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Abstract

Since the introduction of penicillin into the clinic in 1942, antibiotics have saved the lives of 

millions of people around the world. While penicillin and other traditional broad spectrum 

antibiotics were effective as monotherapies, the inexorable spread of antibiotic resistance has 

made alternative therapeutic approaches necessary. Compound combinations are increasingly seen 

as attractive options. Such combinations may include: lethal compounds; synthetically lethal 

compounds; or administering a lethal compound with a nonlethal compound that targets a 

virulence factor or a resistance factor. Regardless of the therapeutic strategy, high throughput 

screening is a key approach to discover potential leads. Unfortunately, the discovery of 

biologically active compounds that inhibit a desired pathway can be a very slow process, and an 

inordinate amount of time is often spent following up on compounds that do not have the desired 

biological activity. Here we describe a pathway-directed high throughput screening paradigm that 

combines the advantages of target-based and whole cell screens while minimizing the 

disadvantages. By exploiting this paradigm, it is possible to rapidly identify biologically active 

compounds that inhibit a pathway of interest. We describe some previous successful applications 

of this paradigm and report the discovery of a new class of D-alanylation inhibitors that may be 

useful as components of compound combinations to treat methicillin-resistant Staphylococcus 
aureus (MRSA).
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1. Introduction

The incidence of antibiotic-resistant infections is rising worldwide and these infections are 

increasingly difficult to treat. In the USA alone, antibiotic-resistant bacteria cause at least 

two million infections and 23,000 deaths annually, and nearly half of those deaths are due to 

MRSA.1 The burden of drug resistant infections on healthcare systems is extremely costly 

and despite the effort of many academic and industrial teams, antibiotic discovery has not 

kept pace with the rise in antibiotic resistance. The paucity of new antibiotics has been the 

subject of much debate and scrutiny over the years, with the lack of success in bringing 

compounds to market attributed to: poor quality compounds in screening libraries; poor 

financial incentives; unreasonable regulatory barriers; and the changing landscape of 

resistant microorganisms.2 It is clear that solutions to the antibiotic resistance crisis must 

come from multiple sources and directions at once. In this paper we address one aspect of 

the problem: improving the efficiency of bioactive compound discovery.

For the past two decades, high throughput screening has served as the most common 

approach to identify antibacterial compounds for further development, whether for use alone 

or in combination with other compounds.3,4 High throughput screening approaches have 

generally been classified into two categories: target-based screens, in which an enzyme is 

screened in vitro for direct binding and inhibition, and whole cell screens, in which growth 

inhibition is the usual readout (Table 1). In a much-discussed paper from 2007, Pompliano 

and coworkers described the results of 67 high throughput screening campaigns carried out 

over a period of seven years at GlaxoSmithKline against a wide range of antibacterial 

targets.5 Only 16 of those screens, each involving approximately 250,000–500,000 

compounds, resulted in hits, defined as chemically tractable, low-micromolar inhibitors of a 

given target, and only five of those hits progressed to leads, defined as compounds with 

biological activity and some evidence for target engagement. As the paper made abundantly 

clear, target-based screening is problematic because the likelihood that a hit can be 

developed into a useful lead is low. While improving the quality of compounds in a library 

may partially address this problem, the screening process is inherently inefficient. 

Additionally, target-based screens can only be applied to well-behaved targets, which 

excludes most membrane proteins and overlooks the possibility that the best-behaved targets 

for an in vitro screen may not be the most druggable targets in a given pathway. Whole cell 
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screens have a major advantage over target-based screens because biological activity is 

guaranteed and bacterial growth/inhibition assays are simple to implement. However, target 

identification is more difficult and it can also be difficult to prioritize hits for follow-up. 

Because nuisance compounds with non-specific activities may represent a large fraction of 

the hits and can be difficult to recognize, considerable time and effort may be spent sorting 

through the hits to identify the more promising compounds.

To improve the efficiency of high throughput screening for discovery of biologically active 

compounds, the field has turned to screening strategies that combine the advantages of 

target-based and whole cell screens while minimizing the disadvantages. There are different 

ways to accomplish this. One way is through target depletion. For example, Merck 

developed an antisense platform to reduce expression of 245 essential genes in 

Staphylococcus aureus.6 Antisense strains were pooled based on growth rates and then the 

pools were screened against compound libraries to identify agents that resulted in depletion 

of particular antisense strains from the pools. The pathway targeted by a given compound 

could be deduced from the strains that were most sensitive to it. This strategy not only 

guarantees the discovery of biologically active compounds, but increases the likelihood that 

hits will have a desirable mechanism of action.7 We developed an alternative approach to 

accomplish the same goal, which involves screening a chemical library against a wildtype 

and a mutant bacterial strain to identify compounds that differentially affect growth of one of 

the strains.8,9 This approach can be used to discover compounds that inhibit essential targets 

as well as compounds that inhibit non-essential targets involved in antibiotic resistance or 

virulence. Below we describe the application of this approach to discover compounds that 

inhibit cell envelope targets in Staphylococcus aureus. Using the same wildtype/mutant 

strain pair, we have identified multiple biologically active scaffolds for each of two different 

targets. In a testament to the efficiency of the approach, we report here the discovery of a 

new class of teichoic acid D-alanylation inhibitors based on following up only two hits from 

a screen of 230,000 small molecules.

2. Teichoic acids in Staphylococcus aureus as antibacterial targets

Teichoic acids are anionic polymers that are major constituents of the S. aureus cell 

envelope.10–13 There are two types: lipoteichoic acids, which are embedded in the cell 

membrane, and wall teichoic acids, which are covalently attached to peptidoglycan (Fig 1). 

Both types of teichoic acids play important roles in cell growth and division and are required 

for survival in a host, making them targets for antibacterials.14 Lipoteichoic acids are 

composed of a poly(glycerol phosphate) chain attached to a diglucosyl-diacylglycerol 

anchor.15,16 LTAs continue to be produced when synthesis or export of diglucosyl-DAG is 

prevented, but strain growth is compromised and polymer length is altered.17 Wall teichoic 

acids are composed of a disaccharide sugar linked through the reducing end to PG and 

through the non-reducing end to a poly(ribitol-phosphate) chain.16,18,19 Both lipo-and wall 

teichoic acids are functionalized with D-alanine esters; wall teichoic acids are also heavily 

glycosylated with N-acetyl-D-glucosamine. 10,20,21 D-alanine ester levels are regulated by at 

least one multicomponent sensory system, the GraRS/VraFG system, and increase under 

various stress conditions.22–24 The D-alanine esters on lipoteichoic acids are installed by the 

four protein Dlt pathway (DltABCD) and are then transferred to wall teichoic acids in a 
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process that remains unknown.25 Strains in which Dlt pathway genes have been removed are 

highly susceptible to host immune defenses and are also sensitive to cationic antibiotics such 

as aminoglycosides.26–29 Therefore, compounds that inhibit teichoic acid D-alanylation may 

be useful as potentiators of aminoglycosides, which have dose-limiting toxicities, and may 

also attenuate S. aureus virulence.

3. Exploiting suppression of growth inhibitory activity to target wall 

teichoic acid biosynthesis

Although WTAs are not essential for survival in vitro, genes that act late in the pathway 

cannot be deleted unless flux into the pathway is prevented.31,32 This behavior is due to the 

fact that blocking a late step in WTA biosynthesis depletes Lipid II, the peptidoglycan 

precursor, which is synthesized on the same undecaprenyl phosphate carrier lipid as the 

WTA precursor.33,34 Therefore, it is possible to identify compounds that inhibit a late step in 

WTA biosynthesis by monitoring growth of a wildtype S. aureus strain and a ΔtarO mutant 

in which the first gene in the pathway has been deleted. From a screen of ~55,000 

compounds, we identified three compounds that inhibited growth of the wildtype strain but 

not the mutant (Fig 2a, red hits).8 We raised resistant mutants and performed targeted 

sequencing of genes in the WTA pathway based on the expectation that the screen was 

pathway specific. Only two types of mutations were found: null mutations in tarO or tarA, 

the first two genes in the WTA pathway, and missense mutations in tarG, which encodes the 

transmembrane component of the two component ABC transporter that exports WTA 

precursors from the cytoplasmic surface to the extracellular surface of the membrane.8 

Replacing wildtype tarG with the mutant alleles conferred resistance to the compound, 

establishing TarG as the target. Compound potency was improved ten-fold through 

medicinal chemistry to produce targocil, which has been used as a probe in a number of 

studies.35–39 Other compounds that target TarGH have been identified by Merck using a 

similar approach and three compounds, including targocil, have shown some efficacy in 

combination with a beta lactam in a MRSA infection model.40 Although none of the 

compounds identified has appropriate pharmacokinetic properties for clinical use, the 

success of this pathway-directed whole cell screen demonstrated that suppression of 

compound lethality is a useful screening phenotype. As long as a genetic suppressor of a 

lethal block in a pathway can be identified, a similar screening approach can be adapted to 

identify inhibitors of other essential targets.

It is important to note that suppression-based screens are not limited to essential targets. In a 

recent successful inversion of a pathway-directed screening approach to identify WTA 

inhibitors, Roemer and coworkers at Merck discovered compounds that suppressed growth 

inhibition caused by a TarG inhibitor.41 They identified a promising TarO inhibitor, which is 

potentially useful for two reasons. First, S. aureus that does not produce WTAs cannot 

survive in a host; second, MRSA strains lacking WTAs are sensitive to beta 

lactams.20,40,42,43 MRSA strains develop beta lactam resistance through the acquisition of 

the mecA gene, which encodes an intrinsically resistant transpeptidase.44–46 It is thought 

that WTAs act as scaffolds for peptidoglycan biosynthetic machinery required for properly 
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coordinated function of PBP2a.42,47 A TarO inhibitor may be useful in combination with 

existing beta lactams to recover the MRSA market.

4. Exploiting synthetic lethality in pathway-directed screening: identifying a 

DltB inhibitor

While traditional antibiotics target essential pathways, including nucleic acid synthesis, 

protein synthesis, and cell wall synthesis, non-essential pathways are receiving increasing 

attention.48,49 Some pathways that are nonessential in vitro are thought to be possible 

antibacterial targets because they are required for infection or survival in a host; others are 

known to affect virulence properties or pathogen susceptibility to traditional antibiotics.50 

While motivations for pursuing a non-essential target vary, the discovery effort is not any 

easier. If anything, it is more difficult to identify biologically active inhibitors of non-

essential targets because inhibition does not usually lead to a clear phenotype, at least in a 

wild type background. One approach that has been used to identify anti-virulence agents and 

immunomodulatory compounds involves screening in animal models (e.g., Caenorhabditis 
elegans) for compounds that rescue the host from a bacterial infection.51,52 This approach 

has a crucial advantage in that hits are not only biologically active against an organism of 

interest, they are also biologically active in the context of a host. Key disadvantages include 

the fact that throughput is only moderate and follow-up can be difficult. It can be 

challenging to determine whether biological activity is due to inhibition of a bacterial target 

or a result of immunomodulation. Hence, although the first commercially used class of 

antibiotics, the sulfa drugs, was fortuitously discovered by screening compounds in mice, in 
vivo screening remains challenging.53

We decided to approach the discovery of biologically active compounds for non-essential 

cell envelope targets in Staphylococcus aureus using a synthetic lethal screening approach. 

The approach was grounded in the discovery that the wall teichoic acid pathway is at the 

center of a dense network of synthetic lethal relationships.54 Pathways connected through 

synthetic lethality to the WTA pathway include the D-alanylation pathway, the LTA 

pathway, and the GraRS/VraFG stress response pathway that confers protection to several 

classes of antibiotics (Fig. 3).55,56 We identified these connections by growing a pooled S. 
aureus transposon mutant library in the presence and absence of the natural product 

tunicamycin, a potent and highly selective TarO inhibitor.42,54,57,58 By sequencing the 

transposon insertion sites, we were able to identify the genes that became essential when the 

WTA pathway was inhibited because reads mapping to these genes were depleted in 

tunicamycin-treated samples. After discovering that some of the pathways synthetically 

lethal with depletion of WTAs included other proposed targets, we realized it should be 

possible to identify biologically active inhibitors of some of these targets using a pathway-

directed whole cell screen.

We returned to the same differential growth screen that led to the identification of targocil, 

but this time with a focus on compounds that killed the ΔtarO strain rather than wildtype 

(Fig 2b, green dots). In a pilot screen of ~28,000 compounds, we identified twenty possible 

hits, of which five were confirmed in a cherry pick. The best of these, amsacrine, inhibited 
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growth of ΔtarO and ΔtarA strains at a concentration of five µg/mL.57 We grew our 

previously prepared transposon mutant library in the presence and absence of amsacrine to 

identify other susceptible mutants on which to select resistant colonies. Reads mapping to 

only a handful of genes were depleted from the library. These genes included ypfP (ugtP) 

and ltaA, encoding components of the lipoteichoic acid biosynthetic pathway, and 

SAOUHSC_01025 and SAOUHSC_01050, encoding polytopic membrane proteins of 

unknown function (Fig. 3). These results increased our confidence that the target of 

amsacrine was in the previously defined WTA synthetic lethal network. To identify the 

target, we raised resistant mutants in a background containing an inactivating transposon 

insertion in SAOUHSC_01050 (hereafter designated as tn::1050) and sequenced seven 

mutants from independent cultures that contained putative target mutations. The resistance 

mutations mapped to DltB, a polytopic membrane protein that is a core component of the D-

alanylation machinery. Genetic and biochemical studies confirmed DltB as the target of 

amsacrine.57

5. Exploiting synthetic lethality in pathway-directed screening: rapid 

identification of a new D-alanylation inhibitor scaffold

The discovery of amsacrine provided proof of concept for our strategy to identify 

biologically active inhibitors of non-essential targets by exploiting synthetic lethality. 

Gratifyingly, DltB was in the WTA synthetic lethal network and it was a target of interest 

due to its role in virulence and resistance to cationic antimicrobial peptides and 

aminoglycosides.10,27,57 Amsacrine has already proven useful as a probe to map synthetic 

interactions with the Dlt pathway, but it cannot be used to validate the Dlt pathway as a 

pharmacological target in animals because it acts as a eukaryotic topoisomerase poison.59 

Poor pharmacological properties and/or unacceptable safety profiles are commonly 

encountered barriers to development. For this reason, it is desirable, if not imperative, to 

have multiple scaffolds against a particular target in order to move forward if animal studies 

are a goal. The ability to identify new scaffolds rapidly is crucial. Because the pilot screen of 

28,000 compounds had been successful and the screening approach offered the possibility of 

identifying inhibitors to several different targets, we screened an additional 230,000 

compounds in duplicate at a final concentration of ~15 micromolar and identified 200 

synthetic lethal ‘hits.’ The next challenge was to sort the compounds into possible Dlt 

pathway inhibitors and other inhibitors.

Based on the results obtained through analyzing amsacrine, we organized our cherry pick 

stage of hit validation to identify putative Dlt pathway inhibitors. Screening at Harvard 

Medical School is typically carried out at a single concentration, with cherry pick validation 

performed using only the screening strain(s) in a dose-response format. By testing three 

additional strains, tn::1050, ΔypfP, and ΔltaS, along with the wildtype and ΔtarO strains, we 

expected to be able to recognize Dlt pathway inhibitors based on the fact that they would not 

affect growth of the wildtype of ΔltaS strains, but would inhibit growth of the other three 

strains (Fig 4a).54,57,60 The ΔltaS strain completely lacks LTAs and tends to be more 

susceptible than the other strains to a wide range of compounds, but it is not susceptible to 

Dlt pathway inhibition, which is perhaps not surprising given that there is no LTA to attach 
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them to. We screened the 200 ‘hits’ identified in the primary screen against our five test 

strains and three compounds representing two different scaffolds emerged as possible Dlt 

pathway inhibitors. Two compounds, one from each scaffold, were purchased for follow-up, 

but one of the scaffolds proved toxic to wildtype S. aureus at higher concentrations, 

suggesting a secondary, lethal target. Therefore, we focused on the other scaffold, DBI-1, 

which displayed the same susceptibility profile as amsacrine (Fig. 4b, Supplemental Fig. 1).

To identify the target of the compound, we raised resistant mutants in the susceptible tn::

1050 background (Fig. 4c). Two of four colonies selected in independent experiments and 

identified as possible target mutants displayed a stable resistance phenotype; both of these 

were found to contain the same mutation in dltB, a C→A transversion that resulted in 

substitution of glutamate for alanine at amino acid 355. We also tested the compound against 

amsacrine-resistant mutants containing other amino acid substitutions at three different sites 

in DltB. One of these mutants was cross-resistant to DBI-1. Finally, we tested DBI-1 in a 

cell-based assay for inhibition of Dalanylation and found that it blocks incorporation of 

radiolabeled D-ala into lipoteichoic acid (Fig. 4d). The concentration at which inhibition is 

observed is similar to the concentration that inhibits growth of susceptible strains. DBI-1 is 

more potent than amsacrine against ΔtarO and other susceptible strains (1 µg/mL versus 5 

µg/mL). It is not yet clear whether this class of compounds can be developed for 

administration in animals, but our ability to correctly identify a new Dlt pathway inhibitor 

during the cherry-pick stage of hit validation demonstrates how efficient pathway-directed 

whole cell screening can be for discovering new scaffolds rapidly.

6. Summary and conclusions

High throughput screening has become the primary way in which new antibacterial 

compounds and chemical probes are discovered.61,62 Historically, high throughput assays 

have been divided into two types: targetbased and whole cell. Although target-based assays 

can work, they are likely best suited for targets that have already been pharmacologically 

validated through previous discovery of a bioactive natural product or small molecule. For 

other targets, translating in vitro binding to biological activity may be particularly difficult, 

and the problem may not only be the properties of the compound, but the target itself. As 

noted, some targets in a given pathway appear more druggable than others. Relevant to the 

pathways described here, several late stage wall teichoic acid inhibitors have been identified 

using cell-based screening approaches, and every one identified so far inhibits TarG, the 

transmembrane component of the ABC transporter that exports WTA precursors to the cell 

surface. TarG would likely not have been chosen as a target for an in vitro screen because it 

is a polytopic membrane protein for which no biochemical assay exists. What makes TarG a 

more “druggable” target than other proteins in the WTA pathway is unclear, but its 

membrane location may make it more accessible to compounds than intracellular targets are. 

It is also possible that TarGH is more sensitive to inhibition because WTA precursor export 

may be the rate-limiting step in the pathway. In any event, one lesson learned from screening 

for WTA inhibitors is that success is more likely if a pathway -- rather than a specific target 

within a pathway -- is targeted. The challenge is to design whole cell screens so that hits are 

strongly biased towards one, or at most a few, pathways of interest.
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Here we have described two ways in which whole cell screens based on growth inhibition 

can be designed to identify compounds that inhibit predefined pathways. One is by 

exploiting suppression of bioactivity and the other is by exploiting synthetic lethality. Both 

strategies involve screening a wildtype and a mutant strain for growth inhibition. Time spent 

sorting through bioactive compounds for those with desired mechanisms is minimized by 

excluding all compounds that inhibit growth of both strains (Figure 5). This is a crucially 

important advantage of pathway-directed whole cell screens. For a ΔtarO versus wildtype 

growth inhibition screen, the outcome matrix results in four classes of compounds: 1) non-

actives; 2) bioactive compounds having undesired mechanisms or nonspecific toxicity; 3) 

bioactive compounds that are possible late stage wall teichoic acid inhibitors; and 4) 

bioactive compounds that inhibit a pathway connected through synthetic lethality to wall 

teichoic acids. In the 230,000 compound screen reported here, we identified approximately 

2,000 compounds with biological activity due to all mechanisms, but only two primary hits 

were identified as new possible WTA inhibitors; another 200 were identified as inhibitors of 

pathways connected to WTAs. One of the possible WTA inhibitors has been confirmed and 

will be described elsewhere. Of the 200 synthetic lethal hits, three were identified as 

possible Dlt pathway inhibitors through cherry pick testing against a diagnostic panel of 

strains. One of these has been identified as a DltB inhibitor based on the following lines of 

evidence: 1) it has the expected growth inhibition profile against the diagnostic panel of 

strains; 2) we identified two mutants from independent cultures that contained putative target 

mutations and both were found to have the same mutation in dltB; 3) the compound was 

cross-resistant to an allele of dltB that was previously found in a selection with the validated 

DltB inhibitor, amsacrine; and 4) the compound was shown to inhibit D-alanylation of 

lipoteichoic acids in a cell-based biochemical assay. This new inhibitor scaffold contains a 

cinnamide substituent, placing it in a large family of compounds containing cinnamic acid 

derivatives. Cinnamic acid derivatives are produced by many different plants, and various 

natural products as well as synthetic analogs containing this feature have anticancer,63 

antifungal,64 antimalarial,65 and antimicrobial activities.66 DBI-1, however, had no effect on 

viability of Vero cells (Supplemental Table 2) and did not have antimicrobial activity against 

wildtype S. aureus. Furthermore, limited SAR studies we have carried out show that the 

cinnamide moiety is not essential for activity against the tn::1050 strain, which is susceptible 

to D-alanylation inhibitors (Supplemental Table 3). In contrast, the methoxy-substituted 

benzene ring and the thiazole are critical for activity. Further investigation of this new DltB 

inhibitor scaffold is underway.

Can these screening results – the identification of biologically active compounds with on-

target activity in a primary screen or at the cherry-pick stage of hit validation – be duplicated 

for other cases? We are confident that the answer is yes. Advances in genetic and genomic 

technologies have made it possible to rapidly characterize genetic suppressors of lethal 

blocks in cellular pathways as well as synthetic lethal interactions between pathways, which 

in turn enables the design of simple cell-based screens based on an informed understanding 

of possible outcomes. Reducing the time spent following up on compounds that cannot be 

developed as therapeutics or have no applications as biological probes is crucial to 

leveraging the power of high throughput screening. By integrating a sophisticated 

understanding of biological pathways with simple screening readouts such as differential 
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growth, we have shown that it is possible to rapidly identify multiple biologically active 

compounds with cellular activity against desired targets.

7. Materials and methods

7.1 Reagents and general methods

S. aureus was grown in tryptic soy broth (TSB) or on TSB with 1.5% agar at 30°C. High-

throughput screening was done at the ICCB-Longwood Screening Facility. DBI-1 and DBI-3 

were purchased from Life Chemicals (catalog numbers F0715-0438 and F2553-0110 

respectively). Analogs DBI-2, DBI-4, DBI-5, and DBI-6 were purchased from Life 

Chemicals (catalog numbers Z763933882, Z27852313, Z119631630 and Z27772254 

respectively). Amsacrine was purchased from Abcam (ab142742).

7.2 High throughput chemical screening

Overnight cultures of S. aureus Newman WT and ΔtarO were grown in tryptic soy broth 

(TSB) at 30°C. Before dispensing into 384 well plates, cultures were diluted to an OD600 of 

one. 30 µL of TSB was predispensed into 384 well plates (Corning 3702) using a Matrix 

Wellmate plate filler. 100 nL of compound was then pin transferred into lanes 1–22 of the 

prefilled 384 well plates (final concentration ~15 µM). 50 µL of diluted overnight cultures 

(diluted 1:625) were added to the wells for a final volume of 80 µL and a final dilution of 

1:1000. 10 µg/mL erythromycin final concentration was added to lane 24 as a positive 

control. Screening was done in duplicate for each strain. Plates were incubated at 30°C for 

16–18 hrs and OD600 was measured on a PerkinElmer Envision plate reader.

7.3 Principle component analysis

PCA was done as previously described.56 An X-Y scatter plot of compound data with 

optical density of each of the strains on each axis. The line of best fit was yielded through 

the positive and negative controls as the first component and the distance of each point from 

that line was the second component. The Z score was calculated for each compound by 

dividing the distance over the standard deviation.

7.4 Cherry-pick strains and procedures

Overnight cultures of S. aureus Newman WT, Newman ΔtarO, SEJ1 ΔltaS, RN4220 ΔypfP 
and USA300 JE2 tn::1050 were grown in TSB at 30°C. Before dispensing into 384 well 

plates, cultures were diluted to an OD600 of 1 and then further diluted 1:1000. Compounds 

provided by the ICCB-L for the cherry pick were administered to 384 well plates (100 nL of 

5 mg/mL stock) using the Hewlett Packard D300 Digital Dispenser. Amsacrine was used as 

a positive control. Then 80 µL of diluted cultures were added to the wells using a Matrix 

Wellmate plate filler. Compounds were tested in duplicate for each strain. Plates were 

incubated at 30°C for 16–18 hours and the OD600 was measured on a PerkinElmer Envision 

plate reader.
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7.5 Minimum inhibitory concentration determination

Overnight cultures of wildype and mutant strains were diluted 1:100 and grown until OD600 

~1. Strains were normalized to OD600 of 1, diluted 1:1000 and 147 µL was dispensed into a 

96 well plate. All compound dilution series were made in DMSO. 3 µL aliquots were made 

and transferred into 147 µL for final concentration 0–32 µg/mL in 150 µL. Plates were 

incubated overnight at 30°C for 16–18 hours and the OD600 was read on a 

384SpectramaxPlus plate reader.

7.6 Raising resistant mutants

Raising resistant mutants on DBI-1 (5 µg/mL) and sorting to identify possible target mutants 

was performed as previously described for amsacrine.56

7.6 14C-D-Ala detection assay
14C-D-Ala incorporation into LTA was performed as described previously.56 Briefly, an 

overnight of S. aureus Newman was diluted 1:100 and grown at 30°C in TSB until an OD600 

of 0.6. Eight 1 mL aliquots were spun down and resuspended in buffer (0.25X TSB, pH 6.0, 

200 µg/mL D-cycloserine) plus eight DBI-1 concentrations (0,0.1,0.5,1,1.5,2,8,16 µg/mL 

DBI-1) for 30 minutes at 30°C shaking at 300 rpm. Samples were then spun down, 

resuspended in the same buffer containing appropriate DBI-1 concentration plus the addition 

of 14C-D-Ala and were incubated for another 30 minutes at 30°C shaking at 300 rpm. 

Samples were then spun down, resuspended in SDS loading buffer, boiled for 5 minutes at 

95°C, spun down again and 20 µL of supernatant were added to a 4–20% Trisglycine gel 

(Bio-Rad). 14C-D-Ala was added to the first lane as a control. The gel was dried and 

exposed to a phosphor storage screen for 72 hours before imaging.

7.7 NMR of DBI-1
1H NMR was taken on a Varian 400 MHz instrument and recorded at ambient temperature. 

DBI-1 was prepared in deuterated-DMSO at a concentration of 10 mg/mL. NMR was 

calibrated to the solvent peak at 2.5 ppm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of important cell envelope biosynthetic pathways in Staphylococcus aureus. The 

S. aureus cell wall is composed of thick layers of peptidoglycan containing covalently bound 

wall teichoic acids (WTA). S. aureus also contains membrane-bound lipoteichoic acids 

(LTA). LTA and WTA are modified with D-alanine esters installed by DltABCD. In the 

schematic, selected WTA enzymes are shown in yellow, Dlt pathway enzymes are shown in 

orange, and LTA pathway enzymes are shown in pink. The targets of selected inhibitors 

mentioned in the text are indicated. Figure adapted from Rajagopal and Walker (2016)30
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Figure 2. 
Biologically active compounds with activity against preselected pathways can be identified 

by screening for compounds that differentially inhibit growth of different bacterial strains. 

(A) Schematic of a plot depicting growth of library compounds against wildtype S. aureus 
and ΔtarO. Hit compounds are depicted in green or red depending on whether they are lethal 

to the the ΔtarO or wildtype strain, respectfully. The former are possible late stage WTA 

inhibitors and the latter inhibit a pathway that becomes essential when WTA biosynthesis is 

prevented. (B) Structures of two compounds previously identified using the pathway-

directed whole cell screening approach depicted in 2A. Amsacrine inhibits DltB, which is 

required to install D-alanine esters on LTA (see Figure 1). Targocil inhibits TarG, which 

transports WTA precursors to the cell surface for attachment to peptidoglycan.
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Figure 3. 
Schematic showing selected synthetic lethal interactions between three cell envelope 

pathways in Staphylococcus aureus. Synthetic lethal interactions were identified by probing 

a high density transposon mutant library with tunicamycin, which inhibits TarO and prevents 

WTA synthesis, and amsacrine, which inhibits DltB and prevents D-alanylation of 

lipoteichoic acids. Inhibiting D-alanylation is lethal to mutants that make abnormal LTA due 

to deletion of ypfP or ltaA, but not to mutants that make no LTA (ΔltaS strains). Information 

on synthetic lethal interactions between the Dlt pathway and other pathways enabled design 

of a strain panel diagnostic for Dlt pathway inhibitors (see Figure 4).
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Figure 4. 
A new DltB inhibitor was rapidly identified by testing synthetic lethal hits from a high 

throughput screen against a strain panel diagnostic for Dlt pathway inhibitors. (A) Schematic 

of a plate showing possible outcomes of treatment of five different strains against test 

compounds. Amsacrine, a validated DltB inhibitor, was used as a positive control. It inhibits 

growth of the ΔtarO, ΔypfP and tn::1050 strains, but not of the wildtype or ΔltaS strains. 200 

synthetic lethal hits from a 230,000 compound screen were tested against these five strains 

and three possible Dlt pathway inhibitors were identified. (B) Plots showing growth as a 

function of inhibitor concentration for DBI-1, one of the three compounds identified as a Dlt 

pathway inhibitor, against the test strains. (C) Structure of DBI-1 and minimum inhibitory 

concentrations against a panel of mutants selected by plating amsacrine (gray boxes) or 

DBI-1 (red box) on a strain containing an inactivating transposon insertion in 

SAOUHSC_01050 (tn::1050). The A355E mutant was identified in independent selections 

on DBI-1. (D) PAGE autoradiograph showing 14C-D-Ala LTA after treatment of cells with 

increasing concentrations of DBI-1.
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Figure 5. 
Summary of results from a pathway-directed screen of 230,000 small molecules. 

Approximately 2,000 compounds had some biological activity. The majority of these 

inhibited growth of both wildtype and ΔtarO S. aureus and were not considered further. We 

identified two possible WTA inhibitors, of which one has been confirmed as a new TarG 

inhibitor and will be reported elsewhere. We identified 200 synthetic lethal compounds and 

designed a cherry-pick screening panel to sort these compounds into Dlt pathway inhibitors 

and other types of inhibitors. Of three possible Dlt pathway inhibitors, one has been 

confirmed as a new DltB inhibitor.
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Table 1

Pros and cons of different screening approaches. Pathway-directed whole cell screens attempt to merge the 

advantages of target-based and whole cell screens while circumventing major disadvantages.

Target-based Cell-based Pathway-directed whole cell

Pros • Predefined target • Screens 
performed in 
relevant 
organisms

• Assay format is 
simple

• Biological 
activity is 
guaranteed

• Predefined 
pathway(s)

• Screens performed 
in relevant 
organisms

• Assay format is 
simple

• Biological activity 
is guaranteed

• On-target activity 
expected

Cons • Limited to enzymes 
that can be 
expressed

• Extensive assay 
development 
required

• Achieving 
biological activity 
for hits can be 
difficult

• Demonstrating on-
target biological 
activity for leads 
can be challenging

• Many hits; 
sorting good hits 
from non-
specific toxics is 
difficult

• Target 
identification 
can be time 
consuming

• Assays require 
appropriate genetic 
or pharmacological 
tools
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