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ABSTRACT

Staphylococcus aureus infections impose a serious economic burden on healthcare facilities and
patients because of the emergence of strains resistant to last-line antibiotics. Understanding the
physiological processes governing fitness and virulence of S. aureus in response to environmental
cues is critical for developing efficient diagnostics and treatments. CodY is an important global
regulator that links the physiological state of the cell to the production of virulence factors in
response to the availability of GTP and the branched-chain amino acids isoleucine, leucine, and
valine (ILV). Additionally, small, regulatory RNAs (sRNAs) are emerging as important
modulators of gene expression in S. aureus. My thesis focuses, in part, on furthering our
understanding of the CodY regulon. In one case, I examined the impact of guanine nucleotides on
S. aureus physiology and CodY activity. Blocking guanine nucleotide synthesis severely affects
S. aureus fitness by altering metabolic and virulence gene expression. Second, I probed further
into the CodY regulon by analyzing the extent to which CodY exerts its effect through small
regulatory RNAs (sRNAs). Specifically, I characterized RsaD, a trans-acting sRNA that is
important for fine-tuning carbon source utilization in S. aureus. My dissertation work outlines a
complex regulatory network that includes both protein and RNA-based regulators that works to
adjust S. aureus physiology in response to environmental and intracellular signals.
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Chapter I: Bacterial Regulatory Networks Sense and Respond to Dynamic Environments
1.1 Layers of Regulation Fine-Tune Bacterial Responses
All cells must sense the surrounding environment and align their physiology to the current
conditions. Pathogenic microbes contend with hostile environments in the host, which impose
nutritional and environmental stresses in addition to attacks from host immune cells. Thus,
pathogens must reconfigure both metabolism and the production of virulence factors. The ability
to mount a response, such as altering the production of proteins and other biological polymers
including DNA, RNA, cell wall components, and extrapolysaccharides offers a fitness advantage.
Bacteria use signal transduction systems to sense and respond to the dynamic environments
surrounding them. Exposure to a stimulus can result in post-translational modifications of
previously synthesized proteins poised to respond to the stimulus. For instance, acetylation has
emerged as an important strategy for adapting to metabolic stress and maintaining homeostasis
(Hentchel & Escalante-Semerena, 2015, Christensen et al., 2019). Protein phosphorylation also
plays a key role in regulation of metabolism, such as inactivating glycolytic enzymes under glucose
starvation, (Pisithkul et al., 2015) and the sensory kinases of two component systems (TCSs)
(Capra & Laub, 2012, Zschiedrich et al., 2016) which is discussed in detail later in this section.
Alternatively, signaling is mediated transcriptionally or post-transcriptionally. In prokaryotes,
regulation at the transcriptional level can be mediated by sigma factors associating with RNA
polymerase or regulators responsive to ligands or acting as response regulators in TCSs. In the
latter case, small regulatory RNAs (sRNAs) are critical to controlling mRNA stability and protein
production. In this portion of the introduction, I will focus on sigma factors, transcriptional
regulators, and post-transcriptional mechanisms.
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Transcriptional regulation
In prokaryotes, transcription initiation requires the formation of RNA polymerase (RNAP)
holoenzyme, which is achieved when a specific subunit known as a sigma factor binds the core
subunits (α2β´βω) of RNA polymerase (Bae et al., 2015). After RNAP associates with a sigma
factor, RNAP holoenzyme can recognize and bind to specific gene promoters to initiate
transcription. Sigma factors perform two critical catalytic activities: they direct RNAP to specific
DNA sequences and initiate DNA strand opening, forming the transcription bubble (Dombroski et
al., 1992, Kourennaia et al., 2005). Essential sigma factors are categorized as “housekeeping”
sigma factors, such as sigma 70 (σ70) in Gram-negative bacteria (Burgess et al., 1969) and sigma
A (σA) in Gram-positive bacteria (Juang & Helmann, 1994). Housekeeping sigma factors are
thought of as the primary sigma factors and promote transcription of thousands of genes during
vegetative growth that are important for cell homeostasis and replication (Paget & Helmann,
2003). Alternative sigma factors, such as sigma 32 (σ32) or sigma S (σS) in Gram-negative bacteria
(Cowing & Gross, 1989, Cowing et al., 1989, Paget & Helmann, 2003) and sigma B (σB) in Grampositive bacteria (Haldenwang & Losick, 1980, Moran et al., 1981), control transcription of a
specialized set of genes necessary for coping with stress, such as the transition from exponential
growth to stationary phase, or development, including the development of biofilms. Later, I will
review the role of sigma B in Staphylococcus aureus physiology.

Classic ligand-responsive transcription factors (TFs) act as sensors of changing environments that
link the physiology of the cell to pathogenicity. Often, the activity of TFs is modulated by the
presence of metabolic factors that allow them to directly sense the state of the cell. The presence
of metabolite can alter the conformation of the TF, either increasing or decreasing its DNA-binding
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affinity. They can act individually or in combination with multiple regulators to adjust gene
expression in the complex infection niches of the host. The Firmicute-specific protein CodY
(responsive to branched-chain amino acids and GTP) and the Gram-negative protein Lrp
(responsive to leucine) are classic examples (Brinsmade, 2016, Braaten et al., 1992). However,
new roles for these proteins are being revealed. For instance, S. aureus CodY acts as a nutritional
“checkpoint” protein to block virulence factor production under amino acid replete conditions
(Mlynek et al., 2018, Waters et al., 2016). A more detailed background on CodY is provided in
Section 1.2. A recent study identified a possible new role for Lrp in E. coli, where Lrp acts as a
scaffold to recruit other regulatory factors (Kroner et al., 2019). Lrp is bound to DNA and “poised”
to regulate, but there is no differential expression observed until certain activating conditions,
including instances where other E. coli regulators are present. Exactly which proteins Lrp acts in
conjunction with remains an open question (Kroner et al., 2019).

Interest in bacterial physiology during infection has prompted questions regarding how bacteria
respond in susceptible hosts that have metabolic dysfunction, such as infection of
hyperglycemic/diabetic patients. In this niche, there is ample glucose to serve as carbon source for
invading pathogens. Carbon Catabolite Repression (CCR) is a well-documented mechanism in
Gram-negatives and Gram-positives for mediating preferred carbon source utilization that
coordinates metabolism and growth with virulence factor production. Carbon Catabolite Protein
A (CcpA) is the Gram-positive global regulator of carbon and recent work from Paluscio and
colleagues (Paluscio et al., 2018) showed Streptococcus pyogenes strains knocked out for ccpA
had reduced ability to grow in host tissue, caused less damage, and were cleared faster than ccpA+
cells. In the Gram-negative pathogen Yersinia pestis, catabolite repressor protein (CRP) has been
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suggested to induce Pla (plasminogen activator protease) expression in a cAMP-dependent manner
as the bacteria consume available glucose in the lungs (Ritzert & Lathem, 2018).

Other regulatory proteins have emerged as important metabolic sensors that co-regulate
metabolism and virulence. In S. aureus, loss of the ribose-responsive regulator RpiRc results in
increased exoprotein production and hypervirulence with simultaneous increases in glycolytic and
amino acid metabolic pathways. Loss of RpiRc also resulted in reduced expression of TCA cycle
genes (Balasubramanian et al., 2016). Though the ligand remains unknown, the prevailing thought
is that it is a metabolic intermediate, similar to how the activity of the Pseudomonas putida
homologue HexR is modulated by the Entner-Doudoroff pathway intermediate 2-keto-3-deoxy-6phosphogluconate (Zhu et al., 2011, Daddaoua et al., 2009). Additional support comes from a
recent report that S. aureus strains deficient in transketolase (tkt) have altered transcriptional
activity of RpiRc (Tan et al., 2019).

A subset of TFs belong to two component systems (TCSs), which consist of a sensory kinase and
a response regulator that enable the bacterium to sense its environment (Capra & Laub, 2012,
Zschiedrich et al., 2016). Upon activation, the sensory kinase undergoes autophosphorylation, and
the phosphoryl group, in turn, is transferred to the response regulator, ultimately leading to
differential expression of downstream genes. In Gram-negative pathogens such as Salmonella
enterica and Shigella flexneri, the PhoQP TCS is regarded as the master regulator of virulence
(Miller et al., 1989, Perez & Groisman, 2009) and has been the subject of renewed interest. PhoQ
first senses changes in pH, the presence of certain antimicrobial peptides, and/or Mg2+ presence,
which is the indicative signal that the bacterium has been phagocytized by the host (Moss et al.,
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2000). PhoQ is autophosphorylated, then transfers this phosphoryl group to PhoP, triggering PhoP
dimerization and activation. A recent study by Lin and colleagues (Lin et al., 2017) implicated
PhoQP as necessary for S. flexneri host invasion and infection. Further, Lin et al. (2017) confirmed
PhoP-dependent regulation of a key virulence factor icsA, which encodes an outer membrane
protein S. flexneri utilizes to bind to host cells and invade. The PhoQP TCS contributes to
pathogenesis in a variety of Gram-negatives, for example Yersinia, Neisseria, Erwinia,
Pseudomonas, and Serratia (Flego et al., 2000, Oyston et al., 2000, Johnson et al., 2001,
Gooderham & Hancock, 2009, Barchiesi et al., 2012). Given how conserved the PhoQP TCS is
among pathogenic Gram-negative bacteria, a study by Qing et al. (2018) investigated targeting
PhoP as a potential therapeutic target. The study identified several novel inhibitors that led to
decreased PhoP activity and opens a new avenue for antimicrobial drug development.

Nutritional immunity is the host strategy of starving pathogens of key nutrients in order to prevent
infection (Hood & Skaar, 2012). Restriction of essential metals, such manganese (Mn), iron (Fe),
and zinc (Zn), by the host protein calprotectin (CP) halts bacterial growth by inactivating any
enzymes or processes that require one or more of these metals (Richardson, 2019). In S. aureus,
decreased Mn availability is sensed by ArlRS, which mediates the response by acting either
directly on transcription or through the activity of other staphylococcal regulators (Radin et al.,
2016, Crosby et al., 2019). A recent study revealed that ArlRS does not sense Mn starvation itself,
but rather the disturbances in glycolytic flux induced by Mn starvation, rendering S. aureus unable
to respond to glucose and perform glycolysis (Parraga Solorzano et al., 2019). Further, pyruvate
is a critical node in carbon metabolism, connecting glycolysis, the TCA cycle, and overflow
metabolism. Master regulators Agr and Sae TCSs are also involved in mediating the response to
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pyruvate and provide additional confirmation of the link between metabolism and virulence.
(Harper et al., 2018). Briefly, the Agr TCS (Accessory gene regulator system) is the S. aureus
quorum sensing system that affects gene expression based on population density (Recsei et al.,
1986). The system is activated by autoinducing peptide (AIP), encoded by agrD and exported by
AgrB (Ji et al., 1995, Morfeldt et al., 1995). AIP binds to AgrC, the histidine kinase found in the
membrane, which in turn, activates AgrA, the response regulator (Lina et al., 1998). AgrA
regulates gene expression by directly binding to promoters of target genes to activate transcription
or controlling other regulatory molecules. A unique component of the Agr system is RNAIII, the
regulatory RNA that primarily affects transcription of the secreted virulence factors (Novick et al.,
1993). More information about RNAIII as a regulatory RNA in S. aureus can be found in Section
1.2. For Agr, the response to pyruvate production has been confirmed to be ArlRS-dependent,
while pyruvate activation of Sae is through a different mechanism and requires more investigation.

Changes in respiratory flux have previously been shown to activate SaeRS, while the main
modulator of the switch between aerobic and anaerobic growth is the SrrAB TCS (Mashruwala et
al., 2017a, Mashruwala & Boyd, 2017, Mashruwala et al., 2017b). Together, SrrAB and SaeRS
regulate the formation of fermentative biofilms (Mashruwala et al., 2017a). Srr is responsible for
programmed cell lysis that occurs following impaired respiration and is necessary for biofilm
formation (Mashruwala et al., 2017b). The coordination of the Sae and Srr response to S. aureus
respiratory status exemplifies the layers of regulation that exist to fine-tune virulence gene
expression.
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Post-transcriptional regulation
Recent studies have underscored the importance of post-transcriptional regulation of cell
metabolism for fitness in diverse environments including host niches. Moreover, while small
regulatory RNAs have been the subject of research for the last decade, these important regulators
have emerged to be important for adjusting the flow of metabolites through central metabolic
pathways in Gram-negative and Gram-positive bacteria.

Bacterial sRNAs act as major post-transcriptional regulators of metabolic processes and virulence.
The major class serves as trans-acting sRNAs, regulating translation and/or mRNA degradation,
either positively or negatively, usually with imperfect base-pairing to mRNA targets. They affect
gene targets post-transcriptionally, either as activators or repressors (Beisel & Storz, 2010). sRNAs
that activate targets bind to mRNAs that contain secondary structure that sequesters the ribosome
binding site. Binding of the sRNA alters the secondary structure of the mRNA, allowing the
ribosome to bind and translation to proceed. As repressors, sRNAs can inhibit translation by
binding at or near the ribosome binding site, thereby blocking translation initiation. Typically, the
sRNA:mRNA complex that is formed is rapidly degraded by RNAses, which may occur because
the complex is a preferred target of RNAses or a lack of ribosome recruitment, making them
vulnerable to RNAse-dependent degradation.

In E. coli, a classic example of an sRNA regulator is RyhB, a factor that is repressed by Fur (Ferric
Uptake Regulator) in a Fe2+-dependent manner (Masse & Gottesman, 2002, Escolar et al., 1999).
Under Fe2+-limited conditions, Fur can no longer bind to the ryhB promoter, leading to
derepression of ryhB. When RyhB production is induced, RyhB mRNA targets, including the Fe2+-
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dependent enzymes superoxide dismutase (sodB), the succinate dehydrogenase operon
(sdhCDAB), and aconitase (acnA), are negatively regulated. Since its initial discovery, RyhB has
been implicated as essential for iron homeostasis and for regulation of over 100 mRNA targets
(Chareyre & Mandin, 2018)

Interactions between small RNA-binding proteins (RBPPs) and sRNAs are critical for regulation
of carbon metabolism when exposed to the host environment. The core component of the carbon
storage regulatory (Csr) system, which includes the small RNA-binding protein CsrA, is among
the most widely distributed system in gamma-proteobacteria (Vakulskas et al., 2015). Binding of
CsrA to specific single-stranded GGA motifs typically leads to translation repression and/or
stability of downstream mRNA targets. Activation of the CsrA-mediated metabolic shift typically
occurs when entering stationary phase and/or exposure to stress. In E. coli, previous work showed
that CsrA promotes a shift in central metabolism towards glycogen biosynthesis (glgC), while
repressing translation of pgaABCD mRNA, an operon essential for the synthesis and secretion of
a biofilm polysaccharide adhesin (Baker et al., 2002, Wang et al., 2005). More recently, it was
found that CsrA plays a major role in modulating the acquirement of metals by repressing
translation of iron storage proteins (entCEAB, entD, feoABC) in the iron-limited environment of
the large intestine and within host cells (Pourciau et al., 2019, Potts et al., 2017). The accumulation
of short chain carboxylate compounds that are abundant in the intestinal lumen, as well as the
alarmone (p)ppGpp, which accumulates under amino acid starvation, stimulates the production of
two sRNAs in Salmonella and E. coli. Two sRNAs, CsrB and CsrC, inhibit CsrA activity by
mimicking CsrA-binding motifs (Vakulskas et al., 2015). Therefore, the transcriptional activation
of CsrBC is based on the cellular metabolic state and environmental cues. In addition, CsrBC

8

tightly coordinates the virulence gene expression controlled by CsrA, such as pgaABCD, an operon
essential for the synthesis and secretion of a biofilm polysaccharide adhesin (Vakulskas et al.,
2015) and sopd2, a factor involved in disrupting endocytic trafficking in the host (Potts et al.,
2019). In the Gram-positive, spore-forming bacterium B. subtilis, CsrA is thought to be highly
specific, regulating perhaps a single mRNA target that encodes a flagellar filament protein, Hag.
Additionally, CsrA is directly antagonized by the FliW protein, an alternate pairing partner of Hag,
allowing a homeostatic feedback and fine-tune control of Hag flagellin levels (Mukherjee et al.,
2011) (Oshiro et al., 2019).

Another example of bacterial RNA-binding proteins is CspC and CspE global regulators that
modulate about 20% of S. enterica transcriptome. These two redundant proteins control
physiological processes required for motility, biofilm formation, resistance to oxidative and
membrane stress. Consequently, S. enterica mutants lacking both proteins ineffectively mounts a
virulence response during invasion and survival in the host, preventing pathogenicity in systemic
mouse infection (Michaux et al., 2017). In S. aureus, the targetomes of the RNA chaperone CspA
includes at least 200 direct transcripts that encode proteins involved in carbohydrate and
ribonucleotide metabolism, stress response and virulence factors such as critical staphyloxanthin
pigment essential for survival in the human host (Caballero et al., 2018, Donegan et al., 2019).

Some RBPs have the unique ability to bind not only mRNAs but also sRNAs, ribosomal RNAs
(rRNA), transfer RNAs (tRNA) and even DNA; one such example is the RNA chaperone Hfq.
Hfq, a small, abundant and phylogenetically conserved nucleic-acid binding protein, is a member
of the Sm and Sm-like family proteins, which are involved in RNA metabolism in virtually all
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eukaryotes and archaea (Mura et al., 2013). In most Proteobacteria, Hfq primarily acts as a
chaperone to promote the base-pairing between trans-acting sRNAs and their mRNA targets (Schu
et al., 2015). Recently, Hfq functions have been expanded beyond its role in sRNA-mediated
regulation by binding rRNA and tRNA, affecting rRNA processing, ribosome assembly,
translational efficiency and accuracy (Andrade et al., 2018, Lee & Feig, 2008). Due to its various
binding properties, the regulatory spectrum of Hfq is much broader than other RBPs, which could
explain the numerous phenotypes observed upon deletion of hfq allele in many bacterial species
(Fantappie et al., 2009, Boudry et al., 2014).

The Vibrio parahaemolyticus type III secretion system 1 (T3SS), constituting a primary anti-host
response in Gram-negative pathogens, illustrates a virulence system under the control of an Hfqdependent sRNA. Spot42 sRNA decreases the translation of a T3SS chaperone, Vp1682, essential
for the secretion of T3SS effector Vp1680. Spot42, a major actor in CCR and transcriptionally
activated in presence of glucose or in response to cell density, underlies a mechanism where
bacteria can selectively activate cytotoxicity against host cells after depletion of preferred carbon
sources or through quorum sensing (LuxO) (Tanabe et al., 2015, Kalburge et al., 2017). In S.
enterica, the bacterial invasion into host intestinal epithelial cells requires the pathogenicity island
1 (SPI1) T3SS. HilA acts as the main transcriptional activator of SPI1, itself activated by HilD,
RtsA and other regulators. After invasion in the phagosome of host cells, SPI1 T3SS expression is
no longer required during subsequent replication stages and is turned off (Sturm et al., 2011). Kim
et al. (2019) demonstrated that PhoQP-regulated PinT sRNA contributes to SPI1 genes silencing
by repressing hilA and rtsA translation (Kim et al., 2019). In addition, PinT was found to modulate
the host immune response, for example by producing guanidyl nucleotide exchange factors (SopE,
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SopE2) and, by extension, promotes the intracellular survival and the establishment of a replicative
niche for Salmonella (Westermann et al., 2016). PinT also represses the expression of specific
SPI-2 genes through direct repression of the metabolic regulator CRP. In summary, the sRNA
PinT shapes the cellular switch from invasion to intracellular replication by temporally controlling
the expression of both SPI-1 and SPI-2 at the post-transcriptional level. In contrast with sRNAs in
Gram-negative bacteria, the vast majority of Gram-positive sRNAs do not require the Hfq
chaperone. However, though the RNA chaperone SpoVG in Listeria monocytogenes exemplifies
the discovery of novel sRNA-binding proteins that could mediate sRNA regulation (Burke &
Portnoy, 2016). In S. aureus and B. subtilis, deletion of the hfq allele doesn’t lead to a significant
growth defect while the closely related bacterium B. anthracis expresses three Hfq homologs with
a severe growth defect upon overexpression (Bohn et al., 2007, Rochat et al., 2015, Keefer et al.,
2017).

Overall, bacterial pathogens need to sense and respond to their environments during infection to
align their metabolism and virulence factor production to the host environment. Regulatory
networks consisting of ligand-binding transcription factors, two-component systems, and small,
non-coding regulatory RNAs orchestrate needed transcriptional and post-transcriptional changes
in gene expression programs (Figure I-1).
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Figure I-1. Layers of regulation fine-tune prokaryotic responses to environmental cues.
(Left) When cells sense physiological stresses or changes in the abundance of various metabolites,
micro or macro nutrients, the response can be mediated transcriptionally or post-transcriptionally.
Differential abundance of the cue or signal depicted by the shaded wedge can lead to differences
in gene expression on spatial scales. (Right) At the transcriptional level, a sensor kinase at the cell
membrane is activated following a signal, leading to phosphorylation of the response regulator,
which can then act to activate or repress expression of target genes (A). This response can also be
mediated through a classic ligand-responsive TF (B). TFs directly sense cues, and then activate or
repress transcription. Post-transcriptional regulation (C) typically involves an sRNA binding target
mRNAs based on imperfect base-pairing complementarity.

12

1.2 Physiology of the Opportunistic Pathogen, Staphylococcus aureus
As discussed previously, S. aureus is an important opportunistic Gram-positive bacterium. S.
aureus is commonly found as a human commensal, colonizing the anterior nares of approximately
one-third of the population (Graham et al., 2006). In addition, S. aureus can be found as a part of
the human microbiome on skin, in the throat, gastrointestinal tract, and vaginal mucosa (Mertz et
al., 2007, Acton et al., 2009, Bourgeois-Nicolaos et al., 2010, Kluytmans et al., 1997). Given the
opportunity, such as a wound, S. aureus can breach these barriers resulting in invasive disease with
varying levels of severity. S. aureus is the leading cause of skin and soft tissue infections,
infectious endocarditis, osteomyelitis, ventilator-assisted pneumonia, and bacteremia. Effective
treatment for S. aureus infections has been an issue for over 50 years, exacerbated by the
development of antibiotic resistant strains of S. aureus (Lowy, 1998). S. aureus infections impose
a serious economic burden on health care facilities and patients because of the emergence of strains
resistant to last-line antibiotics (Klevens et al., 2007) (Jackson et al., 2018). The emergence of
methicillin resistant Staphylococcus aureus (MRSA) strains in both hospital-acquired and
community-acquired cases has further complicated treating infections (May et al., 2005, Moran et
al., 2006, Stryjewski & Chambers, 2008). Understanding the physiological processes governing
fitness and virulence of S. aureus in response to environmental cues is critical for developing novel
strategies to combat S. aureus infections.

Linking S. aureus metabolism and pathogenesis
S. aureus has the capability to survive in a variety of environments, ranging from nearly every
surface of the host (Mertz et al., 2007, Desai et al., 2011) to fomites and other surfaces external of
the host, such as medical equipment, tabletops, and doorknobs (Miller & Diep, 2008).
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Environmental fluctuations sensed by S. aureus elicit a change in cellular physiology via one or
more of the previously mentioned mechanisms. Integrating central metabolic pathways and
virulence gene expression is a useful strategy for cells to survive and continue production of useful
metabolites. In S. aureus, the global regulator CodY links the physiological state of the cell to the
production of virulence factors (Brinsmade, 2016). CodY senses the nutrient status of the cell via
abundance of its co-activators, the branched chain amino acids (BCAAs [isoleucine, leucine, and
valine]) and GTP (Ratnayake-Lecamwasam et al., 2001, Shivers & Sonenshein, 2004). The CodY
regulon encompasses over 200 genes, and approximately 50% of those genes are direct targets of
CodY (Majerczyk et al., 2010). The CodY motif, found in the promoter of direct targets, has been
defined as AATTTTCWGAAAATT (Brinsmade, 2016, Shivers et al., 2006). Typically, active
CodY binds to DNA and represses expression of target genes by blocking transcription initiation
or acting as a roadblock to terminate transcription (Belitsky, 2011, Belitsky & Sonenshein, 2011b).
A minority of CodY targets are positively regulated, however, the current thought is that this is
indirect CodY regulation and likely through other regulators.

When BCAA or GTP levels drop, the number of active CodY molecules decreases, leading to
changes in the gene expression of targets. Sensing BCAAs links CodY to the carbon and nitrogen
availability of the cell (Somerville & Proctor, 2009, Pohl et al., 2009) while monitoring GTP levels
links CodY to the stringent response, including decreased replication and protein synthesis
activities (Geiger et al., 2012, Somerville & Proctor, 2009). The current model of the CodY
regulon is one of graded or hierarchical expression (Brinsmade et al., 2014, Waters et al., 2016).
In this way, CodY helps bacteria prioritize gene expression based on the nutrient status of the cell.
Specifically, in the host, codY mutants are hypervirulent in skin, pneumonia, and endophthalmitis
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murine infection models (Montgomery et al., 2012, Sadaka et al., 2014). These studies indicate
that CodY represses expression of virulence genes during infection until nutrients are depleted.
Under mild nutrient limitation, genes important for nutrient transport are turned on first (Waters
et al., 2016). As the severity of limitation increases, enzymes, such as proteases, lipases, and
toxins, are expressed in order to extract nutrients from host tissue. In fact, these tissue-damaging
enzymes seem to be turned on as a “last resort.” That is, they are only derepressed by CodY under
intense nutrient depletion. Expression of these virulence factors is coordinated with the expression
of genes responsible for de novo biosynthesis of amino acids, fatty acids, and metabolic processes
necessary for biomass production (Waters et al., 2016). Purine biosynthesis in particular is
necessary for S. aureus infection (Valentino et al., 2014, Kofoed et al., 2016). Specifically, loss of
the guanine de novo biosynthesis pathway attenuated S. aureus in a mouse bacteremia infection
model (Kofoed et al., 2016). Chapter II holistically examines changes in S. aureus physiology
under guanine nucleotide limitation. Thus, S. aureus CodY keeps virulence genes and costly
energetic processes repressed until they are precisely necessary for continued growth and survival.

In Gram-positive bacteria, including S. aureus, alternative sigma factor B (SigB) is the general
stress response sigma factor (Novick, 2003, Chan et al., 1998, Hecker et al., 2007). SigB activity
is regulated by a partner switching mechanism: RsbU is a phosphatase that, upon activation, can
dephosphorylate RsbV~P to RsbV, which can then sequester RsbW, the anti-sigma factor that
binds SigB during unstressed conditions, freeing SigB to interact with core RNA polymerase and
stimulate transcription from SigB-dependent promoters (Pané-Farré et al., 2009, Giachino et al.,
2001, Gertz et al., 1999). Upon transition from exponential growth to stationary phase growth, free
SigB associates with RNA polymerase to drive transcription. In addition, SigB is activated under
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conditions of environmental stress, including alkaline stress, temperature changes, and osmolarity
changes. (Pané-Farré et al., 2006, Pané-Farré et al., 2009, Hecker & Völker, 2001, Hecker et al.,
2007). SigB has been found to affect expression of over 250 open reading frames (ORFs) in S.
aureus (Bischoff et al., 2004). Like CodY, SigB can directly regulate gene expression when it is
associated with RNA polymerase, and indirectly by controlling other regulatory molecules
(Novick, 2003, Gertz et al., 2000). The SigB regulon encompasses genes involved in nearly all
cellular processes, including maintenance of intracellular redox balance, carbohydrate metabolism,
and membrane transport. Notably, a number of genes associated with S. aureus virulence are
regulated by SigB. SigB positively regulates adhesins, such as fibronectin binding protein (fnbA),
but negatively regulates exoproteins, including alpha-hemolysin (hla) and aureolysin (aur)
(Bischoff et al., 2004, Tuchscherr et al., 2015). Further, the ability of S. aureus to persist in the
host and to develop chronic infections, including in a murine osteomyelitis infection model, is
hindered in the absence of sigB (Proctor et al., 2006, Tuchscherr et al., 2015, Tuchscherr et al.,
2017).

Both CodY and SigB align S. aureus physiology by regulating many cellular processes. As one of
the activators for CodY, limiting S. aureus for GTP alters expression of CodY-regulated genes. In
addition, SigB, as the general stress response factor, responds to depleted GTP conditions as an
energy stress. Defining this response is the focus of Chapter II.

Small RNAs in S. aureus
In terms of studying small RNAs (sRNAS) in Gram-positive pathogens, S. aureus serves as the
best and most frequently used model. Multifunctional S. aureus RNAIII exemplifies the best
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characterized regulatory RNA in Gram-positive bacteria. RNAIII is an effector of the Agr quorum
sensing system that regulates various secreted virulence factors (Novick et al., 1993). RNAIII
carries a short open reading frame encoding cytolytic peptide d-hemolysin while its noncoding
sequence regulates mRNAs encoding transcriptional factors, cell wall proteins and virulence
factors post-transcriptionally (Queck et al., 2008, Boisset et al., 2007, Balaban & Novick, 1995).
The response regulator AgrA, part of the Agr two-component system, directly activates RNAIII
transcription based on bacterial cell density. Therefore, AgrA and RNAIII constitute the main
intracellular effectors of the quorum-sensing system and coordinate bacterial physiology with
pathogenesis (Novick et al., 1993).

Only few sRNAs have been characterized in S. aureus; Table I-1 lists some of the sRNAs whose
functions in S. aureus have been identified. Many of them are affected by a large network of
regulators (CcpA, CodY, AgrA, CcpE, SaeS and SigB), thereby integrating the expression of
virulence factors in response to environmental and metabolic signals (Xue et al., 2014, Horn et al.,
2018). RsaI is an example of an sRNA whose expression is repressed by CcpA (Geissmann et al.,
2009, Bronesky et al., 2019). Under glucose-replete conditions, rsaI expression is inhibited by
CcpA, however, following glucose consumption, production of RsaI leads to post-transcriptional
regulation of genes involved in glucose metabolism and, notably, the icaR mRNA, which encodes
for the repressor of exopolysaccharide production (Pamp et al., 2006). Down-regulation of icaR
leads to the production of exopolysaccharides, which are important for the inception of biofilms
(McCarthy et al., 2015, O'Gara, 2007). In addition, SSR42 is an example of an sRNA whose
expression is regulated by many global regulators, including CcpA, CodY, AgrA, and SigB (Horn
et al., 2018). In addition, a primary regulator of SSR42 transcription and activity is Rsp (Repressor
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of Surface Proteins), which is found antiparallel to the SSR42 locus (Das et al., 2016). Rsp
employs SSR42 as an effector molecule with SSR42 inducing S. aureus hemolysis by activating
hla (a-hemolysin) expression (Horn et al., 2018). The multitude of factors that act on SSR42
expression emphasizes the layers of the S. aureus virulence regulatory circuit.
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Table I-1. A selection of functionally characterized sRNAs in S. aureus.
Regulatory RNA
Identity
RNAIII

ArtR

SSR42

SprC

SprD
SprX1/2

RsaA

RsaD

RsaE

RsaI
Teg41

Phenotype and/or target
Effector molecule of the Agr quorum
sensing system; targets include: hla (atoxin), rot (repressor of toxins), coa
(coagulase)
Blocks translation of sarT mRNA, thereby
promoting a-toxin expression
Expression dependent on multiple
regulators including CodY AgrA, CcpE,
and SigB, required for hemolysis, regulates
Sae TCS
Reduces S. aureus internalization by
human phagocytes by targeting atl
(autolysin) mRNA
Decreases S. aureus virulence by
regulating sbi (immune evasion molecule)
mRNA
Acts on spoVG (contributes to antibiotic
resistance) and ecb (involved in immune
evasion) mRNA
Represses translation of mgrA mRNA,
thereby decreasing capsule biosynthesis
and enhancing biofilm production,
favoring chronic infection development
Redirects carbon overflow metabolism by
regulating alsS (acetolactate synthase)
mRNA, see Chapter III
Affects metabolism via the TCA cycle by
regulating sucD (succinyl-CoA synthetase)
and amino acid catabolism by targeting
rocF (arginase)
Repressed by CcpA, and under glucose
limitation targets icaR mRNA, thereby
promoting biofilm development
Positively regulates a phenol soluble
modules (aPSMs), increasing hemolysis
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Reference(s)
(Morfeldt et al., 1995) (Balaban & Novick,
1995, Boisset et al., 2007, Chevalier et al.,
2010)
(Xue et al., 2014)

(Morrison et al., 2012, Horn et al., 2018)

(Le Pabic et al., 2015)
(Chabelskaya et al., 2010, Chabelskaya et
al., 2014)
(Eyraud et al., 2014, Ivain et al., 2017)

(Romilly et al., 2014, Tomasini et al., 2017)

(Augagneur et al., 2019)
(Geissmann et al., 2009, Bohn et al., 2010,
Rochat et al., 2018)
(Bronesky et al., 2019)
(Zapf et al., 2019)

New research studies that identify and define physiological roles for S. aureus sRNAs are readily
being published. Chapter III of this dissertation will center around another sRNA controlled by
multiple S. aureus global regulators, RsaD, and its role in regulating carbon overflow metabolism.

1.3 Summary of Chapter I
Regulatory networks allow bacteria to fine-tune their physiology to meet the needs of continued
survival in their surrounding environment. Transcription factors, including classic ligand-binding
factors and two component systems, as well as regulatory RNAs and RNA-binding proteins
organize cell physiology changes as needed. In the Gram-positive opportunistic pathogen, S.
aureus virulence genes and genes that encode costly energetic processes are tightly controlled
until the precise moment they are needed. The success of S. aureus during infection is due to its
metabolic plasticity, allowing S. aureus to integrate multiple stimuli, including nutrient
availability and environmental cues. Small RNAs (sRNAs) in S. aureus are an emerging field
garnering much attention due to their roles in regulating virulence and metabolic pathways. In
the following chapters, I will further the field’s understanding of S. aureus responses to
limitation of the energy molecule GTP and how the sRNA contributes to carbon overflow
metabolism.
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Chapter II: Guanine Limitation Results in CodY-Dependent and -Independent Alteration
of Staphylococcus aureus Physiology and Gene Expression
2.1 Introduction
Staphylococcus aureus is a Gram-positive bacterium that, as a human commensal, colonizes the
anterior nares of approximately 30% of the population (Graham et al., 2006). Extranasal
colonization of the skin, throat, gastrointestinal tract, and vaginal mucosa is also common (Mertz
et al., 2007, Acton et al., 2009, Bourgeois-Nicolaos et al., 2010), and attachment to host tissues
and medical implants potentiates persistent chronic infections. When S. aureus breaches these
barriers, invasive disease can result with varying severity. In addition to skin and soft tissue
infections, S. aureus is a leading cause of infectious endocarditis, osteomyelitis, ventilator assisted
pneumonia, and bacteremia (Lowy, 1998). Further complicating patient prognosis is the
circulation of strains resistant to many of our first- and last-line antibiotics as well as aggressive
strains in the community that result in significant morbidity for otherwise healthy individuals
(Otto, 2013).

The success of S. aureus as a pathogen stems from its various strategies used to derive energy and
to produce biomass in distinct host environments. Whole genome sequencing revealed complexity
and flexibility of S. aureus metabolism. Enzymes of glycolysis, the pentose phosphate pathway
(PPP), and the citric acid cycle supply critical biosynthetic intermediates to generate essential
macromolecules during growth and reproduction (Somerville & Proctor, 2009). For instance, the
PPP intermediate ribose-5-phosphate (R5P) serves as an essential building block for de novo
nucleic acid biosynthesis. A series of steps catalyzed by the Pur enzymes culminates in the
generation of inosine monophosphate (IMP), which serves as a common intermediate for both
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adenine and guanine nucleotides. Synthesis of guanine nucleotides from IMP proceeds via IMP
dehydrogenase (IMPDH; GuaB) and guanosine monophosphate synthetase (GMP synthetase;
GuaA). Conversion of GMP to GTP occurs presumably via guanylate kinase (SAR1185) and
nucleoside diphosphate kinase (SAR1478) (Figure II-1). When biosynthetic and central metabolic
pathways are disabled or otherwise compromised by therapeutic intervention (Gaupp et al., 2015),
S. aureus can produce digestive enzymes like thermonuclease that allow the bacterium to extract
and process necessary nutrients directly from the host for reproduction (Cheung et al., 2004, Olson
et al., 2013a). In the case of nucleic acid synthesis, exogenous purines can be salvaged using
xanthine phosphoribosyl transferase (Xpt) and xanthine permease (PbuX). Regulatory factors help
maintain homeostatic control of intracellular metabolites by coordinating the expression of genes
for biosynthesis and uptake. Some also co-regulate virulence factor gene expression, highlighting
the intimate connection between bacterial physiology and pathogenesis (Richardson et al., 2015).
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Figure II-1. Pathway for guanine nucleotide synthesis.
Inosine monophosphate (IMP) is synthesized from successive enzymatic steps catalyzed by the
Pur enzymes. IMP is then converted to xanthine monophosphate (XMP) by IMP dehydrogenase
(GuaB). XMP can also be synthesized by xanthine phosphoribosyltransferase (Xpt) during
xanthine uptake. GMP synthetase (GuaA) converts XMP to GMP, which is then phosphorylated
to GTP by guanylate kinase (SAR1185, similar to B. subtilis YloD) and nucleoside diphosphate
kinase (SAR1478, similar to B. subtilis Ndk). GMP can also be formed via the guanosine salvage
pathway

by

the

concerted

action

of

guanosine/deoxyguanosine-inosine/deoxyinosine

phosphorylase (PupG) and hypoxanthine- guanine phosphoribosyltransferase (Hpt).
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CodY is a global transcription factor widely distributed in low G+C Gram-positive bacteria
(Brinsmade, 2016). Since its discovery as a repressor of the dipeptide permease (dpp) gene in B.
subtilis (Slack et al., 1995), CodY has emerged as an important link between metabolism and
pathogenesis by modulating the expression of dozens of genes involved in alternative nutrient
uptake, utilization, and biosynthesis as well as virulence regulators including the Agr quorum
sensing two-component system (TCS) and the SaeRS/S TCS (Majerczyk et al., 2010, Waters et
al., 2016, Brinsmade et al., 2014, Brinsmade, 2016, Roux et al., 2014, Pohl et al., 2009, Dineen et
al., 2010, Stenz et al., 2011, Molle et al., 2003). CodY is activated as a DNA-binding protein when
bound by branched-chain amino acids (isoleucine, leucine, valine [ILV]) or GTP, and the
combination of the two ligands enhances DNA-binding activity (Majerczyk et al., 2010). In
essence, CodY acts as a nutrient sensor, helping cells to reconfigure their physiology for continued
growth and survival in hostile environments by prioritizing and altering gene expression under
varying levels of nutrient depletion (Waters et al., 2016, Belitsky & Sonenshein, 2011a, Brinsmade
et al., 2014).

Nucleotide biosynthesis is critical for the growth of S. aureus in human blood and in various
infection sites, and it has been proposed that targeting nucleotide biosynthesis may be useful as an
antimicrobial treatment (Kofoed et al., 2016, Valentino et al., 2014, Connolly et al., 2017).
Notably, a drop in GTP pools could also lead to decreased CodY activity and increased virulence
(Montgomery et al., 2012). To gain insight into the transcriptional and physiological changes
associated with guanine nucleotide depletion, we imposed specific nutrient limitation during
steady state exponential and post-exponential growth by deleting guaA. We show that limiting S.
aureus cells for guanine nucleotides stimulates the activity of the alternative sigma factor B and
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increases the activity of the Agr two-component system in a CodY-dependent manner. We further
show that under guanine limitation, S. aureus exhibits increased protease production and reduced
ability to form biofilms. Taken together, our data suggest that limitation for guanine nucleotides
promotes a more invasive lifestyle of S. aureus. Moreover, the gene products and pathways
upregulated during limitation, such as genes required for sugar transport or lipoic acid
biosynthesis, represent promising therapeutic targets in combination with biosynthesis inhibitors
as adjuvant treatment for Gram-positive infections.
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2.2 Materials and Methods
Bacterial strains, growth media, and culture conditions
All strains constructed during this study are isogenic derivatives of S. aureus strains UAMS-1 or
LAC and are listed in Table II-1. Cultures of S. aureus were grown in tryptic soy broth containing
dextrose (2.5 g L-1) (BD Biosciences). For guanosine limitation studies, cells were grown in
chemically defined medium (CDM) prepared as described (36) with the following modifications:
the branched-chain amino acids (isoleucine, leucine, and valine) were added to a final
concentration of 1.5 mM each and Group 4 (containing the purine nucleobases) was omitted.
Instead, medium was supplemented with guanosine at the indicated concentration. E. coli cultures
were grown in Lennox (L) medium (Lennox, 1955) lacking glucose. When necessary, media were
solidified with agar at 1.5% [w/v] and antibiotics were supplemented at the following
concentrations: Ampicillin, 50 μg ml-1; Erythromycin, 5 μg ml-1; Chloramphenicol, 10 μg ml-1;
Tetracycline, 3 μg ml-1. 5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside (X-gal) was
included at a concentration of 80 μg ml-1 to detect BgaB activity on solid media. Unless otherwise
noted, experiments in liquid cultures were performed in 125 ml DeLong shake flasks with filled
with 25 ml of medium (5:1 flask-to-medium ratio). Experiments were initiated by inoculating
overnight cultures (pre-adapted to the experimental medium; incubated at 37ºC with rotation) to a
starting optical density at 600 nm (OD600) of 0.05. Pre-cultures were incubated at 37°C in a shaking
water bath with constant aeration (280 rpm) to an OD600 of ~1, at which time cells were re-diluted
into fresh medium. Growth was monitored as increase in OD600 using either a Beckman Coulter
DU350 or Amersham Ultraspec 2100 pro UV-visible spectrophotometer.
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Table II-1. Strains and plasmids used in Chapter II.
Table II-1. Strains and plasmids used in this study
Strain or plasmid
Description
Escherichia coli strains
NEB 5a
fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17
Staphylococcus aureus strains
NE1109
RN4220
SRB337
SRB455
SRB457

JE2 rpoF:: ΦNΣ
Restriction-deficient, highly transformable mutant of strain 8325-4
UAMS-1; MSSA USA200 clinical isolate
UAMS-1 guaA::cat194
UAMS-1 guaA::cat194 codY::ermC

SRB687
SRB872
SRB923
SRB952
SRB965
SRB968
SRB1049
SRB1051
SRB1061
SRB1082
SRB1081
SRB1093
SRB1219
SRB1225
SRB1220
SRB1226

CA-MRSA USA300 LAC Erms
SRB687 codY ::ΦNΣ[erm::tet(M)]
SRB337 rpoF::ΦNΣ
SRB687 rpoF::ΦNΣ
SRB337 / pCN33
SRB455 / pCN33
SRB337 / pDS4 (pguaA )
SRB455 / pDS4 (pguaA )
SRB455 agr::tetM
UAMS-1 guaA::cat194
SRB337 pAH08 (agrP3-mcherry )
SRB1082 pAH08 (agrP3-mcherry )
SRB337 pAH12 (asp23 -mCherry)
SRB1082 pAH12 (asp23 -mCherry)
SRB337 pCM13 (aur -gfp)
SRB1082 pCM13 (aur -gfp)

Plasmids
pAH08

agrP3-mCherry transcriptional reporter fusion plasmid Emr

pAH12

SigB-dendent asp23 -mCherry transcriptional reporter fusion plasmid Ap Em

r

r

pCM13

aur-gfp transcriptional reporter fusion plasmid Em

pCN33
pCN38
pMAD

E. coli-S. aureus shuttle vector for complementation Ap Em
E. coli-S. aureus shuttle vector, source of cat194 cassette Apr Cmr
Gram-positive allelic exchange vector, ApR EmR

pSRB55

∆guaA::cat194 knockout plasmid Apr Emr Cmr

pDS4

guaA complementation plasmid Apr Emr

a

r

Unless otherwise noted, strains and plasmids were constructed during this study.
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r

For complementation analysis, growth behavior was analyzed using a microtiter plate format.
Briefly, single colonies were inoculated into culture tubes containing 4 ml of TSB medium
supplemented when necessary with erythromycin and guanosine. Cells were grown to exponential
phase at 37ºC with rotation, then pelleted by centrifugation (10,000 x g, 2 min). Cells were then
washed and resuspended in CDM medium lacking guanosine or supplemented with 160 μM
guanosine to an OD600 of 1. Each well of a CellStar 96-well plate (Greiner Bio-One) was filled
with 190 μl of fresh medium and 10 μl of inoculum at OD600 of 1, giving an initial OD of 0.05.
Experiments were performed in a computer-controlled GloMax plate reader (Promega) set to 37ºC
with high intensity orbital shaking, and optical density was read every 30 min, with shaking
between readings. Growth was monitored as an increase in absorbance at 600 nm.

To maintain a constant level of guanosine limitation on exponentially growing cells, bacteria were
cultured in a chemostat system set up with a New Brunswick BioFlo/CelliGen 115 Benchtop
Fermentor & Bioreactor using a 3 L reaction vessel. An overnight culture of bacteria was diluted
to an OD600 ~0.05 in 100 ml fresh CDM (160 μM guanosine). Cells were grown in a shake flask
(5:1 flask-to-medium ratio) until OD600 ~0.5, centrifuged for 5 min at 3,200 x g, re-suspended in 1
ml fresh medium, and transferred into the reactor vessel containing 1 L of CDM with 160 μM
guanosine. The set-point values for the culture were: pH 7.2, 30% dissolved O2, 37° C, and 150
rpm agitation with a gas flow cascade. When the cells reached an OD600 ~0.25 in the reactor vessel,
a peristaltic pump was turned on to deliver fresh CDM containing 40 μM guanosine with a flow
rate such that the dilution rate (DR) was 0.5 h-1 using the formula DR = medium flow rate/culture
volume. An efflux pump was set at the 1 L mark to maintain a constant volume. Cultures were
determined to reach biological steady state when gas flow levels (an indicator of increased O2
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consumption) held steady. After steady-state was reached, the culture was grown for at least 3
vessel volume changes (i.e. 6 h with DR = 0.5 h-1). At this point, cells were harvested to collect
RNA samples. To confirm specific limitation, guanosine was increased to 1 mM in the incoming
medium. GasFlo and OD600 were monitored to detect an increase in growth, indicating that the
limitation had been relieved.

Plasmid construction
Oligonucleotides used in this study were synthesized by Integrated DNA Technologies (Coralville,
IA) and are listed in Table II-2. All plasmids and chromosomal alleles were verified by Sanger
Sequencing performed by GeneWiz (Germantown, MD). Plasmids were introduced into S. aureus
strain RN4220 by electroporation as previously described (Schenk & Laddaga, 1992). Plasmids
and marked mutations were moved between S. aureus strains via Φ11-mediated transduction
(Novick, 1991).
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Table II-2. Oligonucleotides used in Chapter II.
Table II-2. Oligonucleotides used in this study
a

Oligo

Nucleotide sequence (5' to 3')

Usage

oKM039

AAAGTCGACCGAAGCAGGTGTGGATGTCTTAG

pDS4 construction

oKM040

GGGTTATTCCCACTCAATTGTGCTTGGTGG

pDS4 construction

oKM041
oKM042

AAGGTCGACGCTGTACCACAAGCATTTAAAGG
CATTAAAAACAGCCTCCATTTTTCAAATTAATTAGTTATATTATTTCAC

pDS4 construction
pDS4 construction

oSRB210

AATGTGTCGACGCAAGAAAATTTAATTACAGC

pSRB55 construction

oSRB211
oSRB212

CAT ATT TGT CGT TCT CCT TTA TC
GATAAAGGAGAACGACAAATATGCCCGGGTAATTATATATAGCAGGCTGGG

pSRB55 construction
pSRB55 construction

oSRB213

TTTAGTCCATGGTTATATTAACGAGTAT

pSRB55 construction

oNSF1

CAGGTGACACAGCGGGTATT

qPCR-PCR of polC

oNSR1

TGCCGGGTTGTGATGCTATT

qRT-PCR of polC

oSRB239

GGATTGGCTTCACCTGAAAA

qRT-PCR of rpoC

oSRB240

CTTTCACGACGTACTTTAGA

qRT-PCR of rpoC

oSRB454

GGTGTTGAAAGTGTAGGCAATC

qRT-PCR of brnQ2

oSRB455

AGCACGTGGAATACCGTAAA

qRT-PCR of brnQ2

oSRB356

GTGAATTTGTTCACTGTGTCG

qRT-PCR of hld

oSRB357
oAK034

GGAGTGATTTCAATGGCACAAG
GTGGTGCCGTACTACCTTTATAC

qRT-PCR of hld
qRT-PCR of ilvB

oAK035

ACCAGATACACGTGCATAACC

qRT-PCR of ilvB

oDS058
oDS059

GAGGACCTGGTGCAGTATTT

qRT-PCR of sar0980

GGTCCACCACGGTATTCATTAT

qRT-PCR of sar0980

oDS052

TGCGGACAAATCGGGTAAA

qRT-PCR of aur

oDS053

CGCTTCATCCTTGCTTAATGTC

qRT-PCR of aur

oDS050

CCAGCAGCAAATGCGTTATC

qRT-PCR of sspA

oDS051

CGCGTTCACGTTGTTCTAATG

qRT-PCR of sspA

oDS046

CTTCTGAAGCGAGAGAAAGAGG

qRT-PCR of purE

oDS047

GTTCAATCGGCACTCCAATAAC

qRT-PCR of purE

oDS066

AAGTACACTGCAGCCGATATG

qRT-PCR of alsS

oDS067

TCTATCTTTGCACCCGGAATAC

qRT-PCR of alsS

oDS048
oDS049

TAGCAGGTGTTAAAGGCGTATC

qRT-PCR of xup

CCATGAATAGCGAGCCTACAA

qRT-PCR of xup

oSRB241

AAGGAGATCACCAAGCACCA

qRT-PCR of ilvD

oSRB242

CTGCAAGCTCTCTTAAATGA

qRT-PCR of ilvD

oSRB243

AACATAAATTGGGAGCAGCA

qRT-PCR of fnbA

oSRB244
oSRB412

TTGTCTTTTGTTCTGATGCT
TGCGAATAGCTTCGCTAAAGTT

qRT-PCR of fnbA
qRT-PCR of cap5A

oSRB413

TGGTGCGACTTTAACTGCTG

qRT-PCR of cap5A

oDS060

GATGAGTCCAGAGGAAATCAGAG

qRT-PCR of esxA

oDS061

CACCTTGTGCACGTGTTAAAT

qRT-PCR of esxA

oDS062

TAGCTTTGAAGAATTCGCTGTATTG

qRT-PCR of sarA

oDS063

GCTTTAACAACTTGTGGTTGTTTG

qRT-PCR of sarA

oDS074

TGGGTTCAGGAATGGGTATG

qRT-PCR of deoD1

oDS075

CACAAGAACCAACGCGAATTA

qRT-PCR of deoD1

oDS076

GCTTCGGGAATCGGTACATTA

qRT-PCR of pyrC

oDS077

TCCCGTGATAATTGGTGTGATAA

qRT-PCR of pyrC

oAK083

ATTTGGCGAGGATCAACATAAAG

qRT-PCR of gltB

oAK084

GGCTCCATGGCTAACGATAA

qRT-PCR of gltB

a

Underlined and italicized bases denote restriction sites and regions of complementarity for overlap PCR, respectively.
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Plasmid pSRB55 was used to construct the ∆guaA::cat194 mutant allele. DNA fragments flanking
the UAMS-1 guaA gene were synthesized by PCR using oligonucleotides oSRB210, oSRB211,
oSRB212, and oSRB213. Fragments were mixed in equal proportions and diluted for use in an
overlap PCR (Vallejo et al., 2008) using oligonucleotides oSRB210 and oSRB213. The resulting
fragment containing a SmaI site between guaA start and stop codons was digested with SalI and
NcoI and ligated to the same sites of pMAD (Arnaud et al., 2004) to yield pSRB45. A DNA
fragment containing the cat194 gene from pCN38 (conferring chloramphenicol resistance) was
released using AvrII and XhoI, was blunted and phosphorylated using T4 polymerase, and was
ligated to pSRB45 linearized with SmaI to yield pSRB55.

Plasmid pDS4 was used to complement the ∆guaA strain. A 200-bp fragment containing the xpt
promoter (Pxpt) was amplified from UAMS-1 using oligonucleotides oKM041 and oKM42. A 1.6kb fragment containing the guaA gene was amplified from UAMS-1 using oKM039 and oKM040.
The fragments were cleaned, mixed in equal proportions, and used as template in an overlapping
PCR with oKM040 and oKM041 to yield a Pxpt-guaA fragment. The fragment was cut with SalI
and SmaI and ligated to the same sites of pCN33.

RNA extraction, and quantitative, real-time Reverse Transcriptase (RT)-PCR
To collect RNA, 4 ml of culture was mixed with an equal volume of ethanol/acetate (1:1, prechilled to -20°C) and cells were harvested by centrifugation for 5 min at 2000 x g. Pellets were
washed twice with Tris-EDTA buffer (TE, pH 8.0), re-suspended in 4 ml of TRIzol reagent (Life
Technologies) and incubated at room temperature for 5 min before freezing at -80° C. Cells were
mechanically disrupted with ~100 μl 0.1 mm zirconia/silica beads in a Precellys 24 homogenizer
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(Bertin Technologies) (3 x 30 sec cycles at 6800 rpm with 1 min incubation on ice between each).
Samples were centrifuged at maximum speed for 1 min in a microcentrifuge, and cleared
supernatants were mixed with an equivalent volume of 100% ethanol. RNA was purified using a
Direct-zol RNA MiniPrep kit (Zymo Research) according to the manufacturer’s instructions. To
remove contaminating gDNA, 3 μg of each RNA sample were treated with the Turbo DNA-free
kit (Life Technologies) according to the manufacturer’s instructions. cDNAs were generated from
250 ng of RNA using the m-MuLV Protoscipt kit (New England Biolabs) or the SensiFAST cDNA
synthesis kit according to manufacturer’s instructions. Quantitative PCR was performed using a
C1000 Touch thermal cycler fitted with a CFX96 detection module and SsoAdvanced Universal
SYBR Green Supermix (BioRad). Target-specific oligonucleotides (see Table II-2) were used at
400 nM each. Reaction mixtures were incubated at 98ºC for 2 min followed by thermal cycling
between 98ºC and 65ºC. No-template and No-RT controls were run on each plate for each assay,
and specificity of amplification products was verified using dissociation curve analysis. To obtain
transcript numbers, standard curves were generated for each primer set using serial dilutions of
chromosomal DNA spanning at least five orders of magnitude. All reactions proceeded within
90% to 110% efficiency, and data points lay within linear regression with correlation coefficients
(r2 values) > 98%. qPCR data are presented as copies of target transcript relative to polC transcript
because expression varied <2-fold for all strains and conditions.

Transcriptional profiling with RNA-Seq and associated analyses
(i) Sample preparation. RNA-Seq was performed on three independent biological replicates for
each strain and condition as described (Waters et al., 2016). Briefly, an 8.6-μg sample of nucleic
acid was depleted of DNA using Turbo DNA-free according to the manufacturer’s “vigorous
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treatment” protocol. Following cleanup with an RNA Clean and Concentrator-5 kit (Zymo
Research), RNA integrity was assessed using an RNA 6000 Pico chip in a 2100 Bioanalyzer
(Agilent). Only RNA samples with an RNA Integrity Number (RIN score) of ≥ 7.0 was used for
subsequent analysis. We chose a RIN of ≥ 7.0 because the RNA extracted from cells grown in
CDM was consistently lower than in rich medium. The somewhat lower RIN does not appear to
impact the results of downstream analyses as CodY-dependent target regulation under guanine
replete conditions is similar to that determined previously (Waters et al., 2016, Pohl et al., 2009,
Majerczyk et al., 2010). Five micrograms of DNA-depleted total RNA from each sample (negative
PCR amplification of the rpoC gene after 25 cycles) were depleted of rRNA using the Grampositive Ribo-Zero kit (Epicentre) according to the manufacturer’s instructions. Samples were
purified again with an RNA Clean and Concentrator-5 kit. Samples containing <3% each of 16s
and 23s rRNA were used to construct RNAseq libraries at the Tufts University Core Facility
(TUCF; Boston, MA) using the TruSeq stranded mRNA Library Prep Kit (Illumina). Libraries
were then sequenced using an Illumina HiSeq 2500 instrument in high output mode. Sequencing
data have been deposited in the Sequence Read Archive of the National Center for Biotechnology
(BioProject PRJNA407963, SRA Study SRP118519).

(ii) Pairwise analyses. The single-ended reads were cleaned, rRNA sequencing reads were
removed, and aligned to the S. aureus UAMS-1 genome (GI:727808807) as described using BWA
(Li & Durbin, 2009, Waters et al., 2016). For individual pairwise analyses, raw counts generated
from HTSeq (Anders et al., 2015) containing mapped fragments per gene were analyzed for
differential expression using DESeq2 (Love et al., 2014). Gene targets were considered
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significantly differentially expressed if the fold-change was ³ 2 using an adjusted P value of <
0.01.

(iii) Differential expression (DE) analyses. Read counts were processed using the edgeR package
in RStudio (Robinson et al., 2010). Only genes with greater than one count per million reads in at
least half of the libraries were retained for further analysis. Read counts were normalized using the
trimmed mean of M values (TMM) method (Robinson & Oshlack, 2010) to account for variation
in library size and expression bias.

To investigate the interaction between strain (CodY proficient/deficient) and environment
(guanosine replete vs. limited) we constructed a generalized linear model containing a strain term,
an environment term and a strain by environment interaction term, then measured the significance
of the interaction term via the glmQLFTest command. Genes with a Benjamini-Hochberg
corrected p-value < 0.05 were identified as having a significant strain by environment effect. Next,
we investigated differential expression due to strain (∆guaA ∆codY strain versus ∆guaA strain) or
environment (guanosine-limited versus guanosine-replete conditions) using a second model with
the interaction term removed to calculate log2 fold-change and significance for each gene without
a significant interaction via the glmQLFTest command. Genes with a Benjamini-Hochberg
corrected p-value < 0.05 and not identified in the first model as having a significant interaction
term were considered differentially expressed.
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(iv) MDS plot. Overall expression patterns were visualized in a multidimensional scaling plot using
the plotMDS command in edgeR. Graphs showing the expression of individual genes were
produced using the ggplot2 package (Robinson & Oshlack, 2010, Wickham, 2009) in RStudio.

(v) PantherDB analysis. To summarize the functional significance of gene expression changes in
response to guanosine limitation we used the PantherDB online tool (Thomas et al., 2003, Thomas
et al., 2006). PantherDB contains annotations for the S. aureus strain NCTC 8325 but our data
came from S. aureus strain UAMS-1. Therefore, we attempted to identify putative NCTC 8325
orthologs for each UAMS-1 gene.

To identify putative orthologs we downloaded the NCTC 8325 proteome via UniProt. We ran
blastp (Thomas et al., 2003, Thomas et al., 2006) for each UAMS-1 gene. Hits covering at least
90% of the query sequence with at least 90% identity were retained; if multiple hits met these
criteria, only the best hit by e-value was retained. In total, 2,266 NCTC 8325 orthologs were
identified for 2,653 UAMS-1 sequences (85.4%) including 457 of the 665 genes which with >2fold changes in expression due to guanosine limitation (68.7%).

Genes with NCTC 8325 orthologs that are differentially expressed during guanosine limitation
were used to perform an overrepresentation analysis. An overrepresentation analysis identifies
groups of Gene Ontology (GO) terms that are disproportionally represented among a set of
differentially expressed genes. GO terms with Bonferroni-corrected p-values <0.05 were identified
as significantly over- or under-represented.
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Staphyloxanthin pigment extraction and measurement
Pigment extraction was performed as previously described (Morikawa et al., 2001). Briefly, cells
of each strain were grown to exponential phase in TSB medium and rediluted into TSB to an
OD600 of 0.05. Cells were grown for 24 h at 37°C to ensure the cultures had achieved stationary
phase. Cells were harvested from 1 mL of culture by centrifugation at 10,000 x g for 1 minute and
washed with sterile distilled water. The cells were suspended in 200 μl of methanol and heated at
55°C for 3 minutes in a thermomixer (Eppendorf). Cell debris was removed by centrifugation at
15,000 x g for 1 minute, and the extraction was repeated. The extracts were pooled and diluted in
methanol to a final volume of 1 mL. Samples were transferred to a quartz cuvette and the
absorption was measured at 465 nm in a spectrophotometer (Amersham Ultraspec 2100 Pro UVvisible spectrophotometer). Absorbance was normalized to colony forming units (CFUs) by
dilution plating onto TSA medium.

Fluorescent transcriptional reporter assays
Cells were grown to exponential phase and rediluted into TSB medium as described above and
grown for 24 hours at 37°C to ensure the cells reached stationary phase. 1 mL samples were
removed, washed once with phosphate buffered saline (PBS), and resuspended in PBS to remove
autofluorescence from the medium. Fluorescence was measured using a computer-controlled
Tecan Infinite 200 Pro plate reader equipped with 485 nm excitation and 535 nm emission filters
(for GFP reporters), as well as 535 nm excitation and 590 emission filters (for mCherry reporters).
GFP and mCherry signal acquisition parameters were kept constant throughout the experiment
(gain 47% for GFP, 52% for mCherry, flash number, 10; integration time, 40 μs; lag time, 0 μs;
settle time, 0 ms). Fluorescence from a strain lacking a reporter plasmid (either SRB337 or SRB
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687) was subtracted from fluorescence measurements collected from fusion strains, then
normalized to CFU counts as described above.

BioFlux biofilm assays
S. aureus biofilm development was assessed using a Bioflux1000 microfluidic system (Fluxion
Biosciences Inc., San Francisco, CA), as was previously described (Moormeier et al., 2013).
Briefly, to grow biofilms in the BioFlux system, the channels in a 24-well plate were first primed
for 5 min with 200 µl of TSB at 5.0 dynes/cm2. After priming, the TSB was replaced with 200 µl
of fresh exponentially growing cultures diluted to an OD600 of 0.8. The channels were seeded by
pumping from the output wells to the input wells at 2.0 dynes/cm2 for 5 to 10 s. Cells were then
allowed to attach to the surface of the channels for 1 h at 37°C. Excess inoculums were aspirated
from the output well, and 1.3 ml of 50% TSB supplemented with 0.125% glucose was added to
the input well and pumped at 0.6 dyne/cm2 for 18 h (flow rate, 64 µl/h). Bright-field images were
taken at ×200 magnification at 5-min intervals at a total of 217 time points for each strain tested;
the gain and exposure settings were kept constant for all images.

Statistical analyses
Prism version 7.0d (GraphPad) was used for all statistical analyses as indicated.
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2.3 Results
Guanine nucleotide limitation increases staphyloxanthin production in a SigB-dependent manner
To investigate the impact of guanine nucleotides (GNs) on S. aureus physiology and CodY
activity, we blocked de novo purine biosynthesis by replacing the guaA gene with a
chloramphenicol resistance cassette. As anticipated, the mutant strain is a guanine nucleotide
auxotroph (that can be trans-complemented by the wild-type allele of guaA), which requires
exogenous guanine or guanosine during growth in a chemically defined medium (Figure II-2).
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Figure II-2. Complementation of the ∆guaA mutant in chemically defined medium.
Strains were pre-grown in TSB to exponential phase, washed in CDM without guanosine, and
diluted into CDM (panel A) or CDM supplemented with 160 μM guanosine (panel B). Data are
the means ± SDs of three replicates and are representative of three independent experiments. Oneway ANOVA with Dunnett’s post- test was used to evaluate significance for (A), comparing all
strains to WT voc (**** p<0.0001). Kruskal-Wallis one-way ANOVA with Dunn’s post-test,
comparing all strains to WT voc, was used to evaluate significance for (B). voc, pCN33 vector
only control; pguaA, guaA+ cloned into pCN33.
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The ∆guaA cells experience GN limitation on TSB medium and exhibit slow growth with a
doubling time about twice that of WT; normal growth rates are restored by supplementation with
160 μM guanosine (Figure II-3A and Table II-3, compare WT vs. guaA). Interestingly, under
these conditions, ∆guaA cells produce higher levels of the carotenoid antioxidant and immuneevading pigment staphyloxanthin compared to the wild-type parent strain. We quantified
staphyloxanthin production in two S. aureus clinical isolates (methicillin susceptible, USA200
osteomyelitis isolate UAMS-1 and methicillin resistant USA300 isolate LAC). After 24 h,
stationary phase UAMS-1 and LAC cells produced equivalent amounts of staphyloxanthin. The
alternative sigma factor B (SigB; master regulator of the specific and preventative stress responses
in Gram-positive bacteria (Hecker & Völker, 2001, Hecker et al., 2007) is activated during postexponential or stationary phases of growth, and positively regulates crt genes essential for pigment
synthesis (Giachino et al., 2001, Bischoff et al., 2004). Consistent with this, the sigB mutant
produced 7- and 3-fold less staphyloxanthin in the UAMS-1 and LAC backgrounds, respectively
(Figure II-3B). Notably, the ∆guaA mutant of both UAMS-1 and LAC produced significantly
more staphyloxanthin than the wild-type parent strain. Addition of 160 μM guanosine to the
medium restored pigment production to wild-type levels in UAMS-1 (Figure II-3C). asp23
expression is solely dependent on SigB and is often used as an indicator for SigB activity (Gertz
et al., 1999, Gertz et al., 2000). To determine whether SigB activity increases in the ∆guaA mutant
during GN-limited growth, we measured asp23 promoter activity using a Pasp23-mCherry fusion.
Using this approach, we found that relative to the UAMS-1 wild-type strain, the ∆guaA mutant
exhibited 26-fold higher asp23 promoter activity (Figure II-3D). Taken together, these data
suggest that GN limitation in TSB medium stimulates SigB activity resulting in increased
staphyloxanthin production.
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Figure II-3. Blocking de novo guanine nucleotide synthesis limits growth and stimulates
staphyloxanthin synthesis.
(A) UAMS-1 (WT) and ΔguaA mutant cells were streaked to TSA or TSA supplemented with 160
μM guanosine (GUO), as indicated. (B) UAMS-1 and LAC strains were pregrown to exponential
phase in TSB and then rediluted into TSB medium for 24 h. Cells were pelleted and washed, and
carotenoid pigments were extracted using hot methanol as described in Materials and Methods.
Data shown indicate the means ± standard errors of the means of three independent experiments.
Statistical significance was assessed using one-way analysis of variance with Tukey’s posttest (*,
P<0.05; ***, P <0.001; ****, P<0.0001). (C) In the UAMS-1 background, staphyloxanthin
pigment accumulation was assessed after 24 h of growth in TSB medium (black bars) or in TSB
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medium supplemented with 160 μM guanosine (gray bars) for the indicated strains. Data shown
indicate the mean ± standard errors of the means of three independent experiments. Statistical
significance was assessed using two-way analysis of variance with Tukey’s posttest (**, P<0.01,
results for the guaA strain without guanosine supplementation compared to all other conditions).
(D) pAH12 was used to measure asp23 promoter activity in UAMS-1 and ΔguaA mutant cells
(SRB1219 and SRB1225, respectively). Fluorescence was read after 24 h of growth in TSB
medium and normalized to CFU counts. Data are the means ± standard errors of the means of three
independent experiments. Statistical significance was assessed using Welch’s t test (*, P<0.05).
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Table
1. Doubling
Doubling
times
of guaA
the guaA
TSB medium
Table
II-3.
times
of the
mutantmutant
in TSB in
medium
in the USA300 background.
in the USA300 background.

Strain
Mediuma
Doubling time ± SD (min)b
Wild-type (WT) TSB
25.2 ± 2.0
DguaA
TSB
53.5 ± 3.2*^
WT
TSB + GUO 22.6 ± 4.2
DguaA
TSB + GUO 23.9 ± 3.5#
a
GUO indicates guanosine supplementation (160 µM)
b
Statistics: two-way ANOVA with Tukey's posttest
*p < 0.0001 compared to WT in TSB medium
^p < 0.0001 compared to WT in TSB + GUO medium
#
p < 0.0001 compared to ∆guaA in TSB medium
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Guanine nucleotide limitation reduces CodY activity
CodY represents an important link between virulence gene expression and the physiological state
of the cell. Because CodY activity is affected by GTP in vitro and in laboratory culture (RatnayakeLecamwasam et al., 2001, Brinsmade & Sonenshein, 2011), we reasoned that GN limitation would
decrease CodY activity and reduce its ability to regulate target genes. To test this, we measured
transcript abundance of three bona fide CodY targets. We selected brnQ1, the gene encoding
branched-chain amino acid permease (Majerczyk et al., 2010, Brinsmade & Sonenshein, 2011,
Kaiser et al., 2015), hld, d-toxin, encoded by the same mRNA as RNAIII, the small RNA effector
of the Agr two-component system whose transcription is driven by the agr P3 promoter
(Kavanaugh & Horswill, 2016, Waters et al., 2016), and gltB, the gene encoding the large subunit
of glutamate synthase (Waters et al., 2016, Kavanaugh & Horswill, 2016, Majerczyk et al., 2010).
We measured their transcript abundances in a suite of mutant strains of S. aureus during
exponential growth when metabolite pools and CodY activity are maximized. Our results showed
that during growth in TSB, the brnQ1, hld, and gltB transcript abundances were low in the wildtype (WT) cells (1.5, 486.0, and 0.2 copies, respectively). Although the disruption of guaA alone
did not change the brnQ1 transcript abundance, consistent with previous results, transcript
abundance for brnQ1 increased 7-fold in the ∆codY mutant (Table II-4) (Waters et al., 2016). In
contrast, hld expression increased 9-fold in the ∆guaA mutant compared to the WT. In the ∆codY
mutant, hld was also derepressed 9-fold, and in the ∆guaA ∆codY double mutant, we detected
essentially the same increase in the transcript abundance. Thus, we interpret this to indicate that
the change associated with limitation is CodY-dependent. We also noted that, while no effect of
guanosine supplementation was observed in the wild-type cells, transcript abundance trended
lower when guaA, codY, or both were disrupted, perhaps indicating a codY-independent repression
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of the agr P3 promoter activity (Table II-4). Expression of gltB also trended higher in the ∆guaA
mutant in TSB, though, statistically, there was no significant increase. In the ∆codY single and
∆guaA ∆codY double mutant, gltB transcript abundance increased 30-fold, similar to what has
previously been measured (Majerczyk et al., 2010). We note that codY transcript abundance
remained unchanged in all strains and conditions, indicating that any changes in regulation of
CodY targets were based on alterations in the activity of CodY and not due to altered transcription
of codY (Table II-2).
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Table II-4. Transcript abundances of brnQ, hld, gltB, and codY in response to CodY activity
and guanine nucleotide limitation in USA300 LAC.
Table 2. Transcript abundances of brnQ, hld, gltB, and codY in respone to CodY activity and guanine nucleotide limitation in USA300 LAC.
Genotype
Wild-type (WT)
∆guaA
∆codY

Medium
TSB
TSB
TSB

brnQ transcript abundance
(± SEM)
1.46 ± 0.18
1.19 ± 0.03
9.80 ± 1.90*

hld transcript abundance
(± SEM)
486.25 ± 86.43
4498.94 ± 1283.05*
4397.96 ± 1337.01^

∆guaA ∆codY
Wild-type (WT)
∆guaA
∆codY
∆guaA ∆codY

TSB
TSB + GUO
TSB + GUO
TSB + GUO
TSB + GUO

8.08 ± 1.62
1.15 ± .20
1.64 ± .50
15.07 ± 1.81^
14.64 ± 5.21^

6647.33 ± 1022.43
686.36 ± 257.82
235.10 ± 59.68
1117.67 ± 226.20
979.43 ± 262.70

a

#

gltB transcript abundance
(± SEM)
0.23 ± 0.05
0.62 ± 0.22
6.15 ± 0.87*

GUO indicates guanosine supplementation (160 mM)
Statistics: For brnQ and gltB , one-way ANOVA with Dunnet's multiple comparisons post-test
For hld & codY , Kruskal-Wallis with Dunn's multiple comparisons post-test
*p < 0.05 compared to WT in TSB medium
b

#

p < 0.01 compared to WT in TSB medium
^p < 0.001 compared to WT in TSB medium
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#

7.14 ± 1.96
0.14 ± 0.03
0.17 ± 0.05
6.84 ± 2.12#
5.89 ± 1.00*

codY transcript abundance
(± SEM)
10.83 ± 0.18
15.07 ± 1.96
23.43 ± 0.12
21.57 ± 2.34
18.20 ± 3.70
15.06 ± 2.95
26.10 ± 3.55
26.70 ± 5.15

To determine whether the stimulatory effect of GN limitation on the Agr system continued beyond
the exponential phase of growth and into the stationary phase we measured the AgrA-dependent
agr P3 promoter activity using a Pagr P3-mCherry reporter fusion. Under GN limitation, we detected
a 26-fold increase in agr P3 promoter activity in the ∆guaA mutant compared to the WT parent
strain (Figure II-4A). These data suggest that guanine nucleotide limitation in TSB activates the
Agr system throughout the growth cycle and, at least in the exponential phase, the effect appears
to be dependent on CodY. Moreover, our data suggest that at least two CodY targets are
differentially sensitive to the presumptive drop in GTP levels.
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Figure II-4. Guanine nucleotide limitation increases Agr activity and Agr-dependent
protease activity.
A. UAMS-1 WT (SRB1081) and ∆guaA (SRB1093) cells carrying pAH08 (PagrP3-mCherry) were
grown overnight in TSB medium, then diluted into fresh TSB for 24 h. Cells were pelleted, washed,
and resuspended in PBS, then mCherry fluorescence was measured. Data shown indicate the mean
± SEM of three biological replicates. Statistical significance was assessed using a Student’s t-test
(* p<0.05). B. UAMS-1 WT (SRB1220) and ∆guaA cells (SRB1226) carrying the Paur-gfp reporter
fusion were grown and processed as described for panel A, and GFP fluorescence was measured.
Welch’s t-test was used to evaluate statistical significance (* p<0.05). C. UAMS-1 WT (SRB337,),
guaA (SRB1081), sigB (SRB923), and guaA agr (SRB1061) cells were grown overnight in TSB
medium and spotted onto TSB plates containing 2% skim milk. Protease activity (indicated by a
zone of clearing) was assessed > 48 h of growth. Images are representative of two independent
experiments.
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Guanosine limitation leads to increase secreted proteolytic activity and reduced biofilm formation
Most S. aureus strains secrete 10 proteases into their environment, and some (staphopains, SspB
and ScpA) are key regulators of biofilm development known to prevent or disperse biofilms
(Mootz et al., 2013). The proteases are secreted as zymogens and are activated extracellularly
either by self-processing (Aur, ScpA) or by proteolytic cascade where Aur activates SspA, and
SspA in turn activates SspB (Mootz et al., 2013). Since RNAIII blocks the synthesis of Rot, a
direct repressor of protease promoters (e.g., Paur, Pssp, Pspl, Pscp), elevated RNAIII levels would be
expected to increase expression from these promoters (Mootz et al., 2015) and lead to increased
secreted protease activity. To test this hypothesis, we evaluated Paur-gfp reporter activity in the
UAMS-1 wild-type strain and its isogenic ∆guaA mutant. During GN limitation in TSB, Paur
activity increased 76-fold in the ∆guaA mutant compared to WT (Figure II-4B). Under the same
nutrient limiting conditions, the ∆guaA strain exhibited markedly increased protease activity
compared to WT UAMS-1; this increase was dependent on agr and appears to be more potent than
protease production observed in the sigB mutant (Figure II-4C). Interestingly, no apparent
increase in protease activity was detected under the same conditions for the LAC ∆guaA mutant
(Figure II-5). This is not unexpected, as S. aureus strains vary with respect to SigB activity, which
affects the expression of the protease repressor SarA (Karlsson & Arvidson, 2002).
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WT

guaA

sigB

Figure II-5. In S. aureus strain LAC, deleting guaA has no apparent effect on protease
production.
WT (LAC; SRB687), ∆guaA (SRB871), and sigB (SRB952) cells were grown overnight in TSB
medium and spotted onto TSB plates containing 2% skim milk. Protease activity (indicated by a
zone of clearing) was assessed > 48 h of growth. Images are representative of two independent
experiments.
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Since protease activity modulates virulence-determinant stability and alters integrity of S. aureus
biofilms (Kolar et al., 2013), we next assessed the ability of the ∆guaA mutant in the UAMS-1
background to form a biofilm under biologically relevant continuous-flow conditions by using a
BioFlux microfluidic system. Unlike static biofilms where nutrients are exhausted during the
course of the experiment, this system allows us to impose continuous limitation of guanine
nucleotides to study the effect of limitation on biofilm development. In the presence of guanosine,
∆guaA mutant cells formed tower structures similar to those formed by wild-type cells with and
without guanosine supplementation by 14 h after periods of attachment, multiplication, and exodus
(Mootz et al., 2013, Moormeier et al., 2014) (Figure II-6 and data not shown). In contrast, a large
number of non-adherent ∆guaA cells can be seen in the BioFlux flow cell, and the mutant failed
to form tower structures during the same time frame (Figure II-6). Taken together, these data
indicate that GN limitation restricts the ability of S. aureus to form a biofilm.
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WT

∆guaA

∆guaA + GUO

4h

9h

14h

Figure II-6. Guanine nucleotide-limited cells are unable to form mature biofilm structures
during S. aureus biofilm development.
S. aureus (UAMS-1) wild-type and ΔguaA mutant cells were grown in the Bioflux1000
microfluidic flow cell system. Bright-field microscopic images were acquired at ×200
magnification after 4, 9, and 14 hours of biofilm development. Images are representative of
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multiple experiments and the scale bar is equal to 50 μm. GUO, medium was supplemented with
160 μM guanosine.
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RNA-Seq analysis of guanosine-limited continuous cultures in a chemostat
TSB is a rich, complex medium with potential batch-to-batch variation and whose composition
changes continuously as specific nutrients (e.g., glucose, amino acids, peptides) are exhausted.
Moreover, active growth in TSB under GN limitation is limited to a relatively short period of time
in flask culture. To avoid these medium-dependent changes and to ensure biological steady state,
we used a chemically defined medium (CDM) and continuous chemostat cultures for analysis of
growing cells. In a chemostat, specific nutrient limitation can be imposed and, at steady state, the
growth rate is equal to the rate of dilution of fresh medium containing the limiting nutrient (Herbert
et al., 1956). Since guanosine is taken up and utilized using the salvage pathway (Figure II-1)
(Nygaard, 1993), we first established the limiting range of concentrations for guanosine. The
nutrient is limiting in the range where the final cell density is linearly correlated with the initial
guanosine concentration. We selected 40 μM guanosine as the limiting nutrient concentration
because this amount of guanosine lay safely on the regression line and supports a cell density that
allows for downstream sample collection (Figure II-7A). 160 μM guanosine was selected for the
guanosine replete condition because this concentration of the nutrient did not increase the final
optical density appreciably (Figure II-7A).
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Figure II-7. 40 μM guanosine limits growth and intracellular metabolite pools in a chemically
defined medium.
A. The UAMS-1 ∆guaA mutant was grown to exponential phase in CDM medium containing 160
μM guanosine in shake flasks. Cells were pelleted, washed, and resuspended in fresh CDM with
varying concentrations of guanosine as indicated. After 24 h, optical density was measured. Data
shown are the mean ± SD of at least two independent experiments. Error bars are plotted for all
data, but in some cases the error bars are obscured by the data points. Guanosine becomes
saturating at a concentration beyond 80 μM. B. The UAMS-1 ∆guaA ∆codY was grown
exponentially in CDM medium under guanosine replete or guanosine-limited conditions (160μm
or 40 μm guanosine, respectively). RNA-Seq fold-change (chemostat limited/replete) is plotted.
Data shown are the means from three independent experiments.
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To reveal changes in gene expression under imposed GN limitation, we generated RNA-Seq data
from the UAMS-1 ∆guaA strain and the ∆guaA ∆codY strain during exponential growth under
GN-replete and GN-limited growth in CDM. Under these conditions, ILV are maintained in excess
in the medium and remain constant during continuous culture. Thus, the experiment allows us to
evaluate specifically the impact of intracellular GTP on CodY activity. Indeed, during GN- limited
growth, we measured a CodY-independent increase in the expression of xpt and guaB, which are
known to be regulated by a guanine-sensitive riboswitch (Figure II-7B) (Mandal et al., 2003). We
first compared RNA-Seq data from the ∆guaA and ∆guaA ∆codY strains under replete and limited
conditions (under replete conditions, ILV and GTP pools are relatively high and CodY activity is
maximized). We generated a multi-dimensional scale (MDS) plot to visualize how the groups
compared to each other. The strains and growth conditions separate out into distinct groups,
indicating relatively high variation between groups as well as relatively low variation within
groups (Figure II-8).
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guaA + 160 μM guanosine

guaA + 40 μM guanosine

guaA codY + 40 μM guanosine

guaA codY + 160 μM guanosine

Figure II-8. Multidimensional Scaling (MDS) analysis of RNA-seq samples reveal distinct
genotype and treatment differences during steady state growth.
The UAMS-1 ∆guaA strain and the ∆guaA ∆codY strain were grown exponentially under GNreplete (160 μM) and GN-limited (40 μM) conditions and RNA-Seq libraries were subjected to
Illumina sequencing en masse. Each symbol represents a single biological replicate. Open blue
squares, ∆guaA strain under GN-replete condition; closed blue squares, ∆guaA ∆codY strain under
GN-replete condition; open red circles, ∆guaA strain under GN-limited conditions; closed red
circles, ∆guaA ∆codY strain under GN-limited conditions.
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We identified 185 genes negatively regulated by CodY and 99 genes positively regulated by CodY
(fold-change >2, adjusted P-value <0.01) (Tables II-5, II-6). These genes compare favorably to
previous RNA-Seq and microarray analyses of the CodY regulon and our independent validation
by qRT-PCR (Figure II-9), and genes co-transcribed generally showed similar regulation by
CodY (Pohl et al., 2009, Majerczyk et al., 2010, Waters et al., 2016). We found considerable
overlap with respect to CodY-repressed genes under guanosine-limited conditions, though the
magnitudes of the fold changes in some cases were reduced; some gene targets were no longer
differentially regulated (Table II-5 and Figure II-10, compare black vs. grey bars). For example,
genes coding for the large and small subunits of glutamate synthase (gltAB) were overexpressed
24- to 27-fold under guanosine replete conditions when codY was knocked out but only ~3- to 4fold overexpressed under guanosine-limited conditions. This is consistent with the expression
pattern of gltB in TSB without and with imposed GN limitation, respectively (Figure II-10A and
Table II-4). Similarly, genes for capsule biosynthesis (capABCD) were overexpressed in the
∆guaA ∆codY strain >6-fold relative to the ∆guaA strain under replete conditions but
overexpressed only ~2-fold under guanosine-limited conditions (Figure II-10B). In contrast,
genes coding for V8 protease and staphopain B protease (sspA and sspB, respectively) were highly
overexpressed in the codY mutant under guanosine-limited conditions compared to guanosinereplete conditions (Figure II-10C) (60-fold vs. 2- to 3-fold, respectively). Previous gene
expression studies in rich medium showed that these three operons were affected 32- to 44-fold,
16- to 35-fold, and 3-fold by the codY mutation, and reduced regulation under limitation suggests
that CodY activity has been reduced to a level seen in partial- to low-activity variants (Waters et
al., 2016).
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Table II-5. All genes overexpressed in a codY null mutant of UAMS-1.

Locus Tag

guaA codY/
guaA
ReLimplete ited

QV15_00050

6.5

2.6

QV15_00060

6.5

2.8

QV15_00365

2.2

QV15_00370

2.0

QV15_00455

2.3

QV15_00460

2.5

QV15_00490

13.4

2.1

QV15_00495

8.9

2.1

QV15_00500

9.0

2.2

QV15_00505

6.8

2.0

QV15_00515

6.2

QV15_00520

6.1

QV15_00525

6.0

QV15_00540

4.9

QV15_00545

4.7

QV15_00550

3.7

QV15_00560

3.9

QV15_00565

2.4

QV15_00670

5.2

QV15_00735

27.2

25.4

QV15_00740

19.0

16.0

QV15_00745

12.0

12.5

QV15_00750

5.2

6.7

QV15_00885

5.5

3.1

2.2

MRSA252 Annotation
SAR0010 putative membrane
protein
SAR0012 putative hydrolase
SAR0128 putative membrane
protein
SAR0129 acetoin reductase
SAR0144 putative ABC transport
ATP-binding protein
SAR0145 putative lipoprotein
capA capsular polysaccharide
synthesis enzyme
capB capsular polysaccharide
synthesis enzyme
capC capsular polysaccharide
synthesis enzyme
capD capsular polysaccharide
synthesis enzyme
capF capsular polysaccharide
synthesis enzyme
capG capsular polysaccharide
synthesis enzyme
cap8H capsular polysaccharide
synthesis enzyme
cap8K capsular polysaccharide
synthesis enzyme
capL capsular polysaccharide
synthesis enzyme
capM capsular polysaccharide
synthesis enzyme
capO capsular polysaccharide
synthesis enzyme
capP capsular polysaccharide
synthesis enzyme
SAR0187 putative branched-chain
amino acid transport system carrier
protein
SAR0199 putative transport system
permease
SAR0200 putative transport system
permease
rlp RGD-containing lipoprotein
SAR0202 putative gammaglutamyltranspeptidase
fadX putative acetyl-CoA
transferase
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Gene Product

azaleucine resistance protein AzlC
homoserine acetyltransferase
membrane protein
phosphonate ABC transporter ATP-binding
protein
phosphonate ABC transporter substratebinding protein
capsular biosynthesis protein
capsular biosynthesis protein
capsular biosynthesis protein
polysaccharide biosynthesis protein EpsC
capsular biosynthesis protein
UDP-N-acetylglucosamine 2-epimerase
capsular biosynthesis protein
capsular biosynthesis protein
glycosyl transferase family 1
capsular biosynthesis protein
UDP-N-acetyl-D-mannosamine
dehydrogenase
UDP-N-acetylglucosamine 2-epimerase
branched-chain amino acid transporter II
carrier protein
membrane protein
peptide ABC transporter permease
peptide ABC transporter substrate-binding
protein
gamma-glutamyltransferase
CoA-transferase

Table II-5. All genes overexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY/
guaA
ReLimplete ited

MRSA252 Annotation

Gene Product

QV15_00955

3.0

QV15_00960

2.9

QV15_00965

2.3

QV15_00970

2.2

SAR0240 putative PTS transport
system, IIA component
SAR0241 putative PTS transport
system, IIB component
SAR0242 putative PTS transport
system, IIC component
SAR0243 putative zinc-binding
dehydrogenase

QV15_01115

2.3

SAR0270 hypothetical protein

hypothetical protein

QV15_01155

2.0

SAR0278 putative exported protein

staphyloxanthin biosynthesis protein

QV15_01150

3.5

hypothetical protein

QV15_01140

2.9

QV15_01135

2.9

QV15_01165

2.0

QV15_01180

2.5

QV15_01185

2.7

SAR0277 putative exported protein
SAR0275 putative membrane
protein
SAR0274 putative ABC transporter
ATP-binding protein
SAR0280 putative membrane
protein
SAR0283 putative membrane
protein
SAR0284 FtsK/SpoIIIE family
protein

QV15_01195

2.3

hypothetical protein

QV15_01225

2.4

QV15_01255

3.7

QV15_01265

6.8

QV15_01260

3.5

QV15_01335

7.0

2.9

QV15_01530

98.2

12.3

QV15_01525

30.8

8.8

SAR0286 hypothetical protein
SAR0292 putative membrane
protein
SAR0301 putative membrane
protein
SAR0303 putative amino acid
transport system
SAR0302 putative formate/nitrite
transporter
SAR0316 putative membrane
protein
metE 5methyltetrahydropteroyltriglutamate-homocysteine methyltransferase
SAR0352 conserved hypothetical
protein

QV15_01815

3.4

SAR0437 putative exported protein

hypothetical protein

QV15_01825

2.1

lipoprotein

QV15_01875

7.6

QV15_01925

2.1

QV15_01935

36.4

11.9

QV15_01940

36.5

11.4

SAR0439 putative lipoprotein
SAR0450 putative cobalamin
synthesis protein
SAR0459 cystathionine betasynthase (acetylserine-dependent)
metN1 ABC transporter ATPbinding protein
SAR0462 putative methionine ABC
transporter permease protein
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PTS sugar transporter subunit IIA
PTS galactitol transporter subunit IIB
PTS system galactitol-specific transporter
subunit IIC
sorbitol dehydrogenase

ABC transporter
multidrug ABC transporter ATP-binding
protein
type VII secretion protein EsaA
type VII secretion protein EssB
cell division protein FtsK

membrane protein
membrane protein
branched-chain amino acid transporter II
carrier protein
formate/nitrite transporter
histidine transporter
5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase
metal-dependent hydrolase

cobalamin biosynthesis protein CobW
cysteine synthase
methionine ABC transporter ATP-binding
protein
methionine ABC transporter permease

Table II-5. All genes overexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY/
guaA
ReLimplete ited

MRSA252 Annotation

Gene Product

methionine ABC transporter substratebinding protein

2.3

SAR0463 putative methionine ABC
transporter substrate-binding protein
gltA glutamate synthase, large
subunit
gltB glutamate synthase, small
subunit
SAR0559 putative branched-chain
amino acid aminotransferase
SAR0560 haloacid dehalogenaselike hydrolase
proP putative proline/betaine
transporter
SAR0639 putative haloacid
dehydrogenase-like hydrolase
(pseudogene)
SAR0638 putative membrane
protein
hisC histidinol phosphate
aminotransferase apoenzyme
SAR0778 conserved hypothetical
protein
SAR0806 putative S30EA family
ribosomal protein

4.2

2.3

SAR0839 putative lipoprotein

hypothetical protein

QV15_03945

3.8

7.5

thermonuclease

QV15_03995

4.6

2.7

QV15_04055

7.1

2.3

QV15_04065

9.5

nuc thermonuclease precursor
SAR0857 putative LysE type
translocator protein
metN2 ABC transporter ATPbinding protein
SAR0872 putative methionine ABC
transporter substrate-binding protein

QV15_04245

13.9

QV15_04315

2.1

QV15_04400

2.7

3.8

QV15_04450

13.0

3.0

QV15_04460

14.4

2.9

QV15_04470

15.6

3.0

QV15_04610

35.4

10.1

QV15_04615

5.5

QV15_01945

23.6

9.1

QV15_01985

27.0

3.4

QV15_01990

23.5

3.5

QV15_02525

2.0

2.8

QV15_02530

2.4

2.4

QV15_02615

2.1

QV15_02910

2.7

3.1

QV15_02905

2.4

2.5

QV15_03580

4.6

2.3

QV15_03585

2.2

QV15_03730

5.0

QV15_03905

SAR0907 hypothetical protein
glpQ putative glycerophosphoryl
diester phosphodiesterase
SAR0939 LysR family regulatory
protein
oppB putative oligopeptide transport
system permease protein
oppD putative oligopeptide transport
ATP-binding protein
SAR0953 transport system
extracellular binding lipoprotein
SAR0980 sodium:alanine symporter
family protein
SAR0981 conserved hypothetical
protein
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glutamate synthase
glutamate synthase
branched-chain amino acid
aminotransferase
HAD family hydrolase
MFS transporter

hydrolase
MFS transporter
histidinol-phosphate aminotransferase
"5-3-deoxyribonucleotidase"
sigma-54 modulation protein

LysE family L-lysine exporter
methionine ABC transporter ATP-binding
protein
methionine ABC transporter substratebinding protein
pyridine nucleotide-disulfide
oxidoreductase
glycerophosphodiester phosphodiesterase
LysR family transcriptional regulator
peptide ABC transporter permease
peptide ABC transporter ATP-binding
protein
peptide ABC transporter substrate-binding
protein
sodium:alanine symporter
acetyl esterase

Table II-5. All genes overexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY/
guaA
ReLimplete ited

MRSA252 Annotation

Gene Product

QV15_04695

8.5

4.8

QV15_04725

35.8

21.2

SAR0996 conserved hypothetical
protein
SAR1002 putative membrane
protein

QV15_04730

21.5

12.1

SAR1003 putative exported protein

hypothetical protein

QV15_04805

2.4

sspC hypothetical protein

cysteine protease

QV15_04810

2.4

59.6

cysteine protease

QV15_04815

2.9

63.9

QV15_04825

2.9

QV15_04910

7.5

QV15_04920

13.6

QV15_04930

17.8

QV15_04950

17.2

QV15_04955

16.0

QV15_04960

14.5

QV15_05170

12.0

QV15_05350

2.2

QV15_05355

2.6

sspB cysteine protease precursor
sspA glutamyl endopeptidase
precursor
SAR1023 putative N-acetyl-L,Ldiaminopimelate aminotransferase
purE putative
phosphoribosylaminoimidazole
carboxylase catalytic subunit
purC putative
phosphoribosylaminoimidazolesuccinocarboxamide synthase
purQ putative
phosphoribosylformylglycinamidine
synthase I
purN putative
phosphoribosylglycinamide
formyltransferase
purH putative bifunctional purine
biosynthesis protein/IMP
cyclohydrolase
purD putative phosphoribosylamine-glycine ligase
SAR1088 putative pyruvate
carboxylase
sdhC putative succinate
dehydrogenase cytochrome b558
sdhA putative succinate
dehydrogenase flavoprotein subunit

QV15_05500

3.0

SAR1150 antibacterial protein

phenol soluble modulin

QV15_05690

4.0

lipoprotein

QV15_06135

2.2

SAR1189 putative lipoprotein
glpF putative glycerol uptake
facilitator protein

QV15_06190

2.0

SAR1285 hypothetical protein

XRE family transcriptional regulator

QV15_06365

2.3

SAR1323 hypothetical protein

hypothetical protein

QV15_06370

2.6

SAR1324 hypothetical protein

hypothetical protein

QV15_06375

2.3

SAR1325 hypothetical protein

LSM domain protein

QV15_06435

67.7

aspartate kinase

QV15_06440

36.8

SAR1337 putative aspartate kinase
SAR1338 putative homoserine
dehydrogenase

2.2

6.6

2.6
3.0

9.4
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IDEAL domain protein
membrane protein

glutamyl endopeptidase
N-acetyl-L,L-diaminopimelate
aminotransferase
phosphoribosylaminoimidazole carboxylase
phosphoribosylaminoimidazolesuccinocarboxamide synthase
phosphoribosylformylglycinamidine
synthase
phosphoribosylglycinamide
formyltransferase
phosphoribosylaminoimidazolecarboxamide
formyltransferase
phosphoribosylamine--glycine ligase
pyruvate carboxylase
succinate dehydrogenase
succinate dehydrogenase

glycerol transporter

homoserine dehydrogenase

Table II-5. All genes overexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY/
guaA
ReLimplete ited

MRSA252 Annotation

Gene Product

QV15_06445

33.9

8.8

thrC threonine synthase

threonine synthase

QV15_06450

34.9

8.9

serine kinase

QV15_06455

4.1

2.9

thrB homoserine kinase
SAR1341 haloacid dehalogenaselike hydrolase

QV15_06475

16.7

catalase

QV15_06480

3.4

SAR1344 catalase
rpmG2 50S ribosomal protein L33
type 2

QV15_06485

8.0

rpsN 30S ribosomal protein S14

30S ribosomal protein S14

QV15_06645

7.2

2.6

prephenate dehydrogenase

QV15_06655

7.8

5.9

QV15_06670

7.5

4.7

SAR1378 prephenate dehydrogenase
trpE anthranilate synthase
component I
trpC indole-3-glycerol phosphate
synthase

QV15_06780

11.3

2.3

aspartate kinase

QV15_06785

16.9

5.1

lysC aspartokinase II
asd aspartate semialdehyde
dehydrogenase

QV15_06790

15.2

5.1

QV15_06800

10.6

4.4

dapA dihydrodipicolinate synthase
dapD putative tetrahydrodipicolinate
acetyltransferase

dihydrodipicolinate synthase
2,3,4,5-tetrahydropyridine-2,6-carboxylate
N-succinyltransferase

QV15_06805

2.2

2.9

hydrolase

QV15_06885

2.2

QV15_06880

2.1

QV15_07155

2.3

QV15_07150

2.4

QV15_07145

2.0

QV15_07135

2.1

SAR1410 putative peptidase
odhA 2-oxoglutarate dehydrogenase
E1 component
odhB 2-oxoglutarate dehydrogenase
E2 component
aroB putative 3-dehydroquinate
synthase
aroA 3-phosphoshikimate 1carboxyvinyltransferase
SAR1474 conserved hypothetical
protein
SAR1472 putative membrane
protein

QV15_07270

2.2

not found

hypothetical protein

QV15_07275

2.1

lipoprotein

QV15_08490

48.5

QV15_08505

6.0

SAR1494 putative lipoprotein
SAR1800 putative soluble
hydrogenase subunit
SAR1802 haloacid dehalogenaselike hydrolase

QV15_09620

6.4

SAR1984 ferritin

ferritin

QV15_09710

2.9

6.3

sspP staphopain protease

cysteine protease

QV15_09715

2.2

3.6

SAR2002 hypothetical protein

staphostatin A

QV15_09925

2.5

not found

hypothetical protein

QV15_10390

18.9

hld delta-hemolysin precursor

delta-hemolysin

14.7

4.1
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HAD family hydrolase

50S ribosomal protein L33

anthranilate synthase component I
indole-3-glycerol phosphate synthase

aspartate-semialdehyde dehydrogenase

2-oxoglutarate dehydrogenase
dihydrolipoamide succinyltransferase
3-dehydroquinate synthase
3-phosphoshikimate 1carboxyvinyltransferase
TPR-repeat-containing protein, component
of menaquinone-cytochrome C reductase
membrane protein

aminotransferase class V
HAD family hydrolase

Table II-5. All genes overexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY/
guaA
ReLimplete ited

MRSA252 Annotation

Gene Product

QV15_10395

2.7

agrB putative autoinducer
processing protein

histidine kinase

QV15_10400

2.7

agrD autoinducer peptide precursor

cyclic lactone autoinducer peptide

QV15_10405

2.7

histidine kinase

QV15_10410

2.9

QV15_10460

54.1
111.8

ilvC ketol-acid reductoisomerase

ketol-acid reductoisomerase

107.1

QV15_11035

2.6

3.7

leuA 2-isopropylmalate synthase
leuB 3-isopropylmalate
dehydrogenase
leuC 3-isopropylmalate dehydratase
large subunit
leuD 3-isopropylmalate dehydratase
small subunit
ilvA threonine dehydratase
biosynthetic
SAR2241 ABC transporter ATPbinding protein

2-isopropylmalate synthase

QV15_10530

3.7
167.
5
218.
7
357.
8
316.
7
174.
0
160.
9
151.
1
134.
9

agrC autoinducer sensor protein
agrA autoinducer sensor protein
response regulator protein
SAR2135 putative membrane
protein
ilvD putative dihydroxy-acid
dehydratase
ilvB acetolactate synthase large
subunit

QV15_11325

2.5

6.6

hypothetical protein

QV15_11565

2.6

not found
SAR2338 xanthine/uracil permeases
family protein

QV15_11745

2.1

ureA urease gamma subunit

urease subunit gamma

QV15_11750

2.1

ureB urease beta subunit

urease subunit beta

QV15_11760

2.0

ureE urease accessory protein

urease accessory protein UreE

QV15_11830

2.1

SAR2388 putative exported protein

secretory antigen precursor

QV15_11835

2.1

hypothetical protein

QV15_11925

2.1

2.3

QV15_11920

2.0

2.0

QV15_11970

4.5

2.5

QV15_11975

5.1

2.6

QV15_12045

2.9

QV15_12300

2.9

not found
SAR2404 haloacid dehalogenaselike hydrolase
SAR2403 putative membrane
protein
SAR2414 putative peptidase
(pseudogene)
SAR2414 putative peptidase
(pseudogene)
SAR2428 putative membrane
protein
SAR2474 MarR family regulatory
protein

QV15_10490
QV15_10495
QV15_10505
QV15_10510
QV15_10515
QV15_10520
QV15_10525

4.1
46.8

78.4
74.8
75.3
66.7

2.9
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histidine kinase
DNA mismatch repair protein MutS
dihydroxy-acid dehydratase
acetolactate synthase catalytic subunit

3-isopropylmalate dehydrogenase
isopropylmalate isomerase
isopropylmalate isomerase
threonine dehydratase
iron ABC transporter ATP-binding protein

guanine permease

HAD family hydrolase
membrane protein
hypothetical protein
N-acetyl-L,L-diaminopimelate deacetylase
hypothetical protein
MarR family transcriptional regulator

Table II-5. All genes overexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY/
guaA
ReLimplete ited

QV15_12400

7.5

QV15_12455

12.9

QV15_12750

3.2

QV15_12765

11.2

QV15_12755

9.7

QV15_12780

7.2

QV15_12960

2.1

QV15_13210

4.6

2.5

QV15_13205

4.5

2.2

QV15_13240

2.2

QV15_13255

56.1

QV15_13320

3.5

QV15_13420

45.9

14.8

QV15_13425

45.3

27.6

QV15_13430

2.3

QV15_13540

2.1

QV15_13635

3.6

12.0

QV15_13640

13.6

33.2

QV15_13790

2.4

QV15_13820

2.7

QV15_13860

4.2

QV15_13850

4.1

QV15_13865
QV15_13890

19.7
108.
2

37.9

QV15_13885

80.8

33.6

QV15_13875

45.8

21.6

10.3

9.7

MRSA252 Annotation

Gene Product

SAR2496 putative solute binding
lipoprotein

zinc ABC transporter substrate-binding
protein

not found
opp-1A oligopeptide transporter
putative substrate binding domain
SAR2557 conserved hypothetical
protein
SAR2555 conserved hypothetical
protein

hypothetical protein
nickel ABC transporter substrate-binding
protein

SAR2560 putative transport protein
SAR2593 putative transcriptional
regulator
SAR2641 putative Nsuccinyldiaminopimelate
aminotransferase
SAR2640 D-isomer specific 2hydroxyacid dehydrogenase

aminobenzoyl-glutamate transporter

ssaA secretory antigen precursor
SAR2651 putative membrane
protein
SAR2663 putative membrane
protein
SAR2681 amino acid permease
family protein

hypothetical protein

SAR2682 putative aminotransferase
SAR2683 putative membrane
protein

4-aminobutyrate aminotransferase

not found
argR arginine repressor family
protein
aur zinc metalloproteinase
aureolysin

hypothetical protein

icaA glucosaminyltransferase
hisIE putative histidine biosynthesis
bifunctional protein
hisZ ATP phosphoribosyltransferase
regulatory subunit
hisD putative histidinol
dehydrogenase

N-glycosyltransferase

SAR2763 putative lipoprotein
SAR2768 conserved hypothetical
protein
SAR2767 putative membrane
protein
SAR2765 ABC transporter permease
protein

polysaccharide deacetylase
DNA-directed RNA polymerase subunit
delta
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diaminopimelate epimerase
hypothetical protein

aspartate aminotransferase
N-succinyldiaminopimelate
aminotransferase
lactate dehydrogenase

membrane protein
transporter
amino acid permease

membrane protein

ArgR family transcriptional regulator
aureolysin

phosphoribosyl-ATP pyrophosphatase
ATP phosphoribosyltransferase regulatory
subunit
histidinol dehydrogenase

hypothetical protein
cobalt ABC transporter permease

Table II-5. All genes overexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag
QV15_13870

guaA codY/
guaA
ReLimplete ited
31.2

MRSA252 Annotation
SAR2764 hypothetical protein
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Gene Product
GNAT family acetyltransferase

Table II-6 All genes underexpressed in a codY null mutant of UAMS-1.
Locus Tag

guaA codY / guaA
Replete

MRSA252 Annotation

Gene Product

Limited
spa immunoglobulin G binding
protein A precursor

peptigoglycan-binding protein
LysM
MarR family transcriptional
regulator
iron ABC transporter substratebinding protein

QV15_00290

-14.9

QV15_00295

-2.2

QV15_00310

-6.2

QV15_00300

-2.3

QV15_00315

-10.7

QV15_00325

-8.7

QV15_00355

-8.2

QV15_00575

-4.9

QV15_00570

-4.8

QV15_00580

-2.6

QV15_00840

-2.0

QV15_01030

-2.4

QV15_01080

-5.5

QV15_01120

-9.4

QV15_01125

-5.0

QV15_01290

-2.5

QV15_01360

-4.1

QV15_01365

-4.1

QV15_01370

-3.2

SAR0127 hypothetical protein
isdI heme oxygenase
(staphylobilin-producing)
SAR0167 conserved hypothetical
protein
aldA putative aldehyde
dehydrogenase
SAR0220 putative membrane
protein
scdA cell wall metabolism
protein
SAR0265 conserved hypothetical
protein
SAR0271 putative transport
protein
SAR0272 putative choloylglycine
hydrolase
SAR0307 putative membrane
protein
SAR0320 putative bacterial
luciferase family protein
SAR0321 putative glycine
cleavage H-protein
SAR0322 conserved hypothetical
protein

QV15_01385

-2.0

SAR0325 putative reductase

hypothetical protein
3-beta hydroxysteroid
dehydrogenase

QV15_01570

-2.1

SAR0361 hypothetical protein

hypothetical protein

QV15_01805

-7.1

superantigen-like protein

QV15_01810

-5.5

SAR0435 exotoxin
SAR0436 putative exported
protein

QV15_02230

-2.5

SAR0513 putative chaperonin

heat shock protein Hsp33

QV15_02990

-5.6

QV15_03000

-2.7

not found
fhuA ferrichrome transport ATPbinding protein

hypothetical protein
iron-enterobactin transporter ATPbinding protein

-3.4

sarS putative regulatory protein
sirA lipoprotein
sirC putative siderophore
transport system permease
sbnA putative siderophore
biosynthesis protein
SAR0121 putative siderophore
biosynthesis protein
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iron ABC transporter permease
siderophore biosynthesis protein
SbnA
siderophore biosynthesis protein
SbnC
siderophore biosynthesis protein
SbnI
hypothetical protein
heme-degrading monooxygenase
IsdI
aldehyde dehydrogenase
glycerophosphodiester
phosphodiesterase
cell wall biosynthesis protein ScdA
SAM-dependent methyltransferase
quinolone resistance protein
choloylglycine hydrolase
transcriptional regulator
luciferase
glycine cleavage system protein H

signal peptide protein

Table II-6 All genes underexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY / guaA
Replete

MRSA252 Annotation

Gene Product

Limited

QV15_03300

-2.7

QV15_03635

-4.9

cadA probable cadmiumtransporting ATPase
sstA FecCD transport family
protein

QV15_03650

-7.3

sstD lipoprotein

QV15_04005

-2.2

peroxiredoxin

QV15_04015

-2.7

QV15_04235

-2.1

QV15_04300

-2.1

QV15_04475

-11.2

SAR0859 OsmC-like protein
SAR0861 nitroreductase family
protein
SAR0905 putative transporter
protein
SAR0918 NADH:flavin
oxidoreductase / NADH oxidase
family protein
SAR0954 transport system
extracellular binding lipoprotein
(pseudogene)

QV15_04745

-4.0

hypothetical protein

QV15_04750

-5.0

QV15_05020

-3.6

QV15_05030

-2.5

QV15_05255

-4.1

QV15_05250

-26.8

QV15_05615

-2.1

QV15_05625

-2.7

QV15_05635

-2.2

QV15_05645

-2.1

SAR1007 hypothetical protein
SAR1008 putative glycosyl
transferases (pseudogene)
SAR1059 putative cytochrome
ubiquinol oxidase
SAR1061 putative potassium
transport protein
isdA iron-regulated heme-iron
binding protein
isdB iron-regulated heme-iron
binding protein
pyrR putative pyrimidine operon
regulatory protein
pyrB putative aspartate
carbamoyltransferase
pyrAA putative carbamoylphosphate synthase, pyrimidinespecific, small chain
pyrF putative orotidine 5'phosphate decarboxylase

QV15_05910

-13.8

transcriptional repressor CodY

QV15_06510

-3.4

QV15_06640

-2.9

codY putative regulatory protein
SAR1350 putative membrane
protein
SAR1377 ImpB/MucB/SamB
family protein

QV15_06650

-2.2

aminopeptidase

QV15_06765

-3.1

QV15_06760

-2.2

QV15_06755

-2.0

SAR1379 putative peptidase
SAR1402 phosphate-binding
lipoprotein
SAR1401 ABC transporter
permease protein
SAR1400 ABC transporter
permease protein

-8.0

-4.2
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cadmium transporter
iron ABC transporter permease
iron ABC transporter substratebinding protein

nitroreductase
sodium:proton antiporter
NADH-dependent flavin
oxidoreductase
hypothetical protein

glycosyl transferase family 1
cytochrome D ubiquinol oxidase
subunit I
potassium transporter Trk
heme transporter IsdA
heme transporter IsdB
phosphoribosyl transferase
aspartate carbamoyltransferase
carbamoyl phosphate synthase
small subunit
"orotidine 5-phosphate
decarboxylase"

membrane protein
DNA repair protein

thioredoxine reductase
phosphate ABC transporter
permease
phosphate ABC transporter
permease

Table II-6 All genes underexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY / guaA
Replete

QV15_07025

-2.2

QV15_08390

MRSA252 Annotation

Gene Product

Limited
alanine dehydrogenase

-2.2

ald2 alanine dehydrogenase 2
SAR1784 putative universal
stress protein

QV15_08410

-2.1

ald1 alanine dehydrogenase 1

alanine dehydrogenase

QV15_09085

-2.1

enterotoxin I

QV15_09170

-2.1

SAR1919 enterotoxin
SAR1926 trap signal transduction
protein

QV15_09790

-4.0

SAR2015 hypothetical protein

hypothetical protein

QV15_09855

-2.8

SAR2027a hypothetical protein

hypothetical protein

QV15_09915

-2.3

SAR2040 autolysin

autolysin

QV15_09920

-2.2

holin

QV15_09950

-2.4

QV15_09975

-2.4

QV15_09985

-2.6

QV15_10010

-2.4

QV15_10025

-2.5

QV15_10275

-2.2

SAR2041 holin
SAR2047 hypothetical phage
protein
SAR2052 hypothetical phage
protein
SAR2055 hypothetical phage
protein
SAR2061 hypothetical phage
protein
SAR2064 hypothetical phage
protein
SAR0382 putative terminase
small subunit

QV15_10285

-2.3

SAR0380 hypothetical protein

pathogenicity island protein

QV15_10295

-2.2

not found

pathogenicity island protein

QV15_10300

-2.4

QV15_10695

-2.1

SAR0378 hypothetical protein
SAR2175 conserved hypothetical
protein (pseudogene)

pathogenicity island protein
CsoR family transcriptional
regulator

QV15_10690

-2.4

hypothetical protein

QV15_10955

-3.4

QV15_10950

-2.1

QV15_10965

-4.0

QV15_10980

-2.0

QV15_11000

-2.2

QV15_11005

-3.1

SAR2174 hypothetical protein
pyn putative pyrimidinenucleoside phosphorylase
SAR2223 putative membrane
protein
deoC2 putative deoxyribosephosphate aldolase
SAR2228 conserved hypothetical
protein
SAR2232 conserved hypothetical
protein
czrA zinc and cobalt transport
repressor protein

QV15_11010

-4.8

czrB zinc resistance protein

cation transporter

QV15_11160

-2.0

SAR2263 putative membrane
protein

membrane protein
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universal stress protein UspA

signal transduction protein TRAP

phage protein
phage protein
hypothetical protein
phage capsid protein
terminase
terminase

thymidine phosphorylase
membrane protein
deoxyribose-phosphate aldolase
hypothetical protein
oxidoreductase
ArsR family transcriptional
regulator

Table II-6 All genes underexpressed in a codY null mutant of UAMS-1 (continued).
Locus Tag

guaA codY / guaA
Replete

MRSA252 Annotation

Gene Product

Limited

-2.9

SAR2268 putative transport
system binding lipoprotein
SAR2266 FecCD transport family
protein

iron citrate ABC transporter
substrate-binding protein
iron-dicitrate transporter subunit
FecD

QV15_11200

-4.8

SAR2270 hypothetical protein

siderophore synthetase

QV15_11195

-4.2

alanine racemase

QV15_11355

-23.9

QV15_11350

-21.9

QV15_11730

-5.3

QV15_12230

-2.1

QV15_12220

-4.3

QV15_12215

-3.1

QV15_12690

-2.2

QV15_12890

-10.3

QV15_12940

-2.1

QV15_13075

-2.3

SAR2269 hypothetical protein
SAR2297 putative acetolactate
synthase
SAR2296 conserved hypothetical
protein
SAR2368 putative ferrichromebinding lipoprotein precursor
SAR2462 putative membrane
protein
SAR2461 pyridine nucleotidedisulphide oxidoreductase family
protein
SAR2460 putative
acetyltransferase (GNAT) family
protein
SAR2542 putative transport
protein
fnbA fibronectin-binding protein
precursor
SAR2589 putative transporter
protein
SAR2614 putative membrane
protein

QV15_13105

-5.0

holin

QV15_13100

-3.6

QV15_13435

-3.2

cidB putative membrane protein
SAR2619 thiamine
pyrophosphate enzyme (pyruvate
oxidase?)
SAR2684 fda fructosebisphosphate aldolase class I

QV15_13545

-9.9

hypothetical protein

QV15_13600

-2.7

QV15_13905

-2.5

not found
clfB fibrinogen and keratin-10
binding surface anchored protein
SAR2771 conserved hypothetical
protein

QV15_11185

-4.6

QV15_11175
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acetolactate synthase
alpha-acetolactate decarboxylase
ferrichrome ABC transporter
substrate-binding protein
membrane protein
thioredoxin reductase
GNAT family acetyltransferase
chloramphenicol resistance protein
DHA1
fibronectin-binding protein
glucarate transporter
transporter

pyruvate oxidase
fructose-1,6-bisphosphate aldolase

sulfurtransferase
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Figure II-9. Validation of RNA-seq data by qPCR.
(A-D). Plots of linear fold-change values obtained by qRT-PCR versus linear fold-change values
obtained by RNA-seq for each comparison are shown. Each point represents a single gene. The
Pearson correlation coefficient is denoted by the r value. In each comparison, r values indicate
significant correlation of qRT-PCR linear fold change values and RNA-seq linear fold change
values. Gene targets interrogated: (A) ilvB, aur, sspA, purE, trpE, alsS, xup, hld, ilvD, fnbA,
capA, and SAR0980, (B) ilvB, aur, sspA, trpE, hld, ilvD, capA, and SAR0980, (C) esxA, aur,
sspA, sarA, pyrC, deoD1, xup, hld, ilvD, fnbA, and capA, (D) esxA, aur, sspA, sarA, pyrC,
deoD1, and hld.
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Figure II-10. Metabolic and virulence genes show altered CodY-dependent regulation in
guanosine-limited chemostat cultures.
Mean RNA-Seq gene expression ratios (∆guaA ∆codY / ∆guaA) from three independent
experiments in the UAMS-1 background are shown. Black bars, GN-replete conditions; gray bars,
GN-limited conditions. A. gltAB, B. capABCD, and C. sspABC. It is important to note that limiting
GN increases gene expression. For instance, mean normalized counts for gltB in the guaA strain
were 53 in replete conditions and 90 in limited conditions, whereas the normalized counts for the
∆guaA ∆codY strain were 200 and 156, respectively.
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In contrast, of the genes underexpressed in the ∆guaA ∆codY double mutant relative to the ∆guaA
single mutant during growth in GN-replete medium, only three remained differentially regulated
when limitation was imposed (Table II-6). We note that in general, positive regulation is relatively
weak; only 8 genes showed expression changes >10-fold. We found that genes coding for surface
associated proteins spa (immunoglobulin G binding protein A) and fnbA (fibronectin binding
protein) were no longer stimulated by CodY during GN limitation. This is not surprising, as both
spa and fnbA are negatively regulated by the Agr system (Cheung et al., 2011), which is stimulated
by GN limitation. Interestingly, there is little overlap between these gene sets (compare Tables II6, II-7). Thus, it is difficult to conclude simply by pairwise analyses whether under the conditions
tested positively regulated gene targets are responding to GN limitation in a CodY-dependent
manner.

73

Table II-7. All genes underexpressed in a codY null mutant of UAMS-1 under guanine
nucleotide limitation.
Locus Tag

FoldChange

MRSA252 Annotation

Gene Product
MarR family transcriptional
regulator

QV15_00295

-3.4

sarS putative regulatory protein

QV15_00850

-2.6

SAR0222 staphylocoagulase precursor

QV15_01875

-2.9

SAR0450 putative cobalamin synthesis protein

QV15_02835

-2.6

SAR0624 putative esterase

QV15_02935

-3.1

sirR putative metalloregulator

lysophospholipase
DtxR family transcriptional
regulator

QV15_02940

-3.2

SAR0645 putative membrane protein

membrane protein

QV15_02945

-2.9

QV15_02950

-3.1

QV15_02955

-3.4

N-acetylmannosaminyltransferase
teichoic acids export protein ATPbinding subunit
teichoic acid ABC transporter
permease

QV15_02985

-3.6

tagA teichoic acid biosynthesis protein
tagH teichoic acid ABC transporter ATPbinding protein
tagG teichoic acid ABC transporter permease
protein
SAR0655 putative Na+ dependent nucleoside
transporter

QV15_03040

-3.0

SAR0665 putative esterase

QV15_03060

-2.8

SAR0668 hypothetical protein

lipase LipA
3-beta hydroxysteroid
dehydrogenase

QV15_03065

-3.0

graS putative sensor histidine kinase protein

QV15_03075

-3.4

SAR0671 putative ABC transporter protein

response regulator GraR
bacitracin ABC transporter ATPbinding protein

QV15_03085

-3.1

SAR0673 conserved hypothetical protein

hypothetical protein

QV15_03090

-3.1

SAR0674 putative phosphate transport protein

inorganic phosphate transporter

QV15_03095

-3.0

SAR0675 SAR0675 putative exported protein

peptidase M23B

QV15_03100

-3.0

QV15_03105

-3.3

SAR0676 SAR0676 putative membrane protein
SAR0677 SAR0677 AraC family regulatory
protein (pseudogene)

QV15_03115

-5.7

SAR0679 hypothetical protein

membrane protein
AraC family transcriptional
regulator
MarR family transcriptional
regulator

QV15_03120

-3.1

SAR0680 conserved hypothetical protein

hypothetical protein

QV15_03135

-2.9

SAR0682 hypothetical protein

hypothetical protein

QV15_03145

-4.0

MFS sugar transporter

QV15_03600

-2.7

QV15_04475

-8.0

QV15_04750

-4.2

SAR0684 putative sugar efflux transporter
SAR0781 putative proton-dependent
oligopeptide transport protein
SAR0954 transport system extracellular
binding lipoprotein (pseudogene)
SAR1008 putative glycosyl transferases
(pseudogene)

QV15_11645

-2.2

QV15_11700

-2.1

SAR0779 hypothetical protein
modB putative molybdenum transport system
permease protein

nitrogen fixation protein NifR
molybdenum ABC transporter
permease
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coagulase
cobalamin biosynthesis protein
CobW

nucleoside permease

peptide ABC transporter permease
hypothetical protein
glycosyl transferase family 1

Table II-7. All genes underexpressed in a codY null mutant under guanine nucleotide
limitation (continued).
Locus Tag

FoldChange

MRSA252 Annotation

Gene Product

QV15_11805

-3.1

SAR2383 putative exported protein

hypothetical protein

QV15_11935

-2.5

SAR2407 hypothetical protein

hypothetical protein

QV15_12030

-2.1

SAR2425 putative membrane protein

hypothetical protein

QV15_12025

-2.2

QV15_12255

-8.9

SAR2424 putative aldose 1-epimerase
scrA PTS system, sucrose-specific IIBC
component

QV15_12400

-2.3

SAR2496 putative solute binding lipoprotein

aldose epimerase
PTS system trehalose-specific
transporter subunits IIBC
zinc ABC transporter substratebinding protein

QV15_13275

-2.1

SAR2654 conserved hypothetical protein

hypothetical protein

QV15_13290

-2.0

SAR2657 hypothetical protein

hypothetical protein
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Because of the multiple factors involved (i.e., genotype and guanosine supplementation), we next
applied a rigorous statistical framework to assign differentially regulated genes to three classes: (i)
genes differentially expressed when codY was knocked out regardless of guanosine
supplementation (i.e., “strain” main effect comprising the CodY regulon); (ii) genes differentially
expressed under guanosine limitation (i.e., “environment” main effect); and (iii) genes responsive
to guanosine limitation whose changes depend on the genotype (i.e., gene targets exhibiting
significant interaction between strain and environment, “strain x environment”) (Table II-8).
Some genes displaying a strain x environment interaction (e.g., tyrA, msaB, QV15_05035,
QV15_11815) exhibited positive regulation by CodY under guanosine replete or limited
conditions. Other gene targets (e.g., sspA, sspB, purN, QV15_05695) showed significantly
increased expression in CDM only in ∆codY cells under GN-replete or GN-limited conditions.
Some gene targets (e.g., QV15_09215, QV15_10600) exhibited more complex patterns of
expression (Figure II-11). We surmised that this group of genes would also contain targets that
are differentially regulated when CodY activity decreases as a result of a drop in intracellular GTP.
Notably, fnbA followed the expected pattern of expression. That is, as a positively regulated target
(Majerczyk et al., 2010, Pohl et al., 2009, Waters et al., 2016), disruption of codY led to a reduction
of fnbA expression during growth in guanosine replete conditions. Expression in CodY-proficient
cells during GN-limited growth was essentially the same as that measured in CodY-deficient cells
under replete conditions; we observed no further increase when codY was knocked out under GNlimited conditions (Figure II-11). Thus, when GN limitation is imposed in CDM, CodY is not
active enough to affect fnbA expression.
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Table II-8. All S. aureus UAMS-1 genes and their responses in this study.
Due to its large size, this table is not included in the print version of the dissertation, but the file is
accessible as a supplementary file on ProQuest. Figure II-12 is a summary of Table II-8.

77

Strainns 2000
Envns
Strain x Env*

msaB

1500

200

1000

RNA-Seq normalized counts

300

100

500

0

0

100

Strainns
1000
Envns
Strain x Env*

QV15_09215

Strainns
Env***
Strain x Env*

fnbA

Strain*
Env**
Strain x Env*

800

80
60

600

40

400

20

200

0

sspA

guaA guaA guaA guaA
codY
codY
replete

0

guaA guaA guaA guaA
codY
codY
1

400

limited

replete

limited

Figure II-11. Expression patterns for msaB, sspA, QV15_09215, and fnbA during growth in
chemically defined medium.
The UAMS-1 ∆guaA and ∆guaA ∆codY strains were grown to exponential phase in CDM + 160
µM guanosine and rediluted into CDM with 160 µM guanosine (replete) or 40 µM guanosine
(limited) as indicated. Data are the mean ± SD; normalized counts from three biological replicates.
The effects of strain (Strain), environment (Env), and strain by environment (Strain x Env) are
modeled as defined in the text. Significant differences by factor are as indicated on each figure
(Benjamini-Hochberg adjusted p value, * p < 0.05, *** p < 0.001).
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RNA-Seq analysis of S. aureus response to guanine nucleotide limitation
To more closely study the effect of GN limitation on S. aureus physiology and gene expression,
we examined the set of genes differentially expressed solely in response to “environment” using
the online analysis tool PantherDB (Thomas et al., 2003, Thomas et al., 2006). After restricting
our list to those genes differentially expressed greater than 2-fold and those associated with
orthologues found in S. aureus strain NCTC 8325 (installed reference in PantherDB), we identified
318 genes downregulated during GN limitation and 151 genes upregulated during limitation. Of
the genes that have significant changes in expression under limitation, ~10% are CodY-dependent.
Many of the genes negatively regulated by GN but not affected by codY inactivation were also
revealed by Geiger et al. (Geiger et al., 2012) and strongly suggest induction of the stringent
response. Indeed, functional analysis shows that genes whose products are involved in replication,
DNA/RNA metabolism, ribosome biogenesis and translation, and cell division and wall biogenesis
were downregulated at least 2-fold (Figure II-12). Other CodY-independent alterations could arise
as a consequence of altered abundance of unknown effectors. Remarkably, we also observed strong
down-regulation of nearly all the genes associated with the fSa3 hlb converting prophage and mild
downregulation of genes whose expression is driven by the agr P2 promoter (agrBD). Genes that
were significantly upregulated include those for sugar, ion, and iron transport, membrane lipid
synthesis, SigB-activated asp23, and the virulence gene geh (lipase). ppiB (cyclophilin B-type
peptidyl-prolyl cis-trans isomerase), important for thermonuclease folding and activity, was also
upregulated, as was lipoic acid synthetase (lipA) whose activity promotes S. aureus pathogenesis
(Wiemels et al., 2016, Grayczyk et al., 2017).
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Figure II-12. Select genes differentially regulated during guanine nucleotide limitation.
Heat maps displaying the RNA-Seq fold-change of selected genes under GN-limited/GN-replete
conditions are shown. Log2 changes in transcript abundance are color-coded, with blue and red
indicating a decrease or increase, respectively. The RNA-Seq data shown are from three
independent experiments in the UAMS-1 background and are significantly different (BenjaminiHochberg adjusted p value < 0.05). Full data are available in Table II-8.
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2.4 Discussion
This study, along with previous studies (Pohl et al., 2009, Majerczyk et al., 2010, Waters et al.,
2016) defines the CodY regulon in S. aureus when DNA-binding activity is maximized.
Importantly, by performing transcriptional profiling in a GN auxotroph with excess ILV in the
growth medium, our imposed limitations (in TSB and in continuous cultures using a defined
medium) allow us to identify CodY target genes sensitive to changing GTP pools. Our report is
the first to reveal the widespread transcriptional changes associated with GN limitation in a Grampositive pathogen and to uncover connections between GN abundance and virulence gene
regulation. Recent data suggest that free nucleotides become limiting in certain infected host sites
and that S. aureus relies on de novo synthesis in vivo (Kofoed et al., 2016, Valentino et al., 2014).
Thus, de novo purine synthesis has been suggested as a potential drug target (Kofoed et al., 2016).
Such a strategy would result in purine auxotrophy in vivo; combining this approach with a drug
that targets pathways upregulated during purine limitation would likely be synergistic and could
help treat infections in an era where many of our first- and last-line antibiotics have been rendered
ineffective due to resistance. For instance, our data suggest that combining a purine biosynthesis
inhibitor with a specific inhibitor of S. aureus lipoic acid biosynthesis or sugar transport might be
an effective treatment strategy (Figure II-12).
Analysis of the genes that are significantly and differentially regulated in the chemostat cultures
revealed a clear transcriptional signature of GN limitation. First, we found that xpt (coding for
xanthine phosphoribosyltransferase), which is tightly regulated by guanine concentration in B.
subtilis and S. aureus (Kofoed et al., 2016, Mandal et al., 2003), is overexpressed 17-fold in the
∆guaA ∆codY strain under GN limitation relative to replete conditions. Second, under the same
conditions, guaB (IMP dehydrogenase) is overexpressed >4-fold, and a number of pyrimidine
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biosynthetic genes (e.g., pyr) were downregulated, likely to assist in balancing the nucleotide pools
when GN limitation is detected (Figure II-7, Table II-8). Despite this, however, relatively few
genes regulated by CodY appear to respond to our imposed GN limitation in continuous culture.
The most likely explanation for this result is that under the conditions used, GTP pools do not drop
to a level required to substantially reduce CodY activity, especially when one considers that
isoleucine (included in the defined medium) plays a predominant role in adjusting the expression
of a number of metabolic and virulence genes (Kaiser et al., 2018). Indeed, many strongly
regulated genes, including the ilv-leu ILV biosynthetic genes, remain repressed (Table II-3).
Performing continuous culture experiments with multiple decreasing concentrations of guanosine
at the same dilution rate would likely increase the severity of the limitation and reveal additional
CodY targets regulated by internal metabolite pools. Alternatively, as a GTP binding pocket was
recently revealed for S. aureus CodY (Han et al., 2016), introducing substitutions that reduce GTP
binding could reveal CodY gene targets that respond to GTP specifically or that are highly
sensitized to drops in the GTP pool. Such results would be complementary to our observations
with ILV and aligned with those of Geiger et al. under conditions that trigger the stringent response
(Geiger et al., 2012, Waters et al., 2016). Nevertheless, our study serves as a proof for the principle
that we can modulate S. aureus CodY activity by reducing the intracellular concentration of one
of its activating ligands.

Continuous culture of S. aureus prompts massive downregulation of genes encoding hlbconverting phage
One of the most conspicuous changes in gene expression we identified during chemostat-based
limitation was the massive downregulation of genes associated with bacteriophage fSa3 (Table
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II-8, Fig). This phage carries accessory virulence genes such as superantigens (e.g., sea)
staphylokinase (sak), chemotaxis inhibitory protein (chp) and staphylococcal complement
inhibitor (SCIN), and integrates into the b-toxin gene (hlb) of human isolates including UAMS-1
(Gillaspy et al., 1995). This lysogeny inactivates the hlb structural gene and subsequently, the
strain fails to produce the toxin. Notably, our RNA-Seq analysis shows that while normalized gene
counts for the phage and accessory genes are low during guanosine replete growth, they are
undetectable during guanosine-limited growth, suggesting elimination of the prophage from cells
within the culture. Prophages like fSa3 are stably maintained but can excise during in vitro and in
vivo growth, restoring b-toxin production and hemolysis (Salgado-Pabón et al., 2014). Frequently,
induction of the SOS response triggers excision of prophage (Cirz et al., 2007). However, we failed
to identify consistent increases in the LexA-regulated genes indicative of SOS response induction
(e.g., uvr, lex, rec, par, sbc) (Cirz et al., 2007). Interestingly, dut (a putative dUTPase), encodes a
non-essential phage protein that is required for staphylococcal superantigen-carrying pathogen
island (SaPIs) excision. While dUTPase family enzymes help to balance the intracellular
concentration of dNTPs and control genome integrity by preventing DNA uracilation (Hirmondó
et al., 2015), Dut can “moonlight” and antagonize the SaPI repressor Stl, initiating excision and
replication (Tormo-Más et al., 2010). It is tempting to speculate that the absence or accumulation
of a metabolite as a result of imbalances in nucleotide biosynthesis is perceived by Dut and trigger
Dut-mediated excision of the prophage. In the end, additional experiments are needed to determine
whether GN specifically reactivates b-toxin production.
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Guanine nucleotide limitation promotes a more aggressive lifestyle
Multiple results from our study suggest that GN limitation promotes a switch from an adhesive
lifestyle to a more invasive lifestyle. First, in this work we found an increase in protease gene
expression (Figure II-4B, Figure II-10C), and showed that secreted protease activity increases
(Figure II-4C). These proteases can cleave components of the host immune response (SieprawskaLupa et al., 2004, Laarman et al., 2011). Moreover, these proteases also act as spreading factors,
degrading proteins in host tissues and promoting dissemination by disrupting the integrity of the
extracellular matrix (Potempa et al., 1988, Ohbayashi et al., 2011). Increased protease secretion
can alter the abundance of surface-associated proteins including FnbA (O'Neill et al., 2008),
Clumping Factors A and B (ClfA, ClfB) (McDevitt et al., 1994, Ní Eidhin et al., 1998), and protein
A (Spa) (Merino et al., 2009), which can reduce adherence. In support of this, the results of the
BioFlux experiments revealed that GN limitation significantly decreases ability of the ∆guaA
mutant to form mature biofilms under biologically relevant flow conditions. Although at this time
we cannot exclude growth rate effects or transcriptional changes (fnbA and spa expression decrease
under guanine nucleotide limitation in chemostat culture), the results suggest that increased
protease activity during GN limitation is responsible for defective biofilm formation.
Alternatively, the aforementioned bacteriophage-encoded genes are generally believed to assist
with colonization and immune evasion; b-toxin, as a sphingomyelinase, enhances phenol-soluble
modulin (PSM) activity. PSMs have been shown to facilitate dissemination from infected catheters
in a mouse model of biofilm-associated infection by acting as surfactants (Periasamy et al., 2012).
Regardless of the mechanism, GN limitation clearly impairs the ability of S. aureus to attach and
multiply on surfaces.
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Second, extracellular capsular polysaccharides enhance virulence by preventing phagocytosis by
host immune cells (O'Riordan & Lee, 2004). GN limitation in defined medium reduces repression
of the cap locus (Table II-3). CodY is known to regulate the expression of the cap locus required
for the synthesis of capsular polysaccharide (Pohl et al., 2009, Waters et al., 2016, Majerczyk et
al., 2010), but the mechanism by which CodY exerts its effect remains unclear and likely varies
between strains and growth phases. Indeed, CodY interacts with the capA promoter of strain
Newman with moderate affinity, but in UAMS-1, regulation appears mostly indirect, at least in
TSB medium. That is, overexpression of cap during exponential growth in a DcodY mutant is
eliminated in a DcodY Dagr double mutant (Majerczyk et al., 2010). However, agr is not
significantly upregulated in defined medium. Majerczyk et al. (Majerczyk et al., 2010) identified
CodY binding sites internal to the cap operon (i.e., in capD). Under GN limitation, genes distal to
these internal sites (capFGHKLMOP) are no longer regulated unlike capABCD that lie upstream
(Table II-3). It appears as though CodY activity during GN limited growth is insufficient to
interact with these internal sites and either cannot regulate previously identified internal promoters
for these genes or cannot prevent transcription elongation from the capA promoter via a roadblock
mechanism as was previously suggested (Majerczyk et al., 2010, Sau et al., 1997). It would be
interesting to test whether CodY binds these sites during growth in guanosine replete and
guanosine-limited conditions. Alternatively, MsaB (formerly CspA (Sahukhal & Elasri, 2014))
was recently shown to positively regulate the cap operon in UAMS-1 (Batte et al., 2016). MsaB,
like CodY, contains putative GTP-binding regions; thus, MsaB DNA-binding activity might be
influenced by the presence of guanine nucleotides. Interestingly, CodY was found to regulate msaB
expression (Majerczyk et al., 2010) and our analysis suggests that there is an interaction between
CodY and GN sufficiency with respect to msaB expression (Table II-8). At this point, we cannot

85

rule out the possibility that MsaB and CodY collaborate in some way to regulate cap expression
and capsule production.

Purine and growth phase-dependent control of major regulators in S aureus.
GN limitation prompts S. aureus to adjust gene expression via multiple global regulators. We
found that the response varies depending on the medium and/or conditions used. For instance, we
saw an increase in SigB activity in stationary phase in TSB medium (Figure II-3D). As a result,
we measured a detectable increase in staphyloxanthin production (Figure II-3AB), which protects
the bacterium from the effects of oxidative stress produced by the innate immune response (Liu et
al., 2005). asp23 is also overexpressed in GN-limited chemostats indicating SigB activation in
chemically defined medium at the late exponential phase of growth. However, unlike in TSB
medium where Agr is activated, RNAIII synthesis is not upregulated in chemostat cultures. In fact,
agr genes were underexpressed during limitation, perhaps due to increased SigB-mediated
repression of the agr expression. Differences in the extent of limitation under the two conditions
may account for this discrepancy; measuring GTP pools in cells limited for GNs can help resolve
this question.

Our finding that the ∆guaA strain overproduces staphyloxanthin is reminiscent of a study that
identified transposon mutants in purine biosynthesis (purN, -H -D -A) as having enhanced pigment
production in S. aureus strain Newman (Lan et al., 2010). The pur mutants also exhibited increased
SigB activity. Because Pur and Gua enzyme activity contribute to ATP and GTP synthesis, these
observations are at odds with the prevailing view that S. aureus does not sense energy limitation
using SigB (Pané-Farré et al., 2009, Pané-Farré et al., 2006). In B. subtilis, SigB senses energy
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limitation using the proteins RsbQ and RsbP that are known to interact (Brody et al., 2001), but
these proteins are absent in S. aureus (Senn et al., 2005). Thus, the molecular mechanism by which
S. aureus SigB is activated under GN and, more broadly, purine limitation remains unknown. Since
SigB activity is controlled by a partner switching mechanism, purine limitation might affect the
physical association with the anti-sigma factor W (RsbW) (Pané-Farré et al., 2009) by stimulating
phosphatase activity of the RsbU protein toward another protein – phosphorylated RsbV (RsbV~P)
(Pané-Farré et al., 2009, Giachino et al., 2001, Gertz et al., 1999). Then, like in B. subtilis,
unphosphorylated RsbV would sequester RsbW, releasing SigB to interact with core RNA
polymerase and stimulate transcription from SigB-dependent promoters. Alternatively, GarcíaBetancur et al. (Garcia-Betancur et al., 2017) recently showed that increased cell wall rigidity
activates SigB, and connections between cell wall plasticity and nucleotide metabolism have also
been reported (Solopova et al., 2016, Garcia-Betancur et al., 2017). During our investigation, we
found that GN limitation disregulates a number of genes involved in cell wall and membrane
phospholipid biosynthesis (Table II-8 and Figure II-12), and cells starved for guanine nucleotides
exhibit septation defects and a thickening of the cell wall external matrix (Kofoed et al., 2016,
Senn et al., 2005). How, precisely, the rigidity signal results in an increase in SigB activity is
unknown and experiments to reveal this mechanism are ongoing in our laboratory.
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Chapter III: Analysis of the CodY RNome Reveals RsaD as a Stress-Responsive Riboregulator of Overflow Metabolism in Staphylococcus aureus
3.1 Introduction
Staphylococcus aureus is a Gram-positive bacterium that exhibits great versatility in its ability to
acclimate to a number of different ecological niches. Thus, the response to changing environments
and physiological stress is critical for its survival (Graham et al., 2006). S. aureus can colonize
virtually every surface of the host, and can persist on fomites and other surfaces external to the
host (Mertz et al., 2007, Desai et al., 2011). Each of these niches varies with regards to the state
of the environment, including oxygen or nutrient availability, pH, temperature, osmolarity, and the
presence of reactive oxygen species. The ability of S. aureus to rapidly and readily respond to cues
indicating environmental stresses is rooted in its metabolic flexibility. S. aureus can employ a
number of strategies to derive energy molecules and continue growth in distinct environments. At
times when biosynthetic and metabolic pathways are unable to be utilized, S. aureus can turn on
the expression of any of its virulence factors, including secreted proteases and digestive enzymes,
to break down host tissue for nutrient extraction to continue growth and reproduction (Cheung et
al., 2004, Olson et al., 2013b, Ibberson et al., 2014). The S. aureus response is coordinated by
regulatory factors, some of which act directly on target genes while others act indirectly by
controlling the production and activity of other protein and RNA-based factors, which in turn
control the target genes.

One of the many factors S. aureus has to respond to nutrient limitation is CodY, a global regulatory
protein found in the majority of low G+C Gram-positive bacteria (Sonenshein, 2005). CodY is a
transcription factor that links bacterial physiology to pathogenesis by sensing nutrient availability
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and altering the expression of dozens of genes involved in metabolism as well as virulence
(Brinsmade, 2016, Majerczyk et al., 2010, Pohl et al., 2009, Dineen et al., 2010, Malke et al.,
2006, Bennett et al., 2007, Hendriksen et al., 2008, Lemos et al., 2008, Lobel et al., 2012, Château
et al., 2011). When bound by its co-repressors GTP and/or branched-chain amino acids (isoleucine,
leucine,

valine

[ILV]),

CodY

binds

to

site-specific

chromosomal

sequences

(AATTTTCWGAAAATT) originally identified in Lactococcus lactis and refined by Majerczyk
et al. for S. aureus (Majerczyk et al., 2010, den Hengst et al., 2005). During times when these
molecules are limited, CodY activity decreases and gene expression of CodY targets are altered to
reconfigure the physiology of the cell to maintain growth and survival (Kaiser et al., 2018, King
et al., 2018, Waters et al., 2016).

The role of transcription factors in regulating RNA-based factors has been widely studied in Gramnegative bacteria, and in particular, E. coli (Masse & Gottesman, 2002, Escolar et al., 1999, Storz
et al., 2011, Richards & Vanderpool, 2011). However, in Gram-positive bacteria like S. aureus,
regulatory RNAs are still an emerging field; only a relatively small number of the known sRNAs
have established biological functions (Quereda & Cossart, 2017, Mars et al., 2016, Guillet et al.,
2013, Broach et al., 2016). For instance, RNAIII – the sRNA effector of the accessory gene
regulator (Agr) quorum sensing system – adjusts toxin expression in response to population density
via the regulation of many direct and indirect targets (Marroquin et al., 2019, Cheung et al., 2011,
Queck et al., 2008, Boisset et al., 2007, Recsei et al., 1986, Novick et al., 1993, Balaban & Novick,
1995). Other sRNAs in S. aureus have been discovered to mount responses to changing
environmental conditions (Nielsen et al., 2011), prompt the synthesis of virulence-associated
genes (Manna et al., 2018, Zapf et al., 2019, Romilly et al., 2014), influence antibiotic resistance
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(Eyraud et al., 2014), and adjust metabolism during growth (Bohn et al., 2010, Geissmann et al.,
2009). Employing the regulatory influence of sRNAs to adjust cellular physiology is
advantageous. First, production of sRNAs is more energetically favorable compared to the
production of protein factors; they are typically small in size and do not require the process of
translation for function (Beisel & Storz, 2010, Masse & Gottesman, 2002, Manna et al., 2018).
Additionally, sRNAs bring about a rapid and reversible response by acting at a step closer to
protein production compared to transcription factors (Beisel & Storz, 2010, Shimoni et al., 2007,
Bohn et al., 2010).

Coding gene targets of S. aureus CodY have been extensively studied (Majerczyk et al., 2010,
Waters et al., 2016, King et al., 2018, Pohl et al., 2009), but virtually nothing is known about the
regulatory relationship between CodY and sRNAs. To gain insight into CodY’s relationship to
sRNAs and how they may be used to coordinate adjustments to Gram-positive physiology and
pathogenicity, we performed RNA-sequencing analysis in three clinical isolates of S. aureus and
screened for sRNAs that were differentially expressed in a ∆codY mutant compared to its parent
strain. In this study, we identified RsaD as a novel effector regulated by CodY. We biologically
confirmed CodY-dependent regulation of RsaD in a variety of clinically relevant S. aureus isolates
and in the coagulase negative Staphylococcus epidermidis. We show that S. aureus RsaD acts as a
trans-acting sRNA to control the abundance of alsS mRNA and acetolactate synthase activity, thus
contributing to cell death regulation in osteomyelitis isolate UAMS-1.
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3.2 Materials and Methods
Bacterial strains, growth media, and culture conditions
All strains constructed during this study are isogenic derivatives of S. aureus or S. epidermidis; all
strains are listed in Table III-1. Cultures of S. aureus and S. epidermidis were grown in tryptic
soy broth containing dextrose (2.5 g L-1) (BD Biosciences) unless otherwise indicated. E. coli
cultures were grown in Lennox (L) medium (Lennox, 1955) lacking glucose. When necessary,
media were solidified with agar at 1.5% [w/v] and antibiotics were supplemented at the following
concentrations: ampicillin, 50 μg ml-1; erythromycin, 5 μg ml-1; chloramphenicol, 10 μg ml-1;
tetracycline, 3 μg ml-1. Unless otherwise indicated, experiments were initiated by inoculating
overnight cultures (pre-adapted to the experimental medium; incubated at 37°C with rotation) to a
starting optical density of 0.05 at 600 nm (OD600) in 125 ml DeLong shake flasks filled with 25
ml of TSB containing 14 mM glucose (5:1 flask-to-medium ratio). Pre-cultures were incubated at
37°C in a water bath with constant aeration (280 rpm) to an OD600 of ~1, at which time cells were
re-diluted into fresh medium to a starting OD600 of 0.05. Growth was monitored as increase in
OD600 using a Beckman Coulter DU350 or Amersham Ultraspec 2100 pro UV-visible
spectrophotometer.
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Table III-1. Strains and plasmids used in Chapter III.
Description

Source or Referencea

fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17

New England Biolabs

Staphylococcus aureus strains
RN4220
SRB337
SRB372
SRB541
SRB561

Restriction-deficient, highly transformable mutant of strain 8325-4
UAMS-1; MSSA USA200 clinical isolate
SRB337 codY::erm
Newman SpR
SRB541 codY::erm

Novick 1991
Gillaspy 1995
Waters 2016
Duthie and Lorenz 1952

SRB687
SRB752
SRB753
SRB 813
SRB892
SRB 923
SRB1130

CA-MRSA USA300 LAC Erm
SRB337/ pSRB106 (PrsaD-gfp)
SRB337 codY::erm / pSRB106 (PrsaD-gfp)
SRB337 codY::tet
SRB687 codY::tet
SRB 337 rpoF::ΦNΣ
SRB337 / pAK007 PrsaD(mutated) -gfp

SRB1131
SRB 1399

SRB337 codY::erm / pAK007 PrsaD(mutated) -gfp
RN4220 pAK010 PtufA -alsS-gfp pICS3

SRB 1400
SRB 1417
SRB 1466
SRB 1519
SRB 1520
SRB 1528

RN4220 pAK010 PtufA -alsS-gfp pAK011 PtufA -rsaD
SRB 337 ∆rsaD
RN4220 pAK010 PtufA -alsS-gfp pAK017 PtufA -rsaD 127-139
SRB 337 Ω pLL39
SRB 337 ∆rsaD Ω pLL39
RN4220 pAK010 PtufA -alsS-gfp pAK018 PtufA -rsaD 151-165

SRB 1534
SRB 1553
SRB 1597

RN4220 pAK010 P tufA -alsS-gfp pICS3-sprD
SRB 337 codY::tet ∆rsaD
SRB 337 ∆rsaD Ω pAK019 PrsaD-rsaD

Strain or plasmid
Escherichia coli strains
NEB 5a

s

Boles 2010

Waters 2016
Waters 2016
King 2018

Staphylococcus epidermidis strains
SRB1122
SRB 1123

1457; Central venous catheter infection isolate; ica + aap +
SRB1122 codY::erm

Mack 2001

Plasmids
pDM4

Mooermeier 2013
r

r

pCN38
pCN33
pCN33-sbi-gfp

E. coli-S. aureus shuttle vector, source of cat194 cassette Ap Cm
E. coli-S. aureus shuttle vector for complementation Apr Emr
pCN33 with sbi of HG001 fused to gfp under the control of PtufA promoter

Charpentier 2004
Charpentier 2004
Ivain 2017

pICS3

S. aureus s huttle vector, Cmr (cat194 )

Ivain 2017

pICS3-sprD
pBAD30

PsprD -sprD plasmid Cmr
Plasmid with ParaBAD for arabinose-inducible expression (Apr)

Ivain 2017
Guzman 1995

pLL39

S. aureus single integration vector Tetr

Luong 2007

pLL2787

S. aureus single integration vector helper plasmid Cmr

Luong 2007

pJB38

Temperature sensitive allelic exchange plasmid Cmr

pSRB81

Overproduction plasmid for SaCodY-His6 protein (Ap )

pSRB106

PrsaD -gfp transcriptional reporter fusion plasmid Ap Cm

pAK007

PrsaD(mutated) -gfp transcriptional reporter fusion plasmid Ap Cm

pAK010

P tufA-alsS-gfp translational fusion plasmid Ermr

pAK011
pAK015

PtufA -rsaD Constitutive promoter driving expression of rsaD plasmid Cmr
∆rsaD deletion allelic exchange plasmid

pAK017

PtufA -rsaD 127-139 Constitutive promoter driving expression of rsaD 127-139 plasmid Cmr

pAK018

PtufA -rsaD 151-165 Constitutive promoter driving expression of rsaD 151-165 plasmid Cmr

pAK019

pLL39 single integration vector with PrsaD -rsaD insert Tetr

a

Bose 2013
r

r

Mlynek 2018
r
r

Unless otherwise noted, strains and plasmids were constructed during this study.
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r

Genetic techniques
Oligonucleotides used in this study were synthesized by Integrated DNA Technologies (IDT;
Coralville, IA or Leuven, Belgium) and are listed in Table III-2. All plasmids and chromosomal
alleles were verified by Sanger Sequencing performed by GeneWiz (Germantown, MD). Plasmids
were introduced in S. aureus strain RN4220 by electroporation as previously described (Schenk &
Laddaga, 1992). Plasmids and marked mutations were moved between S. aureus strains via Φ11mediated transduction (Novick, 1991).
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Table III-2. Oligonucleotides used in Chapter III.
a

Oligo

Nucleotide sequence (5' to 3')

Usage

oSRB464

ATGCTGTCAGAATTCTATGGAAAGAGT

Construction of pSRB106

oSRB465

AACATTATAGGATCCAATGAAATGAAAGT

Construction of pSRB107

oAK003
oAK004

CAAGTGCACATGGTAATACACT
CTATGACTGTACCTAGTCCTTACTG

qRT-PCR of rsaD in S. aureus
qRT-PCR of rsaD in S. aureus

oAK073

CGCACGTGTTACGATGAAATC

qRT-PCR of rsaOB

oAK074
oAK071

CACCAATTCACTTTGTCGAGAATAA
GTTGGTTTTAGCACCGTGCTATAAA

qRT-PCR of rsaOB
qRT-PCR of teg1

oAK072

TCATCACTGAATCTCAACTAACACATAACA

qRT-PCR of teg2

oAK104

GAGAAGTTATCTCCTTTGTGTTGTT

qRT-PCR of rsaD mutant alleles in S. aureus

oAK105

CATATGACAGTAAGGACTAGGTACAG

qRT-PCR of rsaD mutant alleles in S. aureus

oNW009

TGCATCATCATGTAGTACGAGTC

qRT-PCR of srn_1020

oNW010

ACGGCAATGGTAGGTGTATTAG

qRT-PCR of srn_1020

oNSF1

CAGGTGACACAGCGGGTATT

qRT-PCR of polC

oNSR1

TGCCGGGTTGTGATGCTATT

qRT-PCR of polC

oSRB239

GGATTGGCTTCACCTGAAAA

qRT-PCR of rpoC

oSRB240

CTTTCACGACGTACTTTAGA

qRT-PCR of rpoC

oDS066

AAGTACACTGCAGCCGATATG

qRT-PCR of alsS

oDS067

TCTATCTTTGCACCCGGAATAC

qRT-PCR of alsS

oRB018

CAAAGATGACGGGACCTACAA

qRT-PCR of gfp

oRB019

GTACTCGAGTTTGTGTCCAAGA

qRT-PCR of gfp

oAK014

/56-FAM/ACAACACAAAGGAGATAACTT

5' FAM labled for P rsaD EMSA

oSRB457

TGTCACAACTCTATGGAAAGA

P rsaD EMSA

oAK067

/56-FAM/TCAACCACCGGCACTTTATC

5' FAM labeled for P polC EMSA

oAK068

GTGCATTTCCTGTCGCAATAAC

P polC EMSA

oAK026

ATTATTGGATCCCCATTTGCGCTATTACTCG

Construction of pAK015

oAK027

CCGCCGCCTAGGTATATTGCATCAATTTCGATAAC

Construction of pAK015

oAK029

AATTGATGCAATATACCTAGGCGGCGGCCGCGGAATGAAATGAAAGTAAATTAAAAATTC

Construction of pAK015

oAK093

ATTATTGTCGACCCATTTGCGCTATTACTCG

Construction of pAK015

oAK049

GAAGTTATCTCCTTTGTGTTGTTTATAGTA

qRT-PCR of rsaD in S. epidermidis

oAK050

CGGTAAGGACTAGGTACTGTCAC

qRT-PCR of rsaD in S. epidermidis

oAK045

CAAGGTATGACGCCCGATAAA

qRT-PCR of gyrA in S. epidermidis

oAK046

AACTAAAGTCTTGGGCCATTCT

qRT-PCR of gyrA in S. epidermidis

oAK102

GGCCGGGTCGACGAAACCATCCC

Construction of pAK019

oAK103

GGCCGGGGATCCAAAAACCAAGTGC

Construction of pAK019

Primer Forward NEWMAN sprA2

GATCGAAGCTTTAATACGACTCACTATAGGGTCGCCTAACATCTCGGGCG

in vitro transcription of SprA2

Primer Reverse NEWMAN sprA2
alsS_For_T7

GATCGGAATTCCCCGGCCTACACCAAATCCCCTCACTAC
TAGCATAATACGACTCACTATAGGTTTTTATGTATTACAAATCTAATCG

in vitro transcription of SprA3

alsS_Rev

TTAATCTTCCAATACCTTGCG

in vitro transcription of alsS fragment

RsaD_For_T7

TAGCATAATACGACTCACTATAGGTCTGCTATAATGTTTTTAACTTC

in vitro transcription of RsaD

RsaD_Rev_full

TAGCAAAAAACCAAGTGCACATGGT

in vitro transcription of RsaD

RsaD_Rev_126

TAGCATATTGTACATATGACAGTAAGG

in vitro transcription of RsaD1-126

RsaD_Rev_mut_144-160

CCCTTTACTTATATATTGTACATATGACAGTAAG

construct and in vitro transcription of RsaD127-139

RsaD_For_mut_144-160

AATATATAAGTAAAGGGATAAAAGCCAAGTGTATTACC

construct and in vitro transcription of RsaD127-140

RsaD_Rev_UTR (+300)

CTCAACGATTGGTATGATTATCG

construct and in vitro transcription of RsaD127-141

RsaD_Rev_mut_151-165

TAGCAAAAAACCAAGTGATGTACATTATGTGTTGGCTTTTATGGGAAATG

construct and in vitro transcription of RsaD151-165

RsaD_697060_NB

ATGACAGTAAGGACTAGGTACAG

Expression of RsaD

a

Underlined and italicized bases denote restriction sites and regions of complementarity for overlap PCR, respectively.
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in vitro transcription of alsS fragment

Plasmid construction
(i) Construction of gfp reporter plasmids. To create the rsaD-gfp transcriptional fusion, a 131nucleotide (nt) fragment containing the promoter and ilvD ribosome binding site (RBS) flanked
with SphI and SmaI restriction sites was synthesized as a gene block by IDT. The fragment was
cut with SphI and SmaI and ligated to the same sites of pDM4 (Moormeier et al., 2013) to generate
pSRB106 (the divergently transcribed cidABC-lrgAB promoter regions were released). To
generate the mutant fusion, a new fragment was synthesized with the sequence of the CodY
binding motif replaced by random sequence and ligated to pUC57-kan. This construct, prepared
by GenScript (Piscataay, NJ) was named pAK006. pAK006 was then digested with SphI and SmaI
to release the mutant rsaD promoter fragment. The WT rsaD promoter fragment from pSRB106
was then replaced with this new mutant fragment using the same enzymes, generating pAK007.

(ii) Construction of rsaD deletion and complementation plasmids. DNA fragments flanking the
rsaD gene were synthesized by PCR using oAK026 and oAK027 for the upstream region and
oAK029, and oAK093 for the downstream region. Fragments were mixed in equal proportions for
use in an overlap PCR (Vallejo et al., 2008) using oligonucleotides oAK026 and oAK093. The
resulting fragment contained EcoRI and SalI sites, which were ligated to the same sites of pJB38
(Bose et al., 2013) to yield pAK015. pAK015 was moved into S. aureus strain UAMS-1 and the
clean deletion of rsaD was generated using allelic exchange as previously described (Bose, 2014).
The mutant was verified by PCR and Sanger sequencing.

For complementation studies, a DNA fragment containing the rsaD promoter and nucleotides 1177 of the annotated sequence (Sassi et al., 2015a) was generated by PCR using oAK102 and
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oAK103. The resulting fragment contained SalI and BamHI restriction sites, which were used to
digest the DNA. The digested fragment was ligated to the same sites of pLL39 (Luong & Lee,
2007) to yield pAK019. pAK019 was then introduced into RN4220 cells carrying pLL2787 to
facilitate integration at the f11 attachment site. Following PCR verification, the integrated
construct was transferred to the indicated strains by transduction.

(iii) Construction sRNA-mRNA interaction plasmids. Plasmids to test sRNA-mRNA interaction
plasmids were designed as described in Ivain et al. (Ivain et al., 2017). Gene fragments used to
make the sRNA and mRNA interaction plasmids were ordered from IDT. Fragments contained the
constitutive S. aureus tufA promoter fused to the gene or allele of interest. One fragment consisted
of PtufA fused to the alsS 5’ regulatory region (49 nucleotides upstream of the initiation codon)
containing the putative rsaD interaction region, the alsS ribosome binding site, and the first 11
codons of the alsS coding sequence (PtufA-alsS). The fragment was flanked with EcoRV and SphI
restriction sites. This fragment was ligated to the EcoRV and SphI sites of pCN33-PtufA-sbi-gfp
(Ivain et al., 2017), replacing sbi and generating a translational fusion construct named pAK010
(PtufA-alsS-gfp). The other gene fragments consisted of the promoter of tufA fused to the rsaD
sequence in its WT form (PtufA-rsaDWT) as well as two mutant rsaD alleles. RsaD127-139, the RBS
binding site mutant, replaces nts 127-139 with the corresponding alsS sequence (Fig S3B).
RsaD151-165, the accessory site mutant, replaces nts 151-165 with the corresponding alsS sequence.
Both were designed as previously described (Ivain et al., 2017). All three PtufA-rsaD fragments
were digested with EcoRI and SphI and then ligated to the same sites of pICS3 (Ivain et al., 2017).
This resulted in pAK011, pAK018, and pAK017, respectively.
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RNA extraction and quantitative, real-time Reverse Transcriptase (RT)-PCR
To collect RNA, 1-, 2-, or 4-ml samples of culture were mixed with an equal volume of ice-cold
ethanol/acetic acid (1:1), frozen immediately on dry ice, and then stored at -80 °C until use. Cells
were harvested by centrifugation for 5 min at 2000 x g. Pellets were washed with Tris-EDTA
buffer (TE, pH 8.0) and resuspended in Trizol, equivalent to the original volume sampled. Samples
were incubated at room temperature for 5 min before freezing at -80°C. Cells were mechanically
disrupted with ~100 μl 0.1 mm zirconia/silica beads in a Precellys 24 homogenizer (Bertin
Technologies) (3 x 30 sec pulses at 6800 rpm with a 1 min incubation on ice in between pulses).
Samples were centrifuged at maximum speed for 1 min in a microcentrifuge, and clarified extracts
were mixed with an equivalent volume of 100% [v/v] ethanol. RNA was purified using a Directzol RNA Miniprep kit (Zymo Research) according to the manufacturer’s instructions. To remove
contaminating genomic DNA, 3 μg of each RNA sample were treated with the Turbo DNA-free
kit (Ambion) according to the manufacturer’s instructions. cDNAs were synthesized from 250 ng
of RNA using the SensiFAST cDNA synthesis kit according to manufacturer’s instructions.
Quantitative PCR was performed using a C1000 Touch thermal cycler fitted with a CFX96
detection module and SsoAdvanced Universal SYBR Green Supermix (BioRad). Target-specific
oligonucleotides (see Table III-2) were used at 400 nM each. Reaction mixtures were incubated
at 98°C for 2 min followed by thermal cycling between 98°C and 65°C. No template and no RT
controls were run on each plate for each assay, and specificity of amplification products was
verified using dissociation curve analysis. To obtain normalized transcript numbers, standard
curves were generated for each primer set using serial dilutions of chromosomal DNA spanning at
least five orders of magnitude. All reactions proceeded with 90% to 110% efficiency, and data
points lay within linear regression with correlation coefficients (r2 values) > 98%. qPCR data in S.
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aureus are presented as copies of target transcript relative to copies of polC transcript because
expression varied <2-fold for all strains and conditions. qPCR data in S. epidermidis are presented
as copies of target transcript relative to gyrA transcript because expression varied <2-fold for all
strains and conditions.

Transcriptomic analysis with RNA-seq and associated analyses
RNA-seq was performed on three independent biological replicates for each strain and condition.
A 20 μg sample of nucleic acid prepared as described above was depleted of contaminating DNA
using DNase I Amplification Grade (Invitrogen) following the recommendations of the
manufacturer, excluding the addition of EDTA. RNA was precipitated in 100% [v/v] ethanol with
0.1 vol 3 M sodium acetate pH 5.2 and 1/50 glycogen. RNA pellets were washed twice with 70%
ethanol, air dried and then resuspended in 25 μl of DNase/RNase free water. The efficacy of DNase
treatment was assayed by qPCR using primers for rpoC. Total DNA-depleted RNAs (samples that
did not show amplification after 25 cycles) were then depleted of rRNA using the Ribo-Zero kit
for Gram-positive bacteria (Epicentre). The efficacy of rRNA depletion and RNA integrity was
assessed using an RNA 6000 Pico chip in a 2100 Bioanalyzer (Agilent). Only RNA samples with
an RNA integrity Number (RIN score) of ≥ 8.0 was used for subsequent analysis. Samples
containing <3% each of 16s and 23s rRNA were used to construct RNA-seq libraries using the
NEBNext Ultra directional library kit for Illumina (NEB) according to the manufacturer’s
instructions, except the samples were initially incubated at 65 °C for 5 min instead of 94 °C for 15
min. Double-stranded cDNA was purified using 1.8X AMPure XP beads (Agencourt) and adaptors
were ligated. Libraries were then sequenced using an Illumina HiSeq 2500 instrument in high
output mode (200 cycles).
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RNA-Seq analysis pipeline
sRNA annotation files in GFF format were prepared for Newman, USA300 and UAMS-1 strains
using their corresponding genome sequences (Baba et al., 2008, Diep et al., 2006, Sassi et al.,
2015b) and the SRD (Sassi et al., 2015a). Then, sRNA GFFs were added to current annotation
files obtained from NCBI as described. Quality control of reads was done as previously described
(Sassi el al 2015) but then trimmed to 50 nucleotides using trimmomatic (Bolger et al., 2014) to
improve sRNA read mapping. Then, RNA-seq analysis was performed using DESeq as previously
described (Bronsard et al., 2017) with some modifications. Briefly, to discard weakly expressed
sRNAs, transcripts with mean HTSeq counts lower than 10 in both WT and mutants were removed
from the analysis.

Expression and purification of recombinant proteins
CodY was overproduced and purified as previously described (Mlynek et al., 2018, Kaiser et al.,
2018). Protein concentration was quantified using a Pierce Coomassie protein assay kit according
to the manufacturer’s instructions.

DNA:protein electrophoretic mobility shift assays (EMSAs)
A DNA fragment containing the WT rsaD promoter was synthesized by PCR using primers
oAK014 and oSRB457 using genomic DNA from UAMS-1 to incorporate a 5’ 6-FAM label. The
polC fragment was synthesized by PCR using primers oAK067 and oAK068 to incorporate a 5’
6-FAM label. EMSAs were performed with purified recombinant S. aureus CodY-His6 protein
and FAM-labeled fragments in binding buffer (20 mM Tris-Cl [pH 8.0], 50 mM KCl, 2 mM
MgCl2, 5% [v/v] glycerol, 0.05% [v/v] Nonidet P-40, 1 mM dithiothritol [DTT],
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0.025 mg ml-1 salmon sperm DNA). Samples (20 μl) containing various amounts of CodY-His6,
200 fmol of 6-FAM-labled DNA fragment, 2 mM GTP, and 10 mM (each) ILV were incubated
for 20 min at 25°C in a thermomixer (Eppendorf) with agitation (250 rpm). The samples were
separated on 8% non-denaturing 35 mM HEPES (pH 7.4)-43 mM imidazole-10mM ILV
polyacrylamide gels for 40 min at 200 V. Fluorescent DNA fragments were detected using a
computer-controlled ImageQuant LAS 4000 biomolecular imager (GE Healthcare Life Sciences)
using a SYBR filter set. Quantitative analysis of CodY binding to the rsaD promoter and polC was
performed using ImageJ software (Schneider et al., 2012) as previously described (Kaiser et al.,
2018). Since the binding curve of the rsaD promoter appeared to have a sigmoidal shape, the data
from three independent experiments were fitted to the Hill equation Θ = Ch/(Ch + K0.5h) using
Prism (ver. 8; GraphPad Software). In this equation, Θ is the fraction of bound DNA, C is the
concentration of CodY, K0.5 is the binding constant, and h is the Hill coefficient. K0.5 and h shown
are from fitted data where r2 > 0.8.

ChIP assays
The chromatin immunoprecipitation assays were performed as previously described (Sengupta et
al., 2012), with modifications as previously described (Batte et al., 2018). Fold-change was
calculated by using the following equation:(rsaD IP copy # / gyrA IP copy #) / (rsaD input copy
# / gyrA input copy number).

Northern blots
Northern blots were perform as previously described (Germain-Amiot et al., 2019). Briefly, 10 μg
of total RNAs were loaded and separated in 8% polyacrylamide/8M urea gels. The RNAs were
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probed with γ32P 5′-end labeled oligonucleotides (Table III-2) and detected using a Typhoon FLA
9500 scanner (GE Healthcare). Total RNAs extracted at different time intervals. RNA amounts
were quantified using a Typhoon FLA 9500 scanner (GE Healthcare) and tmRNA as an internal
loading control.

RNA:RNA EMSAs and toeprints
RNAs were transcribed in vitro from PCR products using primers listed in Table III-2 and the
MEGAscript T7 kit (Thermo Fisher) according to the manufacturer’s recommendations. RNAs
were gel-purified, eluted, and precipitated with ethanol in the presence of 0.3 M sodium acetate.
EMSAs and toeprinting assays were done as previously described (Germain-Amiot et al., 2019)
with some modifications. Native gel shift assays were conducted with 5 fmoles of purified labelled
alsS. To assess binding specificity, 250 fmoles of unlabeled alsS or SprA2 were individually added
to the complex. The results were analysed on a PhosphorImager and Kd values determined
accordingly.

Aerobic growth assays
Cells were grown in 250 ml DeLong shake flasks filled with 25 ml of TSB containing either 14
mM glucose or 35 mM glucose (10:1 flask-to-medium ratio). Cells were sampled and plated each
day and incubated overnight onto tryptic soy broth agar plates without any additional glucose for
colony forming units (CFU) counts. CFUs were counted within two days of plating. Percent
survival was calculated by setting CFUs after one day to 100% and then normalizing CFUs of each
proceeding day to day one CFUs.
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Metabolite assays
Aerobic growth of strains was performed as described above. On the indicated day, culture
supernatant samples were centrifuged, filtered using Spin-X 0.22 um column filters (Corning), and
stored at -20°C until use. Acetate and glucose from culture supernatants were measured using
commercially available kits (R-Biopharm, Marshall, MI). Acetoin was measured as previously
described (Nicholson, 2008). Briefly, 200 µL of diluted culture supernatants, 140 µL of 0.5% [w/v]
creatine, 200 µL 5% [w/v] 1-naphthol, and 200 µL 40% [w/v] KOH were combined in a semimicro cuvette. Absorbance at 560 nm was measured after 15 min and acetoin concentration was
calculated using a molar extinction coefficient (ε = 2.941 L mol-1 cm-1). Solutions were made fresh
to prevent substrate degradation.

AlsSD activity assays
At mid-exponential phase (OD600=0.4-0.6) cells were pelleted, washed with PBS, and frozen at 80°C until use. Cell lysates were prepared as previously described (Kaiser et al., 2018, Mlynek et
al., 2018). Briefly, pellets were resuspended in Buffer A (20 mM Tris-HCl [pH 7.9], 500 mM
NaCl, 5% [v/v] glycerol, 5 mM imidazole) supplemented with 1 mM phenylmethanesulfonyl
fluoride (PMSF). 10 µL of lysostaphin (2 mg mL-1) was added to tubes and incubated at 37°C for
30 min to generate protoplasts. Then, cells were sonicated for 3 min at 60% amplitude with 10 sec
pulses and 5 sec between pulses using a Branson Sonifier equipped with a water-jacketed cup horn
chilled to 5°C. Samples were centrifuged at 18800 x g for 2 min at 4°C to remove cell debris.
Supernatants were transferred to a clean tube and protein levels were quantified using a Pierce
Coomassie protein assay kit according to the manufacturer’s instructions. Acetolactate synthasedecarboxylase activity assays were performed as previously described (Monnet, 1994). Briefly,
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reaction mixtures containing 70 mM sodium acetate buffer pH 5.3, 0.17 mM thiamine
pyrophosphate, and cell lysate pre-incubated at 37 deg for 5 min. Reactions were initiated by
adding 50 mM pyruvate incubated at 37°C for 30 min. Acetoin formation was measured using the
Westerfield method (Westerfield, 1945). Briefly, a 200-µL sample of reacted assay mixtures was
combined with 800 µL 0.45 N NaOH. 1 mL 0.5% [w/v] creatine and 1 mL of 5% [w/v] 1-naphthol
were subsequently added, then reaction mixtures were incubated for 15 min. Absorbance at 560
nm was read and acetoin concentration was calculated using the molar extinction coefficient.

Flow cytometry analysis
A 1-ml sample of cells carrying the indicated gfp reporter was pelleted during exponential growth
(OD600 0.4-0.6), washed with PBS, and fixed with 200 μl of 3% [w/v] paraformaldehyde (PFA, in
PBS) for 45 min. PFA was then washed away and fixed cells were resuspended in 500 μl PBS.
Cells were stained with SYTO 40 Blue for 20 min. Stained cells were analyzed using a computercontrolled FACStar Plus dual-laser system (Becton, Dickinson) and FCS Express software
(version 4.0; DeNovo Software). Populations were selected by gating forward scatter in
conjunction with SYTO 40 Blue stain. The limit of detection was determined using cells lacking
a gfp reporter construct and defined as the signal intensity encompassing 99% of this population.
Cells that were GFP+ were identified as any cell exceeding the limit of detection and enumerated
for each genotype.

Statistical analyses
Prism version 8 (GraphPad) was used for all statistical analyses as indicated.
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3.3 Results
Transcriptomic analysis reveals novel sRNA CodY targets, including RsaD
Previous work by us and others investigated the CodY regulon, but genome-wide annotations for
sRNAs in S. aureus were unavailable (Sassi et al., 2015a, Carroll et al., 2016). We aimed to probe
further into the CodY regulon by specifically searching for regulatory RNAs under CodY control.
To do this, we performed RNA-seq on cells grown in tryptic soy broth (TSB; a rich, complex
medium) during exponential phase (see Materials and Methods), a condition that maximizes CodY
activity. We used three clinical isolates of S. aureus (Newman, UAMS-1, and USA300) and
compared a wild-type (WT) strain to its corresponding codY null mutant (∆codY). We first
generated sRNA annotation files based on the Staphylococcal Regulatory RNAs database (Sassi
et al., 2015a). To study sRNA transcript variations between WT and ∆codY mutant strains, we
applied a cut-off of two when calling differential expression in DESeq (Anders & Huber, 2010).
Overall, there were 50 sRNAs significantly up- or downregulated, including 44, 21, and 18 in
Newman, USA300 and UAMS-1 strains, respectively (Figure III-1, Table III-3,Table III-4).
Most sRNAs were overexpressed, ranging from 2- to 700-fold upregulated in ∆codY mutant cells,
consistent with the known role for CodY as a repressor for coding gene targets (Pohl et al., 2009,
Majerczyk et al., 2010, Waters et al., 2016). Analysis of overexpressed sRNAs indicated that 11
were regulated by CodY in all three clinical isolates (Figure III-4). Of these, eight were originally
described as cis-acting regulators, riboswitches or 5’UTRs (Beaume et al., 2010, Howden et al.,
2013, Sassi et al., 2015a), and three were identified as trans-encoded RNAs (Abu-Qatouseh et al.,
2010, Geissmann et al., 2009). Two putative trans-acting sRNAs, RsaD and Teg16, were over
100-fold up-regulated in ∆codY mutants (Table III-3, Table III-4). We validated the RNA-seq
data by measuring transcript abundance via quantitative real-time RT-PCR (qRT-PCR) on three
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targets (teg1, rsaOB, and srn_1020_sRNA90) that were up-regulated in all three isolates (Figure
III-2). Then, we focused on RsaD, which had previously been identified as a putative trans-acting
staphylococcal sRNA containing a C-rich box that is characteristic of other regulatory RNAs
(Geissmann et al., 2009, Boisset et al., 2007). Thus, we sought to further examine the genetic
interaction between rsaD and codY.
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Figure III-1. sRNAs repressed by CodY in three clinical isolates of Staphylococcus aureus:
Newman, USA300, and UAMS-1.
Venn diagram displaying sRNAs more than 2-fold up-regulated in the DcodY mutant compared to
WT; blue indicates strain Newman, red indicates strain USA300, and green indicates strain
UAMS-1. Full data are available in Table III-4.
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Table 1. Number of sRNA genes differentially expressed in the codY mutant. A cutoff of two was applied to identify up-and down-regulated sRNA genes. sRNA genes with
Table
of sRNAs
differentially
expressed
in thestrains
codY mutant.
mean III-3.
HTSeqNumber
counts lower
than 10
in both wild-type
and mutant
were removed
from the analysis.
sRNAs down-regulated
Clinical isolate
sRNAs up-regulated
Newman
38
6
USA300
21
0
UAMS-1
16
2
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Table III-4. Fold-change of sRNAs in S. aureus Newman, USA300, and UAMS-1 in ∆codY
mutant compared to WT.

sRNA gene

foldchange in
Newman

foldchange in
USA300

foldchange in
UAMS-1

srn_0050_Teg1

17.9

24.42

18.24

Category
cisacting_regulator

srn_0280_sRNA16

-

-

0.184

Antisense

RNA-seq

srn_0765_tsr11

-

7.76

Absent

RNA-seq

srn_0860_RsaOB

64.64

79.15

42.88

5'UTR
cisacting_regulator

srn_1020_sRNA90

14.83

49.97

61.62

srn_1070_Sau41

0.39034

2.99

-

srn_1130_sRNA99

-

Absent

0.329

srn_1490_Sau6477

4.29

12.81

-

srn_1500_Sau6667

2.23

12.02

Absent

srn_1540_Teg48

2.21

-

-

srn_1550_Teg49

-

-

3.7

srn_1640_rsaD
srn_1680_sRNA14
2

102.93

139.82

137.9

2.04

-

-

srn_1910_rsaH

2.52

3.35

-

srn_2030_Teg52

4.09

6.84

3.88

srn_2055_tsr16

2.37

-

Absent

srn_2240_sprF2
srn_2480_sRNA20
5

-

6.46

-

-

-

10.7

srn_2810_Sau6742

3.42

9.7

-

srn_2880_RsaOQ

2.72

-

-

srn_2900_Teg113

3.94

-

-

srn_2950_Teg6

54.75

28.68

29.26

srn_2960_Sau6528

3.4

-

-

srn_2975_tsr25

2.11

4.1

Absent
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Antisense
transencoded_RNA
Antisense
transencoded_RNA
transencoded_RNA
5'UTR and transencoded_RNA
5'UTR and transencoded_RNA
transencoded_RNA
transencoded_RNA
transencoded_RNA
cisacting_regulator
CDS
Type_I_toxinantitoxin_module
cisacting_regulator
transencoded_RNA

Experimental
evidence#

Internal
coding
capacity

RT-qPCR

Northern_Blot

Predicted

Predicted

RNA-seq
Northern_Blot
RNA-seq
Northern_Blot
ND
RNA-seq
RNA-seq
Northern_Blot
RNA-seq
RNA-seq
RNA-seq
RNA-seq
Northern_Blot
RNA-seq
ND

In_operon
cisacting_regulator
Predicted_Lysine
_riboswitch_upstr
eam_of_lysC

Northern_Blot

3'UTR
transencoded_RNA

RNA-seq

RNA-seq
RNA-seq

Northern_Blot

Predicted

Table III-4. Fold-change of sRNAs in S. aureus Newman, USA300, and UAMS-1 in ∆codY
mutant compared to WT (continued).
srn_3050_sRNA24
2
srn_3240_sRNA25
5

3.05

-

-

Antisense

RNA-seq

10.07

-

-

Antisense

RNA-seq

srn_3340_Teg72

2.6

-

3.16

RNA-seq

srn_3370_RsaOW5

0.40737

-

-

srn_3420_Teg89
srn_3500_sRNA27
7

2.91

-

-

4.01

-

-

5'UTR
transencoded_RNA
cisacting_regulator
cisacting_regulator

srn_3630_Sau69
srn_3650_sRNA28
9

2.35

-

2.63

RNA-seq

2.12

-

-

srn_3910_RNAIII

10.7

-

-

srn_3950_Teg16

533.54

170.35

585.06

srn_4160_Sau25
srn_4370_sRNA35
5

0.248504

-

Absent

2.23

-

-

srn_4590_Teg28

2.68

4.45

-

srn_4635_S1077

2.47

-

Absent

srn_4680_Sau19

2.32

-

-

5'UTR
cisacting_regulator
transacting_and_codin
g_RNA
transencoded_RNA
cisacting_regulator
cisacting_regulator
cisacting_regulator
transencoded_RNA
transencoded_RNA

srn_4705_tsr37
srn_4730_sRNA38
3
srn_4770_sRNA38
5

2.5

-

Absent

CDS

RNA-seq

0.1

-

-

RNA-seq

0.4282

-

-

srn_4880_Sau6745

17.52

142.79

7.05

Antisense
cisacting_regulator
transencoded_RNA

srn_4890_Teg134
srn_4940_sRNA39
6
srn_4970_sRNA39
8

290.2

728.27

156.56

RNA-seq

5.76

13.24

3.44

5'UTR
cisacting_regulator

14.35

7.8

6.88

RNA-seq

srn_9015_tsr10
srn_9210_sRNA11
4

2.41

-

Absent

0.32483

Absent

Absent

5'UTR
transencoded_RNA
transencoded_RNA

2.09

5.21

Absent

RNA-seq

2.74

-

Absent

CDS
transencoded_RNA

srn_9335_tsr29
srn_9340_sRNA28
7
#
ND, not determined.
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Predicted

ND
RNA-seq
RNA-seq

RNA-seq
Northern_Blot

Yes

RNA-seq
RNA-seq
RNA-seq
RT-qPCR
Northern_Blot

Predicted

RNA-seq
Predicted

RNA-seq
ND

RNA-seq

Predicted

RNA-seq
RNA-seq

Northern_Blot

Predicted

fold-change

80
60

qPCR fold-change

40

RNA-seq fold-change
20
0

teg1

rsaOB

srn_1020

Figure III-2. Validation of select RNA-seq targets by qRT-PCR.
A comparison between the linear fold-change measured by RNA-seq and the linear fold-changes
measured by qRT-PCR is shown. Transcript abundance of each gene target was normalized to
polC for qRT-PCR. Data are the mean fold-change values for at least three independent
experiments.
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The rsaD gene (SARs050) is located in the intergenic region between an annotated nucleoside
permease gene (SAR0655; nupC2) and a gene encoding a YitT protein family member (SAR0656)
(Figure III-2A). A putative CodY motif with no more than three mismatches relative to the
consensus was identified in the rsaD promoter upstream of the annotated transcription start of at
least fifteen staphylococcal species, indicating that rsaD is likely a conserved, direct CodY target
in these bacteria (Figure III-2B). To test the role of CodY in controlling expression of rsaD in
both S. aureus and S. epidermidis, a coagulase-negative staphylococcal bacterium that is
commonly found as part of the skin microbiome (Rogers et al., 2009, Parlet et al., 2019), we
performed qRT-PCR on WT and ∆codY mutant cells during exponential growth in TSB. Under
these conditions, CodY activity is maximized. In WT cells, we measured relatively few copies of
normalized rsaD transcript (>1 in S. aureus and > 0.1 in S. epidermidis). In contrast, we observed
that rsaD transcript abundance increased 20-fold and 200-fold in S. aureus and S. epidermidis
∆codY mutant cells, respectively (Figure III-2C, compare black vs. blue bars).
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A

1230 bp

176 bp

834 bp

nupC2

rsaD

YitT family membrane protein

149 bp

B

***

***

C

10

+1
rsaD start

*******

aureus
epidermidis
haemolyticus
lugdenesis
argentus
capitis
pasteuri
simiae
caprae
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Figure III-3. RsaD is regulated by CodY in multiple staphylococcal species.
A. RsaD is located in the intergenic region between nucleoside permease (SAR0655; nupC2) and
a hypothetical protein belonging to the YitT protein family (SAR0656) in S. aureus and 14 other
species. B. CodY motifs were identified by BLAST in the rsaD promoter region in multiple
staphylococci; an alignment of these sequences was performed used MEGA7 (color corresponds
to nucleotides: green = A, red = T, blue = C, purple = G). Asterisks indicate nucleotides conserved
within the CodY motif. The transcriptional start of rsaD (+1) is annotated. C. RsaD transcript
abundance for the indicated strains during mid-exponential growth in TSB at 37°C. Copies of rsaD
transcript are normalized to copies of polC transcript (S. aureus) or gyrA transcript (S.
epidermidis). Data plotted are the mean ± SEM values from at least three independent experiments.
Statistical significance was assessed using Welch’s t-test (WT compared to the DcodY mutant in
each species) (* p<0.05).
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To test the hypothesis that CodY directly regulates rsaD expression by binding the identified motif
in the rsaD promoter, we performed an electrophoretic mobility shift assay (EMSA) with histidinetagged S. aureus CodY protein (SaCodY-His6). We synthesized a 6-carboxyfluorescein (6-FAM)labeled DNA fragment containing the upstream regulatory region of S. aureus rsaD and the CodY
motif (PrsaDWT) (Figure III-4A). In EMSAs, CodY:DNA complexes formed with as little as 6.3
nM CodY (Figure III-5A), and the dissociation constant (KD) was calculated to be ~60 nM CodY,
indicating a moderate affinity of CodY for the rsaD promoter, consistent with previously
characterized CodY targets (Figure III-4B)(Majerczyk et al., 2010). To further confirm that the
interaction between CodY and rsaD was authentic we performed an EMSA with a fragment of the
polC gene, transcribed independently of CodY, and observed no interaction under the same
conditions (Figure III-5B).
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Figure III-4. CodY directly regulates rsaD expression.
A. Sequence of the rsaD regulatory region. The CodY motif is underlined and in boldface, and the
annotated rsaD transcription start is indicated by the bent arrow. B. Purified SaCodY-His6 was
incubated with 6-FAM-labeled DNA fragments containing either PrsaDWT or the coding sequence
of polC in the presence of ILV and GTP for EMSA analysis. Band densitometry analysis was
performed using Image J as previously described (Kaiser et al., 2018). The binding constants (K0.5)
and Hill coefficient (h) were determined by fitting the data to the Hill equation as described in
Materials and Methods. C. The indicated strains were grown in TSB at 37°C to mid-exponential
phase, at which point the cells were harvested and RNA was isolated for qRT-PCR analysis. gfp
transcript normalized to polC transcript is shown. Data represent mean ± SEM of three independent
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biological replicates. Statistical significance was assessed by one-way ANOVA with Tukey’s posttest (** p<0.01). D. Chromatin immunoprecipitation (ChIP-PCR) using an anti-His antibody was
performed to determine whether CodY binds the rsaD promoter during exponential phase. Foldchange was calculated as described in Materials and Methods.
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Figure III-5. EMSA analysis reveals direct interaction between CodY and PrsaD in vitro.
Purified SaCodY-His6 was incubated with a 6-FAM-labeled DNA fragment containing either (A)
PrsaDWT or (B) polC in the presence of ILV and GTP. Concentrations for CodY monomer (nM) are
listed above each lane. The polC gene was used as a negative control to indicate that the interaction
between CodY and PrsaD is specific. Gel images are representative of multiple experiments.
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We then determined the relevance of the CodY motif in vivo. Here, we introduced gfp
transcriptional fusions into WT and ∆codY mutant cells. One construct contained the WT rsaD
promoter fused to gfp (PrsaDWT-gfp), while the other contained the rsaD promoter in which the
CodY motif was mutagenized to contain no more than 2 matches to the consensus sequence
(PrsaDMUT-gfp). In each case, we used the ilvD ribosome binding site. Because fusion-associated
fluorescence was indistinguishable from background autofluorescence, we measured gfp transcript
using qRT-PCR as a proxy for promoter activity. In agreement with our results above, we found
that CodY represses the wild-type fusion (Figure III-4C, compare codY vs WT; PrsaDWT-gfp). In
contrast, gfp transcript abundance was essentially identical in WT and ∆codY mutant cells carrying
the mutagenized fusion. We observed no difference in cells harboring PrsaDMUT-gfp compared to
the ∆codY mutant carrying the WT fusion, indicating that CodY was no longer able to repress the
mutagenized fusion (Figure III-4C). Further, we tested whether CodY binds PrsaD in living cells
using ChIP-PCR (Batte et al., 2018). In S. aureus strains LAC (USA300 CA-MRSA) and UAMS1 (USA200 MSSA), we measured 20- to 200-fold enrichment of a DNA fragment containing the
rsaD promoter region during exponential phase in ∆codY mutant cells expressing a wild-type copy
of codY in trans. As expected, we did not detect appreciable enrichment in the absence of CodY
(Figure III-4D). Taken together, these data indicate that CodY directly represses rsaD expression
during laboratory growth in rich, complex medium by binding a region containing the CodY motif.
Notably, this is the first described role for CodY in strongly repressing an sRNA target in any
bacterium.

117

RsaD directly regulates alsS, a positively regulated CodY target that has a role in carbon utilization
Up to this point, we have shown that RsaD is produced by two staphylococcal species and is
repressed by CodY during laboratory culture. However, the function of most sRNAs, including
RsaD, are unknown. An in silico search for targets of RsaD conducted with prediction programs
RNA predator and intaRNA (Eggenhofer et al., 2011, Kery et al., 2014, Mann et al., 2017, Wright
et al., 2014, Busch et al., 2008) revealed that alsS mRNA is among the strongest potential
interacting partners (Table III-5 and Table III-6). The IntaRNA (Busch et al., 2008, Mann et
al., 2017, Wright et al., 2014, Raden et al., 2018) analysis predicts that nucleotides 127 to 167 of
RsaD bind to the 5’UTR of the alsS mRNA including its ribosome binding site (Figure III-6).
This domain of RsaD contains a UCCC motif that has predicted complementarity to the RBS of
alsS mRNA suggesting that RsaD may post-transcriptionally regulate alsS.
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Table III-5. In silico prediction of RsaD targets using RNA predator.
sRNA
position
95-114
1-28
39-58
127-139

103-124
125-141
96-108
127-141
95-107
129-142
2-16
1-28
39-57
122-141

1-27
97-108
127-139

1-24
122-139

Gene Annotation
staphylococcal tandem
lipoprotein
SAUSA300
hypothetical protein
SAUSA300 0810
SAUSA300
competence/damage
inducible protein cinA
SAUSA300
acetolactate synthase
SAUSA300
transporter;
monovalent cation
proton antiporter 2
(CPA2) family protein
SAUSA300
tryptophan synthase
subunit beta
SAUSA300
pantothenate kinase
SAUSA300
hypothetical protein
SAUSA300 0127
SAUSA300
Tat translocated
enzyme SAUSA300
deoxyribose phosphate
aldolase SAUSA300
hypothetical protein
SAUSA300 0874
SAUSA300
putative helicase
SAUSA300
ribonuclease III
SAUSA300
5' nucleotidase family
protein SAUSA300
fosfomycin resistance
protein FosB
SAUSA300
sucrose 6 phosphate
hydrolase SAUSA300
putative transport
protein SAUSA300
ornithine
aminotransferase
SAUSA300
putative sugar
transferase
SAUSA300

Locus Tag

Strand

Genomic
Coordinates

Accession

Replicon

SAUSA300_04
16

0

468386-469362

NC_007793

chromosome

SAUSA300_08
10

00/01/00

890248-890792

NC_007793

chromosome

00/01/00

1294677-1296028

NC_007793

chromosome

00/01/00

2346143-2344279

NC_007793

chromosome

00/01/00

997846-999890

NC_007793

chromosome

00/01/00

1394589-1396003

NC_007793

chromosome

00/01/00

2246809-2247812

NC_007793

chromosome

00/01/00

145677-146284

NC_007793

chromosome

00/01/00

396675-398104

NC_007793

chromosome

00/01/00

2255128-2254266

NC_007793

chromosome

00/01/00

959987-958963

NC_007793

chromosome

00/01/00

2617884-2614823

NC_007793

chromosome

00/01/00

1231640-1232571

NC_007793

chromosome

00/01/00

30826-33344

NC_007793

chromosome

00/01/00

2452233-2452852

NC_007793

chromosome

00/01/00

2152707-2151023

NC_007793

chromosome

00/01/00

2583624-2582237

NC_007793

chromosome

SAUSA300_01
87

00/01/00

217111-215727

NC_007793

chromosome

SAUSA300_01
31

00/01/00

149027-149919

NC_007793

chromosome

SAUSA300_11
77
SAUSA300_21
66

SAUSA300_09
11
SAUSA300_12
67
SAUSA300_20
84
SAUSA300_01
27
SAUSA300_03
45
SAUSA300_20
90
SAUSA300_08
74
SAUSA300_24
31
SAUSA300_11
26
SAUSA300_00
25
SAUSA300_22
80
SAUSA300_19
94
SAUSA300_23
97
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Table III-5. In silico prediction of RsaD targets using RNA predator (continued).
sRNA
position

94-107

Gene Annotation
hypothetical protein
SAUSA300 0085
SAUSA300
putative glycosyl
transferase
SAUSA300
putative hexulose 6
phosphate synthase
SAUSA300
alkyl hydroperoxide
reductase subunit F
SAUSA300
TetR family regulatory
protein SAUSA300
hypothetical protein
SAUSA300 1606
SAUSA300
phi77 ORF001 like
protein; phage tail tape
measure protein
SAUSA300
PfkB family
carbohydrate kinase
SAUSA300
ABC transporter; ATP
binding protein
SAUSA300
fructose specific
permease SAUSA300
uracil permease
SAUSA300
hydroxymethylglutaryl
CoA synthase
SAUSA300
magnesium transporter
SAUSA300
hypothetical protein
SAUSA300 0430
SAUSA300
hypothetical protein
SAUSA300 0667
SAUSA300
endopeptidase
SAUSA300
alanine dehydrogenase
SAUSA300

131-143

acetyl CoA
carboxylase; biotin
carboxylase
SAUSA300

41-65
96-107

1-16
1-28
41-69
3-19

2-27
131-141
41-64
130-141
124-138

1-19
103-124
2-28

41-63
1-30

Strand

Genomic
Coordinates

Accession

Replicon

SAUSA300_00
85

00/01/00

92910-94177

NC_007793

chromosome

SAUSA300_25
83

00/01/00

2803769-2802061

NC_007793

chromosome

SAUSA300_05
55

00/01/00

628690-629522

NC_007793

chromosome

00/01/00

429595-427872

NC_007793

chromosome

00/01/00

2692435-2693183

NC_007793

chromosome

SAUSA300_16
06

00/01/00

1758903-1758230

NC_007793

chromosome

SAUSA300_19
30

00/01/00

2101507-2096778

NC_007793

chromosome

SAUSA300_03
11

00/01/00

361648-362966

NC_007793

chromosome

00/01/00

879101-880326

NC_007793

chromosome

00/01/00

758721-760879

NC_007793

chromosome

00/01/00

1194093-1195600

NC_007793

chromosome

00/01/00

2682729-2684095

NC_007793

chromosome

00/01/00

996451-998036

NC_007793

chromosome

00/01/00

483502-484436

NC_007793

chromosome

00/01/00

741149-740491

NC_007793

chromosome

00/01/00

568420-571076

NC_007793

chromosome

00/01/00

1821648-1820330

NC_007793

chromosome

0

1714397-1712836

NC_007793

chromosome

Locus Tag

SAUSA300_03
79
SAUSA300_24
90

SAUSA300_07
96
SAUSA300_06
85
SAUSA300_10
92
SAUSA300_24
84
SAUSA300_09
10
SAUSA300_04
30
SAUSA300_06
67
SAUSA300_05
10
SAUSA300_16
55

SAUSA300_15
63
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Table III-5. In silico prediction of RsaD targets using RNA predator (continued).
sRNA
position
128-141
96-110
5-27
95-108
41-57

1-15

126-139
1-19
9-30

68-84
7-30

41-57
41-63

96-106
2-17

96-106
96-107

Genomic
Coordinates

Accession

Replicon

00/01/00

2111724-2111138

NC_007793

chromosome

00/01/00

1227839-1228611

NC_007793

chromosome

00/01/00

609060-610129

NC_007793

chromosome

00/01/00

944846-943441

NC_007793

chromosome

SAUSA300_06
68

00/01/00

741835-740952

NC_007793

chromosome

SAUSA300_11
93

00/01/00

1314705-1316578

NC_007793

chromosome

SAUSA300_24
71

00/01/00

2668245-2667002

NC_007793

chromosome

00/01/00

2443417-2442711

NC_007793

chromosome

519940-520757

NC_007793

chromosome

Gene Annotation

Locus Tag

phi77 ORF031 like
protein SAUSA300
fatty acid biosynthesis
transcriptional
regulator SAUSA300
HAD superfamily
hydrolase SAUSA300
argininosuccinate
synthase SAUSA300
hypothetical protein
SAUSA300 0668
SAUSA300
aerobic glycerol 3
phosphate
dehydrogenase
SAUSA300
perfringolysin O
regulator protein
SAUSA300
hypothetical protein
SAUSA300 2272
SAUSA300
thymidylate kinase
SAUSA300
bifunctional
pyrimidine regulatory
protein PyrR uracil
phosphoribosyltransfer
ase SAUSA300
putative
lysophospholipase
SAUSA300
imidazole glycerol
phosphate synthase
subunit HisH
SAUSA300
N acetylmuramoyl L
alanine amidase
SAUSA300
phosphoribosylaminoi
midazole synthetase
SAUSA300
6 phospho beta
glucosidase
SAUSA300
putative monovalent
cation/H+ antiporter
subunit B SAUSA300
homoserine
dehydrogenase
SAUSA300

SAUSA300_19
47
SAUSA300_11
21
SAUSA300_05
44
SAUSA300_08
64

SAUSA300_22
72
SAUSA300_04
59

Strand

0

SAUSA300_10
91

00/01/00

1193348-1194075

NC_007793

chromosome

SAUSA300_00
70

00/01/00

76930-77945

NC_007793

chromosome

SAUSA300_26
08

00/01/00

2836467-2835689

NC_007793

chromosome

SAUSA300_15
88

00/01/00

1740685-1739610

NC_007793

chromosome

SAUSA300_09
73

00/01/00

1066122-1067350

NC_007793

chromosome

SAUSA300_02
60

00/01/00

311416-313052

NC_007793

chromosome

SAUSA300_06
11

00/01/00

684323-684948

NC_007793

chromosome

SAUSA300_12
26

00/01/00

1343190-1344670

NC_007793

chromosome
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Table III-5. In silico prediction of RsaD targets using RNA predator (continued).
sRNA
position

Gene Annotation

125-141

phiSLT ORF484 like
protein; lysin
SAUSA300
hypothetical protein
SAUSA300 2582
SAUSA300
anaerobic
ribonucleoside
triphosphate reductase
SAUSA300
prephenate
dehydratase
SAUSA300
acetyl CoA synthetase
SAUSA300
hypothetical protein
SAUSA300 0545
SAUSA300
multidrug resistance
protein B; drug
resistance transporter
SAUSA300
methicillin resistance
protein FemA
SAUSA300
glycine
betaine/carnitine/choli
ne ABC transporter
SAUSA300
putative drug
transporter
SAUSA300
preprotein translocase
subunit SecA
SAUSA300
threonine dehydratase
SAUSA300
hypothetical protein
SAUSA300 0081
SAUSA300
putative lipoprotein
SAUSA300
hypothetical protein
SAUSA300 2163
SAUSA300
riboflavin biosynthesis
protein SAUSA300

1-12

glycosyl transferase
SAUSA300

1-27
1-10

1-29
1-15
99-108
5-27

1-14
131-141

97-106
99-107

96-109
124-139
130-141
97-111
127-139

Locus Tag

Strand

Genomic
Coordinates

Accession

Replicon

SAUSA300_13
83

00/01/00

1550131-1548477

NC_007793

chromosome

SAUSA300_25
82

00/01/00

2802268-2800710

NC_007793

chromosome

SAUSA300_25
51

00/01/00

2759435-2757385

NC_007793

chromosome

00/01/00

2061287-2062281

NC_007793

chromosome

00/01/00

1851211-1849305

NC_007793

chromosome

SAUSA300_05
45

00/01/00

609950-610716

NC_007793

chromosome

SAUSA300_22
98

00/01/00

2471884-2469753

NC_007793

chromosome

SAUSA300_12
69

00/01/00

1396807-1398308

NC_007793

chromosome

SAUSA300_23
91

00/01/00

2575454-2574313

NC_007793

chromosome

SAUSA300_13
28

00/01/00

1490065-1488474

NC_007793

chromosome

00/01/00

2806177-2803587

NC_007793

chromosome

00/01/00

2174133-2175601

NC_007793

chromosome

00/01/00

89246-91197

NC_007793

chromosome

00/01/00

1543719-1542605

NC_007793

chromosome

00/01/00

2342655-2341640

NC_007793

chromosome

00/01/00

1898432-1897228

NC_007793

chromosome

00/01/00

2705886-2704559

NC_007793

chromosome

SAUSA300_18
96
SAUSA300_16
79

SAUSA300_25
84
SAUSA300_20
14
SAUSA300_00
81
SAUSA300_13
76
SAUSA300_21
63
SAUSA300_17
15
SAUSA300_25
00
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Table III-5. In silico prediction of RsaD targets using RNA predator (continued).
sRNA
position
2-31

127-139
1-17
1-17
41-58
128-142

43-60
1-17
9-26

128-138

128-141
99-106

99-106
96-107
95-111
96-106
99-106

Gene Annotation
hypothetical protein
SAUSA300 1658
SAUSA300
phosphopantothenoylc
ysteine
decarboxylase/phosph
opantothenate cysteine
ligase SAUSA300
AraC family
transcriptional
regulator SAUSA300
DNA mismatch repair
protein like protein
SAUSA300
hypothetical protein
SAUSA300 2418
SAUSA300
hypothetical protein
SAUSA300 1223
SAUSA300
phiSLT ORF100b like
protein; holin
SAUSA300
hypothetical protein
SAUSA300 0319
SAUSA300
2 isopropylmalate
synthase SAUSA300
capsular
polysaccharide
biosynthesis protein
Cap5B SAUSA300
lantibiotic epidermin
leader peptide
processing serine
protease EpiP
SAUSA300
hypothetical protein
SAUSA300 0632
SAUSA300
osmoprotectant ABC
transporter; permease
SAUSA300
ABC transporter; ATP
binding protein
SAUSA300
molecular chaperone
DnaK SAUSA300
rhomboid family
peptidase SAUSA300
xanthine permease
SAUSA300

Locus Tag

Strand

Genomic
Coordinates

Accession

Replicon

SAUSA300_16
58

00/01/00

1824772-1823625

NC_007793

chromosome

SAUSA300_11
04

00/01/00

1207654-1209053

NC_007793

chromosome

SAUSA300_01
04

00/01/00

113393-115791

NC_007793

chromosome

SAUSA300_20
01

00/01/00

2159891-2161701

NC_007793

chromosome

SAUSA300_24
18

00/01/00

2605256-2604634

NC_007793

chromosome

SAUSA300_12
23

00/01/00

1341057-1340003

NC_007793

chromosome

SAUSA300_13
84

00/01/00

1550444-1549942

NC_007793

chromosome

372197-370684

NC_007793

chromosome

SAUSA300_03
19
SAUSA300_20
10

00/01/00

2169583-2171312

NC_007793

chromosome

SAUSA300_01
53

00/01/00

174645-175531

NC_007793

chromosome

SAUSA300_17
63

00/01/00

1949415-1947842

NC_007793

chromosome

SAUSA300_06
32

00/01/00

706816-707849

NC_007793

chromosome

SAUSA300_07
07

00/01/00

784024-785738

NC_007793

chromosome

83440-84407

NC_007793

chromosome

00/01/00

1691443-1689411

NC_007793

chromosome

00/01/00

1660918-1659255

NC_007793

chromosome

00/01/00

436850-438318

NC_007793

chromosome

SAUSA300_00
76
SAUSA300_15
40
SAUSA300_15
09
SAUSA300_03
87

0

0

123

Table III-5. In silico prediction of RsaD targets using RNA predator (continued).
sRNA
position

1-15

Gene Annotation
hypothetical protein
SAUSA300 1533
SAUSA300
putative
staphylococcal tandem
lipoprotein
SAUSA300
hypothetical protein
SAUSA300 0953
SAUSA300
aldehyde
dehydrogenase
SAUSA300
tetrahydrodipicolinate
acetyltransferase
SAUSA300
DNA directed RNA
polymerase subunit
alpha SAUSA300
glutamyl tRNA
reductase SAUSA300
phi77 ORF017 like
protein SAUSA300
hypothetical protein
SAUSA300 1519
SAUSA300
ATPase copper
transport SAUSA300
hypothetical protein
SAUSA300 0640
SAUSA300

41-57

1 (5 phosphoribosyl) 5
SAUSA300

1-16

96-111
39-53
41-63
41-61
1-27
128-139
41-60
2-14
1-27

Locus Tag

Strand

Genomic
Coordinates

Accession

Replicon

SAUSA300_15
33

00/01/00

1683873-1682684

NC_007793

chromosome

SAUSA300_24
24

00/01/00

2610575-2609581

NC_007793

chromosome

SAUSA300_09
53

00/01/00

1043640-1042430

NC_007793

chromosome

SAUSA300_01
70

00/01/00

191738-193425

NC_007793

chromosome

SAUSA300_12
90

00/01/00

1420497-1421416

NC_007793

chromosome

0

2358967-2357823

NC_007793

chromosome

00/01/00

1773910-1772364

NC_007793

chromosome

00/01/00

2125508-2126421

NC_007793

chromosome

00/01/00

1670685-1669385

NC_007793

chromosome

00/01/00

85894-88118

NC_007793

chromosome

00/01/00

714033-715300

NC_007793

chromosome

00/01/00

2835896-2834992

NC_007793

chromosome

SAUSA300_21
78
SAUSA300_16
19
SAUSA300_19
71
SAUSA300_15
19
SAUSA300_00
78
SAUSA300_06
40
1-(5phosphoribosyl)
-5SAUSA300_26
07
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Table III-6. In silico prediction of RsaD targets using IntaRNA.
FDR
value

P-value

Target

Query

SAUSA300_
RS03385
SAUSA300_
RS11940
SAUSA300_
RS13710
SAUSA300_
RS03205
SAUSA300_
RS04300
SAUSA300_
RS10965
SAUSA300_
RS05920
SAUSA300_
RS07250
SAUSA300_
RS03675
SAUSA300_
RS00440
SAUSA300_
RS06365
SAUSA300_
RS12015
SAUSA300_
RS05980

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

SAUSA300_
RS10680
SAUSA300_
RS00055

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0

0

0.0069431

0.92055

0.0076219

0.92055

0.0081252

0.92055

0.0098716

0.92055

0.0121626

0.92055

0.0127232

0.92055

0.0135763

0.92055

0.0145704

0.92055

0.015329

0.92055

0.0157108

0.92055

0.0170752

0.92055

0.0180058

0.92055

0.0185649

0.92055

0.0194237

0.92055

0.0207747

0.92055

0.0228557

0.92055

0.0231388

0.92055

0.0237187

0.92055

0.0254227

0.92055

0.0257001

0.92055

SAUSA300_
RS01310
SAUSA300_
RS13275
SAUSA300_
RS00660
SAUSA300_
RS08240
SAUSA300_
RS13830
SAUSA300_
RS04665

0.0264077

0.92055

SAUSA300_
RS04750

Energy
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-179.65100

Annotation
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.

-15.87340

acetolactate synthase

-15.64710

transcriptional regulator

-15.49220

arginine--tRNA ligase
methionine import ATPbinding protein MetN 2
sucrose-6-phosphate
hydrolase

-15.02150
-14.51850
-14.41010

-14.08440

uracil permease
L-threonine dehydratase
catabolic TdcB
PTS fructose transporter
subunit IIC

-13.96260

dihydroneopterin aldolase

-13.90360

competence protein CinA

-13.70400

-13.00660

50S ribosomal protein L17
phosphopantothenoylcystein
e decarboxylase
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
azaleucine resistance protein
AzlC
2-C-methyl-D-erythritol 4phosphate
cytidylyltransferase 1
chloramphenicol resistance
protein DHA1

-12.97720

membrane protein

-12.91810
-12.75250

membrane protein
TetR family transcriptional
regulator

-12.72660

argininosuccinate synthase

-12.66180

membrane protein

-14.25410

-13.57690

-13.50370
-13.39550
-13.23470

Table III-6. In silico prediction of RsaD targets using IntaRNA (continued).
P-value

FDR
value

0.027201

0.92055

0.02805

0.92055

0.0280677

0.92055

Target
SAUSA300_
RS11440
SAUSA300_
RS12710
SAUSA300_
RS06645

Query
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.0286732

0.92055

SAUSA300_
RS07720

srn_1640_rsaD_USA300:
706641:706817 reverse

0.0291853

0.92055

0.0293732

0.92055

0.0318078

0.92055

0.0319027

0.92055

0.0320006

0.92055

SAUSA300_
RS13490
SAUSA300_
RS13410
SAUSA300_
RS11925
SAUSA300_
RS10645
SAUSA300_
RS08750

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.0331113

0.92055

0.0338291

0.92055

0.0349506

0.92055

SAUSA300_
RS10165
SAUSA300_
RS07820
SAUSA300_
RS14285

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.0352142

0.92055

SAUSA300_
RS01050

srn_1640_rsaD_USA300:
706641:706817 reverse

0.035839

0.92055

0.036764

0.92055

0.037141

0.92055

0.0372143

0.92055

0.0380772

0.92055

0.0381044

0.92055

SAUSA300_
RS01610
SAUSA300_
RS10355
SAUSA300_
RS06095
SAUSA300_
RS14655
SAUSA300_
RS05640
SAUSA300_
RS14520

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.0381108

0.92055

SAUSA300_
RS11505

srn_1640_rsaD_USA300:
706641:706817 reverse
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Energy
-12.59120
-12.51790
-12.51640

Annotation
UDP-N-acetylglucosamine
1-carboxyvinyltransferase 2
Bcr/CflA family drug
resistance efflux transporter

-12.42330

homoserine dehydrogenase
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.

-12.40800

oxidoreductase

-12.21820

hydrolase

-12.21110

portal protein

-12.20380

membrane protein
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
XRE family transcriptional
regulator

-12.46550

-12.12250
-12.07140
-11.99370

-11.93390

amino acid APC transporter
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.

-11.87320

membrane protein

-11.84890

Ribonuclease 3

-11.84420

-11.78790

cold-shock protein
succinate dehydrogenase
flavoprotein subunit
ATP
phosphoribosyltransferase

-11.78750

pyrimidine-nucleoside
phosphorylase

-11.97580

-11.78960

Table III-6. In silico prediction of RsaD targets using IntaRNA (continued).
P-value

FDR
value

0.0388458

0.92055

0.0395967

0.92055

0.0397182

0.92055

0.0398067

0.92055

0.0398736

0.92055

0.0408273

0.92055

0.0413343

0.92055

0.042551

0.92055

0.0430505

0.92055

0.0434226

0.92055

0.0436291

0.92055

0.0444181

0.92055

0.044461

0.92055

0.0451835

0.92055

0.045833

0.92055

0.0478859

0.92055

0.0482267

0.92055

0.0483422

0.92055

0.0485536

0.92055

0.0485863

0.92055

0.0503398

0.92055

0.0504286

0.92055

Target

Query

Energy

SAUSA300_
RS01600
SAUSA300_
RS02620

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

SAUSA300_
RS01000
SAUSA300_
RS07905
SAUSA300_
RS13820
SAUSA300_
RS03280
SAUSA300_
RS10690
SAUSA300_
RS04050

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

SAUSA300_
RS13435
SAUSA300_
RS06890
SAUSA300_
RS05815
SAUSA300_
RS10830
SAUSA300_
RS09050
SAUSA300_
RS07550

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

SAUSA300_
RS04805
SAUSA300_
RS05120
SAUSA300_
RS13095
SAUSA300_
RS02480
SAUSA300_
RS12515
SAUSA300_
RS00310
SAUSA300_
RS00895
SAUSA300_
RS00370

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

127

-11.68380

Annotation
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
hypoxanthine-guanine
phosphoribosyltransferase
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
Fur family transcriptional
regulator

-11.67980

ferrous iron transporter A

-11.62350

cation:proton antiporter

-11.59410

membrane protein

-11.52500

sporulation regulator WhiA
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.

-11.74200
-11.69640

-11.68910

-11.49720
-11.47670
-11.46540

aminoacyltransferase FemA
transcriptional regulator
MraZ

-11.42270

toxin MazF

-11.42040

adenine methyltransferase

-11.38200

amidase
oligopeptide ABC
transporter substratebinding protein

-11.34800
-11.24360
-11.22670

acyltransferase
8-amino-7-oxononanoate
synthase

-11.22100

signal peptidase II

-11.21060

alanine glycine permease

-11.20900

Carbamate kinase 3

-11.12450

aldehyde dehydrogenase
nickel ABC transporter
substrate-binding protein

-11.12030

Table III-6. In silico prediction of RsaD targets using IntaRNA (continued).
P-value

FDR
value

0.0511016

0.92055

0.051986

0.92055

0.0522878

0.92055

0.0523317

0.92055

0.0530054

0.92055

0.0531746

0.92055

0.0532371

0.92055

0.0539383

0.92055

0.0539655

0.92055

0.054628

0.92055

0.0549082

0.92055

0.0552129

0.92055

0.0556639

0.92055

0.0558602

0.92055

0.0560455

0.92055

0.057637

0.92055

0.0580589

0.92055

0.0583932

0.92055

0.0585524

Target

Query

Energy

SAUSA300_
RS13520
SAUSA300_
RS06995
SAUSA300_
RS14070

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

SAUSA300_
RS07690
SAUSA300_
RS12950
SAUSA300_
RS07215
SAUSA300_
RS13385

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

SAUSA300_
RS07835
SAUSA300_
RS06130
SAUSA300_
RS08440
SAUSA300_
RS14810
SAUSA300_
RS02875
SAUSA300_
RS11315
SAUSA300_
RS06105
SAUSA300_
RS12810
SAUSA300_
RS05305
SAUSA300_
RS01020

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.92055

SAUSA300_
RS11580
SAUSA300_
RS01085

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.0602093

0.92055

SAUSA300_
RS08055

srn_1640_rsaD_USA300:
706641:706817 reverse

-10.69750

permease
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
FMN-dependent NADHazoreductase
acetyl-CoA carboxylase
biotin carboxyl carrier
protein

0.0621932

0.92055

SAUSA300_
RS13600

srn_1640_rsaD_USA300:
706641:706817 reverse

-10.62010

MarR family transcripitonal
regulator
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Annotation

-11.03200

UTP--glucose-1-phosphate
uridylyltransferase
aspartate-semialdehyde
dehydrogenase
alpha-acetolactate
decarboxylase
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.

-11.00150

nitrite reductase

-10.99390

membrane protein

-10.99110

-10.95870

alkylhydroperoxidase
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
tRNA (guanine-N(1)-)methyltransferase

-10.92960

deoxycytidylate deaminase

-10.91740

membrane protein

-10.90420

UDP-glucose 4-epimerase
UDP-N-acetylglucosamine
1-carboxyvinyltransferase

-11.08870
-11.04780
-11.03400

-10.95990

-10.88480
-10.87640
-10.86850
-10.80170
-10.78430

-10.77060
-10.76410

cell division protein FtsY
ferredoxin--NADP
reductase
cytochrome D ubiquinol
oxidase subunit I

Table III-6. In silico prediction of RsaD targets using IntaRNA (continued).
P-value

FDR
value

Target

Query

Energy

0.0623471

0.92055

SAUSA300_
RS14420

srn_1640_rsaD_USA300:
706641:706817 reverse

-10.61420

Annotation
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.

0.062551

0.92055

XRE family transcriptional
regulator

0.92055

0.0634187

0.92055

0.0636794

0.92055

0.0642282

0.92055

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

-10.60640

0.062782

SAUSA300_
RS06510
SAUSA300_
RS08330
SAUSA300_
RS11750
SAUSA300_
RS08365
SAUSA300_
RS05290

0.0644733

0.92055

0.0646111

0.92055

0.0664316

0.92055

SAUSA300_
RS08315
SAUSA300_
RS00690
SAUSA300_
RS13995

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.0666599

0.92055

0.0669926

0.92055

SAUSA300_
RS10415
SAUSA300_
RS06010

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.0673241

0.92055

SAUSA300_
RS07010

srn_1640_rsaD_USA300:
706641:706817 reverse

0.0673663

0.92055

0.0678641

0.92055

SAUSA300_
RS07760
SAUSA300_
RS12385

srn_1640_rsaD_USA300:
706641:706817 reverse
srn_1640_rsaD_USA300:
706641:706817 reverse

0.068334

0.92055

SAUSA300_
RS01535

srn_1640_rsaD_USA300:
706641:706817 reverse
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-10.59760
-10.57350

GTPase Era
iron-dicitrate ABC
transporter permease

-10.56370

serine protease

-10.54320

-10.53410

phosphocarrier protein HPr
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.

-10.52900

glycosyltransferase family 1

-10.46260

type II secretion protein
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
16S rRNA
methyltransferase
2345-tetrahydropyridine-26dicarboxylate Nacetyltransferase
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.
urease accessory protein
UreD
Derived by automated
computational analysis
using gene prediction
method: Protein Homology.

-10.45440
-10.44250

-10.43070

-10.42920
-10.41160

-10.39510

PtufA
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Figure III-6. In silico analysis reveals two sites potentially required forAlsSRsaD-alsS

interaction.
A. Two in silico analyses (Eggenhofer et al., 2011, Busch et al., 2008, Kery et al., 2014) predict
an interaction between RsaD and alsS mRNA upstream of the ribosome binding site. The predicted
∆G is -29.0 kcal/mol, suggesting a highly favorable interaction. The highlighted nucleotides of
alsS indicate the ribosome binding site and the translation initiation codon AUG. B. The RsaD
RBS interaction site at nucleotides 127-139 (including the UCCC motif) was replaced with the
corresponding nucleotides of the alsS mRNA (red). C. The RsaD accessory interaction site at
nucleotides 151-165 was replaced with the corresponding nucleotides of the alsS mRNA (red).
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Mutated Rsa
WT alsS

To investigate the regulation between RsaD and alsS, we mixed a fragment of radiolabeled alsS
(from predicted transcriptional start site +1 to nucleotide +340) with increasing amounts of the
WT form of RsaD and conducted EMSAs (Figure III-7A). Both RNAs form a complex in vitro.
The specificity of the complex was assessed by adding a 50-fold excess of either unlabelled alsS
or SprA2 RNA (Germain-Amiot et al., 2019). The in silico analysis predicted that the interaction
region of RsaD is downstream of nucleotide 127 (Figure III-6). Thus, we generated a truncated
version of RsaD composed of nucleotides 1-126, which resulted in complete loss of binding with
alsS mRNA (Figure III-8). To evaluate the requirement of one or more regions of RsaD for
interaction with alsS, we generated two RsaD mutant constructs. One RsaD mutant allele replaces
nucleotides 127-139 (ribosome binding site [RBS] interaction region of RsaD) with the
corresponding nucleotides of alsS (RsaD127-141) (FigureIII-6B). The other RsaD mutant allele
replaced nucleotides 151-165 (accessory interaction region of RsaD) with the corresponding
nucleotides of alsS (RsaD151-165) (Figure III-6C). Substitutions made to the RBS interaction region
of RsaD resulted in the loss of interaction (Figure III-7B); however, mutating the RsaD accessory
region did not affect binding in vitro (Figure III-7C). These results indicated that RsaD is able to
bind alsS mRNA in vitro and that the RBS interaction region of RsaD is necessary for binding.
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Figure III-7. RsaD post-transcriptionally regulates alsS.
A-C. Native EMSAs of purified 32P-labelled alsS (5 fmoles) with increasing amounts of unlabeled
WT RsaD (A), RsaD127-139 (B), and RsaD151-156 (C). To assess binding specificity, 250 fmoles of
unlabeled alsS or SprA2 were individually added to the complex. 5 fmoles of WT RsaD was also
used as a control for the EMSAs with RsaD127-139 (last lane, + RsaD). The data illustrate one
representative experiment from at least three independent replicates. D. Cells harboring plasmids
with PtufA driving expression of alsS fused translationally to gfp and vector only or PtufA driving
expression of WT RsaD, RsaD mutated at nucleotides 127-139, or RsaD mutated at nucleotides
151-165 were grown to mid-exponential phase in TSB at 37°C. Cells were pelleted, washed with
PBS, and then fixed with PFA for flow cytometry analysis. Data represent mean ± SEM in at least
three independent biological replicates. Statistical significance was assessed by one-way ANOVA
with Tukey’s post-test (*** p<0.001, **** p<0.0001).
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In a parallel set of experiments, we de-coupled RsaD and alsS from their native regulation to test
their interaction in living cells. We fused the alsS regulatory region, including the predicted
interaction regions, the ribosome binding site (RBS), and the first 11 codons of alsS coding
sequence in-frame to GFP and expressed this plasmid-borne construct using the constitutive tufA
promoter (PtufA-alsS-gfp) in the S. aureus laboratory strain RN4220. We then introduced a second
compatible plasmid expressing wild-type rsaD under the control of the same tufA promoter (PtufArsaD) to ensure stoichiometric amounts of RsaD and alsS. Using flow cytometry, we measured
GFP fluorescence during exponential growth and measured a 2.5-fold reduction in GFP fusion
fluorescence in the strain containing PtufA-alsS-gfp and PtufA-rsaD compared to a strain expressing
PtufA-alsS-gfp but not PtufA-rsaD (Figure III-7D). We then tested the necessity of the identified
interaction sites of RsaD in vivo. When both the RBS interaction region and the accessory
interaction region of RsaD were mutated, GFP signal remained at levels essentially identical to
those measured in the strain with only the vector (Figure III-7D). The lack of interaction between
RsaD and alsS mRNA was not due to reduced RsaD RNA abundance (Figure III-9). To further
confirm specificity for the RsaD-alsS mRNA interaction, we measured PtufA-alsS-gfp fluorescence
in a strain co-expressing SprD (Ivain et al., 2017), a sRNA not predicted to regulate alsS. As seen
in Figure III-10, we saw no difference in GFP levels in the presence of SprD.
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The downregulation of the alsS-gfp translational fusion suggests that RsaD acts to destabilize alsS
transcript, block translation by preventing ribosome loading, or both. To address the latter
possibility, we pursued toeprint assays. We first evaluated the effect WT and mutant versions of
RsaD (Figure III-5) on primer extension onto the alsS transcript in the absence of ribosomes
(Figure III-11, lanes 5-9). Only RsaD1-126 and RsaD127-139 led to potential structural changes
resulting in modifications of the alsS profile (Figure III-11, lanes 6 and 7). Then, we used purified
E. coli ribosomes to form the translation initiation complex in the presence of the initiator
tRNAfMet. A significant toeprint signal was obtained indicating that ribosome could load onto alsS
RNA (Figure III-11, lane 10). We then tested whether WT RsaD could prevent ribosomal loading.
Increasing the amount of RsaD resulted in the dose-dependent decrease of the toeprint signal,
indicating RsaD could compete with the ribosome (Figure III-11, lanes 11-13). Similarly,
increasing quantities of RsaD151-165 led to a disappearance of the toeprint (Figure III-11, lane 1516), indicating that RsaD151-165 still has the ability to bind alsS mRNA and prevent translation
initiation. This phenotype was similar to what we observed with the RNA:RNA EMSAs with
regards to RsaD151-165. Conversely, both RsaD1-126 and RsaD127-139 could not inhibit ribosomal
loading of alsS (Figure III-11, lanes 17-18), consistent to what we observed with the EMSAs.
These data suggest that RsaD regulates the expression of alsS, at least at the translational level,
and binds target mRNA at the RBS to prevent ribosomal loading.
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Consistent with known roles for CodY in redirecting carbon use through major metabolic
intersections in Firmicutes, the alsSD genes are positively regulated by CodY (Waters et al., 2016).
The alsSD operon (SAR2297 and SAR2296, respectively) encodes for acetolactate synthase and
decarboxylase, the enzymes responsible for the conversion of pyruvate to acetoin. However, the
mechanism by which this regulation occurs is unknown as neither the alsSD regulatory region nor
the coding sequences contain an obvious CodY motif. Further, a binding site was not identified in
a genome-wide pulldown experiment (Majerczyk et al., 2010). Given CodY’s role in repressing
rsaD and RsaD’s ability to antagonize an alsS-gfp translational fusion, we wondered whether
CodY’s apparent positive regulation of alsSD could be explained by RsaD (Figure III-12A). If
so, then we would predict that knocking out rsaD would eliminate the effect of CodY on alsS
transcription. We generated a ∆codY ∆rsaD double mutant and measured alsS transcript abundance
using qRT-PCR. We measured 3-fold higher alsS transcript in WT UAMS-1 relative to transcript
measured in ∆codY mutant cells (Figure III-12B). In contrast, alsS transcript abundance was
essentially unchanged in the ∆codY ∆rsaD double mutant (compare codY rsaD vs. codY). To
further delineate the effect of RsaD on AlsSD protein levels, we monitored the conversion of
pyruvate to acetoin in cell-free extracts. Similar to transcript levels, AlsSD activity was reduced
~3-fold in the ∆codY mutant but not in the ∆codY ∆rsaD double mutant (Figure III-12C). As
expected, because CodY tightly represses rsaD expression, we observed no changes in alsS
transcript abundance or AlsSD activity in the ∆rsaD mutant (Figure III-12BC, compare rsaD and
WT). Altogether, these data indicate that RsaD and alsS mRNA interact specifically; both the RBS
region and accessory region contribute equally. We show that RsaD acts to post-transcriptionally
regulate alsS by blocking translation initiation. Further, we provide data suggesting that RsaD
reduces transcript abundance potentially by destabilizing the alsS mRNA (Figure III-12B).
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Notably, our results delineate a novel mechanism by which CodY controls the activity of a major
carbon overflow pathway in S. aureus.
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Figure III-12. RsaD is an sRNA effector of CodY used to post-transcriptionally regulate alsS
mRNA and is responsible for the apparent positive CodY regulation of alsS mRNA.
A. Wire diagram depicting the relationship between CodY, RsaD, and alsS. B. The indicated
strains were grown in TSB at 37°C to mid-exponential phase, at which point the cells were
harvested and RNA was isolated for qRT-PCR analysis. alsS transcript normalized to polC
transcript is shown; data represent mean ± SEM in at least three independent biological replicates.
Statistical significance was assessed by one-way ANOVA with Tukey’s post-test (* p<0.05). C.
Cells were grown in TSB to mid-exponential phase, at which point the cells were pelleted and
lysed for AlsS activity assays measuring the conversion of pyruvate to acetoin. Data represent
mean ± SEM in three independent biological replicates. Statistical significance was assessed by
one-way ANOVA with Tukey’s post-test (** p<0.01).
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RsaD regulates cell death in S. aureus isolate UAMS-1 under weak acid stress
Previous work demonstrated that S. aureus experiences substantial cell death after aerobic growth
in tryptic soy broth containing excess glucose (Thomas et al., 2014, Rice et al., 2007). This high
glycolytic flux results in increased acetate production from pyruvate, catalyzed by the CidC
pyruvate:menaquinone oxidoreductase enzyme (Zhang et al., 2017, Thomas et al., 2014). This
acetate is secreted and lowers the pH of the medium, soon reaching the pKa of acetic acid (pH
4.8). Acetate is then protonated to form acetic acid, which can re-enter the cell. This phenomenon
can yield a futile cycle in which dissociation of acetic acid and accumulation of protons in
cytoplasm can cause cell death (Russell, 1991). The reactions of AlsSD (acetolactate synthase /
decarboxylase) generate acetoin from pyruvate, consume protons, and is thus an acid resistance
mechanism (Thomas et al., 2014, Rice et al., 2007). In S. aureus, RsaD abundance increases during
stationary phase, an event that depends on the alternative stress sigma factor B (SigB) (Geissmann
et al., 2009). SigB is also activated by a range of environmental stresses, including weak acid stress
(King et al., 2018, Pané-Farré et al., 2009). Therefore, we investigated whether RsaD regulated
cell death by redirecting carbon flow. First, we confirmed that there were no growth defects in WT
UAMS-1 when excess glucose was added (35 mM) during the first hours of growth compared to
standard TSB medium (14 mM glucose) (data not shown). Differences could be observed only
after 7 hours with an earlier growth arrest when subjected to glucose supplementation. We
measured rsaD expression under those same conditions and observed an increase in expression
around 4 hours of growth in TSB with 35 mM glucose as the cells exited exponential phase (Figure
III-13A). Then, RsaD transcript level decreased from 5 hours to 9 hours, corresponding to entry
into stationary phase. Similar results were obtained during growth in standard TSB, except we
detected a second pulse of expression after 6 and 7 hours (Figure III-13A). We measured RsaD
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production further into stationary phase and confirmed that RsaD was expressed in stationary
phase in both standard TSB and TSB containing excess glucose even though relative quantification
could not be achieved due to internal control transcript level variations (Figure III-13B).
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To determine the extent to which the ∆rsaD mutant is altered in cell death regulation, we
performed an aerobic growth assay with UAMS-1 (WT) and the ∆rsaD mutant over a five-day
period. A sigB null mutant was included as a negative control as it is required for cidBC expression
and exhibits increased stationary phase survival during weak acid exposure (Chaudhari et al.,
2016). During aerobic growth in standard TSB, we measured no significant difference in cell
survival when the ∆rsaD mutant and WT were compared, and there was no difference in the pH
of culture supernatants (Figure III-14A, Figure III-14C, compare black circles and asterisks).
Glucose was consumed after one day of growth in this medium and the same medium
supplemented with 35 mM glucose (Figure III-15). However, while UAMS-1 WT cells showed
a substantial decrease in cell viability in stationary phase during aerobic growth in TSB with 35
mM glucose concomitant with a drastic drop in culture pH, we found that the ∆rsaD mutant
exhibited increased viability compared to UAMS-1 after two days of growth (Figure III-14B, 4%
survival vs > 50% survival at day 2); this phenotype was complemented by integrating a wild-type
copy of rsaD under the control of its native promoter into the chromosome at the f11 att site
(Figure III-16). After five days, ∆rsaD mutant cells exhibited the same loss in viability as UAMS1 cells, indicating that ∆rsaD mutants experience a delay in cell death. In agreement with previous
results, the ∆sigB mutant survived reasonably well in TSB regardless of glucose concentration
(Figure III-14AB). Whereas the pH of ∆sigB culture supernatants increased over time, as expected
based on previous reports (Thomas et al., 2014), it is notable that we did not measure a difference
in pH in ∆rsaD culture supernatants (Figure III-14D, Figure III-16B). This may simply be an
issue of sensitivity in the assay.
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Figure III-14. In Staphylococcus aureus clinical isolate UAMS-1, DrsaD mutant cells exhibit
a delayed cell death phenotype.
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5 days, as indicated. CFUs were serially diluted and plated each day and counted. Percent survival
was calculated by setting day 1 CFUs to 100% and normalizing each proceeding day to CFUs
collected on day 1. Supernatants were collected and filtered to remove cells for pH measurements.
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Data represent mean ± SEM in three independent biological replicates. Statistical significance of
percent survival in TSB with 35 mM glucose was assessed using two-way ANOVA with Tukey’s
post-test (**** p < 0.0001). Acetate (E) and acetoin (F) in the supernatants of cells grown in TSB
with 35 mM glucose were measured on day 2 as described in Materials and Methods. Data
represent mean ± SEM in three independent biological replicates. Statistical significance was
assessed by one-way ANOVA with Tukey’s post-test (* p<0.05).
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A. Cells were grown in TSB containing 35 mM glucose for two days, at which time they were
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supernatant pH values for each strain were recorded and plotted each day as indicated. C-D.
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Culture supernatants from the indicated strains were filtered and acetate and acetoin concentrations
were determined on day two as described in Materials and Methods. Data represent mean ± SEM
in three independent experiments. Statistical significance was assessed by one-way ANOVA with
Tukey’s post-test (** p<0.01, * p<0.05). WT Ω voc, UAMS-1 WT strain with pLL39 vector only
control; ∆rsaD Ω voc, ∆rsaD mutant with pLL39; ∆rsaD Ω PrsaD-rsaD, ∆rsaD mutant with pLL39
containing rsaD+ under the control of PrsaD. pLL39 integrates at the f11 attachment site.
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Because acetate potentiates cell death and RsaD downregulates AlsSD-catalyzed acetoin synthesis,
we speculated that ∆rsaD mutant cells excrete less acetate and more acetoin into the culture
medium. To test this hypothesis, we measured acetate and acetoin levels. After two days of growth
when the cell death phenotype is the strongest, we measured significantly more acetate in WT
culture supernatants compared to ∆rsaD and ∆sigB culture supernatants (Figure III-11E). This
was not due to lack of secretion, as all strains secreted acetate, and both the ∆rsaD mutant and the
∆sigB mutant consumed acetate (Figure III-17). Acetoin, a neutral metabolite, does not alter the
pH and therefore can counter cell death. Conversely, we measured significantly higher levels of
acetoin in ∆rsaD and ∆sigB culture supernatants compared to that measured in WT culture
supernatants (Figure III-11F). Again, ∆rsaD mutant excretion phenotypes could be
complemented genetically (Figure III-12CD). Taken together, our data indicate that RsaD
contributes to cell death during aerobic growth and high glycolytic flux likely by shifting carbon
toward acetate production. In the absence of RsaD, alsSD is derepressed and AlsSD enzymes are
produced.
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3.4 Discussion
S. aureus continues to be a recalcitrant human pathogen in both the healthcare arena and within
the community. Equipped with a multitude of metabolic and biosynthetic pathways as well as
secreted virulence factors, S. aureus can adapt to essentially every environment to colonize or
invade host tissues. Here, we sought to expand knowledge of the CodY regulon to include sRNAs
in addition to the well-characterized genes under CodY control (Figure III-1, Table III-3, Table
III-4). Previously, it was unknown whether CodY exerted regulatory effects on sRNAs beyond
RNAIII, the effector molecule of the agr locus (Novick et al., 1993, Majerczyk et al., 2010) . We
demonstrate that RsaD is repressed by CodY and serves as a novel effector, responsible for the
apparent positive CodY regulation of the alsSD genes by decreasing AlsSD enzyme activity and
likely alsS transcript abundance (Figure III-3, Figure III-4, Figure III-9, Figure III-12).
Moreover, we show that this post-transcriptional regulation causes important changes to S. aureus
physiology by redirecting carbon flow at a critical metabolic node. In this manner, RsaD
contributes to S. aureus death in laboratory cultures by altering the balance of acetate and acetoin
excretion (Figure III-15) (Thomas et al., 2014).

RsaD’s regulatory role in carbon overflow metabolism and cell death
Prior to this study, RsaD’s putative function as a regulatory RNA was based on sequence and
prediction alone. Using toe-printing assays and in vivo system co-expressing rsaD and alsS from
plasmids, we demonstrate that RsaD is a trans-acting sRNA that regulates at least one mRNA
target, alsS (Figure III-7, Figure III-11, Figure III-12). RNA:RNA EMSAs between alsS and
RsaD151-165 do not show loss of RsaD binding to alsS mRNA, whereas the interaction is lost with
RsaD127-139 (Figure III-7BC),suggesting that the RBS region of RsaD is more vital to RsaD’s

153

regulatory function. Our reporter assays, however, indicate that the accessory site of RsaD
(nucleotides 151-165, see Figure III-6) also contributes to regulation of alsS mRNA in vivo
(Figure III-7D). This indicates that while mutating the accessory region still allows RsaD to bind
alsS, regulation in vivo is lost when the accessory site is mutated. It is important to note that in
vitro EMSAs are performed in a defined and somewhat artificial system where only the target
mRNA and sRNA of interest are added to the reaction mixture, thus, there is no direct competition
for RsaD to bind other mRNA targets. Moreover, the in vitro, simplified system is absent of
ribosomes and other regulatory molecules that could potentially compete with RsaD for binding
of alsS mRNA. This could be a situation where the site is required for regulation but not for
binding. Interestingly, upon further inspection of the alsS transcript, we identified a third site of
potential RsaD-alsS complementarity further downstream of the ribosome binding site than the 11
codons included in the PtufA-alsS-gfp construct (Figure III-18). As an alternative, it is possible that
this third site on the alsS mRNA may interact with RsaD in growing cells to block translation,
though the spacing and free energy of formation of the RsaD-alsS duplex mediated by this site are
not as favorable as the ribosome binding site and accessory site. Further experiments are needed
to determine the exact role of this additional site in RsaD-alsS interactions.
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In the present study, we identified a function for RsaD with regards to S. aureus cell death. After
two days of growth, ∆rsaD mutant cells exhibit increased cell survival compared ot WT cells.
However, following two days of growth, cell survival of the ∆rsaD mutant drops towards WT
levels (Figure III-14B), indicating that RsaD is not the only factor necessary for the observed cell
death phenotype. This delay in cell death is not surprising, given the known role of SigB in cell
death (Chaudhari et al., 2016) and how SigB induces rsaD expression (Geissmann et al., 2009).
SigB activation is transient (Pané-Farré et al., 2009), thus it is possible that RsaD controls this
phenotype in early stationary phase, but that there are other functionally redundant factor(s).
Further, we unexpectedly observed a similar pH curve in WT and ∆rsaD cultures at day two
(Figure III-14D). Based on how closely the ∆rsaD metabolite profile and percent cell survival at
day two phenocopy the ∆sigB, we were expecting the pH of the rsaD mutant to increase (Figure
III-14). It is possible that RsaD regulates the production of a yet-to-be discovered secreted
metabolite that masks the reduced production of acetate.

RsaD integrates multiple signals into staphylococcal regulatory networks
Multiple pieces of evidence suggest that RsaD is a converging point for multiple global regulators
in S. aureus, potentially expanding the role of RsaD for responding to a variety of stress signals
that the bacterium faces in its ever-changing environment. This guides our working model, as
shown in Figure III-19.
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First, we identified CodY as a direct repressor of rsaD expression (Figure III-4). Second, others
have shown that rsaD is dependent on Sigma B (Geissmann et al., 2009), the alternative sigma
factor responsible for activating the general stress response in S. aureus, as well as playing critical
roles in virulence and persistence (Chaturongakul et al., 2008, Novick, 2003, Tuchscherr et al.,
2015, Mitchell et al., 2013, Hecker et al., 2007). How SigB controls rsaD expression, whether by
directly binding to the rsaD promoter or through an indirect method, requires further study since
there exists a lack of understanding SigB activation in S. aureus compared to related Firmicute
Bacillus subtilis (Pané-Farré et al., 2009). Third, a recent study demonstrated activation of RsaD
upon exposure to nitric oxide (NO), likely dependent on the SrrAB two-component system (TCS)
(Bronesky et al., 2019). SrrAB is a regulatory system important for the expression of virulence
factors, including ones important for biofilm formation and even programmed cell lysis. The
current thought is that reduced respiration due to NO exposure or other stresses results in the
accumulation of reduced menaquinone and triggers SrrAB activity (Mashruwala & Boyd, 2017,
Mashruwala et al., 2017b). Another recent study examined global changes in transcript abundance
in an ∆agr mutant and measured an increase in rsaD expression (Marroquin et al., 2019),
indicating that RsaD production is controlled by population density. The mechanisms by which
this integration is achieved remain unexplored but are a current focus of our lab. For instance, a
conserved SrrA motif was identified in the rsaD promoter (Bronesky et al., 2019). As for
repression by the Agr system, the primary output is RNAIII production, and it is conceivable that
RNAIII may bind and sequester RsaD, similar to other sRNAs that act as a molecular sponge
(Miyakoshi et al., 2015). Alternatively, AgrA could potentially repress rsaD expression, although
AgrA typically behaves as an activator and has been shown to stimulate expression of the agr P2
promoter for the agrBDCA operon as well as the genes coding for the a- and b-phenol-soluble
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modulins (PSMs) (Queck et al., 2008, Kavanaugh & Horswill, 2016). Experiments are underway
to investigate Agr regulation of RsaD and the impact of RsaD during infection.

159

Chapter IV: Conclusions and Future Directions
Exposure to stress is a universal experience among living organisms. A fundamental question in
biology is how organisms sense and respond to the environment surrounding them. This
dissertation focuses on the different mechanisms by which opportunistic human pathogen
Staphylococcus aureus responds to environmental and physiological stress. CodY, an important
regulator that links metabolism and pathogenesis in Staphylococcus aureus, is activated by GTP
as well as the branched chain amino acids (BCAAs). In certain host sites, free nucleotides can
become limiting, thus S. aureus must employ de novo biosynthesis during infection (Kofoed et al.,
2016, Valentino et al., 2014). Understanding the S. aureus response to limitation of guanine
nucleotides may aid in the future development of strategies to combat infection. This thesis also
explored how small RNAs (sRNA) contribute to the S. aureus stress response, and specifically
examined CodY regulation of sRNAs. sRNAs are emerging as important regulators of metabolism
and virulence in S. aureus (Chabelskaya et al., 2010, Xue et al., 2014, Eyraud et al., 2014, Le
Pabic et al., 2015, Tomasini et al., 2017, Horn et al., 2018, Zapf et al., 2019). Despite extensive
studies, including my own, exploring the CodY regulon in terms of coding genes and sRNAs under
CodY control is largely unknown.

The second chapter of my thesis addresses how S. aureus adjusts its physiology when limited for
guanine nucleotides (GN), with an emphasis on how CodY activity is affected under limitation. I
first examined S. aureus phenotypes related to GN limitation. GN limited cells were slower
growing and produced more staphyloxanthin pigment in a Sigma B-dependent manner (Figure II3). Activation of SigB indicates that GN limitation activates the S. aureus stress response. In
addition, cells limited for GN were unable to form robust biofilm structures, most likely due to
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Agr-activated protease activity. Second, I performed transcriptomic analyses to identify
differentially regulated genes during GN limitation. Of the genes differentially expressed under
GN limitation, 318 genes were downregulated and 151 genes were upregulated. Approximately
10% of those genes were differentially expressed due to CodY. Many of the genes upregulated in
response to GN-deplete conditions suggested induction of the S. aureus stringent response (Geiger
et al., 2012). In addition, genes involved in DNA replication, ribosome biogenesis and cell division
were negatively regulated by GN. Further, genes upregulated under GN limitation included those
important for the S. aureus stress response and virulence, including lipoic acid synthetase and
metal transport. My results suggest that S. aureus, through the up-regulation of proteases, δ-toxin,
and lipoic acid synthetase, exhibits a more invasive type of infection, rather than a biofilm-based
one, when limited for GN.

The S. aureus response to GN limitation seemed to overlap with many genes that make up the
stringent response (Geiger et al., 2012). The S. aureus stringent response is initiated by synthesis
of the messenger molecule (p)ppGpp (Mainiero et al., 2010). Under stringent conditions, cell
proliferation processes are down-regulated while genes important for maintaining cell homeostasis
and managing the stress response are activated (Wolz et al., 2010, Geiger et al., 2012). It is not
surprising that limiting a key energy molecule such as GTP leads to decreased expression in genes
important for ribosomal biogenesis, translation, and cell replication and division (Figure II-12).
Limiting for GTP while maintaining excess levels of BCAAs allowed me identify CodY targets
that are responding specifically to GTP. Notably, this study identified a novel potential therapy for
S. aureus infection. In vivo, there is a limited availability of nucleotides, thus S. aureus and other
pathogens rely on de novo biosynthesis (Kofoed et al., 2016, Valentino et al., 2014). A strategic
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approach combining knocking down nucleotide biosynthesis and a pathway upregulated in
response could help treat infections in an era where many of our first- and last-line antibiotics have
been rendered ineffective due to resistance.

An open question remains as to how the Sigma B (SigB)-dependent stress response is activated.
The S. aureus genome contains the core proteins necessary for the partner switching mechanism
that leads to SigB association with RNA polymerase (RNAP) (RsbU, RsbT, and RsbW) (PanéFarré et al., 2009) (Figure A1). Briefly, in an inactive state, SigB is sequestered by RsbW,
blocking the formation of SigB-RNP holoenzyme. When the phosphatase RsbU senses a stress,
RsbV, the anti-anti-sigma factor, is dephosphorylated. Unphosphorylated RsbV can then bind
RsbW, leading to the release of SigB. SigB is then free to interact with the core RNAP to initiate
transcription (Figure A1) (Pané-Farré et al., 2009, Pané-Farré et al., 2006). In the related Grampositive bacterium, Bacillus subtilis, there are a number of other proteins that contribute to SigB
activation, RsbP, RspQ, RsbR, RsbS, RsbT, and RsbX. (Figure A1). RsbP and RsbQ are
responsible for sensing energy stress in B. subtilis, while RsbR, RsbS, RsbT, and RsbX are part of
the environmental stress response. In B. subtilis, it is RsbR, RsbS, and RsbT that sense changes in
the environment leading to RsbT acting on RsbU. In S. aureus, however, the mechanism by which
RsbU’s phosphatase is regulated is unknown. One hypothesis is that RsbU directly senses the
stress, possibly through changes in the membrane or by binding small molecules. In some Gramnegative bacteria, such as the pathogen Chlamydia trachomatis, RsbU spans the inner membrane
and, therefore, can directly sense signals (Douglas & Hatch, 2000, Hua et al., 2006, Thompson et
al., 2015). RsbU in Gram-positive bacteria does not span the membrane, but is still found near the
plasma membrane (Pané-Farré et al., 2009, Quereda et al., 2013). When membrane makeup and/or
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fluidity changes, RsbU activity may be altered. Similarly, the presence of a small molecule, either
produced by the bacterium itself or one that is diffusible, may bind RsbU directly, leading to
activation. It remains a possibility that there is another factor, protein or otherwise, that acts
upstream of the RsbU pathway that has yet to be identified. If there is a protein acting upstream of
RsbU, said protein and RsbU would have a relationship similar to that of a sensory kinase and
response regulator. While many facets of the SigB response have been elucidated, further studies
are required to untangle the pathway upstream of SigB activation.

In Chapter III, I examined the role of CodY regulation of small RNAs (sRNAs). I performed an
RNA-seq screen probing specifically for sRNAs under CodY control in three clinical isolates in
S. aureus. Overall, 44, 21, and 18 sRNAs were negatively regulated by CodY in clinical isolates
Newman, USA300, and UAMS-1, respectively. Fewer sRNAs were positively regulated by CodY,
only 6 in strain Newman, 2 in strain UAMS-1, and none were identified in strain USA300. I
identified RsaD, an sRNA significantly upregulated in a codY mutant in all three isolates. Further,
I classified RsaD as a novel effector regulated by CodY, affecting alsS (acetolactate synthase)
mRNA post-transcriptionally. RsaD competes for ribosomal binding of alsS mRNA and thereby
blocks translation. In addition, I showed that RsaD regulates cell death in osteomyelitis isolate
UAMS-1. By targeting alsS mRNA, RsaD influences carbon overflow metabolism, favoring the
production of acetate over acetoin, which can lead to intracellular acidification and cell death.
During stationary phase and under weak acid stress, rsaD mutants exhibit a delayed cell death
phenotype compared to a wild type strain. Taken together, Chapter III delineates a role for CodY
in controlling sRNA expression in a major human pathogen and indicate that RsaD may integrate
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nutrient depletion and other signals to mount a response to physiological stress experienced by S.
aureus in diverse environments.

Of the genes that comprise the CodY regulon, it is estimated that approximately 50% of them are
regulated directly, suggesting that CodY controls other regulatory factors within the cell
(Majerczyk et al., 2010, Waters et al., 2016). Some of these have previously been identified, such
as the two component systems Sae, responsible for regulating toxin secretion, and Agr, the quorum
sensing system in S. aureus (Mlynek et al., 2018, Roux et al., 2014). Here, I demonstrate that
CodY controls RNA-based regulators as well, notably the sRNA, RsaD. RsaD was first identified
as a non-coding RNA that was upregulated during stationary phase, under nutrient limitation, and
after cold shock at 25°C (Geissmann et al., 2009). Based on sequence and structure similarity, it
was proposed that RsaD acts on mRNA targets as a trans-acting regulator. Here, I confirm that
RsaD is a stress-responsive sRNA that acts on at least one mRNA target by binding at the ribosome
binding site and blocking translation. This dissertation and other studies (Geissmann et al., 2009,
Le Lam et al., 2016, Bronesky et al., 2019) have attempted to define regulators of rsaD expression
and physiological roles for RsaD in Staphylococcus aureus. Proposed or identified regulators of
RsaD were described in Chapter III and are summarized in Figure III-19. Further, the relationship
between nutrient sensor CodY and RsaD is a focus of this thesis. I provide extensive data
demonstrating a direct regulatory relationship between CodY and RsaD, thus, this portion of the
thesis focuses on additional factors that regulate rsaD expression.

Alternative factor sigma B (SigB) is necessary to mount an adequate stress response in S. aureus.
SigB activity increases during stationary phase growth (Pané-Farré et al., 2006, Pané-Farré et al.,
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2009). Geissman et al. (2009) identified SigB-dependent regulation of rsaD, and here, we
confirmed RsaD induction during stationary phase and after cold shock at 25°C is SigB-dependent
(Figure A2A-B). During exponential phase, rsaD expression is low in WT and sigB mutant strains
(Figure A2A). As cells transition into post-exponential phase, defined as 5 and 6 hours postinoculation, rsaD transcript increases (Figure A2A). Notably, there is a 4-fold increase in rsaD
expression at hour 6 compared to hour 5. In a sigB mutant, there is a slight increase in rsaD
transcript abundance during post-exponential phase; however, there is no further increase at hour
6. Thus, while induction of rsaD at hour 5 appears to be regulated by a different factor, the absence
of a greater increase in rsaD expression at hour 6 in the sigB mutant suggests that SigB regulates
rsaD expression as cells enter stationary phase. I confirmed that SigB was activated at hour 5 and
hour 6 post-inoculation by measuring expression of asp23, a canonical SigB target (Hecker et al.,
2007). Expression of asp23 is induced during post-exponential phase in a WT strain, but not a sigB
mutant strain (Figure A3). During cold shock, defined as exposing cells growing at 37°C to 25°C,
rsaD expression is increased over 20-fold after 30 minutes (Figure A2B). In a sigB mutant, rsaD
expression is unchanged under the same conditions, indicating SigB regulates rsaD production.
An open question remains as to whether rsaD is a direct SigB target or if there is an additional
factor that explains the apparent SigB regulation of rsaD expression. Experiments are ongoing to
investigate this further.

Cell death is necessary for the onset of multicellular communities and the initiation of biofilm
formation in bacteria. Polysaccharides and the contents of lysed cells, including DNA and proteins,
are used as the matrix at the onset of biofilm formation in S. aureus (Flemming & Wingender,
2010). S. aureus infections such as infective endocarditis and osteomyelitis depend on biofilm
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formation (Kiedrowski & Horswill, 2011, Paharik & Horswill, 2016, Cheng et al., 2009, Wilde et
al., 2015, Thomas et al., 2014). Previous work by Thomas et al. (2014) examined how AlsSD and
CidC (pyruvate oxidase), which acts in opposition of AlsSD, affect S. aureus infection. This study
demonstrated that while cidC and alsSD mutants did not show a defect in colonizing heart valves,
a cidC mutant exhibited a defect in colonization at secondary infection sites like kidney, heart, and
blood. Thus, cell death pathways alter the progression of S. aureus infections (Thomas et al.,
2014). Given RsaD’s role in regulating alsS mRNA, RsaD may affect biofilm production and
pathogenesis in low pH host tissues such as the kidneys (Zhou et al., 2019). We examined biofilm
production in an rsaD mutant using a static biofilm assay as previously described (Beenken et al.,
2003). We observed no difference in biofilm production in an rsaD mutant compared to WT
(Figure A4). There are, however, limitations to this experiment. The static biofilm assay is an
indirect assessment of biofilm formation, and the medium is not being continually replaced as it is
under in vivo conditions. Using a continuous flow system, such as the BioFlux assays described in
Chapter II (Figure II-6), is a more accurate assay for measuring biofilm development and
formation.

In addition, skeletal tissues are intrinsically hypoxic, a condition that promotes biofilm
development and contributes to osteomyelitis (Wilde et al., 2015, Mashruwala et al., 2017b,
Harrison et al., 2002). Wilde et al. (2015) used transposon sequencing (Tn-seq) to identify genetic
and metabolic programs necessary for survival during acute osteomyelitis infections. The study
revealed over 200 genes important for survival, however, the analysis focused on coding genes
and did not include sRNAs (Wilde et al., 2015). One of the genes denoted as necessary to establish
infection in this model is SrrAB, the two-component system that regulates the transition between
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aerobic and anaerobic growth (Mashruwala et al., 2017a, Mashruwala & Boyd, 2017, Mashruwala
et al., 2017b). SrrAB senses impaired electron flow through the electron transport chain. This
leads to a build-up of reduced menaquinones, which can occur during hypoxic conditions or nitric
oxide stress (Mashruwala et al., 2017b). A recent study (Bronesky et al., 2019) noted that rsaD
expression appears to be regulated by SrrAB (Figure III-19). Previous work had shown that S.
aureus srrAB mutants exhibit a delay exiting lag phase during anaerobic growth conditions
(Grosser et al., 2018). To preliminarily test the relationship between SrrAB and RsaD, I performed
a similar experiment in which I grew an srrAB mutant and its complement as well as an rsaD
mutant and its complement anaerobically (Figure A5). I observed a very mild defect as srrAB
mutants exited lag phase compared to WT S. aureus (Figure A5A), which was restored when
srrAB is complemented in trans. The srrAB mutant phenotype was explored in the USA300 S.
aureus strain background, so first, I measured the RsaD effect during anaerobic growth in this
strain background (Figure A5B). In this background, rsaD mutants look similar to WT USA300
with a very slight difference in lag phase. Then, I measured the RsaD effect in the S. aureus isolate
UAMS-1 (Figure A5C). Similar to what was observed in the USA300 background, WT and the
rsaD mutant exhibit very similar growth curves during lag phase with a small lag phase defect.
When rsaD is complemented in trans, the growth curve is indistinguishable to WT. Overall, this
data suggests that if a harsher stress were imposed, such as growth in media containing a nitric
oxide stress compound, there may be an RsaD effect in response to respiratory changes that is
sensed through SrrAB TCS.

While there is a lack of carbohydrates at the skin surface, sterile tissues encountered by
staphylococci during invasive disease supply critical glycolytic substrates to fuel infection (Vitko
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et al., 2015, Vitko et al., 2016). At these sites, glycolytic flux increases and, in turn, the production
of pyruvate rises. Additionally, a recent report showed that when pyruvate was included in the
growth medium, major changes to the transcriptome were observed, including genes important for
metabolism, transport, and pathogenesis (Harper et al., 2018). Further, secretion of proteases and
leucocidins was up-regulated, and this was shown to be dependent on the Sae, Arl, and Agr TCS
(Harper et al., 2018). It would be interesting to test whether these alterations are affected by RsaD,
which we have shown controls, at least in part, the relative levels of acetate and acetoin stemming
from pyruvate. Moreover, defining the biological role for any sRNA is challenging. Though we
have identified and characterized the direct interaction with one mRNA target and reported a set
of phenotypes associated with RsaD in S. aureus, the RsaD interactome and regulon is complex
and remains to be revealed in both S. aureus and other staphylococci. Given their ecological niches
and the mRNAs present at a given time and condition as well as the expression profile of RsaD,
its targets are likely to be different. Experiments are ongoing to examine both direct and indirect
targets of RsaD under conditions that affect CodY, SigB, and SrrAB activities, and the biological
impact of such regulation. From the experiments presented in Chapter III and Appendix A, I
hypothesize that RsaD integrates signals from multiple regulators that sense cellular stresses.
These regulators include CodY, a transcription factor that sense the nutrient status of the cells,
SigB, the general environmental stress sigma factor, and Srr TCS, which senses the respiratory
status of S. aureus. This potentially expands the role of RsaD in aligning S. aureus physiology
during cellular or environmental stress.
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4.1 Concluding Remarks
Staphylococcus aureus is unquestionably a very dangerous opportunistic pathogen that continues
to challenge the healthcare field and our available treatments. The success of S. aureus as a
pathogen is due to its metabolic plasticity, the arsenal of virulence factors present in the genome,
and the coordination of these factors at the precise moment to ensure cell survival. Regulatory
networks made up of transcription factors, regulatory RNAs (sRNAs), post-translational
modification enzymes, and sigma factors, are critical for this response. The major goal of this
thesis is furthering the understanding of how S. aureus metabolism is affected when key molecules
are limited. To summarize, this dissertation examines (i) how physiology is altered and
pathogenicity is affected when an energy stress is imposed, and (ii) defines the regulation and
function of the sRNA, RsaD. sRNAs in S. aureus are an emerging field, and every year, more of
these sRNAs are characterized, some of which are found to contribute to S. aureus colonization
and/or infection. My dissertation work adds to the breadth of knowledge of how S. aureus finetunes gene expression in response to environmental and intracellular cues.
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Appendix: Additional Figures
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Figure A1. Components of the Sigma B activation mechanism.
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subtilis SigB pathway have a white background and are outlined in red. The B. subtilis activation
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Figure A2. Sigma B induces production of RsaD during periods of environmental stress.
A. Transcript abundance of rsaD in WT and sigB mutant strains during growth in TSB at 37°C at
the time points indicated. Copies of rsaD transcript are normalized to copies of gyrA transcript.
Data shown indicate the mean ± standard error of three biological replicates. B. Transcript
abundance of rsaD in WT and sigB mutants after cold shock at 25°C. Cells were grown overnight
in TSB medium, then diluted into fresh TSB. When cells reached exponential phase, indicated by
an OD600 of 0.3-0.4, they were shifted from 37°C to 25°C. Samples for qRT-PCR were collected
at the 0 and 30 minutes after cold shock. Data shown is the mean ± standard error representative
of two independent biological replicates.
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Figure A3. A direct target of Sigma B, asp23 transcription is depleted in its absence.
Transcript abundance of asp23 in WT and sigB mutant strains during growth in TSB at 37°C at
the indicated time points. Copies of asp23 transcript are normalized to copies of gyrA transcript.
Data shown indicate the mean ± standard error of three biological replicates.
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Figure A4. Biofilm production is reduced in a codY and sigB mutant, but biofilm production
in an rsaD mutant is similar to WT S. aureus.
Biofilm assay performed as previously described (Beenken et al., 2003). Briefly, 96-well plates
were coated in plasma overnight. Indicated strains of the UAMS-1 background were pre-grown in
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± standard error of three biological replicates.
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Data are one experiment representative of at least 3 biological replicates. voc, pLL39 vector only
control; PsrrAB-srrAB, srrAB+ cloned into pLL39, PrsaD-rsaD, rsaD+ cloned in pLL39.
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