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ABSTRACT 

 

 

Staphylococcus aureus is a major threat to human health, which is only exacerbated by 

its resistance to methicillin and other frontline antibiotics. Consequently, annual 

hospitalizations resulting from methicillin-resistant Staphylococcus aureus (MRSA) have 

been recorded in the hundreds of thousands for decades. However, the global impact of 

this opportunistic pathogen cannot solely be attributed to its antibiotic resistance, as S. 

aureus is also an expert at adapting to host conditions and responding to external stress. 

Here we attempt to gain a better understanding of a S. aureus factor that aids in 

circumventing such external insult - PrsS - a membrane protease that governs the 

response to DNA damage and cell-wall targeting antibiotics.  We began by performing a 

structure-function analysis of PrsS, exploring its 8 transmembrane domains (TMD) and 4 

conserved protease motifs. Here, we found seven residues within TMDs 4-7 that were 

necessary for PrsS function, all of which are in conserved protease motifs. We also 

investigated the function of the N-terminal extension of PrsS as well as its C-terminal tail 

(CTT), finding the first five amino acids in the CTT to be imperative for responding to DNA 

damage. Further to this, we evaluated the transcriptional regulation of prsS, identifying 

multiple factors modulating its expression. Interestingly, prsS expression is repressed by 

SigB, PurR, HrcA, SarZ, and GlcT, and activated by Rsp. Notably, SrrA was found to 

repress prsS expression, but only in the presence of MMS.  Finally, we used N-terminomic 

methodologies to identify potential substrates of PrsS. A wealth of important proteins were 
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found to be cleaved by PrsS, including ribosomal subunits, the cell division protein FtsZ, 

and a cryptic membrane protein of unknown function.  In summary, we have generated 

important new knowledge, not only on PrsS’ role in S. aureus virulence, but more broadly 

on a protease family that is conserved across all kingdoms of life. 
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CHAPTER ONE: INTRODUCTION 
 

 

Methicillin-Resistant Staphylococcus aureus 

The global impact of Staphylococcus aureus, one of the most detrimental pathogens in 

the history of human health, is often attributed to its antibiotic resistance. However, in the 

1940s S. aureus infections were once treatable with a simple penicillin regimen [1]. 

Penicillin-resistant Staphylococcus aureus emerged shortly after the clinical introduction 

of this antibiotic, and the development of alternative therapeutics became a pressing 

concern [1]. Methicillin then followed as the primary therapy used to treat S. aureus 

infections in 1959 [1,2], and the first documented case of methicillin-resistant S. aureus 

(MRSA) was observed the following year [1]. This sparked the emergence of a worldwide 

health crisis, as it seemed this pathogen was always one step ahead of human medicine.  

 

S. aureus rapidly developed resistance to these drugs by modulating the process by 

which they target this pathogen [32]. β-lactam antibiotics like penicillin and methicillin 

function by forming covalent bonds within the transpeptidase domain of penicillin-binding 

proteins (PBPs), inhibiting peptidoglycan synthesis [31]. S. aureus evades β-lactam 

inhibition by expressing an alternate penicillin-binding protein, PBP 2a, or by secreting β-

lactamases resulting in antibiotic degradation [31]. It’s widely accepted that the prior use 

of penicillin created selective pressure for S. aureus strains possessing these β-lactam 

resistance mechanisms to persist, facilitating the rapid development of MRSA [1,2].  
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Recently it’s been estimated that MRSA infections are responsible for 300,000 annual 

hospitalizations in the United States alone [3]. While these numbers are rising, clinical 

isolates obtained from these patients are becoming more diverse. MRSA was once 

considered to be a predominantly hospital-acquired infection, but a dramatic shift has 

been observed in the last two decades [4]. This sudden change has encouraged further 

studies characterizing the two distinct MRSA strains.  

 

Hospital and Community-Acquired MRSA 

Methicillin-resistant Staphylococcus aureus infections are categorized into two unique 

types: hospital-acquired MRSA (HA-MRSA) and community-acquired MRSA (CA-

MRSA). While HA-MRSA has historically comprised a vast majority of clinical isolates, in 

just 16 years, the presence of community-acquired MRSA isolates jumped from 0% to 

24% [33]. While HA- and CA-MRSA each have unique genetic identifiers, their primary 

differentiation is determined by the patient’s history. MRSA infections that present in a 

patient prior to 48 hours of hospitalization are considered CA-MRSA, and these cases 

often occur in generally healthy adults [1]. HA-MRSA is identified in patients who have 

had prior surgeries, extended hospital stays in the preceding year, or have been in the 

hospital for longer than 48 hours at the time of infection [1].  

 

However, there are more complex genetic distinctions between HA- and CA-MRSA that 

can determine their antibiotic resistance. Each of these strains has antibiotic resistance 

traits associated with their staphylococcal cassette chromosome mec (SCCmec) types. 

SCCmec is a mobile genetic element with a varied cassette of genes that impact overall 
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pathogenesis [6]. This cassette contains the mecA gene which is responsible for 

resistance to β-lactam antibiotics including penicillin and methicillin, proving to be 

extremely relevant in current drug discovery efforts [6]. Importantly, many SCCmec 

elements contain multiple different variations of the mecA gene, resulting in the 

divergence of antimicrobial resistance in MRSA [8]. SCCmec cassettes also contain 

variations in their respective ccr gene complexes, which encode for specific 

recombinases that facilitate the mobility of this genetic element [25,26].  These variations 

in the mec and ccr complexes primarily define each SCCmec type [25]. For example, 

SCCmec types II and IV both contain ccr gene complex 2, however, they vary in mec 

gene complexes, containing A and B respectively [25]. On the other hand, SCCmec types 

I and IV each contain the B mec gene complex, but they have variations in their ccr gene 

complexes, containing complexes 1 and 2 respectively [25]. HA-MRSA frequently also 

possess resistance to non-β-lactam drugs, aligning with their contained SCCmec types I, 

II, and III [5]. Alternatively, CA-MRSA contain SCCmec types IV and V and are often more 

susceptible than HA-MRSA to treatment with antimicrobials such as gentamicin, 

tetracycline, and rifampicin [1,27]. Some examples of CA-MRSA are only resistant to β-

lactam antibiotics [1]. 

 

Not only do genetic analyses tell us about these strain’s antimicrobial resistance patterns, 

but they can also give us insight into how they’ll interact with the host immune system. 

The Panton-Valentine Leukocidin (PVL) toxin, an S. aureus virulence factor, is another 

differing genetic component of HA- and CA-MRSA strains. A 2016 study showed that PVL 

presence alone can be enough to discern whether an infection is HA- or CA-MRSA [7,8]. 
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CA-MRSA commonly contain the lukS and lukF genes encoding the PVL toxin, which 

destroys white blood cells resulting in increased virulence [8]. HA-MRSA does not 

traditionally have these genes, which are necessary to produce the PVL toxin, and 

therefore does not attack the immune system by the same processes as PVL-positive 

CA-MRSA [8,9]. HA-MRSA is predicted to depend more on immune-evasion tactics, 

whereas CA-MRSA takes a more aggressive approach against the immune system 

through toxin production [9]. These are just a few of many genetic components playing a 

major part in S. aureus’ antibiotic resistance and interaction with host immune responses. 

However, another vital contributor to S. aureus pathogenic success stems from the 

organism’s highly adaptive nature to conditions within the host.  

 

Host-Condition Adaptability  

S. aureus, unlike many other bacteria, can survive in nearly every niche of the human 

body [10]. This pathogen is responsible for highly diverse infection sites and severities, 

including skin and soft-tissue infections, osteomyelitis, endocarditis, and in some cases 

deadly septicemia [10]. By deploying highly specialized methods of gene regulation, S. 

aureus can colonize various types of host tissues within the heart, lungs, bones, blood, 

and skin of infected patients [28, 29]. As these distinct environments have unique cellular 

stressors associated with immune response, temperature, pH, oxygen availability, and 

nutrient starvation, S. aureus must respond accordingly to survive [11, 30]. A major way 

that S. aureus adapts and responds to host conditions is through the signaling pathway 

of two-component systems. 
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There are 16 two-component systems (TCS) that S. aureus uses to respond to conditions 

in the host environment [34]. WalRK is the only TCS that is essential for growth, but the 

deletions of many TCS exhibit reduced survival in the presence of external stressors such 

as antibiotics, oxidative stress, and high temperatures [34]. TCS respond to conditions in 

the host through the phosphorylation of a histidine kinase receptor upon sensing stress 

signals [35]. This phosphate group is then donated to a response regulator, which can 

bind to promoters of target genes and modify their expression [35]. One primary example 

of TCS gene regulation in host conditions is found in the LytRS system [35]. In an active 

immune response, host cells release cationic antimicrobial peptides that bind to bacterial 

membranes and destabilize them [35]. LytS is autophosphorylated in response to CAP-

induced stress signals and transfers this phosphate group to LytR [35]. This response 

regulator then binds directly to the promoter of igrAB, upregulating its expression and 

inhibiting cell lysis [35]. Ultimately, TCS are just one major signaling pathway used by S. 

aureus to alter gene regulation and modulate external stress within the host environment. 

However, this pathogen also utilizes sigma factors to influence gene expression, facilitate 

cell survival, and respond to stress.   

 

Sigma Factors in S. aureus  

Generally, bacterial sigma factors function through their continual binding and release 

from RNA polymerase (RNAP) - this process is known as the sigma cycle [13]. Sigma 

factors facilitate promoter recognition and proper positioning of the holoenzyme, allowing 

RNAP to initiate transcription [12,13]. Thus, specific gene transcription is dependent on 
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the sigma factor bound, and this specificity can be used to modulate gene expression in 

both a housekeeping and stress-dependent manner [13].  

 

Unlike many other gram-positive bacteria, Staphylococcus aureus only encodes four 

sigma factors [12]. This pathogen contains a primary housekeeping sigma factor: σA, 

which is necessary for growth and facilitates response to general nutritional and antibiotic 

stress [12]. S. aureus’ σA is homologous with the primary sigma factors of B. subtilis and 

E. coli, and it recognizes homologous promoters between each of these organisms [12]. 

This high level of structural and functional conservation is necessary, as this 

housekeeping sigma factor is essential for bacterial cell survival. Importantly, σA is 

responsible for most promoter recognition and gene transcription in the cell, including the 

transcription of the alternative sigma factors in S. aureus [12].  

 

Like σA, the S. aureus alternative sigma factor σB contains homologs in other gram-

positive organisms as well [36]. σB is the most influential alternative sigma factor in S. 

aureus and has been described to assist in the transcription of approximately 200 genes, 

as well as regulating its own expression [37]. This widespread influence on gene 

regulation ultimately aids the cell in responding to several different host conditions 

including nutrient starvation, excessive heat, acidic pH, stationary phase associated 

stress, high salt content, and nitrosative stress [12]. Additionally, σB actively contributes 

to host-immune evasion by initiating a switch in S. aureus from highly aggressive behavior 

to a metabolically inactive small colony variant phenotype, facilitating long-term 

intracellular persistence [38]. This alteration in phenotype requires the silencing of Agr 
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and SarA, two of the most important S. aureus virulence regulators, for σB to take over 

during chronic infection [38]. This transfer of expression highlights the importance of σB 

in both stress response and host infection dynamics. 

 

S. aureus possesses two other alternative sigma factors that contribute to survival in the 

host as well. σH is observed to be associated with cytoplasmic stress in the presence of 

a phage 11 infection and is predicted to be a factor in lysogenic state stabilization 

[12]. However, the primary importance of this alternative sigma factor arises from its role 

in S. aureus competence [39]. While S. aureus is not naturally competent, the ability to 

develop competence is an important mechanism during times of energy-associated stress 

[39]. σH overexpression is induced when S. aureus cells enter a state of respiratory 

distress, often stimulated by the natural host production of reactive oxygen species 

(ROS), that force this pathogen to use fermentation as an energy-alternative [39]. Due to 

the low efficiency of fermentation-based energy acquisition, an increase in glycolytic flux 

is required to maintain normal cellular processes [40]. Ultimately, in the σH mutant S. 

aureus struggles to upregulate the necessary genes to facilitate competency, leaving the 

cell at risk for reduced survival in host-cell induced ROS conditions [39]. However, σB is 

capable of overexpressing competency genes and mediating these effects, further 

highlighting its vast importance in the host environment [39].  

 

This alternative sigma factor-regulated transcription of response genes, in addition to the 

use of TCS and transcription factors, is a way for S. aureus to circumvent adverse 

conditions during infection. S. aureus contains one additional sigma factor that aids in 
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these efforts; however, this alternative sigma factor is unique in that it falls under a further 

subcategory of alternative sigma factors - extracytoplasmic function sigma factors.   

 

Release of ECF Sigma Factors by Regulated Intramembrane Proteolysis 

Following closely behind one and two-component systems in terms of abundance, 

extracytoplasmic function (ECF) sigma factors are one of the most important facilitators 

of signal transduction in bacterial cells and are induced by the presence of an 

extracytoplasmic stress signal [15]. Typically, in the presence of external stress, an anti-

sigma factor is cleaved from the ECF sigma factor by two separate proteolytic events, 

allowing this ECF to facilitate the transcription of stress-response genes [17]. This general 

process is known as regulated intramembrane proteolysis - a pathway that admits 

external signals into the cell membrane by cleaving or degrading a transmembrane 

protein, altering gene transcription in times of stress [17,19,20]. Proteolysis is innately a 

very quick process, facilitating a quick response in these adverse conditions [19]. 

However, not all ECF sigma factors are released by regulated intramembrane proteolysis.  

 

Within the last two decades, our group discovered an ECF sigma factor in S. aureus, σS. 

This ECF sigma factor is important for responding to cell lysis, starvation, and lengthy 

exposure to adverse temperatures, and has recently been discovered to facilitate protein 

expression of opposing modulators acting on its own mRNA stability [41,42]. Additionally, 

the σS mutant has shown increased sensitivity under oxidative stress conditions, DNA 

damage, and cell-wall targeting antibiotics, suggesting the importance of σS-mediated 

gene regulation in circumventing these external threats [23]. In murine models of septic 
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arthritis, σS has also been shown to be necessary for full S. aureus virulence [16].  While 

there’s no question that this ECF sigma factor aids S. aureus in mediating adverse host 

conditions, the mechanism by which σS is regulated remains elusive. By investigating 

both traditional and non-traditional mechanisms that facilitate the release of ECF sigma 

factors, there is potential to uncover additional insight into σS regulation. 

 

One of the most well-characterized examples of regulated intramembrane proteolysis can 

be found in gram-negative Escherichia coli. E. coli contains an ECF sigma factor, σE, 

which aids the cell in mediating cell envelope and heat-associated stress [20]. This sigma 

factor is responsible for recognizing roughly 20 different gene promoters and is even 

responsible for regulating its own secondary promoter [20]. In the absence of extreme 

heat or cell-envelope stressors, σE is natively bound by the anti-sigma factor RseA [20]. 

To release this ECF sigma factor, two cleavage events must occur, removing RseA [20]. 

Initially, DegS undergoes a conformational change into a proteolytic state and enacts site-

1-proteolysis in RseA [20]. In this primary truncated state, RseA is then able to be cleaved 

by RseP in a site-2-proteolysis event [20]. However, even after this secondary cleavage 

event, RseA is still able to sequester σE. The final event of this regulated intramembrane 

proteolysis pathway occurs when ClpX forcibly removes RseA from σE, allowing it to bind 

to RNAp and initiate transcription of genes controlled by this ECF sigma factor 

[20]. However, as this is only an overview of a common ECF sigma factor signal 

transduction pathway, it’s important to recognize that there are a handful of examples that 

diverge from the general mechanism.  
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Streptomyces coelicolor, a gram-positive soil bacterium, possesses an ECF sigma factor 

σE that is presumed to be activated by several cell-wall targeting antibiotics and results in 

the transcription of cell-wall biosynthesis genes [18]. While this relationship with external 

stress makes sense with what we know of ECF sigma factors, σE is not natively bound by 

an anti-sigma factor [18]. Instead, this ECF sigma factor is transcriptionally regulated, as 

opposed to the post-translational regulation we see with many other sigma factors of its 

kind. The transcription of σE depends partially on proteins CseB and CseC, which make 

up a two-component system [18]. This was verified through the observation that the cseB 

mutant strain displays no σE transcription [18]. Notably, σE is also partially self-regulated 

and is responsible for activating its own second promoter [18]. While this pathway in S. 

coelicolor demonstrates an unusual ECF regulation mechanism, there are certainly 

traditional mechanisms by which ECFs are regulated in gram-positives. Bacillus subtilis 

displays a textbook example of regulated intramembrane proteolysis in gram-positive 

organisms, enacted by a novel family of proteases.  

 

Regulated Intramembrane Proteolysis by M82 Peptidases 

In Bacillus subtilis, ECF sigma factor σW is responsible for the recognition of over 60 

genes related to cell-envelope stress and cell-wall integrity, and its regulation mechanism 

is well characterized [20]. σW is activated by a traditional regulated intramembrane 

proteolysis pathway and is therefore natively bound by anti-sigma factor RsiW in the 

absence of an external stress signal. Activating signals, induced by alkaline shock or 

antimicrobial peptide-associated stress, initiate the site-1-proteolysis of RsiW by the M82 

peptidase PrsW [21,23]. This primary cleavage event leaves truncated RsiW bound to σW 
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[20,21], where it is subsequently cleaved through site-2-proteolysis by RasP [21]. This 

process is innately regulated and incredibly quick, as RsiW immediately becomes a 

substrate for RasP in its truncated state [20]. These cleavage events directly lead to the 

release and ultimate activation of ECF sigma factor σW, which can then facilitate gene 

transcription and stress response. Interestingly, a homolog of the M82 protease PrsW, 

responsible for this site-1 proteolytic cleavage event in B. subtilis, is also found in 

Clostridium difficile.  

 

In C. difficile, the M82 peptidase PrsW induces the degradation and proteolytic cleavage 

of anti-sigma factor RsiT through site-1 proteolysis [22]. Unlike traditional regulated 

intramembrane proteolysis mechanisms, this pathway in C. diffiicile only appears to 

require a single cleavage event [22]. This site-1 proteolysis ultimately results in the 

release of ECF sigma factor CsfT and transcription of stress response genes associated 

with the CsfT operon [22]. Clostridium difficile CsfT, and thus PrsW, facilitate stress 

response to cell-wall biosynthesis inhibitors and peptidoglycan destabilization [22]. 

Interestingly, this M82 peptidase is necessary for full pathogenic success in Clostridium 

difficile, as the PrsW mutant resulted in 30-fold decreased virulence in hamster models 

[22].  

 

Following the discovery of the lone ECF sigma factor σS, our group discovered a PrsW 

homolog in S. aureus denoted PrsS [23]. While no anti-sigma factor has been identified 

confirming a regulated intramembrane proteolysis pathway between σS and PrsS, 

evidence suggests that there is a relationship between the two [23]. PrsS exhibits a 
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striking similarity to σS in terms of DNA damage, oxidative stress, and cell-wall targeting 

antibiotic sensitivities, as well as its increased expression in the presence of these 

external stressors [16, 23]. Like σS, PrsS has proven to be necessary for full virulence in 

S. aureus, as the prsS mutant exhibits reduced survivability in murine infection models 

[23]. Additionally, this novel protease has been observed to be necessary for survival in 

whole human blood, suggesting its relevance in S. aureus bloodstream infections [23].  

PrsS also mirrors the increased expression previously seen in σS observed in murine 

macrophages and human serum, highlighting a potential cooperative effect in these 

specific host factors [16,23]. By addressing the proteolysis pathways of two characterized 

M82 peptidases and the unknown pathway of a third, several questions arise regarding 

the structural importance of homologous regions within this protease family.  

 

M82 Peptidase Structure 

The M82 peptidases are a membrane-associated family of proteins, with both conserved 

and variable regions that have been implicated in their respective functions. Each of these 

proteases contains four conserved protease motifs and 5 conserved transmembrane 

domains, although they are present within slightly different regions of these proteases. In 

S. aureus PrsS, conserved protease motifs are all contained within transmembrane 

helices (TMH) 4-7. However, in B. subtilis PrsW and C. difficile PrsW, the conserved 

transmembrane domains align with TMH 3-6 [45]. There are no known protease motifs in 

TMHs 1, 2, 3, or 8 of PrsS, correlating with B. subtilis PrsW and C. difficile PrsW TMHs 

1, 2, and 7 [45].  
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Figure 1. M82 conservation in PrsS. A model of PrsS is used to display the conserved M82 

peptidase regions. Transmembrane domains are depicted in purple. Conserved residues are 

depicted in blue. Protease motifs are depicted in red.  

 

The first protease motif, contained in PrsS TMH 4 and denoted EExxK, contains double 

glutamic acid residues that have been determined important for functional stress 

response in PrsS [21], and important for PrsW-mediated σW activation in B. subtilis [23]. 

The histidine in the third motif, contained in PrsS TMH 6 and denoted Hxxx, has been 

evaluated and deemed necessary for PrsW to activate σW expression as well, as seen in 

β-galactosidase assays with transcriptional fusion reporters [21]. The M82 peptidases not 

only possess structural conservation within themselves, but they also contain multiple 

conserved regions and basic frameworks found in eukaryotes, prokaryotes, and archaeal 

species of metalloproteases.  

 

Structural Comparisons of the M82 and G5 Peptidase Families 

When structurally defining the M82 peptidase family, it would be remiss to not discuss the 

membrane-embedded metalloproteases (MEM) superfamily. This superfamily is 
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predicted to play a role in protein secretion and peptide modification, primarily in plants 

and bacteria [20, 24]. Under the umbrella of this MEM superfamily, a subfamily exists 

called the G5 peptidase family [24]. The G5 peptidases, previously referred to as the 

CAAX Proteases and Bacteriocin Processing-enzymes (CPBP), retain homologs across 

every kingdom of life, including the M82 peptidases [20,24].  

 

The G5 family contains four conserved C-terminal transmembrane domains, all of which 

are conserved across the M82 peptidases, and three protease motifs [24]. The first 

protease motif of the G5s, denoted EExxxR, contains double glutamic acid residues 

followed by a conserved arginine [24]. We see the same double glutamic acids mirrored 

in the first protease motif of the M82 peptidases, however, the M82s lack this conserved 

arginine and instead possess a conserved lysine at the end of motif 1 [24]. Similar to 

findings in B. subtilis PrsW and S. aureus PrsS, these double glutamic acids have been 

deemed necessary for proteolytic function in the G5 peptidases, including the Rce1 

protease found in Saccharomyces cerevisiae [21, 53]. Additionally, the remaining two 

protease motifs in the G5 peptidases, denoted FxxxH and HxxxN, share their first 

conserved residues with the M82 peptidases as well, as the histidine in G5 motif 3 is 

necessary for B. subtilis PrsW-mediated transcriptional activation of σW as previously 

described. These structural similarities indicate an evolutionary advantage passed down 

for generations within the MEM superfamily, and therefore must be further investigated 

for their relevance within the M82 peptidases. As seen from PrsS, homologs of these 

related protease families significantly contribute to the virulence and pathogenic success 

of S. aureus, creating high importance for M82 research.  
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Project Aim 

It’s clear that PrsS substantially aids in the survival and virulence of Staphylococcus 

aureus, and we aim to further define its contribution to pathogenic success. By evaluating 

this M82 protease structurally, our goal is to gain insight into which specific conserved 

residues and protease motifs are necessary for M82 proteolytic function, and how this 

function contributes to S. aureus regulation. While PrsS also contains structural domains 

lacking in fellow family members, we attempt to identify the value of these unique features 

and how they impact cellular stress response. Additionally, we seek to learn more about 

how this protease is transcriptionally regulated and analyze what factors both activate 

and inhibit its expression. Through analysis of prsS regulation, we aim to pinpoint the 

unique factors and conditions which influence the expression of this protease, allowing it 

to facilitate cell survival and protection from external stressors. Our final goal is to 

determine the highly specific substrates of PrsS, further defining the role of this protease 

in S. aureus post-translational regulation. By identifying these substrates, we hope to gain 

knowledge as to how PrsS may regulate S. aureus virulence factors and interactions 

within the host.   
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CHAPTER TWO: MATERIALS AND METHODS 
 

 

Growth Conditions 

All strains were grown at 37°C unless otherwise specified. Liquid cultures were grown in 

5mL of sterile media broth in a shaking incubator at 250rpm, and agar plates were grown 

in a stationary incubator. All overnight cultures were incubated for 16-18 hours. E. coli 

strains were grown in LB or on LB agar plates, while S. aureus strains were grown in TSB 

or on TSA plates. Antibiotics were used when necessary to retain plasmids at equivalent 

concentrations in both liquid and agar media as follows: E. coli – Ampicillin at 100μg/mL; 

S. aureus – Tetracycline at 5μg/mL, Chloramphenicol at 10μg/mL, Erythromycin only at 

5μg/mL in liquid cultures, Erythromycin at 5μg/mL and Lincomycin at 25μg/mL on agar 

plates. When necessary, cultures were synchronized by subculturing 50μL of overnight 

culture into 5mL of fresh media (1:100 dilution) containing the appropriate antibiotic and 

grown in a shaking incubator at 37°C for 3h. Cultures were then standardized to an OD600 

of 0.05 unless otherwise specified, in fresh media containing the appropriate antibiotic 

and grown in a shaking incubator until reaching the targeted growth phase.  

 

Cloning into E. coli 

These methods are derived from an unpublished cloning protocol by N.J. Torres.  

Using aqueous, wild-type DNA, the desired gene or promoter of choice was PCR 

amplified. Traditional PCR mixtures included 1μL of forward primer and 1μL of reverse 

primer, as well as 12.5μL of a DNA polymerase enzyme of choice, and 9.5μL of sterile 
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water. After PCR amplification in the thermocycler, the remaining sample was loaded onto 

an agarose gel and run at 100V for 30 minutes. The amplified band was cut out of the gel 

and purified using Qiagen’s gel extraction kit. Plasmid extractions were performed using 

Qiagen’s Mini-Prep Kit. With the purified insert and plasmid DNA, separate digestion 

reactions were performed on each with 1.5μL of each restriction enzyme of choice, 5μL 

of NEB’s CutSmart Buffer, and sterile water bringing the mixture up to 50μL. Samples 

were incubated for 30 minutes in a 37°C water bath, then the plasmid digestion was 

dephosphorylated with 5μL Antarctic Phosphatase Buffer and 1μL of Antarctic 

Phosphatase. Both plasmid and insert samples were incubated again for an additional 30 

minutes in a 37°C water bath. Digestion reactions were then purified, and the insert and 

plasmid were then ligated together using NEB’s Ligation Calculation Tool. This ligation 

was performed by adding either a 3:1 or 7:1 insert to plasmid ratio to 1μL of NEB’s Ligation 

Buffer and 1μL of NEB’s Ligase. Reactions were left at room temperature overnight and 

were then transformed into E. coli DH5a.  

 

DH5a Transformations 

DH5a transformations were performed by adding 10μL of the ligation reaction obtained 

from the initial cloning steps to DH5a competent cells. This mixture was incubated on ice 

for 30 minutes, heat shocked at 42°C for 45 seconds, and incubated on ice for 2 minutes. 

1mL of LB was added to this sample, which was then transferred to a 15mL falcon tube 

where an additional 1mL of LB was added. This mixture was incubated at 37°C for 1 hour, 

and subsequently centrifuged at 4150rpm for 10 minutes. Cells were resuspended in 

100μL of remaining LB and plated onto the appropriate media with antibiotic selection as 
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previously described for E. coli. Plates were grown overnight, and individually selected 

colonies were re-streaked for population density. Following this, a colony PCR could be 

used to investigate the presence of the desired insert (only for E. coli). Colony PCRs were 

performed by adding a single colony from the re-streaked plate to a mixture of 1μL of both 

plasmid-specific forward and reverse primers, 12.5μL of GreenGo, 9.5μL of sterile water, 

and run on the appropriate thermocycler settings. This same PCR mixture was made, 

instead using empty vector DNA as a negative control. The PCR product would then be 

run on an agarose gel as previously described. With a band size matching the size of the 

insert, the re-streaked colony would be grown in liquid culture, plasmid extracted as 

previously described, and sequenced.  

 

Plasmid Sanger Sequencing 

Plasmid sequencing reactions were made in pairs using 600μg of extracted plasmid DNA, 

with 5μL of forward plasmid specific primer in one rection, and 5μL of reverse plasmid 

specific primer in a separate reaction. Reactions were brought up to 15μL with sterile 

water if needed and sent through Azenta’s GeneWiz Sanger Sequencing.  

 

RN4220 Transformations 

RN4220 transformations were performed by first thawing RN4220 competent cells on ice 

for 5 minutes, and subsequently incubating at room temperature for an additional 5 

minutes. Competent cells were then centrifuged at 5,000rpm for 1 minute, and 

resuspended in 50μL of a filter-sterilized, water-solubilized mixture containing 10% 

glycerol with 500mM sucrose. Then, no more than 1,000μg of sequence-confirmed 
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plasmid DNA was added to the mixture, and the entire mixture was transferred to a 

cuvette and electroporated. 1mL of a sterile TSB and 500mM sucrose mixture was then 

added to the cuvette, mixed well, and transferred to a 15mL falcon tube. This falcon tube 

was placed in the shaking incubator at 37°C for 1 hour, and subsequently, 100μL was 

plated with the appropriate antibiotic selection and grown overnight as previously 

described for S. aureus. Selected colonies were re-streaked for density and grown 

overnight. RN4220 colonies were then DNA extracted for PCR confirmation. 

 

DNA Extraction of S. aureus 

All S. aureus strains were DNA extracted by growing 5mL of liquid overnight culture with 

the appropriate antibiotic as described for S. aureus. Samples were centrifuged at 

4150rpm for 10 minutes, and the supernatant was discarded. Pellets were resuspended 

in 600μL of TE buffer and added to screw cap tubes containing 0.1MM glass beads. 

Samples were placed in the bead-beater and run 3x at 30 seconds each. They were then 

centrifuged at 17,000 x g for 5 minutes. 400μL of the resulting supernatant was 

transferred to a new 1.5mL epi tube, where 200μL of 1.6% sarkosyl and 5μL of proteinase 

K were added. Samples were mixed and placed in a 60°C incubator for 1 hour. Following 

incubation, 700μL of phenol-chloroform was added, samples were mixed and then 

centrifuged at 17,000 x g for 5 minutes. 400μL was then removed from the top layer of 

the remaining sample and added to a fresh 1.5mL epi tube containing 500μL of 

isopropanol and 100μL of 3M sodium acetate. After mixing samples, they were stored at 

-80°C for 1 hour. Samples were then centrifuged at 17,000 x g for 10 minutes, and the 

supernatant was discarded. 500μL of 70% ethanol was used to resuspend the remaining 
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pellet, which was then centrifuged at 17,000 x g for 15 minutes. The remaining 

supernatant was discarded, and samples were air-dried until the remaining ethanol had 

evaporated. The remaining pellet was resuspended in 200μL of sterile water, and 

samples were stored at 4°C. 

 

PCR Confirmation of S. aureus Strains 

After DNA-extracting S. aureus strains, PCRs were used to confirm the presence of the 

desired plasmid and/or insert. PCR reactions were always set up with 1μL of DNA, 1μL 

of forward primer, 1μL of reverse primer, 9.6μL of sterile water, and 12.5 μL of polymerase 

enzyme. Thermocycling conditions vary based on the length of the amplified DNA, as well 

as the polymerase enzyme of choice.  

 

ɸ11 Lysate Construction 

All transductions were performed using ɸ11 lysates to transduce the desired clean 

background or mutant of choice. ɸ11 lysates were created by growing an overnight culture 

as previously described and adding 250μL of overnight into a sterile 15mL falcon tube. 

Subsequently, 5mL of TSB, 5mL of phage buffer, and 250μL of phage were added to the 

falcon tube. Lysates were incubated at 20°C overnight. They were then filter sterilized 

and stored at 4°C until use.  

 

Transductions 

All transductions were done as follows unless otherwise specified. 1mL of overnight 

culture from the desired background was added to a 15mL falcon tube. 12μL of 1M CaCl2 



 21 

was added, and subsequently 250μL of ɸ11 lysates of the desired insert was added. This 

mixture was then incubated in a 37°C water bath for 15 minutes. Subsequently, 2μL of 

1% sodium citrate was added to the tube, mixed well, and centrifuged at 4150rpm for 10 

minutes. The supernatant was discarded, and the pellet was then resuspended in 2mL of 

0.5% sodium citrate solubilized in TSB. Tubes were then placed in the shaking incubator 

for 1 hour, and 100μL was plated onto agar with the appropriate selective antibiotic as 

described for S. aureus.  

 

prsS Mutant Strain Construction 

A prsS transposon mutant (NE166) was obtained from the Nebraska Transposon Mutant 

Library [43], and used to create a ɸ11 lysate to transduce USA300 HOU. This transposon 

mutant was confirmed using gene-specific primer OL6587 and transposon-specific primer 

OL1472. Subsequently, a Tetracycline marked USA300 LAC spA::Tn mutant was 

obtained from our lab stock (OL3141), and used to create a ɸ11 lysate to transduce 

USA300 HOU prsS::Tn, creating a double mutant. This double mutant was confirmed 

using the aforementioned primers for confirming prsS::Tn, as well as spA gene-specific 

primers OL5259 and OL5260. Primer sequences are provided (Table II).  

 

prsS Complement Construction 

A prsS complement was constructed using the previously described cloning protocol. 

PCR amplification of prsS, SAUSA300_0230, and its respective promoter was performed 

using primers OL6587 and OL6764 (Table II). The forward primer (OL6587) was created 

containing the SalI restriction site. The reverse primer (OL6764) was created with a 6xHis 
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tag embedded, and upon amplification this His tag was added to the C-terminus of prsS. 

Additionally, OL6764 was created containing the restriction site BamHI. This PCR product 

was cloned into pMK4, a gram-positive shuttle vector, through the transformation of 

DH5a. This clone was confirmed using pMK4-specific primers OL2393 and OL2394 

(Table II), exhibiting an insert size corresponding to that of prsS and the surrounding 

pMK4 DNA (1,778 bp). Staphylococcus aureus RN4220 was electroporated with this 

clone, and was PCR confirmed again using pMK4-specific primers OL2393 and OL2394. 

A ɸ11 lysate of RN4220 pMK4::prsS+ 6xHis was used to transduce SAUSA300 HOU 

prsS::Tn, as well as SAUSA300 HOU prsS::Tn spA::Tn. The resulting complement strains 

were confirmed using pMK4-specific primers OL2393 and OL2394.  

 

Alanine Substitution Library Creation 

Using Agilent’s provided primer design program, pairs of overlapping primers were made 

to create individual mutant alleles of each residue contained within the four protease 

motifs of PrsS (Table II). These primers were designed to create point mutations of each 

residue within these motifs into an alanine, apart from a native alanine residue at position 

250 which was mutated to a serine; the valine at position 286 was ultimately mutated into 

a serine as well after multiple attempts at alanine substitution were unsuccessful (See 

Figure 4). The provided primer design program created primers that run opposite to each 

other on both the top and bottom strands of our template DNA, which for this study was 

our extracted plasmid pMK4::prsS+ 6xHis DNA. Each of these overlapping primers has 

the alanine codon embedded at the desired mutation site. These primers were run with 

our template DNA in the thermocycler with the following PCR reaction recipe provided in 

the mutagenesis kit: 38μL sterile water, 1μL of template plasmid DNA at a concentration 
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of 100ng/μL, 1.25μL of each primer containing the desired mutation site, 5μL of 10x buffer, 

1μL of dNTP, 1.5μL of QuikSolution reagent, and 1μL of QuikChange Lightning Enzyme. 

After thermocycling, DpnI was used to digest the remaining template DNA. Then, 

provided E. coli XL-10 Gold Ultracompetent cells were used for transformation. This 

transformation was performed by thawing XL-10 competent cells on ice for 5 minutes and 

aliquoting 45μL of these competent cells into separate 1.5mL epi tubes per PCR reaction. 

2μL of BME, provided in the kit, was added to these competent cells, and incubated at 

room temperature for 2 minutes. Following this, 2μL of DpnI digested PCR reaction was 

added, and mixed well. Then samples were incubated on ice for 30 minutes, where they 

were then heat shocked as described for traditional E. coli transformations and incubated 

on ice for an additional 2 minutes. 500μL of LB was added to each sample, which was 

then incubated in a 37°C water bath. Samples were then centrifuged at 12,000 x g for 5 

minutes, and the supernatant was removed and discarded. The pellet was then 

resuspended in approximately 100μL of remaining LB, plated as previously described for 

E. coli with the appropriate antibiotic, and grown overnight. At this point, the steps 

previously described for traditional E. coli cloning follow suit. Colonies were PCR 

confirmed through colony PCR, re-streaked, grown overnight, plasmid extracted, and sent 

off for sequencing as described. Upon confirmation of sequencing, plasmids were 

transformed into RN4220, where they were again DNA extracted by S. aureus extraction 

methods, and PCR confirmed with pMK4 plasmid-specific primers (Table II). After PCR 

confirmation, phage lysates were created from RN4220 strains and were used to 

transduce USA300 HOU spA::Tn prsS::Tn as described. Once in our double mutant 
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background, plasmids containing our desired mutations were once again DNA extracted 

as described for S. aureus, and PCR confirmed using pMK4 plasmid-specific primers. 

 
 

Alanine Stretch Library and Domain Deletion Creation 

Using NEB’s Base Changer primer design program, pairs of overlapping primers were 

made to create five amino acid stretch mutations within PrsS regions of unknown function. 

These regions included TMH 1, 2, and 8, as well as three separate regions in the C-

terminal tail (see Figure 4). These alanine substitution primers were created by 

embedding five overlapping alanine codons on both the top and bottom strands in the 

desired mutation region (Table II). Additionally, we used NEB’s Base Changer design 

program to create primers that produced a deletion mutant of PrsS missing the N-terminal 

extension (residues 2-107). These primers work by running one primer 5’ to 3’ on the top 

strand from amino acid residue 108, and the reverse primer running in the opposite 

direction from residue 1 (Table II). This results in primers synthesizing strands in opposite 

directions around the plasmid, until the strands meet, and the desired deletion region is 

not synthesized. These primers were run with our template DNA in the thermocycler with 

the following PCR reaction: 9μL sterile water, 1μL of template plasmid DNA at a 

concentration of 25ng/μL, 1.25μL of each primer containing the desired mutation site, and 

12.5μL of Phusion DNA polymerase enzyme. Using the thermocycler settings as 

instructed in the kit, we ran the PCR reaction. Next, the KLD reaction was set up using: 

1μL of PCR product, 5μL of 2X KLD reaction buffer, 1μL of 10X KLD enzyme mix, and 

3μL of sterile water. All KLD reaction components were provided by NEB. This KLD 

reaction was incubated at room temperature for 2.5 hours. Next, we added 5μL of KLD 
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reaction product into 100μL of provided competent cells from the kit. The transformation 

at this point proceeds as previously described for E. coli transformations, with an ice 

incubation, heat shock, and 1-hour growth in LB. The resulting colonies were colony PCR 

confirmed, re-streaked, grown overnight, plasmid extracted, and sent off for sequencing 

as described. Upon confirmation of sequencing, plasmids were transformed into RN4220, 

where they were again DNA extracted by S. aureus extraction methods, and PCR 

confirmed with pMK4 plasmid-specific primers (Table II). After PCR confirmation, phage 

lysates were created from RN4220 strains and were used to transduce USA300 HOU 

spA::Tn prsS::Tn as described. Once in our double mutant background, plasmids 

containing our desired mutations were once again DNA extracted as described for S. 

aureus, and PCR confirmed using pMK4 plasmid-specific primers. 

  

MMS Survival Assays  

MMS survival assays were completed by growing overnight cultures of USA300 HOU 

spA::Tn pMK4 (wild type), USA300 HOU spA::Tn prsS::Tn pMK4 (mutant), and USA300 

HOU spA::Tn prsS::Tn pMK4::prsS+ 6xHis (complement) strains alongside a maximum 

of five individual alanine-substituted mutant strains, all in biological triplicate. Cultures 

were synchronized and standardized as previously described, with standardized cultures 

grown for 2 hours. Each culture was then transferred to a 15mL falcon tube, centrifuged 

at 4150rpm for 10 minutes, and supernatants were discarded. The remaining cells were 

washed 3x with 1mL of PBS and centrifuged at 4150rpm for 5 minutes. After the final 

wash and centrifugation step, the remaining PBS was discarded, and cells were 

resuspended in 1mL of 50mM MMS solubilized in PBS. Treated cultures were incubated 
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shaking at 37°C and 250rpm for 15 minutes, after which PBS wash steps were repeated 

3x. After the last wash, cells were resuspended in 1mL PBS and transferred directly to a 

96-well plate. These cells were serially diluted in PBS to 10-7. 8μL of each dilution, 10-3 

through 10-7, was plated on TSA Chloramphenicol in technical duplicates. Plates were 

incubated overnight, and individual colonies for each biological and technical replicate 

were counted the following day.  

 

Data Analysis of MMS Screens 

CFU/mL was calculated based on the colony count, the 8μL volume plated, and the 

dilution factor from which countable colonies were obtained. CFU/mL = ((Number of 

colonies x Dilution Factor) / (0.008mL)). Fold changes were calculated by dividing wild-

type CFU/mL values by the CFU/mL values of the strain of interest. Fold changes were 

calculated for each technical duplicate, by dividing wild-type replicate 1 CFU/mL values 

by replicate 1 CFU/mL values of the strain of interest. All data was analyzed using a wild-

type fold change value of -1. From performing these experiments in biological triplicate 

and plating them in technical duplicates, 6 separate fold change values were obtained 

from each strain per screen. All 6 of these fold change values were plotted as separate 

data points using Prism’s graphing software. Statistical significance was determined by 

performing an unpaired t-test with Welch’s correction between each mutant strain and the 

wild type, while not assuming equal standard deviations.  
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Protein Alignments 

All protein alignments were completed using CLC Workbench, and all protein sequences 

were obtained from UniProt [46]. The UniProt protein sequences were cross-referenced 

with NCBI databases for accuracy. Additionally, the MEROPS peptidase database was 

used to search for additional members of the M82 family [45]; these members were cross-

referenced through NCBI Blast as well.   

 

Protein Fractionation for Western Blots 

These methods are derived from an unpublished fractionation protocol by A. Weiss.  

Liquid cultures of desired strains were grown overnight as previously described for S. 

aureus. Strains were then synchronized, standardized, and centrifuged at 4150rpm for 10 

minutes. The supernatant was transferred to a 15mL falcon tube, where it was then 

precipitated with 10% TCA overnight at 4°C. This mixture was centrifuged at 4150rpm, 

and the resulting supernatant was used as the secreted fraction, stored at -80°C until use. 

The remaining pellets from our initial standardization were resuspended in 100μL of PBS, 

and 5μL of 2 mg/mL lysostaphin was added. This mixture was incubated for 30 minutes 

in a 37°C water bath, after which 2μL of DNAse was added, and incubation was repeated. 

This mixture was then centrifuged at 12,000 x g for 5 minutes, and the supernatant was 

collected and transferred to a separate epi tube comprising the soluble fraction. The 

remaining pellet was resuspended in solubilization buffer, which is water-solubilized and 

made with 4mL of 10% SDS, 2mL of 0.5M Tris at a pH of 7.4, and an overall 100mM 

concentration of DTT bringing the total volume to 10mL. This makes up the insoluble 

fraction. To all three fractions, 6x loading dye was added in a 5:1 ratio of dye to protein 

fraction. Loading dye is water-solubilized and made with 3.75mL 1M Tris-HCl at pH 6.8, 
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1g of SDS, 0.462g of DTT, 5mL of 100% glycerol, and 0.006g of bromophenol blue, and 

sterile water bringing the total volume to 10mL. Following the addition of loading dye, 

protein fractions were denatured by placing them in a heat block for 10 minutes at 95°C, 

and frozen at -20°C until use. Before western blotting, protein fractions were placed in the 

heat block again as described.   

 

Western Blots 

These methods are derived from an unpublished Western Blot protocol by A. Weiss.  

Protein fractions were run alongside a protein ladder on 12% SDS page gels at 90V for 

roughly 2 hours or until the dye had reached the bottom of the gel. Before removing the 

gel, the blot construct was prepared in the semi-dry transfer tank. Blotting paper was 

soaked in a transfer buffer for 45 seconds before being placed in the semi-dry transfer 

tank. Then, the membrane was soaked in 100% methanol for 45 seconds, followed by an 

additional soak in a transfer buffer for 45 seconds. The membrane was then placed 

directly on top of the blotting paper on the semi-dry transfer machine. Next, the SDS page 

gel was removed and added to the top of the membrane. Finally, an additional piece of 

blotting paper soaked for 45 seconds in transfer buffer was placed on top of the gel. The 

semi-dry transfer tank was run at 20V for 45 minutes. When the semi-dry transfer was 

complete, the membrane was removed from the blotting paper and gel. The membrane 

was then placed into a rocking tray with 25mL of blocking buffer, which consists of 5% 

dry milk powder solubilized in a lab stock of TBST. This was incubated overnight at 4°C. 

The following day, the remaining blocking buffer was poured off the membrane and was 

replaced with 25mL of blocking buffer containing Invitrogen’s 6x-His Tag Polyclonal anti-
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Rabbit primary antibody at a 1:5000 ratio of antibody to blocking buffer. The membrane 

was left on a rocker in primary antibody at room temperature for 1 hour and then washed 

3x for 10 minutes each in 25mL blocking buffer. Next, the LI-COR IRDye Goat anti-Rabbit 

IgG secondary antibody was added to 25mL of blocking buffer at a 1:20000 ratio of 

antibody to blocking buffer, added to the membrane, and incubated at room temperature 

for 1 hour. The membrane was washed 3x or 10 minutes in 25mL blocking buffer and 

developed on the LiCor imager directly as-is.  

 

Western blots were performed as previously described on membrane, cytoplasmic, and 

secreted protein fractions of the USA300 HOU spA::Tn prsS::Tn double mutant, the 

USA300 HOU spA::Tn prsS::Tn pMK4::prsS+ 6xHis complementing strain, and the seven 

allelic variants previously determined to impact PrsS function in MMS (Table I).  Each of 

these strains was confirmed in the membrane fraction at 42 kDa, the appropriate size of 

PrsS as determined by Expasy’s molecular weight calculation tool, apart from the prsS 

mutant and the mutant allele of glutamic acid residue 216. Experiments were performed 

in biological triplicate. 

 

Transcriptional Reporter Fusion Construction  

The prsS promoter region was PCR amplified using primers OL7351/OL7352 and cloned 

into pXEN1 using restriction sites EcoRI and BamHI respectively. This construct was 

transformed into DH5a and confirmed via sequencing using pXEN1-specific primers 

OL5416 and OL5417, following the E. coli cloning and plasmid sequencing protocols 

previously described. Upon sequencing confirmation, this plasmid was electroporated 
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into RN4220 DNA was extracted, and constructs were PCR confirmed with OL5416/5417 

following the protocols provided. A ɸ11 lysate of RN4220 pXEN1::PprsS-lux was created 

and used to transduce over 100 JE2 transcription factor mutants as well as USA300 LAC 

[43].  

 

Transducing Transcription Factor Mutants in 96-Well Format 

These methods were adapted from Weiss et al., 2022 [44].  

Glycerol stocks of 96-well plates 1 and 2, containing over 100 different transcription factor 

mutants [43], were used to inoculate 96-well plates containing fresh TSB and the 

appropriate antibiotics for each mutant at concentrations described for S. aureus. These 

freshly inoculated plates were wrapped in parafilm and grown overnight in 37°C shaking 

at 250rpm. The following day, 25μL of overnight culture contained in each well was 

transferred to new 96-well plates containing 175μL of fresh TSB with the appropriate 

antibiotic. Then, 20μL of ɸ11 lysate RN4220 pXEN1::PprsS-lux and 2.4μL of 1M NaCl were 

added to each well of these new plates. These 96-well plates were then wrapped and 

incubated in the shaking incubator at 37°C and 250rpm for 30 minutes. After incubation, 

6.7μL of sodium citrate was added to each well. Plates were again wrapped and 

centrifuged at 3500 rpm for 10 minutes. The supernatant was discarded, and the 

remaining pellet was resuspended in 200μL of TSB containing 0.5% sodium citrate. 

Following resuspension, plates were wrapped and incubated shaking at 37°C and 250rpm 

for 1 hour. 7μL from each well was plated onto TSA containing 0.5% citrate and the 

appropriate antibiotic selecting for pXEN1 (Chloramphenicol) and incubated overnight. 

The following day, single colonies from each plated culture were re-streaked for isolation 
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on TSA containing 0.5% citrate and Chloramphenicol. The following day, each construct 

was used to inoculate a single well in a new 96-well plate containing fresh TSB and 

Chloramphenicol. Plates were wrapped and incubated shaking at 37°C and 250rpm 

overnight. From these overnight cultures, glycerol stocks were made by adding 100μL of 

culture from each well into a new 96-well plate containing 100μL of 50% glycerol. Plates 

were stored at -80°C until use.  

 

Luciferase Screen 

These methods were adapted from Weiss et al., 2022 [44].  

96-well plates containing glycerol stocks of transcription factor mutants with RN4220 

pXEN1::PprsS-lux were used to inoculate a 96-well plate containing fresh TSB and 

Chloramphenicol. The freshly inoculated plate was wrapped in parafilm and incubated 

shaking at 37°C and 250rpm overnight. The following day, 5μL of these overnight cultures 

were synchronized into a new 96-well plate containing 195μL of TSB and 

Chloramphenicol, otherwise following standard synchronization as previously described. 

Afterward, an OD600 reading of each well was taken using our plate reader. The 

appropriate amount of culture was used to standardize each strain into a new 96-well 

plate with 200μL TSB and Chloramphenicol per well. Following standardization, the plate 

was incubated in the plate reader for 18 hours, shaking intermittently. A luminescence 

reading was taken every 15 minutes throughout this time frame, and each time point per 

well was organized into Excel. Data was represented in relative light units (RLU). All 

luminescence experiments were performed in biological triplicate.  
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Luciferase screens were repeated on all constructs as previously described, with the 

addition of a final concentration of 1mM MMS in TSB and Chloramphenicol in the 

standardization step. All transcription factor mutants of interest from this screen were 

observed to impact prsS expression under standard conditions, apart from the srrA 

mutant, which was observed to impact prsS expression under MMS-induced conditions.  

 

Data Analysis of Luciferase Screens 

After acquiring luminescence reads in RLU for 71 different time points of 100 individual 

transcription factor mutants, we started by sorting this data into Prism. Using Prism’s 

graphing software, each of these luminescence readings was graphed over time for each 

transcription factor mutant and the wild type. As each of these experiments was 

performed in biological triplicate, each graph contains error bars representing the 

standard error of the mean. Upon graphing these, we were also able to perform 

descriptive statistics of each graph in Prism, calculating the area under the curve of the 

transcription factor mutant and wild-type trend lines. Using these data analyses, we were 

able to identify potential activators and repressors of prsS activity based on the RLU 

emitted from our transcriptional reporter fusion in each of these transcription factor 

mutants.  

 

Validations of Luciferase Data 

To validate points of interest obtained from these luciferase screens, ɸ11 lysates of each 

transcription factor mutant of interest were transduced to a clean USA300 LAC 

background, following methods previously described. Each USA300 LAC transcription 
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factor transposon mutant was DNA extracted and PCR confirmed following our previous 

methods for S. aureus, using primers: OL7527/OL7528 for purR::Tn, OL7529/OL7530 for 

glcT::Tn, OL6840/OL6841 for hrcA::Tn, OL5365/OL5366 for sarZ::Tn, OL6053/OL6054 

for rsp::Tn, OL238/OL3307 for sigB::Tn, and OL6039/OL6040 for srrA::Tn. Upon 

confirmation of these constructs, the ɸ11 lysate of RN4220 pXEN1::PprsS-lux was used 

once again to transduce these now-confirmed mutant strains in USA300 LAC. The 

insertion of our transcriptional reporter fusion plasmid was PCR confirmed using pXEN1-

specific primers OL5416/OL5417 and the luciferase assay was repeated as previously 

described. All luciferase assays repeated with validated strains were performed in 

biological triplicate. The USA300 LAC srrA::Tn pXEN1::PprsS-lux construct was repeated 

in the presence of 1mM MMS in biological triplicate. 

 

N-Terminomics Protein Fractionation 

Overnight cultures of USA300 LAC wild type and USA300 LAC prsS::Tn were grown in 

biological triplicate in 50mL TSB flasks. The following day, these cultures were 

synchronized at a 1:100 dilution into new 50mL flasks and grown shaking for 3 hours as 

described. After synchronization, cultures were standardized to an OD600 of 0.05 and 

grown for 2 hours. Cultures were centrifuged at 4150rpm for 10 minutes, and the 

supernatant was discarded, as only soluble and insoluble fractions were needed for this 

experiment. Pellets were resuspended in PBS containing 100μg/mL of lysostaphin, 

100U/mL of DNAse, 25U/mL of RNAse, and 2x protease inhibitor cocktail. Samples were 

then incubated at 37°C for 30 minutes. Following incubation, the remaining samples were 

lysed by bead-beating with 1MM glass beads and centrifuged at 17,000 x g for 10 
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minutes. The supernatant was removed comprising the soluble fraction, and the 

remaining pellet was used as the insoluble fraction. These fractions were resuspended in 

cell lysis buffer containing 5% SDS and 50mM TEAB at a pH of 8.5.  

 

N-Terminomics 

These methods are representative of work done in collaboration with Emilee Mustor.  

A final concentration of 20mM DTT was added to our protein fractions, which were then 

placed in the heat block for 10 minutes at 95°C. Following this, samples were centrifuged 

at 17,000 x g for 10 minutes. A final concentration of 40mM iodoacetamide was then 

added to our samples, which were then incubated in the dark for 30 minutes at room 

temperature. A final concentration of 40mM DTT was then added. Samples were then 

incubated with 500mM HPCA and 500mM TEAB in the heat block for 10 minutes at 95°C. 

Samples were immediately incubated on ice for 5 minutes. Samples were then treated 

with 12% phosphoric acid, and a 1:7 ratio of sample to S-trap buffer (10% volume of TEAB 

at a pH of 7.5, and 90% volume of methanol). Proteins were run through the S-trap 

column, and centrifuged at 4000 x g for 1 minute, repeating this process 3x. Samples 

were then washed three times with 3mL S-trap buffer and centrifuged at 4000 x g for 1 

minute. Trypsin/P (50mM TEAB at a pH of 8.1 containing 10μg of trypsin) was then added 

at a 1:100 ratio of enzyme to protein and then incubated for 18 hours at 37°C. Peptides 

were eluted following the S-trap protocol, where 50mM TEAB at a pH of 8.1, a 0.2% 

volume solution of formic acid, and 50% acetonitrile were each used for separate 

successive centrifugation steps. Samples were evaporated in a vacuum centrifuge to 1/3 

of the final volume. Samples were then incubated with 100mM HEPES at a pH of 7.5, 
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containing 20mM SCBH and 20mM FDBA, for 1 hour at room temperature. 2 additional 

incubations were done using only 20mM SCBH and 20mM FDBA, for 1 hour and 16 hours 

respectively. A final concentration of 100mM Tris at a pH of 8.0 was then added. Samples 

were desalted using the Sep Pak C18 column protocol. Samples were then dried using a 

vacuum centrifuge. Samples were resuspended in 300μL of strong cation exchange 

buffer and vortexed and sonicated for 5 minutes each. Strong cation exchange columns 

were then equilibrated, and samples were added to the column and centrifuged for 5 

minutes at 2000 x g. Samples were washed twice with 400μL of strong cation exchange 

buffer, and centrifuged for 5 minutes at 2000 x g each time. 200μL of strong cation 

exchange buffer B was added to the column and incubated for 1 minute before 

centrifuging for 5 minutes at 2000 x g. This step was repeated 1x. 1200μL of HPLC water 

was added, followed by 80μL of trifluoracetic acid. The Sep Pak C18 column protocol was 

followed once more, then peptides were dried using a vacuum centrifuge. Samples were 

stored at 4°C until mass spectrometry.  
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Table I. Strains and Plasmids 
 

Strain or Plasmid Genotype or Description Reference or 
Source 

Strains 
  

E. coli 
  

 DH5a  Cloning strain Salisbury et al., 1972 

S. aureus 
  

RN4220 Restriction-deficient transformation recipient Lab stock 

NE166 USA300 JE2 prsS::Tn Fey et al., 2013 

NE286 USA300 JE2 spA::Tn Fey et al., 2013 

USA300 USA300 HOU MRSA isolate cured of pUSA300-
HOU-MRSA 

Highlander et al., 2007 

 
USA300 HOU prsS::Tn, pMK4::prsS+ 6xHis This study 

OL3141 USA300 LAC spA::Tn Lab Stock 

 
USA300 HOU spA::Tn, prsS::Tn  This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsS+ 6xHis This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSE215A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSE216A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsST217A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSG218A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSK219A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSF249A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSA250S This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSV251A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSF252A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSH284A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSL285A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSV286S This study 
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Table I. Continued 
 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSW287A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSS288A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSH325A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSG326A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSI327A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSW328A This study 

 
USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSD329A This study 

 USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSDel.1-107 This study 

 USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSAla117-

121 
This study 

 USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSAla146-

150 
This study 

 USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSAla350-

354 
This study 

 USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSAla362-

366 
This study 

 USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSAla368-

372 
This study 

 USA300 HOU spA::Tn, prsS::Tn, pMK4::prsSAla374-

378 
This study 

 
USA300 HOU pXEN1::PprsS-lux This study 

 
USA300 JE2 rsp::Tn pXEN1::PprsS-lux This study, 

Fey et al., 2013 

 
USA300 JE2 sarA::Tn pXEN1::PprsS-lux This study, 

Fey et al., 2013 

 
USA300 JE2 sarZ::Tn pXEN1::PprsS-lux This study, 

Fey et al., 2013 

 
USA300 JE2 rpoF::Tn pXEN1::PprsS-lux This study, 

Fey et al., 2013 

 
USA300 JE2 hrcA::Tn pXEN1::PprsS-lux This study, 

Fey et al., 2013 
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Table I. Continued 
 

 USA300 JE2 purR::Tn pXEN1::PprsS-lux This study, 
Fey et al., 2013 

 USA300 JE2 sarX::Tn pXEN1::PprsS-lux This study, 
Fey et al., 2013 

 USA300 JE2 glcT::Tn pXEN1::PprsS-lux This study, 
Fey et al., 2013 

 USA300 JE2 rot::Tn pXEN1::PprsS-lux This study, 
Fey et al., 2013 

 USA300 LAC pXEN1::PprsS-lux This study 

 USA300 LAC srrA::Tn pXEN1::PprsS-lux This study 

 
USA300 LAC rsp::Tn pXEN1::PprsS-lux This study 

 
USA300 LAC sarA::Tn pXEN1::PprsS-lux This study 

 
USA300 LAC sarZ::Tn pXEN1::PprsS-lux This study 

 USA300 LAC rpoF::Tn pXEN1::PprsS-lux This study 

 USA300 LAC hrcA::Tn pXEN1::PprsS-lux This study 

 USA300 LAC purR::Tn pXEN1::PprsS-lux This study 

 USA300 LAC sarX::Tn pXEN1::PprsS-lux This study 

 USA300 LAC glcT::Tn pXEN1::PprsS-lux This study 

 USA300 LAC rot::Tn pXEN1::PprsS-lux This study 

Plasmids   

pMK4  Sullivan et al., 1984 

pXEN-1  Francis et al., 2000 
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Table II. Oligonucleotide Primers 
 

Oligonucleotide 
Primers 

Sequence Source 

OL6857 F prsS  atggtcgacgtcgtgccatgtgatttgtttcaag This study 

OL6764 R prsS 
6xHis 

catggatccttaatggtgatggtgatggtgttcgtctacttttttctgttgttc This study 

OL7351 F prsS 
promoter  

atggaattcgaaatacaaagtgcccaatcgaacaaag This study 

OL7352 R prsS 
promoter  

atgggatcccgatagattcattatgtatgtcggacgtc This study 

OL2393 F pMK4 tcgtatgttgtgtggaattg Lab stock 

OL2394 R pMK4 gtgctgcaaggcgattaag Lab stock 

OL5416 F pXEN-1 atcagagcagattgtactgag Lab stock 

OL5417 R pXEN-1 actcctcagagatgcgac Lab stock 

OL5259 F spA tatgatgactttacaaatacatacaggggg Lab stock 

OL5262 R spA gctcgtgcatttagatgattcttatcatt Lab stock 

OL1471 
Transposon 

tttatggtaccatttcattttcctgctttttc Lab stock 

OL1472 
Transposon 

aaactgatttttagtaaacagttgacgatattc Lab stock 

OL6747 F prsS 
E215A 

taatgagtgcttttccagtttctgcaactaatcctactaaaaatgca This study 

OL6748 R prsS 
E215A 

tgcatttttagtaggattagttgcagaaactggaaaagcactcatta This study 

OL6749 F prsS 
E216A 

acaataatgagtgcttttccagttgcttcaactaatcctactaaaaatg This study 

OL6750 R prsS 
E216A 

catttttagtaggattagttgaagcaactggaaaagcactcattattgt This study 

OL6751 F prsS 
K219A 

gacgaaataaacaataatgagtgctgctccagtttcttcaactaatcctactaaa This study 

OL6752 R prsS 
K219A 

tttagtaggattagttgaagaaactggagcagcactcattattgtttatttcgtc This study 

OL6753 F prsS 
F249A 

gctgattcaaaaactgcggcccctgcaccaatagcagc This study 
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Table II. Continued 
 

OL6754 R prsS 
F249A 

gctgctattggtgcaggggccgcagtttttgaatcagc This study 

OL6755 F prsS 
E253A 

aaatataacctgctgatgcaaaaactgcgaaccctgcac This study 

OL6756 R prsS 
E253A 

gtgcagggttcgcagtttttgcatcagcaggttatattt This study 

OL6757 F prsS 
H284A 

aatcgctgaccaaactaaagcaccaccaatcgcagtccac This study 

OL6758 R prsS 
H284A 

gtggactgcgattggtggtgctttagtttggtcagcgatt This study 

OL6759 F prsS 
H325A 

gatgtatcccaaatgccagctaaaacaacggctgataaaaagaatattaaaaagc This study 

OL6760 R prsS 
H325A 

gctttttaatattctttttatcagccgttgttttagctggcatttgggatacatc This study 

OL6761 F prsS 
D329A 

gccaagtacagttaaagatgtagcccaaatgccatgtaaaacaac This study 

OL6762 R prsS 
D329A 

gttgttttacatggcatttgggctacatctttaactgtacttggc This study 

OL6777 F prsS 
T217A 

gatgcatttttagtaggattagttgaagaagctggaaaagcactcat This study 

OL6778 R prsS 
T217A 

atgagtgcttttccagcttcttcaactaatcctactaaaaatgcatc This study 

OL6779 F prsS 
G218A 

ttagtaggattagttgaagaaactgcaaaagcactcattattgtttatttc This study 

OL6780 R prsS 
G218A 

gaaataaacaataatgagtgcttttgcagtttcttcaactaatcctactaa This study 

OL6799 F prsS 
A250S 

ctattggtgcagggttctcagtttttgaatcagcag This study 

OL6800 R prsS 
A250S 

ctgctgattcaaaaactgagaaccctgcaccaatag This study 

OL6801 F prsS 
V251A 

ggtgcagggttcgcagcttttgaatcagcaggt This study 
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Table II. Continued 
 

OL6802 R prsS 
V251A 

acctgctgattcaaaagctgcgaaccctgcacc This study 

OL6803 F prsS 
F252A 

ctattggtgcagggttcgcagttgctgaatcagcaggttatatt This study 

OL6804 R prsS 
F252A 

aatataacctgctgattcagcaactgcgaaccctgcaccaatag This study 

OL6805 F prsS 
L285A 

tggactgcgattggtggtcatgcagtttggtcagcgattg This study 

OL6806 R prsS 
L285A 

caatcgctgaccaaactgcatgaccaccaatcgcagtcca This study 

OL7195 F prsS 
W287A 

ggactgcgattggtggtcatttagttgcgtcagcgattgttg This study 

OL7196 R prsS 
W287A 

caacaatcgctgacgcaactaaatgaccaccaatcgcagtcc This study 

OL7197 F prsS 
S288A 

gtggtcatttagtttgggcagcgattgttggtgct This study 

OL7198 R prsS 
S288A 

agcaccaacaatcgctgcccaaactaaatgaccac This study 

OL7199 F prsS 
G326A 

tatcagccgttgttttacatgccatttgggatacatctttaac This study 

OL7200 R prsS 
G326A 

gttaaagatgtatcccaaatggcatgtaaaacaacggctgata This study 

OL7201 F prsS 
I327A 

tatcagccgttgttttacatggcgcttgggatacatctttaactgtac This study 

OL7202 R prsS 
I327A 

gtacagttaaagatgtatcccaagcgccatgtaaaacaacggctgata This study 

OL7203 F prsS 
W328A 

tcagccgttgttttacatggcattgcggatacatctttaactgtac This study 

OL7204 R prsS 
W328A 

gtacagttaaagatgtatccgcaatgccatgtaaaacaacggctga This study 

OL7274 F prsS 
V286S 

gtggactgcgattggtggtcatttaagttggtcagcgattg This study 

OL7275 R prsS 
V286S  

caatcgctgaccaacttaaatgaccaccaatcgcagtccac This study 
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Table II. Continued 
 

OL7607 F prsS N-
terminal deletion (1-
107) 

aaaatgctcttttctcgagtattcatcg 
 

This study 

OL7532 R prsS N-
terminal deletion 

cccctcttcacctgtattag 
 

This study 

OL7577 F prsS 
TMH 1 Alanine 
Stretch (117-121) 

tgctgctggattatgggtcatggcag 
 

This study 

OL7578 R prsS 
TMH 1 Alanine 
Stretch 

gcagcagcgaaagcgatgaatactcgag 
 

This study 

OL7540 F prsS 
TMH 2 Alanine 
Stretch (146-150) 

cgccgccggtttgttcttcttttatgaatc 
 

This study 

OL7541 R prsS 
TMH 2 Alanine 
Stretch 

gcggcggctaaagcccctataaaaatg 
 

This study 

OL7544 F prsS 
TMH 8 Alanine 
Stretch (350-354) 

cgccgccattttaatgggggcaggt 
 

This study 

OL7545 R prsS 
TMH 8 Alanine 
Stretch 

gcggcggccacaataacgattaaaataaatattttcaac 
 

This study 

OL7579 F prsS C-
terminal 1 Alanine 
Stretch (362-366) 

tgctgctctgcagaaagaatttaaagaacaac 
 

This study 

OL7580 R prsS C-
terminal 1 Alanine 
Stretch 

gcagcagctaaacctgcccccattaaaatg 
 

This study 

OL7581 F prsS C-
terminal 2 Alanine 
Stretch (368-372) 

tgctgctgaacaacagaaaaaagtagac 
 

This study 

OL7582 R prsS C-
terminal 2 Alanine 
Stretch 

gcagcagccagtaaattcacttgttttaaac 
 

This study 

OL7583 F prsS C-
terminal 3 Alanine 
Stretch (374-378) 

tgctgctgacgaacaccatcaccatc 
 

This study 
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Table II. Continued 
 

OL7584 R prsS C-
terminal 3 Alanine 
Stretch 

gcagcagcttctttaaattctttctgcagtaaattc 
 

This study 

OL6053 F rsp gttcgcaatgcataaaaacaagcg 
 

Lab stock 

OL6054 R rsp ggtgtactgattaaatcggcaattaatgac 
 

Lab stock 

OL7527 F purR gcggacctactgtgtatg 
 

This study 

OL7528 R purR gcatgcgaatatggtccaagt 
 

This study 

OL7529 F glcT ggataggcgtgtaatagaa 
 

This study 

OL7530 R glcT cattcaattatagattcaccaccac 
 

This study 

OL6876 F hrcA cacttgagataagtgagtgctaatg 
 

Lab stock 

OL6877 R hrcA gtcctccaatactttctaatccatc 
 

Lab stock 

OL5365 F sarZ cgatgaaatcagtacttgacaac 
 

Lab stock 

OL5366 R sarZ acatatcgatgcatacttctgc 
 

Lab stock 

OL2896 F sarX catgccatggctgaaaaatttaagataataatg 
 

Lab stock 

OL2897 R sarX ccgctcgagaatatttaaaaattgttctacatc 
 

Lab stock 

OL3698 F rot ccaatttagcctcattcggtttgatt 
 

Lab stock 

OL3699 R rot tcatgctccattcatttgtgcc 
 

Lab stock 

OL3307 F sigB 
(rpoF) 

atgcccgggtgccaagattgcagttagtg 
 

Lab stock 
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Table II. Continued 
 

OL238 R sigB 
(rpoF) 

agctaggcatgcaatcctctactgatgtcg 
 

Lab stock 

OL6039 F srrA tcaacacggtttgtttcttcacctttag 
 

Lab stock 

OL6040 R srrA gaggtatgacctgtatgtcgaacg 
 

Lab stock 
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CHAPTER THREE: RESULTS 

 

 

Protein Sequence Alignment of the M82 Peptidases 

An alignment of PrsW from Bacillus subtilis, PrsW from Clostridium difficile, and PrsS 

from Staphylococcus aureus protein sequences was created using CLC Workbench 

alignment software (Fig. 2). We see here that the conserved putative active sites of the 

M82 peptidases are maintained in this alignment, as all members contain the EEXXK, 

FXXXE, HXXXX, and HXXXD motifs [24]. PrsS shares 26 residues with B. subtilis PrsW 

that are not conserved in C. difficile PrsW. On the other hand, B. subtilis PrsW and C. 

difficile PrsW share 36 residues that are not conserved in PrsS, and C. difficile PrsW and 

PrsS share 35 residues that are not conserved in B. subtilis PrsW (Fig. 2).  

 

Additionally, we can see that there are additional residues conserved across all members 

of the M82 peptidase family that have not been noted in previous literature. While they 

are not described as protease motifs, their level of conservation suggests that they may 

be important to structural conservation. These residues, relative to their position in S. 

aureus are, proline 136 and phenylalanine 152 contained in the second transmembrane 

helix (TMH). In the third TMH, we see a conserved phenylalanine at 172 and a glycine at 

175. Interestingly, most of these uncharacterized residues are contained toward the C-

terminal end of these proteins. In the fourth TMH, we see that phenylalanine 208, glycine 
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212, and isoleucine 222 are also conserved across all M82 peptidases. Notably, this 

glycine and isoleucine surround the first protease motif EEXXK (Fig. 2). 

 

 
 
Figure 2. Protein alignment of M82 peptidases. A protein alignment of M82 peptidases: 
Bacillus subtilis PrsW, Clostridium difficile PrsW, and Staphylococcus aureus PrsS was created 
using CLC Workbench. Sequences were obtained from the UniProt database. The color of each 
residue indicates its percentage of conservation between all three peptidases, following the scale 
at the bottom. Blue indicates a residue contained in only one member, pink indicates a residue 
contained in two members, and red indicates 100% conservation across all three members of this 
peptidase family. Residues are numbered relative to their position in the alignment.  
 
 

Entering the fifth TMH, we see the conservation of glycine 238, glycine 248 which 

immediately precedes protease motif FXXXE, and tyrosine 258 (Fig. 2). In the sixth TMH 

glycine 293 and lysine 300 are conserved. In TMH 7, arginine 313 and leucine 324 are 

also conserved. Notably, leucine 324 is present directly before protease motif HXXXD, 

and the second residue of this motif is a glycine for all three members (Fig. 2). In TMH 8, 

isoleucine 342 and leucine 352 are conserved across all M82 peptidases. Lastly, there 

are a few residues conserved across the three members of this family within the predicted 

M - F A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

MK L D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

M S SA ST Q ST K T SD I HN E S I D K QM E A K AH ET A QN T D L KN EA R S L FDN A T K S I GR L A GND E S L N L N L KDM L S

- - - - - - - - - - - - - I I SAG I A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - PG I A

- - - - - - - - - - - - - L F L L A I I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - P - - I

EV F K PH T KN E A D E I F I AGT A K T T P A I CD I S E EWGK PWL F S RV F I A F T V T F I G LWVMA A I F NN T N A I PG L I

L L S- - - - - - - - Y F Y L - - KDQ YDN E P VHMV L R S F F L GV V L V F P - - I M F I Q Y V L E K EN VGGG S- - - F F V S F L

L I G - - - - - - - - M FW I R SKD R Y CR E P L I H L I K F F L I GA F L S V I - - I I L L EN L LMK FN V F EG Y S E L I Y V S F V

F I GA L T V P L S G L F F F Y E SN A F K N I S I F E V I I M F F I GGV F S L L ST MV L Y R F V V F SDQ F ER F G S L T F FD A F L

S SG F L E E S L K WF I LM I SV Y P H A H FD EH YDG I V YGA SV S L G F A T L EN I L Y L - - I GHG - - - - V - EH A F V RA L

V AG L V E EGV K A L I L I P A L I K E K H F T E K L DG I I Y SV F L A L G F A T I ENMV Y I - - F SE SRN L A L - QVG I N RA V

V - G L V E E T GK A L I I V Y F VN K L K T - N K I L NG L L I GA A I GAG F A V F E SAG Y I L N F A L G EN V P L L D I V F T RAW

L P V SCH A L I G V I MG - - F Y L G K - - - - A R F SA D K - A RV KWL T L S L V V P S L L H G SYD F I L T A L SN - - W- I Y YM

I S I P A H VM F A I T MG - - Y Y I S K - - - - Y K F EG N K N K RR E Y L F MA V L I P I L L H GV FD F I LM I E YR - - WA I I L L

T A I GGH L VWS A I V GA A I V I A K EQHG F E F KD I FD K R F L I F F L SA V V - - - L H G I WD T S L T V L G SD T L K I F I L

L P FMV F LWWF G L RK A K K - - - - A R SV - - - NM MQV - - -

I V Y V I I LWK I N L D K L E K YMN H SK K V F FGN L RK K K K K

I V I VW I L V F I LMGAG L KQV N L L QK E F - K EQ QK K V D E



 47 

extra and intracellular loops, including arginine 276, alanine 277, phenylalanine 306, 

arginine 313, leucine 332, isoleucine 342, leucine 352 (Fig. 2). Additionally, there is 

conservation of one amino acid in the C-terminal tail – lysine 362. It’s worth noting that 

conserved residues within the extracellular loops are only present in the last 20% or less 

of these proteins. An additional point of interest here is that there are no conserved 

residues within PrsS TMH 1 whatsoever, as this is still part of its lengthy N-terminal 

extension that is not present in other characterized M82 peptidases (Fig 2). 

 

Discovering an M82 Homolog Through Protein Alignment 

In searching through a phylogenetic tree from the MEROPS protein database [45], we 

discovered a fourth member of the M82 peptidases in Lactobacillus brevis. To validate 

this finding, we compared this uncharacterized protein with our alignment of the three 

known M82 peptidases seen in Figure 2. In this new alignment, we see that all conserved 

protease motifs are present in this L. brevis M82 homolog (Fig. 3). Additionally, this 

homolog contains 14 out of the 25 total non-protease motif conserved residues we found 

in Figure 2, most of which are contained within the transmembrane helices. The residues 

conserved across the known M82 peptidases and the L. brevis homolog, relative to their 

positions in PrsS, include a proline 136 in TMH 2. In TMH 3, phenylalanine 172 and 

glycine 175 are still conserved. Additionally, we see that L. brevis’ homolog also contains 

the glycine at 212 in TMH 4, glycine 238, glycine 248, and tyrosine 258 in TMH 5. Final 

conserved residues within the transmembrane domains include glycine 293 and lysine 

300 in TMH 6, as well as arginine 313 and leucine 324 in TMH 7. This M82 peptidase in 

L. brevis also contains four conserved residues within the extra- and intra-cellular loops 
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of the M82 peptidases, including arginine 276, phenylalanine 306, and leucine 332 (Fig. 

3). Additionally, there is conservation of one C-terminal tail amino acid – lysine 362.   

 

 
 

Figure 3. Discovery of an M82 homolog through protein alignment. A protein alignment of 
the three M82 peptidases: Bacillus subtilis PrsW, Clostridium difficile PrsW, and Staphylococcus 
aureus PrsS was compared to a homolog found in Lactobacillus brevis using CLC Workbench. 
Sequences were obtained from the UniProt database. The color of each residue indicates its 
percentage of conservation between all three peptidases, following the scale at the bottom. Blue 
indicates a residue contained in only one member, white indicates a residue contained in two 
members, pink indicates a residue contained in three members, and red indicates 100% 
conservation across all four proteins in this alignment.  

 

This M82 peptidase in L. brevis shares an interesting structural similarity with S. aureus 

PrsS as well, as they both contain lengthy N-terminal tails that are not found in either of 

the PrsW proteins. However, the N-terminal tails of PrsS and this L. brevis homolog show 

virtually no residue conservation. Similarly, these L. brevis and S. aureus M82 peptidases 

each contain 8 transmembrane domains, whereas the PrsWs only contain 7. These 

results tell us that while the conserved transmembrane domains of S. aureus PrsS and 

L. brevis M82 peptidase are found in TMHs 4-7, these conserved transmembrane 

domains of the PrsWs are found in TMHs 3-6. 
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PrsS Predicted Structure and Mutagenesis Library 

Using Protter’s protein visualization tool [51], we generated a predicted topology plot of 

PrsS (Fig. 4). This visual representation shows us an estimate of where the N-terminal 

extension and C-terminal tail of PrsS are located, where the intra- and extra-cellular loops 

are found, and where each of the eight transmembrane helices begins and ends. Using 

this tool as a visual aid, we mapped out the domains, protease motifs, and regions of 

unknown function contained within PrsS to use as a guide for future experiments. As PrsS 

has been observed to assist S. aureus in responding to DNA damage through its 

proteolytic activity [23], we chose to create mutant alleles of this protein to evaluate the 

functional importance of specific structures in the cell’s ability to respond to DNA-

damaging agents. This topology map demonstrates each of the individual alanine 

substitutions, alanine stretch mutations, and domain deletions created and evaluated for 

their ability to complement the PrsS ability to assist in cellular stress response.  

 

As seen in Figures 2 and 3, each of the protease motifs is contained in TMHs 4-7 of PrsS. 

The highlighted portions in Figure 4, corresponding to individual mutations in the key, 

indicate the singular alanine substitution mutants that were created for each residue 

contained within these predicted protease motifs of TMHs 4-7. Additionally, the 

highlighted portions in TMHs 1, 2, and 8, as well as the three sections of the C-terminal 

tail, indicate alanine stretch mutants that were created 5 amino acids at a time. Finally, 

the N-terminal section highlighted is representative of a deletion mutant made, where we 

removed amino acids 2-107 of PrsS. 
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Figure 4. Visualization of prsS mutagenesis library. A predicted structure of PrsS was 
generated using Protter. Each strain from our mutagenesis library can be visualized here, 
following the color-coded key at the top. The grey section is representative of the membrane, and 
the black numbers indicate transmembrane helices 1-8. “Stretch” is used to describe a stretch of 
5 amino acids converted to alanine residues at once. “Individual” is used to describe 5 amino 
acids that were individually converted to alanine residues, each creating a separate strain.  
 

While the alignments in Figures 2 and 3 help us visualize the conserved residues and 

protease motifs across M82 peptidases, this Protter rendition of PrsS in Figure 4 helps us 

identify structural domains and their limits within this S. aureus protease [51]. In creating 

this predicted topology map, we can observe some inconsistencies when comparing the 

structure of PrsS to the PrsWs. These differences include the number of total 

transmembrane helices in PrsS, exactly where each protease motif is located within these 

TMHs, the locations of the extra- and intra-cellular loops, and the length of both the N-

terminal extension and the C-terminal tail. This visual aid of our PrsS mutagenesis library 

shows where and how we’ve altered individual residues within the protease motifs, as 
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well as unique PrsS regions of unknown function, allowing us to evaluate which structural 

components of this M82 peptidase are necessary for proteolytic activity and thus, 

circumventing DNA-damage stress in S. aureus. 

 

Mutations of Three Key Residues in TMD 4 Impact PrsS Function 

Each individual residue from the first protease motif, contained within transmembrane 

domain 4, was substituted to alanine. Each of these mutant alleles was tested for their 

ability to complement the MMS sensitivity of the mutant, alongside the wild-type and 

complement strains, allowing us to see which of these substitutions impact PrsS function. 

The mutant shows a decreased ability to survive in MMS, with a resulting CFU/mL of -

1.89x fold of the wild type (Fig. 5). The glutamic acid alanine substitutions at positions 

215 and 216 show a similar survival phenotype to the mutant, with CFU/mL values at -

1.74x and -1.65x fold change from the wild type respectively (Fig. 5). Alanine substitution 

K219 also displays decreased survival after MMS exposure, resulting in a -1.66x fold 

change from the wild type (Fig. 5). The complement, as well as residues 217 and 218, 

did not show a significant fold change reduction from the wild type (Fig. 5). As we did not 

see reduced survivability in three of these alanine substitutions, we can conclude that as 

individual residues, they are not necessary for PrsS to elicit a response to DNA-damage. 

As the first two residues of this protease motif have been evaluated for functional 

necessity before [23], and here we present confirmation of previous work from the 

literature. However, the lysine residue at position 219 had not previously been assessed 

for protein function. This result is a new development across all M82 peptidase research, 

as K219 is conserved through each member of this family.    
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Figure 5. Three residues in TMD 4 are necessary for PrsS function. Individual alanine 
substitution mutants were treated with 50mM MMS for 15 minutes alongside the wild type, mutant, 
and complement strains. Cultures were serial diluted, plated, and grown for 16-18h. CFU/mL was 
calculated for each strain and is shown as fold-change from the wild type. Each experiment was 
completed in biological triplicate and plated in technical duplicates. Significance was determined 
using an unpaired t-test with Welch’s correction (*, p< 0.05; **, p<0.01; ****, p<0.0001), and error 
bars are shown representing ±SEM. 

 

Mutation of One Key Residue in TMD 5 Impacts PrsS Function 

Continuing our MMS survival screens, each residue from the second protease motif, 

present in TMD 5, was individually substituted to alanine apart from the native alanine at 

position 250 being mutated to serine. These mutant alleles were tested for their ability to 

complement the MMS sensitivity of the mutant, alongside the wild type and complement 

strains, allowing us to evaluate reduced survivability. We found one residue in TMD 5 that 

mimics the mutant’s response to MMS, proving to be necessary for PrsS to facilitate a 

response to DNA damage. The glutamic acid residue at position 253 showed reduced 

survival upon MMS exposure, with a CFU/mL value of -1.51x fold change from the wild 

type. The complement, as well as substituted residues 249, 250, 251, and 252, did not 
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Figure 6. Two residues in TMD 5 are necessary for PrsS function. Individual alanine 
substitution mutants were treated with 50mM MMS for 15 minutes alongside the wild type, mutant, 
and complement strains. Cultures were serial diluted, plated, and grown for 16-18h. CFU/mL was 
calculated for each strain and is shown as fold-change from the wild type. Each experiment was 
completed in biological triplicate and plated in technical duplicates. Significance was determined 
using an unpaired t-test with Welch’s correction (*, p< 0.05; **, p<0.01), and error bars are shown 
representing ±SEM. 
 

show a significantly reduced fold change in CFU/mL compared to the wild type. The 

glutamic acid residue 253 is both contained within a protease motif and conserved across 

all M82 peptidases. Interestingly, the phenylalanine at position 249 also falls within a 

protease motif. While this residue is also conserved across all M82 peptidases, it does 

not appear to be individually necessary for PrsS function.  

 

Mutation of One Key Residue in TMD 6 Impacts PrsS Function 

All residues from the third protease motif in TMD 6 were mutated to alanine, apart from 

the valine at position 286. This valine was mutated to a serine, as attempts to create an 

alanine substitution at this residue were repeatedly unsuccessful. Each of these  
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Figure 7. One residue in TMD 6 is necessary for PrsS function. Individual alanine substitution 
mutants were treated with 50mM MMS for 15 minutes alongside the wild type, mutant, and 
complement strains. Cultures were serial diluted, plated, and grown for 16-18h. CFU/mL was 
calculated for each strain and is shown as fold-change from the wild type. Each experiment was 
completed in biological triplicate and plated in technical duplicates. Significance was determined 
using an unpaired t-test with Welch’s correction (**, p<0.01), and error bars are shown 
representing ±SEM. 
 
 

mutant alleles were treated with MMS to evaluate their ability to complement mutant 

levels of survival alongside the wild-type and complement strains. The serine residue at 

position 288 displayed a partially reduced capacity for survival, although not to the level 

of the mutant. The CFU/mL values obtained from this S288A alanine substitution post-

MMS treatment displayed a -1.62x fold change from the wild type (Fig. 7). Alternatively, 

the complement and residues 284, 285, 286, and 287 did not show a significant loss of 

function in their respective fold change values from the wild type. Contrary to Figure 4 

where the mutant alleles of all three residues conserved across the M82 peptidases 

exhibited reduced survival, here we see that conserved histidine 284 does not appear to 
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be necessary for PrsS to circumvent DNA damage. Alternatively, the mutant allele of the 

valine at position 288 partially complements the mutant post-MMS treatment, however, it 

is not a conserved residue across the M82 peptidases. This would suggest that this 

residue is only partially necessary for the PrsS response to DNA-damaging stress and 

that perhaps it contributes structural stability to PrsS as opposed to proteolytic activity.  

 

Mutations of Two Key Residues in TMD 7 Impact PrsS Function  

In this final MMS screen, we created allelic variants of all residues in protease motif four, 

contained within TMD 7, by substituting them with alanine residues. After MMS exposure, 

CFU/mL was calculated and evaluated for statistical significance, using -1.5x fold change 

as the cutoff for determining reduced survivability. Residue mutations that result in 

reduced survival post-MMS treatment include both a tryptophan at position 328 and an 

aspartic acid at position 329. This experiment was particularly interesting, as we see a -

1.95x fold change from the wild type upon alanine substituting tryptophan (W328A), but 

a -3.28x fold change from the wild type upon substitution of aspartic acid (D329A) (Fig. 

8). While the substitution of residue W328 seems to mirror the reduced response to DNA-

damage seen in the prsS mutant, altering D329 seems to negatively impact the cells’ 

survival in MMS even more so than the prsS mutant.  
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Figure 8. Two residues in TMD 7 are necessary for PrsS function. Individual alanine 
substitution mutants were treated with 50mM MMS for 15 minutes alongside the wild type, mutant, 
and complement strains. Cultures were serial diluted, plated, and grown for 16-18h. CFU/mL was 
calculated for each strain and is shown as fold-change from the wild type. Each experiment was 
completed in biological triplicate and plated in technical duplicates. Significance was determined 
using an unpaired t-test with Welch’s correction (*, p< 0.05; **, p<0.01), and error bars are shown 
representing ±SEM. 
 

As for residues 325, 326, and 327, we do not see a significantly reduced ability to survive 

upon exposing the allelic variant substitutions of these residues to MMS (Fig. 8). 

Interestingly, upon mutation of the histidine at position 325, we observed a reduced 

survivability beyond the -1.5x fold change cutoff, however, the data was not statistically 

significant at a p-value of 0.08. As this is a conserved residue contained within a protease 

motif, further studies may be needed to evaluate its importance in both PrsS and other 

M82 peptidases. Additionally, while the G326A substitution did not result in reduced 

survivability in MMS, this residue is conserved across all M82 peptidases including the 

most recently found homolog in L. brevis; and is contained within a protease motif. The 
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conservation of this residue across the M82 peptidases may suggest that it contributes 

either structural importance or functional importance to different external stressors.   

 

MMS Survival in Unique PrsS Regions 

In Figure 9, we created multiple-allelic variants consisting of five consecutive amino acids, 

each in various structural regions of PrsS with no prior known function. These variants 

were created to evaluate the importance of transmembrane domains 1, 2, and 8, as well 

as three separate sections of the C-terminal tail. Additionally, we created an N-terminal 

deletion variant of PrsS as well, where we removed amino acids 2-107. Each of these 

allelic variants can be visualized in Figure 3. These mutants were screened for their ability 

to complement the reduced MMS survival of the prsS mutant by the same process used 

in Figures 5-8.  

 

Concerning mutations in TMH 1, TMH 2, and TMH 8, the final two sections of the C-

terminal tail, and our N-terminal deletion, we saw no change in survival following MMS 

treatment, as compared to the parent and complemented strain. This would indicate that 

neither TMH 1, TMH 2, TMH 8, the final two sections of the C-terminal tail, nor the lengthy 

N-terminal extension are necessary for PrsS function (Fig. 9). As none of these regions 

are highly conserved with the other members of the M82 peptidase family, it would 

suggest that perhaps they don’t contain vital functional components of this protein. 

Instead, they may contribute to structural support or folding integrity.  
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Figure 9. The first 5 amino acids of the CTT are necessary for PrsS function. Alanine stretch 
mutants, as well as the N-terminal deletion mutant, were treated with 50mM MMS for 15 minutes 
alongside the wild type, mutant, and complement strains. Cultures were serial diluted, plated, and 
grown for 16-18h. CFU/mL was calculated for each strain and is shown as fold-change from the 
wild type. Each experiment was completed in biological triplicate and plated in technical 
duplicates. Significance was determined using an unpaired t-test with Welch’s correction (**, 
p<0.01; ***, p<0.001), and error bars are shown representing ±SEM. 

 

However, the alanine stretch mutant created in which we substituted the first five amino 

acids of the PrsS C-terminal tail did exhibit significantly reduced survival, with a fold 

change of -1.62x from the wild type (Fig. 9). This indicates that at least one residue 

contained within the first 5 amino acids of the C-terminal tail is necessary for function or 

structural integrity. While this amino acid stretch immediately follows transmembrane 

domain 8, it’s possible that this stretch mutation could be affecting this transmembrane  

helix structurally as well. From our alignments and structural prediction of PrsS, we can 

see that there is one conserved residue across all members of the M82 peptidase family, 
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including the homolog in L. brevis, found in the C-terminal tail of PrsS. That residue, a 

lysine at position 362, is the first residue of 5 contained within the C-terminal alanine 

stretch demonstrating reduced survivability in Figure. 9.   

 

Membrane Localization of PrsS and Alanine-Substituted Mutants  

Western blots of protein fractions extracted from the prsS mutant and complement strains 

were performed alongside alanine substituted mutants of the seven residues we found to 

be necessary for PrsS function in Figures 5-8. Here, we see that the PrsS is membrane-

associated, like other members of the M82 peptidases, and consistently appears in the 

membrane fraction as shown in Figure 10 at the appropriate size of 42 kDa. We see that 

alanine substituting the majority of these residues, specifically glutamic acid 215, lysine 

219, glutamic acid 253, serine 288, tryptophan 328, and aspartic acid 329, still result in 

stable PrsS protein production as these proteins consistently show up in the membrane 

fraction around 42 kDa alongside the prsS complement (Fig. 10). However, upon alanine 

substitution of the glutamic acid at 216, the subsequent protein produced is no longer 

present across any of our three entirely separately conducted trials. Instead, this 

substitution results in a phenotype resembling the mutant in its absence from not only the 

membrane, but all three protein fractions blotted (Fig. 10). This would suggest that the 

alanine substitution of glutamic acid 216 results in an unstable PrsS protein production, 

leading to its subsequent degradation and therefore absence on these western blots. As 

this residue has shown to be necessary for PrsS function, these western blots may give 

us some insight into why that is. It’s possible that the substitution of this conserved residue 
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contained within the first protease motif completely derails the proper folding of this M82 

peptidase.  

 

 
 

Figure 10. Glutamic acid residue 216 is required for PrsS protein stability. A western blot 
was performed on the secreted, cytoplasmic, and membrane protein fractions from the prsS 
mutant and complement strains, as well as the seven individual mutant alleles found to impact 
PrsS function (Fig. 5-8). Rabbit anti-His tag primary antibody was used, followed by goat anti-
rabbit IgG-HRP conjugate secondary antibody. We see PrsS expression in the membrane fraction 
shown above at approximately 42 kDa. PrsS is predicted to be 42.18 kDa by Expasy’s molecular 
weight calculation tool.   
 

prsS Expression is Influenced by Major Transcriptional Regulators 

In efforts to understand how prsS expression is regulated in S. aureus, we performed a 

mass screen in over 100 different transcription factor (TF) mutants using the transcription 

reporter fusion PprsS-lux, which emits light upon transcriptional activation [43]. This screen 

allows us to visualize which major S. aureus transcriptional regulators are both activating 

and repressing prsS expression.  
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Figure 11. prsS promoter activity in transcription factor mutants. The pXEN1:PprsS-lux 
plasmid was transduced into JE2 transcription factor mutants from Plate 1. Luminescence was 
recorded in relative light units (RLU) over 18 hours. The data shown represents prsS expression 
in each transcription factor mutant (green) compared to the wild type (blue). Each experiment was 
completed in biological triplicate, and error bars are shown representing ±SEM. 
 

Figure 11 displays graphs of relative light units (RLU) expressed by our transcriptional 

reporter fusion, every 15 minutes over 18 hours, in individual JE2 TF mutant strains and 

the wild type. To sort through these large data sets, we’ve taken a few different 
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approaches to narrowing down transcription factors that influence prsS expression. In 

graphing each RLU value associated with each time point depicted in Figure 11, we were 

able to calculate the area under the curve (AUC) values of each TF mutant alongside the 

wild-type AUC values. Performing these analyses and using Figure 11 as a visual aid 

helps clarify which of the mutants have differences in prsS expression when compared to 

the wild type. In Figure 11, we see that the graph containing the rsp mutant is the only 

one in which the wild-type values of RLU, correlating to prsS expression, surpass the TF 

mutant values. This suggests that in the presence of Rsp, prsS expression is activated. 

Alternatively, in graphs of the sarZ, hrcA, sigB, purR, and glcT mutants prsS expression 

appears to be activated, indicating that these transcription factors repress prsS activity. 

Graphing this data individually is a beneficial step for conceptualizing the AUC data 

shown in Figures 12 and 13, and additionally provides visual context for each transcription 

factor’s influence on prsS expression in varying stages of growth. 

 
 

Area Under the Curve Analysis of prsS Regulators 

In Figure 12, we further quantified our data sets to numerically evaluate the transcription 

factors that had the greatest effect on prsS promoter expression. Using a +1.5x fold cutoff 

for pinpointing repressors of prsS, we observed the greatest area under the curve of 

values of RLU/Time in the sarZ, hrcA, sigB, purR, and glcT mutant strains. These high 

area under the curve values tell us that in the absence of these transcription factor 

mutants, the prsS expression is activated. From this, we can infer that these 

transcriptional regulators are each repressing prsS activity in the wild type. 
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Figure 12. Using AUC to identify transcriptional regulators of prsS in plate 1. The 
pXEN1:PprsS-lux plasmid was transduced into USA300 JE2 transcription factor mutant strains, and 
the luminescence of each construct was measured in relative light units (RLU) over 18 hours. The 
data shown represents the area under the curve analysis for each transcription factor mutant and 
the wild type. The dotted lines represent a 1- and 1.5-fold difference in total AUC from the wild 
type. Each experiment was completed in biological triplicate, and error bars are shown 
representing ±SEM. 
 

 

Figure 13. Using AUC to identify transcriptional regulators of prsS in plate 2. The 
pXEN1:PprsS-lux plasmid was transduced into USA300 JE2 transcription factor mutant strains, and 
the luminescence of each construct was measured in relative light units (RLU) over 18 hours. The 
data shown represents the area under the curve analysis for each transcription factor mutant and 
the wild type. The dotted lines represent a 1- and 1.5-fold difference in total AUC from the wild 
type. Each experiment was completed in biological triplicate, and error bars are shown 
representing ±SEM. 
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On the low ends of our area under the curve data, we see that the only value considerably 

lower than the wild type is observed in the rsp mutant. This tells us that in the absence of 

Rsp, prsS expression is repressed, suggesting that this transcription factor is a potential 

activator of prsS. In Figure 13, we see that there are no transcriptional regulators 

impacting prsS expression in Plate 2 to the degree of those observed in Plate 1.  

 

 

Validation of prsS Repressors 

As each of the strains used to complete our screenings from Figures 11-13 were USA300 

JE2 mutants obtained from the Nebraska Transposon Mutant Library, we chose to 

confirm these strains in one of our lab wild-type strains, USA300 LAC. By transducing 

these transcription factor mutants into a clean LAC background, we confirmed that these 

effects on prsS expression are not solely found in the USA300 JE2 background. We 

observed little difference in the expression patterns of prsS in these validated LAC 

transcription factor mutants from our original screening data. Each predicted repressor 

from our previous screens in Figure 12 was observed to repress prsS activity in a clean 

LAC background (Fig. 14). As shown in Figure 14, in the mutants of sarZ, hrcA, and sarX, 

prsS transcription is activated at the start of exponential phase (Fig. 14A, 14D, 14F). 

However, we see some differences in the timing of prsS activation in the purR, sigB, and 

glcT mutants. In the purR mutant, prsS promoter activity is upregulated at both the start 

of the exponential phase and again at around 6h (Fig. 14B). In the glcT mutant, prsS is 

activated at the start of the exponential phase, however, it continues to be activated for 

up to 10h of growth (Fig. 14E). In the sigB mutant, prsS expression is activated primarily 

in stationary phase, unlike many other prsS repressors characterized (Fig. 14C). 



 65 

 
 
Figure 14. Validating factors responsible for repressing prsS expression. The pXEN1:PprsS-
lux plasmid was transduced into six USA300 LAC transcription factor mutant strains, as well as 
the wild type. The luminescence of each construct was measured in relative light units (RLU) over 
18 hours. Each experiment was completed in biological triplicate, and error bars are shown 
representing ±SEM. 
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Validation of a prsS Activator 

While only two potential activators of prsS expression were identified through our initial 

luciferase screens in the USA300 JE2 background (Fig. 11), our area under the curve 

analyses highlighted one potential activator as a point of interest - Rsp (Fig. 12). The rsp 

transcription factor mutant was transduced to a clean USA300 LAC background, to further 

validate that it was not only activating prsS promoter expression in JE2. After confirming 

both the rsp localized transposon and our transcriptional reporter fusion plasmid, our 

luciferase screen was performed again. This data shows that in the rsp mutant, prsS 

expression is slightly repressed suggesting that Rsp plays some role in activating prsS 

leading up to the exponential growth phase (Fig. 15). In the rsp mutant, prsS activity is 

primarily affected in the log growth phase, which is unique to our identified transcriptional 

regulators of prsS (Fig. 15). 

 

 

Figure 15. Rsp activates prsS. The pXEN1:PprsS-lux plasmid was placed into a USA300 LAC 
Rsp mutant as well as the wild type. The luminescence of these constructs was measured in 
relative light units (RLU) over 18 hours. This experiment was completed in biological triplicate, 
and error bars are shown representing ±SEM. 
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Discovery of a prsS Repressor Only Functional in the Presence of MMS 

Because prsS expression is activated in the presence of DNA damage, we repeated our 

entire luciferase screen with over 100 transcription factor mutants in the presence of 1mM 

MMS to identify regulators that mediate such inducibility. These screens with MMS were 

initially performed in JE2, in which we identified one transcriptional factor mutant that 

displayed a substantial change in prsS expression when compared to our initial untreated 

screens. SrrA was identified as a moderate repressor of prsS activity in our untreated 

screens, however, in the treated srrA mutant, prsS expression is substantially activated. 

These observations were validated by transducing the srrA mutant to USA300 LAC, 

followed by our transcriptional reporter fusion and PCR confirmation. In Figure 16, we see 

that in the validated srrA mutant, prsS is activated during the exponential growth phase. 

Interestingly, prsS expression seems to be quickly repressed to wild-type levels, as this 

window of activation is only 2 hours.  

 

 
 
Figure 16. SrrA represses prsS in the presence of MMS. The pXEN1:PprsS-lux plasmid was 
transduced into a USA300 LAC srrA mutant as well as the wild type. The luminescence of these 
constructs was measured in relative light units (RLU) over 18 hours while exposed to 1mM MMS. 
This experiment was completed in biological triplicate, and error bars are shown representing 
±SEM. 
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Identification of PrsS Substrates Through N-Terminomics 

In efforts to further characterize the role of the PrsS protease in S. aureus survival, stress 

response, and pathogenesis, we used N-terminomics methodologies to identify potential 

substrates of PrsS. We identified 29 substrates in the cytoplasmic (soluble) fraction (Table 

III), and 23 substrates in our membrane (insoluble) fraction (Table IV). To accomplish this, 

our prsS mutant strain was run alongside our wild type to determine which proteins were 

cleaved in the wild type but not in the mutant. By this process of elimination, we 

discovered 52 total substrates that were cleaved in the wild type and were not cleaved in 

the absence of PrsS. Each of these potential substrates gives us insight into PrsS’ role in 

S. aureus, as these putative targets possess a wide range of cellular functions.  

 

For example, it’s clear that PrsS plays a role in the cleavage of proteins fundamental to 

protein synthesis. In terms of proteins that aid in translation, PrsS appears to cleave large 

ribosomal subunit proteins uL15, and uL2 which have fragments found in the cytoplasmic 

fraction (Table III), as well as uL2 and uL6 which have cleaved fragments found in the 

membrane fraction (Table IV). Additionally, PrsS cleaves one small ribosomal subunit 

protein – uS4 – of which cleaved fragments are found in the membrane fraction (Table 

IV). Aside from ribosomal subunits, other potential PrsS substrates that assist in 

translation and protein folding include elongation factor Tu (Table III), elongation factor 

Ts, DnaK, and ribosomal-associated chaperone trigger factor (Table IV). Interestingly, 

our data suggests that PrsS may cleave proteins PurB and ThrS which are involved in 

nucleotide biosynthesis (Table III, Table IV).  
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Table III. N-terminomics: Soluble Fraction 
 

Protein Name Gene Locus tag 

Nucleoid associated protein - SAUSA300_0453 

Ornithine aminotransferase  rocD SAUSA300_0860 

Putative universal stress protein - SAUSA300_1656 

Polyribonucleotide nucleotidyl trasnsferase - SAUSA300_0486 

Cell division protein FtsZ ftsZ SAUSA300_1080 

Phosphoribosylformylglycinamidine cyclo-ligase purM SAUSA300_0973 

ATP-dependent Clp protease, ATP-binding subunit 

ClpC 

clpC SAUSA300_0515 

Alkyl hydroperoxide reductase C ahpC SAUSA300_0380 

Catalase katA SAUSA300_1232 

Adenylosuccinate lyase purB SAUSA300_1889 

Large ribosomal subunit protein uL15 rplO SAUSA300_2185 

UspA domain containing protein - SAUSA300_1652 

Large ribosomal subunit protein uL2 rplB SAUSA300_2201 

Uncharacterized lipoprotein  - SAUSA300_2315 

Serine protease HtrA-like - SAUSA300_1674 

Elastin binding protein EbpS ebpS SAUSA300_1370 

Chaperone protein DnaK dnaK SAUSA300_1540 

DHNA-CoA synthase menB SAUSA300_0948 

Beta sliding clamp dnaN SAUSA300_0002 

Threonine—tRNA ligase thrS SAUSA300_1629 

FBP aldolase class I fda SAUSA300_2540 

Phosphoglycerate kinase pgk SAUSA300_0757 

Putative phosphoesterase - SAUSA300_0916 

5’-nucelotidase family protein - SAUSA300_0025 

Purine nucleoside phosphorylase DeoD-type deoD SAUSA300_2091 

Peptidase M20 domain-containing protein 2 - SAUSA300_2087 

Probably malate:quinone oxidoreductase mqo SAUSA300_2541 

Elongation factor Tu tuf SAUSA300_0533 

UPF0342 protein - SAUSA300_1795 
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Table IV. N-terminomics: Insoluble Fraction 
 

Protein Name Gene Locus tag 

Large ribosomal subunit protein uL2 rplB SAUSA300_2201 

Large ribosomal subunit uL6 rplF SAUSA300_2189 

Uracil phosphoribosyltransferase upp SAUSA300_2066 

Bacterial non-heme ferritin ftnA SAUSA300_1874 

Small ribosomal subunit protein uS4 rpsD SAUSA300_1666 

Putative universal stress protein - SAUSA300_1656 

Trigger factor tig SAUSA300_1622 

Elastin binding protein EbpS ebpS SAUSA300_1370 

Elongation factor Ts tsf SAUSA300_1150 

Putative aldehyde dehydrogenase AldA aldA SAUSA300_0170 

Dihydrocyacetone kinase DhaL - SAUSA300_0637 

UspA domain containing protein - SAUSA300_1652 

Serine protease HtrA-like - SAUSA300_1674 

2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase 

gpmI SAUSA300_0759 

Succinate dehydrogenase sdhB SAUSA300_1048 

Thioredoxin reductase trxB SAUSA300_0747 

Alkaline shock response membrane anchor protein 

AmaP 

-  SAUSA300_2144 

ABC transporter, substrate-binding protein - SAUSA300_0618 

Putative membrane protein - SAUSA300_2287 

Uncharacterized protein - SAUSA300_2378 

Maebl - SAUSA300_1684 

Cell division protein FtsZ ftsZ SAUSA300_1080 

Uncharacterized protein - SAUSA300_pUSA010004 

 

Alternatively, many of these substrates contribute to S. aureus’ stress response and 

defense, such as ClpC and AldA (Table III, Table IV). Aligning with the function of PrsS 

itself, this protease appears to target many stress response proteins that are linked to 
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oxidative conditions and metal ion regulation, including KatA, AhpC, TrxB, Mqo, and FtnA 

(Table III, Table IV). Our data also suggests that PrsS may cleave metabolic regulators 

like RocD (Table III). A final interesting target protein discovered through our N-

terminomics experiments is the cell division protein FtsZ, as cleaved fragments are found 

in both the cytoplasmic and membrane fractions (Table III, Table IV).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 72 

 

 

 

 

CHAPTER FOUR: DISCUSSION 

 

 

The M82s peptidases are a membrane-associated protease family that falls under a much 

larger superfamily of metallopeptidases [52]. This superfamily, called the MEM-family, 

contains a subfamily of G5 proteases (once known as type II CAAX Proteases and 

Bacteriocin Processing enzymes or CPBPs) encompassing more than 5,800 different 

proteins [24]. In a previous study, an alignment was made comparing the G5 proteins with 

other homologous protein families - including the M82 peptidases, DUF2324 (domain of 

unknown function), APH-1 (a 𝛾-secretase subunit), and an unknown archaeal family - 

showing levels of metallopeptidase conservation across every kingdom of life [24]. The 

G5 proteins are defined in part by characteristics of this greater superfamily, including 

four core transmembrane domains, two conserved histidine residues, as well as two 

highly conserved glutamic acid residues [52,21,24]. An additional residue of interest, 

unique to G5 proteins and homologous families, is the variable aspartic acid/asparagine 

found in motif 4 [24].  

 

A well-characterized G5 protein family member - Rce1 - is a protease found in 

Saccharomyces cerevisiae that requires this superfamily’s hallmark glutamate and 

histidines for proteolytic function [53,21]. Additionally, Rce1 depends upon the aspartate 

in motif 4 for full catalytic activity [54]. Rce1 belongs to the COG1266 (cluster of 

orthologous groups) subfamily, which shares considerable resemblance to the COG2339 
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subfamily harboring the M82 peptidases [21,24]. The structural homology between these 

two families, in addition to the residue-specific loss of proteolytic activity in G5 proteins, 

inspired our investigation into the functional importance of these conserved protease 

motifs in M82 peptidases.  

 

To date, publications exploring the functional importance of individual residues 

contributing to M82 peptidase proteolysis are scarce, as B. subtilis PrsW and S. aureus 

PrsS are the only members that have been evaluated in this way [21,23]. The founding 

member of the M82 peptidases, B. subtilis PrsW, is responsible for the site-1 proteolysis 

of an anti-sigma factor - RsiW; thus, immunoblotting for RsiW has been used as an 

indicator of PrsW proteolytic function [21]. Under NaOH-induced stress conditions, PrsW-

mediated cleavage of RsiW results in the inhibition of this ASF’s function [21]. However, 

upon alanine substitution of the conserved glutamate and histidine residues in this M82 

protease, RsiW expression is returned, resulting in a loss of PrsW proteolytic activity [21].  

 

Previous studies from our group show the functional importance of the conserved 

glutamic acid residues in S. aureus PrsS as well, in which alanine substitutions of these 

proposed catalytic residues exhibit reduced survival when exposed to DNA damage [23].  

Here, our findings confirm that these glutamic acids, in addition to the histidine in motif 4, 

are necessary for proteolytic cleavage driven by PrsS. Interestingly, our western blot 

analyses suggest that the second conserved glutamic acid residue in PrsS (E216) may 

be necessary for PrsS protein formation entirely. It’s possible that substituting this 

negatively charged glutamic acid with a small, non-polar alanine completely destabilizes 
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the PrsS protein [56,57]. While alanine substitutions are typically used to avoid altering 

main-chain protein conformation [58], there are plenty of examples in which these 

substitutions change both the core structure and protein stability across prokaryotes, 

eukaryotes, and viruses [59,60,61]. These observations in PrsS mirror what is observed 

in G5 protease Saccharomyces cerevisiae Rce1 [53], as well as fellow M82 peptidase 

PrsW, in that the functional loss of these residues conserved across the MEM-superfamily 

inhibit protease activity [53,21]; however, we also unveil that mutating these catalytic 

residues may impact overall protease stability.  

 

In addition to conserved residues inherited from this large superfamily, our findings 

suggest that motifs specific to G5 proteins and homologous families may have a 

significant impact on M82 protease structure and function as well. The variable 

aspartate/asparagine residue in motif 4 is one of the most highly conserved motifs across 

these G5 homologs, following only behind the second glutamate and final histidine 

established by the MEM family in terms of conservation [24]. In the G5 protease Rce1, 

catalysis is partially impaired upon alanine substitution of its asparagine in this motif [55]. 

Alternatively, in multiple eukaryotic and archaeal homologs of Rce1, we see a completely 

abolished catalytic function when this Asp/Asn residue is alanine substituted [54,55]. 

While previous studies have described multiple prokaryotic G5 and M82 homologs as 

having an asparagine at this motif [24,62], our alignments show that this motif is occupied 

by an aspartate in B. subtilis PrsW, C. difficile PrsW, S. aureus PrsS, and a recently 

identified homolog in L. brevis [46]. Despite the highly conserved location of this motif, as 

well as the residue variability within individual protein families, to our knowledge, the 
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functional application of this residue has never been evaluated in M82 peptidases before 

this study. We observed that the alanine substitution of this aspartate in PrsS was unable 

to complement the wild-type response to DNA-damaging MMS, at a survival rate far 

worse than even the prsS mutant. This could be explained by an alteration in PrsS 

substrate selectivity at this residue, rather than the inability to cleave substrates, which 

has been documented previously in Rce1 orthologs [55]. By altering the substrate 

specificity of PrsS, this protease could potentially be cleaving things that are otherwise 

favorable to cell survival. While our OD600 readings of this aspartate substitution strain did 

not indicate any growth defect under standard conditions compared to the wild-type, this 

altered substrate specificity seems to be toxic only under MMS-induced stress conditions.  

 

Evaluating the catalytic activity of the widely conserved M82 peptidases, as well as 

identifying their target substrates, is essential to further defining the functional roles of 

these proteases in bacterial survival and pathogenesis. As the objective of many new 

therapeutics involves targeting protease dysregulation [105], characterizing these 

proteolytic pathways is of high importance for treatment discovery as well. While the 

known M82 proteases operate through regulated intramembrane proteolysis-mediated 

release of an ECF sigma factor [65], reported substrates of this family to date only include 

anti-sigma factors [22,63]. Thus, the cellular roles of the M82 peptidases are typically 

characterized by their assistance in responding to external stress signals. However, 

through N-terminomics analyses of PrsS, we’ve uncovered that these peptidases likely 

play a much broader role in several important cellular functions including adhesion, 

protein folding, and cell division.  
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Our findings identified two substrates of PrsS that interact with the extracellular matrix 

(ECM) to facilitate adhesion to host tissues, including S. aureus elastin-binding protein 

and elongation factor Tu. The S. aureus Elastin-binding Protein (EbpS), binds to the N-

terminal region of elastin fibers found on various host tissues, including the skin, lungs, 

and certain blood vessels, to facilitate adhesion [64,65]. As ebpS is also one of the 

primary genes that facilitates biofilm formation, it aids S. aureus in host colonization after 

host cells have been invaded [69]. Interestingly, while EbpS is exposed on the cell surface 

allowing this protein to bind to mammalian tissues, it is expressed as an integral 

membrane protein which explains the presence of this surface-presenting substrate within 

the insoluble fraction of our N-terminomics data [64]. Our findings demonstrate that PrsS 

cleaves EbpS at residue position 267, which is the precise location of a recombinant N-

terminal truncate genetically engineered for a prior study [64]. This study showed that 

EbpS residues 1-267 are exposed on the cell surface and are targets for antibody binding 

[64]. This suggests that PrsS-mediated cleavage at this residue specifically targets EbpS 

affinity for host-cell binding and invasion by shedding EbpS from the cell surface [64]. As 

PrsS is activated in times of cellular stress [68], this protease may be preventing a 

mechanism intended to invade host cells and upregulate virulence factors to effectively 

manage this extracellular insult.  

 

Another PrsS substrate, elongation factor Tu (EfTu), is a well-known facilitator of 

prokaryotic protein synthesis that moonlights in many different ways, including roles in 

cell-shape regulation, immune evasion and stimulation, and adhesion [66,67]. EfTu 

participates in adhesion by binding to proteins in the extracellular matrix of host cells and 
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has been observed to aid in S. aureus adhesion to keratinocytes through binding of 

Substance P [66,68]. Another primary way that EfTu participates in adhesion is by binding 

to heparin, commonly found on central venous catheters, resulting in S. aureus biofilm 

formation [74]. While EfTu is a known cell-surface target substrate, many fragmented 

variations of EfTu still contain functional heparin binding regions that allow biofilm 

formation to proceed [74]. Interestingly, our N-terminomics data indicates that PrsS 

seems to cleave EfTu at residue 272, which happens to be a previously characterized 

cleavage site [74]. This specific cleavage event is one of a few that creates a truncated 

version of the EfTu protein unable to bind to heparin, therefore inhibiting biofilm formation 

by this process [74]. PrsS may facilitate this cleavage to limit adhesion and biofilm 

formation in times of extracellular stress, so as not to remain stationary in an unfavorable 

environment. While this may seem counterintuitive as biofilms are often used for 

protective measures, there are examples of biofilm inhibition specifically in oxidative 

stress conditions [76]. It is also possible that PrsS cleaves adhesion proteins as a means 

to modulate excess virulence in times of stress.  

 

Surprisingly, our findings indicate that PrsS also plays a role in the cleavage of S. aureus 

factors that support proliferation and protein folding, including FtsZ and DnaK. Generally, 

DnaK is needed to maintain a wealth of important cellular functions including stress 

tolerance, virulence, adhesion, and biofilm formation [70]. This Hsp70 family chaperone 

aids in protecting S. aureus from heat shock, oxidative, and antibiotic stress by folding 

and stabilizing select proteins while transferring damaged proteins to fellow chaperones 

for review [71]. This protein damage often happens during exposure to heat shock and 
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oxidative stress [71,72], where unfolded proteins are suspected to be the most 

susceptible to this proteotoxic stress [73]. The rate at which this continual binding and 

release of proteins occurs is dependent on interactions between the separate domains of 

DnaK: The N-terminal domain which is regulated by ATPase activity, and the C-terminal 

domain which binds substrates [75]. Notably, the ATP-bound state of the N-terminus 

results in a quick exchange of substrates, but the opposite is true for the ADP-bound state 

[75]. Our findings demonstrate that PrsS seemingly cleaves DnaK 57 residues from the 

N-terminal methionine, suggesting that this protease may be impacting the rate at which 

DnaK takes up proteins. While it remains unclear what effects this N-terminal cleavage of 

DnaK has on the cell, it’s possible that substrate binding is slowed by PrsS interacting 

with the ATPase binding domain to preserve cellular energy for protective measures and 

core survival. Alternatively, PrsS could be altering this ATPase binding domain of DnaK 

as a housekeeping measure by moderating its activity until needed.  

 

An additional protein of interest identified through our N-terminomics studies that assists 

in protein folding is the molecular chaperone trigger factor (TF) [77]. While TF is known 

to assist DnaK by protecting proteins from aggregating, and subsequently chaperoning 

proteins to the secretion system, it is not essential for survival nor required for S. aureus 

virulence [78,79]. In recent years, TF has been observed to cooperate with another S. 

aureus chaperone - PPIase enzyme PpiB - to assist in hemolysis and biofilm formation 

[79]. TF facilitates this cooperation through the use of three functional domains: a 

ribosomal binding domain, a central PPiase binding domain, and a chaperone domain 

[79]. Our findings show that this molecular chaperone does not appear to be cleaved 
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within any of these important domains, but instead appears to have only its N-terminal 

methionine removed. As the cleavage of this formyl-methionine is an event that occurs 

for every S. aureus protein upon maturation, we conclude that this cleavage event is likely 

not carried out by PrsS [97]. Instead, S. aureus contains a well-characterized peptide 

deformylase that hydrolyzes this methionine group, resulting in the methionine 

aminopeptidase-mediated removal of this amino acid [97]. This highlights the importance 

of immunoblotting potential substrates in future studies to validate our N-terminomics 

findings.  

 

PrsS may also play a role in targeting cell division through the cleavage of protein FtsZ. 

FtsZ is a protein that facilitates the primary steps of cell division in Gram-positive 

organisms like S. aureus, as well as Gram-negative organisms, by aiding in the formation 

of the septal cell wall [80,81]. FtsZ facilitates this process by localizing to the divisome 

site, where it assembles into a ring of filamentous proteins and recruits enzymes that 

initiate peptidoglycan synthesis [81]. The process of continually binding peptidoglycan 

into successively smaller rings, ultimately dividing the cell, is driven by the GTPase 

activity of FtsZ [80,81]. The N-terminal domain of FtsZ carries out this GTPase activity by 

hydrolyzing nucleotides, thus keeping this protein in motion [82]. Our data suggests that 

PrsS cleaves FtsZ within the N-terminus, but outside of the GTP binding motif, 

immediately preceding leucine residue 69 [83]. While cleavage at this particular residue 

has not yet been analyzed in the literature, this leucine is conserved across S. aureus, B. 

subtilis, E. coli, P. aeruginosa, M. tuberculosis, S. pneumoniae, and M. jannaschii, 

indicating its importance [83]. Additionally, mutations of this leucine in E.coli have been 
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observed to reduce GTPase activity anywhere from 2 to 30 fold depending on the 

substitution [84,85]. This suggests that the PrsS-mediated cleavage at this residue may 

have a significant impact on GTPase activity. PrsS may cleave FtsZ at this location to 

reduce GTPase activity, therefore stalling proliferation in times of DNA damage. As cell 

division requires a substantial amount of energy and resources [86], it's possible that PrsS 

may participate in slowing down this process to preserve energy for stress response. 

However, a similar pathway inhibiting cell division in the presence of DNA damage has 

been characterized in S. aureus, indicating this may be what’s occurring in PrsS 

engagement with FtsZ [96]. SosA is a protein that is activated in the presence of DNA 

damage, and ultimately seems to inhibit septal wall formation without altering FtsZ 

localization [96]. SosA appears to be regulated by a membrane protease, CtpA, as 

overexpression of SosA in a ctpA mutant renders cells no longer viable as a result of 

inhibited cell division [96]. Here, we predict that PrsS may be cleaving FtsZ directly 

reducing its GTPase activity, resulting in a similarly inhibitory effect [96].  

 

To further evaluate the substrate specificity of PrsS, predicted cleavage sites of each 

putative substrate were compared to those of all other substrates with reference to the 

USA300 sample set. Five amino acids on either side of our identified cleavage site, found 

between P1’ and P1, were individually analyzed for their percentage of differences to the 

sample set at each respective position. We found that PrsS possesses an affinity for 

substrates containing lysine, arginine, and alanine residues at the P1’ position, with a 

reduced affinity for substrates containing leucine residues at P1’ (Fig. 17). At the P2’ 

position, this M82 protease appears to possess a greater affinity for substrates containing 
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arginine residues (Fig. 17). While there appear to be no residues of interest at positions 

P3’ and P5’ of putative PrsS substrates, we observed that this protease contains a 

preference for lysine residues at the P4’ position (Fig. 17). Alternatively, PrsS appears to 

exhibit substrate recognition for either alanine or glycine at position P1 (Fig. 17). Other 

preferential substrate identification sites include either leucine or valine at the P2 position, 

however, no clear substrate specificity sites were determined for the P3 and P4 positions 

(Fig. 17). At position P5, we see that PrsS may possess an affinity for either a glycine or 

a proline residue (Fig. 17). 

 

 

Figure 17. Substrate specificity of PrsS. The cleavage sites within each putative PrsS substrate 
were analyzed for their percentage of difference in frequency of amino acids at a given residue 
position. Five residues on either side of the start position for each substrate were evaluated using 
IceLogos. 

 

While our N-terminomics data did not uncover an anti-sigma factor substrate linking PrsS 

to σS, repeating these studies under MMS-induced stress conditions may fill in this 
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knowledge gap. Nonetheless, our studies demonstrate a wealth of important cellular 

functions that are potentially impacted by this M82 peptidase. These findings highlight 

several questions and possibilities when it comes to this novel peptidase’s role in 

adhesion, virulence modulation, protein folding, and proliferation. While it seems that 

PrsS may target its substrates in a manner that effectively optimizes S. aureus function 

in both the presence and absence of extracellular stress, it remains unclear what larger 

function the M82 peptidases possess beyond the scope of stress-induced ECF sigma-

factor release. Through transcription-based analyses, we sought to further define the 

importance of this M82 peptidase within a larger regulatory network in both the presence 

and absence of an activating extracellular stress signal.  

 

In our study, we found that the overwhelming majority of S. aureus transcription factors 

exhibit repressive effects on prsS, with only one activating exception. As prsS expression 

is activated by DNA-damaging and cell-wall targeting antimicrobial stress [7], it makes 

sense that this protease would be transcriptionally repressed until these stressors engage 

with the cell. One major repressor of prsS promoter activity is SarZ, which is a known 

global transcriptional regulator in S. aureus, upregulating the expression of a multitude of 

virulence factors and toxins [87]. In 2008, it was reported that SarZ played a role in the 

expression of roughly 87 genes; however, recent work suggests it is likely many more 

than this [88]. Importantly, SarZ promotes increased toxin production through 

upregulation of the agr system, resulting in an aggressive infection dynamic [87]. Due to 

this transcription factor’s repression of biofilm formation and upregulation of toxins, it has 

been associated with dissemination stages of S. aureus infection [87,89]. Importantly, 
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SarZ is both a sensor and a regulator for oxidative stress via a cysteine (C-13) residue 

which influences gene regulation [86]. While PrsS has been established to assist in 

responding to oxidative stress [7], it’s somewhat surprising that it would be repressed by 

an oxidative stress regulator. In the sarZ mutant, prsS is substantially upregulated, 

indicating this may be a compensatory tradeoff for circumventing oxidative stress. It’s 

possible that SarZ, being a key virulence factor mediator, has more effective mechanisms 

by which it prepares for a response to oxidative stress [87]; however, in the sarZ mutant, 

it could be that prsS expression is activated as a backup in preparation for oxidative 

damage. Additionally, prior studies show that mutations in sarZ result in hypervirulent CA-

MRSA bloodstream infections (BSI) [89]. As our group has previously observed PrsS to 

be advantageous in bloodstream infections [7], it’s plausible that in the sarZ mutant, the 

expression of this protease is selected for to aid in BSI virulence and survival.  

 

We see a similarly potential compensatory relationship between prsS expression and 

SrrA, however, this phenotype is only observed under DNA-damage-induced cellular 

stress. SrrA is another major transcriptional regulator in S. aureus and is part of a two-

component system (SrrAB) known to facilitate oxidative and hypoxic stress regulation 

[90]. SrrAB is predicted to play a major role in the regulatory switch of S. aureus from the 

anaerobic to anaerobic lifestyle [91], and is well documented to regulate genes that 

protect the cell from external insult linked to oxidative damage [92,93]. Interestingly, this 

two-component system recognizes oxidative stress through a similar mechanism as SarZ, 

by use of a redox-sensitive cysteine [90]. SrrA represses prsS promoter activity in the 

presence of MMS, and likewise in the srrA mutant, prsS expression is significantly 
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upregulated. Given what we’ve seen with both SarZ and SrrA, it seems that PrsS may be 

used as a fail-safe in S. aureus. Upon the loss of major mediators of oxidative stress, 

prsS is activated and could possibly compensate for the lack of these regulators by 

initiating its own oxidative stress-response mechanism. However, because this 

repression of PrsS by SrrA is most clearly seen in the presence of DNA-damaging MMS, 

it’s entirely possible that this two-component system could play a role in circumventing 

MMS-induced stress as well.  

 

PurR is an additional major regulator of virulence factors and a repressor of prsS promoter 

activity [94]. PurR is primarily classified as a metabolic regulator of purine biosynthesis, 

however, it’s been discovered to moonlight as a broad-spanning transcriptional regulator 

of virulence factors [95]. PurR binds to promoters of virulence factor genes directly, 

proving to be essential for the moderation of their expression [94]. In the purR mutant, S. 

aureus becomes hyperlethal and extremely cytotoxic, in part, through activation of SarA 

[94]. SarA activation then upregulates the agr system, resulting in significant Hla toxin 

production [95]. Additionally, the purR mutant is observed to upregulate protein A and 

fibronectin binding proteins, assisting this hypervirulent strain in biofilm formation [95]. As 

suggested by our N-terminomics data, PrsS appears to modulate adhesion and biofilm 

formation in a manner that inhibits these functions. Because prsS expression is activated 

in the purR mutant, it’s possible that increased biofilm formation may be regulated by 

PrsS here as well.  
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A fellow repressor of prsS expression - SigB - is the primary stress response sigma factor 

in S. aureus [99]. This alternative sigma factor aids the cell in circumventing stress linked 

to acidic pH, excessive heat, glycopeptide and 𝛽-lactam antibiotics, and oxidation 

[100,101]. Importantly, sigB is primarily activated during the stationary growth phase [98], 

in which excess toxic iron and heightened levels of reactive oxygen species activate 

oxidative stress response mechanisms [102,103]. As the sigB mutant is substantially 

more susceptible to oxidative stress [100], gene expression during the stationary phase 

is vastly altered to prepare for growth-phase-specific threats [104]. Our findings 

demonstrate that in the sigB mutant, prsS expression is activated during the stationary 

phase, suggesting that this protease plays a role in S. aureus oxidative-stress response 

in both early and late growth stages. These findings are supported by prior studies by our 

group, in which wild-type prsS expression is greatest leading into the exponential phase 

[7], suggesting that stationary-phase activation of prsS is highly specific to the sigB 

mutant’s heightened susceptibility to oxidative stress.  

 

Interestingly, prsS expression is also repressed by HrcA, a heat-shock repression protein 

that negatively regulates Hsp family chaperones in the absence of stress [106]. This heat-

shock repressor has been observed to cooperate with CstR, facilitating a dual repression 

of the dnaK and groESL operons that is unique to Staphylococci [106]. In the hrcA mutant, 

prsS expression is activated, which is interesting because PrsS may cleave DnaK in a 

manner that reduces the rate of protein folding activity; thus, it is possible that in the 

absence of HrcA, prsS is activated to take over repression of DnaK activity. As HrcA 

exhibits this repression in the absence of stress, it could be that PrsS acts as a 
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housekeeping protease by modulating DnaK activity when no extracellular stress is 

present.  

 

The final major repressor of prsS expression identified in our transcription analyses is the 

transcriptional antiterminator GlcT [107]. While limited studies have been done on GlcT 

in S. aureus, prior research in S. carnosus indicates that this antiterminator functions as 

a metabolic regulator of glucose intake [108]. GlcT has been observed to act in a glucose-

dependent manner, where in the presence of glucose, GlcT binds to the leader strand of 

glucose permease gene ptsG in a stabilizing conformation, allowing transcription and 

glucose intake [109]. However, in the absence of glucose, GlcT is inactivated and 

transcription is terminated [109]. It’s possible that in the glcT mutant, PrsS is responsible 

for the cleavage and modulation of a glucose intake mechanism that, when unregulated, 

could be dangerous for the cell. However, it’s also plausible that, similarly to PurR, GlcT 

may be primarily categorized as a metabolic regulator and could potentially moonlight as 

a major regulator of virulence factors in future studies.  

 

The only activator, or rather non-repressor, of prsS expression observed in our findings 

is Rsp. Rsp, named for its role in the repression of surface proteins, is another 

transcription factor found to facilitate broad virulence factor regulation [110]. Like PurR, 

Rsp is observed to bind directly to promoters of virulence factors including the hla, psma, 

and psmB toxins, resulting in the activation of the agr system [110]. Activation of these 

toxins by Rsp is commonly associated with increased virulence in skin and soft tissue 

infections as well as pneumonia [110]. Additionally, Rsp is associated with inhibited 
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biofilm formation as it represses fibronectin binding proteins, as well as surface protein A, 

which is essential for biofilm production [111,112]. While many transcription factors exhibit 

repressive effects on prsS expression, Rsp seems to activate this protease. As rsp 

expression is induced by hydrogen peroxide, this factor may activate prsS to initiate a 

response to oxidative stress or assist in biofilm inhibition [113]. However, Rsp also 

controls a long non-coding RNA, SSR42, which influences the expression of virulence 

factors, including multiple toxins and surface proteins [114]. It could be that SSR42 

influences prsS expression in an Rsp-dependent manner.  

 

Through the identification of transcriptional regulators, potential substrates, and 

conserved homology required for catalytic function, we have further characterized the 

functional role of the M82 peptidases through the lens of PrsS. Our findings suggest that 

these proteases play a much larger role in complex cellular functions than previously 

thought. Here, we see that these peptidases seem to function through interaction with a 

large regulatory network of virulence factor modulators, impacting vital cellular functions 

such as proliferation, adhesion, protein folding, and biofilm formation. The M82 

peptidases are able to do this through the use of a highly conserved protein structure that 

has been inherited over millennia, suggesting that many of these functions may be 

observed in PrsW homologs in future studies.  
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CHAPTER FIVE: FUTURE DIRECTIONS 
 

 

In this study, multiple individual residues, as well as a single stretch of residues in the 

CTT of PrsS, were identified for their significance in stress response. It would be highly 

informative to further explore their role in protease function. The N-terminomics data 

obtained in this study provides potential substrates that can be used as indicators of PrsS 

cleavage. By performing western blots on these substrates in the wild type and prsS 

mutant, these cleavage events can be validated and further analyzed for their impact on 

cellular function. Additionally, performing these N-terminomics methods again with MMS 

induction could potentially identify a potential anti-sigma factor substrate of PrsS. This 

future experiment would be highly advantageous in identifying substrates of this protease 

that may only be cleaved in times of external stress. Further to this, evaluating the 

potential loss or gain of function specific to these substrates could provide greater detail 

on the larger role of PrsS in infection models, as many of our potential substrates impact 

factors that increase virulence in S. aureus.  

 

In characterizing additional M82 homologs, alternative pathways may be discovered for 

sigma factor activation that provides clarity on the PrsS and SigS relationship. In this 

case, a wide range of future experiments could be used to evaluate the relationship 

between many of these uncharacterized homologs and their respective contribution to 

regulated intramembrane proteolysis within other gram-positive organisms.  
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