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Abstract
David Balderas
Role of transcriptional regulatory networks in

influencing Yersinia pseudotuberculosis pathogenesis

The aim of this dissertation is to better understand how facultative
pathogens sense their environment, and coordinate the expression of genes
important for establishing disease. This dissertation focuses on a facultative
enteropathogen, Yersinia pseudotuberculosis, which is a Gram-negative
bacteria that can be found in the environment or can cause disease in the
mammalian host. In order for Y. pseudotuberculosis to be successful in
causing disease, Y. pseudotuberculosis must modulate its transcriptome to
reflect its environment. For example, in the mammalian host
Y.pseudotuberculosis upregulates the type Il secretion system (T3SS) an
important virulence factor which is crucial for surviving and causing disease in
the host.

The first part of this dissertation focused on determining the regulon of
the transcription factor, IscR, in Y. pseudotuberculosis. This transcription
factor was previously shown to positively regulate the T3SS and a heme
acquisition pathway in Yersinia, but not much else was known regarding the

other genes IscR regulates. | employed ChIP-Seq and RNA-Seq to determine

Xi



the IscR regulon and showed that IscR modulates many cellular processes
including predicted virulence factors.

The second part of my dissertation reports on the molecular
mechanism of how IscR positively regulates the T3SS in Yersinia. Genes that
encode the Yersinia T3SS are activated by the transcriptional activator LcrF.
Previous data in our lab showed that IscR promotes LcrF transcription, thus
activating expression of T3SS genes. Interestingly, IscR does not directly
activate RNA-polymerase at the LcrF promoter, but instead antagonizes a
repressor of LcrF. In this chapter | demonstrate that the nucleoid proteins H-
NS and YmoA repress IcrF, and that IscR antagonizes H-NS-YmoA mediated
repression of LcrF by binding to the IcrF promoter.

The third part of my dissertation introduces the two-component
regulatory system CpxRA. Previous data has shown the CpxRA system
represses the T3SS in many pathogens including the T3SS in Yersinia. The
previous model suggested that CpxR directly represses LcrF, however in this
chapter | demonstrate that CpxR does not bind to the IcrF promoter and
evokes indirect regulation of LcrF. | later show that CpxR activates expression
of the known repressor of LcrF, YmoA and suggests that CpxR represses the
T3SS through an indirect mechanism.

A great deal of my work focuses on how transcriptional regulatory
networks govern expression of virulence factors, however not much is known

how the expression of virulence factors affects regulatory networks. The last

Xii



part of my dissertation provides data to suggest that the disruption to
assembly of the Yersinia T3SS induces CpxRA activity. Interestingly, specific
T3SS mutants induce the CpxRA pathway suggesting that expression of the
T3SS can modulate the CpxRA regulon. Together these findings enhance
our understanding of how facultative pathogens sense environmental signals

and how environmental signals modulate gene regulatory networks.
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Chapter 1

Host factors such as iron and oxygen influence transcriptional

regulatory networks in pathogenic bacteria

By David Balderas & Victoria Auerbuch



Introduction

Bacteria are able to thrive in many different environmental niches that can
range from hot thermal springs to the gastrointestinal tract of a human being.
In order for bacteria to colonize these diverse environments bacteria need to
respond to environmental signals and modulate their physiology to grow in
such dynamic environments. For bacterial pathogens to cause disease they
must be able to express key virulence factors when needed in the host (Wu et
al., 2008). Many pathogens have evolved sensing mechanisms that tightly
regulate the expression of these key virulence factors. Two crucial
environmental signals that pathogens sense are iron and oxygen. In this
review | will go over iron bioavailability and iron trafficking in the mammalian
host and then | will introduce oxygen availability in the mammalian
gastrointestinal tract. The next part of the review will highlight on a
transcription factor that senses iron and oxygen which is IscR (lron sulfur
cluster regulator). This section will focus on what is known about IscR in non-
pathogenic Escherichia coli and then expand on how IscR promotes virulence
in pathogenic bacteria. Then | will introduce other transcription factors that
sense oxygen tension in both pathogenic and non-pathogenic bacteria. Next,
| will introduce the type Ill secretion system, a key virulence factor that has
been reported to respond to iron and oxygen bioavailability. Lasty this review
will focus on chromatin immunoprecipitation with massively parallel DNA

sequencing, a powerful next generation sequencing tool that allows one to



understand what regulatory DNA elements a DNA binding protein binds in

Vivo.

Iron availability

Iron is an essential mineral for almost all studied bacteria with some notable
exceptions such as Lactobacillus plantarum and Borrelia burgdorferi
(Archibald, 1983; Posey and Gherardini, 2000). Iron is a vital mineral due to
its ability to act as a cofactor for many crucial biological processes including
energy generation, DNA replication, and oxygen transport. Accumulation of
iron could be detrimental to the cell, because iron has the potential to react
with reactive oxygen species (ROS) to catalyze the production of radical ions
and cause damage to the cell (Imlay, 2003). These reactive oxygen species
can be a by-product of bacterial respiration or can also be produced by
professional phagocytes such as macrophages and neutrophils (Filip-
Ciubotaru et al., 2016). Thus, iron transport and iron storage must be tightly

regulated in order to avoid cellular damage.

Many bacterial pathogens encounter higher levels of obtainable iron in their
natural environment (e.g., soil, water, and food) compared to free iron found
in the mammalian host. The mammalian immune system efficiently regulates

iron throughout the blood/tissues and at the cellular level (Cherayil et al.,



2011). Cellular signaling, inflammation, and the host microbiota contribute to

iron homeostasis in the human host.

The healthy human body contains 3 to 4 g of total iron. Iron loss can occur by
epithelial cell shedding and minor bleeding, which leads to a total loss of less
than 2 mg per day (Von Drygalski and Adamson, 2013). Up to 95% of the
deficit is replaced via recycling of red blood cells by macrophages, with the
rest of the iron absorbed from food in the duodenum and colon (Kortman et
al., 2014; Nairz et al., 2014). Dietary non-heme iron is in the ferric state
(Fe®*) and must be converted to ferrous iron (Fe?*) to be transported across
the duodenum membrane (Figure 1) (McKie et al., 2001; Choi et al., 2012).
After dietary iron is converted to the ferrous state, iron can be transported to
enterocytes via DMT1, a divalent metal transporter (Gunshin et al., 1997).
Cellular iron can either be stored as ferritin or released into plasma by
ferroportin (Vulpe et al., 1999). Iron released into plasma can be coupled to
transferrin and lactoferrin, which sequester iron from bacterial pathogens in
the blood. Most iron bound to transferrin is destined to be taken up by bone
marrow, where the iron is used for synthesis of hemoglobin (DONOHUE et
al., 1958). The hemoglobin will then become associated with red blood cells,
which will eventually become senescent and be recycled by macrophages

completing the cycle.



Hepatocytes are central to iron homeostasis in mammals, serving as the
principal site for the production of hepcidin, a master regulator of plasma iron
concentration (Park et al., 2001). Production of hepcidin is induced in
response to iron and inflammation (Mazur et al., 2003). Hepcidin is able to
bind and promote degradation of ferroportin, thus reducing transport of iron in
the plasma (Nemeth et al., 2004). Additionally, when levels of hepcidin are
high, iron released into plasma circulation is decreased. This explains why
hepcidin acts as an antimicrobial against extracellular pathogens, Vibrio
vulnificus and Yersinia spp. (Raida and Buchmann, 2009; Arezes et al.,
2015). by limiting iron bioavailability. However, hepcidin has been shown to
improve growth of intracellular pathogens such as Salmonella and
Mycobacteria (Paradkar et al., 2008; Fang and Weiss, 2014). This is due to
less ferroportin availability and iron transport, which will lead to an increase in

cellular iron content.

The lumen of the gastrointestinal tract was originally believed to have high
levels of iron because food that enters the digestive tract may contain high
levels of iron. Contrary to this, there is evidence supporting that this iron is
not available to invading microbes as it may already be bound to iron-binding
proteins by members of the microbiota. Indeed some members of the host
microbiota found in the intestinal lumen produces siderophores, and these

siderophores are only produced when cells are starved for iron (Kortman et



al., 2014). Due to the discrepancy between iron levels found in the natural
environment and iron levels found in the human host, iron can be used as an

environmental signal to regulate virulence for bacterial pathogens.

Oxygen availability

Not only is there a difference in iron availability between the mammalian host
and the natural environment of the bacterial pathogen, but there are also
differences in oxygen availability. Oxygen levels in the human body can be
characterized as normoxic (10%-20% oxygen), hypoxic (<10% oxygen), and
physioxic (>20% oxygen) (Figure 2) (Carreau et al., 2011). Tissues within the
human body are supplied with varying concentrations of oxygen, depending
on their energy need; tissues with oxygen concentrations lower than
atmospheric oxygen concentration are not necessarily encountering hypoxic
stress (Guzy and Schumacker, 2006). The oxygen concentration in intestinal
tissue has been studied most extensively due to its importance in bacterial
pathogenesis. The gastrointestinal tract is characterized as having a steep
oxygen gradient across the epithelial layer, with the basolateral side being
close in proximity to blood vessels while the apical side being extremely
oxygen deficient (Taylor and Colgan, 2007). Non-invasive measurement of
tissue oxygen concentration reported oxygen levels of 8% in the small
intestinal wall to approximately 3% in the villus and less than 2% in the

intestinal lumen (Fisher et al., 2013). Furthermore, oxygen availability can



become further limited during infection. Neutrophils will be recruited to sites of
infection and produce ROS which consume a great deal of oxygen. The
availability of oxygen can also be observed by mapping where specific
microbes in the microbiota reside according to the intestinal tract. The
proximal small intestine mainly contains aerotolerant bacteria such as
Helicobacteraceae and Lactobacillaceae, while the colon harbors mostly
strictly anaerobic bacteria, such as Lachnospiraceae, Bacteroidaceae and
Prevotellaceae (Brown et al., 2013). Additionally, during infection, the
epithelial layer may become disrupted leading to blood vessel constriction
and a reduction in oxygen flow. Hypoxia inducible factor 1 (HIF-1), a
transcriptional factor important for cellular response to hypoxic stress, will
begin to accumulate and promote angiogenesis and erythropoiesis (Wang
and Semenza, 1993; Greijer et al., 2005). This will eventually result in a
change in oxygen bioavailability. Due to this dynamic change is Oz
availability, bacterial pathogens must be able to sense oxygen levels and

coordinate production of virulence factors and metabolic genes in the host.

Iron-Sulfur Clusters

Many proteins that sense oxygen and iron availability are associated with
iron-sulfur clusters. Iron-sulfur clusters are commonly found as cofactors for a
wide range of different proteins. Over 150 proteins in E. coli are believed to

have an iron-sulfur cluster cofactor (Py and Barras, 2010). These proteins



serve functions ranging from general metabolism to gene regulation (Lill,
2009). Iron-sulfur clusters are normally found in the rhombic [2Fe-2S] state or
the cubic [4Fe-4S] state, which are derived from ferrous/ferric iron and sulfide
(Beinert, 2000). Three different iron-sulfur biogenesis systems have been
identified in bacteria. These systems include NIF, ISC, and SUF, the latter
two are also conserved in eukaryotes (Johnson et al., 2005). The NIF system
was first identified in Azotobacter vinelandii and is dedicated to production of
iron-sulfur clusters for nitrogenase, a key enzyme in bacteria that participate
in nitrogen fixation (Jacobson et al., 1989). The ISC system is believed to be
the housekeeping iron-sulfur biogenesis system, while SUF is hypothesized
to be controlled via stress response and induced during iron limitation. The
SUF system has been associated with stress response because the SUF
system is less sensitive to destabilization by ROS, O2 tension, and iron

chelation compared to the ISC system (Blanc et al., 2014).

IscRin E. coli

The transcriptional regulator Iron Sulfur Cluster Regulator (IscR) was first
characterized in E. coli, but has subsequently been linked to virulence in
several pathogens (Schwartz et al., 2001; Lucchini et al., 2005; Choi et al.,
2007; Lim and Choi, 2014; Miller et al., 2014; Vergnes et al., 2017). The
gene iscR is part of an operon consisting of other proteins important for iron-

sulfur biogenesis including IscS, IscU, and IscA. This operon also contains



the genes hscBA and fdx. The protein IscS is a cysteine desulfurase, which
converts L-cysteine to L-alanine to obtain readily available sulfur atoms
(Ollagnier-de Choudens et al., 2003). Eventually the extracted sulfur will be
combined with iron to form an iron-sulfur cluster within a scaffold protein such
as IscU (Blanc et al., 2015). Lastly the Fe-S clusters are transferred to
proteins that utilize Fe-S clusters by a carrier protein such as IScA coupled
with chaperones, HscBA. The IscR protein is the main regulator of this
pathway. IscR has a winged helix-turn-helix (HTH) DNA binding domain
which directly binds upstream of the isc operon and represses its expression
(Santos et al., 2015). IscR is an example of a protein that utilizes Fe-S
clusters. This transcriptional regulator controls the expression of more than 40
genes in E. coli, including the isc operon and other genes important for Fe-S
cluster biogenesis such as erpA, nfuA, and the SUF operon (Giel et al.,
2006). ChlIP-seq analysis has revealed that IscR also directly regulates
genes that are important for nitrate/nitrite reductase, iron transport, type-1
fimbriae production, flagellar biosynthesis, and biofilm formation
(unpublished). Unlike the transcriptional regulator FNR (ferredoxin-NADP(+)
oxidoreductase) that mainly relies on Fe-S cluster ligation to form dimers and
bind DNA, IscR can bind DNA independent of Fe-S clusters.

IscR exists in the holo form where it is bound to [2Fe-2S] or in the apo form,
which is clusterless. In E. coli, IscR requires 3 conserved cysteine residues,

which support ligation to Fe-S clusters. Both the apo and holo forms can bind



DNA. In silico analysis has revealed that IscR binds to two different DNA
consensus sequences coined Type 1 sites and Type 2 sites (Figure 3B) (Giel
et al., 2006). The holo form of IscR was shown to bind with a higher affinity
towards Type 1 sites compared to the clusterless form of IscR (apo-IscR). An
example of a conserved Type 1 site is located upstream of the isc operon,
where holo-IscR represses the isc operon thus repressing Fe-S biogenesis
(Figure 3A). On the other hand, both holo-IscR and apo-IscR have a similar
affinity for Type 2 sites (Rajagopalan et al., 2013). An example of a conserved
Type 2 site is found upstream the SUF operon promoter where both apo and
holo forms of IscR can bind DNA and induce expression of SUF transcription.
Crystallography studies have revealed that IscR differentiates between the
two DNA binding motifs due to steric hindrance formed from a glutamate
residue (E43). When this glutamate was substituted with an alanine, IscR no
longer exhibited a preference for Type 1 and Type 2 DNA binding sites devoid

of ligation to iron-sulfur clusters.

The levels of IscR are associated with iron and Oz conditions. During normal
aerobic conditions, Fe-S clusters are constantly degraded due to oxygen
tension and result in a higher percentage of apo-IscR. This results in relieving
repression of the isc operon because holo-IscR cannot inhibit transcription of
the isc operon (Figure 3C). As a result, isc machinery is found in abundant

levels under standard growth conditions (Py and Barras, 2010). On the other
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hand, when E. coli is grown in anaerobic conditions, Fe-S clusters are stable
resulting in a higher proportion of holo-IscR, which will repress the isc operon
and reduce the amount of isc machinery. Fe-S clusters can also be
destabilized by ROS, NO, iron depletion, or high levels of other metals,
resulting in higher levels of apo-IscR. However the isc machinery responsible
for Fe-S biogenesis can be inactivated by ROS and iron-deplete conditions

(Jang and Imlay, 2010).

IscR in Yersinia

IscR was found to induce expression of the type Il secretion system (T3SS)
in Yersinia pseudotuberculosis (Miller et al., 2014). The T3SS is an important
virulence factor for mammalian pathogens including Shigella, Salmonella,
Escherichia, Chlamydia, Vibrio, Pseudomonas, and Yersinia (Troisfontaines
and Cornelis, 2005; Coburn et al., 2007). The T3SS shuttles effector proteins
from the bacterial cytoplasm to the host cytoplasm in order to dampen host
defenses and to promote virulence. Yersinia IscR was identified in a forward
genetic screen for genes involved in T3S, and shown to bind upstream of
IcrF, the master regulator of the T3SS in Yersinia, and activate expression of
IcrF. Bioinformatic analysis revealed a Type 2 site upstream of the yscW-IcrF
operon. Binding assays confirmed that IscR binds the predicted Type 2 site.
A deletion of iscR also led to a decrease in overall virulence compared to wild

type Yersinia in a mouse infection model. A deletion of iscR is more

11



attenuated compared to a strain of Yersinia that lacks the T3SS. This

suggests that IscR regulates other components critical for Yersinia virulence.

IscR regulon in Yersinia

To understand how IscR additionally contributes to overall pathogenesis,
RNAseq was performed to compare the transcriptome of WT and AiscR in
Yersinia pseudotuberculosis. A total of 134 genes were significantly up-
regulated in the AiscR mutant while 92 genes were significantly
downregulated compared to WT. Significance was scored by an average of
=2-fold change in reads per kilobase of transcript per million mapped reads
(RPKM) between the WT strain and AiscR mutant. The genes that showed a
significant change in transcript production between AiscR and WT include
genes important for Fe-S cluster biogenesis, genes involved with T3SS,
cellular detox genes, general metabolism genes, genes important for hemin
transport/utilization, sulfur metabolism genes, and genes associated with
virulence. As predicted, the isc operon was up-regulated in the AiscR mutant
compared to WT, and the SUF operon was up-regulated in an apo locked
mutant of IscR compared to both WT and AiscR. Many of the genes that were
differentially expressed between WT and AiscR in the RNA-seq experiment
have not been validated using follow up experiments such as q-RT-PCR or

DNA binding assays.

12



According to the RNAseq analysis, IscR may play a role in repressing cellular
detox genes in Yersinia. These cellular detox genes included katY, a catalase
that breakdowns ROS, tpx, a thiol peroxidase which can degrade
hydroperoxides and hydrogen peroxide, and sodBC a superoxide dismutase
which can convert superoxide to less toxic substrates. All these genes were
up-regulated in the AiscR mutant compared to WT suggesting ISCR may
repress cellular detoxifying genes. Both homologs of katY and tpx have been
shown to be directly regulated by IscR in Pseudomonas aeruginosa (Kim et
al., 2009; Somprasong et al., 2012). It is important to note that the deletion of
iISCR does not lead to increase in susceptibility to hydrogen peroxide.
Therefore, it is not clear if IscR is important for expression of detox genes in

Yersinia.

Genes involved with N-acetylglucosamine (GIcNAc) catabolism were also
predicted to be regulated by IscR according to the RNAseq data. These
genes involved with GIcNAc include the operon nagBACD and nagE which
were all up-regulated in the AiscR mutant. GIcNAc is a key structural
component of the bacterial cell wall. This sugar has been shown to be
important for colonization of the host by E. coli and Vibrio cholera, while also
controlling the production of virulence factors in P. aeruginosa and
Streptococcus mutans (Chang et al., 2004; Ghosh et al., 2011; Korgaonkar

and Whiteley, 2011; Kawada-Matsuo et al., 2012). Many studies have
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focused on the relationship between GIcNAc abundance and the production
of virulence factors in E. coli. GIcNAc down-regulates the production of type-1
fimbrial adhesins, which help promote host cell adhesion during urinary tract
infections (Sohanpal et al., 2004). It has also been shown that GIcNAc lowers
the production of curli fibers that are important for biofilm formation, adhesion,

and overall internalization of E. coli by epithelial cells (Barnhart et al., 2006).

IscR may also regulate genes involved with virulence other than IcrF. For
example, the gene encoding cytotoxic necrotizing factor (CNFy) in Yersinia,
was up-regulated in an iscR null mutant compared to WT. CNFy has been
shown to be promote effector protein translocation into neutrophils and
macrophages (Schweer et al., 2013). A cnfy knockout is severely attenuated
in its ability to disseminate into the mesenteric lymph nodes, liver, and spleen.
The overall production of CNFy severely diminishes the recruitment of
professional phagocytes and natural killer cells. IscR repressing CNFy could
benefit Yersinia virulence by allowing the bacteria to bypass the host immune
response and only express CNFy when warranted. IscR may also play a role
in positively regulating the surface-associated protein Ail. This protein has
been shown to be crucial for adhering to host cells by binding to laminin and
fibronectin (Miller and Mekalanos, 1988; Yamashita et al., 2011). Tight

attachment to host cells benefits Yersinia in translocating effector proteins

14



into host cells. Additionally Ail confers resistance against serum killing in all

three mammalian pathogenic Yersiniae (Pierson and Falkow, 1993).

The small regulatory RNA’s CsrB and CsrC are also suggested to be
regulated by IscR due to being significantly up-regulated in the AiscR mutant
according to RNA-seq analysis. These two siRNA’s have been shown to play
an important role in regulating InvA, the activator of primary cell entry in
Yersinia (Heroven et al., 2012). InvA was not shown to be differentially
expressed in the AiscR mutant according to the RNA-seq results, however
this is mostly likely due to InvA being only expressed below 37°C while the
RNA-seq experiment was performed using bacteria grown at 37°C. Csr/Rsm
system has been shown to play a vital role in many other pathogens including
V. cholerae, EPEC, S. typhimurium, Legionella pneumophila, and P.
aeruginosa (Pessi et al., 2001; Fortune et al., 2006; Bhatt et al., 2009; Sahr et
al., 2009; Jang et al., 2010). Lastly, IscR may also regulate virulence via
regulation of the proteases CIpXP and Lon. These proteases share an operon
with each other and were up-regulated in the iscR null mutant compared to
WT. The protein YmoA forms a stable complex with the histone like protein,
H-NS (Nieto et al., 2002). The YmoA/H-NS complex has been shown to
repress both the T3SS and InvA via LcrF and RovA respectively (Cornelis,
1993; Ellison et al., 2003). YmoA was found to be a substrate of ClpXP and

Lon thus leading to derepression of IcrF at 37°C when the proteases are more
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enzymatically active (Jackson et al., 2004). If these proteases are indeed
apart of the IscR regulon, then IscR may play a secondary role in regulating

the T3SS via lcrF through YmoA.

IscR in Vibrio vulnificus

Vibrio vulnificus is an opportunistic Gram-negative pathogen that frequently
contaminates oysters and causes gastroenteritis in humans. Less
occasionally, this pathogen can also cause life-threatening septicemia (Strom
and Paranjpye, 2000). IscR was shown to contribute to cytotoxic activity of V.
vulnificus toward INT-407 human intestinal epithelial cells (Lim and Choi,
2014). Deletion of iscR in V. vulnificus resulted in a severely attenuated strain
when mice were infected intragastrically compared to WT V. vulnificus.
Microarray analysis was performed to understand what genes IscR potentially
regulates. The microarray analysis predicted 67 genes to be regulated directly
and indirectly by IscR, 52 genes were up-regulated and 15 genes were
downregulated. The genes that were up-regulated in WT compared to AiscR
consisted of genes important for transport, metabolism, energy production,
motility, chemotaxis, oxidative stress, and virulence. A deletion of iscR led to
a reduction in motility compared to WT. Also, an iscR mutant was severely
attenuated in adhering to INT-407 cells. Furthermore, an iscR mutant was
more susceptible to oxidative stress. A later study pointed out that IscR

directly regulates Prx3, a protein that acts as an antioxidant that reduces
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reactive oxygen species (ROS) such as H202 (Lim et al., 2014a). The IscR
binding site upstream of prx3 was determined to be a Type 2 site. This result
suggests that when V. vulnificus encounters ROS, Fe-S clusters will be
degraded shifting to an apo-IscR state and inducing prx3 transcription via
apo-IscR. The production of Prx3 and IscR may contribute to pathogenesis
because bacteria will be less susceptible to ROS produced from the host
immune response. Adding increasing concentrations of host cells also
induced transcription of iscR, possibly as a result of ROS production by host
cells. It was reported that iscR transcription in Vibrio is directly regulated by
the master regulator of quorum sensing, AphA (Lim et al., 2014b). AphA is a
PadR-family transcription factor that activates transcription of tcpPH resulting
in the production of cholera toxin and toxin-coregulated pilus, two critical
virulence factors in Vibrio cholera (Kovacikova and Skorupski, 1999;
Kovacikova et al., 2004). IscR has also been shown to directly bind and
induce transcription of gbpA (Jang et al., 2016). The gene gbpA encodes for a
mucin binding protein, which has been shown to be important for virulence
and the ability to colonize the intestinal tract of mice. Overall, IScR has been
shown to be important for adhesion, cellular detox, and overall virulence in

Vibrio vulnificus.
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IscR in Psuedomonas aeruginosa

Pseudomonas aeruginosa is a Gram-negative bacterium that is an
opportunistic pathogen. Pseudomonas aeruginosa can be found in soil, water,
and other environmental habitats. This bacterium is considered an
environmental pathogen because it is commonly found in the environment,
but can also cause acute infections in hospitalized patients as well as cause
chronic infections in cystic fibrosis patients. Many bacterial pathogens will be
exposed to ROS during infection of the human host; ROS are secreted and
can be found up to the millimolar levels inside phagosomal vesicles (Hassett
and Cohen, 1989). One way the opportunistic pathogen Pseudomonas
aeruginosa deals with oxidative stress is by expressing KatA, a catalase used
to break down ROS. When investigating the main regulators of katA in P.
aeruginosa, researchers found that IscR along with OxyR regulates
transcription of this crucial enzyme (Choi et al., 2007). Deletion of iscR led to
increased susceptibility to H202. Furthermore, AiscR mutants were severely
attenuated in a peritonitis-sepsis-derived mouse infection compared to WT
(Kim et al., 2009). IscR was also shown to directly repress trx, a thiol
peroxidase homolog in Pseudomonas aeruginosa PAO1 (Somprasong et al.,
2012). The protein Trx has been shown to degrade toxic peroxides such as
hydroperoxides and hydrogen peroxide. In P. aeruginosa, trx expression can
be induced via thiol-depleting agents and redox-cycling drugs. It was shown

that a trx null mutant was more susceptible to submillimolar levels of H202
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compared to the WT strain; however, there was no growth defect observed in
the trx null mutant at millimolar levels of H202. It was also shown that trx does

not contribute to virulence in the C. elegans infection model.

IscR in Salmonella enterica

Salmonella enterica serovar Typhimurium is an intracellular pathogen
responsible for a wide range of infections including gastroenteritis and
systemic infections. Salmonella utilizes two T3SS’s termed Spi1 T3SS and
Spi2 T3SS. It was recently shown that an iscU null mutant was found to be
defective for epithelial cell invasion and for mouse infection (Vergnes et al.,
2017). IscR was shown to directly repress hilD transcription. The gene hilD
encodes for the master regulator of the Spil T3SS in Salmonella. Thus, IscR
was responsible for repression of hilD, which controls the Spil T3SS.
Furthermore, an iscR null mutant was hyperinvasive because of high

expression of HilD.

IscR in Shigella flexneri

Shigella flexneri is a facultative intracellular pathogen that spends a
significant portion of its life cycle within the epithelial cells lining the human
colon. Transcriptional analysis of S. flexneri revealed that the SUF operon is
induced during intracellular replication inside macrophages and epithelial cells

(Runyen-Janecky and Payne, 2002; Lucchini et al., 2005). It is not clear if this
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increase expression of the SUF operon is due to iron/oxygen conditions or
due to detection of host. Furthermore, an iscSUA mutant was also shown to
be more sensitive to H202 and phenazine methosulfate, a superoxide
generator, compared to the parental strain (Runyen-Janecky et al., 2008).
The isc biosynthesis operon was also shown to be essential to propagate
plaque formation in Henle cell monolayers. Plaque formation is the result of
bacterial invasion, lysis of the endocytic vacuole, bacterial multiplication within
the host cell, and intracellular spread via actin polymerization. An Aisc mutant
was not able to invade host cells. Both the isc operon and SUF operon were

shown to be induced intracellularly, presumably because of iron limitation.

FNR

The most studied transcription factor that senses oxygen starvation is the
protein Fumarate Nitrate Regulator (FNR). In E. coli, FNR is divided into two
domains, one domain that ligates to iron-sulfur clusters and the other that
binds to DNA. The N-terminal domain contains four cysteine residues, which
bind to the iron-sulfur cluster, while the C-terminal domain binds to specific
FNR binding sites found in promoter regions (Beinert and Kiley, 1999). Under
anaerobic conditions, FNR is ligated to a [4Fe-4S] cluster, which causes a
conformational change that allows FNR to bind DNA and activate or repress
gene expression (Green et al., 1996; Scott et al., 2003; Moore et al., 2006).

FNR activates genes associated with anaerobic respiration, fermentation, and
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virulence while also repressing genes associated with aerobic respiration.
FNR has been showed to be important for virulence in Pseudomonas
aeruginosa, Shigella flexneri, Neisseria meningtidis, Salmonella enterica
serovar Typhimurium, and Uropathogenic Escherichia coli (UPEC) (Bartolini
et al., 2006; Fink et al., 2007; Kuntumalla et al., 2011; Jackson et al., 2013;
Barbieri et al., 2014). There is reason to believe crosstalk exists between
FNR and IscR. A sRNA named FnrS is shown to be strictly dependent on
FNR in E. coli (Boysen et al., 2010). This sRNA is induced during anaerobic
conditions. FnrS binds upstream of iscR and prevents transcription of iscR,
which adds a second layer of regulation during anaerobic growth (holo-IscR
repressing isc operon and FnrS inhibits iscR transcription) (Wright et al.,
2013). It is unclear whether FnrS plays a role in regulation of IscR in bacteria
other than E. coli. This SRNA is 97% conserved in Y. pseudotuberculosis
IP32953 while the putative FNR binding site upstream of FnrS is completely

conserved.

OxyR

OxyR is a LysR family transcriptional factor found in many Gram-negative
bacteria including Proteobacteria, Bacteroidetes, and Actinobacteria (Chiang
and Schellhorn, 2012). OxyR has been shown to be important for cellular
response to H202 (Demple and Amabile-Cuevas, 1991). The OxyR regulon

can vary from 3 to 40 genes, with genes generally associated with cellular
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detox and iron sequestration. OxyR activity is dependent on its
oxidation/reduction state. When in the oxidized state, the DNA binding
domain of OxyR can bind four major grooves of the DNA helix and affect
gene expression. However, when OxyR is in the reduced state, OxyR can
only bind to two major grooves of the DNA helix, which is generally less
effective in regulating gene expression. Structural studies have demonstrated
that two key residues, Cys199 and Cys208, form a disulfide bond during
oxidizing conditions (Korgaonkar and Whiteley, 2011). Thus, in the presence
of H202, this disulfide bridge forms and causes a conformational change that
allows OxyR to cooperatively bind with RNA polymerase to regulate
transcription of specific promoters. There is evidence pointing to cross-talk
between IscR and OxyR, because both OxyR and IscR in E. coli activate the
SUF operon (Lee et al., 2008). Activity of OxyR and IscR are similarly
influenced by ROS and were shown to increase transcription of the SUF

operon when exposed to H20o.

OxyR was shown to activate the catalases KatAY in response to H202 in
Yersinia pestis (Han et al., 2008). Due to this relationship OxyR may help
Yersinia deal with reactive oxygen species when the pathogen encounters a
phagocyte. OxyR was also shown to directly activate the T6SS-4 in Yersinia
pseudotuberculosis (Wang et al., 2015). This secretion system was shown to

be important to deal with oxidative stress in Yersinia.
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T3SS regulation in Yersinia

All three Yersinia mammalian pathogens require the type Il secretion system
(T3SS) for virulence, including Yersinia pestis, which is the causative agent of
bubonic and pneumonic plaque, and Yersinia enterocolitica and Yersinia
pseudotuberculosis, which cause self-limiting mesenteric lymphadenitis and
gastroenteritis as well as serious disseminated infection in iron overload or
immunocompromised individuals (Putzker et al., 2001). Human pathogenic
Yersinia species share a virulence plasmid, which is approximately 70kb in
size and contributes greatly to bacterial infection (Cornelis et al., 1998). This
virulence plasmid is referred to as pCD1 in Y. pestis and pYVin Y.
pseudotuberculosis and Y. enterocolitica. Genes encoded on the virulence
plasmid include T3SS structural genes, T3SS effector proteins, T3SS
chaperones, and genes that encode proteins which regulate the function and
expression of the T3SS. The transcriptional factor LcrF (VirF in Y.
enterocolitica) is the only characterized direct activator of T3SS genes in
pathogenic Yersinia and activates many genes found on the virulence
plasmid. LcrF contains two helix-turn-helix domains that allow LcrF to bind
recognition sites near promoter regions of the LcrF regulon. LcrF expression

is regulated both at the transcriptional level and translational level.
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The IcrF gene has been demonstrated to be co-transcribed with the yscW
gene, sharing a promoter with yscW (Figure 4) (Bbhme et al., 2012). YmoA
was shown to repress yscW-IcrF directly by binding downstream the promoter
region of yscW-IcrF (Cornelis, 1993). YmOoA is a histone like nucleoid
structuring (H-NS) protein that interacts with H-NS. Band shift analysis
revealed that YmoA co-purified with H-NS was able to interact with the yscW-
IcrF promoter however H-NS alone was also able to interact with the yscW-
IcrF promoter. The difference between H-NS alone and H-NS coupled with
YmOoA binding to this region and affecting expression remains unclear. YmoA
is a substrate of the proteases Lon and ClpXP (Jackson et al., 2004). At 37°C
Lon and CIpXP become more enzymatically active resulting in more
degradation of YmoA. This degradation of YmoA leads to a derepression of
IcrF transcription at host body temperature and contributes to

thermoregulation of IcrF expression.

As stated earlier in this review, IscR was shown to directly activate the T3SS
via binding upstream the promoter of yscW-IcrF in Y. pseudotuberculosis
(Miller et al., 2014). Bioinformatic analysis revealed a Type 2 site upstream of
the yscW-IcrF promoter, which can be bound to both holo-IscR and apo-IscR.
This binding site is 100% conserved in Y. pestis and the residues that are

required for binding are also conserved in Y. enterocolitica (Schwiesow et al.,
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2016). This evidence suggests oxidative stress, oxygen limitation, and iron

availability may contribute to expression of the T3SS via LcrF.

The response regulator RcsB was also shown to directly bind the yscW-IcrF
promoter and activate transcription in Y. pseudotuberculosis (Li et al., 2015).
The Rcs two-component signaling system has been shown to be important for
capsulation, flagellar biosynthesis, motility, and biofilm formation in
Enterobacteriaceae (Majdalani and Gottesman, 2005). This two component
signaling system has also been shown to regulate the expression of the
genome encoded T3SS in Y. enterocolitica and the T3SS in Salmonella
enterica serotype Typhi (Arricau et al., 1998; Venecia and Young, 2005).
RcsB was shown to interact with the IcrF promoter when in the
phosphorylated state (Li et al., 2015). This suggests the expression of the
T3SS in Yersinia is also regulated by environmental changes via RcsB. It was
also shown that the response regulator CpxR inhibits expression of T3SS
genes (Liu et al., 2012). However, it has not been demonstrated if CpxR

directly affects T3SS via binding upstream of yscW-IcrF.

The T3SS in Yersinia is highly expressed at 37°C while repressed at
moderate temperatures. Yersinia represses the T3SS at temperatures lower
than the mammalian host body temperature because expression of the T3SS

leads to growth arrest. One mechanism how Yersinia accomplishes
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thermoregulation of the T3SS is through an RNA thermometer. The mRNA of
IcrF forms a hairpin loop that sequesters the ribosome binding site and
prevents translation of LcrF(Hoe and Goguen, 1993). This secondary
structure is less stable at higher temperatures compared to lower
temperatures. The hairpin loop is relieved at 37°C and allows for efficient
translation of LcrF. Thus, LcrF is only expressed when Yersinia enters the
human body or at 37°C in vitro. Variants of IcrF were engineered to either
have an open mRNA state where the ribosome can be recruited at
temperatures lower than 37°C, and a closed mutant where the mRNA would
remain in a tight state where the ribosome would not have access to bind
even at host body temperature (Bohme et al., 2012). Virulence studies
showed that the closed IcrF mutant had a defect in dissemination to the
Peyer’s patches, liver, and spleen compared to WT. The closed mutant was
also shown to be avirulent. The open mutant was attenuated in the YPIII
background but was similar to WT in the IP32953 strain. Another example of
virulence factor regulation when introduced to host conditions can be
observed by virulence plasmid copy number control in Yersinia. A recent
study showed that Yersinia increases copy number of the virulence plasmid
when grow at 37°C in calcium deplete conditions compared to 26°C (Wang et
al., 2016). The virulence plasmid copy number was also increased in bacteria
recovered from Peyer’s patches and the cecum 48 hours post infection. This

regulation of copy number was also shown to be important for overall Yersinia
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virulence in a mouse model. These results confirm coordination of virulence
factor production when Yersinia encounters host conditions is crucial for

pathogenicity.

ChIP Seq method

Chromatin immunoprecipitation followed by high-throughput sequencing
(ChlP-seq) is a method that can identify protein-DNA binding sites (Myers et
al., 2015). In bacteria a great deal of environmental response is regulated by
transcription factors, and thus it may be important to determine a transcription
factor’s regulon. Although there are techniques such as electrophoretic
mobility shift assay (EMSA) and DNase footprinting, which can identify if a
transcription factor binds to a specific region of DNA, ChlIP-seq allows for a
more global approach in identifying where a transcription factor binds

according to the genome.

ChIP-seq is performed by growing cells in the proper conditions, where the
transcription factor will be expressed. The specific transcription factor can
also be overexpressed using an inducible promoter if the specific transcription
factor is normally expressed at a low level. However, overexpression of a
transcription factor can lead to unspecific weak binding to degenerate binding
sites. Proteins are then crosslinked to DNA by adding formaldehyde to the

cells. The cells are then lysed to release the genomic-protein complexes and
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the lysate is sonicated to fragment the DNA. The DNA-transcription factor
complex is then immunoprecipitated (IP) with an antibody specific for the
transcription factor. This antibody can be designed to bind to the native
transcription factor, or the transcription factor can be fused to an affinity tag
and be immunoprecipitated using an antibody designed for the affinity tag. If
an affinity tag is used, the affinity tag should be designed to not affect activity
or binding of the transcription factor. ChIP-gPCR can be utilized to test if an
affinity tag affects binding of the transcription factor by performing gPCR
following ChIP on genes that are known to be directly regulated by that
specific transcription factor. There will also be a control sample called the
input sample where the DNA-transcription complexes are not probed via an
antibody. This sample represents the background signal of available
chromatin for IP, which is not due to the transcription factor of interest. The
DNA-transcription factor complexes are then denatured by heating, resulting
in isolated DNA that was bound to the transcription factor of interest. This
DNA is then ligated to adapter sequences and sequenced using a high-
throughput method such as Illlumina. The sequencing reads are then
analyzed. First the sequencing reads go through quality control to determine
the quality of the reads. Then the adapter sequences and poor reads are
trimmed, and the remaining reads are aligned to the genome. Peaks of reads
in the genome alignment are then called and assigned to a gene, which is

determined to be bound to the specific transcription factor.
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Figure 1. Iron trafficking in the mammalian host Ferric iron (Fe3*) is
converted to ferrous iron (Fe?*) before being absorbed in the duodenum
membrane. Ferrous iron can enter the cell via the transporter DMT1 and be
stored as ferritin. This iron can be released from the cell into the plasma via
the transporter ferroportin and will be coupled sequestered by transferrin or
lactoferrin to prevent bacterial uptake of iron. Hepatocytes can produce
hepcidin, which will result in degradation of ferroportin and thus less iron

trafficking.
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Figure 2. Oxygen gradient in the mammalian small intestine The
concentration of oxygen becomes further increased in the villus compared to

the intestinal lumen.
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Figure 3. IscR regulates itself via a negative feedback loop and its
activity is influenced by environmental conditions A. IscR participates in
a negative feedback loop, where Holo-IscR binds upstream of the isc operon
and prevents recruitment of RNA polymerase B. Holo-IscR can bind both type
| and type Il sites while Apo-IscR can only bind to type Il sites. C.
Environmental conditions such as oxygen tension and the bioavailability of
iron affects if IscR is bound to Fe-S clusters or cluster-less, which ultimately

affects expression of the isc operon.
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Figure 4. LcrF is regulated at both the transcriptional and post-
transcriptional level Transcription of IcrF is blocked by the histone like
protein YmoA. At host body temperature the proteases ClpXP and Lon
become more enzymatically active and degrade YmoA leading to
derepression of IcrF transcription. LcrF translation is also thermoregulated
due to the presence of a thermosensor. This structure is also relieved at host
body temperature allowing for recruitment of IcrF mRNA towards the

ribosome to allow for translation.
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Abstract

The iron-sulfur cluster coordinating transcription factor IscR is important for
the virulence of Yersinia pseudotuberculosis and a number of other bacterial
pathogens. However, the IscR regulon has not yet been defined in any
organism. To determine the Yersinia IscR regulon and identify IscR-
dependent functions important for virulence, we employed chromatin
immunoprecipitation sequencing (ChIP-Seq) and RNA sequencing (RNA-
Seq) of Y. pseudotuberculosis expressing or lacking iscR following iron
starvation conditions, such as those encountered during infection. We found
that IscR binds to the promoters of genes involved in iron homeostasis,
reactive oxygen species metabolism, and cell envelope remodeling, and
regulates expression of these genes in response to iron depletion. Consistent
with our previous work, we also found that IscR binds in vivo to the promoter
of the Ysc type Il secretion system (T3SS) master regulator LcrF, leading to
regulation of T3SS genes. Interestingly, comparative genomic analysis
suggested over 93% of IscR binding sites were conserved between Y.
pseudotuberculosis and the related plague agent Yersinia pestis. Surprisingly,
we found that the IscR positively-regulated sufABCDSE Fe-S cluster
biogenesis pathway was required for T3SS activity. These data suggest that
IscR regulates the T3SS in Yersinia through maturation of an Fe-S cluster
protein critical for type Ill secretion, in addition to its known role in activating

T3SS genes through LcrF. Altogether, our study shows that iron starvation
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triggers IscR to co-regulate multiple, distinct pathways relevant to promoting

bacterial survival during infection.
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Importance

How bacteria adapt to the changing environment within the host is critical for
their ability to survive and cause disease. For example, the mammalian host
severely restricts iron availability to limit bacterial growth, referred to as
nutritional immunity. Here we show that pathogenic Yersinia use the Iron-
sulfur (Fe-S) cluster Regulator IscR, a factor critical for pathogenesis, to
sense iron availability and regulate multiple pathways known or predicted to
contribute to virulence. Under low iron conditions that mimic those Yersinia
encounter during infection, IscR levels increase, leading to modulation of
genes involved in iron metabolism, stress resistance, cell envelope
remodeling, and subversion of host defenses. These data suggest that IscR
senses nutritional immunity to coordinate processes important for bacterial

survival within the mammalian host.
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Introduction

Iron is an important cofactor for many proteins involved in respiration,
oxidative stress resistance, gene regulation, and other processes (Heroven
and Dersch, 2014). Most bacteria require ~10° M iron to support optimal
growth. Yet in the mammalian host the level of free iron is only 10-*8 M due to
the concerted action of mammalian iron storage and carrier proteins (Litwin
and Calderwood, 1993; Carpenter and Payne, 2014). During infection, the
amount of available iron decreases even further as a result of nutritional
immunity, a process through which inflammatory mediators lead to further
sequestration of iron (Rohmer et al., 2011). Y. pseudotuberculosis and the
related enteropathogen Y. enterocolitica cause self-limiting mesenteric
lymphadenitis and gastroenteritis in immunocompetent people as well as
serious disseminated infection in iron overloaded individuals (Putzker et al.,
2001; Dube, 2009). The plague agent Y. pestis is closely related to Y.
pseudotuberculosis, emerging as a distinct species ~1,500-6,400 years ago
(Sun et al., 2014). The elevated susceptibility of iron overloaded individuals to
disseminated Yersinia infection underscores the low iron bioavailability
experienced by Yersinia in mammalian tissues other than the intestinal
lumen, despite expression of multiple iron uptake systems (Quenee et al.,
2012; Miller et al., 2016; Hooker-Romero et al., 2019). In vitro,
enteropathogenic Yersinia can utilize both inorganic and heme iron sources

through a number of iron uptake systems typical of many pathogens
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(Stojiljkovic and Hantke, 1992; Thompson et al., 1999; Perry et al., 2015;
Schwiesow et al., 2018). Although the importance of iron availability in
Yersinia infection is well accepted, the transcription regulatory networks that

operate under iron starvation conditions have not been firmly established.

In many pathogenic bacteria, expression of iron uptake systems and virulence
factors is controlled by the conserved global iron regulator Fur (Troxell and
Hassan, 2013). Although multiple iron uptake systems are controlled by Fur
in Yersinia including yersiniabactin, the key siderophore in pathogenic
Yersinia, Fur has not been shown to directly regulate known virulence factors
other than those involved in metal acquisition (Gao et al., 2008; Perry and
Fetherston, 2011). Rather, we discovered that expression of a key virulence
factor, the Yersinia secretion (Ysc) type Il secretion system (T3SS), encoded
on a 70 kb virulence plasmid pYV/pCD1 (Gemski et al., 1980), was controlled
by a different iron-regulated transcription factor, IscR (Miller et al., 2014;
Hooker-Romero et al., 2019). Subsequently, IscR has been shown to
coordinate virulence factor expression in multiple pathogens (Choi et al.,
2007, 2020; Jones-Carson et al., 2008; Lim and Choi, 2014, Vergnes et al.,

2017).

In E. coli where IscR was discovered, DNA binding is regulated by ligation of

an Fe-S cluster (Schwartz et al., 2001a), providing a linkage between iron
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availability and activity of this transcription factor. E. coli IScR controls the
expression of more than 40 genes, including anaerobic metabolism and
respiration, and the Isc and Suf Fe-S cofactor biogenesis systems (Giel et al.,
2006). IscR exists in either a holo form, when it is bound to a [2Fe-2S] cluster,
or in an apo form, which is clusterless (Ruzicka et al., 2002). While holo-IscR
binds to so-called type | motif sequences with a significantly higher affinity
than apo-IscR, both holo-IscR and apo-IscR can bind to type Il motif
sequences (Ruzicka et al., 2002; Nesbit et al., 2009; Rajagopalan et al.,
2013). IscR can both activate and repress transcription depending on the
position of its binding site relative to a promoter. Bioavailability of iron,
oxygen tension, and reactive oxygen species have all been inferred to affect
the relative ratio of holo- to apo-IscR (Schwartz et al., 2001b; Zheng et al.,
2001; Outten et al., 2004; Imlay, 2006; Yeo et al., 2006; Py et al., 2011; Giel
et al., 2013; Miller and Auerbuch, 2015). In turn, holo-IscR negatively
regulates iscR transcription through two type | motif sequences in the isc
operon promoter, leading to an increase in overall IscR levels under aerobic
and/or iron-starved conditions (Schwartz et al., 2001b; Hooker-Romero et al.,
2019), and derepression of the Isc and Suf biogenesis pathways to maintain

Fe-S cluster homeostasis (Schwartz et al., 2001a; Giel et al., 2006).

In Yersinia, IscR binds to a type Il motif in the promoter of the gene encoding

LcrF, the master regulator of the Ysc T3SS (Miller et al., 2014; Hooker-
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Romero et al., 2019). IscR, and subsequently LcrF, levels increase with
oxygen tension through derepression of the isc operon, driving T3SS
expression (Hooker-Romero et al., 2019) . While the T3SS is important for
Yersinia virulence, Y. pseudotuberculosis lacking T3SS expression can still
colonize the intestinal lumen as well as the mesenteric lymph nodes (Simonet
et al., 1984, Balada-Llasat and Mecsas, 2006; Crimmins et al., 2012; Hooker-
Romero et al., 2019). In contrast, Y. pseudotuberculosis lacking iscR is
defective in colonization of all mouse tissues tested (Miller et al., 2014;
Hooker-Romero et al., 2019). This suggests that IscR regulates additional
virulence factors in Yersinia. In order to assess further how IscR contributes
to Yersinia virulence, we used whole transcriptome RNA sequencing (RNA-
Seq) and chromatin immunoprecipitation with massively parallel DNA
sequencing (ChIP-Seq) to identify genes directly regulated by IscR following
iron starvation, which Yersinia experiences during disseminated infection.
Interestingly, comparative genomics revealed very high predicted
conservation of the IscR regulon in Y. pestis. One highly conserved IscR
binding site was found in the promoter of the suf Fe-S cluster biogenesis
operon. Surprisingly, our data shows that IscR direct regulation of the Y.
pseudotuberculosis suf operon is critical for T3SS activity under iron depleted

conditions.
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Results

Identification of IscR and iron regulated genes in Y. pseudotuberculosis
Yersinia experience iron starvation during extraintestinal infection (Sebbane
et al., 2006; Nuss et al., 2017). Since IscR levels and activity are regulated by
iron, we chose to assess the bacterial transcriptional response following iron
starvation. Wildtype and AiscR Y. pseudotuberculosis were starved for iron
using previously published methods (see Materials and Methods)(Schwiesow
et al., 2018). Cultures either remained iron limited (no iron added back to
Chelex-treated media) or were supplemented with organic iron (5 pM hemin)
or inorganic iron (3.6 pM FeSOa4), which can both be utilized by Yersinia via
distinct uptake systems (Stojiljikovic and Hantke, 1992; Thompson et al.,
1999; Perry et al., 2015; Schwiesow et al., 2018) , and incubated for three
hours at 37°C. RNA-Seq analysis showed that levels of IscR mRNA and
protein were highest following prolonged iron starvation compared to after
iron supplementation (Fig 1A-C). As holo-IscR negatively regulates isc operon
transcription, these data are consistent with a decrease in holo-IscR activity
following iron starvation and suggest that these growth conditions modulate
IscR-regulated gene expression and provide a mimic of conditions found in
the host. Indeed, we previously found that even adding back only 0.036 uM
FeSO4 prevented de-repression of iscR expression (Hooker-Romero et al.,

2019).
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Global RNA-Seq analysis revealed a number of genes that respond to iron
availability. We used clustering analysis to sort these differentially expressed
genes into seven groups based on the relative changes in expression
following prolonged iron starvation compared to supplementation with
inorganic iron or heme. The two largest clusters were either genes that were
downregulated (Cluster V1) or upregulated (Cluster II) in response to iron
limitation. (Fig 2; Supplemental Dataset 1). Cluster VI and Il genes also
showed similar expression between the two iron sources. Cluster Il genes
contained iscR in addition to genes involved in iron uptake (ex-hemPR,
hmuSTUV, iutA/iucABCD, feoB), iron sulfur cluster biogenesis (SufABCDS),
LPS biosynthesis and modification (arnABCDE, IpxABDTL, rfaQ, pagP),
lipoprotein and outer membrane protein targeting (IolCDE, bamA, surA, skp),
cell wall remodeling and defense, the dusB-fis virulence-associated operon,
and the T3SS. Upregulation of iron uptake genes and the suf operon in
response to iron starvation was expected given previous studies (Outten et
al., 2004; Perry et al., 2015; Schwiesow et al., 2018), but regulation of LPS
modification, periplasmic protein targeting, and cell wall remodeling by iron
has not been previously reported in Yersinia. Cluster VI included genes
involved in energy metabolism (sucABCD, fdoGHI, dmsAD), antioxidants
(sodB, katAG, ompW), and the Al-2 autoinducer pathway (IsrR regulator and
Isr operon). Altogether, these results suggest that Y. pseudotuberculosis

increases iron metabolism and cell envelope remodeling during iron
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starvation, a condition known to be experienced by Yersinia during

extraintestinal infection (Sebbane et al., 2006; Nuss et al., 2017).

Genes that are differentially regulated in response to changes in iron
availability may be controlled by IscR, Fur, and possibly other transcription
factors, or may be indirectly regulated by these factors. In order to determine
which genes are affected by IscR, we carried out the same RNA-Seq analysis
as above with the AiscR mutant. Under prolonged iron starvation (Chelex
condition), when IscR levels are highest in the WT strain, a total of 324 genes
were differentially expressed in the wildtype versus the AiscR strains (Fig 3;
Supplemental Dataset 1). Of the 127 genes whose expression was greater in
wildtype compared to AiscR, 48 (~38%) were pYV-encoded and were among
the genes with the largest fold changes between wildtype and AiscR. As our
previous data showed that apo-IscR directly regulates the T3SS master
regulator LcrF, the majority of these pYV-encoded genes are likely to be
indirectly regulated by IscR. In iron limited conditions, such as those
encountered by Yersinia during extraintestinal infection, the dominant form of
IscR is predicted to be apo-IscR. Genes induced by apo-IscR would be
expected to be more highly expressed during iron starvation compared to
after iron supplementation as well as have decreased expression upon
deletion of iscR. Genes whose expression patterns were consistent with apo-

IscR induction of their promoters included the T3SS genes yscCDEFGHK, the
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sufABCDSE operon, metal transport genes iucABCDiutA, alcC, cirA, thuC_1,
and oprC, and cell envelope biosynthesis and remodeling genes pagP, amiD,
and ydhO (Fig 4A, Supplementary Dataset 1). As expected, the 197 genes
expressed at lower levels in wildtype compared to the AiscR strain under
prolonged iron starvation included those in the isc operon. Genes repressed
by apo-IscR would be expected to have higher mRNA levels following iron
supplementation compared to iron starvation in wildtype bacteria as well as
have increased expression upon deletion of iscR. Genes whose expression
patterns are consistent with apo-IscR repression include sodB, katA, ompW,

and the [4Fe-4S] cluster protein napF (Fig 4B).

ChIP-Seq analysis of in vivo IscR binding in Y. pseudotuberculosis

In order to identify the genes directly regulated by IscR, we carried out in vivo
genome-wide detection of IscR binding sites via ChIP-Seq, using an anti-
FLAG antibody and a Y. pseudotuberculosis strain expressing FLAG-tagged
IscR (Fig S1; see Materials and Methods). Wild-type Y. pseudotuberculosis
was used as a negative control since the FLAG antibody should not pull down
IscR-DNA complexes in the absence of the affinity tag. A total of 295 unique
regions of the genome were enriched during the FLAG pulldown (Fig 5AB). Of
these ChIP-Seq peaks, 176 fell within 500 nucleotides upstream of an open
reading frame (ORF) start codon and no more than 100 nucleotides

downstream of a start codon, potentially within a regulatory region controlling
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transcription. Out of these 176 peaks, 173 are found on the chromosome and
three on the pYV virulence plasmid. A total of 37 peaks fell in between
divergent genes and such ChlIP-Seq peaks were assigned to both genes
(encoded on the sense and antisense strands) for our preliminary analysis.
Therefore, the 176 identified peaks fell within the predicted regulatory regions
of 213 TU’s encoding 401 individual genes (Supplemental Dataset 2). Of
these 213 TU’s, 46 contain genes found in Cluster Il (upregulated by iron
starvation) and 40 in cluster VI and VII (downregulated by iron starvation).
The remaining 127 transcription units associated with a ChlP-Seq peak were
not found in our cluster analysis, as they were not differentially expressed in
response to iron. These data show that 40% of the IscR binding sites
identified by our ChIP-Seq analysis were upstream of genes responsive to

iron under aerobic conditions.

The most well documented IscR binding site in Yersinia is the type Il site
found 367 nucleotides upstream of the yscW start codon (Miller et al., 2014).
A ChIP-Seq peak was detected in this region, with the pinnacle of the peak
centering 364 nucleotides upstream of yscW-IcrF (Fig 5C). We used MEME-
suite tools to probe for over-represented sequences near the center of ChiP-
Seq peaks (Bailey et al., 2009). MEME analysis revealed identifiable IscR
type 1l binding sequences in 175 out of the 176 ChIP-Seq peaks positioned

within a putative regulatory region, with the predicted binding sequences
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highly correlated with the center of the ChiP-Seq peak (CentriMo p-value,
8.4E-107%8; Fig 5D). The over-represented sequence from these IscR-enriched
sites strongly resembles the consensus IscR type Il site from E. coli (Fig
5E)(Nesbit et al., 2009). No significant ChiP-Seq peaks were detected
upstream of predicted IscR type | sites in Yersinia (Fig S2AB). This may be
because holo-IscR does not crosslink as well or bind with high enough affinity
as apo-IscR, and the resulting peaks are difficult to detect over the signals of
apo-IscR binding. Taken together, these data indicate that our 3xFLAG-IscR
ChIP was able to enrich for IscR type Il binding sites, but not type I binding
sites, under the conditions used. Importantly, genes driven by type Il motif-
containing promoters are predicted to be regulated by IscR under iron limited
and aerobic conditions, such as those encountered by Yersinia during

disseminated infection and therefore potential virulence factors.

In order to validate our in vivo IscR binding results, we carried out in vitro
binding studies on the identified IscR binding sites upstream of the katA and
sodB antioxidants as well as the known virulence genes fis and ail (Fig 6A).
IscR has been shown to regulate antioxidant genes in other bacterial
pathogens (Jones-Carson et al., 2008; Kim et al., 2009; Somprasong et al.,
2012). The gene fis, which is part of the dusB-fis operon, encodes a nucleoid-
associated protein involved in resistance to oxidative stress (Green et al.,

2016). The protein Ail is important for tight attachment to host cells, type Il
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secretion, and resistance against serum killing (Pierson and Falkow, 1993;
Yamashita et al., 2011). Although, unlike the katA and sodB genes,
expression of fis and ail was not responsive to iron, we included them in our
analysis because of their known roles in extraintestinal infection (Pierson and
Falkow, 1993; Green et al., 2016). Since the promoters of these IScR targets
are predicted to encode an IscR type Il site, we used purified IsScR-C92A
(apo-locked IscR) to assess binding in vitro. In vitro electrophoretic mobility
shift assays showed that apo-IscR binds to these promoters, although the
binding to the ail promoter appeared weaker (Fig 6B). Indeed, the binding site
predicted upstream of ail is missing key residues known to be important for
IscR binding. A very large band shift was observed when assessing IscR
binding to the katA promoter fragment (unpublished observations), indicating
the possibility of more than one IscR binding site in this region. Indeed, when
the katA promoter fragment was split into two, each with a bioinformatically
identifiable IscR type Il motif, binding to both fragments was observed.
Collectively, these data demonstrate that IscR binds both in vitro and in vivo

to the promoters of genes known or predicted to be involved in virulence.

IscR binding sites are conserved in human pathogenic Yersinia
We previously showed that IscR regulated the T3SS in both Y. pestis and Y.
pseudotuberculosis, suggesting conservation of IscR regulation between

these two species (Hooker-Romero et al., 2019). To assess the degree of
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conservation of the identified IscR binding sites in the human pathogenic
Yersinia species, we carried out a comparative genomics analysis. We first
searched for orthologs of the first gene of each of the 213 TU’s containing an
upstream IscR in vivo binding site in Y. pseudotuberculosis IP2666
(Supplemental Dataset 3). Out of these 213 TU’s, we could identify 203
orthologs of the first gene in each TU in Y. pseudotuberculosis IP32953, 203
in Y. pestis CO92, and 152 in Y. enterocolitica 8081 (Fig 7A), which is more
distantly related to Y. pseudotuberculosis compared to Y. pestis. In order to
assess conservation of IscR binding sites among these four strains, MEME-
suite was utilized to assess the similarity of identified IscR binding motifs to
the IscR type Il consensus motif generated from this study (Fig 5E). Of the
TU’s for which an ortholog could be identified in at least one of the other
Yersinia strains, the majority contained an upstream identifiable IscR type Il
binding matif. If orthologous type Il motif sequences in two different Yersinia
strains are functionally conserved in terms of IScR regulatory control, then the
distance between the motif and the downstream gene should be similar
between the two species. Indeed, the predicted IscR binding site for
orthologous genes were of similar distance from the downstream start codon,
with more similarity among the Y. pseudotuberculosis and Y. pestis strains,
than between Y. pseudotuberculosis and Y. enterocolitica (Fig S3A). In
addition, the IscR binding sites overall are highly conserved among IP2666,

IP32953, and C092, although many diverge in 8081 (Fig S3B). In order to
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visualize the conservation of IscR type Il motifs in Yersinia, a heatmap was
generated illustrating the retainment of critical nucleotides that have been
shown to be important for IscR binding (Fig 7B)(Nesbit et al., 2009).
Importantly, there was very high conservation of IscR type Il motifs between
Y. pseudotuberculosis and Y. pestis. Out of the 203 transcription units whose
putative regulatory regions were bound by IscR in Y. pseudotuberculosis
IP2666 and conserved in Y. pestis CO92, 173 (~85%) had IscR type Il motif
sequences in their promoters that were 100% conserved between IP2666 and
C0O92, while 17 (~8%) only contained differences in nucleotides not critical for
IscR binding. Interestingly, the IscR binding sites that were among the most
conserved between all three Yersinia species included those within the
promoters of sodB, katA, the suf operon, pagP, ompW, yscW-IcrF, dusB-fis,

and alil.

Integration of transcriptome profiling with identified IscR binding sites
To determine which genes are directly regulated by IscR in Y.
pseudotuberculosis, we collated the ChiP-Seq results with our published
RNA-Seq data carried out under the same aerobic, non-iron starved
conditions used for the IscR chromatin precipitation (Miller et al.,
2014)(Supplemental Dataset 2). Under this condition, only 18 out of the 213
putative IscR regulatory sites found to be associated with an IscR binding site

drove IscR dependent changes in expression of predicted transcription units.
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Three of these 18 TU’s, DN756_21815-DN756_ 21820, yscW-IcrF, and
ysclJKL, are encoded on the pYV virulence plasmid and were downregulated
in the iscR mutant. We have extensively validated direct regulation of the
yscW-IcrF operon by IscR (Miller et al., 2014; Hooker-Romero et al.,
2019)(Figs 5C). The ysclJKL T3SS genes are encoded within the virC
operon, yscCABCDEFGHIJKL (Michiels et al., 1991), which is controlled by the
T3SS master regulator LcrF (Schwiesow et al., 2016). Since IcrF transcription
is directly regulated by IscR (Miller et al., 2014), further experiments are
needed to determine if alternative transcriptional start sites that are regulated
by LcrF or IscR exist for the virC operon. DN756_21815 and DN756_21820
are a hypothetical gene and pseudogene, respectively, and are encoded on
the pYV virulence plasmid. Interestingly, deletion of DN756_21815 and
DN756_21820 had a small but significant effect on secretion of the T3SS
effector protein YopE into culture supernatant (Fig S4). The remaining 15
TU’s are encoded on the chromosome and include sodB, ail, and fis. A
number of ChIP-Seq studies have shown that transcription factors exhibit
binding to promoters whose genes are differentially regulated by the
transcription factor under some but not all conditions tested, including the
condition used for ChIP-Seq (Kleinman et al., 2017; Choudhary et al., 2020).
Therefore, it was not surprising to see limited overlap between the ChIP-Seq

data and RNA-Seq from only one culture condition.
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We assessed whether our transcriptome analysis of iron-starved Yersinia
might reveal additional genes associated with in vivo IscR binding whose
expression is regulated by IscR. Indeed, 86 TU’s with an upstream IscR
binding site were found to contain genes differentially expressed in the
presence and absence of IScR under at least one of the RNA-Seq conditions
(Supplementary Dataset 2). We carried out a COG analysis on genes of the
IscR direct regulon whose promoters contain an IscR enrichment site (Fig
S5A), functional regulon genes associated with a ChIP-Seq peak that showed
differential expression by IscR in at least one condition tested (Fig S5B), and
the indirect regulon whose expression depends on IscR but are not
associated with a ChiP-Seq peak (Fig S5C). The direct regulon was enriched
for coenzyme and lipid metabolism as well as inorganic iron uptake compared
to the indirect regulon, while the indirect regulon was enriched for
biosynthesis, energy production, and the T3SS. Included in the functional
regulon were genes whose expression patterns are consistent with apo-IscR
induction or repression in our RNA-Seq analysis and are therefore predicted
to be directly controlled by IscR during disseminated infection: the suf operon;
the metal transporters iucABCDIutA, alcC, cirA, fhuC_1, oprC, and yiuA; the
cell envelope enzymes pagP, amiD, and ydhO; and the oxidative stress
associated sodB, katA, and ompW. However, many genes within the
functional regulon did not display an expression pattern consistent with apo-

IscR activation or repression, yet showed differential expression in response
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to IscR under at least one RNA-Seq condition. This is consistent with other
reports that identified ChIP-Seq peaks for genes differentially regulated by
their respective transcription factors only under certain environmental
conditions (Kleinman et al., 2017; Choudhary et al., 2020).

IscR directly regulates the suf operon, which contributes to type Il
secretion under iron-limiting conditions

The validated IscR binding site in the suf promoter exhibited 100%
conservation among all human pathogenic Yersinia (Fig 7B), yet the role of
the suf operon has never been studied in Yersinia. We observed a ChIP-Seq
peak in the suf promoter with an identifiable IscR type Il binding motif (Fig
8A), as well as in vitro binding of IscR to the suf promoter using EMSA (Fig
8B). Furthermore, the suf operon was differentially expressed by IscR
following iron starvation (Fig S6), when IscR levels are high and Fur
repression is predicted to decrease (Lee et al., 2003, 2008). Indeed,
sufABCDSE were found to be expressed 3-11-fold more in wildtype Y.
pseudotuberculosis compared to the AiscR mutant during iron starvation (Fig
8C, Fig S6). Together, these data strongly suggest that apo-IscR binds to a
type 1l binding motif sequence in the suf promoter, activating suf operon

expression.

We constructed a ASufABCDSE Y. pseudotuberculosis mutant, which

exhibited normal growth and motility (Fig S7AB). Surprisingly, this mutant had
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a significant type Ill secretion defect under aerobic conditions, when the Suf
system is the dominant Fe-S cluster biogenesis pathway (Fig 8DE). These
data suggest that an Fe-S cluster containing protein is important for T3SS
expression or activity. As the suf mutant did not exhibit a defect in T3SS gene
expression (Fig S7C), these data indicate that the Suf pathway contributes to
type Ill secretion in a post-translational manner. The Isc pathway is the
dominant Fe-S cluster biogenesis pathway under anaerobic conditions.
However, we were unable to test whether the Isc pathway was required for
type Ill secretion under anaerobic conditions because we were unsuccessful
in deleting iscSUA, suggesting these are essential genes. Together, these
data suggest that IscR regulates the Yersinia T3SS in two distinct ways:
through direct control of the LcrF T3SS master regulator and through direct
control of the Suf pathway that matures an Fe-S cluster protein critical for

T3SS activity.

Discussion

IscR and iron are both critical factors in the pathogenesis of Yersinia and a
number of other bacteria (Perry et al., 2015; Palmer and Skaar, 2016;
Vergnes et al., 2017; Hooker-Romero et al., 2019; Choi et al., 2020). In this
study, we present the first characterization of the IscR direct regulon. We
used ChIP-Seq and RNA-Seq analysis to identify Yersinia genes directly

regulated by IscR in response to changes in iron availability. Our data
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suggest that IscR allows Yersinia to couple sensing of iron starvation, a
condition experienced by the bacterium during extraintestinal infection, to
control of genes involved in iron homeostasis, cell envelope modification,
oxidative stress response, as well as T3SS expression and activity (Fig 9).
Over 93% of in vivo IscR binding sites identified in Y. pseudotuberculosis
were conserved in Y. pestis, suggesting that Y. pestis retained ISscR as an
important regulator after its evolution from food-borne pathogen to plague

agent.

In this study we show that complete iron starvation induces IscR mRNA and
protein levels in Yersinia under aerobic conditions. Previously, iron limitation
was shown to induce IscR levels in both E. coli and Vibrio vulnificus (Outten
et al., 2004, Lim et al., 2014). Iron starvation not only limits the amount of free
iron that can incorporate into Fe-S cofactors, but can also affect the function
of the Fe-S cluster biogenesis machinery (Santos et al., 2015). Ultimately,
iron starvation leads to a reduction of Fe-S cluster availability causing a shift
to more apo-IscR compared to holo-IscR (Fig 9). Since holo-IscR represses
transcription of the isc operon, this shift leads to derepression of the isc
operon under iron starved conditions (Giel et al., 2013). We previously found
that supplementing Yersinia with as little as 0.036 uM FeSOa4 prevented this
derepression of iscR, suggesting why in our earlier study IscR levels were not

iron responsive under aerobic conditions (Hooker-Romero et al., 2019).
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However, we show here that following prolonged iron starvation, IscR and
IscR target genes are indeed responsive to either inorganic or heme iron.
These data suggest that during infection, when the availability of free iron is
vanishingly low and is further reduced by inflammatory pathways (Sebbane et
al., 2006; Nuss et al., 2017), IscR levels should fluctuate in response to the

ability of Yersinia to scavenge iron.

Two important categories of genes found to be regulated by iron and IscR
were involved in cell envelope modification and the oxidative stress response.
Yersinia modifies its LPS during growth at 37°C such that its LPS is less
stimulatory to the endotoxin receptor TLR4 (Krasikova et al., 1995; Kawahara
et al., 2002; Montminy et al., 2006; Rebeil et al., 2006). Interestingly, we
found in this study that a number of Yersinia LPS biosynthesis and
modification enzymes genes are upregulated upon iron starvation. Of these
genes, only pagP, which encodes an outer membrane lipid A
palmitoyltransferase, was found to be directly regulated by IscR. The pagP
promoter contained an IscR type Il motif that bound to IscR in vivo and pagP
expression was consistent with induction by apo-IscR. Salmonella PagP,
which is regulated by magnesium through the PhoP/Q regulatory system
(Dalebroux and Miller, 2014), enables production of LPS lipid A that is less
stimulatory to TLR4 (Bishop et al., 2000; Kawasaki et al., 2004; Bishop,

2005). In contrast, Y. pestis has an inactive pagP allele, but when the Y.
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pseudotuberculosis functional pagP gene is inserted into Y. pestis, the LPS
that is produced is more immunostimulatory (Chandler et al., 2020).
Therefore, how IscR affects LPS stimulation of TLR4 and other LPS sensors
remains to be determined. To our knowledge, iron availability has not been
previously shown to affect Yersinia LPS gene expression nor has IscR been
shown to regulate LPS modifying genes in other bacterial species. In contrast,
IscR has been implicated in controlling genes involved in the response to free
radical stress in Vibrio vulnificus, Pseudomonas aeruginosa, and Burkholderia
mallei (Choi et al., 2007, 2020; Jones-Carson et al., 2008; Kim et al., 2009;
Lim et al., 2014). The Yersinia T3SS, which is positively regulated by IscR,
inhibits phagocytic cell oxidative burst. Therefore, IscR induction of the T3SS
should lead to a decrease in the amount of reactive oxygen species (ROS)
encountered by Yersinia during infection. In this study, we also found that
IscR directly repressed the genes encoding catalase, katA, superoxide
dismutase, sodB, and the oxidative stress-associated OmpW (Zhang et al.,
2020). It is possible that IscR upregulation of the T3SS may be coupled to
lower expression of KatA and SodB, since the bacteria would be less likely to

encounter ROS stress when the T3SS is active.

We showed that IscR binds to the sufABCDSE promoter both in vitro and in
vivo, and that suf expression is consistent with apo-IscR induction of the suf

promoter. This is in line with a previous study showing that IscR activates the
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E. coli suf operon upon exposure to the iron chelator dipyridyl (Outten et al.,
2004). However, surprisingly, our data also showed that deletion of the suf
operon leads to reduced Ysc T3SS activity. Loss of the suf operon did not
affect T3SS gene expression or protein levels, but instead affected secretion
of T3SS cargo. This phenotype was observed under standard aerobic non-
iron starved conditions (data not shown), and was even more pronounced
under iron limited conditions where the suf operon becomes more important
for synthesizing Fe-S clusters. Loss of the suf operon may affect the electron
transport chain and lead to a proton motive force defect, which is required for
T3SS activity (Wilharm et al., 2004). However, the suf mutant had no motility
defect, which also requires the proton motive force. Under anaerobic iron
replete conditions, when the Isc pathway mediates Fe-S cluster biogenesis
for the cell, the suf mutant displays normal type Ill secretion. Collectively,
these results suggest that a Yersinia Fe-S cluster protein, matured by the Suf
pathway under aerobic conditions, promotes T3SS activity. Interestingly, the
Salmonella Isc pathway, but not the Suf pathway, was shown to be important
for IscR-mediated repression of the SPI-1 T3SS and for virulence following
oral infection. In contrast to the Yersinia T3SS, Salmonella expresses its SPI-
1 T3SS in the intestine where it is required for entry into intestinal epithelial

cells (Vergnes et al., 2017).
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IscR positively regulates the T3SS master regulator LcrF, and type Il
secretion only occurs under anaerobic conditions in the absence, not the
presence, of iron (Miller et al., 2014; Hooker-Romero et al., 2019). Therefore,
it was surprising that only the virC structural operon (yscCDEFGHKL), but no
other LcrF-regulated genes were significantly upregulated under our aerobic
iron starvation conditions. Indeed, while mRNA levels of the yscW-IcrF operon
trended up in the absence of iron, this difference was not statistically
significant. In fact, some T3SS effector protein and chaperone genes (yopO,
yopK, yopH, yopJ, sycDH), the yscM T3SS regulatory gene, and the needle
tip protein lcrV were expressed ~2-4-fold more after iron supplementation.
However, importantly, most of these genes were downregulated ~10-50-fold
by deletion of iscR, demonstrating that the presence of an iscR gene had a
much stronger effect on T3SS gene expression than changes in iron
availability under aerobic conditions. Y. pseudotuberculosis transits from the
small intestine to lymph tissue and vital organs during infection. In the
intestines, Yersinia experiences an anaerobic iron replete environment where
it does not require its T3SS (Jacobi et al., 2001; Avican et al., 2015; Zheng et
al., 2015). In contrast, once Yersinia crosses the intestinal barrier and the
T3SS becomes important for virulence, oxygen tension increases and host
iron sequestration causes a drastically lower amount of bioavailable iron.
Collectively, our data show that IscR represses the Yersinia T3SS in the

intestines and induces the T3SS once Yersinia disseminate.
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Only about 40% of genes associated with an IscR binding site were found to
be differentially regulated by IscR in at least one condition tested, and even
fewer had expression patterns consistent with apo-IscR activation or
repression. However, a recent study examining the regulons associated with
five different two component regulatory systems in E. coli noted the existence
of genes whose promoters directly bound a transcription factor (TF), but that
only showed differential expression by that TF under certain conditions
(Choudhary et al., 2020). The authors speculated that this is due to other
regulators controlling such promoters and referred to these genes as
exhibiting “hypothetical functional binding” by the TF, as other studies have
also suggested (Sastry et al., 2019). We postulate that ail and dusB-fis may
fall into this category, as they are differentially expressed by IscR only under
non-iron starved conditions but show IscR binding to their promoters in vitro
and in vivo. Ail encodes an adhesin that contributes to delivery of T3SS
effector proteins into target host cells and mediates complement resistance
(Miller and Falkow, 1988; Pierson and Falkow, 1993; Kirjavainen et al., 2008;
Yamashita et al., 2011). The Factor for Inversion (Fis) nucleoid-associated
protein influences the topological state of DNA and affects gene expression
(Duprey et al., 2014). Fis regulates virulence in a number of pathogens,
including Y. pseudotuberculosis (Green et al., 2016). In some organisms, Fis

expression is regulated by growth phase while in others it is regulated by
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specific environmental signals (Duprey et al., 2014). For example, Salmonella
Fis regulates the supercoiling of DNA encoding the SPI-1 and SPI-2 T3SSs in
an opposite manner in response to oxygen (O Croinin et al., 2006; Croinin
and Dorman, 2007). In our study, we show that the Yersinia fis gene is
expressed at higher levels under iron starvation compared to after iron
supplementation. In Y. pseudotuberculosis, Fis has been shown to be crucial
for resistance to oxidative stress and colonization of the murine spleen and
liver (Green et al., 2016). Additional environmental signals, such as oxygen
tension, should be examined for their ability to regulate Yersinia ail and fis to
explore whether IscR regulation of these genes may be important under
anaerobic conditions such as those found in the intestinal lumen.

The remaining 60% of genes associated with an IscR binding site were not
found to be differentially expressed by IscR under any condition tested.
Choudhary et al categorized such genes as having “potentially non-functional
binding” of the TF (Choudhary et al., 2020). The in vivo IscR binding
associated with these genes either represents spurious, non-functional
binding, or another regulator is preventing IscR from exerting an effect on
gene expression under the conditions tested. Indeed, there is evidence that
IscR regulates promoters also targeted by other TFs. For example, out of the
213 TUs targeted by IscR, 65 had a predicted Fur box in their corresponding
regulatory region (unpublished observations). Additional RNA-Seq analysis of

WT and AiscR Yersinia will help determine whether the “potentially non-
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functional binding” genes identified in this study are differentially expressed
under certain conditions, for example anaerobic iron replete conditions that
mimic those encountered by Yersinia in the intestinal lumen where IscR is

also necessary for colonization.

Fur in uropathogenic E. coli (UPEC) regulates genes found in pathogenicity
islands and siderophores not present in commensal E. coli K-12 strain
MG1655 (Banerjee et al., 2020). This difference in Fur regulon members from
the two species could be due to the lack of the pathogenicity islands in
commensal E. coli. Interestingly, UPEC Fur directly regulated genes that were
also present in commensal E. coli, yet only UPEC Fur directly regulated this
subset of genes. These data suggest that as species evolve and find new
niches, regulons and transcription regulatory networks change to adapt to the
environment. Current models suggest that Y. pestis evolved as recently as
~1500 years ago from Y. pseudotuberculosis through a series of DNA
element acquisitions along with gene loss (McNally et al., 2016), making
Yersinia an interesting model to study the IscR regulon. These genomic
changes enabled a previously facultative food-borne pathogen to colonize
and be transmitted through a flea vector. However, once inside the host, both
Y. pseudotuberculosis and Y. pestis colonize lymph nodes and spread to
deeper tissues (Putzker et al., 2001; Balada-Llasat and Mecsas, 2006). In

addition, while the two pathogens exhibit very different life cycles, there is
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evidence that, within lymph nodes, they both experience iron starvation
(Sebbane et al., 2006; Nuss et al., 2017). For example, Y. pseudotuberculosis
in the Peyer’s patches upregulate metal acquisition genes such as hmuR,
alcC, znuABC, mntH as well as others (Nuss et al., 2017). These same genes
are upregulated in our transcriptomic data upon iron starvation. Our
comparative genomic analysis suggests that the IscR regulon is highly
conserved in Y. pseudotuberculosis and Y. pestis. We speculate that IscR
control of genes involved in iron homeostasis, virulence, stress response, and
other pathways has provided a fitness benefit to Y. pestis during its evolution
as the plague agent and was therefore retained. Furthermore, as a number of
the IscR binding sites identified in Y. pseudotuberculosis are conserved in the
Y. enterocolitica genome, we also speculate that IscR regulated genes
important for pathogenesis in the shared ancestor of Y. enterocolitica and Y.

pseudotuberculosis/Y. pestis.

Materials and Methods

Bacterial strains, plasmids, and growth conditions

All strains used in this study are listed in Table 1. Y. pseudotuberculosis
strains were grown in M9 minimal media supplemented with casamino acids,
referred to here as M9+3.6 uyM FeSOg, at 26°C with shaking at 250 rpm,
unless otherwise indicated (Cheng et al., 1997). Non-iron starved conditions

were achieved by subculturing an M9+3.6 uM FeSO4 overnight culture to an
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optical density at 600 nm (ODeoo) of 0.2 in fresh M9+3.6 uM FeSOa4, and

shaking for 3 hrs at 37°C.

Iron starvation was achieved by growing Y. pseudotuberculosis aerobically in
M9 media lacking iron treated with Chelex 100 resin to remove all traces of
iron in acid-washed glassware, as previously described (Schwiesow et al.,
2018; Hooker-Romero et al., 2019). Specifically, iron-replete overnight
cultures (M9+3.6 uM FeSO4) grown at 26°C aerobically were diluted to an
ODsoo of 0.1 into Chelex-treated M9 media and grown for 8 hrs at 26°C
aerobically with agitation. Cultures were then sub-cultured a second time to
ODeoo of 0.1 in fresh Chelex-treated M9 and grown for 12 hrs at 26°C with
agitation. Cultures were then sub-cultured to ODsoo of 0.1 into 20 mL Chelex
treated M9 media with either no iron, 5 yM hemin, or 3.6 yM FeSO4 and

grown for 3 hrs at 37°C with agitation.

Construction of Yersinia mutant strains

A 3xFLAG affinity tag was placed at the C-terminus of IscR encoded at the
native iscR chromosomal locus to facilitate detection of IscR with FLAG
monoclonal antibody (Fig S1A). The 3XFLAG affinity tag was chromosomally
added to the C-terminus of iscR through splicing by overlap extension
(Warrens et al., 1997). Primer pair FiscR_cds/RiscR_cds (Table 2) was used

to amplify ~500bp upstream of iscR plus the iscR coding region excluding the
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stop codon. Primer pair F3XFLAG/R3xFLAG was used to amplify the 3xFLAG
tag. Primer pair F3’iscR/R3’iscR was used to amplify the ~500 bp
downstream region of iscR including the stop codon. These amplified PCR
fragments were cloned into a BamHI and Sacl digested pSR47s suicide
plasmid [Apir-dependent replicon, kanamycin resistant (KanR), sacB gene
conferring sucrose sensitivity] using the NEBuilder HiFi DNA Assembly kit
(New England Biolabs, Inc). Recombinant plasmids were transformed into E.
coli S17-1 Apir competent cells and later introduced into Y.
pseudotuberculosis IP2666 via conjugation. The resulting KanR,

irgansanR® (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 sequenced. Yersinia
carrying only the 3xFLAG-IscR allele secreted similar levels of YopE
compared to the wild-type strain, suggesting that the 3xFLAG tag does not
affect the ability of IscR to regulate T3SS gene expression (Fig S1B). In
addition, derepression of iscS mRNA was not observed in the 3XFLAG-IscR
strain, suggesting the 3XxFLAG-IscR retains the ability to repress iscS
(Ruzicka et al., 2002) (Fig S1C). These data demonstrate that the 3xFLAG
affinity tag does alter IscR function and thus is suitable for ChIP-Seq

experiments.
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Generation of The ASUTABCDSE and ADN756_21815-21820 mutants were
generated via splicing by overlap extension (Warrens et al., 1997). Primer
pairs F5/R5AsufABCDSE and F5/R5ADN756_21815-21820 (Table 2) were
used to amplify ~1000 bp 5’ of sufA and DN756_21815, respectively. Primer
pair F3/R3AsufABCDSE and F3/R3ADN756_21815-21820 were used to
amplify ~1000 bp 3’ of sufE and DN756_21820, respectively. Amplified PCR
fragments were cloned into a BamHI- and Sacl-digested pSR47s suicide
plasmid (Apir-dependent replicon, kanamycin®R, sacB gene conferring sucrose
sensitivity) using the NEBuilder HiFi DNA Assembly kit (New England
Biolabs, Inc). Mutant strains were generated as described for the 3xFLAG-

IscR strain above.

Chromatin immunoprecipitation followed by high-throughput
sequencing

ChIP-Seq experiments were performed in the IscR-3XFLAG strain and the
parental wildtype IP2666 strain after growth at 37°C for 3 hrs in M9+3.6 uM
FeSO4, using the IP2666pIB1 genome (NCBI CP032566.1 and CP032567.1)
for analysis. ChIP assays were performed as previously described (Myers et
al., 2013) using a monoclonal mouse anti-FLAG antibody (Sigma-Aldrich) that
enriched for IscR-3XFLAG. Immunoprecipitated DNA was sheared to 200-500
base pairs via probe-based sonication. DNA quantification was carried out

using both Agilent High Sensitivity DNA kit and Invitrogen Qubit dsDNA HS
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Assay Kit once DNA was immunoprecipitated and purified. For ChIP-Seq
experiments, 10 ng of immunoprecipitated and purified DNA fragments from
IscR-3XFLAG (three biological replicates) and WT non-FLAG tagged IscR
(one biological replicate), along with 10 ng of input control, were used to
generate libraries using lllumina TruSeq ChIP Library Preparation Kit. This kit
was used following manufacturer’s instructions, except that the purification of
the ligation products was performed using an Invitrogen E-Gel Power Snap
System with Invitrogen E-Gel Size Select Il 2% Agarose Gels. Final library
validation was performed using the Qubit and Bioanalyzer. This resulted in
eight libraries for sequencing: triplicate immunoprecipitated samples and a
single negative control sample, each with a paired input sample. Libraries
were sequenced by the University of Wisconsin at Madison Biotechnology
Center DNA Sequencing Facility on an Illumina HiSeq to produce 51 bp

single-end reads.

Initial quality control checks were performed on FASTQ files with FastQC
v0.11.5(Andrews, 2015). Trimmomatic v0.36(Bolger et al., 2014) was used to
remove low quality reads from the FATSQ files and to also remove lllumina
adapters. The reference files for the Y. pseudotuberculosis IP26666pIB1
chromosome and plasmid were downloaded from the NCBI (GenBank
CP032566.1 and CP032567.1) and concatenated into a single file. The

trimmed FASTQ files were then aligned to the Y. pseudotuberculosis genome
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using Bowtie2 v2.3.3.1 (Langmead and Salzberg, 2012b) with the default
settings to generate SAM files. To remove all unaligned reads and all reads
which aligned ambiguously, the SAM files were filtered with Samtools v1.6 (Li

et al., 2009) with the flags “view -q 10”.

Sequences associated with IscR enrichment following precipitation, or
“‘peaks”, were identified using three separate programs: QUEST v2.4 (Valouev
et al., 2008), MOSAICS v2.18.0(Kuan et al., 2011), and MACS2 (Zhang et
al., 2008). QUEST was run according to the manual with the following options:
perform FDR analysis, search for punctate peaks (option 1), and use relaxed
peak calling criteria (option 3). QUEST was run separately for each of the
three immunoprecipitated samples and the negative control sample using the
paired input sample as a background file. From the generated output, the
‘max_pos’ of each identified enriched region was used at the peak summit.
Wiggle files were outputted as a default function of QUEST. MOSAICS was
run as a two-sample analysis as described in the vignette (version May 2,
2019) chapters 3 and 5.1 with the same sample pairs as used with QUEST.
During the use of MOSAICS, a fragment and bin size of 175 nucleotides was
used. This number was derived by multiplying the average peakshift, as
calculated by QUEST from the immunoprecipitated samples, by two. Peak

summits and wiggle files were outputted by MOSAICS as the last steps of the
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analysis. MACS2 was run according to the manual with a criteria cutoff of

FDR value <E-5, p-Value <-l0g1070 .

Sequences with IscR enrichment following immunoprecipitation were
considered bona fide ChlP-Seq peaks if, for each peak-calling program, a
peak was called in at least two of three samples. Peaks were considered to
be the same if their summits fell within 175 bp of each other. At every location
where a negative control peak overlapped an immunoprecipitated sample
peak, we manually examined the negative control data to determine if the
peak should be removed from our analysis. Specifically, we visually looked for
negative peaks which were centered on the immunoprecipitated sample
peaks and also confirmed that the negative peaks were composed of both
forward and reverse mapping reads. MochiView (Homann and Johnson,
2010) and Tablet (Milne et al., 2013) were used to visualize the Wig files and
binary SAM (BAM) files, respectively. Peaks confirmed to be arising from
background noise were removed from our analysis. The average position of
the immunoprecipitated sample peak summits was used as the new peak
summit moving forward. This process was repeated for each peak calling
program independently, thus yielding three lists of confirmed peak summits.
Finally, confirm peak summits were clustered as above. All peaks which were
identified by at least two of three peak calling programs were marked as bone

fide peaks and other peaks discarded. Each peak in the final list was
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examined by eye with MochiView, and particular care taken to confirm the
validity of peaks called by only two of three algorithms. For visualization and
graphing purposes, BAM files were displayed on tracks with Integrative
Genomics Viewer using BAMCoverage from DeepTools2 (Ramirez et al.,

2016). Of the 295 peaks, 80% were called by all three peak calling programs.

RNA Isolation and RNA-Seq

For RNA isolated from samples subjected to iron starvation, Y.
pseudotuberculosis WT and AiscR strains were grown in 5 mL of M9+3.6 uM
FeSOa4 overnight. Cultures were then diluted to ODeoo of 0.1 in 20 mL of M9
media lacking iron treated with Chelex (Bio-Rad) to remove trace amounts of
iron and allowed to grow for 8 hrs at 26°C (Schwiesow et al., 2018). The
cultures were then diluted again to ODeoo 0.1 into 20 mL Chelex-treated M9
media and allowed to grow for 12 hrs at 26°C. Cultures were then diluted to
ODeoo of 0.1 into 20 mL Chelex-treated M9 media with either no iron, 5 pM
hemin, or 3.6 uM FeSOa4. Stock hemin solutions were Chelex-treated
overnight. After 3 hrs of growth at 37°C, 5 mL of culture from each condition
was pelleted by centrifugation for 5 minutes at 4,000 rpm. The supernatant
was removed, and pellets resuspended in 500 yL 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. Contaminating DNA was removed using the TURBO
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DNA-free Kit (Life Technologies/Thermo Fischer). rRNA was removed using
the RiboMinus Transcriptome Isolation Kit bacteria (Invitrogen). The cDNA
library was prepared using the NEB Ultra Directional RNA Library Prep Kit for
lllumina. Quality of RNA and cDNA libraries were assessed using an Agilent
2000 Bioanalyzer. Libraries were sequenced using the HiSeq2500 Illumina

sequencing platform for 50 bp single reads (UC Davis Genome Center).

Trimmomatic (Bolger et al., 2014) version 0.36 was used to trim off low-
guality bases and adapter sequences. Trimmed reads were then aligned to a
concatenated chromosome (CP032566.1) and virulence plasmid
(CP032567.1) through Bowtie2(Langmead and Salzberg, 2012a). Low quality
aligned reads were removed by filtering out mapped reads with a mapQC
score <10. The BAM file with the aligned reads with a mapQC score >10 was
then split to separate chromosomal mapped reads from virulence plasmid
mapped reads. Mapped reads were then normalized to TMM and differential
expression analysis was performed using EdgeR (Robinson et al., 2009).
Genes were called differentially expressed if the log2FC was 21 or <-1 with an

FDR value <0.01.

Motif Identification and in silico Search
IscR binding motif analyses was carried out using MEME tool from the MEME

software suite with default settings (Bailey et al., 2009). The E. coli IscR type |
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and type Il binding motifs were compiled from a training set consisting of
known IscR binding sites in E. coli (Ruzicka et al., 2002; Nesbit et al., 2009).
FIMO tool from the MEME software suite was then used to search for an IscR

type | binding motif upstream Yersinia iISCRSUA, cysE, erpA, and nfuA.

In order to identify a Yersinia IscR consensus binding site from sequences
enriched during IscR-FLAG immunoprecipitation, 50 nucleotides within the
center of all 176 enriched DNA regions were extracted and MEME suite used
to generate a Yersinia IscR type Il motif. CentiMo tool from MEME-suite was
utilized to assess if the predicted IscR type Il consensus motif was often

found near the center of each IscR ChIP-Seq peak.

Western blot analysis

Bacterial pellets were resuspended in final sample buffer plus 0.2 M
dithiothreitol (FSBS+DTT) and boiled for 15 min. At the time of loading,
samples were normalized to the same number of cells by ODsoo. 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 rabbit anti-IscR (Nesbit et al., 2009), rabbit anti-YopD (gift
from Alison Davis and Joan Mecsas), goat anti-YopE (Santa Cruz

Biotechnology), rabbit anti-RpoA (gift from Melanie Marketon), and
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horseradish peroxidase-conjugated secondary antibodies (Santa Cruz

Biotech). Gels were imaged by Image Lab software (Bio-Rad).

Type lll secretion assay under non-iron starved conditions

Visualization of T3SS cargo secreted in broth culture was performed as
previously described (Kwuan et al., 2013). For standard Y.
pseudotuberculosis T3SS induction (Fig S1B and Fig S4C) bacteria were
grown overnight in LB media, subcultured in LB plus 20 mM sodium oxalate
(to chelate calcium and induce type 1l secretion) and 20 mM MgCl2 to an
ODeoo of 0.2, grown at 26°C for 1.5 hrs followed by 37°C for another 1.5 hrs.
Cultures were normalized by ODsoo and pelleted at 13,200 rpm for 10 min at
room temperature. Supernatants were removed and proteins precipitated by
addition of trichloroacetic acid (TCA) to a final concentration of 10%. Samples
were incubated on ice for 20 min 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 FSB+DTT. Samples were boiled for 5 min prior

to running on a 12.5% SDS PAGE gel.

Type lll secretion assay under iron starved aerobic or anaerobic
conditions
We previously found that small amounts of iron are needed to get sufficient

Yersinia growth under anaerobic conditions to detect T3SS activity (Hooker-
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Romero et al., 2019); therefore, we added 0.036uM to the “low iron” samples
for these experiments rather than continuing to iron starve them. Cultures
were grown aerobically in Chelex-treated M9 minimal media plus 0.9%
glucose in acid-washed glassware, as previously described (Hooker-Romero
et al., 2019). Specifically, iron-replete overnight cultures (M9+3.6 yM FeSO4)
grown at 26°C aerobically were sub-cultured to an ODsoo of 0.1 into Chelex-
treated M9 media plus 0.9% glucose and grown for 8 hrs at 26°C aerobically
with agitation. Cultures were then sub-cultured a second time to ODsoo 0.1 in
fresh Chelex-treated M9 media plus 0.9% glucose and grown for 12 hrs at
26°C with agitation. Subsequently, cultures were then sub-cultured a third
time to ODsoo 0.2 in M9 media plus 0.9% glucose supplemented with 3.6 yM
FeSOq (iron-replete) or with 0.036 uM FeSO4 (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 Il secretion. For anaerobic cultures, the cultures were instead
diluted a second time to ODeoo 0.1 in M9 media plus 0.9% glucose
supplemented with 3.6 yM FeSOa (iron-replete) or with 0.036 uM FeSO4 (iron
limitation), and transferred to a vinyl anaerobic chamber where they were
grown at 26°C for 12 hrs. Cultures were then shifted to 37°C for another 4 hrs
to induce type Il secretion. Samples were then processed as for standard

secretion assay conditions, above.

Quantitative PCR (gPCR) analysis.
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A total of 5 mL of culture from each condition were pelleted by centrifugation
for 5 minutes at 4 krpm. 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 we previously described (Miller et al.,
2014). Power SYBR Green PCR master mix (Thermo Fisher Scientific), and
primers (Table 2) with optimized concentrations were used to measure target
gene levels. 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 collected 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).

Cluster of Orthologous Groups (COG) analysis
The gene bank file of the Y. pseudotuberculosis chromosome (CP032566.1)
and virulence plasmid (CP032567.1) were downloaded from NCBI. These

files were opened using the Artemis Genome Browser (Carver et al., 2012),
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where the proteome was exported to a FASTA file. EQgQNOG 4.5.1 (Huerta-
Cepas et al., 2016) was used to determine the following gene information
based on ortholog databases: preferred gene name, COG category, and gene

function.

Cluster Analysis

Cluster analysis was used to cluster gene expression data from the RNA-Seq
experiments. The elbow method was first used to determine the appropriate
number of clusters. Gene expression data was inputted as normalized reads
(TMM) values. These gene expression values were then scaled by gene. R-
package pheatmap was used to create clusters dependent on Euclidean

distances and a complete method.

Protein purification and electrophoretic mobility shift assays (EMSAS)
The iscR coding sequence was PCR amplified from the E. coli K12 MG1655
chromosome using primers that incorporated a Ndel restriction site at the 5’
end of the gene, and a BamHI site and Hise-tag (order listed in 5°-3’ direction)
at the 3’ end. The Ndel and BamHI digested fragment was cloned into
pET11a to generate pPK14263, which was subsequently transformed into
strain PK7878 (Rajagopalan et al., 2013). IscR-C92A-Hiss was purified as
previously described for untagged IscR (Giel et al., 2006; Nesbit et al.,

2009). DNA fragments containing the predicted IscR binding region for ail [-
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386 to +14 bp relative to the +1 transcription start site (TSS)], dusB-fis (-447
to -247 bp relative to the +1 TSS), sodB (-116 to +84 bp relative to the +1
TSS), katAl (-240 to -93 bp relative to the +1 TSS), katA2 (-92 to +1 bp
relative to the +1 TSS), and sufA (-144 to +56 bp relative to the +1 TSS) were
amplified from Y. pseudotuberculosis genomic DNA using primers (Table 2).
Amplified products were digested with Xhol and BamHI and subsequently
ligated into the pPK7179 plasmid. DNA templates for EMSAs were isolated
from plasmid DNA after restriction digest with Xhol and BamHI. These
fragments and linearized plasmid (which served as competitor DNA in the
EMSASs) were purified using the QIAquick PCR purification kit (Qiagen). IscR-
C92A was incubated with DNA fragments (~5-10 nM) for 30 min at 37°C in
40 mM Tris (pH 7.9), 30 mM KCI, 100 pg/mL bovine serum albumin (BSA),
and 1 mM DTT. Glycerol was added to 10% and samples were loaded onto a
non-denaturing 6% polyacrylamide gel in 0.5x Tris-borate-EDTA (TBE) buffer
and run at 200 V for 3.5 hours. The gel was stained with SYBR Green EMSA
nucleic acid gel stain (Molecular Probes) and visualized using a Typhoon FLA

900 imager (GE).

Comparative Genomics
Orthologs of the 213 IscR targets were determined in Y. pseudotuberculosis
IP32953 (NC_006155.1), Y. pestis CO92 (NC_003143.1), and Y.

enterocolitica 8081 (NC_008800.1) through a combination of BLAST and
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Mauve, a multiple genome alignment tool (Darling et al., 2004). Paralogs
were avoided by using Mauve. For all orthologs, 1000 nucleotides upstream
and downstream of the start codon were extracted. An IscR binding site was
predicted using MEME-suite tools, and was compared to the known IscR
binding site in Y. pseudotuberculosis IP2666. The orthologous IscR binding
site was identified based off sequence similarity and distance of the IscR
binding site from the start codon. Sequence similarity was calculated by
computing the absolute distance between logMEME-FIMO-pvalue in Y.
pseudotuberculosis IP2666 (known IscR binding site) compared to logMEME-
FIMO-pvalue of orthologous binding site in the indicated strain of Yersinia

(binding site in question).

Motility Assay

A total of 1 pl Y. pseudotuberculosis overnight culture was spotted onto
motility medium containing 1% tryptone/0.25% agar. The plates were
incubated at 26°C for 24 hrs or 48 hrs before the diameter of the motile

colony was measured.

Microbial Genome Browser
Both ChIP-Seq and RNA-Seq tracks were deposited to the UCSC Microbial

Genome browser. For RNA-Seq data, final BAM file alignments were
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converted to bigwig files using bamCoverage-deepTools (Ramirez et al.,
2016). Chromosomal alignments were normalized by counts per million
mapped reads (CPM) while alignments to the virulence plasmid were not
normalized due to the known increase in plasmid copy number at 37°C
relative to the chromosome (Wang et al., 2016). For ChiP-Seq data, both
BAM files that were mapped to the chromosome or virulence plasmid were
normalized by CPM. The RNA-Seq and ChlIP-Seq data is available for
viewing and the track hub data can be found at

http://zam.soe.ucsc.edu/hubs/StoneYersinia/hub.txt.
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Table 1. Strains used in this study.

Source or
Strain Relevant Genotype Reference
S
(Bliska et
IP2666/(WT) Naturally lacks full-length YopT
al., 1991)
(Miller et
IP2666/(AiscR) iscR in frame deletion of codons 2 to 156
al., 2014)
IP2666/(IscR In frame C-terminus 3XFLAG tag of
This work
3XFLAG) chromosomal IscR
IP2666/(AsufAB sufABCDSE in frame deletion retains first 10
This work

CDSE) codons of SufA and last 20 codons of SufE
IP2666/(ADN756DN756_21815-DN756 21820 in frame deletion
_21815- retains first 10 codons of DN756_21815 and This work

DN756_21820) last 10 codons of DN756_21820

IP2666/(Apo- (Miller et
IscR-C92A/C98A/C104A

locked IscR) al., 2014)
WT strain with inactive flnDC from Yersinia (Miller et

IP2666/(AflhD)

pestis al., 2014)
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Table 2. Y. pseudotuberculosis primers used in this study.

Name Primer Sequence? SReference
gatatcgaattcctgcagcccggggGCTCCTTAAATTTA

FiscR_cds This work
GCCATGGC

RiscR_cds gotctttgtagtc TGCGCGCAGATTGACGTTAATC  This work

F3XFLAG cgtcaatctgcgcgcaGACTACAAAGACCATGAC  This work
R3XFLAG ccgcaaattctgcttaCTCGAGTCCACCTTTATC This work
agotggactcgagTAAGCAGAATTTGCGGAATTTT
F3'iscR This work
AC
ggtggcggccgctctagaactagtgCCTTCAACATAGT
R3’iscR This work
TGAAGC
F5'AsufABCDS cgaattcctgcagcccggggTCAATCCTCGTTTTGCG
This work
E C
RS AsufABCDS

cctccagaccCAGAAAATGTCCCAACTGATTC This work
E

F5’ADN756_21
cgaattcctgcagcccggggGTTGAGTTCTGAAAGAA

815- This work
CAATTGTG

DN756_21820

R5’ADN756_21
0ggcgaccttcTTTGCGGTTGGCTTCGATG This work
815 21820

F3’AsufABCDS

gacattttctGGTCTGGAGGCGATGATC This work
E
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R3’AsufABCDS agggaacaaaagctggagctATAGTCAGTACTGACC

This work
E CCG
F3’ADN756_21
caaccgcaaaGAAGGTCGCCTCGATAAAG This work
815-21820
R3’ADN756_21 agggaacaaaagctggagctTTAACTGATCTGCCAG
This work
815 21820 AATTAC
gPCR_lcrF_ F  GGAGTGATTTTCCGTCAGTA (8)
qPCR_IcrF_R CTCCATAAATTTTTGCAACC (8)
(Hooker-
gPCR_iscR_F CAGGGCGGAAATCGCTGCCT Romero et
al., 2019)
(Hooker-
gPCR_iscR_R ATTAGCCGTTGCGGCGCCTAT Romero et
al., 2019)
gPCR_sufA F CGCAAATTACGCGGCTTATGC This work
gPCR_sufA_ R GGCAGGCTCTTTAGCCATATC This work
(Miller et
gPCR_iscS_F CGACGCCAGTAGATCCGCGT
al., 2014)
(Miller et
gPCR _iscS_ R ACGAGGGTCTGCACCCACCA
al., 2014)
(Morgan et

gPCR_yopE_F CCATAAACCGGTGGTGAC
al., 2017)
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gPCR_yopE_R CTTGGCATTGAGTGATACTG

gPCR_16s_F AGCCAGCGGACCACATAAAG

gPCR_16s_ R AGTTGCAGACTCCAATCCGG

EMSA_suf F tttttCTCGAGGAGTGTTTTTTCTTTTAGACC

EMSA_suf R tttttGGATCCTAAACGTTTTCAGGTTGAA

EMSA_dusBfis_tttttCTCGAGGTATCGATAATATTTCAGTATTAA

F C
EMSA_dusBfis_ttttGGATCCGTAGAAATATATCTGTCACACAT
R C
EMSA_ail F  tttttCTCGAGCTGTCACCGTCCTGG
EMSA_ail R tttttGGATCCGACTAAAGTGGCCAGCC
EMSA_sodB_F tttttCTCGAGTAACTGACGGTCCG
EMSA_sodB_R ttttGGATCCGGTGTGGGGTGAA
ccgCTCGAGTATTGCTCTCTCATTGTTCGTTA
EMSA_katAl F
TG
CgCGGATCCATTTGAAATTATGATCATTTGAA
EMSA katAl R
ATACTGTGC
EMSA_katA2 F ccgCTCGAGGATCGTCAGTTCCCACAG
EMSA_katA2 RcgcGGATCCCCCCACTAGTTGTAGTCG
GGAATTCCATATGAGACTGACATCTAAAGGG

Ndel-iscR_F
CGC
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(Morgan et
al., 2017)
(32)
(32)
This work

This work

This work

This work

This work
This work
This work

This work

This work

This work

This work

This work

This work



BamHI-His6- GCGGGATCCTTAGTGGTGGTGGTGGTGGTG

This work
IscR_R AGCGCGTAACTTAACGTCGATCGC

aUppercase specifies primer that anneals to target for molecular cloning,
lowercase is complementary sequence for NEB Gibson Assembly or extra
nucleotides to facilitate efficient restriction digest

bUnderline specifies Xhol and BamHI restriction sites
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Figure 1. IscR mRNA and protein levels decrease upon iron
supplementation. (A) Expression of iscR in Y. pseudotuberculosis under
varying iron conditions, as measured by RNA-Seq. Reads are represented by
Trimmed Mean of M-values (TMM) of WT in Chelex-treated M9 minimal
media with no iron source added back (Chelex), supplemented with 5 uM
hemin (+Heme), or supplemented with 3.6 uM FeSO4 (+FeS0Oa).
****%n<0.0001; n.s. non-significant (EdgeR with a corrected FDR post-hoc
test). (B) Expression of iscR mRNA relative to 16s rRNA, as measured by
gRT-PCR. *p<0.05 (one way ANOVA with Dunnett’s post-hoc test). (C) IscR
protein levels in whole cell extracts from WT Y. pseudotuberculosis, as
detected using an anti-IscR antibody. RpoA served as a loading control.
Shown is the average of three biological replicates * standard deviation.

**p<0.01; *p<0.05 (one way ANOVA with Dunnett’s post-hoc test).
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Figure 2. Iron supplementation modulates the expression of 1373 genes
in Yersinia. RNA-Seq was carried out in WT Y. pseudotuberculosis after iron
starvation (Chelex), or followed by supplementation with heme or FeSOu, as
in Figure 1. Cluster analysis was performed on the average RNA-Seq reads
normalized by Trimmed Mean of M-values (TMM) for all 1373 differentially
expressed genes. Expression values were transformed and scaled by gene

before cluster analysis. Color bar represent relative gene expression.

125



100
S 80—
c
>
.. 60—
S
@
8 40+
E
- 20—
0_
SO (“ *
¢°~o~o~o~o Xy g&o\b *Q
o\‘ba{b {‘ e‘(\b\ \:S"@Q,
FELS “Q—‘Z‘Q\\ ®
&"3\% 'z» & ,gb@&
0 ﬁ& o Q \}Q’Q'QQ\%
< oé‘g’v‘\ &Q Y <
é {0000 QO \Q {2} \00
'{b '\.*0
& X\

126



Figure 3. Deletion of iscR leads to expression changes in genes
involved in virulence, ion transport, cell envelope, and other processes
following prolonged iron starvation. Clusters of Orthologous Groups of
proteins (COG) analysis of genes differentially expressed between the WT

and AiscR strains following iron starvation.
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Figure 4. Several Yersinia genes follow expression patterns consistent
with activation or repression by apo-IscR Expression of various genes as
measured by RNA-Seq. Reads are represented by Trimmed Mean of M-
values (TMM) of WT (black) and AiscR strains (grey).****p<0.0001; n.s. non-
significant (EdgeR with a corrected FDR post-hoc test). (A) Genes predicted
to be activated by apo-IscR. (B) Genes predicted to be repressed by apo-

IscR.
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Figure 5. ChIP-Seq reveals IscR to be a global regulator in Yersinia. (A)
ChIP-Seq analysis reveals enrichment of IscR binding sites throughout the
genome following anti-FLAG pulldown. First track (blue) represents read
coverage of IscR-bound sequences throughout the Y. pseudotuberculosis
IscR-3-xFLAG chromosome from three biological replicates, shown as count
per million reads (CPM). The second track (pink) represents sequencing
reads from WT Y. pseudotuberculosis (negative control). (B) ChIP-Seq plots
illustrating read coverage of the pYV virulence plasmid (not scaled to size of
genome). Y-axis for the pYV plasmid is significantly higher than for the
chromosome because pYV copy number is expected to be high under these
conditions (Wang et al., 2016). (C) ChlP-Seq sequence read peaks mapped
to the yscW-IcrF promoter. The x-axis indicates the genomic position of the
ChIP-Seq peaks. Dashed lines correspond to the center of the known 30 bp
IscR type Il binding site. Arrow indicates transcriptional start site (Nuss et al.,
2017). (D) Motif that is over-represented within 100 nucleotides of the zenith
of IscR ChIP-Seq sequence read peaks. This motif was identified in 175
peaks out of 176 peaks. The motif representing the type Il characterized in E.
coli K12 MG1655 is shown as reference. (E) The motif illustrated in Fig 5D
has a high probability of being located at or near the peak summit (Centri-

Mo).
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Figure 6. IscR binds to the promoters of dusB-fis, ail, sodB, and katA in
vivo and in vitro. (A) IscR-enriched sequence reads located within the
promoter regions of dusB-fis, ail, sodB, and katA. The y-axis indicates read
count, while the x-axis indicates the genomic position of the ChIP-Seq peaks.
Dashed lines correspond to the identified 30 base pair IscR type Il motif
sequence. Arrows indicate previously identified transcriptional start sites
(Nuss et al., 2017). (B) Purified E. coli IscR-C92A was used for
electrophoretic mobility shift assays (EMSAS) using DNA from the promoter
regions of dusB-fis, ail, sodB, and katA. The predicted IscR type Il binding site
is noted below each EMSA and critical nucleotides are highlighted in color.

Note the katA promoter template was split into two distinct fragments.
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Figure 7. IscR binding site sequences are highly conserved in human
pathogenic Yersinia. (A) The first gene of the 213 transcription units
identified in this study as being targets of IscR in Y. pseudotuberculosis
IP2666 were used to identify orthologs in Y. pseudotuberculosis IP32953,
Yersinia pestis CO92, and Yersinia enterocolitica 8081. (B) Heatmap showing
similarity of IscR binding sites in Y pseudotuberculosis IP32953, Y. pestis
C092, and Y. enterocolitica 8081 compared to Y. pseudotuberculosis IP2666,
in the promoter of the 213 IscR transcription units. Blue boxes indicate a
bioinformatically-identified IscR type Il binding motif predicted to enable
stronger binding in the 1P32953, CO92, or 8081 strain compared to the
IP2666 strain. Yellow boxes indicate a motif predicted to bind IscR more
weakly in IP32953, CO92, or 8081 compared to IP2666. White boxes indicate
the predicted IscR binding site is similar in IP32953, C0O92, or 8081 compared
to IP2666. Grey boxes indicate no ortholog was found in the strain. Black
boxes indicate an ortholog was identified but no IscR binding site was
predicted by MEME-suite tools. Values represent absolute log difference
between MEME-FIMO-pvalue of known IscR binding site to orthologous IscR

binding site.
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Figure 8. IscR directly regulates the Suf Fe-S cluster biogenesis
pathway, which is important for type Ill secretion activity specifically
under aerobic conditions. (A) IscR-enriched sequence reads located within
the promoter regions of SUTABCDSE. The y-axis indicates read count, while
the x-axis indicates the genomic position of the ChIP-Seq peaks. Dashed
lines correspond to the identified 30 base pair IscR type Il motif sequence.
Arrows indicate previously identified transcriptional start site (Nuss et al.,
2017). (B) Purified E. coli IscR-C92A was used for electrophoretic mobility
shift assays (EMSASs) using DNA from the promoter regions of sufABCDSE.
The predicted IscR type Il binding site is noted below the EMSA and critical
nucleotides are highlighted in color. (C) Expression of sufA relative to 16s
rRNA as measured by gRT-PCR of WT (black) and AiscR strains (grey).
**p<0.01; (one way ANOVA with Dunnett’s post-hoc test). Average of three
independent experiments + standard deviation is shown. (D-E) WT and
AsufABCDSE cultures were iron starved in chelex-treated M9 minimal media
and supplemented with either 3.6 uM FeSO4 (hi) or 0.036 uM FeSO4 (lo)
before type Il secretion was induced under aerobic (D) or anaerobic (E)
conditions. Proteins secreted into culture supernatant and precipitated with
trichloroacetic acid were probed with antibodies for YopE and YopD T3SS
cargo proteins. Cell lysates were probed with antibodies for RpoA, YopE, and
YopD. One representative experiment out of three biological replicates is

shown.
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Figure 9. Model of how iron modulates IscR levels and leads to
differential expression of IscR dependent virulence factors. (A) The Suf
system loads Fe-S clusters onto IscR under aerobic conditions while the Isc
system is more active under anaerobic conditions. Iron bioavailability and
oxygen tension affect the holo-/apo-IscR ratio. (B) Low iron and oxidative
stress, which are encountered by Yersinia during disseminated infection, lead
to increased Fe-S cluster demand. This leads to a decrease in holo-IscR,
subsequent derepression of the overall IScR expression, and an increase in
apo-IscR levels. Apo-IscR directly regulates genes involved in the T3SS,
oxidative stress resistance, cell envelope remodeling, iron homeostasis, and

other genes, enabling virulence.
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Figure S1. 3xFLAG-tagged IscR rescues an iscR deletion. (A) Whole cell
extracts from WT Y. pseudotuberculosis or a strain harboring a
chromosomally-encoded 3xFLAG tagged IscR were visualized using anti-
FLAG or anti-RpoA antibodies. (B) To measure the relative efficiency of the
Ysc T3SS, Yersinia strains were grown under T3SS-inducing conditions and
secreted proteins precipitated by trichloroacetic acid were visualized using
Coomassie blue. Relative amounts of the T3SS effector protein YopE were
guantified by densitometry compared to a spiked in BSA protein control. The
average of three biological replicates + standard deviation is shown. (C)
Yersinia strains were grown under T3SS inducing conditions and relative iscS
MRNA levels evaluated by qPCR and normalized to 16s rRNA. The average
of three biological replicates * standard deviation is shown. ***p<0.001;

**p<0.01; n.s. non-significant (one-way ANOVA with Dunnett’s post-hoc test).
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Figure S2. Global IscR ChIP-seq analysis fails to identify predicted IscR
Type | sites. (A) Known E. coli IscR type | binding sites were used to
generate a IscR type | binding motif using MEME-suite tools. The Y.
pseudotuberculosis IP2666 genome was scanned for IScR type | sites using
FIMO specifically upstream of the nfuA, iISCRSUA, erpA, and
DN756_20960_cyskE promoters. The predicted sequences were aligned to the
E. coli consensus IscR type | binding motif. (B) IscR ChlP-seq plots
illustrating read coverage of IscR-binding peaks assigned to the promoter of
nfuA, iscRSUA, erpA, and DN756_20960_cysE from all three replicates
combined. Dashed lines correspond to the zenith of the predicted 29 bp IscR

type | motifs.
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Figure S3. Conservation of IscR binding sites in Y. pseudotuberculosis
(IP2666, 1P32953), Y. pestis (C092), and Y. enterocolitica (8081). (A)
Distance of the identified IscR binding site in Y. pseudotuberculosis (IP2666)
from the start codon of each transcription unit member of the IscR regulon is
plotted versus the distance of the predicted IscR binding site from the start
codon of the identified ortholog in Y. pseudotuberculosis (IP32953), Y. pestis
(C092), or Y. enterocolitica (8081). (B) The logio FIMO p-value of the
identified IscR binding site in Y. pseudotuberculosis (IP2666) is plotted versus
the logio FIMO p-value of the predicted IscR binding site upstream of
identified orthologs in Y. pseudotuberculosis (IP32953), Y. pestis (CO92), or

Y. enterocolitica (8081).
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Figure S4. Deletion of DN756_21815 and DN756_21820, identified gene
targets of IscR, results in a small but significant decrease in type Ill
secretion. (A) Read coverage of IscR-binding peaks proximal to
DN756_21815 DN756_21820. Counts per million reads (CPM) are plotted
versus the genomic position. Dashed lines correspond to the predicted 30 bp
IscR type Il motif. Arrows indicate transcriptional start sites (50). (B)
Expression of DN756_21815, and DN756_21820 genes under varying iron
conditions as measured by RNA-seq. Reads are represented by Trimmed
Mean of M-values (TMM) of WT (black) and AiscR strains (grey) grown in M9
minimal media containing FeSO4 (non-iron starved, NIS), iron starved in
chelex-treated M9 minimal media with no iron source added back (Chelex),
supplemented with 5 mM hemin (+Heme), or supplemented with FeSO4
(+FeS04).**p<0.01; ***p<0.001; ****p<0.0001 (EdgeR with a corrected FDR
post-hoc test). (C) Yersinia strains were grown under rich media, T3SS
inducing conditions. The secretome of these cultures was visualized with
Coomassie blue. The effector protein, YopE, was quantified by densitometry
relative to the WT control to measure the relative efficiency of the Ysc T3SS.
The average of 5 biological replicates + standard deviation is shown.

****%n<0.0001; *p<0.05 (one way ANOVA with Dunnett’s post-hoc test).
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Figure S5. COG analysis of the IscR regulon, functional regulon, and
indirect regulon. Clusters of Orthologous Groups of proteins (COG) analysis
of genes with a IscR ChlIP-Seq peak (A), genes with a IscR ChIP-Seq peak
and are differentially expressed between WT and the iscR mutant under at
least one tested condition (B), and genes differentially expressed between

WT and the iscR mutant but have no IscR ChlIP-Seq peak (C).
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Figure S6. Expression of the suf operon is modulated by iron and
requires IscR . Expression of sufA, sufB, sufC, sufD, sufS, and sufE genes
under varying iron conditions as measured by RNA-seq. Reads are
represented by Trimmed Mean of M-values (TMM) of WT (black) and AiscR
strains (grey) grown in M9 minimal media containing 3.6 uM FeSOa4 (non-iron
starved, NIS), iron starved in chelex-treated M9 minimal media with no iron
source added back (Chelex), supplemented with 5 mM hemin (+Heme), or
supplemented with 3.6 pM FeSO4 (+FeS04).**p<0.01; ***p<0.001;

****p<0.0001 (EdgeR with a corrected FDR post-hoc test).
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Figure S7. The Suf pathway does not affect motility or growth. (A) Iron
starved Y. pseudotuberculosis were either kept in iron starved chelex-treated
M9 minimal media with no iron source added back (Chelex), or supplemented
with 3.6 uM FeSO4 (+FeSOa4). Cultures were grown at 26°C for 10 hr and
optical density at 600 nm measured every hour. Non-iron starved (NIS)
samples were never exposed to chelex-treated M9. (B) The indicated strains
were spotted onto Motility agar (1% Tryptone 0.25% Agar) and were grown at
26°C. The diameters of the colonies were measured 24 hr and 48 hr later and
used to calculate percent motility. Graphs represent three biological
replicates. ****p<0.0001 (one way ANOVA with Dunnett’s post-hoc test). (C)
Expression of IcrF, iscR, and yopE, relative to 16s rRNA, following iron
starved conditions in M9 minimal media at 37°C, as measured by qPCR.
Black bars represent cultures which were iron starved and supplemented with
3.6 UM FeSOa before induction of the type Il secretion system, while grey
bars represent cultures that received 0.036 uM FeSO4 before induction of the
type 1l secretion system. Average of three independent experiments £
standard deviation is shown. ***p<0.001; **p<0.01; *p<0.05 (one way ANOVA

with Dunnett’s post-hoc test).
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Chapter 3

IscR promotes Yersinia type lll secretion system activity by

antagonizing the repressive H-NS-YmoA complex at the IcrF promoter

By David Balderas, Pablo Alvarez, Mané Ohanyan, Erin Mettert, Natasha

Tanner, Patricia J. Kiley, Victoria Auerbuch
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Abstract

The type Il secretion system (T3SS) is a bacterial appendage used by many
pathogens, such as pathogenic Yersinia, to subvert host defenses. However,
because the T3SS is energetically costly and immunogenic, it must be tightly
regulated to enable survival in the host. Yersinia Ysc T3SS gene expression
is controlled at the transcriptional level by the master regulator LcrF. LcrF
transcription is predicted to be repressed by the YmoA/H-NS complex and is
induced by IscR under aerobic conditions or iron starvation. H-NS is a
histone-like protein that controls gene expression by binding to specific DNA
sequences and altering DNA topology, while YmoA is a non-DNA-binding,
thermoregulated protein that binds H-NS and modulates its activity on a
subset of promoters. Although IscR has been shown to bind the IcrF
promoter, IscR fails to directly enhance IcrF transcription in vitro. These data
suggest a complex underlying mechanism. In this study, we show that in a
ymoA mutant, IScR is not required for LcrF expression/T3SS activity.
Additionally, a mutation in YmoA that prevents H-NS binding (ymoAP43N)
rescues the T3SS defect of an AiscR mutant. Furthermore, H-NS is enriched
at the IcrF promoter at environmental temperatures, while IscR is enriched at
this promoter at mammalian body temperature under aerobic conditions.
Importantly, CRISPRi knockdown of H-NS leads to increased IcrF
transcription. Collectively, our data suggest that as IScR levels rise with iron
limitation and oxidative stress, conditions Yersinia experiences during
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extraintestinal infection, IscR antagonizes YmoA/H-NS-mediated repression

of lcrF transcription to drive T3SS and manipulate host defense mechanisms.
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Significance Statement
Facultative pathogens have the ability to silence genes important for causing

virulence in environmental conditions, while also being able to upregulate
these same genes when in the host. The ability to sense temperature,
oxygen, pH, trace minerals, and other host specific signals allows bacteria to
distinguish the host environment and upregulate virulence genes. In this study
we show that the type Il secretion system, a major virulence factor found in
Gram-negative facultative pathogens, is regulated by an antagonization
molecular mechanism. Under lower temperatures, the proteins H-NS-YmoA
repress expression of this virulence factor. However, mammalian body
temperature decreases H-NS regulation and aerobic conditions promote the
transcription factor IscR which can antagonize H-NS-YmoA leading to

upregulation of the type Il secretion system.
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Introduction

Virulence factors are critical components that allow pathogens to establish or
sustain infections within a given host. One common bacterial virulence factor
is a needle-like apparatus, known as the type lll secretion system (T3SS)
(Cornelis, 2006; Deng et al, 2017). Enteropathogenic Yersinia
pseudotuberculosis is one of three human pathogenic Yersinia spp. that use
the T3SS to inject effector proteins into host cells that dampen host immune
responses, facilitating extracellular growth (Navarro et al., 2005; Viboud and
Bliska, 2005; Pha, 2016; Schubert et al.,, 2020). Members of human
pathogenic Yersinia spp. include Yersinia pestis, the causative agent of
plague, and the enteropathogens Yersinia enterocolitica and Yersinia
pseudotuberculosis. While the T3SS is critical for infection, this apparatus
appears to be metabolically burdensome since constitutive expression of the
T3SS leads to growth arrest (Brubaker, 1983; Milne-Davies et al., 2019). In
addition, the Ysc T3SS is associated with pathogen-associated molecular
patterns (PAMPS) recognized by several innate immune receptors, and some
of these T3SS-associated PAMPS have evolved under selective evolutionary
pressure by the ensuing immune response (Brodsky and Medzhitov, 2008;
Schubert et al., 2020). Without tight regulation of T3SS expression and
deployment, these metabolic and immunological burdens would decrease the

chance of Yersinia survival in the host.
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The Ysc T3SS is encoded on a 70 kb plasmid for Yersinia Virulence, known
as pYV or pCD1 (Cornelis et al., 1998). Transcriptional regulation of T3SS
genes is maintained by a master regulator called LcrF/VirF (Yother et al.,
1986; Hoe et al., 1992; Schwiesow et al., 2016; Liu et al., 2021). LcrF itself is
also encoded on pYV, within the yscW-IcrF operon, and is highly conserved
among all three human pathogenic Yersinia species. LcrF is part of a larger
family of AraC-like transcriptional regulators, and orthologs exist in other
T3SS-encoding pathogens, such as ExsA in the nosocomial pathogen
Pseudomonas aeruginosa (King et al., 2013). The yscW-IcrF operon is
regulated at various stages in response to different environmental stimuli,
including temperature, oxygen, and iron availability (Bohme et al., 2012;
Hooker-Romero et al., 2019). For example, an RNA thermometer blocks the
ribosome binding site of IcrF at room temperature, but melts at mammalian

body temperature, allowing IcrF translation (Béhme et al., 2012).

In addition, transcriptional control of yscW-IcrF has been predicted to be
mediated by the Histone-like Nucleoid structuring protein, H-NS (Bohme et
al., 2012). H-NS contains an N-terminal oligomerization domain and a C-
terminal DNA minor-groove binding domain separated by a flexible linker
(Shindo et al., 1999; Gordon et al., 2011). H-NS preferentially binds AT rich
regions of DNA (Navarre et al., 2006; Gordon et al., 2011). Once H-NS binds

a high-affinity site, H-NS oligomerizes on the DNA (Dame et al., 2000, 2005).
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H-NS oligomers can either form a nucleoprotein filament on a contiguous
stretch of DNA, or H-NS can form DNA bridges when multiple discrete H-NS
binding regions are brought together, either way leading to transcriptional
silencing of that particular gene (Liu et al., 2010). Interestingly, H-NS in
multiple bacterial pathogens has been shown to silence certain gene targets
during growth outside of the mammalian host (20-30°C), but fails to silence
these same targets when exposed to mammalian body temperature (37°C)
(Ono et al., 2005; Yang et al., 2005; Picker and Wing, 2016). This suggests
H-NS may play a role in repressing virulence factors outside host organisms
in facultative pathogens. However, H-NS has been suggested to be an
essential gene in pathogenic Yersinia (Heroven et al., 2004; Ellison and
Miller, 2006), making it challenging to definitively test the role of H-NS in
regulating gene expression in these organisms. However, YmoA (“Yersinia
modulator”) in Y. pseudotuberculosis, an E. coli Hha (“high hemolysin
activity”) ortholog, has been suggested to modulate H-NS repression of a
subset of promoters and deletion of ymoA in Yersinia leads to changes in
gene expression of putative H-NS targets (Cornelis, 1993; Jackson et al.,
2004; Madrid et al., 2007; Bohme et al., 2012) . YmoA and Hha lack a DNA
binding domain; instead, these proteins form a heterocomplex with H-NS or
H-NS paralogs (Nieto et al., 2002; Paytubi et al., 2004; Garcia et al., 2006; Al
et al., 2013). Recent data has suggested that Hha contributes to H-NS

silencing by aiding in H-NS bridging (Boudreau et al., 2018).
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In the plague agent Yersinia pestis, YmoA is suggested to have a higher
turnover rate at 37°C compared to environmental temperatures (Jackson et
al., 2004). While YmoA alone cannot bind the yscW-IcrF promoter, H-NS
alone or the YmoA/H-NS complex can (Béhme et al., 2012). Current models
suggest that degradation of YmoA and therefore a reduction in the YmoA/H-
NS complex at 37°C relieves repression of yscW-IcrF (Jackson et al., 2004).
Yet, ymoA deletion mutants exhibit even higher levels of T3SS expression at
37°C compared to a parental strain in all three pathogenic Yersinia species
(Cornelis, 1993; Jackson et al., 2004; Bohme et al., 2012), suggesting that

some YmoA is present even at 37°C during mammalian infection.

The Iron Sulfur Cluster Regulator IscR is a critical positive regulator of IcrF
(Miller et al., 2014; Hooker-Romero et al., 2019). IscR belongs to the Rrf2
family of winged helix-turn-helix transcription factors (Rodionov et al., 2006;
Shepard et al., 2011). IscR was first characterized in E. coli where it exists in
two forms: holo-IscR bound to a [2Fe-2S] cluster, and cluster-less apo-IscR
(Schwartz et al., 2001a; Giel et al., 2006; Nesbit et al., 2009; Fleischhacker et
al., 2012). Both forms of IscR bind DNA, but while both apo-IscR and holo-
IscR bind to so-called type Il motif sequences, only holo-IscR binds type |
motifs (Giel et al., 2006; Nesbit et al., 2009) Holo-IscR represses its own
expression through binding two type | motifs in the isc promoter (Schwartz et

al., 2001b). Thus, conditions that increase iron-sulfur cluster demand, such as
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iron starvation or oxidative stress, lead to a lower holo- to apo-IscR ratio and
higher overall IscR levels. E. coli IscR has been shown to activate or repress
transcription of target genes in vitro and in vivo (Giel et al., 2006). We have
previously shown that low iron and oxidative stress lead to upregulation of
IscR in Yersinia, and subsequently upregulation of IcrF transcription and
T3SS expression (Miller et al., 2014; Hooker-Romero et al., 2019). Although
we have shown IscR must bind upstream the yscW-IcrF promoter to promote
IcrF expression, we did not know how IscR promotes IcrF transcription

mechanistically.

In this study, we perform in vitro transcription assays with the yscW-IcrF
promoter and show no enhanced transcription of yscW-lcrF mRNA by IscR.
Therefore, how IscR potentiates LcrF expression and type Il secretion remain
unclear. We use CRISPRi knockdown of H-NS and a YmoA mutant that
cannot bind H-NS to suggest that YmoA and H-NS form a repressive complex
at the yscW-IcrF promoter. Furthermore, we show that ISCR regulates
transcription of the yscW-IcrF promoter by antagonizing YmoA/H-NS

repression.

Materials and Methods

Bacterial strains and growth conditions
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Bacterial strains used in this paper are listed in Tablel.1. Y.
pseudotuberculosis were grown, unless otherwise specified, in LB (Luria
Broth) at 26°C shaking overnight. To induce the T3SS, overnight cultures
were diluted into low calcium LB medium (LB plus 20 mM sodium oxalate and
20 mM MgCl2) to an optical density (OD600) of 0.2 and grown for 1.5 h at
26°C shaking followed by 1.5 h at 37°C to induce Yop synthesis, depending
on the assay, as previously described (Auerbuch et al., 2009).

For growing Yersinia under various oxygen conditions casamino acid-
supplemented M9 media, referred to as M9 below, was used (Cheng et al.,
1997). Growth of cultures to vary oxygen tension was achieved by first
diluting 26°C overnight aerobic cultures of Y. pseudotuberculosis to an
0OD600 of 0.1 in fresh M9 minimal media supplemented with 0.9% 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.
Both aerobic and anaerobic cultures were diluted to an OD600 of 0.1, grown

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

Construction of Yersinia mutant strains

A 3xFLAG affinity tag was placed at the C-terminus of H-NS encoded at the
native h-ns chromosomal locus to facilitate detection of H-NS with FLAG
monoclonal antibody. The 3XxFLAG affinity tag was chromosomally added to

the C-terminus of hns through splicing by overlap extension (Warrens et al.,
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1997). Primer pair Fhns_cds/Rhns_cds (Table 2) was used to amplify
~500bp upstream of hns plus the hns coding region excluding the stop codon.
Primer pair F3XFLAG/R3xFLAG was used to amplify the 3xFLAG tag. Primer
pair F3’hns/R3’hns was used to amplify the ~500 bp downstream region of
hns including the stop codon. These amplified PCR fragments were cloned
into a BamHI and Sacl digested pSR47s suicide plasmid [Apir-dependent
replicon, kanamycin resistant (KanR), sacB gene conferring sucrose
sensitivity] using the NEBuilder HiFi DNA Assembly kit (New England Biolabs,
Inc). 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 sequenced.

The ymoA mutants were generated via splicing by overlap extension
(Warrens et al., 1997). Primer pairs F5/R5AymoA (Table 2) were used to
amplify ~1000 bp 5’ of ymoA. Primer pair F3/R3AymoA were used to amplify
~1000 bp 3’ of ymoA. Amplified PCR fragments were cloned into a BamHI-
and Sacl-digested pSR47s suicide plasmid (Apir-dependent replicon,

Kanamycin®R, sacB gene conferring sucrose sensitivity) using the NEBuilder
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HiFi DNA Assembly kit (New England Biolabs, Inc). Mutant strains were

generated as described for the 3xFLAG-H-NS strain above.

To generate the ymoAP43N mutant primer pairs pUC19_YmoA F and
pUC19 _YmoA_R were used to amplify 250 bp upstream ymoA to 250
downstream the ymoA start codon. These amplified PCR fragments were
cloned into a BamHI and Sacl digested pUC19 plasmid (AMPR), using the
NEBuilder HiFi DNA Assembly kit (New England Biolabs, Inc). Q5 site
directed mutagenesis was performed using primer pairs ymoAP*N F and
ymoAP4N R with pUC19 YmoA serving as the template DNA. The resulting
plasmid, pUC19 ymoAP*N was digested with BamHI and Sacl and the
resulting fragment was ligated into the suicide plasmid pSR47s. Mutant

strains were generated as described above.

In order to generate lacZ promoter constructs of ymoBA and hns, primer pairs
pFU99a_ymoA_F/pFU99a ymoA R and pFU99a_hns_F/pFU99a _hns_R
were used to amplify ~500 bp upstream ymoA and hns respectively which
included the first ten amino acids of ymoA and hns. These promoters and
first ten amino acids of YmoA and H-NS were fused in frame to lacZ and
cloned into a BamHI- and Sall-digested pFU99a using the NEBuilder HiFi

DNA Assembly kit (New England Biolabs, Inc). These reporter plasmids were
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electroporated into wildtype Y. pseudotuberculosis and the iscR mutant to

measure ymoA and hns promoter activity.

In order to generate lacZ promoter constructs of yscW-IcrF, the reverse
primer pFU99a_yscWiIcrF_R was used with the following forward primers
pFU99a_yscWIcrF_pl (promoter construct 1/-505 to +294 of yscW),
pFU99a_yscWIcrF_p2 (promoter construct 2/ -309 to +294 of yscW),
pFU99a_yscWiIcrF_p3 (promoter construct 3/ -166 to +294 of yscW),
pFU99a_yscWIcrF_p4 (promoter construct 4/ -47 to +294 of yscW), and
pFU99a_yscWIcrF_p5 (promoter construct 5/ +101 to +294 of yscW). These
promoter fragments were cloned into a BamHI- and Sall-digested pFU99%a
using the NEBuilder HiFi DNA Assembly kit (New England Biolabs, Inc).

These reporter plasmids were electroporated into Y. pseudotuberculosis.

In vitro transcription assay

The DNA template used to assess if IscR could directly promote transcription
of the yscW-IcrF promoter contained the -206 to +12 bp relative to the +1
transcription start site of yscW. The effect of IscR-C92A on ¢70-dependent
promoter activity from the yscW-IcrF promoter regions was determined by
incubating IscR-C92A with 2 nM supercoiled pPK12778 [purified with the
QlAfilter Maxi kit (Qiagen)], 0.25 pCi of [a-32PJUTP (3,000 uCi/mmol; Perkin

Elmer), 20 yM UTP, and 500 uM each of ATP, GTP, and CTP for 30 min at
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37°C in 40 mM Tris (pH 7.9), 30 mM KCI, 10 mM MgClI2, 100 pg/mL bovine
serum albumin (BSA), and 1 mM DTT. Purified apo-IscR was used since the
IscR binding site upstream yscW-IcrF has been characterized to be an IscR
type Il site, which apo-IscR is capable of binding (Miller et al., 2014; Hooker-
Romero et al.,, 2019). Eo70 RNA polymerase (NEB) was added to a final
concentration of 50 nM and the reaction was terminated after 5 min by
addition of Stop Solution (USB Scientific). Samples were heated for 60 s at
90°C, and loaded onto a 7 M urea-8% polyacrylamide gel in 0.5x Tris-borate-
EDTA (TBE) buffer. The reaction products were visualized by

phosphorimaging.

Type lll secretion system assays

Visualization of T3SS cargo secreted in broth culture was performed as
previously described (Kwuan et al., 2013). Briefly, Y. pseudotuberculosis in
LB low calcium media (LB plus 20 mM sodium oxalate and 20 mM MgCI2)
was grown for 1.5 h at 26°C followed by growth at 37°C for 1.5 h. Cultures
were normalized by OD600 and pelleted at 13,200 rpm for 10 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 for at least 1 hr 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 0.2 M
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dithiothreitol (DTT). Samples were boiled for 5 min prior to separating on a
12.5% SDS PAGE gel. Coomassie stained gels were imaged using Bio-Rad
Image Lab Software Quantity and Analysis tools. YopE bands were quantified

using this software and normalized to the BSA loading control.

Western Blot Analysis

In some experiments cell pellets were also collected and resuspended in FSB
plus 0.2 M DTT, and were boiled for fifteen minutes. At the time of loading,
supernatants and cell pellets were normalized to the same number of cells.
After separation on a 12.5% SDS PAGE gel, proteins were transferred onto 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 rabbit anti-RpoA (gift from Melanie Marketon),
rabbit anti-LcrF (Bohme et al., 2012), rabbit anti-IscR (Nesbit et al., 2009),
rabbit anti-YmoA (gift from Gregory Plano), rabbit anti H-NS (gift from Robert
Landick), mouse M2 anti-FLAG (Sigma), goat anti-YopE (Santa Cruz
Biotech), and horseradish peroxidase-conjugated secondary antibodies
(Santa Cruz Biotech). Following visualization, quantification of the bands was

performed with Image Lab software (Bio-Rad).

RT-gPCR Sample Preparation
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Cultures 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 (Schwiesow et al., 2018).
Each 15 pl gPCR assay contained 7.5 pl of 1:10 diluted cDNA sample, 7.5 pl
of Power SYBR 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 utilization of a standard curve. At least three

independent biological replicates were analyzed for each condition.

Beta-galactosidase Assays

Y. pseudotuberculosis harboring promoter-lacZ fusion plasmids were grown
in LB low calcium media (LB plus 20 mM sodium oxalate and 20 mM MgCI2)
for 1.5 h at 26°C followed by growth at 37°C for 1.5 h. B-galactosidase assays
were carried out by stopping protein expression by incubating cells on ice for

20 minutes. Cultures were spun down and resuspended in Z Buffer (Miller,
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1972). Culture concentration was measured by OD600, and samples were
permeabilized using chloroform and 0.1% sodium dodecyl sulfate. Samples
were incubated with 0.8 mg/mL ONPG and [3-galactosidase enzymatic activity
was terminated by the addition of 1M sodium bicarbonate. The f3-

galactosidase activity per cell was reported as Miller units.

CRISPRIi knockdown

Knockdown of H-NS via CRISPRi methods was adapted from (Wang et al.,
2019). In order to generate the pgRNA-tetO-JTetR-H-NS plasmid, a
protospacer-adjacent motif (PAM) was located near the promoter of hns (Hsu
et al., 2014). Two oligonucleotides (hns_ gRNA_F and hns_gRNA R)
consisting of 20-nt targeting the hns promoter region with Bbsl cohesive ends
were synthesized and annealed before being cloned into pgRNA-tetO-JTetR
by Golden Gate assembly. The plasmids pdCas9-bacteria and pgRNA-tetO-
JTetR-H-NS were transformed into WT Y. pseudotuberculosis sequentially.
These plasmids induce expression of dCas9 and gRNA-H-NS when exposed
to anhydrotetracycline. Y. pseudotuberculosis cultures carrying these
plasmids were sub-cultured to OD 0.2 and incubated at 26°C for 3 hrs in the
presence or absence of 1ug/mL anhydrotetracycline, and then transferred to
37°C for 1.5 hrs to induce the T3SS. Samples were collected, and RNA was

isolated for qRT-PCR analysis.
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Bioinformatic prediction of YmoA/H-NS binding sites

A training set of known H-NS binding sites in E. coli K-12 substr. MG1655
was used from RegulonDB (Santos-Zavaleta et al., 2019). This training set
was used to generate a H-NS binding motif using MEME from MEME-suite
5.1.1 tools (Bailey et al.,, 2009). FIMO was then used to scan for a H-NS

binding site near the regulatory region of the yscW-IcrF promoter.

ChIP-gPCR

Cells were grown for 3hrs at 26°C or 37°C with shaking at 250 rpm and
protein/nucleic acids were crosslinked using 1% formaldehyde at 26°C or
37°C for 10 min. Crosslinking was quenched with the addition of ice cold 0.1
M glycine and incubated at 4°C for 30 min. 32 ODsoos of cells were harvested
for each replicate and cell pellets were stored at -80°C. DNA was fragmented
by resuspending samples using IP buffer (100mM Tris-HCI, pH 8, 300mM
NaCl, 1% Triton X-100, 1 mM PMSF) and sonicated at 25% Amplitude 15s
on/ 59s off for a total of 8 cycles per sample. After sonication, lysates were
treated with micrococcal nuclease and RNase-A for 1hr at 4°C. Lysates were
clarified via centrifugation at 13,000 rpm for 15 min at 4°C. FLAG-tagged
proteins. Lysates were pre-cleared using Dynabeads Protein A/G for 3hr at
4°C. Immunoprecipitation was performed by adding Sigma monoclonal
mouse anti-FLAG M2 antibody to samples and incubated overnight at 4°C

(IscR was tagged C-terminally reference? and H-NS was tagged C-
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terminally). Dynabeads Protein A/G were added to samples and washes were
performed to remove non-specific binding. After H-NS-DNA or IscR-DNA
complexes were eluted, samples were placed at 65°C for 5hr to reverse
crosslinks. DNA was then purified using Qiagen PCR purification kit and input
samples were diluted 1:100 while samples treated with antibody or control
samples not treated with the antibody were diluted 1:5 and g-PCR was
performed to assess IscR/H-NS binding to promoters of interest. Percent

input was calculated by the following equation 100*2¢Tinput ~ ©T+as.

Results

IscR does not promote IcrF transcription in vitro

IscR has previously been shown to enhance transcription by directly
activating transcription by RNA polymerase or by antagonizing transcriptional
repressors (Giel et al., 2006; Choi et al., 2020). To determine the molecular
mechanism by which IscR potentiates transcription of yscW-IcrF, we
performed an in vitro transcription assay with a DNA fragment containing the
wild-type Y. pseudotuberculosis yscW-IcrF promoter (-206 to +12 bp relative
to the +1 transcription start site). Surprisingly, no change in yscW-IcrF
transcription was observed after addition of apo-IscR (Fig 1). These data
suggest that IscR does not enhance yscW-IcrF transcription by regulating
RNA polymerase directly. We therefore hypothesized that IscR promotes

yscW-IcrF expression by antagonizing a repressor.
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IscR is not required for LcrF expression or type lll secretion in the
absence of YmoA

Loss of iscR leads to a profound defect in T3SS activity while disruption of
ymoA causes enhanced T3SS activity (Cornells et al., 1991; de Rouvroit et
al., 1992; Bbhme et al., 2012; Miller et al., 2014; Hooker-Romero et al., 2019).
We therefore hypothesized that IscR antagonizes YmoA-dependent
repression of the T3SS. To test this, we assessed T3SS activity of Y.
pseudotuberculosis expressing or lacking iscR and/or ymoA. Consistent with
previous studies, we observed ~18-fold decrease in secretion of the T3SS
effector protein YopE upon iscR deletion, while ymoA deletion led to ~6-fold
increase in YOpE secretion (Fig 2). As expected for this transcriptional circuit,
the effect of YmoA on T3SS activity required LcrF, the direct regulator of
T3SS (Fig S1). Importantly, YopE secretion in the AiscR/AymoA double
mutant was similar to AymoA mutant, suggesting that IscR is dispensable for
T3SS activity in the absence of YmoA (Fig 2).

Proteins of the YmoA family lack a DNA binding domain and are thought to
affect transcription by its interaction with the histone like protein H-NS (Madrid
et al., 2007; Boudreau et al., 2018). Previous work has shown that a complex
of YmoA/H-NS, but not YmoA alone, binds the yscW-IcrF promoter (Bohme et
al., 2012). To test the requirement for a YmoA/H-NS complex in regulation of

YopE secretion by IscR we made use of a YmoA D43N mutant, which cannot
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interact with H-NS in vitro (Cordeiro et al., 2015) and which we showed was
produced in Y. pseudotuberculosis (Fig S2). Indeed, a ymoAP*N mutant
exhibited ~6-fold increase in YopE secretion similar to a ymoA deletion (Fig
2). This suggests that YmoA represses yscW-IcrF through its interaction with
H-NS. Furthermore, there was no difference in YopE secretion between the
ymoAP4N mutant and the iscR ymoAP43N double mutant. These effects on
YopE secretion are most easily explained by changes in IcrF transcription and
accordingly, LcrF protein levels. Indeed, while the AiscR mutant had a ~5-fold
reduction in IcrF mRNA compared to wildtype and the AymoA and ymoAP43N
mutants displayed ~10-fold elevated IcrF, we observed no difference in IcrF
MRNA levels between the AymoA and AiscR/AymoA mutants (Fig 3A).
Accordingly, we observed no difference in LcrF protein levels when iscR was
deleted from the ymoA mutants (Fig 3B). Collectively, these data suggest that
YmoA requires H-NS binding to inhibit IcrF transcription, and that IscR only
exerts its positive effect on IcrF transcription in the presence of the YmoA/H-

NS complex.

IscR does not indirectly regulate LcrF through modulation of YmoA or
H-NS expression

To test whether IscR indirectly effects IcrF transcription through regulation of
YmOoA or H-NS expression, we fused the promoters of ymoBA or hns to lacZ

and measured promoter activity comparing the iscR mutant and the wildtype
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strain (Fig 4A). Deletion of iscR did not influence promoter activity of ymoBA
and only slightly downregulated promoter activity of hns. Consistent with this
observation deletion of iscR did not influence ymoA and hns mRNA levels
(Fig 4B). YmoA was previously found to be degraded at 37°C by ClpXP/Lon
proteases in Y. pestis (Jackson et al., 2004), yet residual YmoA is functional
at 37°C since deletion of ymoA or the YmoA-D43N mutation that eliminates
H-NS binding leads to derepressed T3SS activity at 37°C. As expected,
YmOoA protein levels were reduced at 37°C compared to 26°C, but were,
importantly, still detectable by Western blot. In contrast, IscR and H-NS levels
were not temperature dependent, nor did IscR affect YmoA or H-NS
expression (Fig 4C). Furthermore, while YmoA levels are temperature
dependent, YmoA protein is still detectable at 37°C. These data show that
IscR does not indirectly regulate yscW-IcrF through regulation of YmoA or H-

NS expression.

IscR binding to the yscW-IcrF promoter is critical for LcrF expression
only in the presence of YmoA

As IscR did not modulate YmoA or H-NS expression, we hypothesized that
IscR must bind the yscW-IcrF promoter to antagonize YmoA/H-NS-mediated
repression. To test whether IscR binding to the yscW-IcrF promoter is
important for regulating LcrF expression in the presence of YmoA, we used a

previously characterized DNA site mutant (IlcrFPNU) that ablates IscR binding
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to the yscW-IcrF promoter but expresses wildtype IscR by mutating the IscR
binding site upstream yscW-IcrF (Hooker-Romero et al., 2019). As expected,
the lcrFPNU and AiscR mutants exhibited a ~5-fold reduction in IcrF mRNA
compared to the wildtype strain and LcrF protein was completely
undetectable in these two mutants (Fig 5AB). However, in the absence of
ymoA this reduction in LcrF expression or T3SS activity by the lcrFrNul
mutation was eliminated (Fig 5A-C). Taken together, these data suggest that
IscR dependent activation of LcrF expression in the presence of YmoA

requires direct binding of IscR to the yscW-IcrF promoter.

Knockdown of H-NS leads to derepression of LcrF

We next examined the role of H-NS regulation of IcrF. H-NS has been
proposed to be essential in both Y. pseudotuberculosis and Y. enterocolitica
(Heroven et al., 2004; Ellison and Miller, 2006). To test whether reducing H-
NS occupancy at the yscW-IcrF promoter affects LcrF expression, we used
CRISPRI to knockdown H-NS expression in wildtype Y. pseudotuberculosis
and measured IcrF expression levels. For this CRISPRI system pioneered in
Yersinia pestis (Wang et al., 2019), target gene guide RNAs and dCas9 can
be induced in the presence of anhydrotetracycline (aTC). CRISPRI
knockdown led to a ~6-fold decrease in H-NS transcription when exposed to
aTC (Fig 6A). Importantly, this reduction of H-NS expression led to a ~31-fold

increase in lcrF mRNA, suggesting H-NS represses LcrF transcription (Fig
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6B). Knockdown of H-NS did not affect expression of gyrA, a housekeeping
gene (Fig 6C). These data support the model that H-NS negatively influences

LcrF expression.

Two H-NS binding sites are required to repress yscW-IcrF promoter
activity

H-NS and YmoA/H-NS complexes bind the yscW-IcrF promoter between the -
2 to the +272 position relative to the transcriptional start site (Béhme et al.,
2012). However, the exact H-NS binding site was not identified. We used
FIMO-MEME suite tools to predict putative H-NS binding sites upstream of
yscW-IcrF and identified three predicted H-NS binding sites (p-value<10-3; Fig
7A). These data suggested that H-NS may form a DNA bridge at this locus
(Ayala et al., 2015; Chaparian et al., 2020). To characterize which regions of
the yscW-IcrF promoter allow for H-NS-YmoA repression and ISCR activation,
we systematically truncated the yscW-IcrF promoter and fused the truncated
promoters to lacZ and tested promoter activity in the wildtype, AiscR, AymoA,
and AiscR/AymoA backgrounds at 37°C (Fig 7A). As expected, deletion of
ymoA led to an increase in activity of the longest promoter construct, while
iscR deletion led to a decrease in promoter activity compared to the wildtype
strain (Fig 7B). In addition, deletion of iscR in a AymoA background did not
inhibit the derepressed promoter activity seen in the AymoA background.

Eliminating the most upstream predicted H-NS binding site did not affect
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promoter activity (promoter 1 compared to promoter 2). However, additional
truncation of the second H-NS binding site led to an increase in promoter
activity in the wildtype and AiscR backgrounds, but not in the backgrounds
lacking ymoA (promoter 2 compared to promoter 3) suggesting that some of
the repressive effect by H-NS/YmoA had been lost. Importantly, further
truncation to eliminate the IscR binding site led to deregulated promoter
activity that was independent of IscR and YmoA (promoter 4). These data
suggest that IscR is required to disrupt YmoA/H-NS repressive activity
explaining why it is dispensable in the absence of YmoA/H-NS. Lastly,
truncation to eliminate the -35 and -10 promoter elements led to a complete
lack of promoter activity (promoter 5). Taken together, these data suggest
that IscR binding to the ycsW-IcrF promoter antagonizes YmoA/H-NS

repression.

To test whether H-NS binds to these predicted sites, we carried out ChIP-
gPCR analysis to assess H-NS occupancy at the 1, II, and Il putative binding
regions in vivo. In order to immunoprecipitate H-NS-DNA complexes, we used
a chromosomally-encoded 3xFLAG tagged H-NS allele. This FLAG tag did
not affect the ability of H-NS to repress LcrF expression (Fig S3). Surprisingly,
we could not detect H-NS binding at any of these predicted sites even though
repression by H-NS was detectable under the same conditions (37°C).

Interestingly, previous reports have shown that H-NS in other facultative
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pathogens represses the expression of certain virulence genes under
environmental temperatures (<30°C) but exhibits decreased binding and
repressive activity at mammalian body temperature (37°C) (Prosseda et al.,
1998; Ono et al., 2005; Picker and Wing, 2016). On this note, we did observe
enrichment of H-NS-FLAG at all three predicted sites in the yscW-IcrF
promoter when bacteria were cultured at 26°C, but not at a control pYV-
encoded promoter that was not predicted to bind H-NS (DN756_21750) (Fig
8A). YmOA is predicted to affect the repressive ability of H-NS but was not
shown to affect H-NS binding to the yscW-IcrF promoter (Bohme et al., 2012).
To test if YmoA influenced H-NS binding to the yscW-IcrF promoter in vivo,
we carried out our ChIP-gPCR analysis in the absence of ymoA. This
experiment was performed at 26°C since YmoA is highly degraded at 37°C
and because H-NS binding to the yscW-IcrF promoter is near the limit of
detection at 37°C. No difference in H-NS binding was observed in the ymoA
mutant compared to the parental strain at 26°C (Fig 8B), suggesting that
YmoA does not affect H-NS occupancy at the yscW-IcrF promoter at this
temperature. Next to determine if IscR antagonizes H-NS binding to the
yscW-IcrF promoter we performed ChIP-gPCR in the absence of iscR.
Likewise, there was no difference in H-NS enrichment at the yscW-IcrF
promoter between the iscR mutant and the wildtype strain at 26 ‘C or 37 °C
(Fig 8BC). It is possible that H-NS binds to the yscW-IcrF promoter at 37°C,

but this is at the limit of detection for ChIP experiments. This data would
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suggest that H-NS occupies the yscW-IcrF promoter to a higher degree under
environmental temperatures compared to mammalian body temperature.

We also measured IscR enrichment at the yscW-IcrF promoter in vivo. We
used a chromosomal 3xFLAG tagged IscR allele previously shown not to
affect IscR activity (ref). Interestingly, IscR enrichment at the yscW-IcrF
promoter was ~3-fold higher at 37°C compared to 26°C (Fig 8D). This
increase in IscR binding is not due to increased IscR levels since we do not
observe higher levels of IscR protein when cultured at 37°C compared to
26°C (Fig 4C), nor do we see increased binding of IscR at the promoter of
another known IscR target, the suf operon (Fig S4). In addition, deletion of
ymoA did not affect IscR occupancy at the yscW-IcrF promoter at 26°C or
37°C. These data suggest that at environmental temperatures, H-NS binds to
and represses the yscW-IcrF promoter, while at mammalian body
temperature IscR binding to the ycsW-IcrF promoter antagonizes YmoA/H-NS

repression.

Environmental cues that increase IScR levels enable derepression of the
yscW-IcrF promoter

We previously showed that low iron and high oxidative stress lead to elevated
IscR levels, which then activate the T3SS through upregulation of LcrF
(Hooker-Romero et al., 2019). The data shown here suggest that this

increase in IscR levels may be necessary to antagonize repressive YmoA-H-
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NS-activity at the yscW-IcrF promoter. To test this model, we measured IcrF
MRNA levels in AiscR and AymoA mutants under aerobic or anaerobic
conditions. As expected, under aerobic conditions iscR mRNA levels were
increased ~4-fold compared to anaerobic conditions (Fig 9A). This
upregulation of iscR levels led to a ~12-fold induction in wildtype IcrF levels
(Fig 9B). Interestingly IcrF mRNA and protein levels were not affected by
oxygen in the AymoA and AiscR/AymoA mutants (Fig 9A, 9C). These data
suggest that environmental conditions that increase IscR levels (such as
aerobic conditions) allow YmoA/H-NS-mediated derepression of IcrF

expression.

Discussion

Our data suggest IscR activates transcription of yscW-IcrF by antagonizing
repressive activity of YmoA-H-NS (Fig 10). Knockdown of hns expression by
CRISPRI revealed that H-NS, a putative essential gene in Yersinia, is
required for repression of yscW-IcrF. Furthermore, YmoA must interact with
H-NS to repress yscW-IcrF transcription and overall T3SS activity at 37°C.
Importantly, IscR promotes yscW-IcrF expression and T3SS activity only in
the presence of YmoA-H-NS repression. Our data point to a model where H-
NS occupies the yscW-IcrF promoter at environmental temperatures
independently of YmoA and IscR, but at mammalian body temperature YmoA

binding to H-NS represses the yscW-IcrF promoter only when IscR levels are
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low (Fig 10). Y. pseudotuberculosis IscR levels are thought to be kept low in
the intestinal lumen, under anaerobic iron-replete conditions. Under these
conditions, where the T3SS is not required for colonization, YmoA and H-NS
cooperate to repress LcrF expression. Once Yersinia cross the intestinal
barrier, oxygen tension increases and iron is scarce, allowing elevated IscR
levels that antagonize YmoA/H-NS activity to allow LcrF expression and type
lIl secretion, which is required for extraintestinal infection (He et al., 1999;
Balada-Llasat and Mecsas, 2006; Cassat and Skaar, 2013; Rivera-Chavez et
al., 2017). This suggests that YmoA/H-NS and IscR work together to allow
temperature and oxygen tension/iron availability to limit T3SS activity not just
to only inside the host organism, but to only in extraintestinal tissue. Given
that IscR is essential for T3SS activity in the related plague agent Y. pestis
that does not enter the intestinal tract (Hooker-Romero et al., 2019), we
predict that in the flea vector that maintains temperatures lower than the
mammalian host, H-NS represses LcrF expression. Then upon entry into the
mammalian host bloodstream, the elevated temperature leads to decreased
occupancy of YmoA/H-NS at the yscW-IcrF promoter such that IscR
antagonizes YmoA/H-NS repression and facilitates the T3SS activity required

for early stages of plague (Cornelis, 2000; Plano and Schesser, 2013).

Previous reports have suggested that H-NS targets a subset of genes under

environmental conditions, but no longer represses those same genes under
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mammalian body temperature. For example in the facultative intracellular
pathogen Shigella flexneri, virF encodes a AraC transcriptional regulator that
activates expression of several operons that are critical for invasion and
contribute to virulence (Schroeder and Hilbi, 2008; Di Martino et al., 2016).
The transcription factor VirF promotes VirB, which ultimately activates the
Shigella T3SS (Beloin et al.,, 2002). The Shigella T3SS is only expressed
under mammalian body temperature and this is controlled by preventing
expression of VirF at environmental temperatures. Interestingly, H-NS was
shown to directly repress virF transcription by binding to the virF promoter
(Prosseda et al., 1998). Later studies found that H-NS binds to two distinct
sites upstream of virF leading to the formation of a DNA bridge (Falconi et al.,
1998). This study also found that H-NS binds to a higher degree at the virF
promoter under lower temperatures (<30°C) compared to mammalian body
temperature (37°C). Thus H-NS was shown to repress promoter activity of
virF at both lower temperatures (<30°C) and mammalian body temperature
(37°C), however H-NS has a stronger effect on repression of virF under lower
temperatures (Prosseda et al., 1998). This molecular mechanism is similar to
what we report here, where H-NS occupies the yscW-IcrF promoter at
environmental conditions and is below the limit of detection by ChIP-gPCR at
37°C. However, Yersinia H-NS repression of LcrF still occurs at 37°C unless

IscR levels increase sufficiently to antagonize this repression.
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YmoA was previously shown to bind to H-NS and the YmoA/H-NS complex
was proposed to regulate LcrF expression (Bohme et al., 2012; Cordeiro et
al., 2015). However, YmoA was not shown to affect H-NS binding to the
yscW-IcrF promoter in vitro (Bohme et al.,, 2012), and our ChIP-gPCR
analysis did not find a change in H-NS yscW-IcrF promoter occupancy at
26°C. H-NS occupancy was below the limit of detection by ChIP-gPCR at
37°C, so we could not rule out H-NS or YmoA/H-NS binding to the yscW-IcrF
promoter at this temperature. Indeed, deletion of ymoA or knockdown of h-ns
both caused elevated LcrF expression at 37°C, indicating that both proteins
are needed to repress the yscW-IcrF promoter at mammalian body
temperature. E. coli Hha, the YmoA homolog, influences H-NS bridging and
promotes H-NS silencing of target genes (Boudreau et al., 2018). Whether
YmoA can repress genes independently of H-NS or other nucleoid-associated
proteins such as StpA has been debated. Although YmoA/Hha have been
shown to bind DNA in vitro, YmoA and Hha lack a DNA binding domain and
most likely purification of YmoA/Hha leads to copurification of H-NS or other
H-NS paralogs. This may explain why YmoA has been shown to interact with
specific segments of DNA in vitro. Our data further support that YmoA

influences H-NS repressive activity on IcrF transcription.

The mechanism by which IscR promotes or represses transcription of target

genes varies. For example, elevated transcription of the suf iron-sulfur cluster
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biogenesis operon in E. coli is thought to be driven by direct interaction
between RNA polymerase and IscR (Giel et al., 2006). However, IscR has
also been shown to activate transcription of other target genes by
antagonizing a repressor (Choi et al., 2020). For example, in Vibrio vulnificus
IscR promotes expression of the vwhBA operon, which encodes an
extracellular pore-forming toxin essential for its hemolytic activity (Gray and
Kreger, 1985; Jeong and Satchell, 2012; Choi et al., 2020), while the vwhBA
operon is repressed by H-NS (Elgaml and Miyoshi, 2015). In V. vulnificus,
nitrosative stress and iron starvation lead to upregulation of IscR (Choi et al.,
2020). This increase in IscR leads to upregulation of vwhBA by increasing
IscR levels and antagonizing H-NS repression of vwhBA. This molecular
mechanism is very similar to what we observe here for IscR and H-NS in
Yersinia, where aerobic conditions promote high IscR levels that antagonize

H-NS repressive activity at the yscW-IcrF promoter.
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Table 1. Strains used in this study.

IP2666/(WT)

IP2666/(AiscR)

IP2666/(IscR
3XFLAG)
IP2666/(H-NS

3XFLAG)

IP2666/(AymoA)

(Bliska et
Naturally lacks full-length YopT

al., 1991)

(Miller et
iscR in frame deletion of codons 2 to 156

al., 2014)
In frame C-terminus 3XFLAG tag of

(REF)

chromosomal IscR
In frame C-terminus 3xFLAG tag of

This work
chromosomal H-NS

(B6hme et
ymoA in frame full deletion

al., 2012)
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IP2666/(AiscRAymo
Double deletion mutant of iscR and ymoA  This work
A)

IP2666/( ymoAP43N)  Single residue mutation of D43N YmoA This work

IP2666/(AiscR iscR in frame deletion in YmoA D43N
This work
ymoADP43N) mutant

(Hooker-
Point mutations in IscR binding site
IP2666/(IcrFpNully Romero et
upstream yscW-IcrF

al., 2019)
IP2666/(AymoA
ymoA in frame deletion in lcrFPNY mutant ~ This work
lcrFPhul
(Garrity-
IP2666/(AlcrF) lcrF in frame full deletion Ryan et
al., 2010)
IP2666/(AlcrFAymoA
ymoA in frame deletion in lcrF mutant This work
)
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Table 2. Y. pseudotuberculosis primers used in this study.

(Yang et

gPCR_16s F AGCCAGCGGACCACATAAAG
al., 1996)

(Yang et
gPCR_16s R AGTTGCAGACTCCAATCCGG

al., 1996)

(Miller et
gPCR_lcrF_F GGAGTGATTTTCCGTCAGTA

al., 2014)

(Miller et
gPCR_lcrF_R CTCCATAAATTTTTGCAACC

al., 2014)

(Hooker-
gPCR_iscR_F CAGGGCGGAAATCGCTGCCT Romero et

al., 2019)

(Hooker-

gPCR_iscR_R ATTAGCCGTTGCGGCGCCTAT
Romero et
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gPCR_hns_F TGCAACAATACCGTGAAATG

gPCR_hns_R AGCACGTTTTGCTTTACCAG

gPCR_gyrA F GGGGAAGTGGTGCTGAATAA

gPCR_gyrA_R AAAATGGTACGGCGAGTCAC

gPCR_cpxR_F TTGATGATGACCGTGAACTG

gPCR_cpxR_R ATCATAGGCGACCACAACAT

gPCR_rcsB_F GCAAATTGAATGGGTAAACG

gPCR_rcsB_R TAATTAGCACGTTGGCATCA

gPCR_ymoA_F CCTGATGCGTTTAAGAAAATG

gPCR_ymoA_R GATGGTCTGCAGCTGAGTAAA

Fhns_cds

Rhns_cds
F3XFLAG

R3xFLAG

F3’hns

R3’hns

cgaattcctgcagcccggggAGATGAGCACCATAAA
TG

aaccccccatCAACAGGAAGTCATCCAG
cttcctgttgATGGGGGGTTCTGACTAC

aataaaactaTCAACCTTTATCGTCGTCATC

taaaggttgaTAGTTTTATTTCTTTAGCTATTACT

ATCG

agggaacaaaagctggagctCGCCTAAATAGTCGTG

GG

203

al., 2019)
This work
This work
(Davis et
al., 2015)
(Davis et
al., 2015)
This work
This work
This work
This work
This work

This work

This work

This work
This work

This work

This work

This work



cgaattcctgcagcccggggGATAGACAGCTGTATTT

F5’AymoA This work
ATATGAC
gcgctaagcaGGTTTTTCTTCTCGATATACAAAT

R5’AymoA This work
TAATATTG

F3’AymoA aagaaaaacCTGCTTAGCGCTGGTTAAG This work
agggaacaaaagctggagctCCTGTATTATCACTTT

R3’AymoA This work
CCTGC

pUC19- acggccagtgaattcgagctcTTCATTTGTGATGAGTT

This work

YmoA_F TTAAAATAAAATAC
cctgcaggtcgactctagaggatccAGAGGGCTGAATT

pUC19-YmoA-R This work
TGAATG

ymoAP#N F  CTCAGCTGCAaACCATCGCCT This work
TAAAACAATTCCAGTTCATCATCAGAAAGTTC

ymoAP+N R This work
G

pFU99a_ymoA_ cctttcgtcttcacctcgagTAATTGGTATATTTTCAAT
This work
F GCTTGTTTGGATATCAATAC

pFU99%a_ymoA
ttcatttttaattcctcctgGTCATGCCGCTTAGGCGAG This work
R

cctttcgtcttcacctcgagATTGTACATAACGATACA
pFU99a_hns F This work
GAAAC

ttcatttttaattcctcctgGTTGTTAAGAATTTTTAACG

pFU99a hns R This work
CTTC
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hns_gRNA_F GCACTCCTAGTCTCAAATTATAAT
hns_gRNA_R AAACATTATAATTTGAGACTAGGA

hnsChlP_sitel
GCCCGTGCTCTTTATTGGG
F

hnsChlP_sitel
CACTTCAGCTGTGGCCTCTA
R

hnsChlP_site2_
TGGGGTGATTAACACCGG
F

hnsChlP_site2_
ATATAAGTGAACCTCTTGTTGGTTAAC
R

hnsChIP_site3
TTATATGCGCAAGGTGTGATATTG
F

hnsChlIP_site3
TTCCCAATTATCTCAACGGGT
R

hnsChlP_contro
TGACGTCGGCAGTC
| F

hnsChlIP_contro
TCACCCCTTCGCAATAC
| R
iISCRChIP_lcrF_
CGATATGGTTAACCAACAAGAGGTTC
F

iISCRChIP_lcrF_

GCACAGGAGAAATACAATTACCATAC
R
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This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work



iISCRChIP_suf_FCTTTTAGACCTCCTTGGGTATCGC This work

iISCRChIP_suf

CCGTTTGTTTTGCAGGGATATTAGG This work
R
iISCRChIP_hpt FGCATGATGCTGGGCTTTAC This work
iISCRChIP_hpt_

ATAACAAAAATGCGCAGTGG This work
R

pFU99a_yscWicttcatttttaattcctcctgAGAAATGATGAGTGCTATAA
This work
rF_ R TACG
pFU99a_yscWiIc
cctttcgtcttcacctcgagCAAGTTCAGACTGTGCGC This work
rF_pl

pFU99a_yscWiIc
cctttcgtcttcacctcgagAGGCTGCAATGTAACTAG This work
rF_p2

pFU99a_yscWiIccctttcgtcttcacctcgagATGGTTAACCAACAAGAG
This work
rF_p3 G

pFU99a_yscWiIccctttcgtcttcacctcgagAATTAGGATTAATCTCTTG
This work
rF_p4 ACTTTTTTTTG

pFU99a_yscWiIc
cctttcgtcttcacctcgagGGCTTTATATGCGCAAGG This work
rF_p5S

aUppercase specifies primer that anneals to target for molecular cloning,
lowercase is complementary sequence for NEB Gibson Assembly or extra

nucleotides to facilitate efficient restriction digest

206



Table 3. Plasmids used in this study.

Reference
Name Description
S
(Hooker-
Promoter template for in vitro transcription,
pPK7179-yscW-IcrF Romero et
AmpR
al., 2019)
pSR47S AymoA Suicide vector for ymoA deletion, KanR This work
pUC19 YmoA Vector with CDS of YmoA, AmpR This work
Vector with CDS of YmoA with ymoADP43N
pUC19 ymoAD43N This work
mutation, AmpR
PSR47S ymoAP*3N  Suicide vector for ymoAP*N mutation, KanR This work

pdCas9-bacteria

pgRNA-tetO-JTetR

pPgRNA-tetO-JTetR-
H-NS

pFU99%a

Expressing dCas9 protein under the control

(Qi et al.,

of an ATc-inducible promoter with a TetR
2013)

cassette, CmR
Expressing TetR driven by promoter

(Wang et
J23119 and sgRNA driven by PL2tetO.

al., 2019)
AmpR
20-bp targeting sequence for hns gene was

This work

inserted into pgRNA-tetO-JTetR, AmpR

Empty vector carrying promoter-less lacZ  This work
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pFU99%a
pymoBA::lacZ
pFU99a phns::lacZ
pFU99a pyscW-
lcrF::lacZ pl
pFU99a pyscW-
lcrF::lacZ p2
pFU99a pyscW-
lcrF::lacZ p3
pFU99a pyscW-
lcrF::lacZ p4
pFU99a pyscW-

lcrF::lacZ p5

fusion, CmR

The promoter of ymoBA fused to lacZ, CmR This work

The promoter of hns fused to lacZ, CmR
The promoter of yscW-IcrF (-505 - +294)
fused to lacZ, CmR

The promoter of yscW-IcrF (-309 - +294)
fused to lacZ, CmR

The promoter of yscW-IcrF (-166 - +294)
fused to lacZ, CmR

The promoter of yscW-IcrF (-47 - +294)
fused to lacZ, CmR

The promoter of yscW-IcrF (+101 - +294)

fused to lacz, CmR

This work

This work

This work

This work

This work

This work
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Figure 1 IscR does not directly promote transcription of yscW-IcrF in
vitro. In vitro transcription reactions containing the pPK7179 plasmid
encoding the promoter of yscW-IcrF, Ea70 RNA polymerase, and, where
indicated, 0.1 puM IscR C92A protein lacking iron sulfur cluster coordination
were incubated and analyzed. Numbers indicate the size of the transcripts

and transcripts from the control RNA-1 promoter are indicated.
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Figure 2. Deletion of iscR is dispensable for type Ill secretion in the
AymoA mutant background. Yersinia strains were grown under T3SS-
inducing conditions (low calcium at 37°C) and precipitated secreted proteins
visualized by SDS-PAGE followed by Coomassie blue staining. Bovine serum
albumin (BSA) was used as a loading control. Densitometry was used to
measure the relative amount of secreted YopE T3SS effector protein versus
BSA control. The average of four independent replicates + standard deviation
is shown, and statistical analysis was performed using an unpaired Student’s

t-test (***p < .001, and n.s. non-significant).
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Figure 3. YmoA is epistatic to IscR with respect to IcrF transcriptional
regulation. Yersinia strains grown under T3SS-inducing conditions. (A) RNA
was extracted, and reverse transcriptase quantitative PCR (RT-gPCR) was
used to measure relative levels of IcrF mMRNA normalized to 16S rRNA. The
average of at least three biological replicates are shown * standard deviation.
(B) LcrF protein levels were determined by Western blotting and densitometry
relative to the RpoA loading control. Shown is the average of four
independent replicates + standard deviation. Statistical analysis was
performed using an unpaired Student’s t-test (*p<.05, **p<.01, and n.s. non-

significant).
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Figure 4. IscR does not regulate YmoA or H-NS expression. (A) Yersinia
strains harboring either an empty pFU99a plasmid (EV) or a pFU99a plasmid
encoding the ymoBA or hns promoters fused to lacZ were grown under T3SS
inducing conditions and B-Galactosidase activity determined in Miller units.
Black bars represent WT background and grey bars represent the iscR
mutant background. The average of three biological replicates are shown +
standard deviation. (B) RNA was extracted from Yersinia strains grown under
T3SS-inducing conditions and RT-gPCR used to measure relative ymoA and
hns mRNA levels normalized to 16S rRNA. Black bars represent WT
background and grey bars represent the iscR mutant background. The
average of at least three biological replicates are shown * standard deviation.
(C) Yersinia strains were grown in low calcium LB at 26°C or 37°C for 3
hours. Equal amounts of cell lysates were probed for RpoA, IscR, H-NS, and
YmoA by Western blotting. One representative experiment out of three
biological replicates is shown. Statistical analysis was performed using an

unpaired Student’s t-test (n.s. non-significant).
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Figure 5. IscR binding to the yscW-IcrF promoter is dispensable in the
absence of ymoA. Yersinia strains were grown under T3SS-inducing
conditions. (A) Levels of IcrF mRNA were measured and normalized to 16S
rRNA using RT-gPCR. The average of at least three biological replicates are
shown + standard deviation. (B) LcrF protein levels were measured relative
to the RpoA loading control by Western blotting and densitometry. Shown is
the average of four biological replicates + standard deviation. (C) Secreted
proteins were precipitated and visualized by SDS-PAGE followed by
Coomassie blue staining. The YopE bands were normalized to the BSA
loading control. The average of three biological replicates * standard
deviations are shown. Statistical analysis was performed using an unpaired

Student’s t-test (*p<.05, **p < .001, and n.s. non-significant).

218



* ¥k

n.s.

T
dCas9+pgRNA-HNS

I
Lg
o

<

1 1
N -

o S

VNY! S9L/VNYW suy

0.0~

[7]
=
T
<
* 2
: -
*
()]
[":]
[3']
[&]
T
; -
(2] -
c s
1 1 1
) N - o
(=] o o (=]

VN3 S9L/VNYW H49/

m

n.s.

n.s.

0.06-

o

I I
<t N
S S
o (=]

VN3 SOL/VYNYW A6

0.00-

dCas9+pgRNA-HNS

WT

219



Figure 6. Knockdown of H-NS leads to derepression of LcrF. Y.
pseudotuberculosis expressing pdCas9-bacteria and pgRNA-H-NS were
grown under T3SS-inducing conditions and supplemented with
anhydrotetracycline to induce expression of guide RNA and dCas9 or were
left uninduced. Yersinia were grown in low calcium LB in the absence (grey
bars) or presence (black bars) of 1ug/mL anhydrotetracycline for 3 hrs at
26°C and transferred to 37°C (T3SS inducing conditions) for 1.5 hrs. RNA
was analyzed by gPCR using gPCR for h-ns (A), lcrF (B), or gyrA (C) mRNA
level normalized to 16S rRNA. The average of three biological replicates are
shown + standard deviation. Statistical analysis was performed using an

unpaired Student’s t-test (***p<.001, ****p<.0001, and n.s. non-significant).
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Figure 7. Analysis of IscR and H-NS-YmoA regulated segments of
pyscW-IcrF (A) Diagram of yscW-IcrF promoter (800 bp). The characterized
IscR binding site is illustrated by the dark grey box. MEME-suite FIMO
predicted three H-NS binding sites referred to as Site I, Site II, and Site III.
Arrow indicates the previously characterized transcriptional start site
Schematic of pyscW-IcrF::lacZ fusions. Five promoter constructs were used
to assess which segment of pyscW-IcrF allows for H-NS-YmOoA repression
and IscR activation. (B) Yersinia harboring the various pyscW-lcrF::lacZ
plasmids were grown under T3SS-inducing conditions (low calcium LB at
37°C) for 1.5 hrs and B-Galactosidase activity determined in Miller units. The
average of at least three biological replicates are shown * standard deviation.
Statistical analysis was performed using an unpaired Student’s t-test (*p<.05,

**p<.01, **p<.001, ***p<.0001, and n.s. non-significant).
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Figure 8. H-NS and IscR bind to the yscW-IcrF promoter at different
temperatures (A) The relative enrichment (percent input) of Site I, Site Il, and
Site Il promoter DNA as analyzed by anti-FLAG ChIP-gPCR in Yersinia
expressing the H-NS-FLAG allele. ChIP-qgPCR was performed with bacteria
grown at 26°C (black bars) or 37°C (grey bars) in low calcium LB for 3 hrs.
ChIP-gPCR was also performed on a control promoter (DN756_21750) which
H-NS is not predicted to bind. The average of at least three biological
replicates + standard deviation is shown. (B) ChIP-qPCR was performed with
the H-NS-FLAG allele in the wildtype, AymoA, or AiscR mutant background at
26°C. The average of at least three biological replicates + standard deviation
is shown. (C) ChIP-gPCR was performed with the H-NS-FLAG allele in the
wildtype or AiscR mutant background at 37°C. The average of at least three
biological replicates + standard deviation is shown (D) ChIP-gPCR was
performed with the IscR-FLAG allele in the wildtype or AymoA mutant
background at 26°C (black bars) or 37°C (grey bars). The hpt control
promoter, which IscR is not predicted to bind, was used. The average of at
least three biological replicates * standard deviation is shown, and statistical
analysis was performed using Two-way ANOVA (*p<.05, **p<.01, **p<.001,

****p<.0001 and n.s. non-significant).
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Figure 9. Oxygen does not influence IcrF levels in ymoA mutants
Yersinia strains were cultured under T3SS inducing conditions under aerobic
(black bars) or anaerobic (grey bars) conditions. Levels of IcrF (A) and iscR
(B) mRNA levels were measured by gPCR and normalized to 16S rRNA. The
average of at three biological replicates are shown * standard deviation. (C)
Yersinia strains were grown under similar conditions as stated above and
whole cell extracts were probed for RpoA, IscR, H-NS, LcrF, YopE, and
YmoA by Western blotting. One representative experiment out of three
biological replicates is shown. Statistical analysis was performed using a one-
way ANOVA with Tukey multiple comparisons (*p<.05,**p<.01,****p<.0001,

and n.s. non-significant).
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Figure 10. Proposed model for activation of yscW-IcrF via IscR (A) At
environmental conditions (26°C, low oxidative stress, high iron), H-NS
occupancy at the yscW-IcrF promoter is high and LcrF expression and T3SS
activity is repressed. (B) When Y. pseudotuberculosis becomes ingested, it
travels to the intestinal lumen. YmoA protein levels decrease due to
ClpXP/Lon protease activity at 37°C, but sufficient levels remain to potentiate
H-NS-mediated repression of yscW-IcrF and prevent type Il secretion. This is
because IscR levels are kept low by the anaerobic and iron replete
conditions. (C) Once Y. pseudotuberculosis crosses the intestinal barrier, it
encounters high oxygen tension and low iron availability, causing an increase
in IscR protein levels that can antagonize YmoA/H-NS repression of yscW-

IcrF and allow for LcrF expression and T3SS activity.

228



229

Secreted YopE/BSA

1.5

0.5

0.0-

I *kkk I

v\"s vp“’{(
<&
e



Figure S1. YmoA affects type lll secretion activity dependent on LcrF.
Yersinia strains were grown in low calcium LB for 1.5 hrs at 26°C and
transferred to 37°C (T3SS inducing conditions) for 1.5 hrs. The supernatant
was harvested and separated on a 12.5% SDS polyacrylamide gel, and
subsequently stained with Coomassie blue. Bovine serum albumin (BSA) was
used as a loading control. Gel bands were quantified by using Bio-Rad
Image Lab Software Quantity and Analysis tools. YopE bands were
normalized to the BSA loading control. The average of 3 biological replicates
+ standard deviation is shown, and statistical significance is represented
through Statistical analysis was performed using an unpaired Student’s t-test.

Statistical values indicated are (****p<.0001).

230



%%,
— - b, o@«
- —,
| I 1 I 1
o wn o n o
§ = = o 9
o o o o o

n.s.
n.s.
—
& &S
S &L
&

0.020-
0.015+
0.010-

VNYI SOL/VNYW &S]

Xk

1 | 1
™~ - o
S < <
o o o

VN¥4 S9L/VNYW yowA

0.03-

= .,
| I | I 1
= 0 e 0 =
N - - o o
ujajoud yodyjuiajoid SN-H
Yo
cl .. (<)
1\
q| “
T T T 1
7] o ] o
- - (=] o
uiajoid yody/uiajold yos|
Yo
(7] V- °V1ONQ
c O,
2| o, *
%
I 1 | I 1
Q n e 0 S
o™ - - o o

uiajoud yody/uiajold yow

231



Figure S2. YmoA mutations do not affect mRNA levels of known
transcriptional regulators of IcrF RNA and whole cell extracts were
extracted from Yersinia strains grown in low calcium LB for 1.5 hrs at 26°C
and transferred to 37°C (T3SS inducing conditions) for 1.5 hrs.
Complementary DNA was generated from extracted RNA, and ymoA, iscR,
and h-ns mRNA expression was evaluated by qPCR. mRNA levels were
normalized to 16S rRNA. The average of at least three biological replicates
are shown with standard deviation. For western blots, proteins were
visualized using anti-YmoA, anti-IscR, and anti-H-NS antibodies. Proteins
were quantified by densitometry using BioRad Image Lab. The average of
three biological replicates are shown with standard deviation. Statistical
analysis was performed using an unpaired Student’s t-test. Statistical values

indicated are (*p<.05, **p<.01, and n.s. non-significant).
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Figure S3. 3xFLAG tag allows for detection of H-NS using FLAG
antibody (A) Whole cell extracts from WT Y. pseudotuberculosis or a strain
harboring a chromosomally-encoded 3xFLAG tagged H-NS were visualized
using anti-FLAG, anti-HNS, anti-LcrF, or anti-RpoA antibodies. One

representative experiment out of three biological replicates is shown.
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Figure S4. IscR enrichment at the suf promoter is not influence by
temperature The relative enrichment (percent input) of suf promoter DNA
analyzed by ChIP-gPCR with the IscR-FLAG strain or the control strain (WT;
non-FLAG tagged IscR). ChIP-gPCR was performed with bacteria grown at
26°C (black bars) or 37°C (grey bars). The average of 3 biological replicates +
standard deviation is shown, and statistical significance is represented
through Statistical analysis was performed using an unpaired Student’s t-test.

Statistical values indicated are (*p<.05, and n.s. non-significant).
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Chapter 4

The CpxRA two-component regulatory system modulates the Yersinia

T3SS through requlation of the YmoA repressor

By David Balderas, Natasha Tanner, Pablo Alvarez, Erin Mettert, Patricia J.

Kiley & Victoria Auerbuch
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Abstract

The type Il secretion system (T3SS) is a crucial virulence factor in many
Gram-negative pathogens. The two-component regulatory system, CpxRA,
regulates expression of the type Ill secretion system in multiple pathogens
including Yersinia pseudotuberculosis. The CpxRA two-component regulatory
system consists of a histidine kinase, CpxA, and a cognate response
regulator, CpxR. In the presence of extracytoplasmic stress, CpxA undergoes
autophosphorylation and phosphorylates CpxR, which activates the CpxR
transcription factor. Previous data suggests that CpxR directly inhibits
transcription of LcrF, the master regulator of the Ysc type Il secretion system.
In this study, we show that purified CpxR does not bind to the IcrF promoter,
suggesting CpxR does not directly regulate IcrF. Instead, a predicted CpxR
binding site was identified upstream of the ymoA promoter. YmoA is a
histone-like protein that represses IcrF transcription through its interaction
with N-HS and thus represses expression of the T3SS in Yersinia. Indeed,
CpxR activates ymoA promoter activity in a transcriptional reporter assays.
Lastly, deletion of ymoA in cpx mutants restores T3SS activity, implying that
CpxRA requires YmoA to repress IcrF. We propose that the CpxRA two-
component regulatory system represses IcrF transcription and overall T3SS
activity by promoting expression of the YmoA repressor. As other pathogens

use YmoA (Hha) and CpxR orthologues to repress the T3SS, this may
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represent a conserved mechanism for regulating expression of this large cell

envelope-embedded structure in response to extracytoplasmic stress.

Introduction

Bacteria are found in a wide array of environmental niches and adapt to
changes in pH, salinity, oxygen tension, and many other environmental
conditions. Bacteria sense and respond to environmental stimuli, allowing
them to adapt to changing conditions. One of the most common ways
bacteria sense and respond to environmental stimuli is through two-
component regulatory systems (Groisman, 2016). Two-component regulatory
systems allow bacteria to acclimate to environmental stimuli by modulating
bacterial physiology usually mediated through changes in gene expression. A
canonical two- component regulatory system consists of a histidine kinase
and response regulator. Upon recognition of a certain signal/stimuli, the
histidine kinase autophosphorylates and can transfer the phosphoryl group to
a cognate response regulator. Phosphorylation of a response regulator
modulates the activity of the response regulator, and most often when the
response regulator is a transcription factor, phosphorylation causes the

response regulator to influence gene expression of certain target genes.

One common environmental stimulus that bacteria respond to is cell envelope

stress. The bacterial envelope separates the bacterial cytosol from the
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environment, and is the site for respiration, nutrient/ion transport, as well as
assembly of adhesion proteins or other virulence structures (Rowley et al.,
2006; Hews et al., 2019). A cell envelope stress response can be instigated
by chemical stressors (detergent, pH), physical stressors (temperature,
osmolarity), or biological stressors (adhesion, infection). Multiple bacterial
pathways have evolved to mitigate the negative consequences of envelope

stress.

One pathway that responds to envelope stress is the two-component
regulatory system CpxRA (Raffa and Raivio, 2002). This pathway is found in
numerous y-proteobacteria including Escherichia coli and consists of an inner
membrane histidine kinase, CpxA, and a cognate response regulator, CpxR
(Raivio, 2014). In the absence of envelope stress, a periplasmic protein CpxP
interacts with CpxA and prevents autophosphorylation of CpxA (Raivio and
Silhavy, 1997). In this condition, CpxA acts as a phosphatase to remove
phosphoryl groups from CpxR. Upon exposure to envelope stress, CpxP
binds misfolded proteins and no longer interacts with CpxA which undergoes
autophosphorylation and can activate CpxR through phosphorylation. CpxR
encodes a transcription factor that can both activate or repress transcription
of specific gene targets in the phosphorylated state. CpxR is predicted to
directly regulate over 60 genes/operons in E. coli, which range in function

from protein folding/degradation, pilus adherence, copper response,
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motility/chemotaxis, and biofilm production (De Wulf et al., 2002; Price and
Raivio, 2009; Santos-Zavaleta et al., 2019). Interestingly, the CpxRA system
has been shown to affect virulence in multiple bacterial pathogens including
Legionella pneumophila, Salmonella enterica, Enterohemorrhagic E. coli,
Uropathogenic E. coli, Neisseria gonorrhoeae, Shigella sonnei, and Yersinia
pseudotuberculosis (Nakayama and Watanabe, 1998; Gal-Mor and Segal,
2003; Carlsson et al., 2007b; De la Cruz et al., 2015, 2016; Gangaiah et al.,

2017; Dbeibo et al., 2018).

Yersinia pseudotuberculosis is an enteric pathogen that is closely related to
the causative agent of plague, Yersinia pestis. Both pathogens rely on the
Ysc type lll secretion system (T3SS) to ensure survival inside the host. The
Ysc T3SS is encoded on a ~70 kb virulence plasmid, and most genes on this
plasmid are activated by the transcriptional factor, LcrF (Cornelis et al., 1998;
Schwiesow et al., 2016). The transcription factor LcrF is co-transcribed with
YscW, the Ysc pilotin (Burghout et al., 2004). These genes are highly
regulated at the transcriptional level to prevent expression of the T3SS when
not in the host (Schwiesow et al., 2016). One characterized repressor of
yscW-IcrF transcription is CpxR (Carlsson et al., 2007b; Liu et al., 2012). In
the absence of cpxA, CpxR becomes hyperphosphorylated and prevents
expression of the Ysc T3SS (Liu et al, 2012). It was proposed that

phosphorylated CpxR directly represses yscW-IcrF transcription, but purified

241



CpxR protein was shown to bind an intergenic region between yscW and IcrF

that is not predicted to affect lcrF mRNA levels.

In this study, we show evidence that CpxR does not bind to the promoter of
yscW-IcrF and thus does not directly repress type Ill secretion through LcrF.
Instead, we provide data to suggest that phosphorylated CpxR directly
activates a characterized repressor of yscW-IcrF, YmoA. Our data illustrates
that phosphorylated CpxR induces expression of YmoA and that CpxR is
predicted to bind the ymoA promoter. The protein YmoA has been shown to
interact with H-NS and YmoA-H-NS are predicted to be direct repressors of
yscW-IcrF transcription (Bohme et al., 2012; Cordeiro et al., 2015). We show
that the cpxA mutant does not affect type Il secretion in the absence of
YmoA, and thus phosphorylated CpxR requires YmoA to inhibit T3SS activity.
This model suggests the CpxRA two-component regulatory system, which
responds to envelope stress, can repress the T3SS through YmoA-dependent

repression of yscW-IcrF.

Results

Purified CpxR binds to a non-regulatory region of yscW-IcrF

Purified phosphorylated CpxR was previously shown to bind the yscW-IcrF
genomic locus in Yersinia pseudotuberculosis (Liu et al., 2012). This previous

study demonstrated that CpxR binds to an intergenic region in between
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yscW-IcrF (Fig 1A). Since then, the yscW-IcrF transcription unit has been
further characterized and shown that yscW-IcrF has one transcriptional start
site upstream of yscW (Béhme et al., 2012). Thus, CpxR binding to an
intergenic region between the yscW and IcrF open reading frames most likely
does not impact transcription of yscW-IcrF. We tested if purified CpxR can
bind to the promoter of yscW-IcrF by using a DNA template that includes the
yscW-IcrF promoter. This yielded nonspecific binding to the DNA template,
suggesting CpxR does not bind to the promoter of yscW-IcrF at least in vitro
(Fig 1B). As a positive control, we showed that CpxR bound to its own
promoter (a known target) at low nanomolar concentrations (Fig 1C). These
data suggest that CpxR does not influence type Il secretion by directly
repressing yscW-IcrF transcription and suggests that CpxR influences yscW-

IcrF transcription and type Il secretion through a different mechanism.

CpxR is predicted to bind to the promoter of ymoBA

To determine how CpxR affects T3SS activity, we assessed whether CpxR
affected known regulators of yscW-IcrF. Interestingly, in E. coli, CpxR
positively regulates the YmoB and YmoA orthologs tomB and hha,
respectively (Yamamoto and Ishihama, 2006; Price and Raivio, 2009). The
genes ymoB-ymoA or tomB-hha are expressed in an operon in Yersinia and
E. coli, respectively. Thus, one possibility for how CpxR modulates T3SS

activity is that activation of CpxR leads to upregulation of YmoA, which can
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repress yscW-IcrF transcription. To determine if CpxR directly regulates
Yersinia YmoBA, we scanned for a CpxR binding site near the promoter of
ymoB-ymoA (Fig 2). We identified a predicted CpxR binding site 42
nucleotides upstream of the transcriptional start site of ymoBA. This suggests

that Yersinia CpxR may directly regulate YmoA, a known repressor of LcrF.

CpxR influences YmoA expression levels

To test if CpxR regulates ymoBA, we tested whether cpxR and cpxA
mutations affect ymoB-ymoA promoter activity and mRNA levels. Loss of
CpxA leads to hyper-phosphorylation of CpxR, and increases CpxR activity
(Liu et al., 2012). To test if the CpxRA system affects YmoBA levels, we fused
the promoter of ymoB-ymoA to lacZ and measured the promoter activity in
wildtype, AcpxA, and AcpxR mutant strain. Interestingly loss of cpxA resulted
in a ~3-fold increase of ymoB-ymoA promoter activity compared to the
wildtype strain (Fig 3A). Furthermore, loss of cpxR led to a ~2.7-fold decrease
in ymoB-ymoA promoter activity compared to the wildtype strain. This
suggests that high levels of phosphorylated CpxR increase ymoB-ymoA
promoter activity, while lower levels of phosphorylated CpxR lead to lower
ymoB-ymoA promoter activity. Next, we performed gRT-PCR to measure
ymoA transcript levels in the wildtype and the cpxA deletion mutant (Fig 3B).

This experiment showed that cpxA deletion leads to a ~2-fold induction of
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ymoA mRNA levels compared to the wildtype strain. These data suggest that

CpxRA play a role in directly activating expression of YmoA.

The CpxRA pathway influences T3SS activity dependent on YmoA

Since the cpxA deletion mutant in Yersinia leads a decrease in T3SS activity,
we wanted to test if this is through a YmoA-mediated mechanism. In Yersinia,
YmoA has been shown to repress type Ill secretion (Cornells et al., 1991).
We therefore proposed that deletion of cpxA leads to increased
phosphorylated CpxR, which induces YmoA transcription and that this
increase in YmMOA represses T3SS activity. To test this model, we determined
if YmoOA is essential for the cpxA mutant to repress type lll secretion. As has
been previously demonstrated the cpxA mutant secreted less effector
proteins, such as YopE, compared to the wildtype strain (Fig 4AB). Deletion
of ymoA led to an increase in YOpE secretion compared to the wildtype strain.
Furthermore, deletion of ymoA in the cpxA mutant led to an increase in YopE
secretion, suggesting cpxA requires YmoA to repress T3SS activity. These
data suggest a model where CpxR promotes ymoA transcription, which has

the capacity to block IcrF transcription and reduce type Il secretion.

Discussion
Previous models suggest the Yersinia two component regulatory system

CpxRA represses T3SS activity (Carlsson et al., 2007a; Liu et al., 2012).

245



Although it is known that CpxRA negatively influences LcrF and the T3SS, the
molecular mechanism of how CpxRA represses LcrF and the T3SS was not
clear. Originally, it was proposed that phosphorylated CpxR can bind to the
intergenic region between yscW and IcrF (Liu et al., 2012). However, the only
identified promoter for IcrF is located upstream of yscW (Béhme et al., 2012).
Furthermore, we could find no evidence that phosphorylated CpxR can bind
to the promoter region of yscW-IcrF, suggesting that CpxR regulates LcrF
through an indirect mechanism. We show here that CpxR activates
transcription of ymoA, a small histone-like protein, which has been shown to
repress LcrF expression and therefore T3SS activity (Cornells et al., 1991,
Cornelis, 1993; Béhme et al., 2012). This regulation seems to be direct since
a predicted CpxR binding site was identified upstream the ymoA promoter
(see below). This points to a model where activated CpxR induces
transcription of YmoA, which represses LcrF transcription and decreases type

Il secretion (Fig 5).

The homologs of YmoB and YmoA in E. coli K12 MG1655 are TomB/YbaJ
and Hha, respectively. These genes are encoded as an operon, ymoBA or
tomB-hha. The tomB(ybaJ)-hha operon has been shown to be activated by
CpxR in E. coli K12 (Yamamoto and Ishihama, 2006). This study showed that
CpxR directly binds to a CpxR binding motif (TTTAC-[N]4s-TTTAC) found a

few nucleotides upstream of the -35 element of tomB-hha operon. Likewise,
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we identified a CpxR binding motif upstream of the ymoB-ymoA operon in
Yersinia, a few nucleotides upstream of the -35 element. This suggests that
the ymoB-ymoA operon is a conserved target of the CpxR regulon.
Furthermore, the study that originally identified tomB-hha to be a target of E.
coli CpxR also showed that exposure to copper caused an increase in tomB
transcription that was dependent through CpxR (Yamamoto and Ishihama,
2006). Future experiments should be performed to assess if copper exposure
leads to upregulation of Yersinia YmoA through a CpxR dependent

mechanism.

Interestingly, Hha and CpxR have been shown to regulate type Il secretion in
multiple pathogens. For example, Hha and H-NS directly repress HilD, HilC,
and RtsA, which promote expression of the SPI-1 T3SS in Salmonella
enterica (Boddicker et al., 2003; Olekhnovich and Kadner, 2007).
Interestingly, CpxR was also shown to negatively inhibit the SPI-1 T3SS in S.
enterica (Nakayama et al., 2003; De la Cruz et al., 2015). This study
described that deletion of cpxA in S. enterica led to a loss of SPI-1 type Il
secretion and that phosphorylated CpxR negatively influenced the SPI-1
T3SS. This observation is similar to what is observed in Yersinia, where an H-
NS-YmoA complex represses LcrF expression (Chapter 3), and CpxR plays a

repressive role on T3SS activity (Carlsson et al., 2007a; Liu et al., 2012).
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Future experiments should address whether CpxR affects Hha levels in

Salmonella to determine how CpxR influences the SPI-1 T3SS.

New data suggests that mis localized lipoproteins may act as a signal to
induce the CpxRA two-component regulatory system. Lipoproteins are
proteins found in the periplasm that can be anchored to the inner or outer
membrane by a lipid moiety (Szewczyk and Collet, 2016). Overexpression of
the lipoprotein NIpE or artificial mislocalization of NIpE leads to activation of
the CpxRA two-component regulatory system (Snyder et al., 1995; Miyadai et
al., 2004; Delhaye et al., 2016). NIpE is a outer-membrane lipoprotein and
overexpression of NIpE leads to mislocalization of NIpE to the inner
membrane. Interestingly overexpression of YafY, an inner membrane
anchored lipoprotein, also leads to activation of the CpxRA two-component
regulatory system (Miyadai et al., 2004). This could suggest that misfolding or
errors in lipoprotein trafficking can act as a signal to induce the CpxRA
pathway and lead to downregulation of the T3SS. Interestingly, the Ysc T3SS
requires a lipoprotein, YscJ/SctJ, to assemble the basal body of the T3SS.
Future studies should be carried out to test if mislocalization of YscJ

influences the CpxRA pathway.

It remains unclear which signals the CpxRA two-component regulatory

system responds to in the host. A recent study showed that the
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neurotransmitter, serotonin, mitigates virulence of enterohemorrhagic E. coli
and Citrobacter rodentium (Kumar et al., 2020). Both these pathogens rely on
their T3SSs as a virulence factor to initiate attachment and form effacement
lesions on epithelial cells to cause disease. Serotonin is primarily synthesized
in enterochromaffin cells, and secreted into the lamina propria or the intestinal
lumen (Camilleri, 2009). Both enterohemorrhagic E. coli and Citrobacter
rodentium will be exposed to serotonin in the gut lumen before initiating
attachment through the T3SS. Kumar et al showed that serotonin antagonizes
phosphorylation of the CpxRA system through a direct mechanism. Thus, one
of the host signals the CpxRA system may respond to is gut-derived

serotonin.

In this study we provided a mechanism for how the two-component regulatory
system CpxRA inhibits type Ill secretion in Yersinia. We show that the
response regulator, CpxR, does not directly regulate LcrF, the main
transcriptional activator of the type Ill secretion system. Rather, CpxR
activates repression of YmoA, a characterized inhibitor of LcrF and type Il
secretion (Cornells et al., 1991; Cornelis, 1993; Béhme et al., 2012). Future
studies should be carried out to determine if CpxR binds to the ymoA
promoter both in vitro and in vivo and determine what signals govern CpxR

regulation of the T3SS.
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Materials and Methods

Bacterial strains and growth conditions

Bacterial strains used in this paper are listed in Tablel.1. Y.
pseudotuberculosis were grown, unless otherwise specified, in LB (Luria
broth) at 26°C shaking overnight. In order to induce the T3SS, overnight
cultures were diluted into low calcium medium (LB plus 20 mM sodium
oxalate and 20 mM MgCI2) to an optical density (OD600) of 0.2 and grown for
1.5 h at 26°C shaking followed by 1.5 h at 37°C to induce Yop synthesis,

depending on the assay, as previously described (Auerbuch et al., 2009).

Construction of Yersinia mutant strains

Generation of The AymoA, AcpxA, and AcpxR mutants were generated via
splicing by overlap extension (Warrens et al., 1997). Primer pairs
F5/R5AymMoA, F5/R5AcpxA, and F5/R5AcpxR (Table 2) were used to amplify
~1000 bp 5 of ymoA, cpxA, and cpxR, respectively. Primer pair F3/R3AymoA,
F3/R3AcpxA, and F3/R3AcpxR were used to amplify ~1000 bp 3’ of ymoA,
CpxA, and cpxR, respectively. 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). Recombinant plasmids

were transformed into E. coli S17-1 Apir competent cells and later introduced
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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 sequenced.

To generate lacZ promoter constructs of ymoBA primer pairs
pFU99a_ymoA_F/pFU99a_ymoA_ R were used to amplify ~500 bp upstream
ymoB which included the first ten amino acids of ymoB. These promoters
and first ten amino acids of YmoB and H-NS were cloned into a BamHI- and
Sall-digested pFU99a using the NEBuilder HiFi DNA Assembly kit (New
England Biolabs, Inc). These reporter plasmids were electroporated into

wildtype Yersinia pseudotuberculosis to measure ymoBA promoter activity.

Type lll secretion system assays

Visualization of T3SS cargo secreted in broth culture was performed as
previously described (Kwuan et al., 2013). Briefly, Y. pseudotuberculosis in
LB low calcium media (LB plus 20 mM sodium oxalate and20 mM MgCI2)
was grown for 1.5 h at 26°C followed by growth at 37°C for 1.5 h. Cultures
were normalized by OD600 and pelleted at 13.2 krpm for 10 min at room
temperature. Supernatants were removed and proteins precipitated by

addition of trichloroacetic acid (TCA) at a final concentration of 10%. Samples
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were incubated on ice for at least 1 hr 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. Gel bands were imaged using Bio-Rad Image Lab
Software Quantity and Analysis tools. YopE bands were quantified using this

software and normalized to the BSA loading control.

Western Blot Analysis

To visualize more accurate secretion phenotypes, supernatant samples were
obtained and prepared in the same manner as described above. Cell pellet
samples were also prepared by resuspension in FSB plus 20%DTT and were
boiled for fifteen minutes. At the time of loading, samples were normalized to
the same number of cells. After having run the samples on a 12.5%
polyacrylamide gel, proteins were transferred onto 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 rabbit anti-RpoA (gift from Melanie Marketon), rabbit anti-LcrF
(Bohme et al., 2012), rabbit anti-His, rabbit anti-YmoA (gift from Gregory
Plano), and horseradish peroxidase-conjugated secondary antibodies (Santa
Cruz Biotech). Following visualization, quantification of the bands was

performed with Image Lab software (Bio-Rad).
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RT-gPCR Sample Preparation

Cultures 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 (Schwiesow et al., 2018).
Each 15 pl gPCR assay contained 7.5 pl of 1:10 diluted cDNA sample, 7.5 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.

Reporter Plasmid Beta Galactosidase Assay

B-Galactosidase assays were carried out following manufactures protocol by
Galacto-Light Plus B-Galactosidase reporter gene assay system (Applied
Biosystems). Y. pseudotuberculosis cultures from each condition were

pelleted by centrifugation for 5 minutes at 4,000 rpm. Pellets were lysed by
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Lysis Solution provided by kit. Lysed samples were then provided -
Galactosidase- luminescence substrate and incubated for 1hr at 37°C. After
incubation, samples received Accelerator prior to reading of luminescence of
0.1-1 sec/well. B-Galactosidase activity was quantified using a standard curve
and normalized to total protein content which was quantified by Pierce BCA

Protein Assay kit (ThermoFisher Scientific).

Bioinformatic prediction of CpxR binding sites

A training set of known CpxR binding sites in E. coli K-12 substr. MG1655
was used from RegulonDB (Santos-Zavaleta et al., 2019). This training set
was used to generate a CpxR binding motif using MEME from MEME-suite
5.1.1 tools (Bailey et al., 2009). FIMO was then used to scan for a CpxR

binding site near the regulatory region of the ymoBA promoter.

Protein purification

To purify CpxR with a C-terminus 6xHis tag, primer pairs F_pET28bCpxRHis
and R_pET28bCpxRHis were used to amplify the Yersinia CpxR cds omitting
the stop codon. This amplified PCR product was digested with the restriction
enzymes Ncol and Xhol and cloned into a pET28b vector with a in frame C-
terminus 6xHis affinity tag. This vector was then transformed into E. coli

BL21 (DE3) pLysS component cells. Expression and purification of CpxR with
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a C-terminal His(6)-tag has been described previously (Carlsson et al.,

2007b).

Protein purification and electrophoretic mobility shift assays (EMSAS)
The DNA fragment containing the predicted the yscW-IcrF promoter
contained the -206 to +12 bp relative to the +1 transcription start site of yscW
were amplified from Y. pseudotuberculosis genomic DNA using primers
(Table 2). Amplified products were digested with Xhol and BamHI and
subsequently ligated into the pPK7179 plasmid. DNA templates for EMSAS
were isolated from plasmid DNA after restriction digest with Xhol and BamHI.
These fragments and linearized plasmid (which served as competitor DNA in
the EMSAS) were purified using Elutip-d columns (Schleicher and Schuell).
CpxR was incubated with DNA fragments (~5-10 nM) for 30 min at 37°C in
40 mM Tris (pH 7.9), 30 mM KCI, 100 pg/mL bovine serum albumin (BSA),
and 1 mM DTT. Samples were loaded onto a non-denaturing 6%
polyacrylamide gel in 0.5x Tris-borate-EDTA (TBE) buffer and run at 100 V for
90 min. The gel was stained with SYBR Green EMSA nucleic acid gel stain

(Molecular Probes) and visualized using a Typhoon FLA 900 imager (GE).
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Table 1. Strains used in this study.

(Bliska et al.,
IP2666/(WT) Naturally lacks full-length YopT
1991)
(Bohme et
IP2666/(AymoA) Full in frame deletion of ymoA
al., 2012)
(Liu et al.,
IP2666/(AcpxA) cpxA in frame deletion of codons 41 to 449
2012)
IP2666/(AcpxR) Full in frame deletion of cpxR This work
(Davis and
IP2666/(AymoA
Double deletion mutant of ymoA and cpxA Mecsas,
AcpxA)
2007)
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Table 2. Y. pseudotuberculosis primers used in this study.

Name Primer Sequence? References
(Yang et al.,
gPCR_16s_F AGCCAGCGGACCACATAAAG
1996)
(Yang et al.,
gPCR_16s R AGTTGCAGACTCCAATCCGG
1996)
gPCR_ymoA_F CCTGATGCGTTTAAGAAAATG This work
gPCR_ymoA R  GATGGTCTGCAGCTGAGTAAA This work
gPCR_cpxP_F CGGTGACGGTAAGATGATGATG This work
gPCR_cpxP_R CGCATCAAGTCACGCATTTG This work
cgaattcctgcagcccggggGATAGACAGCTGTATTTATATGA
F5 AymoA This work
C
gcgctaagcaGGTTTTTCTTCTCGATATACAAATTAATATT
R5’AymoA This work
G
F3’AymoA aagaaaaaccTGCTTAGCGCTGGTTAAG This work
R3’AymoA agggaacaaaagctggagctCCTGTATTATCACTTTCCTGC  This work
F5'AcpxA cgaattcctgcagcccggggAATGGAGGGTTTCAATGTTG This work
R5’AcpxA gcggtagccaGTCGAGTAAAACAGTGAG This work
F3’AcpxA tttactcgacTGGCTACCGCTGCATCCG This work
R3’AcpxA agggaacaaaagctggagctTGCACAACTGTCTCATGGCG  This work
F5'AcpxR cgaattcctgcagecccggggCCATTTTATGATGAATAGCAG This work
R5’AcpxR ctotttatcaCATGGTTATTTCTCCTCTC This work
F3'AcpxR aataaccatgTGATAAACAGTTTAACGACG This work
R3'AcpxR agggaacaaaagctggagctGTGACTACCAGCGTTTTAC This work
F_pET28bCpxRHis tttt CCATGGCCATGCATAAAATCCTATTAGT This work
R_pET28bCpxRHisttttt CTCGAGTGTTTCTGATACCATCAAGTAG This work
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cctttcgtettcacctcgagTAATTGGTATATTTTCAATGCTTGTT
pFU99a_ymoA F This work
TGGATATCAATAC

pFU99a_ymoA R ttcatttttaattcctcctgGTCATGCCGCTTAGGCGAG This work

aUppercase specifies primer that anneals to target for molecular cloning, lowercase is
complementary sequence for NEB Gibson Assembly or extra nucleotides to facilitate efficient

restriction digest
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Table 3. Plasmids used in this study.

Name Description References
pPK7179-yscW-IcrF  DNA template for CoxR EMSA, AmpR This work
pSR47S AymoA Suicide vector for ymoA deletion, KanR This work
pSR47S AcpxA Suicide vector for cpxA deletion, KanR This work
pSR47S AcpxR Suicide vector for cpxR deletion, KanR This work
pPET28b CpxR-His pET28, CpxR-6xHis *, KnR This work
pFU99a pymoBA::lacZ The promoter of ymoBA fused to lacZ, CmR This work
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Figure 1. CpxR does not bind to the yscW-IcrF promoter. (A) Schematic
illustrating intergenic region purified CpxR was shown to bind. Genomic
coordinates listed under CpxR are relative to the IcrF start codon. The
transcriptional start site for the yscW-IcrF operon is 258 nucleotides upstream
of yscW and is depicted by an arrow. Purified Yersinia CpxR was used for
electrophoretic mobility shift assays (EMSAS) using DNA from the promoter

regions of yscW-IcrF (B) and cpxR as the positive control (C).
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Figure 2. CpxR is predicted to bind upstream of the ymoBA promoter.
Schematic illustration of the predicted CpxR binding site upstream of the
ymoBA operon. The transcriptional start site is indicated by an arrow. MEME-
suite tools were used to predict a CpxR binding site. The FIMO e-value is

noted below the box.
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Figure 3. CpxR promotes expression of YmoA. (A) Yersinia strains
harboring either an empty pFU99a plasmid or a pFU99a plasmid with the
ymoBA promoter region fused to lacZ were grown in low calcium LB for 1.5
hrs at 26°C and transferred to 37°C (T3SS inducing conditions) for 1.5 hrs.
Promoter activity is depicted above as a function of B-galactosidase activity
(ng B-galactosidase/ug of total protein). Strain backgrounds are noted on the
x-axis. The average of three biological replicates are shown with standard
deviation. Statistical analysis was performed using an unpaired Student’s t-
test (*p<.05, **p<.001; ns, non-significant). (B) RNA was extracted from
Yersinia strains grown under similar conditions as stated above and ymoA
MRNA was evaluated by gPCR. mRNA levels were normalized to 16S rRNA
levels. Strain background are noted on the x-axis. One biological replicate is

shown above.

273



wbadder. WT CcpxA ymoA cpxAymoA

B. C.

YopD | dH
g
©
ns
YopE A dH £ 2.0+ —
: e *
° — T
YorD | e[ ][ ]| g"s'
& 1.0+
B 2 0.5+
: 5 w
L — ] — 3 0.0- y T
& & & F
w S
RpoA — || — &
>
WT  AcpxA AymoA AymoA

AcpxA

274



Figure 4. YmoA is crucial for CoxRA repression of LcrF and type lli
secretion activity. Yersinia strains were grown in low calcium LB for 1.5 hrs
at 26°C and transferred to 37°C (T3SS inducing conditions) for 1.5 hrs. (A)
The supernatant was harvested and separated on a 12.5% SDS
polyacrylamide gel, and subsequently stained with Coomassie blue. Bovine
serum albumin (BSA) was used as a protein precipitation control. One
representative biological replicate is shown . (B) Whole cell extracts were
separated on a 12.5% SDS polyacrylamide gel and transferred onto an
Immobilon membrane. LcrF, YopD, and YopE -specific antibodies were
detected by immunoblot and RpoA was used as a loading control. All samples
were loaded on the same gel but cropped to remove samples not included in
this study. One representative experiment out of three independent replicates
is shown. (C) LcrF protein bands were quantified using Bio-Rad Image Lab
Software Quantity and Analysis tools and normalized to RpoA. Shown is the
average of three independent replicates and the standard error of the mean.
Statistical analysis was performed using an unpaired Student’s t-test (*p<.05

and n.s. non-significant).
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Figure 5. Putative model for how the CpxRA two-component regulatory
system indirectly regulates the Yersinia T3SS. When CpxR is
phosphorylated, activated CpxR promotes transcription of ymoB-ymoA. YmoA
is a known repressor of yscW-IcrF, which encodes the main transcriptional

activator of genes encoding the T3SS.
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Chapter 5

Defects in the Ysc type lll secretion system modulate activity of the two-
component requlatory system CpxRA

By David Balderas, Pablo Alvarez, & Victoria Auerbuch
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Abstract

Dozens of Gram-negative bacterial pathogens, including Salmonella sp.,
Shigella flexneri, Pseudomonas aeruginosa,
enteropathogenic/enterohemorrhagic Escherichia coli, Chlamydia sp., and
Yersinia sp., rely on a type lll secretion system to cause disease and thrive in
a specific niche of the host. The Yersinia secretion (Ysc) type Il secretion
system is assembled in a highly regulated step by step manner. Although we
know the order of how the Ysc type Ill secretion system (T3SS) is
constructed, it is not clear how assembly of the T3SS affects other cellular
pathways. Interestingly, we found that growth of Yersinia with T3SS defects in
low calcium media at 37°C (conditions that would normally induce type IlI
secretion), induced expression of the two-component regulatory system,
CpxRA. The two-component regulatory system CpxRA consists of a histidine
kinase CpxA and a response regulator CpxR, a transcription factor that
regulates multiple cellular processes. Furthermore, prevention of both early
and middle T3SS substrates induced CpxRA activity. It has been shown that
the CpxRA pathway regulates Ysc T3SS expression (see Chapter 4),
suggesting a model wherein the CpxRA pathway and the T3SS patrticipate in

a feedback loop.
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Importance

Transcriptional regulatory networks are responsible for how bacteria respond
to their environment. However, it is not clear how the expression of virulence
pathways affects global transcriptional regulatory networks. These data
suggest that a key virulence pathway in pathogenic Yersinia influences the
activity of a two-component regulatory system that regulates genes that

contribute to mitigating extracytoplasmic stress.
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Introduction

Human pathogenic Yersinia include Yersinia pestis, the causative agent of
the plague, and two enteropathogens, Yersinia enterocolitica and Yersinia
pseudotuberculosis (Putzker et al., 2001; Galindo et al., 2011). Although
these species lead to different disease pathologies, they all require the
Yersinia secretion (Ysc) type lll secretion system (T3SS) to cause full
virulence (Brubaker, 1991; Balada-Llasat and Mecsas, 2006). The Ysc T3SS
is an injectosome apparatus that translocates effector proteins from the
bacterial cytosol to the host cytosol (Plano and Schesser, 2013). These
effector proteins help Yersinia evade phagocytic cells (i.e., neutrophils and
macrophages) and remain extracellular. Evasion of phagocytosis allows for
Yersinia to reside in lymphoid tissue and eventually disseminate and cause

systemic infection (Pujol and Bliska, 2005).

The Ysc T3SS is encoded on a ~70 kb virulence plasmid called pYV/pCD1,
which encodes over 20 proteins including structural proteins, effector
proteins, chaperones, and regulators (Cornelis et al., 1998). The Ysc T3SS is
assembled in a hierarchical manner to facilitate efficient translocation of
effector proteins into host cells. First the basal body is formed by Sec-
dependent secretion and assembly of both an outer membrane ring (YscC)
and inner membrane rings (YscDJ) (Koster et al., 1997; Yip et al., 2005;

Spreter et al., 2009; Diepold et al., 2010; Ross and Plano, 2011). Next the
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export apparatus (YScCRSTUV), ATPase complex (YscNKL), and cytoplasmic
ring (YscQ) are assembled at the base of the complex (Dewoody et al.,
2013). Together these protein complexes are referred to as the basal body,
and now the assembled basal body can be utilized to translocate specific
substrates to complete the injectisome and ultimately translocate effector
proteins into host cells. These substrates are often referred to as early (the
needle subunit), middle (pore forming complex) and late substrates (effector

proteins).

The two-component regulatory system CpxRA is found in many
Proteobacteria including E. coli. This two-component regulatory system
encodes a histidine kinase, CpxA, and a response regulator, CpxR. Studies
suggest that the CpxRA system responds to envelope stress, misfolded
proteins, and mislocalized lipoproteins (Dorel et al., 2006; Bury-Moné et al.,
2009). Once CpxA encounters this signal, autophosphorylation occurs and
CpxA can then phosphorylate CpxR. Phosphorylation of CpxR allows CpxR to
bind DNA and regulate transcription of a specific set of genes. The CpxR
regulon is predicted to consist of over 30 operons, some of which mitigate
envelope stress (cpxP, degP, skp, ppiD)(Choudhary et al., 2020).
Interestingly, constitutive activation of the CpxRA system represses

expression of the Ysc T3SS (Carlsson et al., 2007a; Liu et al., 2012; Fei et al.,
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2020). This suggests CpxR negatively influences expression of the Ysc T3SS

(see Chapter 4).

Our data presented here suggests that defects in the T3SS under T3SS
inducing conditions leads to increased CpxRA activity. We further show that
specifically prevention of middle substrates is responsible for the increase in
CpxRA activity. Lastly, we show that overexpression of the T3SS chaperone
LcrH/SycD modulates the CpxRA system. This suggests a feedback loop may
exist where CpxRA repress the T3SS (see Chapter 4), and to prevent
unnecessary repression, active type Il secretion system antagonizes CpxRA
activity. However, we failed to observe CpxRA activation in a sycD deletion
strain suggesting the molecular mechanism inducing CpxRA activity may be

more complicated.

Results

Loss of iscR affects CpxR activity.

Our previously published RNA-Seq data was performed to compare a Y.
pseudotuberculosis mutant lacking the transcription factor iscR to the wildtype
strain under T3SS inducing conditions (37°C in the absence of calcium)
(Miller et al., 2014). These data suggested that deletion of iscR leads to
upregulation of cpxP, degP. skp, dsbA, and ompC (Fig 1). All these genes

have been shown to be activated by CpxR in E. coli K12 MG1655.
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Furthermore, cpxP, degP and skp have only been shown to be activated by
CpxR and no other regulator, which further suggests induction of CpxRA
activity. We did not observe upregulation of cpxR or cpxA (Fig S1) suggesting
loss of iscR leads to higher CpxRA activity not CpxRA expression levels. This
result suggested that loss of iscR leads to increased CpxRA activity in

Yersinia.

Loss of the virulence plasmid leads to increased CpxR activity.

From this data, set we know that over 50% of the genes downregulated in the
iIscR mutant are encoded on the virulence plasmid. The virulence plasmid
encodes the genes responsible for expressing the T3SS. We wanted to
explore if the increased CpxRA activity from the iscR mutant was due to a
decrease in T3SS activity. To test this, we performed RT-qPCR with the
following strains: wild-type, AiscR, pYV- (the wild-type strain lacking the
virulence plasmid), and AiscR/pYV- (iscR mutant lacking the virulence
plasmid. Interestingly the pYV- strain had a ~3-fold increase in cpxP mRNA
compared to the wild-type strain suggesting that loss of the virulence plasmid
alone increases CpxRA activity. Furthermore, loss of the virulence plasmid in
the iscR mutant did not affect cpxP mRNA compared to the iscR mutant
suggesting no synergism between iscR and the T3SS influencing CpxRA
activity. Since the virulence plasmid encodes both the T3SS and the adhesin

protein YadA, we wanted to test if deletion of yadA affects CpxRA activity. We
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did not observe upregulation of cpxP mRNA in a yadA mutant suggesting
deletion of yadA does not affect CpxRA activity (Fig S2). This result suggests

that loss of T3SS activity leads to increased CpxRA activity.

Defective secretion of early and middle substrates influences Cpx
activity.

Our previous result suggests that loss of T3SS activity during growth in T3SS
inducing conditions leads to increased CpxRA activity. We wanted to better
establish what part of T3SS assembly affects the CpxRA activity.
Interestingly, a AyscNU mutant, lacking one of the three major T3SS operons,
also exhibited a ~4-fold induction of cpxP mRNA under T3SS inducing
conditions (Fig 3). This mutant assembles the outermembrane (YscC) and
inner membrane rings (YscDJ) but cannot assemble the export apparatus
(YscRSTUV), ATPase complex (YscNKL), and cytoplasmic ring (YscQ). This
prevents secretion of all three substrate classes: early (YscFOPIYX), middle
(YopBDLcrV), and late (YopHOTJEM). Interestingly, a yscF mutant also
exhibited a ~3-fold induction of cpxP mMRNA expression. The gene yscF
encodes for the T3SS needle filament, and deletion of this gene allows for
assembly of the export apparatus (YSCRSTUV), ATPase complex (YScNKL),
and cytoplasmic ring (YscQ). This result suggests that assembly of the basal
body does not affect CpxRA activity, rather prevention of T3SS substrates

leads to activation of CpxRA. Substrates of the Ysc T3SS are categorized as
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early substrates (YscFIYXOP), middle substrates (YopBDLcrV) and late
substrates/effector proteins (YopHOTJEM). Deletion of yscF prevents
secretion of early, middle, and late substrates (Cao et al., 2017). To
determine if secretion of late substrates modulates Cpx activity, we performed
the same experiment with a strain that lacks all late substrates
(AyopHOTJEM). This mutant had similar levels of cpxP compared to the wild-
type strain suggesting late effectors do not affect CpxRA activity. These
results suggest that blocking the T3SS prior to late substrate secretion is

associated with Cpx activation.

Deletion of IcrV induces CpxRA activity.

We hypothesized that prevention of T3SS activity, specifically the obstruction
of early and/or middle substrates results in increased CpxRA activity. To
determine if prevention of middle substrates leads to an increase in CpxRA
activity, we measured cpxP mRNA levels in an IcrV mutant. Middle substrates
consist of LcrV (needle tip complex) and YopBD (translocation pore)
(Dewoody et al., 2013). Previous data has shown that deletion of IcrV impairs
secretion of middle substrates YopBD, but does not affect secretion of early
or late substrates (Sarker et al., 1998). Deletion of lcrV led to increased cpxP
MRNA levels and increased CpxRA activity when cultured under T3SS
inducing conditions (Fig 4). It is important to note that deletion of IcrV affects

expression levels of T3SS genes (unpublished). This suggests that
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prevention of middle substrates induces CpxRA activity when Yersinia is

grown under T3SS inducing conditions.

Overexpression of SycD modulates CpxRA activity.

The T3SS middle substrates in Yersinia have cognate chaperones:
LcrH/SycD for YopB and YopD and LcrG for LerV. It was shown in
Enteropathogenic E coli (EPEC) that a T3SS effector chaperone (CesT) can
bind CsrA, an RNA binding protein that reprograms bacterial gene expression
(Katsowich et al., 2017). This chaperone can then modulate CsrA activity. We
wanted to understand if a T3SS chaperone can modulate the CpxRA pathway
in Yersinia. To test this, we overexpressed SycD in the absence of cpxA. The
histidine kinase, CpxA, has both kinase and phosphatase ability and in the
absence of cpxA, CpxR becomes hyper-phosphorylated. Thus, the cpxA
mutant exhibits high cpxP mRNA levels or CpxRA activity (Fig 5).
Interestingly, overexpression of SycD in the cpxA mutant led to
downregulation of cpxP mMRNA. As a control we overexpressed SycE, the
chaperone for the effector protein YopE, and observed no effect on cpxP
transcription. This result suggests overexpression of SycD, a T3SS middle

subtrate chaperone, can antagonize CpxRA activity.

Deletion of SycD does not lead to increased CpxRA activity.
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Our previous data suggested that overexpression of SycD can modulate
CpxRA activity. We would predict that deletion of sycD leads to higher CpxRA
activity since our data suggests SycD represses CpxRA activity. Thus, we
expected the sycD mutant to phenocopy a pYV- mutant (strain that lacks a
functional type Il secretion system) in terms of cpxP mMRNA levels.
Surprisingly, the sycD deletion mutant did not exhibit increased levels of
cpxP, but instead expressed cpxP to similar levels as the wild-type strain (Fig
6). This suggests that SycD either does not affect CpxRA activity during
T3SS-inducing conditions or that SycD works with another protein to inhibit

CpxRA activity.

Discussion

Our data supports the possible model that proper assembly of the Yersinia
T3SS leads to downregulation of the CpxRA pathway. We go on to show that
prevention of middle substrates (YopBDLcrV), by deleting the gene IcrV,
causes an increase in CpxRA activity. Our data also shows that
overexpression of SycD/LcrH leads to a decrease in CpxRA activity. All
together these data suggest that activation of the T3SS leads to secretion of
YopB and YopD and allows for their cognate chaperone, SycD, to modulate
CpxRA activity. Surprisingly, deletion of sycD did not impact activity of the

CpxRA pathway alluding to a more complicated pathway.
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Interestingly, the CpxRA two-component regulatory pathway has been shown
to regulate the T3SS in many pathogens including Yersinia
pseudotuberculosis, Citrobacter rodentium, enterohemorrhagic E. coli,
enteropathogenic E. coli, Shigella sonnei, and Salmonella enterica (Mitobe et
al., 2005; Carlsson et al., 2007b; MacRitchie et al., 2008; Liu et al., 2012; De
la Cruz et al., 2015; Shimizu et al., 2016; Vogt et al., 2019). In most
pathogens, CpxR has been shown to serve a repressive role on T3SS
expression. In many pathogens, such as Yersinia, CpxR must be
overexpressed to repress T3SS activity in lab settings. On the other hand,
overexpression of NIpE, a lipoprotein that has the ability to activate the
CpxRA pathway due to misfolding in the periplasm, has been shown to affect
T3SS activity in Salmonella enterica and enterohemorrhagic E. coli through a
CpxR dependent mechanism (De la Cruz et al., 2015; Shimizu et al., 2016). It
would be interesting to determine which environmental conditions/factors
influence CpxRA’s role on T3SS activity. This would provide more context on

why the Ysc type Ill secretion system modulates CpxRA activity.

Although a great deal of research has been devoted to understanding how
regulatory networks govern the production of virulence factors, it is not clear
how the expression of virulence factors modulate transcriptional regulatory
networks. The data we present here shows that defects in assembly of the

Ysc T3SS represses activity of the two-component regulatory system CpxRA.
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Previous experiments in enteropathogenic E. coli (EPEC) have shown that
the T3SS modulates CsrA activity (Katsowich et al., 2017). These
experiments demonstrated that a effector chaperone, CesT, of the T3SS
directly interacts with and antagonizes CsrA, a global regulator of
posttranscriptional gene expression (Vakulskas et al., 2015). CsrA is an RNA
binding protein that binds to the 5’ untranslated and/ or early coding regions
of mMRNAs to influence translation, mRNA stability, and/or transcript
elongation. Studies in E. coli have found CsrA to copurify with over 700
transcripts, suggesting CsrA is a global regulator (Edwards et al., 2011). The
CesT protein normally interacts with the effector protein Tir, however when Tir
is translocated by the T3SS, CesT becomes free and interacts with CsrA
which prevents CsrA from interacting with other mRNA targets. Interestingly,
CsrA has been shown to affect T3SS activity in EPEC, suggesting a feedback
loop may exist (Bhatt et al., 2009). We speculate that an analogous feedback
loop exists in Yersinia in which T3SS activity blocks CpxRA activity, and

CpxRA serves a repressive role in blocking Yersinia T3SS expression.

Although our data suggest SycD/LcrH antagonizes CpxRA, it is not clear how
SycD/LcrH can modulate CpxRA. Our data suggests T3SS activity modulates
CpxRA activity rather than CpxRA protein levels. SycD has been shown to
bind to YopB and YopD and prevent premature translocation; however SycD

and YopD also interact with the 30S ribosome in Yersinia enterocolitica
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(Kopaskie et al., 2013). This suggests SycD has other molecular targets and
one of those targets could directly affect CpxRA activity. Future experiments

should be performed aimed at identifying protein partners of SycD.

In this paper we show that the defects in a major virulence factor, the Yersinia
T3SS, represses activity of the two-component regulatory system CpxRA.
The CpxRA two-component regulatory system normally responds to
extracytoplasmic stress or periplasmic misfolding. We were surprised to see
that expression of the T3SS, which may lead to envelope perturbations,
downregulates CpxRA activity. This may play a beneficial role in preventing
repression of the T3SS, a role CpxRA has been shown to play in many T3SS
positive bacteria including Yersinia pseudotuberculosis. Future experiments
should be carried out to determine the molecular mechanism of how SycD, a
chaperone of the T3SS, modulates CpxRA activity. This supports the model
that the production of virulence factors modulates cellular stress response

networks.

Materials and methods

Bacterial strains, plasmids, and growth conditions

All strains used in this study are listed in Table 1. Y. pseudotuberculosis
strains were grown in M9 minimal media supplemented with casamino acids,

referred to here as M9+3.6 yM FeSOg, at 26°C with shaking at 250 rpm,
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unless otherwise indicated (Cheng et al., 1997). Conditions were achieved by
subculturing an M9+3.6 uM FeSOa4 overnight culture to an optical density at
600 nm (ODeoo) of 0.2 in fresh M9+3.6 uM FeSO4, and shaking for 3 hrs at

37°C.

Construction of Yersinia mutant strains

A 3XFLAG affinity tag was placed at the C-terminus of sycD/IcrH encoded at
the native sycD/IcrH chromosomal locus to facilitate detection of SycD/LcrH
with FLAG monoclonal antibody (Fig S2A). The 3XxFLAG affinity tag was
chromosomally added to the C-terminus of sycD through splicing by overlap
extension (Warrens et al., 1997). Primer pair FsycD_cds/RsycD_cds (Table
2) was used to amplify ~500bp upstream of sycD plus the sycD coding region
excluding the stop codon. Primer pair F3XFLAG/R3xFLAG was used to
amplify the 3xFLAG tag. Primer pair F3'sycD/R3’sycD was used to amplify
the ~500 bp downstream region of iscR including the stop codon. These
amplified PCR fragments were cloned into a BamHI and Sacl digested
pSR47s suicide plasmid [Apir-dependent replicon, kanamycin resistant
(KanR), sacB gene conferring sucrose sensitivity] using the NEBuilder HiFi
DNA Assembly kit (New England Biolabs, Inc). Recombinant plasmids were
transformed into E. coli S17-1 Apir competent cells and later introduced

into Y. pseudotuberculosis IP2666 via conjugation. The resulting KanR,

irgansanR® (Yersinia selective antibiotic) integrants were grown in the absence
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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 sequenced.

Generation of The AsycD mutants were generated via splicing by overlap
extension (Warrens et al., 1997). Primer pairs F5/R5AsycD (Table 2) were
used to amplify ~1000 bp 5’ of sycD. Primer pair F3/R3AsycD were used to
amplify ~1000 bp 3’ of sycD. 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). Mutant strains were

generated as described for the 3xFLAG-SycD strain above.

Quantitative PCR (gPCR) analysis.

A total of 5 mL of culture from each condition were pelleted by centrifugation
for 5 minutes at 3,500 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
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the manufacturer’s instructions, as we previously described (Miller et al.,
2014). Power SYBR Green PCR master mix (Thermo Fisher Scientific), and
primers (Table 2) with optimized concentrations were used to measure target
gene levels. 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 collected 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).

Western blot analysis

Bacterial pellets were resuspended in final sample buffer plus 0.2 M
dithiothreitol (FSBS+DTT) and boiled for 15 min. At the time of loading,
samples were normalized to the same number of cells by ODsoo. 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 rabbit anti-IscR (Nesbit et al., 2009), rabbit anti-YopD (gift
from Alison Davis and Joan Mecsas), goat anti-YopE (Santa Cruz
Biotechnology), rabbit anti-RpoA (gift from Melanie Marketon), and
horseradish peroxidase-conjugated secondary antibodies (Santa Cruz

Biotech). Gels were imaged by Image Lab software (Bio-Rad).
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Table 1. Strains used in this study.

. Source or
Strain Relevant Genotype
References
(Bliska et al.,
IP2666/(WT) Naturally lacks full-length YopT
1991)
(Miller et al.,
IP2666/(AiscR) iscR in frame deletion of codons 2 to 156
2014)
(Liu et al.,
IP2666/(AcpxA) cpxA in frame deletion of codons 41 to 449
2012)
(Davis and
IP2666/(AyscF) yscF in frame deletion of codons 2 to 86 Mecsas,
2007)
(Davis and
IP2666/(AlcrV) lcrV in frame deletion of codons 19 to 346 Mecsas,
2007)
IP2666/(AyopD) yopD in frame deletion of codons
(Adams et
IP2666/(AyopB) yopB in frame deletion of codons 19 to 346
al., 2015)
IP2666/(AyadA) yadA in frame deletion of codons
IP2666/(AsycD) sycD in frame deletion of codons 3 to 156 This work
(Balada-
Llasat and
IP2666/(AyscNU)  In frame deletion of yscNOPQRSTU
Mecsas,
2006)

IP2666/(pYV-)

AyscBL pYV cured

IP2666/(AiscR pYV- Plasmid cured the IP2666/(AiscR) strain

303

(Auerbuch et
al., 2009)

(Schwiesow



) et al., 2018)

(Auerbuch et
1P2666/(Ayop6) Deletion of yopHOJEM
al., 2009)
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Table 2. Y. pseudotuberculosis primers used in this study.

Name Primer Sequence? References
qPCR_cpxP_F CGGTGACGGTAAGATGATGATG This work
gqPCR_cpxP_R CGCATCAAGTCACGCATTTG This work
F_pTRC99a_sycD atttcacacaggaaacagacATGCAACAAGAGACGACAG This work
R_pTRC99a_sycD cctgcaggtcgactctagagTCATGGGTTATCAACGCAC This work
F _pTRC99a_sycE atttcacacaggaaacagacATGTATTCATTTGAACAAGC This work
R_pTRC99a_sycE cctgcaggtcgactctagagTCAACTAAATGACCGTGG This work
gPCR_16s_F AGCCAGCGGACCACATAAAG (32)
gqPCR_16s_R AGTTGCAGACTCCAATCCGG (32)
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Figure 1. Deletion of iscR under T3SS-inducing conditions leads to
upregulation of CpxR activated genes. Expression of cpxP, degP. skp,
dsbA, and ompC in Y. pseudotuberculosis cultured in M9 minimal media for
3hr at 37°C (type 1l secretion system inducing conditions), as measured by
RNA-Seq. Reads are represented by Trimmed Mean of M-values (TMM) of
WT (black) and the iscR mutant (grey). ****p<0.0001; (EdgeR with a

corrected FDR post-hoc test).

307



HE pYV+
= pYV-

I
Te]

VNYS9L/VNYW gxdd

308



Figure 2. Deletion of T3SS genes leads to upregulation of cpxP.
Expression of cpxP mRNA relative to 16s rRNA, as measured by gRT-PCR.
Black bars represent strains with the virulence plasmid (pYV+) while grey
bars indicate strains that no longer possess the virulence plasmid (pYV-).
****p<0.0001; ns non-significant (one way ANOVA with Dunnett’s post-hoc

test).
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Figure 3. Impediment of early and middle substrates leads to activation
of CpxRA. Expression of cpxP mRNA relative to 16s rRNA, as measured by
gRT-PCR. Strain background are indicated under X-axis. Only performed one
biological replicate for yscNU and yscl mutants thus no statistical analysis
was performed on these strains. Statistical analysis was performed using an
unpaired Student’s t-test. Statistical values indicated are (****p<.0001, ***p <

.001, and ns non-significant).
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Figure 4. Impediment of middle substrates leads to activation of CpxRA.
Expression of cpxP mRNA relative to 16s rRNA, as measured by gRT-PCR.
Strain background are indicated under X-axis. Statistical analysis was
performed using an unpaired Student’s t-test. Statistical values indicated are

(***p<.0001).
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Figure 5. Overexpression of SycD leads to inhibition of CpxRA activity.
Expression of cpxP mRNA relative to 16s rRNA, as measured by gRT-PCR.
Strain background are indicated under X-axis. The proteins SycD and SycE
were overexpressed by the addition of 0.2mM IPTG. This experiment was

only performed with two biological replicates and no statistical analysis was

performed.
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Figure 6. Deletion of sycD does not affect CpxRA activity. Expression of
cpxP mRNA relative to 16s rRNA, as measured by gRT-PCR. Strain
background are indicated under X-axis. Statistical analysis was performed
using an unpaired Student’s t-test. Statistical values indicated are (*p<.05 and

ns non-significant).
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Figure S1. Deletion of iscR does not affect cpxR or cpxA mRNA levels.
Expression of cpxR and cpxA in Y. pseudotuberculosis cultured in M9
minimal media for 3hr at 37°C (type Il secretion system inducing conditions),
as measured by RNA-Seq. Reads are represented by Trimmed Mean of M-
values (TMM) of WT (black) and the iscR mutant (grey). ns non-significant

(EdgeR with a corrected FDR post-hoc test).
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Figure S2. Deletion of yadA does not increase cpxP levels. Expression of
cpxP mRNA relative to 16s rRNA, as measured by gRT-PCR. Strain
background are indicated under X-axis. (Need to perform two more biological

replicates)
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