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Abstract

Salmonella Typhimurium is a leading contributor to non-typhoid diseases with complex
regulatory networks that are key to understanding its pathogenicity and virulence. I explore the
role of the SRNA 1S200, where its deletion in Salmonella leads to premature induction of the Cys
regulon. The premature induction in AIS200 was validated through qRT-PCR and GFP
transcriptional fusions and occurs at late exponential to early stationary phase. In addition,
AIS200 leads to increased sensitivity to oxidative stress. The focus of this work has been to
understand how AIS200 leads to premature Cys regulon induction, and I present three models:
the futile import/export, the metabolic burden, and LrhA deprivation models. I conclude that the
third model, which proposes a novel function for the global regulator LrhA, provides a promising
direction for future research. Understanding this problem will help uncover how IS200 has

integrated itself into the metabolic machinery of a medically important pathogen.

Keywords

Salmonella Typhimurium, cysteine biosynthesis, insertion sequence 200, SRNA, LrhA

il



Summary for Lay Audience

Pathogenesis and virulence are what allow bacteria to infect, persists and spread within
populations. Proteins are functioning units in the cell to carry out jobs, and these proteins are
regulated at multiple steps throughout their production. For example, transcription is the
conversion of reading a DNA template or gene and copy it to messenger RNA (mRNA), and
translation is turning that mRNA into a protein. Small RNAs (sRNA) will regulate post-
transcriptionally, and the SRNA of interest in this project is the insertion sequence 200 (IS200).

Salmonella Typhimurium is a pathogenetic bacterium and a significant contributor to non-
typhoid gastrointestinal diseases. Our lab has previously discovered that IS200 can regulate
genes in its host Salmonella. When 1S200 is deleted from the Salmonella strain, it causes the
expression of the pathways responsible for pathogenesis to increase. Another consequence of
deleting IS200 is that a pathway for creating cysteine, an important protein building block, is
turned on earlier than expected. In this project, I validate and characterize this premature turn-on
of the cysteine pathway in an IS200 deletion strain. When IS200 is removed, I show that the
Salmonella strain is at a disadvantage when exposed to oxidative stress, which comes from

harmful reactive oxygen molecules.

In addition to validating and characterizing the turning on of the cysteine pathway in Sa/monella
with IS200 deleted, I developed and tested three models to explain how IS200 might be causing
this premature turn-on. Through a series of experiments, I show that the most promising of the
three models I present involved a protein called LrhA. This protein regulates pathways involved
in pathogenesis by preventing their expression, and I provide evidence that LrhA could be
involved in regulating the cysteine pathway. My results imply that this is a novel function of
LrhA and in Salmonella with 1S200 deleted, LrhA could influence the cysteine pathway via

direct and indirect regulation.
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1 Introduction
1.1 Salmonella Typhimurium pathogenicity

Non-typhoid salmonella is a significant contributor to foodborne gastrointestinal diseases
worldwide; a large portion of these cases are caused by Salmonella enterica subsp. enterica
serovar Typhimurium (hereafter Sa/monella). A global burden of disease report stated that in
2017 there were 95.1 million cases of enterocolitis (infection and inflammation of the digestive
and colon), 535 000 cases of disease, and over 50 thousand deaths due to non-typhoid
Salmonella'. The largest population susceptible to Salmonella is South Africa due to a lack of
clean water and malnutrition. Additionally, individuals with HIV, malaria, and sickle cell disease

are at high risk'.

Salmonella must bypass the many facets of the mammalian immune system. Salmonella can
spread through food- and waterborne sources and from animals to people, and people to
people—the prevalence of disease cases linked to Sa/monella increases in warmer climates.
Salmonella will invade the epithelial layer once exposed to the gut and digestive system by
either passive diffusion facilitated through dendritic cells (phagocytotic accessory cells to the
mammalian immune system) or active transport>*. Active transport primarily depends on the
Type 3 Secretion System (T3SS) encoded in the Salmonella Pathogenicity Island 1 (SPI-1) and
causes a ‘trigger’ mechanism for the host cell to engulf the bacterium*°. There are five different
SPIs in Salmonella with more discovered in the typhoid strains®’. SPI-1 is involved in the
invasion process®, SPI-2 encodes a secondary T3SS essential for survival post-infection®, SPI-3
is involved in intramacrophage survival®, SPI-4 is involved in epithelial adhesion!?, and SPI-5
encodes for proteins required by SPI-1 and SPI-2!":12, SPI-3, SPI-4, and SPI-5 are less
characterized, and their functions and regulation are not entirely understood. Once Salmonellae
are passed the epithelial layer, they are phagocytized by macrophages and form Sa/monella
containing vacuoles (SCV) which allow them to evade degradation and fusion with lysosomes
through the expression of effector proteins®>'>13. Salmonella will express and eject these
effector proteins via a secondary T3SS encoded in SPI-2 and inject these effector proteins into
the host cytoplasm from within the SCV. While they express SPI-2 encoded genes, which have

been found to be essential in murine models for macrophage survival'4, they can proliferate



within the SCV®. The macrophage will then undergo apoptosis, exposing the newly proliferated
Salmonella and allowing them to reinfect the epithelial layer or other macrophages leading to the

persistence and spread of infection.

In addition to the T3SSs encoded within SPI-1 and SPI-2, motility is a key determinant in

15-18 “ Achouri et al. show that non-motile Salmonella

successful host invasion and proliferation
has significantly lower uptake in macrophages as both motility and contact frequency are shown
to be key factors!®. The reduced uptake in macrophages was found in both AmotAB (non-motile
where flagella are produced but paralyzed) and AfliOPQOR (non-motile where it lacks flagella);
therefore, the presence of flagella is not as important as the ability to be motile!®. The researchers
have shown that even a cell biased towards the tumbling motion during swimming had a lower
frequency of infection, whereas a cell biased towards running, or smooth swimming, caused an
increased uptake of Salmonella. Centrifugation restored Sa/monella uptake in macrophages for
both AfliOPQR and AmotAB non-motile strains but did not alter the uptake of cells that were
biased for tumbling!®. Flagella are also important in establishing biofilm formation and biofilm
formation is a key determinant in persistent infection!'?2%2!, Biofilm production occurs in an
organized manner through the initial attachment, formation of microcolonies, and maturation.
Flagella are involved in the initial adhesion and generate the force for cell contact. In some

bacteria, flagella are crucial for biofilm maturation?%-22,

Given the importance of SPI-1 and flagellar pathways in infectivity and virulence, it is
unsurprising that these pathways involve complex regulatory cascades. The T3SS encoded in
SPI-1 is controlled in a feed-forward manner where there is a hierarchy of transcription factors
that control the expression of downstream effector genes. For example, HilD is the transcription
factor at the top of this cascade®. It receives sensory inputs from its environment to activate
HilA (a downstream transcription factor), and from there, HilA activates InvF, which encodes
several effector proteins involved in the T3SS (Figure 1)**?°, Similarly, flagellar production is
regulated in a feed-forward manner with the heterohexamer FIhD4C; transcription factor, a class
1 gene product, at the top of the hierarchy and the master regulator!'>2¢2°, It will then proceed to
activate downstream class 2 genes. An important class 2 gene product is FliA, or sigma 28

factor, which is responsible for activating class 3 flagellar genes in addition to its operon3%-32,



fli4 is grouped with fIiZ in its class 2 operon, the latter encoding the FliZ protein that post-
translationally controls HilD protein activity and thus providing one of the several links between
invasion and flagellar pathways®**33. An additional link between the two can be seen through the

activation of fIhDC transcription by HilD (Figure 1)33-3>-36,

Flagellar Invasion
quorum
sensing nutrients ———  fur —l
< HilD
L FIDC «— S 5>

SN

RtsA <«— HilC

i |
CIA —> FliZ ——————- HilA

Flagellar e
apparatus l
***** » Post-translational activation . .SPM
injectisome

— > Transcriptional activation

Figure 1. Overview of flagellar and invasion pathways.

Simplified regulatory flagellar and invasion cascades are depicted with FIhDC and HilD at the top of the respective

cascades where they work in a feed-forward manner to regulate downstream transcription factors.

A lesser understood but important regulator involved in the flagellar pathway is LthA, a LysR-
type transcriptional regulator (LTTR). Early experimentation in Escherichia coli shows that in a
IrhA" strain, there is an increase in over 40 genes at the transcription level anywhere from 3- to
80-fold compared to WT levels®’. These 40 genes had varying roles in flagellar, chemotaxis, and
motility pathways. In exploring the role of LrhA, it was discovered to bind directly to fI/hD but
not its downstream flagellar genes (e.g. flid, fliC, trg), and the LrhA LTTR-binding consensus

sequence was found to be -105 to -117 nucleotides upstream of the fIAD +1 transcriptional start



site. LrhA was also shown to bind to /rh4 and positively autoregulates its transcription®’. Due to
its inability to bind to downstream flagellar genes, LrhA is a regulator of flagellar, motility and
chemotaxis pathways via repression of fTADC. Additionally, LrhA has been found to repress
RpoS translation through Hfg-mediated SRNA pairing*®. rpoS encodes for a sigma factor 38 and
is used for signalling stress and transitioning the cell into stationary phase and is part of biofilm
formation?*3°. Being a part of the LTTR family of regulators, which is the most abundant family
of proteins with over 800 members based on amino acid sequence, they contain a conserved
helix-turn-helix (HTH) domain of 20-90 amino acids from the N-terminus**~2, Traditionally, if a
transcription factor is an activator or repressor, the HTH domain is found at the C- or N-
terminus, respectively. In contrast, the LTTR-HTH domain is found at the N-terminus regardless
of type. Additionally, LTTRs have a conserved co-inducer binding domain that can be found at

the C-terminus. There is currently no known co-inducer for LrhA*.

1.2 Sulphur assimilation and cysteine metabolism

Sulphur, which is essential for life, is predominantly stored in bacteria in the form of cysteine in
cytoplasmic pools. The majority of intracellular cysteine is found in the reduced form, the
oxidized form being cystine, and the reduction of cystine to cysteine is dependent on glutathione
levels**#, Cysteine production is derived from sulphur assimilation pathways in which inorganic
ions such as sulphate and thiosulphate donate sulphur atoms to N-acetyl serine (NAS) which
then gets converted into cysteine (Figure 2A). In E. coli and Salmonella, the expression of the
genes in the sulphur assimilation pathway and the cystine transporters is regulated by the
transcriptional activator CysB*~#8, Similar to LrhA, CysB is another LTTR and its known co-
inducers is O-acetyl serine (OAS) or its isomer NAS. In contrast, sulphide and thiosulphate are
anti-inducers switching CysB to its repressive state 4*49-31, It autoregulates by binding to its
promoter and preventing transcription (Figure 2B)*2. Under conditions of low cysteine and
sulphur, CysB is activated by binding OAS in the C-terminal co-inducer binding domain, CysB
can bind to the promoter region in the absence of a co-inducer but CysB-dependent transcription
requires the binding of acetyl serine®!>2, The binding of OAS to CysB allows for cysB
transcription*#74%32; CysB-regulated genes are referred to collectively as components of the Cys

regulon®,



YdjN, a component of the Cys regulon, is considered the major cystine transporter in E. coli,
transporting cystine from the periplasm into the cytoplasm where it is rapidly converted to
cysteine*#3:46:33 TImportantly, cystine transport by YdjN is not subject to negative feedback
control*. When cells are grown in a poor sulphur source such as sulphate, YdjN expression is
upregulated. Subsequent addition of cystine to the media causes unregulated import of cystine
and thus high levels of cysteine in the cytoplasm, which are toxic to the cell. The cell limits
intracellular cysteine as it can contribute to the Fenton reaction (equations 1 and 2)**»>4. These
reactions are typically dealt with through DNA repair enzymes and lead to minimal damage, but
in the presence of high cysteine levels, this can lead to the continuous production of hydroxyl

radicals for the cell to deal with, thus a larger amount of DNA damage.

Fe?" + HyO, > Fe** + OH + -OH 1
‘OH + DNA - DNA damage 2

As levels higher than 1 mM of cysteine are toxic*, the cell’s survival depends on the rapid
conversion of cysteine to other products (such as methionine, glutathione, ammonia, pyruvate,
and hydrogen sulphide) and the transport of cysteine out of the cells. This phenomenon is
referred to as the futile import/reduction/export cycle®. In addition to YdjN, E. coli and
Salmonella possess a second cystine transport system in the form of an ATP-binding cassette
(ABC) transporter. This transporter consists of the periplasmic binding protein (FliY) and
transport proteins YecS, the transmembrane domain (TMD), and YecC, the nucleotide-binding
domain (NBD), that catalyzes the cleavage of phosphate from ATP*+4%-36 Unlike YdjN, which is
a Na*/H" symporter, FliY-YecSC relies on ATP for its transport. ABC-transporters are widely
used among prokaryotic and eukaryotic populations to move substrates across their
concentration gradients®’->¥. ABC-transporters all share a commonality in their structure, which
the basis comprises of two TMD that shift between inward and outward conformations upon the
binding of the substrate and hydrolysis of ATP, and two NBD to hydrolyze the cleavage of
ATP3%>°, The binding of the substrate is facilitated through a periplasmic-binding protein, and
the periplasmic-binding protein binds to the TMD, therefore determining the transporter’s

specificity and affinity for specific molecules. It has been shown in E. coli that the FliY-YecSC



transport system has a higher affinity for cystine and is energetically favourable in conditions
with low substrate levels compared to YdjN*. fIiY is directly downstream of the flidZ operon
with the arrangement of f1iY, yecS, and yecC seen in Figure 2C. Although fIiY transcription is
subject to CysB regulation, yecSC is not, and their expression is possibly controlled through the
CysB-independent yedO promoter that lies between f1iY and yecSC**#346. YedO encodes
cysteine desulphydrase, which takes cysteine and water and breaks it down into ammonium,
pyruvate, and hydrogen sulphide®. It is currently unknown if upregulation of one or more
components of the FliY-YecSC cystine transporter also drives the futile import/reduction/export
cycle. However, given the lack of feedback inhibition seen with YdjN, one could question if a

similar situation would occur with the upregulation of the secondary transport system.



thiosulphate sulphate .

3203' 8042'
FliY . ®
. H,O0 H,0,
@ o0
cysPUWA
Seljne cysDNC
OAS |cysJH . - .
N\

Cysy YSK cystine cysteine

) -
S-sulfocysteine > ‘

|

methionine and glutathione

—> pyruvate, ammonia, hydrogen sulfide

B serine + acetyl-CoA

cysE
\4 I)
N-acetyl <«—» O-acetyl serine —> =

serine
ii) S ﬂ

C

a0

o2 i
fliy yedO yecS ‘l yecC

Figure 2. Sulphur assimilation pathways and cystine transport, Cys regulon regulation,
and FliA operon.

CysB + OAS




(A) Cysteine biosynthesis via inorganic sulphur sources and transport of cystine into the cytoplasm. YdjN is the
primary transporter of cystine whereas YecSC utilizes a periplasmic-binding protein, FliY, and ATP. (B) Genes that
fall under cysB regulation in the cysteine regulon require acetyl serine, either N- or O- produced by serine
acetyltransferase, for CysB to bind to the upstream promoter region (seen in i)). CysB also negatively autoregulates
(seen in ii), where the addition of OAS binds to CysB and preventing it from binding to its promoter, allowing for
transcription of cysB. (C) The gene structure of the FliA operon is shown along with the genes immediately
downstream. FliA is under FIhDC (sigma 70) and its own (sigma 28) transcriptional regulation whereas FIiY

possesses its promoter under CysB control.

1.3 Small non-coding RNA and 1S200

Small non-coding RNAs (sRNA) have been shown to provide important regulatory control for
many pathways such as metabolism and virulence®!-%3. The insertion sequence 200 (IS200) is a
small dormant transposon roughly 700 base pairs in size. It is conserved throughout enterica
bacteria with orthologs sharing >90% sequence identity®*%3. IS200 produces little to none of its
transposase protein, TnpA, despite its high conservation and low transcription levels being
maintained®. At the 5° end, two products are encoded from I1S200: the tnp4 mRNA and its anti-
sense RNA (art200), where anti-sense is in reference to the tnpA transcript (Figure 3A)%+%, The
pathogenic SL.1344 strain of Salmonella encodes 7 copies of IS200. Given that the IS200 is
highly conserved yet dormant, it points to a possible selective pressure from the bacterial host to
maintain it. SRNA contributes to regulatory cascades through SRNA-mRNA base-pairing to
influence translation and/or transcript stability, typically facilitated through a chaperone such as
Hfq or ProQ®-"°. For example, the sSRNA Spot42 (encoded by spf) is regulated through the
global regulator CRP and base-pairs to the 3’ UTR of 4ilD to positively regulate hilD
transcription and stability’!. Previously, our lab has proposed that IS200 has been maintained in
bacterial populations because both/either IS200-encoded RNAs (t1npA or art200) have been
integrated into host gene expression regulatory networks®’2, To support this hypothesis, our lab
has found that overexpression of the highly structured 5° end of npA affects the expression of
over 70 genes in the LT2 Salmonella strain®. Of these 70 genes, one of them was invF, the
transcription factor downstream of HilA in the SPI-1 invasion cascade (Figure 1), which was
downregulated about 2-fold. In contrast, an SL1344 strain with a portion of the IS200 encoding
the 5° tnpA end deleted in all 7 copies of IS200 (hereafter AIS200) seen in Figure 3B resulted in



the invF mRNA expression being upregulated about 15-fold. The AIS200 strain also exhibited a

hyper-invasion phenotype in studies where HeLa cells were infected but failed to show an

increase in infectivity in the GI tract tissue in a mouse infection model®.

100
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B J ¢ N

Figure 3. Simplified IS200 element.

The structure of IS200 is depicted with the two major transcription units shown. (A) The tnpA transcript encodes
transposase and the 5° portion of this transcript (~110 nt), which includes a stable hairpin structure, forms a stable
SRNA. art200 is an anti-sense RNA that is known to pair with and destabilize the SRNA. (B) Schematic overview of
the removal of the 5° portion of IS200 containing the FRT site”® with [S200 transcription starting at 301 nt.

As a follow-up to our earlier study where we overexpressed the 5° portion of the IS200 tnpA, the
Haniford lab has more recently performed differential gene expression analysis on the SL1344
AIS200 strain relative to WT. This included a targeted analysis of SPI-1 and flagellar genes by
quantitative reverse-transcription polymerase chain reaction (QRT-PCR) and a more global
RNA-seq analysis where differential gene expression was evaluated at early (EE), mid (ME),
and late (LE) exponential growth phases in rich media (Supplemental Table 4-6). This work,
which is still in progress, revealed that the AIS200 isolate of SL1344 (strain DH415) displays
premature induction of flagellar and SPI-1 pathways. This is seen through an increase at the
mRNA level of the master regulators of each of these pathways where there is roughly a 2-fold
increase in fThDC transcript (regulator of the flagellar pathway) and a 5-fold increase in AilD
transcript (regulator of the SPI-1 pathway). In addition to the increase in fTADC mRNA levels, a
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small (30%) but statistically significant decrease in the mRNA levels of an important negative
regulator of fIhDC expression, [rhA, was also observed. While these changes in gene expression
were revealed through qRT-PCR analysis, the RNA-seq analysis provided data supporting the
possibility that deletion of the 5” portion of IS200 in all 7 copies present in the SL.1344 strain
causes an induction of the Cys regulon at LE growth. Typically, the Cys regulon is not induced
in SL1344 grown in rich media until stationary phase. The focus of my thesis work has been to
understand the mechanism through which IS200 deletion in Salmonella leads to premature Cys
regulon induction. Gaining insight into this problem will help uncover how IS200 has integrated

itself into the metabolic machinery of a medically important pathogen.

1.4 Objective and models

This project has aimed to validate and further characterize the impact of partial deletion of IS200
in Salmonella, focusing on understanding the mechanism behind the induction of the Cys
regulon at LE phase. As described below, I developed and tested 3 different models for how
IS200 might impact the control of the Cys regulon. These models are the futile import/export
model, the metabolic burden model, and the LrhA deprivation model. Notably, the first two
models were developed and tested first. The third model came to fruition only after a
serendipitous finding that the transcription factor LrhA binds to the promoter regions of two Cys

regulon genes and the recognition that LrhA mRNA levels are reduced in the AIS200 strain.

Model 1, the futile import/export model, centres around the observed increase in expression of
fliY (the periplasmic-binding protein in cystine transport) in the AIS200 revealed by qRT-PCR
analysis. I propose that this increase is explained by the increase in fIADC expression, which in
turn drives fli4 expression (Figure 1 and 2C). As previously noted, the upregulation of the
functionally related protein YdjN led to a futile cycle of cystine import and cysteine depletion
under conditions of high cystine availability*’. In model 1, I consider the possibility that
increased production of a component of the FliY-YecSC ABC-transporter similarly drives
cysteine depletion by over-importing cystine, which would lead to a rapid depletion of cysteine
through the detoxification pathways (Figure 2A). Accordingly, the depletion of otherwise toxic

cysteine levels is predicted to activate CysB and turn on the Cys regulon. Furthermore, I predict
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that the fIiY gene expression is upregulated due to its tight linkage to the class 2 flagellar operon

fliAZ operon, which is overexpressed in AIS200 due to increases in ffADC expression.

In model 2 (metabolic burden model), I speculate that the upregulation and early induction of the
flagellar and invasion pathways in AIS200 imposes a metabolic burden on cells as they prepare
to transition into stationary phase. The increased protein translation associated with the early
induction of these pathways could lead to a shortage of cysteine, which could become a burden
during late growth. Metabolic burden is a familiar concept in biotechnology and engineering
pathways to produce compounds for industry and pharmaceutical use’*”. Altering these native
pathways for bioproduction requires energy and building blocks that place constraints on the
host cell, thus altering both the resource and energy storage. This imbalance in the gene
expression leads to under- or overexpression of different enzymes and pathways’>. This can be
seen in the metabolic engineering of amorphadiene, a precursor in the production of artemisinin
the anti-malaria drug, where a multitude of genes have altered gene expression regulated through

various inducible promoters in both E. coli and Saccharomyces cerevisiae’®.

The flagellar and invasion pathways consist of a large number of genes. Over 50 genes belong to
about 17 operons that are part of the flagellar cascades divided among them based on the feed-
forward regulation (class 1, 2 and 3) or sometimes referred to as early, mid or late depending on
when they are expressed in the temporal induction?®?*77, In contrast, the invasion cascade
encoding SPI-1, associated chaperones and effector proteins consist of 39 genes under the feed-
forward regulatory cascade under HilD regulation®!®, Sulphur assimilation and cystine
availability are important factors in bacterial growth as they are the primary suppliers for
cysteine levels necessary for protein production. The metabolic burden model proposes that the
upregulation of the complex flagellar and SPI-1 invasion cascades that start early during growth
in AIS200 imposes a burden as the cell transitions to stationary phase. This could cause a

possible shortage of cysteine and thus leads to the induction of the Cys regulon during LE phase.

In model 3, I predict that the reduced expression of LrhA drives the increased expression of Cys
regulon genes observed in LE phase in the AIS200 strain. The development of this model is

based primarily on a ChIP analysis where it was found that LrhA binds to 2 different Cys
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regulon genes promoters, cysD and ydjN. Taken together with qRT-PCR data, which suggests
that LrhA expression is reduced by 30% during early, mid, and late exponential phase, these
observations led to considering that LrhA plays an active role in repressing the Cys regulon and
this capacity for repression is reduced in an AIS200 strain. In considering the roles of LrhA, it is
known to repress fIhDC and rpoS transcription, where RpoS encodes a stress signal sigma factor
for transitioning to stationary phase3”-*8. In addition to its role as a global regulator, it is part of
the LTTR family, the same family as the transcriptional activator of CysB. CysB, along with its
co-activator OAS, and LrhA share an LTTR-consensus binding sequence, leading to the
possibility that LrhA is involved in keeping the regulon turned off. Therefore, due to preliminary
results showing that LrhA binds to ydjN and cysD, its role as a global regulator, and its similarity
to the transcription factor CysB, the LrhA deprivation model proposes that LrhA actively
represses the Cys regulon, and because its activity is reduced in AIS200 this leads to the

induction of the Cys regulon come LE phase.
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2 Materials and Methods
2.1 Strains, plasmids and growth conditions

A list of strains, plasmids and oligonucleotides can be seen in the Supplemental Tables
(Appendix). Salmonella Typhimurium SL1344, or DBH347, was considered WT strain with all
mutant strains derived from it. DBH415 (AtnpA ;.7 referred to as AIS200) was constructed by the
lab via transducing individual IS200 knockout alleles into a single strain. Mutant strains of
SL1344 were constructed via Lambda Red recombineering and checked via polymerase chain
reaction (PCR). Escherichia coli DH5a cells were used for routine cloning and plasmid
propagation. All strains were grown at 37°C with shaking in Lennox broth (LB; 5 g/l NaCl, 10
g/l tryptone, 5 g/l yeast extract) unless otherwise noted. Cultures grown overnight for RNA
extractions were diluted to 1:100 and split into aliquots of 2 ml per culture tube. Where
appropriate the following antibiotics were used: kanamycin (Kan), 25 pg/ml; streptomycin (Str),
150 pg/ml; chloramphenicol (Cm), 20 pg/ml; ampicillin (Amp), 100 pg/ml. For cystine
supplementation, cells were grown in standard Lennox broth overnight and diluted 1:100 in
Lennox broth with 0.5 mM L-cystine. For growth curves, cells were grown in standard Lennox
broth for 7 hours and diluted 1:50 into fresh media. For ChIP analysis, 0.02% arabinose was

added to the growth media during 1:100 subculture growth.

The promoter region of the green fluorescent protein (GFP) present on pDH1039 was replaced
with the promoter of the gene of interest via routine cloning. The desired promoter and GFP
protein lacking the added destabilizing protein was cloned into pACYC184 to form a functional,
long-lasting form of GFP under the promoter of interest (Supplemental Figure 1A). For cysD
GFP, the amplified promoter region of cysD was digested with Sphl and cloned into digested
Sphl pDH1039. pDH1039 cysD GFP was then digested with Xbal and Stul and cloned into
pACYC184 digested with Xbal and Fspl. This was repeated in the construction of ydjN GFP
except that the ydjN insert and pDH1039 were digested with EcoRI and Sphl before cloning into
pACYC184.

For FLAG-tag constructs, pDH1089 was used as a template for recombineering chromosomal

kan marked C-term 3X-FLAG tag to amplify the insert (Supplemental Figure 1B). pDH740 (a
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temperature-sensitive arabinose-inducible plasmid), encoding the recombineering proteins, was
transformed into LT2. Cells were grown ON with 0.02% arabinose at 30°C. Following
subculture, 30 minutes prior to harvesting 0.2% arabinose was added, and the cells were made
electrocompetent. 300 ng of the FLAG insert was transformed. pDH740 was removed through
growth on M9 minimal media (1X M9 salts, 40 pug/ml histamine, 1 pg/ml thiamine, ImM
MgCl,, 0.2% glucose) and introduced into DBH347 and DBH415 by P22 transduction.

2.2 RNA isolation and qRT-PCR

For RNA extractions, the hot phenol method was used’®. The isolated RNA was followed up
with a DNase treatment, and RNA (2 pg) was converted to cDNA using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). cDNA was diluted to 30 ng/ul in TE (50 mM
Tris-HCI, pH 8.0, 1 mM ethylenediaminetetraacetic acid (EDTA)) and stored at -20°C. Three
biological replicates were analyzed with two technical replicates, and 16S rRNA (rrsA4) was used
as a reference gene for relative quantification. qRT-PCR was performed in 20 pul reactions; 10 ng
cDNA, 500 nM of each primer, and PowerUp SYBR Green Master Mix (Applied Biosystems).
ViiA 7 Real-Time PCR system was used with standard settings apart from the
annealing/extension step adjusted to 60.5°C. The relative gene expression for each target was

calculated using the efficiency corrected method™.

2.3 Reverse-Transcription PCR

Reactions (20 pl) contained 1.5 ng/ul cDNA, 1 uM of each primer, and 10 pl GoTaq Green
Master Mix (Promega). For reads greater than 2 kb, Q5 High-Fidelity 2X Master Mix (New
England Biolabs) was used along with 0.5 uM of each primer. 2 pl of PCR reaction was then
subjected to electrophoresis on 1% agarose gel in 1X TAE (40 MM Tris, 20 mM acetic acid, 1
mM EDTA) buffer. UV illumination was used to visualize the products following ethidium

bromide staining.
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2.4 Oxidative stress

S. Typhimurium cells were exposed to H>O: to induce oxidative stress at mid- and late
exponential growth phase. Briefly, cells were grown to either stage (1:100 dilution in 2 ml
subcultures). Reactions (1.25 ml) contained 55 mM H>O; for 15 minutes at 37°C with no
shaking. Control cells were subjected to 1X phosphate-buffered saline (PBS; 137 mM NacCl, 2.7
mM KCl, 10 mM Na;HPOs, 1.8 mM KH,POys) in place of H>O». Following incubation, cells
were kept on ice. Cells were centrifuged at 4°C for 2 minutes at 20 000 x g, the supernatant was
removed, and cells were washed in 1X PBS. This was repeated twice more with a final
resuspension in 1 ml of 1X PBS. Control cells were subject to the same treatment. Washed cells
were diluted to 106 for control cells and 10 for treated cells, and 100 ul of each dilution was
plated on solid media and incubated at 37°C overnight. Colony-forming units (CFU) were
counted following 16 hours of growth, and dilution was accounted for. Total count was average
among treated and non-treated for each growth phase and plotted with the standard error on the

mean. Two-way ANOVA was used to check for significant differences with a p<0.05.

2.5 Chromatin immunoprecipitation

Cells were grown overnight and diluted to 1:100 subcultures to various growth phases.
Formaldehyde was added to a final concentration of 1% and shaken via end-over-end rotation for
15 minutes at room temperature. Glycine was added to a final concentration of 0.2M and shaken
for an additional 10 minutes at room temperature. Cells were centrifuged at 4°C for 5 minutes at
6 000 x g, and the supernatant was discarded. 3 washes in ice-cold 1X Tris-buffered saline (TBS)
(20 mM Tris, 150 mM NaCl) were performed with repeat centrifugation at 6 000 x g for 5

minutes. After subsequent washes, the pellets were frozen at -20°C.

Cells were lysed in 400 ul FA lysis buffer (50 mM HEPES pH 7.0, 150 mM NaCl, ImM EDTA,
1% TritonX-100 [v/v], 0.1% sodium deoxycholate [w/v], 0.1% SDS) with 1X Protease inhibitor
(0.284 pg/ml leupeptin, 1.37 pg/ml pepstatin A, 0.17 pg/ml phenylmethylsulfonyl fluoride
(PMSF), 0.33 pg/ml benzamide) and transferred to a 2 ml tube. 400 pl glass beads (0.1mm in
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diameter; zirconia/silica) were added, and the samples were vortexed in intervals of 30 seconds
vortex and 10 seconds on ice, repeated 10 times. 800 ul FA lysis buffer was added and vortexed
for 30 seconds. The samples were then centrifuged at 20 000 x g for 10 minutes at 4°C, and the
supernatant was transferred to a clean 1.5 ml microfuge tube. 1 pl of RNaseA (20 mg/ml) was
added, and the sample was incubated at 37°C for 30 minutes. Following incubation, three

aliquots of 210 pul and 100 ul were prepared and stored at -80°C.

20 pl of Anti-FLAG M2 MagBeads were equilibrated with two washes of 200 ul of FA lysis
buffer in 2 ml microfuge tubes. 200 pl of the sample was added with 200 pl of FA lysis buffer to
the equilibrated beads and incubated for 1.5 hours at room temperature with end-over-end
rotation. The samples were subsequently washed in 1 ml each in the following order: 3 times FA
lysis buffer, 1 time FA500 buffer (FA lysis buffer with the exception of 500 mM NaCl), 1 time
LiCI wash (10 mM Tris-Cl pH 8.0, 250 mM LiCl, 0.5% NP-40 [v/v], 0.1% sodium deoxycholate
[w/v], 0.1% SDS), 2 times TBS. Following washes, 75 pl of ChIP elution buffer (100 mM Tris-
Cl pH 8,200 uM EDTA, 1% SDS [w/v]) was added to the samples and incubated at 37°C and
eluate was transferred to a new 1.5 ml microfuge tube. This elution was performed twice for a

total eluted sample of 150 pl.

For reverse cross-linking, 200 mM NaCl and 1 ul Proteinase K (20 mg/ml) was added to the
immunoprecipitated samples and 50 pl of ChIP elution buffer was added to 100 pl input control
and the samples were left to incubate at 65°C for 1 hour. Qiaquick PCR Purification Kit was
used to purify both treated and control samples, and 2 pl was used for gene-specific PCR

amplification.

2.6 Growth curves

Growth was measure in a BioTek H1 Synergy microplate spectrophotometer for GFP growth
curves and Multiskan Go microplate spectrophotometer was used for standard growth curves.
Three biological replicates of each strain were grown in standard Lennox media for 7 hours and

then diluted once (1:50). 200 pl of each dilution was added to two wells (technical replicates) of
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a 96-well clear bottom black microplate for GFP curves and a standard F-bottom clear 96-well
plate for non-GFP growth curves. Cultures were grown at 37°C with continuous shaking for 9.3-
12 hours and ODsgo and fluorescence emission (excitation 485nm, emission 528nm) was
measured every 5 minutes for GFP curves. Non-GFP growth curves measured ODgoo every 15
minutes. GFP emission growth curves were plotted as fluorescence versus ODgoo and additional

plots of growth with ODsoo versus time is included in the Appendix (Supplemental Figures 3-6).

2.7 Western blot

DBH673 (WT yecC::3X-FLAG-kan) , DBH674 (AIS200 yecC::3X-FLAG-kan), DBH 675 (WT
fliY::3X-FLAG-kan) and DBH676 (AIS200 f7iY::3X-FLAG-kan) were grown to ODgoo=0.4 and
cells from 1 ml of culture was collected via centrifugation and then resuspended in 800 pl of 1X
TE. 15 ul of sample and 15 pl of sodium dodecyl sulphate (SDS) sample buffer (60 mM Tris-
HCI, pH 6.8, 2% SDS [w/v], 0.1% bromophenol blue [w/v], 1% B-mercaptoethanol [v/v]) were
mixed and boiled for 5 minutes. Samples (10 ul) were then resolved on a 15% polyacrylamide
gels and electroblotted to a polyvinylidene difluoride (PVDF) membrane. Membranes were
incubated overnight with 5% milk solution in Tris Buffered Saline Tween 20 (TBST) (1X TBS,
0.5% Tween-20) at 4°C. Membranes were then incubated with primary antibody (1:5000
dilution: mouse a-FLAG M2, Sigma; mouse a.-DnaK, Enzo) followed by incubation with the
secondary antibody (1:5000 dilution; a.-mouse, Promega). Bands were detected using ECL kit
(Thermoscientific) and imaged using Bio-Rad imager. Membranes were then stripped and re-
probed for loading control (DnaK). AlphaView was used to quantify bands and the amount of
YecC-3X-FLAG and FliY-3X-FLAG. Samples were normalized to internal standard (DnaK)
then relative to WT.

2.8 Glutathione determination

Total glutathione measurements was based on the 96-well plate adaptation®® of the method
described by Tietze®!. Briefly, cells were grown to ODe00=0.4 and lysed by adding 143 mM
sodium phosphate buffer (pH 7.4, 6.3 mM EDTA, 240 mM dibasic sodium phosphate, 45 mM
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monobasic sodium phosphate), 0.01% Triton X-100 and 2 mg/ml lysozyme with periodic

vortexing.

Glutathione reaction buffer (14 ml sodium phosphate buffer, 2.39 mM NADPH, 200 U/ml
glutathione reductase) was prepared and placed on ice until ready. Standard glutathione samples
were prepared in 5% sulphosalicylic acid ranging from 4 to 20 uM. The reaction buffer minus
DTNB was warmed to 30°C, 1 ml of 0.01 M 5,5'-dithiobis(2-nitrobenzoic acid) was added and
let sit for 30 seconds. 125 ul of the glutathione reaction buffer was added to 25 pl of lysed
sample or glutathione standard in a standard F-bottom clear 96-well plate and absorbances were

read at 405 nm using the Multiskan Go microplate spectrophotometer.

Protein concentration was calculated via Bradford assay using Protein reagent dye (BioRad).
Standards were prepared using bovine albumin serum (BSA) at 0.01, 0.1, 0.2, and 0.3 mg/ml.
200 pl of Protein reagent dye was added to 25 pl of sample or standard in a standard F-bottom
clear 96-well plate. The samples were mixed with continuous shaking for 5 minutes and

absorbance was read at 595 nm.

Standard curves were used to calculate glutathione and protein concentration and was reported as

glutathione concentration per mg of protein.
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3 Results

3.1 Validating the premature induction of the Cys regulon in
Salmonella SL1344 with a disruption of IS200

Previous differential gene expression analysis using RNA-seq provided evidence that Salmonella
strain SL1344 AIS200 prematurely induces genes belonging to the Cys regulon. Specifically, in
LE growth Cys regulon genes including yciW, cysK, cysC, cysW, cysN, cysU, cysD and cysP,
exhibit the largest increase in expression versus the WT strain of all 95 genes scored as
differentially expressed at LE phase (Supplemental Table 6). The predicted increase in gene
expression for these genes ranged from 10.5- to 50-fold. Therefore, I set out to validate the
predicted early induction of the Cys regulon in LE phase in AIS200 using qRT-PCR. I chose to
monitor several genes that play different roles in cysteine metabolism: sulphur assimilation
(cysD), transcriptional control of the regulon (cysB), cystine import (fIiY, yecS, yecC and ydjN)
and cysteine detoxification (metC and yciW). YciW has been shown to be involved in converting
cysteine to other products (such as glutathione or methionine) and is a novel gene under CysB
control¥#2, MetC was chosen as a gene of interest due to its role in methionine metabolism.
MetC encodes for the cystathionine B-lyase/cysteine desulphydrase®®. Cystathionine B-lyase
cleaves cystathionine into homocysteine in the methionine production pathway and degrades
cysteine by acting as a cysteine desulphydrase which reduces cysteine into ammonium, pyruvate
and hydrogen peroxide®®. I show in Figure 4, aside from merC (which is not part of the Cys
regulon), the expression of the genes noted above is upregulated in AIS200 anywhere from 2.5-
fold to ~90-fold. Of these upregulated genes, there are two distinct patterns of overexpression.
fliY, yecS and yecC are upregulated in all three growth phases monitored (EE, ME and LE),
whereas cysB, cysD, yciW and ydjN are only overexpressed in LE phase. I also monitored the
expression of two other genes, 4i/D and fliA. These genes were also predicted by RNA-seq to be
upregulated in AIS200 strain and represent critical regulators of pathogenesis. It is seen in Figure
4 that f7i4 is upregulated throughout all three growth phases which is particularly important for
the development of model 1 as will be discussed below. Of the genes examined in Figure 4, the
expression pattern of 4ilD is unique because it is the only gene whose overexpression is apparent

in earlier growth but then decreases in the later growth phases. Recall, that HilD is the master
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regulator of the SPI-1 invasion cascade and this premature induction of 4ilD expression is

relevant to the development of model 2.
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Figure 4. Removal of 5' end of IS200 leads to Cys regulon induction at LE phase.

qRT-PCR was performed on Salmonella SL1344 expressing full length IS200 (WT) or with the 5° end deleted in all
7 copies (AIS200). Strains were grown to early exponential (EE, ODsoo= 0.25), mid-exponential (ME, ODs00=0.3) or
late exponential phase (LE, ODs00=0.4). Target genes included a variety of genes involved in cysteine metabolism, a
gene in the SPI-1 pathway (%i/D) and a gene in the flagellar pathway (f7i4). Error bars show the standard error on

the mean for three biological replicates.

To complement and expand on the findings of the qRT-PCR, I utilized GFP transcriptional
fusions to gain a more extensive temporal coverage of two Cys regulon genes during growth as
the QRT-PCR analysis was limited to only 3 time points. The promoter regions of either cysD or
vdjN were amplified through PCR and cloned into pDH1039 containing the form of gfp which
includes a destabilizing protein. The resulting pDH1039 plasmids with the Cys regulon gene
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promoters were then digested to clone the promoter and GFP gene region lacking the
destabilizing protein into pACYC184 plasmid (Supplemental Figure 1A). This transfer into the
pACYC184 backbone gave rise to a functional GFP gene. These GFP transcriptional fusions
plasmids were transformed into WT and AIS200 forms of SL1344. GFP expression and cell
growth were monitored every 5 minutes through the fluorescent emission (excitation 485nm,
emission 528nm) and light scattering, respectively, for 9.3 hours. Plate reader assays were
performed in biological triplicate with two technical replicates per sample. Read outputs were
averaged and the emission was plotted against the ODgoo which ranged from 0.2 to 1.0 ODego in
the absence of a pathlength corrector. Growth phases were defined based on the plotted growth
curve (Supplemental Figure 2) and ranged as follows: 0.2-0.25 ODeoo for EE, 0.26-0.35 ODeoo
for ME, 0.36-0.45 ODsoo for LE and 0.46-0.61 for ES.

The results from the GFP growth curve supported the findings of the qRT-PCR data shown
above, where there is a greater expression of GFP with the cysD or ydjN promoter in AIS200
compared to WT specifically in later growth stages. This approach not only validates the
occurrence of the Cys regulon induction in AIS200 but provides a more precise timing during
growth as to when the two forms of Salmonella SL1344 (WT and AIS200) differ in their
expression of cysD and ydjN. Shown in Figure 5, both cysD and ydjN expression are induced
earlier in AIS200 as seen by the offset of the emission curves. The expression of cysD is seen to
differ between WT and AIS200 at ODgoo~0.42 whereas ydjN diverges ODgoo~0.475. While cysD
expression is induced earlier, it also reaches a greater emission peak in both WT and AIS200 of
~260 and ~250 A.U, respectively, compared to ydjN emission peaks of ~195 and ~210 A.U for
WT and AIS200, respectively. cysD emission peaks are greater than ydjN emission by about 50
units when comparing the same background [WT versus WT and AIS200 versus AIS200] (Figure
5). Additionally, growth is reduced in the AIS200 strain (maximum ODeo0~0.8) compared to WT
strain (maximum ODgo0~0.925). The difference between cysD and ydjN inductions is presumed
to reflect the different roles in cysteine metabolism; that is, the former is part of sulphur
assimilation and the latter cystine transport. This analysis provided a more detailed
understanding of when the Cys regulon induction occurs that could not be obtained solely

through qRT-PCR analysis.
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Figure 5. GFP monitoring of cysD and ydjN in Salmonella SL.L1344 WT and AIS200 strains

grown in rich media.

pACYCI184 transcriptional fusion contained the promoter region of either cysD [black and grey] or ydjN [red and
blue] upstream of the GFP long-lasting form of the gene and transformed into WT [grey and red] and AIS200 [black
and blue]. Cells were grown for 7 hours and diluted 50-fold into fresh Lennox media. 3 biological replicates and 2
technical replicates were added to a 96-well plate and fluorescence was measured every 5 minutes for roughly 9.3
hours. Average values for 3 biological replicates are shown. Growth phases (defined in the text) are shown on the x-
axis. Fluorescence, measured in Arbitrary Units (A.U.), is shown on the y-axis. Note that the ODsoo reading was not

adjusted for path length.

Despite clearly depicting that the Cys regulon induction occurs in ES phase in AIS200 as seen by
monitoring the fluorescence in the growth curve analysis, the following experiments were

conducted at LE phase because the GFP transcriptional fusions were only successfully made
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very late in the project. Thus, I could not observe the precise timing that the Cys regulon
induction differs in the AIS200 from the WT strain. In retrospect, knowing that there is a more
significant difference in cysD and ydjN expression between AIS200 and WT in early and late
stationary growth, it would have been more beneficial to perform the subsequent analyses later
than LE phase where the two strains diverge. Nevertheless, due to the initial findings that there is
an upregulation at LE phase (Figure 4 and Supplemental Table 6) while troubleshooting the
construction of these GFP fusions, I continued the project with the knowledge that it is possible

to observe the premature Cys regulon induction at LE phase.

3.2 Providing exogenous cystine or disruption of CysB represses

the Cys regulon induction in the AIS200 strain

Cysteine production is derived from sulphur assimilation pathways where sulphur is provided
through ions such as sulphate and thiosulphate to donate sulphur atoms to NAS through a series
of steps mediated by Cys regulon genes. The activation of the Cys regulon requires CysB
binding, which is activated in the presence of OAS or NAS, and sulphur limitation. Without
sulphur limitation, cysteine will inhibit the production of NAS at levels greater than | mM
preventing the Cys regulon from being activated and preventing cysteine toxicity>>. I
hypothesized that the growth specific Cys regulon induction in the AIS200 strain reflects a
cysteine shortage. Accordingly, I expected that by adding exogenous cystine, the induction of the
Cys regulon genes would be suppressed in the AIS200 strain. I tested this by providing 0.5 mM
L-cystine to rich media and used qRT-PCR to monitor the relative gene expression of select Cys
regulon genes (cysB, cysD, cysP and ydjN). As seen in Figure 6, cystine supplementation did
suppress the induction of this subset of Cys regulon genes at LE phase in the WT and AIS200
strains. cysB expression is unchanged between WT and AIS200 when exogenous cystine was
added while being reduced by ~20% than WT in standard media. All the other genes tested (e.g.
cysD, cysP and ydjN) are down-regulated anywhere from 2- to 4-fold, or reduced by 50-75%, in
the supplementation condition (both WT + cys and AIS200 + cys, pink and red bars) relative to
WT with no L-cystine added (white bars) (Figure 6).



24

57 [] WT LE
I AIS200 LE
[] WT +cys LE

4 - Bl AIS200 + cys LE
C
Ke}
7
o 37
o
x
LLl
(O]
=
& 2
()
oY

1 ]

0 ) Ir—-| - Il_--| - I’*‘ [

Q Q Q NS
&% (ﬁ% d‘b *b\

Figure 6. Impact of adding exogenous cystine on the expression of select Cys regulon genes

at LE phase.

gRT-PCR was performed on Salmonella WT and AIS200 strains grown to late exponential phase (LE, ODs00=0.4) in
rich media (white and grey) or rich media supplemented with 0.5 mM L-cystine (pink and red). Target genes were
those involved in cysteine biosynthesis and cystine transport (ydjN). Error bars show the standard error on the mean

for three biological replicates.

Given the role of CysB in regulating sulphur assimilation for cysteine biosynthesis, cystine
transport and cysteine detoxification, I hypothesized that removal of cysB will prevent the
induction of the Cys regulon during LE in the AIS200 strain. By testing the removal of the
transcription factor CysB, I ask if the Cys regulon induction seen in the AIS200 strain reflects

IS200 affecting the canonical pathway of activating cysteine metabolism. Accordingly, I
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expected that if the Cys regulon induction is still present in the AIS200AcysB strain, it points to
IS200 effecting a non-canonical pathway. Using qRT-PCR I tested this by monitoring the
relative gene expression of select genes involved in cysteine metabolism (cysP), cysteine
detoxification (yciW), and cystine transport (fIiY, yecS, yecC, ydjN) in AIS200AcysB relative to
AcysB.

Results from the qRT-PCR analysis confirm that there is no induction of cysP, yciW or ydjN in
AIS200AcysB at LE phase (Figure 7). Specifically, cysP, yciW, and ydjN expression in the
double mutant AIS200AcysB show no induction relative to AcysB in all three growth phases.
This experiment is limited to AcysB mutants with no WT and AIS200 strains present with the
expression relative to AcysB in each growth phase. If WT were present the relative expression of
cysP, yciW, and ydjN in AcysB and AIS200AcysB would be a 100% decrease compared to WT (0
expression in AcysB versions relative to 1 in WT). [ have shown in AIS200 strain the
upregulation of cysD (which behaves similarly to cysP), yciW, and ydjN range from 90-fold to
15-fold increase relative to WT in LE phase (Figure 4). The expression of cysP, yciW, and ydjN
in AIS200AcysB compared to AIS200 would be anywhere from 9000% to 1500% decrease [0
expression in AIS200AcysB compared to 90- to -15-fold increase AIS200 relative to 1 in WT]. In
addition, the expression of flid, fliY, yecS, and yecC is not affected by the removal of cysB where
their expression is seen to be induced throughout EE, ME, and LE growth phases in
AIS200AcysB relative to AcysB (Figure 7). fliA and fliY show similar patterns of expression
where the relative expression is higher at ME than EE and LE. yecS and yecC are seen to be
upregulated ~2-fold through all three growth phases monitored. This demonstrates that in the
absence of the transcriptional activator CysB the Cys regulon was not induced in AIS200 at LE
phase, and genes that do not belong to the Cys regulon (f7id, vecS, yecC) along with fIiY are
shown to be CysB-independent. In providing evidence that the Cys regulon induction reflects
cysteine shortage and a dependency on CysB regulation, I show that AIS200 is not affecting any

non-canonical mechanisms of activation.
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Figure 7. Impact of cysB deletion on the Cys regulon induction during growth.

gRT-PCR was performed on Salmonella AcysB and AIS200AcysB grown to early exponential (EE, ODgsoo= 0.25),
mid-exponential (ME, ODs00=0.3) and late exponential (LE, ODs00=0.4) phases. Expression is relative to AcysB and
targets include genes involved in cysteine biosynthesis, cysteine degradation (yciW¥), cystine transport and a gene in

the flagellar pathway (fli4). Error bars show the standard error on the mean of 3 biological replicates.

3.3 Cysteine biosynthesis and oxidative stress

Cysteine plays an important role in cellular response to oxidative stress as it is a building block
for antioxidants such as glutathione and, through its conversion to cystine in the periplasm

(Figure 2A), provides reducing power for the conversion of hydroxyl radicals to water®*85. At
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the same time, over-import of cystine (a consequence of increased expression of cystine
importers or lack of feedback inhibition) puts the cells at greater risk of oxidative damage
because it would drive a depletion of cysteine in the cytoplasm. Thus, in part of characterizing
the impact of removing 5’ end of 1S200, I hypothesized that induction of Cys regulon is
indicative of a cysteine depletion and will leave the cells hypersensitive to oxidative stress. |
tested this by treating WT and AIS200 cells with hydrogen peroxide to induce oxidative stress at
either EE or LE growth phases and looked for evidence of differential cell survival by plating
treated and untreated cells for colony-forming units (CFUs) (Figure 8). The results show no
difference in survival between treated cells and untreated across both backgrounds in EE phase,
which is before the Cys regulon induction in the AIS200 strain (Figure 8A). In contrast, AIS200
cells have reduced survival (roughly 5-fold) relative to WT cells in LE phase (Figure 8B). This
strongly supports the idea that the removal of IS200 causes cysteine depletion, that, in turn

sensitizes the cells to oxidative stress.
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Figure 8. Salmonella WT and AIS200 exposure to oxidative stress.

Cells were grown to either (A) early exponential (ODe00=0.3) or (B) late exponential (ODs0o0=0.4) phase and
oxidative stress was applied through exposure of the cells to hydrogen peroxide (55 mM) for 15 minutes. Cells were
then diluted to 10 -10° and plated on rich media agar plates and let grow at 37°C for 16 hours. Colony-forming
units (CFUs) were counted, and error bars represent the standard error on the mean for 6 (A) and 12 (B) biological

replicates. n.s for not significant; *p<0.0001 and **p<0.05, two-way ANOVA.

3.4 Model 1 — the futile import/export model

To this point I have provided evidence that validates the presence of a premature induction of the
Cys regulon present in the Sa/monella SL1344 AIS200 strain during LE-ES phases due to a
transient shortage of cysteine and/or sulphur. Previous research has shown that increased
expression of YdjN, the primary cystine transporter, can drive a futile cystine import/cysteine

export cycle that drives the depletion of cytoplasmic cysteine*’. Given this precedent, I was



29

intrigued with the observation that all the components of the second cystine transporter system,
FliY-YecSC, are overexpressed throughout all three growth points in the AIS200 strain which
starts early in growth (Figure 4). This raised the possibility that persistent overexpression of the
FliY-YecSC cystine transporter may be driving a cysteine depletion through a similar futile

cystine import/cysteine export cycle (Figure 9).

Futile import/export model

e Increased cystine transporter driving
a futile cycle

@FliY
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[ — | o
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|

Premature induction of the Cys regulon

Figure 9. The futile import/export model.

A simplified diagram of the proposed futile import/export model (model 1) where an increase in expression of the
cystine transporter, FliY-YecSC, drives a depletion of intracellular cysteine leading to the premature induction of

the Cys regulon.

To test this, I wanted to look at the dependence of the Cys regulon induction on F1iY in the
AIS200 strain. In addition, I wanted to gain some insight into the mechanism through which
FliY-YecSC overexpression occurs in the AIS200 strain. Regarding the latter, it seemed likely
that the increased expression of FliA observed in AIS200 could be driving increased expression
of FliY-YecSC. In Salmonella, the fliY, yecS and yecC genes are located immediately
downstream of the FliA operon (Figure 2C). Accordingly, transcriptional read-through from the
FliA operon could, in theory, drive coordinate regulation of these down-stream genes. To test
this possibility, I performed crude mapping of transcripts through the FliA operon. This involved
preparing cDNA with primer sets that hybridize to different portions of the fli4-fliY-yecSC locus.
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For example, if there is transcriptional read-through from the fli4 gene to the fIiY gene, a
combination of the f7i4 and fIiY primers would give an RT-PCR product. To ensure that any PCR
products detected were the result of amplification of cDNA as opposed to genomic DNA, PCR
reactions were also included wherein the reverse transcriptase was left out of the cDNA

synthesis reaction.

I first performed RT-PCR analysis described above using primer sets that would amplify
transcripts from flid, fliA-fliY, fliA-yedO, and fliA-yecS in WT and AIS200 at LE phase. I show in
Figure 10 that there is more fli4 transcript in AIS200 compared to WT, which is to be expected
with the overexpression of flagellar synthesis in an AIS200 background (Figure 4). Additionally,
I show that there are transcripts that span from f7i4 to fIiY and from fli4 to yedO but not from fli4
to yecS, and that these read-through transcripts are generated only in the AIS200 strain. From this
data it seems likely that upregulation of FliA in the AIS200 strain drives increased expression of

fliY but not yecS or yecC.
WT AlIS200

1 2 3 4 1 2 3 4

Figure 10. Transcript mapping downstream of the FliA operon.

RT-PCR was performed on Salmonella WT and AIS200 strains grown to LE (ODes00=0.4) and analyzed on 1%
agarose gel. Primer sets included fli4 5’ to (1) flid 3°, (2) fliY 3°, (3) yedO 3’ and (4) yecS 3’. A negative control
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(n.c) wherein the reverse transcriptase was left out of the PCR reactions was included. Transcripts were present for

fliA-fliA (black arrow), flid-fliY (red arrow) and fliA-yedO (blue arrow).

Since FliY works in conjunction with YecSC to drive cystine import, I also wanted to test the
possibility that there is coordinated regulation of these genes being driven by f7iY transcription.
To this end, I performed RT-PCR analysis with primer sets anchored in fIiY to yecS and fIiY to
yecC genes. I show in Figure 11A that there is no transcriptional read-through from f7iY to either
vedO, yecS, or yecC. I included cDNA made from both AcysB (Figure 11B) and AfliAZ (Figure
11C) strains in this analysis to further investigate the dependence of fliY gene expression on cysB
and fli4. This analysis supports the idea that fIiY transcription is not exclusively driven by fli4 in
the AIS200 strain because fIiY transcript was detected in the AfliAZ strain. In fact, fIiY has its
own promoter and this promoter is under CysB regulation33!43, Based on my observation that
SliY transcript is produced in a AcysB strain in both the crude transcript mapping and qRT-PCR
experiments, I can conclude that Sa/monella fIiY transcription is not solely dependent on CysB.
The results of this transcript mapping analysis supports that FliA overexpression in the AIS200
strain at least contributes to fIiY overexpression, but curiously not to yecS or yecC

overexpression, which appears to be independent from f7i4 and fIiY.

WT A1S200

1234123412341 234123412324
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B " AcysB

AfliIAZ

Figure 11. Transcript mapping downstream of fIiY.

RT-PCR was performed on Salmonella WT and AIS200 in triplicate samples grown to LE (ODs00=0.4) and analyzed
on 1% agarose gel. Primer sets included fliY 5’ to (1) fliY 3°, (2) yedO 3°, (3) yecS 3’ and (4) yecC 3’. Transcripts
were present for fiY-fIiY in both the WT and AIS200 strains.
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Next, because of the hypothesized implication of a futile import/export cycle driving cysteine
depletion and Cys regulon induction, it was important to show increased FliY and YecC protein
expression in the AIS200 strain. To do so, I constructed 3X-FLAG tagged fIiY and yecC genes in
the AIS200 strain through recombineering. I then performed a Western blot analysis on these
strains grown to LE phase. As shown in Figure 12, the YecC and F1iY protein levels are
increased ~5.5-fold and ~3-fold, respectively, in the AIS200 strain background. This was a
positive outcome that further solidified the possibility that the FliY-YecSC cystine transport
system could drive a futile cystine import/cysteine export cycle in the AIS200 strain.
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Figure 12. Western blot analysis to measure FliY and YecC levels.
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Salmonella WT and AIS200 cells contained a 3X-FLAG tag added on to the end of fiY and yecC genes and cell
extracts were prepared at LE phase (ODes00=0.4) for both the AIS200 and WT SL1344 strains and probed with anti-
FLAG antibody. The quantified protein amount of (A) YecC and (B) FliY present in AIS200 relative to WT shown.
Probed blots shown in (C) with DnaK as a loading control. Error is the standard error of the mean of 6 biological

replicates with exception of WT FliY with 5 biological replicates.

To test whether the overexpression of FliY-YecSC transport system contributes to the early
induction of the Cys regulon seen in the AIS200 strain at LE-ES, I tested the direct removal of
fliY on Cys regulon induction. The removal of fIiY in this cystine transport system is sufficient to
removal all ATPase activity, and therefore its ability to transport substrates>®. It is expected that
if the overexpression of FliY-YecSC cystine transporter drives a depletion of available cystine
and leads to the induction of the Cys regulon at LE-ES phase, then inhibition of transporter
function (through the knockout of the f7iY gene encoding the cystine binding protein) would
prevent the Cys regulon induction seen at LE-ES phase in the AIS200 strain. I tested this
hypothesis using two different methods. I first performed a qRT-PCR experiment on the relevant
AfliY strains, and second, I used the plasmid encoding Cys regulon genes (cysD and ydjN) fused
to GFP in AfIiY strains and measured GFP expression as a function of growth phase. The qRT-
PCR results presented in Figure 13 show that knocking out the fIiY gene partially inhibited cysD
and cysP induction in the AIS200 strain background, thus suggesting that cysD and cysP
induction in the AIS200 strain is at least partially dependent on f/iY. Unexpectedly, this
experiment also demonstrated that AfliY increases both cysD and cysP expression at the mRNA
level in the single knockout strain where the expression of these two genes were increased 4-fold
relative to WT. In this experiment, I also analyzed the expression of two genes (fliZ and hilD)
whose expression is not expected to be affected by the f7iY knockout but is affected by the
disruption in IS200. As shown, the expression of either fliZ or hilD was not influenced by the
removal of fIiY (Figure 13).
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Figure 13. Impact of fIiY deletion on Cys regulon induction.

qRT-PCR was performed on Salmonella SL1344 WT or AIS200 strains grown to late exponential (ODg00=0.4).
Target genes included those belonging to the Cys regulon and markers of the SPI-1 pathway (4ilD) and flagellar

(fliZ). Error bars are the standard error of the mean for three biological replicates.

The second method to test if the Cys regulon induction is dependent on f7iY used pACYC184
cysD GFP and pACYC184 ydjN GFP transformed into AfliY and AIS200AfIiY strains and I
monitored the gene expression during growth (Figure 14). Given the results shown in Figure 13,
it was expected that introducing the fIiY deletion into the AIS200 strain would supress cysD
expression relative to WT on its own and this would manifest as a right-ward shift in the GFP
expression curve. However, as shown in Figure 14A the expression of cysD was not significantly
different between the AIS200 and AIS200A/7iY strains. Notably, both strains showed an early
induction of cysD relative to WT strain seen in the left-ward shift of the GFP expression curve.
In addition to cysD, I checked a second Cys regulon gene (ydjN) in this assay and again failed to
see the expected suppression of the early Cys regulon induction in the AIS200AfIiY strain.
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At the current time, it is unclear what is responsible for the discordance in the results presented
in Figures 13 and 14 regarding the apparent dependency of early Cys regulon induction on fliY
(see Figure 13). The conflicting results between these two approaches gave cause to consider

alternative models for early Cys regulon induction in the AIS200 strain.
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Figure 14. GFP monitoring of cysD and ydjN in WT and AIS200 strains containing AfliY

grown in rich media.
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pACYC184 transcriptional fusion containing the promoter region of cysD (A) or ydjN (B) is upstream of the long-
lasting form of GFP in either WT [grey], AIS200 [black], AfliY [red], AIS200Af1iY [blue]. Cells were grown for 7
hours, diluted 50-fold into fresh Lennox media. 3 biological replicates and 2 technical replicates were added to a 96-
well plate and fluorescence was measured every 5 minutes for roughly 9.3 hours. Average values for 3 biological
replicates are shown. Growth phases (defined in the text) are shown on the x-axis. Fluorescence, measured in

Arbitrary Units (A.U), are shown on the y-axis. Note that the ODsoo reading was not adjusted for path length.

3.5 Model 2 — the metabolic burden model

In model 2, I considered the possibility that the upregulation and premature induction of the
flagellar and SPI-1 cascades due to the disruption of IS200, leads to a temporary depletion of
available cysteine because of the increased demand for cysteine under conditions of increased
protein synthesis (Figure 15). Additionally, because cysteine and indirectly methionine (as
cysteine is a component required for its production) relies on sulphur availability, producing
these amino acids could become rate limiting in conditions where levels of protein synthesis are

exceptionally high.

Metabolic burden model

e Resource strain

] flnDC ] hilD

l
I Protein synthesis

|

Premature induction of the Cys regulon

Figure 15. The metabolic burden model.

A simplified diagram depicting the metabolic burden model (model 2) where increased expression of the flagellar
(fThDC) and SPI-1 (hilD) cascades lead to a resource strain on the cell, which is proposed to cause a premature
induction of the Cys regulon.
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This type of metabolic burden is commonly encountered in metabolic engineering research
where entire pathways are being optimized and overexpressed in heterologous hosts and
typically manifest as a slowing of growth. Notably, the Sa/monella AIS200 strain exhibits a slow
growth phenotype, which could indicate experiencing a metabolic burden. On rich solid media,
the AIS200 strain displays smaller colony size compared to WT and in rich liquid media, the
AIS200 cultures exhibit reduced saturation of overnight growth compared to WT cultures. The
AIS200 strain also transitions into stationary phase earlier than WT (Figure 16); while both WT
and AIS200 have similar growth during the first 180 minutes, the AIS200 cells lag in the
remaining growth and transition into stationary phase at half the ODsoo compared to WT. This
reduced growth is also seen in the GFP assay, where WT reaches a maximum ODg0o~0.925

whereas the maximum for AIS200 is ODgoo~0.8 (Figure 5).
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Figure 16. Growth of Salmonella S1.1344 WT and AIS200 in rich media.

Growth of indicated strains was measured in a 96-well microplate spectrophotometer every 15 minutes at 37°C for
12 hours. Strains were grown in Lennox media. Error represents standard error on the mean of three biological

replicates. ODesoo was measured in the absence of a path length corrector.
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To test the metabolic burden model, I chose two approaches. First, I asked if cysteine levels
fluctuated significantly during growth of the AIS200 strain relative to WT. Thus, I indirectly
measured glutathione levels at the growth point (LE-ES) when the Cys regulon induction occurs
in the AIS200 strain. Notably, I did not have access to an assay to measure the intracellular
cysteine concentration directly. Instead, I measured intracellular glutathione levels, which has
several links to cysteine to provide an indirect measure of cysteine levels. Second, I asked if
blocking either the flagellar or the SPI-1 cascade, through removing a key transcription factor at
the top of the regulatory cascade, influences the timing of Cys regulon induction in the AIS200
strain. Blocking the expression of either of these two pathways could reduce the predicted

metabolic burden associated with expressing these pathways.

Glutathione is an important antioxidant produced in Salmonella, and its synthesis can be broken
down into a 2-step process. First, glutamate and cysteine form y-glutamylcysteine, which then
forms glutathione through the addition of glycine. There are several important links between
cysteine and glutathione. These include the availability of cysteine being the rate-limiting step

for glutathione production*86

, intracellular conversion of cystine to cysteine is dependent on
glutathione*, and glutathione is a stored source of cysteine via the y-glutamyl cycle
(Supplemental Figure 7). As the formation of y-glutamylcysteine is the rate-limiting step in
glutathione biosynthesis, key determinants of glutathione production are cysteine availability and
the activity of glutamate cysteine ligase. Due to cysteine being a limiting component for
glutathione production, glutathione levels are directly related to cysteine levels. Utilizing
Ellman’s reagent for thiol determination, I measured the total glutathione levels in WT and
AIS200 at LE-ES phases and found no significant difference in the intracellular glutathione
levels; for both WT and AIS200 glutathione was present at roughly 10 uM/mg protein (Figure
17). Ellman’s reagent, or 5,5’-disthiobis(2-nitro-benoic acid) (DTNB), has been adapted multiple
times for enzymatic determination of glutathione®®8!-8-90_ Ellman’s reagent is an aryl disulphide
compound where the addition of a thiol group, in the form of reduced glutathione, cleaves the
disulphide bridge forming 5-thio-2-nitrobenzoic acid (TNB), which can be monitored at 405 nm.
The rate at which TNB is formed (measured through colorimetric change) is proportional to the

amount of glutathione present. This enzymatic method allows for specific determination of
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glutathione thiols and has been adapted to be performed in a 96-well plate®**8, The predominant
form of glutathione found is oxidized glutathione (>98%) and is a large source of stored
cysteine®’. As there was no difference in glutathione levels between AIS200 and WT strains, this
measurement did not provide evidence supporting cysteine depletion in the AIS200 strain, at
least in the single growth point examined. A limitation to this experiment is that it is reserved to
a single growth point. Additional glutathione measurements at EE and ME phase would provide
a complete understanding of any changes in the glutathione, and indirectly cysteine, levels in the

AIS200 strain compared to WT.
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Figure 17. Glutathione levels in Salmonella S1.1344 WT and AIS200 with and without
AhilA at LE phase.

Total intracellular glutathione levels were measured using Ellman’s reagent. Glutathione presented in pM per mg of
protein. Protein levels were determined via Bradford assay. Error shows the standard error on the mean of three

biological replicates.

Next, [ used cysD and ydjN GFP transcriptional fusions to monitor the Cys regulon induction in

AIS200 strains that contained a second gene disruption that blocked the SPI-1 turn on (AhilA) or
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flagellar cascade turn on (AfIhDC). As shown in Figure 18A, the early induction of cysD is seen
in the AIS200 strain (black dots) compared to the WT strain (grey dots). This leftward shift in the
GFP expression profile was also observed in the AIS200A%ilA strain (blue dots) but not in the
AhilA strain (red dots). Similar results were obtained when the reporter gene was ydjN seen in
Figure 18B. Notably, blocking the SPI-1 induction through the removal of /4il4 in either the WT
or AIS200 strains also did not impact intracellular glutathione levels (Figure 17). These results
taken together indicate that blocking the SPI-1 induction does not suppress the early Cys regulon
induction occurring in the AIS200 strain and accordingly does not support the metabolic burden

model.



42

300- e WT+pACYC184 cysD GFP
e AIS200 +pACYC184 cysD GFP o
e AhilA +pACYC184 cysD GFP TR
e AIS2004hilA +pACYC184 cysD GFP » * .
o .' ‘:‘:. -..:'.’
2501 P Ty
R
=) et
< Y
@ *
8 . ~. o
g 200 7
(7] L ] o
o ° L.
S olm ot
S . Se
T PR T Fe
LA
Lo
1504 &, I S
'? \-.‘- 3 .:....': .‘q...l:- -
st .'-".T..: ;'._-.. ' % S'l-.’:;.- .
} i II. i} {
EE ME LE ES
A 100 T T T T T T T T T T T T T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 10 1.1
OD600
2507 e WT +pACYC184 ydjN GFP
e AIS200 +pACYCY184 ydjN GFP
e AhilA +pACYC184 ydjN GFP
e AIS200AhilA +pACYC184 ydjN GFP =+
—~ 2001
2
<
(0]
(&)
c
[0]
(&)
(2]
o
o
E
L
150-
;’.i": . .,...’;:.
8% ., P X LR o o %% B
.."‘.‘:,‘...... : ."'.-..'."t'. ‘\ .‘ <
) PR L D ,.u.... .
—i —t |
EE ME LE ES
B 100 T T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 10 1.1
OD600

Figure 18. Removal of hil4 on cysD and ydjN expression via GFP monitoring in Salmonella

SL1344 WT and AIS200 strains grown in rich media.

pACYC184 transcriptional fusion to either (A) cysD or (B) ydjN promoter region upstream of the long-lasting form
of GFP transformed into WT [grey], AIS200 [black], AhilA [red] or AIS200AkilA4 [blue]. Cells were grown for 7
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hours, diluted 50-fold into fresh media. Three biological replicates and two technical replicates were added to a 96-
well plate and fluorescence was measured every 5 minutes for ~9.3 hours. Average values for 3 biological replicates
are shown. Growth phases (defined in the text) are shown on the x-axis. Fluorescence (A.U) are shown on the y-

axis. Note that the ODsoo reading was not adjusted for path length.

Finally, testing to see if a disruption in the flagellar cascade turn-on (AfIADC) influences the
timing of the Cys regulon induction in the AIS200 strain using cysD and ydjN GFP
transcriptional fusions showed that the dominant phenotype of AflADC is removing the Cys
regulon induction entirely. As seen in Figure 19, the early induction of cysD and ydjN observed
in the AIS200 strain (black dots) is seen by the leftward shift in GFP expression profile
compared to the WT strain (grey dots). Interestingly, the disruption in f/ADC resulted in no
induction of either of the monitored cysD or ydjN genes in both the AflhDC and AIS200A/IhDC
strains. This dominant phenotype where removal of fT/ADC removes the Cys regulon induction
points to an unexpected connection between the two, which will be considered further below
(see discussion). Thus, blocking the flagellar pathway via AflhADC cannot be used to measure any
effect on reducing a possible metabolic burden associated with overexpressing this pathway in

the AIS200 strain.
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Figure 19. Removal of flhDC on cysD and ydjN expression via GFP monitoring in
Salmonella SLL1344 WT and AIS200 strains in rich media.

pACYC184 transcriptional fusion to either (A) cysD or (B) ydjN promoter region upstream of the long-lasting form
of GFP transformed into WT [grey], AIS200 [black], AfIADC [red] or AIS200AfThDC [blue]. Cells were grown for 7
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hours, diluted 50-fold into fresh media. 3 biological replicates and 2 technical replicates were added to a 96-well
plate and fluorescence was measured every 5 minutes for ~9.3 hours. Average values for 3 biological replicates are
shown. Growth phases (defined in the text) are shown on the x-axis. Fluorescence (A.U) are on the y-axis. Note that

the ODesoo reading was not adjusted for path length.

In conclusion, the Salmonella AIS200 strain undoubtedly has an added metabolic pressure with
SPI-1 and flagellar cascades being overexpressed. The effects of exceptionally high protein
synthesis, seen by the upregulation of downstream genes such as invF (SPI-1 cascade) and
motAB (flagellar cascade), can be seen phenotypically through reduced colony size and overall
reduced growth (Figure 16). An effort to test the pressures of the SPI-1 pathway by blocking its
turn-on (AhilA) did not support the metabolic burden model. In addition, blocking the flagellar
pathway resulted in the complete removal of cysD and ydjN expression in the AflhDC and
AIS200AfIhDC strains. This dominant effect does not allow for measuring any metabolic burden
that overexpression of the flagellar pathway may cause. Therefore, in an effort to understand the
mechanism behind Cys regulon induction at LE-ES phase in the AIS200 strain, I did not continue
this line of inquiry. Instead, I proceeded to test and develop the third model presented below.

3.6 Model 3 — the LrhA deprivation model

The final model developed and tested during this project was the ‘LrhA deprivation” model.
LrhA is a less characterized global regulator belonging to the family of LTTRs and is known to
repress fIhDC transcription®’. Previous unpublished findings from our lab using gRT-PCR to
look at differential gene expression and followed up with Western blotting showed that LrhA
RNA and protein levels are reduced by about 30% in Salmonella SL1344 AIS200 compared to
WT (data not shown). One possibility the Haniford lab is currently exploring is that the reduced
levels of LrhA could be responsible for the early SPI-1 induction and increased expression of the
flagellar pathway in the AIS200 strain. Notably, increased expression of FIhDC is expected to
increase expression of both the flagellar and SPI-1 cascade genes because FIhDC is the master
regulator of the former and indirectly responsible for producing the activator (F1iZ) of HilD?,
which is the master regulator of the SPI-1 cascade®. In this third and final model, I explore the

possibility that LrhA is a negative regulator of Cys regulon genes. If this were the case, then the
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reduced expression of LrhA in the AIS200 strain could account for the early induction of the Cys
regulon genes (Figure 20). This possible connection between LrhA and the regulation of Cys
regulon genes came serendipitously by including a Cys regulon gene (cysD) as a control in an
LrhA ChIP experiment. It was found that there was a high occupancy of LrhA on the ‘front’ end
of the cysD gene. In addition to validating the aforementioned ChIP result, I also asked if the
expression of Cys regulon genes, namely cysD and ydjN, is repressed by overexpression of
LrhA. As described below, my results support the possibility that LrhA binds to the front end of

different Cys regulon genes and, in doing so, inhibits the expression of these genes.

LrhA deprivation model

e LrhA (global regulator) could
regulate Cys regulon genes

® 30% LrhA reduction in AlIS200

J

Premature induction of the Cys regulon

Figure 20. The LrhA deprivation model.

Depiction of the LrhA deprivation model (model 3) which proposes that because preliminary findings that LrhA can
bind to Cys regulon genes, the reduction in LrhA levels could be responsible for the premature induction of the Cys

regulon.

First, I set out to validate the previous LrhA-Cys regulon gene interaction via ChIP analysis by
repeating the ChIP experiment, although in this case I looked for possible LrhA-Cys regulon
interactions at multiple growth phases in WT Salmonella SL1344. In addition to looking for
LrhA interactions with cysD, cysP, and ydjN, I also included fThDC as a positive control as it is
known that LrhA represses fIhDC transcription. In parallel experimentation, the Haniford lab
looked at a strain with LrhA lacking the FLAG epitope tag in a ChIP analysis. This untagged
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LrhA strain produced little signal. In conjunction with the untagged control strain, the 16S rRNA
gene was included as a negative control for LrhA binding, and the 16S rRNA gene also showed a
weak signal. In this experiment, the eluted samples were normalized to their input controls and

then normalized to the non-FLAG tagged LrhA strain.

For the ChIP analysis presented here, the LrhA overexpression plasmid pBAD-LrhA-FLAG,
which is induced in the presence of arabinose, was transformed into the WT strain. Cultures
from EE, ME and ES phases were cross-linked with formaldehyde, the cells were lysed, and the
DNA fragments were sheared by continuous agitation with glass beads. Anti-FLAG M2
MagBeads were equilibrated, and the lysed samples were incubated followed up with a series of
washes (see Materials and Methods for further details). Protein-DNA complexes were eluted,
and reverse cross-linking was performed by incubating with Proteinase K. Reverse cross-linking
was also performed on the control pre-immunoprecipitated samples. Samples were purified using
Qiaquick PCR Purification Kit (Qiaguen), and 2 pl was used for gene-specific PCR. Note that
the amount of purified DNA was not quantified as this method has low yield. Quantifying would
require concentrating the sample and reducing the number of gene-specific targets analyzed per
sample. Primers were designed to amplify the promoter region of the intended target; that is, the
primers are complementary to sequences of a couple hundred nucleotides upstream and

downstream of the transcription start site.

I predicted that I would see LrhA bind to the same Cys regulon genes with a greater affinity in
earlier growth when the Cys regulon is actively being repressed by CysB and potentially LrhA. I
show in Figure 21 that LrhA binds to all Cys regulon targets examined (cysP, cysD and ydjN).
Table 1 details the amount of PCR product found in the eluted (E) samples normalized to the
input pre-immunoprecipitated (PI) control. When comparing LrhA binding to the positive
control target (flhDC), in EE the normalized occupancy amounts are roughly the same (0.95
[cysD]) or greater than (1.97 [cysP] and 2.66 [ydjN]) than 1.04 for fIhDC. However, the higher
normalized ChIP signal for fThDC at ME phase (5.7 versus 2.68 [cysP], 2.4 [cysD] and 3.12
[¥djN]) is consistent with LrhA having a higher affinity for the fIADC promoter than for any of

the other promoter regions tested. Notably, at ES phase, the occupancy level for the Cys regulon



genes is much lower than fIADC (less than 0.84 compared to an occupancy of 2.05 for fThDC).

Thus, in general my results both support the idea that LrhA binds to Cys regulon promoters.

cysP cysD ydjN flhDC
EE ME ES EE ME ES EE ME ES EE ME ES
Pl EPI EPI EPI EPI EPI EPI EPI EPI EPI EPI EPI

E

Figure 21. ChIP analysis of Salmonella S1.1344 WT showing LrhA binding to select Cys
regulon genes at EE, ME, and ES phase.

Gene specific PCR was performed for cysP, cysD, ydjN and fIhDC on eluted protein-DNA (E) and pre-

immunoprecipitated inputs (PI) samples.

Table 1. Normalized signal of LrhA-DNA targets.

48

Eluted signal normalized to the pre-immunoprecipitated input rounded to the nearest hundredth. Normalized signals

can be compared across targets within a phase but not across phases.

Growth phase Gene target Normalized signal (E/PI)
cysP 1.97
cysD 0.95
EE ]
vdjiN 2.66
JIhDC 1.04
cysP 2.68
cysD 2.40
ME ]
ydiN 3.12
flhDC 5.70
cysP 0.43
cysD 0.84
ES )
ydiN 0.32

fIhDC 2.05
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Next, I asked if LrhA can influence the expression of Cys regulon genes. An LrhA
overexpression plasmid (pDH1092 LrhA) was constructed on a low-copy plasmid containing the
native LthA promoter and was transformed into Sa/monella S1.1344. The level of LrhA
expression at the RNA level was determined for WT/pDH1092 (LrhA) versus WT/pDH1093
(empty vector) by qRT-PCR and found to be 30-fold higher in the former strain (data not
shown). A second compatible plasmid encoding a Cys regulon gene, either cysD or ydjN, fused
to GFP was introduced into the above strains. The level of GFP expression was monitored
against the growth phase using the method previously described. These assays were done with
three biological and two technical replicates. The read outputs were averaged, and emission was

plotted versus ODgoo, which ranged from 0.1 to 1.0 without a path length corrector.

I show in Figure 22 that both cysD and ydjN expression is repressed in the presence of
overexpressed LrhA. cysD has an overall greater expression compared to ydjN, where the
emission peaks are greater by about 50 units when comparing pDH1092 LrhA cysD (grey) to
pDH1092 LrhA ydjN (red), and pDH1093 EV cysD (black) to pDH1093 EV ydjN (blue) (Figure
22). Furthermore, while in both cases with the overexpression of LrhA present (pDH1092 LhrA),
the induction of the Cys regulon gene occurs at ODgoo~0.6, there is an earlier diverging point of
vdjN expression in the cells containing the empty vector (blue dots). That is, for ydjN the
expression diverges early on around ODgoo~0.25 compared to cysD at ODsoo~0.5. In conclusion,
I show that the overexpression of LrhA results in the repression of cysD and ydjN expression
monitored via GFP. This along with the ChIP analysis supports model 3, which proposes that
LrhA binds to Cys regulon genes and inhibits their expression and that the reduced levels of
LrhA expression in the AIS200 strain could account for the premature induction of the Cys

regulon.
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Figure 22. GFP monitoring of cysD and ydjN expression in Salmonella S1.1344 WT in the
presence of LrhA overexpression.

cysD and ydjN show repressed expression in the presence of LrhA overexpression in WT strain grown in rich media.

pACYC184 transcriptional fusion contained the promoter region of either (A) cysD or (B) ydjN upstream of the
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long-lasting form of GFP. pDH1092 LrhA overexpression plasmid [grey and red] or pDH1093 empty vector [black
and blue] were transformed into WT. Cells were grown for 7 hours and diluted 50-fold into fresh Lennox media. 3
biological and 2 technical replicates were added to a 96-well plate and fluorescence was measured every 5 minutes
for 9.3 hours. Average values for 3 biological replicates are shown. Growth phases (define in text) are shown on the

x-axis and fluorescence (A.U) is shown on the y-axis. Note that the ODsoo reading was not adjusted for pathlength.

4 Discussion

In the current work, I have shown that deletion of the 5° portion of all 7 copies of IS200 in
Salmonella SL1344 results in the premature induction of the Cys regulon. I have characterized
this induction, and I show that it occurs at LE-ES phase, it is dependent on the presence of CysB,
and can be suppressed with additional cystine supplemented. Its dependence on CysB provides
evidence that IS200 is not affecting any non-canonical mechanisms of activation. In addition, the
Cys regulon induction depends on cytoplasmic cysteine levels being low, and I show that cystine
supplementation represses the premature Cys regulon induction. The apparent depletion of the
intracellular cysteine pool at LE-ES phase in AIS200 cells results in increased cell sensitivity to
oxidative stress. I have developed and tested three possible models explain how the removal of
[S200 may impact the regulation of the Cys regulon. The three models I have presented are the
1) futile import/export model, 2) the metabolic burden model, and 3) the LrhA deprivation

model.

First, I provide evidence that the upregulation in the cystine transporter fliY-yecSC could stem
from increased fli4 levels through RT-PCR transcript mapping. In addition, I show that the
upregulation of fIiY and yecC at the RNA level is carried to the protein level. Conflicting AfliY
results were presented between QRT-PCR and GFP growth analysis and will be discussed
further. Second, the metabolic burden model provided little insight as there were no changes in
the glutathione levels between the WT and AIS200 strains at LE phase. The removal of 4il4 did
not alter the premature Cys regulon induction nor the glutathione levels. Curiously, the removal
of fIhDC eliminated a Cys regulon response from both WT and AIS200 strains when monitoring
cysD and ydjN expression through GFP growth analysis. This points to a deeper connection

between the flagellar pathway and cysteine metabolism and is discussed below. Finally, the
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LrhA deprivation model provides promising initial results. I provide evidence that the global
regulator LrhA binds to multiple Cys regulon genes, and overexpression of LrhA leads to
repression of cysD and ydjN. This discussion will further expand on the limitations and findings

provided in each model and possible steps for future research where needed.

4.1 AIS200 leads to a premature induction of the Cys regulon

In a WT strain, the induction of the Cys regulon occurs in late stationary phase. Previous
findings by the lab have seen that in the AIS200 strain, there is a premature induction of the Cys
regulon at LE phase (Supplemental Table 6). I first validated the occurrence of Cys regulon
induction by monitoring gene expression through two different methods: qRT-PCR and GFP
transcriptional fusion. Figure 4 shows a wide range of gene targets of interest, and in the AIS200
strain, there is an upregulation of Cys regulon genes ranging from 2.5- to 90-fold at LE phase.
To complement this finding and learn the precise timing in which the Cys regulon induction
differs in AIS200 compared to WT, I performed growth curve analysis monitoring the expression
of cysD and ydjN through GFP transcriptional fusions (Figure 5). cysD and ydjN were chosen
because they represent different parts of the cysteine metabolism, with cysD involved in sulphur
assimilation and part of an operon, and ydjN involved in cystine transport and represents a
standalone gene. I show that the expression of these genes is induced earlier, as seen by the
leftward shift in the expression curves. The GFP growth curve analysis supports the qRT-PCR
analysis and validates the occurrence of a premature Cys regulon induction. The GFP growth
curve analysis was limited to cysD and ydjN, creating an assumption that these genes are
accurate reporters of the entire Cys regulon. This assumption is based on the regulation of the
Cys regulon (Figure 2B), the different roles of cysD and ydjN, and their increase in expression
seen in the QRT-PCR analysis (Figure 4). Finally, I check the expected dependencies of the Cys
regulon induction. I expect that Cys regulon induction reflects cysteine shortage, and I tested this
by adding exogenous cystine. In addition, I expect that the Cys regulon induction is dependent
on CysB regulatory control, and I tested this through AcysB. These dependencies were confirmed
and show what was expected; providing exogenous cystine suppressed the Cys regulon
induction, and removal of CysB removes any expression of the monitored Cys regulon genes

except for fIiY.
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4.2 1S200 is predicted to be a critical component of Salmonella
fitness during macrophage invasion

IS200 is a highly conserved transposon throughout enteric bacteria and is found in various copy
numbers amongst the Salmonella species. Despite its high conservation, it rarely transposes,
which points to it being important for maintaining it in bacterial populations. During salmonella
infection process when invading phagocytotic cells, salmonella must deal with reactive oxygen
species (ROS) as one of the methods of attack used by macrophages to cause cell damage®’.
Here I show that when 1S200 is disrupted, the cells become sensitive to oxidative stress (Figure
8) at LE phase when there is a depletion of available cysteine. Cysteine is a critical amino acid in
several antioxidants (e.g. glutaredoxins and thioredoxins) and is important for maintaining thiol
pools and redox potential®*. In addition, it has been shown in E. coli that the cystine transporter
FliY-YecSC has been implemented in the cyclic shuttle system that converts cysteine to cystine
in the periplasm, which provides reducing power as a defence against oxidative stress®. They
show that causing oxidative stress through the addition of hydrogen peroxide induces the use of
this cystine/cysteine shuttle system. Cystine is imported from the periplasm via FliY-YecSC,
reduced intracellularly, and exported back into the periplasm as cysteine that can then be
oxidized back to cystine, thus providing reducing power to combat oxidative stress in the
periplasm. This cyclic shuttle of cystine/cysteine between the inner membrane is proposed to be
a preventative measure against lipid peroxidation and defence against cell damage®. Therefore, I

asked if the AIS200 strain is at a disadvantage in the presence of oxidative stress.

Given that there is a premature induction of the Cys regulon, which has been shown to be due to
reduced cysteine levels (Figure 6), I expected that AIS200 would not have enough
cysteine/cystine to utilize this cyclic shuttle system as a defence and therefore would be at a
disadvantage compared to WT. This was confirmed in Figure 8, where at LE phase, when the
Cys regulon induction occurs in AIS200 strain but not WT, the number of CFU is significantly
lower (p<0.05) for AIS200 strain treated compared to WT treated. In contrast, there is no
significant difference in the surviving CFU between AIS200 and WT strains at the ME phase
(where cysteine levels have not yet been depleted) when comparing treatments. This suggests

that IS200 would be a critical component of salmonella fitness during invasion when they are
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dealing with ROS from the host defences. It would be interesting to observe the survival of
AIS200 compared to WT in macrophage invasion assays, and I would expect, based on these
preliminary findings, that AIS200 have a lower rate of survival. This continued line of inquiry

would further support IS200 element as a necessary component for Sa/monella invasion.

4.3 Upregulation in the flagellar pathway contributes to fliY
expression in AIS200

The disruption of IS200 in Salmonella SL.1344 leads to overexpression of flagellar (FIhDC and
FliA) and SPI-1 invasions (HilD) pathways. A possible indirect consequence of FIhDC
upregulation is the constitutive overexpression of the FliY-YecSC cystine transporter. The first
model (futile import/export model) proposes that the induction of the Cys regulon is driven by
the FliY-YecSC overexpression that promotes a futile cycle of cystine import and cysteine
export (or conversion to other products). This futile cycle is proposed to lead to a depletion of
cytoplasmic cysteine levels. In support of this model, I provide evidence that increased fliY
expression in the AIS200 strain can be driven by increased levels of FliA through examining its
expression in AcysB (Figure 7 and Figure 11B) despite the fliY gene possessing a CysB-regulated
promoter. This finding is supported by work in the literature where an early study of the f/i4
operon in Salmonella shows products in a Northern blot of 2300 and 1400 nucleotides in size,
representing fliA-fliZ-f1iY and fliA-fliZ being co-transcribed, respectively’. The flid-fliZ-fliY
product was much weaker in signal than fli4-fliZ. Noted by the authors, this indicated that the
majority of transcription from the f7i4 promoter terminates between f/iZ and fIiY. This work was
also the first to provide evidence that fiY was transcribed from a non-flagellar promoter®°. A
more recent study conducted in E. coli that studied the regulation of the downstream genes (i.e.
fliY, yedO, yecS, yecC) noted that the predominate transcriptional start site for fliY is its non-
flagellar promoter, which CysB activates*. These results, taken together with previous findings
in the literature, support model 1, where increased f/iY transcription could be from readthrough

from fi4 in AIS200 when there is upregulation of the flagellar pathway.

Interestingly, the units of an ABC-transporter are separated by a gene (yedO; encoding cysteine
desulphydrase with overlapping functions of MetC) (Figure 2C), and research in E. coli has
concluded that the regulation of yecSC comes from the yedO promoter with little read-through



55

from the f7iY promoter*’. To my knowledge, this ‘break’ in gene organization is an exception
within ABC-transporters and provides a puzzling regulatory organization in AIS200. That is,
upregulation of fli4 leads to read-through to fIiY, but fIiY’s transporter yecSC regulation comes
from yedO, which is not under CysB regulatory control nor FIhDC control. Notably, another
ABC transporter involved in cysteine metabolism is transcribed in the cysPUWA operon®2.
cysPUWA imports sulphate and thiosulphate, where cysP is the periplasmic-binding protein,
cysUW are components of the TMD, and cys4 is the NBD which binds and hydrolyzes ATP?.
Unlike F1iY-YecSC, its gene organization is not fragmented with multiple transcriptional start
sites and is co-transcribed under CysB activation. This uniqueness in gene organization where
fliY is seemingly attached to the FliA operon but also has a CysB-regulated promoter and is
separated from its ABC-transporter is puzzling. In examining the role of YedO, researchers have
proposed that this gene organization points to a mechanism of defence against cysteine toxicity
while allowing cysteine to be used as a sulphur source®. YedO, whose transcription is induced
under sulphate limiting conditions, is bordered by FliY and YecSC, whose expression is also
induced under sulphate limiting conditions. Thus, the turn-on of FliY-YecSC (which has a
higher affinity for cystine than YdjN) to import cystine paired with YedO allows for the use of
cysteine (once cystine is imported and reduced) as a sulphur source in limiting sulphate

conditions and transcribing YedO and prevents cysteine toxicity within the cell®.

In continuing to test model 1, I measured the protein amounts of F1iY (the periplasmic-binding
protein) and YecC (NBD) via Western blotting. I chose to look not only at FliY but YecC as
well, where upregulation of the periplasmic-binding protein would not alone support model 1.
For ABC importers, the periplasmic-binding protein (F1iY) is utilized to deliver substrates to the
transporters. It is typically specific to one transporter, and therefore it also dictates its specificity.
FliY-YecSC is known to transport not only L-cystine but D-cystine, L-djenkolate, lanthionine,
homocystine, and diaminopimelate, which are all structurally similar to the cystine
dimer*4>949 T found that consistent with the upregulation of f/7iY and yecC at the RNA level,
there was also an upregulation at the protein level (Figure 12). This increase in FliY and YecC
provided further validation that the upregulation of FliY-YecSC could drive a futile

import/export cycle and lead to a premature induction of the Cys regulon in the AIS200 strain.
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Finally, in testing the effects of removing f7iY in the AIS200 strain, I found conflicting results
between the qRT-PCR analysis and monitoring the expression of cysD and ydjN through GFP
transcriptional fusions. QRT-PCR analysis at LE phase showed a partial loss of the Cys regulon
induction in the AIS200A/7iY (Figure 13). A loss of Cys regulon induction would indicate that
fliY, and therefore cystine transport via FliY-YecSC, is essential in driving the depletion of
cysteine and inducing premature expression of the Cys regulon. In contrast, the GFP growth
curve analysis showed no difference in cysD and ydjN expression when comparing AfliY versus
WT and AIS200 versus AIS200Af7iY strains (Figure 14). These conflicting results did not give
confidence in model 1. qRT-PCR analysis has been used for gene expression analysis throughout
this project as the Haniford lab has expertise in this method. I complement qRT-PCR by
monitoring cysD and ydjN GFP transcriptional fusions via a growth curve, which provides
additional validation in an alternative method. Accordingly, there are discrete differences and
select advantages to either method, like qRT-PCR allowing for multiple gene targets in its
analysis, whereas GFP fusions are limited to monitoring a single target. A significant limitation
to the qRT-PCR method is that it is confined to examining single time points. Comparatively,
GFP fluorescence allows for temporal monitoring of gene expression, which allows for a more
precise indication of when the gene expressions differ in WT versus AIS200. But, as the GFP
construct was only functional as the long-lasting form of GFP, these assays are limited to
providing the timing in which the AIS200 strain differs, but there is no information on the turn-
off of these genes. Due to the conflicting results presented by the qRT-PCR and GFP analysis,
one could repeat such analyses and push the qRT-PCR to a later growth point (ES phase) when a
greater difference in expression is observed. Throughout this project, I have chosen a select few
genes belonging to the Cys regulons to act as ‘reporters’ of the regulon: cysP, cysD, ydjN, yciW,
cysB. As GFP-transcriptional fusions are limited in a single target, one could note that
monitoring cysD and ydjN are not fully representative of the regulon as a whole. In addition to
repeating AfliY QRT-PCR, constructing GFP-transcriptional fusions to alternative Cys regulon

genes would provide a broader test of the Cys regulon response.
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4.4 Preliminary evidence points to a connection between the
flagellar pathway and cysteine metabolism

In model 2, I explored the possibility of a metabolic burden because of the exceptionally high
expression of the flagellar and SPI-1 pathways. High expression of these pathways is seen
through a 2- and 5-fold increase of fIADC and hilD (the master regulators of these pathways),
respectively, in addition to seeing downstream genes being upregulated. As a result, the AIS200
strain has reduced growth (Figure 16) and shows a reduction in colony size compared to WT
Salmonella SL1344. 1 tested the possibility that induction of these pathways would lower
cytoplasmic cysteine pools by indirectly measuring cysteine levels. As flagellar and SPI-1
pathways are fully induced in the AIS200 strain at LE phase, I focused on this growth phase to
measure cysteine levels. As I did not have the capability to measure cysteine directly, I chose to
measure glutathione for reasons previously explained. I show that I did not see evidence of
differences in intracellular glutathione levels between AIS200 and WT strains (Figure 17). In
retrospect, it may have been worthwhile to extend this analysis to other growth phases, but time
constraints did not allow for this. In addition, alternative methods of measuring cysteine levels,

such as mass spectrometry, should be considered.

While I was unable to support model 2 by showing that flagellar and invasion pathway induction
coincides with cytoplasmic pool depletion, I provided a strong test of this model by asking if
early Cys regulon induction occurred in genetic backgrounds where SPI-1 induction cannot
occur; that is, a double mutant where the 4il4 gene is knocked out in the AIS200 strain. I show
that blocking the SPI-1 invasion pathway, thus relieving a large amount of protein synthesis
associated with this pathway, does not change the premature induction of the cysD and ydjN
(Figure 18). In addition, blocking the SPI-1 pathway does not alter the glutathione levels (Figure
17). These results did not support the metabolic burden model. Next, I could not further assess
the validity of model 2 by evaluating the impact of preventing the flagellar pathway induction by
introducing an AffADC mutation into the AIS200 strain. Interestingly, this mutation has a
dominant-negative impact on Cys regulon induction (Figure 19). The lack of Cys regulon
induction in AflhDC in WT and AIS200 backgrounds poses an exciting and surprising
connection between the flagellar pathway and cysteine biosynthesis. Note, as this was only

performed by GFP transcriptional fusions, additional method of validation should follow. A
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known connection between these two pathways comes in the form of fIiY, the cystine
periplasmic-binding protein located directly downstream of fliAZ (Figure 2C). The elimination of
cysD and ydjN expression in AflhDC points to either 1) a flagellar transcription factor or product
is needed to induce the Cys regulon; 2) motility is required to induce the Cys regulon, or 3) a
functioning flagellar pathway is required for functional GFP. While option 3 is unlikely, I

consider options 1 and 2 as follows.

The requirement of a flagellar transcription factor to induce the Cys regulon could be possible.
The canonical mechanism of Cys regulon activation via CysB is well-studied**-%>2%_ CysB
negatively autoregulates itself when not activating the Cys regulon. This negative autoregulation
occurs through CysB binding to the cysB promoter, thus preventing its transcription. This
transcriptional repression is removed in the presence of OAS, and CysB-OAS will positively
regulate the genes belonging to the Cys regulon (Figure 2B). Interestingly, a non-canonical
mechanism of activation has been reported under nitrosative stress conditions, the
overproduction of nitric oxide radicals (éNO). The regulatory protein of RNA polymerase,
DksA, induces anti-nitrosative defences and can induce the activation of the Cys regulon®’.
Research has shown that cysteine biosynthesis is upregulated when exposed to reactive nitrogen
species as a mechanism of supplying additional cysteine for cysteine-containing proteins and
replenishing glutathione pools to maintain redox balance. It was found that cysteine biosynthesis
was not upregulated in a AdksA mutant in Salmonella, and cysD could be activated by DksA
when exposed to reactive nitrogen species. This activation by DksA is reliant on CysB
activation®’. Despite this activation mechanism occurring due to a stressor, it sets a precedent
that alternative activation mechanisms for the Cys regulon exist. To follow up on the AfIhDC
finding in looking for a connection between flagellar pathway and cysteine metabolism, I would
ask if removing FliA would also eliminate a Cys regulon induction. Recall, FliA is a class 2
flagellar gene, but it also produces the flagellar sigma factor. Monitoring the Cys regulon genes
(cysD and ydjN) in a AfliA knockout, perhaps under different stress conditions, would test the

potential importance of FliA expression in controlling the Cys regulon.

Next, the possibility that motility is required to induce the Cys regulon seems counterintuitive.

That is, what does motility provide in signalling to the cell to induce biosynthesis pathways. One
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would think that being non-motile, therefore unable to move to the more desirable environments
for nutrient resources, would induce rather than repress a biosynthetic pathway. To test this, one
could monitor cysD and ydjN expression and perform qRT-PCR in a AmotAB strain. MotAB
encodes the components that generate the force in the flagella®®; therefore, flagella are produced
in a AmotAB strain, but the cells are paralyzed and non-motile. Therefore, I would expect that if
motility is required for Cys regulon induction, a AmotAB strain will produce the same outcome

as an AfIhDC such that when monitoring select Cys regulon genes, there would be no expression.

4.5 LrhA binds to multiple Cys regulon genes

The final model, the ‘LrhA deprivation’ model, where LrhA mRNA and protein levels are
reduced by 30% in the AIS200 strain, leads to an increased expression of the Cys regulon genes
at LE-ES phase. I utilize ChIP to analyze in vivo DNA-protein interactions for detecting any
interactions between LrhA and Cys regulon genes. ChIP assays are widely used as an in vivo
method to study protein-DNA interactions®®!%!, Traditional in vitro methods include DNA
footprinting, electrophoretic mobility shift assay and yeast 1-hybrid systems. While these
methods are still used today and provide their advantages, they are limited to in vitro conditions.
For ChIP assays, DNA-protein interactions are fixed via crosslinking. Formaldehyde as the
crosslinking agent is commonly used for its simplicity and effectiveness as it does not require
any specific conditions and can be added directly into the culture medium®®!°2, For native ChIP
analyses, crosslinking can be omitted and provides advantages such as keeping the protein-DNA
interactions in their native state. However, native ChIP is limited to strong DNA-protein
interactions and is rarely used outside of histone interactions; thus, most ChIP analyses use the
crosslinking method!?. Crosslinking has its limitations, including trapping any non-specific
binding that is occurring, thus creating the possibilities of false positives. ChIP analysis also has

a low precipitation yield, leading to an additional limitation of requiring a large number of cells.

The serendipitous finding the Haniford lab discovered by including cysD as an intended negative
control for LrhA binding but produced otherwise gave rise to model 3. This finding led me to
predict that validation of this analysis would show that in addition to cysD, LrhA would bind to
other Cys regulon genes. I validated this initial finding by showing through repeat ChIP analysis
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that LrhA, a global repressor in Salmonella and known to repress fIhDC, binds to cysP, cysD and
vdjN in WT Salmonella SL1344 over three different growth points (Figure 21).

Briefly discussed above (see results), the Haniford lab has tested and validated a non-FLAG
tagged LrhA strain to measure any background signal. This test produced very weak signalling
where the normalized occupancy (E/PI) would be ~0; that is, virtually no signal was present in
the eluted sample in a non-FLAG tagged LrhA strain. In addition to performing a strain control,
the Haniford lab looked at a negative control for LrhA binding (16S) and found a similar result
where occupancy reported as E/PI would be ~0 at LE phase. Contrary, I show that flADC
(positive control) reaches a peak occupancy of 5.70. In the same precipitated sample at ME
phase, the occupancy of LrhA binding to cysD, ydjN and cysP are 2.40, 3.12 and 2.68,
respectively (Table 1). Except for cysD at 2.40, ydjN and cysP signal occupancies are roughly
half of what is seen in the positive control, indicating that signals obtained are likely to be weak
specific binding instead of a non-specific binding as the latter has a signal of roughly 0 when
checking 16S binding. Given that cysP and ydjN have signal occupancies about 50% of fIADC in
that sample, it is likely that, despite its slightly lower occupancy at 2.40, the cysD signal also
represents weak specific binding. In this analysis, the FLAG-tagged LrhA is overexpressed; this
begs the question of whether LrhA binding to Cys gene promoters would still be detected above
the non-specific background at native levels of LrhA expression. It would be beneficial for
additional ChIP analyses performed with LrhA under its native promoter, and instead of testing a
non-FLAG tagged strain, allow for a preincubation with beads without the antibody to reduce
non-specific binding. In addition to showing that LrhA can bind to select Cys regulon genes, I
also demonstrate using transcriptional Cys regulon gene GFP reporters that overexpression of
LrhA can effectively repress cysD and ydjN expression (Figure 22). This supports the idea that

LrhA can be a repressor of the Cys regulon.

4.6 LrhA could extend its control over the Cys regulon through
multiple mechanisms

LrhA’s potential role in the premature induction of the Cys regulon could extend further than
being a repressor of the Cys regulon, where reduced levels of LrhA provides an increased chance

of activation. As previously discussed (see introduction), because LrhA is a repressor of fThDC,



61

the Haniford lab is exploring the possibility that reduced LrhA levels are responsible for the
early induction of the flagellar pathway, and consequently the SPI-1 invasion pathway in the
AIS200 strain. Given that the flagellar product FliZ, post-translationally stabilizes HilD!'216-3, it
is expected that an increased expression of FIhDC increases the flagellar pathway and the SPI-1
invasion cascade. This leads to the possibility that LrhA potentially repressing the Cys regulon
via both directly (through LrhA binding) and indirectly (as a consequence of influencing the
AIS200 phenotype). That is, increased flagellar and SPI-1 pathways cause a multitude of
transcription factors to be turned on, which could provide alternative forms of activation as seen
by inducing nitrosative stress. The activation of the Cys regulon in standard conditions (i.e., no
environmental stressors) is induced in low sulphate conditions. In standard conditions, there is a
baseline expression of the Cys regulon when induced. Given the evidence that LrhA can bind to
Cys regulon genes and is a part of the LTTR family, suppose that LrhA potentially competes
with CysB-OAS to bind to the promoter regions of Cys regulon genes. If there is a reduction in
LrhA, as in AIS200, this could favour CysB-OAS occupancy of Cys regulon promoters and raise
the overall Cys regulon expression. In addition to competing with CysB-OAS to interfere with
Cys regulon gene expression, it is also possible that LrhA could play a role in preventing other
possible positive regulators from binding to Cys regulon genes. On the other hand, given the
proposed impact that reduced LrhA levels have on flagellar and SPI-1 pathways, it could be
possible that a large part of LrhA’s role in Cys regulon induction seen in AIS200 is due to an
increase in a non-canonical activator that is being overexpressed in these conditions. Therefore,
implementing LrhA as an important factor in this premature induction of the Cys regulon could
stem from multiple mechanisms of action including direct LthA-Cys gene repression proposed

here.

5 Conclusion

I have shown that a disruption in the 5’ end of IS200 leads to a premature induction of the Cys
regulon in Salmonella SL1344. This phenomenon was dependent on the Cys regulon activator,
CysB, through testing a AcysB strain. In addition, I showed that the premature induction of the

Cys regulon indicated a cysteine shortage in the AIS200 strain. In characterizing the impact that
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AIS200 has on the cell, I tested and showed that at LE phase AIS200 has greater sensitivity to
oxidative stress than WT due to the lack of readily available cysteine. This sensitivity was not
seen in earlier growth phases when there is no difference in Cys regulon expression between
AIS200 and WT. When put into a biological context, these findings show the importance of
IS200 in Salmonella host fitness when encountering oxidative stress such as ROS, which
happens during the invasion of phagocytotic cells (e.g. macrophages and dendritic cells).

I presented three possible models developed and tested: the futile import/export model, the
metabolic burden model, and the LrhA deprivation model. This first model provides evidence
that upregulation of the cystine transporter FliY-YecSC is carried to the protein level, and the
upregulation in fli4 transcript could extend downstream to contribute to f7iY upregulation. I also
present evidence that f/iY transcription can be CysB-independent. I also provided evidence that
the upregulation of the components of the FliY-YecSC cystine transporter at the mRNA level
translated to the protein level by monitoring FliY and YecC levels. These findings, along with
the precedent of unregulated cystine import through the second transporter (YdjN) in E. coli,
supported the proposed futile import/export model. Although, the lack of consistency in the AfliY
testing led to the pursuit of other models. In testing the second model, the metabolic burden
model, I presented evidence that AIS200 leads to a decreased growth but no change in
glutathione levels at LE phase compared to WT. In asking if blocking either the flagellar or SPI-
1 pathways affects the outcome of when the Cys regulon is induced, I found the latter does not
alter the premature induction of the Cys regulon and that the former eliminated the Cys regulon
induction in both WT and AIS200 backgrounds. Finally, of these three models, the LrhA
deprivation model in which the reduced levels of LrhA are proposed to lead to the premature
induction of the Cys regulon seen in AIS200, provided the most promising outcome. LrhA was
found to bind to multiple Cys regulon genes, and overexpression of LrhA was seen to repress
cysD and ydjN expression. LrhA’s potential role in causing the upregulation of flagellar and SPI-
1 pathways characteristic in an AIS200 background leads to possibly implementing a broader
role for LrhA, more than acting as a repressor of the Cys regulon, that contributes to the
premature induction of the Cys regulon in the AIS200 strain. Furthermore, understanding the
effect of IS200’s role in regulating vital pathogenicity pathways contributes novel findings for

how it has integrated itself into regulatory mechanisms of a medically relevant pathogen.
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