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[bookmark: _Toc394385004]Abstract
The alarming rise of antibacterial drug resistance and the dwindling supply of novel antibiotics highlight the need for innovative approaches in combating bacterial infections. Traditionally, antibacterial drug discovery campaigns have largely been conducted in rich media. Such growth conditions are not representative of the host environment and render many metabolic pathways, otherwise needed for survival and infection, dispensable. Such pathways have been overlooked in conventional drug discovery campaigns despite their validity as potential antibacterial targets. The work presented in this thesis focuses on the development and validation of a screening strategy for the identification and mechanism of action determination of novel inhibitors of metabolic pathways in bacteria under nutrient-limited conditions. This screen led to the identification of MAC168425, MAC173979 and MAC13772 as inhibitors that target glycine metabolism, p-aminobenzoic acid biosynthesis and biotin biosynthesis, respectively. Moreover, it established this approach as a general platform that can be applied for different organisms with synthetic or natural product libraries. Additional mechanistic studies of the biotin biosynthesis inhibitor, MAC13772, resulted in solving the crystal structure of BioA in complex with MAC13772. Analysis of the co-structure confirmed our proposed mode of inhibition and provided information for strategies for rational drug design. Investigation of the antibacterial activity of MAC13772 revealed its potency against a number of pathogens. Furthermore, we show how MAC13772 acts synergistically with rifampicin in clearing growing mycobacterial cultures. The potential of this inhibitor as a lead for preclinical pharmacokinetic studies and for antibacterial drug development is discussed. We also discuss our current efforts to develop a metabolomic platform for the characterization of novel antibacterials that can be used in concert with our current approach to chart the metabolic response of bacteria to chemical perturbants and to generate testable hypotheses regarding the mode of action of novel inhibitors of bacterial metabolism.
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[bookmark: _Toc394385011]The crisis in antibiotic discovery
The overwhelming majority of existing antibiotics targets a very limited number of pathways, namely cell wall, DNA and protein biosynthesis (Haselbeck, Wall et al. 2002; Brown and Wright 2005). The past four decades have seen the introduction of only three new chemical classes of antibiotics, the oxazolidinone linezolid (Ford, Zurenko et al. 2001), the lipopeptide daptomycin (LaPlante and Rybak 2004) and more recently the mutilin retapamulin (Tang, Liu et al. 2012) into the clinic while considerable efforts in antibacterial drug discovery have focused on chemically modifying existing antibiotic scaffolds (Fischbach and Walsh 2009; Silver 2011). Most of the chemical scaffolds of current antibiotics were discovered during the 1940s-1960s, a period touted as the “golden age” for antibiotic discovery. These include beta-lactams, aminoglycosides, tetracyclines, glycopeptides and fluoroquinolones (Wright 2010). 
The dismal state of antibacterial drug discovery pipelines is compounded by the alarming spread of multidrug resistance. In fact, resistance to an antibiotic is often observed a few years after its introduction into the clinic Figure 1‑1. This prompted The World Health Organization to rank antibiotic resistance as one of the greatest threats to human health (Kaplan and Laing 2004).  
[image: ]
[bookmark: _Ref392237681][bookmark: _Toc394385058]Figure 1‑1. Timeline of the deployment of antibiotics in the clinic and the appearance of clinically significant resistance (Adapted from (Clatworthy, Pierson et al. 2007)).
In western countries, infections deemed most critical are often caused by the “ESKAPE” pathogens (for Enterococcus faecalis, Staphylococcus aureus, Klebsiella pneumonia, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter sp), thus called because they escape the lethality of antibiotics (Rice 2008). A recent report by the US Centers for Disease Control and Prevention (CDC) warns of an alarming spread of multidrug resistance for several of these pathogens (CDC 2013).
The dwindling supply of novel antibacterials and the alarming rise in antibiotic resistance call for innovative strategies in combating bacterial infections. These include targeting unconventional pathways, exploring novel chemical matter and considering multiple-target therapeutic strategies.

[bookmark: _Toc394385012]Small molecules: probes of biological systems and leads for drug discovery 
Small organic molecules (Mw ≤1,500 Da) can be used as tools to perturb biological systems (Stockwell 2000). Traditionally, modulation of cellular functions has been attained through the use of genetic and biochemical techniques mostly due to their high specificity and general applicability in various systems (Alaimo, Shogren-Knaak et al. 2001). But despite the vast amount of biological information that has been uncovered by these techniques, they remain with limitations. Genetic inactivation is usually non-reversible, with virtually no chance of observing intermediate phenotypes. In addition, several technical hurdles are associated with the creation of conditional alleles for essential genes or with the introduction of multiple mutations in the same cell (Alaimo, Shogren-Knaak et al. 2001).
This is where small molecules emerge as ideal perturbants of biological systems. Their effect is often conditional since molecules could be added at any stage of an experiment, reversible through metabolism, dilution or clearing, and rapid with a time-scale of seconds or less. They also offer a wide range of specificity depending on the stringency of the small molecule-target interaction and the varying concentrations of the chemical employed in the experiment, providing a great opportunity to observe intermediate phenotypes (Alaimo, Shogren-Knaak et al. 2001). Moreover, several chemical probes can be combined where multiple targets need to be perturbed simultaneously (Spring 2005) (Figure 1‑2). Technological advancements in high-throughput screening platforms and methodologies that emphasize speed and parallelization have promoted the implementation of this approach in biological research (Brown 2003; 2007). Specific approaches that use small molecules to mimic the effect of genetic mutations in biological systems are referred to as chemical-genetic approaches. 

[image: ]
[bookmark: _Ref392177764][bookmark: _Toc394385059]Figure 1‑2. Strategies for perturbing biological systems.
Biological systems can be perturbed either genetically or chemically. Genetic perturbation is highly specific but it exerts its effect on a much longer timescale and generally lacks the high tuneability available through chemical perturbation (Adapted from (Alaimo, Shogren-Knaak et al. 2001)). 

[bookmark: _Toc394385013]Chemical-genetic approaches
Two main approaches can be employed when using small molecules to probe biological systems (Figure 1‑3). In the first approach, known as forward chemical genetics (or whole-cell screening), small molecules are used against whole cells to look for a phenotype of interest. Follow-up experiments focus on identifying the target(s) of the small molecule that produced the desired phenotype. In the second approach, known as reverse chemical genetics (or target-based screening), small molecules are used against a target of interest (usually a protein). Modulators identified from this target-based approach are then tested to determine their phenotypic effect on the biological system (Zheng and Chan 2002; Spring 2005). 

[image: ]

[bookmark: _Ref392180021][bookmark: _Toc394385060]Figure 1‑3. Chemical genetic approaches.
In forward chemical genetics (top panel), small molecules are screened against whole cells in the search for a molecule (red triangles) that produces a phenotype of interest (e.g. cell death, altered morphology). Subsequently, the cellular target of the molecule is identified. In reverse chemical genetics (bottom panel), small molecules are screened against a target interest then their effect on whole cells is evaluated.


The greatest advantage of a cell-based screening is that the identified bioactives should readily cross biological membranes (Stockwell 2000; Friedmann, Shriki et al. 2006). Small molecules uncovered through this method constitute a rich resource of probes of poorly understood physiology and protein function and could serve as potential leads for drug discovery. This is especially critical considering the fact that the conversion of target-specific leads into compounds with activity against entire cells can be very cumbersome (Payne, Gwynn et al. 2007). Cell-based screens also offer the advantage of observing the small molecule effect within the cellular context, and to address questions of multiple targets (Moore and Rees 2001). This is of great importance whether the small molecules are to be used as probes of cellular function, or as leads for drug discovery. Target-based screening has proven to be relatively more sensitive and easier to conduct provided that enough recombinant protein and a robust high-throughput screening assay are available (Payne, Gwynn et al. 2007). It also provides a solid ground for rational lead optimization in follow-up work (Rosamond and Allsop 2000). Given its target-centered rationale, factors such as cell permeability and cellular context are initially overlooked in active compounds identified from target-based screening campaigns; usually until the need for whole-cell targeting arises.

[bookmark: _Toc394385014]Chemical-genetic approaches for antibacterial drug discovery
In the context of antibacterial drug discovery, the majority of known classes identified during the golden era of antibiotic drug discovery in the 1940s-1960s were identified through cell-based approaches, often by looking for zones of inhibition of bacterial lawns (Lewis 2013). The following decades saw a shift towards target-based screening especially with the development of high-throughput screening platforms, rational drug design strategies and the sequencing of genomes of various pathogens. Unfortunately, all of these efforts failed to advance antibiotics from target-based screening campaigns into the clinic (Lewis 2013). Identifying potent inhibitors of specific targets that evade issues of membrane permeability, efflux and modification has proven to be exceptionally difficult (Roemer and Boone 2013). 
As a result of that, whole-cell based screening is being increasingly revisited for antibacterial drug discovery campaigns (Wang, Soisson et al. 2006). However, connecting phenotype with mechanism remains one of the most significant hurdles that plague cell-based small molecule screening and drug discovery efforts. In this respect, chemical genomic approaches offer a great opportunity to tackle the challenges of identifying the mechanism of action of small molecule inhibitors of bacteria (Barker, Farha et al. 2010). 
Approaches that take advantage of large-scale genomic libraries for the systematic identification of the targets biologically active small molecules have largely been extensively applied in the model fungus S. cerevisiae (Giaever, Shoemaker et al. 1999; Baetz, McHardy et al. 2004; Lum, Armour et al. 2004; Parsons, Brost et al. 2004). In recent years, the construction of ordered genomic libraries in E. coli  and other bacteria (Kitagawa, Ara et al. 2005; Baba, Ara et al. 2006; Zaslaver, Bren et al. 2006; Donald, Skwish et al. 2009) have made it possible to bring such tools to the drug discovery process (Li, Zolli-Juran et al. 2004; Pathania, Zlitni et al. 2009; Xu, Trawick et al. 2010). 

[bookmark: _Toc394385015]Targeting metabolism for antibacterial drug development
When bacteria are grown in minimal media containing only carbon and nitrogen sources as well as essential salts, they undergo a marked shift in their metabolic activities to support the requirements for de novo synthesis of essential amino acids, vitamins and other cofactors (Tao, Bausch et al. 1999; Hua, Yang et al. 2004; Zaslaver, Bren et al. 2006). Only 303 genes are essential for growth of wild type E. coli on rich media and some 119 genes are additionally required for growth on nutrient-limited media (Baba, Ara et al. 2006). Small molecules that specifically target bacteria under nutrient limitation could serve as mechanistic probes to address biological questions about nutritional stress responses. Moreover, some of these bioactives could be potential leads for the development of novel antimicrobials. There have been many reports of impaired growth and attenuated virulence of various pathogens due to auxotrophy-generating gene deletions (Chamberlain, Strugnell et al. 1993; Mei, Nourbakhsh et al. 1997; Cersini, Salvia et al. 1998; Polissi, Pontiggia et al. 1998; Cuccui, Easton et al. 2007; Samant, Lee et al. 2008). 
Traditionally, drug discovery screening campaigns have largely been conducted in standard microbiological media which are rich in amino acids, sugars, vitamins and metals. Such conditions are mainly useful for propagating bacteria in vitro and are highly unrepresentative of the host environment which is arguably limited in nutrients. In fact, drug discovery efforts have failed to account for the relevance of the host environment to bacterial infection and colonization (Brown, Palmer et al. 2008; Pethe, Sequeira et al. 2010). Thus, there exists a large subset of potential targets essential for survival and infection within a host that remain under-exploited for antibacterial drug development.
[bookmark: _Toc394385016]Research objectives and organization of thesis
My research has focused on developing a screening strategy for the identification and mechanism of action determination of novel inhibitors of metabolic biosynthetic pathways. My PhD work has focused on the hypotheses that: 
1- Bacterial metabolic and biosynthetic pathways are essential processes that deserve to be explored for antibacterial drug development.
2- MAC168425, MAC173979 and MAC13772 are novel antibacterial inhibitors that target glycine metabolism, p-aminobenzoic acid biosynthesis and biotin biosynthesis, respectively.
3- MAC13772 inhibits the enzyme 7,8-diaminopelargonic acid synthase (BioA) by forming a tight complex with the cofactor pyridoxal-5’-phosphate rendering the enzyme inactive.
To accomplish these goals, I took advantage of chemical-genomic strategies to design and validate a novel high-throughput screening assay to identify small molecules that inhibit bacterial metabolism. I developed a secondary screen to follow up on the bioactive hits to identify the potential metabolic pathways targeted by these inhibitors. I employed microbiological, genetic, biochemical and structural tools for subsequent mechanism of action studies. Chapter 2 describes the development and validation of the primary and secondary screens for the discovery of inhibitors of bacterial metabolism from a library of ~ 30,000 small molecules. In Chapter 3, I describe how this screen led to the identification of MAC168425, MAC173979 and MAC13772 as inhibitors that target glycine metabolism, p-aminobenzoic acid biosynthesis and biotin biosynthesis, respectively. Chapter 4 focuses on additional structural studies of MAC13772 in complex with its target BioA and explores some of its potential applications. This inhibitor is not toxic to mammalian cells and displays potent activity against a number of bacterial pathogens and is highly synergistic with rifampicin in clearing growing mycobacterial cultures. Chapter 5 discusses future experiments that are planned for the lead MAC13772 including pre-clinical pharmacokinetic studies in mice and strategies for structure-based drug design to develop more potent inhibitors of BioA. Further, it briefly describes our efforts to develop a metabolomic strategy for mechanism of action studies of novel antibacterials targeting metabolic pathways and to identify natural product inhibitors of bacterial metabolism. 








[bookmark: _Toc394385017]CHAPTER TWO – DEVELOPING A HIGH-THROUGHPUT SMALL MOLECULE SCREEN TO IDENTIFY INHIBITORS OF METABOLIC PATHWayS IN Bacteria.
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This chapter was adapted from the following publication:

Soumaya Zlitni, Lauren F. Ferruccio, Eric D. Brown. Metabolic suppression identifies new antibacterial inhibitors under nutrient limitation. Nature Chemical Biology 9, 796–804 (2013)

All experiments in this chapter were performed by me. I wrote the manuscript and edits were provided by Dr. Eric Brown.

The publisher has granted permission to reproduce all material in this chapter.



[bookmark: _Toc394385019]Summary
Ph.D. Thesis – Soumaya Zlitni 	                                       McMaster - Biochemistry and Biomedical Sciences

Characterizing novel drugs and chemical probes of biological systems is hindered by difficulties in identifying the mechanism of action (MOA) of biologically active molecules. Here we present a metabolite suppression approach to explore the MOA of antibacterial compounds under nutrient restriction. We assembled an array of metabolites that can be screened for suppressors of inhibitory molecules. Further, we identified inhibitors of E. coli growth under nutrient limitation and charted their interactions with our metabolite array. This strategy led to the discovery and characterization of three novel antibacterial compounds, MAC168425, MAC173979 and MAC13772. We showed that MAC168425 interferes with glycine metabolism, MAC173979 is a time-dependent inhibitor of p-aminobenzoic acid biosynthesis and MAC13772 inhibits biotin biosynthesis. We conclude that metabolite suppression profiling is an effective approach to focus MOA studies on compounds impairing metabolic capabilities. Such bioactives can serve as chemical probes of bacterial physiology and as leads for antibacterial drug development. 
In this chapter, results from the primary screen and validation of the secondary screening strategy with known antibiotics are presented and discussed. Chapter 3 presents the results for the characterization of the three novel inhibitors identified from the primary screen.

[bookmark: _Toc394385020]Introduction

The alarming spread of multidrug resistance is due in part to the fact that existing antibiotics target a very limited number of pathways, namely cell wall, DNA and protein biosynthesis (Haselbeck, Wall et al. 2002; Brown 2013). There has been rising concern in the past decade about the general lack of innovation in the discovery of novel antibacterials (Boucher, Talbot et al. 2013) stressing the need for exploring less conventional antimicrobial targets. 
The past decade has produced remarkable developments in microbial genomics, target validation and screening technology that have provided drug discoverers with many avenues to identify novel antibacterials (Payne, Gwynn et al. 2007). Moreover, given the challenges faced when attempting to convert inhibitors of recombinant targets into cell-active compounds, recent antibacterial drug discovery campaigns are shifting towards phenotype-based screening (Payne, Gwynn et al. 2007). However,  linking the phenotype(s) caused by biologically active small molecules to specific mechanisms remains one of the biggest roadblocks in cell-based screening(Burdine and Kodadek 2004). 
In this respect, chemical genomic strategies have had considerable success in uncovering the MOA of biologically active molecules. Most significant are efforts in the characterization of the MOA of small molecules by exploring their effects on genome-scale overexpression and deletion clone sets (Giaever, Flaherty et al. 2004; Lum, Armour et al. 2004; Parsons, Brost et al. 2004; Hoon, Smith et al. 2008). We have reported on manipulating gene dosage in E. coli as a systematic strategy towards identifying the cellular targets of novel antibacterials and describing uncharted chemical genetic interactions for known antibiotics (Li, Zolli-Juran et al. 2004; Pathania, Zlitni et al. 2009).
In this work, we describe an approach that relies on using differential media screening as a strategy to explore the MOA of small molecules that inhibit bacterial growth under nutrient-limited conditions.  When bacteria are grown in minimal media, they undergo a significant shift in their metabolic activities to support the requirements for de novo synthesis of amino acids, precursor molecules, vitamins and other cofactors (Tao, Bausch et al. 1999; Hua, Yang et al. 2004; Zaslaver, Bren et al. 2006). Indeed, only 303 genes are essential for growth of wild type E. coli on rich media and some 119 genes are additionally required for growth on nutrient-limited media (Baba, Ara et al. 2006). 
Small molecules that specifically target bacteria under nutrient limitation could serve as mechanistic probes to address biological questions about nutritional stress responses. Moreover, some of these bioactives could be potential leads for the development of novel antimicrobials. There have been many reports of impaired growth and attenuated virulence of various pathogens due to auxotrophy-generating gene deletions (Chamberlain, Strugnell et al. 1993; Mei, Nourbakhsh et al. 1997; Cersini, Salvia et al. 1998; Polissi, Pontiggia et al. 1998; Cuccui, Easton et al. 2007; Samant, Lee et al. 2008). Combination therapy with sulfamethoxazole and trimethoprim, two inhibitors of folate biosynthesis, remains one of the most effective treatments for respiratory and urinary tract infections (Ho and Juurlink 2011) and  clearly validates targeting bacterial biosynthetic pathways in antibacterial therapy.  Nevertheless, systematic searches for antibacterial chemicals have overwhelmingly emphasized rich nutrient conditions. 
Metabolite supplementation has proven to be a formidable approach to understanding metabolic pathways in model microbes (Pittard and Yang 2008). Herein we have exploited its power to investigate the MOA of biologically active small molecules. This strategy significantly narrows the number of potential targets to the benefit of mechanistic investigations. We have applied this approach to explore the antibacterial activity of both known antibiotics and novel antibacterial compounds identified from a high-throughput screen of growth inhibition of E. coli under nutrient limitation. Through this approach we generated characteristic fingerprints of small molecule-metabolite interactions that could inform on their biological activity. We report on the discovery of three novel antibacterial compounds: MAC168425 which elicits its activity by interfering with glycine metabolism, MAC173979, a unique time-dependent inhibitor of p-aminobenzoic acid (PABA) biosynthesis and MAC13772, an inhibitor of the enzyme BioA, the antepenultimate step in biotin biosynthesis. These inhibitors can serve both as specific chemical probes to study metabolic pathways in bacteria at a systems-level and as potential leads for antibiotic drug discovery.

[bookmark: _Toc394385021]Results

[bookmark: _Toc394385022]Screening for inhibitors in nutrient-deficient media   
A flow chart that outlines the different stages of our approach is shown in Figure 2‑1. Our work began with a high-throughput screen to identify compounds with growth inhibitory activity at a concentration of 10 µM against E. coli MG1655 in nutrient-deficient media from a library of ~ 30,000 molecules. This library includes structurally diverse small synthetic molecules, off-patent FDA-approved and pharmacologically active molecules as well as purified natural products.

[image: ]
[bookmark: _Ref391355504][bookmark: _Toc394385061]Figure 2‑1. General approach to characterize inhibitors of bacterial physiology under nutrient-limited growth conditions. 
A total of 496 compounds that inhibited the growth of E. coli MG1655 in minimal media were identified from a high-throughput screen of a library of ~ 30,000 diverse small molecules. After the removal of known antibiotics, a total of 340 novel actives were evaluated in dose-response studies in minimal and supplemented minimal media to identify potent inhibitors with a biological activity specific to bacterial growth under nutrient-limited conditions. From this evaluation, a total of 74 actives were prioritized for metabolic suppression profiling against a panel of primary metabolites to identify the potential target pathways of these inhibitors.

The primary screen was of high quality with respect to signal, noise and reproducibility as shown in the control (Figure 2‑2 a) and compound (Figure 2‑2 b) data. The statistical parameter Z’ describes the window between high and low controls and provides a measure to evaluate the quality of the screen (Zhang, Chung et al. 1999). For this screen, the average Z’ value was 0.8.  A cutoff of 80% residual growth was determined by calculating 3 standard deviations from the high controls below 100% residual growth. This cutoff identified 496 actives that resulted in at least 20% growth inhibition relative to the high controls, corresponding to a hit rate of 1.7% (Figure 2‑2 b). After eliminating known antibiotics we arrived at a set of 340 novel active compounds for further study. These were mainly synthetic small molecules constituting a set of novel chemical scaffolds with largely uncharacterized biological activity.  In addition, there were a small number of natural products. Of the 340 compound selected for follow up, there was about a 7% false positive rate. 
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[bookmark: _Ref391355549][bookmark: _Toc394385062]Figure 2‑2. Primary screen in minimal media
(a) Control data. The average high controls (100% residual growth; dark blue circles) and the average low controls (0% residual growth; maroon circles) containing 0.2% DMSO and 10 μg/ml of norfloxacin, respectively (n=3). The assay shows a large screening window between the high and the low controls and the calculated average Z’ factor is 0.8. (b) Compound data. 3D replicate plot of the primary screen of ~ 30,000 small molecules against E. coli MG1655 grown in M9 minimal media. Bacterial growth in the test wells is expressed as a percentage relative to the growth in the control wells. The percent residual growth (%RG) of each replicate is plotted on each axis. Data points that fall on a slope of 1 are considered reproducible. Molecules that resulted in a residual growth below 80% for each replicate relative to the control wells were identified as biologically active against E. coli MG1655 in minimal media (red circles) and were selected for further study (496 molecules).

[bookmark: _Toc394385023]Differential media screening
To prioritize compounds that are specifically active under nutrient limitation, we conducted dose-response evaluations for all 340 compounds in nutrient-limited and in defined rich media supplemented with a mix of amino acids, purines, pyrimidines and vitamins (Table 7‑2). These data were used to prioritize a subset of bioactives that perturbed bacterial physiology under nutrient-limited conditions. Figure 2‑4 shows examples of the assessment for two compounds. Interestingly, nearly a third of the 340 tested compounds exhibited a significant difference in potency against E. coli grown in the two different media. In fact, as many as 45% of the compounds showed no inhibition of bacterial growth within the tested concentration range in defined rich media in contrast to only 7% of the compounds with no activity against E. coli in minimal media (Figure 2‑3). Based largely on the potency and specificity to nutrient-limited conditions, we prioritized a total of 74 actives for follow up analysis (EC50 and MIC values are listed in Table 7‑3). 
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[bookmark: _Ref391355646][bookmark: _Toc394385063]Figure 2‑3. EC50 evaluation of novel bioactives. 
Histogram of the average EC50 values obtained from the dose-response analysis of 340 novel actives conducted in minimal (black bars) and supplemented minimal media (grey bars). EC50 values were determined in duplicate in each media condition.
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[bookmark: _Ref391355682][bookmark: _Toc394385064]Figure 2‑4. Effect of media composition on the EC50 of actives
Two representative examples of the EC50 analysis conducted on the actives prioritized from the primary screen. Dose response studies were carried out with each compound within a concentration range of 1 nM- 80 µM against E. coli MG1655 grown in either M9 minimal (open circles) or supplemented minimal media (closed circles).  In the top panel, MAC6191 has an EC50 of 0.5 µM in minimal media but has no growth inhibitory activity when tested in supplemented minimal media. In the bottom panel, MAC43268 has EC50 values of 0.26 and 6.86 µM when tested in minimal and supplemented minimal media, respectively. This results into a ~ 26-fold suppression in its biological activity. Data with the error bars represent the mean % residual growth ± range of n=2 replicates.


[bookmark: _Toc394385024]Metabolic suppression profiling
The strategy presented herein relies on perturbation using small molecules in a way that mimics genetic mutations in auxotrophic strains. To this end, we developed a secondary screen in which chemical complementation with metabolites was used as a rational approach to identify the potential cellular pathway(s) targeted by the actives prioritized from the primary screen. 
In this secondary screen, growth of E. coli in minimal media containing an inhibitory concentration of each tested compound was examined against an array of single primary metabolites (amino acids, vitamins and nucleobases) and pools thereof (Figure 2‑5).
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[bookmark: _Ref391355739][bookmark: _Toc394385065]Figure 2‑5. The Metabolic Suppression Array
For the secondary screen, key metabolites were systematically tested to look for suppression of the antibacterial activity of the prioritized actives. A 103-fold dilution of a mid-exponential culture of E. coli MG1655 was set up in M9 minimal media in 96-well plates containing 4× the MIC (minimum inhibitory concentration) of each and a 1/20 dilution of the metabolic suppression array stock plate. The arrays were incubated O/N at 37 0C then growth was determined turbidometrically by measuring the optical density of the plates at 600 nm. Amino acids are referred to by their 3-letter code, nucleotides by their 1-letter code, PABA: p-aminobenzoic acid. M9: no supplements; ALL: minimal media with all supplements; AA: minimal media with all amino acids; VIT: minimal media with all vitamins; NUC: minimal media with all nucleobases.


The clustered heat map in Figure 2‑6 shows the metabolic suppression profile of the 74 prioritized actives and a set of known antibiotics with different MOA as controls to validate the approach. The patterns of interaction between metabolites and inhibitors create unique metabolic suppression fingerprints that can be used to guide hypotheses regarding their MOA. The heat map in Figure 2‑6 is clustered based on these metabolic suppression fingerprints so that compounds with similar profiles are grouped within the same cluster.
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[bookmark: _Ref391355760][bookmark: _Toc394385066]Figure 2‑6. Heat map of the metabolic suppression profiles of priority actives.
Metabolic suppression profiles of 93 antibacterial inhibitors including 22 known antibiotics are hierarchically clustered based on the growth of E. coli MG1655 in the presence of each compound at 4× its MIC and with various primary metabolites or pools of metabolites in the metabolic suppression array (n= 2 replicates). Hierarchical cluster analysis of the percent residual growth was conducted as described in Experimental procedures. Actives identified from the primary screen are designated by their MAC ID and known actives by their names. Amino acids are referred to by their 1-letter code, B vitamins by their respective numbers, PABA: p-aminobenzoic acid, Ade: adenine, Gua: guanine, Ura: uracil, Thy: thymine. M9: no supplements; ALL: minimal media with all supplements; AA: minimal media with all amino acids; VIT: minimal media with all vitamins; NUC: minimal media with all nucleobases; 3-THIENYL-ALA: L-3-thienylalanine, 5-Me-TRP: 5-methyltryptophan, p-F-PHE: p-fluorophenylalanine, CHLORAMPHEN: chloramphenicol , 6-NH2NICOTINAMIDE: 6-aminonicotinamide, 5-F-URACIL: 5-fluorouracil, 6-MER-PUR: 6-mercaptopurine (6-thiopurine), 2,6-DINH2-PUR: 2,6-diaminopurine, L-DON: 6-Diazo-5-oxo-L-norleucine, SULFAMETHOX: sulfamethoxazole. 


[bookmark: _Toc394385025]Metabolic suppression profiles of known antibiotics
The metabolic suppression profiles of 22 known antibiotics of diverse MOA demonstrate the power of this approach (Figure 2‑7). Noteworthy is that the activity of known antibiotics with mechanisms that do not directly involve primary metabolism such as replication, transcription and translation inhibitors was not altered in the presence of supplements.  Inhibitors targeting biosynthetic capabilities on the other hand displayed distinct metabolic suppression phenotypes mainly pertaining to their transport and/or MOA. Antimetabolites like 5-fluoruracil and 6-azauracil, which inhibit different steps in pyrimidine nucleotide biosynthesis were suppressed by uracil (Handschumacher 1960; Longley, Harkin et al. 2003). Growth inhibition by 6-aminonicotinamide was antagonized by niacin(Cobb, Pearcy et al. 1977); 6-thiopurine and 2,6-diaminopurine by purine nucleobases. The actions of 3-thienylalanine, 5-methyltryptophan and p-fluorophenylalanine were reversed in the presence of aromatic amino acids(Richmond 1962). The activity of the natural product 6-diazo-5-oxonorleucine which targets several glutamine-utilizing enzymes in various metabolic pathways was primarily suppressed by purine nucleobases(Levenberg, Melnick et al. 1957; Eidinoff, Knoll et al. 1958; Ahluwalia, Grem et al. 1990).
The cell wall inhibitor D-cycloserine was suppressed by either D,L-alanine or glycine. D-cycloserine, D-alanine and glycine use the same import mechanism encoded by the transporter cycA(Wargel, Shadur et al. 1970). Inside the cell, D-cycloserine is a competitive inhibitor of D-alanine-D-alanine ligase (Ddl) in peptidoglycan biosynthesis(Neuhaus and Lynch 1964; Zawadzke, Bugg et al. 1991) and of D-alanine racemase (DadX) which catalyzes the interconversion of D- and L-alanine(Strominger, Ito et al. 1960). 
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[bookmark: _Ref391355821][bookmark: _Toc394385067]Figure 2‑7. Metabolic suppression profiles of known antibiotics
The metabolic suppression profiles of 22 known antibiotics evaluated against a panel of primary metabolites and pools of metabolites through the metabolic suppression array are derived from the heat map in Figure 2‑6. These antibiotics are grouped based on their general MOA class. Note that only inhibitors that impair biosynthetic capabilities are suppressed by metabolites or pools of metabolites. Amino acids are referred to by their 1-letter code, B vitamins by their respective numbers, PABA: p-aminobenzoic acid, Ade: adenine, Gua: guanine, Ura: uracil, Thy: thymine. M9: no supplements; ALL: minimal media with all supplements; AA: minimal media with all amino acids; VIT: minimal media with all vitamins; NUC: minimal media with all nucleobases; 5-Me-Tryptophan: 5-methyltryptophan, p-F-Phenylalanine: p-fluorophenylalanine, 6-NH2nicotinamide: 6- aminonicotinamide, L-DON: 6-Diazo-5-oxo-L-norleucine. Data represent the mean % residual growth of n=2 replicates.


 Inhibition by the anti-folate antibiotic sulfamethoxazole was fully reversed by p-aminobenzoic acid (PABA) and to an extent by methionine, a signature profile of inhibitors of PABA metabolism (Stokstad and Jukes 1987). The enzymes PabA, PabB and PabC catalyze the biosynthesis of PABA from chorismate (Pittard and Yang 2008). PABA is a precursor of folate coenzymes which are involved in the transfer of one-carbon units in several pathways including the biosynthesis of methionine, purines and pyrimidines(Green, Nichols et al. 1996) (Figure 2‑8). Sulfamethoxazole and other sulfa drugs compete with PABA at the step of dihydropteroate synthesis (FolP) and enter the pathway as alternate substrates ultimately creating dead-end products (Walsh 2003). Addition of PABA outcompetes sulfamethoxazole while methionine supplementation provides a major metabolite dependent on folate cofactors (Green, Nichols et al. 1996).
Trimethoprim targets dihydrofolate reductase (FolA) which catalyzes the synthesis of tetrahydrofolate (Figure 2‑8). Since folate coenzymes are essential for the biosynthesis of glycine, methionine, pantothenate, formylated methionine, purine and pyrimidine nucleotides (Green, Nichols et al. 1996), growth inhibition by trimethoprim could only be suppressed by providing a mixture of amino acids and nucleobases.
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[bookmark: _Ref391355921][bookmark: _Toc394385068]Figure 2‑8. The tetrahydrofolate biosynthetic pathway in E. coli

The herbicide glyphosate inhibits 5-enol-pyruvylshikimate-3-phosphate synthase (AroA) (Fischer, Berry et al. 1986), which is involved in the biosynthesis of chorismate, a precursor of several metabolites including the aromatic amino acids, phenylalanine, tyrosine and tryptophan (Figure 2‑9 a) (Pittard and Yang 2008). Accordingly, suppression of the activity of glyphosate could only be achieved by providing a mixture of amino acids (Figure 2‑9 b). 
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[bookmark: _Ref391355989][bookmark: _Toc394385069]Figure 2‑9. Metabolic suppression profile of glyphosate
(a) Schematic diagram of the biosynthetic pathway of chorismate in E. coli. Chorismate is a precursor of several metabolites including aromatic amino acids. Glyphosate inhibits the step catalyzed by AroA. (b) The metabolic suppression profile of glyphosate against a panel of primary metabolites in the metabolic suppression array (Figure 2‑5) is extracted from the heat map in Figure 2‑6. (c) The metabolic suppression profile of glyphosate against additional pools of metabolites in the expanded metabolic suppression array (Figure 2‑10). Note the full suppression of the activity of glyphosate by pools containing the three aromatic amino acids.
Metabolic suppression fingerprints where growth inhibition could only be reversed by a pool of metabolites were observed for about 20% of the profiled priority actives (Figure 2‑6). This revealed the need to enrich the array with additional pools of metabolites that would, for example, accommodate blocks in early steps of branched metabolic pathways where more than one supplement would be required for suppression. In principle, the number of possible combinations of metabolites is very large. Nevertheless, a survey of primary metabolism in E. coli revealed a number of precedented supplements including pathway intermediates and metabolite pools.  Thus we created an expanded metabolic suppression array (Figure 2‑10) where, for example, a mixture of aromatic amino acids fully reversed inhibition by glyphosate (Figure 2‑9 c). After profiling with the expanded metabolic suppression array, the activity of over half of the actives not suppressed by single supplements were further elaborated with suppression phenotypes using various pools of metabolites (Figure 2‑11).    
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[bookmark: _Ref391356346][bookmark: _Toc394385070]Figure 2‑10. The Expanded Metabolic Suppression Array. 
Amino acids are referred to by their 3-letter code, nucleotides by their 1-letter code, PABA: p-aminobenzoic acid. M9: no supplements; ALL: all supplements; AA: all amino acids; VIT: all vitamins; NUC: all nucleobases; PUR: purine nucleobases; PYR: pyrimidine nucleobases; DHQ: 3-dehydroquinic acid; SHIK: shikimic acid; 4-HBA: 4-hydroxybenzoic acid; 2,3-DHB: 2,3-dihydroxybenzoic acid; Aro AA: aromatic amino acids (Phe, Tyr, Trp); Aro: aromatic amino acids, p-aminobenzoic acid, 4-hydroxybenzoic acid and 2, 3-dihydroxybenzoic acid; DAP: diaminopimelic acid; 5-ALA: 5-aminlevulinic acid; Homoser: homoserine; CIT: citrulline; ORN: ornithine; PUT: putrescine.
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[bookmark: _Ref391356442][bookmark: _Toc394385071]Figure 2‑11. Pools of metabolites reveal more complex metabolic suppression patterns. 
Top panel: Cluster from the heat map in Figure 2‑6 showing the metabolic suppression profiles of 18 inhibitors evaluated against the metabolic suppression array (Figure 2‑5). Bottom panel: The metabolic suppression profile of the same inhibitors in the top panel after being evaluated against the expanded metabolic suppression array (n= 2 replicates). Amino acids are referred to by their 1-letter code, B vitamins by their respective numbers, PABA: p-aminobenzoic acid, Ade: adenine, Gua: guanine, Ura: uracil, Thy: thymine. M9: no supplements; ALL: all supplements; AA: all amino acids; VIT: all vitamins; NUC: all nucleobases; PUR: purine nucleobases; PYR: pyrimidine nucleobases; DHQ: dihydroquinone; SHIK: shikimic acid; HBA: 4-hydroxybenzoic acid; DHB: 2, 3-dihydroxybenzoic acid; ALL ARO: aromatic amino acids, p-aminobenzoic acid, 4-hydroxybenzoic acid and 2, 3-dihydroxybenzoic acid; DAP: diaminopimelic acid; 5-ALA: 5-aminlevulinic acid; HOMOser: homoserine; CIT: citrulline; ORN: ornithine; PUT: putrescine.

[bookmark: _Toc394385026]Discussion
Characterizing the MOA of biologically active small molecules remains one of the biggest hurdles of whole-cell based screening in bacteria. In this work, we presented an approach that relies on metabolite suppression to explore the MOA of small molecules that target bacteria under nutrient-limited conditions. The metabolic suppression profiles of 22 known antibiotics revealed how this approach could provide information regarding the import, cellular target(s) and downstream effects of compounds that target bacterial physiology under nutrient restriction. Interestingly, we did not encounter suppression phenotypes that suggest off-target interactions. Furthermore, the consistency of the metabolic suppression profiles of known antibiotics with their well-characterized MOA suggests that this approach can provide a clear mechanistic fingerprint directly related to biological activity.
Small molecules that target metabolic pathways in bacteria growing under nutrient limitation allows for the investigation of bacterial physiology under conditions far from the standard laboratory culturing environment. Historically, drug discovery screening campaigns have largely been conducted in rich media. Such growth conditions are not representative of the host environment and render many metabolic pathways, otherwise needed for survival and infection, dispensable. Such pathways have been overlooked in conventional drug discovery campaigns despite their validity as potential antibacterial targets. 
We believe that metabolic pathways offer a promising avenue for the discovery of novel antibacterials to address, at least to some extent, the current crisis in antibiotic drug development. In this work we developed and validated an approach that can be used to screen any chemical library against a prototrophic organism of interest. Exploiting the power of metabolic complementation can significantly speed up the characterization of the MOA of small molecules of interest. Indeed, inhibitors of bacterial biosynthetic capabilities could provide a much needed addition to the dwindling repertoire of effective antibiotics.

[bookmark: _Toc394385027]Experimental procedures

Reagents
Antibiotics were added to the media as needed with final concentrations as follows: 100 µg/ml ampicillin, 20 µg/ml chloramphenicol and 50 µg/ml kanamycin.  For the primary screen, the library compounds were prepared to a final concentration of 250 µM in 25% DMSO. For follow up analysis, all compounds were solubilized in DMSO.
The ~ 30,000 small molecule library was purchased from Maybridge Ltd., Cornwall, UK; ChemBridge Corp., San Diego, CA, USA; Prestwick Chemical, Plymouth Meeting, PA, USA; BIOMOL International, L.P., Plymouth Meeting, PA, USA; Sigma-Aldrich Canada Ltd., Oakville, ON, Canada and MicroSource Discovery Systems Inc., Gaylordsville, CT, USA. All other chemicals and reagents were purchased from Sigma (Oakville, ON).

Bacterial strains and culture conditions 
E. coli K-12 strains MG1655 and BW25113 were  grown at 37°C with aeration at 250 rpm in liquid M9 minimal salts media (Sambrook and Russell 2001) with 0.4% glucose as a carbon source and 20 mM ammonium chloride as a nitrogen source. For all cell-based assays, the bacterial culture was prepared as follows: a single colony of E. coli was grown overnight in M9 minimal media in a 37 °C incubator shaking at 250 rpm. The saturated overnight culture was diluted 1/50 in fresh M9 minimal media and grown in a 37 °C incubator shaking at 250 rpm until it reached an OD600 of ~0.4-0.5. The subculture was then diluted 103 and 104-fold into fresh media (minimal or supplemented, respectively) and set up to a final volume of 200 µl in clear flat bottom 96-well plates. 

Primary screen in minimal media
The bacterial culture was prepared as described above. The clear flat bottom 96-well assay plates were set up with the library compounds in triplicate to a final concentration of 10 μM and with high and low controls of 0.2% DMSO and 10 μg/ml of norfloxacin, respectively. Controls constituted 20% of each assay plate. All the liquid handling was carried out using the Biomek FX liquid handler (Beckman Coulter Inc., Fullerton, CA) The mid-log subculture was then diluted 103-fold into fresh M9 minimal media and set up in the assay plates using the μFill Microplate Dispenser (Biotek, Winooski, VT) to a final volume of 200 μl per well. Upon mixing of the bacterial culture with the screening compounds, the OD600 of the plates was read using the Envision (Perkin Elmer, Waltham, MA). The background reading is to account for any interference due to low compound solubility in the growth media or due to colored compounds. The plates were then incubated in a 37 °C stationary incubator for 12 hours before measuring their OD600. For a summary of the small molecule screening data see Table 7‑1.

Analysis of the primary screen data
The triplicate measurements were analyzed independently. Bacterial growth (G) was first calculated as follows

where OD600 (t=0) and OD600 (t=16) correspond to absorbance of the samples before and after incubation of the assay plates, respectively. Converting bacterial growth (G) to % residual growth (%G) is calculated as follows

where Gs is the bacterial growth in the presence of the tested compound, and μ+ and μ- are the averages of the high and low controls, respectively. For hit selection, the statistical cutoff for the primary screen was 80% residual growth (3 standard deviations below the high controls (100% residual growth)). Hence, compounds for which each of the triplicate measurements inhibited growth by at least 20% relative to the high controls was scored as a hit (an active) in the primary screen.

Dose-response determination of priority actives
The 11-point dose-response determinations were carried out in duplicate in two types of media: M9 minimal media and the same media supplemented with amino acids, vitamins and nucleobases (for recipe see Table 7‑2). The bacterial culture was prepared as described above. The subculture was then diluted 103 and 104-fold into fresh M9 minimal media and supplemented M9 minimal media, respectively and set up to a final volume of 200 µl in clear flat bottom 96-well plates containing half-log serial dilutions of each tested compound (1 nM- 80 μM) as well as high and low controls (0.2% DMSO and 10 μg/ml of norfloxacin, respectively). Upon mixing of the bacterial culture with the compounds, the OD600 of the plates was read using the Envision (Perkin Elmer, Waltham, MA) to account for background absorbance. The plates were then incubated in a 37 °C stationary incubator for 16 hours before measuring their OD600. 

Analysis of dose-response determinations
For each type of media, the duplicate EC50 measurements were analyzed independently. Percent residual growth (%G) was calculated as described above. 
%G was plotted against compound concentration on a semi-logarithmic plot and fit to the background corrected equation to determine EC50


where range is the difference between the maximum and minimum asymptotes of the curves at 0 and infinite [I], respectively,, [I] is the concentration of the tested compound (μM), S is the slope (or Hill) factor and EC50 is the compound concentration that inhibits growth by 50%.

Determinations of minimum inhibitory concentration (MIC).  Determinations of minimum inhibitory concentrations (MIC) were made for the compounds prioritized for follow up studies. All of these compounds were reordered from suppliers. The MIC values were determined in liquid M9 minimal media and minimal media supplemented with amino acids, vitamins and nucleobases (for media composition see Table 7‑2). The bacterial culture was prepared as described above. The diluted subculture in M9 minimal or supplemented minimal media was then set up to a final volume of 200 µl in clear flat bottom 96-well plates containing 2-fold serial dilutions of each tested compound (0.25- 250 μg/ml). After mixing of the bacterial culture with the compounds, the OD600 of the plates was read using the Envision (Perkin Elmer, Waltham, MA) to account for background absorbance. The plates were then incubated in a 37 °C stationary incubator for 16 hours before measuring their OD600. The MIC was defined as the lowest concentration of antibiotic that inhibits visible growth.

Metabolic suppression profiling
The metabolic suppression array was prepared in the format shown in Figure 2‑5 and in Figure 2‑10 as a 20× stock plate (for concentrations see Table 7‑2) to be used for metabolic suppression profiling. The bacterial culture was prepared as described above.  The subculture was then diluted 103-fold into fresh M9 minimal media and set up to a final volume of 200 µl in clear flat bottom 96-well plates containing 4× the MIC (minimum inhibitory concentration) of each active and a 1/20 dilution of the metabolic suppression array stock plate. After mixing, the OD600 of the plates was read using the Envision (Perkin Elmer, Waltham, MA) to account for background absorbance. The arrays were then incubated at 37 °C for 16 hours and their absorbance measured at 600 nm. 

Analysis of metabolic suppression profiles
For each well in the metabolic suppression experiments, bacterial growth (G) was calculated as follows

where OD600 (t=0) and OD600 (t=16) correspond to absorbance of the plates before and after incubation, respectively. % residual growth (%G) was calculated as follows 

where Gs is the bacterial growth in the presence of the tested metabolite(s), and GM9ALL and GM9 represent the bacterial growth in minimal and supplemented minimal media, respectively. 
The metabolic suppression profiles of the 93 actives shown in Figure 2‑6 were hierarchically clustered using the UPGMA (Unweighted Pair Group Method with Arithmetic Mean) clustering method(Sneath and Sokal 1973; Romesburg 2004) and the resulting tree was visualized using the open source software FigTree.


[bookmark: _Toc394385028]CHAPTER THREE – METABOLIC SUPPRESSION IDENTIFIES NEW ANTIBACTERIAL INHIBITORS UNDER NUTRIENT LIMITATION
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[bookmark: _Toc394385030]Summary
Characterizing novel drugs and chemical probes of biological systems is hindered by difficulties in identifying the mechanism of action (MOA) of biologically active molecules. Here we present a metabolite suppression approach to explore the MOA of antibacterial compounds under nutrient restriction. We assembled an array of metabolites that can be screened for suppressors of inhibitory molecules. Further, we identified inhibitors of E. coli growth under nutrient limitation and charted their interactions with our metabolite array. This strategy led to the discovery and characterization of three novel antibacterial compounds, MAC168425, MAC173979 and MAC13772. We showed that MAC168425 interferes with glycine metabolism, MAC173979 is a time-dependent inhibitor of p-aminobenzoic acid biosynthesis and MAC13772 inhibits biotin biosynthesis. We conclude that metabolite suppression profiling is an effective approach to focus MOA studies on compounds impairing metabolic capabilities. Such bioactives can serve as chemical probes of bacterial physiology and as leads for antibacterial drug development. 
In Chapter 2, results from the primary screen and validation of the secondary screening strategy with known antibiotics were presented and discussed. In this chapter, data describing the discovery and characterization of the three novel inhibitors MAC168425, MAC173979 and MAC13772 are described and discussed. 


[bookmark: _Toc394385031]Introduction

The alarming spread of multidrug resistance is due in part to the fact that existing antibiotics target a very limited number of pathways, namely cell wall, DNA and protein biosynthesis (Haselbeck, Wall et al. 2002; Brown and Wright 2005). In fact, the past forty years have only seen the introduction of three new chemical classes of antibiotics, the oxazolidinone linezolid (Ford, Zurenko et al. 2001), the lipopeptide daptomycin (LaPlante and Rybak 2004) and more recently the mutilin retapamulin (Tang, Liu et al. 2012), into clinical use while considerable efforts in antibacterial drug discovery have focused on chemically modifying existing antibiotic scaffolds (Fischbach and Walsh 2009; Silver 2011). The scarcity of novel antibacterial inhibitors stresses the need for exploring less conventional antimicrobial targets. 
The past decade or more has produced some spectacular developments in microbial genomics, target validation and screening technology that have provided drug discoverers with many avenues to identify novel antibacterial chemicals (Brown and Wright 2005; Payne, Gwynn et al. 2007). Moreover, given the significant challenges faced when attempting to convert inhibitors of recombinant targets into cell-active compounds, recent antibacterial drug discovery campaigns have shifted towards phenotype-based screening to identify the next generation of antibiotics (Payne, Gwynn et al. 2007). However, many of these efforts have been halted by the difficulty in identifying the mode of inhibition of newly discovered leads. Indeed, linking the phenotype(s) caused by biologically active small molecules to specific mechanisms remains one of the biggest roadblocks in cell-based screening. 
In this respect, chemical genomic strategies have had considerable success in uncovering the MOA of biologically active molecules. Most significant are efforts in the characterization of the MOA of small molecules by exploring their effects on genome-scale overexpression and deletion clone sets (Giaever, Flaherty et al. 2004; Lum, Armour et al. 2004; Parsons, Brost et al. 2004; Hoon, Smith et al. 2008). We have reported on manipulating gene dosage in E. coli as a systematic strategy towards identifying the cellular targets of novel antibacterials and describing uncharted chemical genetic interactions for known antibiotics (Li, Zolli-Juran et al. 2004; Pathania, Zlitni et al. 2009).
In the work presented herein, we describe an approach that relies on the use of metabolite chemical suppression as a strategy to explore the mechanism of action (MOA) of small molecules that inhibit bacterial growth under nutrient-limited conditions.  When bacteria are grown in minimal media supplemented with carbon and nitrogen sources in addition to essential salts, they undergo a significant shift in their metabolic activities to support the requirements for de novo synthesis of essential amino acids, precursor molecules, vitamins and other cofactors (Tao, Bausch et al. 1999; Hua, Yang et al. 2004; Zaslaver, Bren et al. 2006). Indeed, only 303 genes are essential for growth of wild type E. coli on rich media and some 119 genes are additionally required for growth on nutrient-limited media (Baba, Ara et al. 2006; Joyce, Reed et al. 2006). These results follow some thought-provoking investigations of yeast in recent years where about 80% of the genome was dispensable for life under laboratory growth conditions which are far from representative of those in the environment or within a host (Hillenmeyer, Fung et al. 2008; D'Elia, Pereira et al. 2009). Remarkably, when yeast cells were subjected to a wide spectrum of environmental stress conditions and small molecule effectors, nearly all genes proved to be essential to support growth (Hillenmeyer, Fung et al. 2008). Thus, conducting cell based screening under nutrient-limited conditions or other environmental perturbants would arguably cast a wider net on the number of essential targets that could be explored for the search of novel small molecule inhibitors. 
Small molecules that specifically target bacteria under nutrient limitation could serve as mechanistic probes to address biological questions about nutritional stress responses. Moreover, some of these bioactives could be potential leads for the development of novel antimicrobials. There have been many reports of impaired growth and attenuated virulence of various pathogens due to auxotrophy-generating gene deletions (Chamberlain, Strugnell et al. 1993; Mei, Nourbakhsh et al. 1997; Cersini, Salvia et al. 1998; Polissi, Pontiggia et al. 1998; Cuccui, Easton et al. 2007; Samant, Lee et al. 2008). Combination therapy with sulfamethoxazole and trimethoprim, two inhibitors of folate biosynthesis, remains one of the most effective treatments for respiratory and urinary tract infections (Ho and Juurlink 2011) and  clearly validates targeting bacterial biosynthetic pathways in antibacterial therapy.  Nevertheless, systematic searches for antibacterial chemicals have overwhelmingly emphasized rich nutrient conditions. 
Metabolite supplementation has proven to be a formidable approach to understanding metabolic pathways in model microbes (Pittard and Yang 2008). Herein we have exploited its power to investigate the MOA of biologically active small molecules. This strategy significantly narrows the number of potential targets to the benefit of mechanistic investigations. We have applied this approach to explore the antibacterial activity of both known antibiotics and novel antibacterial compounds identified from a high-throughput screen of growth inhibition of E. coli under nutrient limitation. Through this approach we generated characteristic fingerprints of small molecule-metabolite interactions that could inform on their biological activity. We report on the discovery of three novel antibacterial compounds: MAC168425 which elicits its activity by interfering with glycine metabolism, MAC173979, a unique time-dependent inhibitor of p-aminobenzoic acid (PABA) biosynthesis and MAC13772, an inhibitor of the enzyme BioA, the antepenultimate step in biotin biosynthesis. These inhibitors can serve both as specific chemical probes to study metabolic pathways in bacteria at a systems-level and as potential leads for antibiotic drug discovery.

[bookmark: _Toc394385032]Results

[bookmark: _Toc394385033]Metabolic suppression profiling generates unique fingerprints for known and novel bioactives 
In Chapter 2, the strategy and design of the secondary screen in which chemical complementation with metabolites is used to identify the potential pathways targeted by molecules active in nutrient-limited conditions has been described. The profile of a representative set of 24 inhibitors including 19 known antibiotics is shown in Figure 3‑1. 
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[bookmark: _Ref392169081][bookmark: _Toc394385072]Figure 3‑1.Metabolic suppression profiles of antibacterial inhibitors.
The metabolic suppression profiles of a representative set of 24 antibacterial inhibitors including 19 known antibiotics from Figure 2‑6 are shown in this heat map. Growth of E. coli MG1655 is measured in the presence of each inhibitor with various primary metabolites or pools of metabolites in the metabolic suppression array (n= 2 replicates). Actives identified from the primary screen are designated by their MAC ID and known actives by their names. Amino acids are referred to by their 1-letter code, B vitamins by their respective numbers, PABA: p-aminobenzoic acid, Ade: adenine, Gua: guanine, Ura: uracil, Thy: thymine. M9: no supplements; ALL: all supplements; AA: all amino acids; VIT: all vitamins; NUC: all nucleobases; 3-THIENYLALA: L-3-thienylalanine, 5-Me-TRP: 5-methyltryptophan, p-F-PHE: p-fluorophenylalanine, , 6-NH2NICOTIN: 6-aminonicotinamide, 5-F-URACIL: 5-fluorouracil, 2,6-DINH2-PUR: 2,6-diaminopurine, L-DON: 6-Diazo-5-oxo-L-norleucine, SULFAMETHOX: sulfamethoxazole.

[bookmark: _Toc394385034]MAC168425 interferes with glycine metabolism in E. coli
One of the clusters in the heat map in Figure 2‑6 includes the profiles of 7 priority actives that were strongly suppressed by the amino acid glycine (Figure 3‑2). The activity of one of the molecules, MAC168425 was strongly suppressed by glycine and to a lesser extent by L-threonine (Figure 3‑2).
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[bookmark: _Ref391329427][bookmark: _Ref391329410][bookmark: _Toc394385073]Figure 3‑2. Cluster of actives suppressed by glycine
Top panel: Cluster from the heat map in Figure 2‑6 showing the metabolic suppression profiles of 8 inhibitors (including the known antibiotic cycloserine) evaluated against a panel of primary metabolites and pools of metabolites through the metabolic suppression array (Figure 2‑5). In this cluster, the activity of all of the compounds is fully suppressed by the amino acid glycine and to varying degrees by the amino acid, L-threonine. Amino acids are referred to by their 1-letter code, B vitamins by their respective numbers, PABA: p-aminobenzoic acid, Ade: adenine, Gua: guanine, Ura: uracil, Thy: thymine. M9: no supplements; ALL: minimal media with all supplements; AA: minimal media with all amino acids; VIT: minimal media with all vitamins; NUC: minimal media with all nucleobases. Data represent the mean % residual growth of n=2 replicates. Bottom panel: A bar graph representation of the metabolic suppression of the activity of MAC168425 by a panel of primary metabolites and pools of metabolites in the metabolic suppression array (Figure 2‑5). Note the high suppression of the inhibitory activity of this bioactive by glycine and to a lesser extent by L-threonine as well as pools containing a mixture of amino acids. Amino acids are referred to by their 3-letter code, nucleotides by their 1-letter code, PABA: p-aminobenzoic acid. M9: no supplements; ALL: minimal media with all supplements; AA: minimal media with all amino acids; VIT: minimal media with all vitamins; NUC: minimal media with all nucleobases. Inset: Chemical structure of MAC168425. Data are representative of at least two independent experiments. 

 In E. coli, glycine is primarily synthesized from serine in a one-step reaction catalyzed by serine-hydroxymethyl transferase (GlyA). This reaction is not only a source of glycine for protein synthesis but also the major source of one-carbon units needed for the synthesis of methionine, thymine, purines and pantothenate (Stauffer 2004). Threonine catabolism also contributes to the cellular pool of glycine. In the major pathway, threonine is converted to glycine through the action of threonine dehydrogenase (Tdh) and α-amino-β-ketobutyrate lyase (Kbl) (Figure 3‑3 a) (Stauffer 2004).  In the minor pathway, low-specificity threonine aldolase (LtaE) degrades threonine to form glycine and acetaldehyde (Figure 3‑3 b) (Morris 1969). Given that MAC168425 is strongly suppressed by glycine, partially suppressed by L-threonine and not suppressed by L-serine, we hypothesized that the connectivity between L-threonine and glycine metabolism underlies this metabolic suppression profile. 
To test this, suppression of the activity of MAC168425 by L-threonine was tested in strains impaired in the threonine degradation pathways (Figure 3‑3 c). In the wild-type strain, MAC168425 has a 4- to 8-fold shift in its MIC in the presence of 40 to 640 μg/ml of L-threonine. Within this range, L-threonine is generally less effective at suppressing growth inhibition by MAC168425 in a ∆tdh mutant compared to a ∆ltaE mutant.  In a double deletion strain deficient in both the major and minor pathways (∆ltaE∆tdh), the activity of MAC168425 is only suppressed at the highest concentrations of L-threonine tested (320-640 μg/ml) sustaining a 2-fold shift in its MIC. In a triple deletion mutant strain (∆ltaE∆tdh∆kbl), suppression of the activity of MAC168425 is completely lost. It should be noted that the double and triple deletion mutants grow similarly to the wild-type parent strain and to the single deletion mutants (Figure 3‑3 d). These data strongly support the hypothesis that suppression of the lethality of MAC168425 by L-threonine is mediated through its conversion to glycine inside the cell and that the activity of this inhibitor likely centers on reactions involving glycine production or utilization.
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[bookmark: _Ref391329558][bookmark: _Toc394385074]Figure 3‑3. L-threonine suppresses MAC168425 through its conversion into glycine 
 (a) and (b) Pathways for the conversion of L-threonine into glycine in E. coli. In the  major pathway (a) threonine dehydrogenase (Tdh) oxidizes L-threonine to α-amino-β-ketobutyrate which is cleaved by α-amino-β-ketobutyrate lyase (Kbl) to form glycine and acetyl CoA(Stauffer 2004). In the minor pathway (b) threonine is degraded by low-specificity threonine aldolase (LtaE) to form glycine and acetaldehyde(Stauffer 2004). (c) The MIC of MAC168425 increases in the presence of increasing concentrations of L-threonine. This effect is abolished in deletion mutants in the pathways that convert L-threonine to glycine. The parent strain E. coli BW25113 (blue bar), ΔltaE (purple bar), Δtdh (yellow bar), ΔltaE Δtdh (green bar), ΔltaE Δtdh Δkbl (red bar). (d) Growth curves of the parent strain (closed circles), Δtdh (open circles), ΔltaE (closed triangles), ΔltaE Δtdh (open triangles), ΔltaE Δtdh Δkbl (closed squares) in 96-well plates in glucose minimal media. Data and error bars represent mean values ± s.d of 4 biological replicates. 

[bookmark: _Toc394385035]MAC173979 inhibits PABA biosynthesis in E. coli.
One of the major clusters in the heat map in Figure 2‑6 groups the metabolic suppression profiles of 15 priority actives with that of sulfamethoxazole (Figure 3‑4). These compounds were suppressed when PABA, or to an extent methionine, were present in the growth media and all but one of these contain the p-aminobenzenesulfonamide moiety of sulfa drugs (Figure 3‑5). 

[bookmark: _Ref391329661]























[bookmark: _Ref392238385][bookmark: _Toc394385075]Figure 3‑4. Cluster of actives suppressed by PABA
Cluster from the heat map in Figure 2‑6 showing the metabolic suppression profiles of 16 actives (including that of the known antibiotic sulfamethoxazole) evaluated against a panel of primary metabolites and pools of metabolites through the metabolic suppression array (Figure 2‑5). In this cluster, the activity of all of the compounds was fully suppressed by the folate biosynthesis intermediate, p-aminobenzoic acid (PABA) and to varying degrees by the amino acid, L-methionine. Amino acids are referred to by their 1-letter code, B vitamins by their respective numbers, PABA: p-aminobenzoic acid, Ade: adenine, Gua: guanine, Ura: uracil, Thy: thymine. M9: no supplements; ALL: minimal media with all supplements; AA: minimal media with all amino acids; VIT: minimal media with all vitamins; NUC: minimal media with all nucleobases. Data represent the mean % residual growth of n=2 replicates.
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[bookmark: _Ref391329686][bookmark: _Toc394385076]Figure 3‑5. Structures of compounds suppressed by PABA
Chemical structures of the compounds in the cluster suppressed by PABA in the heat map in Figure 2‑6 and 























Figure 3‑4. Note that the majority of the compounds in the cluster with the exception of MAC173979 contain the p-aminobenzenesulfonamide pharmacophore and are structural analogs of the known antibiotic sulfamethoxazole.

The exception was the inhibitor MAC173979, a dichloro-nitrophenyl propenone. Both PABA and methionine fully reversed the activity of MAC173979 (Figure 3‑6). We hypothesized that MAC173979 could inhibit the folate pathway at the branch of PABA biosynthesis. PABA is synthesized from chorismate and L-glutamine in two steps catalyzed by three enzymes, PabA, PabB and PabC (Figure 3‑6 b) (Green, Nichols et al. 1996).  We reconstituted PABA synthesis with an HPLC-UV-based one-pot assay using recombinant PabA, PabB and PabC (Figure 3‑6 c).  
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[bookmark: _Ref391329732][bookmark: _Toc394385077]Figure 3‑6. Metabolic suppression profile of MAC173979
(a) A bar graph representation of the metabolic suppression of the activity of MAC173979 by a panel of primary metabolites and pools of metabolites in the metabolic suppression array (Figure 2‑5). Note the complete suppression of the inhibitory activity of this bioactive by methionine and p-aminobenzoic acid as well as pools containing either or both metabolites. Amino acids are referred to by their 3-letter code, nucleotides by their 1-letter code, PABA: p-aminobenzoic acid. M9: no supplements; ALL: minimal media with all supplements; AA: minimal media with all amino acids; VIT: minimal media with all vitamins; NUC: minimal media with all nucleobases. Data are representative of at least two independent experiments. Inset: structure of MAC173979. (b) PABA biosynthetic pathway in E. coli. (c) Assay for PABA synthesis: UV trace of a mixture containing standards of PABA and chorismate separated on a C18 reverse phase column and eluted isocratically with 5% acetic acid in double distilled H2O.

On addition of a mixture of enzymes to initiate the synthesis of PABA from chorismate and L-glutamine in the presence of different concentrations of MAC173979, the resulting reaction progress curves followed a curvilinear trend whereby each curve reached a slower steady-state rate after a fast initial velocity (Figure 3‑8, left panel). This is characteristic of time-dependent enzyme inhibition (Morrison and Walsh 1988).  
In principle, time-dependent enzyme inhibitors can follow either a simple reversible inhibition model or a two-step isomerization model (Figure 3‑7). In the first mechanism, formation of the EI complex occurs in a single step on a slow time scale relative to the enzyme turnover. In the second, the EI complex undergoes a slower conformational change to form an inactive EI* complex. When the dissociation constant of the EI* complex is so low it approaches zero, the inhibitor is for all practical considerations irreversible (Morrison and Walsh 1988; Copeland 2004). The relationship between the inhibitor concentration and kobs, the apparent first order rate constant for the interconversion between the initial and steady-state rates, can help distinguish between the different mechanisms of inhibition. A plot of kobs versus [I] will be linear for the simple reversible model and hyperbolic for the slow isomerization model. 
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[bookmark: _Ref391354287][bookmark: _Toc394385078]Figure 3‑7. Schemes for time-dependent inhibition 
Time-dependent inhibitors of enzyme activities can follow one of two kinetic schemes. In the case of simple reversible inhibition (a), formation of the EI complex is a single step event that occurs on a slow time scale relative to the rate of catalysis and is in equilibrium with its dissociation. In a second scheme (b), binding of the inhibitor to the enzyme occurs rapidly then through a second slower step the EI complex undergoes a conformational change to form the inactive EI* complex. In the case where k6 is extremely low that it approaches zero, the inhibition is essentially irreversible (Morrison and Walsh 1988; Copeland 2004).

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Figure 3‑8 (right panel) shows that the plot of the kobs values versus [MAC173979] fits a hyperbolic function consistent with a mechanism of time-dependent inhibition that involves an isomerization of the EI complex. In order to discern whether there is an appreciable dissociation of the EI* complex that contributes to the inhibition mechanism, the data were fit to two hyperbolic functions defined by the following equations:
		(1)
			(2) 
Equation (2) provided the best fit for the experimental data, suggesting that MAC173979 acts as an irreversible time-dependent inhibitor of PABA synthesis with an apparent Ki of 7.3 ± 1.3 µM. 
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[bookmark: _Ref391354278][bookmark: _Toc394385079]Figure 3‑8. MAC173979 is an inhibitor of PABA biosynthesis in E. coli
Left panel: Progress curves of the production of PABA in the presence of 0 (closed circles), 1 µM (open circles), 3 µM (closed triangles), 10 µM (open triangles) and 30 µM (closed squares) of MAC173979. The assay was conducted by monitoring the conversion of chorismate to PABA in a one-pot enzyme assay of recombinant PabA-B-C complex using HPLC. The data represent the averages of 3 replicates ± s.d. and the progress curves are globally fitted to the rate equation of slow-binding inhibition(Morrison and Walsh 1988). Right panel: The plot of kobs as a function of [MAC173979] fits a hyperbolic function suggesting a mechanism of inhibition where the initial EI complex is formed rapidly and then followed by a second slower conformational change to form the inactive EI* complex (See Figure 3‑7). The data best fit the hyperbolic function defined by the equation  which suggests that MAC173979 acts as an irreversible time-dependent inhibitor with an apparent Ki of 7.3 ± 1.3 µM


Given that MAC173979 contains a Michael acceptor conjugated to highly electron-withdrawing groups (Figure 3‑6 a), we reasoned that it could be susceptible to attack by an active site nucleophile with one of the two chlorines acting as a leaving group. However, when we determined the IC50 of MAC173979 and an analog lacking the Michael acceptor, MAC173979-D against the PabA-B-C system, we found them to be 30 ± 2 µM and 60 ± 7 µM, respectively (Figure 3‑9).   Thus while covalent chemistry cannot be ruled out at other potential sites of reactivity on this molecule, it remains an interesting possibility that MAC173979 is a non-covalent, time-dependent inhibitor with a dissociation constant so low that it appears irreversible. 
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[bookmark: _Ref391354475][bookmark: _Toc394385080]Figure 3‑9. Dose-response determinations against PabA-B-C
Dose-response curves of MAC173979 (left panel) and an analog lacking the Michael acceptor, MAC173979-D (right panel). As a negative control, an inhibitor not suppressed by PABA, MAC1908, was also tested (bottom panel). Structures are shown as insets. Inhibitors (0-1000 µM) were incubated with the enzymes for 30 minutes prior to substrates addition. Reactions were quenched after 30 minutes with 8 M urea and analyzed by HPLC. Data with the error bars represent the mean % activity ± range of n=2 replicates and the dose response curves were fitted to the four parameter logistic nonlinear regression curve yielding IC50 values of 30 ± 2 µM (a), 60 ± 7 µM (b) and no inhibition for (c).

[bookmark: _Toc394385036]MAC13772 inhibits biotin biosynthesis in E. coli.
One compound in the heat map Figure 2‑6, MAC13772, was uniquely suppressed by biotin (Figure 3‑10). The late steps of biotin synthesis are catalyzed by the enzymes BioF, BioA, BioD and BioB (Figure 3‑11) (Cronan 2008). Recently, the role BioC and BioH along with enzymes of fatty acid biosynthesis, in providing the intermediate pimeloyl-ACP for the assembly of the biotin ring, were elegantly demonstrated(Lin, Hanson et al. 2010). 
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[bookmark: _Ref391354542][bookmark: _Toc394385081]Figure 3‑10. Metabolic suppression profile of MAC13772
A bar graph representation of the metabolic suppression of the activity of MAC13772 by a panel of primary metabolites and pools of metabolites in the metabolic suppression array (Figure 2‑5). Note the complete suppression of the inhibitory activity of this bioactive by biotin (vit.B7) as well as pools containing vitamins. Amino acids are referred to by their 3-letter code, nucleotides by their 1-letter code, PABA: p-aminobenzoic acid. M9: no supplements; ALL: minimal media with all supplements; AA: minimal media with all amino acids; VIT: minimal media with all vitamins; NUC: minimal media with all nucleobases. Data are representative of at least two independent experiments.
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[bookmark: _Ref391354555][bookmark: _Toc394385082]Figure 3‑11. Biotin biosynthesis in E. coli
Given that E. coli cells are permeable to the late intermediates in biotin biosynthesis, we tested the suppression of the inhibitory activity of MAC13772 in the presence of 7-keto-8-aminopelargonate (KAPA), 7,8-diaminopelargonate (DAPA), dethiobiotin (DTB) in comparison to the unsupplemented and biotin controls. As summarized in Table 3‑1, inhibition by MAC13772 was fully reversed by DAPA, DTB and biotin, i.e. the products of the BioA, BioD and BioB reactions, respectively. In contrast, KAPA had no effect on MAC13372 activity. We thus reasoned that the step catalyzed by BioA was likely the target of this inhibitor. 

[bookmark: _Ref391354664][bookmark: _Ref391354635][bookmark: _Toc392238835]Table 3‑1. Antibacterial activity of MAC13772 against E. coli MG1655 in the presence of intermediates of biotin biosynthesis
	Supplement a
	MIC (μg/ml) b
	Fold suppression c

	None
	8
	-

	AA+VIT+NUC
	> 256
	32

	KAPA
	8
	1

	DAPA
	> 256
	32

	DTB
	> 256
	32

	BIOTIN
	> 256
	32


a AA: amino acids, VIT: vitamins, NUC: nucleobases, KAPA: 7-keto-8-aminopelargonate, DAPA: 7,8-diaminopelargonate and DTB: dethiobiotin
b MICs were determined as described in Experimental procedures. Values are representative of three independent experiments
c Fold suppression is the ratio of the MIC in the presence of the supplement to the MIC without supplementation

BioA, 7,8-diaminopelargonic acid synthase, is a PLP-containing transaminase that uses S-adenosylmethionine (SAM) as an unusual amino donor to convert KAPA into DAPA (Stoner and Eisenberg 1975). We assayed the inhibitory activity of MAC13772 against recombinant E. coli BioA through a feeding assay of a bioA auxotroph. The dose-response curve in Figure 3‑12 shows that MAC13772 is a potent inhibitor of BioA with an IC50 of ~ 250 ± 28 nM.
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[bookmark: _Ref391354752][bookmark: _Toc394385083]Figure 3‑12. MAC13772 is an inhibitor of biotin biosynthesis in E. coli. 
Dose-response curve of MAC13772 against recombinant BioA. The data represent the averages of 6 replicates ± s.d. and the dose response curve was fitted to the four parameter logistic nonlinear regression curve yielding an IC50 value of 250 ± 28 nM.

We hypothesized that inhibition of BioA by MAC13772 is likely mediated through the interaction of the hydrazine moiety in the compound with PLP in the active site of the enzyme. To test this, we assessed the UV-visible spectra of BioA when titrated with the inhibitor. As shown in Figure 3‑13 a, the interaction of MAC13772 with BioA is associated with a shift in the λmax of the internal aldimine of the PLP-bound enzyme from 420 nm to 393 nm representing the newly formed PLP-inhibitor adduct. The molar ratio plot of [MAC13772]/[BioA] (Figure 3‑13 a-inset) indicates that the interaction between the protein and the ligand is stoichiometric. A model of the BioA-MAC13772 interaction is shown in Figure 3‑13 b.
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[bookmark: _Ref391354786][bookmark: _Toc394385084]Figure 3‑13. Interaction of MAC13772 with BioA. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4](a) Spectral analysis of the BioA-MAC13772 interaction. BioA (5 µM) was titrated with up to 10 µM of MAC13772 and the UV-visible spectra of the mixture were recorded following each addition. The protein-ligand interaction is associated with a shift in the characteristic λmax of PLP bound to the active site Lys-274 residue from 420 nm characteristic of the internal aldimine to 393 nm representing the newly formed PLP-inhibitor adduct. The spectrum in red is of BioA prior to compound addition, in blue of the BioA-MAC13772 mixture at the highest compound concentration tested. Inset: Absorbance of the BioA-MAC13772 adduct at 393 nm vs. the molar ratio of [MAC13772]/[BioA]. Note the absorbance plateauing at a molar ratio of ~ 1 suggesting a 1:1 stoichiometric interaction between the inhibitor and the target. (b) Model for BioA-MAC13772 interaction. The primary amine of the hydrazine group in MAC13772 displaces the Schiff base between Lys-274 and PLP (internal aldimine) in the active site of BioA and reacts with the cofactor.

Having established the biochemical interaction of BioA with MAC13772, we were interested in exploring the structure-activity relationship (SAR) of this compound. We evaluated the antibacterial and biochemical activity of 24 analogs (Table 3‑2).  We began by evaluating changes of substituents on the benzyl ring in the parent molecule and their position relative to the thioacetohydrazine chain (analogs 1a through 1i). All compounds in this category inhibited BioA, albeit with less potency. However, the different modifications had a more drastic effect on their antibacterial activity against E. coli. Specifically, the position of the nitro group on the benzyl ring greatly influences biological activity with the ortho- position being highly favored (analogs 1a, 1b and 1c). Alternatively, a chloro or a methyl substitution at the ortho- position on the benzyl ring do not gravely alter their antibacterial activity (analogs 1e and 1h). The requirement of the hydrazine moiety for the activity of MAC13772 was tested by either protecting it with an acetyl group or by modifying it (analogs 1j through 1n). Confirming our hypothesis, all analogs lacking the hydrazine group were completely inactive in both antibacterial and biochemical assays. Given this observation, the activity of the side chain of varying lengths without the benzyl ring was tested (analogs 2a through 2e). The varying hydrazine-containing side chains only showed slight to moderate in vitro inhibition of BioA and no significant antibacterial activity. Interestingly, even in the case of the compounds 2a and 2e that had diminished antibacterial activity, growth inhibition was not suppressed in the presence of biotin. Replacing the benzyl ring in the parent compound with various rings was not tolerated especially with respect to antibacterial activity (analogs 2f through 2j). This establishes the role of the benzyl ring for both the specificity and potency of MAC13772. Figure 3‑14 summarizes our findings from the SAR investigation.  





[bookmark: _Ref391354867][bookmark: _Toc392238836]Table 3‑2. Structure-activity relationships of MAC13772 and analogs 
 


	       	  1						   2
	Compound
	R1
	R2
	R3
	R4
	MIC (μg/ml)a
	% Inhibitionb

	
	
	
	
	
	-bio
	+bio
	1 µM
	10 µM

	MAC13772
	NHNH2
	NO2
	H
	H
	8
	>256
	100
	100

	*Effect of Substitution on Benzene ring in Series 1

	1a
	NHNH2
	H
	NO2
	H
	256
	>256
	42
	84

	1b
	NHNH2
	H
	H
	NO2
	64
	>256
	66
	100

	1c
	NHNH2
	H
	H
	H
	64
	>256
	49
	100

	1d
	NHNH2
	F
	H
	H
	32
	>256
	36
	100

	1e
	NHNH2
	Cl
	H
	H
	16
	>256
	63
	100

	1f
	NHNH2
	OH
	H
	H
	256
	256
	32
	70

	1g
	NHNH2
	NH2
	H
	H
	256
	>256
	58
	100

	1h
	NHNH2
	CH3
	H
	H
	16
	>256
	81
	100

	1i
	NHNH2
	OCH3
	H
	H
	128
	>256
	65
	100

	*Effect of changing hydrazine functionality on R1 in Series 1

	1j
	NHNHAc
	H
	H
	NO2
	>256
	>256
	0
	0

	1k
	CH2CH3
	NO2
	H
	H
	>256
	>256
	0
	0

	1l
	NH2
	NO2
	H
	H
	>256
	>256
	0
	0

	1m
	CH3
	NO2
	H
	H
	>256
	>256
	0
	0

	1n
	OH
	NO2
	H
	H
	>256
	>256
	0
	0

	*Activity of the side chain of the parent molecule in Series b

	2a
	NH2
	CH2SCH3
	-
	-
	64
	64
	50
	64

	2b
	NH2
	CH2SH
	-
	-
	256
	256
	20
	34

	2c
	NH2
	CH2CH2CH3
	-
	-
	>256
	>256
	1
	40

	2d
	NH2
	CH2CH3
	-
	-
	>256
	>256
	0
	8

	2e
	NH2
	CH3
	-
	-
	128
	128
	7
	19

	*Effect of different ring substituents in R2 in Series bc

	2f
	NH2
	Benzothiophene
	-
	-
	>256
	>256
	15
	69

	2g
	NH2
	CH2SCH2Ph
	-
	-
	64
	>256
	60
	100

	2h
	NH2
	CH2SNaph
	-
	-
	>256
	>256
	71
	100

	2i
	NH2
	CH2SPyr
	-
	-
	64
	>256
	32
	77

	2j
	NH2
	Nitrobenzyl
	-
	-
	>256
	>256
	0
	29


a MICs are determined against E. coli MG1655 in absence and presence of 2 nM of biotin 
b The biochemical activity of analogs is determined against recombinant E. coli BioA through a feeding assay of a bioA auxotroph at 1 and 10 µM and expressed as a % of the respective DMSO control 
c Abbreviations:; Ph: phenyl; Naph: naphthalenyl; Pyr: pyridine
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[bookmark: _Ref391354900][bookmark: _Toc394385085]Figure 3‑14. Summary of structure-activity relationship investigation of MAC13772 and analogs
This schematic summarizes the main findings from the SAR study into the biological and biochemical activity of MAC13772 and 24 analogs (Table 3‑2).



[bookmark: _Toc394385037]Discussion
Characterizing the MOA of biologically active small molecules remains one of the biggest hurdles of whole-cell based screening in bacteria. In this work, we present an approach that relies on metabolite suppression to explore the MOA of small molecules that target bacteria under nutrient-limited conditions. In a way that is reminiscent of the use of supplementation to overcome auxotrophic lesions in the study of metabolic pathways, this strategy can greatly narrow down the number of potential target candidate(s) to further explore the MOA of a bioactive of interest. We employed this approach to explore the mode of inhibition of both known antibiotics and novel molecules with antibacterial activity that we identified in a high-throughput cell-based screen under nutrient-limited conditions. The metabolic suppression profiles of known antibiotics revealed how this approach could provide information regarding the import, cellular target(s) and downstream effects of compounds that target bacterial physiology under nutrient restriction. Furthermore, the consistency of the metabolic suppression profiles of known antibiotics with their well-characterized MOA suggests that this approach can provide a clear mechanistic fingerprint directly related to biological activity.
The metabolic suppression profile of MAC168425 illustrates the interrelationship between glycine and threonine metabolism. Our work strongly suggests that its inhibitory activity is mediated through the biosynthesis or utilization of glycine. Our observation that L-threonine doesn’t suppress the activity of MAC168425 in a ∆tdh mutant as well as in a ∆ltaE mutant is consistent with the fact that the Tdh-Kbl mediated threonine catabolic pathway plays a more significant role in replenishing the cellular pool of glycine (Stauffer 2004). The need for a triple deletion mutant (∆ltaE∆tdh∆kbl) to fully abolish antagonism by threonine may be due to it being non-specifically oxidized to α-amino-β-ketobutyrate at high concentrations in the (∆ltaE∆tdh) which would allow glycine formation to proceed through the major pathway. Processes involving glycine production and utilization are central to the biosynthesis of several essential cellular metabolites(Stauffer 2004). MAC168425 can provide a useful chemical probe to explore the interconnectivity of metabolic pathways centered on the transfer of one-carbon units.
The MOA of MAC173979 was of great interest to us because it displayed a characteristic fingerprint of inhibitors of PABA and folate metabolism but represented a previously unexplored chemical scaffold.  Indeed, we have shown that MAC173979 is a time-dependent inhibitor of PABA synthesis in E. coli with a demonstrably slow off-rate. In this respect, the effectively irreversible inhibition by this compound should resist competition from the buildup of substrate arising from upstream reactions. Interestingly, an analog of MAC173979 lacking the Michael acceptor had a comparable activity to the parent molecule, suggesting a MOA other than Michael addition. To our knowledge, MAC173979 represents the first PABA biosynthesis inhibitor with activity against Gram-negative bacteria. 
MAC13772 provides an example of a potent inhibitor that targets vitamin metabolism. Biotin biosynthesis is a promising target for antimicrobial development (Shapiro 2013) given that it is required by all forms of life but can only be synthesized by microorganisms and plants (Schneider and Lindqvist 2001; Shapiro 2013). Furthermore, biotin levels in human serum are too low to provide adequate rescue to a pathogen impaired in biotin synthesis (Woong Park, Klotzsche et al. 2011). Our SAR investigation of 24 analogs of MAC13772 revealed the absolute requirement of the hydrazine group for activity. Hydrazine-containing molecules have found success in treating a variety of diseases (for examples see Ref.(Lightcap and Silverman 1996)). Many enzymes involved in biosynthetic pathways in E. coli are PLP-containing enzymes so we found particularly intriguing the strict dependence of MAC13772 activity on biotin restriction. In this respect, the specificity and potency of the inhibitor seems to highly depend on the presence of the benzene ring and the nature of any substituents on it. This suggests a potentially important role for the ring in the interaction with BioA. 

[bookmark: _Toc394385038]Experimental procedures
Reagents
Antibiotics were added to the media as needed with final concentrations as follows: 100 µg/ml ampicillin, 20 µg/ml chloramphenicol and 50 µg/ml kanamycin.  All compounds were solubilized in DMSO.
The main compounds used in this study (MAC168425, MAC173979, MAC173979-D, MAC13772 and analogs 1a through 2j) were purchased from their respective suppliers (listed in Table 7‑4) and characterized by 1H NMR, 13C NMR and HR-MS. KAPA was supplied from Santa Cruz Biotechnology and DAPA from Caymen Chemicals. All other chemicals and reagents were purchased from Sigma (Oakville, ON).

Bacterial strains and culture conditions 
E. coli K-12 strains MG1655 and BW25113 were  grown at 37°C with aeration at 250 rpm in liquid M9 minimal salts media (Sambrook and Russell 2001) with 0.4% glucose as a carbon source and 20 mM ammonium chloride as a nitrogen source. For all cell-based assays, the bacterial culture was prepared as follows: a single colony of E. coli was grown overnight in M9 minimal media in a 37 °C incubator shaking at 250 rpm. The saturated overnight culture was diluted 1/50 in fresh M9 minimal media and grown in a 37 °C incubator shaking at 250 rpm until it reached an OD600 of ~0.4-0.5. The subculture was then diluted 103 and 104-fold into fresh media (minimal or supplemented, respectively) and set up to a final volume of 200 µl in clear flat bottom 96-well plates. 

Creation of double and triple deletion mutants in threonine catabolism Chromosomal DNA was prepared from single deletion mutants in tdh, kbl and ltaE obtained from the Keio library(Baba, Ara et al. 2006). Primers designed to amplify 500 bp upstream and downstream the deletion region in each deletion strain were as follows: for the Δtdh region: 5’-ATATTATCACCGGTACGCTTGG- 3’ and 5’-ATTTGCCCGTTGCCACTTCAATCC-3’; for the ΔltaE region: 5’-AGGCGACAGAGCCAGAACGT-3’ and 5’-AGACCATATCGCGCATGACTTCG-3’ and for the Δkbl region: 5’-GAAAGAATTCTATAAATTAG-3’ and 5’- CCCACCAGATCAAACGACAG-3’. To create a tdh ltaE double deletion mutant, the FRT-flanked kanamycin resistance cassette in Δtdh was eliminated using the FLP helper plasmid pCP20 as previously described(Baba and Mori 2008). About 2-4 μg of purified PCR product from the ΔltaE region was transformed into the resistance marker free Δtdh strain containing pKD46 and transformants were selected on LB agar medium with kanamycin (50 μg/ml)(Baba, Ara et al. 2006). The kanamycin resistance cassette was then eliminated from the tdh ltaE double deletion mutant by the same method described above. To create a tdh ltaE kbl triple deletion mutant, about 2-4 μg of purified PCR product from the Δkbl region was transformed into the resistance marker free Δtdh ΔltaE strain containing pKD46 and transformants were selected on LB agar medium with kanamycin (50 μg/ml). All deletion mutants were verified by PCR to confirm that the genes of interest were deleted.

Cloning, expression and purification of recombinant PabA, PabB and PabC 
To isolate PabA, PabB and PabC recombinant proteins, constructs were created to overexpress each protein with a N-terminal poly-histidine tag. Briefly, the genes encoding pabA, pabB and pabC were amplified from E. coli MG1655 genomic DNA using Phusion polymerase (Fermentas) using the following primers: for pabA: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATACTAGCTAGATGATCCTGCTTATAGATAAC-3’and 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAGCGATGCAGGAAATTAGC-3’; for pabB: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATACTAGC
TAGATGAAGACGTTATCTCCCGCT-3’and 5’-GGGGACCACTTTGTACAAGAAAGCTG
GGTCTTACTTCTCCAGTTGCTTCAG-3’; for pabC: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGGAGATACTAGCTAGATGTTCTTAATTAACGGTCAT- 3’ and 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCCTAATTCGGGCGCTCACAAAG-3’. The PCR products were purified and cloned into pDEST17 using the Gateway cloning and Expression Kit (Invitrogen, Canada) and the constructs confirmed by DNA sequence analysis (MOBIX, McMaster University). Each construct was transformed into E. coli BL21AI electrocompetent cells prior to protein expression and purification. The following procedure was followed for the expression and purification of each of the three proteins. For protein expression, each clone was grown in 2 L of LB with ampicillin (100 μg/ml) at 37 °C, shaking at 250 rpm until the culture reached an OD600 of 0.6. The culture was then induced with 0.2% L-arabinose and grown for an additional 3 hours prior to harvesting by centrifugation at 10,000 g. The cell pellets were resuspended and washed with a 0.85% saline solution, pelleted and stored at -20 0C. For protein purification, the cell pellets was thawed and resuspended in 25 mL of lysis buffer (50 mM Tris pH= 7.5, 500 mM NaCl, 15 mM imidazole, 2 mM BME, 0.5 mg DNase, 0.5 mg RNase, protease inhibitor cocktail (Roche)). Cells were lysed by passage through a cell disrupter with continuous flow at 30,000 psi and clarified by centrifugation at 40,000 g for 1 hour. The clarified lysate was purified by nickel chelating chromatography using a 1 mL HiTrap affinity column (GE Healthcare, Mississauga, Canada).  The column was washed with buffer A (50 mM Tris pH= 7.5, 500 mM NaCl, 15 mM imidazole, 2 mM BME) and eluted with a linear gradient of 15-300 mM of imidazole.  Fractions were analyzed by SDS-PAGE, and those containing pure His-tagged protein were pooled and desalted through a HiPrep 26/10 desalting column (GE) against the final storage buffer (50 mM Tris pH 7.5, 10% glycerol). The concentration of purified proteins was determined by the Bradford assay (BioRad). About 20 mg were obtained for each of the three enzymes.  Fractions rich in pure protein were stored in aliquots at -80oC. 

Pab enzyme assays
Enzyme assays were conducted in triplicate at room temperature with 25 nM of PabA and PabB, 50 nM of PabC, 50 mM Tris-HCl (pH 7.5), 20 µM PLP, 1 mM L-glutamine, 40 µM chorismate and the indicated concentrations of MAC173979. The inhibition assays were initiated by addition of a mixture of the three enzymes and quenched with an equal volume of freshly prepared 8 M urea. The reaction progress curves were monitored every 10 minutes for 60 minutes and determined by a stopped HPLC-assay that allowed for the quantification of the conversion of chorismate to PABA. The two analytes were separated on a C18 reverse phase column (Nova-Pak C18, 4 µm, 3.9 x 150 mm, Waters) and eluted isocratically with 5% acetic acid in double distilled H2O(Walsh, Erion et al. 1987). The analytes were visualized by UV absorbance at 275 nm and identified by comparing their retention times and UV absorption spectra to authentic standards. The progress curves were plotted to the rate equation of slow-binding inhibition(Morrison and Walsh 1988; Copeland 2004). 

using Sigma Plot 12.0 (SPSS, Inc., Chicago, IL), where v0 and vs are the initial and final steady-state reaction velocities, respectively, t is the time and kobs is the apparent first order rate constant for the interconversion between the initial and steady-state rates.

Expression and purification of recombinant BioA
To isolate recombinant BioA protein, the strain AG1-pCA24N-bioA (JW0757) from the ASKA library was used. The clone was grown in 2 L of LB with chloramphenicol (80 μg/ml) at 37 °C, shaking at 250 rpm until the culture reached an OD600 of 0.6. The culture was then induced with 0.1 mM IPTG and grown for an additional 3 hours prior to harvesting by centrifugation at 10,000 g. The cell pellet was resuspended and washed with a 0.85% saline solution, pelleted and stored at -20 0C. For protein purification, the cell pellet was thawed and resuspended in 25 mL of lysis buffer (50 mM HEPES pH= 8, 500 mM NaCl, 100 µM PLP, 50 mM imidazole, 0.5 mg DNase, 0.5 mg RNase, protease inhibitor cocktail (Roche)). Cells were lysed by passage through a cell disrupter with continuous flow at 30,000 psi and clarified by centrifugation at 40,000 g for 1 hour. The clarified lysate was purified by nickel chelating chromatography using a 1 mL HiTrap affinity column (GE Healthcare, Mississauga, Canada).  The column was washed with buffer A (50 mM HEPES pH= 8, 500 mM NaCl, 100 µM PLP, 50 mM imidazole) and eluted with a linear gradient of 50-400 mM of imidazole.  Fractions were analyzed by SDS-PAGE, and those containing pure His-tagged protein were pooled and desalted through a HiPrep 26/10 desalting column (GE) against the final storage buffer (50 mM HEPES pH 8, 10% glycerol). The concentration of purified proteins was determined by the Bradford assay (BioRad). The BioA yield was about 30 mg from cell pellets from 2 L of culture.  Fractions rich in pure protein were stored in aliquots at -80 0C.

BioA assay
For the determination of the IC50 of MAC13772, the BioA enzyme assay was conducted in triplicate at room temperature with 100 nM of BioA, 100 mM HEPES buffer (pH 8.5), 15 µM of KAPA, 1 mM of SAM and 1-10000 nM of MAC173979 (the half-log serial dilutions of inhibitor stocks were made in 25% DMSO to reduce the final DMSO concentration in the assay to 0.5%). The 100 µL reactions were initiated by addition of the enzyme and quenched after 20 minutes with 10 µL of 100% trichloroacetic acid. DAPA production was biologically determined based on a strategy originally described for biotin(Genghof, Partridge et al. 1948). The plates were prepared as previously described(Lin, Hanson et al. 2010). A 5 mL culture of E. coli BW25113 ΔbioA (from the Keio library) was grown overnight in M9 minimal media supplemented with 2 nM biotin. Cells from the saturated culture were pelleted and washed in fresh minimal media (without biotin) and pelleted again. The pellet was resuspended in 25 mL of fresh minimal media (without biotin). The subculture was grown at 37 °C, 250 rpm for 4-5 hours to deplete biotin. Cells are then pelleted and washed again in 10 mL of minimal media. Cells were mixed to a final OD600 of 0.1 into 50 mL of M9 minimal agar (1.5%) containing 2,3,5-triphenyl tetrazolium chloride to a final concentration of 0.1% w/v. The mixture (16 mL) was poured into single well plates (Nunc OmniTray, 128 mm × 86 mm). To evaluate BioA activity, 10 µl of each reaction was spotted on a 6 mm disc (BBL) placed on the agar plates.  Plates were incubated for 24 hours at 37 °C and growth zones appeared as a deep pink formazan deposit. The plates were scanned using an Epson Perfection v750 and the radii of growth were measured using Fiji(Schindelin, Arganda-Carreras et al. 2012) with a scale of 22 pixels/mm. The amount of DAPA formed from the reactions was estimated based on a DAPA standard curve (5-600 pmol) where growth was linear with the logarithmic amount of DAPA spotted. The DAPA standard curve was conducted with every experiment. 
For each inhibitor concentration, the amount of DAPA formed (pmol) was expressed as a percentage of the DMSO control and the dose-response curve was plotted to the four parameter logistic nonlinear regression model.

using Sigma Plot 12.0 (SPSS, Inc., Chicago, IL), where min is the minimum asymptote at infinite [I], max is the maximum asymptote in the absence of the inhibitor, [I] is the concentration of the tested compound (nM), Hill factor is the slope (steepness) of the curve and IC50 is the compound concentration that inhibits enzyme activity by 50%.
For the evaluation of the activity of the different MAC13772 analogs, the reactions were set up in duplicate as described above in the presence of each inhibitor at 1 and 10 µM (at a final DMSO concentration of 0.25% and 2.5%, respectively). For each analog, the amount of DAPA formed was expressed as a percentage of the respective DMSO control (% Activity) and the % Inhibition was calculated as (100  % Activity).

Spectral analysis of BioA-MAC13772 interaction
A 1 mL mixture of 5 µM of BioA in 50 mM of HEPES buffer (pH 7.5) was titrated with up to 10 µM of MAC13772. The titration was monitored by measuring the UV-visible spectra (from 300-500 nm) in a 1 mL quartz cuvette after each addition of the inhibitor using Varian Cary Bio 300 UV-Vis spectrophotometer.


[bookmark: _Toc394385039]CHAPTER FOUR – STRUCTURAL DETERMINATION OF BIOA IN COMPLEX WITH ITS INHIBITOR, MAC13772 AND THE POTENTIAL OF THIS MOLECULE AS AN ANTIBACTERIAL LEAD
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This chapter was adapted from the following manuscript in preparation:
Soumaya Zlitni, Chris Brown, Joshua Chun, Catherine Vilcheze, William Jacobs, Murray Junop and Eric D. Brown. 

Structure of BioA in complex with MAC13772 and the potential of this inhibitor as an antibacterial lead. (In preparation)

All experiments in this chapter were performed by me with the following exceptions: 
· Protein purification and assistance with setting up crystallization trials were conducted by Joshua Chun.
· Crystal structure determination was performed by Dr. Murray Junop and Chris Brown.
· Kill curve experiments with M. tuberculosis H37Rv were conducted by Catherine Vilcheze.



[bookmark: _Toc394385041]Summary
The alarming rise of antibacterial multidrug resistance and the shrinking supply of novel antibiotics have stressed the urgent need to explore less conventional pathways in developing novel antimicrobial therapies. Inhibitors that target metabolic biosynthetic pathways can provide promising leads to this end. We have previously discovered and characterized a small molecule, MAC13772 as a potent inhibitor of BioA, the enzyme catalyzing the antepenultimate step in biotin biosynthesis. In this work, we report on solving the crystal structure of BioA from Escherichia coli in complex with MAC13772. Structural analysis of the enzyme-ligand complex confirmed the mode of inhibition of this compound and identified key residues positioned to interact with the inhibitor in the active site of the target. Further, the activity of MAC13772 and analogs thereof is explored in different pathogens, namely M. tuberculosis. We found that MAC13772 is a potent inhibitor of mycobacterial species and works synergistically with rifampicin to completely sterilize growing cultures of M. tuberculosis. 

[bookmark: _Toc394385042]Introduction

 Existing antibiotics are directed against a small number of targets, mainly cell wall, DNA and protein synthesis with only three new chemical classes, the oxazolidinone linezolid (Ford, Zurenko et al. 2001), the lipopeptide daptomycin (LaPlante and Rybak 2004) and more recently the mutilin retapamulin (Tang, Liu et al. 2012), reaching the clinic in the past four decades. This limited repertoire of antibacterial compounds and their narrow range of MOA have greatly contributed to the rise of multidrug resistance among bacterial pathogens. This highlights the need to explore less conventional antimicrobial targets to combat bacterial infections.
In this respect, vitamin biosynthetic pathways are promising targets for antibacterial development given that they are required by all forms of life yet most of their biosynthetic steps are absent in humans, thus reducing toxicity risks (Shapiro 2013). The first synthetic antibiotic was a sulfonamide derivative and analog of p-aminobenzoic acid targeting folate biosynthesis at the step catalyzed by dihydropteroate synthase. To this day, combination therapy with sulfamethoxazole and trimethoprim, another well-known inhibitor of folate biosynthesis, remains one of the most effective treatments for respiratory and urinary tract infections (Ho and Juurlink 2011). Throughout the years, many efforts were made to validate targets in vitamin biosynthetic pathways and design inhibitors against them including riboflavin (Cushman, Jin et al. 2005; Zhao, Bacher et al. 2009), thiamin (Khare, Kar et al. 2011)  and Coenzyme A (van der Westhuyzen, Hammons et al. 2012). In this context, biotin biosynthesis is a promising target for antimicrobial development given that it is required by all forms of life but can only be synthesized by microorganisms and plants (Schneider and Lindqvist 2001; Shapiro 2013). Furthermore, a human host cannot provide adequate rescue to pathogens impaired in biotin biosynthesis given the very low levels of biotin in human serum (Woong Park, Klotzsche et al. 2011).
Biotin biosynthesis starts with the action of BioC and BioH along with enzymes in fatty acid biosynthesis which provide the intermediate pimeloyl-ACP for the assembly of the biotin ring (Lin, Hanson et al. 2010). The steps for ring assembly are catalyzed by the enzymes BioF, BioA, BioD and BioB (Figure 3‑11) (Cronan 2008).
In previous work, we identified a hydrazine-containing molecule, MAC13772, as a potent inhibitor of BioA from a cell-based high-throughput screen of compounds that inhibit growth of E. coli under nutrient-limited conditions (Zlitni, Ferruccio et al. 2013). BioA, 7,8-diaminopelargonic acid synthase, is a pyridoxal-5’-phosphate (PLP)-containing transaminase that uses S-adenosylmethionine (SAM) as an amino donor to convert KAPA into DAPA in the antepenultimate step of biotin biosynthesis (Stoner and Eisenberg 1975). Extensive structure-activity (SAR) analysis and follow up in vitro experiments with MAC13772 suggested an inhibition mechanism where the compound hijacks the cofactor, PLP, from the active site of BioA rendering it inactive. 
In an effort to confirm our proposed model of inhibition and to further explore the enzyme-inhibitor interaction, we solved the crystal structure of BioA from E. coli in complex with MAC13772. Indeed, the BioA-MAC13772 co-structure confirms the proposed inhibition model and uncovers potential key interactions between residues in the active site of BioA with the inhibitor-PLP covalent adduct. This structural information provides great avenues for the design of more potent inhibitors of BioA. 
Further, we investigate the antibacterial spectrum of MAC13772 and show that it inhibits the growth of several pathogens including Klebsiella pneumonia, Acinetobacter baumannii and Mycobacterium tuberculosis. Cytotoxicity tests show that HeLa cells treated with MAC13772 remain metabolically viable. Biotin biosynthesis is gaining a wide interest as a promising anti-tubercular target (Dey, Lane et al. 2010; Woong Park, Klotzsche et al. 2011). SAR analysis of MAC13772 and its derivatives against two mycobacterial species suggests several potential candidates for lead development. Finally, we show that the combination of MAC13772 with the first-line anti-TB drug rifampicin is synergistic in sterilizing a growing culture of M. tuberculosis H37Rv. 

[bookmark: _Toc394385043]Results

[bookmark: _Toc394385044]Co-structure of BioA bound to MAC13772
BioA was co-crystallized with MAC13772 and the 3D structure of the complex was determined to 2.4 Å resolution (Table 4‑1, Figure 4‑1). 
The structure of BioA from E. coli has been previously reported (Schneider and Lindqvist 2001); thus only a brief description is given here. BioA is a homodimer with each subunit consisting of a small domain comprising the N- and C-terminal parts of the polypeptide chain and a large domain containing the pyridoxal-5’-phosphate binding site. Both subunits make up two identical PLP-containing active sites. PLP, located at the interface between the two monomers, is covalently bound to the active site Lys274 through a Schiff base (Schneider and Lindqvist 2001).
[bookmark: _Ref391662517]
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[bookmark: _Ref392239421]Table 4‑1. Crystallographic data and refinement statistics of BioA in complex with MAC13772
	Data Collection

	Beamline
	NSLS X-25

	Wavelength (Å)
	1.1

	Resolution (Å)
	200- 2.45

	Space group
	P 1 21 1

	Unit-cell parameters (Å)
	

	A
	122.43

	B
	111.57

	C
	136.12

	β ()
	92.08

	No. of unique reflections
	13319

	Completeness (%)a
	99.55 (99.44)

	Redundancy
	3.2

	Rmerge (%)a
	6.7 (35.4)

	I/σ (I)a
	6.3 (2.2)

	Resolution range (Å)
	42.79  - 2.45

	Rwork (%)a
	17.65 (33.42)

	Rfree (%)a
	23.68 (36.69)

	r.m.s.d bond length (Å)
	0.009

	r.m.s.d bond angle (°)
	1.254


a Data for the highest-resolution shell are shown in parentheses.
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[bookmark: _Ref391679013][bookmark: _Toc394385086]Figure 4‑1. Structure of BioA bound to MAC13772. Ribbon diagram illustrating the BioA dimer formed by two identical monomers shown in yellow and purple. The MAC13772-PLP adduct is shown in stick in both monomers.

Through our in vitro spectral studies of the interaction of BioA with MAC13772, we proposed a mechanism of inhibition that occurs through the interaction of the hydrazine functionality of the compound with PLP in the active site of the enzyme forming a tight complex (Figure 3‑13). The crystal structure shows the covalent adduct formed between MAC13772 and PLP which renders the enzyme inactive, thus confirming our proposed inhibition model. Examining the structure within a ~4 Å radius around the PLP-inhibitor adduct, several residues are positioned to interact with MAC13772 mainly through hydrophobic interactions (Phe393, Tyr144, Trp52) and hydrogen bonding (Tyr398, Lys274) (Figure 4‑3). Both active sites within the BioA homodimer were fully occupied by the MAC13772-PLP complex.
A comparison of the structure of BioA bound to MAC13772 with that of the PLP-bound BioA (pdb: 1QJ5 (Schneider and Lindqvist 2001)) shows no significant changes in the overall geometry and orientation of the residues within the active site region. The main changes occur in Lys274 and the cofactor PLP. The inhibitor disrupts the internal aldimine between Lys274 and PLP, releasing the cofactor to form a Schiff base with the primary amine of the hydrazine moiety of MAC13772.

[image: ]
[bookmark: _Toc394385087]Figure 4‑2. Active site region of BioA
Ribbon diagram showing the superimposition of PLP-bound BioA in the absence (green ribbon and stick; pdb code 1QJ5) and the presence of MAC13772 (yellow ribbon and stick). The MAC13772-PLP complex is shown in yellow stick. Residues close to the MAC13772-PLP adduct are annotated. 
[image: ]

[bookmark: _Ref391679042][bookmark: _Toc394385088]Figure 4‑3. Structure of the active site region of BioA bound to MAC13772. 
Active site of a BioA monomer showing the MAC13772-PLP adduct (grey stick). Residues within ~4 Å radius are shown in yellow stick and their interactions with the PLP-inhibitor adduct are shown in dashed lines.


[bookmark: _Toc394385045]Spectrum of activity of MAC13772
In an effort to explore the antibacterial spectrum of MAC13772, we tested its activity against various Gram-negative and Gram-positive organisms. Given the variation in auxotrophic requirements for the tested bacterial species, a disc diffusion assay was carried out on solid rich media containing avidin which strips biotin from the media. This renders the media deplete of biotin and thus provides suitable conditions for testing inhibitors of biotin biosynthesis (Figure 4‑4). This approach allowed testing multiple organisms in parallel on one type of media. 
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[bookmark: _Ref391833491][bookmark: _Toc394385089]Figure 4‑4. Validation of the avidin assay to test inhibitors of biotin biosynthesis. 
A 1/100 dilution of a cell suspension (OD600= 0.1) of E. coli BW25113 bioA was plated on LB agar plates with or without avidin (0.1 U/ml). The strain grows on the LB agar plate (left plate) and is not viable on media deplete of biotin (middle plate). Growth only occurs when the plate is supplemented with biotin (20 μg) (right plate).

As summarized in Table 4‑2, MAC13772 showed activity against most of the microorganisms that were tested. Little to no activity was observed against the Gram-positive organisms, B. subtilis and S. aureus, and the Gram negative P. aeruginosa. 

[bookmark: _Ref392009126][bookmark: _Toc392238838]Table 4‑2. Spectrum of activity of MAC13772 using the disc diffusion assay on avidin plates

	Organism
	Activity of MAC13772 a

	Escherichia coli
	Active at 20 µg

	Salmonella typhimurium
	Active at 20 µg

	Acinetobacter baumannii
	Active at 20 µg

	Klebsiella pneumoniae 
	Active at 20 µg

	Mycobacterium smegmatis
	Active at 20 µg

	Bacillus subtilis 168
	Active only at 200 µg

	Staphylococcus aureus (RN4220)
	Active only at 200 µg

	Staphylococcus aureus (Newman)
	Active only at 200 µg

	Pseudomonas aeruginosa  PA01 
	Not active

	Pseudomonas aeruginosa  PA14
	Not active



a The assay was carried out by a 1/100 dilution of a cell suspension (OD600= 0.1) of each organism on a LB agar plate containing 0.1 U/ml of avidin. An amount of MAC13772 (20-200 μg) was spotted on a 6 mm disc at the center of each plate. Corresponding DMSO control and no avidin controls were also set up. The plates were incubated at 37 0C for 18 hours. A zone of inhibition around the drug-soaked discs in the avidin plates (and not in the ‘no avidin’ control plates) indicates activity.  

Interestingly, sequence alignment of BioA from these species showed a strong correlation between the activity of MAC13772 and the sequence similarity of BioA across these organisms. The inhibitor showed the best antibacterial activity against those species with BioA homologs that are most similar to BioA from E. coli (Table 4‑3). Moreover, three of the residues positioned to interact with the inhibitor in the BioA-MAC13772 co-structure (Phe393, Trp52 and Tyr398) (Figure 4‑3) are primarily conserved in the organisms that are sensitive to MAC13772 and not in those less susceptible to inhibition (Figure 4‑5).  

[bookmark: _Ref392017296][bookmark: _Toc392238839]Table 4‑3. Primary sequence similarity of BioA across the bacterial species tested for susceptibility to MAC13772 

	Organism
	Similarity to BioA (E. coli)
	Activity of MAC13772

	
	% Identity
	% Positives
	

	Salmonella typhimurium
	~ 87%
	94%
	Best activity

	Klebsiella pneumoniae
	~ 86%
	91%
	

	Acinetobacter baumannii
	~ 60%
	75%
	

	Mycobacterium tuberculosis
	~ 50%
	67%
	

	Pseudomonas aeruginosa
	~ 42%
	56%
	Worst activity

	Bacillus subtilis
	~ 35%
	54%
	

	Staphylococcus aureus
	~ 32%
	54%
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[bookmark: _Ref392021669][bookmark: _Toc394385090]Figure 4‑5. Protein sequence alignment of BioA.  
The primary sequences of BioA from E. coli, M. tuberculosis, A. baumannii, S. typhimurium, P. aeruginosa, K. pneumonia, B. subtilis and S. aureus were aligned. Residues positioned to interact with the PLP-MAC13772 adduct in the co-structure (Figure 4‑3) (Phe393, Tyr144, Trp52, Tyr398 and Lys274 in the BioA sequence from E. coli) are highlighted. Three of these amino acids (Phe393, Trp52 and Tyr398 in the BioA sequence from E. coli) are not conserved in the organisms that are not susceptible to MAC13772 (P. aeruginosa, B. subtilis and S. aureus) (Table 4‑3).


[bookmark: _Toc394385046]Activity of MAC13772 and analogs against mycobacterial species
The antimycobacterial activity of MAC13772 was of particular interest as tuberculosis (TB) remains one of the most widespread and deadliest infectious diseases in the world (CDC 2013). Further, investigation of the role of biotin biosynthesis in mycobacterial infections has shown that deletion mutants of bioA and bioF in M. tuberculosis have impaired growth, fail to establish infection and are rapidly cleared in vitro and in vivo (Dey, Lane et al. 2010; Woong Park, Klotzsche et al. 2011).
We tested the activity of MAC13772 and 24 of its analogs (Table 7‑4) against two mycobacterial strains, the BSL-1 M. smegmatis and the BSL-2 M. tuberculosis mc2 6020 in defined mycobacterial minimal media (Sambandamurthy, Derrick et al. 2005).
Table 4‑4 and Table 4‑5 summarize the results of these investigations. 
[bookmark: _Ref392051295]The parent molecule had a MIC of 4 and 2 μg/ml against M. smegmatis and M. tuberculosis mc2 6020, respectively. Substitutions on the benzyl ring in MAC13772 and their position relative to the thioacetohydrazine chain (analogs 1a through 1i) were generally more tolerated for both strains compared to their antibacterial activity against E. coli (Table 3‑2). Moreover, this series of analogs was relatively more potent against M. smegmatis with several compounds having MIC values comparable to that of the parent molecule. As we have previously shown, the hydrazine moiety is absolutely required for the activity of MAC13772. Analogs 1j through 1n where the hydrazine functionality was either protected it with an acetyl group or modified were completely inactive against both strains. The activity of the hydrazine-containing side chain without the benzyl ring (analogs 2a through 2e) was also tested. The compounds in this series showed moderate antibacterial activity against both strains but growth inhibition was not reversed in the presence of biotin, suggesting a different mode of inhibition. Substituting the benzyl ring in the parent compound with other rings (analogs 2f through 2j) was generally not tolerated, with only analogs (2g and 2i) retaining reasonable antimycobacterial activity.
[bookmark: _Ref394384305][bookmark: _Toc392238840]Table 4‑4. Structure-activity relationships of MAC13772 and analogs against Mycobacterium smegmatis
 




1						   2

	Compound
	R1
	R2
	R3
	R4
	MIC (μg/ml)a

	
	
	
	
	
	-bio
	+bio

	MAC13772
	NHNH2
	NO2
	H
	H
	4
	>256

	*Effect of Substitution on Benzene ring in Series 1

	1a
	NHNH2
	H
	NO2
	H
	16
	>256

	1b
	NHNH2
	H
	H
	NO2
	4
	>256

	1c
	NHNH2
	H
	H
	H
	4
	>256

	1d
	NHNH2
	F
	H
	H
	4
	>256

	1e
	NHNH2
	Cl
	H
	H
	4
	>256

	1f
	NHNH2
	OH
	H
	H
	32
	256

	1g
	NHNH2
	NH2
	H
	H
	32
	256

	1h
	NHNH2
	CH3
	H
	H
	4
	>256

	1i
	NHNH2
	OCH3
	H
	H
	16
	>256

	*Effect of changing hydrazine functionality on R1 in Series 1

	1j
	NHNHAc
	H
	H
	NO2
	>256
	>256

	1k
	CH2CH3
	NO2
	H
	H
	>256
	>256

	1l
	NH2
	NO2
	H
	H
	128
	>256

	1m
	CH3
	NO2
	H
	H
	256
	256

	1n
	OH
	NO2
	H
	H
	>256
	>256

	*Activity of the side chain of the parent molecule in Series 2

	2a
	NH2
	CH2SCH3
	-
	-
	32
	32

	2b
	NH2
	CH2SH
	-
	-
	32
	32

	2c
	NH2
	CH2CH2CH3
	-
	-
	64
	64

	2d
	NH2
	CH2CH3
	-
	-
	64
	64

	2e
	NH2
	CH3
	-
	-
	>256
	>256

	*Effect of different ring substituents in R2 in Series 2b

	2f
	NH2
	Benzothiophene
	-
	-
	64
	>256

	2g
	NH2
	CH2SCH2Ph
	-
	-
	8
	>256

	2h
	NH2
	CH2SNaph
	-
	-
	32
	>256

	2i
	NH2
	CH2SPyr
	-
	-
	8
	128

	2j
	NH2
	Nitrobenzyl
	-
	-
	256
	>256



a MICs are determined against M. smegmatis in Sauton minimal media in the absence and presence of 2 nM of biotin
[bookmark: _Ref392051297]b Abbreviations: Ph: phenyl; Naph: naphthalenyl; Pyr: pyridine


[bookmark: _Ref394384314][bookmark: _Toc392238841]Table 4‑5. Structure-activity relationships of MAC13772 and analogs against Mycobacterium tuberculosis mc2 6020
 


	       	 

          1						   2

	Compound
	R1
	R2
	R3
	R4
	MIC (μg/ml)a

	
	
	
	
	
	-bio
	+bio

	MAC13772
	NHNH2
	NO2
	H
	H
	2
	>256

	*Effect of Substitution on Benzene ring in Series 1

	1a
	NHNH2
	H
	NO2
	H
	16
	>256

	1b
	NHNH2
	H
	H
	NO2
	16
	>256

	1c
	NHNH2
	H
	H
	H
	16
	128

	1d
	NHNH2
	F
	H
	H
	16
	256

	1e
	NHNH2
	Cl
	H
	H
	4
	256

	1f
	NHNH2
	OH
	H
	H
	128
	256

	1g
	NHNH2
	NH2
	H
	H
	64
	128

	1h
	NHNH2
	CH3
	H
	H
	4
	256

	1i
	NHNH2
	OCH3
	H
	H
	16
	256

	*Effect of changing hydrazine functionality on R1 in Series 1

	1j
	NHNHAc
	H
	H
	NO2
	>256
	>256

	1k
	CH2CH3
	NO2
	H
	H
	>256
	>256

	1l
	NH2
	NO2
	H
	H
	>256
	>256

	1m
	CH3
	NO2
	H
	H
	>256
	>256

	1n
	OH
	NO2
	H
	H
	>256
	>256

	*Activity of the side chain of the parent molecule in Series 2

	2a
	NH2
	CH2SCH3
	-
	-
	32
	32

	2b
	NH2
	CH2SH
	-
	-
	>256
	>256

	2c
	NH2
	CH2CH2CH3
	-
	-
	32
	32

	2d
	NH2
	CH2CH3
	-
	-
	128
	>256

	2e
	NH2
	CH3
	-
	-
	128
	128

	*Effect of different ring substituents in R2 in Series 2b

	2f
	NH2
	Benzothiophene
	-
	-
	64
	128

	2g
	NH2
	CH2SCH2Ph
	-
	-
	16
	128

	2h
	NH2
	CH2SNaph
	-
	-
	>256
	>256

	2i
	NH2
	CH2SPyr
	-
	-
	16
	>256

	2j
	NH2
	Nitrobenzyl
	-
	-
	128
	>256



a MICs are determined against M. tuberculosis mc2 6020 (BSL-2) in a modified Middlebrook 7H9 media in the absence and presence of 2 nM of biotin
b Abbreviations: Ph: phenyl; Naph: naphthalenyl; Pyr: pyridine


In order to test this class of inhibitors against clinically relevant mycobacterial species and assess its potential as an anti-tubercular lead, we set out to test MAC13772 and analog 1h where the nitro group on the benzyl ring is substituted for a methyl group against the BSL-3 strain M. tuberculosis H37Rv. We assayed the inhibitory activity of MAC13772 and analog 1h against recombinant M. tuberculosis H37Rv BioA through a feeding assay of a bioA auxotroph. The dose-response curves in Figure 4‑6 show that both MAC13772 and analog 1h are potent inhibitors of BioA with IC50 values of ~ 220 nM and ~ 290 nM, respectively.

[image: ]
[bookmark: _Ref392164805][bookmark: _Toc394385091]Figure 4‑6. MAC13772 and analog 1h inhibit BioA from M. tuberculosis H37Rv.
Dose-response curves of MAC13772 and analog 1h against recombinant BioA from M. tuberculosis H37Rv. The data represent the averages of 2 replicates and the dose response curves were fitted to the four parameter logistic nonlinear regression curve yielding an IC50 values of 220 nM and 290 nM, respectively. 

[bookmark: OLE_LINK8][bookmark: OLE_LINK9]One of the primary objectives in anti-mycobacterial drug discovery is to explore drug therapies that would completely clear the infection to prevent the emergence of resistance and to shorten the treatment period (Vilcheze, Hartman et al. 2013). One strategy is to look for drug combinations that act synergistically to kill M. tuberculosis. In this context, we set out to test whether MAC13772 and analog 1h would be synergistic with rifampicin against M. tuberculosis H37Rv. Rifampicin is one of the first-line drugs used for treating TB. While it has a bactericidal effect on its own, resistance in vitro and in vivo arises very quickly rendering it ineffective for long-term treatment. The kinetic kill curves in Figure 4‑7 show that a combination of rifampicin and MAC13772 or analog 1h sterilizes M. tuberculosis H37Rv cultures in vitro. When used alone at a concentration of 100 μg/ml, MAC13772 and analog 1h only resulted in a marginal drop in CFU counts (Figure 4‑7- solid triangles). Rifampicin alone showed a bactericidal effect within the first 14 days of treatment followed by an increase in CFU counts, characteristic of the rise of in vitro drug resistance (Figure 4‑7- open triangles). But when rifampicin was used in combination with either inhibitor, there was a steady decrease in CFU counts (Figure 4‑7- dashed lines). After 56 days of treatment, no colonies were obtained from cultures exposed to a combination of rifampicin and MAC13772 (used at 20 or 100 μg/ml) nor from a combination of rifampicin and analog 1h (used at 100 μg/ml).  

[image: ]

[bookmark: _Ref392068538][bookmark: _Toc394385092]Figure 4‑7. The combination of rifampicin and biotin biosynthesis inhibitors sterilizes M. tuberculosis cultures in vitro. 
M. tuberculosis H37Rv was grown to mid-log phase in Roisin media supplemented with 0.2% glycerol, 0.2% glucose and 0.05% tyloxapol, diluted in the same media and treated with drugs at the concentrations indicated in the legend. The cultures were incubated while shaking at 37 0C and aliquots were taken, diluted and plated on Middlebrook 7H10 plates supplemented with 10% OADC and 0.2% glycerol for CFU determination. The plates were incubated at 37 0C for 4 weeks. The results are representative of two independent experiments.


[bookmark: _Toc394385047]Cytotoxicity of MAC13772
Given the potential reactivity of the hydrazine functionality of MAC13772 and analogs of this chemical class, we evaluated its potential cytotoxic effects against HeLa cells by quantifying the release lactate dehydrogenase (LDH) upon cellular necrosis (Nachlas, Margulies et al. 1960) and by assessing the metabolic viability of cells using the oxidation-reduction indicator AlamarBlue ® (Mikus and Steverding 2000). As shown in Figure 4‑8, MAC13772 does not show significant cytotoxic effects against HeLa cells in either assay.

[image: ][image: ]

[bookmark: _Ref392076545][bookmark: _Toc394385093]Figure 4‑8. Evaluation of the cytotoxicity of MAC13772 against HeLa cells.
The effect of MAC13772 was tested on a HeLa cell line where cell viability was assessed using the LDH release method (left panel) and the AlamarBlue ® colorimetric assay for metabolic viability assessment (right panel). For the LDH release assay, all values are relative to the maximum LDH release control. Effect by the solvent DMSO was subtracted. For the AlamarBlue ® assay, metabolic viability is evaluated by the ability of cells to reduce AlamarBlue ®. All values are relative to the untreated control. Data and error bars represent mean values ± s.d of 3 replicates. 


[bookmark: _Toc394385048]Discussion
[bookmark: OLE_LINK10][bookmark: OLE_LINK11]In previous work, we developed a strategy that relies on cell-based high-throughput screening in defined minimal media followed by metabolite suppression analysis for the discovery and mechanistic characterization of bacterial inhibitors of biosynthetic pathways. Through this approach, we identified the inhibitor MAC13772, a potent inhibitor of BioA (Zlitni, Ferruccio et al. 2013). Follow up in vitro experiments suggested an inhibition model where the inhibitor was hijacking the cofactor, PLP, from the active site of BioA rendering it inactive. In this work, we generated a high-resolution crystal structure of BioA from E. coli with MAC13772.
The crystal structure shows the covalent adduct formed between MAC13772 and PLP, thus confirming our proposed inhibition mechanism. It also revealed several residues positioned to interact with the MAC13772-PLP complex through hydrogen-bonding and hydrophobic interactions. This is of particular interest as our SAR investigation of some 24 analogs of this inhibitor has shown that the hydrazine functionality is absolutely required, but not sufficient for potent and specific inhibition of BioA. This suggests the importance of other sites of interaction between MAC13772 and the enzyme to establish inhibition. Structural studies of BioA in complex with MAC13772 offer a unique opportunity for the rational design of more potent inhibitors. 3D-structural studies of the methionine biosynthetic enzyme cystathionine β-lyase in complex with inhibitors were employed to design inhibitors with highly improved binding affinity to the target (Ejim, Blanchard et al. 2007).
The antibacterial activity of MAC13772 against multiple organisms including two of the ‘ESKAPE’ pathogens, K. pneumonia and A. baumannii, in addition to its antimycobacterial activity is promising. It also suggests that inhibitors of biosynthetic pathways are likely to have a fairly broad-spectrum of antibacterial activity given that metabolic pathways are among the most highly conserved processes across the tree of life. In this respect, conservation of the active site residues revealed by the analysis of the co-structure put forward several testable hypotheses to understand the basis of the broad antibacterial activity of this class of inhibitors.
In this context, biotin biosynthesis is a particularly promising antibacterial target given that it can only be synthesized by microorganisms and plants (Schneider and Lindqvist 2001; Shapiro 2013). Moreover, the low levels of biotin in serum cannot rescue a pathogen impaired in biotin synthesis (Woong Park, Klotzsche et al. 2011). Recent work with deletion mutants of bioA and bioF in M. tuberculosis has shown that biotin deprivation led to impaired growth, failure to establish infection and rapid clearance in vitro and in vivo (Dey, Lane et al. 2010; Woong Park, Klotzsche et al. 2011). This establishes biotin biosynthesis as a promising target for anti-tubercular drug discovery. In this respect, MAC13772 presents a great opportunity to further investigate the potential of this pathway both in vitro and in vivo. Our SAR investigation of 24 analogs of MAC13772 against two mycobacterial strains offer several candidates for further lead developments. Compared to the Gram-negative organism E. coli, various substitutions on the benzyl ring were more tolerated. As previously established, the hydrazine functionality is absolutely required for activity and the benzyl ring plays an important role for both the specificity and potency of this series of inhibitors. 
It remains unclear why MAC13772 and the methyl-substituted analog 1h did not inhibit growth of the BSL-3 strain M. tuberculosis H37Rv in the kinetic kill curve experiments. One possible explanation is the high inoculum size that similar experiments need to be conducted at (~ 107 CFU/mL). Growth inhibition by small molecules is often dependent on the starting inoculum of the bacterial culture. Further, both compounds did affect bacterial growth, albeit marginally, at the highest tested concentration of 100 μg/ml. Kill curves starting with different inocula would help test this hypothesis. Experiments are currently underway for standard MIC determinations against M. tuberculosis H37Rv and other multidrug-resistant strains of mycobacteria. 
Tuberculosis is one of the deadliest and most widespread infectious diseases in the world, with an alarming spread of multidrug-resistant (MDR) and extremely drug resistant (XDR) strains (CDC 2013). This bleak picture is only compounded by the persistence of tubercular infections and the long duration required for effective treatment (Vilcheze, Hartman et al. 2013). In the goal of exploring strategies that completely clear mycobacterial cultures, we tested the effect of combining MAC13772 or analog 1h with rifampicin, one of the first-line drugs used for treating TB. The kinetic kill curves showed the strong synergistic effect of these combinations in preventing the rise of resistance to rifampicin and in sterilizing the mycobacterial culture. In this respect, MAC13772 was more synergistic than analog 1h, with complete clearance of growth observed with 20 μg/ml of the inhibitor in the combination. These findings are particularly exciting as such drug synergies offer the great benefits of increasing the efficacy, shortening the duration of treatment, preventing the rise of resistance and lowering host toxicity risks by sparing the doses needed for each individual agent (Keith, Borisy et al. 2005; Farha, Verschoor et al. 2013).
While our in vitro cytotoxicity assay results are promising, they do not account for drug metabolism effects and cannot predict potential toxicity within the host. Current efforts are underway to explore the toxicity profile and ultimately test the efficacy of this class of inhibitors against bacterial infections in a mouse model. In vivo efficacy experiments would provide empirical data on the validity of biotin biosynthesis as an antibacterial target and would provide a unique opportunity to answer questions regarding the cidal nature of biotin biosynthesis inhibition and its impact on bacterial colonization and persistence.






[bookmark: _Toc394385049]Experimental procedures

Reagents
Antibiotics were added to the media as needed with final concentrations as follows: 100 µg/ml ampicillin, 20 µg/ml chloramphenicol and 50 µg/ml kanamycin.  For follow up analysis, all compounds were solubilized in DMSO.
MAC13772 and analogs 1a through 2j were purchased from their respective suppliers (listed in Table 7‑4) and characterized by 1H NMR, 13C NMR and HR-MS. All other chemicals and reagents were purchased from Sigma (Oakville, ON).

Bacterial strains and culture conditions 
E. coli K-12 strain MG1655 was grown at 37°C with aeration at 250 rpm in liquid M9 minimal salts media (Sambrook and Russell 2001) with 0.4% glucose as a carbon source and 20 mM ammonium chloride as a nitrogen source. For all cell-based assays, the bacterial culture was prepared as follows: a single colony of E. coli was grown overnight in M9 minimal media in a 37 °C incubator shaking at 250 rpm. The saturated overnight culture was diluted 1/50 in fresh M9 minimal media and grown in a 37 °C incubator shaking at 250 rpm until it reached an OD600 of ~0.4-0.5. The subculture was then diluted 103 and into fresh minimal media and set up to a final volume of 200 µl in clear flat bottom 96-well plates.
M. smegmatis was culture in Sauton media. 1 L of media contains 0.5 g KH2PO4, 0.5 g MgSO4, 4 g L-asparagine, 60 ml glycerol, 0.05 g Ferric ammonium citrate
2 g citric acid, 0.1 ml 1% ZnSO4. Media is adjusted pH to 7, autoclaved and cooled before the addition of 2.5 ml 20% Tween-80.
M. tuberculosis mc2 6020 (BSL-2) was cultured in modified Middlebrook 7H9 media (Middlebrook and Cohn 1958) containing all components except for biotin.

Antibacterial susceptibility testing
The minimum inhibitory concentration MIC values were determined in liquid M9 minimal media. The bacterial culture was prepared as described above. The diluted subculture in M9 minimal was then set up to a final volume of 200 µl in clear flat bottom 96-well plates containing 2-fold serial dilutions of each tested compound (0.25- 256 μg/ml). After mixing of the bacterial culture with the compounds, the OD600 of the plates was read using the Envision (Perkin Elmer, Waltham, MA) to account for background absorbance. The plates were then incubated in a 37 °C stationary incubator for 16 hours before measuring their OD600. The MIC was defined as the lowest concentration of antibiotic that inhibits visible growth.
For the disc diffusion assay for the spectrum of activity studies, a 1/100 dilution of a cell suspension (OD600= 0.1) of each organism was plated on a LB agar plate containing 0.1 U/ml of avidin. An amount of MAC13772 (20-200 μg) was spotted on a 6 mm disc at the center of each plate. Corresponding DMSO control and no avidin controls were also set up. The plates were incubated at 37 0C for 18 hours. A zone of inhibition around the drug-soaked discs in the avidin plates (and not in the ‘no avidin’ control plates) indicates activity.
For the kinetic kill curve experiments, M. tuberculosis H37Rv was grown to mid-log phase in Roisin media supplemented with 0.2% glycerol, 0.2% glucose and 0.05% tyloxapol, diluted in the same media and treated with drugs at the concentrations indicated in the legend. The cultures were incubated while shaking at 37 0C and aliquots were taken, diluted and plated on Middlebrook 7H10 plates supplemented with 10% OADC and 0.2% glycerol for CFU determination. The plates were incubated at 37 0C for 4 weeks.

Expression and purification of recombinant BioA 
To isolate recombinant BioA protein, the strain AG1-pCA24N-bioA (JW0757) from the ASKA library was used. The clone was grown in 2 L of LB with chloramphenicol (80 μg/ml) at 37 °C, shaking at 250 rpm until the culture reached an OD600 of 0.6. The culture was then induced with 0.1 mM IPTG and grown for an additional 3 hours prior to harvesting by centrifugation at 10,000 g. The cell pellet was resuspended and washed with a 0.85% saline solution, pelleted and stored at -20 0C. For protein purification, the cell pellet was thawed and resuspended in 25 mL of lysis buffer (50 mM HEPES pH= 8, 500 mM NaCl, 100 µM PLP, 50 mM imidazole, 0.5 mg DNase, 0.5 mg RNase, protease inhibitor cocktail (Roche)). Cells were lysed by passage through a cell disrupter with continuous flow at 30,000 psi and clarified by centrifugation at 40,000 g for 1 hour. The clarified lysate was purified by nickel chelating chromatography using a 1 mL HiTrap affinity column (GE Healthcare, Mississauga, Canada).  The column was washed with buffer A (50 mM HEPES pH= 8, 500 mM NaCl, 100 µM PLP, 50 mM imidazole) and eluted with a linear gradient of 50-400 mM of imidazole.  Fractions were analyzed by SDS-PAGE, and those containing pure His-tagged protein were pooled and desalted through a HiPrep 26/10 desalting column (GE) against the final storage buffer (50 mM HEPES pH 8, 10% glycerol). The concentration of purified proteins was determined by the Bradford assay (BioRad). The BioA yield was about 30 mg from cell pellets from 2 L of culture.  Fractions rich in pure protein were stored in aliquots at -80 0C.

Protein crystallization
Purified protein was concentrated to a final concentration of 10 mgs/ml in a buffer containing  25 mM HEPES, pH7.5, 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 10% Glycerol and a final concentration of 1mM of inhibitor. 3.5 µL of this solution was mixed with 1 µL  of the crystallization condition (0.05 M Ammonium Citrate Dibasic, 5% (w/v) PEG3350) and 0.45 µL  of 1 M spermidine as an additive. Hanging drops were dehydrated over 1 M ammonium sulfate. Crystals were flash frozen in a nitrogen bath prior to data collection.

Data Collection
Diffraction data were collected at the NSLS X25 Beamline at Brookhaven National Laboratory (NY, USA). The dataset was processed and scaled to 2.45 using HKL2000 (Otwinowski). The structure was solved by molecular replacement with Phenix-Auto MR using the Apo structure of BioA (pdb: 1QJ5) as a search model (Adams, Afonine et al. 2010). The inhibitor-PLP adduct was built manually into the structure using Coot and structure refinement was carried out  via successive iterations of automated refinement with Phenix-Auto MR until the geometry statistics reached an appropriate range  and R and Rfree values converged (Emsley and Cowtan 2004) .


BioA assay
For the determination of the IC50 of MAC13772, the BioA enzyme assay was conducted in triplicate at room temperature with 100 nM of BioA, 100 mM HEPES buffer (pH 8.5), 15 µM of KAPA, 1 mM of SAM and 1-10000 nM of MAC173979 or other analogs (the half-log serial dilutions of inhibitor stocks were made in 25% DMSO to reduce the final DMSO concentration in the assay to 0.5%). The 100 µL reactions were initiated by addition of the enzyme and quenched after 20 minutes with 10 µL of 100% trichloroacetic acid. DAPA production was biologically determined based on a strategy originally described for biotin(Genghof, Partridge et al. 1948). The plates were prepared as previously described(Lin, Hanson et al. 2010). A 5 mL culture of E. coli BW25113 ΔbioA (from the Keio library) was grown overnight in M9 minimal media supplemented with 2 nM biotin. Cells from the saturated culture were pelleted and washed in fresh minimal media (without biotin) and pelleted again. The pellet was resuspended in 25 mL of fresh minimal media (without biotin). The subculture was grown at 37 °C, 250 rpm for 4-5 hours to deplete biotin. Cells are then pelleted and washed again in 10 mL of minimal media. Cells were mixed to a final OD600 of 0.1 into 50 mL of M9 minimal agar (1.5%) containing 2,3,5-triphenyl tetrazolium chloride to a final concentration of 0.1% w/v. The mixture (16 mL) was poured into single well plates (Nunc OmniTray, 128 mm × 86 mm). To evaluate BioA activity, 10 µl of each reaction was spotted on a 6 mm disc (BBL) placed on the agar plates.  Plates were incubated for 24 hours at 37 °C and growth zones appeared as a deep pink formazan deposit. The plates were scanned using an Epson Perfection v750 and the radii of growth were measured using Fiji(Schindelin, Arganda-Carreras et al. 2012) with a scale of 22 pixels/mm. The amount of DAPA formed from the reactions was estimated based on a DAPA standard curve (5-600 pmol) where growth was linear with the logarithmic amount of DAPA spotted. The DAPA standard curve was conducted with every experiment. 
For each inhibitor concentration, the amount of DAPA formed (pmol) was expressed as a percentage of the DMSO control and the dose-response curve was plotted to the four parameter logistic nonlinear regression model.

using Sigma Plot 12.0 (SPSS, Inc., Chicago, IL), where min is the minimum asymptote at infinite [I], max is the maximum asymptote in the absence of the inhibitor, [I] is the concentration of the tested compound (nM), Hill factor is the slope (steepness) of the curve and IC50 is the compound concentration that inhibits enzyme activity by 50%.
For the evaluation of the activity of the different MAC13772 analogs, the reactions were set up in duplicate as described above in the presence of each inhibitor at 1 and 10 µM (at a final DMSO concentration of 0.25% and 2.5%, respectively). For each analog, the amount of DAPA formed was expressed as a percentage of the respective DMSO control (% Activity) and the % Inhibition was calculated as (100  % Activity).

LDH release assay
Cytotoxicity experiments were performed using the CytoTox 96 nonradioactive cytotoxicity assay (Promega), which measures the release of lactate dehydrogenase (LDH) upon cellular necrosis. Briefly, HeLa cells were seeded at 104 cells per well of a 96-well plate in DMEM supplemented with 10% fetal calf serum and 1% Pen-Strep and incubated for 24–26 hr at 37°C, 5% CO2. Upon reaching 90%–95% confluence, cells were washed and stimulated with the inhibitor in triplicate at multiple concentrations in complete DMEM. After 20 hrs, LDH release was measured according to manufacturer’s instructions. Each experiment was performed in triplicate, and all values are presented as relative to the maximum LDH release control, achieved by incubating unstimulated cells with 1× lysis buffer (1% triton) for 60 min prior to the measurement of LDH release.

AlamarBlue® colorimetric assay
For determination of cytotoxicity effects of inhibitors, HeLa cells were seeded at 104 cells per well of a 96-well plate in DMEM supplemented with 10% fetal calf serum and 1% Pen-Strep and incubated for 24–26 hr at 37°C, 5% CO2. 
Upon reaching 90%–95% confluence, cells were washed and stimulated with the inhibitor in triplicate at multiple concentrations in complete DMEM. After 24 hours, AlamarBlue® is added to the cells and viability was determined after 48 hours incubation by reading the absorbance at 570 nm (reduced indicator) and at 630 nm (oxidized indicator- reference absorbance). Percent viability was calculated by subtracting the absorbance values at 630 nm from those at 570 nm and expressed relative to the untreated control. Triton X (1%) was used as positive control.




[bookmark: _Toc394385050]CHAPTER 5 – CONCLUSIONS AND FUTURE DIRECTIONS



[bookmark: _Toc394385051]Exploring MAC13772 and analogs as potential therapeutic leads for antibacterial development
[bookmark: _Toc394385052]Preclinical studies
Our previous work with MAC13772 and its analogs has established it as a potent inhibitor of BioA with promising antibacterial activity against different pathogens, namely Escherichia coli, Acinetobacter baumannii, Klebsiella pneumonia and Mycobacterium tuberculosis (Chapters 3 and 4). In order to advance this class of inhibitors as potential antibacterial leads, it is vital to explore whether their activity extends beyond in vitro assays. For this purpose, we established a collaboration with the Office of Biodefense, Research Resources, & Translational Research (OBRRTR) at the National Institute of Health (NIH) to test the efficacy of this class of hydrazine compounds against bacterial infections in a mouse model. 
Specifically, standard pharmacokinetic (PK) studies with oral and IV dose administration will be conducted in rats for both MAC13772 and the methyl-substituted analog 1h. Next, in vitro ADMET (absorption, distribution, metabolism, excretion and toxicity) studies will be carried out. In vitro metabolic stability tests will help prioritize compounds likely to have favorable PK in vivo. Permeability of the compounds across the gastro-intestinal tract will be studied using a monolayer of the human epithelial colorectal adenocarcinoma Caco-2 cells. The compounds will also be tested for potential binding to plasma proteins. The inhibitor with the best PK properties will be advanced for efficacy tests. 
In vivo efficacy experiments would provide empirical data on the validity of biotin biosynthesis as an antibacterial target and a proof of concept on the translation of in vitro data on novel antibacterial inhibitors of biosynthetic pathways into in vivo applications. Furthermore, it would provide the data necessary for establishing a proof of concept for our screening strategy. Most if not all screening campaigns in search for novel antibacterials are conducted in rich media which is not representative of the host environment. In this respect, there have been many reports of impaired growth and attenuated virulence in pathogens due to mutations in vitamin, nucleobase and amino acid biosynthetic genes which leads us to believe that defined minimal media provides a better proxy for the host environment (Chamberlain, Strugnell et al. 1993; Mei, Nourbakhsh et al. 1997; Cersini, Salvia et al. 1998; Polissi, Pontiggia et al. 1998; Cuccui, Easton et al. 2007; Samant, Lee et al. 2008). The proposed work would be of great value to validate our screening strategy. 
[bookmark: _Toc394385053]Structure-based drug design 
We have charted the structure-activity relationships (SAR) of this chemical class using some 24 analogs. While the SAR investigation provided some mechanistic insights into the activity of these compounds, it failed to produce analogs with a more potent activity than that of the parent compound, MAC13772. Structural investigation of the BioA-MAC13772 has helped confirm our proposed inhibition mechanism where the compound hijacks the cofactor PLP from the active site of the enzyme. It has also revealed the residues in the active site that likely interact with the MAC13772-PLP adduct. Further exploration of the 3D-space around this complex would provide a great opportunity for the design of inhibitors with higher affinity to the target and a more potent antibacterial activity. 

[bookmark: _Toc394385054]Metabolomics as a platform for MOA studies of novel antibacterials
Systems biology and developments in analytical technologies have pushed for the rise of metabolomics, the systematic monitoring of all metabolites in a biological organism. The power to simultaneously measure the metabolite content of biological systems offers an unprecedented opportunity to investigate a wide array of biological questions at a high resolution. During the past decade, NMR- and MS-based metabolomics platforms have proven useful for diagnostics, the discovery of biomarkers (Newgard, An et al. 2009; Wang, Larson et al. 2011), toxicology (Lindon, Nicholson et al. 2003), basic biology and pathway discovery (Bennett, Kimball et al. 2009; Lu, Clasquin et al. 2010; Clasquin, Melamud et al. 2011; Panopoulos, Yanes et al. 2012). Advances in MS-based metabolomics and the use of isotope tracers in particular have been instrumental for implementing rigorous quantitative approaches to the study of the metabolome and metabolic fluxes (Yuan, Fowler et al. 2006; Bennett, Yuan et al. 2008; Yuan, Bennett et al. 2008). This makes it possible to frame changes in metabolite levels caused by a disease state or in response to a genetic, chemical or environmental challenge in the context of the metabolic network. 
Several studies have harnessed the power of metabolomics to explore the mode of action of various classes of drugs including anticancer (Watson, Roulston et al. 2009), antiprotozoal (reviewed in (Creek and Barrett 2014)) and antidepressant agents (Webhofer, Gormanns et al. 2011). Remarkably, efforts to exploit this nascent technology in antibacterial drug discovery have been limited. A few notable exceptions include the recent identification of the MOA of triphenylbismuthdichloride (TPBC), a broad-spectrum synthetic inhibitor commonly used as an additive to catheter coating. 1H NMR-profiling of the extracellular metabolites secreted by TPBC-treated Staphylococcus aureus uncovered bacterial pyruvate dehydrogenase complex as a target of TPBC (Birkenstock, Liebeke et al. 2012). A second example covers the mechanistic insights revealed by metabolomic studies of the activity of trimethoprim. Growth inhibition by this antifolate antibiotic was attributed to two metabolic events: direct inhibition of the target dihydrofolate reductase (DHFR/FolA) depleting the essential coenzyme tetrahydrofolate and secondary inhibition caused by the accumulation of DHFR’s substrate dihydrofolate which in turn inhibits dihydrofolate synthetase (FolC) (Kwon, Lu et al. 2008).  Ultimately, treatment of E. coli with trimethoprim leads to a hierarchical depletion of folate-dependent metabolites, namely glycine, purines, methionine and dTTP (Kwon, Higgins et al. 2010). Such cases reveal the great potential of this approach to mechanistically characterize novel antibacterial compounds and to elucidate finer details on the cellular consequences of treatment with these agents.
Given that our screening strategy prioritizes small molecules that target metabolic capabilities, it follows that their ultimate effect should be traceable at the level of metabolites. In this respect, full scan metabolomic analysis of E. coli treated with our priority actives would advance stronger hypotheses about their respective MOA. To this end, in collaboration with Dr. Amy Caudy and Dr. Adam Rosebrock at the University of Toronto, we have conducted full scan high-resolution liquid chromatography/mass spectrometry (LC/MS) analysis of cellular extracts of E. coli treated with 47 biologically active molecules, including 24 known antibiotics of various MOA and 23 of the novel probes discovered through our recent work (Zlitni, Ferruccio et al. 2013). These were selected based largely on their potency, diversity of chemical structure and their metabolic suppression profiles. Our approach involves the determination of metabolomic fingerprints of these perturbants by comparing the mass spectral profiles of treated versus untreated cell extracts. 
Figure 5‑1 summarizes the general workflow for these experiments. Briefly, overnight cultures of E. coli are normalized to the same optical density and inoculated in fresh liquid minimal media. Cultures are grown for 2 hours (mid-exponential phase) before treating them with a sub-inhibitory concentration of each compound. These concentrations are optimized to decrease growth rate without complete growth arrest. Once the cultures reach an optical density of ~0.5, cells are rapidly harvested in parallel on 0.2 μm nylon membrane filters through a vacuum filtration manifold to avoid changes in the metabolic phenotype. The metabolome is extracted in a mixture of acetonitrile:methanol:water (40:40:20) and 0.1 M formic acid. All experiments are conducted in three biological replicates to increase the statistical power in detecting changes in metabolite levels. Untreated controls are set up every day that compounds are tested. Samples are then analyzed by full scan LC/MS on two Q-TOFs, one running an ion paired reverse phase method in negative mode and the second running an orthogonal HILIC method in positive mode to ensure the ionization and detection of a wide variety of compounds.
With our collaborators, we have developed a data analysis pipeline based on the XCMS R package, an open source platform for the normalization and feature extraction of LC/MS data (Smith, Want et al. 2006).For each sample, all the mass peaks are identified within a 3D space of mass to charge ratio, ion intensity, and chromatographic time, and filtered to remove non-biological contaminants. The ion intensity values are then log2-transformed and the data for the treated samples are median-centered relative to the untreated controls run on the same day. This accounts for any day-to-day variation across the dataset and allows the selection of considerably altered mass peaks with high confidence. Next, global trends in metabolic changes in response to chemical perturbation are explored across the entire dataset using variations of the well-established expression analysis tools such as hierarchical and k-means clustering.  The main objective is to associate compound treatment with specific changes in metabolite levels. In turn, these changes will provide hypotheses for mechanistic studies of the action of the respective compound.
Our preliminary analysis of the metabolomic dataset for the known antibiotics shows unique signatures for different inhibitors. More than 1,600 mass peaks were detected for the treatment of E. coli with the set of known probes. Figure 5‑2 shows a heat map of those metabolites that underwent a minimum 4-fold change. As a proof of concept, we tested the effect of treatment of E. coli with the herbicide glyphosate, a known inhibitor of 5-enol-pyruvylshikimate-3-phosphate synthase (AroA), in the biosynthesis of chorismate, a precursor of several metabolites including aromatic amino acids, enterobactin and ubiquinol (Figure 5‑3). Remarkably, the metabolomic profile of glyphosate-treated E. coli shows a marked accumulation of several metabolites upstream of the step catalyzed by AroA including shikimate-3-phosphate, shikimate and 3-dehydroquinate. Moreover, a significant drop in metabolites derived from chorismate, namely 4-hydroxybenzoic acid (ubiquinol biosynthesis) and 2,3-dihydroxybenzoic acid (enterobactin biosynthesis), can also be observed. This example illustrates the power of systematic metabolomic analysis in clearly pinpointing the target of a biologically active agent.
To date, the metabolomic profiles of the inhibitors selected for this study have generated thousands of mass spectral features for each sample and we are currently exploring various established data analysis platforms to explore this large dataset. Ultimately, this study would establish this platform as a general systematic approach for generating strong mechanistic hypotheses for novel biologically active small molecules that target metabolic pathways. Of equal value is the general metabolic response of bacteria to chemical perturbants irrespective of their MOA. To this end, we selected a set of known bioactives with targets in both nutrient-rich and nutrient-limited conditions. Mining these data for both general and compound-specific responses will provide unique insights into the response of biological systems to chemical perturbation. 
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[bookmark: _Ref392147175][bookmark: _Toc394385094]Figure 5‑1. Metabolomic analysis workflow. 
Cultures of E. coli MG1655 are grown until mid-exponential phase then treated with a sub-inhibitory concentration of each compound. Cells are harvested through a vacuum filtration manifold. The metabolome is extracted in cold extraction solvent then dried down under nitrogen to concentrate them. Samples are analyzed by full scan LC/MS. The data are identified within a 3D space of ion intensity, retention time and mass to charge ratio. The data are normalized and clustered to explore global trends in the metabolomic response to biologically active small molecules. The metabolites that are specifically altered in response to a particular treatment are identified. 
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[bookmark: _Ref392148477][bookmark: _Toc394385095]Figure 5‑2. Metabolomic analysis of E. coli treated with 24 known probes.  
A representative heat map showing metabolite levels relative to controls for a set of ~ 500 mass peaks (from over 1600) measured in 72 samples of E. coli treated with 24 known probes of various MOA. The mass peaks selected are those showing a minimum of 4-fold change in any treatment. Fold change is expressed on a log2 scale. Data are hierarchically clustered by similarity in the metabolomic fingerprints. The knowns probes are grouped based on MOA in the heat map. Three metabolites from the chorismate biosynthetic pathway are marked by asterisks and show in Figure 5‑3.  
[image: ]


[bookmark: _Ref392149864][bookmark: _Toc394385096]Figure 5‑3. Metabolomic results for the action of glyphosate on chorismate biosynthesis.  
(a) Chorismate biosynthesis in E. coli. The known herbicide glyphosate inhibits the step catalyzed by AroA.  (b) Heat map showing changes in the levels of three intermediates in the chorismate biosynthetic pathway in cells treated with glyphosate. (c) Levels of intermediates and products of the chorismate pathway in glyphosate-treated cells are quantified relative to their levels in untreated cells. The changes in the levels of shikimate and shikimate 3-phosphate were identified as significantly changed by computational analysis with XCMS, operated without reference to the identities of the metabolites.  This demonstrates our ability to identify Data shown are arithmetic mean ± SDV of n=3 independent biological replicates.



[bookmark: _Toc394385055]Screening for natural product inhibitors of bacterial biosynthetic pathways
Natural products from soil-dwelling actinomycetes have been the main source of antimicrobials for nearly a century with the majority of antibiotics used in the clinic being natural products or semi-synthetic derivatives thereof. Yet despite their wide success in the clinic, natural product drug discovery remains a process plagued by significant technical difficulties in the identification, isolation and purification of novel active species. Furthermore, employing the same screening strategies in the search for novel antibiotics often leads to the rediscovery of previously known chemical matter. In this respect, we have developed a cell-based screening platform conducted under nutrient-limited conditions and followed by metabolite supplementation as a first step towards identifying the mechanism of action of novel small molecules. Traditional screening approaches have overwhelmingly focused on targets essential in rich media, conditions that are not necessarily representative of the host environment. Our screening strategy in nutrient-limited media will not only cast a wider net on potential antibacterial targets but is arguably a better model for the host environment. Moreover, there have been several reports of natural products that target biosynthetic pathways (Franklin and Cook 1969; Kitahara, Hotta et al. 1975; Yamaki, Yamaguchi et al. 1990; Jacques, Ejim et al. 2001; Mann, Marquet et al. 2005; van der Westhuyzen, Hammons et al. 2012) suggesting that there likely is a wealth of novel chemical matter that awaits discovery and characterization by less conventional approaches.   
In this context, in a collaborative effort between Dr. Eric Brown’s and Dr. Gerry Wright’s labs, a collection of nearly 5000 natural product extracts from actinomycetes has been screened for antibacterial activity against E. coli MG1655 grown in defined nutrient-limited media. Nearly 200 extracts were identified as active in the screen. Work is underway to re-ferment and extract the actinomycete strains corresponding to active extracts to confirm biological activity. Next, metabolic suppression analysis will be conducted to pinpoint the potential pathways affected by active extracts and prioritize extracts for extensive follow up compound isolation, detailed MOA investigation, lead optimization and preclinical studies.
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[bookmark: _Ref392232798][bookmark: _Toc392238842]Table 7‑1. Small molecule screening data

	Category
	Parameter
	Description

	Assay
	Type of assay
	Cell-based

	
	Target
	Whole organism E. coli K-12 MG1655

	
	Primary measurement
	Measurement of optical density at 600 nm

	
	Assay protocol
	Online methods section ‘Primary screen in minimal media’

	Library
	Library size
	29,569

	
	Library composition
	Synthetic small molecules, off-patent FDA approved molecules, natural products and known bioactives

	
	Source
	Maybridge, ChemBridge, BioMol, Prestwick, Sigma, MicroSource

	
	Additional comments
	Library stock concentration: 250 µM in 25% DMSO

	Screen
	Format
	96-well plates (Costar), 3 replicates

	
	Concentration(s) tested
	10 µM, 0.2% DMSO

	
	Plate controls
	High controls: 0.2% DMSO
Low controls: 10 μg/ml of norfloxacin

	
	Reagent/ compound dispensing system
	Biomek FX liquid handler (Beckman Coulter Inc., Fullerton, CA)

	
	Detection instrument and software
	Envision (Perkin Elmer, Waltham, MA)

	
	Assay validation/QC
	Average (n=3) Z’ score: 0.8

	
	Correction factors
	Optical density readings are background corrected

	
	Normalization
	% Residual growth calculated based on the high and low controls

	Post-HTS analysis
	Hit criteria
	80% Residual growth for the 3 replicate measurements

	
	Hit rate
	1.7%

	
	Additional assay(s)
	Dose-response and MIC determinations

	
	Confirmation of hit purity and structure
	Compounds repurchased and retested, identity of key hits confirmed by LC/MS and NMR





[bookmark: _Ref392207222][bookmark: _Toc392238843]Table 7‑2. Defined minimal media composition 

	Supplement
	Final conc. in M9 media (μg/ml)
	Notes

	Amino Acids
	
	

	DL-Alanine
	100
	

	L-Arginine
	22
	

	L-Asparagine
	100
	

	L-Aspartic acid
	100
	

	L-Cysteine
	10
	

	Glycine
	100
	

	L-Glutamic acid
	100
	

	L-Glutamine
	100
	

	L-Histidine
	22
	

	L-Isoleucine
	20
	

	L-Leucine
	20
	

	L-Lysine
	88
	

	L-Methionine
	20
	

	L-Phenylalanine
	20
	Prepare in 0.001 N NaOH

	L-Proline
	30
	

	L-Serine
	100
	

	L-Threonine
	80
	

	L-Tryptophan
	20
	

	L-Tyrosine
	20
	Prepare in 0.01 N NaOH

	L-Valine
	40
	 

	Purines & Pyrimidines
	
	

	Adenine (A)
	40
	Prepare in 0.03 N HCl

	Thymidine (T)
	5
	

	Uracil (U)
	40
	

	Guanosine (G)
	40
	 

	Vitamins
	
	

	Biotin (B7)
	0.5
	

	Niacin (B3)
	1
	

	Pantothenic acid (B5)
	1
	

	Pyridoxine (B6)
	1
	

	Thiamine (B1)
	1
	

	Riboflavin (B2)
	200
	

	PABA
	2
	

	Cobalamin (B12)
	10
	 

	Other intermediates
	
	

	2,6- Diaminopimelate (DAP)
	100
	

	L-Homoserine
	20
	

	5-Aminolevulinic acid (5-ALA)
	25
	

	3- Dehydroquinate (DHQ)
	100
	

	Shikimate 
(SHIK)
	100
	

	4-Hydroxybenzoate 
(4-HBA)
	15
	

	2,3-Dihydroxybenzoate (2,3-DHBA)
	2
	

	Citrulline
	15
	

	Ornithine
	15
	

	Putrescine
	20
	 

	Pools
	
	

	M9 ALL 
	
	All amino acids, vitamins and nucleobases 

	AA
	
	All amino acids

	VIT
	
	All vitamins

	NUC
	
	All nucleobases 

	AA + VIT
	
	All amino acids and vitamins

	AA + NUC
	
	All amino acids and nucleobases 

	VIT + NUC
	
	All vitamins and nucleobases 

	PUR
	
	 Adenine and guanine

	PYR
	
	 Thymine and uracil

	ARO AA
	
	Tyr, Phe,Trp

	ARO
	
	Tyr,PheTrp,PABA,2.3-DHBA,4-HBA

	Pool 1
	
	Adenine, His, Phe, Gln, Thymine

	Pool 2
	
	Guanine, Leu, Tyr, Asn, Ser

	Pool 3
	
	Cystine, Ile, Trp, Uracil, Glu

	Pool 4
	
	Met, Lys, Thr, Asp, DAP

	Pool 5
	
	B1, Val, Pro, Arg, Gly, Ile

	Pool 6
	
	Adenine, Guanine, Cystine, Met, B1

	Pool 7
	
	His, Leu, Ile, Lys, Val

	Pool 8
	
	Phe, Tyr, Trp, Thr, Pro

	Pool 9
	
	Gln, Asn, Uracil, Asp, Arg

	Pool 10
	 
	Thymine, Ser, Glu, DAP, Gly

	Trace metal solution
	Weight (g) in 
100 ml solution
	

	FeSO4·7H2O 
	0.8
	Add 0.1 ml of Trace metal solution in 1 L of M9 minimal media 

	AlCl3·6H2O 
	0.1
	

	ZnSO4·7H2O 
	0.02
	

	CuCl2·2H2O 
	0.01
	

	NaMoO4·2H2O 
	0.02
	

	MnSO4·H2O 
	0.1
	

	CoCl2 
	0.04
	

	H3BO4 
	0.005
	

	* The metabolic suppression array was prepared in the format shown in Figure 2‑5 and in Figure 2‑10 as a 20× stock plate to be used for metabolic suppression profiling.






[bookmark: _Ref392207305][bookmark: _Toc392238844]Table 7‑3. Summary of EC50 and MIC values of prioritized actives

	Priority Active
	Supplier
	Cat #
	EC50 (µM) a
	MIC (μg/ml) b

	
	
	
	M9 c
	M9 ALL c
	M9
	M9 ALL

	
	
	
	
	
	
	

	MAC-0001907
	MayBridge
	BR 00067
	0.5
	17.9
	4
	16

	MAC-0001908
	MayBridge
	BR 00068
	0.6
	18.7
	8
	32

	MAC-0001958
	MayBridge
	BTB 00183
	3.1
	NI
	16
	> 256

	MAC-0001961
	MayBridge
	BTB 00187
	0.2
	25.6
	2
	32

	MAC-0003403
	MayBridge
	BTB 03305
	0.7
	NI
	16
	> 256

	MAC-0005562
	MayBridge
	BTB 07373
	1.5
	NI
	8
	> 256

	MAC-0006191
	MayBridge
	BTB 08617
	0.6
	NI
	4
	> 256

	MAC-0007196
	MayBridge
	BTB 11383
	0.8
	NI
	8
	> 256

	MAC-0007606
	MayBridge
	BTB 12380
	5.1
	NI
	16
	256

	MAC-0008533
	MayBridge
	BTB 14373
	0.7
	13.4
	2
	64

	MAC-0008972
	MayBridge
	BTB 15053
	0.9
	NI
	8
	256

	MAC-0154388
	MayBridge
	CD 00793
	1.1
	63.3
	2
	128

	MAC-0012416
	MayBridge
	CD 11546
	0.3
	13.4
	1
	16

	MAC-0012616
	MayBridge
	DFP 00022
	0.7
	36.8
	16
	64

	MAC-0013015
	MayBridge
	DP 00874
	2.8
	NI
	8
	> 256

	MAC-0013528
	MayBridge
	DSHS 00086
	0.1
	6.8
	0.5
	64

	MAC-0013532
	MayBridge
	DSHS 00100
	2.1
	NI
	32
	> 256

	MAC-0013772
	MayBridge
	DSHS 00862
	0.6
	NI
	4
	> 256

	MAC-0016505
	MayBridge
	HTS 00495
	0.1
	5.4
	0.5
	> 256

	MAC-0018315
	MayBridge
	HTS 03738
	0.2
	NI
	2
	> 256

	MAC-0018316
	MayBridge
	HTS 03741
	1.5
	NI
	32
	> 256

	MAC-0158077
	MayBridge
	HTS 08964
	0.4
	73.6
	32
	256

	MAC-0021596
	MayBridge
	HTS 09781
	0.7
	NI
	16
	> 256

	MAC-0021835
	MayBridge
	JFD 00035
	0.5
	14.4
	4
	128

	MAC-0023560
	MayBridge
	JFD 02936
	5.5
	NI
	32
	> 256

	6-Azauracil
	MayBridge
	JFD 03556
	6.0
	NI
	4
	> 256

	MAC-0024165
	MayBridge
	JFD 03885
	0.4
	NI
	1
	> 256

	MAC-0024593
	MayBridge
	KM 00081
	0.9
	NI
	4
	> 256

	MAC-0160523
	MayBridge
	KM 06089
	4.1
	NI
	8
	256

	MAC-0161738
	MayBridge
	NRB 00886
	1.0
	74.7
	4
	256

	MAC-0161992
	MayBridge
	NRB 04162
	4.6
	NI
	32
	> 256

	MAC-0162065
	MayBridge
	NRB 05081
	1.8
	NI
	4
	> 256

	MAC-0031448
	MayBridge
	PD 00549
	0.4
	16.2
	4
	128

	MAC-0031946
	MayBridge
	RB 00158
	0.4
	35.3
	8
	64

	MAC-0032479
	MayBridge
	RDR 01288
	1.3
	40.4
	8
	> 256

	MAC-0032480
	MayBridge
	RDR 01289
	2.4
	71.2
	16
	> 256

	MAC-0033880
	MayBridge
	RF 01653
	0.9
	NI
	8
	128

	MAC-0033881
	MayBridge
	RF 01665
	1.7
	NI
	32
	256

	MAC-0037439
	MayBridge
	RJC 02623
	0.2
	10.3
	4
	> 256

	MAC-0037547
	MayBridge
	RJC 02756
	3.4
	NI
	32
	> 256

	MAC-0164360
	MayBridge
	RJF 02182
	0.7
	NI
	8
	128

	MAC-0039424
	MayBridge
	S 01335
	1.0
	24.5
	8
	128

	MAC-0039804
	MayBridge
	S 04055
	0.3
	28.3
	8
	128

	MAC-0039908
	MayBridge
	S 04548
	0.0
	44.7
	0.5
	256

	MAC-0040158
	MayBridge
	S 07624
	0.3
	9.5
	64
	2

	MAC-0041191
	MayBridge
	S 14125
	1.6
	32.3
	8
	128

	MAC-0041942
	MayBridge
	SEW 00805
	1.3
	32.8
	8
	128

	MAC-0165919
	MayBridge
	SEW 03166
	0.7
	47.6
	16
	64

	MAC-0043268
	MayBridge
	SEW 03585
	0.3
	6.9
	1
	8

	MAC-0000956
	MayBridge
	SPB 01986
	0.5
	15.6
	8
	128

	MAC-0049900
	MayBridge
	SPB 07211
	0.1
	5.3
	0.5
	128

	MAC-0168230
	ChemBridge
	5103499
	0.7
	NI
	8
	> 256

	MAC-0168195
	ChemBridge
	5102267
	0.2
	47.3
	2
	64

	MAC-0168120
	ChemBridge
	5100353
	1.0
	NI
	32
	> 256

	MAC-0006508
	ChemBridge
	5110246
	3.0
	NI
	32
	> 256

	MAC-0168425
	ChemBridge
	5107939
	1.2
	53.0
	8
	128

	MAC-0168466
	ChemBridge
	5109197
	3.5
	NI
	128
	> 256

	MAC-0168841
	ChemBridge
	5133775
	0.7
	NI
	32
	> 256

	MAC-0168630
	ChemBridge
	5117127
	0.5
	NI
	16
	> 256

	MAC-0170171
	ChemBridge
	5217926
	0.3
	11.0
	4
	32

	MAC-0170172
	ChemBridge
	5217929
	0.3
	14.4
	4
	32

	MAC-0170559
	ChemBridge
	5238776
	1.7
	NI
	8
	> 256

	MAC-0170315
	ChemBridge
	5227194
	0.6
	47.1
	32
	> 256

	MAC-0170316
	ChemBridge
	5227196
	0.5
	NI
	32
	> 256

	MAC-0171530
	ChemBridge
	5283400
	2.3
	NI
	16
	> 256

	MAC-0171823
	ChemBridge
	5309181
	3.0
	NI
	8
	128

	MAC-0172113
	ChemBridge
	5326453
	0.8
	41.4
	4
	64

	MAC-0173979
	ChemBridge
	5487829
	0.4
	NI
	4
	128

	MAC-0176699
	ChemBridge
	5738215
	9.9
	NI
	16
	256

	MAC-0088137
	ChemBridge
	5930551
	0.3
	13.5
	4
	64

	MAC-0181370
	MicroSource
	01502210
	0.5
	NI
	16
	> 256

	6-aminonicotinamide
	MicroSource
	01505315
	0.8
	39.3
	4
	> 256

	5-fluorouracil
	MicroSource
	01505317
	0.0
	6.5
	0.125
	64

	MAC-0182554
	MicroSource
	01505368
	0.6
	54.4
	0.5
	> 256

	a The EC50 determinations were conducted within a concentration range of 1 nM- 80 µM, NI: no inhibition within the tested range (for details on experimental setup and data analysis).

	b MIC determinations were conducted within a concentration range of 0.25- 256 μg/ml (for details on experimental setup and data analysis).

	c M9= Minimal media; M9 ALL= Supplemented minimal media

















[bookmark: _Ref392211911][bookmark: _Toc392238845]Table 7‑4. Structures of MAC13772 analogs used in SAR studies

	Compound
	Structure
	Supplier code

	MAC13772
	

	Ryan Scientific
DSHS 00862SC

	5
	

	Ryan Scientific
CAS36107-14-9

	6
	

	Ambinter (France) 
Amb 8998045

	7
	

	Ambinter (France)
Amb 4065797

	8
	

	Ambinter (France)
Amb 2336529

	9
	

	Ambinter (France)
Amb 8858487

	10
	

	UORSY
BBV-37826735

	11
	

	Ambinter (France)
Amb 17305609

	12
	

	Ambinter (France)
Amb 4074830

	13
	

	UORSY
BBV-37662617

	14
	

	Ambinter (France)
Amb 7951732

	15
	

	UORSY
BBV-33761526

	16
	

	Ambinter (France)
Amb 2795194

	17
	

	Ambinter (France)
Amb 2624964

	18
	

	Ambinter (France)
Amb 436644

	19
	

	UORSY
BBV-39135451

	20
	

	UORSY
BBV-37616329

	21
	

	Ambinter (France)
Amb 6366352

	22
	

	Ambinter (France)
Amb 1104708

	23
	

	Ambinter (France)
Amb 1153969

	24
	

	Ambinter (France)
Amb 8858703

	25
	

	Ambinter (France)
Amb 6550464

	26
	

	Ambinter (France)
Amb 4074831

	27
	

	Ambinter (France)
Amb 8998355

	28
	

	Ambinter (France)
Amb 6739870
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