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ABSTRACT 
 

INSIGHTS INTO ORGANOSULFUR ASSIMILATION IN STAPHYLOCOCCUS AUREUS 

By 

Joshua Michael Lensmire 

Bacterial pathogens deploy sophisticated strategies to acquire vital nutrients from the host during 

infection. Staphylococcus aureus is a considerable human pathogen due to its capacity to cause 

numerous life-threatening diseases. As such S. aureus has an intricate metabolism that promotes 

proliferation in distinct host environments. However, little is known regarding the sulfur sources 

the pathogen scavenges from host tissues. Sulfur is an essential nutrient due to its extensive 

redox capacity and consequently, it is a critical component of many cofactors. Prior studies started 

to define sulfur sources S. aureus can use including the inorganic sulfur sources, sulfide and 

thiosulfate, and organosulfur sources, cysteine, cystine, and glutathione. While we understand 

some of the sulfur sources S. aureus can use, we do not know the genetic determinants facilitating 

assimilation. The present studies sought to explain how S. aureus imports and catabolizes organic 

sources of sulfur.  

First, we wanted to uncover the proteins allowing S. aureus to utilize cystine and cysteine 

as sulfur sources. The S. aureus homologues of characterized cystine transporters, TcyP and 

TcyABC, were experimentally validated as cystine and cysteine transporters. We expanded the 

sulfur sources S. aureus can utilize to include homocystine and N-acetyl cysteine and show that 

both TcyABC and TcyP support growth on N-acetyl cysteine while only TcyABC supports growth 

on homocystine. Finally, a tcyP mutant is impaired in murine heart and liver when competing with 

WT S. aureus suggesting import of TcyP substrates is important for heart and liver colonization.  

While a tcyP mutant is reduced in competition with WT in murine heart and liver 

colonization is not fully ablated signifying more sulfur sources must be catabolized. We next 

examined how S. aureus imports and catabolizes GSSG. To identify S. aureus GSSG utilization 

strategies, we used a chemically defined medium containing GSSG as the sulfur source and 



 

 

 

 

 

isolated mutants harboring transposon insertions within a putative ABC-transporter and ϒ-

glutamyl transpeptidase that fail to proliferate. The mutants also do not grow in medium 

supplemented with GSH. Consistent with these findings, we named the locus the glutathione 

import system (gisABCD-ggt). Biochemical analysis of recombinant Ggt confirms in silico 

functional predictions by demonstrating that Ggt cleaves both GSH and GSSG. Though Gis 

mutants display wildtype virulence, we find that Gis-Ggt promotes competition with 

Staphylococcus epidermidis when GSH or GSSG is supplied as the sole sulfur source in vitro. 

S. aureus resides as a nasal commensal in 30% of the population and once inside the 

body can infect nearly every organ. Throughout the changing host environments, S. aureus must 

sense and acclimate to nutrient availability. We sought to define how sulfur starvation and growth 

on different sulfur sources changes the transcriptional profile of S. aureus. We described the 

transcriptional changes when WT S. aureus or a CymR, the sulfur transcriptional regulator, mutant 

were grown in sulfur replete and deplete conditions. We show sulfur starvation leads to significant 

expression changes including upregulation of iron acquisition encoding genes and oxidative 

stress encoding genes. Furthermore, we provide evidence showing upregulation of CymR 

dependent sulfur transporters when S. aureus is grown on GSH and thiosulfate both of which are 

conditions in which CymR repression should be occurring.  

Finally, this dissertation ends with areas of future exploration of sulfur source utilization in 

S. aureus. These avenues include examining nutrient sulfur available in distinct infection sites 

and expansion of the sulfur sources S. aureus can use. Overall, the work presented here 

substantially contributes to our understanding of what sulfur sources S. aureus imports and 

catabolizes and how different sulfur sources change the transcriptional states of the cell. 
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Chapter 1 Nutrient sulfur acquisition strategies employed by bacterial pathogens 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Work presented in this chapter has been published as Lensmire JM, Hammer ND. 2018. 
Nutrient sulfur acquisition strategies employed by bacterial pathogens. Curr. Opin. Microbiol. 
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Abstract  

Pathogens have evolved elegant mechanisms to acquire essential nutrients from host 

environments. Sulfur is a requirement for bacterial growth and inorganic and organic sulfur-

containing metabolites are abundant within the host-pathogen interface. A growing body of 

evidence suggests that pathogens are capable of scavenging both types of sulfur sources to fulfill 

the nutritional requirement. While therapeutic strategies focusing on inhibiting inorganic sulfate 

assimilation and Cys synthesis show promise in vitro, in vivo efficacy maybe limited due to the 

diversity of host-derived sulfur sources and the fact that most pathogens are capable of acquiring 

multiple sources of sulfur. 

 

Introduction 

Pathogenic bacteria are adept at procuring essential nutrients from the host environment. 

Decades of research have revealed mechanisms by which bacterial pathogens acquire transition 

metals and carbon sources during infection. This review focuses on another nutritional 

requirement for bacterial growth, sulfur. Compared to our understanding of nutrient metal 

acquisition, how pathogens fulfill their sulfur requirement is less well understood.  

 Sulfur is a multivalent atom that conforms to a dynamic range of oxidation states (+6 to -

2). This redox activity supports many aspects of eukaryotic and prokaryotic life (1). For example, 

sulfur is incorporated in the amino acids Cys and methionine (Met), as well as, several essential 

cofactors including but not limited to coenzyme A, coenzyme M, thiamine, lipoic acid, iron-sulfur 

[Fe-S] clusters, glutathione (GSH), and biotin (1). The unique chemistry of these sulfur-containing 

compounds is essential for electron transfer and redox homeostasis. Humans and bacteria use 

sulfur-containing metabolites for many of the same functions; consequently, the molecules are 

readily available for pathogens during infection. For example, the host accumulates organosulfur 

compounds that contain sulfhydryl groups, or thiols, at high concentrations that function as 

antioxidants (2). Numerous in vitro studies describe how bacteria acquire these organosulfur 
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molecules for use as sulfur sources, and researchers are beginning to understand how these 

systems function during infection. This review will highlight these studies, define the sulfur sources 

available within the host, and present examples of pathogen sulfur acquisition strategies.  

 

Inorganic sulfur assimilation  

Inorganic sulfur compounds such as sulfate (SO4
2-) play crucial roles in host physiology. 

Plasma levels of sulfate, the most highly oxidized form of sulfur (oxidation state of -6), can reach 

as high as 215.5 µM (Table 1-1) (3). To use sulfate, bacteria first transport it into the cytoplasm, 

and subsequently reduce the molecule to an oxidation state of +2 via an energy intensive process 

involving a series of four enzymatic reactions and the input of eight electrons (Fig. 1-1) (4). Sulfate 

assimilation leads to production of sulfide which can be readily converted to Cys, a precursor to 

numerous sulfur-containing cofactors (2, 5). The first of four reactions leading to Cys begins with 

the enzyme ATP sulfurylase and the substrates sulfate and ATP (4). The reaction produces 

adenosine phosphosulfate (APS) (Fig. 1-1 #1) which is subsequently phosphorylated by APS 

kinase creating phosphoadenosine phosphosulfate (PAPS) (Fig. 1-1 #2) (4). PAPS is reduced by 

PAPS reductase yielding adenosine diphosphate (PAP) and sulfite (SO3
2-) (Fig. 1-1 #3) (4). Sulfite 

is reduced to sulfide (S2-) (Fig. 1-1 #4) (4). Ultimately, sulfide reacts with O-acetyl serine (OAS) 

via OAS sulfhydrylase (this enzyme is also called Cys synthase or OAS (thiol)-lyase) that 

produces Cys (Fig. 1-1 #5) (4). OAS is generated by serine O-acetyltransferase and the 

substrates serine and acetyl-coenzyme A (acetyl-coA) (Fig. 1.1 # 10) (4). Reactions involved in 

the production of Cys from an inorganic sulfur molecule will be referred to as assimilation (Fig. 1-

1 #1-4). 

 

Sulfate 

Sulfate is an established in vivo sulfur source for some pathogens (Table 1-1). A 

transposon-sequencing study examining Acinetobacter baumannii infection in the Galleria 
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mellonella larvae infection model revealed that sulfate assimilatory enzymes sulfite reductase, 

PAPS reductase, serine O-acetyltransferase, and ATP sulfurylase are essential for infection (6). 

Sulfate assimilation is also key for Mycobacterium tuberculosis proliferation (7, 8). Researchers 

established that ATP sulfurylase (Fig. 1-1 #1) and PAPS reductase (Fig. 1-1 #3) are essential for 

in vitro growth using transposon site hybridization (8), and M. tuberculosis ATP sulfurylase 

mutants are impaired for macrophage infection (7). These reports establish M. tuberculosis and 

A. baumanii as model pathogens for the study of sulfate assimilation during infection.  

 

Thiosulfate  

Thiosulfate (S2O3
2-) can be a substrate of OAS sulfhydrylase in certain species of bacteria 

(Table 1-1) leading directly to Cys production (Fig. 1-1 #11, 12). Bacteria with thiosulfate 

assimilatory potential encode a specific OAS sulfhydrylase to generate S-sulfocysteine, which is 

subsequently reduced to Cys by an unknown mechanism (Fig. 1-1 #12) (9). Numerous pathogens 

including, Salmonella enterica, Clostridium difficile, and Staphylococcus aureus possess 

thiosulfate catabolic activity (Table 1-1) (10–12). Despite in vitro characterization of pathogen 

thiosulfate assimilation, in vivo acquisition of thiosulfate as a sulfur source during infection has 

not been demonstrated. 
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Figure 1-1. Overview of the enzymatic processes that support sulfur assimilation 
and integration of exogenous sulfur-containing metabolites.  
1: ATP sulfurylase, 2: APS Kinase, 3: PAPS Reductase, 4: Sulfite Reductase, 5: 
Cysteine synthase or OAS sulfhydrylase (also referred to as O-acetylserine (thiol)-
lyase), 6: cystathionine-gamma-synthase, 7: cystathionine beta synthase, 8: 
homocysteine S-methyltransferase, 9: S-adenosylmethionine synthetase, 10: serine O-
acetyltransferase,11: Cysteine synthase (OAS sulfhydrylase O-acetylserine (thiol)-
lyase) – in some species #5 and #11 are isozymes that catalyze a similar reaction but 
use different substrates, 12: unknown enzyme that converts S-sulfo-cysteine to cysteine, 
13: Unknown reductase that reduces the disulfide bond in cystine,14: γ-glutamyl-
transpeptidase, 15: peptidase, 16: SAM undergoes a methyl transfer reaction and 
becomes S-adenosyl homocysteine. SAH is subsequently converted to homocysteine 
by SAH hydrolase 17: α-ketoglutarate-dependent dioxygenase 18: APS reductase. The 
red ‘X’ indicates enzymes targeted for therapeutic intervention. Sulfur sources 
highlighted in yellow are inorganic sources of sulfur; The rest are organosulfur 
metabolites.  
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Table 1-1. Evidence for pathogen acquisition and utilization of host-derived sulfur 
sources. 

Sulfur 

Source 

Concentration 

in host 

environments* 

Example Pathogens Evidence± References 

Sulfate  Plasma: 215.5 

µM  

Mycobacterium 

tuberculosis 

in vitro (7, 8) 

 Escherichia coli in vitro (4) 

 Pseudomonas aeruginosa in vitro (13) 

 Acinetobacter baumannii in vivo (6) 

 Salmonella enterica in vitro (4) 

 Klebsiella aerogenes in vivo (14) 

Thiosulfate Serum: 100.8 

µM  

Escherichia coli in vitro (4) 

  Salmonella enterica in vitro (4) 

  Staphylococcus aureus in vitro (11) 

  Clostridium difficile in vitro (12) 

  Campylobacter jejuni in vitro (15) 

Glutathione  

 

 

 

Plasma: 37.03 

µM 

Intracellular: 0.5-

10 mM 

Francisella tularensis in vivo (16) 

Staphylococcus aureus in vitro (11) 

Clostridium difficile in vitro (12) 

Bordetella pertussis in vitro (17) 

Neisseria meningitidis in vitro (18) 

 Escherichia coli in vitro (19) 

 Salmonella enterica in vitro (20) 

  Haemophilus influenzae in vitro (21) 

  Streptococcus mutans in vitro (22) 

  Streptococcus pneumoniae in vivo (23) 

Cysteine/ 

Cystine 

Cysteine Serum: 

33.5 µM 

Cystine Serum: 

62.9 µM  

Listeria monocytogenes in vivo (24) 

 Staphylococcus aureus in vitro (11) 

Campylobacter jejuni in vitro (15) 

 Escherichia coli in vitro (25) 

 Salmonella enterica in vitro (25) 

  Streptococcus mutans in vitro (26) 

Methionine Serum: 39.8 µM 

 

 

Klebsiella aerogenes in vitro (25) 

 Mycobacterium 

tuberculosis 

in vitro (25) 

Pseudomonas aeruginosa in vitro  

(25) 
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Organosulfur acquisition 

The abundance of organosulfur metabolites in the host makes these potential sulfur 

sources attractive targets for pathogens. These organosulfur molecules include: Cys, oxidized 

Cys (referred to as cystine), glutathione (GSH), methionine, and taurine. An advantage of 

organosulfur utilization is that the molecules are typically more efficiently processed to Cys than 

inorganic sulfur, requiring only one or two enzymatic steps (Fig. 1-1). In species that use both 

organic and inorganic sulfur sources, such as Escherichia coli, exogenous Cys is a competitive 

inhibitor of serine O-acetyltransferase (Fig. 1-1 #10) (25). Transcription of other sulfate 

assimilation genes is repressed by 0.5 mM cystine and various organosulfur molecules (35, 36). 

These findings suggest that cells coordinate inorganic and organic sulfur source acquisition 

strategies. However, numerous pathogens including Listeria monocytogenes, Clostridium 

perfringens, Legionella pneumophila, Bordetella pertussis, Neisseria gonorrhoeae, S. aureus, 

and the streptococci are Cys auxotrophs due to incomplete sulfate assimilation pathways (11, 12, 

17, 25, 37–40). S. aureus, for example, does not encode ATP sulfurylase, APS kinase, or PAPS 

reductase and is therefore unable to use sulfate as a source of sulfur. S. aureus is capable of 

consuming sulfide or thiosulfate as these inorganic sulfur sources can be converted to substrates 

for the OAS sulfhydrylases (11). Notably, a mutant strain that is limited in its ability to use sulfide 

Table 1-1 (cont’d) 

Taurine Plasma: 55.5 µM Enterobacteriaceae in vitro (27) 

  

 

Staphylococcus aureus¥ in vitro (28) 

    

 
* Plasma and serum levels of sulfur-containing metabolites were obtained from the following 
references: (2, 3, 29–32). Metabolite concentrations in other tissues can be found using the 
Human Metabolome Database (33).  
± ‘in vitro’ indicates the cells proliferate in laboratory defined medium when the sulfur-containing 
metabolite is supplemented as the sole source of sulfur. ‘in vivo’ denotes those mutant strains 
lacking sulfur source acquisition systems demonstrate virulence defects in an animal model of 
infection.  
¥ Conflicting data demonstrating that taurine is not a viable sulfur source for S. aureus is 
reported in references (28, 34). 
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or thiosulfate as sulfur sources via genetic inactivation of cysM is as virulent as WT [11]. This 

result implies that S. aureus does not assimilate these inorganic molecules during infection and 

supports the hypothesis that the pathogen predominantly acquires organosulfur sources to 

proliferate within the host (11). In keeping with this hypothesis, the organosulfur sources Cys, 

cystine, and GSH are viable sources of sulfur for S. aureus (11). The fact that many pathogens 

seem to have lost, or never evolved, the ability to assimilate sulfate underscores the importance 

of organosulfur metabolites as potential sources of nutrient sulfur during infection. 

 

Cysteine (Cys) and Cystine (CSSC) 

Cys is a precursor for a number of sulfur-containing cofactors and many pathogens use it 

as a sulfur source (Table 1-1) (11, 15, 24, 38, 41). CSSC is also a viable sulfur source for 

pathogens, but the disulfide bond between the two Cys molecules must be reduced (Fig. 1-1 # 

13, Table 1-1 (25, 26)). Cys transporters have been difficult to identify due to the inherent 

redundancy of amino acid transporters (42). Consequently, assessing the importance of Cys 

acquisition to pathogenesis has been a challenge. A possible exception is L. monocytogenes, a 

Cys auxotroph due to a complete lack of the sulfate assimilation pathway (Fig 1-1 #1-4) (41, 43). 

Mutation of the Cys-transport-associated protein CtaP, a putative substrate binding protein, 

reduces proliferation in a minimal defined medium [22]. Supplementation of the medium with high 

concentrations of Cys restores growth of the mutant, providing evidence that CtaP functions in 

concert with a high affinity Cys importer (24). Consistent with this, a putative ABC-transporter 

(lmo0136-0137) is encoded adjacent to ctaP (44). Lmo0136-0137 is required for L. 

monocytogenes replication within Caco-2 cells and the ctaP mutant is attenuated in a murine 

model of systemic infection (24, 44). CtaP also functions as a host cell adhesin, making it difficult 

to discern whether the virulence defect of the ctaP mutant is due to loss of a high affinity Cys 

importer, impaired host cell attachment, or both (24). Although additional biochemical validation 
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of the CtaP-Lmo0136-0137 transport system is required, it is tempting to speculate that 

acquisition of Cys is a requirement for intracellular growth and pathogenicity of L. monocytogenes.  

 

Methionine (Met) 

The other proteinogenic sulfur-containing amino acid, Met, is also an in vitro sulfur source 

for a subset of pathogens. To satisfy the sulfur requirement, Met must undergo sequential 

recycling reactions that ultimately produce Cys (14). The recycling pathway proceeds from S-

adenosyl Met, which becomes S-adenosyl homocysteine (SAH) after undergoing the methyl 

transfer reaction. SAH is converted to homocysteine (Fig. 1-1 # 9 and # 16), and through a reverse 

trans-sulfuration reaction, homocysteine is converted to Cys (Fig. 1-1 #7 and #6) (14, 25, 45). 

Klebsiella aerogenes, M. tuberculosis, and Pseudomonas aeruginosa recycle Met, enabling 

growth on Met as a sole sulfur source (25). Consistent with this, M. tuberculosis and K. aerogenes 

import Met in vitro and P. aeruginosa encodes homologs of Met transporters present in E. coli 

(14, 45–47). However, evidence that the pathogens utilize Met as a source of sulfur during 

infection is lacking. 

 

Glutathione (GSH)  

GSH is a potent antioxidant in host and bacterial cells (2, 48). GSH contains a reactive 

thiol in the form of Cys, one of the three amino acids that comprise the tripeptide. A glutamate 

residue is bound to Cys via a unique �-bond between the R group carboxyl of glutamate and the 

amino group of Cys. Glycine, the third amino acid, is covalently linked to Cys via a standard 

peptide bond. GSH functions as a low molecular weight thiol by fluctuating between reduced and 

oxidized (GSSG) states. In the oxidized state, a disulfide bond adjoins two GSH via the Cys thiols. 

Within eukaryotic cells, GSH levels range from 0.5-10 mM and are kept at a strict GSH:GSSG 

ratio (2, 49). On average, human plasma levels of GSH exceed GSSG nearly 30-fold (37.03 µM 

and 1.69 µM, respectively) (Table 1-1) (32). The host spends considerable energy maintaining 



 

10 

 

GSH levels greater than GSSG. This allows for maximal reactivity of the thiol groups to detoxify 

reactive oxygen species and other poisons (2, 49).  

GSH abundance makes it an ideal source of sulfur and numerous pathogens express 

transporters that scavenge the plentiful nutrient (Table 1-1). Upon import, liberation of Cys from 

GSH proceeds via glutamyl-transpeptidase (Ggt) (Fig. 1-1 #14), an enzyme that cleaves the γ -

peptide bond releasing glutamate and producing cysteinyl-glycine (2). Cysteinyl-glycine is 

subsequently processed by peptidases that release Cys from glycine (Fig. 1-1 #15) (2, 50). The 

unique γ -peptidase activity of Ggt is required to initiate utilization of GSH as a sulfur source and 

a subset of pathogens encode Ggt (Table 1-1). For example, Ggt is required during Francisella 

tularensis infection as the enzyme cleaves host GSH to produce Cys, fulfilling the sulfur 

requirement, and driving intracellular proliferation (16).  

 

Taurine  

The non-proteinogenic amino acid taurine is abundant in many mammalian tissues but is 

predominately found complexed to bile salts within the intestines (51). Consequently, members 

of Enterobacteriaceae scavenge taurine for use as a sulfur source (27). Taurine is a substrate for 

α-ketoglutarate-dependent dioxygenase, an enzyme that produces aminoacetaldehyde and 

sulfite (Fig. 1-1 #17) which is then processed to sulfide by sulfite reductase (Fig. 1-1 #4) (25). It 

is unclear whether taurine is a viable sulfur source for non-enteric pathogens such as S. aureus. 

Published findings contradict the capacity of taurine to stimulate S. aureus growth in a sulfur 

deplete medium (28, 34). The fact that S. aureus lacks an α-ketoglutarate dependent dioxygenase 

homologue supports the supposition that taurine is not a viable sulfur source for this pathogen 

(28).  
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Frontiers in pathogen nutrient sulfur acquisition  

Mammals lack the ability to synthesize Cys from inorganic sulfur; consequently Cys and 

Met are obtained from the diet (52). Therefore, bacterial sulfate assimilation and Cys synthesis 

have gained considerable interest as a potential therapeutic strategy to combat infection (53–56) 

(reviewed in reference (57)). An in silico screen identified inhibitors of both Salmonella OAS 

sulfhydrylase isozymes (Fig. 1-1 #5 and #11) as potent in vitro antimicrobials (53). OAS 

sulfhydrylase inhibitors are also being developed for the treatment of infections caused by M. 

tuberculosis (reviewed in reference (58)) and other bacterial pathogens (56, 59–61).  

The enzyme APS reductase, which functions in M. tuberculosis sulfate assimilation (Fig. 

1-1 #14), is also gaining interest as an antibacterial drug target (62). APS reductase inhibitors 

result in significantly reduced levels of downstream sulfur-containing metabolites, and these 

compounds display bactericidal activity (62). The in vivo efficacy of sulfate assimilation and Cys 

synthesis inhibitors has yet to be established. As discussed, most pathogens encode redundant 

nutrient sulfur procurement strategies that exploit host-derived organosulfur metabolites, so 

inhibiting sulfate assimilation may not be, ultimately, a successful strategy. 

Evidence is mounting that some pathogens prefer organosulfur sources, and Cys 

auxotrophs are isolated from a surprising number of clinical samples derived from patients 

infected with bacterial species capable of sulfate assimilation (63–66). Prominent examples are 

Uropathogenic E. coli (UPEC), as 1.5 to 2% of clinical isolates are Cys auxotrophs (66), and 

subsets of Klebsiella urinary tract infection isolates are also Cys auxotrophs (65). Loss of Cys 

synthesis supports the hypothesis that during infection these pathogens have access to reservoirs 

of host Cys or Cys derivatives, obviating the need for endogenous Cys synthesis via sulfate 

assimilation. Urine contains a relatively high concentration of free Cys (65.8 µmol mmol-1 

creatinine) (67), but Cys auxotrophs are also found among pathogens that colonize different host 

environments. Sub-populations of Burkholderia cepacia isolated from patients afflicted with cystic 

fibrosis and a subset of Micrococcus isolates, a skin commensal, are also Cys auxotrophs (63, 
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64). The prevalence of Cys auxotrophs and the diversity of sulfur sources available during 

infection suggests that pathogens will evade therapeutic interventions that exclusively target de 

novo Cys synthesis from inorganic sulfur sources. As the field of pathogen nutrient sulfur 

acquisition is just beginning to take shape, additional studies are needed to reveal the frequency 

of Cys auxotroph isolation in other notable bacterial diseases. These findings will define the 

therapeutic potential and efficacy of targeting de novo Cys synthesis and sulfate assimilation to 

treat bacterial infections.  

 

Concluding remarks  

Historically sulfur acquisition has been an understudied area in the field of pathogen 

nutrient acquisition. Reports described herein have considerably increased our knowledge of 

nutrient sulfur sources beyond sulfate by revealing that numerous pathogens that lack sulfate 

assimilation can use organosulfur sources. Future studies focused on defining sulfur source 

acquisition mechanisms and determining their importance in animal models of infection will 

elucidate novel avenues for the therapeutic intervention of increasingly antibiotic resistant 

pathogens.  
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Chapter 2 The Staphylococcus aureus cystine transporters TcyABC and TcyP facilitate 
nutrient sulfur acquisition during infection 
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Abstract 

S. aureus is a significant human pathogen due to its capacity to cause a multitude of 

diseases. As such, S. aureus efficiently pillages vital nutrients from the host, however, the 

molecular mechanisms that support sulfur acquisition during infection have not been established. 

One of the most abundant extracellular sulfur-containing metabolites within the host is Cys, which 

acts as the major redox buffer in the blood by transitioning between reduced and oxidized (cystine) 

forms. We therefore hypothesized that S. aureus acquires host-derived Cys and cystine as 

sources of nutrient sulfur during systemic infection. To test this hypothesis, we used the toxic 

cystine analogue, selenocystine, to initially characterize S. aureus homologues of the Bacillus 

subtilis cystine transporters, TcyABC and TcyP. We find that genetic inactivation of both TcyA 

and TcyP induces selenocystine resistance. The double mutant also fails to proliferate in medium 

supplemented with cystine, cysteine, or N-acetyl cysteine as the sole sulfur source. However, 

only TcyABC is necessary for proliferation in defined medium containing homocystine as the 

sulfur source. Using a murine model of systemic infection, we observe tcyP-dependent 

competitive defects in the liver and heart, indicating that this sulfur acquisition strategy supports 

proliferation of S. aureus in these organs. Phylogenetic analyses identified TcyP homologues in 

many pathogenic species, implying that this sulfur procurement strategy is conserved. In total, 

this study is the first to experimentally validate sulfur acquisition systems in S. aureus and 

establish their importance during pathogenesis. 

 

Introduction 

Methicillin-resistant S. aureus (MRSA) is endemic in hospital and community settings in 

the United States and is the leading cause of morbidity and mortality resulting from infections with 

antibiotic resistant bacteria (68–70). This stems from the fact that S. aureus infection can lead to 

wide-ranging disease manifestations, including skin and soft tissue infections, infective 

endocarditis, sepsis, osteomyelitis, and pneumonia (71, 72). In addition to invasive disease, S. 
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aureus innocuously colonizes the skin and nasal passages of 30% of the population (73–76). 

Together, these facts highlight the dynamic tissue tropism of this organism.  

During infection, pathogens must procure nutrients from host environments. The 

mechanisms S. aureus employs to acquire carbon sources and trace metals during infection are 

becoming increasingly clear (77–84). However, a complete understanding of the physiology that 

contributes to the persistence and invasiveness of S. aureus is imperative to control infection. 

Therefore, impairing nutrient acquisition offers potential for therapeutic intervention. S. aureus 

employs a sophisticated metabolism that allows it to both persist during nasal carriage and 

proliferate to cause systemic disease (85–91). One clear deficiency in our knowledge of S. aureus 

nutrient acquisition is the strategy by which the pathogen scavenges sulfur during infection. 

Sulfur is an essential building block for life because it transitions between numerous 

oxidation states allowing for broad functionality (1). Once sulfur is assimilated to a functional 

oxidation state, most cells flux sulfur to Cys and Met to generate other sulfur-containing 

compounds (1, 2, 5). The sulfur demand for a cell is sizable due to the many sulfur-containing 

compounds required to synthesize proteins and power central metabolism. Consequently, E. coli 

imports 2.2 mM min-1 of sulfur to support a growth rate of 0.0173 min-1 (92). To fulfill the sulfur 

requirement some bacteria utilize two broad categories of sulfur-containing substrates: inorganic 

sulfur sources that include sulfate and thiosulfate or organosulfur sources such as methionine, 

Cys, and others (93). S. aureus lacks enzymes necessary to assimilate sulfate and consequently 

it cannot convert sulfate to sulfite (11, 25, 28). Accordingly, S. aureus relies on select inorganic 

sulfur sources, such as thiosulfate, or organosulfur sources to satisfy its sulfur requirement. 

Previous studies have shown S. aureus acquires CSSC, Cys, GSH, sulfide, and thiosulfate as 

sulfur sources in vitro (11), but how S. aureus imports and catabolizes these metabolites is not 

known. Consistent with this, sulfur transporters have yet to be experimentally validated in S. 

aureus, despite the fact that it likely encounters many potential sulfur sources during 

dissemination from the bloodstream to various internal organs (94). For example, human serum 
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contains CSSC, Cys, homocysteine, cysteinyl-glycine, GSH, sulfate, sulfide, and Met (30, 95), but 

whether these potential sources of sulfur satisfy the sulfur requirement in vivo is not known.  

To understand how S. aureus fulfills its sulfur requirement we evaluated two putative 

CSSC transporters encoded by the closely related bacterium Bacillus subtilis, TcyABC and TcyP. 

(26, 42, 96). B. subtilis encodes three CSSC transporter systems: TcyP, TcyJKLMN, and TcyABC. 

TcyABC is a low-affinity ATP-binding cassette (ABC) transporter whereby the lipid anchored 

substrate-binding protein TcyA delivers substrate to the permease, TcyB, which is then 

translocated aided by the hydrolysis of ATP by TcyC into the cytoplasm (42). B. subtilis TcyP is a 

high-affinity CSSC and sodium symporter (42). Whether S. aureus TcyABC and TcyP act in 

similar ways to the B. subtilis homologues is unknown; though, studies have reported that tcyABC 

and tcyP are transcriptionally controlled by the master Cys metabolism regulator CymR in both 

organisms (28, 97–99).  

We hypothesized that TcyABC and TcyP facilitate S. aureus CSSC utilization as a sulfur 

source in vivo. To test this hypothesis, we utilized a genetic approach to characterize tcyA and 

tcyP mutants in two different strain backgrounds, the laboratory-derived methicillin-resistant strain 

endemic in the United States, community-acquired USA300 (JE2), and the methicillin-sensitive 

strain Newman (NWMN) (100, 101). We report the first experimental evidence that S. aureus 

tcyABC and tcyP encode CSSC acquisition systems. Additionally, we demonstrate that TcyABC 

and TcyP are required for growth in media supplemented with Cys or N-acetyl cysteine (NAC) as 

the sole sulfur source. Moreover, TcyABC supports proliferation in medium supplemented with 

homocystine (hCSSC). Expression of both systems is induced upon sulfur starvation, but tcyP 

expression is stimulated to a greater extent. Notably, our results implicate TcyABC and TcyP as 

nutrient sulfur acquisition systems that are important during S. aureus pathogenesis. This study 

represents the first-time sulfur source transporters have been experimentally validated and 

demonstrated to affect S. aureus virulence.  
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Results 

Genetic inactivation of tcyA increases resistance to the toxic CSSC analogue selenocystine.  

S. aureus encodes homologues of two of the three CSSC transporter systems present in 

B. subtilis, TcyABC and TcyP (42). Functional characterization of the CSSC transporters in B. 

subtilis was determined using the toxic CSSC analogue selenocystine (42). In B. subtilis, 

enhanced resistance to selenocystine correlated with reduced capacity to transport CSSC. We 

hypothesized the S. aureus tcyABC homologue is a CSSC transporter, and that genetic 

inactivation would lead to decreased sensitivity to selenocystine. To test this hypothesis, we 

compared selenocystine sensitivity of a wildtype USA300 methicillin-resistant strain to an isogenic 

tcyA::Tn mutant using a Kirby Bauer disk diffusion assay. The tcyA::Tn strain demonstrates a 

reduced zone of inhibition compared to WT, indicating TcyA has a potential role in selenocystine 

acquisition (Fig. 2-1A). However, the fact that tcyA::Tn displays a zone of inhibited growth, 

suggests that TcyABC is not the exclusive putative transporter in S. aureus. To test this idea, we 

incubated the selenocystine plates for an additional amount of time and examined them for the 

presence of resistant colonies within the zone of inhibited growth. We reasoned colonies able to 

grow in the zone of inhibition harbor mutations in additional transporters allowing them grow in 

the presence of the toxic metabolite. After four days of incubation resistant colonies grew within 

the WT and tcyA::Tn zones of inhibited growth (Fig. 2-1B and C). Colonies generated in the 

tcyA::Tn mutant background grew closer in proximity to the selenocystine-containing disk than 

colonies of the otherwise WT background (Fig. 2-1C), indicating that the tcyA::Tn colonies are 

more resistant than the WT colonies.  
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Figure 2-1. A S. aureus tcyA mutant demonstrates enhanced resistance to the toxic cystine 
analogue selenocystine.  
(A) WT and tcyA::Tn were plated as a lawn on tryptic soy agar (TSA) and a paper disk 
supplemented with 100 mM selenocystine was added to the plate. The mean zone of inhibition of 
at least three independent trials is presented. The dotted line represents the disk diameter (6 
mm). (B) Colonies develop within the zone of inhibition after 96 hours of growth when WT or 
tcyA::Tn are plated in the presence of 50 mM selenocystine. Arrows point to resistant colonies. 
(C) Selenocystine resistant WT or tcyA::Tn colonies grew the indicated distance from a sterile 
Whatman paper disk containing 50 mM or 100 mM selenocystine. The bar represents the mean 
distance from the disk. Error bars represent ± 1 standard error of the mean. * Indicates P<0.05 
determined from student’s t-test. 
 
 
Similar selenocystine resistant results were obtained using the methicillin-sensitive strain 

Newman (NWMN) and an isogenic tcyA transposon (tcyA::Tn) mutant (Fig. A-1), demonstrating 

functional conservation between S. aureus strains. The JE2 tcyA::Tn selenocystine resistant 

colonies were isolated and tested for selenocystine resistance. All the isolates demonstrate nearly 

complete resistance to selenocystine, indicating that the strains likely contain inactivating 

mutations in at least one other transporter (Fig. 2-2A). Next, we tested the effect the secondary 

mutations had on the ability of isolates to grow in defined medium (PN) containing CSSC. 

Selenocystine resistant tcyA::Tn mutants display reduced growth in medium containing CSSC 

relative to the parental tcyA::Tn mutant (Fig. 2-2B). Together these data suggest that TcyABC is 

a major contributor to selenocystine sensitivity in S. aureus but that another transporter system(s) 

that is not required for growth in rich medium is also active. 
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Figure 2-2. Selenocystine resistant colonies in tcyA::Tn background maintain resistance 
to selenocystine.  
(A) Representative tcyA::Tn selenocystine resistant colonies were isolated and tested for their 
resistance in the presence of 100 mM selenocystine. The first number indicates the concentration 
of selenocystine (50 mM, 75 mM or 100 mM) added to the Whatman disk to the plate the mutants 
first appeared, and the second number represents the isolate number from that concentration of 
selenocystine. The dotted line represents the disk diameter (6 mm). (B) Growth of tcyA::Tn 
selenocystine resistant mutants in 25 μM cystine. Data represents the mean of at least three 
independent trials. Error bars represent ± 1 standard error of the mean. 
 

Table 2-1. Mutations identified in the tcyP opening reading frame of 
tcyA::Tn selenocystine resistant mutants. 

isolate mutation protein effect 

50-1 Deletion 580-591 (12bp) non-frameshift 

75-1 G593A G198E 

100-2 Deletion 715-777 (63bp) non-frameshift 

100-3 Deletion 799-802 (4bp) frameshift 

Disruption of both tcyA and tcyP leads to complete selenocystine resistance and reduced growth 

in a defined medium supplemented with CSSC as the sole sulfur source.  

We hypothesized that the selenocystine resistant tcyA::Tn mutants harbor mutations in 

the tcyP open reading frame or promoter sequence. To test this, we sequenced the tcyP locus in 

nine of these mutants. All nine harbored WT tcyP promoter sequence (data not shown); however, 

four isolates contained mutations within the tcyP open reading frame. The mutation identified in 
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each isolate was unique and included a nonsynonymous point mutation, two non-frameshift 

deletions, and a frameshift deletion (Table 2-1).  

These mutations likely inactivate TcyP as they promote selenocystine resistance and 

disrupt the ability of tcyA::Tn to proliferate in medium supplemented with CSSC. (Fig. 2-1 and Fig. 

2-2). To further define the contribution of both transporters in S. aureus selenocystine resistance 

and CSSC acquisition, we generated a tcyA::Tn tcyP::Tn (tcyAP::Tn) double mutant. Compared 

to WT, the tcyP::Tn single mutant exhibits similar selenocystine sensitivity, but the tcyAP::Tn 

double mutant demonstrates considerably enhanced resistance (Fig. 2-3A). Comparable 

selenocystine resistance results were obtained using a tcyAP::Tn generated in strain NMWN (Fig. 

A-2). These results indicate that tcyABC and tcyP are the dominant selenocystine acquisition 

systems in S. aureus. To directly test the hypothesis that tcyABC and tcyP are CSSC acquisition 

systems, we cultured the strains in PN supplemented with 25 µM CSSC as the sole sulfur source. 

WT, tcyA::Tn, and tcyP::Tn display similar growth patterns in this medium; however, tcyAP::Tn 

demonstrates significantly impaired proliferation relative to WT and the single mutants (Fig. 2-

3B). Notably, in rich medium the four strains grow similarly, indicating the proliferation defect of 

tcyAP::Tn is specific to an inability to utilize CSSC as a source of sulfur (Fig. 2-3C). To ensure 

the selenocystine resistance of tcyAP::Tn is due in part to tcyP or tcyABC inactivation, we 

constructed complementation vectors encoding tcyP or tcyABC under the control of their native 

promoters (pKK22 PtcyP::tcyP or pKK22 PtcyABC::tcyABC, respectively). The tcyAP::Tn strain 

harboring pKK22 PtcyP::tcyP or pKK22 PtcyABC::tcyABC demonstrates increased sensitivity to 

selenocystine (Fig. A-3A). Additionally, ectopic expression of tcyP or tcyABC restores growth of 

the tcyAP mutant in PN medium supplemented with 25 µM CSSC to WT levels (Fig. A-3B, C). 

These data validate the roles of TcyP and TcyABC in selenocystine resistance and CSSC 

utilization. 
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Figure 2-3. TcyABC and TcyP are required for sensitivity to selenocystine and utilization 
of cystine as a nutrient sulfur source.  
(A) WT and tcyA::Tn were plated on a lawn on TSA and a disk supplemented with 100 mM 
selenocystine was added to the plate. The mean zone of inhibition of at least three independent 
trials is presented. The dotted line represents the disk diameter (6 mm). (B) WT, tcyA::Tn, 
tcyP::Tn, and tcyA tcyP (tcyAP::Tn) double mutant were cultured in PN medium supplemented 
with 25 μM cystine as the sole sulfur source. (C) WT, tcyA::Tn, tcyP::Tn, and tcyAP::Tn were 
cultured in TSB. Measurements represent at least three independent trials. Error bars represent 
± 1 standard error of the mean. * Indicates P<0.05 determined from student’s t-test.  
 
S. aureus TcyABC and TcyP support proliferation in medium containing Cys or N-acetyl cysteine 

as the sole source of sulfur.  

Some bacterial ABC-transporters are capable of transporting both dimeric and monomeric 

substrates (26, 42). For example, in Streptococcus mutans TcyABC-mediated import of CSSC is 

inhibited by Cys, indicating that TcyABC is capable of binding and transporting both substrates 

(26). To test whether TcyABC and TcyP are important for S. aureus utilization of monomeric 

substrates such as Cys, we quantified growth in media supplemented with Cys as the sole source 

of sulfur. Because Cys is prone to oxidation in environments containing O2, quantification of 

growth was carried out in anaerobic conditions in medium containing the alternative electron 

acceptor nitrate to stimulate anaerobic respiration. Consistent with the results obtained in aerobic 

conditions, tcyAP::Tn was the only strain that displayed a growth defect relative to WT when 

CSSC is supplemented as the sole sulfur source (Fig. 2-4A). Similarly, tcyAP::Tn exhibits reduced 

anaerobic growth relative to WT and the two single mutants in PN supplemented with Cys (Fig. 
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2-4B). This observation indicates that both TcyABC and TcyP support growth on Cys and are 

functioning redundantly. The capacity of TcyABC and TcyP to support growth on CSSC and Cys 

implies an extended substrate-binding potential. To test this further, we examined whether both 

systems support proliferation in medium supplemented with NAC a Cys-containing metabolite 

present in human blood (102). We cultured S. aureus WT and tcyA::Tn, tcyP::Tn, or tcyAP::Tn 

mutants in PN supplemented with 50 µM NAC. In keeping with the previous CSSC and Cys 

results, only proliferation of tcyAP::Tn is reduced relative to WT (Fig. 2-4C). Notably, WT S. aureus 

achieves a greater maximum OD600 in PN medium containing CSSC relative to PN containing 

Cys or NAC despite the addition of stoichiometrically equivalent levels of sulfur. These results 

imply that CSSC is the preferred sulfur source of S. aureus in these growth conditions.  

 
Figure 2-4. TcyABC and TcyP support proliferation in medium supplemented with cysteine 
(Cys) or N-acetyl-cysteine (NAC) as the sole sulfur sources.  
WT, tcyA::Tn, tcyP::Tn, or tcyAP::Tn were cultured anaerobically in PN medium supplemented 
with 100 mM sodium nitrate to induce anaerobic respiration and 25 μM cystine (A), 50 μM cysteine 
(B), or 50 μM N-acetyl-cysteine (C) as the sole sulfur source. The mean of at least three 
independent trials is presented, error bars represent ± 1 standard error of the mean. 
 
TcyABC supports growth on homocystine (hCSSC) but not glutathione.  

To further define potential TcyABC and TcyP substrates, we monitored growth of WT, 

tcyA::Tn, tcyP::Tn, or tcyAP::Tn in PN medium supplemented with hCSSC, the oxidized derivative 

of homocysteine, a four-carbon compound that is an intermediate in the methionine synthesis 

pathway. Homocysteine directly enters S. aureus sulfur metabolism and can be fluxed to Cys or 
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methionine (4, 25, 28). Based on the structural similarity between hCSSC and CSSC, we 

hypothesized that TcyABC supports growth on hCSSC. To test this, 50 µM hCSSC was 

supplemented in PN medium as the sole sulfur source. In the hCSSC-supplemented medium, 

tcyA::Tn and tcyAP::Tn fail to proliferate (Fig. 2-5B), indicating that TcyABC but not TcyP is 

involved in hCSSC acquisition.  

 In S. mutans import of the Cys-containing tripeptide glutathione (GSH) is mediated by the 

TcyBC permease and ATP hydrolysis subunits (22). We tested whether S. aureus TcyABC could 

also be involved in the acquisition of GSH as a sulfur source by culturing WT, tcyA::Tn, tcyP::Tn, 

or tcyAP::Tn in medium containing 50 µM GSH. Compared to the differential growth patterns in 

the other sulfur sources, no difference is observed between WT and mutant growth in PN with 

GSH (Fig. 2-5C), indicating that neither transporter is required for GSH utilization as a source of 

sulfur.  

 

 

 

 

Figure 2-5. TcyABC supports growth of S. aureus in medium containing homocystine but 
not GSH as a sulfur source.  
WT, tcyA::Tn, tcyP::Tn, or tcyAP::Tn were cultured in PN supplemented with 25 μM cystine 
(CSSC) (A), 50 μM homocystine (hCSSC) (B), or 50 μM reduced glutathione (GSH) (C) as the 
sole source of sulfur. Error bars represent ± 1 standard error of the mean. The average of at 
least three independent trials is presented. 
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tcyP and tcyA are induced in sulfur starvation conditions.  
The transcription of tcyP and tcyA are controlled by the sulfur regulator, CymR (28, 97). A 

limitation of the previous CymR studies is that they monitored expression in sulfur replete 

conditions using a cymR mutant. To understand how tcyP and tcyA expression changes in 

response to sulfur starvation, we sub-cultured cells from a sulfur replete medium to sulfur deplete 

medium. Specifically, S. aureus was cultured in PN supplemented with 25 µM CSSC (T0) and 

then transferred to PN medium supplemented with 25 µM CSSC (sulfur replete) or a medium 

devoid of a sulfur source. We found that tcyP and to a lesser extent tcyA are significantly 

upregulated in response to sulfur starvation relative to sulfur replete medium as determined by a 

greater log2 fold change after two hours of incubation (Fig. 2-6). Interestingly, tcyA is repressed 

when S. aureus is transferred from CSSC-supplemented medium into fresh medium containing 

CSSC (Fig. 2-6). These data demonstrate that tcyP and tcyA expression are responsive to the 

abundance of sulfur in the environment. 

 
 

Figure 2-6. tcyP and tcyA are induced in sulfur starvation conditions. 
The comparative ΔΔCT methodology was used to calculate fold change and rho was used 
as a reference gene. Log2 fold change of tcyA and tcyP transcripts relative to T0 were 
determined. S. aureus was cultured in PN supplemented with 25 μM CSSC and then 
transferred to medium containing 25 μM CSSC or no sulfur source (starved). Bars 
represent the mean of at least 3 independent trials. The error bars represent ± 1 standard
error of the mean. * Indicates P<0.05 determined from student’s t-test. 
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TcyP is required for maximal fitness in the murine liver while TcyABC and TcyP are required for 

maximal fitness in the murine heart.  

The role of sulfur source acquisition systems during S. aureus pathogenesis has not been 

elucidated. Additionally, how TcyP and TcyABC support the proliferation of a bacterial pathogen 

in any infection model has not been described. We hypothesized that TcyP and TcyABC function 

cooperatively to satisfy the S. aureus sulfur requirement in vivo. To test this, we performed 

competition infections between NWMN WT and isogenic tcyA::Tn, tcyP::Tn, or tcyAP::Tn mutants 

in a murine model of systemic infection (103). The competitive index in the liver demonstrates 

that tcyP::Tn is outcompeted by WT (Fig. 2-7A, B). tcyA:Tn does not display a competitive defect 

in the heart, liver or kidneys. Neither single utant exhibits reduced fitness in the heart, however, 

the tcyAP double mutant displays a competitive defect in this organ. Collectively, these data 

Figure 2-7. TcyP is required for maximal fitness in the murine heart and liver.  
Balb/c Mice were systemically infected with a 1:1 ratio WT and the indicated mutant strain 
in Newman (A-B) or JE2 (C-D). Competitive indices were calculated as the output ratio of 
mutant to WT CFU mL-1 over the input mutant to WT CFU mL-1. The mean competitive 
index for liver (A and C) and heart (B and D) are presented. Error bars represent ± 1 
standard error of the mean. 
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indicate that S. aureus NWMN sulfur acquisition is mediated predominantly by TcyP in the liver 

and that TcyABC is capable of compensating for the loss of TcyP in the heart.  

To determine if the involvement of TcyP and TcyABC during infection is similar between 

S. aureus strains we repeated the competition infections using the USA300 derivative JE2 (100). 

Due to the lack of an observed competitive defect for the NWMN tcyA::Tn mutant we excluded 

this mutant from the JE2 competition studies. Consistent with the results using NWMN, the 

competitive index in the liver demonstrates that tcyP::Tn is outcompeted by WT (Fig. 2-7C). 

Additionally, tcyP::Tn demonstrates a competitive defect in the murine heart (Fig. 2-7D). These 

data demonstrate that S. aureus sulfur acquisition in JE2 is mediated by TcyP in both the liver 

and heart, indicating that sulfur acquisition strategies differ between S. aureus strains in vivo.  

 

TcyP is conserved across many bacterial phyla.  

TcyP is a member of the sodium:dicarboxylate symporter superfamily (IPR036458 

specifically, PF00375; IPR001991) with several characteristic transmembrane regions and a C-

terminal cytoplasmic tail (Fig. 2-8; top panel). Previous functional characterization of TcyP has 

only been performed in E. coli and B. subtilis [28,36]. To determine the conservation of TcyP 

throughout the bacterial kingdom, we used iterative BLAST (see Methods). We identified 

Staphylococcus TcyP homologues in numerous pathogen-containing bacterial phyla and orders, 

including enterobacteriaceae within Proteobacteria (Fig. 2-8; orange nodes), and bacillales within 

Firmicutes (Fig. 2-8; blue nodes). While many homologues are present across bacteria, TcyP 

sequences form a distinct cluster with the Staphylococcus, Salinococcus, and a few members of 

the Streptococcus, all of which are Firmicutes. Similarly, the proteobacterial homologues in 

Citrobacter, Salmonella, Enterobacter, and Aeromonas cluster together (Fig. 2-8). These data 

demonstrate that while many bacterial phyla carry homologues of TcyP, the variations are 

lineage-specific. We find that there are homologous transporter proteins in other bacterial clades 

such as Actinobacteria, Fusobacteria, Deinococcus, Thermotogae, and Spirochaetes as well that 
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belong to TcyP or the broader sodium:dicarboxylate symporter family that includes the aerobic 

C4-dicarboxylate transporter protein, DctA (Fig. S2-4 and Supplemental file 1). Further 

experimentation is needed to establish the functional roles of these homologues in CSSC or Cys 

acquisition and pathogenesis. 

 

Figure 2-8. TcyP is broadly conserved in bacteria. 
Top panel: Domain architecture and cellular localization of the S. aureus TcyP protein 
(462aa; WP_000991007.1), as characterized by Interproscan, Phobius (see Methods). 
The predominant domain, sodium:dicarboxylate symporter superfamily is indicated in 
green with the transmembrane (TM) regions shown in blue. The predicted cytoplasmic 
(c) and non-cytoplasmic (nc) regions are labeled for the loop residues. Bottom panel: 
Homologues of TcyP in Firmicutes (blue) and Proteobacteria (orange) using the S. 
aureus TcyP as the query are shown. S. aureus is highlighted in dark blue. 
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Discussion 

Acquisition of nutrient sulfur is essential for all organisms; however, we lack a basal 

understanding of sulfur sources S. aureus uses and the proteins necessary to facilitate their 

acquisition. To synthesize critical metabolites required for cell proliferation organisms have 

evolved assimilatory processes that exploit both inorganic or organic sulfur sources (5, 25, 104, 

105). S. aureus sulfur catabolism is limited due to the inability to convert sulfate, a fully oxidized 

and highly abundant plasma sulfur source, into a reduced and utilizable form (3, 11, 25, 28). In 

the current study, we examined CSSC acquisition by S. aureus through the characterization of 

TcyABC and TcyP. Human serum levels of CSSC have been reported to be as high as 62.9 µM 

(30). While the ability of S. aureus to use CSSC as a sulfur source in vitro was previously 

described (11), the transporters involved in this process have not been experimentally validated.  

Our results demonstrate that TcyP and TcyABC support growth on a wide range of Cys 

analogues. We exploited this fundamental aspect to determine whether the respective mutant 

strains demonstrated enhanced resistance to selenocystine, which differs from CSSC by the 

replacement of the sulfur atoms with selenium atoms. The ability to transport Cys and CSSC by 

the same transporters has been previously speculated in other organisms (26, 42). Evidence 

presented here demonstrates that disruption of both tcyA and tcyP impairs growth in medium 

supplemented with Cys relative to WT S. aureus. This data suggests TcyP and TcyABC are 

capable of importing both Cys and CSSC and previous investigations provide precedent for the 

observed substrate promiscuity of TcyP and TcyABC (26, 42). 

 Broadly, ABC-transporters can be categorized into three types (106, 107). Type I 

encompasses transporters that translocate metabolites a cell needs in bulk quantities including 

amino acids and sugars (106–108). Type I ABC-transporters and their corresponding substrate-

binding proteins contain a substrate binding and recognition pocket that is surrounded by flexible 

loops whereas type II substrate-binding proteins are confined by a non-flexible helix (107). 

Consequently, type II ABC-transporters have a higher affinity for substrates than type I (107). 
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TcyABC likely belongs to the Type I group of ABC-transporters due to the speculated low-affinity 

for CSSC and the fact its cognate metabolite is needed in large quantities (42). These facts could 

explain why TcyABC might be able to accommodate both CSSC and Cys in its substrate-binding 

site. Further studies will provide insight to the flexible substrate binding site of TcyABC, but TcyA 

has been crystalized and the structure has been determined with either CSSC or Cys bound to 

the binding site revealing that it has affinity for both derivatives (109).  

Additional studies in B. subtilis have also shown that TcyP transport of CSSC is inhibited 

by Cys, indicating Cys competes with CSSC for access to the channel of the transporter (42). 

Similar findings have been reported in S. mutans TcyABC (26). Our data agrees with these 

previous studies showing TcyP and TcyABC display substrate promiscuity in transporting CSSC 

and Cys analogues. We show that while TcyABC and TcyP support growth on Cys and 

derivatives, WT S. aureus does not grow to the same levels when these sulfur sources are present 

at equivalent sulfur levels to CSSC. Calculations in E. coli reveal that a cell contains as much as 

230 µmol sulfur atoms and this amount of sulfur can be provided by the transport of 115 µmol of 

CSSC (92). Assuming that S. aureus has a similar sulfur demand to E. coli, theoretically equimolar 

concentrations of CSSC, Cys, or NAC would lead to equivalent levels of growth; however, this is 

not observed. In fact, S. aureus growth in CSSC-containing medium exceeds growth when either 

NAC or Cys is present, indicating CSSC must be more efficiently acquired by S. aureus relative 

to NAC or Cys. Both the S. mutans and B. subtilis studies show a moderate decrease in CSSC 

transport in the presence of Cys, but a limitation of these studies is that Cys transport was 

measured through the ability to inhibit radiolabeled CSSC import (26, 42). Based upon prior 

results and data presented here, both transporters appear to have greater affinity for CSSC but 

can likely transport Cys with some efficiency (28). Therefore, as a consequence of decreased 

efficiency, the same sulfur molar concentration of NAC or Cys does not lead to the same 

intracellular concentration of sulfur and ultimately a greater environmental sulfur concentration is 
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required to support the same level of growth. Our study provides more resolution due to our 

examination of TcyABC- and TcyP-mediated growth on Cys and derivatives.  

We next wanted to broaden our studies to investigate transport of structurally similar 

intermediates in the sulfur assimilation pathway and show for the first time that S. aureus utilizes 

hCSSC as a sulfur source. Prior studies established reduced homocysteine as a viable sulfur 

source for S. aureus but did not examine growth on the oxidized form (28). hCSSC is the disulfide, 

oxidized form of homocysteine, a four-carbon compound that is an intermediate in the pathway 

that produces methionine using Cys. Cys is a substrate for a condensation reaction with O-acetyl-

homoserine that generates cystathionine (4, 25). Cystathionine is then cleaved to generate 

homocysteine (25, 96). We hypothesize that homocysteine directly enters S. aureus sulfur 

metabolism and can be fluxed to Cys or methionine (4, 25, 28). We demonstrate that genetic 

inactivation of tcyABC leads to a failure to grow in medium supplemented with hCSSC as the sole 

sulfur source. This data further implies that the TcyA substrate-binding domain is promiscuous, 

as it must act as a receptor for multiple sulfur-containing metabolites including CSSC, Cys, NAC, 

hCSSC, and selenocystine.  

While it is known that CymR represses TcyP and TcyP, we wanted to determine the 

responsiveness of tcyA and tcyP expression to the abundance of sulfur in the environment. Our 

results demonstrate that sulfur-deplete environments induce tcyP expression and to a lesser 

greater extent tcyA expression. Previous studies showed tcyP and tcyA are transcriptionally 

repressed by CymR, the master Cys metabolism regulator in Firmicutes (28, 97). In cymR 

mutants, tcyP transcript levels increase 25-fold relative to WT (28, 97). Furthermore, gel shift 

assays demonstrated that CymR directly binds the tcyP promoter (28). Enhanced transcriptional 

control of tcyP likely has several physiological implications. First, B. subtilis TcyP is predicted to 

have a greater affinity for CSSC than TcyABC (42). Induction of TcyP by S. aureus in sulfur 

deplete environments is an adept strategy to accrue CSSC because of the greater affinity relative 

to TcyABC. Second, upon expression, the increased affinity of TcyP for CSSC likely ensures the 
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sulfur requirement is satisfied by CSSC in sulfur deplete environments. Third, increased CSSC 

import leads to a greater intracellular Cys pool which potentiates Fenton-chemistry and oxidative 

damage in E. coli (92, 110). Additionally, studies have shown growth of a cymR mutant in B. 

subtilis in the presence of CSSC is severely impaired further suggesting the necessity to control 

CSSC levels (98). Therefore, strict transcriptional control of S. aureus tcyP likely reduces a 

potentially toxic accumulation of intracellular Cys. An interesting observation from our 

transcriptional analysis of tcyA and tcyP is the apparent tcyA repression that occurs when the 

cells are cultured in CSSC and sub-cultured into the same medium. This finding seems 

counterintuitive as it appears the cell is repressing transporters necessary to obtain the only viable 

sulfur source in the medium; however, given the potential toxicity associated with Cys 

accumulation (92, 110) repression of TcyABC could be a tactic to modulate CSSC import to limit 

toxicity.  

This work and others suggest that there are at least two different strategies for bacterial 

Cys and CSSC import. Some organisms encode mechanisms supported by high-affinity CSSC 

transporters that are also capable of transporting Cys at a reduced efficiency while others have 

evolved strategies in which dedicated Cys and CSSC importers are specific for their cognate 

metabolite (26, 42, 111). One model predicts that the strategy employed is dependent on the 

oxygenic environments in which the organism resides (112). For instance, some anaerobes and 

facultative anaerobes have homologues of a distinct Cys transporter present in Campylobacter 

jejuni (111, 112). In an anaerobic environment, Cys will likely be reduced, while CSSC is the 

dominant form in aerobic environments. E. coli has evolved a strategy in which CSSC is imported 

and converted to Cys intracellularly; however, excess Cys is exported and subsequently rapidly 

oxidized in the external environment (92). This strategy suggests that E. coli predominantly 

encounters CSSC in its environment and has evolved to target CSSC. S. aureus does not encode 

a predicted Cys specific transporter. Based on data presented here, S. aureus employs a strategy 

that utilizes dedicated CSSC transporters that also transport Cys with lower affinity and efficiency. 
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The preference for CSSC over Cys is also interesting due to the fact that the cell must invest 

energy in reducing the CSSC disulfide bond to liberate Cys. Cys, on the other hand, can be 

directly incorporated into the translational or cofactor synthesis pathways. Evolutionarily the 

preference for CSSC might provide some insights into the environments in which S. aureus 

primarily resides and the state of Cys in these environments. An integral aspect of S. aureus 

pathogenesis is the upregulation of secreted proteases (113, 114). Protease-null strains 

demonstrate pronounced growth reductions in peptide-rich environments including serum (115). 

Protease secretion likely increases Cys abundance at the host-pathogen interface. Additionally, 

the reactive Cys thiol is sensitive to effects of the host oxidative burst, increasing CSSC, or other 

Cys-containing thiol adducts that result from the formation of mixed disulfides (116). These 

conditions could enhance the importance of Cys and CSSC metabolism to S. aureus 

pathogenesis. Future work will further characterize TcyABC and TcyP by examining their role in 

the transport of Cys-containing mixed disulfides. 

A previous study has noted a potential link between Cys acquisition and pathogenesis. 

The Listeria monocytogenes protein CtaP is required for in vitro proliferation in low Cys conditions 

and ctaP mutants demonstrate reduced colonization in the livers and spleens of mice following 

intravenous challenge. A direct correlation between Cys acquisition and L. monocytogenes 

pathogenesis is difficult due to the fact that CtaP was also shown to be involved in host cell 

adhesion (24). Using a murine model of systemic infection, we show that in S. aureus strain JE2 

TcyP is sufficient for proliferation of S. aureus in the heart and liver. However, in strain NWMN 

TcyP is required for maximal fitness in the liver but both TcyP and TcyABC are important for 

proliferation in the heart. While prior studies demonstrate a mutant strain of S. aureus inactivated 

for thiosulfate assimilation is as virulent as the corresponding WT strain in a murine skin lesion 

infection model (11), these data represent for the first time that sulfur source acquisition systems 

support S. aureus infection. The fact that TcyABC and TcyP are required for growth in medium 

containing different sulfur sources makes it challenging to define the exact sulfur-containing 
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metabolite that is acquired in vivo. Due to the competitive defect observed for JE2 tcyP::Tn in 

murine liver and heart, we can narrow the acquired sulfur source to CSSC, Cys, or NAC. Similarly, 

we can conclude NWMN could be catabolizing CSSC, Cys, or NAC during liver colonization. In 

contrast, due to the observation that inactivation of both tcyA and tcyP in S. aureus strain NWMN 

is necessary for a colonization defect in murine heart, we can only conclude the catabolism of 

sulfur sources occurring could include CSSC, Cys, NAC, and hCSSC. The different in vivo 

phenotypes observed between the two strains could be due to regulatory factors present in JE2 

but not in NWMN. JE2 harbors the staphylococcal cassette chromosome (SCCmec) and the 

arginine catabolism mobile element (ACME) (72, 117), and previous work has shown that ACME 

and SCCmec mutants differentially regulate a subset of genes which includes some annotated 

but uncharacterized transporters (117). The presence of ACME and SCCmec in JE2 may cause 

a differential sulfur requirement during proliferation in the heart compared to NWMN due to 

transcriptional changes. This might explain why the JE2 tcyP mutant demonstrates heart 

colonization phenotype while inactivation of both tcyP and tcyABC are required to observe a 

virulence defect in strain NWMN.  

An interesting observation from the infection experiments is that loss of TcyABC and TcyP 

does not completely ablate the capacity of the strains to compete with WT, as tcyAP double 

mutants are still recovered from the organs. This result suggests that other sulfur sources are 

likely present that support proliferation in the absence of cognate TcyP- and TcyABC-dependent 

metabolites. Our data indicate that TcyABC and TcyP do not support growth on GSH as a sulfur 

source. Therefore, GSH present in the heart and liver could allow the tcyAP mutants to establish 

infection in these organs. Further investigation into the sulfur catabolism of S. aureus is necessary 

to determine the identity and abundance of TcyP- and TcyABC-dependent and independent sulfur 

sources present within host organs. Additionally, the identification of GSH acquisition systems will 

support direct investigation into the importance of GSH acquisition during infection.  
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We found that many bacteria encode TcyP homologues and that the homologues 

predominantly cluster into groups based on their lineages. Whether these transport systems are 

unique to CSSC, and whether they are functional and relevant to pathogenesis in the other phyla 

remains to be explored. Based on the homology to S. aureus TcyP and the data presented here 

showing that TcyP is involved in CSSC, Cys, and NAC transport, these results provide a platform 

to characterize TcyP-dependent sulfur transport in other pathogenic bacteria.  

 

Materials and methods 

Bacterial strains.  

Strains used in this study are described in Table A-1. JE2 is derived from the community-

acquired methicillin-resistant (CA-MRSA) S. aureus clinical isolate USA300 LAC (100). Strain 

Newman is a methicillin-sensitive strain (101). Mutants were created by transducing the 

transposon (Tn) inactivated gene insertion provided by the Network on Antimicrobial Resistance 

in S. aureus (NARSA) for distribution by BEI Resources into the desired strain using previously 

described transduction methodology (100, 118). For the tcyA tcyP double mutant, the 

erythromycin resistance cassette in tcyP::Tn was replaced with a tetracycline resistance cassette 

using a previously described allelic replacement strategy (119). Tn insertion was confirmed by 

PCR.  

 

Generation of complementation vectors.  

The plasmid pKK22 was used for complementation studies (120). Integration of inserts 

was achieved using Gibson assembly methodology and employed HiFi assembly master mix 

(New England Biosciences, Ipswich, MA). The tcyP or tcyABC open reading frame sequence, 

including its native promoter, was amplified from JE2 genomic DNA and pKK22 was amplified 

from plasmid DNA using primers listed in Table A-2. HiFi assembly was used to construct pKK22 

PtcyP::tcyP or PtcyABC::tcyABC, and the constructs were transformed into a pir+ Escherichia coli 
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strain. The PtcyP::tcyP and PtcyABC::tcyABC sequence was verified by Sanger sequencing. Plasmid 

was isolated from E. coli and transformed into RN4220, and the RN4220 passaged plasmid was 

transduced into the final recipient strains.  

 

Growth Analysis.  

Strains were cultured in trypic soy broth (TSB) overnight, washed with phosphate buffered 

saline (PBS), and normalized to an OD600 = 1. Cells were then added to 96-well round-bottom 

plates at a starting OD600 of 0.01. Growth was monitored by measuring OD600 at hourly time points 

using a BioTek plate reader set at 37°C with continuous, linear shaking. Growth analysis was 

carried out with PN-medium supplemented with 5 mg mL-1 glucose and indicated sulfur sources. 

PN medium was prepared as previously described and contained seventeen amino acids, 

excluding Cys, asparagine, and glutamine (121). Cys was omitted to test the ability of S. aureus 

to grow on various sulfur sources. Blank measurements were subtracted from measurements and 

experiments were performed in triplicate that were subsequently averaged. To fully ensure Cys 

and NAC were maintained reduced, chemicals were weighed aerobically, and immediately 

transferred to a Coy anaerobic chamber with a 95:5 N2:H2 atmosphere (Grass Lake, MI) where it 

was dissolved in a degassed solution of 1N HCl. Anaerobic growth analysis was carried out in the 

presence of 100 mM sodium nitrate as an alternative electron acceptor. 

 

Selenocystine disk diffusion assays and isolation of resistant mutants.  

Overnight cultures grown in TSB at 37°C were swabbed onto 20 mL trypic soy agar (TSA) 

plates to generate a lawn of bacterial growth. A volume of 10 µL of 50 mM, 75 mM, or 100 mM 

selenocystine dissolved in 1N HCl was added to a sterile Whatman paper disk and was 

transferred to the TSA plate. Plates were incubated at 37°C for 24 h. The zone of inhibition was 

measured in millimeters and was defined as the diameter between bacterial lawn growth. 
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Colonies arising in the zone of inhibition after 96 hrs were restreaked onto TSA plates, 

subsequently cultured in TSB, and archived at -80°C. 

 

Genomic DNA isolation and gene sequencing.  

Selenocystine resistant mutants were cultured in TSB. Cells were centrifuged and 

resuspended in buffer containing 60 µg mL-1 lysostaphin from ABMI (Lawrence, NY) and were 

incubated for 1 h at 37°C to remove the cell wall. Genomic DNA was isolated using a Promega 

Wizard genomic DNA purification kit (Madison, WI) following the manufacturer’s directions. The 

tcyP ORF and promoter were amplified using GoTaq polymerase (Promega Madison, WI). The 

amplicon was purified using Wizard PCR cleanup kit following manufacturer’s instructions 

(Promega Madison, WI). Sanger sequencing was performed by the Michigan State University 

Research Technology Support Facility (East Lansing, MI). 

 

qRT-PCR analysis.  

Overnight cultures of JE2 were grown in TSB at 37°C and sub-cultured 1:100 into 50 mL 

of PN supplemented with 5 mg mL-1 glucose and 25 µM CSSC in three 250 mL Erlenmeyer flasks 

for three hours at 37°C. A volume of 50 mL was centrifuged for 10 min at 4,700 rpm at room 

temperature, washed once in PBS, and centrifuged a second time. One sample was processed 

as the T0 and was lysed. Upon resuspension in the indicated growth medium, PN supplemented 

with 5 mg mL-1 glucose. and 25 µM CSSC or PN supplemented with 5 mg mL-1 glucose lacking a 

sulfur source. Cells were incubated for 2 hours at 37°C in 250 mL Erlenmeyer flasks. A volume 

of 50 mL was centrifuged for 10 min at 4,700 rpm at room temperature, and the cell pellet was 

resuspended in 750 µL LETS buffer containing 0.1 M LiCl, 10 mM EDTA, 10mM Tris-HCl (pH 7.4) 

and 1% SDS. Cells were transferred to a 2 mL bead beating tube with 500 µL volume of 0.1 mm 

zirconia/silica beads (BioSpec Bartlesville, OK). The lysates were incubated at 55°C for 5 min and 
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centrifuged for 10 min at 13,700 rpm and at 4°C. Supernatant was transferred to 1 mL Trizol. RNA 

was precipitated using chloroform phase separation and isopropanol, and then purified using an 

RNAeasy kit following manufactures instructions. Contaminating DNA was removed via treatment 

with an on-column DNase treatment. RNA was treated with Turbo DNase and cDNA was 

synthesized using SuperScript III reverse transcriptase (ThermoFisher Waltham, MA) following 

manufacturer instructions and random hexamer methodology (Invitrogen Carlsbad, CA). qRT-

PCR was set up using SYBR Green master mix with 20 µL reactions containing 10 µL SYBR 

Green master mix, 2 µL of 10 µM forward primer, 2 µL of 10 µM reverse primer, and 50 ng cDNA. 

Primers used for each gene are presented in Table A-2. qRT-PCR was performed on a 

QuantStudio 3 Real-Time pcr thermocycler (ThermoFisher Waltham, MA) and was performed in 

technical triplicate with minus reverse transcriptase controls to determine genomic DNA 

contamination. Comparative ΔΔCT methodology was used to compare transcript levels using rho 

as a reference target (122–124).  

 

Competition in murine model of systemic infection.  

WT and mutant strains were grown in TSB overnight at 37°C, sub-cultured 1:100, and 

grown in TSB for 3 h at 37°C and 225 rpm. Strains were washed in PBS and normalized to an 

OD600 equal to 0.4. The competitions were prepared by mixing equal volumes of WT and mutant 

strain. To quantify the input ratio, the mixture was serially diluted and plated onto TSA and TSA 

supplemented with 10 μg mL-1 erythromycin (erm10) to discern between WT and mutant 

(erythromycin resistant). The mutant strains utilized in these experiments harbored at least one 

erm resistance cassette. WT CFUs were calculated by subtracting CFUs generated on TSA-erm10 

from CFUs present on TSA. Ten female eight-week old BALB/c mice were retro-orbitally infected 

with 100 µL of 107 CFUs of the WT and mutant mixture. After 96 hours, the heart, and liver were 

collected and homogenized in 1 mL PBS. Homogenates were serially diluted and plated onto TSA 
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or TSA-erm10. Competitive indices were calculated as dividing the mutant:WT output CFU ratio 

by the mutant: WT input CFU ratio. Infections were performed at Michigan State University under 

the principles and guidelines described in the Guide for the Care and Use of Laboratory Animals. 

Animal work was followed as approved by Michigan State University Institutional Animal Care and 

Use Committee (IACUC) approved protocol number (12/16-205-00). 

 

Phylogenetic analyses of TcyP.  

The TcyP amino acid sequence (WP_000991007.1 from S. aureus USA300_FRP3757, 

assembly GCF_000013465.1) was used as the query sequence for a position-specific iterative 

BLAST (PSI-BLAST) for two iterations against the NR database. The protein sequences of select 

representative homologues from pathogen-containing clades, Proteobacteria and Firmicutes, 

were aligned S. aureus TcyP sequence using ClustalO (125, 126). A phylogenetic tree was 

generated from the alignment using FigTree (127). The protein domain and localization 

predictions were done using CDD (128), Interproscan (129), and Phobius (130). For the 

supplemental analyses, S. aureus TcyP (WP_00991007.1) was used as the query for one 

iteration of PSI-BLAST across all bacteria using the RefSeq protein database (to limit 

redundancy). The results from the top 3000 hits in the similarity search were used to identify TcyP-

like proteins in other bacterial clades (Supplemental File 1). To include representative members 

across diverse genera, matches with closely related S. aureus strains and multispecies were 

filtered out followed by selection of the top hit (based on percent identity) per genus. The resulting 

data were used to construct the phylogenetic tree, as described above. 
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Chapter 3 The glutathione import system expands Staphylococcus aureus nutrient sulfur 
acquisition and promotes interspecies competition. 
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Abstract 

Sulfur is an indispensable element vital for proliferation of bacterial pathogens within the 

host. Prior studies indicated that the human pathogen, S. aureus utilizes the sulfur-containing 

molecule glutathione (GSH) as a source of nutrient sulfur; however, mechanisms employed by S. 

aureus to acquire GSH are not defined. GSH is abundant in humans and has been established 

as a source of nutrient sulfur for other pathogens. These facts support the hypothesis that S. 

aureus acquires host GSH to satisfy the requirement for sulfur during infection. To tests this 

hypothesis, we sought to identify genetic determinants that promote GSH acquisition and 

catabolism in S. aureus. A genetic screen revealed that a five-gene locus comprising a putative 

ABC-transport system and γ–glutamyl transpeptidase (Ggt) promotes S. aureus proliferation in 

medium supplemented with either reduced or oxidized (GSSG) GSH as the sole source of sulfur. 

Based on these phenotypes we named the transporter the glutathione import system or GisABCD. 

Biochemical characterization of Ggt indicates that S. aureus Ggt cleaves both GSH and GSSG 

and suggests Ggt is localized in the staphylococcal cytoplasm, a localization distinct from other 

bacterial Ggt enzymes. Though gis mutants lacked a virulence phenotype, bioinformatic analyses 

demonstrate that only species closely related to S. aureus encode GisABCD homologues. 

GisABCD is not conserved in S. epidermidis. Consequently, we demonstrate that GisABCD-Ggt 

provides a competitive advantage for S. aureus over S. epidermidis upon GSH or GSSG 

supplementation. Overall, this study describes a new sulfur acquisition system in S. aureus that 

targets host GSH and promotes competition against other staphylococci.  

 

Author summary 

S. aureus is an important human pathogen that causes considerable morbidity and 

mortality. A requirement of S. aureus pathogenesis is acquisition of essential nutrients from host 

tissues. While mechanisms by which some nutrients are acquired during infection are well 

established, knowledge of how pathogens satisfy the sulfur requirement is limited to only a handful 
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of pathogens. This work focuses on S. aureus acquisition of glutathione (GSH), a sulfur-containing 

metabolite that promotes redox homeostasis. We expand the number of viable S. aureus sulfur 

sources by presenting for the first time that oxidized GSH promotes proliferation and determine 

that the GisABCD-Ggt transport system supports utilization of both GSH and GSSG as sources 

of nutrient sulfur. Also, we reveal that GisABCD-Ggt is not conserved in closely related 

Staphylococcus epidermidis. In keeping with this, GisABCD-Ggt system affords an interspecies 

competitive advantage to S. aureus over S. epidermidis in medium containing GSH and GSSG. 

In total, this work demonstrates that GisABCD-Ggt supports S. aureus GSH and GSSG 

acquisition, provides mechanistic details for their import and catabolism, and reveals, through 

conservation studies, that GisABCD-Ggt may shape intra-genus competition in environments 

containing GSH or GSSG. 

 

Introduction 

Sulfur is an essential element for all domains of life due to its chemical versatility. Sulfur 

atoms take on a range of redox states, -2 to +6, facilitating many cellular functions including 

electron transfer reactions (1, 131). Additionally, as a constituent of the amino acid Cys, sulfur 

provides structural complexity through formation of uniquely stable disulfide bonds (1, 131). 

Ultimately, Cys synthesis serves as the critical intermediate for synthesis of methionine (Met) and 

other sulfur-containing cofactors including FeS clusters (1, 4, 5, 25). To satisfy the sulfur 

requirement, organisms have evolved strategies to acquire inorganic and organic sources of 

sulfur. Inorganic sulfur sources are compounds including sulfate, sulfite, and sulfide where the 

sulfur is in a highly oxidized state (25, 105). Inorganic sulfur is reduced to sulfide prior which reacts 

with o-acetyl serine to generate Cys (25, 105). On the other hand, organosulfur sources satisfy 

the sulfur requirement through catabolism or conversion of the sulfur-containing compound 

because the sulfur is predominantly complexed to carbon and in a more reduced state (25, 28, 

42, 92).  
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The ability of bacterial pathogens to scavenge nutrient sulfur from host environments is 

paramount to the ability to proliferate and cause disease. An abundant nutrient targeted by 

pathogens for use as a sulfur source during infection is the antioxidant tripeptide glutathione 

(GSH) which consists of glutamate, Cys, and glycine. GSH is abundant within the human body, 

reaching intracellular concentrations of 0.5-10 mM (2, 49). In addition to humans, some bacterial 

species also utilize GSH as a low molecular weight thiol to protect against aberrant oxidative 

damage resulting from aerobic metabolism (48). GSH abundance in host tissues represents a 

significant reservoir of nutrient sulfur for invading pathogens (2, 16, 132). In fact, GSH is an 

established source of sulfur for Streptococcus mutans, Streptococcus pneumoniae, Haemophillus 

influenzae, Salmonella enterica serovar Typhimurium, Escherichia coli, Bordetella pertussis, 

Clostridium difficile, and Francisella tularensis (12, 16, 17, 19–23, 132, 133).  

Liberation of the Cys residue is critical for utilization of GSH as a source of nutrient sulfur, 

a process requiring cleavage of the γ-peptide bond between glutamate and Cys. However, γ-

peptide bonds are remarkably stable against cellular proteolytic enzymes and therefore 

specialized proteases are required, one of which, γ-glutamyl transpeptidase (Ggt), cleaves GSH, 

generating glutamate and cysteinyl-glycine. Cysteinyl-glycine then becomes a substrate for other 

cellular peptidases leading to liberation of Cys (2, 50, 134–136). Subcellular localization of Ggt is 

species specific. In humans, Ggt is peripherally localized to the plasma membrane. In Gram-

negative bacteria, Ggt can be expressed in the periplasm or in the cytoplasm, while some Gram-

positive bacteria secrete the enzyme (137–139). Ggt localization has implications for how 

organisms maintain internal redox homeostasis. As GSH is an established source of sulfur for 

select pathogens during infection, it is not surprising that Ggt can be a virulence factor during 

infection. For instance, Ggt is critical for intracellular survival of F. tularensis in macrophages (16). 

Ggt has been shown to promote virulence of Helicobacter pylori and Acinetobacter baumanni 

(140, 141). In both organisms, Ggt induces host cell damage, though a role in nutrient sulfur 
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acquisition has not been established (141–143). Putative Ggt enzymes are encoded in many 

pathogens; however, only a minority of Ggt homologues have been studied in detail.  

The important human pathogen S. aureus, which causes significant invasive disease such 

as osteomyelitis, endocarditis, prosthetic join infections, and skin and soft tissue infections, 

encodes a putative Ggt (71, 72, 74, 76, 144). However, its role in catabolizing exogenous GSH 

as a source of nutrient sulfur has not been determined. Notably, S. aureus is not capable of 

synthesizing GSH (145, 146). These facts support the hypothesis that S. aureus Ggt promotes 

utilization of host GSH as a source of nutrient sulfur. Previous work established that GSH supplied 

as a source of nutrient sulfur promotes growth of S. aureus, however, GSH acquisition and 

catabolism has not been explored further in S. aureus or other members of the Staphylococcus 

genus (11). 

Nutrient sulfur sources targeted by S. aureus in the host has been an understudied area. 

Prior work in vitro defined sulfide, thiosulfate, Cys, cystine (CSSC), and GSH as sulfur sources 

that promote S. aureus growth (11, 28). Our previous work further characterized mechanisms of 

Cys and CSSC acquisition by focusing on two transporters, TcyP and TcyABC (147). TcyP 

promotes growth on CSSC, Cys, and N-acetyl Cys as sulfur sources whereas TcyABC supports 

proliferation on hCSSC in addition to the sulfur sources supported by TcyP (147). Disruption of 

tcyP in the USA300 strain JE2 led to decreased heart and liver colonization in the systemic model 

of infection but only when a tcyP mutant was competed with WT. This organ specific fitness defect 

likely indicates that S. aureus is capable of acquiring alternative sulfur sources during infection 

(147). 

S. aureus utilizes reduced GSH as a source of sulfur but whether oxidized GSH (GSSG) 

is a viable source of sulfur, as well as, the mechanisms that support GSH sulfur source utilization 

are not defined (11). In this study, we demonstrate GSSG promotes S. aureus growth and 

performed a genetic screen to identify genes required for GSSG utilization. This analysis led to 

the discovery of a putative ATP-binding-cassette (ABC) transporter system encoded within the 
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SAUSA300_0200-SAUSA300_0203 locus. Mutating these genes impairs S. aureus proliferation 

in medium supplemented with either GSH or GSSG. Based on these growth phenotypes and 

bioinformatics domain predictions, we named this system the glutathione import system 

(gisABCD). We show that GisA is an ATPase suggesting that GSH and GSSG import is ATP 

dependent and that GisABCD is a bona fide ABC-transporter. The SAUSA300_0204 gene 

encodes a putative Ggt and is predicted to be operonic with the gisBCD genes that encode 

annotated permeases and substrate-binding protein. Strains harboring a transposon within ggt 

display significant proliferation defects in GSH- or GSSG-supplemented media. We determine 

that Ggt is cell associated and lacks a signal sequence suggesting it resides on the interior of the 

cell. We also show that recombinant Ggt cleaves both GSH and GSSG. Collectively, findings 

presented here demonstrate that GisABCD supports growth in GSH- and GSSG-containing 

environments, presumably by importing these host-derived, sulfur-containing metabolites. Based 

cell associated and likely internal location of Ggt, we propose that GSH and GSSG are imported 

intact into the cytoplasm where they are cleaved to glutamate and cysteinyl-glycine eventually 

leading to liberation of Cys and synthesis of downstream sulfur-containing metabolic cofactors. 

Intriguingly, we find that the GisABCD system is not conserved throughout staphylococci but is 

present in only a subclade of species closely related to S. aureus. In keeping with this, S. aureus 

outcompetes S. epidermidis, a member of the staphylococci that does not encode homologues to 

the complete Gis system, in GSSG- or GSH-supplemented environments. This work expands 

nutrient sulfur sources available to S. aureus within the host, provides evidence for Gis-

independent transport of GSH, and provides avenues to explore metabolic niche specialization 

between invasive and non-invasive staphylococci. 
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Results 

S. aureus proliferates in medium supplemented with GSSG as a sole source of nutrient sulfur.  

A previous study qualitatively reported that S. aureus generates colonies in a chemically-

defined medium supplemented with GSH as the sulfur source, indicating that the abundant host 

metabolite is a viable source of nutrient sulfur (11). However, this study did not examine S. aureus 

proliferation in a medium supplemented with GSSG as the sulfur source. We employed a 

0.00

0.25

0.50

0.75

1.00

1.25

0 5 10 15 20

time (h)

O
D

6
0

0

WT 1055 1056 1057 1058 1059

clinical isolates

A.

B.

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

te
rm

in
a

l 
O

D
6

0
0

Figure 3-1. Supplementation of GSSG as sole sulfur source 
supports growth of Staphylococcus aureus.  
(A) WT JE2 S. aureus was cultured in PN medium lacking a viable 
sulfur source. CSSC, GSSG, or GSH were added to the medium at 
the indicated concentrations. (B) WT S. aureus and both MSSA or 
MRSA clinical isolates were cultured in chemically defined medium 
supplemented with no sulfur added (none) or 25 µM GSSG and grown 
for 19 h. The bars depict the mean terminal OD600, and the dots 
represent the individual trials terminal OD600. The mean of at least 
three independent trials and error bars representing ± 1 standard error 
of the mean are presented in A and B.  
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chemically-defined medium, referred to as PN, to investigate growth of S. aureus on GSSG as 

the source of nutrient sulfur (121). PN contains sulfate and met, but as S. aureus lacks the 

capacity to assimilate sulfate or otherwise grow on Met as a sole sulfur source, CSSC is added 

as the source of nutrient sulfur (11, 28). In keeping with this, S. aureus fails to proliferate in PN 

devoid of CSSC (Fig. 3-1A). Supplementation of PN with either 50 µM GSH or 25 µM GSSG 

promotes S. aureus growth (Fig. 3-1A). The finding that GSSG supports S. aureus growth in a 

sulfur source specific manner expands sulfur-containing metabolites present in host tissues that 

can be used by S. aureus as a source of nutrient sulfur. To determine whether utilization of GSSG 

is conserved throughout the species, we examined proliferation of clinical isolates in medium 

containing GSSG. Growth of methicillin-sensitive and methicillin-resistant clinical isolates was 

quantified in PN supplemented with GSSG as the sole sulfur source. Compared to PN lacking a 

viable sulfur source, GSSG supplementation considerably increased terminal OD600 (Fig. 3-1B). 

Clinical isolates show varying lag phases in medium containing GSSG, but GSSG stimulated 

growth of all strains (Fig. B-1). 

 

SAUSA300_0200-0204 encodes a putative ABC-transporter and predicted Ggt that supports 

proliferation on both GSH and GSSG.  

To determine genetic factors that facilitate S. aureus utilization of GSSG as a sulfur 

source, we screened the Nebraska Transposon Mutant Library (NTML) for mutants that fail to 

proliferate in PN medium supplemented with 25 µM GSSG as the sole source of sulfur (119). Five 

GSSG proliferation impaired mutants were identified in the screen, and each harbored a 

transposon insertion in one of five genes present in a single locus, SAUSA300_0200-ggt (Fig. 3-

2A).  Backcrossing the transposons into an otherwise WT, isogenic JE2 strain, resulted in 

substantially reduced growth in medium supplemented with 25 µM GSSG (Fig. 3-2B). Transposon 

inactivation also impaired S. aureus proliferation in PN supplemented with 50 µM GSH (Fig. 3-

2C). However, the backcrossed mutants displayed WT-like growth in medium supplemented with 
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25 µM CSSC or in rich medium (Fig. 3-2D, E). Based on the failure of the mutants to proliferate 

in GSH- or GSSG-supplemented PN medium and the fact that SAUSA300_0200-

SAUSA300_0203 encodes a putative ABC-transporter with a predicted Ggt (SAUSA300_0204), 

we propose to name these genes the glutathione import system (gisABCD-ggt) (Fig. 3-2A). The 

system encodes a predicted ATPase, GisA, two permease subunits, GisBC, a substrate-binding 

lipoprotein, GisD and a putatitive γ-glutamyl transpeptidase, Ggt (Fig. 3-2A). Domain architecture 

analysis of the GisABCD-Ggt system shows GisA is predicted to contain ATP binding cassette 

Figure 3-2. SAUSA300_0200-ggt supports growth on GSH and GSSG as sulfur 
sources.  
(A) Location of SAUSA300_0200-ggt within the S. aureus genome. Strains cultured in 
PN supplemented with 25 μM GSSG (B), 50 μM GSH (C), 25 μM CSSC (D), or TSB 
(E). Presented is the mean of at least three independent trials and error bars represent 
± 1 standard error of the mean. 
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domains, GisB and GisC are transmembrane permeases with 9 transmembrane segments, and 

GisD contains a signal peptide and contains a predicted lipid attachment site (Fig. B-2). Pfam 

confirms that Ggt is predicted to be a γ-glutamyl transpeptidase (Fig. B-2). In aerobic 

environments, GSH can be oxidized resulting in disulfide bond formation and generation of 

GSSG. To ensure GSH was not being abiotically oxidized to GSSG, we examined growth of WT, 

gisB, and an in-frame ∆gisABCD-ggt deletion mutant in anaerobic conditions where CSSC, GSH 

or GSSG were supplemented as sulfur sources. In anaerobic conditions, gisB and gisABCD-ggt 

grow to WT levels in CSSC but show reduced proliferation in PN supplemented with GSH or 

GSSG, further confirming that GisABCD-Ggt supports proliferation when either reduced or 

oxidized GSH are supplemented as sources of nutrient sulfur (Fig. B-3).  

 

Recombinant GisA displays ATPase activity.  

GisABCD is a predicted ABC-transport system. Consistent with this, ProSITE predicts 

GisA to have 2 ATP-binding cassettes implying that import of GSH and GSSG is an ATP-

dependent process (Fig. B-2). GisA also harbors two sets of the canonical ATP binding Walker A 

and B boxes as well as an ATP binding motif (Fig. 3-3A). To validate the GisABCD ABC-

transporter prediction, ATPase activity of recombinant GisA (rGisA) was monitored. rGisA was 

expressed and purified from E. coli using nickel NTA chromatography (Fig. 3-4). SDS-PAGE of 

purified rGisA demonstrated an approximate mass of 60 kDa, which is consistent with its 60 kDa 

predicted size. Purified protein liberated inorganic phosphate upon incubation with ATP in the 

presence of MgCl2, indicating GisA hydrolyzes ATP (Fig. 3-3B). These data demonstrate that 

GisA is an ATPase, suggesting that import of GSH and GSSG through GisABCD is an ATP driven 
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process.  

 

rGgt liberates glutamate from both GSH and GSSG.  

To gain a better understanding of S. aureus GSH and GSSG catabolism, we next focused 

on the putative γ–glutamyl transpeptidase encoded by ggt. Pfam analysis revealed S. aureus Ggt 

has a γ-gamma glutamyl transpeptidase domain, which belongs to the larger N-terminal 

nucleophile hydrolase protein family, proteins that are autocatalytically processed and cleave 

amide bonds (Fig. B-2) (148, 149). First, complementation experiments tested whether growth of 

a ggt mutant cultured in PN medium supplemented with GSH or GSSG could be restored by 

providing WT or a C-terminal His-tagged ggt encoded on a plasmid. WT-like growth was displayed 

by ggt mutant strains harboring either plasmid, indicating that failure to proliferate in GSSG- or 

GSH-supplemented medium is due to genetic inactivation of ggt and that the His-tag does not 

interfere with the activity of the enzyme (Fig. B-5). Next, C-terminal His-tagged recombinant Ggt 
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Figure 3-3. GisA harbors ATPase domain signatures and has demonstrates 
ATPase activity.  
(A) GisA contains a pair of Walker A motifs, Walker B motifs, and ABC Signature 
motifs. The numbers correspond to the codon position of the first amino acid in the 
motif. Domain structure figure was created with BioRender. (B) Time course 
analysis of ATP activity of GisA incubated at 37°C for 1 h with 400 μM ATP. Samples 
were taken at time points indicated. Presented is the mean of nine independent 
trials and error bars represent ± 1 standard error of the mean. Each trial used a new 
purification of GisA. 
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(rGgt) was expressed and purified from E. coli (Fig. B-6). Ggt enzymes are produced as an 

inactive polypeptide that is auto-catalytically cleaved to generate approximate 40 kDa and 35 kDa 

subunits (149, 150). We observe a tripartite banding pattern consisting of the 75 kDa, full-length 

pro-Ggt as well as smaller, 40 kDa and 35 kDa polypeptides representing subunits of the mature 

enzyme (Fig. B-6). Active Ggt cleaves GSH by attacking the glutamyl residue, transferring it to 

the enzyme, and ultimately water enters to hydrolyze glutamate (151). To investigate whether S. 

aureus Ggt cleaves GSH and GSSG, purified rGgt enzyme was incubated with increasing 

concentrations of GSH and GSSG and glutamate release was quantified by mass spectrometry. 

We reasoned that because glutamate was an established and conserved product released by Ggt 

enzymes the release of glutamate was an adequate measurement for Ggt hydrolysis activity. 

Glutamate was detected in reactions containing rGgt incubated with either GSH or GSSG (Fig. 3-

4). Importantly, glutamate could not be detected in reactions lacking substrate or rGgt, indicating 

glutamate release resulted from enzymatic activity (data not shown). Km values of Ggt for GSSG 

and GSH are 38.56 µM (95% confidence interval 20.31 to 76.07) and 58.54 µM (95% confidence 

interval 26.70 to 122.9), respectively. These measures are similar to previously reported Ggt 

homologues expressed in other organisms. For example, E. coli Ggt has a Km value for GSH at 

Figure 3-4. S. aureus Ggt liberates glutamate from GSH and GSSG.  
rGgt was incubated in the presence of the indicated concentrations of GSH and GSSG. 
Glutamate released per min was calculated and the data was fit with the Michaelis Menten 
equation using GraphPad Prism. Presented is the mean of glutamate released per min for 
reactions set up using 4 independent protein purifications. Error bars represent ± standard error 
of the mean. Some error bars are smaller than the symbol size. 
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29 µM (152). Additionally, Ggt Vmax for GSSG and GSH are similar at, 1137 nM min-1 (95% 

confidence interval 886 to 1572) and 1033 nM min-1 (95% confidence interval 762 to1478), 

respectively.  

 
Ggt is cell associated in S. aureus.  

Ggt localization varies depending on the organism but has implications as it pertains to 

the substrate of GisABCD. Some Bacillus species secrete Ggt, and secreted Ggt suggests the 

substrate of GSH transporters is the Ggt degradation product of GSH or GSSG. However, 

cytoplasmic Ggt implies the GSH transporter substrate is GSH or GSSG. We used the previously 

described His-tagged Ggt expression vector (Ggt-His) to determine the subcellular localization of 

the enzyme. S. aureus cells expressing native or Ggt-His were cultured in PN supplemented with 

25 µM GSSG, collected and separated into supernatant and whole cell lysate (WCL). An α-6x His 

primary antibody was used to immunoblot and monitor the presence or absence of Ggt within 

each fraction. rGgt served as a size comparison control. Bands corresponding to Ggt-His were 

not detected in the supernatant fractions; however, a band at ~35kDa was observed in both the 

Ggt-His WCL and rGgt samples. This band was specific to Ggt-His as it was not present in WCL 

collected from cells expressing Ggt lacking the His tag. This result suggests Ggt is cell associated 

(Fig. 3-5). Hemolysin A (Hla) was used as a supernatant fractionation control, and a greater 

intensity band corresponding to the molecular weight of Hla was observed in supernatants of cells 

expressing either His-tagged or native Ggt than in the WCL indicating proper fractionation of 

supernatants from whole cells (Fig. 3-5). To enrich Ggt present in supernatant or WCL fractions, 

the fractions isolated from cells expressing either His-tagged or native Ggt cultures were 

incubated with Ni-NTA. In keeping with previous results, a ~35kDa band was present exclusively 

in the His-tagged WCL (Fig. 3-5). SignalP-5.0 predicts very low likelihoods of signal peptide, twin-

arginine translocation (TAT) signal peptide, and lipoprotein signal peptide, 0.007, 0.003, 0.008, 

respectively, and TatP 1.0 also does not predict a signal peptide (153, 154). Additionally, no signal 
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peptide is predicted in the domain architecture analysis (Fig. B-3). The absence of bands 

corresponding to Ggt in the supernatant, as well as the lack of signal sequence predictions, 

suggests Ggt is cell associated and likely localizes to the S. aureus cytoplasm. Further 

fractionation studies are in progress that remove the peptidoglycan, isolate membranes, and 

cytoplasmic fractions.  

 

GisABCD-Ggt independent utilization of physiological concentrations of GSH.  

We next tested whether GisABCD-Ggt was important for in vivo proliferation of S. aureus 

using a systemic mouse model of infection; however, organs of mice infected with a gisB mutant 

contained equivalent bacterial burdens as organs harvested from mice infected with WT. This 

result indicates that GisABCD-Ggt is dispensable for S. aureus pathogenesis in this model (Fig. 

B-7A). A possible explanation is that S. aureus acquires other sources of nutrient sulfur present 

in the host. In fact, previous work indicated the Cys and CSSC transporter TcyP was required for 

maximal fitness in murine heart and liver. Consequently we quantified bacterial burdens in murine 

organs after infection with a gisB::Tn tcyP::Tn double mutant. Again, no significant difference was 

Figure 3-5. S. aureus Ggt is cell associated. 
Fractions of S. aureus ggt::Tn pOS1 Plgt::ggt and pOS1 Plgt::ggt-His 
probed with an α-His antibody or an α-hemolysin A antibody (Hla). 
ggt::Tn pOS1 Plgt::ggt is denoted by -His and ggt::Tn pOS1 Plgt::ggt-
His is denoted by +His. 
 

-His +His -His +His rGgt

supernatant WCL

α-his

        α-his 
Ni-NTA pulldown

α-Hla



 

54 

 

observed between bacterial burdens generated in cohorts of mice infected with the double mutant 

or WT strains (Fig. B-7B). The lack of a virulence phenotype was perplexing due to the abundance 

of GSH in host cells and the observation that GSH catabolism mutants in other pathogens display 

virulence defects (16, 132). However, while gisABCD mutants are impaired for growth in medium 

supplemented with micromolar concentrations of GSH, GSH accumulates to 0.5-10 mM in host 

cells (2). Therefore, we wanted to test proliferation of gisABCD-ggt mutants at concentrations of 

GSH and GSSG that more closely mimic those present in the host. The ∆gisABCD-ggt mutant 

displays significantly increased proliferation in PN media supplemented with 500 µM and 750 µM 

GSH relative to 50 µM GSH (Fig. 3-6). There is no statistical difference between terminal OD600 

achieved by WT and that of ∆gisABCD-ggt in medium containing 500 µM GSH or 750 µM GSSG. 

Intriguingly, we do not observe equivalent growth enhancement in 375 µM GSSG and furthermore 

the slight increases in terminal OD600 reached by ∆gisABCD-ggt in medium with 375 µM GSSG 

are not significantly different from the terminal OD600 in medium with 25 µM GSSG (Fig. 3-6). 

Increased concentrations of GSH and GSSG do not alter the lag phase but only effect terminal 

OD600 (Fig. B-8). These findings indicate S. aureus acquires GSH independent of the GisABCD-

Ggt system, suggesting another GSH utilization system is active in this pathogen.  
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Ggt homologues are present across Firmicutes.  

The fact that gisB and gisB tcyP mutants failed to display a virulence phenotype in a 

systemic model of infection prompted an inquiry into the conservation of the GisABCD-Ggt system 

throughout Firmicutes. We looked for GisABCD-Ggt like proteins across Firmicutes to identify 

species that carry the entire operon. Since the ABC-transporter proteins are ubiquitous across 

bacterial lineages, we centered our homolog searches fon Ggt-like proteins. Consequently, we 

used S. aureus Ggt as the initial query and then searched for GisABCD homologues in the 

Firmicute species containing Ggt homologues (Fig. B-9). Many of the Firmicutes encode Ggt 

homologues including Bacillus, Gracilibacillus, Lysinbacillus, and Brevibacterium; however, these 
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Figure 3-6. S. aureus encodes another transporter that supports growth 
on physiologically relevant concentrations of GSH.  
WT and ∆gisABCD-ggt were grown in the presence of 50 µM GSH, 500 µM 
GSH, 750 µM GSH, 25 µM GSSG, 250 µM GSSG, and 375 µM GSSG. Bars 
depict the mean of the terminal OD600 after 19 h of growth. Dots represent the 
terminal OD600 from each individual trial. Error bars represent ± 1 standard 
error of the mean. * Indicates p-value <0.05 by one way ANOVA with Tukey’s 
multiple comparison correction.  
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species do not contain homologues to the complete GisABCD-Ggt system. The distribution of 

homologues of the GisABCD-Ggt proteins within firmicutes reveals six distinct clusters. Other 

Firmicutes contain only Ggt homologs (cluster 3), GisB/GisC homologues (cluster 2/4) while 

others contain GisBC and Ggt homologues (cluster 5) (Fig. B-9). Cluster 6 containing Bacillus, B. 

subtilis, Ctyobacillus, and Lysinibacillus acetophenoni have homologues to the complete 

GisABCD-Ggt system and exhibit a greater percent similarity than other Firmicutes (Fig. B-9). 

 

GisABCD-Ggt promotes interspecies competition in a GSH-specific manner.  

We predicted that GisABCD-Ggt would be widespread throughout Staphylococcus. 

However, only species in the S. aureus-related cluster complex, Staphylococcus argenteus and 

Staphylococcus schweitzeri encode homologues to a complete GisABCD-Ggt, as does the next 

closely related staphylococci, Staphylococcus simiae (157, 158). However, conservation rapidly 

diverged as the next closely related species, S. epidermidis only encodes apparent GisA, GisC, 

and Ggt homologues with excessively low percent similarities below the cutoff for the heatmap 

(30% similarity) (158). Taken together the study of the conservation of Gis-Ggt-like proteins 

across Firmicutes suggests that S. aureus is inefficient at utilizing GSH as a source of nutrient 

sulfur. To test this, proliferation of a clinical S. epidermidis isolate was monitored in modified PN 

medium (PNmod) where MgSO4 was replaced with MgCl2, and Met was omitted. Supplementation 

of 25 µM GSSG failed to stimulate comparable proliferation of S. epidermidis to S. aureus while 

supplementation of 50 µM GSH leads to severely delayed growth of S. epidermidis relative to S. 

aureus (Fig. B-10A-F). Notably, S. epidermidis displays a similar growth phenotype in 750 µM 

GSH to S. aureus, and S. epidermidis does not show enhanced growth in 375 µM GSSG relative 

to 25 µM GSSG (Fig. B-10E). Together these data indicate potential conservation of the unknown 

GSH transport system. Next, the capacity of GisABCD-Ggt to provide a fitness advantage to S. 

aureus in competition with S. epidermidis was determined. To test this, we monitored output ratios 

of S. aureus to S. epidermidis after a 24 h co-culture in PNmod supplemented with different sulfur 
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sources. S. aureus outcompeted both a S. epidermidis clinical isolate and the laboratory RP62a 

strain in minimal medium supplemented with 25 µM GSSG and 50 µM GSH (Fig. 3-6, Fig. B-

10G). Conversely, h S. epidermidis strains outcompeted S. aureus in medium with 50 µM Met 

(Fig. 3-6, Fig. B-10G). S. aureus demonstrated a fitness advantage over S. epidermidis in 750 

µM GSH despite equivalent S. epidermidis proliferation in monoculture in this concentration (Fig. 

3-6, Fig. B-10F). Both S. epidermidis strains outcompeted ∆gisABCD-ggt in 25 µM GSSG and 50 

µM GSH, indicating that GisABCD-Ggt is essential for S. aureus outcompeting S. epidermidis in 

environments containing this host-derived metabolite. Disruption of ∆gisABCD-ggt reduces the 

fitness advantage of S. aureus in medium with 750 µM GSH further suggesting the Gis-

independent transport system could be conserved between S. aureus and S. epidermidis.  

 

Discussion 

Sulfur is essential for life. Consequently, invading pathogens must procure sulfur during 

infection and are restricted to sulfur-containing metabolites present in host tissues to fulfill this 

Figure 3-7. GisABCD promotes competition in GSH- or GSSG-
supplemented media.  
In vitro competition experiments between S. aureus and S. 
epidermidis strain RP62a. Presented is the competitive index from 
each individual trial and the line represents the mean. Error bars 
represent ± 1 standard error of the mean. * Indicates p-value <0.05 as 
determined by one-way ANOVA with Tukey’s multiple test correction. 
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requirement. To date CSSC, Cys, N-acetyl Cys, hCSSC, sulfide, thiosulfate, and GSH have been 

shown to be viable sulfur sources for S. aureus (11, 28, 147). In this study we expand the number 

of possible sulfur sources to include GSSG and show that S. aureus utilizes the ABC-transporter 

system, GisABCD, and a γ-glutamyl transpeptidase, Ggt, to import and catabolize GSH and 

GSSG as sources of nutrient sulfur.   

Data presented here supports a model for how GisABCD-Ggt functions to support S. 

aureus acquisition of GSH and GSSG (Fig. B-11). Bioinformatic evidence predicts GisD is a 

substrate binding protein and GisBC are transmembrane permeases (Fig. B-2). Our model 

predicts GisD is sufficiently versatile to support capture of both GSH and GSSG, which represents 

a 2-fold difference in mass. Prior studies in Haemophilus influenzae established a precedent for 

a substrate binding protein capable of seizing both GSH and GSSG (21). Additionally, the GshT 

GSH transporter expressed by S. mutans transports γ-glutamyl containing mixed disulfides, and 

studies have specifically examined homocysteine conjugated to GSH (22, 159). In keeping with 

these results, the authors speculated that the γ-glutamyl residue is the lynchpin for substrate 

recognition, which is a potential mechanism for GisD substrate recognition (159). Future studies 

employing proliferation assays, transport efficiency measurements, and three-dimensional 

structural analysis of GisABCD will define the substrate binding capacity of this transporter in S. 

aureus. The fact that gisACBD mutants fail to proliferate when either GSSG or GSH are supplied 

as the sole source of nutrient sulfur supports the conclusion that GisABCD imports these 

metabolites. ATP hydrolysis powers ABC-transporters, and we show that rGisA is capable of 

hydrolyzing ATP, supporting the bioinformatic annotation that GisABCD is an ABC-transporter. 

Based on the subcellular localization of Ggt, the model predicts that GSH and GSSG are imported 

intact and cleaved in the cytoplasm, generating glutamate and cysteinyl-glycine in the case of 

GSH or glutamate and cysteinyl-glycine disulfide in the case of GSSG. Liberation of cysteine from 

cysteinyl-glycine represents the finals step of fulfilling the sulfur requirement and in E. coli this 

process occurs via the amino peptidases A, B, and N, and the dipeptidase D (50). A critical 



 

59 

 

difference in GSSG acquisition compared to GSH is reduction of the cysteinyl-glycine disulfide. 

Whether reduction occurs prior to or after proteolysis of cysteinyl-glycine is not known. Future 

studies probing the identities of the cysteinyl-glycine proteases and cysteinyl-glycine disulfide 

reductase will resolve the order of these steps. 

Cytoplasmic localization of Ggt is consistent with fact that S. aureus does not synthesize 

GSH and therefore does not utilize GSH as a primary, endogenous low molecular weight thiol. S. 

aureus and other Firmicutes use bacillithiol as a low molecular weight thiol (145, 160). 

Consequently, intracellular expression of Ggt will not perturb redox homeostasis as it pertains to 

the abundance of bacillithiol, the low molecular weight thiol used by S. aureus (145, 160). GSH is 

the low molecular weight thiol in E. coli and Ggt is expressed in the periplasmic space where it 

contributes aides in the hydrolysis of GSH to allow the cell to import cysteinyl-glycine (48, 137).  

Cytoplasmic localization of Ggt is rare in bacteria. In Neisseria meningitidis Ggt is localized to the 

membrane on the cytoplasmic face (139). Future experiments will determine further fractionate 

the S. aureus cell and investigate whether it interacts with the membrane. The conclusion that 

Ggt is localized within the cell indicates that the substrates for GisABCD import are GSH and 

GSSG. Furthermore, these findings reveal that catabolism occurs inside of the cell unlike other 

bacterial species such as E. coli and F. tularensis where Ggt cleavage occurs in the periplasmic 

space followed by import of cysteinyl-glycine via dipeptide transport systems (16, 132, 137, 161). 

The strategy S. aureus employs to import and cleave GSH and GSSG leaves open the possibility 

that GSH and GSSG may persist in the cytoplasm in-tact (48, 146). It is currently not known how 

rates of GSH import compare to Ggt kinetics. Also, whether GSH is imported and degraded when 

other sources of nutrient sulfur are available has not been addressed. Therefore, GSH 

accumulation in the cytoplasm is possible. Our study does not preclude the notion that GSH could 

serve another function in S. aureus in addition to being a source of nutrient sulfur. Streptococcus 

pneumoniae, Streptococcus pyogenes and H. influenzae highjack exogenous GSH to protect 

against oxidative stress and metal toxicity (23, 133, 162). Our methodology exclusively examined 
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use of GSH as a sulfur source; though in complex environments containing GSH and other 

sources of nutrient sulfur, GSH could serve alternative functions for S. aureus. Future work 

investigating accumulation of GSH and GSSG intracellularly when S. aureus is cultured in the 

presence of multiple viable sulfur sources will determine whether GSH and GSSG serve 

alternative roles in S. aureus physiology.  

gis mutants do not display virulence defects in a murine model of systemic infection; 

however, clinical isolates of S. aureus maintain the ability to utilize GSSG as a source of sulfur. 

Emergence of Cys auxotrophs after adaptation to the host environment suggests that nutrient 

sulfur acquisition is dispensable in some cases (63–66). Consequently, the observation that S. 

aureus clinical isolates maintain the ability proliferate in medium supplemented with GSSG implies 

that trait might be important in the host. A confounding observation that obstructs direct 

quantitation of the importance of GSH utilization to S. aureus pathogenesis is the presence of 

another GSH acquisition system. The finding that gis mutants proliferate in physiologically 

relevant concentrations of GSH reveals that S. aureus likely encodes at least one other GSH 

transporter. Proliferation of gis mutants was restored upon supplementation with 750 µM GSH 

but supplementation with 375 µM GSSG resulted in low levels of proliferation that were not 

significantly different than observed using 25 µM GSSG. This result suggests the transporter is 

specific for GSH. Growth restoration in the gis mutant at greater GSH concentrations also implies 

that S. aureus expresses another peptidase capable of cleaving the γ-peptide bond in GSH. The 

identity of this system remains unknown. Ggt-independent cleavage of GSH has been reported 

in yeast species by DUG enzymes and by the ChaC homologue present in F. tularensis (132, 

163). Dug2p and Dug3P, members of the Ntn superfamily, are known to form a heterodimer and 

cleave the γ-peptide bond in GSH, while ChaC, predominantly present in eukaryotic cells, are γ-

glutamyl cyclotransferases where cysteinyl-glycine and 5-oxoproline not glutamate is released 

(164, 165). Perhaps, S. aureus follows a strategy of secreting the other enzyme capable of 

cleaving GSH and transports cysteinyl-glycine through one of the 6 putative oligopeptide or 
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dipeptide transport systems expressed by S. aureus (132, 166–168). Nevertheless, identifying 

proteins responsible for GisABCD-Ggt-independent transport and cleavage of GSH will allow for 

a complete investigation into whether S. aureus imports and catabolizes GSH during infection.  

 Ggt cleavage of the γ–bond proceeds when the catalytic threonine attacks the glutamate 

residue leading to an enzyme-glutamate intermediate and releasing cysteinyl-glycine. Ultimately 

water enters, hydrolyzing the glutamate from the enzyme (151). Our data shows S. aureus Ggt 

cleaves both GSH and GSSG liberating glutamate. The ability to cleave both substrates has been 

shown by Proteus mirabilis Ggt and H. pylori Ggt (169, 170). S. aureus can use Ggt to cleave 

both substrates instead of relying on a thiol reductase to reduce GSSG to GSH. Additionally, 

glutamate is released by Ggt from both GSH and GSSG; consequently, we predict that the 

products of hydrolysis are glutamate, cysteinyl-glycine when GSH is the substrate or cysteinyl-

glycine disulfide when GSSG is the substrate. We surmise that cysteinyl-glycine disulfide is 

reduced prior to cleavage by another protease liberating Cys (151, 171).  

Phylogenetic analysis of Staphylococcus using 16S rRNA sequence revealed that S. 

aureus forms the S. aureus-related complex with S. argenteus and S. schweitzeri. This complex 

is closely related to S. simiae (157, 158). GisABCD-Ggt conservation studies revealed that the S. 

aureus-related complex and S. simaei encode GisABCD-Ggt homologues while the next closely 

related species S. epidermidis encodes only GisA, GisC and Ggt homologues (158). S. 

schweitzeri colonizes the nasopharynx of African wildlife such as bats and primates with limited 

reports of human isolates and no resulting disease, while S. argenteus is reported to colonize fruit 

bats and monkeys while also causing significant infections in humans including skin and soft 

tissue infections, bone and joint infections, and sepsis (172–179). A correlation between the ability 

to cause systemic disease and encoding a complete GisABCD-Ggt is not apparent. Both S. 

aureus and S. argenteus encode GisABCD-Ggt and are systemic pathogens but S. schweitzeri 

also encodes the system but is not readily associated with systemic disease. Consistent with 

these results is the lack of a virulence phenotype displayed by the gisB mutant in a systemic 
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model of infection. Overall, these observations suggest GisABCD-Ggt plays important roles in 

aspects of staphylococcal physiology beyond those needed for systemic infection. Furthermore, 

S. aureus, S. epidermidis, and S. schweitzeri can be found in the nasal passages of humans or 

closely related primates but the observation that GisABCD-Ggt is not conserved completely in S. 

epidermidis suggests GisABCD-Ggt is not an essential system for nasal colonization (73, 76, 157, 

180). Both S. aureus and S. epidermidis are residents of the skin microflora of humans, while we 

do not know the levels of GSH present on human skin, this niche could be further explored to 

determine if GisABCD-Ggt provides a competitive advantage to S. aureus when proliferating on 

the skin. Future work investigating functional homology between S. aureus GisABCD and 

GisABCD homologues, as well as examining the operonic structure of GisABCD-Ggt homologues 

in staphylococci will determine if the system functions together or whether Ggt homologues 

function with an alternative import system. Additionally, testing whether heterologous expression 

of S. epidermidis GisA and GisC homologues in corresponding S. aureus mutants functionally 

complement the strains will provide further mechanistic details and possibly the function of the S. 

epidermidis proteins.  

Only select Firmicutes encode homologues to each component of GisABCD-Ggt; 

however, our current analysis did not investigate the genomic location and organization of the 

homologues. Perhaps these homologues are present in distinct chromosome locations and do 

not function together. Future studies can investigate the genomic location of GisABCD-Ggt 

homologues, and this would inform us whether the homologues function together. Our 

bioinformatic analysis used the presence of a glutamyl hydrolase domain as the filtering metric; 

however, many Ggt enzymes have been reported to exhibit substrate promiscuity (181–183). 

Structural studies comparing S. aureus Ggt and other Ggt homologues will define substrate 

preferences and provide insights into the origins of S. aureus Ggt.  

We found that numerous Firmicutes encode Ggt homologues, but conservation of 

GisABCD is limited in the same bacteria. The apparent lack of conservation suggests that these 
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organisms evolved mechanisms of GSH transport distinct from GisABCD. Based on the 

seemingly similar growth phenotypes displayed by S. aureus and S. epidermidis in medium 

supplemented with 750 uM GSH, genome wide protein domain architecture bioinformatic 

comparisons between these species may identify candidate transport systems capable of 

importing GSH. Additional work could examine the conservation of genomic context and operonic 

structure of the Ggt homologues present across Firmicutes to determine whether ggt is located 

near genes encoding novel GSH transporters.  

In summary, we show S. aureus utilizes GSSG as a sulfur source and provide a model 

into S. aureus import and catabolism of GSSG and GSH. Prior to this work, sources of nutrient 

sulfur were described, but the mechanisms S. aureus employed to acquire and catabolize these 

metabolites were not defined. We identified a transporter system, GisABCD-Ggt that supports 

proliferation of S. aureus when micromolar concentrations of GSSG or GSH are supplied while 

Gis mutants can proliferate in high micromolar concentrations of GSH but not GSG. We 

demonstrate that GisABCD-Ggt is conserved in select Staphylococcus species related to S. 

aureus but the whole system is not conserved in S. epidermidis. Furthermore, GisABCD-Ggt 

provides a fitness advantage to S. aureus over S. epidermidis when grown in medium containing 

GSH.  

 

Materials and Methods 

Bacterial strains used in this study.  

The WT S. aureus strain used in these studies was JE2, a laboratory derivative from the 

community-acquired USA300 LAC (100). SAUSA300_0200-ggt mutants strains were generated 

via transduction of the transposon inactivated gene from the Nebraska Transposon Mutant Library 

(NTML) into JE2 using transduction methodology (100, 118). The bacterial strains used in this 

study are presented in Table B-1. 
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A strain harboring an in-frame deletion of gisABCD-ggt was achieved using a previously 

described allelic exchange methodology for S. aureus (184). One kb upstream of 

SAUSA300_0200 and one kb downstream of ggt were amplified using primers listed in Table B-

2 and cloned into pKOR1-mcs. pKOR1-mcs was confirmed to have both correct 1kb homology 

sequences by Sanger sequencing. The deletion strain was screened for hemolysis on blood agar 

plates and displayed WT level hemolysis. 

 

Growth analysis.  

Chemically defined (PN) medium was prepared as previously described (121). PN 

contains 17 amino acids and lacks asparagine and glutamine. CSSC was also omitted in order to 

determine the capacity of S. aureus to grow in PN supplemented with various sulfur sources (121). 

PN medium was supplemented with 5 mg mL-1 glucose for this work. Prior to inoculation in PN, 

S. aureus was cultured in TSB overnight, washed with PBS, and resuspended in PN medium to 

an OD600 equal to 1. Round-bottom 96-well plates containing PN with 5 mg mL-1 glucose 

supplemented with the listed sulfur sources were inoculated with S. aureus strains at an initial 

inoculum of OD600 of 0.01. Growth analysis was carried out at 37ºC with continuous shaking for 

the indicated timeframe.  

 

Isolation and growth of clinical isolates.  

Deidentified clinical isolates of Staphylococcus aureus were obtained from a regional 

hospital clinical laboratory. Three isolates were MRSA isolated from abscesses (1055-1057) and 

the other two were MSSA isolated from bone (1058 and 1059). Identification and minimum 

inhibitory concentration assays were performed by the parent laboratory following Clinical and 

Laboratory Standards Institute approved methods. After initial isolation, subcultures were grown 

on TSA overnight. One colony was then suspended in 5 mL of TSB for overnight growth at 37 °C 

and archived at -80 ºC. WT JE2 and clinical isolates were grown in TSB overnight at 37 °C and 
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shaking at 225 rpm. Overnight cultures were washed with PBS and normalized to an OD600 equal 

to 1. A 96-well plate containing PN supplemented with 25 µM CSSC or 25 µM GSSG was 

inoculated at OD600 equal to 0.01 and the cells were incubated for 19 h at 37 °C with continuous 

shaking. OD600 was measured, blank corrected, and triplicate wells were averaged. 

 

Anaerobic growth.  

To ensure CSSC, GSH and GSSG were maintained in their respective reduced or oxidized 

forms, stocks were prepared by weighing the appropriate amount of the chemical aerobically and 

immediately transferring it to an anaerobic chamber (Coy) with a 95:5 % nitrogen:hydrogen 

atmosphere. Sulfur sources where then resuspended in either anaerobically acclimated water 

(GSH and GSSG) or anaerobically acclimated 1 N HCl (CSSC). Cultures were grown in TSB, 

washed with PBS, and diluted to an OD600 equal to 1 with PN after which they were transferred to 

the anaerobic chamber. The 96-well plate contained 150 µL PN with 100 mM sodium nitrate 

supplemented with 25 µM CSSC, 25 µM GSSG, or 50 µM GSH and strains were added at a 

starting OD600 equal to 0.01. The plate was incubated statically at 37 ºC for 24 h, and the OD600 

was measured. The absorbance of uninoculated medium was subtracted from the cell culture 

derived OD600 values and triplicates averaged.  

 

Domain prediction of GisABCD-Ggt.  

The USA300_FPR3757 (assembly GCF_000013465.1) reference was used to determine 

domain prediction for GisA (ABD21741.1), GisB (ABD21022.1) GisC (ABD20640.1), GisD 

(ABD22752.1), and Ggt (ABD22038.1). Protein sequences were analyzed with custom scripts 

using InterProScan, TMHMM, Phobius, Pfam, and PROSITE to identify domains and secondary 

structures (129, 185–189). Domain architectures were visualized using custom R scripts and the 

R package gggenes (190). 
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Construction of pET28b::ggt and pET28b::gisA and purification of tagged protein. 

The ggt and gisA open reading frames prior to the stop codon were amplified with primers 

sets listed in Table S2. The expression vector pET28-b was digested with NcoI-HF and XhoI-HF. 

Plasmid assembly was performed using Gibson assembly and the NEB HiFi assembly kit (NEB, 

New England, MA). The assembly mixture was transformed into E. coli, cells were recovered in 

lysogeny broth (LB), and plated onto LB agar containing 50 mg mL-1 kanamycin and 5 mg mL-1 

glucose. Plasmids were confirmed using Sanger sequencing and transformed into a NEB strain 

3016 slyD mutant. Transformed E. coli were cultured in LB with 50 mg mL-1 kanamycin overnight 

at 37 °C with shaking at 225 rpm, sub-cultured 1:50 into 500 mL LB with 50 mg mL-1 kanamycin 

in a 2 L flask and grown to an OD600 of 0.4-0.5. Ggt or GisA protein expression was induced by 

addition of 200 µM isopropyl-1-thio-β-D-galactopyranoside (IPTG) and the culture was separated 

into 5, 500 mL flasks containing 100 mL of culture and incubated for 4 h at 27 °C and 225 rpm 

shaking. After induction, cells were centrifuged at 10,000 x g for 10 mins at 4 °C and washed with 

PBS. Resulting GisA and Ggt induction pellets were resuspended in 40 mL of buffer containing 

50 mM tris, 200 mM KCl, 20 mM imidazole at pH 8-, or 40-mL buffer containing 50 mM tris, 500 

mM NaCl, 20 mM imidazole at pH 8, respectively. Cells were lysed using a fluidizer set to 20,000 

psi and samples were run through 5 times. Lysates were then centrifuged at 15,000 x g for 15 

mins to remove intact cells and the resulting supernatant was retained. To purify the target 

proteins, Ni-NTA chromatography was used. Purification was performed by incubating the cleared 

lysate with 1 mL Ni-NTA resin (Qiagen, Hilden, Germany) on a rotating platform at 4 °C for 2 h. 

Protein was eluted with 50 mM tris 400 mM imidazole. Buffers used to purify GisA contained 200 

mM KCl while buffers used to purify Ggt contained 500 mM NaCl. Each buffer contained 1x 

protease inhibitor cocktail (Millipore-Sigma). The GisA elutant was dialyzed using 10 mM tris, 200 

mM KCl at pH 7.5 as the dialysis buffer for 18 h. The Ggt elutant was dialyzed using 10 mM tris, 

150 mM at pH 7.0 as the dialysis buffer for 18 h.  Both the elutions were concentrated using 10 
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kDa molecular weight cutoff protein concentrators. Purification was confirmed via electrophoresis 

using 12% SDS-PAGE gels. Protein concentrations were determined with the bicinchoninic acid 

(BCA) protein kit (BioRAD). 

 

ATPase activity of GisA.  

ATPase activity of purified recombinant GisA was monitored using the malachite green 

phosphate assay (Millipore-Sigma). Recombinant GisA was diluted to 2.5 µg per reaction. Diluted 

GisA, 250 µM MgCl2, and 400 µM ATP were incubated for 1 h at 37 °C and samples were taken 

at 0, 15, 30, 45, and 60 mins. At the indicated time points samples were flash frozen in a dry-ice 

ethanol bath and stored at -80 °C (191). Samples were thawed at room temperature, malachite 

green reagent was added, and Pi release was determined following the manufacturer’s 

instructions. Each biological replicate was an independent protein purification. 

 

Quantitation of Ggt enzyme kinetics.  

Reactions were set up as follows: 10 mM tris with 150 mM NaCl containing 5 µg 

recombinant Ggt and indicted concentrations of GSH and GSSG dissolved in the reaction buffer. 

Reactions proceeded for 30 mins at 37°C after which the reaction was incubated at 80 °C for 5 

mins to stop the reaction. Samples were dried using a roto-vac speed vacuum and stored at -80 

°C until further processing. Samples were resuspended in water, derivatized with carboxybenzyl 

(CBZ), and samples were run on a Waters Xevo TQ-S triple quadrupole mass spectrometer using 

previously described methodologies (192). Signal was normalized to a 13C-glutamine internal 

standard. A glutamate standard curve was run using the same chromatographic conditions and 

the fit equation was employed to quantitate glutamate. Glutamate released per min was calculated 

and data were fit to the Michaelis-Menten equation using GraphPad Prism. Data is the average 

of glutamate quantified from four independent protein purifications.  
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Western blotting analysis of S. aureus Ggt.  

The ggt ORF, his tag, and stop codon were amplified from pET28b::ggt and cloned into 

pOS1 Plgt digested with NdeI and HindIII using Gibson assembly. Additionally, the ggt ORF was 

amplified from JE2 and pOS1 Plgt digested with NdeI and HindIII using Gibson assembly. 

Plasmids were confirmed by Sanger sequencing and transformed from E. coli DH5α into S. 

aureus RN4220 via electroporation. His-tagged Ggt encoding plasmid was purified from RN4220 

and transformed into JE2 ggt::Tn. The empty vector control strain were generated by transforming 

JE2 and ggt::Tn with pOS1 Plgt. To assess Ggt localization, S. aureus ggt::Tn pOS1 Plgt::ggt and 

ggt::Tn pOS1 Plgt::ggt-His cultures were prepared as described in growth analysis and sub-

cultured into 3, 250 mL flasks each containing 100 mL PN with 25 µM GSSG, and 10 µg mL-1 

chloramphenicol at a starting OD600 equal to 0.1, and grown for 4 h at 37 °C and 225 rpm shaking. 

Cells were recovered via centrifugation, supernatant was retained, and the pellet washed with 

PBS. Fifty mL of the initial supernatant was precipitated with trichloracetic acid (final percent of 

10 % v/v) (TCA), incubated at least 2 h at 4 °C, pelleted, and the resulting pellet was washed 

twice with 95 % ethanol. Medium supernatant and lysed WCL were incubated with Ni-NTA resin 

overnight at 4 °C after which the resin was pelleted and washed with PBS. Samples were mixed 

with laemmli buffer, incubated at 95 °C for 10 min, run on a 12% SDS-PAGE gel using tris-glycine 

running buffer, and transferred at 65 volts for 1 h at 4 °C to pvdf membrane. Membranes were 

incubated overnight in phosphate buffered saline tween-20 (PBST) with 5% bovine serum albumin 

(BSA) at 4 °C with agitation. An α-His mouse antibody was used as the primary antibody at a 

1:4000 dilution in PBST-5% BSA and incubated for 1 h with shaking. The membrane was washed 

3 times with PBST. Secondary antibodies were either goat α-mouse IgG conjugated to 

horseradish peroxidase (HRP) or goat α-rabbit IgG conjugated to HRP used at 1:4000 and 1:1000 

respectively (Sigma-Aldrich). To assess proper fractionation a rabbit α-hemolysin A (Hla) antibody 

used at 1:8000. Membranes were washed 3 times PBST after secondary antibody incubations. 
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Membranes were developed using the ECL Prime kit (Cytiva, Marlborough, MA) and imaged 

using Amersham Imager 600 (GE Healthcare, Amerhsam, Buckinghamshire, UK).  

 

Murine systemic infections.  

WT, gisB::Tn, and gisB::Tn tcyP::Tn were grown in TSB overnight at 37°C, diluted 1:100 

into TSB and grown for 3 h at 37 °C at 225 rpm shaking. Cultures were pelleted, washed with 

PBS, and normalized to OD600 equal to 0.4. Female C57B6 or BALB/c mice were retrorbitally 

infected with 107 CFUs and infection proceeded for 96 h after which heart, liver and kidneys were 

collected and homogenized in 1 mL PBS. Organ homogenates were dilution plated onto TSA and 

CFUs mL-1 were determined. Infections were performed at Michigan State University under the 

principles and guidelines described in the Guide for the Care and Use of Laboratory Animals 

(193). Animal work was followed as approved by Michigan State University Institutional Animal 

Care and Use Committee (IACUC) approved protocol number 12/16-205-00. 

 

Resolving of GisABCD-Ggt homologs across bacteria.  

The USA300_FPR3757 (assembly GCF_000013465.1) Ggt protein sequence 

(ABD22038.1) was used as the query protein for homology searches (using DELTA-BLAST) using 

the NCBI RefSeq database (194–196). Data was filtered to include only members of the 

Firmicutes that had Ggt homologues containing a glutamyl transpeptidase domain. This dataset 

was used as the subject to query USA300_FPR3757 GisABCD using blastP. Percent similarity 

was used to generate a heatmap. The heatmap was created and hierarchical clustering was 

performed using the R package pheatmap. 
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In vitro S. aureus and S. epidermidis competitions.  

Because S. epidermidis encodes the genes in the sulfate assimilation pathway and the 

ability of S. epidermidis to utilize Met as a sulfur source was unknown, we wanted to modify the 

PN medium to fully test sulfur utilization with S. aureus and S. epidermidis. PN medium was 

tailored by replacing MgSO4 with MgCl2 and omitting Met generating PNmod (197–199). S. 

epidermidis and S. aureus displayed little growth in PNmod. S. aureus and S. epidermidis growth 

curves were performed as described above in PNmod supplemented with the listed sulfur sources 

for 25 h. For in vitro competition experiments, S. aureus, S. aureus ΔgisABCD-ggt, and S. 

epidermidis were cultured overnight in TSB, pelleted, wash in PBS, and normalized to the same 

OD600 in PN medium. Strains were mixed in a 1:1 ratio (v/v) and inoculated into 5 mL PNmod. PNmod 

was supplemented with 25 µM GSSG, 50 µM GSH, 750 µM GSH, or 50 µM Met. GSH solutions 

were freshly prepared prior to each trial to limit oxidation. Dilution plating of the original mixture 

was plated onto mannitol salt agar (MSA) to quantify the initial counts of each organism. Cultures 

were incubated for 24 h at 37°C with 225 rpm shaking after which the cultures were dilution plated 

onto MSA and allowed to grow for 48 h at 35 °C. S. aureus ferments mannitol and appears yellow 

on MSA, while S. epidermidis does not and maintains a pink color; consequently, yellow, and pink 

colored colonies were enumerated to assess quantities of each organism. Competitive indices 

(CI) were calculated by dividing the S. aureus to S. epidermidis output ratio by the S. aureus to 

S. epidermidis input ratio. CI greater than one indicate more S. aureus than S. epidermidis while 

CI less than one signify greater quantities of S. epidermidis compared to S. aureus.  
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Chapter 4 Defining Staphylococcus aureus transcriptional adaptation to sulfur starvation 
and distinct sources of nutrient sulfur.  
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Abstract 

Staphylococcus aureus causes significant disease but also innocuously colonizes nasal 

passages and of a subset of the human population. S. aureus infection begins when the organism 

breaches protective barriers, gaining access to the vasculature ultimately colonizing distinct host 

organs. To colonize the host, S. aureus must sense and adapt to nutrient availability in distinct 

tissue environments. Successful adaptation allows the pathogen to scavenge nutritional 

resources required for proliferation. An understudied aspect of S. aureus nutrient acquisition is 

how it obtains the essential element sulfur. Sulfur is essential for life and a nutritional requirement 

for S. aureus pathogenesis. To fulfill the sulfur requirement, S. aureus relies on the transcriptional 

repressor, CymR, which previous studies have shown represses expression of genes encoding 

sulfur acquisition systems and cysteine synthesis. This study defines S. aureus sensing of nutrient 

sulfur by examining CymR-dependent and -independent transcriptional responses to sulfur 

starvation. Adaptation to inorganic nutrient sulfur and different sources of organic nutrient sulfur 

are also presented. We found genetic inactivation of CymR in sulfur replete culture conditions 

lead to upregulation of 46 genes and these genes are enriched for sulfur transporters. Sulfur 

starvation also leads to upregulation of genes associated with iron acquisition and oxidative 

stress. We also observe upregulation of genes encoding sulfur acquisition systems that are 

controlled by CymR when S. aureus is cultured in GSH or thiosulfate, conditions in which models 

suggest CymR repression should be active. This study presents the S. aureus gene expression 

changes to sulfur starvation, provides further insight into the CymR regulon, and defines sulfur 

source specific transcripts. 
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Importance 

Staphylococcus aureus is an important pathogen of human concern due to its ability to 

cause disease in numerous body sites. Successful colonization of the host by S. aureus requires 

acclimation to changing environments within the host. The nutrient sulfur is essential for S. aureus 

to grow in the host and cause disease; however how S. aureus acclimates to distinct sulfur 

environments has not been monitored. Here we define the sulfur starvation response of S. aureus. 

Different types of sulfur sources are available in the environment and assimilation of the different 

types requires different energy input, but how S. aureus changes gene expression in the presence 

of specific sources of sulfur has not been defined. We also studied the gene expression of S. 

aureus grown on various specific sulfur sources. Overall, studies presented here characterize 

how S. aureus senses and responds to changing sulfur environments.  

 
Introduction 

Bacterial pathogens sense external stimuli and respond by altering gene expression to 

thrive in constantly changing host environments. Staphylococcus aureus is capable of infecting 

nearly every vertebrate organ, causing considerable morbidity and underscoring this pathogen’s 

capacity to thrive in diverse host environments. (68–71). For example. S. aureus is a resident of 

the nasal microbiota of 30% of the population and a resident of the skin microbiota in 4% of the 

population (72, 200). Carriage of S. aureus is a risk factor for post-operative infections (144). S. 

aureus pathogenesis is initiated by damage to the skin either through trauma or surgical 

intervention (75). Upon gaining access to the vasculature, S. aureus rapidly disseminates into 

peripheral organs (94). To successfully transition between these different host environments S. 

aureus senses and acquires essential nutrients from the host environments, but an understudied 

nutritional requirement of S. aureus pathogenesis is sulfur.  

Sulfur is essential due to its redox potential which is harnessed by multiple cofactors and 

amino acids (1, 2, 5, 135, 201, 202). Cysteine (Cys) is the critical focal point of sulfur metabolism 
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as it is a substrate for the generation of proteins and numerous cofactors. Within biological 

systems sulfur is available in organic or inorganic metabolites. Organic sulfur sources include 

Cys, glutathione (GSH), and methionine and in these compounds the sulfur is complexed to 

carbon allowing for assimilation via direct import or liberation of the sulfur containing moiety. The 

sulfur in inorganic sulfur sources, such as sulfate or thiosulfate, is highly oxidized, and requires 

reductive processes to assimilate to Cys (25, 105). In humans Cys and GSH act as low molecular 

weight thiol redox buffers in serum and within cells, respectively. Consequently, Cys and GSH 

represent abundant organic sources of sulfur for invading pathogens. Prior studies have shown 

S. aureus utilizes GSH, oxidized GSH, Cys, cystine (CSSC), homocystine, N-acetyl Cys, sulfide, 

and thiosulfate as sulfur sources (11, 147). How S. aureus responds to a sulfur depleted 

environment, regulates utilization of inorganic versus organosulfur sources, and changes cellular 

physiology in response to specific sulfur sources are questions that remain unanswered.  

Control of nutrient sulfur acquisition systems and Cys synthesis in S. aureus and other 

Firmicutes is regulated by CymR. CymR responds to intracellular Cys levels by forming a complex 

with CysM, the enzyme that catalyzes the reaction of OAS and sulfide, when Cys levels are high 

(28, 99). The CymR-CysM complex acts as a repressor, impeding expression of genes involved 

in nutrient sulfur acquisition and metabolism (28). Repression is relieved when the CymR-CysM 

interaction is disrupted by high levels of OAS, the carbon backbone necessary for synthesis of 

Cys from inorganic sulfur such as sulfate (4, 25, 203). OAS levels increase in the cell as the Cys 

level decreases because the enzyme responsible for OAS synthesis, serine acetyltransferase 

(CysE) is negatively controlled by Cys. Consequently, environments depleted for Cys cause 

increased CysE activity, resulting in accumulation of OAS and signaling a need for nutritional 

sulfur (4, 25, 203). Alternatively, CymR has also been shown to respond to oxidation. An internal 

Cys residue, Cys-25, senses the oxidation state of the cell and when oxidized relieves CymR 

repression by causing a protein conformational change that decreases the affinity of the protein 

for DNA (204). Previous work has characterized transcriptional alterations that occur in a S. 
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aureus cymR mutant, however, transcriptional changes that result from sulfur starvation in an 

otherwise WT cell have not been reported.  

 The type of sulfur source acquired by S. aureus likely affects metabolism. Inorganic sulfur 

sources shift cellular metabolism by depleting OAS pools needed to synthesize Cys and the 

necessary input of reducing power. However, assimilation of organosulfur sources predominantly 

involves liberation of the sulfur-containing compound instead of synthesis (4, 25). These facts 

support the hypothesis that organic sources of nutrient sulfur will elicit different transcriptional 

responses than inorganic sulfur sources.  

 This study defines the sulfur starvation response in S. aureus and establishes potential 

CymR-dependent and -independent transcriptional targets in sulfur replete and deplete growth 

conditions. Furthermore, transcriptional changes that occur when S. aureus adapts to different 

sulfur sources is investigated. Our findings are consistent with previous reports that identified 

genes upregulated in a cymR mutant. We observe upregulation of iron transporter and oxidative 

stress genes during sulfur starvation. Adaptation to inorganic thiosulfate as the sulfur source leads 

to differential expression of 566 genes of which 238 genes are upregulated and 328 are 

downregulated compared to S. aureus grown on CSSC as a sulfur source. Upregulation of sulfur 

source transporters under CymR control is observed when GSH or thiosulfate are supplied as 

sulfur sources. However, these conditions are sulfur replete and CymR repression should be 

active. This suggests CymR is responsive to additional, unknown stimuli (28). Overall, work 

presented here outlines links between sulfur starvation, iron homeostasis, and the oxidative stress 

response, and provides evidence for additional stimuli of sulfur import and catabolism related 

gene regulation.  
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Results and discussion 

Sulfur starvation and the CymR response.  

Currently, there are two models for CymR regulation (Fig. 4-1A). First, CymR complexes 

with CysM when intracellular Cys is high, but this complex is disrupted upon OAS accumulation 

when intracellular Cys levels are low (Fig. 4-1A) (28). In the second model, a redox sensitive Cys 

residue in CymR responds to the oxidation state of the cell and upon oxidation elicits a 

conformation change in CymR, alleviating repression (Fig. 4-1A) (204). This study sought to 

establish the transcriptional response of S. aureus to sulfur starvation and investigate the CymR 

regulon. S. aureus strain JE2 and an isogenic cymR mutant (cymR::Tn) were incubated in 

chemically defined PN medium supplemented with 25 µM CSSC as the sole source of nutrient 

sulfur. Cells were cultured to mid-exponential phase. Next, WT and cymR::Tn cells were collected, 

washed, and resuspended at the same cell density into PN supplemented in sulfur replete (25 µM 

CSSC) or sulfur deplete (no added sulfur source) 2 h (Fig. 4-1B). This experimental design reveals 

A.

B.

promoter

Figure 4-1. Experimental design employed to define the CymR-dependent and 
–independent response to sulfur starvation in S. aureus.  
(A) Schematic depicting control of CymR regulation in S. aureus. (B) Illustration 
depicting the culture conditions. WT and cymR::Tn S. aureus were cultured in PN 
with 25 µM CSSC (CSSC) to mid-exponential phase. Cultures were pelleted, 
washed, and resuspended at the same cell density in medium with (sulfur replete) 
or without CSSC (sulfur deplete). 
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the CymR response with a robust methodology and examines the overlap of the sulfur starvation 

response and CymR regulon. Comparisons between the culture conditions and total number of  

genes differentially regulated greater than 2-fold are outlined in Table 4-1. 

CymR is the fulcrum of the sulfur transcriptional response (28). Consequently, CymR 

regulation was investigated from two perspectives. The first surveys genes upregulated when 

CymR is disrupted in a medium supplemented with CSSC (cymR-replete) and the second surveys 

transcriptional responses to sulfur depletion. Prior studies by Soutourina et al. employed 

microarray technology to examine the CymR response using a cymR mutant grown in rich 

medium (28). This study identified 46 genes upregulated in the cymR mutant, 16 genes were 

associated with sulfur acquisition and metabolism and 30 were associated with the cell-envelope 

(28). We sought to expand upon the study of CymR-dependent genes using RNA-seq and 

defining the CymR regulon in a derivative of the current strain endemic in the United States 

USA300, JE2 (Fig. 4-1B). The cymR-replete condition mimics those used by Soutourina et al., 

with the exception that the chemically defined PN minimal medium was employed. Similar to the 

Soutourina et al. study, 46 genes were upregulated (Table 4-1 and Table 4-2), including genes 

encoding 12 hypothetical proteins and 12 predicted transporter proteins.  

 

 

Table 4-1. Culture conditions comparing sulfur starvation and the CymR regulon. 
culture 

conditions 
abbreviated description compar

ator 
total 

differentiall
y regulated 

genes 

upregulated 
genes 

downregulate
d genes 

cymR::Tn 
+CSSC 

cymR-
replete 

CymR 
dependent 
changes 

WT 
+CSSC 

112 46 86 

sulfur 
starved WT 

WT-deplete starvation 
induced 
changes 

WT 
+CSSC 

989 499 490 

sulfur 
starved 

cymR::Tn 

cymR-
deplete 

starvation 
induced 
changes 

independent 
of CymR 

cymR 
+CSSC 

344 169 175 
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Table 4-2. Sulfur status independent CymR regulon. 

locus 
gene 
name product 

log2 
ratioa adj p-valueb COG c 

SAUSA300_RS00910  hypothetical protein 3.414 1.24E-06 S 

Table 4-2 (cont’d)      

SAUSA300_RS10985  YeeE/YedE family protein 3.392 5.27E-07 S 

SAUSA300_RS10980  oxidoreductase 3.262 1.24E-06 O 

SAUSA300_RS00925 ssuC ABC-transporter permease 3.131 1.71E-06 P 

SAUSA300_RS00930  acyl-CoA dehydrogenase 3.037 5.27E-07 I 

SAUSA300_RS13915 isaA transglycosylase IsaA 2.783 1.32E-03 M 

SAUSA300_RS02035 tcyP L -cystine transporter 2.683 1.49E-04 U 

 SAUSA300_RS05050  hypothetical protein 2.361 6.94E-04 S 

SAUSA300_RS02045  hypothetical protein 2.283 1.69E-04 A 

SAUSA300_RS01055  
ABC-transporter ATP-binding 
protein 

2.247 3.75E-03 P 

SAUSA300_RS01170  
glycerophosphoryl diester 
phosphodiesterase 

2.243 8.12E-03 C 

SAUSA300_RS02340 
gmp
C 

ABC-transporter substrate-
binding protein 

2.187 7.48E-03 P 

SAUSA300_RS12610 
sdp
C 

lysostaphin resistance protein 
A 

2.099 2.39E-03 S 

SAUSA300_RS00915 ssuB 
sulfonate ABC-transporter 
ATP-binding protein 

2.054 1.80E-02 P 

SAUSA300_RS05345  cell-wall-binding lipoprotein 2.048 1.21E-02 L 

SAUSA300_RS02635 cysK Cys synthase 2.033 1.44E-02 E 

SAUSA300_RS09440 
crcB
2 

camphor resistance protein 
CrcB 

2.013 1.54E-02 D 

SAUSA300_RS02325 
mcc
B 

cystathionine gamma-synthase 1.998 1.52E-02 E 

SAUSA300_RS02335 
met
P2 

ABC-transporter permease 1.990 2.18E-02 P 

SAUSA300_RS01875  hypothetical protein 1.968 9.99E-03 S 

SAUSA300_RS13605  
lantibiotic ABC-transporter 
ATP-binding protein 

1.941 1.44E-02 V 

SAUSA300_RS02330 
met
N2 

methionine import ATP-binding 
protein MetN 1 

1.903 2.10E-02 P 

SAUSA300_RS12685  alpha/beta hydrolase 1.901 1.10E-02 I 

SAUSA300_RS01060  ABC-transporter permease 1.859 3.42E-02 EP 

SAUSA300_RS04485  hypothetical protein 1.830 4.28E-02 S 

SAUSA300_RS13940  hypothetical protein 1.828 3.51E-02 S 

SAUSA300_RS02855  
N-acetyl- L, L -diaminopimelate 

deacetylase 
1.816 1.33E-02 E 

SAUSA300_RS00920 ssuA hypothetical protein 1.796 2.63E-02 P 

SAUSA300_RS13025 tcyA 
amino acid ABC-transporter 
substrate-binding protein 

1.764 2.09E-02 ET 

SAUSA300_RS12500 sdpB 
CPBP family intramembrane 
metalloprotease 

1.734 2.68E-02 S 

SAUSA300_RS13320  hypothetical protein 1.689 2.68E-02 S 

SAUSA300_RS05415  hypothetical protein 1.673 4.79E-02 S 

SAUSA300_RS10230  hypothetical protein 1.662 3.73E-02 S 
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Table 4-2 (cont’d)      

SAUSA300_RS00605 sirA 
iron ABC-transporter 
substrate-binding protein 

1.644 2.19E-02 P 

SAUSA300_RS05540 isdA 
iron-regulated surface 
determinant protein A 

1.642 2.81E-02 M 

SAUSA300_RS12705  
TetR family transcriptional 
regulator 

1.641 3.28E-02 K 

 
SAUSA300_RS11450 

 hypothetical protein 1.618 4.28E-02 S 

SAUSA300_RS12440  
CHAP domain-containing 
protein 

1.600 2.68E-02 S 

SAUSA300_RS03340 tagA 
N-
acetylmannosaminyltransferas
e 

1.585 3.81E-02 M 

SAUSA300_RS04060 clpP 
ATP-dependent Clp protease 
proteolytic subunit 

1.523 2.68E-02 OU 

SAUSA300_RS00985 
brnQ
1 

branched-chain amino acid 
transporter II carrier protein 

1.520 4.28E-02 E 

SAUSA300_RS07465 cmk cytidylate kinase 1.507 3.05E-02 F 

SAUSA300_RS07075 
brnQ
3 

branched-chain amino acid 
transport system II carrier 
protein 

1.491 3.51E-02 E 

SAUSA300_RS15260  hypothetical protein 1.463 4.28E-02 S 

SAUSA300_RS09900  PTS transporter subunit IIC 1.449 4.28E-02 S 

SAUSA300_RS13625  membrane protein 1.447 4.28E-02 S 
a Expression ratio of cymR::Tn grown in medium containing CSSC relative to WT grown in same 
medium.  
bAdjusted p-value from DESeq2 output.  
cA: RNA processing and modification B: chromatin structure and dynamics C: energy production and 
conversion D:cell cycle control and mitosis E: amino acid metabolism and transport F: nucleotide 
metabolism and transport G: carbohydrate metabolism and transport, H: coenzyme metabolism, I: lipid 
metabolism, J: translation, K: transcription, L: replication and repair, M: cell wall/membrane/ envelope 
biogenesis, N: cell motility, O: post-translational modification, protein turnover, chaperone function, P: 
inorganic ion transport and metabolism, Q: secondary structure, T: signal transduction, U: intracellular 
trafficking and secretion, Y: nuclear structure, Z: cystosekeleton, S: function unknown. 
Genes highlighted in gray indicate results overlapping with Soutourina et al.  

 

Gene Ontology (GO) predictions using PATHER GO analysis of transcripts upregulated 

in cymR-replete demonstrate that genes encoding sulfur metabolic enzymes and sulfur-

associated transporters are significantly enriched (Fig. 4-2). Included in this analysis are sulfur-

associated transporters, sulfur compound transporters, sulfur amino acid transporters, and L-

amino acid transporters (Fig. 4-2). Compared with Soutourina et al. 10 of 16 upregulated sulfur-

associated genes are shared between the datasets (Table 4-2 grey) (28). These 10 genes include 

the Cys and CSSC transporters, tcyP and tcyA, the putative methionine import protein 

(SAUSA300_RS02330, metN2), acyl-coA dehydrogenase (SAUSA300_RS00930), two ABC-
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transporters for which the substrate has not been experimentally determined 

(SAUSA30_RS10985 and SAUSA30_RS01055) (Table 4-2 grey). Of the 30 upregulated cell-

envelope associated genes observed in Soutourina et al., only 2 were also captured in the 

upregulated in cymR-replete data set (Table 4-2 grey). Both genes encode hypothetical proteins. 

Our data demonstrates enrichment of sulfur compound transport genes in cymR::Tn grown in 

sulfur replete conditions relative to WT grown in the same conditions, confirming that CymR 

controls sulfur transporter. Additionally, we observe upregulation of sulfur metabolism genes such 

as cysK, encoding Cys synthase, and mccB, encoding cystathionine gamma synthase. Slight 

differences observed between our data and Soutourina et al. can be attributed to increased 

sensitivity of RNAseq compared to microarray technology, use of a chemically defined medium 

as opposed to a rich medium, and genetic variance between JE2 and strain SH1000. 

 

S. aureus transcriptional response to sulfur starvation. 

 Based on current models of CymR regulation, we reasoned that the CymR-dependent 

amino acid transport (GO:0006865)
carboxylic acid transport (GO:0046942)

establishment of localization (GO:0051234)
ion transport (GO:0006811)

L�amino acid transport (GO:0015807)

localization (GO:0051179)
neutral amino acid transport (GO:0015804)

nitrogen compound transport (GO:0071705)
organic acid transport (GO:0015849)

organic anion transport (GO:0015711)

sulfur amino acid transport (GO:0000101)
sulfur compound transport (GO:0072348)
transmembrane transport (GO:0055085)

transport (GO:0006810)

0 20 40 60

fold enrichment

G
O

FDR

0.01 0.015 0.02 0.025 0.03

Figure 4-2. cymR-replete dataset is enriched for genes involved in amino 
acid and sulfur compound transport. 
 The dataset of genes upregulated when cymR is disrupted in sulfur replete 
conditions relative to WT in sulfur replete conditions was input into PANTHER 
and the enrichment test was performed on the GO terms. Present in the GO 
terms that are significantly enriched and the color depicts the false discovery 
rate (FDR). 
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sulfur starvation response parallels the sulfur replete CymR regulon (cymR replete). To assess 

the S. aureus sulfur starvation response, WT S. aureus was cultured in medium containing CSSC, 

pelleted, and resuspended at the same cell density in either medium containing CSSC (WT-

replete) or no added sulfur (WT-deplete) (Fig. 4-1B). Compared to WT-replete, WT-deplete 

displayed upregulation of 499 genes (Table 4-1, dataset S1). Compared to the 46 genes 

upregulated in cymR-replete, 36 of these transcripts are also upregulated in WT-deplete (Fig. 4-

3A). Within this dataset were genes known to be involved in sulfur import and catabolism including 

cystathionine gamma-synthase (SASUSA300_RS02325), and components of the sulfonate and 

methionine transporter systems (SAUSA300_RS00915 and SAUSA300_02330). Comparison 

457

up WT deplete up cymR::Tn replete

10

up cymR::Tn 
blished up in 

R mutant

up WT deplete

B.

C.

SAUSA300_RS00910

SAUSA300_RS00915 ssuB

SAUSA300_RS00920 ssuA

SAUSA300_RS00925 ssuC

SAUSA300_RS00930

SAUSA300_RS00985 brnQ

SAUSA300_RS01055

SAUSA300_RS01060

SAUSA300_RS01170

SAUSA300_RS01875

SAUSA300_RS02035 tcyP

SAUSA300_RS02045

SAUSA300_RS02325 mccB

SAUSA300_RS02330 metN2

SAUSA300_RS02335 metP2

SAUSA300_RS02340 gmpC

SAUSA300_RS02855

SAUSA300_RS03340 tagA

SAUSA300_RS04485

SAUSA300_RS05050

SAUSA300_RS05345
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SAUSA300_RS09900

SAUSA300_RS10230

SAUSA300_RS10980

SAUSA300_RS10985

SAUSA300_RS11450

SAUSA300_RS12440

SAUSA300_RS12610 lyrA
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SAUSA300_RS13320

SAUSA300_RS13605

SAUSA300_RS13940

SAUSA300_RS15260
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cymR::Tn replete

WT deplete

A.

Figure 4-3. Comparison of the S. aureus sulfur starvation transcriptional 
response to the CymR regulon.  
(A) Depicted is the intersection between genes upregulated in cymR-replete and WT-
deplete. (B) Venn diagram comparing genes upregulated in WT-deplete and genes 
upregulated cymR-replete, and a published cymR mutant sulfur data set (28). (C) 
Comparison of the same datasets with a published cymR mutant cell enveloped 
associated gene dataset (28).  
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between WT-deplete, cymR-replete, and published dataset revealed 9 out of 16 genes were 

shared between the three datasets (Fig. 4-3B, Table C-1) (28). These nine genes include the Cys 

and CSSC transporters, tcyP and tcyA, the putative methionine import protein 

(SAUSA300_RS02330), acyl-coA dehydrogenase (SAUSA300_RS00930), two ABC-transporters 

for which the substrate is unknown (SAUSA30_RS10985 and SAUSA30_RS01055) (Fig. 4-3B, 

Table C-1). Genes upregulated in WT-deplete share 15 out of 16 genes with the Soutourina et al. 

published dataset (Fig. 4-3B, Table C-1) (28).  

 Based on their microarray results, Soutourina et al. proposed a consensus sequence for 

CymR binding; however, the sequence is present at 11 loci across the genome, only 3 of which 

are present in predicted promoter regions (28). The observation that genes upregulated in the 

WT-deplete dataset are jointly upregulated in cymR-replete suggests these genes are under 

CymR control. The number of genomic locations possessing the CymR binding consensus 

sequence and the number of genes differentially regulated in cymR::Tn suggests the binding site 

for CymR is promiscuous. Further studies could use refined methodologies to study CymR  

Table 4-3. Genes encoding transcriptional regulators that are differentially regulated in 
response to sulfur starvation. 

locus gene 
name 

product log2 ratioa adj p-valueb 

upregulated 

SAUSA300_RS04840 spxA regulatory protein Spx 2.73 1.81E-09 

SAUSA300_RS05125  MarR family transcriptional 
regulator 

2.71 9.76E-07 

SAUSA300_RS07905 fur transcriptional repressor 2.71 5.02E-11 
SAUSA300_RS10675  transcriptional activator RinB 2.54 5.81E-04 
SAUSA300_RS08020 argR arginine repressor 2.35 3.08E-07 
SAUSA300_RS12240 sarV transcriptional regulator 2.34 5.11E-06 
SAUSA300_RS11435  transcriptional regulator 2.15 6.44E-07 
SAUSA300_RS13510 sarT transcriptional regulator 2.04 3.91E-02 
SAUSA300_RS10810  XRE family transcriptional 

regulator 
2.03 1.49E-06 

SAUSA300_RS03330 mntR DtxR family transcriptional 
regulator 

2.02 3.01E-06 

SAUSA300_RS13930  TetR family transcriptional 
regulator 

2.01 7.32E-06 
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Table 4-3 (cont’d)     
SAUSA300_RS12705  TetR family transcriptional 

regulator 
1.97 4.38E-05 

SAUSA300_RS00495  LysR family transcriptional 
regulator 

1.94 2.25E-03 

SAUSA300_RS07955 malR LacI family transcriptional 
regulator 

1.93 6.41E-04 

SAUSA300_RS13640 mhqR MarR family transcriptional 
regulator 

1.93 1.12E-04 

SAUSA300_RS00590 sarS transcriptional regulator 1.82 1.05E-04 
SAUSA300_RS03500 rbf AraC family transcriptional 

regulator 
1.72 1.58E-04 

SAUSA300_RS14305 argR ArgR family transcriptional 
regulator 

1.68 1.80E-02 

SAUSA300_RS09835  transcriptional regulator 1.65 2.50E-03 
SAUSA300_RS03085  transcriptional regulator 1.52 2.70E-02 
SAUSA300_RS02375 gltC LysR family transcriptional 

regulator 
1.51 5.12E-03 

SAUSA300_RS01375  GntR family transcriptional 
regulator 

1.50 4.19E-04 

SAUSA300_RS08905 nrdR transcriptional regulator 
NrdR 

1.48 7.00E-04 

SAUSA300_RS08625 cymR Rrf2 family transcriptional 
regulator 

1.48 1.34E-03 

SAUSA300_RS06710 lexA LexA repressor 1.38 1.34E-03 
SAUSA300_RS00335 argR ArgR family transcriptional 

regulator 
1.35 4.40E-02 

SAUSA300_RS03605 mgrA MarR family transcriptional 
regulator 

1.24 7.12E-03 

SAUSA300_RS10800  transcriptional regulator 1.23 1.53E-02 
SAUSA300_RS02780 sigH RNA polymerase sigma 

factor 
1.22 1.39E-02 

SAUSA300_RS12855 rsp transcriptional regulator 1.20 2.51E-02 
SAUSA300_RS14275 arcR transcriptional regulator 1.18 1.46E-02 
SAUSA300_RS10970 scrR LacI family transcriptional 

regulator 
1.09 3.77E-02 

SAUSA300_RS12730 tcaR transcriptional regulator 1.05 2.21E-02 
downregulated 

SAUSA300_RS06065 fapR transcription factor -2.50 1.58E-08 
SAUSA300_RS14035  TetR/AcrR family 

transcriptional regulator 
-2.28 2.86E-06 

SAUSA300_RS03250 sarA transcriptional regulator -2.28 1.26E-06 
SAUSA300_RS06480 glnR MerR family transcriptional 

regulator 
-2.05 6.24E-07 

SAUSA300_RS12480  transcriptional regulator -2.02 9.26E-06 
SAUSA300_RS13560  MerR family transcriptional 

regulator 
-1.85 4.82E-05 

SAUSA300_RS14240 nsaR DNA-binding response 
regulator 

-1.61 1.32E-03 

SAUSA300_RS01420 rbsR LacI family transcriptional 
regulator 

-1.43 6.36E-03 
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promoter binding propensities and establish a more predictive consensus binding 

sequence.  

 

Sulfur starvation induces changes in numerous transcriptional regulators.  

To define transcriptional changes in sulfur starvation due to sulfur depletion, the WT-

deplete dataset was examined further focusing on transcriptional regulators. Overall, 989 genes 

were differentially regulated in WT-deplete (Table 4-1). Of this cohort of genes 499 were 

upregulated and 490 were downregulated (Table 4-1). Due to the essentiality of sulfur to S. aureus 

metabolism, growth in sulfur deplete conditions should lead to considerable transcriptional 

changes, and the observation the sulfur starvation response is larger than the CymR regulon 

suggests expression of transcriptional regulators may be occurring. We filtered the WT-deplete 

dataset for genes with a predicted regulator function. A total of 44 genes encoding transcriptional 

regulators are differentially expressed in WT-deplete, 34 are upregulated and 10 downregulated 

(Table 4-3). Upregulated genes include genes encoding the regulators SpxA, AgrR, SarV, SarT, 

MntR, MalR, and SarS (Table 4-3). Surprisingly, cymR and fur, the gene encoding the master iron 

regulator, were also upregulated (Table 4-3). The upregulation of fur was previously observed 

when CymR is disrupted and S. aureus is grown in rich medium (97). The data was probed further 

to identify patterns that could explain fur upregulation. 

 

Genes associated with iron transport and acquisition and the oxidative stress response are 

upregulated in response to sulfur starvation.  

Table 4-3 (cont’d)     
SAUSA300_RS06330  GntR family transcriptional 

regulator 
-1.05 2.81E-02 

SAUSA300_RS11555 czrA transcriptional regulator -1.03 2.26E-02 
a Expression ratio of WT grown in sulfur deplete conditions relative to WT grown in sulfur replete 
conditions. 
bAdjusted p-value from DESeq2 output. 
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Many enzymes require iron sulfur clusters (Fe-S) for their function (205, 206). However, a 

delicate balance is required between intracellular sulfur levels and iron to decrease the potential 

of generating reactive intermediates through Fenton chemistry (92, 110). Prior studies in B. 

subtilis and S. aureus reported that cymR mutants display increased sensitivity to oxidative stress, 

suggesting dysregulation of intracellular thiols or iron homeostasis (97, 98). In keeping with this, 

the WT-deplete dataset was examined for genes associated with iron import and acquisition. In 

fact, strong upregulation of several iron acquisition systems and ferritin was revealed (Table 4-4).  

Table 4-4. Sulfur starvation induces expression of iron import and oxidative stress 
genes. 

locus gene 
name 

product log2 ratioa adj p-
valueb 

metal/iron acquisition 
SAUSA300_RS10250 ftnA non-heme ferritin 4.87 1.93E-36 
SAUSA300_RS03875 sstC iron ABC transporter ATP-binding 

protein 
3.67 4.11E-10 

SAUSA300_RS12340 fhuD2 ferrichrome ABC transporter 
substrate-binding protein 

3.65 9.31E-15 

SAUSA300_RS05570 isdG monooxygenase IsdI 3.62 3.27E-13 
SAUSA300_RS00650 sbnI siderophore biosynthesis protein 

SbnI 
2.84 1.25E-11 

SAUSA300_RS00885 isdI monooxygenase IsdI 2.73 1.54E-09 
SAUSA300_RS11755 hstB iron ABC transporter permease 2.56 6.65E-10 
SAUSA300_RS13820 feoA ferrous iron transporter A 2.55 2.54E-03 
SAUSA300_RS03865 sstA iron ABC transporter permease 2.45 1.76E-06 
SAUSA300_RS05410 mntH divalent metal cation transporter 2.42 4.98E-09 
SAUSA300_RS14545  heme ABC transporter ATP-binding 

protein 
2.41 2.70E-08 

SAUSA300_RS03400 fhuB iron ABC transporter permease 2.36 1.56E-08 
SAUSA300_RS00620 sbnC IucA/IucC family siderophore 

biosynthesis protein 
2.13 5.89E-04 

SAUSA300_RS00615 sbnB 2,3-diaminopropionate biosynthesis 
protein SbnB 

2.05 2.34E-02 

SAUSA300_RS04915  alanine:cation symporter family 
protein 

2.04 1.32E-05 

SAUSA300_RS01830 efeB deferrochelatase/peroxidase EfeB 1.89 2.02E-02 
SAUSA300_RS11750 htsC iron-dicitrate ABC transporter 

permease 
1.83 1.09E-05 

SAUSA300_RS03870 sstB iron ABC transporter permease 1.81 8.50E-03 
SAUSA300_RS13050  cation transporter 1.71 5.27E-05 
SAUSA300_RS05545 isdC iron-regulated surface determinant 

protein C 
1.65 2.15E-03 

SAUSA300_RS04430 sufB Fe-S cluster assembly protein SufB 1.61 2.33E-04 
SAUSA300_RS10865 fhuD1 ferrichrome-binding protein FhuD 1.51 3.36E-02 
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Table 4-4 (cont’d)     
SAUSA300_RS05535 isdB iron-regulated surface determinant 

protein B 
1.26 1.96E-02 

SAUSA300_RS08270 znuB metal ABC transporter permease 1.12 1.59E-02 
SAUSA300_RS03405 fhuG iron ABC transporter permease 1.07 1.39E-02 
SAUSA300_RS00600 sirB iron ABC transporter permease 1.03 4.39E-02 

oxidative stress 
SAUSA300_RS02020 ahpF alkyl hydroperoxide reductase 

subunit F 
2.91 5.73E-11 

SAUSA300_RS02025 ahpC alkyl hydroperoxide reductase 
subunit C 

2.87 9.92E-13 

SAUSA300_RS06680 katA catalase 2.16 5.53E-08 

SAUSA300_RS14205 gpxA2 glutathione peroxidase 2.05 1.39E-05 
SAUSA300_RS06465 bsaA glutathione peroxidase 1.25 5.91E-03 

unique cymR-deplete 
SAUSA300_RS00625 sbnF lucA/lucC family siderophore 3.81 1.44E-07 
 
SAUSA300_RS00640 

sbnF siderophore biosynthesis protein 
SbnG 

2.81 9.42E-05 

SAUSA300_RS11775 sfaB lucA/lucC family siderophore 
biosynthesis 

2.66 1.04E-06 

SAUSA300_RS04425  iron-sulfur cluster assembly scaffold 
protein 

2.16 4.17E-04 

SAUSA300_RS00415 sufD Fe-S cluster assembly scaffold 
protein SufD 

1.52 1.30E-02 

a Expression ratio of WT grown in sulfur deplete conditions relative to WT grown in sulfur replete 
conditions. 
bAdjusted p-value from DESeq2 output.  

 

In addition, upregulation of the Isd system (isdBC, isdI and isdG) which encodes enzymes 

involved in acquisition of iron from heme was detected (82). Upregulation of iron acquisition genes 

suggests an imbalance in intracellular iron levels, and dysregulation of iron can lead to oxidative 

stress. Previous work established that cymR mutants are sensitive to oxidative stress; therefore, 

whether sulfur starvation leads to upregulation of oxidative stress response genes was 

investigated further. Upregulation of genes encoding alkyl hydroperoxide reductase subunit C and 

F, catalase, and two GSH peroxidases was revealed (Table 4-4). Upregulation of ahpC and ahpF 

was also reported in cymR mutant cultured in rich medium (97). To investigate possible CymR 

independent responses to sulfur starvation, genes that are uniquely differentially expressed in a 

cymR cultured in a sulfur depleted medium (cymR-deplete) were compared to WT-deplete. 

Overall, cymR-deplete displays differential expression of 344 genes of which 169 are upregulated 
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and 175 are downregulation (Table 4-1, dataset 1). Of the 169 genes upregulated, 48 are unique 

to the cymR-deplete dataset as are 72 of the 175 that are downregulated. Some of the unique 

upregulated genes include additional siderophore production encoding genes, 

SAUSA300_RS00625, SAUSA300_RS00640, and SAUSA300_RS11775, and iron sulfur cluster 

assembly encoding genes, SAUSA300_04425 and SAUSA300_00415 (Table 4-4).  

The observation that the cymR-deplete dataset contains limited uniquely differentially 

expressed genes suggests much of the sulfur starvation response could be due to release of 

CymR repression. Based upon our observations, 499 genes are upregulated due to sulfur 

starvation, but the genes upregulated in cymR-deplete is only 48 unique genes suggesting only 

approximately 10% of the sulfur starvation response is due to changes independent of CymR. In 

prior experiments, a cymR mutant cultured in rich medium shows induction of an iron-compound 

ABC-transporter, Fur, and PerR, a regulator that controls oxidative stress and iron storage 

proteins (97, 207). These data suggest an interplay between CymR repression and iron 

homeostasis. Similarly, sulfur depleted conditions presented here represent growth environments 

where CymR repression is released, and upregulation of fur and induction of iron acquisition 

genes is also observed, suggesting Fur repression is relieved. Intriguingly, a link between sulfur 

and iron regulation has been established in Pseudomonas aeruginosa where the sulfur regulator, 

CysB, binds to the promoter of pvdS, an alternative sigma factor involved in the iron response, 

positively regulating expression (208). Together these results demonstrate that sulfur starvation 

increases transcription of iron acquisition and oxidative stress pathways.  

 

Comparison of S. aureus transcriptional adaptation to specific sources of nutrient sulfur.  

Whether S. aureus acquires and catabolizes organic or inorganic sulfur sources has 

implications for the physiology of the cell. Genes differentially expressed when S. aureus is 

cultured in the presence of thiosulfate, Cys, GSSG, and GSH were identified using CSSC as the 

baseline control condition. In total 631 genes are differentially expressed when S. aureus is grown 
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on Cys, GSH, GSSG or thiosulfate compared to expression when S. aureus is grown on CSSC 

(dataset S2). S. aureus cultured in medium supplemented with Cys resulted in downregulation of 

a single gene, SAUSA300_RS04580, an annotated pyridine nucleotide disulfide oxidoreductase. 

SAUSA300_RS04580 is also downregulated in media supplemented with GSSG, GSH or 

thiosulfate. Proliferation in environments containing oxidized, inorganic thiosulfate requires input 

of more energy than the other organic sulfur sources due to the requirement for OAS. 

Consequently, genes uniquely differentially expressed in a thiosulfate-supplemented medium 

were examined. Compared to the organic sulfur sources, thiosulfate supplementation 

demonstrated the greatest number of differentially expressed genes across the sulfur sources, 

resulting in upregulation of 238 genes and downregulation of 328 genes (Fig. 4-4A) with 135 and 

196 genes uniquely upregulated and downregulated, respectively (Fig. 4-4B, C). Supplementation 

with GSH or GSSG resulted in 208 total genes upregulated and 232 genes downregulated (Fig. 

4-4A) with 30 total genes uniquely upregulated and 17 total genes uniquely downregulated (Fig. 

4-4B, C). The total differentially expressed dataset was queried for genes encoding predicted 

transcriptional regulators. Twenty-one regulators are differentially expressed in total when S. 

aureus is grown on thiosulfate, GSH or GSSG (Fig. 4-4D). Twelve of the twenty-one regulators 

are uniquely differentially expressed in thiosulfate, 8 of the remaining 9 regulators are differentially 

expressed between GSH or GSSG (Fig. 4-4D). One regulator, SAUSA300_RS07955 (malR), is 

upregulated in GSH, GSSG, and thiosulfate, and three regulators, SAUSA300_RS10185 (vraR), 

SAUSA300_RS10800, and SAUSA300_RS12480, are downregulated in GSH, GSSG, and 
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thiosulfate (Fig. 4-4D). The dramatic transcriptional reprogramming in response to thiosulfate 

suggests that the overall metabolism and nutritional requirements of the cell changed. Growth on 

thiosulfate requires OAS, and OAS synthesis requires serine acetyltransferase to convert serine 

and acetyl-coenzyme A, two nutrients vital for thiosulfate assimilation, to OAS and coenzyme A. 

Proliferation using GSH requires no additional metabolite input and growth on GSSG requires 

only reducing power (25). Consequently, assimilation of thiosulfate has the potential to 

considerably change nutritional requirements. To satisfy these requirements, we hypothesize S. 

aureus alters expression of transporters. In keeping with this, 74 differentially expressed genes 
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Figure 4-4. Supplementation with the inorganic, oxidized sulfur source, thiosulfate 
induces considerable transcriptional changes.  
Differential expression in WT cells was determined by comparing supplementation with 
thiosulfate, Cys, GSSG, or GSH to cells grown in medium supplemented with CSSC. (A) Total 
number of genes that are differentially expressed in response to each source of nutrient sulfur. 
(B) Venn diagram comparing genes upregulated when S. aureus is cultured in a thiosulfate 
supplemented or GSH supplemented medium. S. aureus grown in Cys did not show any genes 
upregulated when compared to S. aureus grown in CSSC. (C) Genes that are downregulated 
between the three sulfur sources. Only one gene is downregulated in the Cys condition. (D) 
Transcriptional regulators differentially expressed when S. aureus is grown on GSH, GSSG or 
thiosulfate. 
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out of 631 are predicted to encode a transporter (dataset S2). The list includes nickel ABC-

transporters, amino acid transporters, iron transporters, and peptide transporters (dataset S2). Of 

the 74 differentially expressed transporters, 10 were uniquely upregulated in thiosulfate. This is 

in stark contrast with S. aureus cultured in GSH-supplemented or GSSG-supplemented media, 

which only have 3 or 1 predicted transporters uniquely upregulated, respectively (dataset S2). 

Of the 49 shared genes upregulated in GSH, GSSG, and thiosulfate, 11 are predicted to 

encode proteins with transporter function. Of these 11, 4 are predicted sulfur associated 

transporters (Fig. 4-5 + symbols). However, based on the model of CymR regulation we expect 

sulfur-associated transporters to be downregulated in sulfur replete conditions. This observation 

led us to probe the genes upregulated in GSH, GSSG and thiosulfate and compare them to the 

previously reported genes upregulated in a cymR mutant to gain further insights into the status of 

CymR repression when S. aureus is grown on the different sulfur sources (28). The common GSH 

and thiosulfate upregulated genes contain tcyP and tcyA, genes encoding Cys transporters, the 

putative methionine importer, SAUSA300_RS02300, and two uncharacterized transporters 

SAUSA300_RS00915 and SAUSA300_RS01055 (Fig. 4-5). These transporter encoding genes 

have been shown to be under CymR control (28). We next want to expand the search to other 

non-transporter encoding genes in the CymR regulon. Ten genes jointly upregulated in the sulfur 

dataset are known to be controlled by CymR. These genes include five transporters and the non-

transporter genes, mccB, which encodes cystathionine γ-synthase, an enzyme that produces 

cystathionine from Cys and homoserine, SAUSA300_RS10985, which encodes a YeeE/YedE 
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family protein, SAUSA300_RS00930, which encodes acyl-CoA dehydrogenase, and 

SAUSA300_RS00935, which encodes a hypothetical protein (Fig. 4-5 bold labels) (4, 25).  

The CymR-CysM complex in S. aureus is crucial for sulfur regulation; however, based on 

the model of CymR-CysM complex formation, S. aureus cultured in sulfur replete environments 

containing GSH, GSSG, and thiosulfate should contain relatively high concentrations of Cys, 
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Figure 4-5. CymR repressed nutrient sulfur transporters are upregulated in response to 
both GSH and thiosulfate.  
A heat map of genes upregulated in S. aureus cultured in medium supplemented with 50 µM 
thiosulfate, 25 µM GSSG, or 50 µM GSH compared medium supplemented with cystine. Genes 
included in the heat map are at least 2-fold upregulated with an adjusted p-value <0.05. The color 
of the boxes indicates the log2 expression ratio. Gene label in bold text are also upregulated in the 
published CymR regulon (28). A ‘+’ indicates the gene encodes a protein with transporter-
associated function. 
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which promotes CymR-CysM complex formation and repression. Thiosulfate supplementation 

should decrease levels of OAS because OAS is necessary for synthesis of Cys.  

Decreased OAS stabilizes the CymR-CysM complex and maintains repression. Growth 

on GSH and GSSG should not affect OAS levels and yet CymR-regulated transporters are 

upregulated in these conditions. A limitation of this study is that the quantities of intracellular OAS 

or Cys in S. aureus grown on GSH, GSSG, or thiosulfate have not been determined. Thus, is it 

not known whether OAS levels exceed the threshold at which OAS can disrupts the CymR-CysM 

complex. Induction of sulfur transporter encoding genes and Cys metabolism genes suggests the 

CymR-CysM complex responds to other stimuli. An alternative mechanism of CymR repression 

focuses on regulation via oxidation. In this model, the Cys-25 residue in CymR acts a redox 

sensitive switch (204). Oxidation of CymR releases the protein from its cognate promoters (204). 

Maintaining thiol homeostasis is crucial for the cell to reduce the potential for generated of radical 

species mediated by Fenton chemistry. It is unclear whether growth of S. aureus on GSSG, GSH, 

or thiosulfate compared to CSSC, or Cys would lead to redox stress, but investigating intracellular 

thiol content of S. aureus cultured in medium containing GSSG, GSH, thiosulfate, or CSSC will 

determine whether growth on non-CSSC containing medium leads to increased intracellular 

thiols. On the other hand, monitoring the state of the CymR-CysM complex in S. aureus cultured 

on the different sulfur sources will reveal whether the sulfur transporters are controlled via the 

OAS and Cys. 

Another potential explanation for induction of sulfur transporter genes upon 

supplementation with GSH and thiosulfate is the layer of transcriptional control afforded by 

changes in the expression of genes encoding regulators displaying similar expression patterns in 

in both GSH- and thiosulfate-supplemented S. aureus. In keeping with this, SAUSA300_RS07955 

(malR) is upregulated while SAUSA300_RS10185 (varR), SAUSA300_RS10800, and 

SAUSA300_RS12480 are downregulated. Activation of these putative regulators and whether 

they control CymR activity or expression have not been experimentally explored. Future avenues 
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of study could investigate protein levels of these regulators to establish whether the change in 

transcript level is correlated with protein expression and subsequent studies can examine activity 

of these regulators.  

Overall, this work describes the transcriptional response of S. aureus to sulfur starvation 

and conducts a more refined study to determine genes under CymR regulation. We observe sulfur 

starvation leads to upregulation of cymR and fur while genes involved in iron acquisition and 

oxidative stress are upregulated. This analysis demonstrates the upregulation of sulfur source 

transporters and catabolic enzymes when S. aureus is grown on medium containing GSSG, GSH 

and thiosulfate suggesting that the sulfur source S. aureus is growing on has implications for 

cellular physiology and control of intracellular thiol balance.  

 
Materials and methods 

Bacterial strains used in this study.  

The WT S. aureus strain used in these studies was JE2, a derivative of the community-

acquired USA300 LAC (100). The cymR::Tn strain was generated by transducing the transposon 

inactivated gene from the Network on Antimicrobial Resistance in Staphylococcus aureus 

(NARSA) into JE2 using transduction methodology (100, 118). Correct transposon location was 

determined using PCR.  

 

Sulfur starvation sample collection.  

WT and cymR::Tn S. aureus were cultured overnight in trypic soy broth at 37 °C, washed 

with PBS, and sub-cultured into 2 50 mL PN with 5 mg mL-1 glucose with 25 µM CSSC in 250 mL 

Erlenmeyer flask at an OD600 equal to 0.01. PN medium was prepared as previously described 

containing 17 amino acids but lacking Cys, asparagine, and glutamine (121). PN was 

supplemented with 5 mg mL-1 glucose for all this work. Flasks were incubated at 37 °C and 225 

rpm shaking for 4 h. The duplicate flasks were combined, centrifuged, washed with PBS, and 
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resuspended in 100 mL PN. The resulting culture was separated into 250 mL Erlenmeyer flasks 

with 50 mL. One flask of WT and cymR::Tn was supplemented with 25 µM CSSC. Flasks were 

incubated at 37 °C for 2 h.  

 

Sulfur source growth conditions.  

WT S. aureus was cultured overnight in TSB at 37 °C, washed with PBS, and sub-cultured 

into 50 mL PN and the corresponding sulfur sources in 250 mL Erlenmeyer flasks at a starting 

OD600 equal to 0.01. CSSC and Cys were dissolved in 1 N HCl, and GSH, GSSG, and thiosulfate 

were dissolved in ddH2O and filter sterilized. Cultures were grown for 4 h at 37 °C and 225 rpm 

shaking. Biological duplicate cultures were cultivated on independent days.  

 

RNA isolation and sequencing.  

50 mL cultures from the respective growth conditions were centrifuged for 10 min at 4700 

rpm and at 4 °C. RNA was isolated from the resulting pellet as previously described (147). The 

RNA was then treated with Turbo DNase following manufacturer’s instructions (ThermoFisher, 

Waltham, MA). rRNA depletion and paired-end RNA-sequencing was performed by Genewiz Inc. 

(South Plainfield, NJ) on an Illumina HiSeq using 2x 150 bp paired-end read technology.  

 

RNA-seq data processing and visualization.  

Paired-end reads were imported in Geneious and paired. Bbduk trimmed the sequences 

and the native Geneious mapper aligned the reads to the USA300 FRP3757 reference genome. 

The DESeq2 plugin in Geneious determined the differential expression with the comparisons 

listed in figure legends (209). Differential expression files were imported into R using RStudio and 

combined with gene-specific information tables for USA300_FPR3757 from Aureowiki to provide 

old locus tags, gene description, and protein sequence (210). Data was filtered using a log2 ratio 

greater than or equal to 1 and less than or equal to -1 representing a 2-fold change and an 
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adjusted p-value of less than 0.05. Cluster of orthologous groups (COG) categories were 

determined using Eggnog mapper and genes with no COG result were categorized as unknown 

function (S) (211, 212). The package VennDiagram was used to generate Venn diagrams (213). 

  

Gene Ontology term enrichment analysis using PANTHER.  

Differentially expressed genes were input into PANTHER using the protein refseq 

accession number (214, 215). PANTHER analysis type was the PANTHER overrepresentation 

test, the annotation version was DOI:10.5281/zenodo.4495804 that was released 2021-02-1, and 

the reference list was Staphylococcus aureus. We employed the GO biological process complete 

annotation data set and used Fisher’s exact test with false discovery rate (FDR) correction. We 

limited the results to GO terms with an FDR<0.05. Unmapped IDs were disregarded. 
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Chapter 5 Summary and future directions 
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Summary  

In chapter 1 we described sources of nutrient sulfur available to pathogenic bacteria in the 

host and review specific mechanisms of sulfur source utilization and acquisition by virulent 

microorganisms. Inorganic sulfur sources such as sulfate, sulfide, and thiosulfate contain sulfur 

in a highly oxidized state. Sulfate assimilation is an extensively described process involving a 

series of reductive processes that ultimately integrates the sulfur atom into the amino acid Cys 

(1). However, studies have reported emergence of Cys auxotrophs after host passage, 

suggesting Cys biosynthesis might be dispensable for chronic infection likely due to an 

abundance of organosulfur sources present in host tissues (64, 65). Organosulfur sources contain 

sulfur in a more reduced state than inorganic sulfur sources and include Cys, CSSC, Met, and 

GSH. Assimilation of these molecules involves direct import, in the case of Cys or CSSC, 

catabolism of GSH to Cys, or synthesis of Cys from Met. Cys then serves as the substrate for 

production of other sulfur-containing cofactors. Compared to other pathogens, S. aureus sulfur 

assimilation is limited by inherent genetic deficiencies. Due to the absence of critical enzymes in 

the sulfate assimilation pathway S. aureus does not proliferate when sulfate is supplied as the 

sole source of sulfur. Additionally, S. aureus cannot efficiently synthesize Cys using Met as a 

substrate (11, 25, 28). Prior to our work a limited number of sulfur-containing metabolites were 

known to promote growth of S. aureus. Work by the Foster group using qualitative agar medium 

growth assays discovered that S. aureus was capable of using the inorganic sulfur sources sulfide 

and thiosulfate, and the organosulfur sources GSH, Cys, and CSSC (11). However, the 

mechanisms by which S. aureus imports and assimilates these sulfur sources were not 

experimentally validated.  

In chapter 2 we identify mechanisms of S. aureus nutrient sulfur acquisition by focusing 

on Cys utilization. A genetic approach was used to experimentally validate determinants allowing 

S. aureus to grow on Cys as a sulfur source. S. aureus homologues of CSSC transporters 
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characterized in B. subtilis, TcyP and TcyABC, were demonstrated to be CSSC transporters that 

also support proliferation on Cys and the Cys analogue NAC (42, 147). TcyABC was also shown 

to support growth on hCSSC as a sulfur source. A bioinformatics approach mapped TcyP 

conservation across bacteria and homologues are present in many pathogen-containing phyla. 

Genetic inactivation of tcyA or tcyP did not result in virulence defects in mono-infections in a 

murine model of systemic infection. However, the tcyP mutant was outcompeted by WT MRSA in 

murine hearts and livers, suggesting TcyP provides maximal fitness at these infection sites. The 

importance of TcyP for heart and liver colonization indicates S. aureus uses TcyP substrates as 

sulfur sources during infection; however, disruption of tcyP did not fully ablate colonization, 

signifying S. aureus must acquire other sulfur sources. Prior work in S. mutans demonstrated that 

TcyBC functions with GshT, a substrate binding protein capable of binding GSH, to transport 

GSH; however, we found neither TcyABC nor TcyP supported growth on GSH as a sulfur source 

(22). Based on this result, we next sought to identify the S. aureus GSH transporter. 

Chapter 3 established that S. aureus acquires both GSSG as well as GSH as sulfur 

sources and discovered the transport system responsible for proliferation in sub-100 micromolar 

concentrations of these metabolites. A genetic screen revealed that genes comprising the 

SAUSA300_0200 to SAUSA300_0204 locus support growth on micromolar concentrations of 

GSH and GSSG as sulfur sources. Prior to our study, SAUSA300_0200-0204 were annotated as 

a nickel-peptide ABC-transporter and γ-glutamyl transpeptidase. In keeping with this annotation 

and the mutant proliferation phenotypes, this system was named the glutathione import system 

(GisABCD-Ggt). GisA was biochemically validated as an ATPase suggesting GSH and GSSG 

import is ATP dependent. We discovered Ggt cleaves both GSH and GSSG by quantifying 

glutamate released when rGgt was incubated with GSH or GSSG. Cell fractionation and 

immunoblot assays show Ggt is associated with the cell and the absence of a signal sequence 

suggests it localizes to the S. aureus cytoplasm. Intracellular Ggt localization is relatively rare in 
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bacteria and has important implications for GSH and GSSG import in S. aureus, including the 

potential for GSH to accumulate inside the cell and serve a function other than satisfying the 

nutrient sulfur requirement. Bioinformatic conservation studies revealed that the closely related 

staphylococci, S. epidermidis does not encode an apparent GisABCD-Ggt homologue. This 

finding suggested that S. epidermidis is not capable of utilizing GSH as a source of nutrient sulfur 

and that GisABCD-Ggt provides a fitness advantage to S. aureus over S. epidermidis in a GSH- 

and GSSG-specific manner. We observed that GSH and GSSG did not promote growth of S. 

epidermidis and that greater numbers of S. aureus were isolated from S. aureus-S. epidermidis 

co-cultures when GSH or GSSG were provided as sulfur sources. Outgrowth of S. aureus was 

significantly reduced when S. epidermidis was co-cultured with a S. aureus ∆gisACBD-ggt mutant. 

Finally, we investigated GisABCD-Ggt conservation across Firmicutes and found that while Ggt 

homologues are present across Firmicutes only select members encode homologues of a 

complete GisABCD system. This finding indicates that GSH and GSSG catabolism is a conserved 

process, but organisms have evolved different strategies for importing these nutrient sulfur 

sources.  

In chapter 4 we sought to define the sulfur starvation regulon and determined nutrient 

sulfur source specific transcriptional responses. S. aureus encodes the global sulfur regulator 

CymR, that forms a complex with Cys synthase, CysM, that binds to DNA and acts as a 

transcriptional regressor in environments containing abundant Cys (28). The CysM-CymR 

complex is disrupted, and repression is relieved when OAS, a precursor required for Cys 

biosynthesis, accumulates in the cell. This in turn increases transcription of nutrient sulfur 

acquisition genes (28). An alternative mechanism of CymR-regulated gene deregulation is 

oxidation of an internal Cys residue in CymR that causes the repressor to undergo a conformation 

change releasing repression (204). Prior studies determined the CymR regulon using microarray 

analysis of a cymR mutant strain in the S. aureus strain SH100 cultured in a complex TSB 

medium. My work builds on those findings by defining both CymR dependent and sulfur starvation 
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dependent transcriptional changes in S. aureus strain JE2, a derivative of the current strain 

endemic in the United States USA300 LAC. RNA-seq was used to quantify transcriptional 

changes, providing greater resolution and sensitivity than microarrays (28, 216). We found that 

genetic inactivation of CymR leads to upregulation of 46 genes enriched for sulfur compound 

transport and amino acid transport. Soutourina et al. described 16 sulfur import and metabolism 

genes were upregulated when CymR is disrupted (28). Our data confirms upregulation of 10 of 

these genes including cysM (Cys synthase), tcyP and tcyABC (CSSC/Cys transporters), 

SAUSA300_RS20330 (putative Met transporter), and metB (cystathionine γ-synthase) in a cymR 

mutant. Nine of the ten genes, excluding cysK, shared between our data set and the Soutourina 

et al. are also upregulated when WT S. aureus is grown in sulfur deplete conditions (28). Our 

exploration of the CymR regulon employed a more robust technology, and more relevant strains 

and growth conditions compared to the prior study. We also define the sulfur starvation response 

and show sulfur starvation leads to differential expression of 43 regulators. Furthermore, sulfur 

starvation leads to upregulation of genes encoding proteins in the oxidative stress response and 

proteins involved in iron acquisition suggesting an interplay between sulfur status and iron 

homeostasis.  

Chapter 4 also defined sulfur source specific transcriptional responses. The type of sulfur 

source S. aureus acquires has wide implications for the physiology for the cell. For instance, 

utilization of inorganic sulfur sources such as thiosulfate and sulfide lead to Cys synthesis and 

flux of OAS as a carbon backbone from the cell. Thiosulfate assimilation also requires investment 

of electrons needed to reduce the oxidized sulfur atom. Conversely, proliferation on organosulfur 

sources does not necessitate OAS to assimilate sulfur because the sulfur is already complexed 

to carbon, allowing for the sulfur requirement to be fulfilled via release instead of Cys anabolism. 

We performed RNA-seq of S. aureus cultured in chemically defined medium with either CSSC, 

Cys, GSSG, GSH, or thiosulfate as the sulfur source and compared differential expression using 

S. aureus grown in medium with CSSC as the comparator. We found that sulfur source 
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transporters known to be regulated by CymR are upregulated when S. aureus is grown in GSH, 

GSSG and thiosulfate but not Cys when compared to S. aureus grown in CSSC. Additionally, we 

observe proliferation in medium supplemented with thiosulfate leads to differential expression of 

the greatest number of unique genes compared to the total number of unique genes expressed 

in response to GSH and GSSG supplementation. Chapter 4 provided evidence confirming genes 

known to be controlled by CymR while also providing evidence for new insights into genetic control 

of sulfur import and catabolism genes. 

Future avenues of exploration stemming from chapters 2, 3 and 4 can be divided into 5 

areas. First, defining a comprehensive set of sulfur-containing metabolites present in the host will 

provide a better understanding of sulfur sources available to S. aureus during infection. Second, 

elucidating which host-derived sulfur sources support growth of S. aureus will aid in guiding 

genetic analysis to detect which are catabolized during infection. Third, quantifying S. aureus 

proliferation and monitoring import of specific sulfur sources in media supplemented with more 

than one source of nutrient sulfur will allow us to determine whether S. aureus has sulfur source 

preferences. Fourth, identification of unknown transporters and catabolic enzymes will refine our 

understanding of the genetic requirements for transport of sulfur sources that satisfy the S. aureus 

sulfur requirement. Finally, future directions for chapter 4 focus on investigating the effects of 

growth on different sulfur sources and CymR-dependent regulation and will uncover how 

proliferation on different sulfur sources changes the physiology and regulation of sulfur source 

metabolic genes in the cell. 

 

Future directions sulfur import and metabolism 

Elucidation of the complete set of sulfur source metabolites present at the host pathogen 

interface.  

Virulence studies carried out in Chapter 2 found that TcyP is required for maximal fitness 

in competition with WT in murine heart and liver; however, because of substrate promiscuity of 
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TcyP we do not know which nutrient sulfur sources are being acquired by the transporter (147). 

Moreover, GSH and Cys are abundant host metabolites, but information on the total sulfur-

containing compounds in distinct organ sites is unavailable (2, 49). S. aureus proliferates and 

causes disease in nearly every organ in the body, but each of these infection sites likely differ in 

the quantity and diversity of sulfur-containing metabolites (71). The genetically tractable nature of 

S. aureus allows for generation of mutations in sulfur transporters with relative ease, however, 

the ability to transport a substrate does not ensure that substrate is catabolized in vivo. To 

overcome this problem, explorations into the totality of sulfur sources present in tissues that 

support S. aureus proliferation can guide genetic studies. For example, host tissues can be 

isolated and untargeted mass spectrometry techniques can be used to quantify sulfur sources 

present in the tissues. Briefly, organ environments of interest would be isolated, flash frozen to 

halt metabolism. Organs would be homogenized and metabolites extracted. 3-benzoyl acrylate 

derivatizes reduced thiols blocking it from oxidation therefore allowing for accurate determination 

of sulfur metabolites in the infection environments. Untargeted metabolomics should be employed 

to investigate the totality of sulfur containing compounds in the environments. Follow-up quantitive 

targeted metabolomic analysis can confirm the untargeted results and determine absolution 

concentrations of the metabolites. Genetic studies investigating the role of transporters for which 

the respective substrate metabolite is present in the host can then follow.  

 

Expanded exploration into host sulfur sources that support proliferation of S. aureus.  

Work presented here focused on known metabolites as sources of nutrient sulfur for S. 

aureus. However, the host environment likely contains mixed disulfides and host polypeptides. 

Metabolomic analysis focused on sulfur-containing metabolites can provide insights into non-

canonical sulfur sources present in the host environment. A hallmark of S. aureus infection is the 

development of tissue abscesses (217). Abscesses have been reported to contain oxidized 

proteins suggesting that reduced thiols present within abscesses become oxidized, potentially 
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complexing with other thiol-containing metabolites (218). Consistent with this, studies have shown 

that rat tissues contain mixed disulfides including homocysteine-Cys, GSH-Cys, and γ-

glutamylcysteine-Cys during oxidative stress (219). Transport systems in other organisms have 

been shown to transport mixed disulfides such as homocysteine-GSH (159). A metabolomic sulfur 

source analysis of S. aureus infection sites will establish which disulfides are present at the host-

pathogen interface. Growth analysis studies and genetic manipulation will determine transporters 

responsible for growth on the mixed disulfides observed at the site of infection. For example, if 

the metabolomic analysis reveals GSH-Cys is a prominent metabolite in the heart, we perform in 

vitro growth analysis combined with genetic manipulation and biochemical assays to determine 

the transporter responsible for growth on GSH-Cys.  

  An interesting aspect of the S. aureus infection physiology is the number of proteases it 

secretes into the extracellular milieu (220). Some of these secreted proteases have been shown 

to degrade host peptides. For example, collagen, fibrinogen, and fibronectin can be cleaved by 

the Cys protease staphopain B (167, 221, 222). Prior work studied whether collagen, an abundant 

host peptide in staphylococcal skin abscesses, could serve as a source of nutrients to S. aureus 

in vitro (167). This worked showed that collagen degradation by both host and S. aureus 

proteases liberates peptides that are imported via Opp3A and used as a source of carbon (167). 

Interestingly, studies have shown human polypeptides have on average a Cys prevalence of 2.3% 

(223). An intriguing area of study would be to study whether human-derived polypeptides enriched 

in Cys residues serve as sources of nutrient sulfur and determine the extracellular proteases 

involved in this process. 

 

Investigation into the sulfur source preference of S. aureus.  

The reactivity of thiols makes it imperative that sulfur import is tightly controlled to ensure 

the cell does not have excessive thiol levels within the cell. Cys or GSH, which both contain 

reactive thiols, can reduce ferric iron to ferrous iron which reacts with oxidants to create radical 
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species capable of damaging DNA and proteins (110, 224). The CSSC import cycle of E. coli 

illustrates the necessity to maintain thiol homeostasis. E. coli imports CSSC as a sulfur source 

that is readily reduced to Cys once inside the cell (92). Consequently, E. coli has evolved to 

decreased the reactive Cys thiol by exporting excess Cys where it is oxidized back to CSSC (92). 

The delicate balance necessary to acquire sulfur while protecting the cell from iron-mediated 

oxidative damage raises an interesting question about how S. aureus regulates this balance. A 

subsequent question that arises is whether S. aureus has a sulfur source preference as has been 

demonstrated for another nutritional requirement of pathogenesis, iron. Previous work established 

that S. aureus prefers heme-iron over transferrin bound iron (81). One could conjecture that S. 

aureus strategically imports select sulfur sources or indiscriminately acquires all sulfur sources its 

capable of using to maximize sulfur acquisition potential. Furthermore, S. aureus could display a 

preference for organosulfur source over inorganic sulfur sources for optimization of cellular 

energetics. Genetic regulation in S. aureus shows significant regulation of CSSC/Cys 

transporters. In fact, TcyP is the most upregulated gene in the CymR regulon; however we do not 

understand whether this correlates to S. aureus seeking increased import of TcyP-dependent 

substrates as the priority sulfur source (28). Additionally, work examining the transcriptome of S. 

aureus in cystic fibrosis sputum showed the CSSC transporter, TcyABC, is the only known sulfur 

source transporter induced in sputum relative to exponential phase S. aureus grown in chemically 

defined medium (225). During infection host tissues provide multiple sulfur sources and our tcyP 

mutant infection data suggests that S. aureus likely acquires multiple sulfur sources to support 

proliferation. However, we do not know whether S. aureus is primed to import other organosulfur 

sources or all sulfur sources present. Future work could research S. aureus sulfur source 

utilization when more than one sulfur source is present. Studies can start with simple sulfur 

metabolite environments and move to more complex mixtures examining the sulfur sources that 

S. aureus imports and catabolizes. Data generated would provide insights in the strategy that S. 

aureus employs to assimilate sulfur in vivo. The sulfur source utilization can then be complexed 
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with genetic manipulation of S. aureus sulfur source transporters to observe how sulfur utilization 

changes when the ability to acquire distinct sulfur sources is disrupted. The experimental setup 

can utilize a radioactive sulfur containing compound and the output would radioactive decay 

signal. S. aureus could be imported with radioactive Cys to determine baseline import. Next, more 

sulfur sources can be supplemented in the medium along with radioactive Cys and the internal 

radioactive Cys level determined. 

 

Elucidation of unknown sulfur transporters and catabolic enzymes.  

While studies presented here substantially enhance our knowledge of S. aureus nutrient 

sulfur acquisition by identifying sulfur source transporters, the work also provides evidence that 

S. aureus harbors at least one additional GSH transporter. Data presented in Chapter 3 

demonstrates that a ∆gisABCD-ggt mutant proliferates in medium supplemented with 750 µM 

GSH, indicating that another transporter promotes growth at higher concentrations of GSH. This 

result also indicates an alternative, Ggt-independent mechanism of GSH catabolism. Proliferation 

in 750 µM GSH is conserved in S. epidermidis and 375 µM GSSG fails to enhance growth of both 

S. epidermidis and a S. aureus ∆gisABCD-ggt mutant, suggesting similar specificity for GSH. 

Comparative genomic analysis combined with transposon-sequencing using S. aureus 

∆gisABCD-ggt cultured in chemically defined medium with 750 µM GSH would provide insights 

into the identity of the other transporter and catabolic enzymes. Once the identity of the other 

transporter is known a more comprehensive investigation into whether GSH metabolism is 

important for in vivo proliferation of S. aureus can occur using a double mutant in which Gis and 

the other transporter are disrupted.  

 

Exploration into mechanisms of regulation of sulfur import related genes when S. aureus is grown 

on GSH and thiosulfate.  



 

107 

 

CymR and CysM complex formation is essential for repression of genes encoding nutrient 

sulfur acquisition factors. The CymR repressor complex responds to intracellular OAS 

concentrations in both B. subtilis and S. aureus (28, 99). CymR-CysM forms the repressor 

complex in high Cys conditions and when Cys levels become depleted, OAS accumulates and 

disrupts the CymR-CysM repressor complex; however we observe upregulation of CymR 

controlled genes when S. aureus is cultured in GSSG, GSH and thiosulfate compared to CSSC 

(28). Cys is available in all these conditions, and the concentrations GSH and GSSG 

supplementation are equivalent to the Cys level available when S. aureus is cultured with CSSC. 

Based on the CymR repression model, CymR should be repressing expression of these genes 

and yet we observe expression. An area of further exploration is investigating intracellular levels 

of OAS when S. aureus is grown on these sulfur sources. Thiosulfate would be the only sulfur 

source for which utilization requires flux of OAS; though, upregulation of CymR repressed genes 

warrants the exploration. Recent work has suggested an additional mechanism for CymR 

promoter complex dissociation where an internal Cys, Cys25, can be oxidized, promoting 

dissociation of CymR from promoters (204). If we find that OAS concentrations are similar when 

S. aureus is cultured on various sulfur sources, we could investigate the state of the CymR-CysM 

complex when S. aureus is grown on the various sulfur sources. Alternatively, expression of sulfur 

source transporter genes could be controlled by another regulator that responds to GSH, GSSG, 

and thiosulfate. Transcription of the transcriptional regulator, SAUSA300_RS07955 (malR), 

increases when S. aureus is cultured in a medium supplemented with GSSG, GSH or thiosulfate 

as the sulfur source. We also observe joint decreased expression of genes encoding the 

regulators SAUSA300_RS10185 (vraR), SAUSA300_RS12480, and SAUSA300_RS10800 when 

S. aureus is grown on GSSG, GSH or thiosulfate as the sulfur source. Further studies examining 

expression of sulfur source transporters when this regulator is disrupted will decipher whether it 

has a role in sulfur source transporter regulation. Overall, the status of CymR when S. aureus is 
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grown on inorganic or organosulfur sources and investigations into activation of this transcriptional 

regulator are promising areas of exploration.  

 

Concluding remarks 

In summary, my dissertation determined genetic factors that support proliferation of S. 

aureus on select sulfur sources using a combination of genetic and biochemical approaches. 

Additionally, RNA-sequencing allowed me to characterize general and specific transcriptional 

responses to various sources of nutrient sulfur. The work presented here substantially advances 

our knowledge of the transporters that acquire nutrient sulfur sources in S. aureus, however, the 

identity of some redundant transporters and catabolic enzymes have yet to be identified. My 

contributions to this area set the stage for many more years of exploration and impactful studies 

into nutrient sulfur acquisition in the clinically important pathogen S. aureus. 
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Table A-1. Bacterial strains used in chapter 2. 
strain description reference/source 
methicillin resistant strains  
wild type USA300 JE2 (100) 
tcyA::Tn tcyA::erm (100) 
tcyP::Tn tcyP::erm (100) 
tcyP::Tn tcyP::tet this study 

tcyAP::Tn tcyA::erm tcyP::tet this study 

methicillin sensitive strains  
wild type Newman (101) 
tcyA::Tn tcyA::erm this study 

tcyP::Tn tcyP::erm this study 
tcyP::Tn tcyP::tet this study 

tcyAP::Tn tcyA::erm tcyP::tet this study 
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Table A-2. Primers used in chapter 2. 
primers description sequence 

tcyP 
ORF F 

sequencing tcyP ORF AAGTTCAACATATTGACTTATCCGGC 

tcyP 
ORF R 

sequencing tcyP ORF TAGGAATTGAATATTTGACCAAACC 

PtcyP F sequencing tcyP promoter GCGAGCCATCATGTGCAATATTACG 
PtcyP R sequencing tcyP promoter CGAATCGCACAAGTGCACACTC 

pKK22 
F 

amplification for pKK22 for Gibson 
assembly 

GCGGCCGCTAGCCTAGGAGC 

pKK22 
R 

amplification for pKK22 for Gibson 
assembly 

ATCGCCTGTCACTTTGCTTGATATATGA 

PtcyP 
tcyP F 

amplification of PtcyP tcyP for 
cloning into pKK22 

AGCAAAGTGACAGGCGATGCGGCCGCA
GAATTTTTTACAACGTGTTTG 

PtcyP 
tcyP R 

amplification of PtcyP tcyP for 
cloning into pKK22 

GAGCTCCTAGGCTAGCGGCCTTAGTGTG
AAGTTAATGCAG 

PtcyABC 

tcyABC 
amplification of PtcyABC tcyABC for 
cloning into pKK22 

AGCAAAGTGACAGGCGATGCTGTTGGCA
ACAGTTTATG 

PtcyABC 

tcyABC 
amplification of PtcyABC tcyABC for 
cloning into pKK22 

TACCGAGCTCCTAGGCTAGCTTATTCTTC
ATTTATAACATTTAAGAAAC 

rho F qRT-PCR AAACGTCCGCATTTCCAAGC 
rho R qRT-PCR TGGCGCCACTATTAAACCAC 

tcyA F qRT-PCR TATTGGCTGCATGCGGAAAC 
tcyA R qRT-PCR AATGGTGCATAAGTCCCCTCAG 

tcyP F qRT-PCR TGCTGCGATTGTTGGTGTTG 
tcyP R qRT-PCR ATTTCGCTTCCACGTGCTTG 
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Figure A-1. Strain Newman tcyA mutants demonstrate enhanced selenocystine resistance. 
(A) WT and tcyA::Tn were plated as a lawn on TSA and a disk supplemented with 100 mM 
selenocystine was added to the plate. The dotted line represents the disk diameter (6 mm). The 
mean zone of inhibition of at least three independent trials is presented. Error bars represent ± 1 
standard error of the mean. (B) WT Newman or tcyA::Tn selenocystine resistant mutant colonies 
grew the indicated distance from a sterile Whatman paper disk containing 50 mM or 100 mM 
selenocystine. The bar represents the mean distance from the disk. * Indicates P<0.05 
determined from student’s t-test. 
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Figure A-2. Newman TcyABC and TcyP are required for selenocystine sensitivity.  
The zone of inhibition in the presence of 100 mM selenocystine was measured for WT, tcyA::Tn, 
tcyP::Tn, and tcyAP::Tn. The mean zone of inhibition of at least three independent trials is 
presented. The dotted line represents the disk diameter (6 mm). The error bars represent ± 1 
standard error of the mean. * Indicates P<0.05 determined from student’s t-test.  
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Figure A-3. Ectopic expression of tcyP and tcyABC restores selenocystine sensitivity and 
growth in cystine-supplemented medium of the tcyAP double mutant.  
(A) Selenocystine resistance of WT harboring a pKK22 empty vector (WT pKK22), the tcyA::Tn 
mutant strain harboring a pKK22 empty vector (tcyA::Tn pKK22), the tcyA::Tn mutant harboring 
pKK22 vector containing tcyABC under the control of its native promoter (tcyA::Tn ptcyABC), the 
tcyA::Tn tcyP::Tn double mutant harboring a pKK22 empty vector (tcyAP::Tn pKK22), the tcyA::Tn 
tcyP::Tn mutant strain harboring a pKK22 vector containing tcyP under the control of its native 
promoter (tcyAP::Tn ptcyP), or the tcyA::Tn tcyP::Tn mutant harboring pKK22 vector containing 
tcyABC under the control of its native promoter (tcyAP::Tn ptcyABC) was determined in the 
presence of 100 mM selenocystine. The dotted line represents the disk diameter (6 mm). (B-C) 
Growth of the indicated strains was monitored in medium supplemented with 25 μM cystine. The 
mean of at least three independent trials is presented, error bars represent ± 1 standard error of 
the mean. 
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Figure A-4. TcyP is conserved across many bacterial phyla.  
Homologues of TcyP are present in Proteobacteria (orange), Firmicutes (green), 
Fusobacteria (blue), Thermotogae (purple), Spirochaetes (magenta), Actinobacteria
(brown), and Deinococcus (yellow). The query, TcyP protein from S. aureus, is highlighted 
in red. 
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Table B-1. Bacterial strains used in chapter 3. 
strain description reference 
methicillin-resistant S. aureus 

JE2 wildtype (100) 
SAUSA300_0200::Tn (gisA) 
NE392 

Tn insertion in gisA this study 

SAUSA300_0201::Tn (gisB) 
NE541 

Tn insertion in gisB this study 

SAUSA300_0202::Tn (gisC) 
NE457 

Tn insertion in gisC this study 

SAUSA300_0203::Tn (gisD) 
NE215 

Tn insertion in gisD this study 

ggt::Tn NE254 Tn insertion in ggt this study 
∆gisABCD-ggt deletion of gisABCD-ggt this study 
gisB::Tn tcyP::Tn Tn insertion in gisB with erythromycin 

resistance, Tn insertion in tcyP with 
tetracycline resistance 

this study 

ggt::Tn pOS1 Plgt Tn insertion in pOS1 Plgt empty vector this study 
ggt::Tn pOS1 Plgt::ggt Tn insertion in ggt with pOS1 Plgt::ggt this study 
ggt::Tn pOS1 Plgt::ggt-His Tn insertion in ggt with pOS1 Plgt::ggt 

with His-tag 
this study 

NEB 3016 pET28b::ggt NEB 3016 slyD mutant with pET28b::ggt this study 
NEB 3015 pET28b::gisA NEB 3016 slyD mutant with pET28b::gisA this study 
JE2 pOS1 Plgt JE2 pOS1 pOS1 Plgt empty vector this study 
clinical isolates 
1055 MRSA abscess hand cellulitis this study 
1056 MRSA abscess left arm this study 
1057 MRSA left wrist/ index finger this study 
1058 MSSA left foot diagnosis is osteomyelitis this study 
1059 MSSA bone from the coccyx/chronic 

osteomyelitis 
this study 

Staphylococcus epidermidis Strain RP62a (77) 
Staphylococcus epidermidis clinical isolate this study 
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Table B-2. Primers used in chapter 3. 

name sequence 5’-3’ description 
pET28b::ggt F AAGAAGGAGATATACCATGGTCATTA

ACTTAAATGACAAAC 
amplify ggt ORF without 
stop codon to clone into 
pET28b 

pET28b::ggt R GATGATGGCTGCTGCTGCCCATGTCT
TGTGATACTATCTCGAT 

amplify ggt ORF without 
stop codon to clone into 
pET28b 

pKOR1-mcs ∆gis 
upstream F 

CTGCTAGCTAGCTAGAGATATCAAAC
GATAAAAAATATACAAATAAAAATCTA
ATTGTAG 

amplify 1kB upstream of 
SAUSA300_0201 to 
clone into pKOR1-mcs 

pKOR1 ∆gis 
upstream R 

AGCGTATAAAAAGTCATGCGTTGTGC
AAC 

amplify 1 kB upstream of 
SAUSA300_0201 to 
clone into pKOR1-mcs 

pKOR1-mcs ∆gis 
downstream F 

CGCATGACTTTTTATACGCTTGATATG
AAGTTTG 

amplify 1 kB downstream 
of SASUA300_0204 to 
clone into pKOR1-mcs 

pKOR1-mcs ∆gis 
downstream R 

CGG AAC CGG TAC CAA TGG ATA 
TCT ATG TTT TTG GCA ATG AAG TG 

amplify 1kB downstream 
of SAUSA300_0204 to 
clone into pKOR1-mcs 

pET28b::gisA F ACTTTAAGAAGGAGATATACATGTCA
AATTTATTAGAAGTCAAC 

amplify gisA ORF without 
stop codon to clone into 
pET28b 

pET28b::gisA R AGTGGTGGTGGTGGTGGTGCGATTT
AGCAATAACTGCTAC 

amplify gisA ORF without 
stop codon to clone into 
pET28b 

pOS1 Plgt::ggt F ACAATTGAGGTGAACATATGGTCATT
AACTTAAATGACAAAC 

amplify ggt ORF to clone 
into pOS1 Plgt 

pOS1 Plgt::ggt R CTACCCCCTTGTTTGGATCCCTATCTT
GTGATACTATCTC 

amplify ggt ORF to clone 
into pOS1 Plgt reverse 
primer 

pOS1 Plgt::ggt-His F AAATACAATTGAGGTGAACATATGGT
CATTAACTTAAATGACAAACAG 

amplify ggt with His-tag 
from pET28B::ggt to clone 
into pOS1 Plgt  

pOS1 Plgt::ggt-His 
R 

AGCTTGGCTGCAGGTCGACGGATCC 
TCAGTGGTGGTGGTGGTG 

amplify ggt with His-tag 
from pET28B::ggt to clone 
into pOS1 Plgt 
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Figure B-1. Supplementation with GSSG as the sole source of nutrient sulfur stimulates 
growth of clinical isolates.  
WT and clinical isolates were grown in medium containing 25 µM GSSG. The mean OD600 of at 
least 3 independent trials is depicted and error bars represent ± 1 standard error of the mean. 
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Figure B-2.  Domain architectures and secondary structure predictions for the S. 
aureus GisABCD-Ggt system.  
Domains were predicted using InterProScan (3,4); see Methods. Results from four main 
analyses are shown here for the query proteins: Pfam, Phobius, ProSiteProfiles, TMHMM.  
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Figure B-3. GisABCD-Ggt promotes anaerobic growth in media supplemented with GSSG 
or GSH.  
WT, gisB::Tn, and ΔgisABCD-ggt were grown in chemically defined medium in the presence of 
the listed sulfur sources. Chemicals were prepared anaerobically to maintain them in their 
respective states. Each point represents one terminal OD600 and each bar represents the mean 
of at least three independent trials and error bars represent ± 1 standard error of the mean. 
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Figure B-4. Coomassie blue stained SDS-PAGE gel demonstrating purification of histidine 
tagged GisA expressed in E. coli.  
Lanes: M, molecular weight ladder; 1, prior to induction with IPTG; 2, 4 hours after IPTG induction; 
3, lysate; 4, initial flowthrough of the Ni-NTA column; 5 and 6, fractions from 20 mM imidazole 
elution; 7, fraction from 100 mM imidazole elution; 8 and 9, fractions from 400 mM imidazole 
elution. 
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Figure B-5. His-tagged Ggt complements growth of ggt mutant.  
(A) Strains grown in medium supplemented with 25 μM cystine, (B) 25 μM GSSG, or (C) 50 
μM GSH. Presented is the mean of at least three independent trials and error bars represent 
± 1 standard error of the mean. 
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Figure B-6. Heterologous expression and purification of S. aureus Ggt from 
E. coli.  
Lanes: M, molecular weight ladder; 1, prior to induction with IPTG; 2, 4 hours after 
IPTG induction; 3, sate; 4, initial flowthrough of the Ni-NTA column; 5, fraction 
from 20 mM imidazole wash; 6, fraction from 50 mM imidazole wash; 7, fraction 
from 100 mM imidazole elution; 8 and 9, fractions from 400 mM imidazole elution.
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Figure B-7. Inactivation of gisB or gisB and tcyP does not affect virulence in a murine 
systemic model of infection.  
(A) C57BL/6 mice were systemically infected with WT or gisB::Tn and infection proceeded 
for 96 hours. (B) Balb/c mice were systemically infected with WT or gisB tcyP and infection 
proceeded for 96 hours. Bacterial burdens are presented as log10 CFUs mL-1 for liver, 
combined left and right kidneys, and heart. The line represents the mean and error bars 
represent ± 1 standard error of the mean. 
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Figure B-8. Gis mutant can grow in physiologically relevant concentrations of GSH.  
WT and ∆gisABCD-ggt cultured in medium containing the indicated sulfur sources. Mean 
OD600 of at least 3 independent trails is presented and error bars depict ± 1 standard error 
of the mean. 
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Figure B-9. Conservation of Ggt and GisABCD across Firmicutes. 
Percent similarity of S. aureus Ggt was queried, and results were limited to Firmicutes
encoding a glutamyl transpeptidase domain. S. aureus GisABCD was subsequently 
queried using this dataset. 
 



 

127 

 

 

 

 

  

Figure B-10. S. epidermidis shows delayed growth and is outcompete by S. aureus in 
GSH containing media.  
(A-F) S. aureus and a clinical isolate of S. epidermidis were grown in PNmod containing the listed 
sulfur source. Presented is the mean OD600 of at least three independent trials and the error bars 
depict ± 1 standard error of the mean. (G) In vitro competition of the clinical isolate of S. 
epidermidis and S. aureus in PNmod containing the listed sulfur sources. The individual trial 
competitive index is presented. The line represents the mean, and the error depict ± 1 standard 
error of the mean. 



 

128 

 

 

  

Figure B-11. A proposed model of GisABCD-Ggt acquisition of GSH and GSSG. 
Bioinformatic predictions and experimental evidence allow us to synthesis a model for how 
S. aureus imports and catabolizes GSH and GSSG. GisD, a predicted substate binding 
protein, binds GSH and GSSG in the extracellular milieu, which are then translocated 
through the transmembrane permeases GisBC aided by the hydrolysis of ATP by GisA. 
Finally, GSH and GSSG are cleaved inside of the cell by Ggt generating cysteinyl glycine 
and cysteinyl glycine disulfide and glutamate based upon this model. Model was created 
using BioRender. 
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Table C-1. Genes that are shared between our data and the published cymR mutant 
data. 
locus gene name gene name published dataseta 
up in all three data sets 
SAUSA300_RS00910  sulfur 
SAUSA300_RS00915  sulfur 
SAUSA300_RS00930  sulfur 
SAUSA300_RS01055  sulfur 
SAUSA300_RS02035  tcyP sulfur 
SAUSA300_RS02325  mccB sulfur 
SAUSA300_RS02330   sulfur 
SAUSA300_RS10985   sulfur 
SAUSA300_RS13025  tcyA sulfur 
SAUSA300_RS01875  envelope 
SAUSA300_RS15260  envelope 
up in WT sulfur deplete and published cymR mutant 
SAUSA300_RS00935  sulfur 
SAUSA300_RS00940b  fdh sulfur 
SAUSA300_RS02320b  mccA sulfur 
SAUSA300_RS12345b ydbM sulfur 
SAUSA300_RS13015b tcyC sulfur 
SAUSA300_RS13020b tcyB sulfur 
SAUSA300_RS02345  envelope 
SAUSA300_RS04145  envelope 
SAUSA300_RS12435  envelope 
a The cymR mutant dataset is broken into sulfur associated genes and cell envelope 
associated genes (28). bgenes are upregulated in cymR::Tn CSSC but are below adjusted 
p-value cutoff of <0.05 (data not shown). 
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