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CHAPTER I: BACKGROUND AND LITERATURE REVIEW

Introduction

Staphylococcus aureus 1s a prominent human pathogen that causes life-threatening,
invasive disease and is a significant healthcare burden in the United States and globally. The
prominence of S. aureus as a public health concern reflects the pathogen’s prevalence in the
general population and widespread antimicrobial resistance (1). The success of S. aureus
demonstrates its ability to replicate and survive within a variety of host environments. S. aureus is
capable of proliferation in nearly every human tissue, including the heart, lungs, kidneys, liver,
and bone. Yet S. aureus also innocuously colonizes the skin and nares of one-third to one-half of
the population (1). These facts suggest a remarkable flexibility in terms of metabolic and virulence
programs, allowing staphylococci to adapt to diverse and changing host environments during
invasive infection, while also enabling a commensal lifestyle characterized by low virulence and
immunotolerance.

Infection of bone, or osteomyelitis, is one of the most common sequelae following
invasive staphylococcal infection, and S. aureus is responsible for over 80% of all cases of
osteomyelitis (2). Osteomyelitis arises as a consequence of hematogenous dissemination following
bacteremia, secondarily to soft-tissue infection, following trauma, or contamination of surgical
sites (3). Treatment of osteomyelitis requires extensive antibiotic therapy for several weeks to
months, and despite appropriate medical maintenance, many patients fail therapy and require
surgical debridement to remove infected and necrotic bone. The incidence of osteomyelitis has
increased concomitantly with increased incidence of invasive staphylococcal infection due to the
prevalence of community-acquired methicillin resistant S. aureus (MRSA) (4-7). An

understanding of the factors that influence successful S. aureus colonization of bone is therefore
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essential for designing the next generation of anti-staphylococcal therapeutics, particularly in the
notoriously recalcitrant infectious setting of osteomyelitis.

Based on this foundational knowledge, this thesis examines the central hypothesis that S.
aureus has distinct genetic and metabolic programs that facilitate survival during osteomyelitis.
Chapter I discusses the necessary background to understand staphylococcal pathogenesis, the
skeletal environment, and the metabolic pathways available for acquisition of nutrients during
infection. Chapter II evaluates the broad genetic requirements for staphylococcal survival during
osteomyelitis using an unbiased, high-throughput sequencing technique. Chapter II also
characterizes the availability of a critical environmental factor, oxygen, as well as staphylococcal
regulation in response to oxygen availability. Chapter III features an in-depth evaluation of the
central metabolic pathways required for staphylococcal survival in vivo and characterizes the
nutrient milieu of bone. Lastly, Chapter IV describes the significance of our results in the context
of staphylococcal biology and details future directions and outstanding questions in the field of S.
aureus metabolism and regulation during infection.

Osteomyelitis is a paradigm for invasive S. aureus infection

As one of the most common manifestations of invasive infection following S. aureus
bacteremia, osteomyelitis is an excellent paradigm for invasive staphylococcal disease (4). Skeletal
infections further cause significant morbidity including fracture, septicemia, and dissemination
despite appropriate therapeutic management (3, 8, 9). This morbidity is driven in part due to the
widespread toxin induced destruction of the bone matrix and vasculature (3). Disruption of the
vascular architecture of bone inhibits both delivery of systemically administered therapeutics to
the site of infection and delivery of nutrients and oxygen to host and bacterial cells within the

infectious focus. The propensity of S. aureus to develop organized bacterial communities



surrounded by a dense organic matrix, or biofilms, in skeletal tissues and orthopedic implants
further complicates treatment options (10). A biofilm lifestyle is linked to increased antimicrobial
resistance and persistence, potentially due to decreased antibiotic penetrance or altered bacterial
metabolism in vivo (10).

Despite the known role of staphylococcal toxins in bone destruction during osteomyelitis,
toxins are not the sole mediator of tissue destruction. Skeletal remodeling is coordinated by the
opposing action of osteoclasts, bone resorbing cells, and osteoblasts, bone depositing cells (11).
These cells are responsible for breaking down and depositing the amino-acid-rich matrix that
makes up the structural component of bone. Skeletal cells participate in osteo-immunologic cross
talk in the presence of invading pathogens, which dramatically alters the kinetics of bone
remodeling as well as skeletal homeostasis due to stimulation of skeletal cell differentiation (12,
13). Changes in skeletal cell dynamics may induce significant alterations of host substrates
available for pathogen nutrient acquisition (14-16). Furthermore, osteoclasts and osteoblasts
exhibit a highly glycolytic metabolism, even in the presence of sufficient oxygen for respiration
(17-21). The stimulation of osteoclast and osteoblast differentiation thus significantly alters the
carbon source demands of skeletal tissues. The dynamic changes in the nutrient environment of
skeletal tissue during infection therefore makes osteomyelitis an ideal model for the study of
fundamental processes in bacteria nutrient acquisition and central metabolism.

Staphylococcal metabolism in infectious settings

All organisms require metabolism for the generation of energy and macromolecules within
the cell including carbohydrates, proteins, nucleic acids, lipids, and cofactors. Estimations of the
exact composition of these metabolites for an S. aureus cell have been previously published (22).

S. aureus is capable of generating all of its metabolic intermediates from 12 precursor metabolites



derived from three major central metabolic pathways: glycolysis/gluconeogenesis, the pentose
phosphate pathway, and the TCA cycle (23). The rise of genome sequencing technology in the
past 20 years has facilitated the development of extensive metabolic maps of S. aureus
reconstructed from genome annotation databases (22, 24). These maps represent relatively
accurate representations of staphylococcal metabolism; however, several key differences arise,
which likely represent control by unknown metabolic regulatory pathways and gaps in genome
annotations. Despite these limitations, metabolic databases like the Kyoto Encyclopedia of Genes
and Genomes (KEGG), represent the most comprehensive resources for preliminary interrogation
of metabolic data. Simplified schematics of staphylococcal metabolism adapted from the KEGG
database can be found in the subsequent figures. The following section serves as an introduction
for the current knowledge on staphylococcal metabolism, with an emphasis on pathways impacting
staphylococcal virulence.

Respiration/Fermentation. Generally, in order to produce ATP for energy production to
fuel cellular processes, the most energetically efficient pathway is respiration. This process is
performed by the electron transport chain, in which electrons are transported successively along
molecules with increasing electron potentials through a series of oxidation-reduction reactions.
The transport of electrons across the cell membrane generates an electrical or chemical gradient
that is collectively referred to as proton motive force. The proton motive force facilitates substrate
transport or ATP generation through ATPase enzymes. In this way, catabolism of organic
substrates during respiration can be converted to energy.

In S. aureus specifically, soluble NADH, generated from central metabolism shuttles
electrons to the electron transport chain (Figure 1). The membrane bound NADH: quinone

oxidoreductase, NDH2, then transfers NADH bound electrons to menaquinone (MQ), generating



NAD+ and reduced menaquinone (25). Alternatively, substrate-specific quinone oxidoreductases,
called flavoproteins, can also liberate electrons to reduce quinones, many of which are implicated
in staphylococcal survival in vivo (CidC, SdhCAB, Lqo, Mqo, and GlpD) (26-29). In the presence
of oxygen, reduced menaquinone then transfers electrons to one of two terminal oxidases, Qox or
Cyd (30). These terminal oxidases, or cytochromes, oxidize menaquinone and donate electrons to
oxygen, the terminal electron acceptor. Both Qox and Cyd are required for full virulence during
sepsis, however this phenotype is tissue dependent, suggesting that S. aureus utilizes different
cytochrome oxidases at different infectious niches (30). S. aureus contains a bo and ba3 type
cytochrome — distinguished by the spectral signature which is dictated by the bound heme cofactor
— however Qox is annotated as a cytochrome aa3 and Cyd is annotated at cytochrome bd,
suggesting that these cytochromes are misannotated (31-34). Alternatively, S. aureus can reduce
nitrate and respire anaerobically, through the predicted terminal oxidase NarGH (35). In order to
generate proton motive force, Qox can act as a proton pump, or protons can be translocated via Q-
loops, where reduced quinones release protons on the extracellular face following oxidation (36).

The resulting proton motive force drives the production of ATP by the FiFo ATPase (36).
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Figure 1. Schematic of the electron transport chain.



In the absence of respiration, S. aureus can maintain the balance of oxidation-reduction
reactions (redox balance) through oxidation of organic metabolites. These reactions are less
energetically favorable than respiration due to the low electron potential of catabolic end products.
S. aureus primarily maintains redox balance through the synthesis of L-lactate, which is catalyzed
by the constitutively produced Ldh2 and the respiration responsive Ldhl (37). Ldh1 is required
for resistance to nitrosative stress for the maintenance of redox balance and its regulation
represents a unique adaptation of S. aureus to respiration limitation by nitric oxide (37).
Fermentation can also produce D-lactate through D-lactate dehydrogenase (Ddh), formate through
pyruvate formate lyase (PFL), and ethanol through alcohol dehydrogenase (ADH), all of which
reduce NAD+ to regenerate NADH and balance the redox state of the cell (Figure 2). During
fermentative conditions, due to the absence of respiration and a functional electron transport chain,
ATP is generated by substrate level phosphorylation. However, in the absence of respiration,
proton motive force must be maintained for function of essential cellular processes. Under
fermentative conditions, the F1Fo ATPase may function in reverse, in which cation export occurs
at the cost of ATP hydrolysis. Mutation of this ATPase results in elevated intracellular pH and
limits the activity of staphylococcal lactate dehydrogenases, destabilizing redox balance and
inhibiting growth in the absence of respiration (36). These studies suggest that the FiFo ATPase
enables the function of staphylococcal virulence factor, Ldhl to maintain redox balance under

nitric oxide stress derived from the host innate immune system.
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Glycolysis, gluconeogenesis, the pentose phosphate pathway, and the TCA cycle. S.
aureus is capable of utilizing a wide variety of carbon sources including hexoses (i.e. glucose),
sorbitol, mannitol, pyruvate, and amino acids (38, 39). S. aureus is exquisitely adapted for
utilization of carbohydrate carbon sources, and encodes at least 11 carbohydrate transporters, four
of which are dedicated to the uptake of glucose (39). Carbohydrates are typically catabolized
through glycolysis to produce pyruvate (Figure 3). Pyruvate can then be oxidized to acetyl-
coenzyme A by pyruvate dehydrogenase during aerobic growth (40). Alternatively, during
anaerobic growth, pyruvate is reduced to lactic acid (see section on fermentation, above). The
ability to perform glycolysis is essential for S. aureus virulence. Glycolysis is required for S.
aureus survival in vivo to resist respiration inhibition by nitric oxide derived from the host during
skin and soft tissue infection (38). Conversely, S. aureus consumption of glycolytic intermediates
also stimulates the immune response and production of IL-1f in keratinocytes, which is required
for clearance of S. aureus skin infection (41). These studies indicate that staphylococcal

carbohydrate utilization is important for pathogenesis and influences antibacterial responses.
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Figure 3. Schematic of glycolysis/gluconeogenesis. Abbreviations: G6P (Glucose-6-Phosphate);
F6P (Fructose-6-Phosphate); F16bP (Fructose 1,6-bisphosphate); DHAP (dihydroxyacetone);
Ga3P (Glyceraldehyde 3-phosphate); GI13bP (1,3- bisphosphoglycerate); G3P (3-
phosphoglycerate); G2P (2-phosphoglycerate); PEP (phosphoenolpyruvate); Acetyl-CoA (Acetyl-

coenzyme A).
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Concomitantly with glycolysis, the pentose phosphate pathway (PPP) generates several
essential metabolic precursors (Figure 4) (42). The oxidative phase of the PPP synthesizes
NADPH from glucose-6-phosphate for the generation of fatty acids and glutamate. The non-
oxidative phase produces ribose-5-phosphate (R5P), erythrose-4-phosphate (E4P), and
sedoheptulose-7-phosphate (S7P). S7P can be used to generate both RSP and E4P — both of which
have important intracellular roles. The first, RSP, is utilized in purine and pyrimidine biosynthesis
for generation of DNA and RNA. Purine biosynthesis also generates AMP and GMP which are
important nucleic acids involved in energy generation and signaling in prokaryotes. The ability to
synthesize purines is essential for bacterial growth in vivo in a variety of bacterial pathogens,
including S. aureus, making R5P an incredibly important metabolic precursor for bacterial survival
during infection (43). The remaining precursor E4P is required for the synthesis of the aromatic
amino acids, tyrosine, tryptophan, and phenylalanine. Because of its role in essential cellular
processes, it is not surprising that the PPP is therefore required for staphylococcal growth and

survival in vitro and in vivo (36, 44, 45).
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During growth on nutrient rich substrates in both the presence and absence of oxygen,
Acetyl-CoA is utilized for acetogenesis, limiting entry into the TCA cycle (46, 47). Following
depletion of preferred carbon sources (i.e. glucose), S. aureus can consume acetate, amino acids,
and lactate, which requires the TCA cycle and produces ATP and the reducing equivalents NADH
and FADH2 (Figure 5) (48-50). Gluconeogenesis then restores essential intermediates previously
produced by glycolysis, and depletion of essential metabolites by TCA cycle activity is restored
by “replenishing reactions” known as anaplerotic reactions. However, carbon source utilization
appears to be oxygen/respiration dependent, particularly following consumption of preferred
carbon sources. Decreases in oxygen and iron abundance increase glycolytic enzyme production
and reduce TCA cycle related gene transcription (51, 52). Several studies have linked the TCA
cycle with regulation of S. aureus virulence. The TCA cycle is required for the switch to post-
exponential growth following depletion of preferred carbon sources and subsequent capsule
production, and TCA cycle inhibition alters a-toxin, B-toxin, and 6-toxin production (47, 48, 53).
Genes encoding TCA enzymes have also been shown to impact staphylococcal survival in murine
models via high-throughput insertional mutagenesis studies, indicating that TCA cycle activation

has major impacts on staphylococcal virulence capabilities (45, 54).
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Intersectionality of virulence and metabolism

S. aureus has an extensive repertoire of virulence factors that mediate survival inside a
mammalian host. These virulence factors include secreted and surface associated molecules that
mediate a variety of functions including circumvention of host defenses, liberation of essential
nutrients for replication, and physical attachment to host substrates. It has become an emerging
theme in pathogen biology that bacterial virulence is intimately associated with nutrient sensing,
particularly among staphylococcal species. CcpA, SrrAB, and Agr are a select few prominent
examples of master regulators in S. aureus that sense the nutritional status of the cell and
correspondingly regulate virulence (55-65). In order to examine the virulence and metabolic
responses of S. aureus in vivo, it is therefore essential to have an understanding of how these
metabolite-sensing regulators function.

CcpA. Catabolite control protein A (CcpA) is a global regulator of carbon metabolism that
is highly conserved among gram-positive bacteria. CcpA is required for glucose mediated
regulation, or catabolite repression, of metabolic genes. In Bacillus subtilis, CcpA activity is
controlled by a corepressor histidine containing protein (HPr) in response to accumulation of the
glycolytic intermediates, glucose-6-phosphate and fructose-1,6-bisphosphate, and ATP (66-68).
Recent findings suggest that CcpA is also regulated by organic phosphate through serine/threonine
protein kinase 1 (Stk1) (69). CcpA repression is then mediated by binding of CcpA to catabolite
responsive elements (cre) in the promoters of CcpA regulated genes (70). In the presence of
preferred carbohydrate sources, CcpA represses genes involved in the TCA cycle, amino acid
degradation, and numerous nutrient transporters (49, 71).

In addition to the role of CcpA in metabolic regulation, CcpA also is also a virulence

regulator. Glucose decreases transcription, in a CcpA dependent manner, of the immune evasion
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protein staphylococcal protein A (spa), the immunomodulatory protein immunodominant antigen
A (isaAd), and the adhesive protein autolysin (at/) (71). Additionally, CcpA is required for proper
biofilm formation (57). The effect of CcpA on biofilm formation is proposed to be mediated
through alteration of production of important biofilm components - including upregulation of cidA,
involved in extracellular DNA production (eDNA), and downregulation of ica4, which is required
for synthesis of poly N-acetyl glucosamine (57). The dramatic impact of ccpA mutation on the
central metabolic programing of S. aureus and biofilm formation and integrity indicates that CcpA
is an important regulator of staphylococcal metabolism and virulence.

SrrAB. SrrAB was originally identified as a regulator of oxygen-dependent toxic shock
syndrome toxin-1 (TSST-1) expression, and was noted to have homology to the global regulator
ResDE in B. subtilis (72, 73). ResDE is a two-component system required for anaerobic respiration
(74). Subsequent analyses revealed that SrrAB is associated with resistance to oxidative stress and
the aerobic/anaerobic shift (59, 60, 72). SrrAB mediates its effects in part through upregulation of
a variety of metabolic genes during respiration limitation, including genes involved in fermentation
(pfIAB and adhE), anaerobic respiration (nrdDG), and cytochrome synthesis (qoxABCD and
cydAB) (59). StrAB is also required for resistance to nitric oxide — a critical component of the
innate immune response — due to upregulation of a nitric oxide dioxygenase (Amp) and lactate
dehydrogenase (/dhl) which manages redox balance in the cell during nitric oxide stress as
discussed above (37, 59, 75). The extensive list of metabolic genes present within the SrrAB
regulon make this two-component system an important master regulator of metabolism. Further
studies revealed that SrrA is capable of downregulating transcription of the S. aureus quorum-
sensing system, which is also a major virulence regulator in staphylococi (discussed in depth

below) (12, 60). StrAB is also required for appropriate biofilm formation, through repression of
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cidABC expression which is required for eDNA production (59, 76, 77). Furthermore,
overexpression of SrrAB reduces bacterial burden in a rabbit endocarditis model (60). These
findings indicate a link between SrrAB, quorum sensing, and biofilm production and suggest that
oxygenation could impact staphylococcal virulence.

Agr. The accessory gene regulator (agr) quorum sensing system is a master regulator of
virulence and biofilm formation in S. aureus, and is a major mediator of bacterial-derived bone
destruction during osteomyelitis (12). Mutation of agr is a common staphylococcal adaptation to
osteomyelitis during chronic infection, which promotes decreased virulence and a biofilm like
lifestyle (78-81). The Agr system consists of two divergent promoters, P2 which drives
transcription of agrB, agrD, agrC, and agrA, and P3 which drives transcription of the effector
molecule RNAIIL. AgrB is a transmembrane protein involved in the proteolytic processing and
export of the Auto Inducing Peptide (AIP) pheromone encoded by agrD (82, 83). Accumulation
of AIP in the extracellular space is sensed by the AgrC sensor kinase that activates the transcription
factor AgrA which auto-regulates transcription through the P2 promoter (84, 85). Upon reaching
quorum, AgrA activation mediates several downstream effects on virulence factor production
through RNAIII. Alpha-hemolysin (4la) and staphylococcal protein A (spa) are two major
virulence factors directly regulated by RNAIII through base pairing with target gene transcripts
(65, 86, 87). However, RNAIII also functions to regulate virulence indirectly through anti-sense
binding to the transcriptional regulator, Repressor of Toxins (rot), which results in the upregulation
of several exoproteins (88). In addition to RNAIII dependent regulation of virulence, AgrA also
directly regulates transcription of Phenol Soluble Modulins (PSMs) (89). PSMs are small
amphipathic, helical toxins that are non-specifically cytolytic towards mammalian cells and are

responsible for cytotoxicity observed towards skeletal cells in vitro and in vivo (12). PSMs are also
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believed to function in biofilm structuring and are required for full biofilm development, making
these toxins both a virulence factor and determinant of biofilm lifestyle (90). The Agr system as a
whole also has RNAIII dependent and independent effects on the regulation of metabolic genes.
In 2008, AgrA was shown to regulate multiple genes involved in nucleotide synthesis, protease
production, peptide transport, amino acid metabolism, and carbohydrate utilization (91). Some of
this regulation may reflect the incredible metabolic demand on the bacterial cell of producing
PSMs and other Agr dependent exoproteins, which make up the most abundant proteins in S.
aureus culture supernatants. This interplay between metabolic demand and toxin production
regulated by a major transcriptional regulator of biofilm formation places Agr in a central role for
balancing the intersection of metabolism and virulence in S. aureus.
Conclusions

This dissertation describes our contribution to the study of the extensive adaptions S.
aureus utilizes for survival during invasive infection. In particular, we examined the genetic
requirements for staphylococcal virulence — focusing specifically on the metabolic pathways
required for staphylococcal survival in bone during osteomyelitis. These pathways are extensively
regulated to mitigate appropriate expression within host tissues. This dissertation describes a
specific bacterial signaling pathway that modulates both bacterial metabolism and virulence in
bone, and a comprehensive analysis of the central metabolic pathways required for S. aureus

survival during osteomyelitis.
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CHAPTER II: BACTERIAL HYPOXIC RESPONSES REVEALED AS CRITICAL
DETERMINANTS OF THE HOST-PATHOGEN OUTCOME BY TNSEQ ANALYSIS

OF STAPHYLOCOCCUS AUREUS INVASIVE INFECTION

Introduction

The mechanisms by which bacterial pathogens adapt to changing host environments are
poorly understood, in part due to the technical difficulty in measuring adaptive responses in vivo.
However, recent advances in high-throughput sequencing have enabled an unprecedented
evaluation of the host-pathogen interface. Transposon sequencing (TnSeq) is a sensitive and high-
throughput tool combining highly-saturated transposon mutant libraries with massively-parallel
sequencing to calculate the fitness of all nonessential bacterial genes under a given selective
pressure (92). TnSeq has been successfully used to determine the bacterial genes required for
survival in a number of different in vitro conditions and infection models (93-97). More recently,
a TnSeq library was generated in S. aureus and used to determine genes contributing to fitness in
abscess and infection-related ecologies (45). These studies illustrate the power of TnSeq analyses
to determine the genetic requirements for bacterial adaptation to diverse host environments.

This chapter describes our work that sought to determine the genetic requirements for S.
aureus survival during invasive infection using TnSeq analysis of acute murine osteomyelitis.
TnSeq analysis identified a large number of S. aureus genes as essential for growth within bone.
Many of the genes identified as essential for growth in bone can be grouped into related pathways
— including hypoxic responses. The regulation of interconnected pathways is frequently
coordinated by transcriptional regulators. One specialized way S. aureus may orchestrate broad

transcriptional changes to overarching genetic programs in response to the hostile bone
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environment is through the action of two-component systems (TCS). These systems consist of a
sensor kinase that changes the phosphorylation state of a conserved aspartate residue on its cognate
response regulator in response to an environmental signal (10). The response regulator then
differentially binds DNA depending on its phosphorylation state and typically acts as a
transcription factor (11). In this way, external stimuli are converted to internal transcriptional
changes. The ability of bacteria to sense and respond to oxygen changes using TCSs is well
established (12—16). We therefore hypothesized that the ability of S. aureus to adapt to changes in
available oxygen and shifts in substrate availability in the inflamed bone may rely on a
staphylococcal TCS and determine pathogenesis during invasive osteomyelitis. We determined
that an oxygen-responsive TCS is responsible for orchestrating several of the changes observed in
TnSeq of osteomyelitis. Additionally, intravital oxygen monitoring was utilized to define changes
in tissue oxygenation during osteomyelitis. Finally, we evaluated the effects of changing
oxygenation on S. aureus quorum sensing and virulence factor production. Collectively, the work
encompassed in this chapter determines the staphylococcal genes essential for survival during
invasive infection of bone, defines shifts in tissue oxygenation during invasive infection, and
interrogates the mechanisms by which S. aureus can modulate its virulence in response to changes
in oxygen availability.
Results

Identification of S. aureus genes essential for invasive infection by transposon sequencing
analysis of experimental osteomyelitis

In order to characterize the genes required for invasive S. aureus infection, TnSeq analysis
was performed during experimental osteomyelitis using a recently described S. aureus transposon

insertion library in strain HG003 (45). To identify potential bottlenecks in bacterial survival during
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osteomyelitis, a time course infection was first performed by inoculating murine femurs with strain
HGO003. An inoculum of 5x10° CFU was chosen based on direct comparison with strain LAC,
which has served as the wildtype strain in prior osteomyelitis analyses and is representative of the
most common lineage (USA300) of strains causing osteomyelitis in the United States (98). At days
1, 3, 5, 7, and 12 post-infection, infected femurs were harvested and processed for CFU
enumeration. After an initial period of replication from day 1 to day 3 post-infection, decreases in
bacterial burdens were noted by days 5 and 12 (Figure 6). Day 5 was therefore chosen for TnSeq
analysis of acute osteomyelitis, as it likely represents the first bottleneck encountered by invading
bacteria. For TnSeq analysis of osteomyelitis, mice were infected with the TnSeq library by direct
inoculation into the femur. Five days post-infection, femurs from infected mice were processed
for genomic DNA extraction. One limitation of TnSeq analysis during invasive infection is the
requirement for an outgrowth step after the recovery of bacteria from infected tissues. Although in
vitro outgrowth could potentially confound fitness calculations, it is necessary to decrease host
DNA contamination and allow for efficient sequencing of microbial DNA, and thus has become a
standard practice during TnSeq analysis of invasive infection models (45, 95, 99-103). We opted
for a short outgrowth in liquid media to minimize any confounding effects on fitness calculation.
For an in vitro comparator, an equivalent volume of the osteomyelitis inoculum was grown in vitro
for 24 hours prior to collection and genomic DNA extraction. To determine mutants with
compromised in vivo fitness, a “dval” was calculated for each gene in each condition (inoculum,

in vitro comparator, or osteomyelitis).
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Figure 6. Evaluation of HG003 growth kinetics during experimental osteomyelitis. Groups of
mice were subjected to osteomyelitis using strain HG003. Infected femurs were harvested at 1, 3,
5, 7, and 12 days post-infection and processed for CFU enumeration (n=3). Horizontal lines

represent the mean. Error bars represent SEM.

23



A total of 65 genes were found to be essential for survival during osteomyelitis (Appendix
A1) but not in vitro growth, and mutations in an additional 148 genes resulted in significant in vivo
compromise relative to the in vitro comparator (Appendix A2). Of the 213 genes identified by
TnSeq, 39 essential and 73 compromised genes encode hypothetical proteins, respectively. Of the
remaining 101 genes, 12 essential genes and 32 compromised genes have KEGG identifiers.
Thirty-two of the 44 genes with KEGG identifiers can broadly be categorized into metabolic
pathways, with specific pathways represented including carbon metabolism (9 genes), amino acid
biosynthesis (7 genes), and the TCA cycle (5 genes). In the TCA cycle, mutations in genes sucB
(SAOUHSC 01416), sucC (SAOUHSC 01216), and sucD (SAOUHSC 01218), which encode
enzymes responsible for the conversion of o-ketoglutarate to succinate, each resulted in
compromised growth during osteomyelitis. Moreover, genes encoding enzymes in pathways that
feed into the TCA cycle were also important for intraosseous growth, including pyruvate
carboxylase (SAOUHSC 01064 pyc), pyruvate dehydrogenase (SAOUHSC 01040 pdhA), and a
putative malic enzyme (SAOUHSC 01810). Mutations in 7 S. aureus genes encoding amino acid
biosynthesis enzymes compromised bacterial growth during osteomyelitis yet did not significantly
impair growth in vitro. These genes encode enzymes in the biosynthetic pathways for tryptophan
(SAOUHSC 01369 trpC, SAOUHSC 01367 #pG, and SAOUHSC 01377), -cysteine
(SAOUHSC 00488 cysK), lysine (SAOUHSC _01868), leucine (SAOUHSC 02288 /euD), and
the conversion of serine to glycine (SAOUHSC 02354 glyA4). Mutations in 6 genes encoding
components of purine and pyrimidine metabolic pathways resulted in significant in vivo
compromise during osteomyelitis. Two of these genes (SAOUHSC 02126 purB,
SAOUHSC 02360 tdk) were essential for staphylococcal survival in bone. A substantial portion

of the oxidative phosphorylation pathway was also found to be necessary for staphylococcal
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growth during osteomyelitis. Four of the 12 essential genes with KEGG identifiers and 1 of the
mutants with compromised growth are involved in oxidative phosphorylation, including
components of cytochrome oxidase complexes (SAOUHSC 01000 goxC, SAOUHSC 01032
cydB), and 3 subunits of the F-type ATPase (SAOUHSC 02340 atpC, SAOUHSC 02343 atpG,
SAOUHSC 02346 atpH). Collectively, the results of TnSeq analysis during experimental
osteomyelitis suggest broad adaptations in metabolism and energy production are required for
staphylococcal survival during invasive infection of bone.

In contrast to an abundance of genes encoding hypothetical proteins or metabolic pathways,
relatively few genes encoding known or putative virulence factors were identified by TnSeq as
important for staphylococcal survival in bone. Phosphatidylglycerol lysyltransferase, encoded by
mprF (SAOUHSC 01359), catalyzes the modification of phosphatidylglycerol with L-lysine and
contributes to bacterial defenses against neutrophils, cationic antimicrobial peptides, and certain
antibiotics (104). The mprF gene was essential for growth during osteomyelitis, suggesting that
resistance to antimicrobial peptides and neutrophils are important components of staphylococcal
survival in bone. A second virulence-associated gene identified by TnSeq as essential for S. aureus
osteomyelitis was isdFF (SAOUHSC 01087), which encodes a component of the iron-regulated
surface determinant heme uptake system (105). Interestingly, mutation of the ferric uptake
regulator (SAOUHSC 00615 fur) gene also resulted in compromised intraosseous growth,
illustrating a potential role for iron acquisition in the pathogenesis of staphylococcal osteomyelitis.
Mutation in the genes encoding thermonuclease (SAOUHSC 00818 nuc), a fibrinogen-binding
protein (SAOUHSC 01110), the repressor of toxins (SAOUHSC 01879 rot), and two serine
proteases (SAOUHSC 01935 splF, SAOUHSC 01938 splD) also compromised the survival of S.

aureus during osteomyelitis.
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The genes identified by TnSeq as critical for staphylococcal osteomyelitis encode diverse
metabolic processes, hypothetical proteins, and select virulence factors. These results suggest that
complex bacterial adaptations occur in response to invasive infection of bone. One mechanism by
which bacterial pathogens sense and ultimately respond to host-imposed stresses is through TCSs.
We therefore hypothesized that staphylococcal TCSs might coordinate the complex adaptations
observed during osteomyelitis. Strikingly, TnSeq analysis identified only one S. aureus TCS as
required for intraosseous survival. The staphylococcal respiratory response (SrrAB) system is
involved in coordination of the staphylococcal response to hypoxia and other stresses (59), and
has been shown to directly regulate select virulence factors (60). Both the histidine kinase (s77B)
and the response regulator (s77A4) components of the SrrAB locus were essential for staphylococcal
survival in bone, implying that this TCS might be particularly important for coordination of the
metabolic and virulence adaptations to intraosseous growth (Appendix Al). In total, these results
reveal the power of TnSeq analysis to identify S. aureus genes required for invasive infection of
bone.

SrrAB differentially regulates S. aureus genes under aerobic and hypoxic growth, and is
required for survival during osteomyelitis

Among the mutants that exhibited decreased survival in the osteomyelitis model, we
identified a single TCS, SrrAB, which coordinates responses to hypoxia and nitrosative stress in
vitro (59). Moreover, mutations in two additional genes regulated by SrrAB specifically under
conditions of nitrosative stress, cydB and goxC, also resulted in significantly decreased fitness
during osteomyelitis (Appendix A1 and A2) (59). Bone and bone marrow are intrinsically
hypoxic, leading to the hypothesis that SrrAB contributes to osteomyelitis pathogenesis by sensing

and responding to changes in environmental oxygen (106, 107). Because the SrrAB regulon was
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previously defined under conditions of nitrosative stress, we sought to further define the oxygen-
dependent SrrAB regulon by performing global transcriptional analysis of a clinically relevant
strain (LAC) in comparison to a mutant strain lacking sr7»4B expression (s77A::Tn) in both aerobic
and hypoxic growth conditions. Inactivation of s7#4B under aerobic conditions resulted in the
differential regulation of 64 genes (39 transcripts increased in abundance and 25 decreased in
abundance upon inactivation of s77AB) (Appendix B1). Under hypoxic growth conditions, sr7AB
inactivation led to differential regulation of 78 genes (22 transcripts increased in abundance and
56 decreased in abundance) (Appendix B2). Of the genes differentially regulated by SrrAB under
aerobic or hypoxic conditions, only 16 were previously identified as members of the SrrAB
regulon under nitrosative stress, suggesting that specific stresses might invoke different SrrAB-
dependent transcriptional responses (59). Moreover, by defining the SrrAB regulon under aerobic
versus hypoxic conditions, we discovered that an additional 7 genes important for survival during
osteomyelitis in the TnSeq dataset are also SrrAB-regulated (Appendix B1 and B2). The
requirement of multiple genes in the SrrAB regulon for survival during osteomyelitis suggests the
StrAB TCS is an important orchestrator of S. aureus stress responses in inflamed skeletal tissues.

Previous reports have demonstrated a significant defect in the growth of an s7»4B mutant
under anaerobic conditions but not under hypoxic growth conditions (59, 60, 73). To confirm that
SrrAB was not found to be essential in the TnSeq analysis simply because of a defect in growth,
the srrA4::Tn polar transposon mutant and mutations in known genes of the SrrAB regulon (pfIA4,
pflB, qoxA, and goxC) were analyzed in the LAC strain background. The growth rate of each
mutant under aerobic or hypoxic conditions was monitored over time. Under aerobic and hypoxic
growth conditions, s774::Tn had an enhanced lag phase compared to Wildtype (WT) but reached

equivalent optical densities to WT by 8 hours (Figure 7). The gox4::Tn and goxC::Tn mutants
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were unable to reach maximal optical densities as previously reported due to disruption of the
electron transport chain (59). These results indicate that an s774 B mutant is not impaired for growth
under hypoxia, further validating our TnSeq methods.

To investigate the role of SrrAB in osteomyelitis in a clinically-relevant background
without the potentially confounding influence of competition from other mutants in the TnSeq
library, groups of mice were infected with either WT or srr4::Tn in the LAC background. At 5 or
14 days post-infection, femurs were either processed to quantify bacterial burdens or subjected to
micro-computed tomography (microCT) imaging (day 14) for quantification of cortical bone
destruction. Inactivation of SrrAB resulted in a significant reduction in bacterial burdens in
infected femurs at both 5 and 14 days post-infection (Figure 8A). Moreover, murine femurs
infected with s774::Tn sustain significantly less cortical bone destruction than WT-infected femurs
(Figure 8B— D). These results demonstrate that SrrAB is critical for S. aureus survival in infected
bone and for induction of pathologic changes in bone remodeling during osteomyelitis.
Interestingly, mutants within the SrrAB regulon (gox4 and pfiA4) did not exhibit decreased survival
in our murine osteomyelitis model (Figure 7D). As discussed in Chapter I, staphylococci have two
cytochrome oxidases, goxA4 and cydA4, however cydA also does not have a defect in survival during
osteomyelitis. Although it is possible that the alternative cytochrome oxidase compensates for
mutation of the other, it has previously been shown that the cytochrome oxidases have distinct
roles in vivo and are not functionally redundant (30). Our data therefore suggests that S. aureus
may not require aerobic respiration in vivo. Additionally, mutation of pfIB had no impact of
staphylococcal survival at 14 days which likely reflects the fact that PfIB is inactivated by NO.
These data suggest that staphylococci encounter hypoxic and/or nitrosative stresses during

osteomyelitis.
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Figure 7. Growth Kkinetics of srr4::Tn and select SrrAB-regulated mutants under aerobic
and hypoxic conditions or in vivo. Growth of WT, srrd::Tn, pflA::Tn, pfIB::Tn, goxA::Tn, and
goxC::Tn strains was monitored by ODsoo with 3 technical replicates at 0, 2, 4, 6, 8, and 24 hours.
Data shown is representative of 3 biologically independent experiments. Error bars represent the
SEM. (A) Strains grown aerobically in BHI, which served as the in vitro comparator media during
TnSeq analysis. (B) Strains grown aerobically in TSB. (C) Strains grown hypoxically in TSB by
tightly capping Erlenmeyer flasks. (D) Osteomyelitis was induced in groups of mice using WT,
pflB::Tn, qoxA::Tn, and cydA::Tn strains. At 14 days post-infection, femurs were processed for
colony forming units (CFU) enumeration. N=5 mice per group and horizontal line represents the
mean. Different shapes indicate replicates. Error bars represent the SEM. Statistical significance

determined by Student’s ¢ test relative to respective WT comparator.
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Figure 8. SrrAB is required for intraosseous survival and cortical bone destruction during
S. aureus osteomyelitis. Osteomyelitis was induced in groups of mice using WT or sr74::Tn
strains. (A) At 5 and 14 days post-infection, femurs were processed for colony forming units (CFU)
enumeration. N=5 mice per group and horizontal line represents the mean. (B) MicroCT imaging
analysis of cortical bone destruction (mm?) 14 days post-inoculation. N=4 mice per group. (C and
D) Antero-posterior views of WT (C) or s77A4::Tn (D) infected femurs at 14 days post-inoculation.

Error bars represent the SEM. Statistical significance determined by Student’s ¢ test.
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S. aureus osteomyelitis triggers reduced oxygen availability in skeletal tissues

Normal bone and bone marrow are intrinsically hypoxic, with a physiologic oxygen
concentration range of 11.7 to 48.9 mmHg (1.5-6.4% O:), compared to atmospheric oxygen at
approximately 160 mmHg (21% O2) (106, 107). TnSeq analysis demonstrated that the hypoxia-
responsive SrrAB TCS is essential for S. aureus survival in bone, suggesting that bacterial invasion
and the resulting inflammation associated with osteomyelitis trigger further decreases in skeletal
oxygen availability. In order to determine the oxygen concentrations of S. aureus infected murine
femurs during osteomyelitis, an Oxylite monitor was used to record oxygen tensions at the
inoculation site at various times post-infection. In uninfected mice, average pOz in the
intramedullary canal was 45.2 mmHg, (Figure 9) consistent with previously reported bone marrow
physoxia (107). As infection progressed, the infectious focus became increasingly hypoxic, with
an average oxygen tension of 14.3 mmHg at 10 days post-infection. This decreased oxygen tension
was not due to the trauma induced by the inoculation procedure, as mock-infected bone showed
an elevated mean pO> of 77.5 mmHg by 4 days post-procedure (Figure 9). Collectively, these
findings demonstrate that skeletal tissues become increasingly hypoxic during S. aureus

osteomyelitis.
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Figure 9. S. aureus osteomyelitis triggers reduced oxygen availability in skeletal tissues.
Oxygen tension (pO2) was measured in murine femurs infected with S. aureus (black circles) at 1,
4,7 and 10 days post-infection (n=6 from two independent experiments). Uninfected femurs (open
squares) were measured for oxygen tension immediately following (n=5) or 4 days after (n=3) a
mock inoculation procedure. Oxygen tension is reported as mmHg. Horizontal lines represent the

mean. Dotted line represents the upper limit of detection.
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The srrAB promoter is active in hypoxic skeletal tissues

Intravital pO> monitoring revealed that skeletal tissues become increasingly hypoxic during
osteomyelitis, with dramatically reduced oxygen tensions as early as 24 hours after infection.
These data and the results of TnSeq analysis suggest that the s7»4B promoter is active in vivo. To
test the hypothesis that s¥»4AB promoter activity increases with decreasing oxygen availability in
infected skeletal tissues, a luminescent reporter construct was created in which expression of the
luxABCDE operon is driven by the srr4B promoter. Mice were infected with WT S. aureus
containing either this construct or a promoterless vector control, and at 1 hour or 24 hours post-
infection infected femurs were explanted and immediately imaged for bioluminescence. No
detectable luminescence above background was detected in femurs infected with WT bacteria
containing the promoterless control plasmid at 1 hour or 24 hours after infection (Figure 10). In
contrast, femurs infected with the Psrr4B-pAmiLux construct showed no detectable luminescence
above background at 1 hour post-infection but displayed strong luminescent signal at 24 hours
after infection, corresponding to the induction of hypoxia in infected skeletal tissues (Figure 10).
Collectively, these results demonstrate that the sr»A4B promoter is activated in vivo during infection

of hypoxic skeletal tissues.
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Figure 10. The srrAB promoter is active in hypoxic skeletal tissues. Groups of mice (n=3 per

group) were subjected to osteomyelitis by infection with WT bacteria containing either PsrrA4B-

pAmiLux or pAmiLux (promoterless control). At 1 or 24 hours post-inoculation, infected femurs

were explanted and immediately imaged on an IVIS 200 system (5 minute exposure).
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Neutrophil depletion rescues the intraosseous growth defect of an srr mutant

Intravital oxygen monitoring revealed hypoxia of skeletal tissues upon infection with S.
aureus, suggesting that inflammation triggers a reduction in skeletal oxygen concentrations.
Neutrophils are a significant source of both oxidative and nitrosative stresses in vivo and contribute
to formation of oxygen-limited abscesses in response to staphylococcal infection (38). To test the
hypothesis that SrrAB is necessary to resist hypoxic and/or nitrosative stresses imposed by
neutrophils in vivo, mice were either rendered neutropenic with serial anti-Ly6G (1AS)
monoclonal antibody injections or given an isotype control monoclonal antibody and subsequently
infected with WT or srr4::Tn (108). At 14 days post-infection, femurs were processed for
enumeration of bacterial burdens. In mice treated with control antibody, a significant virulence
defect was again observed in mice infected with the s774::Tn mutant (Figure 11). However, in
mice administered the anti-Ly6G (1AS8) antibody, a significant increase in bacterial burdens was
observed upon infection with s7r4::Tn, such that bacterial burdens no longer differed significantly
from non-neutropenic mice infected with WT (Figure 11). These results suggest that intraosseous
survival requires SrrAB to resist hypoxic and/or nitrosative stresses produced by neutrophils in

response to S. aureus osteomyelitis.
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Figure 11. Neutrophil depletion rescues the intraosseous growth defect of an srr4 mutant.
Mice were given serial injections of anti-Ly6G monoclonal antibody. As a control, mice received
injections of an isotype control antibody. At 14 days post-infection, femurs were processed for

CFU enumeration. N=4 mice per group. Horizontal lines represent the mean. Significance

determined by Student’s ¢ test.
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S. aureus modulates quorum sensing and exotoxin production in response to oxygenation
The observation that S. aureus infection of murine skeletal tissues leads to dramatically
reduced oxygen concentrations prompted further evaluations of how oxygenation impacts the
production of staphylococcal virulence factors. We previously demonstrated that secreted toxins
regulated by the accessory gene regulator (agr) locus are particularly important for the
pathogenesis of S. aureus osteomyelitis (12, 109). The agr locus (agrABCD) encodes a quorum
sensing system coupled to a TCS, and is responsible for growth phase-dependent regulation of a
number of S. aureus virulence factors (110). As discussed in Chapter I, the response regulator of
the agr locus, AgrA, directly regulates the production of alpha-type PSMs, which contribute
significantly to the pathology of S. aureus osteomyelitis (12, 91). Indeed, alpha-type PSMs were
found to be the sole mediators of cytotoxicity in concentrated culture supernatant towards murine
and human osteoblasts in vitro (12). However, a recent report demonstrated that alpha-type PSM
expression is directly linked to alpha toxin (Hla) expression (111). To verify that PSMs are the
sole mediators of cytotoxicity toward osteoblastic cells in S. aureus concentrated supernatants,
strain LACApsmal-4 (Apsm) containing the overexpression vector pOSl-plgt driving hla
expression in trans was tested for cytotoxicity towards osteoblastic cells (Figure 12). While WT
supernatant displayed maximum cytotoxicity, Apsm and Apsm pOSl1-plgt-hla did not show
significantly different cytotoxicity from control. Deletion of //a in an erythromycin-resistant LAC
background also failed to attenuate cytotoxicity (Figure 7). Moreover, targeted inactivation of
RNAIII in LAC did not decrease cytotoxicity, further supporting the AgrA-regulated alpha-type

PSMs as the sole secreted mediators of cytotoxicity toward osteoblastic cells (Figure 12).
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Figure 12. Alpha-hemolysin and inactivation of RNAIII does not impact cytotoxicity of
concentrated S. aureus supernatants towards osteoblastic cells. (A) Saos-2 or (B) MC3T3
osteoblastic cells were seeded into 96-well plates and cell viability was assessed 24 hours after
intoxication with supernatant (30% total media volume) from the indicated strains following
hypoxic growth. Results are expressed as percent of RPMI control (n=10). Error bars represent the

SEM. LACR indicates an erythromycin-resistant derivative of LAC used for construction of the

hla mutant.
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To determine the impact of culture oxygenation on S. aureus exotoxin production,
concentrated supernatants were prepared from S. aureus grown either aerobically or under limited
oxygenation. Incubation of several different mammalian cell lines or primary human osteoblasts
with varying amounts of concentrated culture supernatant demonstrated dose-dependent
cytotoxicity that significantly increased if the bacteria were cultured under lower oxygenation
(Figure 13). This phenotype was not unique to USA300 strain Lac (Figure 14). This enhancement
of cytotoxicity was not due to changes in bacterial density (data not shown). These results indicate
that S. aureus virulence factor production is modulated in response to environmental oxygen
levels.

StrAB regulates select virulence factors under microaerobic conditions in part by directly
interacting with the agr P2 and P3 promoters (60, 73). This observation, combined with the role
of SrrAB in responding to hypoxic stresses, led to the hypothesis that SrrAB may regulate quorum
sensing and virulence factor production in response to changes in oxygenation. To investigate the
impact of SrrAB on PSM-mediated killing of osteoblasts, osteoblastic cells were incubated with
varying amounts of culture supernatant from WT or srr4::Tn strains grown either aerobically or
under hypoxia. Aerobically grown srrA4::Tn supernatants demonstrated dose-dependent killing of
murine osteoblasts that was significantly increased compared to aerobically grown WT
supernatants, mimicking the effect of hypoxia on cytotoxicity (Figure 15A). The cytotoxicity of
aerobically grown srr4:: Tn was diminished by expression of the s7»4B locus in trans (Figure 16).
These data suggest that SrrAB represses PSM-mediated cytotoxicity under aerobic conditions.

Because SrrAB repressed PSM-mediated cytotoxicity under aerobic conditions, we
hypothesized that SrrAB impacts quorum sensing in response to oxygenation. To test this

hypothesis, the reporter plasmid pDB59 (agrP3 promoter driving YFP expression) was introduced
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into WT and s77A4::Tn (73, 112). Aerobically grown WT cultures demonstrated significantly lower
agrP3 activation compared to cultures grown under limited oxygenation (Figure 15B and C). This
decrease was partially SrrAB dependent, as aerobically grown srr4::Tn strains demonstrate a 2-
fold higher expression of agrP3 than aerobic WT cultures (Figure 15B and C). To further confirm
these results, quantitative RT-PCR was conducted on aerobically and hypoxically grown cultures
of WT and s7r4::Tn. Transcription of agrA was increased relative to aerobically grown WT for
both s7rA4::Tn and hypoxically grown cultures. Hypoxically grown cultures also demonstrated
significantly elevated levels of psma and RNAIII transcripts (Figure 15D). Inactivation of SrrAB
resulted in an over 30-fold increase in psmal-4 transcription and a near 20-fold increase in RNAIIl
expression under aerobic conditions. Under hypoxic conditions, inactivation of sr74B resulted in
a 3000-fold and 160-fold increase in psmal-4 and RNAIII transcript levels, respectively.
Collectively, these data indicate that S. aureus quorum sensing and resultant cytotoxicity towards
mammalian cells is modulated in an SrrAB-dependent manner in response to changing oxygen
availability, and further define SrrAB as an important regulator of metabolic and virulence

adaptations during invasive infection
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Figure 13. Hypoxically grown bacterial supernatants lead to increased cytotoxicity in human
and murine cells. WT supernatants were prepared by inoculating 3 colonies into RPMI and 1%
casamino acids and growing for 15 hours either aerobically or hypoxically. MC3T3 murine
osteoblastic cells (A), Saos-2 human osteoblastic cells (B), primary human osteoblasts (C), HL-60
premyelocytes (D), RAW264.7 murine macrophages (E), U937 monocytic cells (F), Jurkat T cells
(G), or A549 lung epithelial cells (H) were seeded into 96 well plates 24 hours prior to intoxication
with concentrated supernatant or RPMI control. Cell viability was assessed 24 hours later. Results
are expressed as percent of RPMI control (n=10), and are representative of 2 biologic replicates
with the exception of human primary osteoblasts, which represent a single experiment given the

limited availability of this resource. Error bars represent the SEM.
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Figure 14. Increased cytotoxicity of hypoxic cultures is not unique to S. aureus strain Lac. S.
aureus strain Newman and MW?2 supernatants were prepared as described in Figure 8. Percent
viability of MC3T3 cells were assessed as described in Figure 8. Results are expressed as percent
of RPMI control (n=10). Data shown is the average of 2 biological replicates. Error bars represent

the SEM.

42



RFUs

100 _ps0.001 80,0001 —e@— WT aerobic
i <0.05 --©-- WT hypoxic _
e —aA— srrA:: Tn aerobic --°
. 80- 60,0009 --A-- srrA:: Tnhypoxic /@ =--=
- ”
— ”y
S  g0- n ’
s Z 40,000 X
= [ y
g 404 ot
2 20,000
201
0- 0
% SN: 20 30 20 30 20 30 20 30 0 6 9 12 15
WT WT  srrA:: Tn srrA:: Tn Time (hours)
aerobic hypoxic aerobic hypoxic
p<0.001 D
| |
I p<0.01 I =3 srrA: Tn aerobic
80,000 p<0.001 p<0.01 ° 4 == @3 WT hypoxic
[ 1 o o I =3 srrA:: Tn hypoxic
60,000+ 23 "
3 2 :
40,000+ ®
2 1
L
K
20,000- 2 - 1T
g I
B
0- -1

WT WT srrA:: Tn srrA:: Tn agrA  psmal-4 hla RNAIIN
aerobic hypoxic aerobic hypoxic

43



Figure 15. S. aureus modulates quorum sensing and exotoxin production in response to
oxygenation. Supernatants from WT or srr4::Tn were prepared by inoculating RPMI and 1% CA
with a 1:1000 dilution from overnight cultures and growing for 15 hours either aerobically or
hypoxically. Identical culture conditions were used to monitor quorum sensing and transcript
levels (see below). (A) MC3T3 cells were seeded into 96 well plates at 5,000 cells per well. After
24 hours, growth media was replaced, and 20% or 30% of the total media volume was replaced
with concentrated culture supernatant grown either aerobically or hypoxically, or an equivalent
volume of RPMI. Cell viability was assessed 24 hours later, and results are expressed as percent
of RPMI control (n=10). Results are representative of at least three independent experiments. Error
bars represent the SEM. (B and C) Agr-mediated quorum sensing was monitored using agrP3-
dependent YFP expression in WT or sr#A4::Tn strains grown aerobically or hypoxically as above.
YFP relative fluorescent units (RFUs) were averaged from 3 technical replicates. Error bars
represent the SD. Data shown are an average of 3 biologically independent experiments. (B) RFUs
monitored at 0, 6, 9, 12, and 15 hours after back-dilution from overnight culture. (C) RFUs
measured at 15 hours post back-dilution from overnight culture (n=3). (D) cDNA samples from
WT or srr4::Tn strains grown aerobically or hypoxically as above were subjected to qRT-PCR.
Graph depicts fold change of the indicated transcripts relative to WT aerobic transcript level. Data
shown are an average of 3 biologically independent experiments. Significance was determined by
two-way ANOVA. * denotes p<0.05, ** denotes p<0.01, and *** denotes p<0.001 relative to WT

aerobic. Error bars represent SEM.
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Figure 16. Expression of SrrAB in trans decreases cytotoxicity of aerobic cultures. MC3T3
cells were intoxicated with 30% total media volume of RPMI control or concentrated supernatant
from the indicated strains after aerobic or hypoxic growth. Cell viability was determined 24 hours
after intoxication. Results are expressed as percent of RPMI control (n=10). Error bars represent

the SEM. Significance was determined by Student’s 7 test.
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Culture pH mediates oxygen responsive virulence production

We hypothesized that decreased oxygen concentrations in hypoxic cultures induce elevated
cytotoxicity in an SrrAB dependent manner. To test this, we used a hypoxic chamber and cultured
bacterial supernatants under various oxygen concentrations from 21% (atmospheric) to 1%
oxygen. Surprisingly, no oxygen concentration tested replicated the cytotoxicity of hypoxic
cultures (Figure 17A). We next hypothesized that elevated carbon dioxide in capped cultures may
mediate the hypertoxicity of hypoxic cultures. To test this, we used a carbon dioxide incubator to
culture bacterial supernatants under atmospheric oxygen and a range of carbon dioxide
concentrations from 0% (atmospheric) to 5% (physiologic). Interestingly, elevated carbon dioxide
also caused elevated cytotoxicity, similar to that found in capped “hypoxic” flasks (Figure 17B).
This cytotoxicity was still dependent upon PSMs, as supernatants from a Apsm mutant were
nontoxic under these conditions (Figure 17C). Curiously, the phenol red indicator in RPMI
indicated that in all growth conditions exhibiting cytotoxicity towards cultured cells, the
supernatants were acidic. S. aureus is known to acidify culture media as a result of acetate
production during exponential growth, and this acidification is exacerbated during fermentative
growth under low oxygen conditions (52, 113, 114). To test the hypothesis that S. aureus
acidification of growth media causes increased cytotoxicity, we grew WT S. aureus in RPMI with
increased bicarbonate to improve the buffering capacity of the media. Although standard RPMI
contains 0.2% bicarbonate, we found that elevating the bicarbonate concentration to 0.4%
decreased the cytotoxicity of hypoxically grown culture supernatants (Figure 17E). We
hypothesized that the reciprocal would also occur: supernatants from aerobic cultures grown in
media with reduced buffering capacity would be more cytotoxic. As expected, S. aureus acidified

cultures more quickly in media with decreased bicarbonate buffering capacity. Furthermore, even
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after returning the pH of supernatants to 7.4 following 15 hours of growth, supernatants from
media with decreased bicarbonate buffering capacity had elevated cytotoxicity, which was
dependent upon PSMs (Figure 17G). The effects of pH on cytotoxicity are not dependent upon
bicarbonate buffering, as cultures that are manually maintained at a pH of 7.4 are also non-
cytotoxic (Figure 17H). The effect of pH on toxin production is not unique to USA300 strain
LAC, however pH may drive differing regulation of toxin production, as decreased buffering
capacity during growth decreased cytotoxicity of MW?2 supernatants (Figure 18). These results
indicate that the decreased pH of cultures during fermentative growth mediates the oxygen
responsive cytotoxicity observed previously.

Because SrrAB controls a variety of metabolic and fermentative genes, we hypothesized
that supernatants from an sr74 mutant may become more acidic during growth than WT, which
might induce the elevated cytotoxicity of an s774 mutant observed previously (Figure 15A). To
test this, we measured the pH of an s774 mutant throughout growth and found that although these
mutants are slightly more acidic than WT cultures, they do not reach the pH required to induce
cytotoxicity in WT cultured supernatants (Figure 17I). This suggests that the elevated cytotoxicity
of an srr4A mutant is indeed due to SrrAB regulation of cytotoxicity and not due to indirect effects

on cytotoxicity through pH.
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Figure 17. Decreases in culture pH during hypoxic growth mediates S. aureus virulence
factor production. Cultures of WT S. aureus were prepared by inoculating RPMI and 1%
Casamino acids with a 1:1000 dilution from overnight cultures and growing for 15 hours. (A)
Cultures were grown either aerobically in atmospheric gas levels, hypoxically in a capped flask,
or in a hypoxic chamber with controlled oxygen content. (B and C) Cultures were grown in a CO2
incubator with atmospheric oxygen. (E-H) Cultures were grown in RPMI lacking bicarbonate
buffer with indicated bicarbonate percentages added and 1% Casamino acids under atmospheric
conditions. (H) The pH of each culture was monitored and corrected hourly to a pH of 7.4 with
NaOH or treated with a vehicle control. (A-C, E, G, H) MC3T3 cells were seeded into 96 well
plates at 5,000 cells per well. After 24 hours, growth media was replaced, and 20% of the total
media volume was replaced with concentrated culture supernatant grown as indicated, or an
equivalent volume of RPMI unless otherwise indicated. Cell viability was assessed 24 hours later.
Results are expressed as percent of RPMI control (n=10). (A, B, G) Results are average of at least
three independent experiments. (C, E, H) Results are representative of at least two independent
experiments. Error bars represent the SEM. * indicate p < 0.05. Significance determined by
Student’s ¢ test. (D, F, I) Culture pH was measured in intervals for 15 hours. Results are the average

of two (D), three (F), or one (I) biologic replicates. Error bars represent SEM.
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Figure 18. The effect of pH on cytotoxicity may be strain dependent. Cultures of WT S. aureus
were prepared by inoculating RPMI and 1% Casamino acids with a 1:1000 dilution from overnight
cultures and growing for 15 hours either aerobically in atmospheric gas levels. MC3T3 cells were
seeded into 96 well plates at 5,000 cells per well. After 24 hours, growth media was replaced, and
20% of the total media volume was replaced with concentrated culture supernatant grown as
indicated. Cell viability was assessed 24 hours later, and results are expressed as percent of RPMI

control (n=10). Results are the average of two independent experiments. Error bars represent the

SEM. Significance determined by Student’s 7 test.
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An srrA and srrB mutant have differing virulence responses and survival in vivo, indicating
atypical TCS regulation

Our results indicate that SrrAB is required for regulation of toxin production during
growth in vitro. According to prototypical TCS models, phosphorylation of SrrA dictates DNA
binding activity. However, SrrA has been shown to be capable of binding the agr promoter in the
absence of phosphorylation (28). We were curious then if SrrB is required for the elevated
cytotoxicity and decreased survival in vivo observed previously. To test this, we compared the
activation of Agr-mediated quorum sensing using the agrP3 — YFP reporter plasmid pDB59 in
an srrA::Tn versus an srrB::Tn mutant. Interestingly, an s7»B mutant had decreased YFP
production during aerobic growth at 15 hours compared to an s774 mutant, and was not
significantly different from WT (Figure 19A). These results suggest that SrrA is functional for
repression of the agr locus under aerobic conditions, despite the absence of phosphorylation by
the cognate sensor kinase, SrrB. We then tested if StrB is required for survival in vivo during
osteomyelitis. Surprisingly, at 14 days post-infection, the bacterial burdens of an s7»B mutant do
not significantly differ from WT (Figure 19B). These studies suggest that SrrA functionality is
not dependent upon phosphorylation by SrrB, and may in fact have regulatory activity in both

phosphorylated and un-phosphorylated states.
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Figure 19. An srr4 and srrB mutant have differing virulence responses and survival in vivo.
(A) Cultures were prepared by inoculating RPMI and 1% CA with a 1:1000 dilution from
overnight cultures and growing for 15 hours either aerobically or hypoxically. Agr-mediated
quorum sensing was monitored using agrP3-dependent YFP expression in WT, srr4::Tn, or
srrB::Tn strains. YFP relative fluorescent units (RFUs) were averaged from 3 technical replicates.
Error bars represent the SD. Data shown are an average of 3 biologically independent experiments.
RFUs measured at 15 hours post back-dilution from overnight culture (n=3). (B) Osteomyelitis
was induced in groups of mice using WT and s77B::Tn strains. At 14 days post-infection, femurs
were processed for colony forming units (CFU) enumeration. N=5 mice per group and horizontal
line represents the mean. Error bars represent the SEM. Statistical significance determined by

Student’s ¢ test. The data from WT was also utilized to generate the red circles in Figure 2D.
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Discussion

TnSeq analysis during experimental osteomyelitis revealed S. aureus genes essential for
invasive infection. Among the mutants with reduced in vivo fitness was one TCS, SrrAB, which
was previously characterized as a coordinator of hypoxic and nitrosative stress responses (59).
StrAB is postulated to sense reduced menaquinones, however the exact mechanism by which this
system modulates quorum sensing in response to the redox status of the cellular menaquinone pool
has yet to be determined (76).

Our data suggest that aerobic growth of S. aureus limits quorum sensing and agr-dependent
virulence factor production in a manner that is partially dependent on SrrAB (Figure 20).
Conversely, hypoxic growth results in significantly increased cytotoxicity toward mammalian
cells. Since equivalent bacterial densities were achieved under conditions of hypoxic and aerobic
growth, these results imply that the output of quorum sensing can be functionally uncoupled from
bacterial density by changes in culture oxygenation. Such uncoupling could be particularly
advantageous for quenching of virulence factor production in environments with higher oxygen
availability, such as during colonization of the skin or nares. Since inactivation of SrrAB under
aerobic conditions failed to fully restore quorum sensing and cytotoxicity to the levels observed
with hypoxic growth, it is likely that this phenomenon is a result of multiple factors. Additional
studies are therefore needed to determine the SrrAB-dependent and SrrAB-independent
mechanisms by which oxygenation regulates quorum sensing. To this end, it has previously been
demonstrated that both the S. aureus AIP and AgrA can be functionally inactivated by oxidation
(115, 116), suggesting a potential SrrAB-independent mechanism for modulation of quorum
sensing by oxygen. Moreover, the S. aureus genome is known to encode other redox-sensitive

regulators such as Rex, MgrA, SarA, and AirSR (116-120). It is therefore possible that
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environmental oxygen is not a direct regulator of quorum sensing, but rather that a change in the
redox status of the bacterial cell or oxidative damage triggers changes in virulence factor
production. Alternatively, previous literature indicates that pH extremes can modify the lactone
ring of quorum sensing molecules, and AIP is commonly inactivated in vitro using alkaline
hydrolysis (121, 122). Based on the known sensitivity of lactone rings to alkaline mediated
hydrolysis, we predict that the acidic pH found in our culture conditions stabilizes AIP and
increases signaling though the Agr system. Our data suggest that acidification of the host
environment due to bacterial mixed acid fermentation products may link the apparent oxygen
responsiveness of quorum sensing under reduced oxygen conditions. Nevertheless, our findings
suggest that shifts in available oxygen, as well as the inherent differences in physiologic oxygen
concentrations in various host tissues, could have a significant impact on staphylococcal virulence.
Additionally, these data highlight the importance of in vitro culture conditions on the study of

staphylococcal virulence.
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Figure 20. Schematic of S. aureus agr regulation.
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A quorum sensing reporter revealed that sr»4 and s7»B mutants exhibit divergent responses
in vitro. SrrA belongs to the OmpR/PhoB family of response regulators (28). Prototypically, DNA
binding and transcriptional regulation of OmpR family response regulators are activated by
phosphorylation by the corresponding sensor kinase (35). However, our data indicate that SrrB is
not required for functionality of StrA in vitro or in vivo. Interestingly, the B. subtilis SrrA homolog,
ResD, expresses both phosphorylation-dependent and phosphorylation-independent regulation of
transcriptional activity (33,34). These studies suggest that SrrA has regulatory activity in both
phosphorylated and un-phosphorylated states, and moreover, that phosphorylation status of SrrA
may dictate target specificity. Alternatively, these results could also indicate TCS “cross talk™ or
“cross regulation”, in which a non-cognate sensor kinase regulates StrA in the absence of SrrB.
These possibilities will be the topic of further study in our laboratory. Furthermore, these studies
highlight the importance of examining TCSs both as a whole, and as individual components.

Global transcriptional analyses defined the SrrAB regulon of S. aureus under conditions of
aerobic and hypoxic growth. Interestingly, although some overlap was noted with the previously
reported SrrAB nitrosative stress regulon, we identified additional SrrAB-regulated genes under
conditions of changing oxygenation (59). Although these findings may relate to technical issues
or strain-dependent differences in gene regulation, they suggest that SrrAB may integrate multiple
environmental signals, or that oxidative and nitrosative stress trigger a common endogenous
bacterial pathway that activates SrrAB. In order to begin defining the host components that trigger
hypoxic or nitrosative stress responses in S. aureus, we examined the role of neutrophils during
osteomyelitis. Neutrophils impose nitrosative and oxidative stress to invading pathogens through
the respiratory burst, which generates reactive oxygen and nitrogen species. Moreover, neutrophils

contribute to tissue hypoxia through abscess formation (38). In support of the role of SrrAB in
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resisting such hypoxic and nitrosative stresses, we found that neutrophil depletion rescued the
virulence defect of an s774 mutant. Additional studies are needed to parse out the effects of
neutrophil-derived reactive oxygen and nitrogen species versus abscess-associated tissue hypoxia
on the survival of S. aureus. Furthermore, it is likely that other innate and adaptive immune
responses contribute to changes in tissue oxygenation and thus the redox status of invading
pathogens.

In addition to the genes encoding SrrAB and its targets, TnSeq analysis during
osteomyelitis revealed a large number of staphylococcal mutants with compromised fitness in vivo.
Many of the genes identified as essential or compromised during in vivo growth can be broadly
classified as associated with metabolism. In contrast, very few prototypical virulence factors were
identified as essential for osteomyelitis. The lack of traditional secreted virulence factors identified
through TnSeq analysis is not surprising due to the nature of the technique. Infection with a pooled
transposon library allows for mutants deficient in a particular gene to potentially co-opt bacterial
factors from other mutants. Indeed, this phenomenon has been characterized for the exchange of
metabolic intermediates in S. aureus, and it is conceivable that secreted virulence factors could be
“shared” in a similar manner (109). An additional limitation of the technique is the short outgrowth
step in BHI following harvest of the transposon library from the infected femur. This outgrowth
step may allow recovery of mutants in vitro that are unfit during infection. Despite this shortfall,
the outgrowth step was necessary to decrease the amount of murine DNA present in the femur
homogenate and allow for effective sequencing of bacterial DNA and is a common adjustment in
Tnseq (45, 95, 102).

TnSeq analysis of staphylococcal osteomyelitis paralleled a previous TnSeq analysis of

staphylococcal growth in soft tissue abscesses (45). In fact, 40 of the 65 genes identified as
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essential for growth during osteomyelitis were also essential for growth in murine abscesses. This
observation is consistent with our previous data showing that osteomyelitis is characterized by
exuberant abscess formation in the bone marrow (12), and suggests common stresses are
encountered by staphylococci in neutrophil-rich inflammatory lesions. However, 25 of the 65
genes essential for intraosseous survival were not found to be essential for abscess growth, and
may reflect unique adaptations to colonization of skeletal tissues.

Of the genes required for S. aureus survival during invasive infection, many encode
hypothetical proteins or proteins without a previously characterized role in virulence. This
observation highlights the power of TnSeq analysis as an unbiased evaluation of the genetic
requirements for bacterial survival in host tissues. In summary, the results of this chapter elucidate
bacterial survival strategies during invasive infection, link changes in environmental oxygen to
staphylococcal quorum sensing and virulence, and provide a firm foundation to identify new
targets for antimicrobial and vaccine design.

Materials and Methods

Bacterial strains and growth conditions

The S. aureus TnSeq library in strain HG003 has been previously described (45). All other
experiments were conducted in an erythromycin-sensitive, tetracycline-sensitive derivative of the
USA300 strain LAC (AH1263), which served as the WT unless otherwise noted (153). Strain
LACApsmal-4 has been previously described (12, 154). Strains srr4::Tn, srrB::Tn, qoxA::Tn,
qoxC::Tn, pfl4::Tn, pfIB::Tn, and cydA::Tn in the LAC background were created by bacteriophage
phi-85-mediated transduction of erm-disrupted alleles from the respective JE2 strain mutants
obtained from the NARSA transposon library (155). Strains Apsm pOS1-plgt and Apsm pOSI-

plgt-hla were provided by Dr. Juliane Bubeck-Wardenburg (111). Construction of strain LAC
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ARNAIII is described below. Plasmid pDB59 (agr-P3-YFP) was electroporated into LAC
srrA::Tn, or srrB::Tn for monitoring of agr-dependent quorum sensing (112). All strains were
grown in glass Erlenmeyer flasks at 37°C with orbital shaking at 180 rpm. All S. aureus strains
were grown in Tryptic Soy Broth (TSB), Brain-Heart Infusion (BHI), Roswell Park Memorial
Institute medium (RPMI) supplemented with 1% casamino acids (CA), or RPMI with 1% CA
lacking bicarbonate. Escherichia coli was grown in Luria Broth (LB). Erythromycin and
chloramphenicol were added to cultures at 10 pg ml™! where indicated. Ampicillin was added to
cultures at 100 ug ml™! where indicated. Cadmium chloride was added to cultures at 0.1 mM where
indicated. A 5:1 flask to volume ratio was utilized unless otherwise noted. For comparative growth
analyses, overnight aerobic cultures were back-diluted 1:1000 into fresh TSB or BHI media and
optical density at 600 nm (ODeoo) was monitored over time. Culture pH monitored by pH meter as
indicated.

Construction of LAC ARNAIIT

RNAIII including upstream and downstream flanking regions were amplified using primers 5'-
GCATGCGTCGATATCGTAGCTGGGTCAG-3' and 5'-
GAATTCGAAGTCACAAGTACTATAAGCTGCG-3', and cloned into the Hincll site of pUC18
(156) to create pGAWI1. To delete RNAIII, inverse PCR was performed with primers 5'-
TTTGGGCCCTATATTAAAACATGCTAAAAG-3' and 5'-
TTTCTCGAGGTAATGAAGAAGGGATGAGTT-3" amplifying RNAIII flanking regions and
the remaining plasmid backbone of pGAWI1. The vector was religated after treatment with
Polynucleotide Kinase (New England Biolabs, MA) and designated pGAW3. To insert an
antibiotic resistance cassette, pPGAW3 was digested with Apal and Xhol, religated with the Apal-

Xhol fragment from pJC1075 (157) (cadCA, conferring resistance to cadmium) and designated
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pGAWG. The Sphl- Kpnl fragment from pGAW6 was cloned into the allelic replacement vector
pJC1202 (157) using the same restriction sites and designated pGAW?7. Strain RN4220 was
electroporated with plasmid pGAW7 and plated on GL agar containing 5 pug chloramphenicol ml™
'at 30 °C. Allelic exchange was carried out as previously described (157). Phage 80a was then
used to transduce the mutation into LAC to generate LAC RNAIII::cad, herein designated LAC
ARNAIII

Construction of an SrrAB overexpression plasmid

To express s77AB in trans, the srrAB open reading frame was PCR amplified from genomic DNA
of LAC wusing primers 5-ATCTCGAGATGTCGAACGAAATACTTATCG-3> and 5°-
ATGGATCCTTCAATTTTATTCTGGTTTTGGTAG-3". The resulting s7#4B amplicon was then
cloned into the shuttle vector pOS1 under control of the /gt promoter (158). As a control, wild
type and srrA::Tn strain LAC were transformed with pOS1-/g¢ lacking an insert.

Construction of a luminescent SrrAB reporter

To examine expression of SrrAB in vivo the srrAB promoter was PCR amplified from genomic
DNA of LAC using primers 5’-TACCCGGGTGTATTTATCACAAAGTTTGAGAAT-3’ and 5’-
ATCGTCGACACAGGTCATACCTCCCAC-3". The resulting amplicon was then cloned into the
shuttle vector pAmilux. As a control, wild type stain LAC was transformed with pAmilux lacking
an insert.

Murine model of osteomyelitis and micro-computed tomographic analysis

All experiments involving animals were reviewed and approved by the Institutional Animal Care
and Use Committee of Vanderbilt University and performed according to NIH guidelines, the
Animal Welfare Act, and US Federal law. Osteomyelitis was induced in 7- to 8-week old female

C57BL/6] mice as previously reported (12). An inoculum of 1x10° CFU in 2 ul PBS was delivered
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into murine femurs. For some experiments, mice were rendered neutropenic by serial
intraperitoneal injections of an anti-Ly6G (clone 1A8) monoclonal antibody (BioXcell, West
Lebanon, NH) at days -3, 0, 4, 7, and 10 post-infection. As a control, mice received serial injections
of an isotype control antibody (rat IgG2a). At various times post-infection, mice were euthanized
and the infected femur was removed and either processed for CFU enumeration or imaged by
micro-computed tomography (microCT). For CFU enumeration, femurs were homogenized and
plated at limiting dilution on Tryptic Soy Agar (TSA). Analysis of cortical bone destruction was
determined by microCT imaging as previously described (12). Differences in cortical bone
destruction and bacterial burdens were analyzed using Student’s # test.

Intravital measurements of oxygen concentration

Intravital oxygen concentrations were measured in infected femurs using an Oxylite (Oxford
Optronix, United Kingdom) oxygen and temperature monitor in conjunction with a flexible bare-
fibre sensor. Mice were anesthetized with isoflurane and the surgical incision was re-opened.
Oxygen readings were obtained by insertion of the sensor directly through the intramedullary canal
and into the infectious focus. Measurements from the probe were recorded at least 5 minutes after
probe placement to allow for temperature equilibration and stabilization of oxygen readings.
Transposon sequencing analysis of experimental acute osteomyelitis

The S. aureus TnSeq library in the HG003 background has been previously described (45). In
order to identify potential bottlenecks in the murine osteomyelitis model that could confound
TnSeq analysis, groups of mice were first infected with strain HG003 using an inoculum of 5x10¢
CFU and then at various times post-infection the infected femurs were collected and processed for
CFU enumeration. Day 5 was chosen as a timepoint for TnSeq analysis of acute osteomyelitis as

it likely represents the first bottleneck encountered by invading bacteria. To prepare the TnSeq
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library for inoculation into murine femurs, an aliquot of the library containing 5x10” CFU/ml was
thawed and inoculated into 100 ml of BHI media in a 500 ml Erlenmeyer flask. This culture was
incubated at 37°C for 12 hours and then back-diluted 1:100 into fresh BHI at the same flask to
volume ratio and grown an additional 3 hours. Bacterial cells were harvested by centrifugation and
resuspended in PBS to a concentration of 7x10° CFU in 2 ul PBS. Genomic DNA was prepared
from this inoculum using a Qiagen DNeasy Kit with 40 ug ml™! lysostaphin added to the lysis
buffer. The inoculum was used to initiate experimental osteomyelitis in groups of mice as above.
Another equivalent aliquot of the inoculum was seeded into a 50 ml BHI culture in a 250 ml
Erlenmeyer flask. This culture was grown for 24 hours, after which time the bacterial cells were
harvested and genomic DNA was prepared as above. This genomic DNA served as the in vitro
comparator for TnSeq analysis. At 5 days post-infection, mice inoculated with the TnSeq library
were euthanized, and the infected femurs were harvested and homogenized in 1 ml of PBS. 500 pul
of this homogenate was archived by freezing at -80°C in 20% glycerol and the remaining 500 pl
of the homogenate was seeded into 4ml of BHI media and cultured at 37°C and 180 rpm shaking
for 5.5 hours. Bacteria were then collected by centrifugation and subjected to genomic DNA
preparation as above. Recovered bacteria from 2 mice were pooled, and 3 biologically independent
groups of mice were analyzed separately. Genomic DNA samples were subsequently prepared for
sequencing on an Illumina HiSeq 2000 (Tufts University Genomic Core Facility). Sequencing,
data analysis, and fitness calculations were performed as previously reported (45). Briefly, a “dval”
was calculated for each gene in each condition (inoculum, in vitro comparator, or osteomyelitis).
The dval represents the observed number of mappable reads of insertions in a gene, divided by the
number of mappable reads of insertions predicted for that gene based on its size relative to the

genome and the total number of mappable reads obtained for that experiment. Genes with dval of
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<0.01 were considered “essential” in a given condition. Genes with dval of >0.01 but <0.1 were
considered “compromised” in a given condition, whereas genes with dval >0.1 were considered
“fit”. A dval ratio was calculated by dividing the dval of a given gene in osteomyelitis by the dval
of the same gene during in vitro comparator growth.

RNA isolation and Genechip analysis

For genechip analysis, aerobic cultures of WT or srr4::Tn were prepared as follows. Three
colonies of WT or srrA4::Tn were inoculated into 10 ml of TSB in a 50 ml Erlenmeyer flask. This
culture was grown overnight then back-diluted 1:1000 into 50 ml of TSB in a 250 ml flask. The
back-diluted cultures were grown at 37°C and 180 rpm orbital shaking until ODgoo reached 0.5, at
which time an equal volume of ice-cold 1:1 acetone: ethanol was added, and the cultures were
stored at -80°C until processed for RNA isolation. For comparison of RNA from aerobic versus
hypoxic conditions, TSB cultures of WT or s7r4::Tn were incubated overnight as above, back-
diluted 1:1000 into 100 ml of TSB in a 500 ml flask and grown to an ODeoo of 0.5. Fifty milliliters
of the culture were then placed into a tightly capped 50ml conical (hypoxic condition) and
incubated for one hour at 37°C before mixture with acetone: ethanol and storage at -80°C. The
remaining 50 ml of culture was moved to a 250 ml Erlenmeyer flask (aerobic condition) and
incubated for one hour at 37°C before mixture with acetone: ethanol and storage at -80°C. For
RNA isolation, bacterial cells were harvested by centrifugation and resuspended in LETS buffer
(0.1 M LiCl, 10 mM EDTA, 10 mM Tris HCI, 1% SDS). The resuspended cells were disrupted in
the presence of 0.5 mm RNAase-free zirconium oxide beads in a Bullet Blender (Next Advance,
Averill Park, NY, USA). Disrupted cells were heated at 55°C for 5.5 minutes and centrifuged for
10 minutes at 15,000 rpm. The upper phase was collected and transferred to a new tube before

adding 1 ml of TRI-Reagent. After mixing, 200 ul of chloroform was added, and the resultant
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solution was mixed vigorously for 15 seconds. Samples were centrifuged at 15,000 rpm for 10
min, and the aqueous phase was transferred to a new tube. RNA was precipitated with isopropyl
alcohol and subsequently washed with 70% ethanol before drying and resuspension in deionized
water. RNA samples were subsequently treated with DNase I and re-purified with a GeneJET RNA
Cleanup Kit (Thermo Fisher Scientific, Waltham, MA, USA).

For Genechip analysis, RNA samples were labeled, hybridized to commercially available
S. aureus Affymetrix Genechips, and processed as per the manufacturer’s instructions
(Affymetrix, Santa Clara, CA, USA). Briefly, 10 ug of each RNA sample was reverse transcribed,
resulting cDNA was purified using QIAquick PCR Purification Kits (Qiagen, Germantown, MD,
USA), fragmented with DNase I (Ambion, Carlsbad, CA, USA), and 3’ biotinylated using Enzo
Bioarray Terminal Labeling Kits (Enzo Life Sciences, Farmingdale, NY, USA). A total of 1.5 ug
of a labeled cDNA sample was hybridized to a S. aureus GeneChip for 16 hr at 45°C, processed,
and scanned in an Affymetrix GeneChip 3000 7G scanner as previously described (159, 160).
Signal intensity values for each GeneChip qualifier were normalized to the average signal of the
microarray to reduce sample labeling and technical variability and the signal for the biological
replicates were averaged using GeneSpring GX software (Agilent Technologies, Redwood City,
CA, USA) (160-163). Differentially expressed transcripts were identified as RNA species that
generated a two-fold increase or decrease in WT cells in comparison to srr4::Tn cells during
aerobic and hypoxic conditions (z-test, p = 0.05). All related GeneChip data files were deposited
in the NCBI Gene Expression Omnibus repository in the MIAME-compliant format.
Supernatant preparations
S. aureus strains were used to inoculate RPMI + 1% CA in glass Erlenmeyer flasks. For aerobic

growth, the flask opening was covered lightly with aluminum foil. For hypoxic growth, the flask
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opening was sealed with a rubber stopper. Cultures were grown for 15 hours. Supernatants were
collected after culture centrifugation and were subsequently filtered through a 0.22 pum filter and
concentrated with an Amicon Ultra 3 kDa nominal molecular weight limit centrifugal filter unit
(Millipore, Billerica, MA, USA) per the manufacturer’s instructions. Following concentration,
supernatants were filter sterilized again and frozen at -80°C until used.

Mammalian cell culture and cytotoxicity assays

Primary human osteoblasts were obtained from Lonza (Basel, Switzerland) and cultured per
manufacturer’s recommendations. All cell lines were obtained from the American Type Culture
Collection (ATCC) and propagated at 37°C and 5% CO> according to ATCC recommendations.
Media was replaced every 2-3 days. All cell culture media was prepared with 1X
penicillin/streptomycin and filter sterilized using a 0.22 pm filter prior to use. MC3T3 E-1 cells
were cultured in a-MEM, supplemented with 10% fetal bovine serum (FBS). The RAW264.7,
Saos-2, and A549 cell lines were grown in Dulbecco’s MEM (DMEM) with 10% FBS, McCoy’s
5A medium with 15% FBS, and F-12K medium with 10% FBS, respectively. The Jurkat, U937,
and HL-60 cell lines were propagated using RPMI with 10% FBS. Cytotoxicity assays were
performed in 96-well tissue culture grade plates. Cells were seeded one day prior to intoxication
with S. aureus concentrated supernatants or sterile RPMI diluted in the recommended cell culture
medium. The following cell densities were used for cytotoxicity assays: MC3T3 E1 murine pre-
osteoblastic cells at 5,000 cells per well, primary human osteoblasts at 3,500 cells per well, Saos-
2 human osteoblastic cells at 10,000 cells per well, RAW264.7 murine macrophage cells at 10,000
cells per well, A549 lung epithelial cells at 5,000 cells per well, U937 monocytic cells at 15,000
cells per well, HL-60 premyelocytes at 20,000 cells per well, and Jurkat T cells at 50,000 cells per

well. Concentrated supernatants were added as dilutions, by mixing between 0.1 ul to 60 pul in a
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total volume of 200 ul per well to give a dilution spectrum of 0.05%-30% concentrated supernatant
(volume/volume). Cell lines in suspension were centrifuged at 3000 x g for 5 minutes prior to
intoxication. Cell viability was assessed with CellTiter AQueous One (Promega, Madison, WI,
USA) per the manufacturer’s instructions at 24 hours post-intoxication.

YFP fluorescence measurements

For fluorescence analysis, overnight cultures of WT, s774::Tn, and s#B::Tn containing the pDB59
reporter plasmid were back-diluted 1:1000 into 10 ml of RPMI + 1% CA with chloramphenicol in
50ml Erlenmeyer flasks and grown either aerobically or hypoxically as above. YFP was measured
using an excitation of 485/20 and emission of 528/20 in a BioTek Synergy HT 96-well plate reader
at 0, 6,9, 12, and 15 hours after back-dilution.

Quantitative RT-PCR

Bacteria were grown for 15 hours as for YFP fluorescence measurements, mixed with 1:1 acetone:
ethanol, and stored at -80°C until processed for RNA isolation. RNA isolation was performed as
for Genechip analysis. Reverse transcription using 2 pg of RNA and M-MLYV reverse transcriptase
(Promega, Madison, WI, USA) was performed following the manufacturer’s instructions.
Quantitative RT-PCR (qRT-PCR) was performed using iQ SYBR Green Supermix (Bio-Rad,
Hercules, Ca, USA) and the cDNA generated above for each primer pair, including a no reverse
transcriptase negative control for 16S rRNA. PCR was conducted on a CFX96 qPCR cycler (Bio-
Rad, Hercules, Ca, USA). The cycling program was carried out as recommended by the
manufacturer with an annealing temperature of 56°C. Fold-changes were calculated from Ct values
averaged from three technical replicates for at least three biological replicates after normalizing to
16S rRNA. The qRT-PCR primer sequences for agr4, hla, and RNAIII were previously published

(164). The qRT-PCR primer sequence for 16S rRNA was also previously published (111).

66



Coauthor Contributions
Michael Valentino, Michael Gilmore, Eric Skaar, Jim Cassat, and I conceived and designed the
experiments, and analyzed the data. Dan Snyder assisted with infections and growth curves. Nicole
Putnam assisted with cytotoxicity assays. Neal Hammer and Jim Cassat assisted with infections.
Zach Lonergan provided significant intellectual contributions. Scott Hinger isolated RNA. Esar
Aysanoa, Michael Valentino, Michael Gilmore, and Jim Cassat contributed to TnSeq analysis.
Catlyn Blanchard and Paul Dunman assisted with microarray analysis. Gregory Wasserman, John
Chen, Paul Dunman, and Bo Shopsin contributed reagents/materials/analysis tools. I performed all

other experiments.

67



CHAPTER III: SKELETAL NUTRIENT AVAILABILITY DRIVES HOST-PATHOGEN

INTERACTIONS DURING S. AUREUS OSTEOMYELITIS

Introduction

In Chapter II, we identified metabolic genes as being significant drivers of pathogenesis in
skeletal tissues using TnSeq. The importance of metabolism in pathogenesis is not surprising, as
bacteria are known to require up to 13 biosynthetic intermediates for life (Figure 21) (123).
Unfortunately, the competitive nature of TnSeq addressed in the discussion section of Chapter II,
prevents a detailed analysis of metabolic pathways from being conducted, due to the ability of
pathogens to cross-feed metabolites and complement metabolic defects (109). In order to better
understand the metabolic pathways that allow S. aureus to survive within the nutritional milieu of
bone, we therefore conducted targeted mutagenesis to identify essential pathways within central
metabolism for staphylococcal survival in bone. Our data elucidate the central metabolic pathways
required for S. aureus replication and survival during a model of invasive infection. In the
following chapter, we identify the transporter, GItT, as the sole aspartate importer in S. aureus.
We demonstrate that aspartate generation serves as an essential biosynthetic node for generation
of purines, and discover that aspartate biosynthesis is required, despite the presence of a functional
aspartate transporter, due to competitive inhibition of aspartate transport through GItT by the
structurally similar amino acid glutamate. Furthermore, our data reveal distinct differences in the
glutamate concentrations of uninfected and infected bone, suggesting that S. aureus relies upon

aspartate biosynthesis to overcome aspartate transport inhibition in vivo.
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Figure 21. Schematic of S. aureus central metabolism. Metabolites are indicated in black
standard text. Red underline indicates the 12 essential biosynthetic precursors. Genes of particular
interest are notated in italics. Green box indicates glycolysis/gluconeogenesis. Red box indicates
pentose phosphate pathway. Peach circle indicates TCA cycle. Yellow indicates amino acids. Blue
indicates purine biosynthesis. Abbreviations: G6P (Glucose-6-Phosphate); FO6P (Fructose-6-
Phosphate); F16bP  (Fructose 1,6-bisphosphate); DHAP (dihydroxyacetone); Ga3P
(Glyceraldehyde 3-phosphate); G12bP (1,3- bisphosphoglycerate); G3P (3-phosphoglycerate);
G2P (2-phosphoglycerate); PEP (phosphoenolpyruvate); Acetyl-CoA (Acetyl-coenzyme A); a-
KG (a-ketoglutarate); IMP (Inosine monophosphate) AMP (adenosine monophosphate); GMP

(Guanosine monophosphate).
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Results

S. aureus does not require gluconeogenesis during osteomyelitis and successfully competes
for glycolytic carbon sources during osteomyelitis

During osteomyelitis in humans, damaged tissue is characterized by sequestra of dead
bone. These characteristic sequestra are also present within infected femurs within our murine
osteomyelitis model (12, 124). Due to the abscesses that form within and around sequestra in
infected bone, we hypothesized that bone supplies essential metabolites for S. aureus growth.
Because osteoblasts and osteoclasts exhibit aerobic glycolysis, we further hypothesized that
competition with the host for available glucose during osteomyelitis would necessitate the use of
alternative carbon sources, like amino acids, to produce the six biosynthetic precursors generated
from glycolysis/gluconeogenesis. Furthermore, collagen within the skeletal matrix is a highly
abundant source of amino acids, particularly glycine, proline, and hydroxyproline. We therefore
hypothesized that amino acid catabolic pathways would be essential for S. aureus survival during
osteomyelitis. We tested the essentiality of amino acid catabolic pathways using a mutant in pyc
(pyruvate into oxaloacetate) which encodes the first enzyme responsible for converting amino
acids metabolized through pyruvate into gluconeogenic precursors (Figure 21). Pyc was also
found to be essential/compromised in our TnSeq, indicating that gluconeogenesis may be required
for S. aureus infection of bone. Using our murine model of osteomyelitis, we found that disruption
of pyc had a significant effect on the fitness of S. aureus at 14 days post-infection (Figure 22).
The product of Pyc, oxaloacetate, can be used in several additional pathways within central
metabolism, therefore, to more directly test the role of gluconeogenesis in S. aureus pathogenesis

during osteomyelitis, we tested a mutant in pckA (oxaloacetate into phosphoenolpyruvate) (Figure
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22). We discovered that, although, pyc was essential for survival, pck4, and therefore
gluconeogenesis, was not essential for survival during osteomyelitis.

Due to the absence of a survival defect in a gluconeogenic mutant in vivo, we revised our
hypothesis and postulated that glucose may in fact be abundant in vivo to fuel the aerobic glycolysis
phenotype of skeletal cells. To test this hypothesis, we examined the fitness of a glycolytic mutant
in vivo. Using the glycolysis mutant pyk (phosphoenolpyruvate into pyruvate), we have found that
S. aureus requires glycolysis to survive in bone, indicating that glycolysis is required to fuel S.
aureus growth in vivo (Figure 22). Together, these results suggest that glycolysis may provide
essential biosynthetic intermediates for S. aureus in vivo during an osteomyelitis model of invasive
infection.

The pentose phosphate pathway is essential in vitro

An additional 3 biosynthetic intermediates can be produced using the pentose phosphate
pathway. Because only one of the enzymes in this pathway is not essential for growth in vitro, we
could only test the falA4 (transaldolase) mutant for survival in vivo. A tal4 mutant did not have a
survival defect during osteomyelitis (Figure 22). Because TalA has been found to be redundant or
dispensable in several other organisms, we cannot form a conclusion on the pentose phosphate
pathway as a whole during osteomyelitis from this experiment. However, we expect that due to
the role of the pentose phosphate pathway in essential cellular processes, enzymes within this
pathway are likely to be required for growth and survival both in vitro and in vivo.

The TCA cycle is dispensable during a murine osteomyelitis model of invasive infection

In order to create additional essential biosynthetic precursors, S. aureus must utilize either

the TCA cycle or anaplerotic reactions. From the TnSeq of osteomyelitis performed in chapter I,

we identified several mutants in the TCA cycle as compromised for growth in vivo. We therefore
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hypothesized that TCA cycle enzymes may provide essential intermediates for growth in bone. To
test this hypothesis using our murine osteomyelitis model, we examined the fitness of mutants in
each step of the TCA cycle — pdhA, acnA, icd, sucA, sucB, sucC, sdhA, fumC, and mgo (Figure
22). Interestingly, none of the TCA cycle mutants tested had a defect for survival in vivo with the
exception of pdhA which demonstrated a bimodal distribution, indicating that overall the TCA

cycle is not essential for survival during osteomyelitis.
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Figure 22. Central metabolic pathways required for S. aureus survival in vivo during
osteomyelitis. Osteomyelitis was induced in groups of mice using WT, pyc::Tn, pckA::Tn, Apyk,
talA::Tn, pdhA::Tn, gltA::Tn, acnA::Tn, icd::Tn, sucA::Tn, sucC::Tn, sdhA::Tn, fumC::Tn,
mqo::Tn, gudB::Tn, or aspA::Tn strains. At 14 days post-infection, femurs were processed for CFU
enumeration. N> 5 mice per group. Green symbols indicate glycolysis/gluconeogenesis enzymes,
red indicates pentose phosphate pathway enzymes, orange indicates TCA cycle enzymes, and
yellow indicates anaplerotic reactions. Different shapes indicate replicate experiments. Horizontal
line indicates the mean and error bars represent SEM. Statistical significance determined by
Student’s ¢ test compared to corresponding WT comparator. Significance of WT vs. pdhA::Tn

determined by Mann-Whitney test. Diamond WT data was also used in green circles in Figure 2D.
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Specific anaplerotic reactions are essential for the generation of biosynthetic intermediates
in vivo

Because the TCA cycle is not required in vivo, the remaining essential biosynthetic
intermediates may be produced through anaplerotic reactions (Figure 21). To test this hypothesis,
we examined the in vivo fitness of a gudB mutant (glutamate to alpha-ketoglutarate) (Figure 22).
Surprisingly, gudB had no survival defect in vivo, suggesting that neither the TCA cycle nor GudB
are the primary producers of alpha-ketoglutarate in vivo and it may instead by acquired
exogenously. We then examined the fitness of an asp4 mutant (aspartate to oxaloacetate) in vivo
and found that it was essential for survival during osteomyelitis (Figure 22). Interestingly, the
defect of an asp4 mutant occurs within a single day post infection, and an asp4 mutant can be
cleared by 7 days post-infection (Figure 23). The survival defect of an asp4 mutant can be
complemented in vivo (Figure 24). Both AspA and Pyc reside in a pathway for the synthesis of

aspartate, and both mutants demonstrated a defect in survival during osteomyelitis.
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Figure 23. The defect of an asp4 mutant occurs early in infection Osteomyelitis was induced
in groups of mice using WT or aspA strains. At 1, 2, 4, or 7 days post-infection, femurs were
processed for CFU enumeration. N= 3 mice per strain per timepoint. Horizontal line indicates the
mean and error bars represent SEM. Statistical significance determined by multiple ¢ test corrected

for multiple comparisons by Holm-Sidak method. * indicates adj. p < 0.05.
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Figure 24. An aspA mutant defect can be chromosomally complemented in vivo. Osteomyelitis
was induced in groups of mice using WT at#tC::pJC1306, aspA::Tn attC::pJC1306, aspA::Tn
attC::pJC1306-paspA strains. At 14 days post-infection, femurs were processed for CFU
enumeration. N= 5 mice per group. Horizontal line indicates the mean and error bars represent

SEM. Statistical significance determined by Student’s ¢ test.
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An ex vivo approach to analyzing nutritional capacity of homogenized bone

We were curious why an aspA4 mutant was unable to meet aspartate requirements through
import of amino acids derived from the nutrient milieu within the host. In order to examine the
nutritional capacity of bone, we have developed an in vitro culture system in which S. aureus is
grown in chemically defined media with glucose (CDMG) supplemented with bone homogenate.
In this culture system, we can examine the fitness of nutritional mutants for survival in the media
depleted of, or replete for, various amino acids. To assess the feasibility of this assay, we examined
the ability of homogenized bone to chemically complement S. aureus auxotrophies in the absence
of a dedicated amino acid source (Figure 25). Interestingly, every amino acid component can be
removed from CDMG and supplemented by homogenized bone, indicating that bone sufficiently

meets the nutritional requirements of WT S. aureus (Figure 25B).
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Figure 25. Bone supplies amino acids required for S. aureus growth in vitro. (A and B) WT or
aspA::Tn S. aureus was grown for 8 hours in CDMG lacking the indicated amino acid. (B) Eight-
week murine femurs were homogenized in CelLytic buffer and added to CDMG lacking the
indicated amino acid at 5% V/V. Growth was monitored by CFU enumeration and reported as
change in Log CFU at 8 hours compared to inocula at O hours. Growth in complete,
unsupplemented CDMG at far right. Columns indicate the mean and error bars represent SEM. N
= 2 biologic replicates. Significance determined by two-way ANOVA with Holm-Sidak correction

for multiple comparisons. * indicates p-value <0.1.
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Considering the abundance of amino acids available within homogenized bone as
suggested by our ex vivo assays, we expected that in the absence of de novo aspartate biosynthesis,
S. aureus would import exogenous aspartate. We therefore hypothesized that an aspA4 mutant may
be unable to survive in vivo due to a lack of available exogenous aspartate during infection.
Because WT S. aureus is prototrophic for aspartate, an aspA, aspartate biosynthesis mutant was
tested to examine the bioavailability of aspartate in homogenized bone. As expected, an aspA
mutant demonstrated an induced auxotrophy for aspartate in vitro (Figure 25A). An asp4 mutant
also demonstrates significantly reduced growth in the absence of lysine, glutamate and purines
relative to WT (Figure 25A). Homogenized bone can restore growth of an aspA mutant in the
absence of lysine and glutamate. Surprisingly however, although bone is an abundant source of
many amino acids, homogenized bone does not provide sufficient aspartate or purines to rescue
growth of an asp4 mutant to WT levels (Figure 25B).

An aspA mutant survival defect in vivo is not caused by an inability to synthesize
downstream amino acids

In B. subtilis, mutants deficient in aspartate biosynthesis are also deficient for synthesis of
meso-diaminopimelate (mDAP), a major component of the B. subtilis peptidoglycan. Rather than
mDAP, S. aureus utilizes lysine as a major component of peptidoglycan, and, further,
incorporation of lysine into the cell wall is driven by high intracellular concentrations of lysine
(125). We therefore hypothesized that aspartate biosynthesis is required for S. aureus survival in
vivo in order provide substrates for synthesis of aspartate derived amino acids — particularly lysine
for peptidoglycan biosynthesis (Figure 21). To test this hypothesis, we confirmed the growth
defect of an aspA mutant both in the presence and absence of extracellular lysine (CDMG and

CDMG-lys). Again, we observed that although WT S. aureus is prototrophic for lysine, we found
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that an asp4 mutant had developed a lysine auxotrophy (Figure 27A and B). Interestingly,
however, the defect of an asp4 mutant in the absence of exogenous supplied could be rescued with
homogenized bone. This suggested to us that an inability to meet lysine biosynthetic demands may
induce a defect in asp4 mutants in vitro, however exogenous lysine in the host tissue milieu may
rescue this defect. To test this hypothesis, we examined the growth and survival of mutants in
biosynthesis of aspartate derived amino acids. Synthesis of lysine, methionine, threonine, and
isoleucine is completed through a branching pathway beginning with the conversion of aspartate
to 4-phospho-aspartate by aspartate kinase (Figure 21 and Figure 26). S. aureus encodes two
aspartate kinase isoforms, usa300 1225 and usa300 1286 (lysC) that are thought to be regulated
through feedback inhibition by threonine and lysine respectively (126). We therefore examined
the fitness of mutants in both aspartate kinase isoforms. First, we confirmed the phenotype of a
usa300 1225 and usa300 1286 (lysC) mutant in CDMG lacking each of the aspartate derived
amino acids (Figure 27C and D). We found that a /225 mutant was defective for growth in media
lacking methionine and threonine, and a 1286 mutant is defective for growth in media lacking
lysine. These results confirm that in the absence of threonine and methionine, /286 is not able to
compensate for the lack of /225. Conversely, in the absence of lysine, 1225 is also not able to
compensate for 1286. These results are consistent with the feedback inhibition previously proposed
for these enzymes. We next examined fitness of each of these aspartate kinase mutants in vivo.
Interestingly, neither of the mutants had a defect for survival during osteomyelitis (Figure 27E).
We hypothesized that the aspartate kinase isoforms may perform redundant functions in vivo,
therefore, we created a double mutant in /225/1286. The aspartate kinase double mutant has a
severe defect for growth when grown in the absence of methionine, threonine, and lysine, and also

exhibits a defect for growth in CDMG at 24 hours, suggesting that these amino acids may be
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rapidly consumed and subsequently depleted from the media, inhibiting growth (Figure 27C and
D). Despite the inability of an aspartate kinase double mutant to grow in CDMG in vitro, we found
that the 7/225/1286 double mutant was not defective for survival in vivo, suggesting that the
requirement for exogenous aspartate derived amino acids is indeed sufficiently met by amino acid
sources or precursors in vivo (Figure 27E). These results also indicate that the induced lysine
auxotrophy of an asp4 mutant does not drive the inability of an asp4 mutant to survive in vivo, as

there is sufficient lysine and other aspartate derived amino acids to compensate.
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Figure 27. The lysine auxotrophy of an asp4 mutant does not drive in vivo growth defects.
(A and B) WT or asp4 mutant S. aureus were grown for (A) 8 or (B) 24 hours in CDMG, or
CDMG lacking lysine. Eight-week murine femurs were homogenized in CelLytic buffer and added
to CDMG lacking aspartate at 5% V/V. Growth was monitored by CFU enumeration and reported
as change in Log CFU at 8 or 24 hours compared to inocula at 0 hours. Columns indicate the mean
and error bars represent SEM. N= 3 biologic replicates. (C and D) WT, 1225::Tn, 1286::Tn, or
1225/1286 were grown for (C) 8 or (D) 24 hours in CDMG lacking lysine, methionine, threonine,
or isoleucine. Growth was monitored by CFU enumeration and reported as change in Log CFU at
8 or 24 hours compared to inocula at 0 hours. Columns indicate the mean and error bars represent
SEM. N= 2 biologic replicates. Significance indicated relative to WT comparator. (A-D)
Significance determined by two-way ANOVA with Holm-Sidak correction for multiple
comparisons. * indicates p-value < 0.05. (E) Osteomyelitis was induced in groups of mice using
WT, 1225::Tn, 1286::Tn, or 1225/1286. At 14 days post-infection, femurs were processed for CFU
enumeration. N= 5 mice per group. Different shapes indicate replicates. Horizontal line indicates

the mean and error bars represent SEM. Statistical significance determined by Student’s # test.
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Aspartate deficiency results in decreased purine biosynthesis

The survival defect of an asp4 mutant in vivo is not due to an inability to synthesize
aspartate-derived amino acids. An aspA mutant also exhibited defects for growth in the absence of
purines that could not be rescued by homogenized bone (Figure 25B). We validated these results
and confirmed that an aspA4 mutant does indeed have a growth defect in the absence of purines that
cannot be chemically complemented with homogenized bone (Figure 29A). Aspartate has several
roles in purine biosynthesis, and we noted that several purine biosynthesis mutants were defective
for survival in our TnSeq of osteomyelitis in Chapter II (Figure 21). We therefore hypothesized
that the survival defect of an asp4 mutant may be due to an inability to synthesize purines in vivo.
Aspartate functions as a nitrogen donor in the synthesis of adenylosuccinate from inosine
monophosphate (IMP) to generate ATP, and in the synthesis of 4-(N-succino)-5-aminoimidazole-
4-carboxamide ribonucleotide (SAICAR) from 4-carboxy-5-aminoimidazole ribonucleotide
(CAIR) to ultimately generate both GTP and ATP (Figure 28). The purine biosynthesis enzyme
PurB utilizes these intermediates derived from aspartate, to ultimately generate both ATP and
GTP. PurB is a dual functional enzyme that catalyzes the conversion of adenylosuccinate into
AMP for generation of ATP and catalyzes the conversion of SAICAR into 5-Aminoimidazole-4-
carboxamide ribonucleotide (AICAR) to ultimately generate both GTP and ATP. Using our murine
model of osteomyelitis, we confirmed that disruption of purB had a significant effect on the fitness
of S. aureus at 14 days post-infection in mono-infection (Figure 29C). The essentially of purB
indicates that compromise of the GTP and ATP branches of purine biosynthesis critically inhibits
the ability of S. aureus to survive within skeletal tissue and may drive the survival defect of an

aspA mutant in vivo.
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Figure 29. Purine biosynthesis is defective in aspartate deficient mutants and is required for
survival in vivo. (A and B) WT or aspA::Tn S. aureus were grown for (A) 8 or (B) 24 hours in
CDMG, or CDMG lacking adenine and guanine. Eight-week murine femurs were homogenized in
CelLytic buffer and added to CDMG lacking aspartate at 5% V/V. Growth was monitored by CFU
enumeration and reported as change in Log CFU at 8 or 24 hours compared to inocula at 0 hours.
Columns indicate the mean and error bars represent SEM. N= 3 biologic replicates. Significance
determined by two-way ANOVA with Holm-Sidak correction for multiple comparisons. *
indicates p-value < 0.05. (C) Osteomyelitis was induced in groups of mice using WT or purB::Tn.
At 14 days post-infection, femurs were processed for CFU enumeration. Horizontal line indicates
the mean and error bars represent SEM. N= 5 mice per group. Statistical significance determined

by Student’s ¢ test.
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Excess glutamate competitively inhibits S. aureus aspartate transport

An aspA mutant can only survive in vitro when an exogenous aspartate source is supplied,
suggesting that S. aureus encodes a functional aspartate transporter (Figure 25A). However, we
found that an aspA4 mutant is unable to acquire sufficient aspartate from bone for growth in vitro,
suggesting that aspartate levels within bone may be too low to support growth (Figure 25B). We
validated the growth of an asp4 mutant in vitro and found that an aspA4 mutant was indeed unable
to grow on bone as a sole aspartate source (Figure 30A and B). This was surprising, as the
concentration of all other amino acids within homogenized bone was sufficient to support the
growth of WT §. aureus. Interestingly, aspartate biosynthesis is also conditionally essential for
growth in vitro in Bacillus subtilis, despite the ability to acquire aspartate exogenously through the
aspartate/glutamate transporter GItT (127). In the presence of a functional GItT, glutamate was
found to competitively inhibit aspartate import, despite sufficiently high levels of aspartate in
media. Furthermore, aspartate transport in S. aureus has previously been shown to be
competitively inhibited by glutamate in vitro (128). We therefore hypothesized that aspartate
transport may occur through the S. aureus GItT homologue and may be similarly inhibited by
glutamate in vivo. To test this hypothesis, we first examined the ability of GItT to transport
aspartate in S. aureus. To confirm that GItT is the only functional transporter of aspartate under
our growth conditions, we generated an aspA/gltT double mutant. We then tested the ability of
aspA/gltT to grow in CDMG. We found that although an asp4 mutant is able to acquire exogenous
aspartate from CDMG, the aspA/gltT double mutant is incapable of growing in CDMG, indicating
that GItT is the only transporter for exogenous aspartate under these conditions (Figure 30C and
D). Furthermore, the requirement for GItT in an aspA4 mutant can be bypassed by supplying 2mM

asparagine which is typically absent from CDMG (Figure 30C and D). In S. aureus, asparagine
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is acquired through alternative transporters from aspartate (128). Asparagine can then
subsequently be converted to aspartate using the enzyme AnsA (49). In the absence of AnsA,
asparagine can no longer rescue the growth defect of an asp4 mutant in the absence of aspartate,
suggesting that asparagine is serving as an aspartate precursor (Figure 31A and B). Catabolism
of aspartate generated from asparagine in WT S. aureus can generate glutamate and oxaloacetate,
however this process requires AspA. Therefore, the ability of asparagine supplementation to
bypass the growth defect of an aspA/gltT mutant indicates that the defect is not due to an inability

to transport glutamate, but rather due to an inability to acquire aspartate.
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Figure 30. GItT is an aspartate transporter that is inhibited by excess glutamate in vitro. (A
and B) WT or aspA mutant S. aureus were grown for (A) 8 or (B) 24 hours in CDMG, or CDMG
lacking aspartate. Eight-week murine femurs were homogenized in CelLytic buffer and added to
CDMG lacking aspartate at 5% V/V. (C and D) WT, aspA::Tn, gltT::Tn, or aspA/gltT S. aureus
was grown for (C) 8 or (D) 24 hours in CDMG or CDMG supplemented with 2mM asparagine.
(E-H) WT or aspA::Tn S. aureus was grown in CDMG supplemented with excess glutamate or
aspartate relative to standard CDMG or CDMG supplemented with 2mM asparagine. (A-H)
Growth was monitored by CFU enumeration and reported as change in Log CFU at 8 or 24 hours
compared to inocula at 0 hours. Columns indicate the mean and error bars represent SEM. (A-D)
N= 3 biologic replicates. (E-H) N = 2 biologic replicates. Significance determined by two-way

ANOVA with Holm-Sidak correction for multiple comparisons. * indicates p-value < 0.05.
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Because transport of aspartate is thought to be competitively inhibited by glutamate in S.
aureus, we hypothesized that the ratio of glutamate to aspartate in bone may be increased,
preventing acquisition of exogenous aspartate in vivo and in our ex vivo assay (128). To test the
hypothesis that glutamate is elevated relative to aspartate in bone, we measured aspartate and
glutamate levels in homogenized femurs. We found that glutamate is ~2 fold higher than aspartate
in uninfected tissues, and furthermore, that glutamate drastically increases in infected tissues to
~4-5 fold higher than aspartate concentrations (Figure 30I). We hypothesized that this ratio of
glutamate to aspartate may inhibit acquisition of aspartate by an asp4 mutant. To test this
hypothesis, we grew an asp4 mutant in CDMG containing physiologic ratios of glutamate and
aspartate and examined if glutamate competitively inhibits utilization of aspartate in S. aureus in
these conditions. We found that in CDMG containing only normal skeletal ratios of aspartate and
glutamate (1:2) or in CDMG containing ratios of aspartate and glutamate found in infected bone
(1:4), growth of an asp4 mutant was inhibited compared to WT S. aureus (Figure 30E-H).
Furthermore, this inhibition can be overcome by equalizing the aspartate/glutamate ratio in the
media or by supplementation of asparagine. We hypothesized that the competitive inhibition of
aspartate transport could be overcome by increasing expression of glt7, effectively decreasing
saturation of the GItT transporter. To test this hypothesis, we generated a gltT overexpression
construct driven by the constitutively active /g¢ promoter. Expression of this gltT overexpression
construct in trans on the multicopy plasmid pOSI1 in an asp4 mutant rescues the growth defect of
an aspA mutant in vitro in CDMG with excess glutamate (Figure 32A and B). Furthermore,
constitutive expression of gltT expressed in trans provides a significant growth advantage to an
aspA mutant in vivo (Figure 26). Together, these data suggest that although S. aureus is able to

acquire exogenous aspartate through the GItT transporter, excess glutamate in tissues, particularly
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during infection, competitively inhibits aspartate transport and necessitates aspartate biosynthesis
in vivo. As a whole, this study suggests that the survival defect of an asp4 mutant in vivo during
osteomyelitis is driven by an inability to synthesize purines de novo during infection because of

inhibition of aspartate uptake through the aspartate transporter, GItT.
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Figure 31. Asparagine can rescue the defect of an asp4 mutant in the absence of exogenous
aspartate. (A) WT, ansA::Tn, aspA::Tn, or aspA/ansA S. aureus were grown for (A) 8 hours or
(B) 24 hours in CDMG, CDMG lacking aspartate, CDMG lacking aspartate supplemented with
2mM asparagine. Growth was monitored by CFU enumeration and reported as change in Log CFU
at (A) 8 hours or (B) 24 hours compared to inocula at 0 hours. Columns indicate the mean and
error bars represent SEM. N= 3 biologic replicates. Significance determined by two-way ANOVA

with Holm-Sidak correction for multiple comparisons. * indicates adj. p < 0.05.
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Figure 32. Increased expression of gltT rescues growth defects of an asp4A mutant. (A and B)
WT or aspA mutant constitutively expressing single copy of chromosomally integrated g/¢T or
empty vector control were grown for (A) 8 or (B) 24 hour in CDMG supplemented with excess
glutamate relative to standard CDMG. Growth was monitored by CFU enumeration and reported
as change in Log CFU at 8 or 24 hours compared to innocula at 0 hours. Columns indicate the
mean and error bars represent SEM. N= 2 biologic replicates. Significance determined by two-

way ANOVA with Holm-Sidak correction for multiple comparisons. * indicates adj. p < 0.05.
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Figure 33. Overexpression of gltT restores the in vivo survival defect of an asp4 mutant.
Osteomyelitis was induced in groups of mice using WT pOS1-plgt, WT pOS1-Plgt-gitT, aspA::Tn
pOS1-plgt, aspA::Tn pOS1-Plgt-gitT strains. At 4 days post-infection, femurs were processed for
CFU enumeration. N= 5 mice per group. Horizontal line indicates the mean and error bars

represent SEM. Statistical significance determined by Student’s ¢ test.

98



Discussion

Because S. aureus can infect a variety of host tissue types, it must have the metabolic
flexibility to acquire or produce nutrients in these different environments. Interestingly, previous
studies have focused on the metabolic capabilities of S. aureus in the absence of glucose, as the
centers of abscesses are predicted to be glucose limited (49). Transcripts and protein levels of
gluconeogenic enzymes in S. aureus have also been found to be highly increased during invasive
infection, and in osteomyelitis specifically (129, 130). Our studies, however, suggest that S. aureus
requires glycolysis and glycolytic carbon sources to survive in vivo. S. aureus is known to have a
remarkable ability to scavenge glucose from its environment due to its arsenal of at least four high
affinity glucose transporters (39). This preference for glycolytic metabolism reflects the adaptation
of S. aureus to non-respiratory conditions within inflamed host tissues (38). The conflicting
increase of gluconeogenic enzymes observed in the literature with the requirement for glycolysis
observed here may reflect temporal changes in glucose availability during infection.

Interestingly, several cell types unique to bone, namely osteoclasts and osteoblasts, rely on
the catabolism of glucose to fuel aerobic glycolysis. During infection, we have observed profound
dysregulation of skeletal homeostasis (13). This is due, in part to intoxication of skeletal and
immune cells by S. aureus, which may eliminate competition for available glucose at the site of
infection (12, 89). However, we have also recently found that S. aureus stimulates the
differentiation of osteoclasts to resorb damaged bone (13). As osteoclasts are highly glycolytic,
this stimulation of osteoclast differentiation as well as the influx of glycolytic immune cells may
alter glucose homeostasis at the site of infection. The temporal changes in nutrient availability to
S. aureus due to stimulation and death of skeletal and immune cells is therefore the subject of

future studies in our lab.
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As discussed in Chapter I, the TCA cycle has been generally discussed in staphylococcal
literature as being important for staphylococcal virulence — however, the evidence supporting this
assumption is fairly limited. Few TCA cycle enzymes have been implicated as being required for
virulence in S. aureus, with only moderate attenuation phenotypes that are frequently tissue
specific (54, 131-133). When we tested mutants from each of the pathways involved in the TCA
cycle comprehensively, none of the TCA cycle enzymes were required for survival during
osteomyelitis, except PdhA. PdhA is not a true TCA enzyme, but rather provides a link between
glycolysis and the TCA cycle. The product of PdhA, Acetyl-CoA, is also used for fatty acid
biosynthesis, and therefore may explain the requirement for PdhA in vivo. The lack of a virulence
defect in TCA cycle mutants in our model is not surprising, as several factors present in bone
during infection are known to inhibit TCA cycle activity. Three TCA enzyme complexes (SdhA,
FumC/CitG, and AcnA/CitB) rely on iron-sulfur clusters and production of many TCA cycle
enzymes is decreased in vivo due to iron limitation as a host nutritional immunity strategy (51,
134). Furthermore, many of these enzymes can be inactivated by ROS/RNS which are abundant
during infection (37). Additionally, it is well known that the TCA cycle is repressed in the presence
of glucose through CcpA (57, 71). Our observation that S. aureus requires glycolysis in vivo
suggests that levels of glycolytic carbon sources are likely sufficient to induce catabolite repression
through CcpA. Together, these results demonstrate the TCA cycle is non-essential in bone, likely
as a consequence of adaptation to enzyme inactivation and transcriptional repression in vivo.

Our data indicate that S. aureus requires biosynthesis of aspartate for survival during
osteomyelitis. This finding appears to be characteristic of invasive infection, as several other
groups have identified aspA as essential for survival in unbiased screens in vivo (36, 44, 45). Our

data indicate that S. aureus depends upon endogenous aspartate biosynthesis despite the presence
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of exogenous aspartate in tissues. Our studies indicate that this is due, in part, to competitive
inhibition of aspartate transport by excess glutamate in tissues. Although we demonstrated that the
aspartate : glutamate ratio of infected bone is increased compared to uninfected bone, we suspect
that these levels are underestimated, as the spatial distribution of analytes is destroyed by
traditional metabolite analysis. Local tissue glutamate levels have been found to increase more
than 30-fold within staphylococcal brain abscesses (135). Glutamate levels may therefore be
significantly higher than predicted within bone surrounding the infection site. The mechanism of
glutamate increase during infection is unknown and may reflect release of cytoplasmic contents
following tissue destruction. Alternatively, the stimulation of osteoclast differentiation that occurs
during infection, may also increase overall tissue glutamate levels, as mature osteoclasts, but not
pre-osteoclasts, are known to release glutamate (136). Likely, a combination of host metabolic
changes and tissue destruction drive glutamate elevation during infection, and this mechanism is
a topic of further investigation in the lab.

The dependence of S. aureus on endogenous aspartate synthesis may reflect the inability
of pathogens in general to import exogenous aspartate through the GItT transporter. GItT
transporters are highly conserved across kingdom — having homology not only across prokaryotes
but also in archaea and eukaryotes as well (137, 138). A majority of these GItT homologs have
similar affinities for glutamate and aspartate (137, 139, 140). It is therefore likely that the
competitive inhibition of aspartate transport by glutamate through GItT is present in a wide variety
of prokaryotes that rely on aspartate/glutamate transporters. However, the observation has been
unappreciated, as the ratio of aspartate to glutamate in vivo has not previously been reported in the
context of aspartate biosynthesis mutants. Rather, the inability of an asp4 mutant to survive in host

tissues has been attributed to the “low” level of aspartate found in sera (141). Our observations
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suggest that the capacity of S. aureus to utilize exogenous AAs are dependent, not only on total
amino acid levels, but also on the context of the nutrient milieu. Furthermore, our results suggest
that pathogens may have adapted to rely on aspartate biosynthesis to overcome aspartate transport
limitations through this conserved transporter.

Previous studies suggested that the requirement for aspartate biosynthesis in vivo arises
from the demand for aspartate derived amino acids, particularly lysine, in S. aureus (126). High
lysine concentrations are particularly important for peptidoglycan biosynthesis in S. aureus, as
elevated lysine concentrations drive appropriate incorporation into the cell wall (125). The
enzymes involved in synthesis of aspartate derived amino acids have thus long been considered
for development of therapeutics, as mammalian hosts lack the enzymatic machinery for synthesis
of aspartate family amino acids (lysine, methionine, threonine, isoleucine) which minimizes the
potential for off target effects (142). Although we did observe an increased reliance on exogenous
lysine in an aspartate biosynthesis mutant, lysine is sufficiently abundant within host tissues to
meet import needs of S. aureus. Our data indicate that S. aureus is capable of obtaining aspartate
derived amino acids from host tissue and inactivation of aspartate family amino acid biosynthesis
may not be as attractive of a target for therapeutic development against staphylococci in this
setting.

In addition to synthesis of the aspartate family amino acids, S. aureus also can utilize
aspartate to indirectly synthesize asparagine through transamidation of aspartyl-tRNA by
Aspartyl/glutamyl-tRNAAVSI" amidotransferase (GatCAB) (143). This mechanism directly links
asparagine synthesis with its use in protein production, suggesting that overall synthesis of
asparagine is relatively low. Alternatively, Staphylococci can directly load free asparagine onto

tRNA through asparaginyl-tRNA synthetase (asnC) (143, 144). In the TnSeq conducted in Chapter
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II, we observed that asnC was compromised for survival in vivo during osteomyelitis, suggesting
that S. aureus utilizes free asparagine within the host (~62 pM in human plasma) rather than

relying on indirect synthesis from aspartate through GatCAB (145). Furthermore, in CDMG
lacking aspartate, asparagine supplementation is not able to rescue the defect of an aspA/ansA
mutant, suggesting that the defect of an asp4 mutant is not driven by the lack of downstream
asparagine production. Together these results indicate that the defect of an aspA4 mutant is not
derived from an inability to synthesize downstream amino acids, as these are sufficiently provided
exogenously from the host.

The phenotype of an aspA mutant appears to be largely driven by an inability to synthesize
purines in the absence of aspartate. Aspartate contributes directly to synthesis of the purine
intermediates SAICAR and adenylosuccinate. These intermediates are required for the endogenous
synthesis of purine nucleotides adenine and guanine, and the high energy nucleoside triphosphates
ATP and GTP. Inhibition of the purine biosynthesis pathway is well known for causing defects in
pathogenesis of a variety of bacterial pathogens, and several high throughput screens have
identified purine biosynthesis genes in S. aureus (43, 45, 146-148). Furthermore, in several high-
profile studies, defects in aspartate availability have been linked to insufficient purine biosynthesis
in humans as well (149, 150). The inhibition of purine biosynthesis at two metabolic intermediates
appears to cripple the ability of cells to proliferate, as purines are required for replication of DNA
and transcription of RNA for protein expansion.

Interestingly, the defect of mutants affecting purine biosynthesis may be two-fold. The
ability of S. aureus to survive in vivo is dependent on the ability to suppress immune clearance
through the synthesis of adenosine from AMP (151, 152). Adenosine has been found to poison the

purine salvage pathway of immune cells, resulting in activation of caspase-3-induced cell death
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(151). Because adenosine biosynthesis requires the substrate AMP, we predict that mutants
deficient in purine biosynthesis are also unable to synthesize adenosine. We therefore attribute the
severe inability of an aspartate biosynthesis mutant to survive in vivo to both nutritional and
virulence defects stemming from defects in purine biosynthesis that impact both replication and
bacterial clearance. Our results therefore provide an explanation for the well-established survival
defect of S. aureus aspartate biosynthesis mutants in vivo. Overall, our studies define the nutritional
capabilities of a unique infection site, bone, to support the growth of invasive pathogens in vivo -
emphasizing the importance of characterizing the nutritional milieu within the host tissue
environment for future development of metabolically based therapeutics.
Materials and Methods

Bacterial strains and culture conditions

As was done for Chapter II, all experiments were conducted in an erythromycin-sensitive,
tetracycline-sensitive derivative of the USA300 strain LAC (AH1263), which served as the WT
unless otherwise noted (153). Strains pyc::Tn, pckA::Tn, aspA::Tn, talA::Tn, gudB::Tn, pdhA::Tn,
gltA::'Tn, acnA:Tn, icd::Tn, sucA::Tn, sucB::Tn, sucC::Tn, sdhA:: Tn, fumC::Tn, mgqo::Tn,
1225::Tn, 1286::Tn, ansA::Tn, and purB::Tn in the LAC background were created by
bacteriophage phi-85-mediated transduction of erm-disrupted alleles from the respective JE2
strain mutants obtained from the NARSA transposon library(155). To facilitate the generation of
double mutants, strains aspA::Tn™R and 71225::Tn™R were created by allelic exchange of the
erythromycin resistance cassette in LAC transposon mutants for a tetracycline cassette as
previously described(165). aspd:Tn™R in gltT-:Tn*™R or ans4::Tn*™R background and
1225:Tn™R in 1286::Tn*™R background were created by bacteriophage phi-85-mediated

transduction of fet-disrupted alleles from the allelic exchange LAC mutants. Strain Apyk in the
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LAC background was created by bacteriophage phi-85-mediated transduction of Apyk in the
Newman background described elsewhere(38). Strain Apyk and WT comparators were grown in
TSB without dextrose supplemented with 1% pyruvate. Construction of pJC1306-aspA4 and pOS1-
Plgt-gltT 1s described below. Plasmid pJC1306 or pJC1306-aspA was introduced into WT LAC or
Lac aspA::Tn as described elsewhere to create strains WT attC::pJCI1306, aspA::Tn
attC::pJCI1306, aspA::Tn attC::pJC1306-aspA. (166). Plasmid pOS1-Plgt or pOS1-Plgt-gltT was
introduced into LAC WT and Lac aspA4::Tn to generate WT pOS1, WT pOS1-Plgt-gitT, aspA::Tn
pOS1, and aspA::Tn pOS1-Plgt-gltT. All S. aureus strains were grown at 37°C in TSB unless
otherwise noted. Escherichia coli was grown in LB. Erythromycin and chloramphenicol were
added to cultures at 10 pg ml"! where indicated. Ampicillin was added to cultures at 100 pg ml-
! where indicated. Tetracycline was added to cultures at 2 ug ml™! where indicated.

Construction of aspA chromosomal complementation construct

aspA including the wupstream flanking region was amplified using primers 5'-
GCGGATCCTTACATATTATTCGTTAATTCACC-3' and 5'-
ATGGTACCTTATCTTAAGTCATCAATCGC-3',

and cloned into pJC1306 digested with BamHI and Kpnl to create pJC1306 aspA(166). Strain
RN4220 was electroporated with plasmid pJC1306 aspA or pJC1306 as described. Phage 80a
was then used to transduce the mutation into LAC WT or Lac aspA::Tn, to generate LAC
attC::pJC1306, LAC aspA::Tn attC::pJC1306, and LAC aspA::Tn attC::pJCI1306-aspA.
Construction of gltT overexpression plasmid

To express gltT in trans, the gltT open reading frame was PCR amplified from genomic DNA of
LAC wusing primers 5’-AGAGCTCGAGATGGCTCTATTCAAGAG-3> and 5°-

AGATGGATCCTTAAATTGATTTTAAATATTCTTGAC-3’. The resulting gltT amplicon was
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then cloned into the shuttle vector pOS1 under control of the /gt promoter and transformed into
WT, aspA::Tn, and g/¢tT::Tn strain LAC (167). As a control, wild type and g/¢t7T::Tn strain LAC
were transformed with pOS1-Plgt lacking an insert.

Murine model of osteomyelitis

Osteomyelitis was induced in 7- to 8-week old female C57BL/6J mice as previously reported in
methods section for Chapter II.

Comparative growth analysis and chemically defined media composition

Chemically defined media (CDM), in which primary carbon source and amino acid composition
could be modified, was made as previously described (168, 169). Glucose was added at 1% to
create CDMG. For comparative growth analysis, overnight cultures of WT and mutant
cultures washed in PBS and were back-diluted 1:1000 into CDM and grown in 96 well plates at
37°C with orbital shaking at 180 rpm. Viable CFUs were measured by plating at limiting dilution
in TSA at the timepoints indicated. To make CDMG with bone, femurs from 8- to 11-week old
female C57BL/6J mice were harvested and frozen at -80 prior to use. Immediately prior to
inoculating media with bacteria, femurs were homogenized in 500 pl of CelLytic MT Cell Lysis
Reagent (Sigma) and added at 5% V/V. As an internal control, equivalent volumes of vehicle were
added to CDMG as needed.

Enzymatic determination of metabolite levels

Tissues were harvested from 8-week-old female C57BL/6J mice and frozen immediately on dry
ice to limit changes in metabolites. Tissues were stored at -80° before being homogenized in 500
ul PBS. Aspartate concentrations were measured by Aspartate Colorimetric Assay Kit (BioVision,
San Francisco, CA, USA) according to manufacturer instructions. Glutamate concentrations were

measured by EnzyChrom Glutamate Assay Kit (BioAssay Systems, Hayward, CA, USA)
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according to manufacturer instructions. For aspartate measures, tissue supernatants were treated
with serum cleanup solution and deproteinated using an Amicon Ultra 10KDa centrifugal filter
before analysis of aspartate levels as recommended by manufacturer instructions. Absorbances
were measured by BioTek Synergy HT 96-well plate reader. Metabolite concentrations were
normalized to wet tissue weight.
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CHAPTER 1V: FUTURE DIRECTIONS

Introduction

This dissertation describes our investigations into the metabolic and virulence pathways
that impact S. aureus survival during osteomyelitis, a debilitating manifestation of invasive
staphylococcal infection. In Chapter II, we identified major genes required for S. aureus survival
in vivo and discuss the role of the master virulence regulator, SrrAB, in modulating toxin
production and facilitating responses to hypoxia during infection. In Chapter III, we investigated
S. aureus central metabolism to identify essential metabolic pathways and nutritional interactions
between host and pathogen. Although these studies represent a cursory look into the requirements
of staphylococci for growth and survival in bone, extensive investigation into the mechanisms of
StrAB as a regulator of hypoxic responses and the temporal and spatial regulation of S. aureus
metabolism in vivo is required to gain a comprehensive understanding of the host-pathogen
interaction.

SrrAB as a regulator of hypoxic responses

In Chapter II, we demonstrated that S. aureus increases transcription of the quorum-
responsive toxins PSMs, which kill a variety of mammalian cells including bone-depositing
osteoblasts, in response to hypoxia in vitro. Moreover, we found that S. aureus can suppress
quorum-dependent PSM production in aerobic environments, despite high population densities
that should activate quorum responses. This is accomplished by repression of the Agr quorum-
sensing system in aerobic conditions by the SrrAB TCS, effectively decoupling quorum-
responsive gene expression from bacterial concentration during oxygenated conditions. SrrAB is
also a critical regulator of anaerobic metabolism, emphasizing its importance in the hypoxic bone

environment. These findings implicate SrrAB as essential for sensing and responding to the
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hypoxic host environment during osteomyelitis and dictating the virulence and metabolic
processes of S. aureus. In Chapter II, we also demonstrated that an s7»B mutant had differing
phenotypes from an srr4 mutant, further suggesting that SrrA may have phosphorylation-
independent regulatory activity. These studies therefore warrant further investigation to determine
how phosphorylation impacts SrrAB-mediated gene regulation. Future work should include
investigations into (1) the direct regulon of SrrA, (2) phosphorylation-dependent and -independent
binding of SrrA to genes within the SrrAB regulon, (3) contribution of the SrrAB regulon to
survival in vivo.

The direct regulon of SrrA. Because of the intersection of SrrA with other major
regulatory proteins, including Agr, the current established regulon of StrAB includes both direct
and indirectly regulated transcripts. The lack of an established direct regulon stems largely from
the fact that current investigations, including our own, rely on evaluating broad transcriptional and
proteomic changes following SrrAB mutagenesis, which can have far reaching effects on the S.
aureus transcriptome (59, 73). Further confounding these results, a consensus sequence for SrrA
binding has not been established (60, 170). A major next step in understanding the impact of
StrAB on staphylococcal metabolism and virulence is therefore to establish a direct regulon and
consensus sequence. One way in which this can be done is through Chromatin
Immunoprecipitation — Sequences (ChIP-Seq).

ChIP-Seq utilizes an antibody specific to the protein of interest to immunoprecipitate DNA
fragments that have been crosslinked to the protein. These DNA fragments can then be eluted and
subjected to sequencing to map the recovered DNA fragments back to the genome (171, 172). The
DNA fragments recovered are considered to be sites of protein binding. The indirect SrrA regulon

identified by our microarray can be utilized as internal controls for this project. Following ChIP-
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Seq, Hidden Markov Modeling can be used to align the newly identified SrrA DNA binding sites
and identify a consensus sequence by analyzing for regions of homology between target genes.
The SrrA consensus sequence will help inform how affinity of SrrA for a given promoter,
determined by fidelity to the consensus sequence, determines StrA regulation of these genes.
Furthermore, the location of the binding sequences relative to the transcription start site of the gene
can be compared to examine the effect of SrrA binding location on DNA regulation.

Phosphorylation-dependent and -independent binding of SrrA to genes within the
SrrAB regulon. Prototypical TCSs consist of a response regulator that is differentially
phosphorylated by a corresponding sensor kinase to activate DNA binding activity. Although
StrAB is positioned to function as a prototypical TCS, the requirement of the sensor kinase, SrrB,
to dictate activity of the response regulator, SrrA, is not established. Furthermore, although we
have determined that SrrAB regulates the S. aureus quorum-sensing system differently in aerobic
and hypoxic conditions, the impact of SrrA phosphorylation state on this regulation is unknown.
Moreover, StrA is capable of binding the agr promoter without in vitro phosphorylation,
suggesting phospho-independent regulatory activity (60). Interestingly, the B. subtilis SrrA
homolog, ResD, expresses both phosphorylation-dependent and phosphorylation-independent
regulation of transcriptional activity (173, 174). These studies suggest that SrrA has regulatory
activity in both phosphorylated and un-phosphorylated states, and moreover, that phosphorylation
status of SrrA may dictate target specificity.

Investigations into phosphorylation dependence of TCSs typically rely on the generation
of phospho-derivatives of the response regulator that mimic the phosphorylated and non-
phosphorylated states of the protein by site directed mutagenesis (175, 176). The phospho-mimetic

construct is created by mutating the conserved aspartate codon to encode glutamic acid, mimicking
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the negative charge of the phosphorylated RR. Homology with the related RR in B. subtilis, ResD,
indicates that residue D53 is the conserved aspartate in SrrA (72, 173). Similarly, this aspartate
can be substituted for an alanine, a non-phosphorylatable residue, creating a “phospho-locked off”
construct. Using these phospho-derivative constructs, the phosphorylation-dependence of SrrAB
can then be investigated through the functional assays established in Chapter II and through
electrophoretic mobility shift assays.

Contribution of the SrrAB regulon to survival in vive. As discussed in Chapter I,
mutagenesis of selected genes from within the SrrAB regulon are known to impact S. aureus
survival in vivo. However, we discovered in Chapter II that other genes within the SrrAB regulon,
qgoxA and pfIB are not required for fitness during osteomyelitis. Furthermore, recent studies
indicated that constitutive activation of SrrB can lead to increased growth of small colony variants
(SCVs) (177). SCVs represent an adaptation to host and antibiotic stressors, in which inactivation
of the respiratory chain decreases membrane potential and prevents the influx of aminoglycoside
antibiotics (178). Due to respiration inhibition, SCVs are characterized by a slow growth
phenotype in vitro, however, constitutive activation of SrrB results in increased growth of these
SCVs, without inhibiting antibiotic resistance (177). Although in Chapter II we attributed the
defect of an SrrAB mutant to the inability to respond to hypoxic and nitrosative stress, the
increased growth of SCVs with overactivation of SrrAB can be attributed to the enhanced ability
to utilize amino acid fermentation (177). These results are not surprising in the context of the
indirect regulon of SrrAB we established in Chapter 11, as several genes involved in catabolism of
amino acids into pyruvate and o-ketoglutarate were represented. These results do, however,
indicate that the metabolic pathways regulated by SrrAB are more far reaching than previously

hypothesized. Although the investigations into the metabolic requirements of staphylococci
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conducted in Chapter III indicate that glycolysis is required for S. aureus survival in vivo, the
activation of amino acid catabolism by SrrAB suggests that the metabolism of S. aureus is likely
more complicated in vivo than our results have captured. A more thorough understanding of the
metabolic and virulence pathways SrrAB regulates, informed by characterization of the direct
regulon of SrrAB, is therefore required if appropriate therapeutics targeting SrrAB are to be
developed.
Analyzing metabolism of bacterial pathogens in vivo

In Chapter II, we conducted a TnSeq analysis of genes required for staphylococcal survival
during osteomyelitis. A majority of the pathways required for staphylococcal survival were
metabolic genes, which is a common finding of TnSeq for most bacterial species. Interestingly,
many of the metabolic pathways required for S. aureus survival during osteomyelitis overlap with
genes required for survival in other tissue sites (36, 44, 45). Despite the power of these high-
throughput techniques, however, several discrepancies in the metabolic pathways required for
staphylococcal survival in vivo have arisen when compared to traditional mono-infections. For
example, we determined by TnSeq that cytochrome oxidases and several TCA cycle enzymes are
required for full fitness of S. aureus in vivo, however these results did not replicate in mono
infections. Conversely, pathways required for full bacterial burdens in mono-infection i.e.
glycolysis were not identified by TnSeq. These results stem in part from nature of TnSeq
infections, in which minor defects in survival are amplified by competition with neighboring
mutants or diminished by cross-complementation of extracellular proteins and metabolites.
Additionally, the in vitro inocula preparation and outgrowth steps characteristic of TnSeq results
in selection against mutants that are required for growth in vitro. The selection is especially

apparent for mutants in glycolysis, which have a distinct disadvantage for growth in the rich media

112



used for preparation of the TnSeq library. Some of these disadvantages can be mitigated through
selective curation of a TnSeq library as in Grosser et al., or through encapsulation of individual
transposon mutants to prevent metabolite-cross feeding in vitro as in Thibault et al.(36, 179).
Unfortunately, these methods are subject to their own limitations for widespread use either through
labor intensiveness or technical limitations to use in vivo. Alternative methods for analyzing
metabolism of bacterial pathogens during invasive infection is therefore needed. Future work in
this direction will require the integration of multiple techniques including (1) curated libraries of
barcoded mutants, (2) fluorescent reporters for analysis of spatial and temporal gene activation in
vivo, and (3) improved biochemical methods for examining the nutrient milieu in vivo.

Curated libraries of barcoded mutants. In order to circumvent media specific
disadvantages associated with for generation of TnSeq libraries and outgrowth steps, our lab is
currently developing small curated pools of metabolic mutants that can be mixed in equal ratios.
This technique allows for the defects associated with specific metabolic mutants — like the inability
of the glycolysis mutant pyk to grow in the presence of glucose — to be chemically complemented
in vitro prior to pooling these metabolic mutants for inoculation into animal models. One
advantage of this technique is that the number of infections required to test each individual mutant
in mono- infection, which in this study represented over 200 mice, can be dramatically reduced.
Further, this reduction in infection number can allow for an increase in the number of timepoints
that can be evaluated, allowing for a detailed investigation into the kinetics of metabolic
requirements during infection. Additional investigations into the impact of host phenotype on
bacterial metabolic requirements can be facilitated by utilization of these barcoded mutants as well.
Our studies into the metabolic requirements for infection in C57B1/6 mice revealed that glycolysis

is a major requirement for staphylococcal survival in vivo. This naturally raises questions about
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the survival of staphylococci within hosts with altered glucose metabolism, like diabetics — which
demonstrate increased prevalence of invasive S. aureus infection and have particularly high
incidence of osteomyelitis (180-184). The ability to investigate survival of bacterial mutants within
major metabolic nodes within a single mouse opens the possibility to investigate the impact of host
metabolism and immunity on staphylococcal metabolism in vivo and investigate the mechanisms
behind vulnerability to staphylococcal infection in susceptible populations.

Fluorescent reporters. The data we have generated from mono-infections in vivo, suggest
that S. aureus requires glycolysis, and that gluconeogenesis and the TCA cycle are dispensable for
survival during osteomyelitis; however, transcriptional and proteomic based methods suggest that
S. aureus upregulates transcription and synthesis of gluconeogenic and TCA enzymes (129, 130).
Furthermore, our TnSeq data also suggests that TCA enzymes are required for full fitness during
osteomyelitis. These contradictory results suggest that the metabolism of S. aureus may be more
complicated than can be captured with mono-infections at a single timepoint. TnSeq, RNA-Seq,
and proteomic based techniques by nature destroy the spatial architecture of bacterial abscesses,
which may significantly influence the metabolic requirements of S. aureus in vivo. The distribution
of nutrients within tissues is heterogenous, and collaborative studies involving our lab have
observed further alterations in nutrient distribution during infection (185). Bacteria are also known
to exhibit heterogenous responses within abscesses in vivo (186). Techniques that can capture the
spatial heterogeneity of S. aureus infections are therefore required to gain a complete picture of
staphylococcal metabolism in vivo. In Davis et al., fluorescent transcriptional reporters for genes
of interest were utilized in vivo to examine spatial regulation of bacterial virulence expression. The
same technique can be utilized in staphylococci to examine regulation of metabolic genes in vivo.

Examination of metabolic gene expression in a spatial and temporal manner will inform how the
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nutritional requirements of S. aureus change in vivo over time and assist in the development of
effective therapeutics by defining the impact of tissue niche on metabolic targets.

Biochemical methods for examining the host nutrient milieu. The virulence responses
of bacterial pathogens do not occur in a vacuum. It is therefore essential to understand the
environmental context bacteria experience during invasive infection. In Chapter III discusses the
impact of the host nutrient milieu on aspartate import in S. aureus. Although we broadly observed
changes in tissue glutamate levels which impedes import of aspartate through the transporter, GItT,
we anticipate that local changes in glutamate are drastically increased relative to whole tissue. The
ability to spatially examine changes in nutrient concentration in vivo would significantly enhance
the ability to analyze bacterial metabolism during infection. Technological advances to this end
are currently under development. The standard for metabolomics in vitro, LC-MS, also suffers
from a lack of spatial resolution due to tissue homogenization during sample processing (187).
Exciting advancements in imaging mass spectrometry have enhanced the ability of the scientific
community to spatially resolve host and bacterial analytes, particularly of proteins, pioneering a
new field in molecular histology (130, 185). Adaptation of these imagining modalities to the
metabolites impacting staphylococcal growth in vivo discussed in Chapter III like glycolytic
carbohydrates, aspartate, glutamate, and purines was only recently developed (188, 189). Future
work investigating the nutritional milieu of infectious foci and bacterial metabolic responses to
host tissue will likely rely heavily on these innovative imaging technologies.

Concluding remarks

In the work described in this dissertation, we investigated the genetic programs and

metabolic pathways of S. aureus required for survival in vivo. The resulting datasets have revealed

key regulatory proteins involved in modulating hypoxic responses and generated a comprehensive
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picture of central metabolism in S. aureus in vivo during osteomyelitis. This research contributes
a deeper understanding of the nature of S. aureus metabolic adaptations in vivo and highlights the

emerging recognition of the intersection of metabolism and virulence.
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Al. Genes identified as essential for osteomyelitis by TnSeq analysis
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A2. Transposon mutants with compromised fitness during osteomyelitis, but not in
vitro growth, identified by TnSeq analysis.

nnotation [USA300 locus USA300 annotation cession number [Length Invitro dval] Osteo avg_dvallOsteo st
hypothetical protein sAUSA300 Rs00675 [hypothetical protein 1986 o.
hypothetical protein sAusA300 0212 |Gfo/idh/MocA 498776.
ypothetical protein 5AUSA300_Rs01255 [ hypothetical protein 98804
oUHSC 00331 026 ypothetical protein 5AUSA300 0350 |CrojCI famil transcriptional regulator-ike protein 498920,
saoursc_o03as Jaze11s TP-dependent nucleic acd-binding protein EngD 5AUSA300 0364 [GTP-binding protein Y [veaoao35.1
saousc 00347 Jazei1a ypothetical protein 5AUSA300 0365 |ypotherical protein [ve_aoa936.1
saounsC 00350 Jaze1a protein 18 SAUSA300 0368 | rpsk; 305 rbosomal protein 18 [veasao30.1
saousc 00372 |azeovs anthine 5AUSA300 0386 Jwot;xanthine [ve_asao61.1
[saoursc o030 |azcovz hypothetical protein /A /A [ve_asao6s.1
[saounisc 00397 _|azeoxs ype | restricton-modification system, M subunit SAUSA300 0405 [ sV tpe 1 restrction modification system, M subunit [ve_asaoaa.1
saoursc_ooata |azcowo ypothetical protein 5AUSA300 0427 |ypotherical protein [ve_a95000.1
[saoursc 00420 azcovs [Transporter 5AUSA300 0432 | ypothetical protein [ve_as005.1
saounisc_ooaes _azeort i Ribonuelease M5 5AUSA300 0469 | ypothetical protein [ve_as00a2.1
[saounsc_ooes azcoro sm: Ribosomal RNA s mall suburit A saUSA300 0470 g ansferase [ve_as00a3.1
[saousc_o0ass _|aze0r3 51 RNA bindi 5AUSA300 0486 |ypothetical protein [ve_as9060.1
[saounsC_ooazs |aacoas Cysteine synthase SAUSA300 0491 JeysK; cysteine synthase A [veas065.1
Isaoursc_oosss |azcoes ypothetical protein saUSA300 0637 it Dhal [veassa1s.1
saounisc 00670 [a2G00s ypothetical protein 5AUSA300 0650 |phosphate wansporter family protein [veas9229.1
saourisc_oosss [azcoco ypothetical protein 5AUSA300 0663 | ypotherical protein [ve_asonas.1
saousc 00705 [azGoa0 Cys-tRNAPro)/Cys-tRNA(Cys) deacylase sAUSA300 0682 jak; ? [veas0264.1
saousc 00719 Jaze1xr e 7-carboy-7-deazaguanine synthase 5AUSA300 0695 |radical activating enayme family protein [ve_as0078.1
saounisc_ooso2 _|aze025 st sausA300 0763 « [ve_aso3ss.1
[saourisc_oosoe|azcons ypothetical protein A [veaso365.1
[saounisc_oos1s|azco10 nuc; 5AUSAB00 0776 [nue; [ve_ag0373.1
[saoursc_oos26 JazciTa hypothetical protein 5AUSA300 0781 | ypothetical protein [ve_ao9381.1
[saourisc_oosas [aarzz1 hypothetical protein 5AUSA300 0797 [ABC trans porter permease [ve_a99357.1
[saoursc_ooos1[aarzeo putative 5AUSA300 0916 | ypothetical protein [ve_a99504.1
[saourisc 00070 [aarzuit hypothetical protein sasA300 0043 [ve_a99532.1
saourisc_o1008 aarzis ; fibonucletide mutase saUsA300 0966 1 . cataiyic subunit [ve_a99558.1
[saoursc 01030 [aarzra hypothetical protein 5AUSA300 0985 | ypothetical protein [ve_a99579.1
[saourisc 01032 [aarzr Cytochvome d ubiquinol oxidase, suburit I, putative 5AUSA300 0987 cytochrome D ubiquinol oxidase, subunit [ve_ao0581.1
[saourisc 01057 |aarz67 hypothetical protein 5AUSA300_R505335 | ypothetical protein [ve_a99586.1
[saourisc 01000 aarzee pyuvate &) . alpha subunit, putative SAUSA300 0903 &) . aigha subunit [ve_ao0580.1
[saourisc 01004 Jaacan UPF0223 protein 5AUSA300 0997 | ypothetical protein [ve 2995531
[saourisc 01049 aacos BC s porter protein, putative SAUSA300 1002 oD ABC tramsp [ve_a90558.1
[saourisc 01054026267 UPF0637 protein 5AUSA300 1006 | ypotheical protein [ve_a99602.1
[saourisc o104 azcac pyuvate corborylase saUsA300 1014 ruvate carbonylase [ve_299610.1
[saourisc_o1008 aarzna beta chain, putative 5AUSA300 1042 | ypothetical protein [ve_ao06a2.1
[saouisc o1110_aarzca forinoge binding protein-like protein saUsA300 1052 |ibrinogen [ve_ao0654.1
[saoursc o111 _aarzct hypothetical protein 5AUSA300_R505675 | ypothetical protein [ve_ao0655.1
[saouisc o122 azgixa hypothetical protein 5AUSA300_RS05725 | membrane protein [ve_a90666.1
[saourisc 01215 aarz3s il SAUSA300 1137 |mi; ibonuclease HI [ve_ao0752.1
[SaounsC 01216 Jaarzs7 x hetase subunt beta SAUSA300 1138 [Succinyl-CoA synthetase subunit beta; SucC [ve_ao0753.1
[saourisc 01218 aarz36 ucD; succinyl thetase suburit alpha SAUSA300 1135 ccinylCoA ligase [ADP-forming] subunit algha; such [ve_ag0754.1
[saourisc 01284 aarvvs pothetical protein sausa300 1199 potheical protein [ve_ao0816.1
[saourisc 01202 [aarvva pothetical protein sausA300 1204 pothetical protein [ve_ao0823.1
[saourisc 01206 _Jaarvey pothetical protein sausa300 1207 pothetical protein [ve_ao0827.1
[saourisc o130 _aarva pothetical protein sausA300 1200 pothetical protein [ve_ao0833.1
[saourisc 01326 aarvus permease sausa300 1231 permesse [ve_ao08s6.1
[saourisc 01336 _Jaarvro UPF0201 protein sausag00 1238 consenved inB_Subils [ve_ao0865.1
[saourisc 01343 _Jaarvm hypothetical protein SAUSA300 1243 bec; exonu [ve_ao0872.1
[saourisc 01356 _Jaacana leT sausag00 1253 ICT; ranscription antterminat [ve_ao0883.1
[saourisc o139 aarvrs rpC indole-3-glycerol phosphate synthase 5AUSA300 1265 upc; indole-3 glycerol-phosphate synthase. [ve_a00856.1
[saousc 01377 aarvas ransport ATP-binding protein 0pp2 5AUSA300 1273 Jopp-2F oligapeptide permease, ATP-binding protein [ve_a99003.1
[saourisc o138 aarver pothetical protein [ v/ [ve_a90015.1
[saourisc_o1a0s _Jaarvn pothetical protein SAUSAS00_RS07040 | ypothetical protein [ve_a90031.1
pothetical protein saus) [ATPase family potein 4990
pothetical protein ypothetical protein 499041
odhe; Zoogiunate complex ; 499943
ypothetical protein ypothetical protein 499958
ypothetical protein putative cellwall enzyme Ebss 4999
Quinolone resistance protein Nord putative drug transporter 499970,
ypothetical protein ypothetical protein 499978
ypothetical protein ypothetical protein 4999
a5nS; AsparaginetRNA ligase \RNA synthetase 499989
ypothetical protein membrane protein 500002
ypothetical protein hiSLT ORF1 16> lke protein 500044
26260 bacteriophage L5dalg-Ike domelr-containing protein SAUSA300 hiSLT ORFIS1-Ike protein, major il protein 500045
U Q26255 SLT orf 123-lke protein SAUSA300 1398 [phisLT ORF123-ike protein 500048
[saousc 01539 Japves erminase-small subunit SAUSA300 1405 |phiSLT ORE 101-lke protein, terminse, small subunit [ve500055.1
[sousc_o1sss[aaFva PVL of Stk protein 5AUSA300 1953 |phiPVL ORFOSLlke protein [ves0007a.1
[sounsc 1560 [aaFvaa Conserved hypothetical phage protein 5AUSA300 1420 | Conserved hypothetical phage protein [ve500076.1
[saounsc o157 [aarvos Conserved hypothetical phage protein 5AUSA300 1426 | ypothetical protein [ves00082.1
saounsc o1sas [aaFve1 ypothetical protein 5AUSA300 1440 |ypotherical protein [ve500059.1
saousc 01603 [aaFve ypothetical protein A v/ [ve so0118.1
saousc 01610 [aaFvss UPF0403 protein SAUSA300 1463 | ypothetical proein [ves00125.1
saousc oter2[aaFys3 €1 component, beta subunt, puative sAUSA300 1465 €1 component, beta subunit [ves00127.1
[sousc o155 [aaFvio fur; feric uptake 5AUSA300 1514 fur; feric uptake regulation protein [ve s00166.1
saousc 01673 [aaFvor ypothetical protein SAUSA300 1531 [phot; Phott family phosphat [ve so0184.1
[sounsc 01676 Jazexzo UPFO365 protein 5AUSA300 1533 | ypothetical protein [veso0186.1
[snounsc otee9 [aaexve ST, 305 ribosomal protein 520 SAUSA00 1545 JrpsT [ves00159.1
saounsC 01703 [aarxcy ypothetical protein A v/ [ves00213.1
[saounsc 01723 Jaaexve recD2; ATP-dependent RecD-like DNA helicase SAUSAB00 1576 |RecD/TraA family helicase [ves00232.1
[sounsc 01729 [aaexva ypothetical protein 5AUSA300 1581 |ypotherical protein [ves00238.1
[sounsc 01732 [aaexvo ypothetical protein 5AUSA300 1583 | ypotherical proein [ves00240.1
snousc 01761 [aexsa ypothetical protein 5AUSA300 1606 |ypotherical protein [ves00266.1
[sounsc 01768 [aaexey ypothetical protein 5AUSA300 1612 Jtag; ONA. Eivcosidase [ves00273.1
[sousc 01779 |apexas Lig; tigger factor sausag00 1622 Jug [veso02
saounisc_o1810[aaexms INADP-dependent melic enzyme, putative saUSA300 1648 putative NADP-dependent malic enzyme [ves00315.1
[saourisc 01824 [aarxi1 it Probable SAUSA300 1661 [thiamine biosynthesis protein Thi [ve_s00329.1
[saourisc 01834 [aarxko hypothetical protein 5AUSA300_R509120 | ypothetical protein [ve_s00340.1
[saourisc_o1866 _[aarxit hypothetical protein 5AUSA300 1695 | ypothetical protein [ve_so0369.1
[saourisc_o1ses [aarxrs Putative dipeptidase 5AUSA300 1697 aipeptidase PepV [ve_s00371.1
[saourisc_o1869 _|aarxrs hypothetical protein 5AUSA300 1698 | ypothetical protein [ve_s00372.1
[saourisc_o1879 ok HTH-type transcriptional regulator ot 5AUSA300 1708 [accessory regulator Rot [ve_so0se2.1
[saourisc_o1881_|aarxce hypothetical protein 5AUSA300 0267 transposase [ve_so0384.1
[saourisc 01035 Jaarxcs serine protease SolF SAUSA00 1753 |serine protease SpiF [ves00436.1
[saourisc 01938 Jaarxcs serine protease SolD SAUSA300 1755 erine protease SpiD [res00430.1
[saousc 01069 Jazcato ypothetical protein saUsA300 1788 pothetcal protein [ve_s00467.1
[saourisc 01971 Jaacase ypothetical protein saUsA300 1785 pothetical protein [ve_so0468.1
[saourisc 01072 aacase saUsA300_1790 oldase protein PrsA [ve_s00469.1
[saourisc 01978 _aaca: ypothetical protein sausa300 1792 pothetical protein [ve_s0047.1
[saourisc 02007 azcavs hypothetical protein 5AUSA300_RS10110 | ypothetical protein [ve_s00503.1
[saourisc 02011 _Jaacace Rec sausA300 1854 Recx [ve_so0s08.1
[saousc 02012 ag3a23 sausA300 155 [ve_so0509.1
SaOUHSC 02013 o hypothetical protein 5AUSA300 1856 | ypothetical protein [ve_s00510.1
[saourisc 0200 _Jaarxze olin I [ve so0517.1
[saourisc 02052 aarxas ypothetical phage protein [ve_so0ses.1
[saourisc_0207%6 _Jaarxag Phi PVL orf 38.like protein related protein SAUSAS00 1420 [ohisLT ORFS3 fike protein [ve_s00569.1
[saourisc 02006 _Jaarxi ypothetical protein 5AUSA300 1863 | ypothetical protein [ve_so0s87.1
[saouisc 02155 Jaarwwe hypothetical protein sausA300 1914 [ve_so06e5.1
[saourisc 02158 Jaarwws hypothetical protein 5AUSA300 1916 | ypothetical protein [ve_so0648.1
[saourisc 02170 Jaarwva 5AUSA300 1621 truncated amidase [ve_s00657.1
[saourisc 02174 Jaarwvi olin, phage phi LC3 famil sAUSA00 1924 Holin [ve_s00660.1
[saourisc 02188 Jaarwr7 phage heatail adaptor 5AUSA300 1936 | ypothetical protein [ve_s0067a.1
[saourisc 02207 _aarwss phi PVt 52.ike protein SAUSAS00 1218 iSLT ORF 82-like protein [ve_so0652.1
[saourisc 02220 _aarwao Phi ETA orf 18-ike protein I/a v/ [ve_so0705.1
[saourisc 02221 aarwas Conserved hypothetical phage protein [ v/a [ve_so0706.1
[saourisc 02227 Jaarwas Conserved hypothetical phage protein [ /a [ve_so0712.1
[saourisc 02228 Jaarwa Conserved hypotheticol phage protein [ v/a [ve_s00713.1
2rwes ohi PUL orf 32-lke protein [ /a s00717
QarwmiL Sucrose-6-p puative sc1B;suerose-6-phosphate hydrolase 500749
ypothetical protein /A 500756
eu; dehyratase small subunit se small subunit 500770
Zepimerase UDP-GlcNAc 2-epimerase 500828,
uop; uraci 5AUSA300 2066 [upp 500829
WA Ty serm 500830
UPF0340 protein Jhypothetical protein 500831,
mC; Release factor glutamine |Hemk family modification methylase 500834,
pothetical protein ypothetical protein 500871
pothetical protein 500930,
pothetical protein /A 500941
pothetical protein [SAUSA300_ Rt ypothetical provein 500985
[saousc o250 [apFvv Tactor moa, putative sausA300 2222 Tactor, subunit 2 [ve s01003.1
[saousc_ozsa3Japrvie Cyel synthase aceessory protein sausA300 2225 fosynthesis protein MoaC [ve s01006.1
[saounsc 02559 |apcaKs ureB; urease subunit beta SAUSA300 2235 |ureB; uease subunit beta [ve s01021.1
saousC 02703 [apev [EpmA; 2, mutase sAUSA300 2362 [ve so1165.1
Isaounisc 02805 |aaca07 ypothetical protein /A [ve so1264.1
saounisc 02824 |aprvas ypothetical protein SAUSAB00 2457 Tamily protein [ve so1283.1
[saounsc 2838 |aarvos hypothetical protein SAUSA300_RS13635 |hypotherical protein [ves01296.1
[saoursc o261 Japrvzs Methylated DNA-protein cyste puative SAUSA300 2485 |methylated DNA-protein cysteine [ve so1317.1
Isaounsc_a00332 |apc1as ypothetical protein SAUSA300_RS01880 |hypotherical protein [veao8925.1
[saounsc_ao1079|aprzes ypothetical protein SAUSA300_RS05700 |hypotherical protin [ve_as661.1
saounsC_a02013 [aaexos ypothetical protein /A [ve s00554.1
SAOUHSC 202169 | aoFwKs ypothetical protein SAUSA300 511030 _|hypothetical protein [ve so0762.1
sAOUHSC_A02331 _|aFw60 ypothetical protein SAUSA300 511885 |hypothetical protein [ve500925.1
saounsC_a02503 [aacaia ypothetical protein SAUSA300_RS12725 |hypotherical protein [ve s01087.1
[saourisC Too0as [wna-oTHER [iena
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APPENDIX B. Microarray Results of srrAB Mutant in Aerobic and Hypoxic Conditions
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B1. Transcripts differentially regulated by SrrAB during aerobic growth

oy 2 Regulated under 4
COL Locus Annotation Fold Increase’ p-value . N 3 TnSeq Analysis’
nitrosative stress’

SA0008 hutH; histidine ammonia-lyase {N315} -2.3 0.04

SA0138 cap5C; capsular polysaccharide biosynthesis protein Cap5C (cap5C) {Staphylococcus aureus COL} 2.1 0.00

SA0204 pfiB; formate (pflB) hyl aureus COL} 3.8 0.02 X
SA0205 pflA; pyruvate formate-lyase-activating enzyme (pflA) {Staphylococcus aureus COL} 4.2 0.04 X
SA0211 acetyl-CoA {Stapt 1s aureus COL} 6.7 0.01

SA0212 3-hydroxyacyl-CoA dehydrogenase protein {Staphylococcus aureus COL} -8.6 0.03

SA0213 acyl-CoA dehydrogenase family protein {Staphylococcus aureus COL} -8.0 0.02

SA0214 long-chain-fatty-acid—-CoA ligase, putative {Staphylococcus aureus COL} -8.0 0.02

SA0215 propionate CoA-transferase, putative {Staphylococcus aureus COL} -4.8 0.02

SA0218 conserved hypothetical protein {Staphylococcus aureus COL} 3.0 0.01 X
SA0219 hypothetical protein {Staphylococcus aureus COL} 2.8 0.00 X
SA0220 flavohemoprotein, putative {Staphylococcus aureus COL} 2.6 0.00 X
SA0244 scdA; ScdA protein (scdA) {Staphylococcus aureus COL} 9.7 0.00 X
SA0265 hypothetical protein {Staphylococcus aureus COL} -2.1 0.02

SA0267 h ical protein aureus COL} -2.8 0.04

SA0278 h ical protein hyl aureus COL} -2.3 0.04

SA0299 hypothetical protein {Staphylococcus aureus COL} -2.3 0.03

SA0300 hypothetical protein {Staphylococcus aureus COL} 2.2 0.01

SA0311 sodium:solute symporter family protein {Staphylococcus aureus COL} -2.5 0.04

SA0312 nanA; N-acetylneuraminate lyase (nanA) {Staphylococcus aureus COL} -2.3 0.00

SA0585 rplJ; ribosomal protein L10 (rplJ) {Staphylococcus aureus COL} 23 0.04

SA0599 conserved hypothetical protein {Staphylococcus aureus COL} -2.6 0.01

SA0872 OsmC/Ohr family protein {Staphylococcus aureus COL} 2.5 0.01

SA0910 nserved h ical protein, similar to quinol oxidase polypeptide IV QoxD 24 0.01

SA0959 NADH-dependent flavin oxidoreductase, Oye family {Staphylococcus aureus COL} 3.1 0.02

SA0965 ctaB;conserved cytochrome caa3 oxidase (assembly factor) homolog {N315} 2.0 0.00

SA1062 atl; bifunctional autolysin (atl) {Staphylococcus aureus COL} -2.1 0.03

SA1094 cydA;cytochrome d ubiquinol oxidase, subunit | (cydA) {Staphylococcus aureus COL} 21 0.01 X
SA1124 ctaA; cytochrome oxidase bly protein (ctaA) {Staphyl aureus COL} 4.2 0.00

SA1126 nserved h ical protein {Staphyloc aureus COL} 2.1 0.01 X
SA1225 h ical protein hyl aureus COL} -2.5 0.05

SA1360 aspartate kinase {Staphylococcus aureus COL} 6.8 0.01

SA1362 hom; homoserine dehydrogenase (hom) {Staphylococcus aureus COL} 3.1 0.02

SA1363 thrC; threonine synthase (thrC) {Staphylococcus aureus COL} 3.1 0.03

SA1593 glycine cleavage system P protein, subunit 2 {Staphylococcus aureus COL} -3.4 0.00

SA1594 glycine cleavage system P protein, subunit 1 {Staphylococcus aureus COL} -3.3 0.00

SA1595 govT,; glycine cleavage system T protein (gcvT) {Staphylococcus aureus COL} -36 0.00

SA1622 glyS; glycyl-tRNA synthetase (glyS) {Staphylococcus aureus COL} 2.3 0.02

SA1659 conserved hypothetical protein {Staphylococcus aureus COL} -2.4 0.05

SA1660 LamB/YcsF family protein {Staphylococcus aureus COL} -2.0 0.03

SA1661 acetyl-CoA carboxylase, biotin carboxylase, putative {Staphylococcus aureus COL} -2.0 0.01

SA1662 acetyl-CoA carboxylase, biotin carboxyl carrier protein, putative {Staphylococcus aureus COL} 2.2 0.03

SA1663 urea lated protein {Stapt 1s aureus COL} 2.2 0.04

SA1705 h ical protein aureus COL} 2.0 0.01 C
SA1741 icd; isocitrate dehydrogenase, NADP-dependent (icd) {Staphylococcus aureus COL} -2.0 0.00

SA1742 gltA; citrate synthase (gitA) {Staphylococcus aureus COL} -2.3 0.01

SA1758 Ald; alanine dehydrogenase (ald) {Staphylococcus aureus COL} 2.1 0.01

SA1996 [ABC transporter, ATP-binding protein {Staphylococcus aureus COL} -2.6 0.04

SA1997 transcriptional regulator, GntR family {Staphylococcus aureus COL} -2.3 0.03 (9]
SA2192 conserved hypothetical protein {MRSA252, Mu50, MW2, MSSA476, N315} 2.4 0.02

SA2198 aldC; alpha-acetolactate decarboxylase (aldC) {Staphylococcus aureus COL} -2.6 0.03

SA2199 budB; acetolactate synthase, catabolic (budB) {Staphylococcus aureus COL} 2.5 0.02

SA2323 hutl; imic opionase (hutl) 1s aureus COL} 34 0.04

SA2324 hutU; hyd (hutU) {Staph 1s aureus COL} -3.8 0.03

SA2338 hypothetical protein {Staphylococcus aureus COL} -2.1 0.04

SA2462 icaC; intercellular adhesion protein C {MRSA252, MSSA476, MW2, N315} 2.7 0.01

SA2521 transporter, putative {Staphylococcus aureus COL} -2.0 0.02

SA2563 |ATP-dependent Clp protease, putative {Staphylococcus aureus COL} 34 0.02 X
SA2571 nserved h ical protein {Staphyloc: aureus COL} 2.9 0.00

SA2626 nserved h ical protein {Staphyloc aureus COL} 2.3 0.04

SA2634 nrdG; anaerobic ribonucleoside-triphosphate reductase activating protein (nrdG) {Staphylococcus aureus COL} 6.2 0.02 X
SA2635 nrdD; anaerobic ribonucleoside-triphosphate reductase (nrdD) {Staphylococcus aureus COL} 55 0.01 X
SA2636 citrate transporter, protein {Staphylococcus aureus COL} -2.3 0.01

SAV1941 putative membrane protein {MRSA252, MSSA476, MW 2, Mu50} 2.1 0.01

' Annotation obtain from the COL genome unless otherwise noted.

2 Fold increase is the ratio of transcript abundance in WT relative to the srrA mutant; Grey shading indicates that fold increase is estimated because the transcript was
below threshold in the comparator condition.

® see Kinkel et al, PMID: 24222487

4nC" denotes compromised during TnSeq analysis of osteomyelitis
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B2. Transcripts differentially regulated by SrrAB during hypoxic growth.

COL Locus Annotation’ Fold Increase® | p-value '_Reg"m,ted ""der3 TnSeq Analysis*
nitrosative stress

SA0078 plc; 1-phosphatidylinositol phosphodi (plc) {Staphylococcus aureus COL} 9.9 0.00

SA0089 |antigen, 67 kDa {Staphylococcus aureus COL} 11.3 0.01 X
SA0135 alcohol dehydrogenase, iron-containing {Staphylococcus aureus COL} 29 0.00

SA0162 conserved NAD-dependent formate dehydrogenase {all strains, COL} -3.7 0.04

SA0176 conserved hypothetical protein {Staphylococcus aureus COL} 34 0.01

SA0177 glucokinase regulator-related protein {Staphylococcus aureus COL} 35 0.02

SA0178 PTS system, IBC components {Staphylococcus aureus COL} 3.0 0.02

SA0202 sensor histidine kinase family protein is aureus COL} 33 0.03

SA0203 iron compound ABC transporter, iron compound-binding protein, putative {Staphylococcus aureus COL} 3.6 0.02

SA0204 pflB; formate (pfB) 1s aureus COL} 7.4 0.02 X
SA0205 pflA; pyruvate formate-lyase-activating enzyme (pflA) {Staphylococcus aureus COL} 8.2 0.00 X
SA0207 conserved domain protein {Staphylococcus aureus COL} 3.3 0.00

SA0211 acetyl-CoA {Stapt aureus COL} -4.1 0.01

SA0212 3-hydroxyacyl-CoA dehydrogenase protein {Staphylococcus aureus COL} -3.8 0.05

SA0213 acyl-CoA dehydrogenase family protein {Staphylococcus aureus COL} -5.6 0.01

SA0214 long-chain-fatty-acid--CoA ligase, putative 1s aureus COL} -79 0.02

SA0215 propionate CoA-transferase, putative {Staphylococcus aureus COL} =71 0.01

SA0217 [ABC transporter, substrate-binding protein {Staphylococcus aureus COL} 75 0.02 X
SA0218 conserved hypothetical protein {Staphylococcus aureus COL} 8.5 0.00 X
SA0219 hypothetical protein {Staphylococcus aureus COL} 5.2 0.04 X
SA0220 in, putative {Stapt aureus COL} 39 0.03 X
SA0244 scdA; ScdA protein (scdA) {Staphylococcus aureus COL} 374 0.00 X
SA0245 IytS; sensor histidine kinase LytS (lytS) {Staphylococcus aureus COL} 2.4 0.03

SA0277 hypothetical protein {Staphylococcus aureus COL} -2.3 0.02

SA0486 staphylococcus tandem lipoprotein {Staphylococcus aureus COL} -2.1 0.03

SA0517 alpha-amylase family protein {Staphylococcus aureus COL} 6.3 0.02

SA0518 transcriptional regulator, GntR family {Staphylococcus aureus COL} 6.3 0.01

SA0599 conserved hypothetical protein {Staphylococcus aureus COL} -2.5 0.01

SA0600 ilvE; branched-chain amino acid aminotransferase (ilvE) {Staphylococcus aureus COL} 2.1 0.04

SA0602 hydrolase, haloacid dehalogenase-like family {Staphylococcus aureus COL} 2.8 0.05

SA0648 conserved hypothetical protein {N315} -2.1 0.04

SA0660 alcohol dehydrogenase, zinc-containing {Staphylococcus aureus COL} 3.9 0.01 X
SA0748 oxidoreductase, aldo/keto reductase family {Staphylococcus aureus COL} 2.1 0.03

SA0860 nuc; thermonuclease precursor (nuc) {Staphylococcus aureus COL} 2.1 0.04 C
SA0871 rase, putative {Stapt aureus COL} 29 0.00

ISA0910 conserved hypothetical protein, similar to quinol oxidase polypeptide IV QoxD 3.8 0.01

SA0962 cerophosphoryl diester pt i GlIpQ, putative {Staphylococcus aureus COL} 5.0 0.05

'SA0965 ctaB; conserved cytochrome caa3 oxidase (assembly factor) homolog {N315} 4.2 0.01

SA1093 conserved hypothetical protein {Staphylococcus aureus COL} -2.8 0.00 C
SA1124 ctaA; cytochrome oxidase assembly protein (ctaA) {Staphylococcus aureus COL} 7.3 0.03

SA1126 conserved hypothetical protein {Staphylococcus aureus COL} 4.1 0.01 X
SA1181 arcB; ornithine carbamoyltransferase (arcB) {Staphylococcus aureus COL} 215 0.02

SA1182 arc; carbamate kinase (arcC) {Staphylococcus aureus COL} 12.1 0.03

SA1189 sferase (GNAT) family protein {COL} 24 0.01

SA1308 pyruvate ferredoxin oxidoreductase, alpha subunit {Staphylococcus aureus COL} 2.4 0.04

SA1350 conserved hypothetical protein {Staphylococcus aureus COL} -2.8 0.01

SA1358 conserved hypothetical protein {Staphylococcus aureus COL} 2.0 0.03

SA1362 hom; homoserine dehydrogenase (hom) {Staphylococcus aureus COL} 39 0.02

SA1364 thrB; homoserine kinase (thrB) {Staphylococcus aureus COL} 5.5 0.03

SA1475 drug transporter, putative {Staphylococcus aureus COL} 4.1 0.02 C
SA1476 amino acid permease {Staphylococcus aureus COL} 5.8 0.01

SA1477 ilvA; threonine dehydratase, catabolic (ilvA) {Staphylococcus aureus COL} 3.5 0.01

SA1478 /Ald; alanine dehydrogenase (ald) {Staphylococcus aureus COL} 4.7 0.00

SA1532 hypothetical protein {Staphylococcus aureus COL} -2.6 0.01

SA1533 hypothetical protein {Staphylococcus aureus COL} -25 0.02 C
SA1719 hemA; glutamyl-tRNA reductase (hemA) {Staphylococcus aureus COL} 21 0.03 X
SA1742 gltA; citrate synthase (gltA) {Staphylococcus aureus COL} -2.3 0.05

SA1866 serine protease SpID, putative {Staphylococcus aureus COL} 24 0.03 C
SA1868 spIB; serine protease SplB (spIB) {Staphylococcus aureus COL} 3.0 0.03

SA1976 nitric-oxide synthase, oxygenase subunit {Staphylococcus aureus COL} 6.8 0.01

SA1977 pheA; prephenate dehydratase (pheA) {Staphylococcus aureus COL} 6.2 0.01

ISA2192 conserved hypothetical protein {MRSA252, Mu50, MW 2, MSSA476, N315} 11.9 0.03

SA2338 hypothetical protein {Staphylococcus aureus COL} -2.2 0.01

SA2348 drug transporter, putative {Staphylococcus aureus COL} -2.6 0.04

SA2401 formate/nitrite transporter family protein {Staphylococcus aureus COL} 3.1 0.02

SA2496 conserved hypothetical protein {N315} 79 0.02

SA2521 transporter, putative {Staphylococcus aureus COL} -2.9 0.00

SA2554.1 cidA; LrgA family protein {Staphylococcus aureus COL} 7.7 0.04 X
SA2563 [ATP-dependent Clp protease, putative {Staphylococcus aureus COL} 7.2 0.00 X
SA2609 conserved hypothetical protein {Staphylococcus aureus COL} -2.2 0.02

SA2618 idh; L-lactate dehydrogenase (Idh) {Staphylococcus aureus COL} 50 0.02

SA2626 conserved hypothetical protein {Staphylococcus aureus COL} 2.3 0.03

SA2634 nrdG; anaerobic ribonucleoside-triphosphate reductase activating protein (nrdG) {Staphylococcus aureus COL} 53.6 0.00 X
SA2635 nrdD; anaerobic ribonucleoside-triphosphate reductase (nrdD) {Staphylococcus aureus COL} 35.9 0.00 X
SA2662 transcriptional antiterminator, BgIG family {Staphylococcus aureus COL} 4.8 0.02

SA2717 hypothetical protein {Staphylococcus aureus COL} -3.0 0.01

SA2732 transcriptional regulator, putative {Staphylococcus aureus COL} 6.3 0.01

SA2734 conserved hypothetical protein {Staphylococcus aureus COL} 9.8 0.00

" Annotation obtained from the COL genome unless otherwise noted.

2 Fold increase is the ratio of transcript abundance in WT relative to the srrA mutant; Grey shading indi that fold il

condition.

the transcript was below threshold in the comparator

® See Kinkel et al, PMID: 24222487

4 "C" denotes compromised during TnSeq analysis of
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Abstract

Staphylococcus aureus is capable of infecting nearly every organ in the human body. In
order ta infiltrate and thrive in such diverse host tissues, staphylococci must possess
remarkabie flaxibility in both metabelic and virulence programs, To investigate the genelic
requirements for bacterial survival during invasive infection, we performed a ransposon
sequencing (TnSeq) analysis of §. aureus during experimental osteomyelitis. TnSeq identi-
fied 65 genes essential for staphylococcal survival in infected bone and an additional 148
mutants with compromised fitness in vivo. Among the loci essential for in vivo survival was
SrrAB, a staphylecoccal two-component system previously reported to coordinate hypoxic
and nitrosative siress responses in witro, Healthy bone is intrinsically hypoxic, and intravital
oxygen manitoring revealed further decreases in skeletal oxygen concentrations upon 5.
aureus infection. The fitness of an srAB mutant during osteomyelitis was significantly
increased by depletion of neutrophils, suggesting that neutrophils impose hypoxic and/or
nitrosative stresses on invading bacteria, To more globally evaluate staphylococcal
responses to changing oxygenation, we examined quorum sensing and virulence factor
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production in staphylococel grown under aerabic or hypoxic conditions. Hypoxic growth
resulted in a prefound increase in querum sensing-dependent toxin production, and a con-
comitant increase in cytotoxicity toward mammalian cells. Moreover, aerobic growth limited
quorum sensing and cytotoxicity in an SrrAB-dependent manner, suggesting a mechanism
by which 8. aureus madulates quarum sensing and toxin production in response to environ-
mental oxygenation. Collectively. our results demonstrate that bactenal hypoxic responses
are key determinants of the staphylococeal-host interaction,

Author Summary

Sraphyplococcus aureus is a leading cause of infectious death, yet is also capable of harm-
lessly colonizing healthy individuals. These disparate observations imply that 8, auress
can modulate its growth and virulence in response to different host environments, To
characterize the staphylococcal genetic programs required to sustain invasive infection, we
applied a technique known as TnSeq to experimental osteomyelitis. Osteomyelitis is one
of the most commen invasive manifestations of staphylococcal infection, and & better
understanding of the bacterial factors required to colonize and destroy bone will aid in
vaccine and antimicrobial development, TnSeq identified more than 200 genes important
for invasive staphylococcal infection of bone. Two of these genes encode a bacterial two-
component system, SrrAR, which is known to help 8. aurens survive in low oxygen. Con-
sistent with this finding, we discovered that ooxygen levels in bone decrease during osteo-
myelitis. Furthermore, we discovered that staphylococeal virulence is augmented by
envirenmental oxygen levels, suggesting one strategy by which S, aurews can respond to
different host environments. Collectively, our results define the genetic and metabolic pro-
grams required for 8. aurens to sustain invasive infection.

Introduction

Staphylococeus avreus is a major human pathogen, capable ol causing a variety of life-threaten-
ing, invasive diseases and infecting nearly every organ in the human body. Yet 5. anreus also
innocnously colonizes the skin and nares of one-third to one-half of the population [1]. These
facts suggest a remarkable flexibility in terms of metabolic and virulence programs, allowing
staphylococei to adapt to diverse and changing host environments during invasive infection,
while also enabling a commensal lifestyle characterized by low virulence and immunotolerance.
The mechanisms by which bacterial pathogens adapt to changing host environments are
poorly understood, in part due to the technical diffically in measuring adaptive responses in
vivo. However, recent advances in high-throughput sequencing have enabled an unprecedented
evaluation of the host-pathogen interface, Transposon sequencing {TnSeq) is a sensitive and
high-throughput tool combining highly-saturated transposon mutant libraries with massively-
parallel sequencing to calculate the fitness of all nonessential bacterial penes under a given
selective pressure [2]. TnSeq has been successfully used to determine the bacterial genes
required for survival in a number of different i vitro conditions and infection models [3-7].
More recently, a TnSeq library was generated in 8. apreus and used to determine genes contrib-
uting to fitness in abscess and infection-related ecologies | 5], These studies illustrate the power
of Tnfeq analyses lo determine the genetic requirements for bacterial adaptation to diverse
host environments.
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One of the most common invasive disease manifestations of staphylococcal infection is oste-
omyelitis, and 5, aureus is by far the most common pathogen causing musculoskeletal infec-
tion. Osteomyelitis causes enormeus morkidity, including functional disabilities, the
requirement for invasive procedures, and the propensity to evelve into chronic infeclion even
with appropriate management [9,10]. Two factors contribute to the therapeutic recalcitrance of
osteomyelitis, First, skeletal tissues are intrinsically hypoxic, and bacterial infection further dis-
rupls the vascular architectiore of bone [ 11-13]. Second, the human skeleton is r.':ms[anlJ)r
being remodeled through the opposing actions of esteablasts and osteoclasts. The kinetics of
bane remodeling are affected dramatically by bacterial infection through osteo-immunalogic
crosstalk [14-16], Thus, pathogens invading the bone must adapt to hypoxia as well as con-
stant shifts in the available host substrates for adhesion and nutrient acquisition. While these
factors would seemingly create an inhospitable environment for bacterial proliferation, bone is
one of the most common locations of metastatic infection following 8. aureus bacteremia [17].
One mechanism by which bacterial pathogens adapt to potentially hostile host environments is
through the actions of one or more two-component systems (TCSs). Bacterial TCSs consist of
a membrane bound histidine kinase sensor, which upon binding of its cognate ligand phos-
phorylates a response regulator, Response regulators most often function as transcriptional fac-
tors, and differentially coordinate changes in gene expression in response to a given stress, We
therefore hypothesized that the ability of 5. aureus to adapt to changes in available oxygen and
shifts in substrate availability in inflamed skeletal tissues may rely on one or more TCSg, and
that these responses would be key determinants of pathogenesis during osteomyelitis.

In this study, we employed TnSeq analysis during acute murine osteomyelitis to determine
the genetic requirements for 5. aureus survival during invasive infection. A large number of S,
aureus genes were identified as essential for growth within bone, some of which have previ-
ously been implicated in hypoxic responses. Intravital oxygen monitoring was utilized to define
changes in tissue oxygenation during osteomyelitis. Finally, we evaluated the effects of chang-
ing oxygenation on 8. aureus quoram sensing and virulence factor production. Collectively,
these studies determine the staphylococcal genes essential for survival during invasive infection
of bone, define shifts in tissue oxygenation during invasive infection, and interrogate the mech-
anisms by which 8, aureus can modulate its virulence in response to changes in oxygen
availability.

Results

Identification of S. aureus genes essential for invasive infection by
transposon sequencing (TnSeq) analysis of experimental osteomyelitis

In order to characterize the genes required for invasive 8. aureus infection, TnSeq analysis was
performed during experimental osteomyelitis using a recently deseribed S, aurens transposon
insertion library in strain HGOO3 [8]. To wdentify potential bottlenecks in bacterial survival dur-
ing osteomyelitis, a timecourse infection was first performed by ineculating murine femurs
with strain HGOO3, An inoculum of 3x10° CFU was chosen based on direct comparison with
strain LAC, which has served as the wildtype strain in prior osteomyelitis analyses and is repre-
sentative of the most common lineage {USA300) of strains causing osteomyelitis in the United
States [L8]. Atdays 1, 3,5, 7, and 12 post-infection, infected femurs were harvested and pro-
cessed for CFU enumeration. Afler an initial period of replication from day 1 Lo day 3 post-
infection, decreases in bacterial burdens were noted by days 5 and 12 (81 Fig). Day 5 was there-
fore chosen for TnSeq analysis of acute osteomyelitis, as it likely represents the first bottleneck
encountered by invading bacteria. For TnSeq analysis of osteomyelitis, mice were infected with
the TnSeq library by direct inoculation into the femur, Five days post-infection, femurs from
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infected mice were processed for genomic DNA extraction. One limitation of TnSeq analysis
during invasive infection is the requirement for an outgrowth step after the recovery of bacteria
from infected tissues, Although in vifro outgrowth could potentially confound fitness caleula-
tions, it is necessary to decrease host DNA contamination and allow for efficient sequencing of
microbial DN A, and thus has become a standard practice during TnSeq analysis of invasive
infection models [5,8,19-23]. We opted for a short outgrowth in liquid media to minimize any
confounding effects on ftness caleulation, For an in vitre comparator, an equivalent volume of
the osteomyelitis inoculum was grown in vitro for 24 hours prior to collection and genomic
DNA extraction. To determine mutants with compromised in vive fitness, a "dval™ was calcu-
lated for each gene in each condition (inoculum, ir vitre comparator, or osteamyelitis).

A total of 65 genes were found to be essential for survival during osteomyelitis (51 Table)
but not in vitro growth, and mutations in an additional 148 genes resulted in significant in vive
compromise relative to the in vitro comparator {52 Table). Of the 213 genes identified by
TnSeq, 39 essential and 73 compromised genes encode hypothetical proteins, respectively, OF
the remaining 101 genes, 12 essential genes and 32 compromised genes have Kyoto Encyclope-
dia of Genes and Genomes (KEGG) identifiers. Thirty-two of the 44 genes with KEGG identifi-
ers can broadly be categorized into metabolic pathways, with specific pathways represented
including carbon metabolism {9 genes), amino acid biosynthesis (7 genes), and the TCA cycle
(5 genes). In the TCA cycle, mutations in genes sucB (SAOUHSC_01416), sucC
(SAOUHSC_01216), and sueD (SAQUHSC_01218}, which encode enzymes responsible for
the conversion of a-keloglutarate to succinate, each resulted in compromised growth during
asteomyelitis, Moreaver, genes encoding enzymes in pathways that feed into the TCA cycle
were also important for intraosseous growth, including pyruvate carboxylase
(SAOUHSC_01064 pye), pyruvate dehydrogenase (SAOUHSC_01040 pdhA), and a putative
malic enzyme (SAOUHSC_01810). Mutations in 7 5. aureus genes encoding amine acid bio-
synthesis enzymes compromised bacterial growth during osteomyelitis, yet did not signifi-
cantly impair growth in vitro. These genes encode enzymes in the biosynthetic pathways or
tryptophan [SAOUHSC_01369 trpC, SAOUHSC_01367 trpG, and SAOUHSC_(1377), cyste-
me (SAOUHSC_00488 cpsk), lysine {SAOUHSC_01868), leucine (SAQUHSC_02288 lew ),
and the conversion of serine to ghycine (SAOUHSC_02354 glyA), Mutations in & genes encod-
ing components of purine and pyrimidine metabolic pathways resulted in significant in vive
compromise during osteomyelitis. Two of these genes (SAOUHSC_02126 purB,
SAQUHSC_02360 tdk) were essential for staphylococcal survival in bone. A substantial por-
tion of the oxidative phosphorylation pathway was also found to be necessary for staphylococ-
cal growth during osteomyelitis. Four of the 12 essential genes with KEGG identifiers and | of
the mutants with compromised growth are involved in oxidative phosphorylation, including
components of quinol oxidase complexes (SAQUHSC_01000 goxC, SAQUHSC_01032 cpdB],
and 3 subunits of the F-type ATPase (SAOUHSC_02340 atpC, SAOUHSC_02343 atpG,
SAOUHSC_02346 atpH). Collectively, the results of TnSeq analysis during experimental osteo-
mivelitis suggest broad adaptations in metabolism and energy production are required for
staphylococeal survival during invasive infection of bone.

In contrast to an abundance of genes encoding hypothetical proteins or metabolic pathways,
relatively few penes encoding known or putative virulence factors were identified by TnSeq as
important for staphylococcal survival in bone. Phosphatidylglyceral lysyltransferase, encoded
by mprF (SAOUHSC_01359), catalyzes the modification of phosphatidylglycerol with L-lysine
and contributes to bacterial defenses against nentrophils, cationic antimicrobial peptides, and
certain antibiotics [24]. The niprF gene was essential for growth during osteomyelitis, suggest-
ing that resistance Lo antimicrobial peptides and neutrophils are important components of
staphylecoccal survival in bone. A second virulence-associated gene identified by TnSeq as
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essential for S, aureus osteomyelitis was isdF (SAOUHSC_01087), which encodes a component
of the iron-regulated surface determinant heme uptake system [25]. Interestingly, mutation of
the ferric uptake regulator (SAOUHSC_00615 fur) gene also resulted in compromised intraoss-
eous growth, illustrating a potential role for iron acquisition in the pathogenesis of staphylo-
coccal osteomyelitis. Mutation in the genes encoding thermonuclease (SAOUHSC_0D0818 nuc),
a fibrinogen-binding protein (SAQOUHSC_01110), the repressor of toxins (SAOUHSC_01879
rot), and two serine proteases (SAQUHSC_01935 splF, SAQUHSC_01938 splD) also compro-
mised the survival of 8. aureus during osteomyelitis.

The genes identified by TnSeq as critical for staphylococcal osteomyelitis encode diverse
metabolic processes, hypothetical proteins, and select virulence factors, These results suggest
that complex bacterial adaptations occur in response to invasive infection of bone. One mecha-
nism by which bacterial pathogens sense and ultimately respond to host-imposed stresses is
through TCSs. We therefore hypothesized that staphylococcal TCSs might coordinate the com-
plex adaptations observed during osteomyelitis. Strikingly, TnSeq analysis identified only one
8. aureus TCS as required for intraosseous survival. The staphylococeal respiratory response
(SrrAR) system is involved in coordination of the staphylococeal response to hypoxia and
other stresses [26], and has been shown to directly regulate select virulence factors [27]. Both
the histidine kinase (sreH) and the response regulator {srrA} components of the SrrAR locus
were essential for staphylococcal survival in bone, implying that this TCS might be particularly
important for coordination of the metabolic and virulence adaptations to intransseous growth
(81 Tahle). In total, these results reveal the power of TnSeq analysis to identify 8. aureus genes
required for invasive infection of bone,

SrrAB differentially regulates S. aureus genes under aerobic and hypoxic
growth, and is required for survival during osteomyelitis

Among the mutants that exhibited decreased survival in the osteemyelitis model, we identified
a single TCS, StrAB, which coordinates responses to hypoxia and nitrosative stress in vitre
[26]. Moreover, mutations in twe additional genes regulated by SreAB specifically under condi-
tions of nitrosative stress, cpd B and goxC, also resulted in significantly decreased fitness during
osteomyelitis (51 and 52 Tables) [26]. Bone and bone marrow are intrinsically hypoxic, lead-
ing ta the hypothesis that SreAB contributes 1o osteomyelitis pathogenesis by sensing and
responding to changes in environmental oxygen [11,25]. Because the SrrAB regulon was previ-
cusly defined under conditions of nitrosative stress, we sought to further define the oxygen-
dependent SrrAB regulon by performing global transcriptional analysis of a clinically relevant
strain (LAC) in comparison to a mutant strain lacking serAB expression {AsrrA) in both aero-
bic and hypoxic growth conditions. Inactivation of sreAB under aerobic conditions resulted in
the differential regulation of 64 genes (39 transcripts mereased in abundance and 25 deereased
in abundance upon mactivation of sreAB) (53 Table}, Under hypoxic growth conditions, srrAB
inactivation led to differential regulation of 78 genes (22 transcripts increased in abundance
and 56 decreased in abundance) (54 Table). Of the genes diffeventially regulated by SrrAB
under aerobic or hypoxic conditions; only 16 were previously identified as members of the
SrrAB regulon under nitrosative stress, suggesting that specific stresses might invoke different
SrrAB-dependent transcriptional responses [26]. Moreover, by defining the SeeAB regulon
under aerobic versus hypoxic conditions, we discovered that an additional 7 genes important
for survival during osteomyelitis in the TnSeq dataset are also SrrAB-regulated (53 and 54
Tables). The requirement of multiple genes in the SreABR regulon for survival during osteomye-
litis suggests that the SrrAB TCS is an important orchestrator of 8. aureus stress responses in
inflamed skeletal tissues.
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Previous reports have demonstrated a significant defect in the growth of an sreAB mutant
under anaerobic conditions but not under hypoxic growth conditiens [26,27,29], To confirm
that StrAB was net found to be essential in the TnSeq analysis simply because of a defect in
growtl, the AsrrA polar transposon mutant and mutations in known genes of the SrrAB regu-
lon (pflA, pflB, qoxA, and goxC) were analyzed in the LAC strain background. The growth rate
of each mutant under acrobic or hypoxic conditions was monitored over time, Under acrobic
and hypoxic growth conditions, Asrrd had an enhanced lag phase compared o WT but
reached equivalent optical densities to W'T by & hours (52 Fig). The AqoxA and AgoxC mutants
were unable to reach maximal optical densities as previously reported due to disruption of the
electron transport chain [26]. These results indicate that an srrAB mutant is not impaired for
growth under hypoxia, further validating our TnSeq methods.

To investigate the role of SrrAB in osteomyelitis in a clinically-relevant background without
the potentially confounding influence of competition from other mutants in the TnSeq library,
groups of mice were infected with either WT or Asrrd in the LAC background. At 5 or 14 days
post-infection, femurs were either pracessed to quantify bacterial burdens or subjected to
micro-computed tomography (microCT) imaging (day 14) for quantification of cortical bone
destruction. [nactivation of SreAB resulted in a significant reduction in bacterial burdens in
infected fernurs at both 5 and 14 days post-infection (Fig 1 A ). Moreover, murine femurs
infected with AsreA sustain significantly less cortical bone destruction than WT-infected
femuts (Fig 1B-10). These results demonstrate that SreAB is eritical for S, aureus survival in
infected bone and for induction of pathologic changes in bone remodeling during osteomyeli-
tis. Furthermore, the data suggest that staphylococei encounter hypaxic and/or nitrosative
stresses during osteomyelitis,

S. aureus osteomyelitis triggers reduced oxygen availability in skeletal
tissues

Normal bone and bone marrow are intrinsically hypoxic, with a physiologic oxygen concentra-
tion range of 11.7 to 48.9 mmHg (1.5-6.4% O5), compared to atmospheric oxygen at approxi-
mately 160 mmHg (21% O;) [11,28]. TnSeq analysis demonstrated that the hypoxia-
responsive SrrAB TCS s essential for 8, aureus survival in bone, suggesting that bacterial inva-
sion and the resulting inflammation associated with osteomyelitis trigger further decreases in
skeletal oxygen availability. In order to determine the oxygen concentrations of S aureus
infected murine femurs during osteomyelitis, an Oxylite monitor was used to record oxygen
tensions at the inoculation site at various times post-infection. In uninfected mice, average pO,
in the intramedullary canal was 45.2 mmHg, (Fig 2) consistent with previously reported bone
marrow physoxia [28]. As infection pmgrc:is:d, the infectiows focus became incrcasinpjy hy‘p-
axic, with an average oxygen tension of 14.3 mmHg at 10 days post-infection. This decreased
oxygen tension was not due to the trauma induced by the inocalation procedure, as mock-
infected bone showed an elevated mean pO. of 77.5 mmHg by 4 days post-procedure (Fig 2).
Collectively, these findings demonstrate that skeletal tissues become increasingly hypoxic dur-
ing S. aureus osteomyelitis.

The srAB promoter is active in hypoxic skeletal tissues

Intravital pO, monitering revealed that skeletal tissues become increasingly hypoxic during
osteomyelitis, with dramatically reduced oxygen tensions as early as 24 hours after infection.
These data and the results of TnSeq analysis suggest that the srrAR promoter is active in vivo.
To test the hypothesis that srrAB promoter activity increases with decreasing oxygen availabil-
ity in infected skeletal tissues, a luminescent reporter construct was created in which expression
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Fig 1. SrrAB Is required for intraosseous survival and cortical bone destruction during 5, aureus
osteomyelitis. Osteomyelitis was induced in groups of mice using WT or AsmA sirains, {A) At 5 and 14 days
postinfection, famurs were processed for colony forming wnits (CFU) enumeration. M =5 mice par group.
Herizontal kne represents the mean and arror bars raprasent SD. (B and C) Antaro-posterior views of WT (B)
o Asrrd (C) intected femurs at 14 days post-inoculation. (B) MicroCT imaging analysis of cortical bone
destruction (mm™) 14 days post-inoculation, N = 4 mice per group. Ermor bars represent the SEM, Statistical
significance determined by Studenis ¢ test.

o1 0437 1ournal ppat. 1 005341.4001

of the luxABCDE operon is driven by the srrAB promoter. Mice were infected with WT K.
aureus containing either this construct ora promaoterless vector control, and at | hour or 24
hours post-infection infected femurs were explanted and immediately imaged for biolumines-
cence. No detectable luminescence above background was detected in femurs infected with
WT bacteria containing the promoterless control plasmid at 1 hour or 24 hours after infection
(Fig 3}, In contrast, fernurs infected with the ParrAB-pAmiLux construct showed no detectable
luminescence above background at 1 hour post-infection, but displayed strong luminescent sig-
nal at 24 hours after infection, corresponding to the induction of hypoxia in infected skeletal

tissues (Fig 3). Collectively, these results demonstrate that the srrd B promoter is activated in

vive during infection of hypoxic skeletal tissues.

MNeutrophil depletion rescues the intraosseous growth defect of an srr
mutant

Intravital oxygen monitoring revealed hypoxia of skeletal tigsues upon imfection with 5. aureus,
suggesting that inflammation triggers a reduction in skeletal oxygen concentrations, Neutro-
phils are a significant source of both oxidative and nitrosative stresses in wivo and contribute to
formation of oxygen-limited abscesses in response to staphylococcal infection [30]. To test the
hypothesis that SrrAB is necessary to resist hypoxic and/or nitrosative stresses imposed by

* |nfected famur
0O Maock-infected fermur
100- ..................................BE..........................-.......

=
I
1
& Oe
= ;
. E i
o T T e
0 4 T 10

1
Days post infection

Fig 2. 5. aureus esteamyelitis triggers reduced cxygen avallability in skeletal tissues, Cuygen tenssan
(PO} was measured in murine femurs infected with 5, sureus (black circles} at 1, 4, 7 and 10 days past-
infection (n = 6 from twa indspendent axparimants). Uninfected femurs {apan squanes) wera maasured for
axygen tension immediataly folowing (n = 5) or 4 days after {n = 3) a meck incculation procedure. Oxygen
tension s reported as mmHg. Horzontal Bnes represent the mean, Error bars reprasent the SD. Dotted line
represents the upper limit of detection.
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Fig 3. The sfrAB promaoter is active in hypoxic skeletal tissues, Groups of mice (n = 3 per group) were subjected to csteomyelitis by infecticn with WT
bacteria cantaining either PsrrAS-pAmilux or pAmilux (promoterless controf). At 1 ar 24 hours post-inoculation, infected femurs were explanted and
immadiaiely imaged on an VIS 200 systam (5 minute exposure).
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neatrophils in vive, mice were either rendered newtropenic with serial anti-Ly&G (1 A8) mono-
clonal anti hndlv injections or gi\'crl an isot vpe control monoclonal an libod)' and subﬂcqucnrl}r
mfected with WT or Asrrd [31], At 14 days post-infection, femurs were processed for enumer-
ation of bacterial burdens. In mice treated with control antibody, a significant virulence defect
was again observed in mice infected with the AsrrA mutant (Fig 4). However, in mice adminis-
tered the anti-Ly6G (1A8) antibody, a significant increase in bacterial burdens was observed
upon infection with AsrrA, such that bacterial burdens no longer differed significantly from
non-neutropenic mice infected with WT (Fig 4). These results suggest that intraosseous sur-
vival rrqui res SrrABR to resist hypnxic and/or nitrosative stresses |J1'nduc¢d l‘-}r ncutmph'il.li m
response to 8, aureus osteomyelitis.
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S. aureus modulates quorum sensing and exotoxin production in
response to oxygenation

The observation that 8. qureus infection of murine skeletal tissues leads to dramatically reduced
oxygen concentrations prompted further evaluations of how oxygenation impacts the produc-
tion of staphylecoccal virulence factors. We previously demonstrated that secreted toxins regu-
lated by the accessory gene regulator (agr) locus are particularly important for the pathogenesis
of 8. aureus osteomyelitis [32,33], The agr locus (agrABCD) encodes 2 quoram sensing system
coupled toa TCS, and is responsible for growth phase-dependent regulation of & number of 5,
aureus virulence factors [ 34]. The response regulator of the agr locus, AgraA, directly regulates
the production of alpha-type phenol soluble modulins (PSMs), which contribute significantly
tothe pathology of 5. aurens osteomyyelitis [32,35], Indeed, alpha-type PSMs were found to be
the sole mediators of cytotoxicity in concentrated culture supernatant towards murine and
human osteoblasts in vitro [32]. However, a recent report demonstrated that alpha-type PSM
expression is directly linked to alpha toxin (Hla) expression [36]. To verify that PSMs are the
sele mediators of cytotoxicity toward vsteoblastic cells in 5. avrews concentrated supernatants,
strain LACApsmerl -4 (Apsm) containing the overexpression vector pOS1-plgt driving hia
expression in trans was tested for oytotoxicity towards ostenblastic cells (83 Fig). While WT
supernatant displayed maximum cytotoxicity, Apsm and Apsm pOS1-plgt-hla did not show sig-
nificantly different cytotoxicity from control. Deletion of fila in an erythromycin-resistant LAC
background also failed to attenuate cytotoxicity (83 Fig). Moreover, targeted inactivation of
RNAII in LAC did not decrease cytotoxicity, further supporting the Agra-regulated alpha-
type PSMs as the sole secreted mediators of cytotoxicity toward osteoblastic cells (54 Fig).

To determine the impact of culture oxygenation on §. aurens exotoxin production, concen-
trated supernatants were prepared from 8. awrens grown either aerobically or under limited
oxygenation, Incubation of several different mammalian cell lines or primary human osteo-
blasts with varying amounts of concentrated culture supernatant demonstrated dose-
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dependent cytotoxicity that significantly increased if the bacteria were cultured under lower
oxygenation {Fig 5). This phenomenon was not strain dependent, as hypoxic growth also
increased the cytotoxicity of strains MW 2 and Newman towards osteoblastic cells (55 Figh.
These results indicate that 8. aurens virulence factor production is modulated in response to
environmental oxygen levels.

SrrAB regulates select virulence factors under microaerobic conditions in part by directly
interacting with the agr P2 and P3 promoters [27.29], This observation, combined with the
role of SreAR in responding to hypoxic stresses led to the hypathesis that StrAB may regulate
quorum sensing and virulence factor production in respense to changes in oxygenation. To
investigate the impact of SrrAB on PSM-mediated killing of osteoblasts, osteoblastic cells were
incubated with varying amounts of culture supernatant from WT or AsrrA strains grown either
aerobically or under hypoxia. Aerobically grown AsrrA supernatants demonstrated dose-
dependent killing of murine osteoblasts that was significantly increased compared Lo acrobi-
cally grown WT supernatants, mimicking the effect of hypoxia on cytotoxicity (Fig 6A). The
cytotoxicity of acrobically grown AsrrA was diminished by expression of the sreAB locus in
trans (56 Fig). These data suggest that SrrAB represses PSM-mediated cytotoxicity under aero-
bic conditions,

Because SrrAB repressed PSM-mediated cytotoxicity under aerobic conditions, we hypothe-
sized that SerAR impacts quorum sensing in response to oxygenation. To test this hypothesis,
the reporter plasmid pDB59 (agrP3 promoter driving YFP expression) was introduced into
WT and Asrrd [57]. Aerobically grown WT cultures demonstrated significantly lower agrP3
activation compared to cultures grown under limited oxygenation (Fig 6B). This decrease was
partially SrrAB dependent, as aerebically grown AsrrA strains demonstrate a 2-fold higher
expression of agrP3 than aerobic WT cultures (Fig 6B). To further confirm these results, quan-
titative RT-PCR was conducted on aerobically and hypoxically grown cultures of WT and
AsrrA, Transeription of agrA was increased relative to aerobically grown WT for both AsreAB
and hypoxically grown cultures. Hypoxically grown cultures also demonstrated significantly
elevated levels of psma and RNAIN transcripts {Fig 6C), Inactivation of SrrAB resulied in an
over 30-fold increase in psmicel—4 transcription and a near 20-fold increase in RNATIT expres-
sion under aerobic conditions, Under hypoxic conditions, inactivation of srrAB resulted in a
3000-fold and 160-fold increase in psmal-4 and RNAIT transcript levels, respectively. Collec-
tively, these data indicate that 8, awrens quorum sensing and resultant cytotoxicity towards
mammalian cells is modulated in an SrrAB-dependent manner in response to changing oxygen
availability, and further define SrrAB as an important regulator of metabolic and virulence
adaptations during invasive infection,

Discussion

TnSeq analysis during experimental osteomyelitis revealed 8. durens genes essential for inva-
sive infection. Among the mutants with reduced in vivo fitness was one TCS. SrrAB, which was
previously characterized as a coordinator of hypoxic and nitrosative stress responses [26],
SrrAB was originally identified as a regulator of oxygen-dependent toxic shock syndrome
toxin-1 (TS5T-1) expression, and was noted to have homology to the global respiratory regula-
tor ResDE in Bacillus subtilis [19.38]. Subsequent analyses revealed that SrrA is capable of
binding to the agr P2 and P3 promoter regions, and that overexpression of SirAB reduces viru-
lence in a rabbit endocarditis model [27]. These indings indicate a link between SrrAB and
quorum sensing and suggest that oxygenation could impact staphylococcal virulence. Yet the
specific signal{s) that activate SrrAB, and the mechanism by which this system modulates quo-
rum sensing have yet to be determined.
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Fig 5. Hypoxically grewn bacterial supernatants lead to increased cytotexicity in human and murine
cells, WT superatanis were prepared by incoulating 3 colonies into RPMI and 1% casamino acids (CA) and
growing for 15 houwrs either aerobicalky or hypoxically, MC3T3 muring asteoblastic cells (A), Sacs-2 human
aateoblastic cells (B), primary human osteoblasts (C), HL-B0 pramyelocytas (D). RAW2E4.7 munne
macrophages (E), US3T monooytic calls (F), Jurkat T cells (G), or A543 lung epithelal cells (H) were seaded
into 96 well plates 24 hours prior to intoxication with concentrated supematant or RPMI control. Cedl viability
was assessed 24 hours later. Results are expressed as percent of RPMI contral {n = 10), and are
reprasenialive of 2 biokogic replicatés with the exception of human primary osteoblasts, which representa
single experimant given tha limited avaitability of this rasourcs. Error bars reprasent the SEM,

doi:10.137 1fournalippat 1005341.g00&

Our data suggest that aerobic growth of 8. aurews limits quoram sensing and agr-dependent
virulence factor production in a manner that is partially dependent on SrrAB. Conversely, hyp-
oxic growth results in significantly increased cytotoxicity toward mammalian cells. Since equiv-
alent bacterial densities were achieved under conditions of hypoxic and aerobic growth, these
results |mpl)l' that the (Jutpur nfquurum mcn:iirhg can be fum:[iun;a"!.-I LI.I'lEULlPItd from bacterial
density by changes in culture oxygenation, Such uncoupling could be particularly advanta-
geous for quenching of virulence factor production in environments with higher oxygen avail-
ability, such as during colonization of the skin or nares. Since inactivation of SrrAB under
aerobic conditions failed to fully restore quorum sensing and cytotoxicity to the levels observed
with hypoxic growth, it is likely that this phenomenen is a result of multiple factors. Additional
studies are therefore needed to determine the SrrAB-dependent and SrrAB-independent
mechanisms by which exygenation regulates quorum sensing. To this end, it has previously
been demonstrated that both the 8. auwreus autoinducing peptide (ATP) and Agra can be func-
tionally inactivated by oxidation 39,40, suggesting a potential SrrAB-independent mecha-
nism for modulation of quorum sensing by oxygen. Moreover, the 5. aureus genome is known
to encode other redox-sensitive regulators such as Rex, Mgra, SarA, and AirSR [11-45]. Itis
therefore passible that environmental oxygen is not a direct regulator of quorum sensing, but
rather that a change in the redox status of the bacterial cell or oxidative damage triggers
changes in virulence factor production. Nevertheless, our findings sugpest thal shifts in avail-
able oxygen, as well as the inherent differences in physivlogic oxygen concentrations in various
host tissues, could have a significant impact on staphylocoecal virulence, Additionally, these
data highlight the importance of in vitre culture conditions on the study of staphylococcal
virulence.

Global transcriptional analyses defined the SreAB regulon of 8. avrews under conditions of
aerobic and hypoxic growth. Interestingly, although some overlap was noted with the previ-
ously reported SrrAB nitrosative stress regulon, we identified additional SreAB-regulated genes
under conditions of changing oxygenation [26]. Although these findings may relate to techni-
cal issues or strain-dependent differences in gene regulation, they suggest that SrrAB may inte-
grate multiple environmental signals, er that oxidative and nitrosative stress trigger a common
endogenous bacterial pathway that activates SrrAB. In order to begin defining the host compo-
nents that trigger hypoxic or nitrosative stress responses in 8. aureus, we examined the role of
neutrophils during osteomyelitis. Neutrophils impose nitrosative and oxidative stress to invad-
ing pathogens through the respiratory burst, which generates reactive oxygen and nitrogen spe-
cies. Moreover, neutrophils contribute to tissue hypoxia through abscess formation [20]. In
support of the role of SrrAB in resisting such hypoxic and nitrosative stresses, we found that
neutrophil depletion partially rescued the virulence defect of an srrA mutant. Additional stud-
ies are needed to parse out the effects of neutrophil-derived reactive oxygen and nitrogen spe-
cies versus abscess-associated tissue hypoxia on the survival of 8. aureus. Furthermore, it is
likely that other innate and adaptive immune responses contribute to changes in tissue oxygen-
ation and thus the redox status of invading pathogens.
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In addition to the genes encoding SteAB and its targets, TnSeq analysis during osteomyelitis
revealed a large number of staphylococcal mutants with compromised fitness in vive. Many of
the genes identified as essential or compromised during ir vivo growth can be broadly classified
as associated with metabolism. In contrast, very few prototypical virulence factors were identi-
fied as essential for osteomyelitis. The lack of traditional secreted virulence factors identified
through TnSeq analysis is not surprising due to the nature of the technique. Infection with a
pooled transposon library allows for mutants deficient in a particular gene to potentially co-
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opt bacterial factors from other mutants. Indeed, this phenomenon has been characterized for
the exchange of metabolic intermediates in 8. aurens, and it is conceivable that secreted viru-
lence factors could be “shared” in a similar manner [23], An additional limitation of TnSeq
analysis is the requirement for a short outgrowth step in liquid media following harvest of the
transposon library from infected bone. This outgrowth step could potentially confound our
results by altering the fitness of mutants recovered from infected tissues. However, a brief out-
growth step is necessary 1o decrease the amount of murine DNA present in the femur homoge-
nate and allow for effective sequencing of bacterial DNA, and is a common adjustment in
TnSeq analyses of infected tissues [5, 8, 22],

TnSeq analfysis of staphylococcal osteomyyelitis paralleled a previous TnSeq analysis of
staphylococcal growth in soft tissue abscesses [8]. In fact, 40 of the 65 genes identified as essen-
tial for growth during osteomyelitis were also essential for growth in murine abscesses. This
abservation is consistent with our previous data showing that osteomyelitis is characterized by
encountered by staphylococe in neutrophil-rich inflammatory lestons. However, 25 of the 65
genes essential for intraosseous survival were not found to be essential for abscess growth, and
may reflect unique adaptations to colonization of skeletal tissues.

Of the genes required for &, aureus survival during invasive infection, many encode hypo-
thetical proteins or proteins without a previously characterized role in virulence. This observa-
tion highlights the power of TnSeq analysis as an unbiased evaluation of the genetic
requirements for bacterial survival in host tissues. In summary, the results of this study eluci-
date bacterial survival strategies during invasive infection, link changes in environmental oxy-
gen to staphylococcal quorum sensing and virulence, and provide a firm foundation to identify
new targets for antimicrobial and vaccine design,

Materials and Methods
Ethics statement

All experiments invelving animals were reviewed and approved by the Institutional Animal
Care and Use Committee of Vanderbilt University and performed according to NIH guide-
lines, the Animal Welfare Act, and US Federal law.

Bacterial strains and growth conditions

The 8. anrens Tndeq library in strain HGOO3 has been previously described (5], All other exper-
iments were conducted in an erythromycin-sensitive, tetracycline-sensitive derivative of the
USA300 strain LAC (AH1263), which served as the wildtype (W) unless otherwise noted
[4&]. Strain LACApss] -4 has been previously described [32,47]. Strains AsrrA, AgoxA,
AgoxC, ApflA, and ApfiB in the LAC background were created by bacteriophage phi-85-medi-
ated transduction of erm-disrupted alleles from the respective JE2 strain mutants obtained
from the NARSA transposon library [48]. Strains Apsm pOS1-plgt and Apsm pOS1-plgt-hia
were provided by Dr. Juliane Bubeck-Wardenburyg [36]. Construction of strain LAC ARNAIIT
is described below. Plasmid pDB39 (agr-P3-YFP) was electroporated into LAC or Asrra for
monitoring of qgr-dependent quorum sensing [17]. All strains were grown in glass Erlenmeyer
flasks at 37"C with orbital shaking at 180 rpm. All 5. auress strains were grown in Tryptic Soy
Broth (TSB), Brain-Heart Infusion (BHI), or Roswell Park Memorial Institute medium (RPMI)
supplemented with 1% casamino acids {CA). Escherichia coli was grown in Luria Broth (LB).
Erythromycin and chloramphenicol were added to cultures at 10 pg ml * where indicated,
Ampicillin was added to cultures at 100 pg ml™* where indicated. Cadmium chloride was added
to cultures at 0.1 mM where indicated. A 5:1 flask to volume ratio was utilized unless otherwise
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noted. For comparative growth analyses, overnight acrobic cultures were back-diluted 1:1000
into fresh TSE or BHI media and optical density at 600 nm (D) was monitored over time.

Construction of LAC ARNAN

RNAHI including upstream and downstream flanking regions were amplified using primers
SSGCATGCGTCGATATCGTAGCTGGGTCAG- 3 and 5-GAATTCGAAGTCACAAGTAC
TATAAGCTGOG-3, and cloned into the Hinell site of pUCLS [49] o create pGAW . Ta
delete RMAILL inverse PCR was performed with primers 5-TTTGGGOCCTATATTAAAAC
ATGCTAAAAG-3 and 5-TTTCTCGAGGTAATGAAGAAGGGATGAGTT-3' amplifying
RINAII flanking regions and the remaining plasmid backbone of pGAW 1. The vector was reli-
gated after treatment with Polynucleotide Kinase (New England Biolabs, MA) and designated
PGAW3, To insert an antibiotic resistance cassette, pGAW 3 was digested with Apal and Xhol,
religated with the Apal-Xhol fragment from pJC1075 [50] {eadCA, conferring resistance o
cadmium} and designated pGAWS. The Sphl- Kpnl fragment from pGAW® was cloned into
the allelic replacement vector plC1202 [50] using the same restriction sites and d:sig,nalg-d
pGAW?, Strain RN4220 was electroporated with plasmid pGAW? and plated on Gl agar con-
taining 5 pg chloramphenicol ml™" at 30°C, Allelic exchange was carried out as previously
described [50]. Phage &0a was then used to transduce the mutation into LAC to generate LAC
RNAT:cad, herein designated LAC ARNAIIL

Construction of an SrrAB overexpression plasmid

To express srrAB in trans, the srAB open reading frame was PCR amplified from genomic
DNA of LAC using primers 5-ATCTCGAGATGTCGAACGAAATACTTATCG-3 and

5- ATGGATCCTTCAATTTTATTCTGGTTTTGGTAG-3, The resulting srrAR amplicon
was then cloned into the shuttle vector pOS1 under control of the gt promoter [31]. As a con-
trol, wild type and AsrrA strain LAC were transformed with pOS1 -[gt lacking an insert.

Construction of an srrAB bioluminescent reporter

To examine expression of serAB in vivo the srrAB promoter was PCR amplified from genomic
DNA of LAC using primers 5-TACCOGGGTGTATTTATCACAAAGTTTGAGAAT-3 and
5-ATCOGTCGACACAGGTCATACCTCCCAC-3". The resulting amplicon was then cloned
into the shuttle vector pAmiLux, kindly provided by Dr. Julian Dravies [52]. As a control, wild
type stain LAC was transformed with pAmilux lacking an insert.

Murine model of osteomyelitis and micro-computed tomographic
analysis

Osteomyelitis was induced in 7- to 8-week old female C57BLIG] mice as previously reported
[32]. An inoculum of 1x10° colony-forming units (CFU) in 2 pl PBS was delivered into murine
ferurs. For some experiments, mice were rendered neutropenic by serial intraperitoneal injec-
tions of an anti-Ly6G (clene 1A8) monoclonal antibody {BioXcell, West Lebanon, NH} at days
-3, 0, 4.7, and 10 post-infection. As a control, mice received serfal injections of an isotype con-
trol antibody (rat IgG2a). At various times post-infection, mice were cuthanized and the
infected fermur was removed and either processed for CFU enumeration or imaged by micro-
computed tomography (microCT). For CFU enumeration, femurs were homogenized and
plated at limiting dilution on Tryptic Soy Agar {TSA), Analysis of cortical bone destruction
was determined by microCT imaging as previously described [32], Differences in cortical bone
destruction and bacterial burdens were analyzed using Student’s f test.
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Bioluminescent imaging

Bioluminescent imaging was performed on infected femurs explanted into sterile multiwell
plates at either | or 24 hours after infection with WT bacteria containing PsrrAB-pAmilux or
pAmiLux. Luminescence was measured in an IVIS 200 Imaging System (Perkin Elmer, Akron,
OH) with an exposure time of 5 minutes, f-stop of 1, and binning of 4. All images were manu-
ally scaled to the same minimum and maximum values to exclude background and include the
peak luminescent value,

Intravital measurements of oxygen concentration

Intravital oxygen concentrations were measured in infected femurs using an Oxylite (Oxford
Optronix, United Kingdom) exygen and temperature monitor in conjunction with a flexible
bare-fibre sensor. Mice were anesthetized with isoflurane and the surgical incision was re-
opened. Oxygen readings were obtained by insertion of the sensor directly through the intra-
medullary canal and into the infectious focus, Measurements from the probe were recorded at
least 5 minutes after probe placement te allow for temperature equilibration and stabilization
of oxygen readings.

Transposon sequencing analysis of experimental acute osteomyelitis

The 8. anreuns TnSeq library in the HGOO3 background has been previously described [2]. In
order to identify potential bottlenecks in the murine osteomyelitis model that could confound
Tnseq analysis, groups of mice were first infected with strain HG003 using an inoculum of
5x10® CFU and then at various times post-infection the infected femurs were collected and
processed for CFU enumeration. Day 5 was chosen as a timepoint for TnSeq analysis of acute
asteomyelitis as it likely represents the first bottleneck encountered by invading bacteria. To
prepare the TnSeq library for inoculation inte murine femurs, an aliquot of the library contain-
ing 5x10” CFU/ml was thawed and inoculated into 100 ml of BHI media in a 500 ml Erlen-
meyer flask. This culture was incubated at 37°C for 12 hours and then back-diluted 1:100 into
fresh BHI at the same flask to volume ratio and grown an additional 3 hours. Bacterial cells
were harvested by centrifugation and resuspended in PBS to a concentration of 7x10° CFU in

2 pl PBS. This inoculum dose failed 1o cause mortality or severe morbidity requiring euthanasia
when administered to five wildtype mice by retro-arbital injection (mice were monitored for a
total of 4 days). Genomic DNA was prepared from the inoculum using a Qiagen DNeasy Kit
with 40 pg ml! Iysostaphin added to the lysis buffer. The inoculum was used to initiate experi-
mental osteomyelitis in groups of mice as above. Another equivalent aliquot of the inoculum
was seeded into a 50 ml BHI culture in a 230 ml Edenmeyer flask. This culture was grown for
24 hours, after which time the bacterial cells were harvested and genomic DNA was prepared
as above. This genomic DNA served as the & vitro comparator for TriSeq analysis, At S days
post-intection, mice inoculated with the TnSeq library were cuthanized, and the infected
femurs were harvested and homogenized in 1 ml of PBS. 500 yl of this homogenate was
archived by freezing at -80°C in 20% glycerol and the remaining 500 pl of the homogenate was
seeded into dml of BHI media and cultured at 37°C and 180 rpm shaking for 5.5 hours, Bacteria
were then collected by centrifugation and subjected to genomic DNA preparation as abowve,
Recovered bacteria from 2 mice were pooled, and 3 biologically independent groups of mice
were analyzed separately. Genomic DNA samples were subsequently prepared for sequencing
on an [llumina HiSeq 2000 (Tufts University Genomic Core Facility). Sequencing, data analy-
sis, and fitness caleulations were performed as previously reported (8], Briefly, a “dval” was cal-
culated for each gene in each condition (inoculum, in vitro comparator, or esteomyelitis). The
dval represents the observed number of mappable reads of insertions in a gene, divided by the
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number of mappable reads of insertions predicted for that gene based on its size relative to the
genome and the total number of mappable reads obtained for that experiment. Genes with dval
of <0.01 were considered “essential” in a given condition. Genes with dval of >0.01 but <0.1
were considered “compromised” in a given condition, whereas genes with dval 0.1 were con-
sidered “fit”, A dval ratio was calculated by dividing the dval of a given gene in osteomyelitis by
the dval of the same gene during in vitro comparator growth.

RMA isolation and Genechip analysis

For genechip analysis, aerobic cultures of WT or AsrrA were prepared as follows. Three colo-
nies of WT or Asrrd were inoculated into 10 ml of TSB in a 50 ml Erlenmeyer flask. This cul-
ture was grown overnight then back-diluted 1:1006 into 50 ml of TSE in a 250 ml flask. The
back-diluted cultures were grown at 37°C and 150 rpm orbital shaking until 0D, reached
0.5, at which time an equal volume of ice-cold 1:1 acetone:ethanol was added and the cultures
were stored at -80°C until processed for RNA isolation. For comparison of RNA from aerobic
versus hypoxic conditions, TSB cultures of WT or AsrrA were incubated overnight as above,
back-diluted 1:1000 into 100 ml of TSB in a 500 ml fask and grown to an 0Dy, of 0.5. Fifty
milliliters of the culture was then placed into a tightly capped 50ml conical (hypoxic condition)
and incubated for one hour at 37°C before mixture with acetone:cthanol and storage at -80°C.
The remaining 50 ml of culture was moved to a 250 ml Erlenmeyer flask (aerobic condition)
and incubated for one hour at 37°C before mixture with acetone:ethanol and storage at -80°C,
For RNA isolation, bacterial cells were harvested by centrifugation and resuspended in LETS
buffer (0.1 M LiCl, 10 mM EDTA, 10 mM Tris HC, 1% SDS}). The resuspended cells were dis-
rupted in the presence of 0.5 mm EMAase-free zirconium oxide beads in a Bullet Blender
(Next Advance, Averill Park, NY, USA). Disrupted cells were heated at 55°C for 5.5 minutes
and centrifuged for 10 minutes at 15,000 rpm. The upper phase was collected and transferred
toa new tube before adding 1 ml of TRI-Reagent. After mixing, 200 pl of chloroform was
added, and the resultant solution was mixed vigorously for 15 seconds. Samples were centri-
fuged at 15,000 rpm for 10 min, and the aqueous phase was transferred to a new tube. RNA
was precipitated with isopropyl alcohol and subsequently washed with 70% ethanol before dry-
ing and resuspension in deionized water. RNA samples were subsequently treated with DNase
1 and re-purified with a GeneET RNA Cleanup Kit ( Thermo Fisher Scientific, Waltham, MA,
USA).

For Genechip analysis, RNA samples were labeled, hybridized to commercially available
S aureus Affymetrix Genechips, and processed as per the manufacturer’s instructions (Affy-
metrix, Santa Clara, CA, USA). Briefly, 10 pg of each RNA sample was reverse transcribed,
resulting cDNA was purified using QIAquick PCR Purification Kits {Qiagen, Germantown,
MD, USA}, fragmented with DNase I {Ambion, Carlsbad, CA, USA), and 3' biotinylated
using Enzo Bivarray Terminal Labeling Kits (Enzo Life Sciences, Farmingdale, NY, USA). A
total of 1.5 pg of a labeled cDNA sample was hybridized to a §. anreus GeneChip for 16 hr at
45°C, processed, and scanned in an Affymetrix GeneChip 3000 76 scanner as previously
described [53,54]. Signal intensity values for each GeneChip qualifier were normalized to the
average signal of the microarray to reduce sample labeling and technical variability and the
signal for the biological replicates were averaged using GeneSpring GX software (Agilent
Technologies, Redwood City, CA, USA) [54-57]. Differentially expressed transcripls were
identified as RNA species that generated a two-fold increase or decrease in WT cells in com-
parison to Asrrd cells during aerobic and hypoxic conditions (#-test, p = 0.05), All related
GeneChip data files were deposited in the NCBI Gene Expression Omnibus repository in the
MIAME-compliant format.
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Supermatant preparations

S, aureus strains were used to inoculate RPMI + 1% CA in glass Erddenmeyer flasks. For aerobic
growth, the flask opening was covered lightly with aluminum foil. For hypoxic growth, the
fask opening was sealed with a rubber stopper. Cultures were grown for 15 hours. Superna-
tants were collected after culture centrifugation, and were subsequently Rltered through a

0.22 um filter and concentrated with an Amicon Ultra 3 kDa nominal molecular weight limit
centrifugal filter unit (Millipore, Billerica, MA, USA) per the manufacturer’s instructions. Fol-
lowing concentration, supernatants were filter sterilized again and frozen at -80°C until used.

Mammalian cell culture and cytotoxicity assays

Primary human osteablasts were obtained from Lonza (Basel, Switzerland} and cultured per
manufacturer's recommendations. All cell lines were obtained from the American Type Cul-
ture Collection {ATCC) and propagated at 37°C and 5% CO; according to ATCC recommen-
dations. Media was replaced every 2-3 days. All cell culture media was prepared with 1X
penicillin/streptomycin and filter sterilized using a 0.22 pm filter prior to use. MC3T3 E-1 cells
were cultured in o-MEM, supplemented with 10% fetal bovine serum (FBS). The RAW264.7,
Saos-2, and A549 cell lines were grown in Dulbecco’s MEM (DMEM) with 10% FBS, McCoy's
34 medium with 15% FBS, and F-12K medium with 10% FBS, respectively. The Jurkat, U937,
and HL-60 cell lines were prtrps.gatcd using RPMI with 10% FBS. Cytotoxicity assays were per-
formed in 96-well tissue culture grade plates. Cells were seeded one day prior to intoxication
with 5. aureus concentrated supernatants or sterile RPMI diluted in the recommended cell cul-
ture medium, The following cell densities were used for cytotoxicity assays: MC3T3 E1 murine
pre-osteablastic cells at 5,000 cells per well, primary human osteoblasts at 3,500 cells per well,
Sa0s-2 human osteoblastic cells at 10,000 cells per well, BAW264.7 murine macrophage cells at
10,000 cells per well, A549 lung epithelial cells at 5,000 cells per well, U937 monocytic cells at
15,000 cells per well, HL-60 premyelocytes at 20,000 cells per well, and Jurkat T cells at 50,000
cells per well, Concentrated supernatants were added as dilutions, by mixing between 01,1 pl to
60 plin a total volume of 200 pl per well to give a dilution spectrum of (.05%-311% concentrated
supernatant (volume/volume), Cell lines in suspension were centrifuged at 3000 x g for 5 min-
utes prior to intoxication, Cell viability was assessed with CellTiter AQueous One (Promega,
Madison, W1, USA) per the manufacturer’s instructions at 24 hours post-intoxication.

YFP fluorescence measurements

For fluorescence analysis, overnight cultures of WT and AsrrA containing the pDB3S reporter
plasmid were back-diluted 1:1000 into 10 ml of RPMI + 1% CA with chloramphenicol in 5tml
Erlenmeyer flasks and grown either aerobically or hypoxically as above. YFP was measured
using an excitation of 485/20 and emission of 528/20 in a BioTek Synergy HT 96-well plate
reader at 0, 6, %, 12, and 15 hours after back-dilution.

Quantitative RT-PCR

Bacteria were grown for 15 hours as for YFP fluorescence measurements, mixed with 1:1 ace-
tone:ethanol, and stored at -80°C until processed for RNA isolation. RNA isolation was per-
formed as [or Genechip analysis. Reverse lranscription using 2 pg of RNA and M-MLV reverse
transcriptase (Promega, Madison, WT, USA) was performed following the manufacturer’s
instructions. Quantitative RT-PCR {qRT-PCR) was performed using iQ SYBR Green Supermix
(Bio-Rad, Hercules, Ca, USA) and the cIXNA generated above for each primer pair, including a
no reverse transcriptase negative control for 165 rRNA, PCR was conducted on a CFX% qPCR
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cycler (Bio-Rad, Hercules, Ca, USA), The cycling program was carried out as recommended by
the manufacturer with an annealing temperature of 36°C. Fold-changes were calculated from
Ct values averaged from three technical replicates for at least three biological replicates after
noermalizing to 165 rRNA. The gRT-PCR primer sequences for agrA, hila, and RNAIN were
previously published [58]. The gRT-PCR primer sequence for 165 rRNA was also previously
published [36].

Supporting Information

81 Table. Genes identified as essential for osteomyelitis by TnSeq analysis.
(PDF}

52 Tahle. Transpason mutants with mmpmmistd fitness during osteomyelitis, but not in
vitro growth, as identified by TnSeq analysis.
{PDF}

§3 Table. Transcripts differentially regulated by SrrAB during aerobic growth.
(FDF}

54 Table. Transcripts differentially regulated by SrrAB during hypoxic growth.
(PDF}

$1 Fig. Evaluation of HGO03 growth kinetics during experimental osteomyelitis. Groups of
mice were subjected to osteomyelitis using strain HGO03, Infected femurs were harvested at 1,
3,5, 7, and 12 days post-infection and processed for CFU enumeration {n = 3). Horizontal
fines represent the mean. Error bars represent the SD. Significance was determined by Students
I test,

({TIF)

52 Fig. Growth kinetics of AsrrA and select SrrAB-regulated mutants under aerobic or hyp-
oxic conditions. Growth of WT, Aserd, ApflA, ApfIB, dqoxd, and AgexC strains was monitored
by 0Dy with 3 technical replicates at 0, 2, 4, 6, 8, and 24 hours. Data shown is representative
of 3 biologically independent experiments. Error bars represent the SEM. (A} Strains grown
aerobically in BHI, which served as the in vitro comparator media during TnSeq analysis. (B)
Strains grown aerobically in TSE. (C) Strains grown hypoxically in TSE by tightly capping
Erlenmeyer flasks.

{TIF)

§3 Fig. Alpha-hemolysin does not impact cytotoxicity of concentrated S. aurens superna-
tants towards osteoblastic cells. Saos-2 osteoblastic cells were seeded into 96-well plates and
cell viability was assessed 24 hours after intoxication with supernatant (30% total media vol-
ume) from the indicated strains following hypoxic growth. Results are expressed as percent of
RPMI control (n = 10), Error bars represent the SEM. LACR indicates an erythromyein-resis-
tant derivative of LAC used for construction of the lla mutant.

(TIF]

54 Fig. Inactivation of RNAIII does not impact cytotoxicity of concentrated 5. aitrens
supérnatants lowards osteoblastic cells. MC3T3 osteoblastic cells were seeded into 96-well
plates and cell viability was assessed 24 hours after intoxication with supernatant {30% Lotal
media volume} from the indicated strains following hypoxic growth. Results are expressed as
percent of RPMI control (n = 10}. Error bars represent the SEM.

(TIF)
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§5 Fig, Hypoxic growth enhances the cytotoxicity of strains MW2 and Newman, WT super-
natants were prepared from strains MW2 (A) and Newman (B) by inoculating 3 colonies into
RPMI and 1% casamino acids {CA) and growing for 15 hours ¢ither aerobically or hypoxically.
MC3T3 murine osteoblastic cells were seeded into 96 well plates 24 hours prior to intoxication
with concentrated supernatant or RPMI control. Cell viability was assessed 24 hours later.
Results are expressed as percent of RPMI control (n = 10), and are the average of 2 biologic rep-
licates. Error bars represent the SEM,

(TIF)

56 Fig. Expression of SrrAB in trans decreases cytotoxicity of aerobic cultures, MC3T3 cells
were intoxicated with 30% total media volume of RPMI control or concenlrated supernatant
from the indicated strains afler acrobic or hypoxic growth, Cell viability was determined 24
hours after intoxication. Results are expressed as percent of RPMI control (n = 10). Error bars
represent the SEM. Significance was determined by Students £ test,

(TIF)
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