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Loss of RNA chaperone Hfq unveils a toxic pathway in P. aeruginosa
Abstract
Hfq is an RNA chaperone that operates as a global regulator of gene expression
in many bacteria. In this work, we show that the loss of Hfq in the opportunistic
pathogen Pseudomonas aeruginosa can result in a dramatic reduction in growth in LB
media. We provide evidence that the growth defect observed in PAO1 Δhfq mutant cells
is dependent upon MexT, a transcription regulator that governs antibiotic resistance in
this organism. Using chromatin immunoprecipitation and high-throughput sequencing,
we identified direct regulatory targets of MexT, including novel MexT-activated genes.
We utilized a combination of whole genome sequencing of spontaneous suppressor
mutants and transposon insertion sequencing to identify genes responsible for
mediating the growth defect of hfq mutant cells. These include the MexT-activated
genes mexEF, encoding components of a multidrug efflux pump, and PA1942. These
data suggest that MexT-dependent activation of the mexEF and PA1942 genes
contributes to the growth defect observed in PAO1 Δhfq mutant cells.
We sought to characterize the novel MexT-controlled gene PA1942 and to
identify factors that contribute to MexT-dependent gene activation. We demonstrate that
a small ORF within the annotated PA1942 gene, which we refer to as hilR, encodes a
small toxic protein. We show that hilR expression is negatively regulated by Hfq, which
suggests Hfq influences the growth of P. aeruginosa by limiting the toxic effects of

	
  

iii

specific MexT-regulated genes. We demonstrate that in wild-type cells the ectopic
expression of mexT or the loss of MexS, a MexT inhibitor, results in a growth defect on
LB. We present evidence that enzymes involved in the biosynthesis of glutathione
influence the expression of MexT-activated genes, suggesting that this metabolic
pathway is important for regulating the in vivo activity of MexT. Taken together, this
work demonstrates that the activation of MexT-regulated genes is an important
determinant of the in vitro growth of P. aeruginosa.
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Chapter 1: Introduction

1.1. Overview
In my dissertation research I sought to understand molecular mechanisms that are
important for the growth of a notorious bacterial pathogen. I started with an unbiased
search for genes that contribute to a dramatic growth defect we observed in
Pseudomonas aeruginosa cells lacking an RNA chaperone. I subsequently used the
results from this search to identify a novel toxic pathway and have described several
factors important for the regulation of this pathway. My results link multiple areas of
active research, including transcriptional and post-transcriptional gene regulation, redox
sensing, and small protein function. In this Introduction, I aim to present key findings in
these areas of research and contextualize the results I obtained during my dissertation
research.

1.2. Genetic flexibility of Pseudomonas aeruginosa, an important human
pathogen
P. aeruginosa is a Gram-negative, rod-shaped bacterium and an opportunistic
pathogen of humans that is known to be highly prevalent in a number of nosocomial
infections (10-20% of infections in most hospitals) [1], including ventilator-associated
pneumonia [2] and catheter-associated urinary tract infections [3]. Additionally,
respiratory infections that include P. aeruginosa are associated with an increased rate
of morbidity and mortality in patients with cystic fibrosis (CF) [4]. P. aeruginosa is highly
prevalent in the CF lung where it often establishes chronic infections that are difficult to
treat [5,6]. The rapid emergence of multidrug resistant P. aeruginosa in chronic
infections presents a serious challenge to the use of conventional small-molecule
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antibiotic treatments [5]. On the bases of prevalence in nosocomial infections and
frequency of multidrug resistance, P. aeruginosa has been identified as one of six
species of pathogenic bacteria for which new and more efficacious treatment options
are most urgently needed [7].
The pathogenicity of P. aeruginosa has been attributed in part to its acquisition of
genetic content and the accumulation of spontaneous mutations. Comparative
genomics of P. aeruginosa clinical isolates have identified a core genome that consists
of genes found in all of the compared isolates [8,9]. In addition to this core genome, P.
aeruginosa isolates contain a set of genes that are not conserved among all isolates,
which comprise 6.9-18% of the total genome, known as the accessory genome [9].
Reports of high phenotypic diversity among P. aeruginosa isolates [10] suggest that the
genomic diversity of this pathogen leads to consequential changes in physiology. Many
of the genes in the accessory genome are thought to be acquired through horizontal
gene transfer [10], and while the majority of these genes remain poorly characterized,
many are known to encode virulence factors and antibiotic resistance determinants [8–
10]. The genetic adaptation of P. aeruginosa during infection also includes spontaneous
mutations that modulate the expression of virulence factors and antibiotic resistance
genes [11].
Similarly, P. aeruginosa is known to accumulate spontaneous genetic mutations
when passaged in vitro. Since its isolation in 1954 [12] the P. aeruginosa strain PAO1
has become one of the P. aeruginosa strains most commonly used in laboratory
experiments. As a consequence of propagating this strain in vitro in numerous labs
across the world, PAO1 strains have acquired dozens of mutations and have become
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genetically divergent [13,14]. While these strains remain more genetically similar to
each other than to other P. aeruginosa isolates [14] the differences between strains are
not inconsequential. Of note, PAO1 strains differ in their production of virulence factors,
such as excreted small molecules [14], and their antibiotic resistance profiles [13].
These factors contribute to differences in the relative virulence of PAO1 strains in
various virulence models [13]. Of particular significance to my dissertation research
project, the sequence of the mexT gene, encoding a LysR-type transcription regulator,
is known to diverge in PAO1 strains and cause phenotypic dissimilarity [15]. The genetic
diversity of PAO1 strains has posed a challenge for scientists when comparing results
across laboratories, but it has also offered insights into factors important for the growth
and pathogenicity of P. aeruginosa.

1.3 Next generation sequencing tools for exploring P. aeruginosa biology
In the past century, geneticists have used a variety of experimental techniques to
understand how genes contribute to observed phenotypes. The genome of
Haemophilus influenzae became the first fully sequenced bacterial genome in 1995
[16]. Five years later, the first whole genome assembly of P. aeruginosa was completed
[17]. These “first generation” sequencing projects not only established techniques for
sequencing and assembling whole genomes, they also provided reference sequences
to which the genomes of other strains could be compared. Within the last two decades,
technological advances resulted in “next generation” sequencing that have allowed for
the emergence of experiments that test the relationship between genotypes and
phenotypes at an unprecedented scale and with increasing ease [18]. Whereas the first
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projects aimed at sequencing prokaryotic genomes required multiple years, scientists,
and institutions, a single well-trained scientist can now feasibly use whole genome
sequencing to rapidly identify mutations in a bacterial isolate [19]. The ability to
sequence the entire genome of an organism allows for the simultaneous detection of a
wide variety of mutations from single nucleotide polymorphisms to large-scale
rearrangements, insertions, and deletions.
As the first bacterial genomes were being sequenced, large-scale transposon
mutagenesis techniques were developed to link mutant phenotypes to the genes
discovered in the early genome sequencing projects. Signature-tagged mutagenesis
techniques used transposable elements containing unique signature-tag sequences (i.e.
a DNA sequence barcode) to generate individual mutants with a single, random, tagged
transposon insertion [20]. These individual mutants could be pooled into a library and
grown in various conditions to select for mutations that negatively impact the growth,
viability, or virulence of an organism [21]. The unique signature tag in each mutant
allowed for the detection of individual mutants in a pooled sample before and after
growth in an experimental condition. Signature-tagged mutagenesis methods were
limited by the feasibility of generating large, representative pools of mutants and the
low-throughput of techniques used to detect sequence tags (e.g. blot hybridization or
PCR) [22].
In 2009, four research groups independently published methods that combined
transposon insertional mutagenesis with next generation sequencing (referred to here
as Tn-seq) [23–26]. These techniques used transposable elements (without a signature
tag) to generate a library of mutant cells en masse with a single random transposon
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insertion in each cell within the library. Typically, these libraries are generated in a
growth medium that is thought to be generally permissive to growth (i.e. a nutrient-rich
growth medium) and can be grown under myriad conditions to select for certain mutant
traits (i.e. ability to grow under in a nutrient-limited growth medium). Pools of these
mutant libraries are collected before and after growth in an experimental condition and
sequenced using primers that anneal to sequences in the transposon. Sequencing
outward from a transposon allows for the identification of the sites of transposon
insertions within the genomes of the library without the need of sequencing tags. By
mapping transposon insertion sites to a reference genome and calculating the
frequency of detecting a transposon insertion before and after growth in a test condition,
scientists could quantitatively measure the effect of a transposon insertion in a particular
gene on particular phenotype (e.g. relative fitness in the test condition) [27].
Since the initial publications describing Tn-seq, researchers have employed this
experimental approach across a variety of organisms to ask a growing number of
questions [27]. In P. aeruginosa, before the advent of Tn-seq, transposon mutagenesis
was combined with lower throughput transposon detection methods to define genes
required for the in vitro growth of this bacterium in a rich medium (i.e. essential genes)
[28,29]. Later, Tn-seq approaches largely corroborated these findings, demonstrating
that transposon insertions in approximately 5% of genes in the P. aeruginosa genome
were sufficient to severely diminish in vitro growth [30–33]. Interestingly, a comparison
of essential genes identified in two commonly-used P. aeruginosa lab strains (PAO1
and PA14) demonstrated that some genes are likely essential to all P. aeruginosa
strains, while others are only essential in specific strains [31]. This also suggests the
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essentiality of a specific gene is influenced by the broader genomic context of individual
strains. Tn-seq experiments have also been used to define P. aeruginosa genes
required from growth in particular conditions (i.e. condition-specific essential genes),
including growth in the presence of antibiotics [34,35], in the presence of specific
nutrients [31,33], in carbon or oxygen limiting conditions [36], or in virulence models
[30,32]. These studies have identified networks of genes that contribute to adaptation of
the pathogen to environmental changes. Finally, Tn-seq has been used in P.
aeruginosa to identify specific genetic interactions, such as synthetic lethality [37].
Overall, the rapid evolution of sequencing technologies coupled with novel experimental
approaches, such as Tn-seq, has allowed for the proliferation of studies examining
genes essential for P. aeruginosa growth under diverse conditions.

1.4 Hfq: a pleiotropic regulator of bacterial physiology
The Hfq protein was discovered over 50 years ago as a bacterial host factor required
for the synthesis of bacteriophage Qβ RNA in E. coli [38]. Since then, Hfq orthologs
have been discovered in many bacterial species [39] and share conserved features with
Sm-like proteins that play roles in RNA processing in eukaryotes and archaea [40,41].
Structural and biochemical studies have demonstrated that Hfq forms a hexameric ring
structure with multiple RNA binding surfaces [42]. Hfq is thought to act as an RNA
chaperone to facilitate interactions between small regulatory RNAs (sRNA) and mRNAs
(Figure 1.1) [41,43]. The distal surface of Hfq is known to recognize a specific sequence
on target mRNA molecules, known as the ARN motif [44]. Interactions between sRNAs
and target mRNAs have been shown to alter the stability, or translation of target
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Figure 1.1 Model for the activity of Hfq on target transcripts.
Hfq associates with target mRNAs and, in many cases, with small regulatory RNAs
(sRNA). The association of Hfq with target mRNAs can lead to negative effects on gene
expression (red arrows), either by promoting the degradation of target mRNAs or by
occluding a RBS. The association of Hfq with target mRNAs can also lead to positive
effects on gene expression (green arrows), either by stabilizing the transcript (i.e.
preventing degradation by ribonucleases (RNases)), or by promoting association of the
ribosome with the ribosome binding site (RBS) on the target mRNA.
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mRNAs, or both (Figure 1.1) [41]. While many studies have demonstrated the
importance of Hfq in sRNA-mediated regulatory mechanisms, there are also reports that
demonstrate that Hfq can function to alter translation of mRNA targets in the absence of
sRNAs [45,46]. The flexibility of Hfq to bind various RNA species suggests that these
types of interactions are diverse and numerous in bacterial cells.
Studies measuring the effects of hfq mutations on global transcript abundance in
many bacterial species suggest that Hfq plays an important role in tuning the stability of
hundreds of transcripts within the cell [47–53]. In P. aeruginosa, the loss of the hfq gene
has been shown to alter the abundance of more than 5% of transcripts [48,54–56]. A
quantitative proteomic study in the closely related Pseudomonas putida species showed
that an hfq mutation influences the abundance of ~10% of detected proteins [57]. Taken
together, these transcriptomic and proteomic studies suggest a global role of Hfq in
influencing transcript stability and translation.
Some of the observed changes in the transcriptomes and proteomes of hfq
mutants could be a consequence of Hfq binding directly to target transcripts or sRNAs,
while others may be an indirect result from Hfq-dependent changes in the expression or
activity of other post-transcription or transcription regulators. Several studies have
sought to identify those RNAs directly associated with Hfq purified from cells [47,58–62].
In Salmonella enterica, Hfq is associated with hundreds of mRNAs, a third of which
show altered abundance in the absence of Hfq [47]. A recent study in P. aeruginosa
demonstrated that Hfq binds to hundreds of nascent mRNAs [61], suggesting a role of
Hfq in the co-transcriptional control of target transcripts. Hfq purification experiments
have also been used to discover novel sRNAs [47,58–60] and a modified purification
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strategy has been used to discover Hfq-associated sRNA-mRNA pairs [62]. These
observations support a model whereby association of Hfq with sRNAs and target
mRNAs alters transcript stability and translation.
Recently, another post-transcription regulator, the catabolite repression control
protein Crc, has been shown to influence Hfq-mediated regulation of target genes in P.
aeruginosa [54,61] and the related P. putida species [63,64]. The loss of Hfq or Crc in
P. aeruginosa causes disregulation of similar transcripts, suggesting that Hfq and Crc
have cooperative or redundant activities [54]. Hfq, Crc, and target mRNAs form stable
complexes in vitro [54,63,64] and Hfq and Crc have been found associated with similar
transcripts in vivo [61]. Earlier this year, a high-resolution structure of Hfq and Crc
bound to target mRNA demonstrated a higher-order assembly that could represent a
complex with in vivo regulatory activity [65]. Taken together, these data point towards a
model whereby Crc can modulate the activity of Hfq by reinforcing the association with
target transcripts.
Phenotypic studies of hfq mutants in a number of species have underscored an
important physiological role of Hfq. In many species, hfq mutants display in vitro growth
defects [49,50,53,57,66–70]. The growth defects observed in hfq mutants are likely
related to altered nutrient utilization [50,51,57,67,69,71] and low stress tolerance
[50,52,53,57,70–72]. The loss of Hfq attenuates the virulence of many pathogenic
bacteria and has been shown to alter a number of virulence traits [49,52,67,68,71,72].
In P. aeruginosa, an hfq mutant has an in vitro growth defect in specific growth media,
reduced virulence traits (e.g. elastase production), and reduced virulence in two
infection models [67]. Additionally, PAO1 hfq mutant cells have reduced catalase
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activity, which implies that they are less capable of responding to oxidative stress [67]. It
is unclear whether the reduced virulence of hfq mutants is simply due to reduced growth
or disregulation of virulence traits. Regardless, it is clear that Hfq is an important factor
for the growth of many bacterial species.

1.5 MexT: a LysR type regulator
LysR-type transcription regulators (LTTRs) are a class of widely conserved
prokaryotic transcription factors [73,74]. LTTRs have a characteristic N-terminal helixturn-helix DNA-binding domain and a variable C-terminal regulatory domain [73].
Numerous paralogs of LTTRs are found within bacterial genomes. P. aeruginosa strain
PAO1 is predicted to have as many as 121 LTTRs on the basis of sequence homology,
representing approximately 2% of the total gene content [17,74]. The expression of
many P. aeruginosa LTTRs is induced by H2O2 [75], which suggests a role for many
LTTRs in response to changing redox conditions. Additionally, several LTTRs are
known to play a role in the oxidative stress response [76–79], including P. aeruginosa
LTTRs OxyR [80], MexT [81], and PA2206 [82]. These observations point towards a
role for a subset of LTTRs in sensing and regulating the response to oxidative stress.
Detailed analysis of LTTR-dependent gene regulation will continue to reveal
mechanistic insights that help to define members of this abundant and diverse class of
transcription regulators.
MexT is a LTTR that has been extensively studied for its role as a positive
regulator of the mexEF-oprN operon (Figure 1.2), which encodes a multidrug efflux
pump [83]. A microarray-based experiment discovered that MexT regulates the
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expression of more than 30 genes [84]. This study further demonstrated MexEF-OprN is
responsible for the vast majority of the negative effects that MexT has on gene
expression. This effect is thought to be linked to the export of a MexEF-OprN substrate
that is a precursor of the Pseudomonas quinolone signal (PQS), a quorum sensing
auto-inducer that influences gene expression [85,86]. MexT positively regulates the
expression of at least 17 genes, the majority of which encode hypothetical proteins with
no obvious homology to other characterized genes. Among these are six genes
encoding small proteins with export signal peptides [87]. More recently, a role for the
MexT-activated gene PA2486, encoding the hypothetical small protein PtrC, has been
described in repressing the expression of type III secretion machinery [88]. In addition to
the mexEF-oprN operon, MexT activates two operons (PA2813-PA2811 and PA4354PA4356), both of which encode transporters. Within these operons are also genes
encoding a probable glutathione S-transferase (PA2813) and a xenobiotic reductase
(PA4356 [xenB]), enzymes thought to be involved in detoxification of xenobiotic small
molecules [89,90]. Importantly, MexT also activates the mexS gene, which encodes an
oxidoreductase that antagonizes the function of MexT through a mechanism that is not
currently known [81,91–93]. This creates a regulatory feedback loop that limits the
activity of MexT.
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Figure 1.2 Model for the regulation of important cellular processes by MexT.
MexS and other factors influence MexT-dependent gene activation. MexT activates the
expression of mexEF-oprN and more than a dozen other targets. The activation of
MexEF-OprN promotes antibiotic resistance and represses quorum-sensing regulation
mediated by the Pseudomonas quinolone signal (PQS). The activation of other MexT
targets represses the production of virulence factors, such as pyocyanin and the type III
secretion system (TTSS). The MexT targets responsible for regulating virulence factor
production are currently unknown, as are the functions of most of these MexT targets.
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1.6 MexT mutations are frequently discovered in P. aeruginosa isolates
Mutations that alter the function of MexT have been frequently observed in P.
aeruginosa strains and are known to alter key pathogenic traits [94,95]. Mutations that
enhance or diminish the function of MexT have both been selected in vivo based on
their ability to enhance drug resistance or virulence, respectively [15,95,96]. The
sequence of the mexT gene is known to vary among PAO1 strains maintained in
different laboratories, suggesting that mutations in mexT also arise in vitro [15].
Mutants with enhanced MexT-dependent gene activation were first discovered in
a selection for norfloxacin-resistant (nfxC) mutants [96]. These mutants were
characterized by their overexpression of the multidrug efflux pump MexEF-OprN [97]
and exhibited cross resistance to quinolones, imipenem, and chloramphenicol [96].
Ectopic expression of mexT in cells lacking MexT confers the nfxC phenotype [15] and
enhances the expression of mexEF-oprN [83]. Mutations that have been shown to
confer the nfxC-phenotype include: the loss of an inactivating 8-bp tandem repeat
sequence in the mexT gene that has been acquired in some PAO1 strains [15]; SNPs
that result in the constitutive activation of MexT [98] or the regulator CmrA [99]; or
inactivation of the gene encoding MexS [91,92], or the regulators MvaT [100], MxtR
[101] and AmpR [102] (Figure 1.3). The activity of CmrA and MexS on the regulation of
MexT-activated genes is dependent on MexT, which suggests that these regulators
modify the activity of MexT [92,99]. Whereas, MxtR and AmpR repress the transcription
of the mexT gene, which likely indicates that these genes regulate the expression of
MexT-activated genes by controlling the expression of mexT [101,102]. The global
repressor MvaT regulates the expression of mexEF-oprN independently of MexT,
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possibly by binding near the mexE promoter and occluding MexT binding [100].
Collectively, these mutational studies have revealed a number of factors influencing the
expression of mexT as well as the expression of MexT-regulated genes.
The ability of MexT to activate target genes is important for a number of
phenotypes in addition to enhanced antibiotic resistance. Relative to wild-type, nfxC
mutants demonstrate decreased biofilm formation [86], loss of swarming motility [86],
reduced virulence in a C. elegans model [103], and reduced production of virulence
factors, including: the type-III secretion machinery [104], pyocyanin [97], elastase [105],
rhamnolipids [105] and PQS (Figure 1.2) [105]. nfxC mutants are readily selected in
mice treated with chloramphenicol, but can also arise spontaneously in untreated mice
[94]. Furthermore, mutations linked to the activation of mexEF-oprN have been shown
to arise in a CF patient chronically infected with P. aeruginosa [106]. These data
indicate that the expression of MexT-activated genes can be enhanced during infections
through genetic adaptation. The MexT-activated genes mexEF-oprN and mexS are
upregulated in P. aeruginosa cells exposed to human epithelial cells [107], which further
suggests that MexT-activated gene expression is enhanced by interaction with a host.
Recently, a PAO1 mutant displaying an enhanced tissue destroying phenotype
was isolated from a rat intestine [95]. This mutant (referred to as: P2) had a single
nonsense mutation in mexT relative to its parental stain (referred to as: P1), which leads
to a truncated version of MexT in P2. The P2 (mexT) mutant is also characterized by its
increased production of pyocyanin, enhanced swarming motility, enhanced virulence in
a C. elegans model of infection, and increased susceptibility to chloramphenicol
[95,108]. These phenotypes could be reversed by the expression of the P1 mexT allele

	
  

15

Figure 1.3 Model for the regulation of the nfxC phenotype observed in P.
aeruginosa.
The expression of the MexT-regulated operon mexEF-oprN is required for the nfxC
phenotype defined by altered antibiotic resistance of the bacterium. (1) The excision of
an 8 bp tandem repeat sequence in the mexT gene generates a functional mexT allele.
(2) Single nucleotide polymorphisms (SNPs) in the mexT gene can lead to constitutive
activity at target promoters. (3) Inactivation of MexS leads to activation of MexTregulated genes. (4) An SNP in CmrA leads to the constitutive activation of the PA2048
gene, which is sufficient to stimulate the expression of MexT-activated genes in the
presence of MexT. (5) Inactivation of MtxR or AmpR enhances the expression of the
mexT gene. (6) Inactivation of MvaT enhances the expression of mexEF-oprN, in a
manner independent of MexT.
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(mexT+) in P2 (mexT) mutant cells [95]. Mixed culture experiments have shown that P2
(mexT) mutant cells show a competitive growth advantage over P1 (mexT+) [95].
Interestingly, mexT mutants displaying the P2 phenotype did not arise in vitro within 20
passages of P1 in a rich medium [95] in the absence of selection. This could indicate
that specific in vivo conditions select for the mutation of the mexT gene in this strain.
Recently, it was reported that loss-of-function mutations in the mexT gene
restore the growth of PAO1 lasR mutant cells grown in vitro in a medium containing
casein as a sole carbon source [109]. The restoration of growth in a lasR mutant by the
loss of MexT was only partially dependent upon the loss of mexE expression. Indeed,
much of the effect of a mexT mutation on growth restoration in lasR mutant cells was
found to be independent of mexE, suggesting that another MexT-activated gene(s)
contributes to this phenotype. These results show that mutations in mexT can arise in
vitro under specific growth conditions or in the absence of other genes.

1.7 Factors important for MexT activity
It has been demonstrated in a number of studies that loss-of-function mutations
in mexS, encoding a putative oxidoreductase thought to act as a MexT inhibitor, confer
an nfxC phenotype characterized by enhanced expression of mexEF-oprN (Figure 1.3)
[81,91–93]. In one report, insertional inactivation of mexS led to reduced the expression
of mexE [88], a result that contradicts other reports and suggests that a functional mexS
allele is required for mexE expression. Although a substrate of the putative MexS
oxidoreductase has not been discovered, it has been hypothesized that the function of
MexS as an oxidoreductase is critical for its inhibition of MexT activity [81], implying that
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there is a redox-sensitive determinant of MexT activity. Consistent with the hypothesis
that MexT is a redox-sensitive transcription activator, MexT-activated genes are induced
in response to treatment with s-nitrosoglutathione [93] and diamide [81], chemicals that
induce oxidative stress. Furthermore, inactivation of mexT and mexF has been shown
to increase diamide susceptibility [81], suggesting that MexT-dependent activation of
mexEF-oprN in wild-type cells results in resistance to diamide. Diamide is known to act
as a thiol-oxidizing agent that rapidly oxidizes glutathione (GSH) to glutathione disulfide
(GSSG) in cellulo [110]. An oligomeric complex of MexT has been show to form in vitro
in the presence of GSSG, but not GSH [81]. Several characterized LysR-type
transcription regulators are thought to form functional tetrameric complexes on DNA
[73]. These results are consistent with the idea that diamide activates the expression of
mexEF-oprN by oxidizing glutathione, altering the cellular redox state, and promoting
oligomerization of MexT at target promoters.
Recently, a novel nfxC mutant isolated from P. aeruginosa strain PA14 was found to
contain a mutation in cmrA, which encodes an AraC-like transcription regulator [99].
This cmrA mutation resulted in enhanced expression of a PA14 homolog of the PA2048
gene, encoding a putative quinol monooxygenase. The PA2048 gene is necessary to
confer the nfxC phenotype in the cmrA mutant and ectopic expression of PA2048 is
sufficient to activate the expression of mexEF-oprN. The activation of mexEF in cmrA
mutant cells was also found to be dependent on mexT and mexS, suggesting that
activation of the PA2048 gene alters the activity of MexT, MexS, or both [99]. These
data also demonstrate that multiple levels of regulation are employed to control the
activity of MexT.
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While the roles of some MexT regulated genes, such as mexEF, have been
extensively studied, little is known about the function of many others. Of note, the
function of more than half a dozen MexT-activated genes predicted to encode small
proteins remains unexplored. In my dissertation research, I demonstrate that PA1942, a
gene I discovered is activated by MexT, encodes a small toxic protein that interacts with
at least one other protein in the cell.

1.8 Introduction to small proteins in bacteria
Small proteins have recently emerged as important factors in bacterial physiology.
Small proteins are the translated products of small open reading frames (ORFs), as
opposed to peptides that are not produced by the ribosome (i.e. non-ribosomal peptide
synthesis) or that are produced from proteolytic cleavage of larger proteins. In P.
aeruginosa, the average ORF size is approximately 317 amino acids, while several
hundred predicted ORFs are smaller than 100 amino acids [17]. Despite the abundance
of small proteins within bacterial cells, relatively few small proteins have been studied in
detail [111,112]. Small proteins are often discovered serendipitously by their ability to
contribute to important cellular processes [111]. A subset of these proteins are toxic and
are tightly regulated to limit adverse effects on cells [112]. The small proteins that have
been characterized to date share only a few similar features beyond their size.
Generally, the conservation of the primary sequence of genes encoding small proteins
is limited; however, the predicted secondary structures of nearly all of these small
proteins contain an alpha-helix structure [111]. Additionally, several of these small
proteins are known to localize to the cell membrane, and several more are known to
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interact directly with other proteins [111,112]. While limited similarities currently make
de novo identification challenging, the continued discovery and characterization of small
proteins may provide better rules for predicting their features and functions.
Small proteins function in a number of cellular process, including: cell
morphogenesis and division, transport, and signal transduction [111]. The small protein
SpoVM has been well-characterized for its contribution to spore formation in Bacillus
subtilis. SpoVM localizes to the developing forespore [113], interacts with a protein that
is a structural component of the spore coat [114–116], and inhibits the membranebound protease FtsH [117]. In at least three species, small proteins are known to
interact with components of the cell division machinery and inhibit septation [118–121].
Research into the function of small proteins in E. coli has demonstrated their ability to
modulate the activity of multiple small molecule transporters, including: a K+ transporter
[122], a multidrug efflux pump [123], a glucose transporter [124], and a manganese
exporter [125]. Additionally, examples of small proteins that inhibit protein kinases have
been discovered [126,127], demonstrating that small proteins can modulate signal
transduction. The diversity of small protein functions points towards an important role for
a variety of small proteins in bacterial cells.
As mentioned above, a subset of the small proteins characterized to date are
toxic in bacterial cells. The expression of these small toxic proteins is inhibited by
sRNAs that are often transcribed anti-sense to the mRNA of the toxic protein, forming
what is known as a type I toxin-antitoxin locus [112]. Type I toxin-antitoxin loci were first
discovered on bacterial plasmids [128], but have since been shown to be
chromosomally encoded [112]. In some examples, type I toxin-antitoxin genes of
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chromosomally encoded systems overlap and are transcribed convergently, whereas, in
others the genes are located separately in the genome [129]. Unlike most Hfqassociated sRNAs [41], these regulatory sRNAs often have a high degree of sequence
complementarity to their targets [112]. In at least two examples, the repression of toxin
mRNAs by antitoxin sRNAs do not require Hfq [130,131], which suggests that sRNAs
may directly base pair with target toxin mRNAs independently of Hfq. The targets of
these toxic small proteins are not well understood, but the expression of some is known
to lead to membrane depolarization and membrane disruption [128,132–135].
Overexpression of several small toxic proteins induces genes encoding membrane
proteins and those involved in heat shock response [132,136]. These observations
suggest that small toxic proteins may disrupt membrane dynamics by directly interacting
with the membrane or by disregulating membrane-associated factors. Further discovery
and characterization of small toxic proteins could reveal targets for antimicrobial
therapy. Lessons learned about the function of small toxic proteins in bacteria may also
be useful for designing treatments for human diseases; in fact, expression of the E. coli
gene encoding the small toxic Gef protein in breast cancer-derived cells reduces cellular
proliferation and induces apoptosis [137].

1.9 The biosynthesis and regulation of glutathione in bacteria
In my research, I have identified a role for glutathione in regulating the in vivo
activity of MexT. Glutathione (GSH) is a highly abundant thiol found in nearly all
eukaryotic organisms, cyanobacteria, proteobacteria, and some Gram-positive bacteria
[138]. It functions in diverse roles in bacterial species, including: detoxifying xenobiotic
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compounds, maintaining protein oxidation, and protecting cells from oxidative stress
[138]. GSH is a tripeptide formed by two enzyme-catalyzed reactions that both require
ATP (Figure 1.4) [139]. The enzymes involved in bacterial GSH biosynthesis were first
discovered in a screen for E. coli mutants that did not recover GSH production after
depletion with diamide, a thiol oxidant [140]. In the first reaction, GshA catalyzes the γ
peptide linkage of glutamate and cysteine to generate γ-glutamylcysteine. Next, GshB
catalyzes the linkage of glycine to γ-glutamylcysteine to generate GSH (Figure 1.4). The
thiol group within the cysteine residue of glutathione is oxidized in the presence of
cellular oxidants to form glutathione disulfide (GSSG) [139]. In E. coli, GSH is about
200-fold more abundant than GSSG in cells grown in a rich medium [141], indicating
that glutathione largely exists in the reduced (GSH) form. A second bacterial redox
system, including small peptides known as thioredoxins, contributes to the reduction of
cellular oxidants [139]. The glutathione and thioredoxin systems are partially redundant
for their ability to respond to oxidative stress in E. coli [142]. For the purposes of this
Introduction, I will only focus on the role of glutathione in bacterial physiology.
The intracellular concentration of glutathione is regulated by a number of
enzymes. The γ-glutamyl linkage in GSH is insensitive to cleavage by most intracellular
peptidases and must be degraded by a γ-glutamyl transpeptidase (GGT) [139]. The
specificity of this cleavage allows for relative stability of GSH in cells, but also provides
cells the opportunity to degrade GSH to its constituent amino acids. Interestingly, an E.
coli GGT is known to localize to the periplasm [143]; whereas, a Neisseria meningitidis
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Figure 1.4 Model for the regulation of the glutathione levels in P. aeruginosa.
Glutathione is synthesized from glutamate, cysteine, and glycine by the action of the
enzymes GshA and GshB. Glutathione is lost by proteolytic cleavage, which requires
the action of a γ-glutamyl transpeptidase, or by extracellular transport by a glutathione
transporter. In cells, glutathione primarily exists in the reduced (GSH) form, but can
oxidize to glutathione disulfide (GSSG) in the presence of oxidants (e.g. diamide) or by
glutaredoxin enzymes. The GSSG disulfide bond is reduced by glutathione reductase,
to regenerate GSH.
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GGT is known to localize to the cytoplasmic face of the inner membrane [144]. This
suggests that in different bacterial species GSH degradation occurs in different
compartments. An E. coli glutathione transporter exports GSH to the periplasm [145],
offering a route for degradation of cytoplasmic GSH by the periplasmic GGT.
Glutathione pools are also regulated by the action of glutathione S-transferases
(GSTs), which catalyze the transfer of glutathione to xenobiotic electrophiles [89]. The
action of GSTs is thought to aid the degradation of toxic electrophiles [146].
Increasingly, protein glutathionylation, which could be catalyzed by GSTs, have been
viewed as an important regulatory mechanism [147]. There are 15 putative GSTs
encoded in the P. aeruginosa strain PAO1 genome [148]. While the activity and
specificity of these enzymes remains largely unexplored, the occurrence of numerous
GSTs within the P. aeruginosa genome implies that multiple factors compete for GSH.
The intracellular GSH concentration is controlled by the GSH biosynthesis
enzymes, GshA and GshB. The gshA gene is required for glutathione production in P.
aeruginosa [149], and addition of exogenous of GSH to gshA or gshB mutants restores
tolerance to oxidative stress [150]. These results suggest that intracellular GSH is
produced exclusively by GshA and GshB. The expression of gshA and gshB genes in P.
aeruginosa is induced to varying levels in the presence of certain oxidants [150]. While
the mechanism for this induction is unknown, the data could indicate that P. aeruginosa
cells respond to oxidative stress by activating GSH biosynthesis. The regulated
synthesis, degradation, transport, and consumption of intracellular GSH offers control of
the abundance of this important antioxidant.
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The reducing potential of GSH is also regulated by a number of factors. GSH is
known to serve as a reducing agent for glutaredoxins, which are small redox enzymes
that reduce disulfide bonds [139]. The function of glutaredoxins is important for the
catalytic mechanisms of several enzymes, including enzymes involved in the
biosynthesis of deoxyribonucleotides and sulfur assimilation [147]. Glutaredoxins also
participate in the reduction of cysteine residues on the OxyR transcription regulator,
modulating the expression of OxyR targets [151]. Glutaredoxins can reduce protein
disulfides formed between cysteine residues or between a cysteine residue and
glutathione (i.e. a glutathionylated protein), and are recycled through the non-enzymatic
oxidation of GSH [147]. Glutathione reductases function to reduce GSSG to GSH using
NADPH [138]. By modulating the redox state of GSH, these enzymes serve to buffer the
cell against oxidative stress.
It is worth noting that many bacteria do not produce glutathione and instead rely
on the metabolism of other thiols to regulate the redox state of a cell [152]. For example,
Halobacteria lack a GshB homolog and therefore cannot synthesize GSH; however,
Halobacteria do have a functional GshA homolog that produces γ-glutamylcysteine, one
of the major low-molecular weight thiols in this organism [153]. The oxidation of γglutamylcysteine to bis-γ-glutamylcysteine is reversed by a bis-γ-glutamylcysteine
reductase (GCR) in a system that is thought to function in an analogous manner to the
glutathione system found in other species [154]. Recently, a gene encoding GCR in
Halobacteria has been identified that belongs to the pyridine nucleotide-disulfide
oxidoreductase family [155]. This family of proteins includes glutathione reductases and
several other enzymes found in glutathione-producing bacteria, which could indicate
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that GCR activity exists in these organisms. The role of γ-glutamylcysteine in redox
homeostasis in glutathione-producing bacteria remains unexplored.
The role of glutathione biosynthesis enzymes GshA and GshB in P. aeruginosa
physiology has recently been explored. PAO1 gshA and gshB mutants display
decreased production of pyocyanin, defective motility, and increased sensitivity to
several small molecules that elicit oxidative stress [149,150]. The gshA and gshB genes
appear to contribute additively to virulence in a Drosophila melanogaster model of
infection [150], which may indicate that the products of GshA and GshB (γglutamylcysteine and glutathione, respectively) can contribute independently to the
virulence of P. aeruginosa. While no study published to date has assessed the effects of
GshA and GshB on global transcript abundance, the transcript abundance of a few
genes is known to be diminished in PAO1 gshA [150] and gshB mutants [156], which
could indicate glutathione biosynthesis has a role in transcription regulation. The
regulatory mechanisms underlying these observed gshA and gshB mutant phenotypes
are presently unknown, but may involve the ability of GSH to modulate the activity of
transcription regulators.

1.10 Selected mechanisms regulating the activity of LTTRs
The activity of LysR-type transcription regulators (LTTRs) is modulated by
interactions between the C-terminal regulatory domain and small molecules. For some
LTTRs, physical association with a small molecule cofactor alters the activity of the
LTTR, whereas for others a chemical reaction between a LTTR and a small molecule
are thought to regulate LTTR activity (Figure 1.5) [73]. As an example of chemical
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Figure 1.5 Mechanisms regulating the activity of LysR-type transcription
regulators at target promoters.
Redox-sensitive LysR-type transcription regulators (LTTRs) associate with promoters of
target genes in the presence of oxidative stress due to the formation of intramolecular
disulfides bonds (A), intermolecular disulfide bonds (B), cysteine or methionine
oxidation (C), or post-translational addition of glutathione (i.e. glutathionylation) (D). For
other LTTRs, association with cofactors enhances the association of the LTTR with
promoters of target genes (E).
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modification, the oxidation of cysteine and methionine residues of LTTRs has been
shown to modulate their activity.
The activation mechanism of OxyR, an LTTR first discovered in E. coli, has been
studied in detail and provides a model to explain redox-sensitive activation of LTTRs.
E. coli OxyR is activated in response to H202 and forms oxidized OxyR that can activate
transcription of target genes in vitro [157]. OxyR functions in vivo to activate expression
of katA, encoding an important catalase, and other genes as part of an antioxidant
response [157,158]. The activity of OxyR depends on two cysteine residues, which form
a transient intramolecular disulfide bond upon oxidation (Figure 1.5A) [158]. The ability
of OxyR to activate transcription in vitro is lost in the presence of both glutaredoxin and
glutathione (GSH) [158], which suggests that reduction of the OxyR intramolecular
disulfide bond reduces the activity of OxyR. This also provides an example of the
regulation of an LTTR by GSH in vitro. Structural analyses comparing the oxidized and
reduced forms of OxyR reveal that the formation of this disulfide bond causes large
conformational changes within the C-terminal regulatory domain, enhancing DNA
binding activity [159]. Taken together, these results indicate that in the presence of
oxidative stress the OxyR cysteine residues are oxidized to form an intramolecular
disulfide bond that causes a conformational change in OxyR capable of activating the
transcription of target genes.
While compelling, this model would be insufficient to explain the activation of all
redox responsive LTTRs, such as MexT, which only has one cysteine residue and
therefore could not form intramolecular disulfide bonds. In the following paragraphs, I
discuss the possibility of LTTR activation mechanisms that could apply to the MexT
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regulator. The OxyR homolog in Deinococcus radiodurans has only one of the two
conserved cysteine residues; however, this cysteine residue is important for the ability
of OxyR to control an antioxidant response in the presence of H202 in this organism
[160]. It is unclear from the data presented whether this cysteine residue is important for
the stability or activity of OxyR, but it raises the possibility that the formation of
intermolecular disulfide bonds could contribute to the activity of this class of LTTR
(Figure 1.5B). The formation of intermolecular disulfide bonds can occur in vitro
between monomers of the E. coli LTTR, HypT [161]. These data may suggest that
intermolecular disulfide bonds could be important for the activity of some LTTRs;
however, this intermolecular interaction has yet to be observed in vivo and the effect, if
any, that this interaction has on the activity of LTTRs remains to be determined.
Other work studying the oxidation of cysteine residues on OxyR demonstrates
that the previously observed intramolecular disulfide bond is only one of many cysteine
modifications found on OxyR in vivo [162]. These cysteine modifications, including
nitrosylation, S-glutathionylation, and oxidation of the sulfhydryl group to various
intermediates, have been shown to modulate the in vitro activity of OxyR to varying
degrees (Figure 1.5C) [162]. Recently, structural analyses comparing wild type OxyR
and OxyR with substitutions of the conserved cysteine residues with aspartic acid,
which serve to mimic an intermediate oxidized state of OxyR, revealed that large
conformational changes are possible without the formation of an intramolecular disulfide
bond [163]. These observations suggest that the activity of LTTRs may depend on the
modification status of cysteine residues. Another interesting possibility raised by this
study is that glutathione can modulate the activity of LTTRs by serving as a reducing
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agent, or by glutathionylation of cysteines (Figure 1.5D). Glutathione S-transferases
(GSTs) are thought to participate in cellular detoxification through S-glutathionylation of
a number of substrates [146,164]. In higher eukaryotes, GSTs have been shown to
modulate important signal transduction pathways [165], but the role of GSTs in the
regulation of transcription activation in bacteria remains largely unexplored.
It has recently been shown that LTTRs can be activated by oxidation of
methionine residues (Figure 1.5C). In response to treatment with hypochlorite (HOCl),
the E. coli LTTR, HypT, is known to activate genes involved in methionine and cysteine
metabolism and protect cells from HOCl-mediated killing [166]. The production of
methionine and cysteine in response to HOCl treatment is thought to replenish amino
acids that are oxidized by HOCl and offers a mechanism for cells to reestablish redox
homeostasis. Three of the five methionine residues in HypT are required for protection
from HOCl killing and oxidation of these methionine residues can be detected in HypT
purified from HOCl-treated cells [167]. The reduction of oxidized methionines on HypT
by the methionine sulfoxide reductases, MsrA and MsrB, deactivates HypT and returns
it to its oxidation state prior to HOCl treatment [167]. This raises the possibility that
methionine oxidation of other LTTRs may also influence the activation of target genes.
The activity of many LTTRs is known to change in response to small molecule
cofactors (Figure 1.5E) [73,168]. Presently, it is not known whether a small molecule
cofactor modulates the activity of MexT. The association of cofactor with LTTRs are
thought to induce conformational changes in the LTTR that either enhance or diminish
regulatory activity [73]. In many cases, the targets of these cofactor-associated LTTRs
are genes that control the synthesis or degradation of the cofactor, thus creating
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regulatory switches that respond to the concentration of small molecules. This is the
case with LysR, the namesake of the LTTR family, which regulates the expression of
genes involved in lysine biosynthesis and is activated by an intermediate in the lysine
biosynthesis pathway, diaminopimelate [169,170]. This mechanism allows for the
stimulation of lysine biosynthesis upon the accumulation of intermediate in lysine
biosynthetic pathway. For the majority of characterized LTTRs, no cofactor has been
identified [73]. Based on comparison of DNA-binding motifs, MexT is thought to target
similar sequences to NodD, a Rhizobium LTTR that binds to a characteristic nod-box
sequence upstream of regulated genes [84,171]. A diversity of flavonoid molecules can
increase in vitro and in vivo activity of NodD [172]; however, it is not known whether this
increase in activity is due to association of NodD with flavonoids or a redox reaction
between the two. In the future, biophysical studies will continue to reveal cofactors for
LTTRs and we will continue to gain understanding about the mechanisms that regulate
the activity of this diverse class of regulators.
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Chapter 2: MexT-regulated genes contribute to poor growth of P. aeruginosa in
the absence of Hfq
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2.1 Abstract
Hfq is an RNA chaperone that serves as a master regulator of bacterial
physiology. Here, I show that in the opportunistic pathogen Pseudomonas aeruginosa,
the loss of Hfq can result in a dramatic reduction in growth on LB medium. When
observed under a microscope, cells lacking Hfq divide at a slower rate than wild-type
cells and are delayed in the formation of microcolonies. We provide evidence that the
growth defect observed in PAO1 Δhfq mutant cells is dependent upon MexT, a
transcription regulator that governs antibiotic resistance in this organism. Using a
combination of chromatin immunoprecipitation with high-throughput sequencing and
transposon insertion sequencing we identify MexT-activated genes responsible for
mediating the growth defect of hfq mutant cells. These include mexEF, encoding a
multidrug efflux pump, and a newly identified MexT-controlled gene, PA1942.
Furthermore, we demonstrate the loss of many of the genes identified in our transposon
insertion sequencing experiment restore the growth of hfq mutant cells. These data
show that MexT-dependent activation of target genes, as well as the functions of other
factors, contributes to the growth defect observed in PAO1 Δhfq mutant cells.

2.2 Introduction
Pseudomonas aeruginosa is an opportunistic pathogen of humans and the
leading cause of morbidity and mortality in cystic fibrosis patients [4]. P. aeruginosa
infections are difficult to treat, in part due to their intrinsic resistance to a wide range of
antibiotics [5,173]. The activation of several energy-dependent multidrug efflux pump
systems has been shown to confer enhanced antibiotic resistance and has emerged as
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an important mechanism for the acquisition of multidrug resistance in P. aeruginosa
[174].
The MexEF-OprN multidrug efflux pump has been shown to confer resistance to
norfloxacin, quinolones, imipenem, and chloramphenicol [96]. Mutations that lead to
constitutive expression of mexEF-oprN are readily isolated in vivo [94,106] and in vitro
[15]. Among these are mutations that enhance the activity of MexT, a LysR-type
transcription activator, that positively regulates the expression of mexEF-oprN
[15,91,92,98,99,175]. Interestingly, mutations that diminish or abolish the activity of
MexT are selected for in vivo and have been shown to enhance known virulence traits
of P. aeruginosa [95]. Thus, MexT serves as an important regulator of P. aeruginosa
biology by reciprocally regulating virulence and antibiotic resistance.
The regulator Hfq, an RNA chaperone protein, has been shown to regulate
diverse cellular processes in many bacterial species. Hfq can recognize specific sites on
RNA and typically represses the translation of target transcripts or influences their
stability [41]. Hfq is thought to mediate many of its regulatory effects by facilitating
interactions between small regulatory RNAs and target messenger RNAs [176].
However, there are instances in which Hfq is thought to exert its regulatory effects
without the assistance of any sRNA species [46,55,177]. In P. aeruginosa, Hfq plays
important roles in the control of catabolite repression and is essential for virulence [67].
Transcriptomic studies suggest that Hfq influences the expression of hundreds of genes
in P. aeruginosa [48,54–56]. A recent ChIP-Seq study revealed that Hfq targets more
than 600 nascent transcripts in this organism [61]. The loss of hfq in P. aeruginosa has
not only been shown to reduce several virulence traits, such as pyocyanin production
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and motility, but also to result in diminished growth on non-preferred carbon sources
[67]. Indeed, Hfq is important for the growth and virulence of many different bacterial
species [49,57,66–72,178].
In this work, we sought to identify genes that contribute to a severe growth defect
we observed when P. aeruginosa strain PAO1 cells lacking hfq are grown on LB agar.
We discovered that deleterious mutations in mexT restore the growth of cells lacking hfq
because they abrogate the MexT-dependent activation of mexEF and a previously
uncharacterized gene, PA1942. Additionally, we present evidence that the loss of a
number of genes not known to be associated with the regulation of mexT expression or
the control of MexT activity can restore the growth of cells lacking hfq.

2.3 Results
2.3.1 Loss of Hfq in P. aeruginosa results in a severe growth defect on LB agar
In the course of studying a small regulatory RNA in P. aeruginosa strain PAO1,
we constructed a mutant derivative containing an in-frame deletion of hfq, lacking the
RNA chaperone Hfq. PAO1 Δhfq mutant cells produced very small colonies when grown
on LB agar that were apparent only after 2-3 days of incubation at 37 oC (Figure
2.1A,B). The severe growth defect of the PAO1 Δhfq mutant cells could be
complemented by supplying hfq on a plasmid (Figure 2.2), indicating that the growth
defect of our PAO1 Δhfq mutant was due to the loss of Hfq.
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Figure 2.1. The growth defect of PAO1 Δhfq mutant cells is suppressed by loss of
mexT.
A) Colonies of strains bearing markerless in-frame deletions of the genes indicated
grown on LB agar at 37 oC for 72 hr. The scale bar indicates 5 mm.
B) Size of colonies from A. Mean value of 20 colonies relative to the size of colonies
from PAO1 Δhfq mutant cells; error bars indicate ± 1 standard deviation.
C) Growth of PAO1, PAO1 ΔmexT, PAO1 Δhfq, and PAO1 ΔmexT Δhfq mutant cells in
LB recorded by measuring OD600 of cells cultured at 37 oC for 24 hr.

	
  

37

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure 2.2. PAO1 cells lacking Hfq exhibit a growth defect that is specific to the
growth medium used.
PAO1 cells were transformed with pPSV38 (EV), and PAO1 Δhfq mutant cells were
transformed with plasmids pPSV38 (EV), or pPSV38-hfq (phfq) and transformants were
selected on NCE-succinate agar with gentamicin 30 µg mL-1. Single colonies were
mixed in phosphate buffered saline (PBS), normalized for cell density (OD600 = 0.1),
serially diluted, and 7.5 µL of each dilution (10−2–10−6) was spotted onto NCE-succinate
agar with gentamicin 30 µg mL-1 and LB agar with gentamicin 30 µg mL-1 and 5 mM
IPTG before incubation at 37 °C for 48 hr.
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A modest growth defect has been previously reported for P. aeruginosa PAO1
Δhfq mutant cells cultured in LB [67]; however, we found the growth of our PAO1 Δhfq
mutant cells in LB to be substantively reduced relative to that of wild-type cells (Figure
2.1C). Nevertheless, the growth defect of our PAO1 Δhfq mutant cells appears to be
much more pronounced when grown on LB agar than when grown in LB (Figure 2.1AC). Taken together, our findings suggest that Hfq is critical for the growth of P.
aeruginosa strain PAO1 when grown on LB agar.
To determine whether Hfq is important for the growth of P. aeruginosa strains
other than PAO1, we created an in-frame deletion of hfq in cells of the clinical isolate
strain PA99 [9]. PA99 Δhfq mutant cells exhibited a dramatic growth defect relative to
wild-type cells when grown on LB agar (Figure 2.3). This finding suggests Hfq may be
critical for the growth of a variety of P. aeruginosa strains on LB agar.
Prior work suggested PAO1 Δhfq mutants can grow in a minimal medium
supplemented with succinate as a sole carbon source (NCE-succinate), but are unable
to grow in a minimal medium supplemented with glucose [67]. We found that our PAO1
Δhfq mutant cells produce wild-type sized colonies when grown on NCE-succinate agar
plates (Figure 2.4A,B). Thus, Hfq does not appear to be critical for the growth of P.
aeruginosa strain PAO1 under all conditions.
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Figure 2.3. PA99 cells lacking Hfq have a severe growth defect on LB agar.
PA99 and PA99 Δhfq mutant cells plated were grown in LB overnight, mixed, diluted,
and plated on LB agar. Plates were incubated at 37 oC for 72 hr.
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Figure 2.4. PAO1 Δhfq and ΔmexT mutants grow like wild-type on NCE-succinate
agar.
A) Colonies of strains bearing markerless in-frame deletions of the genes indicated
grown on NCE-succinate agar at 37 oC for 72 hr. The scale bar indicates 5 mm.
B) Size of colonies from A. Mean value of 20 colonies relative to the size of colonies
from PAO1 Δhfq mutant cells; error bars indicate ± 1 standard deviation.
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2.3.2 Loss of MexT suppresses the pronounced growth defect of PAO1 Δhfq
mutant cells
We noticed that cells of our PAO1 Δhfq mutant strain gave rise to both small
colonies and some colonies of larger size when plated on LB agar (Figure 2.1A). We
surmised that the loss of hfq caused a profound growth defect on LB agar that could be
suppressed by a spontaneous secondary mutation (or mutations) that enhanced cell
growth. To test this idea we selected 18 large colonies that arose when cells of our
PAO1 Δhfq mutant strain were grown for two days at 37 oC on LB agar. Whole genome
sequencing of putative suppressor mutant strains revealed that in addition to the hfq
deletion, the suppressor mutants that we tested contained a single nucleotide
polymorphism (SNP), large chromosomal deletion, or multiple mutations (Table 2.1). Six
independent SNPs in the mexT gene, encoding the LysR-type transcription regulator
MexT [84], were discovered in different putative suppressor mutant strains (Table 2.1).
In addition, cells of four other putative suppressor strains contained large deletions that
encompassed the mexT gene (i.e. PA2492) (Table 2.1). The results of our whole
genome sequencing analyses suggest that the growth defect of cells lacking hfq can be
suppressed through a variety of mutations including different SNPs and deletions.
Furthermore, our findings raised the possibility that the loss of mexT, or mutations that
either reduce the activity or abundance of MexT, can suppress the growth defect of our
PAO1 Δhfq mutant cells.

	
  

	
  

	
  

42

	
  
	
  
	
  
	
  
	
  
	
  
	
  
Table 2.1. Identification of mutations that suppress the small colony phenotype of
PAO1 Δhfq mutant cells.
	
  

	
  
Whole genome sequencing identified mutations associated with a restoration in growth
of PAO1 Δhfq mutant cells for 18 strains. The relevant amino acid changes resulting
from SNP mutations are indicated in parentheses. ‘fs’ indicates a SNP that results in a
frameshift subsequent to the specified amino acid. ‘syn’ indicates a SNP mutation that
results in a synonymous substitution of the specified amino acid. ‘Δ’ indicates a deletion
and ‘Dup’ indicates a duplication that encompasses the genes included in parentheses.
The amino acid changes indicated for MexT are based on the sequence of mexT from
MPAO1 (GCA_000247435.2), encoding a protein with 304 amino acid residues, which
is identical to the sequence of mexT in our PAO1 strain.
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To test explicitly whether the loss of mexT can suppress the growth of our PAO1
Δhfq mutant cells we deleted hfq in PAO1 cells that contained a deletion of mexT. We
found that the loss of hfq did not appear to profoundly reduce the growth of cells
containing the ΔmexT mutation on LB agar (Figure 2.1A,B). The sizes of colonies from
PAO1 ΔmexT mutant cells were similar to those of wild-type (Figure 2.1A,B), suggesting
that the loss of mexT can suppress the growth defect of PAO1 mutant cells lacking Hfq.
Consistent with this interpretation, ectopic expression of mexT was found to inhibit the
growth of the PAO1 ΔmexT Δhfq mutant cells (i.e. complement the phenotype of the
ΔmexT mutation in the Δhfq mutant background) (Figure 2.5).
Furthermore, comparison of the growth of wild-type PAO1, PAO1 ΔmexT, PAO1
Δhfq, and PAO1 ΔmexT Δhfq mutant cells in LB indicated that the ΔmexT mutation
partially restored the growth rate of Δhfq mutant cells but had no significant impact on
the growth of otherwise wild-type (i.e. hfq+) cells (Figure 2.1C). These findings suggest
that the loss of mexT can suppress the growth defect observed in PAO1 Δhfq mutant
cells grown either on LB agar or in LB liquid.
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Figure 2.5. MexT is toxic in PAO1 Δhfq mutant cells.
PAO1 Δhfq mutant cells were transformed with pPSPK (EV), and PAO1 ΔmexTΔhfq
mutant cells were transformed with plasmids EV, or pPSPK-mexT (pmexT), and
transformants were selected on NCE-succinate agar with gentamicin 30 µg mL-1. Single
colonies were mixed in phosphate buffered saline (PBS), normalized for cell density
(OD600 = 0.1), serially diluted, and 7.5 µL of each dilution (10−2–10−6) was spotted onto
NCE-succinate agar with gentamicin 30 µg mL-1 and LB agar with gentamicin
30 µg mL-1 before incubation at 37 °C for 48 hr.
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The growth defect observed in PAO1 Δhfq mutant cells could be a result of a
decreased rate of cellular elongation or division, or an increased rate of cell death.
Conversely, the loss of mexT could restore growth to PAO1 Δhfq cells by increasing the
rate of elongation or division, or decreasing the rate of cell death. To distinguish
between these possibilities, we observed the growth of PAO1 wild-type, PAO1 Δhfq
and, PAO1 ΔmexT Δhfq mutant cells on heated LB-agarose pads by phase-contrast
microscopy over a 4 hr time-course. Consistent with observations of growth on LB agar,
PAO1 Δhfq mutant cells produced smaller microcolonies than wild-type PAO1 and
PAO1 ΔmexT Δhfq mutant cells (Figure 2.6).
PAO1 Δhfq mutant cells divide slower than PAO1 wild-type and PAO1 ΔmexT
Δhfq mutant cells, which divide at a similar rate throughout the time-course (Figure 2.7).
The PAO1 Δhfq mutant cells appear to fail to complete divisions at later time-points
(Figure 2.7). The size and morphology of PAO1, PAO1 Δhfq, and PAO1 ΔmexT Δhfq
cells are comparable at the start of the time-lapse. We did not observe substantial cell
lysis in PAO1 Δhfq mutant cells in the conditions tested. These observations suggest
that the loss of Hfq slows the division of PAO1 cells and that the loss of MexT can
alleviate this defect.
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Figure 2.6. The formation of microcolonies is impaired in PAO1 Δhfq mutant cells.
Phase contrast microscopy was used to monitor the growth of PAO1, PAO1 Δhfq, and
PAO1 ΔmexTΔhfq mutant cells. Mid-log cultures of each strain were spotted on pads
made of LB with 2% w/v agarose and 0.2 % w/v sodium nitrate. Cells were grown for 4
hr with an objective heated to 34 oC. Images were captured every 5 min.
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Figure 2.7. The division of PAO1 Δhfq cells is impaired.
A selection from microscopy images obtained from the experiment described in Figure
2.6.
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2.3.3 Identification of MexT target genes using ChIP-Seq
Because MexT primarily functions as a transcription activator [84] we suspected
the loss of mexT in PAO1 Δhfq mutant cells contributed to restored growth in LB due to
a reduction in expression of a MexT-activated gene whose product is important for the
effect of a Δhfq mutation on growth. To identify genes that might be direct regulatory
targets of MexT we used chromatin immunoprecipitation and high-throughput
sequencing (ChIP-seq). First, we generated a strain expressing a C-terminal vesicular
stomatitis virus-glycoprotein (VSV-G) epitope-tagged version of MexT (MexT-V) from
the native mexT locus. We grew wild-type PAO1 and PAO1 MexT-V cells to mid-log and
stationary phase and performed ChIP for the VSV-G epitope. ChIP of MexT-V
reproducibly enriched 22 genomic loci at greater than 2-fold relative to the wild-type
PAO1 mock control in either mid-log or stationary phases of growth (Supplementary
Table S1.1). We found that MexT associates with chromosomal regions found upstream
of the vast majority of genes previously demonstrated to be positively regulated by
MexT [84], including the MexT-activated mexEF-oprN and mexS loci (Figure 2.8A and
Supplementary Table S1.1). The MexT binding motif derived from our ChIP-seq study
(Figure 2.8F) is in good agreement with the predicted MexT binding motif found
upstream of known MexT-regulated genes [84].
We identified three novel targets for MexT using ChIP-seq and sought to
determine whether MexT regulates the expression of the associated genes. For two of
these, MexT association occurred proximal to annotated genes, namely PA1942 (Figure
2.8B) and PA1333 (Figure 2.9B). For the other, MexT association occurred more than
200 bp upstream of the eco gene (Figure 2.9A). We identified a putative promoter
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proximal to a MexT-binding motif and a putative transcription terminator upstream of the
eco gene, suggesting the existence of a previously unannotated gene at this locus
(referred to henceforth as matU). Consistent with the idea that MexT positively regulates
the expression of PA1942, PA1333, and matU we found using qRT-PCR that the
abundance of the PA1942, PA1333, and matU transcripts was dramatically decreased
in the absence of mexT in a manner that could be complemented with ectopic
expression of mexT (Figure 2.8E, 2.9C,D). Similarly, qRT-PCR revealed that the
expression of the known MexT-activated mexE and mexS genes was positively
regulated by MexT in our strain of PAO1 (Figure 2.8C,D).
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Figure 2.8. MexT associates with the mexS, mexE and PA1942 genes.
ChIP-Seq with MexT-V identifies enrichment peaks near mexS, and mexE (A), as well
as PA1942 (B) in mid-log grown cells. Genes are indicated by blue arrows at the bottom
of each panel. Expression of the mexE (C), mexS (D), or PA1942 (E) genes measured
by qRT-PCR in PAO1 cells transformed with plasmid pPSPK (indicated EV), or PAO1
ΔmexT mutant cells transformed with EV, or plasmid pPSPK-mexT (pmexT). All cells
were grown in LB to mid-log, and then IPTG (1 mM) was added for 1 hr, which induces
expression of mexT in cells containing pmexT. The relative abundance of each
transcript was normalized to that of clpX. The primers used to amplify a transcript within
the PA1942 ORF are the same as those used to amplify a transcript within the hilR ORF
described in Chapter 3. F) Sequence logo representation of the experimentally
determined MexT binding site motif derived from non-redundant sequences in
Supplementary Table S1.1. The logo was generated using MEME.
	
  

51

	
  

	
  
Figure 2.9. MexT associates upstream of novel targets to activate transcription.
ChIP-Seq with MexT-V identifies enrichment peaks near eco (A), as well as PA1333 (B)
in mid-log grown cells. Genes are indicated by blue arrows at the bottom of each panel.
Note the matU gene is proposed to start ~200 bp upstream of eco. Expression of the
matU (C), or PA1333 (D) genes measured by qRT-PCR in PAO1 cells transformed with
pPSPK (EV), or PAO1 ΔmexT mutant cells with EV, or pPSPK-mexT (pmexT). All cells
were grown in LB to mid-log, and then IPTG (1 mM) was added for 1 hr, which induces
expression of mexT in cells containing pmexT. The relative abundance of each
transcript was normalized to that of clpX.
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2.3.4 Identification of MexT-activated genes with toxicity in Δhfq mutant cells
using Tn-Seq
Having identified the set of MexT-target genes in PAO1 we next sought to
determine whether the expression of one or more of these genes contributes to the
growth defect seen in Δhfq mutant cells grown on LB agar. To do this we used
transposon mutagenesis and high-throughput sequencing (Tn-seq) to comprehensively
identify genes whose inactivation suppress the growth defect of Δhfq mutant cells. In
particular, we first generated a library with ~300,000 independent transposon insertions
in PAO1 Δhfq mutant cells grown on NCE-succinate agar (conditions under which the
selection of spontaneous mutant suppressors is reduced). Then, we screened a pool of
~30,000,000 colonies from this library (i.e. 100X coverage of the mutant library) on LB
agar. We purified genomic DNA from cells grown on LB agar as well as DNA from cells
of the input library (originally harvested from cells grown on NCE-succinate agar),
created sequencing libraries and mapped reads corresponding to transposon insertions
to the PAO1 genome. We expected that reads mapping to transposon insertions that
resulted in large colonies on LB agar would be overrepresented in genomic DNA
isolated from cells of the library grown under these conditions relative to those of the
input library which had been grown on NCE-succinate. We found that there were 38
intragenic or intergenic regions with statistically significant increases (>2-fold) in the
number of reads mapping to transposon insertions under the LB agar growth condition
relative to the NCE-succinate condition (Supplementary Table S1.2). Consistent with
our whole genome sequencing results, reads mapping to transposon insertions in the
mexT gene were more abundant in cells of the Tn-mutagenized PAO1 Δhfq mutant
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library grown on LB agar when compared to the input library. Importantly, we discovered
that insertions in the MexT-regulated genes PA1942, mexE, and mexF were overrepresented in cells grown on LB agar (Figure 2.10A,B). This suggested that insertional
inactivation of these MexT-regulated genes enhanced the growth of Δhfq mutant cells
on LB agar. Importantly, no other MexT-regulated gene described previously or herein
was identified as a putative suppressor of the growth defect of Δhfq mutant cells. These
results suggested that MexT-dependent activation of PA1942, mexE, and mexF results
in toxicity in cells lacking Hfq.
To test whether the loss of the MexT-activated PA1942, mexE, and mexF genes
contributed to the growth defect seen in PAO1 Δhfq mutant cells grown on LB agar, we
first constructed PAO1 mutants that contained in-frame deletions of PA1942, mexEF, or
PA1942 together with mexEF in PAO1. We then deleted hfq in each of the resulting
PAO1 ΔmexEF, PAO1 ΔPA1942, and PAO1 ΔmexEF ΔPA1942 mutant cells. The
results depicted in Figure 2.10C,D suggest that the loss of PA1942 or mexEF can
suppress the growth defect of PAO1 Δhfq mutant cells grown on LB agar. We observed
that the loss of PA1942 had a greater suppressive effect than the loss of mexEF on the
growth of Δhfq mutant cells, but that neither of these mutations restored growth to the
same extent as a ΔmexT mutation. However, the loss of PA1942 and mexEF combined
resulted in a similar effect as the loss of mexT on the growth of Δhfq mutant cells
(Figure 2.10C,D). Taken together, these findings suggest that the MexT-dependent
activation of mexEF and PA1942 expression is responsible for the growth defect of Δhfq
mutant cells on LB agar (Figure 2.10C,D).
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Figure 2.10. MexT-activated genes, mexE and PA1942, contribute to the growth
defect observed in Δhfq mutant cells.
Tn-seq profiles for genomic regions spanning mexT-oprN (A), or PA1942 (B) from
analyses performed in the PAO1 Δhfq mutant strain grown on NCE-succinate or LB
agar. Bars above the locus map represent transposon insertion sites, and the height of
each bar indicates the number of normalized sequencing reads at that site.
C) Colonies of strains bearing markerless in-frame deletions of the genes indicated
grown on LB agar at 37 oC for 72 hr. The scale bar indicates 5 mm.
D) Size of colonies from C. Mean value of 20 colonies relative to the size of colonies
from PAO1 Δhfq mutant cells; error bars indicate ± 1 standard deviation.
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(Figure 2.10 Continued)
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2.3.5 Disruption of many PAO1 genes restores growth to hfq mutant cells
In addition to our observation that reads mapping to transposon insertions in
mexT and MexT-regulated genes were more abundant in the Tn-mutagenized PAO1
Δhfq mutant library grown on LB agar, we observed that insertions in a number of other
genes were significantly enriched amongst cells of the PAO1 Δhfq mutant library grown
on LB agar (Supplementary Table S1.2). To evaluate the reproducibility of the results of
our screen, we performed a replicate Tn-seq experiment where we screened 3,000,000
colonies (i.e. 10x coverage) from the same input (NCE-succinate) library on LB agar.
We observed substantial similarity among results comparing the 100x and 10x libraries
to the input condition (Supplementary Tables S1.2 and S1.3), including
overrepresentation of 8 of the same top-15 genomic regions in the LB condition in both
comparisons. This indicated that insertions in many genes could reproducibly enhance
the growth of PAO1 Δhfq mutant cells on LB agar. We noticed that in our replicate
library (Supplementary Table S1.3) insertions in rnd (encoding ribonuclease D) had the
highest fold increase of any intragenic region in the LB condition. We also observed that
reads mapping to insertions in a number of genes encoding an R type pyocin were
discovered to be more abundant in PAO1 Δhfq mutant cells grown on LB agar
(Supplementary Table S1.3). These pyocin genes are known to be activated by the
transcription regulator PrtN [179]. These examples could indicate that there are more
genes than were identified in the 100X library that contribute to the growth defect of
PAO1 Δhfq cells on LB agar.
To test whether the loss of genes identified by Tn mutagenesis contribute to the
restoration of growth in PAO1 Δhfq mutant cells on LB agar, we constructed in-frame
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deletions in the following genes: htpG, PA3190, PA4465, PA0429, migA, wapB,
PA0614, prtN, hflCK, rnd, asrA, ptsP, spuD, and phhR. Cells from each of these PAO1
mutants grew indistinguishably from PAO1 wild-type cells on LB agar (Figure 2.11). We
then deleted hfq in each of these PAO1 mutants and compared the growth of cells to
the growth of PAO1 Δhfq and PAO1 ΔmexT Δhfq mutant cells on LB agar. The loss of
any of these genes, except spuD, results in enhanced growth of PAO1 Δhfq cells on LB
agar (Figure 2.12). The loss of mexT appears to enhance the growth of PAO1 Δhfq
more than the loss of any other gene tested, suggesting that this MexT-regulated
pathway is a significant detriment to the growth to PAO1 Δhfq cells. These results also
demonstrate that many other genes contribute to the growth defect of PAO1 Δhfq
mutant cells on LB agar.
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Figure 2.11. The loss of genes that suppress the growth defect of PAO1 Δhfq
mutant cells on LB agar does not alter the growth of PAO1 cells.
Colonies of strains bearing markerless in-frame deletions of the genes indicated were
picked from LB agar plates, mixed in phosphate buffered saline (PBS), normalized for
cell density (OD600 = 0.1), serially diluted, and 7.5 µL of each dilution (10−2–10−6) was
spotted onto LB agar before incubation at 37 °C for 24 hr.
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Figure 2.12. The products of many genes appear to contribute to the growth
defect of PAO1 Δhfq mutant cells on LB agar.
Colonies of strains bearing markerless in-frame deletions of the genes indicated were
picked from NCE-succinate agar plates, mixed in phosphate buffered saline (PBS),
normalized for cell density (OD600 = 0.1), serially diluted, and 7.5 µL of each dilution
(10−2–10−6) was spotted onto NCE-succinate agar and LB agar before incubation at
37 °C for 48 hr.
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2.4 Discussion
We have found that Hfq is critical for the growth of P. aeruginosa strain PAO1 on
LB agar. The reduced growth we observe in these mutant cells is due, at least in part, to
the activities of genes whose expression is positively regulated by MexT. These include
mexEF, encoding components of an RND multidrug efflux pump, as well as the novel
MexT-regulated gene PA1942. We have also identified the direct regulatory targets of
MexT using ChIP-Seq. We utilized forward genetic screens to identify many factors that
contribute to the reduced growth of cells lacking Hfq.
How PA1942 and mexEF contribute to the growth defect of Δhfq mutant cells is
unclear. I explore the role of PA1942 in Chapter 3. MexEF are components of the
MexEF-OprN multidrug efflux pump that is responsible for the efflux of several small
molecules [86,103,105]. The loss of mexEF might therefore create a situation in which a
particular small molecule builds up to a level that is inhibitory to growth in cells of a Δhfq
mutant. However, the activity of MexEF-OprN has also been linked to the control of
gene expression in P. aeruginosa, presumably as a result of its effects on the
intracellular concentrations of small molecules that influence the activities of
transcription factors [84]. Indeed, one of the substrates for MexEF-OprN is 4-hydroxy-2heptylquinoline (HHQ), which is a precursor of the Pseudomonas quinolone signal that
influences the expression of genes regulated by quorum sensing [85,86]. It is therefore
possible that MexEF inhibit the growth of cells of a Δhfq mutant through an indirect
effect on gene expression. Regardless of how mexEF and PA1942 inhibit the growth of
Δhfq mutant cells, their combined inhibitory effects appear to result in a selective
pressure that favors the loss of MexT activity.
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We identified mutations of mexT that suppressed the growth defect of our Δhfq
mutant cells. Mutations in P. aeruginosa that alter mexT-dependent activation of target
genes have arisen in a variety of contexts. Mutants with enhanced mexT-dependent
activation of target genes were first discovered almost 30 years ago in a selection for
norfloxacin-resistant (nfxC) mutants [96]. These mutants were characterized by their
overexpression of the multidrug efflux pump MexEF-OprN [97], their cross-resistance to
imipenem and chloramphenicol [96], as well as their attenuation of virulence [103]. nfxC
type mutants, which frequently arise through mutation of mexS [92], are readily selected
in mice treated with chloramphenicol, but can also arise in mice in the absence of
chloramphenicol treatment [94]. Mutations linked to the activation of mexEF-oprN have
been observed in P. aeruginosa isolated from a cystic fibrosis (CF) patient chronically
infected with the organism [106]. However, in other CF patient isolates, mutations in
mexS as well as mexT were found to occur [180].
A nonsense mutation in mexT, resulting in the expression of a truncated version
of MexT, was discovered in a spontaneous PAO1 mutant that displayed an enhanced
tissue-destroying phenotype in a rat [95]. This mexT mutant (referred to as P2 [mexT])
exhibits enhanced virulence and a competitive growth advantage over P1 (i.e. mexT+)
wild-type cells [95]. Recently, it was reported that loss-of-function mutations in mexT
restore the growth of lasR mutants grown in vitro in a medium containing casein as a
sole carbon source [109]. The mexT-dependent growth restoration of a lasR mutant was
shown to be partially dependent on the expression of mexE, suggesting that other
MexT-activated genes also contribute to this phenotype. These results and ours
illustrate that mexT mutants can be selected for in vitro in specific genetic backgrounds,
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under specific growth conditions, or both. In this regard it is noteworthy that certain P.
aeruginosa PAO1 strains do not encode functional versions of MexT [15]. Our results
indicate that the mexT allele found in our PAO1 strain produces a functional MexT
protein, capable of activating the transcription of target genes. It is therefore likely that
the deletion of hfq will only result in a significant growth defect in derivatives of PAO1
that contain functional versions of MexT.
Our Tn-seq approach identified insertions in more than a dozen genes that
enhanced the growth of PAO1 Δhfq cells on LB agar. Hfq has been shown to repress
the expression of a few of these genes, including PA3190 [54] and PA0614 [67]. It is
possible that the absence of Hfq causes these genes to be expressed at levels that are
toxic to cells. The htpG gene encodes a chaperone Hsp90 homolog that has been
shown to influence the production of P. aeruginosa virulence factors [181], which could
suggest that HtpG contributes to the regulation of several pathways. It is possible that
the disregulation of one of these pathways in the absence of HtpG compensates for a
change caused by the absence of Hfq. Many details regarding the contribution of these
identified factors to the growth of P. aeruginosa cells remain to be explored.

2.5 Experimental Procedures
2.5.1 Bacterial Strains and Growth Conditions
All experimental strains were derived from P. aeruginosa strains PAO1 and PA99
and are listed in Supplementary Table S1.4. Bacterial cultures were grown at 37 oC at
200 rpm in lysogeny broth (LB) medium or No Carbon E broth supplemented with 20
mM succinate (NCE-succinate) [67] where indicated. For the experiment measuring the
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growth of cells in LB, overnight cultures grown in LB from colonies isolated on LB agar
plates were backdiluted to an OD600 of 0.01. Where indicated, Δhfq mutant cells were
grown on NCE-succinate agar before plating on LB agar. Where appropriate, antibiotics
were used at the following concentrations: gentamicin 30 µg mL-1 (15 µg mL-1 in E. coli
cloning and mating strains) and carbenicillin 200 µg mL-1 (100 µg mL-1 in E. coli cloning
and mating strains). Where indicated, inducers were used at the following
concentrations: 1 or 5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) or 0.1% (v/v)
L-arabinose.

2.5.2 Plasmid and Strain Construction
All plasmids and primers used in this study are listed in Supplementary Tables
S1.5 and S1.6, respectively. Details of plasmid and strain construction are described in
Appendix 1.

2.5.3 RNA Isolation and qRT-PCR
Cells were backdiluted from overnight cultures to an OD600 of 0.01 in 50 mL LB
and grown at 37 oC with shaking to a mid-log OD600 of ~0.3-0.5. For experiments
performed on cells bearing plasmids with IPTG-inducible genes, IPTG was added to
mid-log cultures at a final concentration of 1 mM and grown at 37 oC with shaking for
30-60 min. For experiments on untransformed cells, cells were harvested at mid-log.
Five milliliters of cells were harvested by centrifugation at 4,000 rpm for 10 min. RNA
was isolated using Tri-Reagent (Molecular Research Center, Inc.) as previously
described [182]. RNA quality was determined by gel electrophoresis. cDNA synthesis
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using Superscript III reverse transcriptase (Invitrogen) and quantitative reverse
transcriptase PCR (qRT-PCR) were performed essentially as described previously [183]
using a LightCycler 96 (Roche). The abundances of transcripts were measured relative
to that of the clpX transcript. qRT-PCR was performed at least twice on sets of
biological triplicates. Relative expression values were calculated by using the
comparative Ct method (2-ΔΔCT) [184]. Fold enrichment values shown are the mean of
three biological replicates, and error bars represent the standard deviation of the mean.
Data shown are from one representative experiment.

2.5.4 Transposon Mutagenesis
P. aeruginosa PAO1 ∆hfq cells were mutagenized with the mini-transposon
pBTK30 [185] using a mating protocol adapted from a previously described procedure
[37]. The donor strain SM10(λpir) carrying pBTK30 was grown in LB broth
supplemented with 50 µg mL-1 ampicillin at 37 oC and PAO1 ∆hfq was grown in NCEsuccinate broth at 42 oC overnight. The next morning, cultures were concentrated and
adjusted to an OD600 of 5 for the donor and 10 for each recipient. Equal volumes of
donor and recipient were mixed together and 50 µL aliquots were spotted on
prewarmed LB plates. Matings were allowed to proceed at 37 oC for one hour prior to
resuspension in NCE-succinate supplemented with 25 µg mL-1 irgasan and 30 µg mL-1
gentamicin (NCE-succinate-Gm-Irg). Transconjugants were selected on NCE-succinateGm-Irg agar plates following incubation at 37 oC for 48 hr. Donor-only and recipient-only
controls were performed in parallel to ensure counterselection against E. coli donor and
selection of P. aeruginosa transconjugants, respectively. The approximate complexity
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(i.e. number of transconjugants collected) of the “input” (NCE-succinate) library was
~2.9 x 105 CFU. Transconjugant colonies were isolated from agar plates by suspension
in NCE-succinate-Gm-Irg. Colonies were screened twice by diluting cells of the “input”
library (which had been grown on NCE-succinate agar) in LB broth, plating dilutions on
LB agar, and incubating at 37 oC for 22 hr. Colonies from these screens were scraped
from plates and resuspended in LB broth. The approximate complexity of the “output”
(LB) libraries was 3.1x107 (“100X”) and 2.9x106 CFU (“10X”). Cell pellets of each library
consisting of approximately 5x109 CFU were collected and frozen at -80oC.

2.5.5 Transposon Sequencing
Genomic DNA from thawed cell pellets of each mutant library was extracted,
fragmented, polyC tailed and purified as previously described [186]. gDNA libraries
were constructed and sequenced as previously described [37]. Trimmed reads were
mapped to TA insertion sites, normalized to total reads, and visualized using the Sanger
Artemis Genome Browser and Annotation tool as previously described [37]. A MannWhitney U test was used to determine differences in reads corresponding to insertions
in intragenic and intergenic regions of the genome.

2.5.6 Whole Genome Sequencing
A total of 18 large colony suppressors were selected from isolated single
colonies of Δhfq cells streaked on LB agar; and two colonies were selected from
isolated single colonies of mexS Q9stop cells streaked on LB agar. For each isolate, a
single colony was inoculated in LB broth and incubated for ~16-24 hr at 37 oC. Pellets of
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overnight cultures were collected by centrifugation and genomic DNA was harvested
from cells using the MasterPure DNA purification kit (Epicentre). Sequencing libraries
were constructed using the NEBNext Ultra II DNA Prep Kit for Illumina (NEB) following
the manufacturer’s instructions. Approximately 50-100 ng of genomic DNA was used
and adaptors were diluted 1:10 prior to ligation. Size selection was performed using
AMPure XP beads (Beckman Coulter) to yield inserts 400-500 bp in length, followed by
10 rounds of PCR amplification. Libraries from each strain were pooled and 50 bp reads
were sequenced on a HiSeq 2500 by Elim Biopharmaceuticals (Hayward, CA). Reads
were trimmed and aligned to the PAO1 genome (NC_002516). Read processing and
data analysis to identify potential mutations was performed using CLC Workbench
(Qiagen). The Basic Variant Detection tool was used to identify SNPs and small InDels,
and the InDel and Structural Variants tool was used to identify large deletions and
duplications.

2.5.7 Colony size quantitation
Colony size quantitation was performed on cells plated on LB or NCE-succinate
agar plates where indicated. Agar plates were photographed with a Nikon D3300
camera with an AF-S Micro Nikkor 60 mm 1:2.8 lens at a fixed distance after incubation
at 37 oC for 48 or 72 hr, where indicated. The optical area of 20 well isolated colonies
on agar plates with <75 colonies were measured using ImageJ. Colony area was
normalized to the average area of Δhfq colonies and displayed as the log10 value.
Colony size quantitation was performed at least twice on sets of biological duplicates.
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2.5.8 Chromatin Immunoprecipitation (ChIP)
Biological triplicate cultures of wild-type PAO1 and PAO1 MexT-V were grown
overnight, and backdiluted to an OD600 of 0.05 in 200 mL of LB broth. The triplicate
cultures were grown at 37 oC with shaking to mid-log or stationary phase (OD600 = 0.5 or
2.0 respectively). Chromatin immunoprecipitation was performed as previously
described [61] with anti-VSV-G agarose beads with wild-type PAO1 serving as the mock
control.

2.5.9 ChIP-seq Library Preparation and Sequencing
Sequencing libraries were constructed with the NEBNext Ultra II DNA Library
Prep Kit for Illumina (NEB) following the manufacturer’s instructions. Approximately 5 ng
immunoprecipitated DNA was used, and adaptors were diluted 1:10 prior to ligation. For
PAO1 MexT-V and PAO1 (mock), size selection was performed using AMPure XP
beads (Beckman Coulter) to yield inserts 500-700bp in length, followed by 8 rounds of
PCR amplification. Libraries were sequenced by Elim Biopharmaceuticals (Hayward,
CA) on an Illumina HiSeq 2500 producing 50-bp paired-end reads.

2.5.10 ChIP-seq Data Analysis
Computational analysis was performed using the open-source Galaxy web server
(https://usegalaxy.org/,[187]), and paired-end sequencing reads were pre-processed
using FASTQ Groomer [188]. Reads were trimmed using Trimmomatic v0.32 (-phred33)
[189], and were mapped to the PAO1 genome (NC_002516) using bowtie2 v2.2.6.2
[190]. In order to identify the chromosomal regions to which MexT-V was associated,
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reads from MexT-V cultures were compared to corresponding wild-type (mock)
samples, and peaks of enriched binding were called from the sorted, aligned BAM files
using MACS v2.1.0.20151222 (https://github.com/taoliu/MACS/,[191]), using an
effective genome size of 6.26 Mbp, band-width of 300 bp, and a false discovery rate (qvalue) cutoff of 0.05. Peaks were stored in bedGraph format and considered for further
analysis if they (i) were enriched ≥ 2-fold, (ii) were enriched in at least two of the three
biological replicates, and (iii) were statistically significantly enriched (-log10p-value > 2).
Enrichment was visualized using IGV v2.3.88 [192,193]. One hundred bases
surrounding the summit of each non-redundant enrichment peak were extracted from
the PAO1 reference sequence using the summit coordinates generated by MACS. A
binding motif was computed using non-redundant sequences from these using MEME
[194,195], which was compared visually to the motif generated by Tian et al. [84].

2.5.11 Time Lapse Microscopy
Microscopy images were obtained using a Nikon Ti-E inverted microscope with a
100x objective, automated focusing (Perfect Focus, Nikon), a CCD camera (CoolSnap
HQ2, Photometrics), a motorized stage (Nikon), an objective heater, and image
acquisition software (Nikon Elements v4.3, Nikon). Overnight cultures of were
backdiluted in LB broth and grown to mid-log (OD600 ~0.3). Cells were spotted on
growth pads [described in [196]] prepared from LB broth, 2% agarose, and 0.2% sodium
nitrate [197]. Inoculated growth pads were sealed and the growth of cells on LB agarose
pads was recorded at 5-min intervals for 4 hr with the microscope objective heated to
34 oC.
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Chapter 3: MexT activity regulates the expression of a small toxic protein and is
influenced by GshA
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3.1 Abstract
In Chapter 2, I described finding MexT-activated genes, PA1942 and mexEF,
that are responsible for mediating the growth defect of hfq mutant cells. Here, I
demonstrate that a small open reading frame within the annotated PA1942 gene, which
we refer to as hilR, encodes a small protein that is acutely toxic to wild-type cells when
produced ectopically. Furthermore, we show that hilR expression is negatively regulated
by Hfq, offering a possible explanation for the growth defect of hfq mutant cells. Our
findings suggest that Hfq can influence the growth of P. aeruginosa by limiting the toxic
effects of specific MexT-regulated genes. We present evidence that the expression of
MexT-activated genes is dependent upon GshA, an enzyme involved in the first step of
glutathione biosynthesis, but only partially diminished in the absence of GshB, an
enzyme involved in the second step of glutathione biosynthesis. Our results identify the
glutathione biosynthesis pathway as important for regulating the in vivo activity of MexT.

3.2 Introduction
The P. aeruginosa transcription regulator MexT was first discovered as a factor
influencing the transcription of mexEF-oprN, an operon encoding a multidrug efflux
pump [96]. Since then, it has been shown that MexT influences the transcription of
dozens of genes in the genome [84]. Our MexT ChIP-seq data (Supplementary Table
S1.1) demonstrate that MexT binds upstream of many of these genes. Among the
genes activated by MexT are a number uncharacterized genes that are predicted to
encode small proteins [84]. The functions of small proteins have been increasingly
appreciated as they are associated with important cellular processes. Small proteins are
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known to interact with other proteins and protein complexes, and influence cellular
division, small molecule transport, and signal transduction [111]. A number of small
proteins are toxic when overproduced in E. coli and have been used as tools to probe
mechanisms governing essential biological processes [112].
MexT is one of many LysR-type transcription regulators (LTTRs) encoded in the
P. aeruginosa genome [74]. LTTRs are thought to bind to target sequences upstream of
promoters, and enhance or repress the transcription of downstream genes [73]. Our
data suggest that MexT acts predominately as an activator to enhance the expression
of genes downstream of target promoters. Transcription activators are thought to
promote transcription of downstream genes by stabilizing the interaction of RNA
polymerase (RNAP) with promoters [198]. One way that transcription activators are
thought to stabilize interactions of RNAP at promoters is by binding to sequences
proximal to promoters and contacting the C-terminal domain of the α subunit of RNAP
(α-CTD) [199].
There are several examples of P. aeruginosa LTTRs that activate the
transcription of target genes in response to changes in cellular redox conditions [80–82].
For the well-characterized LTTR, OxyR, the formation of an intramolecular disulfide
bond in oxidizing conditions is thought to cause a conformational change in OxyR that
promotes the transcription of target genes [157,158]. In vitro OxyR can be reduced by a
class of small enzymes, glutaredoxins, in the presence of reduced glutathione, a major
thiol-containing small molecule [158]. The MexT regulator forms high-order oligomers in
vitro in the presence of oxidized glutathione and MexT-activated genes are induced in
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the presence of an oxidizing agent [81]. These results suggest that, like OxyR, MexT
might function to activate transcription of target genes in response to oxidative stress.
In this chapter, I demonstrate that a MexT-activated gene, referred to here as
hilR, produces a small toxic protein. I demonstrate that the HilR protein interacts with
PtsP, an enzyme involved in the nitrogen-related phosphoenolpyruvate transferase
system. Finally, I show that expression of MexT-activated genes is influenced by
glutathione biosynthesis. These results additionally demonstrate that multiple factors
function to regulate the expression of MexT-activated genes to limit their toxic effects.

3.3 Results
3.3.1 hilR encodes a small protein that can be toxic in P. aeruginosa
The PA1942 gene is predicted to encode a small protein of unknown function.
We used our MexT-ChIP results to identify a putative MexT-binding site near PA1942
(Figure 3.1). We observed that our predicted MexT-binding site overlapped the
annotated open reading frame (ORF) for PA1942. Reasoning that the PA1942 ORF was
likely misannotated, we identified a putative promoter downstream of the predicted
MexT-binding site and identified two ORFs downstream of this promoter, the longer of
which (referred to henceforth as hilR for Δhfq-interacting locus regulating growth) is inframe with the annotated ORF of PA1942 (Figure 3.1).
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Figure 3.1. Schematic of PA1942 locus.
Displayed is a representation of the PA1942 locus including a putative MexT binding
site, predicted -35 and -10 promoter elements, and the hilR open reading frame (ORF).
The blue arrow labeled PA1942 represents the ORF annotated in the PAO1 genome
(NC_002516) starting with the GTG codon underlined within the sequence of the
putative MexT binding site. The blue arrow labeled hilR represents the longer of two
ORFs downstream of the predicted hilR promoter starting with the ATG codon
underlined in sequence of hilR. The caret and nucleotide above the sequence of hilR
indicate the base inserted to generate philRmut1.
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When placed downstream of an arabinose-inducible promoter on a plasmid
vector, the portion of PA1942 containing the hilR ORF could restore the growth defect
observed in Δhfq mutant cells to cells of the ΔPA1942 Δhfq mutant grown on LB
medium supplemented with arabinose (Figure 3.2). Induction of the portion of PA1942
containing the hilR ORF was toxic to cells of wild-type PAO1 (Figure 3.3A). These data
suggest that ectopic expression of hilR can be detrimental to the growth of wild-type
cells. To determine whether the hilR ORF was required for the toxic effect observed in
wild-type cells, we engineered a mutant version of our plasmid with the portion of
PA1942 containing the hilR ORF in which a stop codon was introduced early on in the
hilR ORF, but left the second ORF unaltered. Cells containing this mutated version of
the arabinose-inducible hilR expression construct grew just as well on LB medium
supplemented with arabinose as they did on LB medium that lacked arabinose (Figure
3.3A). This result is consistent with HilR being translated from the hilR ORF, producing
a small toxic protein of only 44 amino acids.
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Figure 3.2. HilR is toxic in PAO1 Δhfq mutant cells.
PAO1 Δhfq mutant cells were transformed with pPSVHerd (EV), and PAO1
ΔPA1942Δhfq mutant cells were transformed with plasmids EV, or pPSVHerd-hilR
(philR) and transformants were selected on NCE-succinate agar with gentamicin 30 µg
mL-1. Single colonies were mixed in phosphate buffered saline (PBS), normalized for
cell density (OD600 = 0.1), serially diluted, and 7.5 µL of each dilution (10−2–10−6) was
spotted onto NCE-succinate agar with gentamicin 30 µg mL-1 and LB agar with
gentamicin 30 µg mL-1 and 0.1% arabinose before incubation at 37 °C for 48 hr.
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Figure 3.3. hilR encodes a toxic small protein and hilR expression is regulated by
Hfq.	
  
A) PAO1 cells were transformed with plasmids pHerd20T (EV), pHerd20T-hilR (philR),
or pHerd20T-hilRmut1 (philRmut1) and transformants were selected on LB agar with
200 µg mL-1 carbenicillin. Single colonies were mixed in phosphate buffered saline
(PBS), normalized for cell density (OD600 = 0.1), serially diluted, and 7.5 µL of each
dilution (10−2–10−6) was spotted onto LB agar with 200 µg mL-1 carbenicillin with and
without 0.1% arabinose before incubation at 37 °C for 24 hr.
B) Expression of hilR measured by qRT-PCR in PAO1, PAO1 Δhfq, and PAO1 ΔmexT
Δhfq mutant cells grown in LB to mid-log. The relative hilR transcript abundance was
normalized to clpX transcript levels. The primers used to amplify a transcript within the
hilR ORF are the same as those used to amplify a transcript within the PA1942 ORF.
C) Western blot comparing HilR-TAP abundance in PAO1, PAO1 HilR-TAP, PAO1
Δhfq, and PAO1 HilR-TAP Δhfq mutant cells. RNAP α subunit was used as a loading
control.
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3.3.2 Hfq represses the expression of hilR
Given that ectopic expression of the hilR gene is toxic in wild-type cells, we
predicted the detrimental effect of the hilR gene in Δhfq mutant cells could result from
an effect of hfq on the MexT-dependent activation of hilR expression. We measured the
abundance of the hilR transcript in PAO1 wild-type, PAO1 Δhfq, and PAO1 ΔmexT Δhfq
mutant cells grown to mid-log. We found that hilR expression was modestly, but
reproducibly, elevated in Δhfq mutant cells and dramatically decreased in ΔmexT Δhfq
mutant cells (Figure 3.3B). These findings raised the possibility that the growth defect of
Δhfq mutant cells could result from an increase in MexT-dependent activation of hilR.
Indeed, we found that like hilR, the abundance of the MexT-regulated mexS transcript
was slightly higher in Δhfq mutant cells than in wild-type (Figure 3.4A). However, the
abundance of the mexE and mexT transcripts was modestly decreased in Δhfq mutant
cells when compared to wild-type (Figure 3.4B,C). These findings suggest that Hfq
might independently exert a negative effect on the expression of certain MexT-regulated
genes such as mexS and hilR.
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Figure 3.4. Hfq influences the regulation of some MexT-activated genes.
Expression of the mexS (A), mexE (B), or mexT (C) genes measured by qRT-PCR in
PAO1, PAO1 Δhfq, and PAO1 ΔmexT Δhfq mutant cells grown in LB to mid-log. The
relative abundance of each transcript was normalized to that of clpX.
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To determine whether the observed increase in hilR transcript abundance in Δhfq
mutant cells led to an increase in the intracellular concentration of HilR, we created an
epitope-tagged version of hilR by introducing a tandem affinity purification (TAP) tag inframe with the predicted hilR ORF at the endogenous chromosomal locus. We also
constructed an additional strain in which we deleted hfq in cells synthesizing HilR-TAP.
Western blot analysis on PAO1, PAO1 HilR-TAP, PAO1 Δhfq and PAO1 HilR-TAP Δhfq
cells grown to mid-log revealed several bands present only in cells synthesizing HilRTAP (Figure 3.3C). The highest molecular weight product detected in HilR-TAP cells
(~25 kDa) corresponds to the approximate molecular weight of a HilR-TAP protein
translated from the predicted hilR ORF. Moreover, we found that HilR-TAP is more
abundant in cells of the Δhfq mutant (Figure 3.3C). Consistent with our observation that
mexT transcript abundance is unchanged in Δhfq mutant cells, we found that MexT
protein abundance was unchanged in Δhfq mutant cells when compared to wild-type
(Figure 3.5). Taken together, our results suggest that an increase in the abundance of
HilR in Δhfq mutant cells could contribute to the observed hilR-influenced growth defect
in these mutants.
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Figure 3.5. Hfq does not alter MexT levels.
Western blot comparing MexT-V abundance in PAO1, PAO1 MexT-V, PAO1 Δhfq, and
PAO1 MexT-V Δhfq mutant cells. RNAP α subunit was used as a loading control.
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3.3.3 HilR interacts with PtsP
To learn more about the in vivo function of HilR, we sought to identify interacting
proteins. First, we constructed a plasmid with inducible expression of HilR-FLAG. We
found that ectopic expression of HilR-FLAG is toxic in PAO1 wild-type cells,
demonstrating that the addition of the C-terminal FLAG-tag did not reduce the function
of HilR (Figure 3.6). Next, we used magnetic beads conjugated to a FLAG antibody to
perform an affinity immunoprecipitation on whole cell extracts of cells expressing either
HilR or HilR-FLAG. Proteins from immunoprecipitated samples were separated by SDSPAGE and stained with silver (Figure 3.7A) or Coomassie blue (Figure 3.7B). We
observed several bands unique to samples purified from cells expressing HilR-FLAG,
including: a high molecular weight band and three very low molecular weight proteins
(Figure 3.7A). We expected that at least one of these low molecular weight proteins is
HilR-FLAG. We excised sections of a SDS-PAGE gel corresponding to the high and low
molecular weight bands and identified proteins by tandem mass spectrometry. A
peptide corresponding to HilR was detected in each of the very low molecular weight
bands, providing direct evidence of the production of HilR from the predicted hilR ORF
and suggesting that either multiple protein products are translated from the hilR mRNA
or that HilR is subject to proteolysis. The high molecular weight band from the HilRFLAG purification was identified as PtsP, an enzyme involved in the nitrogen-related
phosphoenolpyruvate transferase system [200]. This high molecular weight band is
absent when HilR-FLAG is immunoprecipitated in PAO1 ΔptsP mutant cells (Figure
3.7B). These results suggest that HilR associates with PtsP.
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Figure 3.6. Ectopic expression of hilR-FLAG is toxic in PAO1 cells.
PAO1 cells were transformed with plasmids pHerd20T (EV), pHerd20T-hilR-no3’UTR
(philR), and pHerd20T-hilR-FLAG (philR-FLAG) and transformants were selected on LB
agar with 200 µg mL-1 carbenicillin. Single colonies were mixed in phosphate buffered
saline (PBS), normalized for cell density (OD600 = 0.1), serially diluted, and 7.5 µL of
each dilution (10−2–10−6) was spotted onto LB agar with 200 µg mL-1 carbenicillin with
and without 0.1% arabinose before incubation at 37 °C for 24 hr.
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Figure 3.7. PtsP co-purifies with HilR-FLAG from PAO1 cells.
Lysates of cells containing pHerd20T-hilR-no3’UTR (directing synthesis of HilR) or
pHerd20T-hilR-FLAG (directing synthesis of HilR-FLAG) were subjected to a FLAG
purification procedure. FLAG enriched samples were separated by SDS-PAGE and
were visualized by staining with silver (A) or Coomassie Blue (B). The indicated bands
were excised from the gel and identified with tandem mass spectrometry.
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3.3.4 Expression of mexS promotes the growth of PAO1 Δhfq mutant cells by
inhibiting MexT activity
Previous work characterizing antibiotic resistant P. aeruginosa mutants found
that MexS functions to limit MexT-dependent activation of the mexEF-oprN genes
encoding an RND-type efflux pump [201]. This suggests that MexS antagonizes the
function of MexT [201]. However, other work suggested that MexS might function by
stimulating the activity of MexT [88]. We reasoned that if MexS functions to antagonize
MexT activity, then expression of mexS would rescue the growth defect observed in
PAO1 Δhfq mutant cells. We found that ectopic expression of mexS promoted the
growth of PAO1 Δhfq mutant cells (Figure 3.8A). Furthermore, ectopic expression of
mexS had no obvious effect on the growth of PAO1 ΔmexT Δhfq mutant cells (Figure
3.8A). This suggests that mexS antagonizes the function of MexT in PAO1 Δhfq mutant
cells. Consistent with this idea, we found that ectopic expression of mexS in wild-type
cells decreased the expression of the MexT-activated genes implicated in the growth
defect observed in PAO1 Δhfq mutant cells (Figure 3.8B,C).
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Figure 3.8. Ectopic expression of mexS mitigates the growth defect of PAO1 Δhfq
mutant cells.
A) PAO1 Δhfq mutant cells were transformed with pPSPK (EV) and PAO1 ΔmexTΔhfq
mutant cells were transformed with plasmids EV or pPSPK-mexS (pmexS) and
transformants selected on NCE-succinate agar with gentamicin 30 µg mL-1. Single
colonies were mixed in phosphate buffered saline (PBS), normalized for cell density
(OD600 = 0.1), serially diluted, and 7.5 µL of each dilution (10−2–10−6) was spotted onto
NCE-succinate agar with gentamicin 30 µg mL-1 and LB agar with gentamicin 30
µg mL-1 and 5 mM IPTG before incubation at 37 °C for 48 hr.
Expression of the mexE (B), or hilR (C) genes measured by qRT-PCR in PAO1 cells
transformed with pPSPK (EV), pPSPK-mexT (pmexT), or pPSPK-mexS (pmexS). All
cells were grown in LB to mid-log, and then IPTG (1 mM) was added for 45 min, which
induces expression of mexT or mexS in cells containing pmexT or pmexS, respectively.
The relative abundance of each transcript was normalized to that of clpX.
D) Colonies of strains with indicated mutations (discovered by whole genome
sequencing) grown on LB at 37 oC for 24 hr. The scale bar indicates 5 mm.
Dup(PA2690-PA3434) indicates a large scale duplication event of a region of the
chromosome between PA2690 and PA3434. gshA-T44P indicates a SNP that results in
an non-synonymous amino acid substitution in GshA.
E) PAO1 mexS-Q9stop gshA-T44P and PAO1 ΔgshAΔmexS mutant cells were
transformed with plasmids pPSPK (EV) or pPSPK-gshA (pgshA) and transformants
were selected on LB agar with gentamicin 30 µg mL-1. Single colonies were mixed in
phosphate buffered saline (PBS), normalized for cell density (OD600 = 0.1), serially
diluted, and 7.5 µL of each dilution (10−2–10−6) was spotted onto LB agar with
gentamicin 30 µg mL-1 with and without 5 mM IPTG before incubation at 37 °C for 24 hr.
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(Figure 3.8 Continued)
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3.3.5 Loss of MexS causes a GshA- and MexT-dependent growth defect
In order to test the effects of the loss of mexS on MexT-activated gene
expression, we introduced a stop codon early on in the mexS gene (at codon 9).
Surprisingly, we discovered that colonies of the mexS Q9stop mutant were of variable
size when plated on LB. We purified a single small and a single large colony variant
(Figure 3.8D), and performed whole genome sequencing to identify possible secondary
mutations that might account for the differences in colony size. In the small colony
variant, in addition to the mexS Q9stop mutation, we discovered a large-scale
duplication [Dup(PA2690-PA3434)], which was also discovered in our screen of
spontaneous suppressors of the growth defect of Δhfq mutant cells (Table 2.1). In the
large colony variant, in addition to the mexS Q9stop mutation, we discovered a single
missense mutation in the gshA gene, encoding glutamate-cysteine ligase that is
involved in glutathione synthesis. Ectopic expression of wild-type gshA in cells of this
large colony variant resulted in a reduction in colony size when cells were grown on LB
(Figure 3.8E). In addition, we generated an in-frame deletion of mexS in ΔgshA mutant
cells and observed a similar reduction in colony size upon ectopic expression of gshA in
these ΔgshA ΔmexS double mutants (Figure 3.8E). These findings suggest that (i)
mexS is important for the growth of P. aeruginosa, and that (ii) the mutant form of GshA
made by the mexS Q9stop large colony variant (containing GshA with amino acid
substitution T44P) is less active or less abundant than the wild-type protein.
Our findings with the mexS Q9stop mutant led us to predict that mexS is critical
for the growth of PAO1 wild-type cells because it inhibits the activity of MexT.
Consistent with this prediction, ectopic expression of gshA inhibited the growth of
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ΔgshA ΔmexS mutant cells, but did not inhibit the growth of cells of a ΔgshA ΔmexS
ΔmexT triple mutant (Figure 3.9). Furthermore, ectopic expression of mexT resulted in a
growth defect in wild-type cells grown on LB agar, but not in cells of a ΔmexEF
ΔPA1942 mutant (Figure 3.10), suggesting that increased MexT-dependent expression
of mexEF and hilR results in a growth defect in wild-type cells.
Finally, in the context of a ΔPA1942 (ΔhilR) mutant background, where the loss
of the mexS gene would be predicted to be less detrimental to cell growth, we found
that expression of the MexT-activated mexE gene was higher in cells that lacked mexS
(i.e. in ΔmexS ΔPA1942 mutant cells) when compared to that of the ΔPA1942 single
mutant, and that the effect of deleting mexS could be restored through mexS ectopic
expression (Figure 3.11). Taken together, our findings support a model in which the loss
of mexS is detrimental to the growth of P. aeruginosa because it results in an increase
in expression of MexT-activated genes.
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Figure 3.9. The loss of MexS causes a MexT-dependent growth defect.
PAO1 cells were transformed with pPSPK (EV); PAO1 ΔgshA, PAO1 ΔgshAΔmexS,
and PAO1 ΔgshAΔmexSΔmexT mutant cells were transformed with plasmids EV, or
pPSPK-gshA (pgshA); and transformants were selected on NCE-succinate agar with
gentamicin 30 µg mL-1. Single colonies were mixed in phosphate buffered saline (PBS),
normalized for cell density (OD600 = 0.1), serially diluted, and 7.5 µL of each dilution
(10−2–10−6) was spotted onto LB agar with gentamicin 30 µg mL-1 with and without 5 mM
IPTG before incubation at 37 °C for 24 hr.
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Figure 3.10. Hyperactivation of hilR and mexE is toxic in PAO1 cells.
PAO1, PAO1 ΔPA1942 (i.e. PAO1 ΔhilR), PAO1 ΔmexEF, PAO1 ΔPA1942ΔmexEF
mutant cells were transformed with pPSPK (EV), or pPSPK-mexT (pmexT); and
transformants were selected on NCE-succinate agar with gentamicin 30 µg mL-1. Single
colonies were mixed in phosphate buffered saline (PBS), normalized for cell density
(OD600 = 0.1), serially diluted, and 7.5 µL of each dilution (10−2–10−6) was spotted onto
LB agar with gentamicin 30 µg mL-1 with and without 1 mM IPTG before incubation at 37
°C for 24 hr.
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Figure 3.11. MexS negatively regulates MexT-activated gene expression.
Expression of the mexE gene by qRT-PCR in PAO1 ΔPA1942 (i.e. PAO1 ΔhilR) cells
transformed with pPSPK (EV), and PAO1 ΔhilRΔmexS cells with EV, or pPSPK-mexS
(pmexS). All cells were grown in LB to mid-log, and then IPTG (1 mM) was added for 30
min, which induces expression of mexS in cells that contain pmexS. The relative
abundance of each transcript was normalized to that of clpX.
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3.3.6 GshA is critical for MexT activity
We reasoned that the missense mutation in gshA arose in the large colony
variant of the mexS Q9stop mutant because it suppressed the growth defect resulting
from the mexS mutation. This raised the possibility that gshA might be important for the
activity of MexT. To determine whether or not this was the case we measured the
expression of MexT-activated genes in both PAO1 wild-type and ΔgshA mutant cells.
Consistent with the idea that gshA is critical for the activity of MexT, the expression of
the MexT-activated mexE, hilR, and mexS genes was dramatically reduced in cells of
the PAO1 ΔgshA mutant strain relative to wild-type, in a manner that could be restored
upon ectopic expression of gshA (Figure 3.12A-C). In addition, the loss of gshA had
only a very modest effect on the expression of the mexT gene itself (Figure 3.12D). The
abundance of MexT-activated transcripts was reduced similarly in ΔmexT and ΔgshA
mutant cells (Figure 2.8C-E and 3.12A-C), indicating that GshA is essential for the
activity of MexT. Moreover, these findings suggest that gshA mutations spontaneously
arise in mexS mutant cells because they abrogate the expression of MexT-activated
genes.
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Figure 3.12. GshA is required for MexT-dependent gene activation.
Expression of the mexE (A), hilR (B), mexS (C), and mexT (D) genes measured by
qRT-PCR in PAO1 cells transformed with pPSPK (EV), or PAO1 ΔgshA mutant cells
with EV, or pPSPK-gshA (pgshA). All cells were grown in LB to mid-log, and then IPTG
(1 mM) was added for 45 min, which induces expression of gshA in cells that contain
pgshA. The relative abundance of each transcript was normalized to that of clpX.
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3.3.7 GshB influences MexT activity
Glutathione is produced in the cell via two enzyme-catalyzed reactions [139].
GshA catalyzes the formation of γ-glutamylcysteine from glutamate and cysteine, and
GshB catalyzes the formation of glutathione from γ-glutamylcysteine and glycine. It has
previously been demonstrated that oxidized glutathione can enhance the DNA binding
activity of MexT in vitro [81]; however, it is not known whether glutathione is important
for MexT-dependent gene activation in vivo. Our finding that the loss of GshA reduces
the expression of MexT-activated genes suggested that a GshA or GshB product
enhances the activity of MexT on target genes. To determine whether GshB influences
MexT activity, we measured the abundance of the mexE transcript in both PAO1 wildtype and ΔgshB mutant cells. We found that mexE expression was reduced by a factor
of two in ΔgshB mutant cells compared to wild-type, and that the reduced expression of
mexE in these cells could be complemented by ectopic expression of the gshB gene
(Figure 3.13). The abundance of mexE transcripts was substantially more diminished in
ΔgshA mutant cells than in ΔgshB mutant cells (Figure 3.12 and 3.13). Whereas GshA
appears to be essential for MexT-dependent gene activation, GshB appears to play a
less pronounced role. These findings are consistent with the idea that glutathione is
important for the activity of MexT but might suggest that the production of γglutamylcysteine (the product of GshA) can functionally substitute for glutathione and
promote MexT activity.
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Figure 3.13. GshB modestly influences MexT-dependent gene activation.
Expression of the mexE gene by qRT-PCR in PAO1 cells transformed with pPSPK (EV)
or PAO1 ΔgshB mutant cells with EV or pPSPK-gshB (pgshB). Cells were grown in LB
to mid-log when plasmids were induced for 45 min with 1 mM IPTG. The relative
transcript abundance was normalized to clpX transcript levels
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3.4 Discussion
Our results demonstrate that activation of the MexT-regulated gene hilR is
detrimental to the growth of P. aeruginosa cells. The expression of hilR is negatively
regulated by Hfq, which may explain why cells lacking this RNA chaperone exhibit a
growth defect. We identified an interaction between HilR and PtsP proteins in PAO1
cells that could be important for the toxic effect of HilR. We also demonstrate that the
activity of MexT is dependent upon GshA, an enzyme involved in the synthesis of
glutathione. From our results, we propose an integrated model for the regulation of a
toxic pathway in P. aeruginosa by Hfq, MexT, and GshA (Figure 3.14).
We report that the previously uncharacterized hilR gene is a MexT-activated
gene that is conserved among P. aeruginosa isolates and that hilR homologs are found
in other species in the Pseudomonas genus. Using genetic approaches, we established
that hilR, corresponding to PA1942, specifies a protein of 44 amino acids, which is
smaller than that currently annotated for PA1942 [17]. Although the physiological role of
HilR is unclear, HilR is toxic in cells of an hfq mutant and can be toxic to wild-type cells
when produced ectopically. The expression of hilR is negatively regulated by Hfq, which
may explain why cells lacking this RNA chaperone exhibit a growth defect.
There are reports of several small proteins (50 amino acids or fewer) from other
bacteria being acutely toxic when overproduced [112]. It is becoming increasingly clear
that small proteins can play critical roles in a variety of cellular processes, such as small
molecule transport, or cell division, and can mediate their effects through interaction
with protein complexes [111]. Indeed, in E. coli the small protein AcrZ interacts with the
AcrAB-TolC multidrug efflux pump to enhance its action on certain substrates [123].
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Figure 3.14. Proposed model for regulation of a MexT-activated toxic pathway.
(1) MexT associates with sequences upstream of hilR, mexE, and mexS to activate the
transcription of these genes. (2) Activation of hilR and mexEF contribute to toxicity in
PAO1 cells. (3) Hfq functions to repress the expression of hilR in PAO1 cells. (4) GshA
promotes MexT-dependent activation of target genes. (5) MexS functions to antagonize
MexT-dependent activation of target genes.
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Note that we do not necessarily think that HilR interacts directly with components of the
MexEF-OprN multidrug efflux pump to stimulate its activity as deletion of hilR appears to
suppress the Δhfq mutant growth defect more strongly than does deletion of mexEF
(Figure 2.10D). We discovered that HilR co-purified from cells with PtsP, an enzyme
implicated in a nitrogen-related PTS system [200]. This could suggest that HilR
influences the activity or function of PtsP. The loss of PA1942 (i.e. hilR) and ptsP do
appear to independently restore the growth of cells lacking Hfq (Figure 2.12), which
could indicate that the interaction between HilR and PtsP is toxic in the absence of Hfq.
We found that Hfq influences the expression of hilR as well as the abundance of
HilR. Consistent with these findings, prior transcriptome profiling studies identified hilR
(PA1942) as a gene that is subject to control by Hfq [48]. Moreover, recent ChIP-seq
studies revealed that Hfq interacts with the hilR nascent transcript [61], suggesting that
Hfq likely exerts its effects on hilR expression by interacting directly with the hilR mRNA.
Interaction between Hfq and a specific site on the hilR mRNA could inhibit the
translation of hilR and possibly influence the stability of the hilR transcript. Although Hfq
can interfere with the translation of mRNA species by facilitating the base-pairing
between regulatory small RNAs (sRNAs) and their mRNA targets [41], this is not always
the case [177], and it remains to be determined whether the control of hilR by Hfq
involves a sRNA.
Our findings establish that two enzymes involved in glutathione biosynthesis,
GshA and GshB, influence the activity of MexT. GshA catalyzes the first and ratelimiting step in glutathione biosynthesis, which involves the formation of γglutamylcysteine from the ligation of glutamate and cysteine [138]. GshB synthesizes
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glutathione from γ-glutamylcysteine and glycine [138]. The loss of either of these
enzymes reduces the expression of MexT-activated genes. Thus, glutathione, or γglutamylcysteine may be important for the activity of MexT in cells of P. aeruginosa.
MexT belongs to the LysR family of transcription regulators that typically bind to target
sequences on the DNA as oligomers in a manner that can be influenced by small
molecules acting as co-inducers or co-repressors [73]. In vitro experiments performed
with purified MexT indicate that the protein can bind DNA in the presence of oxidized
but not reduced glutathione [202]. Furthermore, it has been proposed that diamide
activates the expression of the mexEF-oprN genes by oxidizing glutathione in the cell to
promote the oligomerization of MexT at target promoters [202]. Our findings provide
genetic evidence in support of a role for glutathione, or γ-glutamylcysteine in the control
of MexT in vivo. It remains to be determined whether the effects of GshA and GshB on
biofilm formation, stress resistance, motility and virulence in P. aeruginosa [149,150] are
tied to its effects on the activity of MexT.

3.5 Experimental Procedures
3.5.1 Bacterial Strains and Growth Conditions
All experimental strains were derived from P. aeruginosa strains PAO1 and are
listed in Supplementary Table S1.4. Bacterial cells were grown as described in Chapter
2. For the experiment measuring the growth of PAO1 and PAO1 rpoA-K297N cells in
LB, overnight cultures were backdiluted to an OD600 of 0.02 and grown at 37 oC at 200
rpm for 22 hr.
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3.5.2 Plasmid and Strain Construction
All plasmids and primers used in this study are listed in Supplementary Tables
S1.5 and S1.6, respectively. Details of plasmid and strain construction are described in
Appendix 1.

3.5.3 Western Blotting
Cell lysates from biological triplicates were separated by SDS-PAGE on either
10% or 12% Bis-Tris NuPAGE gels in MES or MOPS running buffer (Thermo Fisher).
Proteins were transferred to nitrocellulose membranes with the iBlot dry blotting system
or the XCell II Blot Module (Thermo Fisher). Membranes were blocked for 1 hr with
SuperBlock Blocking Buffer supplemented with 0.25% Surfact-Amps (Thermo Fisher).
Membranes were probed with anti-VSV-G (Sigma) and anti-RNA polymerase alpha
subunit (Neoclone) antibodies or anti-PAP (Sigma) and anti-RNA polymerase alpha
subunit antibodies. Membranes were then incubated with polyclonal goat anti-rabbit
and/or polyclonal goat anti-mouse antibodies and proteins were detected by
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher).

3.5.4 FLAG-tag Protein Purification
Cells were backdiluted from overnight cultures to an OD600 of 0.01 in 150 mL LB
with and grown at 37 oC with shaking to a mid-log OD600 of ~0.3-0.5. At mid-log,
arabinose (0.2%) was added to induce expression of HilR and cells were grown for
another 4 hr. Fifty milliliters of cells were collected (8,000 rpm, 10 min), washed as
previously described, and resuspended in 1 mL of Basal buffer [203]. Cells were lysed
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with eight pulses (5 sec/pulse) of a tip sonicator. Lysed samples were centrifuged
(13,000 rpm, 20 min) and the supernatant was collected. M2 FLAG-conjugated
magnetic beads (Sigma-Aldrich) were washed twice with 500 µL of Basal Buffer and
incubated overnight with supernatants at 4 oC. Magnetic beads were collected with a
magnet, washed, and M2 FLAG associated proteins were eluted with an acidic buffer as
previously described [203], except dodecyl β-D-maltoside was not used. Eluted proteins
were precipitated with tricholoracetic acid, washed with acetone, and prepared in SDS
loading buffer as previously described [203]. Samples of eluted proteins were separated
by SDS-PAGE and stained with Coomassie blue or silver. Bands of interest were
excised from the gel and analyzed by the Taplin Mass Spectrometry Facility.

3.5.5 Other Experimental Procedures
All other experimental procedures, including RNA Isolation/qRT-PCR and whole
genome sequencing, were performed as described in Chapter 2
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Chapter 4: Discussion

4.1 Overview
In my dissertation, I sought to identify genes, and characterize molecular
mechanisms that contribute to the poor growth of PAO1 Δhfq mutant cells. Using whole
genome sequencing of spontaneous suppressor mutants, I was able to identify
mutations that restored the growth of PAO1 Δhfq cells, including the loss of mexT,
encoding a LysR-type transcription regulator (LTTR). We used chromatin
immunoprecipitation with high throughput sequencing to identify direct targets of MexT.
These data identified three novel MexT-regulated genes, including PA1942. I used
transposon mutagenesis sequencing to discover MexT-regulated genes, mexEF and
PA1942, that contribute to poor growth in PAO1 Δhfq mutant cells. We discovered a
small open reading frame (ORF) that we call hilR within the PA1942 gene that encodes
a small toxic protein. Finally, we described a number of factors, such as the enzymes
that produce glutathione, that modulate the activity of MexT in wild-type cells. Our data
define a MexT-regulated pathway that is detrimental to the growth of P. aeruginosa cells
lacking Hfq. Many open questions remain about the mechanisms that contribute to the
poor growth of PAO1 Δhfq mutant cells, about the function of factors that govern the
activity of MexT as well as the function of MexT-activated genes.

4.2 The hfq and mexS genes appear critical for the growth of P. aeruginosa
We were surprised to discover a severe growth defect of PAO1 Δhfq mutant cells
on LB agar (Figure 2.1). This striking defect had not been noted in a previous report
describing the growth of PAO1 Δhfq mutant cells [67]. Several Tn-seq studies have
sought to define essential, and condition-specific essential genes in P. aeruginosa. The
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hfq gene has been classified as essential in P. aeruginosa strain PA14 [30], but is only
classified as essential in specific growth conditions in PAO1 [31,33]. We note that
similar discrepancies exist in the assessment of the essentiality of the mexS gene. Part
of the discrepancy is likely a matter of differences in analysis, or interpretation. Analyses
with stringent determinants of essentially (e.g. large differences in growth between
conditions) would be expected to identify fewer essential genes than analyses with
more lenient cutoffs. Additionally, the binary nature of classifying genes as essential, or
not, oversimplifies the assessment of a gene’s contribution to growth. Standardizing Tnseq analyses across research groups would help to make the results of these
experiments more comparable. Another part of the discrepancy in assigning essential
classification to genes could be attributed to differences in the genotypes of P.
aeruginosa isolates. Since its initial isolation, the PAO1 strain has been propagated in
labs across the world and, as a result, PAO1 strains around the world have become
genetically divergent [14]. Importantly, PAO1 strains have diverged with respect to the
mexT gene, which produces active MexT in some PAO1 stains and inactive MexT in
others [14,15]. If our study had been performed in a PAO1 strain that produced an
inactive variant of MexT, the effect of an hfq mutation on growth would be expected to
be less pronounced, which may explain why this defect was not noted in a previous
study [67]. Regardless of whether the hfq gene is ‘essential’, it is obviously important for
the growth of P. aeruginosa cells in several conditions.
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4.3 Hfq influences nutrient utilization
Our data demonstrate that P. aeruginosa cells lacking Hfq grow poorly on LB
agar, but like wild-type cells on NCE-succinate agar. This shows that the growth of cells
lacking Hfq depends on particular nutrients, or medium conditions. Previous work has
found that PAO1 Δhfq mutant cells grow well in NCE broth supplemented with succinate
as the sole carbon source, but poorly in NCE broth supplemented with glucose [67]. The
inability of PAO1 Δhfq mutant cells to utilize particular sugars as carbon sources could
be a result of disregulation of genes required for the uptake or metabolism of sugars. In
PAO1 Δhfq mutant cells, genes involved in glucose transport and metabolism are
significantly derepressed [54]. In this work, I show that the loss of the gene PA3190,
which encodes for a likely glucose transporter, partially restores the growth of PAO1
Δhfq mutant cells on LB agar (Figure 2.12). These results could indicate that the
derepression of a glucose transporter by the absence of Hfq is toxic to cells, possibly
due to the accumulation of a toxic metabolite, or overexpression of the transporter.
LB is a complex medium that contains a plethora of nutrients, including amino
acids [204]. The loss of ptsP, encoding an enzyme thought to be involved in the
transport of nitrogenous compounds [205], partially restores the growth of PAO1 Δhfq
mutant cells on LB agar (Figure 2.12). The reduced growth of PAO1 Δhfq mutant cells
in LB could therefore be due to the ability of cells to metabolize a particular source of
carbon, nitrogen, or both. To identify metabolites with altered abundance in the absence
of Hfq, metabolic profiling could be performed on PAO1 and PAO1 Δhfq mutant cells. It
is possible that this type of analysis would reveal metabolic pathways that are
disregulated in the absence of Hfq. The transcriptome of PAO1 Δhfq mutant cells could
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also be measured under conditions that are permissive and restrictive for growth to
associate disregulation of particular genes with growth. Combined, these approaches
could identify essential metabolic pathways that are disregulated in the absence of Hfq.

4.4 Hfq represses the expression of hilR
We show that Hfq functions to limit the expression of hilR, encoding a toxic small
protein (Figure 3.3A). A recent study from our lab found that Hfq associates with the
hilR nascent transcript [61], which suggests that Hfq likely mediates its effects on hilR
expression and HilR protein abundance by binding directly to the hilR transcript. The
interaction of Hfq with a sequence motif in the 5’ UTR of target transcripts has
previously been demonstrated to regulate the expression of the target [61]. I have
observed a sequence similar to this motif in the 5’ UTR of the hilR transcript that could
serve as an Hfq binding site (data not shown). If this were the case, I would expect that
mutating this motif would result in the inability of Hfq to repress the expression or
translation of hilR.
Alternatively, the association of the hilR mRNA with Hfq could be facilitated by a
small regulatory RNA (sRNA). While no such sRNA has been described, we observe a
small, overlapping, anti-sense transcript originating downstream of the hilR gene in
RNA-seq data from PAO1 cells (Michael Gebhardt, personal communication). This
genetic arrangement is reminiscent of type 1 toxin-antitoxin systems that consist of a
small toxic protein whose transcript is negatively regulated by an overlapping, antisense sRNA (the antitoxin) [112]. If this locus serves as a type 1 toxin-antitoxin system,
I would expect that inactivation of the anti-sense sRNA would result in a growth defect
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on LB agar, as does ectopic expression of hilR. I could attempt to directly detect the
interaction between the toxin mRNA and antitoxin sRNA by purifying either RNA from
cells and assessing whether these two RNAs co-purify. I would expect the stoichiometry
of this interaction to change in PAO1 Δhfq mutant cells where the increased abundance
of the hilR transcript could dilute the interaction with the anti-sense sRNA. It is possible
that Hfq functions to stabilize the interaction between the hilR transcript and the
proposed anti-sense sRNA, leading to the reduced expression of hilR. It is also possible
that the association of an anti-sense sRNA and Hfq with hilR mRNA occur
independently. Available data suggest that Hfq associates with the 5’ UTR of the hilR
transcript; whereas, the anti-sense sRNA mentioned above would be expected to
associate with its sequence complement in the 3’ end of the hilR transcript. There are
likely multiple mechanisms that limit the toxicity of HilR. In this work, we discovered both
that Hfq negatively regulates the expression of hilR, whereas MexT positively regulates
hilR expression.

4.5 GshA and GshB influence MexT activity
Our results uncovered a role for enzymes responsible for glutathione
biosynthesis in the in vivo activity of MexT (Figure 3.12 and 3.13). The activity of LysRtype transcription regulators, like MexT, can be influenced by small molecules acting
either as cofactors, or oxidizing agents [73]. In either case, the small molecules are
thought to induce conformational changes in LTTRs that enhance activity at target
promoters. It is possible that a molecule produced through the biosynthesis of
glutathione acts as either a cofactor, or regulator of oxidation state of MexT to enhance
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the activity of MexT. The association of MexT with glutathione, or γ-glutamylcysteine
may stabilize an active conformation of MexT, enhancing its activity at target genes.
This hypothesis could be tested with an in vitro transcription assay using purified MexT
in the presence, or absence of these molecules.
MexT binds target DNA in vitro in the presence of oxidized glutathione (GSSG),
but not reduced glutathione (GSH) [81]. This may indicate that the ability of GSSG, but
not GSH, to act as an oxidizing agent is important for the DNA binding activity of MexT.
In cells, glutathione exists predominately in the reduced GSH form [141]. This would
seem to suggest that only a limited amount of GSSG exists in vivo to stimulate MexT
activity. In the absence of GshB, which is required for the synthesis of GSH and GSSG,
MexT activity is only modestly impaired (Figure 3.13), demonstrating that MexT is active
in vivo in the absence of GSSG. If MexT activity is enhanced when MexT is oxidized, it
may be reasonable to expect that other oxidizing agents would be able to activate
MexT. The expression of MexT-regulated genes is enhanced in cells treated with
diamide [81], an oxidizing agent that causes aberrant thiol oxidation (e.g. disulfide bond
formation between cysteine residues in proteins and peptides) [206]. This includes the
formation of disulfide bonds between GSH molecules to form GSSG. It is unclear
whether diamide treatment activates MexT by oxidizing MexT, or by changing the
oxidation state of glutathione, which could oxidize MexT. This possibility could be tested
by measuring the activity of MexT in cells in the presence of diamide and the absence
of glutathione (i.e. in PAO1 gshA or gshB mutant cells). If glutathione is required to
mediate the activation of MexT in the presence of diamide stress, I would expect that
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diamide treatment of PAO1 gshA or gshB mutant cells would have no effect on the
expression of MexT target genes.
If MexT is activated through oxidation by a small molecule, there are likely
multiple redox-sensitive small molecules that could serve to activate MexT. The activity
of MexT would therefore be dependent on the concentration and reactivity of oxidants in
the cell. Our data point towards the possibility that glutathione, and γ-glutamylcysteine
serve to activate MexT. The expression of MexT-activated genes is more profoundly
diminished in the absence of GshA than the absence of GshB, which could indicate that
γ-glutamylcysteine, the product of GshA, is a high-potency MexT activator, or that γglutamylcysteine and glutathione, the GshB product, function in a largely redundant
manner to activate MexT. To determine whether γ-glutamylcysteine and glutathione
function independently, additively, or synergistically to enhance MexT activity in vivo, I
would try to complement the loss of MexT-dependent gene activation we observed in
PAO1 gshA mutant cells with the exogenous addition of γ-glutamylcysteine, glutathione,
or both. While the role of γ-glutamylcysteine remains unexplored in P. aeruginosa and
other glutathione-producing bacterium, it is used in the regulation of redox in
Halobacteria [154,155]. To the best of our knowledge, the role of γ-glutamylcysteine in
transcription activation remains unexplored in any bacterium. Follow-up work on MexT
activation mechanisms could establish the first example of this type of regulation in γproteobacteria.
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4.6 MexS inhibits MexT
Our work, as well as the work of others [81,91–93] has demonstrated that MexS
functions to reduce the activation of MexT-regulated genes (Figures 3.8B,C and 3.11).
MexS shares homology with the MRD2 family of proteins that represent a diverse class
of oxidoreductases [81]. A redox quantification assay revealed an increase in
intracellular reducing equivalents in cells expressing MexS, which suggests that MexS
acts as an important reductase in cells [81]. This further suggests that the ability of
MexS to function as a reductase is important for its ability to influence MexT activity,
though no substrates of the MexS enzyme have been reported to date. One possibility
is that glutathione, or γ-glutamylcysteine, which influence MexT activity, are substrates
of MexS. If, for example, oxidized glutathione (GSSG) can activate MexT and is a
substrate for MexS, then MexS could reduce GSSG to GSH and limit the activity of
MexT. It may be more fruitful to start with an unbiased search for MexS substrates. One
way to identify small molecule substrates of MexS would be to observe changes in the
metabolic profiles of cells expressing mexS. We could perform this experiment in PAO1
ΔmexT mutant cells to avoid detecting changes related to other MexT-regulated genes.
We would expect to find molecules that change oxidation state when mexS is
ectopically expressed.
Another possibility is that MexT itself is a substrate of MexS. Interaction between
MexT and MexS has been observed in a bacterial two-hybrid assay, which the authors
speculate could be a result of a transient enzyme-substrate interaction [88]. It is known
that the active (oxidized) state of the OxyR regulator can be reduced to an inactive state
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in vitro by a glutaredoxin enzyme in the presence of glutathione [158]. MexS might
likewise function like a glutaredoxin to reduce the active form of MexT.
Mutations that lead to the activation of the PA2048 gene, encoding a putative
oxidoreductase, enhance the expression of MexT-regulated genes [99]. PA2048 shares
homology with a quinol monooxygenase, which is a class of enzymes that oxidize
substrates. The ability of PA2048 to enhance expression of MexT-regulated genes
depends on MexS [99]. This could imply that the oxidase function of PA2048 limits the
MexS-dependent inhibition of MexT. PA2048 could antagonize the reductase function of
MexS by oxidizing the same substrate. In this way, screening for PA2048 substrates
could also help to identify MexS substrates. The results of these studies could reveal
small molecules involved in the regulation of the activity of an important LTTR.

4.7 A residue in the α subunit of RNAP is important for MexT-dependent gene
activation
We presented evidence that a lysine residue in the C-terminal domain of the α
subunit of RNAP (α-CTD) is important for activation of MexT-regulated genes (see
Appendix 2). The lysine 297 residue of the P. aeruginosa α-CTD corresponds to lysine
298 in the α-CTD of E. coli RNAP, which has been studied in more detail. In E. coli,
K298 is thought to participate in interactions between the α-CTD and DNA upstream of
promoters [207]. K298 is also important for the activity of several transcription regulators
in E. coli, including: CRP [208], MetR [209], and CpxR [210]. These data suggest that
contacts between K298 of the α-CTD and DNA are important for activator-dependent
transcription. In E. coli, the loss of YfiQ, an acetyltransferase that acetylates K298 of the
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α-CTD, decreases CpxR-dependent gene activation [210]. The acetylation of a
positively charged lysine residue could diminish the interaction of the residue with a
negatively charged DNA molecule, destabilizing the contacts between the α-CTD and
DNA and decreasing gene activation. The lysine 297 residue of the P. aeruginosa αCTD has also been shown to be acetylated in cells [211]. It is possible acetylation of
K297 could operate similarly in P. aeruginosa to reduce activator-dependent gene
expression. This type of mechanism could be used to limit the activity of MexT, which is
toxic at high levels because of the activation of target genes.

4.8 Substrates of MexEF, a multidrug efflux pump
In this work, we demonstrated that loss of MexEF, encoding components of a
multidrug efflux pump, improves the growth of PAO1 Δhfq mutant cells (Figure 2.10).
Recently, the loss of MexE was shown to partially restore the growth of PAO1 ΔlasR
mutant cells on a medium containing casein [109]. These data suggest that the activity
of MexEF contributes to poor growth of P. aeruginosa cells in certain conditions. The
loss of MexEF has been shown to derepress the expression of more than a dozen
genes [84], an observation that is likely related to MexEF-OprN-dependent export of a
precursor to the Pseudomonas quinolone signal (PQS) [86]. It could be that the
increased expression of one of these genes in the absence of MexEF could
compensate for a change that occurs in the absence of Hfq, providing an explanation as
to why the loss of MexEF enhances the growth of PAO1 Δhfq mutant cells.
MexEF may also contribute to the growth of PAO1 Δhfq mutant cells by
regulating the transport of a small molecule that has a direct effect on growth. The
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MexEF-OprN multidrug efflux pump is thought to mediate resistance to norfloxacin,
quinolones, imipenem, and chloramphenicol by exporting these antibiotics [96], which
suggests that these antibiotics are substrates of MexEF-OprN. MexEF has also been
shown to mediate resistance to diamide [81], which is hypothesized to occur through
export of toxic electrophiles that accumulate during oxidative stress. These data could
suggest that MexEF has a latent specificity for a toxic molecule that induces stress (i.e.
antibiotics), or for toxic molecules that form under stress (e.g. oxidative stress).
Alternatively, MexEF might participate in a basal level of export of a molecule that
becomes toxic in the presence of oxidative stress. By regulating an endogenously
produced molecule, MexEF might function to limit the toxicity induced in the presence of
oxidative stress. If this molecule is a metabolite, MexEF may also limit its concentration
and thus the growth of cells in the absence of oxidative stress. Our data suggest that
the expression of mexEF is growth limiting in PAO1 Δhfq mutant cells. We could
compare the metabolic profiles of the cytoplasmic fractions of PAO1, PAO1 Δhfq, and
PAO1 ΔmexEF Δhfq to identify MexEF-dependent small molecules that are altered in
the absence of Hfq. The accumulation of certain molecules in the absence of MexEF
would suggest that MexEF-dependent export of these molecules limits the growth of
PAO1 Δhfq mutant cells. Identifying MexEF substrates would aid in understanding why
the loss of MexEF restores the growth of PAO1 Δhfq mutant cells.

4.9 Interacting partners of HilR, a small toxic protein
Identifying interacting partners of HilR would help to make predictions about the
functions of HilR and to understand how HilR exerts its toxic effect. In our work we
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identified PtsP as a protein that co-purifies with HilR. This finding could suggest that
PtsP and HilR directly interact with one another in the cell; however, it is also possible
that PtsP and HilR interact indirectly through an interaction with a common partner. To
determine whether PtsP and HilR interact directly with one another in vivo, I could use a
bacterial two-hybrid assay [212]. If this interaction does occur in vivo, a bacterial twohybrid system would provide a useful tool for determining the residues in PtsP and HilR
that are important for their interaction.
We demonstrated that the loss of the hilR or ptsP gene restores the growth of
PAO1 Δhfq mutant cells on LB agar (Figure 2.12). This could suggest that HilR and
PtsP are toxic in PAO1 Δhfq mutant cells due to their interaction with one another. It is
unclear whether this interaction would be toxic because it alters the function of HilR,
PtsP, or both. In P. aeruginosa, PtsP is known to regulate pyocyanin production,
quorum sensing [213], and biofilm formation [214]. By measuring these phenotypes in
cells lacking HilR, PtsP, or both, we could determine whether a phenotype associated
with the absence of PtsP depends on HilR. Understanding the effects of interaction
between HilR and PtsP could help to identify novel functions of HilR, and further the
understanding of how these proteins contribute to the growth of P. aeruginosa cells.
A number of toxic small proteins in E. coli have been shown to interact with the
cell membrane, and cause membrane depolarization, or disruption [128,132–135]. The
toxic effect of HilR might likewise be exerted through interactions with the cell
membrane. To identify the subcellular localization of HilR, I would construct a GFPtagged version of HilR, and observe the growth of cells expressing HilR-GFP by
fluorescence microscopy. The specific sites of association with the membrane might
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lend clues as to the target of HilR; for example, association of HilR-GFP with the
septum of dividing cells could suggest that HilR interacts with the divisome, as do other
small proteins [111].
We could also use genetic approaches, similar to the ones used in this work, to
search for genes that interact with hilR. To do this, I would select for spontaneous
mutants or mutants with transposon insertions that restore growth to cells expressing a
toxic level of HilR. If the interaction between HilR and PtsP does cause a toxic effect, I
would expect mutations that diminish the expression, or function of PtsP would be found
in this screen. The success of the screen could depend on the pleiotropy of HilR
function. Few resistant mutants have been described for small toxic proteins, an
observation that suggests that toxic proteins have many targets, or targets that are
difficult to mutate [112]. For example, it may be difficult to obtain resistant mutants if a
small protein exerts its toxic effect via an interaction with the cell membrane, a complex
mixture of macromolecules, some of which are not gene products. In truth, given the
potential limitation of each technique, it may require a combination of genetics,
biochemistry, and microscopy techniques to identify targets of HilR. These approaches
also have the potential to complement each other’s findings.

4.10 Functions of other MexT-regulated genes
It is noteworthy that our data indicate that MexT associates upstream of nearly all
genes previously shown to be positively regulated by MexT [84], and that negative
regulation of genes by MexT is almost wholly dependent on the expression of MexEF-
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OprN [84]. This suggests that, with the exception of mexEF-oprN, MexT-activated
genes exert limited direct effects on transcription of other genes.
It is interesting to note that MexT activates a gene (PA2813) that encodes a
probably glutathione S-transferase (GST). It would be expected that the activity of a
GST would lead to the depletion of glutathione through reactions with various
substrates. If glutathione does enhance the activity of MexT, the activation of the
PA2813 gene could function to limit the activity of MexT. We may be able to test this
simply by measuring the expression of MexT-activated genes in PAO1 ΔPA2813 cells.

4.11 Functions of other genes that contribute to a growth defect in PAO1 Δhfq
mutant cells
In our work, we employed a Tn-seq approach to identify genes whose activities
contribute to the poor growth of PAO1 Δhfq mutant cells on LB agar. This type of
genetic interaction, where the growth of mutant cells with poor viability is restored with a
secondary mutation, is known as synthetic viability. From our Tn-seq experiment, we
identified more than a dozen genes, including mexT, hilR, and mexEF, whose activities
are detrimental to the growth of PAO1 Δhfq mutant cells on LB agar (Figures 2.10 and
2.12). With the exception of hilR and mexEF, there is no clear connection between the
function of the products of these genes and the function of MexT. The studied functions
of the products of these genes are diverse, including: sugar transport (PA3190) [215],
proteolysis (hflCK and asrA) [216,217], lipopolysaccharide biosynthesis (wapB) [218],
and protein folding (htpG) [181]. It is unclear how each of these functions contributes to
the poor growth of PAO1 Δhfq mutant cells. Approaching answers to these questions
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could prove challenging because addressing the function of each gene would likely
require different experimental techniques.
It is possible that the functions of the products of these genes are related to the
activity of the MexT-regulated pathway that reduces the growth in PAO1 Δhfq mutant
cells. The products of these genes could influence the expression of the mexT gene,
activation of MexT target genes, or the activity of HilR or MexEF. For example, HtpG, a
protein chaperone, could function to facilitate the folding of the HilR protein, stabilizing a
toxic protein conformation. In this way, the loss of HtpG could decrease the toxic effect
of HilR in the absence of Hfq.
Although we show that the loss of MexT restores growth of PAO1 Δhfq mutant
cells, it is important to note that PAO1 ΔmexT Δhfq mutant cells do not grow as well as
PAO1 wild-type cells in LB (Figure 2.1C). This could indicate that there are factors that
contribute to the growth defect of PAO1 Δhfq mutant cells independently from MexT.
We could used a similar Tn-Seq approach to determine whether insertions in genes that
restore the growth of PAO1 Δhfq mutant cells can also restore the growth of PAO1
ΔmexT Δhfq mutant cells. I would expect that insertions in genes that restore the growth
of PAO1 Δhfq mutant cells independently of MexT would also restore the growth of
PAO1 ΔmexT Δhfq mutant cells. Additionally, I would expect that insertions in genes
that inactivate the mexT gene, reduce MexT activity, or the activity of MexEF or HilR,
would not provide a growth advantage to PAO1 ΔmexT Δhfq mutant cells, relative to
PAO1 Δhfq mutant cells. Regardless of the result, such a study would continue to
contribute to an understanding of the genetic determinants of growth in PAO1 Δhfq
mutant cells.
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In our Tn-seq analysis, we compared the representation of transposon insertions
in intragenic and intergenic regions throughout the genome. Our follow-up studies
focused on the discovery that transposon insertions in specific intragenic regions (i.e.
genes) were overrepresented in our growth conditions. We note that transposon
insertions in several intergenic regions were overrepresented in PAO1 Δhfq mutant cells
grown on LB agar. Close examination of insertions in intergenic regions could identify
cis-regulatory elements (e.g. promoters or regulator binding sites), unannotated genes,
and other sequences that are detrimental to the growth of PAO1 Δhfq mutant cells.

4.12 Concluding remarks
In my dissertation work, I characterized a profound growth defect we observed in
Pseudomonas aeruginosa cells lacking the conserved RNA-chaperone Hfq. I
determined that the growth defect of hfq mutant cells is dependent on the expression of
genes activated by the transcription regulator MexT. Among these is a gene that we
refer to as hilR that is negatively regulated by Hfq and is toxic when ectopically
produced in wild-type cells. Thus, Hfq can influence the growth of P. aeruginosa by
limiting the toxic effect of MexT-regulated genes. Finally, I show that MexT activity
depends on an enzyme that synthesizes glutathione. This work sheds light on
mechanisms that facilitate the growth of this important opportunistic pathogen.
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Appendix 1: Supplementary Material for Chapter 2

Supplementary Table S1.1 Summary of MexT ChIP-Seq data
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Supplementary Table S1.1 Continued
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Supplementary Table S1.1 Continued
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Supplementary Table S1.2 Summary of Tn-seq analysis for transposon insertion
sites enriched in PAO1 Δhfq mutant cells grown on LB agar at 100X coverage of
the input library grown on NCE-succinate
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Supplementary Table S1.3 Summary of Tn-seq analysis for transposon insertion
sites enriched in PAO1 Δhfq mutant cells grown on LB agar at 10X coverage of
the input library grown on NCE-succinate
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Supplementary Table S1.4 Strains used in this work
Name
Relevant genotype
Pseudomonas aeruginosa
PAO1
wild-type
IH224
PAO1 Δhfq
PA99
wild-type
IH85
PA99 Δhfq
IH59
PAO1 ΔmexT
IH200
PAO1 ΔmexT Δhfq
IH186
PAO1 ΔmexEF
IH202
PAO1 ΔmexEF Δhfq
IH197
PAO1 ΔPA1942
IH216
PAO1 ΔPA1942 Δhfq
IH205
PAO1 ΔmexEF ΔPA1942
IH217
PAO1 ΔmexEF ΔPA1942 Δhfq
IH241
PAO1 ΔhtpG
IH250
PAO1 ΔhtpG Δhfq
IH242
PAO1 ΔPA3190
IH251
PAO1 ΔPA3190 Δhfq
IH243
PAO1 ΔPA4465
IH252
PAO1 ΔPA4465 Δhfq
IH301
PAO1 ΔPA0429
IH304
PAO1 ΔPA0429 Δhfq
IH294
PAO1 ΔmigA
IH299
PAO1 ΔmigA Δhfq
IH295
PAO1 ΔPA1014 (wapB)
IH300
PAO1 ΔPA1014 Δhfq
IH264
PAO1 ΔPA0614
IH296
PAO1 ΔPA0614 Δhfq
IH265
PAO1 ΔprtN
IH297
PAO1 ΔprtN Δhfq
IH253
PAO1 ΔhflCK
IH256
PAO1 ΔhflCK Δhfq
IH254
PAO1 Δrnd
IH257
PAO1 Δrnd Δhfq
IH255
PAO1 ΔasrA
IH258
PAO1 ΔasrA Δhfq
IH219
PAO1 ΔptsP
IH218
PAO1 ΔptsP Δhfq
IH213
PAO1 ΔspuD
IH225
PAO1 ΔspuD Δhfq
IH215
PAO1 ΔphhR
IH227
PAO1 ΔphhR Δhfq
IH269
PAO1 HilR-TAP
IH286
PAO1 HilR-TAP Δhfq
MJD192 PAO1 MexT-V
IH172
PAO1 MexT-V Δhfq

	
  

Reference
Arne Rietsch, Case Western University
This study
Alan Hauser, Northwestern University
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
obtained from Jennifer Pena
This study
obtained from Michael Gebhardt
This study
This study
This study
This study
This study
This study
This study
obtained from Michael Gebhardt
This study
This study
This study
This study
This study
This study
This study
obtained from Matthew Dorman
This study
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Supplementary Table S1.4 Continued
IH175
PAO1 mexS-Q9stop
IH214
PAO1 ΔgshA
IH273
PAO1 ΔgshA ΔmexS
IH282
PAO1 ΔgshA ΔmexS ΔmexT
IH275
PAO1 ΔPA1942 ΔmexS
IH303
PAO1 ΔgshB
TK27
PAO1 ΔmvaT cupA1::lacZ ΔtrrC
TK59
PAO1 ΔmvaT cupA1::lacZ ΔtrrC Δhfq
IH43
PAO1 rpoA-K297N
IH81
PAO1 rpoA-K297A
IH159
PAO1 ΔpqsA
IH160
PAO1 rpoA-K297N ΔpqsA
Escherichia coli
SM10
(λpir)
DH5α
F’IQ
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This study
This study
This study
This study
This study
This study
obtained from Tracy Kambara
obtained from Tracy Kambara
This study
This study
This study
This study

Arne Rietsch, Case Western University
Thermo Fisher

Supplementary Table S1.5 Plasmids used in this work
Plasmid Name
pEXG02
pEXG02-Δhfq
pKHT111
pIH41
pKHT112
pKHT139
pIH49
pIH50
pIH51
pIH87
pIH88
pIH89
pIH53
pIH65
pIH64
pIH42
pIH45
pIH21
pIH43
pKHT110
pIH90
pIH04
pIH10
pKMC1116
pPSV38
pKHT256
pIH29
pIH30
pIH33
pPSPK
pIH25
pIH35
pIH59
pIH91
pHerd20T
pIH66
pIH85
IH79
IH81
pIH75
pIH77
pP30ΔFRT-V
pMexT-V
pP30ΔFRT-TAP
pIH83

	
  

Genotype
pEXG02
pEXG02-Δhfq
pEXG02-ΔmexT
pEXG02-ΔPA1942
pEXG02-ΔmexE
pEXG02-ΔmexEF
pEXG02-ΔhtpG
pEXG02-ΔPA3190
pEXG02-ΔPA4465
pEXG02-ΔPA0429
pEXG02-ΔmigA
pEXG02-ΔwapB
pEXG02-ΔhflCK
pEXG02-Δrnd
pEXG02-ΔasrA
pEXG02-ΔspuD
pEXG02-ΔphhR
pEXG02-mexS-Q9stop
pEXG02-ΔgshA
pEXG02-ΔmexS
pEXG02-ΔgshB
pEXG02-rpoA-K297N
pEXG02-rpoA-K297A
pEXG02-ΔpqsA
pPSV38
pPSV38-hfq
pPSV38-rpoA
pPSV38-rpoA-K297N
pPSV38-rpoA-K234stop
pPSPK
pPSPK-mexT
pPSPK-mexS
pPSPK-gshA
pPSPK-gshB
pHerd20T
pHerd20T-hilR
pHerd20T-hilRmut1
pPSVHerd
pPSVHerd-hilR
pHerd20T-hilR-no3'UTR
pHerd20T-hilR-FLAG
pP30ΔFRT-V
pP30ΔFRT-MexT-V
pP30ΔFRT-TAP
pP30ΔFRT-HilR-TAP
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Reference
(Rietsch et al., 2005)
(Kambara et al., 2018)
obtained from Keith Turner
This study
obtained from Keith Turner
obtained from Keith Turner
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
obtained from Keith Turner
This study
This study
This study
obtained from Kirsty McFarland
(Vvedenskaya et al., 2012)
obtained from Keith Turner
This study
This study
This study
(Castang et al., 2008)
This study
This study
This study
This study
(Qui et al., 2008)
This study
This study
This study
This study
This study
This study
(Vallet-Gely et al., 2005)
This study
(Vallet-Gely et al., 2005)
This study

Supplementary Table S1.5 Continued
pFLP2
pBTK30

	
  

pFLP2
pBTK30

(Hoang et al. 1998)
(Goodman et al., 2004)

130

Supplementary Table S1.6 Oligonucleotides used in this work
Primer name Sequence
Gene deletion constructs
K140HindIII
atataagcttgacttggtggaagcgatca
K141NotI
ctgccggagggctcaggcggccgccatggcgttcctcgtttcc
K142NotI
aacgaggaacgccatggcggccgcctgagccctccggcagcta
K143XhoI
atatctcgaggcgtcgaagtaggcgtagac
K146HindIII
atataagctttcagctacaccgacgaactg
K147NotI
ctatcgccgcgctcaggcggccgccatgcttgactccgccag
K148NotI
gcggagtcaagcatggcggccgcctgagcgcggcgatagga
K149XhoI
atatctcgagtgatcgacaactggaagctg
K127NotI
atatgcggccgccggcctgccagaggtgcat
K128XhoI
atatctcgaggcgaaaggtccactgtcaac
IH174
aatggcgcgcccactatcgatggaattgatt
IH175
ataaagctttagcccccagggcctggcg
IH176
aatggcgcgccctgaaagccctgctcgaccg
IH177
ataggatcctgaaccagtcgtagtgcagg
IH236
aatggcgcgcccatcgctccaagctccatcaatg
IH237
ataaagctttgcgtatcgaggccctggtg
IH238
aatggcgcgccctaagcagtagccccgacaaag
IH239
ataggatccgccatggaaggacacgaagg
IH230
aatggcgcgcccatgaggaaaaccttcttcttgttattc
IH231
ataaagctttgtcgggcccttgaacgagg
IH232
aatggcgcgccctaagtccctggcgcggatcc
IH233
atatctagaggtgccggtgacgatcatcg
IH242
aatgcggccgccatgtcattgcccgttctgtacg
IH243
ataaagcttaacggcagcaaggcgtagg
IH244
aatgcggccgcctagcccataacaagaaggacag
IH245
ataggatcccccacgagatcattcccgag
IH343
aatgcggccgccatgtctgtcgtggatcgcg
IH344
ataaagcttccacatcgaggtcgccgcct
IH345
aatgcggccgcctgaccgcagccctccgttga
IH346
ataggatccgctcacgggtcggggtcagt
IH355
aatgcggccgccatgtgtcgttcttgtcactcg
IH356
ataaagcttgtacgggtcggccacggagc
IH357
aatgcggccgcctgagtccgtcaccgcgaaga
IH358
ataggatccaagtctggaaccgtagtcttgg
IH349
aatgcggccgccacatccgcggcgccttcaa
IH350
aagcttcgcgttcttcgtaca
IH351
aatgcggccgcctgacggctggccggctaatc
IH352
ataggatccctgtggcaagtcaccgacga
IH248
aatgcggccgccatagcgctctccatctagt
IH249
ataaagcttaacgggatgcgcaggtcgag
IH250
aatgcggccgcctaatactcggttctccggcg
IH251
ataggatccggtgcgcaggtcaagatcct
IH272
aattctagaccacgaacatctccttggtca
IH273
ataaagcttgcgcagcaggcctttccagg
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Relevant gene
mexT
mexT
mexT
mexT
mexE
mexE
mexE
mexE
mexEF
mexEF
PA1942
PA1942
PA1942
PA1942
htpG
htpG
htpG
htpG
PA3190
PA3190
PA3190
PA3190
PA4465
PA4465
PA4465
PA4465
PA0429
PA0429
PA0429
PA0429
migA
migA
migA
migA
PA1014 (wapB)
PA1014 (wapB)
PA1014 (wapB)
PA1014 (wapB)
hflCK
hflCK
hflCK
hflCK
rnd
rnd

Supplementary Table S1.6 Continued	
  
IH274
aattctagacctgaaacgaatctgttccgtctac
IH275
ataggatccgatcaggccggagaatattg
IH305
aatgcggccgccatgaggcacctgactggct
IH306
ataaagcttggcgccggcgtagctgag
IH307
aatgcggccgcctgagccggcggcggatgg
IH308
ataggatccacctggatcgcgcaggaaaag
IH192
aatggcgcgcccatgcggggtagctccatttttg
IH193
ataaagcttcacggcttcacctattccgg
IH194
aatggcgcgccctgatccgcgaggagcccggcg
IH195
ataggatccgagcgatgtaatcggtccag
IH218
aatggcgcgcccatggcgtggcccggtgttg
IH187
ataaagcttgcgccacgcgccagccggtgg
IH188
aatggcgcgccctgagcggcatgcttgccgg
IH189
ataggatcctgtcttccgacggcagatcg
IH198
aatggcgcgcccaagtcgggattccttgtg
IH199
ataaagcttgtcggcctggacccggtcag
IH200
aatggcgcgccctgagccaagccggcgcgcccctg
IH201
ataggatcccaccggcaacggcaccctgg
K119HindIII
atataagcttcagttcgtcggtgtagctga
K120NotI
tgcgggtcgtcctcaggcggccgccatcgcaaacctctgcagtg
K121NotI
gcagaggtttgcgatggcggccgcctgaggacgacccgcagcg
K122XhoI
atatctcgagccctaccgctacctgatcc
IH363
aatggcgcgcccatgggaattcctccgaaaggg
IH364
ataaagctttggaggacagcatgatcaccgg
IH365
aatggcgcgccctgaatcgcgcgggcgggc
IH366
ataggatcccgaccttgggcgcctcttc
Site directed mutagenesis constructs
IH113
atataagcttgctcgcggaggaactcgcgc
IH114
atattctagacgaagatttcctgggctcgc
IH117
ggccaaactaatgaaaacgg
IH118
ccgttttcattagtttggcc
IH16
ctgggcaagaactccctgaccg
IH18
cggtcagggagttcttgcccag
IH34
ctgggcaaggcgtccctgaccg
IH35
cggtcagggacgccttgcccag
IH27
atataagcttggatgaatgacagccctcctac
IH28
atattctagagccgacgcacgtcagagcga
Expression constructs
K341HindIII
atataagcttcaagcgttgcccggctcgg
K342BamHI
atatggatccgaggaggatacatatgtcaaaagggcattcgctacaagac
K136BamHI
atatggatccgaggaggatacatatgaaccgaaacgacctgc
K137KpnI
atatggtacctcagagactgtccggatcg
IH134
atatggatcccgacgggtggttttgtcaggca
K135KpnI
atatggtacctcaatcggcgacgtggatc
IH256
atatggtacctgggattggcgacgtagtag
IH311
atatgaattcggaactggagacgacaccatgag
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rnd
rnd
asrA
asrA
asrA
asrA
spuD
spuD
spuD
spuD
phhR
phhR
phhR
phhR
gshA
gshA
gshA
gshA
mexS
mexS
mexS
mexS
gshB
gshB
gshB
gshB
mexS-Q9stop
mexS-Q9stop
mexS-Q9stop
mexS-Q9stop
rpoA-K297N
rpoA-K297N
rpoA-K297A
rpoA-K297A
rpoA
rpoA
hfq
hfq
mexT
mexT
mexS
mexS
hilR
hilR
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IH262
gctactccgcctaaatccttctcgg
IH263
ccgagaaggatttaggcggagtagc
IH284
atatggatccgctcggtccaccctcatattg
IH285
atatggtacctcagttgctgatcaggccga
IH311
atatgaattcggaactggagacgacaccatgag
IH229
atatggtacctcatttcttcacctccgcgc
IH298
atatggtaccttacttgtcatcgtcatccttgtagtctttcttcacctccgcgctcc
IH373
atatggatcctcaaacccgcttgccacgcg
IH374
atatggtacctcagcgggcagccagctgg
IH125
atatggtaccgggctagaaaataggtgcatcc
IH126
atattctagatcaggcagtggccttgtcgtct
Epitope tag construct
IH175
ataaagctttagcccccagggcctggcg
atatggatcctcattttcctaatctattcatttcaatatctgtatatgcggccgcttt
IH317
cttcacctccgcgctcc
qRT-PCR
IH164
gtcaggagatgggcaagaag
IH165
gccctacaaactcgggaataa
IH152
cctgctggtggcctattt
IH153
gacttggtggaagcgatca
IH148
ggaacagtcatcccacttctc
IH149
atgccttgggtggtttcc
IH216
atgagctactccgccaaatc
IH217
cgggccagttgttccag
IH299
ttccgcatcggcctttc
IH300
agcaggttcggcatcaatag
IH339
gacgccgaaatcaagtccta
IH340
ctgcggtactggtcgag
IH268
acgctcctttgaagaccatc
IH269
acggaatgttccatgtcctg
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hilRmut1
hilRmut1
gshA
gshA
hilR
hilR
hilR-FLAG
gshB
gshB
rpoA
rpoA
HilR-TAP
HilR-TAP
clpX
clpX
mexS
mexS
mexE
mexE
PA1942 (hilR)
PA1942 (hilR)
mexT
mexT
PA1333
PA1333
matU
matU

Appendix 1.1 Supplemental Experimental Procedures
Appendix 1.1.1 Plasmid Construction
The suicide plasmid pEXG02 [219] was used to create in-frame deletion
constructs: pEXG02-ΔmexT, pEXG02-ΔPA1942, pEXG02-ΔhtpG, pEXG02-ΔPA3190,
pEXG02-ΔPA4465, pEXG02-ΔPA0429, pEXG02-ΔmigA, pEXG02-ΔPA1014 (wapB),
pEXG02-ΔhflCK, pEXG02-Δrnd, pEXG02-ΔasrA, pEXG02-ΔspuD, pEXG02-ΔphhR,
pEXG02-ΔgshA, pEXG02-ΔmexS, and pEXG02-ΔgshB by amplifying ~500-700bp
fragments flanking the respective genes, with primers containing restriction sites,
followed by digestion and three-way ligation with digested pEXG02 backbone. We note
that the deletion of PA1942 includes the loss of hilR.
To create the pEXG02-ΔmexEF plasmid, the pEXG02-ΔmexE plasmid was first
generated. The pEXG02-ΔmexE plasmid was created by amplifying ~700 bp fragments
flanking mexE, with primers containing restriction sites, followed by digestion and threeway ligation with digested pEXG02 backbone. Next, a PCR fragment flanking the 3' end
of the mexF gene was amplified with primers containing the same restriction sites used
to amplify the 3' end of the mexE gene for the pEXG02-ΔmexE plasmid. This PCR
fragment and the pEXG02-ΔmexE plasmid were digested and ligated together to
generate the pEXG02-ΔmexEF plasmid.
Plasmid pEXG02-ΔmexSQ9stop was created by amplifying ~500 bp regions
flanking the 9th codon of mexS with primers containing the mutated mexS sequence
(changing atgtcccgagtgatccgttttcatcag to atgtcccgagtgatccgttttcattag) and plasmids
pEXG02-rpoAK297N and pEXG02-rpoAK297A were created by amplifying ~500 bp
regions flanking the 297th codon of rpoA with primers containing the mutated rpoA
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sequence. These fragments were spliced together by overlap extension PCR and
cloned into pEXG02.
Plasmid pPSV38 [220] allows for IPTG-inducible expression of genes. Plasmid
pPSV38-hfq was created by amplifying a fragment containing hfq, using primers
containing restriction sites, and cloning into pPSV38. Plasmids pPSV38-rpoA, pPSV38rpoA-K297N, and pPSV38-rpoAK234stop were created by amplifying a fragment
containing rpoA from PAO1, PAO1 rpoA-K297N and PAO1 rpoA-K297A mutant cells,
respectively, using primers containing restriction sites and cloning into pPSV38. When
sequencing clones of plasmid inserts amplified from PAO1 rpoA-K297A cells, we
discovered a plasmid with a spontaneous SNP that corresponds to rpoA-K234stop. We
renamed this plasmid pPSV38-rpoAK234stop.
Plasmid pPSPK [221] allows for IPTG-inducible expression of genes. Plasmids
pPSPK-mexT, pPSPK-mexS, pPSPK-gshA, and pPSPK-gshB were created by
amplifying a fragment containing the mexT, mexS, gshA, or gshB genes using primers
containing restriction sites and cloning into pPSPK.
Plasmid pHerd20T [222] allows for arabinose-inducible expression of genes.
Plasmid pHerd20T-hilR was created by amplifying a fragment containing hilR using
primers containing restriction sites and cloning into pHerd20T. Plasmid pHerd20ThilRmut1 was created by PCR amplification of pHerd20T-hilR using overlapping primers
containing a 1 bp insertion in hilR. Plasmid pHerd20T-hilR-no3’UTR was created by
amplifying a fragment containing hilR, without the 3’ untranslated region (UTR), using
primers containing restriction sites, and cloning into pHerd20T. Plasmid pHerd20T-hilR-
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FLAG was created by amplifying a fragment containing hilR using primers containing
the FLAG-tag sequence and restriction sites, and cloning into pHerd20T.
Plasmids pPSVHerd and pPSVHerd-hilR were generated to substitute the
carbenicillin resistance determinant of the pHerd20T plasmid for the gentamicin
resistance determinant of pPSV38 [220]. pHerd20T and pHerd20T-hilR were digested
with BstZ17I and SmaI and pPSV38 was digested with SspI and HpaI. A 1,303 bp
fragment from the digested pHerd20T plasmid (containing the pBAD promoter, multiple
cloning site and araC gene) or a 1,847 bp fragment from the digested pHerd20T-hilR
plasmid was blunt-end ligated to a 3,708 bp fragment from pPSV38 containing the
gentamicin resistance cassette and origin or replication.
Plasmids pP30ΔFRT-MexT-V and pP30ΔFRT-HilR-TAP were generated by
amplifying a ~300-500bp fragment upstream of the stop codon of mexT and hilR and
cloning into pP30ΔFRT-V and pP30ΔFRT-TAP, respectively, as described previously
[223]. These plasmids allow for the creation of strains encoding MexT with a C-terminal
VSV-G tag or HilR with a C-terminal TAP tag by single crossover integration of the
plasmid. The pFLP2 plasmid was transformed into single integrants to induce
recombination of FRT sites and generate markerless strains.
All plasmids were verified by sequencing (Genewiz).

Appendix 1.1.2 Strain Construction
E. coli SM10 cells were transformed with plasmids pP30ΔFRT-MexT-V and
pP30ΔFRT-HilR-TAP and subsequently mated into recipient strain PAO1, creating the
strains PAO1 MexT-V and HilR-TAP. Integration of the plasmids into the chromosome
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was followed by transient expression of FLP recombinase encoded by plasmid pFLP2
to excise the backbone [224].
All other mutant strains were created by allelic replacement using pEXG02-based
plasmids [219]. Briefly, E. coli SM10 cells carrying the plasmid were mated with
recipient P. aeruginosa cells. Primary integrants were isolated on Pseudomonas
Isolation Agar (PIA) containing gentamicin 60 µg mL-1. Mutants were isolated on low salt
LB plates containing 5% sucrose for sacB counterselection. Cells were then patched to
confirm antibiotic sensitivity. When generating the ∆hfq mutation, cells were cultured in
NCE-succinate broth after counterselection to generate a freezer stock. All deletions
and insertions were confirmed by PCR. The strain with the mexS-Q9stop mutation was
confirmed by sequencing.
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Appendix 2: Supplementary Material for Chapter 3

Appendix 2.1 An amino acid substitution in the α-CTD of RNAP restores the
growth of cells lacking Hfq
The Hfq-dependent growth defect on LB agar was first observed upon deletion of
hfq in cells lacking mvaT (encoding a H-NS family protein) and trrC (encoding a putative
regulatory sRNA), with a lacZ transcriptional fusion with cupA1 (i.e. PAO1 ΔmvaT ΔtrrC
cupA1::lacZ). The hfq deletion was introduced in these cells to test the role of Hfq in an
sRNA-mediated regulation mechanism; however, the striking growth defect raised
questions about Hfq-mediated mechanisms that govern growth of the bacterium. The
growth defect of PAO1 ΔmvaT ΔtrrC cupA1::lacZ Δhfq cells is qualitatively similar to
PAO1 Δhfq mutant cells on LB agar, suggesting that the mutations in mvaT, trrC, and
cupA1 do not influence the observed growth defect (data not shown). As with our PAO1
Δhfq strain, the PAO1 ΔmvaT ΔtrrC cupA1::lacZ Δhfq strain gave rise to small colonies
and some colonies of considerably larger size. We purified six large colonies from
PAO1 ΔmvaT ΔtrrC cupA1::lacZ Δhfq cells selected on LB agar and performed whole
genome sequencing (WGS) to find mutations associated with the restoration of growth
of hfq mutants on LB agar. In addition to the expected mutations in hfq, mvaT, trrC, and
cupA1, the putative suppressor mutants contained a single nucleotide polymorphism
(SNP), large chromosomal deletion, or large chromosomal duplication (Supplementary
Table S2.1). In one putative suppressed strain, we detected a SNP in the mexT gene
that results in an amino acid substitution in MexT. In another, we detected a SNP in the
rpoA gene, encoding the α subunit of RNA polymerase, that results in an amino acid
substitution in the C-terminal domain (α-CTD) of the protein. These results indicate that
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Supplementary Table S2.1. Identification of mutations that suppress the ΔmvaT
ΔtrrC cupA1::lacZ Δhfq small colony phenotype.
	
  

	
  
	
  
Whole genome sequencing identified mutations in six strains associated with a
restoration in growth of PAO1 Δhfq cells. The relevant amino acid changes resulting
from SNP mutations are indicated in parentheses. ‘Δ’ indicates a deletion and ‘Dup’
indicates a duplication that encompasses the genes included in parentheses. The
amino acid change indicated for MexT are based on the sequence of mexT from
MPAO1 (GCA_000247435.2), encoding a protein with 304 amino acid residues, which
is identical to the mexT sequence in our PAO1 strain.
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missense mutations in the mexT and rpoA genes may contribute to suppression of the
growth defect in Δhfq mutant cells.
The missense mutation in rpoA that was discovered in our WGS screen
suggested that a residue or multiple residues in the α-CTD are significant for the growth
defect in Δhfq cells. To test whether mutations altering the α-CTD can suppress growth
of PAO1 Δhfq mutant cells, we engineered inducible constructs expressing wild-type
rpoA, rpoA-K297N, or rpoA-K234stop (encoding a truncated form of α lacking the CTD).
We found that expression of rpoA-K297N and rpoA-K234stop, but not wild-type rpoA,
enhanced the growth of Δhfq mutant cells on LB agar (Supplementary Figure S2.1).
This suggests that elements of the α-CTD are responsible for the growth defect in cells
lacking Hfq. We note that the expression of rpoA-K234stop enhanced the growth of
Δhfq mutant cells to a more substantial degree than the expression of rpoA-K297N,
suggesting that K297 and other residues in the α-CTD contribute to the growth defect in
hfq mutants.
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Supplementary Figure S2.1. The CTD of RpoA influences the growth of PAO1
Δhfq mutant cells on LB agar.
PAO1 Δhfq mutant cells were transformed with pPSV38 (EV), pPSV38-rpoA
(prpoA(WT)), pPSV38-rpoA-K297N (prpoA-K297N), pPSV38-rpoA-K234stop (prpoAK234stop) and transformants selected on NCE-succinate agar with gentamicin 30 µg
mL-1. Single colonies were mixed in phosphate buffered saline (PBS), normalized for
cell density (OD600 = 0.1), serially diluted, and 7.5 µL of each dilution (10−2–10−6) was
spotted onto NCE-succinate agar with gentamicin 30 µg mL-1 and LB agar with
gentamicin 30 µg mL-1 and 5 mM IPTG before incubation at 37 °C for 48 hr.
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Appendix 2.2 The RpoA-K297N mutant reduces MexT-dependent gene activation
Interaction between transcription activators and the α-CTD has been shown to
mediate transcription activation at target promoters [198]. We reasoned that the rpoAK297N mutation enhanced the growth of PAO1 Δhfq mutant cells because it altered the
expression of one or more genes by perturbing the interaction of the α-CTD with a
transcription activator. Given the high frequency at which we isolate spontaneous and
transposon-inactivating mutations in mexT, we surmised that the rpoA-K297N mutation
enhanced the growth of hfq mutants because it impaired the activation of MexTregulated genes that are toxic in the absence of Hfq. To test this hypothesis, we
introduced the rpoA-K297N mutation into wild-type PAO1 cells by site directed
mutagenesis of rpoA at the native locus. We found that PAO1 rpoA-K297N mutant cells
grew at a similar rate as PAO1 in LB broth (Supplementary Figure S2.2), which
indicates that, unlike the α-CTD as a whole [30–33], the lysine at position 297 is
dispensable for growth. Next, we measured the abundance of the mexE transcripts in
PAO1, PAO1 rpoA-K297N, and PAO1 ΔmexT mutant cells and found that the
abundance of mexE was substantially diminished in PAO1 rpoA-K297N cells
(Supplementary Figure S2.3B). We also measured the abundance of mexT transcripts
in PAO1, and PAO1 rpoA-K297N mutant cells and found a modest increase in mexT
transcripts in PAO1 rpoA-K297N cells (Supplementary Figure S2.3A). Taken together,
these data suggest that the rpoA-K297N mutation diminishes the expression of MexT
target genes, but does not diminish the expression of mexT. This result further suggests
that the rpoA-K297N mutation restores growth of Δhfq cells on LB agar by reducing the
expression of MexT-activated genes.
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Supplementary Figure S2.2. PAO1 rpoA-K297N mutant cells grow at a similar rate
to wild-type cells.
Growth of PAO1 and PAO1 rpoA-K297N mutant cells in LB recorded by measuring
OD600 of cells cultured at 37 oC for 22 hr. Error bars indicate ± 1 standard deviation.
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Supplementary Figure S2.3. The rpoA-K297N mutation decreases the expression
of a MexT-activated gene
Expression of the mexT (A), and mexE (B) genes measured by qRT-PCR in PAO1 and
PAO1 rpoA-K297N mutant cells grown in LB to mid-log. The relative transcript
abundance was normalized to clpX transcript levels.
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Appendix 2.3 The RpoA-K297N mutant displays altered colony morphology on LB
agar
We note that cells of our PAO1 rpoA-K297N mutant gives rise to colonies with a
striking phenotype when plated on LB agar. Colonies from PAO1 rpoA-K297N mutant
cells appear to have plaque-like clearings and an iridescent metallic sheen
(Supplementary Figure S2.4A). This “autolysis” phenotype has been previously
observed in PAO1 mutants that overproduce the Pseudomonas quinolone signal (PQS),
a quorum-sensing autoinducer [225]. To test whether the observed colony phenotype of
PAO1 rpoA-K297N cells was dependent on PQS biosynthesis, we generated a deletion
of pqsA, encoding an enzyme essential for PQS biosynthesis, in PAO1 rpoA-K297N
cells. We found that PAO1 rpoA-K297N ΔpqsA mutant cells lost the autolysis phenotype
(Supplementary Figure S2.4B), suggesting that the rpoA-K297N mutation alters PQS
biosynthesis. We do not observe the autolysis phenotype in colonies formed from PAO1
ΔmexT mutant cells (Supplementary Figure S2.4A), which indicates that the phenotype
observed in the PAO1 rpoA-K297N strain is independent of the effect of the rpoAK297N mutation on MexT-regulated gene expression. This may suggest that lysine 297
in the α-CTD is important for interactions with a transcription regulator that influences
PQS production.
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Supplementary Figure S2.4. The rpoA-K297N mutation influences the growth of
cells on LB agar in a manner dependent on PqsA.
A) Single colonies from PAO1, PAO1 rpoA-K297N, and PAO1 ΔmexT mutant cells were
mixed in phosphate buffered saline (PBS), normalized for cell density (OD600 = 0.1), and
10 µL of this dilution was spotted onto LB agar before incubation at 37 °C for 24 hr.
B) Single colonies from PAO1, PAO1 rpoA-K297N, PAO1 ΔpqsA, and PAO1 rpoAK297N ΔpqsA mutant cells were mixed in phosphate buffered saline (PBS), normalized
for cell density (OD600 = 0.1), and 10 µL of this dilution was spotted onto LB agar before
incubation at 37 °C for 24 hr.
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Appendix 2.4 Discussion
Our findings demonstrate that a residue (lysine 297) in the α-CTD of RNAP is
critical for MexT-dependent gene activation. Expression of α with an amino acid
substitution at K297 or lacking the entire α-CTD in merodiploid PAO1 Δhfq cells
enhanced growth on LB agar plates. These results suggest that mutations in the α-CTD
restore growth to cells lacking Hfq because they diminish the activation of MexTtargeted genes. Whereas it is thought that the α-CTD is essential for growth,
substitution of lysine 297 does not seem to reduce the growth of PAO1 cells. This
substitution does appear to change the appearance of colonies, reminiscent of an
autolysis phenotype previously described in PAO1 mutants [225]. As previously
described, disruption of PQS biosynthesis restores the wild-type appearance of colonies
from PAO1 rpoA-K297N cells, which suggests that the K297 substitution alters the
regulation of PQS production. It seems likely that the K297 substitution in the α-CTD
alters the interaction of RNAP with a transcription factor other than MexT, which does
not appear to influence the autolysis phenotype.
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