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Abstract

Diana Hooker Romero

How does Yersinia coordinate iron/oxygen sensing with virulence regulation?

Iron is an essential element for most bacterial pathogens, including Yersinia. During infection,
the mammalian immune system sequesters iron from invading pathogens; yet in response to
this “nutritional immunity”, many pathogenic bacteria are able to colonize host tissue despite
the decrease in iron availability. Additionally, when these pathogens travel from the outside
environment into a mammalian host, they also encounter varying levels of oxygen depending
on the tissue, or inflammation state. The aim of this dissertation is to improve our understanding
of how bacterial pathogens couple iron and oxygen sending with virulence regulation.
Specifically, | used the bacterial pathogen Yersinia pseudotuberculosis to determine how the
type 1l secretion system (T3SS) is controlled in response to iron and oxygen. The T3SS is a
bacterial injectisome apparatus used by human pathogenic Yersinia spp., to manipulate host
defenses. Some of our recent studies suggest that Yersinia pseudotuberculosis uses the
transcriptional regulator IscR to control the T3SS through direct regulation of the T3SS master
regulator LcrF. IscR is a transcriptional regulator that binds different DNA sequence motifs,
depending on its [2Fe-2S] cluster-coordinating (holo-) or clusterless (apo-) form. lron
availability and oxygen tension have been shown to affect E. coli IScR [2Fe-2S] cluster integrity,
therefore impacting expression of IscR target genes®. Collectively, these data suggest that Y.
pseudotuberculosis may use IscR to sense changes in oxygen tension and iron bioavailability
to control critical virulence genes. However, it is not yet known whether changes in iron and
oxygen availability alter expression or function of the T3SS or other virulence factors in
Yersinia. Understanding how iron impacts microbial virulence can contribute to better
guidelines for patient care in the context of anemia, iron supplementation, iron overload and

inflammation.



The main goal of this dissertation is to determine the role of IscR on the regulation of the T3SS
master regulator LcrF. The first part of my dissertation sought to study in vitro how both iron
and oxygen availability affect the expression of iscR, IcrF and T3SS. We demonstrated that
the presence of oxygen drives expression of iscR and this in turn upregulates IcrF expression
and T3SS activity. Additionally, we showed that under anaerobic conditions, iScCR expression
is upregulated when iron is depleted, activating IcrF expression and, thus, T3SS expression.
The second part of this dissertation was to determine if IscR control on T3SS is important for
virulence in the mouse model of infection. To test this, we performed a bread feeding model of
infection, which mimics oral intake of contaminated food. Our results suggest that regulation of

the T3SS in response to iron and oxygen through IscR is critical for virulence.
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Chapter 1.

Corequlation of host-adapted iron uptake mechanisms and the type three secretion

system in Yersinia pseudotuberculosis

By Diana Hooker-Romero and Victoria Auerbuch



Introduction

Infectious diseases are one of the main causes of mortality in the world [1]. To cause
disease in mammals, bacteria need to overcome numerous environmental factors such as
temperature, pH, availability of nutrients, and immune response [2]. One remarkable feature
of the mammalian host environment and its effects on bacterial growth relates to the availability
of iron (Fe). The majority of bacterial pathogens require Fe for growth. During infection, the
host immune system withholds Fe from invading pathogens; but despite this protection system,
pathogenic bacteria manage to replicate and colonize host tissue to establish infection [3-5]. In
the case of enteric bacterial pathogens, the use of a wide range of iron transport and sensing
systems provides them with an advantage to survive the changing iron concentrations they
encounter when traveling within the human gut as well as to other organs [6]. For example, a
variety of high affinity Fe uptake systems have been shown to be essential for infection by
pathogenic Yersinia [7].

The type lll secretion system (T3SS) is a bacterial injectisome apparatus used by over
two dozen human pathogens, including human pathogenic Yersinia species, to manipulate host
defenses [8]. These pathogens only utilize their T3SS when in contact with a host cell;
therefore, it is not surprising that T3SSs are typically under the control of regulators that sense
a variety of different environmental cues such as oxygen tension, temperature, and iron [9-11].
In the case of Yersinia pseudotuberculosis, a recent study demonstrated that the iron-
dependent transcriptional regulator, IscR, directly controls expression of the Ysc T3SS [12].
Despite this, iron was not known to regulate the Yersinia T3SS. However, | describe in chapter
3 that both iron and oxygen control the Yersinia Ysc T3SS. To provide context for this finding,
in this chapter | will compare and contrast the different iron sensing/transport systems in
Yersinia and discuss how iron affects virulence gene expression in pathogenic Yersinia.

Understanding the link between host-specific metabolism and virulence factors, such as iron



uptake and the T3SS, will allow us to develop better therapeutic tools to target enteric

pathogens.

Human pathogenic Yersinia

The family Enterobacteriaceae contains the biggest, most diverse assortment of
medically important Gram-negative bacilli. These organisms are ubiquitous, found in soll,
water, vegetation, and as part of normal intestinal flora in most animals, including humans [6,
13]. The genus Yersinia is an example of intensively studied Enterobacteriaceae. Out of the 17
recognized Yersinia species, only three are known to cause disease in humans: Yersinia
enterocolitica, Yersinia pseudotuberculosis, and Yersinia pestis [14, 15]. These human
pathogens are zoonotic, and can grow under facultative anaerobic conditions, within
temperatures that range between 4°C to 42°C [16]. Y. pestis causes pneumonic and bubonic
plague, which can be lethal if not treated within the first several days of infection. In fact,
bubonic plague is regarded as one of the most fatal diseases in human history. [17]. The plague
is contracted when Y. pestis enters the human body by inhalation of contaminated aerosols, or
via fleabite, during which the bacteria is regurgitated into the dermis. Many flea species can
serve as plague vectors, with the most common species being Xenopsylla chopis, associated
with the oriental rat [18]. Once it is in the body, Y. pestis migrates to draining lymph nodes
where it activates immune responses by polymorphonuclear neutrophils (PMNSs), which in turn
causes the characteristic inflammation and hemorrhage of the lymph nodes observed in plague
patients [19].

Y. enterocolitica and Y. pseudotuberculosis are extracellular enteropathogens that are
contracted through ingestion of contaminated food or water [20, 21]. Enteric yersiniosis has an
infection rate of 0.33% in the U.S., however, these values are considered underestimated

because many cases are not reported due to the lack of testing and difficulty of detection of the



pathogen. The majority of the yersiniosis cases in the U.S. are caused by Y. enterocolitica.
Conversely, in Europe Y. enterocolitica is the third most common enteric infection [22].

After ingestion, Y. enterocolitica colonize the gut lumen and from there they can
access the Peyer’'s patches (PP). Studies using the mouse model of infection demonstrated
that Y. enterocolitica is not only able to invade and colonize the PP, but it can also disseminate
to the liver and spleen directly from the gut lumen [23-25]. Yersiniosis caused by Y.
enterocolitica is characterized by bloody diarrhea, acute gastroenteritis, pseudo-appendicitis,
and fever [21]. Several studies have shown that yersiniosis cause by Y. enterocolitica is more
common in children [22]. Y. pseudotuberculosis infections are less common but affect adults
more often than children. Most of the outbreaks caused by Y. pseudotuberculosis have been
reported in Finland, Switzerland, Japan, and Russia. An increased number of cases has also
been observed in France [26]

Y. pseudotuberculosis also causes abdominal pain and diarrhea. Experiments
performing infections in mice have shown that Y. pseudotuberculosis colonize the PP and
lymph nodes, and that they can disseminate to distant lymphatic organs such as liver, spleen
and lungs, and in rare occasions it can cause septicemia [27]. In another study using the mouse
model of yersiniosis, Y. pseudotuberculosis was shown to colonize the spleen and liver from a
replicating pool of bacteria in the intestine [28].

Previous studies comparing the DNA and RNA sequences between Y. pestis and Y.
pseudotuberculosis have demonstrated that their genomes have 97% nucleotide sequence
identity for most of the chromosomal genes; additionally, their 16S rRNA sequences are
identical [29, 30]. Based on information from the first plague epidemic, and the molecular clock
hypothesis, which uses the sequence variation at synonymous sites to calculate when the last
common ancestor existed, Achtman et al estimated that Y. pestis evolved from Y.
pseudotuberculosis within the last 1,500 to 20,000 years [31]. In addition, Y. pestis contains
two extra plasmids, pPCP1 and pMT1, which have been shown to be involved in capsule

formation, tissue invasion, and infection of the flea vector [32]. It has been suggested that



acquisition of these virulence plasmids as well as mutation and inactivation of certain virulence
genes in Y. pestis facilitated the high pathogenicity associated with black death epidemics [31,
32].

Another characteristic that pathogenic Yersinia have in common is the presence of a
70 kb virulence plasmid, named pYV in Y. enterocolitica and Y. pseudotuberculosis, and pCD1
in Y. pestis. This plasmid has been shown to be essential for causing disease, and it encodes
the T3SS structural genes, effector proteins (Yops, for Yersinia outer proteins), and genes
involved in the regulation of T3SS function and expression [33]. Expression of most of the pYV-
encoded virulence genes is tightly regulated by temperature. At mammalian body temperature,
these virulence genes are induced [34]. Temperature regulation of virulence genes is only one
example of the numerous factors that the pathogenic Yersinia species use to fine tune and
coordinate expression of virulence factors only when inside the host and in contact with host
cells. Consequently, understanding how the genetic difference between the three species
affects their pathogenicity and virulence may provide us with new tools to prevent future

epidemics.

Yersinia virulence factors

Adhesins

Despite the difference in pathology, the three Yersinia pathogens have various
features in common, such as tropism for lymphoid tissues, using various adhesion and
internalization factors, as well as the use of the Ysc T3SS to survive against immune
responses. Following ingestion, Yersinia enteropathogens travel through the gastrointestinal
tract until they arrive at the ileum, where they use the outer membrane protein invasin to bind
to the B1-integrins on the apical surface of M cells in the small intestine of the host epithelial
cells, where they cross the epithelial barrier and invade Payer’s patches. [35, 36]. Studies on

expression of the inv gene have shown that invasin is highly expressed prior to ingestion, when



food is stored at low temperature [37]. Intragastric infection of mice with a Y.
pseudotuberculosis mutant strain lacking inv gene resulted in a reduced number of bacteria in
the PPs during the early phase of the infection; however, its virulence was not reduced in
comparison to the wild type strain after several days post-inoculation. [35, 37]. In the case of
Y. pestis, the inv gene is not expressed because it contains an I1IS200 element, consistent with
the irrelevance of crossing the gut barrier to the life cycle of Y. pestis [38].

Another protein that is important during the early stages of infection is Ail (attachment-
invasion locus). This outer membrane protein is present in all three pathogenic Yersinia
species. It is only expressed at 37°C, under low oxygen conditions [39]. Ail has also been
shown to be important for Yersinia Yop secretion, since it binds to laminin and fibronectin on
target cells during Y. pseudotuberculosis infection, enabling the close association between
pathogen and host cell that is important for type Il secretion [40]. In addition, Ail recruits
complement regulatory factors to enable evasion of the complement [41]

The Yersinia adhesin A protein, YadA is an adhesin protein that is encoded by the pYV
70 kb virulence plasmid, and has been shown to play a role in bacterial adherence to different
extracellular matrix components of eukaryotic cells, specifically to B-integrins found on
epithelial cells [42]. YadA is a trimeric protein found in the outer membrane of Y. enterocolitica
and Y. pseudotuberculosis, and has been shown to mediate protection against the complement
Molecular Attack Complex (MAC), and certain antimicrobial peptides synthesized by PMNs
[43]. YadA also mediates the close bacterial-host cell contact necessary for the T3SS to deliver
Yop proteins into target host cells [44]. It is important to note that the yadA gene is not functional
in Y. pestis due to deletion of a single nucleotide that caused a frame shift mutation [45].
However, it has been recently discovered that Y. pestis contains two chromosomal genes,
yadB and yadC, which are similar to yadA [46]. YadA is not essential for virulence in Y.
pseudotuberculosis, but it is for Y. enterocolitica following the intraperitoneal route of infection

[23, 47].



Y. pestis also produces the pH6 antigen, which is an acidic, anti-phagocytic putative
adhesin composed of PsaA protein subunits [32]. This protein is expressed at 37°C, in acidic
conditions. Different studies have shown that Y. pestis producing pH6 antigen can escape from
phagolysosomes in macrophages and, when in blood, can agglutinate erythrocytes and even
interact with low density lipoproteins in plasma, protecting the bacteria from immune
recognition [48]. Y. pseudotuberculosis and Y. enterocolitica also express the pH6 antigen,
called Myf, mucoid Yersinia factor [49]. In Y. pseudotuberculosis, but not in Y. enterocolitica,

MyfA also plays a role in hemagglutination [50].

The Ysc type Il secretion system

As previously mentioned, the pYV/CD1 plasmid also encodes a series of effector
proteins called Yersinia outer proteins (Yops), as well as structural and regulatory genes of the
Ysc type Il secretion system (T3SS). The Ysc T3SS serves to deliver cytotoxic effectors into
eukaryotic target cells [51]. It is important to note that although the T3SS was first described in
Yersinia, this conserved virulence factor is found in many other human pathogens such as
enteropathogenic Escherichia coli (EPEC), enterohemorrhagic E. coli (EHEC), Salmonella sp.,
Pseudomonas aeruginosa, Shigella flexneri, and Chlamydia sp. [33]. The Ysc T3SS is required
for virulence in the three pathogenic Yersinia species. The Yop proteins dampen the phagocytic
immune response by targeting the actin cytoskeleton, suppressing cytokine production,
inhibiting phagocyte oxidative burst, or impacting the survival of phagocytic cells [7].

The T3SS is a molecular syringe that is composed of a basal body, a needle structure,
and a translocon complex. The basal body spans the cell envelope (the inner and outer
membranes and the peptidoglycan layer within the periplasm), and is composed of an outer
membrane ring, formed by YscC with the help of the pilotin YscW, and an inner membrane ring
formed by YscD and YscJ. The basal body also includes the export apparatus (YSCRSTUV),

the ATPase complex (YscNKL), and the C ring, made up of the protein YscQ., which direct the



assembly of the sorting complex that allows for recognition and processing of substrates [52].
Studies suggest that Yscl forms an inner rod that allows firm connection between the basal
body and the needle [53]. The needle is composed of a polymer of YscF subunits, which are
secreted through the Yscl rod, and polymerize outward from the basal body outside of the
bacterial cell [54]. The secreted YscP protein is thought to function as a molecular ruler to
determine the proper length of the needle [55], which reflects the distance between the host
cell and the pathogen during intimate contact mediated by the adhesins [56]. Mutants that
cannot synthesize YscF are unable to secrete Yops [57]. At the distal side of the needle, a
pentamer of LcrV forms the tip of the needle (Mueller et al, 2005). Upon secretion, the
hydrophobic proteins YopB and YopD interact with LcrV, forming the pore complex on the host
cell membrane. This pore has yet to be visualized, nor is it well-characterized [58]. In addition
to its role in translocon formation, YopD is also an important component of the T3SS regulatory
network, as its central region is required for proper translocation of the Yops into target cells,
[59]. Furthermore, a recent study demonstrated that YopD also plays a role in a positive
feedback loop that regulates IcrF mRNA stability. During active type Ill secretion, YopD is
secreted, leading to modulation of CsrA and RNaseE/ PNPase activity, which in turn increases
stabilization of IcrF mMRNA and enhanced LcrF translation [60]. The pYV/pCD1 plasmid also
encodes chaperone proteins that aid in the proper translocation of certain Yops into eukaryotic
cells [33]. Different studies have also demonstrated that the needle undergoes a
conformational change, caused by either cell contact or calcium depletion, which triggers the
actual secretion of seven effector proteins, YopJETMOHK, into the host cytosol. Once inside
the host cell, these effector proteins target different cell processes [61].

Inhibition of phagocytosis by macrophages and neutrophils is mediated by the effector
proteins YopEHOT [62]. YopH is a protein tyrosine phosphatase, whose activity antagonizes
numerous signaling pathways that are associated with phagocytosis of bacteria by host cells.
Experiments with Y. pseudotuberculosis have shown that YopH can block Ca?* signaling in

neutrophils, which is important in degranulation [63]. Moreover, YopE, T and O are toxins that



target RhoGTPases, which regulate different cellular functions [64], For example, YopE
deactivates RhoGTPases, disrupting the host actin cytoskeleton [63]. Studies have also shown
that YopE possesses a robust GTPase activity that allows it to dampen ROS production, [65].
In'Y. pestis, a mutant lacking yopE had ~10,000 fold decreased virulence in comparison to the
parental strain [66]. Similar studies show that in Y. pseudotuberculosis, YopE is necessary for
systemic spread after oral infection [62]. However, Y. enterocolitica lacking yopE was able to
spread systematically in mice after oral infection [67]. Characterization of YopT demonstrated
that it can act as a cysteine protease and cleave RhoA, RhoG, Rac, and Cdc42, disturbing
actin structures such as stress fibers and phagocytic cups [68]. YopH is a protein tyrosine
phosphatase that antagonizes a number of signaling pathways involved in phagocytosis, such
as counteracting oxidative burst in macrophages and neutrophils, and inhibiting integrin-
mediated phagocytosis [63]. YopJ/P inhibits NF-kB and MAPK signaling, which prevents the
expression of pro-inflammatory cytokines and pro-survival molecules, resulting in cell death in
macrophages [69]. Interestingly, this YopJ activity may lead to Yersinia innate immune
recognition and caspase-8 activation [70]. YopM inhibits macrophage pyrin-dependent
caspase-1 activation and pyroptosis, a form of inflammatory cell death [71]. Similarly, YopK
prevents excess entry of YopB and YopD into the host cytoplasm, limiting pyroptosis via a
poorly-defined pathway [72].

In general, pathogenic bacteria activate the expression of virulence genes by sensing
different environmental cues such as oxygen, pH, osmolarity, temperature, and iron availability
[9]. As with many other mammalian bacterial pathogens, Yersinia upregulates many of its
virulence genes at 37°C, host body temperature. Surprisingly, early studies in Y. pestis from
the mid-1950s showed that activation of the T3SS correlated with growth restriction when the
bacteria was cultured at 37°C in Ca?*-deprived media [33]. This observation was termed the
low calcium response (LCR) [73]. Expression of the majority of the pYV-encoded virulence
genes is controlled by the AraC-type DNA-binding protein LcrF (low calcium response F). LcrF

is thermoregulated at both the transcriptional and translational levels. At the transcriptional



level, LcrF depends on the binding of the thermo-labile protein YmoA [74]. At the translational
level it depends on an intergenic RNA thermometer that melts at 37°C, enabling access of the
ribosome to the ribosome binding site [75]. This tight regulation of LcrF ensures maximal
pathogenicity in Y. pseudotuberculosis [34]. In the mouse model of the intragastric Y.
pseudotuberculosis infection, mice infected with different IcrF RNA thermometer mutant strains
did not show any signs of disease and were still alive after fourteen days of infection, in contrast
to mice infected with the wild type strain, which died between three and six days post-infection
[34]. Disrupting delivery of Yop proteins affects the virulence of pathogenic Yersinia by making
them more susceptible to the host immune response. Therefore, it is important to understand

how Yersinia use host environmental cues to fine-tune expression of the T3SS.

Co-regulation of host-adapted metabolism and virulence

The gastrointestinal tract in mammals is considered as a very rich but challenging
environment for pathogenic bacteria to grow. Different factors such as nutrient supply, ion
concentration, oxygen tension, and pH can vary significantly in different portions of the gut [76].
In addition to the varying levels of these factors, pathogens have to compete with resident flora
for resources. Enteropathogenic Yersinia encounter a heterogeneous bacterial community of
around 10** bacteria from more than 400 species [76]. During infection, the immune system
induces inflammation and hypoxic conditions, which changes considerably the availability of
nutrients and ions [77]. As pathogenic Yersinia face varying environmental conditions during
their life cycle, tight regulation and coordination of multiple metabolic pathways is required. An
example of this is the ability of Yersinia to sense changes in nutrient supplies, especially sugars
and amino acid limitation, which trigger the activation of virulence factors via the cAMP receptor
protein, and the stringent response through Crp and (p)ppGpp, respectively [78]. In 2010
Vadyvaloo et al. conducted an in vivo transcriptomic study of Y. pestis, which revealed that

some of the most important virulence factors were repressed when the bacteria resided in the
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flea gut: the T3SS, the virulence regulator RovA, the fimbriae gene PsaA, the iron siderophore
(low molecular weight molecules with high affinity for Fe3* ions) yersiniabactin (Ybt), and the
iron transport system Yfe [79]. Conversely, when Y. pestis virulence gene expression was
studied in the rat model of pneumonic infection, expression of iron acquisition systems, such
as a hemin uptake operon, as well as T3SS genes were induced [80]. These results highlight
the ability of Yersinia to adapt to different environments and fine-tune metabolic and virulence
genes to successfully colonize its host. Understanding the relationship of host-adapted
bacterial metabolism and virulence will help us identify key metabolic and pathogenic pathways

as potential targets for the design of antimicrobial methods.

Iron metabolism and virulence

Iron (Fe) ions serve as metabolic cofactors for many proteins that play roles in crucial
processes, such as respiration, oxidative stress resistance, gene expression regulation, and
virulence gene production [7]. Iron is able to adopt two stable valences, ferric and ferrous,
providing iron-containing proteins with a considerable oxidation-reduction potential [6]. The
level of iron required for optimal bacterial growth is ~10-¢ M. However, within mammals the level
of free iron is significantly less, with an average of 1028 M [81]. This is because iron in mammals
is mostly found inside cells as heme, metalloproteins, or is stored in ferritin [6]. During infection,
the amount of iron decreases even further due to sequestration of iron from invading pathogens
in a process termed nutritional immunity [82]. For example, lactoferrin is a molecule found in
bodily secretions and neutrophil granules whose expression is induced during an inflammatory
response and acts to sequester iron [83]. In addition, as a response specific to enteric
pathogens, the inflamed intestine produces siderocalin/lipocalin-2, which is an antimicrobial
protein that captures the bacterial siderophore enterobactin, the primary siderophore of many
enteric bacteria. Studies show that mice laking siderocalin have an increased sensitivity to
bacterial pathogens that rely on this siderophore [84]. The importance of nutritional immunity

in the case of iron limitation is exemplified by the increased susceptibility of individuals with iron
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overload, including R-thalassemia, sideroblastic anemia, and hemochromatosis, some of the
most common genetic diseases in humans, to systemic infections with pathogenic Yersinia,
Vibrio parahemolyticus and several other pathogens [85, 86]

Numerous bacterial pathogens use iron depletion as an indication to tell when they
are within their vertebrate host and must adjust the production of virulence factors. For
example, the pathogens Corynebacterium diphtheriae and Shigella spp inhibit expression of
their toxins through the iron-activated global repressors DtxR and Fur, respectively [76]. An
interesting example of a pathogen that has evolved to survive host iron withholding is Bordetella
burgorferi, which causes Lyme disease. This pathogen substitutes iron with manganese in its
metal-requiring enzymes [84].

It is important to note that although iron is necessary for most living cell, excess iron is
toxic, especially if it is not bound to protein or chelated. In the presence of oxygen, free iron
can act as a catalyst for the Haber-Weiss reaction, where superoxides convert ferric iron to
ferrous iron (Fe?*). In the Fenton reaction, Fe?* reacts with peroxide to produce highly reactive
hydroxyl radicals [87]. Hydroxyl radicals can cause substantial cell damage or even death
because they can damage DNA, unsaturated lipids, and proteins. As oxygen plays an important
role in iron availability and iron toxicity, bacteria have evolved to regulate their iron metabolic

pathways in response to varying levels of iron and oxygen [6].

Fur

Enteropathogens have a wide arsenal of uptake systems adapted to the different iron
sources and availability, some of which are encoded on pathogenicity islands. To ensure
optimal iron uptake, pathogenic Yersinia have numerous iron uptake and detoxification
mechanisms preferentially activated depending on the environment and iron source they
encounter [51]. Due to the deleterious effects of excess iron on bacteria, it is thought that all
iron uptake mechanisms are ultimately repressed by iron. This global iron-dependent regulation

is largely controlled, directly or indirectly, by the repressor Fur (Ferric Uptake Regulator) [88].
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Fur binds as a dimer to specific sequences, known as Fur boxes, upstream of the
transcriptional start site of many iron-repressible genes. When iron levels are elevated, Fur
binds Fe?*, changing its configuration and allowing it to bind to the Fur boxes of iron-repressible
genes, including fur itself. Conversely, when iron levels are low, Fe?* is displaced from Fur,
subsequently releasing the target DNA sequences [6, 51]. Importantly, there are also genes
that have been shown to have higher expression in the presence of Fur, which suggests that
Fur can also activate genes, usually encoding proteins that coordinate iron or iron-sulfur
clusters [89]. Masse and Gottesman, (2002,2005) determined that the small non-coding RNA
RyhB repressed these genes, and that Fur repressed RyhB. Consequently, when the levels of
iron are low, RyhB is expressed, which in turn represses a series of genes encoding iron-
containing storage proteins, making iron available for essential processes [6]. Other studies
have also demonstrated that many iron-repressible genes, including those controlled by fur,
can be modulated by additional transcription factors in response to environmental changes,
such as oxidative stress or siderophore uptake [90]. This co-regulation of iron-dependent genes
ensures that pathogens use the most fitting iron uptake system during their passage through
the complex environment in the host organism.

Recent studies have determined that Fur/RyhB regulation can have a direct and/or
indirect effect on the regulation of specific virulence determinants [91]. Fur and RyhB have a
direct effect on genes involved in iron acquisition, an important process for most bacterial
pathogens. For example, Studies have shown that RyhB is important for virulence in the
pathogen Vibrio vulnificus; specifically, the ryhB mutant was shown to be less virulent in both
the WT and the hemochromatosis mouse model [92]. Another way Fur/RyhB can affect
virulence is by targeting transcriptional regulators, such Shigella dysenteriae VirB, which
inhibits T3SS expression when iron concentration is low, as in Shigella’s growth niche of the
eukaryotic cytoplasm [93]. This serves to avoid premature lysis of the host cell. Similarly, Fur
also controls expression of one of the two T3SSs in Salmonella Typhimurium based on iron

availability. Since iron availability differs between Salmonella-containing vacuoles in host cells
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and the gut lumen, two growth niches of Salmonella, Fur enables the pathogen to express its
T3SS-1 in the GI tract to invade eukaryotic cells [94]. In addition, by controlling iron
homeostasis, E. coli Fur and RyhB, regulate the intracellular concentration of iron, which in turn
allows the indirect regulation many other genes, including virulence determinants [95]. Lastly,
the T3SS of other pathogens such as Bordetella bronchiseptica and Vibrio parahaemolyticus
have been shown to be upregulated by iron starvation, although the mechanisms are still
unknown [9, 10]. Importantly, there have been other studies showing that Fur controls other
cellular processes that may affect virulence, such as acid shock and redox-stress responses,
chemotaxis, and metabolic pathways [96]. However, the mouse model of subcutaneous and
intranasal infection of Y. pestis using a ryhB mutant demonstrated no effect on virulence [97],

although a Y. pestis fur mutant has not been tested.

Iron uptake systems

Experimental and/or computational evidence have shown that most iron scavenging
systems in Yersinia are Fur-controlled. Among these systems is the siderophore-dependent
yersiniabactin (Ybt) inorganic iron transport system, which has been extensively studied. The
Ybt system is encoded on a pathogenicity island and is functional in numerous Gram-negative
pathogens [6]. In Yersinia, the genes responsible for biosynthesis, transport, and regulation of
the Ybt production are clustered on a highly pathogenicity island (HPI) that is located within the
pgm locus, a 102-kb region in the chromosome that undergoes spontaneous deletion due to
recombination between two 1S100 elements flanking the locus. Studies by Perry et al (2010)
demonstrated that the Ybt system is functional in Y. pseudotuberculosis, although it is absent
from several widely-used laboratory strains, including the IP2666 strain used in this thesis [98].
Similarly, the Y. pseudotuberculosis YPIII O3 type strain, which is commonly used to study
Yersinia virulence in mice models, lacks the Ybt system but shows no iron acquisition deficit
[99]. Likewise, the Y. pseudotuberculosis strains responsible for the Far East Scarlet-like fever

epidemic in the Far East Russia and Japan, also lack the ytb gene cluster [100]. In contrast, in
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experiments using the Y. pseudotuberculosis IP2790H strain, mutation of a Ybt biosynthetic
gene caused a 1,000-fold or greater loss of virulence in mice infected subcutaneously or
intravenously. Conversely, other studies have shown that the orthologous Y. pestis mutant is
fully virulent when mice were infected intravenously [101]. These finding shed light on the
possibility that highly pathogenic Yersinia use other siderophore systems when they lack Ybt.
Use of alternative siderophores such as pseudochelin (Pch) and yersiniachelin (Ych) has been
suggested; however, these siderophores have not yet been shown to be functional [99].
Interestingly, in studies comparing ybt gene expression between Y. pestis grown in LB media
and in vivo showed that ybt gene expression was increased in the rat bubo after subcutaneous
inoculation, as well as in the lungs after intranasal inoculation of mice [19, 102]. Interestingly,
there was no upregulation of ybt genes in the mouse spleen and liver in the pneumonic model
of infection [102]. Conversely, microarray studies comparing Y. pestis from blocked flea midgut
and the rat bubo showed that ybt gene expression is highly upregulated in the rat bubo but not
the flea [79]. Collectively, these studies demonstrate that yersiniabactin is important for
virulence of certain strains, but Yersinia has also evolved other mechanisms to acquire iron
during infection of mammals that allow it to colonize its host in the absence of yersiniabactin.
Another iron transport system that has been studied in pathogenic Yersinia is the Hmu
ABC transporter system. It is composed of the HmMUuRSTUV proteins, which are identical in all
five sequenced Y. pestis genomes. Y. pseudotuberculosis HmuR has four amino acids residue
changes from Y. pestis while HmuT has two [103]. HmuTUV comprise an ABC transporter that
works with the HmuR outer membrane receptor. Homologues of HmuS are suggested to
function as a hemin-binding protein that prevents toxicity. Despite the fact that the Hmu system
is necessary for uptake of hemin and other hemoproteins in Y. pestis, its mutation does not
affect virulence in a mouse model of bubonic plague [104]. Yersinia pathogens also possess
the haemophore system Has, which is composed of the HasRADEBF proteins. However, in
vitro studies with Y. pestis were unable to demonstrate transport activity for the Has hemophore

system [105] Additional experiments with an Y. pestis hmu-has double mutant suggested that

15



these demonstrated and putative hemin uptake systems are not involved in the pathogenesis
of bubonic or pneumonic plague, as this double mutant is fully virulent [98].

In addition to heme uptake systems, Yersinia have numerous demonstrated and
putative inorganic iron uptake systems (Table 1). The Yfe system is an ABC transporter for
ferrous iron. It is composed of YfeA, a periplasmic binding protein, two inner membrane
permeases, YfeC and YfeD, and the ATPase YfeB. An outer membrane has not yet been
identified [103]. In addition, the Feo transporter is found in the majority of the
Enterobacteriaceae and plays a role in the transport of ferrous iron under anoxic conditions
and/or during intracellular growth [106]. Experiments in the bubonic plague mouse model
showed that a single feoB mutant was still virulent, but a yfeAB mutant had a 8- to 9-fold
decrease in virulence [106]. However, a feoB/yfeAB double mutant displayed a synergistic 98-
fold loss of virulence. These results suggest that the two systems might play redundant roles
in vivo. Conversely, experiments in the pneumonic model of plague showed that the Yfe and
Feo systems did not play any role [106]. Based on these studies, we can conclude that during
infection, Yersinia use different iron transport systems depending on the time of infection, route,

and host organs.

T3SS, IscR, and iron

As mentioned previously, the T3SS is one of the main tools Yersinia and many other
human pathogens use to survive in the face of the host immune response. Recently, a novel
screen for Y. pseudotuberculosis mutants with defects in the T3SS identified the transcription
factor IscR as an essential gene for full T3SS function and virulence in a mouse model of
infection [12]. Yersinia IscR has 79% identity to the well-studied E. coli IscR. This study showed
that deletion of IscR leads to a significant loss of T3SS function. IscR is a transcriptional
regulator whose DNA-binding activity depends on its association with an iron-sulfur cluster,

[2Fe-2S]. It functions as a sensor of the cellular Fe-S cluster status and regulates Fe-S cluster
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biogenesis. When it is associated with the [2Fe-2S] cluster (holo-IscR), it binds to two different
types of DNA maotifs; in contrast, in its apo form, IscR binds only to so-called type 2 DNA
sequence motifs. Additionally, the helix-turn helix DNA binding domain and the three cysteines
and histidine known to coordinate an Fe-S cluster in E. coli IscR are conserved in all three
pathogenic Yersinia. Importantly, a Y. pseudotuberculosis iscR mutant showed significantly
decreased virulence in the mouse oral model of infection [12]. In E. coli, IScR controls more
than 40 genes [107]. In addition, Vibrio vulnificus IscR is a global regulator that controls
expression of many genes involved in Fe-S biogenesis and other cellular processes [108].
Different studies have shown that factors such as oxidative stress, iron starvation, and oxygen
limitation can affect the cellular Fe-S cluster pool, which in turn will modulate the expression of
different genes through IscR. In terms of virulence genes, IscR function has been shown to
affect the ability for some pathogens to resist oxidative stress and maintain iron homeostasis
during host infection [109]. A study with Pseudomonas aeruginosa showed that a mutant
lacking IscR is hypersensitive to peroxide and paraquat, and displays decreased virulence in
an acute infection models, due to the decrease of catalase A (KatA) enzyme activity [110]. In
a similar way, deletion of IscR also renders the pathogen Bulkholderia mallei less resistant to
reactive nitrogen species [111], and protects the intracellular pathogen Shigella flexneri against
oxidative stress [109]. Moreover, it was shown that IScR regulates bacterial sensitivity to
oxidative stress during host coinfection with the bacterium Haemophilus influenza and
Influenza A virus [112]. Other studies have also demonstrated IscR control over other virulence
factors such as motility, adhesion to host cells, and hemolytic activity in V. vulnificus, as well
as capsular polysaccharide biosynthesis and iron acquisition pathways in Klebsiella
pneumoniae [108, 113]. Furthermore, a recent study demonstrated that S. enterica represses
the SPI-1 T3SS in response to low iron or high oxygen conditions through IscR direct regulation
of the transcriptional regulator hilD [114]. As mentioned above, another study demonstrated
that Fur induces expression of hilD under iron replete conditions [91]. These studies showed

how Salmonella regulates expression of the SPI-1 T3SS by two different transcriptional
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regulators under the control of iron. All of these examples, in addition to the fact that IscR is
not used in plants or mammalian hosts, suggests that IscR is a transcriptional regulator with a
potential of being a target for antimicrobial treatment [109]. Understanding how pathogens have
evolved to use the limitation of iron as an environmental cue to fine-tune their virulence and

pathogenicity will allow us to develop better tools to prevent bacterial diseases.
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Tablel. Yersinia iron/hemin uptake systems.

Proteins

FeoB (inner
membrane

transporter)

YfeABCDE
(ABC

transporter)

YiuABC

(ABC
transporter)
Irp2
(yersiniabactin
synthesis)
YfuA
(yersiniabactic

receptor)

Hmu (haem

receptor)

HasR
(haemophore

receptor)

Metal

specificity

Fe?

Fe?t

Fe?*

Fes*

Fedt

haem

haem

Major

regulators

Fur

Fur

Fur

Fur, YbtA

Fur, YbtA

Fur

Fur, Hasl,

HasS

Species

19

. pestis
. pstb.

. ent.

. pestis

. Y. pstb.

. pestis

. pestis

. pstb.

. pestis

. pstb.

. pestis

. pstb.

. pestis

Role in

virulence

Systemic

infection

No effect in
local

infection

No effect in
local
infection
Effect in
local
infection
Effect in
local

infection

No effect in
local or
systemic
infection
No effect in

local or

Reference

Perry et al, 2007;

Forman et al, 2010

Bearden and Perry
1999 ; Forman et al.
2007 ; Perry et al.
2003

Kirillina et al, 2006

Perry et al, 1999

Kirillina et al. 2006;
Perry et al. 2004 ;
Perry and Fetherston
2004, Forman et al,
2010

Thomsom et al 1999;

Rossi et al, 2001

Rossi et al, 2001;

Forman et al, 2010



systemic

infection
Ybt Fe3t Fur, YbtA Y. pestis Effect in Bearden et al. 1997;
(yersiniabactin) Y. pstb. local Bearden and Perry
Y. ent. infection 1999 ;
Fetherston et al. 1999;
Carniel et al. 1992 ;
Karlyshev et al. 2001
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Summary/Abstract

Yersiniosis is common food-borne gastrointestinal disease caused by the enteric pathogens
Yersinia enterocolitica and Yersinia pseudotuberculosis. The mouse model of oral infection
serves as a useful tool to study enteropathogenic Yersinia infection in mammals. The
following protocol describes two distinct oral infection methods: the commonly used oral
gavage method in which the bacterial inoculum is instilled directly into the mouse stomach
using a feeding needle, and an alternative method in which mice are fed bread soaked with

Yersinia culture.

1. Introduction

Yersiniosis is a food-borne, self-limiting gastrointestinal disease caused by the Gram
negative bacterial pathogens Yersinia enterocolitica and Yersinia pseudotuberculosis, which
are usually transmitted via the fecal-oral route (1). Although both Y. pseudotuberculosis and
Y. enterocolitica cause disease, most cases in humans are associated with Y. enterocolitica
(2). In otherwise healthy individuals, yersiniosis is characterized by mild, self-limiting diarrhea,
enteritis, ileocolitis, and mesenteric lymphadenitis, and can affect the appendix tissue and
mimic appendicitis (1). In immunocompromised patients, or in patients with iron overload (2),
Yersinia can disseminate to the spleen and liver. The Yersinia mouse model of oral infection
is the most widely used animal model to study enteric Yersinia infections, as it reflects the
natural route of infection where the pathogen is exposed to the mucosal immune environment
of the small intestine before disseminating into deeper tissues (3, 4). Specifically, the mouse
model of oral infection mimics human disseminated infection in that the spleen and liver

become colonized.

The oral infection model was first established by Phil Carter and Frank Collins in 1974 when

they demonstrated that after oral gavage, mice displayed similar symptoms to those
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observed in humans, such as formation of abscesses in Peyer’s patches, mesenteric lymph
nodes, spleen, and liver (5, 6). These abscesses can resolve in animals that survive the
infection (5-8). After ingestion, Yersinia adheres to the apical surface of microfold (M) cells
within the small intestinal lining, where the bacteria cross the epithelial barrier to the
underlying Peyer’s patches (9, 10). Within the Peyer’s patches, Yersinia replicate
extracellularly and disseminate to distal lymphoid tissues such as the mesenteric lymph
nodes (1). However, Yersinia can also replicate in the intestinal lumen and a Peyer’s patch
independent route of dissemination from the gut lumen to the spleen and liver has been
described for Y. pseudotuberculosis, although the mechanism remains unclear (11). This
Peyer’s patch independent route enables successful colonization of the spleen and liver,

where monoclonal microabscesses are formed (7, 11).

Numerous studies using the mouse oral infection model have identified a number of virulence
factors needed for infection and survival in the host (8, 10, 12-20). In addition, a recent study
showed that virulence factor expression can vary within an abscess, depending on proximity
to immune cells and other parameters (8). Other studies have provided a better
understanding of how the host immune system recognizes and reacts to Yersinia (17, 19, 21—
27). The dynamic interplay between a variety of host cells and Yersinia capable of sensing
environmental cues to control virulence gene expression underscores the importance of
studying the host-pathogen interaction in the context of a natural infection model. Studies like
the one by Nuss et al, which analyzed the interaction between Y. pseudotuberculosis and the
murine host by performing a dual RNAseq technique on infected mouse Peyer’s patches

(26), will help fill in the gaps of our understanding.

The following protocols describe two different methods of orally inoculating mice with

enteropathogenic Yersinia. The first method, oral gavage, which introduces the bacterial

inoculum directly into the stomach, is the most commonly used procedure. The second
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method, bread feeding, is a new protocol recently developed for Listeria monocytogenes
infection by Ghanem et al (2013), in which bacterial culture is resuspended in melted butter
and soaked into a small piece of white bread (28). Our lab has adapted this method to use
with Y. pseudotuberculosis infection of mice because it resembles a more natural route of
oral infection and prevents possible physical trauma to the lining of the esophagus, which
could cause direct entrance of the inoculum into the bloodstream (28). This method also
limits stress on the animal subjects during delivery of the infectious dose. However, one
limitation is that, depending on the mouse genotype and susceptibility to Yersinia infection, it
can be challenging to deliver a large enough inoculum. Therefore, we have performed this
method successfully in 129S1/SvimJ mice (see Figure 1) but not in C57BI/6 mice, which

require a higher dose (4).

Oral gavage Bread feeding
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Fig. 1. Bacterial load in the different organs is comparable after oral infection of Yersinia
pseudotuberculosis by oral gavage or bread feeding. Mice were infected with 2 X108 CFU of
WT Y. pseudotuberculosis IP2666 and after 5 days the mesenteric lymph nodes, Peyer's
patches, livers, and spleens were harvested, homogenized, and plated for CFU

determination. Oral gavage data points were previously published in Miller et al. [20, 21]
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The oral mouse models of infection described here can be used to determine virulence

kinetics of different Y. pseudotuberculosis or Y. enterocolitica strains or mutants.

Dissemination can be analyzed by plating homogenates of mouse organs and counting

colony forming units (CFU), or by sectioning mouse organ tissue and analyzing microabscess

formation by immunohistochemistry. This latter approach is usually done after infecting mice

with fluorescently labeled bacteria (7, 8, 19)

2. Materials

2.1. Oral gavage.

Sterile 1ml syringes and gauge 10, stainless-steel 2-inch feeding needles
with a smooth, 3 mm ball on the end.

Luria Broth (LB) medium.

Sterile 1X Phosphate-buffered saline (1X PBS).

Yersinia strains to be used during infection. (see note 1)

8-10 week old 129X1/Sjv mice. (see note 2) (see note 3)

LB agar plates supplemented with irgasan (1pug/ml).

Sterile 1X PBS.

Sterile spreading glass beads.

1.5 ml Eppendorf tubes.

2.2. Oral infection via ingestion of contaminated bread.

L

Sterile 1X PBS.

LB medium.

Yersinia strains to be used during infection.
Salted sweet cream butter

White sliced bread.
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6. Sterile scalpel.

7. Sterile 1.5 ml microcentrifuge tubes.

8. 8-10 week old 129X1/Sjv mice. (see note 4)

9. LB agar plates supplemented with irgasan (Lug/ml).
10. Sterile 1X PBS.

11. Sterile spreading glass beads.

12. 1.5 ml Eppendorf tubes

2.3. Dissemination analysis

1. 15 ml Conical tubes.

2. LB agar plates supplemented with irgasan (1ug/ml). Approximately 6
plates per organ per mouse.

3. Cotton balls.

4. Sterile 1X PBS.

5. Isoflurane.

6. Sterile spreading glass beads.

7. Sterile 1.5 ml Eppendorf tubes.

8. Sterile scalpel, forceps, and scissors for mice tissue dissection.

9. Sterile 5ml culture tubes or 15ml conical tubes to collect mice tissues and
perform homogenization.

10. Scale.

11. Plastic Tupperware with cover.

12. Omni Tissue Homogenizer with stainless steel probe (125 watt, speed
5,000 — 35,000rpm).

13. 70% (v/v) ethanol.

14. 100% ethanol.
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15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

3. Methods

50 ml conical tubes

Fresh 4% Paraformaldehyde in 1X PBS
30% sucrose in 1X PBS

Leica Cryostat

OCT compound-freezing media
Positively charged slides

ProLong Gold Antifade Mountant

Clear nail polish

Coverslips

2-methyl butane

Dry ice

3.1. Oral gavage.

1.

15-18 h prior to infection, fast mice by removing chow. Continue
providing water ad libitum. (see note 5)

15-18 h prior to infection, inoculate 2 ml of LB media with Yersinia strain.
Grow at 26°C with agitation.

Take OD of the overnight culture and calculate amount of culture needed
to inoculate 2 x108 bacteria per mouse (see note 6). Transfer culture to
Eppendorf tube and spin down for 5 minutes at 835 x g. Decant
supernatant and resuspend bacterial culture in 1X PBS to approximately
2 x 10° bacteria/ml. Each mouse will get 200 pl aliquots of 2 x108
bacteria per inoculum. (see note 7)

Uptake the bacterial suspension into the syringe and position the feeding

needle securely.
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10.

11.

Restrain the mouse securely by the scruff and hold mouse in an upright
position, preventing the mouse from moving its head. (see note 8)
Locate the mouse’s last rib, this is the position of the stomach. With the
ball tip at the last rib, place the needle alongside the mouse and look at
where the shaft meets the mouse’s incisors, this is the point at which you
would stop advancing the needle.

Introduce the feeding needle into the mouse mouth slowly and guide the
ball tip along the roof of the mouth and towards the back of the throat,
incline the syringe so that it is parallel with the mouse body and gently
guide the needle down the esophagus. Never force the needle. Remove
the needle and try again if you get resistance. Once the needle tip is in
the stomach, inject 200ul slowly. Control mice can be inoculated with
sterile 1X PBS.

Remove the needle straight up slowly.

Return mouse to cage and monitor for any signs of respiratory distress or
injury, which would indicate unintended injury during gavage.

Provide food and water at libitum.

Verify inoculum by plating 10-fold serial dilutions onto LB plates with
irgasan 1ug/ml, as it selects for Yersinia species. For the dilutions, add
900 ul of 1X PBS into 1.5 ml Eppendorf tubes. Take 100 ul of inoculum
and pipet into the first Eppendorf tube, vortexing vigorously for 15 sec,
for a 1:10 dilution. Take 100 pl of the 1:10 dilution and add it to the next
tube containing 900 pl sterile 1X PBS to make the 1:100 dilution. Repeat

these steps to make 5 dilutions for each organ.
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12. Add 100 pl of each dilution to a previously labeled LB plate
supplemented with irgasan, add spreading beads and shake plate for 30
seconds to spread the bacteria. Remove the beads.

13. Incubate plates at 26°C for 48hr, then count colonies.

3.2. Oral infection via ingestion of contaminated bread.

1. 15-18 h prior to infection, fast mice by removing chow. Continue
providing water ad libitum.

2. 15-18 h prior to infection, inoculate 2 ml of LB media with Yersinia strain.
Grow at 26°C with agitation.

3. Remove crust from bread and cut into small 3-4mm cubes with the sterile
scalpel blade. (see note 9) (see figure 2)

4. Cut butter into 0.5-1 cm cubes and place into 1.5 ml microcentrifuge

tube. (see note 9)

Fig. 2 Measurement of the bread size for mouse infection. After cutting the crusts, the bread

is sliced with a sterile scalpel. Pieces should be cubes of about 3—4 mm?
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10.

11.
12.
13.

Incubate microcentrifuge tube with 2 ml aliquot of 1X PBS in water bath
at 55°C.

Incubate microcentrifuge tube with previously cut butter in water bath at
55°C.

Once the overnight culture is ready, take OD and calculate number of
bacteria needed for an infectious dose of 2 x 108 per mouse. For
example, to inoculate 10 mice, transfer 2 x 10° cells to an Eppendorf
tube.

Spin down culture at 835 x g for 5 minutes, then aspirate supernatant.
Each inoculum needs to be resuspended in 2 ul of previously incubated
at 55°C 1X PBS and 3 pl of melted butter. For 10 inoculums, resuspend
the 2 x 10°cells in 20 ul of warm 1X PBS and 30 ul of melted butter. Mix
thoroughly and rapidly pipet the 5 ul onto a bread cube (see note 10).
Store tubes with inoculated bread on ice until ready to do infection.
Place each mouse in an empty cage and provide the bread piece. Wait
until the animal has eaten the entire piece of bread. This usually takes a
few minutes. (see Note 11)

After infection, return mouse to original cage.

Provide food and water at libitum.

Verify inoculum by placing an inoculated bread piece in 1ml of warm 1X

PBS and vortexing vigorously for 30 seconds.

14. Serially dilute bread homogenate by a 10 fold factor by adding 100 pl of it

15.

into 900pl of 1X PBS. Continue serially diluting to 107,

Plate the last four dilutions onto LB plates supplemented with irgasan by

pipetting 100 ul and spreading with sterile glass beads.
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3.3. Methods for studying bacterial dissemination
After inoculation, check mice daily for signs of distress. Inspect daily for any inactivity,
lack of responsiveness to stimulation, reduced eating or drinking, hunched posture, or
ruffled fur, which can be indicative of severe illness. If mice display any of those signs,
euthanize immediately to avoid suffering. Tissues can be harvested between 1 and 5
days post-inoculation.

3.3.1. Bacterial enumeration in infected tissues

1. Label and weigh one 15 ml conical tube for each tissue that will be
harvested.

2. Euthanize mice by an American Veterinary Medical Association
approved method.

3. Pin mouse to dissecting board and spray ventral side with 70% ethanol.

4. Make an incision along the abdomen with sterile scissors.

5. Place intestines on one side, without damaging the mesentery, so that

the mesenteric lymph nodes are exposed. (see note 12) (see figure 3)

Fig. 3 Location of the inflamed mesenteric lymph nodes and Peyer’s patches. Once the
intestines are exposed, lift the intestinal coils on the mouse’s right side and shift over to the
left to find the mesentery (a). Find the mesenteric lymph nodes nestled in the mesentery (b).

They will look like small white oval plump structures. The Peyer’s patches are located along
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the intestine walls (c). They look like pearly white raised dots on the surface of the small

intestine.

10.

11.

16.

Using aseptic technique, remove the mesenteric lymph nodes and place
them on ice in a previously weighed conical tube.

Remove the Peyer’s patches along the small intestine (see figure 3) by
using scissors to cut each Peyer’s patch away from the small intestinal
tissue, taking care not to include luminal contents. Place the Peyer's
patch in a previously weighed conical tube. Incubate on ice. Peyer’s
patches belonging to the same mouse are placed into the same tube.
Remove spleen and liver and place on ice in individual previously
weighed conical tubes. (see note 13)

Weigh the tubes containing the organs.

Add 1ml of sterile 1X PBS to the tubes holding the livers and 500 pl to
the tubes holding the remaining organs. (see note 14)

Homogenize organs for 30 seconds with tissue homogenizer at 20,000
rom. Smaller organs such Peyer’s patches and mesenteric lymph nodes
are homogenized first, then the spleen is homogenized, followed by the
liver. Homogenization should be done in a laminar air flow hood since
bacteria can be aerosolized. Wash homogenizer between each set of
organs by running the homogenizer at 20,000 rpm for 15 seconds in a 50
ml conical tube filled with 1X PBS, followed by a run in 100% ethanol,
and then 1X PBS again. A fresh set of washing tubes is used for each

mouse.

Serially dilute homogenate by a 10-fold factor by adding 100 pl of it into

900 pl of 1X PBS. Continue serially dilution from 10 to 104
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12. Use undiluted homogenate as well as the 101 to 10 dilutions for
Peyer’s patches, mesenteric lymph nodes, liver, and spleen. Plate onto
LB plates supplemented with irgasan by pipetting 100 ul and spreading it
with sterile glass beads.

13. Incubate plates at 26°C for 48 hours.

14. Count colony forming units (CFU) and calculate CFU per gram of tissue

using the formula below. (see figure 1)

CFU total vol. PBS .
) ( ) (dilution factor)

CFU/ _ (
gr Organ Vol.plated/ \Weight of organ
3.3.2. Immunofluorescence analysis of infected tissues
If mice have been infected with fluorescent Yersinia strains, bacterial dissemination can also

be examined by microscopy.

1. Harvest tissues as described in 3.3.1 steps 1 to 4.

2. Place organs in 15 ml conical tubes containing 1ml 1X PBS. Swirl the
tube slowly for 15 seconds, decant PBS and repeat wash with fresh PBS
two more times.

3. Fix organs by placing them in a 15 ml conical tube and adding 1 ml of
fresh 4% PFA in PBS. Incubate for 3 hours.

4. Wash tissue by transferring each organ to a new 15 ml conical tube with
1 ml 1X PBS and incubating for 5 minutes at room temperature. Repeat
once more.

5. Incubate in 2 ml of 30% sucrose overnight at 4°C.

6. To freeze-embed the tissue, add about 2 ml of tissue freezing media to a
cryogenesis cuvette, then add the organ and completely cover with more

freezing media. Make sure to add media slowly to avoid any bubbles.
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7. Submerge the cuvette in a flask filled with ~200 ml of 2-methylbutane
over dry ice. (See note 15)

8. Cut 10 um sections with a cryostat microtome and affix to slides. Store
slides in dark slide box at 4°C until ready to stain.

9. Stain tissues with Hoechst at a 1:10,000 dilution in 1X PBS. Incubate for
30 minutes in the dark at room temperature.

10. Wash two times by tilting the slide to 45° and slowly pipetting 1X PBS to
the top of the slide and letting it drip over the tissue slice.

11. Affix coverslips with an antifade mountant such as ProLong Gold, and
seal the sides of the coverslip with clear nail polish.

12. Let the ProLong Gold cure and nail polish dry overnight by storing in the
dark at room temperature.

13. Examine by fluorescence microscopy.

4. Notes

1. Y. pseudotuberculosis and Y. enterocolitica are considered potentially hazardous.
Biosafety Level 2 practices and facilities are required when working with these
pathogens.

2. All experimental procedures using live animals must be approved by the relevant
Institutional Animal Care and Use Committee (IACUC).

3. Yersiniosis oral model studies usually use mice between 7 to 12 weeks old, as infant
mice do not develop systemic infection (29). The three main inbred mouse strains
used for Yersinia oral infection are C57BL/6, BALB/c, and 129X1/Sjv. A study
comparing the three mouse strains showed no difference in dissemination patterns
and tissue pathology; however, mesenteric lymph nodes of C5BL/6 mice displayed a
lower bacterial load, compared to the other two strains. Additionally, this study also

reported high variability in spleen colonization in C57BL/6 and BALB/c mice (4). LDso
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analysis showed that BALB/c mice are more susceptible, and that C57BL/6 are more
resistant.

We have performed this method with 8 to10-week-old 129S1 mice only and have not
tested the optimal inoculum for other mouse inbred strains. As the infectious dose
used to infect C57BI/6 is higher due to higher resistance, the pieces of bread fed to
these animals would need to be larger to soak up the larger Yersinia pellet
resuspension. This can be challenging given the small size of the mouse stomach.
Additionally, a bigger bacterial pellet might also be hard to resuspend in such a small
amount of butter, making the suspension very sticky and hard to get off of the tube.
Sodium chloride or sodium bicarbonate can be supplemented before inoculation.
Pretreatment of mice with sodium bicarbonate can reduce gastric acid and thus
resistance to gastric infection (30). However, another study giving different
concentrations of sodium chloride to mice before orally inoculating them with Yersinia
enterocolitica suggested that neutralization of gastric acidity had no effect on
bacterial virulence (31).

Quantity of cells corresponding to a specific OD can be calculated by growing an
overnight culture of the strains to be inoculated, taking the OD with a
spectrophotometer and then performing a 10-fold serial dilution, from which 100 pl
are plated on LB plates. CFU can be counted after 48 hrs incubation at 26°C
Different studies using Yersinia pseudotuberculosis strains IP2666, YPIII, and
IP32953 have shown that the ideal inoculum is between 1 x 108 to 8 x 108 CFU for
C57BL/6 and 129X1/Sjv mice, and about 2 x 107 for BALB/c mice. However, dose
depends on bacterial serotype, as some serotypes can be more virulent than others.
Mice can be lightly anesthetized using a vaporizer to deliver a small dose of
isoflurane before performing oral gavage. This can minimize stress on the mice and

prevent mice from moving during gavage. After gavage, mice are monitored for
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10.

11.

12.

13.

several minutes after they regain consciousness to ensure they do not show any
signs of distress or discomfort. Isoflurane usage should be performed in a ducted
biosafety cabinet or in the presence of an isoflurane scavenger system to avoid
accidental inhalation.

Store individual bread pieces in a microcentrifuge tube or small petri dish at -20C.
This can be done up to a day before inoculation of the bread. Butter can also be
stored ahead of time in an Eppendorf tube at -20C.To avoid fast cooling of the butter,
bacterial resuspension in warm butter and PBS can be done in batches. Avoid doing
more than 10 pieces at the time or the butter will solidify. To keep the butter melted in
between bread inoculations, rapidly dip bacterial suspension tube in a 55°C water
bath for a couple seconds and pipette several times to mix bacterial suspension.
Make sure this is done rapidly so as not affect bacterial viability.

If mouse does not eat the piece of bread within 15 minutes, mouse can be left
undisturbed in the cage for up to 2 hours.

Mesenteric lymph nodes are usually removed first before disrupting the mesentery.
Once the intestines are exposed, lift the intestinal coils on the mouse’s right side and
shift over to the left to find the mesentery. Find the mesenteric lymph nodes nestled
in the mesentery. They will look like small white oval plump structures. (See Figure
3)

It is also possible to analyze Yersinia within the small intestine and feces. When
plating the small intestine, squeeze out the contents with forceps and plate that
separately from the small intestinal tissue. Cecal content and fecal pellets can also
be homogenized and analyzed for bacterial content.

PBS can be added prior to weighing the tubes. NP-40 detergent can also be added
to PBS to lyse open the mouse cells. No difference between the use of PBS and PBS

with NP-40 has been found in terms of CFU (27).
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14. 2-methyl buthane should be previously incubated at -70°C the night before tissue

embedding.
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Chapter 3.

Iron availability and oxygen tension requlate the Yersinia Ysc type lll secretion system

through IscR to enable disseminated infection

By Diana Hooker-Romero, Erin Mettert, Leah Schwiesow, David Balderas, Anadin Kicin,

Azuah Gonzalez, Gregory Plano, Patricia J. Kiley, Victoria Auerbuch
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Abstract

In E. coli, IscR is a [2Fe-2S] cluster-containing transcription factor whose levels and activity are
controlled by Fe-S cluster demand, which in turn is regulated by iron availability and oxygen
tension. We recently showed that IscR is required for expression of a major Yersinia virulence
factor, the Ysc type Il secretion system (T3SS). In Yersinia, IscR binds to the promoter of the
T3SS master regulator LcrF and promotes IcrF transcription, type Il secretion (T3S), and
virulence. However, iron and oxygen have not previously been shown to control the Yersinia
T3SS, although Y. pseudotuberculosis and Y. pestis are known to encounter fluctuating iron
and oxygen availability in host tissues. In this study, we show that the Y. pseudotuberculosis
T3SS is expressed under aerobic conditions regardless of iron availability. However, T3S can
only be detected anaerobically if bacteria are depleted of iron or if IscR is mutated to prevent
Fe-S cluster coordination, leading to ectopic IscR overexpression through disruption of a
negative feedback loop. Yersinia T3S under both aerobic and anaerobic conditions is
dependent on IscR binding to the IcrF promoter. Importantly, a mutation that prevents this
binding leads to decreased disseminated infection in a Y. pseudotuberculosis bread-feeding
mouse model but does not perturb bacterial colonization of the intestinal lumen. The IscR
binding site in the IcrF promoter is completely conserved between Y. pseudotuberculosis and
Y. pestis, and deletion of iscR in Y. pestis leads to drastic disruption of T3S. We propose that
pathogenic Yersinia use IScR to sense iron and oxygen availability to control T3SS expression

during infection.

Author summary

The Yersinia T3SS is critical for dampening host defenses and promoting virulence of the
enteropathogens Yersinia pseudotuberculosis and Y. enterocolitica as well as Y. pestis, the
causative agent of plague. Yet active type Il secretion in Yersinia induces growth arrest and
the T3SS is an object of innate immune recognition. In order to express the T3SS only when

needed, pathogenic Yersinia have evolved to tightly regulate T3SS expression, for example,
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by responding to changes in temperature when transitioning from the environment into the host.
Here we show that T3SS expression in Yersinia is also regulated by iron availability and oxygen
tension, which fluctuate over the course of Yersinia infection within the mammalian host. For
example, iron is predicted to be more available to enteropathogenic Yersinia in the lumen of
the intestine compared to in deeper tissues, where nutritional immunity maintains iron at
vanishingly low levels. In addition, the oxygen gradient within intestinal tissue is critical for
maintaining gut homeostasis and is disrupted in a number of inflammatory diseases. In this
study, we show that eliminating the ability of Yersinia to control their T3SS in response to iron
and oxygen leads to avirulence. These data suggest that Yersinia dynamically sense multiple

cues during their life cycle to shape expression of critical factors promoting virulence.

Introduction

Iron (Fe) ions serve as metabolic cofactors for many proteins that play roles in crucial
processes such as respiration, oxidative stress resistance, gene expression regulation, and
virulence factor production [1]. Iron is able to adopt two stable valences, ferric and ferrous,
providing iron-containing proteins with a considerable oxidation-reduction potential [2]. The
level of iron required for optimal bacterial growth is ~10® M. However, the level of free iron in
mammalian tissues is typically ~10-8 M [3]. This is because iron in mammals is mostly found
inside cells associated with heme or metalloproteins or stored in ferritin. Furthermore, the trace
amounts of extracellular iron are bound to the high affinity glycoproteins lactoferrin and
transferrin [2, 3]. During infection, the host immune system withholds Fe from invading
pathogens even more stringently. For example, expression of lactoferrin, found in bodily
secretions and neutrophil granules, is induced during an inflammatory response and acts to
sequester iron [4]. In addition, neutrophils in the inflamed intestine produce lipocalin-2, an
antimicrobial protein that captures enterobactin, the primary siderophore of many enteric

bacteria. The importance of nutritional immunity is exemplified by the increased susceptibility
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of individuals with iron overload, including p-thalassemia, sideroblastic anemia, and
hemochromatosis, to systemic infections with pathogenic Yersinia, Vibrio parahaemolyticus,
and several other pathogens [5, 6].

Enteropathogens have evolved an extensive armory of uptake systems tailored to
different iron sources and availability. To ensure optimal iron uptake, pathogenic Yersinia have
numerous iron uptake and detoxification mechanisms preferentially activated depending on the
environment and iron source they encounter [7]. However, in most bacteria, iron levels are
homeostatically regulated through repression of these iron uptake systems to avoid the
deleterious effects of excess iron. This global iron-dependent regulation is largely controlled by
the repressor Fur (Ferric Uptake Regulator), which represses target gene expression under
iron replete conditions [8]. Other studies in different bacterial species have also demonstrated
that many iron responsive genes, including fur itself, can be regulated by other transcription
factors in response to environmental changes such as oxidative stress or siderophore uptake
[9]. This co-regulation of iron-dependent genes ensures that pathogens use the most fitting iron
uptake system during their passage through the complex environment of the host organism
and maintain iron homeostasis.

Many bacterial pathogens use iron availability to sense entry into the vertebrate host
and adjust production of virulence factors important for growth or survival in host tissues [10].
The type Il secretion system (T3SS) is a virulence factor used by nearly two dozen human
pathogens, including Yersinia species, to modulate host defenses [11]. Recently, the
transcription factor iscR was shown to be required for full Y. pseudotuberculosis Ysc T3SS
function and virulence in a mouse model of infection [12]. This study showed that IscR binds
to the promoter of the operon encoding the LcrF master regulator of the T3SS. IscR is a
transcriptional regulator whose DNA-binding activity is regulated by its association with an iron-
sulfur cluster [2Fe-2S]. IscR functions as a sensor of cellular Fe-S cluster status and regulates
Fe-S cluster biogenesis mediated by the housekeeping Isc pathway and the stress-responsive

Suf pathway. The [2Fe-2S] cluster holo-form of IscR binds to two distinct DNA maotifs (type |
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and type 11). In contrast, the clusterless apo-IscR form binds only type Il matifs. In E. coli, IscR
negatively regulates its own promoter and directly or indirectly controls more than 40 genes
[13]. Vibrio vulnificus IscR is also a global regulator that controls expression of many genes
involved in Fe-S biogenesis and other cellular processes [14]. Likewise, over 200 genes are
differentially expressed in the presence or absence of IscR in Y. pseudotuberculosis [12].
Therefore, whether the severe attenuation of the Y. pseudotuberculosis AiscR mutant in mice
stems specifically from its defect in type Ill secretion or more broadly from altered regulation of
multiple IscR-regulated genes remains unknown.

Studies in different Gram-negative organisms have shown that IscR regulates the
expression of a number of genes, including its own operon, in response to environmental
factors such as oxidative stress, iron starvation, and oxygen limitation [14-17]. These factors
can affect the cellular Fe-S cluster pool, which in turn will modulate IscR association with Fe-S
clusters. A recent study in Salmonella enterica serovar Typhimurium suggested that IscR leads
to induction of the SPI-1 T3SS in response to iron sufficiency. Considering the SPI-1 T3SS is
required for Salmonella to invade intestinal epithelial cells, this suggests that Salmonella uses
IscR to sense the gut environment, upregulate the SPI-1 T3SS, and cross the gut barrier [17].
Although IscR is known to be essential for T3SS regulation and virulence in Y.
pseudotuberculosis [12], how Yersinia regulates its T3SS in response to iron or oxygen is
unknown. In this current study we determine the environmental conditions that affect IscR
regulation of the Yersinia T3SS. Specifically, we demonstrate that iron insufficiency or the
presence of oxygen lead to upregulation of T3SS expression in Yersinia, contrary to what is
observed for Salmonella IscR control of the SPI-1 T3SS but in agreement with Yersinia

requiring its Ysc T3SS after crossing the intestinal barrier.

Results

IscR binding to the IcrF promoter is critical for type Il secretion. To investigate the

environmental cues that impact IscR in Yersinia, we constructed a mutation in the IcrF promoter
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predicted to disrupt IscR binding (IcrFPNY") [18]. As IscR is a global regulator in Yersinia [12],
the lcrFPNU! mutant should only be defective in T3SS control while a AiscR mutant displays
additional T3SS-independent phenotypes (unpublished observations). As predicted, purified E.
coli apo-IscR bound the WT IcrF promoter region but not the mutated IcrF*NU" promoter (Fig.
1A), indicating that IscR binding was ablated by this mutation. Consistent with our previous
results showing that IscR is essential for type Ill secretion under standard aerobic conditions
[12], the lcrFPNU" mutant was as deficient as the AiscR mutant in Yop secretion (Fig. 1B). At the
environmental temperature of 26°C, the lcrFPNU mutant displayed the same growth rate as both
the wild type (WT) strain and a strain lacking the pYV plasmid encoding the T3SS (pYV").
However, at the mammalian body temperature of 37°C, the lcrFPNY mutant grew at a rate in
between that of WT and the pYV- mutant (Fig. S1). This is consistent with our previous results
showing that the AiscR mutation partially rescues the growth restriction associated with active
type Il secretion [12]. Therefore, although the IcrFPNU! mutant retains a wildtype IscR allele, it
is defective in the IscR-LcrF-T3SS pathway, making it suitable for assessing the role of IscR in
direct regulation of the T3SS.

A B

IscR binding site: tgcgattTAAAACCATATATACAGTATGGTAATTGTatttcte
lcrFPNe! mutant : tgcgattTCAAAGGATTTATACAGTATGGTAATTGTatttcte

Wild Type WT AiscR  IlcrFPeNu!!
nMiscR-C92A [ KDa = = o 5 G =
0 B0 R 26°C 37°C 26°C 37°C 26°C 37°C
Non-specific binding | 75 s .
50 e _
IscR-bound DNA - o YopH/M
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Unbound DNA - | e’ 37 - —— YopD/N
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nMIscR-C2A [
0 500 250 125 625 20—
Non-specific binding [
i
™
Unbound DNA - | - \oJ

Fig. 1. Mutation of the identified IscR binding site in the IcrF promoter disrupts apo-

IscR binding and type lll secretion. (A) Nucleotide sequences of the IscR binding site in
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the WT strain (top) and the lcrFPNY! mutant (bottom). Bases previously shown to be important
for IscR binding are in bold. [18]. Mutated residues are underlined. Electrophoretic mobility
shift assays (EMSAs) were performed on DNA fragments (206 bp) containing the WT and
lcrFPNUT mutant promoter sequences upstream of the yscW-IcrF operon. Concentrations of E.
coli apo IscR, afforded by the IscR-C92A mutant protein, are denoted above the gel lanes.
One representative experiment out of two is shown. (B) Y. pseudotuberculosis was grown in
low calcium 2xYT media containing iron and the T3SS was induced at 37°C for 2 hours.
T3SS cargo proteins secreted into culture supernatant and precipitated with TCA were

visualized with Coomassie blue. One representative experiment out of three is shown.

Oxygen induces Ysc T3SS expression. To examine the effect of oxygen on the regulation of
Yersinia iscR and the Ysc T3SS, Y. pseudotuberculosis was grown under either aerobic or
anaerobic conditions, and T3SS expression and activity was analyzed. Importantly, the WT,
AiscR, and lcrFPNY" strains displayed similar growth under anaerobic conditions at 26°C, with a
doubling time of ~2 hours (Fig. 2A). After shifting cultures to 37°C, we observed that iscR mRNA
levels were induced 38-fold (p<0.0001) under aerobic conditions relative to anaerobic
conditions (Fig. 2B). Similarly, lcrF expression was induced 138-fold (p<0.0001) in response to
oxygen. In addition, IscR and LcrF protein levels as well as T3SS activity, as measured by
observing relative secreted levels of the T3SS effector protein YopE, were higher under aerobic
conditions than anaerobic conditions (Fig. 2C), consistent with previously published data [19].
Taken together, these data demonstrate that IscR, LcrF, and T3SS expression is induced in

the presence of oxygen and that LcrF expression correlates with IscR expression.
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Fig. 2. The Yersinia Ysc type Ill secretion system is induced by oxygen. (A) Y.
pseudotuberculosis was grown under anaerobic, iron replete conditions at 26°C and the optical
density at 600 nm (ODeoonm) Mmeasured every hour. Y. pseudotuberculosis pYV- lacks the pYV
virulence plasmid and serves as a T3SS-deficient control strain. Data shown represent an
average of three biological replicates. (B-C) Y. pseudotuberculosis WT was grown in M9/high
glucose (iron replete) in the presence or absence of oxygen and type Il secretion induced by
shifting to 37°C for 4 hrs. (B) RNA was extracted from the bacterial cultures and iscR and IcrF
gene expression analyzed using gPCR. Relative mRNA levels for each gene of interest were
normalized to 16S rRNA levels. Data shown represent the average of three independent

*kkk

experiments. p < 0.0001, as determined by unpaired t-test. (C) Equal amounts of cell
lysates were probed with antibodies for RpoA, IscR, YopE, and LcrF. T3SS cargo proteins
secreted into culture supernatant and precipitated with TCA were probed with YopE antibody.
All samples shown are from the same experiment, with each lysate split into two gels, one

subsequently used for IscR and YopE probing and the other for LcrF probing. RpoA was blotted

on each membrane as a loading control. One representative experiment out of three is shown.
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Since IscR has been shown to differentially regulate genes in response to iron limiting
conditions in E. coli and Pseudomonas aeruginosa [15, 20, 21], we sought to determine the
effect of iron on the expression of both iscR and T3SS genes in Yersinia. We previously
developed a protocol for limiting Y. pseudotuberculosis for iron and demonstrated induction of
a Fur-repressed gene [22], indicating efficacy of the iron limitation. To mimic host temperature
and activate expression of the T3SS, iron-starved Y. pseudotuberculosis was incubated at
37°C under aerobic and anaerobic conditions in media that contained either 6.58 UM FeSO4
(iron replete) or 0.0658 UM FeSO4 (iron limited). gPCR analysis revealed that expression of
iscR mRNA levels did not significantly change in response to iron under aerobic conditions
(Fig. 3A). Similarly, IscR protein levels were similar in iron replete and iron limited aerobic
conditions (Fig. 3B). While IcrF expression was decreased by ~1.4-fold under iron limited
conditions (Fig. 3A, p= 0.0 005), this decrease did not lead to a change in LcrF protein levels
(Fig. 3C) nor any significant change in expression (Figs. 3A, 3D) or secretion (Figs. 3C, S2) of
the LcrF target genes yopE and yopH. However, the AiscR and the lcrFPNY mutants displayed
a significant decrease in IcrF and yopE mRNA levels (Fig. 3A), yopH expression (Fig. 3D), and
LcrF, YopE and YopD protein levels compared to WT (Fig. 3C), consistent with the apo form
of IscR playing a major role in regulation of the Yersinia T3SS under aerobic conditions, where
the apo form of IscR predominates [23]. Collectively, these data show that under aerobic
conditions, Yersinia IscR and LcrF expression as well as T3SS activity are not affected by iron

availability.
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Fig. 3. Iron limitation does not affect IscR, LcrF, YopH, or YopE expression in the
presence of oxygen. M9/high glucose iron limited aerobic cultures of Y. pseudotuberculosis
were subsequently grown in iron replete (+Fe) or iron limited (-Fe) aerobic conditions and type
Il secretion induced by shifting to 37°C for 4 hrs. (A) RNA was isolated and gPCR used to
determine relative expression of iscR, yopE, and IcrF by normalizing to 16S rRNA levels. Data
shown represent the average of four independent experiments. ***p<0.001, as determined by
one-way ANOVA with Tukey post-test. (B) IscR and RpoA protein levels were determined by
Western blot analysis. One representative experiment out of four is shown. (C) T3SS cargo
proteins secreted into culture supernatant and precipitated with TCA were probed with
antibodies for YopE and YopD. Cell lysates were probed with antibodies for RpoA, YopE,
YopD, and LcrF. The AyscNU negative control strain does not express a functional T3SS. All
samples shown are from the same experiment, with each lysate split into two gels, one
subsequently used for LcrF probing and the other for YopE probing. RpoA was used as a
loading control. One representative experiment out of four is shown. (D) Y. pseudotuberculosis

PyopH-mCherry was used to assess yopH expression under M9/high glucose aerobic iron
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replete (+Fe) or iron limited (-Fe) conditions at 37°C, in the genetic backgrounds indicated.
mCherry fluorescence intensity normalized to ODeoo is shown, with T=0 being the start of

incubation at 37°C . Data shown represent the average of three independent experiments.

Iron limitation induces type lll secretion under anaerobic conditions. In order to test
whether iron availability affects IscR, LcrF, and T3SS expression in the absence of oxygen,
iron limited Yersinia were incubated anaerobically without any alternative terminal electron
acceptors for 12 hrs. The doubling times of the WT, AiscR, and IcrFPNY! strains were similar at
37°C under iron repletion versus limitation (~10 hours; Fig. S3). In contrast to our observations
under aerobic conditions, under these anaerobic fermentative conditions, iron limitation
induced expression of iscR by 430-fold when compared to iron replete conditions (Fig. 4A).
Similarly, expression of lcrF was induced 260-fold by iron limitation. LcrF protein levels were
also upregulated by iron limitation (Figs. 4B, S4). Likewise, iron limitation upregulated
expression of the LcrF target gene yopE by 1190-fold (p<0,0001; Fig. 4A), and significantly
induced Yop expression and secretion, as measured by detecting YopE and YopD protein
levels in the pellet and supernatant (Figs. 4B, S4). Additionally, shorter incubation under
anaerobic conditions (4 hrs) led to similar results in type Il secretion (Fig. S5), indicating that
growth phase did not affect the observed phenotype. These results show that iron depletion
under anaerobic conditions leads to a shift from [2Fe-2S]-IscR to apo-IscR, de-repressing iscR

expression and in turn inducing expression of LcrF, which then activates T3SS expression.

When grown under anaerobic respiration conditions, in M9 media lacking glucose but
supplemented with mannitol as a carbon source and nitrate as an alternative terminal electron
acceptor, we observed the same trend of increased IscR expression and T3SS activity under
iron limited conditions (Figs. 5, S6). Taken together, these data suggest that IScR expression

is induced under aerobic conditions or by iron limitation under anaerobic conditions (during
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respiration or fermentation), and that this correlates with LcrF expression and ultimately T3SS

activity.
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Fig. 4. Iron limitation induces iscR, IcrF, and yopE expression and type lll secretion
under fermentative conditions. Iron limited Y. pseudotuberculosis was shifted to iron
replete (+Fe) or iron limited (-Fe) M9/high glucose media in the absence of oxygen and type
Il secretion induced at 37°C for 4 hrs. (A) RNA was isolated and gPCR used to determine
relative expression of iscR, IcrF, and yopE by normalizing to 16S rRNA levels. Data shown
represent the average of four independent experiments. ***p<0.001 (One-Way ANOVA with
Tukey post-test) (B) T3SS cargo proteins secreted into culture supernatant and precipitated
with TCA were probed with antibodies for YopE and YopD. Cell lysates were probed with
antibodies for RpoA, YopE, and LcrF. All samples shown are from the same experiment, with
each lysate split into two gels, one subsequently used for LcrF probing and the other for
YopE probing. RpoA was used as a loading control. One representative experiment out of

four is shown.
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IscR control of LcrF is critical for type lll secretion under anaerobic conditions. In order
to assess the role of IscR in the increased T3SS activity observed anaerobically in response
to iron limitation, we examined gene expression and T3SS activity in the AiscR and lcrFeNu!
mutants. Under iron limited anaerobic conditions, IcrF expression was reduced ~3-fold in both
the AiscR or the lcrFPNU mutant (Fig. 4A) compared to WT, indicating a role of IscR in the
upregulation of LcrF under these conditions. Indeed, there was no significant difference in lcrF
expression between the AiscR and IcrFPNY! mutants in any of the conditions tested (Figs. 3A,
4A), indicating a direct role of IscR binding to the IcrF promoter to increase IcrF transcription
under both aerobic and anaerobic conditions. Surprisingly, iron limitation induced a low level
of expression of IcrF and yopE mRNA in the AiscR and IcrFPNU! mutants in the absence of
oxygen, but this led to only trace amount of secreted YopE and no detectable YopD in the
supernatant of the mutants (Figs. 4B, S4, 5). These data suggest a minor IscR-independent
mechanism of LcrF upregulation in response to iron limitation under anaerobic conditions.
Taken all together, these results show that anaerobically-grown Yersinia increase T3SS
expression in response to iron limitation through a predominantly IscR-dependent mechanism

that requires IscR binding site in the IcrF promoter.
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Fig. 5. Iron limitation induces iscR, IcrF, and yopE expression under anaerobic

respiration conditions. Iron limited Y. pseudotuberculosis was shifted to iron replete (+Fe)
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or iron limited (-Fe) M9 media supplemented with sodium nitrate and mannitol in the absence
of oxygen. Type lll secretion was induced at 37°C for 4 hrs. T3SS cargo proteins secreted
into culture supernatant and precipitated with TCA were probed with antibodies for YopE. Cell
lysates were probed with antibodies for RpoA, YopE, and LcrF. All samples shown are from
the same experiment, with each lysate split into two gels, one subsequently used for LcrF
and YopE probing and the other for IscR probing. RpoA was used as a loading control. One

representative experiment out of three is shown.

Ectopic induction of IscR under anaerobic conditions is sufficient to drive type Il
secretion. To test the hypothesis that upregulation of iscR expression under anaerobic
conditions is sufficient to induce expression of the T3SS regardless of iron availability, we used
a Y. pseudotuberculosis apo-locked iscR mutant (Apo-IscR) in which the three conserved
cysteines are mutated to alanines (C93A, C98A, C104A), leading to loss of iron-sulfur cluster
coordination. This mutant should constitutively express iscR, as it lacks holo-IscR to mediate
isc promoter repression. We previously showed that under standard aerobic conditions, the
Apo-IscR mutant expressed LcrF but was unable to secrete Yops due to a proton motive force
defect [12]. As expected, the Apo-IscR mutant had high IscR levels under anaerobic conditions
regardless of iron availability (Fig. 5). Importantly, this correlated with high levels of LcrF and
secreted YopE under both iron replete and iron limited conditions. Furthermore, in anaerobic
cultures never starved for iron, we observed a 5-fold upregulation of IscR protein levels, a 6-
fold increase in LcrF, and a 7-fold increase in YopE in the Apo-IscR mutant pellet compared to
WT (Fig. 6). Surprisingly, we also observed secreted YopE in the Apo-IscR mutant supernatant
(Figs. 5, 6), indicating that either the Apo-IscR mutant does not have a proton motive force
defect under anaerobic conditions or that the proton motive force is not required for type IlI

secretion in the absence of oxygen. Interestingly, we observed a small amount of RpoA in the

72



supernatant of the Apo-IscR mutant (Fig. 6), indicative of cell lysis in this strain under anaerobic
conditions. Therefore, it is possible that some of the YopE detected in the supernatant of the
Apo-IscR strain is a result of lysis rather than type Ill secretion. However, the 5-fold greater
YopE levels in the pellet of the Apo-IscR mutant compared to WT (Fig. 6) corroborates the
hypothesis that this mutant is undergoing type |l secretion, as active secretion feeds back on
transcription of T3SS genes through a positive feedback loop [24]. These results demonstrate

that increasing IscR levels is sufficient to activate T3SS expression under anaerobic conditions.
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Fig. 6. Ectopic expression of IscR is sufficient to rescue T3SS expression under
anaerobic, iron-replete conditions. Y. pseudotuberculosis was grown in iron replete
M9/high glucose and in the absence of oxygen and type Il secretion induced at 37°C for 4
hrs. T3SS cargo proteins secreted into culture supernatant and precipitated with TCA were
probed with an antibody for YopE. Cell lysates were probed with antibodies for RpoA, IscR,
YopE, and LcrF. All samples shown are from the same experiment, with each lysate split into
two gels, one subsequently used for LcrF and YopE probing and the other for IscR probing.

RpoA was used as a loading control. One representative experiment out of three is shown.
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Proper regulation of the T3SS by IscR is necessary for disseminated infection. To
examine the impact of IscR-mediated regulation of IcrF on infection, we performed oral
inoculation of mice using a bread feeding model. Consistent with our previous data using an
oral gavage model [12], the AiscR mutant displayed decreased colonization in the Peyer’s
patches (PP, p=0.0059) and a trend toward decreased colonization of the mesenteric lymph
nodes (MLN) that was not statistically significant (p=0.0689). This mutant also displayed a
10,000-fold defect in bacterial burden in the spleen and liver (p<0.0001) (Fig. 7). Although the
lcrFPNUT mutant had a trend of lower PP and MLN colonization compared to WT (100-fold and
10-fold, respectively), this was not statistically significant (p=0.0837 and p=0.0942,
respectively). Importantly, the lcrFPNY! mutant exhibited severe defects in disseminated
infection (1,000-fold in the spleen and 100-fold in the liver; p=0.0009 and p=0.0006,
respectively). Interestingly, the AiscR mutant was also defective at colonizing the small
intestine, while the lcrFPNY mutant was comparable to WT. These results suggest that IscR
binding to the IcrF promoter is critical for Yersinia disseminated infection while IscR itself is also

important for Yersinia colonization of the intestine and Peyer’s patches.
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Fig. 7. Proper regulation of IcrF by IscR is necessary for disseminated infection. Mice

were infected with ~2x108 Y. pseudotuberculosis using a bread feeding model, and organs
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and intestinal contents harvested 5 days post-inoculation. CFUs were normalized to the
weight of the organ in grams. Each symbol represents one animal. Unfilled symbols indicate
that CFU were below the limit of detection. These data represent five independent
experiments. **p<0.01, *** p<0.001, ****p <0.0001 was determined by an unpaired Mann-

Whitney rank sum test. Dashes represent geometric mean.

IscR is required for type Ill secretion in Yersinia pestis. The region containing the IscR
binding site upstream of IcrF is 100% identical between Y. pseudotuberculosis and Y. pestis
[25]. Therefore, we sought to determine if T3SS activity in Y. pestis also required IscR despite
the difference in Yersinia life cycles carried out by enteropathogenic Yersinia compared to Y.
pestis. To assess T3SS activity in vitro we incubated the WT and AiscR strains of pgm" Y. pestis
in BHI media at 37°C, to mimic host temperature, in the presence of oxygen. Calcium depletion
serves as a host-cell independent trigger of type Ill secretion in vitro [26]. Importantly, deletion
of iscR led to significantly decreased YopE secretion (Fig. 8), indicating that IscR is a critical
regulator of the T3SS in both Y. pseudotuberculosis and Y. pestis.

WT AiISsCR
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Fig. 8. IscR is critical for type Ill secretion system in Y. pestis. Y. pestis pgm- was grown

Pellet

in BHI low calcium or high calcium media at 37°C. Proteins in the bacterial culture supernatant
were precipitated with TCA and type Ill secretion probed using an anti-YopE antibody . Results

are representative of three independent experiments.
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Discussion

A recent study suggested that anaerobiosis may repress the Ysc T3SS expression in vitro [19],
although the mechanism underlying this regulation was unknown. Here we show that the Y.
pseudotuberculosis global transcription factor IscR regulates the Ysc T3SS in response to
oxygen and iron availability and is dependent upon IscR binding to the promoter of the T3SS
master regulator lcrF. Specifically, we show that aerobic conditions induce IscR expression
and, in turn, IscR upregulates LcrF and subsequently the T3SS. Furthermore, iron depletion
under anaerobic conditions causes upregulation of IscR, LcrF, and T3SS activity. IscR
regulation of LcrF and the T3SS is critical for Y. pseudotuberculosis disseminated infection and
is conserved between Y. pseudotuberculosis and Y. pestis. These data provide a mechanism

by which oxygen and iron control expression of the Yersinia T3SS.

Previous studies in E. coli provide a framework for explaining the oxygen and iron dependent
regulation invoked by Yersinia IscR observed in our studies. In E. coli, IscR controls the
expression of genes involved in iron-sulfur biogenesis as well as more than 40 other genes
[13, 23]. Depending on its association with its [2Fe-2S] cluster, IscR can bind two different DNA
motif sequences. Type | motifs can only be bound by holo-IscR, and type |l motifs can be bound
by both holo and apo-IscR [18, 23]. iscR is the first gene in the operon encoding the Isc Fe-S
cluster biogenesis pathway. IscR regulates this operon, including its own gene, through a
negative feedback loop that requires binding of holo-IscR to two type | motifs upstream of the
isc promoter [13]. Indeed, AiscR Y. pseudotuberculosis displays enhanced expression of the
isc operon, suggesting that this negative regulation is also present in Yersinia [12]. This
suggests that under conditions where Fe-S cluster turnover is low, such as in the absence of
oxygen, holo-IscR should repress isc transcription, maintaining low overall IscR levels as found
in E. coli. Conversely, under conditions where Fe-S cluster demand is high, such as high
oxygen tension or under oxidative stress, the majority of IscR should be clusterless, de-

repressing IscR [23]. In this study we demonstrated that IScR expression is induced under
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aerobic conditions when compared to anaerobic conditions. However, under anaerobic
conditions IscR can be induced by depletion of iron, presumably as a result of holo-IscR
depletion leading to derepression of isc transcription and ultimately an increase in apo-IscR
levels. As shown here, these changes in the amount of apo-IscR under oxygen and iron limiting
conditions cause downstream changes in the expression of the T3SS though direct

transcriptional control of the major regulator LcrF.

LcrF is an AraC-like DNA binding transcriptional regulator of the T3SS in Yersinia, controlling
expression of the majority of T3SS structural and regulatory proteins, as well as the Yop
effector proteins [27, 28]. We previously demonstrated that IscR is essential for LcrF expression
and binds to a type Il motif just upstream of the lcrF promoter [12]. In addition, LcrF is known
to be tightly regulated both at the transcriptional and translational level in response to
temperature and calcium. LcrF expression is upregulated at 37°C, mammalian host body
temperature, and upon calcium depletion, which is thought to mimic contact with host cells [26,
28-31]. LcrF thermal control is mediated by host temperature dependent degradation of the
negative regulator YmoA to activate transcription and an RNA thermometer that represses
translation only at environmental temperatures [25, 28, 31, 32]. A recent study showed that low
calcium or host cell contact lead to secretion of a T3SS cargo protein and regulator, YopD, that
ultimately affects IcrF mRNA stability [33]. However, in this study, we demonstrated that, in
addition to temperature and calcium serving as environmental signals controlling the Yersinia
T3SS, IscR regulates Yersinia T3SS expression in response to iron and oxygen availability,
and that IscR control of LcrF is important for pathogenesis. Under anaerobic, low iron
conditions we also observed a minor upregulation of type Ill secretion in the AiscR and the
lcrFPNY mutants, suggesting that an additional regulator may further enhance type il secretion

under these conditions.
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The need for Yersinia to use IscR to control T3SS expression may reflect the nature of the
different tissues these pathogens encounter within the mammalian host. For example, upon
ingestion, Y. pseudotuberculosis is exposed to the mucosal environment of the gastrointestinal
tract, and, once in the lumen of the small intestine, it binds to the apical surface of microfold
(M) cells to subsequently translocate into the Peyer’s patches, where it replicates extracellularly
and colonizes mesenteric lymph nodes (MLN) [34, 35]. The Y. pseudotuberculosis T3SS is not
necessary for colonization of the MLN [36], consistent with the lack of a statistically significant
defect for the Y. pseudotuberculosis AiscR and lcrFPNY'mutants in MLN colonization. However,
colonization of the Peyer's patches and MLN is not required for Y. pseudotuberculosis
disseminated infection [37]. Instead, Y. pseudotuberculosis intestinal replication is required for
subsequent successful infection of the spleen and liver through an unknown pathway [37, 38].
Interestingly, a recent publication postulated the existence of a “gut vascular barrier” that only
allows passage of small antigens under 70 kDa from the gut lumen, across the blood
endothelial cells, and to the bloodstream. However, infection of S. enterica serovar
Typhimurium disrupts this barrier, allowing bacteria to cross into the bloodstream and
disseminate to the spleen and liver [39]. Notably, our data demonstrated that the Y.
pseudotuberculosis AiscR mutant was defective in colonization of the small intestinal lumen,
Peyer’s patches, spleen, and liver. Therefore, it is possible the AiscR mutant may be unable to
initiate the undefined colonization pathway from the intestinal lumen to the spleen and liver in
addition to being defective for growth in Peyer’'s patches, spleen, and liver. In contrast, the
lcrFPNY mutant did not display an intestinal colonization defect but failed to cause disseminated
infection, as significantly lower hepatosplenic burden was observed compared to WT. These
data support the hypothesis that IscR regulates multiple factors required for colonization of
mammalian tissues but that IscR regulation of LcrF and the T3SS specifically disrupts the ability

to establish successful disseminated infection.
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Previous studies suggest that Yersinia encounter differing oxygen tension and iron availability
during transit through the mammalian host, providing important context for IscR control of the
T3SS in vivo. Jacobi et al. suggested that iron and heme uptake systems are downregulated
in Y. enterocaolitica in the lumen of the intestine, suggesting that iron is readily available in that
tissue [40]. A recent study by Nuss and colleagues found that during Y. pseudotuberculosis
infection, nutritional immunity factors are among the highest expressed genes in infected
lymphatic tissue. Specifically, the iron sequestration molecules haptoglobin and lipocalin-2
were >100-fold induced during infection [41]. This study also showed that during infection,
neutrophil influx and iron sequestration were some of the host responses Y.
pseudotuberculosis encountered once it crossed the epithelial barrier. The authors
concomitantly observed an upregulation of Yersinia iron uptake systems, as well as genes
involved in anaerobic growth. When comparing Y. pseudotuberculosis metabolism in PP to that
of Y. pestis during rat bubo colonization, the data suggest that the different lymphatic tissues
constitute a similar nutritional environment, i.e.-iron limited anaerobic conditions [41, 42],
conditions we have shown in vitro to induce Yersinia type Il secretion through IscR.
Interestingly, a recent study by Davis and colleagues demonstrated that when Y.
pseudotuberculosis grows in microcolonies in the spleen, subpopulations within a microcolony
express different genes in response to distinct environmental cues [43]. For example, only the
bacteria localized at the microcolony periphery actively expressed the T3SS. Thus, even within
the same tissue, environmental conditions can vary, affecting virulence factor expression.
Further studies will be needed to determine iscR and IcrF expression during infection of

different organs as well as within subpopulations of established microcolonies.

IscR may have additional roles in Yersinia pathogenesis beyond regulating the T3SS.
Indeed, IscR controls virulence gene expression in a number of different bacteria. For example,
in Klebsiella pneumonia, IscR regulates capsular polysaccharide biosynthesis as well as iron

uptake systems in response to iron availability [44]. Similarly, enterotoxigenic E. coli regulates
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colonization factor antigen | (CFA/I) fimbriae through IscR in response to iron starvation [20].
Recently, a study in Salmonella enterica serovar Typhimurium revealed that IscR regulates the
SPI-1 T3SS in response to iron and oxygen availability. Specifically, a type || DNA binding motif
was identified upstream of the hilD gene, the master regulator of the SPI-1 T3SS. These data
suggested that IscR represses hilD expression during iron depletion or aerobic conditions,
when IscR is upregulated, but favor hilD expression under anaerobic conditions when IscR
levels are decreased. This would allow S. enterica to upregulate SPI-1 T3SS expression in the
anaerobic environment of the small intestine in order for Salmonella to invade the intestinal
epithelium. Once Salmonella gains entry into the iron-depleted environment of the host cell,
Salmonella no longer requires the SPI-1 T3SS. Iron depletion would upregulate IscR
expression and this should in turn repress expression of hilD and, subsequently, the SPI-1
T3SS [17]. Interestingly, these conditions are distinct from those that trigger IscR-induced
T3SS expression in Y. pseudotuberculosis, which requires its T3SS once the bacteria have
crossed the intestinal epithelium and, presumably, encounter increased oxygen tension or iron
limitation under hypoxic conditions. It is noteworthy that two bacterial pathogens have coopted
IscR, which is found in numerous pathogenic and non-pathogenic bacteria, to regulate T3SS
genes encoded on horizontally-acquired genetic elements in a way that promotes their unique

life cycles.

Materials and methods

Bacterial Strains and Growth Conditions. The strains used in this study are listed in Table
1. For standard Y. pseudotuberculosis growth and T3SS induction (Fig. 1B), bacteria were
grown overnight in 2xYT media, subcultured in 2xYT plus 20 mM sodium oxalate (to chelate
calcium and induce type Il secretion) and 20 mM MgClz to an optical density at 600 nm (ODsoo)

of 0.2, grown at 26°C for 1.5 hrs followed by 37°C for another 1.5 hrs. For growing Yersinia
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under various iron and oxygen condition, casamino acid-supplemented M9 media, referred to

as M9 below, was used [45].

Growth of cultures to vary oxygen tension (Figs. 2 and 6) was achieved by first diluting 26°C
overnight aerobic cultures of Y. pseudotuberculosis to an ODeoo of 0.1 in fresh M9 minimal
media supplemented with 0.9% glucose (referred to as M9/high glucose) to maximize growth
rate and energy production under anaerobic conditions, and incubating for 12 hrs under either
aerobic or anaerobic conditions at 26°C. Anaerobic cultures were then shifted to 37°C and
incubated for 4 hrs in a vinyl anaerobic chamber with a gas mix of 90%N, 5%CO2, 5% H2 (Coy
Laboratory Products, Inc). Aerobic cultures were instead diluted to an ODeoo of 0.2, grown with
agitation for 2 hrs at 26°C, and then shifted to 37°C for 4 hrs. Where indicated, to test for effect
of anaerobic respiration, M9 media was supplemented with 40 uM sodium nitrate as an

alternative electron acceptor and 40 uM mannitol as a carbon source instead of glucose.

Growth of cultures to vary iron availability (Figs. 4 and 5) was achieved by first growing Y.
pseudotuberculosis aerobically in M9/high glucose media treated with Chelex® 100 resin to
remove all traces of iron in acid-washed glassware, as previously described [22]. Specifically,
iron replete overnight cultures (M9+6.58 puM FeSOa4) grown at 26°C aerobically were diluted to
an ODesoo of 0.1 into Chelex-treated M9/high glucose media and grown for 8 hrs at 26°C
aerobically with agitation. Cultures were then diluted a second time to ODsoo 0.1 in fresh
Chelex-treated M9/high glucose, and grown for 12 hrs at 26°C with agitation. Subsequently,
cultures were then diluted a third time to ODsoo 0.2 in M9/high glucose supplemented with 6.58
UM FeSOq4 (iron replete) or with 0.0658 UM FeSOx4 (iron limitation), grown for 2 hrs at 26°C with
agitation, and then shifted to 37°C for 4 hrs with agitation to induce type IIl secretion. For
anaerobic cultures, the cultures were instead diluted a second time to ODeoo 0.1 in M9/high

glucose supplemented with 6.58 pM FeSO4 (iron replete,) or with 0.0658 uM FeSO4 (iron
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limitation), and transferred to a vinyl anaerobic chamber where they were grown at 26°C for 12
hrs (most experiments) or 4 hrs (experiment shown in Fig. S5). Rezasurin redox indicator was
used to monitor oxygen levels in the anaerobic chamber. By 4 hrs after introduction of cultures
to the anaerobic chamber, the dye color changed from pink to clear, indicating an absence of
residual oxygen. Cultures were then shifted to 37°C for another 4 hrs to induce type IlI

secretion.

Y. pestis KIM D27 pgm™ was grown in BHI (brain heart infusion) at 26°C with agitation overnight.
Cultures were diluted into low-calcium medium (BHI plus 20 mM sodium oxalate and 20 mM
MgCl2) or high-calcium medium (BHI plus 2.5 mM CaClz) to ODsoo of 0.1 and grown for 3 hrs

at 26°C with agitation, followed by 2 hrs at 37°C with agitation to induce type Ill secretion.

Type Ill secretion assays. Visualization of T3SS cargo secreted in broth culture was
performed as previously described [46]. Briefly, 5 mL of each culture were pelleted at 13,200
rpm for 15 min at room temperature. Supernatants were removed, and proteins precipitated by
addition of trichloroacetic acid (TCA) at a final concentration of 10%. Samples were incubated
on ice overnight and pelleted at 13,200 rpm for 15 min at 4°C. Resulting pellets were washed
twice with ice-cold 100% acetone and subsequently resuspended in final sample buffer (FSB)
containing 20% dithiothreitol (DTT). Samples were boiled for 5 min prior to running on a 12.5%

SDS-PAGE gel.

Western Blot Analysis. In parallel, after the supernatant was collected, bacterial pellets were
resuspended in FSB plus 20% DTT. Pellet samples were boiled for 15 min. At the time of
loading, samples were normalized to the same number of cells. Cytosolic and secreted protein
samples were run on a 12.5% SDS-PAGE gel and transferred to a blotting membrane
(Immobilon-P) with a wet mini trans-blot cell (Bio-Rad). Blots were blocked for an hour in Tris-

buffered saline with Tween 20 and 5% skim milk, and probed with the goat anti-YopE antibodies
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(Santa Cruz Biotechnology), rabbit anti-YopD (gift from Alison Davis and Joan Mecsas), rabbit
anti-RpoA (gift from Melanie Marketon), rabbit anti-LcrF [28], rabbit anti-IscR [18], and
horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotech). Following

visualization, quantification of the bands was performed with Image Lab software (Bio-Rad).

Construction of Yersinia Mutant Strains. For the Y. pseudotuberculosis IcrFPNU! mutant
strain, the IcrF promoter region was amplified by PCR using 5'/3’ lcrFPNY" which contained the
mutations in the IscR binding site (see Table 2, underlined nucleotides). Amplified PCR
fragments were cloned into a BamHI- and Sacl-digested pSR47s suicide plasmid (Apir-
dependent replicon, kanamycinR, sacB gene conferring sucrose sensitivity) using the
NEBuilder HiFi DNA Assembly kit (New England Biolabs, Inc) [47, 48]. Recombinant plasmids
were transformed into E. coli S17-1 Apir competent cells and later introduced into Y.
pseudotuberculosis IP2666 via conjugation. The resulting KanR, irgansan® (Yersinia selective
antibiotic) integrants were grown in the absence of antibiotics and plated on sucrose-containing
media to select for clones that had lost sacB (and by inference, the linked plasmid DNA). KanS®,
sucroseR, congo red-positive colonies were screened by PCR and sequencing. The Y. pestis
AiscR strain was generated using a pSR47S:AiscR suicide plasmid as described previously for
Y. pseudotuberculosis [12], except using BHI plates instead of LB plates. The pSR47S:AiscR
suicide plasmid was used because the iscR gene and the 700 bp regions upstream and
downstream encoded on the plasmid are 100% identical between Y. pestis and Y.

pseudotuberculosis.

Mouse Model. All animal use procedures were in strict accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the UC Santa Cruz Institutional
Animal Care and Use Committee. 15-18 h prior to infection, food was withheld from eleven to
twelve weeks old 129S1/SvimJ mice, but water provided ad libitum. Mice were then inoculated

with 2x108 by bread feeding [49]. Briefly, Y. pseudotuberculosis cultures were grown in LB
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media overnight at 26°C. Cultures were diluted to the appropriate ODeoo to obtain 2x108
bacteria per mouse. Dilutions were spun down and pellets resuspended in a mixture of 2 pl of
1X PBS and 3 ul melted butter, and this mixture was then pipetted onto a small piece of bread.
Mice were given a piece of Yersinia-soaked bread and provided food and water at libitum. Five
days post-inoculation, mice were euthanized and Peyer’'s patches, mesenteric lymph nodes,
spleens, and livers were isolated and homogenized for 30 s in PBS followed by serial dilution
and plating on LB supplemented with 1 mg/mL irgasan for CFU determination. Significant
difference in colonization was determined by an unpaired Mann-Whitney rank sum test to

compare each mutant strain against WT.

Electrophoretic mobility shift assays (EMSAs). E. coli IscR-C92A protein that lacks the
[2Fe-2S] cluster was isolated as previously described [18, 23] and subsequently used in
electrophoretic mobility shift assays (EMSASs) because this apo form of IscR binds exclusively
to type 2 sites. DNA fragments containing the wild-type Y. pseudotuberculosis IcrF promoter [-
206 to +12 bp relative to the +1 transcription start site (TSS)], or its lcrFPNU! variant in which the
IscR binding site is disrupted, were isolated from pPK12778 and pPK12779, respectively, after
digestion with Hindlll and BamHI, and EMSAs were carried out with purified IscR-C92A as
previously described [22]. After incubation at 30°C for 1 hr, samples were loaded onto a non-
denaturing 6% polyacrylamide gel in 0.5x Tris-borate-EDTA buffer and run at 100 V for 2.5 hrs
at 4°C. The gel was stained with SYBR Green EMSA nucleic acid gel stain (Molecular Probes)

and visualized using a Typhoon FLA 900 imager (GE).

YopH-mCherry transcriptional reporter assay. Overnight bacterial cultures grown in M9
media were back diluted and iron starved as described above, and then shifted to 37°C to
induce type lll secretion. Starting at 2 hrs after shift, 1.5 mL of cells were spun down at 3.5 rcf

for five minutes, resuspended in 200ul of 1x PBS, and mCherry fluorescence measured in

84



black bottom 96 well plates (Costar). In parallel, optical density was measured in clear bottom
96 well plates (Costar). Fluorescence and optical density were both measured using a Perkin

Elmer Victor X3 plate reader.

RNA Isolation and Quantitative PCR (qPCR) analysis. A total of 3 mL of culture from each
condition were pelleted by centrifugation for 5 minutes at 4,000 rpm. The supernatant was
removed, and pellets were resuspended in 500 pL of media and treated with 1 mL Bacterial
RNA Protect Reagent (Qiagen) according to the manufacturer’s protocol. Total RNA was
isolated using the RNeasy Mini Kit (Qiagen) per the manufacturer’s protocol. After harvesting
total RNA, genomic DNA was removed via the TURBO-DNA-free kit (Life
Technologies/Thermo Fisher). cDNA was generated for each sample by using the M-MLV
Reverse Transcriptase (Invitrogen) according to the manufacturer’s instructions, as previously
described [12]. Each 20 yl gPCR assay contained 5 pl of 1:10 diluted cDNA sample, 10 pl of
Power CYBR Green PCR master mix (Thermo Fisher Scientific), and primers (Table 2) with
optimized concentrations. The expression levels of each target gene were normalized to that
of 16S rRNA present in each sample and calculated by the AACt method. Three independent

biological replicates were analyzed for each condition

Table 1. Strains used in this study.

Strain Background Mutation(s) Reference

WT IP2666 Naturally lacks full-length Bliska et al, 1991
YopT

AiscR IP2666 AiscR Miller et al, 2014
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AyscNU IP2666 AyscNU
[crFphul IP2666 Point mutations in IscR
binding site on plcrF
AiscR Y. pestis Lacks pgm locus, AiscR
KIM D27 pgm-
WT Y. pestis Lacks pgm locus
KIM D27
pgm-
pyopH-mCherry IP2666 pPMMB67EH expressing

mCherry under the control of

the YopH promoter

Table 2. Primers used in this study.

Balada-Llasat and
Mecsas, 2006

This study

This study

Lahteenmaki et al,

1998

Morgan et al, 2018

Name Name Sequence Reference Reference

FqyopE CCATAAACCGGTGGTGAC (Morgan et al. 2017)
RayopE CTTGGCATTGAGTGATACTG (Morgan et al. 2017)
Fgl6s AGCCAGCGGACCACATAAAG (Merriam et al. 1997)
Rq16s AGTTGCAGACTCCAATCCGG (Merriam et al. 1997)
FqlcrF GGAGTGATTTTCCGTCAGTA (Miller et al. 2014)
RalcrF CTCCATAAATTTTTGCAACC (Miller et al. 2014)
FgiscR CAGGGCGGAAATCGCTGCCT This study

RqiscR ATTAGCCGTTGCGGCGCCTAT This study
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TGTATAAATCCTTTGAAATCGCA

3’ Icrpenul This study
TCATATATTCCTAATAT
GATTTCAAAGGATTTATACAGTA

5 IcrppNul This study
TGGTAATTGTATTTCT
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S1. Fig. Y. pseudotuberculosis lcrFPN"" mutant does not display a growth defect.

Overnight bacterial cultures were subcultured into fresh M9 media containing iron and grown

under aerobic condtions for 9 hrs at either 26°C or 37°C. ODsoo was measured every hour.

Note that the pYV- mutant lacking all T3SS genes does not undergo the normal growth arrest

seen in wildtype Yersinia following T3SS induction at 37°C [50].
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S2. Fig. Iron availability does not impact type Ill secretion under aerobic conditions.

Two additional independent replicates of the results shown in Fig. 3 are provided. Iron limited

Y. pseudotuberculosis and mutant variants were induced for the T3SS under aerobic iron
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replete (+Fe) or iron limited (-Fe) conditions as described in Fig. 3 and assayed for proteins

by Western blots. Top panels, supernatant. Bottom panels, cell pellet.
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S3. Fig. Y. pseudotuberculosis lcrFPNU!" displays similar growth rate to the WT and
AiscR strains under iron limited, anaerobic conditions. Y. pseudotuberculosis strains
were iron starved under anaerobic conditions and ODesoo was measured every hour after

shifting to 37°C. Data shown represent the average of three independent experiments.
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S4. Fig. Type lll secretion is induced by iron limitation following 12 hours of anaerobic
growth. Y. pseudotuberculosis was iron starved and grown for 12 hours in the absence of
oxygen prior to inducing the T3SS by shifting to 37°C, as in Fig. 4. Two additional

independent replicates are shown. Top panels, supernatant. Bottom panels, cell pellet.
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S5. Fig. Type lll secretion is induced by iron limitation following only 4 hrs of
anaerobic growth. Y. pseudotuberculosis was iron starved and grown for only four hours in
the absence of oxygen prior to inducing the T3SS by shifting to 37°C. Secreted proteins were
precipitated with TCA and analyzed by Western blot. Two independent experiments are

shown.
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S6. Fig. Iron depletion induces IscR, LcrF and YopE expression during anaerobic
respiration. Iron starved Y. pseudotuberculosis was grown under anaerobic conditions in M9
supplemented with nitrate and mannitol instead of glucose to support anaerobic respiration.
Cultures were then shifted to 37°C and both secreted and intracellular proteins were analyzed
by Western blot, as in Fig. 5. Two additional independent replicates are shown. Top panels,

supernatant. Bottom panels, cell pellet.
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Appendix to Chapter 3

Characterization of a Yersinia pseudotuberculosis fur mutant

By Diana Hooker-Romero, Patricia Kiley and Victoria Auerbuch
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Introduction

The main transcriptional regulator most bacterial species use to control iron uptake and
utilization is the ferric uptake regulator, Fur. Fur controls expression of iron uptake systems,
siderophores, iron storage proteins, and numerous virulence factors in pathogens [1]. When
iron availability is high, Fur binds Fe?*, and holo-Fur binds to a DNA fragment consisting of a
19 bp inverted repeat located in the promoter region of Fur-regulated genes [2, 3]. Recent
studies in Yersinia pestis have identified a number of genes regulated by Fur in response to
iron depletion, including genes encoding virulence factors such as the ail gene, required for
serum resistance and invasion, as well as siderophore and heme uptake systems [4, 5]. In
Chapter 3 we determined the effect of iron on regulation of the Yersinia T3SS; specifically,
both oxygen and iron depletion induce upregulation of the T3SS. Importantly, we showed that
although IscR is the main player in this upregulation, there may be additional factor(s) that
further amplify the response to iron under anaerobic conditions. In this appendix, we aimed to

determine if Fur plays a role in regulation of the Yersinia T3SS in response to iron.

Results

fur deletion does not affect growth of Yersinia pseudotuberculosis. To determine if
deletion of the fur gene had any effect on Y. pseudotuberculosis fithess, we assessed the
growth of different strains under aerobic conditions in both rich media and after iron
starvation. Importantly the Afur mutant did not display a growth defect at 26°C in LB media
(Fig. 1). Additionally, expression of fur in either the WT or the Afur genetic backgrounds also

did not affect growth.
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Fig 1. Deletion of fur does not affect growth in vitro at 26°C in rich media.
Overnight Y. pseudotuberculosis cultures were diluted into fresh LB and incubated at

26°C for 7 hrs. Optical density (ODsoonm) Was measured every hour.

fur deletion does not affect T3SS activity under aerobic standard laboratory
conditions. Bioinformatic analysis of the IcrF promoter sequence upstream of yscW-IcrF
revealed putative Fur boxes in proximity to the identified IscR binding site (Fig. 2). To
determine if Fur plays a role in regulation of lcrF expression, the in-frame fur deletion mutant
was tested for secretion under standard laboratory conditions. Briefly, overnight Y.
pseudotuberculosis cultures were diluted into 2xYT media and grown for 1.5 hrs at 26°C,
then they were shifted to 37°C for 2 hrs to induce T3SS expression. Secreted proteins were
precipitated out of the culture supernatant and run on an SDS-PAGE gel. Our results suggest
that fur deletion does not have an effect on type Il secretion under aerobic conditions.
However, the strains carrying a plasmid constitutively expressing fur (pACYC:fur) display a
decrease in secretion, suggesting that overexpression of fur has a negative effect on
secretion (Fig. 3). However, EMSA analysis using purified E. coli Fur protein suggested that
Fur does not bind to the promoter region upstream of the yscW-ycrF operon (Fig. 4). Purified
E. coli Fur was utilized in this assay, as complementation of the Y. pseudotuberculosis Afur

mutant strain with E. coli fur fully restored repression of the Fur regulated gene hmuR (Fig.

102



5). This EMSA analysis was carried out using a fragment covering +1 to-205 relative to the
transcriptional start site, which includes the potential Fur boxes shown in Figure 2. However,
the EMSA should be repeated using a larger DNA fragment that includes an additional
potential Fur box downstream of the -10 region, spanning residues +1 to +18 (data not
shown). Taken together these data suggest that Fur may negatively impact type Il secretion

but is unlikely to act directly through binding to the yscW-ycrF promoter region.

S

N ,/
//j//Typell /
gatgcgattTAAAACCATATATACAGTATGGTAATTGTatttctc
0.00341 0.00179

Fig 2. Bioinformatic analysis suggests putative Fur binding sites overlapping the IscR
binding site on Pierr . ISCR binding site is in CAPS and putative Fur binding sites are
underlined. The IscR type Il site is positioned 97 residues upstream of the -10 region. p-values

for each binding site are given.

AYscNU  WT WT WT AFur AFur  AFur

Empty p :Fur Empty p :fur
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Fig 3. Overexpression of fur decreases T3SS activity under standard aerobic conditions.

Y. pseudotuberculosis was grown in low calcium 2xYT media and the T3SS was induced at
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37°C for 2 hours. T3SS cargo proteins secreted into culture supernatant and precipitated with
TCA were visualized with Coomassie blue. One representative experiment out of three is
shown.

Wild type

S s

0 500 250 125 625

Unbound DNA —>

PsodA PsodA
OO
nM Fur 0 500 250 125 625 0 500 250 125 625
Fur-bound DNA I: B B | |
Unbound DNA —> | ) - - ed el Y

Fig. 4. Fur does not bind to the lcrF promoter in vitro. Electrophoretic mobility shift assays
(EMSASs) were performed on DNA fragments containing the WT promoter region upstream of
yscW-IcrF. Concentrations of purified E. coli Fur protein are denoted above gel lanes. Figure

represents one of two independent experiments.
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Fig. 5. E. coli Fur is functional in Y. pseudotuberculosis. E. coli K12 and Y.
pseudotuberculosis fur gene sequence plus 600 bp upstream of the start codon were cloned
into plasmid pACYC184. Recombinant plasmids were introduced into either WT or Afur Y.
pseudotuberculosis. RNA was isolated at 2 hr after growth at 26°C or 37°C. gPCR was
performed to determine hmuR and 16S gene expression. Relative mRNA levels for each
gene were normalized to 16S rRNA levels in the same sample, and calculated by the AACt

method.

Fur does not contribute to induction of type lll secretion in response to iron limitation
under anaerobic conditions To determine if Fur plays a role in regulation of the T3SS in
response to iron availability, the Y. pseudotuberculosis Afur and AiscR/Afur strains were
tested for secretion under varying iron and oxygen conditions. Under aerobic conditions, the
Afur mutant displayed iscR, IcrF, and yopE gene expression to the same level as WT (Fig 6),
but secreted higher levels of YopE protein than the WT under both iron replete and iron
limited conditions. Furthermore, LcrF protein levels were also increased in the Afur mutant

compared to WT.

In contrast to what was observed in the presence of oxygen, under anaerobic conditions, the
Afur mutant secreted YopE similarly to WT. Importantly, very little YopE secretion was
observed in a Afur/AiscR double mutant, suggesting that T3SS expression remains IscR-
dependent in the absence of Fur (Fig. 6). One surprising finding was that YopE protein levels
in the cell pellet (unsecreted YopE) were detected under iron replete anaerobic conditions in
the Afur mutant but not in WT. Taken together, these data suggest that, while IscR is
essential for Yop secretion under all conditions tested, Fur is dispensable. However, Fur may
play a role in repressing YopE expression at the post-transcriptional level and/or YopE

secretion.
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Fig. 6. Deletion of fur does not affect the T3SS response to iron and oxygen. Y.
pseudotuberculosis was grown under iron starvation conditions as previously described
under aerobic or anaerobic conditions (12 hrs), in 6.58 uM FeSOq (iron replete, “+Fe”) or with

0.0658 uM FeSO4 (iron limitation, “-Fe”). T3SS was induced by shifting to 37°C for 4hrs. Cell
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lysates were probed with antibodies for RpoA, LcrF, and YopE. T3SS cargo proteins secreted
into culture supernatant and precipitated with TCA were probed with antibodies for YopE.

One representative experiment out of three is shown.

Discussion

Previous studies in Yersinia pestis have elucidated the Fur regulon [6, 7], but the role of Fur in
enteropathogenic Yersinia virulence is not well understood. Interestingly, a recent
transcriptomics study of mouse lungs infected with Y. pestis revealed an upregulation of the
Fur regulated small RNAs RyhB1 and RyhB2 [8]. In addition, a recent study in E. coli showed
that oxygen availability affects the regulon of Fur and RyhB [2]. However, we show here that a
Y. pseudotuberculosis fur deletion plays a minor role in Yop secretion in response to iron and
oxygen. Interestingly, we observed an upregulation of YopE protein in the absence of Fur.
However, although yopE is an LcrF target gene, we could not detect binding of E. coli Fur to
the lcrF promoter, suggesting that any repressive activity of Fur on YopE expression is

independent of Fur directly binding the IcrF promoter.

Our preliminary data suggests that Y. pseudotuberculosis fur is not necessary for infection (Y.
Weiand V. Auerbuch, data not shown). We reason that if Fur or the Fur-regulated SRNA RyhB
had a major role in type Ill secretion, then the fur mutant would display a virulence defect
because the T3SS is important for virulence. Nevertheless, the role of Fur in T3SS regulation
remains incompletely understood, and further studies are necessary. One possibility is that Fur
deletion is indirectly affecting regulation of yopE post-transcriptionally, as q°PCR data does not
show a change in mRNA levels, or that additional regulators controlled by Fur affect secretion
of YopE (and possibly expression of other T3SS components). One possible future direction
would be to use RNAseq to compare WT and the Afur mutant under varying oxygen and iron

conditions, to determine Fur-regulated genes under these conditions.
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Chapter 4.

Mutation of the IcrF promoter to examine why IscR control of the Yersinia type lll

secretion system is important for virulence.

By Diana Hooker-Romero , Patricia Kiley and Victoria Auerbuch
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Introduction

Using a Y. pseudotuberculosis mutant where the IscR binding site in the lcrF
promoter was ablated (IcrFPN"), we showed in Chapter 3 that Y. pseudotuberculosis IscR
binding to the IcrF promoter is critical for regulating T3SS expression in response to changes
in iron and oxygen (Hooker et al., under review). In order to understand the physiological role
of this regulation, we chose to construct a more nuanced mutation in the IcrF promoter
predicted to bind holo-IscR, but not apo-IscR. Studies have shown that IscR binds to both
type | and type Il DNA motifs depending on its association with its [2Fe-2S] cluster [1, 2].
Therefore, we constructed an IcrF promoter mutant where the type Il binding site is mutated
to a type | binding site IcrFP™Pe!, Studies in Escherichia coli have demonstrated that only IscR-
[2Fe2S] (holo-IscR) binds to type | sites [2]. We predicted that the IcrFP™¢! mutant should
upregulate T3SS expression under conditions where holo-IscR is present, i.e.-when [2Fe2S]
clusters are more stable, such as low oxygen/oxidative stress and iron replete
environments. Studying how proper regulation of the T3SS in response to environmental
cues affects Y. pseudotuberculosis virulence will allow us to understand the importance of
why pathogens fine-tune their virulence factors in response to different environment signals.

We first sought to investigate the effect of the presence of a type | binding site on the
promoter region of IcrF under standard laboratory conditions: aerobic conditions in iron
replete media. Additionally, we also conducted the iron starvation protocol described in
Chapter 3 to test if iron and oxygen presence had an effect on T3SS expression in this
mutant. Finally, we determined how regulation of the T3SS in the lcrFP™P¢! mutant affected
virulence and dissemination. Results of this study suggest that standard laboratory conditions
do not recapitulate all the host environments that Y. pseudotuberculosis encounters during

infection.
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Materials and Methods

Bacterial Strains and Growth Conditions. The strains used in this study are listed in Table
1. For standard Y. pseudotuberculosis growth and T3SS induction (Fig. 1B), bacteria were
grown overnight in 2xYT media, subcultured in 2xYT plus 20 mM sodium oxalate (to chelate
calcium and induce type Ill secretion) and 20 mM MgCl: to an optical density at 600 nm
(ODeoo) of 0.2, grown at 26°C for 1.5 hrs followed by 37°C for another 1.5 hrs. For growing
Yersinia under various iron and oxygen condition, casamino acid-supplemented M9 media,

referred to as M9 below, was used [3].

Growth of cultures to vary oxygen tension was achieved by first diluting 26°C overnight
aerobic cultures of Y. pseudotuberculosis to an ODeoo of 0.1 in fresh M9 minimal media
supplemented with 0.9% glucose (referred to as M9/high glucose) to maximize growth rate
and energy production under anaerobic conditions, and incubating for 12 hrs under either
aerobic or anaerobic conditions at 26°C. Anaerobic cultures were then shifted to 37°C and
incubated for 4 hrs in a vinyl anaerobic chamber with a gas mix of 90%N, 5%CO., 5% H:
(Coy Laboratory Products, Inc). Aerobic cultures were instead diluted to an ODeoo of 0.2,

grown with agitation for 2 hrs at 26°C, and then shifted to 37°C for 4 hrs.

Growth of cultures to vary iron availability was achieved by first growing Y.
pseudotuberculosis aerobically in M9/high glucose media treated with Chelex® 100 resin to
remove all traces of iron in acid-washed glassware, as previously described [4]. Specifically,
iron replete overnight cultures (M9+6.58 uM FeSO4) grown at 26°C aerobically were diluted to
an ODsoo of 0.1 into Chelex-treated M9/high glucose media and grown for 8 hrs at 26°C
aerobically with agitation. Cultures were then diluted a second time to ODeoo 0.1 in fresh
Chelex-treated M9/high glucose, and grown for 12 hrs at 26°C with agitation. Subsequently,
cultures were then diluted a third time to ODsoo 0.2 in M9/high glucose supplemented with

6.58 UM FeSOq4 (iron replete) or with 0.0658 uM FeSOq4 (iron limitation), grown for 2 hrs at
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26°C with agitation, and then shifted to 37°C for 4 hrs with agitation to induce type llI
secretion. For anaerobic cultures, the cultures were instead diluted a second time to ODsoo
0.1 in M9/high glucose supplemented with 6.58 uM FeSOQa4 (iron replete,) or with 0.0658 uM
FeSO4s (iron limitation), and transferred to a vinyl anaerobic chamber where they were grown
at 26°C for 12 hrs. Rezasurin redox indicator was used to monitor oxygen levels in the
anaerobic chamber. By 4 hrs after introduction of cultures to the anaerobic chamber, the dye
color changed from pink to clear, indicating an absence of residual oxygen. Cultures were

then shifted to 37°C for another 4 hrs to induce type Il secretion.

Type lll secretion assays. Visualization of T3SS cargo secreted in broth culture was
performed as previously described [46]. Briefly, 5 mL of each culture were pelleted at 13,200
rpm for 15 min at room temperature. Supernatants were removed, and proteins were
precipitated by addition of trichloroacetic acid (TCA) at a final concentration of 10%. Samples
were incubated on ice overnight and pelleted at 13,200 rpm for 15 min at 4°C. The resulting
pellets were washed twice with ice-cold 100% acetone and subsequently resuspended in
final sample buffer (FSB) containing 20% dithiothreitol (DTT). Samples were boiled for 5 min

prior to running on a 12.5% SDS-PAGE gel.

Western Blot Analysis. In parallel, after the supernatant was collected, bacterial pellets
were resuspended in FSB plus 20% DTT. Pellet samples were boiled for 15 min. At the time
of loading, samples were normalized to the same number of cells. Cytosolic and secreted
protein samples were run on a 12.5% SDS-PAGE gel and transferred to a blotting membrane
(Immobilon-P) with a wet mini trans-blot cell (Bio-Rad). Blots were blocked for an hour in Tris-
buffered saline with Tween 20 and 5% skim milk, and probed with the goat anti-YopE
antibodies (Santa Cruz Biotechnology), rabbit anti-YopD (gift from Alison Davis and Joan
Mecsas), rabbit anti-RpoA (gift from Melanie Marketon), rabbit anti-LcrF [27], rabbit anti-IscR

[18], and horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotech).
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Following visualization, quantification of the bands was performed with Image Lab software

(Bio-Rad).

Construction of Yersinia Mutant Strains. For the Y. pseudotuberculosis IcrFPT¥P¢! mutant
strain, the IcrF promoter region was amplified by PCR using 57/3’ IcrFP™¢' which contained
the mutations on the IscR binding site (see Table 1, underlined nucleotides). Amplified PCR
fragments were cloned into a BamHI- and Sacl-digested pSR47s suicide plasmid (Apir-
dependent replicon, kanamycin®, sacB gene conferring sucrose sensitivity) using the
NEBuilder HiFi DNA Assembly kit (New England Biolabs, Inc) [47, 48]. Recombinant
plasmids were transformed into E. coli S17-1 Apir competent cells and later introduced into Y.
pseudotuberculosis IP2666 via conjugation. The resulting KanR, irgansan® (Yersinia selective
antibiotic) integrants were grown in the absence of antibiotics and plated on sucrose-
containing media to select for clones that had lost sacB (and by inference, the linked plasmid
DNA). Kan®, sucroseR, and congo red-positive colonies were screened by PCR and
sequencing.

Table 1. Primers used in this study

Name Name Sequence Reference Reference

Fgyope CCATAAACCGGTGGTGAC (Morgan et al. 2017)

RqyopE CTTGGCATTGAGTGATACTG (Morgan et al. 2017)
Fgl6s AGCCAGCGGACCACATAAAG (Merriam et al. 1997)

Rql6s AGTTGCAGACTCCAATCCGG (Merriam et al. 1997)

FqlcrF GGAGTGATTTTCCGTCAGTA (Miller et al. 2014)
RqlcrF CTCCATAAATTTTTGCAACC (Miller et al. 2014)
FqiscR CAGGGCGGAAATCGCTGCCT This study
RgiscR  ATTAGCCGTTGCGGCGCCTAT This study
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3 TGTATAAATCCTTTGAAATCGCATCATAT

This study
lcrFPyPel  ATTCCTAATAT
GATT
5
TATAGTTGACCAATTTACTCGGGAATTG This study
[crFpTypel

TAT

Mouse Model. All animal use procedures were in strict accordance with the NIH Guide for
the Care and Use of Laboratory Animals and were approved by the UC Santa Cruz
Institutional Animal Care and Use Committee. 15-18 hrs prior to infection, food was withheld
from eleven to twelve weeks old 129S1/SvimJ mice, but water was provided ad libitum. Mice
were then inoculated with 2x108 by bread feeding [49]. Briefly, Y. pseudotuberculosis cultures
were grown in LB media overnight at 26°C. Cultures were diluted to the appropriate ODsoo to
obtain 2x108 bacteria per mouse. Dilutions were spun down and pellets resuspended in a
mixture of 2 ml of 1X PBS and 3 ml melted butter, and this mixture was then pipetted onto a
small piece of bread. Mice were given a piece of Yersinia-soaked bread and provided food
and water ad libitum. Five days post-inoculation, mice were euthanized and Peyer’s patches,
mesenteric lymph nodes, spleens, and livers were isolated and homogenized for 30 sec in
PBS followed by serial dilution and plating on LB supplemented with 1 mg/mL irgasan for

CFU determination.

Electrophoretic mobility shift assays (EMSAS). E. coli IscR-C92A protein was purified as
previously described [18, 34] and subsequently used in Electrophoretic mobility shift assays
(EMSASs). DNA fragments containing the wild-type Y. pseudotuberculosis IcrF promoter [-206
to +12 bp relative to the +1 transcription start site (TSS)], or its lcrFP™¥P¢! variant in which the
IscR binding site is disrupted, were respectively isolated from pPK12778 and pPK12779 after
digestion with Hindlll and BamHI, and EMSASs were carried out with purified IscR-C92A as

previously described [22]. After incubation at 30°C for 1 hr, samples were loaded onto a non-
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denaturing 6% polyacrylamide gel in 0.5 Tris-borate-EDTA buffer and run at 100 V for 2.5
hrs at 4°C. The gel was stained with SYBR Green EMSA nucleic acid gel stain (Molecular

Probes) and visualized using a Typhoon FLA 900 imager (GE).

RNA Isolation. A total of 3 mL of culture from each condition was pelleted by centrifugation
for 5 min at 4,000 rpm. The supernatant was removed, and pellets were resuspended in 500
pL of media and treated with 1 mL Bacterial RNA Protect Reagent (Qiagen) according to the
manufacturer’s protocol. Total RNA was isolated using the RNeasy Mini Kit (Qiagen) per the

manufacturer’s protocol.

Quantitative Reverse Transcriptase PCR (qRT-PCR) analysis. After harvesting total RNA,
genomic DNA was removed via the TURBO-DNA-free kit (Life Technologies/Thermo Fisher).
cDNA was generated for each sample by using the M-MLV Reverse Transcriptase
(Invitrogen) according to the manufacturer’s instructions, as we previously described [12].
Each 20 ul gRT-PCR assay contained 5 pl of 1:10 diluted cDNA sample, 10 ul of Power
CYBR Green PCR master mix (Thermo Fisher Scientific), and primers (Table 2) with
optimized concentrations. The expression levels of each target gene were normalized to that
of 16S rRNA present in each sample and calculated by the AACt method. Three independent
biological replicates were harvested for each tested condition. For each target transcript,
significant differential expression between different bacterial strains were defined by p-value

<0.05 of two-way analysis of variance (one-way ANOVA with Tukey post-test)

mCherry fluorescence quantification. Y. pseudotuberculosis strains carrying the
pMMBG67HE:pyopH-mCherry construct were grown under iron starvation conditions as
mentioned above, either under aerobic or anaerobic conditions. Iron starved cultures were
incubated at 37°C, and every hour a sample was taken from each culture, spun down for 2

min at 3000 rpm, and resuspended in 200ul 1X PBS, and mCherry fluorescence measured in

116



a black 96 well plate (costar) on a Perkin Elmer Victor X3 plate reader. Optical density was

measured in a clear plate (costar) on a Perkin Elmer Victor X3 plate reader.

Results

The lcrFP™YPe mutant displays normal T3SS expression under standard aerobic
conditions, despite the inability to recruit apo-IscR to the IcrF promoter. Previous
studies in E. coli have shown that only holo-IscR can bind to type | motifs (Nesbit, 2006, Giel,
2009). To confirm this, we conducted DNA-binding assays of E. coli apo-IscR protein and the
promoter DNA fragment containing the IcrFP™Pe! mutation. Our results demonstrate that apo-
IscR protein cannot bind to the IcrFP™¥?¢!' promoter region, although apo-IscR can bind to the
WT lcrF promoter region (Fig. 1). Future experiments should confirm that holo-IscR, which
must be purified under anaerobic conditions, binds to the IcrFP™Pe! promoter region as

predicted.

plch(WT) PIch(Typel)

nMIscR-C92A 0 500 250 125 62.5 0 500 250 125 625

-~

Nonspecific binding? {
IscR-bound DNA —s - o

unbound DNA —> e

Fig. 1. Mutation of the IscR binding site in the IcrF promoter from atype Il to a type |
motif disrupts apo-IscR binding. Electrophoretic mobility shift assays (EMSAs) were
performed on DNA fragments containing the WT and IcrFP™Pe mutant promoter region (206
bp) upstream of yscW and IcrF. Concentration of purified E. coli apo-locked IscR-C92A
protein used are denoted above the gel lanes. One representative experiment out of two is

shown.
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Furthermore, to determine how mutating the IscR binding site from a type Il to a type | motif
could affect T3SS expression, we grew the wild type and the IcrFPTP¢' mutant strains under
aerobic conditions in M9 media at 26°C for 2 hrs and induced T3SS expression by shifting
the culture to 37°C. The lcrFP™Pe! mutant did not display a growth defect compared to the WT
strain at either temperature (Fig. 2). Despite the inability of the IcrF promoter in this mutant to
bind apo-IscR, the secretion pattern of the lcrFP™P¢! mutant was no different than the WT
strain, whose IcrF promoter can bind both apo- and holo-IscR (Fig. 3). Consistent with the
IcrFPTYPe! mutant being capable of type Il secretion, the lcrFP™Pe! mutant displayed growth
arrest at 37°C similar to the WT strain, as active type Il secretion is associated with growth
arrest. These results suggest that, under standard aerobic conditions, holo-IscR is sufficient
to drive LcrF expression and subsequently type 1l secretion. To test this hypothesis, an
AiscR/lcrFP™Pe! double mutant was constructed. Indeed, T3SS expression was ablated in this
mutant (Fig. 4), suggesting that IscR is necessary for T3SS expression in the lcrFP™P¢' mutant
and that sufficient holo-IscR is present under standard aerobic conditions to support LcrF

expression and type Il secretion.
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Fig. 2. The lcrFP™Pe mutant does not display a growth defect under standard
laboratory conditions. Y. pseudotuberculosis WT, AiscR, and IcrFP™¥P¢ ! strains were
grown under aerobic standard conditions in M9 media and optical density measured

every hour.
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IscR IscR
Binding Binding
WT AiscR Null Motif |
kDa 26°C 7°C 26°C 3 26°C 37 26° 37°C

IscR binding site: TAAAACCATATATACAGTATGGTAATTGTAT

IscR Binding Null : TCAAAGGATTTATACAGTATGGTAATTGTAT
Motif I Site: TATAGTTGACCAATTTACTCGGGAATTGTAT

Fig. 3. Mutation of the IscR binding site in the lcrF promoter from atype ll to a
type | motif does not affect T3SS expression under standard aerobic
conditions. Y. pseudotuberculosis strains were grown in M9 media and the T3SS
induced at 37°C for 2 hours. T3SS cargo proteins secreted into the culture
supernatant and precipitated with TCA were visualized with Coomassie blue. One

representative experiment out of three is shown.
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AiscR/IcrFPvee! clones
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Fig. 4. IscR is necessary for T3SS expression in a IcrFP™YPe mutant. iscR was
deleted from the IcrFPYPe! strain, and type Il secretion was determined under standard
aerobic conditions in M9. Gel depicts TCA precipitation of secreted proteins that were
stained by Coomassie blue. Three individual clones of the AiscR/IcrFP¥Pe! mutant is

shown. BSA protein was used as a loading control.

These results led us to hypothesize that the amount of holo-IscR present in the cell under
standard aerobic, iron replete conditions is sufficient to induce IcrF expression in the IcrFPTYPe!
mutant to the same levels of a WT strain. Another possibility could be that, in living cells, apo-
IscR is able to drive IcrF transcription even in the context of this mutated IcrF promoter. To
test this possibility, we constructed a Yersinia double mutant strain that combined the
IcrFPTYPe! mutation with the apo-locked IscR mutation previously used by our lab (C93A, C98A,
C104A; [5]), referred to here as Apo-IscR. Our lab previously showed that an apo-IscR
mutation leads to a proton motive force defect and therefore an inability to carry out type IlI
secretion ([5]). Therefore, we analyzed expression of the LcrF target gene YopH as a readout

of LerF activity, using a pyopH-mCherry transcriptional reporter plasmid [6]. WT, IcrFPTpe!,
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lcrFPNul “apo-IscR/IcrFP™Pe! | AlerF and AiscR strains carrying the plasmid pMMB67EH:pyopH-
mCherry were grown under T3SS-inducing conditions and mCherry fluorescence determined.
Similar to what we observed in Fig. 3 above, the IcrFP™Y?¢' mutant displayed yopH promoter
activity similar to that of the WT strain (Fig. 5). However, the apo-IscR/IcrFPTYPe' mutant
displayed mCherry expression to the same level of the IcrFPN! mutant, suggesting that apo-
IscR cannot drive IcrF transcription in the context of the lcrFP™¥Pe! mutation. While mCherry
expression of both the IcrFPNU and the apo-IscR/IcrFP™P¢' mutant was higher than that of the
AiscR mutant in low calcium media (Fig. 5A), in high calcium media, yopH promoter activity in
the lcrFPNU! and the apo-IscR/IcrFPTYPe! mutants was the same as in the AiscR mutant (Fig.

5B). This likely reflects stabilization of IcrF and LcrF target gene mRNA upon secretion of the
regulator YopD out of the cell [7]. Taken together, these results suggest that holo-IscR cannot
drive transcription from the IcrFP¥?e! promoter, and that the amount of holo-IscR present under

standard aerobic conditions is sufficient to drive T3SS expression to the same levels as WT.
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Fig. 5. Apo-IscR cannot drive T3SS expression in a lcrFPYP¢ mutant. Y.
pseudotuberculosis pyopH-mCherry reporter strains were used to assess yopH expression
under aerobic iron replete conditions. mCherry fluorescence intensity normalized to ODsoo is

shown. Data shown represent the average of three independent experiments.
In agreement with the data above, preliminary Yop translocation assays following growth of

bacteria under standard aerobic T3SS-inducing conditions in 2xYT media, suggest that the

IcrFP™YPe! mutant translocates the YopM-Bla reporter effector protein into CHO cells at the

121



same level as the WT strain (data not shown). This translocation was at a level that is much
higher than the AiscR and IcrFPNU! mutants, which do not translocate detectable YopM-Bla.
Taken together, these results suggest that, under standard T3SS-inducing conditions, either
holo- or apo-IscR is necessary for Yersinia to express its T3SS and deliver T3SS effector

protein into host cells.

The IcrFPTYPe' mutant displays a secretion defect after iron starvation under both
aerobic and anaerobic conditions. To assess if iron availability could affect how holo-IscR
regulates the type | binding site upstream of IcrF in the IcrFP™Pe' mutant, we starved Yersinia
of iron and incubated them under either aerobic or anaerobic conditions and examined T3SS
expression. In Chapter 3, we showed that iscR gene expression does not change under
aerobic conditions in response to iron in the WT strains, and this was the case in the lcrFrT»e!
mutant as well (Fig. 6A). Additionally, lcrF and yopE gene expression was unchanged
between the IcrFPYPe' mutant and WT. However, the IcrFP™Y*®! mutant displayed a secretion
defect following iron depletion in the presence of oxygen, even after the media was

supplemented with iron (Fig. 6B).
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lcrF mRNA/16S mRNA

normalized to WT +Fe

Relative /crF expression under Aerobic conditions Relative yopE expression Aerobic conditions
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Fig. 6. The IcrFP™YP® mutation does not affect LcrF, YopH, or YopE expression
following iron starvation, but does lead to a decrease in YopE secretion. Iron
starved Y. pseudotuberculosis was shifted to growing in iron replete (+Fe) or iron

limited (-Fe) conditions at 37°C. After 4 hrs, (A) RNA was isolated and qPCR used to
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determine relative expression of iscR, yopE, and IcrF by normalizing to 16S rRNA
levels. Data shown represent the average of four independent experiments.
***p<0.001 (One-Way ANOVA with Tukey post-test). (B) T3SS cargo proteins
secreted into culture supernatant and precipitated with TCA were probed with
antibodies for YopE. Cell lysates were probed with antibodies for RpoA, YopE, and
LerF. The AyscNU negative control strain does not express a functional T3SS. All
samples in Figure 6 are from the same experiment but were run on separate gels.
LcrF and YopE were probed on separate membranes. RpoA was blotted in each

membrane as a loading control. One representative experiment out of four is shown.

Interestingly, under anaerobic conditions, iscR, lcrF, and yopE mRNA levels in the IcrFPTYPe!
mutant were upregulated by continued iron limitation, similar to the WT strain (Fig. 7A).
However, this mutant displayed a secretion defect under anaerobic conditions. Yet, the
IcrFPYPe! displayed an increase in intracellular YopE protein levels, but not LcrF protein levels
(Fig. 7B), although the reason behind this remains unclear. Taken all together, these data
suggest that the IcrFPYPe! mutant displays a type Il secretion defect following iron depletion

that does not appear to stem from a decrease in LcrF protein levels.
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Relative lcrF expression under Anaerobic conditions Relative yopE expression under anaerobic conditions
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Fig. 7. The IcrFP™YP® mutation decreases the ability of Y. pseudotuberculosis to

secrete YopE under anaerobic conditions regardless of iron supplementation .

Iron starved Y. pseudotuberculosis was shifted to growing in iron replete (+Fe) or iron
limited (-Fe) conditions for 12 hrs, then shifted to 37°C for 4 hrs. (A) RNA was

isolated and gPCR used to determine relative expression of iscR, yopE, and IcrF by
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normalizing to 16S rRNA levels. Data shown represent the average of four

independent experiments. ***p<0.001 (One-Way ANOVA with Tukey post-test). (B)

T3SS cargo proteins secreted into culture supernatant and precipitated with TCA

were probed with antibodies for YopE. Cell lysates were probed with antibodies for

RpoA, YopE, and LcrF. All samples in Figure 7 are from the same experiment but

were run on separate gels. LcrF and YopE were probed on separate membranes.

RpoA was blotted in each membrane as a loading control. One representative

experiment out of four is shown.

YopH-mCherry reporters were also used to determine if iron or oxygen affected promoter

activity of yopH. However, we could not detect sufficient mCherry signal in the absence of

oxygen (Fig. 8). Under aerobic conditions, iron had no effect on mCherry fluorescence in any

of the strains tested. Taken together, these results suggest that iron does not affect yopH

expression under aerobic conditions. However, there was a significant difference between the

WT strain and the IcrFP™Y?¢! strain under the same iron conditions at all time points. This is in

contrast to the gPCR data presented in Figure 6 for yopE expression. The reason behind this

discrepancy remains unclear.
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Fig. 8. Iron starvation does not affect YopH-mCherry expression under aerobic
conditions, but mCherry fluorescence is too low to measure in the absence of
oxygen. Y. pseudotuberculosis pyopH-mCherry was used to assess yopH
expression under aerobic and anaerobic, iron replete or iron limited conditions.
mCherry fluorescence intensity normalized to ODeoo is shown. Data shown represent

the average of three independent experiments.

Proper regulation of the T3SS by IscR is necessary for colonization. To examine the
impact that the IcrFP™¥?¢! mutation has on infection, we performed oral inoculation of mice
using a bread feeding model. Interestingly, the lcrFPYP¢' mutant displayed a colonization
defect in the small intestine by 1000-fold. This is in contrast to a lack of small intestine
colonization defect of the IcrFPN! mutant (Fig. 9 and Chapter 3). Similarly, the IcrFPTYpe!
mutant showed a 1000-fold decrease in Peyer’s patch colonization, and a 100-fold decrease
in mesenteric lymph nodes, when compared to the WT strain. In contrast, the lcrFPNY! mutant
did not display a significant decrease in colonization of the mesenteric lymph nodes.
Furthermore, the lcrFP™¥Pe! mutant was deficient in colonization of the liver and spleen by
1000-fold. (Fig. 9). These results suggest that proper regulation of LcrF and subsequently the
T3SS by both holo- and apo-IscR, in response to environmental signals that drive the holo-
/apo-IscR ratio, is critical for Yersinia virulence and colonization of every organ in the mouse

model of infection.

As the T3SS is recognized by the innate immune system [8, 9] we hypothesized that the
IcrFPYPe! mutant, which expresses excess YopE under anaerobic iron replete conditions (Fig.
7) such as those found in the small intestine, might cause increased inflammation. To test
this hypothesis, we conducted a preliminary experiment where mice were infected with either
the WT stain or the IcrFPYPe! mutant strain. Five days post-inoculation, the small intestine was

isolated and fixed for histology analysis by a board-certified pathologist. Additionally, CFU
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were calculated from fecal pellets, MLN, spleen, and liver were analyzed. A caveat to this
experiments is that one WT-inoculated mouse and one IcrFPYPe! -inoculated mouse was not
colonized by Yersinia in any tissue (Table 1). Nevertheless, the IcrFPYP®' mutant strain overall
colonized at a lower level than WT, as expected. Tissue histology analysis, by E&H stain, of
the intestinal tissue suggest that both the WT and the IcrFP¥P®' mutant caused some
inflammation and intestinal lumen dysbiosis (Table 1). This preliminary result is interesting
given that the IcrFPYPe! -infected mice have fewer CFUs than WT-infected mice, and therefore
may have a higher inflammation relative to colonization ratio. However, this experiment

should be repeated with more mice per group to test this hypothesis.
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Fig. 9. Proper regulation of the T3SS in response to the appropriate iron and oxygen
signal by IscR is essential for virulence in the mouse model of infection. Mice were
infected with ~2x108 Y. pseudotuberculosis using a bread feeding model, and organs and
intestinal contents were harvested 5 days post-inoculation. CFUs were normalized to the
weight of the organ in grams. Each symbol represents one animal. Unfilled symbols indicate

that CFU were below the limit of detection. These data represent 5 independent experiments.
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**p<0.01, *** p<0.001, ****p <0.0001 was determined by an unpaired Mann-Whitney rank

sum test. Dashes represent geometric mean.

Comparative Pathology Laboratory http://cpl.ucdavis.edu/
(530) 752-2832

Histologic findings
CPLacc# |Cassette## |Study ID# |Small intestine PP Cecum Colon Luminal contents
0739-19E |6 Tl Mild mucosal hyperplasia NE Mild non-suppurative typhlitis NSF Mild dysbiosis MLN, L
Neutrophilic enteritis with
mucosal hyperplasia and focal PP Focal chronic non-suppurative
7 TI2 ulceration (cocci) LFH typhlitis NSF NSF
8 TI3 NSF Y NSF NSF NSF
4 UN1 NSF Y NSF NSF NSF
5 UN2 NSF LFH NSF NSF NSF
Neutrophilic enteritis with Focal neutrophilic typhlitis with
segmental mucosal hyperplasia mucosal hyperplasia and
1 WT1 and focal PP ulceration LFH submucosal edema Focal ulcerative colitis |Dysbiosis MLN,SP, L
2 WT2 Mild mucosal hyperplasia Y NSF NSF NSF MLN, L
3 WT3 NSF LFH NSF NSF NSF [

Histological findings:

NSF = No significant histologic changes were observed.
NE = Not examined, not present in section examined.
PP = Peyer's patch

Y = present in section.

LFH = Lymphofollicular hyperplasia

Summary:

The pattern of inflammation (necrosis and ulceration targeting the Peyer's patches) in mice WT1and TI2 is consistent with the expected pathogenesis of Yersinia
pseudotuberculosis. Similar changes may be present in mouse TI1but due to sample bias, the target of inflammation (PP) is not present in section. Mild
inflammation s also present in the cecum and colon. Dysbiosis and lymphofollicular hyperplasia are non-specific reactive changes that occur when the intestinal
homeostasis is perturbed.

There are positive mice (mice exhibiting inflammation that would be consistent with enteric yersiniosis) in both the Tland WT groups. There are no positive mice
in the UN groups. Unfortunately, the numbers are not sufficient for statistical significance.

Denise M. Imai-Leonard, DVM, PhD, DACVP
Pathologist and Assistant Health Sciences Clinical Professor

Table 2. Histological analysis of the mouse small intestine following infection with the
Y. pseudotuberculosis WT and IcrFPvPe! mutant five days post-inoculation. Mice were
infected with ~2x108 Y. pseudotuberculosis using a bread feeding model, and entire
intestines harvested five days post-inoculation. Entire intestines were analyzed as a Swiss

roll, stained with H&E, and analyzed by the UC Davis pathology lab.

Discussion

In this chapter, we showed that mutating the Y. pseudotuberculosis IcrF promoter to prevent

apo-IscR, but not holo-IscR, binding leads to a defect in type Il secretion, specifically after

iron starvation. While the mechanism behind this remains to be tested, this mutation is
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associated with a colonization defect in all mouse tissues tested following oral infection.
These data suggest that changes in iron-sulfur cluster homeostasis, which is sensed by IscR
and affects the holo-/apo-IscR ratio, is an important environmental cue Yersinia uses to

control its major virulence factor in vivo.

This lcrFPYPe! mutation enables only holo-IscR, rather than both holo- and apo-IscR, to bind to
the IcrF promoter. Indeed, we observed that expression of an apo-locked IscR allele in the
IcrFPYPe! mutant blocked T3SS expression, as measured by yopH-mCherry signal.
Furthermore, the yopH-mCherry expression in this double mutant was as low as in the AiscR
mutant and the lcrFPNY" mutant, in which IscR binding to the IcrF promoter was completely
ablated, suggesting that apo-IscR cannot bind to the IcrF promoter region of the IcrFPYre!
mutant. Additionally, EMSA assays demonstrated that E. coli apo-IscR cannot bind to the IcrF
promoter region of the IcrFPYPe! mutant. Nevertheless, further DNA-binding analysis needs to
be performed to determine if holo-IscR can bind to this promoter region. Together these
results indicate that the T3SS expression observed in the IcrFPYPe! mutant is induced by the

holo-IscR present in the cell.

As holo-IscR alone can induce LcrF expression in the IcrFPYPe' mutant, we speculated that
LcrF and T3SS expression in this mutant should reflect holo-IscR levels. Holo-IscR, which
should be more plentiful relative to apo-IscR in anaerobic and iron replete conditions,
represses isc expression and in turn decreases overall IscR levels. Therefore, the conditions
in which the holo-/apo-IscR ratio may be highest are the conditions where overall IscR levels
are lowest (i.e.-anaerobic, iron replete). We observed similar levels of IscR, LcrF, and YopE
expression in both the WT and lcrFPYPe! mutant under aerobic iron replete and iron limited
conditions. However, the IcrFPYPe! mutant had higher LcrF and YopE expression than the WT
in the absence of oxygen. Yet, the IcrFP¥?e! mutant did not secrete YopE under anaerobic iron

limited conditions while the WT did. The mechanism behind this lack of secretion despite
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expression of LcrF and YopE is unclear. One possible explanation is that the yscW pilotin
gene, which encodes a protein that enables the YscC secretin T3SS basal body compoment
to insert into the outer membrane, is encoded in the same operon as lcrF, just upstream of
IcrF. It is possible that the IcrFPYPe! mutation alters YscW expression in such a way as to
block secretion without affecting expression of other T3SS genes. This hypothesis should be
tested. One other discrepancy is that we observed a decrease in the amount of secreted
YopE protein without a change in IcrF or yopE mRNA levels. These data suggest that post-
transcriptional regulation of yopE may occur in the lcrFP¥Pe! mutant in addition to a block in

type Il secretion.

One major conclusion from our combined in vitro and in vivo experiments with the

IcrFPYPe! mutant is that standard aerobic iron replete laboratory conditions do not completely
mimic the environmental conditions under which Y. pseudotuberculosis needs to express the
T3SS during infection, as the lcrFPYPe! mutant displays normal type Il secretion under
standard conditions. As apo-IscR is unable to drive LcrF expression in the IcrFPYPe! mutant,
and the lcrFPYPe! mutant is attenuated for virulence in all mouse tissues tested, we conclude
that apo-IscR control of the yscW-IcrF operon is critical for Yersinia virulence. However, a
deeper understanding of the IcrFP¥Pe! mutation is needed to interpret the virulence data. This
will include assessment of whether the IcrFP¥P¢! mutation affects binding of protein and/or
RNA factors other than IscR to the IcrF promoter. In addition, T3SS assembly in the

lcrFPYPe! mutant under anaerobic conditions should be examined to test if the T3SS basal
body is affected in this mutant. This could be done by immunohistochemistry looking at YscF
needles. Additionally, more in vivo studies need to be performed to determine if indeed the
IcrFPYPe! mutant causes more inflammation in the intestines. Furthermore, intraperitoneal
infections should also be conducted to establish if this mutation also affects colonization and
dissemination through this route of infection, which would bypass passage through the

intestines. Lastly, in vivo gene expression should be assessed to determine where during

131



infection iron and oxygen conditions vary, and examined if those changes correlate with IscR
and T3SS expression in both the WT and the IcrFPYPe' mutant. Investigating how IscR
regulates T3SS in vivo would allow us to have a better understanding of the different
environments that Y. pseudotuberculosis encounters during infection, and how they affect

how virulence is regulated.
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	1. Sterile 1ml syringes and gauge 10, stainless-steel 2-inch feeding needles with a smooth, 3 mm ball on the end.
	2. Luria Broth (LB) medium.
	3. Sterile 1X Phosphate-buffered saline (1X PBS).
	4. Yersinia strains to be used during infection. (see note 1)
	5. 8-10 week old 129X1/Sjv mice. (see note 2) (see note 3)
	6. LB agar plates supplemented with irgasan (1(g/ml).
	7. Sterile 1X PBS.
	8. Sterile spreading glass beads.
	9. 1.5 ml Eppendorf tubes.
	1. Sterile 1X PBS.
	2. LB medium.
	3. Yersinia strains to be used during infection.
	4. Salted sweet cream butter
	5. White sliced bread.
	6. Sterile scalpel.
	7. Sterile 1.5 ml microcentrifuge tubes.
	8. 8-10 week old 129X1/Sjv mice. (see note 4)
	9. LB agar plates supplemented with irgasan (1(g/ml).
	10. Sterile 1X PBS.
	11. Sterile spreading glass beads.
	12. 1.5 ml Eppendorf tubes
	2.3. Dissemination analysis
	1. 15 ml Conical tubes.
	2. LB agar plates supplemented with irgasan (1(g/ml). Approximately 6 plates per organ per mouse.
	3. Cotton balls.
	4. Sterile 1X PBS.
	5. Isoflurane.
	6. Sterile spreading glass beads.
	7. Sterile 1.5 ml Eppendorf tubes.
	8. Sterile scalpel, forceps, and scissors for mice tissue dissection.
	9. Sterile 5ml culture tubes or 15ml conical tubes to collect mice tissues and perform homogenization.
	10. Scale.
	11. Plastic Tupperware with cover.
	12. Omni Tissue Homogenizer with stainless steel probe (125 watt, speed 5,000 – 35,000rpm).
	13. 70% (v/v) ethanol.
	14. 100% ethanol.
	15. 50 ml conical tubes
	16. Fresh 4% Paraformaldehyde in 1X PBS
	17. 30% sucrose in 1X PBS
	18. Leica Cryostat
	19. OCT compound-freezing media
	20. Positively charged slides
	21. ProLong Gold Antifade Mountant
	22. Clear nail polish
	23. Coverslips
	24. 2-methyl butane
	25. Dry ice
	3.2. Oral infection via ingestion of contaminated bread.
	3. Remove crust from bread and cut into small 3-4mm cubes with the sterile scalpel blade. (see note 9) (see figure 2)
	4. Cut butter into 0.5-1 cm cubes and place into 1.5 ml microcentrifuge tube. (see  note 9)
	5. Incubate microcentrifuge tube with 2 ml aliquot of 1X PBS in water bath at 55(C.
	6. Incubate microcentrifuge tube with previously cut butter in water bath at 55(C.
	7. Once the overnight culture is ready, take OD and calculate number of bacteria needed for an infectious dose of 2 x 108 per mouse. For example, to inoculate 10 mice, transfer 2 x 109 cells to an Eppendorf tube.
	8. Spin down culture at 835 x g  for 5 minutes, then aspirate supernatant.
	9. Each inoculum needs to be resuspended in 2 (l of previously incubated at 55(C 1X PBS and 3 (l of melted butter. For 10 inoculums, resuspend the 2 x 109 cells in 20 (l of warm 1X PBS and 30 (l of melted butter. Mix thoroughly and rapidly pipet the 5...
	10. Place each mouse in an empty cage and provide the bread piece. Wait until the animal has eaten the entire piece of bread. This usually takes a few minutes. (see Note 11)
	11. After infection, return mouse to original cage.
	12. Provide food and water at libitum.
	13. Verify inoculum by placing an inoculated bread piece in 1ml of warm 1X PBS and vortexing vigorously for 30 seconds.
	14. Serially dilute bread homogenate by a 10 fold factor by adding 100 (l of it into 900(l of 1X PBS. Continue serially diluting to 10- 7.
	15.  Plate the last four dilutions onto LB plates supplemented with irgasan by pipetting 100 (l and spreading with sterile glass beads.
	3.3. Methods for studying bacterial dissemination
	3.3.1. Bacterial enumeration in infected tissues
	1. Label and weigh one 15 ml conical tube for each tissue that will be harvested.
	2. Euthanize mice by an American Veterinary Medical Association approved method.
	3. Pin mouse to dissecting board and spray ventral side with 70% ethanol.
	4. Make an incision along the abdomen with sterile scissors.
	5. Place intestines on one side, without damaging the mesentery, so that the mesenteric lymph nodes are exposed. (see note 12) (see figure 3)
	6. Using aseptic technique, remove the mesenteric lymph nodes and place them on ice in a previously weighed conical tube.
	7. Remove the Peyer’s patches along the small intestine (see figure 3) by using scissors to cut each Peyer’s patch away from the small intestinal tissue, taking care not to include luminal contents. Place the Peyer’s patch in a previously weighed coni...
	8. Remove spleen and liver and place on ice in individual previously weighed conical tubes. (see note 13)
	9. Weigh the tubes containing the organs.
	10. Add 1ml of sterile 1X PBS to the tubes holding the livers and 500 (l to the tubes holding the remaining organs. (see note 14)
	11. Homogenize organs for 30 seconds with tissue homogenizer at 20,000 rpm. Smaller organs such Peyer’s patches and mesenteric lymph nodes are homogenized first, then the spleen is homogenized, followed by the liver. Homogenization should be done in a...
	16. Serially dilute homogenate by a 10-fold factor by adding 100 (l of it into 900 (l of 1X PBS. Continue serially dilution from 10-1 to 10-4.
	12.  Use undiluted homogenate as well as the 10-1 to 10-4 dilutions for Peyer’s patches, mesenteric lymph nodes, liver, and spleen. Plate onto LB plates supplemented with irgasan by pipetting 100 (l and spreading it with sterile glass beads.
	13. Incubate plates at 26(C for 48 hours.
	14. Count colony forming units (CFU) and calculate CFU per gram of tissue using the formula below. (see figure 1)
	,𝑪𝑭𝑼-𝒈𝒓 𝑶𝒓𝒈𝒂𝒏.=,,𝑪𝑭𝑼-𝑽𝒐𝒍. 𝒑𝒍𝒂𝒕𝒆𝒅..,,𝒕𝒐𝒕𝒂𝒍 𝒗𝒐𝒍. 𝑷𝑩𝑺-𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒐𝒓𝒈𝒂𝒏..,𝒅𝒊𝒍𝒖𝒕𝒊𝒐𝒏 𝒇𝒂𝒄𝒕𝒐𝒓.
	3.3.2. Immunofluorescence analysis of infected tissues
	1. Harvest tissues as described in 3.3.1 steps 1 to 4.
	2. Place organs in 15 ml conical tubes containing 1ml 1X PBS. Swirl the tube slowly for 15 seconds, decant PBS and repeat wash with fresh PBS two more times.
	3. Fix organs by placing them in a 15 ml conical tube and adding 1 ml of fresh 4% PFA in PBS. Incubate for 3 hours.
	4. Wash tissue by transferring each organ to a new 15 ml conical tube with 1 ml 1X PBS and incubating for 5 minutes at room temperature. Repeat once more.
	5. Incubate in 2 ml of 30% sucrose overnight at 4(C.
	6. To freeze-embed the tissue, add about 2 ml of tissue freezing media to a cryogenesis cuvette, then add the organ and completely cover with more freezing media. Make sure to add media slowly to avoid any bubbles.
	7.  Submerge the cuvette in a flask filled with ~200 ml of 2-methylbutane over dry ice. (See note 15)
	8. Cut 10 (m sections with a cryostat microtome and affix to slides. Store slides in dark slide box at 4(C until ready to stain.
	9. Stain tissues with Hoechst at a 1:10,000 dilution in 1X PBS. Incubate for 30 minutes in the dark at room temperature.
	10.  Wash two times by tilting the slide to 45( and slowly pipetting 1X PBS to the top of the slide and letting it drip over the tissue slice.
	11.  Affix coverslips with an antifade mountant such as ProLong Gold, and seal the sides of the coverslip with clear nail polish.
	12. Let the ProLong Gold cure and nail polish dry overnight by storing in the dark at room temperature.
	13. Examine by fluorescence microscopy.
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