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ABSTRACT 

 Adapting to changes in environmental conditions is an essential process that ensures 

maximal fitness of an organism is maintained. For bacterial pathogens residing in the host, these 

changes include alterations in oxygen availability, nutrient abundance, and the presence of 

antimicrobials. Failure to meet these challenges limits the pathogenic potential of the bacterium, 

therefore, a better understanding of how bacterial pathogens respond to environmental changes will 

aid the development of treatment strategies to combat microbial infections. Staphylococcus aureus 

is an opportunistic pathogen that employs a diverse set of metabolic pathways to adapt to new host 

environments and stressors, which is driven by a branched aerobic respiratory chain and the ability 

to transition into a fermentative state of growth known as the small colony variant (SCV). The 

branched respiratory chain is powered by two terminal oxidases, CydAB and QoxABCD, and loss 

of either terminal oxidase leads to tissue specific colonization defects. Infections caused by SCVs 

are often resistant to antibiotic treatment, frequently leading to prolonged infections with worse 

clinical outcomes for the patient. In line with the goal of identifying novel therapeutic targets, this 

dissertation explores the pathways supporting the metabolic versatility of S. aureus including 

synthesis of lipoteichoic acid (LTA) and the isoprenoid biosynthetic pathway. 

 LTA is a cell surface polymer that has been predicted to maintain surface ion homeostasis. 

Previous reports demonstrated that limiting the metabolic potential of S. aureus cells in which LTA 

synthesis is disrupted reduces viability. Accordingly, we sought to determine the mechanism 

driving this phenotype. The membrane embedded anchor on which LTA is synthesized is generated 

by YpfP, and inactivation of this enzyme results in LTA that is elongated and less abundant. 

Membrane potential of the ypfP mutant was maintained during aerobic growth, however, induction 

of SCV growth resulted in a loss of membrane potential and reduced viability. Suppressor mutants 



 

 

in the ypfP mutant background that displayed increased SCV viability were isolated and 

characterized. The suppressor mutants exhibited LTA that was more similar to the WT and 

anaerobic membrane potential was partially restored, demonstrating that LTA supports SCV 

viability via maintenance of ion homeostasis. 

 Further investigation of pathways supporting metabolic versatility identified the isoprenoid 

biosynthetic pathway as essential for cellular respiration. Isoprenoids are molecules containing 5-

carbon repeating units and are synthesized by prenyl diphosphate synthases (PDS). Farnesyl 

diphosphate (FPP) serves as a substrate for three downstream cellular processes: pigment 

production, cell envelope maintenance, and synthesis of respiratory cofactors. The only known PDS 

to synthesize FPP is IspA, however, ispA mutants still produce FPP, suggesting another FPP-

producing PDS is present. Investigation of this pathway identified a high level of redundancy in 

which other PDSs not previously known to produce FPP are able to contribute to FPP dependent 

pathways. Studying the effects of isoprenoid synthesis disruption on respiration revealed a 

preference of the CydAB terminal oxidase for chain length of menaquinone, demonstrating the 

impact of isoprenoid synthesis on metabolic versatility. 

 Lastly, a chemical library screen was performed to identify inhibitors of the fatty acid kinase 

(FAK) system. The FAK system is used to acquire exogenous fatty acids and limits the efficacy of 

antimicrobials that target endogenous fatty acid synthesis. Disruption of these pathways limits the 

production of the fatty acids necessary for cell membrane synthesis and thus inhibits growth of the 

cell. A putative FAK system inhibitor was identified and demonstrated to work synergistically with 

triclosan, a known inhibitor of endogenous fatty acid synthesis. This work demonstrates the 

feasibility of a dual therapy strategy for inhibition of cell membrane synthesis and lays the 

groundwork for expanding the toolkit available for treatment of S. aureus infections.
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Abstract 

 Bacterial pathogens modify their metabolic pathways in response to alterations in 

environmental conditions. Changes in nutrient availability, terminal electron acceptor abundance 

and external stressors such as antibiotics and the host immune system all influence the energy 

generating pathways a bacterium can utilize. Overcoming these challenges to sustain energy 

production is known as metabolic versatility, which is largely centered around maintaining redox 

balance, proton motive force, and generation of ATP. The human pathogen Staphylococcus aureus 

is capable of utilizing distinct metabolic modalities to proliferate in the host including: a branched 

aerobic respiratory chain and fermentation, which function to balance redox potential and generate 

energy in the hostile host environment. Further, cell surface structures called teichoic acids are 

hypothesized to play an instrumental role in facilitating metabolic versatility via maintenance of 

proton motive force. A thorough understanding of the mechanisms that support metabolic versatility 

is essential to understanding S. aureus pathogenesis and will lead to novel therapeutic strategies. 

Introduction 

 Staphylococcus aureus is a Gram-positive opportunistic pathogen and the leading cause of 

skin and soft tissue infections in the United States (1). To establish infection and circumvent the 

immune system, S. aureus generates a vast array of virulence factors (2). However, an 

underappreciated aspect of S. aureus pathogenesis is the way it employs metabolic versatility during 

infection. Metabolic versatility refers to the ability of a bacterium to modulate its energy generating 

pathways to meet the fluctuating demands of its environment. These fluctuations include variations 

in oxygen concentration, nutrient availability and the presence of antimicrobials. S. aureus must 

overcome these challenges by maintaining energy production, for which three pathways are present: 

glycolysis, aerobic respiration and anaerobic respiration (3–5). A requirement for energy production 
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is the maintenance of redox balance via the recycling of electron carriers. S. aureus achieves this 

through specialized pathways that adapt to new host environments, thus ensuring continued 

metabolic activity (4, 6, 7). 

 Several studies have demonstrated that limiting S. aureus metabolic versatility reduces 

virulence and is therefore a promising strategy for treating or preventing infection (4, 7–9). To this 

end, it is necessary to identify pathogen-specific pathways that support the transition between 

different metabolic states. Notably, the S. aureus cell envelope possesses features distinct from the 

host which are predicted to support metabolic versatility (10, 11). Namely, wall teichoic acid 

(WTA) and lipoteichoic acid (LTA) have been hypothesized to play a role in maintaining the proton 

motive force (PMF) (12). The PMF is comprised of two components: membrane potential (ΔΨ), 

which is the summation of all ions contributing to the electrical charge across the cell membrane, 

and the proton gradient (ΔpH)  (13). The PMF is essential for viability and serves as an energy 

source for cellular processes, such as ATP production (14). Here, the energy generating pathways 

and redox balancing mechanisms of S. aureus will be described along with their known roles in 

supporting infection. Additionally, the role of cell envelope structures in supporting metabolic 

versatility will be discussed. 

S. aureus balances redox potential via respiration and fermentation 

 Cellular respiration relies upon electrons provided from glycolysis and the tricarboxylic acid 

(TCA) cycle (15). Glycolysis enzymatically oxidizes glucose by transferring electrons to NAD+, 

yielding NADH, ATP and pyruvate as the end products (15, 16). The pyruvate from glycolysis 

feeds into the TCA cycle where it is further oxidized, generating additional NADH and another 

electron carrier FADH2, as outlined in figure 1-1 (15). In S. aureus, electrons from NADH and 

FADH2 are transferred to the electron carrier menaquinone (MK), regenerating NAD+ and FAD+, 
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respectively, thus balancing the redox potential of the cell (5). MK subsequently transfers the 

electron to a terminal reductase. During aerobic respiration S. aureus utilizes two terminal oxidases, 

CydAB or QoxABCD, to reduce oxygen to water (4). S. aureus is also capable of anaerobic 

respiration, whereby the alternative terminal electron acceptor nitrate (NO3) is reduced to nitrite 

(NO2) through the activity of the nitrate reductase NarGHJI. NO2 is further reduced by the nitrite 

reductase NirBD, generating ammonia (NH3) (3). A consequence of aerobic respiration and 

anaerobic respiration is the generation of a proton gradient across the cell membrane, which is 

essential for coordinating cell division machinery and providing the energy needed for nutrient 

transport (17–19). Additionally, ATP synthase is powered via the PMF by harvesting energy 

generated by protons traveling down the concentration gradient, and in doing so catalyzes the 

production of ATP (15, 20). 

 In the absence of external terminal electron acceptors respiration is impeded, leaving 

glycolysis as the only ATP generating pathway. Furthermore, in environmental conditions that 

promote respiration arrested growth the redox balancing property of respiration is eliminated. This 

is due to the loss of activity of the membrane embedded type II NADH dehydrogenase (NDH-2), 

which transfers electrons from either NADH or FADH2 to MK (21) (Fig. 1-1). Consequently, an 

alternative pathway must be used to regenerate the NAD+ needed to sustain glycolysis. To achieve 

this, pyruvate serves as the terminal electron acceptor, causing S. aureus to primarily generate lactic 

acid (Fig. 1-1) (15). In addition to lactic acid fermentation, S. aureus is capable of fermenting 

pyruvate to 2,3-butanediol, acetate or ethanol (22). 

S. aureus employs three seemingly redundant lactate dehydrogenases to carry out lactate 

fermentation: Ldh1, Ldh2 and Ddh (23). Each of these enzymes use NADH as an electron donor to 

reduce pyruvate to lactate. In 2,3-butanediol fermentation α-acetolactate synthase (ALS) and α-
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acetolactate decarboxylase (ALDC) are used to regenerate NAD+ while producing 2,3-butanediol 

(24). Acetate and ethanol fermentation begin with the same step, utilizing either pyruvate 

dehydrogenase (PDH) or pyruvate formate lyase (PFL) to produce acetyl-CoA. Once generated, 

acetyl-CoA can feed into the acetate fermentation pathway using phosphotransacetylase (PTA) and 

acetate kinase (AckA) to produce acetate (25). Notably, this pathway does not regenerate NAD+, 

however a single ATP is produced, contributing to the energy yield of the cell (24, 25). Conversely, 

acetyl-CoA can feed into the ethanol fermentation pathway, where a two-step process carried out 

by alcohol dehydrogenase (ADH) regenerates 2 NAD+ in the production of ethanol, giving this 

pathway the greatest redox balancing power compared to the others (24–26). 

 Unlike respiration, the process of fermentation does not generate PMF. Instead, ATP from 

glycolysis is used by ATP synthase to run in reverse and pump protons to the outside of the cell 

(27). Due to the limited oxidation of glucose and the need to spend ATP to generate PMF, the use 

of fermentation to balance the redox potential of the cell overall yields less energy than aerobic 

respiration or anaerobic respiration.  
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Figure 1-1. Respiration and Fermentation balance the redox potential of the cell by 

regenerating NAD+ and FAD+. 

Glycolysis (green) and the tricarboxylic acid (TCA) cycle (yellow) generate NADH during 

oxidation of glucose and acetyl-CoA, respectively. Respiration and fermentation balance the 

redox potential of the cell by regenerating the NAD+ needed for glycolysis and the TCA cycle. 

Anaerobic respiration (purple) and aerobic respiration (light blue) regenerate NAD+ and FAD+ 

via reduction of an external terminal electron acceptor. Fermentation consists of a redox 

balancing pathway (red), which utilizes pyruvate as an internal terminal electron acceptor, and 

an ATP generating pathway (blue). NDH-2 refers to the type II NADH dehydrogenase that 

transfers electrons from either NADH or FADH2 to menaquinone (MK) Figure made in 

Biorender. 
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Adaptation of respiratory pathways facilitates S. aureus infection 

The branched aerobic respiratory chain of S. aureus consists of a bd type terminal oxidase 

(CydAB) and an aa3
 type terminal oxidase (QoxABCD), both of which require heme for their 

activity (4, 28). Each of these terminal oxidases are capable of performing aerobic respiration in the 

absence of the other (4). However, there are characteristics unique to each terminal oxidase, which 

together promote maximal fitness in the host. First, the efficiency with which carbon sources are 

utilized is influenced by terminal oxidase activity. QoxABCD was shown to be essential for 

utilization of amino acids as a carbon source, as a qoxA mutant failed to proliferate when provided 

amino acids as the sole source of carbon (28). Second, CydAB and QoxABCD differ in the heme 

species they require for their activity. CydAB remains active with heme b as the sole heme species 

available, while QoxABCD requires isoprenoid modified hemes, heme o or heme a, for its activity 

(28). Third, the bd family of terminal oxidases have high affinity for oxygen and are capable of 

carrying out aerobic respiration at reduced oxygen levels (29, 30). This is notable, as S. aureus is 

known to colonize hypoxic environments in the human host, such as the lungs of cystic fibrosis 

patients (31, 32). Furthermore, infections caused by S. aureus often manifest as abscesses in which 

the infection is present in a confined area, causing localized inflammation and the buildup of a puss-

filled tissue pocket (33). This environment is usually low in oxygen, a condition that reduces 

neutrophil mediated killing of S. aureus (31, 32, 34). Therefore, the utilization of a high affinity 

terminal oxidase may enable a low level of aerobic respiration in oxygen limiting environments, 

and thus greater energy yield, while promoting S. aureus survival in the presence of neutrophils. 

The unique qualities of the terminal oxidases support colonization of different niches within 

the host. A cydB mutant was shown to exhibit reduced colonization of the heart, while a qoxA 

mutant had reduced colonization of the liver in a mouse model of systemic infection (4). Further, 
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the terminal oxidases may coordinate to promote survival during intracellular growth. Though not 

often thought of as an intracellular pathogen, S. aureus can invade host cells through a fibronectin 

bridging mechanism (35, 36). Consequently, S. aureus has been observed replicating inside 

epithelial and immune cells (37–40). Proteomic analysis revealed greater abundance of CydAB 

during intracellular S. aureus proliferation compared to staphylococci cultured extracellularly (41). 

At the same time, lower levels of QoxABCD were detected in internalized cells (41). These findings 

provide evidence that S. aureus engages its metabolic versatility by altering the aerobic respiratory 

pathway to adapt to new environmental conditions, highlighting the importance of specialized 

components in aerobic respiration. 

In the absence of oxygen and in the presence of an alternative electron acceptor such as 

NO3, S. aureus switches from aerobic respiration to anaerobic respiration (42). S. aureus encodes 

nitrate reductase, NarGHJI, that reduces NO3 to NO2, which can be further reduced by nitrite 

reductase, NirBD, to yield NH3 (22). NO3 is present in human skin and blood at concentrations of 

80 μM and 25 nmol/g, respectively (43, 44), though whether these concentrations are sufficient to 

sustain a meaningful level of anaerobic respiration is not known. In the context of S. aureus 

pathogenesis, anaerobic respiration has been understudied, with most research focusing on the 

impact of aerobic respiration and fermentation during infection. However, a recent study has shown 

that a narG mutant has reduced virulence in a mouse model of skin infection (45), but it remains 

unclear whether this effect is due to loss of anaerobic respiration or a loss of virulence factor 

production in the nitrate reductase mutant. Similarly, a Mycobacterium bovis nitrate reductase 

mutant was also shown to be less virulent in a mouse skin infection model (46), indicating that 

anaerobic respiration may support bacterial infection of epidermal tissue.  
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S. aureus fermentation pathways adapt to the environment to maintain redox potential 

Similar to the branched respiratory chain, S. aureus possesses a branched fermentative 

pathway that it can modulate in response to changing environmental conditions. When provided 

glucose as the sole carbon source, it was found that proteins involved in all four fermentative 

pathways increased in abundance upon shifting to anaerobic growth conditions, with lactate 

fermentation and ethanol fermentation having the greatest increase (22, 25). However, when 

pyruvate was provided, S. aureus primarily relied on the acetate and lactate fermentative pathways 

(25), likely to generate ATP through acetate fermentation while simultaneously maintaining redox 

balance via lactate fermentation.  

While S. aureus can adapt its fermentative pathways in response to carbon source 

availability, it can also modulate fermentation in response to the host immune system. Nitric oxide 

(NO•) is an antimicrobial produced by phagocytes during the innate immune response that arrests 

bacterial growth via inhibition of both respiration and fermentation (7, 47). However, S. aureus 

harbors fermentative pathways that are resistant to NO•. All three lactate dehydrogenases (Ldh1, 

Ldh2 and Ddh) are resistant to NO•, however, Ldh1 is the only lactate dehydrogenase that increases 

transcription in response to nitrosative stress (7). Furthermore, mutants lacking either Ldh1 or Ldh2 

were still capable of growing in the presence of NO•, and growth was only inhibited when both 

Ldh1 and Ldh2 were simultaneously inactivated (23). This finding demonstrates that Ddh is not 

capable of balancing cellular redox potential as the sole lactate dehydrogenase during nitrosative 

stress, and that a coordinated effort of Ddh and at least one other lactate dehydrogenase may be 

necessary. Additionally, S. aureus performs 2,3-butanediol fermentation in response to NO•. 

Metabolomic analysis found that, in addition to lactate, 2,3-butanediol increased in abundance in 

cells experiencing nitrosative stress, which was corroborated by the finding that the ALDC enzyme 
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responsible for 2,3-butanediol production also increased in expression (6). Given that a ldh1 ldh2 

double mutant failed to proliferate in the presence of NO•, 2,3-butanediol fermentation alone is 

likely not sufficient to sustain redox balance. Instead, S. aureus relies primarily on lactate 

fermentation or a combination of lactate and 2,3,butanediol fermentation to maintain viability 

during NO• exposure. 

Gram-positive cell envelope structures and maintenance of proton motive force 

 S. aureus possesses a diverse physiological toolkit to ensure redox balance of the cell is 

preserved under different environmental conditions. While these adaptive metabolic pathways are 

often thought of as a way to maintain ATP production, less attention is given to the maintenance of 

PMF. The S. aureus cell envelope consists of three primary structures: the cell membrane, 

peptidoglycan, and teichoic acids (48). Together, these structures are hypothesized to maintain PMF 

either directly or by supporting other structures. Given that PMF is essential for cell viability, 

disrupting its maintenance is a promising treatment strategy (49). In fact, cationic antimicrobial 

peptides (CAMPs), which are produced by the host specifically to limit bacterial proliferation, exert 

their activity by disrupting the cell’s ability to maintain PMF, by forming pores in the cell membrane 

(49). 

 The cell membrane is a lipid bi-layer composed of phospholipids which organize to form a 

semi-permeable barrier in which the hydrophilic phosphate heads face the aqueous environment 

while the fatty acid tails are oriented inward to form a hydrophobic layer. The semi-permeable 

nature of the cell membrane is essential for the physiology of the cell. Small molecules like oxygen, 

carbon dioxide and water can passively cross the cell membrane, while charged ions such as protons 

are non-permeable (50). This allows the cell to generate PMF without the transported protons 

simply diffusing back across the cell membrane, which enables the use ΔpH as an energy source.  
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 Anchored in the cell membrane is the cell surface polymer LTA, which is made up of 

repeating units of negatively charged glycerol phosphate (GroP) (10). Two UDP-glucose are added 

to a membrane-embedded diacylglycerol (DAG) by the glycosyltransferase YpfP to generate the 

diglucosyl-diacylglycerol (Glc2-DAG) anchor (51). Glc2-DAG is flipped to the exterior leaflet of 

the membrane by the flippase LtaA, where units of GroP are donated from phosphatidylglycerol 

and added to the anchor by the lipoteichoic acid synthase LtaS (52–54). The length of LTA can 

vary, with the majority of polymers between 20 and 30 GroP units, however LTA with as few as 4 

GroP units has been observed (55, 56).  

Though it has not been characterized, S. aureus likely modulates LTA chain length. A ypfP 

mutant does not produce the Glc2-DAG anchor and an ltaA mutant is unable to flip Glc2-DAG to 

the outer leaflet of the membrane (53). Consequently, in these mutant backgrounds LtaS synthesizes 

LTA directly on DAG (53, 57). As a result, ypfP and ltaA mutants produce elongated LTA that is 

less abundant compared to the WT (58, 59), suggesting a theoretical length determining mechanism 

may involve the interaction of LtaS with Glc2-DAG or with YpfP and LtaA.  

 Surrounding the cell membrane is the peptidoglycan layer, which is comprised of the amino 

acid linked glycan units n-acetylglucosamine (NAG) and n-acetyl muramic acid (NAM) (48). This 

layer provides rigidity and influences cell shape. Additionally, it serves as a scaffold on which many 

subcellular components are bound, including wall teichoic acid (WTA) (11). Similar to LTA, WTA 

is an  external polymer that extends outward from the cell. However, there are three primary 

characteristics of WTA that make it unique from LTA: 1) WTA is synthesized in the cytoplasm 

before being transported to the outside of the cell. 2) WTA is comprised of repeating units of Ribitol 

phosphate (RboP) rather than GroP. 3) WTA is covalently anchored to the peptidoglycan (11).  

Synthesis of WTA begins with the addition of GlcNAc to the lipid carrier undecaprenyl 
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phosphate (Und-P) catalyzed by TarO (60). Subsequently, N-acetylmannosamine (ManNAc) is 

added to the GlcNAc through a β-1,4 linkage via the activity of TarA to make the GlcNAc-ManNAc 

anchor on which the rest of the polymer is synthesized (61). Next, two units of GroP are added to 

the anchor in a stepwise fashion by TarB and TarF, which serves as a linker moiety (11). Between 

40 and 60 units of RboP are added to the linker moiety by TarL, which makes up the largest portion 

of the WTA polymer (62). Similar to the GroP of LTA, RboP is negatively charged and gives the 

polymer an overall electronegative nature (11). The last biosynthetic step that occurs is the 

glycosylation of the individual RboP units by either an α- or β-linked GlcNAc carried out by TarM 

or TarS, respectively (11).  

 Fully matured WTA is flipped to the outside of the cell by TarGH where it is covalently 

bound to the NAM unit of the peptidoglycan (11, 63). Studies in Bacillus subtilis have determined 

that the tagTUV genes are needed for attachment of WTA to peptidoglycan, which are homologous 

to the tarTUV genes in S. aureus (64). However, the mechanism by which this occurs is not known 

and whether there is specificity for attachment to newly synthesized peptidoglycan or old 

peptidoglycan has yet to be definitively determined (64). 

 Gram-positive bacteria are presented with a unique challenge when it comes to maintaining 

PMF. Unlike their Gram-negative counter parts, Gram-positives do not possess an outer membrane. 

The outer membrane is permeable to ions only through porins (65) and regulates the exchange of 

ions through these proteins (66). Thus, Gram-negative bacteria retain charged particles such as 

protons near the surface of the cell, thereby promoting generation of the PMF. The teichoic acids 

of Gram-positive bacteria have long been hypothesized to perform a similar role. In 1961, Archibald 

et al. hypothesized that the negative charge of teichoic acids regulates the passage of cations either 

to or from the surface of the cell (67). Nine years later, Heptinstall et al. demonstrated that teichoic 
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acids are capable of binding metal ions such as Mg2+, providing some of the earliest evidence to 

support an ion-binding role of these cell surface polymers (68). Furthermore, it was shown that 

protons compete with metal ions for binding sites at the cell surface, indicating that teichoic acids 

may play a role in proton binding and retention (69), which was corroborated by a study that found 

WTA is capable of binding protons (70). Together, these studies suggest that teichoic acids 

contribute to PMF maintenance, and data presented in Chapter 2 supports this hypothesis by 

demonstrating a role for LTA in promoting ΔΨ during fermentative growth. 

 The ability of Gram-positive bacteria to maintain ion homeostasis of the cell surface 

environment is essential for viability in the same way that maintaining the periplasm is essential for 

Gram-negatives. In fact, the space between the outer leaflet of the cell membrane and the outer edge 

of the cell wall of Gram-positives has been likened to a pseudo periplasm due to the maintained 

milieu of this area being unique from the surrounding environment (12, 71, 72). This is impressive, 

as the Gram-positive cell envelope is considered to be exposed to external conditions, and the 

mechanisms employed to maintain homeostasis must resist rapid environmental changes without 

the protection afforded by an outer membrane. One way S. aureus adapts its cell surface to a 

changing environment is by neutralizing the negative charge of teichoic acids with D-alanine and 

reducing the electronegative nature of the lipid bi-layer by the addition of lysine to 

phosphatidylglycerol (10, 73). The addition of a positively charged D-alanine to the individual GroP 

units of LTA or RboP units of WTA is carried out by the DltD protein at the cell surface (10). 

Incorporation of D-alanine residues reduces the overall negative charge of teichoic acid polymers, 

and thus the cell surface (74, 75). S. aureus has been shown to modulate the D-alanylation status of 

teichoic acids in response to increasing salt concentrations (76), changes in pH (77) and changes in 

temperature (78), indicating that altering cell surface charge via teichoic acids is important for 
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adaptation to new environments. Furthermore, the reduced negative charge of the cell surface 

facilitates resistance towards antimicrobial CAMPs (79). Whether or not D-alanylation of teichoic 

acids impacts their ability to maintain PMF has not been investigated. However, it is clear that 

teichoic acids are multifunctional cell surface polymers that influence many physiological aspects 

of S. aureus. 

Small colony variants are respiration arrested cells that are adapted to life in the host 

Even though it is beneficial for S. aureus to utilize diverse energy generating pathways, 

clinical isolates often harbor mutations in the respiratory pathway that limit the cell to fermentation 

(80). This seems paradoxical at first, as the ability to switch between metabolic pathways has been 

established to support S. aureus infection. However, it is likely that S. aureus only modulates its 

energy generating pathways when encountering new host environments, and once it has established 

an infection the need to switch between energy generating pathways may be diminished. This is 

supported by the fact that the site of infection is usually low in oxygen, favoring fermentative 

growth (31). Consistent with this idea is that respiration deficient mutants are isolated from diverse 

tissue types such as the lungs (81), bones (82), skin (83) and heart (84). These respiration arrested 

isolates are called small colony variants (SCVs) and are categorized by the substrate for which they 

are auxotrophic. Auxotrophy for hemin and menadione correlates to mutations in heme synthesis 

and menaquinone synthesis, respectively, which render the cell unable to produce the necessary 

cofactors to perform respiration (81, 85). Interestingly, a third type of SCV commonly isolated from 

clinical samples displays auxotrophy for the nucleoside thymidine due to mutation of the thyA gene 

(81, 85). It is thought that thyA SCVs acquire thymidine from the surrounding tissue of the host 

(85), however the molecular underpinnings for why thymidine depletion induces the SCV 

phenotype is not readily apparent. One study found that thyA mutants have reduced expression of 
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citB, a gene involved in the TCA cycle, theoretically leading to reduced production of NADH and 

FADH2 to power respiration (86). However, citB mutants grow similar to the WT, therefore, it 

remains uncertain why thyA mutants grow as SCVs (87). 

Despite the fact that SCVs generate less ATP as a consequence of fermentation, the cell 

gains physiological traits that are beneficial to survival in the host such as increased resistance to 

antibiotics and innate immune defenses. SCVs exhibit enhanced resistance to aminoglycoside 

antibiotics such as gentamicin, which requires a robust membrane potential to cross the cell 

membrane. SCVs have a reduced membrane potential, thereby reducing gentamicin penetration into 

the cell, leading to significantly increased MICs compared to respiring S. aureus (9, 88, 89). 

Furthermore, increased resistance has been observed for antimicrobials that do not require 

membrane potential to enter the cell. Macrolide antibiotics such as erythromycin and clindamycin, 

which inhibit protein synthesis, were shown to be less effective against some SCVs (89, 90). At the 

same time, SCVs have demonstrated increased resistance to antibiotics that exert their antimicrobial 

activity from outside the cell, such as oxacillin, vancomycin, and daptomycin (89–91). The broad 

range of antibiotic resistance makes treatment of SCV infections difficult, leading to worse clinical 

outcomes for the patient (92). The SCV antibiotic resistance phenotype is thought to be due to their 

reduced membrane potential and slow growing nature. However, slow growth is likely only part of 

the resistance mechanism, with increased biofilm production of SCVs likely also playing a role (80, 

85, 93).  

The beneficial characteristics of growing as an SCV extend beyond increased antibiotic 

resistance. In fact, S. aureus SCVs were described as early as 1906 (94), well before the widespread 

implementation of antibiotics in the 1940s (95), indicating that transitioning into the SCV metabolic 

state provides advantageous features that support survival in the host. One of these features is 
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increased immune evasion. SCVs invade host cells at a higher rate compared to the WT, which 

provides protection from the adaptive immune system (96). Furthermore, SCVs have been found to 

elicit a dampened innate immune response during intracellular growth, likely due to reduced toxin 

production which would otherwise activate toll like receptors and lead to inflammation (97). 

Additionally, reduced trained immunity is observed in infections caused by SCVs (98). Trained 

immunity refers to the “priming” of innate immune cells such as macrophages and is an important 

factor in preventing secondary infections after initial colonization by a pathogen (99). The 

accumulation of fumarate is an important aspect in activating the trained immune response (99, 

100). However, SCVs produce higher levels of fumarate hydratase which degrades fumarate, 

presumably lowering the local concentration of this metabolite (98). This is thought to contribute 

to the persistent and recurrent infections that are characteristic of SCVs (98). Lastly, SCVs also 

exhibit increased resistance to CAMPs produced by the host. CAMPs are highly potent 

antimicrobials that can have IC50 concentrations in the micromolar range with some in the 

nanomolar range (101–104). One aspect contributing to their potency is their positive charge, which 

is thought to increase their interaction with the negatively charged surface of bacterial cells (73, 

105). Importantly, some CAMPs can cross the host cell membrane and exert an antimicrobial effect 

on intracellular bacteria, which conventional antibiotics struggle to do (101). These characteristics 

make CAMPs highly effective at limiting bacterial infections, including those caused by respring 

S. aureus (106–108). However, SCVs are less susceptible to these CAMPS (108). Similar to the 

resistance mechanism of SCVs for aminoglycosides, it is thought that reduced membrane potential 

plays a role in modulating the electrostatic interaction of CAMPs with the surface of the cell, thus 

increasing resistance (109). However, direct evidence supporting this hypothesis has yet to be 

reported.  
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Isoprenoid synthesis contributes to metabolic versatility in S. aureus 

 Isoprenoids are molecules comprised of 5-carbon (C5) repeating units that can be elongated, 

condensed, or covalently bound to other metabolites to generate the largest class of secondary 

metabolites known (110). In S. aureus, isoprenoid synthesis contributes to the production of five 

metabolites: the carotenoid pigment staphyloxanthin, the glycan carrier lipid II, and the respiratory 

cofactors heme o, heme a, and MK (Fig. 1-2) (28, 111–114). Isoprenoid synthesis begins with the 

condensation of the universal isoprenoid precursors isopentenyl diphosphate (IPP) and 

dimethylallyl diphosphate (DMAPP) carried out by the prenyl diphosphate synthase (PDS) IspA 

(115, 116). This condensation reaction generates a C10 isoprenoid, which is further elongated by 

IspA via the addition of another IPP to generate the C15 isoprenoid farnesyl diphosphate (FPP). FPP 

serves as a substrate for all isoprenoid containing metabolites produced by S. aureus (Fig. 1-3). For 

the production of respiratory cofactors, FPP can either be used directly for generation of heme o 

and heme a (collectively called prenylated hemes) or elongated for use in MK synthesis.  

Prenylated heme synthesis is initiated by CtaB, which adds FPP to heme b to produce heme 

o. Further modification of heme o is carried out by CtaA via the addition of a carbonyl group to 

generate heme a (117). These prenylated hemes serve as cofactors for the QoxABCD terminal 

oxidase, and mutants deficient for prenylated heme production are restricted to CydAB for 

respiration (28). This is consequential, as restriction to either terminal oxidase influences carbon 

source utilization (28). Moreover, mutants utilizing only CydAB for respiration display 

colonization defects in the liver of systemically infected mice (4), further demonstrating the 

importance of prenylated heme-dependent respiration in supporting maximal fitness in the host.  

The production of MK also supports S. aureus pathogenesis. Mutants of the MK synthesis 

pathway display the SCV phenotype and exhibit virulence defects in a mouse model (9). However, 
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unlike prenylated hemes which are generated by the direct addition of FPP, MKs incorporate longer 

isoprenoids, thus elongation of FPP is required. A previous study in B. subtilis demonstrated that 

HepT produces the isoprenoids that are the same length as those attached to MK (118). This led to 

the hypothesis that HepT is involved in MK synthesis, which is confirmed in Chapter 3.  It has been 

established that S. aureus produces three MK species which differ only in the length of the 

isoprenoid moiety. These MK species are denoted as MK-7, MK-8, and MK-9, where the number 

refers to the C35, C40, and C45 incorporated isoprenoids, respectively (113, 114). It is important to 

note, however, that the Smith strain of S. aureus, harbors a point mutation in hepT which leads to 

the production of MK-10 (113). It is likely that production of MK-10 is rare in S. aureus, as strain 

Smith is the only S. aureus reported to produce this MK species. Furthermore, data outlined in 

Chapter 3 demonstrate that S. aureus also produces MK-5 and MK-6, and that production of these 

shorter chain MKs is dependent on HepT. The significance of producing MKs that vary in 

isoprenoid tail length is not known. However, data presented in Chapter 3 suggest that terminal 

oxidases exhibit preferences for isoprenoid tail length of MKs. Therefore, the composition of the 

MK pool may function to regulate terminal oxidase activity, thus influencing the metabolic potential 

of the cell. It has been established that the most abundant MK produced in S. aureus is MK-8, 

followed by MK-7 and MK-9 (113, 114). However, a regulatory mechanism for MK pool 

composition has not been reported. Therefore, it is unclear if the cell can alter production to favor 

MKs of specific tail lengths in response to environmental changes. Investigation of this aspect could 

reveal a previously unknown mechanism of respiratory regulation in S. aureus. 
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Figure 1-2. Isoprenoid containing metabolites of Staphylococcus aureus. 

The molecular structures of isoprenoid containing metabolites synthesized by S. aureus. The 

isoprenoid moiety of each metabolite is highlighted in yellow. Background colors represent the 

following classifications: carotenoid pigment (light brown), Cell wall maintenance (brown), 

respiratory cofactors (light blue). Figure made in Biorender. 
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Concluding remarks 

 In this chapter, we examined how S. aureus generates energy and employs specialized 

strategies to maintain redox balance in the presence of a hostile host immune system. S. aureus 

metabolic versatility enables adaptation to new host environments and allows the pathogen to 

overcome challenges that include changes in nutrient availability, the presence of antimicrobials 

that promote respiration arrest, and the availability of terminal electron acceptors. Cell surface 

structures such as WTA and LTA have long been hypothesized to facilitate metabolic versatility 

through the maintenance of PMF. Data presented in Chapter 2 support this hypothesis and provides 

the first evidence that LTA plays a role in supporting ion homeostasis by promoting PMF. In 

environments that impair aerobic respiration, S. aureus adopts a respiration arrested metabolic state, 

which serves as a specialized adaptation towards persistence in the host. The identification of 

Figure 1-3. The current model by which isoprenoids are synthesized in Staphylococcus 

aureus. 

A simplified model of isoprenoid biosynthesis depicting the three cellular processes supported 

by isoprenoid production. Farnesyl diphosphate is produced by IspA, which serves as a 

substrate for CrtM in carotenoid pigment production, UppS in lipid II synthesis, and CtaB or 

HepT in the production of respiratory cofactors. Figure made in Biorender. 
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pathways that enable S. aureus to transition between different metabolic states is a critical factor in 

the capacity of the organism to cause disease. Therefore, these mechanisms represent targets for 

therapeutic intervention. In this dissertation, pathways that support the metabolic versatility of S. 

aureus will be explored and evaluated for their potential as drug targets. Additionally, a high 

throughput chemical screen to identify small molecules that target cell membrane synthesis is 

described.  
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Chapter 2: Crucial Role for Lipoteichoic Acid in the Metabolic Versatility and Antibiotic 

Resistance of Staphylococcus aureus. 
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Abstract 

Staphylococcus aureus is a public health threat due to the prevalence of antibiotic resistance and 

the capacity of this organism to infect numerous organs in vertebrates. To generate energy needed 

to proliferate within tissues, S. aureus transitions between aerobic respiration and fermentation. 

Fermentation results in a distinct colony morphology called the small-colony variant (SCV) due to 

decreased membrane potential and ATP production. These traits promote increased resistance to 

aminoglycoside antibiotics. Consequently, SCVs are associated with persistent infections. We 

hypothesize that dedicated physiological pathways support fermentative growth of S. aureus that 

represent potential targets for treatment of resistant infections. Lipoteichoic acid (LTA) is an 

essential component of the Gram-positive cell envelope that functions to maintain ion homeostasis, 

resist osmotic stress, and regulate autolytic activity. Previous studies revealed that perturbation of 

LTA reduces viability of metabolically restricted S. aureus, but the mechanism by which LTA 

supports S. aureus metabolic versatility is unknown. Though LTA is essential, the enzyme that 

synthesizes the modified lipid anchor, YpfP, is dispensable. However, ypfP mutants produce altered 

LTA, leading to elongation of the polymer and decreased cell association. We demonstrate that 

viability of ypfP mutants is significantly reduced upon environmental and genetic induction of 

fermentation. This anaerobic viability defect correlates with decreased membrane potential and is 

restored upon cation supplementation. Additionally, ypfP suppressor mutants exhibiting restored 

anaerobic viability harbor compensatory mutations in the LTA biosynthetic pathway that restore 

membrane potential. Overall, these results demonstrate that LTA maintains membrane potential 

during fermentative proliferation and promotes S. aureus metabolic versatility. 

Introduction 

 Staphylococcus aureus poses a considerable threat to public health due to its capacity to 
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rapidly develop resistance to antibiotics and infect numerous organs in vertebrates. The latter is 

underscored by the fact that S. aureus is the leading cause of skin and soft tissue infection, 

endocarditis, and osteomyelitis (119–121). Additionally, S. aureus is also prevalent in the lungs of 

people afflicted with cystic fibrosis (CF) (122, 123). CF patients are often colonized with 

Pseudomonas aeruginosa and receive multiple rounds of aminoglycoside antibiotics to treat 

bacterial infection (124). In response to both of these environmental challenges, S. aureus develops 

inactivating mutations in pathways that support aerobic respiration, such as heme synthesis (4, 125, 

126). Consequently, heme auxotrophs can be isolated from CF patients (81). In addition to enhanced 

resistance to aminoglycosides, genetic inactivation of heme synthesis results in a distinct colony 

morphology referred to as the small-colony variant (SCV). SCVs rely exclusively on fermentation 

to proliferate, as aerobic respiration is inhibited in these cells. Impaired respiration leads to reduced 

proton motive force (PMF), which explains enhanced SCV aminoglycoside resistance, as import of 

the antibiotic is dependent upon the PMF (127). PMF comprises the proton gradient (ΔpH) and 

membrane potential (ΔΨ). We provide evidence that ion homeostasis mediated by the essential cell 

envelope polymer lipoteichoic acid (LTA) is a key factor in maintaining the membrane potential in 

S. aureus cells in which respiration is arrested. 

 The staphylococcal cell envelope contains two teichoic acid polymers, LTA and wall 

teichoic acid (WTA), which together make up a “continuum of anionic charge” (12, 128, 129). S. 

aureus synthesizes type 1 LTA, consisting of a glycolipid anchor, diglucosyl-diacylglycerol (Glc2-

DAG), to which a chain of 1,3-linked glycerolphosphates (GroP) is attached (130, 131). Synthesis 

of the Glc2-DAG glycolipid anchor is catalyzed by the enzyme YpfP, which uses UDP-glucose as 

a substrate to covalently link two glucose moieties to diacylglycerol present on the inner leaflet of 

the plasma membrane (51, 53, 57). Glc2-DAG is flipped to the exterior leaflet of the plasma 
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membrane by LtaA, which is cotranscribed with ypfpP. LtaS transfers GroP moieties from 

phosphatidylglycerol to Glc2-DAG, creating mature LTA (54). Despite the fact that LTA is 

indispensable, LtaS is the only essential enzyme in the pathway, indicating that this protein is a 

potential target for therapeutic intervention (132). Conversely, ltaA and ypfP mutants are viable, 

but both mutant strains produce altered LTA. In some strain backgrounds inactivation of ypfP 

reduces cell-associated LTA nearly 90% (57).  

 A molecular explanation for the essentiality of LTA has been elusive, as LTA is involved 

in numerous physiological processes, such as ion homeostasis and regulation of autolysin (51, 57, 

68). Neutralizing the negative charge of LTA GroP via addition of D-alanine allows S. aureus to 

resist cationic antimicrobial peptides (79). Cells that conditionally lack LTA display extreme 

morphological defects (54). Previous reports showed that perturbing the metabolic potential of 

some S. aureus strains in which LTA or WTA production is impeded reduces viability, and it has 

been postulated that LTA-mediated ion homeostasis contributes to the PMF, but direct evidence 

has not been presented (51, 70, 133). We build on these studies to show that inactivation of ypfP 

impairs proliferation of cells in which respiration is arrested. The ypfP mutant with arrested 

respiration exhibits reduced membrane potential and reduced viability. The anaerobic proliferation 

defects are suppressed upon supplementation with the alternative electron acceptor KNO3 or 

cations. Additionally, ypfP suppressor mutants have restored respiration-arrested viability and 

membrane potential. Together, these results support the conclusion that the LTA glycolipid anchor 

facilitates maintenance of the membrane potential under respiration-arresting, fermentative growth 

conditions. 
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Results 

Respiration arrest impairs proliferation of S. aureus ypfP mutants 

 S. aureus arrests respiration upon exposure to aminoglycoside antibiotics, resulting in the 

development of resistant colonies (125, 134, 135). To assess LTA contributions to aminoglycoside 

resistance, we challenged S. aureus with 5 µg/mL of the clinically relevant aminoglycosides 

gentamicin and tobramycin. Compared to the number of aminoglycoside-resistant colonies 

generated in the corresponding wild-type (WT) strains, the ypfP mutant produced considerably 

fewer resistant colonies (~63% and ~76% decreased for gentamicin and tobramycin, respectively) 

(Fig. 2-1A). To further investigate the aminoglycoside sensitivity, we monitored the morphology 

of WT and ypfP mutant cells in response to gentamicin via florescence microscopy (Fig. 2-2). The 

untreated WT and ypfP mutant appear similar, as indicated by membrane staining (FM4-64, red). 

While gentamicin treatment caused abnormal membrane clumping in the WT (46%; n = 100), it 

was more pronounced in ypfP mutant cells (57%; n = 100). Increased membrane clumping, possibly 

due to improper membrane invagination or loss of membrane integrity, is an indicatin that cells are 

en route to lysis (136) and provides a visual depiction of the increased gentamicin susceptibility of 

ypfP mutant cells (Fig. 2-2). 

 Lungs of CF patients are often colonized with S. aureus and the Gram-negative 

opportunistic pathogen Pseudomonas aeruginosa. Studies have shown that P. aeruginosa induces 

respiration arrest and development of SCVs in S. aureus via production of 2-heptyl-4-

hydroxyguinolone N-oxide (HQNO) and pyocyanin (137–141). As coculture with P. aeruginosa 

induces S. aureus respiration arrest and the ypfP mutant demonstrates impaired capacity to resist 

aminoglycosides, we reasoned that the ypfP mutant would be more susceptible to P. aeruginosa, 

HQNO, and/or pyocyanin. To test this, a lawn of WT S. aureus or the ypfP mutant was plated onto 
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tryptic soy agar (TSA) and P. aeruginosa PAO1 was spotted on top (137). The zone of inhibition 

induced by P. aeruginosa was quantified. Compared to WT zones of inhibition (~13 mm), the ypfP 

mutant demonstrates a larger area of inhibited growth (~17 mm) (Fig. 2-1B). We hypothesized 

that the increased sensitivity of the ypfP mutant is due to the respiration-inhibiting effects of 

HQNO or pyocyanin and used Kirby-Bauer disk diffusion assay with HQNO or pyocyanin to test 

this. Compared to WT cells, the yfpP mutant demonstrated enhanced susceptibility to HQNO but 

not pyocyanin (Fig. 2-1C and data not shown). In total, these findings demonstrate that genetic 

inactivation of ypfP sensitizes S. aureus to respiration arrest induced by P. aeruginosa coculture 

and exposure to aminoglycosides.  
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Figure 2-1. Respiration-arresting conditions impair S. aureus ypfP proliferation. 

(A) CFU of WT or ypfP mutant cells grown on TSA supplemented with 5 μg mL−1 of gentamicin 

(gent) or tobramycin (tob) were enumerated after 24 h at 37°C. Values are percentages of the WT 

value, where the number of CFU of the ypfP mutant was divided by the number of CFU of the 

WT and the WT value was set to 100% (dotted line). Data are means from at least five independent 

experiments. Error bars represent one standard deviation from the mean. (B) Zones of inhibited 

growth generated by colonies of P. aeruginosa spotted on top of S. aureus WT or ypfP mutant 

lawns were measured after 24 h at 37°C. Data are means from three independent experiments 

performed in triplicate. Statistical significance was determined by an unpaired two-tailed t test 

for unequal variance. P < 0.0001. Error bars represent one standard deviation from the mean. (C) 

The zone of reduced growth generated by HQNO on lawns of WT or ypfP mutant cells was 

measured after 24 h at 37°C. Data are means from three independent experiments performed in 

triplicate. Error bars represent one standard deviation from the mean. Statistical significance was 

determined by an unpaired two-tailed t test for unequal variance. P < 0.01. (D) CFU of WT 

and ypfP, gtrR or gtrR ypfP mutant strains were quantified after 24 h (for respiring colonies) or 

48 h (for respiration arrest colonies) of growth on TSA or TSA supplemented with ALA at 37°C. 

Error bars represent one standard deviation for three independent experiments. Statistical 

significance was determined by two-way analysis of variance (ANOVA) with a Šidák method for 

multiple comparisons. **, P < 0.01. 
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A limitation of using small molecules or competition with other organisms to induce 

respiration arrest is the potential for off-target effects. To further resolve the role of the LTA 

glycolipid anchor in S. aureus metabolic versatility, we genetically inactivated ypfP in a heme 

synthesis SCV mutant, a ΔgtrR (formerly hemA) mutant, which has been previously used as a 

model SCV in S. aureus (4). Heme synthesis and respiration is restored in the ΔgtrR mutant upon 

supplementation with the heme precursor δ-aminolevulinic acid (ALA) (4). This allows the ΔgtrR 

cells to perform continuous aerobic respiration as the strain undergoes additional genetic 

manipulation. Subsequent phenotypic analysis of the resulting double mutant under respiration-

arresting conditions is achieved by simply culturing the cells in medium devoid of ALA. Plating 

the ΔgtrR ypfP double mutant on solid medium lacking ALA results in an approximately 4-log 

Figure 2-2. Exposure to gentamicin causes increased morphological defects and membrane 

clumping in the ypfP mutant. 

Fluorescence micrographs of FM4-64 (red) stained WT and ypfP mutant cells following treatment 

without (left panels) or with 2 µg mL-1 gentamicin (right panels). Scale bar, 1 µm. 
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decrease in CFU compared to WT or ΔgtrR ypfP mutant cells plated on medium supplemented 

with ALA (Fig. 2-1D). In total, these results imply that inactivation of ypfP, which lacks the LTA 

glycolipid anchor and reduces cell-associated LTA, impairs proliferation of S. aureus during 

respiration arrest (51, 53, 57).  

Anaerobiosis reduces ypfP mutant viability 

 We reasoned that the viability defect of the ΔgtrR ypfP mutant could be attributed 

exclusively to respiration arrest or to a combination of respiration arrest and increased oxidation. 

To distinguish between these possibilities, we enumerated CFU generated by the ypfP mutant 

cultured under aerobic and anaerobic conditions. The ypfP mutant cells cultured anaerobically 

demonstrated a 4-log reduction in viability (Fig 2-3A); a similar decrease was observed when 

respiration was arrested in a ΔgtrR ypfP double mutant (Fig. 2-1D). Supplementation of the 

anaerobic cultures with the alternative electron acceptor KNO3 rescues ypfP mutant viability, 

supporting the conclusion that reduced viability results from decreased respiration (Fig. 2-3A) The 

ypfP mutant cells also exhibit a significant lag phase compared to the WT when cultured in 

anaerobic conditions, although the mutant cells ultimately achieved a WT-like terminal optical 

density at 600 nm (OD600) (Fig. 2-3B). A growth defect was not observed when ypfP cells were 

cultured aerobically (Fig. 2-4). Together, these results show that ypfP is needed for maximal 

anaerobic proliferation.  
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Figure 2-3. ypfP mutant cells demonstrate reduced anaerobic proliferation. 

(A) CFU of WT or ypfP mutant bacteria generated after incubation under aerobic (+O2) or 

anaerobic (−O2) conditions were enumerated after 24 h at 37°C. Potassium nitrate (KNO3; 

100 mM) was used to induced anaerobic respiration. Data are means from three independent 

experiments performed in triplicate. Error bars represent one standard deviation from the mean. 

Statistical significance was determined by a two-way ANOVA with Tukey’s multiple-

comparison test. ****, P < 0.0001. (B) The WT and the ypfP mutant were subcultured 1:100 from 

an overnight culture and grown anaerobically at 37°C. Growth was measured at the indicated time 

points by monitoring OD600. The experiment was performed in triplicate. Error bars represent 

standard deviations from the mean. 
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The anaerobic viability defect is specific to inactivation of ypfP 

 The ypfP mutant demonstrates reduced growth under multiple respiration-arresting 

conditions and an ovet viability defect when cultured anaerobically. YpfP produces Glc2-DAG 

that is flipped to the outer leaflet of the cytoplasmic membrane by LtaA (Fig. 2-5A) (10). ypfP is 

cotranscribed with ltaA, and the transposon insertion used to inactivate ypfP is located upstream 

of ltaA (Fig. 2-5B). Therefore, the phenotypes we observed could be due to polar effects on ltaA 

and not specific to inactivation of ypfP (53). To test this, complementation plasmids using the pOS 

Plgt vector carrying ypfP, ltaA, or ypfP ltaA were transformed into the ypfP mutant to determine 

the contribution of each gene to decreased anaerobic viability (142). ypfP mutant cells harboring 

a WT copy of ypfP rescued viability whereas ypfP mutant cells containing an empty vector 

displayed reduced anaerobic viability. Complementation of the ypfP mutant with ltaA resulted in 

a futher reduction in anaerobic viability compared to the empty vector control (Fig. 2-5C). These 

results demonstrate that the viability defect is due to ypfP inactivation. Consistent with this, the 

Figure 2-4. S. aureus ypfP mutant cells demonstrate wild type-like aerobic growth kinetics. 

WT and ypfP were sub-cultured 1:100 from an overnight culture and grown anaerobically at 37° 

C. Growth was measured at indicated time points by monitoring optical density at 600 nm 

(OD600). The experiment was performed in triplicate. Error bars represent one standard deviation 

from the mean. 
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ltaA mutant generated WT CFU when cultured anaerobically (data not shown). 

 ypfP mutant lack Glc2-DAG, and consequently, LTA is anchored to DAG (53, 57). 

Similarly, LTA is also predominantly anchored to DAG in ltaA mutants despite Glc2-DAG 

production in this mutant background (53). Although GroP is anchored to the same molecule in 

both mutants, cell-associated LTA profiles produced by these mutants are distinct (53, 57). Our 

results show that genetic inactivation of ypfP, but not ltaA, reduces anaerobic viability. Therefore, 

we reasoned that the LTA profile produced by the ypfP mutant in respiration-arresting 

environments may be altered further. To test this, we surveyed LTA produced in each mutant strain 

under aerobic an anaerobic conditions via immunoblotting. In addition to the previously reported 

distorted LTA profiles produced by aerobically cultured ypfP and ltaAmutant cells (Fig. 2-5D), 

anaerobically cultured ypfP mutant demonstrate further alterations to LTA underscored by loss of 

a high-moleular-weight (HMW) species and gain of low-molecular-weight species (Fig. 2-5D) 

(53). Notably, anaerobiosis does not affect LTA production in the ltaA mutant, implicating altered 

LTA production as a contributing factor to reduced proliferation of the ypfP mutant during 

respiration arrest. 
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Figure 2-5. ypfP, not ltaA is responsible for alterations in viability and LTA production 

under anaerobic conditions. 

(A) The LTA-biosynthetic pathway in S. aureus. YpfP uses DAG and two UDP glucose (UDP-

Glc) molecules to generate the lipid anchor Glc2DAG. Glc2-DAG is then flipped to the outer 

leaflet of the membrane by LtaA, and glycerol phosphate (GroP) taken from phosphatidylglycerol 

(PG) is added directly to the anchor by LtaS. Illustration created using Biorender. (B) Illustration 

of the ypfP ltaA operon demonstrating the 41-bp ypfP-ltaA overlap. Locations of transposon 

insertions are indicated with arrowheads. (C) WT and ypfP mutant NWMN cells harboring the S. 

aureus expression vector pOS containing the indicated genes were spot plated on TSA and 

incubated in an anaerobic chamber for 24 h of growth at 37°C prior to CFU enumeration. Data 

are means from three independent experiments performed in triplicate. Error bars represent one 

standard deviation from the mean. Significance was determined via two-tailed t test. ****, P < 

0.0001; ***, P < 0.001. (D) Representative immunoblot using a monoclonal anti-LTA antibody 

and a secondary antibody conjugated with horseradish peroxidase shows the altered LTA profiles 

of NWMN ypfP and ltaA mutants cultured under aerobic (+O2) and anaerobic (−O2) conditions 

compared to the WT. Differences in the LTA profile are indicated with arrowheads. 
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Supplementation of the growth medium with cations rescues the anaerobic viability defect 

of the ypfP mutant 

 Generation of the PM is essential. PMF is a summation of the differences between 

intracellular and extracellular pH (ΔpH) and charge (ΔΨ) (143). S. aureus in which respiration is 

arrested demonstrates reduced membrane potential, and LTA has been proposed to maintain ion 

homeostasis (12, 68, 133). In keeping with these facts, we hypothesized that loss of ion 

homeostasis in anaerobically cultured ypfP mutant cells leads to further perturbation of the 

membrane potential, resulting in reduced proliferation during respiration arrest. To quantify the 

membrane potential of ypfP mutant cells, we used the fluorescent dye DiOC2 

(diethyloxacarbocyanine iodide) (4, 144). Aerobically cultured WT and ypfP mutant cells 

generated similar membrane potentials, however, upon induction of anaerobiosis, the membrane 

potential generated by the ypfP mutant was significantly decreased (Fig. 2-6A). To discern 

between membrane potential and ΔpH, we used small-molecule inhibitors that specifically target 

each component of the PMF. First, we cultured the ypfP mutant in the presence of the proton 

ionophore nigericin or carbonyl cyanide 3-chlorophenyl hydrazine (CCCP) (145). However, no 

difference was observed in the ypfP mutant response to these ionophores under aerobic and 

anaerobic growth conditions (data not shown). Conversely, anaerobically cultured ypfP mutants 

are significantly more resistant to valinomycin, a potassium-specific ionophore that disrupts the 

membrane potential, than anaerobically grown WT cells (Fig. 2-6B) (146). We hypothesize that 

enhanced valinomycin resistance is consistent with a diminished membrane potential, as cells 

generating a depleted membrane potential would display great resistance to membrane potential-

targeting ionophores, In keeping with this, we reasoned that increasing the abundance of 

extracellular charge by supplementing anaerobically cultured yfpP cells with cations would 
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overcome proliferation defects associated with respiration arrest and fermentative growth. To test 

this, we added KCl, NaCl, or H+ ions to anaerobically cultured ypfP mutants. Supplementation 

with 0.5 M KCl or 1 M NaCl rescued the anaerobic ypfP mutant viability (Fig. 2-6C). Similarly, 

decreasing the pH of the medium to 6.0 also rescued the viability defect of the ypfP mutant (Fig. 

4D).  

 Another function attributed to LTA is maintenance of osmotic homeostasis, and addition 

of salts also increases osmolarity of the medium. To discern between ion homeostasis and osmotic 

stress, we exposed anaerobically cultured ypfP mutants to the osmoprotectant glycine betaine 

(GB). However, addition of 1 mM or 0.5 M GB did not increase anaerobic viability (Fig. 2-6C and 

data not shown), indicating that perturbation of ion homeostasis is the major driver of the 

phenotype. 

 The ypfP mutant displayed an extended lag phase in anaerobic liquid culture but ultimately 

reached WT-like levels of growth (Fig. 2-3B). We hypothesized that the ability of the ypfP mutant 

to eventually reach an endpoint OD600 similar to that of the WT is due to acidification of the 

medium. To test this, the pH and OD600 of anaerobic WT and ypfP mutant cultures were monitored 

over time (Fig. 2-6E). Proliferation of the WT coincided with a drop in pH to ~4.9. Proliferation 

of the ypfP mutant was delayed but also coincided with a drop in pH to levels similar to those of 

the WT. In total, these data demonstrate that the defects in proliferation during respiration arrested 

associated with ypfP mutations are due to impaired ion homeostasis resulting in a reduced capacity 

to maintain the membrane potential. 
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Figure 2-6. Cation supplementation restores anaerobic viability of ypfP mutants undergoing 

respiration arrest. 

(A) Membrane potential of the WT and ypfP mutant. The y axis shows the quotient of the 610 nm 

and 530 nm emission spectra. Data are means from three independently performed experiments 

performed in technical triplicate. Error bars represent one standard deviation from the mean. 

Significance was determined using two-way ANOVA. ****, P < 0.0001. (B) The antimicrobial 

activity of the potassium-specific ionophore valinomycin was determined for WT 

and ypfP mutant cells. 
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Mutations in the LTA synthesis pathway restore anaerobic viability in the ypfP mutant 

 To determine a potential mechanism for the anaerobic viability defect, the ypfP mutant was 

passaged anaerobically until a suppressor mutant that exhibited WT-like viability was isolated 

(Fig. 2-7). Passaging was repeated for four independently passaged lineages. Whole genome 

sequencing revealed that the prophage-associated gene NWMN_1774 and genes in the LTA 

biosynthetic pathway, ltaS and ltaA, were commonly mutated in the suppressor strains (Table A-

1). Suppressor lineage 1 passage 4 (S1P4) contained a mutation in ltaS (G39C). S2P3 and S3P3 

harbored identical mutations in ltaA (K13N, N14R, F15L and I16V). S4P3 also harbored a heavily 

mutated ltaA which shared many of the same mutations as S2P3 and S3P3 (K13N, N14R, and 

F15L) though two of them were unique (I16A and L17E). To determine the effect of these 

mutations, suppressor lineages were cultured aerobically to late exponential phase and their LTA 

was assessed via immunoblotting. Compared to the parental ypfP mutant, the suppressor mutants 

displayed lower-molecular-weight LTA, though it was still larger than that in the WT (Fig. 2-8A). 

Figure 2-6 (cont’d)  

The WT and the ypfP mutant were normalized to an OD600 of 0.5 and were allowed to grow in 

liquid medium in the presence of various concentrations of valinomycin anaerobically for 16 h. 

Cells were suspended by pipetting, and the OD600 was measured. Results are percent 

OD600 compared to that of the untreated control. The mean for five independent experiments 

performed in triplicate is shown. The regression line was mapped using GraphPad Prism. Error 

bars represent one standard deviation from the mean. (C) Anaerobic viability of the WT and 

the ypfP mutant on medium supplemented with various concentrations of KCl, NaCl, or the 

osmoprotectant GB. CFU were enumerated after 24 h of growth at 37°C. Data are means from 

three independent experiments performed in triplicate. Error bars represent one standard deviation 

from the mean. (D) Anaerobic viability of the WT or the ypfP mutant on medium buffered to a 

pH of 7 or 6. CFU were enumerated after 48 h of growth at 37°C. Data are means from three 

independent experiments performed in triplicate. Error bars represent one standard deviation from 

the mean. (E) The WT and the ypfP mutant were subcultured 1:100 in TSB, and the OD600 and 

pH were measured at the indicated time points. The data are averages from three independent 

experiments. Error bars represent one standard deviation from the mean. (B and C) Significance 

was determined using one-way ANOVA with multiple comparisons. ****, P < 0.0001; 

**, P <0.005. 



39 
 

Abundance of LTA in S1P4 was similar to that in the parental ypfP mutant (Fig. 2-8A, light band), 

while S2P3, S3P3, and S4P3 all exhibited WT-like LTA abundance (dark bands). 

 Due to the decreased membrane potential observed in anaerobically cultured ypfP cells and 

the fact that the suppressors produce altered LTA, we next determined whether the suppressor 

strains also restore anaerobic membrane potential. Notably, the four passaged lineages all 

exhibited anaerobic membrane potentials similar to that of the WT (Fig. 2-8B). The restored 

membrane potential of the passaged ypfP mutants suggests that producing WT-like LTA maintains 

membrane potential. The ability fo the suppressor mutants to resist aminoglycosides was 

determined. S. aureus resists aminoglycosides by entering a fermentative state; therefore, we 

hypothesized that a ypfP suppressor mutant with anaerobic viability equal to that of the WT would 

have an improved ability to gain resistance to gentamicin. A partially restored ability to gain 

resistance to gentamicin was observed for S2P3, S3P3 and S4P3, but not S1P4 (Fig. 2-8C). 

 To determine whether mutations observed in ltaS and ltaA are responsible for the increased 

anaerobic viability of the suppressor lineages, the mutated alleles of these genes were cloned into 

pOS Plgt and used to compement the parental yfpP mutant (Fig. 2-8D). Overexpression of WT ltaS 

and ltaA in the parental ypfP mutant caused further decrease in anaerobic viability compared to the 

empty vector. The mutated ltaS from S1P4 incrased the anaerobic viability of the parental ypfP 

mutant to WT-like levels. S2P3 and S3P3 shared identical ltaA mutantsions. Despite three 

independent suppressor lineages harboring ltaA mutantions, there are only two unique mutated 

ltaA alleles, both of which partially restored the anaerobic viability of the parental ypfP mutant 

(Fig. 2-8D). Importantly, expression of WT alleles of ltaS or ltaA in the parental ypfP mutant 

background did not increase anaerobic viability, indicating that the increase in viability observed 

is not due to overexpression of the cloned genes but rather the specific mutations within the genes. 
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Figure 2-7. An illustration of the method used to isolate ypfP suppressor mutants. 

For more detailed information see methods. 1) An overnight culture was started from an 

individual colony. 2) The overnight culture was serially diluted, spot platted, and incubated 

in anaerobic conditions. 3) An individual colony from the ypfP spot plate was used to start 

an aerobic overnight culture. At this point, one pass has been completed. 4) The passaged 

ypfP mutant was serially diluted and spot plated again and repeated until viability was 

equal to the WT. Image created using Biorender. 
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Figure 2-8. Passaged ypfP mutants harbor suppressor mutations that lead to phenotypic 

differences in membrane potential, gentamicin resistance and LTA. 

(A) Immunoblot of LTA isolated from cells grown aerobically to late exponential phase. 

Passaged ypfP mutants are named to reflect the lineage number and the passage at which they 

reached viability equal to that of the WT. For example, S1P4 represents passaged lineage 1, which 

reached WT-like viability after four passes under anaerobic conditions. (B) Anaerobic membrane 

potential was measured using the fluorescent dye DiOC2. Data are means from three independent 

experiments performed in technical triplicate. Error bars represent one standard deviation from 

the mean. Significance was determined using one-way ANOVA with multiple comparisons. 

****, P < 0.0001; **, P < 0.01. (C) Percent gentamicin-resistant colonies relative to the WT 

(dotted line). Data represent 3 independent experiments. Error bars represent one standard 

deviation from the mean. Significance was determined using one-way ANOVA with multiple 

comparisons. ****, P < 0.0001; ***, P < 0.001; **, P < 0.001. (D) Strains were serially diluted, 

spot plated onto TSA, and incubated anaerobically and CFU were enumerated for the WT and the 

parental ypfP mutant complemented with empty pOS (EV), WT ltaS or ltaA (ltaSWT and ltaAWT), 

mutated ltaS from S1P4 (ltaSS1P4), or mutated ltaA from S2P3 or S4P3 (ltaAS2P3 and ltaAS4P3). 

Data are means from 3 independent experiments. Error bars represent one standard deviation from 

the mean. Significance was determined using a two-tailed t test. ****, P < 0.0001; **, P < 0.01; 

*, P < 0.05. 
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Discussion 

 Multiple respiration-arresting conditions impeded proliferation of the S. aureus ypfP 

mutant, including exposure to the clinically relevant aminoglycoside antibiotics gentamicin and 

tobramycin, treatment with HQNO, and coculture with Pseudomonas aeruginosa. We posit that 

the reduced viability primarily stems from distorted LTA produced by the ypfP mutant, based on 

the observations that (i) alteration of the LTA produced by the ypfP mutant is exacerbated when 

the strain is cultured anaerobically (ii) the anaerobic membrane potential generated in the ypfP 

mutant is significantly reduced, and (iii) the anaerobic viability defect is suppressed by 

supplementation with cations. The fact that LTA maintains ion homeostasis via binding of external 

cations to the negatively charged polyglycerol phosphates supports this model (12). If altered 

production of LTA causes decreased proliferation during respiration arrest, one would predict that 

inactivation of other LTA synthesis genes, such as ltaA, would elicit similar phenotypes. In fact, 

we observed that anaerobic viability of ltaA mutants was similar to that of the WT, indicating that 

defective proliferation during respiration arrest is specific to mutation of ypfP (Fig. 2-5C). On the 

surface, this result appears to conflict with a model implying a primary role for LTA, but there are 

significant differences between genetic inactivation of ltaA and ypfP. The first is that ltaA mutants 

retain production of Glc2-DAG, which accumulates in the membrane (53). This finding supports 

the notion that Glc2-DAG is protective in the ltaA mutant. However, another considerable 

difference between the mutants is the LTA they produce (Fig. 2-5D) (53). Ntoably, we demonstrate 

that whereas anaerobic growth further alters LTA produced by the ypfP mutant, it is relatively 

unperturbed in ltaA mutants (Fig. 2-5D). Additionally, our findings are similar to phenotypes 

observed when LTA production is completely ablated via ltaS mutation. ltaS mutant cells display 

severe viability defects that are suppressed by supplementation with high salt (54, 147, 148). The 
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finding that anaerobic proliferation defects observed in ypfP mutants phenocopy ltaS inactivation, 

albeit to a lesser degree, lends additional support to the inference that disrupting LTA production 

is the primary driver of the respiration arrest-related growth defect. Therefore, defining the 

molecular nature of LTA produced in anaerobically cultured ypfP mutant cells will likely provide 

additional mechanistic details of ion homeostasis in S. aureus. For example, LTA GroP can be 

modified via addition of D-alanine residues to neutralize the negative charge and increase resistance 

to antimicrobial peptides (79). How this modification impacts ion homeostasis and membrane 

potential is uncertain but is an important consideration. Kiriukhin et al. found that LTA isolated 

from a ypfP mutant contained increased D-alanine compared to WT (51), while Fedtke et al. 

observed no difference in the D-alanylation status of LTA in ypfP mutant and WT cells (57). This 

conflicting evidence makes it unclear whether ypfP mutant LTA is differentially D-alanylated; 

however, further investigation is warranted for a more complete understanding of the role LTA and 

its modifications play in maintaining membrane potential. An alternative explanation for the 

observed phenotypes is that an unknown YpfP function also contributes. In keeping with this 

supposition, the YpfP homolog in Bacillus subtilis, UgtP, regulates cell division by inhibiting 

assembly of the FtsZ ring (149); however, a bacterial two-hybrid experiment failed to show an 

interaction between S. aureus YpfP and FtsZ proteins (150).  

 The essentiality of LTA has been established (132). It is interesting, then, that disruption of 

LTA would have such an impact on viability in cells with respiration arrest but have no discernible 

effect on respiratory growth. Our data suggest that LTA functions to maintain membrane potential; 

however, only the anaerobically cultured ypfP mutant displayed reduced membrane potential (Fig. 

2-6A). A possible explanation is that during aerobic growth, the electron transport chain is 

functional and generates a proton gradient at the surface of the cell at a rate that is sufficiently high 
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to maintain membrane potential despite the loss of cations to the surrounding medium. Conversely, 

cells in which respiration is arrested hydrolyze ATP in order to generate a proton gradient. 

Therefore, it is possible that anaerobically cultured cells spend considerable energy generating a 

proton gradient that is subsequently lost to the surrounding medium, ultimately depleting the ATP 

of the cell as it attempts to maintain the proton gradient. Such a dynamic is beyond the scope of this 

work, but warrants further investigation. 

 Consistent with a modl of LTA supporting anaerobic proliferation, all characterized ypfP 

suppressor lineages were shown to have lower-molecular-wight LTA than the parental ypfP mutant 

(Fig. 2-8A). Similar results were observed by Hesser et al., who found that ltaS mutantions in a 

ypfP mutant background resulted in LTA more similar in length to that of the WT (59). While one 

of our suppressor lineages (S1P4) harbored a mutation I ltaS, three others (S2P3), S3P3, and S4P3) 

all had mutations in ltaA, which has not been previously reported to suppress the ypfP mutant 

phenotype. The lower-molecular-weight LTA likely restored the ability of the ell to maintain 

membrane potential (Fig. 2-8B), highlighting the importance of LTA length in this phenotype. 

However, when challenged with gentamicin, S1P4, which exhibited decreased LTA abundance, did 

not regain the capacity to resist the aminoglycoside. In addition to entering a fermentative state to 

gain gentamicin resistance, it may be possible that the relative abundance of LTA also plays an 

important role. In keeping with this, S2P3, S3P3 and S4P3 were able to generate gentamicin 

resistance, and all exhibited relatively greater LTA abundance than the parental ypfP mutant (Fig. 

2-8A, dark bands). Conversely, S1P4 displayed LTA abundance more similar to that of the parental 

ypfP mutant (Fig. 2-8A, light bands). LTA has been implicated in facilitating resistance to cationic 

antimicrobial peptides, likely by regulating the cell surface charge via D-alanylation (79, 151), 

which has been known to affect the binding of aminoglycosides to teichoic acids (152). 
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Furthermore, abundance of LTA has been shown to promote antibiotic resistance, as S. aureus cells 

with reduced cell-associated LTA were shown to be more sensitive to oxacillin (153). Therefore, it 

is likely that both the length and abundance of LTA are important factors that coordinate the 

necessary machanisms needed for gentamicin resistance. 

 Our results show that the LTA glycolipid anchor is required for maximal metabolic 

versatility of S. aureus. Cells deficient for its production demonstrate severe proliferation defects 

during respiration arrest, likely due to a loss of membrane potential. We show that cells with LTA 

more similar to the WT in abundance and size are able to restore fermentative viability and more 

readily resist aminoglycoside treatment. Therefore, LTA continues to be a promising target for the 

treatment of recalcitrant S. aureus infections, and its disruption could enable the use of antibiotics 

that were previously ineffective. 

Materials and Methods 

Bacterial strains and growth conditions used in this study 

 Bacterial strains used in this study are described in Table A-2. All strains are derivaties of 

S. aureus isolate Newman (NWMN) (154). S. aureus was routinely cultured in tryptic soy broth 

(TSB) or TSA. The ypfP and ltaA transposon insertion mutants were obtained from the Nebraska 

Transposon Mutant Library and transduced into the respective backgrounds via phage φ85 

transduction protocol as previously described (155). Antibiotic selection of erythromycin cassette-

containing resistant recipient cells was achieved with 10 μg/mL erythromycin. Transposon mutants 

were verified by PCR using primers described in Table A-3. δ-Aminolevulinic acid (ALA) was 

supplemented at 75 μg/mL. The ΔgtrR mutants were checked for hemolytic activity on blood agar 

(Thermo Fisher Scientific). Mutants that retained hemolytic activity were tested for second-site 

mutations in the sae locus via Sanger sequencing of the saeS gene. Tobramycin was used at 5 
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μg/mL, and gentamicin was used at 5 μg/mL or 2 μg/mL, as indicated. Sodium chloride or 

potassium chloride was added to TSA at the indicated concentrations and mixed prior to 

sterilization. The pOS-ypfP plasmid was created using primers listed in Table A-3, the restriction 

enzymes XhoI and BamHI, and traditional ligation cloning methods. Plasmids pOS-ltaA, pOS-

ypfPltaA, pOS-ltaS, and pOS-ltaSS1P4 were created using the Gibson Assembly cloning kit (New 

England Biolabs). Plasmids pOS-ltaAS2P3 and pOS-ltaAS4P3 containing the mutated ltaA genes seen 

in S2P3 and S4P3 were generated via divergent PCR using pOS-ltaAWT as a template with the 

primers indicated in Table A-3. Linear PCR products were then recircularized before 

transformation. After construction, all plasmids were transformed into Escherichia coli DH5α. 

Selection of plasmid-containing clones was achieved using 100 μg/mL ampicillin and validated via 

sequencing performed at the Michigan State University Research Technology and Support Facility 

using primers pOS seq F and pOS seq R (Table A-3) or Plasmidsaurus. Plasmids were then 

electroporated into S. aureus strain RN4220 as an intermediate host before transformation into S. 

aureus strain NWMN. Selection of plasmid-containing clones in S. aureus and maintenance of 

plasmid-containing strains was achieved using 10 μg mL−1 chloramphenicol, unless otherwise 

specified. Overnight cultures were normalized to an OD600 of 1.0 and then diluted 1:100 into TSB 

for growth curve analysis. Flasks were incubated at 37°C shaking at 225 rpm for aerobic growth 

kinetics, and polystyrene tubes were incubated without shaking at 37°C in a Coy anaerobic 

chamber. Three aliquots of 200 μL were pipetted into a 96-well plate, and the OD600 was measured 

at 2-h intervals for aerobic cultures or 3-h intervals for anaerobic cultures. 

Determination of percent aminoglycoside resistance 

 Overnight cultures of WT and ypfP mutant cells were normalized to an OD600 of 0.1 in 

phosphate-buffered saline (PBS), and 100 μL was plated onto TSA containing 5 μg/mL gentamicin 
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or tobramycin. Plates were incubated at 37°C and colonies were enumerated after 24 h. Percent 

relative resistance was determined by dividing the number of colonies of the mutant strain by the 

number of colonies of the WT. Values were then plotted, and the WT value was set to 100%. 

P. aeruginosa coculture and HQNO Kirby-Bauer assays 

 Overnight cultures of WT or ypfP mutant cells were plated onto 20-mL TSA plates using 

sterile cotton swabs. Following plating, 2 μL of an overnight culture of P. aeruginosa PAO1 was 

spotted in the middle of the plate. Similarly, 20-mL TSA plates containing the WT or 

the ypfP mutant were prepared, and a sterile Whatman disk containing 10 μL of 1 mg/mL HQNO 

or pyocyanin (Cayman Chemical) was placed in the center of the plate. Plates were incubated at 

37°C overnight. The zone of inhibition and the diameter of the P. aeruginosa colony were measured 

using an electronic caliper (Pittsburgh 6-in. composite digital caliper). 

Aerobic and anaerobic CFU enumeration 

Overnight cultures were normalized to an OD600 of 1.0 in PBS. The normalized culture was 

serially diluted in PBS in a 96-well plate. Ten microliters of each dilution was spotted onto TSA. 

Plates were incubated at 37°C aerobically or in an anaerobic chamber (Coy). Colonies were 

enumerated after 24 h (aerobic) or 48 h (anaerobic), and the number of CFU per milliliter was 

calculated. Each experiment was performed in biological triplicate, with three technical replicates 

per biological replicate. The three log values were then plotted using GraphPad Prism. 

LTA Western blot analysis 

 For aerobic versus anaerobic analysis of LTA, overnight cultures were normalized to the 

OD600 of WT cells, subcultured 1:1,000 in TSB, and grown with shaking at 225 rpm at 37°C for 

15 h aerobically or anaerobically. After 15 h of growth, the cultures were normalized to the WT 

OD600 in 1-mL aliquots in 2-mL screw-cap tubes containing 0.5 mL 0.1-mm zircon beads. The cells 
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were subjected to bead beating for 45 s on a Mini-Beadbeater 16 (BioSpec). The tubes were then 

centrifuged at 300 × g for 1 min, and the supernatant was decanted into a fresh sterile 1.5-mL 

Eppendorf tube. The supernatant was centrifuged at 13,300 × g for 15 min to sediment membranes 

and LTA. The pellet was resuspended in 80 μL of PBS. Twenty microliters of 5× SDS sample buffer 

was added to the resuspended pellet. Twenty microliters of the mixture was loaded into a 15% poly-

bis-acrylamide gel. Samples were run for 10 min at 50 V and then ~2 h at 100 V or until the dye 

front reached the bottom of the gel. Samples were transferred to polyvinylidene fluoride (PVDF) at 

4°C at 100 V for 1 h. The PVDF membrane was blocked using PBST (1× PBS plus 0.05% [vol/vol] 

Tween 20 plus 5% milk) blocking buffer for 1 h, washed twice in fresh blocking buffer for 10 min 

each time, and exposed to blocking buffer supplemented with a 1:1,000 dilution of primary anti-

LTA (polyglycerol-specific) mouse antibody (Hycult Biotechnology). After 1 h, the membrane was 

washed twice in blocking buffer and exposed to blocking buffer containing 1:5,000 horseradish 

peroxidase-conjugated secondary anti-mouse immunoglobulin goat antibody (Millipore) for an 

additional hour. Enhanced chemiluminescence (ECL) western blotting substrate (Promega) and 

film were used to detect immunoreactive LTA. 

 For the analysis of LTA from ypfP suppressor lineages, overnight cultures were started from 

a single colony and grown in TSB overnight at 37°C. Cultures were back diluted 1:100 in fresh 

TSB and grown aerobically to an OD600 equal to 0.7. A 1-mL aliquot was pelleted and resuspended 

in 45 μL TSM (50 mM Tris, 500 mM sucrose, 10 mM MgCl2; pH 7.5). The cell wall was digested 

by adding 5 μL of 2 mg/mL lysostaphin and incubating at 37°C for 30 min. After incubation, 50 μL 

of 2× SDS-PAGE loading buffer was added, and the sample was incubated at 95°C for 30 min. The 

sample was then centrifuged at 13,000 × g for 2 min and the supernatant was collected. A 1-μL 

volume of proteinase K (Thermo Fisher Scientific) was added to the sample and incubated at 50°C 
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for 2 h. For each sample, 20 μL was loaded into a 4-to-20% poly-bis-acrylamide gel (Bio-Rad). 

Samples were run for 30 min at 90 V and then 45 min at 150 V. The gel was then transferred and 

stained as described above. 

Measurement of membrane potential 

 The electrochemical potential of the cells was determined using the fluorescent dye 

DiOC2 (Millipore-Sigma). Cultures were grown to exponential phase aerobically (OD600 equal to 

0.6) or anaerobically (OD600 equal to 0.3). All aerobic cultures reached exponential phase after 

approximately 3.5 h of growth. Anaerobic cultures reached exponential phase at approximately 5 h 

(WT), 8 h (S1P4, S2P3, S3P3, and S4P3), and 14 h (ypfP mutant). Culture volumes of 4 mL were 

pelleted and resuspended in an equal volume of PBS. Three 1-mL aliquots of the resuspension were 

made. One aliquot received no treatment, one received 10 μL of 500 μM CCCP as a negative control 

and 10 μL of 3 mM DiOC2, and the last aliquot received 10 μL of DiOC2. The tubes were incubated 

in the dark for 25 min at room temperature. After incubation, three 200-μL samples from each tube 

were pipetted into three wells of a black-walled 96-well plate. Fluorescence emission was measured 

at 530 nm and 610 nm from an excitation at 488 nm using a Synergy H1 plate reader (Biotek). 

Autofluorescence values from the untreated samples were subtracted from both the CCCP-treated 

and non-CCCP-treated samples prior to calculation of the ratio. The data represents the 610-nm 

fluorescence divided by the 530-nm fluorescence. 

Optical density and pH measurements of anaerobic liquid cultures 

 Overnight 5-mL cultures of the WT and ypfP mutant were started from single colonies and 

grown at 37°C with shaking. Cells were pelleted, washed in PBS, and normalized to an OD600 of 

1.0. Cultures (100 mL) were inoculated to a starting OD600 of 0.01 and grown anaerobically at 37°C 

in a Coy anaerobic chamber. Ten-milliliter volumes of the WT and ypfP cultures were collected at 
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0-, 2-, 4-, 6-, 8-, 12- and 24-h time points. A 1-mL volume of each time point sample was used to 

measure OD600 with a Genesys 140 Visible spectrophotometer (Thermo Fisher Scientific). The 

remaining 9 mL of sample was pelleted, and the supernatant was filtered. The pH of the sterile 

supernatant was measured using a FiveEasy Plus FEP20 pH meter (Mettler Toledo). 

Antimicrobial activity assays of PMF-targeting inhibitors 

 CCCP, valinomycin, and nigericin were solubilized in dimethyl sulfoxide (DMSO). The 

compounds were serially diluted 2-fold in 96-well plates prior to inoculation. The plates were 

incubated at 37°C for 16 h, the wells were then resuspended via pipetting, and the OD was measured 

at 600 nm. The values for the untreated control wells were averaged, and this value was used to 

represent 100% growth. The values for the rest of the wells were averaged and compared to that 

100% value. Experiments were performed in at least biological triplicate with three technical 

replicates per biological replicate unless otherwise indicated. The results for technical replicates 

were averaged for each biological replicate, and the values for biological replicates were graphed 

using GraphPad Prism. The regression line for nonlinear fit was used to determine the best fit line. 

Fluorescence microscopy 

 S. aureus cultures were grown overnight at 37°C in TSB and subsequently diluted 1:10 in 

fresh medium. Cultures were then grown to mid-log phase (OD600 equal to 0.5) at 37°C and treated 

with 2 μg/mL gentamicin, where indicated, for a period of 2 h. Following the growth period, 1-mL 

aliquots of the cultures were washed in 1× PBS, and then cell pellets were resuspended in 100 μL 

of 1× PBS. Cells were stained with 1 μg/mL FM4-64 in order to visualize the cell membrane. Five 

microliters of sample was transferred to a glass-bottom culture dish (MatTek) and then covered 

with a 1% agarose pad. All imaging was conducted at room temperature using a DeltaVision Core 

microscope system (Applied Precision/GE Healthcare) equipped with an environmental chamber. 



51 
 

All images were captured using a Photometrics Coolsnap HQ2 camera, and data were deconvolved 

using SoftWorx software supplied by the microscope manufacturer. 

Isolation of ypfP suppressor mutants and SNP analysis 

 From individual colonies, overnight cultures of WT and the ypfP mutant were incubated at 

37°C with shaking. Cultures were normalized to an OD600 of 1.0 in TSB. Normalized growth was 

serially diluted in PBS in a 96-well plate, and 10 μL of each dilution was spotted on two TSA plates, 

one of which was incubated aerobically (as a control) at 37°C and the other anaerobically at 37°C. 

Large, individual ypfP mutant colonies were selected from the anerobic plate and cultured 

aerobically in 5 mL TSB at 37°C with shaking. The overnight culture was then serially diluted again 

and spot plated as described above, along with a newly cultured WT as a reference for viability. 

This process was repeated until a ypfP suppressor mutant was obtained that had viability equal to 

that of the WT and is visually summarized in Fig. 2-7. 

 Genomic DNA was isolated from 5-mL overnight cultures started from individual colonies 

grown aerobically at 37°C with shaking. The culture was pelleted and resuspended in 485 μL TSM. 

A volume of 15 μL 2 mg/mL lysostaphin was added to the resuspension and incubated at 37°C for 

30 min. The samples were then pelleted, and the Wizard genomic DNA purification kit (Promega) 

was used to isolate the genomic DNA. Whole-genome sequencing was performed via Illumina 

sequencing at the Microbial Genome Sequencing Center. Sequence read processing, alignment, and 

single nucleotide polymorphism (SNP) analysis were performed using Geneious Prime version 

2022.0.2. The genomic sequence of S. aureus strain Newman (GenBank accession 

number AP009351.1) was used as a reference genome for all genomic analysis. 
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Chapter 3: A redundant isoprenoid biosynthetic pathway supports Staphylococcus aureus 

metabolic versatility. 
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Abstract 

Isoprenoids are ubiquitous molecules that serve as fundamental building blocks for life. In 

bacteria, isoprenoids are precursors for carotenoid pigments, respiratory cofactors, and essential 

sugar carrier lipids such as lipid II. Isoprenoid synthesis initiates via condensation of the five-

carbon (C5) precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). 

This initial reaction condenses one DMAPP and two IPPs, resulting in the C15 farnesyl diphosphate 

(FPP), an intermediate that is sequentially elongated with IPP. FPP is thought to be synthesized 

exclusively by the prenyl diphosphate synthase (PDS) IspA. In Staphylococcus aureus, ispA 

mutants lack the golden carotenoid pigment staphyloxanthin. The fact that ispA can be inactivated 

in S. aureus and other bacteria is surprising given the reliance of lipid II on FPP and supports the 

hypothesis that an additional enzyme produces the critical isoprenoid precursor. We isolated 

pigmented ispA suppressor mutants harboring SNPs within a second PDS-encoding gene, hepT, 

suggesting that HepT and IspA have overlapping roles in S. aureus isoprenoid synthesis. 

Subsequent work determined that IspA and HepT support metabolic versatility, as a hepT ispA 

double mutant fails to aerobically respire, partially due to a lack of prenylated heme cofactors. The 

finding that a hepT ispA double mutant is viable supports a model whereby a third PDS 

compensates in the absence of ispA and hepT to produce lipid II precursors. Lastly, we show that 

ispA and hepT mutants exhibit colonization defects in a murine model of systemic infection, 

demonstrating that isoprenoid biosynthesis is a potential drug target for combating S. aureus.  
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Introduction 

 Isoprenoid synthesis is a highly conserved process present in virtually all living organisms 

and begins with the production of the universal five-carbon (C5) precursors isopentenyl 

diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) (116, 156). An initial condensation 

reaction of one DMAPP and one IPP produces geranyl diphosphate (GPP), to which a second IPP 

is immediately added to generate farnesyl diphosphate (FPP), a C15 isoprenoid that serves as a 

substrate for downstream cellular pathways (116). This initial condensation reaction and 

subsequent elongation reactions that add IPP units in a stepwise fashion, are carried out by 

enzymes called prenyl diphosphate synthases (PDSs) (116). Generally, bacteria harbor three PDSs: 

a short-chain PDS that catalyzes the initial condensation reaction between IPP and DMAPP to 

generate C10 GPP and then FPP; a medium-chain PDS that uses FPP and several additional IPP to 

produce medium-chain length isoprenoids; and a long-chain PDS, that also uses FPP and IPP to 

generate long-chain isoprenoids (157–163). Medium-chain isoprenoids range in length from C35 

to C50 and support production of quinone respiratory cofactors (164, 165). Long-chain isoprenoids 

are C55 or greater and in bacteria include undecaprenyl phosphate (Und-P) which serves as a 

scaffold onto which glycan units are added to generate lipid II; an indispensable metabolite 

required for generating peptidoglycan (112, 165). Lipid II is essential for cell viability and is the 

target of several classes of antibiotics (112, 166–168). Therefore, a greater understanding of 

isoprenoid synthesis in bacteria will reveal fundamental mechanisms by which critical isoprenoid 

precursors are allocated to support cell envelope maintenance and metabolism. 

In the Gram-positive pathogen Staphylococcus aureus FPP is a substrate for three 

reactions: condensation, elongation or prenylation, the covalent addition of an isoprenoid directly 

to a substrate. Condensation of two FPPs, generated by the short-chain PDS IspA, is catalyzed by 
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CrtM to generate dehydrosqualene, a C30 precursor for staphyloxanthin, the membrane localized 

carotenoid antioxidant that gives the pathogen its distinctive golden pigment (111). As such, ispA 

and crtM mutants are not pigmented (169, 170). Elongation reactions add IPP to FPP in a step wise 

fashion. At least two elongation reactions are active in S. aureus. The first is catalyzed by UppS, 

the enzyme that produces long-chain Und-PP, which serves as a lipid carrier for the transport of 

polysaccharides across the cytoplasmic membrane. Saccharide-based molecules generated by S. 

aureus include peptidoglycan, wall teichoic acid (WTA) and in some strains capsular 

polysaccharide (CP) (11, 112, 171). Importantly, each of these polysaccharide cell surface 

structures are either essential (peptidoglycan) or contribute to virulence (WTA and CP), making 

UppS an essential enzyme and a high priority target for therapeutic intervention (112, 172–174). 

Given the essentiality of UppS, it is surprising that the enzyme which produces the FPP substrate 

for its activity (IspA) is dispensable. Mutants lacking functional ispA have been generated in 

several different bacterial species including S. aureus, E. coli, P. aeruginosa and B. subtilis (115, 

175–178). In S. aureus ispA mutants produce reduced quantities of FPP compared to WT, 

indicating that another PDS is capable of producing FPP (115). Therefore, clarifying the PDS 

enzymes that generate UppS substrates will lead to a better understanding of lipid carrier synthesis 

and peptidoglycan homeostasis. 

The second elongation is carried out by HepT. HepT homologs in B. subtilis (HepT) and 

E. coli (IspB) produce the medium chain isoprenoids used in menaquinone (MK) synthesis (118, 

160, 176, 179). Notably, E. coli also makes ubiquinone (UQ), which similarly incorporates 

medium chain length isoprenoids (180). MK and UQ function as electron carriers within the 

electron transport chain. S. aureus produces only MK, of which three species are synthesized that 

differ only in the length of the isoprenoid group, MK-7, MK-8 and MK-9 (113, 114). The number 
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refers to the C5 isoprenoid moieties, thus MK-7, MK-8 and MK-9 have chain lengths of C35, C40, 

and C45, respectively. Of note, some strains of S. aureus harbor HepT alleles that result in the 

production of a C50 MK-10 (113), which indicates that different hepT alleles influence the length 

of its isoprenoid product. These findings support a model whereby S. aureus HepT is required to 

generate MK, but direct experimental evidence of this model is lacking.  

MK is a required cofactor for aerobic respiration, and S. aureus mutant strains impaired for 

MK synthesis are restricted to fermentative metabolism. This leads to a distinctive phenotype 

called the small colony variant (SCV), which usually coincides with increased antibiotic resistance 

(9, 114, 181, 182). In fact, MK auxotrophs are among the most common types of SCVs isolated 

from cystic fibrosis patients (81). Aminoglycoside treatment selects for SCVs because the 

antibiotic requires the proton motive force (PMF) to gain entry into the cell (134, 183, 184). In 

response, S. aureus develops inactivating mutations in the MK synthesis pathway, switching to 

fermentation and reducing the PMF (185). Notably, an S. aureus hepT mutant exhibited increased 

pigmentation but colony size or growth kinetics were not reported (170). Therefore, it is unclear 

whether mutation of hepT will induce the SCV phenotype. Additionally, whether HepT 

participates in other isoprenoid dependent pathways is uncertain, as HepT in B. subtilis and the E. 

coli HepT homologue IspB are essential for cell viability, suggesting medium chain PDSs may 

function beyond MK and UQ synthesis (186, 187). In fact, loss of heptaprenyl diphosphate 

synthase activity in B. subtilis was only tolerated when grown on media supporting cell wall-free 

(L-form) growth, indicating that this pathway may play a role in cell wall synthesis (188). The fact 

that hepT mutants are viable in S. aureus suggests that unique or redundant isoprenoid biosynthetic 

pathways exist in this species and presents an opportunity to study the physiological consequences 

of HepT inactivation, which is not possible in other bacterial species. 
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The third reaction, prenylation, also supports aerobic respiration through the covalent 

attachment of FPP to heme b to produce the modified heme cofactors heme o and heme a. Both 

prenylated heme cofactors are capable of supporting activity of the major terminal oxidase 

QoxABCD (28, 117, 189). Therefore, isoprenoid prenylation is essential for one of the two 

enzymes that perform the last step of aerobic respiration, the reduction of O2 to H2O (28). A second 

terminal oxidase, CydAB functions in the absence of QoxABCD leading to a branched respiratory 

chain; however, CydAB activity is not dependent on heme o or heme a (4, 28). Whether IspA 

produces FPP needed to generate heme o or heme a is uncertain. The ispA mutant exhibits slightly 

increased aminoglycoside (gentamicin) resistance and reduced ATP production suggesting 

electron transport chain activity is attenuated (115). However, direct evidence that IspA provides 

the isoprenoid precursors required to generate the modified heme cofactors needed for QoxABCD 

activity is not known. Overall, resolving the contributions of IspA and HepT towards generating 

isoprenoid metabolites in S. aureus will provide novel insight into three major pathways: 

carotenoid pigment production, cell envelope maintenance, and respiration.  

In this study we show that isoprenoid synthesis supports metabolic versatility in S. aureus 

by demonstrating that IspA and HepT preferentially contribute to carotenoid pigment and MK 

synthesis, respectively. Interestingly, either enzyme is sufficient for the generation of prenylated 

hemes, heme o and heme a, indicating that both can produce the FPP needed for heme prenylation. 

The basis for this conclusion is the finding that a hepT ispA mutant is viable but restricted to 

fermentative metabolism despite supplementation with the C20 MK analogue MK-4. These results 

support a model whereby a third enzyme generates FPP that is specifically used to produce Und-

PP for peptidoglycan synthesis. Additional experimentation focused on chemically 

complementing MK deficiency using MK-4 demonstrated the shorter MK analogue promotes 
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QoxABCD but not CydAB activity. This result suggests that MK isoprenoid chain length plays an 

important role in CydAB function, indicating that the different MK species modulate activity of 

the branched respiratory chain. Lastly, we show that ispA or hepT mutants exhibit colonization 

defects in a murine model of systemic infection, providing evidence that the isoprenoid 

biosynthetic pathway is a potential drug target. Overall, these results support a revised model of S. 

aureus isoprenoid synthesis whereby precursors generated by specific enzymes are used to 

produce staphyloxanthin, MK, or Und-PP, but prenylation of heme can be achieved using 

precursor from either IspA or HepT. Our data demonstrate that redundancy within the isoprenoid 

synthesis pathways of S. aureus supports the metabolic versatility and virulence of this important 

human pathogen.  

Results 

Pigmented ispA suppressor mutants contain nonsynonymous gain-of-function mutations in 

hepT 

 A previous study reported that ispA mutants lack pigmentation and exhibit increased 

resistance to gentamicin (115). We recapitulated these results using an agar-based assay whereby 

an overnight culture of the ispA::Tn mutant was spread onto a TSA plate supplemented with 3 

µg/mL gentamicin. Interestingly, pigmented colonies could be observed at a rate of 0.047% across 

three independent trials. These strains demonstrated WT-like levels of staphyloxanthin production 

indicating that they are potential suppressor mutants (Fig. 3-1A). Whole genome sequencing 

analysis revealed nonsynonymous mutations in the gene encoding heptaprenyl diphosphate 

synthase, hepT (Table A-4). Notably, all three resistant pigmentation suppressor mutants 

(ispA::Tn115, ispA::Tn144 and ispA::Tn164) shared the same A72E amino acid change five residues 

preceding the first aspartate rich motif (FARM) (Fig. 3-1B). This amino acid position is highly 



60 
 

conserved in IspA and HepT homologs (190) and has been implicated in determining the length 

of the isoprenoid product (191). The non-pigmented gentamicin resistant control isolate harbored 

an amino acid change 93 amino acids downstream of the HepT FARM domain (A165T). Given 

the activity of HepT, it is likely that a hepT mutant does not produce MK and therefore cannot 

perform respiration, resulting in the observed gentamicin resistance. Consistent with this, the hepT 

mutant has a slower growth rate compared to WT (Fig. 3-1C) as it relies on fermentation to 

generate energy. Growth rate analysis of the ispA::Tn gentamicin resistant colonies showed similar 

doubling times to the hepT::Tn mutant (Fig. 3-1C), suggesting that the hepT mutations likely lead 

to reduced production of the medium-chain isoprenoids necessary for MK synthesis. In fact, the 

altered FARM domain of HepTA72E increases in similarity to the FARM domain of other PDSs 

that are known to synthesize short-chain isoprenoids (191), and might be performing an IspA-like 

role in producing FPP needed for pigmentation.  
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Disruption of isoprenoid synthesis leads to downstream perturbations in the abundance of 

isoprenoid-derived metabolites 

 To determine the roles of IspA and HepT in the generation of downstream isoprenoid-

containing metabolites, MK species, undecaprenyl phosphate (Und-P) and undecaprenol (Und-

OH) were quantified via high-performance liquid chromatography (HPLC). The primary MK 

Figure 3-1. Pigmented ispA::Tn suppressors harbor SNPs within hepT. 

(A) Indicated strains were streaked on TSA and incubated overnight. (B) Multiple alignment 

of the HepT amino acid sequence for the indicated strains. Conserved aspartic acid residues 

that comprise the first aspartic acid rich motif (FARM) domain are highlighted yellow. Black 

highlighted residues represent the amino acid position that was altered due to acquired 

mutations in the ispA::Tn gentamicin resistant mutants. (C) Doubling times of the indicated 

strains determined after incubation in TSB. Error bars represent one standard deviation from 

the mean. 
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species produced by WT was MK-8, followed by MK-7 and MK-9 (Fig. 3-2A), which is consistent 

with previous studies (113, 114). However, low levels of MK-5 and MK-6 were also detected in 

the WT, which, to the best of our knowledge, is the first report of S. aureus producing these MK 

species. Mutation of ispA resulted in increased production of longer chain MKs, with significantly 

higher production of MK-8 and MK-9 but decreased production of MK-7, while MK-5 and MK-

6 were not significantly altered compared to the WT. Notably, hepT::Tn did not produce detectable 

levels of any MK species. Consistent with the hypothesis that the HepTA72E variant generates 

shorter chain isoprenoids, ispA::Tn115 produced significantly higher levels of MK-5 compared to 

the WT whereas MK-8 and MK-9 were not detected and MK-7 was significantly reduced (Fig. 3-

2A). Notably, hepT::Tn contained significantly lower amounts of the lipid II precursor Und-P 

compared to WT (Fig. 3-2B). Additionally, all mutants demonstrated significantly lower quantities 

of Und-OH compared to WT, indicating both IspA and HepT may contribute to the production of 

precursors necessary for long-chain isoprenoid biosynthesis. 
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Figure 3-2. Mutating the PDS enzymes IspA and HepT alters the abundance of medium 

and long chain isoprenoid-containing metabolites. 

A) High-performance liquid chromatography (HPLC) analysis of MKs extracted from whole 

cells. Error bars represent one standard deviation from the mean. Statistical significance was 

determined by two-way ANOVA with Tukey correction. * and **** represent p-values of 

<0.05 and <0.0001, respectively. n.d. (not detected) represents samples for which no MK was 

detected. B) HPLC analysis of undecaprenyl phosphate (Und-P) and undecaprenol (Und-OH) 

extracted from whole cells. Statistical analysis was determined by two-way ANOVA with 

Tukey correction. * and **** represent p-values of <0.05 and <0.0001 respectively. (A and B) 

Data are the average of three independent biological replicates performed in triplicate. 

 



64 
 

Simultaneous inactivation of hepT and ispA induces a small colony variant phenotype that 

is unresponsive to MK-4 supplementation 

 A consequence of inactivating ispA in S. aureus is  reduced quantities of FPP, supporting 

a model whereby a second enzyme is capable of generating this indispensable precursor (115). 

Given that IspA and HepT are the only two enzymes that contain polyprenylsynthetase FARM 

domains in S. aureus, we hypothesized that simultaneous inactivation of both enzymes would 

result in synthetic lethality. An in-frame deletion of hepT was generated and subsequently 

transduced with φ85 propagated on the ispA::Tn mutant to yield the ΔhepT ispA::Tn double 

mutant. Surprisingly, the ΔhepT ispA::Tn double mutant was viable and displays growth kinetics 

similar to the ΔhepT single mutant and a respiration defective menE::Tn (MK deficient SCV) 

control  strain (Fig. 3-3A). Supplementation of the growth medium with 12.5 µM MK-4 restored 

growth of the ΔhepT parental strain and menE::Tn control mutant to WT-like levels, indicating 

that respiration was restored in these mutants. This result suggests that the slower growth rate 

observed in these mutants is driven by a lack of MK that restricts cells to fermentation. However, 

MK-4 supplementation failed to stimulate increased proliferation of the ΔhepT ispA::Tn mutant, 

demonstrating that the strain is unable to aerobically respire. Genetic complementation of the 

ΔhepT ispA::Tn double mutant with plasmid-encoded hepT or ispA restored pigmentation and 

growth kinetics to that of the respective single mutant (Fig. 3-4A and B). These results confirm 

that the SCV phenotype observed in the ΔhepT ispA::Tn double mutant is not due second site 

mutations. Given the hyperpigmentation of the hepT mutant and the importance of ispA in 

staphyloxanthin production, we tested whether loss of the antioxidant carotenoid pigment was 

responsible for the respiration defect. A ΔhepT crtM::Tn double mutant was constructed and 

exhibited WT-like colony size compared to the SCV variant phenotype of the ΔhepT ispA::Tn 
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(Fig. 3-5A). Additionally, MK-4 supplementation restored proliferation of ΔhepT crtM::Tn (Fig. 

3-5B), demonstrating that loss of pigmentation is not responsible for the  ΔhepT ispA::Tn double 

mutant SCV phenotype or the failure of MK-4 supplementation to complement proliferation and 

aerobic respiration.  

 S. aureus predominantly produces lactate as a major fermentation end product (4, 23). To 

confirm that the ΔhepT ispA::Tn double mutant is restricted to fermentation regardless of MK 

supplementation, we quantified lactate production. WT and ispA::Tn mutants produced low 

amounts of L-lactate regardless of MK-4 supplementation  (Fig. 3-3B), indicating that respiration 

is the primary energy generating pathway in these strains. The menE::Tn control SCV produced 

high levels of L-lactate that were significantly reduced upon MK-4 supplementation. This is similar 

to the ΔhepT single mutant and demonstrates that MK-4 induces respiration in these mutants. 

However, the ΔhepT ispA::Tn double mutant produced high levels of L-lactate that were not 

significantly reduced upon supplementation with MK-4 (Fig. 3-3B). Together, these results 

demonstrate that ΔhepT ispA::Tn is not capable of aerobic respiration, and is fermenting as the 

primary energy generating pathway. 

Next, we sought to determine whether the failure of the ΔhepT ispA::Tn double mutant to 

respond to MK supplementation is due to a general respiration deficiency or if it is specific to 

aerobic respiration. To test this, the ΔhepT ispA::Tn mutant was cultured  anaerobically in the 

presence or absence of MK-4 and the alternative terminal electron acceptor, nitrate (provided as 

KNO3) as S. aureus is capable of anaerobic respiration when nitrate is supplied to the growth 

medium (22, 42). WT, ispA::Tn, ΔhepT and ΔhepT ispA::Tn proliferated to similar end-point 

optical densities (Fig. 3-3C). Addition of the terminal electron acceptor, KNO3, increased the end-

point optical density of the WT and ispA:Tn mutant, which produce MK and are therefore capable 
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of anaerobically respiring. Addition of both MK-4 and KNO3 increased the end-point optical 

density of all strains, including the ΔhepT ispA::Tn double mutant (Fig. 3-3C). Together, these 

data show that the ΔhepT ispA::Tn double mutant is capable of anaerobic respiration via 

supplementation with MK-4, implying that the SCV phenotype is specific to aerobic respiration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. Simultaneous inactivation of hepT and ispA impairs aerobic respiration. 

(A) Growth curve analysis of the indicated strains in TSB with or without supplementation 

with 12.5 µM MK-4. Error bars represent one standard deviation from the mean. (B) The 

concentration of excreted L-Lactate was determined from cell-free supernatants of the indicated 

strain. Statistical significance was determined by two-way ANOVA analysis with Bonferroni 

correction. Error bars represent one standard deviation from the mean. *** and **** represent 

p-values of <0.001 and <0.0001 respectively. (C) Anaerobic terminal optical density at 24 hrs 

after incubation of the indicated strains cultured in TSB, TSB supplemented with MK-4, TSB 

supplemented with KNO3 or TSB supplemented with both KNO3 MK-4. Error bars represent 

one standard deviation from the mean. 
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Figure 3-4. ∆hepT ispA::Tn harboring plasmid encoded copies of hepT or ispA exhibit 

phenotypes of  corresponding single mutants. 

A) An overnight incubation of the indicated strains were streaked onto TSA supplemented with 

10 µg/mL chloramphenicol and 12.5 µM MK-4.  (B) Growth curve analysis of the indicated 

strains grown in TSB supplemented with 10 µg/mL chloramphenicol. Data are the average of 

three independent biological replicates performed in technical triplicate. Error bars represent 

one standard deviation from the mean. 
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QoxABCD activity is impeded in the ΔhepT ispA::Tn double mutant via loss of prenylated 

heme cofactors 

 S. aureus utilizes a branched respiratory chain for aerobic respiration consisting of the 

QoxABCD and CydAB terminal oxidases, both of which require heme for their activity. The 

finding that the ΔhepT ispA::Tn double mutant respires anaerobically but not aerobically supports 

the hypothesis that both QoxABCD and CydAB are impeded in this strain. QoxABCD activity is 

Figure 3-5. Loss of pigmentation does not induce the small colony variant phenotype or 

prevent MK-4 complementation of ΔhepT. 

(A) The indicated strains struck for isolation on TSA supplemented with 12.5 µM MK-4 and 

incubated overnight. (B) Growth curve analysis of the indicated strains grown in TSB with or 

without supplementation with 12.5 µM MK-4. Data are the average of three independent 

biological replicates performed in technical triplicate. Error bars represent one standard 

deviation from the mean. 
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dependent on prenylated heme cofactors which are generated via the addition of FPP onto heme 

by CtaB to produce heme o. Heme o is further modified by the addition of a carbonyl group by 

CtaA to produce heme a (Fig. 3-6A). While QoxABCD requires prenylated hemes (heme o or 

heme a) for its activity, CydAB functions independently of these modified heme cofactors (28). 

To determine whether prenylated heme cofactors are produced in the ΔhepT ispA::Tn double 

mutant, hemes were extracted from overnight cultures and quantified via HPLC. In each strain, 

heme b was detected and used as an internal standard to normalize heme o and a abundance across 

samples. Mutation of ispA leads to a significant decrease in heme o and heme a abundance 

compared to the WT (Fig. 3-6B and C). Interestingly, disruption of MK synthesis via mutation of 

menE also leads to a significant decrease in heme o and heme a compared to WT and suggests that 

modified heme cofactor production is reduced during fermentative growth. Supplementation of 

the menE::Tn mutant with MK-4 partially restores heme a abundance, but not heme o. Similarly, 

the ΔhepT mutant also exhibits decreased amounts of prenylated hemes compared to WT, of 

which, only heme a was restored to WT-like levels upon MK-4 supplementation. Notably, the 

ΔhepT ispA::Tn double mutant  does not produce detectable quantities of heme o or heme a (Fig. 

3-6B and C), indicating that both HepT and IspA are capable of contributing to prenylated heme 

production. These findings demonstrate that QoxABCD is not active in the ΔhepT ispA::Tn double 

mutant due to an inability to produce prenylated heme cofactors. 
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CydAB function is not stimulated by MK-4 

 An inability to produce prenylated heme cofactors accounts for impairment of QoxABCD 

in ΔhepT ispA::Tn, but both CydAB and QoxABCD must be inactive to induce the SCV 

phenotype. Therefore, we reasoned that CydAB activity is not stimulated by MK-4. We 

demonstrate that S. aureus produces five MK species: MK-5, MK-6, MK-7, MK-8, and MK-9. 

Previous experiments used MK-4, an MK analogue that is not natively produced by S. aureus, to 

chemically complement MK deficiency (Fig. 3-3A and B). To determine whether MK-4 serves as 

an electron carrier substrate for CydAB, a ΔmenB qoxA::Tn double mutant was generated. In this 

Figure 3-6. Both HepT and IspA are capable of contributing to the production of 

prenylated heme cofactors. 

(A) An illustration of the prenylated heme synthesis pathway beginning with heme b. Heme b 

farnesylated by CtaB generating heme o. Heme o is modified by the addition of a carbonyl 

group to produce heme a. (B-C) High-performance liquid chromatography (HPLC) analysis of 

hemes extracted from whole cells. Heme b was used as an internal standard to which heme o 

(B) and heme a (C) were normalized for each sample. Data are the average of three independent 

biological replicates performed in triplicate.  
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strain respiration is dependent on CydAB and exogenous MKs. MK-4 supplementation of ΔmenB 

qoxA::Tn did not promote significant proliferation after 24 h of incubation compared to the un-

supplemented condition, which phenocopies ΔhepT ispA::Tn (Fig. 3-7A). Importantly, both 

ΔmenB and ΔmenB cydA::Tn, a strain restricted to QoxABCD for aerobic respiration, exhibited 

increased proliferation when supplemented with MK-4 (Fig. 3-7A). To determine if the shortened 

isoprenoid effects whether MK-4 can promote CydAB activity, the experiment was repeated using 

the MK analog menadione (MD), which lacks an isoprenoid moiety. Whereas MD also increased 

proliferation of ΔmenB and ΔmenB cydA::Tn, it failed to enhance proliferation of ΔmenB 

qoxA::Tn, which again phenocopies ΔhepT ispA::Tn (Fig. 3-7B). Importantly, ΔhepT increased 

proliferation when supplemented with either MK-4 or MD, indicating that mutation of hepT alone 

is not responsible for the respiration phenotype observed in ΔhepT ispA::Tn. These data suggest 

that while ΔhepT ispA::Tn exhibits a defect in isoprenoid biosynthesis, its inability to perform 

aerobic respiration stems from the electron carrier preference of CydAB, which cannot effectively 

utilize MK-4. To provide further evidence of this, ΔispA qoxA::Tn and ΔhepT qoxA::Tn were 

constructed. The ΔispA qoxA::Tn mutant grew similarly to the WT, indicating that respiration is 

intact in this strain (Fig. 3-8A and B). However, ΔhepT qoxA::Tn displayed the SCV phenotype 

that also does not respond to MK-4 supplementation, phenocopying ΔhepT ispA::Tn (Fig. 3-8C 

and D). Together, these data show that the CydAB terminal oxidase cannot utilize MK-4 or MD 

as electron carriers. 
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Figure 3-7. MK-4 and menadione fail to stimulate aerobic respiration in cells restricted 

to CydAB-dependent respiration. 

(AB) O.D.600 values were collected after 24 hours of incubation in TSB supplemented with 

either 12.5 µM MK-4 (A) or 2.5 µM menadione (MD) (B). Error bars represent one standard 

deviation from the mean. Statistical significance was determined via two-way ANOVA with 

Bonferroni correction. **** represents a p-value of <0.0001. Data are the average of three 

independent biological replicates performed in triplicate. 
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PDS activity supports host colonization 

 Isoprenoid biosynthesis contributes to three cellular pathways: carotenoid pigment 

production, cell envelope synthesis, and respiration. Importantly, each of these pathways have 

been shown to contribute to virulence or host colonization (4, 9, 169, 192, 193). Therefore, we 

sought to determine whether disruption of PDS function would impact fitness in a host. The heart, 

liver and kidneys of systemically infected mice were harvested 96 hours post infection and 

Figure 3-8. The ΔhepT qoxA::Tn double mutant phenocopies the ΔhepT ispA::Tn 

double mutant. 

(AB) The indicated strains streaked onto TSA plates and incubated overnight. (CD) Growth 

curve analysis of the indicated strains. Cultures were grown in TSB (black symbols) or TSB 

supplemented with 12.5 µM MK-4 (red symbols). Error bars represent one standard deviation 

from the mean. Data are the average of three independent biological replicates performed in 

technical triplicate. 
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enumerated for colony forming units. The ispA::Tn mutant had significantly reduced abundance 

in the heart, liver and kidneys, indicating that ispA plays a role in host colonization (Fig. 3-9A). 

Additionally, the hepT::Tn mutant had significantly reduced abundance in the heart and liver of 

systemically infected mice (Fig. 3-9B). However, the menC::Tn mutant, which is deficient for MK 

production, phenocopies the hepT::Tn mutant. This suggests that the colonization defect observed 

for the hepT::Tn mutant may be due to a loss of MK production, rather than a disruption in 

isoprenoid biosynthesis. 

 

Discussion 

 How bacterial isoprenoid synthesis is initiated in the absence of the short chain PDS, IspA, 

is a fundamental question. Our data shed light on this inquiry by demonstrating that functional 

redundancy sustains isoprenoid synthesis in S. aureus. We found that the medium chain PDS HepT 

Figure 3-9. Disruption of isoprenoid synthesis impairs S. aureus colonization across 

multiple organs during systemic infection. 

(A) Bacterial burdens of WT or ispA::Tn quantified after 96 hours of infection and represented 

as colony forming units (CFU) per milliliter (CFU/mL). Statistical significance was 

determined via unpaired Mann-Whitney test. (B) Bacterial burdens of WT, hepT::Tn and 

menC::Tn after 96 hours of infection represented as CFU/mL. Prior to infection, hepT::Tn and 

menC::Tn were supplemented with 12.5 µM MK-4 to achieve a WT-like inoculum. Statistical 

significance was determined via One-way ANOVA with Tukey correction. (AB) Error bars 

represent one standard deviation from the mean. *, ** and *** represent p-values of <0.05, 

<0.01 and <0.001 respectively.  
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functions in three pathways: it is essential for MK synthesis but also plays a role in the lipid II 

cycle and supports production of prenylated hemes. While it has been hypothesized that HepT 

synthesizes the isoprenoid moieties used for MK synthesis (114, 118, 194), our results 

experimentally verify this function. We demonstrate that HepT inactivation results in the loss of 

MK-5, MK-6, MK-7, MK-8, and MK-9 providing direct evidence that HepT is needed for 

synthesis of these MK species. Cells lacking MK exhibit a distinct colony phenotype called the 

small colony variant (80, 81, 114, 125). SCV proliferation is limited due to a restricted metabolism 

that relies on lactic acid fermentation. Consistent with the lack of MK, hepT mutant growth is 

impaired compared to WT and the cells produce lactate, indicating that fermentation is the primary 

means by which the mutant cells generate energy. We also demonstrate the MK analogue, MK-4, 

chemically complements proliferation and reduces lactate production. Together these results 

support the conclusion that HepT is necessary for MK synthesis and respiration.  

Isolation of pigmented ispA mutants encoding missense hepT mutations led us to 

hypothesize that HepT is also capable of condensing IPP and DMAPP to initiate isoprenoid 

synthesis. We predicted that simultaneous inactivation of ispA and hepT would be synthetically 

lethal as isoprenoid synthesis would not be initiated in this genetic background. Additional 

rationale for this prediction is provided by biochemical investigation of HepT and HepT 

homologues. B. subtilis HepT is capable of condensing IPP and DMAPP, although the reaction is 

inefficient (179). A similar result was described for the E. coli HepT homologue IspB, which is 

also capable of using IPP and DMAPP as substrates (176). Additionally, HepT and IspB are 

essential in B. subtilis and E. coli under standard growth conditions, respectively (186, 187), but 

B. subtilis can tolerate loss of HepT activity when cultured in a medium that supports proliferation 

of L-form cells that lack a cell wall (188). This finding implies that HepT also supports 
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peptidoglycan synthesis. Our results demonstrate that S. aureus is amenable to genetic inactivation 

of hepT in the presence or absence of ispA. However, ΔhepT ispA::Tn lacked pigmentation and 

was not able to respond to chemical complementation with the MK analogue MK-4. Subsequent 

experimentation demonstrated that ΔhepT ispA::Tn is impaired for aerobic respiration due to 

inactivity of both terminal oxidases, CydAB and QoxABCD. Terminal oxidases accept electrons 

from the quinone pool and reduce oxygen, thereby performing the last step of aerobic respiration. 

Our data show that QoxACBD impairment can be attributed to loss of prenylated heme cofactors 

while the inability of MK-4 to stimulate respiration in ΔhepT ispA::Tn is dependent on CydAB. 

The finding that MK-4 fails to chemically complement ΔmenB qoxA::Tn conclusively showed that 

CydAB is restricted to the use of long chain MK, presumably MK-7 or greater. Further, it is unclear 

the role short chain MKs (MK-5 and MK-6) play in supporting respiration as these MK species 

are produced at significantly lower levels compared to the longer chain MKs (MK-7, MK-8, and 

MK-9). However, given the apparent preference of terminal oxidases for isoprenoid chain length 

of MKs, further investigation should be carried out to define the precise correlations between MK 

tail length, CydAB terminal oxidase activity, and the composition of the MK pool on cellular 

respiration.   

Investigating ΔhepT ispA:Tn in the context of the single mutants demonstrated that HepT 

uniquely contributes to MK production while precursor for staphyloxanthin is provided 

exclusively by IspA. Interestingly, either enzyme can contribute to prenylated heme production. 

Both single mutants exhibit decreased prenylated heme cofactors compared to WT, but levels of 

heme o in the hepT mutant suggests a preference for HepT. These results reveal that HepT can 

function beyond MK synthesis. Consistent with this, we monitored levels of the lipid II precursors 

Und-P and Und-OH, which revealed decreased abundance of both metabolites in the hepT mutant. 
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Though Und-OH does not participate directly in the lipid II cycle (112), previous reports support 

a model whereby it serves as a reservoir for rapid conversion to Und-P via undecaprenol kinase 

when higher levels of Und-P are needed (195). In the hepT mutant, a depleted Und-OH reservoir 

implies the cell is attempting to maintain Und-P levels and demonstrates that HepT may provide 

substrates for UppS in the production lipid II precursors. Overall, the finding that ΔhepT ispA::Tn 

is viable provides strong evidence that another enzyme is capable of condensing IPP and DMAPP 

to produce the FPP needed for essential lipid II. Based on this supposition and our results, two 

models can be considered. In the first model, IspA, HepT, and the unknown PDS each produce 

FPP that is restricted to generate staphyloxathin, MK, and lipid II, respectively. Alternatively, the 

second model predicts that only IspA and the unknown PDS produce FPP, but FPP generated by 

the uncharacterized PDS is limited to the lipid II pathway or for use as a HepT substrate. Our data 

and the fact that HepT homologues are capable of condensing IPP and DMAPP in vitro, albeit at 

a limited rate, favor the first model (176, 179). Krute et al. hypothesized that HepT, UppS, or both 

can produce FPP to support growth of ispA mutant cells (115). However, studies of UppS substrate 

specificity in other bacterial species show that DMAPP, a necessary precursor for FPP synthesis, 

is not used as a substrate by this enzyme (161, 196). Discerning between these models requires 

further biochemical characterization of purified, recombinant S. aureus HepT and UppS to 

establish substrate specificities and reaction kinetics. Nonetheless, our data demonstrate that in 

addition to its importance in producing MK, HepT plays a multifunctional role by contributing to 

the isoprenoid dependent heme cofactor and lipid II precursor pathways. 

 Staphyloxanthin, MK, terminal oxidase activity, and aerobic respiration have been shown 

to be critical factors during S. aureus pathogenesis (4, 8, 9, 169). To determine the contributions 

of IspA and HepT to S. aureus host colonization we used the systemic mouse model of infection.  
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This analysis showed that the hepT mutant exhibited colonization defects in the heart and liver, 

which was phenocopied by the MK deficient menC mutant. This finding highly suggests that loss 

of MK production rather than disruption to isoprenoid biosynthesis drives the colonization defects 

displayed by the hepT mutant. On the other hand, the ispA mutant exhibited colonization defects 

in the heart, liver and kidneys. Disruption of isoprenoid biosynthesis has been previously 

established to reduce virulence, as mice treated with a chemical inhibitor of UppS exhibit increased 

survival compared to untreated mice in a model of systemic infection (197). Our data demonstrate 

that inhibiting isoprenoid synthesis at an earlier step in this pathway is also a viable strategy for 

reducing S. aureus infection.  

 S. aureus is a common nosocomial pathogen that is frequently resistant to antibiotics, 

making treatment difficult (198). Furthermore, the presence of antibiotic-resistant S. aureus in 

hospital settings can complicate surgical recovery and lead to increased mortality (199). By 

identifying biological pathways that support survival in the host, we reveal potential targets that 

could be used for drug development and therapeutic intervention. In this study, we showed that 

genetic disruption of isoprenoid biosynthesis impacted host colonization and impeded several 

downstream pathways that are known to support pathogenesis, revealing the potential of this 

pathway as a drug target. Additionally, our data support a redundant model of isoprenoid 

biosynthesis and showed that a high level of disruption in this pathway is tolerated by S. aureus 

but limits the pathogen’s metabolic versatility. As isoprenoid biosynthesis is a highly conserved 

biological process that is active in other bacterial pathogens, developing strategies for targeting 

bacterial isoprenoid biosynthesis may impact treatment of a wide range of microbial pathogens. 
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Materials and Methods 

Bacterial strains, plasmids and culture conditions 

 S. aureus strain JE2 was used as the WT strain in this study. All S. aureus mutants were 

generated in the JE2 WT background as listed in Table A-5. Transposon mutagenesis was carried 

out by propagating φ85 on the appropriate strain from the Nebraska Transposon Mutant Library 

(NTML) and transduced into a recipient strain as described previously (170, 200). However, for 

generating the ΔhepT ispA::Tn double mutant we found no colonies were obtained when plating 

on TSA (Remel) supplemented with 10 µg/mL erythromycin and 40 mM sodium citrate. Instead, 

plating on TSA supplemented with 10 µg/mL erythromycin without sodium citrate yielded 

colonies. In-frame deletions were generated via an allelic exchange protocol with the pKOR1mcs-

ΔhepT plasmid as described previously and confirmed via PCR  (201, 202). The previously 

generated pKOR1-ΔmenB plasmid was used to generate the ΔmenB deletion mutant in the JE2 

background (114). Cloning and PCR confirmation of mutants was performed using primers listed 

in Table A-6. All overnight cultures were started from single colonies in 5 mL TSB (Fisher 

Scientific) and incubated overnight at 37°C at 225 rpm unless stated otherwise. Mutants deficient 

for MK synthesis were supplemented with 12.5 µM MK-4 in overnight cultures. All strains 

harboring the pOS1 plasmid were grown in the presence of 10 µg/mL chloramphenicol. 
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Whole-genome sequencing and analysis 

 Genomic DNA was extracted from 1 mL of the overnight cultures using a Wizard® 

Genomic DNA purification kit (Promega). Genomic DNA was sequenced via Illumina sequencing 

at the Duke University Sequencing and Genomic Technologies core facility. Genomic analyses, 

including paired-end read trimming, mapping, and single nucleotide polymorphism (SNP) calling 

were performed using Geneious Prime version 2024.0.5. The genome of S. aureus strain 

USA300_FPR3757 (GenBank accession number: CP000255.1) was used as a reference genome 

to which sequencing data was mapped.   

Quantification of isoprenoid derived metabolites via high-performance liquid 

chromatography mass spectrometry (HPLC-MS) 

 MKs and C55 isoprenoids were extracted and analyzed as described previously with slight 

modifications (176). S. aureus cultures were grown in 50 mL of TSB at 37 °C with shaking at 225 

rpm until stationary phase. Cultures were pelleted and resuspended in 2 mL of methanol:0.3% 

NaCl (10:1, v/v). Vitamin K1, solanesol and solanesyl phosphate were added as internal standards. 

To extract MKs and Und-OH, hexane was added to the cell suspension, vortexed, and the upper 

phase was collected. Remaining Und-OH and Und-P in the aqueous layer were treated with alkali 

by adding 1 mL 60% KOH and boiled for 60 minutes. Diethyl ether was added and vortexed, then 

collected after phase separation. The collected diethyl ether was washed with 5% acetic acid.  

The hexane solution containing MKs and polyprenols was loaded onto a 0.4-g column of 

neutral alumina (grade III). MKs were eluted with 2.4% diethyl ether in hexane, and polyprenols 

were eluted with 10% diethyl ether in hexane. MKs and polyprenols were run on an LCMS-2010 

(Shimadzu Co.) using a STR ODS_II column (Shinwa Chemical Ind. Ltd.). A 2-

propanol:methanol (1:1, v/v) mixture was used as the mobile phase at a flow rate of 0.1 mL/min. 
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The diethyl ether extract was divided in half. One half was dried under nitrogen gas and the 

remaining residue was resuspended in hexane. The hexane solution was loaded onto a neutral 

alumina column, and polyprenols were eluted with 10% diethyl ether in hexane as described above. 

The other half of diethyl ether extract was dried under nitrogen gas and the remaining residue was 

resuspended in chloroform:methanol (2:1, v/v). The chloroform:methanol (2:1, v/v) solution 

containing polyprenyl phosphates derived by alkaline hydrolysis was loaded onto an ion exchange 

cartridge (Supelclean LC-NH2). Polyprenyl phosphates were eluted with a 

chloroform:methanol:water (2:0.9:0.1, v/v/v) solution containing 0.1 M ammonium acetate and 

analyzed via HPLC using a STR ODS_II column with 2-propanol:methano (1:1, v/v) containing 

5 mM phosphoric acid. 

Growth curve analysis and end-point optical density reading 

 Overnight cultures were pelleted and resuspended in 137 mM NaCl, 2.7 mM KCl, 10.1 

mM Na2HO4P, 1.8 mM KH2O4P phosphate buffered saline pH 7.4 (PBS) and placed on ice. 

Resuspended cultures were normalized to an O.D.600 of 1.0. A volume of 150 µL growth medium 

was dispensed into each well of a 96-well plate and 1.5 µL of the normalized culture was used to 

inoculate each well. The plate was incubated in a Stratus (Cerillo) plate reader at 37°C with shaking 

at 300 rpm. 

 For growth analysis where end-point optical density was collected, a 96-well plate was 

prepared and incubated as described above. After the designated incubation time, the plate was 

removed from the stratus plate reader and each well was carefully pipetted up and down to ensure 

all cells were resuspended. A single time point was then collected using an H1 Synergy (Biotek) 

plate reader. 
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Measuring L-lactate production 

 The EnzyCrhomTM L-lactate assay kit (ECLC-100, BioAssay Systems) was used to assess 

L-lactate production in S. aureus cultures. Overnight cultures were pelleted and normalized to an 

O.D.600 of 1.0 in PBS and placed on ice. Normalized cultures were subcultured 1:100 in 5 mL fresh 

TSB and incubated at 37°C with shaking at 225 rpm for 15 h. Cultures were then pelleted and the 

supernatant was collected and sterile filtered and stored at -20°C. Sterile supernatants were diluted 

1:10 in sterile Milli-Q water and 20 µL was dispensed into a well of a 96-well plate. The reaction 

buffer was prepared by mixing the following reagents from the L-lactate assay kit: 60 µL assay 

buffer, 1 µL enzyme A, 1 µL enzyme B, 10 µL NAD and 14 µL MTT. In a 96-well plate 20 µL of 

the diluted supernatant was added to a well for each sample. An 80 µL volume of reaction buffer 

was added to each well and mixed briefly by pipetting up and down. The initial O.D.565 was 

measured immediately after mixing using an H1 Synergy plate reader and then the plate was 

incubated at room temperature for 20 minutes. The O.D.565 was measured again, and the initial 

O.D.565 measurement was subtracted from the second measurement to yield the sample values. 

The sample values were compared to a standard curve (prepared as described in the L-lactate assay 

kit) to determine L-lactate concentrations.  

Heme quantification via high-performance liquid chromatography (HPLC) 

 In a 125 mL Erlenmeyer flask, 20 mL of TSB was inoculated with a single colony and 

grown overnight at 37°C with shaking at 225 rpm. Cultures were pelleted and resuspended in 200 

µL molecular biology grade water (Cytiva: SH30538.03). A volume of 100 µL of the cell 

suspension was transferred to a 1.5 mL Eppendorf tube. An acid:acetone solution was prepared 

which consisted of 5 parts 12 M HCl to 95 parts acetone. A 150 µL volume of acid acetone was 

added to the cell suspension and mixed briefly by vortexing. The mixture was incubated on ice for 
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10 minutes and vortexed for 20 seconds. The mixture was further incubated for 10 minutes and 

then vortexed for 20 seconds. The cells were pelleted and the supernatant was collected. The 

supernatant was centrifuged again and the resulting supernatant was transferred to an HPLC 

injection vial.  

 Hemes were analyzed with an Agilent 1260 Infinity HPLC system using an InfinityLab 

Poroshell EC-C18 reverse-phase column (Agilent: 699975-902) coupled with a diode array 

detector (Agilent: G1315D). A 10 µL volume of sample was injected and hemes were separated 

using a gradient of solvent A (0.1% v/v trifluoroacetic acid in Milli-Q water) and solvent B (0.1% 

v/v trifluoroacetic acid in acetonitrile). The gradient progressed as follows: 25% solvent B (0.00-

2.67 min.), 25%-55% solvent B (2.67-4.33 min.), 55%-75% solvent B (4.33-11.00 min.), 75%-

100% solvent B (11.00-12.67 min.), 100% solvent B (12.67-20.00 min.), and a gradient returning 

to 25% solvent B (20.00-23.00 min.). Using this method, heme b elutes at 6.8 minutes, heme a at 

10.8 minutes and heme o at 12 minutes. Hemes were detected by measuring absorbance at 400 nm 

and identified by comparing retention time and the absorbance maximum (203). HPLC 

chromatograms were used to determine the area under the peak for each of the heme species. 

Normalized heme abundance was determined by dividing the peak area of hemes o and a by the 

peak area of heme b.  

Systemic mouse infections 

 Overnight cultures were subcultured 1:100 in 5 mL fresh TSB and incubated at 37°C with 

shaking at 225 rpm for 3 h. Cultures were pelleted at 4°C and washed once in 12 mL of Dulbecco’s 

PBS (DPBS, Sigma-Aldrich: D8537). Resuspended cultures were pelleted again and normalized 

to an O.D.600 of 0.4 in DPBS and kept on ice. Eight-week-old female BALB/c mice (Jackson 

Laboratories) were retro-orbitally infected with 107 CFU of the indicated S. aureus strain. Mice 
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were sacrificed 96 h post-infection, and the heart, liver, and kidneys were harvested. Heart and 

Kidneys were homogenized via bead beating (1.5 mL RINO lysis beads, NextAdvance Inc.) in 

500 uL DPBS using a Bullet Blender Storm24 (NextAdvance Inc.). Once homogenized, 500 uL 

DPBS was added to the lysate. Livers were manually homogenized in a Whirl-pak (Nasco) 

containing 1 mL DPBS. Organ homogenates were serially diluted in DPBS and plated on TSA for 

enumeration. All infections were performed at Michigan State University under the principles and 

guidelines described in the Guide for the Care and Use of Laboratory Animals with the protocol 

approved by Michigan State University Institutional Animal Care and Use Committee (IACUC): 

PROTO202200474.  
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Chapter 4: Identifying small molecule inhibitors of the fatty acid kinase (FAK) system in 

Staphylococcus aureus. 
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Abstract 

 Fatty acids (FAs) are essential for the generation of the phospholipids that comprise the cell 

membrane. Some bacterial pathogens, such as Staphylococcus aureus, possess the fatty acid 

synthesis type II (FASII) pathway, which endogenously synthesizes FAs, and the fatty acid kinase 

(FAK) system, which acquires exogenous FAs. Antimicrobials that target the FASII pathway are 

in use, however their effectiveness against bacterial species possessing the FAK system is limited, 

because the FAK system is capable of supporting cell membrane synthesis in FA rich environments, 

thus bypassing the FASII pathway. Therefore, the efficacy of FASII pathway inhibition would be 

increased with concomitant targeting of the FAK system. However, FAK system inhibitors have 

not been identified. In this study, a S. aureus mutant deficient for the FASII pathway was used in a 

high-throughput screen to identify potential inhibitors of the FAK system. One compound, MSU-

40452, displayed exceptionally selective activity against the FASII deficient mutant, while little 

activity was observed against the WT. The effectiveness of MSU-40452 against WT increased 

when the staphylococci were also exposed to the known FASII inhibitor triclosan. This result 

suggests that simultaneous inactivation of FASII and FAK is a viable antimicrobial strategy. 

Introduction 

 Antimicrobial resistance is a growing problem worldwide. It is estimated that by 2050, 10 

million deaths per year will be attributed to antibiotic resistant bacterial pathogens (204). At the 

same time, the rate of developing new classes of antibiotics has decreased significantly, with only 

four antibiotics representing new classes approved for clinical use since 1970 (205, 206). Therefore, 

new antibiotics with novel mechanisms of action are needed to combat the threat of antimicrobial 

resistance. The bacterial cell membrane represents a prime target for the development of antibiotic 

therapies. In fact, the newest antibiotic approved by the FDA with a novel mechanism of action 
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(daptomycin) targets the cell membrane by integrating into the lipid bi-layer in a phosphatidyl 

glycerol dependent manner (207).  Production of phosphatidyl glycerol and other phospholipids 

which comprise the cell membrane is essential and depends on fatty acids (FAs) (208). Endogenous 

synthesis of FAs in bacteria is carried out by the fatty acid synthesis type II (FASII) pathway, which 

is unique from the fatty acid synthesis type I (FASI) pathway used by humans, making it a druggable 

target (208–211). 

 The FASII pathway consists of two stages: initiation and elongation. In the initiation stage 

acetyl-CoA is converted to malonyl-CoA by the AccABCD complex (Fig. 4-1). Subsequently, 

malonyl-CoA is transferred to acyl carrier protein (ACP) by FabD. The first step of elongation is 

carried out by either FabF or FabH, which decarboxylate malonyl-ACP to generate β-ketoacyl-ACP 

(212–214). A reduction reaction is carried out by FabG using an electron from NADPH to produce 

β-hydroxyacyl-ACP, which undergoes a dehydration reaction catalyzed by FabZ to generate trans-

2-enoylacyl-ACP (215, 216). Next, FabI reduces trans-2-enoylacyl-ACP to make acyl-ACP (211, 

217, 218). From here, the elongation stage can cycle again to elongate the acyl chain by another 

two carbons, or the acyl-ACP can enter the phosphatidic acid synthesis pathway for incorporation 

into phospholipids (208). Notably, FAs synthesized in this way are comprised of even numbered 

carbon chain lengths. However, many bacterial species, such as the human pathogen 

Staphylococcus aureus, are capable of producing odd-numbered chain length FAs for incorporation 

into phospholipids (219). This is due to the presence of the branched chain fatty acid synthesis 

pathway, which uses leucine, isoleucine or valine to make isobutyryl-CoA, 2-methylbutyryl-CoA 

and isovaleryl-CoA, respectively (Fig. 4-1). These branched chain precursors feed into the FASII 

pathway, with the incorporation of isobutyryl-CoA or 2-methylbutyryl-CoA leading to odd 

numbered chain length FAs (219, 220).  
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 There are three antimicrobial compounds which inhibit the FASII pathway that are currently 

in use or in development: triclosan, afabicin and isoniazid (221–223). However, the efficacy of 

these FASII inhibitors is limited due to the presence of a FASII bypass mechanism in many bacterial 

pathogens, including S. aureus (224). The fatty acid kinase (FAK) system utilizes exogenous FAs 

for incorporation into phospholipids and is capable of sustaining proliferation in the absence of the 

FASII pathway (224). Exogenous FAs are thought to diffuse into the cell membrane, where they 

are bound and removed by either FakB1 or FakB2 (Fig. 4-1) (225, 226). Protein bound FAs are 

phosphorylated by FakA (225, 227). Once phosphorylated, the FA can be used by PlsY for 

attachment to a glycerol phosphate backbone in the production of phospholipids (228). 

Theoretically, simultaneous inhibition of both the FASII pathway and FAK system would impede 

bacterial proliferation. However, inhibitors of the FAK system have not been reported.  

 This chapter explores a high-throughput chemical screen strategy to identify inhibitors of 

the FAK system in S. aureus. The isolation of an accB mutant that is deficient for endogenous FA 

synthesis and is therefore reliant on exogenous FAs and the FAK system was developed by Delekta 

et al. (229). This strain will be referred to as ΔFASII throughout and was used to screen chemical 

libraries at the Michigan State University Assay Development and Drug Repurposing Core 

(ADDRC) for growth inhibition. Comparison of growth inhibitors for their activity against WT 

identified unique inhibitors of the ΔFASII mutant and represent potential inhibitors of the FAK 

system. 
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Results 

Development of a FAK inhibitor screening platform 

 As a first step to designing a screening methodology, the ΔFASII mutant was validated for 

FA auxotrophy in brain heart infusion (BHI) broth with or without supplementation of FAs. The 

FA mixture used for supplementation consisted of a 1:1:1 ratio of myristic acid (14:0), palmitic acid 

(16:0), and oleic acid (18:1) at a final concentration of 16.65 µM of each FA (49.95 μM total FAs). 

Importantly, this FA mixture has been demonstrated previously to support the growth an S. aureus 

FA auxotroph (229). A considerable lag phase was observed for the ΔFASII mutant when 

supplemented with FAs, however after 21 hours of growth it reached an optical density comparable 

to the WT (Fig. 4-2A). Interestingly, the addition of FAs was inhibitory towards WT which caused 

an increased lag phase and a lower optical density in stationary phase. Importantly, the ΔFASII 

Figure 4-1. Fatty acid synthesis in Staphylococcus aureus. 

A figure depicting the FASII, FAK and branched chain fatty acid synthesis pathways in S. aureus. 

Abbreviations: acyl carrier protein (ACP), Coenzyme A (CoA). ACP-SH refers to an ACP which 

is not bound to a fatty acid precursor in which the sulfhydryl group of the active site within ACP 

is exposed. Acyl-COOH is a generic representation of fatty acids which can be various lengths. 

Figure made in Biorender. 
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mutant did not exhibit growth in BHI alone (Fig. 4-2A), demonstrating that this mutant is 

auxotrophic for FAs.  

The lack of proliferation in the absence of FAs for the ΔFASII mutant simulates what would 

be expected of a theoretical compound that inhibits the FAK system. Therefore, the signal of a 

positive hit in a high throughput chemical screen would be inhibition of growth as quantified by 

optical density at 600 nm (O.D.600). However, when screening thousands of compounds it is 

essential to have a large difference between the positive control (growth inhibition) and the negative 

control (growth) so that single data point measurements can be reliably discerned from variation 

within the chemical screen. The Z-prime factor (Z’ factor) is a quantifiable method of determining 

the quality of a screening assay by comparing the mean and standard deviation of a positive control 

to the mean and standard deviation of a negative control. To determine if a proliferation assay is a 

viable screening method, the ΔFASII mutant was grown in three different conditions: BHI, BHI + 

FAs and BHI + FAs + chloramphenicol (Cm) in a 96 well plate for 24 hours and the O.D.600 was 

measured. Consistent with the growth curve analysis, the ΔFASII mutant did not grow in the 

absence of FAs, but displayed robust growth when FAs were provided, though it was less than the 

WT (Fig. 4-2B). As a positive control for inhibition of FA-dependent growth, chloramphenicol 

inhibited proliferation of the ΔFASII mutant. Z’ factor analysis was performed to compare the 

growth of the ΔFASII mutant supplemented with FAs to that of the un-supplemented and FA + Cm 

conditions. A Z’ factor score of 0.946 was obtained for the ΔFASII + FAs vs. ΔFASII + FAs + Cm 

condition, while a similar score of 0.927 was calculated for the ΔFASII +FAs vs. ΔFASII un-

supplemented conditions.  A Z’ score between 0.5 and 1.0 represents an “excellent assay” in which 

the positive and negative controls are sufficiently separated to enable interpretation of data points 

that fall between them (230). Therefore, a growth vs. no growth assay with a single timepoint 
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reading at 24 hours is a sufficient method for a high throughput chemical screen so long as the 

positive and negative controls are included. 

 

 

 

 

 

 

 

Selection of chemical libraries to screen against ΔFASII 

The characteristics of the individual compounds within a chemical library are important to 

consider when selecting a set of chemicals to screen. The MSU ADDRC has 6 chemical libraries 

which are highly relevant to screen against the ΔFASII mutant: PKIS, Prestwick, NCI, 

NCATS_MIPE, LOPAC and Maybridge libraries. The PKIS library consists of 558 compounds 

known to inhibit kinase activity, which is especially relevant to inhibition of the FAK system due 

to the kinase activity of FakA. Furthermore, the PKIS library has been previously screened against 

the WT, which will enable the identification of inhibitors that are unique to the ΔFASII mutant. 

However, a drawback to this library is that the compounds are proprietary and not available for 

Figure 4-2. The ΔFASII mutant is auxotrophic for exogenous fatty acids which enables a 

growth versus no growth assay for chemical screening. 

(A) Growth kinetics analysis of the WT and ΔFASII mutant in BHI broth either un-supplemented 

or with Fatty acid (FA) supplementation. (B) 24 hour end point optical density readings of the 

WT and ΔFASII mutant in BHI broth with the indicated supplementations. Abbreviations: Z’ 

factor (Z’), chloramphenicol (Cm). (A and B) Data represent the average of three independent 

experiments performed in technical triplicate. 
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purchase of fresh powder. Nevertheless, screening the PKIS library is beneficial as potential hits 

from this library can be synthesized if needed. The Prestwick, NCI, LOPAC and NCATS_MIPE 

libraries are all annotated libraries containing pharmacologically active chemicals which together 

consist of 4,584 compounds, some of which are known kinase inhibitors. Lastly, the Maybridge 

library is an un-annotated library of 23,552 drug-like compounds. Similar to the PKIS library, the 

Maybridge library has been previously screened against the WT strain and will enable comparison 

of compounds that inhibit the ΔFASII mutant but not the WT. In total, these selected libraries 

consist of 28,694 compounds. 

Initial screening of the Maybridge library identifies selective inhibitors of the ΔFASII 

mutant 

 The activity of each compound in the Maybridge library was plotted for its percent 

inhibition of the ΔFASII mutant vs. the WT (Fig. 4-3). Parameters to define hits that are selective 

toward inhibition of the ΔFASII mutant were arbitrarily set at ≤20% WT activity and ≥40% ΔFASII 

activity represented as vertical and horizontal dashed lines in figure 4-3, respectively. 100 

compounds were found to fall within these parameters and will be referred to as “unique ΔFASII 

inhibitors” (Table A-7). Interestingly, some compounds also exhibited a high level of activity 

against both the ΔFASII mutant and the WT, which suggests these compounds may be generally 

anti-staphylococcal (Fig. 4-3) and should be followed up on in future investigations. 

Structural analysis of the compounds within the Maybridge library was carried out using 

the classification tool ClassyFire (231). Of the 23,552 Maybridge compounds 19,642 (83.4%) could 

be categorized at the sub-class level of classification. This analysis revealed the Maybridge library 

contains 303 compound sub-classes, the top 50 of which represent 80.8% of the classified 

compounds. The ClassyFire tool was able to categorize 77 of the 100 (77%) unique ΔFASII 
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inhibitors at the sub-class level. Comparison of the unique ΔFASII inhibitor sub-classes to those of 

the Maybridge library revealed an over representation of N-phenylureas and N-phenylthioureas 

compared to their abundance in the library (Fig. 4-4A). Pyrazoles, trifluoromethylbenzenes and 

ethers were also found to be overrepresented in the unique ΔFASII inhibitors, however this was 

less striking compared to N-phenylureas and N-phenylthioureas.  

The base structure of N-phenylureas and N-phenylthioureas are similar, differing only in 

the presence of a carbonyl group (N-phenylurea) or thiocarbonyl group (N-phenylthiourea) (Fig. 4-

4B). Chemicals belonging to the N-phenylurea and N-phenylthiourea sub-classes have been used 

in the development of pesticides and herbacides (232, 233), though studies describing their effects 

on bacteria are limited. One study reported the antimicrobial activity of various N-phenylureas, 

however the MIC for S. aureus was in the range of ~130 µM to ~490 µM (234), which is far above 

the 7.5 µM concentration at which the Maybridge library was screened. Further, no reports of the 

effects of N-phenylureas or N-phenylthioureas on FA synthesis have been published. 

To confirm the activity of the unique ΔFASII inhibitors a dose response assay was 

performed using the same compound stocks as the initial screen. All N-phenylureas and N-

phenylthioureas were included in the follow up with the addition of other compounds which 

displayed a high level of activity against the ΔFASII mutant but not the WT in the initial screen. 

Many of the compounds exhibited either no activity or a high degree of activity against both the 

WT and ΔFASII and thus were ruled out as unique ΔFASII inhibitors (Fig. 4-5A to R). Furthermore, 

some compounds displayed selective activity for the ΔFASII mutant only at the highest 

concentration tested, while others inhibited growth of ΔFASII in a dose dependent manner (Fig. 4-

5S to AG), indicating that these are inhibitors of the ΔFASII mutant and may inhibit the FAK 

system. Nine of these selective compounds were chosen for purchase of fresh powder: MSU-22374, 
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MSU-15890, MSU-28435, MSU-22522, MSU-24281, MSU-32348, MSU-34372, MSU-30863, 

and MSU-28105. 

 

 

 

 

Figure 4-3. Screening of the Maybridge Library identifies unique inhibitors of the 

ΔFASII mutant. 

The percent activity (percent inhibition compared to untreated control) is plotted on the x- 

and y-axis for the WT and ΔFASII mutant, respectively. Each point represents an 

individual compound. The vertical dotted line is set at 20% WT activity and the horizontal 

dotted line is set at 40% ΔFASII activity, where unique ΔFASII mutant inhibitors are 

defined as above the horizontal line and left of the vertical line. 
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Figure 4-4. N-phenylureas and N-phenylthioureas are overrepresented in unique ΔFASII 

inhibitors compared to their abundance in the Maybridge Library. 

(A) A bar graph depicting the percent abundance of chemical sub-classes for either unique 

ΔFASII inhibitors (black) or the Maybridge Library. (B) The most basic form of either an N-

phenylurea (left) or an N-phenylthiourea (right). Importantly, these compounds can be modified 

by the addition of other chemical groups, as represented by “Rn”. 
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Figure 4-5. Dose response follow up of selected Maybridge compounds. 

(A-AG) Graphs represent the dose response follow up of the unique ΔFASII inhibitors. 

Compounds used for the dose response follow up were taken from the same stocks used for the 

initial screen of the Maybridge library. Dose response curves were calculated using the variable 

four slope parameter in GraphPad Prism. (A-R) Compounds which displayed no inhibitory 

activity or displayed activity against both the WT and the ΔFASII mutant. (S-AG) Compounds 

which displayed selective activity for the ΔFASII mutant. 
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Figure 4-5 (cont’d) 
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Figure 4-5 (cont’d) 
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Figure 4-5 (cont’d) 
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Screening of the PKIS library identifies one unique inhibitor of the ΔFASII mutant 

 The PKIS library was screened for activity against the ΔFASII mutant and compared to the 

results of the WT. Using the same parameters to define unique ΔFASII inhibitors as were used for 

the Maybridge library identified a single compound (Fig. 4-6). Given that compounds from the 

PKIS library are not available for purchase of fresh powder and that unique ΔFASII mutant 

inhibitors were identified in the Maybridge library and libraries described below, a dose response 

follow up was not performed. Similar to the Maybridge library, compounds that inhibit both the 

WT and the ΔFASII mutant were identified (Fig. 4-6 upper right corner) and may be generally anti-

staphylococcal. Also of note is a cluster of compounds which appears to have a high degree of 

activity for the WT but little to no activity for the ΔFASII mutant (Figure 4-6, bottom right). This 

suggests that loss of FASII activity has a protective effect against these compounds. 

 

Figure 4-5 (cont’d) 



101 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Screening of LOPAC, NCI, NCATS_MIPE and Prestwick libraries 

 The remaining libraries do not have WT data points for comparison of the ΔFASII screening 

results. However, the LOPAC, NCI, NCATS_MIPE and Prestwick libraries are annotated for their 

known activity. Therefore, compounds which are known to be antimicrobial (β-lactams, 

macrolides, glycopeptides, etc.) can be excluded from further investigation as they are likely not 

inhibitors of the FAK system. A cutoff of 40% or greater was arbitrarily set to define a compound 

as having activity against the ΔFASII mutant (Fig. 4-7, horizontal dotted line). Using these 

parameters 117 compounds were found to inhibit growth of the ΔFASII mutant. Structural analysis 

could not be performed on these libraries, as the majority of the compounds in these libraries are 

too structurally complex for the ClassyFire tool to categorize. Of the 117 identified inhibitors, 21 

Figure 4-6. Unique inhibitors of the ΔFASII mutant were not identified in the PKIS 

library. 

The percent activity of the WT and ΔFASII mutant from the PKIS library. The vertical dotted 

line is set at 10% WT activity and the horizontal dotted line is set at 40% ΔFASII activity, 

where unique ΔFASII mutant inhibitors are defined as above the horizontal line and left of the 

vertical line. 
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of them were found to have no prior reports of antimicrobial activity (Table A-8). These 21 

compounds were followed up with a dose response analysis using the same compound stocks that 

were used for the initial screening. Similar to what was observed for the Maybridge library, many 

of the compounds either did not exhibit any activity or showed similar activity between the WT and 

the ΔFASII mutant (Fig. 4-8A to Q). Four of the compounds demonstrated activity that was 

selective toward the ΔFASII mutant (Fig. 4-8R to U). 

 The dose response of MSU-40452, of the NCATS_MIPE library, was particularly 

impressive, as it displayed an I.C.50 in the nanomolar range while the WT was unaffected (Fig. 4-

8U). Furthermore, MSU-40452 is annotated as an IKK inhibitor, which belongs to a class of 

molecules that inhibit the phosphorylation of NF-κB; a proinflammatory transcription factor in 

humans (235, 236). Given that MSU-40452 is a known kinase inhibitor, and it displayed exceptional 

selectivity toward the ΔFASII mutant, it was chosen for the purchase of fresh powder to further 

validate these results.  
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Figure 4-7. Screening the LOPAC, NCI, NCATS_MIPE and Prestwick library 

identified inhibitors of the ∆FASII mutant. 

The percent activity (percent inhibition compared to an untreated control) of compounds 

from the LOPAC, NCI, NCATS_MIPE and Prestwick libraries screened against the ∆FASII 

mutant. The horizontal dotted line represents 40% inhibition, above which a compound was 

considered to have activity against the ∆FASII mutant. The x-axis represents the total 

amount of compounds screened in these libraries (4,584). 
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Figure 4-8. Dose response follow up of selected compounds from the LOPAC, NCI, 

NCATS_MIPE and Prestwick libraries. 

(A-U) Graphs represent the dose response follow up of the selected ∆FASII mutant inhibitors 

where the percent inhibition is plotted on the y-axis and the concentration (M) of the compound 

is plotted on the x-axis. Compounds used for the dose response follow up were taken from the 

same stocks used for the initial screen of the LOPAC, NCI, NCATS_MIPE and Prestwick 

libraries. Dose response curves were calculated using the variable four slope parameter in 

GraphPad Prism. (A-R) Compounds which displayed no inhibitory activity or displayed 

activity against both the WT and the ΔFASII mutant. (S-U) Compounds which displayed 

selective activity for the ΔFASII mutant. 
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Figure 4-8 (cont’d) 
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Figure 4-8 (cont’d) 
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MSU-40452 is a selective inhibitor of the ∆FASII mutant and works synergistically with the 

FASII inhibitor triclosan 

 In total, fresh powder for ten compounds was purchased for validation of their activity 

against the ΔFASII mutant. Dose response analysis was performed and revealed many compounds 

either have no activity against the WT and ΔFASII mutant or to have similar activity against the 

WT and ΔFASII mutant (Fig. 4-9A to E). Four compounds displayed greater activity against 

ΔFASII than the WT (Fig. 4-9F to I). Though MSU-22374 exhibited selective activity against the 

ΔFASII mutant it never reached 100% inhibition, even at a concentration of 100 µM (Fig. 4-9F). 

Both MSU-24281 and MSU-15890 displayed greater activity against the ΔFASII mutant, however 

growth of WT reached 100% inhibition for these compounds at higher concentrations. Conversely, 

MSU-40452 displayed selective activity against the ΔFASII mutant, with an I.C.50 of 0.144 µM and 

reached 100% inhibition at 2.5 µM (Fig. 4-9I). Growth of the WT was reduced, but never reached 

greater than 54% inhibition, even at the highest concentration of 100 µM. It is important to note 

that not only does MSU-40452 display greater selectivity toward the ΔFASII mutant, it also exhibits 

greater potency. Whereas the dose response assays for other compounds started at 100 µM, the dose 

response for MSU-40452 began at only 10 µM.  

 Triclosan is a known inhibitor of the FASII pathway and exerts its antimicrobial activity by 

forming a complex with NAD+ in the active site of FabI; an enzyme in the elongation stage of FA 

synthesis (237). The efficacy of FASII inhibitors is limited due to the ability of S. aureus to acquire 

host derived FAs via the FAK system (238). Therefore, a dual therapy strategy that targets both 

endogenous FA synthesis and exogenous FA acquisition will be necessary to treat S. aureus 

infections. To assess the viability of this treatment strategy a synergy assay was performed using 

triclosan and MSU-40452. Different combinations of these compounds were tested for their ability 
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to inhibit growth of the WT supplemented with FA, and the combinatory effect was determined 

using the combination index (CI), which quantitatively determines drug interactions as synergistic 

(<1), additive (=1), or antagonistic (>1) (239). The MIC of triclosan alone was 0.25 μM for the WT 

(Fig. 4-10). However, the addition of only 0.009766 μM MSU-40452 lowered the MIC of triclosan 

to 0.125 μM and yielded a CI value of 0.504, indicating a synergistic effect. The MIC of triclosan 

was further lowered to 0.0625 μM when in combination with 0.3125 μM MSU-40452, a 

combination that also exhibited synergism (CI=0.375). However, an antagonistic effect was 

observed at lower concentrations of triclosan and high concentrations of MSU-40452. Whereas the 

MIC of MSU-40452 alone was 2.5 μM, the addition of 0.015625 μM triclosan increased the MIC 

to 10 μM (CI=4.063) (Fig. 4-10). A similar, but not as drastic effect was observed at 0.3125 μM 

triclosan, which raised the MIC of MSU-40452 to 5 μM (CI=2.125). The overall interaction 

between these two compounds indicates that a dual therapy strategy would require a high 

concentration of triclosan in combination with a low concentration of MSU-40452 to achieve the 

synergistic effect.  
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Figure 4-9. Dose response of analysis of purchased compounds. 

(A-I) Graphs represent the dose response follow up of the compounds selected for purchase 

of fresh powder. The percent inhibition is plotted on the y-axis and the concentration (µM) 

of the compound is plotted on the x-axis. Dose response curves were calculated using the 

variable four slope parameter in GraphPad Prism. (A-E) Compounds which displayed no 

inhibitory activity or displayed activity against both the WT and the ΔFASII mutant. (F-I) 

Compounds which displayed selective activity for the ΔFASII mutant. Data represent the 

average of three biological replicates performed in technical triplicate. 
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Figure 4-9 (cont’d) 
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Generation of mutants resistant to MSU-40452 

 As a first step toward elucidating the mechanism of action for MSU-40452, a method was 

developed for the isolation of resistant clones with the hypothesis that whole genome sequencing of resistant 

strains may reveal potential targets of this compound. A single colony of ΔFASII was used to inoculate 

BHI + FAs and serially passaged in increasing concentrations of MSU-40452. For each passage, BHI 

without FA supplementation was inoculated as a control to ensure FA auxotrophism was maintained. After 

the final passage, the culture was struck for isolation on BHI agar + FA to isolate an individual colony 

which was named ΔFASII Clone 1. Subsequent dose response analysis confirmed that ΔFASII Clone 1 

displayed increased resistance compared to the ΔFASII parental strain (Fig. 4-11). The maximum level of 

Figure 4-10. Triclosan and MSU-404052 display both synergistic and antagonistic 

effects when used in combination. 

The results of a checkerboard assay displayed as a heat map. Individual values represent the 

measured optical density at 600 nm (O.D.600), where dark blue represents a high O.D.600
 

value (more growth) and lighter blue represents a low O.D.600 value (less growth). Data 

represent the average of three independent biological replicates.  
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ΔFASII Clone 1 growth inhibition compared to the untreated control was ~44% at 10 μM MSU-40452; a 

level of resistance that is greater than even the WT, which displayed a similar level of inhibition at only 2.5 

μM (Fig. 4-9I). These data demonstrate that serially passaging ΔFASII in the presence of MSU-40452 is a 

viable strategy for the isolation of resistant mutants which can be used for whole genome sequencing to 

identify mutations that may be responsible for the observed resistance phenotype. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Discussion 

 The increasing prevalence of antibiotic resistance highlights the need for development of 

antimicrobials with novel mechanisms of action (204). To this end, we screened chemical libraries 

for growth inhibitors of the ∆FASII mutant that had little or no activity against the WT. This 

approach enriched hit compounds for potential FAK system inhibitors, and dose response analysis 

identified three categories of compounds that: 1) demonstrated greater activity against ∆FASII than 

the WT, 2) exhibited similar inhibitory activity against both the WT and ∆FASII mutant, and 3) 

Figure 4-11. ΔFASII Clone 1 exhibits increased resistance to MSU-40452 compared to 

the ΔFASII parental strain. 

Dose response analysis of ΔFASII and ΔFASII Clone 1 against MSU-40452. The percent 

inhibition is plotted on the y-axis and the concentration (µM) of the compound is plotted on 

the x-axis. Dose response curves were calculated using the variable four slope parameter in 

GraphPad Prism. Data represent the average of one biological replicate performed in 

technical triplicate. 
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displayed no activity against the WT or ∆FASII mutant. Four compounds (MSU-24281, MSU-

15890, MSU-22374, and MSU-40452) were verified to exhibit greater activity against ∆FASII than 

the WT via dose response analysis using fresh powder. However, two of these compounds, MSU-

24281 and MSU-15890, also inhibited the WT at high concentrations (Fig. 4-9G and H). Mutants 

deficient for the FAK system grow similar to the WT (240). Therefore, a compound that inhibits 

the FAK system should have little to no effect on WT growth. There are two possible mechanisms 

that can explain the activity of MSU-24281, and MSU-15890 against the WT. 1) These compounds 

are FAK system inhibitors, but have off target effects that lead to inhibition of the WT, or 2) the 

mode of action is independent of the FAK system and the ΔFASII mutant happens to be more 

sensitive than the WT. Regardless of the mechanism, it is intriguing to consider that disruption of 

the FASII pathway sensitizes S. aureus to these compounds, and raises the question of whether 

inhibition of the FASII pathway could be used as a strategy to reduce resistance to other 

antimicrobials.  

Two other compounds, MSU-22374 and MSU-40452, displayed significantly greater 

activity against ∆FASII than the WT (4-9F), however the former compound never reached 100% 

growth inhibition of ∆FASII. A possible explanation for this observation is that MSU-22374 may 

have low affinity for its target or may be limited in its ability to cross the cell membrane. The 

selectivity of this compound against ∆FASII is the same dynamic that would be expected for a FAK 

system inhibitor. Therefore, it is worth further investigation to identify the target of MSU-22374 

and subsequently optimize the compound to increase potency. On the other hand, MSU-40452 

completely inhibited growth of ∆FASII at low concentrations while only inhibiting ~50% growth 

of the WT at the highest concentration tested (Fig. 4-9I). The high degree of potency displayed by 

MSU-40452 made it an ideal candidate for combination therapy with FASII inhibitors. A synergy 
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assay with MSU-40452 and the FASII inhibitor triclosan demonstrated that these two compounds 

complement the others activity synergistically. However, at low concentrations of triclosan and 

high concentrations of MSU-40452 an antagonistic effect was observed. Antagonism is often 

exhibited in drug combinations in which one antibiotic is bacteriostatic, and the other is bactericidal 

(241). This phenomenon is likely explained by the observation that many antibiotics are only 

effective on actively dividing cells (242). Therefore, the cessation of cell division caused by a 

bacteriostatic drug would reduce the efficacy of the bactericidal drug when used in combination. It 

has been established that triclosan exhibits bacteriostatic effects at low concentrations and 

bactericidal effects at high concentrations (243, 244), which may explain the transition from 

synergism to antagonism with MSU-40452 as the concentration of triclosan decreases. 

Accordingly, the development of a dual therapy treatment targeting bacterial FA synthesis will need 

to take into consideration the bacteriostatic-bactericidal antagonistic interactions of candidate 

compounds to ensure efficacy. Additionally, the isolation of ΔFASII Clone 1 demonstrated that 

generation of MSU-40452 resistant strains is possible. To begin elucidating the mechanism of 

action a panel of MSU-40452 resistant strains should be generated in the ΔFASII background. 

Whole genome sequencing of these resistant strains may reveal commonly mutated genes which 

would serve as a starting point of investigation. 

 Initial screening of the Maybridge and PKIS libraries identified groups of compounds that 

inhibited both the WT and ∆FASII mutant similarly. The goal of this study was to identify unique 

inhibitors of the ∆FASII mutant, so these compounds were not included in follow up analysis. 

However, some compounds that were identified as unique ∆FASII inhibitors in the initial chemical 

screening displayed inhibitory activity against WT and ∆FASII in the dose response follow-up. 

These compounds include MSU-22522 (Fig. 4-9E) and MSU-32348 (Fig. 4-9D), which may be 
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anti-staphylococcal or generally antibacterial and warrant further investigation to determine their 

spectrum of activity and evaluate their potential as antimicrobial agents. 

 Structural analysis of compounds in the Maybrige library identified the N-phenylurea and 

N-phenylthiourea subclasses as a potential family of FAK system inhibitors. Because of this, 

compounds belonging to these subclasses were given priority over other compound subclasses for 

dose response characterization. However, the follow up analysis invalidated the majority of N-

phenylureas and N-phenylthioureas as FAK system inhibitors. Consequently, many compounds 

which displayed considerable selective activity against ∆FASII in the initial screen were not 

included in the dose response follow up. To ensure that promising compounds with selective 

activity against ∆FASII are not overlooked, the putative ∆FASII inhibitors initially identified in the 

screening of the Maybridge library should be re-evaluated and a more structurally diverse set should 

be selected for validation of activity. 

 The S. aureus cell membrane is an essential structure for viability and the pathways 

supporting its synthesis are unique from those of the human host. Thus, these pathways can serve 

as druggable targets for the treatment of S. aureus infections. However, the effectiveness of current 

antimicrobials targeting endogenous FA synthesis is limited in FA rich host environments due to 

the FAK system (224). Here, we described a chemical screen that identified several compounds 

which may target the FAK system; serving as an essential first step toward developing a dual 

treatment strategy inhibiting synthesis of the cell membrane. FA synthesis is a highly conserved 

pathway in bacteria, thus developing a therapeutic regiment in which the FASII pathway and FAK 

system are simultaneously inhibited has the potential to impact the treatment of infections caused 

by a wide range of bacterial pathogens.  
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Materials and Methods 

Bacterial strains and growth conditions 

 The bacterial strains used in this study are described in Table 4-1. The ∆FASII mutant was 

supplemented with fatty acids consisting of myristic acid, palmitic acid and oleic acid at a final 

concentration of 16.65 µM of each fatty acid (49.95 µM total fatty acid). Routine culturing of 

strains was carried out on TSA with or without fatty acid supplementation unless otherwise 

specified. Agar plates were incubated at 37 °C. Overnight cultures were started from single 

colonies in BHI broth with or without fatty acid supplementation and incubated at 37 °C with 

shaking at 225 rpm.  

  

 

 

 

Screening of chemical libraries 

 Overnight cultures of the ∆FASII mutant were normalized to an O.D.600 of 1.0 in PBS. BHI 

supplemented with fatty acids was inoculated 1:100 with the normalized cultures. Screening of 

libraries was carried out by MSU ADDRC. Compounds from the libraries were screened at a 

concentration of 7.5 µM in 384-well plates. The plates were incubated at 37 °C with shaking for 

24 hours, after which the O.D.600 was measured.  

Structural analysis of Maybridge library compounds 

 Structural analysis was carried out using the simplified molecular input line entry system 

(SMILES) string for each compound in the Maybridge library. SMILES strings were analyzed 

using the R package classyfireR, which uses API access to obtain structural information from the 

Table 4-1. Bacterial strains used in this study 

Name Relevant genotype and phenotype Source 

JE2 USA_300, Wild type (WT) (170) 

∆FASII AH1263, USA_300, accB, fatty acid axuotroph (229) 
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ClassyFire chemical classification tool (231). Compounds were classified to the sub-class level of 

classification, as this level of detail provides a high degree of information without creating a high 

number of compound subdivisions. 

Dose response analysis 

 Primary dose response analysis for validation of library screening results was performed 

by MSU ADDRC using the same compound stocks used for the initial library screening. Dose 

response analysis for purchased compounds was performed in a 96 well plate. Overnight cultures 

of the WT and ∆FASII mutant were normalized to an O.D.600 of 1.0 in PBS. BHI broth 

supplemented with FAs was used as a positive control to represent unrestricted growth. As a 

negative control BHI supplemented with FAs and 40 µg/mL chloramphenicol was used to 

represent complete growth inhibition. Purchased compounds were dissolved in DMSO and diluted 

in BHI + FAs to a final concentration of 100 µM (with the exception of MSU-40452 which was 

diluted to a final concentration of 10 µM). Serial two-fold dilutions were made, and the normalized 

cultures were used to inoculate each well 1:100. 96-well plates were wrapped with parafilm to 

prevent evaporation. The Plates were incubated at 37 °C for 24 hours, after which the wells were 

resuspended via pipetting and the O.D.600 was measured using either an H1 Synergy (biotek) or 

800 TS (Biotek) plate reader. Percent inhibition was determined by comparison to the positive and 

negative control conditions. Dose response curves were calculated using the non-linear regression 

variable slope (four parameter) function in GraphPad Prism. 

Synergy Assay 

 Overnight cultures of were pelleted and resuspended in PBS. The resuspended cultures 

were normalized to an O.D.600 of 1.0 and kept on ice. A 96-well plate was prepared using the 

checkerboard method described previously (245), with the following modifications. A 150 μL 
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volume of BHI supplemented with FAs was dispensed into each well except row A. Two solutions 

of BHI + FA were prepared, to which triclosan was added to a final concentration of 1 μM or 2 

μM. A 150 μL volume of the BHI + FA + 1 μM solution was added to wells A1-A11, while 150 

μL of the BHI + FA + 2 μM solution was added to A12. Serial two-fold dilutions were made until 

row G of the 96-well plate. A BHI + FA + 20 μM MSU-40452 solution was prepared, and 150 μL 

was added to each well in column 12, and serial two-fold dilutions were made until row 2. All 

wells were inoculated with 1.5 μL of the normalized culture. The plate was sealed with parafilm 

and incubated at 37°C for 24 hours. Growth in all wells was resuspended and the O.D.600 was 

measured using an H1 Synergy (Biotek) plate reader. 

Generation of MSU-40452 resistant ΔFASII mutants 

 A single colony of ΔFASII was used to inoculate 5 mL of BHI + FA and grown overnight. 

The overnight culture was pelleted, resuspended in PBS and normalized to an O.D.600 of 1.0. The 

normalized growth was used to inoculate 5 mL of fresh BHI + FA + 1 µM MSU-40452 (1:100) 

and incubated at 37 °C with shaking. A control culture of BHI without FA supplementation was 

also inoculated 1:100 with the normalized ΔFASII to ensure the fatty acid auxotrophic phenotype 

was maintained. After 21 hours of incubation, the BHI +FA + 1 µM MSU-40452 culture was 

pelleted, resuspended in PBS and normalized to an O.D.600
 of 1.0. Using the same method as 

described above, the normalized culture was used to inoculate media supplemented with 8 µM 

MSU-40452 and incubated at 37 °C with shaking for 21 hours. This process was repeated again at 

32 µM MSU-40452, after which, the culture was struck for isolation on TSA + FA. A single colony 

was obtained and used to make a clonal frozen stock. 
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Chapter 5: Summary and future directions. 
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Summary 

 Chapter 1 explored the specialized pathways S. aureus utilizes to adapt its metabolism in 

response to changes in environmental conditions. These adaptations enable S. aureus to maintain 

energy production despite changes in nutrient abundance, terminal electron acceptor availability, 

and the inhibitory action of the host immune system. The metabolic versatility of S. aureus is 

driven by a branched aerobic respiratory pathway and nitric oxide resistant fermentative pathways 

(4, 7, 25). Modulation of these pathways promotes maximal fitness in the host and mutants 

deficient for either respiration or fermentation display reduced virulence (4, 7–9). This suggests 

the ability to switch between metabolic states is an important aspect of S. aureus pathogenesis. 

However, once S. aureus has established a niche the need for diverse energy producing pathways 

may be diminished as evidenced by small colony variants (SCVs) (80). The SCV phenotype is 

associated with persistent and recurrent infections that are often resistant to antibiotic treatment 

(88, 181). Furthermore, growth in the SCV metabolic state provides advantages to surviving in the 

host such as increased rates of host cell invasion and resistance to host-produced antimicrobials 

(96, 108). 

 Structures present at the S. aureus cell surface promote metabolic versatility, which is 

largely achieved through the maintenance of membrane potential as demonstrated for lipoteichoic 

acid in Chapter 2. The impermeability of the cell membrane to ions enables the buildup of an ion 

concentration gradient, while lipoteichoic acid (LTA) likely functions to keep the transported ions 

close to the cell surface, thus maintaining membrane potential. Wall teichoic acid (WTA) may 

perform a similar role to LTA given that it has been demonstrated to bind protons, however direct 

evidence for a role influencing membrane potential has not been reported for this cell surface 

polymer (70).  
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 Chapter 2 defined the role of LTA in promoting fermentative viability of S. aureus. A ypfP 

mutant exhibits alterations in LTA where the polymers are longer and less abundant compared to 

the WT (58). These alterations in LTA lead to a reduced capacity to maintain membrane potential 

during fermentative growth, thus reducing viability. One strategy of S. aureus to gain resistance to 

aminoglycoside antibiotics is to enter the SCV metabolic state of growth (88, 181). The ypfP 

mutant was more sensitive to aminoglycoside antibiotics due to its reduced ability to transition 

into a fermentative state. Suppressor mutants were obtained which acquired amino acid changes 

in proteins involved in the synthesis of LTA. These suppressor mutations led to the production of 

LTA that was more similar to that of the WT in length and abundance. Consequently, the ability 

to maintain membrane potential during fermentative growth was restored; while also increasing 

the ability to gain resistance to aminoglycosides.  

 Chapter 3 provided insights into isoprenoid biosynthesis in S. aureus, leading to 4 major 

findings: 1) considerable redundancy exists in the isoprenoid biosynthetic pathway of S. aureus, 

2) an unknown enzyme is capable of producing farnesyl diphosphate (FPP) during simultaneous 

inactivation of ispA and hepT, 3) terminal oxidases exhibit preferences for electron carriers, and 

4) isoprenoid biosynthesis supports host colonization. While HepT has long been hypothesized to 

produce the required isoprenoids for menaquinone (MK) production (114, 118, 194), direct 

evidence demonstrating this has not been reported. The data presented in chapter 3 show that in 

the absence of functional HepT, production of MK-7, MK-8 and MK-9 is lost. Further, redundancy 

in isoprenoid synthesis is largely driven by HepT which was demonstrated to influence the lipid II 

cycle and prenylated heme production, indicating that this enzyme is involved in more pathways 

than just its previously hypothesized role in MK synthesis. In keeping with the redundant nature 

of S. aureus isoprenoid synthesis, a mutant simultaneously inactivated for hepT and ispA was 
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viable. This mutant background lacks the enzyme known to produce the essential metabolite FPP 

(IspA) and another enzyme we hypothesize to produce FPP (HepT). Given that FPP is essential 

for lipid II synthesis, the viability of the hepT ispA double mutant suggests another enzyme present 

in S. aureus produces FPP. 

 Another key finding from chapter 3 is that terminal oxidases exhibit preferences for 

electron carriers. The absence of prenylated hemes in the hepT ispA double mutant means the 

QoxABCD terminal oxidase is likely inactive, leaving only the CydAB terminal oxidase to carry 

out aerobic respiration (28). However, supplementation with MK-4 did not restore growth of the 

hepT ispA mutant. This phenotype was recapitulated by the menB qoxA double mutant, which is 

restricted to CydAB for respiration. Conversely, the menB cydA double mutant, which is restricted 

to QoxABCD for respiration, did restore growth when supplemented with MK-4. Lastly, 

isoprenoid synthesis was shown to influence host colonization in a mouse model of systemic 

infection. Disruption of isoprenoid biosynthesis via mutation of hepT resulted in a colonization 

defect in the heart and liver, however, this was phenocopied by a menC mutant, indicating that this 

phenotype is driven by loss of MK. On the other hand, an ispA mutant displayed a colonization 

defect in the heart, liver, and kidneys, and supports the notion that isoprenoid synthesis is an 

important pathway in supporting host colonization. 

 Chapter 4 described a high throughput chemical screen to identify inhibitors of the fatty 

acid kinase (FAK) system. S. aureus possesses two pathways for generation and acquisition of the 

fatty acids needed for phospholipid synthesis: the fatty acid synthesis type II (FASII) pathway for 

endogenous production of fatty acids and the FAK system for importing and incorporating 

exogenous fatty acids (208, 227). Mutants deficient for the FASII pathway are dependent upon 

fatty acid supplementation for growth. By performing a chemical screen to identify compounds 
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that inhibit growth of the ΔFASII mutant but not the WT, putative inhibitors of the FAK system 

were revealed. Initial screening of the Maybridge library identified two groups of compounds, N-

phenylureas and N-phenylthioureas, which may have an inhibitory effect on the FAK system. 

However, follow up analysis determined that selected N-phenylureas and N-phenylthioureas had 

either no specific activity against the ΔFASII mutant, or only slightly greater activity against the 

ΔFASII mutant compared to the WT. Screening of the non-Maybridge libraries revealed a 

promising compound, MSU-40452, which displayed significantly greater activity against the 

ΔFASII mutant than the WT. Follow-up analysis determined that MSU-40452 has a synergistic 

effect with the known FASII inhibitor triclosan, demonstrating the viability of a dual therapy 

treatment in which endogenous fatty acid synthesis and the FAK system are targeted 

simultaneously.  

Future Directions 

Elucidating the mechanism behind LTA mediated maintenance of membrane potential. 

 Chapter 2 established the role of LTA in supporting S. aureus fermentative viability via 

maintenance of membrane potential. However, LTA was shown to only function in maintaining 

membrane potential during fermentative growth, whereas the membrane potential of the WT and 

the LTA disrupted ypfP mutant were similar during respiratory growth. The mechanism behind 

how LTA supports maintenance of membrane potential exclusively during fermentation is unclear. 

However, a possible explanation for this phenotype is that LTA undergoes modifications during 

fermentative growth that support maintenance of membrane potential, and mutation of ypfP 

disrupts this process. LTA can be modified by the addition of D-alanines, which alters the overall 

charge of the polymer (10). However, the effect of D-alanylation on the ion binding capacity of 

LTA is not known and it remains uncertain if such modifications would influence the ability to 
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maintain membrane potential. Therefore, to begin elucidating the mechanism by which LTA 

influences membrane potential the D-alanylation status of LTA from cells grown in a fermentative 

state and a respiratory state should be measured. This will establish whether or not the metabolic 

state of the cell effects LTA modifications. Additionally, investigating the impact of ypfP mutation 

on D-alanylation of LTA will determine if alteration of LTA abundance and length influences 

modification of this polymer. 

Furthermore, another teichoic acid, wall teichoic acid (WTA), is also present at the cell 

surface and shares similar characteristics to LTA (10, 11, 64). Biswas et al. demonstrated that 

WTA is able to bind and retain protons, therefore it is possible that WTA also plays a similar role 

to LTA in maintaining membrane potential (70). However, the same study found that a mutant 

lacking WTA maintained membrane potential similar to that of the WT, though these 

measurements were carried out on respiring cells (70). It is possible that if WTA plays a role in 

maintaining membrane potential it may be limited to fermentative growth similar to LTA. 

Accordingly, the membrane potential of a WTA deficient mutant should be measured under 

respiration arrested conditions. These proposed experiments will deepen our understanding of how 

teichoic acids function to maintain membrane potential while offering valuable insights into a 

pathway that supports metabolic versatility in S. aureus. 

In vitro characterization of S. aureus PDSs for substrate specificity and product formation. 

 The study of S. aureus isoprenoid biosynthesis in Chapter 3 provided new insights into 

isoprenoid production and how this pathway supports metabolic versatility. However, questions 

remain, that if answered, would provide fundamental knowledge about the redundant nature of S. 

aureus isoprenoid synthesis and the downstream physiological consequences of its disruption. 

First, to more firmly establish that HepT plays a multifunctional role in isoprenoid dependent 
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pathways, biochemical characterization of this enzyme will be necessary. We hypothesize that in 

the absence of functional IspA, HepT is capable of condensing IPP and DMAPP to initiate 

isoprenoid synthesis and provide FPP for downstream pathways. Similar to the analysis carried 

out by Takahashi et al. for the E. coli HepT homolog IspB, purified S. aureus HepT can be 

characterized in vitro for its ability to utilize IPP and DMAPP as substrates (176). Further analysis 

of the products formed from this reaction will determine the specificity for chain length of the 

isoprenoid product and establish whether HepT can synthesize FPP. Additionally, the viability of 

the ΔhepT ispA::Tn double mutant implies a third PDS is present which is capable of synthesizing 

FPP for use by UppS. Two hypotheses may explain the identity of the third PDS: 1) UppS can 

independently condense IPP and DMAPP to produce its own FPP, or 2) an unidentified PDS is 

present which synthesizes FPP for use by UppS. Biochemical analysis similar to that proposed for 

HepT will determine the ability of UppS to condense IPP and DMAPP. However, biochemical 

characterization of UppS homologs in other bacterial species found that this enzyme could not 

utilize DMAPP as a substrate (161, 196), favoring the second hypothesis. If UppS is found not to 

condense IPP and DMAPP, the identity of the third PDS can be obtained using the methodology 

described by Saito et al., in which whole cell lysate was fractionated, and the resulting fractions 

were evaluated for PDS activity (175). Fractions which displayed PDS activity were further 

fractionated and re-evaluated until individual proteins in the fraction could be identified and 

characterized. A similar approach can be used for the ΔhepT ispA::Tn double mutant, for which 

the only fractions with IPP and DMAPP condensing activity should be those containing the third 

PDS.  

Evaluation of CydAB activity in response to isoprenoid tail length of quinone electron carriers. 

 Chapter 3 also describes preferences of terminal oxidases for isoprenoid chain length of 
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quinone electron carriers. A MK deficient mutant restricted to CydAB for respiration was unable 

to utilize MK-4 or menadione (MD) as electron carriers, whereas a MK deficient mutant restricted 

to QoxABCD could effectively use MK-4 or MD. This is notable, as the native MK species 

produced by S. aureus are MK-7, MK-8 and MK-9 (113, 114). However, the use of these native 

MK species to complement growth is limited due to their exceptional insolubility, which has been 

previously described (246). Therefore, further investigation of terminal oxidase preferences for 

electron carriers requires in vitro characterization. Evaluation of terminal oxidases in vitro has 

been described previously and uses the rate of oxygen consumption as a measure of activity (28, 

247). Using a similar method, S. aureus membrane fragments containing either CydAB or 

QoxABCD can be isolated and provided MK species of varying isoprenoid tail length. By 

measuring the rate of oxygen consumption, the activity of either terminal oxidase can be 

determined. Given that many other bacterial species also utilize branched respiratory chains, 

similar dynamics may be a common feature of bacterial respiration and warrants similar 

investigations in other species.  

Evaluating the activity of remaining putative ΔFASII inhibitors. 

 Future investigations stemming from the data presented in Chapter 4 largely center around 

further verification of compound hits and identifying the target of MSU-40452. The initial 

screening results of the Maybridge Library identified 100 putative inhibitors of the ΔFASII mutant, 

however only 33 were included in the dose response follow-up. The activity of the remaining 67 

compounds should be verified via dose response to ensure compounds with selective activity 

toward the ΔFASII mutant are not overlooked. Two other compounds displayed selective activity 

toward the ΔFASII mutant but were not followed up on: MSU-1799 of the LOPAC library and 

MSU-9380 of the PKIS library. Dose response analysis of MSU-1799 displayed complete 
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inhibition of the ΔFASII mutant while the WT was unaffected. Priority was given to other 

compounds which exhibited activity at lower concentrations, however given the selective nature 

of MSU-1799, fresh powder should be purchased for validation of activity. MSU-9380 could not 

be followed up on initially due to the compounds in the PKIS Library being proprietary. However, 

the initial screen of the PKIS Library indicates that MSU-9380 may be exceptionally selective 

toward the ΔFASII mutant. Therefore, it is worthwhile to synthesize MSU-9380 to validate its 

activity, as this may be a potent inhibitor of the FAK system. 

Identifying the target of MSU-40452. 

Screening of the chemical libraries was designed in such a way that validated hits are likely 

to be inhibitors of the FAK system. However, for compounds that are selective towards the ΔFASII 

mutant, such as MSU-40452, direct evidence is necessary to confirm the target. As a first step, 

generation of mutants resistant to MSU-40452 using the method described in Chapter 4 and 

subsequent whole genome sequencing may reveal potential targets for this compound. Commonly 

mutated genes can be cloned and used to complement the ΔFASII mutant to determine if they 

confer resistance to MSU-40452. This method assumes the primary mechanism of resistance is to 

mutate the target of MSU-40452 so that it can no longer exert antimicrobial activity. However, it 

is possible that mutations in non-target proteins, such as transporters, can also confer resistance. 

In this case, the target of MSU-40452 can be identified by using the drug affinity responsive target 

stability (DARTS) method for small molecule target identification (248). Briefly, proteins bound 

to a small molecule exhibit differential susceptibility to proteolysis. Whole cell lysate can be 

treated with either MSU-40452 or vehicle and subjected to proteolysis. The samples are then 

separated by gel electrophoresis and stained for visualization. Protein bands which differ from the 

MSU-40452 treated sample and the vehicle control can be cut from the gel and identified via mass 
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spectrum analysis. While the DARTS method has been used to identify the targets of several small 

molecules (249), it makes the assumption that the relevant protein is present at sufficient quantities 

to be visualized by gel electrophoresis (250). If the protein target is expressed at low levels, other 

methods are available which do not require separation or visualization of proteins in the cell lysate 

(250). Identifying the target of small molecules enables structural studies to determine binding 

motifs, which in turn, allows for informed modifications to be made to the small molecule to 

increase potency. This is known as structure-based drug design, which has been used in the 

development of several drugs currently in use (251). A similar approach can be applied to MSU-

40452 to increase the binding affinity for its target, thus increasing its effectiveness. 

Concluding Remarks 

 This dissertation identified two pathways that contribute to the metabolic versatility of S. 

aureus: LTA biosynthesis and isoprenoid biosynthesis. The metabolic adaptability of S. aureus is 

a key feature that contributes to the pathogenicity and antibiotic resistance of this pathogen. 

Therefore, by identifying the mechanisms that facilitate the transition into different metabolic 

states, we gain a better understanding of how S. aureus causes infection and can use this 

information to develop better treatment strategies. In this pursuit, my research also focused on the 

development of a combination therapy in which endogenous fatty acid synthesis and exogenous 

fatty acid acquisition are simultaneously inhibited. A candidate compound was identified that 

synergistically complements the activity of a known fatty acid synthesis inhibitor, and serves as 

an initial proof of concept for this treatment strategy. Together, the data presented here highlight 

the therapeutic potential of targeting the metabolic adaptability of S. aureus and lay the foundation 

for future development of treatment strategies to combat antibiotic resistant bacterial infections. 
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APPENDIX 

Table A-1. Mutational profiles of ypfP suppressor mutants 

S1P4 

Gene Name Producta TIGRFAM roleb Mutation 

type 

Protein 

effect 

NWMN_0300 - Hypothetical protein Unknown Missense G159V 

NWMN_0407 lpl4 
Tandem-type 

lipoprotein 

Staphylococcus 

tandem lipoproteins 

Deletion, 

Insertion 

Frame shift, 

Frame shift 

NWMN_0687 ltaS 
Lipoteichoic acid 

synthase 

Choline-sulfatase, 

Frataxin 
Missense G39C 

NWMN_1774 - Hypothetical protein MutS2 family protein Missense L14I, T15R 

S2P3 

NWMN_0886 ltaA 
Proton coupled 

antiporter flippase 

Miltidrug resisatance 

protein, H+ Antiporter 

protein  

Missense 

K13N, 

N14R, 

F15L, I16V 

NWMN_1774 - Hypothetical protein MutS2 family protein Missense L14I, T15R 

S3P3 

NWMN_0309 - 
Phage N-

acetylglucosamidase 

Flagellar rod assembly 

protein/muramidase 

FlgJ 

Missense S478A 

NWMN_0886 ltaA 
Proton coupled 

antiporter flippase 

Miltidrug resisatance 

protein, H+ Antiporter 

protein  

Missense 

K13N, 

N14R, 

F15L, I16V 

NWMN_1622 tyrS 
Tyrosine tRNA 

ligase 
tRNA aminoacylation Missense L9F 

NWMN_1774 - Hypothetical protein MutS2 family protein Missense L14I, T15R 

NWMN_2337 - 
Amino acid 

permease 

GABA permease, 

Amino acid permease 
Missense M161L 

S4P3 

NWMN_0486 mcsB 
ATP:guanido 

phosphotransferase 
Unknown Missense I84L 

NWMN_0886 ltaA 
Proton coupled 

antiporter flippase 

Miltidrug resisatance 

protein, H+ Antiporter 

protein  

Missense 

K13N, 

N14R, 

F15L, I16A, 

L17E 

NWMN_1774 - Hypothetical protein MutS2 family protein Missense L14I, T15R 
aProducts for each gene were obtained from AureoWiki (252). 
bThe role of the protein product of each gene was predicted by the TIGRFAM database (253). In the 

case of multiple roles being predicted, the top two highest scoring roles were shown. Protein products 

without a predicted role were listed as unknown. 
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Table A-2. Bacterial strains used in chapter 2 

Name Relevant genotype and phenotype Source 

Staphylococcus aureus 

RN4220 Restriction deficient, methylation 

proficient  
(254)  

Newman (NWMN) WT  (154) 

ypfP ypfP::erm  this study 

ltaA ltaA::erm  this study 

∆gtrR 
in-frame deletion, heme synthesis deficient 

small colony variant 
this study 

∆gtrR ypfP 
heme synthesis deficient small colony 

variant ypfP::erm  
this study 

S1P4 
ypfP::errm anaerobic suppressor (Table A-

1)  
this study 

S2P3 
ypfP::erm anaerobic suppressor (Table A-

1)  
this study 

S3P3 
ypfP::erm anaerobic suppressor (Table A-

1)  
this study 

S4P3 
ypfP::erm anaerobic suppressor (Table A-

1)  
this study 

 
Pseudomonas aeruginosa 

PAO1 WT (255) 
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Table A-3. Primers used in chapter 2 

Primer name Sequence Source 

NE Bustera GCTTTTTCTAAATGTTTTTTAAGTAAATCAAGTA

AC 
(170) 

NE Martn-ermRa AAACTGAATTTTAGTAAACAGTTGACGATATTC (170) 

ltaA Tn seq.a GCGCTCGAGATGGAAAGGTTCCTTTATATGC this study 

ypfP Tn seq.a GCGTCATTGAGCACGATTTATT this study 

ltaA-F Gibsona ACAATTGAGGTGAACATATGGAAAGGTTCCTTT

ATATG 
this study 

ltaA-R Gibsona CTACCCCCTTGTTTGGATCCTTACTTAGCTTTTTC

TCTATTTAC 
this study 

pOS seq. F TTAGCTTTTCAATGTAGATTGG this study 

pOS seq. R ATTACGCCAAGCTAGCTTGG this study 

ypfP-F pOSa GCGCTCGAGATGGTTACTCAAAATAAAAAGATA

T 
this study 

ypfP-R pOSa GCGGGATCCTTATTTAACGAAGAATCTTGAATA this study 

ltaA-mutb ATGATTAGCGTAATTATTTAACGAAGAATCTTGC this study 

ltaA-S2P3b AACAGGTTGGTTTTAATGCTTATTATCTTATTTTT

AATGGAATTTGCGAG 
this study 

ltaA-S4P3b AACAGGTTGGCTGAAATGCTTATTATCTTATTTT

TAATGGAATTTGCGAG 
this study 

ltaS-F Gibsona ACAATTGAGGTGAACATATGAGTTCACAAAAAA

AGAAAATTAGTC 
this study 

ltaS-R Gibsona ACTACCCCCTTGTTTGGATCTTATTTTTTAGAGTT

TGCTTTAGG 
this study 

pOS-F Gibsonc GATCCAAACAAGGGGGTAGTGT this study 

pOS-R Gibsonc CATATGTTCACCTCAATTGTATTTATCCCTAC this study 
aIndicates primers used on genomic DNA to amplify its respective target sequence 
bIndicates the pOS-ltaA complementation plasmid was used as the template sequence 
cPrimers used to amplify/linearize pOS for downstream use in Gibson assembly for cloning 

of ltaS 
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Table A-4. In-frame mutations in ispA::Tn gentamicin resistant colonies 

Strain Locus Tag Gene Mutation Protein Effect 

ispA::Tn115    

 SAUSA300_1169 ftsK A -> G K180R 

 SAUSA300_1359 hepT G -> T A72E 

 SAUSA300_1611 valS A -> C None 

 SAUSA300_1753 splF C -> G G11A 

 SAUSA300_1993 fruC (C)4 -> (C)5 Frame Shift 

ispA::Tn144     

 SAUSA300_1169 ftsK A -> G K180R 

 SAUSA300_1359 hepT G -> T A72E 

 SAUSA300_1611 valS A -> C None 

 SAUSA300_1753 splF C -> G G11A 

 SAUSA300_1993 fruC (C)4 -> (C)5 Frame Shift 

ispA::Tn164     

 SAUSA300_1359 hepT G -> T A72E 

 SAUSA300_1611 valS A -> C None 

 SAUSA300_1753 splF C -> G G11A 

ispA::Tn165     

 SAUSA300_1169 ftsK A -> G K180R 

 SAUSA300_1359 hepT C -> T A165T 

 SAUSA300_1611 valS A -> C None 

 SAUSA300_1753 splF C -> G G11A 

 SAUSA300_1993 fruC (C)4 -> (C)5 Frame Shift 
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Table A-5. Strains used in chapter 3  

Strain Description Reference 

RN4220 
Restriction deficient, methylation 

proficient cloning intermediate 
(254) 

JE2 USA300, Wild type (WT) (170) 

ispA::Tn 
 The ispA transposon from NE1447 

backcrossed into JE2 WT 
This study 

hepT::Tn 
The hepT transposon from NE1920 

backcrossed into JE2 WT 
This study 

ΔhepT 
In-frame deletion of hepT using 

pKOR1-ΔhepT 
This study 

ΔhepT ispA::Tn 
The ispA transposon from NE1447 

transduced into JE2 ΔhepT 
This study 

menE::Tn     

tn917 inserted into menE, marked 

with erythromycin resistance, 

backcrossed into strain JE2 

(114) 

ΔmenB 
In-frame deletion of menB using 

pKOR1-ΔmenB 
This study     

menC::Tn     

tn917 inserted into menC, marked 

with erythromycin resistance, 

backcrossed into strain JE2 

(114) 

qoxA::Tn 
 The qoxA transposon from NE92 

backcrossed into JE2 WT 
This study 

cydA::Tn 
 The cydA transposon from NE117 

backcrossed into JE2 WT 
This study 

ΔmenB qoxA::Tn  
The qoxA transposon from NE92 

transduced into JE2 ΔmenB 
This study 

ΔmenB cydA::Tn 
The cydA transposon from NE117 

transduced into JE2 ΔmenB 
This study 

crtM::Tn 
 The crtM transposon from NE2499 

backcrossed into JE2 WT 
This study 

 ΔhepT crtM::Tn 
The crtM transposon from NE2499 

transduced into JE2 ΔhepT 
This study 

ΔispA  
In-frame deletion of ispA using 

pKOR1-ΔispA 
This study 

ΔispA qoxA::Tn 
The qoxA transposon from NE92 

transduced into JE2 ΔispA 
This study 

ΔispA cydA::Tn 
The cydA transposon from NE117 

transduced into JE2 ΔispA 
This study 

ΔhepT qoxA::Tn 
The qoxA transposon from NE92 

transduced into JE2 ΔhepT 
This study 
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Table A-5 (cont’d)   

ΔhepT cydA::Tn 
The cydA transposon from NE117 

transduced into JE2 ΔhepT 
This study 

ispA::Tn suppressor 115 
Pigmented JE2 ispA::Tn isolated 

from a gentamicin plate 
This study 

ispA::Tn suppressor 144 
Pigmented JE2 ispA::Tn isolated 

from a gentamicin plate 
This study 

ispA::Tn suppressor 164 
Pigmented JE2 ispA::Tn isolated 

from a gentamicin plate   
This study 

ispA::Tn suppressor 165 
Non-pigmented JE2 ispA::Tn isolate 

from a gentamicin plate 
This study 

JE2 pOS1 Empty pOS1 carried by JE2 WT This study 

ispA::Tn pOS1 
Empty pOS1 carried by ispA::Tn 

This study 

ispA::Tn pOS1-ispA 
The ispA gene cloned into pOS1 and 

carried by ispA::Tn 
This study 

ΔhepT pOS1 
Empty pOS1 carried by ΔhepT This study 

ΔhepT pOS1-hepT 
The hepT gene cloned into pOS1 

and carried by ΔhepT This study 

ΔhepT ispA::Tn pOS1 
Empty pOS1 carried by ΔhepT 

ispA::Tn This study 

ΔhepT ispA::Tn pOS1-hepT 
The hepT gene cloned into pOS1 

and carried by ΔhepT ispA::Tn This study 

ΔhepT ispA::Tn pOS1-ispA 
The ispA gene cloned into pOS1 and 

carried by ΔhepT ispA::Tn This study 
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Table A-6. Primers used in chapter 3 

Primer name Sequence (5'-3') Reference 

Transposon check primers: 
 

ispA::Tn_Check AGAAACGCAAAGTTTTGAAGAAA 

This study 

hepT::Tn_Check TGCAATGCACCTTGGCTAT This study 

cydA::Tn_Check 
GCGTGATATTTCTCTCTTCAAAATCAA 

This study 

qoxA::Tn_Check 

CATATTTTCTTCACTAGTGAAGTTTGGAT

C 

This study 

crtM::Tn_Check TACTGCAATCTTCATTATTCAACCACC 

This study 

NE_Buster 

GCTTTTTCTAAATGTTTTTTAAGTAAATC

AAGTACC 

(170) 

NE_Martn 

AAACTGATTTTTAGTAAACAGTTGACGA

TATTC 

(170) 

Deletion check primers:  

 

hepT_Del_Check_F GGTATCTCATACACACTCGCTCCTTTC 

This study 

hepT_Del_Check_R 

GTGATAATATCGTGAGGTGTAGACATGG

A 

This study 

ispA_Del_Check_F CAACAAAGACTGCGTTTCATGTTGG 

This study 

ispA_Del_Check_R 

CGTTATAAGTGCCATGATGTTCAAAGGT

AG 

This study 

menB_Del_Check_F 
AAAAATCAATTTGTATACGTCATG 

This study 

menB_Del_Check_F 
GGTCACATCCCTATATCTAATTTG 

This study 

Gibson assembly primers:     

pKOR1_hepT_up_F 

TTCATAAATAGTTTAACTTTGCCACGTTA

ATC 

This study 

pKOR1_hepT_up_R 

CGGAACCGGTACCAATGGATATTGAAAT

CTTCATTACATCATC 

This study 

pKOR1_hepT_d_F 

GCTGCTAGCTAGCTAGAGATAAAGTTAA

TCAGTCCGTTTAAAAAAATTATG 

This study 

pKOR1_hepT_d_R 

CAAAGTTAAACTATTTATGAAAAGTATT

GAAAGCG 

This study 

pKOR1_ispA_up_F 

GCTGCTAGCTAGCTAGAGATTTATTCAT

CGGTAGATTCG 

This study 

pKOR1_ispA_up_R 

CGGGTTCAGGTATGCAGATAGTTTAGGT

GTAG 

This study 
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Table A-6 (cont’d) 
 

 

pKOR1_ispA_d_F 
TATCTGCATACCTGAACCCGTTTCACCAC 

This study 

pKOR1_ispA_d_R 

CGGAACCGGTACCAATGGATAAGCAAAT

ATATCGATTAGCAACAATTG 

This study 

pOS1_hepT_F 

TGAACATATGCTCGAGGATCATGAACAA

TGAAATTAAGAAAGTGGAACA 

This study 

pOS1_hepT_R 

AGCTTGGCTGCAGGTCGACGCTACGTGT

TTCTTGAACCCAT 

This study 

REa-cloning primers:  

 

pOS1_ispA_F 

GCGCATATGACGAATCTACCGATGAATA

AATT 

This study 

pOS1_ispA_R 

GCGGGATCCTTAGTGATCCCTGCTATAA

AATA 

This study 

aRestriction enzyme (RE) 
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Table A-7. Unique ΔFASII inhibitors from the Maybridge library 

Sample I.D. Subclassa 

WT Activity 

(%)b 

ΔFASII 

Activity (%)b 

MSU-34372 1-benzopyrans 1.78 99.45 

MSU-29489 Anilides 2.57 59.46 

MSU-32757 Anilides -8.71 71.47 

MSU-18020 Aryl thioethers 18.18 101.48 

MSU-33170 Aryl thioethers -1.3 101.81 

MSU-33694 Aryl thioethers 4.23 101.07 

MSU-33835 Aryl thioethers -7.84 100.11 

MSU-11793 Benzenesulfonamides 6.47 100.07 

MSU-21240 Benzo-1,3-dioxanes 1.06 51.84 

MSU-30338 Benzoic acids and derivatives 8.27 98.85 

MSU-21337 Biphenyls and derivatives -5.81 99.74 

MSU-27344 Carbonyl compounds 0.08 57.64 

MSU-27419 Diphenylethers 6.75 62.14 

MSU-14091 Ethers 17.17 40.7 

MSU-19861 Ethers 11.43 64.4 

MSU-20568 Ethers 9.68 73.13 

MSU-22172 Ethers 13.04 99.37 

MSU-12298 Halobenzenes 13.24 101.71 

MSU-26130 Halobenzenes 7.55 98.96 

MSU-33764 Halobenzenes 7.29 101.4 

MSU-21155 Hydroquinolines 11.2 55.65 

MSU-27210 Indoles 8.99 100.69 

MSU-17058 N-arylamides 13.82 101.66 

MSU-14999 N-phenylthioureas 16.25 99.19 

MSU-15783 N-phenylthioureas 13.34 98.93 

MSU-20326 N-phenylthioureas 13.45 99.9 

MSU-20701 N-phenylthioureas 9.1 100.04 

MSU-20928 N-phenylthioureas 1 76.14 

MSU-23362 N-phenylthioureas 15.93 98.91 

MSU-26221 N-phenylthioureas 9.14 99.82 

MSU-32241 N-phenylthioureas 13.07 50.97 

MSU-11788 N-phenylureas 1.76 73.02 

MSU-15601 N-phenylureas 8.65 64.36 

MSU-15890 N-phenylureas 7.9 100.01 

MSU-16346 N-phenylureas 15.81 85.96 

MSU-16719 N-phenylureas -1.81 78.89 

MSU-17814 N-phenylureas 11.33 72.09 

MSU-18605 N-phenylureas 9.05 101.48 

MSU-20681 N-phenylureas -2.28 60.82 
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Table A-7 (cont’d) 

MSU-22374 N-phenylureas -4.91 69.55 

MSU-22522 N-phenylureas 19.95 96.61 

MSU-23988 N-phenylureas 9.4 101.85 

MSU-24281 N-phenylureas 14.8 68.26 

MSU-24901 N-phenylureas 5.25 66.61 

MSU-28105 N-phenylureas 1.94 76.97 

MSU-28106 N-phenylureas 5.19 50.47 

MSU-28428 N-phenylureas 5.68 97.18 

MSU-28696 N-phenylureas -0.59 99.13 

MSU-28698 N-phenylureas -2.33 99.27 

MSU-28713 N-phenylureas 13.14 98.3 

MSU-30863 N-phenylureas 2.51 86.83 

MSU-32278 N-phenylureas 12.27 99.25 

MSU-27562 Phenylcarbamic acid esters 8.62 101.56 

MSU-31283 Phenylcarbamic acid esters 15.44 47.69 

MSU-27861 Piperazines -6.5 100.69 

MSU-29925 Piperazines 5.28 99.27 

MSU-20914 Pyrazoles -16.22 99.72 

MSU-23382 Pyrazoles 18.87 101.24 

MSU-28435 Pyrazoles 6.18 97.18 

MSU-28711 Pyrazoles 8.77 99.13 

MSU-28868 Pyrazoles 0.04 98.99 

MSU-32348 Pyrazoles 3.78 99.86 

MSU-32349 Pyrazoles -1 96.1 

MSU-15747 Pyrimidines and pyrimidine derivatives 11 100.8 

MSU-27614 Pyrimidines and pyrimidine derivatives -5.78 101.06 

MSU-32380 Quinoline carboxamides 16.23 99.77 

MSU-12778 Substituted pyrroles 3.44 50.07 

MSU-25153 Sulfanilides 14.46 51.75 

MSU-28220 Sulfanilides 16.29 44.5 

MSU-20454 

Thiophene carboxylic acids and 

derivatives 14.91 49.2 

MSU-33042 Triazoles 3.99 79.54 

MSU-11542 Trifluoromethylbenzenes 3.98 101.71 

MSU-27398 Trifluoromethylbenzenes 13.64 101.6 

MSU-28075 Trifluoromethylbenzenes 9.24 98.91 

MSU-30716 Trifluoromethylbenzenes 8.66 50.22 

MSU-33779 Trifluoromethylbenzenes -7.27 101.8 

MSU-11185 Uncategorized 16.05 101.79 

MSU-11381 Uncategorized 6.29 61.89 

MSU-11813 Uncategorized 4.93 92.99 
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Table A-7 (cont’d) 

MSU-14478 Uncategorized 12.49 101.42 

MSU-19277 Uncategorized 7.35 99.52 

MSU-21723 Uncategorized -1.21 89.25 

MSU-23454 Uncategorized 13.04 99.24 

MSU-24363 Uncategorized 16.24 99.77 

MSU-24419 Uncategorized -1.53 101.48 

MSU-25195 Uncategorized 6.18 99.73 

MSU-25891 Uncategorized 4.19 101.56 

MSU-26736 Uncategorized 15.8 98.65 

MSU-27769 Uncategorized 11.32 98.69 

MSU-27994 Uncategorized 3.94 69.5 

MSU-30591 Uncategorized 11.19 62.49 

MSU-30714 Uncategorized 0.34 102.8 

MSU-30913 Uncategorized 17.55 99.18 

MSU-31049 Uncategorized 11.72 101.88 

MSU-31311 Uncategorized 18.18 83.97 

MSU-33535 Uncategorized -4.08 101.96 

MSU-33563 Uncategorized 1.95 61.88 

MSU-33566 Uncategorized 3.7 42.69 

MSU-33568 Uncategorized 10.8 73.17 

MSU-33995 Uncategorized -5.14 102.16 
aCompounds for which the sub-class level of classification could not be determined by 

Classyfire are labeled as “Uncategorized”. 
bThe percent activity as determined by the initial screening of the Maybridge library 
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Table A-8. Selected ∆FASII inhibitors from the LOPAC, NCI, 

NCATS_MIPE and Prestwick libraries 

Sample I.D. ANNOTATIONSa 

Percent 

Activity 

MSU-3845 RegorafenibBAY 73-4506A-1112 98.26 

MSU-1755 Potent, cell permeable, subtype selective retinoic 

acid receptor (RARalpha) agonist. 

98.14 

MSU-40248 IKK-2 Inhibitor 98.1 

MSU-2332 PKC and CaM kinase III inhibitor 97.98 

MSU-1743 Donitriptan is a potent, selective 5-HT1B/1D 

agonist. 

97.89 

MSU-1893 Nicotinic acetylcholine receptor antagonist 97.77 

MSU-1689 is a muscarinic antagonist and antispasmodic 97.77 

MSU-864 Methylhydantoin-5-(D) 97.69 

MSU-293 Glafenine hydrochloride 97.68 

MSU-1654 Potent group II metabotropic glutamate receptor 

agonist 

97.27 

MSU-39979 Pregnane X Receptor (PXR) Agonist 97.11 

MSU-41294 Heat Shock Protein 90 (hsp90) Inhibitor 96.99 

MSU-40167 Matrix Metalloproteinase Inhibitors 96.85 

MSU-40452 IKK Inhibitor 96.6 

MSU-1799 Bexarotene, selective retinoid X receptor (RXR) 

agonist 

96.15 

MSU-1184 Olmesartan 96.13 

MSU-1035 Molindone hydrochloride 77.96 

MSU-41126 DNA Methyltransferase (DNMT) Inhibitor 64.4 

MSU-370 Benzbromarone 52.22 

MSU-2215 Highly selective, ATP/GTP-competitive inhibitor of 

casein kinase 2 (CK2). 

47.49 

MSU-2449 Spleen tyrosine kinase (Syk) inhibitor; anti-

inflammatory 

45.59 

aAnnotations for each compound were obtained from the MScreen data 

repository 

 

 

 

 

 

 

 

 

 
 


