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ABSTRACT 
 
 

Two-component systems (TCSs) are highly conserved across bacteria and are 
used to rapidly sense and respond to changing environmental conditions. The human 
pathogen Staphylococcus aureus uses the S. aureus exoprotein expression (sae) TCS to 
sense host signals and activate transcription of virulence factors essential to pathogenesis. 
Despite its importance, the mechanism by which the sensor kinase (SaeS) recognizes a 
stimulus and activates its cognate response regulator (SaeR) to regulate transcription of 
virulence genes is incompletely defined.  However, findings from our lab suggest that 
SaeR/S mediated transcription is unique-to and dependent-on specific host stimuli. 
Studies outlined in this dissertation suggest that residues in the extracellular loop may be 
involved in refinement of the sae regulated targets at the single amino acid level. By 
generating single amino acid replacement mutants in the response regulator SaeR, we 
identified  a key aspartate residue at position 46 (D46) on SaeR to be important in SaeR 
mediated signaling as mutation D46A prevented the recombinant protein from binding 
promoter recognition sequence and  subsequently influenced virulence regulation. 
Current studies are aimed to define the phosphorylation patterns in SaeR using SDS-
PAGE analysis and mass spectrometry. Overall, these structure-function studies 
provide insight into the Sae- signal transduction mechanism and raise some new 
questions regarding the role the Sae system in the larger regulatory network 
 S. aureus uses to control expression of its secreted virulence factors. 
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CHAPTER ONE 
 
 

INTRODUCTION 
 
 

Staphylococcus aureus 
 
 

The Gram-positive bacterium Staphylococcus aureus (S. aureus) has been 

identified as a human pathogen for centuries with first reported as “incurable boils in1882 

by Sir Alexander Ogston (1,2). S. aureus is a prominent cause of skin and soft-tissue 

infections worldwide and can also cause life-threatening diseases like septicemia and 

necrotizing pneumonia. S. aureus is a leading cause of both native valve and prosthetic 

valve infective endocarditis (3–5) and is associated with higher mortality rates relative to 

other microbes. Infectious endocarditis caused by S. aureus has a 100% fatality rate if left 

untreated (3,6,7). S. aureus is also the number one cause of skin and soft-tissue infections 

and in the United States causes approximately 12-13 million outpatient visits per year (3). 

S. aureus  is an opportunistic pathogen colonizing almost every area of the human body; 

including the nose, pharynx, and skin  (8,9). However, its preferred site of colonization is 

the anterior nares (9,10). About 30% of healthy individuals are colonized by S. aureus in 

the nares, where nasal carriage is substantially higher in children (45-70%) (9,11). 

Emerging strains of S. aureus have also become a major cause of human morbidity and 

mortality in healthy individuals.  The exact mechanisms responsible for the increased 

ability to infect healthy hosts are not well understood.    

 The ability to express appropriate virulence factors in response to specific 

environmental cues is likely essential for pathogenesis (12–16). Bacterial recognition of  
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environmental signals and subsequent alterations in gene transcription are directed by 

two-component gene-regulatory systems, 16 of which have been putatively identified in 

the S. aureus genome (14).  

S. aureus is also known to develop antibiotic resistance rapidly. Shortly after the 

first use of penicillin, S. aureus developed resistance via acquisition of a plasmid encoded 

penicillinase, causing hospitals to be plagued with penicillin-resistant S. aureus (17). 

Currently, due to the pressure to use vancomycin to treat methicillin resistant S. aureus, 

the pathogen has developed intermediate and full resistance to vancomycin (18,19). 

Recently, two lineages of vancomycin resistant S. aureus have been identified (18,19). 

Until recently, S. aureus was primarily a concern in hospitals and long-term care 

facilities, but the emergence of community-associated methicillin-resistant S. aureus 

(CA-MRSA) strains that are able to kill healthy individuals has changed this trend (20).  

 
The Bacterial Two-Component System 

 
Since the discovery ~30 years ago, bacterial two-component systems have been 

extensively studied due to their complex multistep nature. Bacterial two-component 

systems are a way for bacteria to adaptively respond to environmental cues (21). More 

than 50,000 two-component systems have been identified with each system having 

regulatory features to guide diverse functions in their respective species (22,23).  

Typical bacterial two-component systems consist of a trans-membrane histidine 

kinase and cytoplasmic response regulator (21,22) (Fig 1.1). Through structural studies, 

histidine kinases are classified into 3 broad categories based on their ability to sense  
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environmental cues. The first kind has the sensing domain in the extra-cytoplasmic 

region between the two trans-membrane helices. The second category has multiple 

membrane spanning helices and typically sense membrane-associated stimuli. The third 

group has a cytoplasmic sensing domain for sensing diffused internal stimuli (22,24).  

Most response regultors share about 26% sequence homolgy and have about 120 amino 

acid residues, typically comprised of wound α/β folds (21,22).   

Upon detection of environmental signal(s) the sensor kinase undergoes a 

conformational change, resulting in the auto-phosphorylation of the conserved histidine 

residue. This histidine residue typically resides in the dimerization and histidine 

phosphotransfer domain (DHp). The distal catalytic domain catalyzes the dimerization 

event. The phosphoryl group is then transferred to a conserved aspartate residue on the 

cytoplasmic response regulator (Fig 1.1). The phosphorylation of the response regulator 

typically leads to some structural changes (dimerization/oligomerization) in most 

response regulators leading to DNA binding thereby regulating gene expression (23,25). 

Dimerization brings the DNA binding sites in close proximity, enabling the response 

regulator to bind to the recognition sequence. Bacterial response regulators are highly 

sensitive and bind only to their recognized consensus promoter sequence, thereby adding 

another level of regulation of transcription of only specific genes (21,22).  Some bacterial 

response regulators have diverse modes of regulation. For example, some response 

regulators induce open complex formation in RNA polymerases, thereby leading to 

inhibitory signals (22). 
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In order to prevent cross-talk between other two-component systems, most 

bacterial histidine kinases also have the capability to dephosphorylate the response 

regulator (22). Complex gene regulation is further achieved by having multiple histidine 

kinases and response regulators resulting in a phosphorelay system (22) (Fig 1.1d). For 

example in the hybrid kinase system the histidine kinase ArcA can be phosphorylated by 

ATP at either His containing domain, which further transfers the phosphate group to the 

response regulator ArcB. The different His-domain phosphorylations are utilized in 

aerobic versus anaerobic conditions (26) (Fig 1.1d). Typical phosphorelay systems 

undergo five phosporyl transfer reactions and contain four phosphoprotein intermediates 

(histidine-aspartate) that are mechanistically linked by the phosphor-transfer event (21). 

There are many well characterized phosphorelay systems including the sporulation 

control system spoOF in B. subtiltis (27), virulence control system bvgSA in Bordetella 

pertusi (28), and osmoregulation system SLN1/YPD1/SSK1 in S. cerevisiae (29).  

In addition to the prototypical histidine-aspartate phosphorylation, bacterial two-

component systems have evolved eukaryote like serine-threonine phosphorylation 

patterns as well (30–36). For example, the CovRS TCS in Group A and Group B 

Streptococcus is involved in regulating virulence gene expression, production of capsule 

and other factors essential to escape host immune system (37–39). Streptococcus has a 

eukaryote-like serine threonine kinase, namely serine threonine kinase-1 (stk-1). Studies 

have shown that the response regulator CovR can be phosphorylated by its cognate 

histidine kinase at aspartate 53 (Asp 53) resulting in the expression of virulence genes. In 

addition, CovR can also be phosphorylated via Stk-1 at threonine 65 (Thr 65) resulting in  



 5 
 
decreased DNA binding capacity of CovR- thereby inhibiting virulence gene expression 

(39). Taken together, these data suggest that CovR Asp 53 activating phosphorylation and 

Thr 65 inhibiting phosphorylation have a complex interplay in Streptococcal host-

pathogen interaction. Thus gene regulation by bacterial two-component systems is 

intricate and occurs at the single amino acid level. 

 

Figure 1.1: Schematic diagram depicting the modular organization of representative two-
component systems. Asp-containing domains are colored dark gray. His-containing 
domains are colored light gray, and variable auxillary domains are colored white. (a) The  
 

Figure 1.1: Schematic diagram depicting the modular organization of representative two- component 
systems. Asp-containing domains are colored dark gray, His-containing do- mains are colored light 
gray, and variable auxiliary domains are colored white.(a) The prototypical two-component pathway 
exemplified by the E. coli osmoregulatory system uses a single phosphoryl transfer event between the 
orthodox histidine protein kinase (HK) EnvZ and its cognate response regulator protein (RR) OmpR. 
(b) The E. coli Arc system illustrates a phosphorelay involving the hybrid HK ArcB. Depending on 
aerobic condi- tions, ArcA is capable of receiving a phosphoryl group from either the catalytic core or 
the His-containing phosphotransfer (HPt) domain of ArcB. (c) The E. coli chemotaxis pathway 
involves an atypical solubleHKCheA that phosphorylates either of two RRs, the single do- main RR 
CheY and the methylesterase CheB. (d) The B. subtilis sporulation control system is a 
multicomponent His-Asp-His-Asp phosphorelay system in which all of the signaling domains are 
independent proteins. Spo0F receives a phosphoryl moiety from either KinA or KinB and 
subsequently transfers it to the HPt Spo0B, which then phosphorylates the terminal RR Spo0A.
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prototypical two-component pathway exemplified by the E. coli osmoregulatory system 
uses a single phosphoryl transfer event between the orthodox histidine protein kinase  
(HK) EnvZ and its cognate response regulator protein (RR) OmpR, (b) The E. coli Arc 
system illustrates a phosphorelay involving the hybrid HK ArcB. Depending on aerobic 
conditions, ArcA is capable of receiving a phosphoryl group from either the catalytic core 
or the His-containing phosphotransfer (HPt) domain of ArcB. (c) The E. coli chemotaxis 
pathway involves an atypical soluble HK CheA that phosphorylates either of the two 
RRs, the single domain RR CheY and the methylesterase CheB. (d) The B. subtilis 
sporulation control system is a multicomponent His-Asp-His-Asp phosphorelay system in 
which all of the signaling domains are independent proteins. SpoOF revives phoshoryl 
moiety from either KinA or KinB and subsequently transfers it to the HPt SpoOB, which 
then phosphorylates the terminal RR SpoOA.  Adapted from (40). 
 
 

Gene Regulation in S. aureus 

 
 S. aureus is capable of causing a variety of infections at multiple sites in the body 

due to its tissue tropism and the capacity to develop antibiotic resistance soon after the 

first use of a particular antibiotic.  

Regulation of virulence by S. aureus contributes to the versatility of this 

pathogen.  Virulence is regulated by many systems highlighting the importance of gene 

regulation for pathogen success.  S. aureus has single component systems, small 

regulatory RNAs, two-component systems (TCS), mobile genetic elements, winged helix 

turn helix DNA binding proteins and alternative sigma factors (41–44) that form a 

complex gene regulatory network essential for successful pathogenesis. These regulation 

mechanisms refine when virulence factors are expressed during the axenic growth and in 

vivo during infection. Thus, timely expression of many factors contribute towards S. 

aureus pathogenesis 
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SarA System  

SarA protein family members are a set of global regulators that affect 

transcription of staphylococcal genes (45). SarA can directly bind P2 and P3 promoters of 

the Agr system (discussed later) with different affinities thereby increasing  

transcription of agrBDCA and increases RNA III levels (45,46). In addition, SarA can 

affect virulence expression independently of the Agr system by directly binding promoter 

regions of virulence genes (47–50) . The SarA system in S. aureus regulates a variety of 

virulence factors including alpha-toxin, Spa, hemolysins and proteolytic exotoxins.  

In vivo therapeutic studies reveal the hypersusceptibility to oxacillin treatment in 

an infective endocarditis model by inactivation of sarA, which further reduces oxacillin 

resistance and thereby biofilm formation (51). Thus, sarA regulates oxacillin resistance in 

mecA positive MRSA. 

S. aureus also possess eukaryote like serine threonine kinase (Stk) and 

phosphatases (Stp) that play a crucial role in cell wall metabolism, glycolysis, citrate 

cycle, purine-pyrimidine synthesis and translation. In addition they play a major role in 

virulence regulation. S. aureus has two Stk namely Stk-1 and Stk-2 and two Stp: Stp-1, 

Stp-2 (32–34,52). 

 Stk-1 and stk-2 both phosphorylate SarA to regulate gene expression. Studies 

suggest that Stk-1 phosphorylates SarA at a threonine residue in the N-terminus thereby 

enhancing the ability of SarA to bind promoter regions of target genes (53). On the 

contrary, stk-2 phosphorylates SarA at serine residues in the N-terminus, thereby  
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reducing the ability of SarA to bind promoter regions (53). Taken together, these studies 

reveal the intricate nature of gene regulation, wherein the residue that gets  

phosphorylated by the kinase dictates mode of positive versus negative regulation. In 

vitro studies have thus revealed the complex nature of S. aureus virulence gene 

regulation. Further research is needed to investigate gene regulation via SarA- stk1/stk-2 

in the presence of an infection using an in vivo model.  

Another example of complex gene regulation is that of a DNA binding protein, 

MgrA that regulates the expression of eight surface proteins that affect clumping, biofilm 

formation and virulence (54). The SarA system further cross talks with MgrA through 

dimerization, regulating virulence factors like alpha-toxin, coagulase, protein A, 

autolysins and synthesis of capsular polysaccharides (33,52). Stk-1 is shown to 

phosphorylate SarA/MgrA dimer at N-terminus cysteine residues to regulate virulence 

gene expression and also regulate genes important to confer antimicrobial resistance to 

antibiotics like vancomycin (55). 

 
Two-Component Systems in S. aureus 

   
 
  S. aureus has sixteen different two-component systems (TCS) that survey the 

extracellular milieu for cues from environments encountered within the host. Several of 

the 16 two-component systems in S. aureus have been extensively studied including but 

not limited to Agr, WalRK, GraSR, and VraR/S. Many of these systems cross talk among 

each other resulting in several virulence genes regulated by multiple methods. Several 

vaccine and therapeutic trials have been unsuccessful due to our limited understanding of  
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in vivo regulation of virulence factors. The redundant nature of virulence regulation; 

wherein many signaling pathways contribute to the expression of a single essential  

virulence factor add to the complexity to our understanding of virulence gene regulation 

(10,56). For example, in response to limited oxygen availability by the host; increased  

virulence regulation is observed by srrAB, nreBC, airSR TCS. Another example is the 

regulation of hemolysins including alpha, beta and gamma hemolysins by Agr, SarA, 

WalKR, and Sae systems (10,57–60) contributing to the complex gene regulatory 

network, essential for the successful colonization and pathogenesis of the bacteria.  

  
GraRS System  

  The GraRS system is involved in resistance to cationic antimicrobial peptides, 

virulence regulation, cell wall metabolism and vancomycin resistance (32,61,62).  

Studies have shown that the response regulator GraR can be directly 

phosphorylated by its cognate histidine kinase GraS (36,52,63). In addition, eukaryote 

like stk-1 (discussed above) also phosphorylates GraR, thereby increasing its DNA 

binding capacity leading to increased gene expression for genes like mprF 

(phosphatidylglycerol synthetase), dlt (teichoic acid D-alanylation) (62). 

 
VraRS System  

The vancomycin-resistance-associated TCS responds to several antibiotics 

targeting the cell wall.  The VraSR system dictates the regulation of over 40 genes in S. 

aureus including genes involved in biosynthesis of peptidoglycan in response to cell wall 

damage (64). Thus, VraS senses sub-lytic concentrations of β-lactams and vancomycin-  
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antibiotics that inhibit cell wall synthesis (19,65,66). VraRS system regulates 

transcription of genes involved in peptidoglycan synthesis both at early and late  

stages. For example the VraRS system regulates the transcription of murF involved in the 

synthesis of peptidoglycan precursor and pbpB involved in the incorporation of the 

precursor in the growing peptidoglycan which is essential to response against cell wall 

damage caused by antibiotics including β-lactams and vancomycin (67).  

The response regulator VraR can be phosphorylated by its cognate histidine 

kinase VraS at an aspartate residue, resulting in DNA binding through a conformational 

change in VraR (64,67). In addition, stk-1 phosphorylates VraR at Threonine 106, 119, 

175 and 178 ( Thr 106, Thr 119, Thr 175 and Thr 178), negatively affecting the ability of 

VraR to bind necessary promoter regions (31,36). Thus, the sensing and response 

mechanism in the VraRS TCS is highly complex and is regulated at the single amino acid 

level.  

 
Agr System 

 Quorum sensing is population density dependent and environment dependent 

gene regulation that occurs through cell-cell communication. The Agr system in S. aureus 

is the quorum sensing four component system comprising of AgrC as the histidine kinase 

and AgrA as the cognate response regulator. In addition, the operon encodes AgrD, the 

precursor of the quorum signal that is processed and exported as a thiolactone-containing 

oligopeptide autoinducer (autoinducing peptide, AIP) by AgrB. Upon binding to the 

extracellular sensory domain of AgrC, AIP activates the kinase activity of AgrC, 

subsequently leading to phosphorylation of the response regulator AgrA. The  
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phosphorylated AgrA binds to the promoters (P2 and P3) and ultimately activates the 

transcription of agrBDCA and RNAIII. (68).  

RNAIII is an intracellular molecule of the Agr system (69,70). RNAIII controls 

gene expression by binding the 5’ untranslated region forming RNA duplexes, inhibiting 

the production of surface proteins (71). In addition, RNAIII blocks the translation of 

repressor of toxin (Rot) protein, thereby blocking the transcription of exoproteins and 

toxins (72–74).  

The expression of the Agr system is altered in response to different stimuli. 

Acidic and basic pH, antimicrobial peptide gramicidin inhibit agr expression (75,76). 

However, subinhibitory concentrations of antibiotics like tetracycline and clindamycin 

increase expression of RNAIII and Agr-regulated genes (76). Transcriptional studies 

reveal that blood and blood components including:  serum, and neutrophils result in a 

decrease in agr expression. The mechanism of inhibition is likely due to interference of 

AIP signaling by the direct binding of apolipoprotein and metalloproteins to AIP, thereby 

disrupting AgrC-AIP interactions (11,77–81).  

Besides quorum sensing, the DNA-binding domain of the response regulator AgrA 

contains a redox-active cysteine (Cys-199), which forms an intramolecular disulfide bond 

with Cys-228 under oxidative stress. The oxidized AgrA dissociates from its cognate 

DNA, leading to down-regulation of the expression of RNAIII and up-regulation of the 

glutathione peroxidase gene (bsaA), which is shown to be important for bacterial 

resistance to oxidative stress (82). The Agr system regulates virulence expression in  
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response to host environment by several different mechanisms, thereby making a 

multifaceted gene regulation process.  

 
WalRK system  

The WalRK system is a TCS in S. aureus that affects virulence and cell wall 

metabolism genes. Mutational studies in the response regulator WalR- making a 

phosphomemetic response regulator (D55E), led to an increase in virulence gene  

expression that are regulated by the Sae system. Genes that were found to have increase 

in the transcription were hla, hlgABC, fnbA,etc suggesting that the WalRK system 

positively regulates the SaeR/S system (59,61,83).  

 
The SaeR/S System 

 
During the characterization of the Tn551 mutant for its defect in the production of 

exoproteins, Giraudo et al discovered the Staphylococcus aureus exoprotein, or SaeR/S 

system in 1994 (14). Since then numerous studies have been conducted to understand the 

role of the SaeR/S system in pathogenesis and its role in regulating the transcription of 

virulence factors. (12,14–16,60,84–90).  

The sae operon encodes 4 genes:  saeP encodes a lipoprotein; saeQ encodes a 

trans-membrane protein; saeS encodes a trans-membrane histidine kinase; and saeR 

encodes a cytoplasmic response regulator (87,90,91) (Fig 1.2). The sae operon further 

consists of 2 promoters referred to as P1 and P3 (12,88). The P3 promoter is located 

within saeQ and thereby regulates transcription of only saeS and saeR (12,14,87,92) .  
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While the P3 promoter is located upstream of saeP and regulates transcription of all four 

sae genes. The P3 promoter has 2 SaeR-recognized binding sequences and thereby is 

auto-induced by the SaeR/S two-component system (12,60,84,86).  

SigB is a repressor of the Sae system via the P1 promoter (88,93). Repressor of 

toxins (Rot) has been shown to decrease Sae P1 promoter activity, thereby repressing the 

expression of hla via the SaeR/S system (58,94). Recently, fatty acid kinase (fakA/fakB) 

has also been shown to be associated to the Sae system by positively regulating the Sae-

target genes including hla. In these studies, fakB was proposed to be the phosphoryl 

donor for SaeR (95,96). 

 

Figure 1.2: Model for the SaePQRS system.  The Sae system consists of a lipoprotein 
SaeP, a trans-membrane protein SaeQ, a sensor kinase SaeS and a cytoplasmic response 
regulator SaeR (14,102). SaeS is predicted to have a nine amino acid extracellular loop,  
which is shown to be essential in sensing host-derived stimuli (91, 108). SaeR is known 
to bind a consensus promoter sequence, thereby regulating the transcription of genes, also 
known as SaeR-targets (61,86). 

 

Figure 1.2: Model for saePQRS system. The sae system consists of a lipoprotein SaeP, a trans-
membrane protein SaeQ, a sensor kinase SaeS and a cytoplasmic response regulator SaeR (14,102).  
SaeS is predicted to have a nine amino acid extracellular loop which is shown to be essential in 
sensing host-derived stimuli (91,108). 
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The interaction between SaeR/S and the Agr system is a topic of debate in the S. 

aureus field of research. Several experimental studies have suggested that the SaeR/S 

system lies downstream of the Agr system in the exoprotein production pathway (97,98). 

Mutation of agr has been shown to reduce sae P1 promoter activity (12,97). On the 

contrary, several studies suggest that agr and sae have opposite effects on the  

transcription of several virulence genes. For example, coa  and fnbA  are repressed by the 

Agr system, but activated by the SaeR/S system (14,90,99,100).  The current studies 

suggest that Agr affects the transcription of sae via the P1 promoter, but does not affect 

the overall activity of the SaeR/S system. 

The expression of alpha toxin gene hla is regulated by multiple regulatory 

systems in S. aureus including agr, sae, sar, etc (57,74,97). Studies suggest that hla 

expression is controlled by the Sae system at the transcriptional level (14,101) and at the 

translational level by the Agr system (70). There are several proposed mechanisms on the 

complex gene regulation achieved by the Sae system. An existing hypothesis in the  

research filed suggests that SaeR has different binding affinities to SaeR- recognized 

DNA binding sequence, thereby leading to complex gene regulation. The variations in the 

sensitivity of SaeR binding to promoter region dictate some of the regulation patterns. Of 

the known promoter sequences, six have 1.5 SaeR biding sequence (i.e., three half 

binding sites). Since it is unlikely that all three half-binding sites are occupied by SaeR  

simultaneously, one of the half-binding sites at the boundary might be non-functional, 

leaving only one SaeR binding sequence (102,103).  

The other hypothesis in the field explaining the mechanism of differential  
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regulation of virulence genes is the expression of 2 classes of genes dictated via levels of 

SaeR phosphorylation. Studies by Wolz et al have defined two types of phosphorylation 

in the SaeR/S system thereby regulating two classes of virulence genes i.e. type I and II 

(104). Transcription of type I virulence genes takes place irrespective of SaeS and 

requires low levels of SaeR phosphorylation while transcription of type II virulence genes  

requires SaeS and an increased amount of SaeR phosphorylation (104). The exact site of 

phosphorylation and the precise levels of phosphorylation have not been characterized 

molecularly.  

The SaeR/S system senses a variety of host derived stimuli including changes in 

pH, temperature, and glucose levels (12,91). In addition, SaeS detects modifications in 

the membrane that are often related to phagocytosis related effector molecules like 

hydrogen peroxide, human neutrophil peptide-1 (HNP-1), mouse and human neutrophils 

(12,77,85,88,105).  Sub-inhibitory concentrations of both hydrogen peroxide and alpha-

defensins trigger the SaeR/S system to regulate virulence expression as early as 5 minutes 

post-infection. (105). Moreover, the response regulator SaeR recognizes a consensus 

promoter binding sequence and thereby regulates the transcription of varied toxins, 

adhesions and other virulence factors essential to host innate immune evasion (60,84).  

SaeS is the sensor histidine kinase consisting of 351 amino acid residues. SaeS 

consists of two trans-membrane helices, a 9 amino acid extracellular domain  

(85,106).The extracellular domain plays an essential role in recognizing stimuli 

(discussed below).  The C-terminus of the protein is comprised of a HAMP domain and a  

histidine kinase domain (Fig 1.2) (14,85,106). SaeS by itself only performs kinase  
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activity and is thought to form a protein complex with auxillary protein SaeP and trans-

membrane protein SaeQ to perform its phosphatase activities (107).  

The response regulator SaeR belongs to the OmpR family of response regulators. 

The protein SaeR is a 228 amino acid long protein, comprising of a N-terminus phospho-

receiving domain, which is predicted to be aspartate 51 (D51) and a C-terminus DNA- 

binding domain (104).  Upon detection of an environmental signal, SaeS is thought to 

phosphorylate SaeR, which ultimately binds a consensus promoter sequence. SaeR 

recognizes a 17 base pair partially palindromic sequence comprised of  2 conserved 

domains (60,84). Binding of SaeR to its recognition sequence within the promoter region 

initiates transcription of target genes.  These SaeR-regulated genes include toxins and 

immunomodulatory factors, such as hla, hlb, lukA, lukS-PVL, sbi and efb (60).   

The mechanism of sensing and thereby differentially regulating gene expression 

via the SaeR/S two-component system is intricate and operates at a single amino acid 

level. The nine amino acid extracellular loop of SaeS plays an important role in sensing 

different neutrophil-derived stimuli (85,106). Highly conserved residues M31, W32, and 

F33 on SaeS are essential to the appropriate activation of Sae-target genes (Fig1.2). 

Residue M31 is essential to the activation of sae regulon and plays an important role in 

sensing neutrophil-derived stimuli. Strains with mutations in aromatic residues W32 and 

F33 have disrupted normal basal signaling of SaeS in the absence of inducing signals, yet  

both mutant kinases have appropriate activation of effector genes following exposure to 

neutrophil-derived stimuli (85). These results suggest that the sensing and response  

mechanism of the SaeR/S system is more sophisticated than the mere on/off signal and  
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that the response is refined at the single amino acid level, thereby making S. aureus a 

successful pathogen.  

In addition to the 9 amino acid extracellular loop sensing domain, the trans-

membrane domain of S. aureus is thought to be necessary to respond to HNP-1 and 

thereby inducing SaeS activity (85,105,106). This hypothesis is based on the observation  

that HNP-1 causes membrane damage, thereby causing a conformational change in the 

trans-membrane helices. S. aureus strain Newman has a constitutively on SaeS. Upon 

characterization it was revealed that strain Newman has only one amino acid replacement 

from USA300 in SaeS that is within the first trans-membrane domain. The substitution of 

a leucine at position 18 to a proline appears to result in constitutive expression of SaeS  

(12,104). Taken together, these studies indicate that the sensing domain and thereby the 

kinase activity of SaeS is modulated at the single amino acid level by the extracellular 

sensing domain and that the trans-membrane domain likely plays a role in sensing due to 

conformational changes; giving the pathogen the advantage to sense and respond to host 

stimuli and being a successful pathogen.  

 
Regulation of SaeR/S 

 
Sae-regulated genes are expressed differentially during different growth phases 

(90).  Genes including chp,scn,eap,emp,coa and fnbA  are expressed in early exponential  

phase, while hla, hlb and sae P1 are expressed in the early stationary phase (90,92,104). 

Additionally, unlike other two-component systems, the Sae system is sophisticated at  

sensing and responding to its environmental cues differentially (85,104,105).  
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Neutrophils are the most abundant leukocytes in blood and are the first line of 

defense against bacterial infection. Upon phagocytosis, neutrophils expose bacteria to a 

variety of antimicrobial peptides like HNP-1, LL-37; reactive oxygen species (108–110). 

The Sae system plays an essential role to evade neutrophil phagocytosis (77) by sensing 

and responding to neutrophil and its components (77,85,105,109). For example, upon  

phagocytosis, the Sae system regulates the transcription of pore forming toxins like 

hlgABC, hla, hlb, leukocidins, etc (77,85,105).  Sub-inhibitory concentrations of 

hydrogen peroxide and beta-lactam antibiotics have been reported to activate the Sae 

system (12,105,111,112). The mechanism of activation is unknown, but studies suggest 

the extracellular sensing domain is involved (85,106). There are some other well studied 

host-factors that activate the Sae system which include neutrophils, human neutrophil 

peptide 1-3, and calprotectin.  

Human neutrophil peptide 1, 2, and 3 (HNP1-3) are cationic antimicrobial 

peptides produced by human neutrophils that constitute 30% to 50% of the total protein 

in azurophilic granules and have potent antimicrobial properties (113). HNP1-3 activates 

the Sae system at sub-inhibitory concentrations of 0.5-2 µg/mL  (12,85,105). The 

activation is specific to HNP1-3 as other cationic antimicrobial peptides as LL-37, 

daptomycin, are unable to activate the Sae system (12).  Interestingly, the response to 

neutrophils and its components via the Sae system is unique and that only a subset of  

genes are turned on in response to each trigger (85,105).  For example, only hemolysins 

are turned on in response to HNP-1 and leukotoxins are not (85). The mechanism of  
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activation is unknown, however the existing hypothesis suggests that the cationic 

antimicrobial peptide cause a membrane damage in S. aureus, which leads to a 

conformational change in SaeS leading to initiate its kinase activity (93). However, the 

actual experiments testing this hypothesis need to be performed. Intriguingly, murine 

neutrophils that do not produce HNP1-3 also activates the Sae system, indicating that 

murine neutrophils contain other Sae-activating molecules (105,114,115).  

Recently, the role of calprotectin in activating the Sae system has been 

demonstrated (115). Calprotectin is the most abundant cytoplasmic protein in neutrophils 

and decreases bacterial burden by sequestering zinc and manganese. Calprotectin turns on 

the Sae system and lead to the production of proinflammatory cytokines like IL-1β and 

TNF-α (115), thereby increasing bacterial virulence and promoting host mortality.  

As described, the Sae system senses and activates its kinase activity by a variety 

of host-derived stimuli.  Certain host-derived stimuli also turn down sae activity 

including acidic pH, NaCl (12,75,101); 18β-glycyrrhetinic acid (116); silk apolipophorin 

protein (117,118); metals like copper, zinc and managanese, florfenicol (119); corilagin 

(89); licochalcone A (120); thymol (121); the enoyl-acyl carrier protein reductase 

inhibitor AFN-1252 (121);  cerulenin (122); subinhibitory concentration of linezolid 

(123); Manuka honey (124); and flavone (125).   

  

 

 
 

 



 20 
 

S. aureus and The Host Innate Immune System 

 
The SaeR/S system regulates virulence expression and controls the transcription 

of about 2-8% of genes (60,77). Deletion mutant strains of saeRS are unable to express 

adhesion genes including fnbA, eap, emp; toxins like leukotoxins, hemolysins etc 

(91,92,126). Gene expression is not only different during different phases of bacterial 

growth (92) but the Sae system controls virulence expression in a sophisticated way in 

response to different host-derived stimuli (85,105).  For example, the SaeR/S system 

increases the transcription of pore forming toxins like hla, hlb, and lukAB in response to 

neutrophil phagocytosis (85,105,127,128). 

Both neutrophils and S. aureus have factors that make the sensing and 

phagocytosis and thereby escape from phagocytosis possible.  S. aureus affects 

neutrophil response at various stages like neutrophil priming, activation and adhesion, 

recruitment, ability to produce reactive oxygen species, and its ability to kill bacteria 

(details can be found in appendix A). The bacteria affects neutrophil activation, 

chemotaxis and thereby adhesion by transcribing genes involved in immunomodulation. 

For example, the chemotaxis inhibitory protein of S. aureus inhibits neutrophil migration 

and activation thereby preventing neutrophils from reaching the site of infection (129). 

S. aureus produces two proteins that bind and inhibit the activation of formyl 

peptide receptor-1-binding to which leads to mobilization and chemotaxis leading to 

superoxide production (109).  Staphylococcal infections induce chemoattractants like 

CCXCL-1,CXCL-2, and CXCL-8 that are essential in neutrophil recruitment (130,131). 

In order to prevent neutrophil recruitment, S. aureus produces cysteine protease  
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Staphopain A that cleaves CXCR-2 at the N-terminus, thereby preventing ligand binding 

essential for neutrophil recruitment (132). Thus, S. aureus employs a variety of strategies 

to prevent neutrophil recruitment essential for successful pathogenesis.  

S. aureus also uses a multitude of strategies to inhibit neutrophil phagocytic 

activity and killing. It has the ability to produce several virulence factors that target 

different aspects of phagocytic activity of the neutrophil. For example, S. aureus 

complement inhibitor (SCIN) binds C3 convertase preventing opsonization (133). It also 

has the ability to inhibit immunoglobulin recognition by transcribing genes that bind 

immunoglobulins directly. Membrane bound Protein A binds the constant region of FCϒ  

region of IgG preventing proper recognition of FCϒ receptors on the neutrophil (134–

136). SaeRS regulated gene sbi is transcribed to prevent neutrophil mediated 

phagocytosis by binding IgG (60,137,138). Taken together, these studies suggest that S. 

aureus uses an array of tricks to prevent phagocytosis by the neutrophil. In addition to 

avoiding recognition by neutrophils, S. aureus can evade neutrophil killing as well. S. 

aureus  cause cell membrane modifications to decrease efficacy of antimicrobial peptides 

by electrostatic repulsion. For example genes containing dltABCD increases S. aureus’s 

tolerance to cationic peptides like HNP-1 by incorporating positively charged D-alanine 

into teichoic acids (139,140). S. aureus regulated staphylokinase binds HNP-1 directly 

and inhibit its bactericidal activity (141).  

Upon phagocytosis, the NADPH oxidase complex is assembled within the 

neutrophil that leads to the production of reactive oxygen species and hypochlorous acid 

that are essential to kill phagocytosed bacteria (142–145). S. aureus produces several  
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enzymes in response to neutrophils that detoxify reactive oxygen species generated by the 

assembly of NADPH oxidase. For example, it produces two superoxide dismutases 

encoded by sodA and sodM genes that convert superoxide to hydrogen peroxide and 

molecular oxygen (146). In addition, SaeRS regulated virulence factors decrease 

neutrophil peroxide and hypochlorous acid production following phagocytosis through 

mechanisms unknown (147). In addition to oxidative-mediated killing, neutrophils are 

capable of extruding DNA decorated with antimicrobial peptide- Neutrophil extracellular 

traps (NET) (148–150). S. aureus is able to express SaeRS regulated nuc to escape NETs  

(151). Collectively these studies suggest that S. aureus produces a variety of factors that 

affect the neutrophil’s ability to kill bacteria.  

Virulence factors regulated by the SaeR/S system modulate the host response to 

promote infection. In response to host immune response, the Sae system leads to the 

production of TNF-α, IFN-γ, IL-1β and IL-6, thereby leading to a robust proinflammatory 

response.  In a mouse model of invasive infection, increased bacterial burdens, followed 

by increased mouse mortality were observed (152). These results were confirmed in 

human whole blood assays that showed increased production of TNF-α, IFN-γ, IL-6 and 

IL-2 in blood treated with secreted factors from ∆saeR/S versus wild-type S. aureus 

(152).  In congruence with these studies a mouse model of peritonitis demonstrated Sae 

system promoted IFNγ production in neutrophils that correlated with exacerbated disease 

(153). Several additional mouse and rabbit models of skin infection, osteomyelitis, 

infective endocarditis and pneumonia have confirmed the importance of the Sae system 

in pathogenesis (6,60,128,154–156). It is the ability of the Sae system to sense and  
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respond to environmental cues in a timely manner as witnessed by the expression of only 

a subset of genes in response to PMNs and other host derived-stimuli(85,105), that makes 

it essential to pathogenesis. The precise mechanism of this differential gene regulation is 

unknown.  

 
Hypothesis 

 
The SaeR/S system regulates a variety of toxins and immunomodulatory factors 

(15,60). Studies from our lab (60) and Bae et al (84) identified a similar 17 base pair 

palindromic sequence (GTTAAN6GTTAA) and confirmed binding affinities using 

EMSAs (84). One major difference between the two studies was the requirement to 

phosphorylate recombinant SaeR-His for EMSA assays. Our group was able to show 

SaeR binding to SaeR-recognized DNA-binding sequences without having to artificially 

phosphorylate the protein (60). However, Bae et al showed increased binding of DNA-

binding sequence with increasing levels of SaeR phosphorylation (84). These 

observations further demand the need to investigate the role of phosphorylation of SaeR 

in Sae-mediated virulence gene expression. In addition, precise mechanisms of how 

SaeR/S regulates virulence in physiological conditions remain unknown and the impact 

of host-derived stimuli on phosphorylation and virulence gene expression is incompletely 

defined. Structural studies of SaeR reveal that the SaeR DNA binding domain is a winged 

helix turn helix motif and exists as a monomer. Residues lysine 174, histidine 198, 

arginine 199, arginine 201 and tryptophan 218 are critical for DNA binding activity and 

thereby transcription of Sae-regulated genes (157,158). Interestingly, the DNA binding  
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domain binds to target recognition DNA sequence without phosphorylation, suggesting 

that an unphosphorylated receiver domain (D51) prevents DNA binding and that SaeR 

undergoes a conformational change upon phosphorylation (158). Additional structural 

studies including full length SaeR are needed to confirm this hypothesis and to 

understand the importance of residue D51 in the signaling mechanism of SaeR.  

This study tests the hypothesis that host-derived signals sensed by SaeS influence 

phosphorylation patterns in SaeR to regulate virulence gene expression.  We first 

generated plasmid based single amino acid mutant strains in the predicted nine amino 

acid extracellular loop of SaeS. Through site-directed mutagenesis, we identified key 

residues in SaeS essential to sensing human neutrophils and neutrophil-derived stimuli 

(Highlighted in chapter 2). Following, we investigate the mechanism of signaling in the  

response regulator SaeR specifically looking at role of phosphorylation in gene 

regulation. In order to determine the role of phosphorylation in gene regulation, we 

generated plasmid-based single amino acid mutant strains at predicted phosphorylation 

sites. These sites included aspartate (D) residues  61 (D61) and D46.  Through a series of 

molecular methods using these strains and a clinical isolate (18805) that contains a 

natural mutation in D51 (159) we investigated the role of phosphorylation during 

neutrophil interaction to define its impact on gene expression. In addition, we tested the 

ability of recombinant proteins from wild-type and mutant strains to bind known SaeR-

recognized DNA binding sequences and identified phosphorylation patterns on our 

recombinant proteins using mass spectrometry. Our results suggest the SaeR/S system 

can take advantage of other putative phosphorylation sites in order to generate a specific  



 25 
 
response and that phosphorylation of D51 may not be necessary to confer gene 

expression.  
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Introduction 

 

Staphylococcus aureus (S. aureus) is a successful pathogen due to its ability to 

adapt to its host environment by sensing and responding to its host derived stimuli using 

varied two-component gene-regulatory systems (TCS). The Staphylococcus aureus 

exoprotein (Sae) TCS encodes 4 genes namely saeP which coded for a lipoprotein, saeQ 

which codes for a transmembrane protein, saeS which codes for a histidine kinase and 

saeR which codes for a cytoplasmic response regulator. Recently, SaePQ were shown to 

form a protein complex with SaeS to turn off kinase activity, thereby repressing the Sae 

system (1). Previous studies from the lab have shown that S. aureus can turn on specific 

subsets of genes in response to neutrophil and neutrophil-derived stimuli, and that the 

response for each stimulus is different (2).  In this study, we mutagenized the nine amino 

acids in the putative extracellular loop of SaeS and determined that the highly conserved 

methionine residue (M31) is essential for sensing human neutrophils and human 

neutrophil peptide-1 (HNP-1). We also demonstrate that the aromatic amino acid residues 

tryptophan (W32) and phenylalanine (F33) appear to refine the sensory capacity of SaeS. 

Collectively, our observations suggest that the reciprocal communication between host 

and the pathogen is complex and is not simply an on/off signal.  
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Materials and Methods 

 
 
Substituted Cysteine Accessibility Method (SCAM) 
 

SCAM was performed in S. aureus strain AH 2216 (ΔsaePQRS ) containing 

individual SaeS cysteine constructs (3).In brief, overnight cultures were diluted 1:50 in 

25mL TSB containing Cam and 0.1% xylose. Cultures were grown in a37°C shaker to an 

OD600=2.0, pelleted and resuspended to an OD600=25 in buffer A (100mM HEPES, 

250mM sucrose, 25mM MgCl2, 0.1mM KCl pH 7.5). Duplicate sets of 100 µl aliquots 

were made of each strain. One set of samples was pre-treated with 20 µg lysostaphin 

(AMBI products) and 2U DNase I (Fermentas) at 37°C for 30 min prior to labeling with 

50 µM MBP (Nα-(3-maleimidylpropionyl)biocytin, Invitrogen) at room temperature for 

10 min in the dark. Labeling was quenched by adding 73mM BME. The second set of 

samples were treated with 50µm MBP, quenched with 73mM BME and washed with 

buffer A containing 20mM BME before incubating with lysostaphin and DNase I. Both 

sets of samples were solubilized by adding 400 µl T7 binding/wash buffer (4.29mM 

Na2HPO4, 2.7mM KCl, 137mM NaCl, 1.% NO-40 substitute, pH 7.3).  

To immunoprecipitate labeled SaeS constructs, 40 µl  anti-T7 agarose (Novagen) was 

added to each sample and incubated at room temperature for one hour, followed by three 

20min washes with 600 µl T7 binding/wash buffer. Samples were eluted with 60 µl T7 

elution buffer (100mM citric acid, pH 2.2, 0.5% SDS) at room temperature for 15 min. 

Following elution, 55 µl sample was collected to avoid disturbing the agarose. Samples 

were neutralized with 5 µl 2M Tris, pH 10.4. Since boiling membrane proteins can cause  
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aggregation, samples were heated at 60°C for 10 min following addition of 2X SDS-

PAGE loading buffer containing 5% BME.  

 
Analysis of Gene Expression 

Overnight cultures of S. aureus were diluted 1:100 in TSB and grown 

to an OD600 = 1.5. One mL of each culture was pelleted and resuspended in 750 µl RLT 

buffer plus BME from RNA purification kit RNeasy (Qiagen) as described in 

(2,4)(77,105) . 

Expression was analyzed by TaqMan qRT-PCR in triplicate and saeS expression was 

normalized to gyrB as described (2,4). Relative quantification of saeS was expressed 

as the log10 fold change relative to the wild type bacteria. 

 
PMN Membrane Permeability Assay  

Polymorphonuclear leukocytes (PMNs or neutrophils) were isolated from healthy 

human donors following procedures described elsewhere (4). All procedures were 

performed in accordance with a protocol approved by the Institutional Review Board for 

Human Subjects at Montana State University. In order to perform PMN membrane 

permeability assays, Human PMNs at 1 X 106 cells/µL were added to 96 well round 

bottom plates, prior coated with 20% normal human serum in DPBS. Bacteria at 1 X 

107CFU were added to human PMNs. Infections were synchronized (400 × g, 8 min, 4 

°C), and plates were incubated statically at 37 °C with 5% CO2  for 3 hrs. Membrane 

permeability was measured by flow cytometry using propidium iodide (Invitrogen).  To  
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measure PMN membrane permeability caused by bacterial supernatants, overnight 

bacteria were diluted 1:100 and grown for 5hrs. Spent supernatants were filter sterilized 

and further diluted 1:10 in RPMI with 5mM HEPES. Diluted supernatants were added to 

human PMNs. Intoxication was synchronized (as described above), and PMN 

cytotoxicity was measured using flow cytometry (5). 

 

Identifying Sensing Domain of SaeS 

 

In order to identify the topology of SaeS we used substituted cysteine accessibility 

method (SCAM) (6,7). Briefly, cysteine containing proteins are labeled with a maleimide 

ring conjugated to biotin. SCAM screens suggested that C50 and C56 were in the 

transmembrane region and that C226 was in the cytoplasmic region. We combined 

SCAM with TOPCONS (8,9) (a consensus topology prediction program) to get a more 

complete topology of SaeS.  The combination of these methods predicted a nine amino 

acid extracellular loop as the sensing domain connected with two transmembrane helices  

(Fig 2.1).  We further aligned SaeS sequence against all staphylococcal species and found 

that first 3 residues of the sensing loop- methionine residue (M31), tryptophan residue 

(W32) and phenylalanine residue (F33) are highly conserved across all staphylococcal 

species (Fig 2.1).  

 We next mutagenized the nine amino acids in the putative extracellular loop of 

SaeS to alanine residues using site-directed mutagenesis (9). Briefly, using two-step 

overlap PCR, we generated a markerless ΔsaeS strain. Using primers specific to each  
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mutation, we generated single amino acid replacement mutant strains in pEPSA5 

plasmid. Each strain was further C-terminally T7 tagged and each of the plasmids 

containing the saeS with each of the single amino acid substitutions was transformed into 

the ΔsaeS strain.  

 

Figure 2.1:  Residues in the EC loop of SaeS are conserved across staphylococcal strains 
and species. (A) Cartoon representation of the predicted topology of LAC’s SaeS sensing 
domain from TOPCONS. (B) A sequence alignment of the sensing domain of SaeS from 
all staphylococcal species and strains of S. aureus identified as having Sae systems shows 
a high level of conservation across the entire domain. SaeS sequences from species other  
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than S. aureus were identified by comparison with the S. aureus LAC sequence using 
BLAST. The first three predicted extracellular residues (depicted in red) are completely  
conserved with the exception of W32 in S. carnosus and S. simulans. Strain sequences 
used for each species are as follows: S. carnosus, TM300; S. simulans, ACS-120-V-Sch1; 
S. epidermidis, M23864:W1; S. caprae, C87; S. capitis, SK14; S. simiae, CCM 7213; S. 
lugdunensis, M23590; S. pettenkoferi, VCU012; S. pseudintermedius, HKU10-03. Other 
species not listed did not have strains designated. (C) An SaeS Weblogo constructed from 
the sequences listed in A. For S. aureus, only the LAC sequence was used. TM1, 
transmembrane domain 1; TM2, transmembrane domain 2.E2038. 
 
 
The Expression of saeS and saeR Are Not Affected By Single Amino Acid Replacements 
 

To determine if single amino acid substitutions influenced expression of saeS and 

saeR, bacteria were harvested at mid-exponential growth phase and RNA was extracted 

from bacterial cells using previously described methods (2,4). Relative quantitation of 

saeS and saeR was done using TaqManTM RT-PCR with primers and probes specific to 

saeS and saeR and gyrB (endogenous control). Results demonstrated that mutations in the 

extracellular loop of saeS did not influence transcript abundance of saeS or saeR (Fig 

2.2).  
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Figure 2.2:In-vitro basal transcription of saeS and saeR verified by qRT-PCR. RNA was 
extracted from bacteria harvested at midlog (OD600 = 1.5) and examined by TaqMan  
quantitative real-time PCR. Normalizing to gyrB and expressing mean values as log10 
changes relative to the WT control determined relative quantification of transcripts. Two 
to four biological replicates of each experiment were analyzed in triplicate. (A) 
Expression of saeS. (B) Expression of saeR. 
 
 
 
SaeS Mutant M31A Is Unable to Induce Cytotoxicity in Human PMNs Following 

Phagocytosis. 

 In order to assess the effect of amino acid substitutions on pathogenesis, we 

infected human polymorphonuclear leukocytes (PMNs or neutrophils) with wild-type 

(USA 300) and isogenic saeS mutant strains and assessed PMN cytotoxicity by 

evaluating plasma membrane damage using propidium iodide uptake as described in (77).  

 We have previously demonstrated that the SaeR/S system is essential for 

S. aureus survival following neutrophil phagocytosis (4). The SaeR/S system regulates an 

abundance of virulence factors known to cause neutrophil lysis and membrane damage 

(2,4). To determine if specific residues in the putative extracellular loop influenced 

production of cytolytic factors, we assessed plasma membrane damage following  
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phagocytosis of mutant and wild type S. aureus strains. Wild type bacterial supernatants 

caused >90% plasma membrane damage whereas the M31A mutant demonstrated 

significantly less (~50%) and was similar to the ΔsaeS strain (Fig 2.3 A). These data 

suggested that the mutant M31A is deficient in sensing human PMNs and thereby 

producing virulence factors necessary to evade neutrophil phagocytosis.  

 Additionally, we subjected human PMNs to wild-type bacteria at a 10:1 

(bacteria: human PMNs) multiplicity of infection (MOI) for 3 hours. Wild-type bacteria 

were able to induce ~85% plasma membrane damage whereas the mutant M31A was  

unable to induce any (~1%) plasma membrane damage and was similar to the ΔsaeS 

strain (Fig 2.3B). Interestingly, our plasma membrane damage assays with bacterial 

supernatants and whole bacteria revealed an interesting aspect of the sensing extracellular 

loop of SaeS.  Bacterial supernatants from strain M31A were unable to cause membrane 

damage, suggesting that strain M31A like ΔsaeS strain is deficient is producing toxins 

that are saeR/S regulated.  On the contrary, whole bacteria from strains M31A, W32A 

and F33A like ΔsaeS strain are unable to sense human PMNs and thereby deficient in 

generating a response i.e. releasing toxins essential to evade PMN phagocytosis. 

Moreover, these, suggest that perhaps residue M31 is essential to sensing host-derived 

stimuli-specifically human neutrophils and that residue M31 is deficient in making sae-

regulated toxins, thereby unable to respond to neutrophil phagocytosis.  
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Figure 2.3:Residue M31 in the SaeS sensing domain is essential for SaeS-induced PMN 
plasma membrane permeability and lysis. (A) PMN plasma membrane permeability at 1 
hour after incubation with bacterial supernatants. (B) Complied results representing three 
separate experiments investigating PMN plasma membrane permeability 3 hours after 
infection with SaeS EC mutants (10:1 MOI). Results are the mean ± SEM of three 
separate PMN donors. Asterisks denote statistical significance evaluated by a one-way 
ANOVA with Tukey’s posttest based on the following P values: *0.01–0.05, **0.001– 
0.01, and ***<0.001.E2040. 
 
 
Transcription Analysis Confirms Influence of Residue M31 on Virulence Factors 

Wild type and saeS mutant bacteria were further subjected to transcriptional 

assays following exposure to human PMNs and HNP-1. Transcription of hlgA was 

reduced in strains M31A, W32A and F33A like ΔsaeS strain in the presence of media 

only compared to wild-type bacteria. On the contrary upon exposure to either human 

PMNs or HNP-1 for 30 minutes induced expression of hlgA in strains W32A and F33A. 

Interestingly like ΔsaeS strain, M13A was unable to induce transcription of hlgA in the 

presence of host-derived stimuli [For figures see reference (10)]. Additionally, we used 

Quantigene 2.0, to determine the transcription of virulence genes hlgA, lukA, and hla 

increased in the presence of host stimulus (human PMNs and HNP-1) for wild type, 

W32A and F33A strains. No change in gene expression was observed following exposure  

B
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to host stimulus in ΔsaeS strain and M31A mutant strains [For figures see reference (10)]. 

Taken together, these data demonstrate that although the aromatic point mutations W32A 

and F33A are able to activate sae-dependent toxins in a signal specific manner, basal 

expression of several sae-regulated toxins is reduced in these mutants.  These data 

suggest a role of aromatic residues in providing structural stability to SaeS during sensing 

of host-derived stimuli  (11,12). Recent biochemical studies on Escherichia coli and 

Saccharomyces cerevisiae have identified the importance of aromatic residues in 

stabilizing the overall structure of trans-membrane helices and thereby essential in further 

ligand binding and protein activity (11-15). Collectively these results suggest that the 

SaeR/S system utilizes complex sensing mechanism that refine the transcriptional 

response based on the specific stimulus. 
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Abstract 

 

The Gram-positive bacterium Staphylococcus aureus (S. aureus) is a leading 

cause of skin and soft-tissue infections and infective endocarditis worldwide. S.  aureus 

uses two- component gene regulatory systems (TCSs) to sense and respond to varied 

environmental conditions. The pathogen’s success is due in part to the S. aureus 

exoprotein expression (SaeR/S) system. Upon detection of host-derived stimuli sensed by 

the sensor kinase SaeS, the response regulator SaeR is thought to be phosphorylated and 

binds a consensus DNA binding sequence, thereby regulating virulence factor expression. 

We have recently demonstrated that virulence expression in S. aureus is much more 

sophisticated than the simple on/off signal. Through this study, we aimed to determine 

the influence of aspartate residue 46 of SaeR (D46) on S. aureus gene expression and 

neutrophil evasion. We use site directed mutagenesis to substitute an alanine for aspartate  

(D46A) on SaeR. We demonstrate this residue to be important in virulence gene 

expression following neutrophil interaction. Additionally, we observe that recombinant 

SaeR-D46A protein was unable to bind target genes containing the SaeR-DNA binding 

sequence. The molecular mechanism dictating modulation of pathogenesis at the host-

pathogen interface. Our study has identified a role for D46A in SaeR- mediated signaling. 

The findings from this study add to the understanding of complex regulatory networks 

contributing to S. aureus pathogenesis. 
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Introduction 

 

The Gram-positive bacterium Staphylococcus aureus (S. aureus) is a prominent 

cause of skin and soft-tissue infections worldwide and can also cause life-threatening 

diseases like septicemia and necrotizing pneumonia. It is a leading cause of both native 

valve and prosthetic valve infective endocarditis (1-3) and is associated with higher 

mortality rates relative to other microbes. Infectious endocarditis caused by S. aureus has 

a 100% fatality rate if left untreated (1,4,5). The ability to express appropriate virulence 

factors in response to specific environmental cues is likely essential for pathogenesis (6-

10). The clinical S. aureus strain USA300 genome encodes a diverse assortment of 

virulence factors that promote survival. Bacterial recognition of environmental signals 

and subsequent alterations in gene transcription are directed by two-component gene-

regulatory systems, 16 of which have been putatively identified in the S. aureus genome 

(8). 

The innate ability of S. aureus to adapt to varied environments encountered 

during interaction with the human host is dependent on tightly controlled regulation of 

virulence accomplished by transcriptional regulatory networks. One of the best-studied 

two-component systems is the Staphylococcus aureus exoprotein (SaeR/S) two- 

component system (6,8-11,13-16,18-22).  Sae is actually composed of 4 genes that 

include a histidine kinase saeS, a response regulator saeR, and two accessory genes saeP 

and saeQ (8,23). Deletion mutants in saeR/S have been shown to be important in 

pathogenesis during invasive and skin infections (9). SaeR/S senses neutrophil-derived  
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stimuli and regulates the transcription of virulence genes by binding the SaeR- DNA 

binding sequence thereby regulating virulence genes essential to evade neutrophil killing 

(15,16).  Additionally, the SaeR/S system regulates a variety of toxins and adhesins 

(9,15) Studies also demonstrate that the regulation of virulence genes is refined by single 

amino acids in the putative extracellular loop of SaeS (17-21). 

 Phosphorylation of SaeR also contributes to regulation of virulence (24). Studies 

by Wolz et al have described the importance of levels of phosphorylation in virulence 

regulation wherein transcription of type I genes require low levels of SaeR 

phosphorylation and can occur independent of SaeS and transcription of type II genes 

require higher levels of SaeR phosphorylation and need SaeS (24).  However the impact 

of host-derived stimuli on phosphorylation and virulence gene expression is incompletely 

defined. Previous studies have suggested that aspartate 51 (D51) residue of SaeR is the 

amino acid phosphorylated by SaeS (8,24). In the current study we use a clinically 

relevant strain of USA 300 (strain 18805) that was originally isolated from a patient with 

infective endocarditis (7) and compared it to newly generated plasmid-based single 

amino acid mutants in nearby aspartate residues D46 and D61. Strain 18805 has a 15bp 

deletion in SaeR encoding the VLDIM region, of which D is at position 51 (7). Our 

results suggest that D46 is important in SaeR-mediated signaling following phagocytosis 

by human neutrophils and suggest that phosphorylation at different sites on SaeR may be 

important for virulence regulation.  
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Materials and Methods 

 

Bacterial Strains and Growth Conditions 

Escherichia coli (E. coli) with USA300 background plasmids pEPSA5 or DH10 

vector were grown in Luria-Broth (LB) at 37°C with shaking and 100µg/mL of ampicillin 

was used for plasmid maintenance. E. coli  strains for protein purification were generated 

as previously described in (88). The SaeR region of strain 18805 was generated in E. coli 

as previously described in (7).  

S. aureus were grown in tryptic soy broth (TSB) at 37°C with shaking and 10 µg/mL of 

chloramphenicol was used for plasmid maintenance. Bacterial growth was monitored 

using NanoDrop 2000c Spectrophotometer (Thermo Scientific). All plasmid-based single 

amino acid mutant strains were generated as previously described in (17,25) (Fig S3.1). 

Briefly, single amino acid mutations were generated using ligase independent PCR 

reactions where the primer sets introduce an alanine mutation. Additionally a N-terminal 

6-his tag was introduced so strains could be detected by Western blot. All strains were 

confirmed using DNA sequencing. All plasmids were complemented back to 

USA300ΔsaePQRS strain. A detailed list of strains used in this study is listed in table 3.1 

and a list of oligonucleotides used in this study is listed in table 3.2.  
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Table 3.1: Strains used in this study 

Strain  Genotype/description  Resistance  Source  
          
Escherichia coli         
SaeR-His  recombinant protein expression 

strain  
ampicillin  [11]  

SaeR-D51A-His  recombinant protein expression 
strain  

ampicillin  this 
study  

SaeR-D46A-His  recombinant protein expression 
strain  

ampicillin  this 
study  

18805-His  recombinant protein expression 
strain  

Kanamycin, 
ampicillin  

this 
study  

          
Staphylococcus 
aureus  

       

CFS111  AH1263::LL29-hla-sGFP-pEPSA5  None  [12]  
AH2216  AH1263 ΔsaePQRS  None  [12]  
CFS114  AH1263::LL29-hla-sGFP-ΔsaeRS-

pEPSA5  
chloramphenicol  [12]  

CFS100  AH1263::LL29-hla-sGFP-ΔsaeS-
pEPSA5  

chloramphenicol  this 
study  

USA300 strain 
18805  

USA300LAC:18805  Tetracycline  [7]  

SaeR-D51A  AH2216:SaeR-D51A  chloramphenicol  this 
study  

SaeR-D46A  AH2216:SaeR-D46A  chloramphenicol  this 
study  

SaeR-D61A  AH2216:SaeR-D61A  chloramphenicol  this 
study  

            
  
Table 3.1: Strains used in this study. All E. coli and S. aureus plasmid-based strains used 
in this study are listed with appropriate genotypes and antibiotics used to maintain 
plasmid.   
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Table 3.2: Primers and probes used in this study 

Primer or 
probe Sequence description 

 DNA 
primers 

   
    SaeR_6xH

is_fwd-1 5'- CAC CAT CAC CAT CAC CAT ACC CAC 
TTA CTG ATC GTG -3' 

N-terminal 
His-tag 

insertion 
 SaeR_6xH

is_fwd-2 5'- ACC CAC TTA CTG ATC GTG GAT G -3' 
N-terminal 

His-tag 
insertion 

 SaeR_6xH
is_rvs-1 

5'- ATG GTG ATG GTG ATG GTG CAT CTA 
TTT TTT CAC CTC TGT TC -3' 

N-terminal 
His-tag 

insertion 
 SaeR_6xH

is_rvs-2 
5'- CAT CTA TTT TTT CAC CTC TGT TCT TAC 

GAC -3' 

N-terminal 
His-tag 

insertion 
 saeR_D46

A_Fwd 
5'- CTT TAC TAT CAA ATG ATA TTG CGA 

TCA TGG TAC TTG ATA TCA TG -3' 
Mutating SaeR 

D46A fwd 
 saeR_D46

A_Rvs 
5'- CAT GAT ATC AAG TAC CAT GAT CGC 

AAT ATC ATT TGA TAG TAA AG -3' 
Mutating SaeR 

D46A Rvs 
 saeR_D61

A_Fwd 
5'- GAT GCC AGA AGT TAA TGG TTA CAA 

UAT TGT CAA AGA AAT GAA AAG -3' 
Mutating SaeR 

D61A fwd 
 saeR_D61

A_Rvs 
5'- CTT TTC ATT TCT TTG ACA AT GCG TAA 

CCA TTA ACT TCT GGC ATC -3' 
Mutating SaeR 

D61A Rvs 
 

    Real time RT-PCR Primers and probe 

  gyrB fwd 5'-CAAATGATCACAGCTTTGGTACAG-3' 
gyrB rvs 5'-CGGCATCAGTCATAATGACGAT-3' 
gyrB probe 5'-AATCGGTGGCGACTTTGATCTAGCGAAAG-3' 

saeS fwd 

5'-
CGTACATTCAGAGTAGAAAACTCTCGTAATAC-
3' 

saeS rvs 5'-GTTGCGCGAGTTCATTAGCTATATAT-3' 
saeS probe 5'-AGCCTAATCCAGAACCACCCGTT-3' 
saeR fwd 5'-CTGCCAAAACACAAGAACATGATAC -3' 
saeR rvs 5'-ATTTACGCCTTAACTTTAGGTGCAGAT -3' 
 
saeR probe 5'-ATTTACGCCTTAACTTTAGGTGCAGAT-3' 
sbi fwd 5'-ATACATCAAAACATTACGCGAACAC-3' 
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sbi rvs 5'-CTGGGTTCTTGCTGTCTTTAAGTG-3' 
sbi probe 5'-CAGGTAGCTTTATGGTTGCTACAAAAAT-3' 
hla fwd 5'-CAACAACACTATTGCTAGGTTCCATATT-3' 
hla rvs 5'-CCTGTTTTTACTGTAGTATTGCTTCCA-3' 
hla probe 5'-ATGAATCCTGTCGCTAATGCCGCAGA-3' 
efb fwd 5'-CTACAATTGCGTCAACAGCAGAT-3' 
efb rvs 5'-ACCATCATTGTACTCTACGATATTGTGA-3' 
efb probe 5'-CGAGCGAAGGATACGGTCCAAGAGAAA-3' 
fnbA fwd 5’ CGTCAAACGCAACACAAGTAA-3’ 
fnbA rvs 5’- CGCTTCTTCCTTAACTACCTCTT-3’ 
fnbA probe 5’- AAGCACCACAAACTGCACAACCAG-3’ 
hlgA fwd 5’- ACTTATTT GCACAAGACCCAACTG-3’ 
hlgA rvs 5’-CCACTTTGAATTAAAGGA GGTAATTGAT-3’ 
hlgA probe 5’- CAGCAGCAAGAGACTA TTTCGTCCCAG-3’ 
  
 
  

Table 3.2: Primers and probes used in this study. All PCR primers used to generate 
mutant strains are listed under DNA primers. All qRT-PCR  primers and florescent probe 
sequence are listed under real-time RT-PCR primers and probes.  
 

 
Purification of SaeR and Single Amino Acid Mutants of SaeR and EMSAs 

Single amino acid mutation pET100D plasmids with X6 His tag on the N-terminal 

were transformed into BL21-DE3 E. coli cells and strains expressing wild type SaeR and 

SaeR-D46A were grown in LB broth medium at 37°C and induced with 0.5mM IPTG at 

OD600 0.8. Bacteria were further allowed to grow for an additional 6 hours at 37°C. 

Bacteria were lysed via sonication in 20mM Tris-HCl, pH 8.0 on ice for 15 minutes.  

Lysed cells were pelleted and the pellets were further resuspended in lysis buffer (8M 

urea, 0.5M NaCl, 20mM Tris-HCl, pH 8.0) followed by sonication again on ice for 15 

minutes. The clarified lysate post centrifugation was subjected to a nickel-  
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nitrilotriacetic  acid affinity chromatography (Qiagen) and diethylaminoethyl cellulose 

anion exchange chromatography (GE Healthcare) using a BioLogic LP Chromatography  

system (Biorad). Purified protein was reconstituted in 20mM Tris, pH 8.0 using dialysis 

and concentrated using a Centricon Plus-20 centrifugal filter (Millipore).  

All DNA-binding assays were conducted using purified recombinant protein that was not 

artificially phosphorylated. Varied concentrations of recombinant wild type SaeR and 

SaeR-D46A (such as 0,6, 8, 10 and 15 uM) was combined with 0.25 pmol of hla or sbi 

DNA-binding sequence (60) in DNA binding buffer (100mM KCl, 1mM EDTA, 0.1mM 

DTT, 5% vol/vol glycerol and 10ng/mL bovine serum albumin) and incubated at room 

temperature for 15 mins. Control samples were had DNA binding sequence combined  

with PBS.  Samples were separated on a 10% native gel, stained with SYBR green and 

viewed using Alpha Innotech Alpha view.  

 
Analysis of Gene Expression Following Exposure to Host Stimuli  

Overnight S. aureus  cultures were diluted 1:100 and grown to an OD600 = 1.5. 

Bacteria were washed in DPBS and then plated in 96-well round bottom plates at 1 X 106 

CFU/µL per well making a 10:1 bacteria:PMN ratio. Infection was synchronized by 

centrifugation (400 X g, 8min, 4°C), and plates were incubated statically at 37°C for 30 

mins. After 30mins, bacterial RNA was isolated using methods as previously described in 

(17,26,27).  

 
For blood-induced gene expression, 100% human heparinized venous blood was 

added to bacteria (1 X 108 CFU/mL). Bacteria were incubated with gentle rotation for  
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30mins at 37°C with 5% CO2. At 30 mins, bacteria were pelleted and washed with water 

3 times (8000 X g, 5 mins, 4°C). RNA was isolated from RNeasy kits as previously 

described in (17,26,27). The primers and probes used are listed in table 3.2. 

 
Gene expression was measured using TaqMan™ real-time PCR using methods 

previously described in (17,26,27). Gyrase B (gyrB) was used as an endogenous control 

to normalize gene expression (17,26,27). 

 
PMN Membrane Permeability Assay  

Polymorphonuclear leukocytes (PMNs or neutrophils) were isolated from healthy 

human donors following procedures described elsewhere (27). All procedures were 

performed in accordance with a protocol approved by the Institutional Review Board for  

Human Subjects at Montana State University. In order to perform PMN membrane 

permeability assays, Human PMNs at 1 X 106 cells/µL were added to 96 well round 

bottom plates, prior coated with 20% normal human serum in DPBS. Bacteria at 1 X 

107CFU were added to human PMNs. Infections were synchronized (400 × g, 8 min, 4  

°C), and plates were incubated statically at 37 °C with 5% CO2  for 3 hrs. Membrane 

permeability was measured by flow cytometry using propidium iodide (Invitrogen).  To 

measure PMN membrane permeability caused by bacterial supernatants, overnight 

bacteria were diluted 1:100 and grown for 5hrs. Spent supernatants were filter sterilized 

and further diluted 1:10 in RPMI with 5mM HEPES. Diluted supernatants were added to  

human PMNs. Intoxication was synchronized (as described above), and PMN  

cytotoxicity was measured using flow cytometry (17).  
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Human PMN Phagocytosis Bactericidal Activity  Assays 

Human PMN bactericidal activity assays were performed by adding  

1 X 10 6 PMNs to 96 well round bottom plates pre-coated with 20% normal human serum 

in DPBS. 1 X 107 CFU of mid-exponentially harvested bacteria were added to the human 

PMNs. Infections were synchronized (400 × g, 8 min, 4 °C), and plates were incubated 

statically at 37 °C.  At designated time points, 0.1% saponin was added and the plates 

were allowed to rest on ice for 20 mins. CFUs were plated on tryptic soy agar (TSA) at 0 

and 3 hour time points, after overnight incubation of TSA plates at 37 °C with 5% CO2 

CFUs were enumerated. Bacterial survival was calculated using the formula: (CFU+PMN 

at t=3hrs/ CFU+PMN at t=0) X 100 (25,27).   

 
SDS-PAGE Analysis of Purified Recombinant Protein 

Recombinant protein (20µg of SaeR and SaeR-D46A as determined by Bradford 

protein quantification assay) in 20mM Tris, pH 8.0 were combined with  2X -SDS-PAGE 

Laemmli loading buffer with 5% beta-mercaptoethanol. Bradford Assay was conducted  

using manufacturer’s guidelines (Peirce).  Samples were then boiled at 99°C for 5 

minutes and loaded on a 12% polyacrylamide gel. Following the gel run, the gel was 

stained with Coommassie blue stain.  
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Results: 

 

SaeR Mutant D46A Has Reduced Survival Post Human PMN Phagocytosis  

The Sae system in S. aureus shares sequence homology to the bacterial 

OmpR/PhoB sensory systems. SaeR shares sequence homology with the bacterial OmpR 

family of cytosolic response regulators (8). As per sequence alignment studies, D51 is the 

predicted phosphorylation residue (Fig3.1). However, experiments demonstrating the 

importance of D51 in binding to SaeR recognized consensus DNA-binding sequence 

have not been done. Moreover, a naturally occurring human infective endocarditis strain 

USA300-strain 18805 has been shown to cause infection despite having a deletion 

mutation of 15bp—coding the VLDIM region of SaeR, including the aspartate residue 51 

(7,29). These studies suggest that there are other phosphorylation sites in SaeR In order to 

identify other putative phosphorylation sites, we performed multiple sequence alignment 

of SaeR (GenBank ID ABD22748.1) and found that aspartate residue 46 (D46) is also a 

conserved aspartate residue across all staphylococcal species (Fig 3.1).  Using this 

information, we generated plasmid-based point mutations in SaeR at residue D46. We 

also generated a mutation in D61. These strains were generated by substituting the 

aspartate GAC for alanine GCG. Mutant strains were checked for growth abnormalities 

using growth curve assays (Fig S3.2). In addition, the transcript levels of saeR and saeS  

did not show measurable differences when compared to wild type SaeR (Fig S3.3).  
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Figure 3.1: Conserved aspartate residues near the putative phosphorylation site of SaeR.  
SaeR sequences across all staphylococcal species aligned (A) revealed that aspartate 46 
(D46) and  D51 are highly conserved and that D61 is partially conserved. A weblogo 
(https://weblogo.berkeley.edu/logo.cgi)  was created using information from (A) and is 
depicted in (B). Note that the red arrow for residue 51 indicates that it is the predicted 
phosphorylation site.  
 

 
 
 
 
 
 
 

S. aureus LAC            MTHLLIVDDEQDIVDICQTYFEYEGYKVTTTTSGKEAISLLSNDIDIMVLDIMMPEVNGYD 61	
S. aureus LAC:18805      MTHLLIVDDEQDIVDICQTYFEYEGYKVTTTTSGKEAISLLSNDIDIM-----MPEVNGYD 56	
S. aureus COL            MTHLLIVDDEQDIVDICQTYFEYEGYKVTTTTSGKEAISLLSNDIDIMVLDIMMPEVNGYD 61	
S. aureus MW2            MTHLLIVDDEQDIVDICQTYFEYEGYKVTTTTSGKEAISLLSNDIDIMVLDIMMPEVNGYD 61	
S. aureus Newman         MTHLLIVDDEQDIVDICQTYFEYEGYKVTTTTSGKEAISLLSNDIDIMVLDIMMPEVNGYD 61	
S. carnosus              MNHILLVDDEKDIVDICQTYFEYEGYTVTTASNGEEALQHLDDSIDLIVLDIMMPELNGYD 61	
S. simulans              ------------MVDICQTYFEYEGYKVLTAHNGEDALNQLDPSIDLIILDIMMPNVDGYE 49	
S. epidermidis           MTHLLIVDDEKDIVDICQTYFEYEGYQVTTTTCGKEALKLLSSDIDIMILDIMMPEVSGYD 61	
S. capitis               MTHLLIVDDEQDIVDICQTYFEYEGYHVTTTTNGKEAIKLLSSEIDVMILDIMMPEVSGYD 61	
S. lugdunensis           MERIAIIDDEPDIRDICRTYFEFEGYEVLTASNGQEALDLLEQDVDLFILDIMMPEKDGYA 61	
S. pseudintermedius      MTHILIVDDEQDIREICKTYFEYEGYHVSTASNGKEALDLLNTNVDVMVIDIMMPEMNGYE 61	
 	
		

A

B
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Figure 3.2: SaeR mutant D46A has reduced survival post PMN phagocytosis. SaeR 
mutant strains were used to infect  PMNs at a 10:1 bacteria: PMN ratio. Bacterial survival 
was measured at 3 hours post-phagocytosis by enumerating CFUs at time 0 and 3 hours 
respectively. Results are the mean ± of seven separate experiments. Asterisks denote 
statistical significance evaluated by one-way ANOVA with Tukey’s posttest compared to 
wild-type strain based on the following P-values: ** 0.001-0.01.  ns denotes non-
significant. 
 
 
 
SaeR Mutant D46A Has Reduced Cytotoxicity In Human PMNs Following Phagocytosis  

SaeR mutant D46A is unable to regulate virulence factors, despite the presence of 

host-derived stimuli (Fig 3.2 and 3.5) and its ability to interact with human PMNs is also  

altered (Fig3.6). In order to investigate the effect of PMN-bacterial interaction on the 

bacteria we looked at bacterial survival three hours post human PMN phagocytosis.  As 

seen in Fig 3.2, strain 18805 and SaeR-D61A had a better survival rate comparable to 

that of wild type .These results confirm the in vivo studies conducted for strain 18805 as 
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to wild type (P-value: <0.001) was comparable to saeR/S and saeS mutant strains. 

(Fig3.2).  

In order to further assess our observation of reduced survival of mutant D46A in 

response to PMN phagocytosis, we observed the ability of our putative phosphorylation 

site mutants to cause PMN membrane damage following PMN phagocytosis using 

cytotoxicity assays. Previous studies have shown that sensing and responding to PMNs is 

a key function of the Sae system (9,17,26,27,30-32). Moreover, this response is specific 

to its signal and that only a subset of sae regulated genes are transcribed in response to 

PMN exposure (17,26). In order to investigate PMN cytotoxicity in our putative 

phosphorylation site mutants, we exposed supernatants from our SaeR mutant strains to 

human PMNs followed by phagocytosis and assessed cytotoxicity by measuring 

membrane permeability at 1-hour post exposure (Fig 3.3).  As compared to ~85% 

membrane permeability caused by wild type and complemented strains, mutant SaeR-

D61A induced ~40% cytotoxicity. Culture supernatants from strain SaeR-D46A and  

18805 had significantly reduced (<2%, p-value <0.0001) membrane damage, levels 

comparable to ΔsaeRS and ΔsaeS strains (Fig 3.3). 
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Figure 3.3: SaeR mutant strains are deficient in producing secreted toxins essential to 
induce PMN cytotoxicity. PMN plasma membrane permeability following exposure to 
bacterial supernatant for 1 hour  from wild-type, ΔsaeR/S, SaeR single amino acid mutant 
strains and strain 18805.  Results are the mean ± of five separate experiments. Asterisks 
denote statistical significance evaluated by one-way ANOVA with Tukey’s posttest 
compared to wild type based on the following P-values: ** 0.001-0.01, and *** <0.0001. 
ns denotes non-significant. 

 

In order to assess the ability of bacteria to respond to specific host-derived stimuli 

(human PMNs), we infected human PMNs with bacteria from our saeR mutant strains 

and assessed PMN cytotoxicity via membrane permeability at 3 hours post- infection (Fig 

3.4). As compared to ~60% and ~45% membrane permeability caused by wild type and 

complemented strains respectively, mutant SaeR-D61A induced ~50% membrane  

permeability. Surprisingly, strain 18805 induced ~50% membrane permeability, levels 

comparable to that of wild type bacteria. Mutant SaeR-D46A induced ~30% ,similar to  
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that of ΔsaeRS and ΔsaeS strains (fig 3.4). It is interesting that strain 18805 is able to 

induce membrane damage following exposure to host-derived stimuli-human PMNs (Fig 

3.4) but that basal toxin production was significantly reduced  (Fig 3.3 and Fig 3.4). 

These data suggest that S. aureus  can take advantage of other aspartate residues besides 

D51 to accomplish SaeR-mediated signaling when presented with a host stimuli and 

indicate that residue D46 is important in responding to PMN components. 

 

Figure 3.4: SaeR mutant D46A has reduced cytotoxicity in human PMNs following 
phagocytosis. PMN plasma membrane permeability  following exposure to whole 
bacteria for 3 hours at a 10 bacteria:1PMN ratio from wild-type, ΔsaeR/S, SaeR single 
amino acid mutant strains and strain 18805.  Results are the mean ± of five separate 
experiments. Asterisks denote statistical significance evaluated by one-way ANOVA 
with Tukey’s posttest compared to wild type based on the following P-values: ** 0.001-
0.01, and *** <0.0001. ns denotes non-significant. 
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Virulence Gene Expression in Mutant SaeR-D46A During Host Challenge 

The SaeR/S system is essential to sensing and responding to different host derived 

stimuli (9,17,26-28,30-32). Moreover, the extracellular sensing domain of the sensor 

kinase SaeS  plays an important role in sensing different host derived stimuli and thereby 

regulating differential gene expression (17,21). However, the downstream mechanisms 

used by SaeR to regulate virulence gene expression is incompletely defined. In order to 

address this, putative SaeR  phosphorylation site mutant strains and wild type S. aureus 

strains were challenged with human PMNs and human whole blood. At designated times  

RNA was isolated from S. aureus  to investigate gene expression in select genes that 

contain the SaeR binding domain (hlgA, fnbA and lukAB). As seen in Fig 3.5, strain 

18805 had a transcriptional profile similar to the wild type S. aureus strain and 

demonstrated increased transcription of hlgA and fnbA during challenge with human 

PMNs.(No significant changes were observed with lukAB transcription-data not shown)   

However, SaeR-D46A had demonstrated diminished transcription of these genes even in 

the presence of human PMNs. Previous studies have shown that only a subset of genes 

are turned on in response to PMN stimulus (17,26). Consistent with our previous findings 

(17,26), we found that sae-regulated genes hla and efb were not induced in response to 

PMN phagocytosis (fig S3.4).  

 Strain 18805 was able to respond to human whole blood by increasing the 

transcription of hlgA, lukAB and fnbA  (fig 3.6). Mutant SaeR-D46A had reduced 

transcription of these genes (Fig 3.6). Collectively, data suggest that, strain 18805 can 

transcribe virulence genes under host-derived pressure. However, SaeR-D46A had  
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diminished expression of the genes investigated, suggesting that residue D46 may be 

important for regulating genes during host challenge. 

 

 

 

Figure 3.5: Transcription of genes containing the sae-binding domain following PMN 
phagocytosis in SaeR  mutant strains. Relative gene expression of hlgA (A), fnbA  (B) 
was analyzed after a 30 min exposure to human PMNs (1 PMN:10 bacteria). Data 
displayed as fold-change and transcript levels were normalized to gyrB and calibrated to 
wild type in media only (time matched). Data shown is mean fold change of 2 separate 
experiments.  
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Figure 3.6: Transcription of genes containing the sae-binding domain following 
challenge with human whole blood in SaeR mutant strains. Relative gene expression of 
hlgA (A), fnbA  (B) and lukAB (C)   was analyzed after a 30 min exposure to human 
whole blood. Data displayed as fold-change and transcript levels were normalized to 
gyrB and calibrated to wild type in media only (time matched). Data shown is mean fold 
change of 2 separate experiments.  
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Aspartate 46 (D46) Impacts Binding of Recombinant SaeR- Protein to DNA-Binding 

Sequence 

   EMSA were performed to determine the influence of single amino acids on the 

binding ability of recombinant SaeR to bind its consensus DNA-binding sequence 

(15,16).  Purity of protein was determined using SDS-PAGE analysis (Fig S3.5). Wild-

type recombinant SaeR was able to bind the SaeR-recognized DNA sequence at the 

designated concentration (Fig 3.6A), confirming our prior observations (15). 

Surprisingly, we found that substituting aspartate 46 (D46) to alanine completely 

inhibited binding activity of  recombinant SaeR-D46A, suggesting that D46 may be 

critical for SaeR to bind its consensus DNA-binding sequence (Fig 3.7B).  However we 

only tested two genes that contain the SaeR-binding domain so additional studies are 

needed to determine the impact of D46 on gene regulation.  
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Figure 3.7: Aspartate residue 46 in SaeR is important for binding of recombinant SaeR t 
o known SaeR recognized DNA-binding sequences. Varied amounts(µM) of recombinant 
SaeR(A), SaeR-D46A(B) (as indicated) were incubated with 0.25pmol of hla and sbi 
DNA containing the SaeR-binding domain. Gels were visualized using SYBR Green 
stain(Sigma-Aldrich)with a Alpha Innotech Alpha view imaging system. Data 
representative of 3 separate experiments.  
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Discussion: 
 

  The SaeR/S two-component system in S. aureus plays an important role in 

virulence regulation (15,17,21,26,27,33). Our previous studies indicated the importance 

of single amino acids in the sensing domain of SaeS to sense host-derived stimuli. 

However, the signaling mechanism that occurs downstream by the response regulator 

SaeR is incompletely defined. In this investigation, we examined the role of putative 

phosphorylation amino acid residues in the response regulator SaeR. Our studies indicate 

that aspartate residue 46 may be important to the functioning of SaeR during host 

challenge as plasmid-based mutation to alanine (D46A) rendered this mutant similar to 

the ΔsaeRS and ΔsaeS strains. Moreover, we found that mutation in the predicted 

phosphorylation site, aspartate residue 51 (strain 18005) (7,18,28) did not completely 

prevent transcription of SaeR-target genes under host-derived stimuli. Substituting 

aspartate 61 to alanine did not show any significant differences from wild type USA 300 

in any of our phenotypic assays.    

  The Sae system relies on phosphorylation modifications to regulate gene 

expression (23,33,34) and it has been hypothesized that different levels of 

phosphorylation of SaeR dictate the different virulence factors transcribed by the system 

(24). Through our in vitro assays, we suggest that in addition to different levels of 

phosphorylation, different sites (amino acid residues) may play an important role in 

refining the response to each host-derived stimuli.  

 Previous studies from our lab and Bae, et al have identified the consensus DNA- 
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binding sequence that is shared by virulence factors that are recognized by SaeR, thereby 

regulating gene expression (15,16). One interesting finding from our study was that 

mutant SaeR-D46A is unable to bind the consensus DNA-binding sequence of hla and 

sbi genes (Fig 3.6).  Although more experiments are needed, these data suggest an 

important role for residue D46 in SaeR-mediated signaling. 

 The ability to induce human PMN cytotoxicity was diminished in our SaeR-D46A 

mutant (Fig 3.4). Basal level toxin production was diminished in all our mutant strains 

(Fig 3.3). However, strain 18805 and SaeR-D61A were able to regulate cytolytic factors 

in the presence of human PMNs (Fig 3.4). In the D46A mutant strain we observed that 

the transcription of sae –regulated genes fnbA, hlgA and lukAB were reduced (Fig 3.5 and 

3.6). In the presences of host-derived stimuli like human PMNs and whole human blood, 

strain 18805 was able to transcribe virulence genes, suggesting that there are alternative 

mechanisms employed by SaeR to transcribe virulence genes during challenge with host 

components.  

 Our  observation that strain 18805 (i) has comparable survival post PMN 

phagocytosis to wild type bacteria and (ii) can transcribe selected virulence genes in 

response to human PMNs and whole blood and that the mutant SaeR-D46A is deficient in 

either of the above suggest that perhaps residue D46 could be the S. aureus activating 

residue. This investigation is a step towards the understanding of molecular mechanisms 

employed by the SaeR/S system to sense and respond to different host-derived stimuli. 

Like the sensor kinase, our data suggest the response regulator also refines its signal at 

the single amino acid level.    
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Whether residue D46 is the actual phosphorylation site is a question that needs to be 

answered through molecular and proteomic studies. 
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SUPPLEMNETAL INFORMATION 

 

 

 

Figure S3.1: Schematic of generating single amino acid substitutions in SaeR. Briefly, 
primers specific to generating particular single amino acid replacement were designed as 
described in table 3.2 and PCR was conducted using pEPSA5 vector and DH10 E. coli 
cells. The resulting plasmid was then transformed into RN4220 strain followed by 
transforming into the USA300ΔsaePQRS strain using electroporation.  
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 Figure S3.2: Growth curves in tryptic soy broth for wild type and mutant SaeR strains. Y-
axis represents 600nm optical density (logarithmic scale) and X-axis the growth time in 
hours. Optical density measurements were taken every 30 minutes for 6 hours.  

 
 
 

 

Figure S3.3: Transcription of saeS (A) and saeR (B) using qRT-PCR. RNA was extracted 
from bacteria harvested at midlog (OD600 = 1.5) grown in tryptic soy broth and 
examined by qRT-PCR. Relative quantification of transcripts was determined by 
normalizing to gyrB and calibrated to wild type strain and expressing mean values as 
log10 changes. Two biological replicates of each experiment were analyzed in triplicate. 
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Figure S3.4: Relative gene expression of hla (A),and efb (B) was analyzed after a 30 min 
exposure to human PMNs(107) at a ratio of 1 neutrophil:10 bacteria. Data displayed as 
fold-change and transcript levels were normalized to gyrB and calibrated to wild-type in 
media only (time matched). Data shown is mean fold change of 2 separate experiments.  
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Figure S3.5: SDS-PAGE analysis demonstrates purity of recombinant SaeR from wild-
type and SaeR-D46A strains. Recombinant protein  (20µg) was loaded on a 12% SDS-
PAGE gel. Gels were run at 100V for 1.5 hrs, followed by Coommassie blue straining. 
Gels were scanned using Alpha Innotech Alpha view imaging system. Each experiment 
was conducted 3 times.  
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CHAPTER FOUR 
 
 

FUTURE STUDIES AND CONCLUSION 
 

Identifying The Phosphorylation Sites on SaeR 

  
The Sae system utilizes the extracellular sensing domain to sense and thereby 

respond to varied environmental stimuli (1-3). The response is further refined at the 

response regulator level through phosphorylation. Fundamental aspects of the SaeR/S 

system remain undefined. For example, the role of phosphorylation in regulation of 

SaeR-dependent virulence gene expression is incompletely defined and the dependence 

on SaeS for SaeR phosphorylation has only been confirmed for a few target genes 

suggesting either phosphorylation occurs independent of SaeS or that phosphorylation of 

SaeR is not necessary for expression of some SaeR-target genes (4). Studies by Wolz et 

al have defined two types of phosphorylation in the Sae system thereby regulating two 

classes of virulence genes i.e. type I and II (4). Transcription of type I virulence genes 

can take place irrespective of SaeS and requires low levels of SaeR phosphorylation 

while transcription of type II virulence genes requires SaeS and an increased amount of 

SaeR phosphorylation (4). Additionally, evidence for the role of phosphorylation has 

only been studied in vitro with SaeR protein purified from E. coli, and investigation into 

how host stimulus influences phosphorylation is lacking. Through this investigation, we 

aim to determine the phosphorylation sites on both SaeS and SaeR and to confirm that 

phosphorylation occurs in vivo. 
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Materials and Methods 
 
 
Protein Identification 
 

a) In Solution Protocol 3.5ug of SaeR, SaeR-D51A, and SaeR-D46A were diluted 

in to 100mM ammonium bicarbonate solution, pH8 and digested with a trypsin 

(Promega) protease:protein ratio of 1:10 for 3h at 37○C. Resulting mixtures were filtered 

through 3k MWCO filter (Pal Corporation) to remove intact proteins before LC-MS 

analysis (spun at 5000xg for 15min, room temperature). 

b) In-Gel Protocol Protein identification from gel bands was performed according 

to standard protocols recommended by the manufacturer using a trypsin (Promega) 

protease:protein ratio of 1:10 at 37○C overnight. 

 
Peptides Identification 

LC-MS/MS measurements were performed using a maXis Impact UHR-QTOF 

instrument (Bruker Daltonics) interfaced with a Dionex 3000 nano-uHPLC. Peptide 

mixtures were desalted and then separated on a Dionex column (20mm × 100µm, 5µm, 

100Å, Acclaim PepMap100, C18, Dionex) at 40○C with a flow rate of 800nL/min using 

the step gradient: 3% for 2min, 3 to 30%B over 18min, followed by 30 to 80%B over 

2min and a 2min 80%B column wash step. The column was equilibrated with 3%B for 3 

min prior to the next injection. Solvent A = 0.1% formic acid (FA, Sigma) in water 

(ThermoFisher) and solvent B = 0.1% FA in acetonitrile (ACN, ThermoFisher). 

Electrospray conditions in both MS and auto MS/MS modes were as follows: drying gas 

flow of 5.0L/min at 180○C, capillary voltage of 1600V. Data was collected in positive  
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mode over the m/z range of 150−2200 at an acquisition rate of 2Hz for both MS and 

MS/MS. A linear voltage gradient depending on the m/z ratio was applied for peptides 

fragmented in auto MS/MS experiments with a decreasing order of preference (+2 > +3 > 

+4 > +1) for charged parent ions. Raw data were converted to mgf format using MS 

Convert and uploaded to SearchGUI (version 3.2.20.) for sequence identification and 

visualized/validated in PeptideShaker (version 1.16.14.) 

 
Intact Protein Analysis 

Intact protein samples were analyzed using a 1290 ultrahigh pressure (UPLC) 

series chromatography stack (Agilent Technologies) coupled directly to an electrospray-

time of flight (ESI-TOF) mass spectrometer (Bruker Micro-TOF). Before infusion to ESI 

source samples were separated on Onyx monolithic C18 column (1.0 x 100mm, 

Phenomenex) at 50○C using a flow rate of 400ul/min and the following program: 1.0min, 

10% B; 1.0-7.0min, 10-70% B; 7.0-8.0min, 70-90%B; 8.0-9.0min, 90%B; 9.0-9.1min, 

90-10%B; 9.1-10.0min, 10%B; solvent A = 0.1% formic acid (FA, Sigma) in water 

(ThermoFisher) and solvent B = 0.1% FA in acetonitrile (ACN, 

ThermoFisher).Electrospray conditions were as follows: nebulizer 5bar, drying gas at a 

flow rate of 7.0L/min, drying temperature at 200○C, capillary voltage at 4.5kV, and 

capillary exit voltage at 150V. Data were collected in positive mode at a rate of 2Hz over 

the 200–3000m/z scan range. Data processing and analysis were performed using the 

Bruker Data Analysis package 4.0 (Bruker Daltonics). Charge deconvolution was 

performed using a maximum entropy algorithm for H+ adducts only and 0.1m/z data  
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point spacing. The low mass end was defined by the mass of the SaeR monomer while 

the high mass end was defined as 3.3x the dimer mass.  

 
Results and Discussion 

 
Molecular Architecture of SaeR During Intact Protein  
Analysis Using Mass Spectrometry 
 

Previous studies have demonstrated that binding to promoter sequences 

recognized by SaeR only occurs when phosphorylation is induced in SaeR by the kinase 

SaeS (5). However, in our hands, recombinant SaeR is able to bind its promoter sequence 

without artificial phosphorylation of the protein (Fig 3.6). In order to assess the 

phosphorylation state of the protein, we loaded 20 µg of recombinant SaeR, orSaeR-

D51A,or SaeR-D46A on a 12% SDS-Page gel. This gel was stained with PRO-Q 

diamond stain-which only stains phosphorylated protein followed coommassie stain. The 

percent of phosphorylated protein was then measured using the formula 

!"#$"%!#& !"  !"#$!"#%&'()*+ !"#$%&'
!"#$"%!#& !" !"!#$ !"#$%&'

  X 100. Using the above procedure, we found that our 

method of recombinant protein purification yields about 15% phosphorylated protein (Fig 

4.1), thereby eliminating the need to artificially phosphorylate the protein for our binding 

assays (Fig 3.6). However, since PRO-Q diamond staining can have false positive results 

(non-specific binding to acidic proteins), we chose mass spectrometry to identify actual 

phosphorylation sites on recombinant protein from SaeR and SaeR mutant strains. 

Through our mass spectrometry analysis of intact recombinant proteins, we found that 

most proteins and protein complexes when injected on reverse phase LC column and 

exposed to mobile phase (organic solvent/acidic conditions) lose their native structure  
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and undergo complete or at least partial denaturation. Expectedly, WT and SaeR-D46A 

are present almost exclusively in monomeric forms in intact protein experiments. In 

addition WT and SaeR-D46A contain two and one phosphorylation sites, respectively 

(Fig 4.1 and table 4.1). Interestingly, no phosphorylation was detected in case of SaeR-

D51A mutant (table 4.1). In contrast to WT and SaeR-D46A mutant, SaeR-D51A is 

present as a mixture of monomer and dimer in LCMS data (Fig 4.2). Additionally, SaeR-

D51A monomer is always heavier by 32Da (table 4.1), which suggests double oxidation. 

Interestingly, the dimer of SaeR-D51A does not appear to be modified. The exact 

oxidation sites have yet to be determined. Collectively, these data suggest that important 

role for residue D46 and the molecular architecture needed for SaeR-mediated signaling. 

Interestingly, our mass spectrometric analysis of recombinant intact SaeR 

revealed that the wild type SaeR has 2 phosphate groups attached to it, whereas mutant 

SaeR-D46A has only one and both exist mainly as monomeric units (Fig 4.2). In contrast, 

mutant SaeR-D51A exists as mixture of monomer and dimer and that there is no 

phosphorylation associated with the protein (Fig 4.2). This suggests that decreasing the 

net negative charge around residue 51 caused a dimer to be more stable. Moreover, the 

oxidation state observation for SaeR-D51A (13.2) suggests that the monomer of mutant 

SaeR-D51A is more prone to oxidation than the dimer. However, since we have not 

identified oxidation sites we can only speculate, potentially there is oxidation (double) of 

the only cysteine residue in SaeR sequence. This type of oxidation is irreversible. 

Evidence 1: If SaeR-D51A dimerization occurs via  a disulfide (-S-S-) bond this double 

oxidation would prevent dimer formation. Our observation confirms higher dimer  
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stability excluding dimerization by formation of disulfide bridge between oxidized 

monomers. Evidence 2: -S-S- bond is stable in LC conditions therefore our results  

(monomer observed in intact protein experiments) suggest different dimerization 

mechanism. Evidence 3: Also a docking of 2 SaeR molecules as rigid bodies does not 

return any solution, which would satisfy -S-S- bond distance (around 2Å). Increasing the 

distance to 15Å resulted in series of potential dimer structures ( Fig 4.3). This suggests 

two exclusive scenarios: significant structural rearrangement during -S-S- bond formation 

or different mechanism. Oxidation can also be a reason why phosphate was not detected. 

If a methionine residue near D46 (7) is double oxidized it could work as on/off switch, in 

a similar fashion as was proposed for serine threonine and tyrosine phosphorylation.  

 

Table 4.1: Modifications of SaeR detected in intact protein experiments 
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Figure 4.1: SDS-PAGE representing the phosphorylation state of the recombinant 
proteins from wild-type SaeR and point mutant strains of SaeR. 20µg of recombinant 
SaeR-His, or SaeR-D51A His or SaeR-D46A His were loaded on a 12%gel and stained 
with PRO-Q diamond stain following manufacturer’s guidelines, followed by 
coommassie staining. Gels were visualized using Alpha Innotech Alpha view imaging 
system. Band intensities were determined using ImageJ analysis and the percent of 
phosphorylated protein was then measured using the formula 
!"#$"%!#& !"  !"#$!"#%&'()*+ !"#$%&'

!"#$"%!#& !" !"!#$ !"#$%&'
  X 100. Intensity of phosphorylated protein was 

determined by band intensities from PRO-Q Diamond stained gel and intensity of total 
protein was determined by band intensities from Coommassie stained gel.  
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Figure 4.2: Post-translational modifications in recombinant protein from wild-type SaeR 
and point mutant strains of SaeR. Deconvulated mass spectrum of recombinant SaeR (A), 
SaeR-D46A (B) and SaeR-D51A (C). 

A

B

C
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Figure 4.3: Homology model of the response regulator SaeR from Staphylococcus 
aureus. The homology model was created using a combination of PHYRE2 and Chimera 
softwares.  DNA-binding domain in cyan, Cysteine residue in yellow, Aspartate residues 
in red, Methionine residues in green. Each residue is indicated in order to gauge the 
spatial distance between them and the likelihood of interaction occurring, giving a hint 
towards the molecular architecture of SaeR.  
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CONCLUSION 

 
Molecular studies highlighted in this dissertation, identified key amino acid 

residues in SaeS and SaeR important for signaling in the Sae system. We have identified 

a nine amino acid extracellular loop in the sensor kinase SaeS that is essential to sensing 

human neutrophil and neutrophil-derived stimuli (3) which was further confirmed by Bae 

et al (2). In addition, we identified a key aspartate residue D46 in the response regulator 

SaeR that influences virulence gene expression and survival following interaction with 

human PMNs (chapter 3). Our studies have put into question the accepted role of 

aspartate 51 in the phosphorylation mediated signaling of the Sae system.  Moreover, 

through both our studies we highlight the importance of host-derived stimuli in 

modulating the response generated by the Sae system. The critical observation that SaeR 

can regulate virulence expression in strain 18805 despite missing, D51 in the presence of 

host derived stimuli, suggest that the Sae system can take advantage of phosphorylation 

sites or that perhaps phosphorylation is not necessary during stress.  

Our studies have provided insights and filled knowledge gaps into the intricate 

molecular signaling that occurs via the Sae system in response to specific host-derived 

stimuli.  However, many questions remain. Future studies will combine molecular 

biology and mass spectrometry to determine if phosphorylation occurs in vivo. To this 

extent, we have conducted preliminary in vitro studies with recombinant proteins and 

identified the phosphorylation state of each of our putative phosphorylation site mutant 

strains (discussed above). If phosphorylation occurs in vivo, next step will be to define 

the particular site and levels of phosphorylation in response to host-derived stimuli. Our  
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preliminary data suggest that recombinant protein from strains SaeR, and SaeR-D46A 

are phosphorylated (Table 4.1) and that mutant SaeR-D51A exists as a dimer. These 

data suggest that if D51 is perhaps the phosphorylation site, then SaeR forms a dimer 

like other response regulators to bind DNA (8,9).  Collectively, our data suggests that 

D46 impacts the functioning of SaeR-during interaction with the human host hinting 

towards it being the labile phosphorylation site under host trigger, and that D51 is for the 

overall structural stability of the monomer SaeR.  

Other Gram positive bacteria like Group A Streptococcus (GAS) optimize their 

response to host-derived stimuli by modulating the sites of phosphorylation (10). In the 

control of virulence system (CovR/S), phosphorylation at aspartate 53 (Asp 53) by 

cognate histidine kinase CovS resulted in the expression of virulence genes. However, 

phosphorylation at threonine 65 (Thr 65) via serine threonine kinase-1 resulted in 

decreased DNA binding capacity of CovR- thereby inhibiting virulence gene expression 

(10). Taken together, these data suggest that CovR Asp 53 activating phosphorylation 

and Thr 65 inhibiting phosphorylation have a complex interplay in GAS gene expression 

during host-pathogen interaction.  

The observation that strain 18805 is able to respond to host-derived stimuli by 

transcribing essential virulence genes (chapter 3) and that recombinant SaeR-D51A has 

no phosphate group attached (Table 4.1), suggest that perhaps phosphorylation is not the 

only mechanism used by SaeR to respond to host-derived stimuli. Our very preliminary 

observation that recombinant protein is phosphorylated (Fig 4.1), suggests that perhaps 

the SaeR/S system is always phosphorylated and it is rather the dephosphorylation event  
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that turns the system on. Research in the field has shown that the Sae system has a 

feedback mechanism, wherein SaeP and SaeQ forms a protein complex with SaeS and 

leads to a phosphatase signal (11). One hypothesis that we propose through our findings 

is that the phosphatase signal is likely responsible for turning the SaeR/S system on and 

thereby regulate virulence gene expression.  

Through this dissertation and other findings from our lab, we show that the  

bacterial response via the SaeR/S system is dependent on host-derived factors. The 

existing hypothesis in the field with differential gene regulation is that different levels of 

SaeR phosphorylation influence the transcription of different classes of virulence genes 

[typeI and type II] (4). Based on our observations, we propose the hypothesis that 

different host-derived stimuli induce different phosphorylation patterns (site of 

phosphorylation and levels of phosphorylation), thereby regulating complex gene 

regulation. Future studies aimed at testing this hypothesis will involve the use of mass 

spectrometry on bacteria stimulated with known host-derived stimuli like hydrogen 

peroxide and HNP-1. In addition, future studies will aim to determine the transcription of 

virulence genes in response to host-derived stimuli in the Type I and Type II category (4). 

 Despite advances, a comprehensive understanding of virulence regulation in S. 

aureus remains incompletely defined. Considering SaeR/S system controls virulence 

factors that have been the focus of studies aimed at therapeutics and vaccines it is 

necessary to understand how/when these virulence factors are induced in response to the 

host.  Findings outlined in this dissertation address knowledge gaps of virulence 

regulation in S. aureus and provide mechanistic insights into the importance of single  
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amino acid residues in both the kinase and the response regulator in the overall regulation 

of virulence factors via the Sae system.  
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