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Abstract 

Methicillin-resistant Staphylococcus aureus (MRSA) is one of the leading causes of 

antibiotic-resistant community- and hospital-acquired infections, and options for treating these 

infections are becoming increasingly limited. In order to address this imminent public health 

threat, we must develop efficient strategies to identify new antibiotics that inhibit novel targets 

or to discover compounds that can re-sensitize MRSA to b-lactams. In this thesis I describe a 

pathway-directed high-throughput screen to identify compounds that inhibit cell envelope 

biosynthetic pathways that play fundamental roles in S. aureus physiology. This screen identified 

a late-stage inhibitor of the wall teichoic acid biosynthesis pathway that is lethal to both MSSA 

and MRSA strains. It also identified an inhibitor of an early step in the lipoteichoic acid 

biosynthesis pathway. This inhibitor prevents the formation of diglucosyl-diacylglycerol, causing 

structural changes in lipoteichoic acids that result in cell division defects and impaired 

pathogenesis. I show that this compound strongly re-sensitizes MRSA to b-lactams, suggesting 

that inhibitors of this pathway may be useful in combination with b-lactams to treat MRSA 

infections. This work provides a roadmap for the discovery and characterization of compounds 

active against S. aureus that target proteins in a desired area of biological space.   
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Chapter 1: A Novel Screening Platform to Identify New Inhibitors of Staphylococcus aureus  

Staphylococcus aureus as a global public health threat 

Staphylococcus aureus is one of the leading causes of community- and hospital-acquired 

infections in the United States and the world. Infections are becoming harder to treat due to the 

bacteria’s ability to quickly develop resistance to all available antibiotics1. One of the biggest 

threats is the emergence of methicillin-resistant Staphylococcus aureus (MRSA) strains resistant 

to commonly used antibiotics, including most b-lactams2-3. Every year there are over 11,000 

deaths reported in the US due to complications associated with MRSA infections, including sepsis 

and necrosis4-5.   

With every new introduction of an antibiotic to the market, resistance has developed 

within a short time frame (see Fig 1.1)6. We are currently at risk of nearing an unprecedented 

bacterial era in which no antibiotic will be successful in treating MRSA infections7. In order to 

address this imminent public health threat, we must develop new strategies to identify new 

antibiotics that inhibit novel targets, or we must discover new compounds that can re-sensitize 

MRSA to existing antibiotics. Since traditional methods of antibiotic discovery have all led to 

quickly developed resistance, in this study I will discuss a novel screening approach used to 

identify bioactive inhibitors of two distinct biosynthesis pathways in the cell envelope. Both 

compounds provide a unique approach for potentially combatting MRSA infections. Additionally, 

they can provide us with a better understanding of the bacterial cell wall in an effort to determine 

further ways to treat MRSA infections.   
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Figure 1.1: Timeline outlining introduction of antibiotics to the clinic and when resistance first 

developed. The green bars indicate when a drug was introduced to the market, and how long it 

was used before resistance developed. The yellow bars indicate when resistance was first 

reported in the clinic. Adapted from The Antibiotic Resistance Crisis, Part 16.   

 

High-throughput screening as a method to identify new cell wall inhibitors 

 It is clear that new ways of targeting S. aureus need to be developed in order to combat 

the rise of resistance to all current lines of defense. One such way to identify new inhibitors is 

through high-throughput, small molecule screening (HTS)8-9. In this approach, a panel of 

commercially available small molecules are probed against S. aureus in a whole cell or target-

specific approach.    

 Screens have traditionally been designed as either whole cell- or target-based screens, 

both of which provide advantages and disadvantages. Whole cell-based screening approaches, 
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which generally are designed as growth versus no growth, are advantageous due to the ease with 

which they can be conducted and their guaranteed biological activity. One of the biggest 

limitations, however, is that there can often be too many hits, and sorting compounds with 

interesting targets from nuisance compounds can be challenging. This is the major advantage of 

target-based screens – they guarantee a pre-defined target. However, they require a pre-existing, 

robust assay for identifying hits, and they are limited to enzymes that can be expressed in vitro. 

Additionally, once hits are identified, achieving biological activity for intracellular targets can be 

challenging because the physical properties of the hits may not allow membrane penetration. 

Activity can often be achieved through analog synthesis, but it can be difficult to show that the 

molecules have on-target activity10-11. 

 The shortcomings and frustrations of whole cell and target-based screening approaches 

in industry from the late 1990’s to early 2000’s have been reviewed. In 2004, for example, GSK 

reviewed more than 125 antibacterial high-throughput screens on 60 different targets from 34 

different companies12. From all of the screens, only two compounds made it as far as Phase I 

trials12. Three years later, in 2007, GSK reviewed their own screening initiatives of 67 target-based 

and 3 whole cell screens, which resulted in only 5 leads from all screens11. This is evidence that 

traditional screening approaches are not designed in such a way to identify compounds that have 

on-target specificity that are also active in vivo.    

 To capitalize on the advantages of whole cell- and target-based screening approaches, 

and to overcome their limitations, our lab developed a pathway-directed, high-throughput, small 

molecule screen to identify new cell wall inhibitors of S. aureus. In this method we screen small 

molecules from the commercially available libraries at the Institute of Chemistry and Cell Biology 
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- Longwood (ICCB-L) screening facility against wild-type S. aureus and a carefully-selected mutant 

to identify compounds that selectively inhibit growth of one strain over the other13-14. Using this 

method, we can identify compounds in two main classes: 1) those that inhibit essential targets, 

and 2) those that inhibit non-essential targets that potentially play a role in virulence and/or 

antibiotic resistance, as summarized in Figure 1.2.  

 The screen discussed in this dissertation involved screening wild-type Newman S. aureus, 

and DtarO Newman, a mutant strain that is lacking wall-teichoic acids, against a library of 

commercially available small molecules. This screen was completed in collaboration with another 

graduate student and we identified compounds that inhibit both classes of targets discussed 

above. The following chapters will discuss the characterization of the screening approach and the 

characterization of two of the top hits.  

 

 

Figure 1.2: Summary of whole-cell, high-throughput, small molecule screen. WT Newman and 

a DtarO Newman mutant strain were screened against a panel of small molecules in an effort to 

identify compounds that inhibit essential targets in S. aureus (i.e., late-stage wall teichoic acid 

enzymes) as well as compounds that inhibit non-essential targets but are involved in important 

cellular processes. Compounds that inhibited growth of both screening strains were arrayed into 

a library for further study, but are not the focus of this dissertation.  

WT Newman

ΔtarO

Description WT Newman ΔtarO Newman Target

No effect Growth Growth N/A

Lethal to S. aureus No growth No growth Essential

Pathway related
inhibitor Growth No growth Non-essential

Late-stage 
pathway inhibitor No growth Growth Essential
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The cell envelope of Staphylococcus aureus and its role in antibiotic resistance 

The screen I conducted for my dissertation work is focused on the wall-teichoic acid 

(WTA) synthesis pathway, and WTA polymers are an important component of the S. aureus cell 

wall.  To understand the screen design and the possible significance of top hits, it is important to 

understand how key components of the S. aureus cell envelope are biosynthesized and their roles 

in bacterial survival and antibiotic resistance.    

In Staphylococcus aureus and other Gram-positive bacteria, the cell envelope acts as the 

first line of defense against stressors in the environment, and therefore is an attractive target for 

novel antibiotics. Key components of the cell envelope include peptidoglycan (PG), and two 

different types of teichoic acids (TAs), wall teichoic acids (WTAs), and lipoteichoic acids (LTAs). 

Other components include capsular polysaccharides and extracellular polysaccharides, but these 

will not be described here. A schematic of the bacterial cell wall showing selected biosynthetic 

steps is shown in Figure 1.3. 
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Figure 1.3: A representation of the important cell wall biosynthetic pathways in S. aureus. Lipid 

II, the building block of peptidoglycan is synthesized inside the cell on a lipid carrier, undecaprenyl 

phosphate (UndP). WTA is assembled inside the cell on the same lipid carrier and is then flipped 

outside the cell by TarGH, a two-component ABC transporter. Once outside, it is attached to 

peptidoglycan. The lipoteichoic acid membrane anchor, Glc2-DAG, is made inside the cell, 

transported outside by LtaA, and then used by lipoteichoic acid synthase (LtaS) to assemble LTAs. 

LTAs are then D-alanylated via the Dlt pathway, and it is speculated that D-alanines are 

transferred non-enzymatically to WTAs.  This figure was adapted from Matano et al., 201610 and 

Rajagopal et al., 201715. 

 

Peptidoglycan (PG) 

PG is the main component of the S. aureus cell wall and the linear glycan chain is made 

up of repeating disaccharide units comprised of b-1,4-linked N-acetylglucosamine (GlcNAc) and 
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N-acetylmuramic acid (MurNAc)16. S. aureus glycan strands average 8-16 disaccharide units17-18. 

One of the final synthesis steps involves penicillin-binding proteins (PBPs) crosslinking the 

peptidoglycan strands by their peptide side-chains19-24. This reaction can be blocked by b-lactam 

antibiotics, which react with a conserved serine in the active site of PBPs, thus preventing cell 

wall synthesis and leading to cell death25-26. Resistance has developed to the b-lactams by 

acquisition of the mecA gene, which encodes PBP2a, a PBP whose active site does not bind b-

lactams. PBP2a crosslinks glycan strands and allows bacteria to withstand these usually toxic 

antibiotics27-28. This is just one example of how the bacteria has evolved a mechanism of 

resistance against current treatment options. 

The teichoic acids (TAs) 

TAs are known to play an important role in b-lactam resistance and cell division, but their 

specific functions remain poorly understood29-32. Their diverse roles within the cell envelope 

make the TAs an attractive target for new antibiotics. 

Lipoteichoic acids (LTAs) 

 LTAs in S. aureus are glycopolymers linked to the outer membrane of the cell by the 

glycolipid anchor, b-glucosyl(1-6)-b-glucosyl(1-3)-diacylglycerol (Glc2-DAG)33. Attached to the 

Glc2-DAG anchor are 1,3-linked glycerol 3-phosphate (GroP) subunits34-35, which can be modified 

at the C2 position by D-alanine esters, via the Dlt pathway machinery,36 or glycosyl groups37, via 

a recently discovered three-component glycosylation system38. It is estimated that there is an 

LTA polymer on every ninth lipid on the outer leaflet of the membrane, with the polymers 

averaging 25 GroP subunits39.  
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 Synthesis of the LTAs begins with the intracellular synthesis of the glycolipid anchor. UDP-

glucose is synthesized in the cytoplasm by the a-phosphoglucomutase PgcA40 and the UTP:a-

glucose-1-phosphate uridyltransferase GtaB.41-42 The glycosyltransferase UgtP uses UDP-glucose 

as its substrate to transfer two glucose molecules onto DAG43. From here, Glc2-DAG is flipped to 

the outer leaflet of the membrane by LtaA44. Finally, the LTA synthase (LtaS), using 

phosphatidylglycerol in the membrane, adds GroP groups onto the Glc2-DAG anchor32,39,45.    

 LTAs are not strictly essential in S. aureus; however, mutants lacking LTAs have 

considerable growth defects. Mutants in ltaS are only viable in S. aureus when grown in high-

osmolarity growth conditions, after obtaining a compensatory mutation, or when grown at a 

lower temperature32,46-47. Even under these conditions, ltaS mutants have decreased autolysis 

and considerable defects in cell division and seperation32,47. The earlier stages in the LTA 

synthesis pathway, while also not essential for bacteria survival, are very important in regulating 

polymer length, which impacts growth of the bacteria. Mutations in pgcA, gtaB, ugtP, and ltaA, 

lead to LTAs being polymerized on DAG with the result being polymers of longer length33,44.  S. 

aureus strains making these long LTA polymers are attenuated in pathogenesis44 and our lab has 

found that they have substantial cell division defects.   

Wall teichoic acids 

WTAs are glycopolymers covalently linked to PG in the cell wall. The polymer has two 

components, a disaccharide linkage unit and a main chain of repeating phosphodiester-linked 

polyol units48. The disaccharide linkage unit is made up of a β1à4 linkage between N-

acetylmannosamine (ManNAc) and N-acetylglucosamine 1-phophate (GlcNAc-1P), with two GroP 

residues attached to ManNAc at the C4 oxygen48-50.  The most common repeating subunits 
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comprising WTAs are either ribitol 1,5-phosphate (RboP) or glycerol 1,3-phosphate (GroP)51-52.  

In S. aureus, 20 to 40 RboP repeats form the main polymer chain53. These RboP subunits can then 

be further modified by D-alanine esters (commonly at position 2) or sugar moieties, such as 

GlcNAc (commonly at position 4)48,54-55.    

WTAs are assembled on the cytoplasmic leaflet of the membrane on an undecaprenyl 

phosphate carrier. The linkage unit is assembled by TarO and TarA, and the GroP subunits, which 

are synthesized by TarD using CDP-glycerol, are transferred by TarB and TarF53,56-58. TarIJ make 

the CDP-ribitol substrate used by TarL to add the RboP repeats53,58-59.  For reasons that are still 

unclear, S. aureus contains two TarIJL operons58-59. TarS or TarM then attach b- or a- GlcNAcs, 

respectively, to the WTA polymer60-63. The polymer is then transported to the outer leaflet by the 

ABC transporter TarGH53,57. D-alanylation occurs via the DltABCD machinery extraceullularly48,55 

and the WTAs are covalently linked to PG by a phosphodiester bond between the phosphate and 

the C6 hydroxyl of MurNAc64, via the LCP proteins65-68. 

An interesting characteristic of the WTA synthesis pathway is that early steps can be 

deleted, with the bacteria remaining viable, while later steps are essential for bacterial growth. 

Deletions of tarO and tarA lead to WTA null mutants that are still viable, although the growth 

rate of the bacteria is moderately reduced, and they do exhibit some cell division and 

morphological defects30. Later steps in the Tar pathway, tarBDFGHIJL, however, are essential 

once synthesis has been initiated58,69-70. The reason for this essentiality is depletion of  Lipid II, 

the peptidoglycan precursor, because undecaprenol-phosphate (UndP) is sequestered in WTA 

precursors. If WTA precursors assembly cannot be completed and the polymers are not flipped 
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to the outer leaflet of the membrane, the UndP cannot be recycled and used in future PG 

synthesis70. The recycling between the two pathways is also outlined in Figure 1.3.     

The WTAs play numerous roles within the cell wall of S. aureus. They have been shown to 

have a role in regulation of both cell morphology as well as division31. Strains with WTAs depleted 

have been shown to be increased in size, have non-uniform thickening of the PG cell wall, as well 

as have abnormalities in the positioning and number of divisional septa 71-74. Additionally, it has 

been found that PG cross-linking enzymes in S. aureus are no longer localized to the septa when 

WTAs are depleted and ΔtarO mutants have decreased PG cross-linking75-77. WTAs also have roles 

in autolysin activity, ion homeostasis, cell adhesion and colonization, as well as protection for the 

bacterial cell from antibiotics and the host immune system77-81. For all the above reasons, WTA 

biosynthesis enzymes are attractive targets for a compound screen because the top hits have 

potential to be new antibiotics and may aid in further understanding the complex cell wall 

biology. 

Using a pathway-directed screen to identify new cell wall inhibitors 

 With an understanding of the cell wall, and the interplay between PG and the teichoic 

acids, we can further explore the screen design of this study. The screen described in this thesis 

is a continuation of two screens previously completed in the Walker lab of the same design. The 

first was of 55,000 small molecules and focused on finding a late-stage WTA synthesis pathway 

inhibitor13, and the second was of 28,000 small molecules and focused on identifying compounds 

synthetic lethal with tarO82.  Both these screens resulted in discovery of useful probe compounds 

and laid the groundwork for a greatly expanded screen.  
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By screening a wildtype strain and a ΔtarO mutant, compounds that inhibit a late step in 

WTA biosynthesis can quickly be identified. Late stages in the WTA biosynthesis pathway cannot 

be deleted unless flux into the pathway is prevented, by chemically inhibiting or genetically 

deleting either tarO or tarA69-70. This is because blocking later steps in the pathway sequesters 

undecaprenyl-phosphate inside the cell and prevents it from being recycled and used in 

peptidoglycan synthesis21. A compound that targets a late step in the WTA biosynthesis pathway 

would be lethal to wild-type S. aureus but have no effect on growth of a ΔtarO mutant. The initial 

screen of 55,000 small molecules in our lab identified targocil13, a TarG inhibitor that has been 

used as a probe in many studies since its discovery83-87. With the success of targocil, and given it 

did not have optimal properties for clinical use, the screen was expanded during my dissertation 

work in an effort to identify other late-stage WTA biosynthesis pathway inhibitors.  

A second pilot screen of the pathway-directed approach was completed in our lab and 

involved screening 28,000 small molecules to identify compounds synthetic lethal with tarO. 

Characterizing compounds in this space will help us gain a better understanding of the role WTAs 

play in the cell and how we can utilize the synthetic lethality to further explore S. aureus 

physiology. The pilot screen identified the Dlt pathway inhibitor amsacrine82. Characterization of 

amsacrine allowed for identification of the synthetic lethal network centered around DltB, thus 

expanding our understanding of the interplay between the WTA and Dlt pathways in the cell 

envelope. The value of information that came from characterizing amsacrine supported the 

decision to complete a much larger screen of 230,000 small molecules in hopes of finding 

inhibitors of other synthetic lethal partners of tarO.  
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Understanding synthetic lethality to characterize compounds with non-essential targets 

 It is clear how new compounds targeting essential steps in cell wall synthesis can show 

promise as new antibiotics. However, characterization of compounds found to target non-

essential components of the cell can also provide extensive information on cell wall biology and 

could potentially have promise as combination therapies with existing antibiotics.    

While the synthesis of the wall teichoic acids and the general role they play in the cell are 

understood, their interplay with other cell components is still being discovered. One way to gain 

this understanding is by exploring the synthetic lethal partners of tarO. Two genes are classified 

as synthetic lethal if a deletion of either individually is not lethal to the bacteria, but a 

combination of the two is lethal. Using transposon sequencing (TnSeq), our lab has previously 

identified a short list of genes that are synthetically lethal with tarO29,82 and a summary of the 

findings is in Figure 1.4.  
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Figure 1.4: TarO synthetic lethal network. In this figure, proteins colored in red become essential 

when WTAs are not synthesized. Other important cell envelope proteins are identified in grey. 

The WTA synthesis pathway is highlighted in yellow. Figure adapted from Pasquina et al. 201682. 

 

The proteins highlighted in red in Figure 1.4 provide a short list of potential targets for 

compounds found to be synthetically lethal with tarO. This information will provide initial 

characterization for the subset of compounds from the screen found to target non-essential 

components of the cell. Compounds that inhibit various targets in the cell can serve as probes to 

map synthetic lethal networks and can be used in susceptible strain backgrounds to raise 

suppressor mutants that provide new information about cell envelope biology. They can also be 

useful as antibiotic potentiators.  
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Discovery of bioactive inhibitors of the WTA and LTA biosynthetic pathways 

 After completing the expansion of the pathway-directed, high throughput screen of 

230,000 small molecules, I identified two compounds that will be described in this thesis. A 

complete description of the screening approach to identify synthetic lethal hits will be discussed 

in Chapter 2 and the characterization of one of the top synthetic lethal hits, shown to re-sensitize 

MRSA to b-lactams, will be described in Chapter 3. In my final data chapter (Chapter 4), I will 

describe the characterization of a late-stage WTA biosynthesis pathway inhibitor that shows 

efficacy against MRSA strains that was a collaborative effort between many trainees in the 

Walker lab.   
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Chapter 2: High-Throughput Small Molecule Screening as a Tool to Find New Cell Wall Inhibitors    

Portions of this chapter (screen design and description of the cherry pick analysis) were 

published in Bioorganic and Medicinal Chemistry in 20161 and I am a co-author on the paper.  

The primary screen and the cherry pick component of the secondary screen were 

completed in collaboration with a former graduate student Leigh Matano. She analyzed the 

primary screening data and I analyzed the cherry pick screening data. I completed all compound 

organization and classifications, and prioritized top hits for further study.  

Leigh Matano characterized the compounds in Class 1 (Dlt pathway inhibitors). Madeleine 

Stone characterized compounds in Class 6 as a rotation student under my supervision. I 

performed all other experiments and analysis in this chapter.  

Introduction: Designing a whole-cell synthetic lethal pathway directed screen 

 For my dissertation work, I conducted a whole cell, synthetic lethal, pathway-directed, 

small molecule screen at the Institute of Chemistry and Cell Biology - Longwood (ICCB-L) 

screening facility with the goal of identifying new cell wall inhibitors and probes for studying the 

cell wall. The benefits of a whole cell screen are outlined in Chapter 1, with the top reasons being 

the ease of execution and the guarantee for biologically active compounds. One limitation is a 

potentially high hit rate with unknown targets, making target identification challenging. Our lab 

overcomes this limitation by screening both a wild-type Newman and a DtarO Newman mutant 

strain. By screening both strains we can identify compounds found to inhibit growth of S. aureus 

(one such compound will be described in Chapter 4), and compounds found to inhibit growth of 

the DtarO mutant only. The other compounds that fall in the first category are predicted to target 

an essential component of S. aureus and have been arrayed into a library for future studies. The 
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compounds that fall in the latter category are predicted to have a target that is synthetic lethal 

with tarO. Based on previous studies from our lab that identified the synthetic lethal partners of 

tarO2-3, we already have a shortlist of targets for the top hits in this category.  

This chapter will summarize all screening data and outline the top synthetic lethal hits, as 

well as highlight how strategic screening approaches (both in the primary and secondary 

screening stages) allow for quick and efficient organization of top hits in a high-throughput 

screen. 

 

A high-throughput screen identifies 201 compounds synthetic lethal with tarO   

 At the ICCB-L screening facility I screened 231,041 small molecules at a concentration of 

~15µM in duplicate against wild-type S. aureus Newman and a DtarO Newman mutant in 

collaboration with another graduate student, Leigh. A complete description of the screening 

method can be found in the Materials and Methods section at the end of this chapter. Hits were 

determined based on inhibition of cell growth measured using average optical density (OD600) of 

the replicates. For each compound, the average optical density of cells in the wild-type strain was 

plotted against the average optical density of cells in the DtarO strain, generating a scatter plot 

of all compounds screened, shown in Figure 2.1. The remainder of this chapter will discuss the 

characterization of the 201 compounds found in the lower right quadrant of the figure 

(highlighted as dark blue circles), which are compounds that inhibit growth of the DtarO mutant 

but not wild-type S. aureus. Cutoffs for hits were established as described previously2.  
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Figure 2.1: A screen of 230,000 small molecules identifies 201 synthetic lethal hits. Each circle 

represents the average OD600 of an individual compound. The circle colored in light blue in the 

upper left quadrant will be described in Chapter 4. The 201 circles colored in dark blue in the 

lower right quadrant are those predicted to have targets that are synthetically lethal with tarO. 

 

Designing a comprehensive secondary screen to quickly classify top hits 

 The screen completed for my dissertation work (Screen 1181/1183) was a continuation 

of a pilot screen of approximately 28,000 small molecules against wild-type Newman and the 

DtarO Newman mutant strain completed by two previous graduate students in the Walker lab. 

In the pilot screen amsacrine, a eukaryotic topoisomerase inhibitor, was identified as a top hit in 

the group of small molecules that inhibited growth of only the DtarO strain. Amsacrine was found 

to be a DltB inhibitor2 based on resistant mutant analysis and biochemical findings that it blocked 

incorporation of radiolabeled D-Ala into lipoteichoic acid. TnSeq analysis of amsacrine identified 

a set of mutants susceptible to DltB inhibition, including DlcpA, DugtP, DltaA, and 

DSAOUHSC_01050. A mutant completely lacking lipoteichoic acids due to deletion of ltaS, which 
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encodes the LTA synthase, was not sensitive to amsacrine. This finding was consistent with work 

that showed ltaS mutants can survive in the absence of a functional Dlt pathway3. With this 

knowledge, and the presumption that there could be more DltB inhibitors in the expanded 

screen, I helped design a new cherry pick analysis to quickly identify potential Dlt pathway 

inhibitors with the anticipation that doing so would make follow up on compounds with other 

mechanisms of action more efficient.  

 Traditional cherry pick analyses involve re-screening top hits against the original strain(s) 

used in the primary screen, but at multiple doses. The dose-response information is useful for 

winnowing out some compounds, but subsequent hit prioritization is based only on potency and 

structural groupings. Preliminary information on possible mechanistic groups based on strain 

susceptibility could be helpful for hit prioritization, particularly when combined with information 

on structure and potency.  Therefore, in collaboration with Leigh, we decided to screen the 

original two strains – WT and DtarO – and an additional three strains. The strains were chosen to 

identify possible Dlt pathway inhibitors and to allow other compounds to be grouped into classes 

based on their mutant susceptibilities. Because we wanted to screen three additional strains, we 

could not do a full dose-response, but we did select concentrations that would allow us to 

determine if there was a selectivity window between the WT and DtarO mutant. 

Our cherry pick strategy is outlined in Figure 2.2. Newman WT was screened at 1X and 3X 

the screening concentration and DtarO Newman at 1X and 0.5X the screening concentration. This 

allowed us to quickly assess whether there was selectivity window between the strains. Any 

compounds found to inhibit growth of WT at 3X the primary screening concentration were moved 

into the WT lethal class of compounds. We also screened the compounds against DugtP, 
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DltaSDgdpP (from here referred to as DltaS*), and DSAOUHSC_01050 at 1X and 2X the screening 

concentration. Compounds were characterized as inhibiting growth of a strain if the OD600 was 

less than 0.1. The pool of synthetic lethal  compounds dropped from 201 to 71 compounds based 

on the cherry pick analysis. One compound did not validate as having activity the DtarO strain. 

All the other compounds that dropped out were moved into the WT lethal category. The 71 

remaining compounds sorted into seven potential mechanistic classes, including three 

compounds that were possible DltB inhibitors.  

 

 

Figure 2.2: Schematic of cherry pick design. The cherry pick analysis was designed to quickly 

identify other Dlt-pathway inhibitors in our screen of ~230,000 small molecules. Amsacrine 

(Amsa) was used as a positive control in identifying other Dlt-pathway inhibitors. The remaining 

compounds showed growth inhibition patterns outlined in groups 2-7. A colored well indicates 

bacteria growth and a white well indicates there was no growth in the presence of compound. 
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Synthetic lethal hits sort into seven potential mechanistic classes 

With the cherry pick complete, I purchased the commercially available compounds and 

retested them in a 96-well format at multiple doses ranging from 0.125 µg/mL – 16 µg/mL.  This 

allowed me to obtain minimum inhibitory concentrations (MICs) for susceptible strains. If a 

compound was found to have a MIC value it was grouped as inhibiting growth of that strain. I 

found that three compounds substantially inhibited the growth of WT at the highest 

concentration and so these were dropped from my analysis.  Based on this analysis, the remaining 

68 compounds sorted into seven different groups based on growth inhibition patterns, shown in 

Figure 2.2. I hypothesized that these seven groupings represented at least seven different 

mechanistic classes with different cellular targets. A summary of the screening funnel is outlined 

in Figure 2.3; the number of compounds in each mechanistic class is shown in Figure 2.4.  

 

Figure 2.3: High-throughput screening of 230,000 small molecules identifies seven new 

potential mechanistic classes of inhibitors. The strategic design of the primary and secondary  

231,041 compounds 
screened

201 compounds inhibit
growth of ∆tarO

68 compounds with no
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Figure 2.3 (Continued) 

screens allowed me to quickly vet the compounds screened to a final grouping of seven potential 

mechanistic classes based on the mutant strains susceptible to the compounds. 

 

 

 

Figure 2.4: Top hits from screen 1181/1183 fall into seven different potential mechanistic 

classes based on mutant susceptibilities. The data is represented in an UpSet plot where a 

colored dot indicates growth inhibition of that deletion strain during MIC determination and a 

white dot indicates there was no effect on growth for that strain. The bars indicate how many 

compounds are in each class. For the remainder of the chapter, the classes will be referred to as 

the class number indicated on the bottom of the plot.   
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There were three Class 1 compounds that were possible Dlt pathway inhibitors. The other 

graduate student who worked on the primary screen followed up on these compounds, showing 

that two of the three were Dlt pathway inhibitors1. The third compound, 1-3, was not 

commercially available at the time of the study, but shares the same scaffold as compound 1-2 

and is predicted to have the same mechanism of action. Target identification for these 

compounds shows that we were able, with no wasted time, to identify additional scaffolds that 

inhibited the Dlt pathway. 

 

Hit follow-up: Grouping compounds by structure within each class 

 Having organized compounds into seven classes based on mutant susceptibilities, I next 

grouped them by structure. Structural similarity can be assessed using a Tanimoto coefficient, 

which calculates the similarity of any two molecules by comparing their “molecular fingerprints.” 

It is reported as a numerical value between 0 and 1 that represents the ratio of common features 

in the chemical structure to the total number of features in the chemical structure4-6. The industry 

standard for molecules to be grouped together with enough overlapping structural similarity to 

suggest mechanistic similarities is 0.856.  The more structurally similar compounds are, the more 

likely they are to inhibit the same target. I loosened the cutoff to 0.8 to allow for larger structural 

groupings within the classes. Structures of all compounds in all initial potential mechanistic 

classes, along with MIC data for each class, can be found in Figure 2.5, panels A-G. Panels A-G 

represent classes 1-7 respectively, with structural groupings circled in each class.  
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Figure 2.5: Structures and minimum inhibitory concentration values for 68 top hits. As 

summarized in Figure 2.4, the 68 top hits from screen 1181/1183 sorted into seven potential 

mechanistic classes based on mutant susceptibilities. Panels A-G show the compound structures 

for classes 1-7 respectively. Structural similarity was determined based on a Tanimoto coefficient 

of 0.8, with structurally similar compounds circled in each class. The MIC against each mutant 

strain is outlined in a table for each class. The MIC values are averages of three biological 

replicates. Rows highlighted in yellow are still in the original class based on cherry pick data as 

these compounds were not commercially available at the time of the study.   
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Figure 2.5 (Continued) 
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Figure 2.5 (Continued) 
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Figure 2.5 (Continued) 
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Figure 2.5 (Continued) 
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Figure 2.5 (Continued) 
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Figure 2.5 (Continued) 
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is some structural overlap with compound 3-1 and the subset of compounds in class 2, therefore 

it should be classified with this grouping of molecules rather than the initial mechanistic class.    

After looking at structural overlap between the initial mechanistic classes, I next looked 

at MIC consistencies across the various susceptible strains to determine if a compound was 

classified properly. For most all of the compounds there was no more than a two-fold difference 

between MIC of susceptible strains, therefore I left the groupings as initially characterized. At this 

stage only one compound, 7-2, was removed from my studies because of inconsistent MICs 

across multiple strains, indicating the compound may have off-target effects. 

 

Exploring the mechanistic classes to identify lead compounds 

Class 2 

To begin the target identification process, I explored the different mechanistic classes to 

identify lead compounds. I first focused my attention on class 2 – compounds in this class only 

inhibited growth of the DtarO mutant strain. This class was most interesting as it is the only class 

that showed no growth inhibition to any step in the lipoteichoic acid synthesis pathway. Previous 

studies have shown that tarO is synthetic lethal with ugtP, ltaA, and ltaS2-3, leading me to reason 

if a lipoteichoic acid synthesis pathway inhibitor were to be present in the top synthetic lethal 

hits, it would be in this group.  

When analyzing a class to determine the most promising compounds within the group, 

the two main points of consideration are consistent MIC across different mutant strains and a 

low toxicity to wild-type S. aureus at high concentrations of the compound. The reasoning is it 

suggests the compound has a specific target and is less likely to have off-target effects. Since 
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compounds in this class only inhibit growth of DtarO, I could not use consistent MIC for multiple 

strains as a criterion for selecting a top hit. Rather, I also considered potency as this could provide 

a larger potential therapeutic window between target inhibition and any possible off-target 

effects.  

Class 2 consists of 10 compounds, with 4 compounds grouping together based on a 

Tanimoto coefficient of 0.8 (see Figure 2.5B). Two compounds had a very low MIC against DtarO 

– 2-4 at 0.25µg/mL and 2-6 at 0.5µg/mL. Neither showed any considerable toxicity to wild-type 

Newman up to 16µg/mL, as shown in Figure 2.6.  

 

 

Figure 2.6: Compounds 2-4 and 2-6 show minimal toxicity to wild-type S. aureus. The growth of 

wild-type Newman S. aureus is shown as percent growth (growth normalized to DMSO control 

with no compound treatment). 2-6 shows minimal WT toxicity, while 2-4 does begin to show 

some toxicity at higher concentrations. The percent growth curves are representative of three 

biological replicates.   
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 From the WT toxicity data, either compound could still potentially be a lead candidate for 

target identification. I decided against 2-4 because similar structural scaffolds were also present 

in classes 3 and 6, and I was concerned this could mean there were off-target effects or a 

potential secondary target, especially considering growth inhibition is beginning to be observed 

at higher concentrations. With this information I proceeded with compound 2-6 for target 

identification, which will be the focus of Chapter 3.   

Class 6 

 A second mechanistic class I was interested in pursuing was Class 6 – including compounds 

that inhibited growth of DtarO, DugtP, and DltaS*. This class stood out for follow-up because the 

growth inhibition pattern suggested that the target of these compounds is synthetic lethal with 

both the wall teichoic acid synthesis pathway and the lipoteichoic acid synthesis pathway. Finding 

a target in this space could provide information on if and/or how these pathways are connected. 

Additionally, there were four structural groups within the larger initial grouping, meaning there 

could be several different targets, all of which could begin to provide information on the 

intersection of the two teichoic acid synthesis pathways. Initial characterization of this class was 

completed by a rotation student I supervised (now current graduate student) Madeleine Stone. 

 Upon validating the MIC values in 96-well format (summarized in Figure 2.5F), we began 

to explore each of the structural groups within the class. First we looked at compounds 6-12 and 

6-13, which differ only by a methyl group on the pyrazolo[1,5-a]pyrimidine group. The MIC across 

the different strains was consistent (a difference in factor of 2 is common in MIC determination), 

however we began to notice some WT growth inhibition starting at 16µg/mL. With WT growth 

inhibition beginning only two-fold higher than the mutant MIC, we decided this scaffold would 
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be challenging for follow-up and target identification. Next we looked at the largest structural 

class, containing compounds 6-1, 6-2, 6-3, 6-4, and 6-5. While the MIC across this structural 

grouping was consistent, this scaffold is also present in class 4 (compounds 4-1, and 4-2). With 

the scaffold being present in two classes, it is hard to determine if these are nuisance compounds, 

or if modifying the compounds enhanced the specificity, moving the scaffold to class 4. In either 

case it was decided that compounds from this scaffold in class 6 would not be ideal candidates 

for target identification.  

 In an effort to find the best representative in this class for target identification, we 

decided to focus on the compounds with the lowest mutant MIC compared to wild-type growth 

inhibition. With this in mind we narrowed in on the structural class containing compounds 6-6, 

6-7, 6-8, and 6-9, and the structurally distinct compound 6-17, all of which have MIC values 

between 1-2µg/mL against susceptible strains (see Figure 2.5F). As summarized in Figure 2.7, 

none of these compounds showed any significant growth defect to WT. With this information we 

felt any of these compounds would be good candidates for follow-up, so we chose one 

representative compound from the structural class (6-8 was chosen due to ease of commercial 

availability) and the single compound 6-17. Follow-up on these compounds will be continued by 

future trainees in the lab. 
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Figure 2.7: Compounds 6-6, 6-7, 6-8, 6-9 and 6-17 exhibit minimal toxicity to WT S. aureus. The 

growth of wild-type Newman S. aureus is shown as percent growth (growth normalized to DMSO 

control with no compound treatment). All compounds appear to have minimal toxicity to WT at 

high concentrations (8-16 times higher treatment than the mutant MIC). The percent growth 

curves shown are representative of three biological replicates.  
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mutant strains was not sufficient for mechanistic groupings. There were some structural 

backbones common across multiple of our initial mechanistic classes. Looking more closely at 

MIC, I noticed it was possible some mutant susceptibilities were an outlier, and it is likely that 

the compound should be regrouped.  

 There is still much work to be done on the remaining mechanistic classes. The main area 

for follow-up on this screen is to further characterize the classes that had susceptibility to the 

DltaS* mutant strain. As mentioned earlier in this chapter, the DltaS* mutant strain has LtaS 

deleted, but it also contains a deletion in GdpP to allow for normal growth in the absence of LTAs. 

GdpP acts as a c-di-AMP-specific phosphodiesterase, causing increased levels of c-di-AMP when 

GdpP is deleted7. Therefore, to gain a better understanding of potential mechanism of action of 

the classes that inhibit growth of DltaS* (classes 4, 5, 6, and 7), we must know if the lethality is 

caused by the lack of LTAs in the cell (due to the deletion of LtaS), or by increased levels of c-di-

AMP (due to the deletion of GdpP). A quick tertiary screen of these classes against Congo Red, a 

defined inhibitor of LtaS8, or against a DgdpP strain will allow me to re-classify the compounds 

and determine those that are synthetic lethal with ltaS and those that are synthetic lethal with 

gdpP.   

 While one top hit identified from class 2, compound 2-6, will be discussed in the following 

chapter, there are still many more compounds that could have interesting targets to help us gain 

a better understanding of the cell wall. Future work will involve bringing more compounds 

through target identification studies (discussed more in depth in Chapter 3) in an effort to have 

as many molecular probes for studying the cell wall as possible.  
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Materials and Methods 

High Throughput Screening 

The day before screening, both wild-type Newman and DtarO Newman were grown overnight 

(16-18 hours) in sterile-filtered tryptic soy broth (TSB) at 30°C with shaking. On the day of 

screening, columns 1-24 of 384-well assay plates (Corning 3710, clear) were prefilled with 30µL 

of TSB using the Matrix Wellmate automated liquid dispenser. Using the Epson E2C2515-UL Scara 

robot, 100nL of each compound was pin-transferred to a corresponding assay plate in columns 

1-22, for a final concentration of approximately 15µM.  For every compound library plate, there 

were four daughter plates (A & B containing WT Newman, C & D containing DtarO). Overnight 

cultures were diluted to an OD600 of 1, then diluted 1:625 into TSB. 50µL of the diluted cultures 

were added to columns 1-24 of the corresponding assay plates.  Wells in column 23 contained 

no compound and served as the negative controls. Positive control (erythromycin at a final 

concentration of 10 µg/mL) was added to column 24 using the Hewlett Packard D300e liquid 

dispenser. Final assay well volume was 80µL.  Plates were spun down, covered with lids (Corning 

3009), and incubated at 30 °C overnight for approximately 16-18 hours. After incubation, optical 

density (OD600) was read using a PerkinElmer EnVision plate reader. 

Principle Component Analysis (Screen 1181/1183) 

PCA was done as previously described2. Of note, compounds were included in the PCA if the OD600 

between the two replicates showed a strong correlation.  

Cherry Pick Analysis 

Cultures of wild-type Newman, DtarO Newman, DugtP RN4220, DltaSDgdpP SEJ1, and D1050 

USA300 JE2 were grown overnight (16-18 hours) in sterile-filtered TSB at 30°C with shaking. The 
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following day, cherry pick compounds (provided by the ICCB-L) were added to dry 384-well plates 

using the Hewlett Packard D300e liquid dispenser. Final concentrations were 1X and 2X the 

screening concentration for WT, DugtP, DltaSDgdpP, and D1050 (100nL and 200nL respectively 

of 5mg/mL stock) and 1X and 0.5X the screening concentration for DtarO (100nL and 50nL). 

Amsacrine (final concentration of 10µg/mL) was used as a positive control. Overnight cultures of 

all secondary screening strains were then diluted to a final OD of 0.001, and 80µL of culture was 

added to the 384-well plate using the Matrix Wellmate liquid dispenser. Plates were spun down, 

covered, and incubated at 30°C overnight for approximately 16-18 hours. After incubation, 

optical density (OD600) was read using a PerkinElmer EnVision plate reader. A compound was 

identified as inhibiting growth of a particular strain if the OD600 was less than 0.15.    

Minimum Inhibitory Concentration (MIC) 

Cultures of desired strain were grown overnight (16-18 hours) in sterile-filtered TSB at 30°C with 

shaking. The following day cultures were diluted 1:100 and grown at 30°C with shaking until they 

were mid-log phase. The compound to be tested was dispensed to a dry 96-well plate using the 

Hewlett Packard D300e liquid dispenser. Compounds were tested in a serial dilution from 

16µg/mL to 0.125µg/mL, with a no compound control well in addition to using erythromycin as 

a negative control for growth at 10µg/mL. DMSO levels were normalized in all wells. Day cultures 

were diluted to a final OD600 of 0.001 and 150µL was added to each well. For endpoint MIC 

determination plates were incubated at 30°C or 37°C with shaking for approximately 16-18 hours 

and OD600 was read using a plate reader. For growth curves MIC determination, plates were 

incubated in the plate reader at 30°C or 37°C with shaking for 18-20 hours with OD600 measured 

every 20 minutes.       
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Molecular Similarity Calculation 

Simplified Molecular Input Line Entry System (SMILES) strings and compound names were 

imported to Cytoscape and using the Cheminformatics Tool application (UCSF chemViz2), 

similarity networks were determined using a Tanimoto coefficient of 0.8.  
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Chapter 3: Characterization of a Novel Diglucosyl-Diacylglycerol Synthesis Inhibitor in 

Staphylococcus aureus 

All data in this chapter is currently being prepared for a manuscript on which I will be first 

author. I will specifically note in the chapter where other students repeated experiments or 

helped me implement assays they have developed for their own projects. 

As a summary, workflow and scripts used for TnSeq analysis were initially developed by 

Marina Santiago and optimized by Katie Coe. Chris Vickery and Anthony Hesser optimized the 

LTA polymer length assay. The TLC assay to quantify Glc2-DAG levels was developed and 

optimized by Anthony Hesser. Jake Muscato obtained biological replicates of the Glc2-DAG 

quantification and b-lactam MICs. 

 

Introduction: Value of non-essential cell wall component inhibitors in S. aureus  

 Compounds that target non-essential components of the S. aureus cell wall can be useful 

as probes for studying cell wall physiology or used in combination with current antibiotics to treat 

MRSA. Supporting the first point, a small molecule inhibitor of DltB, amsacrine, was previously 

identified in our lab1 and was used extensively for data generated in this thesis. Both as a probe 

for sorting resistant mutants (to be discussed in Chapter 42), and for showing synthetic lethality 

with the Dlt pathway later in this chapter. Towards the second point, our lab has previously 

shown that tunicamycin, a natural product inhibitor of TarO, re-sensitized MRSA to b-lactams3. 

Neither DltB nor TarO are essential for survival of S. aureus but having inhibitors of both has led 

to cell wall related discoveries. 
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 This chapter describes the follow-up and characterization of one compound from the 

high-throughput screen described in Chapter 2 found to only inhibit growth of a DtarO mutant.  

The compound is the first reported inhibitor of Glc2-DAG synthesis in S. aureus and holds promise 

as a probe to be used in further study of the S. aureus cell wall and in re-sensitizing MRSA to b-

lactams. 

Choosing a top synthetic lethal hit from the pathway-directed screen 

 As discussed in Chapter 2, class 2 compounds were prioritized for immediate follow-up.  

This class contained ten compounds that inhibited growth of DtarO only. Because class 2 

compounds did not inhibit growth of either DltaS* or DugtP, and tarO inhibition or deletion is 

synthetically lethal with these strains1,4, I speculated that some of the compounds in this category 

could inhibit targets in the lipoteichoic acid synthesis pathway. I focused on compound 2-6 

because it had one of the lowest MICs in the category against DtarO (Figure 3.1).  
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Figure 3.1 (Continued) 

Figure 3.1: Compound 2-6 is the lead compound selected from HTS. (A) Structure of 2-6, the top 

hit from Class 2 of the high-throughput small molecule screen discussed in Chapter 2. (B) Spot 

dilutions of wild-type Newman and DtarO at 37°C show a MIC of 1µg/mL. (C) Compound 2-6 

shows growth inhibition against the DtarO mutant between 0.5-1µg/mL while showing no 

significant toxicity to wild-type Newman S. aureus up to 16µg/mL at 37°C. Spot dilutions and MIC 

curves are representative of three biological replicates. 

 

Utilizing transposon sequencing to determine the synthetic lethal network of 2-6 

 In the Walker lab, we use transposon sequencing (TnSeq)5-9 to identify the synthetic lethal 

interactions of compounds discovered in our high throughput screens1,10. Transposons are 

mobile genetic elements that insert, with the help of a transposase, into chromosomal DNA. We 

make transposon libraries using six different transposon constructs, several of which contain 

outward-facing promoters to drive expression of downstream genes11. These transposon 

constructs each contain a unique barcode that allows us to determine which have inserted at a 

given TA site11. We assume that insertion in the coding region of a gene disrupts its function, 

giving the same effect as a genetic knockout. With our method, we are able to make very high-

density transposon libraries in S. aureus11. Genes that show a significant decrease in the number 

of reads due to transposon insertions compared to the untreated control are considered essential 

under a given condition. See Figure 3.2 for a schematic of the TnSeq workflow. 
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Figure 3.2: Schematic of next-generation transposon sequencing workflow. High density 

libraries of pooled transposon mutants in S. aureus are grown in the presence and absence of a  

specified condition (treatment with 2-6 for this analysis). Genomic DNA is isolated from both 

samples and sent for high-throughput sequencing. The number of reads per transposon site are 

mapped and using statistical analysis (described in Materials and Methods) we can determine 

genes of interest. In the above schematic, gene 1 (in green) is non-essential and treatment with 

2-6 has no effect on growth. Gene 2 (in pink) represents an essential gene as no growth is 

detected with transposon insertion in either condition. Finally, gene 3 (in blue) represents a gene 

that is synthetic lethal with 2-6 and would be of interest for follow up. Adapted from Santa Maria 

et al.4 and partially created with BioRender.com.  

  

The rationale for putting compounds from the screen into TnSeq before I have identified 

the target is three-fold. First, the TnSeq profile confirms whether the target is in the desired area 

of biological space. For example, one would expect a compound that is synthetically lethal with 
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a cell envelope target to have a network of interactions consistent with a target related to cell 

envelope integrity or biogenesis. If instead depletions in genes from a range of different cellular 

pathways were observed, one might worry that the compound had a more general toxicity. 

Although my hit classification strategy is designed to avoid such compounds, the TnSeq results 

provide more confidence in hit quality. Second, the TnSeq results can provide susceptible strains 

for raising resistant mutants as well as some information useful for generating hypotheses about 

the targeted pathway. Finally, it is important to determine the synthetic lethal network of the 

compound, meaning the TnSeq data is both immediately and ultimately useful. Therefore, I 

treated our HG003 transposon library with compound 2-6 and grew to an OD600 of 1.0.  I identified 

five genes that met my cutoffs (outlined in the Materials and Methods) and all encode proteins 

involved in cell envelope pathways, confirming that the target is in a desired region of biological 

space. Three of the genes are in a multi-component stress response system that includes another 

gene. This gene (vraF) was also depleted but just missed my cutoffs. It is likely that growing in 

the presence of compound for more generations would result in its identification as a hit. A 

summary of the results and validation by a spot dilution assay, where a series of 10-fold dilutions 

are plated on a specified condition, is shown in Figure 3.3.   

 

Figure 3.3: Treatment of high-density, pooled transposon library with 2-6 identifies MprF as a 

top synthetic lethal hit. A high-density, pooled transposon library in HG003 was treated with  

2-6 TnSeq data (37˚C at 0.5ug/mL)

Locus Tag % depletion q-value Gene
SAOUHSC_02305 89.1 4.61E-07 alanine racemase
SAOUHSC_01359 86.5 2.00E-10 mprF
SAOUHSC_00668 83.1 7.35E-10 vraG
SAOUHSC_00665 82.5 0.0291 graR
SAOUHSC_00666 80.7 0.0160 graS

RN4220

∆vraFG

∆graR

∆mprF
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Figure 3.3 (Continued) 

0.5µg/mL of compound 2-6 (for complete treatment conditions see Materials and Methods 

section of this chapter) and top hits were determined by next-generation sequencing. The table 

in (A) outlines the top five hits, with percent depletion determined by subtracting the ratio of 

experimental to control reads from 1 and expressing as a percentage. The q-value for the 

depletion is also noted. Panel (B) shows the validation of top TnSeq hits on TSA plates and is 

representative of three biological replicates. All mutants are in the RN4220 S. aureus background. 

The alanine racemase was not validated due to issues with construction of the deletion strain. I 

completed the analysis using a workflow and scripts initially developed by graduate student 

Marina Santiago and optimized by graduate student Katie Coe.    

 

One of the top hits identified was MprF, the phosphatidylglycerol lysyltransferase known 

to be important in resistance to cationic antimicrobial peptides12-14. Conveniently, a previous 

graduate student in the Walker lab had constructed a transposon library in a DmprF HG003 

background (Rajagopal, unpublished data). Interestingly, she found the main synthetic lethal 

partners for mprF were genes involved in the early stages of the lipoteichoic acid synthesis 

pathway – pgcA, gtaB, ugtP, ltaA, as summarized in Table 3.4. Based on this information, I 

hypothesized that compound 2-6 could be a lipoteichoic acid synthesis pathway inhibitor and I 

moved forward to test this hypothesis.   
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Table 3.4: Early stages of LTA biosynthesis pathway are synthetic lethal with mprF. A previous 

graduate student in the lab constructed a high-density transposon library in a DmprF HG003 

background and found that all early stages of the LTA synthesis pathway are synthetic lethal with 

mprF. Unpublished data from Mithila Rajagopal, 2016.  

 

Compound 2-6 is synthetic lethal with chemical inhibition of TarO and DltB 

 As outlined in Chapter 1, the LTA synthesis pathway consists of PgcA, GtaB, UgtP, LtaA, 

and the synthase LtaS. Previous studies from our lab have shown genetically and/or 

pharmacologically that ugtP and ltaA mutants are synthetically lethal with both the wall teichoic 

acid and the D-alanylation pathways1,4,10. In unpublished work, our lab has also found that pgcA 

and gtaB transposon mutants are unable to grow on tunicamycin, a TarO inhibitor (this data was 

obtained from a former post-doc in the lab, Wonsik Lee). Based on this information, I predicted 

that an inhibitor of the lipoteichoic acid synthesis pathway would be lethal in combination with 

tunicamycin or amsacrine against wild-type S. aureus.   

 Using a spot dilution assay, I tested 2-6 in combination with tunicamycin and amsacrine 

separately. As shown in Figure 3.5, the combination of 2-6 with either tunicamycin or amsacrine 

is lethal to wild-type S. aureus. This was also replicated in liquid culture with amsacrine. 

 

∆mprF HG003 Transposon Library
Locus Tag % depletion q-value Gene

SAOUHSC_00718 95.7 7.12E-11 hypothetical
SAOUHSC_02801 93.8 2.89E-02 gtaB
SAOUHSC_00952 86.6 4.89E-09 ltaA
SAOUHSC_00953 86.4 0.038 ugtP
SAOUHSC_02793 72.0 3.34E-07 pgcA
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Figure 3.5: 2-6 is synthetic lethal with chemical inhibition of TarO and DltB. (A) A series of 10-

fold dilutions were plated on 2-6 (2µg/mL) in combination with tunicamycin (1µg/mL) or 

amsacrine (10µg/mL). Neither compound individually inhibits growth of wild-type RN4220, but a 

combination of 2-6 with either is lethal. The spot dilutions are representative of three biological 

replicates. (B) Growth of wild-type HG003 in the presence of 2-6 and amsacrine (10µg/mL). In 

liquid culture a combination of 2-6 at 1µg/mL and amsacrine at 10µg/mL inhibits growth of S. 

aureus. The growth curves are representative of three biological replicates. 

    

Compound 2-6 causes a dose-dependent increase in the length of LTAs          

 The synthetic lethality of 2-6 with mprF and with chemical inhibition of TarO and DltB is 

consistent with the hypothesis that 2-6 inhibits an early step in the lipoteichoic acid biosynthesis 

pathway. LTA defects due to use of the incorrect membrane anchor can arise if diglucosyl-

diacylglycerol (Glc2-DAG) is not made or if it is made but not transported to the cell surface.  PgcA, 

GtaB, and UgtP are required to make Glc2-DAG, while LtaA is required to flip it to the external 

leaflet of the plasma membrane15-18. Previous studies have shown that deletions early in the LTA 

synthesis pathway still allow of LTAs to be synthesized, however the deletions cause an increase 

in the size of LTAs due to use of phosphatidylglycerol instead of Glc2-DAG as the membrane 
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anchor15. Therefore I predicted that treatment of wildtype S. aureus with 2-6 would result in 

production of longer than normal LTAs. To determine if 2-6 affected the length of LTAs, I 

employed a cell-based assay where I extracted the LTAs, separated by SDS-PAGE, and detected 

the LTAs via immunoblotting with an a-LTA antibody. As summarized in Figure 3.6, with 

increasing concentrations of 2-6 I did indeed observe an increase in the length of lipoteichoic acid 

polymers, consistent with inhibition of an early step in the LTA pathway.  

 

 

Figure 3.6: 2-6 causes a dose-dependent increase in LTA length. (A) A schematic showing the 

LTA synthesis pathway in wild-type S. aureus. Synthesis of the Glc2-DAG anchor begins 

intracellularly via PgcA, GtaB, and UgtP, it is then flipped via LtaA, and LtaS polymerizes glycerol 

phosphate (GroP) subunits onto the Glc2-DAG anchor creating LTAs. (B) If any step in the 

synthesis pathway prior to LtaS polymerization is disrupted, LTAs become longer in the cell, 

shown in the schematic as well as the first two lanes of the a-LTA immunoblot inset. With  
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Figure 3.6 (Continued) 

increasing concentration of 2-6 (ranging from 0.25µg/mL - 4µg/mL), LTAs become longer as 

shown in the a-LTA immunoblot of cellular extracts. The inset is representative of three biological 

replicates with mass in kDa. I completed the assay utilizing a protocol optimized by post-doc Chris 

Vickery19 and graduate student Anthony Hesser. 

     

Synthesis of diglucosyl-diacylglycerol is inhibited by 2-6 in a dose-dependent manner  

The data so far suggests that the target of 2-6 is one of the four proteins required to 

synthesize or export Glc2-DAG for LTA synthesis. To determine if 2-6 inhibits production of Glc2-

DAG, I used a TLC assay (developed and optimized by another graduate student, Anthony Hesser) 

to quantify levels of Glc2-DAG and other cellular lipids. I treated wild-type HG003 S. aureus with 

increasing concentrations of 2-6, extracted cellular lipids from exponential phase cultures 

normalized by OD600, and quantified relative Glc2-DAG levels using an authentic standard of GroP-

Glc2-DAG as a spiked-in loading control. GroP-Glc2-DAG contains a single glycerol phosphate 

subunit attached to Glc2-DAG, used for priming LTA synthesis in B. subtilis20. It was extracted from 

a S. aureus strain expressing the B. subtilis LTA primase YvgJ, donated from the Grundling lab. 

 As summarized in Figure 3.7, increasing concentrations of 2-6 resulted in a dose-

dependent decrease in levels of Glc2-DAG, with a clear decrease evident by 1µg/mL, which 

corresponds to the MIC against susceptible mutants. The results summarized in Figure 3.7 are 

the first reported case of a small molecule inhibitor of Glc2-DAG synthesis in S. aureus. The results 

also imply that 2-6 does not target LtaA, as deletion of this flippase does not affect Glc2-DAG 
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synthesis in the cell15. Therefore, 2-6 inhibits one of three potential targets, PgcA, GtaB, or UgtP, 

and work is underway to identify the specific target (see Chapter 5 Discussion). 

 

 

Figure 3.7: 2-6 inhibits Glc2-DAG synthesis in S. aureus. (A) A representative TLC of glycolipids 

extracted from S. aureus. Lipids were extracted from cellular extracts and analyzed by TLC as 

described briefly in text (see Materials and Methods for complete description). Glc2-DAG and 

loading control, GroP-Glc2-DAG, are labeled on the TLC. Lanes 1-10 are defined along the x-axis 

in panel B. (B) Quantification of Glc2-DAG levels. Quantification was determined based on the TLC 

signal in an experimental lane relative to wild-type, with correction based on the GroP-Glc2-DAG 

loading control. With increasing concentrations of 2-6, I report complete depletion of Glc2-DAG 

synthesis, comparable to deletions of PgcA, GtaB, and UgtP. The quantification is averaged over 

three biological replicates (two were obtained by graduate student, Jake Muscato) with error 

bars showing standard error of the mean. Note that panel B includes a concentration (8µg/mL) 

not shown in the representative TLC. 
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Compound 2-6 potentiates MRSA to b-lactam antibiotics 

 Compounds that interfere with cell envelope integrity have the potential to synergize 

with antibiotics that target the cell wall. Indeed, depleting wall teichoic acids by inhibiting TarO 

has been shown to re-sensitize MRSA strains to b-lactam antibiotics3. Due to the synthetic 

lethality between the wall- and lipoteichoic acid pathways1,4, I speculated that a lipoteichoic acid 

pathway inhibitor might also sensitize cells to b-lactams. Therefore, I tested synergy between 2-

6 and a common b-lactam, oxacillin, in MRSA strains COL and USA300.          

 As shown in Figure 3.8, the MIC of oxacillin is drastically reduced in the presence of 2-6 in 

both MRSA strains. In the DMSO control, COL is resistant to oxacillin at concentrations greater 

than 100µg/mL. Sensitivity to oxacillin begins with as little as 1µg/mL of 2-6, and with 4µg/mL of 

2-6 the MIC of oxacillin against COL is 4µg/mL. With the MIC of oxacillin in COL here reported as 

128µg/mL, I see a 32-fold decrease in the MIC when used in combination with 4µg/mL of 2-6. 

USA300 is resistant to oxacillin up to 8µg/mL. With as little as 0.25µg/mL of 2-6 I begin to see the 

MIC shift. In combination with 2µg/mL of 2-6, the MIC shifts to 0.125µg/mL, showing a 64-fold 

decrease. This is the first documentation that inhibition of Glc2-DAG synthesis sensitizes MRSA 

to b-lactams. 2-6 alone does not show any effect on growth of COL or USA300 up to the tested 

4µg/mL, shown in Figure 3.9A. Additionally, 2-6 was tested up to 128µg/mL in COL with no 

significant growth inhibition (Figure 3.9B), supporting it is the synergy between the two 

compounds together and not one compound acting alone.  
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Figure 3.8: 2-6 potentiates MRSA to b-lactam, oxacillin. (A) COL S. aureus is resistant to the b-

lactam antibiotic oxacillin at concentrations greater than 100µg/mL (here the MIC is shown as 

128µg/mL). COL begins to be re-sensitized to oxacillin with as little as 1µg/mL of 2-6. In 

combination with 4µg/mL of 2-6, oxacillin inhibits growth of COL at 4µg/mL, showing a 32-fold 

decrease in MIC. (B) USA300 S. aureus is resistant to oxacillin up to 8µg/mL. USA300 begins to be 

re-sensitized to oxacillin with just 0.25µg/mL of 2-6. In combination with 2µg/mL of 2-6, oxacillin 

inhibits growth of USA300 at 0.125µg/mL, showing a 64-fold decrease in MIC. The MIC curves 

shown are representative of three biological replicates.  

 

Figure 3.9: 2-6 alone has no significant effect on MRSA growth. (A) Up to 4µg/mL, 2-6 shows no 

inhibition of growth of COL or USA300. (B) 2-6 has no significant effect on growth of COL up to 

128µg/mL. Curves are representative of three biological replicates. 
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Discussion 

In this chapter I discussed the characterization of compound 2-6, a small molecule found 

to inhibit synthesis of Glc2-DAG in S. aureus. This first-in-class inhibitor was found to re-sensitize 

MRSA to the b-lactam oxacillin by decreasing the MIC 32-fold in COL when used in combination 

at a concentration of 4µg/mL, and 64-fold in USA300. I identified 2-6 through a pathway-directed, 

high-throughput, small molecule screen as a top hit in the mechanistic class found to inhibit 

growth of only DtarO (described in Chapter 2).  

While the exact target of 2-6 is not known, I have narrowed it down to a single pathway 

and three proteins in that pathway, namely, PgcA, GtaB, or UgtP. Efforts are ongoing to 

determine the molecular target, with focus on overexpressing each protein individually as well 

as finding true target mutations in resistant mutants. The details of these directions will be 

discussed more in depth in Chapter 5.  

In this chapter I showed the re-sensitization of MRSA to b-lactams in combination with 2-

6. This is the first documented case of synergy between inhibition of early stages of the LTA 

synthesis pathway and b-lactams to inhibit growth of MRSA. Our lab has previously shown that 

inhibition of TarO sensitizes MRSA to b-lactams3 and tarO is synthetically lethal with the LTA 

biosynthesis pathway1,4, which was the basis of my initial hypothesis for testing 2-6 and b-

lactams. Several compounds have been reported to inhibit the last step in the LTA synthesis 

pathway, LtaS,19,21-22 based on the hypothesis that inhibition of LTA polymerization could prevent 

MRSA growth. However the studies by Richter et al.21, and Naclerio et al.22 did not show direct 

target engagement or provide any mechanistic data supporting LtaS as the target, indicating LtaS 

may not actually be the target of these compounds. Additionally, inhibition of d-alanylation (an 
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LTA modification) increased susceptibility to cell wall acting antibiotics in B. subtilis23. These 

studies support the notion that disrupting the LTA synthesis pathway could be a viable option for 

targeting MRSA, especially in combination with current antibiotics. 

  From this study alone, it is impossible to tell if the re-sensitization is due to the increase 

in polymer length of the LTAs, the decreased levels of Glc2-DAG in the cell membrane, or if target 

inhibition prevents binding partner interactions important in b-lactam resistance. The first step 

in exploring the re-sensitization would be to see if PBP2a is still expressed with treatment of 

compound 2-6.  If PBP2a is not expressed it would be a straight-forward explanation as to why 

the MRSA strains are no longer resistant to the b-lactam. If PBP2a is still expressed, I would then 

explore if it is functioning properly, first by looking for correct localization. Functional PBP2a 

maintains acylated PBP2 at the division site, allowing the bacteria to grow and divide in the 

presence of oxacillin24. If PBP2a is mis-localized it may no longer be able to maintain PBP2 at the 

division site, therefore inhibiting growth of the bacteria. This could suggest that LTAs of the 

correct length or the correct lipid content in the cell membrane are also required for b-lactam 

resistance as it helps stabilize PBP2a at the division site.   

Further studies from this chapter will also involve testing analogues of 2-6 to find the most 

potent inhibitor of Glc2-DAG synthesis in S. aureus. The analogue of 2-6 could then be used as a 

probe to further characterize the role that Glc2-DAG synthesis plays in sensitizing MRSA to b-

lactams.    
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Materials and Methods 

Reagents and general methods 

Tryptic soy broth (TSB) and TSB with 1.5% agar was used for all S. aureus growth conditions at 

30°C or 37°C. Erythromycin (Erm) was used as a positive control for compound growth inhibition 

at 10µg/mL. Compound 2-6 was purchased from ChemDiv (D345-0637) and amsacrine was 

purchased from Abcam (ab142742).  

Spot Dilutions of S. aureus 

Cultures of specified strain were grown overnight (16-18 hours) in TSB at 30°C with shaking. The 

next day they were diluted 1:100 and grown at 30°C with shaking until OD600 = 1. Cultures were 

then serially diluted from 10-1 to 10-5 and 5µL was spotted on TSA plates. Compound 2-6 was used 

at 1-2µg/mL, amsacrine at 10µg/mL, and tunicamycin at 1µg/mL. The percentage of DMSO was 

normalized across all plates. Plates were incubated at 30°C or 37°C overnight and imaged after 

18 hours of growth.  

Minimum Inhibitory Concentration (MIC) 

Cultures of desired strain were grown overnight (16-18 hours) in sterile-filtered TSB at 30°C with 

shaking. The following day cultures were diluted 1:100 and grown at 30°C with shaking until they 

were mid-log phase. Compounds were dispensed to a dry 96-well plate using the Hewlett Packard 

D300e liquid dispenser at desired concentration with a no compound control well in addition to 

using erythromycin as a positive control at 10µg/mL. DMSO levels were normalized in all wells to 

the highest volume. Day cultures were diluted to a final OD600 of 0.001 and 150µL was added to 

each well. For endpoint MIC determination plates were incubated at 30°C or 37°C with shaking 

for approximately 16-18 hours and OD600 was read using a plate reader. For growth curves MIC 
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determination, plates were incubated in the plate reader at 30°C or 37°C with shaking for 18-20 

hours with OD600 measured every 20 minutes.       

Transposon Sequencing (TnSeq) 

Transposon sequencing was completed as described previously11. Briefly, a pooled HG003 

transposon library was grown in the presence or absence of 0.5, 2, or 8µg/mL of compound 2-6 

at 37°C until OD600 = 1. Genomic DNA was extracted and prepared for high-throughput Illumina 

sequencing. Sequencing data was processed using the Tufts Genomics Core Facility Galaxy 

server25-27 and mapped to the NCTC8325 genome using Bowtie software28. Depleted genes were 

identified by mapping reads and using the Mann-Whitney U test. Genes that were depleted by 

80% or more in the treated condition compared to the control with a Q value <0.05 were 

considered hits.   

Detection of LTAs from cellular extracts 

An overnight culture of S. aureus HG003 was grown at 30°C with shaking. The following morning 

it was diluted 1:200 in 3mL of TSB containing either DMSO or compound 2-6 in two-fold 

increasing concentrations ranging from 0.5µg/mL to 8µg/mL. All DMSO concentrations were 

normalized. Cells were grown to an OD600 between 0.4-0.6 and 1mL was pelleted. Cell pellet was 

resuspended in 25mM HEPES pH 7.5, 200mM NaCl, and 100µg/mL lysostaphin. Volumes were 

normalized to OD600 at time of harvest, with a volume equal to 1µL per 0.01 OD600. Samples were 

incubated at 37°C for 15 minutes with shaking. An equal volume of 1M Tris pH 8.0, 4% SDS was 

added to each sample. Samples were vortexed, then boiled at 100°C for 20 minutes. After cooling 

to <37°C, 50µL of each sample was removed and placed in a clean tube with 1µL of proteinase K. 

Samples were incubated at 37°C for 15 minutes. 5X SDS loading dye was added and samples were 
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run on a 4-20% Mini-PROTEANÒTGXÔ gel (Bio-Rad) at 180V for 40 minutes. The gel was then 

transferred to a PVDF membrane. The membrane was blocked in 5% milk, washed in TBST, 

incubated with a primary a-LTA antibody (Hycult), washed in TBST, and incubated with a 

secondary a-mouse-HRP antibody (Cell Signaling Technology). Finally, the membrane was 

visualized with ECL (Pierce).     

Lipid extraction and Glc2-DAG quantification 

3mL cultures of desired strains were grown overnight at 30°C with shaking. The following day 

cultures were diluted 1:100 in 10mL TSB and increasing concentrations of compound 2-6 was 

added to HG003 (two-fold increases ranging from 0.5µg/mL to 4µg/mL). All samples were 

normalized to highest DMSO concentration. Cells were grown at 30°C until OD600 was between 

0.5 – 0.8 at which point they were spun down at 3200g for 10 minutes at 4°C and supernatant 

was discarded. Pellets were washed by resuspending in 10mL of 150mM NaCl, then centrifuging 

again at 3200g for 10 minutes at 4°C, discarding supernatant. Cells were resuspended in 400µL 

of 10mM MES pH 6.5, 150mM NaCl, bringing final volume to approximately 600µL. Cells were 

transferred into 1.875mL of 4:1 MeOH:CHCl3 in a glass tube. Next, 375µL of CHCl3 containing 

2nmol of GroP-Glc2-DAG was added for an internal loading control standard. Samples were 

vortexed occasionally for 10 minutes at room temperature, centrifuged at 2000g for 10 minutes 

and supernatant was transferred to a new glass tube. 750µL of CHCl3 was added, samples were 

vortexed, then 750µL of water was added. Samples were vortexed occasionally for 10 minutes at 

room temperature and centrifuged at 2000g for 10 minutes. The lower organic phase was 

carefully collected and transferred to a glass vial. 50µL of MeOH was spiked in and samples were 

completely dried on the rotovap.  
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Samples were dissolved in 20µL of CHCl3 and 2µL was spotted on a TLC silica gel 60 plate (EMD 

Millipore) alongside a standard containing Gal2-DAG and Glc-1a-DAG (Avanti Polar Lipids) to 

verify running distance of the lipids. TLC was run in 16:6:0.8 chloroform:methanol:water until the 

solvent front was approximately 1cm from the top. Plate was dried horizontally then dipped in a 

napthylethylenediamine stain. Excess staining solution was wiped off and the plate was heated 

on a 100°C hot plate for 5 minutes and imaged with white light on GelDoc. Staining intensities 

were quantified with ImageJ and relative levels of Glc2-DAG were determined by comparing the 

Glc2-DAG/GroP-Glc2-DAG ratio between samples.      

NMR of 2-6    

 1H NMR was taken on a Varian 400 MHz instrument at room temperature. 2-6 was dissolved in 

deuterated-DMSO at 10mg/mL. See Appendix 5 for NMR. 
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Chapter 4: An Antibiotic that Inhibits the ATPase Activity of an ABC Transporter by Binding to 

a Remote Extracellular Site 

Reproduced with permission from [Matano, L. M.; Morris, H. G.; Hesser, A. R.; Martin, S. E. S.; 

Lee, W.; Owens, T. W.; Laney, E.; Nakaminami, H.; Hooper, D.; Meredith, T. C.; Walker, S., 

Antibiotic That Inhibits the ATPase Activity of an ATP-Binding Cassette Transporter by Binding to 

a Remote Extracellular Site. J Am Chem Soc 2017, 139 (31), 10597-10600. PMC5699463]. 

Copyright 2017 American Chemical Society 

Author Contributions 

The work in this chapter was published in the Journal of the American Chemical Society 

(JACS) and I am one of three co-first authors with Leigh Matano and Anthony Hesser1. Leigh and 

I jointly carried out the high throughput screen that identified the hit compound described and 

together devised a plan for follow-up that was patterned on work previously carried out in the 

Walker lab. Sara Martin made analogs of our hit compound and Leigh and I found some of the 

analogues had improved activity. I then performed genetic studies that confirmed TarG as the 

target and Leigh identified the binding site in TarG based on resistant mutant analysis. Anthony 

developed a biochemical assay that monitored the ATPase activity of TarGH in liposomes and 

discovered that our TarG inhibitor blocked ATPase activity.      
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This chapter is a reprint of the 2017 JACS paper1 with an abridged introduction and 

summary of the pathway-directed screen. Author contributions have been highlighted at the 

start of the chapter and will be summarized in figure legends. It will describe the collaborative 

effort between myself and many other members of the Walker lab in fully characterizing a potent 

small molecule inhibitor of the two component ABC transporter TarGH, which showed improved 

efficacy over the previously identified TarGH inhibitor from our lab, targocil2-3.  

Introduction: Late stages of WTA synthesis pathway are attractive antibiotic targets 

 Later steps in the WTA synthesis pathway are essential for S. aureus survival because 

WTAs are synthesized on the lipid carrier undecaprenol-phosphate (UndP), which is also used in 

formation of Lipid II, an essential peptidoglycan precursor. If WTA assembly is not completed and 

the polymers are not flipped to the outer leaflet of the membrane, the UndP cannot be recycled 

and used in further peptidoglycan synthesis4-6. A summary of the UndP recycling is shown in 

Figure 4.1.  
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Figure 4.1: Schematic of cell wall biosynthetic pathways showing the sites of action of 

inhibitors. Blue arrows denote the peptidoglycan pathway and red arrows denote the WTA 

pathway; these pathways use the same undecaprenyl (UndP) carrier. Antibiotic structures and 

legend abbreviations are explained in Supplemental Figure A1.1 (Appendix 1). 

 

As outlined in Chapters 1 and 2, the pathway-directed screen can identify compounds that 

are lethal to S. aureus in addition to those that are synthetic lethal with TarO. Late-stage 

inhibitors of the wall teichoic acid synthesis pathway are lethal to S. aureus and can be identified 

by determining which small molecules selectively inhibit growth of the wild-type Newman strain 
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while having no effect on growth of the DtarO strain. As previously discovered WTA inhibitors 

had poor physical properties3,7, we wanted to identify new late-stage WTA synthesis pathway 

inhibitors and therefore looked for small molecules that selectively inhibited growth of just the 

wild-type Newman strain in our screen of 230,000 small molecules. 

Pathway-directed screen identifies potent S. aureus inhibitor 

The screen produced a single strong hit (1), which proved to be a furanocoumarin derivative 

(Figure 4.2A). Compound 1 was found to have a minimum inhibitory concentration (MIC) of 

1µg/mL against S. aureus (Figure 4.2A), including several  b-lactam resistant strains (MRSA; Table 

4.3). A literature search revealed that compound 1 had been identified as a growth inhibitor in a 

2,000,000-compound screen for S. aureus antibiotics, but its target was not identified8. Based on 

structurally related compounds also reported in that large screen, we synthesized a panel of 

analogs. Two L-proline derivatives (2 and 4) were found to be especially potent inhibitors of 

wildtype S. aureus growth (0.125 µg/mL), but showed no activity against the DtarO strain (Figure 

4.2B and Table 4.3). This MIC is eight-fold lower than that of targocil, the well-characterized WTA-

active antibiotic previously discovered in our lab3. Moreover, the kinetic solubility of these 

compounds is two to three logs greater than targocil’s, the half-lives were found to be 20-40 

times longer in mouse liver microsomes, and the compounds were not cytotoxic (See Appendix 

1, Supplemental Table A1.2, Figure A1.3). Based on the promising properties of the compound, 

we elucidated its mechanism of action.      
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Figure 4.2: A HTS screening hit led to potent anti-MRSA compounds 2 and 4. (A) Plot of HTS 

results. Each circle represents the average OD600 of the strains in the presence of a library 

compound tested in duplicate. One compound (compound 1, red circle) inhibited growth of the 

WT Newman strain but not ∆tarO. (B) Synthesized analogs of 1 with activities against S. aureus 

Newman. MICs against MRSA strains are identical (Table 4.3). HTS screen and MIC testing was 

completed by me and Leigh Matano, all analogue synthesis was completed by Sara Martin. 
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Table 4.3: Minimum Inhibitory Concentrations Against MRSA and MSSA Strains. Minimum 

inhibitory concentrations (MICs) of select synthesized analogs against methicillin-sensitive and 

methicillin-resistant S. aureus (MRSA) strains. Analogs were tested for activity against five MRSA 

strains: community-acquired strains USA100, USA200, MW2 (USA400) and USA300 and hospital-

acquired strain 1784A, as well as four additional MSSA strains: RN4220, HG003, MSSA1112, and 

SEJ1. No activity was observed against Newman ∆tarO and activity against wildtype Newman was 

retained even in the presence of 50% fetal bovine serum (FBS). The frequency of resistance was 

determined for 2 and targocil. MICs were determined by me and Leigh Matano, frequency of 

resistance by Leigh Matano. 

 

Compound 1 2 4 6 8 Targocil 

USA 100 1 0.125 0.125 0.25 0.25 1 

USA 200 0.5 0.125 0.125 n.d. n.d. n.d. 

USA 300 1 0.125 0.125 0.25 0.25 1 

1784 1 0.125 0.125 0.25 0.25 1 
MW2  

(USA 400) 
1 0.125 0.125 0.25 0.25 1 

RN4220 0.5 0.0625 0.125 n.d. n.d. n.d. 

HG003 0.5 0.125 0.125 n.d. n.d. n.d. 

MSSA1112 0.5 0.125 0.125 n.d. n.d. n.d. 

SEJ1 0.5 0.0625 0.125 n.d. n.d. n.d. 

Newman 
∆tarO 

>64 
 

>64 
 

>64 
 

>64 
 

>64 
 

>64 
 

Newman, 
50% FBS 

32 1 2 4 4 32 

Frequency 
of 

resistance 
n.d. 2.7x10-8 n.d. n.d. n.d. 1.2x10-7 
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Compound 2 depletes Lipid II in S. aureus 

We first assessed the effect of the compound on pool levels of the peptidoglycan 

precursor, Lipid II, using a previously developed assay5-6. Compounds that inhibit a late step in 

the wall teichoic acid pathway deplete Lipid II because this peptidoglycan precursor is 

biosynthesized on the same carrier lipid, undecaprenyl phosphate (UndP, Figure 4.1)4-6,9. If the 

UndP carrier lipid is sequestered in WTA precursors, it is not available for peptidoglycan precursor 

synthesis. Cultures of S. aureus were treated for ten minutes with targocil, 2, or three 

peptidoglycan synthesis inhibitors with mechanisms of action that lead either to Lipid II depletion 

(bacitracin, which inhibits carrier lipid recycling) or Lipid II accumulation (moenomycin and 

vancomycin, which inhibit peptidoglycan assembly; Figure 4.1, Figure 4.4A). Cellular lipids were 

extracted, and the Lipid II present therein was labeled with biotin to enable detection by 

streptavidin-HRP5-6. Like targocil and bacitracin, compound 2 depleted Lipid II. Combined with 

the suppression of bioactivity in the DtarO strain, this result confirmed inhibition of a late step in 

the WTA pathway. 
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Figure 4.4: TarG is the target of 2. (A) Assay to detect Lipid II abundance after antibiotic 

treatment, with results for control antibiotics and 2 shown. Extracted Lipid II is labeled with 

biotin-D-Lys using S. aureus PBP4 to enable detection with HRP-streptavidin. Experiment by 

Wonsik Lee. (B) Mutants resistant to 2 (lanes 1-3) were sorted into two groups by plating on 

amsacrine. Susceptible mutants 1 and 2 had mutations in tarA while amsacrine-resistant mutant 

3 had a mutation in tarG (see Appendix 1, Supplemental Table A1.4 & A1.5, for full list and 

comparison to other TarG inhibitors). Experiment by Leigh Matano. (C) Substitutions in TarG that 

conferred high level resistance to 2. (D) Disk diffusion assay shows that strain KS002, in which B. 

subtilis TagGH was replaced with S. aureus TarGH, is sensitive to 2. I conducted this experiment.  
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Resistant mutants identify TarG as target of compound 2 

To identify the molecular target within the WTA pathway, we selected resistant mutants on 

compound 2. Twenty-seven colonies from three independent cultures were selected for 

evaluation. We expected two classes of mutants: those with mutations in the molecular target 

and those with mutations that disrupted function of TarO or TarA2,4,9. To sort these mutants, we 

made use of the teichoic acid D-alanylation inhibitor, amsacrine, which prevents growth of WTA 

null strains10-12. Seventeen mutants were unable to grow on the inhibitor (Figure 4.4B), and all of 

these were found to contain null mutations in tarO or tarA; all other mutants contained point 

mutations that resulted in amino acid substitutions in TarG, the transmembrane component of 

the ABC transporter that exports WTA precursors to the cell surface (Figure 4.4C; Appendix 1, 

Supplemental Table A1.4). These results validated the procedure used to classify mutants and 

suggested that TarG is the target of 2. 

Confirming TarG as target of compound 2 

We used two different approaches to confirm TarG as the target. First, we expressed one 

of the resistant tarG alleles in a clean S. aureus background and found that expression conferred 

dominant resistance (Figure 4.5). Second, after verifying that 2 did not inhibit growth of B. subtilis 

(See Appendix 1, Supplemental Figure A1.6), we made use of a previously engineered B. subtilis 

strain in which the endogenous WTA transporter genes (tagGH) were replaced with the S. aureus 

transporter genes at an ectopic locus13. Compound 2 did not show a zone of inhibition in a disk 

diffusion assay against wildtype B. subtilis, but it showed a dose-dependent inhibition zone when 

tested against the strain expressing the S. aureus transporter (Figure 4.4D). This gain of sensitivity 
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to compound 2 upon heterologous expression of S. aureus tarGH in B. subtilis confirmed the S. 

aureus wall teichoic acid transporter as its target. 

 
 

Figure 4.5: Ectopic expression of the resistant tarG W196L allele under the Patc promoter in S. 

aureus confers dominant resistance to compound 2. A series of 10-fold dilutions were plated on 

10 µg/mL 2 without and with inducer (400 nM anhydrotetracycline). Expression of tarG W196L 

confers resistance to compound 2, but expression of a second copy of wildtype tarG does not 

confer resistance. Completed by Leigh Matano.  

 

Value of improved inhibitor of WTA export via ABC transporter 

Several classes of compounds that inhibit WTA export have now been identified, but the 

class reported here is the first with solubility properties that allow mechanistic characterization2-

3,7. Elucidating how these compounds act may not only provide insight into how to improve them 

further, but could guide efforts to develop inhibitors of other ABC transporters. The ABC 

transporter family is very large and includes many possible therapeutic targets in both 

1 2 3 4 1 2 3 4

1	– Newman	TarG W196L
2	– Newman	DTarO
3	– RN4220	pTP63-Patc-TarH-His6,	TarG
4	– RN4220	pTP63-Patc-TarH-His6,	TarG W196L
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prokaryotes and eukaryotes, but few mechanistic studies on inhibitors have been reported14-18. 

P-glycoprotein inhibitors have received the most attention due to the importance of this ABC 

transporter in multidrug resistance in cancer19-20. Inhibitors that compete with ATP for binding to 

the nucleotide binding domain (NBD) or with exported substrates have been studied, but were 

abandoned due to lack of specificity and toxicity20. The most promising P-glycoprotein inhibitors 

identified to date bind to the transmembrane (TM) domain in a manner that prevents substrate 

transport, but allows robust ATP hydrolysis16,21.  

Elucidating how compound 2 inhibits TarGH 

To obtain information on how 2 inhibits TarGH, we co-expressed wildtype TarG with 

either TarH-His6 or an ATPase-inactive TarH-His6 mutant (E169Q), solubilized the complexes in 

dodecylmaltoside, purified them over an affinity column followed by size exclusion 

chromatography, and reconstituted them into proteoliposomes22. The ATPase activity of the 

reconstituted transporter, measured using a continuous chromogenic assay, had kinetic 

parameters similar to those reported for other ABC transporters (See Appendix 1, Supplemental 

Figure A1.7)23-24. The addition of compound 2 strongly inhibited ATPase activity with an IC50 of 

137 nM, even though the ATP concentration was 1000-fold higher (Figure 4.6A, Appendix 1: 

Supplemental Figure A1.8). Additional experiments showed that the ATPase activity of the WT 

transporter in the presence of 1.0 µM 2 was comparable to that of a TarGH mutant containing a 

mutation that impairs ATP hydrolysis (TarH E169Q) (See Appendix 1: Supplemental Figure A1.9; 

Supplemental Figure A1.10). 
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Figure 4.6: Compound 2 inhibits the ATPase activity of TarGH in proteoliposomes but binds in 

a remote location. (A) Averaged ATPase activity (n=3; error bars=SD) of reconstituted TarGH (200 

nM) in the absence (black) and presence (red) of compound 2 (1 µM). Saturating levels of ATP (1 

mM) were used. Assay completed by Anthony Hesser. (B) Homology model of TarGH. TarH is 

cytoplasmic and much of TarG is embedded in the membrane. C) Top view of the TarG dimer. 

Mutations in residues shown in pink give high level resistance to 2.  
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Locating binding site of compound 2 

To locate the binding site of 2 relative to the ATPase, we generated a homology model for 

TarGH using the human ABCG5/ABCG8 sterol transporter as the template and mapped the 

resistance mutations to the modeled structure (Figure 4.6B,C)25. In agreement with the topology 

of many other ABC exporters, each TarGH dimer has 12 TM helices24,26-27, which are grouped such 

that TM helices one and two from one monomer are in close proximity to TM helix five of the 

other monomer. The high-level resistance mutations selected with compound 2 map near the 

extracellular ends of TM helices one and five. While we cannot exclude the possibility that the 

resistance mutations affect the conformation of the ATPase from a distance such that it remains 

active but is incapable of binding inhibitor, we think it is far more likely that the binding site is 

defined by the resistance mutations. We propose, therefore, that the binding site spans the 

dimer interface and, given the symmetry, that two molecules of 2 bind to the dimer. To inhibit 

ATP hydrolysis by binding to a remote site, the compound must lock the TM domain in a 

conformation that prevents the coupled inter-domain structural changes required for ongoing 

ATP hydrolysis by the NBDs.  

Discussion 

Compound 2, hereafter to be called targocil-II, is the first known example of an ABC 

transporter inhibitor that prevents ATP hydrolysis by binding to an allosteric site in the TM 

domain. Given the sequence diversity of TM domains, this mode of binding would have clear 

advantages with respect to specificity over ATP-competitive inhibitors that bind to a very highly 

conserved binding pocket. Now that conditions have been developed to obtain the purified ABC 
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transporter in active form, it may be possible to obtain structural information with inhibitor 

bound to facilitate development of transport inhibitors for therapeutic use. 

 

Materials and Methods 
 
General Methods 
 
S. aureus Newman was grown in tryptic soy broth (TSB) for liquid cultures or on TSB with 1.5% 

agar for spot dilutions at 30°C. High-throughput screening was done at the ICCB-Longwood 

Screening Facility. Analog 1 was purchased from ChemDiv (D143-0317). Analog 1b was purchased 

from ChemDiv (D143-0316). Analogs 2-8 were synthesized as described below. Amsacrine was 

purchased from Abcam (ab142742).  

High Throughput screening (HTS) 

HTS was performed at the ICCB Longwood facility at Harvard Medical School. Cultures of S. aureus 

Newman and S. aureus Newman ∆tarO were inoculated in TSB and grown overnight at 30°C and 

diluted the next day to an OD600 of 1. 384-well plates (Corning 3702) were prepared for screening 

by predispensing 30 µL of TSB using a Matrix Wellmate plate filler. 100 nL of compounds were 

pinned into lanes 1-22 of the prefilled 384-well plates for a final volume of ~15 µM. Immediately 

following, 50 µL of cells (OD600 =1 cells diluted 1:625 in TSB) was added to each well using the 

Matrix Wellmate for a final volume of 80 µL and final OD600 of .001. Lane 23 served as a no 

compound control. 10 µg/mL erythromycin (final concentration) was added to lane 24 as a 

positive control. Plates were incubated at 30°C for 16-18 hr. Plates were read using a PerkinElmer 

EnVision plate reader. Screening was performed in duplicate for each strain.  
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Raising resistant mutants 

S. aureus Newman was inoculated in TSB and grown overnight. Cultures were diluted 1:100 and 

grown until to OD600 ~1. Cultures and ten-fold dilutions thereof were plated in 100 µL aliquots 

onto TSA plates containing 10 µg/mL compound 2 (approximately ~108 and 107 CFUs were 

plated). 100 µL of 10-6 and 10-7-fold dilutions of the culture were plated onto no-compound 

control plates and used to back-calculate starting culture concentrations for calculating 

frequency of resistance. Plates were incubated overnight at 30°C. Resistant colonies isolated 

from plating 3 different starter cultures and were restreaked twice on TSA plates before testing. 

Genomic DNA was isolated from confirmed resistant colonies and targeted sequencing of WTA 

pathway genes was performed.  

Spot dilutions 

Resistant mutants were grown overnight, diluted 1:100, and grown over several hours until an 

OD600 of ~1. All strains were normalized to an OD600 of 1, and then serially diluted tenfold (from 

10-1 to 10-5). 5 µL of diluted culture was spotted onto TSA plates with 10 µg/mL compound 2, 10 

µg/mL amsacrine, or no compound. Plates were incubated at 30°C overnight. 

Minimum inhibitory concentration (MIC) determination 

S. aureus strains were inoculated and grown in TSB overnight. In the morning, strains were 

diluted 1:100 and grown for several hours until OD600 of ~1. All cultures were normalized to an 

OD600 of 1, then diluted 1:1000. 147 μL of diluted culture was added to each well of a 96-well 

plate. Compound dilution series were made in DMSO and 3 µL aliquots were transferred into 147 

µL for final concentrations of 0-64 µg/mL in a final volume of 150 µL. Plates were then incubated 

16-18 hours at 30°C and OD600 read by SpectraMax Plus 384 microplate reader (Molecular 
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Devices). For assessing serum shift, TSB was spiked with 50% fetal bovine serum (ATCC cat#30-

2020) and MIC was performed as described above. For the B. subtilis growth curves, PY79 and 

KS00213 (+IPTG) were grown overnight in LB media at 37°C while shaking. After 16 hours, cultures 

were diluted 1:100, grown for 6-8 hours at 37°C and normalized to an OD600 of 1. Cultures were 

then diluted 1:1000 and 150 µL was plated in 96-well format. 2 was added in decreasing two-fold 

dilutions from 64 µg/mL to 0.03125 µg/mL. Growth was monitored over a 14-hour period (37°C, 

shaking), with reads every 20 minutes using a SpectraMax Plus 384 microplate reader. 

Disk diffusion assay 

Overnight cultures of WT B. subtilis and KS00213 (1 mM IPTG) were diluted into fresh LB media to 

an OD600 of 0.1, grown to OD600 of approximately 0.8, then diluted to a final OD600 of 0.1 in 20 mL 

LB agar containing 1 µM IPTG. Filter disks were soaked with compound (2 or targocil) and placed 

on top. The plates were incubated overnight at 37°C and the zones of inhibition around the filter 

disk was interpreted as relative sensitivity against the compound.  

Lipid extraction and Lipid II detection by western blot 

The bacterial lipids were extracted as described5. Briefly, S. aureus RN4220 was grown to 

exponential phase (OD600 = 0.4) at 37°C. 2 mL of culture were then treated with the following 

antibiotics for 10 minutes at 37°C: 0.6 μg/mL 2, 2.5 μg/mL 1, 0.5 μg/mL moenomycin, 10 μg/mL 

vancomycin, 2.5 μg/mL targocil, 10 μg/mL bacitracin. Following biomass normalization based on 

OD600, bacterial cells were harvested by centrifugation and resuspended in 0.3 mL pH 7.5 

phosphate-buffered saline (PBS) then mixed with 1.5 mL of 2:1 methanol:chloroform 

immediately. The mixture was vortexed for 10 minutes at room temperature and centrifuged at 

10 minutes at 4000 x g at room temperature. The supernatant was then transferred in a new 
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glass tube and mixed with 1.0 mL of 1:1 chloroform:PBS (pH 7.5) followed by 10 minutes 

vortexing at room temperature. The mixture was then centrifuged for 10 minutes at 4000 x g to 

separate the organic and aqueous layers. The separated organic layer (bottom) was collected, 

dried, and resuspended in 20 μL DMSO.  

  The S. aureus Lipid II in the total lipid extract was labeled with biotin-D-Lys (BDL) using the 

S. aureus PBP4 as described5. Briefly, 2 μL of the Lipid extract was incubated with 10 μM of PBP4 

and 3 mM BDL in a reaction buffer containing 12.5 mM HEPES pH 7.5, 20 mM MnCl2, and 2.5 mM 

Tween-80 in 10 μL reaction volume for 1 hour at room temperature. The reactions were 

quenched by adding an equal amount of 2x SDS loading buffer and resolved on an SDS 

polyacrylamide gel (4-20% gradient), then transferred to a PVDF membrane (BioRad) and blotted 

with streptavidin-HRP (1:10000 dilution, Pierce). Finally, the Lipid II labeled with BDL was 

visualized using ECL Prime Western Blotting Detection Reagent (GE Ambersham) and CL-XPosure 

Film (ThermoFisher Scientific).  

Protein expression and purification 

The genes encoding S. aureus NCTC8325 TarG and TarH with a C-terminal His6 affinity tag were 

cloned into separate multiple cloning sites in the pCDFDuet-1 vector (Novagen). TarGH was co-

expressed with the pRARE plasmid (Novagen) in E. coli KRX cells (Promega) grown at 37°C in LB 

Miller broth supplemented with 10% glycerol. Expression was induced by adding 0.02% L-

rhamnose at an OD600 of 0.6 for 4 hours. All subsequent steps were performed at 4°C. Cells were 

harvested by centrifugation and resuspended in buffer A (20 mM Tris pH 8.0, 10% glycerol) plus 

1 mM PMSF and 1 mM MgCl2. DNase and lysozyme were added at 100 μg/mL and cells were 

disrupted in an EmulsiFlex-C5 homogenizer at 15,000 psi external pressure. Cell debris was 
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pelleted, and membranes in the supernatant were subsequently pelleted by ultracentrifugation 

at 100,000g. Membranes were solubilized in buffer A plus 400 mM NaCl, 1 mM ATP or AMP-PNP, 

and 1% (w/v) n-dodecyl-D-maltopyranoside (DDM, Anatrace). Solubilized proteins were loaded 

on TALON resin (Clontech) equilibrated with buffer B (10 mM Tris pH 8.0, 100 mM NaCl, 10% 

glycerol, 0.03% DDM), washed with buffer B plus 200 mM NaCl and 10 mM imidazole, and eluted 

in buffer B plus 120 mM imidazole. The elution was further purified by size exclusion 

chromatography on a Superdex 200 Increase 10/300 GL (GE Healthcare) with buffer C (10 mM 

Tris pH 8.0, 100 mM NaCl, 0.03% DDM). Peak fractions were combined, concentrated to 20 μM 

in an Amicon Ultra-15 100 kDa cut-off concentrator (Millipore).  Aliquots were flash frozen with 

liquid nitrogen and stored at -80°C. TarG and TarH(E169Q)-His6 were co-expressed and purified 

in the same manner. 

Reconstitution in proteoliposomes 

E. coli polar lipid extract (Avanti Polar Lipids) was hydrated in buffer D (20 mM Tris pH 8.0, 100 

mM NaCl) to 20 mg/mL at room temperature. After three freeze/thaw cycles, liposomes were 

extruded through a 100 nm polycarbonate membrane for 15 passes using an Avanti Mini Extruder 

(Avanti Polar Lipids), diluted with two volumes of buffer D + 0.4% DDM, and incubated at 4°C for 

10 minutes. Liposomes were mixed with a freshly thawed aliquot of protein (1:10,000 mol 

protein:lipids) for 1 hour at 4°C, and detergent was removed with Bio-Beads SM-2 resin (Bio-

Rad). Proteoliposomes were stored at 4°C and used within 1 day. 

ATPase assays 

ATPase activity in proteoliposomes was measured with the EnzChek® Phosphate Assay Kit 

(Molecular Probes) at 26°C in a 96-well format. The reaction mixture containing 20 mM Tris pH 
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8.0, 100 mM NaCl, 5 mM MgCl2, 1 mM ATP or AMP-PNP, and 2 or DMSO control (a final 

concentration of 0.2% DMSO) was incubated with the MESG and purine nucleoside 

phosphorylase reagents for 10 minutes at room temperature to consume contaminating Pi. 

Reactions were initiated by addition of proteoliposome solution at a final protein concentration 

of 200 nM and absorbance at 360 nm was monitored using a SpectraMax Plus 384 microplate 

reader. Initial rates were measured as the slope of the linear region of product formation and 

based on a phosphate standard series. 

Generation of TarGH homology model 

TarG and TarH homology models were generated using the Phyre2 server28. Models were aligned 

in PyMOL to corresponding subunits of the structure of the human ABCG5/8 sterol exporter (PDB 

5DO7), as this is the only published ABC transporter structure from which a TarG homology model 

could be generated25. TarH residues 244-264 are not shown due to low model confidence. 

Hepatic microsomal stability  

Microsome stability was evaluated by incubating 1 µM compound with 1 mg/ml mouse hepatic 

microsomes in 100 mM potassium phosphate buffer, pH 7.4. The reactions were held at 37° C 

with continuous shaking and initiated by adding NADPH, 1mM final concentration.  The final 

incubation volume was 300 µl and 40 µl aliquots were removed at 0, 5, 10, 20, 40, and 60 

minutes.  The removed aliquot was added to 160 µl acetonitrile to stop the reaction and 

precipitate the protein. NADPH dependence of the reaction is evaluated in parallel incubations 

without NADPH. At the end of the assay, the samples are centrifuged through a 0.45 micron filter 

plate (Millipore Solventer low binding hydrophilic plates, cat# MSRLN0450) and analyzed by LC-

MS/MS.  The data was log transformed and results are reported as half-life. Assays were 
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performed by Michael Cameron at The Drug Metabolism and Pharmacokinetics Core at the 

Scripps Research Institute. 

Kinetic solubility 

Compounds, prepared as 10 mM DMSO stock solutions, were introduced to pre-warmed pH 7.4 

phosphate buffered saline in a 96–well plate. The final DMSO concentration was 1% and the plate 

was maintained with orbital shaking at 37°C for 24 hours. The samples were centrifuged through 

a Millipore Multiscreen Solvinter 0.45 micron low binding PTFE hydrophilic filter plate and 

analyzed by HPLC with peak area compared to standards of known concentration. Assays were 

performed by Michael Cameron at The Drug Metabolism and Pharmacokinetics Core at the 

Scripps Research Institute. 

Eukaryotic Toxicity  

Toxicity testing was done with Vero cells prepared in DMEM with 10% FBS. 200 µL of 0.5 x 105/mL 

were plated in a 96-well clear bottom plates (NUNC #165305). Plates were gently shaken and 

incubated at room temperature for one hour and then set overnight at 37°C, 5% CO2. Compound 

was thawed and diluted into D-10 media with 1% DMSO (D-10-1). After 24 hours, media was 

removed from cells and replaced with 200 µL of diluted compound at various concentrations. 

Samples treated with DMSO were used as controls. Plates were incubated overnight at 37°C, 5% 

CO2. Cell viability was assessed after 24 hours using Promega CellTiter-Glo® Luminescent Cell 

Viability Assay (#G7571). Percent viability was calculated using (Mean Value – Mean Blank) / 

(Mean Control - Mean Blank) * 100%. The assay was performed by Christine Anderson with the 

Harvard CETR core.  
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Cell viability assay 

Toxicity testing was done with HepG2 cells prepared in DMEM with 10% FBS. 95 µL of 5 x 104 

cells/mL were plated in a 96-well clear bottom plates (#165305). Plates were incubated 24 hours 

at 37°C, 5% CO2. Compound was thawed and diluted into DMEM. After 24 hours, media was 

removed and replaced with 95 µL of DMEM with 10% FBS. Then 5 µL diluted compound was 

added at various concentrations. Samples treated with DMEM containing DMSO were used as 

controls. Plates were incubated in a 37°C, 5% CO2 incubator. Cell viability was assessed after 48 

hours using Promega CellTiter-Glo® Luminescent Cell Viability Assay (#G7571). Percent viability 

was calculated using (100*(Mean treatment – Mean Blank) / (Mean Control - Mean Blank)).  
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Chapter 5: Pathway-Directed Screening Quickly Identifies Inhibitors of Physiologically Relevant 

Pathways in S. aureus  

 In this final chapter I will discuss the overall findings of my dissertation. After a concise 

summary I will discuss the plans for future studies and the implications of the work to the field. 

Summary 

The public health threat of MRSA has created a need for new antibiotics and/or 

compounds that can re-sensitize MRSA to b-lactams. High-throughput, small molecule screening 

has traditionally been at the forefront of drug discovery1. The approach has been effective in 

finding probes for further study of cellular networks and pathways2, but finding compounds with 

potential for clinical success has been limited3-4. In this thesis I described how a pathway-

directed, high-throughput, small molecule screen was used to quickly and efficiently characterize 

top hits to identify bioactive inhibitors of two distinct cell envelope biosynthesis pathways in S. 

aureus.  

The small molecule characterized in Chapter 3 is the first reported inhibitor of Glc2-DAG 

synthesis in S. aureus. When wild-type MRSA strains were treated with as little as 1µg/mL of 

compound 2-6 I started to see re-sensitization of MRSA to the b-lactam oxacillin, and with 

4µg/mL of compound 2-6 I saw between a 32- and 64-fold decrease in the MIC of oxacillin. 

Optimized analogs of this first-in-class compound could be used in combination with clinically 

relevant b-lactams to treat MRSA infections.  

Chapter 4 discussed my collaborative work in the discovery and characterization of a small 

molecule found to inhibit the ABC transporter TarG, a late stage in the WTA synthesis pathway. 

Targeting TarGH inhibits growth of wild-type MSSA and MRSA strains because it prevents 
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undecaprenol-phosphate from being recycled and used in peptidoglycan synthesis, an essential 

step in S. aureus growth and survival. The described compound also showed improved potency 

and efficacy over previously identified TarG inhibitors, making it a candidate for best-in-class 

antibiotic.  

Value of a pathway-directed high throughput screen 

 Identification of the two small molecules discussed in this thesis would not have been 

possible without the strategic design of the pathway-directed screen. By screening WT S. aureus 

and the DtarO mutant strain, two major classes of compounds in the screening library were 

quickly identified: those that are lethal to S. aureus, and those that are synthetically lethal with 

DtarO. Knowing that a late-stage WTA pathway inhibitor would inhibit growth of WT S. aureus, 

but have no effect on growth of a DtarO mutant, a single late-stage WTA synthesis pathway 

inhibitor was identified from a screen of over 230,000 small molecules. This compound was the 

only hit but it proved to be relatively potent (~1 µg/mL MIC) and its efficacy was improved by 

making a small number of analogs. The identification of compound 1 as a WTA pathway inhibitor 

from the primary screening data alone highlights the strength of pathway-directed screening 

approaches in antibiotic discovery and how no time is wasted following up on nuisance 

compounds.  

Target identification was rapid because the screen was designed to find compounds that 

inhibited a late step in the WTA biosynthetic pathway. We were able to confirm this mechanism 

of action quickly using assays previously developed in the Walker lab5-6. It would be difficult to 

improve on the efficiency with which a hit was identified in this area of biological space. The 

strategy can be adapted to other pathways for future studies. There are other pathways that 
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contain non-essential early steps and essential late steps, and these would be candidates for a 

similar screening approach. Examples of such pathways include: O-antigen biosynthesis in 

Salmonella enterica7, Escherichia coli8, and Pseudomonas aeruginosa9; biosynthesis of capsular 

polysaccharide in Streptococcus pneumoniae10; and exopolysaccaride biosynthesis in 

Xanthomonas campestris11. It is also possible to set up a pathway-directed screen for any lethal 

knockout for which a suppressor can be identified. The success of our earlier efforts with 

pathway-directed screens have inspired other such screens. Of note, a pathway-directed screen 

was used by Kahne and coworkers to identify an MsbA inhibitor12, and by Bernhardt and 

coworkers to identify inhibitors of MreB13.     

 Identifying targets for synthetic lethal hits is more challenging than identifying the target 

of the lethal hit because there are more targets. Our lab had previously identified the synthetic 

lethal network for tarO; therefore, I had a short list of potential targets.  I helped design a strategy 

to classify hits based on potential mechanisms, which guided my decisions about which 

compounds to pursue. The screen I completed built on a pilot screen performed by previous 

graduate students who identified a D-alanylation pathway inhibitor and then characterized its 

synthetic lethal network14. Using this information, I designed a mutant panel that could be used 

in a special cherry pick strategy to a) immediately identify other D-alanylation pathway inhibitors; 

and b) classify all other hits into categories based on mutant susceptibility. These classifications 

allowed better prioritization of compounds for follow up. Compounds with the same target will 

be found in the same class. Although each class may also contain compounds that hit other 

targets, the classification nevertheless simplifies follow-up. From here I could decide on what 

class to pursue first, and then what compounds to pursue within a class. For example, I was 



 94 

interested in identifying compounds that inhibited an early step in the LTA biosynthetic pathway, 

and only one class of compounds from the cherry pick analysis potentially contained such 

inhibitors. I therefore focused on this class (class 2) for follow-up and was able to identify an LTA 

pathway inhibitor.       

 The value of the pathway-directed screen is clear when compared to traditional screening 

approaches. For comparison, a review in 2007 discussed 70 high-throughput screens from GSK - 

67 target-based and 3 whole-cell - all of which tested over 250,000 small molecules. From all of 

these screens, only five compounds progressed to a lead, which the authors defined as having 

biological activity and some evidence for a particular target4. Both of the compounds discussed 

in my thesis are active in cells and I have shown that they act on a target in the pre-defined area 

of biological space. Moreover, both compounds inhibit bacterial growth either alone (the 

compound described in Chapter 4), or in combination with b-lactams (the compound described 

in Chapter 3). 

Improvements on the pathway-directed screen for discovery of Glc2-DAG inhibitors 

 The success in quickly identifying compounds that have a specific mechanism of action in 

a growth-based screen shows the value of including two strains in a screen. Non-specific toxic 

compounds are weeded out immediately based on their ability to kill both strains. While not 

discussed in this thesis, these compounds have been arrayed into a library of general S. aureus 

lethal compounds for future screens. All other compounds have a high probability of inhibiting a 

target in the specified area of space.  I have identified a Glc2-DAG synthesis inhibitor, and now 

have some information on its synthetic lethal network that will allow for more rapid identification 

of additional Glc2-DAG inhibitors. For example, an inhibitor of early stages of the LTA synthesis 



 95 

pathway is synthetic lethal with mprF and the Dlt pathway (Chapter 3). Therefore, in the cherry 

pick analysis, rather than testing DtarO at a concentration of 0.5X in duplicate, which did not 

provide useful information at that stage of prioritization, future secondary screens could instead 

include another mutant strain – either DmprF or DdltB at 1X the screening concentration. Based 

on fitness of the mutants, DmprF would be the better choice as it grows to a higher OD600 and 

grows normally in the small volume of 384-well plates. This would allow for quick identification 

of compounds that have potential to be early stage LTA synthesis pathway inhibitors as they 

would be lethal to DtarO, and DmprF, but not DugtP, DltaS*, or D1050. One of the goals of the 

screen was to not only find new potential inhibitors of S. aureus, but to learn how to optimize 

screening approaches in an effort to identify hits as quickly and efficiently as possible.  

 A second area for follow-up on this screen was described in the discussion of Chapter 2. 

As the DltaS* mutant strain has both LtaS and GdpP deleted, it must be determined if the growth 

inhibition is caused by the lack of LTAs in the cell (due to the deletion of LtaS), or by increased 

levels of c-di-AMP (due to the deletion of GdpP)15. As stated previously, a quick tertiary screen 

can be carried out for compounds that inhibit growth of DltaS*  by testing them against DgdpP 

or Congo Red, a defined inhibitor of LtaS16.   

Expanding our pathway-directed screening approach to other cell envelope pathways 

Based on the success of the wild-type Newman and DtarO mutant screen, I helped design 

a second synthetic lethal, pathway-directed, small molecule, high-throughput screen. For this 

screen (screen 1364), in collaboration with post-doc Wonsik Lee, we screened WT RN4220 and 

DugtP RN4220 against a panel of 394,848 small molecules at the ICCB-L. RN4220 was selected as 

the screening background because DugtP mutants are slow growing and less fit than other 
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mutants, and in order to obtain a high enough OD600 in control wells we used the lab strain 

RN4220. The rationale for this screen was to identify small molecules with targets synthetic lethal 

with ugtP – thus allowing us to explore cell wall biology related to the lipoteichoic acid synthesis 

pathway further. A summary of the screening data and description of hit selection can be found 

in Appendix 3. The early success of this second screen supports the strength of pathway-directed 

screening. We now have a subset of compounds synthetic lethal with two important biosynthesis 

pathways in S. aureus and characterization of the top hits from each will allow us to explore the 

importance of both of these pathways individually and how they may interact with one another.   

Further characterization of 2-6, an inhibitor of Glc2-DAG synthesis in S. aureus  

 While 2-6 is the first documented inhibitor of Glc2-DAG synthesis in S. aureus, there is still 

much work to be done to fully characterize the target, as well as to gain an understanding of its 

synergy with b-lactams in treating MRSA.  

Target Identification 

 The only documented way to synthesize Glc2-DAG is through PgcA, GtaB, and UgtP17. 

Deletions of any of these results in complete loss of Glc2-DAG in the cell, while deletions of LtaA 

maintain wild-type levels of Glc2-DAG17. Therefore, I know the target of 2-6 is one of three 

proteins and initial experiments are already underway in determining the exact target. I have 

constructed over-expression plasmids of PgcA, GtaB, and UgtP on pLOW with an RpoB ribosome 

binding site (RBS). Another graduate student in the lab, Truc Do, has found that using the RpoB 

RBS can lead to very high levels of over-expression rather than using the native RBS of proteins. 

The plan is to move the expression plasmids into mutant strains susceptible to 2-6 (DmprF, DtarO, 
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and DdltB) and look for a shift in MIC with overexpression. The rationale here is that if the target 

of 2-6 is overexpressed, I should see a protective effect and an increase in the MIC.    

 A second ongoing approach for determining the target of 2-6 is by raising resistant 

mutants. The frequency of resistance of 2-6 in a DmprF or DtarO mutant background is 

approximately 1x10-5. The biggest challenge with raising resistant mutants in a synthetically lethal 

background is sorting the mutants into those with likely target mutations and those that are 

extragenic suppressors of the mutant background. Our lab previously developed a strategy for 

quickly sorting resistant mutants, but it requires a suitable compound, as summarized in Figure 

5.1. The figure is an example of how one would isolate target mutants of 2-6 using amsacrine as 

a sorting compound. 

 

Figure 5.1: Workflow for sorting target mutations. To identify target mutations, first resistant 

mutants are raised in a susceptible background (in this case DmprF). This will give two class of 

mutants; 1. Target mutants, and 2. Suppressors of the deletion. To sort between these mutants, 

we select for mutants that survive in the presence of  a sorting compound (amsacrine) and the  

Raise resistant mutants in ∆mprF on 2-6

Mutations in target
of 2-6 will be viable

Amsacrine 2-6

Suppressor mutants of 
∆mprF will not be viable 

Amsacrine 2-6
X

Target Mutations Suppressors of ∆mprF

2-6 
targetdltB ∆mprF

dltB
2-6

target ∆mprF

Select on 2-6 + amsacrine

2-6 
targetdltB Sup.∆mprFX



 98 

Figure 5.1 (continued) 

compound of interest (2-6). These mutants will survive because 2-6 will no longer be able to bind 

its target, and amsacrine alone does not inhibit growth of a DmprF mutant. The suppressors of 

DmprF will not be viable in the presence of amsacrine and 2-6 as the combination of the two 

inhibits growth of wild-type S. aureus. Whole genome sequencing of the surviving mutants will 

identify the target of 2-6.     

 

In this strategy, all resistant mutants are counter-screened against a combination of the 

hit compound and another compound that is synthetically lethal with the hit compound, but is 

not lethal to the mutant strain initially used to raise resistant colonies14,18. Ideally, this allows only 

those compounds with specific target mutations to survive. Unfortunately, when I applied this 

approach to  2-6 by raising resistant mutants in a DmprF background and sorting with amsacrine, 

which is not lethal to DmprF, I only identified stress response suppressors in VraRST. I tried raising 

these mutants before I discovered that 2-6 was inhibiting the LTA synthesis pathway, and 

amsacrine may not have been the best choice of sorting compound. Tunicamycin provides 

another option for sorting as it inhibits growth in combination with 2-6 but is not lethal to the 

DmprF strain.   

Understanding the synergy between 2-6 and b-lactams 

 It is unclear how disrupting Glc2-DAG synthesis re-sensitizes MRSA to b-lactams. As stated 

in Chapter 3, I decided to test the two because our lab had previously found that inhibiting TarO 

re-sensitizes MRSA strains to b-lactams19, and since there is some redundancy of function 
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between the WTA and LTA synthesis pathways14,20, I postulated that inhibiting LTA biosynthesis 

too might re-sensitize MRSA to b-lactams.  

 As discussed in Chapter 3, the first step in exploring the re-sensitization of MRSA to b-

lactams by compound 2-6 is to determine if PBP2a is still expressed. From here I would then look 

to see if it is still functioning properly by checking for correct localization at the division site. 

PBP2a is required at the division septa for acylated PBP2 to properly localize in the presence of 

oxacillin21. It is possible that longer LTAs or the incorrect lipid composition in the cell envelope 

cause mis-localization of PBP2a, therefore preventing PBP2 from localizing at the division site 

with its substrate, leading to cell death. This would suggest that MRSA requires the correct ratio 

of Glc2-DAG to other cell envelope lipids, or having LTA polymers of the correct length in order 

to maintain resistance to b-lactams. LTA synthesis pathway mutants also have cell division 

defects, and strains with such defects tend to be more sensitive to b-lactams. Unpublished data 

from another graduate student in the lab, Anthony Hesser, has shown that genetic knock-outs of 

early stages in the LTA synthesis pathway in MRSA backgrounds are also more susceptible to b-

lactams, supporting the results of 2-6 re-sensitizing MRSA to b-lactams.  

Using 2-6 to further study the importance of Glc2-DAG in S. aureus physiology 

 A further question that arose from finding the synergy between 2-6 and b-lactams was 

whether this synergy was specific to antibiotics that inhibit peptide crosslinking steps in 

peptidoglycan synthesis, or if altering the length of LTAs and Glc2-DAG levels in the cell generally 

makes MRSA more susceptible to all antibiotics. Preliminary data shows that 2-6 slightly 

potentiates cycloserine (see Appendix 2). When USA300 was treated in combination with 

cycloserine and 2-6, there was a 2-fold decrease in MIC (from 32µg/mL to 16µg/mL). The TnSeq 
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data of 2-6 found alanine racemase to be one of the top synthetic lethal hits. One of the targets 

of cycloserine is the alanine racemase, so the observed potentiation is in line with my other data.   

 My next step is to test 2-6 in combination with antibiotics with varying mechanisms of 

action, including other peptidoglycan synthesis inhibitors, such as bacitracin (inhibits the 

dephosphorylation of undecaprenol-pyrophosphate22), and ramoplanin (blocks polymerization 

of Lipid II23), as well as others that inhibit protein synthesis (such as chloramphenicol) and nucleic 

acid synthesis (such as ciprofloxacin). Results from this experiment will allow for a better 

understanding on if there is a specific interaction between longer LTAs or depleted Glc2-DAG 

levels in the cell and peptidoglycan synthesis, or if these changes cause the cell to be weaker 

overall and therefore more susceptible to all antibiotics. Because the magnitude of the effect 

with b-lactams is so large (and significantly larger than the effect reported with cycloserine), I 

suspect there is more than just general cell wall weakness leading to increased susceptibility to 

all antibiotics.     

 In addition to the antibiotic susceptibility experiments, fluorescent microscopy studies 

are also ongoing to determine if inhibiting Glc2-DAG synthesis causes any cell wall defects or 

changes in size of the bacteria. 

Conclusion 

 This thesis summarizes how a pathway-directed, high-throughput screen identified two 

cell wall inhibitors of S. aureus. One has been fully characterized as a best-in-class antibiotic 

targeting TarG in the wall teichoic acid synthesis pathway. The second is the first reported 

inhibitor of Glc2-DAG synthesis, which re-sensitizes MRSA to b-lactams. This finding is now 

leading to the exploration of the roles LTA synthesis and proper LTA polymer anchoring play in 
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other cellular processes, such as peptidoglycan synthesis. Both of these compounds were quickly 

identified from a single screen of over 230,000 small molecules and would be classified as ‘leads’ 

from an industry standard as they both show biological activity and have evidence of target 

engagement. These compounds clearly support the value of a pathway-directed high-throughput 

screen over traditional screening approaches for identifying new antibiotics and probes for 

studying the cell wall of S. aureus.  
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Appendix 1: Chapter 4 Supporting Information 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure A1.1: Structures of antibiotics and compounds used in Chapter 4. Legend 

abbreviations from Figure 4.1, main text are as follows: undecaprenol phosphate (UndP), 

undecaprenol pyrophosphate (UndPP), phosphotidyl-glycerol (Phospho-glycerol), phosphotidyl-

ribitol (Phospho-ribitol), uridine diphosphate N-acetylmuramyl-pentapeptide (UDP-MurNAc-PP), 

uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), uridine diphosphate N-

acetylmannosamine (UDP-ManNAc). 
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Supplemental Table A1.2: Furanocoumarin analogs show improved solubility and stability in 

comparison to targocil. Percent viability assay was performed by Christine Anderson with the 

Harvard CETR core. Kinetic solubility and mouse liver microsomal stability was outsourced to The 

Drug Metabolism and Pharmacokinetics Core at The Scripps Research Institute. See Materials and 

Methods section in Chapter 4 for full description of assay procedures. 

 

Compound Kinetic Solubility 
(µM) 

Microsomal Stability  
(half-life, min) 

Eukaryotic Cell 
Viability (10 µM) 

1 9 35.6 100% 
2 54 58.3 100% 
4 21 >120 100% 
6 18 >120 100% 
8 11 >120 100% 

Targocil 0.1 2.8 100% 
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Supplemental Figure A1.3: Compound 1 and 2 showed modest effects on viability of HepG2 

cells after 48 hours. HepG2 cells were incubated with staurosporine, 1, or 2 for 48 hours in DMEM 

supplemented with 10% FBS. Cell viability was assessed using CellTiter-Glo® as described in 

Materials and Methods in Chapter 4. Results shown are from two biological replicates. 
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Supplemental Table A1.4: Isolated mutants resistant to compound 2 and their sensitivities to 

amsacrine.  

Mutant # Phenotype Gene Mutation 
1 (A) AmsaS tarA G96S 
2 (A) AmsaS tarA 521_525del‡ 
3 (A) AmsaR tarG V54L 
4 (A) AmsaS tarO 506delG‡ 
5 (A) AmsaS tarO 506delG‡ 
6 (A) AmsaR tarG W196C 
7 (A) AmsaR tarO T167K 
8 (B) AmsaR tarG Y190S 
9 (B) AmsaS tarO S289* 
10 (B) AmsaS tarO 880_891del‡ 
11 (B) AmsaS tarA 506delG‡ 
12 (B) AmsaR tarG F55L 
13 (B) AmsaS tarA G118R 
14 (B) AmsaS tarA R222I 
15 (B) AmsaS tarA R222I 
16 (B) AmsaS tarA Q132* 
17 (C) AmsaR tarG W196C 
18 (C) AmsaR tarG W196L 
19 (C) AmsaS tarO 331delT‡ 
20 (C) AmsaR tarG F55L 
21 (C) AmsaS tarO 777delG‡ 
22 (C) AmsaS tarO 777delG‡ 
23 (C) AmsaS tarO 502_517del‡ 
24 (C) AmsaS tarG L195F 
25 (C) AmsaR tarG F189V 
26 (C) AmsaS tarO S14R 
27 (C) AmsaR tarG L195F 

 
Three different S. aureus Newman starter cultures designated by group A, B, or C were 

diluted from overnights, grown to OD600 of 1 and plated on TSB agar plates containing 10 µg/mL 

compound 2. Resistant colonies were passaged twice on TSB agar plates containing no 
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compound. Mutants were then inoculated overnight in TSB, diluted 1:100 in fresh TSB and grown 

to an OD600 of 1. Serial dilutions of samples were made and then plated on TSB agar plates 

containing either 10 µg/mL amsacrine or 10 µg/mL 2.  Those sensitive to amsacrine and resistant 

to compound 2 contain mutations in tarO and tarA while those that showed no sensitivity had 

mutations in tarG. ‡These mutations are written as sequence changes at the nucleotide level. All 

other mutations are written as sequence changes at the protein level. 

 

Supplemental Table A1.5: Mutations in tarG and overlap between different inhibitor classes. 

Some mutations in tarG identified with compound 2 were previously found to confer resistance 

to a different class of inhibitors, suggesting a common inhibitor binding site. 

TarG Mutation Targocil1 L275/L6382 Compound 2 
V54L  L638 Yes 
V54F  L638  
F55L   Yes 
P64L  L275, L638  
W73C Yes   
G77A  L638  
F82L Yes L275, L638  
C156Y  L638  
F189V   Yes 
Y190C  L638  
Y190S   Yes 
L195F   Yes 
W196L  L638 Yes 
W196C  L638 Yes 
P198S  L638  
H208Y  L275  
Y217C  L638  

 
 

 



 109 

 
 

Supplemental Figure A1.6: Growth of wildtype B. subtilis PY79 in the presence of increasing 

concentrations of 2. Wildtype PY79 was grown in LB at 37°C with the indicated concentration of 

2 in 96-well plates. Growth of PY79 was unaffected by 2 in concentrations exceeding 100X the 

MIC against WT S. aureus Newman (0.125 µg/mL). The data is averaged from three biological 

replicates.   

 

 

 

 

 

 

 

0.09

0.9

0 200 400 600 800

16 µg/mL

8 µg/mL

4 µg/mL

2 µg/mL

1 µg/mL

0.5 µg/mL

0.25 µg/mL

0.125 µg/mL

untreated

Time (minutes)

Gr
ow

th
	(l

og
(O

D
60

0)	
)



 110 

 
 

Supplemental Figure A1.7: ATPase activity of WT TarGH in proteoliposomes. The ATPase activity 

of WT TarGH in proteoliposomes yielded Michaelis-Menten parameters similar to those reported 

for other reconstituted ABC transporters (see text references). Assays were conducted in an 

identical manner to the experiment in Figure 4.6A with 200 nM TarGH, but with varying 

concentrations of ATP. DMSO was not present during these assays. The average and standard 

deviation of 3 technical replicates at each concentration of ATP are shown. A nonlinear fit was 

obtained with GraphPad Prism 7. 
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Supplemental	Figure	7:	The	ATPase	activity	of	WT	TarGH in	
proteoliposomes appears	to	follow	Michaelis-Menten kinetics.	

Assays	were	conducted	in	an	identical	manner	to	the	

experiment	in	Figure	4A	with	200	nM TarGH,	but	with	varying	

concentrations	of	ATP.	DMSO	was	not	present	during	these	

assays.	The	average	and	standard	deviation	of	3	technical	
replicates	at	each	concentration	of	ATP	are	shown.	A	nonlinear	

fit	was	obtained	with	GraphPad Prism	7.
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Supplemental Figure A1.8: Compound 2 inhibits ATPase activity. Compound 2 inhibits the 

ATPase activity of WT TarGH ATPase in proteoliposomes with an IC50 of 137 ± 65.1 nM. Assays 

were conducted in an identical manner to the experiment in Figure 4.6A with 1 mM ATP and 200 

nM TarGH and a varying amount of 2. The final concentration of DMSO remained constant at 

0.2%. The average and standard deviation of 3 technical replicates at each concentration of 2 are 

shown (except for one concentration at which 1 replicate failed). The background absorbance at 

360 nm is high in these proteoliposome preparations compared to that in Figure 4.6A, suggesting 

an uncharacterized contaminating activity. The proteoliposome preparation used for this assay 

is the same preparation used in Supplemental Figure A1.7. A nonlinear fit was obtained with 

GraphPad Prism 7 with a top constraint equal to the average rate of the DMSO control reactions. 
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Supplemental	Figure	7: Compound	2 inhibits	the	ATPase	
activity	of	WT	TarGH ATPase	in	proteoliposomes with	an	
IC50 of	137	± 65.1.	Assays	were	conducted	in	an	identical	
manner	to	the	experiment	in	Figure	4A	with	1	mM ATP	and	
200	nM TarGH and	a	varying	amount	of	2.	The	final	
concentration	of	DMSO	remained	constant	at	0.2%.	The	
average	and	standard	deviation	of	2	or	3	technical	
replicates	at	each	concentration	of	2 are	shown.	A	
nonlinear	fit	was	obtained	with	GraphPad Prism	7	with	a	
top	constraint	equal	to	the	average	rate	of	the	DMSO	
control	reactions.
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Supplemental Figure A1.9: Compound 2 reduces ATPase activity of TarGH. Compound 2 reduces 

the ATPase activity of WT TarGH in proteoliposomes to a low level that matches the low activity 

of the ATPase inactive TarH E169Q transporter. Assays were conducted in an identical manner to 

the experiment in Figure 4.6A with 1 mM ATP and 200 nM TarGH. The average and standard 

deviation of 3 technical replicates are shown. The background absorbance at 360 nm is higher in 

these proteoliposome preparations compared to that in Figure 4.6A, suggesting an 

uncharacterized contaminating activity. 
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Supplemental Figure A1.10: Coomassie-stained gels showing TarGH bands following 

purification. The samples loaded correspond to the eluted fraction from Co2+ affinity 

chromatography prior to further purification on a size-exclusion chromatography column. Bands 

were assigned by comparison to Western Blots of FLAG-TarG and TarH-His6 samples run under 

identical conditions. 
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FURANOCOUMARIN ANALOG SYNTHESIS 
 
General Information 

D- and L-alanine methyl ester hydrochloride were prepared from the corresponding amino acids 

following a published literature procedure3, and the products were in good agreement with 

characterization data reported in the literature4. Diisopropylethylamine (DIPEA) was dried on 

alumina according to published procedures5. All other chemicals were purchased from 

commercial sources as noted below and used as received. Brine refers to a saturated solution of 

NaCl. NMR spectra were recorded on a Varian Mercury 400 or Varian Inova 500 (400 and 500 

MHz for 1H, respectively) instrument in CDCl3 and were recorded at ambient temperatures. 

Chemical shifts are reported in units of parts per million (ppm). 1H NMR were calibrated using 

the residual protio-solvent as a standard. Low-resolution mass spectra (LRMS) were obtained on 

an Agilent Technologies 1100 series LC-MSD instrument using electrospray ionization (ESI). High-

resolution mass spectra (HRMS) were obtained on a Bruker micrOTOFQ-II mass spectrometer. 

Optical rotations ([α]) were measured on a Jasco DIP 370 digital polarimeter at 589 nm (sodium 

D line) at ambient temperature using a 1 mL cell with a 0.5 dm path length. Column 

chromatography was performed with 40-63 µm silica gel purchased from Sorbent Technologies, 

with the eluent reported in parentheses. Analytical thin-layer chromatography (TLC) was 

performed on precoated glass plates and visualized by UV or by staining with KMnO4. 

Representative Procedure for Synthesis of Analogs: 

A 4 mL vial was charged with the appropriate amino acid methyl ester hydrochloride (1 equiv), 

the appropriate psoralen (ChemDiv, 1 equiv), and a stir bar. The vial was sealed with a PTFE lined 

septum cap and was purged with nitrogen for approximately 5 minutes. Dimethylformamide 
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(EMD DriSolv) was added via syringe. The cap was opened briefly, and 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate 

(HATU, aapptec, 1.1 equiv) was added. The cap was again placed on the vial, and DIPEA (1.1 equiv) 

was added via syringe. The reaction was stirred at rt for 3 h. Upon completion, the reactions were 

diluted with 200 μL each of water and EtOAc. The EtOAc layer was removed, and the water layer 

was extracted with EtOAc (2 x 200 μL). The combined organic layers were washed with brine, 

dried with MgSO4, filtered, and concentrated in vacuo. The products were purified via flash 

column chromatography (30-40% EtOAc in Hexane with 0.1% Et3N), and presence of product was 

confirmed with LRMS. The resulting esters were transferred to 4 mL vials and saponified using 

LiOH (approximately 10 equiv, 1 M in H2O) in tetrahydrofuran (THF, EMD, ACS Grade, 1:1 v/v with 

H2O) with stirring at 4ºC overnight. Reactions were quenched at 4ºC with stirring using HCl (3 M, 

2 equiv). Brine (300 μL) was added, and the mixture was extracted with EtOAc (4 x 150 μL). The 

combined organic layers were dried with MgSO4, filtered, and concentrated in vacuo to afford 

the final product. 

2: Following the general protocol: L-proline methyl ester hydrochloride (Fluka, 4.3 mg, 0.026 

mmol), 1b (10 mg, 0.026 mmol), HATU (10.9 mg, 0.029 mmol), and DIPEA (9.5 μL, 0.055 mmol) 

were reacted in dimethylformamide (140 uL) at rt for 3 h. 4.5 mg (35%) of the ester product was 

obtained after purification. The ester was further reacted with LiOH (90 μL, 0.09 mmol) in THF 

(90 μL) to afford 3.2 mg (75%) of 2 as a white solid. 1H NMR (400 MHz, CDCl3) d 7.83 (app s, 2H), 

7.56 (d, 2H), 7.49 (d, 2H), 4.67 – 4.56 (m, 1H), 3.90 (d, J = 16.0 Hz, 1H), 3.82 (app t, J = 6.6 Hz, 2H), 

3.74 (d, J = 16.0 Hz, 1H), 2.64 (s, 3H), 2.54 (s, 3H), 2.52 – 2.44 (m, 1H), 2.15 – 2.06 (m, 2H), 2.06 – 
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1.96 (m, 1H). HRMS (EI) m/z, calcd for [C26H22ClNO6]: 502.1033; found: 502.1007. [α]D24 -53.5º (c 

= 0.32, CHCl3). 

3: Following the general protocol: D-proline methyl ester hydrochloride (Fluka, 4.3 mg, 0.026 

mmol), 1b (10 mg, 0.026 mmol), HATU (10.9 mg, 0.029 mmol), and DIPEA (9.5 μL, 0.055 mmol) 

were reacted in dimethylformamide (140 uL) at rt for 3 h. 4.0 mg (31%) of the ester product was 

obtained after purification. The ester was further reacted with LiOH (90 μL, 0.09 mmol) in THF 

(90 μL) to afford 3.5 mg (>99%) of 3 as a white solid. 1H NMR (400 MHz, CDCl3) d 7.83 (app s, 2H), 

7.56 (d, J = 8.6 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 4.63 (dd, J = 7.9, 2.8 Hz, 1H), 3.90 (d, J = 16.0 Hz, 

1H), 3.82 (dd, J = 7.3, 5.9 Hz, 2H), 3.74 (d, J = 16.0 Hz, 1H), 2.64 (s, 3H), 2.55 (s, 3H), 2.51 – 2.46 

(m, 1H), 2.17 – 2.06 (m, 2H), 2.06 – 2.03 (m, 1H). HRMS (EI) m/z, calcd for [C26H22ClNO6]: 

480.1208; found: 480.1203. [α]D24 47.8º (c = 0.35, CHCl3). 

4: Following the general protocol: L-proline methyl ester hydrochloride (Aldrich, 3.8 mg, 0.023 

mmol), 1 (10 mg, 0.023 mmol), HATU (9.5 mg, 0.025 mmol), and DIPEA (8.3 μL, 0.048 mmol) were 

reacted in dimethylformamide (120 uL) at rt for 3 h. 3.9 mg (31%) of the ester product was 

obtained after purification. The ester was further reacted with LiOH (90 μL, 0.09 mmol) in THF 

(90 μL) to afford 3.3 mg (89%) of 4 as a white solid. 1H NMR (500 MHz, CDCl3) d 7.84 (s, 1H), 7.82 

(s, 1H), 7.65 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.4 Hz, 2H), 4.63 (dd, J = 8.0, 2.6 Hz, 1H), 3.89 (d, J = 

16.1 Hz, 1H), 3.85 – 3.79 (m, 2H), 3.74 (d, J = 16.1 Hz, 1H), 2.64 (d, J = 0.7 Hz, 3H), 2.54 (s, 3H), 

2.52 – 2.45 (m, 1H), 2.16 – 2.06 (m, 2H), 2.06 – 1.99 (m, 1H). HRMS (EI) m/z, calcd for 

[C26H22BrNO6]: 546.0523; found: 546.0512. [α]D24 -48.1º (c = 0.33, CHCl3). 
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5: Following the general protocol: D-proline methyl ester hydrochloride (Fluka, 3.8 mg, 0.023 

mmol), 1 (10 mg, 0.023 mmol), HATU (9.5 mg, 0.025 mmol), and DIPEA (8.3 μL, 0.048 mmol) were 

reacted in dimethylformamide (120 uL) at rt for 3 h. 5.5 mg (44%) of the ester product was 

obtained after purification. The ester was further reacted with LiOH (90 μL, 0.09 mmol) in THF 

(90 μL) to afford 3.9 mg (76%) of 5 as a white solid. 1H NMR (500 MHz, CDCl3) d 7.83 (s, 1H), 7.82 

(s, 1H), 7.65 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.5 Hz, 2H), 4.62 (dd, J = 7.9, 2.7 Hz, 1H), 3.89 (d, J = 

16.1 Hz, 1H), 3.82 (dd, J = 7.2, 5.3 Hz, 2H), 3.73 (d, J = 16.0 Hz, 1H), 2.63 (s, 3H), 2.54 (s, 3H), 2.53 

– 2.46 (m, 1H), 2.15 – 2.06 (m, 3H). HRMS (EI) m/z, calcd for [C26H22BrNO6]: 546.0523; found: 

546.0511. [α]D24 40.2º (c = 0.39, CHCl3). 

6: Following the general protocol: L-alanine methyl ester hydrochloride (3.6 mg, 0.023 mmol), 1b 

(10 mg, 0.026 mmol), HATU (10.9 mg, 0.029 mmol), and DIPEA (9.5 μL, 0.055 mmol) were reacted 

in dimethylformamide (140 uL) at rt for 3 h. 6.6 mg (54%) of the ester product was obtained after 

purification. The ester was further reacted with LiOH (90 μL, 0.09 mmol) in THF (90 μL) to afford 

5.4 mg (86%) of 6 as a white solid. 1H NMR (400 MHz, cdcl3) d 7.83 (app s, 2H), 7.55 (d, J = 8.6 Hz, 

2H), 7.49 (d, J = 8.7 Hz, 2H), 6.94 (d, J = 6.9 Hz, 1H), 4.49 (p, J = 7.2 Hz, 1H), 3.68 (d, J = 2.9 Hz, 2H), 

2.63 (s, 3H), 2.62 (s, 3H), 1.44 (d, J = 7.2 Hz, 3H). HRMS (EI) m/z, calcd for [C24H20ClNO6]: 454.1052; 

found: 454.1053. [α]D24 -17.7º (c = 0.54, CHCl3). 

7: Following the general protocol: D-alanine methyl ester hydrochloride (3.6 mg, 0.023 mmol), 

1b (10 mg, 0.026 mmol), HATU (10.9 mg, 0.029 mmol), and DIPEA (9.5 μL, 0.055 mmol) were 

reacted in dimethylformamide (140 uL) at rt for 3 h. 2.1 mg (17%) of the ester product was 

obtained after purification. The ester was further reacted with LiOH (90 μL, 0.09 mmol) in THF 



 118 

(90 μL) to afford 1.8 mg (90%) of 7 as a white solid. 1H NMR (500 MHz, CDCl3) d 7.84 (app s, 2H), 

7.55 (d, J = 8.3 Hz, 2H), 7.50 (d, J = 8.3 Hz, 2H), 6.93 (d, J = 6.8 Hz, 1H), 4.48 (p, J = 6.8 Hz, 1H), 3.69 

(d, J = 4.8 Hz, 2H), 2.65 (s, 3H), 2.64 (s, 3H), 1.45 (d, J = 7.2 Hz, 3H). HRMS (EI) m/z, calcd for 

[C24H20ClNO6]: 454.1052; found: 454.1044. [α]D24 20.4º (c = 0.18, CHCl3). 

8: Following the general protocol: L-alanine methyl ester hydrochloride (3.2 mg, 0.023 mmol), 1 

(10 mg, 0.023 mmol), HATU (9.5 mg, 0.025 mmol), and DIPEA (8.3 μL, 0.048 mmol) were reacted 

in dimethylformamide (120 uL) at rt for 3 h. 4.0 mg (34%) of the ester product was obtained after 

purification. The ester was further reacted with LiOH (90 μL, 0.09 mmol) in THF (90 μL) to afford 

2.8 mg (72%) of 8 as a white solid. 1H NMR (500 MHz, CDCl3) d 7.84 (d, J = 3.0 Hz, 2H), 7.65 (dd, J 

= 8.5, 1.2 Hz, 2H), 7.49 (dd, J = 8.4, 1.2 Hz, 2H), 6.93 (d, J = 6.9 Hz, 1H), 4.56 – 4.42 (m, 1H), 3.69 

(d, J = 4.7 Hz, 2H), 2.64 (s, 3H), 2.63 (d, J = 1.0 Hz, 3H), 1.45 (dd, J = 7.2, 1.1 Hz, 3H). HRMS (EI) 

m/z, calcd for [C24H20BrNO6]: 520.0371; found: 520.0375. [α]D24 -20.2º (c = 0.28, CHCl3). 

9: Following the general protocol: D-alanine methyl ester hydrochloride (3.2 mg, 0.023 mmol), 1 

(10 mg, 0.023 mmol), HATU (9.5 mg, 0.025 mmol), and DIPEA (8.3 μL, 0.048 mmol) were reacted 

in dimethylformamide (120 uL) at rt for 3 h. 2.6 mg (22%) of the ester product was obtained after 

purification. The ester was further reacted with LiOH (90 μL, 0.09 mmol) in THF (90 μL) to afford 

2.1 mg (84%) of 9 as a white solid. 1H NMR (500 MHz, CDCl3) d 7.84 (d, J = 3.2 Hz, 2H), 7.65 (d, J = 

8.4 Hz, 2H), 7.49 (d, J = 8.3 Hz, 2H), 6.93 (d, J = 6.8 Hz, 1H), 4.49 (p, J = 8.0, 7.5 Hz, 1H), 3.75 – 3.62 

(m, 2H), 2.65 (s, 3H), 2.63 (s, 3H), 1.45 (d, J = 7.2 Hz, 3H). HRMS (EI) m/z, calcd for [C24H20BrNO6]: 

520.0366; found: 520.0344. [α]D24 18.1º (c = 0.21, CHCl3). 
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Appendix 2: Chapter 3 Supporting Information 
 
 
 

 
Figure A2.1: 2-6 slightly potentiates cycloserine. Cycloserine has an MIC of 32µg/mL against 

USA300. In combination with 2-6, the MIC decreases 2-fold to 16µg/mL.  
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Appendix 3: A Second Pathway-Directed Small Molecule Screen – Screen 1364 

Based on the success of our wild-type Newman and DtarO mutant screen, we designed a 

second synthetic lethal, pathway-directed, small molecule, high-throughput screen. We screened 

WT RN4220 and DugtP RN4220 against a panel of 394,848 small molecules at the ICCB-L 

(completed in collaboration with previous post-doc, Wonsik Lee). The rationale for this screen 

was to identify small molecules with targets synthetic lethal with ugtP – thus allowing us to 

explore cell wall biology related to the lipoteichoic acid synthesis pathway further. The primary 

screening data can be found in Supplemental Figure A3-1.  

 

 

Figure A3-1: A screen of 395,000 small molecules identifies 698 synthetic lethal hits. Each dot 

represents the average OD600 of an individual compound. The circle in the bottom right quadrant 

of the graph represent compounds that are predicted to have targets synthetic lethal with ugtP. 
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Upon completing the primary screen, 698 compounds were found to inhibit growth of 

DugtP and have no effect on wild-type growth. The 698 compounds (approximately a 0.18% hit 

rate) were identified as described in the Materials and Methods section at the end of this 

appendix. The primary screen and analysis of the primary screening data was completed as a part 

of my dissertation work, however all further follow up on the secondary screen and compound 

characterization will be completed by future trainees.   

Materials and Methods 

High Throughput Screening 

The day before screening, both wild-type RN4220 and DugtP RN4220 were grown overnight (16-

18 hours) in sterile-filtered tryptic soy broth (TSB) at 30°C with shaking. On the day of screening, 

columns 1-24 of 384-well assay plates (Corning 3710, clear) were prefilled with 30µL of TSB using 

the Matrix Wellmate automated liquid dispenser. Using the Epson E2C2515-UL Scara robot, 

100nL of each compound was pin-transferred to a corresponding assay plate in columns 3-24, for 

a final concentration of approximately 15µM.  For every compound library plate, there were four 

daughter plates (A & B containing WT RN4220, C & D containing DugtP). Overnight cultures were 

diluted to an OD600 of 1, then diluted 1:625 into TSB. 50µL of the diluted cultures were added to 

columns 1-24 of the corresponding assay plates.  Wells in column 2 contained no compound and 

served as the negative controls. Positive control (erythromycin at a final concentration of 10 

µg/mL) was added to column 1 using the Hewlett Packard D300e liquid dispenser. Final assay 

well volume was 80µL.  Plates were spun down, covered with lids (Corning 3009), and incubated 

at 30 °C overnight for approximately 16-18 hours. After incubation, optical density (OD600) was 

read using a PerkinElmer EnVision plate reader. 
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Data Analysis of Primary Screen 

Z-score was calculated for every compound replicate in both strains based on the compounds 

screened on an individual day. Hits for this screen inhibit growth of the DugtP strain but not WT 

RN4220. To identify hits, we first filtered by z-score, with an initial cutoff of z-score < -3. 

Secondary cutoffs were then applied by looking at the raw OD600 of the wells, with WT RN4220 

OD600 > 0.5 and DugtP OD600 < 0.15. Hits were classified as "weak" with z-score <-3 & >-4; 

"medium" with z-score <=-4 & >-5; and "strong" with score <= -5. The cherry pick of 698 

compounds included all of the “strong” hits that met our secondary OD600 cutoffs.  
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Appendix 4: Strain table for this study 
 

 Relevant features Source or reference 
S. aureus Newman Clinical isolate ATCC25904 
S. aureus Newman ∆tarO Unmarked deletion 11 
S. aureus MW2 Clinical isolate Dr. David Hooper 
S. aureus USA300 JE2 Derived from USA300 LAC  22 
S. aureus 1784A Clinical isolate 33 
S. aureus USA100 Clinical isolate Dr. David Hooper 
S. aureus RN4220 Lab strain 44 
S. aureus USA200 Clinical isolate Dr. David Hooper 
S. aureus MSSA1112 Clinical isolate 55 
S. aureus HG003 Derived from HG001 66 
S. aureus SEJ1 spa mutant of RN4220 77 
LM078 S. aureus Newman tarG L195F Leigh Matano 
LM076 S. aureus Newman tarG W196L Leigh Matano 
LM077 S. aureus Newman tarG W196C Leigh Matano 
LM082 S. aureus Newman tarG V54L Leigh Matano 
LM081 S. aureus Newman tarG F55L Leigh Matano 
B. Subtilis PY79 Prototrophic derivative of B. subtilis 168 88 
KS002 PY79 ΔtagGHBs ::cat amyE::Phyperspank tarGHSa spc 88 
ARH102 E. coli KRX with pCDFDuet: TarG, TarH-His6 Anthony Hesser 
ARH135 E. coli KRX with pCDFDuet: TarG, TarH-His6 (E169Q) Anthony Hesser 
ARH153 E. coli KRX with pTP63-Patc: TarH-His6, TarG Anthony Hesser 
ARH154 E. coli KRX with pTP63-Patc: TarH-His6, TarG (W196L) Anthony Hesser 
ARH159 S. aureus RN4220 pTP63-Patc-TarH-His6, TarG Anthony Hesser 
ARH160 S. aureus RN4220 pTP63-Patc-TarH-His6, TarG W196L Anthony Hesser 
ARH172 E. coli KRX with pCDFDuet: FLAG-TarG, TarH-His6 Anthony Hesser 
HepG2  ATCC HB-8065 
S. aureus SEJ1 DltaS 4S5:SEJ1DltaSS suppressor strain 99 
S. aureus USA300 JE2 
tn::1050 

Transposon insertion in SAOUHSC_01050 22 

S. aureus RN4220 DugtP DugtP::ermR 1010 
S. aureus RN4220 DugtP DugtP unmarked This study (from 

Dr. Wonsik Lee) 
S. aureus RN4220 DmprF DmprF::kanR From Mithila 

Rajagopal 
S. aureus HG003 DmprF DmprF::kanR From Mithila 

Rajagopal 
S. aureus RN4220 
DvraFG 

DvraFG unmarked 1111 

S. aureus RN4220 DgraR DgraR::tetR 1111 
S. aureus RN4220 with 
inducible ltaS & yvgJ 

IPTG-inducible ltaS; pCN34itet-yvgJ; ErmR, KanR, 
IPTG 

1212 

S. aureus SEJ1 tn::pgcA Transposon insertion in pgcA 77 
S. aureus SEJ1 tn::gtaB Transposon insertion in gtaB 77 
S. aureus HG003 DugtP DugtP::kanR This study 
S. aureus HG003 DltaA DltaA::kanR This study 
S. aureus COL Homogeneous MRSA strain 1313 
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Appendix 5 – NMR of 2-6 
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