski et al., 2008; Curtis et al.,
2014). In addition, TCS inhibitors may exert less toxicity to the
host since the phosphorylation of Histidine of TCS in bacteria
differs from serine/tyrosine/threonine phosphorylation signaling
system in mammalian cells.

Several groups have demonstrated that inhibition of QseC
signaling in Francisella is a promising approach to control
Francisella infection (Rasko et al., 2008; Curtis et al., 2014;
Dean and van Hoek, 2015). By screening an FDA-approved
drug library, Dean and van Hoek identified several compounds
that inhibit biofilm formation in Francisella (Dean and van
Hoek, 2015). Notably, they showed that the antidepressant
maprotiline inhibits both biofilm formation and FPI gene
expression. Maprotiline rescued F. novicida infected wax worm
larvae and prolonged the survival of F. novicida infected mice
(Dean and van Hoek, 2015). As mentioned previously, the
Sperandio laboratory identified a small molecule, LED209 that
inhibits QseC through modification of conserved lysine residues
(corresponding to K269 in FTT_0094c) (Curtis et al., 2014). As
a consequence, LED209 is capable of inhibiting QseC-mediated
activation of virulence genes and mouse virulence for Salmonella
typhimurium and F. tularensis SchuS4 (Rasko et al., 2008; Curtis
et al., 2014). In addition, Wrench et al. identified that quinacrine
affects the interaction between MglA and SspA, which altered the
intramacrophage survival of F. novicida (Wrench et al., 2013).

Targeting the response regulator is also an area of active
research. Milton et al. (2017) resolved the structure of the
N-terminal receiving domain of QseB/PmrA and it has been
experimentally demonstrated that binding of 2-aminoimidazole
(2AI) based compounds inhibited Francisella biofilm formation
and induced antibiotic re-sensitization in Francisella and other
bacteria (Stephens et al., 2016; Milton et al., 2017, 2018).

Taken together, targeting Francisella TCSs or accessory
transcription factors presents a potential therapeutic approach
for controlling human tularemia.

REMAINING QUESTIONS REGARDING
TCS IN FRANCISELLA

Some interesting questions remain to be addressed with regard to
two-component systems in the genus Francisella.

O What are the activating signals for Francisella HKs? How
does the signaling through the orphaned TCSs change in the
presence of the activating ligand(s) for the SK?

F. tularensis Schu S4

| >
I

B " E holarctica and LVS

A

FTT0094c/gseC > /

FTL0552/pmrA/qseB

C " F novicida U112

T
| D> >

FTL1762/gseC >

FTN1465/pmrA/qseB

F. philomiragia ATCC 25017

| > >
[ Fpnit001/gseC > ,

FIGURE 4 | Sensor Kinases and Response Regulators in Francisella species.
(A) There are no tandemly arranged TCS in Ft Schu S4 (Larsson et al., 2005).
Both the SK FTT1544 and RR FTT1735¢ (kdpE) are pseudogenes. FTT1543,
KdpD, PmrA/QseB, and QseC are orphan TCS components in F. tularensis
Schu S4. (B) There are no tandemly arranged TCSs in £ holarctica LVS. LVS
(Live Vaccine Strain) has only one RR (FTL0552/PmrA/QseB) and one orphan
SK (QseC). F. holarctica FSC200 has a similar set of genes as LVS, and has
the same pseudogenes (Alkhuder et al., 2010). (C) There are two complete
and one uncoupled TCS in F. novicida. FTN1452/FTN1453 and KdpDE form
the two tandemly arranged TCS, while FTN1465 (PmrA/QseB) and QseC are
orphan members. (D) . philomiragia has three RR and three SK genes,
similar to £ novicida. As in F. novicida and LVS, PmrA/QseB, and QseC appear
to be orphan TCS components.

FTN1617/qseC

O How is the signaling integrated between QseC, KdpD, and
QseB/PmrA in the human virulent strains?
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O What is the role of KdpDE in the regulation of potassium
transport and osmotic stress in Francisella? How is potassium
transport regulated in the human virulent strains that
lack KdpE?

O Does the potassium transport system KdpABC play a role in
pathogenesis in Francisella?

O For environmental strains, how is their signaling and gene
regulation different from the human virulent serovars, with
their fuller complement of intact TCSs?

O What role do sRNAs play in compensating for or augmenting
the function of TCSs in Francisella?

O Can targeting of TCSs be an effective therapeutic for
F. tularensis infections?

SUMMARY OF TWO-COMPONENT
SYSTEMS IN FRANCISELLA

Overall there are very few (and often not intact) classically paired
TCSs in Francisella strains and species, and relatively few TCS
genes overall in the genus (Table1; Supplemental Table 1).
All Francisella genomes examined to date contain QseB/PmrA
and QseC (Figure4; Supplemental Table 1), suggesting
that these two highly conserved genes play essential roles
in the life-cycle of this organism. QseB/PmrA and QseC
are always orphan TCS members due to their unpaired
locations in the genome. KdpD is an orphan RR in some
strains, such as F. tularensis SchuS4, in which the cognate
SK is a pseudogene and is absent in the Live Vaccine Strain.
The dependence of all Francisella strains on orphan TCS
components suggests that intra-molecular communication
between the components of the different TCS will likely
be a determining factor in their physiological roles. On
the other hand, it may suggest that they function in a
unique way in Francisella—either with promiscuity among
the SK and RR proteins or that phosphotransfer occurs
differently or perhaps is not integral to their function. In the
absence of large numbers of other TCS proteins, the relative
simplicity of the Francisella TCSs makes this bacterium an
ideal model organism for investigating the role of these key
regulatory factors.

REFERENCES

Alkhuder, K., Meibom, K. L., Dubail, I, Dupuis, M., and Charbit, A. (2010).
Identification of trkH, encoding a potassium uptake protein required for
Francisella tularensis systemic dissemination in mice. PLoS ONE 5:¢8966.
doi: 10.1371/journal.pone.0008966

Bell, B. L., Mohapatra, N. P, and Gunn, J. S. (2010). Regulation of virulence gene
transcripts by the Francisella novicida orphan response regulator PmrA: role
of phosphorylation and evidence of MglA/SspA interaction. Infect. Immun. 78,
2189-2198. doi: 10.1128/IAL.00021-10

Brotcke, A., and Monack, D. M. (2008). Identification of fevR, a novel regulator
of virulence gene expression in Francisella novicida. Infect. Immun. 76,
3473-3480. doi: 10.1128/TA1.00430-08

Cai, Z., Yuan, Z. H,, Zhang, H., Pan, Y., Wu, Y., Tian, X. Q., et al. (2017). Fatty acid
DSF binds and allosterically activates histidine kinase RpfC of phytopathogenic

The presence of intact TCSs in the environmental strains
of Francisella, such as F. novicida, F. philomiragia, and
F. noatunensis, is notable compared to the number of
incomplete and disrupted TCSs in the human pathogenic
strains (Figure4). F. philomiragia has two intact classical
TCS operons (KdpDE and the Unnamed RR/SK) plus
QseB and QseC, as do F. novicida and F. noatunensis.
While the precise role of the TCS genes in environmental
persistence and survival compared to their role in virulence
and pathogenesis is not clearly understood for Francisella,
this clear difference highlights the need for further research
into these signaling and regulatory systems. This area of
research will yield important insights into the regulation and
integration of environmental and host-induced stressors in the
genus Francisella.

With a greater understanding of its TCSs and the application
of current technologies in gene expression, proteomics and post-
translational modifications, we can advance our understanding
of the regulation of gene expression in environmental and
pathogenic strains of Francisella. In addition, new opportunities
may be identified to develop structurally designed therapeutic
interventions against Francisella’s TCS proteins.

AUTHOR CONTRIBUTIONS

MH and JG conceived the idea for the review and co-wrote the
manuscript with KH.

FUNDING

MH was supported by a donation from the George Mason
University Foundation. JG was supported by the National
Institutes of Health R21 AI140001 and internal funds from
Nationwide Children’s Hospital.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcimb.
2019.00198/full#supplementary-material

bacterium Xanthomonas campestris pv. campestris to regulate quorum-sensing
and virulence. PLoS Pathog. 13:e1006304. doi: 10.1371/journal.ppat.1006304

Cegelski, L., Marshall, G. R., Eldridge, G. R., and Hultgren, S. J. (2008). The biology
and future prospects of antivirulence therapies. Nat. Rev. Microbiol. 6, 17-27.
doi: 10.1038/nrmicro1818

Champion, M. D., Zeng, Q., Nix, E. B., Nano, F. E., Keim, P., Kodira, C. D., et al.
(2009). Comparative genomic characterization of Francisella tularensis strains
belonging to low and high virulence subspecies. PLoS Pathog. 5:¢1000459.
doi: 10.1371/journal.ppat.1000459

Charity, J. C., Blalock, L. T., Costante-Hamm, M. M., Kasper, D. L., and Dove, S.
L. (2009). Small molecule control of virulence gene expression in Francisella
tularensis. PLoS Pathog. 5:e1000641. doi: 10.1371/journal.ppat.1000641

Clarke, M. B., Hughes, D. T., Zhu, C., Boedeker, E. C., and Sperandio, V. (2006).
The QseC sensor kinase: a bacterial adrenergic receptor. Proc. Natl. Acad. Sci.
U.S.A. 103, 10420-10425. doi: 10.1073/pnas.0604343103

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

June 2019 | Volume 9 | Article 198


https://www.frontiersin.org/articles/10.3389/fcimb.2019.00198/full#supplementary-material
https://doi.org/10.1371/journal.pone.0008966
https://doi.org/10.1128/IAI.00021-10
https://doi.org/10.1128/IAI.00430-08
https://doi.org/10.1371/journal.ppat.1006304
https://doi.org/10.1038/nrmicro1818
https://doi.org/10.1371/journal.ppat.1000459
https://doi.org/10.1371/journal.ppat.1000641
https://doi.org/10.1073/pnas.0604343103
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

van Hoek et al.

Two-Component Systems in Francisella Species

Curtis, M. M., Russell, R., Moreira, C. G., Adebesin, A. M., Wang, C., Williams, N.
S., etal. (2014). QseC inhibitors as an antivirulence approach for gram-negative
pathogens. MBio 5:¢02165. doi: 10.1128/mBi0.02165-14

Cuthbert, B. J., Ross, W., Rohlfing, A. E., Dove, S. L., Gourse, R. L., Brennan, R.
G., et al. (2017). Dissection of the molecular circuitry controlling virulence in
Francisella tularensis. Genes Dev. 31, 1549-1560. doi: 10.1101/gad.303701.117

Dalebroux, Z. D., and Swanson, M. S. (2012). ppGpp: magic beyond RNA
polymerase. Nat. Rev. Microbiol. 10, 203-212. doi: 10.1038/nrmicro2720

Dean, R. E., Ireland, P. M., Jordan, J. E., Titball, R. W., and Oyston, P. C. (2009).
RelA regulates virulence and intracellular survival of Francisella novicida.
Microbiology 155, 4104-4113. doi: 10.1099/mic.0.031021-0

Dean, S. N,, and van Hoek, M. L. (2015). Screen of FDA-approved drug library
identifies maprotiline, an antibiofilm and antivirulence compound with QseC
sensor-kinase dependent activity in Francisella novicida. Virulence 6, 487-503.
doi: 10.1080/21505594.2015.1046029

Dempsey, M. P., Nietfeldt, J., Ravel, J., Hinrichs, S., Crawford, R., and Benson,
A. K. (2006). Paired-end sequence mapping detects extensive genomic
rearrangement and translocation during divergence of Francisella tularensis
subsp. tularensis and Francisella tularensis subsp. holarctica populations. J.
Bacteriol. 188, 5904-5914. doi: 10.1128/]B.00437-06

Dennis, D. T., Inglesby, T. V., Henderson, D. A, Bartlett, J. G., Ascher, M. S,,
Eitzen, E., et al. (2001). Tularemia as a biological weapon: medical and public
health management. JAMA 285, 2763-2773. doi: 10.1001/jama.285.21.2763

Durham-Colleran, M. W., Verhoeven, A. B., and van Hoek, M. (2010). L.
Francisella novicida forms in vitro biofilms mediated by an orphan response
regulator. Microb. Ecol. 59, 457-465. doi: 10.1007/s00248-009-9586-9

Eguchi, Y., and Utsumi, R. (2008). Introduction to bacterial signal transduction
networks. Adv. Exp. Med. Biol. 631, 1-6. doi: 10.1007/978-0-387-78885-2_1

El-Etr, S. H., Margolis, J. J., Monack, D., Robison, R. A., Cohen, M., Moore,
E., et al. (2009). Francisella tularensis type A strains cause the rapid
encystment of Acanthamoeba castellanii and survive in amoebal cysts
for three weeks postinfection. Appl. Environ. Microbiol. 75, 7488-7500.
doi: 10.1128/AEM.01829-09

Freeman, Z. N., Dorus, S., and Waterfield, N. R. (2013). The KdpD/KdpE two-
component system: integrating K(4-) homeostasis and virulence. PLoS Pathog.
9:¢1003201. doi: 10.1371/journal.ppat.1003201

Groisman, E. A. (2016). Feedback control of two-component regulatory systems.
Ann. Rev. Microbiol. 70, 103-124. doi: 10.1146/annurev-micro-102215-095331

Hauryliuk, V., Atkinson, G. C., Murakami, K. S., Tenson, T., and Gerdes, K. (2015).
Recent functional insights into the role of (p)ppGpp in bacterial physiology.
Nat. Rev. Microbiol. 13, 298-309. doi: 10.1038/nrmicro3448

Hung, D. T., Shakhnovich, E. A., Pierson, E., and Mekalanos, J. J. (2005). Small-
molecule inhibitor of Vibrio cholerae virulence and intestinal colonization.
Science 310, 670-674. doi: 10.1126/science.1116739

Ireland, P. M., Bullifent, H. L., Senior, N. J., Southern, S. J., Yang, Z. R., Ireland, R.
E. etal. (2019). Global analysis of genes essential for Francisella tularensis Schu
S4 growth in vitro and for fitness during competitive infection of fischer 344
rats. /. Bacteriol. 201:e00630-18. doi: 10.1128/JB.00630-18

Kendall, M. M., Rasko, D. A., and Sperandio, V. (2007). Global effects of the
cell-to-cell signaling molecules autoinducer-2, autoinducer-3, and epinephrine
in a luxS mutant of enterohemorrhagic Escherichia coli. Infect. Immun. 75,
4875-4884. doi: 10.1128/IAL.00550-07

Lamarche, M. G., Wanner, B. L, Crépin, S., and Harel, J. (2008). The
phosphate regulon and bacterial virulence: a regulatory network connecting
phosphate homeostasis and pathogenesis. FEMS Microbiol. Rev. 32, 461-473.
doi: 10.1111/j.1574-6976.2008.00101.x

Larsson, P., Oyston, P. C., Chain, P., Chu, M. C,, Duffield, M., Fuxelius, H. H., et al.
(2005). The complete genome sequence of Francisella tularensis, the causative
agent of tularemia. Nat. Genet. 37, 153-159. doi: 10.1038/ng1499

Mikalsen, J., Olsen, A. B., Rudra, H., Moldal, T., Lund, H., Djenne, B., et al. (2009).
Virulence and pathogenicity of Francisella philomiragia subsp. noatunensis for
Atlantic cod, Gadus morhua L., and laboratory mice. J. Fish Dis. 32, 377-381.
doi: 10.1111/j.1365-2761.2008.00987 .x

Milton, M. E. Allen, C. L., Feldmann, E. A, Bobay, B. G., Jung, D.
K., Stephens, M. D., et al. (2017). Structure of the Francisella response
regulator QseB receiver domain, and characterization of QseB inhibition
by antibiofilm 2-aminoimidazole-based compounds. Mol. Microbiol. 106,
223-235. doi: 10.1111/mmi.13759

Milton, M. E., Minrovic, B. M., Harris, D. L., Kang, B., Jung, D., Lewis, C.
P., et al. (2018). Re-sensitizing multidrug resistant bacteria to antibiotics by
targeting bacterial response regulators: characterization and comparison of
interactions between 2-aminoimidazoles and the response regulators BfmR
from Acinetobacter baumannii and QseB from Francisella spp. Front. Mol.
Biosci. 5:15. doi: 10.3389/fmolb.2018.00015

Mitrophanov, A. Y., and Groisman, E. A. (2008). Signal integration in
bacterial two-component regulatory systems. Genes Dev. 22, 2601-2611.
doi: 10.1101/gad.1700308

Mohapatra, N. P,, Soni, S., Bell, B. L., Warren, R,, Ernst, R. K., Muszynski, A.,
et al. (2007). Identification of an orphan response regulator required for the
virulence of Francisella spp. and transcription of pathogenicity island genes.
Infect. Immun. 75, 3305-3314. doi: 10.1128/TA1.00351-07

Mokrievich, A. N., Kondakova, A. N., Valade, E., Platonov, M. E., Vakhrameeva
GM, Shaikhutdinova RZ, et al. (2010). Biological properties and structure of
the lipopolysaccharide of a vaccine strain of Francisella tularensis generated by
inactivation of a quorum sensing system gene qseC. Biochemistry (Mosc). 75,
443-451. doi: 10.1134/S0006297910040073

Moule, M. G., Monack, D. M., and Schneider, D. S. (2010). Reciprocal analysis
of Francisella novicida infections of a Drosophila melanogaster model reveal
host-pathogen conflicts mediated by reactive oxygen and imd-regulated
innate immune response. PLoS Pathog. 6:e1001065. doi: 10.1371/journal.ppat.
1001065

Murch, A. L, Skipp, P. J., Roach, P. L., and Oyston, P. C. F. (2017). Whole genome
transcriptomics reveals global effects including up-regulation of Francisella
pathogenicity island gene expression during active stringent response in the
highly virulent Francisella tularensis subsp. tularensis SCHU S4. Microbiology
163, 1664-1679. doi: 10.1099/mic.0.000550

Nishino, K., Honda, T. and Yamaguchi, A. (2005).
analyses of Escherichia coli gene expression responsive to the BaeSR
two-component  regulatory system. J. Bacteriol. 187, 1763-1772.
doi: 10.1128/JB.187.5.1763-1772.2005

Petrosino, J. F., Xiang, Q., Karpathy, S. E., Jiang, H., Yerrapragada, S., Liu, Y.,
et al. (2006). Chromosome rearrangement and diversification of Francisella
tularensis revealed by the type B (OSU18) genome sequence. J. Bacteriol. 188,
6977-6985. doi: 10.1128/JB.00506-06

Propst, C. N., Pylypko, S. L., Blower, R. J., Ahmad, S., Mansoor, M., and
van Hoek, M. L. (2016). Francisella philomiragia infection and lethality in
mammalian tissue culture cell models, Galleria mellonella, and BALB/c mice.
Front. Microbiol. 7:696. doi: 10.3389/fmicb.2016.00696

Pruss, B. M. (2017). Involvement of two-component signaling on bacterial motility
and biofilm development. J. Bacteriol. 199:e00259-17. doi: 10.1128/]B.00259-17

Ramsey, K. M., and Dove, S. L. (2016). A response regulator promotes Francisella
tularensis intramacrophage growth by repressing an anti-virulence factor. Mol.
Microbiol. 101, 688-700. doi: 10.1111/mmi.13418

Rasko, D. A., Moreira, C. G,, Li de, R., Reading, N. C,, Ritchie, J. M., Waldor,
M. K, et al. (2008). Targeting QseC signaling and virulence for antibiotic
development. Science 321, 1078-1080. doi: 10.1126/science.1160354

Rasmussen, J. W., Cello, J., Gil, H., Forestal, C. A., Furie, M. B., Thanassi,
D. G, et al. (2006). Mac-1" cells are the predominant subset in the early
hepatic lesions of mice infected with Francisella tularensis. Infect. Immun. 74,
6590-6598. doi: 10.1128/TAL.00868-06

Richards, M. I, Michell, S. L., and Oyston, P. C. (2008). An intracellularly inducible
gene involved in virulence and polyphosphate production in Francisella. J. Med.
Microbiol. 57, 1183-1192. doi: 10.1099/jmm.0.2008/001826-0

Rifat, D., and Karakousis, P. C. (2014). Differential regulation of the two-
component regulatory system senX3-regX3 in Mycobacterium tuberculosis.
Microbiology 160, 1125-1133. doi: 10.1099/mic.0.077180-0

Rohmer, L., Fong,C., Abmayr, S., Wasnick, M., Larson Freeman, TJ., Radey, M.
etal. (2007). Comparison of Francisella tularensis genomes reveals evolutionary
events associated with the emergence of human pathogenic strains. Genome
Biol. 8:R102. doi: 10.1186/gb-2007-8-6-r102

Ryan, R. P, An, S. Q,, Allan, J. H., McCarthy, Y., and Dow, J. M. (2015). The DSF
family of cell-cell signals: an expanding class of bacterial virulence regulators.
PLoS Pathog. 11:¢1004986. doi: 10.1371/journal.ppat.1004986

Sammons-Jackson, W. L., McClelland, K., Manch-Citron, J. N., Metzger, D. W.,
Bakshi, C. S., Garcia, E., et al. (2008). Generation and characterization of
an attenuated mutant in a response regulator gene of Francisella tularensis

Genome-wide

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

June 2019 | Volume 9 | Article 198


https://doi.org/10.1128/mBio.02165-14
https://doi.org/10.1101/gad.303701.117
https://doi.org/10.1038/nrmicro2720
https://doi.org/10.1099/mic.0.031021-0
https://doi.org/10.1080/21505594.2015.1046029
https://doi.org/10.1128/JB.00437-06
https://doi.org/10.1001/jama.285.21.2763
https://doi.org/10.1007/s00248-009-9586-9
https://doi.org/10.1007/978-0-387-78885-2_1
https://doi.org/10.1128/AEM.01829-09
https://doi.org/10.1371/journal.ppat.1003201
https://doi.org/10.1146/annurev-micro-102215-095331
https://doi.org/10.1038/nrmicro3448
https://doi.org/10.1126/science.1116739
https://doi.org/10.1128/JB.00630-18
https://doi.org/10.1128/IAI.00550-07
https://doi.org/10.1111/j.1574-6976.2008.00101.x
https://doi.org/10.1038/ng1499
https://doi.org/10.1111/j.1365-2761.2008.00987.x
https://doi.org/10.1111/mmi.13759
https://doi.org/10.3389/fmolb.2018.00015
https://doi.org/10.1101/gad.1700308
https://doi.org/10.1128/IAI.00351-07
https://doi.org/10.1134/S0006297910040073
https://doi.org/10.1371/journal.ppat.1001065
https://doi.org/10.1099/mic.0.000550
https://doi.org/10.1128/JB.187.5.1763-1772.2005
https://doi.org/10.1128/JB.00506-06
https://doi.org/10.3389/fmicb.2016.00696
https://doi.org/10.1128/JB.00259-17
https://doi.org/10.1111/mmi.13418
https://doi.org/10.1126/science.1160354
https://doi.org/10.1128/IAI.00868-06
https://doi.org/10.1099/jmm.0.2008/001826-0
https://doi.org/10.1099/mic.0.077180-0
https://doi.org/10.1186/gb-2007-8-6-r102
https://doi.org/10.1371/journal.ppat.1004986
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

van Hoek et al.

Two-Component Systems in Francisella Species

live vaccine strain (LVS). DNA Cell Biol. 27, 387-403. doi: 10.1089/dna.
2007.0687

Sampson, T. R, Napier, B. A., Schroeder, M. R., Louwen, R., Zhao, ],
Chin, C. Y., et al. (2014). A CRISPR-Cas system enhances envelope
integrity mediating antibiotic resistance and inflammasome evasion.
Proc. Natl. Acad. Sci. U.S.A. 111, 11163-11168. doi: 10.1073/pnas.13230
25111

Stephens, M. D., Hubble, V. B., Ernst, R. K., van Hoek, M. L., Melander, R. J.,
Cavanagh, J., et al. (2016). Potentiation of Francisella resistance to conventional
antibiotics through small molecule adjuvants. Medchemcomm. 7, 128-131.
doi: 10.1039/C5MD00353A

Stock, A. M., Robinson, V. L.,
component signal transduction. Annu.
doi: 10.1146/annurev.biochem.69.1.183

Verhoeven, A. B., Durham-Colleran, M. W., Pierson, T., Boswell, W. T., and Van
Hoek, M. L. (2010). Francisella philomiragia biofilm formation and interaction
with the aquatic protist Acanthamoeba castellanii. Biol. Bull. 219, 178-188.
doi: 10.1086/BBLv219n2p178

Walters, M., and Sperandio, V. (2006). Autoinducer 3 and epinephrine
signaling in the kinetics of locus of enterocyte effacement gene expression
in enterohemorrhagic Escherichia coli. Infect. Immun. 74, 5445-5455.
doi: 10.1128/TAI.00099-06

Weinberg, Z., Barrick, J. E, Yao, Z., Roth, A, Kim, J. N., Gore, J., et al
(2007). Identification of 22 candidate structured RNAs in bacteria using the
CMfinder comparative genomics pipeline. Nucleic Acids Res. 35, 4809-4819.
doi: 10.1093/nar/gkm487

Weiss, D. S., Brotcke, A., Henry, T., Margolis, J. J., Chan, K., and Monack,
D. M. (2007). In vivo negative selection screen identifies genes required

P. N. (2000). Two-
Biochem. 69, 183-215.

and Goudreau,
Rev.

for Francisella virulence. Proc. Natl. Acad. Sci. US.A. 104, 6037-6042.
doi: 10.1073/pnas.0609675104

Wrench, A. P.,, Gardner, C. L., Gonzalez, C. F., and Lorca, G. L. (2013).
Identification of a small molecule that modifies MglA/SspA interaction
and impairs intramacrophage survival of Francisella tularensis. PLoS ONE
8:¢0054498. doi: 10.1371/journal.pone.0054498

Yoshida, M., Ishihama, A., and Yamamoto, K. (2015). Cross talk in promoter
recognition between six NarL-family response regulators of Escherichia coli
two-component system. Genes Cells 20, 601-612. doi: 10.1111/gtc.12251

Zerihun, M. A,, Feist, S. W., Bucke, D., Olsen, A. B., Tandstad, N. M., and
Colquhoun, D. J. (2011). Francisella noatunensis subsp. noatunensis is the
aetiological agent of visceral granulomatosis in wild Atlantic cod Gadus
morhua. Dis. Aquat. Org. 95, 65-71. doi: 10.3354/dao02341

Zeytun, A., Malfatti, S. A., Vergez, L. M., Shin, M., Garcia, E., and Chain, P. S.
(2012). Complete genome sequence of Francisella philomiragia ATCC 25017. J.
Bacteriol. 194:3266. doi: 10.1128/JB.00413-12

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 van Hoek, Hoang and Gunn. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

11

June 2019 | Volume 9 | Article 198


https://doi.org/10.1089/dna.2007.0687
https://doi.org/10.1073/pnas.1323025111
https://doi.org/10.1039/C5MD00353A
https://doi.org/10.1146/annurev.biochem.69.1.183
https://doi.org/10.1086/BBLv219n2p178
https://doi.org/10.1128/IAI.00099-06
https://doi.org/10.1093/nar/gkm487
https://doi.org/10.1073/pnas.0609675104
https://doi.org/10.1371/journal.pone.0054498
https://doi.org/10.1111/gtc.12251
https://doi.org/10.3354/dao02341
https://doi.org/10.1128/JB.00413-12
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Two-Component Systems in Francisella Species
	Role of TCS in Bacteria
	The Genus Francisella
	TCS Genes Present in the Genus Francisella
	Response Regulator QseB/PmrA
	Sensor Kinase QseC
	QseB/PmrA and QseC in Virulence and Bacterial Phyiology
	Potassium Regulatory TCS KdpDE
	External and Internal Small Molecule Signaling in Francisella
	Cross-Talk Between TCS Proteins
	Role of TCS Signaling in Francisella Pathogenesis: a Target for New Therapeutics?
	Remaining Questions Regarding TCS in Francisella
	Summary of Two-Component Systems in Francisella
	Author Contributions
	Funding
	Supplementary Material
	References


